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Abstract

English

In this work, we indroduce a property for automorphism groups of locally finite trees,
which we call the Independence Property and which, for closed groups, is equivalent
to Property (P) introduced in [Tits]. Using this, we proceed to the classification of all
continuous unitary irreducible representations of closed non compact locally 2-transitive
(cf. [B; M]) automorphism groups of locally finite homogeneous or semi-homogeneous
trees which have the Independence Property. Further we treat the case of the locally
finite homogeneous tree where we show that all closed edge transitive automorphism
groups which have the Independence Property are locally transitive Universal Groups
(cf. [B; M]). At last we give two necessary and sufficient conditions for a locally transive

Universal Group to be topologically finitely generated (cf. [Mozes]).

Deutsch

In dieser Arbeit fithren wir die "unabhéngigkeits Eigenschaft” (Independence Property)
fiir Automorphismengruppen von lokal endlichen Bédumen ein, die, falls die Automor-
phismengruppe geschlossen ist, Aquivalent zur Eigenschaft (P) in [Tits] ist. Ferner geben
wir eine Klassifizierung samtlicher stetiger unitarer irreduktibler Darstellungen von
geschlossenen nicht kompakten lokal 2-transitiven (s. [B; M]) Automorphismengruppen
mit unabhangigkeits FEigenschaft von lokal endlichen homogenen oder semi-homogenen
Baumen. Den Fall der lokal endlichen homogenen Baumen behandelnd, zeigen wir, dass
alle geschlossenen Automorphismengruppen mit unabhéngigkeits Eigenschaft und tran-
sitiver Aktion auf den Kanten des Baumes lokal transitive Universal-Gruppen (s. [B; M])
sind. Wir geben auch fiir lokal transitive Universal-Gruppen zwei dquivalente Bedin-

gungen um topologisch endlich erzeugt zu sein (s. [Mozes|).
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Introduction

The group aut (T') of all automorphisms of a locally finite tree is locally compact. In
this work we study a large class of closed automorphism groups G with praticular focus

on their continuous unitary representations.

In Chapter one we introduce the independence property of an automorphism group of
some tree. For closed groups, this property is indeed equivalent to the Property (P)
introduced by J. Tits in [Tits] (4.2, p. 197).

Considering a continuous unitary representation = of a closed automorphism group G
of a locally finite tree 7T, it turns out that there exists a non trivial vector which is
invariant under the action of the subgroup of automorphisms fixing some finite subtree.
Among all the finite subtrees for which there exists such invariant non trivial vector,
one takes the set M, of complete subtrees which are minimal for the inclusion. If the set
M, contains a subtree which has more than one edge, then we call the representation 7
super cuspidal. The representation 7 is called special, if M, contains a subtree which
has only one edge, and is called spherical if M, contains a subtree which has only one

vertex.

In the first part of the second chapter we discuss the existence of super cuspidal rep-
resentations in the case where the group has the independence property. Generalizing
Ol’shanski’s basic idea (c.f. [Ol’sh]) to any closed tree-automorphism group G with the
independence property, we find that GG has a super cuspidal representation if G does
not fix any point at the boundary of the tree 7" and admits no G-invariant non trivial

proper subtree.

In the second part of the second chapter we proceed to the complete classification of
the continuous unitary representations of a closed non compact automorphism group G
with the independence property and acting transitively on the boundary of the tree T,
which in this case is automatically homogeneous or semi-homogeneous. In particular we

see that an irreducible continuous unitary representations of such a group is of exactly
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2 INTRODUCTION

one of the three types: super cuspidal, special or spherical. This is a generalization
of the classifications given in [Ol'sh] and [F-T; NJ, as it covers the case of a great
variety of closed automorphism groups of the homogeneous or semi-homogeneous tree,
in particular of the so called Universal Group U(F') of the homogeneous tree of degree

d > 3 in [B; M] with F' a transitive permutation group on {1,...,d}.

The third chapter treats of the Universal Group U(F'). We shall see that all closed
edge transitive groups with the Independence Property are (locally transitive) Universal

Groups.

In [Mozes|, Shahar Mozes, discussing irreducible uniform lattices I' in aut (7)) x aut (73),
with 71, T, homogeneous trees, is interested in those subgroups U (F) which arise as clo-
sure of projections of such lattices I'. As these must be topologically finitely generated,
he stated without proof that, if F'is a transitive permutation group on {1,...,d} and
Fy = Stabp(1) is non-trivial, then U(F)(z) is topologically finitely generated if and only
if the stabilizer group F} is perfect and equal to its normalizer. In the second part of
Chapter 3, we shall prove that, if /' is a transitive permutation group on {1, ..., d} and

F; = Stabp(1) is non-trivial, the following conditions are equivalent:

1. The subgroup U(F)(x) is topologically finitely generated.
2. The stabilizer group [} is perfect and equal to its normalizer.

3. For every real positive number M, the group U(F') has finitely many equivalence

classes of super cuspidal representations with formal degree less than M.



Chapter 1
Trees and their Automorphisms

For the beginning, we want to give some notations and definitions concerning trees and
their automorphisms. In particular we shall introduce what we call the independence
property of a group of automorphisms of a tree. For closed groups, this property is
equivalent to the Property (P) introduced by J. Tits in [Tits] (4.2, p. 197).

1.1 Definitions and Notations

For the definitions of graphs, trees and automorphisms, we refer to the book [Serre| or
to its English translation [Serre 2] by J.-P. Serre. We just recall here the essential and

introduce some notation.

A graph T' = (X,Y) consists a set set of vertices X and a set of edges Y and the
maps (0,t) : Y — X x X, e — (o(e),t(e)) and Y — Y,e — € satisfying € = e,e # e
and o(e) = t(€). The vertex o(e) is called the origine and the vertex t(e) is called
the terminus of the edge e. A path is a sequence of edges (e;)ier, finite of length n
(ie I = {1,...,n} for some positive natural number n), infinite (ie I is the set N of
natural numbers) or doubly infinite (ie I is the set Z of relative numbers), such that
t(e;) = o(eiq1) for each © € I with ¢ + 1 € I. We call chain a path (e;);er without
backtracking, i.e. such that e; # €;4; for each ¢ € I with i+1 € I. A graph is connected,
if any two vertices can be joined by a finite path, ie such that x is the original vertex
of the first edge and y the terminal vertex of the last edge of the path. On the set of
vertices of a connected graph exists a natural distance d(x,y) between two vertices x

and y, which is the length of the shortest path (chain) linking z to y. A cycle is a path
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4 CHAPTER 1. TREES AND THEIR AUTOMORPHISMS

e1, ..., e, such that for each 7, e; # €1 and o(e;) = t(ex). A tree is a connected, non
empty graph without cycle. We call degree or index of a vertex x and write d(x) the
cardinality of the set o= (z) = t~1(x). A graph is locally finite if any of its vertices is of

finite index.

A morphism g of the graph I'y = (X1, Y]) to I'; = (X3, Y3) is a map g = gx X
gy + X1 x Y] — X x Y, such that for every edge e of I't, (gx(o(e)),gx(t(e))) =
(o(gv(e)),t(gv(e))) and gy(e) = gv(€). By abuse we shall write gx = g and gy = g.

The graph IV = (X', Y") is a subgraph of the graph I' = (X,Y) if the inclusion maps
X' C X and Y’ C Y form a morphism of graphs and if Y’ = Y’ where Y’ = {& | e € Y'}.
We write IV C T

A connected graph I' = (X,Y) has a bipartite structure if there exist two subsets
X1, Xo € X such that X = X; U Xy and oY) x t(Y) C (X x Xo) U (Xy x Xy).

An automorphism of a graph I' = (X,Y) is a morphism of I" to I’ which is bijective on
the sets X and Y. We write aut (I') for the group of all automorphisms of I' and we
take as convention that aut (I') acts from the left on the sets X and Y.

We consider now a tree T'= (X, Y). A subtree of T is a connected subgraph of the tree
T.

A vertex of a (sub-)tree S is called a leaf or end of S if it is the terminal vertex of at
most one edge in S; this edge is then also called a terminal edge of S. The subtree S
of T is complete if all its vertices which are not leaves of S have no adjacent vertices
outside of S. We call interior of the complete subtree S the subtree S° obtained by

removing all leaves and their adjacent edges of S.

For an edge e of T we let T, be the unique maximal subtree of 7" having e as terminal

edge.

We say that two infinite chains (e;);eny and (fi)ieny on T are equivalent, if they have
infinite intersection, this means, that there exist n, K € N such that ex = fg, for
all £ > K. It is easy to see that this defines indeed an equivalence relation on the
set of infinite chains on 7. We call boundary of the tree T" and write T'(c0), the set
of equivalence classes of this equivalence relation. The elements of the boundary are
sometimes called leaves or ends of T" and can be seen as an extension of the above
definition of leaves of a (sub-) tree. For a fixed vertex x of T, there corresponds to
each end € of T" a unique infinite chain (e;);en € € starting at x, i.e. with o(eg) = x. If

we write T,(o0) the boundary of the subtree T¢,, seen as subset of T'(c0), the familly
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{T.(c0) | e € Y} is a base of topology for which T'(c0) is compact.

If ¢ is an automorphism and (e;);en an infinite chain of the tree 7', then g(e;)ien =
(gei)ien is also an infinite chain of T. This defines an action of aut (7') on the infinite
chains of T' which, as it is easily seen, preserves the equivalence relation on infinite

chains, and hence induces a natural action on the boundary of T
We now discuss briefly some properties of the group of automorphisms aut (7") of 7T'.

An automorphism g € aut (7') is called a rotation if g fixes some vertex z (i.e. gx = x)
and an inversion if there exists an edge e such that ge = e. Suppose ¢ is neither a
rotation nor an inversion, then for every vertex x we have d(x,gr) > 1. Let zo be a
vertex such as d(xq, gro) = n is minimal and let ey, es, ..., e, be the chain linking ¢ to
gxo. We construct the doubly infinite path v = (ex)rez by setting ex i, = glex for all
ke{l,...,n} and [ € Z. It is easily seen that this path is a chain which is g-stable.

The automorphism ¢ is called translation of step n along the path ~y.

We have therefore the following proposition which is quite classical (See for example
[Tits]).

Proposition 1. Fvery automorphism of a tree is either a rotation, an inversion or a

translation.

For a subgroup G of aut (7") and for every subtree S, we write the S-fizing group

G(S) ={g € G | gx =z, for all vertices x of S}
and the S-stabilizing group
G(S)={g€ G |gS =S}

In particular, if S is contains only one edge e, we write G(e) = G(S) as well as G(e) =
G(S), and if S contains only one vertex z, we write G(z) = G(S)(= G(x)).

Since a tree is connected and has no cycles, two (distict) vertices can be linked by
exactly one finite chain and their distance is the length of this chain. The set of vertices

X endowed with this distance is a discrete metric space.

From now on and for the rest of this work, we suppose all our trees locally finite if not
indicated otherwise. The image by an automorphism of a chain is again a chain, and
automorphisms can be seen as isometries on the space of vertices. In fact aut (77) is

isomorphic to the group of isometries on the metric space X, and via this isomorphism
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the topology of uniform convergence on the compact (i.e. finite) subsets of X makes
aut (T) a topological group under which the action on X is equicontinuous. If G is
a closed subgroup of aut (7'), the G(S) are open for all finite subtrees S and the set
{G(S) | S is a finite subtree of T'} is a base of neighbourhoods of the identity. Since
G(S) is equicontinuous as set of isometries, and since each of its orbit is finite in X,
the subgroup G(5) is compact. Therefore G is locally compact. Moreover the maximal
compact subgroups of G are of the form G(z), for some vertex z, or G(e), for some edge
e. If G acts transitively on the vertices then G(z) is maximal compact, for every vertex
z, and if G acts transitively on the set {{e,&} | e € Y} then G(e) is maximal compact,

for every edge e

Lemma 2. If a closed subgroup G of aut (T') contains no translations, then G is either

compact or fixves a point of the boundary of T.

Proof. Cf. |F-T; N] Theorem 8.1, page 20. O

Definition 3. A tree is homogeneous of degree d or d-regular if all its vertices have

same indez d.

A tree is semi-homogeneous of degree (r,s) if the degree function d : X — N takes

exactly two values r and s, and the level sets d=*(r) and d=*(s) give a bipartite structure
on T

Proposition 4. Suppose that the boundary of the tree T has at least three elements.
Let G be a closed non compact subgroup of aut (T'). Suppose G acts transitively on the
boundary of T. Then G(x) acts transitively on the boundary of T' for every vertex x.

Moreover, if the above holds, the tree T' is homogeneous or semi homogeneous and G
has at most two orbits on X. The group G acts transitively on the set of vertices of T' if
and only if G contains for every edge of T' an inversion, otherwise the G-orbits on the

vertices are {z | d(x, z) is even} and {z | d(x, z) is odd} for some vertez x.

Proof. By Lemma 2 we can suppose that G contains a translation. Let 7 € G be a
translation along the doubly infinite chain v, let & be a vertex of «y, and let ¢ € T'(c0).
Since G/(z) is open in G and has countable index, T(co) = G- € = | J,op hsG(2) - € where
{h; | i € N} is a complete set of coset representatives and G(z) - ¢ the G(x)-orbit of e.
Since the boundary T'(c0) is complete metrizable, and h;G(z) - € is compact, h;G(x) - €
has an interior point. Therefore the orbit G(x) - € has an interior point and hence is

open.
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Let now € and ¢’ be the two ends of the chain . Since G(z) - ¢ and G(x) - ¢’ are open,
there are two edges ¢’ and €” of v such that Tz (00) C G(x) - ¢ and Tur(o0) C G(x) - €”.
Suppose 7 moves z in direction to € and let € € T'(00) \ {€/,€"}. If e is the edge of the
infinite chain starting at z and corresponding to € such that o(e) is a vertex of v but
t(e) is not, then there exists a natural number n such that 7"¢ is an edge of 7%, which
means that 7€ € Tw(00) C G(x) - €. Therefore T(c0) \ {¢'} C G(z) - €. Similarily we
have also T'(c0) \ {€'} C G(x) - €”. Since the boundary of T" has at least three elements,
T(o0) \ {¢'} and T'(00) \ {€"} intersect. Hence G(z) acts transitively on the boundary
for every vertex x of . Moreover G(z) acts also for every n transitively on the sets
Sen =1y € X | d(z,y) = n}.

Since the boundary of T" has at least three elements, T" has at least one vertex with index
greater than 2, and one of such has to be a vertex of the doubly infinite path . Now take
the vertex x of v at distance 1 of this vertex. Then all vertices at distance 1 of x have
the index greater than 2. If y is a vertex at distance n of x, then S,, = G(x)-y C G -z.
Therefore the G-orbit of  is G - = {x} U ;e Sy where I/ is a set of positive
numbers. Let & = min £/ and take y € S, ;. Then y € G - z; furthermore G(y) is a
conjugate of G(z) in G, hence G(y) acts also transitively on the boundary and on the
sets Sy, = {z € X | d(y,z) =n}. This means that every element having distance k
from y belongs to G - x. It follows that £/ must contain all multiples of k. But k is at
most 2. Indeed, suppose that k£ > 1. Let y be a vertex at distance k of x and z a vertex
at distance k from y and 2 from x. Then z € G(y) - x C G - x and therefore £ = 2 and
finally G-x = {z | d(x, 2) is even}. Let z € {2 | d(x, z) is odd}, then there exists g € G
such that d(g~'xz, 2) = 1 and therefore d(x, gz) = 1 and since G(z) is transitive on S, 1,
{z | d(z, z) is odd} is the second orbit of G.

Finally, if £ = 1 then G acts transitively on the vertices of 7" which has to be ho-
mogeneous. Let e be an edge and g € G with go(e) = t(e), then, since G(t(e)) acts
transitively on t7*(¢(e)), there exists h € G(t(e)) with hge = €, i.e. hg is an inversion
of e. Inversely, if G contains an inversion for some edge e, then clearly £ = 1 and G acts

transitively on the vertices of T'. O

Observe that, if the boundary of 7" has only two elements, the above proposition is false.
Indeed consider a chain on which we number the vertices so that the vertex k and k+ 1
are adjacent. To each vertex whose number is a multiple of n > 1 we ad one edge. The
boundary of this tree 7" has only two elements and the automorphism group aut (7) is

non compact since it contains a translation of step n. One sees easily, that if n is odd
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and n > 3 then for every vertex x of degree 2, the stabilizer group G(z) is trivial, and

if moreover n > 5, the group GG has more than two orbits.

We also observe that a group satisfying the hypothesis of the above proposition acts
minimaly.
Definition 5. An automorphism group G is said locally n-transitive if for every vertex

x of the tree T, the stabilizer G(x) of x acts transitively on the set {y € X | d(z,y) = n}.
If n =1, we say just that G s locally transitive.

Obviously a locally n-transitive automorphism group is also locally k-transitive for every
k<n.

Proposition 6. Any locally transitive closed subgroup G is unimodular.

Proof. At first, we notice that by the transitivity of the action of G(z) on t~1(x), we
have for every vertex x of T and every edge e of t~!(z),
Gla)= || hGle),
et~ 1(x)
where h. € G(x) with h.(e) =e.
Thus, if m (F) denotes the left Haar measure of a subset E of G,
m(G()) = Y m(hGle)) = [t~ ()| m (G(e)).
ect1(x)
It follows from the equality G(e) = G(e), that for every vertex x of T" and every edges
e,e € t7H(x)Uo ! (x),
1
m (G(e)) = ———m (G(z)) = m (G(€)),
|t~ ()]

and by induction on the distance between two edges, one sees that m (G(e)) = m (G(e'))

for every edges e, e’ of T'.

Let now g € G and e an edge of 7. Obviously we have G(ge) = gG(e)g~!. Let 1p
denote the characteristic function of the subset 2 of G and A the modular function of
. Then

n (G(e)) = m (Glge)) = / Ltyey () dh — / Lo (g hg) dh
~ [1owthayan — 5™ [ 1o mdn

= A(g™)m (G(e)) -

Thus A(g) = 1 and the group G is therefore unimodular. O
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Refer also to the unimodularity criterium of Bass-Kulkarni in [B; K].

Observe that, if the hypothesis of the above proposition is not satisfied, the group needs
not be unimodular, as the example of the stabilizer of a boundary point shows (cf.
[Nebbial).

Recall that, for a locally compact group G and a compact subgroup K of G, the pair
(G, K) is called a Gel’fand pair, if the convolution algebra C,.(G)? of complex valued
K-bi-invariant functions (i.e. functions [ satisfying f(kgk’) = f(g) for all k, k' € K)

with compact support on G is commutative.

Proposition 7. Suppose that the boundary of the tree T has at least three elements. Let
G be a closed non compact subgroup of aut (T') which acts transitively on the boundary
of T. Then (G, G(m)) 15 a Gel’fand pair for every vertex x.

Proof. By Proposition 4, G(x) acts transitively on the boundary of the tree T, and
since for each g € G, d(z, gr) = d(z, g9 'x), there exists k € G(z) with kgz = g~ ',
ie. gkgx = x. Therefore there exists k' € G(x) such that ¥/ = gkg, and hence
97! € G(x)gG(x).

This means that for every G(z)-bi-invariant function f, we have f(g~!) = f(g). Hence
for fi, f2 € Coo(G)* we have

ot = [ @) g W= [ @Rt ) dy
/Gfl(hg)fg(g_l) dg/(;fl(g_lh_l)fz(g)dg
- /sz(g)fl(g‘lh‘l) dg = fa* [i(h™) = fa* [ (R)

for every h € G. O

1.2 Groups with the Independence Property

Consider a locally finite tree T (i.e. every vertex of 1" has finite index).

First we notice the following obvious fact.

Lemma 8. IfS) and Sy are two subtrees of T' such that the union of their sets of vertices
is the set of all vertices of T, then for all automorphism group G, the elements of G(S1)

and G(S2) commute.
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Definition 9. We say that the group G has the independence property if for every edge
e of the tree T we have the equality

The group aut (7') of all automorphisms has of course the independence property. We
shall further see in Chapter 3 a large class of groups as the universal group which has

also this property.

If the subtree S has at least one edge, we define for each vertex x of S, the subtree

Fs, = U, where e runs along the set of edges of S having = as their terminal vertex.

Lemma 10. A group G of automorphisms of a tree T has the independence property if
and only if for every finite subtree S with at least one edge, the equality

G(S) = [ 6(Fs.a),
with x running along the set of vertices of S, holds.

Proof. Suppose that GG has the independence property. We shall prove inductively on
the number N of vertices of S that G(S) =[], G(Fs.).

For N = 2 it is the independence property. Let N > 2 and suppose that G is S’-
independent for all subtrees S” with N — 1 vertices. Take a subtree S with N vertices
and h € G(S). Take also a terminal edge f; since h € G(f), there exist hy € G(Ty) and
hy € G(Tf) with h = hyhy. If §” denotes the subtree obtained from S by cutting off the
edge f, then hy = hi'h € G(T{)G(S) C G(S) C G(S"). Write X' the set of vertices of
S’. By induction hypothesis hy = [], ¢y hy for some h, € G(Fs ). But we can easily
see that for all y € X'\ {o(f)}, Ty is a subtree of Fg , so h, € G(T}) for all these y,
and therefore hopy € G(T5) too. Finally

h = hihy € G(Tf) . H (G(Fglyy) N G(Tf)) = G(Fg’t(f)) . H G(ngy)

yex’ yeX’

= H G(Fsy), with y over all vertices of S.

Yy

O

If G is closed in aut ("), we notice that, using an approximation argument, it is possible
to prove such a statement for infinite subtrees S. Therefore one sees that for closed

groups the independence property is equivalent to Property (P) by J. Tits as stated
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in [Tits] (4.2, p. 197), just by taking for S all chains C' of length at least one. The
Property () introduced in [Nebbia] (p. 346) however, is somewhat more restrictive,
since it implies that the fixing group of a subtree A is equal the fixing group of the
minimal complete subtree containing A — it would have been enough to require this

condition for the complete subtrees only.

For a complete subtree S with at least one edge, and for each vertex x of S, we have
Fg, =T, if z is not a leaf, and Fg, = 1., if x is the terminal vertex of the terminal

edge e of S. Thus we have the following proposition:

Proposition 11. The group G has the independence property if and only if for every

finite complete subtree S of T'" we have
G(s) =] 6

where e is to be taken among all terminal edges of S.

Lemma 12. Suppose the automorphism group G of T = (X,Y') has the independence
property. Let x € X be a vertex of T and for each edge e of T write Xz C X the set of
vertices of the subtree T.. If O C X is a G(x)-orbit, then for each e € 0= (x), ON Xy is
a G(T.)-orbit. If further G(z) acts transitively on o='(z), then O = Ueco1(zy O N Xe.

Proof. 1t is enough to show that G(7¢) acts transitively on O N Xg. Take two vertices y
and 3" in O N Xz. Since the edge e is common to the geodesic segments joining x = o(e)
with y respectively joining o(e) to y’, an automorphism h € G(x) such that hy = ¢/,
fixes e. By the independence property of G, there exists h. € G(T.) and h: € G(T%)
with h = hehe, and therefore hoy = hhzly = hy = /. O

We write G for the subgroup of GG generated by the edge-fixing automorphisms.

Definition 13. We say that G acts minimaly on T, if there is no G-invariant proper

subtree and no element of the boundary of T' fixed by G.

If the tree T'is homogeneous or semi-homogeneous the group aut (7') acts minimaly on
T. We shall also see in Chapter 3, that the universal group U(F') does so. But for

example the stabilizer of a horicycle does not acts minimaly on 7.

Proposition 14. Assume that G has the independence property and acts minimaly on

T'. Then the following statements are equivalent.
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1. Gt £ {id}.

2. G(T.) # {id}, for every edge e.

If these conditions are satisfied, then G(S) # {id} for every finite subtree S of T and

therefore, G is not discrete.

Proof. That statement 2. implies statement 1. is clear.

Conversely if we show that for every edge e, the group G(e) is trivial if and only if G(T)
is trivial, then supposing that G £ {id}, take an edge e with G(e) # {id} and let ¢ be
any edge. As G(e) = G(e) and G(e) = G(&), one can suppose that 7. is a subtree of T¢,
thus

G(e) 2 G(T.) 2 G(1¢) # {id}

and G(T,) and G(1%) are non-trivial.

We show now that for every edge e, the group G(e) is trivial if and only if G(T%) is
trivial. The direct sense is trivial, so we show the reciprocal sense. If the tree 7' is
homogeneous of degree 2, then G(e) and G(7,) are trivial anyway. So we suppose that

T has at least one vertex of degree greater than 2.

Let e be an edge of T' and suppose that G(T.) = {id}. Then G(e) = G(T%), by the
independence property of GG. If we show that there exists a translation g € GG along a
doubly infinite chain C' which is contained in 7%, then the subtree T, = g7, would be

a subtree of T; and therefore we would have

G(e) = G(T.) € G(gT.) = gG(T.)g~" = {id} .

The group G is supposed acting minimaly on 7', so, by Lemma 2, there exists a transla-
tion hy € G along a doubly-infinite chain C;. Now we see that for every vertex z of the
chain, the orbit G-z has a nontrivial intersection with the set of vertices of the interior
of T: (This is the subtree T without the edges e and € and the vertex o(e)). Indeed,
otherwise the minimal subtree of T" containing G - x would be G-invariant and a subtree
of T, and hence a proper G- invariant subtree of T, which is contrary to our hypothesis.
Therefore there exists hy € G such that the chain h;C; has at least one vertex in the

interior of 7;. The automorphism hzhlhz_l is a translation along hC'.

Let ¢,¢ € T'(oc0) be the ends of the chain hoCy. Then at least one of them, say e, is

in T;(00). The end ¢ is not G-invariant, as well as the set {¢, €'}, otherwise the chain
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hyCy would be G-invariant and 7" must be homogeneous of degree 2, contrary to our
supposition at the beginning. Hence there exists hy € G with hse’ ¢ {¢, €'}, i.e. with
¢ ¢ {h3'e,h3'e'}. Consider the set M of the vertices of the chain hyCy which are the
closest to the chain h3'hoCy. Since ¢ is not an end of hg 'hyCy, there are only a finite
number of vertices of T, in M. This means that there exists a relative number n such
that (hahihy ') M is completely included in the set of vertices of the interior of T5. But
then, the chain C' = (hohihy")"(h3'heCh) is also completely contained in the interior
of T. and the automorphism g = (hohihy')*h3 hohihy *hs(hohihy')™™ is a translation
along C. O

Proposition 15. Suppose the boundary of the tree T' has at least three elements. Let
G be a closed non compact automorphism group of T' with the independence property.

Then G acts transitively on the boundary if and only if G acts locally 2-transitively on
T,

Moreover, if the above holds, the tree T is homogeneous or semi homogeneous and G
has at most two orbits on X. The group G acts transitively on the set of vertices of T if
and only if G contains for every edge of T' an inversion, otherwise the G-orbits on the

vertices are {z | d(x, z) is even} and {z | d(x, z) is odd} for some vertez x.

Proof. Let us write G(z) the permutation group on ¢~!(z) induced by the stabilizer

G(x) of . By Proposition 4 it is enough to show that for every vertex x, G(x) acts

transitively on the boundary if and only if for every vertex x, G(x) is 2-transitive.

Write for every edge e, G(e) respectively G(T) the group of permutations on t=!(¢(e))

induced by the stabilizer G(e) respectively G(7,). Then, if G has the independence
property, we have the equality G(e) = G(T.) and G(t(e)) is 2-transitive if and only if

G(t(e)) is transitive and G(e) is transitive on ¢! (t(e)) \ {e}.

Suppose now that M is 2-transitive for every vertex x. Fix now a vertex x. We show
that G(x) acts transitively on the boundary of 7. Let ¢ and ¢ be two ends of T" and
take the unique infinite chains v € € and +' € € starting from x. We show by induction
that for every natural number n € N, there exists g, € G(x) such that g,y(n) = v/'(n):
for n = 0, by transitivity of G(x), there exists go € G(z) with gov(0) = ~(0). If
we have g, € G(x) such that g,y(n) = +/(n), then by transitivity of G(T%,)) on
LY () \ {e}, there exists h € G(Ty ) with g™ = hg,v(n+ 1) = +/(n+1). By

closedness of G(x), we have the transitivity of the action of G(z) on the boundary.

The inverse statement is immediate. O
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Chapter 2

Unitary Continuous Representations

of Tree-Automorphism Groups

In this chapter we shall use the independence property to discuss the existence of some

irreducible unitary continuous representations of closed tree-automorphism groups.

We shall further give a complete classification of all unitary continuous representations
of the closed automorphism groups which have the independence property and act tran-
sitively on the boundary of the tree. Using Proposition 15, we see that such groups acts
in fact on the homogeneous or semi-homogeneous tree. The classification presented here
is a generalization of these given by G. I. Ol'shanski in [Ol'sh] and by Alessandro Figa-
Talamanca and Claudio Nebbia in [F-T; N|. Ol'shanski considers only the group aut (7")
for T" homogeneous and semi-homogeneous, and in [F-T; N] only the homogeneous tree
is treated and in the case of the supercuspidal representations, only aut (') is consid-
ered. Our classification applies to all closed non compact automorphism groups which
have the independence property and act transitively on the boundary (or equivalently:

which are locally 2-transitive) of the homogeneous or semi-homogeneous tree.

2.1 Definitions and Notations

Recall that the set of vertices of a tree has a natural metric and that aut (T"), the group of
all automorphisms of T" acting on this space by isometries, with the topology of uniform
convergence on compacts, is a locally compact topological group. Any closed subgroup

of aut (7) is also locally compact and admits therefore a left invariant Haar measure dg.

15
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We shall write m(F) for the measure of every measurable subset F of G.

Let G be a closed subgroup of aut (7') and let S be a complete finite subtree of 7.
Set Q(S) = G(S)/G(S) (which is in fact a group of automorphisms of S) and ps :
6’(5) — (S) the canonical projection. Consider the maximal proper complete subtrees
Si,..., 8, 0f S. One has G(S) C G(S;) C G(S). We set A; := ps(G(S;)). If S is neither
a point nor an edge, the A;’s commute and satisfy A; N[[,,; A; = {id}. Since the inner
automorphisms of the group Q(S) interchange the A;’s, the group N := A; x --- x A,
is a normal subgroup of Q(5).

Definition 16. We call the complete subtree S non degenerate if A; # {id}, for all i,
or, which is equivalent, if G(S;) # G(S) for all S;’s.

Definition 17. A unitary representation (w, K) of Q(S) is said to be non degenerate if

it has no non zero A;-invariant vectors for all .

Let (7, H) be a unitary, continuous representation of G, that is, the map g — (7 (g)v, w)
is continuous for every v,w € H. From now on, all representations will be assumed
unitary and continuous, nevertheless we’ll call them just “representations”. We write
HE for the subspace of K-invariant vectors, and H() = Ux HE, where K runs over
the set of open compact subgroups of GG. Since {G(S) | S C T finite complete} is a base
for the filter of neighbourhoods of id € GG, we know that

H(®) — U HEE) ’

S

where the union is over all complete finite subtrees S of T', is a subspace of ‘H. Moreover

H() is dense in H by continuity of the representation 7.

Definition 18. Let A, be the set of complete finite subtrees S for which HES) is non
trivial. This set is non empty, G-invariant and is ordered by inclusion. Let M be the

set of minimal elements of A

We call the irreducible representation (7, H)

1. super cuspidal if there exists an element of M, which is neither a point nor an

edge;
2. special if there exists an element of M, which is an edge;

3. spherical if there exists an element of M, which has exactly one vertex.
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2.2 Super Cuspidal Representations

Theorem 1. Let G be a closed automorphism group of a locally finite tree T with the

independence property.

1. (a) If (x,H) is a super cuspidal representation of G, then

(b)

(c)

1. the group G acts transitively on M;;
i. all coefficients of ® with vectors in H®) have compact support;

it if S € My and w is the representation of Q(S) defined by the action of

6(5) on HES) | then w is irreducible, non degenerate and w is equivalent
€]

to the representation indG(S

) (wopg) induced to G by w o pg.
If S is a finite complete non degenerate subtree of T' and w a non degenerate

irreducible representation of Q(S), then the representation

T(S,w):= iﬂdg(5> (wops)

mduced on G by w s irreducible and super-cuspidal.

Moreover, the representation T'(S,w) is equivalent to another such representa-
tion T'(S", ') if and only if there exists g € G with 8" = ¢S and W' corresponds
to w via the isomorphism Q(S) — Q(S") induced by g.

If G is unimodular, then the formal degree of T'(S,w) is equal to
dim w

m (6(5))’

where m (CN?(S)> is the measure of é(S)

2. If G acts minimaly and if G is not trivial, then G has a super cuspidal represen-

tation.

3. If G acts transitively on the boundary of T, i.e. if G is locally 2-transitive, then

there exists for every complete finite subtree S, with at least one vertex which is

not a leaf, a super cuspidal representation = with S € M.

Proof of the Theorem

The following fact, due to G. I. Ol'shanski (see [Ol'sh|), is of great importance in the

proof of this theorem:
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Lemma 19. Suppose that G has the independence property. Let U be a complete finite
subtree of T with at least one vertex which is not a leaf and let V' be a complete subtree

not containing U. Then there exists a proper complete subtree W of U such that

GW) C GG,

Proof. Since U is not contained in V', one can take a leaf x of U which is not in V'; now
pick the adjacent vertex y in U. The tree U is complete and y is one of its vertices which
are not leaves, therefore all edges of T' with y as terminal vertex are in UU. Moreover
for one of those edges e, the tree V' is contained in 7., because V' is complete. Let
W = T.NU; this is a complete finite subtree containing the edge e. As G has the
independence property, by Proposition 11, we have G(W) = G(T.) [[; G(Ty) where f
are all terminal edges of W which are terminal edges of U. For these edges one has
U C Ty, so G(Ty) € G(U); on the other hand, G(T.) C G(V), since V' C T,. It follows
that G(IW) C G(V)G(U). O

From now on and for the rest of this section, let us suppose that G is a closed subgroup

of aut (T") having the independence property.

Lemma 20. Let S and S’ be complete subtrees, where S is finite and contains at least
one vertex which is not a leaf. If [ is a G(S)-right-invariant and G(S")-left-invariant
complex function on G such that fG(U) f(gk)dk is defined and equals zero for all complete
proper subtrees U of S and for all g € G, then it is supported in

{geGlgSCS}.

Proof. If g € G satisfies ¢S € S', ie S € ¢g~'5’, then by Lemma 19 we can take a
complete proper subtree U of S such that G(U) C G(g7'S")G(S) = g7'G(S")gG(S).
Therefore gG(U) C G(S")gG(S) and thus for all h € G(U), f(9) = f(gh). Hence
f(g) = m fg(U) f(gk)dk = 0. u

For finite complete subtrees S, let H(S) denote the subspace of L?(G) consisting of
all G(S)-right-invariant functions satisfying fG(S,) f(gk)dk = 0, for all proper complete
subtrees S’ of S and for all ¢ € GG. This subspace is closed and invariant under the
action of the left-regular representation. Thus let Ty denote the unitary continuous

representation of G obtained by restricting the left-regular representation to H(S).

From now on S will denote a finite complete subtree with at least one vertex which is

not a leaf.
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Lemma 20 gives the following corollaries.

Proposition 21. The subspace H(S)%) of G(S)-bi-invariant functions in L*(G) has

finite dimension.

Proposition 22. If (7, H) is a super cuspidal representation, then for all u,v € H®)
the coefficient g — (u, w(g)v) has compact support.

Which proves the statement 1.(a)ii. of Theorem 1.

Lemma 23. If (7, H) is a super cuspidal representation of G, then G acts transitively
on M,.

Proof. Since 7 is super cuspidal, there exists S € M, whose vertices are not all leaves.
Take U € M, and pick v € HE) v € HES) both non zero, and set f(g) = (u, 7(g)v)
for all g € G. Then f € H(S)“®), is continuous and non trivial because v is cyclic. It
follows that @ # supp (f) C {g € G | ¢S C U} and there exists g € G such that ¢S C U.
Therefore the vertices of U are also not all leaves. Now we can set ['(g) = (v, 7(g)u) for
all g € G and obtain a non trivial continuous function supported in {g € G | gU C S}.
Hence there exists h € G with hU C S. Because g and h are automorphisms and S and
U are finite, this implies that ¢S = U and hU = S. O

This proves statement 1.(a)i.

Lemma 24. Fvery non trivial Ts(G)-invariant closed subspace of H(S) contains a non

trivial G(S)-bi-invariant function.

Proof. Suppose that M is a non-trivial closed Ts(G)-invariant subspace of H(S) and
take u € M and g € G such that u(g) # 0. The function v = fg(s) Ts(kg Hu dk is

G(S)-bi-invariant and, since M is closed and Ts(G)-invariant, v € M. Moreover

v(id) = /G(S) u(gh™) dk = /G(S) u(g) dk
=m (G(9))ulg) #0, iev #0.

a

Proposition 21 and Lemma 24 imply that the representation (Ts, H(S)) is a finite sum
of irreducible representations. By Lemma 20, H(S) does not contain nonzero G(S’)-
invariant vectors if S’ is a proper complete subtree of S. Therefore Ty is finite sum of

super cuspidal representations.
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Lemma 25. Let (7, H) be a super cuspidal representation of G and S € M. Then «

is equivalent to a sub-representation of Ts.

Proof. Fix ¢ € HE)\ {0}. The linear operator U : H(®) — H(S) defined by U(n)(g) =
(n,m(g)€) for all ¢ € G is continuous and intertwining = and Ts; consequently its
continuous extension on H is an intertwining operator and is, by Schur’s lemma, a

positive multiple of an isometry. O

Therefore we have the following corollary.

Proposition 26. The representation Ts is the finite direct sum of all super cuspidal

representation © having S € M.

Lemma 27. If (w,K) is an irreducible non-degenerate representation of Q(S) then
w o pg 1s equivalent to a sub-representation of 5(5) defined by the action of Ts(é(S))
over H(S)¢®).

Proof. The subspace H(S)%®) is clearly G(S)-invariant. Now fix & € K\ {0}. The
linear operator U : K — H(S)S), where Un(g) = (n,w o ps(g)), if ¢ € G(S), and
Un(g) = 0, if g € G\ G(S), for all n € K is continuous and interlacing w o ps and
Ts. O

Now we consider an irreducible non degenerate representation (w, ) of Q(S). By
Lemma 27 we can suppose that (w o pg, K) is a sub-representation of TS|§(S) restricted
to H(S)¥®). Recall that the induced representation 7(S,w) of w o pg acts as the
left-regular representation on the Hilbert space £ of functions f : G — K satisfying
flgh) = wops(h™)f(g), for every h € 6(5) and g € G, and [ /()] dg < o0. The

scalar product is given by
(i) = [ ) Fla) g (withi, fo € £)

and moreover

1P = [ W@l = Y 1r@lim (Gs)

9eG/G(S)

where g € g. Therefore, if L' designs the closed and non-trivial subspace of £ formed

by the functions supported in 6(5), the subspace

P 1S WL

GEG/G(S)
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is dense in L. Recall that we consider K as a subspace of H(S)%().
For f € T'(S,w)(g)L' (g € G) we see, that for all k € G(S) following equalities hold:

Ts(gk)(f(gk)) = Ts(g) o Ts(k)(f(gk))
= Ts(g) (w o ps(k) (f(9h)))
= Ts(g)(f(9))-

Therefore we can define the function
Uf=m () (1) (f))),
which is obviously an element of the subspace of G(gS)-left-invariant functions
H(S)“S) = T (g)H(S)“.

Since the Haar measure is left-invariant,

10113 = m (G()) [ [7stab) (rlgt)) )
w (6®) [ (e (k) B[ an
w (G®) [ |(em)mfan
= m (G(S)) I g1l

Hence the function &k — || f(k)||5 is supported and constant, on gG(S), so

17 = [ hraizan— | I dn
= (GS) I3

and finally

1Al = 1A

The linear map
U: @ TS w)g)L — H(S)
GEG/G(S)
is an isometry, extensible to £ and interlacing T'(S, w) and Ty, since, if f € T(S,w)(g)L’,
then T'(S,w)(h)f € T(S,w)(hg)L', and so
U(T(S,w)(h) ) = Ts(hg) ((T(S,w) () ) (hy))

= Ts(W)Ts(9)(/(9)) = Ts(WU .
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We now show that T'(S,w) is irreducible. Let M be a closed G-invariant subspace of
L. The pre-image of H(S)“®) by U is £’ hence by Lemma 23, M has a non-trivial
element ¢ of L. Moreover ¢(id) # 0 because ||p(id)||, = ||¢(k)], for all k € G(S). As
(wo ps(k))(id) = (T(S,w)(k)f)(id) for all k € G(S) and for every f € M N L', the set
K' = {f(id) | f € M N L'} is a non-trivial G(S)-invariant subspace of K. But w o pg is
irreducible, so K’ = K. It then follows that for each g € L', there exists f € M N L'
with g(id) = f(id). Moreover

g(k) = wops(k™")g(id) = wops(k™") [ (id) = [(k)

for all k € 5(5), ie g = f. Consequently £ C M, hence M = L because M is closed
and G-invariant and ;¢ /a(s) T'(S, w)(g)L" is dense in L.

We have shown the following lemma:

Lemma 28. If w is a non degenerate irreducible representation of Q(S), then the rep-
resentation

T(S,w)= indg(s) (wops)

is equivalent to an irreducible sub-representation of Ts, therefore T(S,w) is super cusp-
wdal.

Next lemma proves the statement 1.(a)ii.

Lemma 29. Let (7, H) be a super cuspidal representation of G, S € M, and w the
representation of Q(S) defined by the action of G(S) on HE®), then w is irreducible

non degenerate and 7 is equivalent to T'(S,w).

Proof. Let M be a non-trivial, closed and Q(S)-invariant subspace of HE). Take a
non zero vector v of H¢) and a non zero vector u of M. Consider the function f : ¢ —

&%) hence, by Lemma 20, it is supported

(v,m(g)u). It’s a non trivial element of H(S)
by G(S). Therefore there exists g € G(S) with (v, w o ps(g)u) = (v, 7(g)u) = f(g) # 0.
But M being Q(S)-invariant, w(pg(g))u € M. It follows that the orthogonal space of

M in HE®) is trivial, ie M = HEW),
The representation w is obviously non degenerate.

Since w o pg is equivalent to a sub-representation of the reduction to 6(5) of the repre-

g(s) (wops) =T(S,w), it follows from Lemma 25 and Lemma 28 that 7 is
equivalent to the representation indg(s) (w o ps). O

sentation ind
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For an irreducible non degenerate representation (w,K) of Q(S5), let, for € € K, be
Je(9) =wops(gHEif g € G(S) and Jelg) =0if g€ G\ G(S). Then fe is an element
of H, the Hilbert space on which T'(S,w) acts, and we have for all n € K, the scalar
product

UﬁT@wXMk>QLQEMLE@*Mﬁ%

= Jae (wh™n,w(h™'g)¢) dh

G(S
:H(aa)mw@@,

if g € G(S), and = 0 if g & G(S). Therefore every coefficient of w is a coefficient of

T(S,w) and with the preceding we have following lemma.

Lemma 30. Let (w,K) and (&', K') be two irreducible non degenerate representations
of Q(S) respectively Q(S"). Then T(S,w) and T(S",') are equivalent if and only if
there exists g € G such that 8" = ¢S and W' corresponds to w via the isomorphism
G(S) — G(S") induced by g.

Lemma 31. If S is a non degenerate subtree which is neither a point nor an edge, then

Q(S) has a non degenerate irreducible unitary representation.

Proof. Let m; be an irreducible not one dimensional representation of A; and set 7 =
M ®...0m, and w = indgii)mXAn (7), then 7 has no non-zero A;-invariant vectors
and, using the formula for the restriction to A; x ... x A, of w, one sees that w is

non-degenerate. O

For each edge e we write G(T.) the group of permutations on t‘l(t(e)) induced by the
stabilizer G(T.). The following lemma is an immediate consequence of the definition of

non degenerate subtrees:

Lemma 32. If for every edge e ot T, the permutation group G(1.) is not trivial, then

every complete subtree which is neither a point nor an edge is non degenerate.

Lemma 33. Let x© be a verter and S the minimal complete subtree of T containing
all vertices adjacent to x. If the stabilizer G(x) acts 2-transitively on the leaves of the

subtree S, then Q(S) has a non degenerate irreducible unitary representation.

Proof. If we identifie the leaves of S with the elements of the set of numbers {1, ..., d},

where d is the degree of x, then Q = Q(5) is a 2-transitive permutation group of
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{1,...,d}. We define for every g € Q define the d x d-matrix Py = (0 4(;)){,_;, where
Ok, is the Kronecker symbol. The map g — P, is a unitary representation of ) onto the
space My1(C) of d x 1-matrices. Write e; = (0;;)1, the d x 1-matrix with only zeros
except at the line j where is the number 1. The subspace C - (327, e;) is Q-invariant.
Let M be the orthogonal complement of C - (Z?Zl e;). Then M is also @Q-invariant.
But M is also irreducible, since MRM — . (e1 — lel ZZCLQ e;) is of dimension one and

d . .
the vector e; — -2 >7 , € is cyclic. O

The statement 1.(b) follows therefore from Lemma 28 and Lemma 30 and the statement
2. follows from statement 7.(b) and Lemma 31. The statement 3. follows from 2. and

Lemma 33.

Now, assume furthermore that G is unimodular. Take £ € K, such that ||£]| = 1, and
let fe be as before. One has, if dr(s.) designs the formal degree of T'(S,w),

1

dr(sw)

2 1
 drsw)

_ /G (e T(S, ) (9) fo) 2 dg

m (@) |

m (6(5)) &(s)

(feo fe)?

m (5(5))

(e, T(S,w)(9) f)]* dg

dim w

and finally

dT(S,w) -

We have now proved the theorem.

2.3 Classification of the Representations

In Proposition 15 we have seen that, if on a locally finite tree a closed non compact group
acts transitively on the boundary, then the tree is homogeneous or semi-homogeneous
and the action of the group on the vertices of the tree is either transitive or has two
orbits. We shall now give a classification of the continuous unitary representations of

a closed non compact locally 2-transitive automorphism group with the independence
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property of a homogeneous or a semi-homogeneous tree. This classification applies on a

larger class of groups than the classifications known before (c.f. [Ol'sh] and [F-T; NJ).

Theorem 2. Suppose the closed non compact automorphism group G has the inde-

pendence property and acts transitively on the boundary of T, where T = (X,Y) is

a homogeneous tree of degree d > 3 or a semi-homogeneous tree of degree (r,s), with
r,s>2andr >3 o0rs>3.

Then a unitary continuous irreducible representation (7, H) of G is of exactly one of the

three types: super cuspidal, special or spherical.

1.

2.

(a) If (7w, H) is a super cuspidal representation of G, then

1. the group G acts transitively on My;
i. all coefficients of © with vectors in H™) have compact support;

. if S € My and w is the representation of Q(S) defined by the action of

6(5) on HE®) | then w is irreducible, non degenerate and w is equivalent
G

to the representation indG(S

) (wops) induced on G by w.

(b) If S is a finite complete subtree which is neither a point nor an edge, then
there exists at least one non degenerate irreducible representation w of Q(S),

and the representation

T(S,w) = indg(s) (wops)

induced on G by w s wrreducible and super cuspidal, and S € Mg, .

Moreover, the representation T'(S,w) is equivalent to another such representa-
tion T'(S', ') if and only if there exists g € G with 8" = ¢S and W' corresponds
to w wia the isomorphism Q(S) — Q(S") induced by g.

(c) The formal degree of T'(S,w) is equal to
dim w
m (6(5))’
where m (6(5)) is the measure of G(S).
(a) If G acts transitively on X, there exist precisely two equivalence classes of
special representations ()\_1,7-[(6)_1) and ()\1,7-((6)1).

(b) If G has two orbits on X, there exists precisely one equivalence class of special

representations ()\1, H(e)l) .
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(c) The group G acts transitively on the sets My_, and M,,.

(d) The representations (A_1, H(e)) and (A1, H(e)) are square integrable and de-
fined as follows:
Let e be an edge of T, set H(e) the subspace of L*(G) consisting of the G(e)-
right-invariant functions f satisfying fG(x) f(gk)ydk = 0 for all g € G and
x € {o(e),t(e)}. Further let o be the linear involution on H(e) defined by
a()(g) = f(gg) where § is an inversion of the edge e, if there exist such in
G, or g = id otherwise (This involution does not depend on the choice of ).
Write H(e),. the eigenspace of o corresponding to the eigenvalue k € {—1, 1}

and A, the restriction on H(e), of the left reqular representation of G.

3. (a) If = is spherical, then following holds:
1. The set M, corresponds to the set X of vertices of T,
ii. For everyx € My andu € HE® with |jul| = 1, the function g — ¢, (g) =
(u, 7(g)u) is a zonal spherical function with respect to the compact group
G(x);
(b) Let x be a vertex and a the degree of x.

1. If G acts transitively on X, the equivalence classes of spherical represen-
tations m with x € M, are in one to one correspondance with the interval
|—1, 1] via the map © — p=(g) where g € G such that d(gz, x) = 1.

1. If G has two orbits on X, the equivalence classes of spherical representa-

tions ™ with x € M, are in one to one correspondance with the interval

24+(a—2)(r+s—a—1)
[_ a(r+s—a—1) ’ 1

| via the map © — px(g) where d(gx,z) = 2.

. The spherical representation corresponding to ¢(g) = 1 is the trivial
character.

w. If G acts transitively on X, the spherical representation corresponding to
©0(g) = —1 is the character g — (—1)%®9%) and writing 7 the spherical
representation corresponding to A € [—1, 1] we have 7_\ = 7_1 @ ™\,

the inner tensor product of m_1 and 7.

(c) Let x,y be two vertices. Let a be the degree of x and b the degree of y. Let
Te be a spherical representation with x € My, , and X = ¢x, ,(g) and let
Ty be a spherical representation with y € My, , and pn = or, (g) with g as
above. Then 7, and my, are equwvalent if and only if

: a(b—1) \ a—b
bla — 1) b(r+s—>b—1)
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2.3.1 Super Cuspidal Representations

If M, contains a complete finite subtree S with at least two edges, then Theorem 1

applies immediately.

2.3.2 Special Representation

Let e be an edge of T. Recall that there exists an inversion § € G if and only if G
acts transitively on X. We write H(e) the set of G(e)-right-invariant L2-functions f
satisfying

f(gk) dk =0

G(x)
for all g € G and x € {o(e), t(e)}.

Lemma 34. Let S be a finite complete subtree and [ a continuous G(e)-right-invariant

and G(S)-left-invariant function satisfying

flgk)dk =0
G(x)
for all g € G and x € {o(e),t(e)}. Then the function [ is completely determined by the
values it takes on the set {g € G| ge is an edge of S}. More precisely, if g € G is such
that ¢'e or g'e is a terminal edge €' of S, then for every g € G such that ge is an edge
of T, we have

1)n+1

f(d'9),

flg) =

n

(—
((a—1) b—l) g - ”“‘Q[nTH]
). |

where (a, (‘t 1( | |t“ )‘ 1s the integer part of the real number q,
g 1s an inversion of e if d(g't(e), gt(e )) is odd and the identity otherwise (observe
that if G does not contain any inversion, this distance is always even), and n =

min {d(g't(e), gt(e)),d(g't(e), gole)) }. In particular, f is square integrable.

Proof. Let f € H(e) be a G(S)-left-invariant function and take g € G be such that ge is
not an edge of S. Let ¢’ be the terminal edge of S which is the closest to ge. By replacing
e by e if necessary, we can take ¢’ € GG such that ¢ = g'e. Let eg = €', e1,...,e,,1 be a
chain with e, = ge or ge and pick for each i € {0,1,...,n} a k; € G(t(e;)) such that
kie; = €iy1. Then ge = ky - ... - kog'ge, where § is an inversion of e if d(g't(e), gt(e)) is
odd and the identity otherwise.
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Let 0 < i < n. Since by Lemma 15 the permutation group G(z) is 2-transitive for every
vertex z, there exists for each £ € 7! (¢(e;)) \ {e;} a h* € G(T.,) C G(S) with hfe;1 =&
and hence for every v € G with ve € {e;, €;} we have

(T (te)) | =) f k) = > f(hke)

et (t(ei))\{ei}

1
—— > F(h k) dk — f(7)
m(G(e')) cet e G
= > fOWhek) dk — f(7)

(

1
= m o JOYk) dk — f(v) = = f(),

where x € {o(e), t(e)}, and therefore by induction on n,

o (_1>n 7~
flg) = H?:()(‘t_l(t(ei))‘ — 1) f(d'9).

eet L(t(e)) Gle)

The square integrability of f follows. O

As a corollary to this lemma the dimension in H(e) of the subspace of G(e)-left-invariant
functions is equal to the index [G(e) : G(e)].

Now consider the left-regular representation A of G in H(e), i.e. the representation
defined by A(g)f(v) := f(g~'v) for every v € G. This representation is known to be

unitary.

Lemma 35. Every non-trivial closed A\-invariant subspace of H(e) contains a non-trivial

G(e)-left-invariant function.

Proof. Let M be a non-trivial closed A-invariant subspace of H(e) and let u € M and
g € G with u(g) # 0. The function f := fG(e) M)A (g Hudk is G(e)-left-invariant.
But f is also non-trivial, since f(id) = fG(e))\(k’g_l)u(id) dk = fG(e) u(gh—Y) dk =
m (G(e)) u(g) 7 0. O

Therefore if G has two orbits on X, the representation ()\, ’H(e)) is irreducible.

If G contains an inversion and hence an inversion of e, we consider on H(e) the linear
involution o defined by o(f)(g) := f(gg) for every g € G, were § € (G is an inversion of
e. This involution does not depend on the inversion g since, if §; is an other inversion of

the edge e, the automorphism §;'g fixes e and we have f(93) = f(90197"9) = f(9d1).
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We write H(e)t and H(e)~ the eigenspaces of o corresponding to the eigenvalues 1
respectively —1. These subspaces are closed in H(e) and A-invariant, which implies that
the restricted representations (A*,H(e)Jr) and ()\_,H(e)_) are irreducible.

Lemma 36. The representations (A, H(e)") and (A=, H(e)™) are inequivalent.

Proof. The formula given in Lemma 34 shows that if § is an inversion of the edge e and
/ is a G(e)-left-invariant function, then AXT(g)f = fif f € H(e))" and \=(g)f = —f if
| € H(ey)™. Suppose there exists an unitary operator T : H(e;)T — H(ey)™ interlacing
AT and A7, Then, if f € H(e;)" is a non trivial function, Tf = TAT(g)f = A\ (§)Tf =
—T'f and hence T'f = 0 which contradicts the injectivity of 7' O

Let (7r, H) be a continuous unitary irreducible representation of G. Suppose M, contains
a subtree with exactly one edge e. If v is a W(G(e))—invariant vector and g € G, then
m(g)v is 7(G(ge))-invariant, hence ge € A;. Since G(o(e)) and G(t(e)) are conjugated
in GG the edge ge is also minimal and thus element of M. Therefore, since G(e) = G(e),

the set M, contains all edges of T

Fix now an edge e of T. Let u € H%® and v € H® two non trivial vectors. Then
the function ¢ — f,4(9) := (v, 7(g)u) is continuous G(e)-right-invariant and G(S5)-left-

invariant for some complete finite subtree S and satisfies

flgk)dk =0
G(x)
for all ¢ € G and = € {o(e),t(e)}. Therefore f € H(e) and the representation
7 is square integrable. For fixed non trivial G(e)-invariant vector u € H, the set
Du{v € H| fou € H(e)} is stable under the action of 7 and contains H* and hence
is dense in H. The linear operator T, : D, — H(e),v — f,4 is closed. Indeed, if
v, — v, we have Tv,(¢9) = fo,u(9) — (v,7(g)u) =: f,. by continuity of the scalar
product. Moreover, if |Tv, — f|, — 0 for some f € H(e), then Tv, — f allmost
everywhere and hence in H(e) the f = f, . =: Tv. We have also T7(g)v(7) = fa(g)ou =
(r(g)v, TV, =) (0, 7 (g9 = Fualg™) = Ag)fualy) for all g,7 € G. Tt follows
that T' is a non-zero multiple of an isometry (c.f. for example [Gaal|, p. 160, proposi-

tion 10) and therefore the representation (7r, H) is equivalent to a subrepresentation of

(A, H(e)).
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2.3.3 Spherical Representations

Fix a vertex x of T'. Without limiting the generality we write r the index of the vertex
x and hence all vertices at even distance to x and s the index of the vertices at odd
distance to z. If r = s, we write d = r = 5. We also set k = 1 if G acts transitively on

X and xk = 2 otherwise.

In the following, dg represents the left invariant Haar measure m (.) with m (G(x)) = 1.
We write Coo(G)? the space of continuous complex valued functions f with compact
support which are G(x)-bi-invariant, i.e. which satisfy f(kgk’) = f(g) for all k, k' €
G(:E) This space endowed with the convolution product (fi, f2) — f1 * fo defined by

Ji* = [, filg) f2(h™"g) dg is an algebra.

By proposition 7, (G,G(x)) is a Gel'fand pair. Therefore the convolution algebra

Coo(G)? is commutative. By Proposition 6 the group G is unimodular.

A continuous complex valued function gp on G is a sphem’cal function if it is G(z)-bi-
invariant and such that the map f — x(f) = [, f(9)¢(¢7") dg is a non trivial character

of the convolution algebra Co,(G)".

We write also L'(G)? the space of the (classes of) complex valued integrable G(x)-bi-

invariant functions on G. This space is also a commutative convolution algebra.

In [Far|, page 320, we have Theorem L.5:

Lemma 37. Let ¢ be a bounded spherical function. Then the map [ — x(f) =
Ja I( Ydg is a character of LY(G)*, and all characters of LY(G)* are of this form.

A complex valued function ¢ on G is positive definite if for every choice of ¢y, ..., ¢, € C

and g1, ..., 9, € G we have Y7 ciéjgp(gigj_l) > 0. For such a function we have of
course p(g7") = »(g).

By Proposition II.1 and Theorem II1.2 in [Far|, pages 323 and 331, we have following

result:

Lemma 38. 1. For each positive definite spherical function o, there exists an irre-
ducible unitary representation (7@&, ng) accepting a G(x)-invariant vector u such
that ¢(g) = (u, 7p(g)u) for all g € G.

2. Let (7r, H) be a unitary representation accepting a cyclic G(x)-invariant vector v’

such that p(g) = (U, w(g)u) for all g € G, then there exists a unitary isomorphism
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U :H, — H such that Uom,(g) = 7(g)oU forallg € G andUu = . In particular

the representation (7?, H) 18 irreductible.

We have also Theorem III.1 in [Far|, page 330:

Lemma 39. If (G, K) is a Gel’fand pair and (7, H) an irreducible unitary representation

of G, then HX is of dimension at most one.

Therefore for each spherical representation (7, H) corresponds exactly one positive defi-
nite spherical function ¢,. This function ¢, is the matrix coefficient (u, 7(g)u) = v.(g)
with u € H%® and |jul| = 1. Conversely, every positive definite spherical function is a
matrix coefficient of a spherical representation. In particular different sherical functions

are coefficients of inequivalent representations.

In order to study the spherical representations 7 of G with x € M, we are therefore
interested in studying the bounded positive definite spherical functions of the Gel’fand
pair (G, G(x)).

Since G(x) acts transitively on all spheres S, ,, = {z € X | d(z, z) = n} for every radius
n, the convolution algebra C,..(G)* can be identified to the set Coo(kN) of complex
functions with finite support on &N via the isomorphism f — f defined by f(g) =
f(d(x, gz)) for all g € G. For the integral we have

/ P dg =m(G) Y F(dr,2) = m (G@) Y [Sarl ).

zeG-x resxN
The convolution of two G(x)-bi-invariant functions f; and f; is therefore
fux falg) = Y fild(x, 2)) fo(d(gz, 2)).
z€G-x

Observe that for every g € G, G(z)gG(x) = {¢' € G | d(x,¢'x) = d(x, gx)}. Therefore

if we set for i € kN,
1
i = o La(a)gce)s
¢ 5,4 @G

where g; € G with d(z, g;x) = i, we have for every m,n € kN, with m > n > 0,

o |Sx,m m ng,n|

O * Om(g) = dm * dnlg) = T

This gives

—_

n—

—l_ 1 d—2
d ((d _ 1)n¢m—n + m¢m—n+2k + ¢m+n)

1

d
¢n*¢m:

B
I
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if G acts transitively on X

_ 1 1
¢n * ¢m = L ( = ¢m—n
r ((r— (s — 1))2
E §—2
! 521: ( D Ela
r—2
' (r=1((r=1(s— 1))%—1%‘”*41)
§—2
+ m¢m+m—2 + ¢m+n)
otherwise, and hence
$1 ifm=20

¢1*¢m:

%d)m—l + d?Tl(z)m—i—l if m Z 1

if G acts transitively on X and

¢2 - ¢m B 1 s—2 r—1 :
m¢m—2 + m@n + = m2 ifm>2
otherwise. This means that ¢, and ¢, generate Co,(G)A.
Let x be a character of Coo(G)%, then the suite (pi(\))
soon as we know x(¢.) = A, since x(¢o) = 1. We have
po(A) =1
pi(d) = A
p(A) = %)‘pn—l()‘) - ﬁpnﬂ()\)a nz>2

= (x(¢s)), is determined as

%

if G acts transitively on X and
po(A) =1
p2(A) = A
pa(A) = %pn—ﬂ)‘) - mpn—d)‘)a n=4

otherwise.

Lemma 40. A G(x)-bi-invariant function ¢ on G is spherical with respect to the com-

pact subgroup G(x) if and only if we have

/G ( )so(gkg’) = o(g)e(y)

for every g, 9" € G.
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Proof. See for example Proposition 1.3 in [Far|, page 319, or Theorem 10 in [Gaall,

page 451.

Lemma 41. The function g — @A(9) = Dd(z,g2)(N) is spherical and all spherical func-

tions of G are of this form. In other words, a G(x)-bi-invariant function ¢ on G is

spherical if and only if it satisfies following conditions:

p(n) = 75 p(n—1) — 5o(n—2), n=>2

if G acts transitively on X and

p(n) = D on - 2) — ——d—pin—4), n>4

otherwise, where X is some complex number.

Proof. Let ¢ be a G(x)-bi-invariant function. Pick ¢g,¢' € G and set m = d(x, gx) as

well as n = d(z,g'z). Since ¢(gkg’) = o(¢""'k~1g™!), we can suppose m > n. We

compute

/ w(gk’g’)dk/ (d(g™"a, kg'x)) dk
G(x)

G(z)

= / / ¢(d(g™ @, khg'x)) dk dh
G(2)/G(Ta,n) J G(Ta,n)

— / / ¢(d(g™ , kg'z)) dk dh
G(x)/G(Tz,n) Y G(Tz,n)

= m (G(Txn)) Z @(d(g_lxa z))

m+n

Y 18ek N Syanl 9(R)

k=m—n

Z |Sm,m—n+2k N ng7n| Qp(m —n-+ 2]{})
k=0

1
|l

1
|l

This gives

d—1 1
/ o . i
/G@) o(gkg') dk = y ( y o(m —n)
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if G acts transitively on X, and

, r—1 1 o
/G(m)w(gkg)dk— . (((r_l)(s_l))%so(m n)
Ei s—2
+ 7 P(m —n+ 4l - 2)
;((0—1)(5—1))2* 7
r—2
+ w=o(m —n+4l)
(7"—1)((7"—1)(5—1))2 i )
s—2 . .
+mgp(m+n—2)+gp(m+n))

otherwise.

We have to show that ¢, is spherical. Since for every natural number 7 the function

ox(1) = pi(A) = x(¢;), we have, using above computations,
A = A ) = X Xm) = Xm0 = [ ok

hence ) is spherical by Lemma 40.

In the other sense, if ¢ is spherical, using above formulas with n = &, we see that

o(k) = pe(A) for every natural number k, where A = p(1). O

Therefore all spherical functions of G with respect to the compact subgroup G(x) are
given in a unique manner by ¢, with A € C. We shall now give another characterisation

of those spherical functions.

For the vertices y # z, we define the open compact subsets O,(z) = T.(c0) of the

boundary T'(c0) of the tree 7', where e € 07'(2) such that d(y,t(e)) < d(y,o(e)).

We have for every vertex y and for every natural number n, the equality 7T'(co) =

U.es,.. Ou(2). Since |Syn| = ;45 (a — D2l — DI if n > 1, and |S,0| = 1 (where a

is the degree of y, b € {r, s} \ {a} and [a] denotes the entire part of a € R), the only
a—1

G(y)-invariant Borel probability measure g, on T'(co) satisfies p1,(Oy(2)) = “=L(a —
DE (b — DB ifn = d(y, 2) > 1.

Let € € T(o0) and y a vertex. We write €, € € the unique infinite chain with o(e,(0)) = y
representing the end e. If y and z are two vertices, there exists a unique relative number
k such that e,(n+ k) = e.(n) for n > 1(d(y, z) — k). This number k defines a function
k(y,z,€) = k.
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Pick now a vertex y, a g € G, € € T(00) and set k = k(x, gx,¢). Observe that
o (O(ey(n + k))) = Ogy (0(€gy(n))>
for n > £(d(y, gy) — k). Therefore

Hgy (Oy(o(fy(n + k)))) = Hgy (Ogy(o(égy(n)»)

- 1 ka3 n
=2 (- B -
a

(where a is the degree of y, b € {r, s} \ {a}) while

a—1
a

nt+k

(a— DI — 1)1,

i (O (oley(n+ 1)) =

and hence for n > 1(d(y, gy) — k) we have

pau (O (0ley(n + 1)) = (@ — DRI — I, (0, (ofey(n 4 )))).

Since the set of O, (o(ey(nJr k))) form a base of neighbourhood of €, and observing that if
G has two orbits on X, £ is an even number, we get the formula for the Radon-Nikodim

derivate

d d— 1)k if G acts transitively on X and
Hgy (6) =
dpuy ((r = D)(s— 1)

E
2 else.

k
2

In fact, one observes that we can write in both cases ﬁ%’(e) = ((r—=1)(s—1))%. We

shall hence set o = /(r — 1)(s — 1).

Set for g € G and € € T(c0), the number

dp
Py(g,¢€) = dﬂgy(e) =a.
Yy

For fixed g, the function € — P,(g,¢€) takes only finitely many values, because for all
e € T(o0), we have —d(y, gy) < k(y, gy,€) < d(y, gy). This function is eventually (for
fixed g) a linear combination of characteristic functions of the sets O,(z) and is therefore

integrable.
Lemma 42. For every v € C with Re(v) > 0, set
M) — {%((d — 1Y+ (d— 1)) if G acts transitively on X
ﬁ(((r —1)(s— 1))V + ((T —1)(s— 1))1_V + 5 — 2) else,

then the function R + iR — C,v — \,(v) is surjective and for every g € G we have

Oaa(w)( / )" dpa(e).
T(0)
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Proof. Set 1,,(9) = [y (Pe(g:€))” dpa(c).

The function g — P,(g,¢) is obviously G(z)-right-invariant, hence the function 1, ,
is also G(x)-right-invariant. Let h € G(z) and g € G, then, since k(z, hgr,¢) =
k(hx,hgx, hh=te) = k(z, gz, h'¢), we have also P,(hg,¢) = P,(g,h~'¢) and finally

b (hg) = / (Br(h.0)" o)
/T( )(Px(g,h‘lé))ydux(e)1/@(9),

because dy, is G(x)-invariant. Therefore v, , is G(x)-bi-invariant.

Pick g € G, g # id, and set m = d(z, gx). We want to compute ¥, (m) = 1y, (g). It
is easy to see that if k € {0,1,...,m} and y € Sy N Sy 2k, then for all € € O,(y), the
number k(z, gx,€) = m — 2k. Hence

— E Z (r—1)(s— 1))%_k10¢(y)(6)7
k=0 yE€Sz,mNSyx 2k

where 1g is the characteristic function of the subset F of T'(c0), and

m—1

. 1
™ _ d_lmy (m 2k)v+k—1
) = gy )
k:l
+(d — 1)1 )
if G acts transitively on X and
r—1 !

1/.)%,,(m) =

(ozm” + ((s = 2)® + (r —2)(s — 1)) (Z oz(m_‘”)”*zl_Q)

=1

ro™

+ (S _ 2)a(m—2)(1—v) + am(l—v))

else, where v = /(r — 1)(s — 1). A calculus shows then that
'(/)x V(O) -
'(/)x (1) = Ae(v)
z/)w(n) = ﬂ)‘w(y)d}mw(n - 1) - di_ﬁ[)ww(n - 2), n =2

if G acts transitively on X and

1/)90 v(0) =
Yo (2) = Aa(v)
,(/')xyy(n) _ r(s (1)/\3((’;) I(S 2) ,(/)xy( o ) ml/}m,y(n_ 4)’ n Z 4

otherwise. By Lemma 41 we have v, = ¢z, ). O
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Recall that we are interested to study the positive definite spherical functions of G with
respect to the subgroup G(x). Since the spherical functions ) of GG are characterized

by A, we want to know for which A the function ¢, is positive definite.

First we observe that if ¢, is positive definite, since ¢, is G(x)-bi-invariant and since

g~! € G(x)gG(x), for every g € G, we have v \(g) = oa(97!) = ©a(g), i.e. vA(g) €R
and in particular A € R. Moreover we have 0 < px(gg71) + ©a(g) + ©r(g7!) + @alid),
and hence py(g) > —1, as well as 0 < pa(g97") — ©a(g) — @a(g™) + @al(id), and hence
©x(g) < 1. Therefore A has to be between —1 and 1.

We further observe that the map v — A(v) is a bijection between the set v € ({%} +
il0, ==]) U ((—00,3) + i {0, —£=}) and R, where o = /(r — 1)(s — 1) and & is the

' klna

number of orbits of G on X.

We shall now show that ¢y, is positive definite if and only if v € ({1} +4[0, Z=]) U

' klna
([O, %) +1 {O, ﬁfrm}) In the case where GG acts transitively on X this corresponds to the

. 24+(r—2)(s—1) 1]

interval [—1, 1]; in the other case this corresponds to the interval | RSV

Suppose G has has two orbits on X. The equation ¢y(n) = %@,\(n —2) —

L\ (n—4) has the solution o (2n) = AFF"+ BBZ" where 3 = 555 (r(s—1)A—(s—

(r—1)(s—-1) 202

2)+\/Z) and 33 = ﬁ(r(s—l))\—(s—Q)—\/Z) with A = (r(s—l)A—(s—Q))2—4a2. The
constants A and B are determined by the initial conditions 1,,(0) = 1 and 1), ,(2) =
A(v). We have A = ﬁ((Qoz2 —r(s—1)A+ (s —2)+VA) and B =1— A. Suppose

now —1 < A\ < —%. It is easy to check that then A > 0 Further we have
-1 < 2 <1 and 2 < —1. This means that for such A\ the sequence ¢ (n) is not

bounded and that therefore ¢, cannot be positive definite.

Hence for ¢y being positive definite, we must have v € ({1} +i[0, =) U ([0, 1) +
{0, 7))

We show now that this condition is sufficient.

Write K the linear space of continuous functions on 7'(cc0) taking a finite number of
values. This space is spanned by the characteristic functions of the sets O,(y) with
y € X. Further let IC,, be the subspace of K spanned by the characteristic functions of
the sets O,(y) with y € S, ,,. Obviously {O,(y) | y € S,.»} is a basis of K,, and we have
Kn C Kpgr and K =, K,r.

For f € KL and g € (G define

TN (v) (9)f(e) = Pulg, €>Vf(g_1€)‘
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Observe that the identity P,(gh,€) = P.(g,€)Pu(gh,€) = P.(g,€)P.(h, g '€) which
follows directly from the definition of P,(g,¢) as Radon-Nikodym derivate, implies that
o) () ] = T ) (9 (T o) (R) )

Suppose v € {%} + 1[0, =Z=|. Then we have

’ Hlna

[ I @@ duo - / Pats) £ dpate)
/ Pya(id g™ e) [ f(g70)]" dpale) = / [ Pyra(id, €) dpa(ge)
~ 1P Pysatid ) dpyrafe) = [ 11O diate)

Therefore 7, () is a unitary representation of G in the Hilbert-space H,x, ) =

L2(T'(00), ptz) and @x, ) (9) = (1, mux, 0 (9)1) is therefore positive definite.
Now suppose v € [0, %) +i {0, —Z-}.

For e, ¢ € T'(o0) with € # ¢ and y € X we define the number
(e,¢)y = max {n € N | g,(n) = €,(n)} .

If n > (e,€),, we have 2(e,¢), = d(y, e,(n)) + d(y, €,(n)) — d(ey(n),€'(n)). Moreover,
if g € G and n > max {(¢,€),, d(y, gy)}, then

Y, (96)y(n)) + d(y, (g¢)y(n)) — d((ge)y(n), (g¢')y(n))

97y, ¢g1y(n) — d(y, €1y (n)) +d(g7 1y, €1, (1)

Ys €1, () + d(y, g1y (n)) + d{y, €1, (n))

eg1y(n), €41, () = 2(e,€)y — k(y, 97"y, €) — Ky, g7y, €)

2(ge, ge')y = d

Further we have

(e,€) :Zk Z Lo,(2)(€) 1o, () (€ Z Lo, (€)1o, ().

k=0 2€85y & 2'€8y k41

Let g € G\ {id} and € € T(c0). Set m = d(x, gx), take § € T(00) with §(m) = gz and
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set yr = 0(0,(k)) for every k > 0. Using the calculus for (e, ¢'), above, we have

/QQV(E,E’)Zlow(gw>(€f) dﬁéx(fl)

o0

— a%”( Z [ (Ox(y) N Ox(gx))loz(y)(é)
= Y (0:y) N Ou(92) 10,0(0))

- Z OszV‘ux (Om(gx)) (101(%)(6) - 1Oz(yk+1)(€))

=3 0™ 1,(0.4(g2) > Lo, (€)

k=0 yESz,mﬁng,z(m—k)

—2l-m

00
+ Z<a2(2£+m)ua—(r . 2)

r

a~mmg 2

T s—1

| 2@ Emy ) 10, (02) (e)

r—1 _,
= ok a Z Lo, (€)

k=0 YESz,mNSyz 2(m—k)

+ (S i 2)a2(y—1))am(2u—1) Z a2(2y—1)lloz(gm)(€)
=0

! ; 1a_m Z kv Z 1o,y (€)

k=0 yESz,mmng,Z(m—k)
r—1 =3+ (s =2’
r 1 — a2(2v—1)

am(2v—1) 102 (gx) (6)

and

—1 =4 (s—2)a*
T .7«_11( ) 16)

— 2(2v-1)

/0[27/(575/)”3]_(6/) d/Lgc(Gl) -

For f € I and € € T'(c0), we define

r _ 2=

1
r—1 =24 (s 2)a20-1

Ly f(e) = )/aQ”(E’EI)If(G') dpiz(€').

We want to know for which v the relation (f, f'),, = [ L..f(€)f'(¢) dua(€) defines an

inner product on .
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A function (kernel) ¢ : £ x £ — C is called a conditionally negative definite kernel if ¢
is hermitian (i.e. ¥(a,b) = (b, a)) and if for all by,...,b, € E and Ay,..., \, € C with
22:1 >\k = O, we have Z?:l Z?:l /\ZXJ'(/)(bZ, bj) <0.

In [H; V] Chapter 5 & 6 we find following facts:
Lemma 43. (SCHOENBERG) Let ¢ : ' x & — C be a kernel which is zero on the
diagonal. Following properties are equvalent:

1. the kernel ¢ is conditionally negative definite.

2. For every t > 0, the real kernel e™™ is positive definite.

Proof. Cf. [H; V], Theorem 16, page 66. O
Lemma 44. For every tree T', the function "distance” is a negative definite kernel on
the set of vertices of T

Proof. Cf. [H; V|, Proposition 2, page 69. O
We shall now prove that the function (f, f') = (f, f"),, = [ Lo f(€) f'(¢) dux(c) is a
inner product on K if v € |0, %) +1 {O, ﬁ}

The only thing which is not obvious and which we shall show, is that (f, f),, > 0 if
f #0. Since K = |J,, KCy, it is enough to show it on K, with m > 0.

Take y, 2z € Sy . We have

r 1 — a2(2y—1)
<1Oa:(y)7 1Oz(z>>x,v - /]Vlor(y)(e)loz(z)(e) dl«bx(6> = r—1 ) r—2 n (S _ 2)0[2(V_1>
r—1

r— 1 —m 2kv ’
(a3 (069N 02)
k=0 Y €S, mNSy 2(m k)
r=2 _ 2(v—1)
r—1 = +(-2a )
e T ey @ #a(Ox(y) N Ox(Z))>
r 1 — o2@v-1)

r—1 =2 4 (s — 2)a2-1)

r—

(T — 1a—ma(2m—d(y,z))yr — 1a—m
A r
r—1 E+(s—2aV T e G
1 _ 21 r Yz

r

2201
. =2 4 (5 — 2)a2-1) .

r—1
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By the preceding two lemmas, the kernel

2(2Re(v)—1
—2Re(v) In ev-d(y,z)

1—
(v, 2) = 9ly, 2) = T2y (5 — 2)a®e@ D

is positive definite if 0 < Re(v) <
Yty -y Yn € Sy m, then

1. Moreover if f = >0 Mlo,,) # 0 with

n n

(o Py = a0 (3 S AT yz,yj>+Z|A|)

r i=1 j=1
Let v € [0,3) +1i {0, Z}.
Then we have
(0. 101, = [ 1o @ ST T dis
= CV//av2(e,e’)1a(l—v)k(:c,goc,e’)f(g—le/)a(l—v)k(x,gx,e)mduw(€/>dﬂx(€)
=G, / / 02000902 o Um0 () (LR 999 () dpr, (ge'Ydpia (g€)
= C’V//av2(gs,g6’)za(l—u)k(g1%,%,5’)f(61)0[(1—1/)k(g1x,x,e)mdﬂg1m(€/)dﬂglm(€)
CV//aVQ(ge,ge’)Ia—(l—V)k(x,g1%,5’)f(61)0[—(1—1/)k(m,g1x,e)m

k@9 ) (K@) gy (g (e)

=G, [ [ st k00 T (a9

—C, // a2 £ (&) f(€) dpta (€ dpta(€)
=/, faw

o, a2@r—1)
where ), = 1+(S P

Therefore 7, x,(,) is a unitary representation of G in the completion H, y, ) of K with
respect to the inner product (,.), . Moreover g — @, )(9) = (1, Ty ru(w) (g)1>m , and

hence is positive definite.

Lemma 45. Take v such that o # £1, then the set {P,(g,.)" | g € G} spans K.

Proof. For y € X, y # x and ¢ € T(c0), we write P(y,¢) = dﬁy() We have

a~k@ve), if d(z,y) is even

Py, ¢) =
,r.asg_la_k(mzyre)’ 1f d(x, y) IS Odd-
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If n = d(z,y) > 1, we shall write P(y,¢) = C,a *@%) where C,, = 1 if n is even and
Cp = (ra==t) if n is odd. We have P(z,.) = ly(s0).

Since for every vertex y we have 1o, ) — Zy’esz,d(m,wﬂﬁsy,l 10, @y, it is enough to show
that for every m > 1 and y € S, 2¢m-1), the function 1o, is a linear combination of
elements in the set {P(y,.)" | 3d(z,y) € {0,1,...,m}}.

For n > 1, take a vertex y,, with d(z,y,) = n, write a, the index of y. We have

Zp(ya )" =Ch Z Z Ofy(nﬂ_d(yl’y))lOz(y’)

yeSI,n+1mSyn,1 yESz,'rH»lmSyn,l y’ESz,n+1

_ CZH( Z Z o (A ) 0ul)

Y €82, nt1\Syn,1 YE€Sz,n+1NSyp,1

+ Z (aV(nJrl—d(y’,y’))lO @)

y,esz,n+lﬁSyn,l

4 Z o (nH1=d( v)) 1o, () ))

'!/E(Sz,nJrlmSyn,l)\{y/}
- CZH( Z o)) (g, — D10,
Y/ €S5,n+1\Syp 1

+ Z (Ofy(nﬂ)loz(y’) + (an — 1)04V(n_1)101(y/)))

ylesa:,'rH»lmSyn,l

v av(an_ 1) v _v(n—d(yYn,yn
- CnH(T(CnOZ (n—d(yn,y ))101(%)

n

Y €8z n\{yn}
— o’ Vo (q, — Do, + a0 (a2V +(an = 1)) 1OI(y"))

Cl/
= o (an = D= Plym, )"+ Ciaa ™ ((an = 2)(1 = ™)) Lo, )

n

= KnP(yn, ) + Lnlo, )

with K,, = o(a, — 1)O§jl and L, = C% ;0" Y ((a, — 2)(1 — a®)), and for n = 0 we

have

Y. Py, ) =Cr Y Y ot g,

yesz,l yesz,l ylesz,l

= CY((r = 1) + ) 1y = KoP (Yo, )" + Lolo,(ye)

with Ko = Cy((r — 1) + o), Lo = 0 and yo = .
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Finaly

Y Py, = > > o Py

yESI,ZMOSyQ(m,D ,2 ylesz,mel OSyZ(mfl) 1 yESz,zmﬁSy/’ 1

= 2 (Kan1P(y,) + Lom-11o,)
yIESI,melmSyﬂmil),l

= sz—1K2(m—1)P(y2(m—1), )

+ (sz—lLQ(m—l) + L2m—1) 1Oz(y2(m71))

hence

]-OI(yQ(m,l)) - (KZm—1L2(m—1) + L2m—1)_1( z P(y, o)V

yeSZ,ZmﬂSyz(mil) ,2

- K2m—1K2(m—1)P(y2(m—l)a )V)

O

The space of G(z)-invariant vectors Hfg\i)(y) = C1, because for h € G(x) we have

Teraw)f(€) = f(h7'e) = f(e) for all € € T'(00) if and only if f is constant, since G(z)

acts transitively on 7'(co).

Moreover, if v € ({3 }+i[0, ===])U((0, $)+7 {0, =1} ), the vector 1 is cyclic in Hy o)

because {7, x,0)(9)1 = P.(g,.)" | g € G} spans K which is dense in H, ,¢). Hence
(Tere)s Hano(v)) 18 spherical (irreducible) if v € ({1}+i[0, Z=])U((0,1)+i {0, Z=}).

' klna

We observe that the spherical representation (7, 1, H, 1) corresponding to A = 1 is the

trivial character of GG in C.

If G acts transitively on X the spherical representation (7, _1,H, 1) corresponding
to A = —1 is the character g — (—1)4®9), We have to show that (—1)4®9®) —
(—1)d@om) (—1)d@hs) - Tet e, ¢ € T(oo) such that e, passes through z and €, passes
through ghx. Then 2(¢,¢)ye = d(z, gx) + d(ghx, gx) — d(x, ghz) and (—1)%@shs) —
(_1)d(x,gm)er(ghm,gx)—2(6,5’)gz _ (_1)d(m,gm)(_1)d(m,hm).

The inner tensor productm, _1 @7, \|¢ (i.e. the restriction to the diagonal subgroup G <
G x G of the tensor product 7, _; @ 7, ) of the spherical representaions (7, 1, Hx 1)
and (7, Hon) satisfies m. 1 @ Toa|a(g) = (=1)%®9)x, \(g) and acts on the space
H = C® Hyr =~ Hyno Obviously HE@) — Hi(;”) and the non trivial G(x)-invariant

vectors are cyclic. Therefore m, _ @7, )| is irreducible and hence 7, 1 @7, \|¢ = Tz —x.

Now let z and y be two edges with respective degrees a and b. Then all the constructions

and formulas above are also valid by replacing r by a respectively b and s by r+ s — a
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respectively r +s —b. In particular we have the representations (7, x, ), Hea,)) and
(Tyry()s Hyny ) Which are spherical (irreducible) for every v € ({3} + [0, 2=]) U
(0,3 +i{0, =1

But (e x, ) Haxe(r)) and (myn, 1), Hyr, o)) are indeed equivalent: Let T, : K — K
be the linear operator defined by (T, [f)(e) = (d“I (6)) f(e) for every ¢ € T(00).

Moreover T, , is a intertwining of 7, x,¢) and 7, ), because for every g € G and
¢ € T(o0) we have

Fun0) (Taa ) = Pl (G2 ) 1™

(GO) G ) 1

- (GO) (GEO) 16

- (‘fj‘ng(e» fg™)

() (=) 167

— Tx,y,y (Wm,AI(V) (g)f) (6)

Therefore T, ,, is a multiple of an isometry intertwining 7, x, @) and 7y, @) (cf. for

example [Gaal|, Proposition 10, Chapter IV, Section 3, p. 160).

Considering the bijection

A ({l}ﬂ‘[o, T u(lo,5) +ifo ) (2SR man )

2 kIna kIna alr+s—a—1)

a short computation shows that

_ alb—1) a—b
M) = T s

which proves the last statement of Theorem 2.



Chapter 3

The Universal Group U(F)

In this chapter we shall study an example of group which has the independence property:
the universal group U(F') of the homogeneous tree T' of finite degree d > 3 as defined
by Marc Burger and Shahar Mozes in [B; M|.

Let T'= (X, Y) be the homogeneous tree with degree d, d > 3.

We call legal colouring of T' the map ¢ : Y — {1,..., d} with following properties:

1. for each edge e, t(e) = 1(€)

2. for each vertex x, the restriction to the set t~!(z) of the map ¢ is a bijection.
Now, let I’ be a permutation group of the set {1,...,d}, and let ¢ be a legal colouring
of the tree T

Definition 46. We define the set

Up(F) = {g € aut (1) | Foreveryx € X,togo (L|t—1(x))_1 € F}

As it is easily seen, this set is a closed subgroup of aut (7).
If /= Perm {1,...,d}, then Uy (F) = aut (T).

If Fis trivial, then Uy (F) is the free product of d copies of the group of ordre 2.
Indeed the homogeneous tree of degree d is the Cayley graph I' of the free product
G of d copies of the group of ordre 2, which has the presentation (si,...,s4 | s2 =
e,Vi). The set of vertices of the Cayley graph I' is X' = G and the set of edges
is Y' = {(91,92) | 91,92 € G, 97" g2 € {s1,..., 84} }. The group G acts on I' by left

45
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multiplication. Now let ¢ : Y — {1,...,d} be such that s,y g,)) = 97 g2. Then ¢ is a
legal colouring of I" which is invariant for the action of GG. Therefore, using Lemma 49
on page 47, we have G = U, (F).

In Section 3.1 we shall study some properties of the universal group and in Section 3.2
we shall study the nature of the maximal compact subgroups in the case where I is
transitive. Further we shall see that all closed edge transitive automorphism groups on
T which have the independence property are universal groups with a permutation group

F acting transitively on {1,... d}. Precisely, we shall show this (cf. Lemma 58):

Proposition 47. Let G be a closed edge-transitive automorphism group of the d-regqular

tree T which has the independence property. Set
F={¢oho¢™ | heG)},

where x is some vertex and ¢ : t71(x) — {1,...,d} some bijection. Then there exists a
legal colouring v such that G = U,y (F').

Finally, in Sections 3.3 and 3.4 we show following result:

Theorem 3. For transitive permutation group I’ with non trivial stabilizer group Iy

fizing 1 € {1,...,d}, the three following conditions are equivalent:

1. the stabilizer group Fy is perfect and equal to its normalizer,

2. the vertex stabilizing subgroup U(F)(x) of the universal group U(F') is topologically
finitely generated,

3. for every real positive number M, the group U(F') has finitely many equivalence

classes of super cuspidal representations with formal degree less than M.

The equivalence between the first two statements has first been announced in [Mozes|,
p. 274.

3.1 Some Properties

Proposition 48. The group U (F') has the independence property.
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Proof. Take an element h of the stabilizer U, (F)(e) of an edge e of T'. Since the group
GG = aut (1") has the independence property, there exist hy € G(T¢) and hy € G(T%) such
that h = hihy. For every edge e of T: we have hy(¢) = h(e) and hy(e) = €. Therefore, if
x is an interior vertex of the subtree 7%, then toh; o (L|t—1(x))_l € I"and tohyo (L|t—1(x))_1
is the itentity on ¢=!(x) and hence is also an element of F. By a similar argument, if =
is an interior vertex of the subtree T, then tohyo (L|t71(x))_1 € I'and tohyo (L|t71(m))_1
is the identity on ¢7'(z) and hence is also an element of F. Finally, hy € Uy (F)(1¢)

and hy € Uy (F)(15), which shows that U, (F) has the independence property. O

We write T, ,, respectively T.,, where x € X,e € Y and n is a natural number, the
minimal subtree containing the vertices at distance less or equal n from x respectively

e.
Following lemma can be found in [B; M| and in [B; M; Z].

Lemma 49. For any two legal colourings t1 and it and two vertices xy and xo of T,

there exists a unique automorphism g € aut (T') such that xo = gxy and 13 = 11 0 g.

Proof. Define for every natural number n the compact subset
G, = {g € aut (T) | xo = goy and a7, , =10 g|Tzl,n} )

Clearly, Gy = {g caut (1) | z2 = gy and tof-1(y) = 11 © g|t71(xl)} is not an empty set.
Now suppose n > 1 and assume as induction hypothesis, that G,, is nonempty. Pick
g € G, and chose for any terminal edge e of T}, , an element h. € G(7%.) such that
Logoheli-1i(e)) = tale-1(t(e))- We have, as follows, go]], he € Gy, and hence Gqy # @.
Therefore (1,5, Gn # @. But [,5, Gn = {g € aut (') | 22 = gz, and 15 = ¢; o g}, and
we have shown the existence of an automorphism g € aut (7') such that xo = gx; and

lo =11 04g.

Now, let g; and g, be automorphisms belonging to () -, G,. Then we have

n>1
‘ -1
Gile-1) = (itle1) " 0 tale1) = Gl
Suppose n > 1. If we assume that gi|7, , = g|r,, .., then, for every terminal edge e of

TIl/”"

-1

Gl = (lerigen) © tali1(ee)

. —1
= (ile-10(gen) 0 t2li-1(u(e)) = G2li-1 (e

and hence ¢ |1, = gal|1,, .1~ This proves the unicity. O

1,n+1
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Proposition 50. The group U (F') acts transitively on the set of vertices of T'.

Proof. Let xy and xs be two vertices. By the preceding lemma, there exists an auto-
morphism ¢ € aut (7") such that zo = gx; and ¢ = 1o g. If z is any vertex of 7', then
tle-1(z) = to gl and thus togo (L|t—1(x))_1 is the identity and, hence, element of the
group F. Therefore g € U, (F). O

Proposition 51. The group Uy (F) acts minimaly on T

Proof. Since Uy, (F) acts transitively on the set of vertices, there exists no U (F)-
invariant proper subtree of 7. Now, obviously, Uy ({id}) < Uy (F) and U,y ({id})
acts also transitively on the set of vertices and contains therefore an inversion (The
automorphism g with go(e) = t(e) for some edge e.). Hence U,y ({id}), and eventually
U (F), does not fix any end of 7T'. O

Proposition 52. For any two legal colourings vy and 12 and vertex x of T', the groups

Uy (F) and U, (F) are conjugated in aut (T) by an automorphism fizing x.

Proof. By the preceding lemma we have an automorphism ¢ fixing x and satisfying

t2 = t1 © g. And obviously, we have also U, (F) = g~ U, (F)g. O

Therefore the nature of the universal group U, (F) depends only on the permutation
group F and not on the colouring ¢. Therefore we shall write in the following U(F')
instead of Uy (F).

If G is a subgroup of aut (T") and x a vertex of the tree T', we write G(x) the group of

permutations on ¢t~1(x) induced by the stabilizer G(x).

Since U (F) acts transitively on the vertices, the stabilizers of a vertex are all conjugated
in U(F). Therefore we have for every vertex z, (U(F))(z) ~ F

Proposition 53. The universal group U(F') acts transitively on the edges of T' if and
only if the permutation group F acts transitively on the set {1,..., d}.

Proof. If U(F) acts transitively on the edges of T', then, for each vertex x, the group
(U(F))(z) ~ F acts transitively.

If F acts transitively on the set {1, ..., d}, then, for every vertex x, the stabilizer group
(U(F))(x) acts transitively on t='(z). Let e; and ey be two edges. Since U(F) acts
transitively on the vertices of T', there exists g € U(F’) such that o(es) = go(ey). Further,
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as we have seen, there exists a h € (U(F))(o(es)) such that e, = h(g(er)) = ho g(ey).
Therefore U(F') acts transitively on the edges of T O

By Proposition 6, we have following fact:

Proposition 54. If the permutation group I acts transitively, then the group U(F) is

unimodular.

As corrollary of Proposition 15 we have also the proposition

Proposition 55. The group U(F) acts transitively on the boundary of T, if and only

if the permutation group F' is 2-transitive.

Following lemma can also be found in [B; M|:

Lemma 56. Let G be a group of automorphisms of Ty acting transitively on the edges.
Set F'={¢oho¢™' | h € G(x)}, where x is some vertex and ¢ : t~'(z) — {1,2,...,d}
a bijection. Then there exists a legal colouring v such that G is a subgroup of Uq)(F).

Proof. We construct the colouring ¢ on the edges of 7}, ,, by induction over n . If n =1,
set for each edge e of T,1, t(e) = ¢(e) if e € t7!(z) and t(e) = ¢(e) if e € o7 (z). If
n > 1, take a terminal edge f of T, ,. By induction hypothesis, ¢ is defined on 7, ,,
and by transitivity of the action of G on the edges, one can take 1y € G such that

nef = ¢7hou(f). Hence net(f) = x and ¢ ons(f) = «(f). Set for e € t7'(¢(f)),
t(€) = u(e) = ¢ onys(e), which defines ¢ on T}, ,,41.

Now, if A € G and y a vertex, take an edge f between x and y such that ¢(f) = y. Then
-1

toho (L\t—l(m)> =¢onproho 77}71 o¢~! € F, because nus o ho 77]71 € G(x). Therefore

G is a subgroup of U, (F). O

Since the universal group U(F') is closed and has the independence property, it has also
Tits’ property (P). Using 4.5 in [Tits], p.198, we get for the subgroup U(F)* generated
by the edge stabilizing elements of U(F'), the following proposition (cf. also [B; M|,
Proposition 3.2.1.)

Proposition 57. 1. The group U(F)% is trivial or simple.

2. The group U(F)T is of finite index in U(F) if and only if ' < Perml, ... d is
transitive and generated by its point stabilizers; in this case, U(F)* = U(F) N
(aut (1) and is of index 2 in U(F).
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3.2 The Maximal Compact Subgroups as Projective
Limit

We shall use the notion of wreath product for our further investigations. For doing this,
let us quickly recall that for two finite groups X and B, where X is acting on a set (2,
the wreath product of X with B, sometimes written B! X, is the semi-direct product
B x X on which the composition law is defined by (f,z) - (¢,9) := (fg=, zy) for all
(f,z), (g,y) € B x X, where ¢, : w > gz~ w) and fg:w s f(w)g(w).

It is easy to see that for example for all f € B® and z,y € X, (fo)y = [y If we
write 1x and 1g the neutral element of X respectively of B as well as 1 : w +— 1p the
neutral element of B® and f~!: w (f(w))_l, the inverse element of f € B%, then

the neutral element of B® x X is (1, 1x) and the inverse element of (f,z) € B x X is
(f,x)™" = (f4,27). (Observe that (f,-1)~' = (™), = [74))
If moreover the group B acts on a set O, then there exists a natural action of B! X on

the set © x  defined by (f, 2)(0,w) = (f(zw)0, zw) for every (f,z) € B1 X and every
(0,w) € © x Q. Indeed, for (f,z),(g,y) € Bl X and (0,w) € © x {2, one has

(f, ) (g, ) (0, 0)) = (f, )( (yw)9 yw) = (flz(yw))gyw)d, z(yw))
= (f((zy fvy) )0, (zy)w)
= (f92((zy) )0, (xy)w) = ([, 2y)(0, W)
((f, ) (0,0).

In this section we shall prove the following lemma.

Lemma 58. Let G be a closed edge-transitive automorphism group of the d-reqular tree

T which has the independence property. Let a be an edge or a vertex of T'. Set
F={¢ohog™ |he )},

where x is some vertex and ¢ : 17 (x) — {1,2,...,d} a bijection. We write B for the
stabilizer in F of L € {1,...,d} and D = {2,3,...,d}, and we define recursively

if a is an edge, Ay ={1,2}, A =D x Ay,
or if a is a vertex, Ny = {1}, Ay ={1,...,d},
and forn > 1, App1 =1{2,...,d} x Ay;
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as well as the following groups:

if a is an edge, GO = Perm({1,2}), GW = BRo 5y O
or if a is a vertex GO = (e), GY =F,
and for n > 1, G — BAn 5 G,

with their respective action as described before. The projections p, : GUtY — G0,

(f,h) — h define a projective system GO £2 G L8 ... of groups.
Then we have:
1. for every natural number n the group G,, := é(T(m)/G(Ta,n) is isomorphic to G

(Where T, is the minimal subree of T' containing the vertices at distance n of

a.),

2. the a stabilizing subgroup é(a) of G is isomorphic to the projective limit lim_ G

and

3. there exists a legal colouring v such that G = U,y (F).

Proof. Let G be an automorphism group of the d-regular tree T'.

In the following, the letter a denotes a fixed edge or a fixed vetex of the tree T'. We

write for every natural positive number n the quotient group
G = G(Tun) /G (Tan).

These groups can be considered as automorphism groups of 7;,. Together with the
restriction homomorphisms R, : G,,;1 — G, they constitute a projective system G Rich

Go L2 .. and one verifies easily that, if G is closed in aut (7"), its projective limit is

lim G,, = G(a).

Now assume that the group G acts transitively on the edges of the tree T and let ¢
be the legal colouring and U(F) = Uy (F), with F' = {¢poho¢™' |h € G(z)}, as in
Lemma 56. Then G is a subgroup of U(F).

If @ is an edge, we can assume t(a) = 1. We shall now build for every positive natural

number n an injective homomorphism ¢,, : G, — G, such that @, o R, = p,, © @ny1.

For this, consider first for each natural number n the set ., of the terminal edges

of T, (Observe that E,o is the empty set if a is a vertex and equal to {a,a} if a
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is an edge.). For every e € F,, 1, we write P,(e) the unique edge in F,, satisfying

t(Pa(e)) = o(e). This gives us surjective maps
P, Egny1 — Eon,n > 0.
On the other side, we define the projections
Tn D1 — Ay, (k,0) — 6 forn > 1.

Using the group G and especially the fact that [ acts transitively, we define inductively
on n bijections ¥, : E,,, — Ayt
1 ife=a
Yole) = if @ is an edge
2 ife=a
P1(e) = ule), if a is a vertex
Uni1(€) = (Thu(e) © t(€), Un(Pu(e))), where 7. € F such that 7. o (e) = 1.

By construction, ¥, o P, = m, o 9,41 for every n. Further we notice that for n > 1

(n > 0if a is an edge) the inverse map 1, (k, ) = (L|t71(¢;1(5)))_1 o 71;;11(5)(143).

Now, for each h € G, set p,,(h) = 1, o h o', We have then for (f,h) € G,,4; and
(k7 6) S AnJrla
Par1(R)(k, 0) = Ynpr 0 ho (thrgris)) 0705 (k)
-1
= (TRn(h)¢;1(5) otoho (L|rl(¢;1(5))) °© 7%711(5)(]{?)7 @n(Rn(h)))
= (f"(0)k, pu(Ra(h)))

-1

where we have set

h - 1
F*(8) = Tro i © Lol o (Urgyrisy) © Tont (e

e P, forall § € A, it follows f* € B2 and hence

Yni1(R) € B2 x G = G+ Therefore we have built for each n a homomorphism

Since ¢ o h o (L|rl(¢;1(5)))

©n - G, — G™ which is clearly injective.
Moreover we have

((pn 0 Pnr1) (1)) © T = pu(Pir(B) © T = 70 © P ()
= T o tup0hoynly =y 0P ohoyyl
— 0 Ro(h) 0 Poothyly =t 0 Ru(h) o )7 oy
= 0u(Ro(h)) 0 = (g 0 Ra)(h)) 0 7n;
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and since 7, is surjective, p, © Y11 = ©p 0 Ry,

Now, we suppose moreover, that G has the independence property. Then, the homo-

morphisms ¢, are isomorphisms. Indeed:
If a is an edge, g is clearly a isomorphism.

If a is a vertex, the homomorphism ¢, is an isomorphism between G(a) and F, as

Lemma 56 shows. Therefore the subgroup B is the image by ¢; of the subgroup
{h € G1 | he = e}, where e is an edge with o(e) = a and t(e) = 1.

Hence by the independence property of G, we have for every edge e the equalities among

sets

—1 _
{TL(e) otoho (L‘t—l(t(e))) o TL(el) | h € G(Te)}

—1 _
= {TL(e) oroho (L\t—l(t(e))) o TL(61> | h € G(e)} = B.

Now if @ is an edge or a vetex, for appropriate n and for (f,n) € G = BA» » G,
if we take as induction hypothesis, that there exists an element h € G, with @,(h) =7
and if we pick a corresponding h' € G,,;1 with R, (R’) = h, then we can choose for every
6 € A, a hs € G(T.,) such that Asli-1(ges)) = P71 0 t]i=1tnes)) © TLZ};&) o f(pn(h)dp) o
Tuhes) © eLith-1es)) and it is easy to see that ny1 (R [[5ea, Res, . (hs)) = (f,n)
(Where Resr, ,, , (hs) means the restriction to Ty, 41 of the map hs.)

Therefore we have shown the first two statements of the lemma.

To prove the last statement, it is enough to show that Uy (F) < G. This is easily done
since we have now seen that Uy (F)(z) = G(z) for every vertex z. So, if u € Uy)(F),
take h € G with h(uz) = z (G is transitive on the vertices). Therefore k := hu €
Uy(F)(z) = G(z) and u = h™'k € G.

3.3 Topologically Finite GGeneration of the Maximal
Compact Subgroups
Let F' < S, be a transitive permutation group acting on {1,2,...,d} and Fs the stabi-

lizing group in F of 6 € {1,...,d}. Suppose that Fs is not trivial. We shall show the

following proposition:
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Proposition 59. Let x be a vertex of the tree T'. The group U(F)(x) is topologically

finitely generated if and only if Fs is perfect and equal to its normalizer.

For the proof, we shall begin with following remark:

For a finite group GG and k a natural number, set
1
nel@) = o (e, 1) € G| (. 1) = G|
For a surjective homomorphism of finite groups 7 : ¥ — X, define

1
CY/X(k) = Z m

M <Y maximal,
T(M)=X

. _lon)]
Y M
C(M):M<Y maximal,
w(M)=X

where C'(M) is the set of conjugates of M.

We have the lemma:

Lemma 60.
Pe(Y) > (1 = Gyyx(k — 1)) pr(X).

Proof. The reader has certainly already noticed that pi(G) is the probability with which
a k-uple (z1,...,xx) € G* generates the group G. Now pick (z1, ..., zx) € X* such that
(x1,...,2x) = X and choose (yi,...,yx) € Y* with 7(y;) = 2;. Then, if {(y1,...,yx) #
Y, there exists a maximal (proper) subgroup M in Y containing yy, ..., yx — we have
7(M) = X. Therefore pi(Y) > Q- pp(X), where @ is . But the probability for yy, ..., yx

k
|M]

to be all in a fixed such maximal subgroup M is é‘fjj

them to be in any of such maximal subgroups is smaller than or equal to

|M|* m* |CM)]|
DS S T (N SR )]
M<Y:M maximal, | | C{M):M<Y maximal, | | C(M):M<Y maximal, ’

T(M)=X T(M)=X m(M)=X

= Cy/X(k — 1).

and hence the probability for

Therefore the probability pe(Y) that yq,..., 3, generate Y, i.e. the probability that
Y1, .-,y are not all in a maximal (proper) subgroup M of Y| satisfies pp(Y) > (1 —

Gyyx(k=1)) = (1= Gyx(k = 1)) pe(X). 0

So we obtain:
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Proposition 61. If ... — F,_; «— I, «— ... is an inverse system of finite groups F,
and if for some n > 0 the product Hzo:l(l — Cpn+1/pn(77)) > 0, then the projective limit
lim_ F,, is topologically finitely generated.

Maximal Subgroups in B x X

We shall now study maximal subgroups in a wreath product ¥ = B® x X, where X
and B are finite groups and X acts on the finite set {2, in order to give an estimation of

the Zeta function.

Let Q = Ly U ... L; be the partition into X-orbits. A normal subgroup U <1 B% is
said standard if U = [[._, U, where U; are normal subgroups of B. Such a standard
group is clearly also a normal subgroup of Y. A subgroup M of YV is called clean if it

does not contain any non-trivial standard subgroup.

We notice that, given a subgroup M of Y = B® x X, there is a unique maximal standard
U <1 BY, contained in M. Thus, M is the inverse image of a clean M’ < Y /U, and M
is maximal if and only if M’ is maximal in Y/U = B®/U x X. Therefore we begin to

study maximal clean subgroups in Y = B% x X.

Proposition 62. Let Y = B® x X with B perfect. Let M be a mazimal clean subgroup
of Y such that its canonical projection onto X 1s X. Then one of the following holds.

1. The action of X on ) is transitive.

(a) Up to conjugacy M = T x X where T is a non-normal mazimal subgroup
of B.
(b) We have M N B® = (e), the group B is simple (non-abelian) and, if we write

M?® the intersection of all conjugates of M, then we have either

i. the subgroup M° contains the centralizer Cx(B%) in X of B®, or
it. the quotient Cx(B%)/(M° N Cx(B%Y)) is isomorph to BY, and via this

1somorphism, the X-action by conjugation acts transitively on the factors
of BY.

(c) The group B admits a unique minimal normal subgroup N; the subgroup N
is non-abelian, M is the normalizer of M N N, pr,(M N BY) = B and
pro(M N N®) = N for all w € Q.
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(d) The group B is the direct product Ny x Ny of simple non-abelian groups Ny ~
Ny; M is the normalizer in'Y of M N BY, the projections pr,(M N BY) = B
for every w € Q, and M N N{* = M N N§ = (e).

2. The action of X on € is not transitive.

Then B is simple, M N BY = (e) and prgr, (M N BY) = B for alli = {1,...,t}.

Proof. Let foralli € {1,...,t}beT;:= prg, (MNB®). Then M normalizes T} x ... xT}.

We distinguish the following cases:

I. Some T; # B%;

IT. For alli € {1,...,t}, we have T; = B%.

I. Some T; # B,

Without lost of generality, assume 7y # B . Then M NBY C Ty x B2 x ... x B* M
normalizes T} x B2 x ... x B¥ and hence we have M C (T} x Bl2x .. . x B}« X +£Y.
Since M is maximal, M contains T} x B* x ... x B*_ and hence t = 1 since M is clean.

Thus X is transitive on ).

Let for every w € €, S, = pr,(M N B%). Since pry(M) = X, all S,, are conjugate in B
to a fixed T' < B. As we are interested in maximal subgroups up to conjugacy, we may
assume T = pr,(M N B%) and we have therefore M C T x X.

There are three subcases:

(a) T is not normal in B;
(b) T is normal in B but not equal to B;

(c) T =B.

(a) T is not normal in B.

As before, M normalizes T in Y, and since 7' is not normal in B, the normalizer of
T% in Y is not all Y; i.e. we have M C Ny(T%) C Np(T9) x X # Y as well as
M CT9x X C Np(T®) x X #Y. Hence, by maximality of M, M = T x X where T'

is maximal and not normal in B. This leads to case Ia of the proposition.

(b) 7" is normal in B but not equal to B.
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Take an normal strict subgroup N of B containing 7. Then M C N® x X # Y and
thus, by maximality, M contains N. Since M is clean, N = (e). On the other hand,
N contains M N B%, thus M N B® = (e) as well as T'. The group B is therefore simple.
Since B is perfect, B is simple non-abelian and hence the centralizer Cy (B%) = Cx(B%)
is the kernel of the X-action on Q. Let p: Y — Y/M?® be the canonical projection. Then
Y/M? acts primitively and faithfully on Y//M. Then, either p(Cx(B")) = (e), that is
M?° contains C'x(B) and we are in the case 1(b)i, or (e) # p(Cx(B%)) = p(Cy(B%)) C
Cyme (p(BY)). Since M N B® = (e), the projection p(B?) ~ B® and is a normal
regular subgroup of Y//M°, and therefore minimal. The centralizer Cyyre (p(B%)) is not
trivial, and is hence also minimal regular. Thus p(Cy(B%)) = Cy e (p(B")) and are
isomorph to BIl and the Y/M°-conjugation permutes transitively the simple factors.
Thus Cx(B%)/(M° N Cx(BY)) is isomorph to Bl and the X-action by conjugation
permutes transitively the simple factors. We are therefore in the case 1(b)ii of the

proposition.

(c) T =B.

This subcase and the case

II. For all i € {1,...,t}, we have T, = B%

will be treated by analyzing the situation where M < B® x X is maximal, clean and
such that pryx (M) = X and pr,(M N B%) = B for all w € Q.

As before, ) = Ly U ... U Ly is the partition into X-orbits of 2 and B is perfect.

Let N be a non trivial minimal normal subgroup of B. Then

(A) if for some i € {1,...,t}, the intersection M N N is trivial, the group B is a
direct product 7' x N, where T' is the projection onto the first factor, the B-factor,
of M N (B x NIEI=1),

(B) the subgroup N is not abelian, and

To prove the point (A), we observe that since M is maximal and clean, B® = (M N
BY) - N%i and thus B x NIEil=1 — (M N (B x N'L”_l)) - N%. Projecting it onto
the first factor, we get B = T - N. Since M N N%i is trivial, TN N = &. Moreover
M N (B x NEIEY 9 M0 B2, and thus T <0 B an finally B =T x N.

To prove the point (B), we assume that N is abelian, and see first that N is not
central in B. Indeed, we have B® = (M N B%) - N%; if now N is central in B, then
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B® = [BY, BY = [M N B, M N BY c M N B which is a contradiction.

Then we show that A° N N% is trivial: Since N is a minimal normal and, as assumed,
abelian subgroup of B, it is a Fp-vector space. The B-conjugation on N gives an
irreducible representation of B, which is non-trivial since N is not central in B. The
Bli-action on N is therefore a direct sum of |L;| — 1 irreducible and inequivalent
representations of B%. Thus, any B¥-invariant subspace is a sum of factors of N, In
particular, if M° N N is non-trivial, it contains a N-factor. But M° N N’ is normal

in Y, thus M° contains N*. This contradicts the assumption that M is clean.

Then we show that M N N%i is trivial: Since M° N N%i is trivial, the Y-action on Y/M
is primitive, and N acts faithfully on Y/M. So NZ%i acts transitively and faithfully.
Being abelian, it must act regularly. Thus M N N%i is trivial.

Finally, we apply point (A) and get that B = T x N with N abelian, which contradicts
the assumption that B is perfect. This proves point (B).

Now we have two cases.

First: There exist a non-trivial normal minimal subgroup N of B and ai € {1,...,t}
with M N N non-trivial.

We first observe that M N N%i is not normal in Y. Indeed, for some w € L;, pr (M N
NEY £ (€) but pro(M N NEY < pr,(M N BY) = B and, since N is minimal normal, we
get pr,(M N N%) = N. Applying M-conjugation and using prx(M) = X, we get the
latter equality for all w € L;. But if now M N N%i is normal in Y, it is normal in N7,
But N is non-abelian and product of simple factors, which, together with above, leads
to the contradiction that M contains N, Thus, M is the normalizer in Y of M N N%i,
This normalizer obviously contains all B% for j # i, and since M is clean, this forces
t to be 1, that is, the action of X on  is transitive. Therefore M is the normalizer in
Y of M N N® and pro(M N N®) = N for all w € Q. If now N’ is another non-trivial
minimal normal subgroup of B, then N centralizes N and hence M contains N’

Since M is clean, this shows that N’ is trivial, and we are in case Ic.

Second: For any non-trivial minimal normal subgroup N of B and for any i € {1,... t},

the intersection M N NZi is trivial.

It follows then from point (A) that any such minimal normal subgroup N of B is a
direct factor of B, in particular simple. Hence B is a direct product of simple non-
abelian groups Ny, ..., N,,. Now assume m > 2. Then, since NlLl, .., NEact all

faithfully transitively on Y /M, they act also regularly, which forces m = 2. Now,



3.3. TOPOLOGICALLY FINITE GENERATION 29
NP NP NP NP2 NP NS act faithfully transitively on Y/M, which forces ¢ = 1,
and hence X acts transitively on . Thus we are in case 1d.

Finally, if m = 1, B is simple, and since M N N% = M N BY = (e), we must have ¢ > 2.

Thus, we are in the situation II. and hence in case 2 of the proposition.

This proves the proposition. O

Estimation of the Zeta Function

We have still Y = B® x X and, since we have treated now the maximal clean subgroups

of Y, we define the relative Zeta function

1 |C(M)]|
cl _ = .
SEUASEDY Y M]7 2y
M<Y maximal, clean, C(M):M<Y maximal, clean,
prx(M)=X prx(M)=X

We first begin by estimating Cf}/X(n). We have

Cvyx () = S(1a)(n) + 2(1(b)i)(n) + X1 (b)) (n)
+3(1e)(n) + X(1d)(n) + X(2)(n),

where »(z)(n) is the sum over the subgroups M corresponding to the case x of propo-

sition 62.
Case 1a:

The sum is over M = T x X with 7" a maximal non normal subgroup of B. Thus

1 1
_ »cl o _
Y(1a)(n) = CY/X(ﬁ) = Z m = Z m
C(T): C(T):
T'<B maximal, T'< B maximal,

So, if (7 is the number of maximal subgroups in B and n; the lower bound on their

indices, we get

(o) < Con™ = ¢4 () "

ny
Case 1(b)i:

Here we do not have an estimate in the general case; we shall study it in the next

subsection.

Cases 1(b)ii and 1d can be treated together by considering the following situation: let G
be a finite group containing J; x Jy where J; ~ Jy ~ SN are minimal normal and non-

abelian, and we are looking at maximal subgroups M of G with M NJ; = M N Jy = (e)
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and the M-action by conjugation is transitive on the factors S of J; x Jo. So MN(Jy X J5)
is the graph of an isomorphism ¢ : J; — Jo, and M is the normalizer in G of MN(J; X Js).
Thus 1 determines M. Now v is of the form ¢ (b1, ..., bxn) = (21(bo1)), - - -» N (bo(n))) s
where ¢; is an automorphism of S and o a permutation of {1,..., N}. But, since M acts
transitively on the simple factors of J; x J,, the permutation ¢ is completely determined

by (1). Thus, there are at most |aut (S)|" - N such isomorphisms .

Now to the case 1(b)ii: Let ny(Y) be the number of subgroups U of the centralizer
Cx(B%) in X of B® such that U is normal in Y and the X-action by conjugation on
Cx(B%) /U ~ B is transitive. Then

| laut (B)[

C (

S (1(b)id) (1) < na(Y) [ ﬂ) N

B[
We shall give an estimation of ny(Y) in the next subsection.

In case 1d, with the notation used in the proposition, we have

Jaut (Ny)|'! laut (V)] 1
z(zd><n>s|ﬂ|W|m(W) |

Now we turn to the case I¢:

M is determined by M NN as being its normalizer. Now N ~ S” where S is simple non-
abelian. Let Q' = QL. ..U the disjoint union of r copies of €, so that N ~ S Since
pro(M N BY) = B for all w € Q, M acts transitively on /. Now M N N® = M N SY
is a product Dy x ... x D, of subdiagonals corresponding to a bloc decomposition
Q= QpU...UQ for the transitive M-action. Let n = [QV']; we have s < n and s
divides n, thus s < £. There are at most () possibilities for ;. By transitivitiy this
determines then the bloc decomposition. Such a partition being fixed, there are then
laut (S)["* such products Dy x ... x D;, each with index [S|"™* in S%. Finally we get

. 7|0
n\ laut (S n—s aut (S 2 aut (S
B(1e)(n) < 1<z<:ﬁ(5)||;|(T)s|)n <" (%) (2 %) )

aut{S)

where N ~ S” and 7 is chosen such that

Now the estimation of ¥(2)(n):

Again, M is the normalizer in Y of M N B%, and since in this case B is simple M N
B = Dy x ... x D, a product of subdiagonals corresponding to a bloc decomposition
Q= QU...UQ, Now assume that there is a k € {1,...,s} such that Q" =
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QU UQand Q@ = Qe U...UQ, = Ly U...UL,;, , are X-invariant. Then
MNBYC (Dyx...x Dy)- (B x...x B¥s-x) hence (B¥1 x ... x BYss). M £,
which implies that M contains BF1 x ... x B« But this is not possible since M is
clean. Therefore X acts transitively on the set of blocs {Qy,...,Q}. Moreover, since
prge; (M N BY) = BLi we have [Q; N L;] < 1 for all 4, j and hence by transitivity of X

on the blocs, [; N L;| = 1 for all 7 and j.

Thus |L;] = s and |Q;| = ¢ for all ¢ and j. Now, there are at most s possibilities for Oy,

which then determines the partition. For each partition we get |aut (B)|™7! x ... x
laut (B)|'“*!7! subdiagonal subgroups, each of index |B[I=1. . |B|I*!=! Thus
t (B[
22 < 2

|B|(|Q|—S)n

where Q = Ly U... U Ly, t > 2, and s = |L;] for all 4.

Later we shall only need following crude estimate: since for natural numbers st < 25
aut(B)
|B]"

we have [Q —s =ts—s> % = K;—', for ¢t > 2. Thus choosing n with

livi] 12
2(2)(n)§(4—|a‘|1;(|§)|) <2 —'ﬂ;ﬁf”) |

Estimation for the Cases 1(b)i and 1(b)ii

< 1, we get

We shall now give an estimation for ny(Y) of the case 1(b)ii and for the case 1(b)i, for
which we had no general result, in the special case where Y is one of the groups G™ of
the projective system G «— G® — .. — G™ «— .. asgiven in Lemma 58. Recall, we
have a transitive permutation group F on the set {1, ..., d} and set B < I’ the stabilizer
of 1. Wewrite D := {2,3,...,d} and have Ay = Dx{1,2}, respectively A; = {1,...,d}.
Further we define G = B{L2} s Perm ({1, 2}), respectively G) = F acting on A; and
recursively, for n > 1, GO = B2 5 G acting on the set A, = D" x A;.

In the following we assume that B is perfect and equal to its normalizer. Write D =
Wi U...U W, the decomposition of D into B-orbits Note that the condition for B of

being equal to its normalizer is equivalent to the statement that for all 7, |W;| > 2.

The G™-orbits on A,, are given by Wy, ... x Wy, x{1, 2} for all choices of (ig, . .., i,_1) €
{1,...,r}", respectively Wi, x...xW; xA, forall choices of (i, ..., in_1) € {1,...,7}" 7",

and thus there are " respectively =1 orbits.
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Here we fix a notation: If a group H acts on a set ¥ and if ' C FE, then we write
H(F)={heG|hf= [, forall f€ F} in analogy to the notation used earlier.

Given an G™-orbit O, = WD x . x WO x {1,2}, respectively O,, = W=D x| x
W® x Ay in A, we compute the O, fixing subgroup GV (0, ;) of G+

GOHOni1) = {([,9) € BY x G™ | glo, = id, [(p) € BW™),Yp € On}
= (B(WM)9 x BA\9) % G™(0,,)
and we have GV(0y) = BWOYWOx{12y o pOWO)x{12}  pegpectively GO (0;) =
GO (A}) = (e) (and hence GP(0Oy) = B(W M)A,
We study now the case 1(b)ii of the proposition 62:

We write the set of fixed points
FP,(0n) = {p € Ay\ Op | p is fixed by G™(0,)}

and we have FP(O)) = A, FP,(Oy) C Ay \ Oy. Forn > 3, we have A, \ O, =
((D \ W(”_l)) X On_l) L (D X (An—q \On_l)). Since B has no fixed point in D, one
dets F'P,(0,) c (D\W® ) x O,_; for n > 3. We observe also that F'P,,(0,) is

G™)-invariant and thus consists of at most r, respectively (r — 1) orbits.

Lemma 63. Let H = (H[* x ... x H") x A, where L; are A-orbits, and let N be
a normal subgroup of G with simple non-abelian quotient C'. Then, either N contains
(HE s x HY and AJpra(N) =~ C, or N = (HF x ... x U¥ x ... x H") x A with
|L;| = 1, U a normal subgroup of H; and H;/U ~ C.

Proof. 1f pra(N) # A, then, A/pra(N) being a non-trivial quotient of C, the subgroup
N contains Hi' x. .. x HP. I pra(N) = A, then (HF' x. . xH*) /(HF .. x HPNN) ~

C', and since C' is simple non-abelian, there exists 7 € {1,...,[} and a normal subgroup
U of H; with H;/U ~ C, and NN(H x .. x HPY = HF s P 0t x HE
But N is normal in G, so |L;] — 1 = 0. O

Lemma 64. Let C' be a simple non-abelian quotient of B, S a set and U C G™V(O,,,1)
such that U is normal in G GD(0,,11)/U ~ C%, the GV _conjugation act-
ing transitively on simple factors of C°, and |S| > |Om|. Then either U contains
B(W ) Om 5 BA=\Om - or there is an G™-orbit S' in FP,, (1S"| = |S|) and a normal
subgroup Uy of B with B/U; ~ C, such that U = (B(W )% x U, x BANOmES) ) o
G™(0,,).
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Proof. Since |S| > |O,,|, we have U = [,.¢ Ns where Ny are some normal subgroup of

G (Op11) with quotient € and the G -action by conjugation permutes tran-

seS

sitively the set {Ns | s € S}. From the preceeding lemma, we have, either Ny contains
B(Wm)0m . BA=\Om for some and hence every s — thus U contains B(W (™)9m x
BAM\Om or Ny = (B(WM)Om x U, x BA\OnHD)) 5 GI(0,,) with s € FP,(O,,)
and we are done, or Ny = (B(W™)9=\sh 5 U, x BA\Om) 5 G™(0,,). But then the
G D_action by conjugation shows that U = ([],co, Us x BA\9) x Gt™(0,,) and
B(WU) /U, ~ C. But this is not possible since |S| > |O,,]|. O

Now, let U be a subgroup of G™(0,) which is normal in G and is such that
G™(0,)/U ~ C19 with transitive G™-action on simple factors of Cl9=l, As before,
C'is simple non-abelian. Let m < n be maximal such that praem _qm (U) = GU(0,,),
and set U = proo g (U). Then U = pr='(U") and U’ = (B(W ™) x 1% x
BANO=IS) 5 GI™(O,,) where ' C FP,,(O,,) is an GU™-orbit satisfying [S'] = |O,].
Now S = W X Oy for some W € {Wy,...,W,} and thus |[W| - |Op1| = |0yl
Therefore (O] = [Oper| [Wm D] (W] > |Opeq| - 20 —m+2. Since |0,] <

(d_1)|0m—1|,WehaV€2n_m§d;’1e m>"—fl——n N

Let Cy be the number of normal subgroups of B. We have following result:

Lemma 65. Let C5 — 7"4111202, then for allm and all G™ _orbits O,, in A, there are at
most Cy subgroups U in GU™(0,,), which are normal in G™ and such that G™(0,,)/U
is isomorph to a product of |0,| simple non-abelian groups where the G™-action by

conjugation acts transitively on factors.

Therefore ny (G") < C5 and

|An]
(i) o) < o] (2L

Now we treat the case 1(b)i:

Let B(i := B/B(W)). Then the group a" .= g /G™(0,) is described inductively
by a B(% x Perm({1, 2}), respectively G = Fand @™ =
on W= 5 O, | = O,,.

(n;” 11 ST acting

Let C be some simple non-abelian quotient of B. We need to bound the number of
sections of G in (O x C(n); that is, the number of homomorphisms ¢ : a™
CO @(n),x — (p(z),2). For k < n we write a(k) the number of such sections
a® = consag®,
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Such a section ¢ : G = B x GV L 0o (B, v G ) (z,y)

(n—1) (n—1)
(¢(z,y), (z,y)) is determined by ¢z and @[ 0, 1. First, ¢lzm-1) can be seen as
(n—1)
a homomorphism G~ — (C91 x ... x O09=1) x 1 G where the |W =D factors

of C9 1 are not permuted. Hence <j)|a<n71> is determined by |W(“_1)‘ sections GO =

COn—1 @(n_l), thus, by at most a(n — 1)|W(7H)| possibilities for ¢|-x-1. Now, we may

assume ¢|§<n71> fixed. Using the isomorphism C'9" x B(i" 11) ~ OV B(i” 11 the ho-

momorphism ¢| o B2 is given by B(n 1) — OV B(Z"_f), y = (1o, W), - 01(y)),
—-1)

where we see, using the action of a" by conjugation, that ¢; are all determined by
¢|§<n71> and ¢,. This means that we have to bound Hom(B(i" 11 cwny B(n_l)).

Let K; be an upper bound on the cardinality of the set of all subgroups of oWy

Bn—1y, for all n and simple quotient C' of B. (Since ’C’WW*D X Bp_py| < |B|¢, we

get K; < 2|B|d.) But B, and hence all By, are perfect, therefore any homomorphism
¢ BOL oW B(n—1) factorizes via projection on B([le_n- Thus, if K3 is a con-

(n—1)
stant bigger than ‘Hom(B(n" 11),CW<n Y % B(,-1))|, then there are at most ('O[’gl')}(z

possibilities for <;5| 0,_1. All in all we get

By
n O,—
a(n) < afn — DI (| K 1|>Kz,

1

where K; and K, are absolute constants.
We remark here that ('O[Zl') =1if |O,_1] < K;.
We shall use the cruder estimate
aln) < a(n — D" N0, K, forall n > 2,
where K is an absolute constant.

Now let r; := ‘W(i)‘, for i € {1,...,n}. From the last inequality we get inductively
a(n) < a(l)rn,l.....rl |On_1|K IOn—2|K7ﬂn71 |On_3|KT"71T"72-. . ..|01|Krn71~m~7‘2 _ a(l)'O"*llt(n—
1), withInt(n—1) = Krp_y-...oroIn |Oy|+. . .4+ Krp_17 o0 |Op 3|+ Krpp_y In |Op_a|+
Kn|O,_q] ie. % = K(IT|001|1| 4+ h|1|OO" |1|) Since for z > 1, Inz < 2y/z, we
have 2= < o sl 5. |1/2, and since for all 7, the number |W;| > 2, |O;| > 2%, thus

Onal

hll(t)(:lj) < 4K for all n. We have the corollary:

Corollary 66. There is an absolute constant K such that the number of sections of
C(n) — (09 x @(n) is bounded by K197l

Under the same hypothesis than at the begining of this section we show now following

proposition.
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Proposition 67. Given \ €]0, 1], there is n > 2, such that for any natural number n,

Cg<n+1)/g<n) (n) < 2"

This leads to:

Corollary 68. Let F' be a transitive permutation group of the set {1,...,d} and B =
Stabp(1) perfect and self normalizing, then the projective limit lim G™ s topologically

finitely generated.

Proof. Pick A € (0,1) and D such that (gen gmy(D) < A for all n. Then JT, (1 —
oo g (D)) = Tt (1= A*") > 0. O

Now we prove the proposition.

Let M be a maximal subgroup of GtY) = BA» 5 G where A, = Ul_,L; and
Pram (M) = G™ . If U is a maximal normal standard subgroup of B“" contained in
M, then:

1. There exist i € {1,...,t} and a strict normal subgroup U; of B such that U =
BM x ... xUF x ... x B" and M is the inverse image of a clean maximal subgroup
in (B/Ui)Li x G, Using the results obtained so far, the contribution is bounded by
a(n)™!, where a(n) — 0 for n — oo, and a(n) is a function which only depends on the
permutation group F. Letting m be the number of normal subgroups of B, t :— "1
and |L;| > 271 we get that the sum of the contributions of 7., for alli € {1,...,t} and

a strict normal subgroup U; of B, is bounded by

mr"ta(n)?".

2. Thereis asubset P of {1,...,t} and a strict normal subgroup U; of B such that B/U;
jep U;7. For fixed P and U, the
contribution is bounded by b(n)>ier!Lil Again, b(n) — 0 for n — oo. Thus the total

is isomorph to a simple group C'and U = [[;4p BLix ]
contribution coming from 2. is bounded by:
t
i=1

|L;]

< Xin(meem) Ty o 6?""’1(7711)(77))2” 1

< gpn—t (mb(n)) > ,
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for n big enough. Summing up everything we get the proposition.

Concerning the reciprocal implication of Proposition 59, we already know that if B is
not perfect, lim._ G™ is not topologically finitely generated. Assume now that B is not
self normalizing, or which is equivalent, that there exist a B-fixed point a € {2,...,d}.
Then, for all natural number n, GETIL)) = ker(G™ — GW) has a fixed point, say o, € A,,.
So GV = BA x Gl = B x (BAMend s GY). Thus GIYY — B x G®, which
shows that G?f)ﬂ) admits B as quotient. Thus, again lim_ G™ is not topologically
finitely generated.

3.4 Super Cuspidal Representations of U(F)

We have seen that U(F') has the independence property and acts minimaly on 7. If
moreover, for each i € {1,...,d} the i-fixing subgroup F; of F' is non trivial, then by
Lemma 32, page 23, since F; ~ U(F)(T.) for some edge e, every complete subtree S
which is neither a point nor an edge is non degenerate. Therefore, by Theorem 1, for
each such S, U(F) has a super cuspidal representation, and two of such representa-
tions are equivalent if and only if the two corresponding subtrees are isomorphic by an

automorphim laying in U(F').

Proposition 69. Let F' be a permutation group of {1,2,...,d} with transitive action
and such that Fy is not trivial. Then for every real positive number M, the group U(F')
has finitely many equivalence classes of super cuspidal representations with formal degree

less than M, if and only if Fy is perfect and equal to its normalizer.

Proof. Suppose that Fj is not equal to its normalizer. It is easy to see that hence F}
fixes a point. Then, fixing an edge e, one can build, using the fact that U(F') has the
independence property, a doubly infinite chain ¢ such that U(F)(e) = U(F)(c). Let
S be the minimal complete subtree containing ¢ and for all natural numbers £ > 2
set S = Tex NS and ¢ = Tep Ne. We have U(F)(e) = U(F)(ck—1) = U(F)(c) C

—_—~—— e~

U(F)(Sk) € U(F)(e). Therefore the subgroup U(F)(ci_1) has index at most 2 in

U(F)(Sg). The subtree Sy has exactly two maximal proper complete subtrees S} and
S2. Thus, by the independence property, we have (see Lemma 10, p. 10)

UF) ()= 11 0)F, W

y€esom(cg—1)

~ U(F)(T.,) x H x U(F)(T,),
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where e; and ey are the terminal edges of S,ﬁ respectively Sg which are not terminal

edges of Sy and where

H' = H U(F)(Fckflzy)‘

y€som(cg—2)

By the preceding remarks,

UE)Te) /U F)(Sk) NUF)Te)) = UF)(Te,) /(U F)(Sk) NUF)T,))

Set
H = U(F)(cp—1)/U(F)(Sk);

this is a normal subgroup of

o —

Q(Sk) = U(F)(Sk) /U(F)(Sk)
with index at most 2 and which we identify to
Fy < H J(U(F)(Sk) N H') x Fy.
In accordance with this identification, set

!/
T=mT Q7T Q7

(® represents the (outer) tensor product), where 7; and 7wy are non-trivial irreducible
representations of Iy and 7’ is the trivial representation of H’. Take a non-degenerate

irreducible sub-representation w of indg(s’“) (). Then

dimw < [Q(Sk) : H] - dim7 < 2dim 7y dim 7y
< 2|F 7.

Therefore for all £ > 1 the representation

e U(F)
T(Sk,w) = mdﬁ(xf)(sk) (wops,)

is cuspidal with formal dimension
1 2

m (U(F)(s1))
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Suppose that Fj is not perfect. Then it has a non trivial character. Let x be a such.
Set Q,, = lf(\lg)(Ta,n)/U(F)(Ta,n), the automorphism group of 7, induced by U(F)(a),
where a is a fixed vertex. Since F' is transitive, we know by Lemma 58 that for n > 1,
Qni1 = FIA” X (), for the action of ), on A, where A,, denotes the set of terminal
edges of the subtree T,,,,. As Q41 = FlA’“ X Qp and |Ag| = d(d — 1)*7!, the map
(f,s) — w(f,s) = Ilsen, x(f(8)) is a non trivial character of Qxy1. Therefore the

formal degree of the super cuspidal representation T'(7Tj 41, w) is d = m

To show the reverse sense of the statement, let us suppose that F} is perfect and equal

to its normalizer, i.e. that it does not fix any point and has no non-trivial characters.

Let S be a complete finite subtree. Recall that for an edge or a vertex a and a natural
number m, we write 7, ,,, the minimal subtree containing the vertices at distance m of

a; these subtrees are complete, as it is obvious to see.

Let T, be the minimal one among all 7, ,,,’s containing S. It is enough to show that
for k£ > 2 the cuspidal representation 7 of G = U(F) with minimal subtree S has formal

' k
degree greater equal O

Let x4, ..., x, be the terminal vertices of S which are also terminal vertices of Ty, and
associate to each of them the maximal complete subtree S; of S for which z; is not a
terminal vertex. If A; denotes the group ps(G(S;)) = G(S;)/G(S), then we have for
every i € {1,...,n}, A4; = F}.

Let 7 be a super cuspidal representation of GG = U(F') with minimal subtree S. By
Theorem 1, the representation 7 is induced from a non degenerate irreducible represen-
tation w of Q(S5), i.e. m = indg(a) (indggg)) (w op3)>, The restriction Resg,x.. x4, (w)
of w on the normal subgroup A; x ... x A, has irreducible factors which are tensor
products p; ® ... ® p,, where p; are irreducible representations of A;. Since the repre-
sentation w is non degenerate, there exists for every ¢ at least one of these factors in
which the corresponding p; is non trivial and hence, since F; ~ A; has no non trivial

characters, is of dimension at least 2. Therefore dimw = dim (ReSAlx...xAn (w)) > 2n
and dim(indggg)) (wops)) > 2n[G(a) : G(S)] and finally

Let us examine the index [G(a) : G(S)].

[G(a) : G(S)].

dim7 >

We write Ay for the terminal vertices of the subtree T, x and fix x € {xy,...,z,}. Let
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0, = G(S)z be the orbit by G(S) and €, = G(a)z the orbit by G(a) of z. We have the
inclusions O, C é(a)x =0, C A

Define the distance of a vertex s to a set of vertices £ by
d(s,F) =min{d (s, F) | e € E}.

For [ € {0,..., k} we consider now the set {z € Q, | d(z,0,) = 2[}.

Let Iy,...,l, € {0,1,...,k} be such that {z € Q, | d(2,0,) = 2;} is not empty (notice
that r > 1, since d (z,0,) = 0.). Pick z € {z € Q, | d(z,0,) = 21} and ¢; € G(a) with
gix = 2. Then we have G(a)z = Q, D L), G(S)z = L, G(S)g:x, which implies the
inclusion G(a) 2 L), G(S)g;. Therefore

Gla): G(S)]| > r> 1.

On the other hand, supposel € {0, 1, ..., k} such that {z € Q. | d (2, O,) = 21} is empty.
Since Fy does not fix any point, the set {y € Q, | d (y,z) = 2[} is non empty. Therefore
we can take a z € Q, such that d (z,z) = 2l. We have d(z,0,) < 2] which means that
there exists a y € O, with d (z,y) < 2l.

But it is clear (see figure) that in this case
d (z,y) = 2l. Therefore we have found for
eachl € {0, 1,....k}\{l1,...,1,}, avertex
y € O, with d (z,y) = 2/, and hence the
orbit O,, which is a subset of {zy, ..., z,},
has at least k + 1 — r elements, i.e. n >
E+1—r.

Finally, we have, since 1 < r < £,

2n
m (é(a))

This proves the proposition. O

[G(a) : G(S)] =

dim 7 >



70

CHAPTER 3. THE UNIVERSAL GROUP U(F)



Bibliography

[B; K]

[B; M]

[B; M; Z]

[Far|

[F-T; N|

[Gaall

[G; G; P.-S]

[H; V]

[Ker|

[Mozes]

Hyman Bass, Ravi Kulkarni, Uniform tree lattices, J. of the A.M.S., vol. 3,
No. 4, pp. 843-902, 1990.

Marc Burger, Shahar Mozes, Groups acting on trees: From local to global
structure, Inst. Hautes Etudes Sci. Publ. Math., 92, pp. 113-150, 2000.

Marc Burger, Shahar Mozes, R.J. Zimmer, Linear representations and

arithmeticity for lattices in Aut(T,,) x Aut(7},),in preparation.

J. Faraut, Analyse harmonique sur les paires de Guelfand et les espaces

hyperboliques in Analyse harmonique, CIMPA, 1983.

Alessandro Figa-Talamanca & Claudio Nebbia, Harmonic Analysis and
Representation Theory for Groups Acting on Homogeneous Trees, London
Mathematical Society lecture note series, 162, Cambridge University Press,
1991.

Steven A. Gaal, Linear Analysis and Representation Theory, Springer-
Verlag, Berlin, Heidelberg, New York, 1973.

I. M. Gel’'fand, M. I. Graev, 1. I. Pyatetskii-Shapiro, Representation Theory
and Automorphic Functions, W. B. Saunders Company, Philadelphia, 1969.

Pierre de la Harpe, Allain Valettte, La propriété (T) de Kazhdan pour
les groupes localemant compacts, avec un appendice de Marc Burger,
Astérisque 175, Soc. Math. de France, 1989.

Adalbert Kerber, Representations of Permutation Groups, 1 & 2, Springer,
1971/1975.

Shahar Mozes, Products of Trees, Lattices and Simple Groups, in Doc.
Math. J. DMV, Extra Volume ICM 1998, vol. II, pp. 571-582, 1998.

71



72

[Nebbial

[O'sh]

[Serre]
[Serre 2|

[Tits]

BIBLIOGRAPHY

Claudio Nebbia, Classification of all Irreducible Unitary Representations
of the Stabilizer of the Horicycles of a Tree, Isr. J. Math, Vol. 70, pp.
343-351, 1990.

G. I. Ol'shanski, Classification of Irreducible Representations of Groups of
Automorphisms of Bruhat-Tits Trees, Functional Analysis and its applica-
tions, Vol. 11, No.1, pp. 26-34, July 1977.

Jean-Pierre Serre, Arbres, amalgames, SL-2, Astérisque 46, Paris, 1977.
Jean-Pierre Serre, Trees, Springer Verlag, New York, 1980.

Jacques Tits, Sur le groupe des automorphismes d’un arbre, Essays on
Topology and Related Topics, pp. 188211, Springer, 1970.



Curriculum Vitae

Olivier Amann: born in Bauma ZH on September 23, 1967, primary school in Hinwil ZH,
secondary school in Hinwil and Moudon VD, one year of gymnasium in Lausanne VD,
passed the admission exam to the Federal Institute of Technology in Lausanne (EPFL),
first two years in Mathematics at the EPFL, Licence in Mathematics at the University
of Lausanne 1994, and Diploma in Mathematics at the University of Lausanne 1996,
teaching assistent at the University of Lausanne 1995-1999, teaching assistent at the
Federal Institute of Technology in Zurich (ETHZ) 1999-2004. Doctoral studies at the
ETHZ under the supervision of Prof. Dr. Marc Burger 1999-2003. The present work has
been completed in October 2003.

Olivier Amann
Im Isengrind 11/81
CH-8046 Ziirich

73



74



