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ABSTRACT

We completely classify the topological and geometric structures of some series of
closed connected orientable 3-manifolds introduced by Kim and Kostrikin in [20, 21] as
quotient spaces of certain polyhedral 3-cells by pairwise identifications of their boundary
faces. Then we study further classes of closed orientable 3-manifolds arising from similar
polyhedral schemata, and describe their topological properties.
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1. Introduction

In [20,21], Kim and Kostrikin constructed and studied five series of groups with
finite presentations G;(n), n > 1, i = 1,2,3,4,5, for which they described, for
instance, their derived quotients and proved that almost all of them are infi-
nite. Moreover, they proved that some of these groups are 3-manifold groups by
constructing five series of (not necessarily closed) orientable 3-manifolds M;(n),
n>1,1=1,23,4,5, arising from polyhedral schemata, with the property that
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m1(M;(n)) =2 Gi(n) for alln > 1if i = 1,4, for all n > 3 if i = 5, and for small values
of n (ie.n=1,2,4)if i = 2; (for i = 3 see our comment at the end of Sec. 3). Then
they asked if the corresponding 3-manifolds are branched coverings of some knots
or links and which of them admit a hyperbolic structure. The manifolds M;(n)
can be constructed as special honey-comb spaces and their topological and geo-
metric structures have been determined in [2]. In particular, the manifolds M;(n)
are hyperbolic and can be represented as (3n)-fold cyclic coverings of S* branched
over the Whitehead link, where the branching indices of its components are 3 and
3n, respectively. The study of the whole family of (not necessarily strongly) cyclic
branched coverings of the Whitehead link can be found in [5] (see also [22,32] for
some related results). The manifolds M5(n) were completely classified in [1], and
they are Seifert fibered spaces. In this paper, we will provide the topological clas-
sification of the manifolds M;(n), for 2 < i < 4. More precisely, for every n > 1,
we construct a polyhedral scheme P, , 4, depending on non negative integers p and
q, which extends the combinatorial construction of the closed 3-manifolds Mz (n)
given in [20,21] (see Sec. 2). Then we represent the corresponding manifolds as
n-fold coverings of a connected sum of lens spaces branched over a (2, 1)-knot, and
discuss their geometric structure (see Sec. 4). In Sec. 3, we consider the mani-
folds M4(n) and prove that My(n) are homeomorphic to the manifolds Mz (3n+ 1).
Furthermore, we observe that the balanced groups Gs(n) of [21] cannot be the
fundamental groups of the manifolds Ms(n), as claimed there. In fact, the mani-
folds Ms(n) defined in [21] are simply lens spaces. Finally, in Sec. 5 we consider
the quotient spaces obtained from the polyhedron P, , , by using all possible pair-
wise identifications of its boundary faces, and study the topology and geometry of
the corresponding 3-manifolds. Our geometric constructions provide at least two
infinite classes of hyperbolic closed orientable 3-manifolds.

2. Kim-Kostrikin Groups G2(n) and Manifolds Ms(n)

The following family G2(n), n > 1, of balanced group presentations was defined in
[20, 21]:

Gg(n) = <041, Q2, ..., 2y @ 0G4 300G A0 2 = Uiy ] (7, = 1, . 2n)>,

where the subscripts are taken mod 2n. As shown in the quoted papers, the groups
G2(1), G2(2), and G2(4) are of geometric origin, that is, they correspond to spines
of certain closed connected orientable 3-manifolds Ms(n), n = 1,2,4. In fact, the
authors constructed a tessellation of a 2-sphere (see Fig. 1 for n = 2 and Fig. 2 for
n = 4) consisting of 4n pentagons. There are n pentagons with a common vertex at
the north pole N, n pentagons with a common vertex at the south pole S, and 2n
pentagons in the equatorial zone. Identifying the pairs of faces with the same labels,
as well as the corresponding edges and vertices, they obtained a 3-dimensional
complex Mas(n), which is a closed 3-manifold since its Euler characteristic vanishes,
and 1 (Mz(n)) = Ga(n), n = 1,2,4. The following question was stated in [21] (see
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N
1 3 1
P Fa
2 4 4 2 2
2 4
4 F13 Fa 2 F31 P 4
1 113 3 3\
F1 F3
4 2 4
N

Fig. 1. A polyhedral representation for the manifold Ma2(2).
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Fig. 2. A polyhedral representation for the manifold M2 (4).

also [20]): For which n # 1,2,4, the quotient complex Ma(n) is a closed hyperbolic
3-manifold? In this section we shall study a family of 3-dimensional complexes,
generalizing those introduced in [21], and determine which of them are in fact
closed 3-manifolds. It turns out that this is the case if and only if n # 0 (mod 3),
showing that Ms(n) is a closed 3-manifold for all n # 0 (mod 3). We also provide
new balanced presentations for the fundamental groups of the obtained 3-manifolds.

Foreveryn > 1,0 <p<n—1and 1 < g <n,let us consider the combinatorial
3-cell P, ,, whose 2-sphere boundary consists of n pentagons labelled by Y; in
the northern hemisphere, n pentagons labelled by X; in the southern hemisphere,
and 2n pentagons labelled by X/ and Y;, i = 1,2,...,n, in the equatorial zone (see
Fig. 3). The side pairing is determined by identifying the pairs of faces (X;, X;) and
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(Y;,Y/) so that the corresponding oriented boundary edges with the same labels

are glued together. The integer p (respectively, ¢) is the number of pentagons we

have to shift before gluing the face X; (respectively, Y/) to X/ (respectively, Y;).
Let z; and y; be the identifications between the pairs of faces (X;, X/) and

(Y;,Y/), respectively, as follows:
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Then we get the cycles of equivalent edges
-1

Yi+p—3q+1 i—3q+1
Ji+p—3q+1 — 7 @;—3¢+2

z; Yitp—q Yitp—2q+1
ai = Sitp — Nigp—q1 —— firp—2¢+1

with the arithmetic condition 2 — 3¢ = 0 (mod n). This gives the relations

-1
LiYitp—q¥Yitp—2q+1Yitp—3¢+1T;_3441 = 1

for every i = 1,...,(n,3q — 2) = n. Furthermore, we have also the cycles of equiv-
alent edges

—1
b % Titp Yit2ap—qt1 Yitap—q Tit2p b
i Gitp > Mit2p+1 ? €i+2p—q+1 Ci+2p

i+3p+1

with the arithmetic condition 3p + 1 = 0 (modn). This gives the relations

—1
LiZitpYit2p—q+1Yi10p—qlit2p = 1

for every i = 1,...,(n,3p+ 1) = n. So we have exactly (n,2 — 3¢) = n classes of
equivalent edges a; and (n,3p+ 1) = n classes of equivalent edges b;. The resulting
identification space My, ;4 of P, has a cellular decomposition with one vertex,
(n,3p+1)+(n,2—3q) = 2n edges, 2n 2-cells, and one 3-cell, hence its Euler charac-
teristic vanishes (compare with [27]). Thus we have the following characterization
result:

Theorem 2.1. With the above notation, the quotient space My 4, n > 1,0 <p <
n—1, and 1 < g < n, is a closed connected orientable 3-manifold if and only if
3p+1=0 (mod n), 2—3¢=0 (mod n), and n =1,2 (mod 3).

Let us denote by G, ,, the fundamental group of the manifold M, ,, We
can obtain a finite presentation of G, ,, by considering the maps z; and y;
(1 =1,2,...,n) which identify the pairs of faces (X;, X]) and (Y;,Y]), respectively.
Therefore we have

Theorem 2.2. Under the arithmetic conditions of Theorem 2.1, the polyhedral
3-cell P, p,q with the identifications described above defines a closed connected
orientable 3-manifold M, ,, which has a spine modeled on the finite geometric
presentation

Gnpg ZAT1, 3 Tns Y1, Y xiyi+p—qyi+p—2q+lyi+p—3q+1x;33q+1 =1
(t=1,...,(n,3¢—2) =n)
Yi TirgTitg opTitg pYir1 =1 (i=1,...,(n,3p+1) =n)),

where the indices are taken mod n.

Since the quotient cellular complex M, , 4 has exactly one vertex, we can obtain a
further geometric presentation for the fundamental group G, p ¢ = m1(Mp, p.q) With
generators a;, ¢ = 1,...,(n,2 —3¢) = n, and b;, i = 1,...,(n,3p+ 1) = n, and



554  A. Cavicchioli, L. Paoluzzi € F. Spaggiari

relations arising from the boundaries of the 2-cells Xq,...,X,, Y1,...,Y, of the
polyhedral scheme P, , ;. Then we have the following result.

Theorem 2.3. The fundamental group G pq of the manifold M, , . admits the
finite geometric presentation
Grpg = (ai,b; t abibi_opbi_pa;y =1 (i=1,...,n)
billitprqitpt2qispiib s =1 (i=1,...,n)),
n=1,2 (mod 3), 3p+1 =0 (mod n), 2—3¢ =0 (mod n), which corresponds to a
spine of the manifold.

The algebraic conditions of Theorem 2.1 determine the following two cases:

First case: n=3m + 1, m > 0. The conditions 3p+ 1 =0 (mod n) and 0 < p <
n — 1 imply that 3p+1 =an > 1, n > 1, a > 1. Since 3p+ 1 < 3n — 2, we get
an < 3n—2hence 3—a > 2asn > 1. Thisgivesa < 1, hencea=1and p=m. Ina
similar way, the conditions 3¢—2 = 0 (mod n) and 1 < ¢ < n imply that ¢ = m+1.
Then we obtain the first class of Kim and Kostrikin manifolds Ms(n) = M, pm m+1,
n = 3m + 1, whose fundamental groups Gy, m,m+1 admit the following geometric
presentations

Gn,m,m+1 = <l‘1, sy Ty Yls e Yn t
(@) ZYi—1Yiem—1Yirm—1z, =1 (i=1,...,(n,3¢—2) =n)
AD) ¥ ' Tim1Ticm1Tipayier =1 (i=1,...,(n,3p+1) =n))

and
Gn,m,erl = <a1, ey Qp, bh ey bn .
I) aibibisms1bivomira s =1 (i=1,...,n)
(II/) biai+2m+1ai+1ai+m+1b;}1 = (7, = 1, ey ’I’L)>
where the indices are taken mod n, and n = 3m+1, m > 0. To show the equivalence
between the obtained presentations for Gy m m+1, n = 3m + 1, we set a; := yi_1
and b; := x;ymy1, for every i = 1,...,n. Then relation (I') becomes

-1
Yi  Titm+1Titom+2Tit3m+2Yit1 = 1

or, equivalently,
Ui Titm Bimm 1 Tig1Yis1 = 1
which is relation (IT). Relation (II") becomes
—1 —1, 1 —1
Titm+1Yit2m41Yit1Yitm1Tipmpz = 1
Taking its inverse and setting j = i + m + 2 we obtain relation (I).

Second case: n=3m+ 2, m >0. Reasoning as in the first case, one gets
p =2m+ 1 and ¢ = 2m + 2. Then we obtain the second class of Kim and
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Kostrikin manifolds Ms(n) = My 2m+1,2m+2, 7 = 3m + 2, whose fundamental
groups G, 2m+1,2m+2 admit the following geometric presentations

G 2m+1,2m+2

= <x1,...,xn,y1,...,yn :
I xiyi,lyieryi,m,gx;_ll =1 (i=1,...,(n,3¢g—2)=n)
D)y '@iomirTitmioTipiyisn =1 (i=1,...,(n,3p+1) =n))
and
Grom+1,2m+2 = (a1, ... an, b1, ..., by
1) aibibi—mbitmira s =1 (i=1,...,n)
(1) biGiym41ai11air2mi2bi s =1 (i=1,...,n))

where the indices are taken mod n, and n = 3m+2, m > 0. To show the equivalence
between the obtained presentations for G, 2m+1,2m+2, 1 = 3m+2, we set a; := y;l
and b; = X y2m42, for every i = 1,...,n. Then relation (I') becomes

Yi  Titom+2Titm+2Tit3m+3Yit1 = 1

which is relation (IT). Relation (II') becomes

—1 1 -1 1 _
Tirom+2Yitm+1Yit1Yitomt+2Titomys = 1-

Taking its inverse and setting j = ¢ + 2m + 3 we obtain relation (I).

3. Kim—Kostrikin Groups G4(n) and Manifolds My(n)

A perfectly similar construction in [21] gives a series of closed connected orientable
3-manifolds My(n), n > 1, whose polyhedral schemata are depicted in Figs. 4
and 5 for n = 1 and n = 2, respectively.

As shown in [21], the corresponding fundamental groups 71 (My(n)) = G4(n)
have the following balanced presentations:

G4(n) = <0417 ag,...,06p42 Ri(l), RZ(Z), 1 S 7 S 3n + 1>
where
Ri(1) : Qont5-2i0un+4—2i02n12—2i06n+4—2i = Qenia—2i (1 <i<3n+1)
R3(1) t Q6n+6—2i0ant5-2i02n+3—2i06n+5-2i = Qonra—2; (1 <i < 3n+1).

By construction the above polyhedral schemata coincide with those defining the
Kim and Kostrikin manifolds M (3n+1) = Ms,,11 . nt1. S0 we have the following

Theorem 3.1. For every n > 1, the closed 3-manifolds M(n) and My(3n+ 1) =
M3y t1.nn+1 are homeomorphic. In particular, the groups Ga(n) are isomorphic to
the groups Gsp41.n,n+1-



556  A. Cavicchioli, L. Paoluzzi € F. Spaggiari

Fig. 4(a). A polyhedral representation for the manifold My (1).

N
b4 b4
by bo b3
Yi Y2 Y3 Ya
a3 a2 a4 a3 al a4 PW al a3
a4 b3 al b4 a2 bi a3 b2 a4
U N )
b4 1 b2 b3
b4 b2 I b3 b b4 b3 )/—? b4
X2 X3 X4 Xi
a3 a4 al
a2 2
S

Fig. 4(b). The symmetric representation of M4 (1).

To show explicitly the equivalence between the obtained presentations for the
groups G4(n) and Gsnq1pnt1, 7 > 1, we set
bi = Qanta—2i
i = Qen+s5—2i 1 <1< 3n+ 1.
Then we have
A2n+2-2i = W4n44-2i—2n—2 = Q4n44-2(i4n+1) — bitn+1
Q6n+4-2i = Qdn+4—2i+2n = Qntd—2(i—n) = Di—n = bit2an+1

Q6n+3—2i = Xen+5-2i—2 = Qen+5-2(i+1) = Gi+1,
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Fig. 5. A polyhedral representation for the manifold My(2).

hence the relation R}(i) of G4(n) becomes
aibibitni1bivontra; )y =1,
which is relation (I') of Gsp41,5,n+1. Furthermore, we get
Q6n+6-2i = Un+4-2i+2n+2 = Unid—2(>i—n—1) = Di—n—1
Qdn15-2 = Q6n+5-2i—2n = Qen+5-2(i+n) = Gitn

Q2n43-2i = On45-2i—4n—2 = Aen45-2(i+2n+1) = Cit2n+t1

Q6nt4—2i = bi—n,
hence the relation R3(i) of G4(n) becomes
bi—n—1QitnQitont1a:b; ", =1
or, equivalently,
Ditliton+10i410itni1bi)y =1
which is relation (IT') of G3y41,n,n+1-

Remark. In [20] and [21] the authors introduced also the balanced groups Gs(n),
n > 1, with the following presentation

Gg(n) = <OZ17 Qgy ..., 04p42 ¢ Ré(l% R%(Z), R§(1)>,
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where

RA(1) © Qgit10i1004i+3 = it 5Qita (0<i<n)
R3(4) : i1 0uaiui 11 = Qaiy3Qio (1<i<n)

R3(1) : a2i04n11-2i02i4104n—1-2; = Q242 (1 <i<2n+1)

where the indices are taken mod 4n + 2. Then they constructed a simply connected
topological polyhedron, whose boundary consists of m = 2n + 1 pentagons with
a common vertex in the northern hemisphere, m pentagons with a common ver-
tex in the southern hemisphere, and 2m pentagons in the equatorial zone. The
numbering of edges and their orientation are as depicted in [21, Figs. 3.1 and
3.2]. The authors stated that after the identification of similarly oriented faces
the resulting 3-dimensional complex is a closed connected 3-manifold Ms(n), with
m1(Ms(n)) = Gs(n). But the identification space M3z(n) is a 3-dimensional cell
complex with more than one vertex (and one can directly verify that it is a lens
space), so the obtained presentation for w1 (Ms(n)) does not work. In a forthcom-
ing paper we shall consider all possible side pairings of the boundary faces of the
polyhedra related with M3(n). Then we shall study the topology and geometry of
the obtained closed 3-manifolds whenever the pairings produce an infinite series
of them.

4. Topological Properties of Manifolds M,, , 4

To explain the statement of the next theorem, we recall the definition of genus two
1-knots, briefly called (2,1)-knots. They are knots in closed connected orientable
3-manifolds M of Heegaard genus two which admit a (2, 1)-decomposition as follows.
A knot K C M is called a (2, 1)-knot if there exists a Heegaard splitting of genus two
(M,K)=(V,A) Uy (V', A"), where V and V' are orientable handlebodies of genus
two, A C V and A’ C V' are properly embedded trivial arcs, and ¢ : (9V,0A4) —
(0V',0A’) is an orientation-reversing attaching homeomorphism. The arc A is said
to be trivial in V' if there exists a disk D C V such that AN D = ANodD = A and
OD\A C 0V. Note that (2, 1)-knots are a particular case of the notion of (g, b)-links
in closed connected orientable 3-manifolds of Heegaard genus g (see, for example
[10, 12,13, 18]). This concept generalizes in a natural way the classical one of bridge
decomposition of links in the standard 3-sphere. As general references on the theory
of knots and links, see for example [19, 26].

Theorem 4.1. The closed connected orientable 3-manifolds My, p q, with the arith-
metic conditions 3p+1 =0 (modn),2 -3¢ =0 (modn), and n = 1,2 (mod 3), are
n-fold cyclic coverings of the connected sum of lens spaces L(3,1)#L(3,2) branched
over a (2,1)-knot which is independent of n. The singular set is the image of the
north-south axis of the polyhedron P, , , under the n-rotational action.
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Proof. Let us consider the n-rotational symmetry of the polyhedron P, ,, and
denote by p the corresponding homeomorphism of the manifold M, , ,. The 1/n—
slice II,, of P, 4, pictured in Fig. 6(a), is the fundamental polyhedron for the
quotient orbifold M, , ,/(p). The fundamental group of the quotient space obtained
from II,, is isomorphic to the group presented by (a,b: ab®a=! =1, ba®b~! = 1) =
Zg * Zs. A Heegaard diagram for the quotient space M, , ,/(p) obtained from II,,
by the induced side pairing of its boundary faces is pictured in Fig. 6(b). The axis
of the rotation p is represented by a dotted curve in the figure. It lies below the
diagram, inside the 3-ball whose boundary is being identified along the two disc pairs
(XT,X7) and (Y,Y ™). To determine the singular set of the branched covering,
we apply a method described in [16] for the figure-eight knot (and successively
extended in [11] for link complements). Thus we can modify Fig. 6(b) to Fig. 6(d)
as follows. Figure 6(c) is obtained from Fig. 6(b) by a simplification along the closed
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Fig. 7.

curve A which surrounds the “hole” X ~. Figure 6(d) is obtained from Fig. 6(c) by
a simplification along the closed curve B which surrounds the “hole” Y.

The Heegaard diagram of Fig. 6(d) can be drawn as in Figs. 7(a) and 7(b).
The Heegaard diagram in Fig. 7(b) shows clearly that the underlying space
of the orbifold M, ,4/{p) is topologically homeomorphic to the connected sum
L(3,1)#L(3,2). The singular set of the branched covering is the (2, 1)-knot K rep-
resented in Fig. 7(b) by the dotted line whose endpoints N and S must be identified.
Of course, the knot K is independent of n. Figure 7(c¢) shows a genus 2 handlebody
of the Heegaard splitting of L(3,1)#L(3,2). One can see that the knot K intersects
each handlebody of the splitting in a trivial arc. This completes the proof of the
theorem. O

We want to show that the orbifold O, (K) = M, ,./(p), whose underlying
topological space is L(3,1)#L(3,2) and whose singular set of order n is the (2, 1)-
knot K, is hyperbolic for n > 3. We shall start by showing that the orbifold O3(K)
is hyperbolic. Let us consider the regular dodecahedron with dihedral angles of
27 /5 used to construct the Seifert—Weber dodecahedral space, which is a classical
example of hyperbolic closed 3-manifold (see, for instance, [24]). It can be seen as a
metric version of the polyhedron Ps. Taking the quotient of P3 (which is a compact
hyperbolic 3-manifold with totally geodesic boundary) by the hyperbolic isometry
which consists in a rotational symmetry of order 3 about the axis NS, we obtain a
hyperbolic orbifold consisting in the polyhedron P; with singular axis NS of order 3,
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that is a 1/3-slice II3. Note that the boundary of P; (flattened out) is shown in
Fig. 6(a), where the gluing needed to obtain O, (K) is also described. To reach the
conclusion it suffices to observe that the gluing can be performed via isometries and
that the dihedral angles corresponding to identified edges add up to 2w. The first
part follows from the fact that all the faces of the regular dodecahedron are pairwise
isometric regular pentagons. The second part follows from the fact that the edges of
Py are identified in two groups of five (compare Sec. 2 and Figs. 6(a) and 6(b)) and
each dihedral angle is 27/5. Thurston’s orbifold geometrization theorem [31] (see
also [3, 8] for a proof) can now be applied to deduce that O, (K) is hyperbolic for
all n > 3. In particular, the manifolds M, p, ; = Ma(n) are hyperbolic for all n > 3,
n # 0 (mod 3). Let us now prove that the manifolds Ms(n), n > 3, n # 0 (mod
3), are pairwise non homeomorphic. Assume by contradiction that the hyperbolic
manifolds Ms(n) and Msy(n'), where n > n’ > 3, are homeomorphic. Mostow’s
rigidity theorem implies that Ms(n) and My(n') have the same volume v. The
volumes of the quotient orbifolds O,,(K) and O, (K) are v/n and v/n’, respectively,
with v/n < v/n/. According to the Schéfli formula (see [17]; compare also with
[15,23]), the volume of the hyperbolic orbifold O, (K) decreases with the cone
angle of the singularity. This means that it increases with n, that is, vol(O,(K)) >
vol(Oy (K)), which is a contradiction. Summarizing, we have the following result.

Theorem 4.2. The Kim and Kostrikin manifolds Mz(n), n = 1,2 (mod 3), (and
whence My(m) = M2(3m+1)) are hyperbolic for every n > 3. In this case, the fun-
damental group of Ma(n) is isomorphic to a discontinuous subgroup of the isometry
group of the hyperbolic 3-space, hence it is infinite and torsion-free. Moreover, two
manifolds Ma(n) and Ma(n') are homeomorphic if and only if n =n’.

To make more clear the last sentence of Theorem 4.2, we add some final expla-
nations to show that the manifolds Ms(n) are pairwise non-homeomorphic also
for the cases n = 1,2. We note that the manifold Ms(1) = L(3,1)#L(3,2) is not
prime so it cannot be homeomorphic to Mz(n) which is prime for n > 2 (since it is
a cyclic covering branched over a hyperbolic knot). Similarly, the manifolds M (2)
cannot be homeomorphic to Ma(n), n > 3, for it is either hyperbolic and the same
reasoning as above applies, or — because of Thurston’s orbifold geometrization
theorem — geometrizable but non hyperbolic.

5. Further Families of Manifolds Related to the Polyhedron P, ;4

We consider again the polyhedron P, ,, in Fig. 3 and analyze all possible
combinatorial identifications z; and y; between the pairs of faces (X, X!) and
(Y;,Y/), respectively. For the identification x; we have the following cases:
(0) {aibicidiai+l — Sitplitpbitpt1Mitp+1Jitp
SA;BiDiAiv1 — FiypDitpAitpi1Bivp1Gitp
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1) {aibicidiai+1 — diypbitpr1Migpi19itpSitp
SA;BiDiAi 1 — DiypAiypi1Bitpr1GipLigp

@) {aibicidiaiﬂ = it p+1Mitpt1Gi+pSitpditp
SA;BiDiAiy1 — Aivpr1Bitp1GivpFiypDigyp

3) {aibicidiai+1 — Migp+1Gi+pSi+p@itpbitp+1
SAiBiDiAit1 — Bivpt1GitpFitpDitpAitpia

(4) {aibicidiaiﬂ = GitpSitpditpbitpr1Mitpt1
SA;BiDiAit1 — GiypFiypDiypAirpr1Biypit

For the identification y; ! we have the following cases:

) {eifigihiJrl@iJrl — MitqNitqfitqSitqCitq
NE;FiGiEiy1 — BitqGitq-1EitqFirqDitq
(1) {eifigihi+1ei+l — RitqfitqSitqCitqMitq
NE;FiGiEiv1 — Givqg-1EirqFitqDivqBitq
(2) {eifigihiJrl@iJrl — fitqSi+qCitqMitqNitq
NE;FiGiEiy1 — EirqFiygDitqBivqGivg—1
(3) {eifigihi+1ei+l — SitqCitqMitqNitqfitq
NE;FiGiEiy1 — FitqDivqBit¢Gitq-1Fitq

) {eifigihiJrl@iJrl = CitqMitqNitqfitqSitq
NE;FiGiEiy1 — Di1¢BiyqGivg-1EirqFitqg.

We denote by (k) the gluing determined by case (k) (respectively, (¢)) for the
identification x; (respectively, yi_l)7 k,/ =0,1,2,3,4. Note that the symmetries of
the polyhedron P, , , imply that some of these gluings are indeed equivalent. Any
orientation preserving symmetry, which exchanges the north and the south poles
(N and S) and the edges of type a (respectively, b, ¢, and d) with those of type e
(respectively, h, g, and f) while fixing those of type m and s, conjugates the gluing
(k0) to the gluing (4— ¢4 — k). In a similar way, any orientation reversing symmetry
which exchanges N and S and the edges of type a (respectively, b, ¢, d, and m)
with those of type e (respectively, f, g, h, and s) conjugates the gluing (k¢) to
the gluing (¢k). Thus we are left to consider nine cases. We discuss completely the
cases where the identification space is a closed connected orientable 3-manifold and
the corresponding quotient 3-orbifold is topologically homeomorphic to S. In these
cases, we give nice representations for the knots or links which arise as singular sets
of the corresponding branched coverings.

Case (00) (and (44)) corresponds to the Kim and Kostrikin manifolds M (n)
discussed in the previous sections.

Case (01) (and (10), (34), (43)). The identification space M, ,, 4 is a cell complex
with two vertices, (n,q — 1) + (n,3p + ¢ + 2) + (n,q) edges, 2n faces and one
3-cell. Hence it is a closed connected orientable 3-manifold if and only if ¢ = n
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and n = 3p+2or ¢g=1and n = 3p+ 3. For the “only if” part, note that if
1< (n,q) <n,thenl < (n,g—1) < n (and similarly for (n,q—1)) and that in this
case (n,q) + (n,q—1) < n. In these cases, the fundamental group of the underlying
space of the quotient orbifold O = M, p, 4/(p) admits the following presentation

m(|0)) = (z,y razyy ly e =1,y =1, ayz~! = 1) = Zs.

If ¢ = n and n = 3p + 2, then the fundamental group of the manifold M, , , has
the cyclic presentation

T (Mppg) = (T1,. . Tt TiTigpTigoprr =1 (1=1,...,n)).

The asphericity problem for such presentations and some generalizations of them
was studied in [7]. If ¢ = 1 and n = 3p + 3, then we have

=1 =1 -1 _ -1 _
Trl(anPaQ) = <l‘1, s Iy Y1y Yn Y Yo Y, = 17 TilYitp—1T; 1 = 17

-2
TiTitpYit2pYifops1Titapte = 1
(i=1,...,n)).

The second relation gives y;1p—1 = T; Lriq. Substituting these formulae in the
other relations yields the presentation

1 (Mp.q) = (21, 2 : xixi+pxi_+1p+1xi+p (xi_+1p+1xi+p+2)2xi+2p+2 =1
(i=1,...,n)).
In both cases, these manifolds are n-fold cyclic coverings of a lens space L(3,a),
a = 1,2, branched over a (1, 1)-knot.

Case (02) (and (20), (24), (42)). The identification space M, , 4 is a cell complex
with one vertex, (n,3p+ g + 3) edges, 2n faces and one 3-cell, hence for every n it
cannot be a closed 3-manifold.

Case (03) (and (14), (30), (41)). The identification space M, ,, 4 is a cell complex
with one vertex, (n,3p + 2) + (n,q — 1) edges, 2n faces and one 3-cell. Hence it is
a closed connected orientable 3-manifold if and only if ¢ = 1 and n = 3p + 2. The
fundamental group of the underlying space of the quotient orbifold O = M, ,, /{p)
admits the following presentation

m(|0]) = (z,y :ayy~ 'y waayr Tt =1, y7 = 1) = Zs.

If ¢ =1 and n = 3p + 2, then the fundamental group of the manifold M, , , has
the cyclic presentation

Wl(Mn,p,q) = <l‘1, sy I L X4 pTiy2p+1 = 1 (7, = 1, .. ,’I’L)>

These manifolds are cyclic coverings of L(3,2) branched over a (1, 1)-knot.

Case (04) (and (40)). The identification space M, , 4 is a cell complex with one
vertex, (n,3p — 3¢ + 5) edges, 2n faces and one 3-cell, hence for every n it cannot
be a closed 3-manifold.

Case (11) (and (33)). The identification space M, , 4 is a cellular complex with
142(n,p+1, q) vertices, 2(n,p+q+1)+ (n,p+1) + (n, q) edges, 2n faces and one
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3-cell. Note that if n = p+¢g+1, then (n,p+1) = (n,q) = (n,p+1,q) and M, p 4 is
a closed 3-manifold. On the other hand, assume that M, , 4 is a closed 3-manifold
and consider the orbifold obtained by quotienting M, , , via the usual n-rotational
symmetry p about the axis N.S. The axis of the symmetry maps to a closed loop
(for N and S are identified) with order of singularity n. A standard computation
shows that the edges of type a and e map to singular edges in the quotient orbifold
if and only if (n,p+ g + 1) < n. Since the edges a; and e; emanate from S and N,
respectively, the orbifold would contain a non admissible singularity if the images of
the edges of type a and e were in the singular set. So we obtain that the condition
p+ ¢+ 1=nis also necessary for M, , , to be a closed 3-manifold.

If p+ ¢+ 1 = n, then the fundamental group of the manifold M, ,, has the
geometric presentation

T ( My p.q) = <x¢,y¢,i =1,...,n: ximi+pyi__~_12px;_1p+q =1,
xz'yi+p—q+1yi_+1p,q+2yi_+lp+1 =1,
TiTigpt1  Tip—1 = 1,
v iy, =1 (i=1,...,n)).

In this case, the fundamental group of the underlying space of the quotient orbifold
O = M, p.q/{p) admits the following presentation

m(|0) = (z,y axy e =1, ayyly Tt =1, =1, yt=1)21,

and in fact |O| is the 3-sphere. The sequence of pictures in Fig. 8 shows that the
manifolds are n-fold cyclic covers of the 3-sphere branched along a Montesinos link
with two trivial components, in fact, a 2-bridge link. A Heegaard diagram for the
quotient space is drawn in Fig. 8(a). Figure 8(b) is obtained from Fig. 8(a) by the
cancellation of the handle 2.1 between the holes X and X~ and the cancellation
of the handle 4.1 between the holes Y and Y ~. It represents the singular set of the
n—fold cyclic covering M,, ,, , — S*. The branching indices for the two components
are n (this component is the image of the axis NS) and k = n/(n,p+1) =n/(n,q)
(this component is the image of the edges of type f and b). This link, shown in
Fig. 8(c), is easily seen to be hyperbolic and even (27/3, 7)-hyperbolic. Indeed, one
can obtain this link as the quotient of the mirror image of the hyperbolic 2-bridge
knot 5o (which is 27/3-hyperbolic) via its 2-periodic symmetry, as illustrated in
Fig. 8(d) (here we use Rolfsen’s notation [26, p.391]). In particular, the manifolds
M,, p.q are hyperbolic for all choices of n > 2.

Case (12) (and (21), (23), (32)). The identification space M, , 4 is a cell complex
with one vertex, (n,2p+q+4)+ (n,p+ 1) edges, 2n faces and one 3-cell. Hence it
is a closed connected orientable 3-manifold if and only if p=n—1 and ¢ =n — 2.
In this case, the fundamental group of the underlying space of the quotient orbifold
O = My, p.q/(p) admits the following presentation

1

m(0]) = (z,y rzzy tayyy ly e =1, 2 =1) 21,
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N=S (b 2-symmetry
|

=

(c) (d)
Fig. 8.

hence |O| & S? (recall that the Poincaré Conjecture is true for closed orientable
3-manifolds of Heegaard genus < 2). If p = n—1 and ¢ = n—2, then the fundamental
group of the manifold M,, ,, , has the cyclic presentation
71 (M p,q)
= <y1a ey Yn t ya-lzpyi+3p+1yi+3p7q+2y;.lgp_q+3y;.13p+3 =1 (Z = ]-a ey TL)>
WU Y i ayiYihy; =1 (i=1,...,n))
W1, yn Ytz =i (i=1,...,n)).

1

I

These presentations were first introduced in [28]; a geometric study of them can
be found in [4] (we refer to [6] for more information on the topological properties
of cyclically presented groups). The sequence of pictures in Fig. 9 shows that the
manifolds M, ,, , are the n-fold cyclic coverings of the 3-sphere S* branched over
the trefoil knot, hence they are Seifert fibered manifolds.

A Heegaard diagram for the quotient space is drawn in Fig. 9(a). Figure 9(b) is
obtained from Fig. 9(a) by the cancellation of the handle 2.1 between the holes X
and X . Figure 9(c) (respectively, 9(d)) is obtained from Fig. 9(b) (respectively,
9(c)) by a simplification along the closed curve A (respectively, B) which surrounds
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(e)
Fig. 9.

the hole Yt (respectively, A~). Figure 9(e) is obtained from Fig. 9(d) by the can-
cellation of the remaining handle between Bt and B~. It represents the singular
set of the n-fold cyclic covering M,, , , — S3. Of course, this knot is equivalent to
the trefoil knot.
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Case (13) (and (31)). The identification space M, , 4 is a cell complex with two
vertices, 1 + (n,p + 1) + (n,q — 1) edges, 2n faces and one 3-cell. Hence it is a
closed connected orientable 3-manifold if and only if p =n — 1 and ¢ = 1. We can
immediately see that in this case M, ,, = S® for each n.

Case (22). The identification space M, 4 is a cell complex with one vertex,
(n,5) + (n,p + q) edges, 2n faces and one 3-cell. Hence it is a closed connected
orientable 3-manifold if and only if n = 5 and p+¢ = 5. In this case, the fundamental
group of the underlying space of the quotient orbifold O = M, , ,/(p) admits the
following presentation

m(|0]) = (z,y xzyyy 'y el =1, 2y = 1) 2 Z,

and one can prove that |O] = S! x S2. These manifolds are 5-fold coverings of S* x §?
branched over a (1,1)-knot. If n = 5 and p + ¢ = 5, then the fundamental group of
the manifold M, , , has the presentation

T (Mpp.g) = (Y1, Y5 © YitpYit2p+1Yit3ptaYitdp+3
= YitptaYitopraYitapralitapra (1=1,...,5)).

If p =0 (and hence ¢ = 5), then we get the presentation

T (Mnp,q) = <y17 ce Us YY1 Yit2Yir3 = y?+4 (i=1,..., 5)>

which defines the generalized Neuwirth group I's. These groups and some general-
izations of them were studied in [25, 30] (compare also with [29]).
Summarizing we have proved the following result

Theorem 5.1. Considering all possible face-pairings x; : X; — X| with shift
p and y;l 2 Y — Y, with shift q¢ on the boundary of the polyhedron P, , 4,
n>10<p < n-11 < q < n, yields some infinite series of closed
connected orientable 3-manifolds whenever the parameters satisfy certain arith-
metic conditions listed above. These classes of manifolds contain cyclic coverings of
L(3,a), a = 1,2, and L(3,1)#L(3,2) branched along (1,1)-knots and (2,1)-knots,
respectively. The singular sets of the branched coverings are the images of the north-
south azis of Py pq under the rotational actions. The above-constructed presenta-
tions of the fundamental groups are geometric, that is, they arise from Heegaard
diagrams (or, equivalently, spines) of the considered manifolds. These constructions
provide at least two infinite classes of hyperbolic closed orientable 3-manifolds.
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