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Abstract

This paper generalizes the Gauss—Bonnet formula to a class of strat-
ified spaces called Riemannian cone manifolds. As an application, we
compute the volumes of the moduli spaces My, with respect to the
complex hyperbolic metrics introduced by Picard, Deligne-Mostow and

Thurston.
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1 Introduction

The Gauss—Bonnet formula for a closed Riemannian manifold states that the
Euler characteristic x(M) is given by a curvature integral, [,, ¥(x)dv(x).
Here we generalize this formula to compact Riemannian cone manifolds.
By definition, an n-dimensional cone manifold M is locally isometric to
a cone over an (n — 1)-dimensional spherical cone manifold K (§5). The
cone can be built using any Riemannian metric on the unit ball B” that is
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invariant under the holonomy of K; while K itself can be assembled from
spherical simplices by gluing their faces together in pairs.

A cone manifold is naturally partitioned into connected strata M7, each
of which is a totally geodesic Riemannian manifold. The solid angle of M
at z, defined by

O(z) = lim vol,, (B(x,r))’

r—0 vol, (Bn)rn
is a constant along each stratum; its value on M? will be denoted by ©°7.

Let M|n] denote the union of top—dimensional strata of M. In §7 we
will show:

Theorem 1.1 A compact cone manifold of dimension n satisfies

U(z)dv(z) = M?)e°
/MM () ole) = S x(°)

For a smooth manifold the right-hand side reduces to x(M) and we
obtain the usual Gauss—Bonnet formula. For orbifolds the right-hand terms
have rational weights of the form ©? = 1/|H?|, and we obtain Satake’s
formula [Sat]. In a cone manifold ©7 can assume any positive real value,
and the right-hand side provides a natural generalization of the orbifold
Euler characteristic of M.

Moduli spaces. Let My, denote the moduli space of configurations of
n > 3 ordered points on the Riemann sphere. Generalizing work of Pi-
card and Deligne-Mostow, Thurston showed that for any set of real weights
(B1s -5 pn) With 0 < p; < 1 and ) p; = 2, we have a natural complex
hyperbolic metric g, on Mgy, and its metric completion P(yu) is a cone
manifold [Th]. (The notation P(u) is a reminder that the m points are
ordered, so their monodromy produces pure braids.)
Applying Theorem 1.1, in §8 we will show:

Theorem 1.2 The complex hyperbolic volume of moduli space satisfies

|B|-1
vol(Mon, gu) = Cn—3 Z |7’\+1 (1P| — H max (O 1-— ZMZ> )

BeP i€B

Here P ranges over all partitions of {1,...,n} into blocks B, and Cj =
(—4m)¥/(k + 1)! is the value of ¥(x) on a complex hyperbolic k-manifold.
Previously the volume was known only in special cases [Yo|, [Sau], [Par].

Orbifolds and volume ratios. There are 94 values of p with n > 5
such that a natural finite quotient M () of P(u) is a complex hyperbolic



orbifold. Their Euler characteristics are tabulated in §8, and their volumes
can be obtained by multiplying by C),_3.

Deligne and Mostow observed that 16 of these orbifolds yield non-arithmetic
lattices I'(p) in PU(1,n). In an early version of [KM], Kappes and Moller
showed that the Lyapunov exponents attached to these lattices and their Ga-
lois conjugates are useful commensurability invariants. Motivated by their
striking result, we proposed the volume ratio

) — YUPE) _ X(PR)
vol(P(u))  x(P())
between P(u) and its hyperbolic twists P(v) as another invariant, which
is easily computed using Theorem 1.2. The values of this ratio turn out to
distinguish the commensurability classes of all but one of the non-arithmetic
Deligne-Mostow examples (§9).

Polyhedra and cell complexes. We give a self-contained account of
the theory of cone manifolds, relying on a ‘unique factorization theorem’ in
spherical geometry, in §5. Thurston’s (X, G) cone manifolds are a special
case of those considered here.

Our proof of Theorem 1.1 is based on the Gauss-Bonnet formula for
Riemannian polyhedra (§2), proved in the 1940s by Allendoerfer and Weil.
To apply this formula to cone manifolds, two main challenges must be ad-
dressed.

The first is that the formula for polyhedra is given in terms of outer
angles, instead of inner angles. We relate the two types of angles in The-
orem 3.1, which is obtained by comparing a spherical complex M with its
suspension S® * M. As a corollary we obtain a Gauss-Bonnet formula for
cell complexes with totally geodesic faces (Theorem 4.1), which states that

> /a\Il(x) dv(z) =Y (-1)le,.

|a|=dim (M) o

The second is that, when one subdivides a cone manifold into polyhedra,
it may be necessary to fracture its totally geodesic strata into pieces with
curved faces. These faces introduce complicated expressions involving the
second fundamental form, which must be shown to cancel. This cancellation
is derived from invariance of Weyl’s tube formula and properties of the
spherical dual of a suspension (§6).

Notes and references. Cone manifolds and related spaces appear fre-
quently in differential geometry, especially in the special case of singularities



along a codimension two submanifold; see e.g. [Ba2], [Cg], [HMM], [FST],
[Kol], [CHK], [Br], [Tr] and [AB]. A general account of the theory of strat-
ified spaces is given in [Pf].

The first proof of the Gauss—Bonnet theorem for general manifolds was
given by Allendoerfer and Weil [AW], using Weyl’s tube formula [We].
Chern’s intrinsic proof [Cn] appeared shortly thereafter. The tube formula
and its applications in differential geometry are treated in [Gr]. Theorem
1.1 can be extended to cone manifolds with curved strata by using the full
strength of the formula for polyhedra.

The volume of My, with respect to its natural symplectic structure is
computed in [Zo]. The Euler characteristic of the Deligne-Mumford com-
pactification Mi()m can be computed using inversion of powers series; see
[Ge], [Mc3]. The compactifications M (u) resulting from a choice of weights
are usual different from My ,,, and depend on p; they are discussed from the
perspective of algebraic geometry in [Hal. Volumes of arithmetic lattices in
SU(n, 1) are discussed in the recent paper [ES].

Acknowledgements. I would like to thank Kappes and Moller for useful
correspondence.

2 Polyhedra

The results from [AW] we will need are summarized in this section and in
Proposition 3.2 of the next.

We begin with the Gauss—Bonnet formula for polyhedra, which may be
stated as follows.

Theorem 2.1 (Allendoerfer—Weil) The Euler characteristic of a com-
pact Riemannian polyhedron M of dimension n satisfies

n—1
(=)™ (M) = /M[n] U(z)dv(x) + ; /M[r] dv(x) /N(x)* U(z,§)dE.

Here /(M) = x(M) — x(9M).

In this section we explain the formula above and the basic properties of
its integrand.
Spheres and duality. Let S denote the unit sphere in R"*!, and let
B"*t! denote the unit ball. We let



denote the volume of S”, with the convention that (n/2)! = I'(3 +1) if n is
odd.

A convex spherical polyhedron is a set K C S™ obtained by intersecting
finitely many hemispheres. Its dual is given by

K*'={xe 8" : (x,y) >0Vy € K}.

When the ambient sphere needs to be emphasized, we will write K* =
(K, S™)*.

Manifolds. Let A be a smooth Riemannian manifold of dimension n. When
n is even, the intrinsic Gauss—Bonnet integrand on A is given in terms of
the Riemann curvature tensor by

2 1 €(i)e(d)
U(z) = wr on/2p) Z q Rivinjiga -+ R vinjn—1jn-
n 1,JESn

Here €(7) and €(j) denote the signs of the permutations ¢ and j, and g is
the determinant of the metric. When n is odd, we set ¥(z) = 0. The
Gauss—Bonnet theorem states that for any closed manifold A we have

X(A) = /A U(z) do(z).

Submanifolds. Now let A be an r-dimensional submanifold of a Rieman-
nian manifold B of dimension n. Let R;ji; denote the restriction of the
Riemann curvature tensor on B to A, and let A;;(§) denote the second fun-
damental form — a symmetric tensor on A depending linearly on a normal
vector €. In local coordinates where A C B is modeled on R” C R", we have

Aij(§) = (Ve,e5,6).

The extrinsic Gauss—Bonnet integrand is the function on the unit normal
bundle to A defined by

\If(.l‘, f) = Z \IIT,f (.’B, ‘5)7 where

0<2f<r

Urgp(z,§) = W fWn—2f—1 . 272N (r = 2f)! mze:Sr R )
)--

A “Ai,j, (£)-

Ri1i2j1j2 T Ri2f71i2fj2f71j2f lof4+1J2f+1 (5

Here v is the determinant of the induced metric on A.



The intrinsic and extrinsic integrands on A are related by
Vo) = [ W) de (21)
S(x)

where S(z) is the unit sphere (of dimension n —r — 1) in the normal bundle
to A at z, and f S(x) d¢ = wp_r—1. In particular, if A is a closed submanifold
of B then we have

) = [ avta) [ RCGLE

Example. Suppose r is even, n > r and
A=8% x5 ¢ §* xR = B.

Then ¥(z,§) = ¥, f(x,£). In a standard orthonormal frame there are
27 (2)!(r — 2f)! nonzero terms in the formula for U, ¢(x,€), since only per-
mutations in S, which preserve the indices (1,2,...,2f) contribute, and we
have Ruaped = GacGvd — Gadgbe ON the unit sphere. Since the second funda-
mental form A;;(§) depends only on the projection of £ to a 1-dimensional
space, the integral of each nonzero term is given by

vol() [ eI de = way [ sl dg
Sn—r—1 Sn—r—1
= 2wofwn_2f_1-

The product of this constant with the number of nonzero terms cancels
with the leading constant factor in the formula for W, ¢(z,¢), yielding the
expected result y(A4) = 4.

Basic relation. More generally, consider a pair of smoothly embedded
submanifolds A C B C C. Let Sg(z) and Sc(z) denote the fiber of the
unit normal bundle to A at z, where A is considered as a submanifold of B
and C respectively. A convex set K C Sp(x) C Sc(z) then has two duals,
namely Kj = (K, Sp(x))* and K¢ = (K, Sc(x))*. Similarly, the manifold
A has two extrinsic Gauss—Bonnet integrands, one for B and one for C. We
then have the basic relation:

/K Vp(r,€)de = | Vol ) de. (2.2)

* *
B KC

Equation (2.1) can be regarded as a special case of (2.2), with A = B and
K = (. For proofs of these relations, see [AW, (6), (7), p.121].



Polyhedra. A convex Euclidean polyhedron is a set K C R” obtained by
intersecting finitely many half-spaces. A smooth polyhedron is a connected
Hausdorff space M equipped with local charts taking values in convex Eu-
clidean polyhedra, such that the transition maps between charts are smooth.
When M is endowed with a smooth metric, it becomes a Riemannian
polyhedron [AW].
The inward pointing normals N(x). Given an n-dimensional Rie-
mannian polyhedron and r < n, we let M|[r] denote the union of the r-
dimensional faces of OM, and let M[n] = M — OM. Each face of M can be
regarded as a submanifold of a slight thickening of Mn], so its normal bun-
dle and its extrinsic Gauss—Bonnet integrand are defined. Given x € M|r],
r <n, we let

N(z) C S(x)
denote the convex set of unit vectors normal to M[r] that point into M|[n].

Sketch of the proof of Gauss—Bonnet. These definitions complete the
statement of the Gauss-Bonnet formula for polyhedra (Theorem 2.1). We
conclude with a sketch of the proof; for details, see [AW, Theorem II].

First suppose M is a simplex. Choose an isometric embedding M <
RN for some large N. Let T c RY*! be the boundary of a small tube
around the image, i.e. the set of points at distance § > 0 from M. Let
v : T — SN denote the Gauss map. For § sufficiently small, we also have a
nearest-point projection 7 : T — M.

T[r] M[r]

M[n]

Figure 1. The tube around a polyhedron in RN*1,

Let T[r] = 7~ *(M][r]) be the subset of T closest to M[r]. Then for any
t € T[r] we have a vector & = ~(t) € SV and a point x = 7(t) € M[r]. The
pair (z,€) satisfies (£, v) =0 for all v € T, M|r|, and

(£,v) <0 Yv € N(z) C T,RNFL

Conversely, if (x, {) satisfies the conditions above, then there is unique t € T
with 7(¢) = x and ~(t) = v. Using this fact and Weyl’s tube formula [We],



one finds that the contributions to the degree of the Gauss map are given
by
1 *
o) = - [ = [ v

B WN JT[n]

and for r < n,

! * = v(x x
g = - [ o= [ ave) [ e ga

(Remarkably, these quantities are independent of the choice of isometric
embedding M — RN¥+1)) Since M is a simplex, the Gauss map has degree
one, and hence > " G(M[r]) =1 = (—=1)"x/(M) as desired.

For the general case Allendoerfer and Weil rely on a local isometric em-
bedding theorem for analytic metrics due to Cartan, since the Nash embed-
ding theorem was not available at the time. They first establish Theorem
2.1 for the simplices in a fine subdivision of M, and then use an addition
formula based on (2.1) and (2.2) to deduce the Gauss—Bonnet theorem for
M itself. Relations (2.1) and (2.2) are proved using invariance of the tube
formula under different isometric embeddings.

3 Spherical complexes

In this section we define spherical complexes, which provide models for the
unit tangent bundle in the setting of singular spaces. We then discuss the
inner and outer angles 6, and €2, of their cells M, and show:

Theorem 3.1 The outer angle of a compact spherical complex M is given
by
QM) = 0a(1— Q).
(e

Spherical complexes. A cell complex is a Hausdorff topological space
M equipped with a partition into disjoint cells M, such that the following
conditions hold:

1. The closure of each n-cell is homeomorphic to a closed ball in R™, with
the cell itself corresponding to the interior of the ball.

2. Whenever M, meets m we have M, C m



A 0-cell is simply a point. We denote the dimension of M, by |a|, and we
write a < g if M, C m

A spherical complex is a cell complex built out of spherical polyhedra,
in such a way that the inclusions M, C m are isometries. We also require
that each face of ﬁb’ is a cell; equivalently, that for r < |3| we have

Ml = 1Mo @< B.Jal =7}, (3.1)

Outer angles of polyhedra. The normalized outer angle of a convex
polyhedron K C S™ is given by
vol(K™)
K)= .
() = Soism

It is easily verified that this quantity is invariant under the inclusion S™ C
S+ thus it depends only on K, not on the ambient sphere. The outer
angle measures the proportion of S™ that is closer to the vertex of the cone
Ry - K than to any other point of R - K; thus it measures the size of T'[r]
in Figure 1, explaining its relation to the tube formula.

Outer angles of complexes. The outer angle of a compact spherical
complex is defined by:

QM) = 3 (-l (M),

«

If two spherical complexes M and M’ have isomorphic subdivisions, then
Q(M) = Q(M'). More precisely, we have:

Proposition 3.2 (Allendoerfer—Weil) Let K C S™ be an open convex
polyhedron, subdivided into convex cells (K,). Then

(-)"K* = (-)KG
as n-chains on S™.
See [AW, Theorem 3]. The equality of chains means (—1)" [. fd¢ =
S (=Dl [, fd¢forany f € C(S™). Taking f = 1, we obtain (—1)"w(K) =
S (—=1)/*lw(K,), which implies that Q(M) is invariant under subdivision.
Random Euler characteristic. We note that if M is isometrically embed-

ded in S™ then its outer angle is related to the expected Euler characteristic
of its intersection with a random spherical hyperplane H = S"~!: we have

20(M) = x(M) + E(x(H N M)). (3.2)



The unit normal complex. Given x € M, and 8 > «, we let
Sap(x) = {v € TyMz : v is a unit normal to M,}

denote the unit tangent sphere (of dimension |5| — |a| — 1) normal to M,,.
The directions pointing into Mg determine an open, convex polyhedron

Naﬁ(x) C Saﬁ(x)a

called the inner angle. These spherical polyhedra can be assembled to form
a spherical complex

Na(z) = |J Nap(@)

B>a
called the unit normal complex for M, at x.

Angles. The normalized volume of the cell M, and the normalized inner
and outer angles of the cells Nog(x) will be denoted by

>

o = vol(My)/vol(S%),
Oap(x) = vol(Nag(x))/vol(Sap(z)) and
wag(®) = vol(Nag(z)*)/ vol(Sas(x)).

Parallel transport along a geodesic provides an isometric map from Nqg(z)
to Nog(y) for any z,y € M,, so in fact the angles above are independent of
x. They will therefore be denoted simply by 6,3 and w,g. Because they are
constant, and dim N,g(z) = || — |a| — 1, the outer angle Q(N,(x)) is given
by

Qo = (1) (—1)Fluys (3.3)

B>a
for all z € M,. In particular, Q, = 0 if |a| = dim(M).
An index « is even if |a| = 0 mod 2.

Theorem 3.3 The FEuler characteristic of a compact spherical complex sat-
isfies
X(M) =2 Z O (1 — Qq).

even «

Proof. Clearly x(M) = Zg(_l)lm = Y5 X (Mp). By the Gauss-Bonnet

formula from Theorem 2.1, we have

(—1)|5|X/(m) :/M U(z)dv(x) + Z/ dv(ac)/N ( )*\I/(:L',f) d¢.

a<p

10



Here we have used equation (3.1) to convert the integral over M|r| into an
integral over cells. Since Mg is a spherical polyhedron of dimension n = |3,
we have ¥(x) = (1/wy,)(1 + (=1)"). Since the spherical polyhedron M, is
totally geodesic, its second fundamental form vanishes and the curvature
tensors on Mg and M, agree. Thus ¥(x,&) = (1/w,)(1/wp—pr—1)(1+(=1)"),
where 7 = |a|. Integrating, we obtain

X (Mpg) = 051 + (—)P) + (=)~ 04,1 + (=1))) wag.
a<p

Summing over 8 and then rearranging terms, we obtain

My=2> 0, |1+ > (-1)/flw

even « B>a
The stated formula now follows from equation (3.3). [ |
o €
P
o e’

Figure 2. The suspension SY x P of the cell P.

Suspensions. Let P be a convex polyhedron in 5", considered as the
equator of S"*1 and let {e,e’} = SY be the corresponding pair of poles.
The suspension S° * P is defined by taking the convex hull of P U {e, ¢'}, as
in Figure 2; it is swept out by the geodesic arcs joining the poles that pass
through P, and satisfies

vol(SY « P)  vol(P)

vol(S7+1) — vol(S™)

Proof of Theorem 3.1. Let S?« M denote the compact spherical complex
assembled from the cells SO x M, together with the two additional points e
and €’. By Theorem 3.3, we have

M)=2 )" 6a(1

even «

11



Suspension of M, does not change the value of 0, or of Q% but it does shift
its dimension by one. To construct S M we must also add two new points,
e and €/, each with outer angle Q(M). By Theorem 3.3 again, we then have

XSO M) =2 )" 0a(1 — Qa) + 2(1 — Q(M)).
odd o
Adding these two equation together and using the fact that x(S° x M) =
2 — x(M) gives the desired formula for Q(M). [ |
Examples and remarks.
1. We have Q(S™) =1 and Q(p) = 1/2 when p is a single point.
2. A convex spherical polygon has outer angle Q(M) = 1/2 + |OM| /4.

3. If M is a spherical cone manifold homeomorphic to S2, then Q(M) = 1
no matter what the cone angles are. More general, any closed spherical
cone manifold of dimension two has outer angle Q(M) = x(M)/2.
Conceptually, this follows from (3.2) and the fact that a random slice of
M is a closed 1-manifold of Euler characteristic zero. (Cone manifolds
will be discussed systematically in §5.)

4. The 3-sphere can be given the structure of a spherical cone manifold M
in such a way that its singular locus is the Hopf link, with components
of length 2o and 273. This cone manifold satisfies vol(M) = a8 and
QM) =a+8—ap.

5. The formula in Theorem 3.1 can be iterated to yield:
QM) = Z Oar (—bOaras) -+ (—0as_1a);

where the sum is over all multi-indices (a3 < ag < -+ < ag), s > 1.

4 Riemannian complexes

In this section we define Riemannian complexes and establish the following
Gauss—Bonnet formula.

Theorem 4.1 Let M be a Riemannian complex with totally geodesic cells.

Then
> / U(z)do(z) =Y (-1)"O,.

|a|=dim (M) o

12



This formula applies in particular to spherical, Euclidean and hyperbolic
complexes. It relates the volume of M to its Euler characteristic, defined
as a weighted sum of simplices. The weight ©,, discussed below, is the
normalized solid angle of M along M,,.

Smooth complexes. A Riemannian compler M is a cell complex built
out of Riemannian polyhedra, in the same way that a spherical complex is
built out of spherical polyhedra (§3). We require that faces of cells are also
cells, as in (3.1). The faces in a Riemannian complex, however, need not be
totally geodesic.

The definitions of the polyhedron Nyg(x), the normal complex N, (),
the inner angle 6,3(x) and the outer angle ,(x) generalize immediately to
this setting.

Gauss—Bonnet. By rearranging terms as in the proof of Theorem 3.3, we
obtain:

Lemma 4.2 The Euler characteristic of any compact Riemannian complex

satisfies x(M) = 3 (—1)ll fMa O, (x) dv(x), where

Bule) = W) + SO | e g de
gz

B>a

This formula has the advantage that it shifts the focus from the boundary
of M, (coming from the lower dimension cells) to its normal bundle (coming
from higher dimensional cells).

Solid angles. Let n = dim(M). The solid angle of M at x € M, is defined
by Oq(z) = 1if o] =n and by

Oal@) = Y Oap(a)
B>a,|Bl=n

otherwise. It can be expressed more geometrically as

. vol(B(z,7))
Oal@) = }IE(IJ vol, (B™) rn

To see this, write the numerator as > 5 vol,(B(z,r) N Mp) and then inter-
change limit and summation.

Totally geodesic cells. The Gauss—Bonnet integral of a cell will be de-
noted by

Va:/a‘ll(a:)dv(x).

13



A cell M, is totally geodesic if its second fundamental form vanishes under
every inclusion M, C m For example, every cell in a spherical complex is
totally geodesic, as is every top—dimensional cell.

Whenever A and B are totally geodesic submanifolds of a Riemannian
manifold C, parallel transport along a path in AN B preserves both T'A and
TB. Thus if all cells in M are totally geodesic, the angles 0,5(z), Q0 (z)
and ©,(x) are independent of x. As in the spherical case, we then drop the
dependence on x from the notation. Moreover, we find

Balz) = U(a)(1 - Q)

as in the proof of Theorem 3.3. Since ¥(z) = 0 unless |a] is even, Lemma
4.2 implies:

Theorem 4.3 A compact Riemannian complex with totally geodesic cells
satisfies

X(M) = ZVa(l - Qa)'

(Note that V,, = 26, in the spherical case, provided « is even.)

Proof of Theorem 4.1. It will be useful to treat the quantities V,, O,
Xao and X, as vectors, where

Xo = (=) and X, = x(Ma).

We will also treat 0,3, o3 and L,z as matrices, where

Qop=QNap) =2 | Ney
a<y<p

and where
1 if o<, and
Lo = ]
0 otherwise.

(We set 0,8 = Qap = 0 unless o < 3.)
With this notation in place, we claim that

x=xL, Q=0(L-Q) and x=V(L-Q).

The first equation simply expresses the fact that

X(Mz) = (=1

asp

14



The second follows from Theorem 3.1, which gives

ap = D Oay(l =),
a<y<p

and the last follows from Theorem 4.3, which gives

X(Mg) =Y Vall = Qag).

asp

Now the equation 2 = 6(L — Q) implies, by adding L —  to both sides,
that L = (I + 0)(L — Q). Thus:

V=xX({L-)7 =xLL-)7 =xI+0),

or in other words

Vi =xXs+ Y Xabas-
a<f

Summing over all 8 with |3| = dim M, and using the definition of O, we

obtain the formula
> Ve=) XaOa,

|8]=n @

which is equivalent to the statement of the Theorem. |

5 Cone manifolds

In this section we discuss Riemannian cone manifolds. Our treatment of
their strata relies on the concept of the join A* B of two spherical complexes,
defined below, and the following factorization theorem.

Theorem 5.1 A compact spherical cone manifold M can be canonically
presented as the join M = S*x B of a sphere S® and a prime cone manifold

B.

We allow the limiting cases M = S® and M = B. Here prime means there
is no C such that B = 5%« C.

Geometric cone manifolds. Let G be a group acting isometrically on a
complete, connected Riemannian manifold X of dimension n. (We do not
require that G acts transitively.) Let G), C G denote the stabilizer of p € X,

15



acting on the unit tangent sphere X;, C 7, X. An (X, G)-manifold is a space
M equipped with charts into X whose transition functions lie in G.

Following [Th], we define an (X, G) cone manifold inductively as follows.
For dim(X) = 1, an (X, G) cone manifold is just an (X, &) manifold. For
dim(X) > 1, an (X, G) cone manifold is a space M such that each x € M
has a neighborhood modeled, using the geometry of X, on the cone over a
compact, connected (X, Gp) cone manifold S, (M), called the unit tangent
cone to M at x.

Spherical cone manifolds. A spherical cone manifold is an (S™,O(n+1))
cone manifold. If a collection of n-dimensional spherical polyhedra are glued
together by identifying their (n — 1)-dimensional faces in pairs, the result is
a spherical cone manifold. Every spherical cone manifold can be obtained
in this way, as one can verify by induction on n.

Outer angles of cone manifolds. In particular, a compact spherical cone
manifold M can be given the structure of spherical cell complex, so its outer
angle Q(M) can be defined as in §3. The outer angle is independent of the
choice of subdivision of M into spherical cells, by Proposition 3.2.

The unit tangent cone S (M) of an (X, G) manifold is a special case of a
spherical cone manifold, since (X,, G,) = (S"~1, H) for some H C O(n). Of
course when H # O(n), the space S, (M) also carries a more rigid structure.

Riemannian cone manifolds. A metric space M is a Riemannian cone
manifold if each x € M has a neighborhood U which is isometric to an open
subset of an (X, ) cone manifold, for some (X,G). The pair (X,G) can
vary from point to point.

A local model for M can be constructed as follows. First, let g be a
metric on the unit ball B” C R", such that every radial arc [0,1] - x is a
geodesic. Let H = O(n) N Isom(B",g).

Let K be a connected (S"~1, H) cone manifold. Then K can be described
as a spherical complex (K, ), with isometric charts

bo: Ky — S"1

that differ on their overlaps by elements of the isometry group H. Since H
preserves g, the isometry type of the linear cone

Cy(Kq) =[0,1] - ¢o(Kq) C B"

is independent of the choice of chart. These polyhedral cones can therefore
be assembled to form a Riemannian cell complex Cy(K), homeomorphic to
the topological cone on K.
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Every point z in a Riemannian cone manifold has a neighborhood (U, )
isometric to (Cy(K),0), where K = S,(M), B" is a small ball in T,(X),
and g is the pullback of the metric on X under the exponential map.

When ¢ is the usual Euclidean metric on B", we refer to EK = Cy(K)
as the Fuclidean cone over K.

Spherical joins. Let A, B be a pair of compact spherical cone manifolds.
Assume A is connected unless it is isomorphic to SY, and similarly for B.

The join A * B is the spherical cone manifold obtained from the disjoint
union of A and B by adding a spherical arc [a, b] of length 7/2 between every
pair of points a € A and b € B. More formally, A x B = S0 (EA x EB),
where EA x EB is given the product metric. For example, S™ % S™ =
Sn+m+1.

The unit tangent cones of the join are easily computed; we have

(S A) * B if x € A,
Sz(Ax B)= ¢ Ax(S.B) if z € B, and (5.1)
SY % (S,A) * (S,B) if x is in the open arc (a,b).

It is convenient to adopt the convention that S™! = () and A% ) = A. We
say A is prime if it cannot be expressed as a join A = SO x B.

Proof of Theorem 5.1. If M is prime we are done. Otherwise, there
is least one way of writing M = A x B with A = Sk, k > 0. Fix one such
isometry, with k as large as possible. We can then regard A and B as subsets
of M. Clearly B is prime. It remains only to show that this decomposition
is unique.

Let us say © € M is a basepoint if M = S° %« C with z € S°. Then
C = S, (M) by the computation (5.1) above.

We claim that A coincides with the set of all basepoints of M. Clearly
every x € A is a basepoint. On the other hand, if x is a basepoint and
x ¢ A, then either z € B or x € M — (AU B). In the first case, we have

M58, (M)=S"« A% S, B>~ Sk« 5, B,

by equation (5.1). But this contradicts the fact that k£ is maximal. We
obtain a similar contradiction if z is in the interior of an arc [a, b].
Consequently A coincides with the set of basepoints of M. Similarly B
coincides with the set of points in M at distance 7/2 from A. Thus the
factors A and B in the join are canonically determined subspaces of M, and
there is a unique compatible isometry M = A x B. |
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Strata. Let M be an n-dimensional Riemannian cone manifold. Its a-
dimensional strata are the connected components of the locus

Mla)={z € M : S,(M)=S*!x B, with B prime}.

Clearly M is the disjoint union of the loci M[a] for 0 < a < n. We refer to
the prime factor B above as the normal cone to M[a] at z; it will be denoted
by Nz(M). Thus

Sp(M) =2 8%« N (M)
for all z € M|a].

Local models. Using the local model U = Cy(S,(M)) for a neighborhood
of x € M|al, it is easy to verify that

U 1 Ma] = Cy(5°7);

indeed, M[a]| N U is isomorphic to (B?,g) in suitable coordinates on B™.
Thus M[a] carries the structure of a Riemannian manifold of dimension a.
The local model also shows that the geodesic rays from = to nearby points
y € M]a] are all contained in M|a]; thus Mla| is totally geodesic in M
(equivalently, B* is totally geodesic in (B", g)).

All other points of U belong to higher-dimensional strata, by equation
(5.1). More precisely, any point y € U — {z} projects to a point z € S(M),
and by parallel transport we have

Sy(M) = S° % S, (S, (M)).
The S factor comes from the geodesic connecting z to 3. This shows:

1. The unit tangent cones S, (M) and S, (M) are isomorphic whenever z
and y belong to the same component of Mal;

2. For b > a, the locus M [b]NU is just the cone over the locus S, (M)[b—1],
with x omitted; and

3. For y € M[b]NU, we have
Sy(M) = S % Sy Ny (M),
where w is obtained by first projecting y to S%~! and then to N,(M).

The top-dimensional manifold M[n] is open and dense in M. Our def-
initions imply that two-dimensional cone manifolds have only isolated sin-
gularities; more generally, M[n — 1] is empty, and thus M is the metric
completion of Mn].
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Cell decompositions. Every Riemannian cone manifold M admits a
smooth triangulation compatible with its stratification. More precisely, M
can be given the structure of a Riemannian cell complex, M = |J M,, in
such a way that its strata are unions of cells, and each cell is a simplex.

The proof is by induction on n = dim M, the case n = 1 being immediate.
For the inductive step, suppose x € M is modeled on the cone over N,
dim N = n—1. Then the cone over a triangulation of NV gives a triangulation
of a neighborhood of = in M. By putting these local triangulations into
general position within their strata, and intersecting their cells, we obtain
a decomposition of M into Riemannian polyhedra. These polyhedra can
then be further subdivided, by standard methods, to obtain the desired
Riemannian triangulation of M (see e.g. [Cal).

Two examples. To conclude we remark that not every Riemannian cone
Cy(K) is a Riemannian cone manifold, and not every Riemannian cone
manifold M is an (X, G) cone manifold,

To see the first statement, let K be the 2-fold cover of S branched over
St. Then K is an (S, H) cone manifold for the trivial group H. Consider
a metrized ball (B* g) that contains no totally geodesic surfaces. Then
M = C4(K) cannot be a cone manifold; if it were, then the cone over the
branch locus C,(S1) would be stratum of M, and hence totally geodesic.

For the second, consider a surface M with a single irrational cone point
p (meaning O(p) € Q), whose metric is inhomogeneous near another point
q. If M were an (X, G)-manifold, then Isom(X) would contain a copy of S*
coming from the closure of the group generated by holonomy around p; but
then M would admit a local Killing vector field near gq.

6 FEuler characteristics of strata

Let M be a compact cone manifold. We say F' C M is a stratified set if F
is a closed union of strata of M.

In this section we establish the following analogue of Theorem 4.3, whose
notation is explained below.

Theorem 6.1 The FEuler characteristic of any stratified set F' C M is given

by
X(F)= Y VI(1-Q7(F)).
MoCF
Corollary 6.2 The strata of M satisfy x(M7) =3, V(1 - Q7).
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Strata and angles. The strata M7 of M, defined as the components of
M|r] for all » < dim(M ), give a partition of M into connected manifolds.
We let |o| = dim(M?), and we write o < 7 if M° meets M7; equivalently,
if M° C M7. Note that we use superscripts to index strata, just as we have
used subscripts to index cells.

For x € M the spherical cone manifold N, (M) coincides with the space
of unit vectors normal to M? at x. For 7 > o, the vectors normal to M7 that
point into M7 form a stratified subset of N,(M), which will be denoted by
N°7(x). This stratified set can be given the structure of a spherical complex,
so its outer angle is well-defined, just as for a spherical cone manifold (see
§3). Note that N°7(z) might not be connected — e.g. the stratum M™ might
tend towards M? from two different directions.

We denote the inner and outer angles of N°7(x) by

077 (x) = vol(N°"(x))/ vol(SITI=Ie1=1)
and
QO‘T(x) — Q(NUT(J:))

Using parallel transport, we find that S, (M) = S, (M), No(M) = N, (M),
and N7 (z) =2 N77(y) for all z,y € M?. Thus the angles above are inde-
pendent of z; they will henceforth be denoted simply by 6°7 and Q7.

The solid angle of M along M? is given by

@O’ — 00’77
for the unique 7 > o with |7| = dim(M). (We adopt that convention that
07 =1if |o| = dim(M).) We let

V”:/U\P(m)dv(x)

denote the intrinsic Gauss—Bonnet integral over M?.

Cells. Let ' € M be a stratified set. The normal cone to M? C F at
x € M7 is defined by

N°(Fz)= |J N7().

T>0,MTCF

It is a stratified subset of the spherical cone manifold N,(M). The outer
angle
Q°(F,z) = Q(N°(F,z))
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is again independent of z, so it will be denoted simply by Q7 (F').

As discussed in §5, a cone manifold can be decomposed into Riemannian
polyhedra in a manner compatible with its stratification. In particular, F'
can be given the structure of a cell complex (F,) in such a way that M7 is
a subcomplex whenever M? C F. Then by Lemma 4.2 we have

X(F) =Y (=Dl [ @4 (z) do(a), (6.1)

Fa

where

Bole) = ¥w) = SV [ w@gde 62)

B>a Nop(z)*

Fracture and repair. The decomposition (F,) of F' generally includes
curved cells, which fracture the totally geodesic strata in F'. The main step
in the proof of Theorem 6.1 is to show that these curved cells make no con-
tribution to the sum (6.1) giving the value of x(F'). This type of argument
is essential for applications to complex hyperbolic cone manifolds, since they
have no odd-dimensional totally geodesic submanifolds (of dimension > 1).

Lemma 6.3 Ifz € F,, C M? with |a| < |o|, then ®,(x) = 0.

Proof. Choose a metric g on B™ such that there is a neighborhood U of z
in M which is modeled on the cone Cy(S;(M)). Since x € M7, we have

Sy (M) =2 Slol=1 s N(M).
Since F, C M? has codimension |o| — |a|, and M? C F, we have
K = Ny(z) = 8%« N°(F, ) (6.3)

where d = |o|—|a|—1 > 0. We will use this presentation of K as a nontrivial
suspension to show that ®,(x) = 0.

Let K3 = Nyp(x) denote the spherical cells making up K, and let C' =
B™. Choose submanifolds with 0 € A C B C C passing through 0 € C' which
provide local models for the cells F,, and E Let Sgp C S¢ denote the fibers
of the unit normal bundle to A at 0, considered as a submanifold of B and
C respectively. Then Kz can be identified with a convex polyhedron inside
Sp and S¢. Thus it has two duals, which we will denote by K/g, = (Kpg,SB)*
and K = (Kpg, Sc)*. By the basic relation (2.2), we have

/ Ve, de = [ Up0,6)de= [ Wwe0,6)de.  (6.4)
Nos(a)* K} K
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Note that the holonomy group H of the spherical manifold S, (M) acts
isometrically on (B™,¢g) and trivially on S, (M), so it also acts trivially
on Sp(A), and hence it preserves Sc. Thus the integrand Ve (0,€) is H-
invariant. Since the embedding Kg C Sc¢ is well-defined up to the action of
H, the integral of W¢(0,€) over Kj above is also well-defined.

By Proposition 3.2, for any other subdivision of K into spherical poly-
hedra L. of dimension ||, we have

Z(_l)\ﬂl—la\—lKg — Z(_l)lvlmY

as chains in S¢, modulo terms of the form C' — h(C) with h € H (which
account for different lifts of cells to S¢). Since ¥(0,¢) is H-invariant, it
vanishes when integrated over C' — h(C') and we find

_n\lal _ _N\l
; 1) /K Vel0.9)de ;< vl [ we.0ds (69

Now by (6.3), we can write K = SY + T for some spherical complex T Let
(T’y) be a spherical cell decomposition of 7. Then K can be decomposed
into cells of the form L, = S« (T,) — SY, together with two 0-dimensional
cells L, and L that account for S¥ itself. Each cell of the form L. contains
an open geodesic joining the points of S°; thus the dual has L7, measure
zero, since it lies in the subsphere of So orthogonal to S°. On the other
hand, the two remaining cells satisfy LY U LY, = S¢. It follows that

YD Ve, €)ds = [ Ve(x,€)dé = U(x)

y L; Sc
by the basic relation (2.1). Combining this equation with equations (6.2),
(6.4) and (6.5) gives ®,(z) = 0. |

Lemma 6.4 Ifx € F, C M° with |a| = |o|, then ®(z) = ¥(z)(1-Q°(F))

Proof. In this case F}, is totally geodesic, and N, (z) = N°(F, z). [ |
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Proof of Theorem 6.1. By the preceding two Lemmas and equation (6.1),
we have

WP = Y (e /F B

MsCF FoCM©°

- ¥ (1—Q"(F))/ =Y V(1 -Q7(F)).

MeCF ’

Here we have used the fact that ®,(z) = 0 if |«| is odd, so we can ignore
the factor (—1)°l. [ |

7 Gauss—Bonnet for cone manifolds
We can now complete the proof of our main result:

Theorem 7.1 For any compact cone manifold M of dimension n, we have

U(x)dv(z) = M™OT
/MW () o) = ()

The proof will rely on:

Lemma 7.2 Let M be a compact spherical cone manifold. Then the outer
angle of any stratified set F C M is given by

Y 71— Q(F)),

MeCF
where 7 = vol(M?)/vol(S!°l).
Corollary 7.3 The outer angles of the strata in any compact cone manifold

M satisfy

- Y raee)

o<&<T
Proof. Choose z € M?. Then F = N7 (x) is a stratified subset of the
spherical cone manifold N,(M). For each £ with ¢ < £ < 7, the locus

N (z) in F is a union of strata with outer angle Q™ and total volume §°¢.
The formula then follows from the preceding result. |
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Proofs of Lemma 7.2 and Theorem 7.1. The proofs for cone manifolds
closely follow the proofs for Riemannian complexes. Lemma, 7.2 follows from
Theorem 6.1 by comparing the formulas it gives for (M) to x(S°* M), just
as in the proof of Theorem 3.1. As for Theorem 7.1, Corollaries 6.2 and
7.3 give the matrix equations Y = V(L — Q) and Q = (L — Q) for strata,
exactly as in the proof of Theorem 4.1. The equation Y = x L also holds for
strata, provided we let x, = x(M?) — x(OM?). The same linear algebra
used in the proof of Theorem 4.1 then yields Theorem 7.1. |

8 Volumes of moduli spaces

The traditional Gauss—Bonnet theorem implies that a closed, complex hy-
perbolic manifold M =~ CH" /T satisfies

vol(M) = Cpyx (M),

where C,, = (—4m)"/(n+1)!. Here the metric is normalized so that CH' has
curvature —1. Note that M is a (G, X )—manifold for (G, X) = (PU(n, 1), CH").

Let My, denote the moduli space of n ordered points on the Riemann
sphere. For n > 4, the universal cover of My, is far from being a symmetric
space; in fact its automorphism group, as a complex manifold, is discrete
[Roy].

Nevertheless, Thurston showed that Mg, carries a natural complex
hyperbolic metric g, for every sequence of real weights p = (u1,..., fin)
with 0 < p; < 1 and > u; = 2. Moreover the metric completion P(u) of
(Mo,n, gu) is a complex hyperbolic cone manifold. The (G, X) cone manifold
P(u) both rigidifies and extends the original complex manifold structure on
Mo .

In this section we will use the Gauss—Bonnet theorem for cone manifolds
to show:

Theorem 8.1 The complex hyperbolic volume of moduli space satisfies

|B|-1
W =D _(=)PF(P] = 3)! T] max (0’ b Z“") '

P BeP 1€B

Here P ranges over all partitions of the indices (1,...,n) into blocks B. We
regard the quantity on the right as a formula for the cone manifold FEuler
characteristic xX(P(u)).
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Shapes of polyhedra. As background for the proof, we recall that any
point configuration (by,...,b,) determines a flat metric

ol = =
Il = byl

on the Riemann sphere with cone angles 2w (1 — p;) at the points b;. The
space (((A:, |w|) can be isometrically embedded as a convex polyhedron in R3;
conversely, a polyhedron with n marked vertices with the given cone angles
determines a point configuration (b;) € Myp,. The complex hyperbolic
metric g, on My, can be expressed in terms of the complexified distances
between the marked points (b;) (i.e. the periods fbij w), which provide local
coordinates on My, with values in CH"3.

We also recall that the Euler characteristic of moduli space is given by

X(Mon) = (—=1)"3(n—3)!, as is easily proved using the fibration Mg 5,41 —
MO,n-
Proof of Theorem 8.1. As shown in [Th], the metric completion M of
(Mo,n, gu) is a complex hyperbolic cone manifold whose strata M P are in-
dexed by partitions P of n such that >, pu; < 1 for all B € P. These
strata result from collisions between the vertices of the associated polyhe-
dron which keep it locally convex. The new polyhedron has |P| vertices, so
we have M” = M p| and thus x(M7) = (—=1)/PH1(jP| — 3)I. When the
points in a block B of P break up, the nearby configuration is described by
|B| points on a flat 2-dimensional cone with vertex angle 27(1 — >, 5 14:)-
Thus the solid angle of M* in M is given by

- <1 ) z:M>|B|—1 |

BeP i€B

cf. [Th, Prop 3.6(c)]. Provided M is compact, the Gauss-Bonnet formula
for cone manifolds then gives

vol(M) = Cp_3 ¥ x(M7)0",
P

which yields the formula above. The case where M is finite—volume but non-
compact, which occurs only when ), p; = 1 for some collection of indices
B € P, can be treated by continuity in (u;) or by using the description of
cusps in [Th, §5]; see also [Le]. [ |
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[a] (pi) x(P(p)) X (M (1))
3111111 -4/9 -1/1620
3| 21111 1/3 1/72
411111111 -15/64 -1/172032
42111111 25/128 5/18432
4311111 -1/16 -1/1920
4221111 -1/4 -1/192
432111 3/16 1/32
4| 22211 3/8 1/32
5| 22222 3/5 1/200
6 | 111111111111 | -28315/419904 | -809/5746705367040
6 | 21111111111 5663/93312 809/48372940800
6 | 3111111111 -119/3888 -17/201553920
6 | 2211111111 -287/4374 -41/50388480
6 | 411111111 49/5832 7/33592320
6 | 321111111 2107/46656 301/33592320
6 | 51111111 -1/1296 -1/6531840
6 | 222111111 637/7776 637/33592320
6 | 42111111 -13/648 -13/466560
6 | 33111111 -11/216 -11/311040
6 | 32211111 -91/1296 -91/311040
6 | 5211111 5/1296 1/31104
6 | 4311111 55/1296 11/31104
6 | 22221111 -13/108 -13/62208
6 | 4221111 5/108 5/5184
6 | 3321111 55/648 55/31104
6 | 531111 -1/54 -1/1296
6 | 441111 -2/27 -1/648
6 | 3222111 55/432 55/15552
6 | 522111 -1/54 -1/648
6 | 432111 -5/54 -5/324
6 | 333111 -1/9 -1/324
6 | 54111 1/12 1/72
6 | 2222211 5/24 1/1152
6 | 422211 -1/9 -1/108
6 | 332211 -5/27 -5/216
6 | 53211 1/12 1/24
6 | 44211 1/6 1/24
6 | 43311 1/6 1/24
6 | 322221 -5/18 -5/432
6 | 52221 1/12 1/72
6 | 43221 1/4 1/8
6 | 33321 1/3 1/18
6 | 33222 1/2 1/24
8 | 333331 -33/128 -11/5120
8 | 63331 9/64 3/128
8 | 55222 9/32 3/128
8 | 43333 9/16 3/128

Table 3. Euler characteristics of the 94 orbifolds M (y) and their

cone manifold covers P(u), with (1;) = (pi/q)-
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q (ps) [ x(Pw) | x(Muw) ]
9 44442 13/27 13/648
10 74441 3/20 1/40
10 3333332 293/1000 293/720000
10 633332 —26/125 713/1500
10 93332 3/100 1/200
10 66332 3/10 3/40
10 533333 —17/50 —17/6000
10 | 83333 3/25 1/200
10 65333 39/100 13/200
12 85551 7/48 7/288
12 7722222 575/10368 115/497664
12 972222 -23/432 —23/10368
12 TT7T4222 »23/216 —23/2592
12 117222 1/48 1/288
12 99222 1/8 1/96
12 97422 7/48 7/96
12 | 77622 1/6 1/24
12 | 77442 7/24 7/96
12 753333 »31/144 —31/3456
12 555333 -23/72 -23/2592
12 105333 1/12 1/72
12 87333 13/48 13/288
12 | 85533 7/24 7/96
12 76533 17/48 17/96
12 | 65553 1/2 1/12
12 75444 11/24 11/144
12 | 65544 13/24 13/96
12 55554 7/12 7/288
14 115552 6/49 1/49
14 | 85555 24/49 1/49
15 86664 37/75 37/450
18 118881 13/108 13/648
18 | 137772 4/27 2/81
18 1010772 13/54 13/216
18 14 1333 3 13/108 13/648
18 107775 13/27 13/162
18 8T7TT7TTT 16/27 2/81
20 1411555 99/400 33/800
20 139666 69/200 23/400
20 109966 99/200 99/800
24 191744 4 11/96 11/576
24 149997 11/24 11/144
30 26 19555 4/75 2/225
30 2322555 37/300 37/1800
30 2211999 16/75 8/225
42 3429777 61/588 61/3528
42 26 15 15 15 13 61/147 61/882

Table 3.

(continued)
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Volumes of 94 orbifolds. The pure moduli space P(x) has a natural
quotient

M(p) = P(p)/Sn(p),

where S, (1) C Sy, is the group of permutations satisfying py; = ;.

Deligne and Mostow showed there are exactly 94 values of u with n > 5
such that M (u) is a complex hyperbolic orbifold [DM1], [Mos], [Th]. The
volumes of these orbifolds are given by

vol(M (1)) = Co_sx(M(n)), (8.1)

and the values of x(P(u)) and x(M(u)), computed using Theorem 8.1, are
listed in Table 3.

9 Hyperbolic twists and non-arithmetic groups

We conclude by discussing an invariant of non-arithmetic groups.

Let 7o, denote the Teichmiiller space of n points on the sphere, regarded
as the universal cover of My ,. Fix real weights with 0 < p; < 1 such
that > 7 i = 2. Let Modg (1) denote the subgroup of finite index in the
mapping-class group, analogous to S, (u), which preserves the weights ;.
Then the natural inclusion

Mon/Sn(p) = M ()

is an isometry for the metric g,. Passing to the universal cover, we obtain
a locally isometric developing map

§(u) : Ton — CH" 3
and a representation
p(p) : Modg () — T'(1) € Isom CH™ 3

satisfying
5(p) 0 g = plg) o 6(n)- (9-1)

Now suppose M (u) is an orbifold, defined by rational weights (u;) =
(pi/q) with 1 = ged(p1,-..,pn,q). Let v = (kp;/gmod 1), where 1 < k < ¢
is relatively prime to q. We say v is a hyperbolic twist of p if > v; = 2.
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Theorem 9.1 If v is a hyperbolic twist of the orbifold data ., then there is
a unique holomorphic map F making the diagram

Ton
o(v
5(u)i )
(Can?) i) Canii

commute, and there is a unique isomorphism « : I'(n) — I'(v) such that
Fog=a(g)oF forallgeT(u).

Proof. The normal subgroup Ker p(p) C Modg (1) is generated by rela-
tions coming from the complex codimension one strata of M (u). Namely,
if 7 € Modg,(p) is a Dehn twist around a simple loop enclosing just b;
and bj, and p; + p; < 1 with p; # pj, then we must include the relation
7™ = 1, where m;; = q/ ged(pi + pj,q), to account for the cone angle of
27 /m;; along the stratum where b; and b; collide. If p1; = i, then we must
add the relation (71/2)™ii = 1, where 71/2 is a half Dehn twist exchanging b;
and b;. Since ged(k, q) = 1, the value of my; is the same for (v;) = (kpi/q)
as for (u;). Thus H = Ker p(u) = Ker p(v).

It follows that the developing map d(v) : Ty, — CH" =3 descends to an
open holomorphic map F : X — CH" 3, where X = Ty,,/H. Similarly,
since M (p) is an orbifold, d(u) descends to provide an embedding of X
into CH" 3. Indeed, X C CH" 3 is nothing more than the preimage of
Mo.n/Sn(1t) inside the universal cover of M(u). The locus CH" 3 — X
is a locally finite configuration of complex hyperplanes, covering the lower-
dimensional strata of M (u). By the removability of singularities for bounded
analytic functions, F extends to all of CH" 3. Since the kernels of p(p) and
p(v) agree, there is a unique isomorphism between their images such that
aop(u) = p(v), and (9.1) implies that F'o g = a(g) o F. [ |

We remark that I'(v) is essentially the Galois conjugate of I'(i) coming
from the automorphism ¢, — (4“ of Q(¢;)/Q, where (; = exp(27mi/q). (The
matrix entries in these groups may lie in a larger field.)

Volume ratios. The volume ratio of the hyperbolic twist is defined by
volM(v)  x(M(v)) _ x(P(v))

PUV) = ST ) — () — X (P

Note that F is a contraction, by the Schwarz lemma, so p(u,rv) < 1. In the
cases at hand, it can be shown that I'(x) is arithmetic iff it has no hyperbolic
twist.
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g | (pi) | {o(uw.v)} |
12753333 1/93
1287333 1/13
1265544 1/13
1276533 1/17
18 | 137772 1/16
1887777 1/16
20| 1411555 1/33, 4/33
20 109966 1/33, 4/33
20 139666 1/46
1275444 1/22
24 | 1917444 1/22
24149997 1/22
15| 86664 1/37, 4/37
302322555 1/37, 4/37
42 (3429777 1/61, 4/61
42 | 26 15 15 15 13 | 1/61, 4/61

Table 4. Nonarithmetic groups I'(x), with (u;) = (pi/q). These 16
groups fall into 10 commensurability classes, which are almost all
distinguished by the volume ratios given in the right column. (The
group I'(p) for p=(7,5,4,4,4)/12 is in a class by itself.)
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Commensurability. For 16 of the 94 orbifolds listed in Table 3, the group
I'(p) is non-arithmetic. The volume ratios for these groups, computed using
Theorem 8.1, are listed in Table 4.

As shown in [KM, §5], the set of volume ratios is a commensurability
invariant for the group I'(u). This comes from the fact that the Euler
characteristic multiplies by the degree when one passes to a finite cover, and
that the boundary values of F' are uniquely determined by the isomorphism
I'(n) = I'(v). Thus the 16 groups listed fall into at least 9 commensurability
classes. In fact, using previous work of Deligne-Mostow and Sauter one
finds that the number of classes is exactly 10. The group I'(u) with u =
(7,5,4,4,4)/12 is not commensurable to the two other groups p(u,v) =
1/22; its trace field is Q(cosm/6), while the other two groups have trace
field Q(cos7/12), For more details, see [Sau], [DM2] and [KM, §§6-7].
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Example: the octagon map. The orbifold weights © = (3,3,5,5)/8 have
a hyperbolic twist v = (1,1,7,7)/8, with volume ratio

’ X(P(u) — —3/4 3
In fact P(u) is the (4, 00, 00) orbifold, while P(v) is a cone manifold of type
(4/3,00,00); it has two cusps and a single cone point with angle 37 /2.

The map F': H — H intertwining I'(1) and I'(v) is shown in Figure 5.
It can be constructed by first mapping a regular ideal hyperbolic octagon to
a regular ideal star, and then developing by Schwarz reflection. The map F
has a critical point of order 2 at the center of the picture, which expands the
angle of a fundamental triangle from 7/4 to 3w /4. The volume ratio p(u,v)
gives the average of | DF||? over the octagon, with the norm measured in
the hyperbolic metric.

The value p(p,v) = 1/3 can also be recognized as the second Lya-
punov exponent of the Teichmiiller curve Wy C My associated to billiards
in the regular Euclidean octagon. Indeed, Wy is isomorphic to P(u), and
F' gives the natural embedding of Wg into the Hilbert modular surface
(H x H)/SL2 Z[v/2]. The Lyapunov exponent has a dynamical meaning:
along any infinite billiard path in the regular octagon, the number of bounces
off a given side by time T satisfies

N(T) = aT 4 bT'3 + O(1).

For a related discussion of billiards in the regular pentagon, see [Mc1, §10].
Bainbridge has shown that, more generally, any SLy(R)-invariant ergodic
measure on the moduli space of 1-forms ©;Mg(2) has Lyapunov exponent
1/3 [Bal] (for background, see [Ko2]).

In view of these examples and Theorem 9.1, the non-arithmetic orbifolds
M () with n > 4 can be regarded as certain higher—dimensional versions of
Teichmiiller curves. For more on this perspective, see [Mc2, §10] and [KM].
Example: the braid group By4. The weights p = (7,7,7,7,8)/18 are
particular interesting, since in this case S, (1) = S4 and the map

p(p) : Modg 5(p) — Tsom CH?

provides a unitary representation of the braid group By. (More general
representations of the braid group via periods are discussed in [Mc2].)

In this case the stratum P(u)[1] has 10 components of two different types:
four with the weights (7,7,7,15)/18 after 2 vertices have collided, and 6
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Figure 5. The hyperbolic octagon and an 8-pointed star.

with the weights (7,7,8,14)/18. Similarly P(u)[0] consists of 15 points of
two different types; 12 from the weights (7,14,15) and 3 from (8,14, 14).
Using Theorem 8.1, we find

1 2 1 4 16
Plp)=2—-[4x=-+6x = 12X =4+3X —| ==
X(Pw) [X6+ X9}+{ X9 TOXEI| T ar
These weights have a unique hyperbolic twist, namely
(vi) = (11p; mod 1) = (5,5,5,5,16) /20,
and the corresponding volume ratio is given by
1/27 1
= vol x(P P =—=—.
plas) = Vol X(POX(P) = 70 = 1

The volume of the orbifold itself is given by

7T2
vol(M () = 0, XU _ 107
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