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Abstract

Let G be a finite group and ZG its integral group ring. We show that if « is a non-trivial
bicyclic unit of ZG, then there are bicyclic units 3 and 7 of different types, such that {«, 3)
and («,7) are non-abelian free groups. In case that G is non-abelian of order coprime with
6, then we prove the existence of a bicyclic unit v and a Bass cyclic unit v in ZG, such that
for every positive integer m big enough, (u™,v) is a free non-abelian group.

1 Introduction

A free pair is by definition a pair formed by two generators of a non-abelian free group. Let
G be a finite group. The existence of free pairs in the group of units U(ZG) of the integral
group ring ZG, was firstly proved by Hartley and Pickel [8], provided that G is neither abelian
nor a Hamiltonian 2-group (equivalently U(ZG) is neither abelian nor finite). Their proof is
not constructive and this raised the question of exhibiting a concrete free pair. This goal was
achieved for non-Hamiltonian groups by Marciniak and Sehgal [12] using bicyclic units, and for
Hamiltonian groups (non 2-group) by Ferraz [4] using Bass cyclic units. These results, together
with a classical theorem of Bass [2], that states that if G is abelian then the Bass cyclic units
generates a subgroups of finite index in U(ZG), and the more recent ones of Ritter and Sehgal
[15] and Jespers and Leal [9], which prove that the group generated by the bicyclic and the
Bass cyclic units generates a big portion of U(ZG), show that these two types of units have
an important role in the structure of U(ZG). As a consequence, several authors have payed
attention to the problem of describing the structure of the group generated either by bicyclic
units, or Bass cyclic units and more specifically, to the problem of deciding when two bicyclic
units or Bass cyclic units form a free pair [3, 7, 10, 16].
The bicyclic units of ZG are the elements of one of the following forms

Ben =141 —=h)z(l+h+h*+.. . +h" Y, ypp=1+0+h+h*+. .. +hr" "zl - h),

where x,h € G and h has order d. Two bicyclic units are of same type if both are of type [ or
both are of type v. Otherwise they are of different types.
The Bass cyclic units of ZG are the elements of the form

_ I.m

T(1+x+x2+...+xd_1),
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where x is an element of order d and k and m are positive integers such that ged(k,d) = 1 and

¢(d)|m.

One says that a complex number z is free or that z is a free point, if the matrices

(o1) (1)

form a free pair'. Otherwise z is said to be non-free. The most classical result on the subject is
Sanov Theorem [17] which states that every complex number of modulus at least 4 is free. On
the other hand every integer of modulus less than 4 is non-free. For an up-to-date list of results
on the matter see [1].

If R is a ring of characteristic 0 then its elements can be considered as belonging to a complex
algebra. Indeed, R embeds in R ®z C, since zC is torsion-free and so it is flat. Thus it makes
sense to talk on the transcendency of these elements over any subfield of C. Moreover, left
multiplication by elements of R can be considered as endomorphisms of the underlying vector
space structure of the algebra. So we can refer to the eigenvalues of such endomorphism. Note
that the eigenvalues do not depend on the algebra where R is included because the minimal
polynomial is independent of the algebra. The first result of this paper is the following freeness
criteria in terms of free points.

Theorem 1.1. Let R be a ring of characteristic 0 and a and b elements of R such that a®> =
b2 =0. Then (1+a,1+b) is a free pair if and only, one of the following conditions hold:

1. ab is transcendental (over the rationals).

2. ab is algebraic (over the rationals) and one of the eigenvalues of ab is free.

Notice that every bicyclic unit is of the form 1 + a for some a € ZG such that a?> = 0 and
so Theorem 1.1 can be applied to pairs of bicyclic units. As an application of Theorem 1.1 we
show a method to construct many free pairs of bicyclic units and in particular obtain.

Theorem 1.2. If ZG has a non-trivial unit o then ZG has bicyclic units 3 and v of different
type, such that (o, ) and («,7y) are free pairs.

In fact the bicyclic units # and 7 of Theorem 1.2 can be explicitly constructed (see Corol-
lary 4.3). The existence of a free pair formed by bicyclic units of different types was already
proven in [12]. Another consequence of Theorem 1.1 is a result of Salwa, which states that if a and
b satisfy the conditions of Theorem 1.1 and ab is non-nilpotent then (1 + a, (1 + )™ = 1 + mb)
is a free pair for some positive integer m. In Section 5 we discuss the minimal m for which
(1+a,1+mb) is a free pair.

Then we consider groups generated by a bicyclic unit and a Bass cyclic unit. Gongalves and
Passman [7] proved recently that if G is a finite non-abelian group of order coprime with 6, then
ZG has a free pair formed by Bass cyclic units. With the same assumptions we also prove:

Theorem 1.3. If G is a finite non-abelian group of order coprime with 6, then ZG has a bicyclic
unit 3 and a Bass cyclic unit u such that (u,3!) is a free pair for any sufficiently large positive
integer t.

The hypothesis of the order of G being coprime with 6, in Theorem 1.3, is partially justified
because for the existence of a non-trivial Bass cyclic unit one needs the exponent of the group
G not being a divisor of 4 or 6. In the last section of the paper we prove that ZS,, (respectively,
ZA;,) has a free pair formed by a Bass cyclic unit and a bicyclic unit if and only if n > 5.

1Some authors define free points by considering (1) i > as the first matrix. The two definitions are somehow

equivalent because z is free under this definition if and only if 2z is free under our definition.



2 Proof of Theorem 1.1

For the proof of Theorem 1.1 we first prove some lemmas. The first one was already proved in
[6] for K = C and the same proof works in general. We include a proof for completeness.

Lemma 2.1. Let K be a field of characteristic 0 and a and b be elements of a K-algebra such
that a®> = b> = 0. If ab is transcendental over K then K|a,b] is naturally isomorphic to the
relatively free algebra K[z, y|z? = y? = 0].

Proof. Let f1, fa, f3 and f4 be polynomials in one variable with coefficients in K such that
fi(ab) + fa(ab)a + bfs(ab) + bfs(ab)a = 0.

Multiplying on both sides by ab one has abf;(ab)ab = 0 and hence f; = 0, by the transcendency
of ab over K. Then multiplying by ab on the left and by b on the right, one has abf2(ab)ab = 0
and so fo = 0. By symmetry one has f3 = 0. Finally multiplying by a on the left and by b on
the right one deduces abfy(ab)ab = 0 and this yields f; = 0.

This proves that the elements of the form (ab)’, (ab)a,b(ab)’ and b(ab)’a are linearly inde-
pendent over K. Therefore the algebra homomorphism f : K[z, y|z? = y? = 0] — KJa, b] given

by f(z) =a and f(y) = b is an isomorphism. O
Lemma 2.2. Let R = Ry X --- X R, be a direct product of rings, and u = (uy,...,u,) and
v=(v1,...,0y) be units of R, with u;,v; € R; for every i. Then (u,v) is a free pair if and only

if (ug,v;) is a free pair for some i.

Proof. Without loss of generality we can assume that n = 2. The sufficient condition is clear.
Assume that neither (uj,v1) nor (ug,v2) is a free pair. Then there are non-trivial words w; and
wg in the free group on two symbols such that a; = w;(u;,v;) = 1 for i = 1,2. If the commutator
w = wiwawy 'wy b # 1 then

w(u,v) = (arwa(ug,vi)ay wy H(ug,v1), ws (ug, va)agwy (ug, va)ag ')
= ((w2(ur, v1)wy ' (ur, v1), wi(us, va)wy ™ (ug, v2)) = (1,1) = 1.

Otherwise wy and wy belongs to a cyclic group and therefore there is 1 # w € (w;) N (wsz). Then
w(u,v) = 1. So in both cases (u,v) is not a free pair. O

Lemma 2.3. If R = M,,(C) = Cla,b] with a®> = b> = 0, then m < 2. Furthermore m = 1 if
and only if ab is nilpotent.

Proof. For a real number «, let [« denote the greatest integer non greater than .. Consider the
clements of R as endomorphisms of C". Then dimc¢ Im(ab) < Im(a) < [2], because Im(a) C
ker(a). Then, by the Cayley-Hamilton Theorem, the degree of the minimal polynomial of ab
over Cis < [2] 4+ 1. On the other hand R = C[ab] + bC[ab] + Clabla + bC[abla. Hence
m? = dimc Endc(C™) < 4 ([%] + 1) and so m < 2. This shows that m < 2.

If m = 1 then clearly ab is nilpotent. By means of contradiction assume that m = 2 and ab

0 0
Then the second row of ab is 0 and, since ab is nilpotent, also the (1,1)-entry is 0. Then

. . . . . . 0 1
is nilpotent. After conjugating by some invertible matrix one may assume that a = )

b= < 8 ’g > for some u. Therefore ab = ba, contradicting the assumption My(C) = Cla,b]. O
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Now we prove Theorem 1.1.

Let R be a ring of characteristic 0 and a,b € R such that a? = > = 0. By replacing R by
C ®z R if needed one may assume that R is a C-algebra. If ab = ba then (1 + a,1 + b) is not
free and 0 is the only eigenvalue of ab, hence the Theorem holds. In the remainder of the proof
we assume that ab # ba.

Assume first that R = M»(C) = Cla, b] and identify R with the ring of endomorphism of a
2-dimensional vector space over C. Since ker(ab) C ker(b) # 0, one of the eigenvalues of ab is
0. Let A\ be the other eigenvalue. By Lemma 2.3, ab is not nilpotent and so A # 0. Hence ab is

diagonalizable and after some suitable conjugation, one may assume that ab = ( A0 ) Then

0 0
ker(b) = ker(ab) and Im(a) = Im(ab) and hence
0 0 >
A
m 0

_ (0 n —
a ( 00 > and b <
) one may assume that

for some 0 # p € C. Conjugating by the matrix <

01 0 0
a-(o O) and b—<)\ O)

and so (1 +a,1+b) is a free pair if and only if X is free. Note that ab is transcendental over Q
if and only if so is A and in this case A is free.

Now we consider the general case.

If ab is transcendental (over Q) then, by Lemma 2.1, there is an algebra homomorphism

Q[a,b] — M5(Q) mapping a to a = < 8 (1) and b to 8 = < 2 8 ) Since 4 is a free-point,

(1+ a,1+ ) is a free pair and thus (1 + a, 1+ b) is also a free pair.

Assume now that ab is algebraic (over Q). We may assume without loss of generality that
R = Cla, b]. Then dim¢ Clab] < oo and R = Clab] + bC[ab] 4+ aC[ba] + bC|ab]a. Thus dim¢c R <
4 dimc Clab] < oo. Therefore, if J denotes the Jacobson radical of R then J is nilpotent and
R/J is semisimple. The first implies that 1 4+ J is a nilpotent normal subgroup of the group
of units of R. Hence (1 + J) N (1 + a,1+ b) is nilpotent and so (1 + a,1 + b) is free if and
only if (14+a+ J,1+ b+ J) is free. Also from the nilpotency of J it follows that the minimal
polynomial of ab divides a power of the minimal polynomial of ab + J. We conclude that one
may assume without loss of generality that J = 0 and so R is semisimple. Then R = EBf:lAi
with 4; ~ M,,,(C) and n; < 2 for every ¢, by Lemma 2.3. If x € R and 1 < ¢ < k then x; denotes
the projection of x in A;.

Assume first that one of the eigenvalues A of ab is free. Then A is an eigenvalue of a;b; for
some 1 < i < k. Moreover, n; = 2 because if n; = 1 then a; = b; = 0. By the first part of the
proof, (14 a;,1 4 b;) is a free pair of A;. Thus (1 + a,1 + b) is a free pair.

Conversely, assume that (14 a,1+b) is a free pair of R. By Lemma 2.2, there is 1 <i <k
such that (1 4 a;, 1+ b;) is a free pair. Clearly n; = 2 and, by the first part of the proof, one
of the eigenvalues of a;b; is free. Then one of the eigenvalues of ab is free and this finishes the
proof of Theorem 1.1.

Ox|~
= O

3 Applications of Theorem 1.1

A first application of Theorem 1.1 is the following corollary. The second statement appeared in
[16] and a weak version of the third one appeared in [10].



Corollary 3.1. Let R be a ring of characteristic 0. Let o« =1+ a and 8 =1+ b be units of R
with a®> = b? = 0.

1. If m and n are positive integers then (™, (") is a free pair if and only if (o, ™) is a
free pair.

2. If ab is not nilpotent then (c, B™) is a free pair for some positive integer m.

3. ab is nilpotent if and only if (1 + a,1+ b) is nilpotent. Moreover, if ab is algebraic over C
then, (1 + a,1+ b) is nilpotent if and only if O is the only eigenvalue of ab.

Proof. (1) Is an obvious consequence of Theorem 1.1 because @™ =1+ ma and " = 1 + nb.

(2) and (3). Firstly assume that ab is nilpotent and let S be the multiplicative semigroup
generated by a and b. Then there is a positive number n such that s™ = 0 for each s € S. This
implies that 1 + S is a nilpotent subgroup of the group of units of R. Hence (1 + a,1 + b) is
nilpotent.

Secondly assume that ab is transcendental over Q. Then («, [3) is a free pair, by Theorem 1.1,
and so (2) holds for m =1 and (1 + a, 1+ b) is not nilpotent.

Thirdly assume that ab has a non-zero eigenvalue A. Let m be a positive integer such that
|mA| > 4. Then mA is an eigenvalue of mab and mA is free by Sanov Theorem. Therefore
(e =1+4a,8™ =1+ mb) is a free pair, by Theorem 1.1, and hence («, 3) is not nilpotent.

Finally, if ab is algebraic over Q and 0 is the only eigenvalue of ab then ab is nilpotent. [

Corollary 3.2. Let a and b be elements of a finite dimensional C-algebra A, such that a® =
b =0. Then (1+a,1+b) is a free pair (resp. {1+ a,1+b) is nilpotent) if and only if there is
an irreducible representation p of A such that one of the eigenvalues of p(ab) is free (resp. 0
the only eigenvalue of p(ab) for each irreducible representation p of A).

.

S

Proof. 1t follows from Theorem 1.1 because the set of eigenvalues of an element x of A is the
union of the sets of eigenvalues of p(z), for p running on the irreducible representations of A. O

Corollary 3.3. Let G be a finite group, with the property that all the (complex) irreducible
characters of G have degree < 3. Let CG be the complex group algebra of G, and let a,b € CG
be such that a®> = b*> = 0. Then (14+a,1+b) is a free pair (resp. (1+a,1+0b) is nilpotent) if and
only if x(ab) is free for some irreducible character x of G (resp. x(ab) =0 for every irreducible
character x of G).

Proof. Let p be an irreducible representation of G of degree n, [n/2] the greater integer less of
equal than n/2, and x the character afforded by p. Then dimc Im(p(ab)) < dime Im(p(a)) <
[n/2] < 1, because Im(p(a)) C ker(p(a)) and n < 3. This shows that the eigenvalues of p(ab)
are 0 and x(ab). Now the result follows from Corollary 3.2. O

A trace map on a complex algebra A is a C-linear form 7' : A — C satisfying the following
conditions for x,y € A: T(xy) = T(yx); if x is nilpotent then T'(z) = 0; and if 0 # = = 2 then
T(x) is a positive real number. For example, the classical trace tr : M, (C) — C is a trace map
on M, (C). An easy argument shows that if 7" is a trace map on M,,(C) then 7" = atr for some
positive real number « (namely o = T'(1)/n).

Corollary 3.4. [16] Let R be a ring of characteristic 0 and a,b € R with a> =b*> =0. I[fC®zR
has a trace map T such that |T(ab)| > 2T(1) then (1 + a,1+b) is a free pair.



Proof. By the definition of trace map, ab is not nilpotent. If ab is transcendental over QQ, then
the result follows at once from Theorem 1.1.

Otherwise, one may assume that R = C[a,b]. By Lemma 2.3, R/J ~ Hle M,,,(C) with
n; < 2. Suppose that n; = 1 if ¢ > [ and n; = 2, otherwise. Since R is artinian, 7'(J) = 0,
because .J is nilpotent, and idempotents lift modulo .J. Thus T induces a trace map T on R/.J.
For each i, the restriction of T to M,,(C) is a trace map T; = a;tr on M,,(C). One of the
eigenvalues of a;b; is 0. If n; = 2, then let \; be the other eigenvalue of a;b;. Then

l k
4Zai§22niai:2T < T(ab) Z:ozltralZ ZO‘Z i
i=1 i=1

and therefore |\;| > 4 for some i. Since )\; is an eigenvalues of ab, (1 +a,1+b) is a free pair by
Theorem 1.1. 0

4 Bicyclic units

In this section G stands for an arbitrary group. The notation H < G means that H is a subgroup
of G. If A is a subset of G then (A) denotes the subgroup generated by A. If moreover A is
finite then we write A = Y aca @ € ZG. If g € G has finite order then we abbreviate g = @

Let H be a finite subgroup of G, h € H and = € G. Then (1 — h)xH and Hx(1 — h) are
elements of ZG of square zero and therefore

Benm=1+(1—h)zH and ~,pm=1+ Hx(l—h)
are units of ZG. So the bicyclic units of ZG are the elements of one of the following forms
Boh = Bopny =1+ A —h)zh and Yo p =Yy pm = 1+ ha(l—h),

where x, h € G and h has finite order.

Ifa =3 cqag9 € CG then the trace of a is by definition 7'(a) = a1. Notice that 7' is a
trace map on CG as defined in Section 3. This is clear if G is finite because then the trace of
the regular representation of CG is |G|T'. For a proof for infinite groups see [14, Lemma 1.7 in
page 37 and Lemma 3.3 in page 47].

Lemma 4.1. Let v,y € G and H,K < G. Then HrK = |H NzKx~!|- HzK and

— — HnzKz™Y, ify~' € HrK
TlyHK) = { (|), | otherwise.
Proof. Consider the map f : H x K — HzK, given by f(h,k) = hxk. Clearly HtK =
> yeHzK If~Y(y)|ly. Tt is easy to see that the map f~!(z) — f~1(hak), given by (h1, k1)
(hhl,klk;) is bijective. Using the equality |H||K| = |[HzK| N |H N zKx~!| one deduces that
If~1(y)| = |HO:EK:1: 1| for every y € HzK and hence HrK = |H N xKx~'[HzK. Then
T(yHzK) =0if y ' ¢ HzK and otherwise T(yHxK) = |H NxKx Y|, as asserted. O

Proposition 4.2. Let H < K be finite subgroups of a group G and letx € G, h € H andk € K
be such that x 'he ¢ K.

1. If = 'kx & K then (Be,h,Hs Vo1 k) 5 a free pair.

2. If ska™' & K then (By i, Bo-1 aha—1 akz—1) S a free pair.



Proof. Let a =v,-1 5 x —1and b= B, pz — 1. Then
ab=Kz (1 —k)(1—h)eH =K1 — 2 ke — 27 he + 2 kha)H,
and using Lemma 4.1 one has

T(Kz ‘haH) = T(Kx tkxH) = 0,
T(KH)=|H| and T(Kx l‘khzH) >O0.

Therefore T'(ab) > |H| > 2 = 2T'(1). Then (By.n,1,%.-1 1 k) is a free pair by Corollary 3.4. Let
now a = By pg — 1 and b= B-1 g1zt — 1. Then

ab = (1—-h)zH(1 —zkz Doz laKz—!
= gzHx 2Kz '—heHr ‘oKz ' — cHakr 2aKz— '+ heHekr 2a K 1.

As in the previous case T(zHz 'zKz~1) = |H| and T'(heHrkz2zKz~1) > 0. Furthermore
(hz)"' ¢ Hr Y(xKx™') = HKox~ ' = Ko~ because v 'hz ¢ K and 27! ¢ Hakr 2(z Kz~ ') =
Hxkax 'Ka~', because vka™! ¢ K = HK. Thus 1 ¢ Hxksr 'K, hence Lemma 4.1 yields
0 = T(heHx 'rKz~1) = T(xHzkr2xKz~!) and so T(ab) > 2. Again one deduces that
(Be,h, iy Bu—1 whka—1 zicz—1) 18 a free pair from Corollary 3.4. O

Theorem 1.2 is a direct consequence of the following.

Corollary 4.3. Let x and h be elements of a group and assume that h has finite order. Then
the following conditions are equivalent.

(1) a ha ¢ <h> (5) (ﬂw,haﬂxfl,xhxfl) is a free pair.

(2) zha~! & (n). (6) (Bz,hs Ya-11) 18 a free pair.

(3) Bun # 1. (7) (’Yﬂc,mﬂx*l,h) is a free pair.

(4) Yax,h 7£ 1. (8) (7x,h7/7m*1,th*1) s a free pair.

Proof. The equivalence between the first four conditions is obvious. The equivalence with (5)
and (6) is a consequence of Proposition 4.2 and the equivalence with (7) and (8) follows by
symmetry. [l

5 Examples and questions. Bicyclic units

Corollary 3.1 raised some natural questions. For a finite group G let

M(G) = min{meN: (a,[™)is a free pair for every « =1+aand =1+
bicyclic units of ZG with ab not nilpotent},
m(G) = min{m € N: (a,(3™) is a free pair for every a =14+ aand S =1+b

bicyclic units of the same type of ZG with ab not nilpotent}.
By Theorem 3.1 one has: G is Hamiltonian if and only if M (G) = oo if and only if m(G) = oo.
(Here we are using the convention that the minimum of the empty set is c0.)
Problem 5.1. Compute M (G) and m(G) for some (non-Hamiltonian) finite groups G.
Finding a finite group G with 1 < M(G) # oo is easy.
Ezample 5.2. M(S3) = 2.



Proof. Let S3 be the symmetric group on three symbols. Recall that S3 has two linear characters
x1 and X2 and one irreducible character y3 of degree 2. Then 671 = x1 4+ x2+2X3 is the character
afforded by the regular representation of G. If « =1+ a and 8 = 1 + b are bicyclic units then
x1(ab) = x2(ab) = 0 and therefore x3(ab) = 3T(ab). Then applying Corollary 3.3 one has:
If T(ab) = 0 then x3(ab) = 0 and therefore ab is nilpotent and («, 3) is a nilpotent group;
if |T(ab)] > 1 then |x3(ab)] > 4 and therefore (a, ) is a free pair. Otherwise, (that is if
T(ab) = £1), then (a, 8) is not a free pair (because 3 is non-free) but (a, 3?) is a free pair. This
shows that M(S3) < 2. To show that the equality holds we exhibit a pair of bicyclic units «
and [ such that T'(ab) = 1.

Let 0 = (1,2,3), 7 = (1,2) and consider the bicyclic units & = 7, = 1+ a and

Bo20r = 1+ b We see that T(ab) = 1 by using Lemma 4.1 and noticing that 1,7, o? ¢
(r){o7) = {L,m,0m, 0%}, o1 & (T)(07), (1) No*(om)o™? = (r) N{oT) = {1}, (1) NTloT)T™" =
()N {o?7) = {1} and
ab=7(1 — o70% — oo70® + or0T0?)FT = T(1 — 0% — 7 + 0%)FT.
[l

Finding a finite group G such that 1 < m(G) # oo is more difficult. For example, if Dy,
denotes the dihedral group of order 2n and n is prime then m(Ds,) = 1 [10]. This has been
recently generalized by Jiménez [11] who, using Corollary 3.3, have shown that m(Ds,) < 2 for
every n and, if 12 does not divide n, then m(Ds,) = 1. In fact the result of Jiménez shows
that if 12 divides n then m(Ds,) = 1 if and only if 24/3 is free, and otherwise m(Da,) = 2.
More examples of finite groups G with m(G) = 1 can be founded in [3]. Since we still do not
know if 2v/3 is free it is not clear whether dihedral groups provides examples of non Hamiltonian
groups G for which m(G) > 1. We found that Sy provides such an example as an application of
Corollary 3.3.

Ezample 5.3. m(Ss) = 2.

Proof. Having in mind that each irreducible character of .4 takes values on the integers and that
an integer m is free if and only if |m| > 4, it is not difficult to compute m(Sy4) using Corollary 3.3
and an algebraic software package. First, compute all the bicyclic units of one type: there are
157. Then compute x(ab) for all the pairs (&« = 1 + a,8 = 1 + b) of bicyclic units. It turns
out that either y(ab) = 0 for all the irreducible characters x of Sy or there is an irreducible
character y such that |y(ab)| > 2. In the former case («, 3) is nilpotent and in the latter («, 3%)
is a free pair. This shows that m(S4) < 2 and in fact the equality holds because there is a pair
(o =1+a, =1+b) such that |x(ab)| is either 0 or 2 for each irreducible character x. For the
readers convenience we give a computer-free proof.

We choose the following set of generators of Sy.

o=(1,2,3), 7=(1,2), p=(1,2)3,4), v=/(1,3)(24).

Let m : ZS4 — 7S5 be the ring homomorphism which acts as the identity on S3 and maps u
and v to 1. Let x1, x2 and x3 be the three irreducible characters of S3 (Example 5.2). Then
S4 has two linear characters, #; = x1 o and 63 = x5 o 7; one irreducible character of degree 2,
03 = x3 o m; and two irreducible characters 6, and 65 of degree 3. Observe also that 6;(g) € Z
for each g € Sy and i < 5. Furthermore 61(g) = 02(g9) =1 mod 2, 04(g) = 05(g) # 03(g) mod 2
and if 03(g) is odd then g is a 3-cycle.

Let « =1+ a and § = 1 + b be bicyclic units of the same type of ZSy such that ab is
not nilpotent but («, ) is not a free pair. Then 7(a) and 7(3) are powers of bicyclic units



of ZS3 and (w(«),m(3)) is not a free pair. Since m(S3) = 1, w(ab) is nilpotent and thus
0 = 01(ab) = O2(ab) = O3(ab). Therefore the number of 3-cycles in the support of ab is even
and thus 64(ab) = 65(ab) = 61(ab) = 0 mod 2. Since ab is not nilpotent, either 04(ab) # 0
or 05(ab) # 0 and thus the absolute value of one of them is at least 2. Then either 26,4(ab) or
205 (ab) is free and so (o, 3?) is a free pair. This proves that m(Sy) < 2.

To show m(Ss) = 2 we consider the bicyclic units

Q= ﬂur,u =1+a and = 5;11/027—,1/0 =1+0b.

As in Example 5.2 we prove that («, () is not a free pair by showing that 6(z) is non-free for every
irreducible character x of Sy. Obviously 6;(ab) = 62(ab) = 0. Furthermore m(b) = 0 because
m(vo) = o generates a normal subgroup of S, and thus 03(ab) = 0. Now a straightforward
computation shows that 64(ab) = —65(ab) = £2, which is non-free. O

The previous computations raised the following.

Question 5.4. Is there a positive integer m such that m(G) < m, for every non-Hamiltonian
finite group G7 Is m(G) < 2 for every non-Hamiltonian finite group G?

6 Proof of Theorem 1.3

The proof of Theorem 1.3 uses the following Theorem of Gongalves and Passman [7].

Theorem 6.1. Let V be a finite dimensional vector space V over C and S and T endomorphisms
of V.. Assume that 7> = 0 and S is diagonalizable. Letr, andr_ be the mazimum and minimum
of the absolute values of the eigenvalues of S. Let Vi (resp. V_) be the subspace generated by
the eigenvectors of V' with eigenvalue of modulus v (resp. r—) and Vj the subspace generated
by the remaining eigenvectors.

If the four intersections Vi Nker(r) and Im(7) N (Vo & Vi) are trivial then (S*, (1 + 7)) is
the free product of (S®) and (1 + 7)) for sufficiently large positive integers s and t.

Let d, k and m be positive integers such that k£ and d are relatively prime, and m a multiple
of ¢(d). Here ¢ stands for the Euler function. Since k™ =1 mod d the polinomial

m

y (14+ X+ X2 4 ... +x%7h

uk,m,d(X) = (1 + X —|-X2 + ... +Xk‘—l)m +

has integral coefficients.

Notice that the Bass cyclic units of ZG are the elements of the form wy ,,(z) = ug m.q(z),
where x is an element of order d in the group G and k£ and m satisfy the above conditions. If
€ is a complex root d-th root of unity then ug m 4(§) = urm(§) is a well defined unit of Z[£].
Using this it is easy to see that the Bass cyclic units of ZG belong to U(ZG). See [7] and [18§]
for other properties of Bass cyclic units. Notice that uy ., () is determined by & modulo d, and
hence one can assume that 1 < k < d — 1. Moreover uj,(z) = 1, ug_1m(x) = zld=1m and
U (2)* = U gm (), for each integer a [7, Lemma 3.1]. Therefore the set of Bass cyclic units of
ZG is closed under taking powers and uy, ,,(x) has finite order if and only if £ = +1 mod d.

Let G be a finite group of order coprime with 6. We have to show that ZG has a free pair
formed by a bicyclic unit and a Bass cyclic unit. We start with a reduction argument.

Claim 1. One may assume that the group G = A x X where X = (x) has prime
order (say p), and one of the following conditions hold:



1. A is cyclic of prime power order.
2. A is an elementary abelian p-group of order p>.

3. A is an elementary abelian q-group, with q prime distinct from p, and X acts
faithfully and irreducibly on A.

Notice that if Theorem 1.3 holds for some subgroup or some epimorphic image of G then it
also holds for G. This is clear if H is a subgroup of G because a Bass cyclic unit (respectively,
bicyclic unit) of ZH is also a Bass cyclic unit (respectively, bicyclic unit) of ZG. Assume that H
is an epimorphic image of G, u1 is a Bass cyclic unit of ZH and (; is a bicyclic unit of ZH such
that (ug, 37) is free for s sufficiently large. Then ZG has a Bass cyclic unit « and a bicyclic unit
/3 such that u projects to uf and 3 projects to B! for some k,I > 0 [7, Lemma 3.2]. Thus (u, 5°)
is a free pair of ZG, for s sufficiently large. Thus arguing by induction to prove Theorem 1.3,
one may assume without loss of generality that all the proper subgroups and proper epimorphic
images of G are abelian. Then a theorem of [13] shows that the group G is as stated in the
claim. This proves Claim 1.

So, in the remainder we assume that G is as in Claim 1, with p,q > 5, and we refer to cases
(1), (2) and (3), depending on which condition holds. Since G is non-abelian, X is not normal
in G, and therefore z* ¢ X for some a € A that will be fixed until the end of the proof. For
example, in Case (1), a can be a generator of A. In Case (2) one can take a € A such that
Z(G) = (b= a"a"'). In Case (3), Z(G) = 1, and thus every non-trivial element of A satisfies
the required condition.

Let x and a be as above and let ¢ be the order of a. (Notice that this notation is compatible
with the notation in Case (3); in Case (1) ¢ is a power of p and; in Case (2) ¢ = p.) We fix
2 <k < q—2 (recall that ¢ > 5) and let

u=1ugm(a), and F=1+(1—-2x)aT

for m a multiple of ¢(d). Later on we will specify some additional condition on m. Notice that
u and (8 have infinite order.

Claim 2. There is a linear representation x of A such that the induced representation
p =X is irreducible, p((a,z)) # 1 and in Case (3), either |A| = q or a € ker(x).

Since the commutator (a,x) # 1, there is an irreducible representation (necessarily non-
linear) p of G such that p((a,z)) # 1. All the non-linear irreducible representations of G' are
induced from linear representations of A and so the claim is clear except for the exceptional case
(3) with |A| # ¢. In this case A has a maximal subgroup B containing a and so there is a linear
representation x of A with ker(y) = B. Since X acts irreducibly on A and the subgroups G’ and
C={a®:i=0,1,...,p—1) of A are invariant under this action, one has A = G’ = C. The first
equality implies that & is irreducible and the second that a® ¢ ker(y) for some i. Therefore
p(a) = diag(x(a) = 1,x(a®),x(a®),...,x(a™ ")) # diag(x(a®), x(a®"),...,x(a™ ), x(a)) =
p(a®) and thus p((a,x)) # 1, as wanted. This proves Claim 2.

For the remainder of the proof we fix a linear representation y of A satisfying the conditions
of Claim 2 and put ¢; = x(a®') and p = x¢. Then p(a) = diag(Co,(1,---,{p—1) is a non-scalar
matrix, i.e. the set A ={¢;:7=0,1,...,p— 1} has at least two different elements. In fact

Claim 3. If |A| # p then Case (3) holds and |A| # q and so A contains 1 (and
another different element).

10



Furthermore, in Case (1) ¢; and (41 are not complex conjugate for each 0 < i < p
(where the subindexes are considered as elements in Zj, the ring of integers modulo

p)

We consider the three cases separately.

In Case (1), a” = a" for some integer r coprime with p and such that the multiplicative order
of r modulo the order of a is p. Therefore (; = C(’]‘l and (o — ¢ induces an automorphism o
of Q(¢p) (= Q(¢;)) of order p. This implies that |A| = p. Moreover, if {; and ;41 are complex
conjugate then o has order 2 yielding a contradiction with p > 5.

In Case (2), Z(G) = G’ = (b = a®*a~'). Then ¢; = £y, where & = x(b) is a primitive p-th
root of unity, and again |A| = p.

In Case (3) with |A| # ¢, 1 = x(a) = {p € A, by the construction of x. If |A] = ¢ then y
is injective and thus the (;’s are pairwise different. Indeed, if 0 <7 < j < p —1 then 2/ is a
generator of X. Then a® ' # a, so {; = x(a®') # x(a®’) = ¢;. This finishes the proof of Claim
3.

The representations of v and 3 by p are

S = p(’LL) = diag(uk,m(C0)7 uk,m(Cl)v s auk,m(Cp—l)) = diag(u07 Uy ... aup—l)

and p(8) =1+ 7 with

Go—-¢G -G ... -G
-G G—-G¢ ... G-

Cp—l._ o Cp—l'_ G - Cp—l'_ Co

Since not all the (; are equal, 7 has rank 1 with image generated by

G —C
G —G
U= . )
Gp—1— Go
and kernel
o
K =ker(r) = : txo++xp1=0
Tp—1
Let r4 and r_ be the maximum and minimum of {|u;| : ¢ =0,1,...,p—1} and set X4 = {i :

luil =74}, Xo = {i:|w| =r_} and Xo =Z, \ (X4 UX_). Let {e1,...,e,} be the canonical
basis of V' = CP, the representation space of p. Let Vi be the span {e; : i € X,.} for x = +, — or
0. Notice that this notation agrees with that of Theorem 6.1.

Claim 4: Ly, # X (equivalently Z, # X_ ).

The order d of p(a) is a divisor of ¢ and so it is a prime power. Moreover A C L where L
is the set of d-th roots of unity. By [7, Lemma 3.5(ii)], if z,y € L then |u n(x)| = |ugm(y)| if
and only if z and y are either equal or conjugate. If Z, = X then A has either one element or
it has two different conjugate elements. This contradicts Claim 3, and so Z, # X. This proves
Claim 4.
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At this point it is tempting to try to show that .S and 7 satisfy the conditions of Theorem 6.1.
Unfortunately this is not the case in general. For example, in Case (3) some of the (;’s may be
equal (for example, this is the case if ¢ < p) and this may provide some non-trivial elements in
ViNK.

As we mentioned above, we are going to be more specific on the the integer m used in the
definition of u = uy ,(a). Namely, we are going to impose that m is a multiple of ¢, the order
of a. Let ¢ be a primitive g-th root of unity. If |ugm(£%)] = |ugm(€°)| then b = +a mod ¢

m a m
([7, Lemma 3.5]). If moreover a # 0 mod ¢ then uy (&%) = (f::f) = <%k . 2::;) =

(if—:f)m = Upm(§*). In particular, {¢; : ¢« € X4} and {¢; : i € X_} have cardinality 1.
This implies that W = (V. N K) & (V_ N K) is invariant under the action of S and hence the
endomorphisms S and 7 of V induce endomorphisms S and 7 of V = V/W.

We are going to use the standard bar notation for reduction modulo W. Then, as we will

see below, V =V, @V @ V_ is a decomposition of V with respect to S as in Theorem 6.1.

Claim 5: S and T satisfy the hypothesis of Theorem 6.1.

The kernel and image of 7 are K1 = 7-1(W) and I; = I, respectively. The dimension of
Vi Vi/(VenW) = Vo/(Ve N K) is 1, because K is a hyperplane of V but e¢; ¢ K and
S(e;) = Ge; € K for each i € X4. This shows that Vi N K1 = 0.

To prove that I;N(Vo@ V4 ) = 0 we only have to show that ¥ ¢ Vo® V4, and due to symmetry,
only that ¥ ¢ Vy @ V... If this is not so, then ¥ = v + wy + w_ for some v € Vp, wy € Vi
and w_ € V_ N K. Thus the projection of ¥ on V_ belongs to K. That is, > ;cx (A —(iy1) =
Yiex (G — Gig1) = 0, where A is the unique element of the form (;, with i € X_. Now we
delete from the equality above the neighbor zero summands, that is the ones in which A = (;41.
Passing the negative expressions to the right side and adding up the equal terms, we obtain
nA = Zle m;p;, for n the cardinalty of {i € X_ : (;4+1 # A}, m; non-negative integers and
M1, - - -5 [, g-th Toots of unity different from A. Moreover n > 0, because Z, # X_. Let tr denotes
the Galois trace of the extension Q(£)/Q and write ¢ = p”, with p prime. Let € be a g-th root of
unity. Then tr(e) = p"~}(p—1) if e = 1, tr(¢) = —p" L if £ has order p and tr(e) = 0 otherwise.
Thus tr(A\~p;) < 0 for each ¢ and hence 0 < n(p — 1)p"~ ' = tr(n) = S matr(A~1y,;) < 0,
which yields a contradiction. This finishes the proof of Claim 5.

By Claim 5, (S°, (1 +7)!) is the free product of (§°) and ((1 + 7)!) for s and t sufficiently
large. Thus (u®, 3") the free product of (u®) and (3'). Since u and 3 have infinite order, (u*, 3¢)
is a free pair formed by a Bass cyclic unit and a power of a bicyclic unit of ZG. This finishes
the proof of Theorem 1.3.

7 Examples and questions. Bass cyclic and bicyclic units

If up m(a) is a Bass cyclic unit of infinite order then k& # +1 mod d, where d is the order of
a and hence d is not a divisor of 4 nor 6. Therefore, if G has a free pair in which one of the
elements is a Bass cyclic unit, and the other is a power of a bicyclic unit, then G has a non
central element whose order does not divide neither 4 nor 6 (for ZG to have a non-central Bass
cyclic unit of infinite order) and G is not Hamiltonian (for ZG to have a non-trivial bicyclic
unit). This justifies partially the hypothesis in Theorem 1.3 (and in [7, Theorem 4.7]) of G
having order coprime to 6 and suggest the following question.
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Question 7.1. Let G be a non-Hamiltonian group with an element whose order does not divide
neither 4 nor 6. Does ZG have a free pair formed by a Bass cyclic and a power of a bicyclic
unit?

Remark 7.2. Notice that if G is non-abelian and has a central element a of order d with d { 4
and d 1 6, then G has also a non-central element satisfying the same condition. Indeed, assume
that every non-central element of G has order dividing either 4 or 6. Let b a non-central element
of maximal order n, and so n = 2,3,4 or 6. Then a’b is non-central and therefore the order of
a'b divides 4 or 6 for each i. This implies that (a) N (b) # 1 and thus n # 2,3. Furthermore
d = 2k3! for some k,1 > 0. If n = 6 then the orders of a3'b and a2"b are multiple of 2¥ - 3 and
2-3!, respectively, and this yields a contradiction because either k& > 2 or [ > 2. This shows that
the order of b is 4 and the order of ab is at most 4. Then b ¢ (a) and so the order of ab divides
4. Thus the order of a divides 4, contradicting the hypothesis.

Notice that if either A, or S, satisfies the hypothesis of Question 7.1 then n > 5. Thus to
give an affirmative answer to Question 7.1 for symmetric and alternating groups, it is enough
to show that ZAs has a free pair formed by a power of a bicyclic unit, and a Bass cyclic unit.

The group As can be defined by generators and relations as

As = {(a,bla® = b = (ba)® = 1)

and one can take a = (1,2)(3,4) and b = (1,3,5), so that ¢ = ba = (1,2,3,4,5). Take the
irreducible representation ¢ of As given by

0100 0 0 1 o0
100 0 0 1 0 o0

A=dla)=| 4 ¢ ¢ 1 | ad B=e®)=| ; | 4
0010 0

Let £ = e%, a primitive 5-th root of unity, and set F' = Q(§). Let o € Gal(F/Q) be given by
(0(&) = €2. Notice that o generates Gal(F/Q) and one has

Consider Gal(F/Q) acting componentwise on F*4. Let vy = (£2,¢,¢%,€3) and v; = o?(v;). Then
Cvp = Evp, that is vy is an eigenvector of C' with eigenvalue . Therefore v; is also an eigenvector
of C with eigenvalue o?(¢) = ¢2'. This implies that v; is an eigenvector of the Bass cyclic unit
S = up4(C) = d(ug4(c)) with eigenvalue \; = 0% (ug 4(€)) = 1+£2". Now [A1]| = [Az] > |A2| = [\
and so F* =V, ® V_, where V. = (v1,v3) and V_ = (v, v4).

Let now
-1 -1 1 1
1 1 -1 -1
T=¢((1—a)b(l+a))= _9 _9 _3 _3

2 2 3 3

Then K = ker(7) = Im(7) = {(x1, 22, x3,24) : T1+x2 = x3+2x4 = 0}. Let d1, 2 € F be such that
510140203 = (0162 + 6283, 51€4 026, 8164 + 628, 6162+ 026%) € K. Then 61 (£2+&)+02(3+¢*) =
S1(EF+E3) +02(6+€%) =0 and so §; = dy = 0, because (€ +€3) — (€2 4+€) = —262 26 -1 # 0.
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This shows that K N X; = 0. Since ¢ leaves K invariant and interchanges V; and V_ one
obtains that K N X_ = 0. Therefore S and 7 (considered as endomorphisms of complex vector
spaces) satisfy the hypotheses of Theorem 6.1. Thus (5™ = ¢(ug4(c)™), P(Bap)™ = (1 4+ 7)) is
a free pair for some n and m, and we conclude that (ug4(c)” = u2.4n(c), (Bap)™) is a free pair
of ZAs, formed by a Bass cyclic unit and a power of a bicyclic unit. So we have shown.

Theorem 7.3. ZA,, (resp. ZS,) contains a free pair formed by a power of a bicyclic unit and
a Bass cyclic unit, if and only if n > 5.

Acknowledgements. In this paper we have used many ideas which Donald Passman gen-
erously shared with us. We would like to thank him and also thank the referee for pointing out
an error in a previous version of the proof of Theorem 1.3.
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