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Abstract

This article relates representations of surface groups to cross ratios.
We first identify a connected component of the space of representations
into PSL(n,R) — known as the n-Hitchin component — to a subset of the
set of cross ratios on the boundary at infinity of the group. Similarly,
we study some representations into C*"(T) x Diff" (T) associated to cross
ratios and exhibit a ”character variety” of these representations. We show
that this character variety contains all n-Hitchin components as well as
the set of negatively curved metrics on the surface.

1 Introduction

Let ¥ be a closed surface of genus at least 2. The boundary at infinity d.om1 (X)
of the fundamental group 71 (X) is a one dimensional compact connected Holder
manifold — hence Holder homeomorphic to the circle T — equipped with an action
of 71 (%) by Holder homeomorphisms.

A cross ratio on Oxm1(X) is a Holder function B defined on

80071—1(2)4* = {(x,y,z,t) € 6007'('1(2)4 | Z 7é t and Y 7é 2}7

invariant under the diagonal action of 7 (X) and which satisfies some algebraic
rules. Roughly speaking, these rules encode some symmetry and normalisation
properties as well as multiplicative cocycle identities in some of the variables:

SYMMETRY: B(z,y,z,t) = B(z,t,z,vy),
NORMALISATION: B(z,y,2,t) = 0 < ax=yorz=t,
NORMALISATION: B(z,y,z,t) = 1 S ax=zory=t,

COCYCLE IDENTITY: B(z,y,2,t) = B(x,y,z w)B(z,w,z,t),
COCYCLE IDENTITY: B(z,y,2,t) = B(z,y,w,t)B(w,y,z,t).

*Univ. Paris-Sud, Laboratoire de Mathématiques, Orsay F-91405 Cedex; CNRS, Orsay
cedex, F-91405

TThe author thanks the Tata Institute for fundamental research for hospitality and the
Institut Universitaire de France for support.



The period of a non trivial element + of 7 (X) with respect to B is the following
real number

log [B(Y ™, vy, 7", )| == le(7),

where 4T (respectively v7) is the attracting (respectively repelling) fixed point
of 7 on O (X) and y is any element of J,71(X); as the notation suggests,
the period is independent of y — see Paragraph 3.3.

These definitions are closely related to those given by Otal in [27, 28] and
discussed by Ledrappier in [25] from various viewpoints and by Bourdon in [4]
in the context of CAT(—1)-spaces.

Whenever ¥ is equipped with a hyperbolic metric, O (X) is identified with
RP! and inherits a cross ratio from this identification. Thus, every discrete
faithful homomorphism from m(X) to PSL(2,R) gives rise to a cross ratio —
called hyperbolic — on o1 (X). The period of an element for a hyperbolic cross
ratio is the length of the associated closed geodesic. These hyperbolic cross
ratios satisfy the following further relation

1—B(x,y,z2,t) = B(t,y, 2z, ). (1)

Conversely, every cross ratio satisfying Relation (1) is hyperbolic.
The purpose of this paper is to

e generalise the above construction to PSL(n, R)

e give an n-asymptotic infinite dimensional version

A correspondence between cross ratios and Hitchin representations

Throughout this paper, a representation from a group to another group is a
class of homomorphisms up to conjugation!. We denote by

Rep(H,G) = Hom(H, G)/G,

the space of representations from H to G, that is the space of homomorphisms
from H to G identified up to conjugation by an element of G. When G is
a Lie group, Rep(m(X), @) has been studied from many viewpoints; classical
references are [2, 14, 15, 20, 29].

In [23], we define an n-Fuchsian homomorphism to be a homomorphism
p from 71(X2) to PSL(n,R) which may be written as p = ¢ o pg, where pg is a
discrete faithful homomorphism from 7 (X) to PSL(2,R) and ¢ is the irreducible
homomorphism from PSL(2,R) to PSL(n,R).

In [21], Hitchin proves the following remarkable result: every connected
component of the space of completely reducible representations from m (%) to
PSL(n,R) which contains an n-Fuchsian representation is diffeomorphic to a
ball. Such a connected component is called a Hitchin component and denoted
by

Repy (m1(X), PSL(n, R)).

'We emphasise that this terminology is slightly non standard.



A representation which belongs to a Hitchin component is called an n-Hitchin
representation. In other words, an n-Hitchin representation is a representation
that may be deformed into an n-Fuchsian representation.

In [23], we give a geometric description of Hitchin representations, which is
completed by Guichard [18] (¢f. Section 2). In particular, we show in [23] that
if p is a Hitchin representation and « a nontrivial element of 71 (X), then p(v)
is real split (Theorem 1.5 of [23]). This allows us to define the width of a non
trivial element v of 71 (%) with respect to a Hitchin representation p as

where Amax(p(7)) and Amin(p(7)) are the eigenvalues of respectively maximum
and minimum absolute values of the element p(7).

Generalising the situation for n = 2, briefly described in the previous para-
graph, we identify n-Hitchin representations with certain types of cross ratios.
More precisely, for every integer p, let 9,71 (2)% be the set of pairs

wp() = log (‘

(e,u) = ((€0, €1 --,€p), (U, Uty .., Up)),

of (p+ 1)-tuples of points in Joom1(X) such that e; # e; # up and u; # u; # ep,
whenever j > ¢ > 0.

Let B be a cross ratio and let xj3 be the map from dso71(X)% to R defined
by

xip(e,u) = det (B(es, uj, eq, up)).
,j>0

A cross ratio B has rank n if
o xE(e,u) # 0, for all (e,u) in Do (2)7,
o Xt (e,u) = 0, for all (e,u) in oo (X)7H1.

Rank 2 cross ratios are precisely cross ratios satisfying Relation (1) (see Propo-
sition 4.1). Our main result is the following.

Theorem 1.1 There exists a bijection from the set of n-Hitchin representations
to the set of rank n cross ratios. This bijection ¢ is such that for any nontrivial
element v of 71 (%)

te(7) = w,(7),
where lg(7y) is the period of v is given with respect to B = ¢(p), and w,(vy) is
the width of v with respect to p.

Cross ratios and representations are related through the limit curve in P(R™)
—see Paragraph 2.3. In [22], we use the relation between cross ratios and Hitchin
representations to study the energy functional. In collaboration with McShane
in [24], we use these relations to generalise McShane’s identities [26]. In [22],
cross ratios also appear in relation with maximal representations, as discussed
in the work of Burger, Iozzi and Wienhard [8, 9] and Bradlow, Garcia-Prada,
Gothen, Mundet i Riera [6, ?, 7, 12, 17]. In [11], Fock and Goncharov give a
combinatorial description of Hitchin representations.



A ”character variety” containing all Hitchin representations

Since Hitchin representations are irreducible — ¢f Lemma 10.1 in [23] — the natu-
ral embedding of PSL(n,R) in PSL(n+1,R) does not give rise to an embedding
of the corresponding Hitchin component. Therefore, there is no natural alge-
braic way — by an injective limit procedure say — to build a limit when n goes
to infinity of Hitchin components. However, it follows from Theorem 1.1 that
Hitchin components sit in the space of cross ratios.

The second construction of this article refines this observation and shows
that all Hitchin components lie in a "character variety” of w1 (X) into an infinite
dimensional group H(T).

The group H(T) is defined as follows. Let C'*(T) be the vector space of
C'-functions with Holder derivatives on the circle T, and let Diff"(T) be the
group of C'-diffeomorphisms with Holder derivatives of T. We observe that
Diff"(T) acts naturally on C"(T) and set

H(T) = CY"(T) x Diff"(T).

In Paragraph 6.1.2, we give an interpretation of H(T) as a group of Holder
homeomorphisms of the 3-dimensional space J'(T,R) of 1-jets of real valued
functions on the circle.

Our first result singles out a certain class of homomorphisms from m(X) to
H(T) with interesting topological properties. Namely, we define in Paragraph
7.2, co-Hitchin homomorphisms from 71(X) to H(T). As part of the definition,
the quotient J*(T)/p(71(X)) is compact for an co-Hitchin homomorphism p. In
Paragraph 9.2.2, we associate a real number ¢,() — called the p-length of v —
to every nontrivial element v of 71(X) and every oo-Hitchin representation p.
The p-length — considered as a map from 1 (X) \ {id} to R — is the spectrum of
p. In Paragraph 9.2.1, we also associate to every oco-Hitchin homomorphism a
cross ratio and we relate the spectrum with the periods of this cross ratio.

We denote by Hom g the set of all co-Hitchin homomorphisms. Let Z(H(T))
be the centre of H(T) — isomorphic to R. Our first result describes the action
on H(T) on Homp.

Theorem 1.2 The set Hompy is open in Hom(w1(X), H(T)). The group
H(T)/Z(H(T)),
acts properly on Homy and the quotient
Repy = Hom(m (%), H(T))/H(T),

18 Hausdorff. Moreover, two oco-Hitchin homomorphisms with the same spectrum
and the same cross ratio are conjugated.

Our next result exhibits an embedding of Hitchin components into this char-
acter variety Repy.



Theorem 1.3 There exists a continuous injective map ¥ from every Hitchin
component into Repy such that if p is an n-Hitchin representation, then for
any v in 71 (2)

Lyp) (V) = wp(7), (2)

where Ly, is the Y(p)-length and w, is the width with respect to p. Moreover,
the cross ratios associated to p and 1 (p) coincide.

This suggests that the group C1/*(T) x Diffh(’JT) contains an n-asymptotic ver-
sion of PSL(n,R).

This character variety contains yet another interesting space. Let M be
the space of negatively curved metrics on the surface 3, up to diffeomorphisms
isotopic to the identity. For every negatively curved metric g and every non
trivial element « of 7 (X), we denote by ¢,(v) the length of the closed geodesic
freely homotopic to 7.

Theorem 1.4 There exists a continuous injective map v from M to Repy,
such that for any v in m (%)

£y(7) = Ly(g) (),

where £y 4y is the 1(g)-length of .

The injectivity in this theorem uses a result by Otal [27]. Theorems 1.3 and 1.4
are both consequences of Theorem 11.3, a general conjugation result.

We finish this introduction with a question about our construction. Let Ho,
be the closure of the union of images of Hitchin components

Moo = | JRepy (m1(S), PSL(n, R)).

Does H, contain the space of negatively curved metrics M? How is it charac-
terised?

I thank the referee for a careful reading and very helpful comments concern-
ing the structure of this article.
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2 Curves and hyperconvex representations

We recall results and definitions from [23].

2.1 Hyperconvex and Hitchin representations

Definition 2.1 [FUCHSIAN AND HITCHIN HOMOMORPHISMS| An n-Fuchsian
homomorphism from m (%) to PSL(n,R) is a homomorphism p which may be
written as p = topg, where pg is a discrete faithful homomorphism with values in



PSL(2,R) and ¢ is the irreducible homomorphism from PSL(2,R) to PSL(n,R).
A homomorphism is Hitchin if it may be deformed into an n-Fuchsian homo-
morphism.

Definition 2.2 [HYPERCONVEX MAP] A continuous map & from a set S to
P(R™) is hyperconvex if, for any pairwise distinct points (x1,...,x,) withp <n,
the following sum is direct

£(z1) + ...+ &(zp).
In the applications, S will be a subset of T.

Definition 2.3 [HYPERCONVEX REPRESENTATION AND LIMIT CURVE| A ho-
momorphism p from w1 (X) to PSL(n,R) is n-hyperconvex, if there exists a
p-equivariant hyperconver map from Oxm1(X) in P(R™). Such a map is actually
unique and is called the limit curve of the homomorphism.

A representation is n-Fuchsian (respectively Hitchin, hyperconvez) if, as a
class, it contains an n-Fuchsian (respectively Hitchin, hyperconvex) homomor-
phism.

As an example, we observe that the Veronese embedding is a hyperconvex
curve equivariant under all Fuchsian homomorphisms. Therefore, a Fuchsian
representation is hyperconvex. More generally, we prove in [23]

Theorem. FEvery Hitchin homomorphism is discrete, faithful and hyperconvez.
If p is a Hitchin homomorphism and if v in w1(X) different from the identity,
then p(7y) is real split with distinct eigenvalues.

We explain later a refinement of this result (Theorem 2.6). Conversely,
completing our work, O. Guichard [18] has shown the following result

Theorem 2.4 [GUICHARD]| Every hyperconvex representation is Hitchin.

2.2 Hyperconvex representations and Frenet curves

Definition 2.5 [FRENET CURVE AND OSCULATING FLAG] A hyperconvex curve
¢ defined from T to RP"™! is a Frenet curve if there exists a family of maps
(€Y,€2,...,€"Y) defined on T, called the osculating flag curve, such that

o for each p, the curve &P takes values in the Grassmannian of p-planes of
R™,

e for every x in T, £P(z) C &P (x),

o for every x in T, £(x) = &1(x),

o for every pairwise distinct points (x1,...,x;) in T and positive integers
ni,...,n;) such that il n; < n, then the following sum is direct
i=1
M (@) + ...+ M (1), (3)



e finally, for every x in T and positive integers (n1,...,n;) such that p =
S = ns <, then

i=l
lim "i(y;)) = EP(x). 4
(y1,...,yl)ﬁx,yialldistinct<@E (y )) 6 ( ) ( )

We call €771 the osculating hyperplane.

REMARKS:

1. By Condition (4), the osculating flag of a Frenet hyperconvex curve is
continuous and the curve ¢! completely determines &£P.

2. Furthermore, if ¢! is C°°, then ¢P(x) is completely generated by the deriva-
tives of £ at  up to order p — 1.

3. In general a Frenet hyperconvex curve is not C*°.

4. However by Condition (4), its image is a C''-submanifold and the tangent
line to £ (z) is £€2(x).

We list several properties of hyperconvex representations proved in [23].

Theorem 2.6 Let p be an hyperconvex homomorphism from w1 (%) to PSL(E)
with limit curve . Then:

1. The limit curve £ is a hyperconver Frenet curve.
The osculating hyperplane curve £ is hyperconver.

The osculating flag curve of & is Hélder.

e

Finally, if v+ is the attracting fived point of v in Osmi(X), then £(vT),
(respectively £*(yT)) is the unique attracting fived point of p(y) in P(E)
(respectively P(E*)).

2.2.1 A smooth map

As a consequence of Theorem 2.6, we obtain the following

Proposition 2.7 Let p be a hyperconvex representation. Let
£=(&..., 6",

be the limit curve of p. Then, there exist

o A C' embedding with Hélder derivatives n = (n1,n2) from T? to P(R™) x
P(R*"),



e two representations py and py from w,(X) in Diff"(T), the group of C'-
diffeomorphisms of T with Hélder derivatives,

e o Hoélder homeomorphism k of T,
such that
1. m(T) = 1 (s (X)) and n2(T) = " O (X)),
2. each map n; is p; equivariant,
3. the sum n1(s) + na2(t) is direct when k(s) # t,
4. kK intertwines p1 and pa.
PROOF: By the Frenet property, £!(0.om1(2)) and €71 (0oom1 (X)) are a C*

one-dimensional manifold. Let n; (respectively n2) be the arc-length parametri-
sation of £} (01 (X)) (respectively €771 (s (X))). Let

k= () tol o (g ) T on.

The result follows. Q.E.D.

3 Cross ratio, definitions and first properties

3.1 Cross ratios and weak cross ratios

Let S be a metric space equipped with an action of a group I by Hélder home-
omorphisms and

S¥ = {(x,y,2,t) € S* | x #t and y # 2}.

Definition 3.1 [CROSS RATIO| A cross ratio on S is a Holder R-valued function
B on S*, invariant under the diagonal action of T' and which satisfies the
following rules

B(z,y,2z,t) = B(zt,x,y), (5)
B(z,y,2,t) = 0 ©xz=yorz=t, (6)
B(z,y,2,t) = 1 ©x=zo0ry=1t, (7)
B(z,y,2z,t) = B(z,y,zw)B(z,w,z,t), (8)
B(z,y,2,t) = B(z,y,w,t)B(w,y,z2,t). (9)

Definition 3.2 [WEAK CROSS RATIO|] If B — non necessarily Hélder — satisfies
all relations except (7), we say that B is a weak cross ratio. If a weak cross
ratio satisfies Relation (7), we say that the weak cross ratio is strict. A weak
cross ratio that is strict and Hélder is a genuine cross ratio.

10



In this article, we shall only consider the case where S =T, or S = 9,71 (X)
equipped with the action of 71(X). In [24], we extend and specialise this defini-
tion to subsets of T.

We give examples and constructions in Section 4.

Definition 3.3 [PERIOD] Let B be a weak cross ratio on Ouom1(X) and v be a
nontrivial element in 7 (X). The period ¢p(v) is defined as follows. Let v+
(respectively v~ ) be the attracting (respectively repelling) fixed point of v on
Osom1(X). Let y be an element of Osom1(X). Let

ls(7,y) =log | B(y~,vy,7", ). (10)

Relation (8) and the invariance under the action of v imply that () = (7, y)
does not depend on y. Moreover, by Equation (5), {g(y) = lg(y~1).

REMARKS:

1. The definition given above does not coincide with the definition given
by Otal in [28] and studied by Ledrappier, Bourdon and Hamenstadt in
[25, 4, 19]. We in particular warn the reader that our cross ratios are
not determined by their periods contrarily to Otal’s [28]. Apart from
the choice of multiplicative cocycle identities rather than additive and the
requirement of the symmetry B(z,¢,x,y) = B(z,y, z,t) which both have
mild consequences, we more crucially do not require that B(z,y, z,t) =
B(y, z,t,z). This allows more flexibility as we shall see in Definition 9.9
and breaks the period rigidity.

2. However, if B(z,y, z,t) is a cross ratio according to our definition, so is
B*(x,y,z,t) = B(y, ,t, ), and finally log |BB*| is a cross ratio according
to Otal’s definition. We explain the relation with negatively curved metrics
discovered by Otal in Section 4.3.

3. Ledrappier’s article [25] contains many viewpoints on the subject, in par-
ticular the link with Bonahon’s geodesic currents [3] as well as an accurate
bibliography.

4. Triple ratios. The remark made in this paragraph is not used in the
article Let B be a cross ratio. For every quadruple of pairwise distinct
points (z,y, 2,t), the expression

]B(x’ y7 Z7 t)]B(Z7 x? y7 t)]B(y’ Z? x? t))

is independent of the choice of ¢. We call such a function of (z,y, z) a triple
ratio. Indeed, in some cases, it is related to the triple ratios introduced by
A. Goncharov in [16]. A triple ratio satisfies the (multiplicative) cocycle
identity and hence defines a bounded cohomology class in HZ(m1(X)).

11



4 Examples of cross ratio

In this section, we recall the construction of the classical cross ratio on the
projective line and explain that various structures such as curves in projective
spaces and negatively curved metrics on surfaces give rise to cross ratios. In
some cases, the periods are computed explicitly. We also explain a general
symplectic construction.

4.1 Cross ratio on the projective line

Let E be a vector space with dim(F) = 2. The classical cross ratio on P(FE),
identified with R U {oco} using projective coordinates, is defined by

(z—y)z-1)
(x—1)(z-y)

The classical cross ratio is a cross ratio according to Definition (3.1). It also
satisfies the following rule

b(x’ y? Z? t) =

l—b(ac,y,z,t) :b(tvya'Z,x)' (11)

This extra relation completely characterises the classical cross ratio. Moreover,
this (simple) relation is equivalent to a more sophisticated one which we may
generalise to higher dimensions

Proposition 4.1 For a cross ratio B, Relation (11) is equivalent to

(B(f,v,e,u) — 1)(B(g,w,e,u) — 1) = (B(f,w,e,u) — 1)(B(g,v,e,u) — 1). (12)

Furthermore, if a cross ratio B on S satisfies Relation (12), then there exists
an injective Holder map o of S in RP', such that

IB(J:7 Y, %, t) = b(@(x)v @(y)v 90(2)’ @(t))'

PROOF: Suppose first that B satisfies Relation (11). By Relation (8), it also
satisfies (12):

B(f,v,e,u) —1)(B(g, w,e,u) — 1)

= B(u,v,e, f)B(u,w,e,g) by (11)
ElB(u,v,e,w)IB(u,w,e,f)) (lB(u,v,e,g)IB(u,w,e,v)) by (8)
B

= ]B(uawa ¢, )]B(’LL,’U, eag) by (8)
= (B(fvwae7u) - 1)(IB(Q,U,€,U) - 1) by (11)

Conversely, suppose that a cross ratio B satisfies Relation (12). We first prove
that

(B(v,w,e,u) — B(f,w,e,u))(B(z,w,e,u) — B(k,w,e,u))

B0k 2) = (B0, w,e,0) = Bb w, e, 0) (B(z, w, e,0) — B, w, e, 0))

(13)

12



Indeed, we first have

Setting g = v, we obtain

1 —B(f,w,e,u)
—_— 41
B(v,w,e,u) — 1 +
_ B(v,w,e,u) - B(f,w,e,u) (14)
n B(v,w,e,u) —1 '

B(f,v,e,u)

We have

B(f,v,k,z) = W

707672)

by (9)
B(f,v,e,u) B(k, z,e,u)
B(f,z,e,u) (B(k,v,e,u)) by (8)
(f,v,e,u)B(k, z,e,u)

( B(

|
T~ =

(15)

k,v,e,u)B(f, 2, e,u)

Applying Relation (14) to the four right terms of Equation (15), we obtain
Equation (13).

Let (w, e, u) be a triple of pairwise distinct points in S, and let ¢ be the map
from S to RP' — identified with R U {oc} — defined by

- S — RU{oc},
Y = Plweu) T — ]B(x,’u%@fd),

where by convention B(w,w, e, u) = oco.
We now observe that ¢ has the same regularity as B. This is obvious in
S\ {w}, and for z in the neighbourhood of w we use that

1
B(z,w,e,u)’

B(z,u,e,w) =
The normalisation Relation (7) implies that ¢ is injective. Indeed
IB($7’U),€,U) = B<yawae7u) = B(xawayvu) =1l = o= Y.
By construction and Equation (13), we have

IB(J:7 Y, %, t) = b(@(x)v @(y)v 90(2)’ @(t))'

This in turn implies that B satisfies Relation (11) and completes the proof of
the proposition Q.E.D.
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4.2 Weak cross ratios and curves in projective spaces

We now extend the previous discussion to higher dimension. Let E be an n-
dimensional vector space. Let £ and £* be two curves from a set S to P(E) and
P(E*) respectively, such that

E(y) ekert(2) & 2z =y. (16)

We observe that a hyperconvex Frenet curve ¢ and its osculating hyperplane £*
satisfy Condition 16. In the applications, S will be a subset of T.

Definition 4.2 [WEAK CROSS RATIO ASSOCIATED TO CURVES| For every x in
S, we choose a nonzero vector £(x) (respectively £*(x)) in the line &(x) (respec-
tively £*(x)). The weak cross ratio associated to (§,£*) is the function Bg ¢« on
S defined by

I

"WNEE).
‘W) E@).

782N

@)

: (1)
(€(2),

(1)

Be e (2, y,2,t) =

A
7%

REMARKS:
e The definition of B¢ ¢+ does not depend on the choice of é and f*
o B¢ ¢+ is a weak cross ratio.

e Let z,z be distinct points S and V' = &(z) @ £(z). For any m in S, let
¢(m) =ker*(m)NV. Let by be the classical cross ratio on P(V'), then

Be e (2,9, 2,t) = by (§(2), ((y),£(2), C(1))-

e As a consequence, B¢ ¢~ is strict if for all quadruple of pairwise distinct
pOintS (x7 y’ Z? t)?

ker(€(2)) N (§(x) @ &£(y)) # ker(§7 (1)) N (¢(=) @ &(y)).

Finally, we have

Lemma 4.3 Let (§,€*) and (n,n*) be two pairs of maps from S to P(R™) x
P(R*™), satisfying Condition (16), such that £* and n* are hyperconvezr. Assume
that

By = Bee--

Then there exists a linear map A such that £ = Aon.
PROOF: We assume the hypotheses of the lemma. Let (xg,z1,...,z,) be a
tuple of n + 1 pairwise distinct points of S. Let uy be a nonzero vector in

& (zo) and let U = (4y,...,0y,) be the basis of E* such that 4; € £*(x;) and
(ug, ;) = 1. The hyperconvexity of £* guaranty the existence of U.

14



The projective coordinates of {(y) in the dual basis of U are

[..: &), q):...] = [..: <f(y)aff1> ]A
= .. (€(y), ) (uo, 1)
<£(y),111> <’U/0,’LALZ>
= [ Bege(y, @iy wo, 1)t - - (17)
Symmetrically, let vy be a non zero vector in n*(xo) and let V = (91, ...,0,) be

the basis of E* such that 0; € n*(x;) and (vg, 0;) = 1.

Let A be the linear map that sends the dual basis of V to the dual basis of
U. By Equation 17, for all y € S, we have that £(y) = A(n(y)). The result now
follows Q.E.D.

4.3 Negatively curved metrics and comparisons

We now explain Otal’s construction of cross ratios associated to negatively
curved metrics on surfaces [27, 28]. Let g be a negatively curved metric on
3. which we lift to the universal cover 3 of X. Let (a1, ag, a3, as) be a quadruple
of pairwise distinct points of oo (X) = D52, Let ci; be the unique geodesic
from a; to a;. We choose nonintersecting horoballs H; centred at each point a;
and set ~

Oij =% \ (f[z @] Hj).

Let ¢;; be the length of the geodesic arc c;; N O;;. Otal’s cross ratio of the
quadruple (a1, aq, as,aq) is

Ogy(a1,a2,a3,a4) = l1g — log + l34 — L47.

This number is independent on the choice of the horoballs H; and is a cross
ratio according to Otal’s definition.

Definition 4.4 [CROSS RATIO ASSOCIATED TO NEGATIVELY CURVED METRIC]
The cross ratio associated to g according to definition is defined as follows. For
a cyclically ordered 4-tuple of distinct, we take the exponential of Otal’s cross
ratio

B,(a1,a2,a3,a4) = eQs(a1,02,a5,04)

For noncyclically ordered 4-tuple, we introduce a sign compatible with the sign
of the classical cross ratio.

REMARKS:

1. The function B, satisfies the rules 3.1 and the period of an element + is
the length of the closed geodesic of ¥ in the free homotopy class of ~.

15



. The cross ratio of a negatively curved metric satisfies the extra symmetry

]B(:I:" y’ Z7t) = ]B(y’ ‘T7t7 Z)'

. If the metric g is hyperbolic, Ooom; (X) is identified with RP* and the cross
ratio B, coincides with the classical cross ratio.

. This construction is yet another instance of the "symplectic construction”
explained in Section 4.4. Indeed, the metric identifies the tangent space
of the universal cover of a negatively curved manifold with the cotangent
space. Therefore, this tangent space inherits a symplectic structure and
its symplectic reduction with respect to the multiplicative R-action is the
space of geodesics which thus admits a symplectic structure. Identified
with the space of pairs of distinct points of the boundary at infinity, the
space of geodesics also admits a product structure. The cross ratio defined
according to Section 4.4 coincides with the cross ratio described above.

. More generally, Otal’s construction can be extended to Anosov flows on
unit tangent bundle of surfaces of whom geodesic flows of a negatively
curved metrics are special cases [1]. For a cross associated to an Anosov
flow, the period of an element ~ is the length of the closed orbit in the
free homotopy class of ~.

. Conversely a cross ratio gives rise to a flow as it is explained in Section
3.4.1 of [22]. The flow identity is equivalent to the Cocycle Identity (8)
in the definition of cross ratios. More precisely, given a cross ratio B
on dymi(X)* and any real number ¢, we define in [22] a map ¢, from
Dot ()3T — see Definition (12.3) — to itself by

@t(z—yx(h ‘T-‘r) = (I—a ‘Tta'r-‘r)a

where
t

B(z4,x0,z—,2¢) = €".
Equation (8) implies that ¢ — ¢ is a one parameter group, that is

Pt+s = Pt © Ps.

In [25], Frangois Ledrappier gives an excellent overview of the various as-

pects of Otal’s cross ratios and in particular their enlightening interpretation as
Bonahon’s geodesic currents [3].

4.4 A symplectic construction

All the examples of cross ratio that we have defined may be interpreted from the
following "symplectic” construction. Let V' and W be two manifolds of the same
dimension and O be an open set of V' x W equipped with an ezact symplectic
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structure, or more generally an exact two-form w. We assume furthermore that
the two foliations coming from the product structure

Fr = on(V x{w}),
Fy o= On({v} xWw),
satisfy the following properties:
1. Leaves are connected.
2. The first cohomology groups of the leaves are reduced to zero.
3. w restricted to the leaves is zero.
4. Squares are homotopic to zero, where squares are closed curves ¢ = cf U

¢y Ucd Ucy with ¢ along F*.

REMARK: When w is symplectic, every leaf F* is Lagrangian by definition, and
a standard observation shows that they carries a flat affine structure. If every
leaf is simply connected and complete from the affine viewpoint, condition (4)
above is satisfied: one may "straighten” the edges of the square, that is deforming
them into geodesics of the affine structure, then use these straightening to define
a homotopy.

4.4.1 Polarised cross ratio

Let
U=A{(e,u, f,v) eV xW xV x W|(e,u), (f,u),(e,v),(f,v) € O},

Definition 4.5 [POLARISED CROSS RATIO| The polarised cross ratio is the
function defined B defined on U by

Ble,u, f,v) = PERASICS
where G is a map from the square [0,1]? to O such that

e the image of the vertexes (0,0), (0,1), (1,1), (1,0) are respectively (e, u),
(f’ u)) (671])7 (f7 U)?

e the image of every edge on the boundary of the square lies in a leaf of FT
or F~.

The definition of B does not depend on the choice of the specific map G. Let
1 be an diffeomorphism of O preserving w and isotopic to the identity. Let «
and ¢ be two fixed points of ¢ and ¢ a curve joining v and ¢. Since v is isotopic
to the identity, it follows that ¢ U v (c) bounds a disc D.
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4.4.2 Curves

Let ¢ = (p, p) be a representation from 71 (X) in the group of diffeomorphisms
of O which preserve w and are restrictions of elements of Diff (V') x Diff (W).
Let (£,£*) be a ¢-equivariant map of Jxm1(X) to O.

Then, we have the following immediate

Proposition 4.6 The function IABE@ defined by
IBE,E* (.'IJ, Y, z, t) = B(f(l’)), g* (y)a E(Z)a 5* (t))a

satisfies
]ngg* (:1;7 y7 Z’ t) = ]B(Z7 t7z7y)’
]]3575* (x7 y7 Z’ t) = ]B(]"7y7 Z7w)]B(x7w7 Z, t)’
Be ¢+ (z,y,2,t) = B(z,y,w,t)B(w,y,zt).

This function B¢ ¢« may be undefined for x = y and z = t. By the above
proposition, it extends to a weak cross ratio provided that

lim B¢ ¢+ (z,y, 2,t) = 0.
y—z

4.4.3 Projective spaces

We concentrate on the case of projective spaces, although the construction can
be extended to flag manifolds to produce a whole family of cross ratios asso-
ciated to a hyperconvex curve. However in this case, we do not know how to
characterise these cross ratios using functional relations, as we did in the case
of curves in the projective space.

As a specific example of the previous situation, we relate the polarised cross
ratio to the weak cross ratio associated to curves. Let E be a vector space. Let

P?* = P(E) x P(E*)\ {(D,P) | D c P+}.
Using the identification of T{p pyP?* with Hom(D, P*) ® Hom(P+, D), let
Q(f:9), (h,4)) = tr(f o j) = tr(hog).
Let L be bundle over P(n)?*, whose fibre at (D, P) is
Lippy={ueD,feP|(fu)=1}/{+1,-1}.

Note that L is a principal R-bundle whose R-action is given by A(u, f) =
(e Mu, e f), equipped with an action of PSL(n,R).
The following proposition summarise properties of this construction

Proposition 4.7 The form Q is symplectic and the polarised cross ratio asso-
ciated to 2§ is

“C)
o~
NaY
>

IB(u,f,v,g) = >7 (18)

e~

\.@)
—~
5:>
>
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where, in general, h is a nonzero vector in h.

Moreover, there exists a connection form 3 on L whose curvature is sym-
plectic and equal to Q, and such that, for any u non zero vector in a line D, the
section

&u: P (u, f) such that (u, f) =1, and f € P,

is parallel for B above {D} x (P(E*)\ {P | D C P+}).

Finally, let A be an element of PSL(n,R). Let D (resp D) be an A-eigenspace
of dimension one for the eigenvalue \ (resp. p). Then (D, D% ) is a fived point
of A in P?* and he action of A on Lp,pry is the translation by

log [A/pl.

PROOF: We consider the standard symplectic form Q° on E x E*/{+1, —1}.
We observe that Q° = dB° where 3], ;(v,9) = (u,g). A symplectic action of R
is given by

A (u, f) = (e Pu, e f),
with moment map

,u((uvf)) = <f’u>

Then L = p~1(1). Therefore, we obtain that 3 = 3|, is a connection form for
the R-action, whose curvature §2 is the symplectic form obtained by reduction
of the Hamiltonian action of R.

We now compute € explicitly. Let (D, P) be an element of P?*. Let 7 be
the projection onto P parallel to D. We identify T(D’p)]P’Q* with Hom(D, P+) @
Hom(P+, D). Let (f,§) be an element of T(D’P)]PQ*’ Let (u,a) € D x Pbe
an element of L. Now, (f(u),g(a)) is an element of T\, )L which projects to
(f, ). By definition of the symplectic reduction, if (f,§) and (h, f) are elements
of T(DJD)IE’Q*7 then

Q((f,9), (A1) = (I(a), f(u)) — (3(), h(w)).

Finally, let 7 be the projection onto P+ in the D direction. We consider the
map
{ Hom(P+,D) — Hom(P+,D)
[ f=(fom)
In particular

{l(a), f(u) = te(l o f){eu).

The description of the parallel sections follows from the explicit formula for
3°. This description allows to compute the holonomy of this connection along
squares. This prove Formula (18).

The last point is obvious. Q.E.D.
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4.4.4 Appendix: Periods, action difference and triple ratios

The results of this paragraph are not used in the sequel. We come back to the
general setting of the beginning of the Section and make further definitions and
remarks

Definition 4.8 [ACTION DIFFERENCE]| The action difference is

Ay(a, ¢, c) = exp (/Dw> :

Proposition 4.9 The quantity A := Ay (o, C, ¢) just depends on the homotopy
class of c.

We have

ProoOF: This follows from the invariance of w under . The reader should
observe the analogy with the action difference for Hamiltonian diffeomorphisms.

Q.E.D.

In our context, we have a preferred class of curves joining two point. Let
a = (a,b) and ¢ = (@,b) be two points of O. Since squares are homotopic to
zero, we define the homotopy class ¢, 4 5 of curves from (a,b) to (a@,b) to be
curves homotopic to ¢ U ¢~ U et, where ¢ is a curve along F* going from

(a,b) to (y,b), ¢~ a curve along F~ going from (y,b) to (y,b), and ¢~ a curve
along FT going from (y,b) to (a,b). By convention we set

A’Y (CY, C) = AW (Ot, C) Ca,b,ﬁ,E)'

PERIODS AND ACTION DIFFERENCE Using the notations of the previous para-
graph, we have

Proposition 4.10 Let v be an element of w1 (%) then,

Beer (7, 4,77,7)% = Dy ((EG), €5 (7)), (€(v), € (7).

In particular,
g ee (1) = 5108180 (€, €° (), (€6, E )

PRrOOF: Let f = (g,9) be a diffeomorphism of O preserving w, restriction of an
element of Diff (V') x Diff(W). Let (a,b) and (@, b) be two fixed points of f. Let
as before ¢ = ¢t Uc™ Uét composition of

e ¢T a curve along FT from (a,b) to (y,b),

e ¢~ a curve along F~ from (y,b) to (y,b),
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e and ¢ a curve along F* from (y,b) to (a,b).

Assume (a,b) and (@, b) be fixed points of f. Then c U ~v(c) is a square. Let D
be a disk whose boundary is this square. By definition

As((a,b), (a,b)) = / ol

D
The proposition follows from the definition of the weak cross ratio associated to

(&,€%), when we take f = (p(7), p*(7)) and
(a,b,a,b) = (€(vF), & (v7),€(v1), & (7).
Q.E.D.

SYMPLECTIC INTERPRETATION OF TRIPLE RATIO We explain quickly a similar
construction for triple ratio. We consider a sextuplet (e, u, f,v,g,w) in Vx W x
VxW xV xW. Let now ¢ be a map from the interior of the regular hexagon H
in V x W such that the image of the edges lies in F* or F~, and the (ordered)
image of the vertexes are (e,u), (f,u), (f,v), (g,v), (g,w), (e,w) (Figure 1).
Then, the following quantity does not depend on the choice of ¢:

—~

Y

Figure 1: Triple ratio

T(e,u, f,v,g,w) = 2 "%,
Finally using the same notations as above, we verify that

tw,y,z) =T(§(x), £ (2),£(y), £ (), £(2), £ (),
is the triple ratio as defined in Paragraph 4.

5 Hitchin representations and cross ratios

We prove in this section Theorem 1.1. This result is as a consequence of Theorem
5.3 that generalises Proposition 4.1 in higher dimensions.
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5.1 Rank-n weak cross ratios
We extend a definition given in the introduction. Let S} be the set of pairs
(e,u) = ((€0, €1,---,€p), (o, Uty ..., Up)),
of p + 1-tuples of points of a set S such that
ej # € # ug, Uj # u; # eo,

whenever j > i > 0. Let B be a weak cross ratio on S and let x5 be the map
from S? to R defined by

xip(e,u) = det (B(es, uj, €q, up)).
i,7>0

Definition 5.1 [RANK-n WEAK CROSS RATIO] A weak cross ratio B has rank
n if

o Vie,u) €SI, le,u) £0,

o V(e,u) € SPHL, xptl(e,u) = 0.
When the context makes it obvious, we omit the subscript B.

REMARKS:

e We prove in Paragraph 5.1.1 that for all weak cross ratios the nullity of
xP (e, u) for a given e and u does not depend on ey and uyg.

o The function x3 never vanishes for a strict weak cross ratio B. Indeed,

we have
2 1 1
X ((e7evf)7(u7u’v)> - 1 B(favaeau)
= IB(f,’U,e,u) -1

The remark now follows from the previous one.

e A cross ratio has rank 2 if if and only if it satisfies Equation (12), or the
equivalent Equation (11). Indeed

1 1
B(f,v,e,u) B(g,v,e,u)

1
e e fr9), (wu,v,w) = |1
1 B(f,w,e,u) B(g,w,e,u)
1
1
1

0 0
B(f,v,e,u) —1 B(g,v,e,u)—1
B(f,w,e,u) —1 B(g,w,e,u)—1
(B(f,v,e,u) — 1)(B(g,w,e,u) — 1)
7(B(fvw;eau) - 1)(18(9’”;63“) - 1)

Therefore by the previous remarks, a cross ratio has rank 2 if and only if
it satisfies Equation (12).
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5.1.1 Nullity of y.

We first prove the following result of independent interest.

Proposition 5.2 For a weak cross ratio, the nullity of
Xn((607 €1y, en)) (u07u15 s aun))a

1s independent of the choice of eg and ug.

PRrROOF: Let fp and vg be arbitrary points of T such that
fo # vo # e, u; # e # fo.
By the Cocycle Identities (8) and (9), we have

B(ei, uj, €0, uo)B(es, uo, €0,v0) = Bles, uy, €0, vo)
B(ei, uj, fo,v0)B(fo,uj, €0, vo)-

Therefore

Xn((eo,ehn en) (U(J,U17-~7un))

(H B vauweO?vO)) n((aneh' . 'aen)7 (UOaula cee 7un))

6171}07 603 UO)

The proposition immediately follows. Q.E.D.

5.2 Hyperconvex curves and rank n cross ratios
The main result in this section is

Theorem 5.3 Let £ and & be two hyperconvex curves from T to P(E) and
P(E*). Assume that {(y) € ker £*(x) if and only if v = y. Then the associated
weak cross ratio B¢ ¢« has rank n.

Moreover, if & and £ are Frenet and if £* is the osculating hyperplane of €,
then B¢ ¢« strict.

Conversely, let B be a rank n cross ratio on T. Then, there exist two hyper-
convex curves & and & with values in P(E) and P(E*) respectively, unique up
to projective transformations, such that B = B¢ ¢-. Moreover £(y) € ker £*(z)
if and only if x = y.

We prove this theorem in Paragraph 5.3.

5.3 Proof of Theorem 5.3

5.3.1 Cross ratio associated to curves

Let £ and &* be two hyperconvex curves with values in P(E) and P(E*) such
that
z =y E(y) € ker ().
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Let eg and up be two distinct points of T. Let Ey be a nonzero vector in £(ep).
Let Uy be a covector in £*(ug) such that (U, Fy) = 1. We now lift the curves
¢ and £* with values in P(E) and P(E*) to continuous curves & and £* from
T\ {eo,up} to E and E*, such that

<£* (U)v E()> =1= <U07 £(€)>
Then the associated cross ratio is
IB(fa v, €o, ’LLO) = <€* (’U), é(f)>
From this expression it follows that y"*! = 0 and that by hyperconvexity x" #
0.
5.3.2 Strict cross ratio and Frenet curves

We now prove that B¢ ¢~ is strict if £ and £* are Frenet and if £* is the osculating
hyperplane of &.

Since £(T) and £*(T) are both C'* submanifolds, there exist homeomorphisms
o and o* of T so that

n=(§oo,§00"),
is a C! map.
The following preliminary result is of independent interest

Proposition 5.4 The two-form w = n*Q is symplectic.

PrOOF: The regularity of n implies that n*Q is continuous. We begin by an
observation. Let D be a line in R?, P a line in R™, such that D @ P+ = R™.
Let W be a two-plane containing D. Let

W =TpP(W) C TpP(R™).
Let V an n — 2-plane contained in P+. Let
V =TpP(W1) C TpP(R*™).
By the definition of € in Section 4.4.3, if
Ve W =R",
then
Qlygw # 0
In the case of hyperconvex curves,

Ter () (€ (0o (%)) = 2(2),  Tenor(a) (€ (0o (B))) = €2(2).

Since by hyperconvexity ¢2(z) @ £"~2(y) = R" for x # y, we conclude that n*w
is symplectic. Q.E.D.

The following regularity result will be used in the sequel
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Proposition 5.5 If moreover the osculating flags of & and £* are Hélder, so is
w.

PRrROOF: If we furthermore assume that the osculating flags of £ and £* are
Holder, then we can choose the homeomorphisms o to be Hélder. Indeed, o and
o* are the inverse of the arc parametrisation of the submanifolds £(T) and £*(T).
Therefore, o and o* are Holder. Since the tangent spaces to these submanifolds
are Holder, 7 is ! with Holder derivatives. It follows that w is Holder. Q.E.D.

As a corollary, we obtain

Proposition 5.6 Let & and £° be Frenet curves such that £ is the osculating
hyperplane of §. Then B, is strict.

ProOOF: Let (x,y,2,t) be a quadruple of pairwise distinct points. Let 7 =
no (o,0%)7 L. Let @ be the square in 0.7 (3)** whose vertexes are

(z,y), (2,9), (2,1), (2, 1).
By Formula (18), we know that
By (2,9, 2,8)] = e e,
Since w is symplectic, and ) has a nonempty interior, we have that fﬁ( v #0.
Hence B,(z,y,2,t) #1. Q.E.D.
5.3.3 Curves associated to cross ratios
We prove in this paragraph

Proposition 5.7 Let B be a rank n cross ratio on T. Then there exists hy-
perconvex curves (&,£*) with values in P(R™) x P(R*™), unique up to projective
equivalence, so that

]B = Bg’g*

PROOF: Let B be arank n cross ratio. Let us fix (e, u) = ((eg, €1, ..., €n), (g, U1, .. .

in T™*. We consider

¢ {T\{uo} - R",
' f o~ (B(f,ui,e0,ug),--.,B(f, un,eq,un)).

Since
xi(e,u) # 0, (19)

the set (£(e1),...,&(en)) is a basis of R™. Let (Ef,..., EX) be its dual basis.
We now consider the map

é* . T\{GO} - R*n’
' v o YTV B(v, e, e0,u0)Ef

7=

25



We now prove that

B(f, v, €0, u0) = (£(f),&"(v)). (20)
We first observe that
(€(ed), € (v)) = Bles, v, €0, uo). (21)
In particular
(€(es), € (u3)) = Bles, uy, 0, up), (22)

and thus . .
(€ (u1), -, E (un)),

is the canonical basis of R*". As a consequence

<é(f)aé*(uj)> :B(faujveoau(])' (23)

Let M™ be the n x n-matrix whose coefficients are ((e;), £* (uj)). For any any
f anf v, let é = (eq,...,en, f) and @ = (ug,...,un,v). Let also M™*! be the

degenerate (n + 1) x (n + 1)-matrix whose coefficients are (£(e;),£*(u;)) with
the convention that e,+1 = f and u,+1 = v. By Equation (22),

det(M™) = xg(e,u) # 0. (24)

The equation
X§+1(é7a) =0,

yields, after developing the determinant along the last line,

B(f,v,eo,vo))(%(E,U) = F( .. ?IB(fa ui5607u0)7 e 7B(eiava607u0)7 .. ')7

where the right hand term is polynomial in B(f, u;, €9, ug) and B(e;, v;, eg, ug).
The same argument applied to the determinant of M"*! yields

(E(F), € () det(M™) = F(..., (€(f),€ (ug)), - -, (Eea), £ (0)), ..)-

Therefore, we complete the proof of Equation (20) using Equations (21), (23)
and (24).

Let now £ and £* be defined from S = T \ {eq, uo} to P(R™) and P(R*") as
the projections of the map £ and £*.

By the Normalisation Relation (6) and Equation (20)

v =y E(y) € ker(a),

Equation (20) applied four times yields that B = B¢ ¢+. Finally since x™ never
vanishes, £ is hyperconvex as well as £*.

By Lemma 4.3, this shows that the curves £ and £* are unique up to pro-
jective transformations, and in particular do not depend on the choice of e and
u. We can therefore extend £ and £* to T by a simple gluing argument and the
proposition follows. Q.E.D.
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5.4 Hyperconvex representations and cross ratios

Using Theorem 2.6, the following proposition relates hyperconvex representa-
tions and cross ratios.

Proposition 5.8 Let p be a a n-hyperconver representation with limit curve
& and osculating hyperplane £*. Then B, = B¢ ¢~ is a cross ratio defined on
0501 (X) and its periods are

lp(y) = wy(y) = log (‘WMD

Amin (P('Y) )

where Amax(P(7)) and Amin(p(y)) are the eigenvalues of the real split element
p(7) having mazimal and minimal absolute values respectively.

Proor: By Theorem 5.3, B, is rank n weak cross ratio. Furthermore, since §
and £* are Holder, B, is Holder. By Proposition 5.6, B, is strict. It remains
to compute the periods. By Theorem 2.6, if v is the attracting fixed point of
v in Osemi (), then £(yT), (resp. £*(y7)) is the unique attracting (respectively
repelling) fixed point of p(v) in P(E). In particular

p(’)/)é(’y—i_) = )\maxé(7+>7
PMERT) = Amim€(Y7).
Therefore,
te(y) = log|B(r .y, +,V’fy)l )
g <A(v*),§*(y)><£(vﬁ),§*(f1y)>|
<A(7‘),§A*(V‘1y)>< (7*%5*51/))
~ log <A(T),5*(y)>A<£(v+)1p(7)*£A*(y)>|
<A(V‘%({(v)*f*(y)><A€(7+)l£*(y)>
~ log |< (), & W p(MEGT), € () |
(P(MEN), (W (), & (y))
= log|3|,
Q.E.D

REMARK: Let p* be the contragredient representation of p defined by

p*(7) = (p(y )"

Let B be a cross ratio. We define B* by B*(x,y,2,t) = B(y,«,t,z). Then
(B,)* = B,-. By the above Proposition, the cross ratios B, and B, have the
same periods, however B, and B« are not necessarily conjugated.
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5.5 Proof of the main Theorem 1.1

Theorem 1.1 stated in the introduction is a consequence of Proposition 5.8 for
one side of the equivalence, and of Theorem 5.3, Lemma 4.3 and Guichard’s
Theorem 2.4 [18] for the other side of the equivalence.

6 The jet space J'(T,R)

Let J = J}(T,R) be the space of one-jets of real-valued functions on the circle
T. The structure of this section is as follows:

e In Paragraph 6.1, we describe the action of the group C'(T) x Diff"(T)
on J as well as the geometry of this latter space.

e In Paragraph 6.2, we characterise geometrically the action of C°°(T) x
Diff**(T) on J.

e In Paragraph 6.3, we describe a homomorphism from PSL(2,R) to C°°(T) x
Diff*(T) whose image acts faithfully and transitively on J.

6.1 Description of the jet space

We describe in this section the geometric features of J that will be useful in the
sequel, namely:

e A structure of a principal R-bundle with connection given by
— a projection § onto 7T,

— an R-action given by a flow {¢;},

— a connection form (3 which is a contact form.
e A foliation of J by affine leaves F.
e A projection 7w onto T.
e An action of CV"(T) x Diff"(T) on .J.

In Lemma 10.1, we shall characterise the action of C"(T) x Diff"(T) using the
principal bundle structure and the foliation F. We finally give in Paragraph
6.3.2 two alternate descriptions of .J

6.1.1 Projections
We denote by j1(f) the one-jet of the function f at the point x of T. We define

the projections

J

71"{ - T
Sl ) = o

)
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5 { J — T*T,
' Ja(f) = dof.

We observe that each fibre of 7 carries an affine structure. In order to help the

readers remember the heavy notation, we remark that ¢ is the projection that

takes in account the ”derivative” part.

6.1.2 Action of C™"(T) x Diff"(T)

The group H(T) = CY"(T) x Diff"(T) acts by Holder homeomorphisms on J
in the following way. Let (¢, h) be an element of CV"(T) x Diff"(T), where ¢
a O'-diffeomorphism with Holder derivatives of T and h is a C'-function on T
with Hoélder derivatives. Let F' = F'(h, ¢) be the homeomorphism of J given by

F(h,¢) + jo(f) = dgay (B + f)od™).
The homeomorphism F = F(h, ¢) has the following properties:
e [ preserves the fibres of 7, that is: mo F' = ¢ o 7.

e For every x in T, F restricted to 7~!(z) is affine — in particular C*° — and
the derivatives of F'|-1(,) vary continuously on J.

Finally, the map (h, ) — F(h¢) defines an action of C*"(T) x Diff"(T) on J
by Hoélder homeomorphisms.
Alternatively, if we choose a coordinate 6 on T and consider the identification

{ J — TxRxR,
]el(f) = (H,T,f):(e,%, (0))a

then F'(h, ¢) is given by

0.7, 1) = (9(n), 95 () (5 )+ 7). 1 + b)), (25)

6.1.3 Foliation

Let F be the 1-dimensional foliation of .J given by the fibres of the projection

{ J — TxR,
i(f) = (@, f(2)).

Each leaf of F is included in a fibre of 7 and is an affine line with respect to
the affine structure on the fibres of m. We observe that the leaf through z is
identified (as an affine line) with T;T for x = m(z).

This affine structure is invariant by the action of C"(T) x Diff"(T) described
above.
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6.1.4 Canonical flow

We define the canonical flow of J to be the flow

ee(Ga(f) = Ja(f + 1),

where we identify the real number ¢ with the constant function that takes value
t. The canonical flow commutes with the action of C*(T) x Diff"(T) on .J.
Notice also that

J/Z(H(T)) =T*T,

and that this identification turns d : J +— T™*T into a principal R-bundle.

6.1.5 Contact form

We finally recall that J admits a contact form (. If we choose a coordinate 6
on T and consider the identification

{ J — TxRxR,
.];(f) = (evrvf):(95%7 (0))7

then
B =df —rdb.

REMARKS:

1. Note that a Legendrian curve for $ which is locally a graph above T is the
graph of one-jet of a function.

2. Moreover, the canonical flow ¢; preserves the 1-form 3.

3. Observe that 3 is a connection form for the principal R-bundle defined by
0, and that its curvature form is the canonical symplectic form of T*T.

4. Here is another description of 8. Recall that the Liouville form X\ on the
cotangent bundle p : T*M — M is given by

Aq(u) = (q|qu(u)>.
In coordinates for T*T, we have, A = rdf. If f is the function on J given
by f(jz(9)) = g(z), then 8 = df — 5*X.
6.2 A Geometric Characterisation of the smooth elements
of H(T)

The following proposition shows that F, 8 and ¢, characterise the action of
C>(T) x Diff**(T) on J. Later, in Lemma 10.1, we characterise C1"(T) x
Diff"(T).

Proposition 6.1 Let ¢ be a C*-diffeomorphism of J. Assume that
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1. ¢ commutes with the flow ¢y,

2. 1 preserves the 1-form (3,

3. 1 preserves the foliation F.
Then ¢ belongs to C*°(T) x Diff>(T).

6.2.1 A preliminary proposition

We first prove an elementary remark

Proposition 6.2 Let « be a connection one-form on the R-bundle § : J — T*T.
Assume that the curvature of « is the canonical symplectic form on T*T. Then
there exists a diffeomorphism & of J which

o commutes with the action of the canonical flow,
e preserves the fibres of m and § (that is send fibres to fibres),
e is above a symplectic diffeomorphism of T*T,
o satisfies £ = a.
PrOOF: We choose a coordinate 6 of T. Thus, T*T is identified with T x R

with coordinates (6,7), and J with T x R x R with coordinates (6, r, f). Since
« is a connection form, there exist functions «, and ay such that

a =df + a.(r,0)dr + ag(r,6)do.

Let
vy=a—0F=a.(r,0)dr+ (as(r,d) + r)do.

Since the curvature of a is df A dr, «y is closed. Therefore, there exist a function
h on T*T and a constant A such that

v = dh + \df.
A straightforward check now shows that the diffeomorphism £ of J given by
6(977‘7][) = (977. - )‘u f + h’(97r))

satisfies the condition of our proposition. Q.E.D.
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6.2.2 Proof of Proposition 6.1

PrOOF: We use the notations and assumptions of Proposition 6.1. By As-
sumptions (1) and (3), ¢ preserves the fibres of . There exists thus a C'>°-
diffeomorphism ¢ of T*T such that

mToY = ¢om.

Replacing ¢ by 10 (0,¢~1), we may as well assume that ¢ = id. By Assumption
(1), ¥ also preserves the fibres of 4.

We choose a coordinate on T and use the identification J = T x R x R given
in Paragraph 6.1.5. The previous discussion shows that

’(/}(97 T', f) = (97 F<97 r)7 H(a) T" f))'
Since ¥*3 = 3, we obtain that

dH — Fdf = df —rd#.

Hence
om_, . om_ om_
af — > a0 " ar
Therefore, there exists a C*°-function g such that H = f 4 g(0). It follows that
99
¢(97r7f) = (Q’T + %7f +g(9))

This exactly means that

W(0,r, f) = (9,1d).5(f).
In other words, ¢ belongs to C*°(T) x Diff*(T). Q.E.D.

6.3 PSL(2,R) and C*(T) x Diff**(T)

We consider the 3-manifold J = PSL(2,R). We denote by g the Killing form,
which we consider as a biinvariant — with respect to both left and right actions
of PSL(2,R) — Lorentz metric on J. Then:

e Let oy = A be the one-parameter group of diagonal matrices acting on
the right on J.

e Let F the orbit foliation by the right action of the one-parameter group
of strictly upper triangular matrices.

e Let 8 =ixg, where X is the vector field generating 3, .

Alternatively, describing PSL(2,R) as the unit tangent bundle of the hyperbolic
plane, we can identify ; with the geodesic flow, F with the horospherical
foliation and (3 with the Liouville form.

Then
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Proposition 6.3 The one-form (3 is a contact form. Furthermore, there exists
a C*-diffeomorphism U from J to J, that sends (s, F, 3) to (@y, F, 3) respec-
tively. Finally, this diffeomorphism ¥ is unique up to left composition by an
element of C*°(T) x Diff>*(T).

As an immediate application, we have

Definition 6.4 [STANDARD REPRESENTATION] Since the left action of PSL(2,R)
preserves the flow gy, the foliation F and the 1-form B3, combining Propositions
6.1 and 6.3, we obtain a group homomorphism

PSL(2,R) — C°(T) x Diff(T),
g = VogoW !

well defined up to conjugation by an element of C°°(T) x Diff>*(T). The corre-
sponding representation from PSL(2,R) to C°(T) xDiff *(T) is called standard.

REMARK : The action of PSL(2,R) on RP' ~ T gives rise to an embedding
of PSL(2,R) in Diff>*(T). The above standard representation is a nontrivial
extension of this representation. Indeed, the natural lift of the action of Diff > (T)
on T*T does not act transitively since it preserves the zero section. On the
contrary, PSL(2,R) does act transitively through the standard representation.
In Paragraph 6.3.2, we consider an alternate description of J which make the
action of PSL(2,R) more canonical.

6.3.1 Proof of Proposition 6.3

PROOF: It is immediate to check that
PSL(2,R) — PSL(2,R)/A =W,

is a principal R-bundle, whose connexion form is # and whose curvature is
symplectic. It follows that § is a contact form.
Let 7 be the projection

W — RP' = PSL(2,R)/B,

where B be the 2-dimensional group of upper triangular matrices.

Let ¢ be a symplectic diffeomorphism from W to T*T over a diffeomorphism
$o from RP' to T, that is so that m o 1)y = ¢o7. Let ¥q : J — J be a principal
R-bundle equivalence over . Let a = (15 ')*8. Let & be the symplectic
diffeomorphism of J obtained by Proposition 6.2 applied to a = (¢ 1)*3 It
follows ¥ = £ o W, has all the properties required. Finally, by Proposition 6.1,
¥ is well defined up to multiplication by an element of C°°(T) x Diff>*(T).

Since the right action of PSL(2,R) preserves F, (3, and @,, we obtain a
representation of PSL(2,R) well defined up to conjugation

PSL(2,R) — C°(T) » Diffi™(T),
g +— \I/ogo\I/_l.
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6.3.2 Alternate description of J

For the sake of completeness, we introduce two alternate descriptions of JJ. The
second one — which we shall not use — has been suggested by the referee:

e We have just seen that PSL(2,R) is an alternate description of J.

e We also may consider the space E /o of half densities on T. Then J will
be the space of 1-jets of sections. The reader can work out the details and
see that the natural action of PSL(2,R) which comes from its injection
into Diff °(T) coincides with the above action.

7 Anosov and oco-Hitchin homomorphisms

The purpose of this section is to define various types of homomorphisms from
m1(%) to H(T) = C"(T) x Diff"(T).

7.1 oo-Fuchsian homomorphism and H-Fuchsian actions

Definition 7.1 [FUCHSIAN HOMOMORPHISM| Let p be a Fuchsian homomor-
phism from 71 () to PSL(2,R). We say that the composition of p by the stan-
dard representation v from PSL(2,R) to H(T) (cf Definition 6.4) is oo-Fuchsian,
or in short Fuchsian when there is no ambiguity.

Definition 7.2 [H-FUCHSIAN ACTION ON T| We say an action of m(X) on T
is H-Fuchsian if it is an action by C'-diffeomorphisms with Hélder derivatives,
which is Holder conjugate to the action of a cocompact group of PSL(2,R) on
RP'.

7.2 Anosov homomorphisms

We begin with a general definition. Let F be a foliation on a compact space,
and dx be a Riemannian distance along the leaves of F which comes from a
leafwise continuous metric. In particular, dz(z,y) < oo if and only if z and y
are in the same leaf.

Definition 7.3 [CONTRACTING THE LEAVES| Aflow ¢, contracts uniformly the
leaves of a foliation F, if ¢, preserves F and if moreover

Ve >0, Va >0, Jtg: t > to, dre(z,y) <a = dr(o(z), 0:(y)) <€

This definition does not depend on the choice of dF.

We now use the notations of Section 6.1.

Definition 7.4 [ANOSOV HOMOMORPHISMS| A homomorphism p from (%)
to H(T) is Anosov if:
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e the group p(m1 (X)) acts with a compact quotient on J = J'(T,R),

e the flow induced by the canonical flow p; on p(m1(X))\J contracts uni-
formly the leaves of F (cf. definition above),

o the induced action on T is H-Fuchsian.

We denote the space of Anosov homomorphisms by Hom™.

REMARKS:

1. If p is Anosov, p(m1(X)) usually only acts by homeomorphisms on J. How-
ever, if we consider J as a C'*°-filtered space (See the definitions in Para-
graph 8.1.1), whose nested foliated structures are given by the fibres of
the two projections § and , then p(m (X)) acts by C*°-filtered maps
(i.e smoothly along the leaves with continuous derivatives). Therefore,
p(m1(2))\J has the structure of a C°°-lamination such that the flow in-
duced by ¢, is C*° leafwise.

2. Our first examples of Anosov homomorphisms are co-Fuchsian homomor-
phisms from 7 (%) in H(T). Indeed in this case, the canonical flow on
p(m1(2))\J is conjugate to the geodesic flow for the corresponding hyper-
bolic surface.

Finally we define

Definition 7.5 [co-HITCHIN HOMOMORPHISMS] An co-Hitchin homomorphism
is a homomorphism from 71(X) to H(T) which may be deformed into an oo-
Fuchsian homomorphism, through Anosov homomorphisms. In other words, the
set Hompy of Hitchin representations is the connected component of the set Hom™
of Anosov homomorphisms, containing the Fuchsian homomorphisms.

8 Stability of co-Hitchin homomorphisms

The set of homomorphisms from 71 (X) to a semi-simple Lie group G with Zariski
dense images satisfies the following properties:

e [t is open in the set of all homomorphisms.
e The group G/Z(G) acts properly on it, where Z(G) is the centre of G.

We aim to prove that the set Homp of co-Hitchin homomorphisms from 7 (%)
to H(T) enjoys the same properties.

The canonical flow ¢; — considered as a subgroup of H(T) — is in the
centre Z(H((T)) of H(T) and hence acts trivially on Hompg. It follows that
H(T)/Z(H(T)) acts on Homyy.

The main result of this section is the following:
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Theorem 8.1 [OPENNESS THEOREM| The set of Hitchin homomorphisms is
open in the space of all homomorphisms.

We shall also see in the next section that the action by conjugation of
H(T)/Z(H(T)) on Homp is proper and that the quotient is Hausdorff.

In the proof of Theorem 8.1, we use the definitions and results obtained in
the Paragraph (8.1) which is independent of the rest of the article. It can be
skipped at a first reading and is summarised as follows. Roughly speaking, a
filtered space is equipped with a family of nested foliations which are transverse
continuously, but posses a smooth structure along the leaves. A C°-filtered
function is continuous, smooth along the leaves and with continuous leafwise
derivatives, and a C'*°-filtered map between filtered spaces sends leaves to leaves
and C'*°-filtered functions to C*°-filtered functions.

The theorem follows from the Stability Lemma 8.10 which has its own in-
terest and applications.

8.1 Filtered Spaces and Holonomy.

In this paragraph, logically independent from the rest of the article, we describe
a notion of a topological space with "nested” laminations. This requires some
definitions and notations. Let Zi,...,Z, be a family of sets. Let

L =71 X ...X 2y
For k < p, we note py the projection
Z — L1 X ... X Zy,.
Let O be a subset of Z and x a point of O. The Kkt leqve through z in O is
O =0 np; Hpw(@)}-

We note that Og(gkﬂ) C Oﬁ(,;k). The higher dimensional leaf is Ogl). If ¢ is a map
from O to to a set V, we write

IV CW=W; x...x Wy, wesay ¢ is a filtered map if

(k) (k)
Yk, ¢(0y7) C V¢(m).

8.1.1 Laminations and Filtered Space

In this section, we define a notion of filtered space for which it does make sense to
say some maps are "smooth along leaves with derivatives varying continuously”.

Definition 8.2 [C°°-FILTERED SPACE| A metric space P is C*-filtered if the
following conditions are satisfied:
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o There exists a covering of P by open sets U;, called charts.

o There exist Holder homeomorphisms p;, called coordinates, from U; to
VixVyx...x V3 where fork > 1, VE is an open set in a finite dimensional
affine space.

o Let
pij = pio(p;)7h,
defined from W;; = gp}l(UZ- NU;) to Wj; be the coordinate changes. Then
— the coordinates changes are filtered map,

— the restriction (gagjl))r of the coordinate changes to the maximal leaf

through x is a C°°-map whose derivatives depends continuously on x.
REMARKS:

1. Due to the last assumption, for all k, (gogf))z is a C'°°-map whose deriva-
tives depends continuously on x.

2. When p = 2, we speak of a laminated space.

3. We may want to specify the number of nested laminations, in which case
we talk of p-filtered objects.

4. The Holder hypothesis is somewhat irrelevant and could be replaced by
other regularity assumptions, but it is needed in the applications.

We now extend the definitions of the previous paragraph. Let P be a C*°-p-
filtered space. Let k < p.

Definition 8.3 [LEAVES] The Kt leaves of P are the equivalence classes of
the equivalence relation generated by

y Rz = pr(pi(y) = pr(pi(z)).

Let P and P be C*°-p-filtered spaces. Let ¢; be coordinates on P and P, be
coordinates on P.

Definition 8.4 [FILTERED MAPS AND IMMERSIONS] A map 1 from P to P is
C*>-filtered if

e 1 is Holder,
® Y send Kkt leaves to kth—leaves,

e (piotho Ej);k) are C* and their derivatives vary continuously with x.

A filtered immersion s a filtered map v whose leafwise tangent map is in-
jective: in other words, (y; o9 o@{l)}v S an mmersion.
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Observe that a filtered immersion is only an immersion along the leaves,
there is no requirement about what happens transversely to the leaves.

Definition 8.5 [CONVERGENCE OF FILTERED MAPS] Let {{}nen be a se-
quence of C*°-filtered maps from P to P. The sequence C°° converges on every
compact set if

e it converges uniformly on every compact set,

2

e all the derivatives of (goim/;noﬁj) converges uniformly on every compact

set (as functions of ).

Definition 8.6 [AFFINE LEAVES] A P is C*-filtered by affine leaves or carries
a leafwise affine structure if furthermore @;j|u, is an affine map.

8.1.2 Holonomy Theorem

We now prove the following result which generalises Ehresmann-Thurston Holo-
nomy Theorem [10]. For P a p-filtered space, we denote by Fil(P) be the group
of all bijections of P to itself which are all C'*°-filtered leafwise immersions of
P, equipped with the topology of C'*°-convergence on compact sets.

Theorem 8.7 Let P be a p-filtered space. Let V be a connected p-filtered space.
Let T be a discrete subgroup of Fil(V), such that V /T is a compact filtered space.
Let U be the set of homomorphisms p from I' to Fil(P) such that there exists
a p-equivariant filtered immersion from V to P. Then U is open.
Moreover, suppose pg belongs to U. Let fy be a po-equivariant filtered im-
mersion from V to P. If p is close enough to py, we may choose a p-equivariant
filtered immersion f arbitrarily close to fo on compact sets.

We note again that we could have replaced the word “Hélder” by ”continuous”
from all the definitions and still have a valid theorem.

PROOF: Let {U?} be a finite covering of V /T such that:
e The open sets U are charts on V/T.

e The open sets U’ are trivialising open sets for the covering 7 : VoV /T.
In other words, 7~ (U?) is a disjoint union of open sets which are mapped
homeomorphically to U* by .

We choose an open set U' C V, such that 7 is a homeomorphism from U to
U'. We make the following temporary definitions.
A loop is a sequence of indexes i1, ...4; such that i; =i, = 1 and

Ul NU%+ £ (.
A loop defines uniquely a sequence of open sets U’ such that

e 7 is a homeomorphism from U% to U%,
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o i 00 £0.

A loop i1, ...14; is trivialising if Ul'=0%. In general, we associate to a loop
the element v of I' such that 7([?1) = U%. The group I is the group of loops
(with the product structure given by concatenation) modulo trivialising loops.
This is just a way to choose a presentation of I' adapted to the charts U®.

A cocycle is a finite sequence of g = {g¥} of elements of G such that for
every trivialising loop i1, ...,%, we have

gt gttt =1,

Every cocycle g defines uniquely a homomorphism p, from I' to G = Fil(P),
and furthermore the map g — p, is open.

Let g be a cocycle. A g-equivariant map f is a finite collection {f;} such
that

e f; is a filtered map from U’ to P,
o fi=g"fionU'NU.

It is easy to check that there is a one to one correspondence between pg-
equivariant filtered maps and g-equivariant maps.
The following fact follows from the existence of partition of unity:

Let Wy, W1, Wy be three open set in f//F, such that
Wo C Wy C Wy C Wo.

Let h be a filtered map defined on Ws. Then there exists €y such that for any
positive € smaller eg, for any filtered map hy defined on W1 and e-close to h on
W1 then there exists hg, 2e-close to h on Ws, which coincides with hy on Wy.

Let us now begin the proof. Let g be a cocycle associated to a covering
U= (U,...,Upy). Let f be a g-equivariant immersion. Let now g be a cocycle
arbitrarily close to g.

We proceed by induction to build a g-equivariant map f defined on a smaller
covering V = (Vi,...,V,,) and close to f. Our induction hypothesis is the
following

e Let V' be a collection of opens sets : V' = (V{,..., Vi), with V} C Uy
and (V{,..., Vi | Ui,...,Uy) is a covering.

o Let ) . .
—i —i —i
f :{flv"'vfi—l}’
be a g-equivariant map defined on V' = (V{,... V" ).

e Assume that f is close to f on Vi, for all [ < i.

39



Let , ,
Wi:‘/fU...U‘/iil.
By the definition of a g-equivariant map, there exists a map h; defined on W;NU;

such that h; restricted to V' N U; is equal to 5“?5. The map h; is close to f;.
Let Z; be a strictly smaller subset of W; such that (Z;,U;,...,Uy,) is still a

covering. We use our preliminary observation to build fz close to f; on U; and
coinciding with h; on W1 NU;. We finally define

° Vle_l = Vll N Z;,
—i+1 .

o 7, = fiforl<i.
This completes the induction. 7

In the end, we obtain a g-equivariant map f defined on slightly smaller open
subsets of U;, and close to f. Therefore, it follows f is an immersion.

The construction above proves also the last part of the statement about
continuity. Q.E.D.

8.1.3 Completeness of affine structure along leaves

Definition 8.8 [LEAFWISE COMPLETE| The space V', C™-filtered space by affine
leaves, is leafwise complete if the universal cover of every leaf is isomorphic, in
the affine category, to the affine space.

We prove the following

Lemma 8.9 Let V be a compact space C*°-filtered by affine leaves. Let E be
the vector bundle over V whose fibre at = is the tangent space at x of the leaf L.
Assume that there exists a one-parameter group {@i}ier of homeomorphisms of
V' such that:

o For every leaf L., ¢ preserves the leaf L, and acts as a one parameter
group of translation on L, , generated by the vector field X .

e The induced action of @, on the vector bundle E/R.X is uniformly con-
tracting.

Then V is leafwise complete.

PROOF: For every = in V| let

O, = {uekE,|z+ueLl,}
O - UerOx.

We observe that O is an open subset of E invariant by ;. By hypothesis, we
have
LCO.
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Let L be the line bundle R.X. Since ¢; is contracting on F = E/L and V
is compact, L admits a ¢ = ¢; invariant supplementary Fy. Let us recall the
classical proof of this fact. We choose a supplementary F; to L. Then ¢, F} is
the graph of an element w in K = F}® L. We now identify F; with F' using the
projection. Since the action of ¢; is uniformly contracting on F', the action of
¢_¢ is uniformly contracting on K = F}* ® L, hence exponentially contracting
by compactness. It follows that the following element of K = F} ® L is well
defined:

p=—00
o = Z (¢p)*w.
p=—1
This section « satisfies the cohomological equation

P*a—a=w.

This last equation exactly means that the graph Fj of « is ¢ invariant.

Let u € E. Write u = v + AX, with v € Fy. For n large enough, ¢™(u)
belongs to O. Since O is invariant by ¢, we deduce that v € O. Hence O = FE
and V is leafwise complete. Q.E.D.

8.2 A Stability Lemma for Anosov Homomorphisms

Let p be a homomorphism from 7 (X) to H(T) = C*(T) x Diff"(T). We denote
by 7 the associated representation (by projection) to Diffh('JI‘).

The openness of the space of Anosov homomorphisms Hom* is an immediate
consequence of the following Stability Lemma. Moreover, corollaries of this
Lemma will enable us to associate to every oo-Hitchin representation a cross
ratio and a spectrum — see Paragraph 9.2.1 and 9.2.2.

Lemma 8.10 [STABILITY LEMMA| Let py be an Anosov homomorphism from
m1(X) to H(T). Then for p close enough to po, there exists a Hdolder homeo-
morphism ® of J close to the identity which is a C°°-filtered immersion as well
as its inverse intertwining po and p, that is

vy e mi(E), po(y) = ' op(y)od.

This Lemma is proved in Paragraph 8.2.2.

8.2.1 Minimal action on the circle
The following Lemma is independent of the rest of the article.

Lemma 8.11 Let pg and p1 be two homomorphisms from a group I to the group
of homeomorphisms of T. Suppose that every element of po(T) different from
the identity has exactly two fixed points in T, one attractive and one repulsive.
Suppose moreover that the fized points of the nontrivial elements po(T") are dense
i T x T.

Let f be a continuous map of nonzero degree from T to T intertwining pg
and p1.Then f is a homeomorphism.
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PROOF: We first prove that f is injective. Let a and b be two distinct points
of T such that f(a) = f(b) = ¢. Let I and J be the connected components of
T\ {a,b}.

Since f has a nonzero degree, either T\{c} C f(I) or T\{c} C f(J). Assume
T\ {c} C f(I). By the density of fixed point in T x T, we can find an element
v in T' such that the attractive fixed point 4% of pg(y) belongs to I and the
repulsive point v~ belongs to J.

We observe that for all n,

T\ {p1(v")()} C f(po(1)"(1))-

Therefore, there exist a positive € and two sequences, {z,}nen and{yn nen,
such that

e z, belongs to po(v)"(I), yn belongs to po(7)" (1),

i d(f(l'n)a f(yn)) > €.

Since v~ belongs to J, the sequence {po(7)"(I)} converges uniformly to yF.
Hence,
lim d(x,,y,) = 0.

n—00

The contradiction follows. We have proved that f is injective. Since f has
nonzero degree, it is onto. Hence f is a homeomorphism. Q.E.D.

8.2.2 Proof of Lemma 8.10

PROOF: Let py be an oco-Hitchin homomorphism from 71(X) to H(T). By
definition, P = po(m1(X))\J is compact. The topological space J is a C°-
manifold which is C'*°-filtered by the fibres of the projection 7 : J — T and
0 :J — T*T. Observe that H(T) acts by C*°-filtered maps on J. It follows
that the space P is also CY-manifold which is C*°-filtered by the images of the
leaves of J.

Let now p be a homomorphism of 71(X) close enough to py. Let T' =
po(m1(X)). According to Theorem 8.7, we obtain a C*°-filtered immersion @
from J to J, intertwining p and pg, and arbitrarily close to the identity on
compact sets provided p is close enough to pg. It remains to show that ® is a
homeomorphism.

As a first step, we prove that p is H-fuchsian. Since ® is a filtered map,
there exists a Holder map f from T to T close to the identity such that

mod = fom.

In particular, f intertwines p, and p. Since pg is Anosov, by definition p, is
an H-Fuchsian representation, and thus satisfies the hypothesis of Lemma 8.11.
The degree of f is nonzero since f is close to the identity. By Lemma 8.11, we
obtain that f is a homeomorphism. Thus, p is also H-Fuchsian as we claimed.
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The filtered equivariant immersion ® induces an affine structure on the leaves
of P, according to the definition of Paragraph 8.1.1. Due to the compactness
of P, we deduce that there exists an action of a one-parameter group v¥; on J
such that,

Dorpy =0,

where ¢, is the canonical flow. We observe that ; preserves any given leaf and
acts as a one-parameter group of translation on it.

We recall that by definition the canonical flow contracts uniformly the leaves
of F on the quotient po(m(X))\J. It follows that the same holds for , for ®
close enough to the identity.

By Lemma (8.9), the affine structure induced by ¢ is leafwise complete. In
particular, for every z in T, ® is an affine bijection from 7~{z} to 7= {f(x)}.
Since f is a homeomorphism, we deduce that @ itself is a homeomorphism, its
inverse being also a filtered immersion.

The result now follows. Q.E.D.

9 Cross ratios and properness of the action

We prove in this section

Theorem 9.1 The action by conjugation of H(T)/Z(H(T)) on Hompy is proper
and the quotient is Hausdorff.

This is a consequence of the more precise Theorem 9.10. In order to state
and prove this last Theorem, we associate to every oo-Hitchin representation a
cross ratio. This is done in the first two paragraphs of this section.

9.1 Corollaries of the Stability Lemma 8.10

Since the space Homy is connected, we have

Corollary 9.2 Let pg and p1 be two co-Hitchin homomorphisms. Then, there
exists a Hdélder homeomorphism ® of J which is a filtered immersion as well
as its inverse which intertwines po and p1, that is, for all v in 7 () po(y) =
dLopi(y)od.

Let Opomi(X)%* = {(2,y) € 0om(X)? | 2 # y}. Recall that H(T) acts on
T*T = J/Z(H(T)). We also prove

Proposition 9.3 Let p be an co-Hitchin homomorphism. Then, there exists a
unique Holder homeomorphism

0, : T*T — 0™ (2)%,
that intertwines

e the action of p(m1 (X)) and the action of w1 (%),
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Figure 2: The curve ¢

e the projection from T*T onto T and the projection on the first factor from
Dot (X)%* onto Do (D).

In other words:
e For ally in m(X), we have y 0 ©, = 0,0 p(y).
e There exists a Holder map f from T to Oxmi(X) such that {f(x)} x
Osom1(X) contains ©,(T;T).

Proor: By Corollary 9.2, it suffices to show this result for the action of a
Fuchsian representation. In this case the statement is obvious. Q.E.D.

9.2 Cross ratio, Spectrum and Ghys deformations

In this section, we associate a cross ratio to every oo-Hitchin representation.
We also define a natural class of deformations of these representations. Similar
deformations were introduced by E. Ghys in the context of the geodesic flow of
hyperbolic surfaces in [13].

9.2.1 Cross ratio associated to co-Hitchin representations

Let (a,b,c) be a triple of distinct elements of O, (X). We define [b, ], to be
the closure of the connected component of dsm(X) \ {b, ¢} not containing a.
Let ¢ = (x,y, z,t) be a quadruple of elements of Jxm (X). We define ¢ to be
following closed curve, embedded in 9., (2)?* (Figure (2))

¢= ({z} x [y, 1) U ([, 2]e x {t}) U ({2} x [y, 8]:) U ([, 2]y x {y})-

We choose the orientation on ¢ such that (z,v), (z,t), (z,t), (z,y) are cyclically
ordered.
We finally define ¢, € {—1, 1} so that

{ eq = -1, if (z,y,2,t) are cyclically ordered,
o) o oz)o) = €(0)(yz0.
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Let p be an co-Hitchin representation. Let ©, be the homeomorphism from
T*T to Ouom1(X)?* obtained in Proposition 9.3. Let A = rdf be the Liouville
form on T*T (see Paragraph 6.1.5 .(4) for a definition).

Definition 9.4 [ASSOCIATED CROSS RATIO] The associated cross ratio to the
Hitchin representation p s

1
B,(z,y,2,t) = eq.exp (2/610 A
p 4

REMARKS:

1. The cross ratio is well defined and finite. Indeed @;1(?[) is the union of
four arcs in T*T. Two of these arcs project injectively on T, the other two
arcs project to a constant. In both cases, the integral of rdf = X is well
defined and finite on such arcs.

2. The cross ratio just depends on the action of m(X) on T*T. Here is
another formulation of this observation. Let (T) be the space of Holder
one-forms on T. Note that Q(T) x Diff"(T) naturally acts on T*T. We
also have a natural homomorphism

i { CUM(T) x Diff"(T) —  Q"(T) x Diff"(T),
' (f,0) — (df,9),

whose kernel is the canonical flow. Therefore, two homomorphisms p; and
p2 such that d o p; = d o po have the same associated cross ratio. In other
words, the cross ratio only depends on the representation as with values
in Q"(T) x Diff"(T).

9.2.2 Spectrum

Definition 9.5 [p-LENGTH] Let p be an oo-Hitchin representation. Let y be an
element in w1 (X). The p-length of v — denoted by £,(y) — is the positive number
t such that

Ju e J, oi(u) = p(y)u.

REMARKS:

1. In other words, £,(7y) is the length of the periodic orbit of ¢, in p(71(X))\J
freely homotopic to 7. It is clear that ¢,(7) just depends on the conjugacy
class of 7.

2. The existence and uniqueness of such a positive number ¢ — or of the previ-
ously discussed closed orbit — follow from Corollary 9.2 and the description
of standard representations.
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Definition 9.6 [SPECTRUM]| The marked spectrum of an co-Hitchin represen-
tation p is the map

Ly iy = Ly(7).
Definition 9.7 [SYMMETRIC REPRESENTATION] A representation is symmetric

if Lo(y) = L,(v71).

9.2.3 Coherent representations and Ghys deformations

Definition 9.8 [COHERENT REPRESENTATION]| An oo-Hitchin representation
p is coherent if its marked spectrum coincides with the periods of the associated
cross ratio.

REMARKS:
1. Every coherent representation is symmetric.

2. Conversely, we prove in Proposition 10.12 that if /p, is the period of the
cross ratio associated to the representation p, then

1 _
ts,(7) = 5(6(7) + (7))
Consequently, every symmetric representation is coherent.

3. Theorems 13.1 and 12.1 provide numerous examples of coherent represen-
tations.

Definition 9.9 [GHYS DEFORMATION]| Let p be a Hitchin representation. Let
w be a nontrivial element in H*(T',R). We identify the centre of H(T) with the
canonical flow py. Let p* be defined by

P2 () = Pu(y)-L(7)-

We say that p* is a Ghys deformation of p if the representation p* is Hitchin.

REMARKS:

1. For w small enough, p“ is a Ghys deformation. Indeed, for w small enough,
p¥ is Hitchin by the Openness Theorem 8.1.

2. We observe that p“ and p have the same associated cross ratio since they
have the same action on T*T. However, one immediately checks that

oo (7) = £ (7) + w(7). (26)
3. The previous remarks provide many examples of representations with the

same cross ratio but different marked spectra.
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9.3 Action of H(T) on Homy

We prove in this section that H(T)/Z(H(T)) acts properly on Homyg. This is
a consequence of the following result.

Theorem 9.10 The group H(T)/Z(H(T)) acts properly with a Hausdorff quo-
tient on the set of oo-Hitchin homomorphisms.

Moreover, if two oco-Hitchin homomorphisms py and p1 have the same as-
sociated cross ratio, then there exists w € H(m1 (X)) such that po and p$ are
conjugated by some element in H(T).

Consequently two representations with the same cross ratio and the same
spectrum are equal.

REMARK: Two representations with the same spectrum are not necessarily
identical (see remark after Theorem 13.1).

9.3.1 Characterisation of Q"*(T) x Diff"(T)

Let Q"(T) be the space of Holder one-form on T. We observe first that Q(T) x
Diffh(’]I‘) acts naturally on T*T and preserves the area. Conversely

Lemma 9.11 Let G be an area preserving Holder homeomorphism of T*T. As-
sume G is above a homeomorphism f of T. Then G belongs to Q*(T) x Diff" (T).

PRrROOF: This Lemma is classical for all cotangent spaces. We give the proof for
completeness. We use the coordinates (r,0) on T*T. By hypothesis,

G(r,0) = (g(r,0), f(0)).
Since G preserves the area, we obtain
1)  pg(r1,0)
/ (/ dr)de
f(80) Jg(ro,0)
f(61)
| tatro,) ~ gtra. 0. (27)
f(60)

(ro —71)(00 — 01)

Hence g(r,0) is affine in r:
g(r,0) =w(0) + rp(0),

where w(f) and 3 are Holder. Since G is a homeomorphism, we observe that for
all 8, 3(6) # 0 and f is an homeomorphism. By Equation 27, we obtain that
01
FH00) = £7H0) = [ B(O)do.

0o

It follows that f~! is in C1"*(T) with df ~' = 3. Since 3 never vanishes, f is
actually is a diffeomorphism, and G belongs to Q(T) x Diffh(T). Q.E.D.
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9.3.2 First step: Conjugation in Q"(T) x Diff"(T)

We recall that H(T) acts on T*T. We denote by @ — ¢ the projection from
H(T) to Q"(T) x Diff"(T). We first prove

Proposition 9.12 Let py and py be two oo-Hitchin representations with the
same associated cross ratio. Then there exists a unique element H = HPOP1 in
QM(T) x Diff"(T) which intertwines po and py, that is

Vy € m(X),Vy € T°T, H(po(v)-y) = p1(v) - H(y).

Moreover, for any representation p, for any neighbourhood V' of the identity
in Q" (T) x Diff"(T), there exists a neighbourhood U of p, such that if two rep-
resentations p1 and pg in U have the same cross ratio, then HP-P1 belongs to
V.

PrOOF: Applying Proposition 9.3 twice, we obtain a unique Hélder homeomor-
phism H of T*T and a homeomorphism f of T such that H is above f and
intertwines po and p;.

If pp and p; have the same associated cross ratio, then H preserves the
area. By Lemma 9.11, H belongs to Q(T) x Diff"(T). The first part of the
proposition now follows. The second part follows from Lemma 8.10. Q.E.D.

9.3.3 Second step: from Q"(T) x Diff"(T) to H(T)

We prove the following Lemma

Lemma 9.13 Let ¢ : v — ¢, be a representation from m(X) to Diff" (T) with
nonzero Euler class. Let o be a continuous one-form. Let f :~ — f, be a map
from (%) to the space C*(T) of C-functions on T. Assume that

(bz(fn)'i'f'y = fn’w
(b:(a)_a = df'y'

Then o is exact.
PROOF: Let r := [, a. We aim to prove that x = 0. We write T = R/Z. We

choose a lift all our data to R, and use @ to describe a lift of u. In particular,
there exists an element ¢ in H?(7(X),Z) such that

Ve €R, ¢(v,n) = $yy(@) = 65 0 Gy(x) € Z.

By definition, ¢ is a representative of the Euler class of the representation ¢.
Let h € C1(R) such that
& = dh.

By definition
VYm € Z, h(x+m) = h(z) + mk.
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Observe now that for all ~y
A5 (R) — h— ) = 356 — & — dfy =0,

Therefore, there exists

n:m(X) =R,
such that
qNS:(h) —h= fN’Y +n(7).
Finally
c(y,mk
=h0 Gy, —ho ¢W é
= @, (h) — &% (h)

(65, (h )— )— (6505 (h) — &5 (h)) — (&5 (h) — h)
Fan = 05 F+ — fo +n(vm) = n(y) = n(n)
=n(yn) —n(y) —n(n).

Hence kc is the coboundary of 7. Since the Euler class is nonzero in cohomology
by hypothesis, we obtain that x = 0, hence « is exact. Q.E.D.

9.3.4 Proof of Theorem 9.10
We first prove

Proposition 9.14 If two representations have the same cross ratio then, after
a Ghys deformation, they are conjugated by an element of H(T).

PRrROOF: Let py and p; be two Hitchin representations with the same cross ratio.

Write
pi(7) = (3, (7)),

with ffy € CYM(T) and ¢'(y) € Diffh(T). By Proposition 9.12, the repre-
sentations po and p; — with values in Q"(T) x Diff"(T) — are conjugated in
Q"(T) x Diff"(T) by some element H = (a, F'), where F € Diff"(T).

In particular, after conjugating by (0, F) € C"(T) x Diff"(T) = H(T), we
may assume that F' is the identity and thus

60 = ¢l = o,
Since p; is a representation, we have for ¢ = 0,1
or(fo)+ L= 1
Since H = («, id) intertwines pp and p1, we also have

Pra—a= dfi —dfg.
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Lemma 9.13 applied to f, = fvl — ff; yields that a = dg for some function g in
CLM(T).

Conjugating by (g,id), we may now as well assume that o = 0. It follows
that there exists a homomorphism

w:m () - R,

such that
=1 =w().

This exactly means that pg = p{. Q.E.D.

This proves that two representations with the same cross ratio are conjugated
after a Ghys deformation. Consequently two representations with the same cross
ratio and spectrum are conjugated. Indeed if p and p“ have the same spectrum
and cross ratio, then by Formula (26), for all v € 71(X), w(y) = 0. Hence
p=p°.

Finally, the proof of properness goes as follows. Suppose that we have a
sequence of representations {p, }nen converging to pg, a sequence of elements
{¢n }nen in H(T) such that {1 0 p, o1, }nen converges to p;. Let d be the
homomorphism H(T) — Q*(T) x Diff"(T). We aim to prove that {dy }nen
converges.

Since p,, and v, o p, 01, have the same spectrum and cross ratio, it follows
that p; and pg have the same spectrum and cross ratio. It follows from the first
part of the proof that there exists F' such that

po=F top oF.

We may therefore assume that pg = ps.
By the second part of Proposition 9.12, {d(,,) } nen converges to the identity.
The properness is now proved.

10 A characterisation of C"(T) x Diff"(T)

We aim to characterise in a geometric way the action of group H(T) = C1"(T) x
Diffh(']I‘) generalising Proposition 6.3. Roughly speaking, we will describe it as
a subgroup of the central extension of ”"exact symplectic homeomorphisms” of
the Annulus (i.e. T*T). The notion of exact symplectic homeomorphism does
not make sense in an obvious way, but some homeomorphisms may be coined
as "exact symplectic” as we shall see.

We shall define in this section m-exact symplectomorphism of T*T which are
characterised by several equivalent properties (see Proposition 10.9).

Using this notion, we can state our main result

Lemma 10.1 A Hélder homeomorphism of J belongs to H(T) if and only if
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1. it preserves the foliation F,
2. it commutes with the canonical flow,

3. it is above a w-exact symplectic homeomorphism of T*T.

The aim of the following sections is

e to recall basic facts about symplectic and Hamiltonian actions on the
Annulus,

e to extend this construction to a situation with less regularity, and in par-
ticular to give a "symplectic” interpretation of the action of H(T) on T*T.

10.1 (C*-exact symplectomorphisms

Let L be an orientable real line bundle over a manifold M, equipped with a
connection V whose curvature form w is symplectic.

e For any curve v joining = and y, let
Hol(y) : Ly — Ly,

be the holonomy of V along . If v is a closed curve — that is = equals y
— we identify GL(L,) with the multiplicative group R\ {0} and consider
Hol(7) as a real number.

e Let v be a nonzero section of L. Let A, be the primitive of w defined by
va = )\V (X)l/
If v is a smooth closed curve, then

Hol(v) = el

Definition 10.2 [EXACT SYMPLECTOMORPHISMS] A symplectic diffeomorphism
of M is V-exact? if for any closed curve

Hol(0)) = Hol(4(cr)). (28)

When the action of ¢ on H'(M) is non trivial the notion actually depends on
the choice of V. We shall however usually say ezact instead of V-exact in order
to simplify our exposition.

The following proposition clarifies this last condition

Proposition 10.3 Let ¢ be a symplectic diffeomorphism. The following condi-
tions are equivalent:

e [For any curve o, Hol(o) = Hol(¢(0)).

2This definition is ad hoc: exact symplectomorphisms exist in a greater generality.
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e For any non zero section v of L, ¢*\, — A\, is exact.
e The action of ¢ lifts to a connection preserving action on L.

Let now M =T*T. Let og : T — T*T be the zero section considered as a curve
i M. Then the map

¢ — Hol(¢(00)),

is a group homomorphism from the group of symplectomorphisms to the multi-
plicative real numbers whose kernel is the group of exact symplectomorphism.

PRrROOF: We prove for an exact symplectic diffeomorphism ¢, the action lift to
an action on the line bundle L. We choose — on purpose — a more complicated
proof. This proof however has the advantage of using very little regularity of ¢,
so that we can reproduce it later in another context.

We define a lift ¢ in the following way. We first choose a base point xg in
T*T and 71 a curve joining gy to ¢(xg). For any point x in T*T, we choose a
curve -y joining xg to z, then we define

¥, = Hol(¢(7)) Hol(n) Hol(v) ™' : Ly — Lya-
Since for every closed curve o, by definition of exactness
Hol(e) = Hol(¢(0)),

the linear map VU, is independent of the choice of . Finally we define

o(z,u) = (¢(x), Va(w)).

By construction, ng) preserve the parallel transport along any curve -, that is

$(Hol(y)u) = Hol(¢(7)).¢(u).

This is what we wanted to prove. The other assertions of the proposition are
obvious. Q.E.D.

10.2 7-Symplectic Homeomorphisms and w-curves

The group Diff(T) of C!-diffeomorphisms of the circle acts by area preserving
homeomorphisms on T*T. Let Q(T) be the vector space of continuous one-
forms on T. This group also acts on T*T by area preserving homeomorphisms
in the following way

£do.(6,t) = (0,t + f(0)).
We observe that Diff (T) normalises this action.

Definition 10.4 [7-SYMPLECTIC HOMEOMORPHISM] The group of m-symplectic
homeomorphisms is

Symp”™ = Q(T) x Diff(T).

92



Here is an immediate characterisation of m-symplectic homeomorphisms. The
proof is identical to that of Lemma 9.11

Proposition 10.5 An area preserving homeomorphism of T*T is w-symplectic
if and only if it is above a diffeomorphism of T.

In order to extend the notion of exact diffeomorphisms, using Proposition
10.3 as a definition, we need to have a class a less regular curves for which we
can compute a holonomy.

Definition 10.6 [7-CURVES AND THEIR HOLONOMIES| A w-curve is a contin-
uous curve ¢ = (cq,c,) with values in T*T such that co is C*. We define

/)\ = -/CrdCH.

The holonomy of a closed 7w-curve is
Hol(c) = el
We collect in the following proposition a few elementary facts.

Proposition 10.7 1. The image of a w-curve by a mw-symplectic homeomor-
phism is a w-curve,

2. Let ¢ = (a,v) be a mw-symplectic homeomorphism. Let ¢ be a closed m-
curve which projects isomorphically on T, then

Hol(¢(c)) = Hol(c)ed= .

Definition 10.8 [7-EXACT SYMPLECTIC HOMEOMORPHISM| The group of -
exact symplectomorphisms is

Exact™ = (C'(T)/R) x Diff(T),
where C1(T) /R is identified with the space of exact continuous one-forms on T.

By the above remarks, we deduce immediately, reproducing the proof of
Proposition 10.3

Proposition 10.9 1. The group of m-exact symplectomorphisms is the group
of m-symplectic homomorphisms ¢ such that for any closed w-curve c,

Hol(c) = Hol(¢(c)).
2. Let xg € T*T. The action of any mw-exact symplectomorphism ¢ lifts to an

action of a homeomorphism (;3 on L such that for any m-curve c starting
from g, for any u € Ly,

(Hol(c)u) = Hol((c)).¢(u). (29)
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3. Furthermore, QAS is determined by Equation (29) up to a multiplicative con-
stant. As a consequence, there exists an element (a, 1)) of C1(T) x Diff(T)
such that the induced action ofds on J, identified with the frame bundle
of L is (a,v). We observe that o is defined uniquely up to an additive
constant.

4. Finally, if ¢ is Holder, so is qB

From this we obtain immediately Lemma 10.1.

10.3 Width

We generalise the notion of width for a m-exact symplectomorphism ¢ in the
following obvious way.

Definition 10.10 [ACTION DIFFERENCE| Let = and y two fized points of ¢.
Let ¢ be a w-curve joining x to y. If q is a curve, we denote by q the curve with
the opposite orientation. The action difference of x and y is

A(¢;z,y) = Hol(c U ﬁ) = efc A= Lo A

By Proposition 10.9, this quantity does not depend on c. Moreover, let g% be a

lift of the action of ¢ on L. Then, for any fixed point z of ¢, ¢(z) is an element
of GL(L,) — identified with R\ {0} — and for any two fixed points z and y of ¢

Agsz,y) = ¢(x)/o(y).

Definition 10.11 [ACTION DIFFERENCE| The width of ¢ is

w(p) = sup  A(g;z,y).

Z,Y fized points

This quantity is invariant by conjugation under 7w-symplectic homeomorphisms.
We now relate it to the period of some cross ratio.

Proposition 10.12 Let p be an co-Hitchin homomorphism from w1 (X) to H(T).
Let P be the projection
P: H(T) — Exact”.

Let p = Pop. Let !, be the spectrum of p (c¢f Paragraph 9.2.1) and B, be its
associated cross ratio (cf Paragraph 9.2.2) with periods {g,. Then

log(w(p(7)) = £o(7) +£,(v™") = 2B, (7).
PROOF: Let v be a non trivial element of 71(%). Let w be a point in J such
that
1, (W) = p(7)(w).
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The projection v = d(w) is a fixed point of p(7).
Since L is a bundle associated to J, it follows that the associated action of

p() on L is a lift p(v) of p(7y). Then

—

Py () = .

Since p(7y) has precisely two fixed points v and u, we obtain that

log(w(p(7)) = £p(v) +Lp(v ).

We still have to identify the width with the period of the associated cross
ratio. This requires some construction. Let ¢ be the quadruple (v+,y,v—,7(y))
of points of 071 (X), where v4 and 7_ are respectively the attractive and
repulsive fixed points of v and y is any point different to ™ and v~.

According to Proposition 9.3, there exists a w1 (X)-equivariant map © from
T*T to o1 (X)** which identifies the fibres of T*T — T to the first factor.
Then, there exists a m-curve C' such that ©(C) = ¢ and by definition of the
associated cross ratio B,, we have

2, () = 2log(By (1, 1,77 @))) = /C rdb. (30)

Let us describe C. Let ¢ and s be the points in 7*T such that ©,(t) = (v, y)
and O(s) = (y,y) respectively. We denote by [a,b] the arc joining a and b
along that fibre, whenever a and b belong to the same fibre of T*T. Using this
notation, we can write

C=cUlt,p(")®)]Up(7)(c) U lp(7)(s), s]);
where c is a m-curve. Finally let
¢=[v,t]UcU]s,ul,

where v = O(y",77) and u = O(y~,~™) are the two fixed points of p(y) — See
Figure (3).
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Figure 3: The m-curves C' and ¢
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‘We have

log(w(p(v))) = log(Hol(cU p(7)(¢))
= log(Hol(c U [t, p(7) ()] U p(7)(c) U [p(7)(s), s]))
= /rd@
c
= 2, (7).

The Assertion follows. Q.E.D.

11

A Conjugation Theorem

We use in this section the following setting and notations.

1.

2.

Let x be a Holder homeomorphism of T. Let
D, ={(s,t) e T x T | k(s) # t}.

Let p = (p1,p2) : M — D, be a principal R-bundle over D,; equipped
with a connection V. Let w be the curvature of V. Let f be such that
w = f(s,t)ds A dt. We suppose that f is positive and Holder.

For all s € T, we denote by ¢, : t — (s,t) the curve in D,, whose first
factor is constant.

Let £ be the one-dimensional foliation of M by the V-horizontal sections
of M along the curves cs.

Definition 11.1 [AN0osov HOMOMORPHISM| A homomorphism pg from w1 (X)
to the group Diffl’h(M) of C-diffeomorphisms of M with Hélder derivatives is
Anosov if

1.
2.
3.

the action of po(m1(X)) preserves V,
the quotient po(m1(X))\M is compact,

the R-action on po(m1(X))\M contracts uniformly the leaves of L (cf Def-
inition 7.3),

. there exist two H-Fuchsian homomorphisms p1 and ps from m(X) to

CY(T), such that

_ 1
® p2 =K "pP1K,

o Vyem(X),ue€ M, plpo(v)u) = (p1(7)(p1(w)), p2(7)(p2(u))).

Our main result is that every Anosov representation on M is conjugated to
an Anosov representation on J. We define more precisely what we mean by
conjugation
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Definition 11.2 [ANOSOV CONJUGATED] An Anosov homomorphism py from
m1(2) to Diff"" (M) is Anosov conjugated to a homomorphism p from w1 (%) to
H(T) by an homeomorphism ¢ from M to J, if:

e The homeomorphism 1/3 intertwines the homomorphisms p and pg, the fo-
liations L and F as well as the R-actions on M and J.

e There exists an area preserving homeomorphism ¢ from D, to T*T such
that § o) = o p.

REMARKS:

1. The representation p with values in H(T) is Anosov in the sense of Defi-
nition 7.4.

2. As a consequence of the next result, v is unique up to conjugation by
elements of H(T).

3. If po is Anosov conjugated to p, and py, then p, and p;, are conjugated by
a m-symplectic homeomorphism.

Theorem 11.3 [CONJUGATION THEOREM| Every Anosov homomorphism po
from w1 () to Diff " (M) is Anosov conjugated to an Anosov homomorphism p
from m,(2) to H(T) by a homeomorphism ).
Moreover, 1/3 and p are unique up to conjugation by an element of H(T).
Finally, if k, V depends continuously on a parameter, then we can choose 1[)
to depend continuously on this parameter.

To simplify the notations, we fix a trivialisation of M = R x D,; so that the
sections U,y @ t +— (u, s,t) are horizontal along cs. Let

) M — T,
™o { (u,s,t) — t,

] M — Dy,
P {(u,s,t) —  (s,t).

We also observe that the foliation £ is the foliation by the fibres of the projection
(u7 S7t) - (u7 S)'
11.1 Contracting the leaves (bis)

For later use, using the above notations, we prove the following easy result which
allows us to restate Condition (3) of Theorem 11.3.

Proposition 11.4 Let py be a faithful homomorphism of w1 (%) to Diff " (M)
such that po(m1(X))\M is compact. Then the following conditions (2) and (2’)
are equivalent

(2) The action of R on po(m(X))\M contracts the leaves of L.
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(2°) Let {t}men be a sequence of real numbers going to +00. Let {Y}men be a
sequence of elements of m1(X). Let (u,s,t) be an element of M such that

{pO('Ym)(u +tm, s, t)}meNu
converges to (ug, So,to) tn M. Then for all w in T, with w # k(s), the

sequence {po(Ym) (8, W) bmen converges to (so,to).

ProoF: To simplify the proof, we omit py. Let II be the projection of M on
m1(X)\M. To say that the R action on M contracts the leaves of L is to say
that

hli_)n;@ d(TI(u+ h, s,t),II(u+ h, s,w)) = 0.

Assume Condition (2’). Let {¢}men be a sequence of real numbers going to
+00. Let {7}men be a sequence of elements of 71 (X) such that after extracting
a subsequence — since m1(X)\M is compact — the sequence

{ym(u+tm, 5,t) fmen,
converges to (ug, So, tp) in M. Then by hypothesis,
{ym (s, w)}men,
converges to (so, o). It follows that
{ym(u+tm, s, w)tmen,
converges to (ug, S, w) in M. Hence

lim d(H(’LL + h7 S,t),H(’LL + h7 S,U})) = 0.

h—oo

The converse relation is a similar yoga. Q.E.D.

11.2 A Conjugation Lemma

We prove a preliminary result. Let x : T — T and D, be as before. Let ds
(respectively dt) be the Lebesgue probability measure on the first (respectively
second) factor of T x T.

Definition 11.5 [k-INFINITE| A positive continuous function f defined on Dy
is k-infinite if for all s,t such that k(s) #t

K(s) t
/ f(s,u)du = / f(s,u)du = oo. (31)
t K(s)

Lemma 11.6 Assume that f is k-infinite and Holder. Then, there exists a
Hélder homeomorphism i from D, to T*T such that
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Yew = dO ANdr, where w = f(s,t)ds Adt and where df Adr is the canonical
symplectic form of T*T.

e T oY =mp, where mp be the projection from D, to the first T factor,

e if ¢ is a Ct-curve in D,, then (c) is a m-curve. Furthermore if c is a
closed curve then

ele = Hol(y(c)).

e For any two elements vy, Yo of Diff "™ (T) such that v = (y1,72) preserves
the 2-form w then
poyoyt,

1s Holder and is w-symplectic above ;.

The homeomorphism 1 is unique up to right composition with a w-exact sym-
plectomorphism. Finally v depends continuously on k and f.

PROOF: The uniqueness part of this statement follows from the characterisation
of m-exact symplectomorphisms given in Proposition 10.5. The proof of the
existence is completely explicit. Let g be a C'-diffeomorphism of the circle T
such that Vs, g(s) # x(s). We consider

D, — T*'T=TxR,
Y { (s,t) (s,I;(S)f(s,u)du).
It is immediate to check that
e Y,w=df Adr,
e ToY =Tp.

We also observe that 1) is a Hélder map and a homeomorphism. We now prove
that 1! is Holder. We have

w_1(87 u) = (37 04(8, u))v
where

a(s,u)
/ f(s,w)dw = u.
g(s)

It is enough to prove that « is Holder. We work locally so that f is bounded
from below by a positive constant k. Firstly,

1 a(s,u) 1
la(s,v) — a(s,u)| < Z / f(s,w)dw| = E|u —vl.
a(s,v)

This proves that « is Holder with respect to the second variable. Let us take
care of the first variable. We have by definition of «, for all s and ¢

a(s,u) a(t,u)
/ fls,w)dw =u = / ft,w)dw.
9(s) g9(t)
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Hence,

a(t,u) g(s) a(t,u)

[ ttwdo= [ pewdes [ Gtw) - fsw)de. (@2
a(s,u) g(t) g(t)

Since we work locally, we may assume that k& < |[f(¢t,w)] < K. Since f is

a ¢-Holder function for some ¢, we also have |f(t,w) — f(s,w)| < CJt — s[S.

Therefore, Equality (32) yields

Ela(s,u) — aft,u)| < K|t —s| + C|t — s|°.

This finishes the proof that « is a Holder function.
By the construction of v, if ¢ is a C'-curve in D,, then v¥(c) is a m-curve.

Note that .

A(s,t) = (

is a primitive of w. It follows that if ¢ : s — (c1(s),c2(s)) is a C1 curve in D,.
Then

f(s, u)du) ds,

g(s)

/c)\ = /TL:)(S) f(s,u)é1(s)duds = log(Hol(¢(c))).

By construction, 1 oyo~! is m-symplectic and Holder. The continuity also
of 1 on k and f follows from the construction. Q.E.D.

11.3 Proof of Theorem 11.3
11.3.1 A preliminary lemma
We prove

Lemma 11.7 Let p1 and p2 be two H-Fuchsian representations from w1 (X) in
Diffh(']l‘). Let k be a Hélder homeomorphism of T such that ko p; = paok. Let
f(s,t) be a positive continuous function on D,.

Assume that, for all v in m (X)), w = f(s,t)ds A dt is invariant under the

action of (p1(7y), p2(7y)). Then f is k-infinite.

PROOF: For the sake of simplicity, we write p;(7) = v*. We first observe that
the invariance of w yields that for all 7 in 71 (%)

£(5.) = ) 0501 (5). 20, (33

For any (s,t) in D,, we may find a sequence {7, }nen as well as (sg,tp) in
D, such that

lim 4h(s) = so, (34)
lim y3(t) = to, (35)
n—oo

dvy,



Relation (33) yields

' " d s
[ A = [ S TR0 7w

dv,, bod 1 2
= s U 5), 75 (u))du

d} o (t)
Sl ORI
§ Y2 (r(s))

v} v (t)
O O
$ (75 ()

From Assertions (34) and (35), we deduce that

Y2 (t) to
lim F(vE(s),u)du = / f(s0,u)du > 0.
B CHO)) #(s0)
Hence Assertion (36) shows that
¢
f(s,u)du = oo.

w(s)

A similar argument yields

K(s)
/ f(s,u)du = oo.
t

Q.E.D.

11.3.2 Proof of Theorem 11.3

PRrROOF: Recall our hypothesis and notations. Let p; and ps be two H-Fuchsian
representations. Let k be a Holder homeomorphism of T such that kop; = psok.
Let p: M =R x D, — D, be a principal R-bundle over D, equipped with a
connection V. Assume the curvature w of V is such that w = f(s,t)ds A dt with

f positive and Holder. Let

] M — T,
™o { (u,8,t) — t,
M — Dy,
P {<u,s,t> =~ (s1).

Assume that m(2) acts on M by C'-diffeomorphisms with Holder derivatives.

Assume that this action preserves V, and that
e 71 (X)\M is compact,

e the action of R on 71 (X)\M contracts uniformly the fibres of 7y,

61



e we have p(yu) = (p1(7)(p(u)), p2(7)(p(u))).

We want to prove there exists an R-commuting Holder homeomorphism 1[)
from M to J over a homeomorphism ¢ from D, to T*T, a representation p from
7m1(X) to H(T) element of Homp, such that

poy=p(y)o.

By Lemma 11.7, f is k-infinite. Hence, by Lemma 11.6 there exists a Holder
homeomorphism v from D, to T*T unique up to right composition with a -
exact symplectic homeomorphism, such that

1. ¢Yw=4d0o-dr,
2. mo =7p,

3. if y1, 2 are two C! diffeomorphisms with Holder derivatives of the circle
such that v = (71, 72) preserves the 2-form w then

poyopt,
is Holder and m-symplectic above 1,

4. if ¢ is a Ct-curve in D, then 1(c) is a m-curve and Hol,(c) = Hol(z(c)),
where Hol, (c) = [ A

Let v be an element of 71 (X). Since v acts on M preserving the connection
V, it follows that p(y) = (p1(7), p2(7)) acts on D, in such a way that for all
Cl-curves Holy (c) = Holy (u(7y)c).

We now show that

Hol,, (¢) = Holy, (u(7y)c). (37)

We choose a trivialisation of L. In this trivialisation V = D 4+ X\ + a, where D
is the trivial connection and « is a closed form. Then

Holy (¢) = Hol,, (c).efe .

To prove Equality (37), it suffices to show

/ o= /a. (38)
Fn(e) c

But p1(7) preserves the orientation of T, hence is homotopic to the identity by
a family of mapping f;. It follows that u(v) is also homotopic to the identity
through the family (f;, kf;x~1). This implies that u(vy) acts trivially on the
homology. Hence Equality (38).

It follows from (3) and (4) that g(y) = ¢ o u(y) o1 is a m-exact symplec-
tomorphism.
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Finally, we describe the construction of a map 1/3 from M to J above v,
commuting with R action, "preserving the holonomy ” well defined up right
composition by an element of R. Let fix an element yy of the fibre of p above
xo in D, and an element z of the fibre of § above ¥ (x(). Let y be an element
of the fibre of p above some point x of D,. Let ¢ be path joining xg to . We
observe that there exists ¢ in R such that

y = ¢ + Holy (¢)yo.

We define

Y(y) = ¢+ Hol(¥(c))zo.

Since for any closed curve Holy (¢) = Hol(1(c)), it follows that ¢(y) is indepen-
dent of the choice of c.

By construction, ¢ satisfies the required conditions. The uniqueness state-
ment follows from the Lemma 10.1 The continuity statement follows by the cor-
responding continuity statement of Lemma 11.6 and the construction. Q.E.D.

12 Negatively curved metrics

We first use our conjugation Theorem 11.3 to prove the space Repy contains
an interesting space.

Theorem 12.1 Let M be the space of negatively curved metrics on the surface
> identified up to diffeomorphisms isotopic to the identity. Then, there exists a
continuous injective map

¥ : M — Repy .

Moreover, for every g, 1(g) is coherent. Furthermore, for any -y in w1 (%)

by(v) = Ly (g) (7)-

Here £4() is the length of the closed geodesic for g freely homotopic to v, and
Ly(g) is the Y(g) -length of ~y.

We first recall some facts about the geodesic flow and the boundary at infinity
of negatively curved manifolds.

12.1 The boundary at infinity and the geodesic flow

Let ¥ be a compact surface equipped with a negatively curved metric. Let )
be its universal cover. Let UX (respectively UX) be the unitary tangent bundle
of ¥ (respectively X). Let ¢; be the geodesic flow on these bundles. Let 0o ¥

be the boundary at infinity of X.
We collect in the following proposition classical facts :

Proposition 12.2 1. The boundaries at infinity of 7 (X) and X coincideds X =
0o (X).
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2. 8x02 has a C'-structure depending on the choice of the metric such that
the action of w1 (X) on it is by CY"-diffeomorphisms. The action of w1 (%)
is Holder conjugate to a Fuchsian one.

3. Let G be the space of geodesics of . Then G is CYl-diffeomorphic to
(D1 ()"

4. US — G is a principal R-bundle (with the action of the geodesic flow).
Furthermore the Liouville form is a connection form for this bundle which
is invariant under m (X), and its curvature is symplectic.

We recall in the next Proposition the identification of the unitary tangent
bundle with a suitable subset of the cube of the boundary at infinity. Let

oo (X)*FT = { oriented (,y,2) € (0oom1 (X)) | & # y # 2 # x}.

For any (z,y) let
Loy ={(w,2,y) € (Oom(2))°T}.

Proposition 12.3 There exist a homeomorphism f of 8007r1(2)3+ with UY.
such that if ¥y = f~ o pp o f then Yi(Lizy) = Lizy)-

Moreover, for any sequence of real number {t}men going to infinity, let
(2,9,2) € Oomi(X)3F, let {v}men be a sequence of elements of w1 (%), such
that

{7m © wtm (Z7$7y)}n€N converges to (30755073/0)7

Then, for any w, v such that (w,z,v) € Osom1 ()3, there exists vy such that

{Ym 0 Pt (w,x,0) }nen converges to (vg, To, Yo)-

Proor: We first explain the construction of the map f. Let (z,z,y) €
Do (X)3F. Let ¢ the geodesic in ¥ going from z to y. Let c(to) be the image
of the projection of z on ¢, that is the unique minimum on ¢ of the horospherical
function associated to z. We set f(z,z,y) = ¢(to). Then, the first property of f
is obvious, and the second one is a classical consequence of negative curvature,
namely that two geodesics with the same endpoints at infinity go exponentially
closer and closer. Q.E.D.

12.2 Proof of Theorem 12.1

Using Proposition 11.4, 12.2 and 12.3 yields that the hypotheses of Theorem
11.3 are satisfied

Therefore, we obtain a continuous map 1 from M to Hom*/H (T). For a hy-
perbolic metric, we obtain precisely the associated oo-Fuchsian representation.
Since the space of negatively curved metrics on a compact surface is connected,
all the representations are actually in Repy.

Finally if ¢/(go) = ©(g1), then the two metrics have the same length spectrum
and therefore are isometric by Otal’s Theorem [27]. This proves injectivity. The
continuity follows from the continuity statement of Theorem 11.3.
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13 Hitchin component

We now prove that Repy; contains all these Hitchin components.
Theorem 13.1 There exists a continuous injective map
¥ : Repy (m1(2), PSL(n,R)) — Repy,
such that, if p € Repy(m1(X), PSL(n,R)) then, for any v in m1(X), we have
Ly (7) = wp (V) (39)

where Ly, (7) s the Y (p)-length of v, and w,(7) is the width of ~y with respect
to p.

Moreover, the cross ratio associated to p and ¥(p) coincide, and the repre-
sentation ¥ (p) is coherent (cf Definition 9.8).

REMARKS: It follows in particular that if p belongs to p € Repy (71 (2), PSL(n, R)),
and if p* is the contragredient representation, then 1 (p) and ¥ (p*) have the same
spectrum although they are different representations.
13.1 Hyperconvex curves
We recall a proposition obtained in Section 2.2.1
Proposition 13.2 Let p be a hyperconvex representation. Let
E= (€.,
be the limit curve of p. Then, there exist

o two C' embeddings with Holder derivatives, n, and 12, of T in respectively
P(R™) and P(R*™),

e two representations py and py from w,(X) in Diff"(T), the group of C*-
diffeomorphisms of T with Hélder derivatives,

e o Holder homeomorphism k of T,

such that

1. 1 (T) = € (01 (%)) and ma(T) = € (Doemr (),

2. the map n; is p; equivariant,

3. if k(s) # t, then the sum n1(s) + n2(t) is direct,

4. K intertwines py and ps.

We shall use we following the continuous map

= (ot my o™, (40)

from Oy (X)?* to D,.
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13.2 Proof of Theorem 13.1

We use in this section the independent results proved in the Section 4.4.

Let p be a hyperconvex representation. Let 71, 12 and x as in Proposition
2.7. Let n = (n1,m2). Let D, be defined as usual. We observe that 7 (%) acts
by p = (p1,p2) on D,. By Proposition 2.7, n is a p-equivariant C' map from
D, to

P(n)2* = P(R") x B(R™)\ {(D, P)|D € P*}.
In Section 4.7, we show there exists a principal R-bundle L on P(n)?* equipped
with an action of PSL(n,R) and an invariant connection whose curvature is a
symplectic form €.

We pull back this structure on D,:

e Let M be the induced bundle by n. Note that M is equipped with an
action of 71 (X) induced from the PSL(n,R) action on L.

e Let p; be the flow of the induced R-action on M.

e Let £ be the foliation of M by horizontal sections along the curves c; :
t— (s,t) in D,.

We observe the following

Proposition 13.3 Let vy be an element of 71(X). Let x = n(yT,v™) be a fized
point of v in Dy. Let Amax and Amin be the largest and smallest eigenvalues (in
absolute values) of p(y). Then the action of v on the fibre M, of M above x is
given by the translation by
Arrlfi)(
log ‘— ’

)\min
PRroOOF: This follows from the last point of Proposition 4.7. Q.E.D.

13.2.1 Proof

By Propositions 5.4 and 5.5, the 2-form w = n*Q is non degenerate and Holder
To complete the proof of Theorem 13.1, we prove

e the quotient m(X)\M is compact (in Proposition 13.4),
e the action of R on M contracts the leaves of £ (in Proposition 13.6).

We now explain how these properties imply the theorem: by Theorem 11.3,
there exists a homeomorphism 1 from M to J, an area preserving homeomor-
phism % from D to T*T such that

e 1) commutes with the R-action,
e b0 =4op,
e 1 sends £ to F,

66



and a representation p from 7 (X) to H(T) such that

Yoy =p(y)o.
In particular, p belongs to Hom™.

Let us prove that p actually belongs to Homy. By the definition of the
Hitchin component and the fact that we can choose 7,[3 to depend continuously
on our parameters, it suffices to verify this assertion whenever p is an n-Fuchsian
representation. In this case, the action of 71 (X) extends to a transitive action
of PSL(2,R) and is by definition in Homg.

The statement (39) about the spectrum follows from Proposition 13.3 which
implies the spectrum is symmetric. Therefore, by definition, ¥ (p) is symmetric
or, equivalently, coherent. Finally, by construction and Proposition 4.7, the two
cross ratios coincide.

By Theorem 9.13, an co-Hitchin representation which is symmetric is deter-
mined by its cross ratio. It follows that v is injective.

Finally the continuity statement follows from the continuity statement of
Theorem 11.3

13.2.2 Compact quotient

Let M be the R-bundle over D, defined by M = n*L. Inducing the connection
form L, M is equipped with a connection whose curvature form is w. Further-
more m1(X) acts on M, by the pull back of the action of PSL(n,R) on L. We

nowW prove
Proposition 13.4 The quotient 71 (X)\M is compact.
Recall that 7 (X) acts with a compact quotient on
Doo1 ()3T = {oriented triples (z,y,2) € (Ouom1 (X)) 2 # y,y # 2,2 # 2},
We first prove:

Proposition 13.5 There exists a continuous onto 71(2)-equivariant proper map
I from Osom1(X)3T to M. Moreover, the map | is above the map 1 = (11,72)
from Osom1(X)%* to D,.

PRrOOF: Let (z,2,y) be an element of T3>+ = 9,71 (X)3F. The two trans-
verse flags £(z) and £(y) define a decomposition
R" = Li(z,y) ® La(x,y) @ ... ® Ly(z,y),
such that ¢(x) = Ly (z,y) and
€' y) = La(2,y) @ ... @ Lu(z,y). (41)

Let u be a nonzero element of £1(2). Let u; be the projection of u on L;(x,y).
By hyperconvexity, u; # 0. We choose u, up to sign, so that

|u1/\.../\un|:1.
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Finally we choose f in £"~!(y)* so that (f,u;) = 1. The pair (ug, f) is well
defined up to sign, and hence defines a unique element I(z,z,y) of the fibre of
M above 7(z,y).

Our first assertion is that [ :

is proper.
Let {(2m, Tm, Ym) }men be a sequence of elements of T3F such that

{l(Zm, LTy ym) = (uma fm)}meNa

converges to (ug, fo) with (fo,uo) = 1. In particular, {(2m, ym)}men converges
to (zo,y0), with zg # yo. We may assume after extracting a subsequence that
{2Zm }men converges to zo. To prove [ is proper, it suffices to show that z¢ # zo
and yo # 20.

Suppose that this is not the case and let us first assume that zg = xg. Let
7m be the projection of ¢!(z,,) on &1(z,,) along €"~1(y,,). We observe that
T converges to the identity from £1(z) = &1 (z0) to £ (zo). Let vy, € £ (2m)
such that m, (V) = Um. Since {um, bmen converges to a nonzero element wuy,
{vm }men converges to ug. As a consequence, all the projections {v? }men of vy,
on L;(Zm,Ym) converge to zero for i > 1. Hence,

1=|v}

m

A...Avpy| — 0,

and the contradiction.
Suppose now that zg = yg. Using the volume form of R™, we identify
£ '(y)*" with
Lo(z,y) A... A Ly(z,y).

We use the same notations as in the previous paragraph. Then v2, A... Av% is
identified with f,,. It follows that

U,Qn/\.../\vglﬁfo. (42)

By hyperconvexity
€' (zm) @ €2 (ym) — 1 (yo)-
We also have,
E(y) = Lp—p+1(2,y) @ ... ® Ln(z,9).
Since &z ) — € (yo), it follows that for all k

AR
[0,
In particular
[

_ Wl
lo2, Ao Ao
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Thanks to Assertion (42), we finally obtain that [v},|| — 0. Hence
1 = |oi A A0

< lomllllvg, A opll =0,

and the contradiction. Therefore (zq, %o, %) € T>* and [ is proper.
It remains to prove that [ is onto. Note first that for every (z,y),

L(w,y) = Z(T3+) N Mn(

z,y)>

is an interval, being the image of an interval. If (y4,v-) is a fixed point of 7,
then L, , ) is invariant by p(y) that acts as a translation on M, ., ). It
follows that

L M

Y+=) = M=)

Since the set of fixed points of elements of 7 (X) is dense in 9x71(X)?2, and

I(T3+) is closed by properness, we conclude that [(T3+) = M and that [ is onto.
Q.E.D.

As a corollary, we prove Proposition 13.5

PROOF OF PROPOSITION 13.5:
Since 71(X) acts properly on T3* and [ is proper and onto, the action of
7m1(X) on M is proper. Indeed for any compact K in M

{yem®) [VWE)NK #0} C {yem(Z) | v~ (K) NI (K) # 0},
Hence,
tHyem(D) [ Y(K)NK #0} <t{y em(Z) |y~ H(K))NI~H(K) # 0} < oo

Since 71(X) has no torsion elements and acts properly, it follows that the
action of 71(X) on M is free. The space 71(X)\M is therefore a topological
manifold. Finally, the quotient map of I from 1 (3)\T**+ (which is compact)
being onto, it follows 71 (X)\M is compact.

13.2.3 Contracting the leaves

We notice that M is topologically a trivial bundle. Let £ be the foliation of
M by horizontal sections along the curves ¢; : t — (s,t) in D,. We choose a
71 (X)-invariant metric on M. We prove now:

Proposition 13.6 The flow p; contracts the leaves of L on M.

PROOF: In the proof of Proposition 13.5, we exhibited a proper onto con-
tinuous mq (X)-equivariant map I from 9o (X)3+ to M. This map is such that

I(z,2,y) € My(z.y)- (43)

By Proposition 12.3, the choice of a hyperbolic metric on X gives rises to a
flow 1 by proper homeomorphisms on 9.7 ()3T such that
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1. for all t € R, for all (z,2,y) € Ooom ()", there exists w such that
1,[125(2, Z, y) - (w7 Z, y)a

2. For any sequence {t},en of real numbers going to infinity, let (z,z,y) €
Do ()3T and let {y}.men be a sequence of elements of 71 (X), such that

{VYm oY, (2, 2,9) fnen converges to (2o, o, Yo)-

Then for any w, v such that (w,x,v) € dsom (X)3T, there exists vy such
that

{VYm oYy, (w,z,v) }nen converges to (wo, Zo, Yo)-

Since 3 is compact and since [ and the flows are proper, there exist positive
constants a and B such that

Vu, VT, 3t €]T/a — b, Ta + b such that I(¢1(u)) = or(l(u)).

Therefore, the following assertion holds:
Let {t}men be a sequence of real numbers going to infinity, let u € M, let
{7} men be a sequence of elements of 71 (%), such that

{¥m © @, (u) }nen converges to ug € My (zg,y0)>

then for any w, s such that w € My, ), there exists vy such that

{’Ym © Pty (w)}neN converges to vg € Mﬁ(ffo’yo)'

By Proposition 11.4, the action contracts of ¢; contracts the leaves of L. Q.E.D.
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