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Abstract. We consider a generalisation of the Basilica group to all odd
primes: the p-Basilica groups acting on the p-adic tree. We show that
the p-Basilica groups have the p-congruence subgroup property but not
the congruence subgroup property nor the weak congruence subgroup
property. This provides the first examples of weakly branch groups with
such properties. In addition, the p-Basilica groups give the first exam-
ples of weakly branch, but not branch, groups which are super strongly
fractal. We compute the orders of the congruence quotients of these
groups, which enable us to determine the Hausdorff dimensions of the
p-Basilica groups. Lastly, we show that the p-Basilica groups do not pos-
sess maximal subgroups of infinite index and that they have infinitely
many non-normal maximal subgroups.

Mathematics Subject Classification. 20E08, 20E18, 28A78, 20E28.

Keywords. Groups acting on rooted trees, weakly branch groups, con-
gruence subgroup properties, Hausdorff dimension, maximal subgroups.

1. Introduction

Let p be a prime and let T' be the p-adic tree. Groups acting on p-adic trees
have been well studied over the past decades, owing to their nice structure,
their importance in the theory of just infinite groups, and the fact that many
such groups have exotic properties; see [6] for a good introduction. Lots of
the interesting examples of such groups share one common property: that of
being branch or weakly branch, where branchness is a measure of how close
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the structure of the group resembles the structure of the full automorphism
group of the tree T'; see Sect. 2 for precise definitions.

An example of such a group is the Basilica group. This group acts on the
binary tree, is weakly branch but not branch, is torsion-free, is of exponen-
tial growth, is generated by a finite automaton, and is not subexponentially
amenable [22]. The Basilica group is generated by two elements, a and b,
which are recursively defined as follows:

a=(1,b) and b= (1,a)o,

where o is the cyclic permutation (12), which swaps the two maximal sub-
trees, and the notation (x,y) indicates the independent actions on the re-
spective maximal subtrees, for x and y automorphisms of the binary tree.
The Basilica group is also the iterated monodromy group of the complex
polynomial 22 — 1, and is a notable example in Nekrashevych’s theory which
links automata groups to complex dynamics; see [27, Section 6.12.1]. Further-
more, the Julia set of 22 — 1, which is the set of accumulation points of the
backward iterations of an arbitrary point in the complex plane under 22 — 1,
can be approximated by a sequence of finite Schreier graphs obtained by the
action of the Basilica group at each level of the binary tree; see [12], where
all limits of finite Schreier graphs of the Basilica group were classified up to
isomorphism. The Basilica group has also been studied in other contexts in
group theory, for example in [13] it has been proved that the Basilica group
has no nontrivial Engel elements.

In this paper, we are interested in a natural generalisation of the Basilica
group, which we call the p-Basilica group, that acts on the p-adic tree, for p
any prime. Such a group G is generated by the following 2 elements:

a= (1,271 1,0) and b= (1,2711,a)0,

where o is the cyclic permutation (12 --- p). Clearly the 2-Basilica group
coincides with the Basilica group. This generalisation of the Basilica group
mirrors Sidki and Silva’s generalisation of the Brunner—Sidki—Vieira group;
see [32] and [11]. A different generalisation of the Basilica group to the p-adic
tree, with p generators, was first investigated by Sasse in her Master thesis
[30], and Sasse’s work has been recently developed further by Petschick and
Rajeev [29]. As seen below, our 2-generator p-Basilica groups, also known
in [29] as Basilica groups of level 2, are more similar to the Basilica group.
The generalisations of the Basilica groups considered by Sasse, Petschick and
Rajeev include the Basilica groups of levels strictly greater than 2, and they
differ more significantly from the Basilica group.

We prove the following in Sects. 3 and 4; see Theorem 3.3, Theorem 3.5
and Lemma 4.10.

Theorem A. Let G be a p-Basilica group, for p a prime. Then G is not
branch, but it is weakly regular branch over G'. Furthermore:

(i) G/G' 2 Z x 7.

(il) G'/v3(G) = Z.

(iii) G'/G" =71

(iv) 13(G )/G”NZ2P 2,



MJOM p-Basilica Groups Page 3 of 28 275

Additionally in Sects. 3 and 4 we establish other basic properties of the
p-Basilica groups G, such as being torsion-free (Theorem 3.6), contracting
(Theorem 3.8), just non-solvable (Corollary 4.3), and having its automor-
phism group Aut(G) equal the normaliser of G in Aut(7T) (Corollary 4.6). We
also show that the groups are super strongly fractal (Theorem 4.5), which
means for any n € N, the projection of the nth level stabiliser Stg(n) at any
nth level vertex is the whole of G; see Section 2 for the precise definition.
This yields the first examples of finitely generated weakly branch, but not
branch, groups that are super strongly fractal.

Now, one of the main properties concerning the p-Basilica groups that
we investigate is the congruence subgroup property, where we say that G <
Aut(T') has the congruence subgroup property if every finite-index subgroup
of G contains a level stabiliser Stg(n) for some n € N. Equivalently, the
group G has the congruence subgroup property if the profinite completion
of G equals its closure in Aut(T).

Garrido and Uria-Albizuri [19] introduced a weaker version of the con-
gruence subgroup property: a group G < Aut(7) is said to have the p-
congruence subgroup property if every normal subgroup of p-power index
contains some level stabiliser. In [19], examples of weakly branch, but not
branch, groups with the p-congruence subgroup property and not the con-
gruence subgroup property were provided. For p odd, their examples were
the Grigorchuk—Gupta—Sidki (GGS-)groups defined by the constant vector,
and for p = 2, their example was the Basilica group. In Sect. 5, we extend
this result to p-Basilica groups, for all odd primes p:

Theorem B. Let G be a p-Basilica group, for p a prime. Then G has the p-
congruence subgroup property but not the congruence subgroup property nor
the weak congruence subgroup property.

We recall that a group G < Aut(T) has the weak congruence subgroup property
if every finite-index subgroup contains the derived subgroup of some level
stabiliser; cf. [31]. The p-Basilica groups are the first examples of weakly
regular branch groups with the p-congruence subgroup property but not the
weak congruence subgroup property.

In Subsect. 5.2, we compute the orders of the congruence quotients
G/ Stg(n) for all n € N; for a p-Basilica group G. This enables us to com-
pute the Hausdorff dimension of the closure of the p-Basilica group G in the
group I' of p-adic automorphisms of T'. We recall that

I lim Cy "G,
neN

is a Sylow pro-p subgroup of Aut(T") corresponding to the p-cycle (12 --- p).
For a subgroup G of I'; the Hausdorff dimension of the closure of G in T is
given by

hdimp(g) = lim M

A 10 T Str(n)] [0, 1], (L1)
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where lim represents the lower limit. The Hausdorff dimension of G is a
measure of how dense G is in I'. This concept was first applied by Abercrom-
bie [1] and by Barnea and Shalev [2] in the more general setting of profinite
groups. We note that the Hausdorff dimension of the closures of several promi-
nent weakly branch groups, such as the first [20] and second [28] Grigorchuk
groups, the siblings of the first Grigorchuk group [35], the GGS-groups [15],
the branch path groups [14], and generalisations of the Hanoi tower groups
[33], have been computed.

Theorem C. Let G be a p-Basilica group, for p a prime. Then

(i) The orders of the congruence quotients of G are given by

A e e o for n even,

log, |G : Stg(n)| =
gy | a(n)l {pnl _~_pnf3_|_..._¢_p4_|_pQ-|-"?+1 for n odd.

(ii) The Hausdorff dimension of the closure of G in T' is

. - p
hdimr (G) = P

In Sect. 6, we give a recursive presentation, a so-called L-presentation,
for the p-Basilica groups (Proposition 6.3), plus we show that the p-Basilica
groups are amenable but not elementary subexponentially amenable
(Lemma 6.2), and have exponential growth (Theorem 6.1); we refer to Sect. 6
for the definitions. To the best of our knowledge, the only other infinite family
of weakly branch groups that are amenable but not elementary subexponen-
tially amenable is the family of p-generator Basilica groups acting on the
p-adic tree; see [30].

Francoeur [17, Thm. 4.28] proved that the Basilica group does not pos-
sess maximal subgroups of infinite index, thus providing the first example of
a weakly branch but not branch group without maximal subgroups of infi-
nite index. Also, the Basilica group has non-normal maximal subgroups [16,
Cor. 8.3.2]. In Subsect. 6.3, we extend these results to p-Basilica groups for
all primes p, likewise giving another infinite family of weakly branch groups
with such properties. Note that the first infinite family of weakly branch, but
not branch, groups without maximal subgroups of infinite index was given
by Francoeur and Thillaisundaram in [18], namely the GGS-groups defined
by the constant vector.

Theorem D. Let G be a p-Basilica group, for p a prime. Then all mazimal
subgroups of G have finite index, and G has infinitely many non-normal maz-
imal subgroups.

Notation. Throughout, we use left-normed commutators, for example,
[z,y,2] = [[z,y], 2]. For a group G, a subgroup H < G and g € G, we write
[H,g] = {[h,g] | h € H). Also if N < G then we write g =x h to mean that
the images of g and h in G/N coincide. For G a group and p a prime, we write
W,(G) for the wreath product of G with a cyclic group of order p.
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2. Preliminaries

2.1. The Group Aut(T)

Let p be a prime and let T be the p-adic tree, i.e. the rooted tree having
p descendants at every vertex. If we choose an alphabet X with p letters,
T can be represented as the graph whose vertices are the elements of the
free monoid X*, the root is the empty word @, and w is a descendant of u
provided that w = ux with z € X.

For a given vertex u, the set of vertices uv with v € X* are said to
succeed u. They form a tree T, rooted at w, which is isomorphic to T. We
denote by |u| the length of u as a word. For every n € NU {0}, the set L,, of
all words of length n is called the nth layer of the tree.

Automorphisms of T as a graph form a group Aut(7) under composi-
tion. Let u be a vertex of T' and let f € Aut(T"). We use exponential notation
for images of automorphisms and, more generally, permutations. Thus the
image of u under f € Aut(7T) is u/. Note that automorphisms leave each
layer invariant, so uf and v belong to the same layer. The label of f at u is
the permutation f(u) of the alphabet X defined by the rule

(uz)’ = ufzf W, for every z € X.

The portrait of f is the set of all labels of f, and there is a one-to-one
correspondence between automorphisms of 7" and portraits. The support of
f is the set of vertices with non-trivial label. We say that f is rooted if the
support is contained in the root, and f is directed if the support is infinite
and consists only of descendants of a given infinite path starting at the root.

In a similar way, the section f, of f at u is the automorphism of T
defined by

(uv)f = uf ol for every v € X*.
For all f,g € Aut(T) and u,v € X*, we have (fu)o = fuv, (f9)u = fugus,
(fg)ug = (gu)71 fuguf (21)

2.2. Subgroups of Aut(T)

For a vertex u of T, the vertex stabiliser St(u) is the subgroup consisting of
all automorphisms of T' fixing . The map v, : f — f, is a homomorphism
from St(u) onto Aut(T). For every n € N, the nth level stabiliser is

St(n) = (] St(u).

u€L,

Then St(n) is a normal subgroup of Aut(T") and Aut(7T) is isomorphic to the
inverse limit of the finite groups Aut(7")/ St(n). Hence Aut(T) is a profinite
group with {St(n)},cn as a basis of neighbourhoods of the identity. For every
n € N, we have an isomorphism

n

b+ St(n) — Aut(T) x ™ x Aut(T)

f I (fu)uGLn~
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The map 1 can be extended to an isomorphism
Y Aut(T) — Aut(7T') 1 Sym(X)
[ vi(f) T,

where 7 is the label of f at the root. Thus we can define automorphisms of
Aut(T) by giving their image under .

Let Sym(X) be the symmetric group over the alphabet X. If o €
Sym(X) is a fixed p-cycle, we can obtain a Sylow pro-p subgroup I'(c) of
Aut(T) by considering all automorphisms whose portrait only contains la-
bels from (o); that is,

I(o)={f€Aut(T) | f(u) € (o) forall u € X*} = lim Cp2 G,
neN
As mentioned in the introduction, we also write I' =T((12 -+ p)).

Now let G be a subgroup of Aut(7T). We write Stg(u) = St(u) N G
and Stg(n) = St(n) N G. The latter is a normal subgroup of G and we set
G, = G/Stg(n), which is called the nth congruence quotient of G. We say
that G is

Lewvel-transitive if it acts transitively on L,, for every n € N.
Self-similar if all sections of elements of G at all vertices belong to G.
Fractal if it is self-similar and ,,(Stg(u)) = G for every vertex u of the
tree.

Super strongly fractal if it is self-similar and 1, (Stg(n)) = G for every
u € L, and every n € N.

n

Note that if G is self-similar then 1, (Stg(n)) € G x - x G for all n, and
if furthermore G is contained in a Sylow pro-p subgroup I'(c) then ¢(G) C
G (o) = Wp(G). The nth congruence quotient of I'(¢) is isomorphic to the
iterated wreath product of n copies of C), and I'(c) is the inverse limit of
these finite p-groups.

The rigid vertex stabiliser Ristg(u) of a vertex u in G is the subgroup
consisting of all automorphisms in G that fix all vertices outside T;,. Then
for every n € N we define the rigid nth level stabiliser as

Ristq(n) = (Rista(u) |u € L) = [ | _, Rista(u) 4G

If G is level-transitive we say that G is a branch group if |G : Ristg(n)| < oo
for all n € N, and that it is weakly branch if Ristg(n) # 1 for all n. If G is
level-transitive and self-similar, and K x --- x K C ¢(K) for some K < G,
we say that G is regular branch over K if |G : K| < co and that G is weakly
regular branch over K if K # 1. Observe that being (weakly) regular branch
implies being (weakly) branch.

2.3. p-Basilica Groups

Let X = {z1,...,2,} and let I" be the Sylow pro-p subgroup of Aut(7")
corresponding to the p-cycle o = (z1 2 - -+ x;). The p-Basilica group is the
subgroup G of I generated by the automorphisms a and b given by

Y(a)=(1,...,1,b) and ¥(b)=(1,...,1,a)0.
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(b)

Figure 1. The portrait of the generators of a p-Basilica group
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Figure 2. The 3-Basilica automaton

Note that the 2-Basilica group is the well-known Basilica group mentioned
in the introduction. The portraits of a and b are described in Fig. 1.

We recall that an automorphism f € Aut(T) is called bounded if the
sets {w € X" | fu # 1} have uniformly bounded cardinalities over all n. A
group G < Aut(7) is said to be a bounded automata group if G is finitely
generated, self-similar and every element g € G is bounded and finite state
(i.e. the set {g, | v € X*} is finite). For every prime p the p-Basilica group is
a group generated by a finite bounded automaton with set of states {Id; a;b}.
In Fig. 2, there is the generating automaton in the case p = 3.

We remark that being an automata group, for any prime p, the p-Basilica
group has solvable word problem, [27, Prop. 2.13.8].

3. First Properties

In this section, we prove some basic properties of the p-Basilica groups. We
start with the following elementary but essential result.

Lemma 3.1. Let G be a p-Basilica group, for a prime p. Then G is fractal
and level-transitive.

Proof. By [36, Lem. 2.7], it suffices to show that G acts transitively on the
first layer and that 1, (Stg(z)) = G for some x € X (see also [21, Sec. 3]).
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This is straightforward since b acts transitively on the first layer and since
Y(a)=(1,...,1,b) and ¥(b*) = (a,...,a). O

Next we consider the stabilisers in G of the first two layers. Recall that
G, = G/ Stg(n), and for convenience, we set A = (a)® and B = (b)“.

Lemma 3.2. Let G be a p-Basilica group, for a prime p. Then:

(i) Sta(1) = A(BP) = (a,a’,...,a?" ", bP) and Gy = (bSta(1)) = C,.
(ii) G2 =2 C, 1 Cy is a p-group of mazimal class of order pP™*.

Proof. (i) Observe that a € Stg(1), and that b™ € Stg(1) if and only if p | n.
Since Stg(1) < G we get A(bP) < St (1). Note that A(bP) is normal in
G since G/A is cyclic. As a consequence, the inclusion A(bP) < Stg(1) is
an equality, since G/A(bP) has order p and Stg(1) is a proper subgroup
of G.

(ii) Since ¥(b?) = (a,...,a) and a € Stg(1), we have bP € Ste(2). By (i), if
we consider G5 = G/ St(2), and we denote an element in the quotient
using the bar notation in G5, we have

Ste,(1) = (@,a’,...,a" ).
Since @ has order p in G5 and the tuples
Wla)=(1,...,1,b) and (a®)= (1,471 1,6  ba,1,...,1), for 1<i<p—1,

commute with each other, Stg,(1) is elementary abelian of order p”.
Thus |G| = pP*L. To complete the proof, observe that since G < T', the
quotient Gy = G/ Stg(2) embeds in I'y = T'/ Str(2) = C, 1 C,, and that
the latter is a p-group of maximal class of order pP*!. O

Our next goal is to study the abelianisation of G. In the remainder, let

A = (a) and B = (b)¢ as before. Since G = {(a,b), we have A = (a)G’,

B = (b)G', and G = AB. Observe that ¢(a) = (1,...,1,b) and G being
self-similar imply

Y(A)C B x---x B. (3.1)

On the other hand, the map 7 : W,(G) — G/G’ sending (g1,...,gp)0" to

g1 -+ gpG' is clearly a group homomorphism. Since (b)) = (1,...,1,a)0, it
follows that

(m o) (B) C A/G. (3.2)

Theorem 3.3. Let G be a p-Basilica group, for a prime p. Then:
(i) G/A = (bA) and G/B = (aB) are infinite cyclic. In particular, the
elements a and b have infinite order in G.
(ii) G/G" = (aG") x (bG'Y 27 x 7.
(i) AnB=G".
Proof. Since G/G' = A/G" - B/G', with A/G’' = (aG’) and B/G' = (bG’),
both (ii) and (iii) follow immediately from (i).
We prove that G/A and G/B are infinite simultaneously. Assume for a
contradiction that, for some n € N, we have either a™ € B or b" € A, and let
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us choose n as small as possible. If " € A C Stg(1) then n = pm for some
m, and consequently,

PY(O") = (a",...,a™) e Y(A) C B x - x B,

by (3.1). Hence, a™ € B, which is impossible since m < n. On the other
hand, if ¢ € B then

"G = (mov)(a”) € (mo)(B) C A/G

by (3.2). Thus, b™ € A, which we just proved is not the case. This completes
the proof. 0

Next we study rigid stabilisers and the branch structure of G. To this
purpose, the following result is very useful. It is given in [15, Prop. 2.18] for
GGS-groups, but the same proof works more generally for level-transitive
fractal groups. We state this general version here for the convenience of the
reader.

Lemma 3.4. Let G be a level-transitive fractal subgroup of Aut(T), and let
L and N be two normal subgroups of G. Suppose that L = (S)9 and that
(1,...,1,8,1,...,1) € ¥(N) for every s € S, where s appears always at the
same position in the tuple. Then L x -+- x L Cp(N).

Theorem 3.5. Let G be a p-Basilica group, for a prime p. Then
(i) Ristg(1) = A with Y(A) = B x --- x B. In particular, the group G is
not branch.
(ii) Y(Sta(1)) = G' x -+ x G'. As a consequence, the group G is weakly
reqular branch over G'.

Proof. (i) We already know from (3.1) that ¢(4) C B x --- x B, and the
reverse inclusion follows from Lemma 3.4, since ¢(a) = (1,...,1,b).
Hence A < Ristg(1) < Ste(1) = A(bP) and so Ristg(l) = A(DP") for
some n. Since

P(ADP™)) = (B x -+ x B){(a",...,a"))

and a has infinite order modulo B by Theorem 3.3(i), it follows from
the definition of the rigid stabiliser that n = 0. Hence Ristg(1) = A,
which has infinite index in GG, so GG is not branch.

(ii) The inclusion C is clear. For the reverse inclusion, observe that
Y([bP,a)) = (1,...,1,a,b]). Since G’ = ([a, b])“, the result follows from
Lemma 3.4.

U

Theorem 3.6. Let G be a self-similar subgroup of Aut(T) and suppose that
there ezists a torsion-free quotient G/N with N < Stg(1). Then G is torsion-
free. In particular, the p-Basilica groups are torsion-free.

Proof. For every n € NU {0}, let P, stand for the set of torsion elements in
Stg(n)\ Stg(n+ 1). Then our goal is to prove that these sets are all empty.
By way of contradiction, suppose that P, # @ for some n, which we choose
as small as possible.
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Since G/N is torsion-free and N < Stg(1), it is clear that n > 1. Let
g € P, be a torsion element. If ¥(g) = (¢1,...,9p) then some g; belongs
to Stg(n — 1)\ Stg(n) and, of course, the element g; is of finite order. So
gi; € P,_1, which is a contradiction.

The case of the p-Basilica groups follows from Theorem 3.3, since G’ <
Sta(1). O

Next we prove that the p-Basilica groups are contracting. Let us briefly
recall this concept. If G is an arbitrary group generated by a finite symmetric
subset S (i.e. a set for which S = S~1), then for every g € G,

gl =min{n >0]|g=s1-8y, for si,...,s, €S}

is called the length of g with respect to S. Now assume that G is a self-similar
subgroup of Aut(7"). Then for every g € G and every n € NU {0} we define

ln(g) = max{|gy| | u € Ly }.

From the rule (gh), = guhus we get that the function ¢, is subadditive, i.e.
that

4 (gh) < l,(g9) + n(h) for every g,h € G, (3.3)
and from (g~ 1), = (g,,-1) 7", that

Co(g7Y) = 0,(g9) for every g € G.
If there exist A < 1 and C, L € N such that
l(g9) < Alg| +C, for every n > L and every g € G,

then we say that the group G is contracting with respect to S. There are
several equivalent definitions of contracting groups, the one that we give is
due to [27].

The following lemma is straightforward, but very useful in proving that
a subgroup of Aut(T") is contracting.

Lemma 3.7. Let G = (S) be a self-similar subgroup of Aut(T), where S is
symmetric and suppose that ¢1(s) < 1 for all s € S. Then £,(g9) < ln_1(g)
for everyn e N and g € G.

Proof. Observe that the condition ¢1(s) < 1 for all s € S, together with (3.3),
imply that ¢1(g) < |g| for every g € G. Now let u € L,, and write u = vz
with v € L,,_1 and & € X. Then for every g € G we have

19u| = [(90)z| < €1(g0) < 90| < ln-1(9),
and the result follows. O

Observe that the condition ¢;(s) <1 for all s € S is satisfied by the set
of generators S = {a,b,a"1,b71} in a p-Basilica group.

Theorem 3.8. For p a prime, the p-Basilica group G is contracting with re-
spect to the set of generators S = {a,b,a™*, b=}, with A = % and C =L =1.
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Proof. By Lemma 3.7, it suffices to prove that
2
l(g) < §|g| +1, forevery g € G. (3.4)

Assume that we know that ¢2(h) < 2 for every h € G of length 3. Then we
write |g] = 3j + k with & € {0,1,2} and g = hy---h;f with |[hy]| = --- =
|hj] =3 and |f| = k, and (3.4) immediately follows from the subadditivity of
ls.

Let us then consider an arbitrary element h € G of length 3 and prove
that £2(h) < 2. An easy calculation shows that ¢1(g) < 1 for g € {b?, ba,ba=1}
and, as a consequence, f5(g) < 1 for every g of length 2 other than a~1'b and
b~la. Now one of the elements h or h~ ', call it A*, does not contain a~'b or
b~la as a prefix. If we write h* = gs with g of length 2, then

la(h) = €2(h") < £a(g) + La(s) < 2,
which completes the proof. O

4. Commutator Subgroup Structure

In Sect. 3, we determined the abelianisation of a p-Basilica group G and
proved that G is weakly regular branch over G’. Now we study further prop-
erties of G’ and of other subgroups obtained by taking commutators, and
obtain some consequences.

In the following we will denote by C' and D the following subgroups of

Gx-.xa:
C:{(b“,,b%)‘ll—F-ﬁ-Zp:O},
D={(g1,--,9p) EG" X+ xG" [ g1 gy € 13(G)}.

Since b is of infinite order, the subgroup C' is a free abelian group of rank
p — 1 generated by the elements

ci=(1,...,1,b7 4 b,1,.4.1), foric{0,1,...,p—2}. (4.1)
Note further that for all i € {0,...,p — 2} we have
e= (b, (42)
Also since
cocrcpn = (b1, 1,272,1,b), (4.3)

it is clear that C' is normalised by o in the wreath product W,(G).

We start our study of commutators by identifying the images of G’,
v3(G) and G” under 9, where v3(G) denotes the third term of the lower
central series, and G” the second term of the derived series.

Theorem 4.1. Let G be a p-Basilica group, for p a prime. The following hold:
(i) Y(G)=(G'x--xG)xC.
(ii) Y(G") =3(G) x -+ x 13(G).
(iii) Y (v3(G)) = (Wo,- .-, Yp—2) X D, where yo = co P ([a,b71],1,...,1) and
yizci,lcfl for1<i<p-—2.



275 Page 12 of 28 E. Di Domenico et al. MJOM

Proof. (i) One inclusion is clear, taking into account that G is weakly reg-
ular branch over G’, together with (4.2). For the reverse inclusion, ob-
serve that G/ = ([b=1,a])® implies ¥(G") < (co)"»(©). Now in the
wreath product W,(G) the subgroup G’ x --- x G’ is normal, the el-
ement o normalises C' and [C,G x --- X G] < G’ x --- x G'. Hence,
(G' x -+ x G")C A W,(G). Since ¢y € C, the desired inclusion follows.

Finally, since b has infinite order modulo G’ by Theorem 3.3(ii),
we observe that the intersection of G’ x --- x G’ and C' is trivial, and
so their product is semidirect.

(ii) We first show that y3(G) x -+ x v3(G) < ¥ (G"). On the one hand, a
straightforward computation shows that [b, a,a] = 1, and then v3(G) =
([b,a,b))¢. Now since G is weakly regular branch over G’, we have
(1,...,1,[b,a]) € ¥(G"), and on the other hand (1,...,1,b7%,b) = ¢y €
¥(G"). Hence, (1,...,1,[b,a,b]) € (G") and the desired inclusion fol-
lows from Lemma 3.4.

To show the other inclusion, it is sufficient to prove that
(G /(v3(G) x -+ x v3(G)) is abelian. This is obvious from the ex-
pression for ¢(G") obtained in (i).

(iii) We have v3(G) = [G’,a][G’,b]G" and consequently v3(G) = [G',b]G”
since ¥(a) = (1,...,1,b) clearly centralises ¥(G') = (G' x --- x G')C
modulo ¥(G") = 43(G) x -+ x y3(G).

Hence ¢(73(GQ)) = [¥(G), ¥ (D)](v3(G) X - - - x v3(G)). Next consider the
following subgroup of ¥ (v3(G)),

(G % x G (0)](13(G) x -+ x 13(G))
=[G x - x G, 0](13(G) x -+ x 13(G)),
and observe that it corresponds to the commutator subgroup of the wreath
product W,(G'/v3(G)), i.e. with the elements of the base group whose
component-wise product is 1 in G’/~3(G). Hence this subgroup coincides
with D and we have ¢(v3(G)) = [¢(G"), ¢ (b)]D.

Now the factor group ¥ (G’)/D is the direct product of the cyclic sub-
groups generated by ¢, ...,cp—2 and by z = ([b,al,1,...,1). It is clear that
[ci,¥(b)] = y; for 1 <4 <p—2, that

[co, ¥ (b)] = cal(b, 1L...,1,b07 Yz = 06261_1 e c;_13c;_122,
using (4.3), and that [z,%(b)] € D. Hence,

Y(v3(G)) = (W1, -, Yp—2, colert- c];lgcgfzz)D.
Since

-2 —1 -1 —1 -1 -2 —(p—2) _ -p
Co C1 " Cp3Cp oYp 2Yp—3 "Y1 =¢C >

the result follows. O

Corollary 4.2. Let G be a p-Basilica group, for p a prime. Then the centraliser
of G’ in G, and hence the centre of G, is trivial.

Proof. Suppose that g € Cq(G') and let 1(g) = (g1, -, gp)o". Since g com-
mutes with [bP, a] and ¥ ([b?,a]) = (1,...,1,][a, b)), it follows that p | k. Hence
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g € Stg(1). In view of Theorem 4.1(i), all components g; also centralise G’
and consequently belong to Stg(1). Repeating this process yields g € Stg(n)
for every n € N, and so g = 1. g

For a group property P, recall that a group H is just non-P if H does
not have property P but every proper quotient of H has P.

Corollary 4.3. For a prime p, a p-Basilica group is just non-solvable.

Proof. Using Theorem 3.5, it suffices to show by [22, Lem. 10] that G’/ St¢(1)’
is solvable. Now from Theorem 3.5(ii) and Theorem 4.1(i) it is immediate that
G'/Stg(1) = C is abelian. O

Next we give important information about the congruence quotient G,,:
the orders of the images of a and b, and the structure of its abelianisation.
In the remainder, let 8(n) = [n/2].

Theorem 4.4. Let G be a p-Basilica group, for a prime p. Then, for every
n € N, we have:
(i) The orders of a and b modulo St (n) are p®™=1) and pP™) | respectively.
(ii) We have |Gy, : G| = p" and G, /G, = Cpsn-1) X Cppeny , where the first
factor corresponds to a and the second to b.

Proof. First of all, we prove by induction on n > 0 the following result: that
if n is even then

" € Sta(n)\G St (n + 1), (4.4)
and that if n is odd then
a" """ € Sta(n)\G' Ste(n + 1). (4.5)

Note that this already implies (i), and furthermore that the orders of the
images of a and b in G,,/G’, are p*~1) and p?(") respectively.

The result is obvious for n = 0. Now we suppose it holds for n—1. If n =
2m-+1 is odd, we have ¢)(a?”) = (1,...,1,bP"), and since b*" € Stg(n—1) by
induction hypothesis, we get a?” € Stg(n). Assume, by way of contradiction,
that a?” € G'Stg(n + 1). By applying ¢ and taking Theorem 4.1(i) into
account, we get

PP ) = (1,...,1,0°") € (G’ Stg(n) x --- x G’ Stg(n))C.
Thus, for some 41,...,%, summing up to 0, we have
(b, .. .,bipfl,bipﬂ’m) € G'Stg(n) x -+ x G' Stg(n).

By multiplying together all components, we get b*" € G’ St (n), contrary to
the induction hypothesis.

Let us now consider the case when n = 2m is even. Note that ¢ (b?") =
(@', .. aP" ). Since a?" ' € Sta(n—1), we get b € St (n). As before,
suppose that o?" € G’ Stg(n + 1). Applying 1 as above and looking at the
first component, we get

bia?" " € G Stg(n) (4.6)
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for some integer i. Hence b* € G’Stg(n — 1). Since by induction v ¢
G’ St (n—1), necessarily p™ divides i. Then by (4.6) we obtain that a?” = €
G’ Stg(n), contrary to the induction hypothesis.

We now prove (ii). The abelian group G,, /G, is generated by the images
of a and b, of orders p?("~1) and p™ respectively. Hence, |G, : G’ | <
pPr=D+B(n) — pn and all assertions in (ii) immediately follow if we show
that |G,, : GI,| > p™. To this purpose, observe that (4.4) and (4.5) imply that
the difference |G’ Stg(n) : G’ Stg(n + 1)| is non-trivial for every n. Thus,

n—1
|G G| = |G : G’ Sta(n)] = [ ] 1G" Sta(i) : G Sta(i + 1)] > p™,
1=0

as desired. O
Now we can give a stronger form of Lemma 3.1.
Theorem 4.5. A p-Basilica group G, for p a prime, is super strongly fractal.

Proof. Let u, = x,.".2, for every n € N. Since G is level-transitive, it suffices
to show that 1, (Stg(n)) = G for all n. Since

n—1

qun—l (bp") :aa ¢u2n_1 (ap ) = b’ wuzn (bp") :b7 and qun (ap") = (1,
the result follows from Theorem 4.4. O

The above result gives the first examples of weakly branch, but not
branch, groups that are super strongly fractal; cf. [34, Prop. 3.11] and [36,
Prop. 4.3].

For the following result, recall that a group G < Aut(T) is saturated if
for any n € N there exists a subgroup H, < Stg(n) that is characteristic
in G and v, (H,,) acts level-transitively on T;, for all vertices v € L,. If G is
level-transitive and super strongly fractal, then it suffices to show this last
property for a single vertex u € L, since if we write v = u9 with g € G then
by (2.1) we have

wv(Hn) = wug (Hg) = %(Hn)g“ = wu(Hn)v

where the last equality follows from ), (Hy) < ¢, (Stg(n)) = G, since G is
super strongly fractal.

Corollary 4.6. Let G be a p-Basilica group for a prime p. Then Aut(G) =
NAut(T) (G)

Proof. From [25, Prop. 7.5] it suffices to show that G is saturated. We set
Hy =G, H =G, and H,, = [H,—1, H?_,] for all n > 2, which are char-
acteristic subgroups of G. Note that H, < Stg(n) for every n € N, since
the quotient of two consecutive level stabilisers in G is an elementary abelian
p-group. Indeed, notice that
n—1
Str(n —1)/Str(n) 2 G, x -+ x G,

and since Stg(n) = Str(n) NG and Stg(n — 1)/ Stg(n) embeds in Str(n —
1)/ Str(n), it follows that Stg(n)/ Ste(n — 1) is elementary abelian.
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Set u, = xp.".2, for every n € N. As explained above, we only need to
show that v, (H,) acts level-transitively on T'. This will follow if we prove
that v, ,(H,) = G', since ¥([b~1,a]) = (1,...,1,b71,b), with b acting
transitively on the first level vertices, and since G’ x --- x G’ < (G’).

Let us then prove that 1, _, (H,) = G’ for every n € N. We use induc-
tion on n, the case n = 1 being obvious. Assume now that n > 2. Clearly we
only have to show that G’ <4, _,(Hy). Observe first that b € ¢, (Hp—1)
by the induction hypothesis. Since also b € ), ,(H,—2) (here we need to
use that Hy = G if n = 2) and ¢(b*) = (a,...,a), we have a € ¢, ,(HE_,).
Consequently [b,a] € ¥, ((Hn1, H ,]) = 1w, _, (H,). Since G’ = {[b, a])“
and v, , (H,) < G, the proof is complete. O

Examples of other groups acting on rooted trees with automorphism
group equal to its normaliser in Aut(T) are the Grigorchuk group and the
Brunner—Sidki-Vieira group [25], and the branch multi-EGS groups [34].

Next we generalise Theorem 3.5(ii) and give a relation between rigid
stabilisers and level stabilisers.

Theorem 4.7. Let G be a p-Basilica group, for a prime p. Then the following
hold:

(i) ¥n(Sta(n)) =G’ x e for every n € N.
(it) Ristg(n) = Sta(n) for every n > 2.

Proof. (i) Since G is self-similar, the inclusion C is obvious. For the reverse
inclusion, a direct calculation shows that
wn([bpn/z,a”"/z]) if n is even,
wn([ap<"71)/2, bp(nﬂ)/z]) if n is odd.
By Theorem 4.4, it follows that (1,7 =11, [b,a]) € 1, (Stg(n)’). Now
the result follows from Lemma 3.4.

(i) It suffices to show that v, (Ristg(n)) = G’ x *-- x G for every n > 2.
For n = 2 we have

Y (Riste(2)) C (Ristg(1) x -+ x Rista(1)) N (Rista(1))
:(A><~I~)~><A)ﬂ(B><~Z~)~><B)
=G x x@,
using first Theorem 3.5 and then Theorem 3.3(iii). Hence,
Yo (Rist(2)) C 9(G) x -~ x 9(G")
— (@ x-x @O xVox (@ x P @, (4.8)

by Theorem 4.1. Now since G is weakly regular branch over G’, we have

(1,P'=5 1, [bya]) = (4.7)

G’ x " x G' C ho(Riste(2)).

If this inclusion is strict then we may assume without loss of generality
that some element (b™,...) with m # 0 belongs to ¥s(Ristg(2)). By the
definition of rigid stabiliser, it follows that (b™,1,...,1) € ¥2(Ristg(2)),
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which is contrary to (4.8). This proves the case n = 2. The general case
follows in a similar fashion by induction on n. O

We close this section by determining the structure of the quotients
G'/v3(G), G'/G", and v3(G)/G", which is key for Sect. 5. We need a couple
of lemmas.

Lemma 4.8. Let G be a p-Basilica group, for a prime p. For everyn € N, we

have
B(n—1)

Q/J(Stgl (n)) = (Stg/(n — 1) X oo X StG/(Tl — 1)) CP
Proof. The inclusion D is obvious from Theorem 4.1(i) and Theorem 4.4(i).
For the other direction, let g € Stg/(n) and write ¥(g9) = (wi,...,wp)
(b'1,...,b%), where the first factor is in G’ - - - x G’ and the second is in C. Fix
an index j € {1,...,p}. Since w;b% € Stg(n—1) we have b'i € G’ Stg(n—1),
and then p®("=Y divides i; by Theorem 4.4. Thus, b € Stg(n — 1) and it
follows that also w; € Stg(n — 1). This proves the result. O

Lemma 4.9. Let G be a p-Basilica group, for p a prime. Then the order of
[a, b] modulo v3(G) St (n) is at least pP™=Y) for every n € N.

Proof. Since [a,b] and [a,b™!] are inverse conjugate, we prove the result for
the order of [a,b~!]. We use induction on n. The result is obvious if n = 1, so
we suppose that n > 2. If [a,b'|?" € 43(G) St (n), we want to show that
m > f(n —1). By way of contradiction, we assume that m < (n —1). By
applying 9 to [a,b~!]P" and using Theorem 4.1(iii) and Lemma 4.8, we get

o’ = ydge, (4.9)
where y = y](f“ . --y;;p_’f for some ko, ..., kp—2 € Z,d € D, g € Ster(n —1) x

-+ X Stgr(n—1), and ¢ € P’V If we reduce (4.9) modulo G’ x --- x G’
and use that yo reduces to ¢, ”, we get

p™ —pko+k1 —ki+k —kp—3tkp—2 —kp_2 pPn=1
) T e, BT e, B e O . (4.10)
Since cy, ..., cp—2 form a basis for the free abelian group C, it follows that

all exponents in (4.10) are divisible by pP"=1) and, as a consequence, so is
p™ — pko. Since m < [(n — 1), it follows that the p-part of pkg is p". Now
since B = (b)G’ is abelian modulo ~3(G), the map

T:Bx---xB— B/v(G)

(915--59p) = g1+ 9p73(G)
is a group homomorphism. Observe that both C' and D lie in the kernel of 7,
and that 7(yo) = [a,b"]y3(G). Hence, by applying 7 to (4.9), we get
[a,b1]" € v3(G) Star (n — 1).

Since the p-part of kg is p™ !, by the induction hypothesis we have m — 1 >
B(n —2), and so m > B(n—2) 4+ 1> f(n — 1), contrary to our assumption.
This completes the proof. O

Theorem 4.10. Let G be a p-Basilica group, for p a prime. Then



MJOM p-Basilica Groups Page 17 of 28 275

(i) G'/vs(G) = Z.
(i) G'/G" =2 7201,
(iii) 73(G)/G" = 7202,

Proof. (i) We observe that G’ /v3(G) is cyclic and generated by the image
of [a,b]. From Lemma 4.9, the order of [a,b] tends to infinity modulo
~v3(G) Ster(n) as n goes to infinity. Hence the statement immediately
follows.

(ii) The result follows from (i) and from Theorem 4.1 since we have

el N w(G/) N el » el
&= bion = ( i) €

73(G) o 73(G

~7 x-2.oxZx 7P,

This completes the proof since (iii) is a straightforward consequence of
(i) and (ii). 0

We recall the integral Heisenberg group Hs(Z), which is the 2-generated
group of 3 x 3 upper unitriangular matrices with integral entries, and has the
presentation (z,y,z | z = [x,y], vz = zz, yz = zy).

Corollary 4.11. Let G be a p-Basilica group, for p a prime. Then G /v3(G) is
isomorphic to the integral Heisenberg group Hs(Z).

Proof. The proof is analogous to [19, Prop. 23] or to [17, Prop. 4.8], where it
was proved for the case p = 2, using different approaches. O

As noted in [17, Cor. 4.9], the previous result yields an alternative proof
that the p-Basilica groups are not branch. As every proper quotient of a
branch group is virtually abelian and the integral Heisenberg group is not
virtually abelian, the result follows.

5. Congruence Subgroup Properties and Hausdorff Dimension

5.1. Congruence Subgroup Properties

Let G be a p-Basilica group, for p a prime. Since G/G’ = Z x Z, the group G
does not have the congruence subgroup property as all quotients of G by
level stabilisers are p-groups. In this subsection we show that G has the p-
congruence subgroup property (p-CSP for short) but not the weak congruence
subgroup property.

We recall that if G is a subgroup of Aut(7T") and N < G, we say that
G/N has the p- congruence subgroup property (or that G has the p-congruence
subgroup property modulo N) if every J < G, such that G/.J is a finite p-group
and N < J, contains some level stabiliser of G. According to [19, Lem. 6], if
N < M are two normal subgroups of G such that both G/M and M/N have
the p-CSP then also G/N has the p-CSP.

We need a couple of lemmas before proving that the p-Basilica groups
have the p-CSP.
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Lemma 5.1. Let N and G be subgroups of Aut(T) with N <G and G/N free
abelian of rank r, for some r € N. Suppose that, for large enough n € N, we
have

G/N Stg(n) = Cpxl(n) X +ee X Cpkr(w,), (5.1)
with lim,, oo A\j(n) = 0o for 1 <i <r. Then G/N has the p-CSP.
Proof. Let N < J <G, where |G : J| = p™, for some m € N. Then gr" < J.

Now choose an integer n such that A\;(n) > m for 1 < i < r. By (5.1), for
large enough n we have

G/N Stg(n) : (G/N Stg(n))”"| = p™™ = |G/N : (G/N)"|,
which implies N Stg(n)GP" = NGP", since by the third isomorphism theo-

rem,

G/N Stg(n) G/N Stg(n) -~ g
(G/N Stg(n)™ ~ NStg(n)GF" /N Stg(n) N Stg(n)G"
and
G/N _ g/IN _ G
(G/N)y»™  NGr™/N  NGP™'
Hence, Stg(n) < NGP™ < J, and G/N has the p-CSP. O

The following lemma is a slight generalisation of [19, Thm. 1], which
corresponds to the case when N is chosen so that L < K’, and its proof is
very similar. For convenience, we include the proof below.

Lemma 5.2. Let G be a subgroup of Aut(T) that is weakly regular branch over
a normal subgroup K. Let N be a normal subgroup of G such that:

(i) K< N<K.

(ii) If L=v9"Y(N x --- x N) then G/N, N/L, and N/K' have the p-CSP.
Then G has the p-CSP.

Proof. Set L,, = 1} (N x Plx N) for every m € N. Note that L,, < G, since
G is self-similar and N < G. We will prove by induction on m that G/L,, has
the p-CSP. Since Ly = L and both G/N and N/L have the p-CSP, the result
is true for m = 1. Now we suppose that the result holds for m and we will
show it for m + 1. Observe that it suffices to prove that L,,/L,,+1 has the
p-CSP. Recall that

m

p

wm(Lm):NX"'XN

and

m

p

U (Lpy1) = L x -+ X L,

S0 1y, induces an isomorphism between L,,/L;,+1 and N/L X Plx N/L.
Since

m

Ym (St (n)) = Sty (n —m) x Plox Sty(n—m) for every n > m,
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and N/L has the p-CSP, it follows that

m m m

N/L x Plox N/L = (N x Ylx N)/(L x Plox L)L, /Ly
has the p-CSP.
To conclude that G has the p-CSP, let J < G be such that G/J is a finite
p-group. Since G is level-transitive, we have Ristg(m)" < J for some m € N
by [19, Lem. 4]. Define the subgroup K, < Ristg(m) by the condition

m

Vm(Km) =K x - x K.

Since K’ < N it follows that K/, < L,,. Now taking into account that N/K’
has the p-CSP, the same argument as in the first paragraph of the proof yields
that L,,/K], has the p-CSP as well. Thus G/K, has the p-CSP for every
m € N. Since K/, < Ristg(m) < J, this proves that J contains some level

stabiliser in G, and consequently G has the p-CSP. 0

Theorem 5.3. Let G be a p-Basilica group, for a prime p. Then G has the
p-CSP.

Proof. We apply Lemma 5.2 with K = N = G’. Thusif L = ¢~ }(G’'x---xG")
then it suffices to prove that G/G’, G'/L and L/G" have the p-CSP. Note
that then also G'/G" has the p-CSP.

First of all, the factor group G/G’ has the p-CSP by Lemma 5.1, since
G/G'Stg(n) = Cpsm-1) x Cpamy with B(n) = [n/2], according to Theo-
rem 4.4(ii).

Next we deal with G’/L, which is free abelian of rank p — 1 by Theo-
rem 4.1(i). By Lemma 4.8, we have ¢(L Stg/(n)) = (G’ x -+ x G’)CPB(%U
and consequently G'/L Stg/(n) = C/C”ﬁ(n_l)
from Lemma 5.1.

Let us finally consider the case of L/G"”. We have

LG = (G x -+ x G)/(35(G) x -+ X 75(G)) = 27,

. Hence, this case also follows

Since
P(G" Sty (n)) = v3(Q) Star(n — 1) x -+ x 13(G) Stgr (n — 1),
it follows that
L/G"Str(n) 2 G /(v3(G)Sta (n —1)) x -+ x G'/(73(G) Stgr (n — 1)),

and we can once again apply Lemma 5.1, by taking into account Lemma 4.9.
O

We note that in [29, Thm. 1.10] it was shown that s-generator Basilica
groups, for s > 2, have the p-CSP. It is worth mentioning that there are
key structural differences between these groups and the p-Basilica groups;
compare [29, Thm. 1.9].

Now we complete the proof of Theorem B. Recall that a group G <
Aut(T) has the weak congruence subgroup property if every finite-index sub-
group contains the derived subgroup of some level stabiliser.
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Theorem 5.4. Let G be a p-Basilica group, for a prime p. Then G does not
have the weak congruence subgroup property.

Proof. Let ¢ # p be a prime, and let N = (a?,b, [a,b]?)v5(G), which is
normal and of finite index in G. By Corollary 4.11, we have G/N = Hj3(q).
We claim that Stg(n)’ € N for every odd n, which is enough to prove the
theorem. Arguing by way of contradiction, since by Theorem 4.7 we have

U (Stg(n)) = G x Pl G’, and according to (4.7)

(n—=1)/2  (n+1)/2

U ([a? =171, [ba) e G x-x G

for odd n, it follows that [a? € N. As v3(G) < N, we get
[a,b]P" € N. Since also [a,b]? € N, we conclude that [a,b] € N. This contra-
dicts the fact that G/N = Hs(q). O

,bP

(n=1)/2 , (n+1)/2
,bP ]

5.2. Hausdorff Dimension

In this subsection, we determine the orders of the congruence quotients of
the p-Basilica groups, and we compute their Hausdorff dimensions. That is,
we prove Theorem C, which for convenience we recall here.

Theorem C. Let G be a p-Basilica group, for p a prime. Then:

(i) The orders of the congruence quotients of G are given by

pnfl_’_pn*3+...+p3—|—p+% for n even,

log, |G : Stg(n)| =
gp| a(n)| {pn—1+pn—3+.._+p4+p2+n—2i-l for n odd.

(ii) The Hausdorff dimension of the closure of G in T is

p

hdimp (G) = —2—.
dimr (G) o

Proof. (i) We argue by induction on n. The case n = 1 is clear, so we
assume n > 2. Write n = 2m + e, with e = 0 or 1. We need to establish
that

pn+1 _ p1+e

log, |G : Stg(n)| = 21

+m + e.

Note that, by Theorem 4.4,
G : Sta(n)| = |G : G’ Sta(n)| |G’ Stg(n) : Sta(n)]
=p" |G’ : Ster (n)]
and that |G’ : Stg(n)| coincides with
(&) : (StG’( )|
=(G' x-X- x G")C : (Ster(n—1) x %+ x St (n —1))CP
— p(p—l)ﬁ(n—l) |G" - Ster(n —1)P
= pP=DB=1)=p(n=1) 1 . St (n — 1P,

B(n—1)
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where we have used Lemma 4.8 and the fact that C is free abelian of
rank p — 1. Here S(n — 1) = [(n — 1)/2] as before. Thus,

log, |G : Stg(n)]
=plog, |G : Stg(n —1)[+(p—1)(Bn—1) —n+1)+1
=plog, |G :Stg(n—1)| = (p—1)(m+e—1)+1,

since B(n — 1) = m. Now the result follows from the induction hypoth-
esis.
(ii) To get the Hausdorff dimension of G in T, we just need to take into
account formula (1.1) and the fact that
. _ n—1 __ pn -1
log, [I': Str(n)| =1+p+---+p -
O

We remark that the Hausdorff dimension of the Basilica group was given
by Bartholdi in [4]. Also the Hausdorff dimensions of the generalised Basilica
groups were computed in [29, Thm. 1.7] using a very different approach.

6. Further Properties
6.1. Growth and Amenability

Before proving the main results of this subsection, we need some preliminary
definitions, namely the notions of growth of groups and amenability.

Let G be a group generated by a finite symmetric subset S. The length
function on G is a metric on G and therefore one can define the ball of radius
n:

B(n)={g€G:|gl <n}.

We say that the map v : Ny — [0, 00) where y(n) = |B(n)|, is the growth
function of G.

If we consider two growth functions 71,72, we say that o dominates
v and we write 1 < 75 if there exist C,a > 0 such that v1(n) < Cya(an)
for every n € N. If 77 < 75 and 72 < 71, we write 71 ~ 2. It is easy to see
that this is an equivalence relation. Notice also that all growth functions of
a finitely generated group are equivalent.

If v(n) < n® for some a € N, we say that G has polynomial growth.
Instead G is said to have ewponential growth if lim,, o y(n)'/™ > 1 (notice
that such a limit always exists). Finally v(n) has intermediate growth if y(n)
is equivalent to neither of the above. Notice that it is also common to say
that a group G has subezponential growth if lim,, . v(n)/™ = 1, or equiva-
lently, if v(n) = e/(™ for some (increasing) function f : N — R satisfying
lim,, oo f(n)/n = 0.

Next, we say that a group G is amenable if there is a finitely additive
left-invariant measure p on the subsets of G such that u(G) = 1. We denote
the class of amenable groups by AG. The class EG of elementary amenable
groups is the smallest class of groups containing all abelian groups and finite
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groups and closed under quotients, subgroups, extensions and direct unions.
We have EG C AG, and this inclusion is strict. Furthermore the class SG of
elementary subexponentially amenable groups is the smallest class of groups
which contains all groups of subexponential growth and is closed under taking
subgroups, quotients, extensions, and direct unions. Of course, the class SG
contains the class EG.

In the following we determine the growth of a p-Basilica group G,
for p an odd prime, and we prove that G is amenable but not elementary
subexponentially amenable. The corresponding versions of Theorem 6.1 and
Lemma 6.2 for p = 2 were proved in [22, Lem. 4 and Prop. 4] and in [24,
Cor. 9], respectively.

Theorem 6.1. Let G = (a,b) be a p-Basilica group, for p an odd prime. Then
the semigroup generated by a and b is free. Consequently, the group G is of
exponential growth.

Proof. Let u and v be two different words representing the same element in
the semigroup generated by a and b, and with p = max(|u/, |v|) minimal. We
note that |ul, =, |v]y, where |u|, denotes the b-length in u, which is equivalent
to the number of occurrences of b in u. A direct check shows that p > 4.

Suppose first that u contains no b’s. Therefore, we have u = a’ =
»71((1,...,1,b%)), for some i € N. Since |v|, is a non-zero multiple of p,
one deduces that v; is a non-empty word, where ¢(v) = (v1,...,v,). Indeed,
every component of ¥(v) contains an a. Certainly |vi] < p, and this contra-
dicts the minimality of p. So the number of occurrences of b in u is at least
one.

Suppose that both |ul, =, |v], =, 1. Apart from the possibilities a™b,
for m € N, all sections of u and v will have length strictly less than |u]
and |v|, respectively. To not contradict the minimality of p, we must have
u=am™b=1"1(1,...,1,b™a)o) and v = a™2b = Y"1 ((1,...,1,b™2a)0)
for some m1, mo € N. However, as noted above, all sections of ™'a and b"2a
decrease in length. Hence, |ul, =, |v|p =, k for k > 1. Now in this case, all
sections of v and v have length strictly smaller than u and v respectively.
This again contradicts the minimality of p, and the proof is complete. O

Lemma 6.2. For p a prime, the p-Basilica group G is amenable but not ele-
mentary subexponentially amenable. In particular it is not elementary amenable.

Proof. For p = 2, the result follows from [22, Prop. 13] and [9]. Hence we
assume that p is odd. Since the p-Basilica group G is a bounded automata
group, from [7] it follows that G is amenable. So it suffices to show that
G is not elementary subexponentially amenable. Since G is weakly regular
branch over G’, from [24, Cor. 3] the result follows provided that ¢, (Stg (u))
contains G for some vertex u. We observe that

(b~ al?) = (1,272,1,077,07) and  ([a,b’]) = (1,271, 1,[b, a)),

thus ¢, ([b~1,al?) = a and ¥y ([a,b?]) = b, where u = x,z,. This completes
the proof. O
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6.2. An L-Presentation

For an alphabet S, we denote by Fg the free group on S. A group G has
an L-presentation, also called endomorphic presentation, if there exists an
alphabet S, sets @ and R of reduced words in Fg, and a set ® of group
homomorphisms ¢ : Fg — Fg such that G is isomorphic to a group with the
following presentation:

(s1Qu |J ¢(R)),
pED
where ®* is the monoid generated by ®; that is, the closure of {1} U® under
composition.

An L-presentation is finite if S, @, R are finite and ® = {¢} consists
of just one element. Finite L-presentations have been computed for the first
Grigorchuk group [26], the Brunner—Sidki-Vieira group [11], the Grigorchuk
supergroup [5], the Fabrykowski-Gupta group [3], the Gupta—Sidki 3-group
[3], and the twisted twin of the Grigorchuk group [8].

An L-presentation for the Basilica group is given in [22], and this L-
presentation is not finite, since the corresponding set ® consists of more than
one element. This is also the case for the L-presentations of the p-generator
Basilica groups acting on the p-adic tree and generalised Basilica groups; see
[30] and [29] respectively.

Following the strategy in [22, Sec. 4], one can easily check that the
p-Basilica groups have the following L-presentation.

Theorem 6.3. Let G be a p-Basilica group, for a prime p. The group G has
the presentation

G= <a,b|§k(0m([a,abl])) =1 fork,m e NU{0} and l € {1,...,p—1}),

where

v
E:a—bP and 0:a— a1

b—a b—b

are endomorphisms of Fiq p)-

6.3. Virtually Nilpotent Quotients and Maximal Subgroups

In this final subsection, we study nilpotency and virtual nilpotency of quo-
tients of a p-Basilica group G, and we prove Theorem D about maximal
subgroups of G. The following lemma will be useful for both purposes.

Lemma 6.4. Let G be a p-Basilica group, for a prime p. Then G has a proper
quotient isomorphic to W, (Z).

Proof. Let L =19"YG'x---xG"). We have G = A(b), and on the other hand
PY(A) = B x --- x B by Theorem 3.5(i). Hence v induces an isomorphism
between G/L and the semidirect product (B/G’ x --- x B/G') x (¥(b)).
Observe that 9(b) = (1,...,1,a)o acts as o on the direct product of p copies
of B/G’', and that ¢(b*) = (a,...,a) acts trivially. If we set N = L(b?)
then it is clear that N < G and that G/N = W,(Z), since B/G' = Z by
Theorem 3.3(ii). O
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Recall from Corollary 4.3 that the p-Basilica groups are just non-solvable.
In [16, Sec. 8.3] it was shown that the Basilica group is not just non-nilpotent.
On the other hand, by [16, Lem. 8.3.5 and Prop. 8.3.6], all proper quotients
of the Basilica group are virtually nilpotent. We extend these results to the
p-Basilica groups for all primes p.

Theorem 6.5. Let G be a p-Basilica group, for a prime p. Then:

(i) The group G is not just non-nilpotent.
(i) Every proper quotient of G is wvirtually nilpotent, but G itself is not
virtually nilpotent.

Proof. (i) By Lemma 6.4, the group G has a proper quotient isomorphic to
W,(Z). By the main result in [10], this wreath product is not nilpotent.
Hence, GG is not just non-nilpotent.

(ii) From Theorem 4.1(ii), the map ¢ induces an embedding of G/G” into
the wreath product W,(G/~3(G)). Since the latter is virtually nilpotent,
the quotient G/G" is also.

Now since G is weakly regular branch over G’ and G/G" is virtu-
ally nilpotent, it follows that every proper quotient of G is also virtu-
ally nilpotent by [17, Thm. 4.10]. On the other hand, the group G is
not virtually nilpotent by Gromov’s celebrated theorem [23], in light of
Theorem 6.1. O

Let us now consider the maximal subgroups of G. We first prove that G
does not possess maximal subgroups of infinite index. The proof is analogous
to that of [17, Sec. 4.4], however with a necessary change to the end of [17,
Prop. 4.27]. Due to the proof being so similar, we refer the reader to [17,
Sec. 4.4], and only record here the part that needs to be changed.

Recall that a subgroup H of a group G is prodense if HN = G for all
non-trivial normal subgroups N of G. Since a maximal subgroup of infinite
index is a proper prodense subgroup, it suffices to show that there are no
proper prodense subgroups in a p-Basilica group G. For H a proper prodense
subgroup of G, by [17, Lem. 3.1 and Thm. 3.2], for all vertices u € T, the
subgroup ¥, (Stx(u)) is a proper prodense subgroup of G. We consider a
prodense subgroup H of G, and seek a vertex u such that v, (Stg(u)) = G,
which then proves the theorem.

As in [17, Prop. 4.27], there is a vertex v such that either ab,b=1a €
¥y (Str(v)) or ba,b~ta € 1, (Sty(v)). In the former case, we obtain a? €
(St (v)). Since p is an odd prime, it follows that b= ta? € wv(StH( )). Now
P((b~taP)P) = (a71vP,...,a"tbP) and (a='b?) = (a,...,a,b"'a). There-
fore, for u = vxi21, we have either a, ab € 1, (Sty(u)) or a, ba € Y (St (u)),
and we are done. In the latter case, we have ba,b~la € 1, (Sty(v)), and so
b% € 1, (St (v)). As before, we obtain b?a = ¢~ 1((a, ..., a,ab)) € ¥, (Stg(v)).
Setting u = vz, we see that a,ba € 1), (St (u)) and the result follows.

We conclude by showing the existence of non-normal maximal subgroups
in the p-Basilica groups.
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Proposition 6.6. Let G be a p-Basilica group, for p an odd prime. Then for
every prime q such that p divides q—1, the group G has a non-normal subgroup
of index q.

Proof. By Lemma 6.4, the group G has a quotient isomorphic to W,(Z),
and so also a quotient isomorphic to W),(Z/gZ). Thus it suffices to find a
non-normal subgroup of index ¢ in the latter group.

Let V. =Z/qZ x --- x Z/qZ be the base group of W,(Z/qZ). The char-
acteristic polynomial corresponding to the action of o on V' is X? — 1, which
by the condition that p divides ¢ — 1, has p different roots in Z/qZ. Let A # 1
be one of these roots, and let U = (u) be the eigenspace of A in V. Then we
can write V' = U x K for a suitable subgroup K. If we set H = K (o) then
H has index ¢ in W,(Z/qZ). At the same time, H is not a normal subgroup
of W,,(Z/qZ), since otherwise [u,0] =u*"1 # 1 belongsto UNH =1. O

Observe that there are actually infinitely many non-normal maximal
subgroups in a p-Basilica group, due to Dirichlet’s theorem about primes in
arithmetic progressions.

We conclude by remarking that some of the results (except those related
to the p-CSP) of this paper carry through to the more general m-Basilica
groups, for m € Zx>». For this reason, we restrict ourselves to consider only
prime numbers. As already pointed out in the introduction, we refer the
reader for more generalisations of the Basilica group to [29, Sec. 5-8].
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