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SUMMARY. - We give a combinatorial representation of compact
connected orientable 3-dimensional manifolds with boundary and
their special spines by a class of graphs with extrastructure which
are strictly related to o-graphs defined and studied in [3] and [4].
Then we describe a simple algorithm for constructing the bound-
ary of these manifolds by using a list of 6-tuples of non-negative
integers. Finally we discuss some combinatorial methods for de-
termining the hyperbolicity equations. Examples of hyperbolic 3-
manifolds of low complexity illustrate in particular cases the con-
structions and algorithms presented in the paper.
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1. Introduction

A compact (orientable) 3-manifold M with boundary can be con-
structed in the following way: take a finite collection of disjoint
3-simplexes in the standard 3-space; identify their faces pairwise by
(orientation-reversing) isometries; remove regular neighbourhoods of
the vertices (the images of the vertices of the 3-simplexes) from the
resulting quotient space. In other words, M is obtained by gluing
together 3-simplexes with truncated vertices. So M is also called a
gluing manifold. In this paper we describe a combinatorial repre-
sentation of gluing 3-manifolds and their special spines via certain
graphs (strictly related to o-graphs [3], [4]) encoded by 5-tuples of
non-negative integers. This allows to study compact 3-manifolds
(and determine their topological invariants) by a computer. Then
we give an algorithm for constructing the boundary of M directly
from the graph of the corresponding gluing. The algorithm produces
a list of 6-tuples of non-negative integers which completely encodes a
triangulation of the boundary. Finally, we describe some procedures
to determine the hyperbolicity equations of the gluing manifold M
from the boundary triangulation mentioned above. Examples of hy-
perbolic 3-manifolds of low complexity illustrate our constructions
and algorithms in special cases.

2. Special spines

Throughout the paper, 3-manifold means compact, connected, ori-
entable PL 3-manifold. Let M3 be a 3-manifold with non-empty
boundary. A compact connected 2-dimensional subpolyhedron P C
Int(M) is said to be a spine of M if M collapses to P or, equiva-
lently, if the open manifold M \ P is homeomorphic to M x [0, 1).
Of course, M is a regular neighbourhood of P in the sense of [22]
and [30]. By a spine of a closed 3-manifold M we mean a spine
of the 3-manifold with boundary obtained from M by removing an
open 3-ball. Two spines of a 3-manifold M differ by a 3-deformation
(for more details, see for example [8]), and much information about
M can be derived from any member of this 3-deformation class; in
particular, all the homotopy (homology) invariants of M. Unfortu-
nately, many different 3-manifolds can admit the same spine. For
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this, Casler introduced in [5] a special class of 2-dimensional polyhe-
dra, and proved that any 3-manifold M collapses to some polyhedron
of that class, called a special spine of M. Moreover, he proved that a
special spine uniquely determines the 3-manifold. Subsequently, the
theory of special spines was developed by Matveev in a series of pa-
pers [12], [11], [13], [14] and [15] (see also [4], [19], [9] and [10]). Here
many classical representations of 3-manifolds as Heegaard diagrams,
surgery presentations and triangulations were described in terms of
special spines. We recall now basic definitions and results of the
theory of special spines (for more details, see the quoted papers). A
compact 2-dimensional polyhedron P is called simple if every point
in P has a link homeomorphic to either a circle, a circle with a diam-
eter, or a circle with three radii. The tipical regular neighbourhoods
of the points of P are shown in Figure 1.

e
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Figure 1: Typical neighbourhoods in special spines.

Any point of P having a neighbourhood of type 1.c is called a
vertex of P, and the set of such vertices is denoted by V(P). The
singular set of P, written S(P), is formed by the points of P having
neighbourhoods of type 1.b and 1.c (i.e. S(P) is the union of V (P)
with the set of points lying on triple lines of P). A neighbourhood
of type 1.b (resp. l.c) terminates with two (resp. four) triods, i.e.
cones over three points. A simple polyhedron P admits naturally
a stratified structure as V(P) C S(P) C P, where any connected
component of P\ S(P) is an open 2-manifold. A simple polyhedron
P is called special (or, standard) if it contains at least one vertex,
the connected components of S(P) \ V(P) are open arcs, and the
connected components of P\ S(P) are open 2-cells. Examples of
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special polyhedra are given by fake surfaces obtained by pasting 2-
cells along pairwise disjoint 2-sided closed simple curves drawn on
a closed surface. A spine of a compact 3-manifold is said to be
special (or, standard) if it is a special polyhedron. For example,
the Bing house with two rooms is a special spine of a closed 3-cell.
An important advantage of special spines with respect to general
ones is that a compact 3-manifold can be uniquely recovered from a
special spine of it. More precisely, there is the following basic result
in the theory of special spines for compact 3-manifolds [5] (extended
to general case in [11]).

THEOREM 2.1. (Ezistence) Any compact connected 3-manifold pos-
sesses a special spine (with at least two vertices).

(Unicity) Let P; be a special spine of a compact connected 3-
manifold M;, for any i = 1,2. Then any homeomorphism from P;
onto Py extends to a homeomorphism from My onto My. In other
words, two compact connected 3-manifolds with homeomorphic spe-
cial spines are homeomorphic.

Theorem 2.1 says that special spines give a combinatorial repre-
sentation of compact 3-manifolds. However, a 3-manifold may have
different special spines. Any two special spines representing the same
3-manifold are proved to be joined by a finite sequence of elementary
moves. We briefly describe these moves following [12] and [13] (com-
pare also with [19]). The elementary move T} consists in altering
a regular neighbourhood of a vertex of a special polyhedron P as
indicated in Figure 2.a. The elementary move T, changes a regular
neighbourhood of some edge in P as shown in Figure 2.b.

The following result about the representation of 3-manifolds via
special spines was independently proved in [12] and [19].

THEOREM 2.2. (Equivalence) Two special spines (with at least two
vertices) represent homeomorphic 3-manifolds if and only if one can
be transformed into the other by a finite sequence of elementary
moves of type T1 and Ts, and their inverses.

Theorem 2.2 can be stated in a different (but equivalent) form
by substituting the moves of type T; with the so-called Matveev-
Piergallini move (briefly, MP-move) shown in Figure 3 (the polyhe-
dron is left unchanged outside the considered neighbourhood).
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Figure 2: The moves of type T and T5.

We observe that the property of being special is not hereditary,
i.e. a subpolyhedron of a special polyhedron is not in general spe-
cial. So it was introduced in [13] (see also [14] and [15]) the class
of almost special polyhedra, which is in fact hereditary. A compact
2-dimensional polyhedron P is said to be almost special if it embeds
in some special polyhedron, i.e. the link of any point of P can be
embedded into the circle with three radii. A vertex of P is a point
whose link is homeomorphic to the circle with three radii. A spine of
a compact 3-manifold is called almost special if it is an almost special
polyhedron. For a compact 3-manifold M, a topological invariant,
called the complexity of M, was defined in [13] and [14] by using
the notion of almost special spine. More precisely, the complexity
of M, written ¢(M), is the smallest integer k£ (k > 0) such that M
possesses an almost special spine with k vertices.

The following result (see [13] and [14]) illustrates two important
properties of the complexity.

THEOREM 2.3. (Finiteness). For any integer k > 0, there exists only
a finite number of distinct closed irreducible connected 3-manifolds
of complexity k.
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Figure 3: The Matveev-Piergallini move.

(Additivity). The complexity of a connected sum M#M' of two
compact connected 3-manifolds M and M’ equals the sum of their
complexities, that is

c(M#M'") = (M) + c(M").

In particular, it was proved in [14] and [15] that the number n(k)
of closed orientable irreducible connected 3-manifolds of complexity
k < 6 is given by the following table:

4 5 6
14 31 74

3
7

0 1 2
3 2 4

n(k)
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Moreover, all the closed orientable 3-manifolds of complexity
k < 8 are graph manifolds in the sense of [28] (so they are not
hyperbolic). However, there exist closed orientable hyperbolic 3-
manifolds of complexity 9 (see [14], [15], and [16]). Among them, we
find the smallest known closed hyperbolic 3-manifold with respect to
the volume (which is 0.94272...). This manifold was independently
obtained by Matveev and Fomenko [16] and by Weeks [29] (it can
be constructed by closing the torus boundary of the hyperbolic 3-
manifold described in Section 5).

3. o-Graphs

Benedetti and Petronio described in [3] a nice representation of com-
pact connected 3-manifolds with non-empty boundary by means of
certain planar graphs with some extra structures, called o-graphs
(closed 3-manifolds are included in this representation by removing
an open 3-cell). Such graphs translate essentially the combinatorial
representation of bordered 3-manifolds via special spines in terms
of graphic tools. So these representations of 3-manifolds are in fact
equivalent. We present now a short informal outline of the subject,
and refer to [3] for more detailed definitions and results. Let I" be
a finite connected planar quadrivalent graph with some marked ver-
tices and simple normal crossings. We call edges of I' the locally em-
bedded segments with marked endpoints, and suppose that the edges
cover I'. Then I' is said to be an o-graph if it has an under-over spec-
ification (as in the usual projection of a link) at each marked vertex,
and an edge-colouring with colour set Zs. Such graphs are related
with (oriented) special polyhedra in a natural way. To any oriented
special polyhedron P we can associate a suitable o-graph I' = T'(P)
representing P (by an invertible construction) as follows. The graph
I' = I'(P) coincides with the singular set S(P) of P (as cellular 1-
complex), and the marked vertices of I" are precisely the vertices of P
(those having regular neighbourhoods of type 1.c in Figure 1). The
choice of an embedding from a regular neighbourhood of each vertex
of P into the standard 3-space induces the under-over specification
at each marked vertex of I". Now suppose that = and y are marked
vertices of T' joined by an edge, and denote by N(z) and N(y) reg-



340 B. RUINI AND F. SPAGGIARI

ular neighbourhoods of x and y in P, respectively. As illustrated in
Figure 1.c, these neighbourhoods have exactly four terminal triods
eachone. We have to match carefully a precise triod in the bound-
ary of N(z) to one in the boundary of N(y): those intersecting the
edge mentioned above (which connects x and y). Enumerating the
three branches of each triod by Zs, the edge-colouring of I" describes
how to drill the triod of N(x) before gluing it to the triod of N(y).
Thus the compact 3-manifold M, uniquely defined by thickening the
special polyhedron P, can be completely represented by the o-graph
I' = T'(P). However, M may have different o-graphs. Any two o-
graphs representing the same manifold are proved to be joined by
a finite sequence of elementary moves [3]. The elementary moves of
type R arise naturally from the well-known moves of Reidemeister
on the planar projections of links, and they are illustrated in Figure
4a. The elementary move of type C, shown in Figure 4b, takes in
account all the possible choices of embeddings from a regular neigh-
bourhood of a vertex of P into the standard 3-space. The elementary
move of type M P translates for o-graphs an oriented version of the
M P-move on oriented polyhedra (see Figure 4c). Here we use the
convention that colours on outer edges of these local pictures are
allowed and they must be summed up, modulo 3. The following is
the main result proved in [3].

THEOREM 3.1. (Ezistence). Any compact connected 3-manifold with
non-empty boundary can be completely represented by an o-graph
(with at least two marked vertices).

(Equivalence). Two o-graphs with at least two marked vertices
(regarded up to isotopies of the plane) represent homeomorphic 3-
manifolds if and only if one can be transformed into the other by a
finite sequence of elementary moves of type R, C, M P, and their
imnuverses.

Further developments in the o-graph calculus can be found in
two recent papers of Theis (see [26] and [25]). Here the author de-
fines many local transformations of o-graphs which give a graph-
theoretical descriptions of various topological constructions of 3-
manifolds as puncturing, connected sums, adjoining a handle, closing
a boundary component, products, and mapping tori.
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Figure 4c: The elementary move of type MP.

4. Gluing manifolds

The face identification procedure is a very standard method for
constructing compact 3-manifolds. Any compact 3-manifold with
boundary can be constructed by gluing together (truncated) tetra-
hedra along their faces. More precisely, take a finite family F of
disjoint 3-simplexes in the Euclidean 3-space E3, and identify their
faces pairwise via a collection ¢ of orientation-reversing isometries of
E3. We call ¢ a side pairing for F. Of course, not every side pairing
for F yields an orientable closed 3-manifold. However, the resulting
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quotient space QQ = F/¢ is a closed orientable pseudo-manifold in
the sense of [7], and we call it the gluing space of the pair (F,¢).
The only troublesome points in @ are the vertices (the images of the
vertices of the 3-simplexes of F). They have regular neighbourhoods
that are cones over closed surfaces. By [24] the gluing space @ is
a closed 3-manifold if and only if its Euler characteristic vanishes.
If we remove regular neighbourhoods of the vertices from (), then
we obtain a compact orientable 3-manifold M = M(F, ¢). In other
words, M is constructed by gluing together tetrahedra with trun-
cated vertices (see for example Figure 5), and we call it the gluing
3-manifold with non-empty boundary, defined by the pair (F, ¢). We
present now a combinatorial description of gluing (pseudo)manifolds
and their special spines by certain graphs, which are strictly related
with the o-graphs discussed in the previous section. Our graphs can
be easily encoded by 5-tuples of non-negative integers. This per-
mits to handle (and modify) them by using a computer program.
The goal is to obtain simplified o-graphs (with respect to the num-
ber of marked vertices) which may represent either the same gluing
(pseudo)manifolds or other spaces corresponding to specified topo-
logical constructions.

Let A% be a standard 3-simplex in the Euclidean 3-space. We
colour its vertices by Z4 in the following way: fix an edge and label
its vertices by 0 and 2; then label the vertices of the opposite edge
by 1 and 3, according to the right-hand rule (see Figure 5).

We label each face of A3 by the number of its opposite vertex, and
the barycentres of the edges in A® by the elements of Zs , as indicated
in Figure 5. In this way, the barycentres of any two opposite edges of
A3 have the same label. Now we consider A? as a simplicial complex,
and take the 2-skeleton of its dual cellular decomposition. So we
obtain a polyhedron N = N(z) which is homeomorphic to a regular
neighbourhood of a vertex x of a special spine (see Figure 1c) (here x
is the barycentre of A%). The polyhedron N intersects each face of A3
in a triod (i.e. a space homeomorphic to a picture 7). The endpoints
of each triod in N are precisely the barycentres of the edges in A3
(coloured by Zs3). Moreover, we require that the bottom point of
any triod 7" takes the label 0, and that the endpoints of its branches
are numbered counter-clockwise with respect to an outer observer
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Figure 5: The polyhedron N = N(z) (of type 1.c) embedded in A3
and the truncated 3-simplex.

(see Figure 5: to simplify the picture we use inner points of the
edges instead of the barycentres; of course, the resulting embedded
polyhedron is again homeomorphic to N). These endpoints have the
same labels of the barycentres of the edges of the corresponding face
in A3. Let us denote by T; the triod T lying in the face i of A3,
for any i € Z4. Suppose now to have a side pairing ¢ for a finite
family F of disjoint tetrahedra, i.e. a partition of their faces into
pairs. Then we label the parts of any 3-simplex of F as done for A3.
The identification of two faces labeled by i and j via an orientation-
reversing isometry of ¢ yields a gluing of the triods 7; and Tj. To
preserve the orientation of the quotient space @ = F /¢, we have to
consider only three possible gluings of T; with T}; eachone of them
can be represented by a transposition of Zs which fixes one of the
endpoints of a triod. Let pg = (1 2), p1 = (0 2) and p2 = (0 1) be the
transpositions which fix the endpoint of a triod labeled by 0,1, and
2, respectively. Of course, we can identify the transposition p; with
the colour i € Z3 (we can always require in addition that any gluing
of two faces with different parity is realized by a permutation p;,
for ¢ # 0). Under gluing of tetrahedra of F via ¢, the polyhedra of
type N combine together to form a special polyhedron P = P(F, ¢).
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In particular, the vertex set of P is formed by the images of the
barycentres of the tetrahedra in F. We can represent the regular
neighbourhood of a vertex x of P by a square whose vertices, labeled
by Z4, bijectively correspond to the triods Tgy, 11, T5 and T3. This
square also represents a 3-simplex of F; in fact, the vertices of the
square correspond to the faces of the represented 3-simplex. Let
now z and y be vertices (not necessarily different) of P which are
joined by an edge in P. This means that a triod 7; C N(z) must
be glued with a triod 7; C N(y) maintaining fixed a branch labeled
k. In our graphic representation, we have to join the vertices ¢ and
j of the squares, representing N(x) and N(y), by an edge coloured
k € Z3 (the colour k corresponds to the transposition py). Therefore,
we have constructed a cubic graph G = G(F, ¢), embedded in the
Euclidean 3-space, formed by squares and coloured edges (between
them). We call it (and its planar projection with normal under-
overcrossings as in the usual sense of links) the graph of the gluing.
The graph G induces immediately an o-graph I' = T'(F, ¢) in the
sense of [3] which represents the special polyhedron P = P(F,¢).
It suffices to substitute any square with a marked vertex, and to
define the under-over specification at the vertex by assuming that
the diagonal 0 — 2 overcrosses the diagonal 1 — 3.

PROPOSITION 4.1. Let F be a finite family of disjoint 3-simplexes
in the Fuclidean 3-space, and ¢ a side pairing for F formed by
orientation-reversing isometries. Let () be the closed orientable pseu-
domanifold defined by (F, ) as a quotient space, and M the compact
orientable 3-manifold with non-empty boundary obtained by gluing
the truncated tetrahedra of F via ¢. Then QQ and M are completely
represented by the graph G = G(F, ¢) of the gluing. Furthermore, G
defines an o-graph I' = T'(F, ¢) which represents a special spine of
M.

Enumerating all the 3-simplexes of F, we can algebraically de-
scribe the corresponding gluing spaces and graphs by 5-tuples of
non-negative integers (n1, f1, n2, f2,p;). This means that the face fq
of the 3-simplex n; of F is glued to the face fo of the 3-simplex no by
the transposition pj, for j € Zs. In this way, the graph of the gluing
and the corresponding o-graph can be easily handled by a computer.
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We illustrate the combinatorial constructions described above by
using a special spine, given by Matveev and Fomenko in [16], and de-
picted in Figure 6 (we colour the two vertices of the spine by 1 and 2).
The graph of the gluing and the corresponding o-graph are shown in
Figure 7. They represent a compact orientable 3-manifold with torus
boundary having complexity 2, and a special spine of it. Of course,
the gluing and the corresponding graphs can be completely described
by the 5-tuples of integers: (1,0,2,3,1), (1,1,2,2,2), (1,2,2,1,1),
(1,3,2,0,2).

Figure 6: A special spine of the Matveev-Fomenko 3-manifold with
torus boundary.

5. The construction of the boundary

Let M be a compact orientable connected 3-manifold (with non-
empty boundary) obtained by gluing together 3-simplexes with trun-
cated vertices. We describe now a simple numeric algorithm for
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Figure 7: The graph of the gluing which produces the Matveev-
Fomenko manifold, and the corresponding o-graph.

constructing the boundary of M. The algorithm produces a list of
6-tuples of non-negative integers which can be read off directly from
the graph of the gluing. Let us denote by A3 the truncated tetrahe-
dron obtained from A? by removing regular neighbourhoods of the
vertices. There are four triangles in the boundary of A3 which cor-
respond to the removed vertices of A% (see Figure 5). We label every
triangle with the number of the corresponding removed vertex. The
vertices of these triangles lie on the edges of the 3-simplex A3, and
are labeled like the barycentres of the corresponding edges, as indi-
cated in Figure 5. Finally, every edge of these triangles is labeled like
its opposite vertex (in the triangle). We can construct the following
table which works for every truncated tetrahedron A®. Its meaning
is the following: in every face of the tetrahedron A® there are exactly
three edges which belong to different triangles lying on the boundary
of the truncated tetrahedron A3. These edges are always labeled by
different elements of Zz. For example, on face 0 of A3 there are:
edge 0 which belongs to triangle 2 of A3; edge 1 which belongs to
triangle 1 of A%; and edge 2 which belongs to triangle 3 of A3 (see
Figure 5 and Table 1).
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line | face of A3 | edge | triangle of A3
1 0 0 2
2 0 1 1
3 0 2 3
4 1 0 3
5 1 1 0
6 1 2 2
7 2 0 0
8 2 1 3
9 2 2 1
10 3 0 1
11 3 1 2
12 3 2 0
Table 1.

The transposition pj;, for any j € Zs, acts on the edges of the
triangles (contained in the boundary of A3) as described by the fol-
lowing table:

edge | po | p1 | P2

0 0 2 1

1 21110

2 11012
Table 2.

The boundary of the manifold M is of course constructed by
gluing together the edges of the triangles lying on the boundaries of
the truncated tetrahedra. This gluing can be completely described
by 6-tuples (n1,t1,11,n9,t2,l2) of non-negative integers: the edge [
of the triangle t; of the tetrahedron ny must be glued to the edge
lo of the triangle to of the tetrahedron ns. If n is the number of
(truncated) tetrahedra, then the boundary OM of M is completely
represented by 6n 6-tuples of integers. This permits to construct
the triangulation of M by a computer program. In fact, we give
an algorithm for getting the 6-tuples (nq,t1,11,no,t2,l2) from the
5-tuples (n1, fi,n2, f2,pj), j € Zsz, which encode the graph of the
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corresponding gluing (see Section 4). It can be obtained by the
following steps: for every Iy € Zg

1) the triangle ¢; is given by Table 1 at the line 3f; + {3 + 1;

2) the edge [y of the triangle ¢5 is obtained from Table 2; it cor-
responds to the edge /; and the transposition p;;

3) the triangle t9 is given by Table 1 at the line 3fs + lo + 1.

For example, the boundary of the Matveev-Fomenko manifold,
described in Section 4, can be completely encoded by twelve 6-tuples
of integers. These 6-tuples are directly deduced from the four 5-
tuples which encode the graph of the corresponding gluing (use the
algorithm described above):

1,2,0,2,0,2

1,1,1,2,2,1
1,3,2,2,1,0

(1,0,2,3,1)

1,3,0,2,3,1
1,0,1,2,0,0
1,2,2,2.1,2

) ) ) ) )

(1,1,2,2,2)

(1,2,2,1,1) { (1,3,1,2,0,1

1,1,2,2,3,0
1,1,0,2,1,1
1,2,1,2,2,0
1,0,2,2,3,2).

( )
( )
( )
( )
( )
( )
(1,0,0,2,2,2)
( )
( )
( )
(1,3,2,0,2) < ( )
( )
Gluing the edges of the triangles (lying on the boundaries of the
truncated tetrahedra labeled by ny = 1 and ny = 2) according to
the previous list of 6-tuples yields immediately the triangulation of a
torus (see Figure 8). This is the boundary of the Matveev-Fomenko

manifold represented by the special spine and by the o-graph de-
picted in Figures 6 and 7, respectively.
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Figure 8: The boundary of the Matveev-Fomenko manifold.

6. Hyperbolicity equations

Let M be a compact connected oriented 3-manifold with non-empty
boundary obtained by taking n standard tetrahedra, by gluing in
pair the faces of them, and by removing the vertices. So M is tri-
angulated by truncated tetrahedra, i.e. tetrahedra in which we re-
move the open star of vertices in the second barycentric subdivision.
We investigate when M can be endowed with a hyperbolic struc-
ture (i.e. a Riemannian metric with constant negative curvature)
and when this structure is complete. We summarize well-known re-
sults about hyperbolic geometry and topology of 3-manifolds; for
more details see, for example, [27], [2], [1], [18] and [20]. As a
consequence of Margulis’ lemma, a hyperbolic structure on Int(M)
can be constructed if M consists of tori; therefore, we will assume
this hypothesis for M. A well-known approach for constructing this
structure is to endow each tetrahedron with a hyperbolic structure
and try to extend it to int(M). Each tetrahedron can be realized as
an ideal tetrahedron in the hyperbolic 3-space H? =]0, co[xC with
its vertices at infinity. Since any two ideal triangles are isometric,
ideal tetrahedra can be glued via isometries of their faces. Further-
more, the natural hyperbolic structure defined in the interior of any
tetrahedron naturally extends to the interior of its faces. We recall
that the dihedral angles at opposite edges of an ideal tetrahedron are
always equal and the congruent class of an ideal tetrahedron is com-
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pletely determined by these angles, o, 8 and =, say. The intersection
of this ideal tetrahedron with a horosphere centred at a vertex is a
Fuclidean triangle with angles o, § and -, and the similarity class
of the triangle completely determines the ideal tetrahedron. Every
similarity class of triangles has a representative with vertices 0, 1,
and z, where Im(z) > 0. In fact, take a Euclidean triangle in the
complex plane C with vertices v, v and ¢, according to the posi-
tive orientation of the boundary of the triangle. Then consider the

orientation-preserving similarity of the plane which maps v to 0, u to
t—v

1 and ¢ to the complex number 27 = z(v) = ——, where Im(21) > 0

uU—v

(see Figure 9).

0

' t-v t C C
ty =z = z(v)
v 1 0V

Figure 9: The orientation-preserving similarity which maps v to 0,
uto 1 and t to 21 = z(v).

The other two choices of the starting vertex produce the complex
numbers
v—u

—t
2’2:2(15)2% and z3 = z(u) = P—

The complex numbers z1, zo and z3 are called the vertex invariants

of the triangle. They depend only on the orientation-preserving sim-
ilarity class of the triangle and satisfy the following equations:

1) z12923 = —1; and
2) 1—21+ 2129 =0.

Consequently, z; determines 2z and z3. Setting z; = z, we have
o

Zo = and z3 = T— Therefore the complex number z, where
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Im 2z > 0, completely determines the orientation-preserving similarity
class of the triangle of vertices v, v and t. The number z, associ-
ated to the triangle by a choice of a starting vertex v, is called the
modulus of the triangle with respect to v. Now we can describe the
parametrization of an ideal tetrahedron in H3. If T is an ideal tetra-
hedron in H? and an edge E of T is fixed, then we can associate to
T a complex number z, with Im z > 0, in the following way: realize
T in the half-space model in such a way that one of the endpoints
of the preferred edge F is at infinity; consider the Euclidean triangle
obtained by intersecting T with a suitably high horizontal plane; let
z be the modulus of the triangle with respect to the vertex lying on

the preferred edge. The six choices of a preferred edge produce the
z—1

numbers z1 = z, 29 = and z3 = 1> (each being obtained
—z

twice), and opposite edges of T have the same number. The com-
plex numbers 21, z9, z3 are called the edge invariants of T', and their
arguments are equal to the dihedral angles of T (see Figure 10).

Figure 10: The edge invariants of an ideal tetrahedron 7" in H?3.

We return to the manifold M obtained by gluing n tetrahedra
A3, A3, ... A2 each of them, realized as an ideal tetrahedron 7} in
H3, is parametrized by a complex number z(i), for i = 1,2,...,n,
or equivalently, by the complex numbers z1(i), 22(7) and z3(i). If
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2 (01), -, 25, (ir), J1,-..,Jr € {1,2,3}, are the parameters along
the various edges of the tetrahedra projecting onto an edge e of M,
then the conditions for extending the hyperbolic structure (already
defined on the interior of any tetrahedron and on the interior of its
triangular faces) to e are given by the following:

THEOREM 6.1. Let M be the manifold defined above. The hyperbolic
structure defined by z(i) on the tetrahedra T; extends to the edge e if
and only if

1) zj, (i1) - zj,(i2) - -~ 24, (i) = 1; and
2) argz; (i1) + arg zj,(i2) + - - - + arg z;, (iy) = 2m.

A lemma of [2] implies that condition 2) is a consequence of 1).
So it suffices to require that the product of the complex parame-
ters, corresponding to the dihedral angles incident to the edge e, is
equal to 1. This condition must be applied for all the edges of M,
which are exactly n (use the fact that x(OM) = 0). Therefore, we
obtain a system of n equations in the unknowns z(1), z2(2),...,z(n)
(as z2(7) and z3(7) can be expressed in terms of z1(i) = z(i), for any
i=1,2,...,n). These equations are called “consistency (or compat-
ibility) equations .
Now we investigate when the hyperbolic structure defined on M is
complete. Let L1, ..., L; be the links of the k£ removed vertices of M.
They are constructed by gluing in pairs the edges of the Euclidean
triangles obtained intersecting the tetrahedra with horospheres cen-
tered at the vertices. By hypothesis, these links are homeomorphic
to tori. The hyperbolic structure on Int(M) implies that the similar-
ity structure globalizes to toric links. For the completeness we have
the following result (see for example [17] and [18]):

THEOREM 6.2. The hyperbolic structure of the tetrahedra extends to
a global complete hyperbolic structure on the interior of M if and
only if on each torus of OM the above-defined decomposition into
stmilarity triangles is compatible with a global Fuclidean structure.

To translate this fact into equations, we recall that the similarity
structure on L; induces a coniugacy class of homomorphisms 7 :
I, (L;) — Aff(C), called the holonomy of the structure. Then L;
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is complete if and only if the holonomy maps II; (L;) isomorphically
onto a freely acting discrete group of Euclidean isometries of C, i.e.
on a lattice group of translations of C. Now, every element of Aff(C)
is of the form ¢(z) = az+b, with a € C* and b € C. Moreover, ¢ is a
Euclidean translation if and only if a = 1 (a is also called the dilation
component of ). Since the derivative of ¢ is ¢'(z) = a, it follows
that ¢ is a Euclidean translation if and only if ¢/(z) = 1. Taking a
pair of simplicial generators m; and [; of II; (L;), we require that the
derivative of the holonomy of each generator equals 1, i.e. 7'(m;) =
n'(1;) = 1. The derivative of the holonomy of a simplicial loop can be
computed as the product of all moduli found on one of the sides (left
or right) of the loop. So we obtain two equations in the unknowns
2(1),...,2(n) for each L;, j = 1,2,...,k. Therefore, the structure
is complete if and only if z(1),..., z(n) satisfy 2k further equations,
called “completeness equations ”. As a consequence of Mostow’s
rigidity theorem, if there exists a hyperbolic complete structure on
M, then this structure is unique.

Let us return to the Matveev-Fomenko manifold with torus bound-
ary obtained by gluing two tetrahedra, according to Figure 11. We
realize the tetrahedra as ideal tetrahedra in H?3, and parametrize
them by the modules z and w, with Imz > 0 and Imw > 0.

Figure 11: The side pairing of the Matveev-Fomenko manifold.

Let L be the link of the unique removed vertex, shown in Figure
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12. Then L intersects the edges « and 3 in two points A and B. The
gluing consistency equations for the two edges can be read directly
on L, and they are

(Z) W323W223W329 — 1
(ZZ) W1Z1Wez1 W12 = 1
or equivalently
(1) zgz§w2w§ =1
) 22 zowiwy = 1.

Figure 12: The link L of the removed vertex.

Since (z1202z3wiwows)? = 1, conditions (i) and (i) are equivalent.

Thus we can consider only one of the consistency equations, for
. . z—1 1 w—1
example (i). Setting zg = ——, 23 = . , Wy = and
—z w

wg = , equation (i) becomes

1—
(%) 2(z—1Dw(w—1) =1
which has the solutions

1+ \/1 + 4(w(w — 1))t
— 5 )

z
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For each value of w there is a unique solution for z, with Im z > 0,
provided that 1 + 4(w(w — 1))~! < 0. Following [20], the solutions
w belong to the set

1 1
{Imw > 0}\{Rew = §;Imw > g}

Now we compute the derivative of the holonomy of the similarity
structure on L as a product of ratios. Furthermore, the ratio of any
two vectors in the same triangle can be computed in terms of the
vertex invariants. In fact, let A be the element of II; (L) represented
by the base of the parallelogram in Figure 12. We assign the value
1 to the edge m of the triangle S, developing the triangulation of L
onto C along A until we meet another copy of S (see Figure 13).
Then we can express the encountered edges to go from m to m' in
terms of the vertex invariants, i.e. we have

1 l c b a’ n'

— = —237 - = —w3’ - = —22’ —, = —23’ —, = —w37 _, = —2Z9.
c b a n m

So we obtain

Let u be the element of II;(L) represented by the left side of the
parallelogram in Figure 12. From Figure 13, assigning the value 1 to
the edge a yields

w3 1—=z2

/ 2
= Z1R2W1WaWq = = .
n (k) 37 4 1—w

We obtain n'(x) = 1 if and only if z = w, and 7'(\) = 1 if and
only if 22(1 — 2)? = 1, i.e. 2(1—2) =1or 2(z — 1) = 1. The first
1+ V3i

equation has the solution z = 5

1++6
2

; the second equation has the

solution z = . Hence, the unique solution with Im z > 0 and
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Figure 13: Developing the triangulation of L along A\, p € II1(L).

V3

1
Imw>0isz=w= 3 + 71 So M is complete if and only if both

the tetrahedra are regular (compare with [16]).

Now we explain a slightly different method to parametrize ideal
tetrahedra and to produce hyperbolicity equations for a compact
oriented 3-manifold M with non-empty boundary (consisting of tori)
whose interior has a fixed truncated triangulation. Let A3 be the r-
th truncated 3-simplex of M, obtained from the 3-simplex A? of
vertices Vo, Vi, Vo and V3. We denote by F;, ¢ = 0,1,2,3, the
boundary triangle of Afﬁ corresponding to the vertex V; of A? and
by P;;, 7 = 0,1,2, the vertices of F; in A3. Let H? =)0, 0o[xC be the
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hyperbolic 3-space and let oy be the map which realizes A2 as an
ideal tetrahedron of H? such that ag(Vg) = (00,0). Let mp : H3 —
]0,00[ and my : H® — C denote the canonical projections and 7;,
j =0,1,2, the isometry of H? defined by

7j: (@,2) = (2,2 = m 0 ag(Fyy))-

Let J be the isometry of H? defined by

T z
J = .
(z,2) <x2+z2’x2—|—22>

The composite map a1 = J oT7j0ap, j =0,1,2, realizes A2 as an
ideal tetrahedron of H? such that a;y1(Vj41) = (00,0) (see Figure
14).

We set

lip = 73 0 a;(Pi2) — m2 0 i (Pi1)

li1 = m 0 a;(Pig) — m2 0 ;i (Pi2)

lig = m 0 a(Pi1) — w2 0 ai(Pyo)
for any i = 0,1,2,3. Since

o _ln_ b _In
loo lio lao 30

and
loo _he  l I3
-7 — 37 — 3
loo lio l20 30
i i2 i2 1 .
we set To,_1 = and z9, = — (hence — = x5, ;x2,). In this way

lig lig lin
we have two variables, xo,._1 and xs,, for every truncated tetrahedron

Af of M. Since l;1+1;9+1;0 = 0, we get the equation xo,_1+xo,+1 =
0 which we call a hyperbolicity equation of the first type.
For every truncated tetrahedron Af table 3 holds (i = 0,1,2,3).
Each connected component of the boundary of M is represented
by a 2-dimensional polyhedron, obtained by gluing the edges of the
triangles of the truncated tetrahedra. This polyhedron can be com-
pletely described by 6-tuples of integers (see Section 4). Starting
from an arbitrary edge l;; of a triangle F; of a truncated tetrahedron
Af, we associate to it the value 1. The remaining two edges of F; are
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o, (Vi)
/\ “iﬂ-’il)

a (Bo

g

N omoy(B)

o (Po) /\

Figure 14: The realization of A? as an ideal tetrahedron of H?3.

represented by expressions depending on xg,—1 and w2, according
to Table 3. If a triangle F]’ of a truncated tetrahedron A3 is glued

to F; of Afl along an edge having the value a, then we associate
the value —a to the edge of Fj’ which is attached to Fj. Starting
from this edge we can determine the expressions for the other two
edges of Fj’ according to Table 3 (use s instead of 7). In this way
we can express all the edges in terms of the variables xo;_1, xo;, for
any [ = 1,2,...,n (where n is the number of tetrahedra). By this
procedure, some edges (in particular the edges of the boundary of
the polygon, but not only them) can be achieved in two different
ways. So they can be obtained by two different expressions. Requir-
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T
dhlh=0| h=1 h=2
Lik,

k = 0 1 Tor—1 oy

k= x;rlfl 1 $5r1,1x2r

k=2 x5 xgr_lxg_rl 1

Table 3.

ing that the expressions representing the same edge are equal yields
the hyperbolicity equations of the second type.

Let us explain this method for the Matveev-Fomenko manifold. We
denote by l;;(r),r = 1,2, the edge number j of triangle ¢ of tetra-
hedron r. The edges are glued in pairs according to Figure 8. The
variables are x1, xs, 3, x4 and the equations of the first type are

r1+29+1=0 and x3+x4+1=0.

To get the equations of the second type, we set arbitrarily log(1)=1,
and hence lp1 (1) = x; and lp2(1) = z2, according to Table 3. Since
loo(1), lo1(1) and lp2(1) are glued to l22(2), loo(2) and l32(2), respec-
tively, we have

l2(2) = -1 (1)
l00(2) = —X (2)
I32(2) = —mo. (3)

Applying Table 3, we obtain from (1) the values of the other two
edges of the same triangle, i.e.

120(2) = —.%'4_1 (4)
121(2) = —.%'31‘4_1. (5)

In a similar way, from (2) and (3) we get

lo1(2) = —z123, (6)
l02(2) = —z1m4, (7)
I3p(2) = —wowy ™ (8)
I51(2) = —zozgzy L. (9)
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Since lp2(2) and I39(2) are glued to lo9(1) and l12(1), respectively, we
obtain

lao(1) = x174 (10)
l12(1) = $2$471. (11)

Then, from (10) and (11), applying Table 3, we get

li(1) = a2zy, (12)
ln(1) = ziz2w4, (13)
ho(l) = x4 (14)
lll(l) = $1$471. (15)
From (13) and (14) it follows, respectively,
l12(2) = —X1T274 (16)
m(2) = —z (17)
Hence, from (17) we obtain
ho(2) = —a3 leg™! (18)
ha(2) = —as™ (19)

Since (16) and (19) both represent [12(2), we get the first equation
A)xyzomy = x5~ L

From (18) we have

I3p(1) = 23 'ay (20)

hence
130(1) = .%'2_1.%'3_1.%'4_1 (21)
131(1) = .%'1.%'2_11'3_11'4_1. (22)

Now we have to identify the edges of the boundary, i.e. l9;(2) =
—=l11(1), 101(2) = —l31(1), l20(2) = —l21(1), and I31(2) = —l30(1).
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This gives the equations

x3xy " = wywy

T1xy = 1‘1.%'271.%'371.%'471

)
)

D) x4_1 = x%m
)

$2$3$4_1 = $2_1$3_1$4_1

which are, together with A), the equations of the second type. The
manifold admits a complete hyperbolic structure if and only if the
system of equations of the first and second type

r1+x9+1=0

r3+x4+1=0

T1Toxy = T3

w3yt = a2yt
1

r1Tr3 = .%'1.%'271.%'37 1

x4_1 = x%x4

T4

x2x3x4_1 = x2_1x3_1x4_1

has a solution with Im xo,_1 > 0 and Im xo, < 0. It is easy to check
that the unique solution of the system, satisfying the above condi-
—1+4iV3 -1-4V3

5 .

and 9 = x4 = 5

tions, is given by x; = x3 =

REMARK 6.3. The complex parameters z1,z2,z3 and wi,ws, w3 of
the Matveev-Fomenko manifold are related to x1,xs, xs3, x4 in the fol-
lowing way:

21 = —X2

_ —1
29 = —X1%y
zg=—x1 '
w1 = —T4

_ —1
W2 = —T3Ty

w3 — —I3
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In the general case, we have

21(r) = —x9,
22(r) = — Ty 19 "
23(r) = —wop 1t

where z;(r) denotes the parameter z; of the tetrahedron r.

Now we describe a partial criterion of hyperbolicity, due to
Matveev, whose equations can be directly read off from a special
spine representing the bordered manifold M. In Section 3 we have
constructed a special spine of M starting from a tetrahedra decom-
position. The dihedral angles «aq;, ao; and «ag; of the tetrahedra are
the opposite angles in the special spine (see Figures 5 and 6). So we
have a collection of variables «y;, aw;, ag; which satisfy the system
of equations

a1 + o + gy = T, 1=1,2,...,n, (*)

where n is the number of vertices of the special spine or, equivalently,
the number of tetrahedra. Since each 2-component of the special
spine is a 2-cell, with angles o, ;,, @jsiy, - - - , @4, We obtain a system
of equations

Qjriy F Qjyiy + -+ 4, = 27 (%)
with as many equations as the number of 2-cells of the special spine.

THEOREM 6.4. Let M be a compact connected irreducible 3-manifold
whose boundary is the disjoint union of tori. If the system of equa-
tions (x) + (x%) has a non-negative solution, then M is hyperbolic,
i.e. it admits a hyperbolic (in general non complete) structure.

Now we apply this result to the Matveev-Fomenko manifold. We
denote by «;, i = 1,2,...,6, the angles of the special spine (see
Figure 6): a1, a9, ag (resp. a4, as, ag) correspond to dihedral
angles of the first (resp. second) tetrahedron represented by the top
(resp. bottom) vertex of the spine in Figure 6 (see also Figure 5).
Then the system of equations (%) is

artayt+az=7n (1)
agt+as+ag =7 (II).
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Since the spine shown in Figure 6 has exactly two 2-cells, the system
of equations (k) is

az + a5+ as +ag +as + a5 =27 (III)
az+oag+o01+ag+a; +oy =27 (IV)

We can observe that the equations (xx) can be read in Figure 12
around the points A and B, respectively, by setting oy = arg zq,
Qg = arg zs, g = arg zo, and ay = argwi, &5 = arg ws, g = arg wg.
Let us consider the system of equations (%) + (). Since

6 6
(D+I0N: > ai=2r and (1) +(IV): 2> a; =4m,
i=1 i=1

we can eliminate, for example, equation (IV) because it is a con-
sequence of the other ones. Therefore, the system of equations
(%) + (*x) is equivalent to

a3 =T — O] — Q9
g =T — Qg — Q5 ( % %)

ag — o +as —ag =0.

A non-negative solution of this system is given by «; = g, 1=
1,2,...,6.

The conditions of completeness must be read on the polygon
representing L in Figure 12. For the completeness of the structure
we require that the gluings of the corresponding edges of L are made
by translations, expressed in terms of o;. For example, let us consider
the gluing of the edge b with its corresponding edge (labeled with the
same letter). Then we require that the algebraic sum of the angles
encountered through the path from b to its corresponding edge is 0
and that the edge b does not change its lenght through this path.
This happens if the quadrilaters ABB’A’ are parallelograms, i.e. if
their opposite angles are equal. These facts produce the following
conditions:

—~

b) az—ag+a; —ag =0

B

as—ag+a; —ag =0

=

—agtoag—aztag =0
—opt+as—a; +as =0
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and
Qg = Qg
ag+ a5 =oa4 + oy
a3 = o5

a1 + g = o + ag.

It is easy to check that the unique solution of system (xx*x), satisfying

oy . .
conditions above, is o; = X 1=1,2,...,6.

7. Hyperbolic manifolds of low complexity

We illustrate the constructions and the algorithms discussed above
for some examples of hyperbolic manifolds. It was shown in [16]
that among all irreducible atoroidal 3-manifolds of complexity less
or equal to 3 (with torus boundary), there are exactly two hyperbolic
manifolds M7 and M of complexity 2 and nine hyperbolic manifolds
of complexity 3. The manifold M; is the Matveev-Fomenko mani-
fold considered in the previous sections, which can be obtained as
the complement of a certain knot in the lens space L(5,1); the man-
ifold Mo is the complement in S? of the figure eight knot (for knot
theory we refer, for example, to [21]). The hyperbolic 3-manifolds of
complexity 3 are homeomorphic to the complements of certain knots
embedded in the standard 3-sphere, in the real projective 3-space,
and in the lens spaces L(3,1), L(5,1), L(6,1), L(7,2), and L(9,2).
It is well known that Ms can be constructed by gluing two tetrahedra
with truncated vertices according to Figure 15a. A triangulation of
the torus boundary of My is shown in Figure 15b (compare with [1]
and [20]). It is also known that My admits a complete hyperbolic
structure corresponding to the complex parameters

We can construct the graph of the gluing of M5 and the special spine
corresponding to it (see Figure 16). In particular, we observe that the
special spine of Figure 16 is equivalent in the sense of Theorem 2.2
to the special spine shown in [16].
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Figure 15a: The side pairing of the complement in S? of the figure-
eight knot.

Figure 15b: The torus boundary of the manifold M5 in Figure 15a.

The gluing and the corresponding graph are described by the 5-tuples
of integers: (1,0,2,3,1), (1,1,2,1,0), (1,2,2,2,0), (1,3,2,0,1). The
torus boundary of Ms is encoded by the twelve 6-tuples:

(1,2,0,2,0,2)  (1,0,0,2,0,0)
(1,1,1,2,2,1)  (1,3,1,2,1,2)
(1,3,2,2,1,0)  (1,1,2,2,3,1)
(1,3,0,2,3,0)  (1,1,0,2,3,2)
(1,0,1,2,2,2)  (1,2,1,2,1,1)
(1,2,2,2,0,1)  (1,0,2,2,2,0).

Starting from an arbitrary edge of the triangulation of the boundary
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Figure 16: The graph of the gluing and a special spine of the com-
plement of the figure-eight knot.

we obtain a system of hyperbolicity equations of the first and second
type which is equivalent to the following system:

1 +x2+1=0
rz3+x4+1=0
T1 = T2T4
r3 = I
x%zxi.

The unique solution, satisfying the conditions Imzs9,._1 > 0 and

Imzo, < 0, r = 1,2, is given by 1 = 23 = —— and z3 =
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—1—4V3
= 5 .
From the 2-cells of the special spine in Figure 16 we can read off the

Zq

hyperbolicity equations in terms of angles oy, 1 = 1,2,...,6, i.e.

a1 t+ag+az3=m
a4 +as+o0g =T
2001 + a3 4+ 205 + g = 27
209 + a3 + 204 + ag = 2.

(%) + (%)

For the completeness we add the conditions that the gluings of the
corresponding edges of the boundary in Figure 15b are made by
translations and that the opposite angles of quadrilaters are equal.

Then we get the unique solution a; = 3 forany i =1,2,...,6.
Now we consider the gluing 3-manifold M3 of complexity four
represented by the special spine depicted in Figure 17. This manifold

was constructed as the complement of a certain knot in a homology
sphere of Heegaard genus 2 (see [23]).

From the 2-cells of the special spine in Figure 17 we read off the
hyperbolicity equations in terms of angles oy, 1 = 1,2,...,12, i.e.

a1 +ayt+a3 =T (I)

agt+as+ag=m (II)

art+ag+ag=7n ([II)

ap+oa +ap=r (IV) (%) + (%)
a1 + a7+ 200 =21 (V)

as +2as +aj; =2r (V1)

as+as+ a1 +ag+ ag+ap =21 (VII)

20 + 20 + a7 + as + @19 + ag + ag + oy = 2n  (VIII).

As (D) +(ID+(II)+(IV) : Y212 a; = 4m and (V) + (V) +(VII)+
(VIIT) : 232, a; = 87, we can eliminate equation (VIIT). Thus
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Figure 17: A special spine of the hyperbolic 3-manifold Ms5.

the system (x) 4 (x%) is equivalent to the system

(3 =m—a1 —ay (I

ag=T—ag—as (II)

ag = —ag + 209 + 204 — 205 — 3ag + 37 (I11)

a1p = a1 — ag — ag + 2a5 + 3ag — 3r - (IV) (5 % )
ar = a1 — 209 — 2a4 + 205 + 20 — 2w (V)

ann =27 —as —2ag (V)
alp=—o1+ae+ag—as—ag+2r (VII).

A non-negative solution is given by a; = a5 = em, as = a4 = (7,
ag =y, a3 =ag = (L —e—B)m, ay = (3e =48+ 2¢) — 2)m, ag =
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(—=3e+4B =3 +3)m, aro = (=26 +20 Y +2)m, a1 = (2—e—2¢)7
and ajo = (3¢—23+31—3)m, where e = 0.15, 8 = 0.05 and ¢ = 0.90.

Finally, we consider the four truncated tetrahedra shown in Fig-
ure 18, glued together along their faces. The gluing 3-manifold My
is homeomorphic to the complement in S? of the Whitehead link
(compare with [20]). The triangulations of the links L; and Ly of
the removed vertices v and w are drawn in Figure 19.

Figure 18: A gluing for the complement in S? of the Whitehead link.

The graph of the gluing which represents My and the corresponding
special spine are shown in Figure 20 and Figure 21, respectively.
From the 2-cells of the special spine in Figure 21 we read off the
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Figure 19: The triangulation of the boundary of the manifold in
Figure 18.

hyperbolicity equations in terms of angles oy, 1 = 1,2,...,12, i.e.

aptayt+as=7n (1)
agt+as+ag=m (II)

a7 +ag +ag =T (I[I)

ap+airtap=71 (IV) (*) + (*x)
az+ap +aptapptartast+agt+as =21 (V)
app+ag+agt+as+as+a; =21 (VI)

ag+ oo+ a5 +ag+ap; +ay=2r (VII)

a1 +apg+ag+ag =21 (VIII).
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Figure 20: The graph of the gluing of the complement of the White-
head link.

The system (%) 4 (*x) is equivalent to the system

ag=m—a;—ay (1)
ag=m—ag—as (II)
ag=7—a7;—ag ([II) (55 4)
app=m1—ajp—ap; V)

ag—ag+art+agt+ap=7n (VI)

o —og—ast+ag+apg=n (VIII).

. . . . ™
A non-negative solution is given by a3 = ag = ag = a9 = 5 and

e~

Qg = Q3 = 04 = Q5 = Q7 = (g = (1] = 12 =
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4
I
r

Figure 21: A special spine of the complement of the Whitehead link.

REFERENCES

[1] R. BENEDETTI AND M. DEDO, Una introduzione alla geometria e
topologia delle varieta di dimensione tre, Quaderni Un. Mat. Ital.,
vol. 27, Pitagora Ed., Bologna, 1984.

[2] R. BENEDETTI AND C. PETRONIO, Lectures on the hyperbolic ge-
ometry, Universitext, Springer—Verlag, Berlin—Heidelberg—New York,
1992.

[3] R. BENEDETTI AND C. PETRONIO, A finite graphic calculus for 3-
manifolds, Manuscripta Math. 88 (1995), 291-310.

[4] R. BENEDETTI AND C. PETRONIO, Branched standard spines of 3-
manifolds, Lecture Notes in Math., vol. 1653, Springer—Verlag, Berlin—
Heidelberg—New York, 1997.

[5] B.G. CASLER, An embedding theorem for connected 3-manifolds with



MANIFOLD SPINES AND HYPERBOLICITY EQUATIONS 373

21]

22]

boundary, Proc. Amer. Math. Soc. 16 (1965), 559 — 566.

S.R. HENRY AND J.R. WEEKS, Symmetry groups of hyperbolic knots
and links, J. Knot Theory of Ramifications 1 (1992), 185-201.

P.J. HiLToN AND S. WYLIE, An introduction to algebraic topology —
Homology theory, Cambridge Univ. Press, Cambridge, 1960.

C. HOG-ANGELONI AND W. METZLER, Geometric aspects of 2-
dimensional complexes, Two-dimensional Homotopy and Combinato-
rial Group Theory (W. Metzler C. Hog-Angeloni and A. Sieradski,
eds.), London Math. Soc. Lect. Note Ser., vol. 197, Cambridge Univ.
Press, 1993, pp. 1-50.

I. IsH11, Flows and spines, Tokyo J. Math. 9 (1986), 505-525.

I. IsHil, Moves for flow-spines and topological invariants of 3-
manifolds, Tokyo J. Math. 15 (1992), 297-312.

S.V. MATVEEV, Special spines of piecewise linear manifolds, Math.
USSR Sbornik 21 (1973), 282-293, (in Russian), English translation
in Mat. Sbornik, 92 (1973), 279-291.

S.V. MATVEEV, Universal 3-deformations of special polyhedra, Rus-
sian Math. Surv. 42 (1987), 226-227.

S.V. MATVEEV, Transformations of special spines and the Zeeman
conjecture, Math. USSR Izvestiya 31 (1988), 423-434.

S.V. MATVEEV, Complexity of three-dimensional manifolds and their
enumeration in order of increasing complexity, Soviet Math. Dokl. 38
(1989), 75-78.

S.V. MATVEEV, Complexity theory of three-dimensional manifolds,
Acta Appl. Math. 19 (1990), 101-130.

S.V. MATVEEV AND A.T. FOMENKO, Constant energy surfaces of
Hamiltonian systems enumeration of three-dimensional manifolds in
increasing order of complexity and computation of volumes of closed
hyperbolic manifolds, Uspekhi Mat. Nauk 43 (1988), 522, in Russian,
English translation in Russian Math. Surveys, 43 (1988), 3—25.

C. PETRONIO, Ideal triangulations of link complements and hyperbolic
equations, Geom. Dedicata 66 (1997), 27-50.

C. PETRONIO, Ideal triangulations of hyperbolic 3-manifolds, Boll.
U.M.I. 3-B (2000), no. 8, 657-672.

R. PIERGALLINI, Standard moves for standard polyhedra and spines,
Rend. Circ. Mat. Palermo 37 (1988), no. suppl. 18, 391-414.

J.G. RATCLIFFE, Foundations of hyperbolic manifolds, Graduate
Texts in Mathematics, vol. 149, Springer-Verlag, Berlin—-New York,
1994.

D. ROLFSEN, Knots and links, Mathematics Lecture Series, vol. 7,
Publish of Perish, Berkeley, CA, 1976.

C.P. ROURKE AND B.J. SANDERSON, Introduction to piecewise linear



374

B. RUINI AND F. SPAGGIARI

topology, Springer Verlag, Berlin—New York, 1972.

B. RuINI AND F. SPAGGIARI, Homology 3-spheres of Heegaard genus
2, to appear.

H. SEIFERT AND W. THRELFALL, A text book of topology; topology
of 3-dimensional fibered spaces, Academic Press, London—New York,
1980.

F. J. THEIS, Closing boundary components and Seifert manifolds in
the o-Graph calculus, to appear in Manuscripta Math.

F.J. THEIS, Topological construction in the o-Graph calculus, to ap-
pear in Math. Nachr.

W.P. THURSTON, The geometry and topology of the three-manifolds,
Princeton University Press, Princeton, N.J., 1979.

F. WALDHAUSEN, FEine klasse von 3-mannigfaltigkeiten, I II, Invent.
Math. 3, 4 (1967, 1968), 308-333, 88-117.

J.R. WEEKS, Hyperbolic structure on 3-manifolds, Ph.D. thesis,
Princeton University, N.J., 1985.

E.C. ZEEMAN, Seminar on combinatorial topology, Inst. Hautes
Etudes Sci. Publ. Math., Paris, 1963.

Received March 1, 2001.



