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Cyclic branched coverings of 2-bridge knots.

Alberto CAVICCHIOLI, Beatrice RUINI, Fulvia SPAGGIARI

Abstract

In this paper we study the connections between cyclic presen-
tations of groups and the fundamental group of cyclic branched
coverings of 2-bridge knots. Then we show that the topology of
these manifolds (and knots) arises, in a natural way, from the al-
gebraic properties of such presentations.

1 Cyclic Presentations

Several authors have recently remarked that cyclic presentations of groups
are very interesting from a topological point of view. Connections be-
tween these types of presentations and the topology of cyclic branched
coverings of knots and links can be found in {4], {5]. [12], [13], [15]. 18],
[19], [22], [26), and {28]. The purpose of this paper is to study the cyclic
branched coverings of (hyperbolic) 2-bridge knots. We show that these
manifolds can be encoded by cyclically presented groups arising from
Heegaard diagrams with a rotational symmetry (and so they correspond
also to spines {14] of the considered manifolds). To state our main re-
sult. we recall some definitions on cvelic presentations of groups. and
refer 1o [20} for a more detailed discussion on the topic. Let £, be the
free group on free generators zy, ..., ,, and let € denote the auto-
morphism of 4, defined by setting 8(z;) = z;41 (where the indices are
taken mod n). For any reduced word w in Fy, let us cousider the factor
group G, (w) = F,/R, where R is the normal closure in Fy, of the set
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{w,@(w),..., 0" Hw)}. A group G is said to have a cyclic presentation
if G is isomorphic to G,{w) for some w and n. Of course, & induces an
automorphism of G,{w} which determines an action of the cyclic group
Z,=<0:6"=12>on G,{w). The split extension group of G,(w) by
Z,, admits a 2-generator presentation of type

Hi(v)=<8,z:6"=1, v(d,z)=1>,

where

v(f,z) = wiz, 0 '29,.. D P T L ).
The polynomial associated with G, (w) is defined to be

n

ful®) =D ait!,

i=1
where a; is the exponent sum of z; in w.
The following questions are natural here:

1) Does G, (w) correspond to a spine (or a Heegaard diagram) of a
closed orientable 3-manifold M, (w)? (If so, then the presentation is also
called geometric);

2} Which of the manifolds M, {w) admit a hyperbolic structure?;

3) Are the manifolds M, (w) homeomorphic to the cyclic branched
coverings of some (hyperbolic) knots or links? In the first case, does
fu(t) coincide (up to sign) with the Alexander polynomial of the knot?

We treat these questions for the cyclic branched coverings of 2-bridge
knots (here we are principally interested in hyperbolic case, and refer to
[4] for 2-bridge torus knots). A 2-bridge knot is determined by a pair of
coprime integers (v, ) satisfying 0 < # < «, and o odd. Following [16],
let us denote by /3 the 2-bridge knot determined by («, 3). Two such
knots a/3 and o'/’ belong to the same knot type if and only if & = '
and f*! = B’ (mod «). The knot group of /B has the 2-generator
presentation

< u, v rw(e, f) =wle, f)v >,

where
w(a, ﬁ) = p T ..yt pte—2 g fal :
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and ¢; is the sign (£1) of i3 reduced mod 2« in the interval (—a, ). If
B > 1and 8 # a -1, then «/f is hyperbolic, i.e. its complement in
the 3-sphere §% admits a complete hyperbolic structure of finite volume.
The conditions 8 > 1 and 3 # a — 1 mean that «/8 is not a torus
knot (see [31]). Let O(a/8;n) be the orbifold whose underlying space is
83, and its singular set is o/ with branch index n > 1. The geometric
structures of the orbifolds O(a/3; n) are well-known [31]} {see also {7] and
[16}). Tinding a geometric structure for O(e/B; n) immediately implies
that the n-fold cyclic covering M, (a/3) of the 3-sphere branched over
a/ has a structure modelled on the same geometry [7].

Theorem 1.1. Assume 8 > 1 and f§ # o« — 1. The manifolds M, (a/3)
are hyperbolic when a =5 andn > 4 or a # 5-and n > 3. Furthermore,
My(a/B) is homeomorphic to the lens space L(a, ) for any «, while
M3(5/3) (i.e. the 3-fold cyclic branched covering over the figure eight
knot)} is Euclidean.

Observe that all the results obtained in this paper on geometrical
structures of the considered 3-manifolds are consequences of Theorem
1.1. Thus such results can be considered as remarks from other propo-
sitions proved here.

The following answers affirmatively the questions above for 2-bridge
knots.

Theorem 1.2. The fundamental group of M, (/) admits a cyclic pre-
sentation G, (a/8) arising from a Heegaard diagram with an n-rotational
symmetry (and whence it corresponds to a spine of the manifold). The
split extension group Ho{a/B) of G.(afB) is isomorphic to the funda-
mental group of O(a/B; n). Furthermore, the polynomial associated with
Gu(a/B) coincides (up to sign) with the Alezander polynomial of o/3.

The fact about the polynomials can be seen in general as follows.
Suppose G, (w) encodes the n-fold cyclic covering M, (i) of the 3-sphere
branched over a knot /. Let X = X (/) be the infinite cyclic cover of
K. If Z[t,t™'] denotes the ring of (finite) Laurent polynomials with
integer coefficients, then the module H;(X) is the quotient of Z[t,¢7!]
by the ideal generated by the Alexander polynomial Ag (¢} of K (see for
example [27]). So the module H;{M,(K)) is the quotient of Z[t,t~"] by
the ideal generated by Ay (t) and * — 1. But from [20] there is also a
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module isomorphism between the abelianized of G, (w) and the quotient
of Z[t,t™!] by the ideal generated by the polynomial f,(t). associated
with Gp{w}, and t* — 1. So f,{t) coincides (up to conjugation) with
Ap{t), as required. In any case, we shall prove this directly for 2-bridge
knots.

2 RR-systems

To prove that the group presentations, considered in the paper, are
all geometric, we use the representation theory of closed orientable 3-
manifolds by RR-systems, due to Osborne and Stevens ([23], [24], [25],
and {30]}). So we first recall some definitions and a basic result of the
theory (for more details see the quoted papers). A RR-system (rail-
road system) is a simple planar graph-like object defined as follows.
Let D be a regular hexagon in Euclidean plane E2. For each pair of
opposite faces construct a finite set (possibly cinpty) of parallet line
segments, called tracks, through D with endpoints on these opposite
faces. Any pair of opposite faces in the hexagon D is called a station. Let
{D;:i=1,...,n} be aset of disjoint regular hexagons in 2. A route is
an arc whose interior lies in the complement of U; 2; in 2. and connects
endpoints of tracks. A RR-system is the nunion in 172 € 82 = M2+ =
(the 2-sphere) of a finite set of disjoint routes in the complement of U; D;
in 8% such that cach endpoint of every track intersects exactly one route
in one of its endpoints. A RfI-system gives rise 1o a family of group
presentations in the following way. The generators z;, fori =1,...,n,
are in one-to-one correspondence with the hexagons D, and hence D,
can be labelled by z;. In each [J; we start at some vertex of 43; and
proceed clockwise (according Lo an orientation of §2) along an edge.
This edge corresponds 1o a station labelled by an integer £, Orient
the tracks corresponding to this station so that the positive direction is
toward the above edge. Label the stations corresponding to the second
and third edges of D; encountered by integers &; and £;+k;, respectively,
and orient the tracks of these stations toward the corresponding edges.
To illustrate the labelling of the stations we have depicted a simple RE-
system with two hexagons in Figure 1. For each hexagon we have of
course three stations corresponding to the three pairs of opposite faces
in it. So moving clockwise along the boundary of the hexagon [ in
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Figure 1 {i = 1,2) we label its stations by the integers {;, kioand &4 k.
Now we construct a set (possibly empty) of a; parallel oriented line
segments (tracks) with heads on the station labelled {; and ends (tails)
on the opposite face of D; (we have oy = g = 1 in Vigure 1). Next
we construct a set {possibly empty) of 3; parallel oriented line segments
with heads on the station labelled k; and tails on the opposite side of 1),
(we have 8y = 1 and f; = 0 in Figure 1}. Similarly, we construct a set
(possibly empty) of 3, tracks with heads on the station tabelled {; + &,
and tails on the opposite side of D; {(we have 4, = 1 and v, = 2 in Figure
1). Now we explain how to obtain the group presentation corresponding
to a given RR-system. Beginning at some point on some route we write
a word on generators z; as follows. As we enter in each hexagon D; we
give the label of the station as exponent of z; with sign +1 (resp. —1)
if our direction of travel agrees with (resp. opposes to) the orientation
of the tracks. When we have completed our travels on routes, we obtain
the relations of the group presentations induced by the RR-system. The
group presentation induced by the RR-system shown in Figure 1 has two
generators 7y and zo {which correspond to the hexagons D and Ds).
and two rclations a:l'"z'k' :rg2 =1 and .'r:‘;‘zg"*'k’:r’f‘xg?"'k? = 1. To obtain
these relations we proceed as follows. We trace out a simple closed curve
by following a track through the hexagon Dy, then along an arc (route)
connecting the hiead of this track to a track in the hexagon ). Next
we follow the route connecting this last track with another one in Dy,
and continue until we return to the starting point (i.e. the tail of the
first track considered in Dy). This closed curve determines a relation
of the group presentation in the following way. As we travel along the
closed curve, we record a syllabe 1‘{‘ if we travel from tail to head along
a track of the station labelled €, in the hexagon Dy. Next we follow the
closed curve along a route until we reach a track in the hexagon Dy, If
we follow along this track from tail to head, then we record the syllabe
1'.? (or 1;‘2 or :c.f'"k’) according to the label of the station. If we travel
along a track from head to tail, then we record the syllabe with a minus
sign preceding the exponent. We continue in this way until we return to
the starting point. Beginning to the starting point labelled A (resp. f3)
in Figiure 1 and travel along a closed curve we write the word :r:';‘+k’.r;"
(resp. J'fl.'22+‘:2 1"{"::32‘"“"2) as claimed.
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Figure I: An example of RR—system

The following is a fundamental result in the theory of RR-systems:

Theorem 2.1. Lel R be a RR-system with n hezagons whose stations
are labelled by integers &;, k;, and £; + ki, and let P be a group pre-
sentation induced by R. If (k) =1 for any i = 1,...,n, then &g
corresponds to a spine of a closed orientable 3-manifold M—i.e. M\
(open 3-cell) collapses onto the canonical cell complex of dimension 2
given by the presentation ®g.

Let us consider, for example, the RR-system depicted in Figure 2.
One can easily verify that it induces a cyelically presented group with
three generators z;, and three relations (indices mod 3) i

& & ki ~& 4
(ﬂ’."zifll)m%ﬁl = (5'5.'.|-|+l zi.:;)m
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If (¢;,k;) =1 foranyi=1,...,n, then Theorem 2.1 implies that these
presentations are geometric, and so correspond to spines of closed ori-
entable 3-manifolds.

Iy + ko

T2

k2

Figure 2: A RR—system inducing the Kim-Vesnin groups (case
n=3m=2L=0k=¢¢==%I)
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3 The Kim-Vesnin Groups

We start with.two interesting families of cyclically presented groups, due
to Kim and Vesnin [19}, which include the Fibonacci groups [12] [15] [22]
and the Sieradski groups [5], respectively. These groups were proved to
encode the cyclic branched coverings of the 2-bridge knots (dmf+1)/2¢
by using Dehn surgery on a certain chain of linked circles. We now
present a simple alternative proof of the main theorem of [19]. It is
immediate to see that our algebraic method works in general to study
any cyclic branched covering of a 2-bridge knot by a cyclically presented
group.

Let us consider the cyclically presented groups Gn(in, f;¢) with n
generators z;, and n relations {¢ = £1)

(zi_ng+,)mz:f+| = (:c;_elzfﬂ)m (indices mod n).

[igure 2 shows that these presentations are geometric (set ¢; = ¢
and k; = e forany 4 =1, ..., n). Here we have depicted the case n = 3
and m = 2, but one can easily obtain the general RR-system (with n

generators) as follows. Take n hexagons Dy, ..., D, cyclically ordered
in the plane, and label their stations by integers ¢;, k;, and £;+k;, for any
t=1,...,n. Then repeat the pictures of tracks and routes so that the

resulting graph admits a rotational symmetry of order n (in fact, this
symmetry is induced by the automorphism € of the group presentation
sending the generator z; to 4., where the indices are taken modulo n).

The following is the main result of [19]:

Theorem 3.1. The cyclically presented group G, (m, ;<) is isomnorphic
to the fundamental group of the n-fold cyclic covering M, ((4ml+ €} /2£)
of the 3-spherc branched over the 2-bridge knot (4l + ¢)/2¢, where
¢ = 1. The polynomial associated with G,(m, L €) is the Alexander
polynomial

A e(t) = mlt? — (2m€ + )t + mf

of (Aml+ ¢)/2L. The manifolds M, ((4ml+ ) /2€) are hyperbolic for all
n >3 ifm>2o0rl>2 and My(5/2) are hyperbolic for all n > .
In these cases, Gy (m, €€} are hyperbolic groups (hence infinite) which
encode the corrcsponding manifolds.
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Proof. For convenience, assume ¢ = +1 (the other case is analogous),
and simply denote G(m,{;¢) by Gn(m,£). Let us consider the split
extension group H,(m,£) of Go(m, €} by Z,, =< 8 : 8" = 1 >, 8 being
the automorphism of F,, given by #(z;) = z;4; (indices mod n). Then
H, (m, {} has a finite presentation with generators # and z, and relations
" =1 and v(8,z) = 1, where

v(f, z) = w(z, 07 'z6, 0~ 2z8%)
= (872246201 20)™ (240" 1 20) ™0 b
= (072~ 0z'0)™ (-0~ " 2%0) 0 1 20.

Setting ¢ = A, we get the new presentation
Hy(m, ) =< 8,A:0" =1,

(@7 2(A"1 71080 )™ (AT ey e (00 8) e oNe >

The second relation can be simplified as follows:

B8~ * (AT 8N )™ = AT O (AT T (e by
and whence

@ ATTETH ™ = AT O (AT B(eN) E™.
This relation can be written in the form wf = A~'w, where

w = {("1(A"1eh)(eA) ™
= [0, (83"

(here we have set [0, (AA)¢] = 871 (A~1971){8(80)"). Therefore the split

extension group H,(v) has the presentation
Hv)=< 8, 2:0"=7A"=1, wl= Ahe >

The added relation A™ = 1 is an immediate consequence of the other
two relations in the group presentation. We have included it to give a
better understanding of the fact that H, (v} is the fundamental group of
a well-precised orbifold. Now we prove this claim. Becanse

Ww = gfl /\'-2 Ve A"‘-~|mt—29'—4mt—] /\':-Im{_

391
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where the exponent ¢; is the sign {£1) of 2¢€ reduced mod 8mé+2in the
interval (—4mf — L,4mf+ 1), the word w corresponds to the 2-bridge
knot (4mf + 1)/2¢. In particular, the group < &, : wf = A~ lw >
is isomorphic to the knot group of (4mé+ 1)/2¢, and the generator §
corresponds to a meridian of the knot. Comparing above presentations of
H,(v) and of the knot group, we see that H,(v) is the fundamental group
(in the sense of [11]) of the orbifold O((4mf+1)/2¢; n) whose underlying
space is the 3-sphere and whose singular set is the 2-bridge knot (4mé +
1)/2¢ with branch index equal to n. This orbifold is hyperbolic for any
n>3ifm > 2o0rf > 2 and O(5/2;n) is hyperbolic for any n > 4.
Furthermore, O((4m{+1)/2¢; 2) is spherical, and O(5/2; 3} is Euclidean.
Hence the orbifold group H, (v) is infinite when it is hyperbolic. The
fact that the group G,(m,£) is a normal subgroup of H, (v) of index n
implies that G, (m, ¢) is infinite for any n > 3 if m > 2 or £ > 2, and for
anyn>4ifm=£=1.

As shown in Figure 3, the orbifold O = O((4mf — 1)/2¢;n) has a
rotational symmetry of order 2 such that its fixed point set is disjoint
from the 2-bridge knot (4mf—1}/2¢. Factorizing by this symmetry yields
an orbifold with underlying space §° and singular set the 2-component
link L{m,¥{), depicted in Figure 3, with branch indices 2 and n on its
comnponents (which are equivalent). Let us denote this orbifold by @ =
O(L(m,£);2,n). Let X = X((4mf ~ 1)/2€} be the universal covering
space of M,, = M,((4mf — 1)/2¢). The fundamental groups G{m, ¢),
[(m,€), and Q(m,€) of M,, O, and Of, respectively, act on X. We
have a covering diagram

M, 15020,

which corresponds to the subgroup embeddings G (m, £)<l’(m, £)aQ(m, £).
To obtain Q(m, £} we can use a Wirtinger presentation of the link group
of L(m,£) which has two generators a and b (corresponding to the arcs
with the same labels in Figure 3), and one relator between them. Ac-
cording to [11], 2(m, ¢) admits the group presentation obtained from
that of the link group by adding relations a? = ™ = 1. Let us consider
the natural epimorphism % from Q(m, €) to Zo @ Z,,. By construction of
the 2-fold covering O — O, the loop a lifts to a trivial loop in [(m, €)
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o0
s

2m -1
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2
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o
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5

]

Figure 3: The orbifolds O{(4ml — 1)/2{;n) and O(L(m,!); 2, n} (case

m=23

and { = 2)
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while & lifts to a loop which generates a cyclic subgroup of order n.
This implies that F(m, £) = ¥~1(Z,). For the {2n)-fold cyclic covering
M, — O, both loops a and blift to trivial loops in G'(m, €),s0 G{m, £) =
iKery. Setting A(m, €) = ¥ ~1(Z;), we have immediately the sequence of
normai subgroups G(m, £) « A{m, €) aQ(m, ). Since A(m, €) acts on X
by isometries, it defines an orbifold X/A. Then there is also a covering
diagram
M, 25 X/A 25 0.

The second covering is cyclic and it is branched over the component with
index n of the singular set of Q. It is evident from Figure 3 that there
is an involution of L{m,{) which changes the two components. There-
fore the singular set of Of is equivalent to the link diagram obtained
from that in Figure 3 exchanging the branch indices. Of course, the map
X/A = O is a cyclic covering of 82 branched over an unknotted circle.
Since the component with branch index 2 is just the closed 3-strings
braid all/eaé/m (see for example [2]}, it lifts in X/A to the n-periodic

closed 3-strings braid o‘llfaum ™. Thus the orbifold X/A has under-
g 1 P2

lying space 8% and singular set (olllfaym)“ with branch index 2, i.e.
X/A = 00l al™)m 9),

Summarizing, we have proved the following result {tle statement, for
the 2-bridge knot (4m& -+ 1)/2¢ derives in the same way by substituting
£ with —¢£):

Proposition 3.2. There is a commutative diagram of cyclic branched
coverings (€ = 1)

My ((Aml+€)/26) ——— M, ((4ml+ ¢)/20)
2] In
O((a:/’:a;/m}”; 2) O{(d4ml + ¢)/2¢; n)
n 12
O(L{m,el);2,n) 0 O(L(m,cf);2,n)

Furthermore, each manifold M, ((4ml+€)/26) has Heegaard genus < 2.

Since the rational number (dmé — 1)/2¢ can be expressed by the
continued [raction
4ml — 1

1
=21 —
20 + !

2m-—1
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the corresponding 2-bridge knot admits the Conway normal forin C'(2¢ -
1,1,2m — 1), and hence it has the same knot type as the pretzel knot
P(=1,2¢ ~ 1,2m — 1) (see for example Theorem 2.3.1 of (17]). By [21].
p. 57, a Seifert matrix for such a knot is

V,: Vi1 W12 — C E
Uy Va9 -1 m4£-1 ‘

We can now apply the procedure described in [10] to determine the
homology characters of the cyclic branched coverings of our knots (dm{—
1)}/2£. Since detV = m{, and

w = ged.(vyy,viz 4+ vz, v2)
= ged(f20-1,m+£€-1)=1,

the homology groups of M, ({4mf+ €)/2€) can be completely computed
from [10] {for € = 1 see the remark above).

Proposition 3.3. Let M, = M, ((4ml + €}/2€) be the n-fold cyclic
covering of the 3-sphere branched over the 2-bridge knot (4ml + €}/2¢,
where € = 1. Then the first integral homology group of My 1is

v = | Dyamercan ® Ljg,| m o even
(M) = { Z,,| B Ly n odd

r1|

where

ny =ay =1, Gupyz = Au4y +emla,

by=1, by=1+2cml, buyy=bpys +ecmlb,.
4 Study of more cyclic presentations

Let us consider the cyvclically presented groups GL(k}, & > 3, with n
generators z;, and n relations (indices mod n)

kel k=1

=2 el o . ‘
(H Tyt Tid2k=2j—1 )lg = H Ligp2k—2j-1Ti42h—25-2-
J=l =1

These presentations correspond to spines of closed orientable 3-manifolds:
in fact, they arise from the Ri-system depicted in Figure 4 (case n =
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and & = 3). One can easily obtain the general case taking n hexagons
(which correspond to generators z;) cyclically ordered in the plane, and
preserving the rotational n-symmetry of the graph.

\
f/ff S )
7 )
M~
\: YY VY ‘: ¥ N
1 SN \\'\.
MENAN AN

%
[
~
2
1 . y 9 F ooy W
AN L
Tq ™ \\:::
/) >
e /

Figure 4: A RR—system inducing the cyclically presented group G1(%)
(case k =3 and n = 4)
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The split extension group Hl(k) of GL(k) has a presentation with
generators # and z (8 being the automorphism defined in Section 1), and
relations 6® = 1 and v(f, z) = 1. The second relation is equivalent to

k-1
(H 9—‘2k+2JI—292k—238-2k+23+1 $92k—'2_1—1 )E_l
j=1

k-1
_ H - 2k+2i+1 =2 p2h—2j=1g-2h+2i+2, g2k~2j~2

7=1

hence
(z=2028)F 'z~ = B(z26z60)* 107",

Setting z = #A, we get the new presentation

Hi(k)=<8,x:6" =1,
(ATITIATIOA T IAT = 9(A 0T IATI0AG) T >

The second relation can be written in the form wA~! = fw, where
w= (A" ATleg)

In particular, we obtain the relation A™ = 1 as a direct consequence of
the relations in the group presentation H!(k). Because

w= (/\—l)qgtz ... fek-2 ()\—1)‘56&—79‘6&—5’

where the exponent ¢; is the sign (£1) of i(2k - 2) reduced mod 12k - 10
in the interval (—=Gk + 5,6k — 5), the word w corresponds to the 2-
bridge knot (6& — 5)/(2k — 2), which is (2k + 1)3, £ > 3 according
to notation of Rolfsen’s book [27] (compare also {2]). So the group
< @, x:wA ™! = 0w >, where w is as above, is the knot group of (2k+1)3,
and the generator @ corresponds to a meridian of the knot. So H}(k) is
the fundamental group of the orbifold O((2k + 1)3;n). Therefore, the
cyclically presented group G1(k) corresponds to a spine of the n-fold
cyclic covering M (k) of the 3-sphere branched over (2k 4 1)3.
The polynomial f,,(t} associated with GL{k) is

2k-3
2H-2 43N (-1 42,
=1
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which coincides with the Alexander polynomial of (2 4 1);.

Let us consider the cyclically presented groups G2(k), k£ > 2, with n
generators z; and n relations (indices mod n)

k k—1
-2 _ . =2 —~1
H Titok-241% ;o _95 = (H $1+2k—21$i+2k—2j—1 )xi

As above, these presentations are all geometric because it is immediate to
construct a fR-system inducing them. Hence there are closed orientable
3-manifolds M2(k) whose fundamental groups are isomorphic to G2 (k).
The split extension group H2(k) of G2 (k) has generators # and z related
by relations 6 = 1 and

k
]:[ 5-—21:-!—2;'—[ xg?k—?)-}-l 6—2k+2jz—?9‘2k—23
Jj=1
k—1
— (H 9—-2k+2jz92k—2j9—2k+2j+l I—292k-—2j- 1 ):):_l .
j=0

which is equivalent to

(0712207 e~ 1) (028272 F 28 s = 1
Let A be such that z = 6. Then the last relation becomes

(ABAEIATTOT VTGN~ AT (AN 0 AT Toaen e = 1
or equivalently
(O7IATHAAATIET AT g = AT (gABAT 0TI AT YA TR,
Thus it can be written in the form wé = A~ 1w, where
w= 071N AANTT 9T A T g

One can now verify that such w coincides with the word

g (A*l)fz . (/\—1 )ﬂr.k—q frok-a (A—l )'m.k—?}
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Figure 5: A RR—system inducing the cyclically presented group (5 (k)

(case n = 4)



400 Alberto Cavicchioli, Beatrice Ruini, Fulvia Spaggiari

where ¢; is the sign of 1(2k) reduced mod 12k ~ 2 in the interval (~6k +
1,6k — 1). This means that w corresponds to the 2-bridge knot (6k —
1}/2k, k > 2, which is (2k 4+ 2), in Rolfsen’s notation. So the cyclically
presented groups G2 (k), k > 2, encode the n-fold cyclic coverings M2 (k)
of the 3-sphere branched over (2k + 2),.
The polynomial f,(t) associated with G2 (k) is
2k-3 .
EE3> (-1 +1
i=1]
which coincides with the Alexander polynomial of (2& + 2),.
Let G2(k), k¥ > 4, be the group cyclically presented by generators
Ty, ..., Tp and n relations (indices mod n)

—k+2 k-1, —k+2 k-2 _ —k+1 k-2 _'k-HZk_z_l

Tivl Tip2Tipn TigpaTipn Tt T, T =

These presentations are geometric since they are induced by the RER-
system shown in Figure 5 (case n = 4). One can easily obtain the general
case taking n hexagons (which correspond to generators z;) cyclically
ordered in the plane, and preserving the rotational n-symmetry of the
graph.
The split extension H3(k) of G3 (k) is presented by generators 6 and
z, and relations 8™ = 1 and
(07 'z *¥20) (6722 1 0%) (03~ HH26%) (074 20 ) (07021 6%)
(9—2$k—292}(9—lz—k+1g)zk—']! — 1:
which is equivalent to
g—lm—k+29—-] zJ'c—le—lx—k-l-'.lg—l kaZBm—k+] gzk-?BI—k-l-lgxk-—'Z =1.
Setting z = A~} yields a new presentation for H2(k) with generators #
and A, and relations 6* = 1 and
0_] (/\9--!)1:-28—-—1 (B/\—I)k—lg—l (/\H—l)k—Zg—l (B/\—l)k—ilg(/\g—l )k—lg
(GATNYE 2007 (8N = 1L
Since this relation is equivalent to
(/\9—1 )k—-29-—-1 (BA_I)k_lﬂ_l ()\9—1)1:—29—1 (GA—l}i;—l/\
— H(Ag_l )k—‘le—l (BA—l)k—la—l ()\9—1)&—29—1 (BA_l)k"l,
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it can be written in the form wA = 6w, where

- (Ae-—l)k—Ze—l (HA_I)k-lB_] (Ae—l)k—29—l (HA-l)k—l
— (/\Hul)k_2,\_l(9/\_l)k_2f\/\_]9_l (AB—I )k—?A—l (6)\‘1)"‘2)\,\"0“ I/
([(OX~1)F2, 10712

(here we have set [(BA~1)*=2 A] = (A~ -2X"1(gA"1)F=2)). In par-
ticular, we obtain the relation A" = 1 as a direct consequence of the
relations in the group presentation H2(k). One can now verify that the
group < 8, A: wA = 6w >, where w is as above, is just the group of the
2-bridge knot (8k — 13)/(2k — 3), & > 4, which is denoted by {2k}, in
the appendix table of [27].

The polynomial associated with G3 (k) is

(k—2)t* — (2k — 3% + (2k = 3)% = (2k - 3)t 4+ k — 2,

which is the Alexander polynomial of (2k)4.

Let Gi(k), k > 4, be the cyclically presented group with n generators
z;, and n relations (indices mod n})

=kl k=2 k4l k=1 _—~k+2 k=1_—-k+2 k-1 =1

Tivr TipoTipa TipaTipn Tl 0T

One can proceed as above to show that these presentations are geometric,
and to construct a presentation for the split extension H2(k) of type

<A =A"=1, wA=40w>,
where

w o= ((BATHYIATI 8T AN )2

= ([(A0~ 1) 1 AJA 9%,
Since this word corresponds to the 2-bridge knot (2k + 1}4, & > 4,
the cyclically presented group Gi(k) encodes the n-fold cyclic covering

M (k) of the 3-sphere branched over such a knot.
The polynomial associated with G3(k) is

(k= 1)t — (2k = 3)2 + (26 = 3)t* - (2k - 3}t + k- 1,

which is the Alexander polynomial of (2k + 1)4, & > 4.
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Let us consider the cyclically presented group G2(k), k > 4, with n
generators z;, and n relations (indices od n)

2h-3
Y | . -1 2 -1 )
(L] =i it e T i a2 Ty 4
=0
k-8
. -1 _ -t , -
( H $1+2k“J"'5$i+2k—j—5xt‘l‘?k—J—G$i+2kwj-4?x‘+2k—l—5$i+2k—j—7)
=0
1 =1
Tiz, = L.

These presentations are all geometric; in fact, it is not difficult to
construct a 2fR-system inducing them. As above, we have proved that
G (k) encodes the n-fold cyclic covering M2 (k) of the 3-sphere branched
over the 2-bridge knot (2k)g.

The polynomial associated with G2 (k) is

2k—-6
UK 6T LT Y (-1 -6+ 2,
=2

which is the Alexander polynomial of (2k)g.

Finally, let G8(k), & > 2, be the cyclicallv presented group with n
generators z;, and n relations (indices mod n)

=l =11 =1 ke 1.k
1=1i+1$i+3(f5z+2$i+1$i+3) (1=+'t-5=+2$1‘+3)

i LI Sl TR L o) | E_
TigaTig2 (T30 i) (T 2isn) " = 1
One can again verify that these presentations are geometric, and that
they encode the cyclic coverings M2(k) of the 3-sphere branched over

the 2-bridge knots (12k45)/(Gk+1). Further, the polynomial associated
with GE(k) is the Alexander polynomial of such a knot, i.c.

(k41— B+ 1)+ (kD — Bk+ D+ A+ 1

Summarizing, we have proved the following

Theorem 4.1. The cyclically presented groups G (k), defined in this
seclion, correspond to spines of the n-fold cyclic coverings ML (k) of the
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3-sphere branched over the 2-bridge knots specified above. The split ez-
tension group Hi(k) of Gi (k) is isomorphic to the fundamental group
of the orbifold with underlying space the 3-sphere and singular set the
correspondent 2-bridge knot with branch indez n. The polynomial associ-
ated with Gi (k) is the Alezander polynomial of that knot. The manifolds
M (k) are hyperbolic for all n > 3. In thesc cases, the groups Gi (k) are
hyperbolic (hence infinite), i.e. they are isomorphic to properly discon-
tinuous cocompact groups of isomelries which ect withoul fized points on
the hyperbolic 3-space.

5 Quotients

The pairwise identification of {oppositely oriented) boundary faces of
a triangulated 3-ball is another standard method for constructing (ori-
entable) closed 3-manifolds. Classical examples are given by the Poincaré
homology sphere and the Weber-Seifert manifold (see for example [29]
and [31]). More recently, many authors have studied interesting classes
of closed 3-manifolds obtained as quotients of triangulated 3-balls (see
references). Of course, not every pairing of boundary faces of a triangu-
lated 3-ball Q yields a closed 3-manifold. The resulting quotient complex
K triangulates a closed pseudomanifold M. The troublesome points of
M may be only the vertices of K arising from those of 2Q. [n fact,
they have regular neighborhoods that are cones over closed (possibly
non spherical) surfaces.

The following criterion is well-known [29}:

Theorem 5.1. Suppose @ a triangulated 3-ball endowed with a poiring
of (oppositely oriented) boundary faces. Let M be the closed (orientable)
3-dimensional pseudomanifold obtained from @ by identifying the 2-cell
pairs on the boundary of Q. Then M is a manifold if and only if its
Ifuler characteristic vanishes.

Let us consider a triangulated polyhedron £, (k). & > 2, which real-
izes the tessellation of the boundary of a 3-ball shown in Figure 6 (cases
A =3 and b = 4). [t consists of 2n quadrilaterals, 2n (28)-gons, dn+2kn
edges, and 2kn + 2 vertices. The n quadrilaterals in the northern hemi-
sphere (resp. in the equatorial zone) are labelled by I (resp. 7)) for any
i = 1,....n. The n (2k)-gons in the southern hemisphere (resp. in the
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equatorial zone) are labelled by F; (resp. £} forany i = 1,...,n. The
labelling of the edges and their orientations are as depicted in Figure 6.

Lt
...xa E
n, L7 2N
~ 7
3 — + e £
i z Yn z
) o yr F |, E. w| A
I3 v
Vie JV2 oY1 Y2 Wi ] (T3 deUn Wi (Y (YL Un |, T2
El n En
¥2 ¥n
-
i)

Figure 6: The polyhedral 3-ball F,(k) and the pairing of its boundary
faces (cases k =3 and & = 4)

Of course, to each face there corresponds precisely one distinct face
with the opposite orientation. ldentifying /% with F/ and E; with F! for
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any 1 yields a 3-dimensional complex K, (k) which triangulates a closed
orientable pseudomanifold M, (k). By construction, K,(k) consists of
two vertices, 2n + 1 edges (denoted by z;, 1, and z in Figure 6), n
quadrilaterals, n (2k)-gons, and one 3-cell. After the identification, the
two equivalence classes of vertices can be represented by the north and
south poles, respectively. Since the Euler characteristic of M, (k) van-
ishes, Theorem 5.1 implies that M, (k) is a closed orientable 3-manifold.
Deforming the edge z to a point, we get a cellular decomposition of
M, (k) with only one vertex, and 2n 1-cells (loops with that vertex as
their base point), denoted again z; and y;. This permits to determine a
finite presentation of the fundamental group G, (k) of My (k). There are
2n generators z; and y; related by n relations of type (indices mod n)

iz =1,
and n relations of type

1 k=
y£$i+2(yiyi+l|) '= 1,

arising from the quadrilaterals F; = F and from the (2k)-gons E; = EY,
respectively. Substituting y; = xl-__[_llz,- in the relations of the second
type, we get a cyclic presentation for G, (k) with n generators z;, and n
relations (indices mod n)

—1 —t =1 k=1 _
T TiTige (T Tit iy Tige) = 1.

The polynomial associated with this presentation is
Fu(t) = kt®* — (2k = 1)t + k

which is again the Alexander polynomial of the 2-bridge knot (44 ~1)/2,
or equivalently (2k4 1), according to Rolfsen’s notation. In fact. we are
going to prove that M, (k) is just the n-fold cyclic covering of the 3-
sphere branched over {2k 4+ 1)2. In particular, G, (k) is isomorphic to
the group Gn(k,1;—1} defined in Section 3. For this, we first observe
that the above presentations are all geometric since they arise from the
Heegaard diagrams depicted in Figure 7 (case & = 3: we have constructed
them directly from a suitable RR-system).

405
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Figure 7: An n—symmetric Heegaard diagram of M, (k) {casc k = 3)

These diagrams have an n-rotational svmmetry which reproduces
that of the polyhedron £,(k). Let 8 = 6, be the clockwise rotation
of 27 /n radians around the polar axis NS of the 3-ball 2, (k). It is
evident that the pairwise identifications of the polvhedral schemata are
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invariant under #. Thus # induces an orientation preserving homeomor-
phism, denoted again €, of M, (k). The fixed point set of @ consists of
the points arising from both the polar axis or the edge z. The quo-
tient space M, (k)/6 is homeomorphic to the 3-sphere M, (k) = §*. Of
course, the projection M, (k} = §%is an n-fold cyclic branched covering.
To determine the branch set it suffices to consider the 2-Told branched
covering My (k) — S8 We use the equivalence between the represen-
tation theories of closed orientable 3-manifolds via Heegaard diagrams
and crystallizations (a special kind of colored graph), as proved in {3].
Colored graphs (resp. crystallizations) as a method of representation of
simplicial (resp. contracted) pscudocomplexes, and a way for studying
their topological properties from graph theory have been used by many
authors (for details see the survey papers [1], [6], [9], and their refer-
ences). By using an algorithm given in [8] we can immediately construct
a 2-symmetric crystallization [y(&) of Mqy(k) which is equivalent to its
2-symmetric Heegaard diagram, discussed above. Figure 8 shows that
[2(k) admits an involutory automorphism y = 44 which interchanges 1-
colored (resp. 3-colored) edges by 2-colored (resp. 4-colored) edges (in
fact, v is induced by the rotation of # radians around the z-axis). By [8]
[y (k) represents the 2-fold covering of the 3-sphere branched over a knot
or link. Moreover, there is a simple algorithm, described also in 8], for
constructing the branch set of the covering. According to this algorithm,
the branch set of the covering M,(k) — §° is isomorphic to the arbit
graph ['2(£) /. As one can see from Figure 8 (case & = 3), this is just the
2-bridge knot (4k — 1)/2. The isomorphism [y {k) /9 =2 (4k ~ 1)/2 takes
orbits of cycles, alternatively colored 1 and 2 (resp. 3 and 4) in [y (k).
to the bridges (resp. arcs) of (dk — 1)/2. Observe that one can proceed,
as above, for constructing polyhedral schemata for all cyclic branched
coverings of a 2-bridge knot. In fact, it suffices to draw Heegaard di-
agrams of those manifolds {with a rotational symmetry) corresponding
to cyclic presentations of the fundamental group (for this, we can start,
for example, from a suitable RR-system). Then we simply apply the
procedure indicated in {15] to derive polyhedral 3-balls {(endowed with a
pairing of boundary faces) from those Heegaard diagrams.
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Figure 8: The 2—symmetric crystallization of Mz(k) and the 2—bridge
knot (2k + 1)2 (case k = 3)
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So we have proved

Theorem 5.2. With the above notation, the triangulated 3-ball P,(k),
k > 2, with the specified pairing of (oppositely oriented) boundary faces
represents the n-fold covering M, (k) of the 3-sphere branched over the
2-bridge knot (2k +1)3. The fundamental group G, (k) of M, (k) admits
a cyclic presentation (which is alternative with respect to that of Section
3) with n generators z;, and n relations (indices mod n)

-1 -1 -1 k=1
ZimZiiv2 (T 2 Tiga)" T = 1

Furthermore, this presentation arises from ¢ Heegaard diagram of M, (k)
with an n-rotational symmetry.

6 Appendix

The following table shows a partial output of a computer program which
generates cyclic presentations for the fundamental groups of the cyclic
branched coverings of any 2-bridge knot up to nine crossings (we possess
the results for 2-bridge knots with many more crossings but omit them
as the table becomes too long). The first column contains also Rolfsen’s
notation of the considered 2-bridge knot /. The second column gives
the word w which defines the cyclic group presentations encoding the
cyclic branched coverings of a/8. The third column contains the poly-
nomial fy(t) associated with the correspondent cyclic presentation (as
one can verify, it coincides with the Alexander polynomial of the knot
specified in the table).
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2—bridge the words the polynomials
knots w Su(t)
3 = % 1!0.131_’1’}3 1 —t+412
4 = 3 zeaylzgar? 1 -3t 41¢2
5 = % 3:3::;1:1:2'130'1:5; 1—t 412
-3+ 11
5, = & mazyimzgim 2 -3t 4 2°
6, = 42 z{gz:?zaz:c? 2 — 5t + 2°
G, = 1—4]— :::11:2_]2:4-1:cga:]x._,_'x;,x]xg];t:;]xs 1 — 3¢ 4 342
-3¢ 4 ¢
Bz = 1—53- Ig.’ﬂg]1241.'21.‘5]221'1_11721.‘0351_11321!1_1151 1 — 3t + 522
—3¢% 4 ¢4
7= % 2352:‘;11:;13:2"1611:@3 1~t482 -3
+t % 48
7, = 2 z7%327%23 3— 51+ 3*
73 = 8B zaeylzy'miagryieylegteizazylag ey 2004382
—3* + 21
Ty= B (ziz3 %)z 25 2 2y 4 - Tt + 442
Ty = % zory 2y zoaT ey rsrar zazazy 2! 2 — 41+ 512
Tozoz] Ty —4% 4+ 2*
Tg = 1.‘,—9 xgxl—lx%xg13:41:53x2:c1']x§:c§]x2$1_3 1 -5t + 74°
—-5t3 + t*
T = 3 zzrlzde]lzsey teiag leley less® 1~ 5¢+ 9¢°
=5t +¢*
8 = ¥ 2%} 3~ 714 3¢°
8; = 35—7 34;c5_1.":§1z,—lx2x4zgx;‘z§lr1—]z-_;z4m;l 13t 4 3¢2% - 388
23 a7 rgm, +4t% — 3¢5 + ¢6
83 = 4 2z %adeT 2z e 4 — 9t + 4¢*
8 = 2 23z ez tral el 2 — 5t + 5¢°
513 1
8 = % (zzzyzy Ve egzs a7 (zazi 2 ') 2y 2 —GL+ Tt?

(z1zg'zy')? 61 + 2t°
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8, = B zaz;ley'zizswse; ey arszg ey ey 1 - 3t + 5¢% — 5¢°
:1:3::5:5;’zz_lxtxsz;'z{lzglxl +5¢4 — 35 4 18
8g = % :czmg1::4323:;‘:52::;'11;'12::51x4:c2:co 2 — 6t 4 9¢2
x}_12221:;—113—132;’1—'.‘522021—11221—131;1 ~51% 4+ 24
_ 325 —1_-1 -1 —-1_-1 -1 2 3
By = % Z3T, Tg TETaT, T5TaT, Ty L3T1T, 1-3t+5t°-T1
:!:3.‘1.‘120—11:2_11:317132;11:;1173172-133:1335 +5t% — 315 + t°
27 -2, =22 2 -2_2 2
811 =8 223 zeny ooy wley tran T P efes n 2-Tt+ 9t
z7ixdel 2y -7t3 + 2
Bi2=% o123 ' e5eg Legzy r 2y 2fey L 2any® 1— 7t 4 13¢2
Tt 11
_ 29 9,.=1,2_-2_2_ -2 -2 2,-2 _ 2 _ 743
813 = 57 EIEFTE PP TE Il PRty *rizy *zlag 2-Tt+11t* =Tt
z 25} +2t4
_ 3 -1 -1,2 -1 2 3
81a =13 2las 2oz 23 (27  wan3 2z9)2z7 ' 2lz] S 2—-8t+ 11t -8t
-1
(z2z7 *z0zy ') +2t4
g, = -?- IyTg 1:6'1:412:2126'1:’31.’531:5 1'—-t+t2—t3+t4
15 418 17
+8
15 -1 -1
92 = = (:EQ:L'I )4(172321 )322 4-Ti +412
9 = 12 zgzg'er'er ' maszsry 2y ey g eins 2 — 3t + 312 — 3¢°
25z 'z 2y zi2s +3t4 — 3¢5 4 24
9, = % ]-3:1:%2:3 31:21'3 2.1'2:1:1 2 z3 3 — 5t 4562 — 513
+3t4
-6
95 = 22 z7 %28z 2k 6— 11t 4622
9 = 2—57- I3T5xg .‘!,‘;‘Iz-123251’,'(;':!;112_1.‘512231:51;1 2 — 4f 4 5t% — 513
1’:1.’26-11713331:;1&'.‘;13619313331:533;]1,'2_1.1:1 45t — 445 4 26
0. —_29 -3_3 -3 3 -2 . -3.3 2 3
97 =43 2532325  el25 P eir P rax gt g U J-T+9- -7
+3t°
_ 3 =l a3p.—1, =1, N3y —1 3 2 3
9s = 51 (z127 23} (27 2y za)* (25 zaz1) 2—8t+ 11t - 8¢
-1, _—ly2 -1
(z3'zizg )2 +2¢4
-1 - -1 - -1 -1 =
9y = -39—1 rsz; 'z z)z3257] Les 223z Yz7'z; ! 2 — 4t + 612 — 713
z3z5;t:g1m;1x3:v;lzalr]z;;x:]x;lxglz] +614 — 415 + 2°
_ -1,-1 -1 -1,-1
9,9 = %— (zre3 2y za) e (22 23 z3)? 4 — 8t + 9t — 8¢°

+414
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_ 33 —1_-1 -1, -1 -1, ~1_~1 2 3
9 =13 T4Zy Ty T224TeTy T3 T2T4T5; T3 I, 1-5147t° =Tt
zowazy T3 27 \mazezy 2 ooy zazy ! +71% — 5t5 445
zflzgquglzglzrlzg
— 35 -2_2 -2 2 ~2.3 -2 =22 2
912 =33 eiey *zlzy *rdes *eie ] 2adey zizy “a? 2—-01 4+ 13t
z; *zdzg? —9¢3 + 211
37 2_~2\2 2,2 -2 1 2,2 2
913—1—0 (333134 )2231‘2 1:3.’.[:2 1:1132 211(230 .‘E!) 4""9t+llt
EIF T —9¢3 + 41
_ 37 -2 3 -2 2 -2 3 -2 3 ~2_3 2
914 = 55 zizy *ede “riey el *ede  2ada s bl 2 — 9t + 15¢
Tiadz® —9¢% 4 2¢
39 ~1,3,-1, =13 —1_ 4 __1 3 2
s = 15 T1T,XRT, X3T, TRT, 3B, Ti1Xp I 210t + 15¢
x;lxlxglr?z;lrgz;3x1$;133x;3 — 1043 4 241
_ 39 =1,2,.~1,2,-1_ -2 w2 | 3 2 3
hr=% T1T, T3Tg Tglg ToEy Taley "E)%, T4 1—5t+9¢c =0t
z;1x5z22x3r;2x1z5'xfzglxglexsrgg 49t — 5e5 4 ¢F
1‘3:!,‘22
— 41 2 ~2y2,.2 —I 2 =2 -2 2,.-2 2
he= 13 (2323 w323 %) 2ty edes 2e ) Tiz; “m 4 — 10t 4 13t
zazx?z{lzgzzzzfle —10¢2 + 441
_a -1,3 -1 -1,3.-1__ -4 2
919 = 35 T, z3T, r3T, $1z2 TRx, T3T, I 2-10t 4+ 17t
mg1z?x;lzargazlxg'x?zglxaxgs —10¢* + 2¢4
9y = 4L zizy e Yegr s 'z eae T e s g ! 1—5t 4012 — 1147
20 15 1Eg &y T3L1Ty Ty T3Ty Ty T5T3T,
x;lx5z3z;lxgizsxax;'z513$;1x;1x5 49t — 505 448
3335l$;1$3I1$;II;123III;1£3I1
ralmglxg
_ 43 -2 5 2.2 2,-3.2 -2_5 2
91 = 33 zizy ‘ziey Peles?ede; 2l % 2s ] “zy 2-11t+ 17
mozxfxz —11¢3 + 2¢4
_ 45 -1 —1y2, -1 ~1_ 12 2
923 = 73 zox7 ey waz] (z2z] )23 '2a(zs '24) 4 - 11t + 152
-1 -1 -
(z223 ') z4z] 247025 (zzz hy2 (z3'2q)? — 1185 4 444
-1 -1 -1 1
x] za(zox) )2z2z1 za(zox]')?
O = 42 2273 o5 ' eqzan]  mazor e o s 1 — 5841122 — 1343
6= Tg 2Ly &y Taday TaZel, Iy T4Taly
x;lquglr;1x5r4z§1x;1x4x2zglxng +11¢4% — 585 4 ¢

-1_-1 -1, -1 -1 -1, -1
Ty Ty T4T2Ty Ly Talaly T482T) T4

xgzgmflxglrgxflzglxq
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-1 g, -1 -2 -2 =132 -I 2 3
927 =% Tozy zizy mewy Tazy TaE; TiT; T4 1— 5+ 11¢* — 15¢

Tpgey \2deg agny tay Troz ] \2dzy] +11¢* — 5% + 18

- - -1 - -
2423 roxy 2dzy xdr) a2t

L3

_ -1 -1, =1 -1 -1 -1, =1 2 3
93y = oLy T4Eals T Ty Ta¥a T4l g 1—-5t4 132" - 17¢
:c4.1.‘;1:54.'!:2:17;'1:427;11‘5-':!!41:5_125242;l +13t% — 5854 48

1.'422511:41:21.’;'1!41:513:5_13:4.‘5;12.‘-423225'
121;13513225124$2I§|sz;lxgxoxrl

zgx;lxgl
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