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1. INTRODUCTION

We consider the following family of cyclic presentations of groups depending on four
positive integers:

F(r,n,s,p) =<T1,...,Tn: TiTiyp - Tigp(r—1) = Tits (I=1,...,n)>

where the subscripts are reduced modulo n, and » > 2, n > 2. We also denote in short the above
presentation by F(r,n,s,p) = Gn(x1Z14p - - 5E1+p(r—1)x1_is) according to notation in [13] and
[16]. This family contains many classes of cyclic presentations of groups, previously considered
by several authors. The groups F(2,n,2,1) are the Fibonacci groups F(2,n) = G, (z12025 ")
introduced by Conway in [9] (see also [10]). The groups F(r,n,r,1) = Gy (122 2,27},)
were introduced by Johnson, Wamsley and Wright in [17] (and denoted by F(r,n), r > 2,
n > 3) as a natural generalization of the Fibonacci groups F'(2,n) (and in fact they are called
with the same name in the current literature). The groups F'(2,n,1,2) = Gn(xla:gxgl) are the
Sieradski groups introduced in [22] (and denoted by S(n)) (see also [5] for some generalizations
of them). The groups F(r,n,r+k—1,1) = G,(x122 - xrx;&k) were defined and algebraically
studied by Campbell and Robertson in [1] (and denoted by F(r,n,k)) for any r > 2, n > 3,
and k > 1. Obviously, they represent further generalizations of the Fibonacci groups F(r,n).
The groups F(2,n,1,p) = Gp(z1214,75 ") are the Gilbert-Howie groups defined in [11], and
denoted by H(n,p). A natural generalization of them, that is, F'(2,n,s,p) = Gn(xlepxl_jS),
was considered in [6], and denoted by G,(p,s). Obviously, we have G, (2,1) = S(n) and
Gn(1,2) = F(2,n). In this paper we study algebraic systems, or briefly algebras, which are
groups with an additional unary operation satisfying certain laws. These laws are directly
suggested by the relators of the cyclically presented groups F'(r,n,s,p). More precisely, in
addition to the group laws (we use notation z -y, =1, and e for the product, inverse, and unit
element, respectively) there is an unary operation ¢ (written as a right—-hand operation) which
satisfies the following properties:

(z-y)p=x¢-yo
vl = (x¢)7! (1.1)
ep=ce€
2¢® = xgpPr D pgPUTD L pgP (1.2)
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and
" = x. (1.3)

The laws in (1.1) say that ¢ is a morphism, and the first of them is well-known to imply
the other two. Law (1.2) arises by taking the inverse relations of F(r,n,s,p)

-1 -1 -1

-1 -1 _
Yitpr—)Titpr-2) " TitpTi T Tits

and setting a; = xi_l to get

Qitp(r—1)itp(r—2) * " Ait+pli = Qjts-

Law (1.3) derives from the fact that the group F(r,n,s,p) (and its abelianization) has an
obvious automorphism 6 which permutes cyclically the generators, i.e., a;0 = a;41 (subscripts
mod n). The operation ¢ imitates the action of 6 (and, in particular, it is of order n), not
only on the generators, but on all elements of the group. This gives some restrictions on the
groups underlying the algebras considered in this paper. Let us denote the variety of algebras
defined by laws (1.1)—(1.3) as V(r,n,s,p). These varieties of Fibonacci type generalize those
considered in [14], [15], [18] and [19], so the present note can be considered as a sequel to the
quoted papers. We shall study some properties of the underlying groups of monogenic free
algebras in these varieties, and discuss connections between their orders and the Fibonacci and
Lucas sequences.

2. THE VARIETIES V(2,n,s,p)

Theorem 2.1: If A is an arbitrary algebra in the variety V(2,n,s,p), then the underlying
group G is abelian. The group underlying the monogenic (that is, one—generator) free algebra
of V(2,n, s,p) is isomorphic to the abelianization of the cyclically presented group G, (p,s) (in
the notation of [6]).

Proof: Laws (1.1) and (1.2) imply

(x-y)p° = (x-y)¢¥ -w-y=a¢” yo! -z -y

and
(- y)p* = 20" - yop* = x? -z - yo? - y.

Equating these formulae and simplyfing x¢? on the left and y on the right, we get y¢P - x =
x - yopP. Now we set z = y¢P, and note that z ranges with y over the whole carrier of the
algebra A (since ¢P is an automorphism by (1.3)). Then we obtain z - © = x - z, that is, the
underlying group G is abelian. The proof of the second part of the statement is the same given
in [18] for the variety V(2,n,2,1) (denoted by V(n) in that paper). We briefly report it to
make the reading clear. Suppose that A is monogenic, i.e., it is generated, as algebra, by a single
element, a say. Then the underlying group G is generated, as group, by the elements ag, ...,
an_1, where a; = a¢® by (1.3) (here ap = a as usual). Law (1.2) gives relations a; s = it pl
(subscripts mod n). Thus, G satisfies the defining relations of the group G, (p, s) in terms of
generators. This implies that G is an epimorphic image of the abelianization of G, (p, s) (note
that G is abelian). The action of ¢ on the abelianized group, also denoted by the same symbol,
is that induced by the automorphism 6 of G, (p,s) permuting cyclically the generators. So,
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this action satisfies laws (1.1) and (1.3). It remains to show that law (1.2) is satisfied in the
abelianized group not only by the generators, but by all elements of the group. This follows
immediately from the commutative law. In fact, if (1.2) holds for two arbitrary elements, g
and h say, then we have

(g9-h)¢° = g9 - h¢® = g¢¥ - g-h¢? - h = g¢¥ - h¢” - g-h = (g-h)¢" - (g-h)

and
(970" =(90°) = (98" -9) ' =g (98") " = (g7 )" -g"

hence (1.2) holds for products and inverses, and then it holds throughout the group.

We recall some algebraic properties of the groups G,,(p, s) and their abelianizations. The
structure of the abelianization of the Fibonacci group F(2,n) = G, (1,2) was described in [18],
and we shall recall it in Section 5 to study relations with the Fibonacci and Lucas sequences.
The following result was proved in [7].

Theorem 2.2: The abelianization of the group Gy (p,s) is infinite if and only if n = 0 (mod
6), p+ s =3 (mod 6), and 3p = 0 (mod 6).

For s = 1, G,,(p, s) is the Gilbert-Howie group H(n,p) = G, (x1214,75"). So Theorem
2.2 immediately implies that H(n,p) has infinite abelianization if and only if n = 0 (mod 6)
and p = 2 (mod 6). This is a well-known result, proved by Odoni in [21]. Moreover, the
abelianization of H(n,p) is trivial if and only if either gcd(n,6) = 1 and p = 1 or 2 (mod n)
or gcd(n,6) > 1 and p =1 (mod n) (see [21], Theorem 2). In particular, for p = 2, the group
Gn(2,1) is the Sieradski group S(n) = G, (212375 ). The structure of the abelianized group
of S(n) was completely determined in [16] (where the group S(n) was denoted by K,).

3. THE VARIETIES V(3,n,s,p)

Theorem 3.1: If A is an arbitrary algebra in the variety V(3,n, s, p), then the underlying group
G is abelian. The group underlying the monogenic free algebra of V(3,n, s,p) is isomorphic to
the abelianization of F(3,n,s,p).

Proof: Law (1.2) becomes
z¢® = x¢*P - xdP - . (3.1)

We apply (3.1) to a product z - z, and obtain
(x-2)¢° = (x-2)p*P - (x-2)¢P -2 - 2

hence
z¢® - 2¢° = xd?P - 2¢*P - 2P - 2¢P -1 - 2 (3.2)

by (1.1). Applying (3.1) to « and z separately, and multiplying, we get
xd® - 2¢° = 2P - xPP - x - 29%P - 2P - 2. (3.3)
Equating (3.2) and (3.3) and cancelling 2¢" on the left and z on the right, we obtain

PP - x- 2P - 2P = 2P - TP - 2¢P - . (3.4)
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Firstly, we put z = x¢~P, and obtain, after cancelling x¢? on the left and = on the right,
x-xgP = xd? - x. (3.5)

Secondly, we put y = z¢P in (3.4) and note that y ranges with z over the whole carrier of our
algebra (since ¢ is an automorphism by (1.3)). Then we have

yor - x¢? -y-x=x¢? - x-yo’ -y

hence
(y-z)9” y-z=(xz¢" ) (yo - y). (3.6)

Now we define a new operator 1 by setting x¢) = z¢? - . Then (3.6) says that ¢ is an
antimorphism, i.e., (y - £)1) = 29 - yb. Then 1?2 is a morphism. Now we can express z¢? in
terms of ¢ as follows:

wp? = (ap)y = (xd? - )y
= (z¢” - 2)¢? - (x¢” - x)
= 2¢?P - xdP - x - TP

— 26" - 2g”
where we have used (3.1) and (3.5). Applying %2 to a product z - z yields

(z-2)0% = (226" - (w- 2)0" = 26" - 26" - 2P - 24", (3.7)

Since 1?2 is a morphism, we also have

(z-2)* = b - 2p? = 2¢° - xPP - 2¢° - 2¢P. (3.8)

Equating (3.7) and (3.8) and cancelling z¢® on the left and z¢? on the right, we obtain
z2¢° - xpP = xdP - z¢®. We note that z¢® and x¢P range with z and x, respectively, over the
whole carrier of our algebra. This gives the commutative law proving the first part of the
statement. Now the second part of the statement can be proved exactly as done in the proof
of Theorem 2.1, so we omit it.

4. THE VARIETIES V(r,n,s,p)

In this section we shall assume that » > 4. Then there are non-abelian groups that underly
algebras in the variety V(r,n,s,p) (see Theorem 3 of [19] for the case s = r and p = 1). We
show now that, under certain conditions on the parameters, the free one—generator algebras
of V(r,n,s,p) turn out to be abelian, and have the abelianizations of F(r,n,s,p) as their
underlying groups. More precisely, we have the following result:

Theorem 4.1: If n is coprime with p 4+ s — pr, then the group underlying the monogenic free
algebra of the variety V(r,n, s,p) is abelian, and isomorphic to the abelianized group A(r,n, s, p)

of F(r,n,s,p).
Proof: We apply ¢ to both sides of (1.2) to get

$¢p+s = zpPT - x¢p(r—1) . $¢2p - xpP. (4.1)
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Then we have
ePTS x =z P P w

hence
zdPtS . x =z - xd®. (4.2)

Now we evaluate (z¢? - y)¢® by using (1.2) again, with z¢? - y and then y - x in place of z.
Then we have

(2¢? - y)¢* = (xg? - )" - (P - y)P "D - L (zgf - y)

= 2P - yPU D) g gPU =) Ly P2 gl Ly

= 2" - (y- )P (y2)pP D ()P (y )
=z (y-a)¢® a7
=y ad a

hence
TPt Yot =zt yo® - wg® Tl (4.3)

Setting y = x¢P, we get
TSP 2P g = p P P .
Using (4.2) and cancelling z¢® on the right gives
x¢p+s _m¢pr — a;qbpr . x¢p+s

or, equivalently,
zQPTITPT g = g P TITPT (4.47)

We now proceed by induction, and consider the laws
w? Ps=pr) g — gL gt (PHs—PT) (4.4;)

and
w¢j(p+s—p7“) ‘x¢p+s—pr — x¢p+8—pr . x¢j(p+s—pr) (4.5j)

for any j > 0. Formula (4.41) has just been proved, and (4.51) is trivially satisfied. Applying
PPTSTPT to (4.4;) gives (4.5j41). To prove (4.4;41) we apply (4.4;) to z¢PT7P" . x in place of
x. We get

(P FsTPr )@t PTSTPT) L g pPHSTPT L g — g pPHITPT L g (g P TITPT L ) g (PSP,

Thus we have

x¢(j+1)(p+8—p7°) . mqgj(p-l-s—w) g PTITPT g = PP L x¢(j+1)(p+s—m) . xd)j(p-i-s—pr).
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Applying (4.5;) and (4.5j41) we shift x¢?T57P" on the left hand side to the left and cancel it

to get
wpUTDPHs=pr) | g pi(pts=pr) g — g ppUTDPFs=pr) g gi(pts—pr)

Now we use (4.4;) to shift x¢/(P+$7P) to the right on the left hand side. Then we can cancel

it, and obtain
ppUtDPHs=pr) L0 — gL g Ut D (p+s—pr)

which is (4.4;41). So we have proved by induction the validity of (4.4;) and (4.5;) for all
positive j. Given arbitrary integers k and ¢ with k > ¢, we apply ¢/@+5=P7) o (4.45—¢) to get

x¢k(p+s—pr) . x¢f(p+s—p7") _ x¢f(p+8—:m”) . x(bk(P‘FS—P’"). (4.6)

As (4.6) is symmetric in k and ¢ and the case k = £ is trivial, we have proved the following
result:

Lemma 4.1: In any variety V(r,n, s,p), law (4.6) is valid for arbitrary integers k and £.

Suppose now A is a monogenic free algebra in V(r,n,s,p). Then its underlying group G
is generated, as group, by the set {a¢’ : j € Z,} by (1.3). So (4.6) implies that G is abelian if
ged(p+ s —pryn) = 1.

In [7] there were determined necessary and sufficient conditions for the parameters under

which the abelianization of F'(r,n,s,p) is infinite.
Theorem 4.2: The abelianized group A(r,n,s,p) of F(r,n,s,p) is infinite if and only if there
exists m € Z, m > 1 such that m divides n, but it does not divide p, and either p(1 —r) =0
(mod m) and s =0 (mod m) or p(r+1) =0 (mod m) and p+ s = m/2 (mod m), with m even
in the second case.

For p = 1, Theorem 4.2 implies that the abelianized group of the Campbell-Robertson
group F(r,n,s) = Gn(x1zg - -xrxl_js), where r > 2, n > 3 and s > 1, is infinite if and only
if there exists m € Z, m > 1, m\n such that either s = 0 (mod m) and r = 1 (mod m) or
s+ 1=m/2 (mod m) and r = —1 (mod m), with m even in the second case.

We complete the section with further computations. We deduce from (4.2) the law

(x71 - zgP TSP = 2T P P TS = gt - (4.7)

This implies that ggPT*~P" = g is equivalent with g¢® = g for any element g of the carrier of
an algebra in V(r,n, s,p). So we have

Lemma 4.2: An element g of the carrier of an algebra in V(r,n,s,p) is fived by ¢° if and
only if g is fized by ¢PTS7P". In particular, the varieties V(r,s,s,p) and V(r,p + s — pr,s,p)
coincide.

Now we rewrite (4.3) in the form

(xg?") "t wgP T -y = yo® - - xT
Using (4.7) we obtain
(@ 2T gt = gt (a7 g )
Applying ¢~P" yields
(71 - 2P Lyt TP = P (gL P,
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We put z = y¢® P and note that z ranges with y over the whole carrier of our algebra. This
gives
(x7 ! gt TPy =z (7t P TETPT, (4.8)

This law says that ~!-2¢PT5~P" commutes with all elements, i.e., it is central in the underlying
group G of an algebra A in V(r,n,s,p). The set {g=!-gpP+T*7P" : g € G} generates a subgroup
H of G. The group H underlies a subalgebra B of A. In fact, B is the kernel of the natural
epimorphism from A onto the algebra A’ with underlying group G’ = G/H, where ¢ acts on
G’ with the additional law 2¢P"~P~¢ = z. So we have proved (use (4.8))

Lemma 4.3: The subgroup H of G lies in the centre of G. If n does not divide p + s — pr,
then the underlying group of an arbitrary algebra in V(r,n,s,p) has a non—trivial centre.

To complete the section we treat a special case given by conjugation. Let G be a group
underlying an algebra A in V(r,n, s, p), and suppose that the operator ¢ on G is given by the
conjugation with a fixed element g € G, i.e., ¢(z) = g-x - g1, for any z € G. Of course, ¢
satisfies the laws in (1.1), and it satisfies law (1.3) if and only if g™ belongs to the centre of G.
Substituting the relations ¢*(z) = ¢°-x-¢~* in law (1.2) yields g*> P01 .z.g=57P = (. g~ P)"
for any = € G. If we put = = g, then the above relation implies that g"~! = e, i.e., the order of
g divides r — 1. In particular, if the centre of G is trivial and n is coprime with » — 1, then the
action of ¢ is trivial. Let now G be a subgroup of GL(2; C) which contains at least one matrix
X = <Z Z) with wv # 0. Let ¢ be the conjugation on G with the matrix g = (g\ )\91 ),
where A is a primitive n—th root of unity (hence n divides r — 1). Then there is an algebra in
V(r,n, s,p) whose underlying group is G. Furthermore, one can prove the following result.

Proposition 4.4: If G C GL(2;C) and ¢ are as above, then n divides 4s. If n is coprime with
4s, then the action of ¢ is trivial, hence X"t = Iy for any X € G.

5. CONNECTIONS WITH THE FIBONACCI AND LUCAS SEQUENCES

The structure of the abelianization A(2,n) of the Fibonacci group F(2,n) is well-known,
and it is strictly related to the Fibonacci and Lucas sequences {F,,} and {L,} (see for exam-
ple [18]). The following familiar relations describe some connections between the Fibonacci
numbers F,, and the Lucas numbers L,, (see for example [2] and [20]):

Log =1L, —2(-1) and  Fpy=F,L, (5.1)
L_,=(-1)"L, and F_,=(-1)""F, (5.2)
2Lmsn = Ly Ly + 5F F, (5.3)

L, = n—1t Fn+1 (54)

L29t+m = :|:L29+m (mod ng) (5 5)

for any g, m, n, and ¢ integers, t odd (here Fy = 0 and Lo = 2). If m = n, then (5.3) becomes
2Ls, = L2 + 5F?2. Substituting the first relation in (5.1) yields

2L —4(—1)" = L2 4+ 5F2,
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hence
L2 =5F2 +4(-1)" (5.6)
(see for example [20]). By [18] (see also [4]) the order of A(2,n) is given by

Gn = Fot + Fypy = 1= (-1)" = L, = 1= (~1)"

for any n > 1. Thus A(2,n) has order L,, for n odd, and L,, — 2 for n even. The group
A(2,n) is isomorphic to the direct product of two cyclic groups of orders h and k, where h
divides k, i.e., A(2,n) = Zy & Zj, with hk = g,,. If ged(n,6) = 1, then h =1 and k = g,,. If
n =3 (mod 6), then h = 2 and k = g, = 2(F,—1 + Fy11) = 3Ly. If n = 2 (mod 4), then
h=k=\/gn=vVLy—2=Ln=Fn_ 1+ Fzyy by (5.1) and (5.4). Ifn=0 (mod 4), then

k = 5h and h = \/%gn = \/%(Ln —2) = F» by (5.1) and (5.6). The following table, related

to that shown in [18], summarizes the above results in terms of the Lucas numbers.

n (mod 12) h k
0 VE(En —2) | /5(L,—2)
1 1 L.
2 Lz Lz
2 2
3 2 5Ln
4 \/%(Ln ~92) [ \/5(Ln —2)
5 1 Ly,
6 L= Lz
2 2
7 1 Ly,
8 VAL —2) | V(L. —9)
9 2 2L,
10 Ls Ls
11 1 Ln

Let now A(r,n, s, p) be the abelianization of the cyclically presented group F(r,n,s,p).
The polynomial f,,(t) associated with the cyclic presentation is f,,(t) = Z::_ol tPt — 5. By [16]
and [21] it follows that A(r,n,s,p) is infinite if and only if f,,(¢) vanishes on an n—th root of
unity. Otherwise, the order of A(r,n, s, p) is given by |A(r,n, s,p)| = (r—1)| H?ZQ(Z;;é wh? —

(2
wf)|, where wy; =1, wa, ..., w, are the distinct n—th roots of unity (note that f,,(1) =r —1).
The following questions arise in a natural way from the arguments discussed above.

Open questions. Determine the complete structure of the groups A(r,n, s, p) in the finite
case, and find formulae which express their orders in terms of the parameters. For which values
of the parameters, do these formulae involve sequences of numbers related to Fibonacci and
Lucas sequences? For which values of the parameters, is A(r, n, s, p) cyclic?

Partial results in this direction are given in the next proposition which easily extends

Corollaries 3 and 4 of [12] (see also [15]) to our case.

Proposition 5.1: Suppose that p is coprime with n. Then we have
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(1) If s = p (mod n) and pr = p (mod n), then |A(r,n,s,p)| = (r — 1)n.
(2) If s = —p (mod n) and pr = —p (mod n), then |A(r,n,s,p)| = (r —1)27~1.
(3) If pr = 2p (mod n) and either s = p (mod n) or s =0 (mod n), then
|A(r,n, s,p)| =r—1.
(4) If s = —2p (mod n) and pr = —2p (mod n), then |A(r,n, s, p)| = %(r - 12" - (-1)™).
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