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ABSTRACT. Let G be a finite group and let p be a prime. We continue the
search for generic constructions of free products and free monoids in the unit
group U(ZG) of the integral group ring ZG. For a nilpotent group G with a
non-central element g of order p, explicit generic constructions are given of two
periodic units by and b2 in U(ZG) such that (b1, b2) = (b1) * (b2) = Zp x Zyp, a
free product of two cyclic groups of prime order. Moreover, if G is nilpotent
of class 2 and g has order p", then also concrete generators for free products
Zpk * Zpm are constructed (with 1 < k,m < n). As an application, for finite
nilpotent groups, we obtain earlier results of Marciniak-Sehgal and Gongalves-
Passman. Further, for an arbitrary finite group G we give generic constructions
of free monoids in U(ZG) that generate an infinite solvable subgroup.

1. INTRODUCTION

The representation theory over some ring R of a finite group G is currently
studied through the modules over its group ring RG. In this perspective it is
natural to ask whether RG determines the underlying group G, i.e., if RG =< RH,
then is G = H? This question is called the isomorphism problem for group rings.
In case R = Z the problem remained open until the surprising counterexample by
Hertweck in 2001 [7]. However for many classes of groups the isomorphism problem
has a positive answer over Z. One main obstruction towards a positive solution is
the lack of information on how rigid G lies inside ZG or more precisely inside U (ZG),
the unit group of ZG. Several conjectures have been made in this direction, such
as the Zassenhaus conjectures, and consequently one started the search for generic
constructions of elements in U(ZG) and one investigates the algebraic structure of
the group generated by these units.

Only a few generic constructions are known. The most important are the so-
called Bass units and the bicyclic units. With these elements at hand, it is a natural
problem to determine “how large” the group B generated by the Bass and bicyclic
units is compared to U(ZG). Furthermore, one would like to determine the relations
between these units. Jespers and Leal [9] proved that for many finite groups G the
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group B is of finite index in U(ZG); earlier results of this type were obtained by
Ritter and Sehgal (see for example [14]). The groups G excluded are those that
have a non-commutative fixed point free image and those for which the rational
group algebra QG does have an exceptional simple epimorphic image. The latter
are by definition the non-commutative division algebras which are not a positive-
definite quaternion algebra and matrix algebras Ma(D) over a division algebra of

the type Q, Q(v/—d) or a quaternion algebra (%’) Moreover, in [3], Eisele, Kiefer

and Van Gelder reduced the number of exceptional cases by showing that the only
cases that can occur as an epimorphic image of a rational groups algebra QG are
d=1,2,3 and (a,b) = (—1,-1),(-1,-3),(—2,—5). For a state-of-the-art article
we refer to [10].

In recent years there have been many investigations determining whether there
are any non-trivial relations between two given units that are Bass units or bicyclic
units. It turns out that in many cases two such elements generate a non-cyclic
free group. In this context, a result of Hartley and Pickel [0] states that U(ZG)
contains a non-cyclic free group except if G is abelian or a Hamiltonian 2-group.
Actually, it turns out that these cases correspond with U(ZG) being abelian-by-
finite, which in its turn is exactly the case when the unit group is solvable-by-finite
(see [10, Corollary 5.5.7]).

An explicit construction of a free subgroup of the unit group was given by
Marciniak and Sehgal in [12]: it is shown that any non-trivial bicyclic unit to-
gether with its image under the classical involution (which also is a bicyclic unit)
generate a non-cyclic free group. Since then many more constructions of two bi-
cyclic units, or two Bass units, or a Bass together with a bicyclic unit generating a
free group have been discovered. For a survey we refer to [B[I1]. In [4], Gongalves
and Passman showed that U(ZG) contains a free product Z, x Z (with p a prime
number) if and only if G contains a non-central element of order p. Moreover, when
this occurs, the Z,-part of the free product can be taken to be a suitable non-central
subgroup of G of order p. The proof of this result makes use of an earlier work
of Passman [I3] on the existence in PSL,,(R) (with R a commutative integral do-
main of characteristic zero) of a free product G * Z when G is a finite subgroup of
PSL,,(R). In the proofs of all these results, the element of infinite order is used in
order to apply Tits alternative type techniques. We point out that this generator
of the infinite cyclic part is only shown to exist, but no explicit constructions are
obtained.

Note that if p # 2, then a group contains Z, « Z if and only if it contains a
group Zjp x Z,. Hence, a natural problem is to give explicit generic constructions
of units by,be € U(ZQG) such that (b1,bs) = Z, * Z,. As such, one also obtains
a generic construction of a unit b = beb1by such that (by,b) = Z, * Z, provided
p # 2. So far, such a result has not been obtained mainly because of the lack of
generic constructions of non-trivial torsion units. However, recently in [1], V. Bovdi
introduced very interesting torsion units.

In this paper we make use of these torsion units, we simply call them Bovdi units,
to give the first (generic) constructions of free products of two finite cyclic groups
in U(ZG) provided G is a finite nilpotent group. Moreover, for an arbitrary finite
group G, we also deal with the problem of producing infinite solvable subgroups in
U(ZG) (that are not virtually nilpotent) using non-trivial Bass and bicyclic units
and construct generators of a non-cyclic free submonoid in these groups.
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Throughout the paper G denotes a finite group and for a subset H of G we
put H = Y>ohenh € ZG and H = ﬁftf € QG. If H is a subgroup, then H
is an idempotent. In case H = (g) we simply denote these elements by g and g
respectively. The classical involution on a group algebra K G is the K-linear map
defined by g — g1, for g € G. By w we denote the augmentation map KG — K.
The free product of two groups H and K is denoted by H x K. By o(g) we denote
the order of ¢ € G and a cyclic group of order n (possibly n is infinite) we will
denote by C,,.

2. PRELIMINARIES

In order to construct free monoids and free products of cyclic groups in U(ZG),
we will make use of representations of the finite groups G and hence of matrix
epimorphic images of the complex group algebra CG. Therefore we begin with
some technical lemmas on constructions of free products in matrix algebras. By
E;; we denote the elementary matrix with 1 in position (i,j) and zeros elsewhere.
We start with three lemmas. The first and the third can be found in [I1), pages 2,3]
and the second is easily verified.

Lemma 2.1. Suppose z1, 2z, w1, we are non-zero elements in a field F'. Then, there
exists U € GLo(F) such that E13(21)V = Eia(w1) and Ea(22)Y = Fa1(w2) if and
only if z120 = wrws.

2mi

Lemma 2.2. Let n be a positive integer and ¢, = e » be a complex primitive n-th
root of unity. If k is a positive integer such that k # 0modn, then | Zf:_ol ¢l >1;
and this inequality is strict if and only if k # £1modn.

A useful tool for proving that the group generated by two subgroups is actually
a free product is the well-known Ping-Pong Lemma.

Lemma 2.3. (Ping-Pong Lemma). Suppose Gy and Ga are non-trivial subgroups
of a group G with |G1| > 2. If G acts on a set P and Py and P2 are two non-empty
and distinct subsets of P such that g(P;) C P; for every non-trivial g € G; and
{Z,j} = {172}, then <G1,G2> = G1 *GQ.

This Ping-Pong Lemma allows one to construct a free product of cyclic groups
in GL,,(C) and thus we obtain the following Sanov-like result.

Proposition 2.4. Let n and m be positive integers and let (, = e and
2km i . - . .

Cm =€~ m  be primitive complex roots of unity of order n and m respectively (k:n

and kq, are integers such that 1 <k, <n, 1 <k, <m). Put 2z, = Zk"_l 25

m—1 2imi . .
2k, = Z?:o e m and suppose u,v € C. If either n or m is not 2 and |uv| >

7=0 )

orn=m =2 and u or v is non-zero, then the following isomorphisms

s

(5 1115 e i £ 1[2 2]

where iy =t if t #1 and i1 = co.

Pmof.Itisclearthat({%L U],{Cm O})%([l 0}7[(1) v ]}.Sowe

4|Zk:n Zk
hold:

1 v 1 u C'n, Cm
only will prove the first isomorphism.
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Put A = [ % and B = [ C;” 0 ] Clearly, (A) = C;, and (B) = C;,,.

U

1 1
We first deal with the case that either n or m is not 2 and |uv| > 4|z, 2k, |-

Suppose first that k, = k,, = 1 and thus 1 = 2z, = z;,,. By Lemma 1] we may

assume |u| > 2|zg, | = 2 and |v| > 2|z, | = 2. The group (A, B) acts via M&bius

transformations on C. The Mobius transformations determined by A and B are

resprectively:

pa:z—=Cz4+u and pp:z+— G .
vz +1
One easily verifies that for any positive integer k the following equalities hold:
Cm?

k-1
k(z) = C,]fz—l— C;u nd k(z) = .
@A( ) ; a </7B( ) (Zf;ol C:n) v 41

Consider in C the following regions Py={z € C | |z] < 1} and P,={z € C| |2| > 1}
of C. If z € Py and 1 < k < n (or k a positive integer if n = 1), then by Lemma [Z2]
| Zf;ol ¢'] > 1 and hence

k—1 k—1
i)l = IChz+ D Gl = 1Y Gl = I6hzl = Jul = 2] > 1.
i=0 i=0
So, ((AY\{1})(P1) C P5. Similarly one shows that ((B)\{1})(P2) C P;. Lemmal[Z3]
(here we use that either n or m is not 2) yields that
(A,B) =(A)*x(B) = C;, *C;, .

Next we consider arbitrary ¢, and (,,, for n # 1 # m (and we still work under
the assumption n # 2 or m # 2). Clearly,

2mi 1 kn 2mi km
[e" anu] =A and [em O] = B.

0 1 E
Because |z, 'uz o] > W‘ = 4, the conditions for the first part of the
e 2mi 1 2mi
proof are satisfied for the matrices € 0 “kn | and [ ze*l’v (1) ] Hence, they
knl

generate a group isomorphic to C;, xC;_ . Since k,, and k,, are coprime to n and m

2’7\’7; —1 27rL 0

respectively, (4, B) = ( er F, U , 6_1 ) and thus the result follows
0 1 Zp, U 1

in this case.

The case where n = m = 2 has a more direct proof. Indeed, in this case
A= [ _01 llb ] and B = [ _Ul (1) } and these are elements of order 2. Also,
B~ (AB) B= BABB = BA = (AB)~!, showing that B acts on AB by inversion.
So, (A, B) is the infinite dihedral group and thus isomorphic with Cy x Cs. O

The following lemma is an easy consequence of the proposition but it is essential
for the remainder of the paper.

Lemma 2.5. We use notation as in Proposition 24 Let v be a positive integer
different from 2. Suppose A = (A;;) € GL,(C) is a lower triangular matriz of order
in with A11 =1 and Azs = ¢, and B = D + dE12 € GL,(C) a matriz of order
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im with D a diagonal matriz, D11 = 1 and D1a = G- If |Aond| > 425, 25, |, then

<A,B> = Cin *Cim~

Proof. Let L, = {(a;;) € GL.(C) | a;; = 0if j > ¢ and j > 2}, a subgroup of

GL,(C). Obviously the map R : L, — GLy(C) defined by (a;;) — 211 312 ]
21 (22

is a group homomorphism. Clearly, A and B are in L,. Also, by the assumptions,

R(A) = { 10 ] and R(B) = [ Ld ] The assumption [Ag1d| > 4|z, 2k |
A21 Cn 0 Cm

and Proposition 2.4 yield that (R(A), R(B)) = C;, »C;_ . Since A has order 4,, and

B has order i,, we obtain that (4, B) 2 C; xC;, . O

3. SOLVABLE SUBGROUPS AND FREE SUB-SEMIGROUPS

In this section we first construct subgroups of U(ZG) that are abelian-by-finite
and solvable of length 2. We will give explicit generators for such groups; the
construction of these generators is a generalization of the bicyclic units (seen from
another perspective, they are products of a bicyclic unit with a trivial unit). Modify-
ing the bicyclic units differently, we next will construct solvable-by-finite subgroups
of U(Z@G) that are not nilpotent-by-finite. By the well-known result of Rosenblatt
[15] such groups contain a free submonoid of rank 2. Actually, we give explicit
generators of such monoids.

We begin by recalling some definitions and notation (we use the same notation
as in [I0]). The bicyclic units in ZG are the unipotent units of the type

b(g,h) =1+ (1 —h)gh and b(h,g) =1+ hg(1 - h),
where g,h € G. These units are non-trivial (i.e. they do not belong to G) if
g & Ng((h)), the normalizer of (h) in G. The Bass units are the units of the type
1—k™_
o(g)

where ¢ € G and k,m are positive integers such that ™ = 1 mod o(g), and
1 <k <n In[1 V. Bovdi introduced the following beautiful new units in ZG
by modifying the bicyclic unit construction and as such constructed units that are
often periodic units:

be(g,h) = h* + (1 —h)gh and  bg(h,g) = h* + hg(1 — h),

Un(9) = (L+g+- -+ )"+

with g,h € G and k a positive integer. Clearly by (g,ﬁ) = b(g,iz), bo(h)(ﬁ, g) =
b(h,g), bi(g, h) = B*b(h%g, h) and by(h,g) = h*b(h, h=*g) = h¥b(h, g). So, again
these units are non-trivial precisely when g does not belong to Ng((h)). We call
these units the Bovdi units. Also, as remarked in Problem 4 in [§], if a unit

bi(g.h) = h* + (h — 1)gh

(respectively by(h,g) = h* + ﬁg(h — 1)) is of finite order, then it is rationally
conjugate to h*. This easily follows from Lemma 37.6 in [16], which says that two
elements of U(ZG@G) of the same finite order are rationally conjugate if all irreducible
representations of G coincide on both elements. We recall a lemma from [I] where
it is shown when a Bovdi unit is of finite order. For the sake of completeness a
proof is included.
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Lemma 3.1. Let g,h € G and suppose that g & Ng({h)). Suppose m is the smallest
positive integer such that g € Na((h™)). For an integer 1 <k < o(h), the elements
br(g,h) and by(h,g) are units in ZG and

(1) if (k,m) =1, then o(by(g, h)) = o(by(h, g)) = o(h*),

(2) else both b(g,h) and bi(h,g) have infinite order.
Proof. Recall that for a positive integer ¢t we have
t—1

bi(g, h)" = (h*)" + (Z(h’“)Z) (1= h)gh.

i=0
Because g ¢ (h), we have that (h*)! ¢ supp((zj;g(hk)i) (1 — h)gh) and thus
(hk)t € Supp(bk(g, )?). In particular, if by(g, k) is torsion, then (h¥)o(be(9:2) = 1

and o(h*) | obi (g, h)).
Note that the minimality assumption on m implies that m|o(h). A straightfor-

ward calculation then yields

o(h*)—1
(b (g, 1)) = (¥ o [N (hE) | (1 - h)gh

1

(R

(3.1) =14t > (A®™)") (1= h)gh,
=0

for some positive integer ¢.

To prove part (1), assume (k,m) = 1. Since g € Ng((h™)), we then get that
(z;g(;"fl(h(kvm))i) (1 - h)gh = (1 — h™)gh = 0. Hence, (by(g,7))°™) =1 and
thus o(bx(g, 2))|o(h¥). So, by the above o(by(g, h)) = o(h*). This proves part (1).

To prove part (2), assume (k,m) # 1. We give a proof by contradiction. So
suppose by (g, h) has finite order. By the first part of the proof,

1= (h*)°"") € Supp(bi(g, h)°™").

The Berman-Higman Theorem therefore yields that (bk(g,ﬁ))o(hk) =1. So, by
@D, (S (™)) (1= hgh = 0. Thus, g € Ne((A®™1) for some
0<i< ﬁ; in contradiction with the minimality of m. This proves part (2) for

bi(g, iL) The proof for bk(iL, g) is similar. a

Proposition 3.2. Let G be a finite group and g,h € G. Let u = by(g, h) be a Bouvdi
unit and w = b(g, h) a bicyclic unit. Then, the group (u, u™) is abelian-by-finite and
solvable of length at most 2. Similarly, if by(h,g) is a Bovdi unit and v = b(h, g),

then (b(h, g), (br(h, g))*) is an abelian-by-finite (and solvable) group.

Proof. We prove the first part. Put n = o(h). Write the Pierce decomposition of
QG with respect to the non-central idempotent e = % in a natural matrix form as
follows:

(1-e)QG(1—e) (1-—e)QGe

QG = eQG(1 —e) eQGe

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.
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Note that v = wh* and v = h*w,

w:[lae (I—Z)nge} and hk:[hk(lo—e) g]

Hence

. { hk(lo— ¢) (I—Z)nge } g { hk(lo— ¢) hk(l—eh)nge ]

(M)(1—€) (1-e)QGe
0 e
1—e (1-—¢e)QGe
0 e
and H/N 2 (h). So, H, and thus also (u,u™), is an abelian-by-finite group. The
result follows. O

So, (u,u") is a subgroup of { } = H. Clearly, this group

H contains the abelian group N = as a normal subgroup

Note that the group constructed in the previous proposition is finite if the Bovdi
unit is trivial. Furthermore it is infinite cyclic if A¥ = 1.

The proposition implies that (u, u”) does not contain a free group or free monoid
(since nilpotent-by-finite groups have polynomial growth) if u is not a trivial Bovdi
unit and h* # 1. In particular (u,u™) 2 Cyx C; for t > 3 or t = 0o since otherwise
it would contain (uu®,u"u), a free group of rank 2. We point this out due to
[1] where it is asserted that (u,u™) = C; x C;. However in the case o(h) = 2
and k is odd, then (u,u") = Cy x Cy. Indeed, if o(h) = 2, then by Lemma [T
also o(u®) = o(u) = 2. Moreover, uu” = wh?*w = w? has infinite order. Since
(u?) M uu®)u? = uPu = (uu®)"t we get that (u,u®) = (uu,u") = Z x Cy =
Cy % Cy as claimed.

In order to construct free monoids in U(ZG) we generalize the Bovdi units via
the use of an arbitrary unit in Z(h) (instead of h*). More precisely, for g,h € G
and u(h) € U(Z(h)) define

b(u(h), g.h) = u(h) + (1 —h)gh and  b(u(h),h, g) = u(h) + hg(1 — h).
Clearly, b(u(h),g,h) = u(h)(1 + (1 — h)(u(h))"'gh) and thus it is a unit. Simi-

larly, b(u(h), ﬁ, g) is a unit. We now show that the Q-algebra generated by h and

a = (1 — h)gh is contained in a (generalized) upper triangular matrix algebra. By

a theorem of Perlis and Walker, Q(h) = [ Q(la), where (4 denotes a primitive
dlo(h)

d-th-root of unity. Thus, there exists a primitive idempotent f € Q(h) such that

Q(h) f 2 Q(¢n), with n = o(h). Note that a® = 0 and au = w(u)a for any u € Q(h).

An easy computation shows that the map

(3:2) o : Qh) @ Q(h)a — { a6 @%,J ]
defined by
w0 |

is a Q-algebra morphism. Hence, if w(h) is a unit of Z({h) of augmentation 1, then

o(b(u(h),g,h)) is a matrix of the type [ “(T) ZlJ ], with z,y € Q((,).

In order to show that two specific matrices of such a type generate a free monoid,
we need, for a field K (for our purposes it is sufficient to consider the case that

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.
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K = C), a criterion when two elements of the group of affine transformations of
the K-line

A(K)_{[g Z{M‘reK*,yeK},

generate a free monoid. This is stated in the following free monoid variant of
the Ping-Pong Lemma (see for example [2, Lemma 2.1]). Note that there are
essentially two types of transformations—those with z = 1, a translation which has
no fix-points, and those with  # 1, a transformation with fix-point {¥-—and this
can be seen as a homothety about this point with scaling factor z.

Lemma 3.3. (Ping-Pong Lemma for Monoids). If A, B € A(C) are homotheties
with different fized points, have respective scaling factors x and y and |z|, |y| < 3,
then A and B generate a free monoid of rank 2.

Actually the lemma is valid in the more general context of the affine group A(K)
over a (non-) archimedean local field K. In case of a non-archimedean field K the
condition on the scaling factors has to be replaced by |z|, |y| < 1.

The following result is stated for finite groups. It is clear from the proof that it
remains valid for arbitrary groups G provided H is a finite subgroup of G.

Theorem 3.4. Let H be a subgroup of a finite group G. Suppose h € H with
o(h) = n and assume o € ZG is such that s = 1+ (1 — h)aH # 1. Let ¢ be a
primitive n-th root of unity. Suppose by = up, m, () and ba = upy m,(h) are two
non-trivial Bass units (so, 1 < ki,ka <n—1, (k1,n) = (k2,n) =1, k{"* = lmodn
and ky'? =modn). If, forie {1,2},

Ckl_l mi <k2_1 ma2
3  and (C—l) #(C_l) )

{by + (1 — h)aH, by + (1 — h)oH} and  {bys,bys}

generate free monoids of rank 2 that are contained in a solvable group.

In particular, (b(uk, m,(h), g, 1), b(tky.my(R),g,h)) is a free monoid of rank 2 if
g & Na((h)).

Proof. Put a = (1 — h)aﬁ. Then, a? = 0 and a8 = w(B)a for all B € QH. Let
f € Q(h) be a primitive central idempotent such that Q(h)f = Q(¢). Again, as

in (B:2) we have a Q-algebra morphism ¢ : Q(h) ® Q(h)a — [ Q(()C) Q(S) } with

u(l)f quzji) :| Since b’f = Hki,m; (C) = (C?__ll)mL and w(bi) =1 we

m; > log ki
-1

then

U1 + U2a —>

obtain that

w(bﬁa)_[(i:l)m 1] and w(bﬁfl(ﬁizl)mi ("Sizl)mi].

0

The inverses of these images are

()™ ()™ [ ]

0

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.
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respectively. As elements of A(C) they have respective fixed points

() "
- 1 -1 -1
fi= = and g, =

c—
ki)™ Ck"’_1>mi_ chir) "M

1 (c—l) <<*1 1 1= (P

By assumption, f; # fo and g1 # go. Moreover, from the assumption that

) —m;
3, we know that ‘472:11‘ < 37! . Therefore, by Lemma [33]

m; > log ki g
=

the homotheties (b +a)~! and p(bs + a)~?, respectively ¢(b1s)~1 and p(bes) ™1,
generate a free monoid (and thus also ¢(by + a) and ¢(bs + a), respectively (b s)
and ¢(bes)). Hence, {b1 + a,ba + a} and {b1s,b2s} generate free monoids as well.
Note that these monoids are contained in a solvable group. ]

We include a couple of remarks on the assumptions concerning m and msy. The
restrictions on m; are clearly satisfied if one takes k; # ko arbitrary (and keeping
the requirement that the Bass units are non-trivial) and m; = ms = m large
enough. The latter is allowed as one may replace the Bass units by powers because

uk,m(g)uk,n(g) = Uk, m+n (g)

Also note that for the restriction m; > log 3 to be fulfilled it is necessary

ckia
-1

that ‘Ckl:ll‘ # 1. Because of Lemma [2.2] this is equivalent to k; # £1mod |g| (i.e.

¢
the Bass units constructed are non-trivial).

4. FREE PRODUCT OF CYCLIC GROUPS

In this section we will give an explicit construction via Bovdi units of a free
product Cp x C, in the unit group of the integral group ring of a finite nilpotent
group G. We first deal with groups of class 2. In this case we prove a more general
statement.

Theorem 4.1. Let G be a finite nilpotent group of class 2 and let g, h € G. Assume
o(h) = p™, with p a prime number, and g ¢ Ng((h?")) for all 0 < i < n. Then, for
any 1 <1t <p",

<bl(ga7i)7bt(7iagil)> = Cm *Ont = <bl(g7h)’bt(gah)*>a

a free product of cyclic groups, where n; = o(bl(g,iNL)) and n; = o(bt(ﬁ,gfl)) (see
Lemma B.T]).

Proof. Without loss of generality we may assume that G = (g,h). Since G has
nilpotency class 2, ¢ = [g,h™!] is central and has p-power order, say p™ with
m < n (and similarly o(c) < o(g)). Clearly, (h?")9 = " h?" = h?" and thus
g € Ng({h?™)). The assumptions therefore imply that n < m and thus n = m. So
o(h) = o(c) and hence the normalizer assumption on g yields that (h) N (c) = {1}.
So (h,c) = (h) x {c).

We will now construct a concrete irreducible complex representation of G so that
the proposed Bovdi units will be represented by matrices to which Lemma[235lcan be
applied. To do so, first note that if g'h? € Z(G), then 1 = [g, ¢°h’] = g, ¢'][g, /] =
[9,h) = ¢ and 1 = [h, g°h?] = [h, ¢°)" [h, h7] = [h, g]" = ¢'. Because o(h) = o(c)
this implies that Z(G) = (¢°(9), ) and G/Z(G) = (g) x (h) = Cy(e) X Co(e).-
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Since Z(G) is a 2-generated abelian group with o(c) a p-power, there is an
isomorphism ¢ : Z(G) — Cpa x Cj, for some non-negative integers o and k.
Without loss of generality, we may choose o and k such that ¢(c) = (cq,cg) and
o(c) = o(ca). Set K = o711 x Cy), a subgroup of Z(G). Then (c) embeds
faithfully in Z(G)/K = Cp«. Let H be a subgroup of Z(G) that is minimal for
properly containing K. It is well known and easily verified that ¢ = K—Hisa
primitive idempotent of QZ(G) and QZ(G)e = Q((p~) (see for example Lemma
3.3.2 in [10]). Under this isomorphism ¢ is mapped onto the primitive p°(?)-th root
of unity (,o(c)-

We next show that QGe is a simple algebra. This follows at once from the de-
scription of primitive central idempotents in strongly monomial groups; for example
nilpotent groups (Section 3.5 in [10]). However, in this case this can be shown eas-
ily. To do so, write QGe = >, QZ(G)et, with T' a transversal of Z(G) in G.
Let z = ), cp ayet € Z(QGe), with each oy € QZ(G)e. The centrality of z means
that >, o uet = (3 ep ut)® = D ep(aut)® = 3 cp out® = 3o ous, 71t for
all s € T. Since [s,t71] € Z(G) and because QZ(G)e is a field, we obtain that
aite = oyfs,t71t for all s,t € T. If t € Z(G), then there exists s € T so that
e # [s,t 'e. Hence, ay =0 if t € Z(G). So, Z(QGe) = QZ(G)e = Q((pe ), a field.
Thus the semisimple algebra QGe indeed is simple and has center isomorphic to
Q(Cp"‘)'

Because [G : Z(G)] = o(c)? we get that QGe = M) (Q({pe)), a matrix ring of
degree o(c). In order to describe explicitly this representation, we first note that
the following non-zero elements:

—

Eyy = h9'e,

with 1 <7 < o(c), form a complete set of orthogonal primitive idempotents of this
matrix ring. For this it is sufficient to show the orthogonality and this follgvs\ls from
the fact that if 1 < j,i < o(c) with i # j, then o(c*™7)|o(c~1h) = o(c), c¢i=ie = 0
and thus

E,E;; = fgi’\lsh/!”:aé:cffl\hcﬂ/*l\ha:ci*j/(cj\*lh) ci—1he
1 o(c)—1 o
= LS (@) o The
o(c) —
1 o(c)—1 o
= — Z (9K @i=1he
o) =

—_—

= e ci~lhe
= 0.

We present some arithmetic concerning these idempotents.
(].) hE” = E”h and hE11 = E11~

(2) Eiig = h9'teg = ghd'e = 9Fi+1.i+1, where the indices are taken modulo

o(c).
(3) hEllZ = hg~Vgi—1E, = ¢g-(-D—1pE g1 = ¢i-lg=-D g, gi-1 =
" Ey.
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Now, for any 1 <i,j < o(c), put
Eij = Eiug’ ' Ej;.

Then, EijEji = Eiigj_iEijjjgi_jEii = Eiigj_igi_jEii = E” Hence, {E” | 1 S ’i,
J < o(c)} is a complete set of matrix units of the matrix ring QGe = M, (c)(Q((pe ).

With respect to these matrix units we will now represent the elements u =
bi(g,h)e and v = by(h,g~')e as matrices (the calculations for (b;(g,h),b:(g,h)*)
are similar, but are left to the reader as an exercise). The (i, j)-th position in the
matrix of the representation of u is determined as follows:

Eiqujj = Eii(hl + (1 - h)gE)Ejj = hlEiiEjj + (1 - h)EiigﬁEjj
= hlEiiEjj + (1 - h)gﬁEi+17i+1Ejj.
SO, ifi = j, then E”UE” = hlE” and thus E11UE11 = hlEll = E11~ On the other
hand, if 1 + 1 = 7, then
EyuEj; = (1— h)ghE;; = o(h)(1 — h)ghEj; = o(h)(1 — h)gE1 Ej;,
which is zero if j # 1. If i # j and i4+1 # j, then Ej;uE;; = 0. This shows that the
non-diagonal entries of the matrix representation of u are 0, except the (o(c), 1)-
position. By the previous calculations, the value at this point is determined as
follows:
Eoe)o(ubrn = o(h)(1=h)gEn = o(h)(1 = h)Eo(c)o()9E1
= O(h)(l - Cil)Eo(c)p(c)gEll
= o(h)(1 =) Es@)1-
A similar calculation and reasoning yields for v:
Eiiijj = htEiiEjj —+ ?Lg_l(l — h)Ei,LiflEjj,
which is zero everywhere except on the (1, 0(c))-position and on the diagonal. Ex-
plicitly
Ell'UEo(c),o(c) = O(h)(l - C_l)El,O(C).

Through the explicit morphism to M) (Q((pa)) the elements u and v have

o(h)(1 — C;(i)) on position (o(c),1) and (1, 0(c)) respectively since ¢ is mapped to

-1
o(c

hlEo(c),o(c) = Cl(o(c)_l)-Eo(c),o(c),

Co(c)- Moreover, position (o(c), o(c)) u has value ) because

and v has value CO_(Z). Because |o(h)(1 — Co_((lz))| > 2, these matrices satisfy the

conditions for Lemma [Z3] so (u,v) has Cy,) * Cy(y) as an epimorphic image. Then
also <u, v> = Co(u) * Co(v)- O

The previous result will be used to prove our main result of this section.

Theorem 4.2. Let G be a finite nilpotent group, g,h € G such that g € N ((h)).
If o(h) = p (a prime number) and 1 < k,l <p—1, then

(b (g, ), bulg, h)*) = Cpx Cp = (bi(g, 1), i, g 7).

Conversely, if U(ZG) contains a subgroup isomorphic with Cp,xCp, then there exist
g,h € G satisfying the assumptions of the first part of the statement.
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Proof. Write g = gpa with (o(z),p) = 1 and let G, denote the Sylow p-subgroup of
G. Since G is nilpotent, g, ¢ Ng, ((h)). So, in order to prove the first part of the
statement, without loss of generality, we may assume that G = (g, h) is a p-group.
We prove the result by induction on the nilpotency class of G. Let u = bg(g, iL)
and v = bk(ﬁ,gfl). If the class is 2, then the result holds by Theorem Il So,
assume that the class of G is more than 2. Let G = G/Z(G) and denote by @
the natural image of o € ZG in ZG. Clearly h has order p. Also, § & Ng((ﬁ)).
Indeed, otherwise (h) is a normal subgroup of G. In particular since G is nilpotent,
some i would be central in G = (3,h) = (g, Ek). This would imply that G is
commutative, a contradiction with the fact that G is not of nilpotency degree 2.
So, the assumptions are inherited in the group G. The induction hypothesis yields
that (w,v) = C, x Cp,. Hence, since u and v have order p, also (u,v) = C), x C,.

A similar proof can be given for the statement (by(g, k), b;(g, h)*) = Cp* C,.

For the converse, assume that all cyclic subgroups of G of order p are normal.
In this case, Gongalves and Passman, in [4, Lemma 1.3], have shown that all units
of order p in U(ZG) are trivial. In particular, Cp x C,, would not be a subgroup of
U(Z(G)), a contradiction. O

We immediately get the following Marciniak-Seghal type result.
Corollary 4.3. Let G be a finite nilpotent group, g,h € G such that g ¢ Ng((h))

and o(h) = p # 2. Then (bi(g,h) bi(g,h)*,bi(g, h)*br(g, h)) is a free group of rank
2.

Also the earlier mentioned result of Gongalves and Passman is a consequence in
case (G is a finite nilpotent group.

Corollary 4.4. Let G be a finite nilpotent group and suppose h € G is a non-
central element of order p # 2. Then a subgroup isomorphic to C, x Cs exists in
U(ZG) and can be explicitly constructed. Moreover there exists a unit w € U(ZQ)
such that (h,w) = Cp * C.

Proof. Because h is not central and of order p, the subgroup (k) is not normal
in G. Hence there exists g € G such that ¢ ¢ Ng((h)). So, by Theorem [£2]

(u, u*) = (u) * (u*) = Cp x Cp, with u = bi(g, h). Clearly,
(u, v uu™) =2 (u) x (Wuu*) = Cp x Cu.

As mentioned earlier, there exists a rational unit v such that «¥ = h. Since
v~ YZG)v is a Z-order in QG, the unit group of this order and U(ZG) are commen-
surable (see for example [10] Lemma 4.6.9]). Hence, for some positive integer m, we
get that ((u*uu*)?)"™ € U(ZG). So (u?, ((u*uu*)?)™) = (h, (u*uu*)?)™) = CpxCu.
Hence, the result follows. O
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