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The Selberg, Piatetsky-Shapiro conjecture, now establi-
shed by Margoulis, asserts that an irreducible lattice in a
semi-simple group G is arithmetic if the real rank of G
is greater than one. Arithmetic lattices are known to
exist in the real-rank one group SO(n,1), the motion group
of real hyperbolic n-space, for » =< 5. These examples due
to Makarev for n =3 and Vinberg for n =5 are defined by
reflecting certain finite volume polyhedra in real hyperbolic
n-space through their faces. The purpose of the present
paper is to show that there are also nonarithmetic lattices
in the real-rank one group PU(2,1), the group of motions of
complex hyperbolic 2-space which can be defined algebraically
and leads to remarkable polyhedra. This serves to help
determine the limits of the Selberg, Piatetsky-Shapiro con-
jecture. The analysis of these polyhedra also leads to the first
known example of a compact negatively curved Riemannian
space which is not diffeomorphic to a locally symmetric space.

This paper arose out of an attempt to determine the limits of
validity of the Selberg, Piatetsky-Shapiro conjecture on the arith-
meticity of lattice subgroups. In 1960 A. Selberg conjectured that
apart from some execeptional G, an irreducible noncocompact lattice
subgroup I' of a semi-simple group G is arithmetic (“irreducible” in
the sense that I" is not commensurable with a direet product of its
intersections with factors of G). Later Piatetsky-Shapiro conjec-
tured: An irreducible lattice of a semi-simple group G is arithmetic
if R-rank G > 1.

The Selberg, Piatetsky-Shapiro conjecture was settled affirma-
tively by G. A. Margoulis in the striking paper that he submitted
to the 1974 International Congress of Mathematicians in Vancouver.

The simple groups of R-rank 1 are (up to a local isomorphism)

SO(n, 1), SU(n, 1), SP(n, 1), F,
which act as isometries on the hyperbolic space
Rh", Ch*, Hh", Oh*

over the real numbers R, the complex numbers C, the quaternions
(or Hamiltonians) H, the octonians (or Cayley numbers) O respec-
tively. Nonarithmetic lattices in SO(2, 1)(=SL,(R)/+1) have been
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known for a long time. Nonarithmetic lattices in SO(n, 1) for n» = 3
where first found by V. S. Makarov (in 1965) and shortly there-
after E. B. Vinberg initiated an extensive investigation which
turned up nonarithmetic lattices in SO(n, 1) for n < 5. Both the
Makarov and Vinberg examples are defined by reflecting a polyhedron
F of finite volume in RA" in its (n — 1)-dimensional faces, which
are pointwise fixed under the reflections. The (% — 1)-dimensional
faces thus must lie on geodesic subspaces of codimensionp 1. The
group I' generated by the reflections in the codimension-1 faces of
F' is a discrete group of isometries on RA" and has F as a funda-
mental domain if and only if all the dihedral angles of F' are of
the form =x/integer.

Straightforward generalization of this method for finding lattice
subgroups of isometries on the other hyperbolic spaces is blocked by
the fact that only in R-hyperbolic spaces do there exist codimension
1 geodesic subspaces. Thus it is not a priori clear what to take as
the bounding surfaces of a polyhedron F out of which we are to
construet a group I' of isometries with F as fundamental domain.

The prineipal result of this paper is the construction of a class
of such polyhedra F' in Ch®>. The guiding principle in the discovery
of F' is the exploitation of symmetry. The polyhedron F' depends
on two parameters, (p, t) where » = 38,4, 5, and [¢]| < 3(1/2 — 1/p).
To each F(p, t), there corresponds an infinite subgroup I" of U(2, 1)
generated by three C-reflections of order p. For some values of the
parameter, the polyhedron F' is stabilized by a subgroup of I' of
order 3. For only a finite number of values of the parameters is the
group I discrete. Whenever I' is discrete, it is a lattice subgroup.

The main theorems proved in this paper are:

THEOREM A (cf. §17.3). There exist in PU(2, 1) nonarithmetic
lattices generated by C-reflections of order 3,4, or 5. Up to an
isometry, any such lattice with Coxeter diagram

and phase shift @, P* = exp wit, is given by the seven values
(p, 1) = (3, 5/42), (3, 1/12), (3, 1/30)
(4, 3/20), (4, 1/12)
(5, 1/5), (5, 11/30) .
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The noncocompact lattices I'(p, t) are arithmetic.

THEOREM (cf. §19). For every rational value of t, with |t| <
1/2 — 1/p, there is a complex analytic manifold Y(p, t) and a canon-
ical I'(p, t) map 7: Y(p, t) — Ch* such that I'(p, t) operates disconti-
nuously and holomorphically on Y(p, t).

The quotient of Y by a torsion-free subgroup of I" leads to the
first known example of a compact negatively curved Riemannian
space M which is not diffeomorphic to a locally symmetric space (cf.
[8). M is in fact an algebraic surface and is negatively curved
with respect to a Kaehler metric.

The major effort in proving Theorem A once the groups I'(p, t)
have been defined, is to decide when ['(p, ) is discrete. Apart from
§ 4 which gives a criterion for the arithmeticity of a lattice, most
of §3 to §17 is aimed at the discreteness question. The choice of
the complex analytic structure in Theorem B with respect to which
I’ operates discontinuously and holomorphically depends on the
results in §6 (though not on §6.5) and §18. In particular, explicit
information (cf. §18.2) about the star of each vertex in the poly-
hedral space Y is exploited.

In anticipation of generalizing the construction given here to
n = 3 and 4, the results in §3 on spinal surfaces are presented for
general n.

Part of the results contained in this paper were announced in
{71

A large part of this paper is devoted to computations. At an
early stage of the investigation of discreteness, I profited greatly
from computer exploration. Without the computer it would have
been very difficult to recognize how much more complicated is the
fundamental domain of the group of order 72 generated by two
C-reflections with Coxeter diagram

O—06

than the fundamental domain for the group of order 24(p/6 — p)*
generated by two C-reflections with Coxeter diagram

Thus the discovery of the family F(p, t) owes much to the vastly
wider exploration which the computer permits. Once the target
began to be discerned, it became possible to verify all the remark-
able properties of the family F(p, t) by a combination of geometric
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and algebraic methods. The account here is in the strictly logical
(rather than psychological) sense totally independent of the computer.

I take pleasure in acknowledging my debt and gratitude to my
associate and students at Yale who programmed the algorithms
described in §7, 8 and other related capabilities. In chronological
order of their assistance, I was enormously helped by Dr. Sidnie
Feit, Alex Feingold, James Cogdell, Daniel Bar-Yacov, and Edna
Bar-Yacov.

2. Algebraic preliminaries.
2.1. C-reflections.

Let V be an n-dimensional vector space over C. A C-reflection
in V is a linear map R: V — V of finite order with » — 1 eigenvalues
equal to 1. A C-reflection can be expressed in the form z — x + B(%)e
where 3 is a linear function and 1 + B(e) is a root of unity other
than 1.

Let H be a nondegenerate hermitian form on V and denote
Hw, w) by (v, w) for all v, we V. Given ec V with {¢,e) =1 and
a positive integer p, we denote by R, , the C-reflection

x——x + (& — 1){x, ede, £=exp2rV —1/p.

R,, fixes each point in ¢* = {xe V;(x, ¢) = 0} and has order ».
Clearly R, preserves H.

Suppose {e, ---, e,} is a linearly independent set of unit vectors
and let B, =R, ,. Set I'={{R, R, ---, R,}}, the group generated
by the set {R, ---, R,}. Then I' c U(H), the unitary group of the
hermitian form H.

The hermitian form H need not be positive definite. However
if I' is finite and irreducible, then H must be positive definite. For
by Schur’s lemma, an irreducible group stabilizes a unique hermitian
form up to scalar factor; on the other hand, a finite group preserves
a definite hermitian form. Since Hle,, ¢;) = 1, H is positive definite
if I' is irreducible. We will see in §2.3 how to drop this last
hypothesis.

2.2. Finite groups generated by two C-reflections.

Let {e, ¢,} be a base of the C-vector space V and let H be a
hermitian form on V. The condition that {R, ,, R.,,} generate a
finite group I" may be determined as follows.

Consider the 1 dimensional projective space CP!' of one-dimen-
sional subspaces of V; let n: V — {0} > CP' denote the canonical



ON A REMARKABLE CLASS OF POLYHEDRA 175

projection. Let R, denote the action of R, , on CP! and denote
wler) by *ei(i =1, 2).

CP! may be identified with the standard 2-sphere S* and I’
operates on S? by rotations. Thus I" is finite if and only if the
group {R,, R,} generated by rotations of angle 27/p, at *e} is finite.
This is the case if and only if there is a v in I such that the
geodesic tricngle with base v(*e¢i)*es and base angles z/p,, @/p, has
as third angle 2x/q¢ where

(2.2.1) —1_+i+i;1andqis even if p, # p, .
v D2 q

*

From spherical trigonometry the length of the base *ef*e; in a

geodesic triangle with angles n/p, 7/p, 27/q is given by

COS TT/p,-€os /P, + cos 27 /q
sin 7/p, -sin /p, '

cos d(*ei, Tei) =

On the other hand, the inner-product on V is related to the metric
on S? by the formulae

| {es, ;)| = cos g, d(*ei, *e)) = 20 .

Therefore, by the half-angle formula

_ (cos (x/p, — m[p,) + cos 27/q \**
(2.2.2) [<ey €2} = ( 2 sin 7/p, -sin 7/, ) '

Let @ be any complex number with |@| = 1 and let H(p) denote
the hermitian form on C* given by
<ei; ei> = 17 (i = 1; 2)
<ely 62> = agD
where « is given by (2.2.2). Let 4(p) denote the determinant of
the matrix (e, ¢;7). Then
d(p) =1 — a* =sinc > 0
if H is nondegenerate. We note that 4(®) is independent of o.
Let I'(p) denote the group {{R, ,, R.,,}} corresponding to H,. Re-
placing e, by e, does not change R, , and provides an isometry of
HQ1) to H(®). Thus I'(p) is independent of .
Set R, =R, ,(t=12). Suppose that H satisfies (2.2.1) and
(2.2.2). Then the group I" = {{R, R,}} has the relations
Rt =1, (By)™
(R1R2>q/2 = (Rle)qyﬁb .

If ¢ is odd, the second relation signifies
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RR, R, = RR,---R,

(cf. [4]). Moreover, the center of the group I is cyclic and gener-
ated by

(R.R,)* if ¢q is odd
(R.R,)" if ¢ is even
(this corresponds to the fact that on S° R.R, rotates about the
vertex e, opposite *e*e; through an angle of 4x/q).
Let s denote the reciprocal of the spherical excess of the

geodesic triangle efefes ie., s7' = pi* + p;' + 297 — 1 then the order
of the center is (ef. [4])

(2.2.3)

25 4 0dd
q

(2.2.4)
A5 , 4 even

and the order of I' is given by

(2.2.5) s = 88

2.3. Coxeter diagrams, phase shifts.

To each finite group generated by C-reflections, Coxeter has
associated a diagram. In the case of a group generated by two
reflections {R,, ,, K., ,} with

<ely 62> = a?

with a given by (2.2.2) and (2.2.1) satisfied, the Coxeter diagram
consists of two nodes and a line

B)——®)
if ¢ > 2; if ¢ = 2, no line is drawn joining the nodes. This diagram
determines {R.,,, R.,,} uniquely up to an isomorphism.

To a group generated by n-reflections every two of which
generate a finite group, one associates a diagram made up of =
nodes, attaching p, the order of the reflection R; to the <th node;
the nodes ¢, j are joined by a line labeled ¢, if R, =R, ,, R; =
R, ,; and the g,; (resp. ¢;;/2) is the lowest power p of R;R; which
is in the center of I',; = {{R, R;}} if p is odd (resp. even). Con-
versely, to any diagram &

. %j @

with n nodes, satisfying (2.2.1), one associates a family of groups
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I’ generated by n-reflections as follows:
In C*, let e, e, ---, e, be the standard base. Define the hermi-
tian form H:

(i ) = — Oy Py; 1% J

(2.83.2) Cen 0> =1

where

o, = <cos (z/p, — 7/ps) + cos 2ﬂ/q¢j>” Pl =1
ij . . . ’ ¢zal -
2 sin /p,-sin 7/p,

and define B, =R, , (¢ =1, ---,n). For any ¢, j, the group I';; =
{{R,, R;}} is finite and independent of the choice of ¢,;, up to an
isomorphism. More generally, if the graph of & is a tree, then
one can replace e; by @, (1 =1, ---, n)|®,] =1, so as to get an
isomorphism between any two groups I" in the above family. For
any loop 4,%;---%, in the graph, the product @, -9, - P, is in-
variant under such changes, and indeed two groups I" with the
same diagram need not be isomorphic. The set {®;; 1% 4,14, j =
1, ---, n} is called the phase shift of the hermitian form H. Two
phase shifts define isomorphic groups I” if the products of phase
shifts over all closed loops are equal. A phase shift is called rational
if it is a root of unity.

The data (&7, phase shifts) determines a unique hermitian form
H and a unique group I generated by C-reflections; we sometimes
denote I' by I'(=ZZ, H).

(2.8.8) If the Coxeter diagram of a group I is conmected and
the hermitian form H 1is nondegenerate, then the group operates
irreducibly on the underlying vector space.

The proof is essentially the same as for Coxeter groups of R-
reflections. (See Bourbaki, Groupes- - Lie, Ch. 5, §4.7.)

Unlike the case of R-reflection groups, groups with different
Coxeter diagrams may be isomorphic.

As a consequence of (2.8.3), if the hermitian form H of the
data, (&, H) is nondegenerate and the group I' is finite, then H is
positive definite. For I' is a direct sum of irreducible groups cor-
responding to the connected components on the diagram <.

On the summand corresponding to each component, H is positive
definite by the result in §2.1. Hence H is positive definite.

2.4. Finite groups generated by C-reflections.

Finite subgroups of PGL(n, C) generated by C-reflections were
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classified near the turn of the century (ef. G. Bagnera, I gruppi finiti
di tranzformazioni lineari dello spazio che contegono omologie, Rend.
Cire. Mat. Palermo, 19 (1905), pp. 1-56; C-reflections on projective
space were named homologies in those days). Subsequently the
classification was redone by G. L. Shephard and J. A. Todd in 1953
(see [10]) and then by Coxeter in 1966 (see [4]). Coxeter has listed
the group diagrams.

Finite linear groups I' in m-variables generated by C-reflections
~are characterized by the property:

I’ possesses a set of n algebraically independent invariant
forms I,1I, ---,I, of degrees m,+1, m,+ 1, -+, m, +1
such that

(2.4.1) .Iill(mi F1) =4I

(see [10] or (Bourbaki, Groupes:--Lie, Ch. V §5.5) for
this and other properties).

If I is a finite linear group generated by C-reflections
(2.4.2) (R, ---, R,}, then any C-reflection ReI is conjugate to a
power of some R,(i=1, ---, n): (See [3], Lemma 4.11 (iii).)

Given complex reflections R, , and R, , on a vector space V,
they generate a group I” which stabilizes W = Ce, + Ce, and fixes
each point of ef Nesy. If

ey, ey ey, ey
ey, 1) e €

the restriction of the hermitian form H to W is positive definite.
Hence I'" ig faithfully represented in the compact unitary group of
the restriction of H to W. Thus I is discrete if and only if it is
finite.

One can use this observation to determine that some groups
are not discrete. For this purpose, one needs a list of all possible
admissible values of |{e, e,| if R, , and R, ,, are to lie in a com-
pact group and be discrete. Such reflections lie in groups I" gener-
ated by two C-reflections, such that |{e, e,y| is given by the number
« on the right hand side of (2.2.2). For a finite linear group I
generated by C-reflections, any reflection is conjugate to a power of
a generator (ef. (2.4.2)). Thus the admissible values can be read
off from the list of {|<e, ve,»|; Y€ I'} corresponding to Coxeter dia-
grams with two nodes. We list only the connected diagrams with
p, = p, and values of |{e, ve,>| # 0, 1.

det< )zl—l(el,e2>|2>0
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-@ | <ew, 7€) |
@ ) cos krlq
®——a 517
(2.4.3) @ 707
®——6 .851, .526
@13 .816, .577
®——® .934, .856, .951, .309

2.5. Lattice subgroups.

Let G be a locally compact group. A lattice I' in G is a discrete
subgroup such that G/I" has finite Haar measure. Two subgroups I’
and I of G are called commensurable if I'NI" is of finite index in
both I" and I".

If G is a semi-simple matrix group having no compact normal
subgroup of positive dimension and I" is a lattice in G, then I' is
dense in the Zariski-topology of G; that is, any polynomial in the
matrix entries of G which vanishes on I' vanishes on G ([1], cf. [9]).
In particular, if G acts irreducibly on the underlying veector space,
so does I'. This last remark holds equally well if G is 7reductive
(i.e., G is a product of a semi-simple group and a commuting abelian
subgroup), and G acts (absolutely) irreducibly on the underlying
complex vector space.

If G is a Lie group, we denote by Ad G the representation of
G on its Lie algebra G induced by z — gxg™.

Suppose now that G is a reductive Lie group of matrices and
I' a lattice subgroup such that Ad I’ is Zariski-dense in Ad G. Let
k denote the field generated over the field @ of rational numbers
by Tr AdI'={Tr Adv;veI'}. Let T denote the function g ~TrAdg
on G. Let & denote the C-linear span of the functions

x— T(x7), xe@, yel .

The group G acts on the space .# of all polynomial functions
on G via the translations:

f—9f, [feF,9eG

where we define (g:f)(x) = f(xg). Clearly ¥ c.& and I'-&¥ < .
Since T(xv) = Tr(Aday) = Tr (Adx Ad~v) and Ad " is Zariski-dense
in G, it follows that G- ¥ <. The set of functions {v-T;verl}
span . and from among them we select a base B= {v,-T, -+, 7,- T}
(note: n < (dim G)* and is therefore finite).
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In the represemtation p of G on &£, the matrix of p(v) with
respect to the base B is k-valued.

Proof. (ef. [5]). For any ce@, let ¢ denote the evaluation
map # — C given by f— f(¢). ¢ is linear. Since Ad I is Zariski
dense in Ad G, {¥;vel'} is a separating family of linear funections
on .. Hence we can select B3, ---, 8, in I" so that B, -+, B
separates <. For any veI and for fixed 4,

B T) = B3 ¢i7;- T)
T(Burvs) = ;CijT(Blﬁi) k=1, ---,n.

This gives a system of n equations for the # unknownse,, - -,
Cin, With all coefficients in k. Hence the solutions are in k. Since
o(v) = (¢;;), our assertion is proved.

The representation p provides a faithful representation of Ad G.
The Zariski-closure G* of p(G) in the full »* X »* matrix algebra
coincides with the Zariski-closure of o(I"). Let I denote the ideal
of polynomial functions on Hom(&”, &) which vanish on G*. Since
o(I") is Zariski-dense in G* and the matrix entries of p(I") are in £,
the ideal I has a base of polynomial functions with coefficients in
k. Thus (strietly by definition),

(2.5.1)  The algebraic group G* is defined over the field k.
3. Geometric preliminaries.
3.1. The ball B and its tsometries.

Let V be an n + 1-dimensional vector space over C on which we
fix a hermitian form H of signature (n, 1) i.e., » plus signs and 1
minus sign. The unitary group of H operates on the projective
space P, of one-dimensional C-subspaces of V; we denote the resulting
group on P, by PUH). Set {p, ¢> = H(p, q) and

Vo={peV;{p, py <0}
Ve={peV;{p, py =0}
V= {peV;<{p,p)>0}.
Let 7 denote the canonical map of V — {{0}} onto P,. Set
B =n(V~), Aut B = the restriction of PU(H) to B.

On B one can define a Riemannian positive definite infinitesimal
metric invariant under Aut B by the formula (cf. [6])

1 [dp, dp) <dp, p)
{®, »)*p, dp) {(p, D> |

(3.1.1) ds* =
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Although there are many choices for p which map to the same 7w(p),
the formula above yields a well-defined metrie. The angle between
two tangent vectors to B at a point 7x(p) is defined by the usual
associated real-valued inner product formula

(.’17 y) = —Re___._l‘___ <.’,U, y> <x’ p> ,
' {0, 2)* Kp, ¥ <, B)
thus
(3.1.2) cos L(x, y) = — & Y)

[(z, ©)(y, ¥)]"?

In particular, if ¢ and ¥ are nonzero tangent vectors to B at a
point #(p) with ¥y = ax, a € C, then J(x, y) = arg «.

The distance between two points 7(p) and 7(q) in B is given by
the formula (cf. [6])

_ {p, 271
3.1.3 hd = :
(3.1.3) cosh dm ), 7D = 5, B

For any vector C-subspace W of V with dim;W =k 4 1 on which
the signature of the restriction of H to W is (%, 1), the intersection
WnN V™ is nonempty. w(Wn V™) is called a C-k-plane in B; and
W is called its preimage in V. In case k=1, a{f W V™) is called
a C-line in B. A C-k-plane is clearly a geodesic subspace of B for
k=01 ..., n.

By the principal axis theorem, there is a base of C-linear func-
tions on V such that

H= _lxoi2+ %x1|2+ e F !mn|2 .

Such a base B is called a standardizing coordinate system; it is not
unique, any other differing from it by a unitary transformation of
H. The associated nonhomogeneous coordinate system {x,/x, ---,
x./%,} on the complement of x, =0 in P, is called a standard non-
homogeneous system. In the nonhomogeneous coordinates x,/z, ---,
x,/x, of B, B becomes the open unit ball in C":

2 2
<w_1> +...+<x_%.> <1.
x, x

0

The point o of B defined by the n equations
O=0,=0="-=2,

is called the center of the standardizing and of the standard non-
homogeneous coordinates. Every point of B is the center of some
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standardizing g.
The stabilizer (Aut B), of the center o of 3 is the image in
Aut B of the subgroup of PU(H) given in any standardizing coordi-

nates by

Ty = Ax,
x! T,

where ‘U = U™. The group U(H) is transitive on 7(V~) and the
subgroup (Aut B), is transitive on the set of all C-lines through o.
It follows at once that Aut B is transitive on all pointed lines i.e.,
pairs (p, L) with p a point on the C-line L of B.

The geodesic subspaces of B having constant negative curvature
are of two distinet kinds. On the one hand by a direct computa-
tion one finds that all C-lines have constant curvature —2. On the
other hand, given in V any C-linearly independent vectors f,, - - -, f
such that {(f, f>eR{, =0, --, k), the subspace z([Rf, + --- +
Rf,]N V™) is called an R-k-plane if it is nonempty; its sectional
curvature is —1/2. If k =1, we call the R-1-plane an R-line.

REMARK 1. The ratio of 4 between the curvatures of C-lines
and R-planes arises from the existence of a restricted R-root 2a.
Any C-line is isometric to real hyperbolic 2-space i.e., the Poincare
dise.

REMARK 2. With respect to any nonhomogeneous coordinate
system on B, a C-k-plane is the intersection with B of a k-plane;
or as we shall say for short, a C-k-plane is linear with respect to
any nonhomogeneous coordinate system. By contrast, an R-k-plane
z(Rf, + -+ + Rf,] N V™) is the intersection with B of a k-dimen-
sional R-linear subspace of C" relative to nonhomogeneous coordinates
X%y + v, L,./2, Provided that f, ---, f, lies in the R-linear span of
the dual base to x, ---, ,. Thus, with respect to a standard non-
homogeneous coordinate system, an R-k-plane need not be linear;
for example, a general R-line is a circular arc meeting the boundary
of A orthogonally, where A is the unique C-line containing it.

REMARK 3. Any geodesic line P in B is an R-line. For let
., D, be vectors in V'~ such that n(p,) and #(p,) are distinet points
of P. Set M=Cp,+ Cp, and L =7(MN V™). Then L is the unique
C-line containing P. Set ¢, = (9, 0,y "'p, and e, € M N (Ce,)* where
1 denotes the orthogonal subspace of V with respeet to H. Then
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P = 7((e, + Re,) N V) and is thus an R-line. We note that {p, p> #
0 since the restriction of the hermitian form H to M is of signature
(1, 1). Since 7(p,) = 7({py, P> 'Po), We find that P = n({p, 0> 'pe+
Rp,) is the geodesic line through 7(p,) and =(p,).

One can say that with respect to a standard nonhomogeneous
coordinate z on a C-line, an R-line is linear with respect to Rez
and Im z if and only if it passes through the origin.

REMARK 4. Inasmuch as U(n) is transitive on all points of
{zeC™; |z| = 1}, it follows that Aut B is transitive on all pairs (p, P)
with pe B and P an R-line through p.

38.2. Properties of an equidistant surface.

Given two points 7(p,) and 7(p,) in B, the equidistant surface
S of w(py), w(p,) is by definition

S = {zn(x) € B; d(z(x), n(p,)) = d(x(x), T(p:))} -
The equation of S is easily obtained:

cosh d(x(x), 7(p,)) = cosh d(n (%), =(p.))
| {z, p | _ 1<z, P |

(Cx, @y <{p, p)* (&, 2Dy D)

If moreover we normalize the points of V representing n(p,)
and 7z(p,) so that (p,, p,> = {(p,, V.y, the equation of S becomes simply

<@, po | = <2, P | -

The locus of this equation is easy to deseribe. Let M denote
the 2 dimensional C-linear subspace Cp, + Cp, of V. Let A denote
the orthogonal complement to M in V with respect to H. We have
AN M = (0) since the restriction of H to M has signature (1, 1) and
thus H on A must be positive definite. #(M N V™) is a C-line in B
and P= SNz(Mn V™) is the perpendicular bisector in the Poincare
disc (M N V) of the points #(p,) and #(p,). Now for any z in V,
if x satisfies |[<{z, p,)|=|<{x, »,)| so also do the points = + A. Hence
S contains U:wer 7(Cx + A) N B.

Let =z, ---, x, be standardizing coordinates with z, =2, = --- =
2,=0on Mand z,=x, =0 on A. With respect to nonhomogeneous
coordinates x,/x,, -- -, x,/x, on C” each of the planes #(Cx + A) is paral-

lel to #(Cy + A) (i.e., they meet only in the line at infinity z, = 0).
Thus we see that S contains the R-(2n — 1)-dimensional ecylinder
erected on the geodesic line P.

Consider now the orthogonal projection f¢ (with respect to the
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Riemannian metric) of B onto the geodesic C-line z7(Mn V~). If
w(x)e S it is easy to verify that in the Riemannian metric the C-
(n — D-plane n(Cx + A)N B is orthogonal to the C-line n(M) N B.
Hence (m(x)) e P. Thus n(Cx + A) N B = pu(w(x)) for all ze S,

S = ,,LeJP ¢ (p)

and S is indeed the (2n — 1)-dimensional cylinder elected on P with
respect to both the Riemannian metric as well as nonhomogeneous
standard coordinates on B. We call P the spine of S; for any
w(x) € S, we call each subset ¢ 'u(w(x)) = n(Cx +~ A) N B the slice of
S through z(x) and it is denoted A... An S-function is any func-
tion ¢, + ¢y, + -+ + ¢,¥, Which is constant on all slices of S, where
Y, - Y, 18 a nonhomogeneous coordinate system on B.

The spine P of an equidistant surface S satisfies the two pro-
perties

(P1) P is a geodesic line contained in S.

(P2) Let L denote the unique C-line of B containing P, and let
tt,: B— L denote the orthogonal projection of B onto L. Then S=
U,» #2'(D)-

The following simple lemma will be useful in showing that the
spine of an equidistant surface is uniquely characterized by proper-
ties (P1) and (P2).

LEMMA 3.2.1. Let C be a C-linear subspace of V which contains
an open (in the Euclidean topology) subset 0 such that #(V~N0) is
a nonempty subset of the equidistant surface S. Let P be a subset
of S satisfying properties (P1) and (P2), and let L be the C-line of
B containing P. Then p,x(V~ N C) consists of a single point.

Proof. Let M denote the preimage of L, i.e., the C-linear span
of #7YL). Then dim M = 2. It is easy to verify that orthogonal
projection z, of B onto L can be described as the map z(v)—>z(\(v)),
ve V™ where \: V— M is the orthogonal projection of V onto M
with respect to the hermitian form H. In particular, z, is a holo-
morphic map. On the other hand, the geodesic line P is an R-line
and by hypothesis p,7z(V- N0)cp,(S)c P. Consequently p,z is
constant on a nonempty open subset of C and therefore is constant
on V™ nC.

Let P be a geodesic line in an equidistant surface S satisfying
property (P2) and let g, be as in (P2). For any pec P, we call ¢;'(p)
the slice at » with respect to P.

LEMMA 3.2.2. Let P and P’ be lines in the equidistant surface
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S satisfying (P1) and (P2). Then P = P’.

Proof. Let p and g be distinet points of P and let A, A, be
the slices at », ¢ respectively with respect to P. Let C, denote the
C-linear span of 77 '(4,). Let p, denote the orthogonal projection
of B onto the unique C-line L’ containing P’. By Lemma 3.2.1, one
sees that p;.(4,) = p,7n(C,N V)= 9", a single point of P’. Con-
sequently ' = A, N P' and A, = A,, the slice at p’ with respect to
P’. Similarly, ¢ = A, N P’ and A, = A, the slice at ¢ with respect
to P and the slice at ¢’ with respect to P’.

Consider now the quadrilateral p, q, ¢/, »’. Since each slice meets
P and P’ at right angles, the sum of the four angles of the quadri-
lateral is 360°. Hence it lies in a flat subspace of B (cf. [6]). But
B has rank 1; that is, the maximal flat geodesic subspaces have R-
dimension 1. Hence P = P’.

Terminology. An equidistant surface is hereafter called a
spinal surface.

REMARK. It is clear that the coordinate system in (iii) can be
selected to be standardizing.

Let Aut S denote the subgroup of B stabilizing the spinal sur-
face S. Then Aut S stabilizes the spine P and indeed operates
transitively on P. Thus S is the orbit of any of its slices under
Aut S, and AutS is the direct product Aut,A x Aut P where A4
denotes the slice through a point p< P and Aut,A the subgroup of
Aut B stabilizing A and fixing each point of the normal to A at p
(i.e., the C-line L containing P), and Aut P is the one parameter
subgroup of Aut B which operates transitively on P and moves each
tangent vector to B at a point of P parallel to itself. Explicitly,

if P is the R-line Imz,/x, =0, 2, = -+ = 2, = 0 with respect to a
standardizing coordinate system , ---, #, then Aut P is given by
the maps

x, = ax, + bx, a,be R, 0’ — b’ =1
2, = bx, + ax,
x::xz (1:_——__2,...,%).

In purely algebraic terms, Aut S is the centralizer in PU(H) of
Tr where T is a maximal R-split torus in PU(H), i.e., Tx is a one-
parameter diagonalizable subgroup with positive real eigenvalues.
In the terminology of transformation groups, a slice of S is a slice
for Aut S operating on S.
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LemMmA 3.2.8. Let S be a spinal surface, P the spine of S, A
a slice of S, p = PN A, L the unique C-line containing P, and let
M, C denote the preimage subspaces in V of L, A respectively. Then

(i) M=MnC)+C*and C=MnC)+ M.

(ii) Let =, and x, be independent linear functions on V vanish-
ing on M* and let y, = x,/x,. Then ¥y, is an S-function.

(iii) If moreover x, vanishes on (MNC) and xz(MNC)=0
then the equation of S is argy, = 6, where 6 s a constant and the
equations of P are:

argy, =0, Y=Y =+ =9,=0

where ¥y, = x,/x, and X, ---,x, 18 a base for the anmmihilator of
Mi=2, ---, n).

Proof. (i) and (ii) are essentially a reformulation of previous
remarks (cf. proof of Lemma 3.2.1). As for (iii), let ¢, be a nonzero
element in MNC and e, a nonzero element in C* such that
w(e,+e)e P. Then P = n((e, + Re,) N V) and y,(wle, + te,) = x,(e,+
te,)/xoe, + te,) = tw,(e)/x)(e) = ta,(e,+e,)/x (e, +e,) = ty,(m(e,+e;)). Thus
on P, argy, = 0, where 6 = arg y,(w(e, + ¢,)). Since y, is an S-funec-
tion, argy, = 6 is the equation of S. The coneclusion in (iii) is now
evident.

LEMMA 3.2.4. Let S, and S, each be spinal surfaces whose
~ spines lie in the same C-line and intersect. Then S, and S, meet
at a constant Riemannian angle at all points of S, N S,.

Proof. Let P, denote the spine of S; and let L denote the C-
line containing P,(4 = 1, 2). Since the geodesic joining two distinet
points of B is unique, either P, = P, or P, P, consists of a single
point. We need only consider the latter case. Set {<}= P, NP,
Then S,N S, = #;%”), a common slice. Set 4= 8,NS, Since
Aut B acts transitively on (point, line) pairs, we can assume with
no loss of generality that the spine of S, is given by the line 0 =
X, =X, = -+ =&, Imux,/r,=0 with respect to a standardizing
coordinate system wx, ---, x, and that the common slice A4 is at
2./, = 0. Then by Lemma 3.2.3, both S, and S, are R-linear in
X, [Tq +* v, Xu/%, coordinates.

Let C denote the preimage subspace of A in V and let H, denote
the restriction of the hermitian form H to C. For any zn(x)c A
there is a g,€ U(H;) such that g, = n(x). Then g, is given by
equations
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CL"’, = ALy + A1 Xy + o+ L SRR Y

Xhy = Q@ + 0+ Qo @y -
We complete these equations to get an element g of U(H) by
setting

x, = ax,, Where a = a, |y, .

With respect to the nonhomogeneous coordinates z,/x, ---x,./%,
on B, g acts affinely on L. Indeed the element g sends any p with
p € L into the point ¢g(<”) + ap/(a, + 0) = g() + |aw|™*P. Thus g¢
sends vectors <P with pe€ L into vectors ¢g(¢”)g(p) parallel with
respect to the coordinate system z,/x,, ---, x,/z,. Henee g(p) € S, for
peS,NL since S, is R-limear (1 =1, 2). Consequently, ¢ sends
(S,NL, S;,nL) to (S, NglL),S Ngl)). Inasmuch as L is the normal
to 4 at 2 with respect to the Riemannian metric, g(L) is the
normal to A at ¢g(<”), and hence by definition (S, N g(L), S. N g(L))
is the Riemannian angle formed by S, S. at g(¢”). Since g induces
an isometry on B, it preserves Riemannian angles. The proof of
Lemma 3.2.4 is now complete.

LEMMA 3.2.5. Let S be a spinal surface and let I be a C-line.
If 1 is orthogonal to a slice of S, then IN S s a geodesic line.

Proof. Let A be a slice of S such that I is orthogonal to A
at a point ¢ of A. Let P denote the spine of A and set &/=ANP.
Let v, ¥, -+, ¥, be a standard nonhomogeneous coordinate system
centered at « with ¥y, =9, = --- =9,, =0 on P and y, = 0 on A.
The proof of Lemma 3.2.4 shows that the C-line I orthogonal to 4
at ¢ is given by the equations

Yo = U@, - Yooy = Yudl@)

and moreover, the geodesic lines in [ through the point ¢ are given
by the additional equation

arg 9, = constant.

In particular, I S is a geodesic line by Remark 3 of 3.1.
The common Riemannian angle between S, and S, along S, N S,
is denoted as (S, S.); it is called the angle formed by S, S..

LEmMmA 3.2.6. Let S (1 =1,2) be a spinal surface in B, and
assume that z 1s both an S,-function and an S,-function. Then the
Riemannian angle between S, and S, is given by the euclidean angle



188 G. D. MOSTOW
in the complex z-plane of the image sets z(S,) and z(S,).

Proof. By definition, z is nonzero polynomial of degree 1 in
nonhomogeneous coordinates on B which is constant on all slices.
Let L be a C-line containing the spine of S,. Then L is orthogonal
to S, NS, at the point L N A. By definition, as Riemannian angles,
LS, Sy =< NL S,NL). As a Riemannian space L has con-
stant curvature and the Riemannian angle coincides with the eucli-
dean. The function z restricted to L is a complex analytic map of
a C-line and is therefore conformal. Consequently

LS NL, SN L) = (=8, N L), 28, N L)) .

Since z is an S-function, z(S, N L) = 2(S,)(4 = 1, 2). Consequently,
{ (Sly Sz) = { (Z(Sl); Z(S2>)

LEMMA 3.2.7. Let S be a spinal surface, and let I be a C-line,
and let tt denote the projection of S onto its spine.

(i) With respect to any mnonhomogeneous coordinate system,
INS s an (Riemannian-unbounded circular arc in the disc I or
18 empty.

(ii) If I meets the spine of S, then INS is a geodesic sub-
space.

(ili) IN S is a geodesic line if and only if for any pelIn S,
the line pu(p) and IN S span an R-k-plane k < 2.

iv) If INS is a geodesic line, then IN S and the spine of S
span an R-k-plane with k < inf (3, n).

(v) Let v, v, v, be elements in V such that w(v,) and w(v,)
are distinet points of INS and ww,) = p(w(v,)). Then INS is a
geodesic line if and only if (v, v, <{v, v,y{v, v,y € R.

Proof. Let P denote the spine of S. Let y, ---, v, be any
standard nonhomogeneous coordinate system centered at a point
2 € P with y, = 0 on the slice through #. By Lemma 3.2.3, the
surface S is R-linear in Rey, Imy, (1=1, ---, n), and for any C-
line I the same is also true. Hence I NS is R-linear. With respect
to any other standard nonhomogeneous coordinate system, I is a
disc and I'NS is the transform of a straight line by a fractional
linear transformation. Hence I N S is an unbounded circular are.

Assertion (ii) follows from the fact that any straight line in
the v, ---, ¥, coordinate which passes through < is a geodesic line.

To prove (iii), suppose first that IN S is a geodesic line. Let
p, »’ be distinet points on IN S, and let ¢, ¢’ be the orthogonal
projections of p, " on P. We can choose ¢, v, v’ in V which are
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mapped by 7 onto <7, p, p’ respectively and standardizing coordinates
Xy, +¢-, %, with dual base ¢, e, ---, ¢, so that y, =0 on the slice
through ¢, y.(v) € R,

v = e() + alel’ /U/ = 80 + blel + bql,en + j

where a, € R, b, € R, and f=be, + --+ -+ b,_¢,,. We have INSC
w(v + Rv'). Since INS is a geodesic line, <{v, v'>e R. Clearly
le, vy = ey, vy = {e, ¢,y € R. Consequently z((Re, + Rv + Rv)N V™)
is an R-k-plane spanned by INS and p2” of dimension 2 or 1
according as p # & or p = . Set ¢ = ¢, + b,e,. Then n(e) = &
and ¢, vy, (¢, '), (¢, ¢,y are all in R. Hence w((Re, + Rv + Rv' +
Re’YN V™) is an R-k-plane with £ =<3 and £ < 2 if n = 2.
Conversely, if IN S and px(p) span an R-2-plane, then IN S is
the intersection of two geodesic subspaces and is therefore geodesic.
Assertion (v) is clearly a restatement of (iii)

LEMMA 3.2.8. Let A and B be orthogonal C-planes in Ch" with
dimcA =k and dimeB =n — k. Let G be a geodesic R-j-plane. If
ANBCG and dimeANG =k, then dimgBN G =35 — k.

Proof. Let p denote the unique poir}t in_A N B, let T denote
the tangent space to Ch" at p, and let A, B, (¢ denote the tangent
space at p to A, B, G respectively. It suffices to prove that

dimRB NG =Fk—j. Clearly we can choose ¢, -+, ¢, ---, ¢, an
orthonormal base of 7" with e, ---, ¢; a base for G, and ¢, ---, ¢, a
base for A. Then €rry €, 18 a base for B. Hence BN G has a
base ¢4+, + -, ¢;. Thus dim,BNG =7 — k.

LemMA 3.2.9. Let S, be a spinal surface with spine P, and let
L, be the C-line containing P, (1 =1, 2). Assume that L, L, con-
tains a point p, which is mot on P, or on P,. (1) Let &8, NS,
Then the tangent space to S, and S, at ¢ are distinct. (ii) If S,
and S, have a common slice, then L, = L, and P, N P, is not empty.

Proof. Suppose not. Let A, denote the slice of S, through <
(i=1,2). Let A, and S, denote the tangent space to 4, and S, at
7 respectively (i =1,2). Then A, is the maximum C-linear sub-
space of S, (1=1,2). To prove (i), suppose that S, = S,. Hence
A, = A,. This implies that 4, = A4, since A4, is a C-linear subspace
(1=1,2). Let p, denote the orthogonal projection of the ball onto
L, (1=1,2). Then p(c)=A,NL; ({=1,2). Consequently the
geodesic line p,(¢”) forms a right angle with the geodesic line
(A (7). Similarly, p(2)(”) forms a right angle with p,ze,(2”)
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at p,(”). Inasmuch as the sum of the three angles in the geodesic
triangle p, () (7) is less than or equal to two right angles with
equality only if the triangle is degenerate, either », = p#(&) (i =1
or 2) or p(2)=p(7). The first possibility is excluded since ¢,(”) e
P, (i =1,2). Consequently p(Z) = p(Z)e P,N P,. In particular,
L, N L, contains the two distinct points », and (). Therefore
L, = L, since a C-line is uniquely determined by two points. Apply-
ing Lemma 3.2.4, one infers that ( (S, S,) = 0 at () as well as
at &~. Hence P,= P, and S, = S,.

To prove (ii), let A denote a common slice of S, and S,. Choose
€A, and consider the geodesic triangle p,u(2)t(?). By the
argument above, ¢#() = ()€ P,N P, and L, = L,.

LemMMA 3.2.10. If the spines of two spinal surfaces S, and S,
hawve two distinet common perpendicular lines which meet one spine
in two distinet points, then S, = S,. In particular, if two spinal
surfaces have two common slices, they coincide.

Proof. Let P, denote the spine of S; (¢ =1, 2) and let ¢g* and
¢* be distinet geodesic lines orthogonal to both P, and P,. Then
the quadrilateral formed by ¢*, P, ¢%, P, has four right angles. Con-
sequently, it must be degenerate and P, = P,. Hence S, = S,.

3.3. Intersections of half-spaces.

LemMmA 3.8.1. Let S; be a spinal surface with spine P; (i=1, 2).
Let L, denote the C-line containing P, (1 =1, 2) and assume that
L, N L, contains a point p,. Let S denote the half-space bounded
by S, and containing p,, then

(1) for any slice A, of S, S;"N A, is convex (with respect to
geodesics in Ch™);

(ii) SN S, is an unbounded connected 2n — 2) manifold or is
empty.

Proof. To prove (i) it suffices to prove A;N S, is convex for any
C-line A} in A,. Choose a standard nonhomogeneous coordinate system
Yy Yo+, Yo centered at p, so that L, has the equation y,= --- =
9, = 0. Then the ball B is given by |9, *+ - - + |¥,.]2 <1, the
spinal surface S, is given by the equation |y, — a| = b where |a|>b,
and S; is given by |y, — al > b. Moreover the slice A, is a dise
orthogonal to the C-line L,. Consider now the orthogonal projection
t, of the ball B onto L,. The restriction of g, to A; is holomorphic
and hence a conformal map if L, # L,; if L, = L, ¢, maps A, onto
a point. In the former case, p,(A;) is a circular disc lying in the
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dise L;:ly,| <1; and p,(A4;) N S;" is therefore a convex subset of
¢(A) with respeet to the induced metries, (which coincides with
the Poincaré metric). The inverse image of p(A,NS;) in A4, is
therefore also convex, because conformal maps of Poincaré discs are
isometries. If L, = L, then ¢,(4,) N S = 4,(4,) or is empty, and
correspondingly, 4, N S;F = A, or is empty. This proves (i).

To prove (ii) for » = 2, consider the projection g, of the spinal
surface S, onto its spine P,. By Lemma 3.2.7 (i), for each slice A,
of S, 4,N S, is either an unbounded circular arc in A, or is empty.
From this (ii) follows. For larger n, a similar inductive argument
can be given. Proof of the lemma is now complete.

LEMMA 3.8.2. Let 4 be a finite subset of isometries of Ch™. Let
0, €Ch*. For any Y€ 4, set

v+ = {z e Ch"; d(x, p,) = d(72, po)}
7 = {x e Ch*; d(, p,) = d(vz, p,)}
F4) =N+
Ted4
Then F(4) and each of its k-dimenmsional faces is topologically a
cell, k=10,1,2, ---, 2n.

Proof. We prove the result for » = 2. For larger =, an induc-
tive argument based on similar considerations can be given.

The region F is clearly star-shaped with respect to geodesics
originating at p,. Inasmuch as the boundary of F is made up of
a finite number of piecewise smooth 3-surfaces, F is a 4-cell.

Let ¢ be a 3-face of F'; that is, e, is a connected component of
'770 N nTEJ vt.

Let g denote the projection of the spinal surface 9, onto its
spine P. By Lemma 3.3.1, each slice of ¥, meets v+ in a convex set
and consequently each fiber of the map z is a cell. Since ¢® is con-
nected, p(¢®) is an interval. It follows that e® is a cell. The proofs
for 2-cells and 1 cells are similar.

4, Arithmeticity of groups generated by C-reflections.

Let G be a semi-simple real Lie group and let I be a lattice
subgroup of G.

DEeFINITION. [ is an arithmetic lattice in G if and only if there
is an algebraic matrix group A defined over the field @ of rational
numbers and containing Ad G, the adjoint group of G such that

(i) Ar = AdG x K (direct) with K compact.
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(ii) Ad[I is commensurable with the projection of A, into G
ie.,, AdI'N(4:K N G) is of finite index in both I" and A,K N G.

REMARK. Let G* denote the Zariski-closure of Ad G in the full
matrix algebra & over complex numbers and let & denote the field
generated by @Q[Tr AdI']l. Let ¢ denote the ring of algebraic
integers of k and let Galk denote the set of all monomorphisms of
k into C. It is known (ef. (2.5.1)) that the algebraic group G* can
be defined over the field k. Let I denote the ideal of polynomial
functions (in the entries of matrices in &) with coefficients in k
which vanish on G* and let °J denote the image of I under oce
Gal k. One denotes by °G* the algebraic matrix group on which the
ideal °I vanishes; °G* is defined over the field °%.

In this paper, the group Ad G will usually be PU(n, 1) and G*=
PGL (» + 1, C) which is a simple group. Whenever G* is a simple
group, the groups A and K in the definition of arithmetic group
are easy to identify. Set & = Galk, and

&, ={0eGalk;d = o}
&_ = {0€ Zy; (‘G*)r is compact} .

For 0 € & — &y, °G* X °G* is defined over R, and, as is easy to see,
(*G* X °G)p = (°G*)¢. It is well-known (and easy to prove) that a
connected compact complex group is abelian. Thus ce ¥ — Zx
implies that (“G* x °G*), is not compact. Consequently if we form

A=TI°G*
e
and set
(4.1.1) K= II (G*)x, B = G
cEY _ CEF—~Z_

then B is defined over R and the algebraic group A4 is defined over
Q; it is the group obtained from G* by “restriction from % to Q”.
Moreover, By is the product of all the noncompact factors of Ag.
By definition, the subgroup A;K N B is an arithmetic lattice in B,
the fact that it is a lattice following from the theorem of Borel-
Harish Chandra that Ap/A, has finite measure (ef. [2]).

If G* is simple and k = Q[Tr Ad '], then Bz = AdG, &_ = & —
{identity} and thus °4 c R for all o = identity. Since G is a real
Lie group, k¥ C R, thus k& is a totally real field with °(G*)r compact
for all e & _.

The following lemma provides us with a test for arithmeticity
of a lattice generated by complex reflections.

LEMMA 4.1. Let H be a nondegenerate hermitian form 3a;z7Z;
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on C*, let h = Q{{ay}; 1,5 =1, -+, n} and let G = U(H), the unitary
group of H. Let I' be a lattice subgroup of G, let k= Q|Tr Ad I']
and let & be the ring of algebraic integers in k. Let K denote
the composite field of h and k. Assume

(1) The field k is totally real.

(2) For all xeh and geGalh, 6&) = o(x).

(3) Tr[AdTc 2.
Then Ad T s arithmetic in AdG if and only f:

For all oeGalE with 0 =1 on k, °H is definite.

Proof. Let G* denote the Zariski-closure of AdG. Then G*=
PGL (n, C), a simple group. Let A = R,,,G, the group defined over
Q by restricting the ground field from % to Q. Then

A =T1] °‘G*
where = = Galk. For any o< Gal EF which is not the identity on
k, °G* is defined over R by hypothesis (1) and °H is a hermitian
form by (2), (G*)x = PU(H) and (°G*)r = PU (°H).

Assume °H is definite for o % 1 on k. Then (G*), is compact
for all 6 e Gal k with ¢ == 1. Let I” denote the projection of A, into
the ¢ = 1 factor. Since [],.; (*G*)x is compact, I’ is a discrete sub-
group. The @Q-structure on A arises from the @Q-structure on the
field % regarded as a Q-vector space, embedded into

Mk~k ? C
via the diagonal embedding « — [[,c~°2. Hence [’ = (G*).. By
hypothesis (8), /"< I”’. To prove that I' is arithmetic, it remains
only to prove that I”/I" is a finite set. By hypothesis, G/I" has
finite Haar measure. Hence Ad G/Ad " has finite Haar measure.
We have G = Ad @, and (Ad G)/I” has finite measure. Moreover

MAA G- (D) = ((Ad G/T)

where /¢ denotes Haar measure. It follows that [”/I" is finite.
Hence I' is arithmetic.

Conversely, assume that Ad[" is arithmetic in AdG. Then
‘Ad " is bounded for all oeGalk with o = 1. Since the map of
GL (n, C) to PGL (n, C) has compact kernel and since “Ad vy = Ad g7,
the matrices °I" are bounded in PU ("H) for any o€ Gal ¥ with o+
1 on k. Hence the topological closure °I" is a compact group and
as is well-known stabilizes a positive definite hermitian form on C~.
But °I" is irreducible on C” (ef. (2.3.3)) and therefore stabilizes aunique
hermitian form up to a scalar factor. Consequently °H is definite.
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ReEmARk 1. The proof of Lemma 4.1 shows that the group Ad I’
is commensurable to G% if G* is simple and ¢ is the ring of inte-
gers in Q[Tr Ad I'].

By the same argument one can prove:

Let G be a semi-simple matrixz group defined over a field k, let
& denote the ring of algebraic integers im k. If

(1) k 1is totally real

(2) °Tr Ad T is bounded for all ceGalk with o # 1, then G,
18 discrete (and an arithmetic latiice in ).

REMARK 2. Let k& be a subfield of R and # the ring of inte-
gers of k. Let G be an algebraic matrix group defined over k. If
G, is discrete, it is an arithmetic lattice in Gr. The proof involves
“weak approximation” i.e., a generalization of the Chinese remainder

theorem to algebraic groups.

LEMMA 4.3. Let &7 be a Coxeter diagram, let H be a mon-
degenerate hermitian form associated to <, and let I' be the group
generated by C-reflections associated to (&2, H) and rational phase-
shifts. Then for all yel', Trv is an algebraic integer, and more-
over, it is a sum of roots of unity if P, = P, = ---.

Proof. Let n be the number of nodes of &, let ¢, ---,e¢,
denote the canonical base of C”, and let {p, q,;, %, 7 =1, ---, n, 1]}
denote the data of &~. Then

e, e;) = Hley, ;) = @@y, |91 = 1

and
a; =1, @9,=1
@y =— 2, £
8
where

o = (200 Elp = mIpa) + cos 2/g; )
(7 2

8;; = (sin 7w/p; sin w/p;)"* .
By definition, the C-reflection R; in e} is:
Rx = x + (i — 1)<z, e)e,

that is, R, =1 + ¢; ® B;, where B, is the linear map z — (7} — 1)<,
e.>, and ¢ ® B denote the endomorphism of C*: (e @ B)(v) = B(w)e. In
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this notation, (¢ @ B)(f X a) = B(fle ® «. Thus

Tr Rz‘lRi?' . Rzm =, > \mBijl(eijz)Bijz(eijS). : 'Bijl(eijl) .

=1 1553 <go<o--<gyz

Thus Trv is a sum of terms of the type

x (77%1 - 1)‘ o (773',, - 1)ai1i2ai2i3' . .aipilg)iliz' : 'g)i},ix

or
Y4 N 1 vd
= I — 1 R 1 KPP
=1 . T 7=1
sin
s
Now
(= Dt = g — 7y 2L
sin N
D;
= 2”1—1/__——1— .

Hence Trv is a sum of terms of the form " 5., %,  I1%-: (2¢i5;,,)-
Since 2¢,; is an algebraic integer and moreover, a sum of roots of
unity, if p, =9, = --- = p, (by the cos (6/2) formula) the same is
true of Tr~ provided [%., ®;;;,., is a root of unity.

This last condition is assured by the hypothesis of rational
phase shifts. Proof of the lemma is now complete.

LEMMA 4.4. Let I" be a group generated by C-reflections asso-
ciated to a Coxeter diagram Z with n + 1 nodes and Hermitian
Jorm H. Assume

(1) H is of type (n plus, 1 minus).

(2) The group I'" generated by the n-reflections R,,- - -, ]/i’\,-,- - Ry

of the reflections R, -+, R, has o connected diagram and 1s finite.
(3) H has rational phase shifts.
(4) P =D =+ = Dyis-

Then Ad T 1s arithmetic in PU (H) if and only if: For all auto-
morphisms of C which are not the identity on the field Q[Ad ],
°H has positive determinant.

Proof. Let W=2Ce + ---Ce; + ---Ce,.,. By (2.3.3) and hy-
pothesis (2), I'* is irreducible on W. Consequently I stabilizes a
unique hermitian form on W modulo a scalar factor. Since [™ is a
finite group, it stabilizes a positive definite hermitian form on W.
Hence any hermitian form on W stabilized by I is definite. Then
the restriction of “H to W is definite for each automorphism ¢ of
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C. Inasmuch as {e¢,e,> =1 for all 4, °H is positive definite on W
and is of type (» plus, 1 minus) or else positive definite for each
automorphism ¢ of C; these two possibilities correspond to ‘4 < 0
and °4 > 0 respectively, where 4 denotes the determinant of the
(n + 1) X (n+ 1) matrix H(e,, ¢;).

Let k¥ = Q[TrAdI']. By Lemma 4.2, k = Q[|TrI'|)]. By hypo-
thesis (4) and Lemma 4.3, & consists of sums of real parts of roots
of unity. Hence k is totally real. By hypothesis (3) and (4) H(e,, ¢,)
lies in a field generated by roots of unity for 4,5=1, .-, n+1;
let & denote the field generated by h,;. Then for all e Galk and
tch, 6 = o(x). Thus hypotheses (1), (2), and (8) of Lemma 4.1
are satisfied. Let E denote the field generated by % and k. We
have seen that for all 0 e Gal E, °H is either of type (n, 1) or posi-
tive definite according as °4 <0 or °4> 0. The conclusion of the
lemma follows from Lemma 4.1.

5. Verification of discreteness.

In the search for nonarithmetic lattices among groups I” gener-
ated by C-reflections, we can test a lattice for arithmeticity by the
criterion of Lemma 4.4. But how do we test whether I is a lattice?
Most particularly, is there a test for I to be discrete?

It may be of interest to deseribe an algorithm applicable to a
wide class of I” which is finite if and only if I" is discrete.

It is based on the following general simple lemma.

LEMMA. Let X be a connected simply conmected metric space
and I' a group of isometries of X. Let F be a closed subset of X
and 4 a finite subset of I' satisfying

(1) F lies in the interior of 4F = U;.,YF.

(2) If v, 7. €4 and v.FN7.F +#~ ¢, then v v, € 4.

(8) The induced metric on F modulo 4 is complete.

Then 4 generates I' and I' is discrete.

Proof. On the space I' x F define the equivalence relation (v,
%) = (7, &) if and only if v, = v, and v7v,€4. Let Y denote
the quotient space mod= of I"X F and let »: "X F —Y the quotient
map. Let @ denote the map of Y to X induced by (v, ) — vz.

I" acts on Y in the obvious way and = is a I" map. It is easy
to see that I'F' is open and by (3) is closed in X. Hence I'F = X.

Moreover, the map 7 is a covering map. To prove this, it
suffices to prove it is an even covering at each interior point of F
in view of hypothesis (1) and I'F = F'.

1 T am indebted to Bernard Maskit for pointing out the necessity of this hypothesis.
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On »(4 % F), the map 7 is a homeomorphism by definition of
the quotient topology. Given n(v, ) ern (x') withve I and %, 2’ e F,
then vz = 2z’ and hence n(v4, F') maps homeomorphically onto v4F.
The latter contains vF in its interior. Indeed U = (). p,vdF is a

neighborhood of 2'; since I' CIsom X, U contains a ball /cxé;tered at
2’ of radius d(F, 2’ — 4F). Then = maps each connected component
of #7%(U’) homeomorphically onto U’.

Since X is simply connected, 7 is a homeomorphism. Clearly I’
is discontinuous on Y. Hence it is discontinuous on X.

Suppose next that I is a group of isometries on X = Ch*. Let
F be a compact region in X and let 4, be a finite subset of I

satisfying
(1) F lies in the interior of 4,F.
(2) 4, =47

Set 4i = {757, v e 4,}.
B ={vedi— 4; vFNF +# ¢}.
Inductively set

Ai'l‘l = Ai U Ez
B ={vediy, —4;7FNF + ¢} .

ProposITION. ' 4s discrete if and only +f E, is empty for
some 1, (1 =1,2, ---).

Proof. (<=). This assertion follows immediately from the lemma.
(—). This assertion follows immediately from the de-
finition of discontinuous group.
This algorithm for proving discreteness is impractical because
if the group I' is not discrete, the algorithm never comes to a
conclusion. However, a refinement of the lemma on which it is
based leads under the added hypotheses of §6, to a criterion which
is more effective i.e., it implies discreteness in some cases, and
enables us to prove nondiscreteness in others by suggesting where
to look for pairs of C-reflections with nonadmissible values.

6. Joined spaces and a discreteness criterion.
6.1. Abuited families of polyhedra.

TFor any n-dimensional polyhedron ¥ we denote by E,(F') the set
of its k-condimensional faces. We consider only finite polyhedra F
which are cells minus faces and whose faces are also of this type.
In particular, each ec E,(F) lies on exactly two elements of E,(F).
Write E, () for the empty set @ and set E(F) = F.
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DEFINITION. Let X be a topological space. An abutied family
Z of polyhedra in X is a family & of polyhedra together with
a distinguished subset .7 of & x .&# satisfying;

(1) £ (F,F'Ye._v; then F= F' and (F', F)e. 1~

(2) If (F,FYe_v, then FNF'e E(F)n E(F').

(3) I (F,FYe_+ and (F, F'")e 4" and FNF' = FNF", then
F' = F".

(4) For each ec E,(F'), there is an F'e ¥ with FNF' =e¢
and (F, F'ye 17
The F' in (4) is necessarily unique and is denoted e(F'). n is called
the adjacency of & ; two elements of & are called adjacent if
and only if (F, F')e 4~

For any F, and F in % and ec E,(F,) N E,(F), we say that F,
and F are e-connected, if there if a sequence F, F, ---, F,=F
with (F,, Fio)e " (1=1,2,---,n—Dandec E(Fy)n--- NE(F)N
E(F,); in case k =n + 1, we say simply that F, and F are con-
nected. We called the abutted family # connected if every two of
its elements are connected.

We set for any Fe.&#

A(F) = {e(F'); e € B,(F)} .
For any subset .& € &, we write
NS ={)F); Fe &}.

A subfamily & c.# is called open if (&) = .97, Clearly
any open subfamily of % which contains F' contains any connected
subfamily & with FeZ.

6.2. The joined & -space.

Let % be an abutted family of polyhedra in a topological n-
manifold X. Let X x & denote the topological direct produet of
the spaces X and .&# where % 1is given the discrete topology. Set

D :Fng{F} ={(x, F;xecF, Fe & }.

On the topological space D consider the relation = which is gener-
ated by the equivalences

(, F) = (', F") if ® = 2" and xc E,(F) N E(F") .
Set Y= Dmod =. Let 1 denote the canonical map of D to Y.

DEFINITION. The space Y is called the joined .&# -space.
The projection X X F — X induces a well-defined continuous
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map 7 of Y into X. We call = the canonical map of the joined .7 -
space into X.

For any face e¢ of an Fe. %, let F, denote the union of the
interiors (of F' and) of all faces of F’ which contain e. Set

., ={F,;Fe¥ ,eCF}.

Then .7, is an abutted family of polyhedra on the space X, which
is the wunion of {m(F,); F,c.&,}, when we restrict adjacency in &,
from .# .

For any ee E(F), let ., , denote the maximum connected sub-
family of .#, which contains F,. Clearly 7, , = &, for all F'e
.. Let Y(e, F) denote the joined .#,, space. It is easy to see
that Y(e, F) is a neighborhood in Y of {y(x, F); x € interior of e}.

Suppose that X is a topological manifold. Let Fe .7, ec E(F),
and let e¢* be a closed small (topological) k& ball transversal to e. Set
S, =0de*. S, is a (k — 1)-sphere. Set

F8,) ={FNS,;; Fe 7.} ;
%,F(SQ = {Fﬂ Se; Fe%,ﬁ'} .

DEFINITION. The abutted family & on X is called smooth if
it satisfies the following conditions:

(1) The polyhedra of # are “nice” in the sense that for any
Fe s ,ec E(F), and “nicely” embedded small transversal %k ball
et, Fn S, is a polyhedron.

(2) (8, is an abutted family of polyhedra on the (& — 1)-
sphere S,, and combinatorially, this family is independent of the
choice of the nicely embedded small transversal & ball e*.

(8) Let S(e, F') denote the joined .#, ,(S,) space. Then Y(e, F')
is homeomorphic to the direct product Inte x S(e, F), where Int
denotes interior.

6.3. A criterion for discreteness.

THEOREM 6.3.1. Let F# be a connected abuited smooth family
of compact polyhedra in the (connected) simply connected topological
n-manifold X. Assume that X has a metric and that there exists
a positive number r such that each F e F contains a ball of radius
». Assume also that F satisfies the condition

(CD2) For any F,e Z and ec E(F,), and any sequence F,, F,,
F,, -, F, of successively adjacent polyhedra with e c E,(F,) N E,(F)N
- NE(F), of F,0\F, has a nonemply interior, then F,=F,.

Let 'Y denote the jointed Z -space. 'Then the camonical map
7: Y — X 18 a homeomorphism of Y onto X.
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Proof. We use induction on n = dim X. If dim X =1, then X
is homeomorphic to the real line, and the hypotheses imply that &
is a locally finite covering of the line by intervals which meet only
at their end points.

Now assume the result for spaces of dimension less than n. If
k = 2, then by hypothesis (CD2) any maximal connected subfamily
of &, gives a cell decomposition with disjoint interiors of the circle
S.. For k=2 and ec E,, it is clear that the family .#,(S,) inherits
property (CD2) from & . Thus any maximal connected subfamily
of %#,(8S,) yields a finite cell decomposition with disjoint interiors of
the (& — 1)-sphere S,.

It follows, using the smoothness, that for any FF e &, ec E(F),
and p an interior point of the k-polyhedron e, that the space Y(e, F')
is an n-manifold. Moreover the canonical mapz: ¥ — X is a homeo-
morphism of Y(e, F') onto a neighborhood of Inte.

Consider now the canonical mapzw: Y — X. The hypothesis that
each F'e & contains an 7r-ball easily implies that the = image of
each connected component of Y can contain no limit points and that
it must be all of X. It follows at once that = is a covering map.
Since X is simply connected, 7 is univalent on each connected com-
ponent. Since & is a connected family, Y is connected and z is a
homeomorphism of Y onto X.

THEOREM 6.3.2. (I) Let F be a smooth polyhedron in the
Riemannian manifold X. Let 4 be a finite subset of the isometry
group Isom X and let I’ denote the subgroup of Isom X generated
by 4. Assume

(1) 4=4"

(2) There is a bijective map v— e(y) of 4 onto E(F') satisfy-
wmg Y(F) O F = e(v) for all ve 4.

Set A" ={(vF, voF);ve D}, & =I'F. Then & s a connected abutted
Jfamily of polyhedra with adjacency .¥. Moreover I' operates dis-
continuously on the joined .7 -space Y.

AL) If, in addition, F satisfies the codimension 2 condition,
(CD2) and X s stmply connected, then

(1) I is a discrete subgroup of Isom X.

(2) Let Aut,F denote the stabilizer of F in I'. Then a
Sundamental domain for Aut.F in F is a fundamental domain for
I' in X (i.e., F is o fundamental domain mod Aut F').

Proof. That # is a connected abutted smooth family of poly-
hedra with adjacency § follows directly from definitions. Clearly
& yields a decomposition of the space Y into polyhedra with
disjoint interiors. Consider the action of I" on Y. It follows at
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once that I" operates discontinuously on Y, since it permutes the
interiors of the polyhedra of . . Under the additional hypotheses
in (II), we can apply Theorem 6.3.1 to conclude that #: Y — X is a
homeomorphism. Hence I" is disecontinuous on X.

REMARK. Let I' be a discontinuous group of isometries on a
Riemannian space such as Ch". Let p,€ X, and set

F = {zxeX;d(x, p,) = d(z, I'p,)} .

Then clearly X = I'F. Also, for all veI" with vp,# p,, the interiors
of vF and F are disjoint. F is called a “Dirichlet' fundamental
domain” for I". For any k, let E(F') denote the set of codimension
k faces of F. For each ec E(F), let T(e) denote an element v of
I' such that

eC{zeX;d(x, p,) = d(va, py)} -

Set 4 = T(E(F)). Then T: E(F)— 4 is a bijective map and 4=47".
Moreover, F satisfies the condition

(CD1): Te)FNF =e for all ec E,(F),

and also the codimension-two condition (CD2). Thus the converse
of Theorem 6.2 is valid, so that (CD1) and (CD2) are necessary
conditions for a Dirichlet fundamental domain.

THEOREM 6.3.8. We continue the mnotation and hypotheses of
Theorem 6.3.2 I and II. A presentation for the group I’ is given
by the generators 4 with the following relations:

For each ec€ E,(F'), choose e, € E\(F') with e e, and let r, denote
the word of shortest positive length v,v,-+ -7, (v; € 4) such that

( i ) eCY Y Y F NV Vi T E B (v, - V) (7' = 1, Ty n—l)

(ii) FNnvF =e,.

(iii) F N7y, - v.F has a nonempty interior.

Set R, = {r,;ec E,(F)}. (By condition (CD2), the words of R, yield
elements of Aut;F. Set R, = {relations among words of R, as
elements of AutyF'}. Then

(a) R, generates Aut.F.

(b) (4, R;) is a presentation for I.

Proof. Let % denote the free group generated by the elements
of 4, let R denote the kernel of the canonical homomorphism of &
onto I" and let R’ denote the preimage in & of Aut,F. One defines
a homomorphism of R’ into the fundamental group of X — I'E,(F)

! (Also known as Poincaré or normal fundamental domain.)
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as follows. Choose a base point P, interior to F' and a point p; ¢
vF for each vyelI'. For each vye 4, choose a path in F U~F from
v, to pr which does not meet any codimension 2-face of F' or 7vF'.
To each element in w in % there corresponds a path o(w) in
I'F — I'E(F) = X — 'E,(F) with initial point p,; the path o(w) is a
closed path if and only if weR'. Moreover @(ww, = P(w,) -P(w,).
The resulting map 8: R’ — n (X — I'E,(F)) is a homomorphism.

Inasmuch as X is simply connected, n,(X — I'E,(F")) is generated
by I'-conjugates of closed paths linking E,(F'), and therefore {6(r,);
¢ € E,(F)} generates (X — I'E,(F)). It is easy to see that for we
R’, any homotopy of #(w) in X — I'E,(F') leads to a path #(w’) where
w’ is obtained from w by successive substitution of subwords xz for
xyy 2(x, y, z € 4), and vice-versa. It follows at once that the kernel
of ¢ is (1) and @ is an isomorphism. In particular, R, = {r,;ec
E,(F)} generates R’. This proves (a).

Let R, denote the normal subgroup of R’ generated by words
in R, that represent 1 in Aut,F. Then R, represents 1 in I" and
it is clear that R, = R. Hence (4, R;) is a presentation of I.

6.4. Branching and complex analytic joined spaces.

The foregoing results provide a criterion for deciding which of
the subgroups of U(2,1) presented in §9 are discrete. We shall
require a generalization of the above discussion in order to treat
the action of some nondiscrete subgroups of U(2,1). The results
of the rest of this section will not be required until §18.3.

PROPOSITION 6.4.1. Let Z# be a connected abutted smooth family
of compact polyhedra in the topological n-manifold X. Assume
also that for any Fe 5 and ec E(F) the joined 7,S,) space is
an (k — 1)-sphere (k =1, ---, n) (which is a finite branched over of
S.). Then the joined F -space Y is a topological m-manifold and
F gives a polyhedral decomposition with disjoint interiors of Y.

Proof. This proposition follows directly from definitions. As
asserted above, Y(e, F') is a neighborhood of n(Inte, F) in Y. By
the hypothesis on .&,(S,) and the smoothness of &, Int Y(e, F) is
an w-manifold for every k-face ¢ (k=1,2, ---,n). It follows at
once that Y is an n-manifold. That & gives a polyhedral decom-
position of Y with disjoint interiors is obvious.

DEFINITION. Let & be an abutted smooth family on a space
X. We say that & satisfies condition BR if
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for all FFe.¥ and ecE,(%), Sle, F), the joined .7 (S,

(BR) space is a circle.

If & satisfies condition BR, then the canonical map of S(e, F)
onto S, is an even covering map for every codimension 2-face ¢; we
denote the degree of this map by B(e). We call g(e) the branching
order of % around e. We call 2 codimension, 2-face e branching
if 3(e) > 1. Set

B,(7") = {e; Ble) > 1} .

For any face ec K (F), where Fe. o, set B¥e) = {¢'; ¢’ € E,(F') with
F'e 7, ,, B) >1}. Thus B*e) C B,(% ) and eCe’ for all ¢’ € B¥(e).

PROPOSITION 6.4.2. Let X be a complex analytic manifold of n
complex dimensions. Let .7 be an abutted smooth family of poly-
hedra on X, which satisfies condition BR. Assume:

(1) FKach codimension, 2-face e such that B(e) > 1 lies on a
hypersurface of C-codimension 1.

(2) For any s branching codimensionp 2-faces {e, ---, e,} whose
hypersurfaces are distinet, e, --- Ne, 1s either empty or has dimen-
ston 2n — 2s.

(8) Let ec B (F) with FFe Z , and let e, ---, ¢, be the distinct
elements of B¥e) (thus k = 2s). Then for any compact subset K C
e, there exists am admissible complex analytic coordinate system
2= (%, +, %) 1M a neighborhood U in X and a meighborhood W
of (K, F) in Y(e, F') so that UNe,C{z;2, =0}, Ko U=n(W), and
the restriciion to W of the canonical map of Y(e, F') into X 1is
equivalent to the map (w, ---, w,) > (&, -+, 2,) given by

zi=wiw  (i=1,---,5)

z, =W, (t=s+1 -, n).

Then the joined . -space has the structure of a complex ana-
lytic n-manifold such that the canonical map into X is holomorphic.

Proof. For any face e such that B(¢) =1 for all codimension
2-faces ¢ containing e, the (codim 2) condition of Theorem 6.3.1 is
satisfied, and we can argue just as we did there that the canonical
map of Y(e, F') into X is a homeomorphism onto a neighborhood in
X; we endow such Y{(e, F') with the structure pulled back from X.

For faces e lying in s branching codimension 2-faces with
branching orders m,, m,, ---, m, the hypotheses give us the structure
of a2 complex analytic manifold on Y{(e, F'), such that the canonical
map of Y(e, F') into X has degree mm, --- m,. Putting together



204 G. D. MOSTOW

these complex analytic structures from the various Y(e, F'), it can
be verified directly that we get the desired complex analytic
strueture on Y.

REMARK. Let X be a complex analytic manifold. Let &% be
an abutted smooth family of compact polyhedra on X which satisfy
condition BR. Hypothesis (8) of Proposition 6.5 follows from the
apparently weaker hypotheses in which we restrict the face ec
E,(F) to satisfy the condition: B?e) is a maximal subset among
{B*¢'); all faces ¢'}. The verification of this observation comes from
straightforwardly studying the situation of Y{(¢', &) in Y(e, &)
when e Cé'.

6.5. Polyhedral I'-spaces Y and the I'-cover Y*.

A polyhedral I'-space Y is a topological space which is covered
by a family &% of polyhedra with disjoint interiors, together with
a group I” of transformations of Y which permute the polyhedra
of # . The polyhedral I'-space is called a joined I-space if
(1) I aects transitively on & i.e.. & = I'F where Fe. & .
(2) There is an injective map E,(F)— I' satisfying
(1) 4= 47" where 4 = T(E.(F)),
(2) TFNF=c¢ for all ec B,(F).
(3) 4 generates the group I

We define the subset of &% x & :

N ={(vF, voF),vel,dcd}.

Then & 1is clearly an abutted family of polyhedra on Y with
adjacency .+, and the joined & -space may be identified with Y.

Let I', denote the stabilizer in I of the polyhedron F. We can
define a joined I'-space Y* covered by a family .#* of polyhedra
and a I"-map z*: Y*— Y such that #*% *=.% and I, = (1) for
Ftec #* Namely, fix Fe#, let I' operate on the topological
space I' X F via left multiplication on the first factor. Set

Ft=(, F)
and define the I'-stable equivalence relation on I X F' generated by
1, y) = (6, 67%(y)) for all yee, 6 = T(e)

where ¢ varies over E,(F'). Let Y* denote the quotient topological
space I' X FFmod = and & * = {vyF*% vel'}. The mapz* (v, ¥) > vy
of I' Xx FF— Y induces a well-defined continuous I” map of Y* to Y.
Moreover the stabilizer 1", = (1); for if (1, ¥) is an interior point of
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F* and vel',., then v(1, v) = (1, ¥') with y, 4" interior points of F.
Since the only identifications on interior points of (1, ') come from
equality, we conclude that (1, ¥) = (1, 9¥’). Consequently (v, y) =
1,y and v = 1.

DEFINITION. Y* is called the I'-cover of the joined I'-space Y.

On the associated family of polydedra .&#*, I operates simply
transitively, since I'y; = (1).

Warning. Even if Y is a manifold, Y* need not be. However,
Y* is connected, locally connected, and locally simply connected if
Y is a manifold.

6.6. The stabilizer of a face in a joined I'-space.

Let Y be a joined I'-space, let .# denote the associated abutted
family of polyhedra on which I' operates transitively, and let )
denote its adjacency. Let Fe.# and ec E(F). In keeping with
previous notation, set

F,=U{Intf; feE,F)k=0,1,2 ---) and e C f}
F.,={F,; Fe ¥ and eC F}
., » = the maximum connected subfamily of .&, containing F,
Gle, F) ={vel';(vF), e F,r}
I, , = stabilizer of ¢ and of &, , in I.
Clearly I"(,,n,CGle, F), I', G(e, F')=G(e, F), and {G(e, F)F,}=.%7, ..
Tracing back definitions, one sees that

Gle, F)={vel';v =9 Ym V: €4, e € B,(v/Y, - -7, F) ,
1=12 ---,m;m=1,2}.

ReEMARK 1. If the underlying topological space Y is a xn-mani-
fold as it is in the cases of interest here, then .&, .=.%#,. Theorem
6.3.2 (I) describes the situation out of which our joined I '-spaces

will arise.
The family .57, is an abutted family of polyhedra and we denote
N N(F, x F,) by .4 also; it is the adjacency of .#..

PROPOSITION 6.6. Let ec E(F) (k=0,1,2, ---, n) and let I be
a subgroup of I'(e, F'). If
AN (F)T( AV (F)UF,)

then #,,=T"(A4"(F)UF,) and I, =I'S where S ={yel;vF¢c
A7(F), ve = e}.
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Proof.
AL'OF) U F) = I'( A (A (Fo) U A(F))
cl'(+yF,)UI'F,)
cI'(A4(F,)UF,.

Hence I''(_4(F, U F,)) is an open subfamily of ., ,; since it contains
F', it contains the e-connected family ., .. This proves the first
assertion.

As mentioned above, .7, ,=G(e, F)F, and I',,,,,G(e, F)= G(e, F).
Let I'={yel;vF,e 4+ (F,,UF,). Then we have Gl F)=1"T.
Hence ', =0I"(TNT,). Clearly TNI.,. =S. Consequently
Liom =I"S.

REMARK 2. Set Fle]l ={ved;vF.eh(F,)}, T = {1} U Fle], and
let S’ be any subset of 7' such that I"'S'=I"T'. Then S=T'T", N
I and therefore I"'S=I'"(T'T, N .p»)=I"T'T: NN rn=I"S'T:N
F(e,m = F’(S,FF N F(e,l’))'

REMARK 3. Set S* = (Fle]lN ,,m) U{l}. In the I'-cover Y* of
the joined I'-space Y, let . # % and _#"% denote the associated abutted
family and adjacency. For Fe.# and ecE(F), set Ft=(1, F)
and ¢! = (1, ¢). Then G(¢, F*) = G(e, F') and I'(e, F)G(¢*, F'*) = G(¢,
F?* and I,. .., = I'(S*U{1)}).

7. Fundamental domains for finite groups generated by C-
reflections.

7.1. An algorithm for finding the faces of a fundamental
domain im Ch?

Let I';, be a finite group generated by two C-reflections {R, ,,
R, .} in C® and preserving a hermitian form H of type (2,1). We
follow the notation of §8 writing V(H) or V for C*® with H as inner
product:

v, =H(p,q9) 1p,qeV
Vo ={peV;{p, p) <0}
Ch=n(V"), X=Cn.

Fix a point p, < Ch* fixed by no vyel,, v 1. For any vel,, set
v = {re X; d(z, p) = d(vz, p,)}

(7.1.1) g = {z e X;d(x, p,) = d(vz, p,)}
Fo,=1N~7r".

selgq
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It is easy to see that

(1) I 12F 1 = X

(2) vF,N F, has empty interior if v == 1.
These two properties define a fundamental domain.

In order to determine whether the domains we encounter in §9
satisfy condition (CD1), we must explicitly know the faces of the
fundamental domain F,,. Some of the groups under consideration
have order 600, and thus the explicit computation of (7.1.1) would
be lengthy, even if we were merely seeking a fundamental domain
for the action of F, in C*.

Despite the length of the computation, it is clearly finite.
Therefore a computing machine can be used to settle the question.

Let p, = w(e Nef), then p, is the point in (V) fixed under
R, , and R, ,. Inasmuch as 0 =[{e,e)| <1, e Ne;C V™~ UI{0}
and thus p,en(V") = Ch>. We call p, the apex of F,, since yp,, =
P, for all vyerl', and thus p,€9 for all vel',. Let S, denote the
boundary of the ball in Ch* with center at p,, and radius ». Then
S, is I'-stable. A machine can best be used to compute numbers.
Thus, the machine can be programmed to compute the coordinates
of the vertices of S, N F', for any given value of ». If we select
r = d(Dy, D,), then p,eS, and S, N F, is a Dirichlet fundamental
domain for I', acting on S, (with distance on S, defined by the
ambient Ch?).

A machine can be programmed to find the vertices of S, N F,,
as follows.

Set

d = inf {d(7p0y Do); Y € rw}
Do = {7 € Fm; d(’ypo; po) < Zd} .
(The 2 is merely a good empirical choice.) Let T, denote the set

of distinet triplets of elements of D,. In each distinet triplet ¢ =
(s, 75 Vs) of elements in I', set

V,':’?lﬂ’?gﬂ’?aﬂsr .

Set V,= U{V;teT, V, is finite}. For any x€X, and for any
subset DC X, set

D¥x) = {v e D; d(vx, p,) = d(, p,)}

E@) = {v e I'y; d(vx, p) < d (2, D,)}
and let o(x) denote an element of I',, such that

d(o(x)z, p,) = inf {d(vx, p,); v € E(x)} .

Set
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Vi={xecV,;d p)= d(vz, p,) for all ve D}
D§ = U{Dj(x); x e V§}

S, = {x € V§; E(x) is not empty}

E, = {o(x); 28}

D, = D K,

Recursively, define

D, =DiUE,

T+, = the set of distinet triplets of elements of D,.,
Ve, = U{Vy; te Ty, V, is finite}

Vii={xe Vi d, p) = d(ve, p,) for all xe D,y .}
D = U D} (x); e Vi)

S;vi = {z e VZ,; E(x) is not empty}

B, = o), zeS,;}.

Fach element of V} is a vertex of
N{v*t;veDf .

Bach ze V§{ with E(z) not empty is cut off by ¥ for ve E(x) (o(x)
makes a deepest cut) and disappears from V7 ,. After a finite
number of cuts, the process stops. At the final stage, no more
vertices of Vi can be cut off and V; is the set of vertices of F,N
S,. Let 4,, denote the set of all vye D! such that ¥ contains at
least three points of Vi Then {¥;ve€d,} yield the 3-faces of F),
which meet the sphere S..

REMARK. It turns out in most cases that 4, D,.
7.2. Enumeration of [,

In programming the algorithm of §7.1 for the computation of
the faces of F, N S,, it is convenient to have a simple way of enu-
merating the finite group I',,, for repeatedly one has to compute

{d(ve, po); v ey} .

In §2.1, we remarked that the canonical map of C*— 0 to the
complex projective line gives a representation o of /', in SO (3, R)
the group of notations of the standard 2-sphere S2. The kernel of
o is the center Z of I',, whose generator and order is given by
(2.2.3) and (2.2.4). )

For the groups [',, with Coxeter diagram
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the group o(/'.,) is the group of rotational symmetries of the regular
tetahedron, cube, and duodecahedron respectively according as p =
3, 4, and 5. Each generating C-reflection R, corresponds to a rota-
tion of a face of the regular polyhedron Z(p). Let I', = {{R.}},
the subgroup generated by R..

Each element of I',, can be expressed as a product v-R2™ where
v is a representative of a coset of I',,/I".Z, and z is a generator of
Z. In turn I',Z is the stabilizer in I" of the face of .<#(p) stabilized
by /°,. Hence #I',/I\Z = 4, 6,12 according as p = 3, 4, 5. Explicit
representatives are indicated in Figures 7.2 a, b, c: the face labeled
1 is stabilized by R, and the face labeled v is the image of the
face 1 under v. Thus the computer runs through 7, by running

R,

FIGURE 7.2a. p=3: Representatives for 1o/ Z
The bottom face represents the coset-R}R.I";Z.

R.R.

R, 1 RR,

RIR,

FIGURE 7.2b. p=4: Representatives for I'1o/["1Z
The bottom face represents the coset R3I"Z.
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FiGURE 7.2c. p=D5: Representatives for I'/I"1Z
The bottom face represents the coset R;y!RIRI[\Z.

through the 8-fold produet (I',/I",Z, I',, Z) of orders

12 ><p><6—2p——:24< p )2 ie.,

6—p - D 6—p
24, 96, 600 according as p = 3, 4, 5.

Similarly, if I has the Coxeter diagram
then the representatives of I"/I',Z can be read off the faces of
the regular octohedron. Note that #I"" = 72 by (2.2.5).

In §10.1, we give an explicit deseription of the Dirichlet funda-

mental domain F, for I',, on Ch% its 3-dimensional faces lie in {¥;
v € 4,;}, where

Alz = {Ritl’ (RiRj)ily (RiRJ'Ri)tly 'L #* .7.9 7:7 -7 = 1, 2, 3} ’

a set of 10 elements. By contrast the group I’ has as Dirichlet
fundamental domain a much more complicated region having 24
faces.
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8. Solving a system of four equations of degree 2.

In §7.1, we described an algorithm for finding a fundamental
domain for a finite group generated by two C-reflections in Ch*. That
algorithm can be executed readily by a computer, provided that there
is a program for computing the intersection of surfaces such as
7.09.N%NS,. In §9, one deals with intersections ¥,N9,N9,NY,. If
we introduce nonhomogeneous coordinates y,, ¥, on Ch? and express the
equation of ¥ or of S, in terms of Rey,, Im y,, Re %,, Im 9, the equa-
tions turn out to be real polynomial equations of degree 2. Strange
to say, as of 1978 there seemed to be no reliable program in the
computation centers’ bibliography which could provide all solutions
of four such simultaneous equations. Accordingly the implementa-
tion of the algorithm necessitates elimination of variables and reduec-
tion to a polynomial equation of degree six in a single variable.
We sketch the solution.

For any v € U(H), the surface 7 is by definition {x € C? d(vx, p,)=
d(x, p,)}. For convenience, we denote a point z e C® — {0} and w(x) €
Cp* by the same letter xz. Thus the preimage of ¥ in C° satisfies
(in view of {(vz, vz) = {x, x)):

(8.1) [ve, poy | = (<@, Doy |
where ve;, = D)1 Vi€,
X = .8 + 2., + X, and p,

is selected so that (e, p,) = <e, Dy = &, Doy =k and (p,, py < 0.
Thus (8.1) is equivalent to

[(vx), + (7o), + (V2| = |2, + 2, + o]

(8.2) x 1
3 o e po— N 2, 3 .
Y x, + 2, + X (@ )

Then y, + ¥, + ¥, = 1 and v,, v, form a nonhomogeneous coordinate
system on CP: Thus (8.2) is equivalent to

lay, + ay, + agysl =1, a, =7 + Yo + Va
or

[(a, — a)y, + (a0, — )y, + a,| =1

(8.3)
lay, + by, +¢|=1.

The equation of a sphere with center at a point »
S, = {x € Ch*; d(z, p) = r}

and radius 7 is given by
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K, 2><{p, D))"
[<z, ) |* = (cosh 7)* {p, p)<{=x, #) = klx, 2>, k <0

3
(@, + ay, + (13933‘2 =k Z hiy‘xifi .

%,5=1

cosht <@ _

Dividing both sides by |z, + x, + «,* and collecting terms, one gets

(84) 2Re (glyl + 9.y, + ga'!/lﬁz) + gsy1g1 + g4yzyz + g5 = 0

where g¢,, 9., s are real.
Given two distinet surfaces of type (8.3):

la,y, + by, +¢|=1

(8.5)

lasy, + by, + 6l =1 .
Set
8 5), v, = a¥; + by

U, = Y, + bzyz .

If v, = ¢v,, then (8.5) is equivalent to |v, + ¢,| = 1, |v, + ¢,/e| =
1/|¢|, and these can be solved in the v,-plane to give 2 solutions for
v,; only one solution is in Ch® by Lemma 3.4.1. The solution of a
system of 3 equations of type (8.3) with a fourth of type (8.3) or
(8.4) then reduces to intersecting these surfaces with the C-line
v, = constant. The problem reduces to solving a quadratic equation
in one real variable. Suppose therefore that », and v, are independ-
ent. Then (8.5) is equivalent to

(8.6) |'v1]=1, M"z[:l-

Expressing a third equation of type (8.8) in terms of v, v,
yields

[asv, + 0w, + ¢ = 1.
Squaring both sides, we get using (8.6)
(8.7) 2Re vl(bgvg + 03) + d'vz + e = O

with e real.
Thus we need only solve the system

l”ll =1

(vl =1
v.(b, + &) + Ty(bw, + ) + dv, + d,v, + e, =0
0.(b7, + &) + Dby, + €) + dw, + AP, + e, =0
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with e, e, real.
Elimination of 7, from these last two equations® yields

v(Gw, — G, +G) — Fv, — Fw, — F5, — F, =0,

and solving for v,

(8.8) P P+ Fo, + Fy@, + F,
| T G- Ga,+ G,

Since [v,| = 1, we get

'Fo; + Fyw, + Fyo, + F,| = |Gw, — G7, + G,

Squaring both sides yields an equation
2Re (Pwv; + Pl + Pw,) + P, =0

with P, real. Multiplying the above equation by 2Re (P} + Puv: +
Pw,) + P,, one obtains an equation of the form

(8.9) 2Re (@) + Qv + @0 + -+ + Qw, + Q) =0
with @, e R for i =1, ---,7. Set
v, =2 + 1w .
Since |v,| = 1, Rev" is a polynomial in z and thus (8.8) becomes
(8.10) Rz"+ R2+ Rz*+ R2*+ Rz + Rz + R, =0

with R, real, i=1, ---, 7.

One can use a packaged program to solve (8.9) to any desired
degree of accuracy for z. Thereafter one gets, in turn, w, v, v,
(from (8.8)), and v, ¥, (from (8.5)"). One admits only common solu-
tions which lie in #(V 7).

9. I'(p) and its antomorphisms.

9.1. I'(p) and some of its elements.

Let I'{(p) denote the group generated by C-reflections corresponding
to the diagram

2 The solution presented here is an improvement of the original solution. I am
indebted to Dr. Sidnie Feit for this solution.
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where the corresponding hermitian form H, is given by

1

<e“ 82> = <827 63> = <63, 61> = -,
2 sin -~

p

peC, |@| =1. Select p sothat 1/p + 1/p +2/3>1,1.e.,, p <6. Set
a = 1/(2sin w/p),
V = Ce, + Ce, + Ce,
4 = det ({e,, €;)) (i,7=1,2,3)
1 —ap —ap
=det|—ap 1 —ap
—ap —ap 1
=1-3a® — a*¢@® + §°) .
Set @ = €. Then 4 =1 — 8a®> — 20 cos 39. Recalling that cos 36 =
4 cos’d — 3cos 4, we find that for cosd = 1/2a,

A:1—3a2~—2a3<4- 1 —3-i)—_—0,
8a’® 2a

4 < 0 if and only if cos19>i;
2a

that is, cos @ > sinzw/p or |0| < w/2 — w/p. Thus the hermitian form
H has signature (two -+, one —) only for p > 2. Therefore for
p =345 and

arg () < 3<—”2— — —Z—)

the group I'(9), which preserves the hermitian form H, is embedded
in U2, 1). Hereafter we tmpose these conditions on p and @. We
write V(@) for the vector space V with H, as inner product; when
there is no ambiguity, we write V for V().

Set 7 = exp (V' —1/p), Ri(x) ==z + (" — 1){x, epe, (i =1,2,83).
The C-reflection R, depends on ¢ and we sometimes write it as
R(®). Since (* — L)a = (p* — 1)i/(n — n~") = i we find

N =P —NiP 1 0 0 1 0 0
R=[0 1 0 ) R,=| —nip 7* —nip| R,=| 0 1 0
0 0 1 0 0 1 —-MPp —nip 7

RR,={ —nip 7 /L

0 —7ip —nP— WP)
0 0 1
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vgi(ﬁzx . 7]2 . 7]2@2 _ 77;@2 . 773,&@

RR,R, = | —nip—n*p* 0 — 0P
— 7P —7iP 7
=P =P+ P 0 =P -+ 7 ipY)
(RRR) = | =@+ '@+ 7%9° o (—1+7°F -+ 7if")
NP NP+ IP 0 =77
—7 =7 0 79 -7P—7ip
(BB = P(=1+7P+7ip") 79" =P’ +7'p* +ip
— PP =+ P’) 0 = —ript P
TP - 7P PO )
BB Ry = | — 7" NP +1) — PP +1)
—7ip —nip 7

The characteristic polynomial of R, R,R, is:
= NENIP M — i+ 1) + (PP — 1~ (P =) 1
and its roots satisfy
N = M@ = MPhie’] — 1" = 0
which factors
W = 7P ) — 9P = 0

vielding as eigenvalues N = 7’19’ and the roots of A\ = p*@’. Simi-
larly, the eigenvalues of R,R,R, satisfy

N = Mgl = Mpid) — 7 = 0
this yields » = %@’ and the roots of \* = nip™.
The eigenvalues of (R,R,R.)* are therefore
(9.1.1) —1°P°, P, PP’
and the eigenvalues of (R,R,R,)* are
(9.1.2) — 7R, DT, P
We next compute the image of (R,R.R,)" — 7*®® x 1, where 1,
denotes the identity 3 x 3 matrix.
(9.1.3) (R.R.R) — nip-1,
—Pni 0 —Pyi-ppi
= (=P’ i +n)el 1 0 1 -pmi
PNt 0 PRi-pni
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— PN P17 1

Vg = ( 1 ) Vogy = ( ——@ﬂ’b) Vge = ( @77% )
P7i 1 — 5T
PN —pni 1

Vg1 = ( 1 ) Vize = ( @ﬁ"' ) Vos = ("‘“@777') .
— PN 1 P

¥;; 1s the normal in V(@) to the multiplicity-two eigenspace of
(R,R;R,)* where 4, j, k denotes a permutation of 1, 2, 3.

Set

(Vigsy Vizsy = {—PNie, + e, + PNie,, — Phie, + e, + PYiey)

=3 - 77-{7[—@@'@—@7@+<¢r’7‘z‘¢—¢ni¢>+¢ﬁi<¢ﬁi¢+¢)}
=3 — L [ i@+ Ti— i — P+ T
e Sk U B L I
=3 L _[—i(-7) 2T~y
e A G 77
=1+ (@77
7—7 7
cos(gr— — 30)
(9.1.4) =1+ “—Jl‘;r—— , 80 =argp®.
sin —-
p

(Ogy Uy = 1+ —2 (PT° + P'7)
n—79 7

cos <—2L + 30)
(9.1.5) =1+——£7——
sin —-=-

P

We have

{Vyg5, Vyosy > 0 if and only if
(9.1.4) (& _ ® \ © T
(2 p)<mg¢<3(2 p)
and
Vs, Vs > 0 if and only if

(L - ) <Cargpr < L - T
5 o) <ered < .

(9.1.5)
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Similar computation shows that the characteristic polynomial of
R.R.R,R, is
—N + MPiF + ip — 7] = M—7 — 7 — @] + 7 = 0
so that its eigenvalues are
(9.1.6) 7P, AP, —° .
9.2. Automorphisms of I'(p).

Let J and J' denote the linear maps of V onto itself given by:

J:xe + x.e, + X0y — 2.8, + 08, + X0
J'ixe, + X, + T8 — X0y + X0, + Ty .
Then J is an isometry of V(@) to V(e), and J' is an isometry of
Vip) to V(®) with J' of order two. Since Hyle, ) = —ap =
Hz(e, e,) = Hz(es, e,).
Define

Then £ is a semi-linear map of V(@) to V(®) which is an isometry
since,

H;(E(ZZ‘ x.e,), /f(Zi‘ xe) = H; 3. Te, >, Ti0,)
= ;, z.x;Hz (e, e;)
= ZZJ x.Z;H,(e;, €;)
= I}@(Z Xisy >, Ti€;)
Regarding the index as an integer modulo 3, we have
J(R(®) = Rus(®)

J'(R(P)) = R,_i(P)
£E(R(P) = R(p) = R(P)* i=123.

Set a,; = J'k. Then a, is a semi-linear isometry of V() to V(p)
with

a: B(p) — B (@)™ 1=1,2,3.

Set ay = JaJ ™, a, = J Fad.

The group of isometries of V(@) generated by a,, and J is of
order 6 — these are the isometries which permute e, e, ¢,. (For
@ = 1, there is the additional isometry £.) The subgroup of linear
isometries is of order 3. All these isometries induce automorphisms
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of I'(p).
10. The region F(p).
10.1. A fundamential domain for I'i;.

Set p, = e, + ¢, + ¢;. Then
<pm 61> = <p0, 62> = <po, e3> =1~ 6\5(@ + @) .

As in §8, we take as our model of hermitian hyperbolic space Ch?
the image in projective space CP*? under the map zn: V — {0} — CP*?
of the negative cone

V- ={2¢eV;<z, 2) <0} ( = the ball in C?

with metric

d(z,, z,) = cosh™ (%;__zgi__g_zz’__z%)m .

Since {p,, P> = 3(L — a(® + P)), Py, Dy <0 for |arg ¢| < /2 — x/p.
We denote by p, also, the image of p, in Ch*. For any e,
set

vt = {x e CW; d(x, p,) = d(vx, p,)}
7 = {x € Ch% d(z, p,) = d(7x, Do)} -

Set I'y;={{R,, R;}} (i#7J;1, 7€, 2, 3)) where {{a, b}} denotes the group
generated by {a, b}. I, is a finite group. Since [I';; is irreducible
on Ce, + Ce,, 7p, # 0, if vel';;, v+ 1. Set
Fij - n"/+ .
TeEL 1]
Then F; is a fundamental domain for I',;. Set ¢f = {2e V; {2z, ¢>=
0} and denote also by ei the subset w(e/, N V™) of Ch* i =1, 2, 3.
Then e¢; is the fixed point set of R, whether in V or in Ch?.
Set p,; = w(e Nef). The equation of e/ is given by:

el: 0 = (xe + X0, + Te8s, € = X, — APL, — AP,

e .0 = <x161 + Ty, + X4, e2> = —apx, + @, — aPx,
6';1': 0= <90131 + 2.6, + X8, 63> = —acﬁxl — APr, + X,
(10.1.1) ap  —ap|
ap 1 a P ad Dt
T ap T AP — g FP TP

1 -o@zxs 1-—at 1 at

—ap 1
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Thus p,, = w(pa(l + ad®), pa(l + ap?), 1 - a’). Set & = pa(l + a@®).
Then <p12’ p12> - (1 - a‘Z)A < 0) pl? = TE(E’ E’ 1 —__ a‘Z), ng = 77.'(1_0.'2, E! E),
py, =&, 1 — 8. We also write p, = (¢, §,1 — «®) and similarly
for Dazy Dsi-

For any v e/, the equation of ¥ is given by

‘ <C€, po>[ = 1 <7x7 p0>i

since {x, ) = (vx, vxy. Since Rp, = p, = R,p., we have vp,, = D,
for all vyerl', and thus p,e¥ for all vyel',. F,, is a curvilinear
solid angle with apex at p,. We must know the 3-faces of F,,. In
principle, the 3-faces of F', in some neighborhood of the apex p,
can be computed by hand thanks to Lemma 3.2.9. For by that
lemma, the tangent planes to each 7 at p,, are distinet for all ve
F,. Hence the fundamental domain F,, for /", acting on the
tangent space to Ch® at p, determines the faces of F,, near p,..
The computation of the faces of F12 involves the solution of a system
of 24(p/6 — p)* linear inequalities (»p = 3, 4, 5) and in principal this
can be done by hand.
For any » > 0, set

S, = {x e Ch* d(x, p,,) = 7}.

Then S, is stable under /',. A fundamental domain F* for /', on
S. can be calculated (for any fixed @) via computer.

In Figure 1, we exhibit the domain F\§ with » = d(p,,, p,). The
faces of F'% correspond to the 10 elements

R, RS (RR), (RR)S, (RE.R )™

of the finite group /.. In Figures 2, 3, and 4, we show the 3-faces

of F', which lie on the surfaces ﬁ’l, Rﬁ?z, and RJA@R]. The defini-
tion of the vertices s,;, t,, are given in §11.

From the remark following Theorem 6.8.2, we know that F,,
satisfies condition

(CD1): YIETONEF,) = 7N Fy,

for all ve{Rf, R, (R.R,)*, (R,R)", (R.R,R)*} and also condition
(CD2). This last condition yields for each two faces of F,. an
identity eorresponding to the circuit F\v.F, v.,v.F, --- where

e="7NT7 NFy,v'e)=7N7""NFy,vve=%N0%"NF, - ’
and v,v,---7,F, N F,. has a nonempty interior; namely

'\/172' * '7n = l .
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Ficure 10.1. The intersection F'¥ of Fi, with a 3-sphere S, centered at pi.
radius »=d(p1, Do).

FIGURE 10.2. Fi.N R,

\
FIGURE 10.3. FN(RiRy)

of
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From Figure 1, one can read off the elements of E,(F,,) which
contain p,,; they correspond to the twenty edges of F,NS,. For
any v such that YN F,c E\(F,), set

*Y¥=9NF,.

Then along with the knowledge of E\(F),) one can determine the
circuits around each ¢c E,(F;,) and the corresponding identity. For
*R; N *R;*, the circuit yields the identity R? =1 (: =1,2). The
remaining eighteen 2-faces of F', occur in circuits of three terms
each

*R, N *(R.R)
(R2R1)>1/ \R1 (R2R1)~1R2R1 =1

*(R2R1)~1 m *Ré—l‘_&_ *R2 n *R;l

*B, N *(R.Ry)
(R1R2)>1/' \Rz (R1R2>—.1R1R2 =1
7 R
*(Rle)Ml N *Rfl Pl *R1 N R*;*

*R, N *(R.R,R,)
(R1R2R1)'1/ \R1 (RIRZRI)_1R1R2R1 =1

SRRR) N HREB) R *RR, 0 *R

*R, N *(R,R,R,)
(R1RzR1)'1/ \R: (BR,R)"'R,R.R, = 1

SRERR) N BB R *(R,R) ™ () *Ry

*R.R,) N *(R.R.R,)
(RiR:R)/ \QRz (RR,R)"RRR,=1

H(RRR)™ 0 *Ry < %R, () *(R.R)™

*(R.R,) N *(R.ER,)
(RleRx)/_l/ \R2R1 (RlRZRl)—1R1R2Rl =1.

{RRR) (Rt Ry 0 K(BR)
REMARK. In §13, we shall show the eighteen mappings of

(10.1.2) can be verified easily. Thus these circuits yield the pres-
entation

R =1=R; R,RR, = R,RR,
of the finite group I',.
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The isometry a,, corresponding to the automorphism R, — R;?,
R,— R* of I', permutes the elements of E,(F,) sending *(R.R,) to
*(By'Ri)=*(R,R,)~, *(R,R,) to *(R,R,)™, and *(R,R.R,) to *(R,R,R,)™".

The isometry a,, sends E.(F,,) to E,F, and thus we get two
additional isometries

*Ry N H(RRR,) = *(B.RE) N *(RR)™ = *(BuR,) N*(RR,R,)

10.1.3
( ) *R, N *(B\R,R,) = *(RB.R)™ N *(RR) ™ =*(R,Ry) N *(R.R,Ry)

10.2. The domain F(p), |arg ¢| < w/2 — «/p.
We continue the preceding notation. Set

F(¢)=F12ﬂFzsﬂF31.

When there is no ambiguity, we write F for F(@). In §12, we
shall determine certain vertices of F. For the present we note
that for all ¢ with |arge| < w/2 — n/p, F is stable under the
isometries J and {a;; (+ # 4,4, 7 =1,2, 3)} and that J' and K’ are
isometries of F(p) to F($). We denote by Isom F the group of six
isometries of V(@) generated by J and a,.

It will turn out that the combinatorial scheme of F' and its
faces remains unchanged for |arg (¢%)| < #/2 — «/p, is unbounded for
arg (9*) = /2 — x/p, and becomes bounded, and combinatorially con-
stant for 1/3(n/2 — n/p) < |arg @| < n/2 — «/2; but it is combinator-
ially different than the case |(arg (#%)] < 7/2 — =/p.

11. 2-faces of F(®) not containing an apex.

For any permutation (4, 7, k) of (1, 2, 8), set
A\ N
Ly, = (R,E;)™ N R;R,
and using indices modulo 3
I = Iy 501
I = Liig5-1 -

LEMMA 11.1. I, is the common slice of (B.R,)" and E,R.

Proof. Let J and J’ denote the isometries defined in §9.2
Then clearly

JI, = LJI, =1, .
Moreover, J'R,(®@) = R, ,(®) so that
(11-1) J’ 123(92’) = 321(@) .
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Consequently, it suffices to prove that I, is a common slice of
A A\
(R.R,)™ and R,R,. We have
1 0 0 N NP NiP
(B\R,)™ = RI'Ri* = | Nip 7° i 0 1 0

0 0 1 0 0 1
7 NP 7ip
=|7%p 0 —NP+7iP
0 0 1
1 0 0 1 0 0
RB.R, =|—nmip n* —0ip 0 1 0
0 0 1 —MP =P N
1 0 0

— _777:@“”2952 0 _7737/@
—7ip =g 7
In the homogeneous coordinates dual to e, e, e;, we get the equa-
tions

BB |G + i), + i, + (L + Tip — 79" + Tip)| = 1
R.R;: (1 — 9i® — 0°P* — nip)x, — Nipx, + (7 — PPiP)x,| = 1
multiplying the equation of (}3/1\122)‘1 by —#%® it takes the form
(BRY™ (L — 9@, + 7Pz, + (F — 7 + 7ip + 7P| = 1
or
|1 — 9P — PP, + () — PP + NiP)x, + NP (x, + @, + 25)| =1
Similarly
RRy |1 — 1 — p@, + (ff — 7% + nip)as — nip(a, + @ + ;)| = L.
Therefore, set

(L — 0i® — p*@")x, + (* — P + Nip)a,
x, + 2, + x4

g =

to obtain as equations

Bk 7 + 77| = 1

11.
(11.2) RR: |z —7ip) =1.

These equations have 2 solutions (see figure):
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Nie

o

2-2
e

Ficure 11.1
z =0 and z = nip — P’P*.
We note that 1 — 9ip — 9*¢* = —NiP(n* — P*iP + 7ip) and thus

z = 2 3,':@ + ,L'¢\ (_ﬁi¢x1 + .'1:3) .

(77 7 ) T+ X+ 2

The above two solutions yield two possibilities for the preimage of
I, and by Lemma 3.4.1, exactly one of two possibilities.

Case a: —7iPx, + 2, =0
s 22
(11.3a) Case b: —7idw, + @, = 7 Zzzﬁé 7-]?77@’;0 (% + 2, + @) .

Case b is equivalent to

A = 9P — NP, + (P — PP + NiP)Ts = PiP — NPN@, + @, + X)

or
(1 — 9ip — pip)x, — i — PP, + (O — 7P + PP, = 0
or
1 — i — piBhe. — mia(l -
(11.36) 1 — i — piP)x, — il + NP,

+ (L — 7iP + P, = 0 .

Applying J, the equation for the preimage of I; is exactly one of
the two possibilities

(11.8a) Case a: —Tipx, + 2, =0
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(11.8b) Case b: (1 — 7ip)w, — 7iPA — 7igY)w, + 721 — 7iP)x, = 0 .

The next lemma determines the values of @ for which Cases a
and b apply.

LEMMA 11.2. Let v, be the point in V defined in §9.1.
(2, 7, k) being a permutation of (1, 2, 3)
(1) The equation of w'(Il,) is given by —NiPx, + x; =0 and
Vg 18 the normal in V to w1, for
—(* 7 8 T _T).
(2 p) < arg (¢°) <3(2 p) ;
and 7w '(1,) is given by (11.38b) for —3(x/2 — n/p) < arg @* < —(w/2—

T/p)-
(2) The equation of w='(I)) is given by z, — Nipx, =0 and
V1 18 the mormal in V to w~ (L)) for

and (L) 1s given by (11.8b) for n/2 — nw/p < arg ¢* < 8(x/2 — «/p).

Proof. Consider the orthogonal subspace vi, to v, in V with
respect to the inner product H. Then z. + x.e, + 2, is in vs, if
and only if

<x191 + 2.8, + X8, —7]7:4_761 + e, + 7—7‘?'¢> =0

2 [7ip — alp — 7Pl + 2.1 — @t — 7)) + z[ — 9P — a(Pip* + P]=0.
Replace a by i/(p — 7); we find

[P(—7% — 9P] + zlP(—7% + 9] =0 .
Note that (7% + 7°) = 71P-P(—9* + 79*). Hence we get
Vet —NiPx, + £, =0 .

By (9.1.4), <, vy >0 for —(z/2 — z/p) < arg ¢* < 3(w/2 — z/p).
Hence for such @, v4, N V- is not empty and z(vs; N V) is a C-line
in Ch®. Its equation is precisely that of I,. Hence I, = (v N V).

For the remaining values of @, I, is given by (11.8a). This proves
(1). (2) follows from (1) by applying the isometry J': V(e) — V(®).

REMARK 1. In Case a, the preimage of I, in V~ has an equa-
tion independent of x,. It follows at once that I, is stable under
the C-reflection R,:x— x + (* — 1){x, e,ye,, since w,(e;) = x;(e,) = 0.
Clearly I, is not pointwise fixed under R,. Being stable under R,,



226 G. D. MOSTOW

it must be orthogonal to m(e), the fixed point set of R,. From
this it follows that the C-reflection in the C-line I, commutes with
R,. But by (9.1.8), (R,R.R,)* multiplies each element of i, by the
scalar 7*i@’. Thus I, is the fixed point set of (R.R.R;:. Conse-
quently R, commutes with (R,R,R,)* in PU (H) the projective unitary
group of H. We shall prove in §14 that they commute in U (H).

REMARK 2. In the projective space (V — {0})/C*, the intersection

of the two 3-surfaces containing (1‘2/1\1?2)‘1 and lfi,'/:l’if3 meet in two
complex lines, one meeting the ball V—-/C* and one not. As arg ¢
passes through the value —(w/2 — 7/p), we get nip — »*®* = 0 and
the two complex lines coincide. The intersection of I, with the
boundary of the ball is thus a single point of tangency for &*=74i.

12. The vertices D, Sij, Sij, Line

In this and the next two sections, we verify that a region 2(p)
related to the region F(@) satisfies the codimension-1 condition (CD1).
In order to achieve this, we need information about certain k-faces
of F(p) for k=0,1,2,38. The apexes p,;, 1+ Jj<{l, 2, 8}, and the
k-faces containing an apex have been discussed in §10. It remains
to discuss those k-faces which contain no apex. We do this in stages.

First we define points s,;, §;;, £, lying on the intersection of
four spinal surfaces containing 3-faces of F(g). In §13, we calculate
the images of these points under v for the ¥ which contain them.
In §14.3, we define the region 2() and in §14.4 we verify the
(CD1) condition for all its 3-faces.

The shape of F(®) undergoes a change when arg (%) increases
from values less than #/2 — n/p to greater values. Accordingly, we
ultimately consider two cases.

Case 1. |arg (P°)| = wn/2 — w/p

Case 2. w/2 — n/p < |arg 9°| < 3(w/2 — 7/p).

In point of fact, parts of F(®) remain combinatorially unchanged
for —3(x/2 — n/p) < arg @* < w/2 — w/p, while other parts remain
unchanged for arg ®° in the above range. Define for any ¢ modulo
3, and for any @

(12.1) Syt = LN Ty, S =L NI, .
By definition therefore
A~ ey N A~
s, = (BR)™7 N KRR, N (R,R,)™7 N R,E, .

The intersection on the right hand side is symmetric under inter-
change of indices 1 and 2. Thus we can define s, = s, without
contradiction, taking care not to confuse s, with
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N A~ A N N
5, = (RR)™"NRE,N(RR,)'NR,ER; .

More generally, set

VS

A\ P N
8;; = BR; N R;R; N (R R)™ N (R Ry)™
N N N P
8 = (BE)7N(R;R)™NR.R, N ER, .
Also, define for any distinet 4, ¥ modulo 3,

(12.2) ta = L N ;.

LEMMA 12.1. Assume |arg (¢°)] < n/2 — w/p. Then
81, = T(Nipe, + NiPe, + ;)
Sy = 77(_77@.@31 - 777:9-532 + e)
ty, = w(aa(@)a(Ple, + a(Ple, + a(P)e,)
bty = m(aa(P)a(Ple, + a(Ple, + a(P)es)
where a = 1/2sin 7/p), a(p) = P(L — pig®). Moreover, all the above
points are in the ball (V).

Proof. By §9.2, k(R(®) =R{p) for i=12,3. Hence
£(s,(P)) = §.(P) and £(t(P)) = t,(®). Thus it suffices to verify the
lemma for s, and ¢,. By definition s, = I, N I;. By Lemma 11.2,
the equation of the preimage of I(®) is:

L(p): x; — 7Pz, =0 .
Applying J!, we get as the equation for I:
(12.8) L(p): x,— NiPx, =0 .
By (11.2), LJ(p) = J'I,(®). Hence the equation of the preimage of
I)(p) is given by
L(®): x — Nipx, =0.
Hence a preimage of s,(®) is given by
x, = NiPp, £, = Nip, x, = 1,

verifying the assertion for s,,.
As for t,,, by definition

tyy = Ly Noef .
The equation of I, is given by (12.1.1):
I: x,— Nipx, = 0.

By (10.1.1), the equation for ¢ is
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ef: x — aPx, — apx, = 0 .
Solving these two equations simultaneously yields
T ty) = @(ap(Pi®® + 1), NiP, 1)
= a(a(2 + 7iP° — 7i’, (1 + 7iP°), P(L — 9ip°)
= z(aad, @, a)

where ¢ = a(p) = $(1 — 9i9°) and x € C — {0}.
It remains only to verify that the points are in the ball z(V-).

NOTATION. For convenience, we shall denote by s,; and §,,
vectors in V. For example, we write

S = 777:9061 + 7_]-7:¢32 + €3 8y = '"77%'@91 - 777:9562 + &

and similarly we sometimes denote by ¢,, the vector in V represent-
ing it as in the formula of Lemma 12.1. When there is risk of
confusion, we write s;; (in the ball) to indicate z(s,;).

For the vector s,

<812, 312> =3 — 77_?'7] [777:§D("77i¢‘¢ + ‘7’) + 77’@(-0“7’@ + Q’)
+ (—7ip-¢ — nip-P)]
=3 2200 = 1) + 9+ ]

Ui
=1~ [p + 7
n—7
(12.4) —1_ cosarg®’
sin-~
D

Thus {8, 8,y <0 if and only if |arg ¢*|<m/2—x/p. Since &(s,(P))=
5.(?), we see that <5, §,> = (s, s,y and thus §,enx(V~-) for
larg @*| < /2 — &/p.

Before verifying that ¢,c V-, we note the identity

a’p + atp = P — 29i9* — 7°¢%) + P*(1 + 27iP* — N*F)
= =290 + 271 + (1 — 7P + A — 7HP .
Hence
i
n—7
= 2 — NiP® + 7ip°
= ad .

a(a’P + @) = (22 =L (T — )P + T — 1P
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Then
(o, tey = {Qale, + @e, + ae,, ade, + Ge, + aes)
= qadlaad — apa — aPa|
+ ale — ad®a@® — adp]
+ ala — a’adp — aadP]
= 2ad@ — @’ad — a(a’P + a%p)
= ad(l — &’a@) + ad — a(a’*®P + a*P)
= ad(l — a’ad@) .
Thus (ty, &y <0 if and only if 1 — a®ad < 0; that is, a™® < ad.
This is equivalent to

<§_“T7Z>2 < (A = 9ip)A + Tigp?)

2 -9 — <2 — P + NiP*

_2003_2_”_ < 2sin <—7—T—+ 30), = arg @
p p
- sin(—ﬂ:——gz—> <sin(—zc— -+ 30)
2 D D
T T
— = =) < 30.
<2 p)

Thus t,e V- for —(n/2 — n/p) < arg ¢° < 3(x/2 — w/p). Applying
(@) = K(tx(P)), we find that t,e V- for —3(n/2 — 7/p) < arg @° <
/2 — w/p.

The next lemma will allow us to determine how the cell complex
F(p) changes as arg @° attains the values 7/2 — 7/p.

LEMMA 12.2. For |arg (9)| = w/2 — w/p, and for any integer i
modulo 3,
(1) 84,0401 = 771/"‘—1¢ei + 771/‘_‘—1-959@%1 + e,
Sit, = _771/—:I¢ei - 771/——-1531'—)—1 + e,
Lo = a(P)e;, + a(Ple,_, + aa(P)a(P)e;r,
L = a(Ple; + a(Ple;r, + aa(P)a(Ple;_,
where a = (2sin/p)~", a(@) = P — ip*), and a(P) = a(P).
(i) 8404 = 80y of and only if arg @* = —(n/2 — «/p)
S0 = Si—1,00 4 amd only iof arg @* = w/2 — w/p
(iii) sie0 = tiyies of and only if arg 9* = — (/2 — w/p)

Sir, = tiw,s of and only if arg @* = w/2 — 7w/p.

Proof. By Lemma 12.2

§’13 = 72,'('—77’57—)61 + e, — 771,§De3)
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and s, = w(Yipe, + NiPe, + e,) = w(N’e, + e, — Nipe,). Thus s, = F,
if and only if ¢* = —»i. By applying J and J~!, we get the first
assertion of (i), and by applying £ one gets the second.

As for the remaining values of @, the next lemma gives an
explicit formula for the points s,;, §;;, and £, in terms of the vector
v, of V listed in §9.1.

LEMMA 12.3. Assume that w/2 — ww/p < |arg @] < 3(w/2 — w/p).
Then for any permutation 15k of (1, 2, 3),

s — {vm if (Vg Viagy <0
Y Vige 1 {0, Vi <0
Vi i iz, Vijry <0

l

I
(

I

jar 1 Wiy Vi <0
Vi 1f <7fﬁk, 'Uijk> <0
by the formula (12.2) if (v, v, > 0.

I

Sij
27

That is,

Sip = 813 =ty = Uy
for _3<_7f_ — _ﬂ_> <arg PP < — (_TL — _ﬂ';_>
2 D 2
§21 = 8y = by = (20

for 3<—g—-——7;~>>arg¢323<—~————>.

Proof. The computation of the indicated points in the indicated
range for @ proceeds from equation (11.8.b) for I;, and the veri-
fication entails straightforward solutions of two linear equations.
The condition on @ that v,;,€ V- can be read off (9.1.4) and (9.1.5).

REMARK 1. For |large| = #n/2 — wn/p, §,;, = s,; if and only if
Vi = 0.

REMARK 2. As a consequence of the given relations in the
group I, we will see in §14 that (v, vi;> = 0 = Vi, Vjmy. This
can be verified directly of course. Since H has signature (two posi-
tive, one negative) {(v,;, vy < 0 implies {V;u, Vi = Wins, Varsy > 0.
If i, vy = 0, then v, € Cvy; + Cvyy.

13. Towards verification of (CD1): images of points.

LemmA 13.1. For all distinet i, j and all values of ® with
larg ¢*| < 3(x/2 — x/p)
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w(Rs,;) = w(8y) .

Proof. By symmetry, it suffices to prove that
W(Rlsm) = 7(8}) .

If |arg 9*| < w/2—7x/p, then by Lemma 12.1, s, = Jipe, + 7iPe,+
e, and the components of Rs, are given by

7P =P —nip, NP P — 1P
0 1 0 ) (77@ = 77@) = 7ig| 1
0 0 1 1 1 NP

so that w(R.s,) = 7(8,).

If #/2 — z/p < arg @' < 3(x/2 — w/p), then by Lemma 12.3, s, =
Vg 8INCE Wy, Uy = Vo, Vosy < 0. Thus Rs, is given by (cf. §9.1
for v, and v;,).

Nt —1iD —Pip P — NP7 —Nip
0 1 0 ) 1 ): 1 ):—m'qn Tip )
0 0 1 — NP — P 1

Thus R8, = —0iPv, = —0iPs, and again 7w(Rs,) = 7(8,). The
result for —38(x/2 — n/p) < arg * < n/2 — w/p can be deduced from
the above by applying the isometry J': V(@) — V(®).

LEMMA 13.2. For all distinet i, j and for all @ with |arg @*| <
3(n/2 — =/p)

w(R,8;,) = w(s,y) .

Proof. It suffices to prove the result for R.S,. If |arg @’ <
/2 — w/p, the computation is

1 0 0 —NiP — 7P \ Nip
0 1 0 ) —0i® | ={—nip ) = —9*| 7P
—NiP —Nip N 1 -7 1

If 7/2 — w/p < arg P* < 3(w/2 — w/p), then by Lemma 12.3, §, = v,,
and s, = ¥,. The computation is (ef. §9.1).

1 0 0 1 1 NP

( 0 1 0 (-77@’(;7 =|—nip |=—mp| 1 ) .
—ip —7nip 7 7P — 9Pt —NiP

For the remaining values of @, the result can be deduced from the

foregoing by means of the isometry .J': V(@) > V(®).
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The information in Lemmas 13.1 and 13.2 yields the hexagonal
diagram

(13.1)

~
Sa1 Tt Say

LEMMA 13.3. (i) For each index 1 modulo 3,

RR;y,=J on I, if 8y # 84
RR, =J " on Il if S0 7 81,01

(ii) (R,R;R,)* fixes each point of I, if
Vijuy Visiy > 0

(iil) R.R,R;R.s,; = s;; (in the ball)
(all permutations (i, 4, k) of (1,2, 3) in (i) and (iii)).

Proof. (i) By symmetry, it suffices to consider the case ¢ = 1.
Then by definition (12.1),

81 = I1ﬂI2’, §13: 11013' .

By the hypothesis s, # §,,, I, is the unique C-line containing s, and
8. From the hexagonal diagram,

R.Rs,, = 8y, B R,8,;, = 8, .

Hence R.,R.I, = I,, the unique C-line containing s,, and §,. Since
the restrictions of R,R, and J to I, are isometries, which coincide
on s, and §,;, the isometry J'R,R, fixes these two points and there-
fore every point of the geodesic line joining them, and therefore
every point of the C-line joining them. It follows that R,R, and J
coincide on I,. That R,R, =J ' on I/ comes from applying the
complex conjugation isometry k,: V(@) — V(p):

k(3:5(P)) = %u(P), £(8:5(P)) = s0u(P)
k(R(P)) = RHP), £(BP)) = E:'(P)
£(L(P) = L(P) .
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At §, R Rys,=s,, RR,5,=5,. Applying k£, we get at »: B['R;'S, =
8y, B7R's,, = s,,. Hence R,R,8, = &, B.Rs, =s,. It follows that
R.R, coincides with J' on I). If (v, v > 0 (resp. (W, Vs > 0),
we can apply Remark 1 following Lemma 12.3. The information in
(i) then yields the triangular diagrams

I, I
(13.2) R@/\QRB RlR/s / \%Rl
Lo L. Ligor L

On [, RR,-R,R,-R,, = J° = identity, so that (R .R.R,)’ fixes each
point of I, if (v, v > 0. Similarly (R,R,R,)* fixes each point of
I; if <77321; '0321> > 0.

(iii) follows at once from the hexagonal diagram.

REMARK. Assertion (ii) of Lemma 13.3 has been pointed out
before in Remark 1 following Lemma 11.2; it comes from the fact
that v,; is the eigenvector of (R,R;R,)* corresponding to the eigen-
value of multiplicity 1. Thus »4, N V- is not empty if and only
if vy, vigry > 0.

Consequences in another direction of the information in the
hexagonal diagram are given in the next lemma.

LemMmA 13.4. For any distinct €, 5 from {1, 2, 3},

i

A ~ ~ N N ~
Sij Ri n Rj N RiRy‘ N RjRi N RiR:iRi 0 Rk‘l 0 (R;\Ri)fl n (R/ia\Ri>Vl
A ~ N A~ ~ A~ PN N
S, =RI'NE7N(RE)NWR;R)N(RE;R) N R, NRR,NRE;R,
~ ~ A~ ~ ~ N
tw = R; N By N RR, N (RER)™ N RER; N (RER)™ .

Proof. The definition of the above points are given in (12.1)
and (12.2), explicit formulae for them being given in Lemmas 12.2
and 12.3.

It is easy to verify that the number |{p,, s;>| is invariant under
the eyclic permutation automorphism J and also under the isometries
J’ and k£ of V(@) to V(®) and hence under the group Isom F of
the six isometries of V(@) to V(@) generated by J and a,, (cf. §10.2).
Under Isom F, the six points {s;;, §;;;7 #* 1} are permuted transi-
tively and the point p, is fixed. Hence for any permutation (ijk)
of (1, 2, 3),

d(p,, 8:;) = A(Dy, Sip) -

By Lemma 13.1, B;s;; = §; (in the ball). Hence d(5.;, p,)=d(su, D)=
d(R;s;;, p,). By definition therefore, s; € B,. By symmetry s,;cR,.
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The proof s;; € Ri* is similar. Also
R;R.s,; = RS, = su
so that d(s.;, po) = d(sy, D) = d(R;Ris,;, p). Hence s, € BB, Also
R.R;R;s,;; = Ri(sy;) = Ry(sy) = §4;
so that d(su, Do) = dG.;, p) = d(R.R;Ris.;, p). Hence s,;e R.R,R,.
The remaining assertions for s,; and §,; result from applying Isom

F to the above results:
As for t,, by definition,

tw=LyNef =R, 0B NRR.N(BR)™ .

Since R; fixes each point of e}, R;R,R;(t;,) = B;Rpty. If vy, visu) >
0, then I, is given by (11.8a) and Lemma 13.3 (i) yields R;R.t; =
t;;. Thus

(BB Rity, ) = d(ts, Do) = Alu, Do)
and ¢, eRJ-R/,,\R,-. On the other hand, if (v, v;u> <0, then ¢, =
Vip = Sj, and
R;Rit,, = R;RS;, = R;81s = 8ip = Vs = Ljs -
Thus by the same argument, ¢, € R,-]é:Rj is this case too. That

t,,ce(R,Ril’Bj)*1 can be deduced from the foregoing by applying the
isometry a;,. The proof of Lemma 13.4 is now complete.

LEMMA 13.5. For all permutation ijk of (1,2, 3) and for all
@ with |arg ¢*| < 3(x/2 — «/p)

R;Rit;, =ty (in the ball) .
Proof. This was demonstrated in the proof of Lemma 13.4.

14. Some identities in [, some lines in F, and (CDl) for
2P).

14.1. Relations in I". We mentioned in Remark 2 following
Lemma 12.3 that (v, v = 0 = vy, vu,;» for all permutations
(i7k) of (1,2,8). The group relations proved in the next lemma
explain these orthogonality relations and the relation {e;, v =0
as well; they arise from the relation R,R;R, = R;R,R;.

LEMMA 14.1. For any permutation (ijk) of (1, 2, 3) and for all @,
(i) Ry(RB.B;R.) = (B.R;R,)R;.
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(ii) Let a = R,R;R.R;, b = R;"R,R,R,, ¢c = B,'R.E.E; and 1" =
{{a, b}}, the subgroup of I' generated by {a, b}. Then [ is abelian.

(iii) (R.R;R,)" and (R.R.R;)* commute.

(iv) (R.R,;R,)* and (R;R;R,)* commute.

(v) @ = (R.E;R,) - (BRR;)".

Proof. R,RR,R.R.R,R, = R.R,RR,RR,R,
= R,LRJRkRIRkRJRk
= R.R;R.R.R,R.R,.

This proves (i).
By (i) ab = (R.R;R,)* = ba. This proves (ii).

ca = Ri'R.R.R;R.R,R.R,
= REIRiRichRiRI;Rij
= (R.R.R;), by (1).

Moreover b~'a = R,'R;*R;7‘R,R.R,R.R;, = R,'R;'R;'- R.R;,R.R.R, =
R;'R.R.R;, = c. Hence {{a, db}} = {a, ¢} and (R,R.R;’cI’. This and
(i) imply (@iii). Applying the isomorphism «: /() — I'(p) to the
relation (iii) in /'(®) yields that (R;'R;'R;')* and (R;'R;'R;')* com-
mute in /(). This implies (iv).

We have from above

(R,R;R)(R;R,R;) = abca = ab(b™'a)a = a® .

This proves (iii).
14.2. Geodestic lines.

LEMMA 14.2.1. Assume —(x/2 — z/p) < arg P® < 3(x/2 — w/p).
For all i, . R
(1) INR, and I, B;" are geodesic lines.
N S
(ii) e/ NRR,., and e, N(R,_,R,)™" are geodesic lines.

Proof. I, is a slice of R/;Ri,k, by Lemma 11.1. Clearly e/ is a
slice of R,. We have e/ is orthogonal to I, at ¢, ,.; for by Lemma
11.2 (3), v 1§ the normal to I, and {e, v.> = 0 as is easily verified.
Hence I, N R, is a geodesic line by Lemma 3.2.5. The same argu-

AN
ment applies to I, N R;'. This proves (i).

Since the C-line e; is orthogonal to the slice I, = (R/;]Rl)"l N

R.R,.,, (iI) also follows from Lemma 3.2.5.

REMARK 1. For —3(n/2 — w/p) < arg @* < w/2 — w/p, we get by
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the map J': V(¢) — V(p), that

(1Y I'NR, and I/ n R;* are geodes1c lines.

(ii) e N R/i\Ri_1 and I/ N (RmRi) -! are geodesic lines.
Assertions (ii) and (ii)’ are in fact valid for |arg ¢®| < 3(x/2 — =/p).
For ¢/ N R/jez is real analytic curve in the ball depending analytically
on the parameter @ throughout the interval {arg @*| < 3(x/2 — /).
Since it is a geodesic line on an open subinterval of @, and since
the condition of being a geodesic line is real analytic (with respect
to standard nonhomogeneous coordinates centered at p,, it amounts
to being a real line), it follows that ¢f N R.R, is a geodesic line for
all @ with |arg ¢*| < 3(%/2 — =/p).

FIGURE 14.1. A schematic drawing of 4,;, = I,;; N F(p) for
larg @*| < /2 — w/p. As @*— 71, 4, approaches the point at oo,
For argo® > n/2 — w/p, 4, becomes a single (finite) point in the
ball so long as arg @° < 3(x/2 — n/p). For —3(n/2 — n/p) < arg P* <
— (/2 — 7|p), 4. 1s a single point.

LEMMA 14.2.2. Assume (v, Vi > 0, then
(i) RkRRkﬂI,,k—R N L
(ii) (RR Ry N I, = R N L

for all permutation (1, 3, k) of (1, 2, 3).
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Proof. Set l; = ﬁj N L. Then for any =, €l,, set z, = Jx,, x,=
J*x,. Then d(x;, p,) = d(x, p,) = d(x;, p,) since Jp, = p,. By Lemma
13.3, J=R,R,.; on I,. Hence d(R.R,R.x, p,) = d(R,R,R,x;,, p;) =
Ad(R.2,, D) = A5, D,) s1nce z,¢ R,. Hence d(R.R,R.xp,) = d(x, p,). It
follows that I, CRIRR N Iy,. By Lemma 3.2.7, RIR R, NI is a
circular are. Consequently I, = leele N I,,. By symmetry R,-R,chﬂ
I;, = R;NI,;. Since R;R.R; = R.R;R,, (i) follows. (ii) follows from
(i) by applying the automorphism a,.

LEMMA 14.2.3. For all permzitations (t5k) of (123) and for all
@ with |arg 9*| < 3(x/2 — w/p), R;R.R; N ef is a geodesic line.

Proof. Assume first that {v,;, v;3> > 0. By Lemmas 14.2 and
14.1, R,.I?,cR,- N I;. is a geodesic line I; which contains ¢,;,. By Lemma
3.2.7. (iv) l; and the spine of RjﬁkRj span a geodesic R-2-plane G.
The C-line e} is orthogonal to I, at ¢,. By Lemma 3.2.8, B;R,R;N
e; is the geodesic line, for it coincides with G N ef.

By the analytic continuation argument of Remark 1 following
Lemma 14.2, Rj}?kRj Ne} is a geodesic line for all @ with |arg @*| <
3(n/2 — x[p).

LEMMA 14.2.4. For all permutations (ijk) of (123) and for all
P with |arg 9’| < 3(z/2 — /p),

(1) Ri 'N L is a geodesic line.

(ii) Ri NI = Rk N L.

Proof. By Lemma 14.2.1(), f?;lﬂlé is a geodesic line. By
Remark 2 following Lemma 12.3, I; is orthogonal to I, at §,;,;. By
the argument above based on LeAmma 3.2.8, Rin I,., is a geodesic line.
By symmetry one infers that E;* N I,;, is a geodesic line as asserted
in (i). By applying the isometry a,: V(@) —V(p), one infers that
R.n I;, is a geodesic line. By Lemma 13.4, both Bn I; and R.n
I.;, contain the points s; and ;. Since geodesic lines in Ch" are
unique, (ii) follows.

14.8. The region 2(p).

We have defined in §10.2
Flo)=F,NFyun Fy .
From the results of §10.1, we have
s;;€Fy,, 85,;eF,

for all distinet 4, 5 (modulo 3). Also
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tl3! t23’ tal, t32 € F12 .
By symmetry it follows that for =7,
Sijy Si; € Fy N Fiyy N Fy
and also
Liey L € Fiy N Fyy

and as a matter of fact for all permutations of 1, 7, k, the points
Dijy s Sijy ta aTe in F(@).

We would like to assert that the above points make up all the
vertices of the cell F(@). To verify this, we would have to show
that the faces of the region F), intersect the edges of F(®) in no
points other than the above vertices. Proving this would entail
estimates on the derivatives of (cosh d(x, p,))? — (cosh d(vz, p,))* and
their behavior on the faces of F(@). We circumvent this difficulty
in the following way.

Let 4;; = {R#, (R.R)*, (R,R;R)*"; i#7=1,2, 8}, and let 4 =
4y U dy U 4y, As in §10 set Fyy = Nyes,v*. Let Ey(F,) denote the
set of codimension k-faces of F,,. The set E*(F,) consists of twenty
2-faces; set *ef = *R, N *R;* (where *y = 5N F, for vyed,), i=1, 2.
Then for

(i) any ecE,(F),), ¢ + *¢f or *e, the information of §14.2
shows that e N F(®) lies in a curvilinear triangle with vertex at p,,
and opposite edge a geodesic line.

(ii) et N F(p) lies in a geodesic quadrilateral p,,t,p,t,, bounded
the geodesic lines

A A A~ A
e N RRR, e N (RR)7 ef N BR.ER;, e N (R.R)™.

For each ec E,(F,), define the & as the above curvilinear triangle
if ¢ # ¢} and as the geodesic quadrilateral for ¢ = ¢/.

By use of the automorphism J, we define & for ec E,(F,) U
E(F,,) U E(F,). (It is easy to verify that the resulting &5 = J*e¢f
coincides with the geodesic quadrilateral obtainable from *ei € E,(F,).)
For any ve 4, we define ¥ as the region of ¥ that is bounded by
the 2-faces ¢ lying in 9. Finally, we define 2(®) as the 4-dimensional
region which is bounded by {¥; v 4}. It is clear that F(p)c Q2(p).
Computer calculations for certain values of @ of interest to us, shows
that in all such cases F(@) = 2(®).

Indeed, for all cases in which 2(p) satisfies (CD1) and (CD2), 2(@)
is a fundamental domain mod Aut £ by Theorem 6.3.2. On the other
hand, if D= )c~-7+, then I'D= X. Therefore 2c(Aut2)DC
Aut 2-F = F. Consequently F(@) = 2(p) whenever £2(p) satisfies (CD1)
and (CD2).
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Henceforth we focus attention on 2(@) rather than F(®). The
3-faces B, RTRz, RIR:Rl in case |arg @*| < 7/2 — 7w/p are shown below.
The 8-faces R; : (R;R)‘l, (RIR;?El)‘l can be obtained from the complex

conjugation map V() — V(@), and the faces R, R;?%l can be obtained
by applying to these the isometry a,:V(e) — V(). The remaining
faces can be obtained from the symmetry J.

823
N

FicurE 14.2. The nine faces of B; (labeled by the intersecting 3-faces) for
larg ¢* | <=z/2—z/p.

RiR:Ri(p1s, $19, ts2), RoRu(D12, S12, Ss2), K5 (D1, Bse, Sa1), (B2 R (D12, Ss1, toa)
(RsR1) (D1, 812, tae), By (Ds, Siz, 5sz), RuRu(Dss, Sao, 831), ReR1Rs(Das, 851, tos)

R7Hpia, tss, a1, tas)

FiGUre 14.3. The four faces of R’]\Rz for —(z/2—x/p) <arg ©*<8(x/2—=/p).
Ry By Ri(p1g, 812, ta2), BTN (D1ss Sra\;, ts2), Bo(Dis, 12, §12), (R;kl)’ (tse, 812, 8;)

FIGURE 14.4. The four faces of RiR:R; for larg 0% <z/2—z/p.
Ri(pas, 12, t32), RTRz(plzy 819, ts2), Ra(P12, 819, ta), R?Rl(pm, 819, ta1)

14.4. Condition (CD1) for Q(p).

PROPOSITION. For all @ with |arg @| < n/2 — ©w/p, the region
Q(p) satizfies condition (CDI).
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Proof. It suffices to prove that:
(14.3.1) v E(¥) = Ey(7)

for k=0,1,2 and all yed. For this will imply that v maps the
boundary of ¥ onto the boundary of 5! and therefore ¥ onto 7.
Actually it suffices to prove (14.3.1) only for those 0, 1, 2-faces which
do not contain the apex p,. For by §9, each F; is a fundamental
domain for the finite group I';; and therefore satisfies (CD1)(¢ # 7,
1, 7€1, 2, 3). The (CD1) condition for F,,, together with (14.8.1) for
ec E,(7); ved,, with p,¢e, k=0,1, 2, yield v-¥ = 7~ for all ve 4,;
by symmetry one gets

(CDh1) v ¥ =41, all ved.

From the definition of 2(¢), one sees that the only 2-faces of
Q2(p) which do not contain an apex are for any permutation (¢5%) of
@, 2, 3).

(14.8.2) L. for |arg @' < % -
VY

(14.3.3) Lggy Lgy, I, for ('721 - %) Sarg e’ < 3<i;.— - —%)

(143.4) Lo Loy Ls for —3(5 - Z) <argy's —(Z - I)

and that each vertex and 1-face not containing an apex lies on the
above 2-faces.
Set

dije = Lij N AAP) for (v, viey > 0.

From the results of §14 and §10, one sees that every e € E,(2) which
lies in some 7 € E(2) but does not lie in any f € E,(F),) is a geodesic
line segment. Inasmuch as the geodesic joining any two points in
Ch” is unique, to prove (CD1) for £, it suffices to prove (14.8.1) for
k = 0; for reasons of symmetry, we need only consider ve 4, and
v = R, R\R,, or R R,R,. The requisite information

thaz = Ty, Rlsm = §1:«3; R1§32 = Sa3, Rlssl = §21; R1t23 = £y

R.R;8); = 8, Rletsz =ty BiR8); = 8§y

RR,R ity =t BRR S, = 8y, RiR,Rity = ty

is given in §13.

AN\ N\
15. (R.R)™, R;R,) and related angles,
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In order to determine for which values of the parameter @ the
region 2(@) satisfies condition (CD2), we compute the angles at which
the 8-faces of 2(®) meet at those e¢c E,(2) which do not contain an
apex of 2. Such 2-faces are 4,; corresponding to all permutations
(igk) of (128) if |arg @*| < w/2 — w/p, to the even permutations if
/2 — w/p L arg P* < arg @° < 3(w/2 — xn/p) and to the odd permutations
if —3(z/2 — n/p) <arg P < —7x/2 — x/p.

LEMMA 15.1. (1) For any permutation (ijk) of (1,2, 3)(RR;)™
PN
and R;R, meet/ﬁn L at/iz constant angle vf vz, vz > 0. Moreover
(ii) CUR.R.)™, R.Ry) = w/2 — w/p + arg @*  for arg@® =
—(7/2 — /D)
se e /\ /\
(iii) <WR:RY)™, BB, = /2 — n[p — arg ¢° for arg ¢’ < w/2 — w[p.

Proof. By Lemma 11.1, [,;, is a common slice of (R:\Rj)‘1 and
R/j\Rk. By Lemma 3.2.9 (ii) the spines of (R/}BJ) tand R/\R,c lie in the
same C-line. Hence by Lemma 3.2.4, (1) follows The angle {((R R,
RRS) can be computed as {(z((R1 )Y, 2(R, Rs)) for any C—valued

S-funetion (S = (RIRQ) L Rst) by Lemma 3.2.6. By (11.2), for such
a function z, we get as the images of spinal surfaces

P
(BR)™ |z +7%p| =1
R,R;: |z—7mip|=1.
The angle 4 at which the normals to the two cireles at 0 intersect
is clearly
(ie/—10"P")
6 = arg(ip = 77 @) = arg(—9i9°) .
Hence the angle at which the two circles intersect is |7 — 6| =
w/2 — w/p + arg ¢* for arg @ = — (/2 — w/p). This proves (ii). (iii)

is obtained from (ii) by applying the isometry J': V(@) — V(®), wnich
interchanges 1 and 3.

LEMMA 15.2(i). In the geodesic triangle 4,;

_1_(£ — T _ g g03> . for even (ijk)
. 2\2 p
FtasuSi = 1
_<1 ~ T L oarg ¢3> . for odd (ijk)
2\2 »

where (ijk) is a permutation of (123).

Proof. By symmetry, it suffices to consider the geodesic triangle
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Ay, The calculation is somewhat analagous to the one used in
proving Lemma 15.1. We shall first determine the equations of the
lines B, N 4,, and R,N 4,,. From the matrices of §9, we get as the
equations of R, and 1?2

R:\pw, + U — 5i@)x, + (1 — 0ip)a,} = |@, + @, + o]
RZ: I(l - 77i§0)901 + 772-%'2 + (1 - 777'7_))903] = le + 7 + xsl .

From (11.8a) we get as the equation of I,
L, v, = —nipa, .
Substituting for «x, and setting z = x,/(x, + x, + «,)
L 0 By: |21 — 9i@)(L — 7ip — 7)) + 7| = 1
L0 By [2(—1 + 7ip + 7°9%) + 7*| = 1.
Setting b = 1 — pip — P’¢p? we get

L. N Ry |2 + 77b(L — 7i@)| = 1/]b1 — 7i@)|
I, N Ry: |z — (1 — nip)/b] = 1/]b] .
The common solution corresponding to the point s,, = Jipe, + NiPe,+e,
is
sp: 2 = NP/l + Ni(P + P)) .

The map of the C-line I, into C given by the function z is
holomorphic and therefore conformal. It follows from elementary
geometry of circles that one of the two angles between the two
circles is the arc of

17@@3 n Uk 1
14+ 7+ @) bl — 9iP) b
w = —— .
0P _ 11— 1
1+ 7i(e+®) b |61 — 7ip)]

After clearing denominators and simplifying numerators we get

w = L+ TiP + T = 9iP)
1 + 7ip + 7)1 — 7iP)
Note that 1 + 7i® + @ = (1 + iy + 7°). Hence

2 = ot — 7IP)A + 7iP)
w =P = =
A = 7iP)L — 7iPp)

= o Nip(l — NiP)

1— »nip
= NiP° .
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It follows that < ¢.s,85, = (w/2 — w/p — arg ¢*)/2. From this the
lemma follows.

REMARK 1. The angles above can be computed by applying the
analogue of Napier’s rule for a right triangle ABC with hypotenuse ¢:

cot A cot B = cosh 2¢

in the constant curvature C-line [;. The resulting computation is
longer than the one presented here.

REMARK 2. Note that the triangle 4,; is isosceles since R;
carries one side into another by Lemmas 14.2.1(1) and 13.4. Hence

N - 1 A\ LS
L a8 = LtuS 8 = - I (BB, R;R)
for |arg ¢*| < w/2 — 7/p.
LEMMA 15.8. < tuputy = (6 — p)/2p)n(p = 3, 4, 5).

Proof. Let 4,= F,Nei(t=1,2). From the description of the
fundamental domain F), in §10.1, we see that F), has only two 2-
dimensional faces fixed under a C-reflection; namely 4, and 4,. Con-
sequently, from X = I',F,, we infer

e = U {vdy 74, C e} Ulvd;; v4,Ces} .

Clearly v4,C e, implies ve; = e; and therefore v e ZI', where Z is the
center of I', and I', = {{R.}}. We have R,R.e, = —7ipe, by §9.1.
Hence R,R.Re' = RRe+ = e). Inasmuch as Ze! = ef(1=1,2) and
(R.R,R,)* e Z, we see that

{7 S F]2; A//Az - ef} = ZR1R2R1F2 .
Hence
e = Z4,\) ZR. R,R . 4, .

Thus e is a union of 2% Z sectors with disjoint interiors. It follows
at once that

1 2n_6—p

_ T
2¢ 7 2p

< t13p12t31 =
by (2.2.4).
16. The stabilizer of 2(®) in I,

Let o be order (in the multiplicative group of nonzero complex
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numbers) of 7i%* and let o be the order of 7i@°. Let
r = order(R,R,R,)> in PU(H)
s = order(R,R,R,)* in P(U)H).

Let Aut,£2 denote the stabilizer in I of the region 2(¢). From
§9.2, we know that the order # Aut, 2 is at most 8. The following
theorem determines Aut Q.

LEMMA 16.1. Assume that p is finite (or equivalently that o is

finite)

(i) f 3tp then (RR,R)*R.R,=J in Ch*, where 3t +1=10
mod o

(ii) if 3t o, then (R;R,R)”R.R,=J* in Ch®, where 3y +1 =0
mod o,

(111) (R1R2R3)2”R1R2 = (R2R3Rl)2”R2R3 = (R3R1R2)2”R3R1
(R:R,R)"R,R, = (R,R;R.,)*R.R, = (R,R,R,)"R,R,
(iv) » = order(7i9®)?, s = order(7ip").

Proof. Set & = 7i¢®. From (9.1.1) we see that the eigenvalues
(R.R,R,)* are
(16.1) —0'P~, pP’, PPt
In addition by (9.1.8)
(BB By v,y = — 0P "0y
(R.R,Ry)%e, = n*ip®
<32, ?)123> =0.
This implies that (R,R,R,)? fixes the point z(v,) of CP? and each
point of the complex projective line n(vs), rotates CP? around the
point 7(v,,;) by the scalar multiple
(16.1) PPt — o=t = &
stabilizes e;, and rotates the complex projective line w(es) around
the points
T(vs Ne) and 7w(vis Nes) by
scalar multiples (9i9®)/(—7°®~%) = & and & respectively.
The order of (R,R,R.? in PU(H) is the order of &. This proves

the first part of (iv) and proof of the second part is similar.
By Lemma 12.3

(v N e5) if <1)123, '0123> >0
TV Ne3) I (Wi Vi) <0 .

13 —
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From §9.1 we see that R,Re, = —nipe, (by symmetry from
R, R.e, = —7ipe,) so that R;Re = ei. By Lemma 13.5, R,Rt, = &s,.
Hence R,R, sends the quadrilateral @, = [pyt.0:t.] into the C-line
7w(e) so as to abot the quadrilateral @, = [pt.p..t:.] along the geo-

desic line segment [¢,,, p.,] (cf. Figure 16.1) since R;R: R:R1—> (R,R,).

R3Ripis

RaRit2
RsR:1Qs3

t32

P31
P12

t23
Ficure 16.1

By symmetry one sees that image R.,R, -R,R,-R.R.,Q, is given by
rotation about ¢,, through the angle 3 L (R,R)*, B\R, = 3(x/2 — w/p +
arg ¢*) = 3arg £ in the sense from p, to p,, this is a rotation about
the point ¢, by the scalar multiple & if (v, v, >0 and by the

scalar multiple & if (v, v < 0.
Suppose now that 3.fp. Then one can choose ¢ so that (R, R,R,)*
rotates R,R,Q, back into @Q,; one need only select ¢ so that

(53)# = El if <U123, '0123> >0
(53)# =& if (V1zy, Vi) < 0.
In either case &' =1; so select ¢ to satisfy 3¢ + 1 = 0(mod o).
Then we have
(BuR.R)*R,R.Ry, = 1,
(RsRle)z'uRlep% = Pa -
In addition, by Lemma 13.3 (i), R,R, =J on I, sending I, to I, if
{Vioy Vi > 0. In this case, (R.RR)*R,R,=J on I, (by Lemma

13.3(ii)) as well as on 7w(ei) and therefore on the ball.
It remains to consider the case (¥, v,y < 0. In this case, the
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triangles 4., 4.2, 4y collapse to points and the reasoning of the proof
of Lemma 13.3(1) does not apply. Instead, one argues as follows:
R,R, carries I, to I, and R,R,-R,R,- R, R, carries I, to I, rotating the
C-line I, about the point ¢, by the scalar factor &. Hence by symmetry
R.R, restricted to I, is the map p,oJ where p, is the rotation of the
ball about ¢, by the scalar multiple £. Consequently, R,R, = p,-J.
By (16.1), (R,R\R,)* = p;*. Consequently J = o{'R;R, = (R,R.R,)*" R,R,.
This proves (i).

(ii) follows from (i) by applying J': V(@) — (®).

(iii) follows from (i) and (ii) by symmetry. The lemma is now
proved.

REMARK 1. From (9.1.6) it follows that the order in PU(H) of
R,R.R,R, is l.c.m.(order —ni¢’, —5i®°) = lem(a, p).

REMARK 2. If Q(9) satisfies conditions (CD1) and (CD2), then
3lp and 3|0 implies that # Aut, 2 = 1. For then the circuits around
4,5 result in the identity map. By Theorem 6.3.3(a), Aut, 2 = (1).

REMARK 3. More generally, in the joined I'Q(®) space, if 3{p
and 3|g, then # Aut, 2 = 1, provided that |arg ¢°| < 7/2 — w/p. We
shall prove this in § 18.4.

ReMARK 4. By Lemma 13.3(1), J'R,R, fixes each point of I.
Clearly J'R.R,p, = J'p,, = p,. Consequently, J'R.R, is a rotation
of CP? about the line I, stabilizing the line e; and rotating p,, into
p,; about t,. Comparison with (16.1) shows that J'R,R, is a
rotation of CP*? about I, by the multiple &. Moreover, the matrices
JIRR, and R, commute. For JR, = R,..J for any 7 mod 3; hence

J'RR.R = J'R,RR, = RJ'RR, .
17. Nomnarithmetic lattices /'(®).

17.1. Values of ® for which 2(p) satisfies (CD2).
Set

o = order(719*) , ¢ = order(i7%)
r = order(i9®)’ , s = order(7:%%)° .

From Lemma 16.1 we know that » = order(R.R,R,)* in PU(H), and
s = order (R,R.R," in PU(H). From the fact that F; is a funda-
mental domain for the finite group [';;, we know that the codimension
two condition (CD2) is satisfied for all 2-faces of Q2(®) which contain
an apex p;, ¢ % J, %, j€{1, 2, 3}. The only 2-faces not containing an
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apex are 4,; with 1jk ranging over all even permutations of (123)
if —(w/2 — 7/p) < arg @* < 3(x/2 — «/p), and over all odd permutations
if —3(n/2 — x/p) < arg ¢* < /2 — n/p. The circuit around d4,; is
R,R;-R,R;-R;R, --- 2. Each such circuit places side by side around
d;; the region bounded by two spinal surfaces whose spines lie in
a common C-line and which interseet in the slice I;;,. By Lemma

15.1, (R/i}%j)*l and Rﬁ%k meet at a constant angle equal to ©/2 — w/p =
arg @* (the (+) or (—) corresponding to even or odd permutations).
Since (719 =1, the image of Q2(p) after p terms of the circuit
coincides with 2(®), and by definition of o no shorter circuit brings
Q(p) back to coincidence with itself. On the other hand, by (CD2)
all the interiors of the p images of 2(p) in the circuit must be dis-
joint. Hence for |arg @°| < 3(z/2 — /D).

(1) pE/2 — x/p + arg @) = 2x, if arg @® > —(x/2 — «/p).
Similarly,

(ii) o@/2 — w/p — argp®) = 2r, if argy® < w/2 — x/p. If
larg @*! < /2 — 7w/p, both (i) and (ii) apply and adding we get
1.1 i 1

© Q o
Setting m = inf(p, o), this implies m < 4p/(p — 2) £ 2m. Thus

1
2

(iii) 6=mgL12 if p=3
4<m<8 if p=4
4<m<6 if p=5.

If 3(z/2 — w/p) > arg ¢’ > w/2 — w/p, we see from (i) that

p~<%—%><2<p-4<—;——%>.

Thus p/(p — 2) < p < 2p/p — 2, yielding

(ivy 4=p<5 for p=3
3203 for p=14
2=p=<3 for p=5.

In this latter range for @, 4,,,4,,, and 4,, are the only 2-faces of
Q(@) not containing an apex.

In order to determine all the @ for which I'(p) is a discrete
group it suffices to consider the range 0 < arg @® < 3(x/2 — w/p),
inasmuch as the negative values of @ are given by the symmetry
J:V(p) -»V(P). We shall give the @ in two lists, one for 0 < argp®* <
/2 — w/p, the other for n/2 — n/p < arg @* < 3(x/2 — =/p). In case
arg ¢* = /2 — w/p, the geodesic triangle 4., degencrates to a point



248 G. D. MOSTOW

at o and it can be regarded as limiting value of arg ¢*® > or <
w/2 — w/p; we list this case on our first table.

Set ¢ = (1/x)arg¢®, then t=2/p— (1/2 — 1/p). If 0=t then
inf (0, ) = p. We therefore arrange the tables according to increasing
values of the integer p. In Table 1, 1/p + 1/6 = 1/2 — 1/p; in Table
2, we have instead, 1/0 + 1/0 = t. The requirement that ¢ be an
integer reduces the number

TABLE 1. 0=5t=1/2—1/p

P o0 g t #Autr 2 r s
3 6 oo 1/ 6 1 2 o
3 7 42 5/42 3 7 14
3 8 24 1/12 3 8 8
3 9 18 1/18 1 3 6
3 10 15 1/30 3 10 5
3 12 12 0 1 4 4
4 4 o 1/ 4 3 4 co
4 5 20 3/20 3 5 20
4 6 12 1/12 1 2 4
4 8 8 0 3 8 8
5 4 20 1/ 5 3 4 20
5 5 10 1/10 3 5 10
TABLE 2. 1/2—1/p <t <3(1/2—1/p)

P o 4 t $Autr Q r s
3 4 12 1/ 3 3 4 4
3 5 30 7/30 3 5 10
4 3 12 5/12 1 1 4
5 2 5 7/10 3 2 5
5 3 30 11/30 1 1 10

of cases in (iii).

REMARK. Let p =5, @* = 4, * = exp(77/10). We will see in §21
that I'(p) is an arithmetic lattice despite the fact 2(®) does not satisfy
(CD2). In this case 2(®) is not a fundamental domain mod Aut, 2;
nevertheless, I'(p) is a lattice. In fact, as we show in §21, there
is an isomorphism of I'(®) onto I'(sy). Thus (CD2) is a sufficient
condition for I'(®) to be discrete but is not necessary. On the other
hand, the failure of (CD2) for 2(®), |arg ¢*| < @/2 — n/p, seems to
imply the I'(®) is not discrete. For example, (CD2) fails for p = 5,
t = 0. In this case, one can compute that (R.R,R,)’,, ;) is a non-
admissible value (cf 2.4.3). This implies that {R R,R,)°R.(R.R,R,)~°, R,}
is a C-reflection group which fixes a point in the ball but is infinite.
It follows that I"(1) is not discrete.

17.2. The field Q[Tr AdI'l. In applying the test of §4 for
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arithmeticity of the lattice I'(®), we must determine the field generated
by Tr Ad~, as v ranges over I'(¢); we denote this by Q[Tr Ad I'].
For any subfield &k of C stable under complex conjugation, we denote
by Rek the subfield kN R. We continue the notation o = order
Nig?, n = 7. For arg @* > —(7/2 — w/p), Nip® = 7' by 17.1(1).

LEMmA 17.2.1. Q[Tr AdI'] = Re Q[e*?, 2¢, "] for arg ¢*>
— (7|2 — w/p) and for I'(p) discrete.

Proof. We identify Hom(V, V) with V®V* in the standard
way so that for any ¢, feV, a, ge V¥,

(e @ a)(f) = alf)e
eQQa)(f®B)=alfe@B .

Let {e", ¢’ ¢’} denote the dual base to the base {¢, ¢, ¢} of our vector
space V(p). We rewrite the generating C-reflections R, of I'(9):

Ri(x) = @ + (7" — D{wepe, = 7°w.6; — 0iPre; — NiPise,
R, = 9%, Qe — nide, Qe — nive, Qe + ¢, Q e* + e, Q e
and
5 e P I
R;=3e,Q€¢ + 3 ane; ® e, a;; = 777#: ’ ‘7 7
k%4 k=1 7 , 1=k
where (4, k) = (—1)*7, (4, k =1, 2, 8). Then

l
Tr R;R;, -+ Rj, = 2, ) Z R 2N 2T
g=1 157 <ip<+-- <4y <!

PO CDRCOE
S () (0>

3 a“qil

[

)

where n is the topological degree of the map of the loop (4,3, - - - 7,1,)
into the ecircular loop (1231) and m — 3% is a nonnegative even integer
2u. (The only terms having @ or @ have xi with them.) Write
v=R; -+ R;. Then Trv is a sum of terms of the form
PP (" (i@’)” with ()" = (i) = 7 (1), Hence
TrvyeQ@? 7i9p®). But 7ig? =e*r for arge® > — (x/2 — x/p) and
Tr Adv = (Trv)* by §4. Consequently

Q[TI‘ Ad F] c Re Q(e%i/ﬂ, e?m’/p) .

In order to prove the converse inclusion, we consider Tr Ad~
for v = R,R.R,R,. By (9.1.6) the eigenvalues of R,R,R.R, are 79’
7*13*, —n* and therefore
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(Trv)* = [(—(—nip® — 9iP® + 1)|?
= 8 + 2 Re(ig® + 7iF* + ¢°)
2 2wy )

=3 4+ 2<cos—— + cos —= 4 cos 2xt
0 c

where ¢t = 7~ 'arg @® and v is an integer prime to o, the order of
719*, with vy = 1 for |t]| < 1/2 — 1/p.

Additional elements of Q[Tr Ad I'] are cos 2z/p and cos 67/p aris-
ing from Tr Ad R, and Tr(R,R,R,)* respectively (ef. (9.1.1)).

Let K denote the field Q[e***, ¢*¥?]; K is generated by a primitive
root of unity z, and its Galois group is given by automorphisms
2 — 2™ for integers m prime to the order of z. The Galois group
of K, Gal K, is thus abelian and the subfield Q[Tr Ad I'] is stable under
all automorphisms of K. Hence

cos ZW;W + cos 2myrn + cos 2mmt € Q[Tr Ad I']
o

for all m such that z —2z™ is in Gal K. Examining the cases in Tables
1 and 2 one by one, it is easy to verify that some linear combination
of the foregoing elements in Q(TrAd ") yield each of cos2r/p,
cos2nn/o, and cos2mt except in the case p =4, p = 5/12. In the
latter case one computes

Tr RRR.R.R, = (i — 7 — 1 — 1id® + 7ig")

T8 e i VE I

—77[ <2 +1/3)+@(1+——2 ME
thus Q(Tr AdI") contains — (1 3/2) = cos (2wn/o) in this case too.

The field K has as a primitive generator any element z = ¢*¥'*
where L is the least common multiple of p and p and ged(N, L) = 1.
Thus each element of the field K has the form >z a2’ with a; €@,
and each element of the field Re K has the form
= 2N

a,; CoS .
S L

J=

As is well known, cos j6 is a polynomial in the powers of cos@ with
integer coefficients for any integer 7. Thus

2rN ]

Re K = Ql:cos

On the other hand, we have

Lol Zagripor(lol oo (1-ots 1)),
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Hence ¢, the order of 719* is the order of ¢*¥7.>r if ¢ is even,
and half that order if ¢ is odd. Thus if ¢ is even and ged(p, o) = 1,
then ¢ = L and exp(@riv/o) generates the field K. In these cases
cos(2ry/o) generates Re K. In the remaining cases of Tables 1 and
2, exp 27wit generates K and cos 27t generates Re K. As noted above,
these generators for Re K are in Re@[TrAdI']. Hence Re KC

ReTr AdI". From this the lemma follows.

17.3. Non-artithmetic lattices.

It remains only to apply the criterion of §4 to the groups I'(®)
listed in Tables 1 and 2 of §17.1 to determine which of them are
non-arithmetic lattices.

TABLE 3

ol el ¢ k-gen. [#Cal k 4 Arith.

31 6| 1/ 6 1 1 A
- cos 2 z = 052" (3.4in 2%

3 7| 5/42]| cos o1 6 cos 42/<3s1n 3) o5(d)= —cos 42/<351n 3 ><O NA
T T . T o 17:_ o E

3| 8| 1/12{ cos 12 4 | —cos 12/<3sxn 3> o(dy= cos12/< 3sin 3 ><0 NA

3 9| 118| cos o | 3 ~cos1—ﬂ8/<3sm~§> 05(d) >0, o3s(d)>0 A
z 2 (qgin & — —cos (gt

3110] 1/30{ cos 15 4 | —cos 30/<3s1n 3) 011(4) = —cos 20 I< 3sin 3 ><0 NA

3l12{ 0 cos-g- 2 |-1/3 sm% a5(4)>0 A

4 4, 1/ 4 1 1 |—-1 A

. K 1 cos 37/20 ° _ﬂi( cos 97/20

45 320\ cosgy| 4 [—5(1RTE)  |e@=—3(1r -—sinr:/4> NA
k2 1 cos 7/20 ___l( cos57r/12>

4| 6 112 cos = | 2 2(1+——-sm/4> o) =—5 (1520 ) <0 | NA
ks 1 1

418/ 0 les| 2 —2(1+sim/4> o5(d) >0 A

5| 4| 1/5|cos5| 4 [1- 4sir§2n/5— 4‘;‘;?55 o1(4)=1—2.1708+.9959 <0 NA
T 3 cos /10

5| 5| 110 cos 2| 2 |1~TorE Jeiap | @>0 A
b 1

31 4| 1/ 3 e 2 2383 ox(d)>0 A

3| 5| 7/30 cos% 4 ——Egz—i?‘%g- o (4)>0, a:2(4)>0, ar3(4)>0 A
T 1 cos br/12

4| 3| 52| cos2-| 2 —5(1+———35inn/4> a5(d) >0 A
b 3 cos 37/10

512| M0 cos—=1 2 It nt s | F D0 A
2r 3 cos 117/30 4.0 1 €085397/30

5| 8\11/301 cos7 ) 4 11— g sint g | D TR e 0 | NA
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All the groups of §17.1 are discrete. Except for the two cases
(p, p) = (3.6) and (4.4) in which ¢ = o, the regions 2(¢) are compact
and therefore PU(H(®))/I'(p) is compact; in the other two cases,
2(®) has three cusps at the boundary of the ball but nevertheless
has finite measure. Accordingly I is a lattice subgroup of PU(H)
for all the groups listed in Tables 1 and 2.

We list the arithmeticity results in Table 3. The fourth column
lists a primitive generator of the field & = Q[Ad I'], the fifth column
lists the order of the Galois group of k. 4 =1— 3a® — a¥@® + &%),
the determinant of the matrix (e, ¢;> (¢, 7=1, 2, 3). The sixth column
lists the effect of the automorphism o,:z— 2" an 4, where z is a
primitive generator of the cyclotomic field containing % <, #° and
the value ¢,(4) for some n when o,(4) < 0 and o, # identity on k =
Q[Tr AdI'l. In the last column A and NA denote arithmetic and
non-arithmetic respectively.

In our situation, 4 = 1 — 3/(4sin*(x/p)) — cos wt/(4 sin’(z/p)) which
simplifies to —(cos zt/)/(8 sin/3), —(1/2)(1+(cos ct)/(sin /3)) for p =
3, 4 respectively.

Summing up the information contained in Table 3, we get the
following result.

THEOREM 17.3. There exists in PU(2, 1) a non-arithmetic lattice
generated by C-reflections of order 3,4, or 5. Up to an isometry,
any such lattice with Coxeter diagram

and {e, ey<e, ey{e, ey = € is given by the seven wvalues

(o, t) = (3, 5/42), (3, 1/12), (3, 1/30)
(4, 3/20), (4, 1/12)
(5, 1/5), (5, 11/30)

The mon co-compact lattices I'(®) are arithmelic.
18. The space Y(9), |arg ¢°| < #/2 — @/p, (arg @)/ c Q.
18.1. The joined space.

We have seen in §14.2 that for |arg ¢*| < x/2 — x/p, the region
Q2(p) is bounded by the 24 3-dimensional faces
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E(Q) = {R#, R, R)®, (R.R;E)* 4,7 =1,2, 8 i+ j}
and that for each verl,
vH—— F,
Set 4(@) = (R, (R.R)*, (R.R;R)*; 1,7 =1,2 8;% j} and let I'(®)

denote the subgroup of Isom B generated by 4(@). Write F, 4, I
for 2(@), 4(®), and I'(p) respectively. For any ve 4, set

e(v) =71, TH)=~".
By the proposition of §14.4, we may assert
YE)YNF =e(y), all ved.

Set .&# — I'F. By Theorem 6.3.2(I), % is a connected abutted family
of polyhedra. We let _#~ denote the adjacency of &# and we let
Y(¢) denote the joined .#-space. In §14.3 we have seen that the
polyhedron F has 15 vertices of 4 distinet types, up to equivalence.
Mod Aut F

;i # J) with p,; = py,
8:;(1 # 9) with 85 = 85
Lii(e # 7).

We recapitulate here the results from §16. Let

r = order(R,R,R,)* = order 7*®° = order(7ip)*
s = order(R,R,R,)* = order n*®° = order(7i®°)’
o = order i@’

o = order 7i@° .

These integers are finite if and only if (27)'arg » € Q. In this case,
I'y = Z, if either p =r or o =s; equivalently 3 does not divide p
or o. Cyeclic permutations of indices make up Aut F’ for all ¢ = 1.
Thus for @ # 1, Aut F = Z,. If ¢ =1, F is stable under all permu-
tations and Aut ¥ = Z.. Set I', = (Aut I')I". Then modulo I',, the
vertices of E.(F') are

E(F)|I s D15y S13y Loy Los

18.1.0
( ) modulo I',, the remaining (4 — k)-faces E (F') are

E(F)[I 4 Distss, Dizy tosy DioS1o(Via s3%), DisSi(Via s3)
(18.1.1) S1sbsay Szilos ,

S13812) 82183
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E(F)/I e N F, 4., 4.
(18-1-2) Rl ﬂ RIRZy -R2 ﬂ RlRZ, ﬁl ﬂ RIEZRD EZ m RIEZRM RIRZ m RLE2R1 b
R.R.NRER,

(18.1.3) E(F)|I.: R, R.R, R,R, RR,R, .
18.2. Stabilizers.

Up to an automorphism of I°, the stabilizers of all faces in the
polyhedral decomposition .&# of the space Y{(®) is given by the stabi-
lizers of the faces 7(e, ') where 7 denotes the canonical map of
F x & onto Y(p) (cf. §6.2) and e ranges over the faces in the list
(18.1). As above, I'(e, F') denotes the stabilizer of the face (e, F).

(18.2.1) [I'y,n is the subgroup /", of Aut B(=PU(H)) generated by
R, and R,; it has order 24(p/(6 — p))%.

Proof. Let vel', . Then vp, = p, and vF is p,-connected
to I'in &, and vF'e #,,,. By Remark 2 of §6.6, #,,, = [',F,,.
Since F' lies in a fundamental domain for the action of ", on B, I',,
operates simply transitively on %, . and v€/[",,. The order of I,

is given in §2.

PROPOSITION 18.2.3.
(i) F(sm,m = {{R:R\R,R,, R*R,R\R,}} = {{R,R.R\R,, R;*R;R,R\}}
[‘(312,1» = {{R.R,R\R,, R,R,R.R}} = {{R,R\R,R,, R\R,R.R;"}}
and these stabilizers are abelian.
(i) (@) If 3400, then Ty = (RRRY, (RERY) = Z, % Z,.
(b) If 3](00"; then {{(R,R.R.), (R,R.R)}}} is a subgroup of
mdex 3 in I, r-
({ii) I, m\G(8w, F') has 6 elements represented by

1, R, R', R, R.R,, R,R, .

2 elements represented b_y F, R,F
(iv) -r(slz,l«‘)\%m,ﬁ has if I'p = {1}
6 elements if I',=1.

Proof. Set a = R.RR,R, b= R'R,RR, ¢c=">b0"a. Then ¢=
R;'RIR;7Y(R.R,R)R,R, = R;‘R{‘R;‘R.R.R,R,R, = R;'R,R,R,. Set ['=
{{a, b}}. Then I'" = {{a, c}} = {{R,R,E\R,, B;'R;R,R\}}.

We shall prove (i) with the help of Proposition 6.6. By §14, the
3-faces of F containing s, are

Rl, E?: ‘R’Ely RIEZ’ RZRM (Rsﬁl)_ly (R3E2)_1; RlRNZRl .



ON A REMARKABLE CLASS OF POLYHEDRA 255

Thus the adjacent cells .+ (F,
the subset of 4 denoted

) are of the form (vF),, with v in

12

Flsul: B, B, Ry, (RR,)™, (R.R)7, ByR, RR., (RR,R,)™ .
We first verify
(1) N (Fo) CTHA(F,) UF,) .

In verifying this, we make use of the evident fact: for any ve/,
Fe &, ec E,(vF)

,/f/((“/FL) = 7=/V(F7—Je) .

In order to prove (1), we must show for each v e F[s,] and 6¢
F[v's,] that

(19 7o e I"(Fsp] U 1) .

For v = R;', we find v, = R8s, = §,. From §11, we find the 3-
faces of F' containing 3, and accordingly we get for

Fl8,]: R,, R,, R,R,, R\R,, R.R.R, R, (R.R,), (RR,)™

and R;'F[8,]|=R'R,, 1, Ri'R,R,, R,, R,R,,(R,R))"", (R R,R,))",(R,R,R)".
We have Ri'R,R.R, =bel". Thus
Ri'Ry, = b(R\R,)™ C [ F[sy,] -
Similarly R'R,R, = (Ri'R,R.R,)R;* C " F[s,,], and
(BR.R)™ = (R BR.R) 7Ry C IMFlsy) -

Consequently R'F[S,] C I'(F[spjUL). The verification of (1') for v =
R;* and R, is similar. For v = (B,R,)™", we find (R .R,)s;;, = 8,, and
Fls,): R, B, R, (B.R;)™, (B,R,)™, R\R,, R\R,, (R,R,R,)™"
(R\R,)F[sy]: (R\R,R), (R,R.R,), R;", (R,R,RR,)”"(R;R,R,R,)™" ,
1, R'R,, (R,R,R, R\ R,)™"
R7'R, = R;'R,R. R (R,R)™ e I""F[s,,] .
Similarly, (R,R,R.R.R,)™' = a'R;*e€"Fl|s;]. Verification of (1") for
v = (R,R)™, R,R,, R,R,, and (R,R,R,)™' is similar. For example,
R,R,Rs, =3, and we have for
F[§12]: Rly Rz: RlRZ; RzRI’ RZRle’ R;l’ R2
(RR,R)'F$.,): (B.R)™, (RR,), R, R, 1, (R,RRE,R)™, and
(R2R3R1R2R1)_1 = aﬁle-ly (RleRleRJﬁl = CL"lRfl

all in I"'Y(F[s;,] U1), in verification of (1").
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Next we compute S = {(LJUF[s.)T»N 1, m. Let J denote the
automorphism of B arising from the cyclic permutation (1, 2, 3) —
(2,8,1). Then Aut F = {{J}}. From §16 we know that if 3 does not
divide p,

J = (R.R,R)"R.R, = (R,R,R)"R,R; = (B,R.R,)”F.R,

where 3¢ + 1 = 0(mod p); if 3 does not divide o
Jt= (R3R2R1)2VR3R2 = (R2R1R3)2”R2R1 = (R1R3R2)2”R1R3

where 8y + 1 = 0(mod 0); if 3|0 and 3|¢ then I', = (1).
From the relation of §13:

Risi:i = Sy ngij = Sii(": + .7)(3” = 83) -
These permit us to find

RS,y = 81, Besiy = 8, B, = 81
R.R,3,, = 8y, B8, = 83, ByR.8; = 8,5, RyRy8y = 8,R.R,R;8,, = §,, .

Consequently if
[A] I'y=Q),S={re{l} U F[s]; vs.. = s} = (1)
[B] I's ={J}}, S=1{1, (B.E)J, (R,E)'J ", BR.RJ ™, R;R,J} .

If 3fp, (RR)'J = R;'R{(R,R,R)"*R\R, = (R,RR)*el". If 3fo,
(B\R,)7J = (R.E)7 (BB, (B, R, R )™ = (R,R.R.R,) " (RB.R,) ™ el
Similarly, we find in Case [B] that Sc /™. Hence I =1, . By
Proposition 6.6. 'y, » = ["S=1I". The result for I follows
from the isomorphism of I'(p) to I'(®) provided by complex con-
jugation which sends s;;(®) to §,;(®) and R,(®) to R;Y(P).
Proofof(ii). ac=(R,R,R)*and be=R*R,R,R.R,R, =R 'R, R,R.R,R, =
a. Therefore a*=ab-ac e I'*. Let E denote the subgroup {{ab, ac}}. Then
I''/E has order dividing 3. By §10 the matrix R,R,R,R, is diagonal-
izable with eigenvalues (*@°, 7°i®°, —%? so that its order in PU(H)
is the order of the diagonal matrix d = (—7i®’, —ni®®). On the other
hand, by §10, the order (R,R,R,)* in PU(H) is the order of 7%@° =
(—%t?*)* and the order of (R,R,R,)* = (—ni9*?®. If 8 does not divide
the order of d, then a® has the same order as a and a® € E implies that
acE. Therefore E=1I", and I, = {(B:RR,), (R,R,R)}. The
intersection of the cyclic groups {(R,R.R,)* N {(R,R,R,)*} = (1) for any
element in this intersection fixes each point of the orthogonal C-lines
containing 4,, and 4,, respectively and therefore fixes all the points
of B. Thus Iy, » = Z, X Z, in Case 3 does not divide the order of
d, or equivalently the order of d = (7i®®, 7i®"). This proves (iia).
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If 8 divides the order of d, then 8 divides the order of a so
that a is not in E. Hence E is of index 3 in I, », proving (iib).

Proof of (iii). Write I for Iy, r, &' for #,,r. We know
from the proof of (i) that

G(swy F) = I"({1} U F[s,])F .
Clearly

(R3R1R2R1)—1R3R1 = (R2R1)’1
(RszRle)#lRaRz = (Rle)“l
(RstRle)(R1R2R1)_1 = Ra .

Consequently, G(s,, F') = I'{l, R7*, R;*, R,, R,R,, R,R,}. For any two
distinet elements 7v,, v, of the six elements @ = {1, R, R}, R,, R.,R,,
R.R,} one can order them so that v,7;! is either in @ or is one of
{R*R,, R,RR,R:R,R,R,R,R,R.R,R R;*R;}. From §18 we have the
diagrams

(83 Sar) (85, 812)
RiRy/ \R:R; BBy \R:R:
/ N v N
(8125 S1s) (——I?;R:ﬁ (8a1y S32) (841 831) _1’2_11_%';—) (81, 82)

and also

831

R

From these relations it is easy to verify that for any v, 7.€Q,
.75 '8, # 8, For example

R,R R;Y(sy;) = RoR\(85) # 1o
since (R,R,)7's;, = 8y # 8. Hence G(sy,, F') has exactly six I',, n

orbits.

Proof of (iv). The set I',, »n\F., r is the space of double cosets
I, o\G(815y F)/I'. It remains therefore to find which pairs of ele-
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ments ¢, and g, of @ are in the same double coset; this is the case
if and only if

9.J*'g, er(sm,F) (=1".

Clearly if I'y = {1}, then &7, . is represented by the six elements
of G(s,, F). If I', # {1}, then either 3} p or 8 }a.

Case 1. 3fp. Then

RR,-J"-1 = RR[(RRR)*RR]" eI
R.R,-J-1 = RRR[(RR,R)*RR,) = R(R.R.R)"R.R.R,
= (R,R.R)"RR.R.R,cT"
RJR, = R(R.R.R)*R.R.R, = (R,RR)"RR.R.R cI"
RJ-'R, = R[(R,R,R)"R,R)"R, = RR,(R,R.R)"R, R,
= (RRR)"eTI" .

Case 2. 3o

R.R,-J*-1 = Ry(R,R,R,)*R,R,R, = (R;R,R)*R,R.R.R, €I
R,R.J-1 = R,R[(R,R,R)”R;R,|' eI
RJR, = R[(R.R,R)*R,R,)"R, = [R(R,R,R)”] 'R, e I'"
RSJR2 = Rs[(R2R1R3)2yR2R1]R2 = (R3R2R1)2VR3R2R1RZ el.
Thus if either 3y p or 3} o, the space of double cosets has at most

2 distinet elements represented by 1 and R,. It is easily verified
that R,J*'s, #* s,. Proof of (iv) is now complete.

PROPOSITION 18.2.4. Let p = order i@’, ¢ = order 7i7°, r =
order(R.R,R,)?, s = order(R,R,R,)*
(i) If 3tpo, then I'y,n={{R, (RER)Y =2, % Z, and
Im = ({Byy (BBR)Y) = Z, X Z,, and v = 0,0 = 8.
(ii) (a) If 3|o but 3} p, then
F(tlg,F) = {{R2; (R1R2R3)2}} = Zzo Pt Zr y T=P0
and
F(t;ﬂ,F) = {{RZy (RsRle)zﬂRstRle}} = Zp X Zy, 0 = 38
where 3¢t + 1 = 0(mod 7).
() If 3|p dbut 3} o, then
F(t{ﬂ:F) = {{R,, (R3R2R1>2}} = Zp X4, s$s=0

and

F(tlg»F) = {{RZy (R2R1R3)ZDR2R1R2R3}} = Zp X Zs, y 0= 3r
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where 3v + 1 = 0(mod s).
(iiiy If 3lo and 3o, then

F(tls,F) = {{R,, (R,R,R,)"}} = Z, X 4y, ©0=3r
F(tal,m = {R,, (B:R.R )} = Z, X Z,, 0=3s.

(Av) 4\ Frpr has 3 elements represented by F, (RR,)™'F,
(R.R)F if I'y = {1}, and has only one element if I', = {1}.

Proof. From §13, we have R,R;t,; = t,, for any distinet 4, j, k.
Thus we get the diagrams

Ly s
Rle/ \R:R; R2R1/ \\R:R:
/ N Vd N
2% “_15;1}1_ ty Log RIE—’ i

Let J be the element in Aut F' permuting (1, 2, 3) into (2, 3, 1).
From §16 we know that if 3} p,

J = (R1R2R3)2#R1R2 = (R2R3R1)2”R2R3 = (RsRle)ZﬂRaRl

where 3¢ + 1 = 0(mod p).
Similarly, if 3 o,

J = (R3R2R1)2’R3R2 = (R2R1R3)2yR2R1 = (RsRle)gyRsRl

where 3v + 1 = 0(mod ).

For every product of the form v = (R, R R,R,)(R,R,) ---, t,,€VF}
and thus every such v which fixes ¢,;isin I";,, . A similar assertion
holds for any permutation of (1, 2, 8).

If 3 does not divide p, we infer from JR,R,(t,) = J(t,;) = &, that
JR.R € F(im,F)' Moreover, (JR,R)’ = (B,R.R,)*R,R R.R,)’- = (R,R.R,)*
(R,R.R,R,?® since by Proposition 18.2.3(i), B,R,R,R, commutes with
(R,R,R,)*. As before, set a = R,R R,R, b = R'R,R,R,, ¢c = R;*R,R,R,.
Then &° = a*-a = a’b¢c = ab-ac = (R,R. R, (R,R,R,)*. Therefore

(R3R1R2)6‘“(R3R1R2R1)3 = (R3R1R2>_2'(R3R1R2>2(R3R2R1)2 = (R3R2R1>2 .

Similarly, if 3}y o, then we infer from J'R,R.(t,,) = J'(t,) = t,; that
J'R,R, eI, Moreover,

(J7'R,R))’ = (B,R.R)"R;R. R, R - J7° = (B,R.R)"(R, R R, R,)°

since R,R R,R, commutes with (R,RE,R,)? by the cited result.
As before

(R2R1R3)GU<R2R1R2R3)3 = (RleRs)MZV : (R2R1R3)2(R1R2R3)2 = (R1R2R3)2 .
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If 31p, then {{JRE.RY} = {(JR.R.)'}} = {(R,R.R)Y}, and similarly, if
3'{/0': then {{J_leRs}} = {{(R1R2R3>2}}- Set

. {{{Rz» (R.R.E)"RB.R.R, R}y if 3fo

{{R2y (RleRs)g}} if 3 { g
7t {{{Rz, (R,R.R)"R,RR,R} if 3/)p
- {R,, (RR.R)Y if 3)p.

We have ["c[l,, and I‘A"CF“SPF}. By Proposition 18.2.3(1),
(R,R,R,)*R,R.R,R, fixes the point §, as well as t,,, hence each point
of the C-line through 4,,,, and hence commutes with R,. Each element
in {R.}} N {(R.R.R)*R,RR.R;}} fixes each point of two C-lines and
therefore is the identity. Hence the order of /™ is pp. Similarly,
the order of I = po. Thus assertions (i), (ii), (iii) of the proposition
is equivalent to: I =TI, » and = I'y,.»n. Making use of the
isomorphism I'(@) — I'(@) given by complex conjugation, which sends
t.(®) to tu(®), it suffices to prove only that I = I', .

To prove this equality, we apply Proposition 6.6, arguing as in
the proof of the preceding proposition. By Lemma 13.4 the 3-faces
of F' containing ¢, are

R, R, B,R, (R.E)™, RE.R, (RER)™.

Thus the cells in &7, , adjacent to F, are of the form ~F' with v
in the set

Flt;): R;Y, R, (R,R,)™", R R, (R,R;R.)™", R.R\R, .
First we verify
(1) ANy )) LA (Fyy) UF) .
We must show that for each ve F[t.] and 4 € F[v't;)
(1) voeM'(Flt;) UL .

For v = Rf*, we have ve[l" and the assertion is obvious. If v =
(R,R)™, vty = R,Ryit,, = t,; we have for

Flt,l: R, R, (R.R)™, R,R,, (R,R.R.,)"", R,R,R,

(R,R)'F[t,]: R7*R;‘R:7Y, Ry*R;'R., R7'R7'R'R;, 1, (R,R . R,R.R;)™",

R,
(R,R,R,)™" € F[t,], Ri*R;'R, = R,R;'R;* = R(R,R,) e I"F[t;],
R‘R;7*R7R;* = (R.R,R,)*R.R,c I""'F'[t,],

and

(R,R\R:R.R,)™ = (R,R,R,RR,)™ = R (R.R,R) "R R,Ry- Ri* € "R\, .
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Thus (R.R,)'Flt,, | I'(F[t,]ULl). In a similar way we verify the
remaining claims in (1’). For example,

R2R1R2F[(R2R1R2)_lt13] = RleRzF[taz]
= R2R1R2{Rf1: Rn (Rle)hly R3R1 ;(R1R2R1)71y RlRE!Rl}
= {R,R,, R,R.R.R,, R,, R,R,R,R.R,, 1, R,R,R,R,R,R,} .
We have R,RR,R.R = R,(RR,R,))*(R,R,)" and R,RRRRR, =
R,(R.R,R)(R,R,)"'R,, and R;‘R;'R, = R,R;'R;*. Therefore
R2R1R2R1R3R1 = R2<R1R2R3)2R2R3~1R2—1 = Rz(RJR2R3)2(R2R3)_1 .

In this way we see that R,RR,F[(R,RR)'t,]CcI'(F[t,JUl). So
much for the proof of (1).
From Proposition 6.6, it follows that

F(tlgyF) = I8

where S = {veF[t,] U{INL#; vt =t} Set T' = F[t,]U{l}. For
any subset S'CT" such that /"T" = I"S', we have I''(S'I', NI, r) =
I',.» by Remark 1 following Proposition 6.6. The images of ¢,; under
Flt )" » are seen from

thw = tlS) (R2R3)_1t21 = t13, (R1Rz)t32 = t13, Rlethaz =15.

Inasmuch as I'(R,R,)~ contains (R,R.R,™, we can ignore the con-
tribution of (R,R,R,)~'. That is, set S' = {1, (R,R,)™, R,R,}. Then

IS = I'({1} U Flt) ,

sk
( ) ty = (RzRe,)hlJtla = (R1R2)J“t13 .
Consequently

or) r (ML, (BB, (RR)JY i Jely
( G T if Jer,.

All the assertions of the proposition follow from (**) and (*).

REMARK 18.2.5. The number of polyhedra in the polyhedral space
Y(t; &) surrounding ¢, is

¥ Fir = DO
Similarly,
¥ %sl,zw = po .

From Proposition 18.2.3, we have

#ﬁ;“-’p = #%”,F = 2(00 .
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PROPOSITION 18.2.6. The stabilizer in I' of ec E(F)k =1, 2, 3)
38 given by the following lists

77(e, F) F(c,F) order
Diglse 07 Dyylos {{R.}} »
D8(VIA S 01 s}) {1} 1
st {{{J'1R1R2}} o z:f Jerl
{(RR.R)Y} rif Jel
{(JR.R.}} oif Jel
e {{{(RleRa)Z}} s if Jer
~ {J'R.R, R,R.RY (20 if JeTI
Siaia {{{RsRle}} o if J&T
§,.8a {{R.R.R.}} 2s
er N F {{R.}} Y
p {J—lRle pif Jel
{(R.R.R)Y) rif Jer
p JJRle {o if Jel
{(R.R,R)Y}} s if Jero
R NRR, R,NRR, R 0 RRR, R,0nRER, 1
R.R,0 RE,R, R.R N R.E,R, 1
R, R.R, R.R, RR,R, 1

Proof. One verifies that R,R,R,8,; = s,, and B,R.R,s,, = §;;. Thus
the stabilizer of the 1-face §;s,, contains the cyclic group {{R.R.R,}}.
Similar for §,s,. By reasoning as in the preceding propositions, one
proves the asserted results for 3.s, and 3,s,. For B, N R.R,, the
stabilizer leaves fixed each of its vertices v, 3x, s, and its stabilizer is
in the intersection of the stabilizer of its vertices; hence the stabilizer
fixes each point of the smallest geodesic subspace containing the faces.

18.3. Riemannian manifold structure on Y.

Assume that |arg ¢*| < /2 — n/p and that (1/z)argP*€ Q. Then
the space Y(®) has been defined as well as the canonical map = of
Y onto Ch®>. At any point of ¥ which is not in the I" orbit of a
point in one of the six 4,;, the map 7 is a local homeomorphism.
At faces lying in some 4,;,, the neighborhood of the faces are given
by the results in §18.2. The hypotheses of Proposition 6.4.1 are
satisfied by the abutted family I"'2. Indeed one can give Y a complex
analytic structure so that n: Y — Ch? is holomorphie (cf. Proposition
6.4.2). Thus we conclude (cf. §19 for details).
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LEMMA 18.3. For |arg @*| < w/2 — n/p and (1/%)arg 9*cQ, the
space Y (@) has the structure of a Riemannian manifold such that
w:Y — Ch* 1s differentiable.

The infinitesimal Riemannian metric in Ch® pulls back to a metric
on Y which may be degenerate at points at which # is not a local
homeomorphism. However, it is not difficult to define a Riemannian
metric on Y{(p) that is preserved by I'. For example, let I, be a
torsion-free normal subgroup of I of finite index — such a subgroup
exists in any finitely generated metric group by a result of Selberg.
Then choose a Riemannian metric on the manifold /°\Y. Averaging
over the finite group I'/I",, we can assume that the metric d on I"\Y
is I"-stable. The pull-back of d to Y gives a I'-stable metric on Y.

18.4. Aut, Q, |arg @°| < n/2 — w/p, 3|gecd(p, 0).

We take up the question of the order of Aut,£2 that was
mentioned in Remark 3 of §16.

LEMMA 18.5. Assume |arg ¢*| < /2 — z/p. Let p = order 7ip”,
o = order 7i@* and assume that 3/ged(p, 6). Then £ Aut, 2 = 1.

Proof. Let Y denote the manifold Y(@), let Y* denote the simply
connected covering space of Y, and let I'* denote the lift of I" to
Y. Then I'*/z(Y) =1 and I'* operates discontinuously as a group
of isometries on the Riemannian manifold Y*. Let 2* denote a lift
of the polyhedron 2; inasmuch as Q is a topological cell (by Lemma
3.3.2) 2% is a cell mapping homeomorphically onto £2. The space Y*
is the joined I'*-space of the abutted family of polyhedron I*Q*.
The group I'* operates discontinuously on Y* and satisfies both (CD1)
and (CD2) of Theorem 6.3.3. It follows that Aut,.2* is generated
by R, the set of words corresponding to shortest circuits in Y*
around 2-faces of 2*. From this in turn it follows that Aut,Q is
generated by <2, the set of words corresponding to shortest circuits
in Y around 2-faces of 2. Inasmuch as the circuits around 2-faces
of 2 which do not contain an apex correspond to trivial words, we
need only consider the circuits around 4,;, for permutations (ijh) of
(123). By symmetry, it suffices to consider only circuits around 4,..

Given such a circuit 2, R\R,, R\R,-R,R2, R R,-R,R,- R,R.,2, ---
with RR,-R,R,- --- 2 = £, then set v = RR,-R,R,---. We have
veAut, 2. We can assume that @ # 1, otherwise 3|p and 3|, imply
p = 3 and Q(p) satisfies (CD,); in that case the lemma is known (cf.
Remark 2 of §16). Hence Aut, 2 =%, and v=1,J, or J'. Thus
v sends into 4,,, either 4, 4,,, or 4,,. Accordingly, v has the form
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(B\R,R)"™, (R.R,R)""R,\R,, (R.R,R;)""R.F,R R, .

We wish to prove v = 1. Hence we need only dismiss the possibilities
v = (R.R,R;)"R,R, or (R.R,R,)’""R.F,R,R,.

Consider the canonical map 7#:Y — Ch®. The circuit in Ch? cor-
responding to v places side by side 3m + 1(resp. 83m + 2) images of
2 bounded by spinal surfaces meeting in a common slice containing
4ys,. Each of the 3m + 1(resp. 3m + 2) angles formed equals {(RJ@)“,
R,R, = arg 7ip* (cf. §15). Hence (7i@®)"+* =1 ¢ =1 or 2. Conse-
quently, o|3m + e(¢ =1, 2). This contradicts 3|p. It follows that
Aut 2 = 1.

19. Complex analytic structure on Y(®), |arg @*| < n/2 — «/p,
' arg pcqQ.

We continue the notation of §18, writing I' = I'(p), 4 = 4(p),
F = Q(p), Y = Y(®), p = order 7i¢°, 0 = order 7i3*. Assume that p
and ¢ are finite. Then

~— arg <p3> = 2no

T T i3
Z — = toar 3>=2m7r,0<~—
‘0(2 D g% 2

K
VY
where ged(m, p) = 1 = ged(n, 0). Set

¢ = exp(2ri/p) , & = exp(2mi/o) .
Then &" = 7i¢*, (" = 7ig°.

The canonical map 7w of Y onto the ball B is clearly a homeo-
morphism in the neighborhood of any point p of thecell n(v, F) of ¥
if p does not lie on 1(v, 4,;:)(4, J, k any permutation of 1, 2, 3); in the
neighborhood of such p, one chooses as coordinates the pull-back of
a standard coordinate system on the ball B.

We next describe the choice of a coordinate system in the neigh-
borhood of a point in %(v, 4;;;). By symmetry, we can take v =1
and pen, 4,,). We shall cover a neighborhood of 7(1, 4,,,) in Y by
pull-backs of three balls in B centered at the vertices of 4,,.

We first consider the case p = s,. Recall that (ef. (12.1))s,, =
I, N I} and that the C-lines I, I} are orthogonal at s, (cf. Remark
2 following Lemma 12.3). Therefore we can choose a standard non-
homogeneous coordinate system centered at s, with w = 0 on I] and
v=0 on I,. Since u and v are unique up to a scalar factor of
modulus one, (each line has a unique holomorphic structure induced
from C®!) we can make the choice unique by the additional conditions
w(F) > 0, v(F,) > 0. Let @ be a positive number such that the ball
B,(s,,) with center at s, and radius d meet no face of F other than
those containing s,,. Let C,, denote the subset of B,x Cx C defined by
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C, = {(x, @, D); 4" = u(x), " = v()} .

Let 4 C; — B,(s,) denote the projection on the first factor. We can
define an operation of I, on C. so that « is a I', ,, map. We
see this as follows.

By (9.1.6) the eigenvalue of R,R.R,R, corresponding to its fixed
point s in B is —%* and on standard nonhomogeneous coordinates
centered at s its eigenvalues are (7%@*/—7° 7%@°(—7?%); that is,
(€*, E™). The same is true for R,R,R.R, (for it has the same charac-
teristic polynomial) which fixes s,. Hence

%(RngRlefI}) = Znu@:)
v(R;R,R,R,x) = &E™v(x)

for all xe B. Similarly by (9.1.1) and (9.1.2)

u((R3R1R2)2w) = u(x); ?)((R3R1R2)2x) = émv(x)
u((R,R,R,)*x) = z”u(%‘), v((R,R,R)’x) = v(x)

for all ze B.
Thus we define for all y = (%, %, 7)€ C,,,

U(R,RR.Ry) = Ci(y) , V(RR,RR,y) = Eﬁ(y)
T(RR\R)y) = (y) , T(R.R.Ry)y) = E0(y)
W(RRR)y) = Ci(y) , T(R.RR)Y) = 0(y) .

Holomorphiecally, take C,, ~ {(&, ¥) € C% |# ™ + |T|* < r?}. It is clear
now that «: C,,— B.(sy;) is a I',,,» map and also holomorphic. The
canonical map =: y,, » — B branches over B,(s,) in exactly the same
way that C,, does. Hence the projection +: C,, — B factors through
Y,,r and there is a unique /', homeomorphism f.:C,— Y, , N
w(B,) such that wofl, = 4, & > 0 on f3'(N([sy, §i:l, F)), and ¥ > 0 on
S ((lsy, ], F)). We sometimes denote f,, as f;,.

In exactly the same way, one defines a space C(resp. C;;) for
each vertex s,;;(resp.s:), 1+ 7,4, J =1,2,3; this yields six space.
Given any v e G(s,, F) (cf. §6.6 for definition), ¥'s, €. = {s;;, s3;
1%4, 1, 5=1, 2, 8}, and for each s € & we get a commutative diagram

c,——¢,

fslz zlflz

7
ﬂ_l(B) n Ys,F — > Ly ,,F N n._l(Ba)

l |

7
B(s) ——— B.(3,) -
We next prove that:

v: C,— C,, is holomorphic for all v e G(s,,, F') where s = v1s,, .
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Inasmuch as f, is a I", r map, it suffices to prove that v is holo-
morphic for a set of representatives of I, »G(s, F); by Proposition
18.2.3(iii), {1, R, R;*, R,, R.R, R.R,} is a set of representatives. We
shall give the argument only for the cases v = R,, v = R and v
R.R,, the other cases following by symmetry.

Returning to Figure 14.1, we see that

(193> R3[§21, 323] = [312; 513] .

Thus R.I, = I,, and in the C-line I, the geodesic triangle R.4,,, abuts
4, along the geodesic line segment [s,, §,;]. Similarly

R[5, Sul = [Si2y 8], RoIi = I3

and the geodesic triangle R, 4,, abuts 4., along the geodesic line
segment [s,, §;]. Inasmuch as R, is an isometry of the ball, it carries
any standard nonhomogeneous coordinate on the C-line I, (resp. I))
centered at §, to a standard nonhomogeneous coordinate on the C-
line I, (resp. I) centered at s,,., We next compute the transformation
of the coordinates of Cj induced by E..

By definition C; has coordinates #, ¥; #™(resp. ¥#") is the unique
standard nonhomogeneous coordinates on I, (resp. I)) centered at §,,
with @ > 0 on f;7'(9([8%,, syl, F))(resp. ¥ > 0) on fi'(7([5,, sul, F)). By
(19.3), R, sends the defining data of the %, # coordinates of Cj to
the defining data for the #, ¥ coordinates of C,,. Consequently, the
map R,C; — C,, is the map (%, ¥) — (&, ¥). Thus R, is holomorphic.

Consider next the map R;: C; — C,. We have (cf. (13.1))

R[Sy, te] = [8s, ta]
Rfl[gla, 323] = [312, 85l .
The second relation implies that RB;* sends the ¥ coordinates of Cj

to the ¥ coordinates of C,, by the same argument that was used
above. The first relation yields the diagram

2 s
1 13
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This shows that the image R[5, s;] is the geodesic line segment
from s, to Ri's,, which forms with [s., §;] an angle equal to 2<_
tpSd = T2 — /p — arg @* by Lemma 15.2. Thus transformation of
coordinates induced by R;: Cy;— C, is
(@, ¥) — (C&, D) ;
it too is holomorphic.
Finally, consider the map R,R,: C, — C, where s = (R,R,)™'s;, = 8,
by (13.1)
R3R1[S31, §32] = [312, §13]
R3R1[331y tzs] = [312; Ratzs] .
The first relation implies by the argument used above that R.R,

transforms the # coordinate of C, to the # coodinate of C,. The
implication of the second relation becomes clear upon observing that

Rstzg = R3(R2R1t31) by Lemma 133(1)
Rsthzs = <R3R2R1)t81

and R,R.R.8:, §3] = [§s, s]. Consequently R,R,R, rotates 4, about
the midpoint of [s,, §,,] 180° and the image of 4,., under R,R, is
given (cf. the diagram)

Ty

R,R,R.4

R3th13

R 3R lt%

by rotating [s., §,.] towards the direction of Imu < 0 through an
angle 2 Y ¢,,8,.8; that is —(7/2 — 7/p + arg ¢*) by Lemma 15.2. Thus
the transformation of coordinates induced by R.R,:C, — C, is

which is holomorphic.
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Analogously, we can consider balls B,(t;) centered at ¢, of radius
B and meeting no edge of 4,, other than those containing #,. We
can select @ and B so that

Ay C Ba(slz) U Ba(gm) ] Bﬂ(taz) .
Define for any integer < mod 3,
C: = {(z, @); x € By(ty), W € C; " = w(x)}

where &; = ¢;_,;+;, w is the unique standard nonhomogeneous coord-
inates on I, centered at ¢, and positive on the geodesic lin segment
[t;5::+:]- Then define the homeomorphism

[ Ci— Y,.» N T (By(t))

with properties analogous to (19.1). By the same type of reasoning
as above, one proves:

(19.4) For all ve G, F') the map induced by v from C; to C; is
holomorphic, where v7't, = t;(i = 1, 2, 3).

The coordinate system on y that we have selected above has the
property:

(19.5) For any two overlapping coordinate neighborhoods, the coord-
inates are biholomorphically related.

The proof is quite simple. For by choice of coordinates, the
intersection of two coordinate neighborhoods either
(i) projects by © biholomorphically onto a neighborhood in the
ball; or
(ii) has one of the forms
(@) Y.rNY,rNa(Bus) N BulB)), s, 8" €4z
() Y,» N Y,r N7 H(B(s) N By(t)), 8, t € 4.
In Case (i), assertion (19.5) is obvious. In Case ii(a) the two coord-
inate systems are related by R.R;R, which belongs to G(s, F). In
case s = 8, this is assured by (19.2); for any other s, the analogue
of (19.2) is valid by symmetry. Thus it remains only to consider
Case (iib). By symmetry, we may take s=s, t=1t, In the
overlap (iib), the coordinate function ¥ of C, has no branch locus
on By(t). Moreover, the %™ of C,, and @™ of C, are related by the
fractional linear transformation of the Poincaré disc I, which relates
the two standard nonhomogeneous coordinates centered at s,, and ¢,
respectively. Hence

ﬁ=mawm+b
o™ + @
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where neither numerator nor denominator vanish on B,(s;) N By(t).
From this assertion (19.5) follows.

From (19.2) and (19.4) we can conclude that the group I' acts
holomorphically on Y. We summarize our conclusions in the following
theorem.

THEOREM 19.1. Let @ be any complex number of modulus 1 with
larg @*| < /2 — w/p and (1/zw)arge a rational number. Let I'(P)
denote the group generated by C-reflections with Coxeter diagram

and phase shift @, = @y = @,, = . Let Y(®) denote the joined
I'(p)-space on which I'(®) operates discontinuously (¢f. §6.5), and
7. Y(®) — Ch* the canonical I'(@)-map of Y(®) to the ball. Then Y(p)
has the structure of a complex analytic manifold satisfying

(1) = s holomorphic.

(2) Each veI'(p) acts biholomorphically on Y(®).

REMARK 1. If n/2—7/p<arg @*<8(=x/2 — z/p) and (1/7) arg @ e
Q, the abutted smooth family of polyhedra I'2(®) satisfies conditions
BR of §6.4 but not hypothesis (2) of Proposition 6.4.2. For arg ¢*>
T[2 — TP, digs N oy = 8y = 85 and dygy N 4y, = 8y = 8, the C-reflec-
tions (R.R,R.? (R.R,R,)’ may not be an admissible pair (cf. §2).
The subgroup of I'(p) that fixes the point s, may not be finite.
Thus hypothesis (8) of Proposition 6.4.2 is generally violated.

REMARK 2. The proof of Theorem 19.1 is so much longer than
the proof of Proposition 6.4.2 because it proves the added assertion:
I’ operates holomorphically on Y.

REMARK 3. By a well-known theorem of Selberg (cf. [9]) any
finitely generated matrix group I” has a subgroup of finite index I,
that has no elements of finite order. It follows readily that if vp=
p,vel, and pe B, then v =1. A fortiori, I', operates freely on
Y. Therefore Y/I', is a complex analytic manifold and compact for
larg @*| < /2 — w/p and (l/zr)arg®*c@Q. In order to prove that
Y/I', is an algebraic manifold, it suffices by Kodaira’s fundamental
theorem to construct a Kaehler metric on Y/I', admitting a positive
line bundle. 3uch a metric can be constructed with the help of the
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Bergman kernel funetion for the domain |« [*™ + [v|*™ < 1 in C* The
canonical line bundle turns out to be positive (ef. {8]). In [8], itis
shown that if m = 1, the Kaehler metric can be selected so as to
have everywhere negative sectional curvature.

20. Presentation for [I.

Let @ be a complex number with |@| =1, 9 =1, and |arg ¢*| <
w2 — w/p. LetI' = I'(p), Y = Y(p), and n: Y — Ch* the canonical F’'
map. Let Y* denote the simply connected covering space of Y, let
I'* denote the lift of I to Y%, and let 0: Y?*— Y denote the covering
map. Thus for each v*e/® we have the commutative diagram

v -y
Y1 7v.

The cell decomposition ¥ = I'Q lifts to a cell decomposition Y* =
I50% with 0: 2% — 2 a homeomorphism. By the result in §18.3, ¥
has a Riemannian matrix which is preserved by I". The pull-back
of this metric to Y*® gives a metric preserved by I'%. The hypo-
theses of Theorem 6.3.2 are satisfied by (2% I'®, Y¥).

THEOREM 20.1. Let @ be a complex number of modulus 1 with
larg @| <m/2 — w/p. Let 1 = exp (wi/p). Set

© = order 779, o = order 7P’
r=p1if 3}p, s=o01if 3}o
/3 if 3|p = ¢/3 if 3o .

Choose 1, v so that

3¢t + 1 =0modp if3tp
3v+1=0modo if 3yo.

Let 7 denote the free group with generators {R, i =1,2,3}. Let
B’ denote the normal subgroup of F generated by the words

{R!, R,R;R.R;'R;'R;*, (R.R,R))", (R,R,R)*, %, =1,2,8}.
Set

0; = (RiRi+1Ri+2)2yRiRi+1 if 3 /{/p
o; = (RiRi~1Ri—2)2yRiRiwl if 3/]’0' .

Let . #" denote the normal subgroup of F generated by the words
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{0, = 0, 0, =0} if 8)po, largp’| < = — T
2 »
{0, = 0.} if 3/p,3|0, |arg p*l< = — T
2 P
{0, = o)} if 3lp, 340, largp’] < & — T
2 D
{1} if 3|0 and 3|0, largp| < &= — T
2 VY
{IO1=102} if 3*p,1—l<arg¢3
2 P
= i p e — (T
{0, = 0.} if 3|p, arg 9* < (2 p>.

Let I' denote the action of I'(®) on Ch’.
(i) If, in addition |arg P*| < z/2 — w/p, then

I =92".2".

(ii) If larg @| < /2 — w/p and 2(®) satisfies (CD1) and (CD2)
(cf. §6.3), then

I' = 7 |#' %" .
Proof. We first observe that the relations <&’ and 2" are
symmetric in 1,2,3. <&’ is symmetric since R;Y(R,R;R,)R, =

(R;R.R, for any 1, j, k. As for %", given p, = p,, we have on
the one hand

R7'p, = (R.R,R,)"R;"R\R, (cf. Proof of Lemma 14.1 (1)) .

From R.R,R, = R,R.R,, we get R;'R R, = R R,R". Hence R;'po, =
o.R:'. On the other hand

R0, = Ry'0, = (R,R.R,)’R, = p;R; " .

Hence o, R;* = p;R;* and p, = p,. Similarly o, = ¢, implies o, = 0,.
The relations <&’ U 2" coincide with the relations obtained around
the codimension-2 circuits of the region 2(@) by (10.1.2) and the
results in §17.1 and §18.4. Theorem 20.1 now follows directly
from Theorem 6.3.2.

REMARK 1. From the relations <2’ one can infer

(20.2) 050:0; = 1 0,0,0,=1.

Proof.
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0:0:0: = (BB R, Ry (R o, R ) BRI R R, R,)™ Ry
= (RR.R )" (R R.R)* By B (BB, R Ry
= (R3R1R2)4#+2+2y = (R3R1R2)2(3‘u+1) =1.

The isomorphism J' V(@) — V(@) yields 0,0.0, = 1. The added rela-
tion p, = p, therefore implies pj=1. The independence of Z#Z"” from
' is assured by the existence of the 3-fold branched I'-cover Y*
of §6.5. Similarly o, = o, implies that ¢! =1. The group & /%'
is the group operating on the lift of I to the simply connected
covering space of Y* (which is not a manifold!).

REMARK 2. For those @ for which 2(p) satisfies condition
(CD1) and (CD2) (ef. §17.1) Theorem 20 gives a presentation for the
image of the lattice subgroup I'(®) in PU (H) — or equivalently, for
I'(®)/Z, where Z is the set of scalar multiplies of the identity matrix
in the matrix group I'(®). In general, one may possibly have a
nontrivial extension

1 N r I'—-1

where N = 7,(Y), the fundamental group of the space Y(®). I do
not know whether there exist any values of @ with N(@) = {1};
equivalently, can Y(®) fail to be simply connected?

21. Some examples of isomorphisms among I'(®).

Let ¢, = (R.R;+.R;1,)?, regarded as an element of PU (H) for any
integer ¢ mod 3.

LemmA 21.1. Let I’ denote the group I'(®) action om Ch* with
diagram

and @* =V —1. Then
(i) I is an arithmetic lattice in PU (H).
(ii) I is gemerated by {c, c., ¢}

Proof of (i). Let k=Q[TrAdI']l. Then k = Q[cos2x/5] by
Lemma 17.2.1. Direct calculation shows that °4>0 for 1 = o €Galk,
4 denoting the determinant of the matrix {e,e;> (4,5 =1, 2, 3).
Hence I' is an arithmetic lattice (ef. §4).
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Proof of (ii). By Lemma 16.1, the order of the transformation
¢; equals the order of 749°, which is the order of —7°. Thus ¢; is
of order 5 for j=1,2, 3. Inasmuch as arg®® > —(n/2 — n/5), we
have (W, vy >0 (by (9.1.4)") and Iy, = v{ 1440, N V~ is not empty.
By Lemma 13.3 (ii), ¢, fixes each point of I,,, and is thus a
C-reflection. Moreover, by Lemma 12.3

IL NIy =t,+ (7 integer mod 3)

and thus each of I, I, I, meets the other two. Thus ¢, ¢, fix the
point ¢,,. Direct calculation shows that for ¢° = 1,

21.1 Oy V) g A= 200 o
( : [ Vs3] [ Va1 | o 14+794+7° il
(21.2) (BB Ry) oy = Dy -

The first equation implies that {{c, ¢,}} ~ F;,. The second equa-
tion states that the stabilizer I',, of the point p,, contains {c;'c.c;,

¢i'cocs}.  Since I' is a discrete group, I, is a finite group. Since

@—3——@ is a maximal subgroup of PU (2) generated by C-reflec-
tions, it follows that {{c;'c.c;, ¢i'c.cs}} = I',,. Hence {{c, ¢, c;}} D{R,,
R,}. By symmetry {{c, ¢, ¢;}} D{R, R,, R;}. This implies (ii).

ExAampLE 1. Equation (21.1) has an interesting interpretation.
(@7*)* = *7°® = —74. Thus there is an isomorphism A of I" to I'(y)
with arg «° = —7x/10 given by

The reason for not sending ¢, to R, is that ¢, rotates about its
fixed point set via %i9* by (9.1.1), i.e.,, by —7. Thus ¢ should
map to R,(y). The isomorphism A is induced by the automorphism
of C?

Vi it140 — € (¢ integer mod 3) .

An alternative description is to say that A4 is induced by the isometry
of the Ch® formed from V(@) to the Ch* formed from V() which
takes

[ D1y sy Dasy bio— Vo3 «

If we compose A with J': V(y) — V(y), we get that J'-A induces

iy Disy Lo Dy by — Da1 -

This example provides us with a fundamental domain for the
arithmetic lattice I'(@). For 2(®) does not satisfy condition (CDZ2)
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and is therefore not a fundamental domain mod Aut, 2. However,
2(+p) is a fundamental domain mod Aut, 2(y) (={1, J, J%).

The next example will provide a geometric isomorphism between
two arithmetic lattices generated by C-reflections having different
Coxeter diagrams.

EXAMPLE 2. Let I” denote the group generated by reflections
with diagram

3

3
H—O—G .

e e e

Inasmuch as there are no closed loops in the diagram, the phase
shifts can be arbitrary. Here {{R], R:}} and {{R;, R:}} are isomorphic
groups of I’ where as R,R; = RiR.. It is easily verified that I is
discrete by the arithmeticity test of §4. Let @ = expni/6 as in
Example 1. Then there is an isomorphism of I’ to I'(p) given by

A ‘ R; — Ry(p)
Ry — (R,E\R,)(®) .

Let vi; =efnNef (1,5=1,2,8,1+ 7). The isomorphism A’ is induced
by the isometry of Ch® which takes

D1z — tox(P), Dis — D1(P), D — toy(P) .

It should be noted that the image of A’ is all of I'(®) since it
contains (R,R,R,)", (R.R,R,)* = R,(R,R.R,)’R;*, and (R .R.R,)"

22. Nomnstandard homomorphisms.

Given a nonarithmetic lattice I" in PU(2, 1), there is a field auto-
morphism ¢ of C such that °I" is not a bounded set of matrices and
o is nontrivial on the field Q[Tr AdI'] (ef. Lemma 4.1). Such a
monomorphism ¢ of I" cannot be extended to a rational representation
of PU(2, 1) — for such a representation o would satisfy Tr Ad o(v) =
Tr Ady for all yeI'. This is in sharp contrast to the remarkable
“super-rigidity” theorem proved by Margulis for semi-simple groups
of R-rank > 1.

There is however, another kind of violation of super-rigidity:
There is a homomorphism p of I'(p) onto I'(p,) which is not a
composition of a rational homomorphism and a field automorphism;
this will follow once we show that Ker o is infinite. Moreover, in
our example I'(®@,) and I'(p,) are arithmetic lattices.



ON A REMARKABLE CLASS OF POLYHEDRA 275

Let I'y=I(p) and ', = I'(®,) be the groups generated by C-
reflections with Coxeter diagrams

3

with arg ¢} = —x/10, arg #; = Tx/10. By Theorem 20.1, we know
that the relations in the presentation for I, and I, are {R} =1,
RR,R, = R,RR; i,7 =1,2, 3} and in addition for I,

((R1R2R3)2o = 17 (R3R2R1)m = 1,
((R,R,R)’R,R, = (R,R,R)°R,R, = ((R,R,R)°R,R,)™"

and for I,

(R1Rst)4 =1
(R1R2R3)2R1R2 = (R2R3R1)2R2R3 .

Moreover, in I, we have (R,R,R,)°R,R,)'=(R.R,R,)’R R,, by Lemma
16.1 and (R,R,R)° =1 by (9.1.2). Thus the map p: B,(®,) — R/(®,)
1=1,2,8) is a homomorphism. Its kernel is a normal subgroup
N of I'(p,) eontaining (R,R,R,)*, (R,R,R,)* (R,R.R,*, whose common
fixed point set is I, N I, N I, which is empty. Since every finite
subgroup of I, fixes a point in the ball, N is not finite. Conse-
quently o is not a composition of the stated type. Consulting Table
3 of §17.3, we see that both I'(p,) and I'(p,) are arithmetic lattices.
Both these lattices are cocompact.
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