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Abstract

GROUP ACTIONS ON HYPERSPACES
Manpreet Singh
Thesis chair: Alex Bearden, Ph.D.

The University of Texas at Tyler
July 2021

In this thesis, we will look at the structure of two spaces associated with a topological
space X, ¢(X) and P(X). Furthermore, from the group action of a topological group G
on X, we get the induced group action of G on ¢ (X) and P(X). We will also look at few
properties for actions of G on a compact Hausdorff space X: proximality, strong proximality
and extreme proximality followed by the main result to give parallel characterizations of
proximality and extreme proximality.
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Chapter 1

Introduction

Topological dynamics is the study of topological group actions on topological spaces.
Often, it yields interesting insights into the acting topological group which are beyond than
that can be attained through a direct study of the group itself. A very common way of
attaining such insights is to pass from a (continuous) action of a topological group G on
a topological space X to an action of G on a space closely associated to, but with more
properties, than the original space X .In the context of this paper, it turns out that an action
G ~* X on a compact Hausdorff space X induces an action of G on P(X), the space of
Radon probability measures on X and % (X), the space of nonempty closed subsets of X.

Apart from being compact Hausdorff spaces, P(X) and ¢ (X) have an extra structure:
P(X) has a natural convex structure (that is, for u,v € P(X) and ¢t € [0,1], there is a
canonical way to define a measure tyu + (1 —¢)v € P(X)) and €' (X) has the structure of
a join semilattice (where the partial order is given by set inclusion). In fact, as we will
see, for C1,Cy € €(X), one can view the union operation C; U Cs as a kind of "nontrivial
convex combination” of C, Cy, and under this, some main results from the theory of com-
pact convex subsets of a locally convex topological vector space (namely, the Krein-Milman
theorem and Milman’s converse) have analogues in % (X).

In this thesis, we will look at a few properties for actions of a topological group G on a
compact Hausdorff space X: proximality, strong proximality, and extreme proximality. Our
main result will be to give parallel characterizations of proximality and extreme proximality.
In Chapter 2 we begin by providing some background information about the structures of
P(X) and € (X). Furthermore, in Chapter 3, we talk about the group action of topological
group on the spaces associated with compact Hausdorff space X, followed by our main
result.



Chapter 2

Two spaces associated with a topological space

2.1 Preliminaries

See [6, Section 2.5] for more information about convex subsets of a locally convex
topological vector space, the proof of the Krein-Milman theorem, and the proof that
ext(P(X)) = {0, : © € X}. Throughout this paper, the field F is either R or C.

Definition. Suppose B is a vector space over F and A C B. A is said to be a convex
subset of B, if for every aj,as € A and any p € (0,1) we get pa; + (1 — p)as € A.

Definition. A topological vector space X over the topological field F is a vector space
equipped with a Hausdorff topology such that the vector addition +: X x X — X and the
scalar multiplication : F x X — X are continuous functions.

Note 2.1. The domains of the vector addition and scalar multiplication functions have the
product topologies.

Definition. Let (X, 7) be a topological space. If N C X and = € X, we say that N is a
neighborhood of x if there is some U € 7 i.e. U is an open set in X, such that xt € U C N.

Note 2.2. An open set is a neighborhood of every element of itself.

Definition. Let (X, 7) be a topological space. For each = € X, let %, be the collection of
neighborhoods of x; we call .%, the neighborhood filter of x.

Definition. A topological vector space X is said to be locally convex, if for all z € X
and N € .%,, there is a convex set C' € %, such that C C N.

Definition. Let X be a convex subset of a vector space V over I, then x € X is said to
be an extreme point of X, if there does not exist 1,29 € X and 0 < p < 1 such that
x1 # x9 and z = pzr1 + (1 — p)z2. In other words, an extreme point of X is a point which
does not lie on the line segment between any two distinct points of X. The set of extreme
points of X is denoted by ext(X).

Definition. Convex hull of a set A, is the smallest convex set that contains A. It is
denoted as co(A). Closed Convex Hull is the closure of the convex hull.

Lemma 2.3. If X is a topological vector space over F and A C X, then ¢o(A) is convex.



( Proof) Let ay,a2 € ¢o(A) and ¢t € (0,1). We need to show that ta; + (1 — t)as € co(A).
Let U be an open set such that ta; + (1 — t)ag € U, which gives a1 € t71(U — (1 — t)az);
where aU +b={au+b:u e U,b e X and a € F} and aU + b is an open set.

Since a; € @(A), then there is z; € co(A) such that z; € t~1(U — (1 — t)az) so that
tr1 + (1 — t)az € U which implies ag € (1 —¢)"H(U — tz1).

Since az € @o(A), then there is 79 € co(A) such that xo € (1 —t)~}(U — tx1) which implies
try + (1 —t)xe € U, where tz1 + (1 — t)x2 € co(A). Hence ¢o(A) is convex. O

Theorem 2.4 (Krein Milman Theorem). A compact convex subset of a Hausdorff locally
convex topological vector space is equal to the closed convex hull of its extreme points.

Theorem 2.5 (Milman Theorem). Let X be a locally convex topological vector space and
K be a compact subset of X. If closed convex hull ¢o(K) of K is also compact, then K
contains all ext(co(K)).

2.2 Probability Measures on X

In this section, we will be defining our first space associated with topological space X,
which is P(X). We will define P(X) in two different ways, first as the set of Radon Borel
probability measures on X and second as the subset of (C(X))*, where C(X) is the space
of real valued continuous functions on X and (C(X))* is the dual space of C(X).

Definition. Two points x and y in a topological space X are said to be neighborhood-
separable if there exist a neighborhood U of z and a neighborhood V of y such that U
and V are disjoint.

Definition. A topological space X is called Hausdorff space, if all distinct points in X
are pairwise neighborhood-separable.

Definition. A collection . of subsets of X is called a o-algebra if it contains X, is closed
under complement, is closed under countable unions. It follows that o-algebra is closed
under countable intersections.

Definition. For a topological space X, the collection & of Borel sets is defined as the
smallest o-algebra of subsets of X that contains all open sets of X (equivalently, contains
all the closed sets of X).

Definition. The measure pu is called outer regular if, for any Borel set B, u(B) is the
infimum of u(O) over all open sets O of X containing B.

Definition. The measure p is called inner regular on open sets if, for any open set O,
1(0) is the supremum of p(C') over all compact sets C' of X contained in O.

Definition. A Radon Borel probability measure on X is a function
w: B — [0,1] that is finite on all compact sets, inner regular on open sets and outer regular
and u(X) =1

Definition. Let X, Y and V be vector spaces over the same field F. A bilinear map is a
function b: X x Y — V such that for all x € X, the map y — b(z,y) is a linear map from
Y to V, and for all y € Y, the map x — b(x,y) is a linear map from X to V.

Notation: y — b(x,y) is denoted by b(x , .): Y — V and  — b(x,y) is denoted by b(. ,
y): X = V.



Definition. Let X and Y be vector spaces over the topological field F and b: X xY — F
be a bilinear map. The weak topology on X induced by Y and b, is the weakest topology
on X, which make all the maps b(. , y): X — F continuous for all y € Y.

Definition. Let X be a normed vector space over the field F and X* be the set of continuous
linear functionals on X. Now X* is a vector space over the same field F. There exists a
bilinear map b(. , .): X x X* — F defined as b(z, ¢) = ¢(x), for x € X, € X*.

The weak™ topology on X* is defined as the weak topology induced by X and b as defined
above.

Suppose X is a compact Hausdorff topological space.

Definition. P(X) is the set of all Radon Borel probability measures on X. It is a compact

Hausdorff space under weak * topology, which is induced on it as a subset of (C(X))*.

Define ¢ : P(X) — (C(X))* such that ¢(u)(f) = [ fdp where ¢(n) € (C(X))* for
1€ P(X)
Since the map ¢ is one-one, then P(X) C (C(X))*.

Then the topology on the P(X) is the weak * topology induced from the (C(X))*, de-
fined as below.

Let (u)) be anet in P(X). Then the net (uy) converges in the weak * topology to i € P(X),
if b(f, p(py)) converges to b(f, ¢(p)) for all f € C(X), where b: C(X) x (¢(P(X))) = R is

a bilinear form defined as b(f, ¢(n)) = ¢(p)(f) = [ fdp .

noted : ¢(u) is the image of p in (C(X))*.

Lemma 2.6. ext(P(X)) = {J, : € X}, where

A
5a(4) = {(1) o

Therefore by Krein Milman theorem applied to P(X), we get that P(X) = co({0,;x €
X})

2.3 Closed subsets of X

In this section, we will be defining the second space associated with topological space
X, which is € (X). See [5] for more information about € (X).

Definition. % (X) is the collection of nonempty closed subsets of X. It is a compact Haus-
dorff topological space under the Vietoris topology.

This topology is generated by subsets of €(X) as given below.

<U1,...,Un> = {EECK(X)EQ U?:lUi andEﬁUi7é@Vi}

where Uy, ...,U, are open subsets of X, and such a collection form the topology on
¢(X)



noted: For the next lemma, the nontrivial convex combinations in %' (X) are defined
by tC1 4+ (1 —t)Co = C1 U Cs, for 0 < t < 1 and C1,Cy € €(X). Indeed the singletons are
the extreme points.
Although, € (X) is not a compact convex subset of a locally convex topological space, even
then we get the analogous of Krein Milman theorem in ¢(X).

Lemma 2.7. ¥(X) =co({{z} : v € X})

( Proof) Let C € €(X) and (Uy,...,U,) be any neighborhood of C, then

CCUi Uiand CNU; # P foralli € {1,...,n}. Choose z; € CNU; so that {z1,...,2,} C
Ui, Ui and {z1,...,2,} NU; # 0 for all ¢ € {1,...,n} which gives that {x1,...,z,} €
(Ui,...,Uy,), where {z1,...,z,} € co{{z};x € X}. Therefore co{{z};z € X} is dense in
€ (X).

Since the set co({{z} : € X}) is dense in € (X), we get that co({{z} : x € X}) = €(X).
(]

Theorem 2.8 (Milman Theorem in the context of € (X)). If 7 C ¥(X) satisfies co(F) =
€(X), then {{z}: 2 € X} C F.



Chapter 3

Group Actions

See [4] for much more information about proximal, strongly proximal, and extremely
proximal actions.
Suppose X is a compact Hausdorff space and G be a topological group, that is a group such
that the group operations G — G, g+ g~ '; and G x G — G, (g, h) + gh, are continuous.

Definition. We denote the set of homeomorphisms from X to X by Homeo(X). Note that
this is a group under the usual operations of function inverse and composition.

Definition. A group action of G on X, denoted as G ~“ X, is defined to be a group
homomorphism «: G — Homeo(X) such that G x X — X, (g,x) — a(g)(x) is continuous.
We will usually write either oy (z) or g.z for a(g)(z). Note that since o is a homomorphism,
it satisfies the following three conditions:

L. ag g (z) = ag, (ag,(z)); for all gi,92 € G and for all z € X.
2. ae(x) = x; for all z € X, where e is the identity element of G.

3. Forallge Gand z € X, ag1(x) = oy ' ().

For z € X, we define the orbit of = to be the set G.x = {g.x : g € G}.

Definition. A group action G ~* X is called minimal, if for all z € X, the orbit G.x is
dense in X.

Proposition 3.1. A group action G ~* X is minimal if and only if there is no non empty
proper, closed and G-invariant subset of X.

( Proof) Suppose G ~* X is minimal. Let A C X be a nonempty proper, closed and
G-invariant subset of X. Let z € X and a € A. Then 2 € G.a = X. Since A is G-invariant
subset of X, then G.a C A. Also, since A is closed subset of X, then G.a C A = A i.e.
x € A. Therefore X = A.

Conversely, suppose there is no non empty proper closed G-invariant subset of X. Let
x € X. Now G.zx is a nonempty closed and G-invariant subset of X. Therefore G.oz = X.
O

Definition. For an action G ~% X, we make the following definitions:
e For CC X and g€ G, g.C ={g.c:ce C}.

e For p € P(X) and g € G, (g.u)(B) = u(g~'.B); for all B € A.



The following proof is taken from the proof of [1, Theorem 2].

Lemma 3.2. If G ~ X is a continuous action of a topological group G on a topological
space X, then for each compact C C X and open V C X, the set

{seG:sCCV}
is open in G.

( Proof) Suppose ¢ is in the set described above. Then, by continuity of the map G x X —
X, (g,z) — g.x, for any € C, there exist an open neighborhood V, of x and an open
neighborhood Uy, of g such that Uy .V, C V (where Uy .V, = {sy : s € Uga,y € Vz}).
Now, C C UgecV,. Since C is compact set, then, there exists x1,...,x, such that

CCV, U---UV,,.

Set Uy = Ugzy N -+ NUgy,. Now Uy is an open neighborhood of g. We need to show
that Uy C {s € G : sC C V}. Let s’ € Uy, then for any x € C, z € V,,, for some k and
s' €Uy, o € Uy, Vi, Therefore s'C C V. d

For the following, let G ~ X be a continuous action of a topological group G on a
compact Hausdorff space X. Denote by ¢ : G x €(X) — € (X) the map ¢(g,C) = gC.
The next two lemmas are essentially taken from [2, Remarks 4.1, 4.4, 4.6].

Lemma 3.3. For every open U C X, the set ¢~ 1((U)) is open in G x € (X).

( Proof) Let U C X be open, and set (g,C) € ¢ 1({(U)). We need to find an open neigh-
borhood of (g, C) that is contained in ¢~ 1((U)).

Since gC C U, we have C C ¢~ 'U, so that X \ ¢g7'U C X \ C. Since X is locally
compact, there exists an open set V' C X such that

X\g'lucvcvcx\c.

Then
CCX\VCx\Vcyglry,

which implies
gC Cg(X\V)Cg(X\V)CU.

Let W={ge€G:g(X\V)CU}, which is open by Lemma 3.2, and consider the set
W x (X \V)CGx%EX).

This is an open neighborhood of (g, C).
Let (h, D) € W x (X \ V), then

o(h,D) =hD C h(X\V) Ch(X\V)CU.

Thus, W x (X \ V) C o L({U)).



For a subset S C X, make the following notation:
[S]={Ce?(X):CNS #0}.
Note that if U C X is open, then [U] is open in € (X), since [U] = (U, X).
Lemma 3.4. For every open U C X, the set ¢~ 1([U]) is open in G x €(X).

( Proof) Let U C X be open, and take (g,C) € ¢ '([U]). We need to find an open
neighborhood of (g, C) that is contained in ¢~ !([U]).

Then by the definition of ¢ ~!([U]) and [U], gC NU # 0. So there exists an x € C
such that gz € U. By the continuity of the map G x X — X, (s,y) — s.y, there exist
an open neighborhood W of g and open neighborhood V' of x such that WV C U (where
WV ={sy:seW,yeV}). Consider the set

W x[V]CGxEX).
This is an open neighborhood of (g, C'). Let (h, D) € W x[V], then there is a point y € DNV,

so that hy € U. Hence hD NU # 0, i.e., (h, D) € o 1([U]). Thus, W x [V] C ¢~ 1([U]).
U

Proposition 3.5. If G ~* X is an action, then the map & : G — Homeo(% (X))
a(g)(C) = ¢g.C is an action on € (X).

(Proof) Let g1, go € G and C € F(X). Then (a(g1)a(g2))(C) = (a(g1))(a(g2)(C
a(91)(92.C) = 91.(92.C) = (9192).C = &(g192)(C). Therefore, &(g1)a(g2) = a(g192).
is a group homomorphism.
Let C € ¥(X) and (g.7;) — y, for a net (x;) in C. Then z; = g~ (g.2;) = g~
gty € C, then y € g.C. Therefore g.C € €(X).
Let a(g)(C1) = a(g)(Cy), then g.Cy = g.Co, which can be written as g~1g.C1 = g~ 1¢.Cs, so
that C; = Cy. Therefore a(g) is injective. Now for any C' € €' (X) we have ¢g~1.C € €(X)
such that a(g)(g!.C) = C, Therefore G(g) is surjective.
Let (Uy,...,U,) € €(X) be any basic open set in €(X). Now (&(g))"*((U1,...,Uy)) =
{Ce?(X):a(g)(C)e(lh,....,.Un}={Ce¥X):9.Ce(Uy,....,Up)} ={C € €(X) :
C e {g7'U1,...,g7tU)}. So, a(g))~t((Uy,...,U,)) = (g7 Un,...,g7'U,), which is open
in €(X). Therefore a(g) is continuous.

Let (Uy,...,Uy,) be a basic open set in € (X) (for open sets Uy, ..., U, C X). Note that

Ly. Since

(Uy,...,Up) = (U Up) N [UL] O -+ -0 [Uy)]s
so that
P (U Un)) = 7 ({(URa Uk)) N ([T N - ™ H([Un)),
which is open by Lemmas 3.3 and 3.4.
O

Lemma 3.6. G ~* X gives G ~ C(X) such that for all f € C(X), g — ¢.f is norm
continuous, where C'(X) is the set of continuous functions from X to X.

Proposition 3.7. If G A® X is an action, then the map & : G — Homeo(P(X)), a(g)(u) =
g.i is an action on P(X)



(Proof) Let g1, g2 € G and p € P(X). Then (a(g1)a(g2))(n) = (a(g1))(a(g2(n)) =
a(91)(92-1) = g1-(92-1) = (9192)-p0 = &(g192)(n). Therefore, (a(g1)a(g2)) = a(g192). So &
is a group homomorphism.
Let g; — g and p; — p. Fix f € C(X). We need to show that [{(g;u; — gu, f)| — 0. By
Lemma 3.6 and g; — ¢, we get i1 such that Hgi_lf—g_lfH < 5 for all i > 4y. Choose iz such
that [{p; — p, g~ f)| < § for all i > iy. Then for i > max{ir,ia}|{gipi — g, f)| < [{gipts —
gri, P+ Kgps — g H] = Kpar g7 f =g O+ e — o g O < Mlgi ' =g H I+ 5 < e
Therefore the map G x P(X) — P(X) is continuous.
Let &(g)(u1) = a(g)(u2), then g.py = g.pu2, which can be written as ¢~ g.p1 = g~ g.pua, 50
that y; = pg. Therefore a(g) is injective. Now for any p € P(X) we have g~ '.pu € P(X)
such that a(g)(¢~".u) = i, Therefore a(g) is surjective.
Let ji; — p in P(X), then for g € G, we have g.u; — g.pu i.e. a(g)(pi) — &(g)(u). Hence
the map &(g) is continuous.

O

Definition. A group action G ~* X is called proximal, if for any two points z, y in X,
there is a net (g;) in G such that lim; g;.xz = lim; g;.y

Definition. A group action G ~® X is called extremely proximal, if with respect to
the corresponding induced group action G A% € (X), for all C € € (X) and for all y € X,
there exists a net (g;) in G such that lim; g;.C' is a singleton.

Definition. A group action G ~* X is called strongly proximal, if for all y € P(X),
there exists a net (g;) in G such that g;.u — J, for some z € X.

Proposition 3.8. If G ~n* X is strongly proximal action then it is proximal action.

( Proof) Suppose G ~“ X is a strongly proximal action. Let z, y € X. Since G ~* X
is strongly proximal, then there exists a net (g;) in G such that g;..x — 0, for some z € X
where 11 = 1(6;) + $(6,). By the compactness of X, we can assume that g;.x — zo in X
and g;.y — yo in X. Therefore, 04, — 0z, and dy, 4y — dy,. Now, consider p; = g;.p0 =
2(6gi0) + 3(8g,) = 3(6z0) + 2(8yy)- S0, 62 = 2(0a) + 3(8y,)- Since J, € ext(P(X)), then

0, = 0z, = 0y,- Therefore zg = yo = z. Hence lim; g;.x = lim; g;.y. O

The following proposition was proved in [3, Theorem 2.3] (but the numbering in this paper
has a mistake, and this result should be Theorem 3.3).

Proposition 3.9. If G ~* X is extremely proximal then it is strongly proximal in the case
that X doesn’t have exactly two points (in which case minimal actions are always extremely
proximal and never strongly proximal).

Now let’s establish few results which will be used to prove the parallel characteristics of
proximal and extremely proximal for minimal actions.

Lemma 3.10. If s;z; — y; for all j € {1,...,n} then {s;x1,...,s;2n} = {y1,...,yn} in
€ (X).

( Proof) Let U be a basis set of Vietoris topology on € (X) then U = (U, ..., Upy,) for open
sets U in X.
Now {y1,...,yn} € (U1,...,Upn).



Fix y; € {y1,...,yn}. Now by definition we get open sets Uf, ce Ulj where 1 <[ < n such
that y; € Ug for g e {1,...,1}.

Since s;x; — y;, then for Ug there is Ng € N such that spz; € U(g for all p > Ng where
ge{l,...,1}.

Choose N7 = maxz{N7, ..., Nj} then spTj € UJ for all p > NJ

where ¢ € {1,...,{}. This holds for all y; € {y1,...,yn}

Choose N = maz{N', ..., N"} such that syzj € Ug for all p > N and all j € {1,...,n}
where ¢ € {1,...,1} i.e. {spz1,...,spxn} € (U1,...,Up) for allp > N. O

Lemma 3.11. Suppose G ~* X is minimal. If K C .#(X) is a G-invariant, convex,
relatively closed and contains any singleton set then K = % (X).

( Proof) Suppose {z¢} € K for g € X. Let € X such that « # x¢. Now the minimality
of G ™ X gives (gi)ier € G such that (g;.xo)icr — .

Therefore g;.{zo} = {gi.x0} — {z}. Since K is G-invariant and relatively closed, then
{z} e K.

Therefore K contains {{z};z € X}. Let A € #(X), then A = J {7}

Since K is convex, then A € K. Hence K = .7 (X). O

Lemma 3.12. Suppose G ~“ X is minimal
G n* X is extremely proximal iff {{z};2 € X} C G.C for all C € €(X) \ {X}.

( Proof) Suppose G ~“ X is an extremely proximal. Let C' € € (X), then there exists
some x € X such that {z} € G.C, i.e. G{x} € G.C so that G.{z} C G.C. Let y € X
such that y # 2. By the minimality of G ~* X, we get y € G.x; for all y € X, so that
{y} € Gz} CG.C.

Therefore, {{z};z € X} CG.C; for all C € €(X) \ {X}.

Conversely, suppose {{z};z € X} C G.C for all C € €(X)\ {X}. It follows trivially that
for all C € ¢(X) and for all z € X, {z} € G.C. Hence G % X is extremely proximal. [J

Lemma 3.13. If £ C ¥ (X) is a nonempty convex subset of € (X), such that £\ {X} =
% (X)\{X}, then £ =% (X).

( Proof) Assume that K C € (X) is a convex subset of % (X) such that

K\ {X}=%(X)\{X}. It suffices to show that X € K.

If X is singleton, then C(X) = {X} and since K is non empty, we must have K = {X} =
¢ (X).

Assume X contains two distinct points x, y. Let U, V be disjoint open subsets of X such
that z € U andy € V. Theny ¢ U, so U € €(X)\{X}. Thus, U € K. On the other hand,
sincex € U, X \U € €(X) \ {X}, sothat X\ U € K. Thus, X = UU (X \U) € K, since
K is a convex subset of €' (X). O

Our main result gives parallel characteristics of proximal and extremely proximal for
minimal actions.

Theorem 3.14. Suppose G ~% X is minimal.
1. G ~® X is proximal if and only if .% (X ) has no nonempty proper G-invariant, convex,

relatively closed subsets.
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2. G n* X is extremely proximal if and only if ¥(X) \ {x} has no nonempty proper
G-invariant, relatively convex, relatively closed subsets.

( Proof) 1. Suppose G ~* X is proximal. Let K C .#(X) be nonempty G-invariant,
convex, relatively closed. By Lemma 3.11 it is enough to show that K contains a
singleton subset of X.

Let A € K. Now A = {x1,...,z,}. Since G ~* X is proximal, then there is
(9})icr € G such that limg}.z1= lim g} .zo =x1. Since X is compact, then there is
a subnet of (gil.l'g)iej say (gf.xg)ig (after relabeling) such that (g,?.xg)iej — 3.
Using the compactness of X, we get a subnet of (g3.74)ics say (g} .74)icr (after rela-
beling) such that (g;}.24)ier — 7.

Proceeding this way, we get a subnet of (g,fcil.l‘k)iej say (g¥.wp)ier (after relabeling)
such that (gF.x1)ier — 2¥. Note that (gF)ics is a subnet of (g})ie;. By Lemma 3.10,

we get (gF).{z1,...,zx} = {gFx1,..., gF o} — {2,..., 27}, where r < k — 1. Since
K is G-invariant and relatively closed, then {:c%, oy e K.

Repeating the same argument on {z},..., 27}, we get a sequence (gf“)ie] such that
gf“.{m%, cooaty = {xd, .o a8}, where s <r —1 <k and

{a},..., 25} € K. Proceeding this way, we get (¢})ies € G such that ¢¢ {z}, 22} —
{x}, where {x}, 22} € K. and {2} € K.

Conversely, let z,y € X. Consider F = G.{z,y} C ¥(X). Since F C €(X) is G-
invariant, then co(F)N.Z (X) C #(X) is G-invariant, convex and relatively closed in
F(X). Hence co(F) N F(X) = F(X).

Density of .#(X) in €(X) gives ¢o(F) = € (X). By the Milman theorem in the con-
text of €(X), we get {{z};2 € X} C F = G.{x,y}. i.e. there is a net (g;)ics such
that

gi{x,y} — {z} for some z € X ie. g;.x — z and g¢;.y — z.

2. Suppose G ~“ X is extremely proximal. Let  C € (X)\ {X} be a nonempty proper,
G-invariant, relatively convex and relatively closed set. So there exists a closed set L
in ¢ (X) such that K = (¢(X) \ {X}) N L. By Lemma 3.12, for any C € K, we have
{{z};xe X} CGCCKCL.

So co{{z};z € X} CKCL.
Since co{{z};x € X} is dense in € (X), then ¢(X) =co{{z};x € X} C L. Therefore
L=%(X). Hence K =% (X) \ {X}.
Conversely, suppose that there is no nonempty proper, G-invariant, relatively convex
and relatively closed subset of € (X) \ {X}. Let C € ¢ (X) \ {X}, then ¢o(G.C) is
closed and convex subset of €' (X). Therefore co(G.C)\{X} = (G.C)N(E(X)\{X},
where ¢o(G.C) \ {X} is nonempty G-invariant, relatively closed and relatively convex
subset of € (X) \ {X}. Thus by hypothesis, co(G.C) \ {X} = ¢(X) \ {X}. By
lemma we get that ¢o(G.C) = € (X). Using Milman’s theorem for G.C, we get that
{{z};z € X} C G.C. By lemma 4, we get that G ~® X is extremely proximal.

g

Question 3.15. Is there any collection <7 (X), where .7 (X) C &/(X) C ¥ (X) such that

G ~® X is strongly proximal if and only if </ (X) has no nonempty proper G-invariant,
convex, relatively closed subsets?
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