goooboooobgon
O 17770 20120 75-83

PROJECTIVE EMBEDDINGS OF THE TEICHMULLER SPACES
OF BORDERED RIEMANN SURFACES

YOHEI KOMORI

ABSTRACT. We will show that except few cases, by using the hyperbolic length
functions of simple closed geodesics, we can embed the Teichmiiller space of
a bordered Riemann surface into the real projective space of the same di-
mension. The key idea is to study the hyperbolic structure on a subsurface
conformally isomorphic to a torus with a hole (named as a “cook-hat”), or a
thrice-punctured sphere with a hole (named as a “crown”).

1. INTRODUCTION

Let M be a hyperbolic Riemann surface of genus g with n punctures and r holes.
In this paper we assume that M has at least one boundary geodesic, i.e. r > 1.
Then the Teichmiiller space 7 ., is the space of isotopy classes of hyperbolic
metrics on M which has a metric space structure homeomorphic to the real affine
space R6g+2n+31~—6_ :

By using hyperbolic lengths of simple closed geodesics we can embed Tgn,r into
the real affine space. In practice we can embed 7, , into R%9~9+3n+dr; Fix 5
pants decomposition P on M, i.e. a multicurve such that M \ P is homeomorphic
to the disjoint union of thrice punctured spheres. P consists of 3g — 3 +n + 7
numbers of disjoint simple close curves. The Fenchel-Nielsen coordinates associate
to each m € 7y, the length of each components of P and boundary geodesics,
and the twist of each components of P, which is a diffeomorphism from Zg,n,r onto
R3F™3+7+27 « R39-3+n+7 (gee [IT]). On the other hand the twist of each components
of P can be determined by the lengths of two more curves for each components so
that 7g,,,» can be embedded into R%~9+37+4r by length functions of 9g — 9 +
3n + 4r number of simple closed geodesics. In his paper [S1], Schmutz showed that
the minimal number of simple closed geodesics whose hyperbolic lengths globally
parametrize 7y, » is equal to dimr7y n r, so that the image of 7y, in R4™27o.n.»
should be an unbounded domain.

Now we have the following natural question:

Can we find dimg 7y, ,,,~+1-number of simple closed geodesics whose
hyperbolic lengths embed 7, , into the finite dimensional real
projective space P(R%m&7s.n.r+1)7
Because of the PL-Structure of the Thurston boundary, we might expect that the
image of 7;,,,~ should be the interior of some convex polyhedron in P(R%m&7s.m.r+1),

In this paper we answer this question affirmatively except for the cases when
g9 =0and r = 0,1,2. The key idea is to look for a subsurface homeomorphic to
a thrice-punctured sphere with a hole or a torus with a hole, which is a tubular
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neighborhood of two geodesics contained in the members of geodesics parametrizing
%,n,r in P(Rdimg'fg,.,,,+1).

Acknowledgements. The author thanks Teruaki Kitano and Takayuki Morifuji
for their hospitalities during the workshop. He is also grateful to Yuriko Umemoto
who kindly drew all figures in this paper.

2. REVIEW THE RESULTS OF SCHMUTZ

2.1. Surfaces with no handles. Let M be a Riemann surface of type (0,n,7).
From our assumption, n and r satisfy n +r > 3 and r > 1. We denote the
boundary geodesics z,a1,0az2,*** ,an+r—1 and dividing geodesics by,bz, - ,bp4r—3
which decompose M into disjoint union of (degenerate) pair of pants (see Figure
1).
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FIGURE 1

For each i =1,2,-.- ,n+r -3, let X; be the subsurface of type (0,n;,r;) where
n; + r; = 4 with boundary geodesics a;41,ai+2,b;—1,b;+1. Choose geodesics ¢;
and d; in X; so that the triple {b;, c;,d;} mutually intersect exactly twice. Then
Schmutz proved that

Proposition 2.1. (cf. Proposition2 [S1])
The hyperbolic lengths of 2n + 3r — 6 geodesics

Q1,Q2,° ", an-}-'r—l,bla C1,C2, Cntr—~3y) dla d2a dn+'r—3

embeds Tp p, - into R?2"+37—6, Here we remark that the length of ay is equal to 0
when ay, corresponds to a puncture.

2.2. Surfaces with at least one handle. Next we consider a Riemann surface
M of type (g,n,r) where g > 1.

First we consider the case (g,0,1). We denote the boundary geodesic by z.
Choose non-dividing geodesics ay,a2,* ,a4,b2,b3, -+ ,bg, €2,¢3, -+ ,co Which de-
compose M into disjoint union of pair of pants (see Figure 2).

For eachi = 2,.-. ,g—1, let X; be the subsurface of type (0,0,4) with boundary
geodesics b;, ¢;, bi+1, ¢i+1, Choose geodesics d;+; and e;4; in X; so that the triple
{@it+1,dit1, €41} mutually intersect exactly twice. Let X; be the subsurface of
M of type (0,0,4) with boundary geodesics aj,a1, b2, c2, and choose dz and ep
on X; so that the triple {az,d2, ez} mutually intersect exactly twice. Moreover
let f be a geodesic intersecting with a;,b2,03,--- ,by,c2,c3,*+ ,c, exactly once.
Then for i = 2,--- ,g, we can find geodesics ry, 82,83, ** ,8g,t2,83,+ .t s0 that
{a1,71, f}, {bs, 8i, f} and {c;,¢;, f} mutually intersect exactly once. In this case,
Schmutz proved that
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FIGURE 2

Proposition 2.2. (cf. Proposition3 [S1})
The hyperbolic lengths of 69 — 3 geodesics

1,02, " ’0’9162"" ’b95d2!“' ;dg,CZa"' yeg,f:'rl,32a"' 7sg$t2>"' 7tg
embeds Ty 0.1 into R89-3,

Finally we consider a Riemann surface M of type (g, n,r) where g > 1 in general.
First we choose a dividing geodesic = to decompose M into subsurfaces M’ of type
(9,0,1) and N’ of type (0,n,r + 1) (see Figure 3).

(g.nr)=(4,1,2)

FIGURE 3

Let N be the subsurface of M consisting of N’ and the pair of pants whose
boundary curves are z,b, and c,. Then from the above argument we can choose
6g —3 curves from M’ and 2n+3(r+2) —6 curves from N which determines M’ and
N in T;0,1 and Tp », r+2 respectively. On the other hand the lengths of curves z, by
and ¢4 are counted twice in M’ and N so that we can find 69—3+2n+3(r+2)—6—3 =
6g + 2n + 3r — 6 geodesics whose hyperbolic lengths embed T, ,, , into R8g+2n+3r—6

3. MAIN RESULT

First let M be a Riemann surface of type (0,n,r). We assume that n > 3 and
a1, a2, a3 are punctures. Then the subsurface X; bounded by a1, a2,a3 and by is
a thrice-punctured sphere with a hole, on which the triple {1,c1,d;} mutually
intersect exactly twice (see Figure 1). Therefore by means of Corollary 5.6, the
hyperbolic lengths of 2n + 3r — 5 geodesics

@1,a2, "+ ,Qntr—1,01,C1,C2, Cpir—3,,d1,d2,dptr—3,b2

embeds Tp, , » into P(R27+37-3)
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Next we suppose M is a Riemann surface of type (g,n,r) where g > 1. Then
there is a subsurface X of M with a geodesic boundary, which is a tubular neigh-
borhood of the union of geodesics a; and f. X is homeomorphic to a torus with
a hole on which the triple {a1,71, f} mutually intersect exactly once (see Figure
2). Then by means of Theorem 4.4, the proportion of the hyperbolic lengths of
6g + 2n + 3r — 5 geodesics embeds T, ,, into P(R%9+2n+37-5),

Summarizing the above arguments,

Theorem 3.1. Assume that g > 1 or n > 3. Then the Teichmiiller space Ty, »
of a bordered Riemann surface can be embedded into the real projective space of
dimrTy n,~ by the hyperbolic length functions of dimgTy,, »+1 simple closed geodesics.

For a sphere (i.e., g = 0) with holes (i.e., » > 1), this question is still open for
the cases n = 0,1, 2.

4. COOK-HATS

In this section we will consider complete hyperbolic structures on a torus with a
hole. We call a hyperbolic torus with a hole a cook-hat.

Definition 4.1. Three simple closed geodesics (a,3,v) on a cook-hat is called a
canonical triple if each pair of them has the intersection number equal to one.

We remark that the hyperbolic lengths of a canonical triple (o, 8,7) satisfy
triangle inequalities.

For the hyperbolic lengths of a canonical triple (a, 3,7) and the boundary geo-
desic 4 on a cook-hat, we have the following equality and inequality.

Proposition 4.2. For any cook-hat with the boundary geodesic 6 and a canonical
triple (a, 8,7), their hyperbolic lengths l(a),l(B), () and l(6) satisfy the following
equality and inequality:

(4.1) cosh? 1_%5_)_ = (cosh l-('—B-)—;—M — cosh @)(cosh Z(Ta) — cosh ————-—-l(ﬂ) _2- ‘() ).

(4.2) l(a) +U(B) + (7)) > 1(9).

Proof. We uniformize a cook-hat by a Fuchsian group I' C SL(2,R), and denote
the traces of elements representing «, 8, and d by t(a), t(8),t(v) and £(é). Then
they satisfy

(4.3) t(8) — 2 = H()t(B)E(7) ~ (H(e)® +t(B)* + t()?).

By means of the relation between trace functions and length functions
(4.4) [t(a)| = 2cosh {%y_)

and the equality

2 cosh z coshy = cosh(z + y) + cosh(z — y),
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we can rewrite (4.3) in terms of length functions
2cosh @ —2=t() -

= Ha)(B)() = (t(e)* +¢(B)* + (7)?)
= 4(2cosh l(2a ) cosh {B) cosh ) — cosh? KOL) ~ cosh? @ — cosh? f_(_;’_) )

2 2 2 2
= 4(cosh l—(-@—;—z(lz — cosh ﬁgl)(cosh K;)- — cosh 1B = 1) ; Z(W)) - 4.
Therefore
cosh? l—gf—) = %(cosh l-(gl +1)
= (cosh B -2+ () _ osh gg_zgz J(cosh g(_;xl () - )y

which is the equality (4.1).
Since cosh z, hence cosh? z is monotonely increasing function of z, the equality
(4.1) implies that it is enough to show that

(ot LD 1)) 0 U)o )= U), 2 ) + 10 1)

4
for the proof of the inequality (4.2). In practice
coh? L@) + 1B) +1(7)

4
—(cosh {_(_ﬂ_)_—%—_l_(ﬁ — cosh ﬂ;—)-)(cosh E(zi) — cosh 18 -ty ; lﬁ)) |
= cosh? HF “f) U | 2 ggg + coeh 1B + i) g 18 - i)
—cosh 1(2 2) cosh ﬂ;ﬁ cosh !'(a—)cosh 1)) ; ()

1 1) +1(8) =1~ BY+U(y) = Y4l(a)=L(B
- Z{(el(a)_e.!_&.%)_J_Z)_'_(e[(ﬁ)_ i_tt_ilL_(_Z)+(el(7) _(.‘f_Jz_L_J_l)

+(1 _ elga!-—lgzﬁz—lg'y!) + (1 _ e‘!”!—‘iﬂ*‘!“!) + (1 —e Szz—lfa!——l!B!)

+e—l(a) + e—l(B) + et + 1} > 0.
O

Remark 4.3. (1) The equality (4.1) also follows from the plane hyperbolic ge-
ometry of the right angled hexagon which is the symmetric half of the pair

of pants T\ a.
(2) The inequality (4.2) also comes from the fact that the curve a UB U~ is
freely homotopic to the geodesic J.

By means of the equality (4.1) in Proposition 4.2, we can embed the Teichmiiller
space 7(T) of a torus with a hole into the 3-dimensional real projective space
P(R%).

Theorem 4.4. For a cook hat with a canonical triple (a, 3,%) and the boundary
geodesic 4, their hyperbolic lengths l(a),1(B),1(y) and I(8) satisfy

flfl_é)_ < (COSh Sl(ﬁ) + 8l(7) - COS SZ(a))( Sl(a) — cosh SZ(IB) ; SJ(’Y))

2
cosh 3
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for any s > 1. In particular the system of length functions L := (I(a), 1(8), (), (3))
gives a homogeneous coordinate of the Teichmiiller space T(T) of a torus with a
hole into P(R*).

Proof. For simplicity we will write
a=l(a),b=1(B),c=1(y),d= 1)

Then our claim is rewritten as

j—is < cosh™/f(s), Vs> 1

where
b
f(s) :== (cosh Zs — cosh 53)(cosh s— cosh s),
for which it is enough to show that
—cosh LV f(s) > —, Vs > 1.
By the inequality (4.2), it is enough to show that
b
dii‘;cosh"1 Vi) > j‘__j'_z_j‘_c_’ Vs> 1.
By the following simple estimation
d / !
= Cosh—l f( ) f (S) f (S)
ds 2/F(8)/f(s) = 1 2f(3)
we will show that
fl(s) _a+b+ec
> , Vs> 1.
f(s) 2
In practice
f/(s) _  f(cosh®=s —coshgs) = & (cosh§s — cosh 43¢ )
f(s)y cosh &€s — cosh §s cosh £s — cosh 25¢
S b+c a_a+b+c
2 2 2 7
Here we use the following lemma:
Lemma 4.5. For0<p<g,
d . .
__ #-(cosh gs — cosh ps) _ gsinhgs — psinh ps Vs> 1
9(s) = cosh gs — cosh ps cosh gs — coshps > Vs> L

Proof. It is enough to show that the derivative of g(s) is negative for Vs > 1, since

. _ .. gsinhgs —psinhps
slilgog(s)_sl-l-%o coshgs — coshps

Hence we will show the negativity of the numerator of g’(s):

(¢® cosh gs — p? cosh ps)(cosh gs — coshps) — (gsinh gs — psinh ps)? .
(cosh gs — coshps)?

g (s)
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In practice

(g% coshgs —~ p? cosh ps)(cosh gs — cosh ps) — (gsinh gs — psinh ps)?
= ¢?cosh®qs + p? cosh?® ps — (¢? + p?) cosh ¢gs cosh ps
—g? sinh? gs — p? sinh? Ps + 2pg sinh gs sinh ps

1 1
= ¢*+p* - 5(a+ p)? cosh(g ~ p)s — 50— p)? cosh(q + p)s

1 1

< ¢ +p*- —2-(q+p)2— '2'(61—10)2 =0.
O
0

By means of the triangle inequalities of I(a),!(8), () and the inequality (4.2)
in Proposition 4.2, we can determine the image of 7(T) in P(R?) as follows.

Theorem 4.6. The image of T(T) the Teichmiiller space of a cook-hat under the
map L := ((a) : 1(B) : I(v) : I(6)) is the convez polyhedron A in P(R?) defined by
A = {(a:b:ic:d)ePRY)[a>0,0>0,¢>0,d>0,

a<b+c b<c+a,c<a+bd d<a+b+c}

Proof. By means of the inequality (4.2) in Proposition 4.2, we have L(T) C A.
Hence we will prove that A ¢ L(T). Take any point p € A and four positive real
numbers (a,b,c,d) € R} satisfying p=(a:b: c: d). Then there exist s > 0 and a
hyperbolic structure m € 7(T) such that

(U(e), 1(8), 1(7), 6)) = (as, bs, cs, ds)
where [(a) = [(m, ) and d, > 0 is defined by

b b—
2 ;—sc — cosh fz-a-)(cosh % — cosh 2 5 sc).
To conclude that L(m) = p, It is enough to show that there is s > 0 such that
ds = sd. We will show that ds/s takes any value between 0 and a + b + ¢ when s
varies. In practice d,/s is a continuous function on s and

ds := 4cosh™t \/(cosh

8sb — sc
2

sb+ sc
2

when s decreases, hence d;/s — 0. On the other hand,

sb+ sc
—c

(cosh ) — 1

— cosh %e)(cosh %a-b — cosh

sb — sc
2

)

(cosh osh s?a)(cosh '-9—22 — cosh
= %5 “0(1), 8§ — 00

and

cosh% = e%‘O(l), 8 — 00

imply that lim, o ds/s = a + b+ c. Hence ds/s takes any value between 0 and
a+b+c a
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5. CROWNS

In this section we will consider complete hyperbolic structures on a thrice-
punctured sphere with a hole. We call a hyperbolic thrice-punctured sphere with a
hole a crown.

Definition 5.1. Three simple closed geodesics (o, 3,7) on a crown is called a
canonical triple if each pair of them has the intersection number equal to two.

We will show that similar results in section 2 also hold for 7(S) the Teichmiiller
space of a thrice-punctured sphere with a hole with the help of the geometric
bijection between 7(T") and 7 (S) explained below. For this purpose we realize
T(T) and 7(S) as hypersurfaces in R* in terms of trace functions:

Theorem 5.2. (Theorem 2 of [L] and Proposition 3.1 of [NN})

(1) We uniformize a cook-hat m € T(T) by a Fuchsian group and denote the
traces of elements representing a canonical triple o, 8,7 and boundary geo-
desic 8 by to(m),tg(m),t,(m) and ts(m). Then the map o1 : T(T) —» R*
defined by o1 (m) := (to(m), tg(m), ty(m),ts(m)) is injective and the image
o7(T(T)) is described as follows:

{(a,b,e,d) eR* | a>2,6>2,¢>2,d>2,
abc —a? - b% — 2 +2=d}.

(2) We uniformize a crowun m € T(S) by a Fuchsian group and denote the
traces of elements representing a canonical triple o, 3, and boundary geo-
desic 6 by to(m), tz(m),t,(m) and ts(m). Then the map s : T(S) — R*
defined by ps(m) := (ta(m),tg(m), t4(m),ts5(m)) is injective and the image
¢s(T(S)) is described as follows:

{(p,g,r,s)€R* | p>2,¢>2,r>2,8>2,8°+2(p+q+r+4)s
+4(p+q+7) +p° +¢°+ 1> —pgr +8 =0}.

Than by means of trace functions, we have the following geometric bijection
between T(T') and 7(S):

Theorem 5.3. There is a bijection from T(T) to T(S) which sends a cook-hat T
with the lengths of a canonical triple and the boundary geodesic equal to (ly,l2,13,14)
to a crown S with the lengths of a canonical triple and the boundary geodesic equal
to (2l1 ) 2!2, 2l3, l4)
Proof. When we substitute (a® — 2,b% — 2,c? — 2,d) for (p,q,r,s), the equation
24+2p+qg+r+4)s+4(p+q+r)+p®+q®+ 1% — pgr + 8 factorizes as
P +2p+g+r+a)d+4p+q+r)+p*+¢* +1>—pgr+8

= (d—(abc—a? - - +2))(d — (—abc — a® — b* — * +2)).
Hence the map U : o (T(T)) — ¢s(T(S)) defined by ¥(a,b,c,d) := (a® — 2,b% —
2,c% — 2,d) is bijective. Also the relation between trace functions and length func-
tions

()

[t(a)] = 2cosh 5

tells us the length relations between m € 7(T) and ¢3! o ¥ o pr(m) € T(S). O
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Remark 5.4. For the limiting case [(6) = 0, this bijection reduces to the well-known
correspondence between punctured tori and forth-punctured spheres, which follows
from the commensurability of uniformizing Fuchsian groups (see [ASWY]).

This bijection induces the next corollaries: The following inequality is the coun-
terpart of the inequality (4.2) in Proposition 4.2 for crowns.

Corollary 5.5. For any crown with the boundary geodesic § and a canonical triple
(a, 8,7), their hyperbolic lengths 1(a),!(B),1(y) and () satisfy the following in-
equality:

lo) + U(B) + U() > 2U(6).

Next result is the counterpart of Theorem 4.4 and 4.6 for crowns.

Corollary 5.6. For a crown with a canonical triple (o, ,v) and the boundary
geodesic §, the system of length functions (I(a),1(8),1(7),1(8)) gives a homogeneous
coordinate of the Teichmiiller space T(S) into P(R*). The image of T(S) is the
convex polyhedron in P(R*) defined by

{(a:b:c:d)e PRY) |a>0,b6>0,¢>0,d>0,
a<b+4+c,b<c+a,c<a+b 2d<a+b+c}.
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