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In this note we show that certain non-isomorphic free amalgamated products with cyclic amalgamated
subgroup and the same type have the same number of subgroups of every index.
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Introduction

For a group G and a natural number n, we denote the number of subgroups of G of index n
by a,(G). Suppose G and H are groups. Then, following Lubotzky and Segal [5], G and H are
called isospectral if and only if a,,(G) = a,(H) for all natural numbers n. Our main theorem is
as follows.

Theorem 0.1. If A and A’ are cyclic amalgams of the same type, then their universal comple-
tions are isospectral.

All the unexplained terminology in Theorem 0.1 is introduced in Section Two. For here it
suffices to say that a cyclic amalgam is one in which the amalgamated subgroup is cyclic. It is very
easy to manufacture examples of cyclic amalgams of the same type which have non-isomorphic
universal completions. Indeed, if two amalgams of finite groups have the same type and are
not isomorphic then their universal completions are not isomorphic. The smallest example is
obtained by taking A; = A, isomorphic to the Frobenius group of order 20 and B cyclic of
order 4. Then there are exactly two isomorphism classes of amalgams say A; and A, of type
(Fa0,Fo0,Z/4Z). Their universal completions have presentations

G(Al) = <x,y,z | xS :y5:Z4 = ].,.ZZ :(ES’yz :y2>

and
G(Az) = (x,y,z | =yt =2t=12"=2% ¢y = y2>.

Theorem 0.1 asserts that these two (non-isomorphic) groups are isospectral. It is natural to ask
about the subgroup lattice in each group. It turns out the they are not isomorphic. In fact,
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using the computational algebra package MAGMA [1], it has been shown that the intersection of

all subgroups of index 5 in the first group has index 1296000000 while in the second it has index

100. It follows easily that these groups have non-isomorphic subgroup lattices. It is also easy to

see that G(A;) has two normal subgroups of index 20 while G(Az) has six. I don’t know whether

G(A;) and G(A2) have the same number of conjugacy classes of subgroups at a given index. For

more information about subgroups of finite index in free amalgamated products see [§].
Theorem 0.1 has the following corollary.

Corollary 0.2. For each natural number k, there exist k pairwise non-isomorphic amalgams
with isospectral universal completions.

Other instances of isospectral groups can be found in [3, Theorem 1.3] where du Sautoy,
McDermott and Smith prove that the groups Z x Z and (z,y,t | [z,y],t*> = y, 2" = 27!) are
isospectral. Also, in [6], Mednykh shows that I'j and I'; are isospectral where

g
Fg = <I1a"'7xgvy17"'7yg | H[‘ruyl] = 1>
1=1

and .
T = (@1, g1,y | [[(@i90)?)
i=1

are the fundamental groups of a closed orientable surface of genus g, respectively, a closed non-
orientable surface of genus 2g.

This note originated from observations made about symmetric presentations and their accom-
panying progenitors in the monomial case (see [2]). It turns out that there are two progenitors
of shape 7*7 :,,, Fo; up to isomorphism (where Fy; denotes the Frobenius group of order 21).
One has presentation (x,y,z | 27 = y” = 23 = 1,2* = 22, y* = y?) and the other has presen-
tation (z,y,z | 27 = y7 = 23 = 1,2* = 22,y = y*) (s0 they are cyclic amalgams of the same
type (Fa1,Fa1,Z/3Z)). Experimenting with MAGMA [1] confirmed that the progenitors are not
isomorphic (one has GL3(2) as an image the other does not) and, more strikingly, showed that
they have an identical number of subgroups at each index up to 15 (with 39791 subgroups of
index at most 15). The main result of this paper says that the groups are in fact isospectral.

Our notation is standard, but we mention that Sym(n) denotes the symmetric group of degree
n and that, for groups A and B, Hom(A, B) is the set of homomorphisms from A to B. All our
maps are written on the right.

1. Amalgams and completions

A group amalgam, or more simply an amalgam, is a quintuple A = (A1, As, B, ¢1, d2)
where A1, A> and B are groups and, for ¢ = 1,2, ¢; : B — A; are monomorphisms. Let
A = (A1, A2, B, ¢1,¢2) and A" = (A}, A, B, ¢!, ¢,) be amalgams. Then A and A’ have the
same type provided there are group isomorphisms oy : Ay — A}, ag: Ay — Ay, and v: B — B’
satisfying Im(¢1a1) = Im(y¢)) and Im(¢oas) = Im(v¢,). The amalgams A and A’ are iso-
morphic if there are group isomorphisms oy : A7 — A}, ay : Ay — A, and v : B — B’
satisfying ¢1a; = y¢] and ¢aas = vl (as homomorphisms with domain B). Obviously, iso-
morphic amalgams have the same type. Suppose that v € Aut(B). Then we define an amalgam
AY = (A1, Ay, B, $1,7¢2). The triple of maps (Ida,,Ida,,Idp) demonstrates that A4 and A7
have the same type. Often the type of an amalgam will be uniquely determined by specifying
the groups A;, A; and B. This is for example the case if, for ¢ = 1,2, any two subgroups of
A; isomorphic to B are conjugate in A;. If this is the case we can denote the type of amalgam
simply by (A1, Az, B) as we did in the introduction.
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It is natural to ask how many isomorphism classes of amalgam there are of a given type. The
answer is provided by the Goldschmidt Lemma. To state it we require a definition. Suppose that
H < K. Then Aut(K, H) = Naut(k)(H)/Caut(i)(H) identified as a subgroup of Aut(H).

Lemma 1.1 (Goldschmidt Lemma). Suppose A = (A1, A2, B, ¢1,¢2) is an amalgam and define
X1 = {pra¢;"! | a € Aut(Ay, (B)¢1)} < Aut(B)

and
Xo = {¢2B¢5" | B € Aut(Az, (B)go)} < Aut(B).

Then the map
X1’7X2 — A7

defines a bijection between the set of (X1, Xs)-double cosets in Aut(B) and isomorphism classes
of amalgams of the same type as A.

Proof. See [4, (2.7)]. O

Notice that X; and X5 both contain all the inner automorphisms of B and so the calculation
of the double cosets in the Goldschmidt Lemma really takes place in the outer automorphism
group of B. For the proof of Theorem 0.1 the important point in Lemma 1.1 is conveyed by the
following corollary.

Corollary 1.2. If A= (A1, A, B, ¢1,¢2) is an amalgam and A’ has the same type as A, then
there exists v € Aut(B) such that A’ is isomorphic to A7.

Let A = (A1, A2, B, ¢1,¢2) be an amalgam. A representation of A into a group G is a pair
of homomorphisms (1, 12) where ¢; € Hom(A;,G), for i = 1,2, such that ¢1901 = ¢atpy €
Hom(B, G). The triple

(<(A1)w17 (AQ)'l/}2>7 1/117 "/}2)
is called a completion of A (in G). A completion (G,1,19) of A is called universal provided
that given any completion (H,pi,p2) of A, there exists a unique 7 :€ Hom(G, H) such that
p; = ;7w for ¢ = 1,2. Universal completions of A exist, are unique up to isomorphism, and the
group G in the universal completion can be identified with the free amalgamated product

G(A) 2= (A1 * A2) /(D)1 (07" )2 | b € B)

where A; x Ag is the free product of A; and As (see [7]). We note that because G(A) is
the universal completion of A, every representation of A into a group G leads to a unique
homomorphism from G(A) into G and wvice versa.

Suppose that A = (A7, As, B, ¢1, ¢2) is an amalgam. For a group G set

Hom(A,G) = {¥ | ¥ is a represention of A into G'}.

Let € Hom(B, G). Then we say (1, %2) € Hom(A, G) extends 6 if and only if 0 = ¢1101 = ¢21)s.
Put
Homy(A,G) = {¥ € Hom(A, G) | ¥ extends 6}.

Assume that ¢ € Hom(B,G). Let mg : B — B/ker 6 be the projection map, and 6 be the
canonical isomorphism from B/ker 6 to (B)f . Then 6 = wyf. Define

6 € Hom(Ng((B)6), Aut(B/ker 6))

by (2)f = 5%571 for all z € (B)f# where ¢, denotes the automorphism of (B)6# induced by
conjugation by z. Finally, for v € Aut(B) such that (ker 8)y = ker 6, define v* so that the
moy* = yme. So v* € Aut(B/ker 0).
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Lemma 1.3. Assume that 8 € Hom(B,G) and v € Aut(B) with (ker 0)y = ker 0. If there exists
x € Ng((B)8) such that (x)0 = v~ , then there exists a bijection between Homg(A, G) and
Homgp (A", G).

Proof. We define two maps

a:Homy(A,G) — Homy(A”,G)
(V1,02) = (Y1, ¥2¢0)

and

B3 :Homy(AY,G) — Homy(A,QG)
(V1,92) = (Y1, 92c,-1).

Clearly « and (8 are inverse to each other, so if they are well-defined we are done. So we show
that (¢1,%9c,;) € Homg (A7, G). We have

— - 1=
Ypothace = Abcy = ymeblc, = ymlcad 0 3
= yme(x)00 = ymgy ™t 0 = vy gl = mpf = 6.

Since ¢11 = 0, « is well-defined. The proof that § is well-defined is similar. Thus the lemma
holds. O

We say that A = (A1, Aa, B, ¢1, ¢2) is a cyclic amalgam if B is a cyclic group.

Theorem 1.4. Suppose that A = (A1, As, B, d1,¢2) is a cyclic amalgam. Then for all nat-
ural numbers n and for all v € Aut(B), there is a bijection between Hom(A, Sym(n)) and
Hom(A", Sym(n)).

Proof. Let G = Sym(n). Suppose that § € Hom(B,G). Since B is a cyclic group, (ker §)y =
ker §. Furthermore, the generators for (B)f in G all have the same cycle type and so are con-
jugate in G. Thus 6 € Hom(Ng((B)0), Aut(B/ker 0)) is an isomorphism. In particular, for all
0 € Hom(B, @), there exists x € Ng((B)60) such that Za:)@ = ~~1". Tt follows from Lemma 1.3
that for all # € Hom(B, G), there is a bijection between Homy (A, G) and Homy (A7, G). Since
Hom(A, G) = [lycmom(p,q) Home(A, G) and Hom(A”, G) = [{penom(p,q) Homo (A7, G) the the-

orem is true. O

Since there is a bijection between Hom(A, G) and Hom(G(A),F), we have the following
corollary.

Corollary 1.5. For all natural numbers n and all v € Aut(B), there is a bijection between
Hom(G(A),Sym(n)) and Hom(G(A"), Sym(n)).

For a group G, let h,,(G) = |[Hom(G, Sym(n))|. The following result intertwines h,(G) and
an(G).

Lemma 1.6. Suppose that G is a group. Then

Proof. See [5, Corollary 1.1.4]. O
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Proof of the Main Theorem. Suppose that A and A’ are cyclic amalgams of the same type. Then
by Corollary 1.2 there exists v € Aut(B) such that A’ is isomorphic to AY. It follows from
Corollary 1.5 that h, (G(A)) = h,(G(A")) for all n. We have that a;(G(A)) = a1(G(A")) and so
using Lemma 1.6 and induction gives us that a,(G(A)) = a,(G(A")) for all n. O

We now prove Corollary 0.2. Suppose that k is a natural number. Let p be a prime such
that p — 1 > k2, then ¢(p — 1) > k where ¢ is the Euler totient function. Now let A; and Ay be
Frobenius groups of order p(p — 1) with kernel of order p and let B be the cyclic group of order
p — 1. Then, with X; and X5 as in the Goldschmidt Lemma, X; = X5 = 1 and so there are
exactly |Aut(B)| = ¢(p — 1) > k pairwise non-isomorphic amalgams of type (A;, A2, B). Now
the corollary follows from Theorem 0.1.
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ITpumepsl Tpynn ¢ OAMHAKOBBIM YHUCJIOM HOATPYIII JIFOOOTO
NMHJIEKCa

Kpuc B. ITapkep
Aramaty A.C.Kanyana

Mo noxaswviaem, wmo npu onpedeséHHvlT YCA0BUAT HEUOMOPPHHDIE C80000HbIE TPOUBEIEHUS C UUKAU-
weckol amanbeaMOT UMEIM U 00UHAKOB0E YUCAO MOJ2PYNN KaHCI020 UHOEKCA.

Karoueswie caosa: neuzomopproie c60600HbIE CMEUAHHDBLE NPOU3BEIEHUA.
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