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Relative rigidity, quasiconvexity and C —complexes

MAHAN M1J

We introduce and study the notion of relative rigidity for pairs (X, J) where
(1) X is ahyperbolic metric space and J a collection of quasiconvex sets,
(2) X is arelatively hyperbolic group and 7 the collection of parabolics,

(3) X is ahigher rank symmetric space and J an equivariant collection of maximal
flats.

Relative rigidity can roughly be described as upgrading a uniformly proper map
between two such 7 to a quasi-isometry between the corresponding X . A related
notion is that of a C—complex which is the adaptation of a Tits complex to this
context. We prove the relative rigidity of the collection of pairs (X, J) as above.
This generalises a result of Schwarz for symmetric patterns of geodesics in hyperbolic
space. We show that a uniformly proper map induces an isomorphism of the corre-
sponding C —complexes. We also give a couple of characterizations of quasiconvexity
of subgroups of hyperbolic groups on the way.

20F67; 57M50, 22E40

1 Introduction

1.1 Relative Rigidity and Statement of Results

In this paper, we study a rigidity phenomenon within the framework of coarse geometry.
We call it relative rigidity. Much of the work on quasi-isometric rigidity (eg Farb—
Schwartz [9] Kleiner—Leeb [17] Eskin—Farb [6] and Mosher—Sageev—Whyte [24; 23])
contains a crucial step showing that a self quasi-isometry of a space X coarsely
preserves a family J of distinguished subsets of X. The family J again has a
coarse intersection pattern that may be combinatorially coded and these proofs of
quasi-isometric rigidity often show that the intersection pattern is preserved by a quasi-
isometry. In this note, we investigate a sort of a converse to this:

When does a uniformly proper map between two families [Jy and J, come from a quasi-
isometry ¢ between X1 and X, ? Does such a map preserve intersection patterns?
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1692 Mahan Mj

We show that the answer is affirmative when

(1) the X; are (Cayley graphs of) hyperbolic groups and the J; correspond to cosets
of a quasiconvex subgroup,

(2) the X; are (Cayley graphs of) relatively hyperbolic groups and the 7; correspond
to parabolic subgroups,

(3) the X; are symmetric spaces of non-positive curvature and the J; correspond to
lifts of a maximal torus in a compact locally symmetric space modeled on X;.

If in addition one can show that a quasi-isometry preserving intersection patterns is
close to an isometry, we would be able to conclude that a uniformly proper map between
the J; is induced by an isometry. This latter phenomenon has been investigated by
Mosher, Sageev and Whyte [23] and has been termed pattern rigidity. Thus, in a sense,
the notion of relative rigidity complements that of pattern rigidity.

Some further examples where a family of distinguished subsets of a space and the
resulting (combinatorial) configuration yields information about the ambient space are
the following.

(1) Collection of flats in a symmetric space of higher rank (Mostow [25]).

(2) Collection of maximal abelian subgroups of the mapping class group
(Behrstock—Drutu—Mosher [1]).

(3) Collection of hyperbolic spaces in the Cayley complex of the Baumslag—Solitar
groups (Farb—Mosher [8; 10] ; see also [11]).

(4) Quasi-isometric rigidity of sufficiently complicated patterns of flats in the uni-
versal cover of a Haken 3 manifold (Kapovich—Leeb [18]).

(5) We were most influenced by a beautiful result of Schwarz [29] which shows that
a uniformly proper map from a symmetric pattern of geodesics in H” to another
symmetric pattern of geodesics in H” (for n > 2) is induced by an isometry.
Again as in Mostow, there are two parts to this. A first step is to construct a
quasi-isometry of H” inducing the given pairing. Schwarz terms this ambient
extension. The second is to construct an isometry.

Let us look at a general form of the situation that Schwarz considers. (X7, d1), (X2, d>)
are metric spaces. Let 77, J> be collections of closed subsets of X7, X, respectively.
Then d; induces a pseudo-metric (which, by abuse of notation, we continue to refer to
as d;i) on J; for i = 1,2. This is just the ordinary (not Hausdorff) distance between
closed subsets of a metric space. In [29], X1 = X, = H”?, and J; are lifts (to the
universal cover) of finite collections of closed geodesics in two hyperbolic manifolds.
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Also, the hypothesis in Schwarz’s paper [29] is the existence of a uniformly proper
map ¢ between symmetric patterns of geodesics J; and J,. A uniformly proper map
may be thought of as an isomorphism in the so-called coarse category in the sense of
John Roe [28]. Thus, we can re-interpret the first step of Schwarz’s result as saying
that an isomorphism ¢ in the coarse category between J; implies the existence of a
quasi-isometry from H" to itself inducing ¢. In the language of [29], uniformly proper
pairings come from ambient extensions.

In Mostow’s proof of rigidity for higher rank symmetric spaces, he obtains in a crucial
step, an isomorphism of Tits complexes [25]. We would like to associate to a pair
(X, J) some such complex just as a Tits complex is associated to a higher rank locally
symmetric space and its collection of maximal parablic subgroups. We propose the
notion of a C' —complex in this paper as the appropriate generalization of a Tits complex
to coarse geometry. Then what we would hope for (as a conclusion) is an isomorphism
of these C—complexes. This transition from the existence of a uniformly proper map
between the J; to the existence of a a quasi-isometry between the X; inducing an
isomorphism of C —complexes is what we term relative rigidity. Schwarz proves the
relative rigidity of pairs (X, J) where X is hyperbolic space and J a symmetric
collection of geodesics. Much of what he does extends to the case where X is a higher
rank symmetric space and J a symmetric collection of maximal periodic flats or a
symmmetric collection of maximal parabolic subgroups in a non-uniform lattice.

The main point of this paper is illustrated first in the context of relative rigidity of the
category of pairs (I', J), where I is (the Cayley graph of) a hyperbolic group, and J
the set of cosets of a quasiconvex subgroup. Throughout this paper we shall assume
that the quasiconvex subgroups are of infinite index in the big groups.

Note that the upgrading of a uniformly proper map between the 7 to a quasi-isometry
between the I' is the most we can hope for in light of the fact that the Cayley graph of
a finitely generated group is only determined up to quasi-isometry. (See Paulin [27] for
a proof of this fact.)

We start with a pair of hyperbolic groups G, G, with Cayley graphs I'y, I';, and
quasiconvex subgroups Hy, H,. Let Ay, A, be the limit sets of Hy, H, in dG1, G,
respectively. For convenience we consider the collection J; of translates of J; the
join of A; in T; rather than cosets of H;. Recall that the join of A; is the union of
bi-infinite geodesics in I'; with end-points in A;. This is a uniformly quasiconvex set
and lies at a bounded Hausdorff distance from the Cayley graph of the subgroup H;
(Since H has finite index in its commensurator, only finitely many cosets of H are at a
finite Hausdorff distance from it. Since J; is at a bounded Hausdorff distance from H;
the same is true for elements of J;.) The main theorems of this paper are as follows.
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Theorem (Theorem 3.5) Let ¢ be a uniformly proper (bijective, by definition) map
from [J; — J,. There exists a quasi-isometry g from I'; to I'y which pairs the sets
J1 and J, as ¢ does.

The construction of the quasi-isometry g proceeds by constructing a “coarse barycen-
ter” of some infinite diameter sets (reminiscent of the celebrated measure-theoretic
barycenter method discovered by Douady and Earle, and extended greatly by Besson,
Courtois, Gallot [2]).

We prove an analogous theorem for pairs (X, J) when X is (strongly) hyperbolic
relative to the collection .

Theorem (Theorem 3.11) Let X; be (strongly) hyperbolic relative to collections J;
(i =1,2). Let ¢ be a uniformly proper (bijective, by definition) map from J; — [J,.
There exists a quasi-isometry g trom X; to X, which pairs the sets J1 and J, as ¢
does.

As a Corollary of Theorem 3.11 and work of Hruska and Kleiner [15], we deduce
relative rigidity for pairs (X, J) where X is a CAT(0) space with isolated flats and 7
is the collection of maximal flats.

The third main theorem of this paper is an analog for higher rank symmetric spaces.

Theorem (Theorem 3.13) Let X; be symmetric spaces of non-positive curvature,
and J; be equivariant collections of lifts of a maximal torus in a compact locally
symmetric space modeled on X; (i = 1,2). Let ¢ be a uniformly proper (bijective, by
definition) map from J1 — J,. There exists a quasi-isometry q from Xy to X, which
pairs the sets [J; and [J, as ¢ does.

In fact, combining Theorem 3.13 with the quasi-isometric rigidity theorem of Kleiner—
Leeb [17] and Eskin—Farb [6], we may upgrade the quasi-isometry of Theorem 3.13 to
an isometry.

Let G;, H; (i =1,2) be hyperbolic groups and quasiconvex subgroups respectively. In
Section 1.3, we shall construct simplicial complexes (termed C —complexes) from the
incidence relations determined by the cosets of H;. Let C(G;, H;) be the C —complexes
associated with the pairs (G;, H;). Roughly speaking, the vertices of C(G;, H;) are
the translates gl.] A; of A; by distinct coset representatives gl.] and the (n — 1)—cells

are n—tuples {gllA, ..., g{ A} of distinct translates such that N7 g’iA % .

Theorem (Theorem 3.7) Let ¢: J; — J» be a uniformly proper map. Then ¢
induces an isomorphism of C(G, Hy) with C(G,, Hy).
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On the way towards proving Theorem 3.5 and Theorem 3.7, we prove two Propositions
characterizing quasiconvexity. These might be of independent interest. The first is in
terms of the Hausdorff topology on the collection C2(3dG), which is the collection of
closed subsets of dG having more than one point.

Proposition (Proposition 2.3) Let H be a subgroup of a hyperbolic group G with
limit set A. Let L be the collection of translates of A by elements of distinct cosets of

H (one for each coset). Then H is quasiconvex if and only if L is a discrete subset of
C2(0G).

The second characterization is in terms of strong relative hyperbolicity.

Definition 1.1 A subgroup H of a group G is said to be malnormal if forall g€ G\ H,
gHg ' N H is trivial. A subgroup H of a group G is said to be almost malnormal if
forall g e G\ H, gHg™ ' N H is finite.

It was pointed out to us by the referee that the following result follows from work of
Farb [7], Bowditch [3, Theorem 7.11] and Drutu—Sapir [5, Lemma 4.15]. We shall
include a proof for completeness.

Theorem (Proposition2.10[7;3;5]) Let G be a hyperbolic group and H a subgroup.
Then G is strongly relatively hyperbolic with respect to H if and only if H is a
malnormal quasiconvex subgroup.

The prototypical example is that of (fundamental groups of) a closed hyperbolic
manifold with a totally geodesic embedded submanifold.

Finally, we give an intrinsic or dynamic reformulation of Theorem 3.5 and Theorem
3.7 following Bowditch [4], which makes use of the existence of a cross-ratio on the
boundary of a hyperbolic group. The cross-ratio in turn induces a pseudometric on the
collection £ of translates of A.

Theorem (Theorem 3.10) Let G, G, be uniform convergence (hence hyperbolic)

o
groups acting on compacta My, M, respectively. Also, let A; (fori =1,2) be G;—
invariant annulus systems and let (..|..); denote the corresponding annular cross-ratios.

Let Hy, H be subgroups of G, G, with limit sets A1, A,. Suppose that the set L;
of translates of A; (fori = 1,2) by essentially distinct elements of H; in G; forms a
discrete subset of Cc0 (M;).

Also assume that there exists a bijective function ¢: L£1 — L, and that this pairing is
uniformly proper with respect to the cross-ratios (..|..); and (..|..)>. Then
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(1) H; is quasiconvex in Gj,

(2) there is a homeomorphism q: M — M, which pairs £, with L, as ¢ does.
Further, ¢ is uniformly proper with respect to the cross-ratios (..|..)1 and (..|..)»
on My, M, respectively,

(3) ¢ (and hence also ¢ ) induces an isomorphism of C —complexes C(G, H) with

Acknowledgements My interest in relative hyperbolicity and quasi-isometric rigidity
is largely due to Benson Farb. It is a pleasure to acknowledge his help, support and
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1.2 Relative hyperbolicity and electric geometry

We start off by fixing notions and notation. Let G (resp. X') be a hyperbolic group
(resp. a hyperbolic metric space) with Cayley graph (resp. a net) I' equipped with a
word-metric (resp. a simplicial metric) d .

Here a net V is a collection of distinct points x; € X such that there exist 0 < C; < C,
such that

(1) d(xi,xj)>=C; foralli # j,
(2) forall x € X, there exists x; € N such that d(x;, x) < C,.

For the net V' we construct a graph G with edges corresponding to pairs x; # x;
such that d(x;, xj) < 4C,. The simplicial metric on N is obtained by declaring that
each edge of G has length one.

Let the Gromov boundary of T" be denoted by dG . (cf [12]).

We shall have need for the fact that for hyperbolic metric spaces (in the sense of Gromov
[14]) the notions of quasiconvexity and qi embeddings coincide [14].

We shall now recall certain notions of relative hyperbolicity due to Gromov [14] and
Farb [7].

Let X be a path metric space. A collection of closed subsets H = { H, } of X will be
said to be uniformly separated if there exists € > 0 such that d(Hy, H,) > € for all
distinct Hy, H, € H.

The electric space (or coned-off space) X corresponding to the pair (X, H) is a metric
space which consists of X and a collection of vertices v, (one for each Hy € H) such
that each point of Hy is joined to (coned off at) vy by an edge of length %
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Definition 1.2 ([7; 3]) Let X be a geodesic metric space and H be a collection of
uniformly separated subsets. Then X is said to be weakly hyperbolic relative to the
collection H, if the electric space X is hyperbolic.

Lemma 1.3 (See Bowditch [3], generalizing Lemma 4.5 and Proposition 4.6 of Farb
[71) Given 6, C, D there exists A such that if X is a § —hyperbolic metric space with
a collection 'H of C —quasiconvex D —separated sets. then, the electric space X is
A -hyperbolic, ie X is weakly hyperbolic relative to the collection H.

Definitions Given a collection H of C—quasiconvex, D—separated sets and a number
€ we shall say that a geodesic (resp. quasigeodesic) y is a geodesic (resp. quasigeodesic)
without backtracking with respect to € neighborhoods if 3 does not return to N¢(H)
after leaving it, for any H € H. A geodesic (resp. quasigeodesic) y is a geodesic (resp.
quasigeodesic) without backtracking if it is a geodesic (resp. quasigeodesic) without
backtracking with respect to € neighborhoods for some € > 0.

Electric P—quasigeodesics without backtracking are said to have similar intersection
patterns if for B,y electric P—quasigeodesics without backtracking both joining x, y,
the following are satisfied.

Similar Intersection Patterns 1:  if precisely one of {8, ¥} meets an e—neighborhood
Ne(Hyp) of an electrocuted quasiconvex set H; € H, then the length (measured in the
intrinsic path-metric on N¢(H;) ) from the entry point to the exit point is at most D.

Similar Intersection Patterns 2:  if both {8, ¥} meet some N¢(H;) then the length
(measured in the intrinsic path-metric on N¢(H;) ) from the entry point of § to that
of y is at most D; similarly for exit points.

Definition 1.4 ([7; 3]) Let X be a geodesic metric space and H be a collection of
mutually disjoint uniformly separated subsets such that X is weakly hyperbolic relative
to the collection H. If any pair of P— electric quasigeodesics without backtracking
starting and ending at the same point have similar intersection patterns with horosphere-
like sets (elements of ) then quasigeodesics are said to satisfy Bounded Penetration
and X is said to be strongly hyperbolic relative to the collection H.

Definition 1.5 ([22]) A collection H of uniformly C—quasiconvex sets in a §—
hyperbolic metric space X is said to be mutually D-cobounded if for all H;, H; € 'H,
m; (Hj) has diameter less than D, where 7; denotes a nearest point projection of X
onto H;. A collection is mutually cobounded if it is mutually D—cobounded for some
D.
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Mutual coboundedness was proven by Farb for horoballs in finite volume Hadamard
manifolds of pinched negative curvature in [7, Lemma 4.7]. The following generaliza-
tion is due to Bowditch [3].

Lemma 1.6 (See Bowditch [3, Lemma 7.13] for a proof.) Suppose X is a §—
hyperbolic metric space with a collection 'H of C —quasiconvex K —separated D—
mutually cobounded subsets. Then X is strongly hyperbolic relative to the collection

H.

Gromov gave a different definition of strong relative hyperbolicity. We give a condition
below that is equivalent to a special case of Gromov’s definition. Let X be a geodesic
metric space with a collection H of uniformly separated subsets { H;}. The hyperbolic
cone ¢ H; is the product of H; and the non-negative reals H; x R, equipped with the
metric of the type 2~/ ds? + dt*. More precisely, H; x {n} is given the path metric of
H; scaled by 27". The R direction is given the standard Euclidean metric. Let X
denote X with hyperbolic cones c¢H; glued to it along the H;. X h will be referred to
as the hyperbolically coned off X . This is to be contrasted with the coned off space X
in Farb’s definition.

Definition 1.7 X is said to be strongly hyperbolic relative to the collection H in the
sense of Gromov if the hyperbolically coned off space X hisa hyperbolic metric space.

The equivalence of the two notions of strong relative hyperbolicity was proven by
Bowditch in [3].

Theorem 1.8 (Bowditch [3]) X is strongly hyperbolic relative to a collection H of
uniformly separated subsets { H;} in the sense of Gromov if and only if X is strongly
hyperbolic relative to the collection ‘H in the sense of Farb.

1.3 Height of subgroups and C —complexes

The notion of height of a subgroup was introduced by Gitik, Mitra, Rips and Sageev in
[13] and further developed by the author in [21].

Definition 1.9 Let H be a subgroup of a group G. We say that the elements {g;|1 <
i <n} of G are essentially distinct if Hg; # Hg; for i # j. Conjugates of H by
essentially distinct elements are called essentially distinct conjugates.
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Note that we are abusing notation slightly here, as a conjugate of H by an element
belonging to the normalizer of H but not belonging to H is still essentially distinct
from H . Thus in this context a conjugate of H records (implicitly) the conjugating
element.

Definition 1.10 We say that the height of an infinite subgroup H in G is n if there
exists a collection of n essentially distinct conjugates of H such that the intersection
of all the elements of the collection is infinite and » is maximal possible. We define the
height of a finite subgroup to be 0. We say that the width of an infinite subgroup H in
G is n if there exists a collection of n essentially distinct conjugates of H such that
the pairwise intersection of the elements of the collection is infinite and # is maximal
possible.

The main theorem of [13] follows.

Theorem 1.11 If H is a quasiconvex subgroup of a hyperbolic group G ,then H has
finite height and finite width.

In this context, a theorem we shall be needing several times is the following result from
[13] that is proved using a result of Short [31].

Theorem 1.12 [13, Lemma 2.6] Let G be a hyperbolic group and H; (fori =
1,...,k ) be quasiconvex subgroups with limit sets A;, i =1,...,k. Then NHj is a
quasiconvex subgroup with limit set NA; .

We now proceed to define a simplicial complex C(G, H) for a group G and H a
subgroup. For G hyperbolic and H quasiconvex, we give below three equivalent
descriptions of a complex C(G, H). In this case, let dG denote the boundary of G,
A the limit set of H, and J the join of A.

(1) Vertices ( O—cells ) are conjugates of H by essentially distinct elements, and (n—
1)—cells are n-tuples {g\H,...,gnH} of distinct cosets such that
NigiHg; ! is infinite (in fact by Theorem 1.12 an infinite quasiconvex subgroup

of G).

(2) Vertices ( 0—cells ) are translates of A by essentially distinct elements and
(n — 1)—cells are n—tuples {giA,...,gnA} of distinct translates such that
ﬂ’f giN # .

(3) Vertices ( O—cells ) are translates of J by essentially distinct elements and
(n—1)—cells are n—tuples {g1J, ..., gnJ} of distinct translates such that N7 g; J

is infinite.
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We shall refer to the complex C(G, H) as the C—complex for the pair G, H. (C
stands for “coarse” or “Cech” or “cover”, since C(G, H) is like a coarse nerve of a
cover, reminiscent of constructions in Cech cochains.) Note that if h(H) denote the
height of H, then (h(H) + 1) is the dimension of the C—complex C(G, H). Also,
if w(H) denote the width of H, then w(H) = w is equal to the size of the largest
complete graph Ky, that is embeddable in C(G, H). If C(G, H) is connected then its
one-skeleton is closely related to the coned off space I with an appropriately chosen
set of generators.

This definition is inspired by that of the Tits complex for a non-uniform lattice in
a higher rank symmetric space. Related constructs in the context of codimension 1
subgroups also occur in work of Sageev [30] where he constructs cubings.

2 Characterizations of quasiconvexity

Let G be a hyperbolic group. Let C.(dG) denote the collection of closed subsets of the
boundary G equipped with the Hausdorff topology. Let C2(3G) C C.(dG) denote
the subset obtained from C.(dG) by removing the singleton sets {{x}: x € dG}. Next
fix a subgroup H C G with limit set A C dG. Consider the G —invariant collection
L={gA } CC20G) with g ranging over distinct cosets (one for each coset) of
H in G. Note that L is (strictly speaking) a multi-set as distinct elements of £ may
denote the same element of Cé) (0G) in case two distinct translates of A coincide. One
extreme case is when A = dG, though H is of infinite index in G (eg if H is normal
of infinite index in in G.) Then £ consists of infinitely many copies of A.

Definition 2.1 The join J(A) of A is defined as the union of all bi-infinite geodesics
whose end-points lie in A.

It is easy to see that J(A) is 26—quasiconvex if G is —hyperbolic. In fact this is true
for any subset A of the boundary of a §—hyperbolic metric space X (no equivariance
is necessary). For A the limit set of H, J(A) is H—invariant. The visual diameter
diagg (A) of asubset A of dG is the same as the diameter in the metric on dG obtained
from the Gromov inner product. (See [12, Chapter 7] for details about the visual metric
on 0G.)

2.1 Limit sets and quasiconvexity

The next Lemma follows directly from the fact that sets with visual diameter bounded
below contain points with Gromov inner product bounded above and conversely [12].
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Lemma 2.2 For all € > 0 there exists N such that if the diameter diagg(A) = € fora
closed subset A of G, then there exists p € J(A) such that d(p, 1) < N . Conversely,
for all N > 0 there exists € > 0 such that if there exists p € J(A) with d(p,1) < N,
then diagg(A) > €.

The next Proposition gives our first characterisation of quasiconvex subgroups of a
hyperbolic group.

Proposition 2.3 (Characterization of Quasiconvexity I) Let H be a subgroup of
a hyperbolic group G with limit set A. Let L be the collection of translates of A
(counted with multiplicity) by elements of distinct cosets of H (one for each coset).
Then H is quasiconvex if and only if L is a discrete subset of C2(3G).

Proof Suppose H is quasiconvex. We want to show that £ is a discrete subset of
C2(dG). Thus it suffices to show that any limit of elements of £ is a singleton set.
This in turn follows from the following.

Claim 2.4 Foralle >0, L ={L; € L :diagg(L;) > €} is finite.

Proof of Claim Let N = N(¢) be as in Lemma 2.2. Since diagg(L;) > €, therefore
by Lemma 2.2, there exists p; € J(L;) such that dg(p;, 1) < N . Also, there exists
K > 0 depending on § (recall that J(L;) is 26—qc) and the quasiconvexity constant of
H such that if L; = g; A, then there exists h; € H with dg(p;, gihi) < K. Hence,
dg(l,gihi) < K+ N. Since G is finitely generated, the number of such elements
gih; is finite. Since g; are picked from distinct cosets of H, we conclude that the set
L is finite. O

Conversely, suppose that H is not quasiconvex. Assume, without loss of generality,
that a finite generating set of H is contained in a finite generating set of G and that
I'g,T'g are Cayley graphs with respect to these generating sets. Then there exist
pi € J(A) such that dg(p;, Cg) > i. Translating by an appropriate element of H, we
may assume that dg(p;, U'g) = dg(pi, 1) = i. Further, we may assume (by passing to
a subsequence if necessary) that the sequence dg(p;i, 1) is monotonically increasing.
Then pl._lJ(A) has limit set pl._lA. Further, as p; € J(A), therefore, 1 € pl._lJ(A).
Since J(A) is 26—qc, so is p;” LJ(A) for all i . Hence, there exists € > 0 by Lemma
2.2 such that diagg p; LJ(A)>e. Since dg(p;, 1) is monotonically strictly increasing,
we conclude that the p; lie in distinbct cosets of H . Further, since C.(dG) is compact,
we conclude that the collection p;~ TJ(A) has a convergent subsequence, converging
to a subset of diameter greater than or equal to €. Therefore, the collection L is not a
discrete subset (strictly speaking a multiset) of C2(3G). m|
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We next prove a result about projections of J(L;) on J(L;). We start off with an
elementary fact about hyperbolic metric spaces. See [20] for a proof.

Lemma 2.5 ([20]) Given § > 0, there exist D,Cy,k, € such that if a,b,c,d are
points of a 6 —hyperbolic metric space (Z, d), with d(a,[b, c]) =d(a,b), d(d,[b,c]) =
d(c,d) and d(b,c) > D then [a,b]U[b, c]U]c, d] lies in a C; —neighborhood of any
geodesic joining a, d and is a (k, €)—quasigeodesic.

Assume that H is quasiconvex and that Ly is the limit set gz A of gx H. Let P;
denote the nearest point projection of I'g onto J(Lj). Also, let Hy = gx 'y be the
left translate of 'y by gy .

Proposition 2.6 There exists K > 0 such that P;j(I'g,) lies in a K —neighborhood of
J(L;NLj)if (L; N Lj)# <. Else, Pj(I'g;) has diameter less than K.

Proof Since J(L;) is 26—qc and H is quasiconvex, it suffices to show that P; (J(L;))
lies in a K—neighborhood of J(L; N Lj) if the latter is non-empty. By G —equivariance,
we may assume that L; = A and g; = 1. We represent P; by P in this case.

First note that by Theorem 1.12, H; N H; is quasiconvex and the limit set of H; N H;
is LiNLj. Also, J(L; N Lj)CJ(L;).

Let a,b € J(L;). Let P(a) =c, P(b) =d. Let D,Cy,k,e be as in Lemma 2.5.
If dg(c,d) > D, then [a,c]U]c,d]U]d,b] is a (k, €)—quasigeodesic lying in a C;
neighborhood of [a,b]. Since J(L;), J(L;) are both 2§—qc, [a, b] lies in a 26—
neighborhood of J(L;), and [c, d] lies in a 2§—neighborhood of J(L;). In particular
c,d lie in a (C; 4 28)—neighborhood of J(L ;). Translating by an element of H, we
may assume that ¢ = 1. (Note that the argument in this paragraph works independent
of whether J(L;) N J(L;) is empty or not.

We proceed now by contradiction. Suppose there exists a sequence of L; and b; € J(L;)
such that P(b;) = d; lies at a distance greater than i from J(L; N Lj) (resp. ¢ =1)
according as J(L;) N J(L;) is non-empty or empty. This shows that the sequence L;
has a limit point on A disjoint from L; N A for all i and further that J(L;) passes
through a bounded neighborhood of 1. Hence the sequence L; is not discrete in
C2(dG). This contradicts Proposition 2.3 and proves our claim. O

2.2 Quasiconvexity and relative hyperbolicity

As an immediate corollary of Proposition 2.6 in conjunction with Theorem 1.12 of
Short [31], we immediately conclude the following.
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Corollary 2.7 Let H be a malnormal quasiconvex subgroup of a hyperbolic group G
with Cayley graph I' and limit set L. Then the set of joins [J of distinct translates of
L is a uniformly cobounded collection of uniformly quasiconvex sets in I".

Combining Lemma 1.6 with Corollary 2.7 above, we have the following Proposition
due to Bowditch [3].

Proposition 2.8 (Characterization of Quasiconvexity Il — [3]) Let H be a malnor-
mal quasiconvex subgroup of a hyperbolic group G. Then G is strongly relatively
hyperbolic with respect to H .

In fact the converse to Proposition 2.8 is also true. We came to learn from the referee
that this follows by combining work of Farb [7], Bowditch [3] and Drutu—Sapir [5].
We provide a proof below for completeness (and because it is easily done).

Malnormality of strongly relatively hyperbolic subgroups is due to Farb [7]. In fact
this does not require G to be hyperbolic.

Lemma 2.9 (Farb [7]) Let G be strongly relatively hyperbolic with respect to H .
Then H is malnormal in G .

It remains to show that H is quasiconvex if a hyperbolic group G be strongly rela-
tively hyperbolic with respect to H. We use Gromov’s definition of strong relative
hyperbolicity. Attach hyperbolic cones cH to distinct translates of ' in I'g to obtain
the hyperbolically coned off Cayley graph Fé. Then Fg is hyperbolic by Gromov’s
definition.

If H is not quasi-isometrically embedded in G then for all i € N, there exist p;;, pis €
I'y such that

dg (pi1, pi2) = dg(pit, pi2)-
Also from the metric d.gg on cH, we find that d.g(p;i1, pi2) is of the order of
log,dg (pi1, pi2). Hence, we can further assume that

du (pi1, piz) = ideg (pit, pin)-

Join p;1, pi> by shortest paths «;, B; in cH, I'g respectively. Then «; U B; = g; is a
closed loop in Fé’; with total length /(6;) = (d.g (pi1, pi2) +dg(pi1, piz)). Therefore
il(0i) = 2dpg (pir. piz)-

Since any (combinatorial) disk D; in Fg spanning o; must contain a path y; in I'gy
joining py;, pa;, therefore the area A(D;) of D; must be at least that of Ny (y;), the
I -neighborhood of y; in D;.
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Therefore there exists C > 0 such that for all 7,

du (pir, piz) _ il(0i)
C - 2C

A(Di) 2 A(N1(vi)) =

Since i is arbitrary, this shows that Fé cannot satisfy a linear isoperimetric inequality.
Hence I‘g cannot be a hyperbolic metric space. This is a contradiction. Hence H must
be quasi-isometrically embedded in G'. Hence (see for instance [14]), H is quasiconvex
in G. This completes our proof of the following characterisation of strongly relatively
hyperbolic subgroups of hyperbolic groups.

Proposition 2.10 Let G be a hyperbolic group and H a subgroup. Then G is strongly
relatively hyperbolic with respect to H if and only if H is a malnormal quasiconvex
subgroup.

3 Relative rigidity

3.1 Pairing of limit sets by quasi-isometries

We now consider two hyperbolic groups G, G, with quasiconvex subgroups H;, H;,
Cayley graphs I'y,I';. Let £; for j = 1,2 denote the collection of translates of
limit sets (counted with multiplicity as before) of Hy, H, in dG1, dG, respectively.
Individual members of the collection £; will be denoted as Llj . Let J; denote the
collection {Jl.j =J (Llj ): L{ € Lj}. Following Schwarz [29], we give the following
definition.

Definition 3.1 A bijective map ¢ from J; — J, is said to be uniformly proper if
there exists a function f: N — N such that

() dg,(J(L]), J(L})) =n = de,(¢(J (L)), p(J(L})) = f(n),
(2) d,(p(J(L})).¢(J(L)))) =n=dg,(J(L}).J(L))) = f(n).

When J; consists of all singleton subsets of I'{, I'y, we shall refer to ¢ as a uniformly
proper map from I'y to I';.

Note We observe that if J; is just the collection of singleton sets in I';, then a
uniformly proper map between the J is the same as a quasi-isometry between the
I';. This can be seen by putting # = 1 in conditions 1 and 2 above and then using the
fact that graphs have edge length one. Hence what is important here is that the [ are
infinite diameter sets.
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Definition 3.2 A map ¢ from I'y to ', is said to pair the sets J; and 7, as ¢ does
if there exists a function #: N — N such that

dg(p, J})) =n = dg(q(p), $(J(L}))) < h(n).

The following Lemma generalises Schwarz [29, Lemma 3.1], where the result is proven
in the special case of a symmetric pattern of geodesics in H”. The referee pointed out
to us that the Lemma follows from [26, Lemma 7] by Niblo and Reeves.

Lemma 3.3 For M,m > 0, there exists R > 0, such that the following holds. Let
Ly, ..., Ly be distinct translates of the limit set of a quasiconvex subgroup H of a
hyperbolic group G, such that dg(J;, Jj) <m foralli, j=1,...,M and J; = J(L;).
Then there exists a ball of radius R meeting J; foralli =1,..., M.

Proof If DJIWL,- # @&, choose any point p € J(ﬂiVIL,-). Then B;(p) intersects all
J; and we are through.

Suppose therefore that N*L; = &. We proceed by induction on M . There exists
Rps—1 such that a ball of radius Rps_1 meets J; fori =1,..., M —1.

We now proceed by contradiction. If no such R exists for M, we have collections
{LX, ... L%} k € N such that a ball of radius Rps—; meets JX,i=1,...,M —1
but no ball of radius k meets Jl.k,i =1,..., M. In particular, (since J(D{VI_IL;‘) C
(NM=17k)), if NMLE o£ g then Np(J(NMTILF) UM = 3.

T : k k k Lk
For all i, j, k, choose points Pij €Y such that dg(pij,pji) <m.

Assume by G —invariance of 7 that the ball of radius Rps—; centered at 1 € I'¢ meets
Jl.k,i =1,...,M —1. Therefore J ]I\‘,[ lies outside a k—ball about 1.

Since the collection of J; through 1 is finite, therefore assume after passing to a
subsequence if necessary, the following.

(1) {J;"}k is a constant sequence for i =1,..., M —1. Hence, { L] }x is a constant
sequence L; (say)fori=1,..., M —1.

2) psz — pim €0G fori=1,...,M — 1. Hence pjlf/” — pim € 0G . Further,
by (1) above, pipr € L;.

A3) LIX/[ converges to a closed set Z C dG. By Proposition 2.3, Z must be a
singleton set {z}.

@) Jk lies outside By (1) U Ni(J(NM=1LX)). 1f NM~1L; # o, then assume
further by G —invariance, that 1 € J (ﬂjl\’[ -1 Lf.‘ ). Also, using Theorem 1.12 due
to Short [31], and translating by an appropriate element of ﬂ{” -1 Hik , We may
assume that 1 € J(ﬂiw_lLf.‘) is closest to JJI\{/I'
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Now, pl]f,” eJ ]I\iI and hence by (3) above, p]’f/” — z € dG. Combining this with (2)
above, we get z = p;pr foralli =1,..., M — 1. Therefore, z € ﬂ{”_lLi #* .
But dg(1, J%) =dg(J("M=1LK) JK ) > k. Let z; € JX, such that dg(1, JX,) =
dg(1,zx) = dg(J(NM=1LK) gk )y > k.

Then the Gromov inner product (zg, p;‘M)l is uniformly bounded above. Therefore

(zk, pim)1 1s uniformly bounded above. Hence finally (z, p;az):1 is bounded above.
In particular z # p;ar. This is the contradiction that proves the Lemma. O

Definition (Definition of g) Let ¢ be a uniformly proper (bijective, by definition)
map from J; — J>. We shall now show that there exists a quasi-isometry g from I’y
to I'; which pairs the sets J; and 7, as ¢ does.

We will define a map ¢: I'y — I', which pairs J; with J, as ¢ does and prove that
g is a quasi-isometry as promised.

Choose K > 0 such that the K neighborhood Bk (g) of g € I'; has greater than w;
(the width of H, in G3) Ji1 passing through it.

Let J. 1]( ¢ (for j = 1,2 ) denote the collection of Jl.j passing through Nk (g) for
gely,j=12.

By the proof of Proposition 2.3, there exists M = M (K) (independent of g € I'y)
such that at most M Jl.1 in J Il( g Pass through Nk (g). Since ¢ is a bijective pairing,

o (T, 1]{ g) has at least (w, + 1) and at most M (K) elements in it. By definition of w,,
and by Theorem 1.12 at least two of the limit sets of the ¢(Jl.1) are disjoint. Let L%

and L% denote these limit sets. Hence, by Corollary 2.7, for any K; > f(K), there
exists D such that the collection of points

{peTaida(p. ) < Ki.da(p. J}) < Ky}
has diameter less than D.
Also, by uniform properness of ¢,
dy (@ (). ¢(J,)) < f(2K)
for J,,l1, J,} passing through Nk (g) (independent of g).
Summarising,
(1) L% and L3 are disjoint,

(2) but, by Lemma 3.3, using m = f(2K) and M = M (K), there exists R = R(K)
and a ball of radius R meeting each qb(Jl.l),
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(3) forany K, thereexists D, suchthat {p €2 :d>(p, J;) < K. d2(p, J}) < K1}
has diameter less than D .In particular, we may choose K; = R.

Define ¢(g) to be the center of the ball of radius R obtained in (2) above. By (3),
q(g) is thus defined upto a uniformly bounded amount of discrepancy for all g € T'y.

Lemma 3.4 ¢ is uniformly proper with respect to the metrics dy, d, .

Proof The proof is an almost exact replica of Schwarz [29, Lemma 3.2] and we
content ourselves with reproducing the heuristics of his argument here.

If x, y are close in I'y, then the pairwise minimal distances between elements of J,
and J ;}1 is uniformly bounded above. Hence, by Lemma 3.3, there exists a uniform
upper bound to the radius of a minimal radius ball intersecting all elements of ¢(Jz )
as well as ¢ (J Iy(1)- Also, since the center w of such a ball is defined upto a bounded
amount of discrepancy, it must be at a bounded distance from both ¢(x) as well as
q(y). Hence d,(q(x),q(»)) is uniformly bounded, ie close.

Conversely, suppose that ¢(x), g(») are close. First, by Lemma 3.3, there exists a uni-
form upper bound R on radius of minimal radius balls B;, B, centered at g(x), ¢(y),
intersecting all elements of ¢(*71)§1)’¢(j1?1) respectively. Then the (R+d;(¢(x), q()))
ball about ¢(x) (or ¢(y)) meets every element of ¢(Jg,) as well as ¢(J, 1?1)' Since
¢ is uniformly proper, this means that there is a uniform upper bound on the minimal
radius of a ball meeting every element of (Jg ) as well as (7, I)(/l). As before, dq(x, y)
is uniformly bounded, ie x, y are close. O

1 1

using the bijective pairing ¢~! such that ¢! is
! composed with each other in either

Similarly, we can construct g~
uniformly proper. Also, from Lemma 3.3 ¢, g~
direction is close to the identity.

Since ¢ pairs L1, L, bijectively and is uniformly proper from [J; to J3, therefore by
invariance of J, under G, every point of I'y lies close to the image of g. Therefore
q is uniformly proper, by Lemma 3.4 above, from I'; onto a netin I',. Hence ¢ is a
quasi-isometry. This concludes the proof of the main theorem of this subsection.

Theorem 3.5 Let ¢ be a uniformly proper (bijective, by definition) map from J; —
J> . There exists a quasi-isometry q from I'y to I'y which pairs the sets J; and J, as
¢ does.

We have thus shown one aspect of relative rigidity, viz. upgrading a uniformly proper

map between the J; to a quasi-isometry between the I';. In the next subsection, we
shall deduce the second aspect, viz. isomorphism of C—complexes.

Algebraic €& Geometric Topology, Volume 8 (2008)



1708 Mahan Mj

3.2 C -complexes

By Theorem 3.5 we obtain a quasi-isometry ¢ from I'; to I'y which pairs J; and J;
as ¢ does. Since ¢ is a quasi-isometry, it extends to a quasiconformal homeomorphism
from dG to dG,. Also, for all @ > 0, there exists 8 > 0 such that

di(x, J}) <a = dy(q(x), ¢(J1)) < B

and conversely,
dy(y. JP) S = di(x.¢7 (J) < B.

In particular, dg maps the limit set L} homeomorphically to the limit set of ¢(Jl.1)).
Hence, d¢ preserves intersection patterns of limit sets. Since ¢ pairs J; with 7, as ¢
does, summarising we get the following lemma.

Lemma 3.6 The following are equivalent:
() nk_ L} =2,
2) nk_ 0¢(L}) =2 and
3) Nk_¢(LH=o.

Hence by the definition of the C —complexes C(G, Hy) and C(G,, H,), we find that
dq induces an isomorphism of C(Gy, Hy) with C(G,, H,). We obtain the following
theorem.

Theorem 3.7 Let ¢: J1 — J» be a uniformly proper map. Then ¢ induces an
isomorphism of C(G1, Hy) with C(G,, H;).

Note In Theorem 3.5 and Theorem 3.7 we start with the assumption that there exists
a uniformly proper pairing of the collections 7; and J>. This can be translated to a
pairing of collections of limit sets £ and £, . Theorem 3.5 then says that the pairing of
the J; (or the £;) is induced by a quasi-isometry from I'y to [';. Thus, the existence
of a uniformly proper pairing implies the existence of a quasi-isometry between the I';,
ie an ambient extension (or, equivalently, a quasiconformal homeomorphism between
0G;).

Also Theorem 3.7 shows that a uniformly proper pairing induces an isomorphism of
the C—complexes C(Gy, H;). This is reminiscent of the initial step in the proof of
rigidity theorems for higher rank symmetric spaces, where Tits complexes replace
C —complexes.
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3.3 Cross ratios, annular systems and a dynamical formulation

In this subsection, we give a more intrinsic formulation of Theorem 3.5 and Theorem
3.7. The hypothesis of these theorems is given in terms of distances between elements
of Ji. A more intrinsic way of formulating this hypothesis would be in terms of
the action of G; on 0G;, i = 1, 2. In this case, the distance between Jli, J,i, can be
approximated by the hyperbolic cross-ratio of their limit sets. This was described in
detail by Bowditch [4]. We give the relevant definitions and Theorems below and then
dynamically reformulate Theorem 3.5 and Theorem 3.7.

Let M be a compactum.

Definition 3.8 An annulus A is an ordered pair (A~, A™) of disjoint closed subsets
of M such that M \ (A~ U A") # @. An annulus system is a collection of such
annulii. If A = (47, A"), then —4 = (AT, A7). An annulus system is symmetric if
Ac A= —-AcA

Given a closed set K C M and an annulus 4, we say that K < A if K CintA™.
Also, A < K if K <—A.

If A, B are annulii, we say that A < B if M =intA~ UintB™.

Fix an annulus system A. Given closed sets K, L C M, we say that the annular
cross-ratio (K|L) 4 € N U oo for the maximal number n € N such that we can find
annulii 4¢,..., A, € A such that

K<A1<---<A,<L.

We set (K|L) 4 = oo if there is no such bound.

Thus (K|L) 4 is the length of the maximal chain of nested annulii sepatrating K, L.
For two point sets {x, y} = K and {z, w} = L, we write (K|L)4 as (xy|zw) 4.

One of the crucial results of [4] is the following theorem.

Theorem 3.9 (Bowditch [4]) Suppose a group G acts as a uniform convergence
group on a perfect metrizable compactum M . Then there exists a symmetric G —
invariant annulus system A such that if x, y, z, w are distinct elements in M , then
the theree quantities (xy|zw) 4, (xz|yw) ., (xw|zy) 4 are all finite and at least two
of them are zero. Also, if x # y, then (x|y)4 > 0. Further, G is hyperbolic, and
dg(J(K), J(L)) differs from (K, L) 4 upto bounded additive and multiplicative fac-
tors.
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Combining Theorem 3.5 and Theorem 3.7 with Proposition 2.3 and Theorem 3.9, we get
the dynamical formulation we promised. Let CC0 (M) denote the collection of closed
subsets of M containing more than one point. (Replacing dg,; by cross-ratios (..|..);
in Definition 3.1 we get the corresponding notion of a map being uniformly proper
with respect to the cross-ratios (..|..); and (..|..); in the theorem below. Similarly for
the homeomorphism ¢.)

Theorem 3.10 Let G, G, be uniform convergence (hence hyperbolic) groups acting
on compacta My, M, respectively. Also, let A; (fori = 1,2 ) be G;—invariant annulus
systems and let (..|..); denote the corresponding annular cross-ratios.

Let Hy, Hy be subgroups of G, G, with limit sets A1, A,. Suppose that the set L;
of translates of A; (for i =1, 2) by essentially distinct elements of H; in G; forms a
discrete subset of Cc0 (M;).

Also assume that there exists a bijective function ¢: L1 — L, and that this pairing is
uniformly proper with respect to the cross-ratios (..|..); and (..|..)2. Then

(1) H; is quasiconvex in Gj,

(2) there is a homeomorphism q: M — M, which pairs £, with £, as ¢ does.
Further, ¢ is uniformly proper with respect to the cross-ratios (..|..); and (..|..)»
on My, M, respectively,

(3) ¢ (and hence also ¢ ) induces an isomorphism of C —complexes C(G, H{) with
C(G,, Hy).

Thus from a uniformly proper map with respect to the pseudometrics on the £; in-
duced by cross-ratios we infer a quasi-isometry that is an ambient extension as also a
(simplicial) isomorphism of C —complexes.

3.4 Axiomatisation, relative hyperbolicity

For classes of pairs (X, J), what did we really require to ensure relative rigidity?
Assume (X, d) is a metric space and let the induced pseudometric on 7 be also
denoted by d.

(1) Forall k > 0 there exists M € N such that for all x € X', Ni(x) meets at most
M of the J in J. (This is a coarsening of the notion of height.)

(2) Forall K € N, there exists k = k(K) > 0 such that for all x € X', Ny (x) meets
at least K of the J in J. (This is the converse condition to (1).)
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(3) Forall k >0,n €N there exists K > 0 such that for any collection Jy,...,J, €
J with d(J;, Jj) < k, there exists a ball of radius at most K meeting all the
Ji.

(4) There exists N € N such that for all £ > 0 there exists K = K(k) > 0 such
that the following holds. For all n > N and J4,...,J, € J, the set of points
{xeX:N(x)NJ; #,i =1,...,n} is either empty or has diameter bounded
by K.

Given (1)—(4), the construction of ¢: X; — X, from a uniformly proper pairing
¢: J1 — J» goes through as in Theorem 3.5. In short, pick N from (4). From (2),
pick k = k(N). Now for all x € X7, consider the collection of J in J; that meet
Ni(x). By (1) there is an upper bound M = M (k) on the number of such J. Map
these over to J,. Any two of these are at a distance of at most m apart where m
depends on ¢ and k. From (3) choose K = K(M,m) such that a ball of radius K
meets all these. Set ¢(x) to be the center of such a ball. By (4), ¢(x) is defined upto
a uniformly bounded degree of discrepancy. The rest of the proof goes through as
before. Hence (1)—(4) define sufficient conditions for relative rigidity for a class of
pairs (X, J).

With these conditions, it is easy to extend Theorem 3.5 to pairs (X, J) where X is
(strongly) hyperbolic relative to the collection 7. Conditions (1) and (2) are trivial.

Condition (3) follows from “bounded penetration” (see Farb [7]). For any subcollection
Ji of J with d(J;, Jj) < Cy (for all J;, J; € Jp), fix any two Jy,J, € J and a
geodesic yp, of length < Cy joining them. Construct an electric triangle for triples
J1, J2, J3 € Jq of horosphere-like sets for arbitrary J3 € [J;, such that the hyperbolic
geodesics 13, v32 joining Jq, J3 and J3, J; respectively have lengths bounded by Cy.
Then y;, and y;3 meet J; at a uniformly bounded distance from each other by bounded
penetration. To see this, first note that Jy, J, can be joined by two paths, one consisting
of one side of the triangle and the other the union of the two remaining sides of the
triangle and both paths have electric length bounded by 2Cj; in particular both paths
are uniform quasigeodesics (with quasigeodesic constant depending only on Cy). They
may be converted to quasigeodesics without backtracking by not increasing lengths.
Thus y;3 U y3, decomposes as the union of a quasigeodesic without backtracking y/,
joining Jy, J, and (possibly) a uniformly bounded (< Cy) number of loops of length
not longer than 2Cj. The entire quasigeodesic without backtracking yl/ , lies near y1,
for all J3 € J;. The same holds for the loops of bounded length (since they in turn
may be regarded as uniform quasigeodesics without backtracking starting and ending
at the same point). In particular J3 lies at a uniformly bounded distance D¢y from y;,.
Since y1, has length bounded by Cy, and J3 may be chosen arbitrarily satisfying the
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hypothesis of (3) above, it follows that for any x € y1,, d(x, J3) < (Cy + Dy) for all
J3 € J1. Condition (3) follows. (Results closely related to the proof of Condition (3)
here occur as [22, Lemma 3.11] and [16, Proposition 8.6].)

Condition (4) follows from the fact that for a pair of distinct J;, Jj, N (J;) N Ni(J;)
is either empty or has diameter bounded by some C(k).

We have thus shown the following.

Theorem 3.11 Let X; be (strongly) hyperbolic relative to collections [J; (i =1, 2).
Let ¢ be a uniformly proper (bijective, by definition) map from J; — [J,. There exists
a quasi-isometry q from X; to X, which pairs the sets [J; and [J, as ¢ does.

By work of Hruska and Kleiner [15], CAT(0) spaces with isolated flats are (strongly)
hyperbolic relative to maximal flats. Hence we have from Theorem 3.11 above.

Corollary 3.12 Let X; be CAT(0) spaces with isolated flats and let J; denote the
collections of maximal flats (i = 1,2). Let ¢ be a uniformly proper (bijective, by
definition) map from J1 — J,. There exists a quasi-isometry q from Xy to X, which
pairs the sets [J; and [J, as ¢ does.

3.5 Symmetric spaces of higher rank

We now consider CAT(0) spaces which are at the other end of the spectrum. Let M
be a compact locally symmetric space and 7" a totally geodesic torus with rank =
rank (M). Take X = M and J to be the lifts of T to M . As these are all equivariant
examples (ie J is invariant under a cocompact group action), it is enough to check
(1)—(4) at a point.

(1) and (2) are clear. To prove condition (4), we consider N; Ni (F;) and it is easy to
bound from below the N appearing in Condition (4) (Section 3.4) in terms of the size
of the Weyl group and rank. In that case, N; Ni (F;) has bounded diameter or is empty.

Finally, to prove (3), we proceed as in Lemma 3.3. As in Lemma 3.3 we assume
by induction that any k flats {Fy, ..., Fy} that “coarsely pairwise intersect at scale
D> (ie Np(F;) N Np(Fj) # @ ) intersect coarsely (ie N;—; __xNp/(F;) # @ for
some D' = D'(D,k)). To get to the inductive step, we suppose that for i = k +
1, we have collections of worse and worse counterexamples. Consider a maximal
collection F = {Fy,..., F;} of maximal flats whose “coarse intersection at scale D”
N; Np(F;) = F is non-null. Translate the collection by a group element so that a fixed
point 0 (thought of as the origin) lies on the intersection F. Now take a sequence
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of maximal flats F/ whose D-neighborhoods Np(F/) intersect each Np (F;), but
dj = d(F/,F)=d(0,F) > j. We scale the metric on (X, d) by a factor of dj to
obtain a sequence of metric spaces (X, %) converging (via a non-principal ultrafilter)
to a Euclidean building X °° (this fact is due to Kleiner and Leeb [17], but we shall
only mildly need the exact nature of X,). The F; converge to flats F>° C X*° and
the F/ converge to a flat G C X *°. Then the collection G = F°, G* satisfy the
following.

(P1) Each element of G is a flat in X*°.

(P2) By induction, the intersection of any i elements of G is non-empty and convex
fori <k.

(P3) The intersection of all the (k + 1) elements of G is empty.

Consider the subcomplex K = G* [ J; F° of X°°. Then K is a union of r—flats,
where r = rank(X). In particular, the homology groups H,(K) =0 for n > r. On
the other hand, if we consider the nerve of the covering of K by the sets G*°, Fi°°,
then using the properties (P1), (P2), (P3) to compute Cech homology groups, we
conclude that K has the same homology groups as the boundary of a k—simplex. In
particular, Hy (K) = 7Z. For k > r this is a contradiction, finally proving Condition
(3). Thus we obtain the following theorem.

Theorem 3.13 Let X; be symmetric spaces of non-positive curvature, and J; be
equivariant collections of lifts of a maximal torus in a compact locally symmetric space
modeled on X; (i =1,2). Let ¢ be a uniformly proper (bijective, by definition) map
from [J; — J,. There exists a quasi-isometry q from X, to X, which pairs the sets
J1 and Jp as ¢ does.

Combining Theorem 3.13 with the quasi-isometric rigidity theorem of Kleiner-Leeb
[17] and Eskin—Farb [6] we can upgrade the quasi-isometry ¢ to an isometry 7.

Corollary 3.14 Let X; be symmetric spaces of non-positive curvature, and J; be
equivariant collections of lifts of a maximal torus in a compact locally symmetric space
modeled on X; (i =1,2). Let ¢ be a uniformly proper (bijective, by definition) map
from [J; — [J,. There exists an isometry i from X; to X, which pairs the sets [J;
and 7, as ¢ does.

Remark 3.15 The technique of using asymptotic cones and the nerve of the covering

by flats can be generalised easily to equivariant flats of arbitrary (not necessarily
maximal) rank.
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We conclude this paper with two (related) questions.

Question 1 In analogy with a Theorem of Ivanov, Korkmaz, Luo (see for instance
[19]), regarding the automorphism group of the curve complex, we ask: If the C—
Complex C(G, H) of apair (G, H) (for G a hyperbolic group and H a quasiconvex
subgroup) is connected, is the automorphism group of C(G, H) commensurable with
G?

Question 2 Consider the pair (G, H), with G a hyperbolic group and H a quasicon-
vex subgroup. Let (7, d) be the collection of joins as in Lemma 3.3 with the induced
pseudometric. For a uniformly proper map ¢ from (7, d) to itself, is there an isometry
pairing the elements of 7 as ¢? We have proved in Theorem 3.5 that a quasi-isometry
g exists pairing the J as ¢ does. The question is whether ¢ may be upgraded to an
isometry, or better, to an element of G ? This question is related to the notion of pattern
rigidity introduced by Mosher, Sageev and Whyte in [23].

References

[1] J Behrstock, C Drutu, L. Mosher, Thick metric spaces, relative hyperbolicity, and
quasi-isometric rigidity (2005) arXiv:math.GT/0512592

[2] G Besson, G Courtois, S Gallot, A real Schwarz lemma and some applications, Rend.
Mat. Appl. (7) 18 (1998) 381410 MR1659814

[31 BH Bowditch, Relatively hyperbolic groups, preprint, Southampton (1997)

[4] BH Bowditch, A ropological characterisation of hyperbolic groups, J. Amer. Math.
Soc. 11 (1998) 643-667 MR1602069

[5] C Drutu, M Sapir, Tree-graded spaces and asymptotic cones of groups, Topology 44
(2005) 959-1058 MR2153979 With an appendix by Denis Osin and Sapir

[6] A Eskin, B Farb, Quasi-flats and rigidity in higher rank symmetric spaces, J. Amer.
Math. Soc. 10 (1997) 653-692 MR1434399

[7] B Farb, Relatively hyperbolic groups, Geom. Funct. Anal. 8 (1998) 810-840
MR1650094

[8] B Farb, L Mosher, A rigidity theorem for the solvable Baumslag—Solitar groups,
Invent. Math. 131 (1998) 419-451 MR1608595 With an appendix by Daryl Cooper

[9] B Farb, L Mosher, Quasi-isometric rigidity for the solvable Baumslag-Solitar groups.
I1, Invent. Math. 137 (1999) 613-649 MR1709862

[10] B Farb, L Mosher, Quasi-isometric rigidity for the solvable Baumslag-Solitar groups.
11, Invent. Math. 137 (1999) 613-649 MR1709862

Algebraic € Geometric Topology, Volume 8 (2008)



Relative rigidity, quasiconvexity and C —complexes 1715

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

B Farb, L. Mosher, On the asymptotic geometry of abelian-by-cyclic groups, Acta
Math. 184 (2000) 145-202

E Ghys, P de la Harpe (editors), Sur les groupes hyperboliques d’apres Mikhael
Gromov, Progress in Mathematics 83, Birkhduser, Boston (1990) MR1086648 Papers
from the Swiss Seminar on Hyperbolic Groups held in Bern, 1988

R Gitik, M Mitra, E Rips, M Sageev, Widths of subgroups, Trans. Amer. Math. Soc.
350 (1998) 321-329 MR1389776

M Gromov, Hyperbolic groups, from: “Essays in group theory”, Math. Sci. Res. Inst.
Publ. 8, Springer, New York (1987) 75-263 MR919829

G C Hruska, B Kleiner, Hadamard spaces with isolated flats, Geom. Topol. 9 (2005)
1501-1538 MR2175151 With an appendix by the authors and Mohamad Hindawi

G C Hruska, DT Wise, Packing Subgroups in Relatively Hyperbolic Groups (2006)
arXiv:math.GR/0609369

M Kapovich, B Leeb, Quasi-isometries preserve the geometric decomposition of
Haken manifolds, Invent. Math. 128 (1997) 393—416 MR1440310

M Kapovich, B Leeb, Quasi-isometries preserve the geometric decomposition of
Haken manifolds, Invent. Math. 128 (1997) 393-416 MR1440310

F Luo, Automorphisms of the complex of curves, Topology 39 (2000) 283-298
MR1722024

M Mitra, Cannon—Thurston maps for trees of hyperbolic metric spaces, J. Differential
Geom. 48 (1998) 135-164 MR1622603

M Mitra, Height in splittings of hyperbolic groups, Proc. Indian Acad. Sci. Math. Sci.
114 (2004) 39-54 MR2040599

M Mj, Cannon—Thurston Maps, i-bounded Geometry and a Theorem of McMullen
(2005) arXiv:math.GT/0511041

L Mosher, M Sageev, K Whyte, Quasi-actions on trees Il. Finite depth Bass—Serre
trees (2004) arXiv:math.GR/0405237

G D Mostow, Strong rigidity of locally symmetric spaces, Princeton University Press
(1973) MRO0385004Annals of Mathematics Studies, No. 78

G D Mostow, Strong rigidity of locally symmetric spaces, Annals of Mathematics
Studies 78, Princeton University Press, Princeton, N.J. (1973) MR0385004

G A Niblo, L D Reeves, Coxeter groups act on CAT(0) cube complexes, J. Group
Theory 6 (2003) 399-413 MR1983376

F Paulin, Un groupe hyperbolique est déterminé par son bord, J. London Math. Soc.
(2) 54 (1996) 50-74 MR1395067

Algebraic €& Geometric Topology, Volume 8 (2008)



1716 Mahan Mj

[28] J Roe, Index theory, coarse geometry, and topology of manifolds, CBMS Regional
Conference Series in Mathematics 90, Published for the Conference Board of the
Mathematical Sciences, Washington, DC (1996) MR1399087

[29] M Sageev, Ends of group pairs and non-positively curved cube complexes, Proc. London
Math. Soc. (3) 71 (1995) 585-617 MR1347406

[30] M Sageev, Ends of group pairs and non-positively curved cube complexes, Proc. London
Math. Soc. (3) 71 (1995) 585-617 MR1347406

[31] H Short, Quasiconvexity and a theorem of Howson’s, from: “Group theory from a
geometrical viewpoint, Trieste (1990)”, (E Ghys, A Haefliger, A Verjovsky, editors),
World Scientific, River Edge, NJ (1991) viii+733 MR1170362

School of Mathematical Sciences, RKM Vivekananda University
PO Belur Math, Dt Howrah, WB-711202, India

brmahan@gmail.com

http://people.rkmvu.ac.in/~mahan/

Received: 16 August 2007 Revised: 1 August 2008

Algebraic € Geometric Topology, Volume 8 (2008)



