A MEASURABLE CARTAN THEOREM AND
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IN COMPLEX HYPERBOLIC GEOMETRY
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ABSTRACT. We establish a version for measurable maps of a theo-
rem of E. Cartan [10] according to which a bijection of the bound-
ary of complex hyperbolic plane mapping chains into chains comes
from an isometry.

As an application, we prove a global rigidity result which was
originally announced in [5] and [16] with a sketch of a proof using
bounded cohomology techniques and then proven by Koziarz and
Maubon in [17] using harmonic map techniques. As a corollary one
obtains that a lattice in SU(p, 1) cannot be deformed nontrivially
in SU(q, 1), ¢ > p, if either p > 2 or the lattice is cocompact. This
generalizes to noncocompact lattices a theorem of Goldman and
Millson, [13].

1. INTRODUCTION

The ideal boundary dH% of complex hyperbolic ¢-space HE carries a
rich geometry whose “lines”are the chains. A chain in OH¢ is by defi-
nition the boundary of a complex geodesic in Hg; as such it is a circle
equipped with a canonical orientation, and it is uniquely determined by
any two points lying on it. The “geometry of chains” was first studied
by E. Cartan who showed that, analogously to the Fundamental The-
orem of Projective Geometry [1, Theorem 2.26], any automorphism of
the incidence graph of the geometry of chains comes, for ¢ > 2, from
an isometry of H&, [10]. The main result of this paper is a consequence
of an analog of Cartan’s theorem (see Theorem 2.1) in the measurable
setting. Namely we prove the following:

THEOREM 1. Let p > 2 and let ¢ : OH{. — OH¢ be a measurable map
such that for almost every chain and almost every triple (£,n,() of
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distinct points on it, the triple ¢(£), (1), v(C) consists also of distinct
points on a chain and has the same orientation as (£, 7, (). Then either

(1) there is a chain C' C OH{ such that p(€) € C for almost every
§ € OHY, or

(2) there is an isometric holomorphic embedding F : HY: — H{
such that the map

OF : OHY. — OHE
induced on the boundary coincides with p almost everywhere.

The precise meaning of the first “almost everywhere” condition in
the above theorem comes from the fact that the space of chains in OH.
is a homogeneous space for SU(p, 1) and, as such, carries a canonical
invariant measure class.

As a corollary of this result and of the results in [3] and [4], we ob-
tain a rigidity theorem for representations of lattices I" in SU(p, 1) into
PU(g, 1). To describe this, let us recall the invariant 4,, first introduced
in [5, 16], associated to any such homomorphism p : I' — PU(q,1). Let
HE be the complex hyperbolic g-space endowed with the Riemannian
metric of constant holomorphic sectional curvature -1, and let w, be
the corresponding Kéhler form. Let , € H? (PU(q, 1),R) be the con-
tinuous class which corresponds to w, via the van Est isomorphism.
Let M :=T'\'H{. be the finite volume quotient and assume that either
p > 2or M is compact. Then the L2-cohomology space H%Q) (M) injects
into H3g (M) ~ H*(T',R), and it is a fact that the pullback p*(x,), seen
as an element of H3 (M), belongs to the subspace H, (M), see [3].

Since M is at any rate locally Hermitian symmetric, we may iden-
tify HZ2)(M ) with the space of harmonic L*-forms on M; in particular

H%Q)(M ) comes with the natural inner product of L*-forms, and the
Kéhler form wy; coming from w, defines then an element of H%Z)(M ).
Our invariant i, associated to p is then defined by:

(1.1) i, i ) o)

<CUM, CUM>
and, with the above normalization of hyperbolic metric, we have
i)l < 1.

Let us call a representation p : I' — PU(q, 1) mazimal if i, = 1. We
observe that the study of representations with ¢, = —1 reduces to the
study of maximal representations by conjugating p with an antiholo-
morphic isometry of HE.
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THEOREM 2. Let I' < SU(p,1) be a lattice and p : I' — PU(q, 1)
be a maximal representation. Assume that p > 2. Then there is an
equivariant isometric embedding

F:H} — HE
which is holomorphic.

V. Koziarz and J. Maubon gave in [17] a proof of Theorem 2 using
harmonic map techniques. We refer to the introduction of their article
for an excellent overview of the history and the context of the subject.

The invariant defined above has been introduced in [3] in a much
more general situation, in particular for a representation p : I' —
Iso(X)°, where I' < SU(p,1) is a lattice and X is now an arbitrary
Hermitian symmetric space of noncompact type. In this case i, satis-
fies the inequality

‘ZP| S rank()(),

and representations for which i, = rank(X’) are coined mazimal. The
case where p = 1, that is when I is a surface group, is the object of
an ongoing study (see [11, 12, 18, 15, 16, 8, 6, 7, 2]), and in this situ-
ation maximal representations lead to new interesting Kleinian groups
in higher rank. On the other hand, if p > 2, we expect maximal
representations to come from totally geodesic, possibly holomorphic,
embeddings, as it is indeed the case when X' = H{.

A different way of looking at i, as a foliated Toledo number was
suggested to us by F. Labourie, and goes as follows. The space of
configurations of points lying on chains can be seen as the space at
infinity of the space of configurations

GHE = {(m, Y) :Y is a complex geodesic and x € Y C Hé}

of points lying on complex geodesics. This is the total space of a
foliation whose leaves are the fibers of the map

pry : GHe — G,
(,Y)— Y,

where G, is the set of complex geodesics; the leaves of this foliation are
transverse to the fibers of

pry : GHE — HE
(,Y)—z

which, incidentally, are compact. Given now I' < PU(p, 1) a torsionfree
lattice, since pr; is I'-equivariant, we get a foliated space pr; : GM —



4 MARC BURGER AND ALESSANDRA I0ZZI

M lying above M = I'\'HZ.,, where GM = I'\GH{. is foliated by complex
geodesics. The restriction to the complex geodesics of the pullback
pri(wys) of the Kéhler form wy, of M, defines a tangential form wgy,.
If then p : I' — PU(g, 1) is a homomorphism and w, is a bounded closed
representative of the class p*(r,) € H3z(M) (which always exists by
[3]), then the tangential form €2/, obtained by restricting prj(w;,) to the
leaves of the foliations, differs from wgj; by a bounded function, whose
integral over GM gives i,.

Application to Deformation Rigidity. 1f I is a discrete finitely gener-
ated group and L is a topological group, the space of homomorphisms
Rep(T, L) of " into L is topologized naturally as a closed subset of L,
where S is a finite generating set of I'. Let BL be the classifying space
of continuous principal L-bundles, and ¢ € H*(BL,R) a characteristic
class. It is a standard observation that the map
Rep(T', L) — H*(I', R)
p = pplo),

where p% : H*(BL,R) — H*(BT',R) = H*(I',R) denotes the pullback,
is constant on connected components of Rep(I', ).

Assume now that L is simple of Hermitian type and let K be a
maximal compact subgroup of L. It follows from the Iwasawa decom-
position that BK is homotopy equivalent to BL, and by Chern—Weil
theory H*(BK,R) is described by the K-invariant polynomials on the
Lie algebra ¢ of K. Since L is simple Hermitian, the center Z(£) is one
dimensional and the orthogonal projection of € on Z(¥) gives rise to
an invariant linear form which, via Chern—Weil theory, gives rise to a
class in H*(BK,R) = H?(BL,R). This class corresponds then via the
natural homomorphism H?(BL,R) — H2(L,R) to the Kihler class vy,
and hence the commutativity of the diagram

(2)
H2(BL,R) ~2~ H%(BT,R)

P

(
H2(L,R) —— H2(I, R)

implies that the map
Rep(T', L) — H*(T', R)
p = pP(ky),

where ) is the symmetric space associated to L, is constant on con-
nected components of Rep(I', L).
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To turn to our immediate application, let us assume that p < ¢ and
let pp : SU(p,1) — PU(q,1) be a standard homomorphism, that is a
homomorphism associated to any isometric holomorphic embedding

F:H} — HE.
Observe that any two such embeddings H{. — H{ are conjugate in
PU(q, 1); moreover, the stabilizer in PU(g, 1) of the image of F is the al-

most direct product of the image po(SU(p, 1)) and its centralizer Z(p)
in PU(q, 1), which is compact.

COROLLARY 3. Let po : SU(p,1) — PU(q, 1) be a standard represen-
tation, let I' < SU(p, 1) be a lattice and assume that p > 2. Then any
representation p : I' — PU(q, 1) in the path connected component of
po|r in the representation variety Rep(I', PU(q, 1)) is, modulo conjuga-
tion by PU(q, 1), of the form py X x, where x is a homomorphism of T
into the compact group Z(py).

REMARK 4. We recall that if I' < SU(p,1) is cocompact, this was
proved by Goldman and Millson in [13]. On the other hand, Gusevskii
and Parker found quasi-Fuchsian deformations of a noncocompact lat-
tice I' < SU(1, 1) into PU(2,1), [14].

2. THE MEASURABLE CARTAN THEOREM

Let V' be a complex vector space of dimension ¢+ 1 with a Hermitian
form h of signature (¢,1). The complex hyperbolic f-space H¢ is the
cone of negative vectors in P(V') equipped with the distance
h(v, w)h(w,v)

h(v, v)h(w,w)’
which turns it into a simply connected Riemannian manifold with sec-
tional curvature —4 < k < —1 whose isometry group is PU(/, 1).

If 0 < k </, any (k+ 1)-dimensional nondegenerate indefinite linear
subspace W C V gives rise to a k-plane, that is a totally geodesic
holomorphically embedded isometric copy of HE. In particular, a 1-
plane is a complex geodesic in HE.

The boundary OHS consists of equivalence classes of asymptotic ge-
odesic rays and can be identified with a (2¢ — 1)-dimensional sphere
corresponding to the projectivization of the null cone of h. Boundaries
of k-planes are called k-chains and boundaries of complex geodesics in
HE are simply referred to as chains. A chain is completely determined
by any two points that belong to it, and hence two distinct chains are
either disjoint or meet in exactly one point.

cosh® d([v], [w]) =
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Since the diagonal action on PU(¢, 1) on (OH%)®) is not transitive!, in
the following it will be useful to associate to triples of points in (HE)®
a full invariant which does not have any analog in real hyperbolic spaces
except on the hyperbolic plane. Namely, if

()0, ) (CZ+1)3—>(C
is the Hermitian triple product defined by
(21, 20, 23) = h(21, 22)h(22, 23)h(23, 21) ,
define Cartan’s invariant angulaire
ot (OHL) — [-1,1]
by
ce(§1,82,&3) = %Arg<zl>z2>23> ;

where the points z; € C**! projects onto & € OHE, and where we
choose the convention that Arg(z) € [=2,%], [10]. Then ¢, extends
to a PU(/, 1)-invariant alternating cocycle on (OHE)3; in this section,
however, the relevant property of ¢, is that it detects exactly when three
points lie on a chain. Namely, |c,(&1,&2,&3)| = 1 if and only if &, &, &3
lie on a chain, and ¢y(&;, &2, &) = 1 if and only if the triple (&1, &2, &3)
is positively oriented with respect to the canonical orientation on the
chain.

The goal of this section is to prove Theorem 1. This will be achieved
by proving in § 2.1 the following

THEOREM 2.1. Let p > 2 and let ¢ : OH{. — OH{ be a measurable
map such that:

(i) for almost every chain C and almost every triple (£,m,() of

distinct points on C, the triple ¢(&), ¢(n), ¢(C) consists also of
distinct points which lie on a chain and have the same orienta-

tion as (£,1,¢);
(ii) for almost every triple of points &,m,( not on a chain, p(§),

©(n), ©(¢) are also not on a chain.

Then there is an isometric holomorphic embedding F : H¢. — H¢ such
that the map

OF : OHP — OHL

induced on the boundary coincides with ¢ almost everywhere.

1Throughout the paper, given a set X and a positive integer n € N, we use the
notation X (™) to indicate the subset of X™ of n-ples consisting of distinct points.
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The reduction of Theorem 1 from Theorem 2.1 lies in the following
proposition, which will be proven in § 2.2.

PROPOSITION 2.2. Let ¢ : OH{. — OH{ be a measurable map satisfy-
ing (i) but not (ii) of Theorem 2.1. Then there exists a chain C' C OH
such that for almost every & € OHE, p(€) € C.

2.1. Proof of Theorem 2.1. The structure of the proof of Theo-
rem 2.1 goes as follows. We first show by induction that the statement
of the theorem for a fixed p follows from the analogous statement in
one lower dimension, provided p > 3; this leaves us to show the state-
ment for p = 2. The next step is to show that if p = 2 any map
© : OHZ — OHE satisfying the hypotheses of Theorem 1 essentially
takes values in a two-chain; this will be achieved by an appropriate
convex hull argument. The last step is hence to show the assertion for
p = q = 2, for which we follow a strategy devised by Goldman for a
different proof of E. Cartan’s theorem.

2.1.1. Configuration spaces, 1. In the sequel we will have to deal with
various configuration spaces and maps between them. Typically, we
will have the situation
p:W =V,

where W, V' are one of the following configuration spaces below and p
is a “projection”. In all cases, these configuration spaces are manifolds
and the maps p are fibrations. Thus W, V and every fiber of p will
be equipped with its canonical Lebesgue measure class, so that the
following Fubini-type statement holds: a measurable subset A C W is
of full measure if and only if for almost every v € V the set p~1(v) N A
is of full measure in p~!(v).

We list here for future reference some of the configuration spaces
occurring in the part of the proof dealing with the reduction to the
case in which p = ¢ = 2. Let us start by observing that if Grass, x,(p)
denotes the Grassmannian of kj-planes in ky-planes in ‘H%, we have

Grassy, i, (p) 2~ SU(p,1)/S(U(p — ko) X U(ky — k1) x U(ky,1)).
Moreover we will use:

—if 1 < k < p, the space Py, of k-planes in H% and the space
Crp of k-chains in OHY are both isomorphic to Grassy x(p);

— the space {(X, x): X €Pyyyp, x € X} of points on a (p — 1)-
plane is isomorpic to Grassg,_1(p), and the fibers of the pro-
jection onto the second factor are the k-planes Py ,(z) through
x € HY, where

Prp(r) = S(U(p) x U(1))/S(U(p — k) x U(k) x U(1)) ;
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~ the space {(X,C) : X € Pp_1p, C € Crpand C C 0X}
of chains in the boundary of (p — 1)-planes is isomorphic to

Grass; p—1(p);
— the space of points in the boundary of a (p — 1)-plane

Isy-1(p) = {(X,€) : X € Pypoyy, £ € 90X}
can be identified with
{WcX:XeP, WcC X is an isotropic line} ,

and as such is isomorphic to

SU(p,1)/S(U(p — k) x Q)

where @ < SU(k,1) is a parabolic subgroup stabilizing an
isotropic line;

— the space {(X, £1,62,83) 1 X € Ppo1p,&1,80,&5 € 8X} of triples
of points on the boundary of a (p — 1)-plane is the threefold
fibered product ( Isp_l(p))i of the configuration space Is,_1(p)
with respect to the first projection; it turns out to be a manifold,
as one can easily see using a standard transversality argument
since the projection if submersive;

— the space {(C’, (51,52)) : C € Cpand (&,8) € C(z)} is an
open set in the twofold fibered product (Isp_l(p))jc which, as
in the previous case, is a manifold.

2.1.2. Reduction to the case p = 2. We now let p > 3, we assume that
the theorem holds for p — 1 and we will now show that it holds for
p. Let us start by observing that a simple verification using Fubini’s
theorem applied to the configuration spaces

{(X, C) X € Pp—LPvC S Cl,p,C - 8X}

and
{(X,6,6.,6): X €Pypoypy and &,6,6 € 0X}

shows that, for almost every X € P,_1,, the restriction ¢|sx of ¢ to
0X is measurable and satisfies respectively the hypotheses (i) and (ii)
of Theorem 2.1.

Applying the induction hypothesis we get for almost every X €
Pp—1, an isometric holomorphic embedding

FX:X—>H(%
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such that 0Fx = ¢|sx almost everywhere. To extend Fx to a well
defined function on HZ, let us consider the set

{(z,X): X € Py_1p(z) and there is F : X — H{ as above
with 0Fx = ¢|px almost everywhere }
which is thus of full measure in the configuration space
{(,X): X € Pporp(2)},

and let us define for almost every x € HZ and almost every X €
Pp—1,(z) the function

f(z, X) = Fx(x).

Using again Fubini’s theorem, one checks that for almost every X,
X2 € ,Pp_lyp(l’),

(21) 8FX1|8X106X2 - 90|8X108X2 - 8FX2|8X106X2 .

For such X7 # X5, since X7 N X, is nonempty, it is then a (p—2)-plane,
and since p — 2 > 1, we have that

X, NOXy = (X1 NXs) £ 0,

which implies, using (2.1), that f(z, X;) = f(z, X2). Thus f(x, X) is
almost everywhere independent of X € P,_;,(x) and gives rise to a
well defined map f : HE — H{ which by construction preserves the
distances of almost every pair of points. It is then easy to see that f
coincides almost everywhere with an isometric embedding Hf — HE.
This, together with the fact that 0f = ¢ preserves the orientation on
chains, implies that the embedding must be holomorphic. O

2.1.3. Reduction to the case p = q¢ = 2. Recall that any two distinct
chains are either disjoint or intersect in a point, and hence every pair
of distinct points (£,7) € (OHE)® determines a unique chain C(&, 7).

LEMMA 2.3. Let ¢ : OHY. — OHE be a measurable map satisfying the
hypothesis (i) of Theorem 2.1 and let ¢, : (OH%)> — [—1,1] be the
Cartan cocycle. Then for almost every (&1,&) € (OHR)®, we have
that

(1) ¢(&) # ¢(&2), and
(2) for almost every &3 € C(&1, &), we have

©(&) € C(‘P(fl)a 90(52))
and

cq(p(&1), (&), 0(&3)) = (&1, &2, &3) -

As a consequence we obtain:
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COROLLARY 2.4. Let ¢ : OHE. — OH{L be a measurable map satisfying
the hypothesis (i) of Theorem 2.1. Then there is a measurable map

(22) d . CLP — CLQ
such that
(2.3) P(C(&1,8)) = C(e(&), p(&2))

for almost every (&1, &) € (OHE)@.
Proof of Lemma 2.3. Consider the measure class preserving bijection
(07—{{;:)(2) - {(Cv £1,62) 1 C € Cry, (§1,8&) € 0(2)}

(&,&) = (C(61,€).6. &) -

Then the hypothesis (i) of Theorem 2.1 implies by Fubini that for
almost every C' € Cy,, for almost every (&,&2) € C® and for almost
every &3 € C' we have

(2.4) cq(0(&1), 0(&2), 0(&3)) = cp(&1, €2,85)

which, using the above bijection, is equivalent to the fact that for al-
most every (£1,&) € (OHR)® and for almost every & € C(&1, &), (2.4)
holds, which shows that ¢(&;) # ¢(&2) and that (2) holds. O

Proof of Corollary 2.4. 1t is clear that if C' € Cy, is such that (2.4)
holds for almost every (£1,&) € C® and for almost every & € C,
then in particular if (&;,&) € C® and (n;,7,) € C? are such that the
equalities

cq(p(&1), 0(&2), 0(&3)) = cp(&1, &2, E3)

cq(p(m)s (1), 9(n3)) = (1, 12, 713)
hold for almost every &3,7m3 € C', we have that

©(&1) # (&),
@(m) # ©(n2) and
C(p(&), 0(&)) NC(@(m), ¢(n2)) D Esslm(p|c),

where EssIm(p|¢) denotes the essential image of ¢|c. Since Esslm(¢|¢)
cannot be reduced to a point, we have that

C(e(&), (&) = C(o(m), () ,
which leads to the map

D : Cl,p — Cl,q

(C61. &) = C(p(&), (&)
which is then well defined and satisfies (2.3). O
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In the sequel we will need a concrete way to choose a probability
measure on each chain C' which is in the class of the Lebesgue measure.
Fix a Riemannian metric on OHg, for instance the K-invariant one,
where K is a maximal compact subgroup in SU(p, 1): for every & # n
in OHE, if S' denotes the unit circle in C, let

fen:S'— OHE,
be the unique parametrization of C'(§,n) such that
— [ §,n(1> =&;
— fen is orientation preserving, and
— fen is a parametrization proportional to the arclength.

If we denote by fie,, € M (OHE) the probability measure supported on
C'(&,1n) defined by

1
van(F)

2
_ i0
=52 [ FUeate)as.
then the map
(OHE)® — M (OHE)

(&1,&) = g1 82)
is clearly continuous for the weak-* topology on M'(9HE). Then we
have:

LEMMA 2.5. Let A be the K-invariant probability measure on OHZ.
Then for every & € OHY, the probability measure on OHE x OHE
defined by

fe / N / 6 @ 6. (DANENING:)

for any continuous function f on OHE x OHY., is equivalent to A ® .

Proof. The measure defined above is the product with itself of the
measure on OHY. given by

1 2T )
e[ g | Ut doan).

which is equivalent to A since the chains through &; give a smooth
foliation of OHE \ {&1}- O

LEMMA 2.6. Let & € OHE. For almost every (£5,&) € (OHR)®, for
almost every (a,b) € C(&,&) x C(&1,&3) and for almost every ¢ €
C(a,b), we have that:

p(a) € C(p(&1), v(&));
o(b) € C(p(&), (&3));
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p(c) € C(e(a), o(b)).
Proof. According to Lemma 2.3(2), the set
E = {(a, b) € (87'{@)2 . for almost every ¢ € C(a,b),
we have p(c) € C(p(a),¢(b))}

is of full A ® A-measure. Thus, by Lemma 2.5, we have

= / / (e e0) @ iger ) (E)AA(ED) AN (£2)
OHE. J OHE

which, taking into account that all measures involved are probability
measures, is equivalent to the conclusion of Lemma 2.6. O

COROLLARY 2.7. Let ¢ : 9HE — OH{ be a measurable map satisfying
the hypothesis (i) of Theorem 2.1. Then the essential image of ¢ is
contained in a 2-chain.

Proof. Fix (&1,&2,&3) not on a chain, for which Lemma 2.6 holds. Let
E C OHZ be the set of ¢ € OHZ such that there are (a,b) € C(&1,&) X
C'(&,&3) with ¢ € C(a,b) and Lemma 2.6 holds for a,b,c. Then E C
OHZ is of full measure. Moreover,

©(c) is in the C-linear span of ¢(a) and ¢(b),

©(a) is in the C-linear span of ¢(&;) and (&), and

©(b) is in the C-linear span of ¢(&;) and ¢(&3),

so that for all ¢ € E, ¢(c) is in the 2-chain determined by the 3-
dimensional space ¢(&1) ® p(&2) ® p(&3). O

2.1.4. Configuration spaces, II. In the last part of the proof we will
need some more configuration spaces which, as manifolds, will come
equipped as before with a natural Lebesgue measure class. We will
use:

— the space II of circles of positive radius in C, isomorphic to
Aff(C)/Cy ~ C* x C/C;

— the space of points on a circle A = {(S, z); z € S, S a circle in (C},
isomorphic to Aff(C);

— the space of triples of distincts points on a circle, which is an
open set in the fibered product

(A)F :={(S, 21, 22, 23) : Cis a circle in C, (21, 2, z3) € C°}
with respect to the projection on the second component.

Since circles through a point correspond to affine lines via an inversion,
we will also use the following configurations:
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— the space D of lines in C, which is isomorphic to Aff(C)/R* x R;
— the space D(w) ~ C* of lines in C through the point w € C;
— the space Ky := {(d, L)y: Led de D} of points on a line,
isomorphic to Aff(C);
— the space K := {(d,A,B,C) : d € D, and (A, B,C) € d®} is
an open set in the manifold
{(d,A,B,C): d€ D, and (A, B,C) € d’} ~ (IC()):?;',

where the fibered porduct is with respect to the projection on
the first component py;
— the space

KKy i= {(d’,d,A,B,C, M): (d,A,B,C) ek, (d,A) € Ky,
d#d, M¢dud},
which is an open set in
(K xICo)p x C:=
{(d’,A, B,C,d,M): (d,A,B,C) € K, (d',A) € Ko, }
where
(K x Ko)y :={((d,A,B,C),(d,L)) € Kx Ko :
pa(d, A, B,C) = p2(d’, L)} .
2.1.5. The Case p =q = 2.

Proof of Theorem 2.1. Let us denote by C; 2(&) the set of chains through
the point £ € 9HZ and let now ¢ : 9HZ — OHZ be a measurable map
satisfying the hypotheses of Theorem 2.1 for p =q¢=2. Let & : C; 2 —
C1 2 be the map induced almost everywhere on the set of chains defined
in (2.2), and let £ C OHZ the subset of full measure such that for
every { € E and almost every C € C;5(€), also ®(C) € Ci2(p(€)). Fix
¢ € E; composing with an element from SU(2, 1), we may assume that
w(§) = &. The idea of the proof consists in considering a quotient map

me : OHe \ {¢} = C

whose fibers are the chains through & (with § removed). Then, if g, :
C — C denotes the induced measurable map such that the diagram

(2.5) OHZN\ {€} —— oH2 \ {¢}
C x C

commutes, information about the behavior of the map ¢ in the direc-
tion transverse to the fiber of m¢ will allow to conclude that g, is an



14 MARC BURGER AND ALESSANDRA I0ZZI

affine map of C. From this, adjusting appropriately the map ¢ via
elements of SU(2, 1), we will conclude that ¢ = Id almost everywhere,
and hence obtain the conclusion of the theorem.

To this purpose, let P be the stabilizer in SU(2,1) of £, and let N
be its unipotent radical. Then OHZ \ {£} is a principal homogeneous
N-space, and the orbits of the center Z(N) are the chains through ¢
(with the point £ removed). Since N/Z(N) can be identified with C,
the quotient map N — N/Z(N) induces a map

me t OHZ \ {¢} — C
whose fibers are the chains through ¢ and which enjoys the following
properties:
(P1) It is equivariant with respect to the homomorphism

we : P — Aff(C)
induced from the identification
P/Z(N)—= Aff(C) .

(P2) for every chain C' C OHZ \ {{}, m¢|c is injective with image a
circle in C;
(P3) for every circle S C C and any s € 9HZ \ {¢} with m¢(s) € S,
there is a (unique) chain C' C 9HZ \ {£} through s such that
T g(C ) =S.
Moreover, ge induces a measurable map G¢ : II — II from the set
IT of circles in C into itself. To continue, we are going to need the
following result, whose proof we postpone.

ProrPOsITION 2.8. Let g : C — C be a measurable map and let us
assume that there exists a measurable map G : II — Il such that for
almost every circle S C C, there is a circle G(S) C C such that:
(i) for almost every z € S, g(z) € G(S5);
(ii) for almost every z1, 25, z3 € S distinct, g(z1), g(22), g(z3) € G(5)
are distinct and in the same cyclic order;
(iii) for almost every z € C the set

{(51,52) L ZE Si, 1=1,2, G(Sl) = G(SQ)}
is of measure zero.

Then g coincides almost everywhere with an affine map z — Az + c,
where A € C* and ¢ € C.

Continuation of the proof of Theorem 2.1. Since two chains which
intersect in two points must coincide, and because of properties (P1),
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(P2) and (P3), then g, satisfies the hypotheses of the above proposition
and hence g € Aff(C).

Thus composing ¢ with an element ™' € P such that we(h) = g¢
almost everywhere, we may assume that g. = Id almost everywhere,
that is, for almost every C' € C;5(€) and almost every ¢ € C, ¢(¢) € C.
Now pick such a C' and n € C'N E, where E has been defined at the
beginning of the proof. Composing with an element from Z(N), we
may assume that ¢(n) = 7. But then the map g, : C — C fixes
m,(§), and since ¢ leaves invariant all chains through &, then g, leaves
invariant all circles through m,(&); this, together with the fact that by
Proposition 2.8 again g, coincides almost everywhere with an affine
map, implies that g, = Idc. But m, is injective when restricted to
every chain C' € Cy5(§) different from C'(§,n) and, since g, = Idc, it
follows that ¢|c = Id|c. Since the chains through & but not through
n foliate a set of OHZ of full measure, we conclude that ¢ coincides
almost everywhere with the identity. OJ

Proof of Proposition 2.8. By Fubini’s theorem, the set £ of z € C such
that (i), (ii) and (iii) hold for almost every circle through z is of full
measure in C; fixing z € E and composing with an affine map, we may
assume that g(z) = z. Conjugating g with an inversion i : C — C
with respect to a circle with center z, we get a map f : C — C which
induces a map F' : D — D on the set D of affine R-lines in C, satisfying
the following properties:

()" for almost every d € D and almost every P € d, we have that
f(P) € F(d);
(ii)” for almost every d € D and almost every A, B, C € d distinct,
the points f(A), f(B), f(C) are distinct and lie on F(d);
(iii)” for almost every point w € C, the set

{(dl, dg) € D(w)2 : F(dl) = F(dg)}

is of measure zero in (D(w))z.

Notice that in (ii)’ one could have stated also a condition corresponding
to the preservation of the cyclic ordering. However this is never used
for the maps f and F' themselves and comes into play only at the very
end of the proof when we return to the map g, so that we chose to
ignore it.

The main point of the proof is the following claim, which we assume
for the moment and prove later:
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CrLAmM. If f and F are as above, then f preserves almost everywhere
the property for four-tuples to be in anharmonic position: namely, if
(21 - 23)(22 - 24)

(22 - 23)(21 - 24)

[Zl, 292, %3, 24] =

denotes the crossratio, and if, as in § 2.1.4,
K= {(d, A,B,C): deD, and A, B,C are distinct points on d} ,

then for almost every (d,A,B,C) € K, if D € d and D’ € F(d) are
points such that [A, B,C, D] = —1 and [f(A), f(B), f(C),D'] = —1,
then

f(D)=D'.

Observe here that K is a manifold and, as such, is endowed with the
Lebesgue measure class. Assuming this claim, let us define

Voi:= {(21722,23,Z4) eC*: (21, 22, 23, 24] = —1},

Then V), is a three-dimensional complex manifold isomorphic to C®)
via any of the four projections

pr; : Vo, - CO

consisting of dropping the i-th coordinate, for7 = 1,...,4. The original
map ¢ has the property that

for a.e. (z1,29,23,24) € V_1
we have that (g(21),9(22), 9(23), 9(21)) € V-1,

where the almost everywhere statement is with respect to the natural
Lebesgue measure on V_;.
By Fubini’s theorem, fix z4 € C such that if

VEZ{L) = {(21722,23) eC: [Zl,zg,z3’z4] = _1}’

(2.6)

then for almost every (21, 22, 23) € VSZ{‘) we have that the quadruple
(9(21),9(22), 9(23), g(24)) is in V_;. Consider the composition

ji=iogoj.
where i and j are inversions with j(co) = z4 and i(g(z4)) = co. Then

(2.6) holds with g replaced by g and z, replaced by oo, so that, using
the definition of crossratio, one has that for almost every (21, 29) € C?

2.7) % ( : ) = §(e1) + (=),

2
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We claim that this implies that g is an R-affine transformation of C.
To this purpose, define h : C x C — C by

h(z1, 22) = g(z1) — g(22) -
Using equation (2.7), one can easily see that for almost every (21, 29) €
C2, the map
C— C
u— h(u+ 21,0+ 2)

is almost everywhere constant, which implies that there exists a mea-
surable map h : C — C such that

(2.8) h(z1 — 22) = g(21) — g(22)
for almost every (21, 22) € C2.

Applying this equation (2.8) to the pairs (21, 22), (22, 23) and (21, 23),
one sees that h is a measurable homomorphism of the additive group
(C,+), and hence coincides almost everywhere with an R-linear map,
which in turns, in view of (2.8), implies that § is R-affine. But since
G sends circles to circles, it is either C-affine or C-affine, so that g is
either a homography or an antihomography. But then, using that ¢ has
to preserve cyclic order on circles, one concludes that g is C-affine. [

Proof of Claim. If f : C — C were an everywhere defined map which
satisfies (i)', (ii)’, and (iii)’ pointwise, then the statement of the claim
would be nothing but an application of la méthode du quadrilatére
complet which we recall here [9].

Let A, B, C be three distinct points on a line d and, given another line
d # d, and a point M ¢ dUd’, we construct a fourth point D € d such
that [A, B, C, D] = —1. To this purpose, let P := depy Nd', where doy
is the line determined by the points C' and M, and let Q := dgy Nd'.
If N :=dppNday, then D := dgn N d is the unique point such that
[A, B,C, D] = —1. Repeated applications of the properties (i)’, (ii)’,
and (iii)” imply that [f(A), f(B), f(C), f(D)] = —1.

For a measurable function f : C — C for which all of the above
statements are true almost everywhere, the first thing to verify is that
the statement of the claim makes sense. This is however true since
properties (i)” and (ii)” imply that for almost every (d, A, B,C) € K,
one has that

(2.9) (F(d), f(A), £(B),f(C)) e K

as well.
Let, as in § 2.1.4,

Ko := {(d,A); deD, Ac d}
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FIGURE 1. La méthode du quadrilatére complet.

and let

Ky:={(d,d, A, B,C,M): (d,A,B,C) e K, (d,A) € Ko
andd #d, M ¢ dUd}.

Like IC, the spaces Ky and K; are manifolds and are hence endowed
with their Lebesgue measure class. First we observe that properties
(ii)” and (iii)’ together with a repeated use of Fubini’s theorem im-
ply that there is a subset E; C K; of full measure such that for all
(d',d,A,B,C, M) € Ej, then

(F(d), F(d), f(A), f(B), f(C), f(M)) € K.

Now consider the following maps

m; K1 — K,
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fort=1,...,7, given by

mi : (d',d, A, B,C, M) — (dou, C, M, P)
my : (d',d, A, B,C, M) — (dgu, B, M, N)
mg : (d',d, A, B,C, M) — (dan, A, Q, M)
my : (d',d, A, B,C,M) — (dpg, P,Q, B)
ms : (d',d, A, B,C, M) — (d', A, P, N)

mg : (d',d, A, B,C, M) — (dxg, N,Q, D)

my: (d,d,A,B,C,M)— (d,A, B, D),
Let T' C K be the subset consisting of (d, A, B, C) such that the triple
(f(A), f(B), f(C)) consists of pairwise distinct points and belong to
F(d), that is (F(d), f(A), f(B), f(C)) € K. Then, because of (2.9), the

set T is of full measure and it is easy to verify that then m;*(T") C K;
is of full measure for i = 1,...,7. Thus the same is true for

7
B = (\m;(T)NE;.

But then the previous pointwise argument shows that for all configu-
rations (d',d, A, B,C, M) € E,

if Ded is such that [A,B,C,D] = -1
and D' € F(d) issuch that [f(A), f(B), f(C),D'] = -1
then f(D)= D" O

2.2. Proof of Proposition 2.2. We start with the following

LEMMA 2.9. Let B C OH{. be a measurable set of positive measure
such that for almost every (&,n) € B® | the set C(£,m) N B is of full
measure in the chain C(§,n). Then B is a set of full measure in OH..

Proof. We may pick a density point £ € B such that for almost every
n € B, the set C(&,n) N B has full measure in C(£,n). Now let

Cp = {C € C(£) : C'N B has positive measure in C'} .

Then by Fubini’s theorem we have that for almost every C' € Cg and
almost every n € C'N B, the set C(&,n) N B is of full measure in C'(&,7n)
and hence, for all C' € Cp, we have that

(2.10) C' N B is of full measure in C'.

On the other hand, using that £ is a density point, it is easy to see that
Cp has full measure in C(£) and hence, again by (2.10) and Fubini’s
theorem, B has full measure in OHZ.. O
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Proof of Proposition 2.2. If (ii) fails, then the set
{(&n,¢) (&), ¢(n),¢(¢) are on a chain}

is of positive measure in OHL. Observing by (i) that for almost every
(&,m) € (OHR)? we have that p(£) # o(n), we deduce by Fubini’s
theorem that there exists (£, 7n) such that

(1) (&) # w(n), and
(2) the set of {¢ € OHE such that ¢(€), v(n), ¢(¢) are on a chain}
is of positive measure.

Denoting by C' the chain through ¢(£) and ¢(n), we conclude that
B := ¢71(C) is of positive measure and, in view of the hypothesis (i),
satisfies the assumptions of Lemma 2.9, which shows that ¢~'(C) is of
full measure. O

3. PROOF OF THEOREM 2

Let I' < SU(p,1) be a lattice, p : I' — PU(q,1) a homomor-
phism with nonelementary image and let ¢ : OH{. — OHZ be the I'-
equivariant measurable boundary map. For almost every chain C' € C,
let us denote by ¢ the restriction of ¢ to C. Denoting by p the
SU(p, 1)-invariant probability measure on I'\SU(p, 1), we established
in[4] the following formula which gives a measure of how much the
boundary map ¢ distorts a typical chain:

THEOREM 3.1 ([4, Theorem 5.6 and Corollary 5.7]). Let I" < SU(p, 1)
be a lattice, p : I' — PU(q, 1) a homomorphism with nonelementary
image and ¢ : OH{. — OHE be the associated I'-equivariant measurable
boundary map. For almost every chain C € C, , and almost every triple

(&,1m,¢) € C3, we have

/F\SU( \ cq(c(98), wclgn), c(9Q)) du(g) = iycp(€,m,C),

where i, is defined in (1.1), and ¢, ¢, are the Cartan cocycles.

Ifi, = 1 then for almost every C € Cy, and almost every (&1,62,&3) €
03
(3.1) cq(c(&r), po(be), po(8s) = cp(ér, €2,85) -
Proof of Theorem 2. We start by observing that since i, = 1, then
p(I') < PU(g, 1) is nonelementary. In fact, if p(I') were elementary, it

would be contained in a closed amenable subgroup of PU(1,1). Since
the class k, is bounded, its restriction to any closed amenable subgroup
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vanishes; thus elementarity of p(I') would imply that p*(k,) = 0, and
hence i, = 0.

Let now ¢ : OHZ — OH¢ be a I'-equivariant measurable map. Then
equation (3.1) implies that ¢ satisfies the hypothesis of Theorem 1.
Let us show by contradiction that (2) holds. So assume that (1) holds,
in particular we may assume that ¢ = 1. Let us observe that if I C
S' = OH¢ is any interval such that ¢ ~!(I) is of positive measure, then
@ 1(I) contains, up to a null set, an open subset of 9HZ: indeed for
any a # 3 such that [a, 5] € p~(I), the interval

{C € OHE : cp(e, ¢, B) = 1} C C(a, B)

belongs of ¢ ~(I) (up to sets of measure zero), which easily implies the
assertion.

Now we claim that ker p is finite and I' is cocompact. To prove the
claim, assume that N := ker p < I' is infinite. Being discrete, its limit
set in OHZ is nonvoid, hence equals OHZ, which implies that N acts
minimally on OH%. Pick any interval I C S* such that ¢ ~!(I) has pos-
itive measure and let O C OHE be an open set such that O is included
in o~!(I) up to a set of measure zero. Then ¢ being N-invariant, and
N acting minimally on OHE., we have that OHE. = U,ennO is contained
in o~1(I), up to measure zero. But since ¢ is not essentially constant,
one might find two disjoint intervals I; and I, such that ¢=1(I;) and
©~1(I,) are of positive measure and hence of full measure, which is a
contradition. This shows that ker p is finite. If I' were not cocompact,
then — since p > 2 — it would contain an integer Heisenberg group
which would be sent, almost injectively, into PU(1,1). Since this is
impossible, it follows that I' is cocompact.

Thus I' and p(I') are commensurable, and hence their virtual co-
homological dimensions coincide; thus p(I") has virtual cohomological
dimension 4 and hence cannot be discrete in PU(1,1). Being Zariski
dense, p(I') is therefore dense in PU(1,1). Passing to a subgroup of
finite index of I', we may in addition assume that I' is torsionfree and
p is injective. Since the set of elliptic elements is open in PU(1,1), we
may pick v # Id, with p(7) elliptic. Since I" is cocompact and torsion-
free, then + is necessarily hyperbolic. Now pick a pair of open intervals
() £ I C I’ such that the complement of I" is of nonvoid interior. Let
O C OHE be a nonvoid open subset such that O C ¢~*(I) up to a set
of measure zero. Conjugating by an element of I', we may assume that
the repulsive fixed point of 7 is in O. Let now {ny }ren be a divergent
sequence of integers such that limy_, p(7y)™ = Id in PU(1,1); we may
assume that p(y)™I C I’ for all k > 1. Then U1y O = OHE \ {£},
where ¢ is the attractive fixed point, and hence ¢(I’) equals OHE up
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a set of measure zero. Since I’ was arbitrary, this is a contradic-

tion. U

N =

10.

11.

12.

13.

14.

15.

16.

17.

18.
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