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A GROUP WITH PROPERTY (T) ACTING ON THE CIRCLE

BRUNO DUCHESNE

ABSTRACT. We exhibit a topological group G with property (T) acting non-elementarily and
continuously on the circle. This group is an uncountable totally disconnected closed subgroup
of Homeo ™ (S!). It has a large unitary dual since it separates points. It comes from homeo-
morphisms of dendrites and a kaleidoscopic construction. Alternatively, it can be seen as the
group of elements preserving some specific geodesic lamination of the hyperbolic disk.

We also prove that this action is unique up to conjugation and that it can’t be smoothened
in any way. Finally, we determine the universal minimal flow of the group G.

1. INTRODUCTION

The Zimmer program aims to classify actions of higher rank Lie groups and their lattices
on compact manifolds. Originally Zimmer considered actions by diffeomorphisms but one
can consider more generally actions by homeomorphisms. In this setting, the simplest com-
pact manifold is the circle. First results in this direction were obtained by Witte for SL,(Z) for
n > 3 [Wit94]. He showed that any homomorphism to the group of orientation-preserving
homeomorphisms Homeo™ (S') has finite image. Latter Ghys [Ghy99, Ghy01] proved that
lattices in higher rank simple connected Lie groups have finite orbits. Since such lattices
have property (T), it is natural to ask if these rigidity results could be a consequence of Prop-
erty (T). See Question 2 in [Nav18]. For discrete groups acting by C'**-diffeomorphisms
(where a > 1/2), Navas proved that the image of any Property (T) group in Diff(S') is finite
[Nav02].

Very recently Deroin and Hurtado proved that higher rank lattices of semi-simple Lie
groups with finite center are not left-orderable [DH20]. As a consequence they proved that
lattices in higher rank simple connected Lie groups have finite image. The question of the
existence of an infinite countable group with Property (T) acting faithfully on the circle is
still open.

The aim of this note is to broaden the frame to uncountable subgroups of Homeo™ (S?).
This group, Homeo " (S'), has a natural topology, the compact-open topology and this topol-
ogy is non-locally compact but still pleasant since it is Polish. It means that it is separable
and metrizable by a complete metric. Since Property (T) is a topological property, it is nat-
ural to look for non-discrete such subgroups. We give an example of Property (T) closed
subgroup G of Homeo ™" (S!) which is non-elementary.
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2 BRUNO DUCHESNE

After Margulis’s version of the Tits alternative for groups acting on the circle, the right
notion of elementarity for groups acting on the circle is the following one [Mar(00, Théoreme
3].

Definition 1.1. Let I be a subgroup of Homeo(S'). The subgroup T is said to be elementary
if it preserves a probability measure.

For example, all amenable subgroups of Homeo(S') are elementary.

Let us introduce the construction of the group G. Inspired by Burger-Mozes universal
groups U(F) for d-regular trees and a permutation group F < Sym([d]) [BMO00], kaleidoscopic
groups were introduced in [DMW19]. One construct a group K(T') from a permutation group
I' < Sym([n]) where n € {3,4,...,0} and [n] = {1,2,...,n}. The elements of this group
IC(T') act by homeomorphisms on the Wazewski dendrite D,, whose branch points have or-
der n. Informally, dendrites can be thought as compact tress with a dense set of branch
points. Dendrites and this kaleidoscopic construction are described in §2. Let G be the Kalei-
doscopic group K(A3) associated with the alternating group As. This is a non-Archimedean
Polish group, which means that it is isomorphic as topological group to a closed subgroup
of the symmetric group S, with its pointwise convergence topology and thus uncountable
and totally disconnected.

By a topological group embedding, we mean a continuous injective group homomorphism
G — H between two topological groups such that it is a homeomorphism on its image. In
this case, we say that G embeds topologically in H.

Theorem 1.2. The group G embeds topologically in Homeo™ (S') as a non-elementary closed sub-
group.

The main point of this theorem is the construction of an action G ~ S'. This action comes
from a Carathéodory loop ¢: S' — D3 where Dj is the Wazewski dendrite of order 3, like
the Julia set of the polynomial z* + i. The group G = K(A3) acts on D3 by definition and the
action on S’ is induced by ¢. This action can be bonded to [Ghy01, Problem 4.4] where Ghys

asks for a description of closed subgroups of Homeo™ (S!) with only one orbit (see [GMO06]
for an answer to this problem).

Proposition 1.3. The group G has exactly 3 orbits in S'.

A group action I ~ X is oligomorphic if for any finite n, the diagonal action G ~ X" has

finitely many orbit. The action G ~ S! is not transitive but it is very homogeneous in some
sense.

Proposition 1.4. The action G ~ S! is oligomorphic.

Let us recall that a topological group G has Property (T) if there is K C G compact and
¢ > 0 such that for any continuous unitary representation 77: G — U(H), where H is a
Hilbert space, the existence of a unit vector v such that for all ¢ € K, ||7(g)(v) —v|| < ¢
implies that 7t has an invariant unit vector.

Proposition 1.5. The group G has Property (T).

One can actually see the group G as the stabilizer of a lamination without direct reference
to dendrites. Let us recall that a laminational equivalence relation is a closed equivalence rela-
tion on S! with finite equivalence classes and such that any two distinct classes have disjoint
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FIGURE 1. The Wazewski dendrite Dj realized as the Julia set of the complex
polynomial z% +i.

convex hulls in the disk. Let ~ be such a laminational equivalence relation. The automor-
phism group of ~ is the subgroup of elements ¢ € Homeo ™ (S!) such that for all z, z, € S,
z1 ~ 23 <= g(z1) ~ g(z2). To a laminational equivalence relation, there is an associated
geodesic lamination of the hyperbolic disk. This is the collection of geodesics between points
in the same equivalence class in the circle at infinity.

For the Carathéodory loop ¢ used above, there is an associated laminational equivalence
relation ~, defined by z; ~ z; <= ¢(z1) = ¢(22).

Proposition 1.6. The group G is the automorphism group of the lamination ~ .

Remark 1.7. Tt is not difficult to find a Property (T) group that acts non-elementarily on S'.
Merely, because the group Homeo™ (S!) itself has Property (T). This follows from a much
stronger result due to Glasner and Megrelishvili. They proved that Homeo™ (S') is WAP-
trivial, that is any weakly almost periodic function on Homeo™ (S) is constant [GM18, Re-
marks 7.5.2]. Since matrix coefficients are WAP functions, this implies that any unitary rep-
resentations of Homeo " (S) is trivial and thus this group has Property (T) for the trivial
reason that it lacks unitary representations. This also explains the difficulty to answer nega-
tively the question of the existence of countable Property (T) groups acting on the circle since
there is no unitary representations that exist for all such groups.
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Remark 1.8. For the group G, there is a wealth of unitary representations since it is non-
Archimedean and thus unitary representations separate points [Tsal2, Theorem 1.1]. Actu-
ally, G is a closed subgroup of S.c = Sym(N) and the representation by permutation of the
coordinates on ¢*(N) is continuous and faithful.

Remark 1.9. One can actually construct infinitely many non-isomorphic groups with Prop-
erty (T) embedded in Homeo™ (S'). Similar arguments show that the kaleidoscopic groups
IC(C,) where C,, is the cyclic group of order 7 is oligomorphic and thus has Property (T) and
acts faithfully continuously by orientation preserving homeomorphisms on S'.

Remark 1.10. This let open the question to determine whether a countable group with Prop-
erty (T) may act non-elementarily (equivalently without a finite orbit in this case [Nav11,
Hint of Exercise 5.2.12]) on S!. This question is reminiscent of the analogous question
for groups with Property (T) acting on dendrites. We know such examples among non-
Archimedean groups but no such countable groups are known [DM18, DM19].

Let us observe that the group SL,(Z) x Z? has relative property (T) with respect to Z* and
acts non-elementarily on the circle [Nav11, Example 5.2.31].

Remark 1.11. For locally compact second countable groups, Property (T) is equivalent to
Property FH, the fixed point property for isometric actions on Hilbert spaces. This is no
more the case in general [BAIHV08] (but Property (T) still implies Property FH). Cornulier
proved that Homeo(S') has Property OB, that is any continuous isometric action on metric
space has bounded orbits [CFO6]. Thanks to the center lemma, Property FH follows from
Property OB as well.

To conclude, one can ask if the group G admits other continuous actions on the circle. In
particular, can G act on S! by C!-diffeomorphisms or Holder homeomorphisms? We prove
that the action is unique and thus, the action cannot be smoothened in any way.

Theorem 1.12. The action G ~ S' described above is the unique minimal continuous action of G
on the circle up to conjugation by an element of Homeo™ (S!).

As a consequence, we get that we cannot improve the regularity of the action. Let us recall
that a modulus of continuity is a map w: Rt — R™ such that w(0) = 0 and w is continuous
at 0. For a modulus of continuity w, a map between metric spaces (X,d) and (Y,d) has
continuity type w if there is A > 0 such that Vx, x" € X, d(f(x), f(x')) < Aw(d(x,x")).

For example, if w(r) = r* witha > 0, maps with continuity type w coincide with a-Holder
maps.

Theorem 1.13. For any modulus of continuity w and any minimal continuous action G ~ S, there
is ¢ € G such that the image of ¢ in Homeo ™ (S') does not have continuity type w.

While showing that the action G ~ S! is unique up to homeomorphisms, we are very
close to identify the universal minimal flow of G. This is the unique (up to homeomorphism)
minimal compact continuous G-space, i.e., minimal G-flow, such that any other minimal
G-flow is a quotient of this one.

Let ¢ be some end point of the dendrite D3 and let G be its stabilizer. We endow the
quotient space G/ Gg with the uniform structure induced by the left uniform structure on G.
A basis of entourages is given by

Uy = {(gGg hGg), h € vgGe, withov € V}
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where V' < G is the pointwise stabilizer of a finite set of branch points in the dendrite. We
denote by G/ G¢ the completion of this uniform structure.

Theorem 1.14. The universal minimal flow of G is G//Eé

This theorem follows essentially from the fact that G¢ is extremely amenable, that is any
continuous action on compact space has a fixed point and the understanding of the G-map

G//Eg — Dj3. Since G ~ G/ Gg is strongly proximal, we deduce the following.
Corollary 1.15. Any minimal G-flow is strongly proximal.

Organization of the note. The second section gathers the needed material about dendrites,
kaleidoscopic groups and Carathéodory loops. The third section contains the construction
of the action and the proof of the first statements presented in the introduction. The fourth
section deals about essential uniqueness of this action and the last one, that could be thought
as an appendix, considers the side question of the determination of universal minimal flow
of the group G.

2. WAZEWSKI DENDRITES AND CARATHEODORY LOOPS

2.1. Wazewski dendrites. A dendrite is a metrizable connected compact space that is locally
connected and such any two points are connected by a unique arc. We refer to [Nad92] for
a general background. Dendrites can be thought as "compact topological trees." Let X be a
dendrite non-reduced to a point and let x € X. A branch around x is a connected component
of X\ {x}. The order of x is the number of branches around it. If this number is 1 then x is
an end point, if it is 2 then x is a reqular point and otherwise x is a branch point. We denote
by Br(X) the set of branch points and for x # y, Bx(y) is the branch around x containing y.
We also denote by [x, y] the unique arc (injective continuous image of [0, 1]) between x and
y and by (x,y), the open arc, that is [x,y] \ {x,y}. Let D(x,y) be the connected component
of X'\ {x,y} that contains (x,y). Equivalently, this is Bx(y) N By(x). For three points x,y, z
in a dendrite, the intersection [x, y] N [y, z] N [z, x] is reduced to point that is called the center
of x,y,z.

In the 1920s, Wazewski introduced a universal dendrite that contains all the others [Waz23].
This dendrite is characterized by the following properties: branch points are dense and their
order is infinite (necessarily countable). Wazewski construction can be generalized to finite
cardinals and we denote by D, (for n € {3,4,...,00}) the unique dendrite such that branch
points are dense and have order .

Since the original Wazewski dendrite is constructed as a subset of the plane, all dendrites
can be identified with a subset of the plane as well. Here we give two such identifications of
the dendrite Ds. Let us start with a classical example coming from one-dimensional complex
dynamics. For a complex polynomial P, the Julia set of P is the subset of the plane where the
dynamic of P is chaotic, more precisely, the subset of points z € C such that the family of
polynomials P" is not normal on neighborhoods of z. See [Mil06] for a classical reference
about complex dynamics. The following result seems to be well known and it is claimed in
[BT18] without proof nor references.

Proposition 2.1. The Julia set of the polynomial z* + i is homeomorphic to Ds.

Proof. It is well known that this Julia set is a dendrite. See for example [MNTUO0O, Example
1.1.5] or [CG93, Theorem V.4.2]. Thanks to [Thu09], any branch point is preperiodic or pre-
critical and the only critical point is preperiodic. This point is 0 and it is mapped successively
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Dendrite
ulia Set

FIGURE 2. The dendrite Dj as Julia set of the polynomial z* + i with external

rays and equipotential curves. Image kindly provided by Victor José Garcia
Garrido. See [GG20].

14+v1—4i

(where we use the principal branch of the square function) of this polynomial is the land-
ing point of the external rays 1/7,2/7 and 4/7 [GM93, Figure 1]. So this point has order 3
(see Lemma 2.2 below). It follows from Thurston laminations technics that any branch point
contains a; in its positive orbit and thus has the same order as «;, that is 3. Since preimages
of 1/7,2/7 and 4/7 by multiplication by 2 in R/Z are dense, it follows that branch points in
the dendrite are dense and this Julia set is homeomorphic to Ds. ]

toi, —1+iand —i. Then we have a 2-cocycle: —i <+ —1 +1i. The fixed point a; =

We denote by C the Riemann sphere C U {co} with its conformal structure. The classical
Riemann mapping theorem states that any simply connected domain U of C with non-empty
complement is the image of a conformal homeomorphism : C\ D — U where D is the
open unit disk. Moreover if co € U, the map ¢ is the unique such map under the conditions
P(00) = oo and ¢P’(c0) = 1. Let us identify D3 with some subset of C and let U be its com-
plement. Since U is simply connected and Djs is locally connected, Carathéodory theorem
([Mil06, Theorem 17.4]) shows that i extends to a continuous map ¢: C\D — U =C. The
restriction of this extension gives a continuous surjective map ¢: S' — Dj that is the called
the Carathéodory loop of D3. We refer to [Mil06, §17] for details. The images by ¢ of rays
{reie, r > 1} are called external rays.
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In the particular case of the Julia set of z2 4 i, the Carathéodory loop semi conjugates the
action of the polynomial maps z ~— z* and z + 2> + i, that is ¢(z%) = ¢(z)? +iforallz € S'.

We fix a positive orientation on the circle. For z; # z, we denote by [z1,22]+ the positive
closed interval of points z such that (z1,z,z3) is positively oriented (or cyclically oriented).
We denote by (z1,27)+ the open positive interval.

Lemma 2.2. For x € D3
e o '({x})| =1 <= xisanend point,
e o '({x})| =2 <= xisareqular point,
o |9 '({x})| =3 <= xisabranch point.
Moreover, if x is a branch point of D3 and z1, zp, z3 are its preimages ordered cyclically on the circle

then {@((zi,zi+1)+ ) }1=12,3 are the three branches around x. Similarly, if x is a regular point and
21,z are its two preimages then ¢((z1,22)+ ) and ¢((z2,21)+ ) are the two branches around x.

Proof. Let z # 7z’ € S! such that ¢(z) = ¢(z') = x. By [Mil06, Theorem 17.4] , there z; €
(z,Z')+ and z; € (z,Z')+ such that ¢(z;) # x and, moreover, these points lie in distinct
connected components of D3 \ {x} [Mil06, Lemma 17.5].

For x € D3 and y,z in two distinct branches around x there are z1,z; € S! such that
¢(z1) = y and ¢(z2) = z. By connectedness of (z3,z2)+ and continuity of ¢, there is z3 €
(21,22)+ such that ¢(z3) = x. Let Z = ¢ ' ({x}). The last argument shows that preimages of
branches around x are in distinct connected components of S' \ Z and the former one shows
that any interval with extremities in Z contains points that are not in Z. Finally, preimages
of branches are exactly intervals between points in Z and the statement follows.

Remark 2.3. The dendrite D3 is homeomorphic to the continuum self-similar tree described
in [BT18]. In this reference, it is proved that the continuous random tree of Aldous is almost
surely homeomorphic to D3 as well.

The continuum self-similar tree T is the attractor of the dynamical system of the plane
generated by the following three maps

file) = 32— 1), fz) = 5 (E+1), fo(z) = 5 (2 +9)

This means that T is the unique compact subset of Csuch that T = f1(T) U f(T) U f3(T).
It is also obtained in the following way. One starts with Ty = [—1,0] U [0,i] U [0,1] and
defined T),11 = f1(Tn) U f2(T,) U f3(Ty). Finally, T is the closure of the union of all the T,’s.

2.2. Kaleidoscopic Colorings. Let us recall the notion of kaleidoscopic coloring for den-
drites introduced in [DMW19]. Let us denote by I/D\n the set of branches of the dendrite D,
that is the collection of all connected complements of some branch points and let X be the
collection of branches around the branch point x. Let us denote [n] = {1,...,n}. A coloring is
amap c: D, — [n] such that the restriction of ¢ on branches around a given branch point is
a bijection. Such a coloring is kaleidoscopic if for any x # y € Br(D,,) and i # j € [n] there is
a branch point z €]x, y[ such that ¢(B;(x)) =i and ¢(B;(y)) = j.
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FIGURE 3. The continuum self-similar tree.

We refer to [DMW19, §3] for details and in particular, existence (and abundance) of such
kaleidoscopic colorings.

The group of homeomorphisms of the dendrite, Homeo(D,), acts faithfully on the set
of branch points of the dendrite and the image of the homomorphism to the symmetric
group Sym(Br(D,,)) is actually a closed subgroup with respect to the pointwise convergence
topology. This topology on Homeo(D,,) actually coincides with the uniform converge on the
dendrite [DMW19, Proposition 2.4]. Let ¢ be a kaleidoscopic coloring of 1/)71, x be a branch
point and ¢ € Homeo(D,,). The local action of g at x is the element 0,(g, x) € Sym([n]) such
that the following diagram is commutative.

¥ —— g(x)
] 5 ]

That is 0.(g,x) = co g|z o ¢ . For a subgroup I' < Sym([n]), the kaleidoscopic group KC(T) is
the subgroup of elements ¢ € Homeo(D,,) such that 0.(g,x) € T for all x € Br(Dj,).

3. DEFINITION OF THE ACTION ON THE CIRCLE AND CONSEQUENCES

3.1. Definition of the action. Let us start with an observation on the set with three points
[3] = {1,2,3} and let us consider it with the cyclic order induced by the standard linear
order on the natural numbers. The stabilizer of this cyclic order in the symmetric group S3
is exactly As, the alternating group, which is the cyclic group Cs as well.

In the remaining of this note, we identify D3 with the Julia set of z +— 2% + i described
in the previous section. The identification gives a cyclic order on the three branches around
each branch point of D3 in the following way.
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Let x be a branch point of D3, we denote by z1, 22,23 € Slits preimages positively ordered.
Each of the three branches around x has a preimage by the Carathéodory loop ¢ that is a
positive interval (z;,z141)+. Let A, B, C be the three branches around x. We define i(A) to be
the unique i € [3] such that ¢((z;,zi11)+) = A and similarly, we define i(B) and i(C). We
say that (A, B, C) is positively ordered if (i(A),i(B),i(C)) is so.

More concretely, let us define 0,(A,B,C) = + if (i(A),i(B),i(C)) is positively ordered
and 0,-(A, B,C) = — otherwise. Similarly for a coloring c of 1/3\3, let us define 0o.(A,B,C) = +
if (c(A),c(B),c(C)) is positively ordered in [3] and 0.(A, B, C) = — otherwise.

Lemma 3.1. Let x, y be distinct branch points in D3 with respective preimages x1, X2, X3 and y1, Y2, y3
by ¢ and such that (x1, X2, X3, Y1, Y2, Y3) is cyclically ordered in S!. Therearez, and z_ in Br(D3) N
(x,vy) such that

@ '(By) C [x3,11]4+,

(Pil (B—) - [y3/ X1]+,
where B is the branch at z. that does not contain x nor y.

Proof. By Lemma 2.2, the interval (x3, x1) is the preimage of the branch at x that contains y
and similarly, (y3,y1)+ is the preimage of the branch at y that contains x. Since D(x, y) is the
intersection of these two branches,

¢ (D(x,y)) = (x3,x1)+ N (y3,y1)+ = (x3,y1)+ U (y3,%1)+-

Let z be a branch point in (x,y). Since the preimage by ¢ of the branch at z that does not
contain x nor y is an interval in (x3,y1)+ U (y3, x1)+, it is included in (y3, x1)+ orin (x3,y1) .

The unique critical point of z + z* 4+iis z = 0. So, this map is a local diffeomorphism
except at z = 0, which is a regular point of the dendrite. Since ¢ semi-conjugates z + z> and
z + 2> + i, the order of the points ¢(z) and ¢(z?) are the same as soon as ¢(z) # 0. Actually,
the images of (y3, x1) under the iteration of z ++ z> cover the whole circle. So the intervals
(y3,x1)+ and (x3,11)+ contain preimages of branches at points z € (x,y) and we find points
z4 as in the statement.

O

Proposition 3.2. There is a kaleidoscopic coloring c of D3 such that for any distinct branches around
the same branch point A, B, C, distinct branches around the same branch point, oq,(A, B,C) =+ if
and only if o.(A,B,C) = +.

Proof. Such a coloring is constructed by induction. Let us first enumerate the points in
Br(D3) = {by }nen. We construct sequences of finite subsets B, C Br(D3) and maps ¢y, : B, —
[3] with the following properties for each n € N

(1) By, C Byy1, by € By,

(2) the restriction of ¢, 11 to B, coincides with ¢,

(3) foreach b € By, culp: b— [3] is a bijection,

(4) forall b € By, o, and 0, coincide at E,

(5) forallb # b in B, 1 and i # j € {1,2,3}, there is b € B, N (b, V') such that

Cn(Bb//(b)) =iand Cn(BbN(b/)) = ]
Assume such sequences have been constructed. We simply define c on by to be cn|bAn .

Thanks to Items (1) and (2), ¢ is well defined on Ds, itis a coloring thanks to Item (3), it is
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kaleidoscopic thanks to Item (5) and the cyclic orders o. and o0, coincide thanks to Item (4).

For a subset Y C Br(Dj3), and a coloring c¢: Y — [3], we denote by o, the cyclic order
induced by c at b € Y and similarly we denote by o, the cyclic order induced by ¢ at b.
Let us define By to be {by} and define ¢y on bAo arbitrarily such that o, 4, and o, coincide.
Assume B, and ¢, have been constructed. Let us define B}, = B, U {b,;1} and ¢/, to coincide
with ¢, on B, and to be arbitrarily defined on byt arbitrarily such that o
coincide if b, 1 & By,.

Now for two pointsx # y € Byandi # j € {1,2,3}, letk € {1,2,3} distinct from i and j. If
(i,k,j) is positive we choose z; € (x,y) NBr(D3) given Lemma 2.2, we add z to B, 41 D By
and define c,41 at z4 by ¢,+1(Bz, (x)) = i, ¢y31(Bz, (y)) = y and ¢,41(B) = k where B
is the third branch at z,. One has o, (B;, (x),B,B;, (y)) = + = 04, (B, (x),B, B, (y)).
Similarly, if (i, k, j) is negative, we choose z_ € (x,y) N Br(D3) given Lemma 2.2, we add z_
to B,+1 and define ¢, 1 at z_ by ¢,41(B._(x)) =1, ¢y41(B2_(y)) = y and c,4+1(B) = k where
B is the third branch at z . By construction, o. .. and 0,,., coincide. O

and oy

n+1 n+1

Let G = K(A3) be the kaleidoscopic group associated to the coloring ¢ constructed in
Proposition 3.2 and the group As. Let us now define an orientation-preserving action of
G on S!. This action will be defined in two steps. First we define it on preimages of
branch points via ¢ and second, density of these points and order preserving will show
that it extends uniquely continuously on the whole of S'. The associated homomorphism
p: G — Homeo ™ (S') will make the following diagram commutative, that is for all z € S,

¢(p(8)z) = g9(2).

gl p(g) gl

ol
D3 L D3
Let us fix ¢ € G. We will define a bijection p(g) on the set B of preimages of branch
points in S!. Let x be a branch point of D3. Let By, By, B3 be the branches around x such that
¢(B;) = i. Similarly, let x’ = ¢x and Bj the colored branches around x’ with ¢(B}) = i. The
local action ¢ satisfies B(’T( gx)(i) = Q(B;). If we set z1, 2, z3 to be the preimages of x such that
¢ ' (B;) = (z;,2i41)+ (cyclically understood) and similarly for the preimages 2}, z5, z} of x’
then we define p(g)(z;) to be z; ox)(i)- In particular, once p(g) is entirely defined on B, by
Proposition 3.2,

3-1) p(8) (2ir2141)+ 0 B) = (g Zoigmn), N B:

Lemma 3.3. The map p(g): ¢ ' (Br(D3)) — ¢ ! (Br(D3)) is a bijection such that ¢(p(g)z) =
g9 (z) forall z € ¢! (Br(D3)) and which preserves the cyclic order on the circle.

Proof. The first point is straightforward from the definition of p(g). Let us prove that p(g)
preserves the cyclic order on ¢! (Br(D3)). Let z1,22,23 € ¢! (Br(D3)) positively ordered.
If these points have the same image under ¢ then their images p(g)(z;) are positively ordered
as well by construction.
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Let us assume their images are two distinct points x1, x, € D3. Up to reorder cyclically the
zi’s, we may assume that ¢(z1) = ¢(z2) = x1 and ¢(z3) = x2. Let By be the branch around
x1 that contains x; and let By, B3 the two other branches ordered cyclically with above cyclic
order. Let y1,12,y3 be the preimages of x; by ¢ such that ¢ ' (B;.1) = (y;,yis1)+. Since
z3 € (y3,y1)+, 21 = y1and zp = yp or y3, or z; = Y, and z = y3. Let B be the branch
around g(x7) that contains g(x) and Bj, B} the two other branches cyclically ordered. Since
¢(By) = B} and 0.(g,x1) € A3, ¢(B2) = By and g(Bs) = Bj. Let ¥}, 5, y5 be the preimages
of g(x1) such that ¢ '(B; 1) = (¥, Yi.1)+. By construction, p(g)(y;) = v/ and by Equation
(3.1), (0(g)(z1),p(g)(z2),p(g)(z3)) is positively ordered.

Let us assume that the images of z1, z, z3 are three distinct points: x1, x2, x3. There are two
possibilities: these points are aligned or they are not and this last case, they have a center ¢
which is different from the x;’s. In this last case, we can use the three preimages zi, 2’2, zg of
labeled such that ¢~ *(B;) = (z},z,1)+ where B; is the branch around c containing x;. By the
first point of this proof, the images of z}, zj, z3 by p(g) are positively ordered and thus the
same hold for the images of z1, z, and z3.

Let us conclude with the case where x1, x2, x3 are distinct and aligned. Up to permute
cyclically these points, we may assume that x, € [x1,x3]. Let z; and z] the preimages of
x, distinct from z, such that (z,25,z}) is positively ordered in the circle. Considering the
three possible relative positions of z1,z; with respect to the positive intervals with extrem-
ities zﬁ, Zo, zé and thanks to Equation (3.1), we see that the images of z1, zp, z3 are positively
ordered as well. O

Since ¢! (BrD3) is dense in S! and the topology on the circle is defined by this cyclic
order, we get the following.

Proposition 3.4. The map p(g) extends uniquely to an element of Homeo*(Sl) and it satisfies
¢(p(9)z) = g(9(2)) forall z € S.

The proof of this proposition is a direct consequence of the following easy lemma that we
will use later again.

Lemma 3.5. Let D C S be a dense subset and f: D — S' be an injective map that preserves the
cyclic order and with dense image. Then f extends uniquely to a homeomorphism of S*.

Proof. Since f preserves the order, if z1,...,z4 € D and [z2,23]+ C [z1,24]+ then f(D N
[22,23]+) C [f(z1), f(z4)]+. Since D is dense, for any point z € S?,

{Z} = ﬂ [Z_,Z+]+.

z_,z+ €D, zE€[z_z4]4

By density of f(D), the compact intersection N [f(z-), f(z4)]+ is reduced to
z_,24€D, z€[z_z4 )¢
a point. We extend f to S! by defining f(z) to be this point. This extension preserves the
cyclic order on S!. Actually if z € [z_,z;]; and these points are distinct then one can
find zj, z, z3 € D such thatz_ € (z1,22)+,z € (22,23)+ and z; € (z3,21)+. By construc-
ton f(z_) € (F(z1),f(22))+, f(2) € (F(z2), f(23))= and f(z1) € (f(z3), f(21))+ and thus
(f(z-), f(2), f(z4)) is positively ordered. This extension is injective since for any z # z’, one
can find (z1,22,23) € D3 positively ordered such that z € (z1,22)+ and z’ € (z2,23)+. Thus
their images have the same orders and so f(z) # f(z'). Moreover f is continuous since it
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preserves the cyclic order and it is surjective by compactness and density of its image. The
density of D implies the uniqueness of this extension. U

3.2. Proof of the statements.
Proposition 3.6. The map p: G — Homeo™ (S') is a topological group embedding.

Proof. The map p is a group homomorphism because ¢ is a cocycle. Let (g,,) be a sequence of
elements of G converging to the identity in G then g,(x) = x for all x € Br (D3) and n large
enough so the same hold for p(g,)(z) and z € ¢! (Br D3) because by choosing points x’ in
branches around x, we see that o,(g,, x) = Id for n large enough. By compactness of S, this
implies that p(g,) converges uniformly to the identity. So p is a continuous homomorphism.
Conversely, if 0(gn) converges uniformly to the identity on S! then the commutative dia-
gram and the continuity of ¢ imply that g, converges uniformly to the identity in G. Since
G is Polish, this implies that G is closed in Homeo™ (S). O

The desired action G ~ S! is now constructed. So, we can prove the existence of exactly
3 orbits and oligomorphy of this action.

Proof of Proposition 1.3. We claim that two points of S! are in the same orbit if and only if
their images in the dendrite have same order. This is, of course, a necessary condition. In
the other direction, this is a consequence of [DMW19, Lemma 5.8]. O

Proof of Proposition 1.4. The oligomorphy follows from the oligomorphy of the action G ~
D3 [DMW19, §5D] and the fact there are only finitely many subsets S C S! of size n with the
same image by ¢. O

To get non-elementarity, we prove something stronger, namely strong proximality. Let us
recall that a continuous action of a group I' on a compact space X is strongly proximal if any
probability measure on X contains a Dirac mass in the weak*-closure of its G-orbit.

Lemma 3.7. The action G ~ S is minimal.

Proof. Let K be some closed G-invariant non-empty subspace of S!. By minimality of the
action G ~ D3, ¢(K) = D3. So K contains all preimages of end points and since these points
are dense, K = S'. ]

Proposition 3.8. The action G ~ S! is strongly proximal.

Proof. This follows from the fact that any interval of S! (with non-empty complement) can
be sent to the interior of some other non-trivial interval. This follows from the fact that
the image of an interval [z1, 2]+ by ¢ is contained in a branch around a branch point x ¢
¢([z1,22]+) can be sent to any given branch by an element of G. See [DM18, Theorem 10.1]
. O

Remark 3.9. The non-elementarity of the action also follows directly from [DM18, Propo-
sition 3.2]. Actually, if there is an invariant measure on S', its image by ¢ is an invariant
measure on D3 and thus there is a finite orbit on Ds. This is not the case.

Remark 3.10. Since end points have a unique antecedent, ¢ induces a bijection between end
points of D3 and a subset, which is actually comeager, of S'. This yields a cyclic order on
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the set of end points and allows to construct a bounded cohomology class on G, the so-
called orientation class. This is reminiscent of the construction of cocycles done in [DMW19,
Proposition 9.1].

Let us prove Property (T) for G.

Proof of Proposition 1.5. It is oligomorphic by [DMW19, Theorem 5.9] and thus the result fol-
lows from [ET16, Theorem 1.1]. O

Let us conclude with the proof that G is exactly the automorphism group of the lamina-
tional equivalence relation ~, induced by the Carathéodory loop.

Proof of Proposition 1.6. By definition of the action of G on the circle, it is clear that the equiv-
alence relation is invariant under this action. Let ¢ € Homeo ™ (S') preserving the equiv-
alence relation. Since ¢(S') = D3, this defines a map ¢(g): D3 — Dj such that for all
z € S, 9(g)(¢(z)) = @(g(z)). Counting antecedents of points in D3, one sees that y(g)
maps branch points to branch points and preserve the betweenness relation because if for
three points x,y,z € D3, x € [y,z] <= x € ¢ ([y,Z]+) N ([z,¥]+). So by [DMW19,
Proposition 2.4], (g) is a homeomorphism of the dendrite Ds. It preserves the cyclic order
on branches around a branch point (because g preserves the cyclic order of the circle) and
thus it is an element of G = K(A3). Moreover p(¢(g)) = g and thus p is an isomorphism
between G and the automorphism group of the laminational equivalence relation ~,. [

4. UNIQUENESS OF THE ACTION

For an end point { € D3, we denote by G its stabilizer, which is a closed subgroup. A
topological group H is extremely amenable if any H-flow has a fixed point. This property may
seem a priori very surprising since any locally compact group has a free action on a compact
space (its Stone-Cech compactification) and thus no non-trivial locally compact group is ex-
tremely amenable. Nonetheless, this property is not so rare for very large group. For exam-
ple, the unitary group of a separable Hilbert with its strong topology or the automorphism
of the rational numbers with its canonical order are extremely amenable [GM83, Pes98].

For automorphism groups of countable structures, Kechris, Pestov and Todorcevic charac-
terized when a Fraissé limit has an extremely amenable automorphism group. It is the case if
and only if this Fraissé limit is a Fraissé order class with the Ramsey property [KPTO05]. They
used this result to identify some universal minimal flows of some automorphism groups of
countable structures. We refer to their paper for an introduction to this subject and a precise
meaning.

The following proposition is simply [KPT05, Corollary 7.3(i)] once G¢ has been identified
with the automorphism group of Fraissé limit Aut(IDT,) as it will be explained in the proof.

Proposition 4.1. The topological group G is extremely amenable.

Proof. Following the strategy developed in [KPT05], we prove that Gz is the automorphism
group of an order Fraissé limit with the Ramsey property. The Ramsey property will come
from [Sok15] and we try to follow notations there. The universe of this limit is the set of
branch points of D3. We endow it with the following partial order a < b if a € [(,b]. The
cyclic order on S! induces a linear order on S'\ {¢~1(¢)} in the following way z < w
if (@‘1(6),2,10) is positively ordered. Now for x € Br(Dj3), we define x1,x2,x3 € St its
three preimages by ¢ such that x; < x < x3. We write Ry(a,b) if b € ¢((a1,a2)+) and
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Ro(a,b) if b € ¢((az,a3)+). Thus, Ry and R, are binary relations. These relations indicate
in which branch at 4, a successor b for < of a lies. The remaining of the proof is devoted
to show that (Br(Dj3), <, Ry, Rp) is isomorphic to the Fraissé limit DT, which has the Ram-
sey property thanks to [Sok15, Theorem 6.1] and that G; is the automorphism groups of
(BI‘(Dg,), S, Rl, Rz).

Let us prove first this second point. It is clear that G acts faithfully by automorphisms
on (Br(D3), <,Ri,Ry). Conversely, let ¢ € Aut(Br(D3), <,Rj,Rz). To show that g is the
restriction of some element § on Homeo (Br(Dj3)), it suffices to prove that ¢ preserves the
betweenness relation [DMW19, Proposition 2.4]. Let a,b,¢ € Br(D3) such that ¢ € [a,b]. If
a<bthena <c¢ <b. Sog(a) < g(c) < g(b) and thus g(c) € [g(a),g(b)]. Let a o b be the
meet of 4 and b for < thatis a o b = inf{a, b} which the center between ¢, 2 and b in Br(D3).
Now, c belongs to [a o b, a] or [a o b, b] and we repeat the above with (a0 b,a) or (aob,b) and
thus g(c) € [g(a),g(b)]. So g is the restriction of some § € Homeo (Br(D3)). Let (x,) be a
minimizing sequence in Br(Dj3) for <. It converges to ¢ for the topology on Ds. Its image by
§ has the same property and thus (&) = ¢.

For x € Br(Dj3) with preimages x1, x2, x3 ordered as before. The three branches around
x are ¢((x3,x1)+) (the one containing &), ¢((x1,x2)+) and ¢((x2,x3)4). By construction,
¢((x1,x2)+) ={y € Br(D3),y =2 x, Ry (x,y)} and ¢((x2,x3)+) = {y € Br(D3),y = x, Ra(x, ) }.
Since the same fact holds mutatis mutandis for ¢(x) as well, one as that 0.(§, x) € As. Thus
g € Ggand g — § is an isomorphism between Aut(Br(Ds), <, Ry, R2) and G.

Now, let us prove that (Br(D3), <, Ry, Ry) is isomorphic to DT, which appears in [Sok15].
The former countable. structure is the Fraissé limit of the class of finite structures D7 » where
(A, < A R4 Rf‘) € DT, if it satisfies the following properties;

(1) (A, <a) is a meet semilattice (any pair of points {4, b} has an infimum a o b);

(2) foranya e A, {be A,b <A a} is linearly ordered with <4, i.e., (4, §A) is a treeable
semilattice.

(3) Each a € A has at most 2 immediate successors for <.

4) R4 (a,b) = a<’b.

(5) a <" b = Ry(a,b) or Ry(a,b).

(6) RA(a,b)andboc =a = —R(a,c).

By the characterization of Fraissé limits, to prove that (Br(D3), <, R, Rp) is isomorphic
to DTy, it suffices to prove that any finite subsets of Br(D3) is an element of D7, and con-
versely any element of DT, embeds in (Br(D3), <, Ry, R2).

One check easily that any finite substructure of (Br(D3), <, Ry, R2) belongs to DT . Now,
we prove by induction that any (A, <4 R4, Rf) € DT, embeds in (Br(D3), <,R1,Ry). We
proceed by induction on the cardinal of A. Let a € A be the root (i.e., the minimal element
in (A, <%)), we choose any point i(a) € Br(D3). We set A; = {b € A, R{(a,b)} A, =
{b € A, R{(a,b)}. The substructures A; and Aj are in DT with cardinality less than the
one of A. So, we have an embedding i; of A; in the first branch around I(a) that does not
contain ¢, which is isomorphic to (Br(D3), <, Ry, Ry) actually, and an embedding i, of A in
the first branch around I(a) that does not contain ¢. The concatenation of i, iy, 1, yields the
embedding in (Br(D3), <, Ry, Ry). O

Proof of Theorem 1.12. Let us assume that G acts minimally on the circle and let us prove first
that there is no invariant probability measure. To avoid ambiguity, let us call this action
B: G x S' — S! and let « be the action described in Theorem 1.2. If there is an invariant
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probability measure u then the rotation number is a homomorphism G — R/Z (see [Nav11,
2.2.2]. Since G is simple, this homomorphism is trivial and the support of y is a non-empty
closed invariant subset consisting of fixed points. This is a contradiction with minimality of
the action.

By extreme amenability of Gg, this group has a fixed point x € S' for B. This allows us to
define the orbit map ¢: G/Gz — S' such that y(gGz) = B(g, x). Since G/Gg ~ Ends(D3),
by an abuse of notation, we also write (17) = (gG¢) is 7 = g¢. Since G acts doubly
transitively on the end points of D3, the group G, is maximal in G for any 5 € Ends(D3). If
P(n) = ¢(y') then G, U G,y < Stab(¢(17)) and since Stab(¢(17)) < G thenn = 7. So ¢ is
injective.

The cyclic order on S' induces a cyclic order on Ends(Ds) via the Carathéodory loop
P: S' — Ds. More precisely, we define, for {1, &, {3 distinct, co(&1, &2, &3) € {+} according
to the orientation of (z1, 2, z3) in the circle such that ¢(z;) = ¢;.

We observe that for fixed ¢ # 1 € Ends(D3) co(¢, A, 17) = co(¢, A, 1) if and only if there
is ¢ € G fixing 77 and ¢ such that ¢(A) = A’. Actually, there are two orbits for the action
of G on triple of distinct points in Ends(D3). Two such triples are in the same orbit if and
if they have the same cyclic orientation. More precisely, let (¢, A,7) and (&', A, ") be two
positively oriented triples in Ends(D3). Let ¢, ¢’ be their respective centers. By [DMW19,
Corollary 4.5], we found a homeomorphism fz: D(¢,c) — D(&',c’) such that fx(&) = ¢’
and fz(c) = ¢ preserving the coloring. Similarly, we construct f, and f,. Thanks to the
patchwork lemma, [DM19, Lemma 2.9] we patch f¢, fo and f;, together to get an element
f € Gsuchthat f(¢) =¢&, f(A)=A'and f() =7'.

Since G is a simple group, the image of G in Homeo(S') induced by the action B, is actually
in Homeo ™ (S?).

Choose (17,A,&) € Ends(S')? such that co(77,A,&) = + and fix a cyclic orientation cog;
on S! such that cogi ((77), ¥(A), P(&)) = +. Observe that G preserves cog: as well. So by
transitivity of the action of G of triple in Ends(D3) with a given orientation, one has that
cogi (Pp(n7), P(A),¥(x)) = co(n, A, k) for any triple of distinct points (17, A, k) € Ends(D3).

In particular the map i o ¢: ¢ ' (Ends(D3) — S' is an orientation-preserving map be-
tween two dense subsets of S'. Thus it extends to a unique continuous G-map h: 8' — S?,
which a homeomorphism by Lemma 3.5. This homeomorphism conjugates the action « and

B. 0

Proof of Theorem 1.13. Let w be a modulus of continuity and let « be any minimal continuous
action of G by homeomorphisms on S*. This action « is conjugated to the action described
in Theorem 1.2 by some homeomorphism 4: S! — S!. Let wj, and w;,-1 be the modulus of
continuity of 7z and h~".

As before, we denote by p: G — Homeo™ (S') the homomorphism by the action G ~ S!
described in Theorem 1.2 and we denote by p,: G — Homeo™ (S'), the one coming from the
action a, that is p(g) = hp,(g)h .

For g € G, if p,(g) admits Aw as modulus of continuity with A > 0 then p(g) admits w, j,
as modulus of continuity where w, ; () = wy(Aw(wy,-1(r))). So it suffices to prove that there
is ¢ € G such thereis x € S! and that for any n € N, there is x, such that

(41) d(p(g)(x),0(8)(xn)) > wWnn(d(x, xn))-
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Let us construct such ¢ € G by patch working (See [DM19, Lemma 2.9]). We fix two branch
points b,b’ € Ds;. We define g to be trivial outside D(b,b’). Let by, by, b3 and by, by, by the
antecedents of b and b’ cyclically ordered. Choose x| € (b3, by)+ whose image in the dendrite
is an end point. Let ¢j € D3 be the center of the points b, ¢(x7),b". Now, by definition of the
kaleidoscopic coloring, we may find a point x; € (x},b1)+ in the circle such that

e ¢(x1)is an end point,

e the center c; of b,b’ and ¢(x;) satisfies ¢ (B, (b)) = ¢ (Bc; (b)) and ¢ (B, (V")) =

¢ (B4 (1)),
o d(by,x7) > wyp(d(by, x1)).

Thanks to Corollary 4.5 in [DMW19], there are homeomorphisms f;: D(cq,b’") — D(c}, V')
and hy: D(¢(x1),¢1) = D(¢(x}),c}) that preserve the kaleidoscopic coloring. We define g
to coincide with fi and /1 on D(c1,b’) and D(¢(x1),¢1).

Assume that the points c, cf(, Xk, x;(, have been constructed and g has been defined on
D(ck, V') and D(¢(x), cx) for k < n. Choose x),,; € [x},, b1] whose image via the Carathéodory
loop ¢ in the dendrite is an end point in the dendrite. Let ¢},,; € D3 be the center of the
points b, ¢(x;,,1),b". Now, by definition of the kaleidoscopic coloring, we may find a point
Xn € (x),41,b1)4 in the circle such that

e ¢(x,41) is an end point,

o d(xp41,b) < nr1

o thecenterc, 1 of (b, b, p(x,+1)) satisfies c (Be,,, (b)) = c (BC; . (b)) andc (B,,,, (b)) =
¢ (Bs, ),
° d(b11x1,1+1> > wn—i—l,h(d(blr xn+1))-
There are homeomorphisms f,,1: D(cuy1,¢n) — D(c), 4, ¢),) and hyy1: D(@(Xn11), Cny1) —

D(¢(x] 1), ¢, ) that preserve the kaleidoscopic coloring. We define g to coincide with f;, 1

and hy,, 11 on D(cy41,¢,) and D(¢(xy41),¢nt1). Since x, — b and thus ¢, — b, g is defined
everywhere and the patchwork lemma [DM19, Lemma 2.9] proves that g is a well-defined
homeomorphism of D3 and by construction, it preserves the kaleidoscopic coloring, that is,
¢ € K({Id}) < G. Moreover, by construction p(g)(x,) = x},. In particular, if we set x = b;
then p(g) satisfies Equation 4.1 for all n and the theorem is proved. O

5. UNIVERSAL MINIMAL FLOW

We endow the quotient space G/G; with the uniform structure induced by the left uni-
form on G. A basis of entourages is given by

Uy = {(gG,;,hGg), he ngg,withv S V}

where V' < G is the pointwise stabilizer of a finite set of branch points. We denote by G//Eg
the completion of this uniform structure.

For the homeomorphism group of generalized Wazewski dendrites, identifications of the
universal minimal flows have been done in [Kwil8, Duc20]. When there is a unique type of
branch points, say of order n, this corresponds to the kaleidoscopic group K(S,). For the
kaleidoscopic group K(A3), the situation is a bit different but rely on similar ideas.
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Proof of Theorem 1.14. We claim that the space G//Eg is compact or equivalently G is copre-
compact. This means that for any open neighborhood of the identity V C G there is a finite
set F C G such that VFG; = G.

A basis of open neighborhoods of the identity in G is given by pointwise stabilizers of
a finite set of branch points. Let B such finite set of branch points, we may assume that B
center-closed, that is for any triple points in B, their center is still in B. A connected compo-
nent C of D3 \ B is of two types: either its boundary is a point or it has two points. If there
were more than 2 points, the center of three of them is in C and we have a contradiction with
the fact that B is center-closed. There are finitely many such connected component because
any element in B has finite order (3 actually).

For each such connected component C, we choose elements f € G in the following way.
If C has a unique point in its boundary, we choose f € G such that f(¢) € C. If C has
two points a4,b in its boundary, we choose elements f_, f; € G such that f_(¢), f1({) €
C, (c(Bz(a)),c(Bz(f-(¢)),c(Bz(b))) is a negative triple in {1,2,3} where z is the center of
(a,b,f-(¢)) and (c(By(a)),c(By(f+(Z)),c(By(b))) is a positive triple in {1,2,3} where y is
the center of (a,b, f1(&)). We define F to the finite set of all these elements f or f_, f for all
connected component of D3 \ B.

Now let ¢ € G, g(¢) belongs to some connected component C of D3 \ B. If C has a unique
point a in its boundary, let f be the unique element in F such that (&) € C. By Corollary 4.5
in [DMW19], there is a homeomorphism v of C U {a} fixing a, such that vo(f(&)) = g(¢) and
v preserves the coloring, we extend vy to an element v € G that is trivial outside C U {a}.
By construction v € V and vf (&) = g({).

If C has two points a,b in its boundary, we choose f € F to be the element such that
f(¢) € Cand (c(B:(a)), c(B(8(¢)), c(B:(b))) and (c(By(a)), c(By(f(£)), c(By(b))) have same
cyclic order where z is the center of (a,¢(¢),b) and y the one of (a, f(¢)),b). Now, by apply-
ing Corollary 4.5 in [DMW19] three times, we find v;: D(a,z) — D(a,y), v2: D(b,z) —
D(b,y) and v3: B;(g()) — By(f(&)) that preserves the coloring and maps respectively
(a,z) to (a,y), (b,z) to (b,y) and (z,g(¢)) to (y, f(§)). We patch these three elements to
get a homeomorphism v of D(a,b). Observe that the local action o(vo, x) is trivial for any
x € Br(D3) N D(a,b) except maybe for x = z where 0.(vp,z) € As. We extend vy trivially
outside D(a,b) to get an element v € V such that vf({) = g(¢).

In both cases, this proves that ¢ € VFG; and the coprecompactness is proved.

Since G¢ is extremely amenable, for any G-flow, G¢ has a fixed point x and the orbit map

g + gx induces a uniformly continuous map G/G; — X that extends to a G-map G//Eg —
X. In particular if X is the universal G-flow, this shows that X is metrizable and thus X ~

G/G* for some coprecompact extremely closed subgroup G* by [MNVTT16 Theorem 1. 2]
The orbit G/Gg¢ is comeager in G G/G; G¢ because it is Polish. Moreover since G G/G; Ge — G G/G*
is surjective (as a consequence of compactness of the image and minimality), the image of

G/Gg of in G/G* is comeager and thus intersects the comeager orbit G/G". In particular,
the stabilizer of a point in the intersection is a conjugate of G* and contains a conjugate of
Gg. Since G acts transitively on pairs of end points, G¢ is a maximal subgroup and since G
is not extremely amenable (it has no fixed point in the dendrite), G* is a conjugate of Gz and

thus G//E ~ G//Eg OJ
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Corollary 5.1. Any G-flow is strongly proximal.

Proof. Tt suffices to prove that G//Eg is strongly proximal. Actually, Theorem 10.1 in [DM18]
shows that for any probability measure y on D3, one can find g, € G such that (g,)«p — J¢.

Let v be some probability measure on G//Eg and let us apply the aforementioned result to

u = 1, (v) where 7: G//Eg — Dj is the equivariant projection. Since 77 is injective on G/ Gg,

Remark 5.2. The proof of Theorem 1.14 shows that the map G//—Eg — D3 is 6 to 1 on preim-
ages of branch points, 4 to 1 on preimages of regular points because one has the choice of

a connected component and a choice of an orientation. The map G/Gs — D3 is 2 to 1 on
points that are not preimages of end points. We have the following commutative diagram.

G
| =

Ds
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