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ABSTRACT. For any right-angled Coxeter group I' on k generators, we
construct proper actions of I' on O(p, g + 1) by right and left multipli-
cation, and on the Lie algebra o(p, ¢ + 1) by affine transformations, for
some p,q € N with p4+¢g+1 = k. As a consequence, any virtually special
group admits proper affine actions on some R™: this includes e.g. sur-
face groups, hyperbolic 3-manifold groups, examples of word hyperbolic
groups of arbitrarily large virtual cohomological dimension, etc. We
also study some examples in cohomological dimension two and four, for
which the dimension of the affine space may be substantially reduced.

1. INTRODUCTION

Tiling space with regular shapes is an old endeavor, both practical and
ornamental. It is also at the heart of crystallography, and Hilbert, prompted
by recent progress in that discipline, asked in his 18th problem for a better
understanding of regular tilings of Euclidean space R™. In 1910, Bieberbach
[Bi] gave a partial answer by showing that a discrete group I" acting properly
by affine isometries on R™ has a finite-index subgroup acting as a lattice of
translations on some affine subspace R"”. Moreover, m = n if and only if the
quotient I"'\R™ is compact, and the number .4;, of such cocompact examples
I" up to affine conjugation is finite for fixed n. Crystallographers had known
since 1891 that .45 = 17 and .43 = 219 (or 230 if chiral meshes are counted
twice), a result due independently to Schoenflies and Fedorov.

The picture for affine actions becomes much less familiar in the absence
of an invariant Euclidean metric. The Auslander conjecture [Au] states
that if I' acts properly discontinuously and cocompactly on R™ by affine
transformations, then I' should be virtually (i.e. up to finite index) solvable,
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or equivalently [Mi], virtually polycyclic. This conjecture has been proved up
to dimension six [FG, AMS5] and in certain special cases [GoK, T, AMS4],
but remains wide open in general.

In 1983, Margulis [M1, M2] constructed the first examples of proper ac-
tions of nonabelian free groups I' on R3, answering a question of Milnor [Mi.
These actions do not violate the Auslander conjecture because they are not
cocompact. They preserve a natural flat Lorentzian structure on R3 and
the corresponding affine 3-manifolds are now known as Margulis spacetimes.
Drumm [Dr] constructed more examples of Margulis spacetimes by building
explicit fundamental domains in R?® bounded by polyhedral surfaces called
crooked planes; it is now known [CDG, DGK2, DGK6] that all Margulis
spacetimes are obtained in this way. Abels—Margulis—Soifer [AMS2, AMS3]
have studied proper affine actions by free groups whose linear part is Zariski-
dense in an indefinite orthogonal group, showing that such actions exist if
and only if the signature is, up to sign, of the form (2m,2m — 1). Re-
cently, Smilga [S1] generalized Margulis’s construction and showed that for
any noncompact real semisimple Lie group G there exist proper actions, on
the Lie algebra g ~ RY™(G) of nonabelian free discrete subgroups of G x g
acting affinely via the adjoint action, with Zariski-dense linear part; Mar-
gulis spacetimes correspond to G = PSL(2,R) ~ SO(2,1)p. More recently,
he gave a sufficient condition [S2] (also conjectured to be necessary) for an
algebraic subgroup of GL(n,R) x R™ to admit a Zariski-dense nonabelian
free discrete subgroup acting properly on R".

1.1. New examples of proper affine actions. The existence of proper
affine actions by nonabelian free groups suggests the possibility that other
finitely generated groups which are not virtually solvable might also ad-
mit proper affine actions. However, in the more than thirty years since
Margulis’s discovery, very few examples have appeared. In particular, un-
til now, all known examples of word hyperbolic groups acting properly by
affine transformations on R™ were virtually free groups. In this paper, we
give many new examples, both word hyperbolic and not, by establishing the
following.

Theorem 1.1. Any right-angled Coxeter group on k generators admits
proper affine actions on RFF=1/2,

We note that right-angled Coxeter groups, while simple to describe in
terms of generators and relations, have a rich structure and contain many
interesting subgroups. As a first example, the fundamental group of any
closed orientable surface of negative Euler characteristic embeds as a finite-
index subgroup in the right-angled pentagon group. Since any right-angled
Artin group embeds into a right-angled Coxeter group [DJ], we obtain the
following answer to a question of Wise [W2, Problem 13.47].

Corollary 1.2. Any right-angled Artin group admits proper affine actions
on R™ for somen > 1.
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See e.g. [BB] for interesting subgroups of right-angled Artin groups, for
which Corollary 1.2 provides proper affine actions. Haglund—Wise [HW1]
proved that the fundamental group of any special nonpositively curved cube
complex embeds into a right-angled Artin group. Thus we obtain:

Corollary 1.3. Any virtually special group admits proper affine actions
on R™ for somen > 1.

Virtually special groups include:

e all Coxeter groups (not necessarily right-angled) [HW2];

e all cubulated word hyperbolic groups, using Agol’s virtual special-
ness theorem [Ag];

e all fundamental groups of closed hyperbolic 3-manifolds, using [Sag,
KM]: see [BW];

e the fundamental groups of many other 3-manifolds, see [W1, L, PW].

Januszkiewicz-Swiatkowski [JS] proved the existence of word hyperbolic
right-angled Coxeter groups of arbitrarily large virtual cohomological di-
mension; see also [O] for another construction. Hence another consequence
of Theorem 1.1 is:

Corollary 1.4. There exist proper affine actions by word hyperbolic groups
of arbitrarily large virtual cohomological dimension.

The Auslander conjecture is the statement that a group acting properly
discontinuously by affine transformations on R™ is either virtually solvable,
or has virtual cohomological dimension < n. In the examples from Theo-
rem 1.1, the dimension n = k(k—1)/2 of the affine space grows quadratically
in the number of generators k, while the virtual cohomological dimension of
the Coxeter group acting is naively bounded above by &k (and is even much
smaller in the examples above [JS, O]). Hence, Corollary 1.4 is far from
giving counterexamples to the Auslander Conjecture.

1.2. Proper actions on Lie algebras. The proper affine actions in The-
orem 1.1 are obtained in the following way. Let G be a real Lie group. It
acts linearly on its Lie algebra g ~ RY™() by the adjoint action, and G x g
acts affinely on g by (g, w) - v = Ad(g)v + w. Let T' be a discrete group.
A group homomorphism from I' to G X g is given by a group homomorphism
p: ' = G and a map u : I' — g which is a p-cocycle, i.e. satisfies

(L.1) u(my2) = u(y1) + Ad(p(71)) u(r2)

for all 71,72 € I'. For instance, for any smooth path (p;)ic; in Hom(T', G)
(where I is an open interval) and any ¢ € I, the map u; : I' — g given by
u(7y) = d%|7:t pr(Y)pe(v) 71 is a pg-cocycle; it is the unique ps-cocycle such
that for all y € T,

(1.2) pras(y) = et NTE) b (4) as s — 0.
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The cocycles in this paper will all be constructed in this way. (In general
there may exist cocycles not of this form: see [LM, §2].) We prove the
following.

Theorem 1.5. For any irreducible right-angled Coxeter group I' on k gen-
erators, there exist p,q € N with p+ q+ 1 = k and a smooth path (pt)ier
in Hom(I', G) of faithful and discrete representations into G := O(p,q + 1)
(where I is a nonempty open interval) such that for any t € I, the affine
action of T on g ~ RFE=1/2 yiq (pt, d%‘T:t prt_l) 1s properly discontinuous.

Full properness criteria for actions on 0(2,1) ~ ps((2,R) with convex
cocompact linear part were provided in [GLM] in terms of the so-called
Margulis invariant, and in [DGK1] in terms of uniform contraction in the
hyperbolic plane H? (see Theorem 3.3.(2) and Remark 3.4). Here we estab-
lish sufficient conditions for properness on o(p,q + 1) in terms of uniform
spacelike contraction in the pseudo-Riemannian analogue HP*¢ of hyperbolic
space in signature (p,q) (Theorem 3.6.(2)). In order to prove Theorem 1.5,
we then construct explicit representations and uniformly contracting cocy-
cles for irreducible right-angled Coxeter groups.

Since any right-angled Coxeter group is a direct product of irreducible
ones, we obtain Theorem 1.1 by applying Theorem 1.5 to each irreducible
factor and then taking the direct sum of the resulting affine actions.

We also use the same techniques as in Theorem 1.5 to construct, in some
specific cases, examples of proper affine actions on g = o(p,q + 1) where
p+ g+ 1 is smaller than the number k of generators of I'.

Proposition 1.6. (a) For any even k > 6, the group ' generated by reflec-
tions in the sides of a convex right-angled k-gon of H? admits proper affine
actions on g = 0(3,1) ~ RS,

(b) The group T' generated by reflections in the faces of a 4-dimensional
regular right-angled 120-cell admits proper affine actions on g = 0(8,1) ~ R36,

The group I' is virtually the fundamental group of a closed surface of genus
> 2 in (a), and of a closed hyperbolic 4-manifold in (b). Both examples
follow from a general face-coloring method explained in Proposition 5.1.

Whereas the examples of proper affine actions of free groups of Margulis,
Drumm, Abels—Margulis—Soifer, and Smilga all relied to some degree on the
idea of free groups playing ping pong on R™, here we use a metric method in
the spirit of [DGK1, DGK2, DGKG6]| to prove Theorem 1.5, which we explain
in Section 3.

1.3. Proper actions on Lie groups. Following the strategy of [DGK1,
DGK?2], we also view the proper affine actions on the Lie algebra g in Theo-
rem 1.5 as “infinitesimal analogues” of proper actions on the corresponding
Lie group G. Here we consider the action of G x G by right and left mul-
tiplication: (g1,92) - 9 = 92997 1. Given a discrete group I', not all pairs
(p,p') € Hom(T', G)? = Hom(T', G x G) give rise to proper actions of I on G:
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for instance, if p = p/, then the action has a global fixed point in G. We prove
the following “macroscopic versions” of Theorem 1.5 and Proposition 1.6.

Theorem 1.7. For any irreducible right-angled Cozeter group I' on k gen-
erators, there exist p,q € N with p+ q+ 1 = k and a smooth path (pi)ier
in Hom(T', G) of faithful and discrete representations into G := O(p,q + 1)
(where I is a monempty open interval) such that for any t < t' in I, the
action of T' on G by right and left multiplication via (py,pt) is properly
discontinuous.

In general, it is easy to obtain proper actions on G by right and left multi-
plication by considering a discrete group I', a representation p € Hom(T", G)
with finite kernel and discrete image, and a representation p’ € Hom(T', G)
with bounded image (for instance the constant representation, with image
{e} C G): such proper actions are often called standard. The point of Theo-
rem 1.7 is to build nonstandard proper actions on GG, where both factors are
faithful and discrete — and in fact, can be arbitrarily close to each other.

Full properness criteria for proper actions on O(n, 1) via (p, p') with p geo-
metrically finite were provided in [K2, GuK] in terms of uniform contraction
in H" (see Theorem 3.3.(2) and Remark 3.4). Here, in order to prove The-
orem 1.7, we establish sufficient conditions for properness on O(p,q + 1) in
terms of uniform contraction in HP¢ (Theorem 3.6.(1)).

We also construct examples of proper actions on G = O(p,q + 1) where
p—+ g+ 1 is smaller than the number k& of generators of I', in the same cases
as for Proposition 1.6.

Proposition 1.8. (a) For any even k > 6, the group I' generated by reflec-
tions in the sides of a convez right-angled k-gon in H? admits proper actions
on G = O(3,1) by right and left multiplication via pairs (p, p') € Hom(T', G)?
with p, p' both faithful and discrete.

(b) The group T' generated by reflections in the faces of a 4-dimensional
regqular right-angled 120-cell admits proper actions on G = O(8,1) by right
and left multiplication via pairs (p, p') € Hom(T', G)? with p, p’ both faithful
and discrete.

Remark 1.9. For p > 1, the group G = O(p,q + 1) has four connected
components. The proper actions on G constructed in Theorem 1.7 and
Proposition 1.8 all yield proper actions on the identity component Gj.

For p = 2 and g = 0, the identity component Gy = O(2,1)p ~ PSL(2,R)
is the so-called anti-de Sitter 3-space AdS?, a Lorentzian analogue of H3.
The group of orientation-preserving isometries of AdS? identifies with the
quotient of the four diagonal components of G x G by {£(I,I)}, acting
on Gy by right and left multiplication. Many examples of proper actions on
AdS? were constructed since the 1980s, see in particular [KR, Sal, K2, GuK,
GKW, DT].
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Examples of nonstandard cocompact proper actions on O(n, 1) by right
and left multiplication for n > 2 were constructed in [Gh, K], using defor-
mation techniques. After we announced the results of this paper, Lakeland—
Leininger [LL] found examples of nonstandard cocompact proper actions on
0(3,1) and O(4, 1) by right-angled Coxeter groups which cannot be obtained
from standard proper actions by deformation. Note that for cocompact
proper actions on O(n, 1) by right and left multiplication via (p, p), exactly
one of p or p’ has finite kernel and discrete image [K1, GuK]. On the other
hand, in the noncompact proper actions that we construct in Theorem 1.7
and Proposition 1.8, both p, p’ have finite kernel and discrete image.

1.4. Plan of the paper. In Section 2 we recall some background on prop-
erly convex sets and pseudo-Riemannian hyperbolic spaces HP?. In Sec-
tion 3 we state some sufficient criteria for properness, expressed in terms
of uniform contraction in H?%. In Section 4 we prove these criteria for the
Riemannian case ¢ = 0 (Theorem 3.3) and in Section 5 we give examples
in H3 and H®, establishing Propositions 1.6 and 1.8. In Section 6 we prove
the criteria for general HP? (Theorem 3.6). In Section 7 we prove Theo-
rems 1.5 and 1.7 (hence also 1.1) by constructing appropriate families of
representations (p;)ier to which we can apply Theorem 3.6.
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hospitality and excellent working conditions provided by the MSRI in Berke-
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Pauli Institute in Vienna.

2. NOTATION AND REMINDERS

In this section we briefly set up some notation and recall some useful
definitions and basic facts on properly convex domains in projective space
and on the pseudo-Riemannian hyperbolic spaces HP9.

2.1. Properly convex domains in projective space. Let V be a real
vector space of dimension > 2. Recall that an open subset © of P(V) is said
to be properly convez if it convex and bounded in some affine chart of P(V').
There is a natural metric dn on €2, the Hilbert metric:

1
da(z,y) := 5 log[a,z,y,b]

for all distinct x, y € Q, where [+, -, -, ] is the cross-ratio on P!(R), normalized
so that [0, 1,y, 0] = y, and where a, b are the intersection points of 92 with
the projective line through x and y, with a, x,y, b in this order. The metric
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space (€2, dq) is proper (i.e. closed balls are compact) and complete, and the
group
Aut(Q) :={g € PGL(V) | g- Q2 =Q}
acts on 2 by isometries for dg. As a consequence, any discrete subgroup of
Aut(Q) acts properly discontinuously on €.
By definition, the dual convex set of € is

Q" :=P({p € V* | P(Kerp) N Q = 0}),

where Q is the closure 2. The set Q* is a nonempty properly convex open
subset of P(V*) preserved by the dual action of Aut(2) on P(V*). We can
use any nondegenerate symmetric bilinear form (-,-) on V to view Q* as a
properly convex subset of P(V): if QCcV~ {0} denotes a convex lift of 2,

(2.1) O~ ItP({g eV | (5,2) <0 VieQ}).

Remark 2.1. It follows from the definition that if Q' C Q are nonempty
properly convex open subsets of P(R"!), then the corresponding Hilbert
metrics satisfy do/(z,y) > do(z,y) for all z,y € Q.

2.2. The pseudo-Riemannian space HP?. For p,q € N with p > 1,
let RP4F1 be RPTIHL endowed with a symmetric bilinear form (-, ), 441 of
signature (p,q+ 1). We set

HP? := {[v] € P(RPTT) | (v,v)pq41 < O} .

The form (-,-)p 441 induces a pseudo-Riemannian metric g? of signature
(p,q) on HPY. Explicitly, the metric gP? at a point [v] is obtained from
the restriction of (-,-), 441 to the tangent space at v/y/—(v,v)p4+1 to the
hypersurface
HP = {v € RPTM | (0,0)p011 = —1},

a double cover of HP? with covering group {£I}. The sectional curvature
of g4 is constant negative, hence HP¢ can be seen as a pseudo-Riemannian
analogue of the real hyperbolic space HP = HP? in signature (p, q).

The isometry group of the pseudo-Riemannian space HP? is PO(p, ¢+1) =
O(p,q + 1)/{£1}. The point stabilizers are conjugate to O(p,q), hence
HP4 ~PO(p, ¢ +1)/0(p, ).

The set HP = HP? is a properly convex open subset of P(RP!), and the
Hilbert metric dgr on HP coincides with the standard hyperbolic metric. On
the other hand, for ¢ > 1 the space HP? is not convex in P(RP¥*1). The
boundary of HP? in P(RP:4+1), given by

is a quadric which at each point has p — 1 positive and ¢ negative principal
curvature directions.

For any x € HP?, a nonzero vector v € T,HP? and the geodesic line £
it generates are called spacelike (vesp. lightlike, resp. timelike) if ghd(v,v) is
positive (resp. zero, resp. negative). The line £ is the intersection of HP¢
with a projective line meeting OHP? in two (resp. one, resp. zero) points:
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see Figure 1. In general, the totally geodesic subspaces of HP'? are exactly
the intersections of HP¢ with projective subspaces of P(RP4+1). As in [GM],

FIGURE 1. Left: H?® = H3 with a geodesic line ¢ (neces-
sarily spacelike). Right: H?! with three geodesic lines /5
(spacelike), ¢1 (lightlike), and ¢y (timelike).

we shall use the following convention.

Notation 2.2. If z,y € HP? are distinct points belonging to a spacelike
line, we denote by dgr.q(z,y) > 0 the pseudo-Riemannian distance between
x and y, obtained by integrating /gP: over the geodesic path from x to y.
If z,y € HPY are equal or belong to a lightlike or timelike line, we set
dpp.a(x,y) = 0.

Consider distinct points z,y € HP*? lying on a spacelike line. The distance
can be computed directly from the formula:

(2.2) dpp.a(x,y) = arccosh [(Z, §)p g+1| > 0

where #,§ € RP4T! are respective lifts of x,y with (T, %)pgr1 = (U T)pgr1
= —1. The following Hilbert geometry interpretation, well-known in the HP
setting, will also be useful:

1
(2.3) dpp.a(z,y) = §log [a,z,y,b] >0

where [-, -, -, -] is the cross-ratio on P!(R), normalized so that [0,1,y, o] = ¥,
and where a,b are the two intersection points of OHP'? with the projective
line through = and y, with a, x, ¥y, b in this order.

Note that when ¢ > 0, the function dyp.¢ is not a distance function on
HP-9 in the usual sense: for many triples it does not satisfy the triangle
inequality. See [GM, § 3] for further discussion of this issue.

2.3. The Lie algebra o(p,q+1). The Lie algebra o(p, ¢+ 1) identifies with
the set of Killing vector fields on HP4, i.e. of vector fields whose flow is
isometric: an element Y € o(p, ¢+ 1) corresponds to the Killing field

d
A ri exp(tY) - x € T,HPY.
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On the other hand, the Lie algebra o(p, ¢+ 1) identifies with RP4" where

(2.4) ¥, d)=(pa+1), @+ -p+a)/2).

Indeed, o(p,q + 1) is a real vector space of dimension (p + ¢+ 1)(p + q)/2
endowed with a natural nondegenerate symmetric bilinear form &y, 441, the
Killing form, of signature (p/,¢’). This form is invariant under the adjoint
action of O(p,q+1) on o(p, g+ 1). Using geometric properties of actions on
HP, we shall construct proper affine actions on o(p,q + 1) ~ RP4

3. A SUFFICIENT CONDITION FOR PROPERNESS: UNIFORM CONTRACTION
IN (PSEUDO-RIEMANNIAN) HYPERBOLIC SPACES

In this section we state some sufficient conditions for the properness of
actions of discrete groups on O(p,q+ 1) and o(p, g + 1). We shall use these
conditions to prove Theorems 1.5 and 1.7, and Propositions 1.6 and 1.8.

In the whole section, we consider, for a Lie group G with Lie algebra g:

e the action of G x G on G by right and left multiplication: (g1,¢92)-g =
92991

e the affine action of G x g on g through the adjoint action: (g, 2)-Y =
Ad(g)Y + Z.

3.1. Uniform contraction in H? and proper actions on O(p,1) and
o(p,1). We start with the case ¢ = 0.

Definition 3.1. Let G = O(p,1) for p > 1. Let I" be a discrete group and
p: ' — G a representation.
(1) A representation p' : I' = G is uniformly contracting with respect
to p if there is a (p, p’)-equivariant map f : H? — HP which is C-
Lipschitz for some C' < 1, i.e. for all x,y € HP,

dyp (f(2), f(y)) < Cd(z,y).
(2) A p-cocycle u : I' — g is uniformly contracting if there is a (p, u)-
equivariant vector field X on HP which is c-lipschitz (lowercase ‘1)
for some ¢ < 0, i.e. for all x,y € HP,

(3.1) %)t:(} dpp (expx(tX(a:)),expy(tX(y))) < cdyr(z,y).
In (2), by (p, u)-equivariant we mean that
(3.2) X(p(r) - &) = p(1)aX (&) +u(1)(p() - 2)

for all v € I" and = € HP, where we see u(7y) as a Killing vector field on HP as
in Section 2.3. The (p, u)-equivariance of X entails that both sides of (3.1)
are invariant under replacing (z,y) with (p(y) - z, p(7y) - y).

Example 3.2. Let I be an open interval containing 0. If (p;)ier and ug :=
% ‘ o PPy Lare as in (1.2), then for any smooth family of (po, p;)-equivariant
maps f; : HP — HP with fo = Idge, the derivative X (x) := %|t:0 fi(x) is
(po, up)-equivariant. If moreover there exists ¢ < 0 with Lip(f;) < 1+ ¢t for
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all small ¢ > 0, then X is c-lipschitz. This is how we will produce all the
equivariant contracting vector fields that appear in this paper.

With this terminology, here are some sufficient conditions for properness.

Theorem 3.3. Let G = O(p,1) for p > 1. Let T' be a discrete group and
p: ' = G a representation with finite kernel and discrete image.

(1) (see [Sal, K2, GuK]) If a representation p' : T' — G is uniformly
contracting with respect to p, then the action of I' on G by right
and left multiplication via (p, p') is properly discontinuous, and the
corresponding quotient (p, p')(T)\G is an (O(p) x O(1))-bundle over
p(T)\HP.

(2) (see [DGK1]) If a p-cocycle uw : I' — g is uniformly contracting,
then the affine action of I' on g ~ RP(P*=P)/2 4iq (p,u) is properly
discontinuous and the corresponding quotient (p,u)(I')\g is an o(p)-
bundle over p(T")\HP.

Theorem 3.3.(1) was proved in [GuK, Prop. 7.2]. It first appeared in [Sal,
K2] for p = 2 without the statement that (p, p')(I')\G fibers over p(I')\H?.
Theorem 3.3.(2) was proved in [DGK1, Prop. 6.3] for p = 2; the proof given
there works without changes for any p > 2, as we shall see in Section 4.2.

Remark 3.4. When p is geometrically finite, the converse to Theorem 3.3.(1)
holds up to switching p and p': this was proved in [K2] for p = 2 and convex
cocompact p, and in [GuK] in general.

For p = 2 and convex cocompact p, the converse to Theorem 3.3.(2)
holds up to replacing u by —u, by [DGK1, Th.1.1]; a similar statement for
geometrically finite p will be proved in [DGK6]. We believe that this fails for
p=3,as 0(3,1) ~ psl(2,C) has a complex structure and properness (unlike
uniform contraction) is unaffected when we multiply a cocycle by a nonzero
complex number.

Using Theorem 3.3, we can already construct proper actions on O(p, 1)
and o(p, 1) for certain right-angled Coxeter groups: see Section 5.

3.2. Uniform spacelike contraction in HP? and proper actions on
O(p,q+ 1) and o(p,q + 1). In order to prove Theorem 1.1 and construct
proper affine actions for any right-angled Coxeter group, we consider the
group G = O(p,q+ 1) for any p,q € N with p+ ¢ > 1, acting on the pseudo-
Riemannian hyperbolic space HP? of Section 2.2. Recall Notation 2.2 for
dpp.a. We shall use the following terminology extending Definition 3.1.

Definition 3.5. Let G = O(p,q+1) for p,q € N with p+¢ > 1. Let I' be a
discrete group and p : I' — G a representation with finite kernel and discrete
image, preserving a nonempty properly convex open subset ) of HP4.
(1) A representation p' : ' — G is uniformly contracting in spacelike
directions with respect to (p,Q) if there exist a nonempty p(I')-
invariant subset O of Q (e.g. Q itself, or a single p(I')-orbit) and a
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(p, p')-equivariant map f : O — HP? such that f is C-Lipschitz in
spacelike directions for some C' < 1, i.e. for all z,y € O on a spacelike
line,

dur.a(f(2), f(y)) < Cd(x,y).

(2) A p-cocycle u : I' — g is uniformly contracting in spacelike directions
with respect to €2 if there are a nonempty p(I')-invariant subset O
of , a (p,u)-equivariant vector field X : O — THP? on O such
that X is c-lipschitz in spacelike directions for some ¢ < 0, i.e. for
all z,y € HP*? on a spacelike line,

%‘t:o de’q (expw (tX(x)), expy (tX(y))) S Cc de,q (1‘, y).

In (2), by (p, u)-equivariant we mean that X satisfies (3.2) for all v € T’
and z € O, where we see u(y) as a Killing vector field on HP¢ as in Sec-
tion 2.3.

Given a smooth family of maps f; : @ — HP? (for ¢ > 0) such that
fo=1Idq and fy is (1 4 ct)-Lipschitz in spacelike directions, note that, as in
Example 3.2, the derivative vector field X (z) := %‘ 1o t(z) is c-lipschitz in
spacelike directions.

The following result, proved in Section 6 below, generalizes Theorem 3.3.
Recall that a representation into GL(RP4T!) is called strongly irreducible
if its image does not preserve any nonempty finite union of nonzero proper
linear subspaces of RP4*1. An element g € End(RP4T1) is called prozimal in
P(RP-4+1) if it has a unique eigenvalue of maximal modulus, counting multi-
plicities; equivalently, g admits a unique attracting fixed point in P(RP4T1).

Theorem 3.6. Let G = O(p,q+ 1) for p,g € N withp+q>1. Let T be a
discrete group and p : I' — G a representation with finite kernel and discrete
image, preserving a nonempty properly convex open subset ) of HP4.

(1) Let p) : T — G be a strongly irreducible representation such that
p'(T) contains a proximal element. If p’ is uniformly contracting in
spacelike directions with respect to p and (), then the action of I' on G
by right and left multiplication via (p, p’) is properly discontinuous.

(2) Let w : I' — g be a p-cocycle. If u is uniformly contracting in
spacelike directions with respect to 2, then the affine action of I' on
g ~ Re+atDe+a)/2 yig (p, ) is properly discontinuous. This action
preserves the Killing form K, g1 on g, of signature given by (2.4).

We deduce Theorems 1.5 and 1.7 (hence Theorem 1.1) from Theorem 3.6
by constructing representations, cocycles, and equivariant maps and vector
fields, all explicit, which are uniformly contracting in spacelike directions.
This is done by deforming the canonical representation of a Coxeter group
on k generators in GL(k,R): see Section 7.

4. UNIFORM CONTRACTION IN HP IMPLIES PROPERNESS

In this section we give a proof of Theorem 3.3.
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4.1. Properness for actions on O(p,1) by right and left multiplica-
tion. For the reader’s convenience, we recall the proof of Theorem 3.3.(1)
from [GuK, §7.4].

Suppose p' : T' = O(p, 1) is uniformly contracting with respect to p, and
let f: HP — HP be a (p, p')-equivariant map which is C-Lipschitz for some
C < 1. The group O(p) x O(1) is the stabilizer in O(p,1) of some point
of HP. Therefore, for any x € HP,

Ly:={9€O0(1) g z=[f(x)}

is a right-and-left translate of O(p) x O(1). An element g € O(p, 1) belongs
to L, if and only if = is a fixed point of g~! o f; since Lip(g~' o f) =
Lip(f) < 1, such a fixed point exists and is unique for each given g, meaning
that ¢ belongs to exactly one set L£,. We denote this x by II(g). The
fibration II : O(p,1) — HP is continuous: if h € G is close enough to g so
that d(I1(g),h~' o foTl(g)) < (1 — Lip(f))e, then h~! o f takes the e-ball
centered at II(g) to itself, hence II(h) is within ¢ from II(g). Moreover,
IT: O(p,1) — HP is by construction ((p, o), p)-equivariant:

PV Lap(N) 7' = Loy
for all v € I and = € HP. Since the action of I' on HP via p is properly dis-
continuous, by ((p, p’), p)-equivariance, the action of I' on O(p,1) by right
and left multiplication via (p, p) is also properly discontinuous. The fibra-

tion IT descends to a topological fibration of the quotient (p, p')(I')\O(p, 1),
with base p(I')\HP and fiber O(p) x O(1).

Remark 4.1. The fibers £, for x € HP, are totally geodesic subspaces of
O(p, 1) which are negative for the natural pseudo-Riemannian structure of
signature (p',¢') = (p, (p® —p)/2) on O(p, 1) induced by the Killing form , ;
(see Section 2.3) and maximal for this property.

4.2. Properness for affine actions on o(p,1). We now recall the proof
of Theorem 3.3.(2) which was given in [DGK1, §6.2] for p = 2. This proof
actually works for any p > 2, and runs parallel to that of Section 4.1.

Suppose the p-cocycle u : I' — o(p, 1) is uniformly contracting, and let
X : HP — THP be a (p, u)-equivariant vector field on HP which is c-lipschitz
for some ¢ < 0. The Lie algebra o(p) is the set of Killing vector fields on HP
that vanish at some specific point of HP. Therefore, for any x € HP,

lo=1{Y colp,1) | Y(2) = X(x)}

is the image of o(p) by an affine transformation of o(p, 1).

A Killing vector field Y € o(p,1) belongs to ¢, if and only if X —Y
vanishes at x. The vector field X — Y is c-lipschitz because X is c-lipschitz
and Y is a Killing field. Since ¢ < 0, the vector field X —Y points inwards on
the boundary of any large enough ball, hence has a zero in HP by Brouwer’s
theorem. This zero is unique because ¢ < 0, and we denote it by 7(Y") € HP.

The fibration 7 : o(p,1) — HP is continuous: if Y' € o(p,1) is close
enough to Y in the sense that ||(Y —Y')(z)| < |¢|d for x = n(Y), then the
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c-lipschitz vector field X =Y’ = (X —Y) + (Y —Y’) points inward along the
sphere of radius ¢ centered at z (for the Killing field Y — Y’ has constant
component along any given line through ), hence the unique zero w(Y”) of
X — Y’ is within 0 of z = (V).

Moreover, 7 : 0(p,1) — HP is by construction ((p,u), p)-equivariant:

(4.1) m(Ad(p(1)Y +u(y)) = p() - 7(Y)
forally e T"and Y € o(p,1). Indeed, 7(Y) = x means Y (x) = X (x), hence
by (3.2)

(Ad(p(M)Y +u()) (p()z) = p(71):X (2) + u(1)(p(7)2) = X (p(7)2),
proving (4.1).

Since the action of I' on HP via p is properly discontinuous, by ((p, ), p)-
equivariance the affine action of " on o(p,1) via (p,u) is properly discon-
tinuous. The fibration 7 descends to a topological fibration of the quotient

(p,u)(I)\o(p, 1), with base p(I')\HP and fiber o(p).

Remark 4.2. The fibers ¢, for x € HP, are affine subspaces of o(p,1)
which are negative for the Killing form £, 1 on o(p, 1) (see Section 2.3) and
maximal for this property.

5. EXAMPLES OF PROPER ACTIONS ON O(p,1) AND o(p,1) FOR SMALL p
In this section we prove Propositions 1.6 and 1.8.

5.1. Uniformly contracting maps obtained by colorings. Our proof
is based on the following construction.

Proposition 5.1. Let I" be a discrete subgroup of O(p, 1) generated by the
reflections {7 }1<i<k in the faces {Fi}i1<i<k of a convex compact right-angled
polyhedron of HP. Let v; = (w;,1) € RP! be normal vectors to the Fj.
Suppose there exists a “coloring” o : {1,...,k} = {0,...,c} such that o(i) #
o(j) when F; intersects F;. Let ug, ..., u. be the vertices of a reqular simplex
inscribed in the unit sphere of R¢. For any t € R, we set

v := (cosh(t) w;, /c sinh(t) Up(iy, 1) C RP+el

)

Then for any t € R, the representation py : T' — O(p + ¢, 1) taking ~; to

the orthogonal reflection in (vf)L C RPtel s well defined, and for small

enough |t| it is faithful and discrete. Moreover, for any 0 < t < t' with
cosh(t)
7 cosh(t)

t small enough, there exists a (pi, py)-equivariant
fi  HPTC — HPFe,

-Lipschitz map

Proof. Let t € R. To prove that p; is well defined, we only need to check
that <U§,’U;’->I,+C,1 = 0 when Fj intersects Fj. Since (v;,vj)p1 = 0 we have
(wi, wi)po =1, and (Ug(i), Us(j))e,0 = —1/c. Therefore
<va v§'>p+071 = cosh’ (t) <wi7 wj>p10 tc sinh? (t) <ua(i)’ ua(j)>670 -1
= cosh?(t) — sinh?(t) — 1 = 0.
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For small enough |¢| the representation p; is faithful and discrete because it
is a small deformation of the convex cocompact Fuchsian representation pg
(valued in O(p,1) C O(p + ¢, 1)).

We now assume that ¢ > 0 is such that p; is faithful and discrete, and
fix # > t. Let P, C P(RP*1) be the polytope bounded by the P(v!)*
for 1 < i < k, so that P, N HP'¢ is the fundamental polyhedron of p;(T).
Define similarly Py. In the affine chart {z .11 = 1} of P(RPT%1), the linear

transformation CC(;SS};!((’;I)) Idgr Ssiir;}}ll((t;)) Idge takes the v! to the v!f. Tt follows

that dually, f := sg:ﬁl((;)) Idgr @ :;1}}11((;,)) Idge takes P; to Py. The restriction

of f to P, NHPT can be (pq, py)-equivariantly, continuously extended by
reflections in the faces of P, and Py, yielding a (p¢, pr)-equivariant map

fL - HPte — HPYe. By the triangle inequality, it only remains to show that

flmp+enp, is fg:}}:((: ))-Lipschitz. Since the ellipsoid f(HPT¢) is contained in the

ball of radius <22() (itself contained in the unit ball HP*¢ of the chart),

cosh(t")
the result is an immediate consequence of the following Lemma 5.2, which
quantifies Remark 2.1. O

Lemma 5.2. Fiz a Fuclidean chart R" of P*"(R). If B, denotes the ball
of radius r in R™ centered at 0, then the Hilbert metrics satisfy dp, (z,y) >
dp, (x,y)/r for any r € (0,1) and z,y € B;.

Proof. Consider a line ¢ of the Euclidean chart R™ through points x,y € By,
with /NB; = {a,b} and a, x, y, b lying in this order on . We can parametrize
¢ at unit velocity by (x¢)ier so that (a,z,y,b) = (x_a,x0, x5, 2g) for some

d,a, 8> 0. We have
1 d+a /0+a a l4pt
:—1 ~ _—

The factor VKB; = (a1 + B71)/2 expresses the Finsler norm associated to
the Hilbert metric d B, hear x, in the direction of ¢, in terms of the ambient
Euclidean norm. If we replace By with a scaled ball Bi_; for some ¢t > 0,
then the new endpoints of N Bi_; lie at linear coordinates —ay and S such

that 5| _ ar <—land &| _, B, < —1. Therefore
4 yBi-r —2 )
drle—y b0+ B /Bt B/ 1
vt T a8 ar+ B T 1—t

where we use oy + f; < 2 — 2t for the last inequality. Integrating this
logarithmic derivative over ¢ € [0,1 — 7], we find v,77 > Vf +/r. This is valid

for all £ and z, hence dp, > dp, /. O

5.2. Proof of Propositions 1.6 and 1.8. Let I' be the discrete subgroup
of O(2,1) generated by the reflections in the faces of a convex right-angled
k-gon in HP = H?, for k > 6 even. Color the sides of the k-gon, alternatingly,
with labels 0 and 1. Applying Proposition 5.1 with ¢ = 1 yields, for small
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enough 0 < t < ¢, faithful and discrete representations py, py : I' — H? and

) fg:l?((tt,))—Lipschitz maps ff/ cHP — HB (Figure 2 shows
a fundamental polyhedron). In particular, py is uniformly contracting with

respect to pt (Definition 3.1), and by Example 3.2 the ps-cocycle u; =

d cosh( t)
Il — tp.rpt is uniformly contracting since - ’T —t cosh(r —tanh(t) <

Applying Theorem 3.3, we obtain Propositions 1.8.(a) and 1.6.(a).

(pt, pr)-equivariant

FIGURE 2. A fundamental domain P,NH3

A for the action of p;(I') on H?, bounded by
' ‘" i3 k planes F} = (v!)* (here k = 6 so ' is a
b right-angled hexagon group). The hexa-
' N hedron P, becomes vertically more elon-

gated as t — 0. The faces F}, Fi, FY are
at the back.

Py

Similarly, in order to prove Propositions 1.8.(b) and 1.6.(b), it is enough
to color the faces of the regular (Euclidean) 120-cell with ¢+ 1 = 5 colors so
that adjacent faces receive different colors. This is a well-known construction
which we briefly recall below.

The 120-cell can be described as follows. Let ¢ = @ = 1.618... be

the golden ratio. Let wy...,wioq € R* be the unit vectors obtained from
the rows of the matrix

1 0O 0 0 2
5 1 1 1 1
0 go‘l 1

by sign changes and even permutations of the four coordinates. We en-
dow R* with its standard scalar product (-,-)49. The affine hyperplanes
(w; + wil)giglgo cut out a regular 120-cell in R%. Cells of the 120-cell are
regular dodecahedra, four of which meet at each vertex, and two cells share
a (pentagonal) face if and only if the dual vectors w;, w; are neighbors, which
means by definition that (w;, w;j)s0 = ¢/2. Each w; has 12 neighbors.

We now explain how to color the 120 vectors w; (i.e. the correspond-
ing cells) with 5 colors, so that no two neighbors have the same color.
Seen as unit quaternions, the w; form a group which maps surjectively,
via the covering ¢ : S* — SO(3), to the icosahedron group s (even
permutations on 5 symbols {0,1,2,3,4}) with kernel {1,—1}. We color
each w; with the value o(i) € {0,1,2,3,4} that the associated permuta-
tion takes at the symbol 0. Any neighbors w;, w; always have different
colors: indeed the corresponding permutations differ by a 5-cycle, since
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Re(w; 'w;) = (w;, wj)s0 = ¢/2 = cos(r/5) shows that 1(w; 'w;) has order
5 in 5. Propositions 1.8.(b) and 1.6.(b) are proved.

Remarks 5.3. (1) The maps f} produced by Proposition 5.1 above
are not smooth, but continuous and piecewise projective. Similarly,
the equivariant vector fields are not smooth, but they can be made
smooth (while remaining uniformly contracting), e.g. by the equi-
variant convolution procedure described in [DGKI1, §5.5].

(2) If T is one of the reflection groups in Propositions 1.6 and 1.8, then
I' admits a finite-index, torsion-free subgroup I'y, which is either a
surface group (case (a)) or a 4-manifold group (case (b)).

(3) As noticed in the proof of Theorem 3.3.(2), the map 7 : o(p+¢,1) —
HP¢ endows the affine manifold I'1\o(p + ¢, 1) constructed in the
proof above with the structure of an o(p + ¢)-bundle over I'y \HP*<.
This bundle structure is smooth if the equivariant vector field is.

5.3. A variant of Lemma 5.2. Later, in order to prove Theorem 3.6,
we will need the following variant of Lemma 5.2, in which we endow the
projective space P"(R) with its standard spherical metric: for all v,w €
R+ {0},

den g (0], [w]) = £(v,w) € [0, ].

Lemma 5.4. Let (Hy)i>0 be a family of smooth connected open subsets of
P™"(R). Suppose that OH; moves inwards with normal velocity > 1 every-
where at t = 0. Let [a,b] C Hy be a segment transverse to OH at both
endpoints, containing points x,y in its interior. Let as, by be the endpoints

of [a,b] N Hy, for smallt. Then

d
&‘t:o d[af’bt] (z,y) > 2 d[ao,bo] (z,y).

Proof. We may assume that a,z,y,b are lined up in this order. Let ¢ be
that line, parametrized at unit speed for the spherical metric dpn(g) so that
(ag,z,y,bt) = (x—ay, %o, x5, x3,) for some § > 0, and some oy, B; € (0, 7). By
construction, %‘tzo ar < —1 and %‘tzo By < —1, and g + By < . Then

d (2.7) 1 1 tand +tana; /0 4+ tan oy 5 cot ay + cot By

z,y) = =lo ~— .
la ] W5 Y 2 & tand —tanB; / 0 —tanf; / 6—0 2
The factor I/Zx = (cotay + cot B¢)/2 expresses the Hilbert metric djg,, 5,

near z in terms of the ambient spherical metric. Its logarithmic derivative
at t = 0 satisfies

d ¢
R 1% d =2 d i —2
dt‘t:o be _ (il @) sin~* @0 — (Gl s A1) sin~* Bo
V?,x cot ag + cot
L . sin o sin Bo
sin 2 aqp + sin 2 Bo __sin 5(()) sin ag >9
cot ag + cot By sin(ag + Bo) —

This is valid for all € ¢: integrating along ¢, the result follows. O
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6. UNIFORM SPACELIKE CONTRACTION IMPLIES PROPERNESS

In this section we prove Theorem 3.6. We fix p,q € N with p+ ¢ > 1 and
set G =0O(p,q+1).

6.1. A preliminary lemma. We first make the following observations. For
r € HP9, we denote by T, 'HP4 the set of unit spacelike tangent vectors at x;
it is isometric to the quadric {v € RPY | (v,v)p 4 = +1}.

Lemma 6.1. Let I" be a discrete group and p: I' — O(p,q+ 1) a represen-
tation with finite kernel and discrete image, preserving a nonempty properly
convex open subset Q of HP4 C P(RP4HL). For any compact subset D of 2,

(1) all accumulation points of the p(I')-orbit of D are contained in OHP4;
(2) there exists a bounded family of compact sets K, C T, 'HPY, for x
ranging over D, such that for all but finitely many v € T,

p(7) D C ) exp,(RTK,);
z€D

(3) in particular, if (v,) € TN goes to infinity (i.e. leaves every fi-
nite subset of T'), then for any sequences (x,),(z),) € DN we have
dyp.a (T, p(n) - 2h,) = +00.

Proof. (1) Suppose by contradiction that there are sequences (z,) € DV
and (v,) € I'N such that the ~, are pairwise distinct and y, := p(7n) - Zn
converges to some y € HP4. We can lift the z,, € HP? to vectors v,, € RP4+!
with (v, vn)pq+1 = —1; both the v, and the p(vy) - v, stay in a compact
subset of RP4T! and p(v,) - v, converges to a unit timelike vector v. On
the other hand, since p has finite kernel and discrete image, there exists
a basis vector w of RP4t! such that (p(7,) - w)nen leaves every compact
subset of RP4*1. Up to passing to a subsequence, we may assume that the
direction of p(7,) - w converges to some null direction ¢. There exists € > 0
such that all segments [v,, —cw, v, +ew] C RP41 < {0} project to segments
o contained in Q. The images p(v,) - 0y, which are again contained in €,
converge to the full projective line spanned by v and ¢. This contradicts
the proper convexity of Q. Thus the p(I')-orbit of D does not have any
accumulation point in HP»9.

(2) Let y € OHP? be an accumulation point of the orbit p(I') - D, and
consider x € D. Then y cannot be seen from z in a timelike direction since
timelike geodesics do not meet OHPY. It cannot be seen in a lightlike direc-
tion either: otherwise, the tangent plane to 0HP? at y contains the interval
[z,y) C €, but any small perturbation [2/,y) still lies in 2 — however 2’ can
be chosen so that this perturbation crosses JHPY, which would contradict
Q C HP4. Therefore y € OHP? is seen from x in a spacelike direction. We
conclude using the compactness of the accumulation set.

(3) The third statement is an easy consequence of (1) and (2). O
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6.2. Properness for affine actions on g =o0(p,q+ 1). In order to prove
Theorem 3.6.(2), the strategy is to use a “coarse” analogue of the proof
of Theorem 3.3.(2) from Section 4.2: given a (p,u)-equivariant vector field
X with contracting properties, we build an equivariant coarse projection m
from g to some set on which I' is known to act properly discontinuously.
There are several possibilities for this set; one of the them is the set F(I') of
finite subsets of I', endowed with the discrete topology and with the action
of " by left multiplication. Theorem 3.6.(2) is an immediate consequence of
the following.

Proposition 6.2. Let T be a discrete group, p : T' = G = O(p,q+ 1) a
representation with finite kernel and discrete image, preserving a properly
convez open subset Q of HPY and v : ' — g a p-cocycle. Choose x € Q and
an equivariant family of norms || - ||, on Tpy.,HP, for v € T. Let X be
a (p,u)-equivariant vector field on p(T') - © which is c-lipschitz in spacelike
directions, for some ¢ < 0. Then the map

T g — F(T)
Y — {yel||(X-Y)(p(7)-2)|, is minimal }
(where we view g as the set of Killing vector fields on HPY, see Section 2.3)
is well defined and takes any compact set to a compact set. Moreover, m
is equivariant with respect to the affine action of I' on g via (p,u) and the

action of I' on F(I') by left multiplication. In particular, the affine action
of T on g via (p,u) is properly discontinuous.

Proof. We first observe that for any a,b € HP? on a spacelike line and for

any Z(a) € T,HP4 and Z(b) € T,HP4,

O e (w0200, exmy0200)
(6.1) = —gP(Z(a), o) — gP (2 (b), vf),

where gP? is the pseudo-Riemannian metric on HP? as in Section 2.2, and
v? € THHPY is the unit vector at a pointing to b, and similarly for vg.

: Z(a) Z(b)
} :

a UZ vy b

F1GURrE 3. Illustration of formula (6.1)

By Lemma 6.1.(2), there is a compact set K, C T, 'HPY of spacelike
directions in which the point x sees the points p(7) - = for all v € T" outside
some finite set F'. By compactness, there exists R > 0 such that

g (w,v) < Rjwle
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for all w € T,HP? and v € K,, where e denotes the identity element of I'.
Consider v € I' . (F U F~1). By equivariance, p(7) - x sees = in a spacelike
direction in KCpy).p = p(7)+Ks, and gz’(f]y).x(w,v) < R||lwlly for all w €
Ty(y).HP? and v € KCp(y).o- Applying (6.1) with a = x and b = p(y) - z, we
obtain that for any vector field Z defined at both = and p(v) - «,

dpp.a (exp, (tZ(x)), eXPy(y).2 (tZ(p(7) - x)))
> —R[Z(z)|e — R[Z(p(7) - @)l

Now consider Y € g and take the vector field Z = X —Y on p(I') -z, which is
c-lipschitz in spacelike directions. Since (z, p(7y)-z) are in spacelike position,
by (3.1) we obtain

RI(X =Y)(p() - 2)lly = |el degpa (z, p(7) - @) = R|(X = Y) ()]l
forally € I\ (FUF™!). The term R ||(X —Y)(x)||. is independent of  and
remains bounded as Y varies in a compact set, while the term |c| dgw.q (x, p(7)-2)
is independent of Y and goes to +00 as 7y goes to infinity in I', by Lemma 6.1.(3).
This shows that 7 is well defined and takes compact sets to compact sets.

The I'-equivariance of 7 follows from that of the collection of norms || - ||,
and from the identity

(X = (p,u)()Y)(p(y) - 2)
= p(M):«X(@) +u(¥)(p(v) - ) = (Ad(p(7))Y +u())(p(7) - x)
= p(M((X =Y)(x))
for all v € ', where I' acts affinely on g via (p, u).
Since the action of I" on F(I") by left multiplication is properly discontin-

uous, it follows from equivariance that the affine action of I' on g via (p, u)
is properly discontinuous. O

5
dt l+=0

Remark 6.3. Let I' be a discrete group, p : I' - G = O(p,g+ 1) a
representation with finite kernel and discrete image, preserving a properly
convex open subset €2 of H”¢, and u : I' — g a p-cocycle. Suppose I' acts
cocompactly on a p(I')-invariant subset O of €2, and that there exist a (p, u)-
equivariant vector field X on O and constants ¢ < 0 and ¢ > 0 such that
for any z,y € O on a spacelike line,

L1 e (exp, (X (@), 0xp, (X () < cdina (1) + ¢

Similarly to Proposition 6.2, we can then use Lemma 6.1 to construct a
((p,u), p)-equivariant map

7 : g — {compact subsets of O}

sending any compact set to a compact set. This map is defined by choosing
a p-equivariant family of norms || - ||, on T, H”9 for y € O, and sending any
Y € g to the set of y € O that minimize ||(X —Y)(y)|l,. Proposition 6.2 is
the case where O is a single orbit.
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6.3. Properness for actions on G = O(p, ¢+1) by right and left multi-
plication. We now prove Theorem 3.6.(1), again using a coarse projection.
We still denote by F(I') the set of finite subsets of ', endowed with the
discrete topology. We use the notation || - | both for the standard Euclidean
norm on RP4*! and for the corresponding operator norm on End(RP4+1),

Proposition 6.4. Let ' be a discrete group and p:T'— G = O(p,q+1) a
representation with finite kernel and discrete image, preserving a nonempty
properly convex open subset Q of HPY. Let p' : T' — G be a strongly irre-
ducible representation such that p'(T') contains a proximal element. If p' is
uniformly contracting in spacelike directions with respect to p, then the map

nm: G — F(T)
g — {veT[ll¢(y) gp(n)| is minimal}
is well defined and takes any compact set to a compact set. Moreover, 11
is equivariant with respect to the action of I' on G by right and left multi-
plication via (p,p’) and the action of T' on F(T') by left multiplication. In

particular, the action of T' on G by right and left multiplication via (p, p') is
properly discontinuous.

In order to prove Proposition 6.4, we need some preliminary results. For
any 1 <i <p+gq+1and any g € End(RP4™!), we denote by \;(g) (resp.
wi(g)) the logarithm of the modulus of the i-th largest eigenvalue (resp.
singular value) of g. We have 11(g) = log ||g||. An element g € G is proximal
if and only if A1(g) > A2(g). Note that \j(g9) = —Ap4g+2-i(g) for all 4, which
implies in particular that any proximal element g € G = O(p, ¢+ 1) has, not
only an attracting fixed point, but also a repelling fixed point in P(RP4T1):;
these points belong to OHP-1.

Our first preliminary result is the following.

Lemma 6.5. Let g € G = O(p,q+ 1) and let y € HP.

(1) We have
: 1 n
limsup — dgp.a (y, 9"y) < A1(g)-
n—+oo M
(2) If g is provimal in P(RPIY) with attracting and repelling fized
points 535 € OHP1, and if y ¢ (f;’)L U (E;)L, then
1 n
—dura(y,9"y) = M(g).

Proof. (1) By writing the Jordan decomposition of g as the commuting prod-
uct of a hyperbolic, a unipotent, and an elliptic element, we see that ||g"|| is
bounded above by a polynomial times e"*1(9) | hence so is (v, g™0)p,g+1 Where
[v] = y. We conclude using (2.2).

(2) Again, by (2.2), it suffices to study the growth of (v, g"v), 4+1 where
[v] = y. The projective hyperplane (f;t)l is the projectivization of the
sum of the generalized eigenspaces of g for eigenvalues other than eF*1(9).
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Therefore the assumption on y means that v, when decomposed over the gen-
eralized eigenspaces of ¢, has nonzero components v+, v~ along 5;‘ and &/ .
These components are not orthogonal. In the pairing (v, ¢"v)p ¢+1, the term
(W=, g"v g1 = €M@ (v~ vF), 1 therefore dominates all the others,
and grows like ¢"1(9) as n — +o00. We conclude using (2.2). O

We shall also use the following fact, obtained by combining a result of
Abels-Margulis—Soifer [AMS1, Th. 5.17] with a small compactness argument
of Benoist [Be, Lem. 2.4].

Fact 6.6 ([AMS1, Be]). Let I be a discrete group and p/ : T' - G =
O(p,q + 1) a strongly irreducible representation such that p'(T') contains
a proximal element. Then there exist a finite set F C I' and a constant
Cy > 0 such that for any v € T', we may find f € F such that p'(vf) is
prozimal in P(RPITY) and satisfies M (p'(vf)) > pi(p'(7)) — Cpyr. O

Lemma 6.7. Let T be a discrete group and p : T' - G = O(p,q+ 1) a
representation with finite kernel and discrete image, preserving a nonempty
properly convexr open subset 0 of HP4. Let p' : T' — G be a strongly ir-
reducible representation such that p'(T) contains a proximal element. If p
is uniformly contracting in spacelike directions with respect to p, then there
erist C <1 and C' > 0 such that

(1) M(p' (7)) < CA(p(7)) for ally € T with o' () prozimal in P(RP4F1);
(2) (P’ (7)) < Cpa(p(v)) +C" for ally €T.

Proof of Lemma 6.7. (1) Let O be a p(I')-invariant subset of Q and f : O —
HP? a (p, p')-equivariant map which is C-Lipschitz in spacelike directions for
some C < 1. Consider v € I" such that p/() is proximal in P(RP4t1); in
particular, A\1(p/(7)) > 0. Let H* C RP:9*! be the sum of the generalized
eigenspaces of p/(7) for eigenvalues of modulus # e¥M1 (M) Suppose by
contradiction that f(O) C HT UH ™. Since f(O) is p/(T')-invariant, so is the
Zariski closure Z of f(O). Any irreducible component Z; of Z is contained
either in H* or in H~, hence spans a proper subspace of RP4+!. The union
of these subspaces is preserved by p/(T"), contradicting strong irreducibility.
Therefore there exists x € O such that f(x) ¢ HTUH~, and Lemma 6.5.(2)
gives .
: / n /
Jim e dyea (f(2),/'(7)" - f(2)) = M(p'(7))-

On the other hand, by Lemma 6.1, for any large enough n € N the points z
and p(y™)-x are on a spacelike line. Hence, by assumption on f, the number
above is at most

1
limsup — C'dgpa (z, p(7)" - 2) < CAi(p(7)),
n—+oo T
where we use Lemma 6.5.(1) for the last inequality.
(2) Let F and Cy be given by Fact 6.6, and let

c'=C,+C 0.
v+ r;lea;;m(p(f)b
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For any v € T, we can find f € F such that p/(yf) is proximal in P(RP4+1)

and 11 (p'(7)) < M (0" (7f))+Cp- By (1), we have M (p'(7)) < CMi(p(vf))-
For any g € G we have i1 (g) = log ||g||, hence 11 (g) > Ai(g) and 1 (gg') <
w1(g) + pu1(g') for all g, ¢" € G. We deduce

(P’ (7)) < CMlp(vf)) + Cp < Cpa(p(vf)) + Cp < Cua(p(y)) +C'. O

Proof of Proposition 6.4. Let K = O(p) xO(q+1), let X, ;41 = G/K be the
Riemannian symmetric space of G = O(p, ¢+ 1), with basepoint z¢ € X, 541
fixed by K. The function d; : X, g4+1 X X, g+1 — RT given by

di(g- 0,9 - w0) = pa(g'~'g) =log [lg' g
for g, ¢’ € G is a G-invariant Finsler metric on X, 411. Lemma 6.7.(2) states
the existence of C' < 1 and C’ > 0 such that for all vy € T,

di(z0,p'(7) - 20) < Cdi(xo, p(v) - o) + C".
For any g € G and v € " we have

16" ()" gp(V)]]
di(p(y) - 20,9 (7) - 7o)

> di(zo, p(7) - x0) — di(w0, 97" - w0) — di(g™" - 2o, 97" P/ (7) - o)
= di(z0, p(7) - x0) — d1 (w0, 9" - 20) — di(z0, p'(7) - o)
> (1—0)di(z0,p(7) - m0) — (di(z0, 97" - 20) + ).

Since p has finite kernel and discrete image, for any R > 0 there are only
finitely many elements v € I" such that dj(xo, p(7y) - zg) < R. We deduce
that II is well defined. Moreover, since the function p is continuous, we see
that II sends any compact set to a compact set. The I'-equivariance is clear.

Since the action of I' on F(I') by left multiplication is properly discon-
tinuous, it follows from equivariance that the action of I' on G by right and
left multiplication via (p, p’) is properly discontinuous. O

Remark 6.8. Let I" be a discrete group and p,p' : T' — G = O(p,q+1) two
representations, such that p has finite kernel and discrete image. Suppose I
acts cocompactly on a p(I')-invariant subset O of X, 11, and that there are
a (p, p')-equivariant map fx : O — X, 541, a G-invariant metric d on X, 411,
and constants C' < 1 and C’” > 0 such that for all z,y € O,

d(fx(z), fx(y)) < Cd(z,y) +C".

Extending Proposition 6.4, we can then construct a ((p, p'), p)-equivariant
map

I : G — {compact subsets of O}
sending any compact set to a compact set. This map is defined by sending
any g € G to the set of y € O minimizing d(y, g~ - fx(y)). Proposition 6.4
corresponds to O a single orbit and to d = d;.
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7. UNIFORM SPACELIKE CONTRACTION FOR RIGHT-ANGLED COXETER
GROUPS

In this section we prove Theorems 1.5 and 1.7 using the sufficient condi-
tions for properness provided by Theorem 3.6.
In the whole section we fix a right-angled Coxeter group

P:<71)°"a’yk | (’YZ’Y])mZJ =1 \V//L7J>7
where m;; = 1 and m;; € {2,00} for all i # j. Recall that I" is said to
be irreducible if the generating set S = {v1,...,7%} cannot be written as a
nontrivial disjoint union S = S’ U S” such that the groups generated by S’

and by S” commute. In the whole section we assume I' to be irreducible,
and infinite (i.e. k > 2).

7.1. The canonical representation and its deformations. The matrix
My = (—cos(m/m;))i<ij<k (With the convention 7/co = 0) is called the
Gram matriz for T'. It defines a (possibly degenerate) symmetric bilinear
form (-,-)1 on R¥. Let (eq, ..., ex) be the standard basis of R¥. The canonical
representation p1 : I' — GL(k,R) is defined by

p1(vi) + x—x—2(z,e)1 6
for all generators ~y;. Tits proved that p; is injective and discrete (see [H,
Cor5.4] or [Bo, §V.4]) and acts as a reflection group on a convex open
subset of P(R¥). Since the Coxeter group I is irreducible, the canonical

representation is irreducible: see [Da, Cor. 6.12.8].
For t > 1, the matrix M; = (My(i, j))1<i j<r where

1 if m; 5 = 1, ie. 1= j,
Mt(i,j) = 0 if mi 5 = 2,
—t if m;; = o0

still defines a symmetric bilinear form (-,-); on R*. Note that det(M;) is
a nonzero polynomial in ¢ (take ¢ = 0), hence it is nonzero outside of
some finite set F' of exceptional values of t. Let I C (1,400) \ F be
an open interval. For any t € I, the form (-,-); is nondegenerate of con-
stant signature (p,q + 1) for some p,q € N. We define the representation
pr: T — Aut((-,-)¢) ~ O(p,q¢ + 1) by
pe(vi) v v —2(v,e) €
for all 4. It is immediate to check that for any i # j with m;; = oo, the

element p;(7;7;) is proximal in P(R¥). In particular, p¢(T) is infinite and so
p > 1. The convex cone

A ={veRF| (v,e;); <0 Vi}

descends to a convex polytope A; in an affine chart of P(R¥). By [V, Th.2
& 5], the representation p; is discrete, faithful, the set p;(I") - Ay is convex
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in P(R¥), and the action of T' on the open set
Z/{t := Int (pt(F) . At)

is properly discontinuous. By [V, Prop. 19|, the representation p; is irre-
ducible, hence U; is properly convex, i.e. contains no projective subspace. In
fact, if £ > 3, then p; is strongly irreducible (see [DGKS5, Prop. 3.8.(3)]).

Remark 7.1. The polytope A; is a simplex spanned by the [e}(t)], where
€y (t), ..., e} (t) are the column vectors of the matrix —M; !, i.e. (ei(t),e;); =
—(Sij for all 1 S i,j S k.

7.2. Construction of Q;. The p;(I')-invariant open set U; C P(RF) above
is properly convex, but not necessarily contained in

HP? .= {[v] € P(R) | (v,v); < 0}.
With the eventual goal of applying Theorem 3.6, we must find a py(I')-
invariant properly convex open set {2, which is contained in HY"%.

Using the nondegenerate symmetric bilinear form (-,-);, we can view the
dual convex set U of U; as a properly convex open subset of P(R¥) as
in (2.1). The intersection

Q:=UNUS
is still open and properly convex.

Lemma 7.2. For any t € I, the set Q; is nonempty and contained in H}*.

Proof. We first check that €); is nonempty. For any 7, j with m; ; = oo, the
element p;(7;7y;) is proximal in P(RP4F1) | and its attracting fixed point must
belong to U; NU;. Thus Uy NU;" is nonempty, closed, and p;(T')-invariant. It
must have nonempty interior since p; is irreducible. Hence €); is nonempty.

Let €](t),...,e.(t) be as in Remark 7.1. Lift Q C U to convex open
cones (NZ,: C Zj{t of R¥: by definition, points of Qt pair negatively with all
points of ;. Taking limits, for all z € Q; we have (z, ei(t))r < 0. It follows
that ; N A; is contained in the truncated simplex

S o= Ay N P{o | (v, €l (t))e <0} = A, NP (zle R+ei)
(7.1) =P {v = Zle siei | s; > 0 and (v,e;)¢ <0 for all z}
and Q; C p¢(T')X;. The proof concludes by showing that ¥, C HY'?.
It is easy to see that 3y C HE*Y, just check that any v = Zle sie; € (RT)F
pairs to a nonpositive value with itself: we have (v, v); = Zle si(v,e;) <0
since s; > 0 and (v,e;); < 0 by definition of A;. To see that X C HPY

suppose v = Z§:1 si,€i, with s;, > 0 and the i, distinct. Assume (v, v); =0
and aim for a contradiction: we have

0= (v, v)r = Yy $ia (€ins )t
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hence (e;,,v); = Zgzl Si, (€i,, €iy)t = 0 for all 1 < a < /¢. Thus

where the sum on the right is nonempty. Choosing a such that s;, is the
smallest nonzero coefficient and using ¢ > 1, this yields a contradiction. [

Remark 7.3. Similar convex domains in HP? were studied by Dyer [Dy]
and Dyer—Hohlweg—Ripoll [DHR] in the context of Kac—Moody algebras.
Although the language is somewhat different, it follows from their work
that indeed €2 is the interior of the orbit p;(I")3; of the truncated simplex.
More specifically, p;(I")%; is the smallest convex set containing the closure
of the attracting fixed points of p;(T").

Remark 7.4. The region p;(I")X; is a union of closed sets. In the case
where I' is word hyperbolic, p;(I')¥; is a closed subset of HP? and its only
accumulation points lie on OHP?. Indeed, the condition that no point of
A; with infinite stabilizer survives in ¥; can be shown to be equivalent to
Moussong’s criterion [Mo] for hyperbolicity of I". The action of I' via p;
is proper and cocompact, and indeed the subgroup p(I") satisfies a notion
of convex cocompactness in HP? recently introduced in [DGK3] (see also
[DGK4, DGK5)).

7.3. Building contracting maps and cocycles. For t < t’ in I, let us
build a (py, pt)-equivariant map Qy — HP? that is uniformly contracting
in spacelike directions. (Note that this is the opposite direction from the
(pt, pp)-equivariant maps of Section 5.)

Let (-,-)¢, (-,-)o, and {(-, )¢ be the symmetric bilinear forms on R* defined
by the matrices M;, Id, and Mt_1 respectively, and let L, 1o, and L refer to
the corresponding notions of orthogonality. We have (x, y)y = Mz, Myy)):
for all z,y € R¥. The map M, thus takes the pair (3¢, (-,-)¢) to (25, (-, -\¢)
where

=P {v e K R Me; | (v, Myes) < o} .

The reflection walls of X are the (M;e;)¢ = eiloz these are independent
of t. Therefore @i’ = MtflMt/ takes the reflecting walls of ¥y to those
of ¥; in the commutative diagram

RE, (o) —2s (BE ()

Mt/l \LMt
Idgy,
(RE, (-, o) —— (RF, (-, D)
vertical arrows (but not horizontal ones) are isometric.

Claim 7.5. There ewists ¢ < 0 such that for t < t' close enough, the top
arrow @g is e<"='|_Lipschitz in spacelike directions on L.
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Proof. By isometry, we can deal instead with the bottom arrow Idpx :
(RF, (-, M) — (RE, ((-,-)¢). Tt is enough to prove that the ideal boundary
Null(M=1) of M, (HE?) shrinks uniformly inwards as 7 € [t,#'] increases, at
some normal velocity > % > 0 for the spherical metric on P(R¥), where
¢ < 0. Indeed, Lemma 5.4 then gives

d
ds ls=7 dHQ"I(% Y)

dHﬁ’q (:E7 y)
for fixed x,y in spacelike position; the result follows by integrating over
T € [t,t].

By compactness, this shrinking of the null cone can be written simply:
41z, M 'x)o > 0 for all z € Null(M;1). Since

dsls=7
M—l — _M—l (d d

> ||

(MM MY,

S=T

d

ds T \ds ds
under the change of variable y = M- 'z the shrinking criterion becomes:
(y, W] __y)o < 0 for all y € Null(M,). But M, = Id — sM and 7 > 0,
so the latter criterion is clearly satisfied: y € Null(M;) means (y, My)o =

L (y, )0, hence implies (y, 4| __y)o = —(y, My)o < 0. O

s=T

Ms> M=
S=T

We can extend CI%/ continuously equivariantly by reflections in the walls of
Yy and ;. We also pre- and post-compose with isometries ¢y : HP4 — Hf,’q
and ;' : HPY — HPY, chosen smoothly in terms of ¢, and denote the
resulting map by

=T o @Y 04y HPY —s HPY,
The map f!' is (py, pr)-equivariant where
pr =t  ops: T — Isom(HP?) = PO(p, q + 1)
and similarly for py. By Claim 7.5, for t < t' close enough, the map ff’ is

e“lt=t'I_Lipschitz in spacelike directions on Ly 1(2y), where ¢ < 0. However,
a priori ftt, might not be contracting in spacelike directions on its whole
domain: indeed, the triangle inequality fails in HP9, and so if xg,...,Zm
lie in this order on a spacelike line, with each segment [z;,x;11] contained
in some py(I)-translate of ;;'(Sy), we cannot combine the inequalities
de,q( EI(IEZ‘), tt/ (l‘i+1)> < de,q (l‘i, .’L’i+1) from Claim 7.5 into de,q (ff/(ﬂfo), ff, (Im)) <
de,q (330, xm)
Infinitesimally however, the triangle inequality is an equality to first order:

il (1 @), 1 @) = )3 S i (5 i) 7 @)
=1
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because the points x; are lined up. It follows that the wvector field Xy =
—% ‘ iy ftt' is c-lipschitz in spacelike directions. This vector field is (py, uy)-
equivariant where uy : I' — o(p, ¢ + 1) is the py-cocycle given by

a; o
up(v) = 4| e-s(M)pu() L

Thus uy is uniformly contracting in spacelike directions with respect to
1;;1(Q). By Theorem 3.6.(2), the affine action of T' on o(p, g-+1) via (py, uy)
is proper, yielding Theorem 1.5, hence also Theorem 1.1.

Finally, integrating the contraction property of X, for 7 € [t,¢'] shows
a posteriori that for any t < t' in I the map fttl is e“"*|-Lipschitz in
spacelike directions. Thus p; is uniformly contracting in spacelike directions
with respect to py and ¢, Y(Qu). If k > 3, then p; is strongly irreducible,
and so by Theorem 3.6.(1) the action of I" on O(p, ¢+ 1) by right and left
multiplication via (py, p¢) is proper. If k = 2, then Lt_,l(Qt/) = H!, and so by
Theorem 3.3.(1) the action of I" on O(p, g+1) by right and left multiplication
via (py, pt) is proper. This yields Theorem 1.7.
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