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Separability properties of graph products of groups
by Michal Ferov

Separability properties provide an algebraic analogue to the solvability of decision
problems in groups. It is natural to ask whether a certain group property is preserved
by some specific group-theoretic constructions. In this thesis we study the stability of
certain separability properties under graph products, a natural generalisation of free and
direct products.

This thesis consists of material published in:

[15] M. Ferov: On conjugacy separability of graph products of groups;

[16] M. Ferov: Separability properties of automorphisms of graph products of groups;

[6] F. Berlai, M. Ferov: Residual properties of graph products of groups.

In [15] we study conjugacy separability in graph products of groups. In particular,
we show that the class of C-hereditarily conjugacy separable groups is closed under tak-
ing arbitrary graph products whenever the class C is an extension closed variety of finite
groups. As a consequence we show that the class of C-conjugacy separable groups is
closed under taking arbitrary graph products. In particular, we show that right angled
Coxeter groups are hereditarily conjugacy separable and 2-hereditarily conjugacy sepa-
rable, and we show that infinitely generated right angled Artin groups are hereditarily
conjugacy separable and p-hereditarily conjugacy separable for every prime number p.

In [16] we study various properties of automorphisms of graph products of groups.
In particular, we show that a graph product I'G has non-inner pointwise inner automor-
phisms if and only if some vertex group corresponding to a central vertex has non-inner
pointwise inner automorphisms. We use this result to study the residual finiteness of
Out(I'G). We show that if all vertex groups are finitely generated residually finite and
the if vertex groups corresponding to central vertices satisfy a certain technical (yet
natural) condition, then Out(I'G) is residually finite. Finally, we generalise this result
to graph products of residually p-finite groups to show that if I'G is a graph product of
finitely generated residually p-finite groups such that the vertex groups corresponding to
central vertices satisfy the p-version of the technical condition, then Out(I'G) is virtually
residually p-finite. We use this result to prove bi-orderability of the Torelli groups of
some graph products of finitely generated residually torsion-free nilpotent groups.

In [6] we study residual properties of graph products of groups. In particular, we
prove that the class of residually-C groups is closed under taking graph products, pro-
vided that C is closed under taking subgroups and finite direct products, and that free-
by-C groups are residually-C. As a consequence, we show that local embeddability into
various classes of groups is stable under graph products. In particular, we prove that
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graph products of residually amenable groups are residually amenable, and that the class
groups locally embeddable into amenable groups is closed under taking graph products.



Declaration of authorship

I, Michal Ferov, declare that the thesis entitled Separability properties of graph prod-
ucts of groups and the work presented in the thesis are both my own, and have been
generated by me as the result of my own original research. I confirm that:

this work was done wholly or mainly while in candidature for a research degree
at this University;

where any part of this thesis has previously been submitted for a degree or
any other qualification at this University or any other institution, this has been
clearly stated;

where I have consulted the published work of others, this is always clearly
attributed;

where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work;

e | have acknowledged all main sources of help;
e where the thesis is based on work done by myself jointly with others, I have

made clear exactly what was done by others and what I have contributed myself;
This thesis consists of material published in:
[15] M. Ferov: On conjugacy separability of graph products of groups;
[16] M. Ferov: Separability properties of automorphisms of graph products of
groups;
[6] F. Berlai, M. Ferov: Residual properties of graph products of groups.

iii






Acknowledgements

First of all, I would like to thank to my supervisor Ashot Minasyan for his guidance,
brotherly approach and support. Thank you for all the countless consultations, for
meticulously checking my work and for your endless patience with me.

I want to say a big thank you to everyone that made my time in Southampton such
an amazing experience. To postgrads and postdocs for the time spent together, for all the
sleepless nights and all the (sometimes somewhat pointless and nonsensical - depending
on how late it was) banter. Thanks you, Alex, both Anas, Charles, Chris, Conor, Dave,
Dennis, El-Kaioum, Hector, Ingrid, Joe, Martin, Matt, Mike, Larry, Raffa, Rob, Robin,
Simon, Tom, Yago and Yu-Yen. Special thanks to my little boy Valerio. To the guys
from the jiu-jitsu club, for all the well-deserved bruises and minor (but definitely not
grievous) bodily harm, in particular: Joolz, Justin, Kaspar, Kat, Pete and Rawzana.

I want to thank my coauthor Federico for working with me and at the same time I
want to apologise to him for having to deal with my obsession with formal notation.

Pip, thank you for the good times.

Diky mojf rodiné. Mym rodi¢im Ivané a Milanovi, mym prarodi¢iim Ruzené, Lydii a
Milanovi, moji sestie Dase. Diky za podporu a zédzemdi, bez vas bych to nikdy nedokézal.

Specialni podékovani za moralni podporu patii vSem ¢lenum takzvaného Tisnovského
mozkového trustu, obzldsté Honzovi a Martinovi. Lepsi kamarady nez vas dva by na
svété pohledal.

Chtél bych podékovat Marii Trtilkové za to, ze mi béhem studia na gymnaziu ukédzala,
ze matematika neni jen zbésilé biflovani se vzoreckti. Dnes uz vim, ze se ty vzorecky
musi i dokazat.

Diky Janu Spakulovi za vecery Cesko-Slovenského bratrstvi v Anglii.

Na zavér bych chtél podékovat Davidovi Stanovskému za to, ze mi véril a Zze mi
pomohl najit misto v Southamptonu.






Contents

Abstract
Declaration of authorship
Acknowledgements

Chapter 1. Introduction
1.1. Decision problems in groups
1.2.  Algorithms of Mal’cev-Mostowski type
1.3. Separability properties

Chapter 2. Pro-C topologies on groups
2.1. Basic properties
2.2. C-open and C-closed subgroups

Chapter 3. Graph products of groups
3.1. Definition and normal form
3.2. Special amalgams and structure of graph products

Chapter 4. Results and methods
4.1. Conjugacy separability
4.2. Residual finiteness of Out
4.3. Residual properties and local embeddability

Bibliography
On conjugacy separability in graph products of groups
Separability properties of automorphisms of graph products of groups

Residual properties of graph products of groups

vii






CHAPTER 1

Introduction

Groups are very important in mathematics because they describe symmetries of
mathematical objects and structures. Consequently, it is natural to ask questions about
their behaviour. In the case of finite groups we can construct the Cayley table which
fully captures the structure of the given group. Sometimes we are given an explicit
description of how to work with the elements of the given group, for example we might
be given a matrix representation, as in the case of groups of automorphisms of finite
dimensional vector spaces, or we might be given a nice formula as in the case of additive
group of points on an elliptic curve. However this is not always the case. Sometimes
we are given only an abstract presentation of a group, i.e. we are given a set of gen-
erators and a description of the relations between them. More formally, we have a
presentation (X||R) where X is the set of generators and R is the set of relations.
For example, the presentation of 71(X) where ¥ is an orientable surface of genus 2 is
(x1,91, T2, y2||[x1, y1][r2,y2] = 1) and the presentation of the group of symmetries of
a bi-infinite simplicial path is {(a,b|la? = 1,a7'ba = b~!). In these cases we are just
working with words over the alphabet of the given generating symbols and we do not
primarily know which actual elements of the given group these words represent. By a
group word in an alphabet X we mean a finite string g = z{'z5 ... x5 where x; € X
and ¢; € {—1,1}. We will often just call this a word.

1.1. Decision problems in groups

In the beginning of twentieth century Max Dehn formulated the three fundamental
decision problems for groups:

(1) Word problem - given a presentation (X||R) of a group G and a word g in the
generating alphabet X we ask: does g represent the trivial element in G? In
other words: is ¢ =1 in G?

(2) Conjugacy problem - given a presentation G = (X ||R) of a group G and a pair
of words g1, go in the generating alphabet X we ask: do the words g; and go
represent conjugate elements in G7 In other words: is there ¢ € G such that
g1 = clgoc?

(3) Isomorphism problem - given a presentation (Xi||R;) of a group G2 and a
presentation (Xs||Rs) of a group Gy we ask: is G isomorphic to Ga?

Given a presentation (X||R) of a group G we will use the symbol = to denote that
two words are identical, thus by g1 = go with g1 = 2{'z5?... 20" and g2 = ylﬂl ygz L ybm
where z;,y; € X and oy, 8; € {—1,1}, we mean if g; = g then n = m, z; = y; and
a; = B; for all ¢ = 1,2,...,n. For the sake of simplicity we will always assume that
words are freely reduced. We will use the symbol =¢ to denote that two words represent
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2 1. INTRODUCTION

the same element in a group G. Often, if it is obvious from the context, we will omit
the subscript. Lastly, we will use the symbol ~g to denote that two words represent
conjugate elements in G.

The word and conjugacy problems have been well studied. It is not difficult to
show that there is a recursively presented group (meaning that the generating set X is
finite and the set of relations R is recursively enumerable) in which the word problem is
unsolvable. A result of Boone and Novikov [24, Theorem 7.2, page 225] in the late fifties
showed that there is a finitely presented group with unsolvable word problem. It is easy
to see that if we could solve the conjugacy problem then we would be able to solve the
word problem, since g € G is conjugate to 1 in G if and only if g is trivial. However,
the implication in the opposite direction does not hold: Miller [10] constructed a finite
presentation of a group with solvable word problem and unsolvable conjugacy problem.
By a theorem of Adian and Rabin [24, Theorem 4.1, page 192] the property of having
solvable word problem cannot be algorithmically recognised. The same holds for the
conjugacy problem.

However, there are group properties that imply the solvability of the word conjugacy
problems, which behave ‘nicely’.

1.2. Algorithms of Mal’cev-Mostowski type

We say that a group G is residually finite (RF) if for every g € G\ {1} there is a
finite group H and a homomorphism 7 : G — H such that 7(g) #g 1.

Note that finite groups are recursively enumerable; for each n € N we can simply
generate all the Cayley tables of size nxn and then check whether a given table represents
a group and whether the generated group is already in the list of groups that we have
already generated. Thus we can use G; to denote the i-th finite group. Further, let us
note that if a finite group G; is given by a Cayley table then it is very easy to solve the
word problem simply by computing the actual value of ¢ using the table.

If we are given a presentation (X | R) of a finitely generated group G and a finite
group G; then the set Hom(G, G;) is finite because every generator of G can be mapped
only to finitely many elements of G;. However it might not be easy to check whether
amap ™ : X — G; extends to a homomorphism. We need to check whether all the
relations r € R are satisfied, meaning that when z{'z%*...25" = r € R we want to
check whether 7(z1)¢'7m(22)% ... m(z,)¢" = 1in G;. In case when R is infinite, the naive
method of checking for every r € R would not terminate, but if R is finite then the naive
method always terminates. Therefore for a finitely presented group G and a finite group
G, we can always list all the elements of Hom(G, G;) in finite amount of time.

Note that given a recursive presentation (X||R) of a group G we can enumerate all
words in X that represent the trivial element in G. Let g be a word in X. Obviously
g =c¢ 1lifand only if g =p(x) I, u;lrf"ui for some n € N where r; € R, ¢, = +1, u; is
a word in X and F(X) is the free group over the alphabet X. Every word of this type
can be generated by a sequence of transformations (or their inverses) of the following
two types:

(1) insert a ‘trivial’subword: zz~! where 2 € X7,
(2) insert a relator or its inverse: r¢ where r € R and € = +1.
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More formally: let g = ab be a word where a,b are words (possibly empty) in X. A
transformation of the type (1) transforms the word g = ab to the word ¢’ = ax~'xb,
where 2 € X*. A transformation of the type (2) transforms the word g = ab to
g" = ar®b where r € R and ¢ = 1. Obviously g =g ¢’ =¢ ¢”. Since the set X is finite
and the set R is recursively enumerable, we can enumerate all the possible sequences of
transformations and thus we can enumerate all representatives of the identity element
in G.

Therefore if we were given a word g in X we could naively go through all the repre-
sentatives w; of 1 in G and check whether w; = g. If g =g 1 then this process will surely
terminate, however if g #5 1 then this naive method will never stop.

Let G; denote the i-th finite group and let w; denote the i-th representative of the
trivial element in G.

Algorithm 1 Mal'cev(G, g)

1: 140

2: answer <77

3: while answer =77 do

4: 1+—1+1

5: if g = w; then

6: answer = Y ES

7: end if

8: for all 7 € Hom(G, G;) do
9: if 7(g) #¢, 1 then
10: answer = NO
11: end if

12: end for

13: end while

It is obvious that for finitely presented groups this algorithm halts on every word g
if and only if G is RF, hence we get equivalent definition of the property RF for finitely
presented groups in terms of algorithms and solvability: a finitely presented group G is
RF if and only if the word problem in G can be solved by the Mal’cev’s algorithm.

This algorithm can be generalised to the conjugacy problem if we pose a stronger
condition on the group G.

We say that a group G is conjugacy separable (CS for short) if for every pair g1,92 € G
such that g1 % g2 there is a finite group H and a homomorphism ¢ : G — H such that
o(91) 71 d(g2)-

It is clear that CS implies RF as the identity element is conjugate only to itself,
therefore the word problem in a finitely presented CS group can be solved by the algo-
rithm 1. Hence, given three words ¢i, g2, ¢ we can determine whether ¢ 'gic =g ¢2 by
asking whether c‘lglcgg 1 —4 1. Let us also note that solving the conjugacy problem
in a finite group given by a Cayley table is fairly easy, because we can simply try all
possible candidates for the conjugating element.

Note that we can easily enumerate all group words over finite alphabet X, thus we
can use ¢; to denote the i-th word in X.
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The naive method to determine whether g; ~¢ g2 would simply go through all ¢; € G
and check whether ¢ lgic =g go. If g1 and g¢o truly represent conjugate elements of G
then this method will terminate. However, if g1 %G g2 this algorithm will never stop.

Let GG; denote the i-th finite group and let ¢; denote the i-th word in X.

Algorithm 2 Mostowski(G, g1, g2)
1: 10
2: answer <

3: while answer =7” do
4: 1+—1+1

999

5: if ci_lglci =g g2 then

6: answer =Y FES

7 end if

8: for all 7 € Hom(G, G;) do
9: if 7(g1) %¢, m(G2) then
10: answer = NO

11: end if

12: end for

13: end while

It is clear that for finitely presented groups this algorithm will halt on every input
pair g1, g2 € G if and only if G is CS. Thus we get equivalent definition of property of CS
for finitely presented groups in terms of algorithms and solvability: a finitely presented
group G is CS if and only if the conjugacy problem in G can be solved by Mostowski’s
algorithm.

Unlike in the case of word problem, behaviour of conjugacy equivalence is much more
complicated and less predictable. If a group G has solvable word problem, then every
H < @G has solvable word problem. Conversely if H <;; G and H has solvable word
problem, then G has solvable word problem (see [4]). These statements are not true for
the conjugacy problem. Collins and Miller [11] have shown:

(i) there is a finitely presented group G with solvable conjugacy problem with
H <;; G such that H has unsolvable conjugacy problem,

(i) there is a finitely presented group G with unsolvable conjugacy problem with
H <;; G such that H has solvable conjugacy problem.

Again, there is a partial analogue to this statement in terms of separability properties.
Chagas and Zalesskii [9] have showed that there is a CS group G with H <g; G such that
H is not CS. However, the group constructed by Chagas and Zalesskii was not finitely
presented. Minasyan and Martino [25] showed that for every integer n € N there is a
finitely presented CS group G together with a subgroup N < G such that |G : N| =n
and N is not CS.

We say that a group G is hereditarily conjugacy separable (HCS for short) if it is CS
and every H <;¢; G is CS.

Goryaga [18] gave a partial CS analogue to (ii), i.e. he constructed a finitely gen-
erated group G with H <;; G such that H is CS but G is not. However, there are no
known finitely presented examples.
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1.3. Separability properties

Group properties like RF and CS are called separability properties, as they are de-
scribed by whether certain subsets can be separated: we say that a subset X C G is
separable in G if for every g € G\ X there is a finite group F' and a homomorphism
¢: G — X such that ¢(g) € ¢(X) in F. Clearly a group G is RF if and only if the sin-
gleton set {1} is separable in G and G is CS if and only if for every g € G the conjugacy
class g¢ = {cgc™! | h € G} is separable in G.

We say that a group is cyclic subgroup separable (CSC, or sometimes 7¢) if for every
fyg € G such that f ¢ (g) in G there is a finite group F' and a homomorphism ¢: G — F
such that ¢(g) € (¢(g)) in F, i.e. as the name suggests, a group G is CSC if for every
g € G the cyclic subgroup (g) < G is separable in G.

Similarly, a group is locally extended residually finite (LERF) if every finitely gener-
ated subgroup K < G is separable in G.

A group is double coset separable (DCS) if for every pair of finitely generated sub-
groups H, K < G and an arbitrary element g € G the double coset HgK = {hgk | h €
H,k € K} is separable in G.

In a way, separability properties provide an algebraic analogue to decision problems
in groups. It is obvious that the power problem in a group G, i.e. the problem of
deciding, given elements f,g € G, whether f is a power of g can be solved by an
algorithm of Mal’cev-Mostowski type if and only if G is mo. Similarly, the generalised
word problem, i.e. the problem of deciding, given elements f,g1,...,9, € G, whether
f€{g1,...,9n) <G, can be solved in finitely presented LERF groups.

As we already mentioned, it is easy to see that every CS group is RF. Similarly, every
7w group is RF and so on. The following diagram demonstrates the known implications
between various separability properties.

CS <==HCS

RF

o <—— LERF <—— DCS

The motivation behind separability properties is that we would like to be able to
approximate groups by their finite quotients. Different separability properties tell us
how precisely this approximation can be done, i.e. how much information about a group
can be reconstructed simply by looking at its finite quotients.






CHAPTER 2
Pro-C topologies on groups

What if we were not interested in all finite groups? What if we were to consider, say,
only finite 2-groups or finite nilpotent groups? Or what if we were not interested in finite
groups at all? Let C be a class of groups. Note that we will always assume that classes
of groups are closed under isomorphisms, i.e. if C' € C and C’ = C then C’ € C as well.
For a group G we say that a subset X C G is C-separable in G if for every g € G\ X
there is a group C' € C and a homomorphism v: G — C such that v(g) € v(X). We
then say that a group G is residually-C if the singleton set {1} is C-separable in G.
Other separability properties can be generalised to C in a similar manner: a group G
is C-conjugacy separable (C-CS) if the conjugacy class ¢& is C-separable in G for every
g€ aqG.

Clearly, some classes are more difficult to work with than other. For example every
RF group is fully residually finite, i.e. if G is a RF group, then for every finite subset
X C G\{1} there is a finite group C and a homomorphism v: G — C such that 1 ¢ (X)
in C' and v [x is injective. However, it is not true that every residually free group is
fully residually free. In this chapter we show that if the class C satisfies certain closure
properties, then we can actually equip every group G with a topology that captures the
notion of C-separability. Amongst other things, this will allow us to use basic methods
and terminology from point-set topology and thus significantly simplify our proofs.

Most of the statements in this chapter can be found in [23] and [33].

What closure properties do we require the class C to have? We will be considering
the following properties:

(c1) subgroups: let G € C and suppose that H < G; then H € C,

(c2) finite direct products: let Gy, Gy € C; then G1 x G2 € C,

(c3) quotients: let G € C and let N <G, then G/N € C,

(c4) extensions: let @, K € C and let G be a group such that the following sequence

1-K—-G—=-0Q—1

is exact; then G € C.

Let C be a class of groups and let G be a group. If N <G is such that G/N € C then
we say that N is a co-C subgroup of G and that G/N is a C-quotient of G. We will use
Ne(G) ={N <G| G/N € C} to denote the set of all co-C subgroups of G. We want the
system of cosets Be(G) = {gN | g € G,N € N¢(G)} to form a basis of open sets for a
topology on G, thus we need the set N¢(G) to be closed under intersections.

LEMMA 2.1. Let C be a class of groups. If C satisfies (c1) and (c2), then the set
Ne(G) is closed under intersections for every group G.

7



8 2. PRO-C TOPOLOGIES ON GROUPS

PROOF. Let G be a group and let N1, Ny € Ng(G). Clearly N3 N Na is a normal
subgroup of G. By assumption G/N1,G /N2 € C and thus G/N; x G/N3 € C since the
class C is closed under direct products. By a standard result we see that G/(N; N Na)
embeds into G/N; x G/N,. Since we assume that the class C is closed under taking
subgroups we get that G/(N1NNy) € C and we can conclude that Ny NNy € Ng(G). O

Suppose that the system of cosets B¢ (G) forms a basis of open sets for a topology on
a group G. This topology is called the pro-C topology on G and we will use pro-C(G) to
refer to this topology. If C is the class of all finite groups this topology is the profinite
topology PT(G), and if C is the class of all finite p-groups, where p is a prime number,
this topology is referred to as pro-p topology.

We say that a subset X C G is C-separable or C-closed in G if the subset X is closed
in pro-C(G). In other words, a subset X C G is C-separable if for every g € G\ X there
is N € N¢(G) such that gN N XN = (). Similarly we say that a subset X C G is C-open
if it is open in pro-C(G).

2.1. Basic properties

Unless stated otherwise we will only assume that the class C satisfies (c1) and (c2).

If the class C satisfies (c1) and (c2) then the pro-C topology on G is well-defined for
every group G by Lemma 2.1. Note that it would be enough to assume that the class C
is closed under subdirect products: let G, N1, Ny be as in the proof of the Lemma 2.1,
then G /(N1 N Na) is a subdirect product of G/N; and G/Ns. Being closed under taking
direct products and subgroups is a much stronger property. However, if we assume that
the class C is also closed under taking subgroups, then we see that equipping a group
G with pro-C topology is actually a faithful functor from the category of groups to the
category of topological groups.

LEMMA 2.2. Let G be a group. Then G, equipped with pro-C(G), is a topological
group. Moreover, homomorphisms between groups are continuous maps and isomor-
phisms are homeomorphisms, thus preimages of C-open/closed sets are C-open/closed
and isomorphic images of C-open/closed sets are C-open/closed.

ProOF. To show that G is a topological group we need to show that maps
1:G—=>G i(g) =g *
0:GXxGE—=G o(g1,92) = 9192

are continuous. Since (gh)™! = h7lg™! we have i7!(gH) = Hg~! meaning that i is
continuous because the preimage of an open set is an open set. Note that we do not
consider the pro-C topology on G x G, we consider the product topology. Thus the basic
open sets in G x G are of the form g1 Hy x goHy where g1, g2 € G and Hy, Hy € Ne(G).
Now let H € N¢(G) and let g € G. Then oY (gH) = {g1H x g2 H | g1go € gH} which is
an union of open sets. This means that both o and ¢ are continuous and consequently
G together with pro- C(G) is a topological group.

Let A, B be groups equipped with the pro-C topology and let ¢ : A — B be a group
homomorphism. Let B’ € N¢(B) and b € B. Set A’ = ¢~(B’) and consider the map
¢: AJA — B/B' given by ¢(aA’) = ¢(a)B. Clearly ¢ is an monomorphism and thus
A/A" is isomorphic to a subgroup of B/B’. Since we assume that the class C satisfies (c1)
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we see that A’ = ¢~1(B) € Ng(A). Also if ¢(a1) = b = ¢(az) for some aj,as € A, then
al_lag € ¢~Y(B'), so preimages of cosets are cosets as well. Thus a preimage of a basic
open set is a basic open set, therefore ¢ is a continuous map of topological spaces. [

Note that if the class C was not closed under taking subgroups, then only epimor-
phisms would be continuous.

One of the consequences of the lemma we have just proved is that the pro-C topology
on a group G is invariant under group translation: if X C G is C-closed in G then so are
the sets g X and Xg for all g € G.

LEMMA 2.3. Let G be a group. Then the following are equivalent
(i) {1} € Ne(G),
(ii) pro-C(G) is the discrete topology on G,
(iii) G e C.
PROOF. (i) < (iii): since G/{1} = G we see that G € C if and only if {1} € N¢(G).
(i) = (ii): note that a topology on a set is discrete if and only if all singleton sets are
open. If {1} € N¢(G) then it is C-open in G. Let g € G be arbitrary. Clearly {¢g} = g{1}
and therefore {g} is C-open in G as it is a translate of an C-open set.
(i) < (ii): assume that pro-C(G) is discrete. Then X = G \ {1} is C-closed and
1 ¢ X, thus there is N € Ng(G) such that INN X = NN X = (). Clearly the only such
N is {1}. O

As we already said: a group G is residually-C if for every g € G\ {1} there is a group
F € C and a group homomorphism 7: G — F' such that w(g) # 1 in F. Assuming that
the class C satisfies (c1) and (c2), we equivalently can say that G is residually-C if for
every g € G\ {1} there is N € N¢(G) such that ¢ € N. Since N¢(G) is closed under
finite intersections we see that the notion of being residually-C and fully residually-C
coincide.

LEMMA 2.4. Let G be a group. Then the following are equivalent:
(i) G is residually-C,

(ii) {1} is C-closed in G,

(i) Nyene@ N = {1},

(iv) pro-C(G) is Hausdorff.

PROOF. (i) = (ii): let G be a residually-C group. Then for every g € G \ {1} there
is N € Ng(G) such that g ¢ N, thus gN N {1} = (. This means that {1} is C-closed in
G.

(ii) = (iii): suppose that {1} is C-closed in G. Let g € G \ {1} and assume that
9 € Nyenp(e) N- Since {1} is closed in G there is an N’ € N¢(G) such that g ¢ N,
which is a contradiction as we assumed that g € N for all N € N¢(G).

(iti) = (i): let Nyen(@ N = {1} and let g € G\ {1}. We see that {1} is an
intersection of C-closed subsets and thus it is C-closed in G. As g & {1} there is N €
Ne(G) such that gN N {1} = (), hence g ¢ N and we see that G is residually-C.

(i) = (iv): let g1,92 € G be arbitrary such that g; # go. Then gflgg # 1 and thus
there is N € Ng(G) such that g;'gs ¢ N. This means that gy N N gaN = {), therefore
any two distinct elements of G can be separated in G and thus pro- C(G) is Hausdorff.
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(iv) = (i): let g € G\ {1} be arbitrary. Since pro-C(G) is Hausdorff we see that
there are N, N' € N¢(G) such that 1N N gN’ = (). This means that g ¢ N and thus G
is residually-C. O

Being residually-C is clearly a hereditary property.

REMARK 2.5. Let G be a group and let H < G. If G is residually-C then H 1is
residually-C.

Let G be a group and assume that H < G. For an element g € G we will use g to
denote {hgh™' | h € H} C G, the set of H-conjugates of H. The symbol ~ will denote
the relation of being H-conjugates, i.e. f ~p g if and only if f € g. We can then
restate the definition of C-conjugacy separability in terms of pro-C topologies: group G
is C-CS if the conjugacy class g© is C-closed in G for every g € G.

2.2. C-open and C-closed subgroups

Let H < G be such that there is N € N¢(G) such that N < H. Then clearly H is
a union of cosets of N and hence H is C-open in GG as it is a union of C-open subsets of
G. Tt turns out that the opposite implication holds as well.

LEMMA 2.6 (Classification of C-open subgroups). Let G be a group and let H < G.
Then H is C-open in G if and only if there is N € N¢(G) such that N < H. Moreover,
every C-open subgroup is C-closed in G and if C contains only finite groups, then H 1is
of finite index in G.

ProoOF. The sufficiency holds trivially as discussed before the statement of the
lemma.

Now let H € G be C-open in G. Since 1 € H then H must contain some open
neighbourhood of 1, hence there is N € N¢(G) such that N < H. Obviously G\ H is a
union of cosets of N and thus G \ H is C-open subset of G. Hence H is C-closed in G.
Finally, if C is a class of finite groups then |G : N| < oo and N < H, hence we see that
|G : H| < 0. O

Lemma 2.6 implies that in the profinite topology, open subgroups of G are exactly
subgroups of finite index and in the pro-p topology, p-open subgroups of G are exactly
subnormal subgroups of finite index whose index is a power of p. This allows us to
generalise the notion of hereditary conjugacy separability.

DEFINITION 2.7. Let C be a class of finite groups. We say that a group G is C-
hereditarily conjugacy separable (C-HCS) if G is C-CS and H < G is C-CS as well
whenever H is C-open in G.

We have a classification of C-open subgroups. What can be said about C-closed
subgroups?

LEMMA 2.8 (Classification of C-closed subgroups). Let G be a group and let H < G.
Then H is C-closed in G if and only if it is an intersection of C-open subgroups of G.

PROOF. Assume that H = (\,cq H' where H = {H' € G | H' is C-open in G}.
Then H is clearly C-closed in G as it is an intersection of C-closed sets.
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Now assume that H is C-closed in G. Denote X = {H' < G | H < H' and H' is C-open}
and let H = Nprey H'. Clearly H < H. Assume that H # H, then there is some
g € H\ H. As H is C-closed in G there is N € N¢(G) such that gN N H = (). This
is true if and only if ¢ ¢ NH. Since we assume that N € N¢(G), we see that NH is
a union of cosets of H and thus it is a C-open subgroup of G. Also H < NH, thus
NH € H. However, g ¢ NH but g € H = (\gcq H', which is a contradiction. O






CHAPTER 3

Graph products of groups

When studying group properties, it is natural to ask whether given properties are
stable under various group-theoretic constructions. Our main focus is the study of
separability properties in graph products, a natural generalisation of free and direct
products.

3.1. Definition and normal form

By a graph we will always mean a simplicial graph, i.e. I" is a tuple (VI', ET'), where
VT is a set and ET" C (VZF) We call VT the set of vertices of I' and ET the set of edges
of I.

Let T" be a graph and suppose that G = {G, | v € VI'} a family of groups. The
graph product I'G of the family G with respect to the graph I' is the quotient of the free
product k,cyr G, modulo all the relations of the form

GuGv = Gugy for all g, € Gy, g, € Gy whenever {u,v} € VT

If the underlying graph I is finite then we say that I'G is a finite graph product.

We will refer to the groups G, as vertex groups.

Obviously, if the graph I is totally disconnected, i.e. ET' = (), then I'G is isomorphic
to *k,cyT Go, the free product of the vertex groups, and if the graph I' is complete, i.e.
if ET" = (F2V ), then I'G is isomorphic to II,cy 1, the direct product of the vertex groups.

If G, = Z, the infinite cyclic group, for every v € VI' then we say that the cor-
responding graph product I'G is a right angled Artin group (RAAG). Graph products
of groups were first introduced by Green in her Ph.D. thesis [21] as a generalisation of
RAAGs.

If we set G, = (Y, the cyclic group of order two, for all v € VI' we get another well
known class of groups: right angled Coxeter groups (RACGs).

Let G =T'G be a graph product. Then every g € GG can be obtained as a product of
sequence of generators W = (g1, 92, - - ., gn) where each g; belongs to some G,, € G. We
will say that W is a word in G and the g; are its syllables. The number of syllables is
the length of a word.

Transformations of the three following types can be defined on words in graph prod-
ucts:

(T1) remove a syllable g; if g; =¢ 1,

(T2) remove two consecutive syllables g;, gi+1 belonging to the same vertex group
G, and replace them by a single syllable g;g;4+1 € G,

(T3) interchange consecutive syllables g; € G, and g;+1 € G, if {u,v} € ET.

13
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The last transformation is also called syllable shuffling. Note that the transformations
(T1) and (T2) decrease the length of a word whereas (T3) preserves it. Thus by applying
these transformations to a word W we will get a word W’ of minimal length representing
the same element in G.

For v € VT we define linkp(v) to be the the set of vertices adjacent to v in I', more
precisely linkp(v) = {u € VI'| {u,v} € ET}.

For 1 < i < j < n, we say that the syllables g;,g; can be joined together if they
belong to the same vertex group and ‘everything between them commutes’. More for-
mally: g;,g; € G, for some v € VI and for all i < k < j we have g;, € G, such that v;, €
linkp(v). In this case obviously the words W = (g1, ..., ¢i—1, Gi» Git1s - - -2 Gj—1,Gj> Gj+1s - - -
and W' = (g1,...,9i-1,9i9j> Gi+1s - - -+ Jj—1,Gj+1, - - -, gn) Tepresent the same group ele-
ment in G, but the word W’ is strictly shorter than W. We say that a word W =
(91,92, -+, 9n) is reduced if it is either an empty word or if g; # 1 for all ¢ and no two
distinct syllables can be joined together.

As Green proved in her Ph.D. thesis, the notion of being reduced and the notion of
having minimal length coincide.

THEOREM 3.1 (Normal Form Theorem for graph products of groups). Let G =T'G be
a graph product. Every element g € G can be represented by a reduced word. Moreover,
if two reduced words W, W' represent the same element in the group G then W can be
obtained from W' by a finite sequence of syllable shuffling. In particular, the length of a
reduced word is minimal among all words representing g, and a reduced word represents
the trivial element if and only if it is the empty word.

As an immediate consequence of the Normal Form Theorem we see that every vertex
group G, embeds into G. We can actually say much more.

For any subset A C VI' we will denote the corresponding full subgraph by T 4:
VI'4 = A and for u,v € A we have {u,v} € El'4 if and only if {u,v} € ET. Suppose
that A C VT and let G4 denote the subgroup of G generated by all G, where v € A.
We can construct the restricted graph product GaT' 4, where G4 = {G, | v € A}. Let
t: 4G4 — G be a homomorphism defined by ¢(g,) = go-

Suppose that W = (g1, ..., gn) is areduced word in I"'4G 4. Since I 4 is a full subgraph
we see that elements g, € G, and g, € Gy, where u,v € A, commute in I'4G,4 if and
only if ¢(gu), t(g») commute in G, therefore W is reduced in I'4G4 if and only (W) is
reduced in G. By the Normal Form Theorem we get that I'yG4 embeds into G. Thus
every A C VI determines a subgroup G4 < G. We will call subgroups of this type full
subgroups of I'G and we say that a full subgroup G 4 is a proper full subgroup if A is a
proper subset of VI'. By definition Gy = {1} is also a full subgroup corresponding to
the empty subset of VI'. We say that G4 is a mazimal full subgroup if [VI'\ 4| = 1.

Let G be a group and suppose that R < G. We say that R is a retract of G if there
exists a surjective homomorphism p: G — R such that p [r= idgr. We say that the map
p is the retraction corresponding to R.

It can be easily seen that full subgroups are retracts.

REMARK 3.2. Let G = I'G be a graph product of groups and let G4 < G be a full
subgroup. Then G4 is a retract in G with corresponding retraction map pa : G — Ga

7gn)
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defined on generators of G as follows:

if g€ Gy, andv € A,
pA(g)_{g if g and v

1 otherwise.

PROOF. Define a map 7 : G — I'4G4 on generators by 7(g) = g if g € G, for some
v € A, and 7(g) = 1 otherwise. Let g1 € G, and g2 € G, where u,v € VI'. If g1, g2
commute in G, then their images 7(g1), 7(g2) commute in I'4G4. Thus all relations of
I'G hold in I'4G4. By von Dycks theorem [36, Theorem 2.2.1] 7 extends to a surjective
homomorphism. As was stated before, I'4G4 embeds in I'G. Denote this embedding by
t:T4Ga — T'G. Obviously pg = ¢ o on all vertex groups, thus palg, = idg,. O

In [15, Section 3] we study further properties of graph product of groups. In par-
ticular, we develop a theory of cyclically reduced elements, which allows us to state the
conjugacy criterion for graph products.

3.2. Special amalgams and structure of graph products

DEFINITION 3.3. Let A, H be groups and let H < A. Then we define Axg C, the
special amalgam of A and C over H, to be the following free product with amalgamation:

As a very special case of free products with amalgamation, special amalgams do have
a canonical normal form (see [26, Theorem 4.4, page 201]). In fact we can say much
more about canonical normal form in the case of special amalgams.

Let G = Axy C. Obviously, every element g € G can be represented as a product
TOC1T1 - . . Cpty Where x; € Afor i =0,1,...,nand ¢; € C for j =1,...,n. We say that
g = ToC1T1 ...CpTy is in a reduced form if x; ¢ H for i = 1,...,n —1 and ¢; # 1 for
j=1,...,n. In the first presented paper [15] we prove the following, using the normal
form theorem for free products with amalgamation [26, Theorem 4.4]:

[6, Lemma 5.3]. : Let H < A,C be groups and let G = Axyg C. Suppose that
g = TOCIX1 ...CrTyn, where xo,21,...,2n € A and c1,...,¢, € C, withn > 1 is in
reduced form. Then g # 1 in G.

Moreover, suppose that f = yod1y1 - - - dmYm, where yo, y1,...,Yym € A anddy,...,dy, €
C, is in reduced form with m > 1 as well and f = g. Then m = n and ¢; = d; for all
1=1,...,n.

Let G = A xc,—c, B be a free product with amalgamation and let o : A — H,
B : B — H be group homomorphisms. By the universal property of free products with
amalgamation, we see that o, f extend uniquely to a homomorphism ¢ : G — H if and
only if o and 8 coincide. In the case of special amalgams this functorial property can
be strengthened.

REMARK 3.4 (Functorial property of special amalgams). Let G = A*c D be the
special amalgam of groups A and D over C and let o« : A — A" and 6 : D — D’ be
homomorphisms of groups. Then o and § extend uniquely to a homomorphism ¢ : G —
G', where

G =A *a(C) D/,
such that ¢(a) = a(a) for all a € A and ¢(d) = §(d) for all d € D.
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PROOF. Let v = a|¢ be the restriction of « to C. Then by the functorial property
of direct products there is unique homomorphism p : C x D — «(C) x D’ such that
p(e,d) = (v(c),d(d)). Since p and « coincide on C, they can be uniquely extended
to a homomorphism ¢ such that ¢(a) = a(a) for all @ € A and ¢(cd) = p(cd) for all
cde C xD. O

In [15, Section 5] we develop the theory of special amalgams. In particular, we
give a complete description of centralisers and we state a conjugacy criterion for special
amalgams.

The main reason why we are interested in special amalgams is that they naturally
appear in graph products.

REMARK 3.5. Let G =T'G be a graph product and suppose that |VT'| > 2. Then for
every v € VI there is a natural splitting of G as a special amalgam of full subgroups.

PROOF. Let v € VI' be arbitrary. Let us denote C' = linkr(v), B = {v} U linkr(v)
and A =V \ {v}. Obviously G¢ < Gp, Go < G4 and G = (G4,Gp). It is easy to see
that G = G4 *g, Gp. Note that graph I'p is reducible since v is connected to every
other vertex, therefore Gp = G, x G¢. Consequently G = G4 *¢. (G x Gy). O



CHAPTER 4

Results and methods

We are interested in studying the behaviour of separability properties under graph
products. More formally: let P be a separability property and let G = I'G be a graph
product where all the vertex groups have the property P. Then we ask: does G have
the property P as well?

Some separability properties are not preserved by graph products. Free groups are
LERF by result of M. Hall Jr. [22]. However, by a result of Mihailova [27] we know that
F5 x F5 contains a finitely generated subgroup with unsolvable membership problem.
Thus a direct product of LERF groups may not be LERF, as the membership problem
can be solved for any finitely generated subgroup by an algorithm of Mal’cev-Mostowski
type in finitely presented LERF groups. Since direct products are a special case of graph
products we see that property LERF is not preserved under graph products.

In her Ph.D. thesis [21] Green proved that the class of RF groups is closed under tak-
ing graph products [21, Corollary 5.4] and that the same holds for the class of residually
p-finite groups [21, Theorem 5.6].

4.1. Conjugacy separability

In the first presented paper

[15] On conjugacy separability in graph products of groups,
we study the behaviour of C-conjugacy separability and C-hereditary conjugacy separa-
bility in graph products. The aim of this section is to describe and explain the main
ideas and methods we used in [15].

One can easily check that the class of C-CS groups is closed under direct products
for any class C. Suppose that G = G; X G2 is a product of C-CS groups and let
(f1, f2), (91, 92) € G be arbitrary such that (f1, f2) #¢ (g91,92). Obviously, either fi %¢,
g1 or fa2 g, g2. Without loss of generality we may assume that f1 ¢, g1. As Gy is
C-CS, we see that there is L; € N¢(G1) such that A\ (f1) 7*a/rL M(g1), where A;: Gy —
G1/Ly is the natural projection. Set L = L; x Gg. Clearly, L € N¢(G) and for the
natural projection \: G — G//L we have A((f1,91)) #a/r A(f2,92))-

However, showing that the class of C-HCS groups is closed under direct products
needs more work. In general, showing that a group G is C-HCS directly, i.e. showing
that every C-open subgroup of GG is C-CS can turn out to be quite a strenuous task. We
will often use a convenient workaround: instead of working with conjugacy in C-quotients
of G we will work with centralisers in C-quotients.

DEFINITION 4.1. Let C be a class of groups satisfying (c1) and (c2). We say that a
group G satisfies the C-centraliser condition (C-CC) if for every g € G and K € N¢(G)

17
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there is L € N¢(G) such that L < K and

Ca/r(Mg)) € MCa(9)K),
where A\: G — G /L is the natural projection.

Roughly speaking, if G has C-CC, then for every element g € G we know that every
projection v: G — C, where C' € C, factors through some group C’ € C in which we
have control over the size of the centraliser of the image of g.

Centraliser condition was introduced by Chagas and Zalesskii in [9], in the case where
C is the class of all finite groups. However, their definition of the centraliser condition
was given in terms of profinite completion. They showed that if a group G is CS and
satisfies the centraliser condition, then G is HCS. Minasyan gave the definition in terms
of subgroups of finite index and showed that for RF groups the definitions are equivalent.
Minasyan also showed that the implication in the other direction holds as well: a CS
group G is HCS if and only if it satisfies CC (see [28, Proposition 3.2]). Toinet proved
that the same statement holds when C is the class of all finite p-groups for some p € P
(see [40, Proposition 3.6]). We show that the statement is true whenever the class C
satisfies (c1), (c2) and (c4).

[15, Theorem 4.2]. Suppose that C is a class of finite groups satisfying (c1), (c2) and
(c4). Let G be a group. Then the following are equivalent:
(i) G is C-HCS,
(ii) G is C-CS and satisfies C-CC.

We demonstrate the usefulness of [15, Theorem 4.2] in the proof of the following
lemma.

LEMMA 4.2. Suppose that C is a class of finite groups satisfying (c1), (c2) and (c4).
Then class of C-HCS groups is closed under taking direct products.

PRrOOF. Let G = G x G2 be a direct product of C-HCS groups. By the previous
discussion, we see that G is C-CS. We want to use [15, Theorem 4.2], so we need to
show that G satisfies C-CC. Let g = (g1,92) € G and K € N¢(G) be arbitrary. Note
that Ca(g9) = Ca,(91) X Ca,(g2). Set K1 = Gi1N K and K2 = K N Gy. Both G1, G2 are
C-HCS, thus by [15, Theorem 4.2] we see that both satisfy C-CC. We see that there are
Ly € N¢(G1) and Ly € Ng(G2) such that Ly < Kq, Ly < Ky and

Cay/r,(M(91)) € M (Cay(91) K1),
Cay/r,(M2(92)) € A2(Ca,(92) K2),

where A\1: G1 — G1/L1 and \y: Ga — G/ L9 are the natural projections. Since the class
C is closed under taking direct products, we see that L = L1 x Ly € Ng(G). Obviously
L<K.Let \: G— G/L=G1/L1 x Ga/Ly be the natural projection. We see that

Ca/r(M9)) = Caq, 0, (M(91)) X Cayxr,(M2(g2)) € Mi(Cay (91) K1) % A2(Ca,(g2) Ka)
C MCc(9)K)

and thus G x G4 satisfies C-CC. By [15, Theorem 4.2] we see that G x G2 is C-HCS. O
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Note that in the case where C is the class of all finite groups, this was proved by
Martino and Minasyan [25, Lemma 7.3].

It was proved by Stebe [39], and independently by Remeslennikov [34], that the
class of CS groups is closed under taking free products. The main idea in Stebe’s proof
is that given two-non conjugate elements one can always construct a homomorphism to
a free product of two finite groups such that the images are still not conjugate. Then
one can use the fact that free products of finite groups are CS. In a way, we use a similar
idea: constructing homomorphisms onto amalgams of finite groups. Dyer [13] proved
that free-by-finite groups are CS and, in particular, amalgams of finite groups are CS. In
his paper on p-conjugacy separability in RAAGs, Toinet [40, Theorem 4.2] proved that
free-by-(finite p) groups are p-CS for every prime p. Recently, it was proved that these
results can be generalised for any class of finite groups with sufficiently strong closure
properties.

We say that a class C is an extension closed variety of finite groups if C is a class of
finite groups satisfying (c1), (c2), (¢3) and (c4). The most obvious examples of extension
closed varieties of groups are the following classes

e the class of all finite groups,
e the class of all finite solvable groups,
e the class of all finite p-groups, where p is a prime.

Ribes and Zalesskii [35, Theorem 3.2] proved that finitely generated free-by-C groups
are C-CS whenever C is an extension closed variety of finite groups.

Using the result of Ribes and Zalesskii one can easily show that the class of C-CS
groups is closed under taking free products whenever C is an extension closed variety of
finite groups.

As the class of C-CS groups is closed under taking free and direct products, it is
natural to ask whether the class of CS groups is closed under taking graph products.
Green herself proved that the class of CS groups is closed under taking tree products, i.e.
where the underlying graph I is a tree. Minasyan [28, Theorem 1.1] proved that finitely
generated RAAGs are HCS. Minasyan’s method was later used by Toinet [40, Theorem
6.15] to show that finitely generated RAAGs are p-HCS. Minasyan’s proof uses the
fact that special HNN-extensions of finite groups are free-by-finite and hence by Dyer’s
result [13, Theorem 3] they are HCS. Similarly, Toinet uses the fact that special HNN-
extensions of finite p-groups are free-by-(finite p) and hence by [40, Theorem 4.2] they
are p-HCS. We use the result of Ribes and Zalesskii to prove the following generalisation
of results of Minasyan and Toinet, whose proof is the most substantial part of [15].

[15, Theorem 6.1]. Assume that C is an extension closed variety of finite groups.
Then the class of C-HCS groups is closed under taking finite graph products.

The theorem is proved using [15, Theorem 4.2], hence we show that if G is a graph
product of C-HCS groups then G is C-CS and satisfies C-CC. Both these claims are
proved by simultaneous induction on the number of vertices of the graph. We assume
that the statement has been proved for all graphs IV with |VT'| < r, then we take I'G to
be a graph product of C-HCS groups such that |VT| = r. By the inductive hypothesis
we see that every proper full subgroup is C-HCS, thus by [15, Theorem 4.2] every proper
full subgroup is C-CS and satisfies C-CC.



20 4. RESULTS AND METHODS

For conjugacy, the proof uses the ideas used by Stebe in [39]: we take f,g € G to
be arbitrary such that f % ¢ and our aim is to construct a homomorphism onto a
free-by-C (and thus C-CS) group, which separates the conjugacy classes of f and g. We
find a suitable splitting of G' as an amalgam of its full subgroups G = A xy C and, using
the inductive hypothesis together with the conjugacy criterion for special amalgams, we
show that there are groups @, S € C together with homomorphisms v4: A — @ and
vc: € — S, such that for the corresponding extension v: Axg C' — P = Qx,, (z) C we
have y(f) #p v(g). Now, P is a special amalgam of C-groups and thus it is free-by-C (see
[15, Lemma 6.6]). Consequently, it is C-HCS by the result of Ribes and Zalesskii. We
see that there is a C-group D and a homomorphism 0: P — D such that §(f) #%p o(f).
If we set ¢: G — D to be given by ¢ = § o~y we see that ¢(f) #%p ¢(g) and thus G is
C-CS.

Similarly, for the centraliser condition, we take g € G and K € N¢(G) to be arbitrary.
Again, we consider a suitable splitting of G of as a special amalgam of its proper full
subgroups G = Axg C. Using the inductive hypothesis together with the classification
of centralisers in special amalgams, we show that there are groups Q,S € C together
with homomorphisms v4: A — @ and y¢o: C — S such that for corresponding extension
v: AxgC — P = Qx,,m) C satisfies Cp(7(g)) € 7(Ca(g9)K). Note that v(K) €
Nc(P). Now, P is a special amalgam of C-groups and thus it is free-by-C (see [15,
Lemma 6.6]) and, consequently, is C-HCS by the result of Ribes and Zalesskii. By [15,
Theorem 4.2] we see that P has C-CC, hence there is L’ € N¢(P) such that

Cp/rr(A(7(9))) € MCp(v(9)v(K))).

By setting L = vy~ (L') we see that Cg,r(¢(9)) € ¢(Ca(g)K), where ¢p: G — G/L is
the natural projection, and therefore G has C-CC.

In order to able to this, in [15, Section 5] we develop theory of special amalgams,
most importantly the conjugacy criterion for special amalgams [15, Lemma 5.8, Lemma
5.11] and a classification of centralisers in special amalgams [15, Lemma 5.9, Lemma
5.10, Lemma 5.12]. The induction step is establised in [15, Lemma 6.12] and rest of [15,
Section 6] is a case analysis dealing with all possible situations that might occur.

Note that every C-group is trivially C-HCS, so as an immediate consequence of [15,
Theorem 6.1] we see that finite graph products of C-groups are C-HCS.

[15, Corollary 6.17]. Assume that C is an extension closed variety of finite groups.
Let T be a finite graph and let G = {G, | v € VT'} be a family of groups such that G, € C
for allv € VI'. Then the group G =1'G is C-HCS.

In [15, Section 3] we give a conjugacy criterion for graph products which we later
use in [15, Section 7] along with Theorem [15, Theorem 6.1] to prove the following two
theorems.

[15, Theorem 1.1]. Let C be an extension closed variety of finite groups. Then the
class of C-CS groups is closed under arbitrary graph products.

[15, Theorem 1.2]. Let C be an extension closed variety of finite groups. Then the
class of C-HCS groups is closed under arbitrary graph products.

Again, the idea behind the proof of [15, Theorem 1.1] is analogous to Stebe’s proof
for free products: finding suitable C-quotients of vertex groups. Fist of all it is important
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to note that for every pair f,g € G the subset S = supp(f) Usupp(g) is finite, and f
and g are conjugate in Gg, the full subgroup of G corresponding to S, if and only if f
is conjugate to g in G. Thus we see that that we can without loss of generality assume
that the corresponding graph I is actually finite. Using the conjugacy criterion for graph
products (see [15, Lemma 3.12]) we show that if G = I'G is a graph product of C-CS
groups then for every pair of elements f, g € G such that f %G g we can find a family of
C-groups F = {F, | v € VT'} together with a family of homomorphisms {¢,: G, — F,}
such that for the canonical extension ¢: G — F = I'F we have ¢(f) #r ¢(g). Then
by [15, Corollary 6.17] we see that F' is C-HCS. From that we immediately obtain that
there is a group C' € C and a homomorphism ~: F' — C such that v(¢(f)) #c v(o(g))
and we are done.

The idea behind the proof of [15, Theorem 1.2] is somewhat similar. Obviously, if
G = T'G is a graph product of C-HCS groups then G is C-CS by [15, Theorem 1.1].
We show that for every ¢ € G and K € Ng(G) there is a finite graph A (actually a
quotient of I') and a family of C-HCS groups D together with a group homomorphism
d: G — D = AD such that ker(§) < K and Cp(d(g)) € 6(Ca(9)K). Now, as D is
a finite graph product of C-HCS groups we see that D is C-HCS by [15, Theorem 6.1]
and D satisfies C-CC by [15, Theorem 4.2]. Note that §(K) € N¢(D), thus there is
L’ € N¢(D) such that

Cp/r(A(8(g))) € AMCp(6(9))d(K)),

where A\: D — D/L is the natural projection. Again, by composing v = X o J we see
that Cp,r(v(g9)) € 7(Ca(g9)K) and therefore G satisfies C-CC. Again, we see that G is
C-HCS by [15, Theorem 4.2].

4.2. Residual finiteness of Out

In the second presented paper,
[16] Separability properties of automorphisms of graph products of groups,
we study residual properties of the groups of outer automorphisms of graph products of

groups. By a classical result of Baumslag it is known that for finitely generated groups
the property of being RF is passed to automorphism groups.

THEOREM 4.3 (Baumslag [3]). Let G be a finitely generated RF group. Then Aut(G)
is RF.

PROOF. Let ¢ € Aut(G) \ {idg} be arbitrary. As ¢ is not the identity there exists
g € G such that ¢(¢’) # ¢’ in G. By residual finiteness there is N <¢; G such that
d(¢d YN Ng' N = 0. Now set

K= () ~'@).
yeAut(G)
Note that |G : v71(N)| = |G : N| for every v € Aut(G). Since G is finitely generated,
we see that for every n € N there are only finitely many H < G such that |G : N| = n.
It follows that K <¢; G as it is an intersection of finitely many subgroups of finite
index. Also we see that v(K) = K for every v € Aut(G), i.e. K is characteristic in
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G. We see that the natural homomorphism x: G — G/K induces a homomorphism
R: Aut(G) — Aut(G/K) given by

E()(9K) =~(9) K

for every v € Aut(G), g € G. Note that Aut(G/K) is a finite group. As K < N we
see that ¢(¢') K # ¢'K and thus &(¢)(¢'K) # gK. Therefore &(¢) is not the identity on
G/K, and thus Aut(G) is residually finite. O

Baumslag’s proof uses two relatively simple observations:

(1) if a group G is finitely generated then for every H <g; G there is K <g; G
characteristic in G such that K < H;

(2) if K <G is characteristic then the natural projection x: G — G/K induces a
homomorphism &: Aut(G) — Aut(G/K).

It is natural to ask whether something similar can be said about Out(G), the group
of outer automorphisms of G. In general, the answer is negative: Bumagin and Wise [7]
proved that for every finitely presented group O there is a finitely generated RF group
G such that Out(G) = O. If we set O = BS(2,3), the Baumslag-Solitar group given by
the presentation (a,b||ba’b~! = a?®), then we see that there is a finitely generated RF
group G such that Out(G) is isomorphic to BS(2,3), which is known not to be RF. Note
that G will not be finitely presented.

Another naturally arising question is: which properties does a finitely generated
RF group G need to satisfy to ensure that Out(G) is RF? We say that ¢ € Aut(G) is
pointwise inner if ¢(g) ~q g for every g € G. We say that a group G has Grossman’s
property (A) if it does not have nontrivial pointwise inner automorphisms, i.e. for every
¢ € Aut(Q) if ¢ is pointwise inner, then ¢ € Inn(G).

THEOREM 4.4 (Grossman [19]). Let G be a finitely generated CS group and suppose
that G has Grossman’s property (A). Then Out(G) is RF.

PROOF. Let ¢ € Aut(G) \ Inn(G) be arbitrary. As G has Grossman’s property (A)
we see that ¢ is not pointwise inner, i.e. there is a ¢’ € G such that ¢(¢') %¢ ¢'. By
conjugacy separability there is N <¢; G such that ¢(¢')“ NN g/“N = in G. Again, set

K= (] '@V
~eAut(G)
Again, as G is finitely generated, we see that K <;; G is characteristic in G and thus
the natural projection x: G — G/K induces a homomorphism #: Aut(G) — Aut(G/K)
given by
F((9K) =~v(9) K

for every v € Aut(G), g € G. Note that £(Inn(G)) C Inn(G/K). As K < N we see that
P(g)CKNGgeK =0, ie ¢(g)K #*a/k §'K. We see that #(¢) ¢ Inn(G/K) and thus
Inn(G) is closed in Aut(G). It follows that Out(G) = Aut(G)/ Inn(G) is RF. O

Like Baumslag’s proof, Grossman’s proof uses two simple observations:

(1) if O = A/I is a quotient of a group A by its normal subgroup I, then O is RF
if and only if I is closed in A;
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(2) if for every ¢ € Aut(G)\Inn(G) there is K <g; G characteristic such that for the
induced homomorphism #: Aut(G) — Aut(G/K) we have #(¢) ¢ Inn(G/K)
then Inn(G) is closed in Aut(G).

Groups satisfying the assumptions of Grossman’s theorem will be called Grossmanian
groups. That is, a group G is Grossmanian if G is a finitely generated CS group with
Grossman’s property (A).

The hypotheses of Grossman’s theorem are sufficient but not necessary. For example,
G =7 SL3(Z) is RF but not CS and following the results of Minasyan and Osin [29],
one can show that G has Grossman’s property (A) and Out(G) is RF. Grossman’s
property (A) is not necessary either: if G is finite, then Out(G) is finite (and therefore
RF), but Burnside [8] gave examples of finite-p groups with nontrivial pointwise inner
automorphisms. Perhaps the simplest infinite examples are virtually polycyclic groups:
virtually polycyclic groups are CS by results of Formanek [17] and Remeslennikov [32]
and groups of outer automorphisms of virtually polycyclic groups are RF by result of
Wehrfritz [41], yet Segal [38] gave an example of a torsion-free polycyclic group with
nontrivial pointwise inner automorphisms.

This motivates the following definition.

DEFINITION 4.5. Let C be a class of finite groups. We say that a group G is C-inner
automorphism separable (C-IAS) if for every ¢ € Aut(G) \ Inn(G) there is K € N¢(G)
characteristic in G such that for the induced homomorphism k: Aut(G) — Aut(G/K)
given by

E()(9K) =~(9) K

for every v € Aut(G), g € G we have i(¢) € Aut(G/K) \ Inn(G/K). In other words:
G is C-1AS if every non-trivial outer automorphism of G can be realised as a non-trivial
outer automorphism of some C-quotient of G.

If C is the class of all finite groups, then we will say that a group G is IAS to mean
that G is C-IAS. Similarly, we say that G is p-IAS to mean that G is C-IAS in the case
where C is the class of all finite p-groups.

Obviously, if G is IAS then Out(G) is RF. In [16, Lemma 7.2.] we show that if G is
finitely generated p-IAS then Out(G) is virtually residually p-finite.

Another reason for introducing the C-IAS property is the study of direct products.
Residual finiteness of outer automorphisms of free products of finitely generated RF
groups is well understood by the results of Minasyan and Osin in [29]. However, very
little is known about residual finiteness of outer automorphisms of direct products of
groups. In [16, Section 2| we study basic properties of C-IAS groups and we show that
the property of being C-IAS is stable under taking direct products.

[16, Proposition 2.1]. Let C be a class of finite groups satisfying (c1) and (c2). Let
A, B be finitely generated C-IAS residually-C groups. Then the group A x B is C-IAS.

As an immediate consequence we see that if A, B are finitely generated IAS RF
groups then A x B is IAS and consequently Out(A x B) is RF. Similarly, if A, B are
finitely generated p-IAS residually p-finite groups, then A x B is p-group and Out(A x B)
is virtually residually p-finite.
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In [16, Section 3] we show that groups satisfying a generalised version of Grossman’s
criterion are C-IAS (see [16, Lemma 3.2]) and we give examples of such groups. We also
show that all virtually polycyclic groups are IAS (see [16, Lemma 3.5)).

The use of Grossman’s property (A) motivates [16, Section 5|, where we study
pointwise inner endomorphisms of graph products of groups.

For a graph I" we say that a vertex v € VT is central if link(v) = VI'\ {v}, i.e. v is
central in I if it is adjacent to all the vertices of I" (apart from itself).

[16, Theorem 1.1]. Let ' be a finite graph without central vertices and let G = {G, |
v € VI'} be a family of non-trivial groups. Then the group I'G has Grossman’s property

(A).

Note that if the underlying graph I' is irreducible and has at least two vertices,
i.e. if the vertex set VI cannot be written as a disjoint union VI' = XUY such that
{z,y} € ET for all x € X and y € Y, then [16, Theorem 1.1] can be recovered from
the work of Minasyan and Osin [30] on acylindrical hyperbolicity of graph products of
groups combined with the work of Antolin, Minasyan and Sisto [2] on commensurating
endomorphisms of acylindricaly hyperbolic groups. However, results presented in [30]
and [2] use geometric arguments, whereas our proof uses purely combinatorial methods
based on properties of normal forms in graph products and the conjugacy criterion for
graph products (see [15, Lemma 3.12]).

It can be easily seen that a finite direct product of groups has Grossman’s property
(A) if and only if all direct factors have Grossman’s property (A). Combining this simple
fact with [16, Theorem 1.1] we show:

[16, Corollary 1.2]. Let I' be a finite graph and let G = {G, | v € VI'} be a family
of non-trivial groups. The group G =T'G has Grossman’s property (A) if and only if all
vertex groups corresponding to central vertices of I' have Grossman’s property (A).

Note that [16, Corollary 1.2] generalises a result of Minasyan [28, Proposition 6.9],
which states that finitely generated RAAGs have Grossman’s property(A).

In [16, Section 6] we study C-conjugacy distinguishable pairs in graph products. For
f,g € G such that f %G we say that the pair (f, g) is C-conjugacy distinguishable (C-CD)
if there exist a group C € C and a homomorphism ~: G — C such that v(f) ¢ v(g).
Clearly, a group G is C-CS if for every pair f,g € G we have the following dichotomy:
either f ~g g or the pair (f,g) is C-CD in G. Note that the conjugacy classes f& and
g% do not need to be C-closed in G, we just require that f& can be separated from ¢@
in some C-quotient of G.

If C is an extension closed variety of finite groups, then graph products of C-groups are
C-CS by [15, Corollary 6.17]. Using this result, by constructing suitable homomorphisms
from a graph product of residually-C groups to graph products of C-groups, we show that
most pairs of elements in a graph product of a graph products of residually-C groups are
indeed C-CD (see [16, Lemma 6.7]). This allows us to prove the following:

[16, Proposition 6.2]. Let ' be a finite simplicial graph without central vertices and
let G = {G, | v € VT'} be a family of non-trivial finitely generated residually-C groups.
Then the group G =T1'G is C-IAS.
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The proof of [16, Proposition 6.2] is led by contradiction: let ¢ € Aut(G) \ Inn(G)
be arbitrary and suppose that for every g € G the pair (¢(g), g) is not C-CD in G. Using
the fact that almost all pairs of elements are actually C-CD (see [16, Lemma 6.7]) we
then show that ¢(g) ~g ¢ for every g € G and thus ¢ is pointwise inner. However,
the graph I' does not contain central vertices and thus by [16, Theorem 1.1] G has
Grossman’s property (A). This means that ¢ must be inner, which is a contradiction
with our assumptions. It follows that there must be an element g € G such that the pair
(¢(g),g) is C-CD. Using a generalisation of Grossman'’s criterion (see [16, Lemma 3.2])
we then show that I'G is indeed C-IAS.

Using the fact that the class of C-IAS groups is closed under taking direct products
we extend [16, Proposition 6.2] to graph products with central vertices.

[16, Corollary 6.8]. Let I' be a finite graph and let G = {G, | v € VT'} be a family
of non-trivial finitely generated residually-C groups such that the group G, is C-IAS
whenever the verter v is central in I'. Then the group G =T'G is C-IAS.

Applying [16, Proposition 6.2] and [16, Corollary 6.8] to the class of all finite groups
we immediately obtain the following two results:

[16, Theorem 1.3]. Let T be a finite graph without central vertices and let G = {G, |
v € VI'} be a family of non-trivial finitely generated RF groups. Then the group T'G is
IAS and consequently Out(I'G) is RF.

[16, Corollary 1.4]. Let T" be a finite graph and let G = {G, | v € VT'} be family of
non-trivial finitely generated RE groups. Assume that G, is IAS whenever v is central
in T'. Then the group T'G is IAS and consequently Out(I'G) is RF.

Note that [16, Theorem 1.3] generalises result of Minasyan and Osin in [29] on
residual finiteness of outer automorphism groups of free products of finitely generated
RF groups.

Similarly, applying [16, Proposition 6.2] and [16, Corollary 6.8] together with Lemma
[16, Lemma 7.2] to the class of all finite p-groups we immediately get the following:

[16, Theorem 1.5]. Let I' be a finite graph without central vertices and let G = {G, |
v € VI'} be a family of non-trivial finitely generated residually p-finite groups. Then the
group I'G is p-TAS, Out,(I'G) is residually p-finite and Out(I'G) is virtually residually
p-finite.

[16, Corollary 1.6]. Let I be a finite graph and let G = {G, | v € VT'} be a family
of mon-trivial finitely generated residually p-finite groups. Assume that G, is p-IAS
whenever v is central in I'. Then the group I'G is p-IAS and consequently Out,(I'G) is
residually p-finite and Out(I'G) is virtually residually p-finite.

Note that if G is a group, then Out,(G) < Out(G) denotes the set of all outer
automorphisms of G that act trivially on the first mod-p homology of G.

4.3. Residual properties and local embeddability

In the third presented paper
[6] with F. Berlai, Residual properties of graph products of groups,
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we study residual properties of graph products, especially residual amenability. In the
first presented paper [15, Lemma 6.8], the second named author proved that if C is a
class of finite groups satisfying (c1), (¢2) and (c4) then the class of residually-C groups
is closed under graph products. The proof of [15, Lemma 6.8] heavily relies on the fact
that if C is a class of finite groups satisfying (cl), (c2) and (c4) then free-by-C groups
are residually-C (see [15, Lemma 2.9]).

We prove the following generalisation of [15, Lemma 6.8]:

[6, Theorem A]. Let C be a class of groups satisfying (c1) and (c2). Assume that
free-by-C groups are residually-C. Then the class of residually-C groups is closed under
taking graph products.

The main idea of the proof is to use induction on the number of vertices of the
underlying graph.

First, we show that if C is a class of groups satisfying (c1) and (c2) such that free-
by-C groups are residually-C, then a special amalgam A xg C of residually-C groups
is residually-C if and only if the amalgamated subgroup B is C-closed in A (see [6,
Proposition 4.2]).

For the induction, we assume that [6, Theorem A] has been proved for all graphs I”
with |[VTY| < r. We then argue that if G = I'G is a graph product of residually-C groups
with |VT| = r, then G splits as a special amalgam G = Axp C , where B < A,C are
some proper full subgroups of G. By the inductive hypothesis we see that A, B,C are
residually-C. Also, B is a full subgroup (and thus a retract) of A, hence B is C-closed
in G. Theorem A then follows by [6, Proposition 4.2] as G is a special amalgam of
residually-C groups over a C-closed subgroup.

However, determining for which classes C can we say that free-by-C groups are
residually-C is quite difficult. This was studied by the first named author in [5], where he
gave some sufficient conditions which the class C needs to satisfy to ensure that free-by-C
groups are residually-C (see [5, Lemma 3.3]). In particular, he showed that free-by-C
groups are residually-C whenever C is one following classes:

(1) amenable groups,
(2) elementary amenable groups,
(3) solvable groups.

Combining [6, Theorem A] with previous results of Berlai we show the following:

[6, Corollary A]. The class of residually amenable groups is closed under taking graph
products. The same is true for residually elementary amenable groups.

In [6, Section 5] we study local embeddability of graph products. Let G1,G2 be
groups and suppose that K C G;. We say that a function ¢: G; — G2 is a K-almost-
homomorphism if the following hold:

(i) ¢ [k is injective,
(i) p(kE") = p(k)p(k') for all k, k' € K.
Let C be a class of groups. We say that a group G is locally embeddable into C (LE-C)

if for every subset K C G such that |K| < oo there is a group C' € C and a K-almost-
homomorphism ¢: G — C.
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In a way, being LE-C is similar to being residually-C but weaker, as we do not require
the approximating maps to be homomorphisms. It is obvious that every residually-C
group is LE-C but in general the reverse implication does not hold.

It can be easily seen that every finitely presented LE-C is residually-C: let G be a
LE-C group given by a finite presentation (X ||R) and let g € G\ {1} be arbitrary. Let Ip
be the length of longest relator in R, i.e. Ir = max,ecr{|r|}, and set | = max{lg, |g|}. Let
K = Bi(1,dx) € G be the closed ball of radius [ with respect to dx centred around the
identity, where dx denotes the word metric on G with respect to the generating set X.
Note that g € K. By assumption, there is a C-group C' and a K-almost-homomorphism
p: G — C. Now consider the restriction ¢p = ¢ [k. Clearly, the map pp respects all
the relations in R and thus by the theorem of von Dyck (see [36, Theorem 2.2.1]) the
function pp extends to a homomorphism @: G — C. Obviously, (g) #1inCasg € K
and therefore G is residually-C.

An obvious example of a group which is locally embeddable into finite, but not
residually finite, would be F'Sym, the group of finitely supported bijections on an infinite
set. However, F'Sym is infinitely generated. Examples of finitely generated groups that
are locally embeddable into the class of amenable groups but are not residually amenable
were given in [14, Theorem 3.

The first named author proved that if the class of residually-C groups is closed under
taking free products, then the class of LE-C groups is closed under taking free products
as well (see [5, Theorem 1.5]). We generalise this result to graph products of groups.

[6, Theorem B|. Let C be a class of groups, suppose that C is closed under tak-
ing subgroups, finite direct products and that graph products of residually-C groups are
residually-C. Then the class of LE-C groups is closed under graph products.

The main idea behind the proof of [6, Theorem B] is as follows: using properties
of the normal form for graph products together with local embeddability of the vertex
groups, we show that for every finite subset K C I'G there is a family of C-groups
F ={F, | v € VT'} together with a K-almost-homomorphism ¢: I'G — T'’¥. We then
use the fact that graph products of C-groups are residually-C by assumption.

We combine the known results about residual properties of graph products of groups
presented in [21, Corollary 5.4, Theorem 5.6], [15, Lemma 6.8] and our new result [6,
Theorem B] to obtain the following:

[6, Corollary B]. Let C be one of the following classes:
1) finite groups,

finite p-groups,

solvable groups,

finite solvable groups,

elementary amenable groups,

) amenable groups.

— — — —

(

(2
(3
(4
(5
(6

Then the class of LE-C groups is closed under graph products.
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ABSTRACT. We show that the class of C-hereditarily conjugacy separable groups is
closed under taking arbitrary graph products whenever the class C is an extension
closed variety of finite groups. As a consequence we show that the class of C-conjugacy
separable groups is closed under taking arbitrary graph products. In particular, we
show that right angled Coxeter groups are hereditarily conjugacy separable and 2-
hereditarily conjugacy separable, and we show that infinitely generated right angled
Artin groups are hereditarily conjugacy separable and p-hereditarily conjugacy sepa-
rable for every prime number p.
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1. INTRODUCTION

Let G be a group. We say that G is residually finite (RF) if for every non-trivial
element g € G there exists a a finite group F' and a group homomorphism ¢: G — F
such that ¢(g) # 1 in F. We say that the group G is conjugacy separable (CS) if for
every pair of elements f,g € G such that f is not conjugate to g in G there is a finite
group F' and a homomorphism ¢: G — F such that ¢(f) is not conjugate to ¢(g) in F.

Group properties of this type are called separability properties. In this paper we will
be dealing with conjugacy separability and its various generalisations.

1.1. Motivation. Separability properties provide an algebraic analogue to solvability
of decision problems for finitely presented groups. Mal’cev [15] proved that finitely
presented residually finite groups have solvable word problem. Similarly, Mostowski
[20] showed that finitely presented conjugacy separable groups have solvable conjugacy
problem.

The following classes of groups are known to be conjugacy separable: virtually free
groups (Dyer [7]), virtually polycyclic groups (Formanek [8], Remeslennikov [22]), vir-
tually surface groups (Martino [16]), limit groups (Chagas and Zalesskii [6]), finitely
generated right angled Artin groups (Minasyan [18]), even Coxeter groups whose dia-
gram does not contain (4,4, 2)-triangles (Caprace and Minasyan [4]), finitely presented
residually free groups (Chagas and Zalesskii [5]), one-relator groups with torsion (Mi-
nasyan and Zalesskii [19]) and fundamental groups of compact orientable 3-manifolds
(Hamilton, Wilton and Zalesskii [12]).

Conjugacy separability is similar to residual finiteness but is much stronger. It can
be easily seen that every CS group is RF, but the implication in the opposite direction
does not hold. Perhaps the easiest example of a RF group which is not CS was given
by Stebe [25] and independently by Remeslenikov [21] when they proved that SL3(Z) is
not CS.

It is easy to see that being residually finite is a hereditary property: if a group G is
RF then every H < G is residually finite as well. Unlike residual finiteness, conjugacy
separability does not behave well with respect to subgroups, not even of finite index.
Martino and Minasyan [17] showed that for every integer m > 2 there exists a finitely
presented conjugacy separable group 7' that contains a subgroup S < T such that
|T: S| =m and S is not CS. We say that a group G is hereditarily conjugacy separable
(HCS) if G is conjugacy separable and if H < G is of finite index in G then H is CS as
well.

Let C be a class of finite groups (we will always assume that classes of finite groups
are closed under isomorphisms) and let G be a group. We say that G is residually-C if
for every non-trivial g € G there is a group F' € C and a homomorphism ¢: G — F such
that ¢(g) is non-trivial in F. Similarly, we say that G is C-conjugacy separable (C-CS)
if for every tuple f, g € G such that f is not conjugate to g in GG there is a group F € C
and a homomorphism ¢: G — F such that ¢(f) is not conjugate to ¢(g) in F. We say
that G is C-hereditarily conjugacy separable (C-HCS) if it is C-CS and every subgroup
H < G, open in pro-C topology, is C-CS (H is open in pro-C topology if and only if
there is K <G such that K < H and G/K € C - see Section 2). If the class C satisfies
certain closure properties we can equip the group G with the so called pro-C topology
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and use basic terminology and methods from point-set topology to significantly simplify
our proofs. Basic properties of pro-C topologies on groups, their connection to closure
properties of the class C and definitions of residually-C, C-CS and C-HCS groups in terms
of pro-C topologies are given in Section 2.

We say that a class of finite groups C is an extension closed variety of finite groups
if it is closed under taking subgroups, direct products, quotients and extensions. The
most common examples of extension closed varieties of finite groups would be the class
of all finite p-groups, where p is a prime number, the class of all finite soluble groups or
the class of all finite groups.

In this paper we study the behaviour of C-(hereditary) conjugacy separability under
group constructions, where the class C is an extension closed variety of finite groups.
It is easy to see that a direct product of C-CS groups is again a conjugacy separable
group, similarly for hereditary conjugacy separability. It was proved by Stebe [26] and
independently by Remeslennikov [21] that the class of CS groups is closed under taking
free products and using this result one can show that a free product of HCS groups is
again an HCS group. In his paper [29] Toinet proved a specialised version of Dyer’s
theorem: free-by-(finite p) groups are p-CS. This result was generalised by Ribes and
Zalesskii [28]: finitely generated free-by-C groups are C-CS whenever C is an extension
closed variety of finite groups. Using the result of Ribes and Zalesskii one could easily
generalise the result of Stebe and Remeslennikov to C-CS and C-HCS groups. Our aim
is to show that the property of being C-(H)CS is stable under graph products, group
theoretic construction naturally generalising direct and free products in the category of
groups.

1.2. Statement of the results. By a graph we will always mean a simplicial graph:
i.e. graph I' is a tuple (VT', ET'), where VT is a set and ET" C (Vzr) We call VT the set
of vertices of I' and ET the set of edges of I'.

Let T be a graph and let G = {G|v € VI'} be a family of groups indexed by the
vertices of I'. The graph product I'G is the quotient of the free product *,cy 1 G, obtained
by adding all the relations of the form

GuGv = Gugy for all g, € Gy, g, € G, such that {u,v} € ET.

The groups G, will be usually referred to as vertex groups.

Clearly if I" is a complete graph then I'G is equal to the direct product ], ey G
and if T" is the totally disconnected graph, meaning that ET = (), the resulting graph
product is equal to the free product *,cyr G,. We say that the group I'G is a finite
graph product if the corresponding graph I' is finite.

If G, = Z, the additive group of integers, for all v € VI, then we are talking about
right angled Artin groups (RAAGs), and if G, = Cy, the cyclic group of order 2, we are
talking about right angled Cozeter groups (RACGs). In a way, RAAGs sit between free
groups and free abelian groups. Since both free abelian groups and free groups are CS it
is natural to ask whether RAAGs are CS as well. The positive answer to this question
was given by Minasyan [18], when he proved that finitely generated RAAGs are HCS.
Toinet [29] modified Minasyan’s proof and showed that finitely generated RAAGs are
p-HCS for every prime number p. The main results of this paper are the following two
theorems.
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Theorem 1.1. Assume that C is an extension closed variety of finite groups. Then the
class of C-CS groups is closed under taking arbitrary graph products.

Theorem 1.2. Let C be an extension closed variety of finite groups. Then the class of
C-HCS groups is closed under taking arbitrary graph products.

Note that we do not impose any restrictions on the cardinality of the corresponding
graph, i.e. |VT'| can be any cardinal.
Acknowledgements. The author would like to thank Ashot Minasyan for explaining
his work in [18], discussions, help and guidance.

2. PrRO-C TOPOLOGIES ON GROUPS

In this section we will explain basic properties of pro-C topologies on groups. In the
profinite (or pro-p) case these are standard results and are part of mathematical folklore.
We include this section in order to make this paper self-contained and readers familiar
with pro-C topologies on groups can skip it.

What closure properties do we require the class C to have? We will be considering
the following ones:

(cl) subgroups: let G € C and suppose that H < G; then H € C,

(c2) finite direct products: let G1, Gy € C; then G1 x G5 € C,

(c3) quotients: let G € C and let N <G; then G/N € C,

(c4) extensions: let K, @ € C and let G be a group such that the following sequence

1o K->G—-Q—1

is exact; then G € (.

Let C be a class of finite groups and let G be a group. If N <G is such that G/N € C
then we say that N is a co-C subgroup of G. We will use N¢(G) ={N <G | G/N € C}
to denote the set of all co-C subgroups of G. We want the system of cosets B¢(G) =
{gN | g € G,N € N¢(G)} to form a basis of open sets for a topology on G, thus we need
the set N¢(G) to be closed under intersections. It can be easily seen that if C satisfies
(c1) and (c2), then the set N¢(G) is closed under intersections for every group G.

Suppose that the system of cosets B¢ (G) forms a basis of open sets for a topology on
a group G. This topology is called the pro-C topology on G and we will use pro-C(G) to
refer to this topology. If C is the class of all finite groups this topology is the profinite
topology PT (G) and if C is the class of all finite p-groups, where p is a prime number,
this topology is referred to as pro-p topology and is denoted by pro-p(G).

We say that a subset X C G is C-separable or C-closed in G if the subset X is closed
pro-C(G). In other words, a subset X C G is C-separable if for every g € G\ X there is
N € N¢(G) such that gN N X = gN N XN = (). Similarly we say that a subset X C G
is C-open if it is open in pro-C(G).

2.1. Basic properties. Unless stated otherwise we will only assume assume that the
class C satisfies (c1) and (c2).

If the class C satisfies (c1) and (c2) then the pro-C topology on G is well-defined for
every group G. Note that it would be enough to assume that the class C is closed under
subdirect products. However, if we assume that the class C is also closed under taking
subgroups we see that equipping a group G with pro-C topology is actually a faithfull
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functor from the category of groups to the category of topological groups: homomor-
phisms between groups are continuous maps with respect to the corresponding pro-C
topologies and isomorphisms are homeomorphisms, thus preimages of C-open/closed
sets are C-open/closed and isomorphic images of C-open/closed sets are C-open/closed.
Obviously, the pro-C topology on a group G is invariant under group translation: if
X C G is C-closed in G then so are the sets ¢ X and Xg for all g € G.
The following lemma will help us to shorten and simplify proofs.

Lemma 2.1. Let G be a group. Then X C G is C-closed in G if and only if for every
g € G\ X there is a group F and a homomorphism ¢ : G — F, such that ¢(g) & ¢(X)
and ¢(X) is C-closed in F.

Proof. Suppose X is C-closed in G. Clearly if we take F' = G and ¢ = idg then ¢(X) = X
is C-closed in G and ¢(g) =g &€ ¢(X) =X forall g€ G\ X.

Let X C G and suppose that for every g € G\ X there is a group homomorphism
¢g: G — Fy such that ¢4(g) € ¢4(X) and ¢4(X) is C-closed in F,;. We see that the
set gZ)g_l(qug(X )) is C-closed in G as it is a preimage of a C-closed set. Clearly X =
Nyea\x gb;l(gbg(X)) and thus X is C-closed in G as it is intersection of C-closed sets. [

As we already said: a group G is residually-C if for every g € G'\ {1} there is a group

F € C and a group homomorphism 7: G — F' such that 7(g) # 1 in F or, equivalently,
we say that G is residually-C if for every g € G\ {1} there is N € N¢(G) such that
g ¢ N. Assuming that the class C satisfies (c1) and (c2) one can easily check that the
following are equivalent:

(1) G is residually-C,

(2) {1} is C-closed in G,

3) Nveneey N = {1},

(4) pro-C(G) is Hausdorff.

Being residually-C is clearly a hereditary property.

Remark 2.2. Let G be a group and let H < G. If G is residually-C then H is residually-
C.

Let G be a group and assume that H < G. For an element g € G we will use g7 to
denote {hgh™' | h € H} C G, the set of H-conjugates of H. The symbol ~p will denote
the relation of being H-conjugates, i.e. f ~p g if and only if f € g/. We can then
restate the definition of C-conjugacy separability in terms of pro-C topologies: group G
is C-CS if the conjugacy class ¢“ is C-closed in G for every g € G.

Note that a specialised version of Lemma 2.1 is that a group G is C-CS if and only if
for every tuple of elements f,g € G such that f «g g there is a C-CS group H and a
homomorphism ¢: G — H such that ¢(f) %m ¢(g).

2.2. C-open and (C-closed subgroups. Let H < G and suppose that there is N €
Ne(G) such that N < H. Then clearly H is a union of cosets of N and hence H is
C-open in G as it is a union of C-open subsets of G. It was proved by Hall [11, Theorem
3.1] that the opposite implication holds as well.
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Lemma 2.3 (Classification of C-open subgroups). Let G be a group and let H < G.
Then H is C-open in G if and only if there is N € N¢(G) such that N < H. Moreover,
every C-open subgroup is C-closed in G and is of finite index in G.

Lemma 2.3 allows us to restate the definition of C-hereditary conjugacy separability
in terms of pro-C topology: a group G is C-HCS if G is C-CS and H < G is C-CS as well
whenever H is C-open in G.

Obviously, an intersection of C-open subgroups is a C-closed subgroup. It was proved
by Hall [11, Theorem 3.3] that all C-closed subgroups arise in this way.

Lemma 2.4 (Classification of C-closed subgroups). Let G be a group and let H < G.
Then H is C-closed in G if and only if it is an intersection of C-open subgroups of G.

2.3. Restrictions of pro-C topologies. Imagine the following situation: let G be a
group and let H be its subgroup. The pro-C topology induces a subspace topology on
H, say T. However, this topology might not necessarily be the same as pro-C topology
on H: pro-C(H) will usually be finer than 7. For example, if G is F, the free group
on 2 generators and H is [G, G], the commutator subgroup of G, then H contains only
countably many subgroups that are open in 7; however, as H is infinitely generated free
group, N¢(H) is uncountable.

For H < G we say that pro-C(H) is induced by pro-C(G) if pro-C(H) coincides with
the subspace topology on H induced by pro-C(G).

If H< G and X C H is C-closed in G then clearly X is C-closed in H. However, the
implication in the other direction does not hold: let G be the Baumslag-Solitar group
BS(2,3) given by the presentation (a,b||ba’b~! = a?®). It is well known that this group
is not residually finite. Take H = (a) < G. Clearly H = (Z,+), which is a residually
finite group. Thus the singleton set {1} is closed in the profinite topology on H but it
is not closed in the profinite topology on G as G is not residually finite.

Definition 2.5. Let G be a group and let H < G be its subgroup. We say that the
pro-C(H) is a restriction of pro-C(G) if for all X C H we have that X is C-closed in H
if and only if it is C-closed in G.

One can easily check that for H < G pro-C(H) is a restriction of pro-C(G) if and only
if pro-C(H) is induced by pro-C(G) and H is C-closed in G.

One type of subgroup on which the pro-C topologies behave well are retracts. Let G
be a group and let R < G. We say that R is a retract of G if there is a homomorphism
p: G — R such that p [r=idr. We will refer to p as to the retraction corresponding to
R. We will often abuse the notation and consider p as an endomorphism of G as well.
One could then equivalently say that R is a retract of G if and only if there is p: G — G
such that po p = p and R is the image of p.

Note that if R < G is a retract then G can be viewed as semidirect product G =
ker(p) x R, where p: G — R is the corresponding retraction. One can easily show the
following by using the proof of [27, Lemma 3.1.5].

Lemma 2.6. Let G be a residually-C group and let R < G be a retract. Then R is
C-closed in G and pro-C(R) is induced by pro-C(G), hence pro-C(R) is a restriction of
pro-C(G).
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So far we have only been using assumptions that the class C satisfies (c1) and (c2).
From now on we will also require the class C to satisfy (c4). The proof the next lemma
follows from the proof of [27, Lemma 3.1.4].

Lemma 2.7. Suppose that C is a class of finite groups satisfying (c1), (c2) and (c4).
Let G be a group and let H < G be C-open in G. Then pro-C(H) is a restriction of
pro-C(G).

As we mentioned earlier, the property of being residually-C is passed to subgroups.
Obviously, the implication in the opposite direction does not hold: the group BS(2,3)
contains a residually finite subgroup but BS(2,3) is not residually finite. However, the
property of being residually-C is passed upwards from C-open subgroups.

Corollary 2.8. Let C be a class of finite groups satisfying (c1), (c2) and (c4). Let G
be a group and let H < G be C-open in G. If H is residually-C then G is residually-C as
well.

Proof. The singleton set {1} is C-closed in H as H is residually-C. By Lemma 2.7 we see
that the singleton set {1} is C-closed in G as the pro-C(H) is a restriction of pro-C(G).
Hence, we see that the group G is residually-C. ]

The structure of classes of finite groups that satisfy (c1) and (c2) only can be quite
wild. However, what if we also require the class C to satisfy (c4)? Suppose that C is a
class of finite groups satisfying (c1), (c2) and (c4) and suppose that there is a nontrivial
group F such that F' € C. Let n = |F| and let p be a prime number such that p divides
n. Clearly there is g € F' such that ord(g) = p and thus F' contains Cp, the cyclic group
of size p as a subgroup and thus C, € C as well. We see that the class C contains all finite
p-groups as every finite p-group can be constructed from C), by a series of extensions.
It is well known fact (see [10]) that free groups are residually-p for every prime number
p and therefore free groups are residually-C whenever the class C satisfies (cl1), (c¢2) and
(c4) and contains at least one nontrivial group.

Lemma 2.9. Let C be a class of finite groups satisfying (c1), (c¢2) and (c4) and assume
that C contains a nontrivial group. Then free-by-C groups are residually-C.

Proof. Let G be a free-by-C group. By assumption there is N € N¢(G) such that N
is free. Clearly N is C-open in (. By previous argumentation we know that N is
residually-C' and hence G is residually-C by Corollary 2.8. 0

3. GRAPH PRODUCTS OF GROUPS

Let T" be a simplicial graph and let G = {G, | v € VT'} be a family of groups indexed
by VI. Recal that the graph product I'G is the quotient of the free product *k,cyr Gy
obtained by adding relations of the form

Jugv = gugy for all g, € Gy, g, € G, such that {u,v} € ET.

For v € VI' we define the link(v) to be the the set of vertices adjacent to v in T
(excluding v itself), more precisely link(v) = {u € VI' | {u,v} € ET'}. For a subset
A C VT we define link(A) = [, ¢ 4 link(v).
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For v € VI' we define the star(v) to be the the set of vertices adjacent to v in T
including v, more precisely star(v) = {u € VI' | {u,v} € ET} U {v}. For a subset
A C VT we define star(A) = [, 4 star(v).

Let G = I'G be a graph product. Then every g € G can be obtained as a product of a
sequence of generators W = (g1, 92, ..., gn) Where each g; belongs to some G,, € G. We
will say that W is a word in G and the g; are its syllables. The number of syllables is
the length of a word.

Transformations of the three following types can be defined on words in graph prod-
ucts:

(T1) remove a syllable g; if g; =¢, 1, where v € VI" and ¢; € G,,

(T2) remove two consecutive syllables g;, g;+1 belonging to the same vertex group G,

and replace them by a single syllable g;g;4+1 € Gy,

(T3) interchange consecutive syllables g; € G,, and g;+1 € G, if {u,v} € ET.

The last transformation is also called syllable shuffling. Note that the transformations
(T1) and (T2) decrease the length of a word whereas (T3) preserves it. Thus by applying
these transformations to a word W we will eventually get a word W’ of minimal length
representing the same element in G.

For 1 <17 < j < n we say that syllables g;, g; can be joined together if they belong to
the same vertex group and ‘everything in between commutes with them’. More formally:
9i,9; € Gy, for some v € VI and for all i < k < j we have g5, € G,,, such that v, € link(v).
In this case obviously the words W = (g1, ..., 6i—1, i, §it1,- - 9j—1, 95, Gj+1,- - - » gn) and
W'=(g91,---,9i-1,9i9j, Gi+1s - - - »§j—1,Gj+1, - - -  gn) Tepresent the same group element in
G, but the word W’ is strictly shorter than W.

We say that a word W = (g1,92,...,9n) is I-reduced if it is either an empty word
or if g; # 1 for all 4 and no two distinct syllables can be joined together. To avoid any
confusion with the terminology of special amalgams (see Section 5) we will be using the
Greek letter I' to emphasise that we are considering sequences and elements (cyclically)
reduced in the context of graph products and not in the context of special amalgams.

As it turns out, the notion of being I'-reduced and the notion of having minimal length
coincide: the following theorem was proved by E. Green [9, Theorem 3.9].

Theorem 3.1 (Normal Form Theorem). Let G = I'G be a graph product. Every element
g € G can be represented by a I'-reduced word. Moreover, if two T'-reduced words W, W’
represent the same element in the group G then W can be obtained from W' by a finite
sequence of syllable shuffling. In particular, the length of a I'-reduced word is minimal
among all words representing g, and a I'-reduced word represents the trivial element if
and only if it is the empty word.

Thanks to Theorem 3.1 the following definitions make sense. Let g € G and let
W = (g1,...,9n) be a I'-reduced word representing g. We define the length of g in G to
be |g| = n and the support of g in G to be

supp(g) = {v € VI'|Fi € {1,...,n} such that g; € G, \ {1}}.

We define FL(g) C VT as the set of all v € VI such that there is a I'-reduced word
W that represents the element g and starts with a syllable from G,. Similarly we define
LL(g) € VT as the set of all v € VI such that there is a I'-reduced word W that
represents the element g and ends with a syllable from G,,. Note that FL(g) = LL(g™}).
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Let z,y € G and let W, = (z1,...,2,) be a I'-reduced expression for x and let
Wy = (y1...,Ym) be a I'-reduced expression for y. We say that the product zy is
al'-reduced product if the word (x1,...,Zn,Y1,...,Ym) is I-reduced. Obviously, zy is
a I'-reduced product if and only if |zy| = |z| + |y|. Or equivalently we could say that
xy is I-reduced product if and only if LL(z) N FL(y) = 0. We can naturally extend
this definition: for ¢i1,...,9, € G we say that the product g¢;...g, is I'-reduced if

|gl---gn‘ = ’91’+"'+‘gn|-

3.1. Full and parabolic subgroups. Let I' be a graph. For any subset A C VI we
will denote the corresponding full subgraph by I'y: VI'y = A and for u,v € A we have
{u,v} € ET' 4 if and only if {u,v} € ET.

Let A C VI and let G 4 denote the subgroup of G generated by all G, where v € A.
Using Theorem 3.1 one can easily check that G4 is isomorphic to the graph product
I'4Ga, where G4 = {G, | v € A}. We see that every A C VT induces a subgroup
G4 < G. We will call subgroups of this type full subgroups of I'G, and we say that a
full subgroup G 4 is a proper full subgroup if A is a proper subset of VI'. We say that a
full subgroup G4 < G is mazimal if |[VI'\ A| = 1. By definition Gy = {1} is also a full
subgroup corresponding to the empty subset of VT

It can be easily seen that full subgroups are actually retracts.

Remark 3.2. Let G = I'G be a graph product of groups and let G4 < G be a full
subgroup. Then G4 is a retract in G with corresponding retraction map pa : G — Ga
defined on generators of G as follows:

| g ifgeG,andve A,
palg) = { 1 otherwise.

Let A, B C VI be arbitrary. Let Ga4,Gp < G be the corresponding full subgroups
and let pa,pp € End(G) be the corresponding retractions. We see that ps and pp
commute: pa o pp = pp o pa. It follows that G4 N Gp = Ganp and pg o pp = panB-
This result can be generalised and strengthened.

Let K < G. We say that K is parabolic subgroup of G if K is conjugate to a full
subgroup, i.e., if there are A C VI and g € G such that K = gG 49~ '. As it turns out,
the intersection of parabolic subgroups is again a parabolic subgroup. The following
theorem was proved in [1, Corollary 3.6].

Theorem 3.3. Let G = T'G be a graph product and let K, L < G such that K = gG 49!
and H = fGpf~!, where A, B C VT and f,g € G. Then thereish € G and C C ANB
such that KN L = hGoh™L.

As an easy consequence of Theorem 3.3 we get the following lemma.

Lemma 3.4. Let g € G =T'G and suppose that |VI'| < oo and g # 1. Then there is a
mazimal full subgroup A of G such that g & AC.

Proof. Let g € G\ {1} and assume that the statement of the lemma does not hold for g,
thus for every maximal full subgroup A,, where A, = Gyr\ () for some v € VT, there
is h, € G such that g € thuhgl. We see that g € (,cyr hUAvhgl. By Theorem 3.3
we see that there are h € G and C C [,y VT \ {v} such that g € hGoh™t. However,
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Nyeyr VT \ {v} = 0 and thus we see that g = 1, which is a contradiction because we
assumed that g # 1. O

The following theorem was proved in [1, Proposition 3.10].

Theorem 3.5. Let X be a subset of the graph product G = I'G such that at least one of
the following conditions holds:

(i) the graph T is finite;

(ii) the subgroup (X) < G is finitely generated.
Then there exists a unique minimal parabolic subgroup of G containing X .

Suppose that a subset X C G is contained in a minimal parabolic subgroup of G.
Then this subgroup will be called the parabolic closure of X and will be denoted by
PCF(X )

For a subset X C G and a subgroup H we will use Ny(X) to denote {g € G |
9X = Xg}, the H-normaliser of X in G. The following characterisation of normalisers
of parabolic subgroups was given in [1, Proposition 3.13].

Theorem 3.6. Let K be a nontrivial parabolic subgroup of the graph product G = I'G.
Choose f € G and S € VT such that K = fGsf~' and Gs # {1} for all s € S. Then
Ng(K) = fGSuhnk(S)f_l; in particular the normaliser Ng(K) is a parabolic subgroup
of G.

For a subset X C G and a subgroup H we will use C'7(X) to denote {g € G | gx = zg},
the H-centraliser of X in G. Centralisers in graph products were fully described by
Barkauskas in [2]. We give simple a lemma describing centralisers of elements in terms
of certain special subgroups and centralisers in full subgroups.

Lemma 3.7. Let G = I'G be a graph product of groups and let g € G be arbitrary.
Suppose that there is A C G such that Pcr((g)) = Ga. Then Ca(g) = Cg ,(9)Glink(4)-

Proof. Clearly Cg(g) < Ng({(g)). Since G4 = Pcr((g)) we see by [1, Lemma 3.12] that
Ng((9)) € Ng(Ga). By Theorem 3.6 we see that Ng(Ga) = Ga - Ginka) and thus
Cc(g) € Ga - Giink(a)- We can then write Cg(g) = Cg(g) N Ga - Giink(a)- Note that
Glink(4) < C(Ga) and thus Giigia) < Ce(g). This means that Ce(9) NG a - Glink(a) =
(Ca(g) N G a)Ghink(a) and we see that Ca(g) = Ca ,(9)Glink(A)- O

3.2. Cyclically reduced elements and conjugacy in graph products. Let g € G,
let W = (g1,...,9n) be a I-reduced expression for g. We say that a sequence W' =
(Gj4+1s---+9n:G1,---,9;), where j € {1,...,n—1}, is a cyclic permutation of W. We say
that the element ¢’ € G is a cyclic permutation of g if ¢’ can be expressed by a cyclic
permutation of some I'-reduced expression for g.

Let W = (g1, ..., 9n) be some reduced expression in G. We say that W is I'-cyclically
reduced if all cyclic permutations of W are I'-reduced. We would like to extend this
definition to elements of G. However, to achieve that we first need to show that this
property does not depend on the choice of I'-reduced expression.

Lemma 3.8. Let g € G be arbitrary and let W = (g1, ... gn) be some I'-reduced expres-
sion for g. If W is I'-cyclically reduced then all I'-reduced expressions representing g are
I'-cyclically reduced.
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Proof. Assume that W = (gi,...,9n) is I-cyclically reduced sequence and let i €
{1,...,n — 1} be arbitrary such that [g;,g;+1] = 1. Consider the expression W' =
(g1s- -+ 9i-1,9i+1>Gi» §it2s - - - » gn)- Obviously W’ is a I-reduced expression for g as well.
Let W” be some cyclic permutation of W’. Then there are three cases to consider:

(i) W =(gj+1,- -+ 9i-1,Gi+15 Gis Git2s - - -, Gns 91, - - - » g5) for some j <,
(i) W = (i, gi+2s -+ Gn, 915+ -+ » Gi1, Git 1),

(111) W' = (gj—l-l: e Ony 91y -5 9i—1,8i415 9iy Git2, - - - ,gj) for some j > 1.

Consider the case (i) first. The expression W” can be rewritten to the expression
V =(9j+1s--->9n,91,--.,9;) by swapping the syllables g; and g;1. We see that V is I'-
reduced as it is a cyclic permutation of W and W is I'-cyclically reduced by assumption.
It follows by Theorem 3.1 that W is I'-reduced as it represents the same element as V'
and both W” and V are of the same length. The case (iii) can be dealt with similarly.

For case (ii) we see that the segment (gi12,...,9n,91,---,9i—1) is I'-reduced as it
is a segment of a cyclic permutation of W and W is I'-cyclically reduced. Suppose
that the sequence W is not I'-reduced. Suppose that g; can be joined with g, where
ke {i+2,...,n}. If this was the case then the syllable g; could have been joined with
gr in W which is a contradiction with our assumption that W is I'-reduced. Suppose
that the syllable g; can be joined with g;, where [ € {1,...,i — 1}. Since the syllables
g; and g;y1 commute we see that g; and g; could be joined in the expression P =
(Gis Git1s---29ns 91, ---,9i—1)- However, P is a cyclic permutation of W and therefore P
is I'-reduced as W is I'-cyclically reduced by assumption. By a similar argumentation
we can show that the syllable g;11 cannot be joined with any of the syllables g1, ..., g;—1
Or git1,--.,9n. Clearly g; cannot be joined with g; 11 as we assume that W is I'-reduced.
Therefore we see that W is I'-reduced.

We have shown that the property of being I'-cyclically reduced is preserved by trans-
formation (T3). By Theorem 3.1 every I'-reduced expression for g can be obtained from
W by a finite sequence of transformation of type (T3). Hence all I'-reduced expressions
for g are I'-cyclically reduced. O

As a direct consequence of this lemma we see that a I'-reduced expression W =
(g1,---,9n) is [-cyclically reduced if and only if the following condition is satisfied: let
i,j € {1...,n} be such that g; can be shuffled to the beginning of W and g; can be
shuffled to the end of W and g; and g; belong to the same vertex group; then i = j.

Definition 3.9. Let g € G be arbitrary. We say that g is I'-cyclically reduced if either
g s trivial or some I'-reduced word representing g is I'-cyclically reduced.

Note that FL(g) N LL(g) # @ does not necessarily mean that g is not I'-cyclically
reduced. Suppose that supp(g) N star(supp(g)) # 0. Then there is v € supp(g) such
that it is connected with all the other vertices in supp(g). This means that there is
i € {1,...,n} such that the syllable g; commutes with all the other syllables and can be
shuffled to both ends of g, thus v € FL(g) N LL(g).

Definition 3.10 (P-S decomposition). Let g € G. We define S(g) = supp(g) N
star(supp(g)). Similarly, we define P(g) = supp(g) \ S(g). Obviously g uniquely fac-
torises as a I'-reduced product g = s(g)p(g) where supp(s(g)) = S(g) and supp(p(g)) =
P(g). We call this factorisation the P-S decomposition of g.
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Note that FL(g) = S(g9)UFL(p(9)), LL(g) = S(9)ULL(p(g)) and S(p(g)) = 0. An-
other simple observation is that if ¢’ is a cyclic permutation of g then ¢’ can be uniquely
factorised as s(g)p’, where p’ is a cyclic permutation of p(g).

Lemma 3.11. Let g € G. Then the following are equivalent:

(i) g is I'-cyclically reduced,

(i ( L(g) N LL(9)) \ S(9) =0,

i)
(iii) FL(p(g)) NLL(p(g)) =0,
(iv) p(g) is T-cyclically reduced.

Proof. (i) = (ii): assume that ¢ is I'-cyclically reduced. Let (g1,...,9n) be some T'-
reduced expression for g. Without loss of generality we may assume that s(g) = g1...9s
and p(g) = gs+1 - - - gn, where s = |S(g)|. Suppose that v € (FL(g) NLL(g))\ S(g). Then
there are 1 <4 < j < n such that g;,g9; € G,. Since v € FL(g) we see that g; can be
shuffled to beginning of g. Similarly g; can be shuffled to the end of g and hence

W = (gi7917 vy 9i—1,9i+1y -+ -y 951, 954+15 - - - 7gn7gj)

is also a I'-reduced expression for g. However, the expression

W, = (gjhgi?glv s 9i-1,9i+15- -5 951, G5+15 - - - 7gn)

is not reduced which is a contradiction as W’ is a cyclic permutation of W and g is
I'-cyclically reduced.
(ii) = (iii) suppose that (FL(g) NLL(g)) \ S(g) = 0. As mentioned before, FL(g) =
FL(p(g))US(g) and LL(g) = LL(p(g))US(g) and therefore FL(p(g)) N LL(p(g)) = 0.
(iii) = (iv): if FL(p(g)) NLL(p(g)) = 0 then clearly p(g) is I'-cyclically reduced.
(iv) = (i): assume that p(g) is T-cyclically reduced and there is v € FL(p(g)) N
LL(p(g)). Let (p1,...,pm) be a I'-reduced expression for p(g). Suppose that there are
1 <i < j < m such that p;,p; € G,. This is clearly a contradiction since p(g) is I'-
cyclically reduced by assumption. This means that there is i € {1,...,n} such that the
expression (p1,...,p,) can be rewritten by shuffling to (p;, p1,...,Pi—1,Dit1,-..,Pn) and
0 (P1y-+-sDim1,Dit1s---,Pn,pi) as well. This means that p; commutes with all the other
syllables from p(g) and hence the vertex v is adjacent to all the vertices in P(g) \ {v}.
But since v is also connected to all the vertices in S(g) by the definition of S(g) we
see that v € S(g). This is a contradiction as v € supp(p(g)) € P(g), hence we may
assume that FL(p(g)) N LL(p(g)) = 0. As stated before, FL(g) = FL(p(g))US(g) and
LL(g) = LL(p(g))US(g). Since FL(p(g)) N LL(p(g)) = @ we see that FL(g) N LL(g) =
S(g). Let W = (g1,...,9m) be a I'-reduced expression for g. Suppose that there are
i,j € {1,...,n} such that g; can be shuffled to the beginning of W, g; can be shuffled to
the end of g and g; and g; belong to the same vertex group. Since FL(g) NLL(g) = S(g)
we see that g;, g; € G for some s € S(g) as W is I'-reduced. This means that i = j and
consequently that g is I'-cyclically reduced. O

Lemma 3.12 (Conjugacy criterion for graph products). Let x,y be I'-cyclically reduced
elements of G =1'G. Then x ~qg vy if and only if the all of the following are true:
(i) |z = |y| and supp(z) = supp(y),
(ii) p(x) is a cyclic permutation of p(y),
(i) s(y) € s(z)%s@),
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Proof. The ”if” part of the claim holds trivially.

Let z,y € G be I'-cyclically reduced such that x ~g y. Without loss of generality
we will assume that |z| > |y|. Let X C G denote the set of all cyclic permutations of
z. Clearly X%s@ C 2€. Pick 2/ € XY@ such that the corresponding ¢’ € G, where
gz'g"' =y, is of minimal length. First, we show by induction on |LL(¢") N FL(z')|
that there are elements 2" € X“S@ and ¢” € G such that |¢”| = |¢/|, ¢"="¢" " = y and
the product ¢”2” is I'-reduced. If |LL(¢’) N FL(2")| = 0 then clearly the product ¢'z’ is
I'-reduced and the claim holds for ¢’ = ¢’ and z” = 2/. Suppose that |LL(g) "FL(2')| =
¢ > 0 and that the statement holds for all ¢ < ¢. Let (g1,...,9x) be a I'-reduced
expression for ¢’ and let (z1,...,2,) be a I-reduced expression for z’. Without loss of
generality we may assume that g; and x; belong to the same vertex group, say G,,. Then

y:gl...gkxl...xnglzl...gfl

= g1 gr-1(grr1) 22 . . a1 (ge) gpty g1

Obviously gy # xl_l as otherwise we could replace 2’ by x5 ... 2,21, a cyclic permutation
of z, and ¢’ by g1...gr_1. Clearly x5 ... 2,21 € X959 and

91...gk_lmg...xnxlg,;_ll...gl_l:y

which is a contradiction with our choice of 2’ and ¢" as |g1...gk—1] < |¢/|. If v € S(x)
then gk:cgk_l € X% and again we have a contradiction with our choice of z’ and ¢'.
We see that v ¢ S(z) and thus LL(¢') = LL(¢’z1) and also v ¢ FL(z2...x,21). Note
that if g; can be shuffled to the end of ¢’ then [g;, gx] = 1 and necessarily {u,v} € ET,
where g; € Gy,. If w € FL(z2...2,21) \ FL(2') then we see that {v,w} ¢ ET hence w ¢
LL(¢'z1). From this we can conclude that v € LL(¢'z1) NFL(z2...2,) C LL(¢')NFL(2')
hence LL(¢’z1) NFL(x2 ... xpz1) is a proper subset of LL(¢") N FL(2"). Now we can use
induction hypothesis and we are done.

We have ¢"z" = yg”. Since ¢"z” is a I'-reduced product we see that |¢"z"| = |g”| +
|z = |g| + |z| = n+ k. Also |yg”| < |y| + |g| = m + k, where m = |y|. However, we
assumed that |z| > |y| and thus we see that n = m and consequently yg¢” is a T-reduced
product as well. Let (y1,...,yn) be some I'-reduced expression for y and suppose that
(x1,...,2,) and (g1, ..., gx) are I-reduced expressions for 2 and ¢g”. We have

gl...gkxl...xnglzl...gfl:yl...yn.

The expression (g1,..., Gk, 1, .. - ,a:n,gk_l, e ,gl_l) cannot be T'-reduced by Theorem
3.1. Assume that the syllable gk_l can be joined up with g; for some j € {1,...,k}. But
then by definition [g,;l, x;)=1forall i =1,...,n. Clearly

gl...gk_lxl...xng,;_ll...gl_l:yl...yn.

which is a contradiction with the minimality of |g|. Since ¢g”z” is a T-reduced product

we then see that the expression (z1, ..., xy, gk_l, T 1) is not I'-reduced. Without loss
of generality we may assume that g; and z, belong to the same vertex group. Assume
that gr # x,. Then we have

g1 g1 Tt (Tngy ) =YL YnGL - Gho1-
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From the construction of #” and ¢” we see that (g1, ..., gn, 21, ... ,xn_l,xnggl) is a I'-
reduced expression and so is (y1,...,Yn,91,---,9k—1). However, this is a contradiction
with Theorem 3.1 as both of these expressions represent the same group element, but
they are not of the same length. Hence we see that gy = =,

Yl Un =01 Go1TnT1 - Tno1Gp g --- 91

which is a contradiction as we could replace x,z1 ...7,_1, a cyclic permutation of x”
and thus element of X%s@ and g" by g1...g91_1 and get a shorter conjugator. We see
that unless ¢ = 1 we always get a contradiction. It follows that y = z” € X%s@ and
consequently supp(z) = supp(y), s(y) € s(z)¥5@ and p(z) is a cyclic permutation of
p(y). O

4. C-CENTRALISER CONDITIONS AND C-CONJUGACY SEPARABILITY

In this section we will assume that the class C satisfies (c1), (¢2) and (c4), i.e. we will
assume that the class C is closed under taking subgroups, direct products and extensions.

Definition 4.1. We say that a group G satisfies the C-centraliser condition (C-CC) if
for every K € N¢(G) and every g € G there is L € N¢(G) such that L < K and

Cay((g)) € ¥(Ca(9)K) in G/L,
where 1 G — G /L is the natural projection.

Centraliser condition was introduced by Chagas and Zalesskii in [5] in case when (C is
the class of all finite groups. However, their definition of centraliser condition was given
in terms of profinite completion. They showed that if group G is conjugacy separable
and satisfies centraliser condition then G is HCS. Minasyan gave the definition in terms
of subgroups of finite index and showed that for residually finite groups the definitions
are equivalent. Minasyan also showed that the implication in the other direction holds
as well: CS group G is HCS if and only if it satisfies CC (see [18, Proposition 3.2]).
Toinet proved that the same statement holds when C is the class of all finite p-groups
for some p € P (see [29, Proposition 3.6]). We show that the statement is true whenever
the class C satisfies (c1), (¢2) and (c4).

Theorem 4.2. Let G be a group. Then the following are equivalent:
(i) G is C-HCS,
(ii) G is C-CS and satisfies C-CC.
Before we proceed with the proof of Theorem 4.2 we need to define two more condi-
tions.

Definition 4.3. Let G be a group and let H < G and g € G. We say that the pair
(H,g) satisfies the C-centraliser condition in G (C-CCg) if for every K € N¢(G) there
is L € Ne(G) such that L < K and

Cymn(¥(9)) C¥(Cr(g)K) in G/L,
where ¥: G — G/L is the natural projection.

Note that a group G satisfies C-CC if and only if the pair (G, g) has C-CCg for every
ge€aqG.
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Definition 4.4. Let G be a group and let H < G be a subgroup. We say that that H
satisfies the C-centraliser condition in G (C-CCg) if the pair (H,g) satisfies C-CC for
every g € G.

Very often our proofs require case by case analysis. To keep the our proofs simple we
will use the following lemma, which is a centraliser condition analogue of Lemma 2.1.

Lemma 4.5. Let G be a group and let H < G and g € G. Then the pair (H,g)
satisfies C-CCgq if and only if for every K € N¢(G) there is a group F and a surjective
homomorphism ¢ : G — F, such that ker(¢) < K, the pair (p(H), ¢(g)) satisfies C-CCp
and

Cymy(#(9)) € ¢(Cr(9)K) in F.

Proof. Assume that the pair (H,g) has C-CCg, thus for every K € N¢(G) there is
L € N¢(G) such that L < K and

Cym(¥(9)) € ¥(Cu(9)K) in G/L,

where 1: G — G/L is the natural projection. Then we can take ¢ = idg and the
statement clearly holds.

To prove sufficiency let K € Ng(G) be arbitrary. By assumption there is a group F'
and a homomorphism ¢: G — F such that ker(¢) < K, ¢(K) € N¢(F) and the pair
(¢p(H), d(g)) satisfies C-CCp, thus there is L' € N¢(F') such that L' < ¢(K) and

(1) Ceo(my (C(0(9))) € C(Coay (6(9))$(K)) in F/L,

where (: F — F/L’ is the natural projection. Define ¥: G — F/L’' to be given by
Y = (o¢. Set L = ¢~ 1(L'). As L' < ¢(K) and ker(¢) < K we get that L = ¢~ (L) < K.
We see that ¢~ (L') = ker(¢)) € Ne(G). Since Cyipy(9(g)) € ¢(Cr(9)K) in F we sece
that

C(Cymy(#(9))) € C(p(Cu(9)K)) =v(Cru(g)K)

and thus the equation (1) can be rewritten to

Cy)(¥(9)) € ¥(Cu(g9)K) in G/L.
Since K was arbitrary we see that the pair (H, g) satisfies C-CCg. O

In order to be able to prove Theorem 4.2 we will need the following three statements.
All the proofs in this chapter (except for Lemma 4.5) closely follow those given in [18,
Section 3.

Lemma 4.6. Let G be a group, let H < G and g € G. Assume that the pair (G, g)
satisfies C-CCq and the conjugacy class g© is C-closed in G. If the double coset Cq(g)H
is C-closed in G then the set g™ is also C-closed in G.

Proof. Let y € G'\ g be arbitrary.

If y & g© then there is L € N¢(G) such that ¢(y) & ¢(¢%) in G/L, where ¢: G — G/L
is the natural projection, therefore ¢(y) & ¢(g™).

Assume that y € g&\ g7, thus y = zg2~! for some z € G\ H. Suppose Cq(g)Nz"'H
is nonempty, thus there is f € Cg(g) such that zf € H. Then g = fgf~! and thus
y =292~ = (2f)g(zf)~' € ¢! which is a contradiction as we assume that y & g/, thus
Ca(g)Nz7'H = 0, in other words z=! ¢ Cg(g)H. Since Cg(g)H is C-closed in G by
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assumption, there is K € N¢(G) such that {271} NCq(g)HK = . Since the pair (G, g)
has C-CCq by assumption, there is L € N¢(G) such that L < K and

Ca/L(9(9)) € ¢(Ce(9)K),

where ¢: G — G/L is the natural projection.
Suppose that ¢(y) € ¢(g™), thus there is some h € H such that ¢(y) = ¢(zgz~1) =
¢(hgh™1). We see that ¢(z1h) € Cq/p(¢(g)), thus

¢(z71) € Cayr(6(9)o(H) C ¢(Calg)K)d(H) = p(Ca(g)HK).

This means that 27! € Cq(g)HKL = Ce(9)HK as L < K. But that is a contradiction
with the construction of K.

He have showed that for arbitrary y € G \ g there is L € Ng(G) such that ¢(y) ¢
#(g™), hence the set g/ is C-closed in G. O

Corollary 4.7. Let G be a C-CS group satisfying C-CC and let H < G such that Cq(h)H
is C-closed in G for every h € H. Then H is C-CS. Moreover, for every h € H the set
hH is C-closed in G.

Lemma 4.8. Let G be a group and suppose that H < G, g € G and K € N¢(G). If the
set gHOK s C-closed in G then there is L € Ng(G) such that L < K and

Com)(#(9)) € d(Cu(G)K) in G/L,
where ¢: G — G/ L is the natural projection.

Proof. Denote k = |H : (HNK)| < oo. Then H = |_|f:1 zi(HN K) for some z1,..., 2, €
H. If necessary we can renumber the elements z; so that thereisl € {0,1,...,k—1} such
that z; 1gz; ¢ g7 K if 1 <i <land z; gz € g™ if | <i < k. Since g™ is C-closed
in G there is L € N¢(G) such that ¢(z; 'g2;) & ¢(¢""5) in G/L, where ¢: G — G/L is
the natural projection, for all 4 = 1,2,...,l. Note that by replacing L with L N K we
may assume that L < K.

Let T € Cym)(¢(g)) be arbitrary. Clearly T = ¢(x) for some x € H and thus
¢(z71gz) = ¢(g) in G/L, therefore z~'gx € gL in G. As x € H thereisi € {1,2,...,k}
and y € HN K such that x = zy, thus 27 gz = y‘lzflgziy. As a consequence we see
that zi_lgzi € ygLy~' = ygy~'L C ¢""K L. This means that gb(zi_lgzl-) € ¢(g""E) in
G/L and thus from construction of L we see that [ < i < k, therefore z; Lgzi € gHNK
and there is some u© € H N K such that zi_lzrzi = ugu~'. We see that zu € Cr(g) and
since ¥ = 2y = zuu 1y we see that x € Cy(g)(H N K) C Cy(g)K. This means that
7 € ¢(Cu(g)K) in G/L. Since T € Cy(pry(g(g)) Was arbitrary we see that

Com)(¢(9)) € ¢(Cr(9)K) in G/L,
which concludes the proof. 0

Now we are ready to prove the main statement of this chapter.

Proof of Theorem 4.2. (i) <= (ii): let H < G be a C-open subgroup of G. By Lemma 2.3
we see that H is of finite index in G, hence the double coset Cg(h)H is a finite union of
C-closed sets and thus is C-closed in G. By Corollary 4.7 we see that H is C-CS.
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(i) = (ii): assume that G is C-HCS. Let g € G and K € N¢(G) be arbitrary. Let
H = (g)K and note that ¢ = g = gH"K_ Clearly H is C-open in G by Lemma 2.3 and
thus it is C-CS. Since g € H and H is C-CS we see that g/ is C-closed in H. By Lemma
2.7 we see that g7 = g'"K is C-closed in G. By previous lemma there is L € N¢(G)
such that L < K and

Comy(9(9)) € ¢(Cu(G)K) in G/L,

where ¢: G — G/L is the natural projection. Since ¢ € G and K € N¢(G) were
arbitrary we see that G has C-CC. U

Note that we used the fact the class C is closed under extensions only in the proof of
Theorem 4.2 when we used Lemma 2.7. All the other statements in this chapter require
only (cl) and (c2).

5. SPECIAL AMALGAMS

In order to be able to understand certain properties of graph products we will turn our
attention to special amalgams. The following section is a close analogue of [18, Section

7).

Definition 5.1. Let A, C be groups and let H < A. Then we define Axy C, the special
amalgam of A and C over H, to be the following free product with amalgamation:

Axg (H x C) given by presentation (A,C||[h,c] =1 Yh € H,Vc € C),
where [h,c] = hch= et

The main reason why we are interested in special amalgams is that they naturally
appear in graph products.

Remark 5.2. Let G = T'G be a graph product and suppose that |VT'| > 2. Then for
every v € VI there is a natural splitting of G = G s *xg. GB as a special amalgam of full
subgroups, where A =V \ {v}, B = star(v) and C = link(v).

Proof. Let v € VT be arbitrary, set A,C C VT as in the statement of the remark and
let B = star(v). Obviously Go < Gp, Go < G4 and G = (G4, GR). By looking at the
presentations it is easy to see that G = G4 g, Gp. Note that the vertex v is central
in the graph I'p therefore Gp = G, x G¢. Consequently G = G4 *q, (Go x Gy) =
GA *Ge GU. O

There are two extreme cases that can occur. If v € VI' is an isolated vertex, i.e. v
is not connected to any other vertex, we see that Go = {1} and G = G4 * G,. On the
other side, if link(v) = VI'\ {v}, i.e. if v is central in I, we see that G = Gp = G4 X G,.

5.1. Normal form and functorial property. Let G = Axy C. Obviously every
element g € G can be represented as a product zgcixy . ..c,T, where x; € A for i =
0,1,...,nand ¢j € C for j = 1,...,n. We say that g = xoc121...cpxy, is in a reduced
form if x; ¢ H fori =1,...,n—1and ¢; # 1 for j = 1,...,n. By using the normal
form theorem for free products with amalgamation [14, Theorem 4.4] we can prove the
following.
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Lemma 5.3. Let H < A, C be groups and let G = A*p C. Suppose that g = xgc121 .. . Crp,
where g, T1,...,Tn € A and c1,...,cn, € C, with n > 1 is in reduced form. Then g # 1
mn G.

Moreover, suppose that f = yodi1y1 - - - dmYm, where yo, y1, ..., Yym € A anddy,...,dny, €
C, is in reduced form with m > 1 as well and f = g. Then m = n and ¢; = d; for all
1=1,...,n.

Proof. The first assertion of the lemma follows directly from normal form theorem for
free products with amalgamation. Now, assume that g = xgci121 ... cp2y, Where z; € A
fori=0,1,...,nand ¢; € C fori=1,2,...,n, f = yodiy1 ...dmYm, where y; € A for
1=0,1,...,mand d; € C for i = 1,2,...,m, are both in reduced form and f = g. We
will proceed by induction on m + n.

In case m +n = 2 we see that m = n = 1 and thus ¢ = xgci1z1, f = yodi1y1. By the
assumption we have that y; 'd; 'y, 'woc1z1 = 1. This product cannot be in a reduced
form and thus y, Y20 € H. Then we see that

yy iy twocray =y (dy er) (yg o) = 1

Again, this product is not reduced and thus d; = ¢; and we are done.
Now assume that m +n = K > 2. Then clearly

(2) ytd . yl_ldl_lyo_lxoclxl ceiCpy =1

and thus the left hand side of (2) is not reduced. Since both f, g were in reduced form
we see that yo_lxo € H and therefore dl_lyo_lxocl = dl_lclyo_lxo and thus we can rewrite
(2) to

yn_lld;l e yl_ldl_lclyo_lxoxl ce CpTy = 1.
Without loss of generality we may assume that n > m and thus z1 € H. Since x1 € H
we see that yalxoxl ¢ H and thus d~'c; = 1 and we can rewrite (2) to

-1,4-1 -1, -1
Y Ay - Y1 Yo TOTT ... CpTy = 1.

Since both f and g were in reduced form we see that f; = g1, where f1 = (zox1)coxs ... cpzy
and g1 = (yoy1)d2y2 - . . Ymdpm, are in reduced form as well. Thus by induction hypothesis
we get that m =n and d; = ¢; for i =2,...,n. O

The above lemma shows that if g = zgcix1 ... ¢z, is reduced then cq, ..., ¢, are given
uniquely. We will call them the consonants of g. Denote |g|c = n and we will call |g|c
the consonant length of g.

Special amalgams are useful because they have a functorial property.

Remark 5.4. Let H,A,C,Q,S be groups such that H < A and let 4: A — B,
Yo: C = S be group homomorphisms. Then by universal property of amalgamated free
products Y4, vo uniquely extend to a homomorphism ¢ : G — P, where G = Axpg C
and P = Q%) S, such that

[ vala) ifg=a for somea € A,
o) = ve(e)  if g =c for some c € C.

Lemma 5.5. With notation as stated in Remark 5.4, ker(v) = ((ker(14), ker(v¢) ).
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Proof. Let’s use N = ((ker(14),ker(1c) ))¢. Obviously N < ker(v), thus we need to
show the opposite inclusion.

Let ¢ : G — G/N be the natural projection, thus N = ker(¢). Let § : G/N — P be a
homomorhism such that ker(6) = ¢(ker(y))) and ¢ = fo¢. Note that ker(p4) = ker(y))N
A and ker(¢) N C = ker(¢¢) thus it makes sense to define £4: ¥(A) — ¢(A) be the
homomorphism given by £4(¢(a)) = ¢(a) and éc: P(C) — ¢(C) be the homomorphism
given by £c((c)) = ¢(c). Clearly £4,&c are isomorphisms. Let h € H and ¢ € C, then
[Ea(¥(h)),&c(W(e)] = [p(h),o(c)] = @([h,c]) = 1. Therefore by von Dyck’s theorem
the homomorphisms £4,&c extend to a homomorphism £: P — G/L defined on the
generators of P by

[ #(a) if p=1a(a) for some a € A,
&) = o(c) if p=1c(c) for some ¢ € C.

Then clearly £ 0 0: G/L — G/L is the identity as it is defined on the generators of
G/L by following:

conto = { SUHON = (4(e) = gle) 10— s frsomeo < 4
§(0(o(c))) = E(v(c) = d(c)  if ¢ = ¢(c) for some ¢ € C.
It follows that & is injective and thus ker(§) = {1} = ¢(ker(z))). Therefore ker(z)) <
ker(¢). Altogether we see that ker(v) = ((ker(1), ker(v¢) ))©. O

5.2. Cyclically reduced elements and conjugacy. From now on let H < A,C be
groups and let G denote A xp C, the special amalgam of A and C along H.

Definition 5.6. Let g = ci1z1...cpxp, where x; € A and ¢; € C fori=1,...,n. We
say that g is cyclically reduced if c1x1 ... cnx, s a reduced expression and if n > 2 then
xn & H. We will say that an element p € G is a prefix of g if p = c1z1 ...z for
some 0 < I < n and that s € G is a suffix of g if s = Ch—mTn_m -..CnTn for some
—1<m<n-1.

Note that we define prefix and suffix only for cyclically reduced elements.

Lemma 5.7. Let g = c1x1...chy and f = diy1 ... dpyn, where x;,y; € A and ¢;,d; € C
fori =1,2,...,n, be cyclically reduced elements of G such thatn > 1 and =, & H.
Assume that ugu™ = f for some uw € G. Let u = 2pe121 .. .em%m, where z; € A and
ej € C fori=0,1,...,mand j=1,...,m, be a reduced expression. Then exactly one
of the following is true
a) m=0andu € H,
b) m > 1, z, € H and there is a prefix p of g such that uw = hp~'g~" for some
h € H andl € Ny,
c) m>1, z,2.t € H and there is a suffiz s of g such that u = hsg' for some h € H
and | € Ny.

Proof. If m = 0, then u = 2¢ and thus
yotdy oy i epnzg b = 1L

This product clearly cannot be reduced and therefore zy must belong to H.
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1

Now suppose m > 1. Then since f = ugu™" we get

-1 -1 -1 _-1_-1
20€121 + - - mZmCITL -+ . CnTnZpyy Cpy - 2] €1 29 = d1y1 ... dpYn.

Right hand side of this equation is shorter than left hand side and right hand side is
reduced by assumption, therefore left hand side cannot be reduced and thus we see that
either z, € H or mnz;f € H. Since z, € H we see that exactly one of these two
possibilities may happen.

First suppose that z,, € H. Then e,z = zme, and thus we have

(3)  z0€121---€m—1(Zm—12m)(emec1) 1 - . cnxnzmle;nl - 161 120 =diyr...dpyn.
Again, left hand side cannot be reduced. Since z,,, € H we cannot have z,, 1z, € H as
that would make z,,—1 € H which would contradict our assumption that u is reduced.
Thus we must have that e, = cl_l. Denote h1 := zy_12mx1 € A. Then

-1,-1_-1 -1_-1_-1 -1 _-1 -1_-1_-1

gle ot =e ol =zt = cima 2 et = clenh?

Since zp—12m = hliL‘l_ we get

(208121 e em_lhl)(CQxQ . cnxnclxl)(z()elzl e em_lhl)fl = d1y1 e dnyn.

Set ' = zpe1z1...epm_1hy and ¢ = coxo...chxnciz. On the left hand side of the
equation (3) we have

1 -1_-1

—1 —
206171 -+ - €m—_1h1C2x9 . . cnxnclxlhl €m_1-+-21 €1 %

and since this expression has longer consonant length than the right hand side of the
equation we see that it cannot be reduced and therefore h1 = zp,_1zmx1 € H. If m =1
we get that u = hi(c1r1) ™! and the lemma is proved.

Now suppose that m = M > 1 and that the statement has been already proved for
all u € G such that |u|c < M, thus we can use the induction hypothesis for f,¢" and v’
as |u'|c = |ule — 1.

We have u/¢'v/ " = f,

1

—1 -1 -1_-1
(4) 20€1%21 - - - em—1h1C2T2 . . cnaznclxlhl €q---21 €1 % =d1y1...dnyn

Since we have already shown that h; € H we can use induction hypothesis and by b) we

7—1

see that there is a prefix p’ of ¢’ such that zpe121 ... 2m_2em_1h1 = hp g’fl for some

h € H and ! € N. As a result of this we have

U = 2p€121.--m—12m—1€m-2<m

-1
= 20€121---Em—-12m—12mCq

-1 -1
= 20€121 - .. em—1h1T] €]

-1 l _ -1 1 -1 — 1 -
_hp/ 1= mllcllzhp/ Illcllgl:h(clx'lp/) 1g l'
Now two possibilities can occur. As p’ is a prefix of ¢’ we see that p' = coxs...cpxg
where 2 < k # n. Then either ciz1p’ is a prefix of g or ciz1p’ = ¢. Either way we are
done.
In case z,2,,' € H we can proceed analogously. O
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Let g = 121 ... cpxn, where x1,...,2, € A and c¢1,...,¢, € C with h, be a cycli-
cally reduced element of G. Then we say that ¢’ € G is a cyclic permutation of g if
g = CmTm ... CRTRCITY ... C;p1Tm—1 for some 1 < m < n. Equivalently, ¢’ is a cyclic
permutation of g if there is f, a prefix (or a suffix) of g , such that ¢ = 27 !gz (or
g =zgz1h).

5.3. Centralisers and a conjugacy criterion. Recall that G = Axy C. The follow-
ing lemma is a special version of [13, Chapter IV, Theorem 2.8].

Lemma 5.8 (Conjugacy criterion for special amalgams). Let g = cix;...cpzy, and
f=dwyi...dnym, where T1,...,Zn,Y1,...-Ym € A, and c1,...,cp,d1,...,dy € C, be
cyclically reduced elements of G with n > 1. Then g &€ AC. If f ~q g then m = n and
there is ¢’ € G, a cyclic permutation of g, such that f ~g ¢'.

Clearly every cyclically reduced element has only finitely many cyclic permutations.
Lemma 5.8 motivates us to give a sufficient and necessary condition for whether two
cyclically reduced elements of G are conjugate by some element of H.

Lemma 5.9. Suppose g = cx € G such that c € C\ {1} and x € H. Then
Ca(g) = Co(c)Ch(z) = Ce(c) x Cu(x).
Proof. Obviously f € Cg(g) if and only if fgf~! = g. Let f € Cg(g) and let f =

Z0€171 - - - €mZm, Where zg,z1,...,2m € A and eq,..., e, € C, be the reduced expression
for f. Then

-1 -1 -1 _-1_,-1_
(5) 20€121 - - - mZmCT2,y, €y - .. 2] €] %y = CI.

If m = 0 we get that zocxzo_lx_lc_l = 1 thus xzo_lx_l € H, therefore zg € H and

zoc = czg. Consequently we get zoxz(;lx*l =1 and thus 2y € Cy(x).
Assume m > 1. Then either 2z,! € H or 2, € H. Since € H we see that both

must be true, thus z,c = cz, and enzmerzte,l = (emce)(zmrz,t) and thus (5)
rewrites to
-1 —1y,—-1 -1 -1 -1 -1
20€121 - - - em—1Zm—1(emce,, ) (2mTzy, )2, 1€ 1 ... 2] €] %, = C.

Since ¢ # 1 we see that e,ce,! # 1. Left hand side cannot be reduced and therefore
either z,,—_1 € H or (zm:z:zn_ll)z;ll_l € H. Since zp7z,' € H we see that both must be
true. If m > 2 this contradicts z,,—1 € H.

Thus we may assume that m = 1 and consequently f = zpez; with 29,21 € H.
Therefore

g gt = x_lc_lzoezlcle_le_lzal

=z e ee) (201w ey = 1.

Since m > 1 we see that e # 1 and consequently ¢ tec # 1. This leaves us with
zozlmzfl € H. As zlxzfl € H and zy € H we see that
1=g tfgft = (ctece™) - (27 (2021)x(2021) ") € CH.

This gives us that e € Co(c) and 2921 € Cy(x). Altogether we see that f = ezpz1 €
Cc(c) X CH(.I‘) O
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Lemma 5.10. Let H < A,C be groups and let G = AxgC. Suppose that g =
C1T1...CpTp, ¢ €C, x; € A fori=1,...,n, is cyclically reduced in G and n > 1.

If v, € H thenn =1 and Cg(g) = Co(c1) x Cr(z1) < G.

Ifx, ¢ H, let {p1,...,pr}, where 1 <k <n+1, be the set of all prefizes of g satisfying
pi_lgpi e gf. Foreachi=1,...,k choose h; € H such that hipl-_lgpihi_l = g and define
finite subset @ C G by Q = {hp; i =1,...,k}.

Then Ce(g) = Cr(g){g)<.

Proof. If x,, € H then g is cyclically reduced in G if and only if n = 1. Then the claim
follows from the previous lemma. Suppose z,, € A\ H. Let u € Cg(g) thus g = ugu™!.
Then by Lemma 5.7 we know that there are h € H and I € N such that either there is a
prefix p of ¢ such that u = hp~tg~" or there is a suffix s of g such that u = hsg’. In the
second case there is a prefix p of ¢ such that s = p~'g and thus u = hsg' = hp~1gt1.
Thus without loss of generality we may assume that u = hp~'g' for some prefix p of g,
he H and [ € Z.

We see that ¢ = hp~tg'gg~'ph™ = hp~lgph~!, therefore p € {p1,...,pr} and thus
there is h; € H such that hizflgph;1 = g = hp~'gph~'. This yields hh,i_1 € Cul(yg),
thus

u=hp;'g' € Cu(g)hip;*g' € C(g9)Qg).
Since 2 C Ci(g) we see that Cr(g)2{g) = Cr(g)(g).
So it has been proven that Cg(g) C Cr(g)(g)S2. Inclusion in the opposite direction is

obvious. n
Lemma 5.11. Let H < A, C be groups and let G = Axg C. Suppose B< A f,g € G are
arbitrary. Let g = xgc1x1 ... CnZpn, f = Yodiy1 . . . Ymdm, where xg, ..., Tn, Yo, ..., Ym € A
andcy, ..., Cn,d1, ..., dm € C, be reduced expressions for g and f respectively and assume
that n > 1. Then f € g® if and only if all of the following conditions are met

(i) m=mnand ¢;=d; fori=1,...,n,

(i) yoy1 ... yn € (xox1...2,)" in A,
(iii) for every by € B such that yoyi - ..yn = bo(zox1 . . .xn)bal we have I # () where

I =byCp(xory .. .:vn)ﬂyonalﬁ(yoyl)H(xoxl)_10- N (Yoy1 - - - Yn—1)H (zoz1 . . .xn_l)_l

Proof. Suppose (i) - (iii) hold. Let by € B be such that yoyi ...y, = bo(xoz1 .. .l’n)bal
and let b € I. Clearly yoy1 ... yn = b(xzox1...2,)b" " as b € bgCp(xozy . .. 2,). We want
to show that f~'bgb~!' = 1. Since (i) holds we can write

(6) flogb™t =y tet . .yl_lcl_lyo_lbxoclafl oo Cpzpbh
Since b € yonal we see that yalbxo € H and thus
yr e tyg throcien = yi g b,
therefore we can rewrite (6) to
g™ =y ten by tea(yoyn) T o(zoxn o - - . bt

Again, since b € (yoy1)H (zox1) ! we see that (yoy1) 'b(xoz1) € H and thus (6) rewrites
to

fﬁlbglf1 = y;lcgl .. yg_lcg(yoylyg)*lb(woxlxg)c;;xg o Cprpb Tl
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By repeating this argument n-times we rewrite (6) to

Flogb™ = (yoyr - - . yn) " tb(@oxy . .. )bt

Which is equal to 1 by assumption, thus f € ¢®.
Now assume f € ¢B, so there is b € B such that

Yod1y1 -« - dmYm = b(xocizy ... cnxn)bfl.
By Lemma 5.3 we see that m = n and ¢; = d; for i = 1, ..., n, thus we’ve established (i).
There is a natural retraction p : G — A defined by p(a) = a for all a € A and p(c) = 1 for
all ¢ € C. By applying this retraction we establish (ii). Let by be an arbitrary element
of B such that yoy; ...yn = bo(xozy ... xn)bal. Obviously b € byCp(xozy ... 2zy). From
assumptions we have that

(7) vttty e yg thmo)eran - cpanb Tt =1
By Lemma 5.3 this expression cannot be reduced thus y, Ybay € H, therefore b €
yoHzy"'. This means that we can rewrite (7) as

y;lcgl e yglcz_l(yl_lyo_lbxoxl)czxg o CprabT =1,
Again, by Lemma 5.3 we see that (yoy1) ~'b(xoz1) € H or equivalently b € (yoy1)H (zoz1) " .
By applying this step n-times we establish (iii), thus I # {). O

Lemma 5.12. Let H < A,C be groups and let G = Axpg C, suppose B < A. Let
g € G and g = xoc1x1 ... CoTy, where xg,...,x, € A and c1,...,c, € C, be a reduced
expression of g with n > 1. Then Cp(g) = I, where

I =Cpg(xory .. .mn)ﬂonxglﬁ(xoxl)H(moxl)_lﬂ- ~N(2ozy ... 1) H (zoz1 ... Tpq) L.

Proof. Clearly g ~g g and thus by previous lemma for any by € B such that by(zox1 ... 2,)by -
oI ... T, we have I # (), where

I= b()CB(.%'oxl .. a:n) N l‘oHQ?al N (xgm'l)H(.%'o(El)_l n---N (.%'0331 .. ..%'n_l).

We can set by = 1. Now take b € I by argumentation analogous to the proof of the
previous lemma we see that bgb~! = g and thus I C Cp(g).

Let b € Cp(g). Then bgb~! = g. By the previous lemma we see that b € I. Therefore
I =Cq(g). O

6. FINITE GRAPH PRODUCTS OF C-HCS GROUPS

From now on we will assume that the class C is an extension closed variety of finite
groups, i.e. C satisfies (cl), (c2), (c3) and (c4). The main result of this section is the
following generalisation of [18, Theorem 1.1] and [29, Theorem 6.15].

Theorem 6.1. Assume that C is an extension closed variety of finite groups. Then the
class of C-HCS groups is closed under taking finite graph products.
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6.1. Some auxiliary statements. The following two statements were proved first by
Minasyan in [18, Lemma 5.6 and 5.7] in case when C is the class of all finite groups. Later
in his paper [29] Toinet proved them in case when (C is the class of all finite p-groups for
some prime number p. The proofs can easily be generalised for the case when the class
C is an extension closed variety of finite groups and we leave them to the reader.

Lemma 6.2. Let G be a group and let A, B < G be retracts of G with corresponding
retractions pa, pp € End(G) such that paopp = ppopa. Let x be an element of G and
let a = pa(pp(x)r=Hzpp(z~t) € G. Suppose that the pair (AN B, «) satisfies C-CC in
G. Then for any K € N¢(G) there exists M € Ne(G) such that M < K, pa(M) C M,
pp(M) C M and ¢(A)Né(xBx~t) C p(ANxBxY)p(K) in G/M, where ¢: G — G/M
is the natural epimorphism.

Lemma 6.3. Let G be a group and let A, B < G be retracts of G with corresponding
retractions pa, pp € End(G) such that py o pgp = pp o pa. Consider arbitrary elements
7,9 € G. Denote D = xBx~ ' < G and o = pa(pp(z)z~app(r~t) € G. Suppose that
the conjugacy classes a8 and g*"P are C-closed in G, and the pair (AN B, a) satisfies
C-CCq. Then the double coset Cs(g)D is C-closed in G.

Dyer [7, Theorem 3| proved that free-by-finite groups are CS. In [29, Theorem 4.2]
Toinet proved that free-by-(finite-p) groups are p-CS. Ribes and Zalesskii generalised
these results (see [28, Section 3, Theorem 3.2]) to the following.

Theorem 6.4. Let C be an extension closed variety of finite groups and let G be finitely
generated free-by-C group. Then G is C-CS.

Clearly, every C-open subgroup of a finitely generated free-by-C group is finitely gen-
erated free-by-C group as well. We can state the following corollary as an immediate
consequence of Theorem 6.4.

Corollary 6.5. Let G be finitely generated free-by-C group. Then G is C-HCS.
The following simple lemma will be crucial for our proofs.
Lemma 6.6. Suppose that C is a class of groups satisfying (c2). Let Q,S € C and
suppose that R < Q. Then G = Qg S is free-by-C.
Proof. Let 0: G — @ x S be the epimorphism defined on the generators of G as follows:

o(q) = q for all ¢ € Q,
o(s) =s forall s € S.

Clearly ker(o) € N¢(G) as C is closed under taking direct products. We want to show
that ker(o) is a free group. From the definition of o we see that ker(c) N R x S = {1}.
Let T be the Bass-Serre tree for Q xr S = Q *r (R x S) and consider the induced action
of ker(o) on T. By a standard result of Bass-Serre theory (see [3, Theorem 12.1]) we
know that the stabiliser of a vertex v has to be conjugate either into @@ or R x S, but
since ker(o) is normal and does not intersect any of the factors we see that ker(o) acts
freely on T and thus it is free. As a consequence we see that G is free-by-C. O

Combining corollary 6.5 together with Lemma 6.6 we immediately get the following.

Corollary 6.7. Suppose that C is an extension closed variety of finite groups. Let
Q,S € C and assume that R < Q. Then G = Q*gr S is C-HCS.
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6.2. Proof of Theorem 6.1. Before we proceed to the proof we first prove a weaker
statement. This was first proved by Green in [9] both for the case when C is the class of
all finite groups and for the case when C is the class of all finite p-groups for some prime
number p.

Lemma 6.8. Let C be a class of finite groups satisfying (c1), (c2) and (c4). Then the
class of residually-C groups is closed under taking graph products.

Proof. First, we show the statement holds for all finite graph products. The proof will
by done by induction on |VT|. If [VT| = 1 we see that I'G = G, and G, is residually-C
by assumption.

Now assume that the statement has been proved for all graph products I'G such that
|[VT| < r. Let G = T'G be such that |VT| = r+ 1 and let g € G\ {1} be arbitrary.
Pick v € VI' and denote C' = Gy, H = Gjpkp(v) and A = Gyp\o}- Then clearly
G = AxygC by Remark 5.2. By the induction hypothesis we get that A, C, H are
residually-C. Let g = xzoc121 ... cpxn, where 29, 21,...,2, € A and c1,...,¢, € C, be a
reduced expression for g in G. There are two cases to consider: either n =0or n > 1. If
n = 0 then g = 9 € A\ {1} and we can use the fact that A is a retract in G, thus we can
consider the canonical retraction pg: G — A. Then py(xg) = x9 and A is residually-C
by induction hypothesis.

Suppose that n > 1. Clearly, H is a retract of A and therefore by Lemma 2.6 we see
that H is C-closed in A. This means that there is a group Q € C and an epimorphism
a: A — @ such that o(z;) € a(H) for whenever x; ¢ H. Similarly since C' is residually-
C by assumption as it is a vertex group we see that there is a group S € C and an
epimorphism v: C' — S such that v(¢;) # 1in S for all i = 1,...,n. Let ¢: G — P,
where P = Qo) S, be the canonical extension of a and v (see Remark 5.4). We see
that

6(g) = alwo)r(er)alar) ... y(ea)alen),
is a reduced expression and thus ¢(g) nontrivial in P is by Lemma 5.3. By Lemma 6.6
we see that P is free-by-C and thus P is residually-C by Lemma 2.9.

We have showed that both in case if n = 0 and if n > 1 we can separate g from {1}.
Using Lemma 2.1 we see that {1} is C-closed in G and thus G is residually-C.

Now, assume that the graph I is infinite and let g € G \ {1} be arbitrary. Obviously,
S = supp(g) is finite. Let G'g be the full subgroup corresponding to S and let pg: G —
Gs be the canonical retraction. Clearly, ps(g) = g # 1 and Gy is residually-C as it is a
finite graph product of residually-C groups. Using Lemma 2.1 we se that {1} is C-closed
in G and thus G is residually-C. O

The main idea of the proof of Theorem 6.1 is somewhat similar to the proof of Lemma
6.8. However, significantly more work needs to be done. To be able to prove Theorem
6.1 we will need the following two lemmas.

Lemma 6.9. Let I be a finite graph and let G = I'G be a graph product where G, is
C-HCS for all v € VI'. Then all full subgroups of G satisfy C-CCgq.

Lemma 6.10. Let I" be a finite graph and let G = T'G be a graph product where G, is
C-HCS for all v € VI'. Then for all g € G and all full subgroups B < G the set g® is
C-separable in G.
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Lemmas 6.9 and 6.10 will be proved simultaneously by induction on |VT|. If |[VT| =1
we see that both lemmas hold trivially as G = G, which is C-HCS by assumption. Now
assume that the two lemmas are true for all I'G where |VI'| < r.

To be able to control conjugacy classes and centralisers in special amalgam A xg C we
need to be able to control intersections of conjugates of the amalgamated group H inside
A as stated in Lemmas 5.10 and 5.11. In terms of our setting with graph products this
means that we need to be able to control intersections of conjugates of full subgroups.
This is established in Lemma 6.12. The rest of Section 6 is a case analysis dealing
with all possible situations that might occur and shows that in all of the cases we can
construct a suitable homomorphism from our graph product onto a special amalgam
groups belonging to the class ¢ which is a free-by-C group and thus by Corollary 6.7 is
C-CS group.

Remark 6.11. Let G be a group and let H, F < G, b,z,y € G be arbitrary. If bH N
xFy # 0 then for any a € bH N xFy we have bH NxFy = a(H Ny ' Fy).

Proof. Let a € bH NxFy. Since a € bH we see that aH = bH. Since a € xFy we have
a =z fy for some f € F. Thus we can write

bHNzFy=aHNaa 'eFy =aH Nay ' f a7 aFy =aH Nay ' Fy = a(H Ny ' Fy).
O

The following statements and their proofs very closely follow the contents of [18
Section §].

Lemma 6.12. Let G be a graph product and assume that every full subgroup B < G
satisfies C-CCgq and for each g € G the conjugacy class g® is C-closed in G.

Let Ay, ..., An < G be full subgroups of G, let Ag be a conjugate of a full subgroup of
G and let b,xg, x;,y; € G fori=1,...,n. Then for any K € N¢(G) there is L € N¢(G)
such that L < K and

Ao (To) ﬂ AT ((bCAO x0) ﬂ:vz 1yz> K) in G/L,

where 1 : G — G/L is the natural projection and b = (b), A; = P(4;) T; = (),
i=0,...,nandy; =Y(y;), j=1,...,n

Proof. We will proceed by induction on n. If n = 0 then we just want BCZO (Tp) C
¥ (bC ay(20)K). By assumption Ag = hAh™! for some h € G and A < G and thus
the pair (A, h~'gh) has C-CCg. We can consider ¢,-1, the inner automorphism of G
given by h~'. Obviously C¢h71(H)(¢(g)) = ¢,-1(Cr(9)) € ¢,-1(Cy(g9)K) in G for
any K € N¢(G) since ¢p,-1 € Aut(G). Since ker(¢p-1) = {1} we can use Lemma 4.5
to see that the pair (Ap,g) has C-CCq as well, thus there is L € N¢(G) such that
C,(To) € ¢ (Cay(20)K) in G/L. This is equivalent to BCZO (To) C ¢ (bC 4, (z0)K).

Base of the induction: let n = 1. First suppose that bCa,(xo) Nx1A1y; = 0. This is
equlvalent tox1 & bCa,(20)y; " A1 Slnce Ag = hARh™1 then Cy,(z0) = hCa(g)h~! where
g = h~'agh. Thus z1 & bhCa(g)h 'y L A1 (y1h)(y1h) ™. Set D = (y1h) "' A1 (y1h). Thus
we have 1 € bhCa(g)Dh ™'y .
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By theorem 3.3 we see that AN A; and A N D are conjugates of full subgroups.
Thus for arbitrary f € G we have that fA7P (or f4174) and the pair (A N D, f)
(or (A1 N A, f)) has C-CCq for all f € G, thus by Lemma 6.3 we see that the dou-
ble coset Ca(g)D is C-separable in G. Then bhCa(g)Dh~'y~! is C-separable as well.
Equivalently bCa,(z0)y; "4 is C-closed in G' and thus there is N € Ng(G) such that
z1 & (bCa, (xo)yflAl)N. By replacing K N N we can assume N < K. Since the pair
(Ao, z0) has C-CCg there is L € N¢(G) such that L < N and O (To) € 9 (Ca,(z0)N) C
Y (Ca,(w0)K) in G/L where v : G — G/L is the natural projection and Ay = ¥(Ap),
Ty = (o).

This means that ¢_1(B)CZO (Zo)7; A1) C bCay(w0)y; "A1N, where b = (b), and
thus from construction of N we see that z; ¢ wil(ECZO (Zo)y; ' A1) which concludes
that 7, ¢ bCy, (Zo)y; " Ay, thus bC5, (To) NT1 A1y, = 0 and therefore

0 = bCz, (To) NT1A1Y; C 9 (bCa,(x0) N1 A1y1)K) -

Now suppose bCy,(zo)z141y1 # 0. By Remark 6.11 we see that bCa,(xo)z1 4151 =
a(Cay (o) Ny; ' Aryr), where a € bCa,(z0) N1 Ary;. Clearly Ca,(xo) Ny; A1y =
Cg(xo), where E = Ag Ny 1A1y. By Theorem 3.3 we see that E is a conjugate of
some full subgroup of G and thus the pair (E,z() has C-CCq and therefore there is
M € N¢(G) such that M < K and

(8) Cop)(0(20)) € @(Cr(z0)K) = ¢ ((Cag(x0) Ny; " Ary1)K) in G/M,

where ¢ : G — G/M is the natural projection. However, we need to have control

over a(Cz, (To) N y;lzlyl). The full subgroups A, A; are retract whose corresponding
retractions commute and their intersection, A N Ay, has C-CCqg because it is a full
subgroup. Set x = y1h. By Lemma 6.2 there is L € N¢(G) such that L < M and

Y(A) NY(xAz) CY(ANnzAz (M) in G/L

where ¢: G — G/L is the natural projection. It can be easily checked that

Ao Ngr Ay = hAR 0 (k) A (@h) B =h(AN (50T A (h) B

where h = 1(h). Thus

Ay Ny —1A1G; Co(h) [ (AN (y1h) " Ar(yih)) P(M)] (k)
(9) = Y(hAR™" Ny Ay (M)

= Y(E)Y(M) = ¢(EM).
Since ¥(a) =a € BCZO (To) N T1A17; we can use Remark 6.11 and write
bCx, (To) NT1 ALY, = a(Cg, (To) N T, ArTy).

Again, CZO (To) N g;1Z1y1 = Cﬁomy;
that
(10) bC3, (To) NT1 A7y C aCy ) (To)-

Let ¢: G — G/M be the natural projection. Since L < M there is unique homo-
morphism &: G/L — G/M such that ¢ = £ o 4. Clearly (M) = ker(§) and thus

4,7, (To). Since Ag N7y A1y, C Y(EM) we get
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EW(EM)) = EW(E)Y(M)) = §W(E)) = ¢(E), also £(To) = ¢(zo). Therefore for
arbitrary z € Cygar)(To) in G/L we have
£(2) € Cy(my(p(20)) C 9(Cr(20)K) = £(Y(Cr(0)K)).
Altogether this means that z € (Cg(x9)K) ker(§) = ¢(Cg(xo) K)p(M) = (Cg(xo) K).
Thus we get Cy(par)(To) € Y(Cr(zo)K). Combined with (10) we get
bCy, (To) NT1A1Y; C ap(Cr(zo0)K) = ¢(aCr(xo) K) = ¢((bCa, (x0) Nx1A1y1) K).

Now suppose n > 1 and that the result has been proved for all m <n — 1.
If bC'a, (w0) N~ #:A;y; = 0 then by induction there is L € Ng(G) such that L < K

and .
e
bCq, (To) N [ ZAiy; C ¥ ((bCAO ) ﬂ T 1y2> K) =0 in G/L.

i=1

Clearly BCZO (To) NNy TiAiyi C BCZO (To) N ﬂizl xiAiyi = () and thus we are done.

Now suppose that bCx,(zo) N 71 z;Asy; # 0 in G. Then for any a € bCa,(zo) N
ﬂl 1 TiA;y; we can use Remark 6.11 to see that bCa,(zo) N2, a:ZAZy, = aCg(xo)
where £ = Ag N ﬂz LY 1AlyZ

Then bCa,(xo) Ny iAiyi = aCr(x0) N xnAny, thus by using the base case of the
induction we can get that there is M € N¢ such that M < K and
(11) ¢(a)0¢(E)(¢(370)) N ¢(znAnyn) € d((aCr(x0) N T Anyn)K) in G/M

where ¢: G — G/M is the natural projection. Also by induction hypothesis there is
L € N¢(G) such that L < M < K < G and

n—1
bCZO (:L‘io) N @2@ Cy ((bCAO (IL‘()) N ﬂ mlAZ%) M) in G/L
) =1

Note that ker(i)) = L < M = ker(¢). Therefore

n—1
- (bCAo (zo) N ) %Azyz> M N (znAnyn) L
i=1

C aCg (a:o)M Nz Anyn M
=¢~ [¢(a)c¢(E)(¢(l‘O)) N ¢(znA nxn)]

Using (11) we get

¢_1 [¢(a)0¢(E)(¢(3:0)) N ¢(ann$n)] C (aCg(z0) N TpAnyn) K.
Finally, this leads us to

Pt <bCAO (o) N[ ) !EzAzyz) < (bCAo (zo) N () fL”zAzyz) K.
i=1

i=1
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Which concludes the proof of the lemma. O

From now on we assume that Lemmas 6.9 and 6.10 are hold for all graph products
I'G such that |[VI'| < r. Let G = I'G be a graph product such that |VI'| = r + 1. Let
v € VI be arbitrary and set A = Gyp\ (), H = Giin(y) and €' = G,. Then by Remark
5.2 we see that G = Axg C. Also, suppose that B < A is a full subgroup of A.

Lemma 6.13. Let g € G\A and f € G\g®. Then there are homomorphisms ¥ 4: A — Q
and Yo C — S where Q,S € C such that for the corresponding extension : G — P,

where P = Qxy, () S, we have Y(f) ¢ P(g)VB)

Proof. Let g = xpci1x1 ... cpxy, where xg,21,...,2, € A and c¢1,...,¢, € C, and [ =
Yod1Y1 - - - Ymdm, Where yo, Y1, ..., Ym € Aand dy, ..., d, € C, be the reduced expressions
for g and f respectively. Since g € A we see that n > 1. We have to consider four separate
cases.

Case 1: suppose n # m. Since G is residually-C by Lemma 6.8 (and A as well) and H
is a full subgroup of A, H is a retract in A and thus is C-closed in A by Lemma 2.6. Thus
there is L € N¢(A) such that ¢a(x;) € Ya(H) whenever x; ¢ H and ¢a(y;) € Ya(H)
whenever y; ¢ H, where ¢4: A — A/L is the natural projection. Since C is a vertex
group we have that C' is residually-C by assumption and thus there is M € N¢(C) such
that ¥c(c;) # 1 and ¢Yo(d;) # 1 for i = 1,2,...,n, j = 1,2,...,m where ¢)c: C —
C'/M is the natural projection. Then for the corresponding extension v : Axyg C —
A/Lxy, gy C/M we have

P(g) = Ya(zo)c(c)pa(rr) ... Yolen)ba(wn),
U(f) =va(yo)vc(di)vayr) - .. Yo (dm)ba(ym).

These are again reduced expressions and n # m. Then by Lemma 5.11 we see that

W(g) € V(f)PP).

Case 2: n = m and ¢; # d; for some j. Again by argumentation analogous to previous
case we see that there are L € N¢(A) and M € Ng(C) such that ¢a(x;) & va(H)
whenever x; ¢ H, ¥a(y;) € va(H) whenever y; ¢ H and ¢c(c;) # ¥c(d;) where
Ya: A— AJ/L o: C — C/M are the corresponding natural projections. Then for the
corresponding extension ¢ : Axg C' — A/L %y, gy C/M we have

Y(g) = Ya(xo)c(cr1)a(rr) ... Yolen)Yalen),

U(f) = valyo)be(d)balyr) .. e(dn)dalyn).

These are again reduced expressions and v (c;) # ¢ (d;). Then again by Lemma 5.11 we
see that (g) ¢ V(f Fes).

Case 3: n =m, ¢ = d; for i = 1,2,...,n and zox1...2, & (yoyl...yn)B. Since
T = zox1...2, € A and B is a full subgroup of A we see that 2” is C-closed in G by
Lemma 6.10 and therefore there is L € Ng(A) such that ¢a(z) & ¥a(g)¥4P), where
a: A/L is the natural projection. Since C' is a vertex group we know by assumption
that it is residually-C and thus there is M € Ng(C) such that vo(c;) # 1 # Yo(d;)
for i = 1,2,...,n, where ¢¥o: C — C/M is the natural projection. By extending
Ya: A = Q = A/L and Yo: C — S = C/M to : AxgC — Qxy,m)S We get
that ¢ (f) € ¥(g)?®) by Lemma 5.11.
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Case 4: Now we assume that condition (i) and (ii) from conjugacy criterion for special
amalgams are satisfied and (iii) is not. Namely: let by € B be such that bxb~! = y and
I = () where

I= boCB(x) N .CCQHJISl N (yoyl)H(l'oCEl)fl n---N (y0y1 e yn_l)H(xoxl .. .xn_l)il,

where © = xgx1 ...1z,. By assumption H is a full subgroup of A and thus it is C-closed
in A by Lemma 2.6, hence there is K € N¢(A) such that 2, K "N H = 0 = yyK N H
for all i = 0,1,...,n. We assume that Lemmas 6.9 and 6.10 are true for A and thus
assumptions of Lemma 6.12 are true for A. Therefore we can use Lemma 6.12 to see
that there is L € N¢(A) such that L < K and

boC5(T) NG HTy ' N(To1) H (Yo71) N - N(T0T1 - - - T 1) H (Yol - - - Up1) ' C a(IK),
where 14: A — A/L is the natural projection and T = 4(x), T; = Ya(x;), J; = Ya(y:)
for i = 0,1,...n — 1, H = ¢¥2(H) and B = 4(B). Note that since I = () we have
Ya(IK) = (. Also since C' is a vertex group we know it is C-HCS and thus residually-C,
hence there is M < N¢(C) such that o (z;) # 1 # Ye(y;) #1 for i = 1,2,...,n, where
e C — C/M is the natural projection. Therefore if we extend ¥4: A — Q = A/L
and Yc: C = S = C/M to : Axg C — Qxy,(m) S we see that (f) & ¢(g)*P) by
Lemma 5.11 as the condition (iii) is not true for ¢ (f) and ¥(g). O

Lemma 6.14. Suppose that qo, fo, f1,.-., fn € G are arbitrary and that the products
go = C1T1...CmTm, where ¢1,...,¢m € C and z1,...,z, € A, and fo = dyy1 ... dryg,
where di,...,d, € C and y1,...,yr € A, are cyclically reduced in G. If f; ¢ g™ for
all j =1,2,...,m then there are groups Q,S € C and a epimorphisms ¥va: A — Q and
Yo: C — S such that for the extension : Axy C — P, where P = Qxy, ) S, all of
the following are true:

(i) 0(fi) & (90" in P for all i=1,2,.. ..,

(ii) the products

¥(90) = Yo(er)a(xr) ... Yolem)alzm),
Y(fo) = Yel(di)alyr) .. Yo (de)alyr)

are cyclically reduced in P.

Proof. We set B := H which is a full subgroup of A thus we can apply Lemma 6.13
to pairs (go, f1),---,(go, fn) to obtain Li,..., L, € N¢(A) and My,... M, € N¢(C)
with corresponding natural projections a;: A — A/L; and ~: C — C/M;, such that
Q/)Z(fl) € ¢i(g0)¢i(H) in Pl', where '¢z A*HC — A/Li*ai(H) C/MZ, for i = 1,2,... ,n.
Note that since H is a retract of A and A is residually-C we get that H is C-closed in A
by Lemma 2.6. Thus there is K € N¢(A) such that ; K N H = () whenever z; ¢ H and
y; K N H = () whenever y; ¢ H. Also by the same argumentation there is M’ € N¢(C)
such that ¢; ¢ M’ and d; ¢ M’ for alli=1,2,...,mand j =1,2,...,k.

Set L=KnN(yLiand M = M'" N, M;. Let 4: A — A/L and ¢c: C — C/M
be the natural projections and let ©: Axg C — A/Lxy, ) C/M. Clearly, this is the
map we are looking for. O

Lemma 6.15. Let K € N¢(G), B < A be a full subgroup of A (and thus of G). Let
g € G\ A be an element with reduced form g = xoc121 . . . Cp&n, where rg,z1,..., 2, € A
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and c1,...,c, € C, such that n > 1. Then there are groups Q,S € C and epimorphisms
Ya: A = Q, Yvo: C — S with the corresponding extension ¢: Axg C — P, where
P =Qx*y,) S, such that the following are true:

(1) Cym(¥(9) S Y(Cr(9)K),
(i) ker(¢a) < ANK, ker(¢vpo) < CNK and ker(¢) < K.

Proof. Since A is residually-C and H is a retract in A we see that H is C-closed in A by
Lemma 2.6. Thus there is M; € N¢(A) such that z;M1NH =@ foralli=1,2,...,n—1.
We may replace M; by My N (AN K) to ensure that M; < AN K. By Lemma 5.12 we
have Cp(g) = I where

I =Cpg(x) NaoHzy ' N (zor1)H(zor1) NN (@0 .. 2n_1)H (20 ... 2p1) "

and x = xgr1 ...x,. Since A is a graph product with less than n vertices we may assume
that both Lemmas 6.9 and 6.10 hold for A. Thus we can use Lemma 6.12 to show the
there is L1 € Ng(A) such that Ly < M; < KN A and

J = CE(E) ﬂfoﬁfal N---N (fo .. .En_1)ﬁ(fo .. .fn_l)il - wA(IMl) in A/Ll,

where 14: A — @@ = A/L; is the natural projection and T = a(z), T; = ¥a(x;), for
i=0,1,...n—1, H=4¢4(H) and B = ¢¥5(B).

Since C' is C-HCS it is also residually-C and thus there is Z € N¢(C) such that
Z <CNK and Yo(e;) #1in C/Z for i = 1,2,...,n, where )c: C — S = C/Z is the
natural projection.

Let P = Qxy,(m) S and let ¢: Axy C — P be the canonical extension of ¢4 and ¢
to G. Now

P(9) = Palzo)pol(cr)pa(@r) ... dolen)y(n),
thus Cz(g) = J in P by Lemma 5.12. This means that

Cy)(¥(9)) CYIMy) = (Cp(g)M),
therefore the first assertion of the lemma holds. Note that ker(i4) = L1 < M3 < KNA

and ker(¢¢) < K NC. Since ker(1) = ((ker(¢4) ker(v¢) ))¢ by Lemma 5.5 we see that
ker(¢) < K and thus the second assertion holds as well. O

Lemma 6.16. Let K € N¢(G) and let g = c121 ... cpxy, where cq,...c, € C and
Z1,-..,Tn € A, be a cyclically reduced element of G with n > 1. Then there are homo-
morphisms Ya: A — Q and o: C — S, where Q, S € C, with a corresponding extension
Y: G — P, where P = Qxy,(m) S, such that the following is true

(i) ker(va) < ANK, ker(vpo) < CN K and ker(v) < K,
(ii) Cr(¥(g)) € ¥(Cal(9)K) in P.

Proof. We need to consider two separate cases: x, € H or x,, € H.

Suppose z, € H. Then by Lemma 5.10 we see that n = 1 and Cg(c1z1) = Ce(c1) X
Cp(z1). Since A is a graph product with less than n vertices we can use the induction
hypothesis of Lemma 6.10 to find L € N¢(A) such that L < K N A and Cygy (1)) C
a(Ch(x1)(KNA)), where a: A — @ = A/L is the natural projection. Since C' is a vertex
group we assume that it is C-HCS and therefore it satisfies C-CC by Theorem 4.2. This
means that there is M € N¢(C) such that M < KNC and Cs(y(c1)) € v(Co(er)(KNC)),
where S = C/M and v: C — S is the canonical projection. Note that since A is
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residually-C by Lemma 6.8 and C' is residually-C by assumption these maps can be
chosen so that a(z;) # 1in @ and y(c1) # 1 in S.

Let ¢: A%y C — P, where P = Qx4 s7) S, be the canonical extension of o and ~y
to G. Since ¥(g) = 'y(cl) (1) is again reduced by Lemma 5.10 we see that Cp(g) =
Cs(v(c1)) x Cp(ar). From the construction of the maps « and 7 we see that Cp(¢(g)) C
¥(Ca(9)K).

Suppose x,, & H. Let {p1,p2,... pnt1} be the set of prefixes of g and assume there is
1§m<nsuchthatpflgp¢€gH ifigmandpflng-EgH if # > m. For every i > m
there is h; € H such that h,ipl-_lgpiff1 = g and thus hz-pi_1 € Ca(g). Set

(12) Q= {hip; ' | i > m}.

Let f; = pi_lgpi for i = 1,2,...,m. Clearly fi,fo,...,fm & g. Let fo = g. Using
Lemma 6.14 we see that there are C-groups ()1 and S; and epimorphism a1: A —
@1 and ~v1: C — S7 such that if we take the corresponding extension ;: Axy C —
Q1 %a, () S1 the element 1(fo) = y(er)alzy) ... v(en)a(zy,) is cyclically reduced and
Vi(fi) & w( )P for i =1,2,...,m. Let Li = ker(a;) and M; = ker(v1). Note that
Ly € N¢(A) and M; € Ne(O).

By Lemma 6.15 there are C-groups (02, .S2 and an epimorphism as: A — Q2, v2: C' —
Sy such that if we take the corresponding extension ¢2: Axpy C — Q2 *q, () S2 We have
ker(ag) < K N A, ker(y2) < KNC, ker(yz) < K and

Cpo (1) (V2(9)) € Y2(Cr(9)K) In Q2 %y (1) S2-

Take L = ker(ay) Nker(ag) <A and let M = ker(y1) Nker(y2) IC. Let a: A - Q =
A/L and v: C — S = C/M be the natural projections. Note that L € N¢(A) and
M € Ne(C). Let ¢: G — P be the corresponding extension, where P = Q %q s S. We
immediately get

(1) ker(a) < KN A and ker(¢) <
(2) Cyn)(¥(9)) € ¥(Crlg) 1)1 :

(3) ¥(f1).- - 0 (fm) & $(9)"
(4) the element ¥(g) = v(c1)a(x ) -y(en)a(zy,) is cyclically reduced in P.

Since we assume that x,, ¢ H we get by Lemma 5.10 that

Calg) = Cu(9)(9)%,
where Q is given by (12). Also by Lemma 5.10 we see that in P we have

Cr(1(9)) = Oy (¥(9))(1(9))2
where Q = {h;p; ' | i > m} such that B, is a prefix of (g) such that p; '4(g)p; €

1

(9)*UD and h; € (H) such that hypy(g)ih; | = $(H). Since ¥(f;) = ¥(ps) " 16(9)0(pi) &
Y(g)PH) When i < m, therefore we can conclude that ¢(p;) "' (g)1(pi) € 1(g)?H) i

and only if p; *gp; € gH Altogether we see that Q = (Q).
Finally, (¢(g)) = 1¥((g)). From this we see that

Cp((g)) € ¥(Ca(g9)K)
and thus the lemma holds. O
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Proof of Lemma 6.9. We will proceed by induction on |VT'|. If |[VT| = 0 then G = {1}
and the statement holds trivially. Now suppose that the statement holds for all graph
products I'G with |[VI'| <r —1. Let G =I'G where |VT'| = r. There are two cases to be
distinguished: B # G and B = G.

Suppose B is a proper full subgroup of G. Then we can pick a maximal proper full
subgroup A < G such that B < A. If g € A then g? is C-closed in A by induction
hypothesis and thus it is C-closed in G by Lemma 2.6 as A is a retract in G and G is
residually-C by Lemma 6.8. Suppose that g € G\ A and let f € G\ ¢g” be arbitrary.
By Lemma 6.13 there are C-groups @, S and epimorphism a: A — @, v: C — § with
the corresponding extension ¢: G' — Q xq(my S such that (f) & ¥(9)¥B) in P. Since
P is a special amalgam of (finite) C-groups we see that it is residually-C by Lemma 6.7.
Since |Q| < oo we see that (B) is a finite subset of Q and therefore ¥(g)¥(5) is finite
and thus is C-closed in P. By Lemma 2.1 we see that g7 is C-closed in G.

Now suppose B = G. If g = 1 then 1¢ = {1} is C-separable in G since it is finite
subset of G and G is residually-C. Let’s assume g # 1. Then by Lemma 3.4 there is a
maximal full subgroup A < G such that g € A®. Then G naturally splits as G = Ay C
where H is a full subgroup of A and C' is a vertex group. Then g is a conjugate to some
cyclically reduced element of GG, say gg. Suppose gg = €121 .. .CpZp, Where z,...,x, € A
and c1,...,¢, € C, is the cyclically reduced expression for gy Note that ¢& = gOG . Let
f € G\ g©. There are two sub-cases to consider: f ¢ A% and f € AC.

Suppose f ¢ AY. Let fy be a cyclically reduced element of G' conjugate to f, thus
¢ = fOG Let fo = diy1...dmYm, where y1,...,ym € A and dy,...,d, € C, be
the reduced expression for fy and let fi, fo,... f;n denote the set of all of its cyclic
permutations. Clearly f; & g for all i since f & ¢g©. Then by Lemma 6.14 there are
groups @, S € C and epimorphisms a: A — Q, v: C — S with corresponding extension
¢: G — P, where P = Qo) S, such that ¢(f1),¥(f2),..¢¥(fm) € ¥(9)*") and
U(fo) = v(dy)a(xy) ... v(dm)a(zy) is cyclically reduced in P. Since ¥(f1),...,Y(fm)
are all the cyclic permutations of 1(fo) we can conclude that ¥(f) € ¥(g)* by Lemma
5.8.

Assume that f € A®. By Lemma 6.14 there are groups Q,S € C and projections
ar A = Q, v: C — S with extension ¢: G — P, where P = Q%) S, such that
¥(g0) = y(c1)a(zy) ... y(cn)a(xy) is cyclically reduced in P. Since n > 1 by Lemma 5.8
we see that ¥(go) € QF = ¥(A%). As we assume that f € A® we see that 1 (f%) =
B(f)P S B(AC). We see that ¥(go) € v(f)” and hence (f) p ¥(g).

Either way, in both cases when f ¢ A% and f € A® we have found a homomorphism
1 that separates f from ¢“ in an amalgam of C-groups which is C-HSC by Lemma 6.7.
Thus by Lemma 2.1 we see that ¢© is C-closed in G. O

Proof of Lemma 6.10. Again, we proceed by induction on |VT'|. If |VT'| = 0 then G =
{1} and the statement holds trivially. Now suppose that the statement holds for all T’
with |VT| <r —1. Let G = I'G where |VT| = r. Let K € N¢(G) be arbitrary. There
are two cases to be distinguished: B # G and B = G.

Suppose B is a proper full subgroup of G. Then there is a maximal full subgroup
A < G such that B < A. Clearly A is a graph product with » — 1 vertices and therefore
the statement holds for A. Let K4 = KN A and let Ko = KN C. Obviously G splits
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as G = Axp C, where H is a full subgroup of A and C' is a vertex group. We consider
two separate sub-cases: g € A and g € G\ A.

Assume that g € A. By induction we see that the pair (B, g) has C-CC4 in A. Thus
there is a C-group @ such that L; = ker(a) < K4, and

CoB) € a(Cp(g9)Ka) in Q,

where a: A — (@ is the natural projection. Let ps: G — A be the canonical retraction
of G onto A and set L = p,,'(L1) N K. Clearly L € N¢(G) and pa(L) = Ly < K4. Let
¢: G — R = G/L be the natural projection. Note that ker(a) = ker(¢) N A in G, thus
we may assume that Q@ < R and ¢ | A= a. Then a(K4) = ¢(K4) C ¢(K) in R. Since
g € A, B is a full subgroup of A and Cypy € a(Cp(g)K1) in Q, we get that

Com)(9(9)) = Comy(a(g)) € a(Cp(9)Ka) € ¢(Cp(g9)K) in R.

Thus we see that if g € A then the pair (B, g) has C-CCg.

Now suppose that g € G\ A. Let g = zpc121 ... cnTy, where xg,...,z, € A and
C1,...,cn € C, be a reduced expression for g. By Lemma 6.15 we can find C-groups @,
S and epimorphisms a: A — @, v: C NS with corresponding extension ¢¥: G — P =
Q *q(m) S such that ker(a) < Ka, ker(y) < K¢, ker(y) < K and

Cy)(¥(9)) S ¥(Cp(g)K).

P is a special amalgam of C-groups and thus is residually-C by Corollary 6.7. Since @ is
finite we see that 1(K)Ny(B) < (B) < Q is finite, thus ¥(g)¥ B E) is c-closed in
P. By Lemma 4.8 one obtains £: P — R, where R € C such that ker(§) < ¢(K) and

Ce(p(B)) (E(¥(B))) C &(Cy () (¥(9))¥(K)) in R.

Take ¢: G — R to be defined as ¢ = £ o). Obviously, ¢ is the map we are looking for.

We are left with the last remaining case, when B = G. We may assume g € G \ {1}
as the pair (G, 1) has C-CCgq trivially. By Lemma 3.4 there is a maximal full subgroup
A < @ such that g € A9, Then G naturally splits as G = Axy C, where H < A is a
full subgroup of A and C' is a vertex group in G. There is z € G such that gy = zgz ! is
cyclically reduced in G. Let go = c121...cpxp, where x; € Aand ¢; € Cfori=1,...,n,
be a reduced expression for gg. Since g € A we see that n > 1. By Lemma 6.16
there are C-groups ), S and epimorphisms a: A — Q, v: C — S with a corresponding
extension ¢: G — P, where P = Qo) S, such that ker(a) < KN A, ker(y) < KNC
and

Cp(¥(9)) CY(Cq(g)K) in P.

Since P is special amalgam of C groups we see that it is C-HCS by Corollary 6.7 and thus
the pair ((G),(g)) satisfies C-CCp in P. Note that in every case the homomoprhism
1 was constructed so that ker(y) < K thus by Lemma 4.5 we see get that the pair (g, G)
has C-CCg in G. O

Now we are ready to prove Theorem 6.1.

Proof of Theorem 6.1. Let G = I'G be a graph product such that |VT| < oo and G, is
C-HCS for all v € VT'. Note that G is a full subgroup of itself and thus by Lemma 6.9
we see that the pair (G, g) has C-CCgq for every g € G and thus G satisfies C-CC. By
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Lemma 6.10 we see that the set ¢& is C-closed in G for every g € G, hence G is C-CS.
Finally using Theorem 4.2 we get that G is C-HCS. g

Note that every group from the class C is C-HCS. Then as an immediate consequence
of the Theorem 6.1 we get that graph products of groups belonging to an extension
closed variety of finite groups C are C-HCS.

Corollary 6.17. Assume that C is an extension closed variety of finite groups. Let I’
be a finite graph and let G = {G, | v € VI'} be a family of groups such that G, € C for
allv e VI'. Then the group G =1'G is C-HCS.

7. INFINITE GRAPHS AND C-CS GROUPS
Again, we will assume that the class C is an extension closed variety of finite groups.

7.1. Graph products of C-CS groups. Before we proceed we mention one important
property of graph products: they are functorial.

Remark 7.1. Let ' be a graph and let G = {Gy|v € VI'} and F = {F,|v € VI'} be two
families of groups indexed by vertices of VI'. Assume that for every v € VI there is a
homomorphism ¢, : G, — F,. Then there is a unique homomorphism ¢: G — F, where
G =T1G and F =T'F such that ¢ [g,= ¢, for allv e VD

We will use Corollary 6.17 to show that the class of C-CS groups is closed under graph
products. The main idea is to construct a suitable map onto a finite graph product of
groups belonging to the class C. First we need to show that we can always find such a
homomorphism that preserves length and support of a given element.

Lemma 7.2. Let G = I'G be a graph product such that G, is residually-C for every
v € VT and let g € G. Then there is F = {F,|v € VT'}, a family of C-groups indexed by
VT, and a homomorphism ¢, : G, — F, for everyv € VI such that for the corresponding
extension ¢: G — F (given by Remark 7.1), where F' = T'F, all of the following are true:

() lgl = lo(9)l,

(ii) supp(g) = supp(&(g)),
(iii) If g is T-cyclically reduced in G then ¢(g) is I'-cyclically reduced in F.

Proof. Let (g1,...,9n) be a I-reduced expression for g in G. For every v € VI let
I, ={i| gi € Gy} C supp(g) be the set of indices such that the corresponding syllables
belong to G,. Since I, is finite and G, is residually-C for every v by assumption there
is F,, € C and a homomorphism ¢, : G, — F), such that ¢,(g;) # 1 in F, for all i € I,,.
By Remark 7.1 we have the corresponding unique extension ¢: G — F', where F' =T['F.
Clearly, (¢4,(9),.-.,®v,(9n)) is a I'-reduced expression for ¢(g) therefore |g| = |¢(g)|
and supp(g) = supp(¢(g)).

Suppose that g is I'-cyclically reduced in G. Obviously FL(g) = FL(#(g)), LL(g)
LL(¢(g)) and S(g) = S(¢(g)) and thus (FL(¢(g)) N LL(¢(g))) \ S(é(9)) = (FL(g)
LL(g)) \ S(9) = 0 by Lemma 3.11 because g is I'-cyclically reduced and therefore ¢(
is I'-cyclically reduced in F' again by Lemma 3.11.

O ol

In fact we are can generalise the previous lemma to any finite number of given ele-
ments.
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Corollary 7.3. Let f,g € G be I'-cyclically reduced in G and assume that f # g. Then
there is F = {Fy|lv € VT'}, a family of C-groups indexed by VI', and a homomorphism
Ov: Gy — Fy for every v € VI' such that for the corresponding extension ¢: G — F,
where F' = TF, all of the following are true:

(i) |9 = |#(g)| and supp(g) = supp(¢(9)),
(ii) |f] = [¢(f)] and supp(f) = supp(é(f)),
(iii) &(f), #(g) are I'-cyclically reduced in F,
(iv) o(f) # #(g) in F.

Proof. We use Lemma 7.2 on ¢,f and gf~! to obtain three corresponding families F7,
F9 and F/97". For every v € VT we set K, = ker(¢}) Nker(¢9) ﬂker(gb{gil) and define
¢y: Gy — Fy, where F, = G,/K,. Clearly the family of C-groups F = {F,|v € VT'}
together with homomorphisms ¢,: G, — F, and the extension ¢: G — I'F has all the
claimed properties. O

The proof of the following remark is left as a simple exercise for the reader.

Remark 7.4. Suppose that C is a class of finite groups satisfying (c1) and (c2). Then
the class of C-CS groups is closed under taking direct products.

Proof of Theorem 1.1. Let g € G be arbitrary and let f € GG such that f %44 g. Note that
the set of vertices X = supp(g)Usupp(f) C VI is finite and px(f) = f #c, px(9) =g,
where px: G — Gx is the canonical retraction corresponding to the full subgroup
Gx < G given by the set X C VI'. Hence without loss of generality we may assume
that |VT| < co. Let fo, 90 € G be I'-cyclically reduced elements of G such that fy ~¢ f

and go ~¢ g. Clearly fo 7c go.
By Lemma 3.12 we have three possibilities to consider:

(i) supp(go) # supp(fo) or [go| # | fol,
(ii) p(fo) is not a cyclic permutation of p(go),

(iii) s(fo) & s(go) 50,

Assume that either supp(go) # supp(fo) or |fo| # |go|. Then we can use Corollary 7.3
to obtain a family of C-groups F = {F,|v € VI'} and a homomorphism ¢,: G, — F,
for every v € VI such that for the corresponding extension ¢: G — I'F we have either
supp(#(fo)) # supp(@(go)) or |p(fo)| # |¢(go)| respectively. By Lemma 3.12 we see that
&(fo) #rr ¢(g90) and hence ¢(f) #%rr ¢(g). Note that I'F is a finite graph product of
groups belonging to the class C and thus by Corollary 6.17 we see that the group I'’F is
C-HCS.

Assume that supp(go) = supp(fo) and |go| = |fo|- Suppose that p(fy) is not a cyclic
permutation of p(go). Let {p1,...,pm} C G be the set of all cyclic permutations of p(go)
including p(go). Then p; # p(fo) for i = 1,...,m and we can use Corollary 7.3 for each
pair p(fo), pi, where 1 < i < m, to obtain a family of C-groups F; = {Fi|v € VI'} with
homomorphisms ¢ : G, — F! for all v € VI'. For every v € VI set K, = ()2, ker(¢})
and denote F, = G,/K,. Set F = {F,|v € VT'} and let ¢,: G, — F, be the natural
projection corresponding to v. Let ¢: G — I'F be the natural extension. Note that
p(#(fo)) = ¢(p(fo)) and p(é(g0)) = &(p(go)). Clearly the set C = {$(p1), ..., d(pm)}
is the set of all cyclic permutations of p(¢(go)) and we see that p(¢(fo)) ¢ C and
thus p(¢(fo)) is not a cyclic permutation of p(¢(go)). By Lemma 3.12 we see that
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o(fo) #rr ¢(go) and thus ¢(f) #rr ¢(g). Again, by Corollary 6.17 we see that the
group I'F is C-HCS.

Now assume that supp(go) = supp(fo), |90| = |fol, p(fo) is a cyclic permutation of
p(go). Since supp(fo) = supp(go) we see that S(go) = S(fo). Denote S = S(go) and
assume that s(fy) & s(go)“S. Note that

Gs =[] Gv

vES

is a direct product of C-CS groups and thus it is a C-CS group by Remark 7.4. Consider
the retraction ps: G — Gg. Clearly ps(fo) = s(fo) and ps(go) = s(go). Therefore
ps(90) & ps(go)“s by assumption and consequently ps(f) & ps(g)©s.

In each of the cases we have constructed a homomorphism onto a C-CS group, such
that the images of f and g were not conjugate. Then by Lemma 2.1 we see that the
conjugacy class ¢¢ is C-closed in G. As g was arbitrary we see that G is C-CS. O

7.2. Infinite graph products of C-HCS groups. The idea of the proof of Theorem
1.2 somewhat similar to the proof of Theorem 1.1. In the proof of Theorem 1.1 we started
with a possibly infinite graph I'" and showed that we can always retract to a full subgroup
G 4 given by a finite set of vertices A C VI and thus we were able to use Corollary 6.17.
In the proof of Theorem 1.2 we start with a graph product I'G, where I' is an infinite
graph, we show that for every ¢ € G we can construct a finite graph product AD of
C-HCS groups and a homomorphism ¢: I'G — AD such that Cap(d(g)) = 6(Ca(g)).

Proof of Theorem 1.2. Let T be a graph and let G = {G, | v € VI'} be a family of
groups such that the group G, is C-HCS for every v € VI'. Let G = I'G. By Theorem
1.1 we see that the group G is C-CS so we need to show that G satisfies C-CC. Clearly,
G satisfies C-CC if and only if for every g € G the pair (G, g) satisfies C-CCq. Let
g € G and K € N¢(G) be arbitrary. Pick ¢’ € G such that g ~¢ ¢’ and ¢ is I'-cyclically
reduced. By Lemma 4.5 we see that the pair (G, g) has C-CCg¢ if and only if the pair
(G, ¢') has ¢-CCgq. Denote A = supp(¢’).

Let ¢: G — G/K be the natural projection. Define a family of groups F = {F, |
v € VI'}, where F,, = G, if v € A and F, = ¢(G,) otherwise. For every v € VI' we
have a group homomorphism ¢,: G, — F, where ¢, = idg, if v € A and ¢, = ¢ g,
otherwise. By Remark 7.1 there is a unique group homomorphism ¢: I'G — I'F such
that ¢ [q,= ¢y for every v € VI'. Denote F' = I'F. Note that ker ¢ = ({ker(¢,) >>§evr'
Clearly if v € A then ker(¢,) = {1} and if v € VI'\ A then ker(¢,) = K NG,. It follows
that ker(¢) < K and hence there is a unique homomorphism ¢: F — G/K such that
p=¢o9.

Set A’ = VI'\ A. Define equivalence ~; on A’ as follows: u & v if link(u) N A =
link(v) N A. Define equivalence x5 on A’ as follows: u ~k v if ¢(F,) = ¢(F,) in G/K.
Now let =~ be the equivalence relation on A’ obtained as intersection of ~; and ~», i.e.
u ~ v if link(u) N A = link(v) N A and ¢(F,) = ¢(F,) in G/K. Note that |A’/ ~ | < 24l
and |A'/ = | < 2/G/K] therefore we see that |4’/ ~ | < co.

Define a graph A with vertex set VA = AU (A’/ =). Note that VA is finite. For
u,v € A we set {u,v} € EA if and only if {u,v} € ET, for u € A and [z]x € A’/ = we
set {u, [z]~} € FA if and only if there is 29 € [z]x such that {u,z} € ET. Similarly
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for [z]~, [y]~ € A’/ = we set {[z]x, [y]~} € EA if and only if there are 2y € [z]~ and
Yo € [y]~ such that {xg,y0} € ET. Note that the natural map from VT to VA actually
extends to a graph morphism from I' to A.

To every vertex in v € VA we assign a vertex group D, in the following way: if
v € A then D, = G; if v = [vg]~ for some vy € A’ then D, = ¢(Gy,) = ¢(F,). This
leads to a family of groups D = {D, | v € VA}. For every v € VI' we define a group
homomorphism @, : F,, — D, , where z, = v if v € A and =z, = [v]~ otherwise. If v € A
then p, = idg, and if v € VT'\ A then %, = ¢ . By a theorem of von Dyck (see [24,
footnote 2, page 346]) the family of group homomorphisms {@, | v € VI'} extends to a
homomorphism @: F' — D, where D = AD is the corresponding graph product.

Let 2,y € F be arbitrary. It is obvious that if B(z) = @(y) then ¢(x) = ¢(y) and
thus ker() < ker(¢) = ¢(K). We see that there is unique homomorphism 6: D — G/K
such that ¢ = 6 0 ®. Denote § = 6 o ¢. The following commutative diagram illustrates
the situation.

Clearly ker(8) = ¢~ !(ker(p)) < K.

Now we need to show that Cs)(6(g)) € 0(Ca(g9)K). One can easily check that
Pcp((g')) = Ga and therefore by Lemma 3.7 we have C(9') = Cg ,(9')Giink(4)- Denote
04 =06 |g,. From the construction of ¢ it is easy to see that d4: G4 — D4 is an
isomorphism. Let P = Pca(6({¢'))). As D4 is a full (and hence parabolic) subgroup of
D and §(¢') € P we see that P < D4 due to minimality of P. By [1, Lemma 3.7] we see
that P is actually parabolic in AyDg = Dy. Let P/ = §4(P)~! < G4 < G. From the
construction of the map § we see that P’ is parabolic in G4 (and thus in G) and that
g € P'. Since Pep({¢')) = G4 and ¢’ € P’ we see that G4 < P" and therefore P’ = G 4.
This means that P = D 4. We see that Pca((0(¢"))) = Pca(6({¢’))) = D and hence by
Lemma 3.7 we get that Cp(d(g)) = Cp,(0(9")) Diink(a)-

Again, since 0 [, is an isomorphism we see that 6(Cg ,(9")) = Cp,(6(g")) = Cs(c)(6(9))-
From the construction of the equivalence ~ we see that for every v € VI we have
[v]~ € link(A) in A if and only if v € link(A) in I' and hence 6(Giink(a)) = Diink(a). We
see that

Cp((9') = Cp,(3(9) Diink(a) = 6(Ca(9")Grink(a)) = 6(Ca(g)) € 6(Calg)K).

For every v € VA the group D, is either an infinite C-HCS group or belongs to the
class C. By Theorem 6.1 we see that the group D is C-HCS and hence D satisfies C-CC
by Theorem 4.2. Consequently, the pair (D,d(g’)) satisfies C-CC in D. By Lemma 4.5
we see that the pair (G, g) satisfies C-CCgq for any g € G and therefore G satisfies C-CC.
We have proved that G is C-CS and satisfies C-CC, hence by Theorem 4.2 we see that
G is C-HCS. 0
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7.3. Some corollaries. Applying Theorem 1.2 to the most obvious types of extension
closed varieties of finitely presented groups we immediately get that the class of HCS
groups is closed under taking finite graph products, similarly for p-HCS and (finite
solvable)-HCS.

We can also extend the results of Minasyan (see [18]) and Toinet (see [29]) to infinitely
generated right angled Artin groups.

Corollary 7.5. Infinitely generated RAAGS are HCS and p-HCS for every prime num-
ber p.

In [4, Theorem 1.2] Caprace and Minasyan proved that finitely generated RACGs are
CS. By applying Theorem 1.2 to RACGs once in the context of the class of all finite
groups and once in the context of all finite 2-groups we get following strengthening of
the mentioned result.

Corollary 7.6. Arbitrary (possibly infinitely generated) right angled Cozeter groups are
HCS and 2-HCS.

The statement of Corollary 7.6 can be compared with the following example: the group
G = FSym(X) of finitary permutations of an infinite set X is an infinitely generated
Coxeter group, but it is not even residually finite. Clearly being right angled is a strong
requirement.

As we mentioned in the introductory section virtually polycyclic groups are HCS, thus
we can state the following corollary.

Corollary 7.7. Let I be any graph and let G = {G, | v € VI'} be a family of groups
such that the group G, is virtually polycyclic for every v € VI'. Then the group G =1'G
is HCS.
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SEPARABILITY PROPERTIES OF AUTOMORPHISMS OF GRAPH
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PRODUCTS OF GROUPS

MICHAL FEROV

ABSTRACT. We study properties of automorphisms of graph products of groups. We
show that graph product I'G has non-trivial pointwise inner automorphisms if and only
if some vertex group corresponding to a central vertex has non-trivial pointwise inner
automorphisms. We use this result to study residual finiteness of Out(I'G). We show
that if all vertex groups are finitely generated residually finite and the vertex groups
corresponding to central vertices satisfy certain technical (yet natural) condition, then
Out(T'G) is residually finite. Finally, we generalise this result to graph products of
residually p-finite groups to show that if I'G is a graph product of finitely generated
residually p-finite groups such that the vertex groups corresponding to central vertices
satisfy the p-version of the technical condition then Out(I'G) is virtually residually
p-finite. We use this result to prove bi-orderability of Torelli groups of some graph
products of finitely generated residually torsion-free nilpotent groups.
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1.1. Motivation. Recall that a group G is residually finite (RF) if for every g € G\ {1}
there is a finite group F' and a homomorphism ¢: G — F such that ¢(g) # 1 in F.
The main motivation to study residually finite groups is that they can be approximated
by their finite quotients. In case of finitely presented groups this approximation can be
used to solve the word problem: Mal’cev [11] constructed an algorithm that uniformly
solves the word problem in the class of finitely presented RF groups.
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Baumslag [2] proved that if G is a finitely generated RF group then Aut(G), the
group of automorphisms of G, is RF as well. One could ask whether this result can be
generalised to Out(G) = Aut(G)/ Inn(G), the group of outer automorphisms? Negative
answer to this question was provided by Bumagin and Wise in [3] when they proved that
for every finitely presented group O there is a finitely generated residually finite group
G such that Out(G) = O. The question that naturally arises is: what properties does a
finitely generated RF group G need to satisfy to ensure that Out(G) is RF as well?

1.2. Grossman’s criterion. An automorphism ¢ € Aut(G) is pointwise inner if ¢(g)
is conjugate to g for every g € G. Let Autpi(G) denote the set of all pointwise inner
automorphisms of G. We say that a group G has Grossman’s property (A) if every
pointwise inner automorphism of G is inner, i.e. if Autp(G) = Inn(G). We say that G
is conjugacy separable (CS) if for every tuple f,g € G such that f is not conjugate to
g there exists a finite group F' and a homomorphism ¢: G — F such that ¢(f) is not
conjugate to ¢(g). Grossman [8, Theorem 1| proved that if G is a finitely generated CS
group with Grossman’s property (A) then Out(G) is residually finite. We call groups
that satisfy this criterion Grossmanian groups, i.e. a group G is Grossmanian if G is
a finitely generated CS group with Grossman’s property (A). However, these are not
necessary conditions; see Section 2 for a discussion.

1.3. Statement of results. Another natural question to ask is how does the property
of having a residually finite group of outer automorphisms behave under group theoretic
constructions? In this paper we study the case of graph products of groups, which
naturally generalise the notion of free products and direct products in the category of
groups.

Let I' be a simplicial graph, i.e. VI'is aset and ET C (V;), andlet G = {G, |v e VI'}
be a family of non-trivial groups. The group I'G, the graph product of the family G with
respect to I, is the quotient of the free product *,cy1G, modulo relations of the form

JuGv = Gvgu Vu € Gy, Vg, € Gy, whenever {u,v} € ET.

The groups G, are called verter groups. In this study we will be considering only finite
graph products, i.e. |VI'| < oo. Clearly, if I is totally disconnected then the graph
product I'G is equal to *,cy Gy, the free product of the vertex groups, and similarly,
if I' is complete then I'G is equal to X,cyrGy, the direct product of the vertex groups.
Note that we will always assume that the vertex groups are non-trivial, i.e. G, # {1}
for all v € VT

In the case when all vertex groups are infinite cyclic we are talking about right angled
Artin groups (RAAGs). If all vertex groups are cyclic of order two then we are talking
about right angled Coxeter groups (RACGs). We quickly list some partial results on
residual finiteness of outer automorphisms of graph products of residually finite groups.
In [13] Minasyan showed that if G is a finitely generated RAAG then G is CS and has
Grossman’s property (A), hence Out(G) is RF by Grossmans criterion. Independently
of Minasyan, Charney and Vogtmann [5] proved that outer automorphism groups of
finitely generated RAAGs are RF. In [4] Carette proved that if G is a finitely generated
RACG then Out(G) is RF.
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Following the results presented in [14] residual finiteness of outer automorphism groups
of free products of finitely generated RF groups is well understood. However, it is
not known whether the class of finitely generated RF groups with RF group of outer
automorphisms is closed under direct products (see Question 8.1). To overcome this
obstacle we introduce the following class of groups.

We will say that a group G is inner automorphism separable (IAS) if every non-
trivial outer automorphism of GG can be realised as a non-trivial outer automorphism of
some finite quotient of G (see Section 2 for formal definition). Obviously, if G is IAS
then Out(G) is RF. In Section 2 we show that the class of TAS groups is closed under
taking direct products (see Corollary 2.5). In Section 3 we give examples of TAS groups.
In particular, we show that Grossmanian groups are IAS (see Corollary 3.3) and that
virtually polycyclic groups are TAS (see Lemma 3.5).

Let T be a graph. We say that a vertex v € VI is central in T if {u,v} € ET for all
u € VI'\ {v}, i.e. vis central if it is adjacent to all the vertices of I' (apart from itself).

In Section 5 we study pointwise inner automorphisms of graph products and we prove
the following theorem.

Theorem 1.1. Let T be a finite graph without central vertices and let G = {G, | v € VT'}
be a family of non-trivial groups. Then the group I'G has Grossman’s property (A).

As a consequence, we give the following characterisation of graph products with Gross-
man’s property (A).

Corollary 1.2. Let T be a finite graph and let G = {G, | v € VT'} be a family of non-
trivial groups. The group G = I'G has Grossman’s property (A) if and only if all vertex
groups corresponding to central vertices of I' have Grossman’s property (A).

In Section 6 we study separability of conjugacy classes in graph products of residually
finite groups and using Theorem 1.1 we prove the following.

Theorem 1.3. Let T be a finite graph without central vertices and let G = {G, | v € VT'}
be a family of non-trivial finitely generated RF groups. Then the group I'G is IAS and,
consequently, Out(I'G) is RF.

Note that this theorem generalises the result of Minasyan and Osin in [14] on residual
finiteness of outer automorphism groups of free products of finitely generated RF groups.
Combining Theorem 1.3 with Corolary 2.5 we obtain the following.

Corollary 1.4. Let T be a finite graph and let G = {G, | v € VT'} be family of non-
trivial finitely generated RF groups. Assume that G, is IAS whenever v is central in T'.
Then the group T'G is IAS and, consequently, Out(I'G) is RF.

Next, combining Corollary 1.4 with Lemma 3.5 (virtually polycyclic groups are IAS)
we get the following.

Corollary 1.5. Let T be a finite graph and let G = {G,, | v € VT'} be a family of virtually
polycyclic groups. Then the group I'G is IAS and Out(I'G) is RF.

Suppose that p € N is a prime number. In Section 7 we prove a p-analogue to Theorem
1.3:
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Theorem 1.6. Let I be a finite graph without central vertices and let G = {G, | v € VT'}
be a family of non-trivial finitely generated residually p-finite groups. Then the group
I'G is p-IAS, Outy,(I'G) is residually p-finite and Out(I'G) is virtually residually p-finite.

See Section 7 for definitions of residually p-finite groups, p-IAS groups and Out,.
As a matter of fact, we show that the class of finitely generated residually p-finite p-
IAS groups is closed under direct products (See Lemma 7.3) and using that we prove a
p-analogue to Corollary 1.4:

Corollary 1.7. Let T be a finite graph and let G = {G, | v € VT'} be a family of non-
trivial finitely generated residually p-finite groups. Assume that G, is p-IAS whenever v
is central in I'. Then the group I'G is p-IAS and, consequently, Out,(I'G) is residually
p-finite and Out(T'G) is virtually residually p-finite.

Let G be a group. The Torelli group of G, Tor(G) < Out(G), consists of all outer
automorphisms of G that act trivially on the abelianisation of G; see Section 7 for the
formal definition of Tor(G). Finally, we use Theorem 1.6 to establish bi-orderability for
Torelli groups of certain graph products of residually torsion-free nilpotent groups.

Theorem 1.8. Let I" be a finite graph without central vertices I' and let G = {G, | v €
VT'} be a family of non-trivial residually torsion-free nilpotent groups. Then Tor(G) is
residually p-finite for every prime number p and is bi-orderable.

2. DIRECT PRODUCTS OF C-IAS GROUPS AND BAUMSLAG’S METHOD

Let G be a group and suppose that H < G; we will use H <¢; G to denote that
|G : H| < oo. Similarly, we will use N <¢; G to denote that N <G and |G : N| < co.

2.1. Pro-C topologies on groups. Let G be a group and let C be a class of finite
groups. If F' € C then we say that F' is a C-group. We say that N JG is a co-C
subgroup of G if G/N € C and we say that G/N is a C-quotient of G. We will use
Ne(G) = {N<G | G/N € C} to denote the set of co-C subgroups of G. In this paper
we will always assume that the class C satisfies the following closure properties:

(c1) subgroups: let G € C and H < Gj; then H € C,
(c2) finite direct products: let G1,Gy € C; then G; x G2 € C.

In this case one can easily check that for every group G the system of subsets By =
{gN | g € G,N € Ne(G)} C P(Q) forms a basis of open sets for a topology on G. This
topology is called the pro-C topology on G and we will use pro-C(G) when referring to
it. If C is the class of all finite groups then the corresponding group topology is called
the profinite topology on G and is denoted PT (G). If C is the class of all finite p-groups,
where p is a prime number, then the corresponding group topology is referred to as pro-p
topology on G and is denoted as pro-p(G).

We say that a subset X C G is C-closed or C-separable in G if it is closed in pro-
C(G); C-open subsets of G are defined analogically. One can show that if the class C
satisfies (c1) and (c2) then, equipping a group with its pro-C topology, is actually a
faithful functor from the category of groups to the category of topological groups, i.e.
group homomorphisms are continuous with respect to corresponding pro-C topologies
and group isomorphisms are homeomorphisms.
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We say that a group G is residually-C if for every g € G \ {1} there is N € N¢(G)
such that g € N. One can easily check that for a group G the following are equivalent:

e G is residually-C,

e {1} is C-closed in G,

* Nyveneey N = {1},

e pro-C(G) is Hausdorff.

2.2. C-IAS groups. We say that a group G is C-inner automorphism separable (C-IAS)
if for every ¢ € Aut(G) \ Inn(G) there is K € N¢(G) characteristic in G such that for
the homomorphism &: Aut(G) — Aut(G/K) given by

R()(gK) = ¥(g9)K

for every ¢ € Aut(G) and g € G we have k(¢) ¢ Inn(G/K). In other words, group G is C-
IAS if every outer automorphism of GG can be realised as non-trivial outer automorphism
of some C-quotient of G.

The main idea of Baumslag’s elegant proof presented in [2], which was later used by
Grossman in [8], was to use the fact that if G is a finitely generated group then for every
K <¢; G there is L <¢; G such that L < K and L is characteristic in G. The main goal
of this section is to adapt Baumslag’s method to prove the following.

Proposition 2.1. Let C be a class of finite groups satisfying (c1) and (c2). Let A, B be
finitely generated C-TAS residually-C groups. Then the group A x B is C-IAS.

For a group G we will use End(G) to denote the set of all endomorphisms of G.
Similarly, for groups A, B we will use Hom(A, B) denote the set of all homomorphisms
from A to B. Note that Hom(A, A) = End(A) for every group A.

Now let A, B be groups and let ¢ € End(A x B) be arbitrary. Set ¢4 = ¢ [ax{1) and
¢5 = ¢ [{1}xp- Obviously, for a € A,b € B we have ¢((a,b)) = ¢a((a,1))¢p((1,0)).
It is easy to see that there are uniquely given @ € End(A) and v € Hom(A, B) such
that ¢4((a,1)) = (a(a),y(a)). Similarly, there are uniquely given § € Hom(B, A) and
B € End((1, B)) such that ¢p((1,b)) = (6(b), 5(b)). We sum up this simple observation
in the following simple remark, which will be crucial for proving Proposition 2.1.

Remark 2.2. Let A, B be groups. For every ¢ € End(A x B) there are uniquely given
a € End(A), v € Hom(A, B) and § € End(B), § € Hom(B, A) such that ¢((a,b)) =
(a(a)d(b),v(a)B(b)) for alla € A and b € B.

Let A, B be groups, suppose that K4 <A, Kp<Bandlet ¢4: A— A/Ka, ¢¥p: B —
B/Kp be the corresponding natural projections. Clearly, the map

Yap: Hom(A, B) - Hom(A/K 4, B/Kp)
given by

ba,p()(aka) = da) K,

for all a € A and ¢ € Hom(A, B) is well defined if and only if ¢(K4) C Kp for every
¢ € Hom(A, B), or equivalently, if K4 C ¢~!(Kp) for every ¢ € Hom(A, B). We use this
observation together with Remark 2.2 to adapt Baumslag’s method to direct products.
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Lemma 2.3. Let A, B be finitely generated groups and let K4 € Ne(A), K € Ne(B)
be arbitrary. Then there are Ly € N¢(A), Lp € Ne(B) such that all of the following
hold:

1) Lo < K4 and Lp < Kp,

2) Ly is fully characteristic in A,

3) Lp is fully characteristic in B,

4) La €~y YLp) for all v € Hom(A, B),

5) Lp C 6 Y(La) for every § € Hom(B, A)

6) La x Lp is fully characteristic in A x B.

Proof. Set k = max{|A: K4|,|B: Kp|} and denote

La={MeNc(A)[||A: M| <k},

Lp={N e N¢(B)||B:N|<k}.
As A is finitely generated, we see that for every n € N there are only finitely many
H4 < A such that |A : Ha| = n, hence we see that £4 is a finite subset of N¢(A). By a
similar argument we see that Lp is a finite subset of N¢(B). Now set La = (\yrep, M
and Lp = (\yer, V- As L4 is a finite subset of N¢(A) we see that L4 € Ne(A) and by
an analogous argument we see that Lg € N¢(B).

Let ap € Hom(A, A) be arbitrary. Note that ag'(M) € Ng(A) and |A : oy H(M)] <

|A - M| for every M € Nc(A). Thus if M € L4 then ay' (M) € La. We see that

ag' (La)=og" | [ M| =[] eg'M)2 (| M=1La
MELA MEeLy MeL

and thus Ls C ag*(La) for every ap € Hom(A, A), i.e. Ly is fully characteristic in A.
Similarly, for 7o € Hom(A, B) we have v, '(N) € Nc(A) and |A: v '(N)| < |B : N|
for every N € Ng(B) and thus if N € Lp then 751 (N) € £L4. We see that

W) =7%"l (N N]=() %' ™2 ) M=La
NeLp NeLp MeL

and thus La C ~y '(Lp) for every vo € Hom(A4, B).

Using analogous arguments one can easily check that Lp C 3y (L) € Hom(B, B),
i.e. Lp is fully characteristic in B, and Lg C d; (L) for every o € Hom(B, A).

Now, let ¢ € End(A x B) be arbitrary. Following Remark 2.2 we see that there are
uniquely given o« € Hom(A, A), € Hom(B, B), v € Hom(A, B) and 6 € Hom(A, B)
such that ¢((a,b)) = (a(a)d(b), B(b)y(a)) for all @ € A, b € B. Note that a(La) < L,
B(Lp) < Lp,y(La) < Lp and §(Lp) < La. We see that

(ﬁ(LA X LB) - a(LA)(S(LB) X IB(LB)’)/(LA) - LA X LB
and hence L4 x Lp is fully characteristic in A x B. O

We say that a homomorphism a: A — B, where A, B are groups, is trivial if a(a) =1
for all a € A. Before we proceed to the proof of Proposition 2.1 we state one simple
observation.
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Remark 2.4. Let A, B be groups and let ¢ € Aut(A x B). If ¢ € Inn(A x B) then
6(A) C A and 6(B) C B.

Now we are ready to prove Proposition 2.1

Proof. Let ¢ € Aut(A x B) be arbitrary such that ¢ ¢ Inn(A x B). Following Remark
2.4 we see that there are two disjoint cases:

(i) either ¢p(A) € A or ¢(B) B,

(i) 9(4) C A and 6(B) C B.
Following Remark 2.2 we see that there are o € End(A), 6 € Hom(B, A), v € Hom(A, B)
and 5 € End(B) such that ¢(a,b) = (a(a)d(b),v(a)B(b)) for all a € A, b € B.

Suppose that (i) is the case. This means that either « is non-trivial or § is non-trivial.
Without loss of generality we may assume that § is non-trivial, i.e. there is by € B\ {1}
such that d(by) € A\ {1}. As both A, B are residually-C there are K4 € N¢(A) and
Kp € N¢(B) such that 6(by) € K4 and by ¢ Kp. By Lemma 2.3 we see that there are
Ly e Ne(A) and L € Ng(B) such that Ly < Ka, Lp < Kp, Ly is fully characteristic
in A, Lp is fully characteristic in B, Ly € v~ !(Lp) for all v € Hom(A4, B), L € 6 (L 4)
for every 0 € Hom(B, A) and L4 x Lp is fully characteristic in A x B. We see that the
natural projections ¥4: A — A/La, ¥p: B — B/Lp induce maps

Ya: Hom(A, A) — Hom(A/La, A/L,),

Yp: Hom(B, B) — Hom(B/Lg, B/Lg),
Yap: Hom(A, B) — Hom(A/La, B/Lp),
Yp.a: Hom(B, A) — Hom(B/Lp, A/La).

)

Let ¢: AxB — (Ax B)/(LaxLp) = A/Lax B/By be the natural projection. Clearly,
for the induced homomorphism 1: Aut(A x B) — Aut(A/Ls x B/Lp) we have

P(@)(@La,bLs) = (Da(a)(@La)05.4(0) L), a.5(1) (L)05(8) (VL)
= (a(a)3(0) L4, (a) B(1) L)

for all a € A, b € B. Note that by € Lp and 6(by) ¢ La, thus bpLp is not the identity
in B/Lp and &(bg)La is not the identity in A/L4. As ¢p a(8)(boLg) = 6(bo)La we see
that 1p_(0) is not trivial and consequently ¢ (¢)(B/Lg) € B/Lp. This means that
$(6) ¢ n(A/Ls x B/Lp).

Suppose that (ii) is the case. This means that d, -y are trivial and either o € Aut(A4)\
Inn(A) or 8 € Aut(B) \ Inn(B). Without loss of generality we may assume that a ¢
Inn(A). Since A is C-IAS by assumption we see that there is K4 € N¢(A) characteristic
in A such that for the induced homomorphism #: Aut(A) — Aut(A/L4) we have k(«a) &
Inn(A/K4). Note that B € N¢(B), thus we can set Kp = B and use Lemma 2.3 to
obtain Ly € N¢(A) and L € Ng(B) with the desired properties. We see that for
the homomorphism t¢: Aut(A x B) — Aut(A/L4 x B/Lg) induced by the natural
projection 1: A x B — A/L4 x B/Lp we have ¢(¢)(aLa,bLp) = (a(a)L 4, B(b)Lg)
for all @ € A, b € B. Since Ly < K4 we see that 14(a) ¢ Inn(A/L,) and thus

Y(¢p) € Inn(A/Ls x B/Lp).
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In each case we were able to realise the automorphism ¢ € Aut(A x B) \ Inn(A x B)
as non-inner automorphism of a C-quotient of A x B and hence we see that the group
A x B is C-TAS. O

Applying Proposition 2.1 to the class of all finite groups we get the following corollary.

Corollary 2.5. Let A, B be finitely generated groups RF groups and suppose that both
A and B are IAS. Then A x B is IAS and, consequently, Out(A x B) is RF.

3. EXAMPLES OF C-IAS GROUPS AND GROSSMANS METHOD

Let G be a group and suppose that H < G. For g € G we will use ¢ to denote
{hgh~! | h € H}, the H-conjugacy class of g. For f,g € G we will use f ~g g to
denote that f € gf’. Suppose that f %¢ g. We say that the pair (f,g) is C-conjugacy
distinguishable (C-CD) in G if there is a group F' € C and a homomorphism ¢: G — F
such that ¢(f) #r ¢(g). Equivalently, the pair (f, g) is C-CD in G if there is N € N¢(G)
such that f N NgN = 0 in G. Clearly, the group G is C-CS if for all f,g € G the
pair (f,g) is C-CD whenever f ¢ g. It is easy to see that the conjugacy class ¢© is
C-separable in G if the pair (f, g) is C-CD for every f € G\ g©.

To simplify our proofs we will often use the following remark.

Remark 3.1. Let G be a group and let f,g € G such that f #a g. The pair (f,g)
is C-CD if and only if there is a group F and a homomorphism ¢: G — F such that

¢(f) #r ¢(g) and the pair (¢(f), d(g)) is C-CD in F.

The following lemma uses an adaptation of the method that Grossman used to prove
[8, Theorem 1].

Lemma 3.2. Let G be a finitely generated group and assume that for every ¢ € Aut(G)\
Inn(G) there is an element g € G such that ¢(g) +#c g and the pair (¢(g),g) is C-CD in
G. Then the group G is C-IAS.

Proof. Take any ¢ € Aut(G)\Inn(G). By assumption, there is g € G such that ¢(g) %g ¢
and the pair (¢(g),g) is C-CD. There is N € N¢(G) such that ¢(g)N NgEN = . Set

K= () ¢ 'm).

peAut(G)

Obviously, K is characteristic in G. Also, |G : ¢ }(INV)| < |G : N| for every ¢ € Aut(G).
As G is finitely generated we see that K is actually an intersection of finitely many
co-C subgroups of G and thus K € N¢(G). Let k: G — G/K be the natural projection
and let £: Aut(G) — Aut(G/K) be the induced homomorphism. As K < N we see
that ¢(g)K N g¢K = §. This means that 7(¢)(9K) = ¢(9)K #c/x gK and thus
R(¢) € Inn(G/K). We see that G is C-IAS. O

We say that a group G is C-Grossmanian if G is finitely generated, C-CS group with
Grossman’s property (A).

Corollary 3.3. If G is a C-Grossmanian group then G is C-IAS.
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Proof. Let ¢ € Aut(G) \ Inn(G) be arbitrary. As G has Grossman’s property (A) we see
that there is ¢ € G such that ¢(g) #¢ g. As G is C-CS we see that the pair (¢(g), g) is
C-CD in G. The group G is C-IAS by Lemma 3.2. g

As mentioned in the introduction, applying Corollary 3.3 to the class of all finite
groups we see that Grossmanian groups are TAS.

We say that a group G satisfies the centraliser condition (CC) if for every g € G and
K <;; G there is L <¢; GG such that L < K and

Ca(¥(9)) <9 (Ce(g)K) in G/L

where ¢: G — G/L is the natural projection.

We say that a group G is hereditarily conjugacy separable (HCS) if G is CS and for
every H <¢; G we have that H is CS as well. The following theorem was proved by
Minasyan in [13, Proposition 3.2].

Theorem 3.4. Let G be a group. Then the following are equivalent:
(a) G is HCS;
(b) G is CS and satisfies CC.

Recall that a group is TAS if it is C-IAS in the case when C is the class of all finite
groups. Before we proceed to utilise Minasyan’s theorem to show that virtually polycyclic
groups are TAS we will need one more definition: we say that a group G is double coset
separable if for every pair of finitely generated subgroups H, K < G and an arbitrary
element g € G the subset HgK = {hgk | h € H,k € K} is separable in PT(G). Virtually
polycyclic groups are double coset separable by [15] and conjugacy separable by [6, 16].
As every subgroup of a virtually polycyclic group is a virtually polycyclic group we see
that virtually polycyclic groups are actually HCS.

Lemma 3.5. Virtually polycyclic groups are IAS.

Proof. Let G be a virtually polycyclic group and let ¢ € Aut(G) \ Inn(G) be arbitrary.

If ¢ is not pointwise inner then there is g € G such that ¢(g) 7 g. As stated before,
virtually polycyclic groups are CS, thus there is N <¢; G such that ¢(g)N N g"N = .
As @ is finitely generated we might without loss of generality assume that N is actually
characteristic in G. Let v: G — G/N be the natural projection. Using the same
argument as in the proof of Lemma 3.2 we see that for the induced homomorphism
v: Aut(G) — Aut(G/N) we have 0(¢) € Aut(G/N) \ Inn(G/N).

So, we can further suppose that ¢ is pointwise inner. Let {g1,...,9,} C G be some
generating set for G. By assumption for every i € {1,...,n} there is ¢; € G such that
o(g:) = cigicjl. Clearly there is no ¢ € G such that cg;c™! = cl-gic;l foralli=1,...,n
because otherwise the automorphism ¢ would be inner. Equivalently, ¢ is not inner if
and only if

(1) c1Cq(g1) N+ NeCa(gn) =0 in G.

Set G = G™, where G™ is the n-fold direct product of G, and let D = {(g,...,9) | g €
G} < G be the diagonal subgroup of G. Clearly, the condition (1) holds if and only if
céd Cg(ﬁ)b in G, where g = (g1,...,9n) € G and € = (c1,...,¢,) € G. Note that G
is a virtually polycyclic group and thus it is double coset separable. Every subgroup
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of a virtually polycyclic subgroup is virtually polycyclic and thus it finitely generated.
Hence Cx(g) < G is finitely generated. By double coset separability of G' we see that
there is N <G such that |G : N| < co and N N Cx(g)D = 0. Let ¢; : G — G be the
injection of G onto the j-th coordinate group of G for j =1,...,n and set
K=" (1(@NN)Nn---Net (1n(G)NN) < G.
Let K=K" é@ be the n-fold direct product of K. Note that K <g; G, K <¢; G and
K < N thus ¢K N Cx(g)D = (. This is equivalent to
c1Ca(g)KN---NcyCq(gn)K =0 in G.

Virtually polycyclic groups are hereditarily conjugacy separable and thus, by Theorem
3.4, they satisfy CC. We see that for every i € {1,...,n} there is L; <¢; G such that
L; < K and

Cayr,(i(9:)) € ¥i(Ca(g:)K) in G/ L,
where ¢);: G — G/L; is the natural projection. As G is finitely generated we may without
loss of generality assume that L; is actually characteristic in G. Set L = Ly N ---N Ly,.
Clearly, L is characteristic in G, L < K and for every i € {1,...,n} we have

Ca/r(¥(gi) € ¥(Calgi)K) in G/L,
where ¢: G — G/L is the natural projection. We see that
Y(c1)Cayr(¥(g1))N: - -MY(cn)Cayr(¥(gn)) € ¥(e1Cq(g1)K)N: - -Mip(cnCalgn)K) in G/L.
Suppose that there is some ¢ € G such that
cL € Y(c1Cc(g1)K) N+ NY(enCa(gn)K) in G/L.
This means that
c e (Y(e1Ca(91)K) N - N(eaCalgn) K)) =

7 ((e1Calg)K)) N--- Ny~ (Y(enCalgn) K)) =

(c1Ca(g1)K)L NN (enCa(gn) K)L =

c1Ce(g)KN---NepCalgn)K =0

which is a contradiction. Therefore

(2) ¥(e1)Cqyr((g1)) N -+ Np(en)Coyr(¥(gn)) = 0 in G/L.
It follows that for the induced homomorphism : Aut(G) — Aut(G/L) we have U(9) &
Inn(G/L). We see that G is IAS. O

4. PROPERTIES OF GRAPH PRODUCTS OF GROUPS

In this section we will recall some basic theory of graph products that was introduced
in [7] by Green and theory of cyclically reduced elements leading to conjugacy criterion
for graph products of groups introduced in [10].

Let G = I'G be a graph product. Every g € G can be obtained as a product g =
g1 -..9n, where g; € G, for some v; € VI'. However, this is not given uniquely. We say
that a finite sequence W = (¢1,...,9y) is a word in I'G if ¢; € G,, for some v; € VI for
1=1,...,n. We say that g; is a syllable of W and that the number n is the length of W.
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We say that the word W represents g € G if g = g1 ... ¢gn. We can define the following
three types of transformations on the word W:

(T1) remove a syllable g; if g; = 1,

(T2) remove two consecutive syllables g;, g;+1 belonging to the same vertex group and
replace them by a single syllable g;g;+1,

(T3) interchange consecutive syllables ¢; € G,, and g;+1 € G, if {u,v} € ET.

Transformations of type (T3) are called syllable shuffling. Note that the transformations
of types (T1) and (T2) reduce the length of W by 1, whereas (T3) preserves it. We say
that word W is reduced if it is of minimal length, i.e. no sequence of transformations
(T1) - (T3) will produce a word of shorter length. Obviously, if we start with a word W
representing an element g € G then by applying finitely many of the above transforma-
tions we will rewrite W to a reduced word W’ that represents the same element g. The
following theorem was proved by Green [7, Theorem 3.9] in her Ph.D. thesis.

Theorem 4.1 (The normal form theorem). Every element g € I'G can be represented by
a reduced word. Moreover, if two reduced words represent the same element of the group,
then one can be obtained from the other by applying a finite sequence of syllable shuffling.
In particular, the length of a reduced word is minimal among all words representing g,
and a reduced word represents the identity if and only if it is the empty word.

Thanks to Theorem 4.1 the following definitions make sense. Let g be an arbitrary
element of G and let W = (¢1,...,9,) be a reduced word representing g in G. We use
|g| = n to denote the length of g and we define the support of g to be

supp(g) = {v e VI' | 3i € {1,...,n} such that g; € G,}.

We define FL(g) C VT as the set of all v € VT such that there is a reduced word W
that represents the element g and starts with a syllable from G,. Similarly we define
LL(g) C VT as the set of all v € VT such that there is a reduced word W that represents
the element g and ends with a syllable from G,. Note that FL(g) = LL(g™}).

Every subset of vertices X C VI induces a full subgraph I'x of the graph I". Let
G x be the subgroup of G generated by the vertex groups corresponding to the vertices
contained in X . Subgroups of G that can be obtained in such way are called full subgroups
of G; according to standard convention, Gy = {1}. Using the normal form theorem one
can easily show that Gx is naturally isomorphic to the graph product of the family
Gx = {G, | v € X} with respect to the full subgraph I'yx. It is also easy to see that
there is a canonical retraction px: G — Gx defined on the standard generators of G as
follows:

g if g € G, for some v € X,
px(9) = :
1 otherwise.

We will often abuse the notation and sometimes consider the retraction px as a surjective
homomorphism px: G — Gx and sometimes as an endomorphism px: G — G. In that
case writing px o py, where Y C VI', makes sense.

Let A, B C VI be arbitrary. Let G4, Gp < G be the corresponding full subgroups of
G and let p4, pp be the corresponding retractions. One can easily check that p4 and pp
commute: pg o pp = pp o pa. It follows that G4 N Gp = Ganp and pa o pB = pPAnNB-
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For a vertex v € VI we will use link(v) to denote {u € VT | {u,v} € ET}, the set of
vertices adjacent to v, and we will use star(v) to denote link(v) U {v}. If S C VT then
link(S) = Nyeg link(v) and star(S) = Nyeg star(v).

We will use Ng(H) to denote the normaliser of a subgroup H in a group G. The
following remark is a special case of [1, Proposition 3.13].

Remark 4.2. Let v € VI'. Then Ng(Gy) = Ggpar(e) = GuGlink(v) = Gov X Glink(v)-

For g € Gand H < G we will use Cg(g) to denote {c € H | cg = gc}, the H-centraliser
of g in G. The following remark is a special case of [10, Lemma 3.7].

Remark 4.3. Letv € VI and let a € G,\{1} be arbitrary. Then Cg(a) = Cg,(a)Giink(a)
Ca,(a) X Glink(a)-

Let G =T'G be a graph product and let g1,...,g, € G be arbitrary. We say that the
element g = g1 ... gy is a reduced product of gi,...,gn if |g| = |g1| + - + |gnl-

Let ¢ € G. We define S(g) = supp(g) N star(supp(g)). We also define P(g) =
supp(g) \ S(g). Obviously g uniquely factorises as a reduced product g = s(g)p(g)
where supp(s(g)) = S(g) and supp(p(g)) = P(g). We call this factorisation the P-S
decomposition of g.

Let g € G,let W = (g1, ..., 9n) be areduced expression for g. We say that a sequence
W' = (gj+1,---,9n,91,--.,95), where j € {1,...,n — 1}, is a cyclic permutation of W.
We say that the element ¢’ € G is a cyclic permutation of g if ¢’ can be expressed by a
cyclic permutation of some reduced expression for g.

Let W = (g1,...,9n) be some reduced expression in G. We say that W is cyclically
reduced if all cyclic permutations of W are reduced. The following lemma was proved in
[10, Lemma 3.8].

Lemma 4.4. Let g € G be arbitrary and let W = (g1, ... gn) be some reduced expression
for g. If W is cyclically reduced then all reduced expressions representing g are cyclically
reduced.

Let g € G be arbitrary. We say that g is cyclically reduced if either ¢ is trivial or
some reduced word representing ¢ is cyclically reduced. The following characterisation
of cyclically reduced elements was given in [10, Lemma 3.11]

Lemma 4.5. Let g € G. Then the following are equivalent:
(i) g is cyclically reduced,
(i) (FL(g) NLL(g)) \ S(g) =0,
(iii) FL(p(g)) NLL(p(g)) =0,
(iv) p(g) is cyclically reduced.

One of the consequences of Lemma 4.5 is the fact that for every g € G there is gg € G
such that ¢ ~g go and gg is cyclically reduced. We will use this fact often without
mentioning.

Conjugacy criterion for graph products of groups was proved in [10, Lemma 3.12].

Lemma 4.6 (Conjugacy criterion for graph products). Let x,y be cyclically reduced
elements of G =1'G. Then x© ~qg y if and only if the all of the following are true:

(i) |z| = |y| and supp(z) = supp(y),

12
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(ii) p(x) is a cyclic permutation of p(y),
(iit) s(y) € s(x)%s@),

5. POITWISE INNER AUTOMORPHISMS OF GRAPH PRODUCTS

The aim of this section is to prove Theorem 1.1 and Corollary 1.2.
We will need the following technical lemma about conjugators of minimal length.

Lemma 5.1. Letu € VT, a € G,\{1} and let ¢ € End(G). Letv € VI andb € G, \{1}.
Suppose that ¢(a) € G, \ {1}, ¢(b) € GG\ {1} and ¢(ab) ~g ab. Pickb' € G, and w € G
such that ¢(b) = wb'w™" and |w| is minimal. Then w € Ng(Gu) = Gstar(w) = Glink(u) Gu-

Proof. By assumption ¢(a) = o/, for some o’ € G, \ {1}. Clearly w can be factorised
as reduced product w = zyz, where x € Ng(Gy), z € Ng(Gy) and LL(y) N star(v) =
() = FL(y) Nstar(u). First we show that z = 1. Assume z € Ng(G,) \ {1}. Then we
can set b = 20/271 and w’ = zy. Clearly, ¢(b) = w'b"w'~! and |w'| < |w| which is a
contradiction with our choice of ¥’ and w. We see that z = 1.

Now we show that y = 1. Obviously

1 1 1

ab ~g ¢lab) = dzyb'ytal ~q (27 d z)ybly L.
Denote s = (z~ta'z)yb'y 1.

It follows that = 'a’x € G, \ {1} and &' € G, \ {1}. Suppose that y # 1. Since
LL(y) N star(v) = 0 = FL(y) N star(u), we see that s is a reduced product of four
non-trivial elements of G and thus |s| > 4.

Note that FL(s) = {u} and LL(s) = LL(y~!) = FL(y) and thus s is cyclically reduced
by Lemma 4.5 as FL(s) N LL(s) = 0. Clearly |s| > 2, but also s ~¢g ab and |ab| < 2
which is a contradiction with Lemma 4.6, thus y = 1 and consequently w € Ng(Gy,).

By Remark 4.2 we see that Ng(Gu) = Ggar(u) = GuGlink(u)- O

Corollary 5.2. Let ¢ € End(G) be such that ¢(g) ~q g for every g € G with |g| = 1.
Suppose that there isv € VI and a € Gy, \ {1} such that ¢(a) € Gy. Then ¢(G,) C G,.

Proof. Take arbitrary b € G, \ {1}. We see that ¢(b) ~c b by assumption and thus
¢(b) # 1. Clearly |ab] < 1 and thus ¢(ab) ~g ab as well. Pick v/ € G, \ {1} and
w € G such that ¢(b) = wb'w™! and |w| is minimal. By Lemma 5.1 we see that
w € GyGiink(y) = Na(Gy) and thus ¢(b) € G,. We see that ¢(Gy) C Gy. O

Corollary 5.2 tells us that for v € VI' and ¢ € End(G), such that ¢(g) ~ g for every
g € G with |g| = 1, we have either G, N ¢(G,) = {1} or ¢(Gy) C G,. Therefore it
makes sense to give the following definition. Let G = I'G be a graph product and let
¢ € End(G), such that ¢(g) ~ g for every g € G with |g| = 1. We say that a vertex
v € VI is stabilised by ¢ if ¢(Gy) C G,. We say that a subset S C VT is stabilised by
¢ if every vertex v € S is stabilised by ¢.

Lemma 5.1 together with Corollary 5.2 allows us to formulate the following corollary
as an immediate consequence. Recall that for A, B C VI' we have G4 N G = GanB.

Corollary 5.3. Let ¢ € End(G) such that ¢(g) ~a g for every g € G with |g| < 2.
Let Vo C VT be stabilised by ¢ and assume that Vo # 0. Let b € G, \ {1} be arbitrary,
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for some v € VI'. PickV € G, \ {1} and w € G such that ¢(b) = wb'w™' and |w| is
minimal. Then
w e ﬂ NG’(GU) = m Gstar(u) =Gy,
ueVy ueVy
where S = N, ey, star(v).

Recall that a vertex v € VI is called central if link(v) = VI'\ {v}. Clearly if v € VT
is a central vertex then G = G, X Gyr\(y}. Note that if VI' = {v} then v is central,
hence if the graph I" does not contain a central vertex then necessarily |VI'| > 2.

Lemma 5.4. Let ' be a finite graph without central vertices, let G = {G, |v € VT'} be
a family of non-trivial groups and let G = T'G be the graph product of G with respect to
I'. Let ¢o € Aut(G) and assume that ¢o(g) ~c g for all g € G such that |g| < 2. Then
¢o € Inn(G).

Proof. Pick ¢ € Inn(G)¢p such that the subset of vertices V) C VI stabilised by ¢ is
maximal. Evidently Vg # (). Denote

N = ﬂ NG(Gu) = m Gstar(u) :GS,

ueVy ueVp

where S = ﬂuevo star(u). First we show that all vertices of I are stabilised by ¢. Suppose
that Vy # VI. Take v € V' \ Vj and let b € G, \ {1} be arbitrary. Pick ¥/ € G, \ {1}
and w € G such that ¢(b) = wb'w™! and w € G and |w| is minimal. Note that b ~¢ b
By Corollary 5.3 we see that w € N. Let ¢, be the inner automorphism corresponding
to w. Note that ¢! 0 ¢ € Inn(G)¢ = Inn(G)¢o. Clearly ¢, (Gy) = G, for all u € Vp
and thus (¢,' 0 ¢) (Gu) € Gy. Also we see that (¢,' o) (b) =V € G, and thus by
Corollary 5.2 we see that (gb;l ) gb) (Gy) € G, which is a contradiction as ¢ was chosen
so that the set of stabilised vertices is maximal. Hence we see that V) = VT

Note that since I' does not contain central vertices we have that for every v € VI
there is w € VI'\ {v} such that {u,v} € ET. Let v € VI be arbitrary, take u € V' \ {v},
such that {u,v} ¢ ET and let a € G, \ {1}, b € G, \ {1} be arbitrary. Clearly (G,,G,) =
Giuwy = Gy x Gy. Since Gy, .y is a retract and ¢(a)@(b) € GuGy C Gy, ), We see that
ab ~q,.,, ¢(a)¢(b). By the conjugacy criterion for free products [12, Theorem 4.2] we
get that ¢(a) = a and ¢(b) = b thus ¢ [¢,= idg, .

We see that ¢ [g,= idg, for every v € VI' and thus ¢ = idg. Consequently, ¢g €
Inn(G). O

Note that Lemma 5.4 immediately implies Theorem 1.1.

Proof of Theorem 1.1. Let ¢ € Autpr(G) be arbitrary. Obviously, ¢(g) ~ g forall g € G
and hence ¢ € Inn(G) by Lemma 5.4. We see that Autpr(G) C Inn(G) and thus G has
Grossman’s property (A). O

We leave the proof of the following lemma as a simple exercise for the reader.

Lemma 5.5. Let Gy, ...,G) be groups. The group G = II'_,G; has Grossman’s property
(A) if and only if the group G; has Grossman’s property (A) for each i =1,... n.

Now we are ready to prove Corollary 1.2
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Proof of Corollary 1.2. Let C' C VI denote the set of central vertices of the graph I'.
Note that the induced full subgraph I'y ¢ does not contain central vertices, hence the
group Gyr\c has Grossman’s property (A) by Theorem 1.1. The group G splits as
G = Gry\¢ X [[,ec Gu, a direct product of finitely many groups. By Lemma 5.5 we
see that the group G has Grossman’s property (A) if and only if G, has Grossman’s
property (A) for every v € C. O

Note that Corollary 1.2 does not hold for infinite graphs. Let I' be a complete graph
on countably infinitely many vertices and let {G, | v € VI'} be a family of groups such
that G, = Fy, where Fb is the free group on two generators, for every v € VI'. We see
that G = I'G is isomorphic to [ ], .y F2. Let w € F3 \ {1} be arbitrary and consider the
automorphism ¢,, € Aut(G) defined on the coordinates as follows:

¢w(f1af27f3v .. ) = (wflw_17w2f2w_27w3f3w_3a .. )

It is obvious that ¢y, € Autpi(G) \ Inn(G), hence G does not have Grossman’s property
(A), but Fy has Grossman’s property (A) by [8, Lemma 1]. Note that the group G
can be actually obtained as a RAAG corresponding to an infinite graph without central
vertices.

In the rest of the section we prove three technical results about conjugacy in graph
products of groups that will be useful in Section 6

Lemma 5.6. Let u,v € VI' be such that {u,v} € ET" and let a € G, \ {1}, b € G, \ {1}
be arbitrary. Let ¢o € End(G) and assume that ¢o(a) ~c a and ¢o(b) ~c b. Then

¢o(ab) ~¢ ab.

Proof. Pick ¢ € Inn(G)¢g such that ¢(a) = a. Then ¢(b) = cbc! for some ¢ € G.
We see that ¢(a)¢p(b) = ¢(b)¢(a) and thus cbc! € Cg(a). By Lemma 4.3 we see that
Cg(a) = Cg,(a)Glinkw)y < GuGlink(u)- Note that GuGiinkw) = GujUlink(u) 18 a retract
of G, let p: G — GyGiin(y) be the corresponding retraction. Since v € link(u) we see
that p(b) = b. We see that chc™! = p(cbe™!) = p(c)bp(c)~t. Set ¢; = p(c). We see that
cl_lgb(ab)cl = cl_laclb. Since ¢1 € GyGiink(y) there is co € Gy, such that cl_lacl = C;lCLCQ.
As c3 € G, and {u,v} € ET' we see that

CIICZ’(ab)Cl = Cflacﬂ) = cgla@b = cglab@.
It follows that ¢g(ab) ~¢ ab. 0

Corollary 5.7. Let ¢ € End(G). Assume that ¢(g) ~q g for every g € G such that g
is cyclically reduced and S(g) = (0. Furthermore, suppose that ¢(g) ~c g for all g € G
such that |g| = 1 as well. Then ¢(g) ~c g for all g € G such that |g| < 2.

Proof. Let g € G be arbitrary such that |g| = 2. Clearly, supp(g) = {u,v} for some
u,v € VI such that u # v. One can easily check that g is cyclically reduced using
Lemma 4.5. Suppose that {u,v} ¢ ET. Then S(g) = () and ¢(g) ~¢ g by assumption.
Now suppose that {u,v} € ET. Then g = ab for some a € G, \ {1}, b € G, \ {1}.
By assumption, ¢(a) ~g a and ¢(b) ~g b as |a|] = |b] = 1. Then ¢(ab) ~¢g ab by the
previous lemma and we are done. ([l
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Lemma 5.8. Let ¢p € End(G) and let u,v € VI be such that {u,v} ¢ ET and u # v.
Let a € Gy, \ {1} and b € Gy, \ {1} be arbitrary and assume that ¢o(ab) ~a ab, ¢o(a) €
GE\ {1} and do(b) € GE\ {1}. Then go(a) ~c a and do(b) ~c b.

Proof. By assumption ¢g(a) = wea'w, ' for some a’ € G, \ {1}. Set ¢ = ¢! o ¢y, where
¢w, € Inn(G) is the inner automorphism of G corresponding to w,. Clearly ¢(ab) ~¢ ab,
p(a) = a' € Gy, \ {1} and ¢(b) € GG\ {1}. Pick ¥ € G, \ {1} and w € G such that
#(b) = whw™! and |w| is minimal. By Lemma 5.1 we see that w € Glink(u)Gu =
Ng(Gy). We have ab ~g ¢(ab) = a’wb'w™! and consequently ab ~¢ w~'a’wb’. Note
that w™'ad'w € G, since w € Ng(Gy). Denote o = wld'w. Let p: G — Gy, be
the canonical retraction corresponding to the set of vertices {u,v}. Clearly p(ab) = ab
and p(a"t’) = "V’ and ab ~q,,, a"V'. Note that Gy, ,; = Gy * G, and thus by the
conjugacy criterion for free products of groups (see [12, Theorem 4.2]) we see that a” = a
and b/ = b. Tt follows that ¢g(a) ~g a and ¢o(b) ~ b. O

6. CONJUGACY DISTINGUISHABLE PAIRS IN GRAPH PRODUCTS

We say that a class C is an extension closed variety of finite groups if the class C of finite
groups is closed under taking subgroups, finite direct products, quotients and extensions.
Obvious examples of extension closed varieties of finite groups are the following:

e the class of all finite groups;
e the class of all finite p-groups, where p is a prime number;
e the class of all finite solvable groups.

Unless stated otherwise (see Lemma 6.5 and Lemma 6.6), in this section we will assume
that the class C is an extension closed variety of finite groups. This will allow us to use
the following lemma which is a direct consequence of [10, Theorem 1.2]

Lemma 6.1. Let C be an extension closed variety of finite groups and let G =T'G be a
graph product of C-groups. Then the group G is C-CS.

The main result of this section is the following proposition.

Proposition 6.2. Let I be a finite simplicial graph without central vertices and let
G = {G, | v € VT'} be a family of non-trivial finitely generated residually-C groups.
Then the group I'G is C-1AS.

To prove Proposition 6.2 we will give sufficient conditions for the pair (f,g) to be
C-CD in the graph product (see Lemma 6.7) and then use this description to show that
if we have and automorphism ¢ such that (g,¢(g)) is not C-CD for all g € G then
necessarily ¢ must be inner.

We will use the fact that graph products have functorial property.

Remark 6.3. Let I" be a simplicial graph and let G = {G, |v e VI'}, F ={F, |v € VT'}
be two families of groups such that for every v € VI there is a homomorphism ¢y, : G, —
F,. Then there is unique group homomorphism ¢: I'G — I'F such that ¢ [g,= ¢y for
every v € VI,

The following lemma is an easy consequence of [10, Lemma 7.2].
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Lemma 6.4. Let I'G be a graph product of residually-C groups. Let f,g € G be cyclically
reduced in G and assume that f # g. Then there is F = {F,|lv € VT'}, a family of C-
groups indezxed by VI, and a homomorphism ¢,: G, = F,, for every v € VI', such that
for the corresponding extension ¢: G — F, where ' =T'F, all of the following are true:

(i) lg] = [¢(g)| and supp(g) = supp(4(9)),
(i) |f] = [o(f)] and supp(f) = supp(4(f)),
(iii) &(f), #(g) are cyclically reduced in F,

(iv) 6(f) # 9lg) in F.

We utilise Lemma 6.4 to show that conjugacy classes of certain pairs of elements of
graph products of residually-C groups can be separated in a graph product of C-groups.

Lemma 6.5. Suppose that C is a class of finite groups closed under taking direct products
and subgroups. Let T' be a graph and let G = {G, | v € VT'} be a family of residually-C
groups. Let G = I'G and suppose that f,g € G are cyclically reduced elements of G
such that f +q g and either supp(f) # supp(g) or |f| # |g|- Then there is a family of
C-groups F = {F, | v € VI'} and a homomorphism ¢: G — F, where F' = I'’F, such

that ¢(f) #r (g)-

Proof. By Lemma 6.4 there is a family C-groups F = {F, | v € VI'} such that for
every v € VI there is a homomorphism ¢,: G, — F,, such that for the corresponding
extension ¢: G — F' = T'F we have |g| = [¢(g)|, supp(g) = supp(¢(f)), |f[ = [o(f)l,
supp(f) = supp(¢(f)) and both ¢(f), ¢(g) are cyclically reduced. By Lemma 4.6 we see

that ¢(f) #r ¢(9). O

As it turns out, conjugacy classes of cyclically reduced elements with specific P-S
decomposition can be always separated.

Lemma 6.6. Suppose that C is a class of finite groups closed under taking direct products
and subgroups. Let T' be a graph and let G = {G, | v € VI'} be a family of residually-C
groups. Let G =T'G be a graph product of G with respect to I'. Let f € G be cyclically
reduced element of G such that S(f) = 0. Then for every g € G\ fC there is a family
of C-groups F = {F, | v € VI'} and a homomorphism ¢: G — F, where F' =T'F, such
that 6(f) 7£r 6(9).

Proof. Let g € G\ f¢ be arbitrary. Pick gy € G such that gy ~¢ ¢ and go is cyclically
reduced. Since S(f) = () we see that p(f) = f. Combining Lemma 4.6 with the fact that
S(f) = 0 we see that there are two possibilities to consider:

(1) supp(f) # supp(go) or |f| # |gol,

(ii) p(go) is not a cyclic permutation of f.

We can use Lemma 6.5 do deal with case (i).

Assume that supp(f) = supp(go), | f| = |go| and that p(go) is not a cyclic permutation
of f. Let {f1,..., fm} C G be the set of all cyclic permutations of f (including f). We
use Lemma 6.4 for each pair f;, go, where 1 < ¢ < m, to obtain a family C-groups
Fi = {F!Jv € VI'} with homomorphisms ¢ : G, — F! for all v € VT. For every v € VT
set K, = (N~ ker(¢!) and denote F, = G,/K,. Note that as the class C is closed
under taking subgroups and direct products the set N¢(G,) is closed under intersection
for every v € VI (see [10, Lemma 2.1]) and thus F, € C for every v € VI'. Set
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F ={F,|lv € VT'} and let ¢,: G,, — F), be the natural projection corresponding to v. Let
¢: G — I'F be the natural extension. Note that p(¢(go)) = ¢(p(90)), p(¢(f)) = o(p(f))
and ¢(f), ¢(go) are cyclically reduced in I'F. Clearly the set C' = {&(f1),...,d(fm)}
is the set of all cyclic permutations of p(¢(f)) and we see that p(¢(go)) € C, hence
p(#(go)) is not a cyclic permutation of ¢(f). By Lemma 4.6 we see that ¢(go) #rr ¢(f)
and thus ¢(g) #rr ¢(f). O

Combining Lemma 6.5 and Lemma 6.6 together with Lemma 6.1 we get the following
description of C-CD pairs in graph products.

Lemma 6.7. Let I' be a graph and let G = {G, | v € VT'} be a family of residually-C
groups. Let G =T'G be a graph product of G with respect to I'. Let g1, g2 € G be cyclically
reduced elements of G such that g1 7 g2 and either supp(g1) # supp(g2) or |g1| # |g2|-
Then the pair (g1,92) is C-CD in G. Furthermore, if f € G is cyclically reduced with
S(f) = 0 then the pair (f,g) is C-CD for every g € G\ €.

Proof. If g1, g2 € G are cyclically reduced and either supp(g1) # supp(g2) or |g1| # |92
then by Lemma 6.5 we see that there is a family of C-groups F = {F, | v € VT'} and a
homomorphism v: G — F = I'F such that v(g1) %r 7(g2). By Lemma 6.1 we see that
the group F' is C-CS and thus the pair (y(g1),7(g2))is C-CD in F. Using Remark 3.1 we
see that the pair (g1, g2) is C-CD in G.

Similarly, if f € G is cyclically reduced with S(f) = () then by Lemma 6.6 there
is a family F = {F, | v € VI'} and a homomorphism v: G — F = I'F such that
v(f) #F v(g). Again, by Lemma 6.1 we see that the group F' is C-CS and thus the
pair (7(f),7v(g)) is C-CD in F. Using Remark 3.1 we see that the pair (f,g) is C-CD in
G. O

Now we are ready to prove Proposition 6.2

Proof of proposition 6.2. Our aim is to use Lemma 3.2, hence we want to show that for
every ¢ € Aut(G) \ Inn(g) there is an element g € G such that ¢(g) % g and the pair
(¢(9),9) is C-CD.

Let ¢ € Aut(G) \ Inn(G) be arbitrary and assume that for every g € G the pair
(¢(g),9) is not C-CD in G.

If g € G is cyclically reduced with S(g) = 0 then the pair (f,g) is C-CD for every
f € G\ ¢g“ by Lemma 6.7. We see that we may assume that ¢(g) ~g g for every
cyclically reduced element g € G such that S(g) = 0. In particular ¢(ab) ~¢ ab,
whenever a € G, \ {1} and b € G, \ {1} for some u,v € VI such that {u,v} & ET.

Let us analyse what happens to g € G with |g| = 1. Let u € VI' and a € G, \ {1} be
arbitrary. Pick h € G such that h ~g ¢(a) and h is cyclically reduced. There are three
cases to consider:

(i) 1 <|hl,
(ii) |h| =1 and supp(h) # {u} = supp(a),

(iii) |h| =1 and supp(h) = {u}.

Using Lemma 6.7 we see that if (i) or (ii) is the case then the pair (a,h) is C-CD.
This means that there is a group C' € C and a homomorphism vy: G — C such that
v(a) ¢ vy(h). Consequently v(¢(a)) %c v(a) and the pair (¢(a),a) is C-CD in G. We
see that without loss of generality we may assume that ¢(g) € G5, whenever g € G, \ {1}
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for some v € VT, because otherwise the pair (¢(g), g) would be conjugacy distinguishable
as we just demonstrated.

As T" does not contain central vertices we know that for every u € VI there is v €
VI'\{u} such that {u,v} ¢ ET. Let b € G,,\{1} be arbitrary. We see that ¢(a) € GS and
$(b) € GS. Clearly the element ab is cyclically reduced and S(ab) = (), hence ¢(ab) ~g ab
by assumption. Then by Lemma 5.8 we see that ¢(a) ~c a and ¢(b) ~g b. This means
that we may assume that ¢(g) ~ g for all ¢ € G such that |g| = 1. Consequently, by
Corollary 5.7 we see that ¢(g) ~q g for all g € G such that |g| < 2. However, using
Lemma 5.4 we see that ¢ € Inn(G), which is a contradiction with our original assumption
that ¢ € Aut(G) \ Inn(G).

We see that our original assumption cannot be true, i.e. there must be an element
g € G such that ¢(g) %¢ g and the pair (¢(g),g) is C-CD in G. As G is a finite graph
product of finitely generated groups it is finitely generated and thus by Lemma 3.2 we
see that the group G is C-IAS. g

Corollary 6.8. Let T be a finite graph and let G = {G, | v € VT'} be a family of non-
trivial finitely generated residually-C groups such that the group G, is C-IAS whenever
the vertex v is central in I'. Then the group G =T'G is C-IAS.

Proof. Let C C VT denote the set of central vertices of graph I'. Note that the induced
full subgraph I'y\ ¢ does not contain central vertices, hence the group Gyr\¢ is C-IAS
by Lemma 6.2. The group Gy\¢ is residually-C by [10, Lemma 6.6]. The group G splits
as G = Gry\¢ X [[,ec Gu, a direct product of finitely many finitely generated C-IAS
residually-C groups, and thus G is C-IAS by Proposition 2.1. 0

Applying Proposition 6.2 and Corollary 6.8 to the class of all finite groups we imme-
diately obtain Theorem 1.3 and Corollary 1.4.

7. GRAPH PRODUCTS OF RESIDUALLY-p GROUPS

Let G be a group and let p be a prime number. Set K, = [G,G]G, < G, where
Gy is the subgroup of G generated by all elements of the form ¢g? for ¢ € G. Note
that K, is characteristic in G and thus the natural projection 7: G — G/K, induces
a homomorphism 7: Aut(G) — Aut(G/K)) given by 7(¢)(g9K,) = ¢(g)K), for every
¢ € Aut(G). We will use Aut,(G) to denote ker(7), i.e. the automorphisms that act
trivially on the first mod-p homology of G. Note that if G is finitely generated then
G/ K, is actually the direct product of copies of Cp, the cyclic group of order p, and we
see that G/K), is a finite p-group and thus K, is of finite index in G. Consequently, if
G is finitely generated then Aut,(G) is of finite index in Aut(G). Also since G/K), is
abelian we see that Inn(G) < Aut,(G) and thus Out,(G) = Aut,(G)/Inn(G) < Out(G).
Again, if G is finitely generated then Out,(G) is actually of finite index in Out(G).

The following is a classical result of P. Hall (see [17, 5.3.2, 5.3.3]).

Lemma 7.1. If G is a finite p-group, then Aut,(G) is also a finite p-group.

Recall that if C is the class of all finite p-groups, then the corresponding pro-C topology
on a group G is referred to as the pro-p topology on G. We say that a subset X C G
is p-closed in G if it is closed in pro-p(G). If group G is C-IAS then we say that G is
p-IAS, similarly for p-CS and p-Grossmanian groups.
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Lemma 7.2. Let G be a finitely generated p-IAS group. Then the group Out,(G) is
residually p-finite and, consequently, the group Out(G) is virtually residually p-finite.

Proof. Let ¢ € Aut,(G) \ Inn(G) be arbitrary. By definition there is N € N,(G) char-
acteristic in G such that the natural projection 7: G — G/N induces a homomor-
phism 7: Aut(G) — Aut(G/N) such that 7(¢) ¢ Inn(G/N). By Lemma 7.1 we see
that Aut,(G/N) is a finite p-group. Note that 7(Aut,(G)) < Aut,(G/N) and thus
7(¢) € Auty(G/N) \ Inn(G/N), therefore Inn(G) is p-closed in Aut,(G) and conse-
quently Out,(G) is residually p-finite. As G is finitely generated, Out,(G) is of finite
index in Out(G) and we see that Out(G) is virtually residually p-finite. O

This gives us everything we need to prove Theorem 1.6.

Proof of Theorem 1.6. Using Theorem 6.8 in the context of the class of all p-finite groups
we see that the group I'G is p-IAS. The rest follows by Lemma 7.2. O

Applying Proposition 2.1 to the class of all p-finite groups we get the following p-
analogue of Corollary 2.5.

Lemma 7.3. Let A, B be finitely generated residually p-finite p-IAS groups. Then A x
B is p-IAS and, consequently, Outy,(G) is residually p-finite and Out(G) is virtually
residually p-finite.

Proof. Applying Proposition 2.1 to the case when C is the class of all finite p-groups we
see that A x B is p-IAS. The rest follows by Lemma 7.2. O

Proof of Corollary 1.7. Denote G = I'G. Let C C VT be set of central vertices of T'.
Note that the induced subgraph I'yr\¢ does not contain central vertices and thus by
Theorem 1.6 we see that the full subgroup Gyr\c is p-IAS. We see that G splits as
G = Gy\¢ X [l,ec Gv, a direct product of p-IAS groups. The rest follows by Lemma
7.3 d

Let G be a group. Consider the natural homomorphism 7: G — G/[G,G]. Clearly
[G, G] is a characteristic subgroup of G and thus 7 induces a homomorphism

7 Aut(G) — Aut(G/[G, G]).
Note that Inn(G) < ker(7), hence 7 induces a homomorphism
™ Out(G) — Out(G/[G, G]).

The kernel of this homomorphism is the Torelli group of G (Tor(G)), i.e. ¢ € Out(G)
belongs to Tor(G) if and only if ¢ acts trivially on the abelianisation of G. Note that
Tor(G) C Out,(G) for every prime number p.

We say that a group G is bi-orderable if there exist a total ordering < of GG such that
if f <gthencf <cgand fc<gcforalle f,gecq@.

Proof of Theorem 1.8. Every residually torsion free nilpotent group is residually p-finite
for every prime p by [9, Theorem 2.1] and thus we see that Out,(G) is residually p-finite
by Theorem 1.6. As discussed earlier, Tor(G) < Nyep Outy,(G), where P denotes the set
of all prime numbers. Being residually p-finite is a hereditary property and thus Tor(G)
is residually p-finite for every prime number p. Consequently, by [18] we see that Tor(QG)
is bi-orderable. g
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8. OPEN QUESTION

Let A, B be finitely generated RF groups such that Out(A) and Out(B) are RF as well.
As follows from Corollary 2.5, if we assume that groups A, B are IAS then Out(A x B)
is RF as well. However, what if we drop this assumption? What can be said about
residual finiteness of Out(A x B)?

Question 8.1. Let A, B be finitely generated RF groups such that Out(A), Out(B) are
RF. Is Out(A x B) RF?

Clearly, if every finitely generated RF group with Out(G) RF was IAS then the class
of finitely generated groups with RF outer automorphism would be closed under taking
direct products by Proposition 2.1. This naturally leads to another question.

Question 8.2. Is there a finitely generated RF group G such that Out(G) is an infinite
RF group but G is not IAS?
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RESIDUAL PROPERTIES OF GRAPH PRODUCTS OF GROUPS

FEDERICO BERLAI AND MICHAL FEROV

ABSTRACT. We prove that the class of residually C groups is closed under taking graph
products, provided that C is closed under taking subgroups, finite direct products and
that free-by-C groups are residually C. As a consequence, we show that local embed-
dability into various classes of groups is stable under graph products. In particular, we
prove that graph products of residually amenable groups are residually amenable, and
that locally embeddable into amenable groups are closed under taking graph products.

1. INTRODUCTION AND MOTIVATION

Graph products were introduced by Green [8], and are a common generalisation of
direct and free products. When all the groups involved are infinite cyclic, the graph
products are known as right-angled Artin groups (RAAGs). In this sense, graph products
generalise direct and free products in the same way as RAAGs generalise free abelian
and free groups.

Let I' = (V, E) be a simplicial graph, i.e. V a set and E C (g) a graph with no loops
and no multiple edges, and let G = {G,, | v € V'} be a family of groups indexed by the
vertex set V. Note that the set V' can be of arbitrary cardinality. The graph product I'G
of the groups G with respect to the graph I' is defined as the quotient of the free product
*ycv Gy obtained by adding all the relations of the form

JuGv = Gv9u  Vu € Gu, g € Gy, {uvv} €L

The groups G, € G are called the vertex groups of I'G.

Properties that are stable under direct and free products are often inherited by graph
products too. Green originally proved that a graph product of residually finite (resp.:
p-finite) groups is again residually finite (resp.: p-finite) [8]. More recently, the second
named author proved that graph products of residually finite solvable groups are again
residually finite solvable [7, Lemma 6.8]. Other examples are soficity [5], (hereditary)
conjugacy separability [7], Tits alternatives [2], the Haagerup property or finiteness of
asymptotic dimension [1].

In this work we study residual properties of graph products. We adopt an approach
that unifies and recovers the known facts concerning residual properties. Moreover, it
allows us to prove new results in this direction.

If C is a class of groups, then we say that a group G is residually C if for every non-
trivial element g € G there is a group C' € C and a surjective homomorphism ¢: G — C
such that ¢(g) is non-trivial in C.

2010 Mathematics Subject Classification. 20F65, 20E26, 20E06.
Key words and phrases. graph products, residual properties, pro-C topologies, local embeddability,
residually amenable groups.
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Theorem A. Let C be a class of groups closed under taking subgroups and finite direct
products. Assume that free-by-C groups are residually C, then the class of residually C
groups is closed under taking graph products.

In [3] the first named author considered the class of residually amenable groups.
Among other things, it is proved there that such class is closed under taking free prod-
ucts [3, Corollary 1.2]. As a consequence of Theorem A, we deduce that the class of
residually amenable groups is also closed under graph products.

Corollary A. The class of residually amenable groups is closed under taking graph
products. The same is true for residually elementary amenable groups.

Moreover, a result in the same spirit is true for a weaker form of approximation, the
one of local embeddability into a class C (LE-C for short). See the beginning of Section 5
for the precise definitions.

The class of LEA (locally embeddable into amenable) groups is of great interest be-
cause of its relation with sofic groups [10]. While every LEA group is sofic, Gromov’s
question whether the other implication holds as well turned out to have a negative an-
swer. The first example of a sofic non-LEA group is due to de Cornulier [6], and recently
others were presented [12].

Even though sofic groups are quite obscure (it is not known whether there exists
a non-sofic group), LEA groups are easier to understand. Moreover, since evey LEA
group is sofic, they satisfy deep conjectures that are known to hold for sofic groups, such
as Gottschalk’s surjunctivity conjecture, Connes’ embedding conjecture or Kaplansky’s
direct and stable finiteness conjectures.

Theorem B. Let C be a class of groups, suppose that C is closed under taking subgroups,
finite direct products and that graph products of residually C groups are residually C.
Then the class of LE-C groups is closed under graph products.

This general result allows us to establish that the property of being LE-C is stable
under graph products for certain classes of groups.

Corollary B. Let C be one of the following classes:
(1) finite groups,
(2) finite p-groups,
(3) solvable groups,
(4) finite solvable groups,
(5) elementary amenable groups,
(6) amenable groups.
t

Then the class of LE-C groups is closed under graph products.

2. PRELIMINARIES

2.1. Notations. Throughout this work, all graphs considered are simplicial graphs, even
if not explicitly stated.

The identity element of a group G is denoted by eq, or simply by e if the group G
is clear from the context. Given two elements h,k € G, the commutator hkh tk™! is
denoted by [h,k]. If H /K < G are two subgroups, [H, K| denotes the subgroup of G
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generated by the elements [h, k], where h € H and k € K. A surjective homomorphism
is usually indicated by G — H.

We use the standard notation of an A-by-B group to denote a group G with a normal
subgroup N < G such that N € A and G/N € B, where A and B are given classes of
groups (e.g. A being the free groups and B being the amenable groups, in the case of a
free-by-amenable group).

For a residually finite solvable group we mean a residually (finite solvable) group, not
a group which is solvable and, at the same time, residually finite.

2.2. Graph products. We recall here some terminology and facts about graph products
that will be used in this paper. Let G = I'G be a graph product. Every element g € G
can be obtained as a product of a sequence W = (g1, 92,...,9n), where each g; belongs
to some G,, € G. We say that W is a word in G' and that the elements g; are its syllables.
The length of a word is the number of its syllables, and it is denoted by |W]|.

Transformations of the three following types can be defined on words in graph prod-
ucts:

(T1) remove the syllable g; if g; = e, , where v € V and g; € G,,

(T2) remove two consecutive syllables g;, g;+1 belonging to the same vertex group G,
and replace them by the single syllable g;g;+1 € Gy,

(T3) interchange two consecutive syllables g; € Gy, and g;+1 € Gy if {u,v} € E.

The last transformation is also called syllable shuffling. Note that transformations (T1)
and (T2) decrease the length of a word, whereas transformations (T3) preserve it. Thus,
applying finitely many of these transformations to a word W, we obtain a word W’
which is of minimal length and that represents the same element in G.

For 1 <1i < j < n, we say that syllables g;, g; can be joined together if they belong
to the same vertex group and ‘everything in between commutes with them’. More
formally: g;,g; € G, for some v € V and for all i < k£ < j we have that g, € G,, for
some v, € link(v) := {u € V | {u,v} € E}. In this case the words

W= (gla <oy 9i-1,9i, 9i4+15 - - -5 95—-1, 95, 95+15 - - - 7gn)
and
W/ = (gla -y 9i-1,9i95, 9i+1y - - -, G5—1,G5+15 - - - 7g7’b)
represent the same group element in G, and the length of the word W' is strictly shorter
than W.
We say that a word W = (g1, 92, ..., 9n) is reduced if it is either the empty word, or if
g; # e for all i and no two distinct syllables can be joined together. As it turns out, the

notion of being reduced and the notion of being of minimal length coincide, as it was
proved by Green [8, Theorem 3.9]:

Theorem 2.1 (Normal Form Theorem). Every element g of a graph product G can
be represented by a reduced word. Moreover, if two reduced words W, W' represent the
same element in the group G, then W can be obtained from W' by a finite sequence
of syllable shufflings. In particular, the length of a reduced word is minimal among all
words representing g, and a reduced word represents the trivial element if and only if it
is the empty word.
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Thanks to Theorem 2.1 the following are well defined. Let ¢ € G and let W =
(91,---,9n) be a reduced word representing g. We define the length of g in G to be
|g| = n and the support of g in G to be

supp(g) = {v eV |3 e {1,...,n} such that g; € G, \ {e}}.

Let z,y € G and let W, = (x1,...,2,),Wy = (y1...,Ym) be reduced expressions for
x and y, respectively. We say that the product xy is a reduced product if the word
(1, Tny Y1, - -+ Ym) 18 reduced. Obviously, zy is a reduced product if and only if
|zy| = |x| + |y|. We can naturally extend this definition: for gi,...,g, € G we say that
the product g1 ... g, is reduced if |g1 ... gn| = |g1| + - + |gnl-

A subset X C V induces the full subgraph I'y of I'. Let Gx be the subgroup of
G =TI'G generated by the vertex groups corresponding to X and, by convention, let Gy
be the trivial subgroup. It follows from Theorem 2.1 that G x is isomorphic to the graph
product of the family Gx = {G, € G | v € X} with respect to the full subgraph I'x.
Subgroups of G that can be obtained in this way are called full subgroups. For such
subgroups, there is a canonical retraction px: G — Gx defined on the vertex groups as

g ifge Gy and v € X,
px(g) =

e otherwise.

Thus, G splits as the semidirect product G = ker(px) x Gx, and full subgroups are
retracts of G.

2.3. Special amalgams. Let B < A and C be groups, we define A xg C, the special
amalgam of A and C over B, to be the free product with amalgamation

AxpC:=Axg (BxC)=(A,C| [b,c]=eVbe B,VceC).

Special amalgams generalise the notion of special HNN extensions: every special HNN
extension
Axiq, = (At || tht™! = b Vb € B)
is isomorphic to Axp (t) = Axp (B X Z).
Graph products can be seen in a natural way as special amalgams of their full sub-
groups:

Fact 2.2. Let G = I'G be a graph product. Then, for every v € V, we have that
G = Gaxgy Go, where A=V \ {v}, B =link(v) and C = {v}.

Consider G = A xp C, then every element g € G can be represented as a product

apciayi .. .cpap, where a; € A for i = 0,1,...,n and ¢;j € C for j = 1,...,n. We say
that g = agpciai ... cpay is in a reduced form if a; ¢ B fori=1,...,n—1 and ¢; # e for
j=1,...,n. The following lemma was proved in [7, Lemma 5.3].

Lemma 2.3. Let B < A and C be groups, and consider G = A xpg C. Suppose that
g = apC1ai . .. Cpay 18 in reduced form, where a; € A, ¢; € C andn > 1. Then g is not
the trivial element of G.

Moreover, suppose that f = xoy121 - . . YmTm s n reduced form, where x; € A, y; € C.
If f=gthenm=n and c; =y; foralli=1,... n.

Special amalgams satisfy a functorial property.
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Fact 2.4. Let B < A,C, P,Q be groups and let Ys: A — P, ¥o: C = Q be homomor-
phisms. By the universal property of amalgamated free products the homomorphisms 14
and Yo uniquely extend to the homomorphism ¢ : G — H, defined on the generators by

W(g) = Yala) if g=a for somea € A,
B vo(e)  if g = c for some c € C,

where G := Axp C and H := P xy,(p) Q.

3. PRO-C TOPOLOGIES ON GROUPS

Let C be a class of groups and let G be a group. We say that a normal subgroup
N <G is a co-C subgroup of G if G/N € C, and we denote by N¢(G) the set of co-C
subgroups of G.

Consider the following closure properties for a class of groups C:

(c0) C is closed under taking finite subdirect! products,

(c1) C is closed under taking subgroups,

(c2) C is closed under taking finite direct products.
Note that

(c0) = (c2) and (cl) + (¢2) = (c0).

If the class C satisfies (c0) then, for every group G, the set N¢(G) is closed under
intersections, that is to say, if N1, No € N¢(G) then also Ny NNy € Ne(G). This implies
that N¢(G) is a base at eq for a topology on G.

Hence the group G can be equipped with a group topology, where the base of open
sets is given by

{gN | g€ G,N € Ne(G)}-

This topology, denoted by pro-C(G), is called the pro-C topology on G.

If the class C satisfies (c1) and (c2), or equivalently, (c0) and (c1), then one can easily
see that equipping a group G with its pro-C topology is a faithful functor from the
category of groups to the category of topological groups. That is to say, for groups G, H
every homomorphism ¢: G — H is a continuous map with respect to the corresponding
pro-C topologies.

A set X C G is C-closed in G if X is closed in pro-C(G): for every g ¢ X there exists
N € N¢(G) such that the open set gN does not intersect X, that is, gN N X = (). This
is equivalent to gN N XN = (), and hence ¢(g) ¢ ¢(X) in G/N, where ¢: G — G/N is
the canonical projection onto the quotient G/N. Accordingly, a set is C-open in G if it
is open in pro-C(G).

The following lemma was proved by Hall [11, Theorem 3.1].

Lemma 3.1. Let C be a class of groups closed under subgroups and finite direct products,
and let G be a group. A subgroup H < G is C-open in G if and only if there is N € N¢(G)
such that N < H. Moreover, every C-open subgroup of G is C-closed in G.

The following lemma is crucial for the proofs of the next section.

1A subdirect product of the family {Gi}ier is a subgroup H < [],.; Gi such that the projections
H — G; are surjective for all i € I.
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Lemma 3.2. Let C be a class of groups closed under subgroups and finite direct products,
and let G be a residually C group. Then a retract R of G is C-closed in G.

Proof. Let p: G — R be the retraction corresponding to R and let g € G\ R be arbitrary.
Note that p(g) # g as ¢ € R. By assumption, there is C' € C and a homomorphism
¢: G — C such that ¢(p(g)) # ¢(g) in C.

Let ¢: G — C x C be the homomorphism defined by ¥(f) = (¢(f), ¢(p(f))) for all
feG. Let D ={(c,c) e CxC|ceC}<C xC be the diagonal subgroup of C x C.
Clearly ¥(R) < D and ¥(g) ¢ D, thus ¥(g) € ¥(R). As the class C is closed under
taking subgroups and direct products we see that ¢(G) € C and so ker(v) € Ng(G) and
gker(y)) N R = (). Hence R is C-closed in G. O

When the class C contains only finite groups this statement has been proved in [13,
Lemma 3.1.5].

4. GRAPH PRODUCTS OF RESIDUALLY C GROUPS
The following was proved in [7, Lemma 6.6].

Lemma 4.1. Let C be a class of groups closed under finite direct products, let A,C € C
and suppose that B < A. Then the special amalgam G = Axp C is free-by-C.

In the following proposition we characterise precisely which special amalgams are
residually C. This should be compared with [3, Theorem 1.9], where a similar statement
can be found.

Proposition 4.2. Let B < A, C be groups and suppose that C is a class of groups closed
under taking subgroups, finite direct products and that free-by-C groups are residually C.

The group G = A xp C is residually C if and only if A,C are residually C and B is
C-closed in A.

Proof. Suppose that A, B are residually C and that the subgroup B is C-closed in A. We
need to prove that the group G is residually C.

Let g € G\ {e} be arbitrary and let g = agciay ... chay, where a; € A fori=0,...,n,
cj€Cforj=1,...,n, be areduced expression.

There are two cases to consider. If n = 0, then g = ap € A\ {e}. Note that A is a
retract of G and thus for the canonical retraction p4: G — A we have pg(ag) = ap # e in
A. The group A is residually C, so there is a group H € C and a surjective homomorphism
@: A — H such that p(ag) # en. We see that (popa)(g) # en.

Suppose now that n > 1. As B is C-closed in A, there is a group ) € C and a surjective
homomorphism «: A — @ such that a(a;) ¢ a(B) for all i = 1,...,n — 1. Moreover, C
is residually C, so there exists a group S € C and a surjective homomorphism v: C' — S
such that v(¢;) # eg for all i = 1,...,n. Let ¢»: G — P, where P = Q *,(p) S, be the
canonical extension of o and  given by Fact 2.4. It follows that

¥(g) = alag)y(er)a(ar) . .. y(en)a(an)

is a reduced expression for 1(g) in P. Hence ¢(g) # ep by Lemma 2.3.
The group P is free-by-C by Lemma 4.1, and thus residually C by assumption. Hence,
G is residually C.
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It remains to prove the other implication. So, suppose that G is residually C. As
A,C < G and C is closed under subgroups, it follows that the groups A and C are
residually C.

Looking for a contradiction, suppose that B is not C-closed in A. Then there exists an
element a € A\ B such that ¢(a) € ¢(B) for all surjective homomorphisms ¢: A — @,
with @ € C.

Let ¢ € C be a non-trivial element, then the element g := [a, ] € G is not trivial, as
a ¢ B and C only commutes with B.

The group G is residually C, hence there exist a group ) € C and a surjective homo-
morphism ¢: G — @ such that ¢(g) # eq.

By the choice of the element a, it follows that ¢(a) € ¢(B). Moreover, B and C
commute elementwise in G, so ¢(B) and ¢(C') commute elementwise in ). This implies
that

o(g9) = [p(a), v(c)] € [p(B),(C)] = {eq},
contradicting the assumption ¢(g) # eg. Hence, B is C-closed in A. O

Theorem A. Let C be a class of groups closed under taking subgroups and finite direct
products. Assume that free-by-C groups are residually C, then the class of residually C
groups is closed under taking graph products.

Proof. Let T' be a graph and let G = {G, | v € V'} be a family of residually C groups.
We want to prove that the graph product G := I'G is residually C.

Let g € G be a non-trivial element and set S = supp(g). Consider the canonical
projection pg: G — Gg onto the graph product associated to the finite graph I's. As
ps(g) = g # e, without loss of generality we can assume that the graph T is itself finite.

We proceed by induction on |V|. If |[V| = 1 then G = G, is residually C by assumption.

Suppose now that |V| =r > 1 and that the statement holds for all graph products on
graphs with at most r — 1 vertices.

Fix a vertex v € V' and let

A=V \{v}, B := link(v), C := {v}.

From Fact 2.2 it follows that G = G4 *g, G¢. Moreover, G4 is a graph product of
residually C groups with respect to a graph with r — 1 vertices, hence G 4 is residually C
by the induction hypothesis. Note that G¢ is a vertex group, thus it is residually C by
assumption. Finally, G g is a retract of G 4 and thus G p is C-closed in G4 by Lemma 3.2.

Hence, applying Proposition 4.2, we see that G is residually C. O

To give some examples of classes satisfying these properties, we recall here the notion
of aroot class. We say that a class C is non-trivial if there is G € C such that G # {e}. A
non-trivial class of groups is called a root class if it is closed under taking subgroups, and
for every group G and every subnormal series K < H < G such that G/H,H/K € R,
there exists L < G such that L C K and G/L € R. In particular, for the choice K = {e}
one sees that R is closed under taking extensions.

Finite groups, finite p-groups, and (finite) solvable groups are examples of root classes [9].
This notion was introduced by Gruenberg [9] who proved that, when R is a root class,
a free product of residually R groups is residually R. In [3, Theorem 1.1, Lemma 3.3],
with the aim to generalise this result, the first named author proved the following.
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Lemma 4.3. Let C be a non-trivial class of groups containing a root class R, and such
that

(1) C is closed under taking finite direct products,

(2) every R-by-C group sits in C,

(3) for every group in C there exists a group in R of the same cardinality.
Then a free-by-C group s residually C and a free product of residually C groups is again
residually C.

Root classes satisfy the assumptions of this lemma. Using Theorem A we extend these
results to graph products.

Corollary 4.4. Let R be a root class. Then the class of residually R groups is closed
under taking graph products.

Proof. Root classes are closed under taking subgroups, finite direct products and free-
by-R groups are residually R. Hence we can apply Theorem A. O

Using this, we recover Green’s result that residually finite and residually p-finite groups
are closed under taking graph products [8, Corollary 5.4, Theorem 5.6]. Corollary 4.4
also covers [7, Lemma 6.8] for the class of residually finite solvable groups. Moreover, it
yields the same statement for residually solvable groups:

Corollary 4.5. Graph products of residually finite groups are residually finite. The
same holds for the classes of residually p-finite groups, residually finite solvable groups
and residually solvable groups.

On the other hand, the class of amenable groups and the class of elementary amenable
groups are not root classes, yet they satisfy the assumptions of Lemma 4.3. Hence, [3,
Corollary 3.4] reads as follows.

Fact 4.6. If G is free-by-amenable, then it is residually amenable. Moreover, if G is
free-by-(elementary amenable), then it is residually elementary amenable.

As a consequence, these classes are closed under taking free products [3, Corollary
1.2].

The class of amenable groups is closed under taking subgroups and finite direct prod-
ucts. Moreover, free-by-amenable groups are residually amenable by Fact 4.6. Thus we
can apply Theorem A to show that the class of residually amenable groups is closed
under taking graph products. In the elementary amenable case we can use the same
argument. Hence Corollary A.

5. GRAPH PRODUCTS OF LE-C GROUPS

We recall here the definition of local embeddability. Let G, C be two groups and
K C G be a finite subset. A map ¢: G — C is called a K-almost-homomorphism if
(1) 90(]{21]{?2) = (p(kﬁl)gﬁ(kj) for all k1, ko € K,
(2) ¢ |k is injective.
A group G is locally embeddable into C (LE-C for short) if for all finite K C G there exist
a group C € C and a K-almost-homomorphism ¢: G — C.
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For classes C closed under finite direct products this definition yields a generalisation
of being residually C [4, Corollary 7.1.14]. To give an example of finitely generated,
non residually finite, LEF group [4, Proposition 7.3.9], consider the subgroup of Sym(Z)
generated by the transposition (0 1) and the translation n — n 4 1. This group cannot
be finitely presented.

Theorem A has an analogue for graph products of LE-C groups.

Theorem B. Let C be a class of groups, suppose that C is closed under taking subgroups,
finite direct products and that graph products of residually C groups are residually C.
Then the class of LE-C groups is closed under graph products.

Proof. Let I' = (V, E) be a graph, G = {G, | v € V'} be a family of LE-C groups and let
G :=T'G be the graph product of G with respect to I'. Let K C G be a finite subset of
G. The set Ugcrsupp(k) is a finite subset of V', thus without loss of generality we can
suppose that V itself is finite. Set

K =K 'K ={k"%|k,k ¢ KU{eg}}

and suppose that K’ = {¢1,...,g,}. Let Wy,..., W, be reduced words in G representing
the elements g1, ..., g,.
For every v € V consider the finite subset

K, :={eqg,} U{g € Gy | g is a syllable of some W;} C G,,.

By assumption, the vertex group G, is LE-C for every v € V. Hence, there exist a
family of groups F = {F, € C | v € V} and a family of K,-almost-homomorphisms
{ov: Gy, = F, |veV}.

As eq, € K, it follows ¢, (eq,) = er,. This implies that

wolg) # er, Vg€ Ky \{eq,}-

Let F :=I'F be the graph product of F with respect to I'.

Let Wg and Wy denote the set of all the words in G and F' respectively. We define the
function ¢: Wg — W in the following manner: for W = (¢1,...,gy,), where g; € Gy,
for some v; € V fori =1,...,n, we set

SW) = (pv,(Gi)s - - o, (gn))-

By definition, if W is the empty word in G then ¢(W) is the empty word in F. Let
us note that the map ¢ is compatible with concatenation: for all U,V € Wg we have
eUV) = o(U)e(V).

Let g € G be an arbitrary element and let W = (¢1,...gn), W = (g}, .-.,4,,) be two
reduced words representing g in G. By Theorem 2.1 we see that m = n and that the
word W can be transformed to W’ by finite sequence of syllable shufflings. Since the
groups G, F' are graph products with respect to the same graph, it can be easily seen
that the word ¢(W) can be transformed to ¢(W') (using the same sequence of syllable
shufflings). Hence the words @(W) and ¢(W’) represent the same element in F'.

We see that the map ¢ induces a well defined map ¢: G — F given by

©(9) = @u(91) - - - Pv, (gn)-
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Clearly, ¢ [g,= ¢ for every v € V' and thus it makes sense to omit the subscripts and
write

v(9) = ¢(91) .- ¢(gn)-
We claim that ¢ is a K-almost-homomorphism, that is, ¢ [k is an injective map and
o(kk") = o(k)p(K') for all k, k' € K.

First of all, let us show that if the reduced word Wy = (fi,..., fn) represents k € K’
in the group G, then the word ¢(Wy) = (©(f1),- .., »(fn)), which represents p(k) in F,
is a reduced word in F.

As the maps ¢, are K,-almost-homomorphisms for every v € V, it follows that
©(fi) #ein F for i =1,...,n, so no syllable of ¢(W},) is trivial. Suppose that @(W}) is
not reduced in F. This means that there exist ¢ < j € {1,...,n} such that the syllables
©(fi) and ¢(f;) can be joined together. However, this implies that the syllables f; and
fj can be joined in the word Wj,, which contradicts the fact that W}, is reduced. Hence
@(Wy) is reduced.

Now, let us prove that o(kk') = @(k)p(K') for all k, k" € K'. Let k, k' € K be arbitrary
and let W, W’ be reduced words representing k and k’ respectively. We want to show
that the word g(WW') = o(W)@(W') represents the element p(kk’).

Suppose that the product k&’ is reduced, i.e. the concatenation WW’, which is a word
representing kk’ in G, is reduced. Using a similar argument as above we see that the
word g(WW') = o(W)p(W') is reduced. The word @(W)@(W) represents ¢(k)p(k') in
F by definition, but at the same time we see that the word ¢(WW') represents p(kk’)
in F, and thus ¢(kk') = ¢(k)p(K').

Now, suppose that the product kk’ is not reduced. Let ¢, f,g € G be such that k
factorises as a reduced product k = fc, k' factorises as a reduced product k' = ¢ lg
and |c| is maximal. Clearly, k¥’ = fg. Without loss of generality we may assume
that W = (f1,..., fn,c1,...¢;) and W/ = (cl_l,...,cl_l,gl,...,gm)7 where ¢ = ¢1...¢,
f=fH...fnandg=g1...9m.

Consider the word X € Wp, where X is

(@(fr) -y olfn)sler), o ola), pler ), -y oler ), o(g)s - p(gm)).
Note that X = ¢(WW') = o(W)p(W'). The syllable ¢(¢;) can be joined with syllable
(p(cl_l). Obviously, ¢, € G, for some u € V. As ¢ [g, is a K,-almost-homomorphism
and Cz,Cl_l € K, we see that go(cl)ap(cl_l) = @(clcl_l) = p(eq,). As stated before,
v(eq,) = ep, for every v € V and thus we can remove the trivial syllable. Note that
this transformation is compatible with the function ¢:
go(k)go(k’) =o(f1...fac1.. .cl_l)go(cl__ll ... cl_lgl e Gm)-
Repeating these two steps I — 1 more times, the word X can be rewritten to

X' =(o(f1),- - o(fa)so(g1), - -, ©(gm))

and thus we see that p(k)e(k') = o(f)p(g)-
Note that the word X’ is reduced in F if and only if the word

(fh"'af’mglv'” 7g’rn)
is reduced in G. Suppose that the word X’ is reduced. Then clearly

e(k)p(k') = o(f)e(g) = ©(fg) = p(kK)
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and we are done.

Suppose that the word X’ is not reduced. As all the syllables of X’ are nontrivial we
see that two syllables of the word X’ can be joined together. The word (¢(f1), ..., ¢(fn))
is a subword of ¢(W), which is a reduced word, and thus it is reduced, hence no two
syllables of (¢(f1),...,¢(fn)) can be joined together. The same argument applies to
(p(g1),---,9(gm)). Hence, we see that there exist 1 < i < n and 1 < j < m such
that the syllables ¢(f;) and ¢(g;) can be joined together in X'. Again, f;,g; € G, for
some u € V and thus o(f;)e(g;) = ¢(figj) as fi,g; € Ky. By the assumptions (as
¢ [k, is injective), ¢(fig;) = er, if and only if fig; = eq,. However, f; = gj_1 would
be a contradiction with the maximality of |c|, hence ¢(fi)p(9;) # er,. As ¢ |g, is a
K ,-almost-homomorphism we see that joining the syllable ¢(f;) with the syllable ¢(g;)
is compatible with the map ¢.

Suppose that the syllable ¢(f;g;) can be joined with some ¢(fy). By definition, this
means that ¢(fx) and ¢(f;) could have been joined in @(W). This contradicts the fact
that @(W) is reduced. By an analogous argument, the syllable ¢( fig;) cannot be joined
with any syllable ¢(gp).

By iterating the previous step at most min{n,m} times, we obtain a sequence of
transformations compatible with the map ¢. All together, we have shown that the
word @(W)@(W') can be rewritten to a reduced word X”, that represents the element
o(k)p(k') in F, and each rewriting step is compatible with the map ¢: if we applied
the analogous transformations to the word WW' we would obtain a reduced word U,
that represents the element k%’ in G, such that ¢(U) = X”. Tt follows that (kk') =
(k) p(K).

To finish, we need to prove that ¢ [k is an injective map. Let kK € K C K’
be arbitrary such that k # k/, or equivalently ¥k~ # eq. We have already shown
that o(k'k~1) = p(k')p(k~1). Consider a reduced word Wy, -1 representing the element
k'k—! € K'. Note that by the construction of the function ¢ it follows that (k) = (k) !
for all k € K. By the previous argumentation, the word (W -1) is reduced in F
and thus by Theorem 2.1 we see that p(k'k™!) = (k' )p(k)~! # ep. It follows that
(k) # ().

Thus, we proved that ¢ is a K-almost-homomorphism.

The graph product F' = T'F is residually C by assumption. Hence, there exists a
surjective homomorphism v : F' — D € C which is injective on the finite subset p(K) C
F. Thus, the composition 9 o p: G — D is a K-almost-homomorphism, and G is
LE-C. O

As an immediate corollary we get the following.

Corollary 5.1. Let R be a root class. Then the class of LE-R groups is closed under
graph products.

Note that the first four cases of Corollary B follow from Corollary 5.1. In the remaining
cases the assumptions of Theorem B are met by Corollary A, hence Corollary B.
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