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ABSTRACT. Let I' be a Zariski-dense subgroup of a reductive group G defined over a field
F. Given a finite collection of finite subgroups H; (i € I) of G(F') avoiding the center,
we establish a criterion to ensure that the set of elements of I' that form a free product
with every H; (so-called ping-pong partners for H;) is both Zariski- and profinitely dense
in I'. This criterion applies to direct products of inner R-forms of GL,, with n > 2, and
implies a particular case (the case of torsion elements in such products) of a conjecture
of de la Harpe. Subsequently, we give constructive methods to obtain such ping-pong
partners, again when G is a direct product of inner forms of GL,, for n > 2.

Next, we investigate the case where G = U(F'G) for G a finite group and I' = U(RG)
for R an order in F'. Hereby we prove that the set of bicylic unit ping-pong partners
of a given shifted bicyclic unit is profinitely dense in U(RG), answering a long standing
common belief in the field. Finally, we answer the Virtual Structure Problem for the
property to have an amalgam or HNN spliting over a finite group.
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1. INTRODUCTION

The construction and study of free products in linear groups is a classical topic going
back to the early days of group theory. A groundbreaking progress was Tits’ celebrated
alternative [74] establishing existence of free subgroups in linear groups which are not
virtually solvable. In fact he proved the stronger statement that if I is a finitely generated
subgroup of GL, (F') with F' some field such that its Zariski closure is a Zariski connected
semisimple algebraic group, then either I' contains a Zariski open solvable subgroup or
it contains a Zariski dense free subgroup of finite rank. The connected assumption on I'
was removed by Breuillard-Gelander [9] where the authors also obtain the same, but much
stronger, statement for the topology coming from F' in case it is a local field. The speed at
which a given finite set X, such that (3) is not virtually solvable, produces a free subgroup
was also clarified in a remarkably strong sense over the years, e.g. see [1, 10, 12, 11, 13, 2]
for some recent results.

In this article we are interested in the problem of constructing free groups with a given
fixed generator. More generally, given a finite subset F' of a linear group I', the question
of interest is: does there exists an element y € I" such that (z,y) = (x) * (y)? If yes, how
large (in a topological sense) is the set of such elements y? These elements y are called
simultaneous ping-pong partners of the set F'. In 2007 de la Harpe expressed the following
conjecture:

Conjecture 1.1 (de la Harpe, [16, Question 16]). Let G be a connected semisimple real
Lie group without compact factors, and let I' be a Zariski-dense subgroup of the adjoint
group Ad(G). Let F be a finite set of non-trivial elements of I'. Does there exists a vy € T’
of infinite order such that (h,7y) == (h) % () for every h € F'?

In [69, Theorem 1.3] Soifer & Vishkautsan have given a positive answer in the case of
PSL,,(Z) and that F only contains elements whose semisimple part is either hyperbolic or
torsion. Furthermore they mention that the methods also work for a lattice I in PSL,, (k)
with k a local field. In case that G does not contain simple factors of type A,,, Doy11 or
Eg, then a positive answer was claimed for any F' in [60, Theorem 6.5]. Unfortunately
this important (unpublished) preprint contains non-correctable errors, see Remark 3.15
for more details.

1. Criterion simultaneous ping-pong with finite subgroups and type A case.

In the first half of the article we consider a slightly more general version of Conjecture 1.1
as we will allow G to be reductive and F' to contain subgroups (and not only elements).
More precisely we suppose that F' is a finite set of finite subgroups of I'. In that generality
we obtain following sufficient conditions.

Theorem 3.2. Let G be a connected algebraic F'-group with center Z. Let ' be a Zariski-
connected subgroup of G(F'). Let (H;);er be a finite collection of finite subgroups of G(F),
and set C; = H;NZ(F). Assume that for each i € I there exists a local field K; containing
F and a projective K;-representation p; : G — PGLy;, where V; is a finite-dimensional
module over a finite division K;-algebra D;, with the following properties:

(Proximality) p;(I") contains a prozimal element;

(Transversality) For every h € H;\C; and everyp € P(V;), the span of the set {p;(zha1)p |
x € I'} is the whole of P(V;).

Let S be the collection of reqular semisimple elements v € I' of infinite order, such that
for all i € I, the canonical map

((7) x Ci) *¢; Hi = (7, Hi) < G(F)

is an isomorphism. Then S is dense in ' for the join of the profinite topology and the
Zariski topology.
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See Section 3.2 for background on some classical projective dynamics (as definition of
proximal elements), which is worked out over division algebras, and Section 2 for back-
ground on amalgamated products.

Next, in Section 3.4 we verify the proximality and transversality condition for finite
subgroups in products of inner forms of SL,, and GL,. As a consequence, by the above
theorem, we establish the abundance of simultaneous ping-pong partners

Theorem 3.23. Let G be a reductive R-group whose simple quotients are each isogenic
to PGLpn for D some finite division R-algebra and n > 2, and let Z denote its center.
Let T be a subgroup of G(R) whose image in Ad G is Zariski-dense. Let (H;)ier be a finite
collection of finite subgroups of G(R), and set C; = H; N Z(R).

Suppose that for each i € I, there exists a simple quotient Q; of G for which the kernel
of the projection H; — Q;(R) is contained in C;. Then the collection of regular semisimple
elements v € I' of infinite order such that for all i € I, the canonical map

({(v) x Ci) xc; Hi = (v, Hi) < G(R)

is an isomorphism, is dense in I' for the join of the profinite topology and the Zariski
topology.

Given a reductive F-group G with center Z and a subgroup H < G(F') we say that H
almost embeds in a (simple) quotient Q of G if there exists a (simple) quotient Q of G
for which the kernel of the restriction H — Q(F’) is contained in Z(F'). In Proposition 2.7
it is proven that this is a necessary condition for a finite subgroup to be part of a free
product.

Despite that there is profinitely many simultaneous ping-pong partners, the above result,
and its proof, does not answer how to construct such partners. For an algebraic group G
which is a direct product of inner forms of GL, for n > 2, we consider this problem in
Section 4. More precisely, we tackle question when two given finite subgroups H and K
can serve as parts of a direct product H * K. To do so we introduce in Section 4.1 the
concept of a basic nilpotent transformation, which intuitively is a linear deformation of K
to reach the necessary ping-pong dynamics. The main result is Theorem 4.12.

2. The case of semisimple algebras and the unit group of a group ring Let A
be a finite dimensional semisimple algebra over F. By the theorem of Wedderburn-Artin

A= Mn1 (Dl) X X Mnl(Dl)

as ring where D; is a finite dimensional division algebra over F'. In particular, G = U(A)
is a reductive group. Furthermore if O is an order in A, then by classical results of Borel
and Harish-Chandra I' = U(0O) is an arithmetic subgroup of ¢(A) and in particular one is
in the setting Theorem 3.23. A non-trivial consequence of the latter is following necessary
and sufficient conditions for amalgamted producrts in U (O).

Corollary 4.1. Let F' be a number field, A be a finite semisimple F-algebra, and O be
an order in A. Let T be a Zariski-dense subgroup of U(O). Let H be a finite subgroup of
U(A), and C its intersection with the center of A.

There exists v € I' of infinite order with the property that the canonical map

() x C) xc H — {v, H)

is an isomorphism, if and only if H almost embeds in Ae for some e € PCI(A) for which
Ae is neither a field nor a totally definite quaternion algebra.

Moreover, in the affirmative, the set of such elements v is dense in the join of the
Zariski and the profinite topology.

If A= FG is a group algebra, then the tuple (M, (D1),--- ,My,(D1)) of simple com-
ponents of A is not at all arbitrary. The reason for this is that spanz(Ge;) = My, (D;) for
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all 7, where e; is the primitive central idempotent of F'G assocaited to M, (D;). Thanks
to this, one can try to use finite group (representation) theory to determine when a finite
subgroup H < U(O) enjoys the almost-embedding condition. This problem is the content
of Section 5.3.1 and the main result is the following.

Theorem 5.16 & Corollary 5.20. Let F' be a number field and R its rings of intgers.
Further let G be a finite group and h € U(RQG) torsion. Suppose that one of the following
cases hold:

(I) h* e U(R) .G for some a € FG.
(II) o(h) is a prime power.
If (h) N Z(G) = 1, then there exists some e € PCI(FQG) such that (h) Nker(w.) = 1 and

FGe is neither a field nor a totally definite quaternion algebra. Consequently, there exists
some t € U(RG) such that

(h,t) = (h) *xc (t, C) = Coy *c (Z % C),
where C' = (h) N Z(G).

The above results in particular also yields a new proof of the main existence result of
Cp*Z in U(ZG) by Goncalves-Passman [27]. Also see Remark 5.17 on when conditions (I)
and (II) hold. In particular note that condition (I) is reminiscent of the first Zassenhaus
conjecture.

Next, we consider the problem of forming a free product with a specific type of unit in
U(RG). More precisely, consider in RG the elements of the form

bpo =14 (1—h)whand b, =1+ ha(l - h)

with # € RG and h := ZS(:}? ht. All these elements are unipotent units in ¢(RG). The

elements in the group
BiC(G) = <bﬁ,x’bx,fz ‘ T € RG>

are called bicyclic units. For more than 20 years it has been a conjecture in the field of
group rings that two generically chosen bicyclic units generate a free group. In this claim
the word ‘generic’ has however never been made precise. Our next mail result shows that
this long standing problem is correct for the profinite topology (and hence in the Zariski
topology), modulo the minor subtility that one needs to slightly deform the given bicyclic
unit to b;, b =h+ (1 — h)zh. An element of the latter form is called shifted bicyclic unit
in the literature.

Theorem 5.8. Let H < G be finite groups and @ = 1 4+ (1 — h):cﬁ a bicyclic unit for
some h € H and x € RG. Then

P(a) := {B € Bic(G) | (ah, B) = (ah) « (B)}
is a profinite dense subset in Bic(G).

3. The virtual structure problem for a product of amalgam or HNN over finite
groups Finally, we consider the the Virtual Structure Problem, which askes for a unit
theorem. A very concrete idea of a unit theorem was given by Kleinert [49] in the context
of orders:

A unit theorem for a finite dimensional semisimple rational algebra A con-
sists of the definition, in purely group theoretical terms, of a class of groups
C(A) such that almost all generic unit groups of A are members of C(A).

Recall that a generic unit group of A is a subgroup of finite index in the group of reduced
norm 1 elements of an order in A. Till recently, the finite groups G for which a unit
theorem, in the sense of Kleinert, was known for U (ZG) are those for which the class of
groups considered are either finite groups (Higman), abelian groups (Higman), or direct
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products of free-by-free groups [42, 39, 58, 44]. Remarkably, the latter class can also be
described in terms of the rational group algebra: every simple quotient of QG is either a
field, a totally definite quaternion algebra or My (K), where K is either Q, Q(4), Q(v/—2)
or Q(v/=3). Such type of unit theorem was also obtained recently in [4, 3] for several
geometric properties such as property (T) and (HFA). To our knowledge this result covers
all the known unit theorems on U(ZG).

In this article we answer the above problem in the case of having infinitely many ends,
i.e. consider the following class of groups:

Goo i = {H I'; | T'; has infinitely many ends }.

7

By Stallings theorem [71, 70] a group has infinitely many ends if and only if it can be
decomposed as an amalgamated product or HNN extension over a finite group. In fact we
will mainly work with this characterisation.

Theorem 6.2. Let G be a finite group. The following are equivalent:
(1) U(ZG) is virtually in Goo,

(2) all the simple components of QG are of the form Q(v/—d), with d € N, (_‘f@_b)

with non-zero a,b € N or Ma(Q) and the latter needs to occur.
(8) U(ZG) is virtually a direct product of non-abelian free groups

Moreover, only the parameters (—1,—1) and (—1,-3) can occur for (—a,—b). Also,
e(U(ZG)) = oo if and only if it virtually free if and only if G is isomorphic to Dg, Dg, Dics, Cyx
Cy.

The finite groups satisfying (3) in Theorem 6.2 have been classified in [39] and hence
the result indeed answers the Virtual Structure problem for the property Goo.

Acknowledgment. Andreas Bichle was involved in earlier stages of this project, and we
thank him heartily for many helpful discussions and enjoyable moments. We also thank
Leo Margolis for his is interest and some clarifications around the Zassenhaus conjecture
and to Eric Jespers for helpful conversations on Section 6. Furthermore we are grateful to
Miquel Martinez for sharing us a proof of Lemma 5.19. Lastly, the second author wish to
thank the hospitality of Jairo Zacarias Gongalves during his visit at the univeristy of Sao
Paulo, where Section 4 was started.

2. AMALGAMS IN ALMOST-DIRECT PRODUCTS

In this section, we recall a variant for amalgamated products of the classical ping-pong
lemma. Thereafter we exhibit a necessary condition for a subgroup of an almost-direct
product to be an amalgamated product.

Given a subgroup C of a group G, we will denote by T, g a set of representatives of the
left cosets of C' in GG, containing the identity element.

The ping-pong lemma for amalgams and its variant for HNN extensions can be found
in [51, Propositions 12.4 & 12.5]. For the convenience of the reader, we provide a proof as
it will be instrumental in the rest of this paper.

Lemma 2.1 (Ping-pong for amalgams). Let A, B be subgroups of a group G and suppose
C = AN B satisfies |A: C| > 2. Let G act on a set X. If P, P» C X are two subsets with
Pi ¢ Py, such that for all elements a € T4\ {e}, b € TE \ {e} and c € C, we have

aP, C P, bP, C P, cPLCP, and cP, C Py,

then the canonical map A xc B — (A, B) is an isomorphism.
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As in the case of free products, the proof of Lemma 2.1 is straightforward once one
knows the normal form for elements in an amalgamated product. The normal form also
allows us to unambiguously speak of words starting with A and words starting with B. In
the next lemma, these are the elements for which a; ¢ C, resp. for which a; € C.

Lemma 2.2 (Normal form in amalgams). Let A, B < G be groups and C < AN B. The
following are equivalent.

(i) The canonical map A xc B — (A, B) is an isomorphism.

(ii) Every element in (A, B) has a unique decomposition of the form by - - apbpe,
where a; € T4\ {e}, b € TE\ {e}, a1 € T4, b, € TE, and c € C.

(iii) Given a; € A\C, b; € B\C, a1 € A, and b, € B, the product a1b; - - - anby, belongs
to C only ifn=1 and a1,b, € C.

In consequence of the affirmative, C = AN B.

Sketch of proof. The implication (i) = (ii) is the existence and uniqueness of a normal
form (see for instance [67, Theorem 1]), and its converse amounts to checking the injectivity
of the canonical map, which follows from the uniqueness of the decomposition in (A, B).

After replacing by, an, . . .,b1, a1 by the appropriate coset representatives, (i) = (iii)
becomes obvious. For the contrapositive of its converse, note that two different decompo-
sitions of an element in (A, B) result in a non-trivial expression of the form a1b; - - a,b,
in C. U

Proof of Lemma 2.1. Note that the assumptions imply that aP; C P, for all a € A\ C,
bP, C P forallbe B\ C, and cP, = Py, cP» = P, for every c € C.

Suppose that given a; € A\ C, b; € B\ C, a1 € A and b, € B, the non-empty word
c=a1by--- ani)n lies in C'. The possible cases for a; and bn to belong to C are:

e a4 ¢ C, b, € C. We have b,P, = Pi, anby Py C Ps, by_1anbp Py C Py, etc., so that
eventually, cP; = a1by---a,P; C P,. Since cP; = P; and P, ¢ P,, this case cannot
occur.

e a1 €C,b, ¢ C. Pickae A\C, and let ¢’ € A and g’ € C besuch that a 'ca = d’¢’. We
have aa’ ¢ C, hence the word ¢ = (aa’)™1by - - - apbya starts and ends with an element
of A\ C. This case thus reduces to the first one.

e a1 ¢C, b, ¢ C. As |A:C| > 2, we may pick a € A\ (C U@ C), so that a~*a1 P, C P
hence a1 P; C aPs. As in the first case, we have cPy C a1P;. Since ¢Py = Py, this would
imply aP; C P, C aP», hence this case does not occur either.

ea €C, b, € C. If n> 1, replacing c by ¢! reduces to the third case. The only
remaining possibility is thus n = 1 and a1, b, € C, as expected.

We conclude from Lemma 2.2 that the canonical map Axc B — (A, B) is an isomorphism.
U

Lemma 2.3. Let Axc B be a free amalgamated product. If f is a surjective morphism from
a group T’ to Axc B, then T is the free product with amalgamation f~1(A) * 10 f~1(B).

If moreover T' is generated by two subgroups I'1,T'y with the properties f(I'1) C A,
f(T) C B, the induced map T'1 — A/C is injective, and T'1(T2 N f=1(C)) is a subgroup,
then f~1(B) =Ty and I = (L1 f~1(C)) % p-1(¢y T2,

Proof. The first part of the lemma is standard (see for instance [78, Lemma 3.2]). For
the second part, let g = bpaib; - - - apb, with a; € I'1 \ {e} and b; € 'y be an element of
f~YB). Since (TN f~HC))I'y =1 (T2N f~1(C)), after perhaps reducing the expression
for g, we may assume that b; ¢ f~1(C) for 0 < i < n. Because f(I') = A *¢c B and
f(b;) € B\ C, Lemma 2.2 implies that n = 0, hence g = by € I's. Thus f~(B) = I'y, and
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in consequence f~(C) < T's. On the other hand, if g = byaiby - - - anb, € f~1(A), we may
assume as before that a; # e for 1 <i < nand b; ¢ f~1(C) for 0 < i < n. Applying f
again then shows that n <1 and b; € f~1(C) for i < n, so that g € I'; f~1(C). O

The following folkloric terminology is inspired by Lemma 2.1.

Definition 2.4. Let A and B be subgroups of a group G. We say that A is a ping-pong
partner for B, or that A and B play ping-pong, if the subgroup (A, B) is freely generated
by A and B, or in other words if the canonical map A * B — (A, B) is an isomorphism.
Similarly, we say that a € A is a ping-pong partner for B in A, or that a and B play
ping-pong, if the subgroup (a, B) is freely generated by (a) and B. When B is generated
by a single element b, we also say that a is a ping-pong partner for b.

Sets P; and P» to which one can apply Lemma 2.1 are sometimes called a ping-pong
table for A and B.

In the subsequent sections, we will look to play ping-pong inside a group G = [[}"; G;
which decomposes into a direct product of subgroups G;. Using some simple facts about
free (amalgamated) products, the next proposition will show that this requires an embed-
ding of the ping-pong partners in one of the factors G;.

Given subgroups Hi, ..., H, of a group G, let [Hy,..., H,| = [Hi,[Hs, ..., Hy]] denote
the left-iterated (or right-normed) commutator subgroup of the H;.

Lemma 2.5. Let N, Ny, ..., N, be normal subgroups of Axc B, where |A: C| > 2.
(i) Either N C C, or N contains a non-abelian free group.
(ii) If [Ny, N2] C C, then either Ny C C or Ny C C.

In consequence, if [N1,...,Ny] admits no non-abelian free subgroups, there exists i €
{1,...,n} for which N; C C.

Proof. First, suppose that N is a normal subgroup of A x¢c B not contained in C. Pick
x € N\ C; by Lemma 2.2, we may assume after conjugation that = either belongs to B\ C,
belongs to A\ C, or is cyclically reduced starting with a; € A\ C.

e If z € B\ C, pick a,a’ € A\ C such that a ¢ o’C. Using Lemma 2.2, one readily checks
that the cyclically reduced words w = [a,x] and w’ = [d/, z] generate a free group, as
every non-empty word in w and w’ remains a non-empty word alternating in elements

of A\ C and B\ C. (Only simplifications of the form [a, z][a’, ]! = az(a"ta)z~ta’ !
occur, and the condition on a and a’ ensures no further cancellations arise.)

elf x € A\C, pick b € B\ C and a,a’ € A\ C such that a ¢ o/C, and consider
w = [x,bab™ 1] and w' = [z, ba’b~!] instead.

e In the last case, write z = ajb;--- ,apb, with n > 1 and a; € A\ C, b; € B\ C.
Pick b € B\ C and a € A\ C such that a ¢ a;C. Then the words w = z and
w' = aba 'zab~la~! generate a free group.

This proves part (i).

Second, suppose that there exist elements x € N7 \ C and 2’ € Ny \ C. By Lemma 2.2,

we may assume after conjugation that x, 2 either belong to A\ C, belongs to B\ C, or is
cyclically reduced starting with A. We exhibit in each case a commutator in [Ny, No] \ C.

o If £ = ay and 2’ = b), then [z,2'] ¢ C.

e If x is cyclically reduced starting with a; and 2’ = @/, then [z,b2'b"!] ¢ C for any
be B\ (CuUb;'C).

e If z is cyclically reduced starting with a; and 2’ = b), then [a lza,2'] ¢ C for any

a€ A\ (CUaC).
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o If v = aj and 2’ = @}, then [z,b2'b"1] ¢ C for any b€ B\ C.
o If 2 = b and 2’ = b, then [aza™',2'] ¢ C for any a € A\ C.

o If 2, 2’ are both cyclically reduced starting with a;, and ending with o/, respectively,

then [a~'za,b~'2'b] ¢ C for any a € A\ (CUa;C) and b€ B\ (CU b;:,lC’).
This proves part (ii).

Lastly, if [Ny,...,N,] admits no non-abelian free subgroups, we deduce from part (i)
that [Ny,...,N,] C C. Part (ii) then implies that either Ny C C, or [Na,...,N,] C C,
and recursively, that eventually N; C C for some i € {1,...,n}. O

Definition 2.6. Let S be a class of groups closed under taking subquotients and exten-
sions. For the purposes of the following proposition, we will say that G is an S-almost
direct product of G1,...,G, if G has a normal subgroup K € S such that G/K is the
direct product Gy x --- x G,.

Equivalently, if there are normal subgroups Mi,..., M, of G such that ., M; €
S and M;(Mj41N---NM,) = G for i = 1,...,n — 1, then G is the S-almost direct
product of G/My,...,G/M,. Indeed, the second condition ensures that the canonical
map G/ (=, M; — G/Mj x - -- x G/M,, is surjective; conversely, writing M; for the kernel
of G — Gi, it is obvious that K = (Vi M; and M;(N;; M;) = G.

Almost direct products with respect to the class containing only the trivial group are
just direct products. In the literature, almost direct products appear most often for S the
class of finite groups. Here are a few straightforward observations:

e Any group in § is an S-almost empty direct product; so of course the notion is mean-
ingful only for groups outside of S.

e An S-almost direct product of groups Gy, ..., G, themselves S-almost direct products
of respectively Hii,...,Hi,, (1 = 1,...,n), is an S-almost direct product of the Hj,
t=1,...,n,7=1,...,n;.

e Any quotient or extension of an S-almost direct product by a group in S is again an
S-almost direct product.

Sometimes, almost direct products are defined by the following variant: G is the quotient
of a direct product Gy x - - - X G, by a normal subgroup H € §. An almost direct product in
this second sense is also an S-almost direct product in the sense of Definition 2.6. Indeed,
if G = (G1x---xGy)/H, denoting 7; the projection onto G; and K = my(H) x - --x7,(H),
we see that G/(K/H) = (G1 X -+ x Gp)/K = G1/m1(H) X -+ X Gy /7, (H). The converse
however does not always hold, as the images of the factors G; in (G1 X --- x G,,)/H are
commuting normal subgroups, and this may not happen in G even if G/K is a direct
product.

Proposition 2.7 (Amalgams in almost direct products). Let S be the class of groups
not containing a non-abelian free group. Let G be the S-almost direct product of groups
Gi,...,Gn, and suppose that Gpiq,...,Gp belong to S. If A and B are subgroups of G
whose intersection C' satisfies |A : C| > 2, and are such that the canonical map Axc B —
(A, B) is an isomorphism, then there exists i € {1,...,n} for which the kernel of the
projection (A, B) — G; is contained in C.

Proof. Since Gpy1,...,Gy belong to S, it is clear that G is also the S-almost direct
product of GG1,...,G,. Let m; denote the projection G — G; and set M; = ker ;. Identify
(A, B) with A *¢ B and set N; = M; N (A x¢ B).

By assumption, ()i, M; does not contain a non-abelian free group. The same then
holds for [Ny,...,Ny] C [My,..., M,] C NiL; M;, and Lemma 2.5 implies the existence of
i€{l,...,n} for which N; C C. O
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There are versions of Lemma 2.5 and Proposition 2.7 for HNN extensions. We leave
their statement and proof to the reader.

3. SIMULTANEOUS PING-PONG PARTNERS FOR FINITE SUBGROUPS OF REDUCTIVE
GROUPS

Let F' be a field. Let G be a reductive' algebraic F-group, I' a Zariski-dense subgroup of
G(F), and H a finite subgroup of G(F'). This section is concerned with finding elements
~ of I which are ping-pong partners for H.

3.1. Existence in connected groups. The construction and study of free products
in linear groups is a classical topic, going back way beyond Tits’ celebrated work [74]
establishing existence of free subgroups in linear groups which are not virtually solvable.
Given a subset F' of a linear group G, the existence of simultaneous ping-pong partners
for elements of F' (that is, elements which are ping-pong partners for every h € F) has
also been studied, see namely the works of Poznansky [60, Theorem 6.5] and Soifer &
Vishkautsan [69, Theorem 1.3]. We also mention in passing the following open question
asked by de la Harpe, cases of which are answered in the two works just cited.

Question 3.1 ([16, Question 16]). Let G be a connected semisimple real Lie group without
compact factors, and let I" be a Zariski-dense subgroup of the adjoint group Ad(G). Let F'
be a finite set of non-trivial elements of I'. Does there exists an element v € I' of infinite
order such that (h,~) = (h) % () for every h € F?

Of course, if F' is a subgroup, the condition that (h,v) be freely generated for every
element h € F does not imply that the subgroup (F,~) is freely generated by F' and ~.
For instance, if for every h € F' the subgroup (h,~) of G is freely generated, then so is the
subgroup ((h1, h2), (v,7)) of G x G for any (hi,he) € F x F, but (F x F,(~,7)) is not
freely generated, as (yhiy~!,1) commutes with (1, hs).

For this reason and others, we cannot directly use the works mentioned above; but we
will use similar techniques to prove the following.

Theorem 3.2. Let G be a connected algebraic F'-group with center 4. Let ' be a Zariski-
connected subgroup of G(F). Let (H;);er be a finite collection of finite subgroups of G(F),
and set C; = H;NZ(F). Assume that for each i € I there exists a local field K; containing
F and a projective K;-representation p; : G — PGLy;, where V; is a finite-dimensional
module over a finite division K;-algebra D;, with the following properties:

(Proximality) p;(T") contains a proximal element;

(Transversality) For every h € H;\C; and everyp € P(V;), the span of the set {p;(xhz~")p |
x € I'} is the whole of P(V}).
Let S be the collection of regular semisimple elements v € I' of infinite order, such that
for all i € I, the canonical map
() x Cy) ¥, Hi = (7, Hy) < G(F)
is an isomorphism. Then S is dense in I' for the join of the profinite topology and the
Zariski topology.

Remark 3.3. The conclusion of the theorem amounts to the kernel of the canonical map
(V) x Hi = (v, Hi) < G(F)

being ([, Ci]). Note that when Z(F') is trivial, the theorem states that for any v € S

and for all ¢ € I, the subgroup (v, H;) is freely generated by v and H;.

n this paper, all reductive (in particular, all semisimple) algebraic groups are connected by definition.
This convention sometimes differs in the literature. We also call simple a non-commutative algebraic group
whose proper normal subgroups are finite (sometimes called ‘almost simple’ in the literature).
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Remark 3.4. Note that the transversality condition implies that every p; is irreducible.
Moreover, the transversality condition holds equivalently for I' or for its Zariski closure (it
is a Zariski-closed condition). Thus, if I happens to be Zariski-dense (as is most common),
this condition can be replaced by the analogue for G(K;):

(Transversality’) For every h € H\C; and everyp € P(V;), the span of the set {pi(xhz~')p |
x € G(K;)} is the whole of P(V;).

Remark 3.5. Theorem 3.2 is only meaningful for pseudo-reductive groups. Indeed, the F-
unipotent radical Ry, (G) must acts trivially under p;, as the fixed-point set of Ry r(G)
is non-empty by the Lie—Kolchin theorem, hence is the whole of V;. Thus each p; factors
through the pseudo-reductive quotient G/Ry, r(G) of G. We remind the reader that if
char F' = 0, the full unipotent radical R, (G) of G is defined over F', hence pseudo-reductive
groups are reductive (the converse always holding).

In subsequent sections, we will mostly be concerned with number fields and their
archimedean completions, leaving aside the usual complications arising in positive charac-
teristic.

Remark 3.6. There is no obvious analogue of Theorem 3.2 for HNN extensions. Indeed,
G(F) may admit finite subgroups H containing a proper subgroup H; whose centralizer
in G(F) is trivial. For instance, PGLy(C) contains a copy of the symmetric group on 4
letters, whose alternating subgroup has trivial centralizer (see for instance [5, Proposition
1.1]). In such a situation, there is no HNN extension in G(F') of H with respect to the
identity Hy — Hi, as any g € G(F') centralizing H; is trivial, but Hxgy, is not.

3.2. Proximal dynamics in projective spaces. Before proving Theorem 3.2, we need
to extend a few known facts about the dynamics of the action of GL(V) on P(V) to
projective spaces over division algebras. Foremost, we will need the contents of [74, §3]
over a division algebra, but the proofs given by Tits are valid with minor adaptations to
keep track of the D-structure and the fact D is not necessarily commutative. All of this is
straightforward, so we will not rewrite arguments whenever they apply in the same way.

In this subsection, let K be a local field, D a division algebra of dimension d over K,
and V a finite-dimensional right D-module. Recall that the absolute value |-| of K extends
uniquely to an absolute value on D which will also denote by | - |; we have the formula
lz| = [N(z)|'/4 for z € D.

With little deviation, we will follow the notations and conventions of [73] and [74], which
the reader may consult along with [8] for background material on the representation theory
of algebraic groups (including over division algebras).

Recall that GLy is the algebraic K-group of automorphisms of the D-module V', so
that for any F-algebra A, the group GLy (A) is the group of automorphisms of the right
(D @k A)-module V ®x A. Provided dimV' > 2, the K-group PGLy is the quotient of
GLy by its center (which is the multiplicative group of the center of D). The projective
general linear group PGLy acts on the projective space P(V') of V, which is the space of
right D-submodules of V' of dimension 1. The D-submodules of V' and their images in
P(V) are both called (D-linear) subspaces. A projective representation p : G — PGLy
of a K-group G is called irreducible if there are no proper non-trivial linear subspaces of
P(V) stable under p(G). A representation G — GLy is then irreducible if and only if its
projectivization is.

Given two subspaces X,Y of P(V), we denote their span by X VY. If X NY =0
and X VY = P(V), we denote by proj(X,Y) the mapping 7 : X — Y defined by
{m(p)} = (X V{p}) NY. We will denote by C the interior (for the local topology) of a
subset C' of P(V).

When it is needed to view V as a K-module instead of a D-module, we will add the
corresponding subscript to the notation.
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Definition 3.7. Let g be an element of GLy (K) or PGLy (K).

(1) Momentarily view V as a vector K-space, so as to identify GLy with the subgroup
of GLy i centralizing the right action of D on V, and likewise for PGLy. The
attracting subspace of g is the subspace A(g) of V' which is the direct sum of the
generalized eigenspaces (over some algebraic closure) associated to the eigenvalues
of maximal absolute value of (any lift to GLy of) g. The complementary set A’(g)
is defined to be the direct sum of the remaining generalized eigenspaces of g. By
construction, V' = A(g) ® A’(g).

Note that since the Galois group of any extension of K preserves the absolute value, it
permutes the generalized eigenspaces of maximal absolute value, hence A(g) and A’(g) are
stable under the Galois group and are indeed defined over K. Moreover, if g commutes
with the action of D, then D preserves the generalized eigenspaces of g (after perhaps
extending scalars). In this case, A(g) and A’(g) are themselves stable under D, i.e. they
are D-subspaces of V.

The subspaces A(g) and A’(g) only depend on the image of g in PGLy . In what follows,
we will often omit projectivization from the notation as long as it causes no confusion

between V' and P(V).

(2) We call g prozimal if dimp A(g) = 1, in other words if A(g) is a point in P(V).
In case D = K, this means that g has a unique eigenvalue (counting with mul-
tiplicity) of maximal absolute value. In general, this means that g has d (pos-
sibly different) eigenvalues of maximal absolute value. If both A(g) and A(g~!)
are one-dimensional, we call g biprorimal’. We call a (projective) representation
p:T'— (P)GLy (K) proximal if p(I") contains a proximal element.

Proximal elements have contractive dynamics on P(V): if g is proximal, then for any
p € P(V)\ Al'(g) the sequence (¢" - p)nen converges to the point A(g) (see Lemma 3.8).

The complement P(V) \ X of a hyperplane X C P(V') can be identified with an affine
space over D by choosing for V' a system of coordinate functions £ = (£o, ..., aimp(v))s
& € V*, such that X = ker§y. The functions fifo_l (¢=1,...,dimP(V)) then define
affine coordinates on P(V) \ X. If g € PGLy (K) stabilizes X, its restriction to P(V)\ X
need not be an affine map in these coordinates, but will be semiaffine (with respect to
conjugation by the factor by which g scales ). In particular, if P(V) \ X is seen as an
affine space over K, then the restriction of g is K-affine.

For the rest of this section, we fix an admissible distance d on P(V'), that is, a distance
function d : P(V) x P(V) — P(V) inducing the local topology on P (V') and satisfying the
property that for every compact subset C contained in an affine subspace of P(V), there
exist constants M, M’ € R such that

M-dejo, o Sd)g, o S M -de|

Here d¢ is the supremum distance with respect to the affine coordinates (&£, 1)?1:111113(‘/)

described above. Note that two different coordinate systems on the same affine subspace A
of P(V') define comparable distance functions on this affine subspace. Moreover, if instead
of using D-coordinates one views A as an affine K-space, the supremum distance in any
set of affine K-coordinates will again be comparable to de.

As indicated by Tits, when K is an archimedean local field, any elliptic metric on
P (V) is admissible. Tits also indicates in [74, §3.3] how to construct an admissible metric
in the non-archimedean case by patching together different d¢’s; this construction works
identically over a division algebra.

2Bip]roximal elements are sometimes called ‘very proximal’ in the literature.
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Having fixed an (admissible) distance d on P(V'), the norm of a mapping f : X — P(V)
defined on some subset X C P (V) is the quantity

1l = sup Y 2LT(@)

p,q€X d(p, Q)
p#q

Note that the norm is submultiplicative: given mappings f: X - P(V)and g:Y — X,
we have || fog| < ||f]]-|lg]|- Projective transformations always have finite norm [74, Lemma
3.5]. Indeed, given g € PGLy (K), the distance function d9 defined by d9(p, q) = d(gp, 9q)
is again admissible. Since P(V') is compact, it can be covered by finitely many compact sets
contained in affine subspaces, on which the ratio between d9 and d is uniformly bounded,
by admissibility.

We can now state the needed results from [74, §3] in our setting. The following two
lemmas describe the dynamics of D-linear transformations.

Lemma 3.8 (Lemma 3.8 in [74]). Let g € PGLy (K), let C be a compact subset of P(V')
and let r € Ryg.

(i) Suppose that g is proximal and that C N A’(g) = (. Then there exists an integer
N such that ||g”‘0|| < r for alln > N; and for any neighborhood U of A(g), there

exists an integer N' such that g"C C U for all n > N'.
(ii) Assume that, for some m € N, one has Hgm‘CH <1 and g"C c C. Then A(g) is
a point contained in C.

Note that in loc. cit. Tits assumes the existence of a semisimple proximal element; but
as he indicates in the footnotes, this assumption is superfluous and the proof of the lemma,
is identical with an arbitrary proximal element.

Proof. The argument given by Tits applies, taking into account the following adaptations.

In part (i), the transformation g restricted to P(V) \ A’(g) is not necessarily D-linear,
as was already mentioned. It is nevertheless K-linear, with eigenvalues of absolute value
strictly smaller than 1 by assumption. So one can apply [74, Lemma 3.7 (i)] over K and
use that the norms defined over D or K are comparable to conclude.

In part (ii), one cannot pick a representative of g in GLy whose eigenvalues correspond-
ing to the fixed point p € P(V) equal one (as g may have different eigenvalues on the
D-line p). Nevertheless, they are all of the same absolute value, which we can assume to
be 1. If there is another eigenvalue of the same absolute value (i.e. if A(g) # {p}), then
the restriction of g to A(g) is a block-upper-triangular matrix in a well-chosen basis. Since
the compact set C' has non-empty interior, this contradicts the hypothesis of (ii). O

Lemma 3.9 (Lemma 3.9 in [74]). Let g € PGLy (K) be semisimple, let g € GLy (K) be a
representative of g, let Q be the set of eigenvalues of g (over an appropriate field extension

of K) whose absolute value is mazimum, let C' be a compact subset of P(V)\ A'(g), set
m = proj(A’(g),A(g)), and let U be a neighborhood of ©(C) in P(V).

(i) There exists an infinite set N C N such that lir% A )™ =1 for all \, u € Q.
ne
n—oo

(ii) The set {||g”‘c|| | n € N} is bounded.
(iii) If N is as in (i), g"C C U for almost all n € N.

Proof. The easiest way to obtain this lemma over the division algebra D is to take a
representative of g in GLy, see it as an K-linear transformation in GLy, x and apply Tits’
original lemma [74, Lemma 3.9]. Part (i) is then immediate.

For part (ii) and (iii), denote P x (V') the projective space of V' seen as a vector K-space.
Since the canonical GLy-equivariant map ¢ : Px (V) — P(V) is proper and continuous,
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C' = ¢ }(C) is compact, and U’ = ¢~ (U) is open. Thus [74, Lemma 3.9] applies with
C’ and U’ over K, and in turn yields the same conclusions over D, since the norms of g
restricted to C and C’ bound each-other. O

We will also make use of a version of part (i) of Lemma 3.9 for multiple representations,
due to Margulis and Soifer. They initially stated it for multiple vector spaces over the
same local field, but as already observed in [60, Lemma 3.1], the proof is identical.

Lemma 3.10 (Lemma 3 in [55]). Let {K;}icr, be a finite collection of local fields and V;
be a finite-dimensional vector K;-space. Let g; be a semisimple element of GLy,(K), and
let Q2(g;) be the set of eigenvalues of g; whose absolute value is maximum. There exists an
infinite subset N C N such that 71Ll€n]rlv A =1 foralli €T and A\, pu € Q(g;).

n—oo

We are now ready to prove the following slight generalization of [60, Corollary 3.7], which
is itself a refinement of both [74, Proposition 3.11] and [55, Lemma 8]. This proposition
is a crucial piece of the proof of Theorem 3.2: it will be used to find enough biproximal
elements in I

Proposition 3.11 (Abundance of simultaneously biproximal elements). Let G be a con-
nected algebraic F-group and let I be a Zariski-dense subgroup of G(F'). Let {K;}icr be
a finite collection of local fields each containing F'. For each i € I, let p; : G — PGLy; be
an irreducible projective K;-representation, where V; is a finite-dimensional module over
a finite division K;-algebra D;.

Suppose that for each i € I, p;(I") contains a proximal element. Then the set of reqular
semisimple elements v € I' such that p;(y) is biprozimal for every i € I, is dense in I' for
the join of the Zariski topology and the profinite topology.

Proof. We follow the line of arguments given in [74, 55, 60], keeping track of the different
representations, and using the extension of Tits” work to projective representations over a
division algebra laid out above.

Given an arbitrary element g € G(F'), let us abbreviate p;(g) by g;.

Step 1: The set of simultaneously proximal elements in I" is Zariski-dense if it is non-empty.

Let g € I" be such that g; is proximal for all 4 € I. Since p; is irreducible, for each i € I
the set of elements x of G(F) such that x;A(g;) € A’(g;) is non-empty and Zariski-open.
Because G is Zariski-connected, the intersection of these sets remains non-empty (and
Zariski-open). Let us then pick x € T satisfying z;A(g;) & A’(g;) for every i € I.

By construction of z, we can pick a compact neighborhood C; of A(g;) in P(V;) such
that z;C; is disjoint from A’(g). Since projective transformations have finite norm, we
have max;es sz‘CH < r for some r € R. By Lemma 3.8 (i), for each i € I there exists an
integer N; such that

ng"‘szlH <! and g (x:C;) € C for n > N;.

Set N, = max;c; N;. Then for any ¢ € I, we have that
Hgfacz‘CH <1 and (gia:)C; € C; for n > Nj.

We deduce from Lemma 3.8 (ii) that g/'z; = p;(gx) is proximal for every n > Nj.
Observe that the Zariski closure Z of {¢" | n > N, } in I" has the property that ¢Z C Z.
Since the Zariski topology is Noetherian, we deduce that ¢"t1Z = ¢™Z for some m € N.
This implies that ¢"Z = Z for every n € Z, and in particular that g € Z. Let now S
denote the Zariski closure in I of the set S of elements of I' which are proximal under
every p;. We have shown that S contains gz for each z € I" chosen as above and n > N,.
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By our last observation, Sz~! contains g, hence gx € S. As this holds for every z in a
Zariski-dense (open) subset of I', we conclude that S contains gI' =TI, as claimed.

Step 2: I contains a semisimple element that is simultaneously proximal.

We argue by induction on #I. Fix j € I, and suppose that there are elements g,h € I’
such that p;(h) is proximal and p;(g) is proximal for ¢ € I\ {j}. By Step 1, we may in
addition assume that g and h are semisimple. Write m; = proj(A’(h;), A(h;)) for i # j,
and 7; = proj(A’(g;), Alg;))-

Let N C N be an infinite set such as afforded by Lemma 3.10 applied to the elements
h; for i # j and g; for i = j, so that we have TlLIEH]\l/ A7) =1 for A\, € Q(hy) if i # 7,

n—oo

and for A, pn € Q(g;).
Since p; is irreducible and T" is Zariski-dense, as before we can fix « € I' such that

2iA(g;) ¢ A'(h;) for every i € I.
Similarly, the elements y € G(F') satisfying

yi milwiA(g) ¢ Al(gi) fori € I\ {5},
and  y;A(hy) & (274" (h) N A(g))) v A (),

form a non-empty Zariski-open subset of G(F'). Let us then fix y such an element in T".

For i # j, let B; be a compact neighborhood of y; - m;(x;A(g;)) disjoint from A’(g;),
and let B; be a compact neighborhood of z; - m;(y;A(h;)) disjoint from A’(h;). The latter
exists because w;l(mjflA’(hj)) C (x;lA’(hj) NA(g;)) vV A'(g;) does not contain y;A(h;).
We also choose for i # j a compact neighborhood C; of A(g;) disjoint from x; YA’(h;) and
small enough to satisfy y; - m;(x;C;) C B;; and choose a compact neighborhood C; of A(h;)
disjoint from y;lA’(gj) and satisfying «; - 7;(y;C;) C Bj

The careful choice of B;, C; and N sets us up for the following applications of Lemmas 3.8
and 3.9. By Lemma 3.9, for each i # j there exists ; € R and N; € N such that

th‘xCH <rjforneN and yihPx;C; € B; forn e N, n> Nj.
Similarly, there exists N; € N and r; € R such that
| <rjforneN and 2397 Y;Cj Céj forne N, n > N;.

lg5'],.¢. !

By Lemma 3.8 (i), for each i # j there exists N/ € N such that

—1 o
9 I < Clyif g I -7 lza] o ) and 9 Bi C C; forn > Nj.
Similarly, there exists IV ]’ € N such that
—1 o
151 < (s 75l 1) and WB; C C; forn> N,
J

Set N'={n € N |n> N; and n > N/ for all i € I'}. Fori # j, we have by construction
that

lgi"yihi'wi| | <1 and  gi"yihi'zCi C C; form,ne N

Similarly, we have that

||h?:ng;ﬂyj‘o|| <1 and hjz;9;"y;C; C (o;'j for m,n € N'.
J
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We conclude from Lemma 3.8 (ii) that for all m,n € N’, the element ¢/"y;h"z; is proximal
for i # j, and so is hjw;g"y;. But hlz;g7"y; and gj"y;h}x; are conjugate, so g"yh"x € T’
is proximal under p; for every ¢ € I.

In view of Step 1, the set of simultaneously proximal elements in I' is Zariski-dense, so
there is also a semisimple one as claimed.

Step 3: I' contains an element which is simultaneously biproximal.

By Steps 1-2, there is a semisimple element g € I' such that p;(¢g~') is proximal for
every i € I. Let N be an infinite set such as afforded by Lemma 3.10. Replacing N by an
appropriate subset, we may assume that the set ¢’v = {¢g" | n € N} is Zariski-connected.

Since p; is irreducible and I" is Zariski-dense, the elements z € G(F') such that

xiA(g:) & A’(g;l) and x;lA(gi) s A'(g;l) for every i € I

form a non-empty Zariski-open subset. Fix such an element x € I'. For the same reasons,
the set U of elements y € G(F') satisfying

yiA(gi ) & @i (9:) V (wiA(g:) N A'(g77)),
and y; tziA(g ) & A(gi) V (A(g) NaiA (g7 h)) for every i € 1
is also non-empty and Zariski-open; fix y € U NT.

Write m; = proj(A’(gi), A(gi)) and 7} = proj(z;A’(gi), ziA(g;)). For eachi € I, let B; be
a compact neighborhood of 7!(y;A(g; ') disjoint from A’(g; '), and let B! be a compact
neighborhood of ;(y; 'x;A(g; ') disjoint from x;A’(g;*). We also choose a compact
neighborhood C; of A(g; ') disjoint from y; 'x;A’(g;) satisfying 7/(y;C;) C B;, and a
compact neighborhood C! of y; 'x;A(g; ") disjoint from A’(g;) satisfying m;(C!) C B..

By Lemma 3.9 (ii), for each i € I there exist N;, N/ € N and r;,r, € R such that
1
¢ ‘ini
Hg?‘c,\|<7“§ forn e N and grCl c B! forneN,n> N,

|xiglx | <riforneN and xig?x;lini cB; forne N, n > Nj,

By Lemma 3.8 (i), for each ¢ € I there exist M;, M] € N such that

1

g ™1, I < (ri-llwi| . ) and 9;"B; Cc C;  forn > M;,
B; C;

_ _ _ -1 _ _ 2
g™ < (it ol 7)™ and g B C G for > M

Set Ny = {n € N | n > max;c{Ns, Nj, M;, M]}}. We then have by construction
that
lgi "xigi w7 i), | <1 and g "wigla yiCi € Cr for m € Ny,

||y;1xig;nxflg? | <1 and y;lxig;nxflg?af c Cl for n € Ny y.

o
We conclude from Lemma 3.8 (ii) that for all n € N, , and for each ¢ € I, the element
g "xg"x "'y is biproximal under p;.

Step 4: The set of regular semisimple simultaneously biproximal elements is dense.

Let S denote the set of elements in I' which are biproximal under every p;. Let A be a
normal subgroup of finite index in I', and let v € I'. Because the set of regular semisimple
elements is Zariski-open, it suffices to show that S N Ay is Zariski-dense to prove the
proposition.

Since I' is Zariksi-connected and A has finite index in I'; every coset of A is Zariski-
dense. Moreover, if h € T is such that h; is proximal, then AI'*Al is also proximal under
pi, and belongs to A. We can thus apply Steps 1-3 to A, to find an element g € A such
that g; is biproximal for every i € I.
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As before, the set U of elements x € G(F') such that
ziviA(gi)  A'(gi) and 4 'a A(g) € A'(g; ) forevery i€ ]

is Zariski-open and non-empty. In particular, ANU is Zariski-dense in ['; pick z € ANU.
Let C’ii be a compact neighborhood of A(giﬂ) such that (x’y)iilcii is disjoint from
A’(gF). Since projective transformations have finite norm, we have that max;ey ||(z)E! ot | <

r for some 7 € R. By Lemma 3.8 (i), there exist integers N; and N, such that

||g?‘xmc_+|| <! and gl CF c CF for n > N;'.
”gi_n‘(m).—lc,—” <rt and g; "(xy);tCo C OF forn > N; .

For N, = max U;c;{N;", N;”}, we then have for every i € I that

||9§L95i’7i\0+|| <1 and gfxi'inf C C:r for n > N,.
Hgi_n%_l%_l‘c__H <1 and g e tes < CF for n > N,.

1

We deduce from Lemma 3.8 (ii) that ¢'a;y; and g; "v; Ly~ are proximal for every i € I

7
and for n > N,. But g;”y;lel and 7;1$;1g;" are conjugate, so g;'z;y; is in fact
biproximal for every ¢ € I. Of course g"zy € Ay, so we have shown that S N A~y contains
gz for every x € ANU and n > N,.

As was observed in Step 1, the Zariski closure of {¢" | n > N,} in I" contains g. Thus
the Zariski closure of S N Ay contains gz~ for every x € ANU. As ANU is Zariski-dense,

so is S N A~v. This concludes the proof of the proposition. O

3.3. Towards the proof of Theorem 3.2. Before starting the proof of Theorem 3.2,
we record the following lemmas.

Lemma 3.12. Let K, D andV be as in §3.2. Let G be a connected K -subgroup of PGLy/,
acting irreducibly on P(V'). Suppose that G(K) contains a prozimal element gyg. Then the
set

X ={A(g) | g € G(K) is prozimal} C P(V)
coincides with the orbit G(K)-A(go) and constitutes the unique irreducible projective sub-

variety of P(V') stable under G(K). In consequence, Stabg (A(go)) is a parabolic subgroup
of G.

Proof. By a theorem of Chevalley, there is a Zariski-closed G(K)-orbit Y C P(V). Let
g € G(K) be proximal. Because G acts irreducibly on P(V), there exists y € Y\ A’(g).
We then have g™ -y “—°% A(g), thus A(g) lies in the closure of Y in the local hence in the
Zariski topology. As Y was Zariski-closed, A(g) € Y. Since this happens for any proximal
element g, we deduce that X C Y. As X is G(K)-stable and Y is a single orbit, equality
holds. It is now clear that X is the set of K-points of a projective variety X, which is
irreducible because G is.

Let P = Stabg(A(g)) denote the stabilizer of A(g) in G. The above shows that orbit
map yields an isomorphism G/P — X, hence G/P is a complete variety, meaning that P
is parabolic. The same holds for every other proximal element. ([l

Remark 3.13. Lemma 3.12 can also be proven by arguing that if gg is proximal, A(gp)
must be a highest weight line.

Lemma 3.14 (Transversality). Let G be as in Lemma 3.12, and suppose that G(K)
contains a proximal element g. For any h € G(K), the set

Ung = {z € G(K) | zha™"A(g) ¢ A'(g) UA (g7 1)}
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is Zariski-open in G(K). If h € G(K) is such that the span of {rhz~'A(g) | * € G(K)}
is the whole of P(V'), then Uy 4 is non-empty.

Proof. The two sets
Ur = {z € G(K) | zha™'A(g) & A'(9)}
Uz = {z € G(K) | zha™A(g) ¢ A'(971)}

are Zariski-open by a standard argument: for any subspaces Wi, Wa C V| the set {z €
G(K) | - Wy C Wa} is Zariski-closed. We have to show they are both non-empty.

There is a minimal parabolic K-subgroup B of G that contains h. By Lemma 3.12,
there is a conjugate xBx~! of B which fixes A(g). But then for this choice of x, we surely
have zhz~'A(g) ¢ A’(g). This shows that U; is not empty.

Finally, U, is non-empty because of the assumption made on h. Indeed, U being empty
means zha tA(g) € A'(g7!) for every x € G(K), but the latter is a proper subspace of
P(V). O

Remark 3.15. At first glance, Lemma 3.14 above may seem to be weaker than [60, Propo-
sition 2.17]. Unfortunately, the proof of [60, Proposition 2.17] relies on [60, Proposition
2.11], whose statement is erroneous. The set of elements whose conjugacy class intersects a
big Bruhat cell is in fact smaller than stated there (see for instance [33, Theorem 3.1] for a
description in the case of SL;,). In consequence, the results of [60] are only valid under the
additional assumption that the conjugacy classes of the elements h under consideration
intersect a big Bruhat cell.

Proof of Theorem 5.2. For an arbitrary element g € G(F'), let us abbreviate p;(g) by g;.
For simplicity, we also write Hf = H; \ C;.

Fix a normal subgroup A of finite index in ', and fix 7y € T'. First, because of the
proximality hypothesis, Proposition 3.11 applied to the Zariski-closure H of I in G states
that the set S’ of regular semisimple elements 7/ € Avg such that p;(7’) is biproximal for
every i € I, is Zariski-dense in I". Pick v/ € §".

Second, using the transversality hypothesis on p;, we exhibit a simultaneously biproxi-

mal element in A~y acting transversely to every H;. By Lemma 3.14, for every i € I and
every h € H the sets

Uipyzr = {z € B(F) [ il A7) ¢ A UA' (7))

are Zariski-open and non-empty. In consequence, we can pick an element A in the Zariski-
dense set ANU,/, where Uy = MNic; Mreps (Uiny MU,y -1). Setting v = A1y we see
that v € S’, while for any h € H,

hiA(v:) € A'(v) UA (37 1) and  hA(y ') € A'(7) UA (7).

Next, we construct the sets that will allow us to apply Lemma 2.1. Given 7 € I, let
P* be a compact neighborhood of A(v;*!) in P(V;) small enough to achieve (H} - P¥) N
(A/(7;) UA’(7;71)) = 0. Such a set exists by construction of v: by local compactness, the
complement of the closed set H} - (A’(v;) UA’(v;~1)) contains a compact neighborhood of
A(v*1). In the same way, we can arrange that also

(Hf - PN (PFuPp) =0
Note that Z(F') fixes A(7;) and A(y;~!). The finite intersection ,ec, (c- P*) is thus again
a compact neighborhood of A(;*!). Replacing Pii by this intersection, we will further
assume that P,;jE is stable under C;.
Set P, = Pf U P and set
Qi=H"-P;
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these two subsets of P(V;) are compact, disjoint, and preserved by C;. As Q; N (A'(y;) U
A’(v;71)) =0, Lemma 3.8 (i) shows that there exists N € N such that for any n > N,

7%"Qi C P and ;7 "Q; C B

Pick Ny > N with Ny =1 mod | : A|, so that 4N1+:Al ¢ Avg for every n € Z.

For each ¢ € I, Lemma 2.1 now applies to the subgroups <7Nl+”|F:A|> x C; and H; of
G(F), with the sets P; and @); constructed above. We conclude that for every ¢ € I and
all n € N, the subgroup (yM#+™Al ) is the free amalgamated product ((yN 7Tl
Cl) *C; Hi.

This establishes that S N Ayg contains 41+ Al for every n € N; it remains to show
that S N A~y is Zariski-dense.

The Zariski closure Z of {yN1#7"Al | € N} satisfies 4/T*A1Z € Z. Since the Zariski
topology is Noetherian, it follows that 4(tDIAl 7z — ~mITAl 7 for some m € N, and in
turn that v € Z.

We have seen that S’ is Zariski-dense, and that for each 7' € S’ the set AN Uy is
Zariski-dense. In consequence, the set S” = {(7y,A\) e I'xT' |+ € S, A € ANUy} is
Zariski-dense in I' x T'. Indeed, its closure contains {7y} x S, = {7} x T for each v' € 5,
therefore contains S’ x {7} =T x {7} for each v € T

Since the conjugation map H x H — H : (z,y) — y~'xy is dominant, it sends S” to a
Zariski-dense subset of I'. Following the argument above, the Zariski closure of S N A~vq
contains the image of S”. This proves the theorem. O

1

Remark 3.16. Each of the two properties assumed in Theorem 3.2 can be satisfied indi-
vidually. Given a finitely generated Zariski-dense subgroup of a (connected) semisimple
algebraic group, the existence of a local field and a representation satisfying the proximal-
ity property was first shown by Tits (see the proof of [74, Proposition 4.3]). A refinement
to non-connected simple groups can also be found in [55, Theorem 1].

The second property, transversality, can be established for one given element h € H;\ C;
using representation-theoretic techniques. But it is not always possible to find a represen-
tation that works for all h € H; at the same time.

Even so, it may not always be possible to find a single representation which satisfies
both properties of Theorem 3.2 simultaneously. Our next task will be to construct such
a representation for real inner forms of SL,, and Resc/r(SLy). This will be sufficient for
the applications appearing in §4 & §5.

3.4. Constructing a proximal and transverse representation for inner R-forms
of SL,, and GL,. Let D be a finite division R-algebra and set d = dimg D. Let n > 2
and let H be any algebraic R-group in the isogeny class of SLpr or GLpn, viewing D"
as a right D-module. For example, if D = C this means that H is a quotient of the R-
group Resc/r(SLy) or Resc/r(GLy) by a (finite) central subgroup. The standard projective
representation of H is the canonical morphism pgt : H — PGLpn. This is the projective
representation which will exhibit both proximal and transverse elements.

First, we recall that an element g € G(R), in some reductive R-group G, is called R-
regular if the number of eigenvalues (counted with multiplicity) of Ad(g) of absolute value
1 is minimal. Any R-regular element is semisimple (see [62, Remark 1.6.1]), and when G
is split, every R-regular element is regular.

With H as specified above, an element g € H(R) is R-regular if and only if some (any)
representative of psi(g) in GLpn (R) is conjugate to a diagonal n-by-n matrix with entries
in D of distinct absolute values. Indeed, if psi(g) is represented by diag(as, ..., a,) with
la;| # |aj| for i # j, the absolute values of the eigenvalues of Ad(g) are {|aia;1|}1§i7j§1
(with the right multiplicities) and are equal to 1 only for ¢ = j, which is the least possible
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occurrences. Conversely, if g is R-regular, the centralizer of the R-regular element pg(g)
contains a unique maximal R-split torus S of PGLpn (see [62, Lemma 1.5]). Thus pg(g)
belongs to the centralizer of S(R), which, up to conjugation, is the subgroup of (classes of)
diagonal n-by-n matrices with entries in D; say pgst(g) is represented by diag(aq, ..., an).
The absolute values of the eigenvalues of Ad(g) are again {|aia;1]}1§i,j§1. From the R-

regularity of ps;(g), we deduce that each value |aia;1| with ¢ # j must differ from 1, as
claimed.

It follows from this description that if fpax (resp. fmin) denotes the D-line in D™ on
which a R-regular element g € H(R) acts by multiplication by an element of D* of largest
(resp. smallest) absolute value, then ¢,.x = A(g) is the attracting subspace of g (resp.
lmin = A(g™1)), so that g is biproximal.” We record this here.

Lemma 3.17. Let H and ps; be as above. Any R-regular element g € H(R) is biproximal
under pst-

So, in order to exhibit proximal elements in pg(I') for I' < H(R) a Zariski-dense sub-
group, it suffices to show I" admits a R-regular element. This is the content of the following
theorem, due to Benoist and Labourie [6, A.1 Théoréeme]. We also refer the reader to the
direct proof given by Prasad in [61].

Theorem 3.18 (Abundance of R-regular elements, A.1 Théoréeme in [6]). Let G be a
reductive R-group. Let T' be a Zariski-dense subgroup of G(R). The subset of R-reqular
elements in I is Zariski-dense.

Corollary 3.19. Let H and ps; be as above. Let T be a Zariski-dense subgroup of H(R).
The elements g € T such that ps(g) is biproximal, form a Zariski-dense subset of T'.

Remark 3.20. The existence of elements proximal under pg;, in any Zariski-dense sub(semi)group
can also be established using the results of Goldsheid and Margulis [26, Theorem 6.3] (see
also [1, 3.12-14]). This approach is more tedious, as the standard representation of GLpn
does not admit proximal elements if D™ is seen as a vector R-space (which is in fact
one of the motivations to extend the framework of [74] to division algebras). Instead, one
should embed P p(D") inside Pr(A% D™) via the Pliicker embedding, and exhibit proximal
elements in that projective representation.

Next, we move on to the question of transversality. It turns out that under pg, every
non-central element h € H(R) satisfies the transversality condition of Theorem 3.2.

Proposition 3.21. Let H and pg be as above. Let h € H(R) be non-central. For every
p € P(D"), the span of {pst(zhz=)p | x € H(R)} is the whole of P(D™).

Proof. Taking preimages in GLpn, we may without loss of generality work with the action
of GLpn on D" instead of py(H) = PGLpr on P(D™). We will show in this setting
that, for every non-zero v € D™ and every non-central h € GLpn(R), the R-span of
{zhz~!-v | € SLpn(R)} is the whole of D™. The statement of the proposition then
follows immediately by projectivization.

Viewing Endp(D™) as a vector R-space, the conjugation action defines a linear rep-
resentation of SLp» on Endp(D™). This representation decomposes into two irreducible
components: a copy of the trivial representation given by the action of SLpn on the center
of Endp D", and a copy of the adjoint representation given by the action of SLp» on the
subspace s, (D) of traceless endomorphisms.

When h is not central, it admits a distinct conjugate zhaz ! of the same trace, hence the
R-span W, of {zhz~! | 2 € SLp»(R)} contains for some g € SLpx (R) the nonzero traceless

3C0nverse1y, there exists a representation under which any proximal element is R-regular, see [62,
Lemma 3.4].
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element h' = h — ghg~!. In turn, W}, contains the R-span W}, of {xh’z~! | z € SLpn(R)},
a SLpn-stable subspace of sl,(D) which must equal sl,(D), as the latter is irreducible
for the adjoint action. Thus, either W}, = sl,(D) if Tr(h) = 0, or W}, = Endp(D") if

Tr(h) # 0.
Finally, for any non-zero v € D™ we have that sl,,(D)-v = D", from which we conclude
that the R-span of {zha~!-v | x € SLp»(R)} contains W, - v = D™. O

Definition 3.22. Given a reductive F-group G with center Z and a subgroup H < G(F),
for the purposes of this paper, we will say that H almost embeds in a (simple) quotient
Q of G if there exists a (simple) quotient Q of G for which the kernel of the restriction
H — Q(F) is contained in Z(F').

It is clear that if Q is a simple factor of G and H is a subgroup of Q(F’), then H almost
embeds in Q. In particular, if G is itself simple, every subgroup almost embeds in a simple
quotient.

With this, we are ready to prove the following application of Theorem 3.2, establishing
the abundance of simultaneous ping-pong partners for finite subgroups in products of inner
forms of SL,, and GL,, which almost embed in a factor.

Theorem 3.23. Let G be a reductive R-group whose simple quotients are each isogenic
to PGLpn for D some finite division R-algebra and n > 2, and let Z denote its center.
Let T be a subgroup of G(R) whose image in Ad G is Zariski-dense. Let (H;)ier be a finite
collection of finite subgroups of G(R), and set C; = H; N Z(R).

Suppose that for each i € I, there exists a simple quotient Q; of G for which the kernel
of the projection H; — Q;(R) is contained in C;. Then the collection of regular semisimple
elements v € T of infinite order such that for alli € I, the canonical map

((v) x Ci) x¢; Hi = (v, Hi) < G(R)

is an isomorphism, is dense in I' for the join of the profinite topology and the Zariski
topology.

Proof. By assumption, every simple quotient of G admits as further quotient PGLpr, for
D some finite division R-algebra and n > 2. For ¢ € I, let p; denote the composite of
the quotient map G — Q; with the standard projective representation Q; — PGL yn;,
where D;, n; are an appropriate division R-algebra and integer. Note that p; factorizes
G — AdG — PGL .

Corollary 3.19 shows that the set of elements in p;(I') which are biproximal is Zariski-
dense in PGL n,; a fortiori, p;(I") contains a proximal element. Moreover, since C; is the
kernel of p; : H; — PGLn (R) by construction, every h € H; \ C; maps to a non-central
element under p;. Proposiicion 3.21 then precisely states that p; satisfies the transversality
condition of Theorem 3.2. We are thus at liberty to apply Theorem 3.2 to I' < G(R) and
the collection (H;);er (see also Remark 3.4), deducing this theorem. O

Remark 3.24. Let F be any field, and let G be a reductive F-group with center Z. In order
for a subgroup H < G(F) to admit a ping-pong partner in G(F), it is necessary that H
almost embeds in a simple factor. Indeed, if the subgroup (y, H) is the free amalgamated
product of (v) x C and H over C = H N Z(F), then in the quotient G/Z, the image
of (v, H) is certainly freely generated by the images of v and H. But G/Z is the direct
product of adjoint simple quotients of G, so by Proposition 2.7, H/C embeds in (the
F-points of) one of these factors.

In other words, Theorem 3.23 states that the finite subgroups (H;);e; under considera-
tion admit simultaneous ping-pong partners in I' if and only if each H; almost embeds in
a simple factor.



SIMULTANEOUS PING-PONG FOR FINITE SUBGROUPS OF REDUCTIVE GROUPS 21

Remark 3.25. There are versions of Theorem 3.23 for semisimple R-groups of other types,
but proving them requires a more careful study of the representation theory of G to exhibit
a representation playing the role of pg;. However, as indicated in Remark 3.16, there are
cases where one needs additional information on the H; to get a representation satisfying
the transversality assumption of Theorem 3.2.

There are also versions for other local fields. However, to prove those one needs addi-
tional information on I'. Indeed, over a local field different from R, bounded Zariski-dense
subgroups exist, and a bounded subgroup obviously never admits proximal elements.

4. CONSTRUCTING AMALGAMS BETWEEN TWO GIVEN FINITE SUBGROUPS OF
PRODUCTS OF GL,(D)’s

Conventions: throughout the remainder of this article G will denote a finite group. All
orders will be understood to be Z-orders. We also use the following notations:

e Whenever we say that a given algebra A is a finite algebra we mean that A is finite
dimensional

e PCI(FG) for the set of primitive central idempotents of F'G

e 7. :U(FG) — FGe projection to a simple component

e Embg(H) is the set of e € PCI(QG) with H Nker(m.) =1 (see (6))

Theorem 3.23 gives a satisfactory existence result of ping-pong partners for finite subgroups
in a direct product of groups of the form GL,(R), GL,(C), or GL,(H) with n > 2.

The end goal of this paper being the study of free amalgamated products with finite
subgroups inside U (), the unit group of an order O in a finite semisimple algebra A over
a number field F', we record the following application of Theorem 3.23 to finite subgroups

in U4(0O).

Corollary 4.1. Let F be a number field, A be a finite semisimple F-algebra, and O be
an order in A. Let T be a Zariski-dense subgroup of U(O). Let H be a finite subgroup of
U(A), and C its intersection with the center of A.

There exists v € I' of infinite order with the property that the canonical map

() x C)xc H — (v, H)

is an isomorphism, if and only if H almost embeds in Ae for some e € PCI(A) for which
Ae is neither a field nor a totally definite quaternion algebra.

Moreover, in the affirmative, the set of such elements v is dense in the join of the
Zariski and the profinite topology.

In particular, a free product Z x H exists in U(O) if and only if C is trivial and H
embeds in a factor Ae which is neither a field nor a totally definite quaternion algebra.

Proof. By Wedderburn’s theorem, every semisimple F-algebra A factors as
A =End(V7) x -+ x End(V,,),

for V; an n;-dimensional right module over some finite division F-algebra D;, i =1,...m.
In consequence, the F-group G of units of A is the reductive group

GLpm % -+ x GLpyn

We can base-change G to the R-group Resp/gG xg R, whose R-points G(F ®g R) are
a product of groups of the form GL,(R), GL,(C), or GL,,(H), for various n > 1.

Any subgroup H of U(A) = G(F) embeds in G(F ®qg R). In fact, H almost embeds
in a F-simple factor of G if and only if it does so in a R-simple factor of Resp;oG X R.
More precisely, let Ki,..., Ky denote the summands of the étale R-algebra F' ®g R; they
are precisely the different archimedean completions of F'. Given a finite division algebra
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D over F, let D;; be the division R-algebras such that D @ K; = Hml M, (Dl]) as R-
algebras. The group Resp/g GLp» XgR then factors into the product ]_[z 1 H 1 GL IR

The image of GLpn(F') in this product is obtained by embedding it diagonally using the

canonical maps GLpn (F) — GLpn(K;) — GLnri; (R). Thus if H (almost) embeds in a
ij

factor (P)GLpr over F, then it does so in any of the (P)GL jnri; over R, and the converse

ij
is obvious.

Now, a simple quotient PGL »ri; over R of a given factor GLp» of G satisfies nri; = 1,

ij
if and only if the jth factor in Ae ® p K; is a division algebra, where e is the projection
onto the factor of A corresponding to GLp». In other words, the factor GLp» has a simple

quotient PGL jnri; with nri; > 2 for some i, j, if and only if Ae is not a division algebra
’LJ
which remains so under every archimedean completion of its center. This amounts in turn

to Ae not being a field nor a totally definite quaternion algebra.

Next, let Gis denote the R-subgroup of Resp/oG Xg R which is the direct product
of those subgroups GL Dl for which nr;; > 2. Since U(O) is an arithmetic subgroup

of U(A) = G(F), a classical theorem of Borel and Harish-Chandra [7] attests that the
connected component of U(O) in Resp/gG xR is a lattice in the derived subgroup DGis
of Gis. In consequence, the image of I' in Ad Gjs is Zariski-dense.

Let f denote the canonical map G(R) — Ad Gis(R), whose kernel is the product of the
compact factors of G(R) with its center. Note that ker f commutes with Gis(R), and that
ker f NI is finite.

In view of all the above, provided H satisfies the embedding condition, we deduce from
Theorem 3.23 applied to Ad Gis the existence of a dense set S C f(I") of ping-pong partners
for f(H). By Lemma 2.3, the preimage f~!(S)NT consists of elements v € ' for which
the canonical map ({y) x C) xc H — (v, H) is an isomorphism.

As S is dense in the join of the Zariski and the profinite topology, the same holds for
f7H(S)NT. Indeed, if Ay is a coset of finite index in I', and U is a Zariski-open subset of
I intersecting it, perhaps after shrinking and translating by ker f NI', we can arrange that
A~yp and U are contained in the connected component I'° of I', and that (ker fNI'*)-U = U.
Then f(AyoNU) equals the open set f(Avy)N f(U). We may thus pick z € SN f(AyNU),
implying that f~1(S) N Ay N U is non-empty.

It remains to verify that the embedding condition is necessary. Suppose v € I' is such
that ((y) x C)xc H — (v, H) is an isomorphism. Let G; (resp. Gz) denote the product
of the factors of G over F' for which the corresponding factor Ae of A is not (resp. is)
a field or a totally definite quaternion algebra. Because this product decomposition is
defined over F', the projections of U(O) in G;(F ®q R) and Go(F ®qg R) are discrete.
Since DG2(F ®qg R) is compact, the image of U(O) in G2(F ®q R) is in fact finite.

As G = G x o, Proposition 2.7 shows that one of the kernels N1, Ns of the respective
projections m; : (y,H) — G;(F ®qg R), is contained in C. Of course, Ny cannot be
contained in C, otherwise the image of U(O) in Ga(F ®g R) would contain the infinite
group ({y) X C/N2) *c/n, (H/Nz2). We deduce that N1 C C, that is, (v, H) almost embeds
in Gi. Another application of Proposition 2.7 then shows that (v, H) almost embeds in
some factor of Gi over F, hence in a factor of A which is not a field nor a totally definite
quaternion algebra, as claimed. ([l

Ezample 4.2. If A = FG and O = RG for some order R in F', then by the theorem of
Berman-Higman [45, Theorem 2.3.] the only torsion central units are the trivial ones (i.e.
U(R).Z(G)). Thus if we take H < V(RG), then C = HN Z(G). In particular G x Z exists

if and only if G embeds in a simple factor and has trivial center (e.g. G is simple).

Although Corollary 4.1 is a neat existence result, it leaves open following two questions.
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Question 4.3. With notations as in Corollary 4.1:

(i) How can we construct the ping-ping partner « concretely?
(i) When does a subgroup H embed in a simple factor?

Question (ii) will be addressed in Section 5.3. In this section we present a method for
question (i) which will reduce the problem to constructing certain family of deforming
maps (see Definition 4.4). The main result being Theorem 4.12. In Section 5 we will
propose a general method to construct such maps in case that A is a group algebra.

4.1. Deforming finite subgroups. The aim of this section is to introduce an (explicit)
linear method which allows an infinite number of ways to replace a finite subgroup H <
GL(V) by an isomorphic copy. As our final aim is applications on finite subgroups in
U(O), the unit group of an order O in a finite dimensional semisimple F-algebra (with F
some field), we consider
A:=End(V}) x -+ x End(V,y).
with V; some finite dimensional F-vector spaces and denote G = U(A).
Consider a subgroup H < G. We want to construct a group morphism

(1) Ty :H —G:hw— h+ 1.
This will be the case if the family of elements 75, € A are of the following form.

Definition 4.4. Let H < G. A linear map Ty : H — G is called a basic nilpotent
transformation for H if there is a set {7, | h € H} C A such that Ty(h) = h + 7, and
satisfying the following three properties:

(1) 77 =0,

(2) Tk =,

(3) Thi = T + h7g,
for all h,k € H.

If Ty is a basic nilpotent transformation, then
Tu(h)=h(l+h"'m) = (1+m)h

with 1 + h~'7, and 1 + 75, unipotents (as 7,h~'7;, = 0). Thus (1) can also be viewed
deforming H via a family of unipotent elements.

Furthermore, note that one could have replaced the second and third property by k7, =
7, and 7y = Tk + 7. If one considers both definitions, then the one from Definition 4.4
would be called a right basic nilpotent transformation and the one of the latter type a left
basic nilpotent transformation. Except mentioned otherwise, we will always mean a right
one.

Ezample 4.5. Suppose one has some 7y € A satisfying 7gh = 7 for all h € H. Then
it is easily verified that by constructing 7, = (1 — h)7y for each h one obtains a (right)
basic nilpotent transformation. If H is finite, one way to construct such a 7z is by taking
zH = 2(3} e h) for some x € A. The choice (3 ,cqxh)z(l — h) would yield a left
nilpotent transformation. These constructions might be trivial, e.g. if z € Z(A). If H is
F-linearly independent’ and non-central one can find some z for which the families are
non-trivial.

Remark 4.6. e The existence of a non-trivial basic nilpotent transformation T yield
some weak restrictions on H. Among others, if A is an F-algebra, then HNF.14 =
1. Indeed, otherwise there is some z = A1 # 1 such that A1, = 7,2 = 73, for all
h € H. Since A # 1, it implies that 7, = 0 as claimed.

4This condition is a natural one for the applications later on. Indeed, it is well-known that if H is a
finite subgroup of V(RG) with R a |G|-adapted ring, e.g. R = Z, then the condition is satisfied.
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e Notice that if char(F) t |H| and h € H N Z(A), then 7, = 0. Indeed, h7, =
Thh = 7, and hence a repeated use of properties (2) and (3) in Definition 4.4 yields
0 =71 = Thotm) = Thotmy—1 + h°W=1y = = o(h)7,. Hence, 77, = 0.

The following result shows the relevance of an admissible family.

Proposition 4.7. Let H < G be a finite subgroup whose order is coprime to char F' and
Ty a basic nilpotent transformation. Then the associated map Ty is a monomorphism.
In particular, o(Ty(h)) = o(h) for any h € H.

Proof. 1t is a direct verification that the properties listed in Definition 4.4 yields that Ty
is a homomorphism. Next, suppose that some h € H is in the kernel of Ty, so h+ 7, = 1.
Multiplying by 1 — h on the right, one obtains h — h? = 1 — h (since 7,(1 — h) = 0).
This implies that every projection of A in the components of A satisfies the polynomial
0=1-2X+ X% = (1- X)2 Hence, its minimal polynomial is either 1 — X or (1 — X)2.
In the latter case the endomorphism has a Jordan-block decomposition with each Jordan-
block of size 2. These can not have finite order coprime to the order of the field. Since the
element h has finite order, we therefore obtain that the endomorphism in every projection
satisfies 1 — X = 0, implying that h = 1. O

Remark 4.8. Notice that Proposition 4.7 is no longer true when H is an arbitrary subgroup
of G. Indeed, consider for example A = My(F') (where F is of characteritic 0) and the
endomorphism h = [(1) ﬂ For the infinite cyclic group H = (h), the set {7;n = [8 _On} |
n € Z} is readily checked to be verify the conditions in Definition 4.4. However, in this
case the morphism Ty is trivial.

4.2. Constructive tools. Till the end of this section we assume that F' is any local field
of characteristic 0. Thus by assumption F has an absolute value | - | : F — RT such that
F is locally compact with respect to the associated metric (this implies that every closed,
bounded subset of F' is compact). We will consider V' = F" as an F-vector space with a
norm || - || : V' — RT derived from the absolute value on F (for example the max norm).
The local compactness of F' implies local compactness of V', and so again in this vector
space the closed, bounded subsets are compact. Let S = {v € V | |[v|]| = 1} be the unit
sphere of V. As per usual, if 0 : V — W is a transformation to another normed F-vector
space W, we define the norm of this transformation as

ol := sup{llo(v)[| | v € S}

If o is linear, we have the inequality ||o(v)|| < ||o]].||v]]-

A subset of V' is called projective if it is closed under multiplication with F'*, so, up to
presence of the zero vector, they correspond to the sets of the projective space P(V'). We
define a distance between two projective sets X and Y to be

d(X,Y) =inf{|lz —y|| [ zre XNS,ye Y NS}
For two non-zero vectors v and w in V we define
d(v,w) := d(Fv, Fw) = inf{||av — bw|| | a,b € F : ||av|| = ||bw]|| = 1}.

For v € V and X a projective subset of V' we set d(v, X) := d(Fv, X).
One can prove the following:

Lemma 4.9 (See [28], Lemma 1.1.). With notation as defined above we have

e For non-zero subspaces X and'Y of V, there exist elements of norm 1, xg € X
and yo € Y, such that d(X,Y) = ||zo — wol|- If X NY = {0}, then d(X,Y) > 0.
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e The distance d defines a metric on P(V), for which P(V) has diameter’ < 2.
Especially, it satisfies the triangular inequality for projective sets of V': d(X, Z) <
d(X,Y)+d(Y,Z) if X,Y and Z are projective sets.

e For non-zero vectors v,w € V we have the inequality

d(v,w) < QM

|||

If X is a projective subset of V and ¢ € RT, then we define the (closed, projective)
e-neighbourhood of X by N:(X) ={0# v € V | d(v,X) < €}, which is again a projective
subset of V.

Proposition 4.10. Let T' = h + at be an operator on the normed F-vector space V,
where a € F, h : V. — V arbitrary but with ||h|| < oo, 7 : V — V a linear, non-zero
transformation with 7> = 0 and W a bounded environment of 1 (or W = {1}) in GL(V).
Let I = imwiTws, K = kerwyTws forw; € W and X <V such thatV = X®K. Moreover
take e,k € RT with k < @. Then uwTwe(Nk (X)) € N(I) for all sufficiently large
la|. Moreover, this a can be chosen independently of the elements wy and ws.

Proof. This is exactly the same proof as [28, Prop. 1.2] (for notations, please refer to this
proof), with the only difference in the last few calculations:

[lwihwa (V)| 2s]|Al] [Jwil] [[wa]l

|lawi Tws (2 )H klal

d(wi1Tws(v), I) <

So if |a| > %W one may conclude that d(7'(v),I) < e, proving the proposi-
tion. Remark that now this bound only depends of 7, X, k,e, W and [|h||. Indeed, since
W is bounded, we may assume ||w;|| ||wz|| < ¢, for some constant depending on W. [

Lemma 4.11 (See [28], Lemma 2.1). Let T : V — V be a non-singular linear transfor-
mation and let X and Y be projective subsets of V. Then

d(T(X),T(Y)) <2-d(X,Y)-||T||- 1T7]].

We are now able to give an explicit way to construct amalgamated products of finite
groups. The methods are inspired by [28, Theorem 2.3] which achieve the case H = Z.

Theorem 4.12. Let F be a local field, V a finite-dimensional F'-vector space and H, A <
GL, (D) finite subgroups. Denote C' = ANH and suppose that [H : C] >3 or [A: C] > 3.
If Ty(h) = h + aty, is a basic nilpotent transformation, where a € F*, such that

o7, =0<«= he(C and
e gim(7;) Nker(r,) = {0} forge A\NC,he H\C and k € H,
then we have that
(A, im(Ty)) =2 Axcim(Ty) = A*xc H,
for all a € F* of sufficiently large norm.

In practice, checking all the conditions ¢gim(7;) N ker(r,) = {0} can be difficult but
luckily many are superfluous. For example, one can prove that ker(7,) = ker(7,:) for
(o(h),t) = 1. Building on Example 4.5 we will propose in Section 5 a way to construct a
transformation Ty as in Theorem 4.12 in the case that A, H are finite subgroups of the
unit group of a group ring U(FG).

Remark 4.13. The sufficiently large value for |a| will turn out to be exactly the same as
in Proposition 4.10. There an explicit lower bound can be filtered from the proof. The
proof of Theorem 4.12 will also show that if F' is any subfield of C, then the result remains
valid.

5If F is non-archimedean, then the diameter is < 1. There is also the tighter bound d(v,w) < ”le‘“lj” .
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Proof of Theorem /.12. For ease of notation, for each h € H we will denote
(2) K}, = ker(ry,) and I, = im(7p,).

Notice that if C = H, the statement is trivially satisfied. From now on we assume that
C < H. To prevent unnecessary complication, we will say that N:({0}) = {0} for every
e>0.

Let 2x be the minimum of the finitely many distances d(gl, K) for all g € A\ C,h €
H\ C and k € H. Then from the assumptions and Lemma 4.9 it follows that x > 0 and

we set
= U U =2Nu(ghr)\{0}.

2€C keH ge A\C
Now let 7 =max{2-||g|| - ||g7'|| | g € A\ {e}}, set e = £ and define

Q= U aM(1p) \ {0}
zeC keH
Remark that neither P nor Q are empty. Moreover, PN @Q = (). Indeed, if the intersection
is not empty, then, without loss of generality, we may assume some hv € Ny (gI;) for a
heC,ge A\ C and 0 # v € N(I;). However, hl = im(rp — 7) € Kj (since 7,7 = 0)
which imply that d(gI;, hl) > 2k and d(hlg, hv) < 2-||R]| - [|h7Y|d(Ik, v) < re = K using
Lemma 4.11. As such,

d(hv, gI)) > d(gl, hIy) — d(hIy, hv) > 2k — K = &,

which is a contradiction.

We will now play ping-pong on these two sets P and ), using Lemma 2.1. Notice that
CP C P and CQ C @, by construction of the sets P and Q.

We continue with proving that (A\ C)Q C P, so takea g € A\ C and zv € @ arbitrary
where z € C and 0 # v € N:(Ii) for some k € H. So, by Lemma 4.11, we have

d(gav, galy) < 2-[lgal| - [|(g2) M| - d(v, Ik) < re =&,

proving that gzv € Ny (gxI;) C P since gr € A\ C.

Up until now, the scalar a € F'* did not play a role, but we will choose this now such
that (im 7y \ C) P C Q. Take Ty (h) € im T}, \ C arbitrary, and consider Ty (h) (2N, (g1k))
for some x € C,g € A\C and k € H, assuming I}, # {0}. By the first condition x = T (x)
and so we see that Ty (h)(xNs(glx)) = Tu(hx)(Nk(g9lk)) and that Ty (hx) € im Ty, \ C.
As such, 7, # 0 and gl N Kp, = {0}. Now, we may use Proposition 4.10 applied to the
operator Ty (hz) and gl as subset of a complement X of K, to find an a € F of large
enough absolute value such that

Ty (h)(xNs(g9lk)) = Tr (hr)(Ny(gx)) € Ne(lnz) € Q-

Since there are only a finite amount of quadruples (z, g, h, k) € (im Ty \ C)x (A \ C)x H?,
one obtains an element a € F such that this inclusion is true for every such quadruple.
This shows that (im 7y \ C) P C Q.

Because of the extra assumption that |4 : C| > 3 or |H : C| > 3, we may now use
Lemma 2.1 to obtain the result. O

Remark 4.14. Note that the conditions from Theorem 4.12 imply that
ANFly =HnNF1ly CC.

Indeed, if g is a scalar operator then the second condition would otherwise imply that
gim(7;) = im(7x) C ker(r;) which is always satisfied as 72 = 0. In particular, combined
with the first, 7, = 0 for all k € H \ C in that case. Similarly, if h € H is central, then
7, = 0 by Remark 4.6 and hence h € C by the first condition. Both cases would yield a
trivial amalgamated product.
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Remark 4.15. Theorem 4.12 also holds when the groups A and H are subgroups of
PGL,, (D). Indeed, the proof uses only projective sets and as such can be adapted suitably.

There is certainly a restriction on the existence of free products A * H in GL, (D). For
example, if A = H then H % H exists if and only if H * (t) exists for some ¢t € GL, (D).
Following Corollary 4.1 the latter exists exactly when H contains no scalar matrices.
Consequently, when (A, H*) is finite and not intersecting the center for some x € GL, (D),
then there is some t € GL,(D) yielding a subgroup A x H*'. In fact the results in
[57, 28] can be reformulated to say that H*' is obtained as im(7) for some basic nilpotent
transformation.

The case where (A, H”) is infinite for any conjugated H* of H seems much more difficult
to understand. Note that this can happen as shown for example by GLa(Z) = Dg *cyxc,
D15. Even more, (A, H*) will generically be infinite. Nevertheless it is now natural to ask
the following;:

Question 4.16. Let D be a finite division F-algebra with F' a field of characteristic 0.
Let A and H be finite subgroups of GL, (D). Does a copy of A sng H exists in GL,(D)?
If yes and if H N F.1 = {1}, can it be obtained as an (A,im(7y)), as in Theorem 4.127

5. GENERIC CONSTRUCTIONS OF AMALGAMS AND THE EMBEDDING PROPERTY FOR
GROUP RINGS

In Section 4, given a basic nilpotent transformation as in Definition 4.4 we have proposed
a constructive way to obtain free products of finite groups in the unit group of an order
in a finite semisimple algebra A. From now on we will focus on the case that A is a group
ring F'G and I' = U(RG) for R an order in F. This choice of semisimple algebra and
Zariski dense subgroup has the advantage to yield, using the basis G, natural candidates
of ping-pong partners. The reason being that finite subgroups of U(RG) are R-linearly
independent by a theorem of Cohn and Levingstone. More precisely, in Section 5.1 we
develop further the nilpotent transformation from Example 4.5, see Definition 5.1, which
is inspired from the construction of (shifted) bicyclic units. In Conjecture 5.5 we formulate
that they satisfy the necessary properties to produce an amalgam as in Theorem 4.12. In
particular we address the first part of Question 4.3 for group rings.

Subsequently, and most importantly, in Section 5.2 we prove that profinitely-generically
two (shifted) bicyclic units generate a free group. As a corollary of all the work done we
can precisely say when a given finite subgroup has a bicyclic unit as a ping-pong partner.

Finally, in Section 5.3 we discuss the second part of Question 4.3. For instance in
Theorem 5.16 we obtain that a cyclic subgroup always satisfies the embedding condition
from Corollary 4.1. Consequently, we get in Corollary 5.20 that a copy of Cyp) *¢ Con)
with C' = (h) N Z(G) always exist.

Assumption: For the remainder of this section R is a commutative Noetherian domain
and F is its field of fractions.

5.1. Concrete constructions and a conjecture on amalgams. We will now apply
the construction from Section 4.1, more precisely example 4.5, to the case that A = FG
and finite subgroups in

V(RG) := {a € U(RG) | e(a) = 1}

where € : FG' — F : ), a;9; — )_ a; is the augmentation of the group algebra. Note that
U(RG) =U(R).V(RG). The advantage of V(RG) is that its finite subgroups are R-linear
independent by a result of Cohn-Livingstone® [15].

61n [15] the result is only shown for number fields and their ring of integers. However the proof of [17,
Corollary 2.4] combined with the general version of Berman’s theorem in [64, Theorem III.1], yield the
necessary fact.
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Definition 5.1. Let G be a finite group, H < U(RG) a finite subgroup and = € RG.
Then the maps

besr: H—=URG) :h— h+ (1 —h)zH
and

b : H—URG) : h— h+ Hz(1 — h)
where H := > nen h are called the Bovdi maps associated to H and x. An element of
U(RQG) of the form by g (h) or by (k) will be called a shifted bicyclic unit.

In case that H = (h) is cyclic and = € G such units b, ) (h) and by (h) have been
called Bovdi units in [37], in honor of Victor Bovdi who proposed such elements in that
case. In [52] the elements have been rebaptised to shifted bicyclic units. Recall that
bicyclic units are elements of the form

bj, =1+ (1—h)ghand b, =1+ hg(1—h)

for g,h € G. Note that one can rewrite b, g(h) = k(1 + (1 — h)h~'zH). In particular
by,(ny(h) = hby,—1, j, are slight (torsion) adaptations of bicyclic units. As the name in [52]
indeed reflects their nature, we will also use that terminology.

Some of the important basic properties of the shifted bicyclic units are the following.

Proposition 5.2. Let G be a finite group, H < V(RG) a finite subgroup and r € RG.
Then the following holds:

(1) The Bouvdi maps are monomorphisms for any choice of H and x.

(2) The groups H and im(by g) (and im(bg,)) are F-conjugate, i.e. there exists an
o« € U(FQG) such that o' im(by ) = H.

(3) If H <G and x € G, then Im(by—1 ) NIm(bg ) = H N H".

Proof. From Proposition 4.7 and Example 4.5 we know that the Bovdi maps are monomor-
phisms for any choice of H and z.

Concerning the second statement, two isomorphic finite subgroups Hy =, Hy of U(RG)
are F-conjugate if x(h1) = x(¢(h1)) for each irreducible complex character x of G, see([65,
Lemma 37.5 and Lemma 37.6], or [18, Lemma 2.6]. Now if we take h € H. Because
(1—h)zH is nilpotent, it is clear that x(h) = x(h)+x((1—h)xH) = x(bs, z(h)), confirming
the claim.

For statement (3) note that H N HY = {h € H | [h,g~1] € H}. Therefore if h €
H N HY, then By-1 g(h) = h+ g *(1 — h)[h,g”*]H = h. Similarly h = By 4(h) and so
h € Im(b,-1 g) N Im(bp ;). Conversely, suppose that

h+((1—h)g 'H=k+ Hg(1—k)

for some h, k € H. In other words,

(3) h—k+g¢g 'H—hg '\H—Hg+ Hgk = 0.

If g € H, then the converse inclusion trivially holds, so suppose g ¢ H. By Cohn-
Livingstone’s result finite subgroups of U(RG) are R—linear independent, thus we will look
at the support of the elements. Note that h ¢ Supp{hg~'H}USupp{Hg}USupp{g *H}U
Supp{H gk} as otherwise g € H. Thus h = k. We will proof that h € H N HY. For this
take g~ € g~'H which by (3) must cancel with either an element of the form hg='t
or tg for ¢ € H. In the former case h = (It71)9, as desired. Thus we may suppose that
Supp{g 'H} = Supp{Hg}. In particular g € g~'H, i.e. g> € H. On this turn this entails
that g~'h € Hg, hence also gh = g?¢~'h € Hg. This finishes the proof. d

The Bovdi maps can be used to construct generically several types of subgroups of
U(RG). For example, using other terminology, in [37, Prop. 3.2.] they were used to
produce solvable subgroups and free subsemigroups. Another construction is the one
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below. Recall that by I(RG) we denote the kernel of the augmentation map € as a ring
morphism. Moreover,

I(RG) =) (1-9)RG=>_ R(1-yg).

geG geG
Proposition 5.3. Let G be a finite group, H < G, g € G and set C = HN HY. Then
(H,im(bg.i)) ~ I(R[H/C]) x H
where H acts on I(R[H/C)) by left multiplication by inverses. In particular it is abelian-
by-finite.

When C' is not normal in H, the group I(R[H/C]) is meant to mean the kernel of the
R-module morphism €, which element wise is the same as the ring morphism €, between

the R-modules R[H/C] and R.

Proof. For notation’s sake, put b = by 7. Set U = (H,b(H)) < U(RG). Remember that a
shifted bicyclic unit is the product of a (generalized) bicyclic unit and an element of H:

b(h) = h+ (1 —h)gH = (1+ (1 — h)gH)h = byh;
where by, := 1+ (1 — h)gH. So,
U= (h,bg | h,k € H).
Define N = (b;, | k € H). We will first show that N is a normal complement of H in U
and thus U ~ N x H. Recall that b} = 14 n(1l — h)gH and hence by, is a torsion unit
if and only if it is equal to 1 which happens exactly when hY € H. In particular N and
H have trivial intersection. Also from the previous follows that IV consists exactly of the

elements of the form b, := 1+ agH with a € I(RH). Using this remark we see that N is
normal:

(4) b =21 +agH)z =1+ agH = b, 1, € N.
forall z € H and a € I(RH).

It remains to prove that N is isomorphic to I(R[H/C]). Clearly by, ba, = bg,+q, for all
ay,az € I(RH) so that we have a group epimorphism ¢: I(RH) > N:aw b, =1 +agH

Note that for z,y € H we have Supp(zgH) N Supp(ygH) # 0 if and only if zgH = ygH
if and only if xC = yC. Thus

@(Zaxx> =1+ > (Z am) hgH,

xeH hCeH/C \zehC

and hence
Ker(p @tl (RC),
teT
for some T a left-transversal of C' in H and N ~ I(R[H/C]).
Finally note that if we identify N with I(R[H/C]) then H acts on I(R[H/C]) via
o: H— Aut(I(R[H/C])): h+— (a — h~ta) by (4). O

The proof of Proposition 5.3 shows that the group (1 + (h — 1)gH : h € H) is a free-
abelian group of rank |H : H N HY — 1. In particular, if HNHI =1, (H,B_4u(H)) ~
I(RH) »x H yields a free-abelian subgroup of rank |H| — 1.

Corollary 5.4. Let G be a finite group and H a cyclic subgroup of G of prime order. If
g € G does not normalise H then U(RG) contains a subgroup isomorphic to ZP~' x Cp.
In particular, if p = 2, then U(RG) contains

<Cg, Bg702 (Cg)> 7, X Cg 02 * Cg,
the infinite dihedral group.
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Remark. In general the existence of an abelian subgroup H < (G yields a free-abelian
subgroup F' <U(ZH) < U(ZG) of rank e = 1(|H|+ 1+ ng — 2¢), where ny is the number
of involutions in A and ¢ the number of cyclic subgroups of H, cf. [59, Exercise 8.3.1] or [40,
Theorem 7.1.6.]. Corollary 5.4 therefore yields a larger than usually expected free-abelian
subgroup.

The part of Corollary 5.4 for the prime 2 also suggests that it might be possible to make
free products of finite groups using appropriate Bovdi maps. This is further supported
with reformulating some results in the literature in terms of admissible families as in
Theorem 4.12, see Example 4.5. All this gives evidence for the following which is a precise
version of Question 4.16 in case of F'G.

Conjecture 5.5. Let H < G be finite groups such that H has an almost embedding in a
simple factor of U(F'G). Further let g € G and denote C = H N HY, then

(im(bg,zr),im(bgy g-1)) = H xc H = (im(bg 5 ), im(bg,7)")

* 4s the canonical involution on F'G.

where (-)

If G is nilpotent of class 2, H = C), and g € G such that H N H9 = 1, then [37,
Theorem 4.1] shows that the conditions of Theorem .12 are satisfied and so H * H can be
constructed in the conjectured way via Bovdi maps. If n is prime, this was also obtained
for arbitrary (finite) nilpotent groups. In all these cases an explicit embedding of H in
a simple component of QG was constructed. Recently Marciniak - Sehgal [52] were able
to drop the condition on n without the use of such an embedding. The literature on
constructing copies of Fs using bicyclic units is much richer as will be recalled in the next
section.

Remark. Note that the condition that H must have an embedding in a simple component
is necessary by Proposition 2.7. Also, the reason why the amalgamated subgroup needs
to contain C is the third part of Proposition 5.2. Note that this issue exactly corresponds
to the first extra condition for a basic nilpotent transformation in Theorem 4.12.

Remark 5.6. One might hope to generalize Proposition 5.3 to a result where H is replaced
by a conjugate. However, known instance of Conjecture 5.5 combined with the second

part of Proposition 5.2 seem to say that such generality doesn’t hold.

5.2. Bicyclic units generically play ping-pong. Consider in RG all elements of the
form

(5) b, =14 (1—hahandb,; =1+ hz(l—h)
with 2 € RG and h := ng”l) hi. As (1 —h)h = 0 = h(1 — h), all elements in (5) are
unipotent units. The elements in the group

Bic(G) := (bﬁw,bxﬁ | z € RG)

are called bicyclic units.
For many years an overarching belief in the field of group rings has been that two
bicyclic units should generically generate a free group:

Conjecture 5.7. Let G be a finite group and o € Bic(G). Then the set {f € Bic(G) |
(a, B) = () * (B)} is large’ in Bic(G).
The above conjecture has been intensively investigated for ZG. See [31] for a quit

complete survey till 2013 and also [28, 30, 29, 32, 43, 63] and the references therein. The
main application of Theorem 3.23 yields a concrete version of Conjecture 5.7, modulo a
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deformation to a shifted bicyclic unit. We also obtain a variant for a given image of a
Bovdi-map. For this one needs to consider the following set

PClI;,(FG) = {e € PCI(FQG) | Ge is not fixed point free}.

The condition that Ge is not fixed point free boils down to say that there exists an element
g € G such that g is non-zero.

Theorem 5.8. Let F' be a number field and R its ring of integers. Further let H < G be
finite groups and o =1+ (1 — h)xH a bicyclic unit for some h € H and x € RG. Then

P() := {8 € Bic(G) | (ah, 5) = {ah) * (8)}

is a profinitely dense subset in Bic(G). Moreover if H Nker(w.) < Z(G) for some e ¢
PCls,(FG), then the same holds for Im(b, p) instead of c.

A profinitely dense subset is also Zariski-dense [55, Proposition 2.3], hence theorem 5.8
gives a concrete interpretation of "large’ in Conjecture 5.7 for two of the natural topologies.

Remark 5.9. The condition that e ¢ PCly,(F'G) can be weakened by enlarging Bic(G).
More precisely, consider U(RG)yn = {o € U(ZG) | « is unipotent }. The proof of The-
orem 5.8 will yield that if H Nker(m.) < Z(G) for some primitive central idempotent e
such that F'Ge is not a division algebra, then {8 € (U(RG)un) | (o, B) = (a) * (5)} is
profinitely dense in (U(RG)un).

We first need the following crucial lemma relating Conjecture 5.7 to the conjecture of
de la Harpe and in particular allowing to use Theorem 3.23.

Lemma 5.10. For any finite group G the group Bic(G) is Zariski-dense in SLyi(RG)f
with f =3 cepct,,(Fa) €

Now we can proceed to the proof of the main theorem.

Proof of Theorem 5.5. By the Theorem of Berman-Higman all torsion central units are
trivial. Hence, the only central matrices in He are contained in B. Using 77 we obtain
that (He,e + 7') & H xp. Coo.Be for some 7/ € QGe with 72 = 0. Since ZG is an
order in QG there exists a positive integer v such that 7 = v’ € ZG N QGe. Clearly
(H,14+7)e = (He,e+7) = H xg. Co.Be. It follows that (H,1+7) = H xp Cs.B. Next,
due to the assumptions it follows from [10, Corollary 11.2.1 and Theorem 11.2.5] that the
bicyclic units of U (ZG) contain a subgroup of finite index in 1 — e+ SL;(QGe). Since 1+ 7
is in this group, replacing if necessary 1+ 7 by (14 7)¥ = 1 + w7 we obtain the desired
form of the ping-pong partner. O

Corollary 5.11. Let H < V(ZG). If there exists e € PCIL,.(G) such that QGe is not
exceptional, Ge is not fized point free and ker(me) N H = 1. Then there exists a unit
b € Bic(G) such that (H,b) = H *p (b).B with B=H N Z(QG).

Proof. By the Theorem of Berman-Higman all torsion central units are trivial. Hence, the
only central matrices in He are contained in B. Using ?? we obtain that (He,e + 7/) &
H xp. Cs.Be for some 7 € QGe with 72 = 0. Since ZG is an order in QG there exists
a positive integer v such that 7 = v’ € ZG N QGe. Clearly (H,1+ 7)e = (He,e + 1) =
H xpe Coo.Be. Tt follows that (H,1+ 7) & H xp Cs.B. Next, due to the assumptions it
follows from [40, Corollary 11.2.1 and Theorem 11.2.5] that the bicyclic units of U(ZG)
contain a subgroup of finite index in 1 — e 4+ SL;1(QGe). Since 1 + 7 is in this group,
replacing if necessary 1 4+ 7 by (1 + 7)¥ = 1 4+ w7 we obtain the desired form of the

ping-pong partner. U

In particular we obtain the following result for simple groups.
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Corollary 5.12. Let G be a non-abelian finite simple group and 1 # H < G. Then there
exists a bicyclic unit b € Bic(G) such that

(H,b) = H x* (b).

Proof. In case G is simple, the morphism G — Ge; is clearly an embedding for every
primitive central idempotent such that QGe; = M,,,(D;) with n; > 2. Furthermore since G
is assumed non-abelian simple we claim that there exists an idempotent e € PCI,,.(G) such
that QGe is non-exceptional. Suppose the contrary, then on one hand for all e € PCIL.; (G)
the dim QGe would be a 2-power and on the other hand there is only one 1 x 1-component
(since by Amitsur classification the multiplicative group of a division algebra does not
contain a non-abelian simple group and because G = 1) which moreover correspond to
the trivial representation and hence Q. So all together in this case |G| = dimg QG would
be odd, hence solvable by Feit-Thompson’ and thus G would have to be isomorphic to Cp,
a contradiction. The conclusion now follows from Corollary 5.11. O

5.3. On the embedding condition for group rings. In this section we consider the
group algebra QG and wish to understand when a finite subgroup H of U(ZG) has the
embedding condition from Corollary 4.1 to find a ping-pong partner for H.

5.3.1. Faithful irreducible embedding over different fields. The existence of irreducible
faithful complex representations for finite groups has already been intensively studied,
see [72, Section 2] for a survey. We however need to understand the existence of such
representations for smaller fields. So let F' be a field with char(F) = 0 and let FG =

T M,,(D;) be its Wedderburn-Artin decomposition. For every e € PCI(FG) we will
denote F'Ge = M,,_(D.) the associated simple quotient and by

Te : U(FG) - FGe = GL,,_(D,)
the map induced by the projection onto F'Ge.

Definition 5.13. A finite subgroup H € U(FG) is said to have a f.i.r with respect to G
and F if there exists a primitive central idempotent e of FG such that H Nker(we) = 1.
If H = G, than we say that G has f.i.r. over F.

We will use the following notation for the set of primitive central idempotents yielding
a fir. for H:

(6) Embg p(H) = {e € PCI(FG) | H Nker(m.) = 1}.

If F is clear from the context, then we will simply write Embg(H). Using well-known
results over C one readily obtains the following.

Lemma 5.14. Let G be a finite group, F C L be fields of characteristic 0 and H <
U(FG) CU(LG) a finite subgroup. Then

(1) If G a f.i.r. over F, then Z(G) is cyclic.

(2) If H has f.i.r. with respect to G and L, than also to G and F'.

(3) If G is nilpotent, then it has a f.i.r. over F if and only if Z(G) is cyclic.

Moreover

Proof. Since finite subgroups of a field are cyclic and Z(G)e C Z(FGe) for any e €
PCI(FG) (as Ge generates the simple component as F-vector space), it follows that Z(G)
is cyclic. Next, note that CG = C ®@r FG = @yepcire) (COF FGf) and C® FGf
might be only semisimple over C. Clearly the kernel of the projection to any C-simple
component of CG f contains ker(7y). Therefore if there exists an e € PCI(LG) such that
H Nker(me) =1, then H Nker(ny) = 1 for some f € PCI(FG). In other words, the second

"The use of the odd-order theorem can be avoided by instead looking more in depth into [4, Appendix
A]. By doing so one notices the absence of simple groups in this list.
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assertion holds. For the last part it now suffices to recall that if Z(G) is cylic and G
nilpotent then it has a f.i.r. over C. (|

Another handy sufficient condition to have a f.i.r. over C is that all Sylow subgroups
have a cyclic center [36, Exercise 5.25].

Lemma 5.14 gives the existence of an embedding in a simple factor, however it doesn’t
indicate how to find the representation, or alternatively the necessary primitive central
idempotent.

Ezxample 5.15. Let G be a finite nilpotent group with cyclic center. Then by Lemma 5.14
it has a f.i.r. over Q. This can be constructed as following: write Z(G) = (z1) X ... X (zy)
with each z; of order p;"* where p1,...,p, are distinct prime numbers and n; is a positive

n;—1
integer. Let ¢; = zfi , an element of order p;. Then f = [[i;(1 — &) is a central
idempotent of QG and thus f = 25:1 e; is a sum of primitive central idempotents of QG.

Claim: the natural epimorphism G — Ge; < U((ZG)e;) is an embedding” for each i.
Moreover, if there is some H < G with H N Z(G) = 1, then Ge; is not a fixed point free
group. In particular, QGe; is not a rational division algebra.

Proof. To see the first part suppose the contrary. Then let G, = {y € G | ye; = ¢;} be
a non-trivial normal subgroup of G for some i. Hence G¢, N Z(G) # {1} and thus G,

n
contains a ¢; for some 1 < j < n. Hence, ¢; = fe; = [T (1-¢é)])(1—-¢je;=0,a
k=1k#j
contradiction. g

For the second part, suppose G is non-abelian. The last part will follow from the second
as finite subgroups of D* are fixed point free (e.g. see [10, pg 347]). Recall that fixed point
free groups are exactly the Frobenius complements, [40, Prop. 11.4.6.]. As G is nilpotent,
if this would be the case, then by [40, Corollary 11.4.7.] G = Ge; would be either cyclic
or isomorphic to Q9 x C), for some prime p # 2.

Consider the second case. Recall that Z(Qqyt) = Co, whose generator we denote by
—1. Then, if H contains some (z,c) € Qq x C, with  # 1, we can take a 2-power ¢
such that (z,c¢)? = (—1,¢?) € HN Z(G), a contradiction. Thus H < C; C Z(G), also a
contradiction. O

Note that, in view of the proof, we could also have supposed that GG is a non-abelian
p-group. In fact if G = Q9 x C), then it might happen that QGe; is a division algebra.
Nevertheless in this case G/(—1) = Dg:—1 x C), which embeds in a simple factor over Q.

5.3.2. Embeddings for cyclic subgroups and its corollaries. We will now proof that a cyclic
subgroup of G always embeds in a suitable simple component of QG. More generally
we proof this for any h € U(ZG) that is conjugated inside QG to an element of G, see
Remark 5.17 for which large classes of groups this always holds.

Theorem 5.16. Let G be a finite group and h € U(ZG) torsion. Suppose that one of the
following cases hold:

(I) h™ € £G for some a € QG.

(II) o(h) is a prime power.
If (h) N Z(G) = 1, then there exists some e € PCI(QG) such that (h) Nker(m.) =1 and
QGe is neither a field nor a totally definite quaternion algebra.

Remark 5.17. Condition (I) in Theorem 5.16 is reminiscent of the first Zassenhaus con-
jecture. The latter states that, for finite G, any h € U(ZG) is conjugated in QG to an

8Note that Ge; is indeed a group since e; is central
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element of £G. This conjecture was recently disproved in [21]. However for large classes
of groups it holds, such as nilpotent groups [76, 77] and cyclic-by-abelian groups [11]. See
[53] for a survey. Thus for these classes of groups Theorem 5.16 yields that Embg((h)) # 0
for any h € U(ZG). Also, condition (II) conjecturally implies condition (I), see conjecture
(p-ZC3) in [14, Section 6].

We need the following general lemma to prove Theorem 5.16.

Lemma 5.18. Let G be a finite group and H < V(ZG) torsion such that HN Z(G) = 1.
If Embg(H) # 0, then there exists e € Embg(H) such that QGe is neither a field or a
totally definite quaternion algebra.

Proof. Suppose that QGe is a field for every e € Embg(H). In particular H can be viewed
as a subgroup of a field and hence is cyclic, say H = (h). Take p | o(h) prime and consider
the element h°"/P of prime order which is in ker(m.) for each e € PCI(QG) \ Embg(H).
Thus, due to the current assumption on Embg (H), h°™/P = (¢,1) € Q[G/G'|®QG(1-G")
for some g. In particular, as Q[G/G’'] is commutative, he(M)/P is central which contradicts
(hyNZ(G) = 1. Thus by contradiction we may assume that there exists some e € Embg(h)

for which QGe is a totally definite quaternion algebra, say (aKb)

For the sequel of the proof we fix a non-trivial element h € H and e € Embg(h) such
that QGe = (%52).

Thus Ge embeds in the unit group of a finite dimensional division algebra and hence it
is a Frobenius complement [68, 2.1.2, page 4]. In our case:

Claim 1: Let O an order in (“Kb> If G <U(O) is a finite subgroup such that spang{ge |

g € G} = D, then Ge is isomorphic to one of the following:

® Qum = {a,b | a® =1,b> = a™,ba = a~'b) generalized quaternion group
L] SL2 (F3), SU2 (Fg), SLQ(F5)

The statement of Claim 1 follows from [75, Prop. 32.4.1, Lemma 32.6.1 & Prop. 32.7.1].

It is well-known that all the groups in Claim 1 have the property that all elements

of order 2 are central. Consequently if z € D* with D a field or (%b) and o(x) = 2,

then x € Z(D) (e.g. see [75, 32.5.6 pg 599]). Therefore, recalling that by Berman-Higman
HNZ(G) = HNZ(U(ZQG)), the condition on H entails that o(h) must be odd (as otherwise
1 # hoW/2 ¢ Z(G) by the preceding).

In summary, we have obtained that if |H| is even with H N Z(G) = 1, then Embg(H)

do not only contain a primitive central idempotent e such that QGe = (%) or a field. In

case that |H| is odd, the desired statement follows directely from the following:

Claim 2: All groups from Claim 1 which are not a 2-group have an irreducible repre-
sentation over Q into a simple algebra Ma(D) whose kernel doesn’t intersect H.

We may assume that H < (. This because there exists some o € QG such that
H% < Ge for Ge as in Claim 1. Indeed the third Zassenhaus conjecture was proven for
Qam in [14], for SLy(F5) in [20, Theorem 4.3] and in [19, Theorem 4.7] for SUy(Fs3). For
SLa2(F3) note that H, and so also He, being of odd order implies that He is cyclic, allowing
to use the known first Zassenhaus conjecture for SLa(IF3) in [34].

Now for Qu, we use the description in [40, Example 3.5.7.] of the Strong Shoda
pairs and associated simple components. More precisely, consider the SSP (G, (a), (a?))
with 2 # d | n and the associated primitive central idempotent e(G, (a), (a%)). Then
QGe(G, (a), (%)) = Ma(Q(¢q + ¢; 1)) with ¢4 a d-th primitive root of unity and (a?) =
ker(m.) < G. In particular H Nker(m.) = 1, as desired.
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Q
ducible component over Q of SU3(F3) and SLa(F5) and Ma(Q(v/—3)) for SLa(F3). Alter-
natively, it is well-known that they have a f.i.r over C and hence by Lemma 5.14 also over
Q. This proves Claim 2, finishing the proof. (|

For the other groups [4, Table in Appendix| learns that Mg((fl’f?’)) is a faithful irre-

Next we need a lemma saying that finite cyclic subgroups have a f.i.r with respect to G
and C. We warmly thank Miquel Martinez for sharing the proof of Lemma 5.19.

Lemma 5.19. Let G be a finite nonabelian group and 1 # g € G. Then there exists a
complex irreducible character x of G with x(1) > 1 and g ¢ ker(x). In other words, (g)
has a f.i.r with respect to G and C.

Proof. Assume g is in the kernel of every complex irreducible non-linear character of G.
Consequently g ¢ G' as otherwise g € (,cr(q) ker(x) = 1. Therefore [56, Corllary 4.10]
yields that

(7) > E’i):o.

x€lrr(GQ) X

~—

Due to the assumption on ¢ the latter sum can be rewritten :

X9 _ S )+ {x e (@) | x(1) > 1)
(8) vetme) XD \eiinie)

= > AgG)+ [{x €Irr(G) | x(1) > 1}
XeIrr(G/G)

Now, for any abelian group A the following holds

(9) Z A(g) =0.
A€lrr(A)
Indeed, first note that for 1 # g € A there exists a p € Irr(A) with g ¢ ker(x) (ie.
u(g) # 1). Next recall that Irr(A) = A is multiplicative group. With this we deduce the
equation
YooM= Y N9 =wg Do M)
Aelrr(A) A€lrr(A) A€elrr(A)

which yields (9) as also u(g) # 0.

Finally, filling (9) and (8) in (7) we get that [{x € Irr(G) | x(1) > 1}| =0, i.e that G is
abelian. This is a contradication, finishing the proof. ]

Proof of Theorem 5.16. By Lemma 5.18 it is enough to proof that Embg((h)) # 0. There-
fore, by ways of contradiction, suppose that Embg((h)) is empty.

First suppose that h* € £G for some o € U(QG). As any ker(w.) is an ideal h* € ker(7)
if and only if h € ker(me). Furthermore, h® € ker(m.) excatly when —h® is. Thus, in this
case, without lose of generality we may assume that A € G. Now Lemma 5.19 combined
with Lemma 5.14 yields that Embg((h)) # () as desired.

Next suppose that h has prime power order. Take for every e € PCI(QG) such that
QGe is not a field an element 1 # h?' € (k) Nker(m,). Thus p' # o(h) and [ depends on e.
Hence, taking the maximum of all these powers, say p*, we know that 1 # (h?") < ker(m.)

for each non-field component. Hence, considering that w" = 17" = > ehpk, and
€ PCT(QG)

eh?" = e when the component is non-commutative (by construction), we readily obtain
that h?" € Z (U(ZG)). As such, by the Theorem of Berman-Higman, see [59, Corollary
7.1.3], 1 # *" € Z(G), a contradiction. O
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An interesting consequence of our methods is a new proof of the main existence result
of Cp, *Z by Goncalves-Passman [27] and in fact a generalisation of it to prime power order

Corollary 5.20. Let G and h € U(ZG) as in theorem 5.16. Denote C = (h) N Z(G).
Then, there exists some t € U(ZG) such that

(h,t) = (h) *¢ (t,C) = Co(h) xc (Z x C).

In particular, Copy *¢ Cony exists in U(ZG). Moreover, Cp x Z exists in U(ZG) if and
only if G has a non-central element of order p.

Proof. Combining Theorem 5.16 and Corollary 4.1 we obtain an element ¢t € U(ZG) of
infinite order such that canonically (h,t) = (h) xc (t, C) = Cyp) *¢ (Z x O). It is classical
and easy to see that now (h, h) = (h) xc (h') = Co() *c Con)-

Now suppose that there exists a copy of Cp, *Z in U(ZG). Then U(ZG) contains a non-
central element of order p. By the positive solution on the Kimmerle problem for prime
order elements [46, Corollary 5.2.], this implies that G must have a non-central element
of order p, yielding the sufficiency of the last part of the statement. O

6. VIRTUAL STRUCTURE PROBLEM FOR PRODUCT OF AMALGAM AND HNN OVER
FINITE GROUPS

In this final section we consider the virtual structure problem which was for the first
time explicitly formulated in [39] but in fact goes back to the question on ’unit theorems’
by Kleinert [19].

Question 6.1 (Virtual Structure Problem). Let G be a class of groups. Classify the finite
groups G such that U(ZG) has a subgroup of finite index lying in G

In [39], building on [38, 42, 50, 41], Jespers-Del Rio solved the problem for
Gpab = {H Ajqx---x Ay, | Ajj are finitely generated abelian }
i

where ¢; = 1 is allowed (i.e. an abelian factor). It turns out the classification coincide with
the case of products of free groups (where again Z is also allowed). Moreover the problem
for the classes {A* B | A, B f.g. abelian } and { free groups } coincide and there is only
four finite groups satisfying this (in all these cases =G has a free normal complement in
U(ZG) [38]).

We will now consider the case

Goo := {J] T | T; has infinitely many ends }.
i

By Stallings theorem [71, 70] a group has infinitely many ends if and only if it can be
decomposed as an amalgamated product or HNN extension over a finite group. In fact we
will mainly work with this characterisation. Recall that given a finitely generated group
I', then the number of ends e(T") is the defined in terms of its Cayley graph Cay(T', S) with
S a finite generating set”. More precisely, e(I') is the smallest number m such that for any
finite set F' the graph Cay(I', S) \ F' has at most m infinite connected components. If no
finite m exists one defines e(I") = oo.

Despite that the class G, is much larger than the aforementioned classes the virtual
structure problem for it coincide.

Theorem 6.2. Let G be a finite group. The following are equivalent:
(1) U(ZG) is virtually in Goo,

9The number of ends is known to be independent of the chosen generating set.
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(2) all the simple components of QG are of the form Q(v/—d), with d € N, (7‘2@71’)

with non-zero a,b € N or Ma(Q) and the latter needs to occur.
Moreover, only the parameters (—1,—1) and (—1,—-3) can occur for (—a,—b). Also,
e(U(ZQ)) = oo if and only if it virtually free if and only if G is isomorphic to Dg, Dg, Dics, Cyx
Cy.

In the statement above we used the notation Dg, = (a,b | a® = 1 = b%,a® = a7 1),
Dics = {a,b | a%,a® = b%,a® = a™') and Cy x Cy = (a,b | a* = b* = 1,a® = a'). That
these groups are exactly the cases when U(ZG) is virtually free is known since [38, 39],
however we give a new short proof of this using amalgamated product methods and in
particular Proposition 2.7.

Using the description obtained in [50, Theorem 1] in terms of simple components we
indeed see that the classes correspond.

Corollary 6.3. Let G be a finite group. The following are equivalent:
(1) U(ZG) is virtually in Goo,
(2) U(ZG) is virtually a direct product of non-abelian free groups.

Another interesting corollary of Theorem 6.2 is that if U(ZG) is virtually in G, then
G is a cut group (i.e. Z(U(ZQ)) is finite).

Remark 6.4. Tt is well known that e(I") € {0, 1,2, 00} for a finitely generated group. By
definition, e(I') = 0 if and only if ' is finite. Moreover, e(I') = 2 if and only if I" has a
subgroup of finite index isomorphic to Z. In case I' = U(ZG) the former happens exactly
when G is abelian with exp(G) | 4,6 or G = Qg x C¥ for some n (see [40, Theorem 1.5.6.],
as proven by Higman). The latter has not yet been recorded in the literature but fellows
readily from classical methods:

Description: e (U(ZG)) = 2 if and only if U(ZG) is Z-by-finite if and only if G is
isomorphic to C5, Cg or Cs.

Proof. The first equivalence holds for any finite generated group and is well-known [35, 24]
(or [70, pg 38]). For the second, following Kleinert [47] (or [40, prop. 5.5.6]) U(ZG) is
abelian-by-finite if and only if all the simple components of QG are either fields or totally
definite quaternion algebras. Consequently, QG has no non-trivial nilpotent elements in
which case [66] tells that G is either abelian or G = Qg x C§* x A with m > 0 and
A an abelian group of odd order.Suppose first that G = Qg x C§* x A. Then QG =

(AmQ @ m (_1@_1)) ®q QA. We now see that in order to obtain a copy of Z in U(ZG)

that his will have to come from a component of QA. However this component will appear
at least 4 times and hence such groups are never Z-by-finite.

Now suppose that G is abelian. By the theorem of Perlis-Walker [59, Th.3.5.4] QG =
D) @aQ(Ca) with ag the number of different cyclic subgroups of order d. Denote by
R, the ring of integers of Q((z) and recall that by Dirichlet Unit theorem [10, Th. 5.2.4]
the rank of U(Ry) is @ — 1. A direct computation yields that ¢(d) < 4 if and only if
d € {2,3,5,4,8,10,12} with equality only for {5,8,10,12}. This combined with Perlis-
Walker’s decomposition we see that we only have exactly one copy Z when G is C5,Cg or
012. O

Consequently, it would be natural to consider the class

With a bit more of work one can in fact prove that

(10)  {G finite s.t. U(ZQG) is virtually-G+; } = {G finite s.t. U(ZQG) is virtually-Gpap }-
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We will now start with the proof of Theorem 6.2. This requires the following lemma
that is a generalisation of [39, prop. 4.5.].

Lemma 6.5. Let G be a finite group, D be a finite dimensional division algebra over F

with char(F) = 0, different'’ of (72@75), and suppose My, (D) with n > 2 is a simple
component of FG. If O is an order in M, (D), then e(UU(O)) = oo if and only if n = 2

and D =F = Q.

Proof. Suppose e(U(O)) = oco. Recall that, see [70, pg38], that if I'; and I'y are commen-
surable then e(I';) = e(I'y). Moreover, the unit group of two orders are commensurable
[40, lemma 4.6.9]. Thus without lose of generality we will assume that O is a maximal
order in M, (D). It is well known that in that case O = My, (Omaz) With Oner & max-
imal order in D. Next recall that any group with infinitely many ends has finite center
(as central elements need to be in the subgroup over which the amalgam and HNN are
constructed, which is now finite). Therefore, SL,,(Omnas) has finite index in GL;,(Omaz)
and hence SL;,(Opqz)) also has infinitely many ends. This implies that SL;,(Oy4,) has
S-rank 1, with .S the set of infinite places, as otherwise it has hereditarily Serre’s property
FA (even property T [54, 23]).

The S-rank being one means that n = 2 and D is either Q(v/—d), with d > 0 or
(%;b) with a,b strictly positive integers (see [41, Theorem 2.10.]). Furthermore it was

proven in [22] that the condition that My (D) is a component of a group algebra yields that
de{0,—-1,-2,—-3} and (a,b) € {(1,1),(1,3),(2,5)}. All these division algebras are (right
norm) Euclidean and due to this have a unique maximal order (see [4, remark 3.13]), which
we denote Op. By assumption (a,b) = (2,5) doesn’t occur. Now, following [4, Theorem
5.1] GL2(Op) has property FA except if D = Q or Q[v/—2]. In case of D = Q(y/—2) one
can use the amalgam decomposition of SLo(Z[v/—2]) given in [25, Theorem 2.1] to see that
the group doesn’t admit a splitting over a finite group. Finally, GL2(Z) = Dg *¢,xc, D12
and hence e(GL2(Z)) = oo, finishing the proof. O

We now proceed to the main proof.

Proof of Theorem 0.2. It is well known (e.g. see [70, pg38]) that if 'y and T'y are two
groups such that I'y N T’y has finite index in the both (i.e. the I'; are commensurable),
then e(I'1) = e(T'2). Also if N is a finite normal subgroup, then e(I'y) = e(I';/N). Using
this it is readily seen that the property to be virtually-G., also enjoy these two properties.

Now using Wedderburn-Artin write QG = EB;IZI M,,.(D;) and take some order O; in D;
for each i. By the aforementioned remark and [410, Lemma 4.6.9.] one has that U (ZG) is
virtually-G if and only if [T?_; GL,,,(0;) is. In light of the first paragraph of the proof
of Lemma 6.5 we now see that (2) implies (1).

Suppose that U(ZG) is virtually-Go, and let H = [[i%| H; € Goo (so e(H;) = oo for all
i) be a subgroup of finite index in U(ZG). To start:

Claim 1: G is a cut group, i.e. Z(U(ZG)) is finite and hence Z(0;) is finite for all i.

For this remark that if e(T') = oo for some finitely generated group I', then Z(T') is
finite. Therefore also Z(H) is finite and hence Z(U(ZG)) too''. The second part is well-
known and is due to the fact that Z(U(ZG)) = U(Z(ZG)) and Z(ZG) is an order in
Z(QG) =TI, Z(D;). Hence one may use [10, Lemma 4.6.9.] to obtain that U(Z(0;)) is
finite'” for all 4.

Next,

Claim 2: Let T be a finitely generated group with e(T) = co. If P,Q < T are normal

—2,-5

10This condition is not necessary, i.e the number of ends of GL2(0) for O an order in ( ) is not

infinite. However including this case would make the proof unnecessarily lengthy.
U The subgroup H N Z(U(ZG)) < Z(H) is of finite index in Z(U(ZQ)).
12By Dirichlet’s theorem this exactly means that Z(D;) is Q or an imaginary quadratic extension of Q.
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finitely generated subgroups such that |P N Q| < co and PQ of finite index, then P or @
is finite.

Suppose such would exists. Then e(PQ) = co. Since by assumption P x Q = PQ /(PN
@) is commensurable with PQ also e(P x Q) = oco. However, the Cayley graph of a direct
product is the cartesian product of the Cayley graphs. Using this one can see that the
number of ends of a direct product of finitely generated groups is always one if P and @
are infinite, a contradiction.

Claim 3: e(SLy;(0j;)) = oo for all j such that M, (D;) is different of a field or totally
definite quaternion algebra (e.g. all j for which n; > 2).

Denote S; := SLy,;(0;) N H which is of finite index in SL,,(O;), hence it is enough to
proof that e(Sj) = oco. Let pj, be the projection of H on Hj,. Fix some j as in the claim. The
condition is equivalent with saying that SLy,;(0;) is infinite [47]. In particular there exists
some k such that p(S;) is infinite'”. For such k we will now prove that |pg(IT;; Si)| < .
For this consider S := S; x[[;; Si which by the first claim is of finite index in H. Therefore
pr(S) is of finite index in Hy and hence e(px(S)) = co. However, px(S;) and pr(I1;2; Si)
are subgroups as in the second claim'", yielding the desired. Indeed, the two subgroups
clearly commute, are normal in 7 (S) and px(S;) Npe(I1;z; Si) € Z(pk(S)) which is finite
since pg(S) has infinitely many ends.

Now consider the set Z; := {k | |px(S;)| < oo}. From the previous it follows that if
k€ {1,...,q} \ Z;, then py(S;) is of finite index in Hy. Hence S;/(S; N [I H;) is a

1€
subgroup of finite index in Hk¢zj Hj. As the quotient was with a finite subgroup, we
obtain that S; is virtually-G, and hence SLn].((’)j) also. However under the conditions
above SL; is virtual indecomposable [48, Theorem 1]. Therefore SL,,(O;) in fact is even
virtually a group with infinitely many ends and so in fact e(SLy,; (O;)) = oo, as claimed.

Altogether: Claim 1 says that G is a cut group and consequently SL, (O;) is of finite
index in GLy,(O;) for all j. In particular e(GL,,(O;)) = oo if n; > 2. Now Lemma 6.5

imply that n; = 2, i.e. no higher matrix algebras appear in the decomposition of F'G.
—2,—5
Q

In such a case no ( ) component arises. Indeed, following [4, table appendix| such a

component can only arise if F' = Q and G maps onto one of the groups with SmallGroupID
[40,3], [240,89] or [240,90]. But a direct verification, e.g. via the Wedderga package on
GAP, shows that these groups all have higher matrix components.

Consequently, Lemma 6.5 says that all matrix components of F'G must be isomorphic
to M2(Q) and in particular F = Q (as F is contained in the center of every simple
component). Furthermore, by [4, Th. 2.10. & Prop. 6.11.], if QGe is a division algebra
D for some primitive central idempotent e of QG then D is Q(v/—d) with d € Z> or a
totally definite quaternion algebra over Q. In summary, we obtained that all components
of QG are of the desired form. Conversely if QG has only such components it follows
e.g. from Lemma 6.5 that U(ZG) is virtually in Go.. This finishes the proof of the first
equivalence.

Next, that only the parameters (—1,—1) and (—1, —3) is due to [75, Theorem 11.5.14]

saying that else U(O) is cyclic for any order in (7?@4’). In those cases Ge < U(ZGe)

would have an abelian Q-span and thus QGe # (7‘@4’), a contradiction.

For the last part, remark first that by the commensurability of unit groups of orders
e(U(ZQ)) = e(TT, GLy,(O;)). However the Cayley graph of a direct product is the carte-
sian product of the Cayley graphs. Using this we see that e(Q x P) = 1 for any finitely

B0therwise S; would be finite and hence also the overgroup of finite index SLy,; (0y).
141nstead of claim 2 one could have used the well known [70, 4.A.6.3.] saying that infinite finitely
generated normal subgroups of a group with infinitely many ends need to have finite index.
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generated group P, Q). Therefore e(U(ZG)) = oo if and only if e(GLy, (Oj,)) = oo for
exactly one igp and the other factors are finite. In light of Lemma 6.5 and [4, Th. 2.10.]
this happens exactly when QG has exactly one My(Q) component and all the others are

Q,Q(v—d) or <_a@_b). Since GL2(Z) is virtually free we see that in those cases U(ZG)

is indeed virtually free.
It remains to prove that the only finite groups for which this happens are Dg, Dg, Dics

and Cy x Cy. Recall that the unit group of the maximal orders of (_1@_1> and ( _1@_3) are

respectively SL(2,3) = Qg x C5 and Dics. Thus by the work done till now we already know
that U(ZG) is a subgroup of finite index in (Dg X U) *¢,xcystr (D12 X U) where U = A X
SL(2,3)% x Dic} for some s,t and with A abelian with exp(A) | 4,6. Using the description
of torsion subgroups in amalgamated products we know that, up to conjugation, G is a
subgroup of Cy x Cy+ U or its contains transversal elements in one of the factors (i.e. Dg or
Dy5). First suppose G is conjugated to a subgroup of U. Recall that all subgroups of Dics
are cyclic and the only non-cyclic one SL(2,3) is Qs. As Q[SL(2,3)] has a component
M3(Q) one can conclude that the only way to have exactly matrix component, which
moreover is Mg (Q), is for G to be Dics. No suppose G is not conjugated to a subgroup of
the amalgamated part. Then we know from Proposition 2.7 that G\ (GN (Cy x Cy x U))
embeds in GLa(Z). If G contains no amalgamated element, then G embeds it needs
to be isomorphic to Dg or Dg (as Dj has two matrix components). In general since
G N (Cy x Cy x U) will be a strict subgroup it will be central. Moreover, in order to have
not more matrix components, the intersection clearly has to be a central subgroup of order
2. Thus G is a central extension of Dg or Dg with a Cs. A look at the groups of order 12
and 16 tells us that G is isomorphic to either Dicsg or Cy x Cy, finishing the proof. O

In upcoming work applications of Theorem 6.2 to the “blockwise Zassenhaus conjecture"
will be investigated. In other words applications to the question whether He is conjugated
inside U(ZGe) to a subgroup of Ge for any finite subgroup H of V(ZG).
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