SIMPLE GEODESICS AND MARKOFF QUADS

YI HUANG AND PAUL NORBURY

ABSTRACT. We study the action of the mapping class group of the thrice-punctured
projective plane on its PGL(2,C) character variety in terms of an algorithm for
generating the simple length spectra of hyperbolic 3-cusped projective planes. We
apply this algorithm to prove a growth rate bound for the simple closed geodesic
lengths, a sharp upper-bound for the length of the shortest geodesics and estab-
lish a McShane identity for quasi-Fuchsian representations of the corresponding
fundamental group.

INTRODUCTION

Closed geodesics on hyperbolic surfaces have extremely rich properties, arising
in geometry, topology and number theory. Given a Riemannian surface, its length
spectrum is the multiset of lengths of closed geodesics on the surface and its sim-
ple length spectrum is the multiset of lengths of simple (i.e. non-self-intersecting)
closed geodesics.

The number of closed geodesics of length less than L on an oriented hyper-
bolic surface grows exponentially. This can be proven using the Selberg trace
formula, which regards the length spectrum in terms of the spectrum of the
Laplace-Beltrami operator [19]. Whereas, the growth rate for the simple closed
geodesic spectrum is polynomial in L, and was first established using combina-
torial arguments [10, 17]. This was later refined by Mirzakhani [13] using the
ergodicity of the mapping class group action on the space of geodesic measured
laminations, and her calculations of moduli spaces volumes [14] via objects inti-
mately related to the simple length spectrum: McShane identities — a sum over
functions of lengths of simple closed geodesics on a punctured hyperbolic sur-
face that is independent of the hyperbolic structure on the surface. The first such
identity was obtained by McShane [8] on the 1-cusped torus and generalisations
to other hyperbolic surfaces and quasi-Fuchsian representations have steadily fol-
lowed [1, 5,7, 8, 9, 14, 15, 20].

Given a surface S, denote a quasi-Fuchsian representation of 711 (S) by X, which in
the Fuchsian case may be identified with a hyperbolic surface homeomorphic to
S, and more generally with a hyperbolic 3-manifold homeomorphic to (0,1) x S.
Any closed curve vy C S defines a function {,(-) on quasi-Fuchsian representa-
tions, given by the complex length of the unique closed geodesic in X homotopy
equivalent to y C S C X. The complex length of a geodesic has real and imagi-
nary parts respectively given by its geometric length and the angle of twisting of
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the normal bundle around the closed geodesic.
Consider a 4-tuple («, 3,v,8) of one-sided simple loops on a 3-cusped projec-

tive plane that pairwise intersect once. The figure shows two such 4-tuples
(o, B,v,0), (x,B,v,0"). The crossed circle is a cross-cap: an embedded Mobius

Ficure 1. Flipping the blue geodesic.

strip. The geodesics & and &’ are the only one-sided simple geodesics that in-
tersect each of the geodesics «, 3,y exactly once. And we call the process of
replacing & with &', or vice versa, a flip. A trace identity shows that the 4-tuple

(a,b,¢,d) = (2sinh 104 (X), 2sinh 104 (X), 2sinh 3¢, (X), 2 sinh $05(X))
satisfies the equation
(1) (a+b+c+d)? = abed.

We call general (possibly non-geometric) solutions of (1) Markoff quads. From any
solution (a,b, c,d) of (1), a new Markoff quad may be obtained via the following
transformation:

2) (a,b,c,d) — (a,b,c,abc —2a —2b —2c —d)

where d’ = abc—2a—2b—2c—d corresponds to the flipped geodesic &’ described
above. By symmetry, we may also flip any of the other three geodesics to obtain
new Markoff quads with corresponding expressions for the flipped coordinate.
Successively flipping geodesics produces all one-sided simple loops, and hence
gives an algorithm for generating the complex lengths of all one-sided simple
closed curves on S for any given quasi-Fuchsian representation X of m; (S).

Markoff quads are points on the GL(2, C) relative character variety of the thrice-
punctured projective plane which is the hypersurface defined by (1). The trans-
formation (2), combined with the following permutations

3) (a,b,c,d) — (b,a,d,c),(c,d,ab),(dcb,a)

generate the pure mapping class group of the thrice-punctured projective plane,
and specify its action on the corresponding relative character variety. Relative here
means that peripheral elements are parabolic, and pure means that we restrict to
elements of the mapping class group that fix punctures.
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The set of positive solutions (a,b,c,d) € R% of (1) is preserved under flips (2)
and may be real-analytically identified with the standard simplex:

{(x1,%2,%3,%4) € RY [ X1 + X2 + %3 + x4 = 1}

via the involution of R* given by

(x1, %2, X3, X4) = idl LML
172, %8, 24 = bed” V acd’ V abd’ V abe |-

Thus the set of positive Markoff quads is a mapping class group invariant con-
tractible set. In fact, it is the Teichmiiller component of the real character variety:
a model for the Teichmiiller space of the thrice-punctured projective plane. See
section 5.1.

The algorithm that generates the simple length spectrum allows us to establish
the maximum of the systole function over the moduli space of hyperbolic projec-
tive planes with three cusps. Recall that the systole of a Riemannian surface is the
length of its shortest closed geodesic, which is necessarily simple.

Theorem 1. The maximum of the systole over the moduli space of all hyperbolic 3-cusped
projective planes is 2arcsinh(2).

This maximum is uniquely realised by the symmetric hyperbolic surface which
is doubly covered by a hyperbolic surface conformally equivalent to a sphere mi-
nus the 6 vertices of the symmetric octahedron it circumscribes. Its simple length
spectrum is generated from the integral Markoff quad (4,4,4,4).

The next main result is a McShane identity for quasi-Fuchsian representations
of the fundamental group of the thrice-punctured projective plane. It gives a col-
lection of summands depending on the quasi-Fuchsian structure X whose sum is
independent of this structure.

Theorem 2. Let X be a quasi-Fuchsian thrice-punctured projective plane. Then

— 1+expyty(X) 2

where the sum is over free homotopy classes of essential, non-peripheral two-sided simple
closed curves -y on S.

Note that by regarding hyperbolic surfaces as Fuchsian representations, Theo-
rem 2 generalises the corresponding result in [15].
Finally, for any hyperbolic surface X and L > 0 define

8x(L) = Card{y is a 1-sided simple closed geodesic on X | £, (X) < L}.

We prove the following estimates for 8x (L) when X is any hyperbolic projective
plane with three cusps.

Theorem 3. There exist constants C(X) and C’(X) such that
C(X) - L' < 8x(L) < C'(X) - L.
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In particular, we explore the relationship between the asymptotic growth rates of
the simple length spectrum for orientable and non-orientable surfaces.

Our approach to analysing orbits of the mapping class group and in particular to
proving Theorem 2 follows that of Bowditch [2], who studied the simple length
spectra of hyperbolic 1-cusped tori using Markoff triples — solutions (x,y,z) € C3
to the equation:

4) X +y* + 28 = xyz.

The relation of solutions of (4) to the simple length spectra of hyperbolic 1-cusped
tori uses trace relations and was first studied in [4]. The hypersurface (4) is the
relative character variety of the punctured torus. One can determine the simple
length spectrum of a hyperbolic 1-cusped torus via sequences of the following
transformations on solutions of (4):

®) (x,y,2z) = (x,y,xy —z) and (x,y,z) — (y,z,x),
which generate the (pure) mapping class group, and describe its action on the
corresponding relative character variety.

This paper is loosely structured in alignment with Bowditch’s proof:

SecTION 1: Use trace relations to derive an algorithm for generating the com-
plex lengths of all simple closed curves on a 3-cusped projective plane, and store
these data in a curve complex.

SECTION 2: Use geodesics lengths on X to define discrete dynamics on this cell
complex. Facts established about these dynamics then translate back to results
about the lengths of geodesics on 3-cusped projective planes.

SectION 3: Using the dynamics described in the previous section, we generate
a sequence of finite sums totaling 1. The summands in this sequence of sums
eventually decrease in magnitude. In the limit, we derive Theorem 2.

SecTION 4: The Fibonacci bounds on the growth of geodesic lengths obtained
in the previous section are invoked to obtain bounds for the asymptotic growth
rate of the simple length spectrum.

SECTION 5: Show that flips generate a finite index normal subgroup of the map-
ping class group of a thrice punctured projective plane and use this to derive a
cellularisation of the moduli space.

Acknowledgements: The authors are grateful to Craig Hodgson for useful con-
versations.

1. MARKOFF QUADS

A modified Fricke trace identity [11] shows that the 4-tuple
(a,b,¢,d) = (2sinh 104 (X),2sinh 104 (X),2sinh 1€, (X), 2 sinh 205(X))
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satisfies equation (1):
(a+b+c+d)? =abcd.

F1GURE 2. Diagrams of the thrice-punctured projective plane.

Recall from the introduction that sequences of flips generate the traces of all one-
sided simple closed curves on S for any given quasi-Fuchsian representation X
of 711(S). We begin by considering the trace identities needed for this algorithm,
before detailing how to store the combinatorics of Markoff quads (and hence the
simple length spectrum) for a 3-cusped projective plane in its curve complex.

1.1. Trace identities. Since 71;(S) is a surface group, a representation of 7 (S) =
F3 into PGL(2,C) admits a lift to GL(2,C). In particular, since PGL(2,C) =
PSL(2,C), any representation can be lifted to SL(2, C); although we choose to con-
sider trace identities in GL(2,C). We state Fricke’s relation [11] here for GL(2,C)
— in fact for PGL(2,C) since the identity is homogeneous. Given A, Ay, A3z €
GL(Z,(C), set A() = A1A2A3. Then:

(6) 4detAy =(tr Ao) +tr Aq - tr Az “tr Az - tr Ag +tr AjA, - tr AyAs - tr AsAq

Z (tr Ay)* - detAjA —det Ay - tr Aj - tr Ay - tr AjAx
2 —I—detA trAAk) —trAp- trA1 tr AjAx )

The sum is over all {i,j,k} = {1,2,3} and the factor of % in (6) is there because
indices such as (i,j,k) = (1,2,3) and (1,3,2) give the same terms. The proof of
(6) uses the fact that it extends to a relation on M(2,C) which is quadratic in
each entry of A;. By restricting A, Ay, Az to SL(2,C) then (6) defines the SL(2,C)
character variety of the free group F3 which is a hypersurface inside

(7) (C7 = {(tr Al, tr Az, tr A3, tr AlAz, tr A2A3, tr A3A1,t1‘ A1A2A3)},

We consider type-preserving quasi-Fuchsian representations of m;(S) = F3 (ie.
where peripheral elements are parabolic). The peripheral elements of the thrice-
punctured projective plane correspond to AjA;, AAz and A3A;, hence

(8) tr A1A2 =tr A2A3 =tr A3A1 =2.

In [12], they consider a different relative character variety of representations of F3
into SL(2,C) which arises from the four-punctured sphere — A; must be para-
bolic for 1 =0,1,2,3. In our case, generators are represented by one-sided curves
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and we choose
9) detA; =detA; = detAz = —1.
Since detA; = —1 then A; and A;! are not conjugate (as they would be in

SL(2,C)), we need to specify orientations on the simple closed curves represent-
ing their conjugacy classes. In figure 3, we see that there is a choice of orientation

FIGURE 3. Representative curves for Ay, Ay, A3, AjA A5 and A1 A5 A,.

for simple close curves representing A;, A; and As (anticlockwise) so that the
curves representing AjAyAz and A;A3A; are simple. These are the two choices of
AFAFIAE! (up to conjugation and inversion) which are simple, and we choose
1 2 3 p Jug %
(10) As=A;" = (A1A2A;3) T and A = (A1A3Ay) .
Seta=trA;, b=trA c=trA; d=trA;and d’ = tr Aj, then (6) reorganises
to yield (1):
(a+b+c+d)?=abcdand (a+b+c+d')? = abed’
which means that (a, b, ¢, d) and (a, b, c, d’) are Markoff quads. In addition, since
d and d’ are the roots of the polynomial
p(x) =x*4+ (2a+2b+2c—abe)x+ (a+b+c)?=(x—d)(x—d’),
the following identities must hold:
(11) d+d +2a+2b+2c=abcand dd’ = (a+b+c)>

The choice det A, = —1, k = 1,2,3 may seem a little unnatural in GL(2, C) since
one can simply replace Ay by iAy € SL(2,C). We choose det Ay = —1 since it
is natural when restricting to Fuchsian representations: Fuchsian representations
have real (a, b, ¢, d) and when lifting from PGL(2,R) to GL(2,R) one-sided curves
necessarily have negative determinant.

A pair of one-sided simple closed curves v;,y; intersecting exactly once lives
inside a punctured Mobius strip as shown in Figure 4. They uniquely induce a
two-sided simple closed curve as a boundary component (with the other bound-
ary component peripheral in S).

The trace identity in GL(2,C)

(12) tr AiAj +detAj - tr AA] = tr Ay - tr A

relates the complex lengths of peripheral curves « and {3 of a punctured Mobius
strip to the complex lengths of v; and vj:

(13) cosh (10«) + cosh (3¢p) = 2sinh (1¢,,) sinh (3¢y,).
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F1GURE 4. Punctured Mobius strip

Since any 2-sided geodesic on a 3-cusped projective plane necessarily bounds a
pair of pants, equation (13) allows one to obtain the length of any 2-sided geodesic
from the length spectrum of simple one-sided geodesics. Hence, the algorithm
which generates the length spectrum of all the one-sided simple closed geodesics
on a 3-cusped projective plane can be used to generate the length spectrum of all
the two-sided simple closed geodesics.

1.2. The Curve Complex. Consider the geometric realisation of the abstract sim-
plicial complex Q* with its n-simplices given by subsets of n + 1 distinct isotopy
classes of one-sided simple closed curves in S that pairwise intersect once. Iden-
tifications of simplices as the faces of higher dimensional simplicies is given by
inclusion. This is a pure simplicial 3-complex, and its 1-skeleton has been previ-
ously described by Scharlemann [18] as being the 1-skeleton of the cell complex
formed from a tetrahedron by repeated stellar subdivision of the faces, but not
the edges.

The curve complex Q that we're concerned with is the dual of QO*. The deci-
sion to take the dual accords with Bowditch’s conventions in [2, 3]. We now
describe and assign notation for the cells of Q.

The vertices, or 0-cells of Q) are:

Q= {{oc, B,v, 0}
The edges, or 1-cells of () are:

Ql = {{(X/ ﬁ/’y}

Observe that each edge may be interpreted as a flip from one O-cell to another.
Hence, the 1-skeleton of Q) is a 4-regular tree (i.e. each vertex has degree 4).
Further, the connectedness of this cell-complex described in [18, Theorem 3.1]
means that flips generate all possible O-cells, and hence all one-sided simple
closed geodesics.

«, 3,7, are isotopy classes of one-sided simple closed curves
that pairwise geometrically intersect once

o, 3,7 are isotopy classes of one-sided simple closed curves
that pairwise geometrically intersect once

The faces, or 2-cells of Q) are:

? = {{“/ B}

o, 3 are isotopy classes of one-sided simple closed curves
that intersect geometrically once

It follows from the observation in the previous subsection regarding punctured
Mobius strips embedded in S that each face represents a unique isotopy class of
essential, non-peripheral two-sided simple closed curves on S.

|
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The 3-cells Q% of Q are:
Q% :={{a} | o is an isotopy class of one-sided simple closed curves}
Later, we will sometimes denote 3-cells by capital letters, and use:
Q' ={e={oB,v;8' = 8} | {a B,y € Q)

to denote the collection of oriented edges of Q). In particular, {«, 3,v; 5" — 08} points
from {8’} to {3}. Figure 5 illustrates the local geometry of an oriented edge.

FIGURE 5. A 3-cell (left) and an oriented edge (right).

1.3. Markoff Maps. Given a representation p : F3 — GL(2, C) satisfying the trace
condition (8) and the determinant condition (9), we will use a Greek letter for any
simple closed curve and the corresponding Latin letter for the trace of the image
of the conjugacy class it defines. We decorate Q) with trace data by assigning
to every 3-cell {«} € Q3 its corresponding trace: tr p(x) = a. Thus defining a
function:

¢: Q> C by ¢ () = tr p(a),

where [«] is the conjugacy class defined by the one-sided simple closed curve
«. Lower-dimensional simplices in (O may then by interpreted as mnemonics for
encoding the following relations:

Vertex relation: for {«, B,7, 5} € Q°, (1) is equivalent to:
d _a+b+c+d
a+b+c+d abc ’

where a = tr pla], b = tr p[B], ¢ = tr p[y] and d = tr p[8]. Note that the set of
values of any four 3-cells which meet at a vertex corresponds to a Markoff quad.

(14)

Edge relation: an edge e = («,,y) € Q! lies in the intersection of the two
O-cells (e, 3,7v,0) and (o, 3,v,8’), and (11) yields:
a+b+c+d a+b+c+d
+ =
abc abc

where d’ = tr p[5’] and the others are as previously defined. Since each edge joins
two vertices, the edge relation therefore tells us how to flip from one Markoff

(15) 1,
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quad to another.

Face relation: given {«, B} € Q? and e the unique non-peripheral two-sided sim-
ple closed isotopy class disjoint from & and {3, from (12) we have:

(16) ab=e+2
where a = tr p[a], b = tr p[p] and e = tr p[e].

These three relations allow us to generate the simple trace spectrum for p from
a starting Markoff quad: the vertex and edge relations generate the simple trace
spectrum for all the one-sided curves and the face relation then produces the sim-
ple trace spectrum for all of the two-sided curves.

Thus, we're led to consider general maps ¢ : Q% — C satisfying the edge and
vertex relations. We call such functions Markoff maps, and let @ denote the col-
lection of all Markoff maps. In keeping with our notation for representations, we
use Greek and Latin letters respectively for 3-cells (1-sided curves) and their im-
age under some ¢ € @. Note that we restrict ourselves to nowhere-zero Markoff
maps.

In order to establish facts about short geodesics on 3-cusped projective planes, we
will want to consider subsets of the simple trace spectrum below specified values.

For k > 0 and ¢ € @, define the set O} (k) € Q° by:
(17) = {{o} € Q° [p({er))] <k}.

This set allows us to keep track of one-sided snnple curves with trace less than
k, and we similarly define QF (k) C Q? for two-sided simple curves. Every two-
sided simple curve corresponds to a unique 2-cell {«, 3} — the shared face of the
two 3-cells {} and {}. We define:

(18) Q5 (k) = {{e, B} € O* | [ ({e)) P ({B})] = lab| < K} .

Note that in using |ab| instead of |ab — 2| for the conditions imposed, the set
Qﬁ) (k) doesn’t quite correspond to the set of two-sided simple curves with trace
less than k. Although we will find this definition more suited to our analysis. In
addition, we later focus on the following collection of Markoff maps ®gq C ®:

Q3 (k) is finite for any k,
and for any {o, B} € Q3 (4), ab ¢ [0,4]

We show in section 3.2 that these are sufficiently conditions to guarantee the exis-
tence of a McShane identity for a given Markoff map. These conditions are similar
to Bowditch’s BQ-condition, which is a conjectural trace-based characterisation of
quasi-Fuchsian representations. The following result shows that our condition is
also necessary for quasi-Fuchsian representations of the thrice-punctured projec-
tive plane.

(19) Dpg = {q) X0

Lemma 4. Markoff maps obtained from quasi-Fuchsian representations lie in ®gq.

Proof. Given a Markoff map ¢ arising from a quasi-Fuchsian representation p,
consider the multiset of complex numbers obtained from evaluating ¢ on be (m).
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Since this multiset is a subset of the simple trace spectrum of p, which is obtained
(up to sign) from taking 2sinh(}) of the simple length spectrum, the discreteness
of the simple length spectrum ensures that Qg) (m) is finite. Any 2-cell in QF (m)
is the intersection of precisely one pair of 3-cells, hence the cardinality of Qﬁ) (m)
is bounded by the square of the cardinality of Q?b (m) and is finite.

Next, if ab € [0,4] for some {a, b} € Q?, then there is a 2-sided non-peripheral
homotopy class € whose trace is ab — 2 € [-2, 2], thus contradicting the fact that
quasi-Fuchsian representations have neither parabolics nor elliptics. O

2. ANALysis ON THE CURVE COMPLEX

Given a Markoff map ¢, for every edge e ={«, 3, v} fix an oriented edge
€={a,B,v;8 — 8} to satisfy [d'| > |d|,

where as usual (a,b,c,d) = (d(a), d(B), d(v), $(8)). For most edges, this choice
is canonical, and for edges with equality in |d'| = |d|, an arbitrary orientation is
chosen. This produces an orientation on Q!, where edges may be thought of as
pointing from 3-cells corresponding to longer geodesics to 3-cells corresponding
to shorter geodesics. Thus, analysis of the dynamics (in terms of the directions)
of these edges informs us about the behavior of geodesic length growth for ¢.

The following lemma gives alternative algebraic characterisations of this trace
comparison.

Lemma 5. For a Markoff quad (a,b,c,d) € C*, the following conditions are equivalent:

atbitctd’ atbtc+d d’ 1 /
Re(‘:ﬁf*)>Re¢‘a;‘J s Re&ﬁ?ﬁﬂ?>>§ & [d’]>ldl.

Proof. The edge relation (15) proves the first equivalence. Furthermore (15) also

proves that Im (%ﬂ) = —Im (&tbretd) hence the first inequality is equiv-
alent to
a+b+c+d a+b+c+d
>
abc abc

which is equivalent to

(a+b+c+d)?
abc

(a+b+c+d)?
abc

=

By the vertex relation (14), this is precisely |d’| > |d|. O

2.1. Local analysis.

Definition 1. Call a vertex with all outward pointed oriented edges a source, a vertex
with all inwardly pointed oriented edges a sink and a vertex with precisely one outwardly
pointed oriented edge a funnel. The remaining two types of vertices are called saddles.

Lemma 6. There are no sources.
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Proof. Given such a vertex with adjoining 3-cells A, B, C,D, the vertex relation
(14) gives:
a+b+c+d a+b+c+d a+b+c+d a+b+c+d
1=Re ( abe T ava 7 aed " bea )
SIS
2 2 2 2
which is a contradiction. O

Remark 1. In the Fuchsian case, Markoff maps take on real positive values and
the proof of Lemma 6 shows that any vertex has at most one outgoing edge.
This means that Fuchsian Markoff maps can have at most one sink (given some
choice of orientation). We later show in theorem 11 that a sink always exists,
and this may be geometrically interpreted as saying that there is a unique (up to
permutation) Markoff quad (a,b,c, d) for any 3-cusped projective plane where
the flips of a,b,c of d are (non-strictly) longer. However, the Markoff quad
(q,b,¢,d) = ﬁ (1,1,1,—-2) is an example of a vertex with three outgoing edges.
Lemma 7. At a sink vertex, a Markoff quad contains an element of magnitude less than
or equal to 4.
Proof. Let the real parts of

a+b+c+d a+b+c+d a+b+c+d a+b+c+d

abe ’ abd ’ acd ’ bed ’
respectively be s <1 < q < p.

Then the sink part tells us that p < 1 and the size ordering and the fact that
s+1+q+p =1 tells us that p > %. And we also know that the next largest
number q > %(1 —p). Therefore,

1 1
>-pll—p)> =
P> zp(l—p) >3 x
Then, we see that:
1 a+b+c+d a+b+c+d N N 1

@:‘ bed x| acd l/pq/ﬁ'
Therefore, |cd| < 16 and the lesser of the magnitudes of these two traces must be
less than or equal to 4. O

Lemma 8. Given a saddle vertex {«, 3,7V, d} with two outgoing oriented edges
{o, B,v; 0" — 8}and {a, B,0:v — v},

then the 2-cell {«, B} lies in O3, (4) and at least one of {«}, {B} lies in Q3 (2).
Proof. The outwards pointing condition tells us that:

S O d‘ > 1
a+b+c+d|” 2 at+b+c+d|” 2
Multiplying these terms together, we have:

cd 1

(a+brctd?| jabl~

1
1 = |ab] < 4 = min{|al,|b|} < 2.
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2.2. Global analysis.

Lemma 9. For k > 2, the cell complex comprised of all the 3-cells in Q?b (k) is connected.
Proof. Assume that be (k) isn’t connected and consider a shortest path of oriented
edges between two distinct connected components:

€1,€,...,8p-1,€p.

Note that by assumption, any 3-cell X that contains one of these edges must sat-
isty b (X)] > k.

If p =1, then & = {«, B,v;8 — &} such that |d|,|d’| < k. Then the edge rela-
tion (15) gives abc = (a+b+c+d)+ (a+b+c+ d’) hence:

+b+c+d+la+b+c+d|
ViG < /labe <

+/|abc]
=Vl + v/]d’] < 2vk
=K <4dk=k<2,

where the first equality uses the vertex relation (14). This contradicts the assump-
tion.

On the other hand, if p > 2, then & must point away from €, and €, must
point away from &,_1. But this means that at least one of the interior vertices of
Lemma 8 one of the adjacent 3-cells X of this vertex must satisfy |$(X)| < 2, thus
contradicting the assumption. O

Lemma 10. Given an infinite ray of oriented edges {€n Inen such that each €, is directed
towards €1, then this ray either:
(1) eventually spirals along the boundary of some 2-cell {€,m} € Q%b (4), or
(2) eventually enters and remains on the boundary of some 3-cell {&£} € Q?b (2), or
(3) there are infinitely many 3-cells in Qf’b (2).

Proof. We begin by four-coloring Q3 with the colors «, 3,7v,8. In particular, we
label the 3-cells meeting {€y} by {1}, {B;}, {vi}, {01} where the letter type is deter-
mined by the color of the cell and the subscripts grow according to how early we
encounter this 3-cell as we traverse along {€,}.

At each vertex along {€,,}, we encounter six 2-cells of different color-types:
{o, oy, &8, By, BO,vS}

Now consider all the 2-cells that we encounter as we go along {&,}. Since {&y}
does not repeat its edges, if we ever meet only finitely many 2-cells of a cer-
tain color-type, then {€,,} eventually just stays on the last 2-cell we meet of that
cell-type. This also means that we can’t meet only finitely many 2-cells of two
different color-types because we must then stay on two distinct 2-cells - impos-
sible because the intersection of any two 2-cells is either empty or consists of a
single edge.

Assume that we encounter only finitely many 2-cells of the (wlog) o3 color-type
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and that the 2-cell that we stay on is (with a little notation abuse) {«, 3}. This
means that the vertices of {€,,} eventually take the following form:

cee I{(X‘I B/ Yi, 6] },{(X, [5/ Yi+1, 6] },{(X, B/ Yi+1, 6]'4_1},{0(, B/ Yi+2, 6j+1}/ cee

and the sequences {|ci[},{|dj|} are (monotonically) non-increasing due to the di-
rections of the oriented edges. Alternatively, we phrase this as the statements
that:

Ci 1 d; 1
Re[ —————— ) > = and Re ) Z =,
(a+b+ci+d)~> 2 <a+b+ci+1+d)~> 2

noting that the latter statement implies that:
la+b+cip1+ dj
2\/ld;] > Jﬁl " = /labei il
j
Now, if the sequence {|ci|} is bounded below by 2, it must converge. Thus for any

€ > 0, by choosing i to be sufficiently large, v/Icit1] < v/Icil < y/lciq1l+ €. Then
the edge relation (15) for {«, 3, 8;; Vi — vi41} tells us that:

\abd,—|< |a+b—|—ci+dj| " |a—|—b+ci+1—|—dj|

\/|(1bd]'| \/|(1bdj|
= Vleil+ Vel <2v/leiqpal + e

Combining this with the inequality above, we see that:

4./|c; 2
labl < Lc/liTe <4+ V2e.
Cit1

Therefore, |ab| < 4.

We have now covered the case where we meet only finitely many 2-cells of one of
the color-types. The alternative is that we meet infinitely many 2-cells of all six
color-types, and we produce from this four sequences of 3-cells:

o1 AUBs 1 v {{ou}

Now, the second case arises when one of these sequences is finite — that is, we
stick to the surface of some 3-cell. Assume wlog that this is for the color «, and
by truncating our ray (and abusing notation), we may take a; = a = ¢({«}) for
all j. Moreover, unless we're in case 3, we may further truncate our ray so that
the non-increasing sequence {|b;}, {Ickl}, {|di|} remains bounded above 2. Then the
same analysis tells us that:

(20) labil, lac;l, lack| — 4,

and we can see from this that |a| < 2.

Finally, in the case that we meet infinitely many 3-cells of every color-type, as-
sume that the monotonically non-increasing sequences {|a|}, {|b;[}, {|ck[}, {|di|} are

bounded below by 2 and hence converge. The same analysis as in case one tells
us that

laib;l, laick|, laidil, [bjcl, [bydil, [crdi] — 4,
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and since these numbers are the bound below by 2, we see that:
lail, ;] lex ], [dy] — 2.

Now, for the oriented edge {«, 3,v;6 — 8’} sufficiently far along {€,} so that
lal, [ol, Icl,|dl,|d’| are each close to 2, the edge relation (15)

at+b+c+d a+b+c+d
_|_ —
abc abc

1

tells us that:
a+b+c+d a+btc+d 1
abc ’ abc T2
By symmetry, this also holds for:
a+b+c+d a+b+c+d a+b+c+d a*%b*+C%*d/N
abc ! abd ! acd ! bcd -

By mutliplying pairs of these terms and invoking the vertex relatio
obtain that:

N —

(14), we

=]

ab, ac,ad, bc,bd,cd =~ 4,

and hence either a, b, ¢, d are approximately all 2 or all —2. But the vertex relation
(14) then tells us that

64~ (a+b+c+d)?~ abcd ~ 16,

giving us the desired contradiction for our assumption that these sequences could
be bounded below by 2.

In particular, this shows us that we must touch some 3-cell in Qf’b (2), and the
subsequent infinitely many 3-cells of the same color as X must all be in Q?b (2). O

Theorem 11. The set of 3-cells 01(4) is non-empty. Further, if Q?b (2) = @, then there
is a unique sink.

Proof. If Q‘:’b (2) is non-empty then we're done. But if it is empty, then lemma 10
tells us that following oriented edges according to their directions must eventu-
ally result in a sink. If there are multiple sinks, they obviously cannot be distance
1 from each other. And one of the interior vertices of any path joining two sinks
must have two arrows coming out of it and hence by lemma 8, Q?b 2)#o. O

We obtain our first main theorem as a corollary:

Theorem 1. The maximum of the systole length function over the moduli space of all
hyperbolic thrice punctured projective planes is 2arcsinh(2).

Proof. By Theorem 11, be (4) is non-empty: on any hyperbolic surface X there
exists a one-sided simple geodesic y with tr A = 2sinh 1¢,(X) < 4 and hence
€, (X) < 2arcsinh(2). Thus, the maximum of the systole length function over the
moduli space of all hyperbolic thrice punctured projective planes is less than or
equal to 2arcsinh(2).

To prove equality, first assume that the Markoff quad (4,4,4,4) arises from a
Fuchsian representation. Then, any new Markoff quad generated from (4,4, 4, 4)
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must be integral and with each entry a positive multiple of 4. Hence, the corre-
sponding Markoff map has 4 as its minimum. This in turn means that the shortest
one-sided geodesic has length 2arcsinh(2). On the other hand, the shortest two-
sided geodesic has trace 14 =4 x 4—2, is of length 2arccosh(7) > 2arcsinh(2) and
hence does not give the shortest geodesic.

It remains to prove the existence of a 3-cusped projective plane Y correspond-
ing to the Markoff quad (4,4,4,4). A PGL,(Z)-representation for Y is given by:

12 5 2 -1 2 5 -2
S EE IS B E I SR i

We can recognise Y geometrically due to its large symmetry group. Consider
the spherical symmetric octahedron: the octahedron on the round two-sphere
S? with great circle edges and full A; symmetry. Label the 6 vertices of this
octahedron to get a symmetric element L in the moduli space My, and note
that the 6 labeled points are invariant under the antipodal map. There exists
a unique hyperbolic cusped surface X with conformal structure . And by the
uniqueness of X, the vertex-fixing antipodal maps on $? uniformise to isometric
Zy-actions on X. The 4 greater circles on S? which lie in the plane orthogonal to the
vector between the centers of any two opposing faces uniformise to simple closed
geodesics Y1,v2,vY3, Y4 € X. By symmetry, each y; is invariant under antipodal
Zy-actions and descends to a geodesic ¥; € Y = X/Z,, where Y = X/Z, is the
desired 3-cusped projective plane. By symmetry, the four geodesics ¥; in Y have
the same length, and hence their traces give rise to a Markoff quad ({, ¢, {, {) which
is necessarily (4,4,4,4). O

3. D1vipE AND CONQUER

Starting with a 4-tuple of simple closed one-sided curves {«, 3,vo,v1}, consider
the sequence of 4-tuples produced by repeatedly flipping v to get v2io and
Yai+1 to get yaiys.

Ficure 6. Flipping v»; followed by v»i11.

In this manner, we obtain a sequence of Markoff quads:

(a,b,co,c1),(a,b,c2,c1),(a,b,co,c3), (a,b,c4,c3), (a,b,cq,c5),...
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By comparing the vertex relation (14) at {«, 3, vk, Yx+1} and the edge relation (15)
at {«, 3,vx}, we obtain that:

Cx—1 Cx a b

= + + .
a+b+cr1+ck a+b+ck+ckyr at+b4cktcokyr at+b4ck ok

. " vy .
In this decomposition for _——+——— e there is another summand of the same

form. Thus, starting with the the vertex relation (14), we may iteratively decom-

Ck—1 e
pose the = term to obtain:

Co

_ [ a b
1= at+b +co+cy + a+b+co+cy + a+b+co+cy + a+b+co+cy
€1 a b a b cq
- at+b+ c1+¢o + a+b+co+cy + a+b+co+cy + a+b+ci+ca + a+b+ci+co + a+b+co+c

n

Cn _|_ < a + b ) _|_ C1
a+b+cn+cnit Zi—o at+b+citcip a+b+ci+cig a+b-+co+cy

Since the edge relation (15) for {«, 3, vn} is a second order difference equation,
we may explicitly calculate

lim n =
n—ooa+b+cn+cns1 14+A

ab —2+ 1/ab(ab —4)
7 .

where A =

Since we may apply this splitting algorithm to every summand that arises, we
might intuitively expect that this gives a series that sums to one, whose sum-
mands each take the form 15 for some A — this series is the McShane identity.
In the Fuchsian case, these summands are real numbers and correspond to the
lengths of intervals in the length 1 horocycle around one of the cusps on X. The
complement of all of these intervals is, by construction, the union of a Cantor set
and a countable set. Some analysis is needed to show that this Cantor set is of
measure 0 for us to conclude that the series sums to 1. In [2, 3], Bowditch shows
that one may bound the measure of this Cantor set by smaller and smaller tails
of the series. This is of course contingent upon the convergence of this series of
H%, which can be done for BQ-Markoff maps by understanding the growth rate
of its simple geodesic spectrum and showing that it grows sufficiently quickly.

Specifically, for any Markoff quad, solve for d to get

2
abc 1 1 1
= — + —4(— 4+ —+ — .
d 4 <1 \/1 4:((1b+(1c+bc)>

For |al, [b], |c| large, choose d to be the larger of the two solutions, hence

log|d| ~ log |a| + log [b| + log c|.

In particular, |d| is greater than |al, [b| and |c| and this shows the growth of Markoff
maps—if we continue and flip from a to a’, then loglal < logla’| ~ log|b| +
log |c|+log|d|. This gives rise to the notion of Fibonacci growth for Markoff quads—
in keeping with Bowditch’s Fibonacci growth for Markoff triples [3].
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3.1. Fibonacci Growth. Given an edge e € Q! define the Fibonacci function Fe :
QP 5 R by:

(i) Fela) =1if e ={a, B, v}
(ii) Por {«, B,v,6 — 8’} € Q! oriented so that it points away from e (or is
either of the two possible oriented edges for e itself)

Fe({8}) = Fel{o}) + Fe({B}) + Fe({v}-

Hence F, : Q3 — R takes the value of 1 for the three 3-cells in Q3 that contain
e and subsequently define values for the rest of the tree by assigning to every
hitherto unassigned 3-cell meeting three assigned 3-cells at some vertex the sum
of the values of those already assigned 3-cells.

Definition 2. Given a function f: Q® — [0,00) and Q' C Q3, we say that f has:

o alower Fibonacci bound on Q' if there’s some positive « such that:

%FQ(X) < f(X) for cofinitely many X € Q';

e an upper Fibonacci bound on Q' if there’s some positive k such that:
f(X) < kFe(X) forall X € Q;

e Fibonacci growth on Q if there’s some positive k such that:

1
EFe(X) < f(X) < kFe(X) for cofinitely many X € Q';

or in other words: it has both lower and upper Fibonacci bound. We also opt to
omit “on Q'” whenever Q' = Q3.

We assumed the choice of an edge e for these definitions, and now show that the
existence of a « satisfying these conditions is independent of this choice.

Lemma 12. Given some edge e that is the intersection of the three 3-cells X1, Xz, X3 and
a function f : Q% — [0, 00) satisfying:

f(D) < f(A) + f(B) +f(C) +2¢, 0 < c,

where A, B, C, D meet at the same vertex and D is strictly farther from e than A, B, C.
Then:

f(X) < (M+c)Fe(X) —c, forall X € Q3
where M = max{f(X1), f(X3), f(X3)}

Proof. We prove this by induction on the distance of a region from e. The base
case is due to:

f(Xi) < (max{f(Xy), f(Xz), f(X3)} +¢) —c.
The induction step is similarly established:

f(D) < (M +c¢)(Fe(A)+ Fe(B) +Fe(C)) —3c+2c = (M +c)Fe(D) —c.

Note that by essentially the same proof, we obtain the following result:
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Lemma 13. Given some edge e that is the intersection of the three 3-cells X1, Xy, X3 and
a function f : Q% — [0, 00) satisfying:
f(D) > f(A) +f(B) + f(C) —2¢, 0 < ¢ < m := min{f(Xy), f(Xz2), f(X3)},

where A, B, C, D meet at the same vertex and D is strictly farther from e than A, B, C.
Then:

f(X) = (m—c)Fe(X) +c, forall X € Q°.
However, this is insufficient for our purposes. We shall require:

Lemma 14. Given some oriented edge € that is the intersection of the three 3-cells
X1, X2, X3 and a function f : Q% - [0,00) satisfying:
f(D) > f(A) +f(B) + f(C) —2¢, 0 < ¢ < p:=min{f(X;) + f(Xj)}ixj,

where A, B, C, D meet at the same vertex and D is strictly farther from e than A, B, C.
Then:

f(X) > (L—2¢)Fe(X) +c, forall X € Q3 (&) — Q3(e).
Proof. We first use induction to show that any two adjacent 3-cells in Q3 (&) sat-
isfy:
f(X) +f(Y) = (1 —2¢)(Fe(X) + Fe(Y)) + 2¢.
The base case where X and Y are both in Qg(e) follows from the definition of .
We proceed by induction on the total distance of X and Y from e. Assume that Y
is farther than X from e. The tree structure of Q® (€) means that there is a unique

closest vertex between the edge e and the face XNY. Denote the two other 3-cells
at this vertex by W and Z, we then have:

f(X) + F(Y) 2(X) + F(W) + f(X) + f(Z) — 2¢
> (1 —2¢)(Fe(X) + Fe (W) + Fe(X) + Fe(Z)) 4 4c — 2¢
=(k = 2¢)(Fe(X) 4 Fe(Y)) + 2c,

completing the induction.

Now consider a 3-cell D € Q3 (&) — Q3(e), and denote by A, B, C the three other
3-cells meeting D at the closest vertex between e and D. Then we have:

f(D) 2= (f(A) + f(B) + f(C) + f(D) — 2c)

NI—= N =

25 —2c)(Fe(A) + Fe(B) + Fe(C) + Fe(D)) +2c — ¢

=(nu—2c)F.(D) +c.
O

Since for any edge e’, the function F.: satisfies the criteria for these last two
lemmas, we see that there is some k > 0 such that:
1
EFe(X) < Fer (X) < kFe(X), for all X € Q3.
Which shows that our Definition 2 is indeed independent of the choice of the
edge e.
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Lemma 15. If a function f : Q3 — Rt has a lower Fibonacci bound, then forany o > 3,
the following sum converges:

D f(X)7 < o0
XeQ

Proof. 1t suffices for us to show that this sum converges for f = F.. We do this by
bounding the growth of the level sets of F.. We will prove that:

(21) Card { X € Q%] Fe(X) =n} < 2J(n)

where Ji is the Jordan totient function. For the remainder of this proof, we shall
think of F. not just as a function on the 3-cells Q3 but also as a function on the
edges Q!: assigning to each edge {«, B, v} the unordered 3-tuple

{Fe({a}), Fe({B)), Fe({¥}))-

When n > 1, there is a 1 : 3 correspondence between
X e Q’Fe(X) =n}and {{«B,v} € Q' | maxFe({e, p,7}) =n}

defined by assigning to X € Q3 the three edges closest to e that lie on X. We
can show by induction that the preimage of any unordered triple {l, m,n} in the
image of F. has cardinality:

o 1if {l,m,n}={1,1,1},
e 6,if {l,m,n}={1,1,n} and
e 12, if {1, m, n} are all distinct integers.

Thus, the relation given by assigning to a 3-cell X the unordered 3-tuples of the
edges on X closest to e is at most 4 : 1. Now, any triple {l, m, n} that’s in the image
of F. must be relatively prime. Otherwise, a common factor would inductively
propagate back to e and contradict the starting value of {1,1,1}. Thus, forn > 1,

Card {X € Q% | Fe(X) =n} <4Card{{l, m,n} |, m < n and ged(l, m,n) =1}
The right hand side is precisely 2J>(n), and so (21) holds and we obtain:
_ o 20(0—2)
Fe(X)7° < 2 = /.
X;) (X) n; Ja(njn G

As desired, the sum converges for o > 3. g

These results enable us to conclude that: if the function
log™ || : Q* — [0, 00)
satisfies the following inequality at every vertex {a, b,c, d} € Q"

1+\/ﬁ>
2 7

(22) log+ ld| < logJr lal + logJr [b| + logJr lc| + 2log (

where 10gJr (x) := max{0, log(x)}, then:

Claim: log™ |¢| has an upper Fibonacci bound on Q3.
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Proof. By the preceding comment, we only need to show that (22) holds. To
begin with, we see that when |d| < 1, the desired identity is trivially satisfied.

We therefore confine ourselves to when |d| > 1, that is: when log|d| = log+ ld].
We now assume without loss of generality that |a| < [b] < |c| and case-bash the

desired result.
1 1 1 1
S/l —4(— 4+ —+ —
2( \/ (ab+ac+bc)>|

(1) If 1 < lal, Ibl, Ic|, then:
1 1 1 1
L N T S
2( +\/ + (ab|+acl+bcl)>'

1+\@>

logJr |d| = log|d| =log|abc| + 21log

<loglabc| 4+ 2log

<loga|+log|b+log|c|+210g< 5

1 la| | la|  la]
- +4/1—-4(— + — + —
2( lal \/ (ab+ac+bc)
1 1 1 lal
| V0al+ 4 [1+4(=+ =+ —
2( « \/ ol * i bc|)>‘

1+m>

(2) If |al <1 < |b],[c|, then:

log™ |d| =log|bc| + 2log

<loglbc| +2log

<logIbl +loglc| + 21og ( 5

(3) And similarly, if |al, [b] < 1 < |c], then:

1 lab]  |ab] |ab]
- bl +4/1—4(— + — + —
2<|a| \/ (ab+ac+bc)

1 b
= lab| + 1+4(1+U+@)
2 lel el

1+\/ﬁ>

log™ |d| =log|c| + 2log

<log|c[ +2log

<loglcl +2log ( 2

(4) And finally, if |al, [bl, [c| < 1, then:

1 labc| |abe|l |abc|
- +4/1—4
2( lab] \/ ( ab + ac + bc )

Vlabl + /1 + 4 + o] + |c|)> <2log <1 + m)

<21
0% < 2 2

log™ |d| =21log

O

We now aim to show that log |¢$| has a lower Fibonacci bound, and introduce the
following notation: given an oriented edge € on (), the removal of the edge e from
the tree in Q) results in two connected components. We denote the collection of
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3-cells containing edges from the tree on the head-side of € by
Q3 (€); and Q3 (&)
for the the collection of 3-cells containing edges from the tree on the tail-side of

€. We also use the notation Q3(e) = Q3 (&) N Q3 (&) to refer to the three edges
containing e.

Lemma 16. Given an oriented edge € € O such that Q3(e) N O3, (2) = 2, then O3 (2)
lies on the head-side of e, that is:

03(2) € 03 (8.
Furthermore, all oriented edges in Q3 (&) must point toward e.

Proof. Due to the connectedness of Q3 (2), it must lie in either Q3 (€) or Q2 (&). If
it lies on the tail side of € then consider a shortest path containing € and touching
Q3 (2). No 3-cell in Q3 (2) may be in direct contact with € as this would force the

region on the other end of € be in Qf’b (2) — yielding a contradiction.

Hence, we have a path of length at least 2 with outwardly oriented edges at
the two end of this path. Thus resulting in at least one internal vertex with two
outward pointing edges and hence an adjacent result in Q“’&) (2). This then contra-
dicts the shortest assumption we placed on our path.

We have shown that Q?b (2) is on the head-side of € and by lemma 8, every ver-
tex on the tail-side of € must have three incoming edges and one outgoing edge.
Then lemma 10 forces all of these edges to point toward e.

Lemma 17. Given the hypotheses of the above result, define:
w:=min{log™ [ (Xi)| +log™ (X)) | Xk € QF(&)} > 2log(2),
then for every tail-side 3-cell X € Q3 (&) — Q3 (e), we have:
log™ [d(X)| > (1 —210g(2))Fe(X) + log(2),
and hence log™ || has a lower Fibonacci bound over Q3 (¢&).

Proof. Let {a}, {B}, {v},{8} € Q3 (&) be the adjacent 3-cells to an arbitrarily chosen
tail-side vertex, such that {d} is farthest from e. Then we know from every edge
being naturally directed towards e that:

|d|
labc|

1
> 3 = log|d| > loglal + log|b| + log Ic| — 21og(2).

Since this is satisfied for every tail-side vertex, lemma 14 then gives the desired
conclusion. O

Given a 2-cell {«, B} € Q?, label the bi-infinite path bounding {«, B} by {en nez-
Each edge e, is the intersection of three distinct 3-cells, two of which are {«}, {3}
and the last we’ll denote by {y.}. The edge relation (15) then tells us that:

Cni1+ (2—ab)en +cn1+2(a+b)=0.



22 YI HUANG AND PAUL NORBURY

If ab # 0,4, we may solve for this difference equation:

2(a+b 1
cn =AN"+BA ! — %Jrab), where AT! = E(ab —2+ /ab(ab —4))

and the constants A, B satisfy that:
(a+b)®2+ab(a+Db)(A+B)=ab(ab—4)AB.

1

In particular, since ab = (?\% +A72)%, then [A| = 1 if and only ab € [0,4].

There remain two cases: ab = 0 and ab = 4. For the former, we assume wlog
that b = 0, then by the vertex relation (14), cn, + cn, + a = 0 and the sequence is
either constant or oscillates between two values. For ab = 4, the vertex relation
says that (a+b+cn + cn_1)? =4cncn_1, and a little algebra suffices to show:

Lemma 18. Given the above hypotheses, then:
(1) If ab & [0,4], then |c| grows exponentially as n — oo.
(2) If ab € [0,4), then |cy| remains bounded.
(3) If ab = 4, then we may choose the square roots of {ci} and (a + b) such that
Ven =z+inva+b, for some z € C.

Theorem 19. If ¢ € ®gq, then log™ || has Fibonacci growth.

Proof. 1f Q%b (4) = @, then there is a unique sink in Q°. Otherwise, a path be-
tween two sinks would contain some vertex with at least two outward pointing
oriented edges and hence be adjacent to a 2-cell in Q%b (4) by lemma 8. Then apply
lemma 17 to the four oriented edges pointing into this unique sink to obtain the
desired Fibonacci lower bound.

Otherwise,

QF(4) = {1, B1} {ox2, Bal - ., o, B}
is finite but non-empty. Then let T denote the smallest tree in O containing the
boundaries of all the 2-cells in Qé) (4). We claim that T must contain every sink
and saddle. Firstly, it’s clear from lemma 8 that every saddle lies on the boundary
of some 2-cell in QF (4) and hence in T.

Now take an arbitrary sink v. Since be (4) is non-empty, Q?I)(Z) must also be
non-empty. Consider the shortest path between Q3 (2) and v, if the length of this
path is 2 or more, then we reach a contradiction because there must be an internal
vertex adjacent to a 2-cell in Q%b (4) and hence a 3-cell in Qf’b (2). And if the length
of this path is 1, then we contradict the connectedness of Q3(2). Hence v lies on
the boundary of some 3-cell A € Q?b (2).

Now, thanks to the connectedness of Qf’b(Z), the boundary of A must contain
some 2-cell in Q%b (4). Thus the shortest path from v to Q%b (4) lies on the bound-
ary of A. Note that the 3-cell at the tail of the chosen edge on this path closest to
Q3 (4) must point towards Q3 (4) or else produce a closer 2-cell in O3 (4). Hence,
by similar arguments as used in the previous paragraph, v must lie on the bound-
ary of a 2-cell in QF (4).
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We now show that all but finitely many vertices are funnels. Observe that all
but finitely many edges in T lie on the boundary of some 2-cell in QF (4). Then
lemma 18 tells us that since |¢| grows exponentially as we traverse the bound-
ary of a 2-cell, there can only be finitely many sinks. Further observe that by
lemma 10, every oriented edge outside of T must point into T. This means that
along the boundary of any of the 2-cells in QF (4), there must (in all but finitely
many cases) be a sink in between two saddles. Hence, we see that the number of
saddles is also finite.

We now show that a Fibonacci lower bound holds over the set:
Qg(T) :={ 3-cells touching T}.

We know that all but finitely many of the 3-cells in Q3(T) spiral around some 2-
cell in OF (4). And lemma 18 tells us that log™ || over each of these spirals grows
linearly, and hence for the spiral Qg ({oei, Bi}) —{{xi}, {Bi}} around {xy, Bi} € Qﬁ, (4),
we have:

log™ | (X)| = kiFe(X) + i,

where «; is a function of |ab| and the minimum of F. on this spiral around {«, 1},
and p; may be negative. Since there are finitely many such spirals, only finitely
many 3-cells in Q3(T) not on a spiral and the minimum of log™* || is greater than
0, we see that:

log™ (X)) = kFe(X), for all X € Q3(T).

Finally, label all the oriented edges touching but not contained in T by {€;} (in
order of increasing distance from e if you so wish), and for each €;, label the the
three 3-cells in Q3(e;) by:

Qf(e1) ={Xi, Yi, Zi}, such that log™ [$p(X;)| < log™ [ (Yi)] < log™ [d(Z1)].
Then lemma 17 tells us that for any 3-cell X € Q3 (&;),
log™ [$(X)] > (log|d(Xi)d (Y1) — log(4))Fe, (X), and hence

log [¢(Xi) (Vi) —log(4)
max{Fe(Xi), Fe(Yi), Fe(Zi)}

> Fe(X).

Therefore, if we can show that

[ Toglp(X)d(Ys) — log(4)
inf { max{Fe(xi),Fem),Fe(zi)}} >0

i

then we’ll have shown that log+ || has a lower Fibonacci bound over all of Q3.
And to see that this holds, first notice that by going out sufficiently far from e,
we may effectively ignore the log(4) term. Then, because X; and Y; are in Qg(T),
we see that:

log [¢(Xi) (Vi) S K(Fe(Xi) + Fe(Yi)) S K
max{Fe(Xi), Fe(Vi), Fe(Zi)} ~ max{Fe(Xi), Fe(Yi), Fe(Z1)} ~ 27

thus yielding the desired Fibonacci lower bound. We complete this proof by
invoking lemma 12 for the upper Fibonacci bound. O
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3.2. Proof of the McShane Identity. Define the function ¥ : Q' — [0,1] by:

d at+b+c+d
Wﬁ» :\y .87 = = .
(&) =Wllow B, vi®" = 8) = g abc

Then, the edge relation (15) becomes:
Y(e)+VY(e) =1,

and the vertex relation (14) is the following relation on four incoming oriented
edges €, &, €3, €;:

Yie)) +W(er) +W(es) +W(e) =1.
These two properties in turn tell us that for a funnel with oriented edges €}, €, €3
and outgoing edge €;:

Y(ey) =VY(e) +¥(er) +VY(es),

and so we may iteratively expand either the edge or the vertex relation (14) into
a statements about a collection of many terms of the form ¥(¢€) totaling 1. For a
tree T in the 1-skeleton of Q, if we use the notation C(T) to denote

C(T):={ee' ¢ points into, but is not contained in T},
then we have:
Lemma 20. For any finite subtree T in the 1-skeleton of Q,
) vE=1
egeC(T)

Next, define the function h: C —[0,4] — C,
h(x) = %(l —+/1—4/x) =

For an edge e = {«, 3, v}, we define
_ MO O S S R
he) = hifa, Byl = (20 =h (G + o+ o) ).
A little algebraic manipulation shows that:
h(e) =¥(¢€) if and only if Re(¥(€)) < Re(¥(e)).

In other words, ¥ of a chosen edge € is equal to h(e). In fact, the main point of
Theorem 19 is to prove the following result:

2
x(14+ /1—4/x)

Lemma 21. The following infinite series taken over Q2 converges absolutely for all s > 0,
Z [xy|™® < oo.
{&EmreQ?
Proof. We see from Theorem 19 that the following series converges (absolutely):
> foglxll? < oo
{gleds

Hence, the following series converges:
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Squaring this series, we obtain an absolutely convergent series that’s strictly
greater than our desired quantity. O

Before we state and prove the main theorem of this section, we introduce one
piece of notation. Given a subset E consisting of edges in the 1-skeleton of Q, we
define:

Q*(E) == {{g,n} € Q? | {¢,n} contains an edge in E}.

Theorem 22. If ¢ € Dpq, then
1
(23) 2 hlab)==.
{o, preQ2?

Proof. We first note that h(x) is roughly order O(|x|™!), and so lemma 21 tells us
that:

> h(ab) < co.

{e,pleQ?
Next, we prove an inequality of the following form:
Ih({e, B,v}) — h(ab)| < k[h(ac) + h(be)],

where k > 0 is independent of a,b and c. We begin by noting that outside of a
finite set of edges {«, 3, v}, either |a| > 0,[b| > 0 or [c| > 0. If |a| or [b] > 0, then:

h(ac) + h(be) 77

/ 4
1 1——
+ ab

Therefore, we know that a « satisfying our demands exists.

and if |c| > 0, then:

Ih({«, B, v}) —h(ab)] 1

[h(ac) + h(be) 2

<2.

In the proof of Theorem 19, we construct a finite tree T outside of which ev-
ery vertex is a funnel. Now, if we take B,,(T) to be the distance n neighbourhood
of T in the 1-skeleton of Q, then lemma 20 tells us that:

1= ) Y@= > he.
2eC(Bn(T)) €eC(Bn(T))

Given € = {a, B,v;d — 8} € C(Bn(T)), and suppose that € joins directly onto
the oriented edge {x, 3,5,y — v’} € C(Bn_1(T)), then of the three 2-cells {«, B},
{o, v}, {B, v} containing e, we know that {«, B} € Q?(B,_1(T)) and {e, v}, {B, v} €
02 (Bn(T)) — Q?(Bn_1(T)). Hence, summing over all of C(B,,(T)), we obtain the
following inequality:

1-2 > h(ab)[=| >  h(e)—2 > h(ab)
{,B}€Q?(By 1(T)) C(Bn(T)) {o,B}eO?(Bn1(T))

<2k h(cd)|,
{v,6}€Q2(Bn (T))—Q2(Byn1(T))
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noting that we’d made use of the fact that any 2-cell meets either two or no edges
in C(Bn(T)). Then, by taking n — oo and observing that the second term tends
to 0, we obtain that:

1=2 )  h{ab).

{o,Bre?

Our second main theorem follows as a corollary:

Theorem 2. Let X be a quasi-Fuchsian thrice-punctured projective plane. Then

y—— 1
— 1+exp X 2
where the sum is over free homotopy classes of essential, non-peripheral two-sided simple

closed curves y on S.

Proof. Given a simple closed two-sided geodesics vy, there is a unique pair of once-
intersecting simple closed one-sided geodesics «, 3 that do not intersect vy (and
vice versa). Firstly, this bijection affords us the desired change in the summation
indices. Secondly, by invoking the face relation (16):

ab=e+2= 2cosh(%€y) +2,
h(ab) yields the desired summand. |

Remark 2. It is not yet clear to us whether Theorem 2 and Theorem 22 are equiva-
lent: if every BQ-Markoff map arises from a quasi-Fuchsian representation, then
the two theorems are equivalent (and we’d have an algebraic characterisation for
whether a representation is quasi-Fuchsian). If not, then Theorem 22 is strictly
stronger. It should be noted that it is still an open question whether Bowditch’s
original BQ-conditions characterise the quasi-Fuchsian punctured torus represen-
tations [3].

4. ASYMPTOTIC GROWTH OF THE SIMPLE LENGTH SPECTRUM

In this section we state results for the growth of the number of simple closed
geodesics of length less than L on any hyperbolic 3-cusped projective plane. We
will treat this more generally and consider any ¢ € ®pgq. Since our estimates are
not sharp, we do not find coefficients.

The growth as L — oo of 8x(L), the number of simple closed geodesic on X
of length less than L, has been well studied for orientable surfaces. Mirzakhani
showed [13] that for an orientable hyperbolic surface X € M(S) = Mg

(24) 8x(L) ~ C(X) - LImME) = ¢(X) . 69-6+2n

where C(X) is a proper continuous function on M(S). In fact, Mirzakhani proves
a refinement of this statement: for the number 8x(L,v) of simple closed geodesics
in the mapping class group orbit of v with length less than L,

8x(L,y) ~ Cy(X) - LIS,

This generalised the corresponding result for the once punctured torus proven by
McShane and Rivin [10], and by Zagier [22] for the modular torus using integer
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Markoff triples.

A punctured Klein bottle K has a unique two-sided simple closed curve «, and
a family «;, i € Z of one-sided simple closed curves. Put A = 2cosh %Z‘X(X)
and a; = sinh ${4, (X) for a hyperbolic 1-cusped Klein bottle X. A trace identity
yields:

(25) Cl% + (l%+1 —aiai 1A =—1.

hence:

A+ = lim * satisfy 7\i AA: +1=0, and A = exp(j:%(’,(x).

i—doo Q41

Thus, for k >> 0, the sequence of traces for {«;} is eventually approximated by:
-, @ik, eXp(3La) ik, exp(3la) asi, exp(3la)asy, . ..

And since 2arcsinh(%~) is roughly the same as 2log(-) for large numbers, the tails
of the lengths for {«;} resemble:

- Joglai), o +1og(axi), 20x +log(ask), 3l +log(axi), ...
Since §x grows linearly in £,
Sx(L) ~ C(X) - L = C(X) - LdimM(K)

and (24) also holds for the punctured Klein bottle K. Thus, the natural question
arises:

Question: does (24) still hold for non-orientable surfaces?

An obvious first strategy is to try to generalise Mirzakhani’s proof:

4.1. Integration over the moduli space. The exponent of the polynomial in (24)
can be explained by Mirzakhani’s method [13, 14] for integrating a special class
of functions F : Mg (L, ..., Ln) = R over Mg (Ly, ..., L) equipped with the Weil-
Petersson volume form. Her method applies to any F of the form

(26) F= )  flt)
Y=h-vo
where f is an arbitrary function and the sum is over the orbit of a geodesic under
the mapping class group. The integral of F unfolds to an integral over a moduli
space JT/[g,n(L) of pairs (Z,v) consisting of a hyperbolic surface & and a geodesic
vy CZL
Teichgn (L)
1

Mg,n (L)

¢
Mg,n(L).
The unfolded integral

J F-dvol = JA f(¢y) - dvol
Mg,n (L) Mg, (L)
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can be expressed in terms of an integral over the simpler moduli space obtained
by cutting £ along the geodesic vy.

Mirzakhani applied this to the two functions F = 8x(L) and F = constant. The
characteristic function f = xo,; in (26) gives rise to F = 8x(L), or 8x(L,v).
The exponent dim M(S) in (24) comes from the integral of X|o 1) over a simpler
moduli space Mg/ -(L) whose volume has polynomial L dependence of degree
dim M(S) — 1. McShane’s identity expresses the constant function F =1 as a sum
of functions f of lengths over orbits of the mapping class group and hence it is of
the right form for Mirzakhani’s method. In this case,

V(L) :j

F-dVOlZJ f . dvol
My n (L)

My (L)

expresses the volume Vg ,.(L) = volume(Mg,,) recursively in terms of simpler
volumes of moduli spaces obtained by removing a pair of pants from X in topo-
logically different ways.

When the surface is orientable, the volume of Mg, is finite and the bounded
functions F = 8x(L) and F =1 are integrable. However, when § is nonorientable,
the volume [15] of M(S) is infinite and these two functions are not integrable.
Any attempt to generalise Mirzakhani’s work for non-orientable surfaces must
therefore take into account these technical difficulties.

We now explore this question for the thrice-punctured projective plane.

4.2. Thrice-punctured projective plane.
Theorem 3. There exist constants C(X) and C'(X) such that
C(X) - L' < 8x(L) < C'(X) - L.

Proof. We prove growth estimates for any ¢ € ®gg, which includes the hyper-
bolic case. Define:

8¢(L) = Card {x € O | |dp(a)| < 2sinh(L/2)}
and an analogous function for the Fibonacci function Fe:
8¢, (L) = Card {oc € Q3| Fe(a) < I_} .
When ¢ arises as tr p from a quasi-Fuchsian surface X defined by the represen-
tation p : 711 (S) = GL(2,C), then 84 (L) = 8x(L, 1-sided) is the number of simple
closed one-sided geodesics on X of length less than L.
By Theorem 19, for any ¢ € ®pq, log+ || has Fibonacci growth on Q3:

1
EFe(X) < log™ [b(X)| < kFe(X) for cofinitely many X € Q3,

and we have the following comparison:

Lemma 23. For sufficiently large L,
Ci L <8 (L)< Cr-L®” <= (i L% <8p(L) < Cy L%
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Proof. If 8¢, (L) < Cz - L®2 then there is a set U C Q3 of size C, - L outside which
Fo(X) > L. Hence |$(X)| > e™/* outside U, or |¢(X)| > 2sinh L’/2 for L’ = 2L/«.
Hence
kL
S¢(L') < Ca- L2 =Cy- (2) =GB
Similarly, if 8¢, (L) > C; - L® then there is a set U C Q3 of size C; - L on which
Fo(X) < L. Hence |$(X)| < et on U, or |p(X)| < 2sinhL’/2 for L’ = 2(k + €)L
where e > 0 takes care of the fact that 2sinh L'/2 is slightly less than e'/2. Hence
L/ €1
/ JTe — = —C! . (1The
S¢(L)>C1 L Cy (2(K+€)> Cl (L] .
The proof of the converse is the same by symmetry. O

To complete the proof of the theorem, it is sufficient to study the growth of 8¢_(L).
An upper bound for 8¢, (L) is

8¢, (L)< C-1°

for some constant C. This uses the fact that 8¢ (L) = Y, _; Card (F;'(n)) and
the 4 : 1 correspondence described in Lemma 15 between occurrence of

X € Q% such that Fe(X) =n

and triples of values {1, m, n} (where n > 1+ m) of F. on an edge. The number of
possibilities for {l, m} is less than %nz (or we can use J,, the Jordan totient func-
tion, as in (21)) and Y__; k? behaves like C - n%.

A lower bound for 8¢, (L) is achieved as follows: a Fibonacci quad (a,b,c,n),
where a + b + ¢ = n, can be represented by the triple (a,b,c). After k steps
generating the values of F,, there are 2 - 3% terms. The maximum value My of F,
after k steps satisfies the Tribonacci recursion My = My_1 + My + My_3 and
hence My ~ C - Ak where A\ ~ 1.84 is the real root of A> = A2 + A + 1. Hence,
8r.(C-AK) >2-3%ie. 8, (L) = C1L* where p = log, 3 ~ 1.803. Thus:

C1L1‘8 < Sx(L) < C2L3.
O
Remark 3. Theorem 3 shows that the growth of 8x(L) is at most polynomial, but
does not confirm that the thrice-punctured projective plane satisfies (24). The

estimates given here for 8¢, (L) are rather weak, and the generating function for
all triples of values of F. on Q! is given by

G(x,y,z) = Z x9yPz¢
(a,b,c)
where the sum is over all triples (a, b, c) = (Fe(X), Fe(Y), Fe(Z)) for (X, Y, Z) € 013
Then G satisfies the following functional equation:
G(x,y,2) = xyz+ G(x,xy, xz) + G(xy,y,yz) + G(xz,yz, z).

One might get better estimates for 8¢, (L) from this functional equation, although
numerical estimates suggest that (24) fails for the thrice-punctured projective
plane. Thus, any generalisation of Mirzakhani’s work should take a different
form to (24).
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5. THE MAPPING CLASS GROUP ACTION ON THE CHARACTER VARIETY.

In this final section, we make explicit the relationship between the flips (2) and
the mapping class group I'(S) of the thrice-punctured projective plane S. We also
relate Penner coordinates to Markoff quads and use this to prove that the set of
positive Markoff quads is the Teichmdiller space of the thrice punctured projective
plane.

5.1. Teichmiiller space. The Teichmiiller space T(S) of a surface S encodes all
the ways of assigning a complete finite-area hyperbolic metric to S, up to isotopy.
Concretely, it may be expressed as:

T(S) ={(X,f)| f: S — Xis a homeomorphism }/ ~
where (X;,f1) ~ (X, f2) if and only
fzofl_lixl — Xp

is isotopy equivalent to a hyperbolic isometry. We denote these equivalence
classes, or marked surfaces, by [X, f].

An ideal triangulation of S is, up to isotopy, a triangulation of S with vertices
at the punctures of S. Given a marked surface [X, f], the image f(o) of an arc o on
S pulls tight to a unique homotopy equivalent geodesic arc on X. Thus, any ideal
triangulation on S is represented by an (geodesic) ideal triangulation on X — a
maximal collection of simple bi-infinite geodesic arcs with both ends up cusps.
For our purposes, we restrict to ideal triangulations A on thrice-punctured pro-
jective planes S representable by paths with distinct end points.

Horocycles of length 1 around a cusp are always simple on a complete hyper-
bolic surface. Thus, given an ordered ideal triangulation (o4, 02, 03, T1, T2, T3) on
X, we obtain lengths (s1, s2, 53,11, 12, t3) of these infinite geodesic arcs truncated
at the three length 1 horocycles bounding cusps 1,2,3. The A-lengths for X with
respect to this ordered ideal triangulation is then given by:

(A1, A2, As, 11, 12, H3) = (eXp 351, €XP 352, @Xp 353, €XP yt1, exp yt2, exp 5t3).

In [16], Penner shows that these A-lengths form global coordinates on the Te-
ichmiiller space of any punctured surface. This is also true for the Teichmiiller
space of punctured non-orientable surfaces.

The following lemma is a topological correspondence which will be promoted
to a geometric correspondence below.

Lemma 24. There is a natural bijection between Q° and

{ the collection of ideal triangulations of S with distinct end points }

given by sending {e, B, v, 8} € QP to the unique (up to isotopy) ideal triangulation where
each arc intersects precisely two of the geodesics in {o, 3,7, 8.

Proof. Any essential two-sided simple closed curve is a boundary component of
a thickening of a unique pair of once-intersecting one-sided simple closed curves
(figure 4), and a boundary component of a thickening of a unique arc joining
distinct punctures. By alternatingly thinking of a two-sided curve as boundary
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components of these two thickenings, we see that pairs of intersection points
between two 2-sided simple closed curves correspond to single intersection points
between two one-sided simple closed curves and between two arcs joining distinct
punctures (where the punctures count as single intersection points). Hence the
six arcs obtained in this way are disjoint outside the punctures iff. {«, 8,7, 8} € Q°
pairwise intersect exactly once. O

FIGURE 7. A 4-tuple of curves corresponding to a triangulation.

Lemma 25. The A-lengths for an ideal triangulation A\ of S identifies the Teichmiiller
space T(S) as:

Wi H2H3 + 1A2A5 + A1poAs + AtAz s = ApAz i o
(A1, A2, Az, 11, M2, 13) € RS | pipops 4 H1A2As + A1poAs + MAaps = MAsp 3
W12 M3 + U1A2A3 + A1 H2A3 + AtAz 3 = A2Az a3

These A-lengths of an ideal triangulation may be expressed in terms of the Markoff
quad of the associated quadruple of one-sided geodesics in Q° corresponding to
the used to the define these A-lengths.

MAs MAz AMA2 i M3 WoM3
27 ’b/ ’d = 7 7 7 = = 7
©7) (a,b,c,d) ( M AT AT A3 A2 M

(M, A2, A3, 1, b, 3) = (Vbe, vac, Vab, Viad, Vbd, Ved).

Thus, we may also use positive Markoff quads to globally parametrise the Te-
ichmiiller space:

Proposition 26. Given an ordered 4-tuple (x, 3,7, ) intersecting a fixed triangulation
on S as per figure 7, then the map

T(S) = {(a,b,c,d) € R* | (a+b+c+ d)* = abed}
[X, f] = (2sinh 104 (X), 2sinh 304 (X), 2sinh 3¢, (X), 2 sinh 3¢5(X))

is a real-analytic diffeomorphism, where £, (X) denotes the length of the geodesic repre-
sentative of f..(o) on X. We call this global coordinate patch the trace coordinates for
T(S).
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Proof. With a little hyperbolic trigonometry and successive applications of the
ideal Ptolemy relation [6], we can show that (27) explicitly gives the desired
diffeomorphism between the trace coordinates and the A-coordinates for T(S).
The fact that this map is real-analytic is then a simple consequence of the real-
analyticity of the A-lengths. O

Corollary 27. The set of positive Markoff quads is the Teichmiiller component of the real
character variety.

Proof. Proposition 26 proves that the set of positive Markoff quads is real-analytically
diffeomorphic to Teichmiiller space. It remains to show that it is a connected com-
ponent of the real character variety. Suppose that one of the coordinates vanishes,
say d = 0. Then by (1), a+ b+ c = 0. But if this point lies in the limit of a path in
the set of positive Markoff quads then each of a, b and c must tend to 0 along the
path. In particular, at some point on the path abcd < 256. But this contradicts (1)
since
(a+b+c+d)?>16Vabed > abed

where the first inequality is the arithmetic mean-geometric mean inequality.
]

5.2. The mapping class group. Having identified the Teichmidiller space with the
space of real Markoff quads we now know that every positive real Markoff map
arises from a Fuchsian representation. We now use this to help interpret flips as
elements of the mapping class group.

We construct an explicit homeomorphism f; : S — S that takes (o, ,7v,90) to
(o, B,v,8"). Consider the hexagonal fundamental domain of S obtained by cut-
ting along o1, 0, and o3. From figure 8, we see that a rotation by 7t of this fun-

F1GURE 8. The map f4 fixing «, 3,7y, but switching 6 and &'.

damental domain fixes the labeling of the punctures and fixes each of «, 3 and y
whilst taking o to «’. The action of the mapping class [f4] € I'(S) therefore takes
the Markoff quad (a, b, ¢, d) corresponding to a marked surface [X, f] to

[f4(a,b,c,d) = (a,b,c,abc —2a —2b —2c —d),
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that is: [f4] corresponds to a flip in the fourth entry. By symmetry, there are four
flips [f1], [f2], [fa], [f4] € T'(S) which flip the corresponding entries of (a,b,c,d). Let
F < T(S) denote the subgroup generated by these four flips.

Lemma 28. F = Z; x Z * Z * Zy, where each Z, is generated by one of the [fi].

Proof. First observe that each [f;] is indeed order 2. To see that there are no other
relations, consider the action of a reduced string of flips on the 1-skeleton of the
curve complex: since the 1-skeleton is a 4-regular tree, performing each flip in a
sequence of flips necessarily takes us farther from the origin. O

We now consider a different subgroup in I'(S): the stabiliser of {«, 3,7V, 8}. Due to
lemma 24, this subgroup must also stabilise A — the triangulation corresponding

to {o, B,, 8}
Lemma 29. Stab(A) = Z, x Z,.

Proof. There are four triangles Ty, T, T3, T4 induced by the triangulation A on S,
and any element of Stab(A) must take T; to one these four triangles. Since there is
a unique way to map T; to any of these four triangles so as to preserve puncture-
labeling, knowing the image of T; determines the entire mapping class. By sym-
metry, these mapping classes must have the same order, hence Stab(A) is the
Klein four-group. O

This stabiliser subgroup is given by:

[1] : (a,b,c,d) — (b,a,d,c),
[1 ]/ [(pZ] : ((1, b/ c, d) = (C/ d/ a/b)/
[@3]: (a,b,c,d) — (d,c,b,a),

when thought of as acting on the trace coordinates for T(S).
Lemma 30. The subgroups F and Stab(A\) generate the whole mapping class group T'(S).

Proof. Given an arbitrary element [h] € I'(S), the action of [h] on (a,b,c,d) =
[X,f] € T(S) produces another Markoff quad (&,b,¢,d) corresponding to the
lengths of (h.(«), h.(B), hi(v), h.(8)). Since the four flips [f;] generate all Markoff
quads associated to the Fuchsian representation for X, there is an element [g] € F
such that [g]o [h] = [goh] simply permutes a, b, ¢, d. By choosing X to be a surface
where there are only four simple one-sided geodesics with traces {a, b, c, d} (e.g.:
the (4,4,4,4) surface), we see that [g o h] € Stab(A). ]

Lemma 31. Fis a normal subgroup of T'(S).

Proof. Note that it suffices to show that Stab(A) preserves {[f1], [f2], [fa], [fa]}. We
perform this check for [f], the rest follow by symmetry:

(o117 o [f1] o [@1] = [f2], [@2) " o [f1] o [@a] = [f3], and [@3] " o [f1] o [@3] = [f4].
O

Since F and Stab generate I'(S) and their intersection is the trivial group, we obtain
the following result:
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Theorem 32. T'(S) = F x Stab(A\) = (Zp x Zp * Loy % L) X (Zp X L) = Ly % (Lo X Z).
In particular:

T R b o b AL R

gh|g'fig=f,h ifih="1fsg fag="14
= (f,g,h|f*=g*>=h?>=1,gh=hg).

5.3. The moduli space. Recall that the moduli space M(S) of hyperbolic struc-
tures on S is given by T(S)/T'(S). Since F is a normal subgroup of I'(S), the space
T(S)/F must be a finite cover of M(S). To better see what T(S)/F looks like, we
first define another global coordinate chart for T(S).

Lemma 33. The Teichmiiller space T(S) may be real-analytically identified with the fol-
lowing (open) 3-simplex:

{(Ha, Ho, He, Ha) € RY | Ha + Hp + He + Ha =1},
we call this the horocyclic coordinate for T(S).

Proof. The explicit diffeomorphisms between the horocyclic coordinates and the
trace coordinates is given as follows:

w_ja_ a . _[®_ b
“ " Vbed atbtctd ° Vad atrbrctd

c c d d

= ’H: — 7
abd a+btc+d ¢ abc a+b+c+d

Hc

and the inverse map is given by:
Hq Hp H Ha
A=\ b=\ =\ A=/ o7
HpHcHa HaHcHa HoHpHa HqHpHc

Remark 4. The horocyclic coordinates are so named because they correspond to
the lengths of horocyclic segments on the length 1 horocycles at the cusps of a
marked surface [X, fl. Coupled with the labeling in figure 7, figure 9 illustrates
this correspondence.

O

F1Gure 9. Horocyclic segments (each) of length H, Hy, H,
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In these horocyclic coordinates, the flips generating F act as follows:
Ha Ha Ha
,H
1—-H,  °
Hyp Hyp Hy,
— 1 —Hp,H ,
“1—Hy T Hy Y1 Hy
H H H
[f3] : (Ha, Ho, He, Ha) = (Hag——, T T
1—H,

Hqg Hq
H H
1—Hg °1—-Hg “1—Hy’
From this, we see that the fixed points of [f1], [f2], [f3], [fs] are respectively given
by imposing the following conditions on the horocyclic coordinates:

1 1 1 1
Ho =3, Hp = 3, He = 3, Ha = 3.

[f1] : (Ha/ Hy, He, Hd) — (1 —Hg, Hp

[fZ] : (Ha/ Hb/HCer) = (H

[f4] : (HCL/ Hb/HC/Hd) — (Ha 1— Hd)

The region in T(S) enclosed by these four planes is therefore a fundamental do-
main for J(S)/F. In this case, this fundamental domain is an octahedron. Since
[f1] acts by swapping the two regions separated by Ho = 1, the image of these
fixed points in T(S)/F are order 2 (reflection) orbifold points. Similar comments
hold for each of the [fi]. Thus, T7(S)/F is an open octahedron with four triangles
of order 2 orbifold points glued onto a collection of four non-adjacent sides.

Finally, by noting that Stab(A) acts on the horocyclic coordinates by:
[@1] : (Ha, Hp, He, Ha) = (Hp, Ha, Ha, He),
[@2] : (Ha, Hp, He, Ha) = (He, Ha, Ha, Hy),
[@3] : (Ha, Hp, He, Ha) = (Ha, He, Hp, Ha)-

We obtain the result:

Theorem 34. The moduli space M(S) of a thrice-puncture projective plane is homeomor-
phic to an open 3-ball with an open hemisphere of order 2 orbifold points glued on, and
a line of orbifold points running straight through the center of this 3-ball — joining two
antipodal points of this orbifold hemisphere. The orbifold points on this line are of order
2, except for the very center point of the 3-ball, which is order 4.

Remark 5. The interior 3-ball of M(S) may be geometrically interpreted as the set
of 3-cusped projective planes which have a unique unordered 4-tuple of geodesics
whose flips are strictly longer. This was hinted at in remark 1.
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