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Nearly geodesic immersions and domains of discontinuity
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We study nearly geodesic immersions in higher-rank symmetric spaces of noncompact type, which
we define as immersions that satisfy a bound on their fundamental form, generalizing the notion of
immersions in hyperbolic space with principal curvature in (—1, 1). This notion depends on the choice of
a flag manifold embedded in the visual boundary, and immersions satisfying this bound admit a natural
domain in this flag manifold that comes with a fibration. As an application we give an explicit fibration of
some domains of discontinuity for some Anosov representations. Our method can be applied in particular
to some ®-positive representations for each notion of ®-positivity.
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1 Introduction

Let I'g be the fundamental group of a closed orientable surface Sg of genus g > 2. An interesting open
subset of the space of representations p: I'y — PSL(2, C) is the space of quasi-Fuchsian representations,
which are representations whose limit set is a Jordan curve, or equivalently representations that are
quasi-isometric embeddings.
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An interesting open subset of this space is the set of nearly Fuchsian representations, which is the set of
representations that admit a p-equivariant immersion from the universal cover of Sg to the hyperbolic
space H?3 whose image has principal curvature in (—1, 1). Epstein [16] studied immersions satisfying
this bound. He proved in particular that these immersions must be proper embeddings and that their
Gauss map fibers a domain in dH?3. Nearly Fuchsian representations must therefore be discrete, and one
can even conclude that they are quasi-isometric embeddings. A nearly Fuchsian representation is called
almost Fuchsian if the immersion u can be chosen to be a minimal immersion. These representations
have been studied, among others, by Uhlenbeck [36].

A generalization of quasi-Fuchsian representations for higher-rank semisimple Lie groups are Anosov
representations, introduced by Labourie [32] for representations of surface groups and by Guichard and
Wienhard [24] for representations of any Gromov hyperbolic group. Given a subset ® of the set of simple
restricted roots of the Lie group G, a ®-Anosov representation is a representation that satisfies some
strong contraction property in the associated flag manifold, and it is in particular discrete. The set of
®-Anosov representations p: I' — G is moreover open.

We consider a generalization of Epstein’s bound on the second fundamental form of an immersion in a
symmetric space of noncompact type X associated to a semisimple Lie group G. Given a unit vector t
in the model Weyl chamber, or equivalently a flag manifold F; embedded in the visual boundary of X,
we define the notion of t-nearly geodesic and uniformly t-nearly geodesic immersions using Busemann
functions. We prove that a uniformly t-nearly geodesic immersion is an embedding, a quasi-isometric
embedding, and admits a domain in the corresponding flag manifold /7, which admits a fibration whose
fibers are the bases of some pencils of tangent vectors in X, which is a notion generalizing pencils of
quadrics that we introduce.

Given the fundamental group I" of a compact manifold N we also study t-nearly Fuchsian representations,
namely representations p: I' — G that admit an equivariant and 7-nearly geodesic immersion u#: N — X.
We prove that they form an open subset of the space Anosov representations.

As an application we study some domains of discontinuity associated to Anosov representations in flag
manifolds, constructed by Guichard and Wienhard [24] and Kapovich, Leeb and Porti [30]. Dumas
and Sanders conjectured in [14] that, in the context of complex Lie groups, the quotient of the domain
of discontinuity associated to a Tits—Bruhat ideal fibers equivariantly over the universal cover of the
surface Sg for every representation of a surface group I'g that admits a totally geodesic equivariant
immersion. We show that for a nearly Fuchsian representation p of the fundamental group of N, the
domain associated with the immersion u coincides with a domain of discontinuity for p, and fibers
equivariantly over the universal cover of N. This technique can be applied to representations of surface
groups, and in particular to some ®-positive representations for every notion of ®-positivity. One can
also apply these techniques to fundamental groups of hyperbolic manifolds of higher dimension: we
consider two examples in the end of Section 8.5.
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Independently and with different techniques, Alessandrini, Maloni, Tholozan and Wienhard proved
that any domain of discontinuity associated to any representation that factors through a cocompact
representation into a rank-1 simple Lie group admits an equivariant fibration [3]. However the fibers are
not easy to describe in general.

It is not true that all the quotients of domains of discontinuity for Anosov representations of surface groups
always fiber over the surface. Gromov, Lawson and Thurston showed that there exist convex—cocompact,
and hence Anosov, representations of surface groups into SO(1, 4) such that the quotient of its cocompact
domain of discontinuity in the unique associated flag manifold is hyperbolic and does not fiber over the
surface; see [21].

Although the only method we provide here to construct nearly geodesic immersions equivariant with
respect to a representation involves deforming locally a totally geodesic immersion, there may be examples
that cannot be deformed into generalized Fuchsian representations. Bronstein has constructed generalized
almost-Fuchsian representations in the isometry group of H* that cannot be deformed into Fuchsian
representations [9].

1.1 Nearly geodesic immersions

We introduce and study a generalization of the condition of having principal curvature in (—1, 1) in the
setting of higher-rank semisimple Lie groups of noncompact type G. More specifically we choose a
unit vector 7 in the associated model Weyl chamber a™. This choice is equivalent to the choice of a
flag manifold F; embedded in the visual boundary d,;sX of the symmetric space X associated to G. Let
t:Sat — Sat be the antipodal involution; to a point a € F U F(r) C dyisX and a basepoint o0 € X one
can associate a Busemann function b, , which can be interpreted as the distance to a in X, relative to o.

Definition 1.1 (Definition 5.1) An immersion u: M — X is called t-nearly geodesic if for all a €
Fr U Fy(r) the function by o ou: M — R has positive Hessian in any critical direction v € TM, for the
metric on M induced by the immersion.

This property is satisfied for totally geodesic immersions whose tangent vectors are t-regular, namely
whose Cartan projection is not orthogonal to w - T for any w in the Weyl group (see Definition 5.6). It is
equivalent to an open bound on the second fundamental form that depends on the Cartan projection of
the image of the differential of the immersion (see Proposition 5.2). When G = PSL(2, C), a r-nearly
geodesic immersion for the only T € Sa™ is exactly an immersion with sectional curvature in (-1, 1) in
X = H? (see Proposition 5.5).

If the immersion is complete and uniformly t-nearly geodesic, namely if the Hessians of Busemann
functions in critical directions are uniformly bounded from below, we show moreover that it is a t-regular
embedding, a quasi-isometric embedding (see Proposition 5.16) and that the nearest-point projection
myou: X — u(M) is well defined for some explicit appropriate Finsler pseudodistance on X depending
on t (see Proposition 5.17).
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If a r-nearly geodesic immersion is equivariant with respect to a representation of a group acting
cocompactly and properly on M, it provides information about the representation:

Theorem 1.2 (Theorem 5.22) A t-nearly Fuchsian representation p: I' — G is ®-Anosov for some
nonempty set of roots ® that depends on t and p.

This theorem can be stated in a simpler form if we consider a vector T € Sa™ colinear to a coroot. Given
a simple Lie group, the set A of simple roots can be partitioned into one or two Wey! orbits of simple
roots; see Figure 4. To a Weyl orbit of simple roots ® one can associate a unique normalized coroot
Te € Sat in the model Weyl chamber. The previous theorem can be restated in this case:

Theorem 1.3 (Theorem 5.20) A t@-nearly Fuchsian representation for some Weyl orbit of simple roots
® C A is ©®-Anosov.

When t = tg we also prove a sufficient condition for a surface to be r-nearly geodesic:

Theorem 1.4 (Theorem 5.23) Let ® be a Weyl orbit of simple roots. Let u: S — X be an immersion
that satisfies, forall ve TS and o € O,

) My (v, 0) || < coar(p(du(v)))>.

Then u is a tg-nearly geodesic immersion.

Here yu: TX — a* denotes the Cartan projection. The constant cg depends on the scaling of the metric
chosen on X, and on ©.

1.2 An associated domain in a flag manifold

In Section 6 we introduce and study pencils of tangent vectors, or d-pencils, which are vector subspaces
P C Ty X of dimension d for some x € X. When G = PSL(n, R) these can be thought of as pencils
of quadrics with zero trace with respect to some scalar product (see Proposition 6.5). To a pencil we
associate a subset of the flag manifold F; that we call its base, which is a smooth submanifold if the pencil
is T-regular, namely if all nonzero vectors v € P are t-regular; see Lemma 6.7. When G = PSL(n, R)
and F; >~ RP""! the base of the pencil corresponds to the intersection of all the quadric hypersurfaces
defined by the elements of the corresponding pencil of quadrics.

To a complete and uniformly t-nearly geodesic immersion u: M — X, we associate an open domain
27 C Fr consisting of points a € Fr for which b, , o u is proper and bounded from below for one, and
hence any basepoint 0 € X. We define a projection m,,: Q2] — M that associates to a € 2], the point in
M at which b, o o u is minimal. This point will be unique because b, , o u is convex and strictly convex
in critical directions.

Theorem 1.5 (Theorem 7.3) Let u: M — X be a complete and uniformly t-nearly geodesic immersion.
The map m,,: QY — M is a fibration. The fiber 7,1 (x) at a point x € M is the base B;(Py) of the
t-regular pencil of tangent vectors Px = du(TxM).
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A domain of discontinuity 2 for a representation p: I' — G in a G-homogeneous space is an open
po(I")-invariant set on which p(I") acts properly discontinuously (some authors call these domains of
proper discontinuity). A cocompact domain of discontinuity is a domain on which the action of p(I")
is cocompact.

If the representation p: I' — G admits an equivariant t-nearly geodesic immersion u : N — X, the domain
27, 1= €2;, does not depend on u, and is a cocompact domain of discontinuity for p. The fibration 7, from
Theorem 1.5 is p-equivariant so the quotient of 2 fibers over the surface. We show in Theorem 7.11
that the domain €27 coincides with some domains of discontinuity associated to Tits—Bruhat ideals for
Anosov representations, constructed by Kapovich, Leeb and Porti [30]. The Tits—Bruhat ideals needed to
describe the domains €27, can always be constructed as a metric thickening.

We prove in Section 7.4 that the diffeomorphism type of the domains of discontinuity obtained by
Tits—Bruhat ideals is invariant under deformation in the space of Anosov representations. We therefore
understand the topology of some domains of discontinuity for all representations in some connected
component of a ®-Anosov representation.

1.3 Applications

A union of connected components of representations of a surface group into a higher-rank simple Lie
group G consisting only of discrete representations is called a higher-rank Teichmiiller space; see
Wienhard [37]. The Hitchin component is a higher-rank Teichmiiller space for any split real simple Lie
group. When G is of Hermitian type, the space of maximal representations, namely representations
with maximal Toledo invariant, is also a higher-rank Teichmiiller space. More generally, Guichard and
Wienhard defined a notion of ®-positive representations for some simple Lie groups and some subsets
of simple roots ®, of which Hitchin and maximal representations are a particular instance. Beyer and
Pozzetti proved that the spaces of ®-positive representations in SO(p, ¢) for 3 < p < g are higher-rank
Teichmiiller spaces [5]. Bradlow, Collier, Garcia-Prada, Gothen and Oliveira [7] and Guichard, Labourie
and Wienhard [22] proved that for each notion of ®-positivity there exist higher-rank Teichmiiller spaces
consisting of ®-positive representations.

The classical Teichmiiller space can be defined as a connected component of the space of conjugacy
classes of discrete and faithful representations of a surface group into PSL(2, R). It can also be interpreted
as the space of marked hyperbolic structures on the corresponding surface, a particular instance of
(G, X)-structures in the sense of Klein. To a manifold M equipped with a (G, X)-structure one can
associate its holonomy representation p: w1 (M) — G, defined up to conjugation by elements of G.

Hitchin underlined similarities between the Teichmiiller space and the Hitchin component, and asked
about the geometric significance of elements in the Hitchin component. In the spirit of this question it is
natural to ask the following:
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Question 1.6 Can ®-positive representations p: I'¢ — G be characterized as the holonomies on some
(G, X)-structures on a compact manifold M ?

In higher rank, Guichard and Wienhard [24] constructed geometric structures associated to Anosov
representations by constructing cocompact domains of discontinuity in the corresponding flag manifolds.
Such domains have been constructed in more generality by Kapovich, Leeb and Porti [30]. Since ®-
positive representations are ®-Anosov [22], the construction of Kapovich, Leeb and Porti provides
geometric structures associated to any ®-positive representation.

The topology on the quotient of these domains, which are the manifolds on which we put a geometric
structure, is not completely clear. Alessandrini, Li and the author [2] studied the topology of this manifold
for Hitchin representations in PSL(2#, R). Here we study more generally the domains of discontinuity
from [30] that coincide with the domains Qf,.

Suppose that G is center-free. Let ) be an sl Lie subalgebra in the Lie algebra g of G, namely a
Lie subalgebra isomorphic to sl(IR). One can associate to b a representation t5: SL(2,R) — G and a
tp-equivariant and totally geodesic embedding uy,: H? — X. Choose 7 € Sa* such that uy is t-regular,
so that uy is T-nearly geodesic. A representation preserving and acting properly and cocompactly on
up, (H?) will be called h-generalized Fuchsian.

Theorem 1.7 (Theorem 8.7) Let p: 'y — G be an bh-generalized Fuchsian representation. Suppose that
the associated domain of discontinuity 2 is nonempty. Let C be the connected component of the space
of ®-Anosov representations that contains p, for some nonempty ® depending on fy. Every representation
in C is the restricted holonomy of a (G, F¢)-structure on a fiber bundle over S, .

The holonomy of the structure along the fibers is trivial, so one can consider the restricted holonomy
even if the fiber has nontrivial fundamental group. The fiber bundle is induced as the reduction of an
(SO(2, R)xCk (h))-principal bundle over Sg via the action of SO(2,R) x Cx (h) on a codimension-2
submanifold of the flag manifold F; associated to h. This codimension-2 submanifold, which is the fiber
of the fiber bundle, can be described as the union of connected components of the t-base of a pencil of
tangent vectors in X associated to .

This theorem applies to connected components of ®-positive representations that contain an hg-generalized
Fuchsian representation, where hg is a ®-principal sl, Lie subalgebra. These components are known
to form higher-rank Teichmiiller spaces of ®-positive representations; see Guichard, Labourie and
Wienhard [22]. Suppose that G admits a notion of ®-positivity and is not isomorphic to PSL(2, R).

Corollary 1.8 (Corollary 8.11) Every ®-positive representation p: I'g — G in a component containing
an h@-generalized Fuchsian representation is the restricted holonomy of a (G, Fr, )-structure on a fiber
bundle over Sg, for every Weyl orbit of simple roots ®' C ©.
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In this theorem F7g is a flag manifold associated to a set of simple roots ®(tg) C A. In Figure 4 we
give the list of all Weyl orbit of simple roots, together with the corresponding sets of simple roots O(tg).
Corollary 1.8 describes exactly one geometric structure for each notion of ®-positivity, except for Hitchin
representations in nonsimply laced split Lie groups, for which it describes two geometric structures.

Any maximal representation p: I'g¢ — Sp(2n,R) for n > 3 is the restricted holonomy of a projective
structure on a fiber bundle over Sy with fiber a Stiefel manifold. In the case n = 2, such structures are
already well described by Collier, Tholozan, Toulisse in [13], and it is not clear if our method can apply
to the Gothen components. In Appendix A we compare their fibration of the corresponding domain of
discontinuity with the one that we construct for nearly Fuchsian representations.

Every Hitchin representation p: I'¢ — PSL(n, R) is the restricted holonomy of a structure modeled on
F1,n—1 on a fiber bundle over Sg, where F1 1 is the space of partial flags in R” of the form (¢, H)
where £ C H C R", dim({) = 1 and dim(H) =n — 1.

Similarly every ®-positive representation p: I'g¢ — SO(p, q) for 3 < p and p + 1 < g is the restricted
holonomy of a structure modeled on F» on a fiber bundle over Sg, where F, is the space of isotropic
planes in R?4. If ¢ = p + 1, there are some exceptional components that are conjectured to consist only
of Zariski-dense representations, so it is not clear if our method can be applied to these.
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2 Symmetric spaces of noncompact type

In this section we recall the general theory of symmetric spaces of noncompact type and fix some notation.
References for the results mentioned can be found in [15; 26]. We then illustrate some of these notions
for some families of Lie groups. Finally we introduce the notion of the Weyl orbit of simple roots.

2.1 Symmetric space associated to a semisimple Lie group

Let G be a connected semisimple Lie group with finite center and no compact factors, namely of
noncompact type.

Let g be the Lie algebra of G, and let B be the Killing form on g. Since g is semisimple it admits a
Cartan involution, namely an involutive automorphism 6: g — g such that (v, w) — —B(v, 8(w)) is a
scalar product on g. Any two Cartan involutions are conjugated by Adg for some g € G.
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Let X be the space of Cartan involutions of g. For any x € X we will write the corresponding Cartan
involution Oy : g — g. This involution determines a B-orthogonal decomposition g = t @ px, where ty
is the +1 eigenspace of 6, and p, the —1 eigenspace.

For x € X, define K to be the group of elements k € G such that Ad; commutes with 8. This subgroup
is a maximal compact subgroup of G. Given any x € X, one can identify X with the homogeneous
space G/ K. The Lie subalgebra t, is the Lie algebra of the compact K, and thus the space py is
naturally identified with 7, X.

Let {-,-)x be the scalar product defined for v, w € g as
2) (v, w)x = B(v, Ox(w)).

This scalar product restricted to p, ~ T, X defines a Riemannian metric gx on X. We will denote by dx
the induced Riemannian distance on X. With this metric, the space X is a symmetric space in the sense
that for all x € X there is an isometry o, of X such that dyo = —Id.

The symmetric space X is of noncompact type. It is simply connected and has nonpositive sectional

curvature. In particular it is a Hadamard manifold.

Remark 2.1 We only consider symmetric spaces X associated to semisimple Lie groups G, having their
Riemannian metric defined via the Killing form.

2.2 Reduced root systems

Fix a basepoint 0 € X. Let a be a choice of a maximal abelian subalgebra of p,. These maximal abelian
subalgebras are all conjugated by elements of K. The dimension rank(X) of a will be called the rank of X.

Remark 2.2 In general rank(X) < rank(G), where rank(G) is the dimension of any Cartan subalgebra
in g.
Let @ € a* be a linear form. Let gy be the set of elements v € g such that for all 7 € a

ad;(v) = a(r)v.

The reduced root system X is the set of linear forms o € a* such that gy # {0}. An element T € a is
regular if for all @ € ¥ \ {0}, a(7) # 0.

Let us choose a regular element 79 € a. Let ™ be the associated set of positive roots, namely the set of
o € ¥ such that a(7g) > 0. There exists a unique set A of linearly independent roots in £ 1 such that any
root if £ can be written as a linear combination of roots in A. The roots in A are called simple roots.

Let the Weyl group W be quotient of the subgroup of elements in K, whose adjoint action stabilizes a by
the subgroup of elements that fix a pointwise.
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For any root & € X \ {0} there is an element o, € W whose action on a is the orthogonal symmetry with
respect to Ker(a) in a. The Weyl group acts linearly on a, and it is generated by the elements (0y)geAa -
The model Weyl chamber a™ is the cone {t € a | Va € A, a(r) > 0}. For any ¢ € a there is a unique
7 € a™ such that for some w € W, w-t9 = 7. Anelement t € at is ®-regular for ® C A ifforalla € O,

a(t) #0.

We denote by Sa and Sa* the unit sphere in a and the unit sphere intersected with the model Weyl
chamber a*, respectively, for the metric (2).

Let wo € W be the only element such that wg - a* = —a™. This element is called the longest element

J’_

of the Weyl group. Let t: a™ — a* be the opposition involution, namely the involution such that for

t€Sat, 1(t) = —wp - 7. An element T € Sa™ is called symmetric if 1(t) = .

Given a set of simple roots ® C A, we say that the model ®-facet is the set of elements 7 € Sa* such
that for all « € A\ ©, a(r) = 0. The open model O-facet is the set of elements T € Sa™ such that for all
a €A\ O, a(r) =0, and for all « € ®, a(r) > 0. For an element 7 € Sa™ we will write ®(t) for the
unique set of simple roots such that « lies in the open model ®(t)-facet.

2.3 Maximal flats, visual boundary and parabolic subgroups

A flat in X is a complete totally geodesic subspace of X on which the sectional curvature completely
vanishes. A flat F' is maximal if dim(F) = rank(X). Flats passing through a point x € X are in one-to-one
correspondence with abelian subalgebras of p,, and maximal flats correspond to maximal subalgebras. As
a consequence the action of G on the space of maximal flats is transitive. The maximal flat corresponding
to a will be called the model flat. Moreover for any x € X and v € T X, there is a maximal flat F' such
that x € Fandv e Ty F.

We say that two geodesic rays parametrized with unit length 71, 72: R>o — X are asymptotic if there
exists a positive constant C such that for all £ > 0, dx(y1(¢), y2(¢)) < C. This defines an equivalence
relation on the space of rays.

The visual boundary disX of the symmetric space X is the space of classes of asymptotic geodesic rays
parametrized with unit speed. The group G acts by isometries on X, and hence it acts on 0dyisX.

A unit vector v € Ty X at a point x € X points towards a € dyisX if the geodesic ray y such that y(0) = x
and y’(0) = v is in the class corresponding to a. Since X is a Hadamard manifold, for any x € X and
a € 0yis X there is a unique unit vector that points towards a. We will denote this vector by v, x throughout
the paper. There exists a unique topology on dy;sX such that for any x € X the map ¢x:a > v, x isa
homeomorphism between dy;s X and TXIX.

The visual boundary of the model flat can be identified with Sa, and is included in the visual boundary
of X. The G-orbit of the point in the visual boundary of X associated to T € Sa™ will be denoted by F.
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A ®O-facet is a subset of d,iX that is the image of the model ®-facet by the action of an element of G.
We define similarly the notion of open ®-facet. The stabilizer of the open model ®-facet will be denoted
by Pg, and we will denote by Fg the associated flag manifolds, namely the quotient G/ Pg. Since Pg is
also the stabilizer of any point in the open ®-facet, there exists a natural G-equivariant diffeomorphism
between the G-homogeneous spaces Fg and F; for any 7 in the open model ®-facet.

Example 2.3 When G = PSL(n, R), a parabolic subgroup is the stabilizer of a partial flag f. Any point
in dyisX belongs to a unique open facet, which corresponds to a partial flag. The type of the partial flag,
namely the dimensions of the subspaces that form the flag, determine a set of roots ®¢. The points in
0visX are in one-to-one correspondence with partial flags decorated with a point in the open ©® ¢-model
facet. This decoration can be interpreted as a collection of weights associated to the subspaces of the
partial flag.

Given any two points a,a’ € 9,isX, one can define their Tits angle Ztys(a,a’) as the minimum of
Z(vg,x, Vg’ x) for x € X. This minimum is obtained when x € X lies in a common flat with ¢ and a’.

2.4 Cartan and Iwasawa decomposition
The Cartan projection p: TX — a™ is the function that maps any vector w € T, X to the unique element

p(w) € at of the model Weyl chamber such that for some g € G, g-w = pu(w).

The generalized distance d,(x, y) based at x € X of a point y € X is the Cartan projection p (w) of the
unique vector w € T X =~ pyx such that exp(w) - x = y. This generalized distance is 1- Lipschitz in the
following sense:

Lemma 24 Letx,y,z € X. Then

|da(xv Z) _da(x» Y)| = dX(va)

A proof of this lemma can be found for instance in [35, Corollary 3.8]. Here |- | means the norm induced
by the metric (2).

We say that a vector v € TX is ®-regular for a set of simple root ® if its Cartan projection is ®-regular,
namely it avoids the walls of the Weyl chamber associated with elements of ®. We will later introduce a
similar notion of a t-regular vector in Definition 5.6.

Let T x : P4 — G be the map that associates to g € G, the limit

lim exp(—tvg,x)g exp(tvg,x).
t——+00

It is a well-defined continuous morphism. Let N, x be the kernel of T, x, and n, x its Lie algebra. The

generalized Iwasawa decomposition is useful to compute Busemann functions.
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Theorem 2.5 (generalized Iwasawa decomposition) Let x € X and a € dyisX. Then the map
Ng x xexp(ag x) x Kx > G, (n,exp(v),k) — nexp(v)k,
is a diffeomorphism. In particular for every x € X and a € 0.isX there is a splitting
g ="ngx Dagx D Ex.

The sum ng x @ a4 x is orthogonal with respectto (-, - ).
In this theorem, a4, C py is the centralizer of vy x.
2.5 Examples

In this subsection we consider the case when the semisimple Lie group G is equal to PSL(n, R), PSL(#n, C),
PSp(2n, R) or PSO(p, q). The notation introduced here will be used in the examples throughout the paper.

Let G = PSL(n,R) and let us fix a volume form on R”. Let S, for n > 2 be the space of all scalar
products on R” having volume 1. The group PSL(n, R) acts transitively on S, by changing the basis, ie
for g € PSL(n,R), g € X and v, w € R” we have that g-q(v, w) = ¢q(g~'(v), g~ (w)). For any g € S,
the space S, can be identified with the quotient PSL(n, R)/ PSO(g) =~ PSL(n, R)/ PSO(n, R).

Let 6, at a point ¢ € X be the involutive automorphism of sl(n, R) defined by u — —u”, where u” is
the transpose of u with respect to the scalar product ¢. This is a Cartan involution. The space S, is the
symmetric space of noncompact type associated to G = PSL(n, R).

The space pg is the space of symmetric endomorphisms with respect to ¢, and t; is the space of
antisymmetric endomorphisms with respect to g. The scalar product (-, - ), at a point ¢ € S, is equal to
(u,v)g =2nTr(u"v) for u,v € sl(n,R).

We choose the standard scalar product ¢ € S,, on R” to be our basepoint of S,. A maximal abelian
subalgebra a C pg; C sl(n, R) is equal to the algebra of diagonal matrices:

n
a= {Diag(al,...,an) 01,...,0n €R", ZUi :O}.
i=1
A choice of simple rootis A ={«ajy, ..., a,—1} where for any 1 <i <n—1 and any t =Diag(oy,...,0,) €q,
®;(T) = 0; —0j+1.

The Weyl chamber associated to this choice is

n
at = {Diag(al,...,on) o1>:->0, € R, Zo,- =O}.
i=1
The Weyl group W is isomorphic to G,,. It acts on a by permuting the entries.
Let G =PSL(n, C). The space H,, of all positive-definite Hermitian bilinear forms of C" having volume 1
can identified with PSL(n, C)/PSU(n, C). It can be given in a similar way a Riemannian metric that
makes it a symmetric space of noncompact type associated to G = PSL(n, C).
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“Sa

Figure 1: The model restricted Cartan algebra a and its Weyl chamber a™ for PSL(3, R).

The subalgebra a C sl(n,R) C sl(n, C) defined previously is still a maximal abelian subalgebra of p,,.
One has rank(S,,) = rank(#, ) = rank(PSL(n, R)) = n — 1, but rank(PSL(n, C)) = 2n —2.

Let G = PSp(2n,R). Let @ be a symplectic form on R?". Let A}, be the space of endomorphisms J on
R2” such that J? = —Id and (v, w) — @(v, J(w)) is a scalar product on R?”. The semisimple Lie group
PSp(2n, R) acts on X}, by conjugation. The space X}, can be identified with PSp(2n, R)/ PSU(n, R).
This is one of the models for the Siege! space; see for instance [12].

For J € &, let us write 5 = Ady. This is the Cartan involution of sp(2n, R). The Siegel space is the
symmetric space of noncompact type associated with G = PSp(2n, R).

Let w and J € X, be such that for x = (x1,...,x2,) and y = (¥1,..., V2n),

n 2n
(X, Y) =Y Xivon—i— P XiYan—ir J(X)=(—Xan.....—Xnt1.Xn.....X1).
i=1 i=n+1

We chose this special symplectic form so that the following set of diagonal matrices is a maximal abelian
subalgebra a C py C sp(2n,R):

a = {Diag(o1,...,0n,—0On,...,—01) | 01,...,0, € R"}.
Ker(a1) Sat Ker(a3)
TA
Ker(az)

Figure 2: The projectivization of the Weyl chamber Sa* for G = PSL(4, R) in an affine chart.
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Figure 3: The model restricted Cartan algebra a and its Weyl chamber a™ for PSp(4, R).
A choice of simple roots is A = {«y, ..., a,} where ¢; () = 0; —0j+1 for 1 <i <n—1and o (7) =204,
with t = Diag(o1,...,0n,—0n,...,—01).
The Weyl chamber associated to this choice is
at = {Diag(01,...,0n,—0n,....—01) |01 >+ >0, =0 € R"}.

The Weyl group W is isomorphic to the subgroup of elements in G5, that commutes with the involution
t:i+—2n+1—i. It acts on a by permuting the entries.

Let G = SO(p, q) with p < g. Let R?+4 be the vector space R? 14 equipped with a symmetric bilinear
form (-,-) of signature (p, ¢) defined in the standard basis by
p p—q
(6. 9) =Y (XiVprqei + Xprqi¥i) — D Xp+iVpti
i=i i=1
A model for the associated symmetric space X is the space of spacelike subspaces U C R?4, namely
subspaces on which (-, -) is positive definite.

A maximal abelian subalgebra a C py C so(p, q) is the algebra
a = {Diag(o1,...,05,0,...,0,—0p,...,—01) | O1,...,0p}.
A choice of simple roots is A = {ay, ..., ap} where o; () =0; —0j41 for 1 <i < p—1, and ap(7) = 0p.
The Weyl chamber associated to this choice is
at = {Diag(o1,...,05,0,...,0,—0p,...,—01) |01 = -+ > 0p > 0}.

The Weyl group W is isomorphic to the subgroup of elements in &, that commutes with the involution
t:i —2p+1—i. It acts on a by permuting the first and last p entries.

2.6 Weyl orbits of simple roots

In this subsection we introduce Weyl orbits of simple roots, which are special sets of simple roots. To a
Weyl orbits of simple roots ® one can associate a unit vector in the Weyl chamber tg € Sat which is
colinear to a coroot.
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We consider the restricted root system % associated with the semisimple Lie group G, with a choice of a
set of positive roots £ T and of simple roots A. Two simple roots « and B are conjugates if there is an
element w in the Weyl group W such thata = w-B = fow™L.

Definition 2.6 A set of simple roots ® C A is called a Weyl orbit of simple roots if it is an equivalence
class for the conjugation relation on the set of simple roots A.

Proposition 2.7 Let © be a Weyl orbit of simple roots. There exists a unique unit vector tg € Sa™ such
that for any a € © there is some w € W such that w - tg is orthogonal to ker(ct). The vector tg € Sa™
will be called the normalized coroot associated to ©.

The normalized coroot associated to ® is colinear to a coroot which is itself conjugate via the Weyl group
to the coroot associated to any o € ©.

Proof Let o € ®. Let 79 € Sa be a unit vector orthogonal to ker(c). Since every orbit for the action of
the Weyl group on Sa™ intersects exactly once the model Weyl chamber, there exists a unique vector
Te € Sa™ such that 19 = w - 7o for some w € W.

This definition does not depend of the choice of o € ©®, because if B € ® then for some wg € W,
wo - B = « and hence any vector r(’) orthogonal to ker() can be written r(’) = Wq - To O r(’) = (wo0og) - To-
So W -19 = W - 1. Therefore W -1 N Sat =W -1/ NSat = {ze}. m|

Note that in particular tg is symmetric.

Remark 2.8 If © is a Weyl orbit of simple roots, Frg is not in general the same flag manifold as
Fo = G/ Pg.

The Dynkin diagram associated to the restricted root system X is the graph with vertex set A such that
for all «, B € A distinct roots there is a link between « and f of multiplicity depending on the order k of
0q0p OF 080y, Where 04,04 € W are the symmetries associated with the roots « and . If k = 2 we
consider that there is no link, there is a simple link if k = 3, a double link if k¥ = 4 and a triple link if
k = 6. These are the only cases that occur for spherical Dynkin diagrams. If two roots have different
norms, we orient the edge towards the root with largest norm.

Proposition 2.9 Consider the Dynkin diagram associated with the reduced root system X, and remove
all the double or triple edges. A set ©® C A is a Weyl orbit of simple roots if and only if it is a connected
component of this graph.

Proof Let o and B be two simple roots such that o, = wopg w~! for some w € W. Then the simple
root  and w - B are proportional, and hence « = w- 8 or « = —w - 8. In any case « and 8 are conjugated.
Reciprocally if o and f are conjugates, then 0y and og are conjugated.
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The system (W, (04)aca) is a Coxeter system. Generators of a Coxeter system are conjugated to one
another if and only if there is a path of single edges between the corresponding vertices in the Dynkin
diagram [19, Proposition 2.1]. Hence Weyl orbits of simple roots correspond exactly to connected
components for the modified Dynkin diagram. |

We can now describe the Weyl orbits of simple roots in A for the restricted system of roots associated to
a simple group G. For this we use the classification of the Dynkin diagrams that occur as the reduced
root system for a symmetric space X associated to G.

Corollary 2.10 If the restricted root system X is of type A, Dy forn > 2, Eg, E7 or Eg, then the only
Weyl orbit of simple roots in A is A.

If the root system X is of type By, C, forn > 2, F4 or G, then A can be partitioned into its only two
Weyl orbits of simple roots.

Example 2.11 We keep notation from Section 2.5. If G = PSL(n, R), with previous notation A is the
only Weyl orbit of simple roots and
1 .
= ——=Diag(1,0,...,0,—1).
TA Zﬁ lag( )

The flag manifold 7, , can be identified with

Fin—1={W,H)|LC HCR" dim()=1,dim(H) =n—1}.
If G = Sp(2n, R), with previous notation ® = {a, } and ®' = {@1, a2, ..., ay—1} are the two Weyl orbits
of simple roots of A. One has

T = ﬁDiag(l,O, ...,0,-1), 190 = ﬁDiag(l, 1,0,...,0,—1,-1).

The flag manifold 7, can be identified with RP?"*~1 and Frg can be identified with the Grassmannian
of planes P in R?” that are isotropic for @, namely such that w|p = 0.

In general, the Weyl orbits of simple roots for any root system are summarized in Figure 4. The table also
includes an illustration of the set of roots ®(zg) such that Fg () > Fr- The sets of roots are illustrated
in the diagram as the set of filled vertices. Using notation from [33, Table 1, page 293], the basis (e;) is
an orthonormal basis such that e;” = ¢; for B,, Cy, Dy, and Fy, and e/ — (1/(n 4 1)) ZZ:} e/ = ¢ for

Apn, E7, Eg and G,. For Eg, we write e = €.

The table can be checked as follows: for each Weyl orbit of simple root one can check that the vector
7@ is orthogonal to the kernel of a root conjugate to a root in ®, and lies in the model Weyl chamber.
Then one can check that the simple roots that do not vanish on g are the ones in ®(zg), as depicted
in Figure 4.
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o T O(t0)
An L (1/42)(e1 — ent1) e—o——o—e
&0 el e
BG e (1/v/2)(e1 +e2) o
o0—0——0—C==e el &0~ —0—030
ButZ3 oo (/D14 er) e oo
o0—0——0—0=e eq &0 —0—0=0
Conz3 (s (1/+/2)(e1 + e2) 0—e—-—0—0=0

D4 = (1/VDer +e2) ~
Dynz5  eeed  (AVDerte)  oeod

E6 \/ie
E7 . (1/5/2)(es — e7)
Eg . (1/7/2)(e1 — eo) N G

F o800 (1/3/2)(e1 + e2) e—c30—0
4 o—o=re—e e o—o=x0—e
G = (1/7/2)(e1 —e3) e
2 o= (1//6)(2e1 — e — e3) ==

Figure 4: Weyl orbits of simple roots and their associated normalized coroots.

3 Representations of hyperbolic groups

3.1 Gromov hyperbolic groups

Let I' be a finitely generated group. Let F be any finite generating system for I" that is symmetric, namely
such that s~! € F for all s € F. We can define the norm of an element y € I as

ly|p =min{n |n =515+ 50,5 €S}.
This norm defines the word distance on I by taking dr (y1, y2) = |V1_1)/2|F for y1,72 € T.

A map f:Y — X between two metric spaces X and Y is called a quasi-isometric embedding if there
exist C and D such that for all x1,x, € X,

édY(xl»XZ) —D <dx(f(x1), f(x2)) <Cdy(x1,x2)+ D.

By extension, we say that a representation p is a quasi-isometric embedding if some, and hence any,
p-equivariant map ug: I’ — X is a quasi-isometry, where I" acts on itself by left multiplication.

This notion does not depend on the choice of F; indeed if F’ is another finite generating system, the
identity map (', dr) — (I, dfF-) is a quasi-isometric embedding.
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The group I is called hyperbolic if, as a metric space, it is hyperbolic in the sense of Gromov. We denote
by dI" the Gromov boundary of a hyperbolic group I', which we equip with the usual topology [20].

Given a discrete representation, we will need to consider the limit cone of the Cartan projections of

elements of the group.

Definition 3.1 The limit cone of a discrete representation p: I' — G is the closed subset

dq(0,p(y)-0)
dx (0, p(y)-0)’

lylw =n} C Sat.

¢y = () {[dalo. p) - I¥w =1y = )

neN neN

Recall that the generalized distance d, was defined in Section 2. This definition does not depend on the
choice of the basepoint o € X.

Lemma 3.2 The limit cone C, of a discrete representation p: I"' — G of a nonelementary hyperbolic
group is connected.

A hyperbolic group is nonelementary if it is neither finite nor virtually cyclic.

Remark 3.3 If p is a Zariski dense representation, Benoist proved that C, is convex [4]. We give a proof
of the connectedness of C, to avoid considerations of Zariski density.

Proof We define the distance d on Sa, as d([x], [y]) = ‘x/|x| —y/|y|| forx,y ea.

Assume that there exists a partition A U B of C,, into two open and closed sets. These sets are compact
and hence are at uniform distance € > 0. Let F be a finite symmetric generating set for I'. Let M be
the maximum for y € F of dx(o, p(y) -0). Let E C I" be the subset of elements y such that either
dx (0, p(y)-0) =12M/e or

d([da(0, p(y) -0)].Cp) = 3€.

Since p is discrete and by the definition of C,, E is finite. It is included in the ball of radius R centered at
the identity of I" for |- | and some R > 0.

We say that two elements Y’ and y” in T'\ E are E-connected if one can construct a sequence () of
elements of " \ E such that forall 1 <i < N, y;4+1 = a;y;b; for some a;,b; € F, with y' = y, and
y'=yn.

Using only right translations, namely a; = Id, one can see that any point in " has a neighborhood whose
intersection with I" is E-connected. Indeed given D > 0 for any y € I" with |y|F > R + D, the set of
elements )’ such that the geodesic from Id to y’ passes at distance at most D of y is E-connected. Any
point in the visual boundary admits neighborhood whose intersection with I" has this form.

Using only left translations, namely b; = Id, one can see that the intersection of a neighborhood of aT"
and I" is E-connected. Indeed, the action of I" on dT" is minimal because I" is nonelementary. Therefore
there exist by ---b, =y € I with b; € F such that y - x lies in the interior of V. Hence any ' € VN T
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close enough to y - x is E-connected to U N I". Therefore given x, y € dI" with respective neighborhoods
U and V whose intersection with I" is E-connected, the intersection (U U V) N T is also E-connected.
Since dI" is compact one can find a cofinite E-connected subset of I

Since A, B # &, the definition of the limit cone allows us to pick two large enough elements y’, y” € T\ E
such that
d([da(0. p(y")-0)], 4) < 3¢, d([da(0, p(y")-0)], B) < 3€.

One can assume that y’ and y” are E-connected by taking them large enough. Therefore there exist
y €'\ E and a,b € F such that

d([da(0, p(y)-0)], A) < 3¢, d([dq(0, playb)-0)], B) < je.
Using Lemma 2.4 one gets that
|da(0. p(y) - 0) —da(0, playb) -0)| < |da(0, p(y) - 0) —da(0. p(ay) -0)| + dx (0. p(b) - 0),
da(p(y) ™" -0,0) —da(p(y) "' p(@) " -0,0)| < dx(p(@)™" -0, 0).
And therefore
da(0,p(y)-0) da(o.playb)-0)|

— < z€.
dx(0.p(y)-0) dx(o.payb)-0)| 3
This contradicts the fact that A and B are at distance €, so C, is connected. O

The assumption that I" is nonelementary is necessary; see the end of Section 5.4.
3.2 Anosov representations

The Anosov properties are more restrictive for a representation than the property of being a quasi-isometric
embedding. These notions are interesting in high rank because the Anosov properties hold for an open
set of representations, whereas the property of being a quasi-isometric embedding is not necessarily open
in Hom(I', G) when the rank of X is at least 2.

Definition 3.4 [6, Section 4] Let ® C A be a nonempty set of simple roots. A representation p: I' = G
is ®-Anosov if for every root & € ® there exists some constants b, ¢ > 0 such that for every y € I’

a(da(o,p(y)-0)) = bly|F —c.
This definition does not depend on the choice of the generating set F' and the basepoint o.

A A-Anosov representation in the case when G 1is a split real simple Lie group is called a Borel-Anosov
representation.

Remark 3.5 A representation is P-Anosov for a parabolic subgroup P if it is ®-Anosov for the
corresponding set of simple roots ® C A.

Let ¢ € A and 19 € Sa be orthogonal to Ker(«). The evaluation of « to d,(x, y) satisfies
a(da(x,y)) = a(ro)dx (x, y) cos(£L(da(x, y), T0))-
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Anosov representations are necessarily quasi-isometric embeddings. Reciprocally a quasi-isometric
embedding is {o}-Anosov if and only if the angle (d, (0, p(y) - 0), 79) is not too small in absolute value
for y € T" large enough.

In particular we have the following characterization of Anosov representations:

Theorem 3.6 [29] A representation p: I' — G is ®-Anosov for ® C A if and only if it is a quasi-
isometric embedding and if Ker(a) NC, = @ for all a € ©.

Representations that are ®-Anosov admit a natural continuous and p-equivariant map E?: ' — Fg =
G/t@, where 0I" is the Gromov boundary of .

In the proof of Theorem 7.11 we will use the following results about the boundary maps of Anosov
representations. For two points o, x € X let £(0, x) € 0yisX be the class of the unique geodesic ray with
unit speed starting from o and passing through x.

Theorem 3.7 [6, Section 4] Let p: I' — G be a ®-Anosov representation for a nonempty set ® C A.
There exists a unique p-equivariant continuous and dynamic preserving map Sl(? : 0 — Fg. This map is
such that for any o € X and any sequence (Yn)neN Of elements of T converging to ¢ € dT", the A-facet
containing any limit point of the sequence (£(0, p(Yn) - 0))neN also contains the ®-facet SS) ).

For instance, when G = PSL(#n, R) and if ® = {a} }, one can associate a partial flag to any point in dy;sX.
If the representation p is {o }-Anosov, the partial flag associated to any limit point of (£(0, p(¥n)-0))neN
contains the same k-dimensional plane, which will be denoted by ég ).

Kapovich, Leeb and Porti also proved a generalization of the Morse lemma. Here is a version of this
result. Let us fix any metric on I" quasi-isometric to a word metric.

Theorem 3.8 [31, Theorem 1.3] Let p:I" — G be a ®-Anosov representation. Let o € X be a basepoint.
There exists a constant D > 0 such that for every y € I, there exists a geodesic ray n: R~ — X at distance
at most D from p(y) - o with n(0) = o, whose class [n] € d.;sX lies in a common A-facet with ég (&y).
Here ¢, € 0T is the endpoint of any geodesic ray in I" starting at the identity and going through y .

4 Busemann functions on symmetric spaces

Busemann functions are natural functions on Hadamard manifolds associated to points in the visual
boundary. These functions will play a key role in the definition of r-nearly geodesic immersions, and
in the fibration of domains of discontinuity. In this section we prove the main properties of Busemann
functions and compute their Hessian.

4.1 Main properties of Busemann functions

Busemann functions can be interpreted as the distance of a point x € X to a point a in the visual boundary
relative to a basepoint o € X.
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Definition 4.1 The Busemann function associated to a € d,iX and based at 0 € X is the map b, »: X — R
that associates to x € X the limit

t—ljr—}r-loo dx (x,y(t)) —dx (o, y(1)),

for any geodesic ray y: R — X in the class of a.

This definition makes sense because X is a Hadamard manifold [15]. The definition implies that for any
x,0,0" € X and a € 0,;X, the Busemann cocycle holds:

3) ba,o’ (x) = ba,o (x)+ ba,o’ (0).

For symmetric spaces, this function can be computed using the generalized Iwasawa decomposition. First
we prove that unipotent elements preserve the level sets of Busemann functions:

Lemma 4.2 Let x,0 € X and a € dyisX be two points. Let n be an element of the unipotent subgroup
Ny, of G. Then
ba,o(n-x) = bgo(x).

Proof The Busemann cocycle implies that by (11 - x) — bga,0(x) = bg x(n - x). This is by definition the
limit when t — oo of the difference

dx(n-x, exp(tva,x) -x) —dx(x, exp(tva,x) - X)
=dx(x, n! eXP(ZUa,x) -x) —dx(x, CXP(lva,x) - X)
< dX(n_1 exp(fvg,x) - X, exp(tvg,x) - X).
But since n € Ny x, exp(—tvg, x)n exp(tvg,x) converges to the identity when ¢ — 400, so this distance

converges to 0. Hence b, x(n-x) = 0. |

Recall that v, , is the unit vector in 7, X pointing towards a € d,isX. To compute a Busemann function
one needs to understand it on maximal flats. Let x = exp(w) -0 for w € p,. Suppose that a, o0 and x lie in
the same flat subspace, namely [w, v4 0] = 0. The Busemann function on this Euclidean space is equal to

ba,o(x) = —dx(x,0) cos(Lo(a, x)) = (—va,x, W)x.
Using these facts we can write Busemann functions in the symmetric space X explicitly. Let 0, x € X be
a basepoint and a € 9y X.

Corollary 4.3 Let 0,x € X and a € 0,4 X. The Busemann function can be computed as

ba,o(x) = (_Ua,o’ w)o’

where w € a4, is given by the generalized Iwasawa decomposition, namely is the unique element such
that one can write x = nexp(w)k -o with n € Ny, and k € K,.
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Since G acts by isometries on X, Busemann functions are G-equivariant in the following sense:
Corollary 44 Leto € X and a € 0yisX. Forany g € G and any x € X, bg.q,g.0(8 - X) = by 0(x).
The gradient of Busemann functions is characterized as follows:

Proposition 4.5 The gradient of the Busemann function based at any point o € X associated to a € 9,isX
is the vector field (—vq4 x)xex of unit vectors pointing towards a.

Proof The differential dyb, , Of by x at x associates to an element w € py the value (W', —vg x)x,
where w’ is the projection of w to a4, with respect to the decomposition g = ng x @ tg,x @ tx. Note
that n, x and ¢ are orthogonal to v, » € a4 x With respect to (-,-)x. Hence w = w’, so the gradient of
ba,o at X i8 —Vg x. O

Busemann functions vary smoothly when the base flag varies in a flag manifold.
Lemma 4.6 Foranyo € X and t € Sa* the map F; x X — R given by (a, x) > by o(x) is smooth.

Proof Let P be the stabilizer of an element ¢ € F;. By Corollary 4.4, for g € G and x,y € X,
bg-ao,o(y) = bao,o(g_l y)— bao,o(g_l -0).

Hence the map G x X — R, (g, x) > bg.40,0(x) is smooth, and defines a smooth map from the quotient
G/P x X ~ F; xX. |

Example 4.7 Let X = S, or H, the symmetric space associated with PSL, (K) for K =R or C, as
in Section 2.5. Let (e1, ..., e,) be a basis of K”. The projective space P (K”) can be identified with the
G-orbit Fy, of the point a € d;sX corresponding to the limit point where ¢ goes to + o0 of the geodesic ray:

e t=1) o ... ¢
0 et 0
AR : .
0 0 e’
The point a € F; >~ P(K") is identified with the first basis vector since the stabilizer of both points by
the respective actions of PSL;, (K) are equal.

The Busemann function by, 4, Where go € X and [v] € P (K") associates the value /(n — 1)/nlog(g(v,v))
to ¢ € X, where v is a representative of [v] such that go(v, v) = 1.
The asymptotic behavior of Busemann functions along geodesic rays is determined by the Tits angle

between the endpoints.
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Lemma 4.8 Let a € d.;X and x € X. Let n be a geodesic ray converging to b € d,isX. Then there exists
a constant C > 0 such that for all t € R,

|ba,xo (1(1)) + 1 cos(Lris(a. b))| < C.

Proof There exists some element g € G such that g-a and g - b belong to dvis F' with F the model flat
in X. Moreover there exists a geodesic ray 1’ at bounded distance from g - 1) that belongs to the flat F.
On the flat subspace F, the Busemann function can be computed:

bay) (1 (1)) = —t cos(Zrus(g a. g D). o
4.2 Computation of the Hessian

We compute here the Hessian of Busemann functions in the symmetric space X. This computation will
be used in the proof of Theorem 5.23.

Lemma 4.9 Leta € 0,isX, and x, 0 € X. The Hessian of the Busemann function b, , at a point x € X is
given by the following quadratic form on T, X:

4) V> (\/adia’x(v),v)x.

Here v ad%a’x is the only root of the endomorphism ad,, , o ady, |y, : Px —> px that is symmetric and
semipositive for the scalar product (-, - )x.

This quadratic form is semipositive, and vanishes exactly on 3(vq,x) Npx. Forv € (3(vg,x) N px)t, it
satisfies

5 Hessy (v, v) > 2 min .
5) @)z I min ()]

Recall that 3(v) for v € g is the centralizer in g of v.

Remark 4.10 The Hessian of a Busemann function is related to the sectional curvature of the symmetric
space. When measured along a tangent plane spanned by two orthogonal unit vectors v, w € T, X >~ p, C g,
the sectional curvature of X is equal to:

Ko = —([v, [v, W], w)o = —(ad? (W), w),.

This lemma implies that Busemann functions are strictly convex except on flats. This is a more general
fact about Hadamard manifolds; see [15].

Proof The Busemann functions with respect to two different basepoints differ only by a constant. Hence
we can assume here without any loss of generality that x = o.
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Let v € T,X be a vector. The generalized Iwasawa decomposition, and the fact that the exponential map
is a local diffeomorphism, implies that there exists a neighborhood / of 0 in R such that for all t € 7,

(6) exp(tv) = exp(n;) exp(w;) exp(k;)

forn; e ngp, Wy € a4, x and k; € ty, and such that the map ¢ — (n, wy, k;) is smooth. Let us denote by
(n,w, k) and (ji, W, k) the first and second derivative of this map at ¢t = 0.

The limited development of order 2 at ¢ = 0 of (6) yields
exp(tv) = exp(rt + Liit?) exp(wt + 2wt?) exp(kt + Jkt?) + o(t?).
But the Baker—Campbell-Hausdorff formula [26] implies that the right side of this equality is equal to
exp(int +t +kt + it + Lwe? + Lke? + L([, ] + [, K] + [, kD)t + o(r2)).
Hence we get the following two equalities:
v=n+w+k, 0=Li+ 3w+ Lk+ I, w]+ A k] + [w,K]).
However since v, W € py, 0y (11 + k) = —i —k. Hence k = —%(ﬂ + 05 (1)). This lets us simplify the last
part of the previous equation:
[, W] + [A, k] + [, K] = [A, 0] — L[, O ()] — Lo, 7 + 0 ()]
The metric on X can be written (-,-)x = B(-, 6x(-)) on pyx with B the Killing form, defined on g.
Since vg x is orthogonal to ng o and ty, B(vg,x.7i) = B(vg x. k) = 0. Moreover [1i1, W] € ng,o SO
B(va,x. [, 7 + Ox(11)]) = B(va,x. [, w]) = 0.
In particular one gets
Hessx (ba,0) (v, v) = (—Va,x, W)x = 5 B(—Va,x, [it, 6x(1)]) = 3 B([~va,x, 7], 0x (11)).

Let ¥, C ¥ be the set of roots o such that «(p(a)) # 0. The Lie algebra decomposes into root spaces:

9 =5a,x) ® @ 9a,x-

aeX,

Here Adg (g ) for any element g € G such that g - vg,x = p(vg,x) is the model root space g*.

The restriction of ady, . on gg , is a homothety of ratio & (ft (va,x))- The vector v can be decomposed in

v=20v"+ Z VY.

aeX,

this direct sum:

The endomorphism v ad%a . associates to v the vector
> le(r(vae)v® € py.

aeX,
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Let I be the set of roots o such that a (£ (vg,x)) > 0. The vector 71 can be expressed as

aeEj
Hence, as desired,
(7) 3B([~vax, 1], 0x(1) = =2 D a((va,x))BO®, 05 (v%))
aEEJ
= > la(pa,))l(v = (Vad}, (v),v
A€y

This is equal to zero if and only if v = v°.

5 Nearly geodesic immersions

In this section we introduce a local condition for an immersion into the symmetric space of noncompact
type X that generalizes the notion of an immersion with principal curvature in (—1, 1) inside H".

5.1 Curvature bound and Busemann functions

We introduce the key definition of a nearly geodesic immersion, which relies on Busemann functions (see
Section 4). Let M be a smooth connected manifold, u: M — X be an immersion, o € X a basepoint and
let 7 € Sa™ be a unit vector in the model Weyl chamber.

Definition 5.1 An immersion u: M — X is called t-nearly geodesic if for alla € Fr UF (ry andv € TM
such that d(bg,o o u)(v) = 0, the function b, , o u has positive Hessian in the direction v.

The Hessian considered in this definition is computed with the induced metric u*gx on M. Recall that
Fi(¢) 1s the opposite flag manifold to F; for T € Sa™.

We will first show that the nearly geodesic condition can be written as a bound on the fundamental
form II,,, depending on the Cartan projection of the surface tangent vectors.

Since the Hessian of a Busemann function b, , on X does not depend on o, we will denote it by Hess,_ .
Recall that v, 4 is the unit vector in 7, X pointing towards a € disX. The second fundamental form II,, for
X € M of the immersion u is the difference u* VX — VM , Where VX is the Levi-Civita connection on T'X
associated to gx and VM is the Levi-Civita connection on TM C u*T'X associated to the metric u* gx.
The second fundamental form is a symmetric 2-tensor with values in u*N, where N C TX is the normal
tangent bundle to u(M).

Proposition 5.2 An immersion u: M — X is t-nearly geodesic if and only if for all y € M, for all
a € Fr U Fyr) and v € Ty M such that {(du(v), Vg u(y))u(y) = 0:

8) Hessp, (du(v), du(v)) + (I (v, v), Vg u(y) Ju(y) > 0.
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The first term of this expression is always nonnegative, and the second one can be made negative up to
changing the sign of v 4 (y), so the first term needs to be positive for the inequality to hold. In particular
(du(v), vg,u(y))u(y) = 0 implies that du(v) cannot lie in the same flat as v, ().

We will prove a sufficient condition that has a simpler form in Theorem 5.23 when t = tg for a Weyl
orbit of simple roots ©.

Proof Let y € M and a € F; U F(r). The function by o o u is critical at y in the direction v € T}, M if
and only if (du(v), Vg u(y))uy) = 0.

Let y: R — M be a geodesic for the metric u*gx on M such that y(0) = y and y’(0) = v. The Hessian
of b0 ou on M is equal to the derivative at ¢ = 0 of the differential of the Busemann function, namely

1= (Vaue), duy' (0)))ue)-

The first term, (Vz,gu(v)va,u(y(,)), du(y'(t)))u(y), is equal to Hessp (du(v), du(v)). The second term can

be written
V§u(v) du(y’) = U*Vll,u du(y’) + 1y (v, v).

However, y is a geodesic, so V{}’I du(y’) = 0; therefore the Hessian of by , o on M in the direction v
is equal to
Hessp, (du(v), du(v)) + (I (v, v), Vg u () )uy) > 0. |

A consequence of Proposition 5.2 is that the property of being t-nearly geodesic is locally an open
property for the C2-topology, which is the topology associated with the uniform convergence over any
compact set of the first two differentials.

Corollary 5.3 Let ug: M — X be a t-nearly geodesic map for some t € Sa™. For all compact K C M,
there exists a neighborhood U of ug for the C?-topology in the space of C?> maps from M to X and
a neighborhood V of t in Sa™t such that for all T’ € V and u € U, u satisfies the t’-nearly geodesic
immersion condition on K.

Let G be the isometry group of the n-dimensional hyperbolic space H” for some n € N with its usual
metric with sectional curvature equal to —1. We prove that the notion of t-nearly geodesic immersion
generalizes the notion of immersion with principal curvatures in (—1, 1) in H”. Principal curvatures are
only defined for hypersurfaces, but the following definition allows us to generalize the notion of having
bounded principal curvature:

Definition 5.4 An immersion u: M — H" has principal curvature in (—1, 1) if and only if for all
veTM, [du)|? > [y, v)].

Since H” is a rank-1 symmetric space, Sa™ contains a single element.

Proposition 5.5 An immersion u: M — H" is nearly geodesic for the only element T € Sa™ if and only
if u has principal curvature in (—1, 1).
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Proof Letx eX=H"anda € F;=F, )= CP! = 0H". For any w € Ty X, Hessp, (w, w) = w2,
where w is the orthogonal projection of w onto the orthogonal in T X of Vg,x by Lemma 4.9, with some
constant A which is equal to 1 for the metric of sectional curvature equal to —1 on H” (see Remark 4.10).

If u is t-nearly geodesic, then it is an immersion and for every y € M and v € T, M there exists
a € 0H" such that v 4y is positively colinear with —II,,(du(v), du(v)). By Proposition 5.2, and since
v L vg 4(y), one has

ldu ()] = T (v, v) || > 0.

Therefore the principal curvature of u is in (—1, 1).

Conversely if u is an immersion with principal curvatures in (—1,1), let a € dH", y € M and
v € Ty M be such that by o o u is critical in the direction v. Hence v, () is perpendicular to du(v) so
Hessp, (du(v, du(v)) = ||du(v)||?. Therefore the fact that u has principal curvature in (—1, 1) implies
that the hypothesis of Proposition 5.2 holds, so u is t-nearly geodesic. |

In general, the property of being t-nearly geodesic implies that the surface is regular in the following sense:

Definition 5.6 A tangent vector v € TX is called t-regular if its Cartan projection y (v) does not belong
1
to Upew(w-1)—.

We say that an immersion u: M — X is t regular if for all v € TM, du(v) is t-regular.

Being regular, namely having the Cartan projection in the interior of a*, and being r-regular are in
general unrelated. However when t = 7@ for a Weyl orbit of simple roots ©, a t-regular vector v € TX
is exactly a ®-regular vector, namely for all @ € O, a(u(v)) # 0.

Proposition 5.7 Let t € Sa™t. If u is a t-nearly geodesic immersion, the tangent vectors du(v) for
v e TM are t-regular.

Proof Letv € T, M for some y € M. Assume that du(v) is not r-regular, so its Cartan projection is
orthogonal to w - t for some w € W. Therefore there is a unit vector which lies in a common maximal
flat with du(v), and whose Cartan projection is equal to 7. This vector is equal to v, y(,) for some
a € FrUF (r)-

Since Vg y(y) and du(v) are in a common flat, Hessp, (du(v),du(v)) = 0. One can assume that
(I (v, V), Vg u(y))u(y) < 0 up to exchanging a with its symmetric with respect to u(y) which is still
in 7z U F,(r). Moreover since (Vg y(y), du(v))y(y) = 0, this is a contradiction with the criterion from
Proposition 5.2, so the immersion u cannot be t-nearly geodesic. |

The property of being t-nearly geodesic is not necessarily satisfied for totally geodesic immersions, but it
is satisfied for t-regular totally geodesic immersions.

Proposition 5.8 A totally geodesic immersion is t-nearly geodesic if and only if it is T-regular.
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Proof An immersion u is totally geodesic if and only if II,, = 0. If u is a r-nearly geodesic immersion
that is totally geodesic, for every y € M, v € TyM and every a € F;, y € M and v € T), M such that
(du(v), va,u(y))u(y) = 0, Proposition 5.2 implies that

Hessp,, (du(v), du(v)) > 0.

This implies that for no a € F7 such that (du(v), Vg u(y))u(y) = 0 the vector v, 4 () lies in a common flat
with du(v) by Lemma 4.9. Hence the Cartan projection of du(v) is not orthogonal to w € 7 for any w € W,

Conversely, if the totally geodesic immersion is t-regular, Hessp, (du(v), du(v)) is never equal to 0
forany y € M, v € TyM and a € F; such that (du(v), vg y(y))u(y) = 0. Since Hess;,, is nonnegative,
Proposition 5.2 implies that u is t-nearly geodesic. |

5.2 Uniformly nearly geodesic immersions

If the nearly geodesic condition for an immersion is satisfied uniformly, one can prove that the exponential
of some multiple of Busemann functions are strictly convex on the image of the immersion.

Definition 5.9 Let r € Sat. An immersion u: M — X is uniformly t-nearly geodesic if there exists
€ > 0 such that for all v € TM such that || du(v)|| = 1, one has for all a € F; satisfying v, L v:

Hessp, (du(v), du(v)) + (I (v, v), va,0)o = €.

Remark 5.10 When X = H"”, being uniformly nearly geodesic for a hypersurface is equivalent to having
principal curvature in (—A, A) for some A < 1.

Suppose that M = N is the universal cover of a compact smooth manifold N. Let I" be the fundamental
group of N. A p-equivariant immersion u: M — X for some representation p: I' — G which is t-nearly
geodesic is necessarily uniformly r-nearly geodesic since ' N is compact.

If we consider a uniformly r-nearly geodesic immersion u, not only are Busemann functions convex in
critical directions, but for some A > 0, eAba.0% jg strictly convex on M.

Lemma 5.11 Let t € Sa™. Let u: M — X be a uniformly t-nearly geodesic immersion. For some A > 0,
for all a € F; the function exp(Abg,, o u) has positive Hessian for the metric u*(gx). Moreover there
exists some € > 0 such that for any a € F; and any geodesic n: R — M the functions f; =exp(Abg oouon)
satisfy " > ef.

Recall that the metric on M that we consider to define geodesics is the induced metric u™*(gx).

Proof Leto € X and let U be the compact set of pairs (v,1I) € T1X, x T,X such that for all a € F,
satisfying vg,0 L v,
Hessp, (v, v) + (I, vg,0)0 > €.
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Let us consider
) Hessp, (v, v) + (I, vg,x)o
C = inf :

aeffa(vaH)GU‘; <va,0’ v)g

This infimum is the infimum of a continuous function taking values in R U {400} on a compact set.
Indeed the numerator must be strictly positive whenever the denominator vanishes, and the denominator
is always positive. Hence C € R U {4+o0}.

Let A be any real number greater than max(l — C,0). Let n be any geodesic in M. Let us write
g =bgaoouon. Note that g’ > C(g’)? by definition of C. Therefore

()" /e*¢ = 2g" +22(¢)* = (CA+2AD)(g)? + (A= C)g" = A(g))* = 0.
Note also that (e*8)” /e*& > Ag”. Consider the following quantity:

M = inf max(Hessp (v, v) + (II, vg,x)0- (Va,o0. v)ﬁ).
a€F;, (v,eU§

Note that M < max(g”, (g’)?). Since K C Uy, this quantity is strictly positive as it is an infimum taken
on a compact set of a positive function. Hence the function f = et s strictly convex and satisfies

[ >AMf. O

5.3 Convexity of a Finsler distance

When X = H”, and given y € H", for any nearly geodesic immersion u#: M — H" the function
x > exp(dmn (u(x), y)) is strictly convex. However for a general symmetric space of higher rank, the
t-nearly geodesic condition doesn’t imply the convexity for the Riemannian metric at critical points.

This leads us to consider a Finsler pseudodistance dg on X associated to an element 7 € Sa™. We show
in this section that this pseudodistance satisfies a similar convexity property for any t-nearly geodesic
immersion. This pseudodistance is symmetric when t is symmetric (namely t is fixed by the opposition
involution ¢ on Sa™) and it is equal to the Riemannian distance when rank(X) = 1. The convexity of
this distance allows us to prove the injectivity and properness of complete 7-nearly geodesic immersions.
This Finsler pseudodistance is studied in [28, Section 5].

Let us define, for 7¢ € a,
|t0]: = max (w - 7, 79).
wew

The map 7o > |t0| is nonnegative, homogeneous and subadditive, thus we call it in general a pseudonorm.

This pseudonorm is not necessarily symmetric: |to|; = |—7o/|,(¢). In particular it is symmetric if and only
if T is symmetric. Figure 5 illustrates the unit ball of this norm in a for two examples of semisimple
Lie groups whose associated symmetric space has rank 2: on the left G = SL(3,R) and 7 = 74, in the
middle G = SL(3,R) and t = 7; (such that 7, ~ RIP?) and on the right G = Sp(4,R) and 7 = Tfa,}
with the notation from Section 2.5.
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Figure 5: The unit ballin a of |- |, and |-|;, for G = SL(3,R) and |- |,{a2} for G = Sp(4, R).

This pseudonorm isn’t necessarily positive on nonzero vectors. However if a nonzero vector v € a has
zero norm, the Weyl group does not act irreducibly on a since the W -orbit of t is orthogonal to v, which
means that the underlying Lie group G is not simple.

Example 5.12 Let n > 2 be an integer, G = PSL(2,R)” and X = (H?)”. A model flat in X is the
product of a geodesic in each of the n copies of H?. Let 7 be the tangent vector to the geodesic on
the k™ copy of H?2. The pseudodistance on X defined by the pseudonorm | - |z, is the distance in H? of
the k™ components, which is not a distance on X.

However if G is simple and t is symmetric |- |; is a norm. This norm is W -invariant and hence it defines
a G-invariant not necessarily symmetric Finsler metric on X such that for v € TX, |v|;: = | (V)|z,
where u is the Cartan projection [34, Theorem 6.2.1].

For any semisimple Lie group G, we denote by dg : X x X — R the corresponding pseudodistance
on X, namely dx (x, ) is the infimum for all piecewise C!-paths 7 from x to y of

1t = [l

This distance can be characterized in terms of Busemann functions.

Proposition 5.13 Let x, y € X be two points. The pseudodistance dy. between these two points satisfies
dy(x,y) = b .
x (X, ) max a,x ()
Proof LetoeX,veT,X anda € F;. As usual vy o is the unit vector based at o pointing towards a. The
maximum for a € F; of (v, vg4,0) is reached when v and v, , are in a common flat [15, Proposition 24].

If we assume that v and v, , are in a common flat, the maximum is equal to | (v)|.. Given two points
x,y €X, any piecewise C! curve 7 such that n(0) = x and (1) = y satisfies, for all a € F,

(baon) = (an@). 1 O)ny < 10l
Hence

bax(y) < f 1.
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Moreover equality is reached for the Riemannian geodesic such that n(0) = x and (1) = y. Indeed
there is a point a € F; that lies in a common flat with x and y such that |n/(¢)|: = (7'(t), Va,5()) 9 @)
for all # € [0, 1]. Hence bg,x(y) = dg(x, y). Note that the curve reaching this minimum is not unique
in general. |

This pseudodistance satisfies the desired convexity condition:

Proposition 5.14 Let u: M — X be a uniformly t-nearly geodesic immersion. There exists A > 0 such
that for all x € X the following function is strictly convex for the metric u*gx:

[y eM—exp(Adg(x,u(y))).

A strictly convex continuous function on the Riemannian manifold (M, u*(gx)) is a function that is
strictly convex on any geodesic.

Proof By Lemma 5.11 there exists A > 0 such that for any a € F¢, the function exp(Abg,, o 1) is strictly
convex on M. One can then write f as
() = exp(Adg (x,u(y))) = sup exp(ba,x ou(y)).
acF;
Hence f is the supremum of a family of convex functions, so it is convex. Moreover the supremum is
taken over a compact family of strictly convex functions, so it is strictly convex. a

A consequence of the convexity of this Finsler distance is that the immersion u is injective, which is an
interesting property of t-nearly geodesic surfaces. We say that u is complete if M is complete for the
induced metric u*(gx).

Proposition 5.15 Let u: M — X be a complete uniformly t-nearly geodesic immersion. Then u is an
embedding.

Proof Consider yg € M. The function y € M + exp(Adg (u(y),u(yo))) is strictly convex for some
A > 0 and admits a minimum at y = yo. The completeness of the metric u™*(gx) implies that there is a
geodesic joining any two points. Hence the minimum of any strictly convex function is unique, so u is
injective. Therefore it is an embedding. a

Moreover the immersion u cannot be too distorted: the metric induced by u is quasi-isometric to the
ambient metric on X. The notion of quasi-isometric embedding was recalled in Section 3.

Proposition 5.16 Let u: M — X be a complete uniformly t-nearly geodesic immersion. Then u is a
quasi-isometric embedding for the induced metric u*gx on M . In particular u is proper.

Proof Let yo € M andlet o = u(yp). Let € > 0 and A > 0 be the constants provided by Lemma 5.11. Let
y:R>0 — M be a geodesic ray parametrized with unit speed in M for the metric u*gx with y(0) = yo.
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Let a € F¢ be such that by o(u 0 y(1)) = dg (0, u o y(1)). Consider the function

f1t €Rxo > exp(Abg yoy(r) (U 0 ¥(1))).

It is strictly convex and satisfies f(1) > f(0) so f/(1) >0. Moreover f” >¢f,so f(t) > cosh(e(t—1)) >
1e€0=D Tn particular,

d;i(o, uoy(r)) > ba,o(u oy(t)) > %(l‘ -1 - log)L(Z).

For all y € M there exists a geodesic ray y passing through y. If d, is the Riemannian distance on M

induced by u*gx,

dx (u(x9), u(x)) > %(du(x, ) — 1)log/\(2)'

This Finsler metric is equivalent to the Riemannian metric gx if G is simple, and in general it is dominated

by the Riemannian metric. Moreover u is 1-Lipschitz with respect to the induced metric, so u is a quasi-
isometric embedding. |

Using the convexity of this Finsler pseudodistance one can define a continuous projection from the whole
symmetric X to M. This projection will not be used in what follows, but the fibration of the domains
in F; constructed in Section 7 is an extension of it.

Proposition 5.17 Let u: M — X be a complete uniformly t-nearly geodesic immersion. For every
x € X, there exists a unique point m,(x) € M that minimizes

yeM—dg(x,u(y)).
The function )} : X — M is continuous, and m,(u(y)) =y fory e M.
Proof Let A, € be the two constants provided by the Lemma 5.11 and let x € X. The following function
is strictly convex on M:

y > exp(Adx (x, u(y))).

It is moreover proper since u is proper by Proposition 5.16. Hence it has a unique minimum, so 7, is
well defined.

If we consider a sequence (x,) € X of points that converge to x € X, then the sequence (7} (x,)) is
bounded since p is discrete. Moreover any of its limit points is a minimum of dg (x,u(y)), so the
sequence converges to . (x). The function 7} is hence continuous. O

5.4 Anosov property for nearly Fuchsian representations

Let N be a compact manifold with fundamental group I". We call a representation p: I' — G that admits
a t-nearly geodesic equivariant immersion u: N—>Xa t-nearly Fuchsian representation.

Proposition 5.18 The set of t-nearly Fuchsian representations is open in the space of representations
p: I' = G, for the compact-open topology.
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Proof One can continuously deform any p-equivariant immersion u : N—->Xtoa p'-equivariant smooth
map u’: N — X for o’ close to p. Indeed fix a Riemannian metric on N, and let n: Rt — R™ be a
smooth function that is positive on [0, R] for R large enough and vanishes on [R’, +00) for some R’ > R.
One can define u/(y) for y € N as the barycenter of the points xf,’ =o'(y7Y) - u(y - y) with weight
/\5 =n(d(y,y-y)) for y € I'. Concretely this means that we consider the unique local minimum of the
convex function
D:xeXr Z Ayd(x, xf,’)z.
yel

Note that p'(yo) - x; = x;/‘;/'o;vl and Ay, = A)’:‘;g , for yo € I'. Therefore u’ is p’-equivariant. Since X is a
Hadamard manifold D is strictly convex, so the barycenter map is well defined and smooth. Therefore
for p’ close enough to p, u’ is an immersion which is close to u for the C2-topology on any compact
fundamental domain of the action of T on N. In particular u’ is a t-nearly geodesic immersion for p
close enough to p’. O

The condition that u is t-nearly geodesic is local, but it will imply some coarse property on u and therefore
on p. Recall that the limit cone C, was defined in Section 3 (Definition 3.1). Due to flats, Busemann
functions are not strictly convex in critical directions on X. However Busemann functions are strictly
convex in critical directions on u(]ﬁ\7 ). We deduce that t-nearly geodesic surfaces must coarsely avoid
these flats, which in turn can be interpreted as a property of the limit cone C,; see Definition 3.1.

Proposition 5.19 Let p: I' — G be a t-nearly Fuchsian representation. Then

) N | wot=a
wew

Recall that W is the Weyl group associated to G.

Proof Let xg,x € N and 0 = u(xo). Let w € W. Then there exist two points a € F; and a’ € F, () that
are opposite from o, namely v,,, = —V4’,0, and such that

ba,o(u(x)) = (da(0,u(x)), w-7), ba,o(u(x)) = (da(o,u(x)), —w-7).
This holds for @ and a’ that lie in a maximal flat containing o0 and u(x).
Let n be a geodesic parametrized with unit length in N for u*(gx) such that
y(0)=xo and y(du(xo,x)) =x.
Let A, € > 0 be the constants given by Lemma 5.11. Consider the function
St exp(Abgoouoy(t)).

Since vq,0 = —Vg’ 0, up to exchanging a and a’ we can assume that f/(0) > 0. By Lemma 5.11, " > €f.
Together with the fact that f(0) = 1, this implies that for all ¢ € [0, dy, (X0, x)],

f(t) > cosh(et).
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Hence (dq(0,u(x)),w- p) > (¢/A)dy(xo, x) —log(2)/A. Since u is a quasi-isometric embedding, there
exist ¢, D > 0 such that for all x € N the distance for the induced metric u* (gx) between x and X is at least

cdx(o,u(x))— D.
In conclusion
dy(0,u(x)) ce log(2)+eD
(B )2 5~ Ty
Any element of C, therefore has a scalar product at least ce/A > 0 with w - 7, for any w € W. This
implies that the limit cone cannot intersect |, cp (w - 7)*. O

The set Sa™ \ [ ew (W - 7)1 contains a single connected component if and only if (w - 7)T is always
a wall of the Weyl chamber decomposition of a, namely when t = tg for a Weyl orbit of simple roots
® C A (this notion was defined Section 2.6). In this case

Sat\ [ J (w-re)t =Sat\ | J Ker(e).
wew ae®
Hence we get the following:

Theorem 5.20 Let ® C A be a Weyl orbit of simple roots. A tg-nearly Fuchsian representation
p: ' = G is ®-Anosov.
In particular, only hyperbolic groups admit tg-nearly Fuchsian representations; see [6, Theorem 3.2].

If € Sa™ does not correspond to a Weyl orbit of simple roots, let us assume that I is a nonelementary
Gromov hyperbolic group, so that the limit cone of I' is connected; see Lemma 3.2.

To a r-nearly Fuchsian representation p: I' — G one can associate the connected component o,; which Cp,

Sat\ | w-p)t.

wew

lies inside:

To a connected component of this space one can associate a nonempty set ®(o,;) of simple roots. Recall
that for 79 € Sa™, ©(tp) C A is the set of simple roots o such that (7o) # 0.

Lemma 5.21 Let r € Sa™ and let © C Sa™ be a connected component of
(10) Sat\ | w-p)t.
wew

Let ®(0) C A be the set of simple roots o such that o N Ker(o) = &. This set is nonempty, and there
exists some tg € o such that ®(zp) = O(0).

In other words there is t¢ € o such that for any simple root « € A, (7o) # 0 if and only if for all 7o’ € o,
a(to’) # 0. Figure 6 illustrates the lines in Sa™ corresponding to | J,, ey (w - 7)1 for some 7 € Sa¥, as
well as some connected component of the complement o. In this example ® (o) contains only one root.
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AVZN

Figure 6: Illustration for G = PSL(4, R) of a connected component o of Sa™ \ |J,, ey (w - )t
in an affine chart.

Proof Let Wy C W be the subgroup of the Weyl group generated by symmetries associated to « € A\ O (o).
Let 6 C Sa be the connected component of ¢ in
Sa\ |J w-nt.
wew
This connected component & is stabilized by Wy. Indeed let o be in A\ © (o). By definition there is some
v € o such that «(v) = 0, and hence that is fixed by the symmetry associated to . Thus the connected
component of v in Sa is stabilized by this symmetry, and hence by the group Wjp.

Let 7o € o be any element and let 7o’ € Sa™ be the element that, up to the action of W, is positively
colinear to

This sum does not vanish since (t, w - t9) has constant sign for w € Wj. This element 7o’ is Wy-invariant,
and hence for all @ € A\ O(0), a(ty’) = 0.

Moreover, since the Lie group G is semisimple, the action of W has no global fixed point on Sa, and
hence Wy # W, which proves that ®(0) # <. |

Theorem 5.22 A t-nearly Fuchsian representation p: I' — G from a nonelementary hyperbolic group I'
is ©(0,;)-Anosov.

Note that ©(o;) # <, because of Lemma 5.21.

Proof We use the characterization of Anosov representations from Theorem 3.6. We already proved that
t-nearly Fuchsian representations are quasi-isometric embeddings in Proposition 5.16.
The limit cone Cp, lies inside o, which avoids Ker(«) for « € ®(0). Hence p is ©(o;)-Anosov. |

The nonelementary assumption is necessary; indeed the following representation p: Z — SL(3, R) is not
Anosov for any set of roots:

47 0 0
n—|0 27" 0
0O o0 2™

However, this representation preserves a geodesic which is z-regular for almost every € Sa™.
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5.5 A sufficient condition for an immersion to be nearly geodesic

Let ® be a Weyl orbit of simple roots as in Section 2.6. Let & € ® be any root. We define the following
constant:

B |B(z0)|
= min 5 -
BeZ,B(xe)#0 |let|

Here ||| for o € ® denotes the maximum of |x(7)| for t € Sa a unit vector. This quantity is the same

(11) ce

for any « € ©, since © is a Weyl orbit of simple roots.

A sufficient condition for the immersion u to be a tg-nearly geodesic surface is the following:

Theorem 5.23 Let u: S — X be an immersion that satisfies, forall ve TS and o € ©,

(12) I (v, ) 2o < co (R (du(v)))*.

Then u is a tg-nearly geodesic immersion.

Note that || - ||z < || - ||, so having (12) with the Riemannian metric in the left-hand side instead of the
Finsler pseudodistance from Section 5.5 is also a sufficient condition.

This property is a generalization of the property of having principal curvature in (—1, 1), where the norm

of the tangent vector is replaced by the evaluation of roots of the Cartan projection.

Proof Let us show that (12) implies the condition of Proposition 5.2:
Hessp, (du(v), du(v)) + (I, (v, v), Vg u () )u(y) > 0.

Let x = u(y). Let us write du(v) = wo + wL, where wg € 3(vg,x) N px and wt e (3(va,x) N Pt
Because of Lemma 4.9, one has

13 Hessp, (du(v), du(v)) > w2 min 70)|.
(13 po(du(v).du) = [wh? _min | (ro)

Lemma 2.4 implies that for any o € X,
a(p(wo)) + flarfl x [w || = a(p(du(v))).

We assumed that (vg x, du(v))x = 0. Since vg,x € 3(va,x) N px, one has therefore (vg x, wt)y =0 and
hence (vq,x, wo)x = 0. Moreover v, x and wy are in a common flat. Since u(vq,x) = 7@, this implies
that o (u (wg)) = 0 for some root & € ®. Therefore for this root «,

(14) lw ™l = e e (du ).
Recall that for any w € TyX and a € Frg, (W, Va,x)x < ||W] g, as a consequence of [15, Proposition 24].
Equations (13) and (14) together imply the following inequality, with cg defined in (11):

Hessy, (du(v), du(v) + (T (v.9). Va () () = 0 (1 (du(®)))? ~ [Ty (v, 0) o

The rightmost term is strictly positive because of (12). O
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Example 5.24 Let G = PSL(n,R). We choose the standard metric on X that comes from the Killing
form. In particular the Euclidean metric on a is given by

n
(Diag(A1..... An). Diag(i1. ... tt)) =20 Y Aipti.
i=1
In this case Tao =Diag(1/(24/n),0,...,0,—1/(24/n)). The minimum nonzero value of B(tg) for B € T is
reached for the root a1 : Diag(A1,...,An)—~ A1 —A2, andisequal to 1/(2+/n)if n >3 and 1/ /nif n =2.

The norm of any root & is equal to the norm of &r1. But |1 (7)| < |[A1]|+]|A2| < V2V A2+ A</l
with equality for some T € Sa. Hence |o1|| = 1/4/n, soif n > 3,

ca =2+/n,

and cpA = +/2 if n = 2. Note that if we rescale the metric on X = H?Z so that the sectional curvature is
equal to —1, (12) is exactly the condition of having principal curvature in (—1, 1).

6 Pencils of tangent vectors

In this section we recall the classical notion of a pencil of quadrics, then we generalize it to the notion
of a pencil of tangent vectors in a symmetric space of noncompact type and its base in a flag manifold.
Bases of pencils appear as the fibers of the fibration that will be constructed in Section 7.

6.1 Pencils of quadrics

Some references for the notion of pencils of quadrics can be found in [17]. Let V' be a finite-dimensional
vector space over K =R or C.

Definition 6.1 A pencil of quadrics, or more precisely a d -pencil of quadrics,' on V is a linear subspace P
of dimension d in the space S(V') of symmetric bilinear forms on V' if K = R, or in the space H (V') of
Hermitian forms on V if K = C.

The base b(P) of a d-pencil P is the set of points [v] € P(V') such that for all ¢ € P, g(v,v) = 0.
The following is a criterion for a pencil of quadrics to have a smooth base:

Lemma 6.2 Let P be a pencil of quadrics such that all nonzero q € P are nondegenerate bilinear forms.
The map p:V — P* given by v+ (¢ + ¢ (v, v)) is a submersion at every v € V' \ {0} such that [v] € b(P).
In particular b(P) is a smooth manifold of codimension d .

Proof Let (q1,...,q4) be a basis of P. Let us consider some v € V \ {0} such that g, (v,v) =--- =
q4(v,v) = 0. The kernel of the differential of p is the intersection of the orthogonal spaces [v]J“ﬁ with
respect to ¢g; of the line generated by v for 1 <i < d. Since the forms ¢; are nondegenerate, these
are hyperplanes.

In the literature, for instance in [17], a pencil of quadrics is often just a 2-pencil of quadrics.
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Suppose that their intersection does not have codimension d. In particular the linear forms g; (v, -) for
1 <i <d are not linearly independent, so there exists a linear combination of the bilinear forms that is
degenerate, but is a nonzero element of P, contradicting our assumption.

Hence the kernel of p has codimension d, so p is a submersion at v. O
The base of a pencil of quadratics is smooth and has codimension ¢ around each of its points which are

nonsingular, meaning that they are not degenerate points for any quadric in the pencil. We generalize this
notion of singular points in the next section.

6.2 Pencils of tangent vectors in symmetric spaces

In this subsection we consider pencils of tangent vectors in a symmetric space X of noncompact type,
which are related to pencils of quadrics when G = PSL(n, R).

Definition 6.3 A pencil of tangent vectors at x € X, or more precisely a d -pencil, is a vector subspace
P C TxX of dimension d for some point x € X.

To a pencil one can associate some subsets of any G-orbit in the visual boundary. Recall that for a € 0, X
and x € X, the unit vector v, x € T X is the unit vector pointing towards a. Let 7 € Sat.

Definition 6.4 The t-base of the pencil P, whose basepoint is x € X, is the set B;(P) of elements a € F;
such that v, x is orthogonal to P.

When G = PSL(n,R) and X = S, a pencil at ¢ € S, corresponds to a subspace P’ of symmetric bilinear
forms on R”, namely a pencil of quadrics, that is compatible with ¢ in the sense that the trace of the
associated g-symmetric matrices vanishes.

Proposition 6.5 Let v € Sa™ be such that F; ~ RP"~!. The t-base of the pencil P is identified via
this identification with the base of the pencil of quadrics P’.

Proof The t-base of P is the space of lines [C] where C € R” is a column vector with Tr(CC+e M) =0
for all M € P’, since C C+ is colinear to v[c],q- Hence the 7-base of the pencil is also the set of lines [C]
such that C+¢ M C = 0, namely the base of the pencil of quadrics P’. a

We now generalize Lemma 6.2 to general pencils of tangent vectors.

Definition 6.6 A point a € F; in the base B;(P) of a pencil P at x € X is called singular if for some
w € P one has [w, vg,x] =0.

We denote by B} (P) C B(P) the set of nonsingular points, which we will also call the regular base.
Lemma 6.7 Let P be a pencil of tangent vectors at x in X. The function which associates to a € F;

the linear form v > (vg x, V) x on P is a submersion at a € B;(P) if and only if a € B} (P). In particular
B} (P) is always a smooth codimension d submanifold of Fr.
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Proof Let ¢: 7 — P* be the map that associates to a € F; the linear form v > (vg x, V) x.

Suppose that a € B¢(P) \ By (P). Then there exists some w € P such that [w, vg x] = 0. The map
Yk € Ky — k-a € Fy is a submersion, so for every tangent vector in 7, F; the differential of a > v, x
in this direction is adg (vg,x) for some k € £x. The differential of @ — (v4,x, w)x in this direction is equal
to (adg (va,x), w)x = —B(adg (va,x), w) = —B(k, [vg,x, w]) = 0. Hence the image of the differential of
¢ is not surjective: it is not a submersion.

Suppose that a € B (P). Let v € P be any nonzero vector and consider [vg,x,v] = k € €x. The
differential of a + (v4 x,v)x in the corresponding tangent direction is equal to (adg(vg.x),vV)x =
—B(adg (vg,x), v) = —B([va,x, V], [Va,x, v]) # 0. Since for all v € P there is a direction in which the
differential of a — (vg4,x, v)x does not vanish, the map ¢ is therefore a submersion at a. O

A pencil of tangent vectors P at x € X is called t-regular if all its nonzero vectors are t-regular as in
Definition 5.6. In particular a t-regular pencil satisfies B} (P) = B¢(P), so the t-base of a r-regular
vector is a smooth codimension-d submanifold of F.

Because of Lemma 6.7, the topology of the base of a regular pencil does not vary if the pencil is deformed
continuously.

Corollary 6.8 Let Py and Py be two pencils at x € X in the same connected component of the space of
t-regular pencils at x. Then B;(P1) and B;(P>) are diffeomorphic.

Proof Since the space of regular pencils is an open subset of the Grassmannian of planes in TxX,
there exists a smooth path (P¢);¢[o,1] of regular pencils between Py and P;. Because of Lemma 6.7
the set {(a,t) | a € Fz, t €0, 1]} is a submanifold with boundary F; x [0, 1] that comes with a natural
submersion (a, t) > ¢. Since this manifold is compact, all the fibers are diffeomorphic by the Ehresmann
fibration theorem. ad

Example 6.9 Let G = PSL(3,R) and X = S3. We identify the tangent space T,S3 at the point go
corresponding to the standard scalar product on R3 with the space of three-by-three symmetric matrices
with real coefficients and zero trace. Consider the following two pencils:

010 20 0 001 10 0
Pirr=< 101 ) OO O >’ Pred=< 000 , OO O >
010 00 -2 100 00 —1

Let 71 € Sa™ be such that 7, is diffeomorphic in a PSL(3, R)-equivariant way to RP2, and let tp be
the normalized coroot associated to the Weyl orbit of simple roots A. It satisfies F;, =~ Fi 2, the space
of complete flags in R3.

The pencils Pir and Preq are not ty-regular: By, (Piy) is the disjoint union of a point and a line where
B3, (Pi) contains only the point. In this particular case the regular base is a connected component of the
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base, so it is a smooth compact codimension-2 submanifold. The set Bz, (Preq) is a single point that is
singular for the pencil. Here we see that a singular point can still be a point around which the base is a
smooth codimension-2 submanifold.

Both pencils are ta-regular, but their A -bases are different.

A flag (¢, H) = ([x]. [y]Y) with x = (x1,x2,x3) and y = (y1, y2, y3) nonzero vectors such that
xf + x% + x% = y% + y% + y% and x1y1 + x2y2 + x3y3 = 0 belongs to B, (Preq) if and only if

X7 —x3=yi—y3. 2x1x3=2y1y3.

Up to replacing y by —y, these equations are equivalent to x; = y1, X = —y», X3 = y3 and x% —I—xg = x%.
The corresponding flags (£, H) in the affine chart (x, y) — [x, 1, y] of RPP? are the tangent point and

tangent lines to the circle of radius 1 centered at the origin.
A flag (¢, H) = ([x]. [y]Y) with x = (x1,x2,x3) and y = (y1, y2, y3) nonzero vectors such that
x% + x% + x% = y% + y% + y_% and x1y1 + x2y2 + x3y3 = 0 belongs to B¢, (Pirr) if and only if
207 —2x3 =2y7 =23, 2x1x3+ 2x2x3 = 21 Y2 +2)2)s3.

Let £o = {(1,0,1)) and Hy = {(1,0,—1), (0, 1,0)). The corresponding flags (£, H) belong to one of the
three circles in Fi 2 defined by

e { =1{pand H is any plane through ¢,

e H = Hp and { is any line in H,

e {CHyand o C H.
Indeed one can check that these flags satisfy the equations. In order to check that these are the only

solutions, one can see that these are the fibers of a fibration over the surface with three connected
components; see Section 8.3.2.

The ta-base B, (Preq) is a circle, whereas Bz, (Pir) is the union of three circles. Hence Corollary 6.8
implies that they must lie in different connected components of the space of ta-regular pencils.

Since the pencils will be the fibers of the domains of discontinuity that we will construct, proving that
the domain is nonempty will be equivalent to having nonempty pencils. We present here a topological
argument to prove that some pencils are nonempty:

Proposition 6.10 Let t € Sat and P be a t-regular pencil of tangent vectors based at x € X of
dimension d . If the t-base of P is empty, then F; fibers over the sphere S d-1,

If moreover d = 2, the fundamental group of F is infinite.

Proof To a € F; we associate mg(a) € P the orthogonal projection of v, x € TxX onto P C TxX.
Since the t-base of P is empty, one can define a map n: F; — SP into the unit sphere of P where

mw(a) = mo(a)/||mo(a)|. This map is a submersion. Indeed let a € F7, and let Py C P be the orthogonal
to m(a) in P. Lemma 6.7 applied to P implies that  is a submersion at a.
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This submersion is proper since F; is compact, and hence it is a fibration. This fibration induces a long
exact sequence, where F' is the fiber:

oo > 11(Fp) > 71(SP) = mo(F) —> -+ -
Since F is compact, 7o (F) is finite and if d = 2, 71 (SP) >~ Z, so 71 (F7) is infinite. ad
We conclude this section by the following remark, which says that regular pencils cannot be tangent to flats:
Proposition 6.11 If a 2-pencil is tangent to a flat, then it is not t-regular for any t € Sa™.

Proof Up to the action of G one can identify P with a plane in a. But for any 7 € Sa™, the orthogonal
of 7 intersects this plane. Hence there is an element of P whose Cartan projection is orthogonal to w - t
for some w in the Weyl group. |

7 Fibered domains in flag manifolds

In this section we associate an open domain 2] C F; to any complete uniformly t-nearly geodesic
immersion u: M — X with 7 € Sa™, and show that this domain is a smooth fiber bundle over M where
the fibers are t-bases of the pencils that are the tangent planes to u(M). This construction is the analog
of the Gauss map for hypersurfaces in H". We also mention what happens with our construction for
totally geodesic immersions that are not t-regular.

If M = N for some compact manifold N with torsion-free fundamental group I', and if u is equivariant
with respect to a representation p, we show that the domain 27 is a cocompact domain of discontinuity
for the action of p and its quotient fibers over N. This domain always coincides with some domain of
discontinuity associated to the Tits—Bruhat ideals constructed by Kapovich, Leeb and Porti [30]. Finally
we prove the invariance of the topology of the quotients of these domains of discontinuity.

7.1 A domain associated to a nearly geodesic immersion

Let T € Sa™ be any unit vector and u: M — X be a complete uniformly z-nearly geodesic immersion.

We consider a particular domain of the flag manifold F, defined for any nearly geodesic immersion
u: M — X using Busemann functions. For this we fix a basepoint 0 € X, but the definition will not
depend on this choice.

Definition 7.1 Let 2], be the set of elements a € F; such that the function b, , ou is proper and bounded
from below.

We have additional properties if u is a complete uniformly 7-nearly geodesic immersion.

Lemma 7.2 Let a € F;. There exists a critical point x € M for the function b, o, ou if and only if a € Q7.
In this case this point is unique, and the Hessian of b, , o u at this point is positive. The domain 2,
is open.
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Proof Leta € F;. Suppose that b, , o u is critical at y € M. Since u is t-nearly geodesic, the Hessian
of by o ou at y is positive. Moreover, due to Lemma 5.11 there exists A > 0 such that exp(Ab, o o u) has
positive Hessian everywhere on M.

A convex function with positive Hessian on a complete connected Riemannian manifold has a unique
minimum, and is proper. The function exp(Ab, , o u), and hence the function b, , o u, are therefore
proper and have a unique minimum. In particular a € €27.

Conversely if a € 7, ba,o o u is proper it admits a global minimum, which is a critical point.

If a function has a critical point with positive Hessian, every small deformation of the function for
the C%-topology still admits a critical point. Indeed if x is a critical point with positive Hessian of a
convex function f, for any small enough closed disk D around x one has f > f(x) on dD. If we fix
such a disk D, for g close enough in the C%-topology to £, one still has g > g(x) on the compact dD.
Therefore g restricted to D must admit a global minimum that is reached at some point y in the interior
of D. This point y is a local minimum and hence a critical point of g.

In conclusion €27 is open. |

We thus can define the projection my,: 27, — M associated to u as the map that associates to a € 2], the
unique critical point , (a) € M of b, , ou. This is an extension at infinity of the nearest-point projection
from Proposition 5.17.

Theorem 7.3 Let u: M — X be a complete and uniformly t-nearly geodesic immersion. The map
mu: QY — M is a fibration. The fiber 7r; ' (x) at a point x € M is the base B;(Py) of the T-regular pencil
Px =du(TxM).

Figure 7 illustrates this construction in the rank-1 case G = PSL(2, C), for a totally geodesic immersion u.
The associated symmetric space H?3 is depicted with Poincaré’s ball model. Since H3 has rank 1, its

ae F,=CP!
X =H3 |
,’/ T, a: \\\
ﬁw/
a/é

Figure 7: Fibration of the domain €27, in the rank-1 case, G = PSL(2, C).
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visual boundary contains a single orbit F; ~ CIP!. The image of u is the disk bounded by the equator.
The pencil P is depicted as a parallelogram. Its 7-base is a fiber of the fibration, and is the codimension-2
submanifold B, (P) = {a,a’}.

Remark 7.4 If some element g € G preserves u(M ), then the map 7, ou commutes with the action of g.
In particular if M = N fora compact manifold N with fundamental group I" and if u is p-equivariant
for some p: I' = G, then m, is p-equivariant, and hence defines a fibration 7, : Q] /p(I') = N.

The two important steps in the proof of Theorem 7.3 are to check that the fibers are distinct and far
enough from one another using Lemma 7.2, and that these fibers are smooth manifolds using Lemma 6.7.

Proof of Theorem 7.3 Consider the set
E ={(a,x) € Q) xM | dx(bg,oou) =0}.

Because of Lemma 7.2 the Hessian of b, , o u is nondegenerate at critical points, and hence E is locally
the zero set of a submersion, so it is a codimension-2 submanifold of Q7 x M.

Let m1: Q) x M — QF and my: Q] x M — M be the projections onto the first and second factors,
respectively.

Lemma 7.2 implies that 71 restricted to E is a bijection. Moreover, again because of the nondegeneracy of
the Hessian of by o ou, the tangent space T(, x)E at (a, x) € E intersects trivially Tx M C T(4, x) (2], x M).
Hence 7 restricted to E is a local diffeomorphism, and therefore a diffeomorphism.

Let (a, x) € E. By definition dg (bg,o0ou) : v+ (du(v), Vg u(x))u(x) vanishes, so vy 4 (x) L du(Tx M) =Px.
Hence a belongs to the t-base of Py. Because of Proposition 5.7, this pencil is 7-regular and hence
its 7-base contains no singular points. Lemma 6.7 implies that the tangent space T(, x)E at (a,x) € E
intersects trivially 757, C T(4 x)(S2;, X M). The map 5 restricted to E is therefore a submersion
at (a, x).

As a conclusion, 7, = mp o 1

is a smooth submersion. The t-base of the pencil Py is compact in Fz,
and it is included in 2] because of Lemma 7.2. Hence m, is a proper submersion over a connected

manifold; by the Ehresmann fibration theorem it is a fibration. o
7.2 Totally geodesic immersions that are not nearly geodesic

In this subsection let u: M — X be a complete totally geodesic immersion. Let 7 € Sa™. We don’t
assume in this subsection that u is r-regular, and hence t-nearly geodesic.

One can still define ], as the set of a € F; such that b, , o u is proper and bounded from below, but we

can’t always expect the domain to have compact fibers in this case. Lemma 7.2 can be adapted as follows:

Lemma 7.5 A point a € F; belongs to Q}, if and only if the function b, , o u admits a critical point
my(a) € M at which the Hessian is positive. In this case the critical point is unique and is a global
minimum of by, o u. The domain Q, is open.
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Proof Note that for a € F; the function b, , o u is convex, since u is totally geodesic and b, , is convex,
but not necessarily strictly convex. Let us show that if a € €27, bg,0 o u is strictly convex at critical points.

Leta € 27, and let y € M be a critical point of bg,o ou, namely a global minimum since bg,o ou is convex.
Assume for contradiction that the Hessian of b, , in the direction du(v) vanishes for some v € T, M.

There must exist a flat that contains a and du(v) by Lemma 4.9. Let n be the geodesic ray starting
at du(v) in X. The function b, , is linear on 7 since a and 7 belong to a common flat. However the
derivative of b, , along 71 vanishes at u(y), so b, , is constant along 7. Moreover u is totally geodesic
and the whole geodesic ray starting at du(v) in X belongs to the image of u, so b, , o u is not proper,
contradicting the assumption that a € €25,

For all a € Q2 we showed that the functions bg,o o u are convex and strictly convex at any critical
point. Such a critical point is therefore unique since b, , o u is convex. The rest of the proof goes as in
Lemma 7.2. |

We define a map m,: Q] — M, using Lemma 7.5. We show that this map is a fibration. Recall that
the regular base B} (P) defined in Section 6 is a subset of the base B¢ (P) that is always a smooth
codimension-d submanifold.

Theorem 7.6 To every a € Q],, we associate the unique critical point 1, (a) € M of by o o u provided
by Lemma 7.5. The map m,: 2], — M is a smooth fibration, and the fiber of this map at y € M is the
regular base B} (du(TyM)).

Proof By the same argument as for Theorem 7.3, m;, is a smooth submersion.

However we need to proceed differently to prove that this map is a fibration, since the fiber is not
necessarily compact. Let g € G be an element that stabilizes u(M) C X. The map 7, is equivariant with
respect to g, namely for all a € QF,

mu(g-a) =g -mu(a).

Let y € M. Recall that the exponential map for the Lie group G defines amap exp: T, (,) X > py(,) Cg— G.
Moreover since u (M) is totally geodesic, any element of exp(du(T, M)) is a transvection on this totally
geodesic subspace; hence it stabilizes u(M ). We consider the map

¢:TyM x By (du(TyM)) - QF, (v,a) — exp(du(v))-a,

which is an immersion between spaces of equal dimension. Moreover it is a bijection, and hence it is a
diffeomorphism. Through the identification exp: 7y M — M, this gives ], the structure of a fibration
with projection 7y,. a

Since the regular base is open, it is compact if and only if the regular points form a union of connected
component of B;(P). This is for instance the case if G = PSL(3,R) and P = P, as in Example 6.9.
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Example 7.7 Let G = SL(3,R), and let p be a representation of the form p = tj; o po for some
Fuchsian representation pg: I'¢ — SO(1,2) >~ PSL(2, R) of a surface group and the natural inclusion
tirr: SO(1,2) — SL(3, R). This representation admits a p-equivariant totally geodesic map u: S, ¢ — X
(see Section 8.1 for more details). The pencil P = du(T, S, ¢) forany y € S, ¢ 1s, up to the action of G,
equal to the pencil Py, defined in Example 6.9.

This pencil is not 7 regular, so u is not 7;-nearly geodesic. However because of Theorem 7.6 the
domain Q! fibers over S, with base B3, (Pix), which is a point in F7, = RP2. This domain is the disk of
positive vectors for the chosen bilinear form of signature (1,2) on R3. In this example the regular points
of By, (Pirr) form a connected component so the fibration is proper. If we consider a point £ € RIP? outside
of the closure of this disk, the associated Busemann function is minimal in u(5~’ ¢) on a full geodesic line.
If £ is in the boundary of the disk, the associated Busemann function is not bounded from below on u(§ 7).

7.3 Comparison with metric thickenings

In this section we consider the case when M = N for some compact manifold N with fundamental
group I' and u is equivariant with respect to a representation p: I' — G. In other words p is a t-nearly
Fuchsian representation, as we defined in Section 5.4.

We show that if we have a t-nearly Fuchsian p-equivariant map u: N —>Xfora representation p: I' > G
the domain 27, coincides with a domain of discontinuity associated to Anosov representations constructed
by Kapovich, Leeb and Porti [30].

The domain €27, := €2}, depends on 7 and p but not on u. Indeed a 1-Lipschitz function on X is proper on
the image of u if and only if it is proper on any p(I") orbit in X.

Even though this will be a consequence of Theorem 7.11, one can easily check that the existence of the
fibration of Q; implies that it is a cocompact domain of discontinuity.

Theorem 7.8 Let p: I' — G be a representation that admits an equivariant t-nearly geodesic immersion
u: N — X. The action of T on 27, via p is properly discontinuous and cocompact.

Proof Let 7y be the fibration from Theorem 7.3. Let A be a compact subset of 7. Its image 7y, (4) C N
is compact on N. Since I' acts properly on N, all but finitely many y € I" satisfy my,(4) Ny, (A) = 2.
Hence for all but finitely many y € I', AN p(y)A = @. The action of T" via p is therefore properly
discontinuous.

Let D be a compact fundamental domain for the action of I" on N, namely a compact set that satisfies
|JDp=N.
yel

The set 7r;, (D) is a fundamental domain for the action of T" on 27, by p by the equivariance of my. It is
closed in £27. Moreover 7, 1(D) is closed in F;. Indeed if we consider a sequence (a,) of elements of Q
that converge to a € F; such that 7, (a,) always belong to D, one can assume that 7, (a,) converges to

Geometry & Topology, Volume 29 (2025)



Nearly geodesic immersions and domains of discontinuity 2435

Yo € D up to taking a subsequence. In the limit, by o 0 u(y9) < bgoou(y) forall y € N. Hence yq is a
critical point for bg , o u, so by Lemma 7.2, a € Q;.

Hence Q27 admits a compact fundamental domain for the action of I' via p; therefore this action is
cocompact. d

We consider the domains of discontinuity constructed by metric thickenings, which are particular instances
of the domains of discontinuity associated with a Tits—Bruhat ideal, defined in [30].

Let (z, 7o) be a pair of elements in Sa™. This pair will be called balanced if tg is T-regular, namely

w¢ |Jw ot

wew

Note that this is equivalent to T being to-regular. Using the Tits angle Zrjs: 04is X% — [0, ] we associate
to any b € dyisX a thickening K C F; defined as

Ky ={a € Fe | Zns(a.b) < 1z},

Recall that the Tits angle was defined in Section 2, and is defined for points in dyiX.

Lemma 7.9 Let by and b, belong to a common maximal facet in dy;s X, and suppose that their Cartan
projections lie in the same connected component of

Sat\ U (w-7)*.

wew
Then Ky, = K, .

Proof Let f € Fa be a maximal facet that contains b; and b,. Let a € F;. Then there exists a maximal
flat of X such that f and a belong to its visual boundary. This flat can be identified with a so that f
corresponds to dyisa™.

Hence as long as b lies in the visual boundary of this flat, Zrjs(a, b) is equal to the Euclidean angle in
the flat, so the sign of its cosine does not vary as long as the Cartan projection of b does not lie in (w-7)*
for any w € W. Therefore if the Cartan projections of b and b, are in the same connected component of
the complement, K, = K, . O

Recall that the flag manifold 7, is G-equivariantly diffeomorphic to Fg () = G/ Pg(z,) Where O(zp) is
the set of simple root that do not vanish on 79. Hence given a flag f* € Fg(,) we define K =K, CF;
for the unique b € Fy, corresponding to f.

Given a pair (7, 79) and a ©(tg)-Anosov representation (see Definition 3.4), Kapovich, Leeb and Porti
define a domain of discontinuity in 7.
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Theorem 7.10 [30, Theorem 1.10] Let (z,79) be a pair of elements of Sa™. Let p: I’ — G be a
©®(19)-Anosov representation. The following is a domain of discontinuity for p:

Q(I o) = -F \ U O(ro)

tear @’

(70)

Moreover if (t, 79) is balanced, then the action of T" via p on 2, is cocompact.

In this statement &, (TO)@ ) = f € Fo(r,) is the image of { € " by the boundary map Sf? (0) associated
to p, introduced in Theorem 3.7.

This theorem is a particular case of their result concerning Tits—Bruhat ideals. In [30] it is explained how
a pair (t, 7o) yields a Tits—Bruhat ideal, defined via a metric thickening. This ideal is balanced if and only
if the pair is balanced in our sense.

For a r-nearly Fuchsian representation, the domain 27 is always equal to some domain obtained by
metric thickening. More precisely:

Theorem 7.11 Let p be a t-nearly Fuchsian representation of a nonelementary hyperbolic group. Recall
that o5 and ©(o,) were defined in Section 5.4. Let T € 0, be any element such that ©(zo) = O(0),
whose existence is provided by Lemma 5.21. Then

T _ o(t,70)
Qp_Qp 0,

The domain from Theorem 7.10 is a domain of discontinuity since p is ©(o)-Anosov by Theorem 5.22,
and this domain is cocompact since the pair (7, 7o) is balanced.

Proof Let us write ® = ©(0,;) = O(70). Leta € F; \ 7 and let (yn)neN be a diverging sequence
of points in M such that (b4,,(4(Yr)))neN is bounded from above. Up to taking a subsequence let us
assume that it converges to a point ¢ € 3T ~ dN. We consider the geodesic segments [0, u(y,)] C X
for n € N. Since p is t-nearly Fuchsian it is a quasi-isometric embedding by Proposition 5.16, so in
particular the length of these segments goes to +o00. Up to taking a subsequence, we can assume that
these geodesic segments converge to a geodesic ray 1: R>¢ — X with (0) = o. Let [] € 0,;sX be the
point corresponding to the class of .

Busemann functions are convex, so the function b, , is bounded from above on all the geodesic segments
[0, u(yn)] for n € N, and hence b, , o7 is bounded from above. Therefore Zris(a, b) < %7‘[ by Lemma 4.8,
so a € K[). Let b € Fy, be an element such that b and [n] belong to a common maximal facet and whose
Cartan projection lies in 0,;. Lemma 7.9 implies that K{;;; = Kj. Theorem 3.7 implies that Kj, = ;‘(1) @)
Therefore if a € F; \ QF then aeF;\ Q(t w), ’
Conversely let a € €27 and let { € 9T". Consider a geodesic ray n: R>o — N for the metric u*(gx)
converging to {. Theorem 3.8 implies that there exists D > 0 such that for all # > 0, there exists a geodesic
ray 1z : R~ — X such that 1;(0) = u o n(0), n,(¢) is at distance at most D from u on(¢) and ;] € BViSX

belongs to a common maximal facet with §© 5 (£). Since Cp C o, for all 7 large enough, Kp,1 = EO @)
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The Busemann function b, , is proper on 7; hence for ¢ large enough b, 0 14(t) > bg 0 015 (0). Since
ba,o is convex, this implies that by, is growing at least linearly on 1y, so a ¢ K[,,; by Lemma 4.8.
Therefore a € Qg’m). O

7.4 Invariance of the topology

In this section we prove that the topology of the quotient of the domains of discontinuity considered by
Kapovich, Leeb and Porti does not vary when the representation is deformed continuously. Guichard and
Wienhard proved this already for the domains of discontinuity that they consider in [24].

Let I' be a torsion-free finitely generated group and F a G-homogeneous space. Let (p¢);e[o,1] be a
smooth family of representations from I" to G. Consider for every ¢ € [0, 1] an open p;(I")-invariant
domain Q; C F.

Lemma 7.12 Suppose that these domains are uniformly cocompact domains of discontinuity for (p;),
namely the domain Q = {(t,a) | a € Q;} C [0, 1] x F is open and the action of I" via p is properly
discontinuous and cocompact where p(y)-(t,a) = (¢, ps(y)-a). The quotient Q¢ /po(T") is diffeomorphic
to Q21/p1(T).

Proof The projection onto the first factor in [0, 1] x F descends to a submersion p: 2/p(I") — R. Since
Q/p(I") is compact and the base is connected, Ehresmann’s fibration theorem implies that the proper
submersion p is a fibration. Hence p~!(0) and p~!(1) are diffeomorphic. |

Remarks 7.13 A concrete way to construct this diffeomorphism is to pick a Riemannian metric on
Q2 /p(T") and consider the flow of the gradient of p. If we consider two different Riemannian metrics, the
diffeomorphisms obtained are isotopic, since the space of Riemannian metrics is path connected. Hence
this operation constructs a unique diffeomorphism up to isotopy.

Note that a family of cocompact domains of discontinuity could be nonuniformly cocompact, for instance
a family of representations such that p;: Z — PSL(2, R) is hyperbolic for 0 < < 1 and parabolic for
t = 1. These representations admit a unique maximal domain of discontinuity in RP! with two connected
components for ¢ < 1 and one for = 1. The quotient of the corresponding domain €2 is homeomorphic
to the noncompact space S! x [0, 1]U ST x [0, 1).

In order to apply Lemma 7.12, we need a slight adaptation of Theorem 7.10 from [30]. Let I" be any
Gromov-hyperbolic group. We check that the domains constructed by Kapovich, Leeb and Porti are
uniformly cocompact domains of discontinuity for any smooth path of Anosov representations.

Proposition 7.14 (adaptation of [30, Theorem 1.10]) Let (z, 79) be a balanced pair as in Section 7.3.
Let p:[0,1] = Hom(I", G), t + p; be a continuous path such that the family (p¢);c[o,1] consists only of
O(to)-Anosov representations.

The family of domains 2; = QE,’;’IO) fort € [0, 1] are uniformly cocompact domains of discontinuity for
the family of representations p.
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We check that the arguments from Kapovich, Leeb and Porti are uniform on neighborhoods of Anosov
representations. The same proof holds if one considers more generally domains of discontinuity constructed
with balanced Tits—Bruhat ideals as in [30].

Proof The domain €2 is the complement in [0, 1] x F; of

Ko= |J 3 xKpso Kpi= | Ko (o
t€[0,1] xedm

Since the boundary maps ég) are continuous and vary continuously when p varies continuously in the
space of ®-Anosov representations (see [6, Section 6]), and since K ;gg’c))
14

Q={(t,a)|ae:}Cl0,1] xF is open.

is compact, K, is compact, so

Let us fix a Riemannian distance d on F;. Let A = {(¢t,a) |t €[0,1],a € A; C 2} be a compact set
and let (y,) € T be a diverging sequence. Corollary 6.8 of [30] implies that given ¢ € [0, 1], for any
€ > 0, for all n large enough, if d(a, K, ) > € then d(p(yn)-a, Kp) < €, where the minimal value of n
needed depends on the constants b and ¢ that come into play in the definition of Anosov representations
(Definition 3.4).

Since we consider a compact set of Anosov representations, and since these constants can be chosen
locally uniformly around a given Anosov representation (see [29, Theorem 7.18]), these constants can
be chosen uniformly for all representations (o;)se[o,1]- Moreover the compact sets A; are at uniform
distance from K, ; Therefore, for all n € N large enough, for all t € R, p;(yn) - Ar N Ay = &. So for all
n large enough p(y,)- AN A = &. We have proven that the action of p on 2 is properly discontinuous.

In order to prove the cocompactness of the action on €2, we will check that the transverse expansion holds
uniformly. It follows from [30, Proposition 7.7] that for every ¢ € [0, 1], the action of p; is transversely
expanding at the limit set of p; as in [30, Definition 5.21], namely for all x € dI", there exists y € I, an
open neighborhood U of K 0 in F; and a constant A > 1 such that for all @ € U and y € d,;I" that

) o £5) (x)
satisfy K C U, one has

£5 ()
d(o:(y)-a.p: () Kpo () = Ad(@. Ko ().

Letge G, f € Fo A>1and U C F; be an open set. We say that g is expanding at K}O over U with
factor A if foralla € U,
d(g-a.g-K;°) = pd(a,. Kp).

This property is open in the following sense: if g is expanding at KJE" over U with factor A, then for any
1 <1’ < A and any open subset E such that E C U there exists a neighborhood Ug of g in G and Uy of
f in Fg such that for all g’ € Ug and f’ € Uy, g’ is expanding at K}‘f over E with factor 1.

This implies that the action of p on F; x [0, 1] satisfies the transverse expansion property, where K, is
considered as a bundle over [0, 1] x K. Namely for all ¢ € [0, 1] and x € 0T, there exists y € ', an open
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neighborhood Uy of K ;% ) in F;x[0, 1] and a constant A’ > 1 such that for alla € U and y € 9T satisfying
K%  x{t}c U, one has

£9.()
d(p(y)-a,py)- K;g)t(y) x{t}) > Nd(a, K;‘O?,(y) x {t}).

Therefore by [30, Proposition 5.26] the action of p is cocompact on €2. a
From Proposition 7.14 and Lemma 7.12 we get the following corollary:

Corollary 7.15 Assume that T is torsion-free. Let C C Hom(T", G) be an open and connected set
consisting only of ®-Anosov representations for some ® C A. Let (t, 79) be a balanced pair such that
forall « € A\ ©, a(tg) = 0. The diffeomorphism type of fo’m)/p(F) is independent of p € C.

If moreover C is simply connected, the diffeomorphism provided by Lemma 7.12 between fol’m) /p1(T)

and foz’m)/pz (T") for p1, p2 € C is uniquely determined up to isotopy.

Connectedness via paths that are smooth by parts for an open set in Hom(I", G) is equivalent to connect-
edness since Hom(T', G) is locally a real algebraic variety.

8 Applications

In this section we apply our results to prove that all representations in some connected components of
Anosov representations are the restricted holonomy of a geometric structure on a fiber bundle over a
manifold. For these applications we only consider nearly geodesic surfaces that are totally geodesic. We
will mostly focus on surface groups, but in Section 8.5 we also describe two applications for representations
of fundamental groups of higher-dimensional compact hyperbolic manifolds.

8.1 Totally geodesic immersions

Totally geodesic surfaces provide examples of t-nearly geodesic surfaces if these surfaces are t-regular
(Proposition 5.8). The study of totally geodesic surfaces in X is related to the study of representation of
semisimple Lie algebras in g. We recall here a classical fact:

Proposition 8.1 Let b C g be a semisimple Lie subalgebra of noncompact type. Let H be the closed Lie
subgroup of G with Lie algebra ) and Y its associated symmetric space of noncompact type. There exists
an H-equivariant and totally geodesic embedding uy: Y — X. The image of this embedding is unique up
to the action of the centralizer:

Co(h) ={ge€G|Vheh, Adg(h) = h}.

If y €Y, let K C G be the stabilizer of uy(y) in G. Every element in Cx (h) of b in G fixes up(Y)
pointwise. If the centralizer Cg(h) in G is compact, then Cx () = Cg(h), so the totally geodesic
submanifold uy(Y) C X is uniquely determined.
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Proof Leth = t+ p be a Cartan decomposition of h associated with the Cartan involution 6, for y € Y.
Let 6 = t+ ip be the associated compact real form of h ® C. Since 6 is the Lie algebra of a semisimple
compact Lie group, it is the Lie algebra of a compact Lie subgroup of GC. In particular there exists a
Cartan involution #€ of g ® C such that §€ (v) = v forall v € 6

Let 6C be the Cartan involution conjugate to 6C in g ® C. Let # be the Cartan involution of g ® C
corresponding to the midpoint in the symmetric space associated with g ® C of 6C and 6. It is invariant
by conjugation, so it descends to a Cartan involution on g, associated with a point x € X. There exists
a transvection along the geodesic between 0C and 6€ in the symmetric space associated to g ® C that
induces a unique inner automorphism ¢ of g ® C such that 0C ¢~ = 6 and $p20Cp—2 = C . Moreover
¢ is symmetric positive with respect to BC (-, € (+)), where BC is the Killing form on g ® C and the
transvection ¢* is equal to a composition of symmetries #CHC. The transvection ¢* stabilizes h ® C, so
¢ also stabilizes h ® C. Therefore 8 = $p0C ¢! stabilizes h ® C. But 6 is a real Cartan involution as it
is preserved by conjugation, so it stabilizes §. Let x € X be the point corresponding to 6 in X.

The map up: Y — X such that for all 2 € H, uy(h-y) = h - x is well defined since t C ty, so the image
of the stabilizer of y € Y by H lies in the stabilizer of x € X. Moreover it is totally geodesic, since
n(p) C px; see [26, Chapter 4, Section 7]. This map is by definition H-equivariant.

Suppose that there is another H-equivariant and totally geodesic embedding u% such that ué](y) =x'.
Let 6 be the corresponding Cartan involution of g. Then 6’08 is the identity on § and is equal to the adjoint
action of exp(z) for some z € p,. Therefore z is in the centralizer of ) in g. Hence g = exp(%z) eCg(h)
satisfies Adg ou% = uy. Conversely let g’ € Cx (h). Then g’ fixes uy(y) € X, and it fixes b, so it fixes
duy(TyY). Therefore it preserves and acts trivially on uy(Y).

Now assume that Cg (h) is compact; there cannot be any element z € p, in the centralizer of b in g, so
the totally geodesic and H-equivariant embedding uy is unique and Ck (h) = Cg (h). |

Remark 8.2 A totally geodesic embedding #: Y — X can only be a r-nearly geodesic immersion if
rank(Y) = 1, because otherwise it cannot be t-regular for any t € Sa™ (see Proposition 6.11). When
rank(Y) = 1, all the unit tangent vectors to this embedded surface have the same Cartan projection, so
the embedding is z-regular for all 7 in the complement in Sa* of a finite collection of hyperplanes.

We illustrate Proposition 8.1 in the following example for some special sl, Lie subalgebras in s, (R).

Example 8.3 Here we construct representations ¢ from SL(2, R) into SL(n, K) that stabilize some totally
geodesic hyperbolic planes inside the symmetric space X = S, associated with G = SL(n, K) for K =R
or C.

Let K =R or C. Let V,(K) be the space of homogeneous polynomial with coefficients in K of degree n—1
in two variables X and Y. To an element g € SL;(R) one can associate an element ¢;(g) € SL(V; (K))
that acts by a change of variable on V,(K), ie that associates to P € V},(K) the polynomial P o g~ !.

Let b be the corresponding sl>-Lie subalgebra of sl (R); note that tjrr = ty.
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Let ¢ the Euclidean or Hermitian metric on V;, (K) such that forall 0 <a,b <n—1:
11
("N ifa=b,

q(XaYn—l—a’ Xan—l—b) — {
0 otherwise.

Consider the following basis of the lie algebra sl; (R):
1 0 01 01
(o) 7= (0) #= ()
which satisfies [g,h] = =2 f, [h, f] =2g and [f, g] = 2h. Fix the following orthonormal basis for g:

o n—1\3
(ea)o<a<n—1 = (XaYn ' a( a )2) )
0<a<n—1

For 0 <a <n—1, one has
diin(f)(ea) = 2a—n + 1)eq,

—1\4 —1\2
dtirr(e)(ea)zaXa_lY”_“<na )2—(n—1—a)X”+1Y”_2_“(na )2,

dun(e)(eq) = van —a)eq—1 — \/(a +1D(n—1-a)eq+1,

and moreover g = %[ f, h]. In particular d ;. (f) and dtj+(g) are symmetric or Hermitian and d ;. (h)

is antisymmetric or anti-Hermitian with respect to ¢.

Hence as in the proof of Proposition 8.1, there is a totally geodesic map uy: H? — S, such that the image
of the Cartan involution M + —M" is equal to the point in S, corresponding to g.

This representation ¢, is the unique irreducible representation of SL(2, R) into SL(n, R) up to conjugation
by elements of GL(n, R). The image of (. lies in the subgroup Sp(2k, R) for some symplectic form
on R%* when n = 2k is even, and in SO(k, k + 1) for some quadratic form on R2¥*+! when n = 2k + 1
is odd.

One can construct other totally geodesic hyperbolic planes in S, by considering representations of

SL(2, R) that can be decomposed into a direct sum of irreducible representations. Equivalently one can
consider other reducible sl,-subalgebras of s, (R).

For instance one can define teq: SL(2, R) — SL(2#n, R) that associates to a matrix M € SL(2,R) the

block diagonal matrix
M

Lred(M) =
M

The image of (eq lies in Sp(2n, R) for some symplectic form w on R2”.
8.2 Geometric structures on fiber bundles

Using the projection defined by Busemann functions from Theorem 7.3, one can show that Anosov
deformations of a representation that admits an equivariant nearly geodesic immersion are holonomies of
(G, X) structures on a fiber bundle over S, .
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A (G, X)-structure on a manifold N, for a Lie group G and a G-homogeneous space X on which G acts
faithfully, is a maximal atlas of charts of M valued in X whose transition functions are the restriction of
the action of some elements in G. A more developed introduction to this notion can be found in [1].

To a (G, X)-structure one can associate a developing map dev: N — X that is a local diffeomorphism
compatible with the atlas defining the (G, X)-structure on N, and a holonomy hol: w1 (N) — G such
that dev is hol-equivariant. This pair is unique up to the action of G by conjugation of the holonomy and
postcomposition of the developing map.

Let N be a manifold and I" its fundamental group. In what follows, we say that a (G, X)-structure on
a fiber bundle F over N is a (G, X)-structure on F for which the fundamental group of the fibers is
included in the kernel of the holonomy. Hence one can define the restricted holonomy of the structure as
the quotient map p: 71 (N) — G induced by the holonomy.

Constructing domains of discontinuity allows us to construct geometric structures.

Proposition 8.4 Let p: I' — G be a representation and 2 C X a cocompact nonempty domain of
discontinuity which fibers p-equivariantly over N. Any connected component of the quotient 2/ p(T")
inherits a (G, X)-structure on a fiber bundle, with restricted holonomy p.

Note that even if €2 is disconnected, the quotient 2/p(I") can be connected.

From now on, we assume that G is center-free, so it acts faithfully on its flag manifolds. Let N be a
compact manifold whose fundamental group I' is Gromov hyperbolic and torsion-free. Let T € Sa™.

Theorem 8.5 Let po: I' — G be a representation that admits an equivariant t-nearly geodesic surface
u: N — X such that 2, # 9. Let C be the connected component of the space of ©(o, )-Anosov
representations in Hom(I", G) containing po. Every representation in C is the restricted holonomy of a
(G, Fy)-structure on a fiber bundle F over N .

Proof Theorem 7.8 implies that the domain 2] admits a pg-equivariant fibration over N. The domain
Q7 coincides with a domain obtained as a metric thickening fo,’r‘)) for some 79 € Sa™ such that
O(t9) = O(0,,). Let F be a connected component of €27, /po(I"). Corollary 7.15 implies that for every
representation p € C, a connected component F, of Q,(DT’IO) /p(T') is diffeomorphic to F, which is a
fiber bundle over M. The covering map QE,”") — QE,”") /p(T) induces the covering F, — F, ~ F
associated to the subgroup of the fundamental group of F' corresponding to the fundamental group of the

fiber of F over M.

Note that F' is assumed to be nonempty. The (G, F7)-structure on F, 2~ F' is such that the holonomy of
the fundamental group of each fiber is trivial. Indeed the developing map dev: F » — Fr descends to the
inclusion F o — Fz, so the fundamental group of the fiber belongs to the kernel of the holonomy. O
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Let M = Sg be a closed orientable surface of genus g and I' = I'g be its fundamental group. We apply
Theorem 8.5 in cases when the nearly geodesic surface is totally geodesic and we describe the fibration
that is obtained.

Let h C g be an sl, Lie subalgebra, namely a Lie subalgebra isomorphic to sl,(R). Note that if G is a
quotient of its adjoint form, which is the case since we assumed that G is center-free, the corresponding
Lie group H is isomorphic to SL(2, R) or PSL(2,R). We write ¢4 : SL(2, R) — G for the corresponding
Lie group representation, and uy: H? — X for a corresponding equivariant totally geodesic embedding.

Definition 8.6 We say that a representation p: I'y — G is h-generalized Fuchsian if it preserves and
acts cocompactly on uh(Hz).

If G is center-free, an h-generalized Fuchsian representation can be written y > t5(po(y)) x x(y) for
some Fuchsian representation pg: I'y — SL(2, R) and some associated character x:I'g — Cx (b).

Let y € H? be a basepoint, and let K be the stabilizer in G of uy(y). We write B7(h) for the t-base of
the pencil of tangent vectors duy (T, H?). Note that this pencil is stabilized by ¢ (SO(2, R)) x Ck (h).

The quotient map SL(2, R) — SL(2,R)/ SO(2, R) ~ H? defines a principal SO(2, R)-bundle P over H2.
Let Pg, be its quotient via some Fuchsian representation. Given a character y: 'y — Ck(b), let
Ps,.x — Sg be the (SO(2, R)xCk (h))-principal bundle obtained as the product of Pg, and the flat
Ck (h)-bundle associated to .

Theorem 8.7 Suppose that b is T -regular, namely uy, is t-regular, and that Q;h #J. Letp:T'g = G
be an h-generalized Fuchsian representation with associated character y and let T € Sa™.

Let C be the connected component of the space of ©(o;)-Anosov representations that contains p. Every
representations in C is the restricted holonomy of a (G, F)-structure on a fiber bundle F over Sg.

The fiber bundle F is a connected component of the reduction of the (SO(2, R)xCg (h))-principal bundle
Ps, x over Sg via the action of 1,(SO(2, R)) x Ck (h) on B*(h).

Note that when ® C A is a Weyl orbit of simple roots and 7 = 7@, a T@-regular immersion is just a
O-regular immersion and O(0;) = ©.

Remark 8.8 If we replace G and F; by finite covers G and F; so that G acts faithfully on Fr.
Theorem 8.7 still applies. In this case one should replace B (h) by its preimage B*(h) by the covering
map ]?r — Fr.

The only part of Theorem 8.7 that is not already contained in Theorem 8.5 is the description of the fibration.
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Proof The embedding uy is totally geodesic. Moreover it is assumed to be t-regular. Hence uy is
T-nearly geodesic, so one can apply Theorem 8.5. It only remains to describe the fibration.

The fibration 7 : Q,Zh — H? is tp(SL(2, R))-equivariant. The corresponding fiber bundE: can be identified
in an SL(2, R)-equivariant way as the reduction of the SO(2, R)-principal bundle P by the action of
t5(SO(2,R)) on the fiber B*(h). The quotient of this fiber bundle by any Fuchsian representation
po: I'g — SL(2,R) is hence the bundle induced by the principal bundle Pg,. Once we quotient 27, , by
p =y o po X y the quotient becomes the twisted fiber bundle induced by Pg,, . a

8.3 Higher-rank Teichmiiller spaces

In this section we apply Theorem 8.7 to Hitchin representations in PSL(n, R) and to maximal representa-
tions in Sp(2n, R). Then we explain how in general one can apply it to the connected components of
®-positive representations containing at least one generalized Fuchsian representation associated to a
®-principal sl,-Lie subalgebra.

8.3.1 Positive representations Let G be a connected simple Lie group of noncompact type with trivial
center and © a set of its simple roots such that the pair (G, ®) admits a notion of ®-positivity in the
sense of [25]. We moreover assume that G is not locally isomorphic to PSL(2, R). This means that one
of the following holds:

(i) G issplitreal and ® = A.
(i) G is Hermitian of tube type.
(iii) G is locally isomorphic to SO(p,g) and © = {aq,...,ap}.

(iv) G is areal form of the complex Lie group with Dynkin diagram Fy4, Eg, E7 or Eg with restricted
Dynkin diagram F4 and © consists of the two larger roots.

For any of these pairs, Guichard and Wienhard [25] constructed a connected component U in the space
and transverse triples of elements in G/ Pg. They call such triples positive triples, and a representation
p: I'e — G is called ®-positive if it admits a continuous and p-equivariant map &: 0I' — G/ Pg such
that for all distinct triples of points (x, y,z) € a7 ®), (£(x),&(y),£(2)) € U. They prove in particular
that such representations are ®-Anosov. Moreover the space of ®-positive representation is closed in the
space of representation that do not virtually factor through a parabolic subgroup, by work of Guichard,
Labourie and Wienhard [22].

A O-principal Lie subalgebra hg for a pair (G, ®) that admits a notion of ®-positivity is a principal
subalgebra of the split Lie subalgebra gg C g generated by all the root spaces associated to ®; see [25].
These Lie subalgebra were introduced by Bradlow, Collier, Gothen and Garcia -Prada as magical triples
in [7]. Let hg be a O-principal sl Lie subalgebra of g.
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Theorem 8.9 [7, Theorem 8.8] There exists a union of connected components of p: I' — G, the Cayley
components, consisting only of representations that do not factor through any parabolic subgroup. All
he-generalized Fuchsian representations with respect to the principal sl Lie subalgebra hg lie in some
Cayley component.

Cayley components are conjectured to be all the connected components of ®-positive representations [7],
but there exist components consisting of positive representations that do not contain hg-generalized
representations, for instance the Gothen components for G = Sp(4, R). The results of Guichard, Labourie
and Wienhard [22] imply the following:

Corollary 8.10 Every connected component of representations p: I'g — G containing an hg-generalized
Fuchsian representation consists only of ®-positive representations.

The sets of simple roots ® C A that admit a notion of ®-positivity always admit one or two subsets
which are Weyl orbits of simple roots; see Figure 4. Let ® C ® be a Weyl orbit of simple roots. Let
G # PSL(2,R). Theorem 8.7 implies:

Corollary 8.11 Let p: 'y — G be a representation in a connected component of ®-positive repre-
sentations containing an hg-generalized Fuchsian representation. It is the restricted holonomy of a
(G, Frg)-structure on a fiber bundle F over Sg.

Let y be the character associated to one of the hg-generalized Fuchsian representations in the Cayley
component. This fiber bundle is diffeomorphic to the reduction of the (SO(2, R)xCk (h))-bundle Ps,
via its action on the base BT () of the pencil of tangent vectors associated to b.

The proof of the fact that the associated domains are nonempty as soon as G is not isomorphic to
PSL(2, R) is delayed to Section 8.4.

8.3.2 Hitchin representations in PSL(n,R) Let §) be a principal sl, Lie subalgebra in sl,(R). The
associated representation ¢y is the representation ¢y from Example 8.3.

Definition 8.12 A representation p: I'y — PSL(n, R) is Hitchin if it is a deformation in Hom(I'g, G) of
an h-generalized Fuchsian representation.

The centralizer of ) in PSL(#n, R) is trivial, so h-generalized Fuchsian representations can be written ¢iy0 pg.

Hitchin proved that the quotient of the space of Hitchin representations by conjugation in PGL(n, R) is
a ball of dimension (2g —2)(n? — 1); see [27]. Labourie proved that Hitchin representations are Borel
Anosov, namely A-Anosov [32].

The unique Weyl orbit of simple roots for G = PSL(n, R) is A. The flag manifold ¢, can be identified
with the flag manifold Fj ,—1 consisting of pairs of subspaces (¢, H) where £ C H C R?, dim({) = 1
and dim(H) = n — 1. The sl, Lie subalgebra ) is A-regular. Theorem 8.7 implies the following:
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Corollary 8.13 Let n > 3. Every Hitchin representation p: I'g — PSL(n, R) is the restricted holonomy
of a (PSL(n,R), F1,,—1)-structure on a fiber bundle over Sy .

When n = 3, the boundary map of any h-generalized Fuchsian representation is an ellipsoid £ C RPP2. The
domain QZA C F1,2 admits three connected components: the set of (£, H) € F1,» with £ in the inside of
the ellipsoid £, with H completely outside of the ellipsoid, and finally with £ outside the ellipsoid and H
crossing the ellipsoid in two points. One can see that the quotient of this domain is the union of three copies
of the projectivization of the tangent bundle of Sg. If we apply Theorem 7.3 to up, we obtain a fibration
where the model fiber B*(h) is the union of three circles described in Example 6.9. Also when n = 3
one can get a domain in projective space, as described in Example 7.7, that is the interior of an ellipse.

When 7 is even, Hitchin representations are also the holonomy of projective structures. We consider these
structures in Appendix B.

In general, for any split simple Lie group G, Fock and Goncharov proved that all A-positive representations
can be deformed into an ha-generalized Fuchsian representation [18], namely they lie in a Hitchin
component, so our method always applies.

8.3.3 Maximal representations in PSp(2n, R) Given an orientation of the surface Sg, one can define
the Toledo invariant Tol: Hom(I'g, PSp(2n,R)) — Z. This continuous map can be defined as the
pullback by p of an element of the continuous group cohomology H?(G, Z) of G by p [11]. Reversing
the orientation of Sg reverses the sign of the Toledo invariant.

A representation p: I'¢ — PSp(2n, R) is called maximal if its Toledo invariant is maximal among all
representations, namely if Tol(p) = n(2g —2). A way to construct maximal representation is to use the
representation (req: PSL(2, R) — PSp(2n, R). Burger, lozzi, Labourie and Wienhard proved that maximal
representations are {&y }-Anosov [10].

Let b be the sl Lie subalgebra of sp,, (R) which is the image of dty. Every h-generalized representation
is maximal for one of the two orientations of the surface Sg.

Theorem 8.14 [23] If n > 3, every maximal representation p: I'g — PSp(2n, R) can be deformed into
an by, 1-generalized Fuchsian representation in the sense of Definition 8.6.

Theorem 8.7 implies:

Corollary 8.15 Let n > 2. Every maximal representation p: I'¢ — PSp(2n,R) is the holonomy of a
contact projective structure, namely a (PSp(2n, R), RP2"~1)_structure on a fiber bundle.

Indeed one can consider the Weyl orbit of simple roots ® = {ay }. The corresponding flag manifold 7, ,
can be identified with RP?"~1. The Lie subalgebra b is {c, }-regular, so one can apply Theorem 8.7.
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It is not clear if our method applies to the Gothen components of representations p: I'g — PSp(4, R) that
contain only Zariski-dense representations [8]. However since PSp(4, R) ~ SO, (2, 3), the case n = 2 of
Corollary 8.15 is a consequence of the work of Collier, Tholozan and Toulisse [13]. We discuss in more
depth the relation between their construction and our techniques in Appendix A.

The fiber obtained for Hitchin representations that are also {&; }-positive is a union of connected com-
ponents of B¥en3 (ha), and for maximal representations one gets a union of connected components of
Btten: (hg). These two submanifolds of RP2"~! are diffeomorphic to the same Stiefel manifold, which
is connected if n > 3; see Appendix B.

8.3.4 Positive representations in PSO(p,qg) Let G = PSO(p, g) withg > p and ©® = A\ {«p}. This
pair admits a notion of ®-positivity. The corresponding flag manifold 7z, can be identified with the
Grassmannian of isotropic planes in R?-4.

Representations satisfying the ®-positive property were studied by Beyer and Pozzetti [5]. In particular
they showed that all ®-positive representations p: I'y — PSO(p, ¢) can be deformed to an hg-generalized
Fuchsian representation when ¢ > p + 1, so in this case Corollary 8.11 applies to all ®-positive represen-
tations. However when ¢ = p + 1, there are connected components of ®-positive representations that are
conjectured to contain only Zariski-dense representations; it is not clear if our techniques can be applied
to these components.

8.4 Nonempty domains

In order to get a geometric structure associated to a domain of discontinuity, one needs to ensure that
the domain is nonempty. Kapovich, Leeb and Porti have a condition that ensures that there exists a
thickening such that the domain is not empty [30], and Guichard and Wienhard proved that the domains
they considered were not empty by computing the dimension of their complement.

We will use the following criterion to prove that some domains of discontinuity for surface groups are
nonempty. Remember that the groups I'g that we consider here are surface groups.

Lemma 8.16 Let p: 'y — G be a ®-Anosov representation and (t, T9) be a balanced type pair of
elements in Sa*, namely such that T is T-regular, satisfying ©(t9) = ©. Suppose that F, has finite
fundamental group. The domain of discontinuity Q,(DT’IO) is nonempty.

Note that it is however not a necessary condition to have a nonempty domain, as we see later for SO(2, 3).
This lemma is very similar to Proposition 6.10.

Proof If the domain is empty, it means that the flag manifold 7 can be written as the union for x € dI'g
of the thickenings K;g, )" This union is disjoint since the limit map is transverse. Moreover the limit
map “;‘g) is continuous (see [6] for instance), which implies that F; fibers over the circle with a compact
base. As in Proposition 6.10, this implies that 77 has infinite fundamental group. O
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We prove that some domains of discontinuity are nonempty for representations of a surface group I'g.
Let (G, ®) be a pair that admits a notion of positivity and let ® C © be a Weyl orbit of simple roots.

Proposition 8.17 The flag manifold F, has finite fundamental group, except if G is locally isomorphic
to PSL(2,R) or if G is locally isomorphic to SO,(2,3), ® = A and ®' = {a,}.

If G is locally isomorphic to SO, (2, 3), ® = A and ®" = {a,} we work by hand using the notation from
Section 2.5. The domain of discontinuity associated to a {&2 }-Anosov representation p: I'g — SO, (2, 3)
obtained by metric thickening for any {a5 }-regular 7o € Sa™ is

(Tta3570) .
Q, 2" =Ein@®>*)\ | J PE @Y
xedlg
For any x € dI'g, The submanifold ]P’(f;‘g(x)l) has dimension 1 in Ein(R?:3), which has dimension 3.

. T{ay}5T0) .
Therefore the domain Qf, taz>T0) 1s nonempty.

Lemma 8.16 together with Proposition 8.17 imply the following:

Corollary 8.18 If G is not locally isomorphic to PSL(2, R), the domain of discontinuity obtained by
metric thickening fo(”)”m) C Fr, for any ©'-regular vector 7o € Sa™ and any ®-Anosov representation
p: I'e — G is nonempty.

The proof of Proposition 8.17 relies on a description of the fundamental groups of flag manifolds associated
to real Lie groups.

Let us write Ag C A for the set of roots whose associated root-space is a line. Let o, B € A. We define
e(a,p) = (—1)(“”3V), namely €(o, f) = 1 if @ and B are linked by no edge or if they are liked by two
edges and « is the longest root, and otherwise €(«, ) = —1.

Theorem 8.19 [38, Theorem 1.1] Let A C A be a set of simple roots. The fundamental group of
Fa = G/ Py is the group generated by (t4)ae,» defined by the relations tgty = tg (tﬂ)e(""ﬂ) fora, B € Ag
and o # B,and t, = e if @ € Ag \ A.

The following lemma will deal with most cases:

Lemma 8.20 If the Dynkin diagram restricted to Ag of the restricted root system of G has no connected
component of type C, or Ay, every flag manifold of G has finite fundamental group.

Proof Let A C A. Using the relations, one may write any element of 771 (F4) as a product of powers of
generators so that each generator appears at most once. Therefore 71 (F4) is a finite group if and only if
for every o € A, t, has finite order.
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If no connected component of the Dynkin diagram restricted to Ag is of type C, or A1, then every o € Ay
belongs to a subdiagram inside the Dynkin diagram of Ag of type A,, G, or Bs. In each of this cases the
relations between the generators imply that they have finite order. Indeed the flag manifold associated
to the Borel subgroup of SL(2,R), SO(3, 4) and the real split Lie group associated to G, have finite
fundamental group; see [38]. a

Proof of Proposition 8.17 If G is a split Lie group Ay = A. If G is locally isomorphic to SO(p, q)
with p >3 and ¢ > p + 1, the Dynkin diagram restricted to Ag is of type A,—1. Finally if G is the real
form of the complex Lie group associated to Eg, E7 or Eg whose restricted root system is of type Fy, the
Dynkin diagram restricted to Ay is of type A». This follows from [33, Table 9]. or Eg whose restricted
root system is of type Fy4, the Dynkin

Therefore if (G, ®) is a pair that admits a notion of ®-positivity, Lemma 8.20 applies and every flag
manifold associated to G has finite fundamental group except in the following two cases: if G is of
Hermitian type and of tube type with ® consisting of only the longest simple root, or if G is split of
type Ay or C, and ® = A.

If G is of Hermitian type, the Dynkin diagram of the associated root system is C,, for n > 2. Suppose
that ®" = {f,}. Then Fy,, = F(g,3, as in Figure 4. Either 81 ¢ Ao, in which case Fyg,y is trivial, or G
is split, by [33, Table 9]. If G is split, B1, B2 € Ay, so the generator 7g, of 1 (F) satisfies the relation
1,1, =18, (tﬂl)_l, and tg, = e s0 tél = e. Therefore F7, has finite fundamental group.

B B2 Bn—z Bn-1 B
It remains to consider the case where G is split with root system C, forn > 3, ® = A and ®' =
{B1....,Bn—1}. Butin this case F¢, is the flag manifold associated to the root B2, as shown in Figure 4.
The root 8, belongs to a subdiagram of type A, so the fundamental group of Fgr is finite. a

8.5 Other applications

Theorem 8.5 can also be applied to Gromov hyperbolic groups that are not surface groups. In this
subsection we consider representations of fundamental groups of hyperbolic manifolds.

For instance one can consider a compact hyperbolic 3-manifold M with fundamental group I' and
holonomy pg: " —PSL(2, C). Letn >3, let tj: PSL(2, C) — PSL(n, C) be the irreducible representation
as in Example 8.3 and let h = d i+ (s[> (C)). As for the real case, § is A-regular, so in particular tj; © pg is
A-Anosov. Here A is the only Weyl orbit of simple roots, and the corresponding flag manifold 77, can
be identified with the space F En_l of pairs (¢, H) where £ C H C C", { is a line and H is a hyperplane.

The domain of discontinuity associated to a A-Anosov representation p for one, and hence any, balanced
pair of the form (za, 7o) is the following, where the limit map of p decomposes as E? = (¢ ;, S /',’_1 :

Feaa\ U (@ H) |31 <k <n—1suchthat { C£X C H}.
xedl’
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The topological dimension of the thickening K} C ]-'En_l for any flag f € G/ Pa is the maximum for
1 <k <n—1 of the real dimension of {({, H) € }'En_l | £ C E C H} for some E C C" of dimension k.
The dimension of the thickening equals 21 — 4 and the dimension of the flag manifold equals 41 — 6, so
for n > 3 the domain is nonempty. Theorem 8.5 therefore implies the following:

Corollary 8.21 The representation
tiro po: ' — PSL(n, C)

is the restricted holonomy of a (PSL(n, C), ]-'ic,n_l)—structure on a fiber bundle over M .

One can also consider a hyperbolic n-manifold M for n > 2 with fundamental group I" and holonomy
po: ' — SO, (1,n). Let t: SO(1,n) — SO(p, np) be the diagonal representation for n > 1 and let ) be
the image of di. Here b is {o }-regular, so in particular (i © po is {@p}-Anosov. Note that {c} is a
Weyl orbit of simple roots, and the corresponding flag manifold Fria,; Can be identified with the set of
isotropic lines Z C P(RP?-"*P),

The domain of discontinuity associated to a {o, }-Anosov representation p for one, and hence any, balanced
pair of the form (ty4,}, 7o) is the following:

7\ | J teleced .

xedll
The dimension of the complement equals (p — 1) +n — 1 and the dimension of the flag manifold equals
n(p+1)—2,soforn>2and p > 2 the domain is nonempty. Theorem 8.5 therefore implies the following:

Corollary 8.22 Let C be the connected component of ¢ o pg in the space of {«, }-Anosov representations
p: ' — PSL(n, C). Every representation in C is the restricted holonomy of an (SO(p, pn), I)-structure
on a fiber bundle over M .

The fibers of this fiber bundle can be described as the set of isotropic lines in the intersection of p quadrics
in R?-P",

The centralizer of «(SO(1,n—1)) in SO(p, pn) has a larger dimension than the centralizer of ¢((SO(1, n)).
Indeed let £ C RP?"P be the p-dimensional subspace preserved by ((SO(1,n — 1)). Any element
g € SO(p, pn) acting trivially on E-L centralizes ((SO(1,n — 1)) but only finitely many such elements
centralize ((SO(1,n)). Therefore if the hyperbolic manifold contains a totally geodesic embedded
hypersurface, there exist nontrivial deformations of ¢ o p that one can construct using bending.

Appendix A Maximal representations of surface groups into SO, (2, n)

In [13] Collier, Tholozan and Toulisse studied maximal representations into SO, (2, n), the connected
component of the identity of SO(2, n), for n > 3. In particular they showed that maximal representations
are the restricted holonomies of photon structures which are geometric structures on a fiber bundle. They
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also showed a similar result for Einstein structures and Hitchin representations in SO, (2, 3) >~ PSp(4, R).
In this appendix we compare the fibration of the domain of discontinuity that they obtained with the
one coming from the projection defined in Section 7, when the unique minimal equivariant immersion
satisfies the corresponding nearly geodesic property.

Maximal representations are {oq }-Anosov, where {a1} is the root such that Py, y is the stabilizer of an
isotropic line in R%"*1. The set {a1} C © is a Weyl orbit of simple roots. We will denote by ©2,° this
domain associated to p, which can be seen as an open subspace of the Grassmannian of isotropic planes
0an2m+J‘

Let R2"*1 be an (n+3)-dimensional vector space equipped with a symmetric bilinear form ¢ of signature
(2,n +1). Let PSO,(2,n) C PSL(n + 3, R) be the connected component of the identity of the isometry
group of g. Let H?" C P(R?”*1) be the space of timelike lines, namely lines on which g is negative
definite. The bilinear form ¢ induces a pseudo-Riemannian metric of signature (2, 7) on H?".

For a subspace V C R%"*! we denote by Pho(V) the set of photons of V, namely the set of planes
P C V such that g|p = 0. The flag manifold Fria,, can be identified with the space Pho(R?"*1). We
denote by Ein(1) the space of isotropic lines in V. When n = 2, the flag manifold Friq,; Can be identified
with the space Ein(R?3).

Fix an orientation of Sg. A maximal representation p: I"' — PSO,(2,n + 1) is a representation whose
Toledo invariant is maximal. Collier, Tholozan and Toulisse proved the following:

Theorem A.1 [13] Let p: I' — SO,(2,n) be a maximal representation. There exists a unique p-
equivariant maximal space-like embedding £ : S, ¢ — H?" and a unique minimal p-equivariant embedding
u: S ¢ —> X. The following cocompact domain of discontinuity fibers over the surface:

Q, =Pho(R*>")\ [ J {P €Pho(R>")| P LE})(x)}.

xedlg
The fibration 7 : Q2, — §g is such that for x € §,
7~ 1(x) = Pho(£(x)1).

Whenn =3 and p: ' — SO, (2, 3) is additionally a Hitchin representation, the following cocompact
domain of discontinuity fibers over the surface:

Q, =Ein(R>?)\ | J {£€Ein®R>?) | £ LEx(x)}.

xedlg
The fibration 7t : Q2 — §g is such that for x € §,
771 (x) = Bin(u(x) @ £(x)).
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Theorem A.3 provides another description of the fibration from Theorem A.1; its purpose is to describe
the difference with the one constructed in Theorem 7.3.

The symmetric space X associated to PSO,(2,n + 1) can be identified with one connected component
of the Grassmannian of oriented planes U C R?" that are spacelike, namely on which g is positive.
Moreover it is of Hermitian type, so it admits a complex structure J .

Let P be an oriented 2-pencil of tangent vectors based at x € X, ie a subspace of dimension 2 of 7, X. It
is holomorphic (respectively antiholomorphic) if Jy fixes P and for all nonzero v € P, (v, Jx(v)) is a
positively (respectively negatively) oriented basis of P.

To an oriented 2-pencil P at x € X that is not antiholomorphic, with some orthonormal and oriented basis
(e, 1), one can associate a holomorphic pencil:

P(P) = (e—Jx(f). [+ Jx(e)).

Note that the pencil ¢ (P) does not depend on the positively oriented orthonormal basis (e, f). Similarly
one can associate to a 2-pencil that is not holomorphic the antiholomorphic pencil:

$(P) = (e + Jx(f), [ = Jx(e)).

Remark A.2 The pencils ¢ (P) and ¢(P) can be interpreted as the holomorphic and antiholomorphic
parts of the complex 2-dimensional subspace generated by P in T, X. In particular they are orthogonal to
one another.

The fibers of the fibration from Theorem A.1 can be described as bases of pencils of tangent vectors in X.

Theorem A.3 Let p: I'y — PSO,(2,n) be a maximal representation. Let u: S, ¢ — X be the unique
minimal p-equivariant embedding and {: §g — H?" the unique maximal p-equivariant spacelike
embedding. For all x € §g, the submanifold

Pho(£(x)™") C Pho(R*") ~ Fr,,
is equal to the ty4,-base of the holomorphic pencil of tangent vectors
¢ (du(T:Sp)).
Whenn =3 and p: I" — SO, (2, 3) is additionally a Hitchin representation, for all x € S, ¢ the submanifold
Ein({(x) @ u(x)) C Ein(R*?) ~ Fy,, |
is equal to the t(y,}-base of the antiholomorphic pencil of tangent vectors
P (du(TSy)).
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One can compare this fibration with the one provided by Theorem 7.3, if u is t-nearly geodesic, for
which the fiber at y € S, ¢ was the t-base of the pencil du(T), S, ¢). In particular, in the case of photon
structures the two fibration coincide if u is holomorphic, which happens when p: I'y — PSO,(2,n)
factors through the reducible representation ¢: PSO, (2, 1) — PSO, (2, n). However they differ in general,
and in particular if p factors through the irreducible representation ¢: PSO, (2, 1) — PSO, (2, 3).

From now on, this section is devoted to proving Theorem A.3. We use the notation from [13, Section 3.3].
We first need a preliminary result about the unique minimal immersion for Hitchin representations
in SO, (2, 3):

Lemma A4 Let p: I'g — SO, (2, 3) be a maximal and Hitchin representation. Its associated minimal
immersion u: S, ¢ — X is never tangent to a totally geodesic submanifold Xo C X of the form

Xo={U eX|UCE}
for any hyperplane E C R?-3,

The proof of this fact relies on the parametrization of the minimal surface using Higgs bundles and the
work of [13]. An introduction to Higgs bundles in SO(2, n) can be found in [13, Section 2.3], and details
on the Higgs bundles associated to Hitchin representations in SO(2, 3) can be found in [13, Section 4.3].

Proof Given a Hitchin representation p: I'y — SO(2, 3), there exists a unique a conformal structure
on Sg such that the corresponding harmonic map in the symmetric space is minimal, and the Higgs
bundle (E,, ®) corresponding to p can be written as

E,~K*’®0K'@00K 'eo K2

The Higgs field ® is the following section of K ® End(E)), or in other words the following one-form
valued in End(E)):

000y0
1000y
d,=[08000
00800
00010

Note that 1 is the tautological one-form valued in K~!, a section of K ® K~!. Note also that for
Hitchin representations, 8 # 0 is also the tautological section, but we denote it differently from 1 because
their norm with respect to the harmonic metric are different in general. The harmonic metric on E,
is diagonal since the bundle is cyclic [13, Proposition 2.31]. As a consequence, the real form on the
complex bundle E, induced by the harmonic metric is the following for some sections /1, k2 of K2K™2
and K1K™!, respectively (see [13, Proposition 2.32]):

_1_ _1_ - - -
(z1.22,23,24,25) > (W] "Zs,hy 24,23, haZ2, h1Z1).
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We identify ® 4+ ®** with the differential of the minimal immersion u. Let us fix a locally defined
holomorphic vector field d,. Suppose that the associated minimal immersion is tangent to a totally
geodesic submanifold Xo C X of the form Xo = {U € X | U C E} for some hyperplane E C R%3. If
this was the case at a point x € S, ¢» it would imply that the differential of u in every direction in T’ S, 7
is identified with a symmetric endomorphism of E, that preserves the complexification H of the real
hyperplane in the fiber at x of E, corresponding to £ C R?3 via the flat connection. In particular the
endomorphisms &, (d;) + CD;h (0;7) and i ©(9;) —iCD;h (07) preserve H, so the endomorphism @, (d;)
preserves H.

Since @, (0;) preserves a nondegenerate bilinear form (the one that determines the real form on E, with
the harmonic metric) and a real hyperplane, it must admit a real eigenvector (z1, z2, 23, Z4, Z5). This
eigenvector being real, one has z3 = Z3, z4 = h2Z5 and z5 = hyZ1. The eigenvector equation implies
that for some A € C,

Az1 =y(9z2)h2Zz, Azz =1(02)21 +y(9:)h1Z1,  Azz = B(97)z2,
AhaZy = B(07)z3, Ah1Z1 = 1(32)h2Z2.
Moreover ||y || < ||1]| for the metric /21 on K2, or in other words |1(d,)| > /1|y (9;)|; see [13, Section 4.3].
Therefore ®, cannot admit a nonzero real eigenvector. Indeed if A = 0 we have that z,, z3 = 0 and

0=1(0;)z1 + y(0z)h1Z1, 80 z1 = 0. If A # 0, 1(32)h2Z2 = h1y(9d;)h2Z2 implies that z; = 0 and
therefore z1,z3 = 0. O

Proof of Theorem A.3 Let G(H?") be the space of triples (U, L, N) where R>" =U @ L & N is an
orthogonal splitting, L is a timelike line and U a spacelike plane. The tangent space of G(H?") can be
decomposed as

Tw.L.n)G(H*™) ~ Hom(L,U) ® Hom(L, N) @ Hom(U, N).

The generalized Gauss map G: S—>g (H?") associated to a spacelike immersion £: S, ¢ — H?" is the
unique map x — (u(x), £(x), N(x)) such that

dg=(det,0,Ay).
Here du is the differential of £:
dl: Ty Sg — Hom(£(x), u(x)) C Hom(£(x), £(x)1) == Ty H>".
And Ay is related to the second fundamental form II; of the immersion £:

Ag: Ty Sg — Hom(u(x), N(x)) C Hom(u(x), £(x)) = Ty H?" @ (d (TxSy))*,
(v, w) = Ag(v) 0 dl(w) € Ty H>" ~ Hom(£(x), £(x)1).

If £ is the unique equivariant maximal spacelike surface for a maximal representation p: I'g — PSO, (2, nn),
the unique p-equivariant minimal surface u: S, ¢ — X is the map coming from the Gauss map of £ [13].
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The differential of v in a direction v € Tx§g is determined by d @, and is equal to the element
du(v) € Hom(u(x), u(x)1) ~ Ty (x)X such that

du(v) = A¢(v) — (dL(v))".

In this expression (d£(v))” € Hom(u(x), £(x)) is obtained as the adjoint of the endomorphism d £(v),
for the restriction of the bilinear form ¢ on £(x) and u(x).

The endomorphism J = Jy,(x) coming from the complex structure on X acts by precomposition by the
rotation of u(x) of angle —%n on Ty )X >~ Hom(u(x), u(x)1), with the orientation chosen on u(x).
The choice of an orientation for every spacelike plane is equivalent to the choice of a complex structure
on X. Since p is maximal for the orientation we fixed on Sg, this orientation is preserved by du. We
write R for the corresponding rotation of 7T S, ¢» which is a rotation of angle —%JT.

Let (v, w) be a positively oriented basis of T S, ¢. The endomorphism

f =du(v)— J(du(w)) € Hom(u(x), u(x)*) ~ Ty X
satisfies
f@@L(v) =1 (v,v) = (@ L) (dL(v)) —Tg(w, R-v) + (dE(w))" (dL(R-v)),
f(dew)) =g (v, w) — (d ()" (de(w)) — Mg (w, R-w) + (dL(w))" (dEL(R-w)).
One has R-v=—w, R-w=v. Also Il (v, w) =1, (w, v), and since £ is maximal, Il; (v, v) 4+l (w, w) =0.

So the image of f is included in €, and f(d£(v)) # 0.

This holds for any orthonormal positively oriented basis (v, w), so ¢ (du (T S, ¢)) can be identified with
the dimension-2 subspace:

Hom(u(x), £(x)) € Hom(u(x), u(x)*) = Ty X.

It suffices now to show that for any (U, L, N) € G(H?"), the T{q,}-base of the holomorphic pencil
P ~ Hom(U, L) C Hom(U, U1) ~ Ty X is the photon Pho(L~), independently of U.

Let a € Pho(R?") be a photon. The vector v,y € Ty X pointing towards @ can be identified with the
homomorphism f,: U — U~ whose graph {x + f,(x) | x € U} is the photon a.

The Riemannian metric on X induces the following scalar product on 7, ()X ~ Hom(U, U ).
(f.g) =Tr(g o f).

For this scalar product, f, is orthogonal to Hom(U, L) ¢ Hom(U, U1) if and only if its image is
orthogonal to L, which is orthogonal to L if and only if ¢ € Pho(L"1).

Now if #n = 2 and p is maximal and Hitchin, the pencil ¢ (du (T S, ¢)) is orthogonal to Hom(u(x), £(x)) =~
¢(du(Tx§g)). But every unit vector f € Hom(u(x), £(x)) is identified to v, 4 (x) € Ty(x)X, where
a € Ein(R?") is the graph of f7: £(x) — u(x). Therefore Ein(u(x) & £(x)) belongs to the T{a,}-base
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of ¢(du(TyS, ¢)). It only remains to check that this base is not larger. This is due in some sense to the
genericity of ¢(du(Ty §g)).

Suppose that there exists £o € Ein(R%")\ Ein(u(x) @ £(x)) that belongs to the T{q,}-base of & (du(Ty S, 2))-
The associated element
Voo u(x) € TxX ~ Hom(u(x), u(x)L)

corresponds to a rank-1 homomorphism v € u(x) — (v, ug)ng, where ug € u(x), ng € u(x)J- and ug+ng
generates £g. Since {o belongs to the 7(y,}-base of &(du(TyS, ¢)), one has Im(f) L ng for any

f € @(du(TySg)) C ToX ~ Hom(u(x), u(x)r).

Let ng, be a nonzero vector in (u(x) @ £(x) ®£'(x)) NN (x) C R2-3. Tt is orthogonal to the image of every
element in ¢(du(TxS ¢)) since &(du(TyS, ¢)) is orthogonal to ¢ (du(Tx S, ¢)). Moreover the image of
every element in ¢ (du (T S, ¢)) is orthogonal to N(x), so ny, is orthogonal to the image of every element
in du(Ty §g) C TxX ~ Hom(u(x), u(x)1). This cannot happen if p is Hitchin because of Lemma A 4.
Therefore Ein(u(x) & £(x)) is the 7(q,}-base of & (du(Ty §g)). |

Appendix B Projective structures with (quasi-)Hitchin holonomy

In this appendix we compare the fibration obtained using Theorem 8.5 with the one constructed in [2].

Let N > 3 be an integer, and let h be a principal sl,-lie subalgebra of sI(N, R). The associated totally
geodesic immersion uy: H? — X is r-regular if and only if N = 2n is even. Indeed an element
Diag(oq,...,0n) € ais tj-regular if and only if none of the o; are equal to 0, and the Cartan projection
of any tangent vector to uy is a multiple of Diag(N —1, N —3,...,3— N, 1 — N). Recall that 7; € Sa*
is such that F7, is identifiable with RP2"~1,

Any {ay }-Anosov representation p admits a cocompact domain of discontinuity

Q, =RP>" 1\ | Pl

xedlg

This is one of the domains constructed by Guichard and Wienhard [24], and is also the domain Qf,r' -0)
as in Theorem 7.10 for any symmetric to € Sa* that is 7q-regular. For any Fuchsian representation
po: I'g = PSL(2, R) the domain associated with ¢ o pg coincides with the domain Q,Z‘h This domain is
nonempty for n > 2.

To understand the topology of the quotient, it is sufficient to understand it for generalized Fuchsian
representations, so let uy: H? — X be the totally geodesic embedding that is ¢;-equivariant, as defined
in Example 8.3.

We will compare two 2-pencils of quadrics. For this we will use an invariant associated to a regular
2-pencil of quadrics, which is called the Segre symbol [17].

Geometry & Topology, Volume 29 (2025)



Nearly geodesic immersions and domains of discontinuity 2457

A pencil of quadrics is regular if it admits a nondegenerate element. Let P be a 2-pencil with a basis
(91, g2) such that g, is nondegenerate. There exists a unique g,-symmetric or ¢>-Hermitian endomorphism
Ag,,qo of V such that g1 (-,-) =¢g2(A-,-).

Lemma B.1 Let P be a 2-pencil of quadrics, and (q1, q2) and (¢}, q5) be two bases of the pencil with g1,
42, q) and q), nondegenerate quadratic forms. Let A = Ag, ¢,, B = Aq/l A anda,b,c,d € R be such that
4} = aq1 +bqz and ¢, = cq1 + dqa. Then cA + d 1d is invertible and B = (aA + b 1d)(cA +d 1d)~L.

Proof Let M =aA+bldand N =cA+d1d. Then ¢5(-,-) = ¢q>(N -,-). But since g» and g} are
nondegenerate, then N = Aqé,qz is invertible.
To complete the proof of the lemma, we need to check that ¢} (N -,-) = g5(M -,-). Let v, w € V, then
¢y (Nv,w) = aq1(Nv,w) + bga(Nv, w)
=adq;(v,w) + bcqgr(Av,w) + acqi(Av, w) + bdg, (v, w),
qy(Mv, w) = cq1(Mv, w) 4+ dga(Mv, w)
=caq1(Av,w) +cbq (v, w) +daga(Av, w) + dbgs (v, w),
which concludes the proof since g1 (-,:) =¢2(A4-,-). |

We can associate to a 2-pencil of quadrics an equivalence class of Segre symbols in the following way.

Definition B.2 The Segre symbol associated to a pair (¢1, g2) of nondegenerate symmetric or Hermitian
forms is the set S of characteristic values of the endomorphism Ay, 4,, with the weights w(s) given by
the multiplicity of the characteristic values and the partition p(s) given by the sizes of the blocks of the
Jordan block decomposition of Ay, 4.

To a nondegenerate 2-pencil of quadrics P we can associate the class of all Segre symbols associated to
any basis (q1, g2) of P where q1, g2 € P are nondegenerate, up to the action of PSL(2, R) on the space of
possible Segre symbols. This equivalence class is well defined because of Lemma B.1. The Segre symbol
of a 2-pencil is invariant by the action of GL(V'), and hence two 2-pencils of quadrics with different
Segre symbols are not isomorphic.

Theorem B.3 The fiber of the fibration my,: Qp — S is the base of a nondegenerate 2-pencil of
quadrics P whose Segre symbol is equal to {i,—i} with multiplicity n at each point, and a minimal
partition [n] of n at each point.

For K = R it is diffeomorphic to the Stiefel manifold
O(k)/(O(k —2) x O(1)).
For K = C it is diffeomorphic to the Stiefel manifold
O(2k)/(0(2k —2) x U(1)).
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A similar fibration was already constructed by Alessandrini, Li and the author in [2]. The fibers in both
constructions are bases of pencils, but in [2] the fiber of the fibration constructed is the base of a different
2-pencil Py. However, the base of Py is diffeomorphic to the same Stiefel manifold.

The Segre symbol of the pencil Py also has two conjugate points with multiplicity 7, but decorated with a
maximal partition [1,1,..., 1] of n. A difference for instance is that the stabilizer in PSL,, (K) is larger
for Py than for P.

The rest of the section is devoted to the proof of Theorem B.3.

Proof As in Example 8.3, we identify C” with the space V5, (C) of homogeneous polynomials in X
and Y of degree 2n — 1. We consider the change of variable X = W 4+ Z and Y =i(W — Z). If K =R,
we recall that the conjugation t after the change of coordinates is given by the C-antilinear map defined

for 0 <[ < 2k by
T WIZZk—l—l s Zl W2k_1_l.

This change of basis diagonalizes the action of PSO(2). Let R(6) be the rotation angle 6 in the hyperbolic
plane, or the class of the rotation of angle %6 on R2. The action of Ry satisfies, for 0 </ < 2k,

LR(B)) - Wl z2k=1H1 _ (i0@k=1=2D) /1 72k =141

Consider the following basis of V5, (C):

@) _ (lezk—1+l(2k—1)5>
1)o<i<2k / 0<l<2k

The pencil of tangent vectors duy(H?) € T, X corresponds to a pencils of (Hermitian) quadrics generated
by ¢1 and g». The corresponding matrices in this basis are

0 Ao 0 —Xo \
Ao 0 Aq Ao 0 —A4
A1 0 Ao A 0 —A,
01 = Az o . QO2=i Az .
S R
/\2 0 /\1 A2 0 _/\1
A 0 Ao A 0 —Ap
\ Ao O \ Ao O

where Ag = Aog—1—q = V(@ +1)2k —1—a) for 0 <a <2k —1.

The matrix associated to A4, 4, is conjugate to

iT O
0 —iT)’
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where T is the following k x k matrix:

1111
1.+ 11
11

The matrix 7" — I, is nilpotent of order k. This implies that the characteristic values of Ay, 4, are i
and —1, and the partition associated with the Jordan block decomposition is the minimal partition [k] for
both singular values. This determines the Segre symbol of P.

Now let’s study the topology of the base of P in the case K = R. in order to do so we will deform this
pencil to get a pencil that can be decomposed into smaller blocks. Let us define for # € R the pencil of
quadrics P; generated by the quadratic forms g1 and g ; whose matrices Q1 and Q2 ; in the basis

(e1)o<i <2k are

0 Ao \ 0 —Xo \
Ao 0 1Ay Ao 0 —tAg
th1 0 Ap tA 0 —Az
Ay ) A
Q1= 2 . Qo =i 2
A, PP
Az 0 1Ay Ay 0 —thAy
th1 0 Ao tAc1 0 =X
K AO 0} \ Ao 0 )

In other words, the coefficients Ax for k odd are replaced by fAj. The determinant of Q1 and Q5 ; is
independent of ¢, and hence the pencils of quadrics P; are all nondegenerate. Moreover one has

L(R(0))- Q1,0 = cos(0)Q1,r +sin(6) Q2.
which implies that all the nonzero quadrics in the pencil P; are nondegenerate.
Let M = {([v].t) e P(Va(R)) xR | g1,,(v,v) = g2,+(v,v) = 0} and p: P(V,(K)) x R — R be the
projection onto the second factor. Because of Lemma 6.2, M is a submanifold of P(V,(R)) x R. The

map p is a proper submersion, and hence by the Ehresmann principle it is a fibration. In particular the
bases h(P) and h(Pyp) of these pencils are diffeomorphic.

The pencil of quadrics Py is exactly the pencil that defines the Stiefel manifold in [2], so we get the

desired result. O
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