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Abstract: We establish a sharp sufficient condition for groups acting on trees to be highly
transitive when the action on the tree is minimal of general type. This gives new examples
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Given a countably infinite group I, one is naturally led to the study of its transitive actions, or
equivalently of the homogeneous spaces I'/A where A is a subgroup of I'. A basic invariant for such an
action is the transitivity degree, namely the supremum of the n € N such that for any two n-tuples of
distinct points, the first can be taken to the second by a group element. Note that the transitivity degree
of an action can be infinite, as is witnessed by the natural action of the group of finitely supported
permutations of a countably infinite set. One can then lift the transitivity degree to a group invariant
td(I") defined as the supremum of the transitivity degrees of the faithful I'-actions. The most transitive
groups are the highly transitive groups, namely those which admit a faithful action whose transitivity
degree is infinite. Note that such groups automatically have infinite transitivity degree. As noted by
Hull and Osin in [HO16], it is actually unknown whether there is a countable group I" with infinite
transitivity degree, but which fails to be highly transitive.
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1.1 Some highly transitive groups

Let us now give a brief overview of groups which are known to be highly transitive. First, the group
of finitely supported permutations of a countably infinite set is highly transitive. Other examples of
locally finite highly transitive groups are provided by the forward orbit stabilizers of minimal Z-actions
on the Cantor space, such as the group of dyadic permutations, and by the Hall group.

For finitely generated amenable groups, one can upgrade the group S¢(Z) of finitely supported
permutations of Z to the 2-generated group S¢(Z) x Z of permutations which are translations except
on a finite set. Other natural examples are provided by derived groups of topological full groups of
minimal Z-subshifts acting on an orbit (the fact that they are finitely generated is due to Matui [Mat06],
while their amenability is a celebrated result of Juschenko and Monod [JM13]).

In the non-amenable realm, the first explicit examples of highly transitive groups are free groups
F, for 2 < n < 400, as was shown in 1976 by McDonough [McD77] (see also the work of Dixon in
[Dix90]). The case of a general free product has been studied Glass and McCleary in [GM91] and later
settled by Gunhouse [Gun92] and independently by Hickin [Hic92].

In the last few years, many new examples of highly transitive groups have been discovered such as
surface groups [Kit12], Out(F,) for n > 4 [GG13], and non-elementary hyperbolic groups with trivial
finite radical [Chal2]. A vast generalization of these results was then found by Hull and Osin.

Theorem ([HO16, Theorem 1.2]). Every countable acylindrically hyperbolic group admits a highly
transitive action with finite kernel. In particular, every countable acylindrically hyperbolic group with
trivial finite radical is highly transitive.

Let us recall that a group is called acylindrically hyperbolic if it admits a non-elementary
acylindrical action on a hyperbolic space. For equivalent definitions, and for more background on
acylindrically hyperbolic groups, we refer the reader to [Osi16] or [Osil9].

On the other hand, examples which are not entirely covered by Hull and Osin’s result come from
groups acting on trees as in the work of the first, third and fourth authors [FMS15]. Other examples are
provided by a recent result of Gelander, Glasner and Soifer, which states that any center free unbounded
and non-virtually solvable countable subgroups of SL, (k) is highly transitive, where k is a local field
[GGS20].

Our main result is an optimal generalization of the aforementioned result of the first, third and
fourth authors.

Theorem A. Let I" ~ T be a minimal action of general type of a countable group I on a tree T. If
the action on the boundary I ~ d7 is topologically free, then T admits a highly transitive and highly
faithful action; in particular, I is highly transitive.

The above minimality assumption means that there are no nontrivial invariant subtrees, while the
topological freeness assumption means that no half-tree can be pointwise fixed by a non-trivial group
element (in particular, the action is faithful). An action on a tree is of general type when there are two
transverse hyperbolic elements (see Section 2.3). All these hypotheses are necessary in Theorem A:
for topological freeness this is discussed in the next section, while for the type of the action and the
minimality this is discussed in section 9.

Finally, high faithfulness is a natural strengthening of faithfulness introduced in [FMS15], which
states that the intersection of the supports of finitely many nontrivial group elements is always infi-
nite (see Section 2.1 for equivalent definitions). Let us remark that the group of finitely supported
permutations does not admit highly transitive highly faithful actions [FLMM?22, Remark 8.23], and
that the natural highly transitive action of a topological full group is never highly faithful. It would be
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interesting to understand whether the highly transitive actions of acylindrically hyperbolic groups with
trivial finite radical built by Hull and Osin are highly faithful.

1.2 Obstructions to high transitivity

Let us now move on to obstructions to high transitivity, which will lead us to a reformulation of our
main theorem as a series of equivalences thanks to the work of Hull and Osin [HO16] and of Le Boudec
and Matte Bon [LBMB22].

First, one can use the fact that the group of permutations of a countably infinite set is topologically
simple for the product of the discrete topology, and that high transitivity can be reformulated as arising
as a dense subgroup of this group. This yields the well-known fact that in a highly transitive group, the
centralizer of every non-trivial group element is core-free (see Corollary 9.4). In particular, highly
transitive groups cannot be solvable or contain nontrivial commuting normal subgroups, and they must
be icc (all their non-trivial conjugacy classes are infinite).

In another direction, Hull and Osin have shown that given a highly transitive faithful action of a
group I', the following are equivalent:

(1) There is a non-trivial group element with finite support;
(2) The alternating group over an infinite countable set embeds into I';
(3) The group I satisfies a mixed identity .

In particular, any simple highly transitive group which is not the alternating group over an infinite
countable set must be MIF (mixed identity free). Moreover, the fact that the highly transitive actions of
the groups we consider in Theorem A are highly faithful yields that those groups are MIF. We refer the
reader to [HO16, Sec. 5] for the definition of mixed identities, and the proof of the above-mentioned
result.

Finally, there are some groups for which one can actually classify sufficiently transitive actions,
and show that none of them are highly transitive. The first and only examples have been uncovered by
Le Boudec and Matte Bon , who proved the following remarkable result.

Theorem ([LBMB22]). Suppose a group I admits a faithful minimal action of general type on a tree
T which is not topologically free on the boundary. Then every faithful I'-action of transitivity degree
at least 3 is conjugate to the restriction to one orbit of the I'-action on the boundary of T (whose
transitivity degree is at most 3), and the group is not MIF.

They also proved a similar statement for groups acting on the circle, and provided examples of
groups, coming from [LB16, LB17], satisfying the above assumptions. Combining their result with
ours, we obtain a large class of groups for which high transitivity is completely understood:

Theorem B. Let I' ~ T be a faithful minimal action of general type on a tree T. The following are
equivalent

(1) W(T) > 4;
(2) T is highly transitive;
(3) T'is MIF;

(4) T ~ 07 is topologically free.
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Note that the topological freeness of the action on the boundary 9T (item ((4))) is a strengthening
of the global assumption that the I" action on the tree 7 is faithful.

In relation to the above quoted question by Hull and Osin, let us note that Theorem B yields the
equivalence between high transitivity and infinite transitivity degree for countable groups admitting a
faithful and minimal action of general type on a tree.

1.3 The cases of amalgams and HNN extensions

In order to prove Theorem A, we use Bass-Serre theory and reduce the proof to the case of an HNN
extension or an amalgamated free product.

Let us first describe the case of an HNN extension I' = HNN(H, X, ). Let T be the Bass-Serre
tree of I" (see section 2.5). Then it is easy to check that the action I' ~ 7 is minimal of general type if
and only if £ # H # ¥(X).

The HNN extension case of Theorem A that we show in the present paper is the following.

Theorem C. Let I by an HNN extension ' = HNN(H, X, ¥) with X # H # O(X). If the action of T on
the boundary of its Bass-Serre tree is topologically free, then I" admits a highly transitive and highly
faithful action; in particular, T is highly transitive.

Examples of HNN extensions which are not acylindrically hyperbolic and which do not satisfy the
hypothesis of [FMS15] are Baumslag-Solitar groups. A direct application of Theorem C allows us to
answer a question raised by Hull and Osin in [HO16, Question 6.3]: what is the transitivity degree of
the non-solvable icc Baumslag-Solitar groups? Given m,n € Z*, recall that the Baumslag-Solitar group
with parameter m, n is:

BS(m,n) := (a,b : ab™a"' =b").

It is not solvable if and only if |n| # 1 and |m| # 1, and icc if and only if |n| # |m|. As noted by Hull
and Osin, if a Baumslag-Solitar group is either solvable or not icc, then its transitivity degree is equal
to 1. We prove the following in Section 8.1.1, and provide more new examples to which Theorem C
applies in Sections 8.2.1 and 8.2.2.

Corollary D. All the non-solvable icc Baumslag-Solitar groups are highly transitive. In particular, the
group BS(2,3) is highly transitive.

Then, let us describe the case of an amalgamated free product (or amalgam for short) I' =I"y I,
where ¥ is a common subgroup of I'j and I',. Such an amalgam is said to be non-trivial if I'; # X #1',
and non-degenerate if moreover [I'; : ] >3 or [ : £] > 3.

Let T be the Bass-Serre tree of the amalgam I" (see Section 2.6). It easy to see that the action
I' ~ T always minimal, is of general type if and only if the amalgam is non-degenerate, and is faithful
if and only if X is core-free in I'. Let us now state our result in the case of an amalgam.

Theorem E. Consider a non-degenerate amalgam I' = 1| xx I and its Bass-Serre tree J. If the
induced T-action on d7 is topologically free, then T admits a highly transitive and highly faithful
action; in particular, U is highly transitive.

Notice that, in the context of the theorem, if the induced I'-action on 97 is topologically free, then
obviously the action on T is faithful, hence X is core-free in I". Sections 8.1.2 and 8.2.3 provides new
highly transitive examples obtained via Theorem E.
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1.4 Comparison with former results

Here is a corollary of our result which does not mention the action on the boundary, where given a
subtree T’ of T, we denote by I'y the pointwise stabilizer of 7" in T

Corollary F. Let I' ~ T be an action of a countable group I" on a tree T, which is faithful, minimal,
and of general type. If there exist a bounded subtree B and a vertex u in B such that I'y is core-free in
Iy, then, I" admits an action on a countable set which is both highly transitive and highly faithful. In
particular, U is highly transitive.

This corollary encompasses all the previously known results of high transitivity for groups with
a minimal action of general type on a tree, which fall in two categories. The first examples are the
acylindrically hyperbolic ones, for which one can use the following result by Minasyan and Osin,
combined with the high transitivity for acylindrically hyperbolic groups result of Hull and Osin. In its
statement, we denote by [u,V] the geodesic between u and v.

Theorem. [MO15, Theorem 2.1] Let I" be a group acting minimally on a tree J. Suppose that I is not
virtually cyclic, T does not fix any point in 7, and there exist vertices u,v of T such that Ly, is finite.
Then T is acylindrically hyperbolic.

We will check in Proposition 7.4, that all groups satisfying the hypotheses of the above theorem,
and having a trivial finite radical, also satisfy the hypotheses of Corollary F.

Furthermore, as Hull and Osin noticed [HO16, Corollary 5.12], there are groups acting on trees
which are non-acylindrically hyperbolic, but highly transitive thanks to the following result by the first,
third, and fourth authors. In the terminology of the present article, the assertion “T, is highly core-free
in I')” means that the action I, ~ I, /T, is highly faithful.

Theorem. [FMS15, Theorem 4.1] Let a countable group I' act without inversion on a tree J, and let
R C E(7) be a set of representatives of the edges of the quotient graph T'\T. Then T is highly transitive,
provided T, is infinite and T, is highly core-free in T',, for every couple (e,v) where e € R and v is one
of its endpoints.

The fact that the groups satisfying the hypotheses of the above theorem also satisfy those of
Corollary F is checked in Proposition 7.5.

There are examples of groups acting on trees which are highly transitive thanks to Corollary F,
but to which the previously known results do not apply. We also check that the icc non-solvable
Baumslag-Solitar groups provide examples of HNN extensions for which Theorem A applies while
Corollary F does not. All these examples can be found in Section 8.

1.5 About the proofs

In order to prove high transitivity for a general class of groups without constructing an explicit highly
transitive action, two approaches can be tried. The first is by working in the space of subgroups of I,
and proceeds by inductively building a subgroup A < I' such that the associated homogeneous space
'/ A is highly transitive. To our knowledge, this approach made its first appearance in a paper of Hickin
[Hic88], and was then made more explicit in [Hic92]. It was notably used by Chaynikov when proving
that hyperbolic groups with trivial finite radical are highly transitive, and also by Hull and Osin in their
aforementioned result.

The second approach, pioneered by Dixon, goes by fixing an infinite countable set X, considering a
well-chosen Polish space of group actions on X, and showing that in there, the space of faithful highly
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transitive actions is a countable intersection of dense open sets, hence not empty by the Baire category
theorem. In this work, we follow this second approach, using the same space of actions as the one
considered in [FMS15], but with a much finer construction in order to show density.

As explained before, the proof of the general result goes through the HNN and the amalgam cases.
The two proofs are actually very similar, so for this introduction we only explain in more details what
goes on for HNN extensions.

Given a non-degenerate HNN extension I' = HNN(H, X, 9), the idea is to start with a free H-action
on a set X with infinitely many orbits, and then to turn it into a highly transitive faithful I"-action
via a generic permutation. To be more precise, the Polish space under consideration is the set of all
permutations which intertwine the X and the ¥ (X)-actions, thus yielding a natural I'-action. The result
is then that there is a dense G5 of such permutations which induce a highly transitive faithful I"-action.

For this to work, the notion of high core freeness was handy in [FMS15]: it allows one to “push”
the situation by a group element in H so as to get to a place where both X and ¥(X) act in a more
controllable way. Let us note that this approach was generalized in [FLMM?22] to show that all
the groups considered in [FMS15] actually have a faithful homogeneous action onto any bounded
S-Urysohn space.

Here, we use a different approach, similar to the one due to the third and fourth named authors when
they re-discovered the characterization of free products of finite groups which are highly transitive
[MS13]. The main difficulty is that the group element that we use to “push” things out does not belong
to H, in particular it can contain a number of powers of the permutation at hand.

In order to solve this, we first modify the permutation so as to make sure such a push is possible.
The modification is actually very natural. Informally speaking, there are two steps:

1. “erasing the permutation” outside a suitable finite set of X-orbits and ¥ (X)-orbits, which leaves
us with a partial bijection;

2. make a “free globalization” of this partial bijection, which is obtained by gluing partial bijections
inducing portions of the I'-action by right translations on itself.

This results in a new I'-action satisfying a very natural universal property, which we state by introducing
the notion of pre-action of an HNN extension, see Theorem 3.18 (and Theorem 5.17 for its amalgam
counterpart). The construction in step (2) allows us to use the topological freeness of the left action on
the boundary in order to find the further modification of the permutation which yields high transitivity,
following an approach close to the proof of [MS13, Theorem 3.3]. We do not know if our approach
can be generalized so as to obtain faithful homogeneous action onto bounded S-Urysohn space.

1.6 Organization of the paper

Section 2 is a preliminary section in which we introduce our notations and definitions concerning
group actions, graphs, amalgams and HNN extensions. Section 3 contains the main technical tools to
prove Theorem C: the notion of a pre-action of an HNN extension, its Bass-Serre graph and its free
globalization. In Section 4 we prove Theorem C. Section 5 contains the main technical tools to prove
Theorem E: the notion of a pre-action of an amalgam, its Bass-Serre graph and its free globalization.
In Section 6 we prove Theorem E while in Section 7 we prove Theorem A, Theorem B and Corollary
F. Section 8 is dedicated to concrete examples where our results apply. Finally, in Section 9 we show
that the minimality assumption in Theorem A is needed, and we discuss other types of actions on trees.
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2 Preliminaries

The notation A € B means that B is a set and A is a finite subset of B.

2.1 Group actions

Throughout the article, we will use the symbol X to denote an infinite countable set. Then, S(X)
denotes the Polish group of bijections of X. Unless specified otherwise, groups will act on X on the
right. One of our motivations for doing so is that we will associate paths to words in our groups, so it
will be much easier to read both in the same order (see for instance Section 3.3).

So given two permutations 6,7 € S(X) and x € X, the image of x by ¢ is denoted xo, and the
product o7 is the permutation obtained by applying o first and then 7. This way, S(X) acts on X on the
right and any right G-action X % G is equivalent to a morphism of groups & : G — S(X). The image
of an element g € G by o will be denoted by a(g) or g%, or just g if there is no possible confusion.
Similarly, the image of a subgroup H of G by o will be denoted by a(H) or H%, or just H.

Notice however that actions on other kinds of spaces, especially on Bass-Serre trees, will be on the
left.

Definition 2.1. An action X «~ G is highly transitive if, for any k € N* and any k-tuples (x1,...,xx),
(v1,...,yx) € X¥, each with pairwise distinct coordinates, there exists y € G such that x;y = y; for all
i=1...k

Lemma 2.2. An action X v« G is highly transitive if and only if, for every k € N*, and every
X1y Xy V1, .-, Vi all pairwise distinct, we can find g € G such that x;g = y; fori=1,...;k.

Proof. Take xi,...,x; pairwise distinct, and z1,...,z; pairwise distinct, we need to find Yy such that
x;y =z fori=1,...,k. Since X is infinite, we find y;, ...,y pairwise distinct and distinct from all the
x;’s and z;’s, then by our assumption there are both g and 4 such that for all i = 1, ...,k we have x;g = y;
and y;h = z;, so the element Y = gh is the element we seek. O

Given a bijection ¢ € S(X), its support is the set suppo = {x € X: xo # x}. Recall that an action
X G is faithful if for every g € G\ {1} the support of g is not empty.

Definition 2.3. An action X ~ G is called strongly faithful if, for any finite subset F C G\ {1}, the
intersection of the supports of the elements of F' is not empty. It is called highly faithful if for every
finite subset ¥ C G\ {1}, the intersection of the supports of the elements of F is infinite.

Given a strongly faithful action X \\ G, and a finite subset F' C G, it is easy to see that there
exists x € X such that the translates xg, for g € F, are pairwise distinct. Indeed, any element x €

Ne.ser supp(gh™") will do.
Let us check that our definition of high faithfulness coincides with the one given in [FMS15].
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Lemma 2.4. An action X G is highly faithful if and only if for every n € N, if F is a finite subset of
X and X\, ..., X, are subsets of X such that X = FUX; U---UX,, then there is some k € {1, ...,n} such
that for every g € G\ {1}, there is x € Xy such that x - g # x.

Proof. We prove the lemma by the contrapositive in both directions.

Suppose that for a fixed n € N, we can find a decomposition X = F UX; U---UX, such that for all
ke {l,...,n}, there is g € G whose support is disjoint from X;. Then in particular, the intersection of
the supports of the g;’s is contained in F', hence finite, contradicting high faithfulness.

Conversely, suppose that we found gy, ...,g, € G whose supports have finite intersection. Then
the sets F = (;_; suppgx and Xy = X \ supp gy satisfy that for all k € {1,...,n}, there is some g € G
(namely g;) such that for all x € X, x- g = x. ]

Of course, we have the implications:
free = highly faithful = strongly faithful = faithful
Let us now see that strong faithfulness and high faithfulness coincide in many cases.

Proposition 2.5. Given an action X «~ G of a nontrivial group G, the following assertions are
equivalent:

(1) the action is strongly faithful, but not highly faithful;

(2) there are finite orbits in X on which G acts freely (in particular, G has to be finite), but only
Sfinitely many of them.

Proof. Define the free part Xy of our action as the union of the orbits in X on which G acts freely. Note
that we can write Xy as
Xp= {1 supp(g)-
8€G\{1}

Assume first that (2) holds. In this case, Xy is a non-empty finite union of finite orbits, hence a
non-empty finite set. Therefore, the action is strongly faithful, since Xy is non-empty, and it is not
highly faithful, since G and Xy are finite.

Assume now that (1) holds. Since the action is not highly faithful, there exists Fp € G\ {1} such
that (e, supp(g) is finite. Thus, the family (Yr)g crec\ (1} given by

Yr = () supp(g)
geF

is a decreasing family of finite sets, which are all non-empty since the action is strongly faithful. Now,
we have

Xp= () suwpp(e)= () Yr,

g€G\{1} RyCFeG\{1}
hence X is finite and non-empty. Consequently, there are finite orbits in X on which G acts freely, and
their number is finite. 0
Corollary 2.6. In case G is infinite, an action X «\ G is highly faithful if and only if it is strongly
faithful.
Let us end this section by remarking a reformulation of strong faithfulness which we won’t use.

Remark 2.7. A transitive action is strongly faithful if and only if the stabilizer of every (or equivalently,
some) point is not a confined subgroup of the acting group (see Section 1.5 from [Mat18] for a
discussion of the notion of confined subgroup).
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2.2 Graphs
First, let us recall the definition of a non-simple graph.

Definition 2.8. A graph G is given by a vertex set V(G), an edge set E(9), a fixed-point-free
involution = : E(G) — E(9) called the antipode map, a source map s : £(G) — V(§) and a range
map r: E(G) — V(G) subject to the condition:

foralle € E(G), s(e)=r(e).

The graph G is oriented if a partition E£(S) = E(S)T UE(SG)™ such that E(G)~ = E(G)™ is given.
In this case, the edges in E(G)™ are called positive edges and the edges in E(G) ™ are called negative
edges.

Recall that a path ® in a graph § is a finite sequence of edges ® = (ey,...,e,), such that, for
all 1 <k <n-—1,r(ex) =s(ex+1). We call s(e;) the source of @ and r(e,) the range of w. We
also say that w is a path from s(®) := s(e;) to r(®) := r(e,). The inverse path of @ is defined by
@ := (e,...,er). The integer n is called the length of @ and denoted by /(). Similarly, an infinite
path, also called a ray, is a sequence of edges ® = (ex)x>; such that r(ex) = s(ex41) forall k > 1 and
the vertex s(®) := s(e;) is called the source of ®.

Given a path @ = (eg)|<k<n, respectively an infinite path @ = (ex)r>1, in G, we use the notation
o(n):=r(e,),forn>1and 0(0) = s(e;) = s(®). A couple (ex,er+1) such that e, = e, if there is
one, is called a backtracking in @. If ® has no backtracking, we also say that it is a reduced path.
One says that o is geodesic in G if, for all 7, j, the distance in G between (i) and @(j) is exactly
|/ — i|. Obviously, all geodesic paths are reduced.

A cycle in G is a reduced path ¢ of length at least 1 such that s(c) = r(c), that is, a reduced path
c=(eq,...,e,) such that n > 1 and c(n) = c¢(0). Such a cycle is elementary if moreover the vertices
c(k), for 0 < k < n— 1, are pairwise distinct. Every cycle contains an elementary cycle.

When § is oriented, a path @ = (ex)1<x<n, respectively an infinite path @ = (ex)x>1, in G is called
positively oriented if ¢, € E(S)™ for all k and negatively oriented if ¢, € E(G)~ for all £; it is called
oriented if it is either positively oriented or negatively oriented.

Definition 2.9. A morphism of graphs f: § — G’ is a couple of maps V(G) — V(9') and E(G) —
E(9'), which will both be denoted by f for sake of simplicity, such that (&) = f(e), f(s(e)) =s(f(e)),
and f(r(e)) = r(f(e)) for all edges e in G.

The star at a vertex v is the set st(v) of edges whose source is v, and its cardinality is called the
degree of v. A morphism of graphs f : G — &' is locally injective if, for all v € V(9), the restriction of
f to the star of v is injective. Note that a locally injective morphism from a connected graph to a tree is
injective.

Definition 2.10. Given a graph G, and a set of edges E C E(G), we associate to this subset the induced
subgraph as the graph H such that V(H) = s(E) Ur(E), E(H) = E UE, and the structure maps of H
are the restrictions of those of G.

Definition 2.11. Given an edge e, its associated half-graph is the subgraph induced by the set of edges
f such that there is a reduced path starting by e, not using e, and whose last edge is equal to f.

Remark 2.12. Suppose G is connected and e is an edge, let H, and J; be the half-graphs associated
to e and e. Then, one has V(§G) = V(H,) UV (H;) and E(G) = E(H,) UE(H;). Moreover, denoting
by Gy the graph obtained by deleting the edges e,e in G:
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1. if Gy remains connected, then one has H, = G = H;

2. if not, then H, and JH; are obtained by adding the edges e,é to the respective connected
components of r(e) and s(e) in Go.

2.3 Trees and their automorphisms

For a more detailed account of what follows, we refer the reader to [HP11]. A forest is a graph with no
cycle and a tree is a connected forest. In a forest, we recall that any reduced (finite or infinite) path is
geodesic. Moreover, any two vertices in a tree are connected by a unique reduced path.

There is a well-known classification (see e.g. [Ser80]) of the automorphisms of a tree J: if g is
such an automorphism, then:

* either g is elliptic, which means that g fixes some vertex of 7,
* or g is an inversion, which means that g sends some edge e onto its antipode e,

* or g is hyperbolic, which means that g acts by a (non-trivial) translation on a bi-infinite geodesic
path, called its axis.

Definition 2.13. The boundary 07 (or set of ends) of a tree T is the set of geodesic rays quotiented
by the equivalence relation which identifies two geodesic rays whose ranges differ by a finite set.

Note that since we are working in a tree, if we fix a vertex o then the set of geodesic rays starting at
o0 is in bijection with the boundary of the tree through the quotient map.

The boundary is equipped with the topology whose basic open sets Uy are given by fixing a
half-tree 3, and letting Uy be the set of equivalence classes of geodesic rays whose range is contained
in J{ (so given a geodesic ray @, its class belongs to Uy if and only if some terminal subpath of  is
contained in H).

Any g € Aut(7) induces a homeomorphism of 7, which yields a group homomorphism

Aut(T) — Homeo(d7T).

In case g is hyperbolic, g fixes exactly two points in d7, which are the endpoints of its axis. Let us also
recall that every action on a tree I ~ T satisfies exactly one of the following:

* it is elliptic, which means that (the image of) I" stabilizes some vertex, or some pair of antipodal
edges;

* it is parabolic, or horocyclic, that is, I" contains no hyperbolic elements, without being elliptic
itself;

* itis lineal, that is I" contains hyperbolic elements, all of them sharing the same axis;

* it is quasi-parabolic, or focal, that is I contains hyperbolic elements with different axes, but all
hyperbolic elements of I" share a common fixed point in 97;

* it is of general type, which means that I" contains two hyperbolic elements with no common
fixed point in dT (such hyperbolic elements are called transverse).
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In the parabolic case, it can be shown that every element of I" is elliptic, and that I stabilizes a unique
point in dT. In the quasi-parabolic case, it can be shown that the common fixed point in dT of the
hyperbolic elements is unique and fixed by I'. If ' ~ T is of general type, it is easy to produce infinitely
many pairwise transverse hyperbolic elements. An action on a tree is called minimal if there is no
invariant subtree. Since we will be interested in faithful minimal actions of infinite countable groups on
trees, elliptic actions won’t occur. Moreover every vertex will have degree at least 2, since otherwise
we could trim off all vertices of degree 1 and get a proper invariant subtree.

Let us recall that the action I ~ dT by homeomorphisms is topologically free if the trivial element
is the only element in I" which fixes a non-empty open subset of dJ pointwise. We will rather use the
following concrete characterization.

Proposition 2.14. Let T be a tree with at least three ends. Given a faithful minimal action of an infinite
group I on T, the following are equivalent:

(i) the induced action I' ~ @7 is topologically free;
(ii) no element of '\ {1} can fix pointwise a half-tree in 7.

Proof. The implication from (i) to (ii) is clear since half-trees do define open subsets for the topology
of dT. Conversely, assume (ii). To prove (i), let us fix y € '\ {1} and show that y does not fix any
basic open set Uy pointwise.

Notice that an inversion does not fix any point in dJ. Moreover a hyperbolic automorphism 4 has
exactly two fixed points £* and, taking a third end 1) € 97, one has nh™" — £* as n — oo, so that
{& € 9T : Eh = £} has empty interior. Hence, the only case to check is when 7 is elliptic. Notice
also that, by minimality of the action, every vertex has degree at least 2 in T, so that every half-tree is
covered by the geodesic rays in it.

Consider any basic open set Uy, given by a half-tree J{. We claim that J{ contains a geodesic ray
which does not meet the subtree Fix(y) of y-fixed points. Indeed, take any geodesic ray r in 3. If r
meets Fix(y) at some vertex v, then consider the edge e in r whose source is v, and the half-tree 3,
it defines. By (ii), there is a vertex w in 3, which Yy does not fix. Extend the geodesic from v to w to
a geodesic ray in H,. The tail of this ray from w does not meet Fix(y), since the latter is a subtree
containig v. The claim is proved.

Now, since 7 is elliptic, our ray which does not meet Fix(y) is moved by y onto a disjoint geodesic
ray in 7. This corresponds to a point & € Ugc such that Ey # &. O

Note that topological freeness of the action on the boundary is called slenderness by de la Harpe
and Préaux [HP11]. Although we won’t use it, let us mention that for a minimal action of general type,
the topological freeness of the action on the boundary is also equivalent to the action on the tree itself
being strongly faithful (see [BIO20, Prop. 3.8] for this and other characterizations).

2.4 Treeing edges

Let us now turn to the link between half-graphs, seen in Section 2.2, and trees.

Definition 2.15. An edge in a graph § is a treeing edge when its associated half-graph is a tree, in
which case we also call the latter its half-tree.

Here is an easy characterization of treeing edges that will prove useful.

Lemma 2.16. Let G be a graph, let e be an edge. Then the following are equivalent:
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(i) the edge e is a treeing edge;
(ii) the map which takes a reduced path starting by e to its range is injective;

(iii) there is no reduced path from s(e) to s(e) starting by the edge e.

Proof. First note that (i) implies (ii) since when e is a treeing edge, all the reduced paths starting by e
must belong to its half-tree, and hence have distinct ranges.

We then show that (ii) implies (iii) by the contrapositive. If (iii) does not hold, let ¢ be a reduced
path starting by the edge e from s(e) to s(e). Then ¢ and the reduction of cc have the same range, so
(i1) does not hold.

Finally we show that (iii) implies (i) by the contrapositive. If e is not a treeing edge, consider the
following two cases:

¢ In the half-graph of e, the vertex s(e) has degree at least two. We then fix some ¢’ # e such that
s(e’) = s(e). If r(e’) = r(e) then the reduced path ee’ witnesses that (iii) does not hold.

Otherwise by the definition of the half-graph we find a reduced path o starting by e whose last
edge is either ¢’ or ¢/. If the last edge is ¢/, then @ witnesses that (iii) does not hold. If the last
edge of @ is ¢/, then write @ = ®'e’ and note that @' witnesses that (iii) does not hold. So in any
case, (ii1) does not hold.

* In the half-graph of e, the vertex s(e) has degree 1. Then since e is not a treeing edge, we find
a non-empty reduced path ® starting and ending at r(e), and using neither e nor . Then ewe
witnesses that (iii) does not hold.

This finishes the proof of the equivalences. O

Note that if a reduced path uses a treeing edge at some point, then from that point on it only uses
treeing edges. Moreover, we have the following result.

Lemma 2.17. Let G be a connected graph admitting a treeing edge, and let @ be a reduced path in .
Then @ can be extended to a reduced path @' whose last edge is a treeing edge.

Proof. Let e be the last edge of . If e is a treeing edge, we can take @’ = ®. If not, by the previous
lemma there is a reduced path of the form ec from s(e) to s(e). Let ¢’ be a treeing edge, and denote by
C the set of vertices visited by the reduced path c.

We then claim that s(¢’) is strictly closer to C than r(e’). Indeed, otherwise, if we fix a geodesic 1
from r(e’) to C, the geodesic 1 cannot start by ¢/, and there exists a cycle k based at 7(n) and whose
vertices belong to C. Then the reduced path ¢/nkfje’ witnesses that ¢’ does not satisfy condition (iii)
from the previous lemma, so ¢’ is not a treeing edge, a contradiction.

Now let & be a geodesic from C to s(¢’), by the previous claim we know that ¢’ is still a reduced
path. Let ¢’ be the initial segment of ¢ which connects r(e) to the source of &, then @’ = wc’Ee’ is the
desired extension of @. O

2.5 HNN extensions

Let H be a group, and let ¥ : £ — ¥(X) be an isomorphism between subgroups of H. The HNN
extension associated to these data is the group defined by the following presentation

HNN(H,X,9) := (H,t|t 'ot =9(c) forallc € L) , !

I'This notation means that HNN(H, X, 9) is the quotient of the free product H * {r) by its smallest normal subgroup
containing all elements 1~ 671 (c) ™! where ¢ € .
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where ¢ is an extra generator, called the stable letter, not belonging to H. We refer the reader to
[Ser80, Chap. 1, Prop. 5] for the fact that the HNN extension defined above does contain H as a
natural subgroup. Note that the defining relation ' 6t = ©(0o) is different from the one chosen in
[FMS15, FLMM?22]. This change is coherent with our choice to let groups act on the right on sets.

We will denote this HNN extension by I'. Recall that it is called ascending if one of the subgroups
X, 9(X)isequal to H.

Let us fix a set of representatives C* of left -cosets in H, and a set of representatives C~ of left
¥ (X)-cosets in H, which both contain 1, so that we have

H=||cE=2u || & and H=[]| @) =0E)uU []| ().
ceCt ceCt\{1} ceC™ ceC—\{1}
It is well-known, see e.g. [LSO1], that every element y € I" admits a unique normal form
Y= cpt® - -Cnls"hn+1,

wheren >0, & =+1for1 <i<n, & =+11impliesc; € C", & = —1 implies ¢; € C~, h,| € H, and
there is no subword of the form 7¢17~¢. Note that the case n = 0 corresponds to elements in H.
The Bass-Serre tree of the HNN extension I is the oriented graph T defined by

V(T)=T/H; E(T)"=T/L; E(7) =T/8(Z);
where the structural maps are given by the following formulas
EZ=nd(X); s(X)=vH; r(yL)=7H;

OE) =75 s(yo(X)=vH: r(yd(X)=v"'H.
This graph is naturally endowed with a left I'-action by graph automorphisms (respecting the orienta-
tion), and classical Bass-Serre theory [Ser80] ensures it is a tree. The action is always minimal since it
is transitive on the vertices. Let us now recall what kind of action I' ~ 7 is, depending on the inclusions
Y. C H and ¥(X) C H. Note that the stable letter r always induces a hyperbolic automorphism.

o If £ = H = ¥(X), then the Bass-Serre tree is a bi-infinite line (each vertex has degree 2), hence,
the action is lineal.

* If £ = H and ¥(X) # H, then there is exactly one positive edge and several negative edges in the
star at each vertex. Hence, to each vertex v, one can associate a reduced infinite path ;" starting
at v by taking the unique positive edge at each vertex. Given two vertices u and v, the paths @,
and ;" share a common terminal subpath. Indeed, this is obvious if u,v are linked by an edge,
and then, denoting vy, ..., v, the vertices on the geodesic between u and v, all the paths co;lL share
a common terminal subpath.

Now, let & € dT be the common endpoint of all paths ®,". Given any hyperbolic element g € T,
and any vertex v in T, we have g- ;" = a);, since I preserves the orientation, whence g& = &.
Therfore, all hyperbolic elements of I fix &.

On the other hand, it is easy to see that ¢t and ¢ tc don’t have the same axis. Hence, the action is
quasi-parabolic.

o Similarly, if ¥ # H and ©(X) = H, then the action is quasi-parabolic.

« If the HNN extension is non-ascending, then taking 4 in C* \ {1} and g € C~ \ {1}, it is fairly
easy to see that gr and th are transverse hyperbolic elements. Hence, the action is of general

type.
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2.6 Group amalgams

Let1 : X — I’y and 1, : ¥ — I'; be injective morphisms of countable groups. We will denote by X;
the image of 1, and by ¥ : £; — X, the isomorphism sending 1;(0) to (o) for all o € X. The free
product with amalgamation (or amalgam for short) associated to these data is

Fl *):Fz = <F1,F2’11(G) = 12(6) forall o € Z> = <F1,F2|G = 19(6) forall o € 21> . 2

We will denote the amalgam I'y xx I, by I'. We will still denote by X,I";,I", the images of these groups
in the amalgam I" when there is no risk of confusion. In I', one has I'y NI", = X. Recall that such an
amalgam is said to be non-trivial if I'; # X; for j = 1,2, and non-degenerate if moreover [1:Z]>3
or [ : X5] > 3.

Let us fix sets of representatives C; of left X ;-cosets in I';, for j = 1,2, which both contain 1, so
that we have

D= |cE=%u || & and I=||cE=%U || .
ceCy ceCi\{1} ceCy ceG\{1}

Notice that the intersection of the images of C; and C; in I is just {1}. It is well-known, see e.g.
[Ser80], that any element y € I'\ £ admits a unique normal form

Y=ci1--cyO

where n € N, ¢y,..., ¢, lie alternatively in C; \ {1} and C; \ {1}, and 6 € X.
The Bass-Serre tree of the amalgam I' =1I"; %y I, is the oriented graph T defined by

V(T)=T/T1 UT/Ty; EMT=T/T; s(yZ)=1T1; r(yZ) =y»

(the set of negative edges E(T)~ just being I'/E := {&: e € I'/Z}, which is another copy of I'/¥).
Again, this graph is naturally endowed with a left I™-action by graph automorphisms (respecting the
orientation), and classical Bass-Serre theory [Ser80] ensures it is a tree. The action is always minimal
since I acts transitively on the set of positive edges. Let us now recall what kind of action I ~ T is,
depending on the inclusions X; C I';.

o If X =Ty, then I' =17, and the vertex I, of T is fixed. Hence the action is elliptic. Similarly, if
¥, =T, then the action is elliptic.

* If the amalgam is non-trivial, and [['; : £;] =2 = [’y : X], then the Bass-Serre tree is a bi-infinite
line (each vertex has degree 2) and for any y; € I'; — X, j = 1,2, the element ;> is hyperbolic.
Hence, the action is lineal.

* If the amalgam is non-degenerate, then the action is of general type. Indeed, assuming [I'; : X] > 3,
and taking g; # g> in C; \ {1} and h € G, \ {1}, it is fairly easy to see that g;h and goh are
transverse hyperbolic elements. The case [I2,X] > 3 is similar.

2More precisely, I'j #5 I'5 is the quotient of the free product I'; %'y by its smallest normal subgroup containing all
elements 11 (0)13(c) ! where 6 € Z.
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2.7 Partial actions

The pre-actions that we will define below are tightly linked with the notion of partial action. Although
the latter do not play an essential role in our construction, we will see that every pre-action yields a
natural partial action, so we feel these are worth mentioning. For more details on partial actions, we
refer the reader to [KLO4].

Given a set X, we denote by J(X) the set of all partial bijections of X, which we think of as
subsets of X x X whose vertical and horizontal fibers all have cardinality at most 1. We have a natural
composition law on subsets of X x X given by: for all A,B C X x X,

AB={(x,2): Iy € X, (x,y) €A and (y,2) € B},

and this restricts to a composition law on J(X). The inclusion provides us with a natural partial
order on J(X). The projection on the first coordinate of a partial bijection 7 is its domain dom 7, and
the projection on the second coordinate is its range rng 7. Finally, we define the inversion map by
o' ={(»x): (xy) €o}.

Definition 2.18. A (right) partial action of a group I" on a set X is a map 7 : I’ — J(X) such that for
allg,hel

(D) n(lr) =idy;
(2) m(g)m(h) C m(gh);
3) n(g) ' =m(g™").

The main example of a partial action is provided by the restriction of an action to a subset.
Conversely, every partial action is the restriction of a global action, and there is a universal such global
action provided by the following result.

Theorem 2.19 (see [KL04, Theorem 3.4]). Given a partial action of a countable group I on a set X,
there is a T-action on a larger set X such that whenever Y T is a T-action on a set Y which contains
X, there is a unique T-equivariant map f : X — Y which restricts to the identity on X.

The action X .~ I from the previous theorem is called the universal globalization of the partial
I"-action on X. It is tacit in the theorem that the I"-actions on sets containing X extend the initial partial
I"-action on X.

Definition 2.20. A partial action X 7" I is called strongly faithful if for every F € I'\ {1}, there is
x € X such that for all g € F, we have x7(g) # x (in particular x € (,cp dom 7(g)).

Example 2.21. The partial action of the free group on two generator IF; on the set of reduced words
which begin by a is strongly faithful.

3 Free globalizations for pre-actions of HNN extensions

For this section, as in Section 2.5, let us fix an HNN extension I' = HNN(H,X, ). Let us also fix a
set of representatives C* of left X-cosets in H, and a set of representatives C~ of left ¥ (X)-cosets in
H, which both contain 1, so that normal forms of elements of I" are well-defined. Let us also denote
by I't, respectively I'~, the set of elements whose normal form leftmost’s letter is #, respectively ¢!
Note that I'" is invariant by left Z-multiplication, while I'~ is invariant by left ¥(X)-multiplication.
We then have T=HUCTTTUC T
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3.1 Pre-actions of HNN extensions and their Bass-Serre graph

Given an action on an infinite countable set X .\" H, and a bijection 7 : X — X such that 6" 7 =19(0)"
for all o € X, there exists a unique action X .\ I" such that /™ = h” for all h € H, and t™ = 7. If the
action 7 is free, we obtain an example of the following situation.

Definition 3.1. A pre-action of the HNN extension I" is a couple (X, 7) where X is an infinite countable
set endowed with a free action X " H, and

7 : dom(7) — rng(7)
is a partial bijection where dom(7),rng(7) C X, and 6"7 = 79(0)” forall o € .

The relations 6" 7 = 709(0 )" in Definition 3.1 are equalities between partial bijections. In particular
o”7 and 79(0)" must have the same domain and the same range. As a consequence, for any pre-action
(X, 1), the domain of 7 is necessarily X-invariant, its range is necessarily ¥ (X)-invariant, and 7 sends
X-orbits onto ¥ (X)-orbits.

A pre-action (X, 1) is called global if 7 is a genuine permutation of X. In this case there is an
associated action X .\ I" as above. We will often identify global pre-actions and I'-actions.

Example 3.2. If X ~7 I"is an action, where H is acting freely, then denoting by X .~\™ H its restriction,
one obtains a global pre-action (X,#"), where X is endowed with 7y . The action X ™ I coincides
with X " I in this case. In particular, the right translation action I\~ I" gives rise to a pre-action
([',¢P), where tP : y+— vt, called the translation pre-action.

The above notion of pre-action is close to the notion of a partial action developed in [KLLO4] as we
will see. As seen before, actions of I" (such that H acts freely) correspond to pre-actions with a global
bijection. Another source of examples of pre-actions is the following.

Definition 3.3. Given a pre-action (X, 7), and an infinite H-invariant subset Y C X, the restriction
of (X,7) to Y is the pre-action (¥,7’), where Y is endowed with the restriction of 7, and the partial
bijection is T’ = Tjyqy,-1. An extension of (X, 7) is a pre-action (X, %) whose restriction to X is (X, ).

Example 3.4. The sets ['" and [~ are H-invariant (by right multiplications), thus so are T+ :=T" UH
and T~ :=I'~ UH. The translation pre-action (I',#?) admits the restrictions (7", 7}), and (7T, 7_),
which we call the positive translation pre-action and the negative translation pre-action respectively.

Let us compute the domain and range of the partial bijection 7, corresponding to the positive
translation pre-action. Let x € T™. If x belongs to I'", then so does xz, and so 7 (x) is defined. But if x
belongs to H instead, then xt ¢ H, and xt € ['" if and only if its lefttmost letter is z, which happens if
and only if x € ¥. Reciprocally, one has yt~' € T+ forevery y € I't, and yt~' ¢ T+ for every y € H.
We conclude that the domain of 7, is LT, while its range is T'".

The same computation can be made for the partial bijection T_ associated to the negative translation
pre-action on 7~ : the domain of 7_ is equal to I'", and its range is equal to I'” LU ().

Let us now associate a graph to any I'-pre-action (X, 7) as follows. Informally speaking, we start
with a graph whose vertices are of two kinds: the X-orbits in X, and the ¥(X)-orbits in X. Then we
put an edge from xX to y¥(X) when (xX)7 = y(X), and finally we identify all the X-orbits and all
¥ (X)-orbits that are in a same H-orbit. We may, and will, identify H with its image in S(X) by the
action X " H, since the action 7 is free, hence faithful. Consequently, we don’t write superscripts 7
from now, as soon as there is no risk of confusion.
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Definition 3.5. The Bass-Serre graph of (X, 7) is the oriented graph G; defined by
V(Se)=X/H, E(S:)" =dom(7)/Z, E(S:)” =mg(r)/d(),
where the structural maps are given by the following formulas
E=x1%(X); sEX)=xH; r(xX)=xtH;
yO(Z) =yt 'Z; sOo(Z)=yH; r(yd(X) =yt 'H.
The Bass-Serre graph will also be denoted by BS(X, 7).

Example 3.6. (1) The Bass-Serre graph of the translation pre-action (I',#”) is the classical Bass-
Serre tree T of I

(2) The Bass-Serre graph of the positive translation pre-action (7", T ) is the half-tree of the edge X
in 7.

(3) The Bass-Serre graph of the negative translation pre-action (7, 7_) is the half-tree of the edge
B(X)in T.

(4) The Bass-Serre graph of a global I'-pre-action is actually a forest if and only if the associated
I"-action is free.

Example (1) is obvious. Examples (2) and (3), if not obvious yet, will become clear after Remark
3.12. Example (4) will be seen in Remark 3.17.

Now, let us link the star at a vertex in a Bass-Serre graph BS(X, 7) to small normal forms in I'.
Given a vertex in an oriented graph, let us denote by st™(v), respectively st (v), the set of positive,
respectively negative, edges whose source is v, so that we have a partition st(v) = st*(v) Ust™ (v) of
the star at v. Given a point x € X, there are natural (maybe sometimes empty) maps
el {ct:ceCtxcedom(r)} — st™(xH)

X

ct — xcX
e, : {ct7':ceC,xcemg(t)} — st (xH)
ct™! = xcd (L)

and we notice that e; (ct) goes from xH to xctH, while e (ct~!) goes from xH to xct'H.

These maps are surjective, since the orbits xcX for ¢ € CT, respectively the orbits xc®(X) for
c € C™, cover xH. Since the action X " H is free, we have xH = | |.cc+ xcX and xH = | |.cc- xcO(X),
so that e, e, are in fact bijective. Then, by merging e, and e, , we get a bijection

X rTX

ex:{ct:ceCh xcedom(t)}U{ct ' :ceC,xc € mg(t)} — st(xH).

3.2 Morphisms and functoriality of Bass-Serre graphs

We shall now see that there is a functor, that we will call the Bass-Serre functor, from the category
of I'-pre-actions to the category of graphs, which extends Definition 3.5. Let us start by turning
I"-pre-actions into a category.

Definition 3.7. A morphism of pre-actions from (X, 7) to (X', 7') is a H-equivariant map ¢ : X — X/,

such that for all x € dom 7, @(x7) = @(x)7’.
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Note that in particular, ¢ maps dom(7) into dom(7’), and rng(7) into rng(7’). Now, given a
morphism of pre-actions ¢ : (X, 7) — (X’,7’), and denoting by G; and G the corresponding Bass-
Serre graphs, let us define a map V(G¢) — V(9r) by

xH — @(x)H, forxe X,
and a map E(G;) — E(Gy) by
xL— @(x)E, forx edom(t) and yd(X)— @(y)P(X), fory € mg(T).

It is routine to check that these maps define a morphism of graphs, that we denote by G,. For
instance, the image of xX is @(x)Z, the image of xX = xt9(X) is ¢(x7) ¥ (Z) = @(x)7T'¥(X), and one
has @(x)Z = @(x)t'¥(X) in G as expected.

Lemma 3.8. The assignments (X,7) — G¢ and ¢ — G define a functor from the category of I'-pre-
actions to the category of graphs.

We will denote this functor by BS and call it the Bass-Serre functor of I'. The morphism G, will
also be denoted by BS(¢).

Proof. First, given the identity morphism on a pre-action (X,7) it is obvious that the associated
morphism of graphs is the identity on G.

Now, take two morphisms of pre-actions ¢ : (X, 1) — (X', ') and y : (X', 7") — (X", 7"). It is also
clear that the composition of G, followed by Gy, and the morphism Gy, are both given by the map

V(§¢) = V(Ser) by
xH— yo@(x)H, forxe X,

and the map E(G¢) — E(G¢) by
xE— yop(x)X, forxedom(r) and yB3(X)+— yooe(y)d(X), fory e rng(r).
This completes the proof. O
To conclude this section, let us notice a consequence of freeness of the H-actions in the definition
of I'-pre-actions.

Lemma 3.9. Every morphism of the form BS(@) is locally injective. More precisely, its restriction to
the star at a vertex xH, is the composition e o(x) © e; !, which is an injection into the star at ¢(x)H.

Proof. Consider a morphism of pre-actions @ : (X, 7) — (X', 7’), and give names to the actions involved:
X A" H, and X' ~" H. Let us also recall from Section 3.1 that the maps e, and €y(x) are bijective,
since these actions are free. Now, given x € X and e € st(xH) in G, one must have e = e,(ct?), that is:

o either e = xc™X for a unique ¢ € C" satisfying xc™ € dom(7),

* or e =xc™®(X) for a unique ¢ € C~ satisfying xc™ € rg(7).
Then, in the graph G/, one has:

« in the first case, @(x)c® = @(xc®) € dom(7'), so that

Sple) = (xc™)Z = Q(x)c" T = ey (ct) = ey 0€r ' (e).

« in the second case, @(x)c™ = @(xc®) € mg(7'), so that
Gole) = PUxe™)B(E) = Px)C™ B(E) = epro(ct ™) = eppny0es (€).

In other words, the restriction of G to the star at a vertex xH is the composition e o) ° e ! Furthermore,
the latter map is an injection into the star at ¢ (x)H. O
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3.3 Paths in Bass-Serre graphs of global pre-actions

Let us turn to the case of a global pre-action (X, 7). In this case, the bijections e, defined at the end of
Section 3.1 become just:

ex:{ct:iceCTiu{ct iceCT} — stT(xH)Ust™ (xH) = st(xH).

Given a point x € X, and an element y € I' \ H with normal form ¢ %' - - - ¢,t%h, 11, where n > 1, we
associate a sequence (xo,Xp,...,X,) in X by setting xo = x and x; = x;_1¢;7% for 1 <i < n, and notice
that x,h,4+1 = xy™. Then we associate a sequence (ej,...,e,) of edges in the Bass-Serre graph using
the bijections e,: fori=1,...,n, we set

ei = ey, (cit™).

Notice that, forany i = 1,...,n— 1, one has r(e;) = x;_1¢;7%H = x;H = s(e;+1). Hence (ey,...,e,) is
a path, that we denote by path,(7y).

Remark 3.10. The vertices (v;)!_ visited by path (y) are given by v; = x;H, where:
X =xc T - ;T
Moreover, defining £; =X and £_; = ©¥(X) one has ] = xc X, and, forall 2 <k <n,
ex = xc1t .11 g,
Now, for 1 <i < n, let us remark the equivalence
eiy1=¢ < (g1 =—¢gandciy1=1).
Indeed, in case & = 1, one has ¢; = x;_;c;X, therefore
eir1 =& < ey (cip1t) =xi_1¢T- (L) =x9(2) & (gr1=—1landcip =1)

and the case & = —1 is similar. As we started with a normal form of y, we obtain that path,(y) is a
reduced path. Moreover, given a reduced path (¢},...,e},) starting at xH, one has path,(y) = (¢}, ...,€,)
if and only if

foralli=1,...,n, ey, (cit®) =é}.

Since the maps e, are bijective, there is exactly one element y € I'\ H, with normal form ¢ % ct% - - - ¢, ¢
such that path,(y) = (€],...,€),).

€y

Remark 3.11. For any x € X, the map path,, from I"\ H to the set of reduced paths starting at the
vertex xH, is surjective. Its restriction to the set of elements with normal form c#% ¢yt - - - ¢, t% is
bijective.

Let us say that y € '\ H is a path-type element if its normal form has the form 7% ¢t% - - - ¢,,t%
where n > 1, that is, if ¢; = 1 and &, = 1. It is said to be positive if &, = 1, and negative if
€ = —1. When 7 is a positive, respectively negative, path-type element, the first edge of path,(y) is
xX, respectively x0(X). If n < k, we also say that an element ¥ with normal form 7% ¢pr% - - - ;1% is a
path-type extension of y = 1% ¢,r% - - - ¢,t%. In this case, path,(¥) extends path,(y).

Remark 3.12. The map path, induces bijections:
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* between the subset of positive path-type elements in I', and the set of reduced paths in BS(X, 7)
whose first edge is xX;

* between the subset of negative path-type elements in I', and the set of reduced paths in BS(X, 7)
whose first edge is x(X).

Hence, if xX (respectively x1 (X)) is a treeing edge then, the images of the first (respectively the second)
bijection cover exactly the half-tree of X (respectively the half-graph of ¥(X)) in BS(X, 7).

Let us end this section by linking paths in Bass-Serre trees and Bass-Serre graphs so as to understand
which edges are treeing edges in the Bass-Serre graph.

Remark 3.13. Consider a global pre-action (X, 7), and a basepoint x € X. There exists a unique
morphism of pre-actions

¢:(0P) = (X,7)

from the translation pre-action, such that ¢(1) = x. In fact, ¢ is the orbital map y — xy™ of the
associated I'-action. By restriction, one obtains morphisms

from the positive and negative translation pre-actions.

Lemma 3.14. In the context of the above remark, the Bass-Serre morphism BS(@), from the Bass-Serre
tree T to the Bass-Serre graph G¢, sends path?r(y) onto path? (7).

Proof. Let us consider y € I'\ H, and write its normal form: y = ¢ - - - ¢,t%h,, 1. Let us denote by
(e1,...,e,) the edges of pathlqr(y), and by (¢,...,e}) the edges of path? (7). The auxiliary sequences
in I' and X used in the construction of the paths will be denoted by (),...,7%) and (xo,...,x,)
respectively.

An easy induction shows that x; = @(%) for all i = 0,...,n. Then, we notice that the source of
ey, (cit)is yi—1H forall i = 1,...,n. Thus, using Lemma 3.9, we get

Se(ei) =epy ) ° e%}l (ey,(cit™)) = ey, (cit®) =¢]
foralli=1,...,n. O

Therefore, if xX is a treeing edge then, the image of BS(¢, ) is the half-tree of xX, while if x93 (X)
is a treeing edge then, the image of BS(¢_) is the half-tree of x9 ().

Proposition 3.15. Consider a global pre-action (X,7), and a basepoint x € X. The following are
equivalent:

(i) the morphism of pre-actions @, : (T",1.) — (X, 7) of Remark 3.13 is injective;
(ii) the morphism of graphs BS(@..) is injective;

(iii) the edge x¥ in the Bass-Serre graph BS(X, 7) is a treeing edge.
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Proof. For all y € T™, recall that ¢, (7) = xy™, so that BS(¢. ) sends vertices YH to xy™ H. At the
level of positive edges, it sends yX to xy™X. Fixing y, we get @ (yh) = xy™h™ for h € H; since
X " H is free, @, realizes a bijection between YH and xy™ H, and also a bijection between yX and
xy™X. Consequently, @, is injective if an only if YH — xy™H and yX — xy™X are both injective.
This proves that (i) and (ii) are equivalent. Note that (iii) implies (ii) is obvious since, when xX is a
treeing edge BS(¢..) is locally injective from the half-tree of X to the half-tree of xX, hence BS(¢, ) is
injective. Finally assume (ii) and let @ be a reduced path starting by the edge xX. By Remark 3.12 there
exists a positive path type element Y € I't such that @ = path,(y). By Lemma 3.14, @ is the image by
BS(¢. ) of path] (y). Since BS(¢. ) is supposed to by injective and since the last vertex of path] (y) is
not H, we deduce that the last vertex of w is not xH. Hence, xX is a treeing edge by Lemma 2.16. []

By a very similar argument, wet get also the following result.

Proposition 3.16. Consider a global pre-action (X,7), and a basepoint x € X. The following are
equivalent:

(i) the morphism of pre-actions @_ : (T~ ,7_) — (X, 7) of Remark 3.13 is injective;
(ii) the morphism of graphs BS(¢_) is injective;
(iii) the edge xO(X) in the Bass-Serre graph BS(X, 1) is a treeing edge.

Remark 3.17. Putting the two previous propositions together, one can show that given a I'-action
where H is acting freely, the Bass-Serre graph of the associated pre-action is a forest if and only if the
I"-action is free.

3.4 The free globalization of a pre-action of an HNN extension

Say that a pre-action is transitive when its Bass-Serre graph is connected. Note that a global pre-action
(X, 7) is transitive if and only if the associated I"-action is transitive. We will show that every transitive
pre-action has a canonical extension to a transitive action, which is as free as possible. The construction
is better described in terms of Bass-Serre graph: we are going to attach as many treeing edges as
possible to it.

Theorem 3.18. Every transitive I'-pre-action (X, T) on a non-empty set X admits a transitive and
global extension (X , %) which satisfies the following universal property: given any transitive and global
extension (Y, ') of (X, 1), there is a unique morphism of pre-actions ¢ : (X, %) — (Y, ') such that

Ox = idy .

Moreover; all the edges from the Bass-Serre graph BS(X,T) to its complement in BS(X, %) are treeing
edges.

In terms of [-actions, the extension (X, %) of the theorem corresponds to an action X .~ I such
that, given any action Y  \* I satisfying X C Y as H-sets and yr* = y7 for all y € dom(7), there exists
a unique I'-equivariant map ¢ : X — Y extending idy.

Proof. We will obtain the Bass-Serre graph of the pre-action (X, %) by adding only treeing edges to
the Bass-Serre graph of the pre-action.

First we enumerate the X-orbits which do not belong to the domain of 7 as (x;X);c;. Then, we take
disjoint copies of (T, 7y ), for i € I, also disjoint from X, which we denote as (7., 7;). Similarly, we
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enumerate the ¥ (X)-orbits which do not belong to the range of 7 as (y;9(X)) je;. We then take disjoint
copies of (T~,7_), for j € J, also disjoint from X, which we denote as (Tj*, 7;). Now, our extension
(X, %) is obtained as follows. We set

X = <Xu|_|Ti+|_||_|Tj>/
iel jeJ ~

where ~ identifies the element x;2 € X with h € H C Ti+, for each i € I and h € H, and the element
xjh € X withh e H CT;", for each j € J and h € H. Since the identifications just glue some orbits

pointwise and respect the H-actions, X is endowed with a free H-action. Then, we set

t=tU| |[nu| |7,

iel jeJ

which is possible since the domain of 7;, for i € I, intersects other components in X only in the orbit
x;X, the range of 7;, for i € I, does not intersect other components in X, and the situation is analogue
for 7; with j € J. We have got a pre-action (X, 7).

This pre-action is transitive. Indeed, all pre-actions (X,7), (7.7, 7;) and (T;",7;) are, and the
identifications make connections between all these components in the Bass-Serre graph BS(X, 7).

The pre-action is also global. Indeed, every E-orbit, respectively ©(X)-orbit, in 7;", which is not in
the domain, respectively the range, of 7;, has been identified with an orbit in X, and the situation is
similar for 7. We conclude by noting that all Z-orbits and ¥ (X)-orbits in X are now in the domain
and in the range of 7.

Moreover, the (oriented) edges from the Bass-Serre graph BS(X, 7) to its complement in BS(X, %)
are exactly the edges x;X for i € I, and the edges x;9(X) for j € J. For each i € I, the morphism of
pre-actions @, : (T+,7,) — (X, %) of Remark 3.13, with basepoint x; € X, is injective since it realizes
an isomorphism onto (7;", 7;), hence x;X is a treeing edge by Proposition 3.15. One proves similarly
that the edges x;9(X) are treeing edges using Proposition 3.16.

It now remains to prove the universal property. To do so, take any transitive and global extension
(Y,7') of (X,7). The unique morphism of pre-actions ¢ from (X, %) to (¥, ') such that ¢;x = idy
is obtained by taking the union of the morphisms ¢; : (7;", %) — (¥,7’) and ¢; : (T} ,7;) — (¥, 7),
coming from Remark 3.13 with respect to basepoints x; or x;, with idy (all these morphisms are
unique). O

It is straightforward to deduce from the universal property above that the global pre-action we just
built is unique up to isomorphism. We thus call it the free globalization of the pre-action (X, 7).

Example 3.19. The free globalizations of the positive and negative translation pre-action are equal to
the right I'-action on itself by translation. Indeed, this is true of any transitive pre-action obtained as a
restriction of the (global) I'-pre-action on itself by right translation, since the latter is universal among
transitive I"-actions.

Let us furthermore observe that we can always build this pre-action on a fixed set X containing X,
provided it contains infinitely many free H-orbits.

Theorem 3.20. Let X be a countable set equipped with a free H-action, suppose X C X is H-invariant
and X \ X contains infinitely many H-orbits. Suppose further that 7T is a partial bijection on X such that
(X, 7) is a transitive pre-action of I. Then there is a permutation T of X such that (X, 7) is (isomorphic
to) the free globalization of (X, 7).
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Proof. Let (X, %) be the free globalization of (X, 7). The fact that X \ X contains infinitely many
H-orbits and is countable implies that there exist a H-equivariant bijection ¢ : X — X whose restriction
to X is the identity. Then, one can push forward the permutation %, to obtain a permutation 7 : X — X
defined by

P(x)T:= @(x%) forallxeX,

which extends 7. Now, ¢ is an isomorphism of pre-actions between (X, %) and (X, T). O

3.5 Connection with partial actions and strong faithfulness

Definition 3.21. Given a transitive pre-action of the HNN extension I" on (X, 7), let us denote by
(X, %) its free globalization. The partial action associated to (X, 7) is the restriction to X of the action
X ~™ T". We denote it by o;.

In order to have shorter statements in what follows, we will also call the action X % T “free
globalization” of (X, 7).

Remark 3.22. One could also construct the partial action directly as follows. Let us denote by 7 the
H-action on X. Given y € I" with normal form ¢t - - - ¢,t%hy,, |, define the partial bijection y* by

W€ €17
¥ =t fTohl

where we compose partial bijections as described in Section 2.7. The relation }/IO‘ v yza " C (n7)%* follows
from the fact that in order to obtain the normal form of y;7» from the concatenation of the normal forms
of 71 and 7, one only needs to iterate the following three types of operations:

(1) replacing a subword h;Gthy by hit9(0)hy;
(2) replacing a subword k9 (o)t~ hy by t~ohy;
(3) deleting the occurrences of t#~! or t~ 1.

By the definition of a pre-action, types (1) and (2) do not affect the partial bijection that we get in
the end, while type (3) can only produce extensions (note that T7~! and t~!7 are restrictions of the
identity on X).

We can now connect the free globalization that we constructed to the universal globalization of
Kellendonk-Lawson that was presented in Theorem 2.19.

Proposition 3.23. The free globalization of a transitive pre-action (X, 7) is equal to the universal
globalization of the partial action oi;.

Proof. There is a unique ['-equivariant map g from the universal globalization Z constructed by
Kellendonk-Lawson to the free globalization X because of its universal property. Moreover, in the
free globalization, we have that H acts freely, so it follows that H is also acting freely on the universal
globalization.

It is then straightforward to check that since the pre-action 7 is transitive, the associated partial
action @ is transitive, i.e. for every x,y € X there is ¥ € I" such that y = xy%:. Since the I'-closure of
X inside Z satisfies the same universal property as Z, we conclude that the universal globalization is
transitive.

We can thus apply the universal property of the free globalization from Theorem 3.18 so as to obtain
a unique I'-equivariant map f : X — Z which restricts to the identity on X. Recalling that g: Z — X
is the unique I'-equivariant map provided by Kellendonk and Lawson’s theorem, we conclude by
uniqueness that both go f and f o g are identity maps, which concludes the proof. O
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An important property of the partial action associated to a pre-action (X, 7) is that it is contained
in the partial action associated to any of the globalizations of (X, 7), in the following sense.

Definition 3.24. Let X ~* " and X ~P I be two partial actions. We say that o is contained in f3
when for every y € T, we have a(y) C B(7).

Proposition 3.25. Let (X, T) be a transitive I'-pre-action, let X ~\% T be the associated partial action.
Then for every global extension (Y, G) of the pre-action, we have that the restriction to X of the action
Y ~7% T contains o.

Proof. Suppose (Y,0) is a global extension of the pre-action (X, 7). Since (X,7) is transitive, up
to shrinking (¥, 0) we may assume it it transitive. We can now apply Theorem 3.18: the universal
property gives a I'-equivariant map p : X — Y with respect to the actions # := 7z and 75. Then, for
every x € X, and every y € T, we have p(xy*) = p(x)y™. In particular, for every x € X such that
xy™ € X, we obtain xy* = xy* = xy™, which yields directly the desired result. O

Let us now show that the free globalization of any non-global transitive pre-action is highly faithful.
We start with a lemma.

Lemma 3.26. The partial actions associated to the positive and negative translation pre-action are
strongly faithful.

Proof. By Example 3.19, the partial action associated to the positive translation pre-action is the
restriction to 7+ = I'" LI H of the action I .~ I by right translations. Thus, it suffices to show that for
every F € '\ {1}, there exists x € I'" LU H such that for all y € F, we have xy € T" UH and xy # x.
The latter assertion is always true, and the former holds if we take x € I'" whose normal form is longer
than the normal form of all the elements of F'. We conclude that the partial action associated to the
positive translation pre-action is strongly faithful.

A similar argument shows that the partial action associated to the negative translation pre-action is
strongly faithful. O

Proposition 3.27. The free globalization of any non-global transitive pre-action is highly faithful.

Proof. Let 7 be the action associated to the free globalization of a non-global transitive pre-action
(X, 7). By Corollary 2.6, it suffices to prove that 7 is strongly faithful. But since the pre-action (X, 7)
is not global, its free globalization contains a copy of either the positive or the negative translation
pre-action. The partial actions of the latter being strongly faithful by the previous lemma, we conclude
using Proposition 3.25 that 7 itself is strongly faithful because it contains a strongly faithful partial
action. O

Remark 3.28. More generally, it follows from Propositions 3.15 and 3.16 that every I'-action whose
Bass-Serre graph contains a treeing edge must be highly faithful.

4 High transitivity for HNN extensions

As in Section 3, we fix an HNN extension I' = HNN(H, X, ), a set of representatives C* of left
Y-cosets in H, and a set of representatives C~ of left 1 (X)-cosets in H, which both contain 1, so that
normal forms of elements of I" are well-defined. From now on, we assume that the HNN extension
I" is non-ascending and that the I"-action on the boundary of its Bass-Serre tree is topologically
free, since these assumptions will become essential. We still denote by I'", respectively I, the set of
elements whose normal form first letter is ¢, respectively ¢!, so that we have ' = HUCTTH UC T,
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4.1 Using the free globalization towards high transitivity

This section is devoted to a key result which we will use towards proving high transitivity for HNN
extensions. It will allow us to extend any given transitive pre-action which is not an action to one which
sends one fixed tuple to another fixed tuple.

Proposition 4.1. Let X be a countable set, let X ~" H be a free action, with infinitely many H-orbits,
let X be a finite union of H-orbits in X, and suppose that (X, 7) is a transitive non-global pre-action.
For any pairwise distinct points x1,...,Xi,Y1,...,Yx € X, there exists a transitive and global extension
(X,7) of (X, 7) such that:

(1) the action X ~™ T is (transitive and) highly faithful;
(2) there is an element 'y € T satisfying x;y™ = y; for all i.

Proof. The set {xy,...,Xk,V1,..-, yk } Will be denoted by F'. First, by Theorem 3.20, we find a permutation
7 € S(X) such that (X, 7) is the free globalization of (X, 7). Given x € X, and a path-type element ¥,
we will denote by H,(y) the half-graph of the last edge of path,(7) in the Bass-Serre graph of (X, ).

Claim. There exists a path-type element y in '\ H such that for every x € F, the last edge of path,(7)
is a treeing edge (that is, H,(y) is a tree).

Proof of the claim. Using the correspondence between path-type elements and reduced paths estab-
lished in Section 3.3, it follows from Lemma 2.17 that for every x € X, and every path-type element
¥, there is a path-type extension ¥’ of ¥ such that the last edge of path,(¥/) is a treeing edge. Now,
it suffices to start with any path-type element }p, to extend it to a path-type element 7; such that the
last edge of path,, (71) is a treeing edge, then to extend ¥; to a path-type element 7, such that the last
edge of path,, () is a treeing edge (note that path, (72) also ends with a treeing edge since it extends
path, (71)), ..., and to iterate this extension procedure until we reach an element y»; such that all last
edges of path, (), for x € F, are treeing edges. Oelaim

Let us fix some element ¢ € CT \ {1} (here we use that £ # H). Then, any path-type element y
admits yct as a path-type extension.

Claim. There exists a path-type element y in '\ H such that for every x € F, the last edge of path,(7)
is a treeing edge, and the half-trees H(y), for x € F, are pairwise disjoint subgraphs, and disjoint
from BS(X, T).

Proof of the claim. We start with a path-type element 7y such that for every x € F, the last edge of
path,(7) is a treeing edge. Since X is a finite union of H-orbits, BS(X, 7) has finitely many vertices.
Hence, by extending further the path-type element , we may and will assume that, for every x € F, the
half-tree () does not intersect BS(X, 7).

We now notice that, given x,y € F, if the half-trees 3(,(7y) and J(,(7) are disjoint, then so are the
half-trees H,(y') and HH, (') for every path-type extension ¥ of y. Hence, it suffices to prove that, for
any x,y € F, with x # y and such that 3(,(7y) and (,(y) intersect, there exists a path-type extension Y’
of ¥ such that 3, (y) and J{,(y’) are disjoint. Indeed, an easy induction gives then an extension "
such that the half-trees H, (7)), for x € F, are pairwise disjoint.

Take now x,y € F with x # y and such that J(,(7y) and J(,(7) intersect. These half-trees have to
be nested. Indeed, if they aren’t, J(,(y) contains the antipode of the last edge of path(y), hence
contains BS(X, 7), which is impossible. Without loss of generality, we assume H,(y) C 3, (y). We
now distinguish two cases.
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 If H,(y) C H,y(y), there is a path-type extension Y’ of 7y, with ¥’ # v, such that path (y) and
pathy(j/’ ) have the same last edge. Since the HNN extension I" is non-ascending, there is another
path-type extension ¥ of y with the same length as ¥’. Now, path,(¥') and path, (") are distinct
reduced paths extending path,(y), hence 3(,(y") and 3(, (") = H.(y) have to be disjoint. Since
Hi(Y) C H(y), the half-trees H,(Y) and H, (') are disjoint.

* If 3(,(y) = H,(7), then path,(y) and path,(y) have the same terminal edge. Let us assume
that path,(yct) and path, (yct) have the same terminal edge, since otherwise we are done with
Y = yct. This edge is e := x'cL = y/cX, where x' = xy™ and y’ = yy™. Consequently, one has
y'¢ =x'co for some o € £\ {1}. Consider now the morphism from the translation pre-action

¢:(I,tP)— (X,T), with basepoint x'c

coming from Remark 3.13, and note that the left translation Y5 : ¥* — oy* defines an automor-
phism of (I',#?). Using Lemma 3.14, one sees that, for any y* € I'":

— BS(y,) maps path (v*) onto pathl(y*) in the Bass-Serre tree T, and these paths both
start by the edge ¥ hence, they are both in the half-tree of X.

— BS(¢) maps path] (y*) onto path,(y*); and pathZ.(y*) onto pathy.(v").

Since the left I'-action on the boundary 07 of its Bass-Serre tree is topologically free, the identity
is the only element of I' fixing the half-tree of X in T pointwise. Hence, there exists a path
in this half-tree whose first edge is X, and such that @ and ¢ - ® have distinct ranges. Then,
by Remark 3.12, there exists a path-type element y© € I'* such that path?(}/*) = . We have
pathl(y") = BS(ys)(®) = 6 - @, so that path] (y") and pathl.(y") have distinct ranges.

Since the edge e is a treeing edge, the restriction ¢ of @ to the positive translation pre-action
(T, 1) is injective by Proposition 3.15, and so is BS(¢; ). Consequently, path,.(y") and
pathy, . (y") diverge at some point in the half-tree of e in BS(X, 7).

Finally, for any path-type element y* in I'", by construction, path,(ycy*) is the concatenation
of path,(y) and path,.(y*), and path,(ycy*) is the concatenation of path,(y) and pathy,.(7").
Hence path, (ycy™) and path(ycy™) diverge at some point in the half-tree of e. Setting ¥ =
ycy™, we obtain that H, (') and 3, (') are disjoint.

We are done in both cases. Uelaim

We then modify the bijection 7 to get the pre-action (X, %) we are looking for. First, given an
element Y as in the previous claim, we consider, for each z € F, the morphism of pre-actions from the
negative translation pre-action coming from Remark 3.13:

v, : (T",7-)— (X,7) withbasepoint 7'c,

where 7' := zy™. Note that the image of this morphism corresponds to the half-graph opposite to the
half-tree 3 (yct). Then, we define X' = .. mg(y;) C X, and take the restriction (X', 7’) of (X, 7).
Informally speaking, we erase 7 on the X-orbits corresponding to edges in the half-trees 3, (yct) for z €
F. Note that this leaves infinitely many H-orbits in X outside dom(7’) and rng(7’), and the pre-action
(X', ') is transitive. Now, we extend 7’. Pick some orbits z1H,...,zH in X \ (dom(7") Urng(7’)), add
them to X', take some ¢~ € C~ \ {1} (here we use that ®(X) # H), and set

xicot :=z09(6) and yicot :=zic ¥(0)
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fori=1,...,k and o € X. This is possible since the ¥(X)-orbits at points z; and z;c~ are pairwise
disjoint (we use again the freeness of the H-action), and since the Z-orbits at xic and y}c were not
initially in the domain of 7’. Note that, after this extension, the pre-action (X', 7’) is still transitive. Then
we apply Theorem 3.20 to get an extension 7 : X — X of 7’ such that (X, 7) is the free globalization of
(X’,7'). A computation shows then that x;(yctc™ (yct) ™')™ =y, forall i = 1,..., k. Finally, the action
7z is highly faithful by Proposition 3.27. O

4.2 High transitivity for HNN extensions

From now on, we fix a free action X \~\* H with infinitely many orbits. We then consider the space A
of I'-actions on X which extend 7, which can be written as

A={reSX): c*t=19(0)" forall c € L}.

In other words, A is the set of permutations 7 of X such that (X, 7) is a global pre-action of I". The set
A is clearly a closed subset of S(X) for the topology of pointwise convergence, hence a Polish space.
Recall that the action associated to a permutation T € A is denoted by 7.

Definition 4.2. Let us set
TA = {7 € A: 7. is transitive};

HFA = {7 € A: 7; is highly faithful};
HTA = {7 € A: 7. is highly transitive}.

The subset TA is not closed for the topology of pointwise convergence. However, we have the
following result.

Lemma 4.3. The set TA is Gg in A, hence it is a Polish space. Moreover, it is non-empty.

Proof. Since X " H has infinitely many orbits, there is an H-equivariant bijection ¢ : I — X. It then
suffices to push-forward the translation pre-action by ¢ to get an element of TA (its Bass-Serre graph
will be isomorphic to the classical Bass-Serre tree and 7, will be conjugated to the translation action
I'nD).

To show that TA is a G5 subset, we write TA = [, ,cx Oxy, where for x,y € X,

Oy = {7 €A : there exists y € I such that xy™ = y}.
The latter sets are clearly open in A for all x,y € X, thus finishing the proof. O

We now show that our HNN extension I" has a highly transitive highly faithful action, thus proving
Theorem C.

Theorem 4.4. The set HTA NHFA is dense Gg in TA. In particular, I" admits actions which are both
highly transitive and highly faithful.

Proof. Fork>1and xy,...xt,y1,...,yx € X pairwise distinct, consider the open subsets
Vit =T €TA: Jye T, x;y™ =y; forall 1 <i <k}

Their intersection is the set HTA by Lemma 2.2, so HTA is G5 in TA. Similarly, we can write the set
of strongly faithful actions as the intersection over all finite subsets F € I'\ {1} of the open sets

Wr={teTA: Ixe X, xf™ #xforall f€F}
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Now, since strong faithfulness is equivalent to high faithfulness by Corollary 2.6, the set HFA is Gg in
TA.

To conclude, it suffices to show that each set (Vy, _y y,..,) VHFA is dense in TA, since this
immediately implies that each open set (V4, KRV ,m,yk) NWp is dense in TA. To do this, let T € TA and
let F’ be a finite subset of X. Consider a finite connected subgraph G of BS(X, 7) containing the edges
zX for z € F/, and denote by T the restriction of T to the union of the X-orbits in X corresponding to
the edges of G.

Then, apply Proposition 4.1 to the transitive pre-action (dom(7t) - H Urng(t)-H, ), whose
Bass-Serre graph is G, to get an extension 7’ such that 7/ € Ve (VHFA. Moreover, since
F' C dom(1), it follows that 7 and 7’ coincide on F”. O

Remark 4.5. We give below a direct proof that HFA N HTA is dense in TA, without relying on Baire’s
Theorem.

Proof. Start with an element 7y € TA, consider the transitive and global pre-action (X, 1), and fix
a finite subset Fy € X. What we have to prove is that there exists 7 € HFA N HTA such that the
restrictions of 7y and 7’ on Fy coincide.

Let us now take an enumeration (g,),>0 of I'\ {1}, and an enumeration (k,,X,,V,)n>0 of the set
of triples (k,,y), where k is a positive integer and ¥ = (x1,...,x),y = (y1,...,yx) are k-tuples of
elements of X such that xy,...,x,y1,. ..,y are pairwise distinct. Starting with 7y and Fp, we construct
inductively a sequence (7,),>0 in TA, and an increasing sequence (F,),>o of finite subsets of X, as
follows.

1. Starting with F,, € X and 7, € TA, we set F to be the union of F, and the coordinates of X, and
¥, and consider the smallest connected subgraph G of BS(X, 7,,) which contains all edges zX
and z9(X) for z € F. (Notice that BS(X, 1,) is connected, since 7, € TA).

2. We take the restriction 7 of 7, on the union of the X-orbits in X corresponding to edges in G, and
get a transitive pre-action (dom(7) - H Urng(7)-H,7), whose Bass-Serre graph is G, and such

that 7! coincides with 77! on F.

3. By Proposition 4.1, we get an extension 7,4, of 7, which lies in TA NHFA, and an element

%, € I' such that 5,7, ™' = y,. Moreover, Ti}l coincides with 7! on F, by construction. Let
™ . . . .
also v, be an element of X such that vngkf"*' # v, forall k=0,...,n (which exists since 7, , is

highly faithful).

4. We take a finite subset F;,;; € X which contains F, and all elements z € X such that zX, or its
antipode, is in path, (g) for some k < n, or in path,(%,) for some coordinate u of x,. Now, for
any T* coinciding with 7,1 on F,+ 1, one has X,%° =3, and v,g;" #v, forallk=0,...,n.

Theses sequences satisfy mefnrf” =y, and vmg,ff” % v, for all 0 < k < m < n. Moreover, the subsets F;,
exhaust X, and 7! coincides with T.-! on F, for all n > m. Consequently the sequence (7,) converges
to a bijection 7’ and the action 7y is highly transitive by Lemma 2.2. Notice finally that 7 is also
strongly faithful, since it satisfies vmg;:" = vy, for all k < m. Thus, 7 is highly faithful by Corollary
2.6. O
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5 Free globalization for pre-actions of amalgams

We now turn to the case of amalgams, where the notion of pre-action is a bit less intuitive than for HNN
extensions since it will involve two sets, reflecting the fact that the corresponding graph of groups has
two vertices. The results and proofs are very similar to those we have proved for HNN extensions in
Sections 3 and 4, but for the convenience of the reader we will give full proofs.

For this section, as in Section 2.6, let us fix an amalgam I' =I'y *x I';, and sets of representatives
C; of left Xj-cosets in I'; such that 1 € C;, for j = 1,2, so that normal forms of elements of I" are
well-defined. Let us also denote by Nc; the set of elements of I" whose normal form begins (from the
left) with an element of C; \ {1}, for j = 1,2, so that we have I' = X LI N¢, UNG,.

5.1 Actions and pre-actions of amalgams, and Bass-Serre graphs

Given two actions on infinite countable sets X; «~\™ I'; and X, ™ I, and a bijection 7 : X; — X;
such that 6™ 7 = 79(0)™ for all o € L, there exists a unique action X; «\~\* I such that g™.* = g™
for all g € 'y, and h™ = th™ 1! for all h € I',. Similarly, there exists a unique action X, ~%7 "
such that /%7 = h™ for all h € I'», and g™+ = 7~ !g™ 1 for all g € I';. Of course, these actions are
conjugate: one has Y+ = ty™:7~! for every y € I. Turning back to the general case, if the actions
my, W, are free, we obtain an example of the following situation.

Definition 5.1. A pre-action of the amalgam I' is a triple (X1, X>, T) where X}, X, are infinite countable
sets endowed with free actions X; ™ I'1 and X, ~™ I',, and

7 :dom(7) — mg(T)
is a partial bijection such that dom(7) C Xj, rng(7) C X,, and 6™ 1 = 1t9(0)™ forall o € X;.

The relations 6™t = 79(0)™ are equalities between partial bijections. In particular 6™ 7 and
79(0)™ must have the same domain and the same range. As a consequence, for any pre-action
(X1,X2,7), the domain of T is necessarily ¥ -invariant, its range is necessarily X,-invariant, and 7 sends
Y1 -orbits onto X,-orbits.

A pre-action (X;,X>,7) is called global if 7 is a global bijection between X; and X;. In this case
there are associated actions X; ™7 I" and X, ™7 I" as above.

Example 5.2. If X ~7" I"is an action, where I'; and I'; are acting freely, then denoting by X ™ I}
and X /™ T, its restrictions, one obtains a global pre-action (X, X,idy ), where the first copy of X is
endowed with m; and the second with m,. The actions X; ™= I" and X, «\™2~ I" both coincide with
X " T in this case. In particular, the right translation action I~ T gives rise to a pre-action (I',T',id),
called the (right) translation pre-action.

As seen before, actions of I (such that the factors act freely) correspond to pre-actions with a
global bijection. Another source of examples of pre-actions is the following.

Definition 5.3. Given a pre-action (X1, X>,7), and infinite I"j-invariant subsets ¥; C X, the restriction
of (X1,X»,7) to (Y1,Y>) is the pre-action (Y1,Y>,7’), where ¥; is endowed with the restrictions of 7;,
and the partial bijection is T/ = Tiy,nr,z-1- An extension of (X1, X, T) is a pre-action (X1,X,,%) whose
restriction to (X1,X3) is (X1,X2, 7).

In the following important example of restrictions, for j € {1,2} we denote by N, the set of
elements of I' whose normal form begins with an element of C}, so that we have I' = X LI N¢, LN, .
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Example 5.4. The set N, is I'j-invariant by right multiplication, and N¢, is I'2-invariant by right multi-
plication. Thus, by taking complements, ¥ LI N¢, is I'i-invariant, and X LI N¢, is I'>-invariant. The trans-
lation pre-action (I",T",id) admits the restrictions (I'y UNg,, 2 UNg,, 7+ ), and (I't UN¢, , 2 UNg, , T-),
which we call the positive translation pre-action and the negative translation pre-action respectively.
Notice that 7, = ierUch and 7_ =1id LN, -

Let us now associate a graph to any I'-pre-action (X;,X>, 7) as follows. Informally speaking, we
start with a graph whose vertices are of two kinds: the X;-orbits in X, and the ¥,-orbits in X,. Then
we put an edge from xX; to yX, when (xX;)7 = yX,, and finally we identify all the ¥ ;-orbits that are
in a same I';-orbit, for j = 1,2. We may, and will, identify the groups I';,X; with their images by 7;,
since the actions 7|, m, are free, hence faithful. Consequently, we don’t write superscripts 7y, T, from
now, as soon as there is no risk of confusion.

Definition 5.5. The Bass-Serre graph of (X;,X,, 7) is the oriented graph G, defined by
V(9:) =X1/ThuXy /T, E(9;)" =dom(t)/%, E(G;) =mg(1)/Ls,
where the structural maps are given by the following formulas, for x € dom(7) and y € rng(7),
XX =x1%; s(xXp) =aly;  r(xXy) =x1ly;

Vo =yt '8y s(yEn) =ya;  r(yEs) =yt T
The Bass-Serre graph will also be denoted by BS(X, X2, 7).

Example 5.6. (1) The Bass-Serre graph of the translation pre-action (I',I",id) is the classical Bass-
Serre tree T of I

(2) The Bass-Serre graph of the positive translation pre-action (I'y LUN¢,,I'> UNg, , 74 ) is the half-tree
of the edge X, in 7.

(3) The Bass-Serre graph of the negative translation pre-action (I'y UN¢, , T2 LINg, , T— ) is the half-tree
of the edge X, in 7.

Given points x € X1,y € Xy, there are natural (maybe sometimes empty) maps from some coset
representatives to the stars at xI'; and yI';:

eiy: {ceCi:xcedom(r)} — st(xI)
c >  xcX

ery: {ceCriycemg(t)} — st(hyIly)
c —  ycXs

These maps are are surjective, since, for j = 1,2, the orbits xcX;, for ¢ € C;, cover xI';. Moreover,
since the actions X; ~™ T'; are free, we have xI'; = |_|C€Cj xcX;, so that these maps are in fact bijective.
If x € X1 N X>, then by merging e; , and e, ,, we get a bijection

ex:{ceCy:xcedom(t)}U{ceCr: xcermg(t)} — st(xI'y) Ust(xI).

We also set e, = e1  when x € X; \ Xp, and e, = e5 , when x € X5 \ X;.
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5.2 Morphisms and functoriality of Bass-Serre graphs

We shall now see that there is a functor, that we will call the Bass-Serre functor, from the category
of I'-pre-actions to the category of graphs, which extends Definition 5.5. Let us start by turning
I"-pre-actions into a category.

Definition 5.7. A morphism of pre-actions from (X;,X,7) to (X{,X5,7’) is a couple (¢;, ¢,), where
¢, : Xj — X} is a['j-equivariant map for j = 1,2, and for all x € dom 7, ¢»(x7) = ¢ (x)7'.

Again, we have in particular that ¢; maps dom(7) into dom(7’) and ¢, maps rng(7) into rng(7’).
Now, given a morphism of pre-actions (@, @) : (X;,X>,7) — (X{,X},7’), and denoting by G and
G the corresponding Bass-Serre graphs, let us define a map V(S;) — V(G ) by

xI't = @ (x)F1 ,forxeX; and y[Hh+— (pz(y)l"% fory € Xp,
and a map E(G;) — E(Gy) by
xZi = @1(x)X;, forx e dom(t) and yXy— @a2(y)Xs, fory € mg(7).

It is routine to check that these maps define a morphism of graphs, that we denote by Gy, ¢,). For
instance, the image of xX; is @; (x)Xi, the image of xX| = x7%; is @»(xT)X; = @) (x)7'2,, and one has
(0J] (x)Zl =0 (X)T/ZQ in 9r’-

Lemma 5.8. The assignments (X1,X2,7) = Gz and (@91,92) = Gg, ¢,) define a functor from the
category of I'-pre-actions to the category of graphs.

We will denote this functor by BS and call it the Bass-Serre functor of I'. The morphism Gy, o,)
will also be denoted by BS(¢;, ¢).

Proof. First, given the identity morphism on a pre-action (X;,X>, 7) it is obvious that the associated
morphism of graphs id the identity on G;.

Now, let us consider two morphisms of pre-actions (@, @2) : (X1,X2,7) — (X, X}, 7") and (91, y2) :
(X1,X3,7") = (X{',X3',7"). It is also clear that the composition of Gy, o,y followed by Gy, ), and
the morphism Sy, o¢, .y,0¢,) are both given by the map V(G:) — V(G ) by

L= yioe (), forxeX; and yI[h— yho@(y)h, forye Xs,
and the map E(G;) — E(Gy) by
XL = Yo (x)Xy, forx €dom(t) and yX;— yro@(y)Xy, fory € rng(7).
This completes the proof. O

Let us notice a consequence of freeness of the I'j-actions in the definition of I'-pre-actions,
analogous to Lemma 3.9.

Lemma 5.9. Every morphism of the form BS(Q1, ¢2) = G(¢, ¢,) is locally injective. More precisely, the

restriction of BS(@1, @) to the star at a vertex xI'y, respectively yI'y, is the composition e, o) © e;}c,

respectively e, o) °€2, ;, which is an injection into the star at @) (x)I'}, respectively @(y)I.
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Proof. Consider a morphism of pre-actions (¢;, ) : (X1,X2,7) — (X{,X5,7'), and give names to the
I';-actions involved: X; ~™ I'y, and Xl’ AT I'1. Let us also recall from Section 5.1 that maps of
the form e , and e , are bijective, since the I';-actions are free. Now, given x € X; and e € st(xIy)
in G¢, one has e = ej ,(c) = xc™X; for a unique ¢ € C; satisfying xc™ € dom(t). Then, one has
@(x)c™ = @(xc™) € dom(7'), so that in G:

S(or.02)(€) = @1(xc™ )L = ¢ (X)C”izl =elxp(c).

In other words, the restriction of 9((p1 ) O the star at xI'; is the composition e, o) ° el_:c. Furthermore,
this map is an injection into the star at ¢; (x)I';.

Similarly, one can prove that the restriction of Gy, ¢,) to the star at a vertex yI*; is the composition
€ 0r(y) €2, ;, which is an injection into the star at ¢, (y)I. O

5.3 Paths in Bass-Serre graphs of global pre-actions

Let us turn to the case of a global pre-action (X1, X>, 7). In this case, the bijections e; , and e; , defined
at the end of Section 5.1, become just

elx: C, — St(xr]) and €y C, — St(yrz).

Given a point x € Xj and an element ¥y € N¢, with normal form y = ¢;---¢,0 where n > 1 and
c1 € G\ {1}, we associate a sequence (xg,X1,...,X,+1) in X; UX, and a sequence (eg,ej,...,e,) of
edges in the Bass-Serre graph as follows. We set xo = x, ¢co = 1 € C;, and then inductively for
i=0,...,n

* for i such that ¢; € C, set e; = ey ,(¢;), and x| = x;¢;T;

* for i such that ¢; € Gy, set e; = €3 ,,(ci), and x| = xicit L
Notice that, for any i =0,...,n— 1, if ¢; € C} (or equivalently if i is even), one has r(e;) = x;c;TI, =
xi+1I2 = s(ei+1) , and similarly if ¢; € C; we have r(e;) = s(e;+1). Hence (eg,...,e,) is a path, that
we denote by path; (7). Note that this path begins by the edge eg = xX;.

Let us check that path; ,(y) is a reduced path. For 0 <i<n—1and ¢; € C}, we have

il = € & Xif1Ciy1 X2 = XiCiX] & XiCiTCi+1X0 = XiCiTLy & Ciy1 = 1

since Xo ™ I is free. Since ¢; - - ¢, 0 is the normal form of ¥, we cannot have ¢;,| = 1, so path; ,(y)
is reduced.

Finally, since the maps e , and e , are bijective, given a reduced path (e, ... ,e,) beginning by xX,
there is exactly one normal form cy - - - ¢, with ¢; € Co\ {1} such that path, ,(c1---c,) = (e, - .-, en).
The following remark is now clear.

Remark 5.10. For any x € X, the map path, , is a surjection from N, to the set of reduced paths
starting by the edge xX;. It becomes a bijection if we restrict it to the subset of elements y € N¢, whose
normal form is ¢; - - - ¢, with ¢; € G2\ {1}. So if xX; is a treeing edge, then the images path; .(y), for
Y € Ng,, cover exactly the half-tree of xX in G;. '

We now give a definition of path-type elements which is analogous to the one for HNN extensions,
except that we only want to consider paths which end in Xj. An element y € N¢, with normal form
Y=c1---cpsuchthatc; € Co\ {1} and n > 1 is odd will be called a path type element of N¢,. Note
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that the corresponding path then has even length. If Y = ¢; - - - ¢, for some k < n, is a path type element
in Ng,, then ¥ is called a path type extension of y'.

Similarly, given a point x € X, we can associate to every element Y € N¢, with normal form
Y=c1---c,0, wheren > 1 and ¢; € Cy \ {1}, a reduced path path, ,(y) := (eo,e1,...,e,), as follows.
We set xg = x, cg = 1 € (3, and then inductively for i =0, ..., n:

* for i such that ¢; € Cy, set e; = ey ,(¢;), and x| = x;¢;T;

* for i such that ¢; € Gy, set e; = €3 ,(ci), and X1 = xicit L

This defines a surjective map path, , from N, to the set of reduced paths starting by the edge xX;.
Hence, if xX; is a treeing edge then, the images path, (7), for y € N¢,, cover exactly the half-tree of
xX; in §7. Moreover, the map path, , becomes a bijection if we restrict it to the set of elements of with
normal form y=¢;---¢, wheren > 1 and ¢ € C; \ {1}, and such elements will be called path type
elements of N¢, when moreover n is odd. As before, there is a notion of path type extension for path
type elements in N¢, .

Remark 5.11. Let i, j € {1,2} with i # j and x € X;, ¥ € N¢, with normal form ¢ --- ¢, 0.

1. By construction, path; .(y) = path; ,(c - -¢,) and, for every 1 <k < n, the path path; ,(c; ---¢)
is an extension of path; ,(c1---cy).

2. The source of path; . (y) is s(xX;) = xI';.
3. If y=ci1---¢, is a path type element, then the range of path; (y) is xy™T;.

4. If for some 1 < k < n the last edge of pathj’x(cl ---cy) is a treeing edge, then for all k <1 <n
the last edge of path; (c1---¢;) is also a treeing edge.

Let us end this section by establishing a link between paths in Bass-Serre trees and Bass-Serre
graphs.

Remark 5.12. Consider a global pre-action (X;,X>, 7), and basepoints x; € X; and x; € X; such that
x» = x17T. There exists a unique morphism of pre-actions

((Pla(PZ) : (F7r71d) - (X17X27T)

from the translation pre-action, such that @;(1) = x; for j = 1,2. It satisfies @;(y) = x;y™~ for all
j=1,2 and y € I'. By restriction, one obtains morphisms

(@14,92+) : (T1UNg,, L UNg,, 74) = (X1,X2,7)
(1, 02) : ([1TUNg, , T2 UNg,, 72 ) = (X1,X2,7)

from the positive and negative translation pre-actions.

Lemma 5.13. In the context of the above remark, the Bass-Serre morphism BS(@y, ®,), from the
Bass-Serre tree T to the Bass-Serre graph G, sends path” | () onto pathi}j(y) forall j €{1,2} and

]71F
all y € N¢, withi € {1,2}\ {j}.
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Proof. We make the proof in the case j = 1 only; the case j = 2 is similar.
Let us consider y € Nc,, and write its normal form: ¥ = ¢ ---¢,0. Let us denote by (eg, ey, ..., e,)
the edges of path(‘{lr(}/), and by (¢, ¢},...,e.) the edges of path{* (y). The auxiliary sequences

1,x;
in I" and X used in the construction of the paths will be denoted by (10, .., %+1) and (xo,...,Xu41)

respectively.

An easy induction shows that x; = @;(y;) when i even, and x; = @(y;) when i is odd. Then, we
notice that the source of e; = ey 4, (c;) is %I"1 when i even, and the source of ¢; = €5 4, (c;) is %I> when i
odd. Thus, using Lemma 5.9, we get

BS(@1,92) (i) = €1 g, (3 0 €1y, (€1,4(c1)) = €1 (ci) = €]
when i is even, and
BS(01,92) (i) = €5, ,y) €2y, (€2,4(c1)) = €25 (ci) = €]
when i is odd. O
Therefore, if x;Z; is a treeing edge then, the image of BS(¢; , ¢, ;) is the half-tree of x;X; while,
if ;X is a treeing edge, the image of BS(¢; _, ¢ _) is the half-tree of x,X,.
5.4 The free globalization of a pre-action of an amalgam

First, let us notice that, for any ¢ € X, there is an automorphism of pre-actions induced by left
translation by ¢

(y— ov,y— oY)

for each of the following pre-actions:
* the translation pre-action (I',T",id);
* the positive translation pre-action (I'; LI N¢,, T2 UNg,, T4);
* the negative translation pre-action (I'y UNg,, 2 LUUNg,, 7).

Indeed, all sets I',I'1,I'2, X, N¢,, N¢, are invariant by left translation by ¢, hence the domains and range
of 7, and 7_ are invariant by left translation by ¢. Then checking we have morphisms of pre-actions is
a straightforward computation, and invertibility is obvious.

Proposition 5.14. Consider a global pre-action (X1,X,7), and basepoints x; € X| and x; = x1T € X,.
The following are equivalent:

(i) the morphism of pre-actions (@1 4,2+ ) : (I'1UNg,, T2 UNg,, 7+ ) — (X1,X2,T) of Remark 5.12
is injective;
(ii) the morphism of graphs BS(@ 1, @2 1) is injective;
(iii) the edge x1¥| in the Bass-Serre graph BS(X,X5,7) is a treeing edge.

Proof. For all y € I'jUNg,, recall that ¢; () = x;¥", so that BS(¢; 4, ¢, ) sends vertices yT';
to x;¥%<I';, and edges YZ; to x;¥"<%;. Fixing ¥, we get @, (yg) = x;¥"+g" for g € I'j; since
X; ~% T is free, @, , realizes a bijection between yI'; and x;Y™I';, and also a bijection between
yX; and x;y"*¥;. Consequently, @;  is injective if an only if yI'; — x;¥%<I"; and yX; — x;y""%;
are both injective. This proves that (i) and (ii) are equivalent.
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The implication (iii) == (ii) follows from the fact that when x; Z; is a treeing edge BS(¢; 1, ¢2 1)
is locally injective from the half-tree of X; to the half-tree of x; X, hence BS(¢; .+, ¢ 1) is injective.

Finally assume (ii) and let @ be a reduced path starting by the edge x1X,. By Remark 5.10 there
exists Y € Ng, such that @ = path;, (y). By Lemma 5.13, @ is the image by BS(¢; 4, ¢, 1) of
path?lr(}/). Since BS(¢; 4, ¢ 1) is supposed to be injective and since the last vertex of path{lr(y)
is not I';, we deduce that the last vertex of @ is not x;I";. Hence, x1X; is a treeing edge by Lemma
2.16. O

By a very similar argument, we get also the following result.

Proposition 5.15. Consider a global pre-action (X1,X2,7T), and basepoints x| € X; and x, = x1T € Xp.
The following are equivalent:

(i) the morphism of pre-actions (@1 —, @2 ) : (I'T UN¢,, T2 UNg,,7—) — (X1,X2,T) of Remark 5.12
is injective;

(ii) the morphism of graphs BS(@ _, @, _) is injective;
(iii) the edge x,X; in the Bass-Serre graph BS(X,X3,7) is a treeing edge.

Remark 5.16. Putting the two previous propositions together, one can show that, given a global
pre-action of T, its Bass-Serre graph is a forest if and only if the action X; <™+ I" (or equivalently
X5 A7 1) is free.

Say that a pre-action is transitive when its Bass-Serre graph is connected. Note that a global
pre-action (X;,X»,7) is transitive if and only if the action X; ~™ I, or equivalently X, 27 T,
is a transitive action. We will show that every transitive pre-action has a canonical extension to a
transitive action, which is as free as possible. The construction is again better described in terms of
the Bass-Serre graph: we are going to attach as many treeing edges as possible to it.

Theorem 5.17. Every transitive I'-pre-action (X1,X»,T) admits a transitive and global extension
(X1,X,,%) which satisfies the following universal property: given any transitive and global exten-
sion (Y1,Y2,7') of (X1,X2,7), there exists a unique morphism of pre-actions (@1, @) : (X1,X>,%) —
(Y1,Y>,7') such that

(q)l X1 (p2fX2) = (idXI 7idX2)'

Moreover, all the (oriented) edges from the Bass-Serre graph BS(X1,X;,7) to its complement in
BS(X1,X, %) are treeing edges.

Proof. We will obtain the Bass-Serre graph of this action by adding only treeing edges to the Bass-Serre
graph of the pre-action. First enumerate the X;-orbits which do not belong to the domain of 7 as
(x;X1)ier. , and the Xr-orbits which do not belong to the range of 7 as (x;X);e;_, with disjoint index sets
I, I_. Then, we take copies (Y ;, Y2, 7;), of the positive translation pre-action (I'; UNc,, 2 UNg,, T1),
fori € I, and copies (Y} ;,Y2;,7;) , of the negative translation pre-action (I'y UN¢,, I, UN¢,, T— ), for
i € I_, which are pairwise disjoint (by this, we mean Y} ; UY>; is disjoint from Y; y UY> ; whenever
i # i'), and disjoint from the original pre-action (X;,X,, 7). We set then

Xl = (Xl L |_| Y17,'|_| |_| Y17,'>/ and Xz = (qu |_| Yz,iu I_l Y2,i>/
~ ~2

iel, iel_ icl, iel_
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where ~ identifies the element x;g € X; with g € I'y C Yy ;, foreachi € I, and g € I'1, and ~ identifies
the element x;7 € X, with h € I'; C Y, for each i € I_ and h € I';. Since the identifications just glue
some orbits pointwise and respect the I';-actions, X, is endowed with a free I'j-action, and X, is
endowed with a free I'>-action. Now, we set

t=tu||nu| ],

icl, iel_

which is possible since the domain of 7;, for i € I, intersects other components in X; only in the orbit
x;iX1, the range of 7;, for i € I, does not intersect other components in X, and the situation is analogue
for 7; with i € I_. We have got a pre-action (X1, X>,%).

This pre-action is transitive, since all pre-actions (X;,X»,7) and (Y, ;,Y2,;,7;) are, and the iden-
tifications make connections between each (Y; ;,Y>;,7;) and (X;,X,7) in the Bass-Serre graph. It
is also global, since every X;-orbit in Y; ;, respectively Xo-orbit in Y, ;, which is not in the domain,
respectively the range, of 7; has been identified with an orbit in Xj, respectively X», and every X;-orbit
in X7, respectively X,-orbit in X3, is now in the domain, respectively the range, of 7.

Moreover, the (oriented) edges from the Bass-Serre graph BS(X;,X,,T) to its complement in
BS(Xl,Xz, 7) are exactly the edges x;X; for i € I;, and the edges x;X, for i € I_. For eachi € I,
the morphism of pre-actions (@; +, @2 +) : (T1 UNg,,[2UNg,, 74 ) — (Xi,X2,T) of Remark 5.12, with
basepoints x; € X, and x;7 € X, is injective since it realizes an isomorphism onto (YL,-7 Y2, 7;), hence
x;X; is a treeing edge by Proposition 5.14. One proves similarly that the edges x;X, are treeing edges
using Proposition 5.15.

It now remains to prove the universal property. To do so, take any transitive and global exten-
sion (Y1,Y»,7) of (X1,X2, 7). Then, the unique morphism of pre-actions (¢, @) from (X;,X, %) to
(Y1,Y2,7') such that (@1}x,, ¢21x,) = (idx,,idx,) is obtained by taking the union of (idy,,idx,) with
the morphisms (@, ;, ¢2;) from (Y} ;,Y2;,7;) to (¥1,Y2,7") coming from Remark 5.12 with respect to
basepoints x; and x;£%!, which are unique. 0

It is straightforward to deduce from the universal property above that the action we just built is
unique up to isomorphism. We thus call it the free globalization of the pre-action (X;,X>, 7). The
interested reader can establish a connection with the notion of partial action, as we did in section
3.5 for HNN extensions. For the sake of brevity, we just observe the following useful analogue of
Proposition 3.27.

Remark 5.18. In the context of Theorem 5.17, if the pre-action (Xi,X>,7) is not global, then the
conjugate actions 7 z and 7, z induced by the free globalization (X;, X5, T) are highly faithful. Indeed,
by Corollary 2.6, it suffices to prove that 7, 7 is strongly faithful. Notice that (X;,X,,%) contains
a copy of the positive (or of the negative) translation pre-action, which correspond to a half-tree in
BS(X;,X>, ). Now note that the positive translation pre-action is strongly faithful, meaning that given
F €T, we can find x € I'; UN¢, such that for all f € F, we have xf # x and xf € I'; UN¢, (indeed
it suffices to take x € N¢, with a sufficiently long normal form). Similarly, the negative translation
is strongly faithful. It follows that the free globalization is strongly faithful, hence highly faithful as
wanted.

Let us furthermore observe that we can always build the free globalization on a fixed couple of sets
(X1,X>) with X; containing X;, provided X; contains infinitely many free I;-orbits.

Theorem 5.19. Let X; be a countable set equipped with a free T j-action for j = 1,2. Suppose X; C X is
Lj-invariant, and X; \ X; contains infinitely many I j-orbits. Suppose further that we have a pre-action
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(X1,X>,7). Then there is a bijection T : X| — X, which extends T such that (X,,X»,7) is (isomorphic
to) the free globalization of (X1,X2,7).

Proof. Let (X;,X, %) be the free globalization of (X1, X2,7). The fact that X; \ X; contains infinitely
many I';-orbits and is countable implies that there exist I';-equivariant bijections @; : X  — X whose
restrictions to X; are the identities. Then, one can push forward the bijection 7, to obtain a bijection
7: X — X, defined by

xQ T :=xt@, forallxe X,

which extends 7. Now, (@, ) is an isomorphism of pre-actions between (X;,X>,%) and (X;,X>, T).
UJ

6 High transitivity for amalgams

As in Section 5, we fix an amalgam I' = I'; *y I';, and sets of representatives C; of left X ;-cosets in I';
such that 1 € Cj, for j = 1,2, so that normal forms of elements of I" are well-defined. We still denote
by N, the set of elements of I" whose normal form begins with an element of C;\ {1}, for j = 1,2, so
that we have I' = X LUN¢, UNg, .

Non-degeneracy and topological freeness become now essential. Hence, we assume from now on
that our amalgam I is non-degenerate and that the I"-action on the boundary of its Bass-Serre
tree is topologically free.

6.1 Using the free globalization towards high transitivity

This section is devoted to a key proposition which will allow us to extend any given transitive pre-action
which is not global to a global one such that the associated I"-action sends one fixed tuple to another
fixed tuple.

Proposition 6.1. Suppose (X1,X»,7) is a transitive non-global pre-action, that Xj is a finite union
of orbits of a free action X; ~Tj, where X; is countable, and that the complement X; \ X; contains
infinitely many T j-orbits. Let X1,...,Xg,y1,...,yk € X1 be pairwise distinct points. Then (X,X»,T) can
be extended to a transitive and global pre-action (X1,Xa,%) so that there is an element y € T such that
XYt =y, and the action m, z is highly faithful.

Notice that the choice to work in X; is arbitrary. We could prove a similar statement for the
I'>-action on X».

Proof. We will denote the set {xy,...,x¢,y1,...,yx } by F. First, by Theorem 5.19, we find a bijection
7 : X1 — X, such that (X1, X,, T) is the free globalization of (X1, X>, 7).

Claim. There exists a path-type element 'y in Nc, such that for every x € F, the last edge of path; ,(y)
is a treeing edge.

Proof of the claim. Recall the correspondence established in Section 5.3 between path-type elements
and reduced paths of even length. Since BS(X;,X,,7) is connected and has treeing edges, it follows
from Lemma 2.17 that for every x € X;, and every path-type element y € Nc,, there is a path-type
extension ¥ of y such that the last edge of path; ,(Y') is a treeing edge. Now, it suffices to start with any
path-type element ¥ € N,, to extend it to a path-type element y; such that the last edge of path; ,, (n)
is a treeing edge, then to extend ; to a path-type element % such that the last edge of path; ,, (1) is a
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treeing edge, ..., and iterate this extension procedure until we reach an element 95, € N¢, such that all
last edges of patth(}/zk), for all x € F, are treeing edges (by Remark 5.11 (4)). elaim

Given x € X, and a path-type element Yy in N,, we will denote by F,(y) the half-graph of the last
edge of path; (7).

Claim. There exists a path-type element Y in Nc, such that for every x € F, the last edge of path; ()
is a treeing edge, and the half-trees H, (), for x € F, are pairwise disjoint subgraphs, and all disjoint
from BS(X1,X5, 7).

Proof of the claim. We start with a path-type element y in N¢, such that for every x € F, the last edge
of path; ,(7) is a treeing edge. Since X; is a finite union of I';-orbits for j = 1,2, the Bass-Serre graph
BS(X;,X>, 1) has finitely many vertices. Hence, by extending further the path-type element 7y, we can
assume that for every x € F, the half-tree 3, (7y) does not intersect BS(X1,X>, 7).

Notice that, given x,y € F, if the half-trees J(,(7y) and J{,(y) are disjoint, then so are the half-trees
H.(y') and H, (') for every path-type extension ¥ of 7, since H,(Y') C H,(y) and H,(Y') C H,(y).
Hence, it suffices to prove that, for any x,y € F with x # y and such that H,(y) and H,(y) intersect,
there exists a path-type extension ¥ of y such that H,(y) and H,(Y) are disjoint. Indeed, an easy
induction gives then an extension ¥") such that the half-trees J{x(y(”) ), for x € F, are pairwise disjoint.

Take now x,y € F with x # y and such that J{,(y) and J{,(7) intersect. These half-trees have to be
nested. Indeed, if they are not, }, () contains the antipode of the last edge of path, (), hence contains
BS(X1,X>, ), which is impossible. Without loss of generality, we assume H,(y) C 3(,(y). We now
distinguish two cases.

o If 3, () € 3, (y), there is a path type extension y” of y such that path; () and path; ,(¥")
have the same last edge. We have the product of normal forms

Y'=v-(c1-cn),

where n > 2 is even. Since the amalgam I" is non-degenerate, we can obtain another normal form
Y =7v-(c}---c),) by replacing a letter c; in the factor I'; such that [I'; : X;] > 3 by another letter
c;in C;\ {1}. This change has the effect that path, ,(¥') and path; (") are distinct reduced
paths (which are both extensions of the path, ,(y)). Hence, since 3{,(7) is a tree, the sub-trees
Hy(y") and H, (') must be disjoint. Since H,(y) = I, (y") we are done.

* If 3(:(y) = 3y(y), then path, ,(y) and path, ,(7) have the same terminal edge, which is
e:=x%L =yX;, where x =xy"Fandy =yy"*.

Consequently, one has y = '™ for some ¢ € X. Note that, since x # y, one has ¢ # 1
and consider the morphism of pre-actions from the negative translation pre-action (¢ —, ¢, ) :
(T1 UNg,, T2 UNg,, 7-) — (X1, X2, T) coming from Remark 5.12, with basepoints x; = x” and
x, =x'7. Since e is a treeing edge, this morphism is injective by Proposition 5.15. The half-tree
H(y) = Hy(y) is thus isomorphic, via BS(¢; —, @ ), to the half-tree I of X in the Bass-Serre
tree 7.

Note that the left translation by o (i.e. y* — o¥*) defines an automorphism of the negative
translation pre-action, which we write as (07, 0,). The morphism of graphs BS(o;, 0,) maps
path{lr(jﬁ) to path;c,()f*) in 7 by Lemma 5.13 (note that these paths both have X, as first
edge). Since the left [-action on the boundary dT of its Bass-Serre tree is topologically free, the
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left o action does not fix the half-tree J{ pointwise. Hence there exists an element y* € X LI N,
such that pathg~ L(7*) and path (") have distinct ranges. Moreover, up to extending y*, we can
further assume that Yisa path/ type element of N¢, so that the element ¥ := yy* is a path-type
element of Ng,.

Now, the images of pathgl (7") and path{c()f*) by BS(@1,—, @2, ) are path, z(7*) and path, 2 (7")
by Lemma 5.13, and these paths diverge in the half-tree H,(y) = 3, (7). Note finally that the
starting edges of these paths are both equal to e; this implies that path; ,(') and path; ,(7)
don’t have the same range. Hence H,(Y') and H,(Y') are disjoint.

We are done in both cases. Uclaim

We then modify the bijection 7 to get the pre-action (X1, X>,7%) we are looking for. First, given an
element ¥ as in the previous claim, we consider for each z € F the morphism of pre-actions from the
positive translation pre-action

(Vfl,m II/Z,Z) : (Fl |—|NC27r2 UNszer) — (Xl’Xz’f)

coming from Remark 5.12, with basepoints 7 := zy™* € X; and 7’7 € X,. Note that the image
of this morphism corresponds to the half-graph opposite to the half-tree H,(y). Then, we define
X} = N,ermg(y;:) C X;, and consider the restriction (Xj,X3,7’) of (X, X2, 7). Informally speaking,
we erase T on the X;-orbits corresponding to edges in the half-trees H,(7y) for z € F. Note that this
leaves infinitely many I';-orbits in X; outside dom(7’), respectively infinitely many [;-orbits in X,
outside rng(7’), and the pre-action (X{,X,,7’) is transitive. Notice also that, for any z € F, we have
ZT'1Ndom(7’) = ZE; (in other words, the only edge in the star at 7 which belongs to BS(X{,X},1’)
is ZX). In particular, given any ¢; € C; \ {1}, the orbits x/c;X; and yjc1X;, for 1 <i <k, are not in
dom(7’).

We now extend 7'. Pick some orbits z;I,...,zI in X, \ rng(7’), add them to Xj, take c; in
Ci\{1} for j = 1,2, and set Xc; 67’ := z;%(0) and yic; 067 :=zic;¥(0) fori=1,...,kand 6 € ¥;.
This is possible since the X,-orbits of the points z; and z;c, are pairwise disjoint (we use again the
freeness of the I';-action), and since the X;-orbits at xfcl, yfcl for 1 <i < k are pairwise disjoint and
were not initially in the domain of 7/. Note that, after this extension, (X{,X;,7’) is still transitive.
Then we apply Theorem 5.19 to get an extension 7 : X; — X, of 7’ such that (X;,X>,7) is the free
globalization of (X{,X5,7’). A computation shows then that x;(ycicac; 'y )™t =y, foralli=1,... k.
Finally, the action 7 7 is highly faithful by Remark 5.18. O

6.2 Highly transitive actions of amalgams

From now on, we fix free actions X; \~\™ I'y and X, \~\™2 I'; with infinitely many orbits. We endow
the set of bijections from X; onto X, with the topology of pointwise convergence, which is a Polish
topology. We then set

PA = {7:X; — X, bijective : x0T =xt%(0) forallc € £;}.

In other words, PA is the set of bijections 7 : X; — X, such that (X;,X>, 7) is a (global) pre-action of I".
This is clearly a closed subset for the topology of pointwise convergence, hence a Polish space. Recall
that every 7 € PA induces an action X; ~™%* I" for j = 1,2. We will focus on the action 7; ¢, which we
will abbreviate by 7;.
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Definition 6.2. Let us set

TA = {7 € PA: 7, is transitive} ;
HFA = {1 € PA: 7 is highly faithful } ;
HTA = {7 € PA: 7. is highly transitive } .

As in the HNN case, the subset TA isn’t closed for the topology of pointwise convergence, but we
have the following result.

Lemma 6.3. The set TA is G5 in PA, hence a Polish space. Moreover, TA # 0.

Proof. Since X; ™ I'j and X, /™ I'; have infinitely many orbits, there are I'j-equivariant bijections
@; : I' = X; for j = 1,2. It then suffices to push-forward the translation pre-action by (@i, ¢>) to get
an element of TA (its Bass-Serre graph will be isomorphic to the classical Bass-Serre tree and 7
will be conjugated to the translation action I' v~ I'). Hence, TA is non-empty. To show that TA is G
in PA, it suffices to write TA = (", ,cy, Ox,y» Where for x,y € X1, O, = {T € PA : there exists y €
I" such that xy™ = y}. Since O, , is obviously open in PA for all x,y € X, this shows that TA is a G
subset of PA. 0

Here comes the theorem proving that our amalgam I" admits a highly transitive highly faithful
action, thus proving Theorem E.

Theorem 6.4. The set HTA NHFA is dense Gg in TA. In particular, I" admits actions which are both
highly transitive and highly faithful.

Proof. Fork>1and xy,...x,y1,...,yr € X] pairwise distinct, the sets
Vioyeme =T €TA 1 Jye T, xy™ =y forall 1 <i<k}
are obviously open in TA. Similarly, for finite subsets F of I'"\ {1}, the sets
We={t€TA:IxeX;,xf™ #xforall f€F}

are also obviously open in TA. Now, using Lemma 2.2, and since every strongly faithful action of I is
highly faithful by Corollary 2.6, we have

HTA NHFA = N (Vayoomeyt s NWE)
F@F\{I}JCZLXI7"'xk>yl7"'7yk€Xl

pairwise distinct

To conclude, it suffices to show that each set (Vy, _\ y,..) VHFA is dense in TA, since this
immediately implies that each open set (V.. )%yl,...,yk) N We is dense in TA. To do this, let T € TA and
let F' be a finite subset of X;. Fix a finite connected subgraph G of BS(X), X5, 7) containing the edges
7 for z € F, and denote by 7y the restriction of 7 to the union of the X-orbits in X; corresponding to
the edges of G. Then apply Proposition 6.1 to the transitive pre-action (dom(1y) - I'1,mg(7) - I2, 70),
whose Bass-Serre graph is G, to get an extension 7’ such that 7/ € Ve VHFA. Moreover,
since F C dom(7p), it follows that T and 7’ coincide on F. O

Remark 6.5. As in Remark 4.5, one can give a direct proof of the previous theorem without relying on
Baire’s theorem.
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7 Highly transitive actions of groups acting on trees

7.1 Proofs of Theorem A and B

Let us begin with a few preliminaries.

Suppose we are given an action of a countable group G on a tree 7T, and a proper subtree 7’ such
that 77 and gJ’, where g € G, are either equal or disjoint subtrees.

We can then can form a “quotient” tree T by shrinking each subtree g7’ to a single vertex, that
we will denote by (g77). The tree T is naturally endowed with a G-action and the “quotient map”
g : T — T is G-equivariant. The image by ¢ of a path in 7 is a path which is obtained by shrinking
each subpath contained in a subtree g7’ to the vertex (¢J”) in T. In case of a geodesic ray, its image
by ¢ is either a geodesic ray in 7, or a geodesic which ends at a vertex (gJ’). Hence ¢ induces a map
dq: 9T = V(T)UaT.

Remark 7.1. The restriction of dg to (dq)~!(d7T) is injective.

Proof. Given £,&" € 9T such that dg(€) and dq(&’) lie in 9T, consider geodesic rays @, ®’ in T
tending to &,&’. Each ray contains all edges of its image under g. Hence dq(&) = dq(&’) implies that
o and @’ have infinitely many common edges, and therefore & = &'. O

One can also notice, although we do not need this fact below, that 8_q is continuous at each point
& € (dq)"1(d7). In case T’ is bounded, one has in fact dg : T — 97T, and dq is continuous and
injective.

Lemma 7.2. In the context above, assume that G ~ T is a minimal action. Then:
(1) if G ~ T is of general type, then so is G ~ T;
(2) if G ~ 9T is topologically free, then so is G ~ 9.

Proof. Assume first G ~ T is of general type, in order to prove (1). The hypotheses on T’ guarantee
the existence of an edge e in T which lies outside all translates ¢gJ’. By minimality of G ~ 7,
there exists a hyperbolic element 2 € G whose axis in J contains e. Pick g1,g> € G which induce
transverse hyperbolic automorphisms of J. For n sufficiently large, i1 = g{hg," and hy = g5hg,"
induce transverse hyperbolic automorphisms of J. Moreover, their axes do contain edges in the orbit
of e, so that their images by ¢ lie in dT. Hence, by Remark 7.1, i1 and h; induce transverse hyperbolic
automorphisms of J. This proves that G ~ T is of general type.

Assume now that G ~ 97 topologically free, in order to prove (2). Then assume that g € G fixes a
half-tree 7’ in T, corresponding to some edge e in 77, pointwise. Notice that e is an edge of T that ¢
does not shrink, and denote by H its half-tree in T. One has g(H) = H'. By minimality of G ~ T, the
edges of the orbit G- e which lie in 3 do generate . Since they also lie in H', they are fixed pointwise
by g, therefore the half-tree 3 itself is fixed pointwise by g. Since G ~ dT is topologically free, g has
to be the trivial element, and this proves that G ~ 97 is topologically free. O

We now recall the statement of Theorem A before proving it.

Theorem. Let I" ~ T be a minimal action of general type of a countable group T on a tree T. If the
action on the boundary I’ ~ 97 is topologically free, then I admits a highly transitive and highly
faithful action; in particular, T is highly transitive.
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Proof of Theorem A. Let us consider an edge e in J. The complement of the orbits I'-e and I'- € in
E(7) is either empty, or generates a disjoint union of subtrees of J. Since each of these subtrees
contains some endpoint of some translate of e, there are at most two orbits of subtrees. Hence by
applying Lemma 7.2 zero, one, or two times, one gets a tree 7 endowed with a I'-action which is still
of general type, and such that " ~ 97 is topologically free. Moreover, the action on E(7) is transitive.
Now, the quotient I"\ T is either a segment or a loop, the fundamental group of the corresponding graph
of groups, which is either an amalgam or an HNN extension, is isomorphic to I, and T is the associated
Bass-Serre tree. Applying Theorem E or Theorem C, we finally get that I" admits a highly transitive
and highly faithful action. O

We can now also prove Theorem B, but let us first recall its statement.

Theorem. Let I ~ T be a faithful minimal action of general type of a countable group I on a tree 7.
The following are equivalent

(1) Wl(T') > 4;

(2) T is highly transitive;

(3) T'is MIF;

(4) T ~ 9T is topologically free.

Proof of Theorem B. The implication (2) = (1) is clear. The implication (1) = (4) is Le Boudec
and Matte Bon’s main result [LBMB22, Thm 1.4]. The implication (4) = (2) is a consequence of
Theorem A. So (1), (2) and (4) are all equivalent.

To prove that these three statements are also equivalent to (3), note that Theorem A shows moreover
that, under the assumption (4), the group I" admits a highly transitive highly faithful action. So for such
an action, all its elements have infinite support, which by [HO16, Corollary 5.8] implies that I" is MIF.
The implication (4) = (3) thus holds. Finally, the implication (3) = (4) follows from [LBMB22,
Proposition 3.7] O

7.2 Corollary F and its implication of former results

We now turn to the proof of a lemma which directly implies Corollary F via Theorem A, and then we
check that Corollary F applies to all groups acting on trees which can be proven to be highly transitive
by previous results quoted in the introduction.

Recall that, given a subtree U of T, we denote by Gy the pointwise stabilizer of U in G. The
following lemma is a generalization of Prop. 19 (iv) and Prop. 20 (iv) from [HP11].

Lemma 7.3. Let G ~ T be a faithful and minimal action such that G contains a hyperbolic element h.
If there exist a bounded subtree B and a vertex u in B such that Gy is core-free in Gy, then the induced
action G ~ d7 is topologically free.

Proof. Let B’ be the union of the translates gB for g € G,. This is a subtree, since all gB contain
u, which is G,-invariant and contained in the ball of radius diam(B) centered at u. Let gy be an
element of G fixing a half-tree J{ pointwise. Up to conjugating by a suitable power of /4, we may
and will assume that H contains B’, so that go is in Gz.. Now, as Gg is core-free in G,, we have
Gy = e, Ggs = Ngea, gGpg~! = {1}. Thus, we get go = 1, which proves that G ~ 97 is
topologically free by Corollary 2.14. O
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We now prove that Corollary F applies to all groups acting on trees which are highly transitive via
the combination of the results of Minasyan-Osin [MO15] and Hull-Osin [HO16].

Proposition 7.4. Let I" be a countable group acting minimally on a tree T. Suppose that
(i) T is not virtually cyclic,
(ii) T does not fix any point of 97,
(iii) there exist vertices u,v of J such that the stabilizer I', ) is finite;
(iv) the finite radical of T is trivial.

Then the action I ~ T is faithful, of general type, and there exists a bounded subtree B such that I'y is
trivial. In particular, Uy is core-free in I', for every vertex u in B.

Proof. Starting with a finite stabilizer I, ,; given by (iii), one observes that (Ve Y17, y~!is contained
in the finite radical, hence trivial by (iv). In particular, I' ~ T is faithful.

The action I" ~ T cannot be elliptic. Indeed, if it were, then T would be a singleton, I' would
be finite by (iii), and this contradicts (i). Furthermore, this action cannot be lineal, because of (i),
faithfulness and minimality, nor parabolic, nor quasi-parabolic, because of (ii). Hence, I' ~ T is of
general type.

Finally, there is a finite subset /' € I, containing 1, such that (\rcp /T f ~1 is already trivial,
hence (ep Ly [y, is trivial. Now, we are done by considering the smallest subtree B of T containing
the geodesics f - [u,V], for f € F. O

Second, we prove that Corollary F applies to all groups which are highly transitive thanks to
[FMS15]. This is a straightforward consequence of the following result.

Proposition 7.5. Let a countable group I" act without inversion on a tree T, and consider a set
R C E(7) of representatives of the edges of the quotient graph T'\T. Assume that T, is infinite and T,
is highly core-free in Ty, for every couple (e,v) where e € R and v is one of its endpoints. Then, there
exists a subtree T' of T such that:

(1) the action ' ~ T’ is faithful, of general type, and minimal;
(2) there exist a bounded subtree B of T' and u € V(B) such that Uz is core-free in T,

Proof. First, assume that y € I fixes T pointwise. Then, one has y € I, for some endpoint v of an
edge e € R. As I, is highly core-free in I'}, the I',-action on the orbit I, - ¢, which is conjugate to
I, ~ T, /I, is highly faithful. Hence, we get y = 1, so that I’ ~ T is faithful.

Second, let us consider any edge e € R, and set v = s(e), w = r(e). By high core-freeness,
the indexes [I', : I';] and [[',, : I',] are both infinite. Thus, there exist elements g, g, € I, and
hy,h, € T, such that the edges e,gl’le,gz’le,hle,hze are pairwise distinct. Notice that (gl’le,e",hle)
and (g, le, é,hye) are oriented paths. For j = 1,2, the element /g is hyperbolic and its axis contains
(g]fle, e.h je). We have got transverse hyperbolic elements 4 g1, kg2, which proves that I’ ~ T is of
general type.

In fact, I', is infinite and T, is highly core-free in I',, for every couple (e,v) where e is any edge of
T and v is one of its endpoints. Notice this property passes to the smallest subtree I’ of T containing
the axes of all hyperbolic elements in I'. This subtree is I'-invariant, and the action I' ~ T” is still
faithful and of general type. Of course, it is also minimal, and Assertion (2) is trivially satisfied when
B is any segment (that is, any subtree with exactly two vertices). O
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Finally, we state two natural consequences of Corollary F when considering the natural actions of
HNN extensions (resp. amalgams) on their Bass-Serre tree.

Corollary 7.6. Consider a non-ascending HNN extension I' = HNN(H, X, ). If one of the subgroups
Y, 0 (X) is core-free in H, then I" admits a highly transitive and highly faithful action; in particular, T
is highly transitive.

Proof. Apply Corollary F to the tree induced by the edge X and the vertex H, or to the tree induced by
the edge ¥(X) and the vertex H. O

Corollary 7.7. Consider a non-degenerate amalgam I =1"| xx 5. If X is core-free in one factor I';,
then then I admits a highly transitive and highly faithful action; in particular, U is highly transitive.

Proof. Apply Corollary F to the tree induced by the edge X and the vertex I';. O

8 Examples and applications

As mentioned in the Introduction, it is worth giving examples of groups which are highly transitive
thanks to Theorem A, or to its consequences, but for which previous results from [MO15, HO16,
FMS15, GGS20] do not apply. In particular, we will prove that some groups are neither acylindrically
hyperbolic nor linear. To that end, we will use the following well-known results.

Proposition 8.1. [Osil6, Corollary 1.5] If a group T is acylindrically hyperbolic, then so is any
s-normal subgroup of T..

Let us recall that a subgroup A < I is called s-normal if for every ¥ € T, the subgroup YAy ' NA
is infinite. Every infinite normal subgroup is clearly s-normal.

Proposition 8.2. Every acylindrically hyperbolic group contains a non-abelian free subgroup. In
particular, every acylindrically hyperbolic group is non-amenable.

The latter proposition can either be proved by a standard ping-pong argument, or deduced from
Theorem 6.8 and Theorem 8.1 in [DGO17], which imply that every acylindrically hyperbolic group is
SQ-universal (see also the discussion around Conjecture 9.6 in the same book).

Let us recall that a group is called linear over a field & if it is isomorphic to a subgroup of GL(V),
where V is a finite dimensional k-vector space. Note that if k" is an extension of k then any group linear
over k is linear over k’. Hence, if a group is linear over k then it is also linear over the algebraic closure
of k.

A group I is called linear if there exists a field k such that I is linear over k. It follows from the
preceding discussion that I is linear if and only if there exists an algebraically closed field k such that
I' is linear over k.

8.1 Examples around Baumslag-Solitar groups
8.1.1 Baumslag-Solitar groups themselves

Let us recall the definition: for any m,n € Z*, the Baumslag-Solitar group with parameters m,n is

BS(m,n) := (a,b|ab™a"' =b").
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Hull and Osin asked what the transitivity degree of Baumslag-Solitar groups is [HO16, Question 6.3],
and noted that it was actually unknown whether BS(2,3) is highly transitive or not. We completely
answer this question in Proposition 8.8 and Corollary 8.12 below.

Notice that BS(m,n) is isomorphic to HNN(Z,nZ, ¥), where ©®(ng) = mq for all g € Z, and the
isomorphism from HNN(Z,nZ, %) to BS(m,n) is given by t — a and g — b? for g € Z. We will freely
identify BS(m,n) to this HNN extension below without recalling it explicitly. Hence, BS(m,n) has a
natural action on the Bass-Serre tree of this HNN extension, which we denote by T, ..

Remark 8.3. The following facts are well-known:
» BS(m,n) is solvable if and only if |m| =1 or |n| = 1;
* BS(m,n) is icc if and only if |m| # |n];

* BS(m,n) is residually finite if and only if |m| =1,

n| =1, or |m| = |n|; see [Mes72];

* BS(m,n) is non-linear whenever |m| # 1, |n| # 1, and |m| # |n|; this is a consequence of the
former fact and Malcev’s theorem [Mal40].

Remark 8.4. Hull and Osin observed that BS(m,n) is never acylindrically hyperbolic (for m,n € Z*);
this is [Osil6, Example 7.4]. Let us recall the argument: since the cyclic subgroup (b) is s-normal, the
group BS(m,n) is not acylindrically hyperbolic by Proposition 8.1.

Let us note the following result for later use.
Lemma 8.5. For all m,n € Z* and r > 1, the subgroup (b") is s-normal in BS(m,n).

Proof. Let y be any element of BS(m,n), with normal form b*0a®1b°! - - - a%b%. It is easy to check that
yb™' 1" =1 is still a non-trivial power of b, say b°. Then, (b"yNy(b")y~! contains <b”"k”ks>, hence is
infinite. O

Let us now turn to a crucial lemma before stating our result. It is due to de la Harpe and Préaux
[HP11, Lem. 21], but we include a proof for the reader’s convenience.

Lemma 8.6 (de la Harpe-Préaux). The action BS(m,n) ~ 97T, , is topologically free if and only if
n| # |m|.

Proof. (<=) Since |n| # |m|, either n{m or m{n. Assume that n{m and let d = gcd(n,m) and
n = dng, m = dmgy. Since ntm we have |ng| > 2. In particular, we have £ # H, hence there are
several positive edges in the star at any vertex in 7J,, ,. Consequently every half-tree in 7, , contains a
half-tree corresponding to a positive edge. Now, let ¥ € BS(m,n), suppose ¥ fixes pointwise a half-tree.
Since the action of BS(m, n) is transitive on the positive edges of T, ,, we may assume that the fixed
half-tree J{ contains the one given by the edge X. For all k > 1, one has path, (tX) C 7, hence y
fixes path, (¢X) pointwise. It follows that y € LNkt % = n’é“dZ, for all £ > 1. Hence, y =1, since
|ng| > 2. In the case m { n the proof is similar (we could also deduce this case from the isomorphism
BS(m,n) ~BS(n,m)).

(=) Suppose that |n| = |m|, so that ¥ = ¥ (X) and ¥ = +id. In this case, X is a non-trivial normal
subgroup of BS(m,n), and T, , itself is fixed pointwise by any element of X. 0

Remark 8.7. The lemma immediately implies that (b) is a core-free subgroup of BS(m,n) whenever
|n| # |m|. Indeed, the action on BS(m,n) ~ d7,,, being topologically free, the action BS(m,n) ~ Ty, ,
is faithful. Hence (b) is core-free in BS(m,n), since the conjugates of (b) in BS(m,n) are exactly the
vertex stabilizers. See also Lemma 8.13.
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Our first new examples of highly transitive groups are given by the following result.

Proposition 8.8. Let m,n € Z*. The following are equivalent:

(i) m| # 1,

n| # 1, and \m| # |n

(ii) BS(m,n) admits a highly transitive and highly faithful action;
(iii) BS(m,n) is highly transitive;
(iv) BS(m,n) is non-solvable and icc.

Proof. The implication (i) = (ii) is a direct consequence of Theorem C and Lemma 8.6. Then,
(i1) = (iii) is trivial, (iii) == (iv) results from classical obstructions to high transitivity recalled in the
Introduction, and (iv) = (i) results from Remark 8.3. ]

Remark 8.9. As reminded in Remark 8.3 and Remark 8.4, the highly transitive groups arising in
Proposition 8.8 are non-acylindrically hyperbolic and non-linear. Moreover, edge-stabilizers are not
highly core-free in their endpoints stabilizers (they have finite index). Hence, results from [MOI15,
HO16, FMS15, GGS20] do not apply.

Remark 8.10. The following lemma proves that Corollary F cannot apply to the action BS(m,n) ~
Tm.n- Consequently, Theorem A is stronger than Corollary F. Note that Baumslag-Solitar groups are
our only examples which testify to this fact.

Lemma 8.11. Set I' := BS(m,n). If B is any bounded subtree of T, , and u is any vertex of B, then
the pointwise stabilizer I'g is not core-free in I',.

Proof. There exists a positive integer r such that B is contained in the ball B(r) of radius r at (b).
Then, every stabilizer I',, where v € V(B(r)), is a conjugate subgroup y(b)y~', where the normal form
of 7 contains at most r occurrences of a*!. Consequently Y~ 16" " y is still a power of b, so that b
lies in y(b)y~! =T',. This proves that »”"" lies in the pointwise stabilizer I'p(,). Now, forevery y € Ty,
one has yT'gy ! =Ty D [z, since yB C B(r). Thus all conjugates yI's y~! where y € I', contain
"™ so Iy is not core-free in I',. ]

Let us now complete the answer to Hull and Osin’s question. As they noticed in [HO16, Lemma 4.2
and Corollary 4.6], infinite non-icc groups and infinite residually finite solvable groups have transitivity
degree 1. Hence we can compute the transitivity degree of all Baumslag-Solitar groups.

Corollary 8.12. Let m,n € Z*. The following hold.

(1) If |n| =1o0r |m|=1or|n|=|m

, then td(BS(m,n)) = 1.
(2) In the other cases, BS(m,n) is highly transitive, so td(BS(m,n)) = +-co.
Proof. (1) If |n| =1 or |m| = 1, the group BS(m,n) is infinite, residually finite, and solvable, hence

td(BS(m,n)) = 1. If |n| = |m|, the group BS(m, n) is infinite and non-icc, hence td(BS(m,n)) = 1.
(2) This follows from Proposition 8.8 directly. O
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8.1.2 Amalgams with Baumslag-Solitar groups

Let us now turn to examples of highly transitive groups given by amalgams. Let us begin by some
more preliminaries.

Lemma 8.13. Let m,n € Z*. If |n| # |m

, the subgroup (b) is highly core-free in BS(m,n).

Notice this is essentially the same example as the one given in [HO16, Corollary 5.12]. As the
action on BS(m,n) ~ 97, is topologically free, it is a particular case of a general phenomenon
described in the following lemma.

Lemma 8.14. Let I" ~ T be a minimal action of a countable group I on a tree T. If the action on the
boundary T ~ 9T is topologically free, then for every vertex v in T, the stabilizer T',, is highly core-free
inT.

Proof. We have to prove that the action I' ~ I'/I'; is highly faithful; by Corollary 2.6 it is sufficient to
prove it is strongly faithful. Notice the orbit I'v in T meets every half-tree in T by minimality of the
action I' ~ 7, and that I" ~ I'v is conjugate to I’ ~ I'/T,..

Take any non-trivial elements 7,...,% € I'. Let us start with any half-tree 3. Then, since the
fixed points of ¥ form a subtree, and since I' ~ 97 is topologically free, there exists a half-tree
Hi C Hy, all of whose vertices are moved by ¥;. Then applying the same argument to 7, we get a
half-tree 3, C J;, all of whose vertices are moved by 7; and 7». And so on, and so forth, we finish
with a half-tree HHy, all of whose vertices are moved by all elements 71, ..., %. Finally H; contains a
point of I'v, which is moved by all elements 71, ..., %. This proves that I’ ~ I'v is strongly faithful. []

We also need a general fact about s-normality in amalgams.

Lemma 8.15. Let us consider an amalgam U = Iy xg Iy, If all infinite subgroups ¥' < ¥ are s-normal
in both I'y and I, then they are also all s-normal inT.

Proof. Let ¥ be any infinite subgroup of ¥, and let y be any element of I, that we write as a product
Y="%--Y of elements of I'; or I;. Set Xy =%, 1N }/,:12;{,1}/;( for k =1,...,n. Let us prove by
induction that ¥y is infinite, and contained in Zo N (y1 -+ %) 'Zo(¥1 -~ %) fork=0,...,n.

For k = 0, the group Xy has been supposed infinite, and it coincides with the intersection Xy N
(Y1--- %) "Zo(y1--- %) in this case. Then, for k > 1, the subgroup X;_; is infinite by induction
hypothesis, therefore X;_ is s-normal in I'; and I',. Consequently, the subgroup £y =%, _1N yk’le_l}/k
is infinite. Moreover, one has

=S N T %
SN %) Zo %) NV Zoh N (V%) o(h - T

by induction hypothesis, whence &y C Zo N (¥ -+ %) ' Zo(vi - %)
Finally, applying the result with k = n, we get that ¥, is infinite and ¥, C £y Ny~ 'Zoy, which
proves that X is s-normal in I', as desired. O

Let us finally turn to our examples of highly transitive amalgams.

Proposition 8.16. Let m,n,k € Z.*, and let A be a countable group containing a proper infinite cyclic
subgroup (c). The amalgam I" = BS(m,n) * yx_.) A has the following properties:

(1) if |n| # |m|, then T admits an action which is both highly transitive and highly faithful;
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(2) if |n| # |m| and (c) is s-normal in A, then T is not acylindrically hyperbolic,
(3) if m| # 1,

Proof. (1) The amalgam I" is non-degenerate. By Lemma 8.13, or Remark 8.7, (bX) is a core-free
subgroup of BS(m,n). Then Corollary F, or in this case Corollary 7.7, implies that I admits an action
which is both highly transitive and highly faithful.

(2) By Lemma 8.5, every non-trivial subgroup of (b) is s-normal in BS(m,n). Furthermore, in
A, for any A € A, the intersection (c) N A{c)A ! is infinite cyclic, say generated by c;, since (c) is
s-normal in A. Then, for every [ > 1, one has (/) NA(c/)A ™" = (¢ ), which is infinite. Hence, every
non-trivial subgroup of (c) is s-normal in A.

Then, Lemma 8.15 implies that every non-trivial subgroup of (b¥) = (c) is s-normal in the amalgam
I". Now, (c) is cyclic, so it is not acylindrically hyperbolic by Proposition 8.2, so I" is not acylindrically
hyperbolic either by Proposition 8.1.

(3) The group I contains a copy of BS(m,n), which is non-linear (see Remark 8.3). Hence I'
cannot be a linear group. ]

n| # 1, and |m| # |n

, then T is not a linear group.

Remark 8.17. The previous proposition shows in particular that if [m| # 1, |n| # 1, |m| # |n|, and
if one chooses A such that (c) is not highly core-free in A (e.g. A =Z and ¢ > 2), then results from
[MO15, HO16, FMS15, GGS20] do not apply to prove that I" is highly transitive.

Remark 8.18. On the other hand, if |m| # 1, |n| # 1, |m| # |n|, and if one chooses A such that (c) is
highly core-free in A (e.g. A =BS(m,n) and ¢ = b¥), then Corollary B of [FLMM?22] shows that I’
admits homogeneous actions on bounded Urysohn spaces.

8.2 Examples around finitely supported permutations

We now turn to examples constructed from the group of finitely supported permutations on an infinite
countable set.

8.2.1 Examples of HNN extensions over S;(X)

We denote by Sy (X) the subgroup of S(X) consisting of finitely supported permutations.

The group Sy(X) is known to be not linear but we could not find any elementary proof in the
literature and this is why we have chosen to include a complete proof below. We thank Julien Bichon
for explaining to us the following argument.

Lemma 8.19. Let I be a group. If, for any prime number q and any N € N*, I contains a subgroup G
with G ~ (Z./qZ)" then T is not linear.

Proof. Let k be any algebraically closed field and denote by p its characteristic. Let us recall some
elementary facts. For n € N*, let us denote by U, (k) C k* the multiplicative subgroup of n-th roots of
unity. Elements of U, (k) are exactly the roots of the polynomial P = X" — 1 € k[X]. Since P/ = nX""!
all the roots of P are simple if p = 0 or if p is a prime number which does not divide n. Hence, if p =0
or p is prime and does not divide n one has |U, (k)| = n. To deduce the Lemma, it suffices to prove the
following claim.

Claim. Let V be a finite dimensional vector space over an algebraically closed field k. If GL(V)
contains a subgroup G isomorphic to (Z/qZ)N, where N € N* and q is any prime number with
q # char(k) then N < dim(V).
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Note that any element g € G satisfies g7 = 1 hence, the minimal polynomial (i, of g divides X — 1.
Since g # char(k), X7 — 1 has only simple roots so i, has only simple roots and g is diagonalizable
with eigenvalues in U, (k). Moreover, since G is finite abelian and all its elements are diagonalisable,
there exists a basis B = (ey,...,e,) of V which simultaneously diagonalises every element of G.
Let us denote by A(g) € U, (k)" the element A(g) = (A1(g),...,A.(g)), Where g(ex) = Ax(g)ex. This
defines an injective map G — U, (k)", g — A(g). It follows that |G| = ¢" < |U,(k)"| = ¢", hence
N <n=dim(V). O

Proposition 8.20. The group Sy(X) is not linear.

Proof. Let N € N* and ¢ be a prime number. Since X is infinite, one can choose g-cycles o1, ..., 0y in
S¢(X) with pairwise disjoint supports. It is then easy to check that there is an injective morphism of
groups defined by

(Z)qZ)N — Sp(X) 5 (X1,.0,X0) > OF - ONY.

Hence, the proof follows from Lemma 8.19. 0

For any subset F C X, let us denote by X(F) the pointwise stabilizer of F in Sy(X), and remark
that whenever F is finite, the subgroup X(F) is infinite, in fact isomorphic to Sy(X) itself. We will
abbreviate £({x}) as X(x). For any & > 1, let X*) denote the set of k-tuples of pairwise distinct points
in X.

Lemma 8.21. Let F be a non-empty subset of X. The following hold:
(1) the stabilizer £(F) is a core-free subgroup of Sy(X), with infinite index;
(2) if F is finite, then X(F') is not highly core-free in S¢(X);
(3) if F is finite, then X(F) is s-normal in Sy(X).

Proof. (1) Let x € F. Since the action X « S;(X) is transitive (even highly transitive) and faithful
we have (Nes,(x) g ' E(x)g= Nees; ) Z(x- 8) = Myex Z(y) = {1}, hence X(x) is core-free in S¢(X).
A fortiori, X(F) is core-free in S;(X). Let us denote by 7, € Sy(X) the transposition 7, = (x y) for
y # x. The subgroup X(x) has infinite index since, for all y,z € X \ {x}, one has 7,° I eX(x)oy=z
A fortiori, X(F) has infinite index in S;(X).

(2) Let us write F = {x1,...,x¢}, with¥ = (x1,...,x) € X®_ The action X®) ~ S¢(X) is transitive,
since the action X\~ Sy(X) is highly transitive, and the stabilizer of X is X(F). Consequently, the action
L(F)\S;(X) ~ Sp(X) is conjugate to X%~ S4(X). Now, X¥) .~ S¢(X) is not strongly faithful, since
taking k + 1 permutations with pairwise disjoint and finite supports in X, every point in X ¥) will be
fixed by at least one of them. Consequently, £(F)\S¢(X) ~ S¢(X) is not highly faithful.

(3) For any g € S¢(X), we have X(F)N g 'X(F)g =X(FUF -g), and F UF - g is still finite, hence
Y(F)Ng 'L(F)g is infinite. O

Proposition 8.22. Let Y and Z be two distinct infinite proper subsets of X, let T : Y — Z be a bijection,
and let & = 1. : Sf(Y) — S¢(Z) be the isomorphism defined by ¥(c) = 1~ 'ot. Then, the HNN
extension I' = HNN(S;(X),S¢(Y ), ¥) has the following properties:

(1) it admits an action which is both highly transitive and highly faithful;
(2) it is not linear;

(3) if Y and Z are both cofinite, then it is not acylindrically hyperbolic;
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(4) ifY and Z are both cofinite, then for every bounded subtree B of its Bass-Serre tree, the pointwise
stabilizer Iz is not highly core-free in a vertex stabilizer I',.

Proof. (1) Note that S¢(Y) =X(X \ Y). Thus, S¢(Y) is a core-free subgroup of S¢(X) by Lemma 8.21.
Hence, Corollary F, or in this case Corollary 7.6, applies.

(2) Follows from Proposition 8.20.

(3) As Y and Z are both cofinite and since the intersection of finitely many cofinite subsets is
cofinite, the powers 7", defined by composition of partial bijections in X (for n € Z) all have a cofinite
domain and a cofinite range, that we will denote by Y, and Z, respectively. Let U be any cofinite subset
of X. For any g € S7(X), one has S;(U)Ng~1S;(U)g = Ss(UNU -g),and UNU - g is still cofinite.
Moreover, for any n € Z, one has Sp(U) Nt™"Sy(U)t" = S(UNUT"), where t € T is the stable letter.
Note that Ut" is cofinite since the bijection 7" realizes a bijection between U NY,, and U7", so that the
subset U 1" is cofinite in Z,, hence cofinite. Therefore, U N U t" is cofinite.

Then, given y € I, one can write Yy = ¥; - - - %, where each 7; is either a power of the stable letter 7,
or an element of S¢(X), and an easy induction based on previous facts shows that S¢(¥Y) Ny~ 1S¢(Y)y
contains S;(V') for some cofinite set V. This proves that Sy(Y') is an s-normal subgroup in I'.

Furthermore, S;(Y) is an amenable group, hence it is not acylindrically hyperbolic by Proposition
8.2. Finally, Proposition 8.1 implies that I" is not acylindrically hyperbolic.

(4) Up to conjugating and to enlarging B, we may and will assume without loss of generality that
the stabilizer I', is S¢(X), and that I', = S;(Y) for some edge e in B. Since I acts transitively on the
positive edges, there exists 7, ..., ¥ € I such that

k
Ty =Sp(Y)N ()7 'S, (V)
j=1

As in the proof of (2), we see that there exist cofinite sets Vi, ..., V; such that the intersection Sy(¥Y) N
¥; Sy(Y)y; contains S¢(V;) for every j, hence I's contains S f(ﬂljzl V;), where ﬂ]j‘-zl V; is cofinite.
Now, S f(ﬂ’;-:l V;) is not highly core-free in I', = S¢(X) by Lemma 8.21, hence I' is not either. [

Remark 8.23. When both Y and Z are cofinite in X, this proposition provides more explicit new
examples of highly transitive groups, since items (1), (3) and (4) show that the results from [MO15,
HO16, FMS15, GGS20] do not apply.

Remark 8.24. In the context of Proposition 8.22, notice that I" obviously admits a highly transitive
action when 7 can be extended to a permutation 7 € S(X). Indeed, the I'-action defined by 7 — 7 and
o — o for 0 € S¢(X) is highly transitive since its restriction to S¢(X) already is (in the terminology
of Section 3, this action corresponds to the global pre-action (X, 7)). Nevertheless, the I'-action we
obtain factors through the semi-direct product S;(X) > (%), which is amenable while I" is not; hence
the I'-action is not faithful. Furthermore, such an extension to a permutation 7 is not possible when
X —Y and X — Z have different cardinalities.

8.2.2 Examples of HNN extensions over S;(Z) x Z

Let us now move to a modification of former examples to get groups which are moreover finitely
generated. For these examples, we consider the permutation s € S(Z) given by k-s = k+ 1. It is
straightforward to check that the subgroup (Sy(Z),s) < S(Z) is finitely generated, and isomorphic to a

DISCRETE ANALYSIS, 2022:8, 63 pp. 51


http://dx.doi.org/10.19086/da

PIERRE FIMA, FRANCOIS LE MAITRE, SOYOUNG MOON, AND YVES STALDER

semi-direct product of the form S¢(Z) x Z. As before, for any subset F C Z, let us denote by X(F) the
pointwise stabilizer of F in S¢(Z). For some purposes, we will need the action

Z XL (S§(Z),s) , (k,0)-s"g:= (ks"g,Is") = ((k+n)g,l+n)

for g € S¢(Z) and n € Z. Notice that this action is faithful, as is the action Z  (S¢(Z),s). Moreover,
given a subset F C Z, we observe that the pointwise stabilizer in (Sy(Z),s) of the subset F x {0} C
Z x Z. is the subgroup X(F) < S¢(Z).

Lemma 8.25. Let F be a non-empty subset of Z.. The following hold:
(1) the stabilizer ¥(F) is a core-free subgroup of (S¢(Z),s), with infinite index;
(2) if F is finite, then X(F') is not highly core-free in (Sy(Z),s);

Proof. (1) The group X(F) is already core-free and has infinite index in S;(Z) by Lemma 8.21.
(2) Let us write F = {xy,...,x¢}, with x, ..., x; pairwise distinct, and set

£=((x1,0),...,(%,0)) € (Z x 7K.

Let us denote by Q the orbit of X under (S¢(Z),s). As the action Z v S¢(Z) is highly transitive, Q is
the union {J,.7(Z x {n})®). Furthermore, the stabilizer of ¥ is the pointwise stabilizer of F x {0}, that
is, X(F). Consequently, the action X(F)\(S¢(Z),s)  (S;(Z),s) is conjugate to Q  (S¢(Z),s). Now,
Q ~ (S¢(Z),s) is not strongly faithful, since taking k+ 1 elements of S;(Z) with pairwise disjoint
supports, every point in Q = (J,c7(Z x {n})(k) will be fixed by at least one of them. Consequently,
L(F)\(Sf(Z),s) v (Sf(Z),s) is not highly faithful. O

Using Lemma 8.25 we can prove the following Proposition exactly as we proved Proposition 8.22.
Proposition 8.26. Let Y and Z be two distinct infinite proper subsets of Z, let T : Y — Z be a bijection,
and let & = 1. : Sf(Y) — S¢(Z) be the isomorphism defined by V(o) = 1~ 'ot. Then, the HNN
extension I' = HNN((S¢(Z),s),S¢(Y), ) has the following properties:

(1) it admits an action which is both highly transitive and highly faithful;
(2) it is finitely generated and not linear;

(3) if Y and Z are both cofinite in Z, then it is not acylindrically hyperbolic,

(4) if Y and Z are both cofinite in Z, then for every bounded subtree B of its Bass-Serre tree, the
pointwise stabilizer Iy is not highly core-free in a vertex stabilizer T',.

Remark 8.27. Again, when both Y and Z are cofinite in Z, this proposition provides explicit new
examples of groups which are highly transitive.

Note that when the complements of ¥ and Z have the same cardinality, these groups admit a natural
highly transitive action, but it fails to be faithful. Indeed, the subgroup (S¢(Z),t) < I'is isomorphic to
the HNN extension HNN(S¢(Z),S¢(Y), ), and the action of this subgroup is not faithful by Remark
8.24.
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8.2.3 Examples of amalgams
We now switch to the context of amalgams. We will need a refinement of Lemma 8.15.

Lemma 8.28. Let us consider an amalgam I =T"| xx I';. Assume there is a collection C of infinite
subgroups of ¥ such that, for every ¥’ € @ and every y € 'y UT, the intersection X' Ny~ 'Yy contains
an element of C. Then, for every ¥ € C and every y € T, the intersection X' Ny~ 'Yy contains an
element of C. In particular, all ¥’ € € are s-normal subgroups of T.

Proof. Let Xy be any element of C, and let ¥ be any element of I, that we write as a product y =17 ---
of elements of I'; or I',. Let us prove by induction that, for k =0, ..., n, there exists ¥; € C which is
contained in Zo N (71 - %) ' Zo (71 - %)-

For k = 0, the group X has been chosen in C, and it coincides with 2o N (y1--- %) ™' Zo(y1 -+ - 1) in
this case. Then, for k > 1, the subgroup X, Ny, le,lyk contains some X; € C. Moreover, one has
i1 CZoN (Y- %1) " Zo(%1 -~ 1) by induction hypothesis, hence

T C L1 N 1
SN Y1) Zoh- %) N¥ ZonN (M%) Zo(n - %)

whence £, CZoN (N -+ %) ' Zo(n -+ %)
Finally, for k = n, we get £, C £oNy~ Loy with £, € C, as desired. O

Proposition 8.29. Let X,Y,Z be infinite countable sets such that Z is proper subset of X NY. Then, the
amalgam I = S7(X) *g 1(2) S¢(Y) has the following properties:

(1) it admits an action which is both highly transitive and highly faithful;

(2) it is not a linear group;

(3) if Z is cofinite in both X and Y, then it is not acylindrically hyperbolic;

(4) if Z is cofinite in X (resp. Y), then S¢(Z) is not highly core-free in Sy(X) (resp. Sp(Y)).

Proof. Lemma 8.21 and Corollary 7.7 imply (1). Proposition 8.20 implies (2) while (4) follows from
Lemma 8.21. Let us prove (3). Let € be the collection of subgroups of the form Sy(U) where U is
cofinite in Z (hence cofinite in both X and Y). For every X' = S;(U) € € and every y € S¢(X)US¢(Y),
one can check as in former proofs that the intersection ¥’ N y~'¥’y contains an element of . Hence,
Lemma 8.28 implies that S(Z) is s-normal in I'. Since Sy(Z) is amenable it is not acylindrically
hyperbolic hence I is not acylindrically hyperbolic. O

Again, one can easily modify the previous examples to get groups which are moreover finitely
generated. The proof of the following Proposition is exactly the same as the proof of Proposition 8.29
(by using Lemma 8.25). We can now provide one last new class of highly transitive examples.

Proposition 8.30. Let Z be an infinite proper subset of 7. and consider the amalgam
[':=(S¢(Z),s) *5,(z) (Sf(Z),s). The following holds.

(1) T admits an action which is both highly transitive and highly faithful;

(2) T is finitely generated and not linear;

(3) If Z is cofinite in Z, then T is not acylindrically hyperbolic and Sy(Z) is not highly core-free in
(Sp(Z),s)-
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8.3 Faithful actions which are non-topologically free on the boundary

Although our main result provides a complete characterization of high transitivity for groups admitting
a faithful minimal action of general type on a tree, one may wonder if Corollaries 7.6 and 7.7 can hold
in a wider context, namely, if the core-freeness assumption of the edge group in a vertex group can be
weakened to core-freeness in the whole group. We will see that it is not the case.

Thanks to the quoted result from [LBMB22], this amounts to finding examples of amalgams and
HNN extensions whose action on their Bass-Serre trees are minimal of general type and faithful, but
the action on the boundary is not topologically free. By Bass-Serre theory, we essentially need to
find faithful edge transitive actions on trees without inversions which are not topologically free on the
boundary, but which in the amalgam case have two vertex orbits, while in the HNN case they have only
one vertex orbit.

Our examples belong to a class which was explored in depth by Le Boudec [LB16, LB17],
generalizing a construction of Bader-Caprace-Gelander-Mozes [BCGM12] which takes its roots in the
work of Burger-Mozes [BMO0O0]. Such examples already appeared in Le Boudec and Matte-Bon’s work
on high transitivity, so our only contribution here is to point out that some of those naturally decompose
as amalgams or HNN extensions. We will focus on specific easy examples instead of seeking large
generality. For more examples, we refer the reader to Ivanov’s recent work [Iva20].

8.3.1 An example of amalgam

Let T, be a d-regular tree of finite degree d > 3. As in [BMOO], let us fix a coloring on the set of edges
c:E(T;) —{1,...,d} such that:

 every edge has the same color as its antipode;
« for any vertex v, the restriction of ¢ to the star st(v) is a bijection onto {1,...,d}.

For any vertex v, any automorphism g € Aut(7,) induces a bijection g, : st(v) — st(gv), which itself
induces a permutation 6(g,v) € Sy, where S; = Sym({1,...,d}). Let C; be a cyclic subgroup of S,
generated by a d-cycle. Consider the group, coming from [LB16],

G =G(Cy) ={g € Aut(T,) : o(g,v) € C4 for all but finitely many vertices}.

Remark 8.31. The group G(C,) is countable. Indeed, given an automorphism g € G(Cy) and any edge
e such that o (g, r(e)) has to be in Cy, the permutation o(g,r(e)) is determined by the color of g(e). It
follows that g is completely determined by its restriction to any finite subtree containing at least one
edge and all stars at vertices v such that (g,v) & Cy.

In order to forbid inversions, recall there is a natural equivalence relation R,,., on V(JT;) which
relates any two vertices at even distance from each other, and that this equivalence relation is preserved
by any automorphism of T,;. We then let

I'=G" = {g € G: g does not exchange the two classes of Reyen} -

It is fairly easy to see that the action I' ~ T} is transitive on undirected edges, hence minimal, of general
type, and without inversion. Let us now fix some edge eg from v; to v, and consider the stabilizers I'y,
I; and X of vy, v, and eg respectively (in I'). By Bass-Serre theory, we have the following.

Remark 8.32. The morphism I'; xx ', — I" given by inclusions is an isomorphism, and T is the
Bass-Serre tree of I'} *x 1.
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The following result summarizes well-known properties of I' showing that the hypothesis that ¥ is
core-fre in I'; or I'; cannot be relaxed in Corollary 7.7. We provide a proof for the reader’s convenience.

Proposition 8.33. With the above notations:
(1) X is core-free in T, and the amalgam I'| xy I'; is non-degenerate;
(2) the T'-action on d7, is not topologically free;
(3) T is not highly transitive;
(4) T'is icc.

Proof. (1) The I'-action on Ty is faithful (by definition) and of general type, so that ¥ is core-free in I,
and the amalgam I'} xy [, is non-degenerate.

(2) Consider the half-tree 3 associated to eg. It suffices to prove that the pointwise stabilizer of JH
is a non-trivial group.

To do so, we follow the proof of [LB17, Theorem C]. First, we take a non-trivial permutation
o € S, which fixes the color of ¢ (this exists since d > 3; notice it lives in S; \ C;). Then, we define a
non-trivial automorphism 7y € I" fixing I pointwise as follows.

* The restriction of y to I is the identity.

* Then, we let v act on st(v;) so that 6(g,v;) = o (this is possible since o fixes the color of ey,
and will guarantee that 7y is non-trivial since ¢ is non-trivial).

* Then, we extend the action inductively: given any vertex w outside 3, we set w’ to be the unique
neigbour of w which is closer to H than w, and define the y-action on st(w) in terms of the
(previously defined) y-action on st(w'). Namely, denoting by e,, the edge from w to w’', the
y-action on st(w’) provides the edge 7e,,. Then there is a unique element o,, € C; sending c(e,,)
onto c(7e,,), and we let y act on st(w) so that 6(g,w) = o,, (note that 6(g,w) = o(g,w’) as soon
as o(g,w') was already in Cy).

(3) The I'-action on T, is minimal, by edge-transitivity, and of general type. Consequently,
[LBMB22, Corollary 1.5] applies, and the transitivity degree of I is at most 2.

(4) Let 1 be a non-trivial element of I" and & be a point in d7T; which is not fixed by . Given
edges e, e’ with sources in the same class of vertices, such that e is on the geodesic [, s(¢’)], there
exists ¥ € I such that ye = ¢’. This ¥ is a hyperbolic element whose axis contains e and ¢’. Moreover,
if we choose e close enough to &, then the repelling point £~ of ¥ in dT; is close enough to & so
that &~ # £~. Now, since £~ is not fixed by %, the set of fixed points of ¥y " moves into
smaller and smaller neighborhoods (in T; U dT,) of the attracting point of y as n — +eo. Thus, the set
{Y"0y " : n > 1} is infinite. O

8.3.2 An example of HNN extension
In the previous example, notice that even the subgroup
U(id) = {g € Aut(T,) : o(g,v) =id for every vertex v}

includes inversions, so that one cannot easily find a subgroup of G without inversion and acting
transitively on V(T,). Hence, we slightly modify the construction in order to get an example of HNN
extension.
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Let T, 4 be a (d,d)-biregular tree, where d > 2 (by this, we mean an oriented tree in which every star
st(v) contains exactly d positive edges and d negative edges). Let us denote st(v)™ = st(v) NE(Tzq)"
and st(v)” =st(v)NE(Tz4)", and fix a coloring on the set of edges ¢ : E(Tz4) — {1,...,2d} such
that:

* every edge has the same color as its antipode;

« for any vertex v, the restriction of ¢ to the star st(v) is a bijection onto {1,...,2d};

* for any vertex v, the image c(st(v)™) is either {1,...,d} or {d+1,...,2d}.
By Aut(T;4), we mean the group of automorphisms of T, preserving the orientation. For any
vertex v, any automorphism g € Aut(J, ) induces bijections g : st(v)* — st(gv)*, which them-
selves induces a permutation 6(g,v) € S»4, where Sp; = Sym({1,...,2d}), preserving the partition

{1,...,d}U{d+1,...,2d}. Let F; be a the subgroup of S»; generated by the commuting elements

oor=(1 2 - d)d+1 d+2 --- 2d),
oo=(1 d+1)(2 d+2)---(d 2d).
Then, the group,
I'=G(F;) ={g € Aut(Ty4): o(g,v) € F; for all but finitely many vertices}
is countable (this is not hard to prove, using that F acts freely on {1,...,2d}).

It is fairly easy to see that the action I' ~ T 4 is transitive on positive edges, hence minimal, of
general type. It is moreover without inversion since it preserves the orientation. Let us fix some vertex
v, some positive edges e, e, such that r(e;) = v = s(e2), and some automorphism 7 € I" such that
7(e1) = ez. Now, consider the stabilizers H =TI, and X =TI, and the isomorphism 9 : £ — I, given

by ¥(0)(x) = 1~ 'o7(x). By Bass-Serre theory, we have the following.

Remark 8.34. The morphism HNN(H,X, ) — I given by inclusions is an isomorphism, and Ty 4 is
the Bass-Serre tree of HNN(H, X, 9).

The following result summarizes well-known properties of I" showing that the hypothesis that one
of the subgroups X, (X) is core-free in H cannot be relaxed in Corollary 7.6. We omit the proof,
which is similar to the one of Proposition 8.33.

Proposition 8.35. With the above notations:
(1) L is core-free in I, and the HNN extension HNN(H X, 1) is non-ascending;
(2) the T-action on 9Ty 4 is not topologically free;
(3) T is not highly transitive;

(4) Tis icc.
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9 Other types of actions and necessity of the minimality assumption

We now discuss various natural extensions of Theorem A by considering other types of actions (recall
that group actions on trees are classified in five different types, see Section 2.3). As we will see,
non-general type actions which are topologically free on the boundary seem to play no role regarding
high transitivity. We will also see that the minimality hypothesis in Theorem A cannot be avoided.

Let us recall that a group action by homeomorphisms on a topological space is called minimal
when every orbit is dense. Note that given a group action on a tree, the minimality of the action on the
boundary implies the minimality of the action on the tree but the converse does not hold: for instance
the standard Z-action on itself is minimal but the action on the boundary is not since it has two distinct
fixed points.

Proposition 9.1. Every residually finite group admits an elliptic faithful action on a tree with non-empty
boundary such that the action on the boundary is both free and minimal.

Proof. Let I be a residually finite group, let (I',),>0 be a decreasing chain of finite index normal
subgroups with trivial intersection, where I'y = I'. Then the disjoint union of the coset spaces I'/T’, has
a natural tree structure where we connect each Y1, to yI7,, and the boudary is non-empty. Since the
action is transitive on each level of the tree, this action is minimal on the boundary. It is free because
the subgroups I';, are normal and intersect trivially. Finally it is elliptic because the vertex I' is fixed
(moreover, the only non-trivial invariant subtrees are balls around I'). O

Since there are both highly transitive residually finite groups (such as ;) and non-highly transitive
residually finite groups (such as Z), we see that there is no hope for a classification of the transitivity
degree of groups admitting an elliptic faithful action on a tree such that the induced action on the
boundary is free and minimal. We can use also this construction in order to show that the minimality
assumption for the action on the tree is needed in Theorem A.

Proposition 9.2. Let I” be a non-abelian free group. Then for every residually finite group A, the group
I X A admits an action of general type on a tree which is topologically free on the boundary.

Proof. Since I is free, we have a free ['-action on a tree T; which is of general type because I is not
abelian. Let A »~ T, be an action provided by the previous proposition, let o be its unique fixed point.
Our new tree T is obtained by gluing over each vertex of T a copy of 7, at its origin 0. To be more
precise, the vertex set is V(T) = V(T;) x V(73), and on the vertex set T} x {0} we put a copy of the
edges of T, while for each v € V(T ), we put a copy of the edges of T on the vertex set {v} x T5.
Then the I" x A action on V(7T given by (y,4) - (x1,x2) = (Y- x1,A - x2) is an action by automor-
phisms on our new tree J. Noting that each half-tree contains a copy of a half-tree of T, it is not
hard to check that this action is moreover topologically free. Moreover, it is of general type since the
I"-action on T; was of general type. O

The previous proposition will allow us to show that in our main result, the hypothesis of minimality
of the action on the tree is needed, using the well-known fact that non-trivial product groups cannot
be highly transitive. For the convenience of the reader, we provide a proof of the latter fact via the
following stronger result.

Proposition 9.3. Let G be a non-abelian topologically simple group. If T is a dense subgroup of G,
then the centralizer of every non-trivial element of I is core-free.
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Proof. Let y € '\ {1r}. If the centralizer of I is not core-free, then there exists a normal subgroup
N < T such that every element of N commutes with . Since G is topologically simple, N is dense in
G, so by continuity of group multiplication we conclude that every element of G commutes with 7. In
particular, G has a non-trivial center, which contradicts the topological simplicity of G since G is not
abelian. 0

Corollary 9.4. Let T be a highly transitive group. Then the centralizer of every non-trivial element of
I" must be core-free, and I cannot be decomposed as a non-trivial direct product.

Proof. If I is highly transitive, it can be embedded as a dense subgroup of S(X) for some infinite
set X, and since the latter is topologically simple, the conclusion follows from the previous result.
Moreover, if I' could be decomposed as a non-trivial direct product I'y x Iy, then if y € T'y \ {1r, }, the
element (7, Ir,) would commute with every element of the non-trivial normal subgroup {1r, } xI'2, a
contradiction. O

Applying Proposition 9.2 for instance to I' = F, and A = Z, we see that the finitely generated group
Fy x Z admits a (faithful) action of general type on a tree J which is topologically free on the boundary,
although the group I, x Z is not highly transitive because it decomposes as a direct product. We see
moreover that when restricting to the minimal component of this action, we will loose the faithfulness
of the action (in particular the topological freeness), which is why Theorem A cannot be applied.

We now move on to showing that no general classification can be hoped for in the case of parabolic
actions (note that minimal parabolic actions only arise for non-finitely generated groups).

Lemma 9.5. Every non-finitely generated group admits a faithful parabolic action on a tree.

Proof. Since I is countable, it can be written as a countable increasing union of finitely generated
subgroups I' = J,,en I, where I'p = {1}. We now put a tree structure on the vertex set | |,I'/T’, by
connecting each yI', to yI',41. I" acts on this tree by left translation. Since I'g = {1}, this action is
faithful. Note that every group element g € I is elliptic (with fixed point I',;, where n € N is such that
g €T',). Since I' is not finitely generated, this action has no global fixed point, so we have a parabolic
action. O

Note that the I'-invariant subtrees of the action constructed above are exactly those of the form
Uy I /Ty for some m > 0. So this action has no minimal globally invariant subtree, as opposed to
what happens for finitely generated groups.

Proposition 9.6. Let I" be a non-finitely generated group, let A be a residually finite infinite group.
Then I" x A admits a parabolic action on a tree such that the action on the boundary is topologically
free.

Proof. As before we use the I'-action on a tree T provided by the previous lemma. Let A ~ T, be an
elliptic action provided by Proposition 9.1, whose unique fixed point is denoted by o € V(73). This
time, we glue a copy of T, on each terminal vertex (that is, each vertex of the form yI'y) in the tree
71, thus yielding a I' X A action which is easily seen to be parabolic. Moreover, the action on the
boundary is topologically free. Note furthermore that the action on the boundary has a unique fixed
point, corresponding to the unique element of the boundary of T7. 0

As an example, we can take for I" the group of finitely supported permutations, and for A the group
Z, and we get a non-highly transitive group with a parabolic action which is topologically free on the
boundary, and which has no minimal component. We do not know if there is a highly transitive group
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with a parabolic action which is topologically free on the boundary.

Let us now treat the quasi-parabolic case. First, note that the Baumslag-Solitar groups BS(1,n) for
n > 2 provide examples of groups admitting an action on a tree which is minimal and quasi-parabolic
(since it is an ascending HNN extension, cf. Sec. 2.5) and topologically free on the boundary (by
Lemma 8.6), but which are not highly transitive since they are solvable.

Remark 9.7. Another example of a non-highly transitive group with a quasi-parabolic minimal
action on a tree which is topologically free on the boundary is provided by Thompson’s group
F= <xo,x1 S X2y ]xk_lxnxk =X,y forall k < n> F is not highly transitive since, by [LBMB22, Corol-
lary 5.3], it has transitivity degree at most 2. Let H be the subgroup generated by {x; : i > 1}
(which is isomorphic to F), and ¥ be the endomorphism which takes x; to x;+; and observe that
F =HNN(H,H,¥). By Section 2.5 the action of F on the associated Bass-Serre tree is quasi-parabolic
and minimal. Moreover, since x, “0 (H)xk = (x, |n > k+2) for all k > 1, it is not difficult to check
that ¥ (H) is core-free in H hence, the action is also topologically free on the boundary.

Coupled with the previous examples, the following proposition shows that for groups admitting
minimal quasi-parabolic actions on a tree, the topological freeness of the action does not play a role in
their high transitivity.

Proposition 9.8. The finitely generated group I" = S¢(Z) x 7Z is highly transitive and finitely generated
but admits a minimal quasi-parabolic action on a tree which is topologically free on the boundary.

Proof. We have already observed that I is highly transitive thanks to its natural action on Z. We will
obtain our desired action on a tree by showing that it can be written as an ascending HNN extension.
Note that I" is a semi-direct product, so it does have a natural HNN extension decomposition, but this
decomposition provides a lineal action so we need another one.

Denote by 7 the translation on Z. Let ¥ be the corresponding inner automorphism of S(Z), i.e.
9(y) = v~ lyt. Consider the subgroups H = £ = S;(N) which we view as subgroups of S¢(Z) < T.
Note that ¥(X) is the stabilizer of 0 in Sy(N) i.e. #(X) = £(0) < Sy(N) with the notations of Section
8.2. We claim that ' = HNN(H, X, 9).

First, since ®(h) = ©~'ht for all 1 € H, we have a quotient map 7 : HNN(H,X,¥) — I given by
t — T and h+— h for every h € H. To show that 7 is injective, we use the fact that the HNN extension
is ascending: since H = £, for every g € HNN(H, X, ), there exists k € Z such that t ¥ gt* = ht" with
h € H and n € Z (it suffices to take k sufficently large). If g # 1, one must have 4 # id or n # 0, and it
is clear that 7(g) # 1 in both cases.

So we do have I' = HNN(H, X, ©¥), in particular it is an ascending non-degenerate HNN extension.
So as explained in Section 2.5, its action on its Bass-Serre tree is minimal and quasi-parabolic. Finally,
¥ (X) = X£(0) is core-free in H = S¢(N) by Lemma 8.21, so by Lemma 7.3 we conclude that the action
on the boundary is topologically free as wanted. 0

Remark 9.9. One can also construct a tree T directly, with vertex set V = | ;<7 Ss(Z)/Hk, where
Hj. := S¢(Z>_i), and positive edges corresponding to inclusions 6Hy C 6Hy 1. The reader can verify
that I' = S¢(Z) x Z acts on T via

(o,n)-0'Hy :=ot"(0'H) 1" = 6(1"0’ 1 ") Hiym,

where 7 is still the translation on Z, and then check “by hand” that this action has all the properties
announced in the above proposition.
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We finally mention the lineal case. Note that in this case, minimal actions are not interesting with
respect to high transitivity since no subgroup of the automorphism group of the biinfinite line is highly
transitive.

In the elliptic case, a natural weakening of the minimality assumption was provided by asking that
the action on the boundary is minimal. Here however, this is still too strong a condition since any
lineal action will have the two ends corresponding to the axis as an invariant set. We thus replace it
by topological transitivity (which means the existence of a dense orbit) and observe that in this setup,
there seems to be no connection between high transitivity and lineal actions.

Proposition 9.10. Let I be a residually finite group, then the group I' X Z admits a lineal action on a
tree which is both topologically free and topologically transitive on the boundary.

Proof. Let T be a tree equipped with an elliptic I'-action which is minimal and free on the boundary
as provided by Proposition 9.1, let o be the fixed point. As in the previous constructions, we then
glue a copy of T at the vertex o on top of every element of Z, thus obtaining a tree with a natural
I' x Z-action which is both topologically free and topologically transitive on the boundary: every
element of the boundary which does not belong to the two element set d7Z has a dense orbit and is fixed
by no nontrivial group element. O

The previous proposition provides us many non-highly transitive groups with a lineal action on a
tree which is both topologically free and topologically transitive on the boundary.

In the opposite direction, the group S¢(Z) x Z provides us an example of a highly transitive group
satisfying the assumptions of the previous proposition, thus showing that lineal actions which are
topologically free and topologically transitive on the boundary do not play a role in high transitivity.

Proposition 9.11. The highly transitive group Sy(7) x Z admits a lineal action on a tree which is both
topologically free and topologically transitive on the boundary.

Proof. Let us construct a tree T as follows. We start with Z, seen as a bi-infinite line. Then, for every
(0,k) € S¢(Z) x Z, we consider an infinite ray R4 1), and link its origin o, ) to the vertex k € Z by
an edge. The boundary 97 consists of points &, for y € S¢(Z) x Z (the extremities of the rays, which
are isolated in d7) and two accumulation points 1.

The group S¢(Z) x Z acts on T by (0,k) -k’ = k+k" and by y- Ry = R,y (it permutes the rays).
The induced action on d7 fixes N+ and is transitive free on {&, : y € S§(Z) x Z}. Thus, it is both
topologically free and topologically transitive. O
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