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ABSTRACT. The triangulation complexity of a compact 3-manifold M is the
minimal number of tetrahedra in any triangulation of M. We compute the
triangulation complexity of all elliptic 3-manifolds and all sol 3-manifolds, to
within a universally bounded multiplicative error.

1. INTRODUCTION

The triangulation complexity A(M) of a compact 3-manifold M is the minimal
number of tetrahedra in any triangulation of M. (In this paper, we use the definition
of a triangulation that has become standard in low-dimensional topology: it is an
expression of M as a union of 3-simplices with some of their faces identified in pairs
via affine homeomorphisms.) Triangulation complexity is a very natural invariant,
with some attractive properties. However, its precise value is known for only relatively
small examples [17, 20] and for a few infinite families [21, 23, 8, 11, 12, 10, 7]. It bears
an obvious resemblance to hyperbolic volume, and in fact the volume of a hyperbolic
3-manifold M forms a lower bound for A(M) via the inequality A(M) > Vol(M)/vs,
due to Gromov and Thurston [26]. Here, vz ~ 1.01494 is the volume of a regular
hyperbolic ideal tetrahedron. But non-trivial lower bounds for manifolds with zero
Gromov norm have been difficult to obtain. Jaco, Rubinstein and Tillmann [8, 11]
were able to compute the triangulation complexity of lens spaces of the form L(2n, 1)
and L(4n,2n £ 1). However, general lens spaces have remained out of reach. In this
paper, we remedy this, by computing the triangulation complexity of all elliptic
3-manifolds and all sol 3-manifolds, to within a universally bounded multiplicative
error. Our result about lens spaces confirms a conjecture of Jaco and Rubinstein [9]
and Matveev [22, 20], up to a bounded multiplicative constant.

Theorem 1.1. Let L(p,q) be a lens space, where p and q are coprime integers
satisfying 0 < q < p. Let [ag,...,an] be the continued fraction expansion of p/q
where each a; is positive. Then there is a universal constant kiens > 0 such that

Elens Zai < A(L(p,q)) < Z a;.
i=0 i=0

General elliptic 3-manifolds fall into three categories: lens spaces, prism manifolds
and a third class that we call Platonic manifolds; for example see Scott [24] for a
discussion of the classification of these manifolds. Recall that the prism manifold
P(p, q) is obtained from the orientable I-bundle over the Klein bottle, by attaching a
solid torus, so that the meridian of the solid torus is identified with the p/q curve on
the boundary torus. Here, a canonical framing of this boundary torus is used, so that
the longitude and meridian are lifts of non-separating simple closed curves on the
Klein bottle that are, respectively, orientation-reversing and orientation-preserving.
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Theorem 1.2. Let p and q be non-zero coprime integers and let [ag, . .., ay,] denote
the continued fraction expansion of p/q where a; is positive for each i > 0. Then,
A(P(p,q)) is, to within a universally bounded multiplicative error, equal to Y . aj.

We say that an elliptic 3-manifold is Platonic if it admits a Seifert fibration
where the base orbifold is the quotient of S? by the orientation-preserving symmetry
group of a Platonic solid. These orbifolds have underlying space the 2-sphere and
have three exceptional points with orders (2,3,3), (2,3,4) or (2,3,5). The Seifert
fibration is specified by the Seifert data, which describes the three singular fibres
and includes the Euler number of the fibration. It turns out that the latter quantity
controls the triangulation complexity.

Theorem 1.3. Let M be a Platonic elliptic 3-manifold, and let e denote the Euler
number of its Seifert fibration. Then, to within a universally bounded multiplicative
error, A(M) is le|.

We also examine sol 3-manifolds. Recall that these are 3-manifolds of the form
(T? x [0,1])/(A(z,1) ~ (x,0)) where A is an element of SL(2,Z) with [tr(A)| > 2.
Such a matrix A induces a homeomorphism of the torus that is known as linear
Anosov. Let A be the image of A in PSL(2,Z). Recall that PSL(2,Z) is isomorphic
to Zo x Z3 where the factors are generated by

() (Y

Thus any element of PSL(2,Z) can be written uniquely as a word that is an
alternating product of elements S and T or T~!. The word is cyclically reduced
if the first letter is neither the inverse of the final letter nor equal to the final
letter. Any element of PSL(2,Z) is conjugate to a cyclically reduced word that is
unique up to cyclic permutation. Our first theorem about sol manifolds relates the
triangulation complexity of the manifold to the length of this cyclically reduced
word.

Theorem 1.4. Let A be an element of SL(2,Z) with |tr(A)| > 2. Let M be the sol
3-manifold (T? x [0,1])/(A(z,1) ~ (z,0)). Let A be the image of A in PSL(2,Z)
and let £(A) be the length of a cyclically reduced word in the generators S and T+!
that is conjugate to A. Then, there is a universal constant ks > 0 such that

ksoll(A) < A(M) < (£(A)/2) + 6.

Note that this length £(A) is readily calculable. For we may simplify A using row
operations until it is the identity matrix. This writes A as a product of elementary
matrices. The image of each elementary matrix in PSL(2,Z) is a word in the
generators S and T. Thus, we obtain A as a word in S and 7. If the starting letter
is equal to the inverse of the final letter or equal to the final letter, then we may
conjugate by the inverse of this element to create a shorter word. Thus, eventually,
we end with a cyclically reduced word, and £(A) is its length.

Our second theorem relates the triangulation complexity of the 3-manifold M to
the continued fraction expansion of \/tr(A)2 — 4. Astr(A)?—4 is not a perfect square,
the continued fraction expansion of \/tr(A4)? — 4 does not terminate. Denote it by
[ag,a1,...]. As \/tr(A)? — 4 is the square root of a positive integer, the continued
fraction expansion is eventually periodic, in the sense that for some non-negative
integer r and even positive integer t, a; s = a; for every i > r. The periodic part
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of the continued fraction expansion is (a,...,a,+¢—1), which is well-defined up to
cyclic permutation.

Theorem 1.5. Let A be an element of SL(2,Z) with |tr(A)| > 2. Let A be the
image of A in PSL(2,Z). Suppose that A is B" for some positive integer n and
some B € PSL(2,Z) that cannot be expressed as a proper power. Let M be the sol
3-manifold (T? x [0,1])/(A(z,1) ~ (x,0)). Let [ag,a1,...] be the continued fraction
expansion of \/tr(A)? — 4 where a; is positive for each i > 0 and let (a,,...,as)

denote its periodic part. Then there is a universal constant k. ; > 0 such that

k;olniai <A(M) < 6+niai.

Crucial to our arguments is the analysis of triangulations of 72 x [0, 1]. This is
because T2 x [0, 1] arises when we cut a sol manifold along a torus fibre, or when we
remove the core curves of the Heegaard solid tori of a lens space. Our result about
these products is as follows.

Theorem 1.6. Let Ty and T1 be 1-vertex triangulations of the torus T?. Let
A(To, T1) denote the minimal number of tetrahedra in any triangulation of T? x [0, 1]
that equals To on T? x {0} and equals Ty on T? x {1}. Then there is a universal
constant kproqa > 0 such that

kprod dTr(T2)(76>7-1) S A(%77—1) S dTr(Tz)(%yﬂ) + 6.

Here, Tr(S) denotes the triangulation graph for a closed orientable surface S,
defined to have a vertex for each isotopy class of 1-vertex triangulation of S,
and where two vertices are joined by an edge if and only if the corresponding
triangulations differ by a 2-2 Pachner move. Each edge is declared to have length
1, and this induces the metric dry(s)(-, -). When S is the torus, this graph is in
fact equal to the classical Farey tree and so distances in the graph can readily be
computed using continued fractions.

This paper is a continuation of the work in [15], where we analysed the trian-
gulation complexity of 3-manifolds M that fibre over the circle with fibre a closed
orientable surface S with genus at least 2. We were able to estimate A(M), to
within a bounded factor depending only on the genus of S, in the case where the
monodromy ¢ of the fibration is pseudo-Anosov. Our theorem related A(M) to the
translation length of the action of ¢ on various metric spaces.

Recall that if X is a space with metric d, and ¢ is an isometry of X, its
translation length {x(¢) is inf{d(z,d(z)) : © € X}. Its stable translation length
Ux () is inf{d(¢"(z),z)/n : n € Z=o}, where x € X is chosen arbitrarily.

Each homeomorphism ¢ of S naturally induces an isometry of Tr(S). It also
induces an isometry of the mapping class group MCG(S), where MCG(S) is given
a word metric by making a fixed choice of some finite generating set. The home-
omorphism ¢ also acts isometrically on Teichmiiller space, with its Teichmiiller
or Weil-Petersson metrics. The thick part of Teichmiiller space consists of those
hyperbolic structures where every geodesic on the surface has length at least some
suitably chosen € > 0. If € > 0 is sufficiently small, the thick part is path connected,
and so may be given its path metric. The homeomorphism ¢ also induces an
isometry of these metric spaces.

The following was the main theorem of [15]. The statement below combines the
statement of [15, Theorem 1.3] with Theorems 3.5 and Proposition 2.7 of that paper.
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Theorem 1.7. Let S be a closed orientable connected surface with genus at least
2, and let ¢: S — S be a pseudo-Anosov homeomorphism. Then the following
quantities are within bounded ratios of each other, where the bounds depend only on
the genus of S and a choice of finite generating set for MCG(S):

(1) the triangulation complexity of (S X I)/d;

(2) the translation length (or stable translation length) of ¢ in the thick part of
the Teichmaller space of S;

(8) the translation length (or stable translation length) of ¢ in the mapping class
group of S;

(4) the translation length (or stable translation length) of ¢ in Tr(S).

We also analysed products.

Theorem 1.8 (Theorem 1.4 of [15]). Let S be a closed orientable surface with genus
at least 2 and let Ty and T; be non-isotopic 1-vertex triangulations of S. Then the
following are within a bounded ratio of each other, the bounds only depending on
the genus of S':

(1) the minimal number of tetrahedra in any triangulation of S x [0,1] that
equals To and T; on S x {0} and S x {1} respectively;
(2) the minimal number of 2-2 Pachner moves relating To and T;.

Theorems 1.4 and 1.6 are natural generalisations of these results to the case
where S is a torus. For technical reasons, we were unable to deal with this case in
[15]. In this paper, we deduce Theorems 1.4 and 1.6 from Theorem 1.8, by passing
to a branched covering space.

We record here the analogue of Theorem 1.7 for sol manifolds.

Theorem 1.9. Let ¢: T? — T? be a linear Anosov homeomorphism. Then the
following quantities are within universally bounded ratios of each other:

(1) the triangulation complexity of (T? x I)/¢;
(2) the translation length (or stable translation length) of ¢ in the thick part of
the Teichmiiller space of T?;
(8) the translation length (or stable translation length) of ¢ in the mapping class
group of T?;
(4) the translation length (or stable translation length) of ¢ in Tr(T?).
In (3), we metrise MCG(T?) by fizing the finite generating set

G G0

The structure of the paper is as follows. In Section 2, we recall some basic facts
about handle structures, including the notion of a parallelity bundle. Section 3
contains the first substantial new result, Theorem 3.2. This asserts that for any
triangulation T of S x I, the product of a closed orientable surface S and an interval,
there is an arc isotopic to % x I, for some point * € S, that is simplicial in 7(33),
the 23rd iterated barycentric subdivision. This is technically important, because
it allows us to transfer a triangulation of S x I to a triangulation of a suitable
branched cover. This is used later in Section 8, where Theorem 1.6 is proved using
Theorem 1.8. A suitable finite branched cover of the torus T2 over one point is
used, which is a closed orientable surface S of genus greater than one. In order
to compare translation lengths in Tr(S) and Tr(7?), we develop some background
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theory in Sections 4, 5, 6 and 7. In Section 4, we introduce Sp(.S), which is the space
of spines for a closed orientable surface S. There is a quasi-isometry between Tr(.S)
and Sp(S) that is equivariant under the action of the mapping class group, but it
is useful to consider both spaces. In Section 5, we recall the relationship between
Tr(T?), the Farey graph and continued fractions. In Section 6, we recall results of
Masur, Mosher and Schleimer [18], which use train tracks to estimate distances in
Tr(S). In Section 7, this is applied specifically in the case of the torus. Finally in
Sections 9, 10, 11 and 12, we deal with products, sol manifolds, lens spaces, prism
manifolds and Platonic manifolds.

2. HANDLE STRUCTURES AND PARALLELITY BUNDLES

Although the main results of this paper are on the complexity of triangulations
of 3-manifolds, for our arguments it is often more convenient to work with handle
structures, similarly to [15]. This section collects some of the definitions and results
on handle structures that we will use.

Recall that a handle structure on a 3-manifold is a decomposition into i-handles
D x D37 §=0,1,2,3, where we require:

(1) Each i-handle intersects the handles of lower index in 9D? x D37,
(2) Any two i-handles are disjoint.
(3) The intersection of any 1-handle with any 2-handle is of the form:
e D! x « in the 1-handle D' x D?, where « is a collection of arcs in 9D?,
e 3 x D' in the 2-handle D? x D', where 3 is a collection of arcs in D?2.
(4) Any 2-handle runs over at least one 1-handle.

For example, given a triangulation of a 3-manifold M, there is an associated
handle structure for M minus an open collar neighbourhood of M, called the
dual handle structure. This has 0-handles obtained by removing a thin regular
open neighbourhood of the boundary of each tetrahedron, 1-handles obtained by
taking a neighbourhood of each face not in M and removing a thin regular open
neighbourhood of each edge, 2-handles obtained by taking a neighbourhood of each
edge not in M with neighbourhoods of endpoints removed, and 3-handles consisting
of a regular neighbourhood of each vertex not in M.

One feature of a handle structure that does not hold for a triangulation is that it
can be sliced along a normal surface to yield a new handle structure, whereas cutting
a tetrahedron along a normal surface does not yield pieces that are tetrahedra, in
general. Slicing along normal surfaces in this manner is important for our arguments;
the definition below will help us investigate the handle structures that arise.

Definition 2.1. A handle structure of a 3-manifold M is pre-tetrahedral if the
intersection between each 0-handle and the union of the 1-handles and 2-handles is
one of the following possibilities:

(1) tetrahedral, as shown in the far left of Figure 1;

(2) semi-tetrahedral, as shown in the middle left of Figure 1;

(3) a product annulus of length 3, as shown in the middle right of Figure 1;
(4) a parallelity annulus of length 4, as shown in the far right of Figure 1.

In that figure, the shaded regions denote discs that can be components of intersection
between the 0-handle and M, or between the 0-handle and a 3-handle. The hashed
regions denote components of intersection between the 0-handle and OM.
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FIGURE 1. Far left: tetrahedral, Middle left: semi-tetrahedral,
Middle right: product annulus of length 3, Far right: Parallelity
annulus of length 4
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Lemma 2.2. Let T be a triangulation of a compact orientable 3-manifold M. Let S
be a normal surface properly embedded in M. Then M\\S inherits a handle structure.
Moreover when M is closed, the handle structure on M\\S is pre-tetrahedral.

Proof. This is explained in [15, Lemma 4.4] and so we just sketch the argument.
We first form the handle structure H dual to 7. The normal surface S intersects
each i-handle in discs. When the i-handle is cut along these discs, the result is a
collection of i-handles in the required handle structure for M\\S. O

We will measure the size of a triangulation of a 3-manifold using the following
quantity.

Definition 2.3. The complexity of a triangulation 7 of a compact 3-manifold is
the number of tetrahedra of 7" and is denoted A(T).

The corresponding definition for a pre-tetrahedral handle structure is somewhat
more complicated.

Definition 2.4. Let Hy be a 0-handle of a pre-tetrahedral handle structure H.
Let a be the number of components of intersection between Hy and the 3-handles.
Define 3 as follows:

(1) B8 =1/2if Hy is tetrahedral;

(2) B =1/41if Hy is semi-tetrahedral;

(3) p=0if Hy is a product or parallelity annulus.
Define the complezity of Hy to be (a/8) + /5. Define the complexity A(H) of H to
be the sum of the complexities of its 0-handles.

The motivation for this definition is from the following result [15, Lemma 4.12].

Lemma 2.5. Let T be a triangulation of a closed orientable 3-manifold M. Let
S be a normal surface embedded in M. Then the handle structure H that M\\S
inherits, as in Lemma 2.2, satisfies A(H) = A(T).

Lemma 2.6. Let T be a triangulation of a compact orientable 3-manifold M.
Suppose that the intersection between any tetrahedron T of T and OM is either
empty, a vertex of T, an edge of T or a face of T. Then dual to T is a pre-tetrahedral
handle structure H of M satisfying A(H) < A(T).

Proof. The dual handle structure H has an i-handle for each (3 — 4)-simplex of T
that does not lie wholly in M. When the intersection between a tetrahedron and
OM is empty or a vertex, the dual 0-handle is tetrahedral. When the intersection
between a tetrahedron and M is an edge, the dual 0-handle is semi-tetrahedral.
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When the intersection between a tetrahedron and M is a face, the dual 0-handle is
a product annulus of length 3. Since the number of 0-handles of H is at most the
number of tetrahedra of 7, and each 0-handle contributes at most 1 to A(H), we
deduce that A(H) < A(T). O

Remark 2.7. Given any triangulation 7' of a compact orientable 3-manifold M,
we can form a triangulation 7 of M satisfying the hypotheses of Lemma 2.6 with
A(T) < 33A(T’). To do this, we attach a triangulation of OM x I to 7’. This
triangulation is formed as follows. For each triangle of 77 in OM, form its product
with I, which is a prism. Subdivide each of its square faces into two triangles. Then
triangulate each prism by coning from a new vertex in its interior. Each prism is
triangulated using 8 tetrahedra. Since the number of triangles of 7’ in OM is at
most 4A(T7), the resulting triangulation 7 satisfies A(T) < 33A(T7).

Definition 2.8. Let M be a compact 3-manifold with a handle structure H, and
let S be a subsurface of OM. When 0M meets 0-handles in discs, OM inherits a
handle structure from #H: an i-handle of 9M is a component of intersection of 9M
with an (i + 1)-handle of . We say that H is a handle structure for the pair (M, S)
if the following all hold:

(1) OS intersects each handle of OM in a collection of arcs;
(2) OS misses the 2-handles of OM;
(3) OS respects the product structure of the 1-handles of IM.

Definition 2.9. Let H be a handle structure for the pair (M, S). A handle H of
H is a parallelity handle if it has a product structure D? x I such that
(1) D*x oI = HN S;
(2) each component of intersection between H and any other handle is of the
form B x I for some subset 8 of 9D2.

For example, a product annulus of length 3 meeting S on its top and bottom,
and a parallelity annulus of length 4 are both parallelity 0-handles. There will also
be parallelity 1-handles and 2-handles.

Remark 2.10. The handle structure A in Lemma 2.6 has no parallelity handles
when viewed as a handle structure for the pair (M,0M). To see this, note that
any parallelity handle for (M,9M) is adjacent to a parallelity 2-handle. However,
a parallelity 2-handle of H is dual to an edge of 7 with both endpoints in M
but with interior in the interior of M. However, if there were such an edge of T,
then the intersection between any adjacent tetrahedron and M would violate the
hypothesis of Lemma 2.6.

Definition 2.11. The parallelity bundle for H is the union of the parallelity handles.

It was shown in [13, Lemma 3.3] that the I-bundle structures on the parallelity
handles can be chosen to patch together to form an I-bundle structure on the
parallelity bundle. We therefore use the following standard terminology.

Definition 2.12. Let B be an I-bundle over a surface F'. Its horizontal boundary
Op B is the (0I)-bundle over F. Its vertical boundary 0, B is the I-bundle over OF.

It is often very useful to enlarge the parallelity bundle, forming the following
structure.
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FIGURE 2. An annular simplification removes P and replaces A
with A’. Left: an annular simplification where P lies within a ball.
Right: a cross-section of an annular simplification where P is a
product region between A and A’.

Definition 2.13. Let M be a compact orientable 3-manifold and let S be a
subsurface of 9M. Let H be a handle structure for (M, S). A generalised parallelity
bundle B is a 3-dimensional submanifold of M such that

(1) B is an I-bundle over a compact surface;

(2) the horizontal boundary 9,8 of B is the intersection between B and S;

(3) B is a union of handles of H;

(4) any handle of B that intersects 9, is a parallelity handle, where the I-
bundle structure on the parallelity handle agrees with the I-bundle structure
of B;

(5) whenever a handle of H lies in B then so do all incident handles of H with
higher index;

(6) the intersection between JpB and the non-parallelity handles lies in a union
of disjoint discs in the interior of S.

Note that condition (6) is included in the definition given in [15] but is not in
some earlier work [13].

The main reason why this is such a useful notion is the fact that frequently
we may ensure that the horizontal boundary of a generalised parallelity bundle is
incompressible.

Definition 2.14. Let M be a compact orientable irreducible 3-manifold and let
S be a subsurface of 9M. Let H be a handle structure for (M,S). Suppose M
contains the following:

(1) an annulus A’ that is a vertical boundary component of a generalised
parallelity bundle B;

(2) an annulus A contained in S such that 94 = 0A’;

(3) a 3-manifold P with 9P = AU A’ such that P either lies in a 3-ball or is a
product region between A and A’.

Suppose also that P is a union of handles of H, that whenever a handle of A lies in
P, so do all incident handles with higher index, and that any parallelity handle of
‘H that intersects P lies in P. Finally, suppose that apart from the component of
the generalised parallelity bundle incident to A’, all other components of B in P are
I-bundles over discs.

An annular simplification of the 3-manifold M is the manifold obtained by
removing the interiors of P and A from M; see Figure 2.
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Lemma 2.15. Let M be a compact orientable irreducible 3-manifold and let S be an
incompressible subsurface of OM that is not a 2-sphere. Let H be a handle structure
for (M, S). Let B be a generalised parallelity bundle that is mazimal, in the sense
that it is not a proper subset of another generalised parallelity bundle. Suppose that
H admits no annular simplification. Then B contains every parallelity handle of H,
and moreover, each component of B:

(1) has incompressible horizontal boundary, and
(2) either has incompressible vertical boundary, or is an I-bundle over a disc.

Proof. This is stated in [13, Corollary 5.7]. However, a slightly different definition of
generalised parallelity bundle is used there that omits Condition 6 in Definition 2.13.
This extra condition does not affect the argument there.

Alternatively, one can argue as follows. In [15, Theorem 6.18], we showed that
B contains every parallelity handle of H, and every component either satisfies
the conclusion of the lemma, or is a special case called boundary-trivial. In the
boundary-trivial case, the component of B lies within a 3-ball; the precise definition
is [15, Definition 6.16]. However, [15, Lemma 6.17] implies that a boundary-trivial
component admits an annular simplification. Thus we cannot have such components
by hypothesis. O

The weight of a surface properly embedded in a manifold M, in general position
with respect to a triangulation 7, is defined to be the number of intersections
between S and the edges of T.

The following is [15, Lemma 6.15].

Theorem 2.16. Let T be a triangulation of a compact orientable irreducible 3-
manifold M. Let S be an orientable incompressible normal surface properly embedded
in M that has least weight, up to isotopy supported in the interior of M. Let H be the
handle structure that M’ = M\\S inherits, as in Lemma 2.2. Let 8" = OM'\\OM.
Then (M',S") admits no annular simplification. Hence, the parallelity bundle for H
extends to a mazimal generalised parallelity bundle that has incompressible horizontal
boundary.

The following is [15, Lemma 8.14].

Lemma 2.17. Let H be a pre-tetrahedral handle structure of a pair (M, S), and let
B be its parallelity bundle. Then the length of 0,88, which is its number of 2-cells, is
at most 56 A(H). Similarly if B' is a mazimal generalised parallelity bundle, then
the length of 0,8 is at most 56 A(H).

Definition 2.18. Let H be a handle structure of a compact 3-manifold. Then the
associated cell structure is obtained as follows:

(1) each handle is a 3-cell;

(2) each component of intersection between two handles or between a handle
and OM is a 2-cell;

(3) each component of intersection between three handles or between two handles
and OM is a 1-cell;

(4) each component of intersection between four handles or between three
handles and M is a O-cell.

Lemma 2.19. Let H be a pre-tetrahedral handle structure of a compact orientable
3-manifold M. Suppose that H has no parallelity 0-handles. Let C be the associated
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FiGure 3. Clipping a semi-tetrahedral 0-handle.

cell structure. Let T be the triangulation obtained by placing a vertex in the interior
of each 2-cell and coning off, and then placing a vertex in the interior of each 3-cell
and coning off. Then A(T) < 2304A(H).

Proof. We first estimate how many triangles there are in the 2-skeleton of C. Let
H’ denote the union of j handles of H#. Thus each 2-cell is a component of H* N HJ
for i # j € {0,1,2} or of HI N (H>UAIM) for j < 3.

There are as many triangles in H2 N H! as in H? N H°. Similarly, there are as
many triangles in H? N (H3UOM) as in H2 NH°. There are as many triangles in
HINH? asin HIN(HBUOM). There are as many triangles in H!NHC as in HINH2.
There are as many triangles in H° N (H? UOM) as in H° N H2. Each component
of H? N HC is triangulated using 4 triangles. Hence, we see that the total number
of triangles in the 2-skeleton of C is 24|H2 N H°|. Since H is pre-tetrahedral, each
0-handle meets at most six 2-handles. Since H has no parallelity 0-handles, each
0-handle contributes at least 1/8 to A(H). Thus 24|H2? NHO| is at most 1152A(H).
Each tetrahedron of 7 has a triangle in C as a face, and each triangle in C is a face
of at most two tetrahedra. Hence, A(T) < 2304A(H). O

In Section 9, one of our arguments will replace some semi-tetrahedral 0-handles in
a pre-tetrahedral handle structure by 0-handles modified as follows. The boundary
of a semi-tetrahedral 0-handle has two 1-handles that are bordered by exactly
two 2-handles. We replace the union of one of these 1-handles and the adjacent
2-handles by a single 2-handle. For any semi-tetrahedral 0-handle, this replacement
may be done on either one or both of its relevant 1-handles. We call the result a
clipped semi-tetrahedral 0-handle. One clipped semi-tetrahedral 0-handle is shown
in Figure 3.

We may define the complexity of a handle structure that is pre-tetrahedral aside
from a finite number of clipped semi-tetrahedral 0-handles just as in Definition 2.4
by setting S to be 1/4 for each clipped semi-tetrahedral 0-handle, and leaving the
definition the same otherwise. Then we may modify Lemma 2.19 as follows.

Lemma 2.20. Let H be a handle structure of a compact orientable 3-manifold
M. Suppose that H is pre-tetrahedral, aside from a finite number of clipped semi-
tetrahedral 0-handles. Suppose also that H has no parallelity 0-handles. Let C be the
associated cell structure. Let T be the triangulation obtained by placing a vertez in
the interior of each 2-cell and coning off, and then placing a vertex in the interior

of each 3-cell and coning off. Then A(T) < 2304A(H).

Proof. The proof is identical to that of Lemma 2.19, since a clipped semi-tetrahedral
0-handle still meets at most six 2-handles, and contributes at least 1/4 to A(H). O
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3. VERTICAL ARCS IN PRODUCTS

As discussed in the introduction, a central part of the paper will be an analysis
of triangulations of S x [0, 1], where S is a closed orientable surface. We will want
to transfer results about S x [0, 1] to results about S’ x [0, 1] where S’ is a branched
cover of S. The branching locus will be an arc of the following form.

Definition 3.1. Let S be a closed surface. An arc properly embedded in S x [0, 1]
is wvertical if it is ambient isotopic to {*} x [0, 1] for some point * in S.

The main result of this section is as follows.

Theorem 3.2. Let S be a closed connected orientable surface. Let T be a triangu-
lation of S x [0,1]. Then the 23rd iterated barycentric subdivision T3 contains an
arc in its 1-skeleton that is vertical.

This will be proved using some normal surface theory. The following basic result
in the theory is contained in [19, Proposition 3.3.24, Corollary 3.3.25].

Lemma 3.3. Let M be a compact orientable irreducible 3-manifold with incom-
pressible boundary, and let T be a triangulation of M. Let S be an incompressible
boundary-incompressible surface properly embedded in M, no component of which is
a sphere or disc, and that is in general position with respect to T . Then there is an
ambient isotopy taking S to a normal surface with weight no greater than that of S.
Moreover, if C is any boundary curve of S that is normal and intersects each edge
of T at most once, then the isotopy can be chosen to leave C' fized.

Proposition 3.4. Let T be a triangulation of a compact 3-manifold M. Let S be a
2-sided normal surface properly embedded in M. Let S’ be the copies of S in M\\S.
Let B be the parallelity bundle for the pair (M\\S,S’). Let o be an arc properly
embedded in M with the following properties.
(1) It lies within a copy of S in M\\S.
(2) It is disjoint from the horizontal boundary of B.
(8) Its intersection with each normal triangle or square of S is either empty
or a single properly embedded arc with endpoints on distinct edges of the
triangle or square.

Then « is simplicial in T3,

Proof. Within each tetrahedron of 7', the normal discs of S come in at most 5 types.
Let D be the union of the outermost discs of each type. These discs within a single
tetrahedron intersect each face of T in at most 8 arcs. However, each face of T
might be adjacent to two tetrahedra of 7 and there is no reason for the 8 arcs
coming from the two adjacent tetrahedra to coincide. So, the intersection between
D and any face of T consists of at most 16 normal arcs. By [16, Lemma 6.7], the
union of the arcs is simplicial in 7). Within each tetrahedron of T, D consists
of at most 10 normal discs. Hence, by [16, Lemma 6.11], we may use at most 16
further subdivisions to make these discs simplicial.

We now apply one further subdivision to the triangulation, forming 7(%). We
may assume that the intersection between a and the 2-skeleton of 7 is a union of
vertices of 7(23). We may further isotope a so that it is simplicial. This follows
from the general result that an arc in triangulated polygon may be isotoped to
be simplicial in the barycentric subdivision. Moreover, if the endpoints of the arc
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are already vertices of this subdivision, then the isotopy can keep these endpoints
fixed. O

Proof of Theorem 3.2. Suppose first that S is a 2-sphere. Pick any properly embed-
ded simplicial arc in 73 joining S x {0} to S x {1}. By the lightbulb trick, this
is ambient isotopic to an arc of the form {*} x [0, 1], as required.

Thus, we may assume that S is not a 2-sphere. Hence, S x {0} contains an
essential simple closed curve. Pick one, C', that is transverse to the 1-skeleton of T
on S x {0} and that intersects each edge of that 1-skeleton at most once. Then C' is
normal. It is not hard to prove that such a curve must exist; for example, we can
take C' to be non-trivial in H;(S;Z/2Z) and with fewest points of intersection with
the edges. Let A be the annulus C' x [0,1]. By Lemma 3.3, this can be isotoped,
without moving C' x {0}, to a normal surface. We pick A to have least weight among
all annuli with one boundary component equal to C' x {0} and the other boundary
component on S X {1}. Let C' x {1} be the other boundary component of A, which
is then a normal simple closed curve in S x {1}.

In the case where S is a torus, we need to be more precise about the choice of
annulus A, as follows. Pick an oriented vertical arc in S x [0,1] disjoint from A.
Then the winding number of an oriented annulus, with boundary curves equal to
0A, is the signed intersection number of the annulus with this vertical arc. For
each winding number ¢, let w(t) be the minimal weight of a normal annulus with
boundary equal to A and winding number ¢. If there is no normal annulus with a
given winding number ¢, then we define w(t) to be infinite. Note that w(t) tends
to infinity as t — +o00. Now, A has least weight among all normal annuli with the
given boundary curves. Hence, w(0) is a global minimum. However, there may be
other values of ¢ such that w(¢) = w(0). Choose tg to be maximal with this property.
We replace A by a normal annulus, having the same weight and the same boundary
curves, but with winding number ¢y. Call this new annulus A.

Let M be the 3-manifold (S x [0,1])\\A. Let A be the two copies of A in dM.
Let B be the parallelity bundle for the pair (M, A). This consists of the union of
the regions between parallel normal discs of A. By choice of C, the curve C' x {0}
intersects each edge of T at most once. Thus no normal disc of A incident to
C x {0} is parallel to another normal disc of A. Hence, B misses S x {0}. By
Theorem 2.16, B extends to a maximal generalised parallelity bundle B, that has
incompressible horizontal boundary. Its vertical boundary is a union of vertical
boundary components of B, and hence it also misses S x {0}.

Since 9B, is an incompressible subsurface of the annuli A, it is a collection of
annuli and discs. Hence, each component of B, is an I-bundle over a disc, annulus
or Mébius band.

Claim 1. No component of By is an I-bundle over a M&bius band.

The I-bundle over a core curve of this Mébius band would be a Mobius band
embedded in S x [0, 1] with boundary in A. We could then attach an annulus to its
boundary, to create a Mobius band embedded in S x [0, 1] with boundary in .S x {0}.
We could then double S x [0,1] along S x {0} to create another copy of S x [0, 1]
containing a Klein bottle. We could then embed this in the 3-sphere, which is well
known to be impossible.

Claim 2. No component of By is an I-bundle over an annulus that intersects
both components of A.
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Let B be such a component. Since dy B consists of incompressible annuli, and
because these annuli are disjoint from S x {0}, at least one boundary component
of 0, B is disjoint from dA. It is a core curve of a component of A. Let V be the
vertical boundary component of 5, incident to this core curve; recall V' lies in the
parallelity bundle B. Then V is disjoint from S x {0,1} and OV consists of core
curves disjoint from DA. Note that V specifies a free homotopy between the two
boundary curves of S\\C. Hence, we deduce in this case that S is a torus.

Let A; and As be the two components of A. Each A; is divided into smaller
annuli A} and A} by OV, where A} is the component intersecting S x {0}. We can
construct two annuli A UV U AY and A5UV U AY. Using a small isotopy supported
in the interior of S x [0, 1], these annuli can be made normal. Both of these have
the same boundary curves as A. One has winding number one less than A, the
other has winding number one more than A. The one with winding number greater
than A has, by our choice of A, weight strictly greater than A. But the sum of the
weights of A} UV U A and A5 UV U AY is twice the weight of A. Hence, the other
annulus has weight less than that of A. But A was chosen to have minimal weight,
which is a contradiction.

Claim 3. Each annular component of 9,58 is disjoint from dA.

Let B be any component of B, that is an I-bundle over an annulus. By Claim 2,
its two horizontal boundary components both lie in the same component of A. Call
this component A;. Note each component of 9, B contains a core curve of Ay,
because 9, B is essential. Suppose that one component of J,B is an annulus H
intersecting dA. Because B misses S x {0}, H must meet S x {1}. Then 9, B, which
lies in the parallelity bundle, intersects S x {1}. It follows that the other component
of Op B also intersects S x {1}. Since H intersects S x {1} by assumption, the other
components of A;\\H are an annulus incident to S x {0} and possibly discs incident
to S x {1}. But the other component of 9, B also intersects S x {1}, and so it must
lie in one of these discs. But it cannot then contain a core curve of A, which is a
contradiction.

Claim 4. There are no annular components of 9,5 .

Let B be any component of B, that is an I-bundle over an annulus. By Claim 3,
Op B is disjoint from S x {0, 1} and by Claim 2, it lies in a single component of A.
Let V be any vertical boundary component of B. Then 0V cobounds an annulus
A’ in A. If we remove A’ from A and replace it by V, the result is an annulus
with the same boundary as A but with smaller weight. By Lemma 3.3, we may
isotope this to a normal annulus without increasing its weight and without moving
its intersection curve with S x {0}. This contradicts our choice of A.

We are now in a position to prove the theorem. Since By consists only of I-
bundles over discs, we may find an arc o in A running from S x {0} to S x {1} and
that avoids B4. We can choose o with the property that it intersects each triangle
or square of A in a single properly embedded arc with endpoints on distinct edges
of the triangle or square. Thus, « satisfies the hypotheses of Proposition 3.4. It
therefore is simplicial in 7(33). It is the required vertical arc. ([l

The following lemma will be useful when modifying a given triangulation of
S x [0,1].

Lemma 3.5. Let T be a triangulation of S x [0,1] and let o be a simplicial arc that
is vertical in S x [0,1]. Let T’ be a triangulation obtained from T by attaching a
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tetrahedron to S x [0,1] to realise a Pachner move of the boundary triangulation.
Then « extends to a simplicial arc o in T’ that is also vertical.

Proof. The attachment of the tetrahedron realises a Pachner move on the boundary
that has type 1-3, 2-2 or 3-1. In the cases of a 1-3 move and a 2-2 move, the arc «
remains properly embedded and vertical, and so in these cases, we set o’ to be a.
In the case of a 3-1 Pachner move, the new tetrahedron is incident to three triangles
that meet at a vertex. If o does not end at that vertex, then we again set o’ to be
a. If « does end at that vertex, then we form o' by adding one of the edges that is
incident to two of the triangles. This is vertical. O

4. SPINES, TRIANGULATIONS AND MAPPING CLASS GROUPS

In this section, we define a graph associated with a closed orientable surface S,
the spine graph Sp(S) on S. We show Sp(.9) is quasi-isometric to the triangulation
graph Tr(S) defined in the introduction. We also obtain properties of spines and
methods of modifying them that we will use in future arguments.

Recall the triangulation graph Tr(S) defined in the introduction. Related to the
triangulation graph is the spine graph, defined as follows.

Definition 4.1. A spine for a closed orientable surface S is a graph I' embedded
in S that has no vertices of degree 1 or 2 and where S\\TI is a disc.

Definition 4.2. In an edge contraction on a spine I', one collapses an edge that
joins distinct vertices, thereby amalgamating these vertices into a single vertex. An
edge expansion is the reverse of this operation.

Definition 4.3. The spine graph Sp(S) for a closed orientable surface S is a graph
defined as follows. It has a vertex for each spine of .S, up to isotopy of S. Two
vertices are joined by an edge if and only if their spines differ by an edge contraction
or expansion.

We wish to compare the spine graph and triangulation graph. Dual to each
1-vertex triangulation is a spine. Each 2-2 Pachner move on a 1-vertex triangulation
has the following effect on the dual spines: contract an edge and then expand. Thus,
each edge in Tr(S) maps to a concatenation of two edges in Sp(S). We therefore
get a map Tr(S) — Sp(S).

It will also be useful to recall the following variant of the triangulation graph [15,
Definition 2.6].

Definition 4.4. Let S be a closed orientable surface and let n be a positive integer.
Then Tr(S;n) denotes the space of triangulations with at most n vertices. This is a
graph with a vertex for each isotopy class of such triangulations, and with an edge
for each 2-2, 3-1, or 1-3 Pachner move between them.

There is an obvious inclusion Tr(S) — Tr(S;n) for any positive integer n. Note
also that the mapping class group of S acts on Tr(S), Tr(S;n) and Sp(S) by
isometries. Moreover, this action is properly discontinuous and cocompact. Hence,
the mapping class group of S is quasi-isometric to each of Tr(S), Tr(S;n) and Sp(S),
via an application of the Milnor-Svarc lemma ([2, Proposition 8.19]). In fact, we
obtain the following result.

Lemma 4.5. The maps Tr(S) — Tr(S;n) and Tr(S) — Sp(S) are quasi-isometries.
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Proof. Pick a 1-vertex triangulation T for S. By the Milnor-Svarc lemma, the
map MCG(S) — Tr(S) sending g € MCG(S) to ¢T is a quasi-isometry; see, for
example [2, Proposition 8.19]. A quasi-inverse is given as follows. For T fixed
and any point p in Tr(S), pick a triangulation of the form g7 that is closest to p.
Then the quasi-inverse sends p to g. The composition of this quasi-inverse with
MCG(S) — Tr(S;n) is a quasi-isometry Tr(S) — Tr(S;n). There is a uniform
upper bound to the distance between the image of a triangulation under this map
Tr(S) — Tr(S;n) and its image under the inclusion map. Hence, the inclusion map
is also a quasi-isometry as required.

The argument for Tr(S) — Sp(S) is identical. O

A modification that one can make to a spine that is slightly more substantial
than an edge contraction or expansion is as follows.

Definition 4.6. Let I' be a spine for a closed surface S. Let e; be an arc properly
embedded in the disc S\\I'. Let ez be an edge of the graph I U e; that has distinct
components of S\\(I'U e;) on either side of it. Then the result of removing ey from
I' and adding e; is a new spine IV for S. We say that I and I are related by an
edge swap.

The following is [15, Lemma 8.3].

Lemma 4.7. Let S be a closed orientable surface. Let I' be a spine for S. Then
an edge swap can be realised by a sequence of at most 24¢(S) edge expansions and
contractions.

Definition 4.8. Let S be a closed orientable surface with a cell structure. A spine
for S is cellular if it is a subcomplex of the 1-skeleton of the cell complex. The
length of this spine is the number of 1-cells that it contains.

The following is [15, Corollary 8.8].

Lemma 4.9. Let S be a closed orientable surface with a cell structure C, and
with a cellular spine I'. Let Dy, ..., Dy, be cellular subsets of S, each of which is
an embedded disc, and with disjoint interiors. Let £ be the sum of the lengths of
ODq,...,0D,,. Then there is a sequence of at most 6mg(S) + 2¢ edge swaps taking
I to a cellular spine I that is disjoint from the interior of D1,..., Dyy,.

Remark 4.10. A slight strengthening of the lemma remains true, with the same
proof. Instead of Dy,...,D,, being embedded discs, we can allow them to be
the images of immersed discs in S, where the restriction of the immersion to
int(Dy)U---Uint(D,,) is an embedding. In other words, we allow the boundaries
of the discs to self-intersect and to intersect each other.

The following is a version of Lemma 4.9 dealing with both discs and annuli.

Lemma 4.11. Let S be a closed orientable surface with a cell structure C, and
with a cellular spine T'. Let Ay, ..., Ay be cellular subsets of S, each of which is the
image of an immersed disc or annulus, and where the restriction of the immersion to
the interior of these discs and annuli is an embedding. Let £ be the sum of the lengths
of 0A1,...,0A,,. Then there is a sequence of at most 6mg(S) + 16g(S) + 2m + 2¢
edge swaps taking T to a cellular spine T that is disjoint from the interior of the
disc components of Ay,..., A, and that intersects the interior of each annular
component in at most one essential embedded arc. Moreover, this arc is a subset of
the original spine T.
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Proof. In each essential annular component, there must be an essential properly
embedded arc that is a subset of I', as otherwise the disc S\\I" would contain a core
curve of this annulus. Pick one such arc in each essential annular component. Let «
be the union of these arcs. If A; is an essential annulus, then define D; to be 4;\\.
If A; is an inessential annulus, then let D; be the disc in S containing A; that has
boundary equal to a component of 0A;. If A; is a disc, let D; be A;. Some of these
discs may be nested, in which case discard the smaller disc. Thus, D1,...,D,, is a
collection of discs as in Remark 4.10. So, there is a sequence of edge swaps taking I
to a cellular spine that is disjoint from the interior of D1, ..., D,,. It must intersect
the interior of each essential annulus A; in a single arc.

Unfortunately, the number of these edge swaps is bounded above by a linear
function of the total length of the boundary of Ds,...,D,,, which depends not
just on £ but also on the length of the arcs a. To deal with this, we define a new
cell structure C’ on S, as follows. Away from A; U---U A,,, this agrees with C,
but within each A;, the 2-cells are the components of A;\\I'. Note that I" is still
cellular with respect to C’. We can now bound the length of dD1,...,0D,, in C’
in terms of ¢. This length is at most the length of 0A;,...,0A,, plus twice the
length of . The length of a with respect to C’ is at most the number of vertices
of " plus the number of essential annular components of Ay,..., A,,. By an Euler
characteristic argument, using the fact that each vertex has degree at least three,
the number of vertices of T" is at most 4g(S) — 2. The number of essential annular
components of A1,..., A, is at most m. So, the length of dD1,...,90D,, in C’ is
at most £ + 8¢g(S) + 2m. Now apply Lemma 4.9 and Remark 4.10 to turn I" into a
spine that is cellular in C’ and that intersects the interior of A; U---U A,, in the
arcs a. It is then cellular with respect to C. (]

Lemma 4.12. Let T and T’ be triangulations of a closed surface S that differ by
a sequence of n Pachner moves. Let T' be a subcomplex of T that is a spine of S.
Then there is a sequence of at most n edge swaps and some isotopies taking I' to a
spine that is a subcomplex of T'.

Proof. Tt suffices to consider the case where n = 1, and so 7 and 7" differ by a
single Pachner move. Some terminology: throughout this proof, edges will refer to
edges in a spine, with endpoints on vertices of the spine of valence at least 3. We
refer to edges of the triangulation 7, which are not necessarily edges of I' even when
they lie in I, by 1-cells.

If the Pachner move is a 1-3 move, then there is nothing to prove as the 1-skeleton
of T is then a subcomplex of 7.

Suppose it is a 2-2 move, removing a 1-cell e and inserting a new 1-cell ¢’. If e is
not part of T', then T' is a subcomplex of 7' and so no edge swaps are required. So
suppose that e is contained in I'. Since S\\T is a disc, there is an arc « running
from the midpoint of e back to the midpoint of e but on the other side of e and that
is otherwise disjoint from I". We may assume that « is disjoint from the vertices of
T and intersects each 1-cell of T at most once. It must intersect at least one 1-cell
e’ in the boundary of the square that is the union of the two triangles involved in
the Pachner move. If both endpoints of €’ lie in T, let ¢/ = ¢’. Otherwise, let
¢’ be the union of ¢” and the third 1-cell of the triangle formed by e” and e. We
perform the edge swap that adds e’ to T" and removes the edge of T' containing e.

We now consider a 3-1 move. Let e1, e and ez be the three 1-cells of T that are
removed. If none of these are part of I', then we leave the spine unchanged. There
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cannot be just one of these 1-cells in I', since no vertex of I" has degree 1. Suppose
I runs over exactly two 1-cells in {e1,e9,e3}, say e; and es. These are two 1-cells
of a triangle of 7. The third 1-cell ¢’ of this triangle cannot lie in T', as S\\I" is a
single disc. Hence, we may isotope e; U ey across the triangle to e’. Suppose finally
that all three of e;, es and ez are part of I'. Let e be the other 1-cell of the triangle
formed by e; and e;. Adding e to I' and removing e; is an edge swap. We then
remove e; and es and add the third 1-cell of the triangle that they span. This is
realised by an isotopy of the spine and so no edge swap is required. ([

Lemma 4.13. Let T be a triangulation of a torus with v vertices. Then there is a
sequence of at most 4v Pachner moves taking T to a 1-vertex triangulation.

Proof. This is contained in the proof of [14, Proposition 10.3], and so we only sketch
the argument. Suppose v > 1, as otherwise we are done. The strategy is to apply at
most 4 Pachner moves to the triangulation, after which the number of vertices is
reduced.

If there is an edge of the triangulation with the same triangle on both sides, then
one endpoint of the edge is a vertex with valence 1. It is possible to apply two 2-2
Pachner moves to increase this valence to 3. Then one can apply a 3-1 Pachner
move to remove this vertex.

So we may suppose that every edge of the triangulation has distinct triangles on
both sides. Using the fact that the Euler characteristic of the torus is zero, there is
a vertex with valence at most 6. Suitably chosen 2-2 Pachner moves then reduce
this to 3. A 3-1 Pachner move can then be used to remove the vertex. O

Lemma 4.14. Let T be a triangulation of a compact surface S with t triangles.
Then the barycentric subdivision T is obtained from T by 4t Pachner moves and
an 1sotopy.

Proof. First perform a 1-3 Pachner move to each triangle of 7. Each original edge
of T is then adjacent to two new triangles. Choose one of the two, and perform a
1-3 Pachner move in that triangle. Then perform the 2-2 move that removes the
edge. The resulting triangulation is isotopic to 7(1). In total, we have performed 4t
Pachner moves. (]

Lemma 4.15. Let T be a torus equipped with a cell structure. Let T' be a cellular
spine for T. Let C be a cellular essential simple closed curve with length £. Then
there exists a spine for T that is obtained from I' by at most 24 + 4€ edge swaps and
that contains C.

Proof. The annulus T\\C has boundary length 2¢. Apply Lemma 4.11 to turn T’
into a spine I' that intersects the interior of T\\C' in a single arc, using at most
24 + 44 edge swaps. The spine IV must contain all of C, as otherwise S\\I"” would
contain an essential simple closed curve. ([

5. TRIANGULATIONS OF A TORUS

In this section, we recall a description of the space Tr(7?) of all 1-vertex triangu-
lations of a torus.

The Farey graph is a graph with vertex set QU {oo}, and where two vertices p/q
and r/s are joined by an edge if and only if |ps — gr| = 1. Here, we assume that the
fractions are in their lowest terms and that co = 1/0. Now, QU {oo} is a subset
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FIGURE 4. The Farey graph and the dual Farey tree

of RU {oo}, which is the circle at infinity of the upper-half plane. We can realise
each edge of the Farey graph as an infinite geodesic in the hyperbolic plane; see
Figure 4. The edges of the Farey graph form the edges in a tessellation of H? by
ideal triangles. We call this the Farey tesselation. Each triangle has three points on
the circle at infinity, and these correspond to three slopes on the torus, with the
property that any two of these slopes intersect once. Given three such slopes, we
can realise them as Euclidean geodesics in the torus, which we think of as R?/Z2.
We can arrange that these geodesics each go through the image of the origin, and
hence all intersect at this point. Thus, this forms a 1-vertex triangulation of the
torus. Conversely, given any 1-vertex triangulation of the torus, we may isotope
the vertex to the origin, and then isotope each of the edges to Euclidean geodesics.
Thus, we see that there is a 1-1 correspondence between 1-vertex triangulations of
the torus, up to isotopy, and ideal triangles in the Farey tessellation.

When a 2-2 Pachner move is performed, this removes one of the edges of the
triangulation, forming a square, and then inserts the other diagonal of the square.
The remaining two edges of the triangulation are preserved, and these correspond
to an edge of the Farey graph. Thus we see that two triangulations differ by a
2-2 Pachner move if and only if their corresponding ideal triangles in the Farey
tessellation share an edge of the Farey graph.

It is natural to form the dual of the Farey tessellation, which is the Farey tree.
This has a vertex for each ideal triangle of the Farey tessellation, and two vertices
of the Farey tree are joined by an edge if and only if the dual triangles share an
edge. As the name suggests, this is a tree. The above discussion has the following
immediate consequence.

Theorem 5.1. The graph Tr(T?) is isomorphic to the Farey tree. ([l

5.1. A Cayley graph for PSL(2,Z). The mapping class group of the torus is
isomorphic to SL(2,Z). It was shown by Serre [25] that SL(2,7Z) is isomorphic to
the amalgamated free product of Z, and Zg, amalgamated over the subgroups of
order 2. The non-trivial element in the amalgamating subgroup is the matrix —1I,
which is central. If we quotient by this subgroup, the result is PSL(2,Z), which is
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FIGURE 5. The Cayley graph of PSL(2,Z) with respect to the
generators S and T'

isomorphic to Zs x Z3. The factors are generated by

0 -1 0 -1
s=(10) =005)

The Farey tree is closely related to the Cayley graph for PSL(2,Z) with respect to
these generators. This group acts on upper half space by isometries. It preserves
QU{oo} in the circle at infinity, and hence it preserves the Farey tesselation and the
dual Farey tree. The Cayley graph for PSL(2,7Z) with respect to these generators
embeds in upper half space as follows. We set the vertex v corresponding to the
identity element of PSL(2,Z) to lie at € + i for some small real € > 0. The images
of this point v under the action of PSL(2,7Z) form the vertices of the Cayley graph.
Emanating from the vertex v there are oriented edges, joining v to Sv and Twv. The
images of these edges under the action of PSL(2,Z) form the edges of the Cayley
graph. The graph is shown in Figure 5. Note that v lies in the triangle with corners
0, 1 and oco. The stabiliser of this triangle in PSL(2,7Z) is {T"% : i = 0,1,2}. Hence,
there are three vertices of the Cayley graph in this triangle that are connected by
edges labelled by T. The edge joining v to Sv intersects the geodesic joining 0
and oo and is disjoint from the remaining edges of the Farey graph. Hence, each
S-labelled edge of the Cayley graph is dual to an edge of the Farey graph. Each
edge of the Farey graph is associated with two such S-labelled edges, which join the
same pair of the vertices.

Thus, in summary, the Cayley graph is obtained from the Farey tree as follows.
Replace each vertex of the Farey tree by a little triangle, with edges labelled by T'.
Replace each edge of the Farey tree by two edges of the Cayley graph labelled by S.

5.2. Continued fractions. There is a well-known connection between continued
fractions and the Farey tessellation.
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A continued fraction for a rational number r is an expression

1
T =ag+
1
a +
1
az + ————
1
PP + J—
Qp
where each a; is an integer. This is written r = [ag, a1, ..., ay].
One can also consider an irrational number r, which also has a continued fraction
expansion |ag,ai,...]. This means that if r, = [ag,a1,...,a,], then r, — 7 as

n — o0o. We will focus on the case where a; is positive for each i > 0. Subject
to this condition, every real number r has a unique continued fraction expansion,
which we shall call the continued fraction expansion for r.

The continued fraction expansion of r is periodic if there is a non-negative integer
k and an even positive integer ¢t such that a;; = a; for every ¢ > k. The smallest
such t is the length of the periodic part. The following is a well-known result of
Lagrange; see, for example [4].

Lemma 5.2 (Lagrange). The continued fraction expansion of a real number r is
periodic exactly when Q(r) is a quadratic extension of Q. This happens exactly when
r=p+qVd for some square free integer d > 1 and some rational numbers p and q
where g # 0. Moreover, for fized d, two real numbers p 4+ gv/d and p' + ¢'\/d, for
p,p € Q and q,q' € Q\ {0} have the same periodic part. That is, if [ag, a1, as, ... ]
and [ay, ay, ab,...] are their continued fraction expansions, then there are integers
and m such that a; = a1 for all i > 1.

One can read off the continued fraction expansion of a positive real number r
from the Farey tessellation, as follows. Consider any hyperbolic geodesic v starting
in the hyperbolic plane on the imaginary axis, and ending at r on the circle at
infinity. It intersects each triangle of the Farey tessellation in at most one arc; see
Figure 6. As one travels along v and one enters such a triangle, it either goes to
the right or the left in this triangle, except when r is rational and « lands on r. So,
when r is irrational, one reads off the cutting sequence of ~, which is a sequence of
lefts and rights, written as L* R%' %2 . ... Then the continued fraction expansion of
r is [ag, a1, ag,...]. When r is rational, we also get a cutting sequence, but we must
be careful about the final triangle that v runs through. Here, v goes neither left
nor right, but instead straight on towards r. We view this final triangle as giving a
final L or R to the cutting sequence, where L or R is chosen to be the same as the
previous letter. Thus, we obtain a sequence L* R* [%2 ., [% or L* R L% ., R
with a,, > 2. Then [ag,a1,az,...,ay] is the continued fraction expansion of r.

The following lines in the Farey tree will play an important role in our analysis
of lens spaces.

Definition 5.3. For p/q € QU {00}, the line L(p/q) in the Farey tree is the union
of edges that are dual to an edge of the Farey graph emanating from p/q.

Lemma 5.4. When 0 < q < p, the distance in the Farey tree between the lines
L(g/p) and L(o0) is (Y iy a;) — 1 where [ag,...,ay] is the continued fraction of
expansion of p/q with each a; positive.
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FIGURE 6. The cutting sequence determined by a geodesic starting
on the imaginary axis and ending at r

PEEY EEEET R elllllllllllllllle ---------------- @-------- L - -

FIGURE 7. The line L(0) in the Farey tree

Proof. The line L(oco) runs parallel to the horocycle {(z,y) : y = 1} in upper
half-space. The line L(gq/p) forms a loop starting and ending at q/p. Let v be the
vertical geodesic in the half plane running from oo to the point ¢/p. As it comes
from infinity, it hits L(c0), then it intersects various edges in the Farey graph, and
then it hits L(g/p). This determines a path in the Farey tree from L(oo) to L(g/p).
There is no shorter path, because each edge e of the Farey tessellation crossed by
v separates L(oo) from L(q/p), and so any path in the Farey tree from L(oco) to
L(g/p) must run along the edge dual to e.

A closely related geodesic 7' determines the continued fraction expansion for ¢/p.
This starts on the imaginary axis and ends at ¢/p. But because 0 < ¢/p < 1, v and
+' hit the same edges of the Farey graph (except the edge that forms the imaginary
axis). Note that the continued fraction expansion of ¢/p is [0, ao,...,a,]. Hence,
(>, a;) — 1 is exactly the length of the path in the Farey tree joining L(co) to
L(a/p). O
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F1GURE 8. Splits and slide applied to a train track

6. TRAIN TRACK SPLITTING SEQUENCES

We will estimate distances in triangulation graphs using train tracks. We start
by recalling some terminology.

A pre-track is a graph 7 smoothly embedded in the interior of a surface S such
that at each vertex v, the following hold:

(1) there are three edges coming into v;

(2) these edges all have non-zero derivative at v, all of which lie in the same
tangent line;

(3) one edge approaches v along this line from one direction, and the other two
edges approach from the other direction.

The vertices of 7 are called switches and the edges are called branches.

Each component R of S\\7 is a surface, but its boundary is not necessarily
smooth. Its boundary is composed of a union of arcs, one for each edge of .
When two of these arcs cannot be combined into a single smooth arc, their point of
intersection is a cusp. The index of R is equal to x(R) minus half the number of
cusps of OR. We say that 7 is a train track if each component of S\\7 has negative
index. If we add up the index of the components of S\\7, the result is x(S). Hence,
we deduce that the number of complementary regions of a train track is at most
—2x(9).

A train track is filling if each component of S\\7 is either a disc or an annular
neighbourhood of a component of 9S. When 7 is filling, it is dual to a triangulation
of S, possibly with some ideal vertices.

Two train tracks differ by a split or a slide if one is obtained from the other by
one of the modifications shown in Figure 8.

Pick a point in the interior of each branch. Cutting the branch at such a point
creates two intervals, which are called half-branches. A half-branch is called small if
at the cusp at its endpoint, there is another half-branch coming in from the same
direction. If a half-branch is not small, it is large.

For any train track 7, its regular neighbourhood N(7) is naturally a union of
intervals called fibres, and there is a collapsing map N(7) — 7 that collapses each
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fibre to a point. A curve C is said to carried by 7 if C is embedded in N(7) and is
transverse to all the fibres.

A train track 7 is transversely recurrent if for each branch of 7, there is a simple
closed curve C transverse to 7 that intersects this branch and such that 7 U C does
not have a complementary region that is a bigon. By a bigon, we mean a component
of S\\(C' UT) that is a disc with boundary consisting of the union of two arcs, one
lying in C| the other lying in 7 and having no cusps. The train track 7 is recurrent
if for each branch of 7, there is a simple closed curve carried by 7 that runs over the
branch. It is birecurrent if it is both recurrent and transversely recurrent. We say
that the set of curves carried by T fills S if, for every essential simple closed curve
C in S, there is a curve carried by 7 that cannot be isotoped off C'. The train track
is then said to be filling.

The following is essentially due to Masur, Mosher and Schleimer [18].

Theorem 6.1. Let 7 and 7' be filling birecurrent train tracks in a closed orientable
surface S of genus at least 2. Suppose that there is a sequence of splits and slides
taking T to 7. Let T and T’ be the triangulations dual to 7 and 7'. Let n =
—2x(S). Then, the distance in Tr(S;n) between T and T' is, up to a bounded
multiplicative error, equal to the number of splits. This bound only depends on the
Euler characteristic of S.

Proof. In [18, Section 6.1], the marking graph M(S) is defined. This is quasi-
isometric to the mapping class group of S. In [18, Section 6.1], a map from
filling birecurrent train tracks to M(S) is defined. Composing this with the quasi-
isometries M(S) — MCG(S) — Tr(S;n) we obtain a map from filling birecurrent
train tracks to Tr(S;n). This is a bounded distance from the map that sends each
filling birecurrent train track to its dual triangulation.

We are supposing that there is a sequence of splits and slides taking 7 to 7/. Then
by [18, Theorem 6.1], a sequence of such splits and slides is sent to a quasi-geodesic
in M(S), with quasi-geodesic constants depending only on S. The length of this
quasi-geodesic is the number of splits in the sequence. We compose this with the
quasi-isometries M(S) — MCG(S) — Tr(S;n), and we obtain a quasi-geodesic in
Tr(S;n). Its start and end vertices are a bounded distance from 7 and 77, the
bound depending only on S. Hence, the distance in Tr(S;n) between 7 and T is,
up to a bounded multiplicative error, equal to the number of splits. (Il

Now suppose that the train track 7 has a transverse measure p. (We refer to [6]
for the definition of transverse measures and their relationship with pseudo-Anosov
homeomorphisms.) At any large branch of 7, one may split 7 in three possible ways,
but only one of these ways is compatible with y. The result is a measured train
track (77, p/).

A mazimal split on a measured train track (7, u) is obtained by performing a
measured split at each large branch of 7. The following was proved by Agol [1,
Theorem 3.5].

Theorem 6.2. Let S be a compact orientable surface. Let ¢: S — S be a pseudo-
Anosov homeomorphism, and let (7,u) be a measured train track that carries its
stable measured lamination. Let \ be its dilatation. For each positive integer i, let
(75, p3) be the result of performing a sequence of i maximal splits to (7,p). Then
there are integers n > 0 and m > 0 such that, for each i > m, T+, = ¢(7;) and

Hnti = )\71/%
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7. HOMEOMORPHISMS OF THE TORUS

The famous classification of orientation-preserving homeomorphisms of closed
orientable surfaces into periodic, reducible and pseudo-Anosov [27] is a generalisation
of the special case of the torus. In this case, the third category is known as linear
Anosov, which we can define to be isotopic to a linear map with determinant 1, and
with irrational real eigenvalues.

An orientation-preserving homeomorphism of the torus induces an action on
the homology of the torus and hence gives an element of SL(2,Z). There is a
homomorphism SL(2,Z) to the isometry group of the hyperbolic plane. Thus, our
homeomorphism of the torus induces an isometry of the hyperbolic plane that
preserves the Farey tessellation, and hence is an isometry of the Farey tree. An
alternative way of viewing this action is to note that the Farey tree is Tr(7T?) and
any homeomorphism of the torus naturally induces an isometry of Tr(72).

Recall that any isometry of a tree either has a fixed point or has an invariant azis.
This is a subset of the tree isometric to the real line, such that the isometry acts
as non-trivial translation upon this line. Any subset of the Farey tree isometric to
the real line has two well-defined endpoints on the circle at infinity, although these
endpoints need not be distinct. We can now see the classification of orientation-
preserving homeomorphisms of the torus in terms of the action on the Farey tree:

(1) A homeomorphism is periodic if and only if its action on the Farey tree has
a fixed point in the interior.

(2) A homeomorphism is reducible and not periodic if and only if its action on
the Farey tree has an invariant axis, but the endpoints of this axis are the
same point on the circle at infinity.

(3) A homeomorphism is linear Anosov if and only if its action on the Farey
tree has an invariant axis, and the endpoints of the axis are distinct points
on the circle at infinity.

The following is well-known (see for example [3, Section 0]).

Lemma 7.1. A matriz A € SL(2,Z) acts on the torus as a linear Anosov homeo-
morphism if and only if its trace tr(A) satisfies | tr(A)| > 2.

Proof. The matrix A projects to an element of PSL(2,Z), which is a subgroup of
orientation-preserving isometries of the hyperbolic plane. This isometry induces the
action of A on the Farey tessellation and hence on the Farey tree.

Consider first the case that the action has a fixed point in the interior. If A has
rows (a,b) and (c,d), a fixed point is an element = with positive imaginary part
such that (ax + b)/(cx + d) = z. Solving for x, this gives a quadratic polynomial
with discriminant y/tr(A4)2 — 4 and with highest order term cz?. Thus there is a
fixed point with positive imaginary part if and only if |tr(A)| < 2 and ¢ # 0. Note
however that if ¢ = 0, then the condition that A has determinant 1 forces tr(A) to
be equal to +2. Thus there is a fixed point with positive imaginary part if and only
if [tr(A)| < 2.

Consider next the eigenvectors of A. Specifically, (u, 1) is an eigenvector of
A if and only if u/1 is an endpoint of an invariant axis of the action of A on the
Farey tree. Now, the characteristic polynomial for A is z? — tr(A)z + 1, with

roots (tr(A) + /tr(A4)? — 4) /2. Thus A has distinct real eigenvalues if and only
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if |tr(A)| > 2; this is the case A induces a linear Anosov. The remaining case,
|tr(A)| = 2, corresponds to the case A is reducible and not periodic. O

When an isometry ¢ of a tree has an invariant axis, then this is also the invariant
axis for any non-zero power of ¢. Hence, we have the following result.

Lemma 7.2. Let A be a homeomorphism of the torus. Then for any integer n,
Lre(r2)(A") = nlyyr2)(A). Hence, the stable translation length satisfies Ly (p2y(A) =
lr(r2y(A).

7.1. Translation length of a linear Anosov. The following well known proposi-
tion gives the length of the translation in the Farey tree of an Anosov in terms of
continued fractions.

Proposition 7.3. Let A € SL(2,Z) act as a linear Anosov homeomorphism on the
torus. Let A be the image of A in PSL(2,7Z). Suppose that A is B™ for some positive
integer n and some matriz B € PSL(2,7Z) that is not a proper power. Let (ar,...,as)
denote the periodic part of the continued fraction expansion of \/tr(A)2 — 4. Then
the translation distance of A in the Farey tree isn'y ;_ _ a;.

Proof. As in the proof of Lemma 7.1, the matrix A corresponds to a linear Anosov
homeomorphism when | tr(A4)| > 2, with eigenvalues
tr(A) & y/tr(A)2 —4
5 .
Let A be either of these eigenvalues. Then the determinant of the matrix A — Al is
zero, and hence the two rows are multiples of each other. Let (a,b) be one of its
rows. Suppose (u,1)” is an eigenvector for A, so u/1 is an endpoint of the invariant
axis v for A. Then au+ b = 0 and so u = —b/a. Thus, we deduce that u lies in
Q(N\) = Q(4/tr(A)%2 —4). So, the periodic part of the continued fraction of u is
equal to the periodic part of the continued fraction expansion of /tr(A4)2 — 4 by
Lemma 5.2.

Let v/ be a geodesic starting at a point in the hyperbolic plane on the imaginary
axis and ending at u on the circle at infinity. The edges of the Farey graph that it
crosses determines the cutting sequence L% R L2 . .. for 7/ and hence the continued
fraction expansion [ag, a1, ...] for u. This cutting sequence is eventually the same
as that of the invariant axis . In particular, they have the same periodic parts.
Now, as « is the axis of A, its cutting sequence is periodic. However, the length of
the corresponding path in the Farey tree may be a multiple of this period. This
happens precisely when A is B™ for some integer n and some matrix B € PSL(2,Z)
that is not a proper power. Hence, translation distance of A in the Farey tree is

ny i, a. O

7.2. Moving between vertices in the Farey tree.

Lemma 7.4. Given any two ideal triangles a1b1c1 and asbaco of the Farey tessel-
lation, there is a homeomorphism ¢ of the torus such that ¢p(a1) = az, ¢(b1) = be,
@d(c1) = co. This is unique up to isotopy and composition by the map —id. It is
orientation-preserving if and only if ¢ preserves the cyclic ordering of the vertices
around the circle at infinity.

Proof. Since the slopes a; and b; have intersection number 1, we may choose a
basis for the first homology of the torus so that a; = (1,0) and b; = (0,1), when
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these slopes are oriented in some way. The function a; — as and b; — by may
be realised by an element of GL(2,Z). Note that the determinant of this map is
indeed +1, since as and by are Farey neighbours. This linear map sends ¢; to a
slope that has intersection number one with both ay and b,. If this slope is not cs,
then pre-compose the linear map by (1,0) — (—1,0) and (0,1) — (0,1). This gives
the required homeomorphism ¢.

To establish uniqueness, it suffices to check that if ¢(a1) = a1, ¢(b1) = b1 and
@(c1) = ¢1 then ¢ is isotopic to £id. But if the linear map ¢ sends (1,0) to £(1,0),
sends (0,1) to (0, 1) and sends (1,1) to £(1,1), then ¢ is +id.

We now show that ¢ is orientation-preserving if and only if ¢ preserves the cyclic
ordering of the vertices around the circle at infinity. We established above that ¢
is either an element of SL(2,Z) or a composition of an element of SL(2,Z) with a
reflection. In the former case, ¢ is orientation-preserving and realised by a Mobius
transformation of upper half-space, which therefore preserves the cyclic ordering
of triples in the circle at infinity. In the latter case, ¢ is orientation-reversing and
reverses the cyclic ordering of the vertices. O

Lemma 7.5. Suppose a1bic1 and asbacy are the vertices of distinct ideal triangles
of the Farey tessellation. Let o be the unique embedded path in the Farey tree joining
the centre of a1bicy to the centre of asbaco. Let e be the first edge of the Farey graph
that o crosses. Let ¢ be as in Lemma 7.4. Then ¢ acts on the Farey tree, and so
sends a to an arc ¢(«). Suppose that ¢(a) leaves the triangle asbacs by a different
edge from the one a came in through. Suppose also that ¢(e) and e do not share
a vertex. Then ¢ is linear Anosov. Moreover, the axis of ¢ in the Farey tree runs
through the vertices dual to a1bici and asbacs.

Proof. The infinite line | J~ _ ¢™(«) forms an invariant axis. The endpoints of
this axis on the circle at infinity are distinct, because they are separated by the
endpoints of e and ¢(e). Hence, as discussed above, ¢ is linear Anosov. ([l

Proposition 7.6. Let 71 and Tz be distinct 1-vertex triangulations of the torus that
do not differ by a 2-2 Pachner move. Then there is a linear Anosov homeomorphism
¢ such that ¢(T1) = Ta. Moreover, the azis of ¢ in the Farey tree runs through the
vertices dual to T1 and Ts.

Proof. Let aq, by, ¢1 and ag, ba, ca in QU {1/0} correspond to the slopes of 7; and
T3 in the Farey tesselation, where the edge bic; and bacy are closest to each other.
Choose the labelling so that both ay, b1, ¢; and as, by, co appear in a clockwise
fashion around the circle at infinity. Since 7; and 73 do not differ by a 2-2 Pachner
move, by # ¢1 or cg # by, say by # ¢1. By Lemma 7.4, there is a homeomorphism ¢
such that ¢(a1) = ¢a, ¢(b1) = a2 and ¢(c1) = bo. It is orientation-preserving, since
it preserves the cyclic ordering of the vertices.

Let a be the arc in the Farey tree joining the centre of a1bic; to the centre of
agbaco. The first edge e of the Farey graph that it crosses is bycq. Then ¢(e) is agbs.
This is different from the edge baco that « crosses. Note also that e and ¢(e) do not
share a vertex. So by Lemma 7.5, it is linear Anosov, with axis as claimed. [l

7.3. Splitting sequences between two ideal triangulations.

Theorem 7.7. Let T and T’ be distinct ideal triangulations of the once-punctured
torus. Then there are (filling) train tracks T and 7" dual to T and T' and a sequence
of splits taking T to 7' of length dryr2)(T,T"). These train tracks are birecurrent,
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FIGURE 9. Left: A simple closed curve on a triangulated torus.
Right: The associated measured train track

and the set of curves carried by T fill the once-punctured torus, as do the set of
curves carried by T'.

Proof. First observe that if 7 and 7" differ by a 2-2 Pachner move, then it is
straightforward to realise their dual trees as train tracks 7 and 7’ in the once-
punctured torus that differ by a single split.

So we assume that 7 and 7" do not differ by a 2-2 Pachner move. The triangula-
tions 7 and T’ correspond to vertices v and v’ of the Farey tree. By Proposition 7.6,
there is a linear Anosov homeomorphism ¢ of the torus taking v to v’. Moreover, the
axis of ¢ goes through v and v’. This has a stable lamination £ with a transverse
measure. We may isotope L so that it intersects each triangle of 7 in normal
arcs. The edges of 7 then inherit a transverse measure. There are three possible
normal arc types in each triangle, and some triangle must be missing an arc type,
as otherwise £ would contain a simple closed curve encircling the puncture. Thus,
in that triangle, the three edges have measures a, b and a + b for some non-negative
real numbers a and b. As this is the torus, these are the three edges of the other
triangle of 7, and hence this triangle is also missing an arc type. Now in fact, a and
b must both be positive, as otherwise £ would be a thickened simple closed curve.
So, the weights on the edges determine a train track 7 = 7y that is dual to 7 and
that carries £. See Figure 9. Let pg be the transverse measure on 7p.

We can view ¢ as specifying a pseudo-Anosov homeomorphism of the once
punctured torus, where its stable lamination is again £. We now apply Agol’s result,
Theorem 6.2, which provides a splitting sequence, giving a sequence of transversely
measured train tracks (7;, p;) starting at (7o, po). A split does not increase the
number of complementary regions of a train track. Hence, each train track 7; has a
single complementary region that is an annular neighbourhood of the puncture. It
is therefore dual to an ideal triangulation 7;. Thus, this sequence of train tracks
produces an injective path in the Farey tree starting at v. Since it is eventually
periodic, at some point, this path must land on the axis of ¢ and follow this axis
from then onwards. However, v is already on the axis of ¢. Thus, this path just
follows the axis. The axis goes through v/, and so when the path reaches v’, the
result is a train track dual 7/ to 7’. Thus, the required splitting sequence has been
produced.

We now show that 7 and 7 are birecurrent. Let 7”7 be the train track that is dual
to the ideal triangulation with edges having slopes 1/0, 0/1 and 1/1, and where the
latter is dual to the large branch. There is a homeomorphism of the once-punctured
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torus taking the ideal triangulation dual to 7 to the one with edges 1/0, 0/1 and
1/1, and taking the edge dual to the large branch of 7 to 1/1. Thus, there is a
homeomorphism taking 7 to 7. Similarly, there is a homeomorphism taking 7’
to 7”. So it suffices to show that 7" is birecurrent. But the simple closed curves
with slopes 1/0, 0/1 and 1/1 can be arranged to intersect the branches of 7 in
the required way, thereby establishing that 7" is transversely recurrent. Also, 7"
is recurrent, since for each of its three branches, there is an obvious simple closed
curve carried by 7/ that runs over this branch. Hence, 7 is birecurrent, as required.

Finally, the curves carried by 7" fill the once-punctured torus, since they include
1/0 and 0/1. Hence, the curves carried by 7 also fill the once-punctured torus, as
do the curves carried by 7’. O

8. BRANCHED COVERS OF THE TORUS

We will consider branched covering maps p: S — T, where T is the torus and S
is a closed orientable surface. We will require that there is a single branch point b
in T. Our first result says that any 1-vertex triangulation 7 of T has a well-defined
lift to S.

Lemma 8.1. Let p: S — T be a branched cover of the torus T, branched over a
single point b in T. Let T and T’ be isotopic 1-vertex triangulations of the torus T,
with their vertices both equal to b. Then their inverse images T and T' in S are
1sotopic.

Proof. The triangulations 7 and 7' are isotopic, but the isotopy is not assumed to
preserve basepoints. The isotopy is a 1-parameter family of homeomorphisms, the
final one being a homeomorphism h: (T,b) — (T, b). The Birman exact sequence [5,
Section 4.2.3] for the torus gives that the natural map MCG(T, 1 point) - MCG(T)
is an isomorphism. Here, MCG(T,1 point) denotes the group of orientation-
preserving homeomorphisms of 7' that fix a specific point, up to isotopies that
fix this point throughout. Hence, the homeomorphism h is isotopic to the identity,
via an isotopy that keeps b fixed throughout. This isotopy lifts to an isotopy of S
that keeps p~1(b) fixed throughout. This isotopy takes T to T". a

As a consequence of the above lemma, it makes sense to compare distances in
Tr(T) with distances in suitable triangulation graphs for S.

Theorem 8.2. Let p: S — T be a branched cover of the torus, branched over a single
point b in T, with finite degree deg(p). Suppose that the branching index around
each point in p~t(b) is greater than 1. Let Ty and Ty be 1-vertex triangulations of
the torus T with vertex at b, and let 7~'1 and 7~'2 be their inverse images in S. Then
there are constants k1, ko > 0, depending only on S, such that

Ky dv(ry (Th, To) — k2 < degs.—x(sy) (T, T2) < deg(p)dreer) (Tis T2)-

Proof. The upper bound follows immediately from the fact that a 2-2 Pachner move
on a triangulation of T with vertex at b induces deg(p) 2-2 Pachner moves on the
corresponding triangulation of S.

So, we focus on the other inequality. We may assume that 7; and 73 do not
differ by a 2-2 Pachner move, for otherwise dp.(7y(71,72) = 1, and the inequality is
trivial.
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We view 771 and 73 as ideal triangulations of the once-punctured torus. By
Theorem 7.7, they are dual to filling birecurrent train tracks 73 and 75, and there
is a splitting sequence taking 71 to 7o such that the length of this sequence is
dry(1)(T1, T2). View these as pre-tracks in the torus disjoint from the branch point
b. Their inverse images 71 and 75 in S are pre-tracks. In fact, they are train tracks,
because each complementary region is a regular neighbourhood of a point of p~1(b).
Since the branching index around this point is greater than 1, the inverse image of
the two cusps around b is at least four cusps. Then the index of the complementary

1

region is at most x(disc) — 5(4) < —1. Hence the number of compementary regions

of 71 and 7y is at most —x(S). So their duals 71 and T3 each have at most —x(S)
vertices.

The splitting sequence from 71 to 73 lifts to a splitting sequence from 7y to 7o, of
length deg(p)dry(72)(T1,T2). We wish to use Theorem 6.1 to show that the number

of splits gives a lower bound on dﬂ(s;,x(s))('ﬁ,ﬁ), up to multiplicative error
depending only on the Euler characteristic of S. We need to check the hypotheses
of Theorem 6.1.

We first show that 7y is transversely recurrent. Consider any branch é of 71. It
projects to a branch e of 7. Since 7 is transversely recurrent, there is a simple
closed curve C through e that intersects 7 transversely and where 7 U C' has no
bigon complementary region. Let C' be the inverse image of C in S. The component
of C' going through ¢ establishes the transverse recurrence of 7. The same argument
establishes that 75 is transversely recurrent.

We now show that 71 is recurrent. For each branch e of 71, let e be its image
branch in 7. There is a curve C' carried by 7 running over e. Its inverse image in
S is a collection C of curves carried by 7. One of these runs over ¢ as required.

We now show that the curves carried by 7 fill S. Let C be a finite collection of
curves carried by 7 that fill the punctured torus. Place the curves of C' in minimal
position with respect to each other, in the sense that no two of them have a bigon
complementary region. Then the complement of these curves in T is a union of discs.
Let C be the inverse image of these curves in S. These are carried by 7. They are
in minimal position. Their complement in S is a union of discs. Hence, C fills S.

Thus, the hypotheses of Theorem 6.1 hold and so dTr(s;_X(S))(’ﬁ, 7~§) is at least
the number of splits in a sequence taking 7y to 72, up to bounded multiplicative error
with bound depending only on S. We know from above that this number of splits is
deg(p)dre(ry(T1, T2). Tt follows that dpy(s;—y(s))(T1, T2) is at least k1 dy (1) (T1, T2) —
ko, for some constants k1, ko > 0 depending only on S. ([l

Suppose p: S — T is a branched cover of the torus, branched over a single point
b with degree deg(p). Suppose T is a spine for T disjoint from b. Then observe that
the inverse image of I' in S might not be a spine, as its complement consists of at
most deg(p) discs. However, a spine can be formed by removing at most deg(p) — 1
edges.

Corollary 8.3. Let p: S — T be a branched cover of the torus, branched over a
single point b, with finite degree deg(p). Suppose that the branching index around
each point in p~1(b) is greater than 1. Let T'y and T's be spines for T that are
disjoint from b, and let [y and L'y be their inverse images in S. Remove at most
deg(p) — 1 edges from each of Ty and T to form spines f/l and f'Q for S. Then
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there are constants c1,C1,ca,Co > 0, depending only on p, such that

c1 dSp(T) (Fl, Fg) —co < dSp(S) (f’l, fé) <(Cy dSp(T) (Fl, Fz) + Cs.

Proof. Note first that it does not matter which edges of fl and fg that we remove.
For suppose that f’l’ and f’Q' are other spines also obtained from I'; and T by
removing at most deg(p) — 1 edges from each. Then, I} and I' differ by at most
24(deg(p) — 1) edge contractions and expansions by Lemma 4.7, and similarly so do
I, and . Thus the difference can be picked up by the constants.

Define a map Tr(T) — Tr(S; —x(95)) first on the vertices: This sends a vertex
in Tr(T), corresponding to a 1-vertex triangulation of 7' with vertex at b, to the
vertex in Tr(S; —x(S)) corresponding to the triangulation that is the inverse image
of S. Each edge in T corresponds to a 2-2 Pachner move and this lifts to deg(p) 2-2
Pachner moves in S. Hence, the map Tr(T) — Tr(S; —x(S)) can also be defined
on edges and is continuous. Theorem 8.2 implies that this map is a quasi-isometry.
By Lemma 4.5, the maps Tr(7') — Sp(T') and Tr(S) — Sp(S) are quasi-isometries,
and the inclusion Tr(S) — Tr(S;n) is a quasi-isometry for any positive integer n. A
quasi-inverse is given by taking any triangulation with at most n vertices, dualising
it to form a trivalent graph, then removing edges to form a spine, and then dualising
to form a 1-vertex triangulation. This construction can be chosen to be invariant
under the mapping class group, and hence forms a quasi-isometry Tr(S;n) — Tr(S).
The composition

Sp(T) — Tr(T) — Tr(S; —x(S)) = Tr(S) — Sp(S)
is a quasi-isometry. Thus, we obtain the required inequalities. O

Remark 8.4. Theorem 8.2 and Corollary 8.3 require a branched cover of the
torus with a single branch point b and where each point of p~!(b) has branching
index at least two. One such branched cover is obtained by the following process.
First, take the Z/2 x Z/2 cover of T? arising from the natural homomorphism
m1(T?) — Hy(T?;Z/2). Then restrict this to a cover F — T?—{b}, where F is a four-
times punctured torus. Next form the cover of F' arising from 71 (F) — Hy(F;Z/2).
Finally complete this to form the required branched cover S of T2

9. TRIANGULATIONS AND HANDLE STRUCTURES OF PRODUCTS

Theorem 1.6. Let Ty and T1 be 1-vertex triangulations of the torus T?. Let
A(To,T1) denote the minimal number of tetrahedra in any triangulation of T? x [0, 1]
that equals To on T? x {0} and equals Ty on T? x {1}. Then there is a universal
constant kproqa > 0 such that

kprod dre(r2)(To, 1) < A(To, T1) < dre(r2y(To, T1) + 6.

Proof. The upper bound is straightforward: Let o be a shortest path in Tr(7?)
from 7y to T1. This determines a sequence of 1-vertex triangulations, starting at
7o and ending at 7;. We use this to build a triangulation of 72 x [0, 1], as follows.
Start with T2 x {0} triangulated using 7o. Then take the product of this with [0, 1]
and triangulate each of the resulting prisms using 3 tetrahedra. If chosen correctly,
these patch together to form a triangulation of T2 x [0, 1] with 6 tetrahedra, where
T? x {0} and T? x {1} are both triangulated using 7o. Then layer onto 72 x {1} a
sequence of tetrahedra, specified by the sequence of Pachner moves, until we reach
T1. This gives the upper bound.
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As for the lower bound, let p: S — T2 be a branched cover, with single branch
point b and where each point of p~!(b) has branching index at least two. For
example, take the branched cover of Remark 8.4.

Now let 7 be a triangulation of 72 x [0,1] that equals Ty on T2 x {0} and
equals 71 on T? x {1} and that realises A(7p,71). By Theorem 3.2, the 23rd
iterated barycentric subdivision 73 contains an arc in its 1-skeleton that is
vertical. Note 7(23) consists of (24)2*A(7p, T1) tetrahedra. By Lemma 4.14, there
is a sequence of at most 4(1 + 6 + --- + 6%2) < 623 Pachner moves taking Ty to
76(23). Perform the reverse of this sequence, and realise each Pachner move on
the boundary of S x [0, 1] by attaching a tetrahedron to S x {0}. Do the same
for S x {1}. Let 71 be the resulting triangulation of S x [0,1]. It has at most
(24)2A(To, T1) + 2 - 6% tetrahedra and it equals Ty and 7; on its boundary. By
Lemma 3.5, it also contains an arc in its 1-skeleton that is vertical. Hence, the
inverse image of 7, under the branched covering map is a triangulation of S x [0, 1].
It has at most (24)%% deg(p)A(To, T1) + 2 - 622 deg(p) tetrahedra.

Let 7o denote the restriction of the triangulation p~1(75) to S x {0}, and let 7;
denote the triangulation on S x {1}. By Theorem 8.2, there are constants k1, ke > 0,
depending only on p, such that

(1) k1 dv(ry (70, Th) — k2 < drvgsi—x(sy) (To, Th)-

By Lemma 4.13, there is a sequence of at most 4 deg(p) Pachner moves taking ’7~6
to a l-vertex triangulation 7, and a sequence of at most 4 deg(p) Pachner moves
taking 77 to a 1-vertex triangulation 7/. Considering the reverse moves, we obtain

(2) dre(s:—x(5))(T0, Ti) < d(s,—x(s))(To, T{) + 8 deg(p).

Each Pachner move corresponds to the addition of a 3-simplex to the triangulation
of S x [0,1]. So, we obtain a triangulation 77 of S x [0,1] that equals 7¢ on S x {0},
equals 77 on S x {1} and has at most (24)23deg(p)A (75, T1) + (2 - 623 + 8) deg(p)
tetrahedra.

Let A(T7’) denote the minimal number of tetrahedra in any triangulation of
S x [0,1] that equals 7§ on S x {0} and 7 on S x {1}. By the above observation,

(3) A(T") < (24)% deg(p)A(To, Th) + (2 - 6*° + 8) deg(p).
By Theorem 1.8, there is a constant k3 > 0 depending only on S such that
(4) A(T') > ks drusy (T3, T7).-

By Lemma 4.5, there are constants ky, k5 > 0 depending only on S and deg(p)
such that

(5) dr(s) (T3> T{) 2 ka dra(si—x(s)) (75, T) — k.
Putting this all together, we obtain
(24)*deg(p)A(To, Th) + (2 6% + 8) deg(p) > A(T") by (3)
> ks dr(s) (75, TY) by (4)
> k3 (k4 dTr(s;—X(S))(%’,ﬁ/) —ks) by (5)
> kaka(dros;—x(s)) (To, T1) — 8deg(p)) — ksks by (2)
> k3k4k1dTr(T)(76, T1) — kskako — ksks — 8ksksdeg(p) by (1)
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This gives a linear lower bound on A(7p,71) in terms of dr(7)(7o,71). For all but
at most finitely many positive values of dpy(7y(70,71), this lower bound will be
positive and implies that there exists kproq > 0 such that

A(7—07 7—1) > kprod dTr(T) (767 7—1)

For the remaining values, A(7g,71) is positive, and so a universal kppoq > 0 can be
chosen appropriately. O

In [15], given a pre-tetrahedral handle structure H on S x [0, 1], we considered the
number of edge swaps required to transfer a cellular spine on S x {0} to a cellular
spine on S x {1}. The main technical theorem of that paper, [15, Theorem 9.11],
gives a linear lower bound on the number of edge swaps in terms of A(H) under
appropriate hypotheses. We will prove an analogous theorem for tori.

Theorem 9.1. Let H be a pre-tetrahedral handle structure for T? x [0, 1] that admits
no annular simplification. Let Ty be a cellular spine in T? x {0}. Then there is a
sequence of at most knana A(H) edge swaps taking T'g to a spine T'y that is cellular
with respect to T? x {1}. Here, kpang is a universal constant.

Proof. For ease of notation, set I'y = I'©). In the course of the proof, we will obtain
spines IO, TM . T with each T'Y) obtained from I'U~1 by at most k) A(H)
edge swaps, where k() is a universal constant. The number of spines in the sequence
will be universally bounded (by n = 6), so the result follows.

First, let B be a maximal generalised parallelity bundle for . By Lemma 2.15,
each component of B has incompressible horizontal boundary, and is either an
I-bundle over a disc or has incompressible vertical boundary. Since 72 x I does not
contain a properly embedded Mo6bius band or Klein bottle, the only possibilities
are that B consists of a union of I-bundles over discs and annuli, or B is all of
T? x I. We also claim that each component of B that is an I-bundle over an annulus
has one horizontal boundary component in 72 x {0} and one horizontal boundary
component in T2 x {1}. Suppose that on the contrary, there is an I-bundle over
an annulus with both horizontal boundary components in the same component of
T? x OI. Then its two vertical boundary components are boundary-parallel. Pick
such a component of B that is outermost in T2 x I. Let A’ be its vertical boundary
component that is not outermost. Then A’ bounds an annulus A in 72 x dI, and
AU A’ bounds a product region P. Hence, H admits an annular simplification,
contrary to hypothesis.

Let B’ C B denote the parallelity bundle for H. Recall from Definition 2.13 (6),
the definition of a generalised parallelity bundle, that the intersection between 9,5’
and each essential component A” of 9,8 contains a component that is equal to A”
with some discs D removed from its interior. As a first step, we will adjust Ty = I'(?)
by sliding it off all such discs, using Lemma 4.9.

By Lemma 2.17, the length of 9,8’ is at most 56 A(#). Hence, the length of 9D is
at most 112A(H). In particular, the number of components of D is at most 112A(H).
Then Lemma 4.9 implies that after at most 6 - 112A(H) + 2 - 112A(H) = 896 A(H)
edge swaps, we obtain a spine I')) whose intersection with B lies entirely within
the parallelity bundle B: T N B c B'.

Case 1. B is all of T? x [0, 1].
Then some component of the parallelity bundle B’ is of the form (72 \ D) x [0, 1],
where D is a union of disjoint discs in 72. In particular, IV lies in parallelity
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handles that run from 72 x {0} to 72 x {1} and that respect the product structure
of T2 x [0,1]. Transfer ') to T2 x {1} using the product structure on B, obtaining
a spine I'®) in T2 x {1} without any additional edge swaps. Observe this is cellular
in the cell structure associated with H, so set I’y = I'®. The proof is complete in
this case.

Case 2. B consists of I-bundles over discs and annuli.

In this case, we cannot ensure that all of ') lies only in the parallelity bundle,
and so we cannot transfer as simply as in the previous case. Instead, we will obtain
a triangulation from a simplified handle structure and apply Theorem 1.6.

First we adjust T®) further. Again Lemma 2.17 implies that the length of 9,3
is at most 56 A(H), and there are at most 112A(#H) components of 9,8. We will
now apply Lemma 4.11. Adjust I'™) to a new spine I'® that is disjoint from the
interior of the disc components of 9,8, and intersects the interior of each annular
component of 9,8 in at most one arc. Moreover, this arc is a subset of ™) and so
the arc lies in the parallelity bundle B’. By Lemma 4.11, T is obtained from I'(})
from a number of edge swaps bounded by

6 112A(H) + 16 + 2 - 112A(H) + 2 - 112A(H) < 10 - 112A(H) 4 16 < 1248A(H).

Here we used that A(H) > 1/8, since otherwise A(#H) = 0 and the parallelity bundle
for H is then all of H, which is dealt with in Case 1.

Form a new handle structure H’ as follows. Replace each component of B that is
an I-bundle over a disc by a single 2-handle. Replace each component of B that
is an I-bundle over an annulus by a 1-handle and a 2-handle, arranged such that
the intersection of these two handles contains an arc of I'® within the annulus, if
there is one. This is possible because each component of B that is an I-bundle over
an annulus intersects 7% x {0} in a single component. Then T'®) remains a cellular
spine in this new handle structure H’. Note A’ has no parallelity 0-handles.

However, note that H’ may no longer be pre-tetrahedral. For each component of
B that is not a 2-handle, its vertical boundary consists of alternating components
of intersection with 1-handles and 2-handles, and these must be adjacent to semi-
tetrahedral 0-handles, attached where a 1-handle is bounded by exactly two 2-handles.
The process of replacing a D? x I component of B replaces one or both instance
of such a 1-handle and its adjacent 2-handles with a single 2-handle. This gives a
clipped semi-tetrahedral O-handle as in Figure 3. Similarly clipped semi-tetrahedral
0-handles may arise when replacing components that are I-bundles over an annulus,
but these are the only adjustments that need to be made.

Recall that we may still define the complexity of a handle structure that is pre-
tetrahedral aside from a finite number of clipped semi-tetrahedral 0-handles. Since
clipped semi-tetrahedral handles contribute the same as semi-tetrahedral handles to
complexity, we have A(H') < A(H).

Let T be the triangulation obtained from H’ as in Lemma 2.20. This satisfies
A(T) < 1152A(H') < 1152A(H). Let Tp and Ty be the induced triangulations of
T2 x {0} and T2 x {1}. Observe that our spine I'® is a subcomplex of Tp.

By Lemma 4.13, there is a sequence of at most 16A(7) Pachner moves taking 7y
and 77 to l-vertex triangulations 7; and 7{. By Lemma 4.12, there is a sequence of
at most 16A(T) < 16 - 1152A(H) edge swaps taking T?) to a subcomplex T'3) of
7.
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Realise the Pachner moves as tetrahedra, to form a triangulation 77 of T2 x [0, 1]
with triangulations 7] and 77 on T2 x {0} and T? x {1}, respectively, and with
A(T") < 1TA(T).

By Theorem 1.6, dy (72 (75, T7) is at most kproq A(T”) for some universal constant
kproa > 0. That is, there is a sequence of at most kprod A(T") < 17Tkproa A(T ) Pachner
moves taking 7 to 7{. Follow this by at most 16A(7) Pachner moves taking 77
to T, for a total of (17kpoa + 16)A(T) Pachner moves taking 7; to 7;. Again
Lemma 4.12 implies there is a sequence of at most (17kproq + 16)A(T") < EA(H)
edge swaps taking the spine I'®) to a subcomplex I'® of 77, where k > 0 is a
universal constant.

The 1-skeleton of the cell structure associated with H’ on T2 x {1} is a subcomplex
of 71, so the next step is to adjust I'®) to lie only in this subcomplex. The 2-cells of
the cell structure are discs. The total length of their boundary is at most the total
length of the 1-skeleton of the tetrahedra of 7', which is at most 6A(7). The number
of discs is at most the number of triangles in 7, which is at most 4A(7). Hence by
Lemma 4.9, we may modify T'®) to a spine I'® that is cellular with respect to H’
using at most 36A(7) edge swaps.

The cell structure that T2 x {1} inherits from H' agrees with that of H away
from OpB. Within the interior of each essential annular component of 9,85, the
structure of H’' consists of two 1-cells and two 2-cells. One of these 1-cells is the
arc of intersection with I'®), which we arranged to be part of the parallelity bundle.
Hence, it is also cellular in the cell structure that inherits from . If necessary, a
single edge swap takes I'®) to a spine intersecting the interior of this annulus just in
this arc. As there are at most 56A(H) annular components of 9,8 in T2 x {1}, this
can be done for all annuli with at most 56 A(#H) additional edge swaps, obtaining a
spine T'©), Now I'(®) is cellular with respect to H, so we set this equal to T';.

In summary, starting with the spine I'y = I'(©)| we have found a sequence of
edge swaps taking the spine I'¥) to a spine T'tD) for i = 0,...,5, where I'®) =T,
is the desired cellular spine on T2 x {1}, such that the number of edge swaps
required to take T to I'F1) is bounded by a uniform constant times A(#), for
eachi=1,...,5. |

10. TRIANGULATIONS OF SOL MANIFOLDS
In this section, we prove Theorems 1.4, 1.5 and 1.9.

Lemma 10.1. Let ¢: T? — T? be a linear Anosov homeomorphism. Then the
triangulation complezity satisfies

A((T? x I)/¢) < 6 + Lry(2) ().

Proof. There is a 1-vertex triangulation ¢ of the torus such that the distance in the
Farey tree between ¢ and ¢(t) realises the translation length £p.(72)(¢). As in the
proof of Theorem 1.6, we triangulate 72 x [0, 1] using 6 + Loy (72 (@) tetrahedra, with
T? x {0} triangulated using t and T2 x {1} triangulated using ¢(¢). Then glue top
to bottom using ¢. The result is a triangulation of (T2 x I)/¢ with 6 + lry(72) ()
tetrahedra. (]

Lemma 10.2. Let ¢: T? — T? be a linear Anosov homeomorphism. Then there

exists a universal constant kéol > 0 such that

kot bre(r2) (0) < A((T? x 1)/9).
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Proof. Let M = (T? x I)/¢. We will show that A(M) is at least a constant times
the translation distance of ¢ in the spine graph Sp(7?). As Sp(7?) and Tr(T?) are
quasi-isometric, by Lemma 4.5, this will prove the result.

Consider a triangulation T for M with A(7) = A(M). Let S be a normal fibre
in M with least weight. This corresponds to a surface, also called .S, that intersects
each handle in the dual handle structure in a collection of properly embedded discs.
This surface S inherits a cell structure in which each of these discs is a 2-cell. Pick
some spine I for S that is cellular. Let H be the handle structure that results from
cutting M along S. Then by Lemma 2.5, A(H) = A(T).

Since S has least weight in its isotopy class, H does not admit any annular
simplifications, by Theorem 2.16. So, by Theorem 9.1, there is a sequence of at
most kpanaA(H) edge contractions and expansions taking I' in 72 x {0} to a spine
I'; in 7% x {1} that is cellular. Now apply the gluing map ¢ between 72 x {1} and
T? x {0} to get the spine ¢(I'1) in T? x {0}. Next apply Theorem 9.1 again, to
obtain a sequence of at most knana A(H) edge contractions and expansions taking
#(T'1) in T? x {0} to a cellular spine I'y in T2 x {1}. Keep repeating this process,
giving a sequence of spines I'; that are cellular in T2 x {1}. Thus, the distance in
Sp(T?) between ¢(I';) and I';1 is at most kpangaA(H). There are only finitely many
cellular spines in T2 x {1} and so there are integers r < s such that I, = I'y. By
relabelling, we may assume that » = 0 and s = n, say. Thus, with respect to the
metric d on Sp(7?), we have the following inequalities:

d(¢"T'o,T'o) = d(¢"To,I',)
< d(¢"To,¢" 'T1) +d(¢" Ty, ¢" Ta) + -+ d(¢pT1,Tn)
=d(¢To,T1) +d(ol'1, o) + -+ d(¢l'n—1,T)
< khananA(H).
So, the translation length £g,(72)(¢™) of ¢™ is at most kpananA(H). But Lgpr2y(¢™)
is n times the translation length fg,(72)(¢), since ¢ acts on the tree Sp(T?) by

translation along an axis; see Lemma 7.2. Therefore, the translation length of ¢ is
at most khandA(H) = kllandA(M)~ O

Recall from Section 5.1 that PSL(2,Z) is isomorphic to Zs * Z3 where the factors

are generated by
0 -1 0 -1
§= <1 0 ) T= (1 1) '

Theorem 1.4. Let A be an element of SL(2,Z) with |tr(A)| > 2. Let M be the sol
3-manifold (T? x [0,1])/(A(z,1) ~ (z,0)). Let A be the image of A in PSL(2,Z)
and let £(A) be the length of a cyclically reduced word in the generators S and T*!
that is conjugate to A. Then, there is a universal constant ke > 0 such that

kol (A) < A(M) < (£(A)/2) + 6.

Proof. As explained in Section 5.1, the Farey tree is closely related to the Cayley
graph of Zy * Z3 with respect to the generators S and T'. Specifically this Cayley
graph is obtained from the Farey tree as follows: replace each vertex of the tree
by a triangle, with each edge oriented and labelled by T'; replace each edge of the
Farey tree by two edges, both labelled by S and pointing in opposite directions.
The element A in SL(2,Z) acts on this Cayley graph as it does on the Farey tree,
and the translation lengths of these two actions differ by a factor of 2. Indeed,
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the invariant axis in the Farey tree can be used to produce an invariant geodesic
in the Cayley graph, and the translation length along this geodesic is twice that
of the translation length along the axis in the Farey tree. As one travels along
this geodesic, one reads off a word in S, T and 7! which is a cyclically reduced
representative for a conjugate of A. Thus its length £(A) is twice the translation
length of the action of A on the Farey tree. By Lemmas 10.2 and 10.1, this is, up
to a bounded multiplicative factor, the triangulation complexity of M. (I

Theorem 1.5. Let A be an element of SL(2,Z) with |tr(A)| > 2. Let A be the
image of A in PSL(2,Z). Suppose that A is B" for some positive integer n and
some B € PSL(2,Z) that cannot be expressed as a proper power. Let M be the sol
3-manifold (T? x [0,1])/(A(z,1) ~ (z,0)). Let [ag,a1,...] be the continued fraction
expansion of \/tr(A)? — 4 where a; is positive for each i > 0 and let (ar,...,as)

denote its periodic part. Then there is a universal constant k. ,; > 0 such that

kgolniai <AM) < 6+niai.

Proof. Let ¢: T? — T? be the homeomorphism determined by A. By Lemma, 7.1,
¢ is linear Anosov, so by Lemmas 10.1 and 10.2, we have

kiorlre(r2)(9) < A(M) < 6 + o2y (9).

Now by Theorem 5.1, £py(12)(¢) is the translation length of ¢ in the Farey tree. By
Proposition 7.3, this translation length is n > ;_ a;. O

Theorem 1.9. Let ¢: T? — T? be a linear Anosov homeomorphism. Then the
following quantities are within bounded ratios of each other:
(1) the triangulation complexity of (T? x I)/¢;
(2) the translation distance (or stable translation distance) of ¢ in the thick part
of the Teichmiiller space of T?;
(8) the translation distance (or stable translation distance) of ¢ in the mapping
class group of T?;
(4) the translation distance (or stable translation distance) of ¢ in Tr(T?).
In (3), we metrise MCG(T?) by fizing the finite generating set

G G

Proof. The fact that the quantities (2), (3) and (4) are within a bounded ratio of
each other is a rapid consequence of the Milnor-Svarc lemma, as explained in [15,

Section 1.2]. The relationship between (1) and (4) now follows immediately from
Lemmas 10.1 and 10.2. g

11. TRIANGULATIONS OF LENS SPACES
The following was one of the main theorems of [16].

Theorem 11.1. Let M be a lens space other than a prism manifold L(4p,2p + 1)
or RP3. Let T be any triangulation of M. Then the iterated barycentric subdivision
T3 contains in its 1-skeleton the union of the two core curves.

We will use this to prove our main result about lens spaces.
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Theorem 1.1. Let L(p,q) be a lens space, where p and q are coprime integers
satisfying 0 < q < p. Let [ag,...,a,] be the continued fraction expansion of p/q
where each a; is positive. Then there is a universal constant kiens > 0 such that

n

klcnszai S A(L(paQ)) S Zai-
=0

=0

Proof. The upper bound on A(L(p, q)) is fairly straightforward. Indeed, Jaco and
Rubinstein [9] provide a triangulation with (3°7"_,a;) — 3 tetrahedra for p > 3 and
they conjecture that this is equal to A(L(p, q)). For p = 2 or 3, the lens space is RP?
or L(3,1), which both satisfy A(L(p,q)) = 2. Note >."" ja; > 2, so the inequality
holds in these cases.

We now focus on the lower bound for A(L(p,q)). The triangulation complexity
of L(4p',2p" £ 1) was shown by Jaco, Rubinstein and Tillmann [11] to be p’ for
p’ > 2. So we now assume that the lens space is not of this form and also is not
RP? or L(4,1).

Let 7 be a triangulation of L(p, ). Our goal is to show that A(T) > kiens 1 @
for some universal constant kje,s > 0. The approach that we will take is as follows.
We will drill from (a subdivision of) the triangulation 7 two core curves C' and C”
for the solid tori making up L(p, ¢), with meridians g and p’. This gives a manifold
homeomorphic to T? x [0,1]. Using the triangulation 7, we will obtain spines for
T? x {0} and T? x {1} containing p and g, respectively; these correspond to points
on L(p) and L(y') in the Farey tree. Theorem 9.1 and Lemma 4.15 then build a path
in the Farey tree from L(u) to L(p'), with length bounded by a constant times A(T).
This must be at least as long as the shortest path from L(u) to L(p'), which is 3 a;.
Thus our constructed path will give a bound of the form > a; < (1/kiens)A(T) for
some constant kjo,s. This completes the outline of the proof of the theorem.

By Theorem 11.1, 739 contains in its 1-skeleton the union of the two core
curves C and C’. To build our spines on 72 x {0} and T2 x {1}, we not only need
C and C' to be simplicial, but also a regular neighbourhood of these curves must be
simplicial, and a meridian of the simplicial neighbourhood must also be simplicial.
This can be obtained by further subdivision. However, as we subdivide, we will need
a bound on the length of the simplicial meridian to apply Lemma 4.15. Again this
can be obtained by careful subdivision, as follows. Beginning with 739 take a
further two barycentric subdivisions, so that a regular neighbourhood N(C UC") for
C'UC" is simplicial in 714D, Observe that AN (C U C") consists of faces, edges, and
vertices that belong to 7(**) but do not lie in faces, edges and vertices (respectively)
of 739 Observe that barycentric subdivision adds a new central vertex to each
tetrahedron of 7(*0) and this vertex meets exactly 24 tetrahedra in 7 (1. Observe
also that an edge running from this central vertex to one of the new vertices on a
face will meet 30 tetrahedra: 24 at one endpoint, and an additional six at the other
endpoint.

We may find two curves C and C’ that are simplicial on ON(C U C"), that are
parallel copies of C' and C’, respectively, and that are made up of edges each meeting
at most 30 tetrahedra. We may take a further two barycentric subdivisions, creating
T(143) " 50 that N(C U 6/) is simplicial. Then N(C' U 6,) consists of those simplices
in 7(143) that have non-empty intersection with C and C . We remove the interior
of this regular neighbourhood from L(p, ¢), and thereby obtain a triangulation of
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T2 x [0, 1]. Because each barycentric subdivision increased the number of tetrahedra
by a factor of 24, this triangulation has complexity at most (24)M3A(T).
Consider any vertex v of 71 lying on C. The union of the simplices in 7 (143)
incident to this vertex is a simplicial 3-ball B. The intersection between OB and C
consists of two points. The union of the simplices in B incident to one of these
points is a disc. The boundary of this disc is a meridian curve u for N(C). Since at
most 30 tetrahedra of 711 are incident to v, we deduce that there is a universal
upper bound (120 in fact) for the length of x in 743, BEach vertex of u lies in
the interior of a 3-simplex or 2-simplex of 74D, Hence, it is incident to at most
two 3-simplices of 74D, These 3-simplices contain at most 2 x (24)? tetrahedra of
7(143) and hence at most 12 x (24)% = 6912 edges of 7143, We deduce that each

vertex of p is incident to at most 6912 edges in N (C). Similarly, on N (6/), there
is a meridian curve p’ with length at most 120 and again with the property that
each vertex that it runs through is incident to at most 6912 edges in ON(C').

As in Remark 2.7, we attach a triangulation of 9N (C'UC") onto the triangulation
of T? x [0,1], to form a new triangulation 7' of T? x [0,1]. This satisfies A(T") <
33(24)1*3A(T). By Lemma 2.6, the dual handle structure H is pre-tetrahedral and
satisfies A(H) < 33(24)13A(T). As explained in Remark 2.10, it has no parallelity
handles. In particular, it admits no annular simplifications.

There is a copy of the meridian curve p in 7’. This is a sequence of vertices
and edges, and hence it corresponds to a sequence of 2-handles and 1-handles in
the handle structure of 7% x {0,1}. The boundary of each of these 2-handles has
length at most 6912 x 2 in the cell structure, and the boundary of each 1-handle
has length 4. The union of these 1-handles and 2-handles is an annulus. Each
of the boundary components of the annulus is cellular and has length at most
120 x ((6912 x 2) +4) = 1659360 in H. Pick one of these boundary components and
extend it to a cellular spine I" in 72 x {0}. Similarly, there is a cellular curve in
T? x {1} that is parallel to 4/ and that has length at most 1659360.

By Theorem 9.1 and Lemma 4.7, there is a universal constant kp.nq > 0 and
a sequence of at most 24kpang A(H) edge contractions and expansions taking T’
to a cellular spine I in T2 x {1}. By Lemma 4.15, there is a further sequence
of at most 24 + 4 - 1659360 = 6637464 edge swaps taking I to a spine I'” that
contains y/. By Lemma 4.7, this is realised by at most 24 - 6637464 < 108 edge
contractions and expansions. Since I' and I contain meridians as subsets, they
correspond to vertices in the Farey tree that lie on the lines L(p) and L(y'), as
in Definition 5.3. The distance in the spine graph is exactly twice the distance in
the Farey tree, since a 2-2 Pachner move in a triangulation is realised by an edge
contraction then expansion. Hence, the distance between these lines is at most
24kpana A(H) + 10% < 33(24) 4 kpang A(T) + 108 in the Farey tree. By Lemma 5.4,
this distance is (3", a;) — 1, where [ag, ..., a,] is the continued fraction expansion
of p/q. Hence, A(L(p,q)) is at least a linear function of Y1 a;. Since Y. ja; > 1,
the additive part of this linear function can be eliminated, at the possible cost of
changing the multiplicative constant. So, A(L(p,q)) is at least kiens > 1o a; for
some universal kjons > 0.

12. PRISM MANIFOLDS AND PLATONIC MANIFOLDS

We start by considering the prism manifold P(p, q). This is obtained by gluing
together the solid torus and K2 X I, the orientable I-bundle over the Klein bottle, via
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a homeomorphism between their boundaries. The resulting manifold is determined,
up to homeomorphism, by the slope on the boundary of K2 % I to which a meridian
disc of the solid torus is attached. Now, the boundary of K2 X I has a canonical
framing, as follows. There are only two non-separating simple closed curves A and p
on the Klein bottle, where A is orientation-reversing and 4 is orientation-preserving.
The inverse images of these in the boundary of K2 X I are curves with slopes A
and fi. The prism manifold P(p, q) is obtained by attaching the meridian disc of
the solid torus along a curve with slope A+ qit, when these slopes are given some
choice of orientation.

Theorem 1.2. Let p and g be non-zero coprime integers and let [ag, . .., a,] denote
the continued fraction expansion of p/q where a; is positive for each i > 0. Then,
A(P(p,q)) is, to within a universally bounded multiplicative error, equal to Y . aj.

Proof. As usual, the upper bound on A(P(p,q)) is fairly straightforward. Start
with a 1-vertex triangulation of the Klein bottle in which A and p are edges. The
inverse image in K2 X I of the three edges in K2 is three squares, which we can
triangulate using two triangles each. If we cut K2 X I along these three squares, the
result is two prisms, which can be triangulated using eight tetrahedra. Now attach
onto the boundary of K2 ¥ I some tetrahedra, so that the resulting boundary has
a l-vertex triangulation, and where two of its edges have slopes A and it. Now
apply 2-2 Pachner moves taking this triangulation to one that includes p/q as an
edge. Then glue on a triangulation of the solid torus with boundary triangulation
containing a meridian as an edge. Thus the resulting number of tetrahedra in the
triangulation of P(p,q) is at most Y .-, a; plus a constant.

For the lower bound, note that P(p, q) is double covered by a lens space L. Hence,
A(P(p,q)) > A(L)/2. The inverse image of K2 X I in this double cover is a copy
of T? x [0,1]. The inverse image of the solid torus is two solid tori, one attached
along the slope p/q and the other attached along the slope —p/q. According to
Theorem 1.1 and Lemma 5.4, A(L) is at least a constant times the distance in
the Farey graph between the lines L(p/q) and L(—p/q). To compute this distance,
consider the hyperbolic geodesic joining p/q to —p/q. This is divided into two half-
infinite geodesics by the imaginary axis. As we travel along one of these geodesics,
starting at the imaginary axis and ending at p/q, we recover the splitting sequence
for p/q. Hence, this corresponds to a path in the Farey tree with length Z?:o a;.
The path running from the imaginary axis to L(—p/q) has the same length. Hence,
A(L) is at least a constant times >, a;. O

A Platonic manifold is an elliptic manifold M that admits a Seifert fibration
with base space that is the quotient of the 2-sphere by the orientation-preserving
symmetry group of a Platonic solid. In other words, the base space X is a 2-sphere
with three cone points of orders (2,3,3), (2,3,4) or (2,3,5).

If we remove the three singular fibres from M, the result is a circle bundle over
the three-holed sphere. Thus, M is obtained from this circle bundle by attaching
three solid tori. For convenience, we also remove one regular fibre, and the resulting
manifold M’ is a circle bundle over the four-holed sphere S. Now orientable circle
bundles over orientable surfaces with non-empty boundary are trivial. Thus, M’ is
just a copy of S x S'. We fix a meridian and longitude for each boundary component
of S x S, by declaring the longitude to be of the form C x {*} for the relevant
boundary component C of S, and declaring the meridian to be {*} x S'. Thus,
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the Dehn filling slopes are given by four fractions po/qo, p1/q1, p2/q2 and p3/qs,
where g9 = 1, g1 = 2, g2 = 3 and g3 = 3, 4 or 5. The Euler number is just the
sum po/qo + p1/q1 + p2/q2 + p3/qs. Without changing the manifold or its Seifert
fibration, we can adjust these slopes by adding an integer to one and subtracting an
integer from another. In this way, we can arrange p1/q1, p2/q2 and p3/qs all to lie
strictly between 0 and 1.

Theorem 1.3. Let M be a Platonic elliptic 3-manifold, and let e denote the Euler
number of its Seifert fibration. Then, to within a universally bounded multiplicative
error, A(M) is |e|.

Proof. The upper bound is straightforward. We can form a triangulation of S x S*
with a fixed number of tetrahedra, and where the longitudes and meridians are all
simplicial. We can also arrange that the triangulation of each boundary component
has a single vertex. Since p1/q1, p2/q2 and p3/gs take only finitely many possible
values, we can attach triangulated solid tori so that the meridian disc is attached to
these slopes, using a universally bounded number of tetrahedra. The final slope py/1
is integral. Hence, using at most |pg| many 2-2 Pachner moves, we many arrange that
this slope pg/1 is simplicial. We can then attach a triangulated solid torus to form a
triangulation of M. The difference between py and the Euler number e is bounded
above by 3, since p1/q1, p2/ge and ps/qgs all lie between 0 and 1. So, the number of
tetrahedra is at most |e| + ¢ for some universal constant ¢. This is at most a multiple
of |e| as e cannot be zero, since M would then contain an embedded non-separating
orientable surface, which is impossible in a rational homology 3-sphere.

We now establish the lower bound on A(M). The Seifert fibration M — 3 induces
a surjective homomorphism 7 (M) — 71(X), where the latter group is the orbifold
fundamental group of the base space 3. The kernel of this homomorphism has index
at most 60. Let M be the corresponding finite cover of M. Then A(M) < 60A(M).
The Seifert fibration on M lifts to a Seifert fibration on M. The Euler number &
of M is related to the Euler number of M as follows, using [24, Theorem 3.6]. If
d; is the degree of the covering between the base orbifolds, and ds is the degree of
the coverings between regular fibres, then € = ed;/dz. In particular, |é] > |e|/60.
The Seifert fibration of M has base space a 2-sphere and has no singular fibres, and
therefore M is the lens space L(é,1). Therefore, by Theorem 1.1,

A(M) > AM) /60 > (Kions/60)|] > (Kiens/3600)]¢]. O
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