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PREFACE

This thesis is about certain relatively hyperbolic discrete subgroups of semisimple Lie groups.

If those are not words that inspire familiarity, Chapter 0 contains some background and context
which will hopefully be helpful. That chapter is written with the curious reader who may or may
not be a mathematician, but is at least not too daunted by things like matrices and vector spaces, in
mind.

For the mathematical reader who has some familiarity with at least some of those words, Chapter
1 provides a more traditional introduction, including, towards its end, an outline of the contents of
the rest of the thesis and how they are organized.

To our world today and its pressing challenges, this thesis, in the best and worst tradition of
Hardy’s apology, contributes just about nothing, beyond a fleeting glimpse of a beautiful edifice
of abstract thought, and the real but ephemeral possibility of a more thorough understanding of
the structure of space, broadly construed. Those are not entirely nothing, nevertheless, and I hope

Chapter 0 will help bring that message to an at least marginally larger audience.
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ABSTRACT

Convex cocompact subgroups of rank-one semisimple Lie groups such as PSL(2,R) form a
structurally stable class of quasi-isometrically embedded discrete subgroups which are naturally
associated to negatively-curved geometric structures. Anosov representations give a higher-rank
analogue of convex cocompactness which shares many of its good geometric and dynamical
properties, and have become important objects of study in higher Teichmueller theory.

In this thesis we introduce relatively dominated representations as a relativization of Anosov
representations, or in other words a higher-rank analogue of geometric finiteness—a controlled
weakening of convex cocompactness to allow for isolated failures of hyperbolicity.

We prove that groups admitting relatively dominated representations must be relatively hyper-
bolic, that these representations induce limit maps with good properties, provide examples, and draw
connections to work of Kapovich—-Leeb which also introduces higher-rank analogues of geometric

finiteness.
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CHAPTER 1

Background for a Generalish Reader

For most of human experience, “geometry” has meant, and for many continues to mean,
Euclidean geometry in two or three dimensions—the geometry that we see on a piece of paper, or
that we instinctively and viscerally move through.

The historical roots of this thesis lie in developments from the 19" century which significantly

broadened the scope of geometry and enriched humanity’s study of spatial structure.

1.1 Fundamental groups of manifolds

In the late 19" century, the branch of topology was born, with the appearance of Poincaré’s
Analysis Situs being a particular historical landmark. Topology concerns geometric properties,
such as connectedness, compactness, or the number of holes, that are preserved under continuous
deformations, such as stretching, twisting, crumpling and bending, but not tearing or gluing.

Many of these properties can be succinctly and precisely encoded by suitable algebraic objects
such as homotopy, homology or cohomology groups—indeed, this is one of the major contributions
of Poincaré’s Analysis Situs. One of the simplest of these algebraic objects, which already carries
considerable information about the topology of a space X, is the fundamental group 7, X, which
roughly speaking describes “essential holes” in X and—via the group operation—how they interact;
elements of m; X represent classes of loops around these “holes”.

In many applications the underlying spaces we are dealing with are smooth (n-)manifolds—
that is, spaces which locally have the topology of (n-dimensional) Euclidean space, although at
larger scales they may have quite different properties, and which have well-defined tangent spaces.
Fundamental groups of smooth manifolds, and other groups which are their spiritual relatives, will

be one of the fundamental players in this thesis.

1.2 Discrete subgroups of Lie groups

In a different direction, the parallel postulate from Euclidean geometry had (finally) been

discovered to be independent, and non-Euclidean geometry was born, in at least two different
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flavors: hyperbolic and spherical. In Euclidean geometry, given a line ¢ and a point p not on ¢, there
is exactly one line through p that does not intersect /; we call this the “line through p parallel to
¢”. In hyperbolic geometry, given a line ¢ and a point p not on /, there are infinitely many “lines
through p parallel to £, in this same sense; in spherical geometry, such parallel lines do not exist.

In order to provide a unifying framework for these various flavors of geometry, Felix Klein pro-
posed what subsequently became known as the Erlangen program. This emphasized characterizing
geometries in terms of their symmetries, using ideas from projective geometry and the then-nascent
theory of groups.

When we are dealing with smooth manifolds, a different unifying framework is provided by
Riemannian geometry, which starts with a Riemannian metric on the manifold—a gadget to measure
infinitesimal lengths and angles. Different choices of Riemannian metrics on what is topologically
our familiar 2-dimensional space, for example, yield geometric spaces which locally have Euclidean,
hyperbolic, or spherical geometry.

When we have a manifold X with a Riemannian metric g, Myers and Steenrod proved in 1939
that the group of transformations Isom(X') of the manifold X that preserve the metric g is a Lie
group—a group which is itself a (finite-dimensional) smooth manifold, where the smooth manifold
structure and group structure are compatible with each other (the group operation and the inverse
map are themselves smooth maps.) When we have a subgroup I' of Isom(X), i.e. a collection
of metric-preserving transformations of X which themselves form a group, we can consider the
quotient space X /I" obtained by identifying points in M taken to one another by transformations
in I'. When I is (torsionfree and) discrete—i.e. when we can find a collection of small balls, one
around each element of I', each of which does not contain any other element of ['—this quotient
X/T is itself a manifold.

In this sense, discrete subgroups I" of a Lie group Isom(.X) lead to manifolds which locally
have the geometry of X; the subgroup I" describes how this geometry shows up on our manifold.

This is one of the principal reasons such subgroups are objects of geometric interest.

1.3 Geometric structures and holonomy representations

We can go the other way—starting from a manifold M/ which locally has the geometry of another
(“model”) manifold X, we can obtain a discrete subgroup I" of G := Isom (X )—by considering the
holonomy representation.

To describe what this is, we first consider the developing map ¢ : M — X. Here M is the
universal cover of M, a topological “unrolling” of M: for example, if we imagine taking a infinite
flat piece of paper and identifying points which are exactly 1 meter apart vertically or horizontally,

the resulting quotient manifold is a torus (a donut); taking the universal cover of the torus involves



exactly undoing this process, so that the universal cover of the torus is the 2-dimensional plane.

Intuitively, the developing map ¢ describes what one might see if one takes this “unrolled”
version M of M and looks at where in the model manifold X each part goes. One has some
freedom here to decide where and how to plunk down the first bit, but then the subsequent bits
are entirely determined, at least up to global symmetries of X. (To describe this more precisely
uses the language of real analytic manifolds and maps and analytic continuation; the map ¢ is then
well-defined up to composition by elements of G.)

Now, a loop 7y in the fundamental group 7, M corresponds to a path in M with endpoints J(a)
and 7(b) which are identified once we undo the “unrolling” and go back from M to M. As we
travel in M from 7(a) to (b), the view around us changes, in a way which reflects or describes a
symmetry of the space M. In terms of the topological space M, this “change of view” is described
by a covering transformation 7’,. If we look through the lens of the geometric model X, the “change
in view” is described by an isometry p(-y). The relation between the two may be described precisely,

using the developing map, by the equation

po T, =p(y)oep.

One can check that if we have two loops 71,72 € m M that we travel along one after the other,
the isometry corresponding to the composition 7,7 is the same as what we get by composing the
isometries p(~y;) and p(72), or in other words p(v172) = p(71)p(72), and similarly verify the other
conditions needed so that the elements {p(7y) | v € m M} C Isom(X) = G form a group. In other
words p : m M — X given by v — p(+y) is a map of groups, i.e. a representation.

This representation is well-defined up to conjugation by elements of G—this corresponds to
globally changing the geometry by a symmetry of X—and is called a holonomy representation.

The data of the developing map completely determines the holonomy representation, up to
conjugation as described above. Conversely, the data of the holonomy representation does not
always completely determine the developing map, although it does in some cases. The data of the
developing map and/or the holonomy representation together determine a (G, X )-structure on M
this may be described, informally, as “instructions”, in terms of group elements in GG, for how to
dress the “naked” topological object M with geometric “clothing” cut from the cloth of X.

These are not things that this thesis is directly concerned about, but are a substantial part of the
background motivation. In terms of the objects introduced earlier, the holonomy representation
gives us a way to obtain a discrete subgroup I" of G = Isom(X) starting from a manifold M which

has been given, locally, the geometry of X.



1.4 The joys of negative curvature

Hyperbolic geometry can be wildly different from the Euclidean geometry we are more familiar
with, in ways which may not be apparent from the somewhat clinical description in §1.2.

In Euclidean geometry, the volumes of balls grow polynomially in their radius; in hyperbolic
geometry, they grow exponentially. In a sense that can be made precise, most of the volume of a
ball in Euclidean space is near its center; by contrast, almost all of the volume of ball in hyperbolic
space is near its boundary.

In Euclidean geometry, two geodesics (straight lines) going off in different directions from the
same point diverge at a linear rate; in hyperbolic geometry, they diverge exponentially. A golfer
playing on a hyperbolic golf course would never hit the ball into the hole: an error of a few fractions
of a degree from a hundred yards out would lead to the ball landing off by miles.

These and related characteristics of hyperbolic geometry lead to dynamical systems associated to
hyperbolic manifolds, such as the geodesic flow on a hyperbolic manifold, enjoying good statistical
properties. A flow is a way of describing motion in a space; a geodesic flow is a flow where the
motion proceeds along geodesics at unit speed, as determined by the Riemannian metric. The
geodesic flow on a hyperbolic manifold is mixing: any two points, no matter close at the start,
eventually have essentially statistically independent trajectories. This makes it difficult to accurately
predict individual trajectories in the presence of any uncertainty about initial conditions; on the
other hand, average behavior for the system can be reliably and precisely predicted.

Such statistical properties are more broadly characteristic of chaotic dynamical systems, many
of which also share other characteristics with geodesic flows on hyperbolic manifolds.

Not unrelatedly, hyperbolic geometry is structurally stable: in senses that can be made precise,
small perturbations to the geometry do not essentially change the nature and properties of the
geometry, in a way which is not true for Euclidean geometry.

For one thing, quasigeodesic segments, i.e. slight perturbations of geodesic segments—the more
general analogue of “straight line segments”—, remain uniformly close to geodesic segments with

the same endpoints: this is known as the Morse lemma.

Cc
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Figure 1.1: Failure of the Morse lemma in the Euclidean plane: the broken path acb is a (v/2, 0)-
quasigeodesic independent of the length L of the geodesic ab, but c is %L far from ab.



For another, the geodesic flow g' on a hyperbolic manifold M is structurally stable, meaning a
flow @' which is a small perturbation of ¢* looks essentially the same as g'—there is a differentiable
map v : T*M — T* M on the unit tangent bundle to M which conjugates ¢’ and g%, i.e. ¥ o ¢! =
gt o).

Geodesic flows are particular examples of dynamical systems, and it is in fact more broadly
true that the notion of structural stability for dynamical systems is closely related to notions of
hyperbolicity in dynamics which are inspired by the properties of geodesic flows on hyperbolic
manifolds.

Riemannian geometry contains a notion of curvature of space, which is completely determined
by Riemannian metric. From the perspective of Riemannian geometry, hyperbolic space is negatively
curved, and indeed in a precise sense has constant negative curvature everywhere.

Many of the properties of hyperbolic geometry—in particular the stability properties described
above—continue to hold for more general negatively-curved geometries, especially when the
curvature is pinched, i.e. does not go arbitrarily close to or far away from zero.

Euclidean geometry is flat: in the same precise sense as above, its curvature is zero everywhere.
There are also many natural examples, in the worlds of Riemannian geometry and Lie groups, of
non-positively curved spaces, i.e. spaces with mixed negative and zero curvatures. These spaces do
not have the same stability properties as negatively-curved ones, although to the extent that they do
have negative curvature in spots, they may continue to exhibit some weakened versions of these
properties.

Very roughly speaking, the question that this thesis investigates is one particular instance of to
what extent desirable properties of hyperbolic geometries and their associated dynamical systems
may be seen to persist in more general nonpositively-curved settings.

We next turn to describing this instance in slightly more detail.

1.5 Teichmiiller theory, classical and higher

Compact orientable surfaces without boundary (2-manifolds) are classified topologically by
a single number, their genus. Genus-0 surfaces are spheres; genus-1 surfaces are tori; a genus-2
surface is a torus with an additional handle (see figure) and so on.

We can try to put a constant-curvature Riemannian metric on one of these surfaces: the uni-
formization theorem tells us that, depending on the genus, this metric will necessarily be spherical
(i.e. have constant positive curvature; this happens in the genus-0 case), Euclidean (this happens in
the genus-1 case), or hyperbolic (this happens for all higher genera.)

Moreover, there are an infinite number of possible hyperbolic metrics on a genus-g surface

¥,, for any g > 2; in fact, there is a whole (6g — 6)-dimensional ball of them. One way to see
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Figure 1.2: Classification of surfaces: surfaces of genus 0, 1, 2 and 3, or in the notation above >,
Y11, 29, and X3. Of these, the last two admit hyperbolic metrics. TikZ finesse on last 3 diagrams
courtesy of Salman Siddiqi.
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Figure 1.3: The grey curves form a pants decomposition, here assigned lengths 1, 2 and 3; the red
curves are drawn to indicate twist parameters growing across the pants curves. This data specifies a
hyperbolic metric on the X5 shown here.

this is to start by picking 3g — 3 disjoint closed curves on a genus-g surface, i.e. a so-called pants
decomposition, because the complementary regions are topologically similar to pairs of pants. One
can then check that, to specify a hyperbolic metric on >y, it suffices to specify, for each of these
3g — 3 curves, the length the curve and a “twist” parameter which describes how the complementary
regions on either side of the curve are glued together.

Moreover, any choice of these lengths and twists gives rise to a hyperbolic metric, and different
metrics correspond to different values of these parameters. Thus there is in fact a space of hyperbolic
metrics on 3, that is topologically R%~°; one can, furthermore, define a geometry on this space of
geometries in a way which reflects aspects of the individual geometries which make up the space.

The resulting space Teich(X,), as a topological and geometric object, is called Teichmiiller space,
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and is the eponymous object of study of (“classical”, i.e. dating from the 1940s) Teichmiiller theory.

Recall from §1.3 that a hyperbolic metric on >, gives rise to a holonomy representation
p:mY, — Isom™ (H?) = PSL(2,R). In this case, the holonomy representation also completely
determines the hyperbolic metric, and hence we can write Teich(X,) as a subspace of the space of
representations x(m X, PSL(2,R)). In fact, Teich(X,) forms an entire connected component of
this representation space, one with especially nice topology as noted above.

In the 1980s, Nigel Hitchin, using analytic tools, showed that the representation spaces
x(m%,, PSL(n,R)), where n > 3, similarly contain connected components with nice topol-
ogy, and these components contain the image of the Teichmiiller space Teich(X,)—viewed as
a subspace of the space of representations into PSL(2, R) as above—under a natural irreducible
representation PSL(2, R) — PSL(n, R). In 2006, Francois Labourie showed in [Lab06] that every
representation in one of these components is discrete and faithful.

Inspired by this and subsequent results, such connected components of representation spaces
have come to be called higher Teichmiiller spaces, and the study of representations which lie—or
might lie—in these spaces is loosely known as higher Teichmiiller theory.

Labourie, in order to study the geometry of individual representations in the Hitchin components,
came up with the notion of Anosov representations. These are certain representations of negatively-
curved groups such as 71X, into isometry groups of non-positively curved spaces such as PSL(n, R)
which, by and large, still exhibit negatively-curved behavior.

Still roughly speaking, the aim of this thesis is to develop a relativized version of this notion: a
class of representations of non-positively curved groups—with controlled instances of flat behavior—

into groups such as PSL(n, R), which still has good geometric and dynamical properties.

1.6 Geometric group theory

To describe more fully what “negative curvature” or “non-positive curvature” means in the
context of groups, we will take a minor detour into geometric group theory.

Groups are algebraic objects that were defined and built to study symmetry, and in that sense
serve a geometric purpose. The basic philosophy of geometric group theory turns this idea on
its head a little, and says that groups, especially infinite but finitely-generated ones, are naturally
geometric objects, and the study of their geometry can yield insight into their algebraic properties.

A precursor of this philosophy can be seen in Max Dehn’s study of the algorithmic properties of
fundamental groups of surfaces from the 1920s. By essentially using the geometry of the associated
surfaces, he showed that these groups have solvable word and conjugacy problems, among other
things. Gromov took inspiration from this work and subsequent generalizations to define the notion

of word-hyperbolic groups in [Gro87]: a finitely-generated group I' is word-hyperbolic if any



Figure 1.4: A cusped hyperbolic surface

Cayley graph of I', with the naturally-associated word metric, has thin triangles.

Thin triangles are a characteristic feature of hyperbolic—or, more generally, negatively-curved—
geometry; Gromov’s great insight was that picking out and requiring one such characteristic feature
of negative geometry is a sufficient characterization of negative curvature in groups.

It is, and remains, much less clear what a good general notion of non-positive curvature in
groups would be. One notion, describing a particular sort of non-positive curvature rather than
the general case, is relative hyperbolicity: a finitely-generated group I' is hyperbolic relative to a
collection P of subgroups if, when we build a certain auxiliary space X = X (I", P) given by adding
things to the parts of a Cayley graph of I' corresponding to the subgroups in P, X is hyperbolic in
the sense of having thin triangles.

Prototypical examples of relatively-hyperbolic groups include fundamental groups of finite-
volume hyperbolic manifolds with punctures, which are hyperbolic relative to subgroups of loops

around the puncture/s:

1.7 Aside: applications

We end this chapter by taking another minor detour, this one slightly further afield, to briefly

explore possible applications of the spread of ideas described above outside mathematics.

1.7.1 Negatively-curved space-time and limiting cases

Einstein’s theory of general relativity models the universe that we live in as a four-dimensional
geometric object, space-time. Massive objects create regions of negative curvature in the surrounding
space-time—in the words of John Wheeler, “matter tells space-time how to curve”—and this accounts
for the phenomenon of gravitational attraction. In some sense, negative curvature is a generic case.
This was one of the first applications of the geometric ideas described above outside of mathematics.

Non-positive curvature is a limiting case of the more generic case of negative curvature, and

may be useful even in the study of the generic case in this way.



1.7.2 Poincaré and mixed-curvature embeddings

In many data analysis applications, data sets—including, for instance, sets of images—may
already come naturally embedded in a parameter space In other cases, for example with lexical
databases or semantic networks, there may not be such an intrinsic embedding, but it may still be
useful to embed the data set in some geometric space: given such an embedding, one can measure
distance between data points using a metric on the underlying space.

Because many parameter space are intrinsically finite-dimensional vector spaces, it has been
natural to think of the Euclidean (L?) metric or other metrics (such as the L! or sup metric) which
come from vector space norms. In some cases, however, for example when the data sets in questions
exhibit a large amount of branching, it may make more sense to use a hyperbolic metric, i.e. to
think of embedding our data set into a hyperbolic or other negatively-curved space. This helps
because the exponential growth of balls in hyperbolic space means there is inherently more room to
accommodate the branching.

This is the underlying insight behind recent work in [NK17] on Poincaré embeddings of large
data sets into hyperbolic space, which achieved state-of-the-art performance on certain natural
language processing tasks. Similar methods have also recently been applied to other machine
learning tasks such as image classification [KMU™ 19] and recommendation systems [TTZ"20].

In some applications, on the other hand, where the data is inherently cyclic in nature, it may
make more sense to embed data sets on a sphere; see e.g. [MHW*19].

It is natural to wonder about combining these, for complex data sets, and indeed this was done in
[GSGR19]. Whereas [GSGR19] studied embeddings into products of different constant-curvature
spaces, embeddings into different mixed-curvature spaces, such as higher-rank symmetric spaces,

provide an alternative avenue for exploration which may also be of interest.

1.7.3 Quantiative comparisons between geometric objects

Given a collection of geometric objects—for instance shapes of bones, or organs as sensed by
appropriate medical imaging devices—we may want to compare “how far apart they are”. Making
such quantitative comparisons between geometric objects is the natural province of Teichmiiller
theory and its relatives. In [KH15], ideas from Teichmiiller theory are used to build a metric on
spaces of primate bone and teeth shapes, with applications to identifying evolutionary patterns.

There have also been similar applications of Teichmiiller theory and its surrounding ideas to
medical imaging, see e.g. [WDG09].

Higher Teichmiiller theory is not yet as developed as classical Teichmiiller theory; in particular,
there is so far only the beginning of a geometric theory there. Nevertheless, it may one day

also—possibly—offer tools for quantitative analysis of geometric objects of interest in applications.



CHAPTER 2

Introduction

Given a rank-one semisimple Lie group G such as SL(2,R) or SL(2, C) = SO(1, 3), the notion
of convex cocompactness, first introduced in the setting of Kleinian groups acting on H?, gives us a
stable class of subgroups with good geometric and dynamical properties.

When G is instead a higher-rank semisimple Lie group, such as SL(d, R) with d > 3, Anosov
subgroups are, at present, the best analogue of convex cocompact ones. These were originally
defined in [Lab06], as a tool to study the dynamics and geometry of individual Hitchin represen-
tations, and further developed in [GW12]. There have subsequently been many other equivalent
characterizations: see for instance [KLP16], [GGKW17], and [BPS19].

In rank one, the class of convex cocompact subgroups form part of the strictly larger class
of geometrically finite subgroups, which may be understood as convex cocompactness with the
possible addition of certain degenerate “cuspidal” ends with controlled geometry. Geometrically
finite groups continue to have many of the good properties of convex cocompact groups, modulo
mild degeneracy at the cusps which may need controlled by additional hypotheses.

In prior work [KL18], Kapovich and Leeb proposed relativized versions of the Anosov condition,
which may be considered to be higher-rank analogues of geometric finiteness. In this paper we
propose another, inspired by the characterization in [BPS19] and making use of the theory of
relatively hyperbolic groups.

Below, all of our groups I' will be finitely-generated, and, to avoid unnecessary additional
technicalities, torsion-free.

The condition on representations which we wish to define is given in terms of singular values
and subspaces, and in terms of a modified word-length: given a matrix A € GL(d, R), let 0;(A)
(for 1 < i < d) denote the i** singular value of A.

Fix I a finitely-generated torsion-free group and a finite collection P of finitely-generated
subgroups satisfying certain conditions (RH) (described in Definition 5.1) which are automatic if I’
is hyperbolic relative to P. We will designate the subgroups in P and their conjugates “peripheral”.

Given [' and P as above, we will say that the images of peripheral subgroups under a repre-

sentation p : I' — GL(d, R) are well-behaved if they satisfy certain conditions which essentially
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ensure their images are parabolic, plus mild technical conditions governing the behaviors of limits
of Cartan projections. All of these conditions are described precisely in Definition 5.2.

Let X be a cusped space for (I, P) as constructed in [GMO8] (see §2 for definitions.) Write d.
to denote the metric on X, and | - |. := d,(id, -). These are defined in [GMO8] in the case where I is
hyperbolic relative to P, but the same construction can be done and continues to make sense in the
more general case of I a torsion-free finitely-generated group and P a malnormal finite collection
of finitely-generated subgroups.

Given I' a finitely-generated torsion-free subgroup and a collection P of finitely-generated
subgroups satisfying (RH), we will say a representation p : I' — GL(d,R) is 1-dominated
relative to P (Definition 5.3), if there exists constants C', 4 > 0 such that (D7) for all v € T,
() = C e#Mle, and the images of peripheral subgroups under p are well-behaved.

Examples of relatively-dominated representations include geometrically-finite hyperbolic holonomies
and geometrically-finite convex projective holonomies in the sense of [CM14a]; we also remark
that in the case P = &, we recover the [BPS19] definition of dominated reprsentations.

1-relatively dominated representations are discrete and faithful, and send non-peripheral ele-
ments to proximal images. Their orbit maps are quasi-isometric embeddings of the relative Cayley
graph, i.e. the Cayley graph with the metric induced from the cusped space X D Cay(I').

In the setting of Anosov representations, [KLP18] proved that if I' is finitely-generated and
p: I' = GL(d,R) is such that there exist constants C, 1 > 0 so that 2 (p(7)) > Ce!Ml for all
~v € I, then p is (P;)-Anosov, and in particular I' must be word-hyperbolic. An alternative proof of
this appears in [BPS19] and was the original inspiration for this work. Here we can prove a relative

analogue to this hyperbolicity theorem:

Theorem 2.1 (Theorem 6.9). If p : I' — GL(d, R) is I-dominated relative to P, and I contains

non-peripheral elements, then I' must be hyperbolic relative to P.

Moreover, given a 1-relatively dominated representation, we have limit maps from the Bowditch

boundary J(I", P) with many of the good properties of Anosov limit maps:

Theorem 2.2 (Theorem 7.2). Given p : I' — GL(d,R) I1-dominated relative to P, we have well-
defined, T-equivariant, continuous maps & : (I, P) — P(R?) and ¢* : O(I', P) — P(R?)*) which

are dynamics-preserving, compatible and transverse.

A key technical input into the proofs of these theorems is a powerful generalization of the
Oseledec theorem recently formulated in [QTZ19]; we will use a slightly modified version of this

result, whose proof is discussed in Appendix B.
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Our approach is different from that of [KL18]—the latter really focuses on the geometry of
the symmetric space whereas we look more at the intrinsic geometry associated to the relatively

hyperbolic group—but we show that the resulting notions are closely related:

Theorem 2.3 (Theorems 9.4 and 9.12). (a) If p : I' — SL(d, R) is relatively dominated, then p(I")
is relatively RCA (in the sense of [KLI18]) with uniformly regular peripherals.
(b) If p : T — SL(d,R) is such that p(T') is relatively RCA with uniformly regular and

undistorted peripherals satisfying an additional technical condition, then p is relatively dominated.

The rest of this paper is organized as follows: we start by reviewing relevant background facts
on relatively hyperbolic groups in §3.1 and on singular value decompositions in §3. We then give
the definition of relatively dominated representations, as well as noting some immediate properties,
in §5. §6.1 proves a key transversality property, §6.2 the relative hyperbolicity theorem, and §7 the
existence of the limit maps. §8 briefly discusses examples. §9 describes links between the notion of
relatively dominated representations introduced here and notions in [KL18]; finally, §10 discusses
extending the definition in §5 to more general semisimple Lie groups and parabolic subgroups.

Appendix A collects various linear algebra lemmas which are used throughout, especially in the
later sections; Appendix B contains a proof of the generalization of the Oseledets theorem alluded

to above.
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CHAPTER 3

Preliminaries

3.0 Hyperbolic spaces and groups

A metric space X = (X, d) is geodesic if given any two points z, y € X, there is a rectifiable
path in X whose length is equal to d(x, y). Given any § > 0, we say that a geodesic metric space X
is 0-hyperbolic if every geodesic triangle in X is d-thin, i.e. given a geodesic triangle xyz, the side

xy is contained in the union of the J-neighborhoods of 3z and zzx.

Example 3.1. The hyperbolic plane H? is (log 2)-hyperbolic, by the following geometric argument
(for a primer on the geometry of the hyperbolic plane, see [Kat92] or [CFKP97]):

« Given any geodesic triangle x4~ and a side xy, we can find an ideal triangle £n¢ in H? such
that the bi-infinite geodesic £7) contains xy as a subsegment, and the triangle zyz is contained
inside £nC.

Figure 3.1: A triangle is contained in an ideal triangle; an ideal triangle with illustrative vertical and
horizontal paths (green and red, resp.)

¢ Any two ideal triangles in H? are isometric, for PSL(2,R) = Isom™(H?) acts triply-

transitively on the boundary of H?Z.
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* Consider the upper half-space model of H? and let £7¢ be the ideal triangle with vertices at
0, 1, and co. What remains is now an explicit computation: any point on the edge between
0 and 1, or on one of the vertical edges with y < 1, is within % of one of the other sides
just by considering a horizontal path; any point on the vertical edge with y > 2 is within %
of the other vertical edge, again by considering a horiontal path. Finally, any point on the
vertical edge with 1 < y < 2 is within 3 (log 2 + 1) of one of the other edges, by considering
a piecewise linear path that is first vertical until y = 1 or y = 2, whichever is closer, and then

horiontal.

More generally, hyperbolic n-space is (log 2)-hyperbolic, because every geodesic triangle sits

in some totally geodesic H? subspace.

Suppose we have a finitely-generated group I' with a finite generating set S. We assume S
is symmetric, i.e. whenever s € S, s™! € S as well. The graph (in the sense of graph theory)
Cay(I', S) whose vertices are the elements of I', and where there is an edge between ¢ and h if and
only if g = hs for some s € S, is called the Cayley graph of I" with respect to the generating set S.

We can make Cay (I, S) a metric space by defining each edge to have length 1, and considering
the path metric dg, i.e. forany g, h € T', ds(g, h) is the number of edges in the shortest path between
g and h in the graph Cay (I, S).

ds is a left-invariant metric on Cay (I, S'), which we will call the word metric on I" associated to
S. With the word metric, Cay(I', S) becomes a geometric object associated to the finitely-generated
group [".

This geometric object depends on the choice of generating set .S, but any two word metrics dg
and dr corresponding to different finite generating sets for the same group I are quasi-isometric,

meaning that there exist constants £ > 1 and ¢ > 0 such that
1
Eds<gv h) —C S dT(Qa h‘) S kds(Q,h) +c

for all g, h € I'. The quasi-isometry condition is a “coarsely biLipschitz condition”: if ¢ = 0, it is
precisely a k-biLipschitz condition; where ¢ > 0, the result is essentially k-biLipschitz, except at
small scales as determined by the constant c.

We can then say that a finitely-generated group is a well-defined geometric object, independent
of a choice of generating set, up to quasi-isometry. The study of groups as geometric objects in this
sense is a key idea in geometric group theory. Slightly more generally, geometric group theory aims

to study their groups through their geometric actions. A key instance and tool here is the following

Lemma 3.2 (Milnor-Svarc). Given T a finitely-generated group and X a geodesic metric space, if

I' ~ X properly discontinuously, cocompactly and isometrically, then I is quasi-isometric to X.
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An important class of finitely-generated groups with many nice properties is given by the
0-hyperbolic groups, which are defined as groups which act properly discontinuously, cocompactly
and isometrically on some ¢-hyperbolic space.

A group which is d-hyperbolic for some § > 0 is also called word-hyperbolic, on account
of the role of the word metric, or Gromov-hyperbolic, in recognition of Gromov’s seminal work
in establishing and studying the notion of d-hyperbolicity. We may similarly speak of Gromov-
hyperbolic spaces, if we wish to de-emphasize the particular value of the constant 9.

For any fixed 9, d-hyperbolicity is not a quasi-isometry invariant: a space Y which is quasi-
isometric to a d-hyperbolic space X may not itself be d-hyperbolic, for the same §. However,
Gromov-hyperbolicity is a quasi-isometry invariant, because the Morse lemma holds in Gromov-
hyperbolic spaces: given a d-hyperbolic space X = (X, d) and constants k& > 1, ¢ > 0, there
exists A > 0 (depending only on 4, k and c) such that any image of a geodesic segment under a

(k, ¢)-quasi-isometry (also called a (k, c)-quasigeodesic), i.e. amap f : X — X satisfying

LA (F(2), f(9) — ¢ < d(r,) < kd (F(2), F(9) +

is within )\ in Hausdorff distance of any geodesic segment between the same endpoints, i.e. given
any geodesic segment and any (k, ¢)-quasigeodesic segment between the same endpoints, any point
on the quasigeodesic segment is within A of some point of some point on the geodesic segment.

Now if Y is (k, ¢)-quasi-isometric to X, and X is §-hyperbolic, let f : X — Y be a (k, ¢)-quasi-
isometry, and let A = A(d, k, ¢) be the constant produced by the Morse lemma. Given a geodesic
triangle zyz in Y, f(zyz) is a quasigeodesic triangle in X. Let f(z) f(y) f(z) be a geodesic
triangle in X with the same vertices. It is d-thin, and so f(xyz) is (§ + \)-thin, and hence zyz must
be (k(6 + A\) + ¢)-thin.

Example 3.3. The fundamental group I' = w2, of a closed surface of genus g > 2 is word-
hyperbolic, by the Milnor-Svarc lemma with X = H?, the hyperbolic plane.
More generally, fundamental groups of closed hyperbolic n-manifolds are word-hyperbolic, by

the same argument with X = H".

Example 3.4. A nonabelian free group F, with > 2 is word-hyperbolic by the Milnor-Svarc
lemma with X a convex subset of H? given e.g. by representing F). as the fundamental group of a

hyperbolic surface with geodesic boundary: the lifts of the boundary geodesics cut out X.

Note that the world of hyperbolic groups can be quite large. For instance, Kapovich in [Kap05],
§8 and Canary—Stover—Tsouvalas in [CST19] have built non-linear word-hyperbolic groups. These
are generally built starting from superrigid rank-one lattices, i.e. lattices in Sp(1,n) or F;?. Indeed,

such lattices are word-hyperbolic, but have many surprising properties.
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The notion of word-hyperbolicity broadly captures the idea of negative curvature in finitely-
generated groups; many features of negatively-curved Riemannian manifolds, for instance, have
analogues in the world of Gromov-hyperbolic spaces and word-hyperbolic groups (see e.g. [BH99],
Chapters III.H, III.I'.2 and III.I".3).

One salient feature of the quintessential negatively-curved space H" is that it has a boundary
OH™ which is topologically a (n — 1)-sphere. This may be generalized to the world of Gromov-
hyperbolic spaces and groups as follows: let X = (X, d) be a Gromov-hyperbolic metric space; the

Gromov boundary of X is
0X := {unit speed geodesic rays in X}/ ~,

where v, ~ 7, if d(71(t),72(t)) is uniformly bounded above for all ¢ > 0. If 7 is a unit speed
geodesic ray in X, we denote its equivalence class in X by [7].
0X comes equipped with a natural topology, which may be defined as follows: for any three
points a, b, c € X, define
(a,b). :==d(a,c)+d(b,c) —d(a,b).

Choose a(n arbitrary base)point o € X . For any £ € X and any r > 0, define
V() = {[*y] € 0X : there exists y; with [y;] = £ and litm inf(y1(¢),v(t))o > r} :
—00

One should think of V (£, r) as the set of “endpoints at infinity” of a cone of geodesic rays
emanating from o. We define the topology on X by declaring the collection {V'({,r) : £ €
0X,r > 0} to be a basis; the resulting topology is independent of the choice of o.

The Gromov boundary is well-defined, as a topological object, up to quasi-isometry:

Theorem 3.5. Let X and X, be geodesic metric spaces and f : Xo — X be a quasi-isometry.
If X is Gromov hyperbolic, then f extends uniquely to a homeomorphism 0f : 0Xq — 0X;.

Proof. See e.g. [BH99], Theorem III.I'.3.9. L]

When X = H", one may check that the Gromov boundary 0.X, according to the definitions here,
is exactly (homeomorphic to) the usual boundary OH", and has the topology of a (n — 1)-sphere.

3.1 Relatively hyperbolic groups

Compared to negative curvature, the idea of non-positive curvature in groups is more finicky and
hard to capture as succinctly. The next notion we introduce is one particular manifestation of it that
has some good properties and is a good generalization of a certain type or instance of non-positive

curvature.
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Relative hyperbolicity is a group-theoretic notion—originally suggested by Gromov in [Gro87],
and further developed by Bowditch [Bow12], Farb [Far98], Groves—Manning [GMO0S], and others—
of non-positive curvature inspired by the geometry of cusped hyperbolic manifolds and free products.

The geometry of a relatively hyperbolic group is akin to the geometry of a cusped hyperbolic
manifold in that it is negatively-curved outside of certain regions, which, like the cusps in a cusped
hyperbolic manifold, can be more or less separated from each other.

There are various ways to make this intuition precise, resulting in various equivalent characteri-
zations of relatively hyperbolic groups. We will use a definition of Bowditch, in the tradition of
Gromov:

Consider a finite-volume cusped hyperbolic manifold with an open neighborhood of each cusp
removed: call the resulting truncated manifold M. The universal cover M of such a M is hyperbolic
space with a countable set of horoballs removed. The universal cover M is not Gromov-hyperbolic;
distances along horospheres that bound removed horoballs are distorted. If we glue the removed
horoballs back in to the universal cover, however, the resulting space will again be hyperbolic space.

We can do a similar thing from a group-theoretic perspective: the Cayley graph of the fundamen-
tal group 7 M is not word-hyperbolic, because the cusp subgroups fail to quasi-isometrically embed
into hyperbolic space. However, we can glue in metric graphs quasi-isometric to horoballs (“combi-
natorial horoballs™) along the subgraphs of the Cayley graph corresponding to these cusp subgroups,
and the resulting space (a “cusped space” or “augmented space”) will again be quasi-isometric to
hyperbolic space. We then say that 71 M is hyperbolic relative to its cusp subgroups.

More precisely (and more generally), let " be a finitely generated group and S = S~ a finite

generating set. We consider the following construction:

Definition 3.6 ((GMO8], Definition 3.1). Given a subgraph A of the Cayley graph Cay(T', S), the
combinatorial horoball based on A, denoted H = H(\), is the I-complex' formed as follows:

o the vertex set H'") is given by A x Z~,
o the edge set HV) consists of the following two types of edges:

(1) Ifk > 0, and v and w € A are such that 0 < dy(v,w) < 2%, then there is a
(“horizontal”) edge connecting (v, k) to (w, k)

(2) Ifk > 0and v € A, there is a (“vertical”) edge joining (v, k) to (v, k + 1).

‘H is metrized by assigning length 1 to all edges.

!Groves-Manning combinatorial horoballs are actually defined as 2-complexes; the definition here is really of a
1-skeleton of a Groves-Manning horoball. For metric purposes only the 1-skeleton matters.
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Example 3.7. The combinatorial horoball over Z¢ is quasi-isometric to a horoball in H¢*!, via the
map sending (7, n) in Z¢ x N to (7, e") in the upper half-space.

To see this, we note that the distance between ¢ and n + ¢ in upper half-space model is at most
2logn + 1, since the piecewise linear path with three segments—a vertical one from i to ni, a
horizontal one from ni to ni + n and a vertical one from ni + n to ¢ + n—has length 2 logn + 1.

On the other hand, the distance between ¢ and n + ¢ is at least 2 log n, since because the length of
half of the geodesic is at least the vertical displacement, which is (in the hyperbolic metric) > logn.

More generally, the distance between ¢ and a + bz, for a > b is less than 2loga — logb + 1 and
at least 2 log a — log b by the same arguments; if a < b, the piecewise linear path from 7 to b: to
a + bi has length < log b + 1, and the geodesic must cover at least the vertical displacement log b.

In all of these cases, the length of the hyperbolic geodesic is within bounded additive error of
the geodesic distance between the corresponding endpoints in the combinatorial horoball. It is easy
to check from the formula that the map is quasi-surjective onto the horoball based at oo passing
through 7: any point in this horoball is within distance g, in the hyperbolic metric, of the image of

the combinatorial horoball.

Next let P be a finite collection of finitely-generated subgroups of I', and suppose S is a

compatible generating set, i.e. for each P € P, S N P generates P.

Definition 3.8 ((GMO8], Definition 3.12). Given I', P, S as above, the cusped space X (I', P, S)
is the simplicial metric graph

Cay(T", S) U U H(yP)

where the union is taken over all left cosets of elements of P, i.e. over P € P and (for each P) vP
in a collection of representatives for left cosets of P.

Here the induced subgraph of H(tP) on the tP x {0} vertices is identified with (the induced
subgraph of) tP C Cay(L', S) in the natural way.

Definition 3.9. I' is hyperbolic relative to P if and only if for any compatible generating set S, the
cusped space X (I', P, S) is §-hyperbolic (where the hyperbolicity constant 6 may depend on S.)
We will also call (T', P) a relatively hyperbolic structure.

The following terminology will be useful further below:

Definition 3.10. Cay(I", S) considered as a subspace of X (I, P, S)—i.e. with the metric inherited
from X(I', P, S)—will be called the relative Cayley graph.

Below, with a fixed choice of I', P and S as above, for v, € T, d(v,~’) will denotes the
distance between ~y and + in the Cayley graph with the word metric, and || := d(id, ) denotes
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word length in this metric. Similarly, d.(y,~’) denotes distance in the corresponding cusped space

and |7y|. := d.(id, 7) denotes cusped word-length.

Example 3.11. For I' = m; M the fundamental group of a geometrically-finite hyperbolic n-
manifold, P the collection of cusp subgroups, and S any compatible generating set, the cusped
space X (I', P, .S) is quasi-isometric to a convex subspace C' of H" obtained by removing funnels
corresponding to lifts of boundary components; C' may also be described as the convex hull of the

limit set of I'. Hence I is hyperbolic relative to P.

Proof of quasi-isometry. This may be verified directly using hyperbolic geometry: the quasi-
isometric embedding of the Cayley graph is still given by the orbit map. This sends the ends
of each coset P of a cusp subgroup P to a single point £ € OH", and we may extend the orbit map
to a quasi-isometric embedding of the combinatorial horoball over v P (the O-simplices of which we

address as elements of P x Zx) to a quasi-horoball based at & as follows:
* foreach p € 7P, letn, : [0, 00) — H" be the geodesic ray from the image of p to &;

* send (p, n) to n,(An) with A = e*/2 (the normalization constant needed so that the exponential
decay factor between levels of the combinatorial horoballs matches the exponential decay

factor between their images in H".)

Call this map ¢. To check that this is indeed a quasi-isometry, we invoke the following argument

of Cannon and Cooper:

Lemma 3.12 ([CC92], Lemma 4.2). Given two spaces X, Y with path metrics dx, dy, ¢ : X =Y

is a quasi-isometry if it satisfies the following three conditions:
(i) (quasi-onto) for some ¢ > 0, Y C N(¢(X), €) (the e-neighborhood of p(X));
(ii) (Lipschitz) for some L > 0 and all x1,x5 € X, dy (¢(x1), ¢o(r)) < Ldx(x1,22); and

(iii) (uniformly non-collapsing) for each R > 0 there exists an v > 0 such that if dx (x1,xs) > T
then dy (¢(x1), p2(22)) > R.

Let p1, ..., px be parabolic fixed points belonging to different conjugacy classes, and Ny, . .., Ni
be a system of disjoint horoballs based at py, . .., py (resp.) in H" such that (J{yN; : v € I';i =
1,...,n} =: N fills out a family of disjoint open horoballs in H", and

o(T) CH"\ N =: Q.
(Q is the “thick part”, or “truncated hyperbolic space”.)
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To verify condition (i) here: let y be a point of ¢' C H". Then either there exists some

i€{l,...,n}and~y € I"such that y € yNV;, or y € Q. In the latter case,
dgn (y, 5(X?)) < diam(Q/T') < oo.

In the former case, consider the horoball vNV;, which has center vp; =: p. As noted in Example
3.7, y is within distance J of a vertex of the combinatorial horoball for v P;, where vP;y~! is the
maximal parabolic subgroup of I' fixing p, where 6 may be chosen independent of 7 and H.

Hence, condition (i) of the Lemma is satisfied with € > max{diam(Q/T"),d + 1} < cc.

For condition (ii): by Milnor-Svarc, ¢ is a quasi-isometry between the Cayley graph and the
truncated hyperbolic space H" \ N. As noted in Example 3.7, ¢ is a quasi-isometry between the
system of combinatorial horoballs and the system of horoballs /V. In both cases, in fact, it is not
difficult to show that the quasi-isometry in question is Lipschitz, in the latter case with uniform
constants across the entire system of horoballs. This, together with the triangle inequality, gives us
that ¢ is Lipschitz as a map from all of X to H".

For condition (iii): suppose, on the contrary, that there exists /£ > 0 such that for every positive
integer m, there exist points x,,, w,, € X such that d(x,,, w,) > m, but d(¢(z,), d(w,)) < R.

Since ¢ is a quasi-isometry between the system of combinatorial horoballs and the system of
horoballs removed from hyperbolic space, there exists 7y > 0 such that if x and w are points in the
same combinatorial horoball,and d(z, w) > r¢, then d(¢(x), p(w)) > R.

Suppose m > (L + 1)rg, where L is the Lipschitz constant from (ii); without loss of generality
suppose L. > 1. Choose a geodesic path from z,, to w,, in X. If this geodesic path has a
connected subpath of length at least L7, in a combinatorial horoball, then by the previous paragraph
d(Zm, wy,) > R. Otherwise the geodesic path has a connected subpath of length at least o with
both endpoints in the Cayley graph. Then, by the same computation as in Example 3.7,

g(ro— 1).

_ L, _
d($(xm), (wn)) > 210g do(d(wm), d(wm)) = Llog |2, wn| > 5 (|2, wmle = 1) =
In particular, if we suppose (without loss of generality—choose 7 to be larger if not) %(ro -1)> R,

then we have a contradiction.

This verifies the hypotheses of Lemma 3.12, and hence ¢ is a quasi-isometry as desired. [

Example 3.13 ([Bow12], Theorem 7.11). If I' is a word-hyperbolic group, and H is a malnormal
collection of proper, quasiconvex subgroups, then I' is hyperbolic relative to P. Here malnormal
means that forally € T'and P, P’ € P,yPy ' NP = 1lunlessy € P =P,

For instance if I' = 7%, is the fundamental group of a closed surface of genus g > 2, I' is

hyperbolic relative to the infinite cyclic group generated by any hyperbolic element whose axis
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projects to a simple closed curve on .

We remark that for a fixed relatively hyperbolic structure (I, P), any two cusped spaces,
corresponding to different compatible generating sets .S, are quasi-isometric ([Gro13], Corollary
6.7): in particular, the notion above is well-defined independent of the choice of generating set S.
There is a natural action of T" on the cusped space X = X (I", P, S); with respect to this action, the
quasi-isometry between two cusped spaces X (I', P, S;) (i = 1,2) is ['-equivariant.

In particular, this gives us a notion of a boundary associated to the data of a relatively hyperbolic
group [' and its peripheral subgroup P:

Definition 3.14. For I" hyperbolic relative to P, the Bowditch boundary O(T", P) is defined as the
Gromov boundary 0, X of any cusped space X = X(I', P, S).

By the remarks above, this is well-defined up to homeomorphism, independent of the choice of

compatible generating set S ([Bow12], §9.)

Example 3.15. For I' = 7 M the fundamental group of a geometrically-finite hyperbolic n-
manifold, and P the collection of cusp subgroups, J(I", P) is, up to homeomorphism, the (n — 1)-
sphere.

Example 3.16. Consider [' = 7,3 represented as a geometrically-finite Kleinian group with an
accidental parabolic, obtained from a Fuchsian representation by pinching the curve ~y separating

the two genera into a node in one of the two conformal boundary components:

Figure 3.2: Schematic illustration of geometrically-finite quasi-Fuchsian with a accidental parabolic

As a hyperbolic group, I" has Gromov boundary 9,,I' = S'; T is also relatively hyperbolic
relative to the infinite cyclic subgroup P = (v), and the Bowdtich boundary O(I", P) may be
obtained from 0., " by identifying all pairs of endpoints of axes of conjugates of . ([Manl5],
Theorem 1.3)

The cusped space X = X (I", P) here is quasi-isometric to the hyperbolic plane with axes of
conjugates of  collapsed to points.
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3.1.1 A Bowditch-Yaman criterion for relative hyperbolicity

The Bowditch criterion [Bow98] states, roughly speaking, that we can show a group I is
hyperbolic by exhibiting an action of I' on a metric space satisfying certain properties which
are characteristic of the action of a hyperbolic group on its Gromov boundary. Moreover, if the
hypotheses are satisfied, the space (and action) we produce is naturally identified with the Gromov
boundary of the group (and the action of the group thereon.)

Using the Bowditch boundary and generalizing Bowditch’s arguments, Asli Yaman proved an

analogue of Bowditch’s criterion for relatively hyperbolic groups:

Definition 3.17. If M is a compact metric space, I' ~ M is a convergence group action if the
induced action on the space M® of distinct triples is properly discontinuous.

I' ~ M is a geometrically-finite convergence group action if every point in M is either a
conical limit point or a bounded parabolic point.

(x € M is a conical limit point if there exists a sequence (g;) C I" and a,b € M (a # b) such
that g;x — a and g;y — bforanyy € M \ {z}.

H < T'is parabolic if it is infinite, fixes some point of M, and contains no infinite-order element
with fixed locus of size 2. Such H have unique fixed points in M, called parabolic points. A
parabolic point © € M is bounded if (M \ {x})/ Stabr(z) is compact. A parabolic subgroup is

maximal if it is not a proper subgroup of any larger parabolic subgroup.)

Example 3.18. Let I" be the fundamental group of a finite-volume cusped hyperbolic surface S.
The universal cover S of S is isometric to the hyperbolic plane H?, and we may identify the Gromov
boundary 95 with OH?2. In this way I acts on M := OH?.

Then, for this group action, each parabolic fixed point—parabolic in the sense of hyperbolic
geometry—is a bounded parabolic point in the sense of Definition 3.17, with stabilizer given by the
corresponding cusp stabilizer group.

A hyperbolic fixed point z = 4 is a conical limit point: here we can take a = x =+, b=~",
and g; ;== v~ "

More generally, any point x € M which is not a lift of a cusp is the endpoint of a geodesic 7 in
H? whose projection to .S returns to the compact core C' infinitely often. Now take a =  and b to
be the other endpoint of . Fixing a basepoint o € H?, let g; be a sequence of elements such that
the orbit points g; - o are in C' and uniformly close to v, and g; - 0 - a. Then g; - © — a, and for any
y # x, g; - y — b (after taking a subsequence of the g; as needed, to extract a limit.) Hence we see

that x is also a conical limit point.
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Theorem 3.19 ([Yam06], Theorem 0.1). Suppose that M is a non-empty, perfect, compact metric
space, and I' ~ M as a geometrically-finite convergence group.

Suppose also that the stabiliser of each bounded parabolic point is finitely generated.

Then I' is hyperbolic relative to the collection ‘P of its maximal parabolic subgroups, and M is

equivariantly homeomorphic to (T, P).

Building on earlier work of Tukia, Gerasimov has shown in [Ger(9] that geometric finiteness,
as well as the finite generation of the parabolic stabilisers, can be characterized using the induced

group action on the space of distinct pairs. Putting these together, we obtain

Theorem 3.20. Suppose I is finitely-generated, M is a non-empty, perfect, compact metrizable
space, and I' ~ M is such that the induced action on M®) is properly discontinuous and the
induced action on M is cocompact.

Then T is hyperbolic relative to the maximal parabolic subgroups of the action I' ~ M.

We will use this in §6.2 to prove that groups admitting relatively dominated representations

must be relatively hyperbolic.

3.1.2 Geodesics in the cusped space

Let I' be a finitely-generated group, P be a malnormal finite collection of finitely-generated
subgroups, and let S = S~! be a compatible finite generating set as above. Let X = X (T', P, S) be
the cusped space, and Cay(I') = Cay(I", S) the Cayley graph.

We emphasize that none of the results in this or the next subsection requires I to be relatively
hyperbolic, although the motivation for the constructions involved comes from relative hyperbolicity.
This will be useful below, in the proof of the relative hyperbolicity theorem (Theorem 6.9.)

We start by pointing out a family of preferred geodesics in the combinatorial horoballs:

Lemma 3.21 ([GMO08], Lemma 3.10). Let H(I") be a combinatorial horoball. Suppose that
x,y € H(T) are distinct vertices. Then there is a geodesic vy(x,y) = ~y(y, z) between x and y

which consists of at most two vertical segments and a single horizontal segment of length at most 3.

We will call any such geodesic a preferred geodesic. We have the following estimate going

between uncusped and cusped lengths in a peripheral subgroup:

Proposition 3.22. Suppose v is a word contained in a single peripheral subgroup.

. Iyle 7le
Then 1022 log [v] < 7] < 1022 log |y| + 1, or equivalently \%\/57 < |v] < V27, where ||

refers to wordlength in the peripheral subgroup, not in the ambient group.
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Proof. Let «y be a peripheral element of [' which can be written as a word of word-length L in the
generators of S N P.

There is always a path in the cusped space X from id to v which consists of going up |log, L],
going across 1, and then going down |log, L |, and so the cusped word-length is certainly bounded
from above by 2log, L + 1 = @ log L + 1.

Conversely, any path in X of cusped length at most 2 log, L — 1 with a single horizontal segment
of (cusped) length ¢ corresponds to a word of word-length at most ¢ - 2!°¢2 =2 %L <L
whenever ¢ > 1.

Note that any path in X which has two distinct endpoints in Cay(I") C X must contain at least
one horizontal edge. By Lemma 3.21, there is always a geodesic in the cusped space from id to ~
consisting of at most two vertical segments and a single horizontal segment.

Hence the cusped word-length is bounded from below by 2log, L = @ log L, as desired. [

Given a path v : I — Cay(T") in the Cayley graph such that (I N Z) C I', we can consider
as a relative path (~, H), where H is a subset of / consisting of a disjoint union of finitely many
subintervals Hy, ..., H, occurring in this order along /, such that each 1, := 7|p, is a maximal
subpath lying in a closed combinatorial horoball B;, and 7|;. 5 contains no edges of Cay (") labelled
by a peripheral generator.

Similarly, a path 4 : / — X in the cusped space with endpoints in Cay(I') C X may be
considered as a relative path (7, H ), where H= 1T, H;, Hy, ..., H, occur in this order along I,
each 7; := 4 7, 1s @ maximal subpath in a closed combinatorial horoball B;, and 4|7 lies inside
the Cayley graph. Below, we will consider only geodesics and quasigeodesic paths ¥ : I - X
where all of the 7); are preferred geodesics (in the sense of Lemma 3.21.)

We will refer to the n; and 7); as peripheral excursions (see Figure 3.4 for an illustrated
example). We remark that the 7;, or any other subpath of ~ in the Cayley graph, may be considered
as a word and hence a group element in I'; this will be used without further comment below.

Given a path 4 : I — X whose peripheral excursions are all preferred geodesics, we may replace
each excursion 7; = 9/ 77, into a combinatorial horoball with a geodesic path (or, more precisely, a
path with geodesic image) 7; = 7 o 7); in the Cayley (sub)graph of the corresponding peripheral
subgroup connecting the same endpoints, by omitting the vertical segments of the preferred geodesic
7; and replacing the horizontal segment with the corresponding segment at level 0, i.e. in the Cayley
graph.? We call this the “project” operation, since it involves “projecting” paths inside combinatorial
horoballs onto the boundaries of those horoballs. This produces a path vy = m o 7 : I — Cay(I").

Below, given any path « in the Cayley graph with endpoints g, h € I', or any path & in the
cusped space with endpoints in g, h € X, we write /(«a) to denote d(g, h) i.e. distance measured

2As a parametrized path this has constant image on the subintervals of H; corresponding to the vertical segments,
and travels along the projected horizontal segment at constant speed.
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according to the word metric in Cay(I"), and ¢.(&)) to denote d.(g, h), where d. denotes distance in
the cusped space.
The following observation will be used many times below. It is likely well-known, but we could

not find it in the literature.

Proposition 3.23. Given a geodesic 4 : J — X with endpoints in Cay(I') C X and whose
peripheral excursions are all preferred geodesics, let v = mo 7 : J = Cay(I") be its projected
image.

Given any subinterval [a, b] C J, consider the subpath | (4.4 as a relative path (7Y|(q.p, H ) where

H = (Hy,...,H,), and write 1; :== 7|, then we have the biLipschitz equivalence
1 Lo@am) 2
3 g(ﬂ[a,b]) - Zi:l £(mi) + Zi:l £(n;) log2

where {(n;) := max{log(¢(n;)), 1}.

Proof. If 7|4 lies in a single peripheral excursion, then this follows from the fact that the projection
operation replaces excursions with geodesic paths in the Cayley graph and from Proposition 3.22.

More generally, since we start with a geodesic in the cusped space, we have

de(y(a), 7 (D)) < Le(Ytwppr) + Y bel(ms). 3.1)

=1

Here 7|4\ &z is a disjoint union of subpaths 71, . .., vy of v with endpoints in I, and e (7| a5\ 1) :=
Zle l.(7;), where £.(y;) denotes cusped distance between the endpoints of the subpath ~;.
If the endpoints of our subpath do not lie in the middle of a (projected) peripheral excursion, we

can promote the inequality (3.1) to an equality

de((a),7(0)) = Le(Yliaonir) + Y Lelm)- 2.1
i=1
Now suppose one of our endpoints, say b, does lie in the middle of a projected peripheral
excursion, say 7,,. (The case where a lies in the middle of an excursion will be similar.) This is the
special case which will take the remaining time:
Let b~ be such that 4(b™) is the endpoint of 7,, between ~y(a) and ~(b). The infinite vertical ray
into the combinatorial horoball from ~(b) hits the image of 4 at the point 4(b). We remark that, by
the properties of the project operation, y(a) = 4(a) and y(b~) = 4(b™).
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Note 7|45 is a geodesic, so by the triangle inequality

de(v(a), v(b)) + de(3(D), v(b)) = de(v(a), ¥(b))
d Y

(b7)) + de(~(b7),5(b)) (3.2)

Moreover, [y(b),7(b)] consists of a single vertical segment, (an isometric translate of) which is
a subpath of |- 4}, 50 de(v(b), ¥(b)) < de(v(b7),4(b)). Combining these observations with (3.2),

we obtain
de(v(a), (b)) + de(3(b), ¥(b)) > de(v(a), y(b7)) + de(v(b™),5(b))

SO

Figure 3.3: Solid lines here indicated geodesics in X, dotted lines indicate projected geodesics

On the other hand, again applying the triangle equality (and multiplying both sides by %) we

have .
5 (de(r(67),7(b)) = de(v(a), 7 (b)) <

Adding together these inequalities, we obtain

de(v(a), v(b)).

N | —

3

5de(~(a),7(b)) =

5 (de(v(a),¥(b7)) + de(v(b7), 7 (D)) -

N | —

Now apply (3.1) to 7|4, Where we have equality, and remark that d.(v(b™),v(b)) = Le(1,)
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by the properties of the project operation, so that we may rewrite this inequality as
(de(y(a),7(b7)) + de(v(b7),7(D)))

n—1
(6(’7|[a,b]\H) + Z gc(ﬁz) + gc(ﬁn))

=1

de(v(a),v(b)) >

W= Wl

and so we have dc(y(a), 7(0)) > & (Le(Vjappa) + Doiey Ce(mi)).-
By the definition of the cusped metric and of a relative path,

n

el aanir) = LV aanr) = L) — > (o).

i=1

By Proposition 3.22, for each ¢ between 1 and n,

log £(m;) < Le(mi) <

log ¢(n;) + 1.

log 2 log 2

~

Hence, writing L := ((Y|(a5) — >_iq €(n:) + > i1 £(m:), we have

1 2 [
3L < dc(v(a), (b)) e (logZ 1)

as desired.

In particular, we note the following very coarse equivalence statement:

Corollary 3.24. For any sequence of elements (,) C T,

3.1.3 Reparametrizing projected geodesics

Ynle — 00 if and only if |y, | — oo.

Given a geodesic segment 7 in the cusped space with endpoints in Cay(I"), we can take its

projection vy = m o 7 : I Cay(I") and then reparametrize it in such a way that the increments

correspond, approximately, to linear increments in cusped distance. Slightly more generally we

will find it useful to consider paths in Cay(I") that “behave metrically like quasi-geodesics in the

relative Cayley graph”, in the following sense:

Definition 3.25. Given any path ~ : I — Cay(L") such that I has integer endpoints and (I N7Z) C

I, define the depth §(n) = d.(n) of a point v(n) (for any n € I N7Z) as

(a) the smallest integer d such that at least one of v.(n — d), v.(n + d) is well-defined (i.e.

{n —d,n+d} NI # &) and not in the same peripheral coset as y(n), or
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Figure 3.4: The red path 7 in the cusped space may be considered as a relative path (f, H ) as
described above. The peripheral excursions 7); and 7); are the parts of 4 lying inside the horoballs
(colored grey); their projections 7; and 7, are the corresponding fuchsia paths with the same
endpoints. Depths of some of the vertices along 7; are labelled as an illustrative example.

(b) if no such integer exists, min{sup I — n,n — inf I'}.

Definition 3.26. Given constants v, v > 0, an (v, U)-metric quasigeodesic path is a path v : I —
Cay (') with v(I NZ) C T such that for all integers m,n € I,

(i) [y(n)"'y(m)]. > v~ m —n| — v,
(ii) |y(n)~ty(m)]e < o(Jm — n| +min{d(m),d(n)}) + 0, and

(iii) if y(n)"'y(n + 1) € P for some P € P, we have y(n)~'y(n + 1) = pu1 - Dnon) Where

each py, ; is a peripheral generator of P, and

2271 < 4(n) = y(n) My (n + 1)) < 2700

We can now make more precise our assertion about reparametrizing projected geodesic segments:

Proposition 3.27. Given a cusped space X = X (I', P, S), for any projected geodesic v = 7o 7 :
I — Cay(I") with at least one end not inside a peripheral coset, we have a reparametrization of its
image 7y, : I, — Cay(I") which is a (6, 20)-metric quasigeodesic path. (In fact, we can improve the
inequalities slightly so that for all integers m,n € I,

(i) Pye(n)~'ye(m)le = §lm — nl, and
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(ii) [0 (n) =5, (m). < 8(Jm — n| +min{8(m), 5(n)}) + 20.)
Proof. We define the reparametrization as follows:
* Outside of the peripheral excursions, parametrize by arc-length in Cay(I").

* Within an infinite but not bi-infinite peripheral excursion, the first letter is left alone, the next

two are multiplied together, then the next four multiplied together, and so on.

* Within a finite peripheral excursion of cusped length £, do this from both ends simultaneously,
and do some rounding as necessary. More precisely, to each natural number n we associate

an ordered partition of positive integers as follows:

—Ifn=1+2+ - +2F1 42" 42k 14 ... 41 for some k € Zs, that is the associated
ordered partition (e.g. 22 = 1+24+4+8+4+2+1,s0 (1,2,4,8,4,2,1) is the ordered
partition associated to 22.) Call these numbers n;,. Note n, = 3 - 28 — 2.

— If n € (ng, niy1), associate to n the ordered partition (1,2, ..., 28+ (n—ny), 2871 ... 1),
Note the middle term will be between 2% 41 and 2% + (ngp1—ng—1) = 2k43.2F 1 =
2k+2 _ 1 in this case.

For example, n = 17 € (ng, n3) = (10, 22), and so the ordered partition for 17 is given
by (1,2,447,2,1) = (1,2,11,2,1)

Then take the ordered partition (ay, . .., a;) associated to £, and if 7y(s) = 7,(s,) is the start
of the peripheral excursion, define 7,.(s, + j) = v(m + Zzzl a;) for1 < j <L

To verify that this satisfies the desired criteria, we remark that the reparametrization does not
modify cusped length outside of the peripheral excursions; inside a peripheral excursion of length

E, the sum of any j consecutive numbers inside the partition associated to F is at least
T+ 42t =2 1

if 7 is no more than half the length of the partition; if j is greater than this threshold, this sum is still
bounded below by
144207t =0_1>212_7,

where /5 is the floor of half the length of the partition, since the sum must contain a sum of ¢
consecutive numbers inside the partition.

Thus, by Proposition 3.22, the cusped length of the part of the peripheral excursion associated
to this part of the reparametrization is no less than 2 log,(27/2 — 1) > j — 1. Considering separately

what happens for small values of j, we may further replace this lower bound with j /2.
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Proposition 3.23 then gives us

de(y(n), 3(m)) = 5 (COvelpmpz,) + € (el1,)) = =Im —nl

W
=

This suffices to verify (i).
To verify (ii), we recall that, if w,, ,, := 7.(m) ', (n) is a peripheral word of length £(w,, ,,),
its cusped length is between 2 log, {(wy, ) and 21og, {(w, ) + 1 (see Proposition 3.22.)

By construction £(wy, m11) < 20(m)+1 gq |Win,m+1le < 20(m) + 3, and more generally,
[ Winn]e < 210gy (200 oo 4o 200+ 4 g
and, writing 6 = min{d(m), §(n)}, this latter is bounded above by

2log, (207 -+ 4 20 HmTRl) ] < 2]0g, (2071 (2 1)) +1
<2(0+|m—n|)+5.

This, again in conjunction with Proposition 3.23, which yields

do(v(n), 7 (m)) < 4 (EOve|pmz,) + £(0]1,)) < 8 (Im — n| +min{d(m),d(n)}) + 20,

suffices to prove the Proposition. [

3.2 Singular value decompositions

The condition on representations which we will define is given in terms of singular values and
subspaces: given a matrix g € GL(d, R), let 0;(g) (for 1 < i < d) denote its i*" singular value.

Measuring these requires specifying a norm on R?, although the conditions below are indepen-
dent (up to possibly changing the constants) of this choice of norm. Below we will assume we have
fixed a norm coming from an inner product on R%; by viewing the symmetric space SL(d, R)/ SO(d)
as a space of (homothety classes of) inner products on R?, this is equivalent to choosing a basepoint
o € SL(d,R)/SO(d) (and then arbitrarily fixing a scaling).

Furthermore, write U;(g) to denote the span of the 7 largest axes in the image of the unit sphere in
R? under g, and S;(g) := U;(g~') (the letters come from “Unstable” and “Stable”; these names are
inspired by ideas from dynamics.) Note U;(g) is well-defined if and only if we have a singular-value
gap 0;(g) > oi41(9)-

More precisely, given any g € GL(d,R), we may write ¢ = K AL, where K and L are
orthogonal matrices and A is a diagonal matrix with nonincreasing entries down the diagonal. A
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is uniquely determined, and we may define 0;(g) = A;;. U;(g) is given by the span of the first ¢

columns of K, which is well-defined as long as o;(g) > 0;41(9).

100
Example 3.28. Lletg=| 0 1 n
0 01
Then g = K AL where
0 1 0
T_ 0 Ty
K = /T2 41 VT2+1 )
1 1
/T2 +1 0 VT2+1
nl_—1 0 0
A= 0 1 0 ,
0 0 nT}fl
0 —_T 1
\/TE+1 \/TEH
L=|1 0 0 ;
Ty

. 1
VTi+1 /T2 41

where Ty =n — t(n+tvVn2+4=1(nFvn?2+4). Note T,T_ = 1(n — (n*+4)) = —1 and
T =n.
O'l(g) — n24nvn?+442 v2n2+4+2 ~ n, 02(9) — 1, and 0-3(9) ~ %

T
U(g) = R- (O,\/%H, \/T12_+1> ~ R - (0,1,1/n) and Us(g) is spanned by U;(g) and
R - (1,0,0)7.

We remark that, for g € SL(d, R), this singular-value decomposition is a (particular choice of)

Cartan decomposition. We will occasionally write (given g = K AL as above)

a(g) := (log A1, ...,log Agq) = (logo1(g), . ..,logay(g)).

Note that the norm ||a(g)|| = \/(log o1(g))? + - - + (log 04(g))? is equal to the distance d(o, g - 0)
in the associated symmetric space SL(d,R)/SO(d) (see e.g. formula (7.3) in [BPS19].)
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CHAPTER 4

Dominated Representations, d’apres Bochi—Potrie-Sambarino

In this chapter, we give an expository overview of the theory of dominated representations,

which we are subsequently generalizing.

Definition 4.1. Let " be a finitely-generated group and write | - | to denote a(ny) word metric on T..
A representation p : T' — GL(d, R) is said to be P;-dominated if there exist constants C' > 1 and
> 0 such that

(o)) = Cetl
02

forall v eT.

It is immediate from the definition (cf. Proposition 5.5 later) that P -dominated representations
are discrete and have finite kernel; it follows from a standard formula for distance in the symmetric
space in terms of singular values (cf. Proposition 5.9) that if p is P-dominated, then the orbit map
0 — 7 - 0 gives a quasi-isometric embedding of I" into the symmetric space SL(d,R)/SO(d).

Moreover, although I' was only assumed to be finitely-generated, it can in fact be proven that

Theorem 4.2 ([BPS19], Theorem 3.2; [KLP18], Theorem 1.4). If a group I" admits a P,-dominated
representation into GL(d, R), then T is word-hyperbolic.

Bochi—Potrie—Samabarino in [BPS19] proved that P;-dominated representations are P;-Anosov,
in the sense of [Lab06] and [GW12], and vice versa; in other words, Definition 4.1 provides one of
many equivalent characterizations for this class of representations, representing one of the many
different approaches to them.

One feature of P;-Anosov representations into GL(d, R) is that they come with nice limit maps
€: 0, = P(RY) and £* : 0,,I' — P(R?)*—specifically, these are continuous, p(I")-equivariant,
compatible, dynamics-preserving and transverse (see Chapter 7 for definitions of some of these),

and may be defined in terms of limits of unstable spaces as

£(z) = lim Ui(p(n))

n—oo

€ (x) = lim Usr(p()
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for any sequence (,,) C I' with ,, — . These limit maps encode the long-term dynamics of p(I")
on the projective and dual projective spaces. Moreover, the existence of such limit maps with all
of the properties described above, together with some other mild conditions, provides alternative
characterizations of the class of Anosov representations; see [GGKW17] and [KLP16].

Another key property of Anosov representations p : I' — G is stability: Anosov representations
form an open subset of the space of representations Hom(I", ). In other words, small perturbations
of Anosov representations remain Anosov. This was originally proven in [Lab06] and [GW12];
Bochi—Potrie-Sambarino provide an alternative proof, using ideas from hyperbolic dynamics, in
[BPS19].

A representation p : I' — SL(2,R), or into some other rank-one semisimple Lie group, is
P;-dominated if and only if p(I") is convex cocompact, if and only if the orbit map v +— p(7) - o is

a quasi-isometric embedding I" — H? for some (any) basepoint o.

Definition 4.3. A discrete subgroup T' < SL(2,R) is convex cocompact if I preserves a convex

subspace C' of the symmetric space—in this case H*>—and acts cocompactly on C.

Convex cocompact subgroups—i.e. images of convex cocompact representations—include
uniform lattices, where C'is all of the symmetric space, and also, for SL(2, R), (lifts of) holonomies
of complete hyperbolic surfaces with funnels (but no cusps.)

The definition of convex cocompactness still makes sense for representations into higher-rank

Lie groups, but does not yield new examples, due to the following

Theorem 4.4 ([KL06], [QuiO5]). If G is a (real, connected, noncompact, linear) higher-rank
semisimple Lie group and I' < G'is, up to finite index, a Zariski-dense convex cocompact discrete
subgroup, then 1 is a product of convex cocompact subgroups of rank-one Lie groups and uniform

lattices of higher-rank Lie groups.

On the other hand, the class of representations where orbit maps give quasi-isometric embeddings

is in some sense too large; in particular, it is not open:

Proposition 4.5 (Guichard, [GGKW17] Proposition A.1). Let I' be a free group on two generators.
There is a continuous family {p; }1c(0,1) of representations p; : I' — SLa(IR) x SLa(R) such that

* po is a quasi-isometric embedding;
o foranyt & Q, the group p,(T1") is dense in SLy(R) x SLy(R) (for the real topology).

The class of Anosov (equivalently, dominated) representations furnishes a stable class of quasi-
isometric embeddings and admits a fair range of examples, for instance Hitchin representations

[Lab06], convex projective holonomies [Ben04], and so on.
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CHAPTER 5

Relatively Dominated Representations

Recall that I is a finitely-generated group, which we assume to be torsion-free.

Let P be a finite collection of finitely-generated proper infinite subgroups; call all conjugates
of these subgroups peripheral. A element of [' is called peripheral if it belongs to any peripheral
subgroup, and non-peripheral otherwise. Below we will write P! to denote the set of all conjugates
of groups in P, JP :=Upep Pand JP' := UQePF ( to denote the set of peripheral elements.

Let S be a compatible generating set, and let X = X (I', P, S) be the corresponding cusped space
(see Definitions 3.6 and 3.8 above.) As above, let d. denote the metric on X, and | - |. := d,(id, -)
denote the cusped word-length.

For most of the arguments below we will also impose further conditions on P:

Definition 5.1. We say that a finite collection P of finitely-generated proper infinite subgroups
satisfies (RH) if
e (malnormality) P is malnormal, i.e. for all y € T and P, P’ € P, yPy ' N P’ = 1 unless
vyeP=PF;

* (non-distortion) there exists v > 0 such that for any infinite-order non-peripheral element
v eT,

e > vin

* (local-to-global) there exist v, 0 > 0 and a constant L > 0 so that if p = p;....p, is a geodesic

word in P € P, n > L and vp, - - - py is a projected geodesic, then yp is an (v, 0)-metric

projected quasigeodesic.

We remark that all of these conditions hold automatically if I' is hyperbolic relative to P:
malnormality follows for torsion-free I' from [Osi06], Theorem 1.4; non-distortion follows from
[Osi06], Theorem 1.14; the local-to-global condition is a particular case of the much more general
local-to-global properties that hold due to the hyperbolicity of the cusped space X when I is
relatively hyperbolic.

We introduce first a few technical conditions controlling what happens on the images of periph-

eral subgroups, and then the main notion we are defining:
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Definition 5.2. Given I and P as above, and a representation p : I' — GL(d, R), we say that the

peripheral subgroups have well-behaved images under p if the following conditions are satisfied:

s (upper domination) there exist constants C1, ju; > 0 such that o, (p(n)) < Cre*lle for every
peripheral element ) € | JP

* (unique limits) for each P € P, there exists £,(P) € P(RY) and &;(P) € Grg_1(R?) such
that for every sequence (n,) C P with 1, — oo, we have lim,,_,., U1(p(n,)) = &,(P) and
limy, 00 Ug—1(p(nn)) = £Z(P)

* (quadratic gaps) for every v, 0 > 0, there exists C' > 0 such that if n € P for some P € P,
then, for any v € T, if yn (0, respectively) is an (v, 0)-metric quasigeodesic path then

Z(p(yn)) = C'|nl* = C'ele (Z(p(ny)) = C'|nl?, resp.);

o (uniform transversality) for every P, P' € P and v € T, £(P) # £(yP'y~1). Moreover, for
every v,0 > 0, there exists g > 0 such that for all P, P’ € P and g,h € I such that there
exists a bi-infinite (v, U)-metric quasigeodesic path nghn' where 1’ is in P' and n is in P, we
have sin Z(g~'&(P), h&*(P')) > .

We remark that the unique limits condition corresponds to the “tied-up horoballs” condition in
[KL18], and the quadratic gaps condition is analogous to the uniform gap summation property that
appears in [GGKW17].

Definition 5.3. Fix I and ‘P as above, with P satisfying (RH), and fix constants C,pu > 0. A
representation p : I' — GL(d,R) is 1-almost dominated relative to P with lower domination

constants (C, 1), if it satisfies
(D7) forall y € T, Z(p(y)) > CeIMk,

A 1-almost dominated representation p is 1-dominated relative to P with lower domination

constants (C, p) if in addition the images of peripheral subgroups under p are well-behaved.

Below we will sometimes refer to (D7) as the lower domination inequality. We will sometimes
suppress P and refer to 1-relatively dominated representations.

We further remark that many of the conditions in Definition 5.2 can be weakened or omitted if
we assume relative hyperbolicity of the source group, together with the existence and transversality
of limit maps: see Theorem 9.12, and associated definitions in that section, for a precise statement.
We conjecture that it may further be possible that the uniform transversality hypothesis in Definition

5.2 can be made to follow from relative hyperbolicity and (D) as well.
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5.1 Dual representations

Given p : I' — GL(V) with V = R? as above (and the implicit choice of the standard basis,

[

which fixes an identification V' = V*), we may define the dual representation p* : I' — GL(V*) =

GL(V) by p*(7) = p(v1)".
The following observations will be useful later:

Proposition 5.4. If p : I' — GL(V') is 1-dominated relative to P with lower domination constants
(C, ), then sois p* : T' = GL(V').
Furthermore, for all v € T, U1(p* (7)) = (Ua-1(p(7))) " and Ug-1(p*(7)) = (U1(p(7)))*-

Proof. We have (D7) since Z!(p*(7)) = Z—;(p(vfl)) > Ce e = gemrhle,

We can similarly get the quadratic gaps condition, since L(p*(yn)) = Z—;(p(n_ly_l) and
2" () = Z(p(v 07

Now if write the singular value decomposition p(y) = K AL, then p*(y) = (K-HT (A H)T (L HT =
KA 'L.

Recalling A has diagonal entries in non-increasing order, A~! has diagonal entries in non-
decreasing order; hence Uy (p*()) is the line spanned by the last column of K, whichis (U_1(p(7)))*.
Similarly, U;_1(p*(7)) is the hyperplane spanned by the all but the first column of K; this is
(U1 (p()))*-

Now the unique limits condition for p* follows from the unique limits condition for p, since

lim Uy (p*(n,)) = TIILTI;O(Ud—l(P(nn)»L = f;(P)L

n—o0

and similarly
lim U1 (p" (1)) = lim (Us(p(m)))* = €,(P)*

n—oo
Similarly, the uniform transversality condition for p* follows from the uniform transversality

condition for p, due to the above identifications. O

5.2 Discreteness, faithfulness, proximal elements

Discreteness and faithfulness are straightforward consequences of the singular value gap growing

coarsely with cusped word-length:

Proposition 5.5. If p : I' — GL(d,R) is I-almost relatively dominated, then p is discrete and
faithful.
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Proof. Given any sequence of distinct elements (-y,,) C I', we must have |v,|. — oo since there are
finitely many group elements +y satisfying |y|. < N for each V.

(D7) then gives log 2L (p(7,)) > log C+pi|ym|. — oo fora (1, C, p)-relatively almost dominated
representation. Hence we cannot have p(+y,) — id, which proves that p is discrete and has finite

kernel. Since by assumption I' is torsion-free, we may further conclude that p is faithful. [

Using in addition the property that our peripheral subgroups P satisfy (RH)—or, in particular,

non-distortion—, we further obtain

Proposition 5.6. Suppose p : T' — GL(d,R) is I-almost relatively dominated. For any non-
peripheral v € T, p(v) must be proximal.

Proof. Recall the relation between the eigenvalues and singular values given by

log [ (p(1))] = lim ~log oy(p(y™))

n—oo N

(see e.g. [Ben97], §2.5.) Suppose p : I' = G'is (1, C, p)-almost relatively dominated.
Non-distortion implies there exists v > 0 such that |y"|. > vn for any non-peripheral +y, and

(D7) then implies log g—;(y”) > pvn + log C'; hence we obtain

JE— — _ n >
log |+~ (p(7)) = lim —log = (7") 2 v > 0.
Hence p(+y) is proximal, as desired. =

5.3 Relative quasi-isometric embedding

We can extend the upper domination hypothesis on the peripherals to a more general upper
domination inequality (D*). Using the upper and lower domination inequalities (D*), we can then
demonstrate that orbit maps are quasi-isometric embeddings of the relative Cayley graph, that is the

Cayley graph with the extrinsic metric from the cusped space.

Proposition 5.7. Suppose p : I' — GL(d, R) is 1-dominated relative to P with lower domination
constants (C, j1). Then there exists C>1landp > p such that for all v € T,

a1(p(7)) < Czezfble,

Since 2 (p(7)) = o1(p(7)) - o1(p(y™")), this immediately yields
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Corollary 5.8 (D"). For p: I' — GL(d,R) a I-relatively dominated representation, let C, and i
be as in Proposition 5.7. We have
o)) < Gt

0d
forall v € T

We will sometimes refer to (D*) as the upper domination inequality. Below, we will speak of

relatively dominated representations with domination constants (C, , C, ).

Proof of Proposition 5.7. We already know the related but weaker inequality o1 (p(7)) < etz
from I" being finitely-generated, where we may take e2 = maxgcg ||s|| for our finite generating set
S (which we used to build our cusped space).

More generally, given a word ~y, we consider it as a relative path (-, H) (see §3.1.2) where
H=H][ - 1] Hn, and suppose n = (11, . .., n,) where n; = |y, are the maximal peripheral

excursions. Then we have

e < oGy \ ) H lp(m:)]

< etz t(N\n) Cre iz nile

< C|17|c€max{u2yu1}'|7|c

where || p(y\ n)]| is to be interpreted as a product of ||p(+;))||, where each ; is a maximal connected
component of 7 \ 17 as a path; ¢(~ \ 1) is the sum of lengths of these paths (see §3.1.2.) C; and p,
here are the constants from the upper domination condition in Definition 5.2.

Here the second inequality follows from the first paragraph of the proof for individual non-
peripheral pieces, and the upper domination hypothesis in Definition 5.2 for peripheral pieces,
together with the equality (2.17) (from the proof of Proposition 3.23.)

In particular, writing C 3= C; and % i = max{s, 111 }, we have the Proposition. [

Proposition 5.9. Let p : I' — SL(d, R) be a representation which is 1-dominated relative to P with
lower domination constants (C, ).

Then the orbit maps v — p(7) - 0 are equivariant quasi-isometric embeddings of the relative
Cayley graph Cay(I', S) C X(I', P, S) into the symmetric space G/ K = SL(d,R)/SO(d).

Proof. By construction, the orbit map is equivariant, i.e. p(7271) - 0 = p(72) - (p(71) - 0).

Viewing G/ K as a space of inner products on R?, we recall the distance formula at the end of

§3.2:
da/k (0,9 - 0) \/Z (logo;(g
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for any g € SL(d,R), where the o denotes the basepoint corresponding to our choice of inner
product (see the beginning of this section.)

Now Proposition 5.7 implies (log oi(p(7)))? < (log 71 (p(7)))* < L (log C + ﬂ]’y[c)2 for 1 <
7 < d, and so

d

> (logai(p(y)))? <

=1

ol%

(log C' + fil~|.)

for all v € I'. On the other hand, we have

Z(log oi(p(7)))? > % ([logai(p(7))] + [log aa(p(7))])
> 1og 2 (p() = 5 10gC + S .

Combining the two immediately yields that the orbit map into G/K is a quasi-isometric

embedding with respect to the cusped metric. [

5.4 Upper domination and almost-unipotence

We remark that our upper domination hypothesis on the peripherals is equivalent to an “almost-
unipotence” hypothesis on the eigenvalues of peripheral elements. This statement itself is not used

further on, but one of the key steps in the proof (Corollary 5.12) will be.

Proposition 5.10. Suppose p : I' — G is an almost-dominated representation relative to P and its
peripheral images have unique limit points.

Its peripheral images satisfy the upper domination condition if and only if for every peripheral
element n € P € P, all of the eigenvalues of p(n) have norm 1 (we will call this latter hypothesis

quasi-unipotence of the peripherals.)

Proof. The forward implication follows from the observation that

log | u(p(m)| = lim —log o,(p(n")).

A 1 1 _
In particular, log u(p(n)) = lim —log ﬂ(p(n”)) < lim —(2@logn +log C + 2f) = 0 from
| Al n—oo N o4 n—00 T
the upper domination inequality (D*) and because |7|. < 2logn + 1; hence |A;| = | A4/, and since

by hypothesis [A1| > [Ag| > -+ > |y
norm. Note that this part does not use the unique limits hypothesis.

, we may conclude that all of the eigenvalues have the same
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The backward implication takes a little more work, and we start by observing the following
structural results on the peripheral subgroups that are a consequence of the lower domination

inequality (D7) and the unique limits condition:

Lemma 5.11. Suppose p : I' — G is almost-dominated relative to ‘P with peripherals satisfying
the unique limit and quasi-unipotence hypotheses.

Then, given any P € P, p(P) is a discrete subgroup of a semidirect product Up x Kp < G =
SL*(d, R) where Up is a unipotent Lie group and K p is a compact Lie group. (In particular, p(P)

is virtually nilpotent.)

Proof. Since p(T') is relatively dominated, p(P) has a unique limit point, and hence is a subgroup
of some parabolic subgroup of GG. By the Levi decomposition we may write this parabolic subgroup
as Up x Lp < G where Up is a unipotent Lie group and Lp is a semisimple Lie group.

Moreover, given any p(n) = (u(n),l(n)) € Up x Lp, [(p) cannot have eigenvalues of norm
different from 1, otherwise /(7)) would be proximal and then so would p(7), but this is not possible
by the quasi-unipotence hypothesis. Following the argument in [KL18], Theorem 5.12, it now
follows that the Zariski closure of W < Lp must be a compact subgroup Kp < G; otherwise,
by the main result of [Pra94], mz will contain a proximal element, contradicting the previous
assertion.

That p(P) is virtually nilpotent then follows e.g. from Gromov’s polynomial growth theorem,
since p(P) is a finitely-generated discrete subgroup of a nilpotent-by-compact Lie group and hence

has polynomial growth (see also the Appendix to [KL18] for another proof of this part.) [

Corollary 5.12. Suppose p : I' — G is dominated relative to 'P. Given any n € P € P, there exists
a unipotent matrix u(n) = u,(n) € G with the same singular values as p(n).
Moreover, if ) = hy - - - h, where h; € P, then we may write u(n) = iy - - - U, where each u; is

a unipotent element in Up with the same singular values as p(h;).

Proof. Given any (u, k) € p(P) < Up x Kp, we note that (u, k) - (id, k') = (u,id) and (u, k)
have the same singular values (for K'p consists of orthogonal matrices, and multiplying by an
orthogonal matrix does not change the singular values); hence, if p(n) = (u,k) we may take
u(n) = (u,id).

Givenn = hy - - - hy,, we write p(h;) = (u;, k;) € Up x Kp, we have

k1, kikz ki-kp—1
2u3 ...un n 7]{;1...]{;”)

p(n) = (Ulu
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(where we write u* := kuk~! to denote conjugation), and we observe as above that this has the same

“~'isin Up since K p normalizes

i . R Foy ki
' has the same singular values as u;. Hence we may take @; = u;' . O

singular values as u;us' - - - uf -1 = y(n). Moreover, each u;"
ky-k

Up, and u;
We may now demonstrate the upper domination condition.

Given n € P, write it as a word h; - - - h,, where the h; are generators of P.

Consider the associated unipotent product u(n) = 4y - - - @, given by Corollary 5.12, and write

p(1;) = exp v; where the v; are strictly upper triangular matrices. Then
u(n) = exp(vy + -+ + v, + 2)

where, by the Baker—Campbell-Hausdorff formula (see e.g. [Tho82], Theorem 1), z is a sum of
nested commutators of the v;, with combinatorially computable (universal) coefficients (see e.g.
[Gol56].) Specifically, since nested commutators of the v; with length greater than d are zero, z is a
sum of nested commutators of length at most d, and there are at most dn? of these.

d+1 — il = 2441 — (), the exponential map is in fact a

Moreover, since (v; + -+ + v, + 2)"" = vf T =z
polynomial of degree (at most) d in this case. Since P is finitely-generated, this tells us that the
entries of p(h;), and hence its operator norm, are bounded above by polynomials of degree d* with
coefficients depending on the operator norms of the generator images.

Finally, we note that the finiteness of P means that we can take some uniform choice of constants
in the above. Thus there exists some polynomial g of degree at most d?, depending only on our

representation p, and hence some constant C'; > 0 depending only on ¢, such that

o1(p(n) = o1(u(n) < g(|nl) < Caln|”

(for all || > 1.) By Proposition 3.22,
@ Fhle et
Cin|* < C1V2 = (Cle ¢

where 1, 1= 012—2 log 2. [

41



CHAPTER 6

Relative Domination Implies Relative Hyperbolicity

6.1 Existence and transversality of limits

For the rest of this paper, let I" be a finitely generated group, P be a finite collection of subgroups
of I satisfying (RH), and S = S~! be a compatible finite generating set. For the next three sections
(885, 6, and 7), fix p : I' — GL(d,R) a representation which is 1-dominated relative to P with
domination constants (C, u1, C, i).

The goal of this section is to establish the following existence and transversality result, which

will be very useful in the following sections:

Definition 6.1. Ler I C R be an interval (finite or infinite, open or closed) and let o - I — Cay(I")
be a path with o(I N7Z) C T.
We define the sequence

To=( .. A1, ., Ap1,...)
= (-, plafa)ala—1)),...,pla®)  a(d — 1)), ) € GL(d, R)"

and call this the matrix sequence associated to o.
We say that o (or x,,) is based at id if 0 € I and «(0) = id.

Proposition 6.2. Let v = 7 o 4 be a bi-infinite (v, U)-metric quasigeodesic path ~y based at id, and

let v = 1, = (Ag)kez be the matrix sequence associated to ~y. Then

(i) the following limits

Eu<£[}> = lim U1<A,1 s A,n)

n—oo

ES(ZL') = lim Sd—l(An—l s AQ)

n—o0
exist and form a splitting E*(x) ® E*(x) of R, and
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(ii) there is a uniform bound s, (depending only on the quasigeodesic and domination constants)
on the minimal separation s(E"(x), E*(x)) := sin Z(E"(x), E*(x)) between these linear

subspaces.

To prove this we will use the following theorem, which is a mild modification of a recent result
of Quas—Thieullen—Zarrabi [QTZ19], which in turn is a vast generalization of the characterization

of linear cocycles with dominated splittings given in Bochi-Gourmelon [BG09]:

Theorem 6.3. Let (Ax)rez C GL(d, R) be a sequence of matrices such that there exists constants
C > 1and p, ' > 0, with %log 3C > 1, such that the following axioms are satisfied:

* (SVG-BG) forall k € Z and all n > 0,

@(Akm—l v Ay) < Cen™
01

* (EC)forall k € Z and all n > 0,

d(Sa—1(Akgn—1 - Ar), Sa—1(Apgn - - A)) < Ce ™,

Ad(Ur(Ap—1 -+ Ap—n), Ui (A1 -+ - Ap—(ny1))) < Ce™ ™

o (Fl)poer: forall k < 0andn,m >0

01 (Alc—l—n—l U Ak—m)

> Ol
o (Apans - Ap) - 1A Ap) ©

Then

(i) for each k € Z in the sequence we have a splitting E* © E° of R? given by

Eu(k) = lim Ul(Ak—l te Ak—n)
Es(ki) ;= lim Sd—l<Ak:+n—1 cee Ak)

n—oo
which is equivariant in the sense that A, E*(k) = E*(k + 1) forall k € Z and x € {u, s},

(ii) moreover, for all k < 0, we have a uniform lower bound Sy,i, = Smin(C, 11, it') on the gap

s(E"(k), E*(k)) := sin Z(E"“(k), E*(k)) given by

u s L 2 —2r 3/2 —(1+2r)
s(E*(k), E°(k)) > Smin := 5(36) exp (—1 — e—#> C ,

I

where r := %
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We will defer the proof of this result to Appendix B and focus on showing how to obtain
Proposition 6.2 given the Theorem. We remark that we may assume, without loss of generality,
that our constants are such that the additional hypothesis ;% log 3C' > 1 specified in Theorem 6.3
is satisfied; if they are not, we can make C' larger or i smaller and the other required axioms will
continue to hold with these adjusted constants.

Before beginning the argument, we remark that a number of linear algebra results, which will
be used throughout this and subsequent proofs, are collected in Appendix A. We note that Lemma
A.1, in particular, will be used many times below to control unstable spaces of products of matrices.

We start by establishing the following

Lemma 6.4. Given v,0 > 0, there exist constants C' > 1 and p > 0, depending only on the
representation and v, U, such that for any matrix sequence x = x., associated to a bi-infinite

(v, ©)-metric quasigeodesic path ~y based at id,

Ad(Ur(Ag—1 -+ Apn), Ut (Ap—1 - Ap—(ngn))) < Ce™ ™
d(Sg—1(Apsn1- - Ak), Sa—1(Apsn - - - Ag)) < Ce ™.

In other words, such sequences x, satisfy (EC), with constants depending only on the represen-
tation and the quasigeodesic constants. It then follows, using the triangle inequality, that the limits

exist, and in fact convergence to the limits is uniform:

Corollary 6.5. Given © = x, = (Ay) a matrix sequence associated to bi-infinite (v, )-metric

quasigeodesic path vy based at id, the limits

E%x):= lim Uy(A_;---A_,) and FE°(x):= lim Sy 1(A,_1---Ap)

n—oo n—o0

exist, and
d(Ui(A A B < ¢ e
(Ui(Ay--Ay), (x))_l—e—“'e
S O —n
d(E*(x), Sq—1(A, -+ Ag)) < = e "

where C' i are the constants from Lemma 6.4.

To prove Lemma 6.4 it will be useful to more closely examine the parts of matrix sequences
inside the peripheral subgroups. For this purpose, we recall the notions of peripheral excursion and

depth from §3.1, now used for matrix sequences coming from paths in I':

44



Definition 6.6. Given I an interval in Z and a sequence v = ., = (A;) € GL(d,R)! associated
to some path v : I — Cay(T'), a peripheral excursion in x is a subsequence (A;,) € GL(d,R)”
where J C I is a subinterval and | is a peripheral excursion in the sense of §3.1.2.

The depth of a matrix Ay = p(y(k)~'v(k — 1)) inside a peripheral excursion is the depth of
(k) "ty (k — 1) in the sense of Definition 3.25.

Proof of Lemma 6.4. We presently restrict our attention to (Ag_,),~0, in order to study more
carefully the limit giving E“(k).
We now derive two inequalities, each of which works to give us the bound we want in a different

case. On the one hand, we have

dU1(Ap-1- -+ App), Ur(Ap—r1 -+ Apon1))

01 02
< — —-—n — .= N
o (Ak n 1) o (Ak—l Ak—n)

01 02

< Z(p(y(k = n) 'y (k = n— 1)) - Z(p(y(k) "k — n))

(oF} 01
by Lemma A.1. By Corollary 5.8 and Definition 3.26,

ﬁ(p(v(k‘ —n) (k= n—1))) < P POAn-)F0) = CebU AT (Arn-1),
0d

by Definition 3.26 and the lower domination inequality (D7),

o _ —1 _—pv _povn
2 (o) ) < Ol
where C' and p are the domination constants. Hence, writing Cy = cC—tebrtee 1, = o, and
Mo = pU,
d(U1 (Akq . 'Akfn)v Ul(Alcfl . 'Akfnfl)) < 026“2'6“’“’"’1) e Hom (6.1)

This will turn out to give us the inequality we want when the depth 0(Ay_,_1) is relatively small
compared to n.

Alternatively, suppose a matrix lies in a peripheral excursion starting at k — ng. Write D :=
Ag_1 -+ Ap_n, to denote the word prior to the excursion, and, for any integer n with A;_,, belonging
to the peripheral excursion, E(n — ng) := Ag_no—1 -+ Ag_n, S0 that we have the decomposition
Ag_1-+ Ap_p = DE(n — ny).

We break F(n —ng) 'E(n + 1 —ngy) = Aj_,_1 up into smaller chunks

Appt = Apmn11 Abmnetgmn—1) = P (Phon—11** Phon—1,0(k—n—1))
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corresponding to single unbunched peripheral generators (as in property (iii) of Definition 3.26.)
For brevity, we write F; := Aj,_,_1; in the next inequality, and also adopt the convention

Fy = id. Now we have

S Z d(Ul(DE(TL—TL())FOF}_l),Ul(DE(n—no)Fon))

0(k—n—1)
o O
< —(F}) - =(DE(n —no)Fy--- Fj 1)
= 0d 01
o L(k—n—1) o
<Cef > Z(DE(n—ng)Fy---F1) = RHS,
=1

where we have used the triangle inequality /(k — n — 1) times, applied Lemma A.1 to each of the
resulting terms, and then used Corollary 5.8 with the bound on the size of single generators; then,
using the quadratic gaps condition (which bounds from below the first singular value gap for images

of words ending in peripheral excursions)

d(U;(DE(n —ng)),U1(DE(n+1—ng))) < RHS;

L(k—n—1)
01 09
< TFY - Z2(DE(M —ng)Fy--- Fy
< 3 2B OB wF F)
£(k—n—1)
— (oX _ _
< Ce” 0—2(p Y(k) "y (k = n0) - y(k = 10) " (k= 1)Prn-11 " Pron-1;))
=1 !
1 £L(k—n—1)
< Ce'- = Iy (k= no) "'y (k = n)pr—n-11- " Pr-n-15)| > = RHS,
=0

and finally using the metric quasigeodesic lower bound and Proposition 3.23, we obtain

d(U;(DE(n —ng)),U1(DE(n+1—ny))) < RHS,

1 L(k—n—1) L
< Oph . v (n—ng)—v | ;
< (Ce el jgo (2 +j)
2ltv ek log 2 log 2
< 2 e (<20 w) < Coe (<122 5(a)) 62)
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2V ek

where (3 := =57 at the end we have used the general inequality
b M+b M4b 1 1 9
j:O( ) j:ZMj —/M_1 TN T My M

This second inequality will serve us when the depth 0(A_,,) is relatively large compared to n.
For n > 0 where the depth §(A;_,—1) < 2’;—0271 (including all n where §(Ag_,) = 0, i.e. A, is
nonperipheral), it follows from (6.1) that

d (Ul(Akfl o Apen), U (A -+ Ak—(n+1))) < Cyet2(0Ak-n-1)) . Cy e Hom

Lo, _ ko
< Cye!?2m e = Che™ 2™

For n > 0 where the depth 6(Ay_,,) > 2“—5271, we have, from (6.2),

log 2
d(Ur(Ag-1-- Agn), Ur(Ag1 -+ Apna)) < Cexp <_Mgvﬂg n)
Y2

and so we have the desired inequalities for our Lemma, with C' = max {C,,C3} and p =

log 2

Ho e }

£ - min{1

For (Ajin)n>0 and the limit giving £%(k), we may argue similarly, or alternatively we may
consider the reversed dual sequence ‘x* = (By)kez given by

By = p*(y(=k = 1)y (=k - 2)) = (A", )" (6.3)

where p* is the dual representation, which is also 1-relatively dominated (Proposition 5.4.)

By Proposition 5.4, we have

Ur(Boit - Bogon) = Ur(p* (1 (=) 3p(n — & — 1))
= (Uar (p(r (k) (k41— 2))))
(Sa-1(p(ye (k + m = 2) 'y, (k))))
(Suc1(Apnt - Ap)"

Then we have

d(Sa—1(Aksn—1-Ak), Sa—1(Apsn -+ Ao)) = d(U1(B_y -+ B_jp—p), U (B—k - - - B_j—n—1))
< Ce ™™,

where in the last step we have used the argument above for the F*(—k) limit for ‘x*, O
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Proof of Proposition 6.2. By Corollary 6.5, the limits £*(z) and E*(z) exist, and the sequence
x = x satisfies axiom (EC) in the statement of Theorem 6.3, with constants depending only on the
domination and quasigeodesic constants.

From the upper and lower domination inequalities (D) and the metric quasigeodesic properties
in Definition 3.26), v = xz, satisfies axiom (SVG-BG) in the statement of Theorem 6.3, with
constants C' = Ce ** and p = pw.

Step 1: bounded-depth sequences.

Definition 6.7. We say a sequence © = (Ay)rez has bounded depth A in the backward direction
(in the forward direction, respectively) if 6(Ay) < A forall k < 0 (for all k > 0, resp.)

Equivalently, for x,, our (sub)path v|z_, (or 7|z.,, respectively) has peripheral excursions of

bounded cusped length.

Proposition 6.8. Given A € Z~, there exists Syin(A) (Which also depends on the quasigeodesic
and domination constants) such that for any v = x., with bounded depth A in the backward
direction or in the forward direction, s(E"(z), E*(z)) > Smin(A)

Proof. If x = x., has bounded depth A in the backward direction, then x satisfies the axiom (FI)p,cx
from the inequalities

01<Ak+n71 e 'Akfm) > 01(Ak+n71 T Ak) : Ud(Akq e 'Akfm>
01(Ak+n71 T Ak) : Ul(Akfl T Akfm) o Ul(AkJrnfl e 'Ak) : 0'1<Ak71 tet Akfm)
1 e H2A
> o h2(Atm) e—H2m.

these inequalities follow from the general inequalities o1 (A) - 01(B) > 01(AB) > 01(A) - 04(B)
and Corollary 5.8 and Definition 3.26, with CY, 5 as in the proof of Lemma 6.4.

Thus if x = x,, has bounded depth A in the backward direction, it satisfies (FI),ck With
D = Cyet2® and i/ = po. In particular, Theorem 6.3 gives us s(E“(z), E*(x)) > Smin(A) for
some Spin (A) depending also on the quasigeodesic and domination constants, and we obtain the
Proposition for such sequences.

If v = z,, = (A)krez has bounded depth A in the forward direction but not the backward
direction, consider again the reversed dual sequence ‘z* = (B )rez defined above in (6.3).

The sequence “z* has bounded depth in the backward direction, hence Proposition 6.8 we have
s(E*(*x*), E°(*2*)) > Smin(A).
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But now, by Proposition 5.4, E*(‘z*) = E*(x)* since

EU(L.T*> = lim Ul(B,1 cee B,n)

n—oo

= lim Ul(P*('Yr(O)_l%”(n -2)))

n—o0

= Tim (Ua-1 (p(7(0) ™ ye(n = 2))))*

~ (tim Sualolrnln =279, (0) = E*(@)

n—oo
and similarly F*(‘z*) = E*(z)*. Hence we have s(E"(x), E*(z)) > smin(A) as desired. O

Step 2: unbounded-depth sequences. If our sequence x = ., does not have bounded depth
in either the backward or forward directions, then the subpaths in both directions (i.e. both v[z_,
and [z ,) contain arbitrarily long peripheral excursions.

Define P* € P and infinite peripheral excursions pZ as follows:

(oo

* if v is eventually peripheral in the forward (backward, respectively) direction, let pt (p
resp.) be the maximal infinite peripheral excursion of the form 7|>y for some N € Zs

(/> for some N € Z<o, resp.), and let P* (P~ resp.) be the peripheral subgroup in which
pE (p2, resp.) lies.

* If v is not eventually peripheral in the forward (backward, resp.) direction: by the finiteness
of |P| and since the peripheral subgroups are finitely-generated, in this direction we can
find P™ € P (P, resp.) and a sequence of increasingly longer peripheral excursions p in
P*. By a diagonal argument these converge to an infinite peripheral excursion p= into P*

(respectively.)

Let L be the constant from the local-to-global condition in Definition 5.1 and 75 be the threshold
such that
¢ e H < @
1 —e# -8
where C ;1 > 0 are the constants from Lemma 6.4, ¢, is the constant from the uniform transversality

condition, and define 7" := max {75, L}.

Consider, in each direction, the first peripheral excursions into P* of depth at least 7" which
(i.e. whose reparametrized projections) agree with p= up to length 7'. Take a sequence 2’ where
we replace these peripheral excursions with pZ (resp.) By construction and by the local-to-global
condition, these are uniform metric projected quasigeodesics in both directions (starting from 0.)

From the uniform transversality condition, we have s(E"(z’), E*(z")) > .
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Next we wish to use (EC) (more precisely, Corollary 6.5) and the choice of 7' to say that

o9
o9

A(E"(x), B"(x")) < 2 A(E* (), B()) < .
To verify (EC) for 2/, remark that our construction—in particular the choice of T—together with
the local-to-global condition give us that we have geodesic rays in both directions, and hence (EC)
still follows from Lemma 6.4.

Hence s(E"(z), E*(z)) > % > 0 and we have a splitting.

To obtain the minimum gap: from Proposition 6.8 (i.e. step 1 above), we have a minimum gap
s(IN) for any sequence of bounded depth NV in either direction; from step 2, we have a minimum
gap g /2 for sequences of unbounded depth. Suppose s(N) — 0 as N — oo. Then we may choose
an infinite sequence of matrix sequences x(™), each associated to a (reparametrized) (v, ¥)-metric
projected quasigeodesic of bounded depth d,,,, with d,,, — oo, such that the gap between E*(x(™))
and E*(z™) is bounded above by L.

Up to subsequence, these converge to some infinite sequence x which is associated to a
reparametrized (v, v)-metric projected quasigeodesic with zero gap between E"(z) and E*(z); but
this is a contradiction whether x has unbounded or bounded depth.

Hence, by our compactness argument, we may choose our minimum gap to be

mln{ég/Q,J{fIg&S(N)} > 0.

6.2 Relative domination implies relative hyperbolicity

Recall that I is a torsion-free finitely-generated group. We will presently prove the following

Theorem 6.9. If p : I' — GL(d,R) is 1-dominated relative to P # & with domination constants
(C, , C, 1), and T # |JP" (i.e. T contains non-peripheral elements), then T must be hyperbolic

relative to P.

We remark that the statement is still true if P = @—that is precisely the result from [BPS19].

The proof of Theorem 6.9 will use the criterion for relative hyperbolicity given in Theorem 3.20.
To do so we will find a compact, perfect metric space on which I' acts as a geometrically finite
convergence group, and verify that the maximal parabolic subgroups are precisely the peripheral
subgroups. Below, we construct such a space A,.;, verify it has the required properties, check that

the action of I' on the space of distinct triples Affz is properly discontinuous and the action of I’
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on the space of distinct pairs Ag is cocompact, and finally characterize the maximal parabolic
subgroups.

We remark that the outline of the argument is adapted from that of [BPS19], §3. In particular, a
statement describing north-south dynamics (Lemma 3.13 in [BPS19], Lemma 6.16 here), resulting
from a quantitative transversality result (Corollary 6.14), is a key intermediate proposition. Here
the geodesics we consider are located not in the group but in the associated cusped space, and
this necessitates the new tools introduced in the previous section for the proof of the transver-
sality result. There are also differences in the proofs due to the convergence action of the group
being geometrically-finite rather than uniform; among other things, this, through our assumption
that I' contains both peripheral and non-peripheral elements, simplifies the proof of perfectness
(Proposition 6.17.)

We fix some notation for the below. Fix £, € N such that Ce ™ < 1. We will write, for brevity,
Zo(7) = Ui(p(v)) and Z(7) := Sa-1(p(7)~") = Ua-1(p(7)), for v € T'. We recall that these
were defined in §3.2. Given &, ¢ € P(R?) or Gry_1(R?), d(&, ¢) will denote distance between & and

( in the relevant Grassmannian.

6.2.1 The limit set

We will construct a candidate space A,.; for the compact metric space M required in Theorem
3.19, as follows:

A= () {2.(7) - le = n}.

n>Lg

We remark that any £ € A,; can be written as a limit lim =,(v,) where |v,|. — oo.
n—oo

Remark 6.10. A, is closely related to Benoist’s limit set from [Ben97]: at least in the case where

p(T) is Zariski-dense, A,.; is the natural projection of Benoist’s limit set to the projective space.

It is fairly immediate that

Proposition 6.11. A, is compact, non-empty, and p(I")-invariant.

Proof. A, is compact and non-empty since it is a decreasing intersection of non-empty closed
subsets of a Grassmannian, which is a compact space.

To show A, is p(I')-invariant, we fix n € I' and £ € A,;, and choose a sequence (7,) C T
such that |v,|. — oo and Z(v,) — & Z(n7v,) is well-defined whenever |7,,| > ¢y — |n|, and by
(D7) and Lemma A.1(A.2) we have
01

—(p(n)) - Ce ke = 0

d(P(U) Ep('yn)a Ep(n%z)) < o
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as n — 00, and so Z,(n7y,) — p(n)€ as n — oo, and in particular p(n)€ € A,q;. O

6.2.2 Dynamics on the limit set

Recall that p : I' — GL(d,R) is a 1-relatively dominated representation with domination
constants (C, p, C, ji).
We start this section with the following comparability lemma, which follows from Corollary 5.8

and related estimates:

Lemma 6.12. There exist constants v € (0,1), ¢co > 1 and ¢; > 1, depending only on the
domination constants C, i > 0, such that for any v,n € T satisfying ||, |n|c > lo (with £y as

above), then
de(y,m) = v([7]e + Inle) — co — crflog d(Z,(7), Ep(n))]-

Proof. Consider v,7n € I" with cusped word length at least /y. Assume without loss of generality
that |y|. < |n|.. Applying Lemma A.1(A.1) to A = p(n) and B = p(n~'7), and using the relatively

dominated condition and Corollary 5.8, we obtain
— —_ 9 — 02
d(Z,(0),5,(7) < = (p17')) - =(p(n))
(oF;] o1
< Cefln™le . ol

where C, [i are the constants from Corollary 5.8. Equivalently, after taking logarithms and isolating

the d.(v,n) term,

de(v,m) = n""yle = " (uin]e —log C —log C +log d(Z,(n), Z,(7)))
> pitnle = 57t (log C +1og ©) — ™" [log d(E,(n), Zp(7))]

and since [n]. > (|7 + |n|.)/2, we obtain the lemma. O
In particular, applying this to projected geodesic rays, we obtain

Lemma 6.13. If (7,,)5%,, (1.)22, are two projected geodesic sequences in I" with vy = 1y = id

such that lim Z,(vy,) # Um Z,(n,), then (..., n2,m,id, 1,72, ... ) is a metric quasigeodesic,
with quasigeodesic constants depending only on d ( lim =,(v,), lim Ep(nn))
n—oo n—oo

Proof. Given the hypotheses, it follows from Corollary 6.5 that the limits £,(7y) := lim =Z,(v,),

n—oo
&(n) = lim Z,(n,) and €(n) = lim Z5(1,) exist
The previous Lemma applied to the pairs of elements (7, 77, ), together with Proposition 3.27,

yields that the sequence (..., 7, ...7o,id,Y0,---,7n, ... ) IS @ metric quasigeodesic path, with
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constants depending on € := d(&,(7,),&,(nn)), v € (0,1), ¢y, ¢; from Lemma 6.12, and ¢, from
above.

More precisely, Proposition 3.27 verifies the metric quasigeodesic inequalities for any subpath
restricted to one side of id, i.e. containing only elements ; or 7;.

For subpaths containing both some 7; and some -y, we have
de(Ve,m) < de(ve,id) + de(id, ) < 8(k + 1) 4 40
from the triangle inequality and Proposition 3.27. For the lower bound here: write
¢ := max{2/y, ¢y + ¢ log(3/¢)},
and note that we have

(l+k)—c

2] AN

de(vism) = my le = v(mile + [ ele) — ¢ >

from Lemma 6.12 and Proposition 3.27 when both |vk|., |m|. > ¢o. In the case |n;|. < o we have

de(sm) 2 de(r, 1d) = de(m, 1d) = [yxle — bo
> ([kle + |mle) — 260
and an analogous argument produces the same lower bound when ||, < 4. 0
We may combine this with Proposition 6.2 to obtain
Corollary 6.14. If (7,,)22 0, (1n)5 are two projected geodesic sequences in I with o = 1y = id
such that nll_)IIOIO () # nll_>n010 Z,(1n), then nh_}nglo E,(7n) is transverse to nh_}nolo =, (M)

Proof. Given the hypotheses, it follows from Corollary 6.5 that the limits £,(y) := lim =,(v,),
n—oo
p(n) == lim Z,(n,) and §;(n) = lim =7(n,) exist. Since v, and 7, piece together to form a
n—oo n—oo

metric quasigeodesic path (Lemma 6.13), Proposition 6.2 then yields the desired conclusion. [
We then use this together with a compactness argument to prove a finite transversality result:

Lemma 6.15. For every € > 0, there exist {1 > {y and § > 0 such that for all v,n € T with
(i) |Vle, Inle > 41, and
(i) d(Z,(7),Z,(n)) > €

we have Z(Z,(7),Z%(n)) > 0.

»=p
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Proof. The proof will proceed by contradiction. Assume there exist e > 0 and sequences {; — o0,
d; — 0 such that for each j there exist y;,n; € I' with |v;]., [nj]lc > ¢; and d (Z,(7;), Z,(n;)) > €,
but Z(Z,(75), Z5(n5)) < ;.

Consider the v; and 7); as projected geodesics. By a diagonal argument, these converge, up to
subsequence, to some (infinite words) v :=g¢g;--- ¢, --- andn := hy - - - h,, - - - . Reparametrizing
as needed, we may assume that these are (6, 20)-metric quasigeodesic paths (these constants being
the ones obtained in Proposition 3.27.)

By Corollary 6.14, the limits §,(x,) and & (x,) exist, and Z(,(z,), & (7)) > 0.

This gives us a contradiction, since, by construction, Z(§,(), {5 (z,)) = 0. O

Using this last version of transversality, we then have the following statement describing a sort

of North-South dynamics:

Lemma 6.16. Given ¢,€' > 0, there exists { > {y such that for any n € T" with |n|. > { and any
£ € Nawithd(&,Z,(n71)) > € we have

Proof. Let ¢, > {y and 6 > 0 be given by Lemma 6.15, with our given ¢ > 0. Choose ¢ > ¢; such
that Ce ™ < ¢ sin 6.

Fix n € 'and £ € A, such that |n|. > ¢ and d(&,Z,(n")) > €. Choose a sequence (7,) C T
such that |v,|. — oo and Z,(v,) — §. Without loss of generality assume for each n we have
|Yn|e > ¢; and

d(Z,(1), Zp(n 1)) > €
It then follows from Lemma 6.15 that

L(Zp(m), Zp(n 1)) > 6

and then, by Lemma A.2 with A = p(n) and P = =(~,,), we obtain

—_ —_ g9 1 02 1
d = n)y = S - S - .
(o 20 Z4(0) < 2200 iz < 20
Ce
< = <€
~ sind
and letting n — oo we have d(p(n)&,=,(n)) < € as desired. O
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6.2.3 Perfectness

Proposition 6.17. A, is perfect, that is every point in A, is an accumulation point of other points

in Arel-

Proof. We first claim that |A,;| > 3. By assumption we have non-peripheral and hence (by Lemma
5.6) biproximal elements, and also peripheral elements. The proximal elements give us at least two
distinct points £* in A,.;; the peripheral elements give us at least one point {p in A,;.

We claim that the peripheral point £p is not fixed by any non-peripheral element of I', and in
particular is distinct from the proximal limit points £*. To see this, suppose v € I is non-peripheral
and fixes {p. Then §, p,—1 = {p, which violates the transversality hypothesis in Definition 5.2.

Hence |A,¢| > 3.

Now let b; be a point in A, and let ¢ > 0. We will show that the 2¢’-neighborhood of b,
contains another element of A,.;.

Choose b, b3 to be two distinct points of A,..; \ {b1}. Let e := % min,; d(b;, b;). Let £ > {; be
given by Lemma 6.16, depending on € and €’. Choose n € I" such that |n|. > ¢ and d(=Z,(n), b1) < €.
Consider =,(n!) as a linear subspace of R it can be e-close to at most one of the spaces by, by, bs.

In other words, there are different indices i, 7 € {1, 2, 3} such that
d(bi,Z,(n7")) > €
and similarly for b;. In particular, by Lemma 6.16,

d(p(n)bi, b1) < d(p(n)bi, Z,(n)) + € < 2€'.

By I'-invariance, the spaces p(n)b; and p(n)b; are in A,;; but at most one of them can be equal to
by. O
6.2.4 Geometrically-finite convergence group action

We first prove that I" acts on A,..; as a convergence group, that is to say
Proposition 6.18. The natural induced action of I" on the space Ag of distinct triples is properly
discontinuous.

Proof. We will pick out a distinguished family of compact sets of Ag, and use these to prove
proper discontinuity of the action. Given T' = (P, P, P3) € Ag a triple of distinct points, define

T = |(P1, P2, Ps)| := min,4; d(P;, P;), where d is a(ny) Riemannian metric on the Grassmannian.

55



rel rel®

For every 0 > 0, {T e AW, |T| > 0o } is a compact subset of A and conversely every compact

subset of Affg is contained in a subset of that form.
We will now establish that, given § > 0, there exists ¢ € N such that if T € A®) satisfies

rel

|T| > 0 and n € I satisfies |n|. > ¢, then |p(n)T’| < d. This will suffice to establish the proposition,
since it implies that given any compact subset A®

rel?

all but finitely many words (those of length at

most ¢) must move the compact subset off itself.
5
5.
Now consider (&1,£2,&3) € Affg such that |T'| > ¢, and n € I" such that |n|. > ¢. Note that
dE(n™1),&) > g for at least two of the lines &1, &, &3—say, without loss of generality, &; and &,.

Lemma 6.16 yields d(p(n)&;, Z,(n)) < & fori = 1,2, and so

Given § > 0, let £ be given by Lemma 6.16 with € = ¢/ =

lp(m)T'| < d(p(n)é1, p(n)é2) < 0,

as desired. L]

We then prove that I' in fact acts on A,.; as a geometrically finite convergence group. By
Theorem 3.20, to demonstrate geometric finiteness it suffices to show cocompactness on the space
of distinct pairs. For this we will use an expansivity argument:

(2)

rel

Proposition 6.19. The natural induced action of I on the space A~ of distinct pairs is cocompact.

Proof. As with the case of distinct triples above, for every § > 0, {T € Ag ST >0 } is compact

subset of Ag%, and conversely every compact subset of Af,ig is contained in a subset of that form.
Here, analogously to above, |T'| := d(&1, &2).

We will now prove the following statement: there exists ¢ > 0 such that for every 7" = (£1, &) €
A(Q)

rel?

Choose € = %smin, where S,;, is the minimum gap from Proposition 6.2 for metric geodesic

there exists v € I" such that |p()T'| > e. This suffices to establish the Proposition.

sequences given our domination constants. If |T"| > e then we may take v = id, so we may suppose
that |7 < e.

Choose (6,20)-metric quasigeodesic paths (the constants are from Proposition 3.27) (y; =
91 Gp), (i = hy -+~ by, ) C I such that Z,(v;) — &1, Z,(1m:) — &, and consider the sequence
of matrices (..., A_1, Ao, A1,...) given by 4; = p(g;.) fori > 0 and A; = p(hy;) for i < 0.

By Lemma 6.13, (..., m2,m1,1d, 71,72, . . . ) =: @ is a metric quasigeodesic.

If the sequence for &; is not eventually peripheral, then we may find an increasing sequence of
tm > 0 such that the shifted sequences

oimy = (aimAn = A”+im)nez
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converge (as m — 00) to a metric geodesic sequence 0z = (B, )nez, i.6. B, = lim omA,
for each n € Z. By construction, for any given N we can find my so that 0™ A,, = anﬂwo?lenever
In| < N and m > my.

By Proposition 6.2, sin Z (E*(c*x), E*(c>x)) > 2e. Moreover, by Corollary 6.5, for all m
large enough given the quasigeodesic constants, sin £ (E*(o'z), E*(c™®x)) < § for * € {u, s},
so that

sinZ (E*(c"x), E° (0" 1)) > €.

Since the endpoints of ¢z are given by acting on the endpoints of = by A; _;--- Ay =
p(g1- i) "t = p(7;.}), this establishes that |p(v; ') (&1, &)| > €, as desired.

We argue similarly if the sequence for & is not eventually peripheral.

If the sequences for both &; and &5 are eventually peripheral, there is a positive lower bound on the
(infimum of the) distance between these (over all shifts, as above): if not, we can find P, P’ € P and
a sequence of words w,, — oo not starting with a letter from P such that d(£(P), w,&(P')) < 27™.
Up to a subsequence, the w,, converge to some infinite geodesic such that lim =,(w,,) = £(P); but
now observe that this infinite geodesic cannot be eventually peripheral i?l_)bogth directions—these
limit points are all distinct by hypothesis—, and by the arguments above neither can it be not

eventually peripheral. We conclude, by contradiction, that said lower bound must in fact exist. [

6.2.5 Peripherals are maximal parabolics
Lemma 6.20. For any non-peripheral v € I', lim =,(") is the top eigenline of p().
n—o0

Proof. Recall that p(7) is necessarily proximal (Proposition 5.6), so that the top eigenline is
well-defined.

To show lim,,_,, =,(7™) is the top eigenline of p(~y), we may apply Lemma A.2 with A = p(y")
and L the top eigenline; then d(L, =,(y")) < C,e~*" for positive constants C, /1, depending only

on p(7y); in particular, as n — oo, this bound goes to zero, so that lim =,(y") = L as desired. [J
n—oo

Proposition 6.21. The maximal parabolic subgroups of I are precisely (conjugates of) peripheral

subgroups.

Proof. Suppose H is a maximal parabolic subgroup.

Observe that [ cannot contain non-peripheral elements. Indeed, suppose v € I' is non-
peripheral. From Lemma 5.6 and 6.20, p() is proximal, and lim =,(y") is the top eigenline of
p(7). Similarly, p(y~!) is proximal, and hm Hp(fy’ ) is the bgt_t)gom eigenline of p(y). These are
distinct (by proximality), and are both ﬁxed by v,s0v & H.

Hence every v € H 1is peripheral.
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Now, from the unique limits hypothesis in Definition 5.2, for any peripheral subgroup P,
lim =,(n,) = &,(P) for any sequence (77,) C P, and so P fixes {,(P). By Lemma 6.16, P fixes

ggogther point 5 € A,;: any such [ is at some definite distance €(5) > 0 from £(P), and hence
by Lemma 6.16, sufficiently long words in P must move [ off of itself. Hence every peripheral
subgroup P is parabolic, and extends to some maximal parabolic subgroup P.

Suppose P\P # &, so that P also contain some non-identity element ¢ of some other peripheral
subgroup () # P. By the torsionfree assumption, PN () contains arbitrarily large powers of q. By
the same argument as in the previous paragraph, this implies that () C P. But this contradicts the
first part of the uniform transversality hypothesis which stipulates that £,(P) # &,(Q).

Hence we must have P = P, i.e. the maximal parabolic subgroups are exactly the peripheral

subgroups, as desired. 0

It follows from the above that the parabolic points in A,.; are precisely the peripheral fixed

points.

6.2.6 Summary of argument

Proof of Theorem 6.9. Consider a representation p : I' — GL(d, R) which is 1-dominated relative
to a prescribed collection of peripheral subgroups P, such that I' contains at least one non-peripheral
element.

p induces an action of I" on the space of lines P(R?). Consider A,; C P(R?). It is non-empty,
compact and ['-invariant (Proposition 6.11), and perfect (Proposition 6.17.)

The diagonal action of I" on Affg is properly discontinuous (Proposition 6.18) and the diagonal
action on Ag is cocompact (Proposition 6.19.)

Moreover the maximal parabolic groups are precisely the peripheral subgroups; by Theorem
3.20 and since conical limit points cannot be parabolic these are all bounded, and in particular the
stabiliser of each bounded parabolic point is finitely-generated (Proposition 6.21.)

We summarize all of this in a statement that will be used again in the next section:

Proposition 6.22. Given a representation p : I' — GL(d,R) which is 1-dominated relative to
P, p(T') acts on A, as a geometrically-finite convergence group, with P as the set of maximal

parabolic subgroups.

Hence, by Theorem 3.20, I is hyperbolic relative to P. ]
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CHAPTER 7

Limit Maps

In this section, we prove that a relatively dominated representation p : (I', P) — GL(d, R) gives
us a pair of limit maps from the Bowditch boundary O(I", P) into projective space and its dual.
In the case where P = &, this recovers the limit maps from the Gromov boundary of the group

into projective space and its dual that we obtain for an Anosov representation.

Definition 7.1. Suppose " is hyperbolic relative to P, and we have a pair of continuous maps
£:0(T,P) = P(RY) and &* : (T, P) — P(R™).

¢ and &* are said to be compatible if £(n) C 0(n) as linear subspaces for all n € (', P).

€ and £* are said to be transverse if £(n) © 0(n') = R for all n # 1.

Given p : T' — GL(d, R) such that p(P) is a parabolic subgroup of GL(d,R) for each P € P,
& and & are said to be dynamics-preserving if

(i) £E(vF) = (p()T and £ (vT)*t = (p*(v))*. for all nonperipheral v € T, where v+ =
lim,, oo " € (T, P) and p(v)™ is the attracting eigenline for p(~y), and

(ii) If OP € O(T', P) is the unique point associated to P € P, then {(OP) is the parabolic fixed
point associated to p(P).

Theorem 7.2. Given p : I' — GL(d,R) I-dominated relative to P, we have well-defined, p(I')-
equivariant, continuous maps &, : 9(I',P) — P(R?) and & : (T, P) — P(R™) which are

dynamics-preserving, compatible, and transverse.

Proof. Recall that if p : I' — GL(d, R) is 1-dominated relative to P, then I" is hyperbolic relative
to P by Theorem 6.9. Moreover, as noted in Proposition 6.22, p(I") ~ A, as a geometrically-finite
convergence group, with P' as the set of maximal parabolic subgroups.

Yaman’s criterion (Theorem 3.19) then gives us an equivariant homeomorphism
&, (0, P) = Ay C P(R).

59



By looking at the action of p(I") on the dual vector space (recall §5.1 and in particular Proposition
5.4), we similarly obtain an equivariant homeomorphism
& O, P) = AL, C Grg_1(R?).

Equivariance then combines with the other properties of our limit set A,; to imply that £, and
€, are dynamics-preserving. Here we state the arguments for §,; via the dual representation p* they
also imply the claim for &.

For non-peripheral elements ~, the attracting eigenline p()™ is contained in A,; (Lemma 6.20).
Every point in P(R?)—outside a hyperplane given by the orthogonal complement of p(+)™—is
attracted to p(y)™ under the action of p(v). By the transversality properties of A,.;, there exist
points of A,..; outside of this hyperplane, since said hyperplane is equal to the attracting hyperplane
of p*(y~1), and by Corollary 6.14 any point of A,; other than p(y~!)™ is transverse to this.

Hence, by equivariance, we have that £,(7"¢) = p(7")£,(¢) — p(v)" as n — oo, for an open
setof ¢ € Ay, and so &,(71) = ¢, (Jgrolo 7”) =p(y)".

For peripheral elements 77 € P, the associated limit line £,(P) is contained in A,.; by the unique

limits assumption. Since ¢ is a homeomorphism, there is some ¢ € J(I", P) such that £,(¢) = p(n)™.
By equivariance, £,(1"C) = p(1")&,(¢) — pl(n)* as n — oo. Hence &,(*) = &, ( lim ") =

p(n)*.
To verify that §, and ; are compatible and transverse, we will show that &, £/ satisfy

fp(x) = lim Ep(%z) §;<I) = lim E;(ryn)

n—oo n—oo

for (v,) € I' any projected geodesic in I" such that ,, — z, and =, and =, asin §6.2.

To see this, we note that if z = 4+ € 9(I', P) is a proximal limit point, then ,(x) is the top
eigenline of p(y) since £ is dynamics-preserving, and by Lemma 6.20 this is equal to lim,, o, Z,(7").
If v = 0P € O(I', P) is a parabolic limit point, then by the dynamics-preserving property &,(x) =
&,(n*) for any n € P, and by the unique limits hypothesis £,(z) = &,(n") = lim,,_,o Z,(1,,) for
any sequence 7),, — 0o in P.

More generally, given = € O(I", P) that is not a peripheral fixed point, suppose (,) is a sequence
(along a metric quasigeodesic path) such that no v,, ends in a peripheral letter and 7,, — x. Pick any
peripheral element ) € | JP.

Then, writing x,, := lim ~,n™, we have lim z,, = lim lim ~,n™ = lim v, = z (once

=500 n=300 n—$60 M—+00 n=300

n and m are large enough, by Lemma 6.12 the sequences involved may be taken to be uniform

quasigeodesics.)
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By continuity, {,(x) = lim ,(z,); we then have

n—oo

fp(x) = nh_{f)lo fp($n> = nh_{{.lo Til_rfloo Ep(%ﬂ?m) = nh_{ilo Ep('Yn)

where the last equality follows from Corollary 6.5 (because the v,,n" may be taken to be uniform

quasigeodesics) and the triangle inequality:

d(Z(1m),€(@)) < d(E(m), Z(van™)) + d(E(mn™), §(zn)) + d (€(x), E(20))
< Ce i 4 Ce ™™ 4+ d (&(x), E(xn))

and all of the terms that appear in the last line can be made arbitrarily small by taking (m and then)
n sufficiently large.

We have written the argument above for {,; the argument for £ is entirely analogous.

The compatibility of {, and & then follows since =,(7,) C =} (7, ) for all n by definition; the
transversality of £, and £ follows from Corollary 6.14. [

Remark 7.3. We may alternatively prove this by defining the limit maps using

Ep(x) = Tim =) () & () = lim = ()

n—oo n—oo

for (v,,) € T any projected geodesic in I" such that ,, — x, as in [GGKW17], and directly showing,
using arguments similar to those above and earlier in the paper, that these maps satisfy the desired
properties. From the analysis above these will turn out to be equivalent to the limit maps supplied

by Yaman’s criterion.
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CHAPTER 8

Examples

For a start, we observe that dominated representations are relatively dominated relative to
P = @, since in that case we have | - |. = | - |. We will now show that geometrically finite subgroups
of SO(1, d) and geometrically finite convex projective holonomies, in the sense of [CM14a], give

examples of relatively dominated representations.

8.1 Inrank one

In rank one, the relatively dominated condition coincides with the more classical notion of
geometric finiteness. Here we will illustrate the particular example of geometrically finite real

hyperbolic manifold holonomies; the arguments for the more general case are similar.

Example 8.1. Let M be a geometrically finite hyperbolic d-manifold, ' = mM,and p : I' —
PSO(d, 1) € PSL(d + 1, R) be its holonomy representation.

In this case we know that I is hyperbolic relative to the cusp stabilizers P, and that the relative
Cayley graph quasi-isometrically embeds into H? (see Example 3.11.)

The quasi-isometric embedding of the relative Cayley graph immediately gives us both lower

and upper domination inequalities (D¥), since Lp(y) = %ﬁ(p(v)) for any v € I, and there
exists a basepoint o € H so that d(o, p(7) - 0) = log ﬁ(f)(’Y)) forall vy € I

The unique limits condition is satisfied since each cusp stabilizer is parabolic; the quadratic
gaps condition is satisfied in the peripherals since, by a direct computation (see Example 3.7 and

Proposition 3.22),

01
log =~ (p(n)) = 2logn| = |d(0, p(n) - 0) = 2logn| < C,
for any parabolic element 7, where C,, is a constant depending on 7). Conjugation changes this by a

fixed additive constant, and we may take a uniform choice of such constant. The quadratic gaps

condition is then satisfied in full, due to the following argument:
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Definition 8.2. We say that p : (I',’P) — PGL(d, R) admits good limit maps if ¢, : O(I', P) —
P(RY) given by lim v, — lim Z,(v,) and
& (I, P) — P(RY)* given by lim v, — lim =%(v,) are well-defined, continuous, p(')-
n—oo n—oo

equivariant, compatible, dynamics-preserving and transverse.

We note that in our case p admits good limit maps, with the image of £, being, up to conjugation
in PSL(d + 1,R), the limit set in the boundary of the Beltrami—Klein projective ball model of
hyperbolic d-space in P(R%*1), and the image of §, consisting of hyperplanes tangent to the
boundary.

Proposition 8.3. Suppose p : (I',;’P) — PGL(d,R) admits good limit maps, and the quadratic
gaps condition is satisfied for peripheral elements n € | P.
Then the peripherals satisfy the quadratic gaps condition in full.

Proof. Given a geodesic yn where 7 is peripheral, Lemma A.3 gives us

01 01 01

5, Pm) = 8% - = (p(7) - = (p(m).

where § := sin Z(Z(n), Z*(y!)); we then obtain the quadratic gaps condition for 7 by using the
transversality of the limit maps to obtain a uniform positive lower bound on ¢ and observing that
2(p(7)) = 1. More precisely: suppose no such § exists; then we have a sequence of metric quasi-
geodesics 7,1, with 7, peripheral such that sin Z(Z(n,), Z * (v,,')) > 27". Up to subsequence,
these converge to some bi-infinite metric quasigeodesic Yo7 With sin Z(€(ns), £ (7)) = 0; but

this is in contradiction with the transversality of the limit maps. [

The uniform transversality condition is also satisfied due to good limit maps, by the following

Proposition 8.4. Suppose p : (I',P) — PGL(d,R) admits good limit maps. Then the uniform
transversality hypothesis from Definition 5.2 is satisfied.

Proof. By the transversality of the limit maps, (g~ vy (P), hW4_1(P’)) > 0. To obtain the uniform
version of this hypothesis, suppose we have sequences (7,), (7,) C I' and peripheral subgroups
P, P’ such that Z (v, 'vy(P"),n,Wy4_1(P)) < 27". Up to a subsequence, the 7, ! converge to

1

some infinite (projected quasi-)geodesic v+ : N — I', and the 7,, to some infinite (projected

quasi-)geodesic 7 : N — I"and Z(&,(y™"),&5(n)) = 0; but this contradicts transversality. O

8.2 A higher rank example

In higher rank, we have holonomies of geometrically-finite convex projective n-manifolds, in
the sense of [CM 14a]:
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Definition 8.5 ((CM 14a], Définition 1.5 and Théoreme 1.3). Let Q C P(R4Y) be a strictly convex
domain with C* boundary. A finitely-generated discrete subgroup I' < Aut(2) is geometrically

finite if the 1-neighborhood of the convex core C(Ar) /T C Q/T is of finite volume.

Proposition 8.6. Let M be a d-manifold and write I' = m M. Suppose p : I' — PGL(d + 1, R) is
a geometrically-finite convex projective holonomy representation. Then p is 1-dominated relative to

its cusp stabilizers.

Proof. Let Q := M; this is a strictly convex domain in P(R%+!) with C'! boundary, and hence
d-hyperbolic given the Hilbert metric. I' is hyperbolic relative to its cusp stabilizers P, and acts on
its limit set Ap C OS2 of accumulation points as a geometrically-finite convergence group ([CM14a],
Théoréme 1.9.)

In fact Ar, as well as the dual limit set A}, C P(R™!)*, may be equivariantly identified with
d(I', P), giving us continuous, compatible, dynamics-preserving limit maps; in particular () is
tangent to OS2 at £,(z). This gives us the unique limits condition. Since 0f2 is strictly convex and
O, these limit maps are transverse. This gives us, via Proposition 8.4, the uniform transversality
condition.

By [CLT15], Theorem 0.5, all of the peripheral elements 1 € | J P have image p(n) projectively
equivalent to an element in the holonomy of a hyperbolic cusp; in particular (cf. Example 8.1), we
have quadratic gaps in the peripheral subgroups, and hence, by Proposition 8.3, the quadratic gaps
condition in full.

We now claim that the orbit map is a relative quasi-isometric embedding from (T, d..) into
(Q,dq), where dg, denotes the Hilbert metric on €2, and dg (0,7 - 0) = log Jgﬁ(p(ﬂy)) forally € I.

To establish this, we observe that

* since the cusps are projectively equivalent, and hence isometric, to hyperbolic cusps, we have
a system of disjoint horoballs A/ of €2, with boundaries the images of cusp stabilizers, which
is quasi-isometric to our system of combinatorial horoballs following the computations in
Examples 8.1/ 3.7;

* the cocompact action of p(I") on the compact core of M as a geometrically-finite convex
projective manifold gives, by the Milnor-Svarc lemma, a quasi-isometry from Cay(I") with

the word metric to the truncated domain Q \ N .

Then we may apply the same argument as in Example 3.11, using Lemma 3.12, to obtain our relative
quasi-isometric embedding.

Finally, by [CM14b], Proposition 7.2, Corollaire 7.3 and Lemme 7.6, there exists € = ¢(p) > 0
such that log i—;(p('y)) > clog ﬁ(p(v)) for all non-peripheral v € I': more precisely, Lemme 7.6
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(p(y))) from below by an auxiliary quantity $x(7) (half

bounds the ratio log i—;(p(y)) . <log /\21
the top Lyapunov exponent for the Hilbert geodesic flow corresponding to p(+y)); Proposition 7.2
and Corollaire 7.3 together give us ¢ > 0 (coming from the Holder regularity of the boundary 0€2)
such that Sx(7) > (1 + %)_1

We may then show that there exists ¢’ = ¢'(p) > 0 such that log 2 (p(7)) > €' log ;2-(p(7)) +

R R Od+1
C, where C, is some constant depending only on the representation; this last inequality. which

suffices to establish the lower domination inequality (D™), will follow from the inequality with the
eigenvalue gaps, together with results of [AMS95] and [Ben97] (as tied together in [GGKW17],
Theorem 4.12):

Specifically, by [CM14a], Théoreme 7.28, we may assume that p is strongly irreducible and
Zariski-dense. Then [GGKW17], Theorem 4.12 states that there is a finite subset F' C I" such that
for any v € I there exists f € F' such that

log Z—;(p(v)) > log ;—:(p('yf)) -G

where C), is some constant depending only on p, and similarly

)\1 g1
> lo
o (p(1) 2 low -

log (p(7) = Cp,

and putting all of these inequalities together we obtain

10z 2 (1)) = log 22(p(1)) = C, > elog - (o(11)) - C,
o9 A2 Adt1

(p(7)) = (e+1)C,

> elog 7

Od+1

as desired. O]
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CHAPTER 9

Relation to Kapovich-Leeb

In [KL18], Kapovich and Leeb develop a number of possible relative analogues of Anosov
representations. Here we describe how some of these are related to the notion of relatively dominated
subgroups described here.

The definitions in [KL18] are formulated in terms of discrete subgroups I' < G of semisimple
Lie groups G; we reformulate them in terms of discrete and faithful representations, and in the
specific case of G = SL(d, R).

We also remark that the choice of a model Weyl chamber 7,,,; in [KL18] is equivalent to
the choice of a Cartan projection / set of roots, and in particular all of the definitions below are

oq—

formulated in the specific case of the first and last simple roots {log o, log ! }

gd

Below, given a representation p : I' — G, we let Ar denote the limit set of p(I') C G in
the flag variety G/ P, 4—1 corresponding to our chosen set of simple roots: a point in G/P; 41
corresponds to a pair (£, £*) € P(R?) x P(R?)* such that the line corresponding to £ is contained

in the hyperplane represented by £*. More specifically, Ar is the closure of the set of accumulation

points (£,£*) = lim (Z,(7x)),Z5(7n))) for sequences ,, — co.
n—oo
9.1 Relatively dominated implies relatively RCA

Definition 9.1 ([KL18], Definition 7.6). p : I' — G = SL(d, R) is relatively RCA if

* (regularity) log g—;(p(%)) — 00 for all sequences (Y, )nen going to infinity in T.

* (convergence) every point in Ar is either a conical limit point or a bounded parabolic point,

and the stabilizers of the bounded parabolic points are finitely generated.

* (antipodality) Ar is antipodal, i.e. every pair of points in the limit set (has a pair of lifts
which) can be joined by a bi-infinite geodesic in the symmetric space SL(d,R)/SO(d).

We remark that, roughly speaking, the relatively dominated condition (Definition 5.3) may be

seen as strengthening the regularity hypothesis while weakening the convergence and antipodality
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hypotheses. There is also a more subtle distinction involving the role of the intrinsic geometry of I',
which we elaborate on more in the next subsection.

We also remark that projecting Ap C P(R?) x P(R?)* to the first coordinate yields the limit set
A, from §6.2 above.

Definition 9.2 ([KL18], Definition 7.1). A subgroup I' < G is relatively asymptotically embed-
ded if it satisfies the regularity and antipodality conditions (as in the previous Definition), and admits

a relatively hyperbolic structure (I',P) such that there exists a I'-equivariant homeomorphism
GOO(F, P) — Ap.

Theorem 9.3 ([KL18], Theorem 7.8). p is relatively RCA if and only if p(I') is relatively asymptoti-
cally embedded.

In particular, if p : I' — G is relatively RCA then I' is relatively hyperbolic. Below, we will use

the notions of relative RCA and relative asymptotic embeddedness interchangeably.

Theorem 9.4. If p : I' — G is relatively dominated, then p(I) is relatively asymptotically embed-
ded.

Proof. Regularity is immediate from the lower domination inequality (D) and the quasi-equivalence
of |v|. and ||a(p(7)]|| (Proposition 5.9.)

Antipodality follows from transversality: given two points £ in the limit set, consider the
associated hyperplanes 6 ; then, by transversality we have a decomposition R? = &, & (6,.N0_)DE_,
which gives a bi-infinite geodesic joining the simplices associated to (£+, 01 ) in the associated flag
variety G/ P, 4_1—concretely, pick a diagonal matrix A € SL(d, R) respecting that decomposition,
and consider the bi-infinite geodesic exp(tA).

Asymptotic embeddedness follows from Theorem 7.2 on the limit maps: more precisely, we
can combine both limit maps from that Theorem into a single limit map (&, £*) into the flag
manifold corresponding to our choice of 7,,,4, and this single limit map gives us our asymptotic
embedding. [

9.2 Uniform regularity and distortion, and equivalence of notions

Definition 9.5 ([KL18], §4.4.1). I is uniformly regular if there exist constants yi, c > 0 such that
log ZL(p(7n)) = plla(p(ya))|l — ¢ for all (yn) C T going to infinity.
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Definition 9.6. Suppose I is hyperbolic relative to P and we have a representation p : I' — G.
We say ' (or any subgroup H < TI') is relatively undistorted by p if p induces (via any orbit
map) a quasi-isometric embedding of the relative Cayley (sub)graph (cf. Proposition 5.9) into the
symmetric space, i.e. the cusped word-length ||, and the norm ||a(p(7))|| are quasi-equivalent for

all v € I (resp., for all v € H).

Remark 9.7. Uniform regularity does not necessarily entail undistortedness: e.g. consider a
hyperbolic mapping torus I' C SO™(1,3) C SL(4,R) which is abstractly isomorphic to m %, X Z;
the fiber groups (abstractly isomorphic to 7;.,) are exponentially distorted. I', being a geometrically
finite subgroup of SO (1, 3), is uniformly regular (and undistorted by the inclusion map); the fiber
groups, being exponentially distorted subgroups, are not quasi-isometrically embedded and hence
not undistorted by the inclusion map. However, they remain uniformly regular, since this is a

condition purely on the Cartan projections and independent of word-length.

Definition 9.8. We say p : I' — G is relatively uniform RCA and undistorted if it satisfies the
convergence and antipodality conditions, and moreover p(I) is uniformly regular and T is relatively

undistorted by p.

Theorem 9.9 ([KL18], Theorem 8.25). p is relatively uniform RCA and undistorted if and only
if it is relatively asymptotically embedded with uniformly regular peripheral subgroups and I' is
relatively undistorted by p.

Remark 9.10. We can in fact strengthen Theorem 9.4 to say that if p : I' — G is relatively
dominated, then p(I") is relatively uniform RCA and undistorted, since, via Proposition 5.9, (D7) is

precisely the uniform regularity and undistortedness condition.

Remark 9.11. In the non-relative case, uniform regularity and undistortedness (URU) is equivalent
to RCA [KLP16]. The proof goes through the notion of Morse subgroups and in particular requires

some version of a higher-rank Morse lemma.

Theorem 9.12. If p : I' — G is such that p(I") is relative uniform RCA and undistorted with

peripherals also satisfying the quadratic gaps condition, then p is relatively dominated.
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Proof. Relative uniform RCA implies relative hyperbolicity of the source group (via Theorem 9.3);
this immediately gives us (RH).

As noted in Remark 9.10, (D7) is exactly the uniform regularity and undistortedness condition.
It remains to check that the hypotheses in Definition 5.2 are satisfied. The quadratic gaps
condition has been assumed. Upper domination follows from [KL 18], Corollary 5.13. Unique limits

follow from the relative asymptotic embedding; by Proposition 8.4, so does uniform transversality.

O
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CHAPTER 10

Extending the Definition

As above let I be a finitely-generated group which is hyperbolic relative to some finite collection
P of finitely-generated subgroups satisfying (RH) (Definition 5.1.)

We say that a representation p : ' — PGL(d, R) is 1-relatively dominated (with domination
constants (C, /1, C, i) if it is the composition of a 1-relatively dominated representation p : I' —
GL(d,R) (with the same domination constants) with the natural projection map 7 : GL(d,R) —
PGL(d, R), or more generally if we can find a group I, a2-to-1 homomorphism f : [ - T,anda
1-dominated representation j : I' — GL(d, R) such that 7 0 p = p o f (cf. [BPS19], Remark 3.4.)

Alternatively, we can continue to use Definitions 5.2 and 5.3, since ratios of singular values
remain unchanged under the reductions considered here, and we can continue to work with the
same symmetric space and flag spaces.

By considering the associated representations to GL(d, R), we have that I is hyperbolic relative
to P in these cases as well (Theorem 6.9) and we have associated continuous, equivariant, dynamics-
preserving, transverse limit maps (Theorem 7.2.) By considering the associated representations, or
by working directly with the hypotheses in Definitions 5.2 and 5.3, the results from §5.2 and 5.3
continue to hold.

More generally, we may use the following standard fact from the representation theory of

semisimple Lie groups:

Theorem 10.1 (cf. [GW12], Proposition 4.3 and Remark 4.12). Given G a semisimple Lie group
with finite center and P a parabolic subgroup of G, there exists a finite dimensional irreducible
representation ¢ = ¢ p : G — SL(V') such that ¢(P) is the stabilizer (in $(G)) of a line in V.

¢ induces maps 5 : G/P — P(V) and p* : G/Q — P(V*), where Q is the opposite parabolic
to P.

Moreover; if P is non-degenerate, then ker ¢ = Z(G) and ¢ is an immersion.

For a construction, we refer the reader to [GW12], §4 (see also [BCLS15], Theorem 2.12 and
Corollary 2.13.) The irreducible representation ¢ p is called a Pliicker representation in [BCLS15],

or a Tits representation in [BPS19].
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We now make the following

Definition 10.2. Given I a finitely-generated group and ‘P a finite collection of finitely-generated
proper infinite subgroups satisfying (RH), G a semisimple Lie group with finite center and P a
non-degenerate parabolic subgroup of G, we say that a representation p : I' — G is P-dominated
relative to P (with domination constants (C, i, C, i) if dg,p o p : I' = SL(V) is I-dominated

relative to ‘P (with the same constants).

Given a P-relatively dominated representation p : I' — G, by applying Theorem 6.9 to
¢gpop: ' = SL(V), we have that I" is hyperbolic relative to P in these cases as well. By
Theorem 7.2, ¢ p o p has associated continuous, equivariant, dynamics-preserving, transverse
limit maps of (T", P) into P (V') and P(V*); we may compose these with 57! and (3*)~! to obtain
limit maps of J(T", P) into the flag varieties G/ P and G /(). We may argue similarly to see that the
results from §5.2 and 5.3 continue to hold.

As a particular case of this, suppose G = SL(d,R) and P = P is the stabilizer of a k-plane in
G. Then we may explicitly take V = A" R? and ¢¢ p : SL(d,R) — SL(V) to be the map given by
the action of SL(d, R) on the exterior product V' coming from the natural action SL(d, R) ~ R%.

We note, very briefly, that

or(/\ p(7)) = o1+ ax(p(7)),
02(/\ p(7)) = o1 ok-10k41(p(7)),

and moreover Uy (A" p(7)) = Ui(p(7)) (in the sense that they represent the same k-dimensional
subspace of R?) and

Sp1(/\ *p(7)) = Up-1(A*p(v™")) = (0 € Gri(RY) : 6t Sa_i(p(7)))

(where D := (Z) = dim /\k R%) and hence we may also equivalently and more directly define
P-relatively dominated representations as in §5, replacing 7> with % as appropriate, and similarly

replacing projective space and its dual with the appropriate Grassmannians.
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APPENDIX A

Linear Algebraic Lemmas

We collect in this appendix various lemmas of quantitative linear algebra which are used in the
proofs above and below, especially in sections 6.2 and 7. They appear in the order in which they are
used above. These are elementary; many of them appear, with proof, in Appendix A of [BPS19].

Recall that, given &, € P(R?) or Gry_1(R?), or more generally Gr,(R?) for some p between
1 and d, d(&, n) will denote distance between & and 7 in the relevant Grassmannian.

Below, we say that A € GL(d,R) is P,-proximal if 0,,1(A) > 0,(A). Recall that U,(A) is

well-defined once A is P,-proximal.

Lemma A.1 ((GGKW17], Lemma 5.8; [BPS19], Lemmas A.4, A.5). Given A, B € GL(d, R) with
A, AB and BA P,-proximal, we have

A(U(A), Up(AB)) < (B)72(4) (A
d(BU,(A),U,(BA)) < ?(B)%(A) (A.2)

Lemma A.2 ([BPS19], Lemma A.6). Given any P,-proximal A € GL(d,R), and any p-dimensional
subspace P C RY we have

UAP).U) < B A) e

Lemma A.3 ([BPS19], Lemma A.7). Let A, B € GL(d,R). Suppose that A and AB are P,-
proximal, and let oo == Z(U,(B), Sq—p(A)). Then

0p(AB) = (sina) 0, (A)oy,(B)
0p+1(AB) < (sina)™'oy41(A)op11(B)

IN
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Lemma A4 (cf. [QTZ19], Lemma A.24). If Uy and Vy are complementary vector subspaces, and
U is the graph of © : Uy — Vy, then we have

8(U07‘/0)
U V) > 2% 70
s(U, Vo) 2 [id ®O|

Proof. Choose a vector u € U achieving the minimum gap s(U, V;). Scale it so that if we

decompose u into its Uy and V) components, its Uy component g is a unit vector. From the law of

sines, .
L (] lull  _ [lidoO]
s(U, Vo) sin Z(ug, Vo) ~ s(Ug, Vo) — s(Uo, Vo)
Vo
...l'...
.'..I.
.-"'I I
ry -"-I-.-.
i L
............... -I_:.r- - ___.-"‘-:.:'I.r..lh
.-'r; .-"'..IJ‘-..-.
__.-":.--" [ il _LI o
B S
ey
whence we have the desired inequality (see also illustration above.) [

Lemma A.5 (cf. [QTZ19], Lemma A.24). If Uy and Vy are complementary vector subspaces, and
U is the graph of © : Uy — Vy, then we have

1

UVy) < ——.
s(U Vo) < [id 0|

Proof. Pick a vector u € U so that if we decompose u into its Uy and V; components, its U

component ug is a unit vector, and ||[u|| = || id ©©||. By the law of sines,

lideol 1
sin Z(ug, Vo) sin Z(ug, Vo)  sin Z(u, Vp)

but now lidao| . .
i
id 0| < = <
lideo] < sin Z(ug, Vo) sin Z(u, Vo) ~ s(U, Vo)’

whence the desired inequality. 0
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APPENDIX B

A Local Version of Quas—Thieullen—Zarrabi

The purpose of this appendix is to prove Theorem 6.3:

Theorem B.1 (Theorem 6.3). Let (Ai)rez C GL(d, R) be a sequence of matrices such that there
exists constants C > 1 and p, ;' > 0, with %log 3C" > 1, such that the following axioms are

satisfied:

* (SVG-BG) forall k € Z and all n > 0,

* (EC)forall k € Z and all n > 0,

d(Sa—1(Akgn—1- - Ar), Sa—1(Apgn - - - Ai)) < Ce ™™,
d(Ur(Ag—1 -+ Apn), Ur(Ap—1 - Ap—(ng1))) < Ce ™

o (FDpger: forall k < 0andn,m > 0

01 (Akqtnfl e Akfm)
1 (At Ap) o1 (Aps - Ap )

> O lemm

Then
(i) for each k € Z in the sequence we have a splitting E* & E* of R? given by

Eu(k) = lim U1 (Ak,1 cee Akfn)
n—00
Es(k’) = lim Sd—l(Ak+n—1 cee Ak)

n—o0

which is equivariant in the sense that A, E*(k) = E*(k + 1) forall k € Z and * € {u, s};
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(ii) moreover, for all k < 0, we have a uniform lower bound s, = Spmin(C, 1, /') on the gap

s(E"(k), E*(k)) := sin Z(E"“(k), E*(k)) given by

1—e#

U S L 2 —2r 3/2 —(1+2r
s(E“(k), E°(k)) > Smin := 5(36) exp (— ) c—(+2r),

!
where r = %

This statement is a mild generalization of a specific case of the main result of [QTZ19]; it is
the particular statement which is needed above. In particular, here we are working with finite-
dimensional real vector spaces, and hence many of the technical difficulties in [QTZ19], which
works in the more general case of Banach spaces, are significantly lightened.

We further remark, as noted earlier in the Introduction, that the main result of [QTZ19] is itself
a generalization of the Oseledec multiplicative ergodic theorem; for background on this important
result in dynamical systems, we refer the reader to [Fil19].

We also deal only with the specific case where the singular value gap/s are at p = 1 and

p=d—1,and A; € GL(d,R); these assumptions are natural in the application we have here.

Remark B.2. We can also follow the arguments of [QTZ19] to obtain a domination statement:

(iii) there exists n.;, depending only on C, u, 1/ such that for all £ < 0 and n > ny;, with
k+n <0,

|Ansr-1 - Akl pow| < 16C

m(An i1 Axlpew) — 9s;

min

e ",
where m(A) denotes the bottom singular value of A € GL(d,R). We will not include the proof
here, since we do not use this conclusion above.
We introduce some notation which will be useful below: write
» A(k,n) for the product A, 1--- Ay,
* 0,(k,n) as shorthand for o;(A(k,n)),
« Uk,n) :== Uy(A(k —n,n)) = Ak — n,n)U(k —n,n) and V (k,n) = Sg_1(k,n).
We remark that, with these notations, we have
e U(k,n) L V(k,n),

o Ek) = lim U(k,n) and E*(k) = lim V(k,n).

n—oo n—oo
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B.1 Existence and equivariance of limits

It is immediate from (EC) that the limits E*(k) and FE*(k) exist. In fact, we have the following
uniform convergence estimates:

Lemma B.3. Forevery k, N € Z,

d(V (k, N), E5(k)) < Ce™

—1—eH

d(U(k,N), E*(k)) <

Proof. Immediate from by the triangle inequality and (EC). 0

Equivariance follows from using Lemma A.1, whence

Eu(l{?> = Ak,1 cee AO - lim U1 (A,1 s A,n>

n— oo
:AkfleEu<0) fork >0
E(0)=A_y--- A - E“(k)
ie E"(k)=A;'---AZ{-E“(0)  fork <0

and similarly

= Ayt ALY nh_{go Ugr (A" Ah)

(0)

ie. B(k) = Ag_1--- Ao E°(0) for k > 0
(0) 1o Ay - B (k)
(k)= At  AT1-E%(0)  fork <0

B.2 Proof of splitting

The proof will involve, essentially, carefully refined versions of arguments that can be used to
give the Raghunathan estimates [Rag79]. Here we formulate these arguments in a series of lemmas,
then assemble them into a proof of statement (ii), from which (i) follows.

We follow the argument in [QTZ19] §3, writing things out more concretely for our specific
finite-dimensional, invertible case. We have supplied specific references to the corresponding /
closely analogous lemmas in [QTZ19], in the hope that the reader interested in also reading the

result there may find these helpful.
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For the next five lemmas (through Lemma B.38, fix N sufficiently large so that

Np

€ r
> ®

n>N

The following lemma tells us that whenever m and n are sufficiently large, A(k,n) expands

vectors in U (k, m) at least 201 (k, n). More precisely, we have
Lemma B.4 ([QTZ19], Lemma 3.3). For everyn,m > N and k € Z, we have
2
vu e Uk,m) [|A(k, n)ul 2 gou(k,n) - [lu]
Proof. From (EC) and our choice of /N, we have, arguing as in the proof of Lemma B.3,

d(U(k,n),U(k,m)) =d(V(k,n),V(k,m)) <

W

Given any unit vector u € U(k, m), write u = v + w where v € U(k,n) and w € V(k,n) L v.
By the properties of the singular-value decomposition, A(k,n)u = A(k,n)v + A(k, n)w is still an
orthogonal decomposition, and we have

|A(k, n)ul| > ||A(k,n)v|| = o1(k,n) - cos £ (U(k,m),U(k,n))

= o1(k,n)\/1 —d(U(k,n),U(k,m))? > oy(k,n) -

[GSIN )

as desired. O]

Recall s(V, W) denotes the minimal gap inf{sin{(v,W) : v € V,|v|| = 1} between the
subspaces. We now use the (FI) hypothesis to prove a lemma which states that whenever m and n
are sufficiently large, we have a lower bound on the gap between the approximate fast space and the

slow space. More precisely, we have
Lemma B.5 (|[QTZ19], Lemma 3.4). Forall k <0and m > N,

C—le—N;/

s(A(k — N, NYU(k — N,m), E*(k)) >

Wl N

Proof. Write Wy, :== A(k — N, N)U(k — N, m).
Let w € Wy, be a unit vector, and (given any n > N) write w = w; + we where wy € U(k,n)
and wy € V(k,n). Since w = A(k — N, N)u for some u € U(k — N, m), we have, from Lemma

77



B.4 and the properties of the singular-value decomposition,

2
|A(k, n)w|| = ||A(k — N, N + n)u|| > 3 o1(k—N,N+n)|lu]| and

Jw]] < o1(k =N, N)|ull

SO
2 o1(k—N,N+n)
A(k > —
On the other hand we also have
[A(k, n)w: || = o1(k, n)|w ] and [A(k, n)ws| < o9(k,n)|lws|

or, together,
| Ak Y]] < o1 (k. m) (uwln + 224, n>||w2||)

Combining the two estimates of ||A(k, n)w|| we obtain

]| < 3 oi1(k—N,N)
= 20y(k— N,N +n)
301(k—N,N)-o1(k,n)

<2
—2 o1(k—N,N+n)

[y +w,| = Ak, n)w]]

(el + 26 foel )

By property (FI)p,cx we have

Ul(k_N,N‘I—TL) 1 _Nu
> 1%
o1(k — N, N)-a1(k,n) 20 e

and using this and (SVG-BG) on the last inequality we further obtain

3 »
w1 + ws = |lw]] < §C€N“ ([[wr]] + Ce™™ |lws|)
3 p
= S0 [lw | (1 + C’e_"MM) :
2 [l ||

Now we claim that L2l — V1-lwil? lw || =2 — 1 is uniformly bounded above by some upper

lwill [l
bound B that depends only on the constants C' and y/. If not, ||w, || gets arbitrarily close to zero; in
particular, it can be made smaller than (3Ce™*')~*. Then 1 = ||w[| < & + 3C2eN¥'~"* < 1 for all

large enough n, which is a contradiction.
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With this upper bound in hand, we then have

2 , -
S(Wim, V (K, 1)) = |:|w 1|:| > 07l (14 Ce™™B) !
w
and we conclude by letting n — oo, since lim V' (k,n) = E°(k). -
n—oo

This does not quite suffice, since as N — oo these lower bounds go to zero, and so a priori we
could still have the minimal gap between the fast and slow spaces collapsing to zero. Onwards we
push ... The idea is to do some kind a multiplicative block analysis, using Lemma B.5 to control
each block, and using the subsequent lemma/s to control the remaining exponential terms. This we

will achieve using, on the one hand, a lemma which controls expansion on the slow spaces:
Lemma B.6 (|[QTZ19], Lemma 3.5). Foralln > N and k < 0,

< 1(]{/’, TL) . 6_(n_N)H.

. < 5

Proof. Letw € E*(k), and write w = w; + we where wy € U(k,n) and wy € V(k,n). Note we

have — .
d(V (k, <) C e G L
(V{k;n) € _1—6“_3

m>n

by Lemma B.3 and our choice of N. Then

1
[A(K, n)ws || < ou(k, n)llw ]| < o1(k;n) - 56_(”_N)“Hw2||

Ak, n)wa|| < oa(k, n)|well

and putting these two together we obtain
[A(K, n)wl]| < [|A(k, n)w[| + ||A(k‘,n)w2||
1
< o1(k,n) (ge_(" Nu + (k n)) || wa|
1
< oy(k,n) (ge_(”_N)“ + Ce‘”“) |lw]|

< e oy (k) [l

ODIM

as desired. O]

On the other hand, we have the following lemma which gives us some control on the slow space
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components of images of approximate fast spaces

Lemma B.7 ([QTZ19], Lemma 3.7). Let N be sufficiently large.

(i) Given w € R® a unit vector, write w = w; + wy where w; € U(k — nN,nN) and wy €
E*(k —nN). Then we have

o]l <3
(ii) The operatorI'_,, : U(k —nN,nN) — E*(k —nN) whose graph is
Wy =Ak—(n+1)N,N)U(k—(n+1)N,(n+ 1)N)
satisfies |T'_,|| < 2CeN.

Proof. By Lemma B.3 and our choice of N, d(V (k—nN,nN), E*(k—nN)) < 3; basic trigonom-
||w2|U(k—nN,nN)H < 1/3 _ L
lwelv(k—nnnml = /1-(1/3)2  2V2°

Hence, from the orthogonal decomposition wy = w2|v(k_nN,n Ny + w2|U(k_n N.nN), We get

1
|ws|| < (1 + ﬁ) Hw2|V(k7nN,nN)H

and since Wa|v (k—nNnN) = W]V (k—nN,nN) We have || wa |y e—nynn)|| < 1, so in fact

etry then implies

1 3
ol 1+ 5= <3

2v/2
For (ii): applying Lemma A.5 to the operator I'_,, : U(k — nN,nN) — E*(k — nN) gives us

1 3
< Z
(Wier, B*(k — nN)) = 2

’

CelVr

lidar_,| <
S

where the last inequality follows from Lemma B.5, which gives s(W,, 11, E*(k—nN)) > 2C~le= N1,
Now we observe that I'_,, = ¢_,, o (id ®I'_,,) where ¢_,, is projection to E*(k — nN) parallel
to U(k — nN,nN). We observe that we may rewrite statement (i) as the assertion that ||g_, | < 3.

We put all of this together to obtain

. 9 /
ITnll < llgnllllid @ ]| < ZCe™

as desired. L]

Now we can put everything together:
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Lemma B.8 ([QTZ19], Lemma 3.8). For everyn > 1,

n—1 —1
~ 2 / /
s (U(k;,nN),ES(k;)) > ol ] <1 + gDeN“ j‘3> .

Jj=1

Proof. From Lemma A.4 we have

~ ) s(U(k,N), E*(k))
s <U(k:,nN)7E Uf)) Z T ides|

where Z, : U(k, N) — E°(k) is such that U(k,nN) is the graph of Z,. Since U(k,N) =
A(k — N,N)U(k — N, N), we have s(U(k,N), E*(k)) > 2C~'e~™* from Lemma B.5 and it
remains to bound || id &=, ||.

W 0
Write A_, == A(k —nN,N) = | "

c_p d_y,

a_p, :U(k—=nN,nN) = Uk —(n—1)N,(n—1)N),
c_n:U(k—nN,nN)— E*(k— (n—1)N),
d_,:E(k—nN)— E°(k—(n—1)N)

and the 0 in the upper-right corner comes from the equivariance of the slow spaces; here we adopt
the notational convention U (k, 0) := U(k, N).

Then A” =A ---A_, = A(k—nN,nN) := [ Gn . Now we have

An-‘rl _ arin 0 A_(n41) 0
—(n+1) ™ no g d
C_pn —n C—(n+1) —(n+1)

and examining in particular the bottom-left entry of this product, we have

n+1

Clnt1) = Cnl-(nt1) T dZnCo ).

. n+1 _.n
Since aZ (1) = @20 (1),

CT(F711+1)(GT(F711+1))_1 =, (a,) "+ d e gy (amgnin) H(al,) 7 (B.2)

Now, firstly, we observe that =, = cﬁn(a’in)_l, since from the block structure of A", we see that

¢, (a™,)"' maps from U(k,0) = U(k, N) to E*(k) with graph A(k—nN,nN)U(k—nN,nN) =

U(k,nN).
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Secondly, we write c_(,41)(a_(n41)) " =: ['—, : U(k —nN,nN) — E*(k — nN) (see obser-
vation 1 below), and note that (B.2) combined with the triangle inequality, give us (writing id for
the identity on the appropriate complementary subspace, so that id =, is a linear endomorphism
of R%)

l1d@Z) < idez,) 1+ 1l ITal )T B.3)
[id SE, |
To bound the last quantity that appears, we observe that

1. T'_,, is precisely the operator from Lemma B.7(ii): ¢_(,41)(a—(n41)) " maps from U(k —
nN,nN)to E*(k —nN) with graph A(k — (n + 1)N,N)U(k — (n+ 1)N, (n + 1)N).

Hence, from Lemma B.7, ||T'_,|| < 2CeM*

2. We have

I€a) 7" L
m S (0'1(1{? — nN, nN))

. _ -1 . —_ . .- ..
since (a’_Ln) b= (Ar_Ln|U(k—nN,nN)) o (1d EB:n) (easier to see by writing a,, " as composition of
-1

(A™ |t (k—nn.nny)  With projection onto U(k, N) parallel to E*(k)) and
-1 _
(A" lug—nnan) | = (01(k —nN,nN))™".

3. From Lemma B.6,

|d2,|| < g . 01(k —nN,nN)e~(—DNe

n ‘

Combining the bounds from these three observations, we obtain

HdanHF—n” ||(a1in)_1H 2 oi(k—nN,nN) —(n=1)N 9 N
[id B, =3 (k= nN,nN) Ve

= gc . 6_(n_1)NU6NNI

Since Z; = 0, || id =] = 1. We then use this together with (B.3), as in [QTZ19], to obtain the

iterative bound

3 r
ides,|| < 14+ ZCeNW=in)
\M@H_H<+26
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and we are done. ]

An elementary argument, done in [QTZ19], gives us control over the infinite product that

appears as we take n — oo:

Lemma B.9 ([QTZ19], Lemma 3.10). Fix constants C, N, i’ and j > 0. Then
- 3 —1 N(u'—jp) 3 o1 N —Npy—1
H1+§C’ eV W TI < exp 50 e (1—e M) < 0.
§=0

Proof. Write a; := %C'*leN“/e*jN“. If 4 > 0, then Z;’il a; converges, and hence so does our
infinite product [ 72, (1 + a;).

In particular, we have [[7Z, (1 + a;) = exp (Z;; log(1 + aj)> <exp(d_2, a;) since a; > 0.
Now observe Y22, a; = 071N 3% (e /N and 3772 e Nt = (1 — e Vi), O

Now for the final assembly:

Proof of splitting. From Lemma B.8 and Lemma B.9, we have

n—2 -1
~ 2 / 3 s
s > Z0-1,—Nu 2O eNW =)
s(U(k,nN), E*(k)) = 2C" e j|:|0 {1 + 5 Ce ]
2 3 o1 N —Npy—1 '
ZgC exp _EC e (l—e M) =Nu'|.

Now recall that N satisfies (B.1), i.e. N > © (log3C —log(l —e™)) > . log3C. Pick
N < /% log 3C, which implies that e~ V*' > (3C) 2" where r := % Such a choice of N exists from
our hypothesis that i log 3C > 1. Then

s(U(k,nN), E*(k))

v

3C-(Hng-r
<_§W
3l-r—(1+r)
_W>

3—27‘ exp <_ 3/2 ) C«—(1+2r)‘

Finally, using the fact that U (k,nN) — E*(k) as n — oo, we are done. H

— 2rlog 30)

IV
WIN Wl Wl
w
IIQ
N
3
-

Jr
(&)
=
0]
o]
o)
VR

v
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