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ABSTRACT. In this work we continue the exploration of affine and hyperbolic lamina-
tions associated with rational maps, which were introduced in [LM97]. Our main goal is
to construct natural geometric measures on these laminations: transverse conformal mea-
sures on the affine laminations and harmonic measures on the hyperbolic laminations.
The exponent § of the transverse conformal measure does not exceed 2, and is related to
the eigenvalue of the harmonic measure by the formula A = §(6 —2). In the course of the
construction we introduce a number of geometric objects on the laminations: the basic
cohomology class of an affine lamination (an obstruction to flatness), leafwise and trans-
verse conformal streams, the backward and forward Poincaré series and the associated
critical exponents. We discuss their relations to the Busemann and the Anosov—Sinai
cocycles, the curvature form, currents and transverse invariant measures, A-harmonic
functions, Patterson—Sullivan and Margulis measures, etc. We also prove that the dy-
namical laminations in question are never flat except for several explicit special cases
(rational functions with parabolic Thurston orbifold).
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0. INTRODUCTION

The field of holomorphic dynamics consists of at least three closely related branches:

e [teration theory of rational endomorphisms of the Riemann sphere;
e The theory of Kleinian groups;
e The theory of holomorphic foliations.

The construction of Lyubich and Minsky [LM97] brings these three branches together: its
input is a rational endomorphism, and the output is a hyperbolic lamination analogous
to the hyperbolic manifold of a Kleinian group (or rather to the unit tangent bundle of
that manifold).

The modern theory of Kleinian groups is intimately related with the 3-dimensional hy-
perbolic geometry which provides many deep insights and powerful tools in both ways
(see Mostow [Mo68], Thurston [Th91], Minsky [Mi99], etc.). This relation is based on
Poincaré’s observation that a Kleinian group G can be extended to a discrete group of
isometries of the hyperbolic space H3. The quotient M = H3/G is a 3-dimensional hyper-
bolic manifold (or rather orbifold) whose topology and geometry reflect the combinatorial
and geometric properties of G.

Sullivan’s dictionary between the first two branches of holomorphic dynamics (see [S85])
made it natural to wonder whether there exists an analogous object associated with a
rational endomorphism f : C — C of degree d > 1. Such an object, a hyperbolic 3-
dimensional (orbifold) lamination M, was constructed in [LM97]. The hyperbolization
(a functorial passage from dimension 2 to dimension 3) in this construction is based on
an idea different from that of the “Poincaré hyperbolization” and consisting in the ob-
servation that a natural one-dimensional fiber bundle over an arbitrary affine Riemann
surface (whose fibers consist of all conformal metrics on the tangent space to a given point)
carries a canonical hyperbolic metric. Thus, one produces first an affine Riemann sur-
face lamination Ay whose leaves are isomorphic to C, then a hyperbolic 3-lamination H ¢
by applying to A¢ the hyperbolization functor, and then finally one obtains the quotient
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hyperbolic lamination M by factorizing H; with respect to the action of the automor-
phism f : H; «— (which is a natural lift of f).

Any Riemannian manifold is endowed with the associated volume. It is not the case
for a (leafwise) Riemannian lamination: leafwise volumes can be organized into a global
measure only in the presence of a holonomy invariant transverse measure. To handle this
problem, L. Garnett [Ga83] introduced the notion of a harmonic measure on a Riemannian
foliation, which can play the role of the Riemannian volume on a manifold. She showed
that for foliations of compact manifolds such a measure always exists. Actually, the results
of Garnett can be placed into a more general context of the theory of Markov chains.
In these terms Garnett’s harmonic measures are interpreted as stationary measures of
the leafwise Brownian motion, and their existence follows from existence of a stationary
measure for an arbitrary Markov chain with a compact state space and weak* continuous
transition probabilities.

However, the lamination M associated with a rational map is usually non-compact
and it is a priort not clear whether there exists a harmonic measure on this lamination.
Our goal is to construct such a measure w assuming that the lamination M is locally
compact. [More precisely, the measure which we construct is not harmonic but rather
A-harmonic, i.e., is a A-eigenmeasure of the leafwise Laplacian.] The measure w is in
fact a very special A\-harmonic measure satisfying the property that its Radon-Nikodym
cocycle is equal to expld. (], where § is the Busemann cocycle on My, and d. is the
critical exponent of an appropriately defined Poincaré series. The eigenvalue A and the
critical exponent are related by the formula A = ¢, (de; — 2) coinciding with the familiar
relation between the bottom eigenvalue of the Laplacian and the critical exponent in the
theory of Kleinian groups (see [Pa76], [S87]).

The harmonic measure w is constructed by integrating the leafwise hyperbolic volume
with respect to a special transverse measure. The latter comes as a natural lift of an
f—invariant parallel transverse conformal stream on the affine lamination A;. We define it
as a family of transverse measures parameterized by leafwise conformal metrics and which
are transformed in a natural geometric way under the map f and under the holonomies
on A;. The former is controlled by the leafwise differential of f, while the latter are
controlled by the basic cocycle 3, on Ay.

This cocycle is a very interesting object on its own right. To define it, one should make
a choice of a leafwise conformal Riemannian metric on Ay, i.e., of a section o : Ay — H;
of the bundle Hy — Ay. A change of the metric leads to replacing 3, with a cohomologous
cocycle. Thus we obtain a well-defined basic class b € H'(A;). This class vanishes if
and only if Ay is Euclidean. We prove that it happens if and only if f is a very special
function with “parabolic Thurston orbifold” (such a function is equal, up to a Mé&bius
conjugacy, to z — 2%, a Chebyshev polynomial, or a Lattés example).

Remark. The first example of a non-Euclidean affine foliation was given by E. Ghys
[Gh97] (see also [Gh99] and §5.6). This phenomenon is quite different from the situation
with compact 2-dimensional hyperbolic laminations, which can always be uniformized
(see Verjovsky [Ve87] and Candel [Ca93]). On the other hand, our result suggests that a
“generic” affine lamination is not Euclidean.
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Let us now outline the structure of the paper. We start §1 with a discussion of geometric
structures on conformal manifolds: connection between affine and hyperbolic structures,
Busemann and basic cocycles, and their relation to the curvature form. Then we carry
over this discussion to the level of laminations. It leads us to the hyperbolization functor
and to the basic cohomology class of an affine lamination.

In §2 we discuss measure-theoretic structures on laminations: measures, currents, con-
formal streams (leafwise and transverse), the Brownian motion and the interplay between
them. In particular, we note that paring a transverse and a leafwise streams of the same
dimension d on an affine lamination A gives us a global “conformal Gibbs measure” on A.
This measure can be further lifted to an invariant, with respect to the “vertical flow”,
measure on the corresponding hyperbolic lamination H analogous to the Margulis mea-
sure for the geodesic flows (compare Sullivan [S79], Kaimanovich [Ka90], Bedford-Fisher—
Urbansky [BFU]).

In our situation the Margulis measure is usually singular on the leaves (in particular,
this is always the case when § < 2). In order to produce a leafwise absolutely continuous
measure, we first lift the transverse d-stream of A to the hyperbolic lamination H. This
yields a transverse measure on the latter whose Jacobian under the holonomy (= the
Radon—Nikodym cocycle) is equal to exp[d3], where [ is the Busemann cocycle on H.
The result of the integration of this measure with respect to the leafwise hyperbolic
volume is a A\-harmonic measure on ‘H with A = §(6 — 2).

We begin the next section, §3, with a discussion of laminations A; and H; associated
with rational maps. First, we recap the construction of [LM97] of these laminations, and
prove some useful properties of them. Then we construct a special leafwise Riemannian
metric on A; which is locally uniformly contracted by the backward iterates of f. This
property allows us to express the basic cocycle by a dynamical formula as the “distortion”
of the metric along infinite backward orbits. This relates the geometric basic cocycle to
the dynamical cocycle considered by Anosov—Sinai [AS67], Ledrappier [Le81] and others.

An important feature of the lamination Ay is that it is endowed with a special class of
transversals (we call them dual fibers), which makes it similar to a product lamination.
By using the dual fibration we introduce the dual basic cocycle which measures the dis-
tortion of the Riemannian metric along the forward orbits. We finish §3 with the above
mentioned theorem characterizing the rational maps f for which the affine lamination Ay
is Euclidean.

We begin §4 with a discussion of the balanced measure k for f constructed in [Br65],
[Ly93], and its lift & to Ay. The conditional measures of & give rise to a transverse holo-
nomy invariant measure m on Ay (compare [Su97]). Under the action of f this measure
transforms as fm = d - m. We prove (84.2), using the results of [Br65], [Ly93|, that the
leaves of A are asymptotically equidistributed with respect to this measure (compare
with the results of Bedford—Smillie [BS91] and Fornaess—Siboni [F'S92] for polynomial au-
tomorphisms of C?). The transverse invariant measure m will play an auxiliary role of
the “counting measure” on the transversals.

Then we pass to the main constructions of the paper. In §4.3 we introduce the back-
ward Poincaré series and the associated critical exponent oo, for Ay. By comparing the
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Poincaré series at exponent 2 with the leafwise area on A (using the equidistribution of
leaves), we prove that d., < 2. Then (§4.4) we construct an f—invariant parallel trans-
verse O.-conformal stream 1 on A;. To this end we generalize the Patterson method to
the lamination context by replacing points with transversals and replacing the counting
measure on the group orbits with the transverse invariant measure. Finally, we lift p to
an f—invariant A-harmonic measure w = w* on the 3-dimensional hyperbolic lamination
Hy, and then push it down onto the quotient My = H;/ f

This construction can be also realized directly in terms of “global” measures on the
hyperbolic lamination Hy. Namely, the balanced transverse measure m gives rise to a
measure § on H; whose Radon-Nikodym cocycle (with respect to the leafwise Riemannian
volume) is identically one, but f@ = d - 0. The Patterson construction applied to the
measure 6 allows us to obtain a measure w on H ¢ which is f—invariant, but on the contrary
its Radon-Nikodym cocycle is exp[d], where 3 is the leafwise Busemann cocycle on H ¢
(there are no measures on H; which would simultaneously have a trivial Radon-Nikodym
cocycle and be f-invariant).

In §4.5 we introduce the forward Poincaré exponent of Ay and the corresponding
leafwise conformal stream. One way to construct such a stream is to lift the Sullivan
conformal measure on the Julia set J(f) [S83] to the lamination Af, but we can also go
the other way round and construct intrinsically the desired objects on the laminations.
In the convex co-compact case (when f has only non-recurrent critical points on the
Julia set and does not have parabolic points) the backward and the forward critical
exponents coincide, and the product of the transverse and leafwise streams yields an
invariant “conformal Gibbs measure” on A;. By pushing this measure down to the Julia
set J(f) we obtain, in a new way, the conformal Gibbs measure on J(f), which was
first constructed by Denker and Urbansky [DU91b], [U94]. The point of our approach is
that upstairs (on the lamination) the critical points disappear and the dynamics become
hyperbolic (at some expense though, as orbifold singular points appear on the leaves).

Note that our method of construction of conformal Gibbs measures by paring the
transverse and leafwise conformal streams can also be used in the general context of
the Gibbs theory (in the absence of conformal structure) for constructing measures with
prescribed Radon—Nikodym derivatives. In this way we can construct the classical SRB
measures on hyperbolic attractors (see §2.1.3), as well as on strong unstable foliations
of partially hyperbolic systems. Since our method based on the Patterson averaging
procedure does not need Markov partitions and requires only “soft hyperbolicity”, it can
potentially be applied in a broad range of situations.

At the end of §4 we give a list of problems motivated by our results which continues
the list given in [LM97].

In order to illustrate the tight link of our results and methods to the setting of Kleinian
groups, we include an Appendix (§5) with a description of laminations associated with
Kleinian groups. We first observe that there is a natural C-fibration A~2CxC \ diag
over C. Then for a Kleinian group G the unit tangent bundle ./\;lg = UM over the
associated quotient 3-manifold M = H?/G (i.e., the phase space of the geodesic flow on
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M) is obtained by applying the hyperbolization functor to A and then factorizing it by
the action of G. - .
By restricting the transversal C of A to the limit set A(G), we obtain a G-invariant

affine lamination Ag = C x A(G) \ diag. Let Mg C Mg be the hyperbolization of
Ag modulo the group action. The Patterson-Sullivan measure on the limit set A(G)
gives rise both to a leafwise and a transverse conformal streams on Ag. The latter
then determines a A-harmonic measure on M, where A is the bottom eigenvalue of the
Laplacian on M. This measure is precisely analogous to the A-harmonic measure w we
have constructed on M. The product of the leafwise and transverse conformal streams
is a geodesic current. We show equivalence of this and several other constructions of the
geodesic current determined by the Patterson—Sullivan measure. We also give a new direct
construction of the associated invariant measure of the geodesic flow as a local product
of conformal measures on strongly stable and strongly unstable horospheres.

Correspondences between various objects associated with affine laminations determined
by Kleinian groups and rational maps are listed in §5.5.

Finally, in §5.6 we prove (generalizing an earlier result of Ghys [Gh97]) that some affine
foliations associated with Kleinian groups are non-Euclidean and establish a link between
their parallel transverse conformal streams and invariant measures of the horosphere fo-
liation on the homology cover of a compact hyperbolic manifold constructed by Babillot
and Ledrappier [BL9S].

The main results of this paper were presented at the Texas Geometry and Topology
Conference in Rice (November 1997), at the AMS meeting in Davis (April 1998, [KL98]),
at the Meeting on Complex Analysis in Dynamical Systems in Rio-de Janeiro (September
1998), and at many other meetings since then.
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0.1. The list of notations. The end of a proof is denoted by the symbol O. Occasionally we
split proofs into separate assertions or steps, in which case the end of the proof of each of them
is denoted by the symbol A. We also use the symbol A to denote the end of a definition.

. N={0,1,2,...} — set of natural numbers,
7 — set of integers,
R — set of reals,
C — complex plane,
C = CU {co} — Riemann sphere,
¢ — spherical metric on C,
spher — spherical area form on C,
C* = C\ {0} — punctured complex plane,

D(z,r)={CeC:|z—(| <r}, D, =D,(0), D =Dy,
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U eV — U is compactly contained in V, i.e., there exists a compact set K such that
UCKCcCV,

(f,m) — integral of function f with respect to measure m.

H? — hyperbolic 3-space,

OH? — sphere at infinity (visibility sphere),

g € OH3 — point at infinity,

(H3,q) — pointed at infinity hyperbolic space,
dist — hyperbolic metric on H3,

B, — Busemann cocycle on (H3, q),

wg — vertical form,

vg — vertical vector field,

& = {f;}reR — vertical flow,

Hor,(h) — horosphere centered at g € OH? and passing through h € H3,
Hor(H?, ¢) — space of horospheres centered at g,

Hor(H?) — space of all horospheres in H?,

Yo € OH? — center of a horosphere Y € Hor(H?),

P, = 0H? \ {¢} — punctured visibility sphere,

&,(h) — vertical geodesic passing through h,

py : H3 — P, — the map assigning to h the limit point of the geodesic &;(h).

H? = {(z,y,t) : (z,y) 22 €R?>=C, t =e* € R.} — the upper half-space model,
vol — hyperbolic volume form,

vol — hyperbolic volume measure,

Ag — hyperbolic Laplace—Beltrami operator,

E? = C — Euclidean plane,

eucl — Fuclidean area form,

¢ — Lebesgue measure,

Ag — Euclidean Laplacian,

&y — vertical flow on a pointed at infinity hyperbolic orbifold M,

UL — vertical vector field,

w]TV[ — vertical form,

B=B(M)= [w]TW] € H'(M) — Busemann class of M.

p: HM — M — scaling bundle over a conformal orbifold M,
ep, — conformal Euclidean metric on Ty, M,

& — scaling flow on HM,

B(h1,ha) = log % — Busemann cocycle on fibers of p,

l,, z € M — Lebesgue measures on fibers of p,

X — lift of a measure A from M to M,

w — lift of a differential form w from M to HM,

po — Riemannian metric on M associated with a section o : M — HM,

he = o o p(h) — intersection of o with the fiber of p passing through h € HM,

bo(h) = B(hs, h) — relative hyperbolic height of h with respect to section o.
£ — hyperbolization functor

ss — relative hyperbolic height of a section o : A — $ A with respect to a (local) parallel
section,
w] = dsy, — basic 1-form,
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b=b(A) = [w!] € H'(A) — basic class of A,
Bo (21, 22) = B(0(21),0(22)) — basic cocycle on A.

area, — area form determined by a section o : A — HA,

area, — Riemannian area measure determined by o,

K, — Gauss curvature of the metric p,,

Qs — curvature form of the metric p,,

d°=1I"'odol=1(0—0) — “twisted differential” on a Riemann surface,
.0 — image of a section ¢ : A} — $HA; under an isomorphism ¢ : A] — As.
| D¢ (2)/¢1,0, — norm of the differential Dy with respect to metrics pg,, po,-

Y:B— BxT, B=D" — coordinate chart,

B= B x T — flow box,

By =y~ YB x {t}) Cc B,t €T — local leaves (= plaques),
T, =y ({2} xT) C B,r € B — transversals,

Hpg — holonomy on B,

i = ;0 wj_l — transition maps between coordinate charts,
T(L) — set of all transversals of a lamination,

L(z) = Lg(z) — leaf of £ passing through a point z,

graph £ = {(z1,22) : L(z1) = L(x2)} — graph of L.

UL — unit tangent lamination over a Riemannian lamination.
HL — scaling bundle lamination over a conformal lamination.

TL, T*L — tangent and cotangent bundles of a lamination,
QP(L) — space of leafwise p-forms,

Hig(L) = H*(L) — leafwise de Rham cohomology,

[w] € HP(L) — cohomology class of a closed leafwise p-form.

‘H — pointed at infinity hyperbolic 3-lamination
B = [w!] € H'(H) — Busemann class of H,

A — affine lamination,

b= [wl] € H(A) — basic class of A.

e = 5-[Q,] € H*(L) — Euler class of a Riemann surface lamination £.

Jac F'(x) = d(%:ﬁ)(x) — Radon-Nikodym Jacobian of F': (X, a) — (Y, ),
A, — modulus of a quasi-invariant transverse measure /i,
Ax o — “product” of a leafwise measure A and a transverse measure .

0| — restriction of a measure 6 onto a flow box B~ B x T,

05 — projection of 0|z onto T,

0L, t € T — conditional measures of 0]z,

A — Radon—Nikodym cocycle (the modulus) of # with respect to a leafwise measure
A?

dO(x,y) = df(z) d\(z)(y) — “counting measure” on graph L,

Y (z,y) — (y,z) — flip transformation on graph L.

WY — unstable foliation,
Jac" f — Jacobian of f with respect to the leafwise Riemannian volume on W*",
Aas — Anosov—Sinai cocycle.

V(L) — space of leafwise volume forms,
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Vo(L£) € V(L) — subspace of volume forms with compact support,

w — leafwise volume form,

Aw — leafwise measure determined by w,

w* = Ay * 4 — global measure determined by w and a transverse measure u,
C(L) = Vo(L)]" — space of currents,

(w, c) — pairing of a form w € Vy(L) and a current ¢ € C(L),

[D] — integration current over a leafwise domain D,

[1] — Ruelle-Sullivan current of a transverse measure f.

g — lift of a leafwise measure A from conformal lamination £ to its scaling bundle H.L,
6 — lift of a global measure 8 from £ to HL,
it — lift of a transverse measure p from £ to HL.

n = {n,} — conformal stream on a conformal manifold M,
vol = {wvol,} — volume stream,

l g — 0-Hausdorff measure of a metric p,

HD(X) — Hausdorff dimension of a set X,

71 = exp[—0db,)n, — measure on HM.

A = {)\,} — leafwise conformal stream on conformal lamination £,

A= exp[—ébp]xp — leafwise measure on HL,

p = {pp} — transverse conformal stream on L,

v = Ax pu— “product” of leafwise and transverse conformal streams of the same dimen-
sion.

1 — parallel transverse conformal stream p on affine lamination A,
7t = exp[db,] - i, — transverse measure on HA,
U = Ax i — &-invariant measure on HA.

p(t,x,y) — heat kernel on a Riemannian manifold,

7l — transition probabilities of the Brownian motion,
Pt = ¢! — Markov semigroup of the Brownian motion,
Q! = (P'")* — dual semigroup.

wh = vol ¥t — §(6 — 2)-harmonic measure on H.A.

n — conformal stream on C = 9H3,
@7 — §(6 — 2)-harmonic function on H3,
d* — leafwise (6 — 2)-harmonic function on $.A.

M = Mg = HA/G — quotient hyperbolic lamination,
why — 6(6 — 2)-harmonic measure on M,

®), — (6 — 2)-harmonic function on M,

Vm = AxJi/G — &-invariant measure on M.

f — rational endomorphism of C,

d — degree of f,

invariant set — X : fX C X,

completely invariant set — X : f71X = X,

pre-periodic point — preimage of a periodic point under some iterate of f,
critical point of f — c € C: Df(c) =0,

C = C(f) — set of critical points,

C = Uflzl frC cC, 1>0— Il-postcritical set,
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C+ — postcritical set,

z=1{...,2-1,20} — backward trajectory,

N = /\/f = {Z} — space of backward trajectories,

Fi{ .. z_1,20} — { .., 21,20, fz0} — natural extension of f,

Tz { ) 22, 2= 1,20}»—>Z0,

Tn(Z) _wof”( Z) = 2,

R — regular part of NV,

Hy : 77 1(z) — m=1(¢) — holonomy in R along a path ¥ with endpoints z,{ € C,
Ly C R — the special leaf,

A" C R — union of all parabolic leaves excluding L.

l\z

U — space of all non-constant meromorphic functions on C,
Aff — group of complex affine maps A: C — C,
K = Npso f"(U) — global attractor of f,

K — natural extension of K,

A = K/C* — universal orbifold affine lamination,

Y (L(2),%) — (C,0) — affine chart on leaf L(Z),

go_n = 7_, 01~ 1 — sequence of meromorphic functions representing a point z € A",

AT — A,

Al tA" C A,
A = cl(A") € A — (orbifold) affine lamination associated with f,
p:rA— Al A"

T=2nop: A—C, {p_n}t+ o(0) .

J = J(f) — Julia set of f,
=Ty “AJ c N — natural extension of the Julia set,

k‘

J" = J JTNA™ — affine part of the natural extension supplied with the turbulent topology,
J' = u(J") c A" — affine part of the natural extension supplied with the laminar

topology,

J = Cl(jl) =7n1J C A— Julia set in the affine lamination .A.
T(z)=T.=71'2CA, 2€ A z=n(z) € C— fibers of the dual fibration of A,
T(2) =T, =T.Nn A — fibers of the dual fibration of A’

T'(2) =T, =f"T¢ CT(z), n€N,(=z_, — rank n cylinders in 7 (z),

T"(z) =71 — rank n cylinders in 7 (z).

Vr — dual holonomy on a standard flow box B,
m(’i, V), m € N — standard univalent flow boxes,
) =00(z,V).
H= ﬁA — orbifold pointed at infinity H3-lamination associated with f,
M=H/ f— quotient hyperbolic lamination.

CSCS

germ — uniform structure associated with the germ topology.

Zp = f”z — f—orbit of z € A.

A’ — subset of A consisting of leaves which do not correspond to repelling periodic
points of f,

H' — corresponding subset of H,

M =H/f.

¢ : C — C — meromorphic function,
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I(¢, X) = [x || D¢l eucl — spherical area of ¢(X) taken with multiplicity,

(¢, 2,7) = I(ip, D(z,7)),

R(p, z) — the radius determined from I(p, z, R) =1,

I(p,r) = 1(p,0,7),

R(p) = R(p,0) .

distn (0, 1) = sup|; <y, s(9(2), ¥(2)),

dist(p, ) = Y0, 2% dist,, (¢, 1) — metric on the space of meromorphic functions,
U ={p el : R(p) =1} — space of normalized meromorphic functions.

|DV||, — norm of the derivative of the dual holonomy.
a, — dual basic cocycle.
Oy — Thurston orbifold.

x — balanced measure on the Julia set J(f) C C.
k — balanced measure on J (the natural extension of k),
Kk = 1(k) — balanced measure on JcJ.

m., z € J \ Cs — uniform measure on 7 1(z),
m = {m;} — transverse balanced measure.

0 = vol xm — global balanced measure.

NA,. — normalized counting measure on f"A nNT.,
k1 — pullback of the balanced measure to a leaf L,
k = {kp} — associated leafwise measures on A,

S — spaces of test functions and test forms on A.

por = DG 0m),

Z7(0) = > en Hu‘sT"H — backward Poincaré series,
der(T') — critical exponent of the series Z1(9),

bcr — critical exponent of the map f.

area, = area, *m — global measure on A.

H; ={h € H:bs(h) <0} — part of the hyperbolic lamination H under the graph of
U?

vol, = areéa, = area, xm — lift of the measure area, to H,

vols = expleb,] - area,,

vols, = expleby| - vol, = volS xm,

¢ = {2}, z € A — measures on vertical geodesics p~1(z) with densities exp|eb,],

D(z) = Dy(z) C La(z) — leafwise disk with radius 1 with respect to Euclidean struc-
ture o,

I(z)={hep(2): =1 <b,(h) <0},

W(z) =Uc¢en(z) Ic € Ln(2).

w— f—invariant parallel transverse conformal stream of dimension d., on A,
w = wt — f-invariant A-harmonic measure with A = ¢ (e — 2) corresponding to .

A — f—invariant parallel transverse conformal stream on A,

17 = n. — continuous conformal measure on the Julia set of f,

1 — lift of n to a leafwise Radon measure on A,

v — f-invariant measure on J(f) equivalent to a d-conformal measure 7,
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§4.5.2

§4.5.3

§4.5.4
§5.1.1
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v — lift of v to the natural extension.

A= fTID TG - R,

Op(7) = X hen A" (D) — forward Poincaré series,

Yer (D) — critical exponent of O p,

Yor — forward critical exponent.

U= Ak U4,

U= AxTi = Akp — lift of v to H = HA,

U — image of U on the quotient lamination M = H/ f.
C — convex core of the lamination H.

A— tautological C-foliation of OH? x 9H? \ diag,
H = $HA — tautological pointed at infinity hyperbolic foliation of H? x 9H?3.

§5.1.2 p:UH3 — H? — unit tangent bundle over H3,

§5.1.3

§5.2.1

§5.2.2

§5.3.1
§5.3.2

§5.4.1

§5.4.2

§5.4.3

v ={7"}rer — geodesic flow on UH?,

v(v) — geodesic determined by a tangent vector v € UH?,

7% (v) € GH? — endpoints of v (v),

Hor(v) = Hor.yec () (p(v)) — horosphere centered at v*(v) and passing through p(v).

W?® — weakly stable foliation of the geodesic flow.
W?*% — strongly stable foliation of the geodesic flow.

G — Kleinian group,

A = A(G) C OH? — limit set of G,

Ag — affine lamination of 0H? x A,

Ha = HAg € UH? — hyperbolization of Ag,

M = H3/G — quotient hyperbolic manifold,

Mg =Hg/G C UM — quotient hyperbolic lamination.

Ap = Ao(G) — set of fixed points of all hyperbolic elements of G,
o= H3 x (A\ Ag) — union of leaves from H¢ parameterized by points from A \ Ao,

¢ =Mg/G.
¢;, — visual metric on OH3 centered at h € H?.

Ih(g=,q4) = Bq_(h,0) + By, (h,0) — “cut length”,
e€n,q — Euclidean metric on P, induced by the hyperbolic metric on Hory(h).

v — Patterson—Sullivan stream of a Kleinian group G,
A(v) — G-invariant leafwise conformal stream on Ag,
p(v) — G-invariant parallel transverse conformal stream on Ag.

v — geodesic current,
¥ — invariant measure of the geodesic flow on UH?3,
U — invariant measure of the geodesic flow on M = H3/G,

v(v) = Av)*p(v).
|g— — q+| — the Euclidean chordal distance between points from the unit sphere,

dvl"(q_, qy) = dvo(q-) dvo(qr)/la- — q+*,

dvlPl(q-,q1) = exp[8ln(q-,q+)] - dvn(q-) dvn(g+),

g, — induced Euclidean metric on the horosphere Hor(v),

% — leafwise measure on W?** assigned by the stream v to the leafwise metrics ¢,
%" — analogous measure on W3
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Uh,q, — the measure on OH? assigned by the stream v to the metric Eh,gy s
Vg_,qp = Vo & Vv,
Al (q-,q1) = dvg_ 4, (-, a4),
R(q1,q2,q3,q4) — cross ratio of points q1, 2, g3, qs € OH3.
§5.4.5 dw"(h,q) = dvol(h)dv(q) — G-invariant §(d — 2)-harmonic measure on Hg,
&Y (h,q) = ||vp|| — G-invariant leafwise (0 — 2)-harmonic function,
§5.6.1 H — compact hyperbolic manifold with H'(H,R) # {0},
G = m(H) — fundamental group,
Hom(G,R) = H'(H,R) — group of additive characters of G,
X € Hom(G,R) — character of G,
Tiv=go X9 (v) — twisted action of G on UH? determined by .

§5.6.2 1(g) = min{dist(h,gh) : h € H3} — length of the closed geodesic representing the
conjugacy class of g € G,
x|l = supgeq x(9)/1(g) — stable norm on Hom(G, R).

§5.6.3 B, = W**/T, — affine foliation of the quotient manifold UH3/T},

§5.6.4 X(s) = > gec exp[—sdist(o, go) — x(g)],
0(x) — critical exponent of the Poincaré series X(s).

1. AFFINE AND HYPERBOLIC LAMINATIONS

1.1. Affine plane and hyperbolic space.

1.1.1. Pointed at infinity hyperbolic spaces. Let H? be the 3-dimensional hyperbolic space.
The sphere at infinity OH? is the boundary of the wvisibility compactification of H?: an
escaping to infinity sequence of points h,, € H? converges in this compactification iff the
directing vectors of the geodesic rays o, h,| issued from a certain (= any) reference point
o € H? converge.

This and all other facts formulated in this section can be easily checked in terms of the
upper half-space model of H? described in §1.1.2.

Definition 1.1. A hyperbolic space H? with a distinguished boundary point ¢ € OH? is
called pointed at infinity. A

Definition 1.2 ([Ka90]). Let (H?, ¢) be a pointed at infinity hyperbolic space. The choice
of the point ¢ € 9H? determines the Busemann cocycle 3, on H* x H? by the formula

By(hy, hy) = h}rln[dist(hl, h) — dist(ha, h)| | (1.3)
where h € H? converges to ¢ in the visibility topology. A

In other words, (3,(h1, h2) can be considered as a “regularization” of the formal expres-
sion dist(hy,q) — dist(hs, ¢). The Busemann cocycle obviously satisfies the cocycle chain
rule:

By(hn, ha) = By(ha, ho) + By(hay b)) Vh; € HP . (1.4)

Remark 1.5. Sometimes the Busemann cocycle is defined with the opposite sign, e.g., see
[Ka00a).
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Definition 1.6. The vertical 1-form
w; = dﬁq(hla )

is the differential of the Busemann cocycle (3, with respect to the second argument (due
to the chain rule (1.4) it is independent of the choice of the first argument h,), so that

By(ha, ha) :/w; : (1.7)

9

for any smooth path ¥ with endpoints h1, he. The vertical vector field vg is dual to the form
w; with respect to the hyperbolic metric and consists of unit length vectors “pointing” at
the point ¢ in the sense that the integral curves of the field v; are the vertical geodesics
which converge to the point ¢ at +o0o in the visibility topology. The vertical flow

gq = {5;}7’6&

on H? is the motion with unit hyperbolic speed along the vertical geodesics to the point
q (i.e., it is isomorphic to the restriction of the geodesic flow onto the field vg). A

Definition 1.8. The horosphere centered at ¢ and passing through a point h € H? is the
level set of the Busemann cocycle:

Hory(h) = {W € H: B,(h,h) = 0} . (1.9)

We denote the space of horospheres centered at q by Hor(H?,q), and the space of all
horospheres in H? by
Hor(H?) = |J Hor(H%gq).
qeoH3

The center of a horosphere T € Hor(H?) is denoted Y, € OH?. A

For a fixed point ¢ € OH? the horospheres centered at g are obviously tangent to the
plane distribution determined by the form w; and orthogonal to the vertical vector field
v; (this is why we shall often refer to them as horizontal). They foliate the hyperbolic
space, and the vertical flow &, acts transitively on Hor(H?, ¢). More precisely,

By(hi,hy) =5 <= & Hor,(hy) = Hor,(h2) .

Therefore, the Busemann cocycle §,(hy, hs) is the signed distance between the horospheres

Hor,(hy) and Hor,(hs), where the sign is chosen according to the direction of the vertical

flow: it is positive if hy is “closer” to ¢ than hy (see Fig. 1). Any isometry between pointed

at infinity hyperbolic spaces (i.e., such that the point at infinity is mapped to the point

at infinity) obviously preserves the Busemann cocycle and conjugates the vertical flows.
Denote by

P, =0H*\ {q} (1.10)

the punctured visibility sphere. For a point h € H? let £,(h) be the vertical geodesic
passing through h, and let p,(h) € P, be its limit point at —oo (the limit point at 400
being ¢). Then the map

p,: H — P, (1.11)
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FIGURE 1

is a (trivial) fiber bundle over P, whose fiber p_'(z) at a point z € P, is the vertical
geodesic joining the points z and ¢. The horospheres (1.9) are sections of p, (see Fig. 2).

FIGURE 2

Below we shall usually omit the subscript ¢ when the point at infinity ¢ is fixed.

1.1.2. The upper half-space model. By using the term “vertical” in Definition 1.6 we were
implicitly referring to the upper half-space model of the hyperbolic space which we shall
now briefly recall. The state space of this model is

H3%R2><R+:{(x,y,t):x,ye]R,t>0}. (1.12)
We identify R? with the complex plane C by putting
z=x+1y,

and alongside with the Euclidean length ¢ also use the hyperbolic length parameterization

OfR+
s =logt.

The hyperbolic metric on H? is in this model
|dz|? +dt*  |dz|?
= +
t2 625

ds® (1.13)

with
|dz)? = dz ® dz = da* + dy?
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being the standard metric on the Euclidean plane E? = C. The hyperbolic volume form
vol and the hyperbolic measure vol on H? are

eucl Adt B eucl Ads
3 - e2s

dedt  deds

3 e2s )

(1.14)

, vol =

vol =
where

eucl =dx Ndy , dl = dxdy ,

are, respectively, the Euclidean area form and the Lebesgue measure on E2. The Laplace-
Beltrami operator of the hyperbolic metric (1.13) is

o o 2\ 0 2 0
A — 2 =2 - I I QA 2Y Y
u t(mﬂ+@ﬂ+mﬂ Yo — TR T e Ty
W( O 2\ * o w0 (1.15)
S (AR B A L N LA
‘ <8x2+8y2>+8s2 9s ¢ TP e T %hs
where
? o
Be =002 T oy

is the Laplacian of the Euclidean metric on E2.

The geodesics in H? are either Euclidean circles orthogonal to the boundary plane or
vertical lines. Therefore, the visibility sphere in this model is the union of the distinguished
point at infinity ¢ = oo and the boundary plane

P:{(z,t):zGC,tzO}gaHg\{Q}-

The Busemann cocycle with respect to the point ¢ = oo is the logarithm of the ratio of
the “Euclidean heights” of points hy and h;, or the difference between their “hyperbolic
heights” (so that B(hq, hs) is positive if hy is “higher” than h;):

t(ha)
t(h1)

Thus, the horosphere Hor(h) is the horizontal coordinate plane passing through h. The
vertical flow £ acts as

B(h, he) = log = s(hy) — s(hy) . (1.16)

M (z,t) = (z,€7t), or, £ (z,8) =(z,s+7).

The geodesic £(h) passing through a point A is, indeed, a vertical line, and the projection
p (1.11) is just the coordinate projection h +— z(h) (see Fig. 3). The vertical vector field
and the vertical 1-form are, respectively,

dt
0 0 wh=ds=— .

T— 2 —¢—
YT s ot’ t
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q = o0
AW
Hor,(h) I
P=C
pq(h> =z
FiGURE 3

1.1.3. Non-simply connected hyperbolic manifolds and orbifolds. In what follows all man-
ifolds will be assumed oriented. Recall that a hyperbolic 3-manifold is a 3-dimensional
manifold endowed with a complete Riemannian metric of constant negative curvature —1
(this metric is called hyperbolic). A Kleinian group is a discrete subgroup of the group of
orientation preserving isometries Isog(H?). Any hyperbolic 3-manifold is locally isomet-
ric to H3, and it can be presented as the quotient M = H3/T" of H? by a freely acting
Kleinian group I'. Conversely, any such group determines a hyperbolic 3-manifold.

Using the vertical flow one can extend the notion of a pointed space to the non-simply
connected case.

Definition 1.17. A hyperbolic 3-manifold M is pointed at infinity if it is endowed with a
unit speed vertical flow &,y whose orbits are asymptotic (as time goes to +00) geodesics. A

Such a manifold is obtained by factorizing a pointed at infinity hyperbolic space (H?, q)
by a discrete freely acting group I' of hyperbolic motions which fixes ¢ (the description
of such groups is well-known, see Proposition 1.22 below). Then I' preserves the vertical
vector field v and the vertical form w', so that they descend from H? to the wvertical
vector field v}w and the closed wertical form w]TW on the quotient manifold M = H3/T.

Therefore, the horosphere foliation also descends from H? to M.

Remark 1.18. Equivalently, a pointed at infinity hyperbolic 3-manifold can be defined as a
(G, H?)-manifold, where G = Pary(H?, q) is the group of orientation preserving isometries
of H3 which fix the point at infinity q.

Definition 1.19 ([Th91], [Sc83]). An n-dimensional orbifold is a topological space M
covered with a family ¢ of neighborhoods U; such that:

(i) The family U is closed under finite intersections;

(ii) For each U; there exists a homeomorphism v; : U; — U, /G, where U, /G is the
quotient of a domain U; C R™ by an action of a finite group G; of homeomorphisms;

(ii) If U; C Uj, then the group G; embeds into G;, and there is an equivariant embed-
dlng ¢ij : (71 — ﬁj.
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The space M is called the underlying space of the orbifold. The domains U; endowed with
the maps

~ ~ -1
are orbzfold local charts. The orbifold singular set S C M 1is the union of sets ¢i(§i),
where S; C U; is the set of points whose stabilizers in the group G; are non-trivial. A

Therefore, an orbifold is locally homeomorphic to quotients of R™ by actions of finite
groups. The orbit space X/G of a properly discontinuous action of a group G on a
manifold X has a natural orbifold structure. However, not every orbifold can be globally
obtained in this way.

Definition 1.20. By using local charts one can rig orbifolds with various geometric
structures (smooth, conformal, hyperbolic, etc.) and tensor fields. They have to be
defined on the sets U; and be invariant with respect to the groups G; and the transition
maps ¢;;. In this way one can also talk about morphisms of rigged orbifolds. A

In particular, a 3-dimensional hyperbolic orbifold M is pointed at infinity if it is endowed
with a vector field UJTW (called wvertical) whose integral curves are asymptotic geodesics.
Denote be w& the dual wvertical 1-form. The singular set of such an orbifold is clearly
invariant under the corresponding vertical flow.

Definition 1.21. The cohomology class
B=B(M)=w,] €H (M)
T

of the 1-form w,, is called the Busemann class of a pointed at infinity 3-dimensional
hyperbolic orbifold M. A

Any three-dimensional hyperbolic orbifold is isometric to the quotient orbifold H?/T'
for a certain Kleinian group I" [Th91, Proposition 5.4.3] (note that singular points of such
orbifolds are organized into “axes” of elliptic rotations). On the other hand, any Kleinian
group is a finite extension of a freely acting subgroup, and we have

Proposition 1.22. Let M be a pointed at infinity 3-dimensional hyperbolic orbifold.

(a) The orbifold M is isomorphic to H3 /T, where T is an elementary Kleinian group
which preserves the point at infinity q. The group T is a finite cyclic extension of
a freely acting normal subgroup Iy, so that M = M/Z where M = H? /Ty and
Z =T/TI,.

(b) The group Ty belongs to one of the following two types:

(i) To is a cyclic group generated by a hyperbolic element which fizes q;

(ii) Ty is a discrete parabolic group, i.e., it preserves the horospheres centered at
q and acts on each horosphere as a discrete group of Fuclidean motions. In
this case Ty is isomorphic to one of the groups Z° = {e}, Z', Z>.

(¢) If Ty # {e}, then the manifold M is a solid 3-torus in case (i), and either a rank 1
cusp (product of the bi-infinite cylinder C/Z = C* by R) or a rank 2 cusp (product
of the 2-torus T? = C/Z? by R) in case (ii). In case (i) the orbits of the vertical
flow converge to the meridian geodesic of the torus; in case (ii) they escape through
the cusp.
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The underlying space of the orbifold M is a solid 3-torus in case (i), and either
an orbifold cusp C x R of rank 1, or an orbifold cusp C x R of rank 2 in case
(11). In case (i) the (unique) closed geodesic in M is singular; in case (ii) there
are several singular geodesics escaping through the cusp.

(d) The Busemann class B(M) vanishes iff the group T'g belongs to type (ii). In this
case Ty (as well as its finite extension T') preserves the horospheres in H? centered
at the point q (= the level sets of the Busemann cocycle), so that the Busemann
cocycle 3 descends from H? onto the orbifold M and gives the Busemann cocycle
Bar on M which is related to the vertical form wl, by formula (1.7).

Remark 1.23. According to (d) above, if the group I'y belongs to type (i) from Proposi-
tion 1.22; then B # 0, i.e., the vertical form w& is not exact. However, even in this case

locally one can still consider the Busemann cocycle (), as a function of pairs of points
defined by formula (1.7).

1.1.4. Conformal orbifolds. Two Riemannian metrics p, p’ on the same orbifold are called
conformally equivalent if p" = pp, where ¢ is a positive scalar multiplier.

Definition 1.24. A conformal orbifold is a connected orbifold M endowed with a class
of all pairwise conformally equivalent Riemannian metrics. Metrics from this class (and
also corresponding Euclidean metrics on the tangent spaces T,M, z € M) are called
conformal. A

Definition 1.25. Let M be a conformal orbifold. The elements of the scaling bundle
p:HOM — M (1.26)

over M are conformal spheres in the tangent spaces T,M, z € M. Any sphere h € HSM
can be considered as the unit sphere of the associated conformal Euclidean metric ey,
on Ty, M. Below we shall often identify A and ej,, and consider HM as the bundle of
conformal Euclidean metrics on tangent spaces T, M, z € M. A

In other words, $HM is the result of first removing zero tangent vectors from the tangent
bundle T'M and then factorizing with respect to rotations (which are well-defined due to
the presence of a conformal structure). The fibers of M are isomorphic to R. By

&(h) =p~" op(h)
we denote the fiber of p passing through a point h € HM. The scaling flow {£7},er acts
on HM by conformal rescalings:

Eern=¢€ "€p, (1.27)
and its orbits are the fibers of p. For any two points hy, hy € HM from the same fiber put
B(hy, ha) = log | (1.28)

Ehy

ie.,
ﬁ(hl,hg) =7 < fThl = hg .
Therefore, the fibers of HM are endowed with the metric

d(hi,ho) = |B(ha, ha)|, phi = pha . (1.29)
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By w' denote the differential of the function (1.28) with respect to the second coordinate
(cf. Definition 1.6).

Remark 1.30. We reproduce the notations introduced in §1.1.1 above; the reason for this
will become clear in §1.1.5.

Definition 1.31. In view of formula (1.29), the fibers p~'(2) 2 R, 2 € M of the bundle
p: HM — M carry canonical Lebesgue measures ¢,. Using these measures one can [ift
measures from M to HM. Namely, given a measure A on M, its lift is the measure on
HM which is obtained by integrating the measures £, against \:

dX(z,8) = dA(z) dl,(s) .
In the same way, denote by
O=wAuw'
the lift of a differential form w from M to HM. A

By Definition 1.25 points h € HM correspond to Euclidean conformal metrics €, on
Ty M, so that sections o : M — $M of the fiber bundle p are in one-to-one correspon-
dence with conformal Riemannian metrics p, on M. Note that by assigning to the metric
po the associated Riemannian volume form the bundle p can be identified with the bundle
of positive volume forms on M.

Remark 1.32. Although we call the metric p, Riemannian, usually we only assume con-
tinuity of o unless otherwise specified.

By (1.28), for any two sections o, o’
Po’ o' (2
(2) = ==& = exp[B('(2),0(2))] - (1.33)
Pa Eo(z)
We shall use the notations

he =0cop(h), h e HM

for the natural projection of a point h to the section o (i.e, the intersection of the fiber
passing through h with o), and

by(h) = B(ho, ) (1.34)
for the relative hyperbolic height of h with respect to the section o (see Fig. 4). Clearly,
for another section o’

by (h) — by (h) = B(hor, hy) = log 27 (ph) . (1.35)

g

1.1.5. Hyperbolization of affine surfaces. An oriented 2-dimensional conformal manifold
is called a Riemann surface. Equivalently, a Riemann surface is a 1-dimensional complex
manifold. By endowing a Riemann surface S with an atlas of coordinate charts with
transition maps from a given pseudo-group C (contained in the pseudo-group of all holo-
morphic maps) one can define finer geometric structures on S (stiffen S in the terminology
of [Tho1)).

Definition 1.36. We shall say that S is
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h
o(h) 0
he
. M
ph
FIGURE 4

(i) an affine Riemann surface, if C is the group of all complex affine maps z —
az+0b, a,b € C,a +#0;

(ii) a Fuclidean surface, if C is the group of all maps z — az + b, a,b € C,|a] =1 (so
that the transitions are Euclidean motions);

(ii) a translation surface, if C is the group of all maps z +— 2z +b, b € C.

A

If S is an affine surface, then its tangent and cotangent bundles (and hence all tensor
bundles) are endowed with a natural flat connection. Being parallel with respect to this
connection means to have constant coefficients in any affine coordinate chart (the reader
is referred to [Ca88] and [Go] for general notions from the theory of affine manifolds). So,
one can talk about parallel vector fields, forms, Riemannian metrics, etc. on S. In these
terms a Euclidean surface is an affine surface endowed with a parallel conformal metric,
and a translation surface is an affine surface endowed with a non-zero parallel vector field
(such a field obviously determines a parallel conformal metric: the vectors from the field
have unit length in this metric).

An affine Riemann surface structure is the same as a complex affine structure, or,
in “real terms”, a projective Fuclidean (= similarity) structure. In other words, affine
Riemann surfaces are (G, E?)-manifolds, where G is the group of all similarities of the
Euclidean plane E? (i.e., compositions of rotations, translations and expansions or con-
tractions by a scalar factor). In particular, an affine plane is R? = C endowed with the
class of all rescalings of a given Euclidean structure.

All these notions obviously carry over to Riemann orbifold surfaces (cf. Definition 1.20).

In what follows by a surface we shall mean an orbifold surface endowed
with a complex (conformal) structure. An “affine surface” will always
mean a complete complex (= Riemann) orbifold affine surface.

Remark 1.37. A two-dimensional affine orbifold with underlying space C is isomorphic
either to C/Zg, where the cyclic group Z,4 acts on C by rotations, or to C/Z, where Z is
the infinite dihedral group (i.e., the Zs-extension of Z) generated by a translation and a
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central symmetry. The branched covering map which determines the orbifold is z + z¢

in the first case and z — cos z in the second case.

Proposition 1.38. The punctured visibility sphere P = OH3\ {q} of a pointed at infinity
hyperbolic space (H?,q) is endowed with a natural structure of an affine plane.

Proof. The projection p (1.11) allows one to identify any horosphere Hor(h) (1.9) with
the punctured visibility sphere P. Denote by ¢, the hyperbolic metric on P obtained by
restricting the hyperbolic metric onto Hor(h) and then projecting it onto P. By formula
(1.13)

|d2? _ |dz?

2 e2s
in the upper half-plane model, so that (P,e;) is a Euclidean plane. Further, by (1.16)
the structures ¢, for different h are all proportional, and

2 _
dej, =

(1.39)

iﬂ = exp [ﬁ(hl, hg):| : (1.40)

ho

O

Conversely, let us show that any affine surface gives rise to a pointed at infinity hyper-
bolic 3-orbifold.

Proposition 1.41. If A is an affine surface, then the fiber bundle HA is given a natural
structure of a pointed at infinity hyperbolic 3-orbifold. In particular, if A is an affine
plane, then HA is a pointed at infinity hyperbolic space.

Proof. The fibers of the bundle p : HA — A are endowed with a natural metric (1.29),
and the points of HA are themselves metrics on tangent spaces T, A. In order to combine
them and produce a metric on HA we need the affine connection over A.

Since the affine connection is flat, any metric €5, h € HA, can be transported parallelly
to give a family of metrics on tangent spaces T, A for all z from a certain neighbourhood
of ph, which gives the parallel foliation of $HA. In other words, any metric €; extends
from the tangent space Ty, A to a Euclidean metric (also denoted €5,) on a neighbourhood
of ph. The parallel foliation together with the fibration p provide us with natural parallel
local coordinates (z,s) on HA, where z is the “horizontal” complex coordinate, and s is
the “vertical” real coordinate.

Combining the local parallel metric g, with the metric (1.29) on the fibers gives a
Riemannian metric on $A, which in terms of local coordinates (z, s) takes precisely the
form (1.13). Therefore, the constructed metric on $HA is hyperbolic, the fibers {(h) are
the asymptotic geodesics of this metric, and the parallel foliation of A becomes the
horosphere foliation in the sense of §1.1.3. The scaling flow on $A coincides with the
vertical flow. The Busemann cocycle on A is (locally) given by formula (1.28) which
precisely coincides with (1.40). Note that in (1.28) we no longer require that points h;
and ho lie on the same fiber, which is possible due to the presence of the flat affine
connection. O

It is clear that any isomorphism ¢ : A; — A, between two affine surfaces extends
to an isometry between the corresponding pointed at infinity hyperbolic orbifolds $A;
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conjugating the vertical flows, and, conversely, any isometry between pointed at infinity
hyperbolic spaces (H?,¢;) induces an isomorphism between the corresponding boundary
affine planes P;. As a rule, we shall use the same notations both for an affine map A; — A,
and for the associated isometry $HA; — $HAs, which should not lead to a confusion.

Definition 1.42. We call the correspondence A — $HA between affine orbifold surfaces
and pointed at infinity hyperbolic orbifolds the hyperbolization functor. A

If the surface A is complete (as a (G, X)-orbifold, see [Th91, Chapter 3] for a definition
and discussion), then $HA is also complete (also as a (G, X)-orbifold). However, the
structure group of HA has compact stabilizers, so that completeness of HA as a (G, X)-
orbifold is equivalent to its completeness as a metric space [Th91, Proposition 3.4.15], and
we have

Proposition 1.43. The hyperbolization functor applied to a complete affine surface gives
rise to a pointed at infinity hyperbolic orbifold of type (ii) from Proposition 1.22, and,
conversely, any such orbifold can be obtained in this way.

Remark 1.44. The simplest examples of non-complete affine surfaces are provided by the
plane R? (and its quotients by Z and Z?) with the affine structure determined by the
Euclidean metric e?(dz? + dy?), where ¢ is a linear function.

Remark 1.45. We have considered the hyperbolization for affine surfaces only. However,
the hyperbolization construction from Proposition 1.41 wverbatim carries over to higher
dimensional manifolds (orbifolds) endowed with a projective Euclidean (= similarity)
structure.

1.1.6. The basic class. Let A be an affine surface, and o : A — $HA be a section of the
fiber bundle p : A — A. Fix a (local) parallel section oy : A — HA, denote by
s0(2) = Boy(0(2)) = B(00(2),0(2)) (1.46)
the relative hyperbolic height of o with respect to o (cf. (1.34)), and put
wl =ds, . (1.47)

Clearly, w] does not depend on the choice of oy, and the forms w] corresponding to
different sections o are all pairwise cohomologous.

Definition 1.48. We shall call w! the basic 1-form on an affine surface A associated with
the section 0. The cohomology class

b=b(A) =[w!] € H'(A)
will be called the basic class of A. A

One can easily check

Proposition 1.49. The following properties are equivalent:

(i) The basic class b(A) of an affine surface A vanishes;

(ii) The Busemann class B($)A) of the hyperbolization $HA vanishes;
(ii) The fiber bundle p : HA — A admits a parallel section;

(iv) The affine structure on A can be refined to a Euclidean structure.
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Corollary 1.50. As it follows from Proposition 1.22 and Proposition 1.43, the basic
class vanishes for any complete affine surface (although this is not necessarily so for non-
complete surfaces, cf. Remark 1.44).

Remark 1.51. We emphasize that the triviality of the basic class of individual leaves of a
lamination does not imply the triviality of the basic class of the whole lamination. The
corresponding examples are given below in §3.5 and §5.

Definition 1.52. If the class b vanishes, i.e., if all the basic 1-forms w! are exact, we
denote by 3, the cocycle on A determined by the form w] by formula (1.7) and call it the
basic cocycle on A induced by the section o. In other words,

Bo(21,22) = B(0(21),0(22)) | (1.53)
where [ is the Busemann cocycle on A (which in this case is well-defined by Proposi-
tion 1.49). A

The basic cocycle on A is connected with the Busemann cocycle on A with the formula

ﬁ(hd? h2) - Ba(phh ph?) + bU(h2> - bU(hl) ) (154)
where b, is the relative hyperbolic height (1.34) with respect to the section o.

Remark 1.55. Even if b # 0, Definition 1.52 and formulas (1.53), (1.54) still make sense
locally (cf. Remark 1.23).

1.1.7. Conformal metrics on affine surfaces. Recall (see §1.1.4) that sections o of the
fiber bundle p : HA — A are in one-to-one correspondence with conformal Riemannian
metrics p, on A. A parallel section o corresponds to a parallel metric p,, i.e., it refines the
affine structure on A to a Euclidean structure (cf. Definition 1.36). Denote by area, and
area, the Riemannian area form and the Riemannian measure, respectively, associated
with a section o. Conversely, any conformal metric (resp., any positive area form, or
any absolutely continuous measure with continuous density) determines a section ¢ of the
fiber bundle p.

As it follows from (1.33), in terms of the height function s, (1.46) with respect to a
(local) parallel section oy

|dz? _ eudl dl

dp? = ol area, = , d area, = el (1.56)

623‘7

where in the right-hand sides are the Euclidean metric dpZ, = |dz|?, its area form and the
corresponding area Lebesgue measure, respectively.

Remark 1.57. Since for an affine surface there is a one-to-one correspondence between
conformal metrics and the associated area forms, the Busemann cocycle can be considered

as a particular case of the “volume cocycle” defined for an arbitrary affine manifold (e.g.,
see [Go)).

Formulas (1.14), (1.16), (1.34) and (1.56) imply the following relation between the lift of
the form area, (resp., of the measure area,) to HA (see Definition 1.31) and the hyperbolic
volume form vol (resp., the hyperbolic measure vol) on the hyperbolic orbifold $A.
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Proposition 1.58. Let A be an affine surface, and let o : A — $HA be a section of the
fiber bundle p : A — HA. Then

area, d area,
7 = 7 = exp[2b,] ,
vol d vol P(20]

where b, is the relative hyperbolic height (1.34) with respect to the section o.

The Gauss curvature of the metric p, (1.56) is
K, = e* Ags, ,
and the curvature form is
Q, = K, - area, = Ags, - eucl , (1.59)

where eucl and Ag are the area form and the Laplacian of the Euclidean parallel metric
Poo, Tespectively (for example, see the computation in [GHT78, §0.5]).

In order to connect the curvature form , with the basic 1-form w] (1.47) let us recall
that any Riemann surface S alongside with the usual differential d is endowed with the
“twisted differential”

dC_IlodoI_%(ﬁ—g), (1.60)

where I is the almost complex structure on S, and 0,0 are the holomorphic and the
antiholomorphic differentials, respectively, (e.g., see [We58, §I1.2]).
Both operators d, d° are real, and
20 =d+id°, 20 = d —id" ,
2i00 = —2i00 = dd* = —d°d .
In terms of a local coordinate z = x + iy
d¢ ¢
= — —dz ,
ox dy

Applying the latter formula to the height function s, (1.46) and taking into account
formulas (1.47) and (1.59) we obtain

Proposition 1.62. Let A be an affine surface, and let 0 : A — $HA be a section of the
fiber bundle p : A — $HA. Then the curvature form 0, of the metric p, is connected with
the basic 1-form wl by the formula

(1.61)

dp dy — dd®p = Agp - eucl .

Qp = —dw] . (1.63)

Finally, let ¢ : A} — A be an isomorphism between two affine surfaces A;. Let
us extend ¢ to an isometry HA; — HA;. Then ¢ maps sections of the fiber bundle
p1: HA; — A; to sections of the fiber bundle psy : HA; — Ay by the formula

oo, (p.0)(ez)=p(c() . (1.64)
Let o; be sections of the fibre bundles p; : A; — $HA;. Denote the norm of the differential
Dy at a point z € A; measured with respect to the Riemannian metrics pg,, pr, by

_ Poy 5 :pgo*l.cm 2) .
||D90(Z)||al,az—p (¢(2)) R (2)

p. o1 o1
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Proposition 1.65. Let ¢ : Ay — Ay be an isomorphism between two complete affine
surfaces, and let o; be sections of the fibre bundles p; : A; — $HA;. Then for any two
points z,( € Ay

||D(ID(Z)||0'170'2 _ » _ p
log 1S O = P ((2),9(Q)) = Boi(2,€) , (1.66)

where B,, is the basic cocycle on the surface A; induced by the section o;.
Proof. By formula (1.33)
10g [|De(2) 01,0, = B2 (02(0(2)), ¢ 01 ((2)))
= Bi(p " oa(2),01(2)) ,

where (3; is the Busemann cocycle on $A;. Therefore, since ¢ preserves the Busemann
cocycle,

(1.67)

1D9(2) o1 .0

log t-———~——
1DA(O) o0

= Ba(02(2(2)), 0. 91(0(2))) = Ba(02(2(0)), - 1(2(Q)) )

2(0)) = Bo.on (#(2), 2(0))
7@(()) - 60’1 (Za C) :

1.2. The notion of lamination.
1.2.1. General laminations.

Definition 1.68. A topological space B is given a structure of dimension n product
lamination if it is endowed with a homeomorphism

Yv:B—BxT,
where B = D" is the open unit ball in R™, and T is another topological space. The sets
By =¢ 1B x{t}) CB, teT
are called leaves, and the sets
T,=v '{z}xT)CB, v €B

are transversals. The arising “sliding” homeomorphisms Hp between the transversals 7},
and T, with z1, 29 € B are called holonomies (see Fig. 5). A

Definition 1.69. A dimension n lamination L of a topological space X (called the total
space of L) is determined by a family of local product laminations v; : B; — B; x T}, such
that the sets B; (called flow boxes) form an open covering of X, and the transition maps

Yig =0yt (B N By) — ¢i(Bi N B;)
between the coordinate charts 1); are homeomorphisms taking local leaves to local leaves.

The latter requirement on the transition maps implies that the local leaves (sometimes
also called plaques) piece together to form global leaves, which are n-manifolds immersed
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T T, T,
[ —— By
o o B
I To
FIGURE 5

injectively in X. Denote by (L) the set of all transversals of £. The holonomies on
all low boxes taken together generate the holonomy pseudogroup acting on the disjoint
union of all transversals 7' € T(L). JAN

The notion of lamination is a natural generalization of that of foliation, which corre-
sponds to the case when X is a manifold and 7} are open unit balls of the complementary
dimension dim X — n.

In what follows we shall always assume that the total space X is separable
and metrizable. In order to simplify the notations we shall often denote
the total space X and the lamination L by the same letter L, which should
not lead to a confusion.

Remark 1.70. Although the above definition of a lamination refers to open flow boxes
only, below we shall also often use closed flow boxes and their (closed) transversals.

Definition 1.71. Denote the global leaf of the lamination £ passing through a point
x € X by L(z) = L(x). The equivalence relation

graph £ = {(x1,x9) : L(z1) = L(x9)} CX X X (1.72)
is called the graph of the lamination L. JAN

1.2.2. Geometric structures on laminations. As usual, one can restrict the class of tran-
sition maps to preserve finer structures on local leaves. For example, one can endow the
lamination £ with a (leafwise) smooth, Riemannian or conformal structure. The latter
means that there is an atlas of local charts ¢ : B — B x T which are supplied with
transversely continuous leafwise Riemannian metrics, such that the transition maps are
conformal and transversely continuous.

Definition 1.73. For n = 2, if D* ¢ R? = C is given the standard complex structure, and
1;; are leafwise conformal maps, £ is called a Riemann surface lamination; then the global
leaves have the structure of Riemann surfaces. Further restricting the class of leafwise
transition maps (see Definition 1.36) one gets affine laminations, Euclidean laminations
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and translation laminations. Their leaves are affine, Euclidean and translation surfaces,
respectively. If the leaves of an affine lamination are isomorphic to the standard affine
plane C, we also call it a C-lamination. A

Definition 1.74. For n = 3, if the local leaves are given a Riemannian metric of constant
negative curvature —1, and 1);; are local isometries, then we call £ a 3-dimensional hyper-
bolic lamination, or a hyperbolic 3-lamination. In the case when all leaves of a hyperbolic
3-lamination are simply connected (i.e., isometric to H?), we call it a H3-lamination. If
we continuously assign to each leaf L = H? of a H?-lamination a point ¢ = ¢(L) € L on
the sphere at infinity of L, we say that £ is a pointed at infinity H?-lamination. JAN

To make the last definition more rigorous one has to pass from the H3-lamination £ to
its unit tangent lamination UL. The leaves of the latter are S?-bundles over the leaves of
the original lamination. Continuous sections of UL are unit vector fields on £ (tangent
to the leaves). By definition, a pointed lamination is endowed with a unit vector field
on £ whose integral curves on every leaf form a family of asymptotic geodesics (with
respect to the leaf hyperbolic metric). This vector field and the associated flow on a
pointed lamination will be naturally called wvertical. Then the distribution orthogonal
to the vertical flow is integrable and gives leafwise horosphere foliations. In the same
way one also defines a general pointed at infinity hyperbolic 3-lamination — its leaves are
pointed at infinity hyperbolic 3-manifolds, cf. §1.1.3.

Definition 1.75. By analogy with the notion of orbifold, we can define an orbifold lam-
ination (see [LM9T7]). The space X of such a lamination contains a subset of singular
points. Any singular point x € X has a neighbourhood O (an orbifold boz) which is the
quotient O/G of a certain local product lamination @ (a covering box) by a finite group
G of homeomorphisms fixing x. The group G is required to preserve the leaf structure of
the local lamination, not its individual leaves. A leaf of an orbifold lamination is singular
(i.e., is a true orbifold) if it passes through a singular point. As before, if all boxes carry
an additional leafwise structure preserved by transition maps, and on covering boxes this
structure is invariant with respect to the action of the corresponding finite groups G, then
we say that the orbifold lamination is endowed with this additional structure. Thus, we
can talk about orbifold affine (Euclidean, hyperbolic, etc.) laminations. A

In what follows by a lamination we shall always mean an orbifold lami-
nation.

1.2.3. The hyperbolization functor.

Definition 1.76. Let us call a map between two laminations laminar if it carries leaves
to leaves. Given any of the above additional leafwise structures (affine, Euclidean, hy-
perbolic, etc.), we can define the category of (orbifold) laminations endowed with this
structure. A morphism in this category is a continuous laminar map from the space of
one lamination to the space of the other lamination respecting the corresponding leafwise
structures. For instance, an affine map between laminations is a continuous laminar map
which is affine on the leaves. A
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If G is a properly discontinuous group of automorphisms of an (orbifold) lamination
L, then the quotient M = L/G also is an orbifold lamination and inherits the geometric
structure of L. For example, if H is a pointed at infinity hyperbolic lamination, then the
quotient M = H /G inherits the structure of a pointed at infinity hyperbolic lamination
(however, even if H is an H3-lamination, M is not, generally speaking, an H3-lamination:
if G has invariant leaves in H, then the corresponding leaves of M are quotients of H?).

The hyperbolization functor §) introduced in Definition 1.42 extends to a covariant func-
tor (also denoted $)) from the category of (orbifold) affine 2-laminations to the category
of (orbifold, pointed at infinity) hyperbolic 3-laminations.

Definition 1.77. Given a conformal lamination £ denote by $L the scaling bundle lam-
ination over L whose leaves are the scaling bundles over the leaves of £ (see Defini-
tion 1.25). For an affine 2-lamination A the 3-lamination $.A = H is hyperbolic. Its
leaves Ly = $HLy4 are pointed at infinity hyperbolic 3-orbifolds corresponding to the
leaves L4 of A (which are affine surfaces). More precisely, the space of H is the set of all
pairs h = (z,¢), where z is a point of the lamination .4, and ¢ is a local parallel Euclidean
structure on a neighbourhood of the point z on its leaf L4(z). Denote by g(h) = ¢(2)
the distinguished point on the ideal boundary of the leaf Ly (h) = Ly(z) of H passing
through a point h with ph = z. A

Without further notice we shall use below for wvarious leafwise objects
associated with affine 2-laminations (resp., pointed at infinity hyperbolic
3-laminations) the notations introduced in §1.1 for a single affine surface
(resp., pointed at infinity hyperbolic orbifold). Sometimes we shall add
the subscript L indicating dependence on the leaf L.

In particular, the leafwise projections py, (1.11) form a fiber bundle
pH—A, h=(z:¢)—z (1.78)

whose fibers p~!(2) are vertical geodesics on the pointed at infinity hyperbolic leaves; the
leafwise vertical flows & and the leafwise vertical vector fields UE are organized into global
continuous vertical flow & and vertical vector field v! on the lamination H, respectively,
etc.

Lemma 1.79. For any affine lamination A there exists a continuous section o : A — 'H

of the fiber bundle p : H = HA — A.

Proof. (cf. [MS74, Lemma 5.9]). Select a countable open covering U; of A such that the
bundle p : H — A is trivial over U;. Let p~'U; = ‘H; = U; x R be its trivialization, and
o; : Uy — 'H; be a local continuous section. Take a partition of unity ¢; : U; — R on
A, and set ¢ = Y 1);0;. Since the fibers of p bear an affine structure (determined by the
hyperbolic length parameterization), these convex combinations make sense and define
a global continuous section of the bundle. Note that in fact this proof shows that the
section o can be chosen smooth. O

Below all sections are assumed to be continuous.
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Remark 1.80. The functor $ on the category of laminations is not invertible. The affine
2-lamination corresponding to a pointed at infinity hyperbolic 3-lamination H is well-
defined if and only if the vertical flow is proper, i.e., the set

{t: ¢KNK +# 2}

is bounded in R for any compact K C ‘H. It is equivalent to saying that the quotient of
H by the vertical flow is Hausdorff (cf. Proposition 1.43 and Remark 3.14).

Any affine map ¢ : A; — Ay between affine laminations extends to a map
0y Hy =9HA — HA = Hs

between the associated hyperbolic 3-laminations which acts as a local isometry between
the leaves Ly, (h) and Ly, (¢nh) (in the sequel we shall use the same notation ¢ for both
the affine and the hyperbolic maps). If A; are in fact C-laminations, then g, is a global
leafwise isometry. Obviously, ¢g also conjugates the vertical flows on H; and H,.

Remark 1.81. It may well happen that an automorphism group of an affine lamination A
is not properly discontinuous, whereas it becomes properly discontinuous on the hyper-
bolization HA, cf. Remark 3.14 below.

1.3. Cohomology of an affine lamination.

1.3.1. Leafwise cohomology.

Definition 1.82. Given a C'*°-lamination £, we can naturally define its leafwise tangent
and cotangent bundles, TL and T* L, and the associated tensor bundles. Unless otherwise
specified, all sections of these bundles are assumed to be smooth leafwise and continuous
transversely. A section w of the bundle A T*L is called a (leafwise) p-form on L. By
QP(L) we denote the linear space of all p-forms on £. The leafwise de Rham complex

Q) L ale) L. Lo L

determined by the leafwise differential d gives rise to the leafwise de Rham cohomology
Hig(L) = H*(L) (it is also often called tangential). By [w] € HP(L) we denote the
cohomology class of a closed leafwise p-form w. A

Remark 1.83. Of course, triviality of the cohomology of individual leaves does not imply
triviality of the leafwise cohomology of the whole lamination.

Remark 1.84. The cohomology introduced in Definition 1.82 can be called transversely
continuous (we are using transverse continuity stipulated in the definition of a lamina-
tion and require all the considered objects to be transversely continuous). For foliated
manifolds (in the presence of a smooth transverse structure) one usually deals with the
transversely smooth cohomology. On the other hand, replacing transverse continuity with
just measurability with respect to the Borel structure one gets the transversely Borel co-
homology. In the presence of a quasi-invariant transverse measure type (see below §2) one
may neglect sets of measure 0, which leads to the transversely measurable cohomology.
See [MS88, Chapter 3] for more details.
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1.3.2. The basic class.

Definition 1.85. Let H be a pointed at infinity hyperbolic 3-lamination. The cohomology
class B(H) = [w!] € H'(H) of the leafwise vertical 1-forms is called the Busemann class
of H.

Let now A be an affine lamination. We shall continue using the notations introduced
in §1.1.6 for the leafwise objects associated with the leafwise sections o determined by
a continuous global section o : A — H = HA.

Definition 1.86. The cohomology class b € H'(A) of the basic 1-forms w] (1.47) is
called the basic class of the affine lamination A. A

In complete analogy with Proposition 1.49 we have

Proposition 1.87. The following properties are equivalent:

(i) The basic class b(A) of an affine lamination A vanishes;
(ii) The Busemann class B($).A) of the hyperbolization $HA vanishes;
(iii) The fiber bundle p : HA — A admits a leafwise parallel section;
(iv) The leafwise affine structure on A can be refined to a leafwise Euclidean structure.

Therefore, the basic class b is the cohomological obstruction to the existence of a Eu-
clidean structure on an affine lamination.

Remark 1.88. We remind that the triviality of the basic class of individual leaves of A
does not imply the triviality of the basic class of the whole lamination. See §3.5 and §5
for examples.

1.3.3. Relation to the Euler class. The operators d§ (1.60) on the leaves L of a Riemann
surface lamination £ piece together a global operator d¢ acting on leafwise forms and
satisfying formulas (1.61), where d is the leafwise differential. Therefore, we have

Proposition 1.89. For a Riemann surface lamination L the operator d¢ determines a
homomorphism

d°: H' (L) — H*(L) . (1.90)
Definition 1.91. The Fuler class e € H*(L) of a Riemann surface lamination £ is
1
= —|Q
€ 27_(_[ P] )
where [Q,] is the cohomology class of the leafwise curvature forms €2, of leafwise conformal
metrics p. A

Formula (1.63) then implies

Proposition 1.92. The basic class b € H'(A) and the Euler class e € H*(A) of an affine
lamination A are related by the formula

1
=——d%. 1.
e 5 (1.93)
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Remark 1.94. If the leaves of an affine lamination A are complete affine surfaces, then, as it
follows from Proposition 1.87, the basic class b € H'(A) is the cohomological obstruction
to the existence of a transversely continuous family of complete leafwise flat metrics,
whereas the Euler class e € H%(A) is the cohomological obstruction to the existence of a
transversely continuous family of flat metrics which are not necessarily leafwise complete.
It would be interesting to find out under what general conditions on A the classes b and
e must be zero or non-zero simultaneously.

2. MEASURES AND CURRENTS ON LAMINATIONS

2.1. Measures on general laminations. First we recall some notions from the gen-
eral measure theory of equivalence relations and foliated spaces [FM77], [MS88| adapted
to our situation. There are two ways of dealing with measures on laminations. One is
based on separating variables and consists in considering leafwise (tangential) and trans-
verse measures. The other approach deals with measures on the whole laminated space.
Integration of a transverse measure against a leafwise measure gives a global measure.
Conversely, the transverse and the leafwise measures can be, roughly speaking, recovered
from a global measure as its conditional measures. We shall use both languages switching
from one to the other at our convenience.

2.1.1. Leafwise, transverse and global measures.

Definition 2.1. Given a measure type preserving invertible transformation F' from a
source measure space (X,a) to a target measure space (Y, ), we shall use the term
“Radon—Nikodym Jacobian” (or, simply “Jacobian”) for the Radon—Nikodym derivative

_dFB), _ dp
so that for any measurable subset A C X
B(FA) = /A Jac F(z) do(z) . (2.2)

If F is not invertible, but the preimage F~!(y) is finite for S-a.e. y € Y, then we define
the Jacobian as

) 1 a3
ac Flw) = === @) = T F @) dtFa)
where F~13 is the integral of the uniform probability measures on the sets F~!(y) with

respect to 3, so that formula (2.2) still holds for any measurable A C X such that the
restriction of F' onto A is one-to-one. JAN

(Fz),

In order to indicate dependence on the source measure o and the target measure 3 we
shall sometimes add the corresponding subscripts (or just one subscript if the source and
the target spaces coincide). Clearly,

Jacyayp F(z) = V(F() Jacy g F(z) (2.3)
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for positive densities ¢, on the spaces X and Y, respectively. The Radon-Nikodym
Jacobian coincides with the usual Jacobian in the case when X and Y are Riemannian
manifolds with Riemannian volumes « and (3, respectively, and F' is smooth.

Definition 2.4 ([MS88]). Let A : graph £ — R, be a measurable multiplicative cocycle
of a lamination £ (see §1.3.1). A family u = {ur} of Radon (= locally finite) measures
on transversals T' of the lamination £ is quasi-invariant with modulus A if for any two
transversals T', 7" connected by a holonomy H : T"— T" the Jacobian of this holonomy
with respect to the measure p is

Jac, H(t) = A(t,H(t)), teT. (2.5)

We call such a family p a transverse measure with modulus A = A,,. In particular, for
the trivial cocycle A = 1 we have the usual definition of a holonomy invariant measure

(e.g., see [P175]). A

Remark 2.6. If the lamination £ is minimal, then any quasi-invariant measure p has full
support, i.e., supp ur = T for any closed transversal T'.

In view of formula (2.3), multiplying a transverse measure p by a positive density

¢ : L — R, gives a new transverse measure u' = pu with cohomologous modulus
v(y)
" p(r) "

Definition 2.8. A leafwise measure A\ = {Ap} on L is a family of Borel measures on
leaves of £ which is transversely measurable. The latter means that for any flow box
B = B x T the restrictions \; of the leafwise measure onto the local leaves B; depend on
the parameter ¢ € T measurably in the weak topology: for any function f € C(B) the
map t — (f, \;) is Borel. A

An absolutely continuous leafwise measure can be constructed for any (metrizable)
leafwise smooth lamination by using a partition of the unity (cf. Lemma 1.79). Note that
the individual leafwise measures \; are usually infinite.

Definition 2.9. A leafwise measure A\ and a transverse measure p with modulus A,
determine a global measure A 1 on the (total space of the) lamination £ in the following
way. Given a flow box B = B x T' take a transversal T'=T,,, o € B and put

A1), 1) = Dy ((0,), () ) dper () (2.10)

where )\; is the leafwise measure on the local leaf B;. One can easily check that for a
given flow box B the measure A% u does not depend on the choice of zy, and any two
intersecting flow boxes determine the same measure on their intersection, so that A p is
a well-defined measure on L. JAN

Both the leafwise measure A and the transverse measure g may be multiplied by a
density ¢ : L — R, cf. (2.7). Clearly,

(M) * 1= Ax(pp) = p(Axp) . (2.11)
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2.1.2. Conditional measures and the Radon—Nikodym cocycle. We shall now look at the
inverse procedure: to what extent the measures A and p can be recovered from the global
measure \x .

Definition 2.12. Let # be a measure on the lamination £. Take a flow box B B x T
with #(B) < oo. Then the restriction 0|z of 6 to B can be uniquely (up to subsets of
measure 0) decomposed as

dO|s(z,t) = ds(t) dig(x) ,

where 053 is the projection of 8|5 onto T', and the measures 0%, t € T (called the conditional
measures of 0|) are probability measures on the local leaves B; (see [Ro49], [CFS82]). In
other words, if f is an integrable function on B, then the integrals of f with respect to
the measures 65 depend on ¢ measurably, and

(,018) = [(F(,0),08) dBis(t)
The latter formula can be looked at as a generalization of the Fubini theorem. A

Definition 2.13. A global measure 6 on L is absolutely continuous with respect to a
leafwise measure A if for any flow box B = B x T with #(B) < oo almost every conditional
measure 05 is equivalent to the restriction \; of the corresponding leafwise measure onto
the local leaf B;. A

Remark 2.14. Clearly, Definition 2.13 only depends on the type of the measure § and the
leafwise measures \. If the leafwise measures A on a leafwise smooth lamination belong
to the smooth leafwise measure type, then we shall usually omit the reference to A and
talk just about absolutely continuous measures on L.

Due to the absence of a natural normalization, the conditional measures on global
leaves are defined only projectively. Indeed, if we take two intersecting flow boxes B, B,
then on their intersection the conditional measures 6k, are proportional to the conditional
measures 0 with leafwise constant densities. Hence almost all global leaves L of the
lamination bear “conditional measures” 6, well-defined up to a multiplicative constant
(note that these measures may only be finite for “dissipative leaves”, i.e., those which are
ergodic components of graph £). It leads to the following definition:

Definition 2.15. If a measure 6 on a lamination £ is absolutely continuous with respect
to a leafwise measure A, then the measurable multiplicative cocycle

dflr/dAi(y)

Ag: hlL — R A = -
is well-defined. The cocycle Ay is called the Radon—Nikodym cocycle (or, the modulus)
of the measure 6 with respect to the leafwise measure \. A

We shall now explain why we use the term “Radon—Nikodym cocycle”. Given a measure

0 on £ and a leafwise measure A = {Ap}, define the measure © on graph £L C L x L by
putting

40z, y) = d(x) dApo) (y) (2.16)

Then, by considering flow boxes, one arrives at
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Proposition 2.17. A measure 6 on a lamination L is absolutely continuous with respect
to a leafwise measure \ iff the associated measure © (2.16) is quasi-invariant with respect
to the “flip transformation”

X (w,y) = (y,2)
on graph L. Then the Radon—Nikodym cocycle Ny coincides with the Jacobian of the
transformation 3 with respect to the measure ©O:

A@,)\('xv y) = JaC@) E(Lt, y) :
Clearly, for any density ¢
¢(z)
Agpr(z,y) = Aga(@,y)
0 4p)\( ) gO(y) 0 A( )

(2.18)

Ag@@,)\(xay) = :ZE;JZ;AG,A(ZEJ/) 5

so that the (multiplicative) cohomology class of the Radon—Nikodym cocycle (we call it
the Radon—Nikodym cohomology class) remains the same when the measures 6 or \ are
replaced with equivalent ones.

Remark 2.19. Proposition 2.17 is a straightforward generalization of an analogous result
for countable equivalence relations proved in [FM77]. The measure © (2.16) is an analogue
of the (right) counting measure on an equivalence relation: in our setup we need the
leafwise measures A instead of the leafwise counting measures used in [FM77].

Taking stock of previous definitions we now obtain

Proposition 2.20. If i is a transverse measure with modulus A,, and X is a leafwise
measure on a lamination L, then the measure Ax p is absolutely continuous with respect
to A\, and

A IA

Conwversely, if a measure 8 on L is absolutely continuous with respect to \, then the formula

dfg

B 1y — / Ao (T(0), 2) d)y(z)

anr D= [ Baa(T(0).2) d()

defines a transverse measure p with the modulus A, = Agx, and 0 = Axpu. Here B =
B xT is a flow boz, T =1T,,, vo € B its transversal, and \; denotes the restriction of the
leafwise measure Ay onto the local leaf B.

Remark 2.21. The modulus A of a transverse measure y is a function on graph L, i.e., it
is cohomologically leafwise trivial. However, the modulus is only defined “mod 07, i.e.,
up to subsets of L of zero measure, so that it would be more rigorous to talk about the
modulus as about a class of cocycles which differ mod 0. It may well happen that this
class contains a cocycle (necessarily unique) which is locally continuous in the following
sense: there exists a transversely continuous leafwise 1-form w such that for u-a.e. leaf L
the restriction wy, of w onto L is cohomologically trivial, and log A(x,y) = [, wy, for any
smooth leafwise path ¢ joining any two points x,y € L.
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2.1.3. SRB measures and affine structures. As an important illustration to the above dis-
cussion let us consider a hyperbolic attractor A of a C?-diffeomorphism f of a Riemann-
ian manifold M (for example, see [Yo89] for the background on hyperbolic dynamics and
smooth ergodic theory needed for understanding this section). Let W* be the unstable
foliation of f. As usual, the leaf of W*" passing through a point z is denoted by W¥(z).
Let Jac" f(z) denote the Jacobian of f : W"(z) — W*(fz) with respect to the leafwise
Riemannian volume A% on the unstable leaves. Given a point z, put z, = f*z.

Definition 2.22. The locally continuous cocycle Axg : graph W* — R, defined as
< Jact f(2)

Aps(z,¢) = [ =22 2.23
AS( g) kl;[l Jac f(C—k) ( )
is called the Anosov—Sinai cocycle of the diffeomorphism f. A

This cocycle was first introduced by Anosov and Sinai in [AS67, p.151] in the context of
Y-diffeomorphisms. Note that the leafwise projective measure AagA™ is invariant under
f. It turns out that this measure can be realized as the conditional measure for a certain
global invariant measure called Sinai—Ruelle-Bowen or briefly SRB :

Theorem 2.24 ([Si72], [BR75]). Any hyperbolic attractor carries a unique invariant mea-
sure m which is absolutely continuous on the unstable foliation. The Radon-Nikodym
cocycle of this measure with respect to the leafwise Riemannian volume coincides with the
Anosov-Sinai cocycle Aps.

Remark 2.25. The above discussion can be translated into the geometric language of
connections (compare §1.3.2, §3.2.1). Consider the line bundle p : YW* — M of
positive leafwise volume elements of the foliation W* (if the leaves carry an additional
conformal structure, then BW" coincides with the scaling bundle HW*). The fibers of
YW are endowed with the “hyperbolic metric” d(v,w) = |log(w/v)| (1.29). Sections of
p are leafwise measures with positive densities (or, rather, positive leafwise volume forms
if the leaves are oriented), cf. the discussion in §1.1.4. One can say that p is the “positive
part” of the leafwise determinant bundle of W*.

Flat connections of p are leafwise projective measures. In the same way as in §1.1.6,
the flat connection determined by a section o : x — v, gives rise to the “basic cocycle”

of p
Ty (Vs
ﬁo(ﬂc,y)Zlog—’y( >,

Uy
where T, is the parallel translation from p~!(z) to p~'(y) (it is well-defined since the
leaves of W* are simply connected). Turning on the dynamics, we can express 3, by
means of the dynamical formula (2.23) (compare with Theorem 3.22) below) and obtain
an invariant flat connection of p. Theorem 2.24 tells us that this connection is associated
with a global invariant measure of f.

Remark 2.26. A similar discussion can be carried out for the strongly unstable foliation
of a partially hyperbolic system as well.

In the case when the unstable foliation is one-dimensional, the above discussion admits
a nice geometric refinement. Namely, a measure du = pdx on R with a positive continuous
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density p determines a Euclidean structure on R (compatible with its smooth structure)
by means of the “local chart”

v(a) = [ plya,

and vice versa (cf. §1.1.5). Hence, a projective measure of that kind determines an affine
structure on R, and vice versa. Thus, if the unstable foliation W" is one-dimensional,
then the leafwise projective measure AxgA" determines an invariant affine structure on
this foliation. In fact, it is a unique invariant affine structure on W* compatible with its
smooth structure.

In particular, this construction applies to the geodesic flow on a surface of non-constant
negative curvature. In this situation the arising flow invariant affine structure on the
leaves of the strongly unstable foliation (i.e., on punctured spheres at infinity) determines
a hyperbolic metric on the leaves of the stable foliation (which are copies of the universal
covering surface), i.e., uniformizes the universal covering surface, cf. §4.6 below.

Let us now consider a one-dimensional C?-map f : I — [ with an absolutely continuous
invariant measure m with positive characteristic exponent. Let

f: (f,?ﬁ) — ([A,/Tﬁ)
be its natural extension. As above, lift a Riemannian metric from I to the leaves of

the Pesin unstable “foliation” of m and denote by A" the leafwise Riemannian measures.
Then

Jac f(2) = |f'(2)] . = =m(2).

Proposition 2.27 (Ledrappier [Le81, Proposition 3.6] ). The Radon—Nikodym cocycle
of the measure m on the Pesin unstable foliation with respect to the leafwise Riemannian
measure \" is given by the explicit formula

Aa@n) = U

In other words, this formula gives the densities of the conditional measures of m with
respect to the Riemannian measure A\* on the unstable leaves.

(2.28)

Again, the leafwise projective measure A~\ determines an invariant affine structure
on the (measurable) unstable foliation. In the case when f : S — S is an expanding
circle endomorphism we obtain an affine structure on the one-dimensional solenoid (the
natural extension of f). This affine structure was used by Sullivan in the one-dimensional
Renormalization Theory [MS93], [S92].

2.1.4. Leafunse forms and currents. The notion of leafwise measures can be also intro-
duced in terms of leafwise forms (see §1.3.1). Denote by V(L) = Q"(L) the space of
leafwise volume forms of £ (here n is the leafwise dimension of £), and let Vo(L) be
the subspace of volume forms with compact support. In the 2-dimensional case (n = 2),
volume forms will be also called area forms. Locally, a volume n-form can be presented
as
w=w(z,t)dey N Ndzy,

where (x,t) = (1,...,x,,t) are the local coordinates on a flow box B = B x T, and the
function (z,t) — w(x,t) is continuous in both variables. We emphasize that unlike in the
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usual definition, w is only required to be continuous (and not necessarily smooth) in the
leafwise direction. If the lamination is orientable (in particular, if £ is a 2-dimensional
lamination endowed with a leafwise complex structure), then it makes sense to talk about
positive volume forms, i.e., those for which the function w is strictly positive. Then,
obviously, there is a one-to-one correspondence

Aw > W) (2.29)

between leafwise measures with positive continuous densities A = A\, and positive volume
n-forms w = w,, and an arbitrary volume form can be uniquely decomposed into a
difference of two non-negative volume form (its positive and negative parts). A particular
case is when the lamination is orientable and endowed with a transversely continuous
leafwise Riemannian structure, in which situation the leafwise Riemannian structure gives
rise to the corresponding positive leafwise Riemannian volume forms, and the associated
leafwise measures are just the leafwise Riemannian volumes. In view of the identification
(2.29) we shall use the notation

WH L= Ay * U (2.30)

for the global measure (2.10) on X determined by a leafwise volume form w and a trans-
verse measure f.

Denote by C(L£) the dual to the space Vy(L). Elements of C(L) are called currents. [Note
that currents are usually meant to be functionals on the space of C'* forms, whereas our
space Vo(L) consists of C° forms.] The result of applying a current ¢ to a form w will be
denoted by (w, ¢). The space of currents is endowed with the topology of weak convergence
on compact sets:

= = (w,c) — (w,0) VweW(L) . (2.31)

Given a domain D on a leaf of the lamination £ denote by [D] the integration current

over D:
@ D)= [ w.

Definition 2.32. For any given transverse measure y the pairing x (2.30) determines a
continuous functional on the space Vo(L) (i.e., a current) by the formula

(W, [p]) = wxp(X).

The current [u] is called the Ruelle—Sullivan current associated with the transverse mea-
sure p [MS88]. A

Proposition 2.33 ([MS88]). The Ruelle-Sullivan current [u] is closed if and only if the
transverse measure [ 1S 1mvariant.

2.2. Measures and streams on affine and hyperbolic laminations. Let us consider
the special case of a conformal lamination £ (in particular, of an affine lamination) and the
associated scaling bundle lamination H = $)L (recall that the scaling bundle lamination
over an affine lamination is a hyperbolic lamination). We shall look at the relations
between the measures on £ and ‘H which follow from the fact that H is fibered over L
and the fibers are endowed with canonical Lebesgue measures.
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2.2.1. Lifted measures.

Definition 2.34. Recall (see §1.1.4) that given a conformal manifold M one can associate
with any measure A on M its lift X to the scaling bundle $M obtained by integrating the
Lebesgue measures £, on fibers p~!(z), 2 € M against the measure \. Given a conformal
lamination £, one can apply this construction both to leafwise and to global measures on
L. The lift of a leafwise measure A = {\} is a leafwise measure A = {\;} on H, and the

lift of a global measure 6 is a global measure 6 on H. A

We shall now define the lift of transverse measures from £ to H. Recall that the points
z of L can be identified with the fibers p~!(2z) on the leaves of H. Therefore, for any
transversal Ty of H the image T, = pT} is a transversal of £. On the other hand, in
order to pass from a transversal T, of L to a transversal Ty of H we have to take care
of the additional dimension of the leaves of H and to specify the location of the points
of Ty on the fibers p~!(2), z € T,. In particular, given a section o : £ — H, the image
o(T;) is a transversal of H.

Let now p be a quasi-invariant transverse measure of the lamination £ with modulus
A,. For any transversal T € T(H) define the measure fiy on 7" as

fr(X) = pr(pX), X CT. (2.35)
One can easily check

Proposition 2.36. The measures fip, T € T(H) determine a quasi-invariant transverse
measure [ with the modulus

Ag(h1,h2) = Au(phy, phs) (2.37)

i particular, the measure [i is tnvariant with respect to all holonomies consisting in
moving along the leafwise fibers of the bundle p.

Definition 2.38. The transverse measure fi (2.35) of the lamination H is called the lift
of the transverse measure p of the lamination L. A

Definition 2.9 then implies

Proposition 2.39. Let A\ and i be a leafwise and a quasi-invariant transverse measure
of a conformal lamination, respectively. Then

)\T,u = S\*ﬁ :
2.2.2. Conformal streams.

Definition 2.40. A conformal stream of dimension § on a conformal manifold M is a
correspondence 7 : p — 1, which assigns to any conformal metric p a (non-zero) Radon
measure 7, on M in such a way that all the measures 7, are pairwise equivalent with the
Radon—Nikodym derivatives

dny Ay

il <p> . (2.41)

dnp p

In other words, dn, ® dp~° is a conformally covariant tensor (cf. the discussion of tensor
fields of non-integer degree in [Fu86, Section 1.2.2]). We will also say that the dependence
of the measure 7, on the metric p € C is d-covariant. JAN
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Remark 2.42. Clearly, any conformal isomorphism between two conformal manifolds M
and M’ allows one to transfer conformal streams from M to M’.

The simplest example is provided by the volume stream vol, which consists in assigning
to a metric p the Riemannian volume vol,, and its dimension coincides with the dimension
of M. [We slightly abuse the notations, since depending on the context vol may denote
both the Riemannian volume vol = vol, associated with a fixed Riemannian metric p and
the volume stream vol = {vol,}, which should not lead to a confusion.] More generally,
let £ denote the Hausdorff measure on M in dimension § € (0, dim M] corresponding to a
conformal metric p. Take some closed subset X C M such that ¢ 5 |x is a non-zero Radon
measure on X (thus, HD(X) = 4, where HD stands for the Hausdorff dimension). Then
the correspondence p — ﬁg\ x is a conformal stream on M of dimension ¢ (supported on
X). Somewhat loosely, it will be called the Hausdorff stream on X.

Remark 2.43. A more traditional term would be conformal measure or conformal density,
see Sullivan [S79].

Theorem 2.44. There is a one-to-one correspondence between conformal streams n of
giwven dimension 6 on a conformal manifold M and measures 7 on the scaling bundle $HM
such that

£’ = expldT] -7, TeR, (2.45)
where & is the scaling flow on HM .

Proof. Take the conformal metric p = p, corresponding to a section ¢ : M — HM, and
put

7 = exp[—0b,] - 7, , (2.46)

where 7, is the lift of the measure 1, to M (Definition 1.31), and b, is the relative
hyperbolic height (1.34) with respect to the section o. Then, as it follows from (1.35), the
measure 7] is the same for all conformal measures p and depends on the conformal stream
n only. Since the measure 7), in (2.46) is invariant with respect to the scaling flow, the
measure 7] satisfies the relation (2.45).

Conversely, if a measure 77 on $HM satisfies (2.45), then it decomposes into an integral
of measures on the fibers of p also satisfying the same scaling condition. Therefore, the
latter measures must be equivalent to the Lebesgue measure with the density proportional
to the exponential function 7 +— exp[—07], and formula (2.46) then allows one to recover
the conformal stream from the measure 7. O

A conformal stream can be always obtained just by assigning a certain measure 7y to
a fixed metric py and then putting
-(2)
np o To

which is not very interesting. However, the point of this notion is in looking for conformal
streams with additional invariance properties (cf. §4.4 and §5.4 below).
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Definition 2.47. If F' is a diffeomorphism of M preserving its conformal structure, then
F' acts on d-dimensional conformal streams by the formula

(Fn), = F(np-1,) - (2.48)
A conformal stream 7 is called F'-invariant if F'p = 7, in other words, if the correspondence

p + 1, is equivariant with respect to the action of I’ on the spaces of metrics and of
measures. A

Clearly, the action (2.48) on conformal streams on M is conjugate to the action of F' on
associated measures on HM. In particular, a conformal stream n on M is F-invariant iff
the corresponding measure 77 on M is F-invariant. A straightforward check also yields

Proposition 2.49. A conformal stream 7 is F-invariant iff
Jacy, F' = HDFHi
for any (= some) conformal metric p.

Important examples of non-trivial conformal streams on the Riemann sphere C are
provided by the results of Patterson and Sullivan asserting that any Kleinian group or
rational map admits an invariant conformal stream of some dimension ¢ € (0, 2] supported
on its limit (resp., Julia) set X (see §5.4, [S83], [DU91a]). Note that the Hausdorff stream
on X is invariant whenever it exists (i.e., when 0 < £2(X) < oo for § = HD(X)). So,
the Patterson—Sullivan stream on X can be viewed as a dynamical replacement of the
Hausdorff stream on X, in the case when the latter does not exist.

2.2.3. Leafwise and transverse conformal streams.

Definition 2.50. A leafwise conformal stream A of dimension 6 > 0 on a conformal
lamination £ is a family of d-conformal streams \;, (see Definition 2.40) on the leaves of
L which is locally continuous in the transverse direction. A

Leafwise application of Theorem 2.44 then immediately yields

Theorem 2.51. Given a conformal lamination L, there is a one-to-one correspondence
between leafwise conformal streams \ of given dimension d on L and transversely contin-
uous leafwise measures

X = exp[—db,]\, (2.52)
on the lamination HL such that
£\ = exp[dT] - X, TeR, (2.53)
where £ is the leafwise scaling flow on HL.

Alongside with the leafwise conformal streams one can also introduce a dual transverse
notion.

Definition 2.54. A transverse conformal stream of dimension § > 0 on a conformal
lamination £ is a family of quasi-invariant transverse measures j1,, associated with leafwise
conformal metrics p and such that

dyuy N

e _ <E> . (2.55)

dpip P
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A

Remark 2.56. Note that the sign of the exponent in the right-hand side of formula (2.55)
is opposite to the sign in formula (2.41) for leafwise conformal streams. This definition
has the following motivation. Let 6 be a global measure on £ which is leafwise smooth,
and let vol = {wol,} be the leafwise volume stream. Then disintegrating the measure
¢ with respect to the leafwise measure vol, associated with a leafwise conformal metric
p provides us with a transverse measure yu, (see Proposition 2.20). As it follows from

formula (2.11), then
dpy [ dwvoly - B p_’ -
du,  \ dwol, A\ p ’

where d is the leafwise dimension of £, so that u is a transverse conformal stream of
dimension d.

The next result immediately follows from Definition 2.50 and Definition 2.54.

Theorem 2.57. If A\ and p are a leafwise and a transverse conformal streams of the same
dimension of a lamination L, then the global measure on L

V=AU =Nk,
1s independent of the choice of a leafwise metric p.

Let now A be an affine lamination. Recall that leafwise conformal metrics p = p, on A
are in one-to-one correspondence with the sections o of the fiber bundle p : H = H. A4 — A,
and we shall sometimes indicate dependence of conformal measures on sections o rather
than on the associated metrics p,. In terms of the Busemann cocycle g on $A the
definitions of leafwise and transverse conformal streams take, respectively, the form

5

cclli\:: _ (%) = exp[—(sﬁ((’? 0,)} ’ 2.58
dptor (p”,>5 = exp[08(0, 0)] . N
dity Po |

Note that by the definition of an affine lamination A its leaves are endowed with projective
Euclidean metrics, so that a leafwise conformal stream determines a leafwise projective
measure on A.

2.2.4. Parallel transverse conformal streams. For transverse conformal streams there is
yet another notion of invariance which is based on the existence of a flat leafwise con-
nection and ensuing possibility to make parallel transport of conformal metrics along the
leaves:

Definition 2.59. A transverse conformal stream on an affine lamination A is called
parallel if it assigns to any (local) parallel leafwise conformal metric p a (local) holonomy
invariant transverse measure f,. A

Remark 2.60. This notion makes sense for leafwise conformal streams as well, but the
only parallel leafwise conformal stream is the area stream.
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Formula (2.58) readily implies

Proposition 2.61. A transverse conformal stream p of dimension d on an affine lami-
nation A is parallel iff for any (= some) leafwise conformal metric p the Radon—Nikodym
derivative of the associated transverse measure [, 15

Ay, =exp[df,] | (2.62)

where B, = B, is the basic cocycle determined by the section o : H. A — A associated with
the metric p = pg.

Theorem 2.63. Let A be an affine lamination and let H = $HA be its hyperbolization.
Then there exists a natural bijective correspondence between

(i) Parallel transverse conformal streams p on A of dimension § > 0;
(ii) Transverse measures [ of the lamination H with modulus exp[df];
(iii) Absolutely continuous measures w* on the lamination H with the Radon—Nikodym
cocycle exp[0f] with respect to the leafwise hyperbolic volume vol.

Proof. We begin with a parallel transverse conformal stream p of dimension . Fix a
leafwise conformal metric p = p, corresponding to a section o : A — H and put

Ji = exploby] - fiy (2.64)

where [i, is the transverse measure of H obtained by lifting the measure 1, (see Defini-
tion 2.38), and b, is the relative hyperbolic height (1.34) with respect to the section o.
For another metric p’ and the associated section o’

Ccll’l/jj’: = ZL/;: op = exp{éﬁ(o, a’)} op = exp[é(bp/ — bp)} :

so that the measure fi is independent of the choice of the metric p. As it follows from
(2.7) and (1.34), the modulus of the measure 7 is

Ag(hy, ha) = exp|0by(ha) — dby(1)] - Az (Ra, ho)
= exp0B(ha, ha) = 68,(ph, pho)| - Ay, (phi, pho)
= exp[95(h, o) -

Now the measure
wh = vol x i , (2.65)

where vol is the leafwise hyperbolic volume, provides the sought for global measure on ‘H
satisfying property (iii).

Conversely, disintegration of a global measure on H with property (iii) gives us a
transverse measure i of H with property (ii). The restriction of & onto the transversals
of H determined by a metric p gives a transverse measure j, of 4. One can easily verify
that the family {y,} is then a parallel transverse conformal stream of dimension 6. O

Remark 2.66. Since the modulus of the transverse measure & on H is exp[d/3], under the
action of the vertical flow it transforms as

T = exp|—o0T] - [0, TeR. (2.67)
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On the other hand, the leafwise hyperbolic volume transforms as {7 vol = exp[27] - vol.
Therefore, the measure w* (2.65) transforms under £ as

fTw“:eXp[T(Q—(S)} swh vVreR.

Theorem 2.68. Let A\ and p be, respectively, a leafwise and a parallel transverse confor-
mal streams of the same dimension on an affine lamination A, and v = Axu be their
product. Then

AT =D,
and the measure © on H is invariant with respect to the vertical flow &.

Proof. As it follows from formulas (2.52) and (2.64), for any leafwise metric p

AKX = N, % [l
whereas by Proposition 2.39 and Theorem 2.57

Xp*ﬁp = Nk fly = Ak L.

The &-invariance then follows from the definition of the lift m (it can be also directly
verified by using formulas (2.53) and (2.67)). 0

2.3. Conformal streams, harmonic measures and harmonic functions.

2.3.1. Brownian motion on Riemannian manifolds. We begin with briefly recalling some
basic notions from the theory of Brownian motion on Riemannian manifolds (e.g., see
[Gr99]).

Let M be a complete connected Riemannian manifold with the Riemannian volume vol
and the Laplace—Beltrami operator A. Denote by

p(t,:c,y) ’ tGR—H .CE,yGM (269)
the fundamental solution of the heat equation, and by

dm(y) = p(t, 2, y) dvol(y) (2.70)

the corresponding transition measures. If M has uniformly bounded sectional curvatures,
then it is stochastically complete, i.e., all the measures 7, are probability ones. Denote

by

P f(a) = (L, f) (2.71)
the transition operators determined by the measures 7%. Then
Pl =2 t>0, (2.72)

so that these operators constitute a semigroup. They determine a time homogeneous
Markov process on M with continuous sample paths called the Brownian motion. As it
follows from formula (2.72), a function f on M is A-harmonic in the usual sense (i.e.,

Af = \f) iff
Plf = f for all (= some) t > 0. (2.73)
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The dual operators Q' = (P')* act on the space of locally finite measures on M by the
formula

0'6 = / 7t do(z) . (2.74)
A measure w on M is called A-stationary if
Q'w = ePw for all (= some) t > 0. (2.75)

Since the transition densities (2.69) are symmetric with respect to the coordinates x and
y, the operators P! are self-adjoint in the space L?(M, vol). Therefore, a measure w is
A-stationary iff it is absolutely continuous with respect to the Riemannian volume vol,
and its density dw/d vol is a A-harmonic function.

Remark 2.76. Formulas (2.73) and (2.75) show that A-harmonic functions and A-statio-
nary measures are the same for the Brownian motion as a continuous time process and
for its time discretization, which is a discrete time Markov chain on M with transition
probabilities 71, x € M. Tt is easier to deal with the discretization of the Brownian
motion as there we do not have to care about various problems connected with the time
continuity.

2.3.2. A-harmonic measures of the Brownian motion on laminations. Let now L be a
(leafwise) Riemannian lamination (see §1.2.2 for a definition) with stochastically complete
leaves. Then the leafwise Brownian motions piece together a Markov process called the
Brownian motion on the lamination L. Its transition probabilities are still given by
formula (2.70), but now it has to be considered leafwise, i.e., the transition density p = py,
and the measure vol = voly, in the right-hand side of (2.70) are the leafwise ones on the leaf
L = L(x) of the point z. Note that the transition probabilities of the leafwise Brownian
motion are concentrated on single leaves of £, so that they are not absolutely continuous
with respect to any measure on £ (unless £ consists of a countable number of leaves).
We shall use the same notations P* (resp., Q') for the global transition operators (2.71)
on L (resp., their duals (2.74)).

Lemma 2.77. Let 6 be an absolutely continuous Radon measure on a Riemannian lami-
nation L. Denote by Ag o1(2,y), (z,y) € graph L its Radon-Nikodym cocycle with respect
to the leafwise Riemannian volume vol. Then for any given t > 0

d;)etﬁ(x) = /Ag,wl(a:,y)dﬁi(y) for 0-a.e.x € L. (2.78)

More precisely, the measure Q'0 is o-finite iff the right-hand side of (2.78) is a.e. finite, in
which case the measures Q0 and 6 are equivalent, and the corresponding Radon—Nikodym
derivative is given by formula (2.78).

Proof. Let us consider the measure
I (2, y) = dO(x) dr.(y) (2.79)

on graph £. In probabilistic terms the measure II' is the joint distribution of the positions
of the Brownian motion on £ at times 0 and ¢ provided the initial distribution is 6 (we
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remind however that 6 is not necessarily finite). The projections ¢15(IT") of II* onto the
first and the second coordinates are, respectively

Ll(Ht) =0 s LQ(Ht) = Qt9 .

By the definition (2.79), ¢1(II*) = 6, and the conditional measures of II* with respect
to the projection ¢y are 7. Since t5(IT") = ¢y (IT*), where IT* = X(IT*) is the “flip” of the
measure II* (cf. Proposition 2.17), we obtain that the measure

Q"0 = 1p(IT") = 1, (IT")
is o-finite iff the integrals

A e.0) dnk o) (280

are f-a.e. finite, in which case (2.80) is the Radon—Nikodym derivative

du(IT) . dQ'0
dn, () ) = g )

In order to find the Radon-Nikodym derivative dII*/dII* let us also consider the “count-
ing measure”

dO(z,y) = df(z) dvol () (y)

on graph £ associated with 6 (cf. (2.16) and Proposition 2.17). Since the leafwise transition
measures 7. are equivalent to the leafwise Riemannian volume, the measures © and IT*
are equivalent, and by (2.70)

dITt dmt
— — z = p(t . 2.81
40 (x’y) dUOZL(x) (y) p( 7I7y) ( 8 )

Then by Proposition 2.17 and formula (2.81)

d1tt dilt/dO(z,y) dO©
ey = T )
dll dllt/dO(x,y) dO (2.82)
p(t,y, ) '
=" Ny o ) = Agvo ) .
p(t,:c,y) 0, l(x y) 0, l(x y)
Substituting (2.82) into (2.80) yields the claim. O

Theorem 2.83. Let w be a Radon measure on a Riemannian lamination L. Then the
following conditions are equivalent:
(i) Q'w = eMw for any t > 0;
(i) Q'w = eMw for some t > 0;
(iii) The measure w is absolutely continuous (see Definition 2.13), and its Radon—
Nikodym cocycle Ay voi(x,y), (x,y) € graph L with respect to the leafwise Rie-
mannian volume vol is a leafwise A\-harmonic function of the second argument.

Proof. (i) = (ii). Trivial.
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(i) = (iii). Since the transition probabilities 7. are equivalent to the leafwise Rie-
mannian volumes, the measure w = e~ *Q'w is absolutely continuous (see Definition 2.13).
Then by formula (2.78)

/Aw,vol(xu y)dﬂ';(y) = e)\t )

for w-a.e. © € £, which means that the functions A, ,(, ) are a.e. A-harmonic.
(iii) = (i). Follows immediately from formula (2.78). O

Definition 2.84. A measure w on a Riemannian lamination £ is called A\-harmonic if it
satisfies the conditions of Theorem 2.83. YA

Remark 2.85. The 0-harmonic measures in the sense of Definition 2.84 are precisely the
“harmonic measures” introduced by Lucy Garnett who was the first to consider the Brow-
nian motion on foliations and proved Theorem 2.83 for compact Riemannian foliations
and A = 0 [Ga83]. Our proof is completely different and is based on an argument from
[Ka98|. Note that Garnett’s choice of the term “harmonic” is explained by the fact that
by Theorem 2.83 these measures have harmonic leafwise densities. The terminology of
Garnett is by now well established, and we shall follow it. However, from the point of
view of the general theory of Markov processes it would be more natural to call these
measures stationary (cf. the above discussion of the Brownian motion on manifolds).

2.3.3. Transverse conformal streams and A-harmonic measures.

Theorem 2.86. Let A be an affine lamination and H = HA its hyperbolization. Then
any parallel transverse conformal stream p on A of dimension & > 0 determines a
A-harmonic measure w* on H with A = 6(0 — 2).

Proof. By Theorem 2.63 there is a bijective correspondence between parallel transverse
conformal streams p on A of dimension ¢ and absolutely continuous measures w* (2.65)
on ‘H with the Radon—Nikodym cocycle exp[df] with respect to the leafwise hyperbolic
volume wvol. Now, the functions exp[d3(x,-)] on a pointed at infinity hyperbolic 3-space
are \-harmonic with A = §(J —2) (one can easily check it in the upper half-space model of
H? by using the explicit formulas (1.15) for the hyperbolic Laplacian), so that the claim
follows from Theorem 2.83. O

2.3.4. Leafwise conformal streams and A-harmonic functions. We shall briefly recall the
well-known construction which allows one to associate a A\-harmonic function ®7 on H3
with A = §(6 — 2) to a conformal stream 7 of dimension § on the sphere at infinity OH?
(see [S79]). When applied to a leafwise conformal stream on an affine lamination it gives
a leafwise A\-harmonic function.

Any point h € H? determines the visual metric g, on OH? obtained by the geodesic
projection of the spherical metric on the unit tangent sphere at h onto OH?, see §5.3.1.

Proposition 2.87. Let n be a conformal stream on the affine plane P =P, = 0H?\ {q}
associated with a pointed at infinity hyperbolic space (H3 q). If for any (= certain) point
h € 'H the total mass of the measure n, = 1., determined by the stream n and the metric
Sp 1S finite, then the function

@"(h) = n,(OH?)
on H? is A-harmonic with A = 6(6 — 2).
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Proof. Take a reference point o € H?. Then by the definition of a conformal stream

)
;ZZZL(Z):(E—*OL(Z)) . VzeP,

so that

(26)) dnte).

So

»(n) = |

P
whereas by Proposition 5.32

log i—h(z) — B.(0,h)
and the assertion follows from the A-harmonicity of exp[d(3(o, h)] in h (cf. the proof of
Theorem 2.86). O

The leafwise application of Proposition 2.87 now gives

Theorem 2.88. Let A be a C-lamination, H = $HA be its hyperbolization, and X be a
leafwise conformal stream on A. If for any point h € H the total mass of the measure \j,
on the leaf L(ph) of the lamination A determined by the stream X\ and the visual metric
Sp 1S finite, then

®*(h) = An(L(ph))

is a leafwise A\-harmonic function on H with A = §(0 — 2).

Remark 2.89. In terms of the Euclidean metrics ej, on the leaves of A (see Proposition 1.38)
the function ®* takes the form
5
D)= [ () dial)
P \Ep
where ¢, is the Lebesgue area measure determined by the Euclidean metric €,; see §5.3
for a geometric interpretation of the ratio of the metrics ¢, and ¢y,.

2.4. Measures and streams on quotient laminations. As we have already men-
tioned in §2.2.2, the notion of a conformal stream is not very interesting without addi-
tional symmetry assumptions. If F' is an automorphism of a lamination £, then it acts
both on leafwise and transverse conformal streams by formula (2.48), and similarly to
Proposition 2.49 we have

Proposition 2.90. A leafwise (resp., transverse) conformal stream A (resp., p) on a
conformal lamination L is F-invariant iff, respectively,

Jacy, F = ||DF| ,
Jac,, F = ||DF|°
for any (= some) conformal metric p.

Let now A be an affine lamination. All the constructions in §2.2 and §2.3 are invariant
with respect to the group of automorphisms of A. More precisely,

Theorem 2.91. Let G be a group of automorphisms of an affine lamination A, and let
A and p be, respectively, a G-invariant leafwise conformal stream of dimension dy and a
G-invariant parallel transverse conformal stream of dimension 6,. Then
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(i) The leafwise measure X, the transverse measure [, the 6,,(5,—2)-harmonic measure
wt = wvolx[i, and the 55(0y — 2)-harmonic function ®* on the hyperbolization
H = 9HA are all G-invariant;

(ii) If 6y = 6, then the global measure v = A on A and the associated §-invariant
global measure \xJi = © on H are also G-invariant;

(iii) If the group G acts properly discontinuously on the hyperbolization H (but not
necessarily on the lamination A itself!), then the 6,(6, — 2)-harmonic measure
wh = vol % i and the 65(5y — 2)-harmonic function ®* on H descend, respectively,
to a 6,(8, — 2)-harmonic measure wh, and a §,(6x — 2)-harmonic function ®),
on the quotient lamination M = Mg = H/G. Moreover, if 6y = d,, then the
measure U descends to a &-invariant global measure U on M.

3. LAMINATIONS ASSOCIATED WITH RATIONAL MAPS

3.1. Construction of the affine lamination. We will proceed with briefly recalling
the construction of laminations (affine and hyperbolic) associated with a rational endo-
morphism f of the Riemann sphere C [LM97]. Below we shall always deal with the same
f and often omit it from our notations.

3.1.1. The leaf space. Let N'= N} be the space of backward trajectories
z= {...,2_1,2()}

of f, where fz_, = z_,.1, and denote by f : N — N the natural extension of f obtained
from the coordinate-wise action of f on N, i.e.,

J?»?: o fea fea fooy =1 221, 20, f20} -
The space N is compact in the product topology (below we shall refer to this topology
as turbulent), and f is a homeomorphism of A/. The projection

m:zZ2={...,2.9,2.1,20} — 2o (3.1)

from N onto C semi-conjugates f to f. Forn € Z let
T(2) =mo fY(3) = 2, .

A point Z = {...,2.1,20} € N is called regular if starting from a certain integer
N = N(2) there exist neighbourhoods U_,, n > N, of z_, in C such that f maps
univalently U_,, onto U_, ;1. The reqular part R C N consists of all such points. The
path connected component of R containing a point Z € N will be called the leaf of Z
and denoted L(Z). The projections w_,, n > N, determine a conformal (= Riemann
surface) structure on L(Z), and the map f acts conformally between the leaves. However,
in general the conformal structure on the leaf L(Z) does not depend continuously on z
(in the turbulent topology of N), so that the arising leaf structure does not make R a
Riemann surface lamination. In the absence of this continuity we call R just a leaf space.

A backward orbit E = {(_n}nen is called critical if it passes through the critical set
C(f), in which case m(C) = ( belongs to the posteritical set Cso(f) (see the list of
definitions in §0.1). The restriction of the projection 7 onto a single leaf L(Z) branches at
critical backward orbits. Given a path ¥ C C\ Cy, with endpoints z,( € C, any backward
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trajectory Z = {...,z_1, 29 = 2z} can be analytically continued along this path (a lift of ¥
to N). We say that the resulting trajectory ¢ = {...,(_1,(o = (} is obtained from Z by
the holonomy along 9. Thus, we have the holonomy transformation

Hy: 7' (2) — 77 1C). (3.2)

Obviously, it is continuous. Note also that if a lift of 9 is reqular, i.e., if it is contained in
R, then it is contained in a single leaf L(Z).

It is proven in [LMO97] that any leaf of R is either a Herman ring, or is conformally
equivalent to either the hyperbolic plane H? or the parabolic plane C. In the latter two
cases the leaves are called hyperbolic and parabolic, respectively. Any parabolic leaf has a
unique affine structure compatible with its conformal structure.

In the case when f is a Chebyshev polynomial or a Lattes rational map, there is a
special invariant parabolic leaf, Ly = L(@), corresponding to the postcritical fixed point
«. This leaf is isolated in the lamination which we are constructing (see [LM97, §5.4]).
For this reason, it is convenient to remove it from the space. Let A" be the subset of R
consisting of all parabolic leaves, except for the special leaf Ly. The set A" is f—invariant,
and f acts affinely between the parabolic leaves. Once again, the leafwise affine structures
do not have to be transversely continuous in the topology of V.

3.1.2. The laminar topology. Let us consider the “universal” space U of all non-constant
meromorphic functions on C with the metrizable topology of uniform convergence on
compact sets (cf. below §3.3.4). The space U is foliated into the orbits of the right action
@ — o A of the group Aff of complex affine maps A : C — C. The map f acts on U on
the left as o — fop. Let
K=/
n>0
be the “global attractor” of f in U, and

K={@={p-ntnzo:¢n €U ¢ ni1=Fopn}

be its “natural extension” (the inverse limit of the system ... Lok L ). The set K

is still naturally a leaf space with leaves being the orbits of the right action of the affine
group. Then factorizing K with respect to the right action of the multiplicative group
C* C Aff gives the universal orbifold affine lamination A associated with the map f.
We shall call the topology on A laminar (recall that it is determined by the uniform
convergence of meromorphic functions on compact sets; therefore it is perhaps not always
locally compact, cf. the discussion in §3.1.7). The natural lift of f to K is an affine

I~

automorphism which will be also denoted by f.

There is a laminar embedding of A™ into A which is equivariant with respect to the
action of f. Indeed, if

Y (L(2),2) — (C,0) (3.3)

is an affine chart on the leaf L(2) of a point Z € A", then the sequence of meromorphic
functions

O p=m_potp ' :(C,0)— (C,z_), n>0, (3.4)
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is an element of K. Any other affine chart (3.3) has the form
W=\, AeCr

which means that Z determines a well-defined sequence in A. Thus, we have an embedding

L A" — A (3.5)
Put

Al=1A"C A.

We emphasize that although A" and A' are identified via the embedding ¢ as sets, their
topologies are, generally speaking, different (the laminar topology is a priori finer than
the turbulent one, i.e., it has more open sets), which is why we use the superscripts n

and [ referring to the turbulent topology coming from the natural extension N and to the
laminar one coming from the universal affine lamination A, respectively.

One can write down an explicit formula for the normalized meromorphic function
© = o (3.4) representing a point z = {z_,}neny € A". Let the number R_, be de-
termined by the condition that the disk D(z_,, R_,) is mapped by f™ onto a domain of
spherical area 1 (counted with multiplicity). For a point 2z € C, let

p-n: (C,0) = (C,2_,)

denote a rotation of the Riemann sphere moving 0 to z_,,. The map p_,, is defined up to
pre-composition with rotations u — > u.

Lemma 3.6. There exists the limit
p(u) = nhjglo [ (p—n(R_pu)) , (3.7)

where the convergence is uniform on compact sets after selecting an appropriate sequence
of rotations p_, (so that ¢ is naturally well-defined up to pre-composition with rotations
U — 627TZHU).

Proof. This is a version of [LM97, Lemma 4.7], which differs in the normalization of ¢
and the way of writing the formula. The proof is the same. O

Lemma 3.8. The inclusion ¢ : A — A is Borel.

Proof. Since the expression under the limit (3.7) is a meromorphic function depending
continuously on z, the dependence of ¢ on z is Borel. Now, the inclusion ¢ : A" — A is
given by the map

Z = {Sofn}neNa

where ¢_,, represents f ~"Z. As every component of this map is Borel, the map is Borel
as well. a

Finally, by taking the closure of A" in the laminar topology of A we make leafwise
affine structures continuous and obtain an (orbifold) affine lamination A. The restriction
of the f—action from A onto A provides us with an affine automorphism on A, which
continuously extends the f-action on A! (and will still be denoted as f). We shall denote
points in A by z, reserving the notation Z for the points of the natural extension N.
Denote by L4(z) the leaf of the affine lamination passing through a point z € A.
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Alongside with the embedding ¢ : A" — A (3.5) there is also a natural projection
p:A— A=A
equivariant with respect to the f—action. The composition
ntop: A—C

extends the projection 7 : A" — C (3.1) and is also denoted by 7. [When it can lead
to confusion, we will specify the notation as my or m4.] In terms of the sequences of
meromorphic functions ¢ it takes the form

T @ ={pn}— ¢o(0) .

3.1.3. The Julia sets. The Julia set J = J(f) C C can be lifted via the projection 7 to all
the spaces A/, A", A' and A under consideration. Accordingly, we will use the following
notations:

o J = 7t J C N, for the natural extension of J;

o 7" =J N A", for its affine part supplied with the turbulent topology;

o Jl=1(J") C Al for its affine part supplied with the laminar topology;

e and finally: J =cl(J!) = 7'J C A.
All these Julia sets are closed in /:che corresponding spaces. If we wish to emphasize the
dependence on f, we will write Jy, J}', etc.

3.1.4. The dual fibration. For a point z € A with 7(2) = z € C let
T(z)=T.=n'2CA

be the fiber of the projection A — C passing through z. In the case when z € A!, we
will also consider the corresponding fiber in A':

T(2)=T.=T.n A"

Clearly, 7 . is the closure of 7, in the laminar topology. We will call these fibers dual (to
the corresponding laminations). The associated partitions of A and A’ into the dual fibers
will be referred to as the dual fibrations. Note that we are slightly abusing terminology
here: these fibrations are not locally trivial over C.

The dual fibration is clearly forward invariant:

fT.cT;. VzeC.
Forn e N,( = z_,, we let
T(2)=T7 = I'T; < T(2), (3.9)

and similarly for 7" (z) = T, see Fig. 6. Below we shall often refer to the sets 7" (2) or
T"(z) as the rank n cylinders in 7 (z) (resp., in 7 (2)).

For a given z € A! the cylinders 7"(z) are closed and open in the fiber 7 (z), and form
a basis of its turbulent topology. If n is fixed, then they form a finite partition of 7 (z),
and these cylinder partitions increase as n grows (i.e., the next partition is a refinement
of the previous one). If 7(z) is not postcritical, then 7 (z) consists of precisely d" rank n
cylinders. Analogous statements are valid for the fibers 7 (z) as well.
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FIGURE 6

The cylinder partitions of a fiber 7(2), z € A! separate its points, and Lemma 3.8
yields:

Corollary 3.10. Given a point z € A', any Borel measure on the fiber T (z) is uniquely
determined by its values on the cylinders T™(¢), ¢ € T(z).

3.1.5. Flow bozes. The presence of the dual fibration is a very important feature of the
affine lamination .4 which allows one to define a special class of flow boxes adapted to the
dual fibration.

The base of affine (orbifold) flow boxes of A described in [LM97] has an additional
property that their transversals belong to vertical fibers and that the orbifold group
commutes with the projection . Such flow boxes will be called product flow boxes. A
product flow box B admits a family of dual holonomies Vi which map one local leaf
to another by sliding along vertical fibers. These dual holonomies commute with the
dynamics. Note that the dual holonomies match on the intersection of any two product
flow boxes, so that in the sequel we can omit the subscript B in the notation of the dual
holonomy.

The base of flow boxes of the lamination A' can be selected even in a more special way
[LM97, §7.5]. For these boxes ¢ : B — B x T, B C Al, the local leaves B; = B properly
cover some topological disc D C C with degree b > 1 and branching over at most one
point £ € D. Then for each fiber 7,, z € V' \ {{} the intersection 7, N B is a union of
b disjoint transversals T,, ¢ = 1,...,b, where (; € B are the preimages of z under the
covering map B — D. We will call such local charts and the associated transversals T
standard. In the case when b = 1 the flow box B will be called univalent.

If 2= {2_,}nen € A'is not a branched point on its leaf L(Z), then the laminar topology
at Z has a basis consisting of univalent flow boxes of the following type: for a neighborhood
U > zy admitting a univalent pullback {U_, },en along the backward orbit {z_,} and a
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number m € N let

On(z,U) = {EE A ¢, eU_,, and (311)
U admits a univalent pullback along E } . '

We put O(2,U) = Oy(z,U).

Remark 3.12. We have considered two different notions of holonomy on A’: the holonomy
Hy along a path ¥ C C\ C. (see (3.2)), and the laminar holonomy (coming from the
laminar structure of A'). These two notions are easily seen to match. Indeed, consider a
standard flow box B over D C C with branching degree b, and take a path ¥ C D \ Cy
with endpoints z, (. Then the holonomy Hy along this path maps 7, N B onto 7. N B in
such a way that each of b transversals composing 7. N B is mapped onto some transversal of
T: N B, so that the path holonomy induces the laminar holonomy on standard flow boxes.
Conversely, the laminar holonomy between two standard transversals in a standard flow
box is always induced by the map Hy for an appropriately chosen 9.

3.1.6. The hyperbolic lamination. Applying the hyperbolization functor $) described in
§1.2.3 to the C-lamination A we obtain an (orbifold pointed at infinity) H3-lamination
H = $HA. The extension of the action of f to H will be also denoted f (it acts by
isometries between the leaves of H). The action of J? on ‘H is properly discontinuous
[LM97, Proposition 6.2]. Hence the quotient

M=M;=H/f (3.13)

is Hausdorff and inherits the structure of an (orbifold pointed at infinity) hyperbolic
lamination. Countably many leaves of M (the cyclic quotients of the f-periodic leaves of
H) are either (orbifold) solid tori, or (orbifold) cusps (see §1.1.3). All the other leaves of
M are isomorphic to the hyperbolic space H?.

The vertical flow £ and the horosphere foliation on H descend to a quotient flow (also
denoted by £) and the associated horosphere foliation on M. Note that the action of £
on ‘H is in a sense dual to the dynamical action of f (see [LM97, §6] and the discussion
in §5 below).

Remark 3.14. As in the case of Kleinian groups, the proper discontinuity is the point of
introducing the 3-dimensional extension, which allows one to take the quotient and to
construct a nice geometric object. As it follows from Proposition 4.6 below, the f—action
is never properly discontinuous on the 2-dimensional affine lamination A. However, this
action is totally discontinuous on the Fatou set F = A\ J, so that one can quotient it.
It adds a 2-dimensional boundary to “geometrically finite ends” of M (cf. §5).

3.1.7. The germ topology.

Definition 3.15. The rational function f (and the corresponding laminations A, H) is
tame if the laminations A and H are locally compact, and wild otherwise. JAN

Interesting tame examples are given by Feigenbaum maps or, more generally, by maps
with minimal postcritical set: in this case A = A". Another class of tame examples are
maps with non-recurrent critical points on the Julia set (“geometrically finite maps”).
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However, we do not know whether the laminations A and H are always tame. This
is the reason why, along with the turbulent and the laminar topologies on A, we will
also consider an intermediate germ topology. We shall first define it on the space U of
meromorphic functions.

Definition 3.16. A sequence of functions f,, € U converges to a function f € U in the
germ topology if there exists a neighborhood D 3> 0 such that ¢,, converges to ¢ uniformly
on D. A

Therefore, the completion of the space of meromorphic functions in this topology is
the space of germs of analytic functions at 0. Although the germ topology is not metriz-
able, it is compatible with the natural complete uniform structure (coming from the
linear structure on the space of meromorphic functions), and we shall use the notation
germ(¢n, ¥,) — 0 for convergence with respect to this uniform structure.

Definition 3.17. A set of meromorphic functions is normal at 0 if it is normal on some

neighborhood D 3 0. A

Obviously, the notions introduced in Definition 3.16 and Definition 3.17 carry over to
the space U /C* and further to A (see §3.1.2). The following Lemma makes precise the

intuitive view of the dual fibers as “stable submanifolds” of f .

Lemma 3.18. Let X, C A be two normal subsets. Take two points z,{ € Y on the
same fiber T,, z € J. Assume that the leaves L(z) and L({) have the same branching
over z, and let f”kz € X. Then uniformly over Y
germ(f™z, f¢) — 0.
Proof. (cf. the proof of [LM97, Proposition 8.6]). Let z and ¢ be represented by sequences
{¢_n}nen and {¢_, }nen of meromorphic functions, ¢(0) = 1(0). Since f™z € X, where
X is normal, there exists a disk D > 0 and a sequence of scaling factors A\, € C* such
that the functions
(I)kEfnkO(pOO)\k

form a normal family on D. Since z € J, the family of iterates f™ is not normal near z.
Hence A\, — 0.

By the hypothesis ¢y and ¢y have the same order of vanishing at 0, and, moreover, we

may assume that ¢y and ¢y are normalized in such a way that the leading coefficients of
their Taylor expansions at 0 are equal. Then

Yo 0 Ak = o © A © hy
where hy are conformal maps converging to identity uniformly on any D’ € D. Applying
f™ we obtain
Uy = f™ othg o Ay = Py 0 Iy
Since the family @ is normal, the spherical distance between ®x(z) and Wi (z)) tends
to 0 uniformly on D’, and this convergence is also uniform over a normal at 0 family of
functions .
Take now any m € N. Then

fnko(;o—m:fnk_mowO)
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and similarly for ¢. Since X is normal, for appropriate scaling factors A, ; the family of
functions

ng—m
(I)m,k = f . SEZIRS )\m,k

is normal on some disk D,, > 0. Repeating the above argument we conclude that the
distance between @, and ¥, ; goes to 0 as k — oo uniformly on any D), € D,, (and
uniformly over a normal at 0 family of functions ¢_,,). This proves the claim. O

3.2. The Busemann and basic cocycles of a rational map.

3.2.1. Dynamical formula for the basic cocycle. For simplicity we shall use the notation
Z, = ]?”z , neaz,

for the f—orbit of a point z € A. Recall that f denotes both the action on A and on its
extension H. Iterating (1.66) we obtain

Lemma 3.19. Let 0 : A — H be a section of the fiber bundle p : H — A. Then for any
n >0

~

" IDf(zk)lo

o ) - Mo —nyS—n) = 1 —_————

0otz Q) = Bz G = 2 low R )L

g IPF e _ DT Ol
1D (¢ )l IDf(2)|ls

Definition 3.20. A section o : A — H is called special (for the lack of a better term) if

(i) f ~1 is locally uniformly contracting in the metric p,, i.e.,
IDF " (2)le =0, n—oo,

and the convergence is locally uniform;
(ii) The cocycle 3, is uniformly continuous with respect to p,, i.e., for any € > 0 there
exists a 6 > 0 such that

po(2,8) <0 = B,(2,{)<e  V(z,() €graphA.
A

Remark 3.21. For the needs of further applications condition (ii) above can be replaced
with the following stronger condition:

(i") The cocycle [, is Lipschitz continuous with respect to p,, i.e., there is a constant
C' > 0 such that

185(2, Q)| < Cpo(2,€) V(z,¢) € graph A .

Note that by passing from the section o to the rescaled section o, = C'o,, we may always
assume that C' = 1.

An example of a special section (actually, it will satisfy the stronger Lipschitz condition
(i")) will be constructed in §3.3 below.
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Theorem 3.22. If 0 is a special section, then for any (z,¢) € graph A

S Dl
$) =2 loe ||Df(C ol (328)

and the convergence of the series is locally uniform.

Proof. Condition (i) of Definition 3.20 implies that

po(Z-—n,¢_,) — 0 V(2,{) € graph A .

Therefore,
Bo(2 0, ¢_0)| = 0
by condition (ii), and Lemma 3.19 yields the claim. O

Remark 3.24. The right-hand side of formula (3.23) measures the limit distortion of the
metric p, by f along its backward trajectories.

Remark 3.25. Formula (3.23) is closely related to the Anosov—Sinai formula for the leaf-
wise density of an absolutely continuous invariant measure m on the unstable foliation
[AS67], [Le81]. This relation becomes explicit in the one-dimensional case when the above
densities determine an invariant affine structure on the unstable foliation. Then the basic
cocycle (3, can be identified with the Radon-Nikodym cocycle of m, see §2.1.3.

3.2.2. Non-triviality of the Busemann cocycle. Since the map f acts as isometry between
pointed at infinity hyperbolic leaves of H, the leafwise Busemann cocycle 3 is f—invariant.
Hence, it descends to a cocycle on the quotient M = H/ 7 (3.13), which will be also
denoted by [.

This cocycle is clearly non-trivial on the (countably many) leaves of M associated with
repelling periodic orbits (solid tori; see §1.1.3 and §3.1.6). Let us remove these leaves
from M and denote by M’ what is left (so that all the leaves of M’ are pointed at infinity
hyperbolic 3-spaces). Correspondingly, denote by H' C H the preimage of M’ under the
factorization map H — M = H/ f, and by A’ the associated subset of A.

The next result easily follows from the existence of special sections (Theorem 3.30).

Theorem 3.26. The Busemann cocycle on M’ is non-trivial in the Borel category.

Proof. (cf. the proof of Theorem 5.26). Triviality of the Busemann cocycle on M’ means
that there exists a Borel f-invariant function ¢ on H’ such that

B(hyi, hy) = p(hs) — p(h1) . (3.27)

In other words, ¢ determines a global f—invariant “hyperbolic height” on H'. Take a
special section o, and put

b(z) =p(0(2)), zeA.
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Then, as it follows from (1.67), (3.27) and f-invariance of the function ¢, for any z € A’

~

log | DF"(2)]ls = B(o(F"(2)), F"(0(2)))
— o (F(0(2)) = o (o(F(2)))
= ¢(0(2) —p(0(z-n) = B(2) — 0(2,) .
Therefore, by Definition 3.20(i)
b(z) —P(2_,) — —00 Vzed, (3.28)

n—oo

Now take any f—invariant Borel probability measure 6 concentrated on A’ (for instance,
the balanced measure K, see §4.1.1). Then by the Poincaré Recurrence Theorem for 6-
a.e. z € A there exists an infinite sequence {n;} such that ®(z) — ®(z_,.) > 0, which
contradicts (3.28). O

Corollary 3.29. There exists no Borel FEuclidean structure on M’.

3.3. An example of a special section. We shall now give an example of a section ¢ for
which the conditions of Definition 3.20 are satisfied and the “dynamical formula” (3.23)
holds. The rest of §3.3 will be devoted to a proof of the following

Theorem 3.30. For any rational function f the fiber bundle p : H — A has a special
section.

3.3.1. Normalization of meromorphic functions. Recall (see §3.1.2) that any global affine
chart

77b : (LA(Z)7'Z) - (C70> (331)
on the leaf L 4(z) determines the Euclidean structure £(¢) and a meromorphic function
p=mot L (C,0) Y (La(z),2) == (C,2), z=n(z). (3.32)
Any other affine chart ¢’ (3.31) has the form
=X, AeCr,

and the corresponding Euclidean structure (') and the meromorphic function ¢’ =
o/ ! are

e@) =Ne@),  ¢w)=pw/A). (3-33)
Thus, choosing the value o(z) of a section ¢ : A — H at the point z amounts to

“normalizing” the family of functions {¢(w/A)}, A € C* (cf. Lemma 3.6).

Given a meromorphic function ¢ : C — C and a subset X C C let

1. %) = [ D¢l eu

be the spherical area of the image X counted with multiplicity, where the norm of the
differential Dy is taken with respect to the Euclidean metric on C and the spherical one
on C. If X = D(z,r) is the disk of radius r centered at a point z € C, then we use the
notation

I(p,z,7m) = I(gp,]D)(z,'r)) .
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By R(y, z) denote the radius uniquely determined by the relation
](cp, z,R(gp,z)) =1.

If z = 0, we shall usually omit it from these notations. Also, when it is clear from the
context, we shall often omit the function ¢.
Obviously, for the rescaled function ¢'(w) = ¢(w/A), A € C*

) =1 (so, w) R = MR (3.34)

3.3.2. Construction of a special section. For any affine chart (3.31) and the corresponding
meromorphic function (3.32) define a Euclidean structure

)

R(p)

on the leaf L4(z). By (3.33) and (3.34) it does not depend on the choice of 1, which

provides us with a section o : A — H. In other words, we take on L 4(z) such an affine disk

D centered at z that the spherical area of w(D) (counted with multiplicity) equals to 1,

and then define o(z) as the Euclidean structure on L 4(z) for which the radius of D is 1.

Since the topologies on A and H are induced by uniform convergence of meromorphic
functions on compact sets, the section o is continuous.

The cocycle (3, associated with the section o (3.35) can be also calculated as follows.

Take an arbitrary affine chart

(3.35)

¢ : (L.A7z7C) - (C7Z7C) )
and let ¢ be the corresponding meromorphic function (3.32). Then
poo W) )
R(yp, 2) R(e, ()
and

o 0e o R(e,Q)
Bs(2,€) = log e log Rig.2)

3.3.3. Proof of Theorem 3.30. Now Theorem 3.30 would follow from

Lemma 3.36. The above constructed section o (3.35) is special.

Proof. We shell check two conditions of Definition 3.20.
(i). Take an affine chart (3.31) and the corresponding meromorphic function (3.32).
For an integer n > 0 let

o =0 [ (La(zon), 2-0) = (La(2),2) = (C,0)
and
go_nzﬂod):,ll:ﬁ_nol/}_l .
Then



60 VADIM A. KAIMANOVICH AND MIKHAIL LYUBICH

so that

IDF i, = L0 = O

Now, by the Shrinking Lemma (see [LM97, Appendix 2])

diamp_,(D) — 0

n—oo

for any disk D C C, so that
I(p_p,7) —0 Vr>0.

Therefore, R(p_,) — 0.

Let D € D' and a meromorphic function ¢ (associated with a leaf of A) be uniformly
close to ¢ on D’. Then the functions ¢_,, have uniformly bounded degree of branching on
D’ (by the definition of the topology on A, see [LM97, §7.3]). By the Shrinking Lemma,
diam @_,, (D) — 0 uniformly with respect to @. This yields locally uniform contraction.

(ii). We will show that the cocycle (3, is Lipschitz continuous with respect to the metric
po (see Remark 3.21). Take an affine chart

77/} : (thva) - (C727€) )

let o = To1! and R(z) = R(p, z). Then by the definition of the functional R neither
of the disks B(z, R(z)) and B((, R(¢)) can be contained in the other one, so that

R(z) - R(C)| < 2= ¢l -
Dividing by R(z), we obtain

o
b——fgu—cu,

9¢

where |z — (|, is the distance between the points z and ¢ in the Euclidean structure o.
Since o is continuous, it implies that for any fixed z and any € > 0

B0(2,¢)| = < (1+¢€)ps(2,¢) (3.37)

(o
log —=
g¢

for all ¢ sufficiently close to z.

If z and ¢ are not close, join them with an almost geodesic curve ¥ of Riemannian
length at most (1 + ¢) p,(z,¢). Subdivide ¥ into small pieces by points z; = 9J(¢;) such
that (3.37) is satisfied for any two consecutive points. Since

> po(zi, ziv1) < length(¥) < (1 +€)po(2,¢),

(3.37) is satisfied for z, ¢ as well, with the constant (1 + €)%, As € > 0 is arbitrary, the
section o satisfies the Lipschitz condition with the constant C' = 1. O

Remark 3.38. Instead of the functional I(p,z,7) (the spherical area of the image
wB(z,r) taken with multiplicity) used in the definition of the section (3.35) we might
just take the simple spherical area without worrying about the multiplicities. However,
we prefer to take multiplicities into account for several reasons: the arising functional [
is a natural characteristic of a meromorphic function which is used, for example, in the
Nevanlinna theory; the functional I has a better geometric interpretation as it comes from
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pulling back the spherical area to the leaves of A; finally, we need the functional I for
Lemma 4.42 and Lemma 4.46 below anyway.

Remark 3.39. It might be tempting to use the normalization ¢’(z) = 1 instead of the
above one. It would work fine in the hyperbolic case. In general, however, it is not well-
defined at the critical points of ¢ and the corresponding section ¢ is not continuous. This
would have caused many technical troubles in what follows.

3.3.4. Metrization of A. The above normalization allows one to endow the lamination A
with a natural metrizable uniform structure. Let us go through the construction of A
from §3.1.2. We will use the same notation, dist, for various metrics which appear along
the way.

The space of meromorphic functions, being a topological vector space, possesses a
natural uniform structure. Let us endow it with some metric compatible with this uniform
structure. For instance, given two meromorphic functions ¢ and v, let

dist,, (@, ¥) = sup s(p(2),¥(2)) ,

|z[<n

where ¢ is the spherical metric on C, and let

o0

dist(p,9) = > Q%diStn(% V)

n=1

(note that the diameter of the metric dist is 1). This induces a metric on the space of
normalized non-constant meromorphic functions

U ={pel: R(p)=1}.

Let us represent the group C* C Aff as the direct product R* x S*, where R* is the
group of scalings and S* is the group of rotations. The group R* acts properly and free on
U, so that we have a principal R%-bundle &/ — U /R* . This bundle is, in fact, trivial, as
it has a global section associating to ¢ mod R* the normalized representative ¢(e'z) € Up.
Thus, U /R% ~ Uy, and we can transfer the metric from Uy to U/R*.

The unit circle S C Aff acts (isometrically) on U°, and the above metric descends
to the quotient U°/S' ~ U/C* by taking the minimum-distance between two orbits.
It induces a metric on the global attractor IC/C*. It can be now lifted to the natural
extension K/C* as

o0

1
— dist(¢_, mod C*,9_,, mod C*) .
2n

n=0

Since A C K mod C*, we obtain a desired metric on A.

Remark 3.40. The reader can check that all the metrics obtained in such a way determine
the same uniform structure on A. Of course, this construction works for the space H as
well (just skip the step of factorization by S!).

3.4. Dual basic cocycle.
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3.4.1. Forward expansion. Let us consider the leafwise Riemannian metric p = p, asso-
ciated with the special section o constructed in §3.3. We shall show that the forward
iterates of f expand p on the Julia set.

Lemma 3.41. The map f : A — A is (locally uniformly) forward expanding on the Julia
set J with respect to the Riemannian metric p, i.e., |Df"(z)||, — 0o as n — 400 locally
uniformly in z € J.

Proof. By the classical expanding property of f on its Julia set J (for example, see [Ly86,
Theorem 1.15]), for any disk D(z, ) with z € J there exists a number N depending on ¢
only such that the spherical area of f"D(z,¢) is greater than 1 for all n > N.

Let ¢, : (C,0) — (C, 2) be the normalized meromorphic function representing the point
z, where z = w(z). Obviously, there is a neighborhood U = U(z) C A such that the
family of functions ¢¢ representing points ¢ € ¢ form a normal family on . Hence for
any r € (0,1) there exists € = ¢(r) > 0 such that ¢¢(D,) D D((,¢) for all { € U (where
¢ = Q).

By the above expanding property, for ¢ € Y N J and n > N, the spherical area
of w(f™ o pe(D,)) is greater than 1. Therefore, |Df™(¢)||, > 1/r, and the conclusion
follows. O

3.4.2. Vertical distortion. We will now study how the dual holonomy V (see §3.1.5)
distorts the Riemannian metric p. The notation dist below stands for any metric on 4
compatible with its uniform structure, see §3.3.4.

Lemma 3.42. Consider a product flow box B = B x T and the dual holonomy
V' : By — B, between two leaves of B. Then

1D,
I1Df(V2)ll,
where C'= C(B) depends on B only, and C(B) — 0 as diam B — 0.

< C-dist(t, 1) < C zeJNB, (3.43)

Proof. Consider the normalized meromorphic functions ¢ and ¢ representing the points
z and ¢ = V/(z) respectively, where ©(0) = 1(0) = z = m(2). Then the point f"z is
represented by the normalized function f™ o ¢ o A,, where A, = ||D f"(z)”;l — 0 by
Lemma 3.41. Consider the disk D,, C L(z) of radius A, centered at z. Since A, — 0, the
disks D,, eventually belong to the local leaf of B containing z. By the Schwarz Lemma,
the dual holonomy is Lipschitz with respect to the leafwise Riemannian metric p on B.
Hence the sets A,, = V(D,,) C L({) are trapped between the round disks of radii C'A,, and
C~1\, centered at ¢, where the constant C' depends only on B. Hence I(f” o, C\,) > 1,
while I(f™ o1, C~'\,) < 1. Tt follows that

CT DT, < OO (3.44)
Moreover, the Lipschitz constant C' of V' goes to 0 as dist(¢,7) — 0, so that (3.44) is
equivalent to the desired estimate (3.43). O

Let [|[DV]|, stand for the norm of the derivative of the dual holonomy with respect to
the Riemannian metric p.
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Lemma 3.45. Consider a product flow box B, and take two points z € BN J and
¢ :AV(Z) EAB N J in the same dual fiber of B. Let V, be the dual holonomy such that
Vo(frz) = f*C. Then |DV,||, — 0, uniformly over the choice of points z and .

Proof. Consider the disk D? C L(z) centered at z such that 7(f"D?) has spherical area 1
counted with multiplicity and the analogous disk D¢ for ¢. By the above expanding
property (see Lemma 3.41) the radius of D7 goes to 0 as n — co. By the Koebe Distortion
Theorem, V' (D?2) is a small oval with a small distortion. Hence it is trapped between the
two copies of the disk D¢ scaled by the factors A, > 1 and A, ! respectively, where )\, — 1
uniformly over the choice of points z and ¢ under consideration.

Consider now the uniformization 72 : (C,0) — (L(z),z) of the leaf L(z) such that

72(D) = D7, and the analogous uniformization 7¢ for ¢. Then the uniformizations

" = fo~" and Yg = fro 7¢ of the leaves L(f"z) and L(f"¢) are normalized. Hence
|DVoll, = [#,,(0)], where ¢, is determined from the diagram: V;, o 47 = 9¢ o ¢,,, which
is equivalent to: V o~y = ¢ 0wy,

It follows that ¢, (D) is trapped between the disks of radius A, and \;;! centered at 0.
By the Schwarz Lemma, A ' < |4/ (0)| < \,,, and we are done. O

3.4.3. Definition of the dual basic cocycle. We are now ready to introduce the forward
basic cocycle a, associated with the metric p.

Theorem 3.46. Consider a product flow box B and take points z € BNJ and ¢ =
V(z) € BNJ in the same dual fiber of B. Let z,, = f” .6, = — f*¢. Then

1s well-defined and continuous.

Proof. Consider the dual holonomies V,, from Lemma 3.45. Then f” oV =V,o0 f” and

hence
HDf”( )Hp
DV S AL AL Vill, .

By Lemma 3.45, the expression in the right- hand side locally uniformly converges to the
infinite product in the right-hand side of (3.47), and the conclusion follows. O

Thus, the expression (3.47) determines a locally continuous cocycle a,(z, ) which will
be called the dual basic cocycle.

3.5. Euclidean laminations. An affine lamination is called Fuclidean if its affine struc-
ture can be refined to a Euclidean one, which means that there exists a continuous family
of leafwise Fuclidean structures consistent with the leafwise affine structures, see §1.3.2.
Etienne Ghys has shown that non-Euclidean affine laminations (even smooth foliations)
exist [Gh97] (in contrast with the negatively curved case [Ca93]; see also the discussions
in [Gh99] and in §5.6 below). We shall now prove that the dynamical affine lamination
A = Ay is never Euclidean, except for very special cases.

Recall that a rational function f is called postcritically finite if the forward orbits of all
critical points are finite. To any postcritically finite map one can associate a Thurston
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orbifold Oy with underlying space C and singularities at the postcritical points (see [Th],
[DH93]). Its Euler characteristic is non-positive: x(Of) < 0. The orbifold Oy is called
hyperbolic if x(Of) < 0 and parabolic otherwise. The parabolic case is very special: up
to a Mobius conjugacy, only power functions z — z¢, Chebyshev polynomials, and Lattes
rational maps have parabolic orbifolds.

By [LM97, Proposition 7.6], the lamination Ay is minimal, i.e., all its leaves are dense.
[Note that this claim is true without any restrictions on f as we have already taken care
of the Chebyshev and Lattes cases by removing the isolated leaves from the corresponding
laminations, see §3.1.1.]

Theorem 3.48. The affine lamination A = Ay is Euclidean if and only if the function
[ is posteritically finite and the Thurston orbifold O = Oy is parabolic.

Proof. Postcritically finite rational maps with parabolic orbifolds can be characterized by
the following property:

If f(z) = f({), then the local degrees of f at z and ( are the same, except
if one of these points is a postcritical fixed point.

In terms of the lamination A it means that if 7(z) = 7(¢{), then the leaves L(z) and L(()
have the same degree of branching over C at the points z and ¢, respectively. [If one of
these points is an orbifold point, then one should count the degree of branching in the
corresponding orbifold local chart.] Moreover, by the definition of the Thurston orbifold
O this degree coincides with the weight of the point 7(z) = 7({) in O.

On the other hand, if O is parabolic, then it carries a Euclidean orbifold structure. By
the previous remark on the equality of the degrees of branching and the orbifold weights,
one can lift this structure from O to the lamination A. This shows that A is Euclidean
once O is such.

Conversely, assume that A is Euclidean. Let || D f(z)]| stand for the norm of f : L(z) —
L(fz) measured with respect to the corresponding Euclidean structures. It is constant
in the leafwise direction and continuous in the transverse direction. By minimality, it is
constant on the whole lamination A:

~

IDf(z)]| = A. (3.49)

Since f has a repelling periodic point, A > 1.

Let us now show that the leafwise Euclidean structure is invariant with respect to the
dual holonomy V', i.e., that for any univalent standard flow box B = B x T and any two
points z,¢ € T, the dual holonomy V = Vj between the local leaves Lg(z) and Lg(¢) is
isometric at z:

DV (2)| = 1. (3.50)

Assume first that z € J is a repelling periodic point of period p. Then the sequence
Cp = fpkc converges to z by Lemma 3.18. By transverse continuity of the Euclidean
structure ||[DV*(2)|| — 1, where V* is the dual holonomy between the leaves Ls(z) and
Lp(¢y)- Since the dual holonomy commutes with the dynamics, (3.49) implies | DV (2)|| =
|DV(z)||. This yields (3.50).
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As repelling periodic points are dense in the Julia set by Proposition 4.6 below, we
conclude that relation (3.50) is valid for any non-branched z € J.

It follows that any two points z € J and ¢ € J in the same dual fiber have the same
degree of branching. Indeed, if the degree b of z were greater than the degree b’ of ¢, then
the dual holonomy V : L(z) — L(¢) near z would behave as z — 2% and we would
have || DV (u)|| — 0 as u — z in contradiction with (3.50).

Thus, for any two points z € J and ¢ € J in the same fiber, the dual holonomy
L(z) — L(C) is locally well defined, univalent and isometric at z. We will show that the
same property holds for points z and ¢ outside J as well.

First notice that it is enough to show that for any two points z € J and ¢ € J from
the same fiber the dual holonomy V' : L(z) — L(() is locally isometric. Indeed, then V
is isometric at any point w € L(z) to which it can be analytically continued. But then
it admits a conformal continuation to the whole leaf L(z) (for the same reason as above:
otherwise it would hit a branched or critical point where || DV (u)|| would either blow up
or vanish).

Assume by contradiction that the dual holonomy is not locally isometric somewhere
on J. Since periodic points are dense in J (Proposition 4.6), it must happen near one
of them. Denote it by a. Passing, if necessary, to an iterate of f , we may assume that
f(a) =a. Let L = L(a).

Let us consider the level set

Z={zeL(a):||DV(z)|=1}.

Near a, it is a union of b real analytic curves Z; meeting at a at the angle 7 /b (where b
is the local degree of V'(2) at a).

Moreover, J N L C Z. Let us show that in fact J N L C Z; for some ¢. To this end
take a point ¢ # a € J near a and such that f*¢ € 7 (a) for some n € N. The leafwise
Julia set J N L near ¢ belongs to some local branch Z; of Z, hence J N L near f"( is
contained in f”Zj. Passing from f”C to a by the dual holonomy, we conclude that 7 N L
must belong to some analytic curve passing through a. Hence it must belong to some
local branch Z;. R R

Clearly, Z; must be invariant under f~'. But the map f|L is linear. Hence Z; is
a straight interval and f'(a) is real. Iterating Z; forward, we conclude that J N L is
globally contained in a straight line on the leaf L. Since this leaf is dense in A, the same
is true on any other leaf.

Therefore, the local dual holonomy V : L — L(¢{) near a carries the interval Z; to
another straight interval. Hence the restriction of V' onto Z; has a constant argument
(with respect to any Euclidean charts on the leaves). Since |V'(z)| = 1 on Z;, we conclude
that V' = const on Z;. By the uniqueness theorem, V' is a local isometry, contradicting
our assumption.

Thus, the dual holonomies are global isometries on all leaves. It follows that all the
leaves of A have the same degree of branching over any point of C. As we have mentioned
above, it is the characteristic property of rational maps which are post-critically finite
with parabolic Thurston orbifold. In fact, since the dual holonomies are isometric, the
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Euclidean structure on A can be correctly pushed down to an orbifold Euclidean structure
on the orbifold O. O

4. MEASURES ON LAMINATIONS ASSOCIATED WITH RATIONAL MAPS
4.1. The balanced measures.
4.1.1. The balanced measure on Julia sets.

Definition 4.1. Let f : C — C be a rational map. A probability measure s on the Julia
set J = J(f) of fis called balanced if it is f-invariant, and for k-a.e. z € J the conditional
measure of k on the set f~!(z) is uniform. Equivalently, « is balanced if

Jac, f=d,
where d = deg f is the degree of f (see Definition 2.1). A

Theorem 4.2 ([Br65], [Ly93]). Any rational map f has a unique balanced measure k.
Moreover, suppk = J, and the preimages of any point z € J (excluding, possibly, two
exceptional points) are equidistributed with respect to k:

where the limit is taken with respect to the weak topology of the space of probability mea-
sures on C.

Being f-invariant, the balanced measure x can be uniquely lifted to an f—invariant
measure & on the natural extension .J (e.g., see [CFS82]). The measure & is called the
natural extension of k. Although in general J is not contained in A", the following weaker
statement still holds.

Lemma 4.3. The measure i is supported by the set J" C N.

Proof. The balanced measure has entropy logd [Ly93]. Hence it has a positive Lyapunov
exponent [Ru78], and we can apply the argument from [LM97, p. 37]. a

Since the embedding ¢ : A" — A is Borel (Lemma 3.8), the measure k = «(R) is a Borel
measure on J' = t(J"). Recall that the closure of J "in the laminar topology is the Julia
set J = ﬂjlj of the affine lamination A.

Lemma 4.4. The support of the measure K is the whole Julia set J.

Proof. Let X be the subset of J' obtained from J' by removing the set of branched or
asymptotically periodic orbits Z = {z_,, }nen (the former means that one of the points z_,,
is critical; the latter means that the backward orbit Z tends to a periodic cycle). They
occupy countably many leaves and dual fibers. Hence X is dense in J', and in its turn
J! is dense in J, so that it is sufficient to show that

k(V) =R(V) >0

for any A'-neighbourhood V of any point 2 € X.
By [Ly93, Proposition 4], for any € > 0 there exists a number [ = [(¢) with the following

property:
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More than (1 — €)d* of the inverse branches of f ~* are univalent on € for
any topological disk Q@ C C with Q N C; = & and any k € N (recall that
C) stands for the [-postcritical set of f, see the list of notations in §0.1).

Therefore, for any such €2,
R(0(9) = (1-2)r(9), (4.5)

where O(z, ) is the flow box defined in (3.11).

Since Z is not critical, univalent boxes {O,,(Z,V)} form a local topological basis at Z.
Take such a box, and denote by ..., V_1,Vy = V the univalent pullbacks of V' along the
backward orbit Z = {...,z_1,29 = z}. By the Shrinking Lemma (see [LM97, Appen-
dix 2]), diam V_,, — 0. On the other hand, since Z is not asymptotically periodic, there
exists a 6 > 0 such that

dist(z_pnk), C1) > 0 along a sequence n(k) — oo,
and therefore
Vo NC =2 for sufficiently big & .
Then by f-invariance of % and by (4.5)

R (0w (2,V)) = R(O(F "2,V 1)) = (1= €)k(Vope) > 0 .
But
On(2,V) D Oy (2, V) for n(k)>m.
Hence E(Om(i, V)) > 0. O

Proposition 4.6. The map f 15 topologically transitive on the Julia set J, and repelling
periodic points are dense in [J .

Proof. Take two unbranched orbits 2 = {..., z_1, 20} and ¢ = {...,(_1, o} in 7' such that
the first one is not asymptotically periodic, and two standard univalent neighbourhoods
Qm(2,V) and Q,(C,U). Let {V_,}sen (vesp., {U_;}ien) be the pullbacks of V' (resp., U)
along Z (resp., ¢ ). We will show that there exists [ € N such that

FlQuEV)INQCU) £ 2. (4.7)

Take a neighborhood U @ U of ¢, and a number ¢ < x(U). By Theorem 4.2, eventually
more than ed® of f*-preimages of any point of J belong to U. Take a big I € N. We saw
in the proof of Lemma 4.3 that there is s > m such that V_, N C; = @. If [ is sufficiently
big, then by [Ly93, Proposition 4], there exists more than (1 — €)d* f*-preimages of z_,
such that the corresponding inverse branches ¢y of f:’“‘ admit a single-valued extension
to V_,. Hence one of these preimages must belong to U. Moreover, if k is sufficiently big,
then by the Shrinking Lemma ¢, V_, C U.
Altogether, we conclude that there exists a sequence of points

uk = Spk(z—s) elin f_kz—sa k > kOa

such that the inverse branches ¢, admit an extension to V_g, and ¢, V_, C U. Consider
a point

ak = {' ° 7ulil7u}5 = uk} E Qn(§7 U)
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such that u*, € U_,, t € N. Obviously, f*"*u* € Q,,(2,V), and (4.7) follows.

Since standard univalent boxes form a basis of neighborhoods for a dense subset of
points in J (and since J is complete), (4.7) immediately implies topological transitivity
of f on J.

Now take ( =2, m =n and U € V, and let @ = {...,w_q1,wp} be the corresponding
intersection point in (4.7). Let {...,W_1, Wy} be the pullbacks of V' along w, and let
Yy, V — W_; be the corresponding inverse branches of f=*. If [ is sufficiently big then
by the Shrinking Lemma, ¢,V € V. By the Schwarz Lemma, ¢/; has an attracting fixed
point a in V. Moreover, for this point, ¥x(a) € W_p = V_ for k = 0,1,...,l. Hence
a € Qn(z,V), where @ is the periodic lift of a to A"

Thus, any standard univalent box contains a repelling periodic point. Therefore, such
points are dense in A. O

4.1.2. The transverse balanced measure.

Definition 4.8. A transverse measure m = {my} of the lamination A is called a trans-
verse balanced measure if it satisfies the following properties:

(i) The family {m7} is holonomy invariant, i.e.,
A,=1;
(i) frg =d- My, for any transversal T', i.e.,

Jacmfzd;
A

In what follows, we shall use the simplified notation m(X) = m(X) for subsets of a
given transversal T

Theorem 4.9. The lamination A has a transverse balanced measure m.

Proof. For any point z € J \ Cu, the preimage f~'(2) consists of precisely d points.
Denote by m, the uniform measure on the set of backward orbits starting from z, i.e., for
any u € f"z, let

mz{EG 7 H2) (= u} =1/d".
Recall that 7, stands for the affine part of 7(2).
Claim. Let 9 C C\ C, be a path joining some points z and ¢. Then the holonomy
Hy: 7 '2) — 71C) (4.10)
transforms 7 to 7; modulo a set of zero m_-measure.

For proving this assertion we will show that for m.-a.e. z € 7., the lift of ¥ to N
starting at Z is contained in R. Then it will be actually contained in the leaf L(Z) and
the conclusion will follow.

Let is consider a simply connected neighborhood V; C @\ C; of the path 9. Let &} be
the set of backward orbits ¢ € 7 1(2) such that V; does not admit a univalent pullback
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along . By [Ly93, Proposition 4], m.(X;) < Cd~!, with a constant C' independent of [.

Hence
m, ( ﬂ Xl> = 0.
1=0

But if Z does not belong to the above intersection, then the lift of the path ¢ starting at
Z is contained in R. Therefore, this property holds for almost all Z € 7., and the claim is
proven. A

We will now show that the uniform measures m. on the fibers 771(2) of N, z € C\ O,
are actually supported on 7, C A™ and can be promoted to a balanced measure on A.

Take a path ¥ C C\ C joining two points z and ¢. Since the holonomy (4.10) is a
bijection between the sets of cylinders of a given rank over z and (, and all these cylinders
have equal measures, we conclude that Hy(m,) = m.. Together with the above assertion
this implies: If m. is supported on 7, for some point z € C\ C,, then the same property
holds for any z € C \ Ck.

But for k-a.e. z € J, the measure m, coincides with the conditional measures of kK.
Indeed, the balanced property of  easily implies that the conditional measures of K are
equidistributed on the cylinders, which uniquely determines a Borel measure on 7~ !(z).
By Lemma 4.3, the balanced measure & is supported on A™. Thus, m, is supported on
7T, for k-a.e. z, and hence for all z € C \ C.

Now, by Lemma 3.8, the measures m, can be transferred to a Borel measures on
the fibers 7, endowed with the laminar topology (which will still be denoted as m.).
Obviously the transferred measures will also be invariant under the holonomies Hy along

paths ¥ C C\ Ck.

Next, let us promote m to a transverse measure on A'. Take a standard flow box B in
A over a disk D C C (see §3.1.5). The measure m, on 7., z € D\ C.,, induces measures
on the transversals of B contained in 7,. Since the holonomy along a path ¥ C C\ Cy,
permutes these transversals, we obtain a holonomy invariant measure defined on a dense
set of transversals of B. This measure can obviously be extended to a holonomy invariant
measure on B, and any two such extensions match on the intersection of the corresponding
boxes.

To complete the construction, we need to extend the measure to an arbitrary transversal
T in a flow box B of the lamination A. Cover BN A! with a union of standard flow boxes
B;. The transverse measure m can be transferred to the pieces T'N B;. By the holonomy
invariance, these assignments match on the intersections, and determine a measure on 7'.
By Lemma 4.3 this measure is concentrated on A'.

By the construction, this measure is holonomy invariant. It also satisfies property (ii)
of Definition 4.8 since this property is satisfied for the measures m, on fibers 77!(z) and
obviously carries through all the steps of the construction (i.e., restriction to a dense set
of vertical transversals, extension by holonomy invariance to all vertical transversals, and
further extension to arbitrary transversals by taking their slices). O

Remark 4.11. The above discussion is closely related to the discussion in [Su97] of the
transverse invariant measure on A. See also [BLS93, §4] for a related discussion of the
holonomy invariant measures for Hénon maps.
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Remark 4.12. We do not know whether the measure m constructed in Theorem 4.9 is
the unique balanced measure on the lamination A. However, as it follows from [Su97], it
is the unique balanced measure concentrated on A'. Another closely related question is
whether properties (i) and (ii) in Definition 4.8 are equivalent.

4.1.3. The global balanced measure.

Definition 4.13. A measure 0 on the lamination H is called a global balanced measure if
it is absolutely continuous with the Radon—Nikodym cocycle

Ao =1, (4.14)

with respect to the leafwise hyperbolic volume vol, and
fo=d-0. (4.15)
A

Proposition 4.16. There is an affine one-to-one correspondence between transverse bal-
anced measures of the lamination A (see Definition 4.8) and global balanced measures on
the lamination H.

Proof. Let m be the lift of a transverse balanced measure m from A to H (see Defini-
tion 2.38). Then by Definition 4.8(i) and Proposition 2.36 the measure m is holonomy
invariant, and by Definition 4.8(ii) it has the property that

fm=d-m. (4.17)
Define the global measure 6 on H as
0 =wvolxm ,

where vol is the leafwise hyperbolic volume on H. Since the map f preserves vol, Propo-
sition 2.20 and formula (4.17) imply that 6 is a global balanced measure.

Conversely, the disintegration of a global balanced measure 6 (see Proposition 2.20)
gives a holonomy invariant transverse measure m on H satisfying (4.17), which further
projects to a transverse balanced measure on A. a

4.2. Equidistribution of leaves.

4.2.1. Convergence of measures. We will show that the leaves of A are uniformly equidis-
tributed with respect to the transverse balanced measure m constructed in Theorem 4.9.
Let us consider a relatively compact domain A on a leaf L of the affine lamination A and
afiber 7,,2 € C. Forn € N, let Na,. denote the discrete probability measure on T,

which assigns equal masses to the intersection points of ]?”A with the fiber 7., i.e.,
" card[f"A N A]

nA,z(A) = o~ = 1
card[fPANT,]

Denote by £ = Ky the infinite Radon measure on the leaf L with suppk, = J N L

obtained by pulling back the balanced measure x via the projection 7, i.e., K is obtained
by integrating (by the measure k) the counting measures on the preimages of 7:

R(A) = /écard[AHTZ] dk(z), ACL.

ACT,.
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To define the weak topology on the space of measures, we will consider the following
space S of test functions. A function h : A — R belongs to S if its support is normal
and it is uniformly continuous with respect to the germ uniform structure (recall the
definitions from §3.1.7). Of course, functions of class S are continuous. Moreover, when
f is tame (i.e., A is locally compact), the class S consists of continuous functions with
compact support.

Let us say that a sequence of measures i, on 7 , weakly converges to a measure j if

(hy pim) — (i, 1)
for any test function h € S.

Theorem 4.18. Let A be a domain on a leaf L C A with 0 < K(A) < oo and K(0A) = 0.
Then for any non-exceptional point z € C the measures ny , weakly converge to m, as
n — oQ.

Proof. Step 1. 1t is enough to verify this statement locally, taking for A a small leafwise
neighbourhood of an arbitrary point u € A. Since K(A) > 0, we may assume without
loss of generality that w € J. Suppose first that

ueJ =TnA,

and include A into a standard flow box B = B x T, so that A = A(u) = B is the local
leaf of u, and T' C 7 (u). Recall that the local leaves A(v) = B, v € T of B properly
cover a topological disk D C C with degree b > 1 and a single branched point ¢ € D
(see §3.1.5). Then (D) > 0 and k(0D) = 0 by the definition of the measure k. By
Lemma 4.4 k(B) > 0, so that also m(7") > 0.

Fix a point z € A, and let

m(z)=z=2, 9z ={zmtmne A,
where m and @ are the projections of A onto C and A!, respectively, see §3.1.2. For
simplicity put II = II° = 7 (2), and denote by I1* = Tk(z) the transverse cylinders over
z (see (3.9)). A

Step 2. In the course of the proof we will have to deal with all local leaves A(v), v € T
rather than just with the single local leaf A = A(u). Denote by

o~ ~

A, (v) = f"A(v) A, =A(u) = fMA

the forward iterations of the local leaves of B and count the intersection points of A, (v)
with the cylinder IT¥, k& > 0.

Let n > k. If
¢ e F(Anw)NTT*) = A(w) N fr1I*
ie.,
(eAw), [f¢ent, (4.19)
then
(=n()eD, [frrf=z,. (4.20)

Conversely, any point ¢ € D satisfying (4.20) can be lifted to b points ¢ satisfying (4.19).
[Strictly speaking, this is true only for the points ( € D \ {£}, whereas the point ¢
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lifts to the unique point v. However, the corresponding correction term in (4.21) below
is negligible for our subsequent calculations, so that without loss of generality we may
always assume (¢ # £]. It follows that

card[A,(v) NTT¥] = card[A, NTI*] = b-card[¢ € D : f"7%C = 2] (4.21)

is independent of v € T for n > k (see Fig. 7 where for simplicity we assume b = 1).

=17(z)
. —
A= Alu) v . __f’f_, @X\Anz(v)
At )
D . . s

FIGURE 7

On the other hand, since x(0D) = 0, by Theorem 4.2

card[( € D : f"*¢ =z ] ~ k(D) -d" " .
Hence
card[A, NTT*] ~ b- k(D) - d"*
(4.22)
=R(A) - d"F =R(A) - d" - m(ITF) .
In particular,
card[A, NII] ~ R(A) - d™ . (4.23)
Dividing (4.22) by (4.23), we obtain:
AT —s m(1T¥) (4.24)

where nl* = n’% . .. Moreover, by Theorem 4.2 this convergence is uniform over v € T. A
Thy nA(v),z Y

Step 3. The family of probability measures 7;,, v € T on II determines for any n a
Markov transition kernel P, from T to II. Denote by

my, = (m|r)P, = /Tnﬁ dm(v)

the measure on II which is the image of the restriction of the measure m onto 7" under the
kernel P,. It is easy to see that m, is proportional to the restriction m, of the measure
m onto f“B N 1L

d’l’b

—_— 4.25
card[A, NTT] (4.25)

My = VM where 7, =
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and, as it follows from (4.23),
1
T m Ay S (4.26)
Indeed, BN f~"II consists of card [A,, N1I] disjoint transversals T; of the flow box B, see

Fig. 8. Then
1

On the other hand, by Definition 4.8 (ii),

fr(m

Ti) =d"- m’fn(Tl) :

U1

FIGURE 8

The kernels P, can be considered as “transfer operators” from L!(II,m) to L(T,m):

o 1
PnX(v) = <X777v> - card[An ) H] CGAnZ(v)mHX(C) .

By (4.25) for any non-negative y € L'(II, m)
| Puxll = /T<X7"73> dm(v) = (X, Mn) = (X, Mn) < VX, m) = Yallxl

so that (4.26) implies that the L' — L' norms of P, are uniformly bounded. On the
other hand, if x is a cylinder function, then by (4.24)

P.,x — (x,m) (4.27)

uniformly and hence in L'. As cylinder functions are dense in L', we conclude that (4.27)

holds for any y € L*(II, m). A
Step 4. By Lemma 3.18 for any test function y € S

|Eax(v) — Pox(u)| — 0 (4.28)

uniformly in v € T', whereas, by (4.27),

[ 1Px(®) = (x,m)] dm(w) — 0.
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which implies that
06 ) = Pax(u) — (x,m) -
A

Step 5. Finally, if w € J \ J!, then we can approximate A by a local leaf A’ C A’ in
some flow box around w. Then the claim follows from the fact that the local leaves A and
A" are forward asymptotic and from uniformity of convergence in (4.24) and (4.28). O

Remark 4.29. Theorem 4.18 can be also interpreted as saying that the transverse balanced
measure m is obtained from the sequence of leafwise Folner sets f"A (see [P175]).

4.2.2. Convergence of currents. Along with test functions, we can consider test forms on
A supported on a normal set and uniformly continuous with respect to the germ uniform
structure. We will use the same notation S for the class of test forms. Such a class
determines the associated weak topology on the space of currents, see (2.31). Below
in this Section by convergence of currents we shall always mean weak convergence with
respect to the class S.

Theorem 4.30. Let A be a domain on a leaf L C A with 0 < K(A) < oo and R(OA) = 0.
Then

1 5 _
(P A] = A(A) ]

where m is the transverse balanced measure on A constructed in Theorem 4.9.

Proof. Take a product flow box C = K x C, where C is identified with a fixed local
leaf C,, ko € K. We may assume that all transversals K, z € Cy are contained in the
corresponding dual fibers 7 (z).

1
— hNA/dk h 431
o f b= R [ ami) [ (131)
where (. is the local leaf passing through the point & € K. Take an affine area form on
Cy. By the transversals of C it carries over to a global leafwise form w on local leaves of
C. Denote by h’ the density of h with respect to w. Obviously, the function A’ belongs to

the function space S. In terms of the function A’

/an h= [ s w(z).

where \a , is the counting measure on the intersection f“A N K., and by Theorem 4.18

1

%)\A,z — K(A) - m|g, (4.32)
in the weak topology induced by the space of functions S. Integration of (4.32) by the
form w yields the claim. O

Remark 4.33. The reader should compare Theorem 4.30 with analogous results of
Bedford-Smillie [BS91, Theorem 3] and Fornaess—Sibony [FS92, Theorem 1.6] for poly-
nomial automorphisms of C2.

4.3. Critical exponent.
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4.3.1. Definition of the critical exponent. Recall that m stands for the transverse balanced
measure on A constructed in Theorem 4.9. Let us consider the transverse measure p®" =
{15} defined as

> = PP m) = (IDF 5 - fr(m) (4.34)

where, as in §3.2, | Df||, denotes the norm of D f measured with respect to the leafwise
Riemannian metric p, (§1.1.4) associated with the special section o (3.35). This measure
assigns the mass

Sim = 15" = Fi(2)||50 dm(z
PN = (X) = [ IDF ()] dmz)

to a Borel subset X of a transversal T'. In view of Definition 4.8(ii) formula (4.34) can be
also rewritten as

pon = d | D (4.35)

so that in the definition of the measures p®" the “big” factor d" (arising from the ex-

panding action of f on m) is “compensated” by the “small” factor ||Df"||2 (cf. Defini-
tion 3.20).

Definition 4.36. For a transversal T consider the “statistical sum”
- on
=r(0) = > "Il
neN

and denote by 6..(T") the critical exponent of this statistical sum separating the convergent

and divergent cases. It is well-defined because by Definition 3.20 ||D f~"(2)||, — 0 locally
uniformly. A

Until the end of §4 we shall assume that f is tame, i.e., A and H are locally compact.
Then these laminations have many compact transversals.

Lemma 4.37. For any precompact transversal S and any other transversal T
Eg(6) < CEr(0) and der(S) < 0e:(T)
where the constant C depends on S and T only.

Proof. Clearly, it is enough to prove the first inequality. If S is covered with a finite
number of transversals 5;, then

As S is compact, it is therefore sufficient to check the inequality
Zy(0) < CE=p(9)

for some neighborhood U C S of any point z € S.

Since the lamination is minimal, a sufficiently small neighborhood U can be mapped by
a holonomy H onto some neighborhood V' C T'. Then by the Koebe Distortion Theorem
(e.g., see [LMI7, p. 86])

IDF (=)o < IDf "(H2)lo . z€U.
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Therefore, since m is holonomy invariant,

Eu(0) < Ev(d) < Er(9) .

Corollary 4.38. For all precompact transversals T the value 6o, (T') is the same.

Definition 4.39. The common value 0., = ., (T) is called the critical exponent of the
map f. The map f (or the corresponding laminations .4 and H) is said to be of divergent
type if Z7(6) = oo for any precompact transversal T (by Lemma 4.37 this property is
independent of the choice of the transversal). Otherwise the map and the corresponding
laminations are of convergent type. A

Remark 4.40. The critical exponent can be also defined in terms of the global balanced
measure # on the lamination (see §4.1.3) without an explicit use of transversals.

Theorem 4.41. J.. < 2.

To prove this result, we will need a few lemmas.

4.3.2. An area estimate for meromorphic functions. Let ¢ : C — C be a meromorphic
function. We shall use the functional I and the function R : z — R(¢p, z) introduced in
§3.3.1.

Lemma 4.42. There exists an absolute constant C' such that for any compact set X C C
with I(X) > 1

eucl
— < C-I(U
[ <C W),

where
U= {z:dist(z,X) < diam(X)} ,

and eucl is the standard area form on C.

Proof. By the Besikovich Covering Lemma (see [Ma95]) it is possible to cover X with a
finite number of disks

D;=D(z,3R(z)),  ueX, 1<i<K,
such that the family of twice bigger disks
D}? = ]D(zi, R(zz))
have intersection multiplicity at most /N, with an absolute constant N. Since I(X) > 1,
R(z;) < diam(X) ,
and
D*cCU.

Therefore,

K=Y 1(D*) <N-IU). (4.43)
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On the other hand,
eucI Z/ eucl _ eucI(DQ) _ EZ R(zi)z | (4.44)
i R(G) 45 R(G)
where (; € D; are selected by the Mean Value Theorem (the function R is continuous,
even 1-Lipschitz, see Lemma 3.36). Note that

D(G, $R(z)) € D;?,

so that
I(D(¢, 3R(z))) < T (D;?) =1,
and therefore

1
R(G) = SR(z)
by the definition of the function R. Incorporating this into (4.44), we conclude that

eucl
x B =T
where K is the number of the disks D;. Combining the latter inequality with (4.43) yields
the claim. O

4.3.3. Finiteness of the total area of the affine lamination. Recall that area, denotes the
leafwise area form of the metric p, (§1.1.4) associated with the special section o (3.35),
see §1.1.7. Uniformizing a leaf L, we can transfer the metric and the corresponding area
form to C. Somewhat abusing notations, we will use the same letters for the transferred
objects. With this convention, if ¢ : C — C is a meromorphic function associated with a
leaf L (see §3.1.2), then by (3.35)

1 d2] eucl
Do = zl, area, = ————.
R(p, z) R(p, z)?
In these terms Lemma 4.42 takes the form of the estimate
area,(X) < C-I(U) . (4.45)

Combining the leafwise form area, and the transverse balanced measure m constructed
in Theorem 4.9 gives a global measure

area, = areas x m

on A. Recall that by definition (2.30)

areay (B) = / area, (B,) dm(t)
T
for any flow box B~ B x T.
Lemma 4.46. area,(A) < oc.

Proof. Choose a Euclidean disk D in a leaf L in such a way that

(i) The 3 times bigger concentric disk D*? is univalent (i.e, the projection w : L — C
is univalent on D*3);
(ii) The disk D satisfies conditions of Theorem 4.30, i.e., K(D) > 0.
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Then by (4.45)
area,(f"D) < C -1 (f”DXB’) :

By definition, ( f”DX?’) is the spherical area of the projection m ( f”DX?’) counted with
multiplicity. Condition (i) implies that the multiplicity of the projection 7 restricted to
f"D*3 is bounded by d". Therefore,

1 ~

%areaa(f”D) <AnC = (', VneN.
This formula can be rewritten as

1 -
<areao, d—n[f”D]> <, VneN. (4.47)

where | f”D] is the integration current over fD.

In view of condition (ii), Theorem 4.30 implies that | fmD] weakly converges to
R(D)[m], where [m] is the Ruelle-Sullivan current determined by the transverse measure
m (see Definition 2.32). By a standard truncation argument it yields the inequality

Cl
o < .
area,(A) D)
Indeed, let w be a truncation of the form area, obtained by multiplying it by a bump

function supported on some compact subset of A. Then (4.47) and Theorem 4.30 imply
that

But, since A is locally compact,

area,(A) = (area,, [m]) = sup(w, [m]) ,
w
where the supremum is taken over all truncations of area,. O

4.3.4. Volume estimates. Recall the notation b,(h) (1.34) for the relative hyperbolic
height of a point h € H with respect to a section . As it follows from f-invariance
of the basic cocycle,

bfg(fh) = ba(h) ) (448)
where f.o denotes the result of the action of f (1.64) on the section o. Let
H; ={h e H:b,(h) <0}

be the part of the hyperbolic lamination under the graph of the section o.
Denote by
vol, = area, = area, xm
the lift of the measure area, to H (see Definition 2.34 and Proposition 2.39), where m is
the lift of the transverse measure m (see Definition 2.38). For any real ¢ let

volS, = expleb,| - vol, = volS xm |

where
. __
volS. = expleb,| - area, .
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In other words, if ¢ = {(;}, z € A is the family of measures on the vertical geodesics
p~!(z) with densities exp[eb,] with respect to the hyperbolic length ¢ = {£,}, then

vols = /Ei darea,(z) . (4.49)

Note that as it follows from Proposition 1.58, volS and wvol: for ¢ = —2 are independent
of o and coincide with the leafwise hyperbolic volume vol and with the global balanced
measure 0 = vol x m, respectively.

Lemma 4.50. vol;(H,) < oo for any e > 0.

Proof. By formula (4.49)
0 1
vols (H,) = / et dt - area,(A) = - area,(A) < oo .

([
For z € A, let D(z) = D,(z) C L4(z) stand for the disk which is centered at z and
has radius 1 with respect to the Euclidean structure o, and let
I(z)={hcp'(2): =1 < b,(h) <0},
W(z)= |J I¢CLn(z),
¢eD(z)
see Fig. 9.

FIGURE 9

Lemma 4.51. Locally uniformly on z € A
voli, (f "W (2)) = |IDf " (=2)|[2* .
Proof. First notice that by formula (1.67) for any point ¢ € D(z)
B(o(¢ ), F o a(¢)) =log [ DF(C)]lo

(as before we use the notation ¢, = f"( for the orbit of the point ). Therefore, formula
(4.48) shows that the interval f~"I(¢) is the result of the translation (= action of the
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vertical flow €) of the interval I(¢_,) by log | Df"(¢)|l» (see Fig. 10, where we assume
that log [|Df~"({)||s < 0, in accordance with Definition 3.20).

P(Cn) p(C)
. U'\/
) € Fo /(0
o e
(<)
La(C_) . La(¢) :
¢ =717"(C) S
FIcuRrE 10
Therefore,
E(F 1) = IDF "R - 4 (1(2) (152

On the other hand,
area, (f"D(2)) < |Df " (2)|2
locally uniformly, because by Theorem 3.22 and Lemma 3.36 the ratio

IDF(Olls

IDf~(2)llo
is locally uniformly bounded and bounded away from 0 on z € A,{ € D(z) and n € N.
Integrating the function (4.52) by area, over f*"D(z) yields the claim. O

We are now ready to prove the theorem.

4.3.5. Proof of Theorem 4.41. Given a precompact transversal T" of the lamination A, let
us consider the flow box
B=|JW(z)CH.
zeT

Then by Lemma 4.51

~

vols (f"B) = /f_nTvoﬁ(f_”W(zn)) dm(z) = /A 1D ()12 dm(2)

f—YLT
= [ _IDF () dm(z)
;T
Summing up we obtain

Er(2+e) =< vols (f"B) .

neN
But the latter sum is finite, since
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e The box B is wandering [LM97, Proposition 6.2];
o Its backward iterates eventually belong to H_ by [LM97, Lemma 6.1];
e vol5(H, ) < oo by Lemma 4.50.

4.4. Transverse conformal stream and A-harmonic measure.
4.4.1. The formulations.

Theorem 4.53. The lamination A carries an f—invam’ant parallel transverse conformal
stream . of dimension ;.

Applying Theorem 2.86, we immediately obtain

Theorem 4.54. The hyperbolic lamination H carries an f -invariant A\-harmonic measure
W with X = 0 (0er —2), which descends to a A\-harmonic measure on the quotient hyperbolic
lamination M.

4.4.2. Proof of Theorem 4.53. We shall use Proposition 2.90 and Theorem 2.61. Namely,
we shall fix a special section o : A — H (see Lemma 3.36), and construct for this section
a transverse measure p, satisfying conditions of the above Propositions with § = d;. In
other words, the Jacobian of f with respect to i, has to be

Jacy, | = |IDFII;* . (4.55)
and the modulus of p, has to be
Auo = eXp[(Scrﬁo] . (456)

Step 1. Let us first consider the transverse measures
1 = Fr(IDFMIZm) = IDF"lG - F(m) = d*[DF (15 - m
defined in §4.3.1, and find their moduli and the Jacobian of the map f with respect to
these measures. By holonomy invariance of the measure m and formula (2.7) the modulus
of ™ is
_IDF @l
D= (2)ll5

The Jacobian of the map f with respect to the source measure ;" and the target measure
on+1 ;
pom s

Asn(z,C) (4.57)

foy At dfr (D m)
Jacsn [(2) = = s —(2) = —= "=
acsn f(2) dpdn (=) afr(||Df||70m) il (4.58)
DS )5°(2-n) F(2)]7° |
= = = D g -
RS
JAN

Step 2. For § > 6, let us sum up the measures o™

Iu5 — Z Mé,n )
n=0
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By Definition 4.36 and Lemma 4.37, the measure z° is locally finite, and

1]l = E(0)

for any precompact transversal T'. Fix now a compact transversal (), and normalize the
measures 10 by letting

so that
gl =1.

Consider first the divergent case, i.e., assume that Z¢(d.;) = 0o. Take a weak limit point
pig of the family {ug)} as 6 — dc (instead of passing to a subsequence & — de and
further taxing our notations we shall assume for simplicity that the family {M‘SQ} itself

is convergent). We claim that the family ;° then weakly converges on any precompact
transversal, and the resulting transverse measure satisfies conditions (4.55) and (4.56). A

Step 3. Formula (4.55) easily follows from (4.58). Indeed, take a precompact transversal
T. Then

u = FOIDAI? - ")

Summing over n and normalizing, we obtain that for any ¢ > .,

1 —~ —~
5 50 _ -5 6
1 E@(é)ufT—f(quug i)

Since by the divergence assumption the second term in the left-hand side is vanishing as
0 — d¢r, the desired property follows. A

Step 4. Let us now check formula (4.56). The crucial point of the proof is the uniform
convergence of the moduli Ag,, of the measures ;>" (4.57) to the sought for cocycle

exp|d,], which follows from Theorem 3.22.
Let H : Q — T be a holonomy map from () onto another transversal 1. Denote by

@5,n(C) = Aé,n(H_1C7 C)
and

P(¢) = exp[uafia (H ¢, C)]
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on

and by the cocycle

the functions on 7' determined by the moduli of the measures p
exp|derJy], respectively. Then for any § > d,

—sO-Hu‘Zg]\:El(é) Hy' = - Hug')

-] - =

-
Sm;\\ué — o Huy'|

= =57 2l 2y = ¢ 14y |

[1]

IN

on
— @lloo - 112"

57
Yoo lpsn — elloo - 11" |
5, :
om0 HMQnH

Here ||¢sn — ¢|lo denotes the sup-norm of the difference (¢s,, — ¢) over T', which by
Theorem 3.22 tends to 0 uniformly on  near ., as n — co. Since for any n

5,
1"l =l Il < o0,

and the series Zg(der) =32, || ,ua“’"H diverges, we obtain that

HM @ - HMQ“6 6cr

Therefore,

pr — pr =9 Hpugq .

A

Step 5. In the convergence case we apply the Patterson regularization procedure. In
our setting it looks as follows. Instead of the measures u®" (4.34) we use the modified
measures

it = (e(IDF | DF ) 70m) |
where the function ¢ : R, — R, has the following properties:

o limy . ¢(t) =00,
o lim; ., (t)/t*=0 Ve>0,
o lim; .o gp(Ct)/go( )=1 vC>0,

o Zqld) = X" =

Then éQ(é) < oo for any ¢ > 4., and we may consider the normalized measures
— 1

S i

n=0

Taking a weak limit point of the measures i’ we can proceed in the same way as in the
divergent case. A

Zo(0)
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Remark 4.59. Although the measures p in the above construction are equivalent to the
balanced transverse measure m, obviously the limit conformal transverse measure p does
not have to be equivalent to m. If the basic class b is non-trivial, then for any conformal
transverse measure and any balanced transverse measure the cohomology classes of their
moduli are different, and therefore these measures are necessarily singular. Therefore,
for all maps described by Theorem 3.48 conformal transverse and balanced transverse
measures are singular.

Remark 4.60. The harmonic measure w can also be constructed directly in terms of global
measures on the hyperbolic lamination H. Namely, the balanced transverse measure m
gives rise to the global balanced measure # on ‘H whose Radon—Nikodym cocycle (with
respect to the leafwise hyperbolic volume) is trivial but which is not invariant under
the dynamics: f0 =d -0 (see §4.1.3). Applying to this measure the Patterson method
we construct a measure w on H with dual properties: it is f—invariant but its Radon—
Nikodym cocycle is non-trivial, A, = exp[d3]. [There are no f-invariant measures on H
with a trivial Radon—Nikodym cocycle.]

4.5. Leafwise conformal streams.
Theorem 4.61. The lamination A carries an f -invariant leafwise conformal stream A.

4.5.1. The lift of a conformal measure from the Julia set. One way of proving Theo-
rem 4.61 consists in considering a continuous d-conformal measure n = 7. on the Julia set
of a rational function f [S83]. The measure 7 can be lifted via the projection 7 : A — C to
a leafwise Radon measure 77 and then transferred in a §-conformal way into a d-conformal
leafwise stream A. Namely, given a leafwise conformal metric p, let

Ap = (g)dﬁ, (4.62)

where ¢ is the pullback of the spherical metric to the leaf L. [This metric has isolated
singularities but they do not matter since the measure 7 is assumed to be continuous.]
More functorially, we consider the f-invariant d-conformal stream dn, @ dp~° on the
sphere C corresponding to n = 7., and naturally lift it to the f—invariant leafwise 6-
conformal stream A (4.62) on A.
In the case when there exists an invariant “Gibbs measure” equivalent to the conformal
measure 7, the lifting procedure can be also described as follows:

Proposition 4.63 (cf. Ledrappier [Le84] and Lemma 4.3). Let v be an f-invariant
measure equivalent to a §-conformal measure n on J(f), and let U be its lift to the natural
extension. Then its leafwise conditional measures determine an f—invar’mnt leafwise o-
conformal stream on the lamination A.

4.5.2. An intrinsic construction of a leafwise conformal stream. We shall now give an
intrinsic proof of Theorem 4.61 which does not make use of the construction of an f-
invariant conformal stream on the Julia set J(f) [S83] or of Proposition 4.63 above. It

is dual to the construction of the f-invariant parallel transverse conformal stream in
Theorem 4.53 from §4.4.
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First we shall define the forward critical exponent 7. of A dual to the (backward)
critical exponent d., constructed in §4.3.1. Given a number v > 0, let us consider the
following leafwise measure:

A= DR

where & is the leafwise lift of the balanced measure x on J(f) (see §4.2.1), and the norm
is measured with respect to the Riemannian metric p = p, associated with the special
section ¢ from §3.3. If D is a Borel subset of a leaf L, then by definition
VD)= [ IDF () dR(z)
Given a leafwise bounded domain D C L which meets the Julia set 7, let us now
consider the following forward Poincaré series:

Op(7) = 3 A (D) . (4.64)
neN
Define 7. (D), the forward critical exponent, as the one which separates divergent and

convergent values of . It is well defined because of the expanding property of f from
Lemma 3.41.

Lemma 4.65. The critical exponent ve(D) is independent of the choice of D.

Proof. Lemma 3.42 implies that the critical exponent is preserved under the dual ho-
lonomy: e (D) = v (V(D)) for any leafwise domain D C By in a product flow box
B.

Furthermore, Yo (f"D) = Yer(D), and e (D) < ver(D) if D' € D. Tt follows that given
a saddle periodic point & € J (i.e., the lift of a repelling periodic point o € J), ve (D)
is the same for all leafwise domains D C L(@). Thus, this exponent can be attributed to
the point & itself: 7. (@) = Yer(D) for any domain D as above.

Let us show now that 7. (@) = 7e:(3) for any two saddle points @ and 3. Take a flow

-~

box B containing @. Since the lamination A is minimal the leaf L(3) passes through this

flow box. Hence there is a domain A C L(3) containing a local leaf D of B. Let V be the
dual holonomy moving D to the local leaf of . Then

Yer(B) = V(D) 2 Ve (D) = Y (V (D)) = Yeu (@)

and the opposite inequality holds by symmetry. Denote the common critical exponent for
all saddle points by 7.

Finally, take any bounded leafwise domain D on A intersecting the Julia set 7. Chop
it into pieces D; contained in product flow boxes B;. Then

Yer(D) = max Yer (Ds),

where the maximum is taken over the domains D; meeting the Julia set J (since the others
do not contribute to the forward Poincaré series). Each of the corresponding flow boxes
B; contains a saddle point &; (Proposition 4.6), and therefore Yo (D;) = Yer() = Yor- O

We can now apply the Patterson method to construct a leafwise conformal stream at
the critical exponent. Taking a (regularized if necessary) limit Y-, ey A" as v \| Yer from
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above, we obtain a leafwise measure \, which is 7.-conformal under the dynamics and
the vertical holonomy:
df '),
dX,

AV,
dx,

= IS} .

= €xXp [’}/cr@p] 9

where «, is the basic dual cocycle on A. Since the cocycle is locally continuous, so is the
measure. Hence it determines a ~.-conformal stream (this construction is exactly dual
to the construction of the transverse stream in §4.4, so that we omit the details).

4.5.3. Forward and backward critical exponents. It is important to know whether the
forward and backward critical exponents coincide. If so then we have a transverse J-
conformal stream p and a leafwise d-conformal stream A on A with the same exponent
d = 0o = 7Yer- Integrating one against the other (see Theorem 2.57) we obtain an f—
invariant global Radon measure v = A%y on A (perhaps infinite). This measure can be
viewed as the “Gibbs measure” of f corresponding to the potential —dlog||Df||, with
“zero pressure” (see, e.g., the survey [EL90, Ch. 3| for the concepts involved); “zero
pressure” means that 0 is the critical exponent of the Poincaré series, which does not
depend on the choice of a conformal metric p.

Pushing v down to the Riemann sphere C via the projection 7 : A — C, we obtain an
invariant measure v on the Julia set J(f). This is the “Gibbs measure” of f corresponding
to the potential —dlog ||Df|| with “zero pressure”. Then the streams A and p can be
recovered from v as its conditional measures (cf. Proposition 4.63 and Theorem 4.9,
respectively). This gives us a new way of constructing conformal and Gibbs measures.

—_~—

The Gibbs measure v = A% on J can be suspended to a measure © = Axi = A%
on M invariant under the vertical flow ¢ (Theorem 2.68), which further descends to the
measure U, on the quotient M = H/ f (Theorem 2.91). This measure is supported on
the “curtain” over the Julia set J, i.e., on the union of the vertical geodesics terminating
at J modulo the f—action. One can view this measure as “weakly hyperbolic” with
horospheres serving for unstable leaves and standard transversals serving for the “local
stable leaves”. For rational functions satisfying Aziom A (i.e., such that critical points
are attracted to attracting cycles), the measure ¥ was considered in [BFU]. In this case
the vertical flow £ is hyperbolic and © 4 is its unique measure of maximal entropy.

4.5.4. Convexr cocompact case. Let us finally show that the forward and backward expo-
nents coincide in the convex co-compact case. Recall from [LM97, §8] that the convex
core C of the lamination H is defined as the leafwise convex core of the Julia set J.
It is invariant under f, so that the quotient C/f is well-defined. By definition, this is
the convex core of the hyperbolic lamination M = H/ f . A rational function f is called
convex co-compact if C/ ]? is compact. It is equivalent to compactness of the Julia set J
([LM97, Proposition 8.5]). Moreover, convex co-compact functions can be dynamically
characterized by the property that all critical points ¢ € J(f) are non-recurrent and there
are no parabolic points [LM97, Theorem 8.1].

Theorem 4.66. If M 1is convex co-compact, then d¢p = Yer-
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Proof. (sketch). Since the Julia set J is compact and the whole lamination A is locally
compact, J can be covered with finitely many precompact flow boxes B; = B; x T;. By
Lemma 4.37,

=4(8) = Z¢(6) (4.67)

for any two transversals S and 7" of these boxes (with the constants dependent only on §).
Integrating (4.67) over the leafwise measures K, we conclude that the backward Poincaré
series =7(0) are all comparable with the series

S [ IDP I () = 3 [ IDFR) ()

Similarly, the forward Poincaré series ©p(d) (4.64) are comparable with the series

Z [ IDF ()

But since the measure  is f-invariant, the last two series are equal. O

4.6. Sullivan’s Riemann surface laminations. The above discussion (reduced by 1
in dimension) also applies to Sullivan’s Riemann surface lamination associated with a
C? circle diffeomorphism f : T — T (see [LM97, §11], [MS93]). The natural extension
f: N — N of such a diffeomorphism is a one-dimensional affine lamination (the unstable
lamination of f ). It is endowed with the leafwise Riemannian metric p lifted from the
circle T. R

Applying our constructions, we can endow N with f-invariant 1-conformal transverse
and leafwise streams g and A\. The product v = A x o of these streams is the invariant
Gibbs measure which is absolutely continuous on the unstable lamination. This measure
can also be constructed by lifting the absolutely continuous invariant measure v of f (the
Gibbs measure corresponding to the potential — log|f’|).

By means of the hyperbolization functor the affine lamination A/ extends to a (pointed
at infinity) hyperbolic two-dimensional lamination H? whose leaves are hyperbolic planes
supplied with the hyperbolic action of f . The Sullivan lamination M? is obtained by
taking the quotient H2/f.

According to Theorem 2.86, the transverse stream p lifts to a harmonic measure w* on
H? (with the eigenvalue A = 0). The Radon-Nikodym cocycle of this measure is equal to
exp|l], where 3 is the Busemann cocycle on H?. This measure is f—invariant and hence
descends to a harmonic measure wh, on M?.

On the other hand, the quotient of the Gibbs measure v is the measure v 4 of maximal
entropy of the vertical flow £ on M? (see §2.4). In fact, in this situation both constructions
lead to the same result: w)y, = v .

The Riemann surface lamination M? is similar in many respects to the unit tangent
bundle US of a compact Riemannian surface S of (variable) negative curvature (cf. the
Appendix §5). Uniformizing the leaves of the (weak) stable foliation, we turn US into
a two-dimensional hyperbolic foliation. The “universal covering” of this foliation is an
H2-fibration over the circle S' with pointed at infinity fibers (= leaves). The hyperbolic
structure on the leaves induces the affine structure on the punctured circle at infinity.
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This endows S' x S'\ diag with the structure of a one-dimensional affine lamination.
Moreover, the fundamental group G = 71 () naturally acts on this lamination by leafwise
affine transformations.

Remark 4.68. One can extend this discussion further to more general one-dimensional C*
maps, which are allowed to have critical points, cf. §2.1.3.

4.7. Problems. In [LM97, §10] there is a list of problems on the structure of the lam-
inations associated with rational maps. Below we will formulate a few more problems
motivated by the results of this paper.

1. Tameness. Our construction of conformal streams and harmonic measures works in
the case of tame (i.e., locally compact) laminations A; and H;. There are many tame
laminations but there are wild laminations as well (e.g., when the regular leaf space R
has a hyperbolic leaf). Give a dynamical criterion of tameness. Are there transverse
conformal streams on wild Ay and harmonic measures on wild H;?

2. Uniqueness and ergodic theory. Study the problem of uniqueness of conformal
streams and harmonic measures on the laminations in question. Study ergodic properties
of the holonomy pseudo-group with respect to the conformal stream. Study ergodic
properties of the vertical flow and the horosphere foliation with respect to the harmonic
measure. Study when these flows and foliations are conservative/dissipative.

3. Critical exponents. Give conditions for coincidence of the forward and backward
critical exponents. Relate these critical exponents to the other critical exponents associ-
ated with f (see [S83], [DU91a]). Relate them to the Hausdorff dimension of the Julia set
and the set of conical limit points.

4. Finiteness Problem. Give a dynamical criterion of finiteness of the harmonic measure
on the convex core of Hy. Is it so in the “geometrically finite case” (when all critical points
on the Julia set are non-recurrent, parabolic cycles are allowed)? Is it so in the Collet-
Eckmann case?

5. Holonomy vs. dynamics. The definitions of balanced and conformal measures in-
clude the transformation rules under both holonomy and dynamics. Are they equivalent?

5. APPENDIX. LAMINATIONS ASSOCIATED WITH KLEINIAN GROUPS

As we have already mentioned in the Introduction, the main incentive for the construc-
tion of the affine lamination associated with a rational map was an attempt to better
understand the existing parallelism between two branches of the conformal dynamics: the
Kleinian and the rational dynamics. In order to show how the theory of laminations en-
compasses both these fields we shall now describe the affine laminations associated with
Kleinian groups. We show that the well-known Patterson measures for Kleinian groups
admit a natural interpretation both as leafwise and transverse G-invariant conformal
streams for these laminations.

5.1. Foliations associated with the hyperbolic space.
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5.1.1. Tautological foliations. The simplest building blocks of an affine lamination are the
standard affine planes. As we have seen in §1, such a plane arises as the punctured visi-
bility sphere P, = O0H?\ {¢} of a pointed at infinity hyperbolic space (H?, q). Conversely,
the hyperbolization functor §) allows one to recover the space (H?, q) from P,. Varying
the boundary points ¢ € 9H? we obtain a family of affine planes P,, ¢ € OH?.

Definition 5.1. The tautological C-foliation A is the foliation of the space
OPH? = 0H® x OH? \ diag = |J P, x {q} (5.2)

qeEOH3

with leaves P,. [In fact, it is a C-fibration over the Riemann sphere C.] Its hyperbolization
H = HA is called the tautological pointed at infinity hyperbolic foliation. The total space
of H is
H° x oH® = ) H®x {¢}
qcOH?3

and the leaves are pointed at infinity hyperbolic spaces (H?,¢). The Busemann cocycle
on H is

B((h1,q), (ha,9)) = By(ha, ha) - (5.3)
A

5.1.2. Parameterizations of the unit tangent bundle. Denote the unit tangent bundle of
the hyperbolic space by UH? with the canonical projection

p: UH? - H?

and let v = {77 },cr be the geodesic flow on UH3. The endpoints of the geodesic deter-
mined by a tangent vector v € UH? are denoted 7=>°(v) € OH®. By

Hor(v) = Horyeo(y) (p(v)) ={h e H’: B (p(v)v, h) =0}

we denote the horosphere centered at the point v°°(v) and passing through the point p(v).
Clearly,

Hor(vy) = Hor(ve) <= Hor(y"v;) = Hor(y"vs) V7T € R,
so that the formula

7" Hor(v) = Hor(v"v) , TeR (5.4)

determines an action of the geodesic flow on the space Hor(H?).
There are two natural parameterizations of the space UH? (see Fig. 11).

Proposition 5.5. The map
v (p(0),7%(v) (5.6)

from UH? to the space H? x OH? is a diffeomorphism. For any (h,q.) € H? x OH? the
associated vector v € UH? is the directing vector of the geodesic ray issued from the point
h in the direction q. .
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Teo
FI1GURE 11
Proposition 5.7. The map
v (7_00(1)), Hor(v)) (5.8)
from UH? to the space
OH' x Hor(H)\ {(0,1) 1 q =Tl = U Prox {T} (5.9)
TeHor(HS3)

is a diffeomorphism. For any q_ € OH3 T € Hor(H?) with q_ # Y. the associated
vector v € UH3 is the tangent vector to the geodesic joining q_ with Yo, at the point of
its intersection with the horosphere 1.

5.1.3. Weakly stable and strongly stable foliations. Recall the definitions of two natural
foliations associated with the geodesic flow on UH?:

Definition 5.10. Two vectors vi,v, € UH? belong to the same leaf of the weakly stable
foliation W?* of the geodesic flow if

lim sup dist(y'v1, y've) < 00, (5.11)

t—+o0

and to the same leaf of the strongly stable foliation YW if

tligrn dist(y'vy, ') = 0, (5.12)
where dist denotes the natural metric on UH?. A

Condition (5.11) means that v*°(vy) = ¥*°(vq). Therefore,

Proposition 5.13. The identification (5.6) establishes an isomorphism between the foli-
ations H and W?* and conjugates the vertical flow on H with the geodesic flow.

Condition (5.12) means that Hor(v;) = Hor(wvy) (this is why W?** is also often called
horosphere foliation). Consequently,

Proposition 5.14. Under the identification (5.8) the foliation W*° is isomorphic to the
foliation of the space (5.9) with the leaves Py x {T}.

Corollary 5.15. The foliation W?*° is a Euclidean foliation.
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Proof. Indeed, the leaves of W** can be identified with horospheres in H?, so that they
are endowed with the natural Euclidean structures induced by the hyperbolic metric. O

In terms of the coordinates (¢_, Y) (5.8) the geodesic flow on UH? takes the form
7=, 1) = (¢-,7"7) , (5.16)

so that it acts by affine laminar automorphisms of WW* mapping concentric horospheres
one onto the other. The foliation A is the result of factorization of WW** by the geodesic
flow (so that the space of A has one dimension less than the space of W**). This is the

reason why the leaves of A carry just a natural affine structure (the “scale” having been
lost as a result of the action of the geodesic flow).
The total space of the hyperbolization HIWV** is

U  9Pr. x {T}=H? x Hor(H?) . (5.17)

TeHor(HS3)

The Euclidean structure on a horosphere Y € Hor(H?) determined by a point h € H? is
the image of the induced hyperbolic metric on Hory_ (h) under the vertical flow

¢« Hory (h) — T, s=fFr_(hT).

The Busemann cocycle on HWWV* is
B((h1, 1), (B2, 1)) = B (B 1) - (5.18)

Remark 5.19. Note the difference between the actions of the vertical and the geodesic
flows on HW?**. The vertical flow acts leafwise by the formula

&(h,T) = (& h),
whereas the action of the geodesic flow on UH? (5.16) induces its action on HWV*
Y (h, 1) = (h,y"Y) (5.20)
by isometries between leaves.

5.2. Laminations associated with Kleinian groups.

5.2.1. Definitions and basic properties. The roles of two factors OH? in the definition (5.2)
of the total space 0*H? of the foliation A are quite different: the first one (the “leafwise
direction”) is indispensable if we want to have a C-lamination, whereas nothing prevents

us from replacing the second one (the “transverse direction”) with an arbitrary subset of
OH?3. Therefore, for any subset X C OH? the space

AX:UPqX{Q}

qeX

is endowed with a lamination structure (this is not a foliation unless X is a submanifold
of OH3).

Recall that the limit set A = A(G) C OH? of a Kleinian group G is defined as the
closure (in the visibility compactification H* U 9H?) of any given orbit Go, o € H? (the
result does not depend on the choice of 0). The limit set is either finite (and consists of
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not more than 2 points) or uncountable. In the latter case the group G is called non-
elementary. The action of a non-elementary group on its limit set is minimal (e.g., see
[GH55, Chapter 13]).

Definition 5.21. Let G be a Kleinian group. The lamination Ag = Ax(q) is called the
affine lamination associated with the group G. The corresponding hyperbolic lamination
He = HAq associated with the group G is the product lamination of the total space
H? x A(G). A

Since the limit set is G-invariant, the group G acts on Ag by laminar affine maps
and on Hg by laminar isometries. Moreover, the action of G on H? (and, therefore, on
UH? = H? x 9H?) is properly discontinuous, so that it is also properly discontinuous on
He =2 H? x A(G) C UH3. Denote by Mg C UM the corresponding quotient hyperbolic
lamination (here M = H?/G is the quotient hyperbolic manifold associated with the
group G).

Remark 5.22. If the action of G on H? is not free, then Mg is an orbifold lamination.

Remark 5.23. Although the quotient hyperbolic lamination M always makes sense, the
quotient of the affine lamination Ag by the action of the group G is not well-defined
for non-elementary groups G (precisely as in the case of the laminations associated with
rational maps, see Remark 3.14). Indeed, since the actions of G and of the vertical flow
on Hg commute, if the quotient Ag/G is well-defined, then necessarily Mg = Hg/G
coincides with the hyperbolization $(As/G). However, the latter is impossible. For, since
G is non-elementary, there is a hyperbolic element g € G (e.g., see [GH55, Chapter 13]).
It implies that the vertical flow on Mg (= the geodesic flow on UH?/G) has a periodic
orbit covered by the axis of g, so that the condition formulated in Remark 1.80 can not
be satisfied.

In spite of a number of similarities, there are also some differences between the prop-
erties of the laminations Aq, Hg, Mg associated with Kleinian groups and those of the
laminations Ay, H s, M associated with rational maps (see §3.1).

Remark 5.24. Clearly, if the group G is non-elementary, then the laminations Ag and Hg
are never minimal (unlike the laminations Ay and Hy).

Remark 5.25. Yet another difference is that the fiber bundle p : Hg — Ag always admits a
parallel section, i.e., the lamination A is always Euclidean (unlike the affine laminations
Ay, cf. §3.5). Indeed, the Busemann cocycle on H¢ is given by formula (5.3), where
q € A and hy, hy € H?, so that it can be trivialized, for example, by the function ¢(q, h) =
B,(0, h), where o € H? is a fixed reference point.

5.2.2. Non-triviality of the Busemann cocycle. If the group G is non-elementary, then the
Busemann cocycle of the lamination M is non-trivial for an obvious reason: it is non-
trivial for the leaves in M corresponding to fixed points of the hyperbolic elements in
G. Denote by Ag = Ag(G) C A the set of all such fixed points. It is not hard to see (cf.
formula (5.27) below) that even if we discard the set Ay (i.e., remove from Mg all leaves
with non-trivial Busemann cocycle), then the Busemann cocycle of the lamination

G=Mu/G, My =Hx (AG)\ A(G))
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is non-trivial in the continuous cohomology. We shall prove a stronger result (cf. Theo-
rem 3.26) :

Theorem 5.26. For any non-elementary Kleinian group G the Busemann cocycle of the
lamination M, is non-trivial in the Borel cohomology.

Proof. Triviality of the Busemann cocycle on My, is equivalent to existence of a G-
invariant Borel function ¢ on Hy, trivializing the Busemann cocycle:

By(hi, ha) = o(h2,q) — (hi,q) - (5.27)

Our proof that this is impossible is based on the theory of random walks on the group G.

Fix for convenience a reference point o € H? (its choice is irrelevant for what fol-
lows) and take a probability measure p on the group G such that the first moment
> gec dist(o, go) p(g) is finite and p(g) > 0 for all g € G. Denote by p> the product
measure on the space G of sequences g = (g1,92,...). Every g € G* gives rise to
the (random) sequence h, = h,(g) = g1gs - .. g,0 € H®> which y>-a.e. has the following
properties (see [Ka00b]):

(i) There exists a limit
and the image v of the measure ;> under the map g — he(g) is purely non-
atomic.

(ii) If U denotes the Bernoulli shift (g1, ge,...) — (g2,9s,...) in the space (G*, u*),
then

hso(Ug) = g1 hec(g) -
(iii) There exists a number [ = I(x) > 0 (the same for a.e. g € G*) such that

1
—dist(o, hy,) — 1.
n n—oo
(iv) The distance between h, and the geodesic ray joining the points o € H? and
he € OH? is o(n).
Combination of (iii) and (iv) implies that p*-a.e.
1
—Bhoo (hos h) — 1. (5.28)
n

Assuming that (5.27) is satisfied, put

®(g) = ¢(0, hoo(g)) -
As it follows from (i) above, v(Ag) = 0, so that the function ® is p*>-a.e. well-defined.

Then
ﬁhoo (07 hn) = Qo(hm hoo) - 90(0? hoo) = 90(9192 <+ gn0, hOO) - @(07 hOO)

=(0,9," .. 9591 ' heo) — (0, ho) = ®(U"g) — ®(g) -

Since U preserves the measure p*, (5.28) would be then impossible by the Poincaré
recurrence theorem, which gives the sought for contradiction. O

Corollary 5.29. The lamination Mg admits no Borel Fuclidean structure.
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Corollary 5.30. There is no Borel G-equivariant map assigning to every point
q € A(G) \ Ao(G) a horosphere centered at q.

5.3. Metrics on the Riemann sphere.
5.3.1. Visual metrics.

Definition 5.31. The wvisual (spherical, angular) metric s, h € H? on the sphere 0H?
is the unique Riemannian metric invariant with respect to all isometries of H?® which fix
h and normalized to have curvature 1. The distance between two points ¢_, ¢, € OH? in
the metric ¢, is just

§h<q77q+) = 4h<q*7q+) )
i.e., the angle between these points “as seen from the point A” (more rigorously, the angle
between the directing vectors of the geodesic rays joining h with ¢_ and ¢, see Fig. 12). A

Clearly, the assignment h — ¢, is equivariant with respect to the group Iso(H?) of
isometries of H3:

9Sh = Sgh Vh e H? g€ lso(H?) .
The following is well-known (e.g., see [Ka00a]):

Proposition 5.32. All metrics <,, h € H? are pairwise conformally equivalent, and

Sho
é(q) = exp[ﬁq(hl,hg)} , Vhi,hy € H?, g € OH? .

5.3.2. Cut length. Given two points ¢_ # ¢, € OH? and a point h € H?® denote by
Ih(q—,qy) the length of the segment of the geodesic (¢_,¢y) cut out by the horospheres
passing through h and centered at the points g_ and ¢.. We shall call l;(q_, qy) the cut
length. Clearly,

h(q-:q+) = By_(h,0) + By, (h,0) (5.33)
for any point o lying on the geodesic (¢_, q+) (see Fig. 12). Therefore,

FIGURE 12

Proposition 5.34 ([Ka90]). For any hy,hy € H? and (q_,q,) € OH?
I (q-, 44) = Uno (g5 q4) = By_(ha, ha) + By_(ha, ha) -
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We shall now calculate the value of [;,(g—, g4+ ). Recall that ¢, , denotes the Euclidean
metric on the punctured sphere P, = OH? \ {¢} which is the image of the induced
hyperbolic metric on the horosphere Hor,(h) (we add the subscript ¢ to the notation from
(1.39) where the point ¢ € 9H? was assumed fixed). By p, is denoted the projection of
the hyperbolic space H? onto the plane P,, i.e., p,h is the endpoint on OH? of the geodesic
passing through ¢ and h € H? (see §1.1.1).

Proposition 5.35. For any h € H? and q_ # q, € OH?

2 Tl
lh(Q—7 q-‘r) = log[l + {Eh,tpr <Q—7pq+h)} ] =2 log S11l [§§h(Q—v Q+)] .

Proof. Denote by (z,t) and (¢,0) the coordinates of the points h and ¢_, respectively in
the upper half-space model (g, being the point at infinity). Then the geodesic joining q_
and ¢ is just the vertical lime passing through the point (¢, 0). The horosphere Hor,, (k)
is the horizontal plane passing through the point h, and the horosphere Hor, (h) is a
Euclidean sphere passing through A and tangent to the boundary plane at the point ¢_
(see Fig. 13). One can easily see that the Euclidean radius r of this sphere satisfies the
relation

==t =P
whence

4|z
-t

2r (5.36)

The value of [;,(q_, q1) is the ratio of Euclidean heights of the points of intersection of the
horospheres Hor,, (h) with the geodesic (¢_, ¢ ), i.e.,
2= ¢\’
1 = 51
v (5

On the other hand, the angle o = Z;(¢q_, ¢+) coincides with the angle between the radii
of the Euclidean sphere Hor, (h) joining its center with the points h and ¢_ (see Fig. 13).

Therefore, by (5.36),
Y2+ 2= (2 t

sina/2 = =

2r /t2+]Z—C\2,

2r t2+|z—{’|2:

In(g-,4+) = log —~ = log % log

= log[l + {5h7q+(q_,pq+h)}2} )

whence

. 1
In(q-,q4) = —2logsina/2 = —2logsin [§§h(Q—aQ+)
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4+ = o0

r .e

{ / Hor,, (h)

pq+h = (270) q- = ( 70)

h = (z,t) R

FIGURE 13

5.3.3. Comparison of Euclidean and visual metrics.

Proposition 5.37. For any h € H? and q_ # q, € OH?

8léf(q—) = %eXp [in(a-,a4)] - (5.38)

Proof. Clearly (see Fig. 13),
§h(Q—7pq+h> - éh(Q—7pq+h’> =T = lh(Q—J Q+) =T = éh(q—7q+) :
Therefore, by Proposition 5.35
1
cos? [%gh(qﬂp%h)}

2
1 _I— [gha%— (Q—vp%—h)} =
Letting the point ¢g_ tend to p,, h we obtain

Eh,qy _ 1
o, Pach) =3

in perfect keeping with (5.38), because l;(p,, h,q4) = 0.

Now, for an arbitrary point ¢_ € P,, let A’ be the intersection of the geodesic (q_, ¢ )
with the horosphere Hory, (), so that 34, (h,h') = 0 and B, _(h,h') = ln(q-,q4) (see
Fig. 13). Then ey 4, = €n4,, and by Proposition 5.32

8h’7q+ — 6h/7q+ — 6h/7q+ . %
., )= = =) - e

— % exp [ﬁq_ (h, h/)} = % exp [lh<q77 Q+)] :

5.4. Conformal streams and invariant measures of the geodesic flow.
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5.4.1. The Patterson—Sullivan stream.

Definition 5.39. A Patterson—Sullivan stream of a Kleinian group G is a G-invariant
conformal stream v (of some dimension § > 0) on the limit set A(G). A

One can easily verify that a Patterson—Sullivan stream v is determined just by its values
vy, = Vg, on the visual metrics. More precisely,

Proposition 5.40. A Patterson—Sullivan stream v is uniquely determined by the fam-
ily {vp}, h € H? of finite positive measures on A(G) (not necessarily probability ones!)
satisfying the following properties:

(i) The measures vy, are all pairwise equivalent, and their Radon—Nikodym derivatives

are
th2

(¢) = exp {5@1(}% hQ)} Vhi hy € H?, g € OH ;
thl

(ii) The family {v,} is G-invariant, i.e.,
Vgh = GV Vge G, heH.
Remark 5.41. A finite measure v, on A(G) (where o € H? is a fixed reference point) is

sometimes called a Patterson—Sullivan measure (of dimension ¢) if it is quasi-invariant
under the action of (G, and its Radon—Nikodym derivatives are
dgv,

” (q) = exp {(Wq(o, go)} :
Clearly, such a measure uniquely extends to a family {v,} satisfying conditions (i) and

(ii) from Proposition 5.40, and therefore to a Patterson—Sullivan stream.

Remark 5.42. If A(G) = OH3, then the area stream on OH? (which is obviously G-
invariant) is a Patterson—Sullivan stream of dimension § = 2.

Definition 5.43 ([Pa76], [S79]). The critical exponent d¢ of a Kleinian group G separates
domains of divergence and convergence (with respect to the parameter s) of the Poincaré

series
Z exp[—s dist(o, go)} ,
geG
where o € H? is a chosen reference point. A

Theorem 5.44 ([Pa76], [S79]). Let G be a non-elementary Kleinian group. Then 0¢ €
(0,2], the dimension & of any Patterson—Sullivan stream of G satisfies the inequality 6 >
0a, and there exists a Patterson—Sullivan stream of dimension dq.

Proposition 5.45. There is a natural one-to-one correspondence between Patterson—
Sullivan streams v of a Kleinian group G and G-invariant leafwise conformal streams
A = A(v) of the same dimension on the lamination Ag concentrated on the leafwise limit
sets.

Proof. Obviously, any Patterson—Sullivan stream v lifts to a G-invariant leafwise confor-
mal stream A = \(v) on Ag of the same dimension concentrated on the leafwise limit sets.
Conversely, a leafwise conformal stream A on Ag concentrated on leafwise limit sets is a
continuous map g — Az from A (which parameterizes the leaves of Ag) to the space
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of conformal streams on A, and G-invariance of A\ means that this map is equivariant.
Minimality of the action of G on A implies that Ar,) must be constant, i.e., A determines
a single Patterson—Sullivan stream v. O

On the other hand, the hyperbolization Hg = $Ag is the product lamination of the
space H? x A. Therefore, the standard transversals of H¢ can be parameterized by points
h € H3. By Proposition 5.40 the Patterson—Sullivan stream gives rise to a G-equivariant
assignment of measures on A to points h € H?. Hence, it determines a transverse measure
on Hg, and by property (i) from Proposition 5.40 the modulus of this measure is exp[0/].
Conversely, any G-invariant transverse measure of Hg with modulus exp[d3] restricted to
standard transversals satisfies the conditions of Proposition 5.40, and therefore determines
a Patterson—Sullivan stream of dimension ¢. Thus, Theorem 2.63 implies:

Proposition 5.46. There is a natural one-to-one correspondence between Patterson—
Sullivan streams v of a Kleinian group G and G-invariant parallel transverse conformal
streams p = p(v) of the same dimension on the lamination Ag.

5.4.2. Geodesic currents and invariant measures of the geodesic flow. Recall that the total
space of the lamination H¢ is H® x A(G) C H? x O0H? = UH? and that the vertical flow
on He is just the restriction of the geodesic flow. The measures on 9*H? which are
G-invariant are called geodesic currents of the quotient manifold M = H3/G (e.g., see
[Bo86]). The reason is that they naturally induce 1-currents on the geodesic foliation of
UM. In measure theoretic terms the lift © of any such measure v to UH? (obtained
by integrating the geodesic length against v, cf. Definition 2.38) is invariant both with
respect to the action of G and the geodesic flow on UH3, i.e., determines an invariant
measure Uy of the geodesic flow on the quotient manifold M (e.g., see [F73]).
Proposition 5.45 and Proposition 5.46 in combination with Theorem 2.91 yield

Theorem 5.47. Let v be a Patterson—Sullivan stream of a Kleinian group G. Let A\ =
A(v) and p = pu(v) be the corresponding leafwise and transverse conformal streams on the
lamination Ag. Then v(v) = Ax p is a geodesic current of M concentrated on A x A\diag.

Corollary 5.48. A Patterson—Sullivan stream v of a Kleinian group G determines an in-
variant measure Oy = Om(v) of the geodesic flow on the quotient lamination

MGCUM.

5.4.3. Other constructions of geodesic currents. A geodesic current associated with a Pat-
terson—Sullivan stream (= with a Patterson-Sullivan measure) was first constructed by
Sullivan [S79] as

dve(q-) dv,(qy)

doM(g_,q.) = , 5.49

( +) |q_ _ q+|25 ( )
where the hyperbolic space H? is realized in the Poincaré model as the Euclidean ball of
radius 1 centered at the point o, and |¢g_ — ¢ | denotes the Euclidean chordal distance

between points ¢_ and ¢, from the unit sphere.
Kaimanovich [Ka90] considered the measure

(-, q1) = exp[dh (- q1)] - dvila-) dva(y) - (5.50)
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By Proposition 5.34 it does not depend on the choice of h € H3, in particular, it
is G-invariant, i.e., is a geodesic current. The advantage of the intrinsic approach of
Kaimanovich (as well as of the construction below) is that it works for an arbitrary neg-
atively curved manifold (not necessarily of constant curvature) as well and produces an
invariant measure of the geodesic flow called Margulis—Sullivan—Kaimanovich measure.
In the compact case it leads to the Margulis measure (= the maximal entropy invariant
measure of the geodesic flow).

We shall now describe a new functorial construction of an invariant measure of the
geodesic flow on the quotient manifold M = H3/G associated with a Patterson—Sullivan
stream. This construction is direct (one does not have to consider first the correspond-
ing geodesic current) and completely symmetric with respect to the stable and unstable
directions. It is based on the fact that the geodesic projection (1.11) is a conformal
isomorphism between the horosphere Hor(v) (endowed with the Euclidean metric ¢, in-
duced from H?) and the punctured sphere P, = OH? \ {q,} (see Fig. 11). Therefore,
the Patterson—Sullivan stream v carries over from OH? to the horosphere Hor(v) (see Re-
mark 2.42), where it assigns a Radon measure v, to the metric ,. Since the metric ¢, is
parallel, i.e., the same for all vectors from the strongly stable leaf YW**(v) of the vector v,
we obtain that the Patterson—Sullivan stream v determines a leafwise measure v** on the
strongly stable foliation W*¢ of UH? (if v is the area stream, then this is just the leafwise
Euclidean area). Denote by v** the analogous leafwise measure on the strongly unstable
foliation W*" and let ¢ be the Lebesgue measure along the trajectories of the geodesic
flow. We claim that

0 x dv* x dv™ (5.51)

is an invariant measure of the geodesic flow on UH?, which is also G-invariant, i.e.,
descends to an invariant measure of the geodesic flow on the quotient manifold.

First note that such a “local” definition makes sense because all the measures involved
in (5.51) are obviously quasi-invariant with respect to the corresponding holonomies (see
below for an explicit form of the associated Radon—Nikodym derivatives). Since the
Euclidean leafwise metric on the strongly stable (resp., strongly unstable) foliation is
uniformly exponentially contracted (resp., expanded) by the geodesic flow (see §5.1.2),
the d-covariance of the definition of the measure v** (resp., v**) immediately implies that
it is also uniformly contracted (resp. expanded) by the flow:

d(’}/_TVSS) d(’)/_TVSU)
dyss dysu
which is, in fact, the characteristic property of the measure (5.51). In turn, formulas
(5.52) immediately imply invariance of the measure (5.51) with respect to the geodesic
flow, whereas its G-invariance follows from G-invariance of the Patterson—Sullivan stream
v and functoriality of the whole construction.

= exp[—07] , = exp|07] , (5.52)

Remark 5.53. The original construction of Margulis from [Ma70] is also based on using
a uniformly contracting leafwise measure on the strongly stable foliation, although he
obtains this measure in a completely different way.

We shall now recast the previous construction in terms of geodesic streams. Denote by
Vhg, the measure on OH? assigned by the Patterson—Sullivan stream v to the conformal
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Euclidean metric p,,, on OH? induced from the stable horosphere Hor(v) (see §5.3.2).
In the same way the measure v, , is determined by the Euclidean metric on the unstable
horosphere Hor(—v) (as before, we use the notations from Fig. 11). Then, as it follows
from (5.52), the product measure v, 4, = Vhg, ® Vg is the same for any choice of
the point h on the geodesic (¢—,¢4). Now fix (¢°,¢%) € A x A\ diag, and denote by
v the measure on A x A\ diag from the common measure class of the measures v, ,
determined by the relation

dvl?! dv, 4.
(4. 0.) = Wae

(¢ ay) - (5.54)
dvq(i,qi a® .49

Clearly, v does not depend on the choice of (¢°,¢%). Moreover, by G-invariance of
the Patterson-Sullivan stream v the map (¢_, ¢} ) — v,_4, is G-equivariant, whence the
measure v is also G-invariant, i.e., a geodesic current.

Take a point h° on the geodesic (¢°,¢}), then by Proposition 5.32, formula (5.33) and
Proposition 5.37 the density in the right-hand side of formula (5.54) takes the form

d’U(P as . th7q+ dl/hjqi
d’Unggr (Q—’ Q+) - thO,qg - th()’qO_ (q+)
. Clljhg_‘_ dgho dgh dl/h7q_ Cl§h0 dgh
= o ) g )G, ) =g, @) oo (94) - 7.5 (a+)
= exp|0(lolg-, q4) — bo(a-, q%) = lo(¢”, a4))]
— exp|—0R(¢%, ¢, q}, 44)]
where

R(Qh 92,q3,q4) = hm[diSt(hlv hs) + dist(ha, hy) — diSt(hl, hy) — dist(ha, h3)}

denotes the cross ratio of the points qi, qo, g3, @ € OH? [Ot92] (in the definition of R the
points h; € H? converge in the visibility compactification to the respective points ¢;).

5.4.4. Comparison of geodesic currents.

Theorem 5.55. For a given Patterson—Sullivan stream v the geodesic current v from
Theorem 5.47 and the geodesic currents vl (5.49), v (5.50), vB (5.54) are all the
same (up to a normalizing multiplier).

Proof. v vs. v, Since

Y

.1
- = gl = 2sin | 5 Zufa-01)
by Proposition 5.35

]q, —CJ+’

Tl
lo(q-, q+) = —2logsin béo(q—,%)} = —2log = 2log2 —2log|q- — g4/,

whence v2 = 2201, A
vl s, VB By formula (5.54) for any point h from the geodesic (q_, q.)

dv[?’} (q—u Q-f—) = dvqﬂqu (Q—a Q-i—) = dl/h,qu (Q—) th’q7 (Q-‘r) )
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whence v = 2729y by Proposition 5.37. A

v vs. v By Theorem 2.57 the measure A = M\, * i, does not depend on the
choice of the section o of the fiber bundle p : Hg — Ag. Therefore, we may fix such a
section o and do all the computations just for this section. Fix a point o € H3, and let
o : Ag — Hg be the section determined by the condition that the leafwise metrics p,
are the visual metrics ¢,. Then the leafwise measures A\, are just the measures v,: in the
coordinates (¢_,q+) on Ag

dAG(q-) = dvo(q-)

(recall that Ag = A x OH? \ diag, so that ¢, is the transverse coordinate, and ¢_ is the
leafwise coordinate).

Let us now consider the transverse measure j,. Due to the product structure of Ag,
we can just look at the restrictions pl- of ., onto the standard transversals 7, =

{(¢-,q4), ¢+ € A\ {¢_}}. By Theorem 2.63
dul(q+) = dva(qs) = exp|03,, (0, h)] dvo(gy) |

where 0(q_,qy) = (h,q.) € Hg, so that the point A € H? is determined by two conditions:

(i) It lies on the geodesic (¢_, g, ), because o(q_, ¢, ) has to belong to the fiber of the
bundle p over the point (¢_, g, );
(ii) It belongs to the section o, i.e.,

€h,ay
_— _ p— ]_ .
o (4-)
By Proposition 5.37

1

%(q_) =3 exp[lo(Q—,QJr)} )

So
on the other hand,

“oat (¢_) = exp[By, (0, 1)] |

Eh,qy
whence
Be.(0,h) = lo(q-,q4) —log 2,
which means that v = A\, x y, = 20, O

Remark 5.56. In the case when A = OH? and v is the area stream on OH? all these
geodesic currents are proportional to the Liouville geodesic current (which corresponds
to the Liouville invariant measure of the geodesic flow).

5.4.5. The Patterson—Sullivan streams, harmonic measures and functions. By the general
results from §2.3 (Theorem 2.86 and Theorem 2.88, respectively) the parallel transverse
conformal stream p(v) and the leafwise conformal stream A(v) on Ag determined by a
Patterson—Sullivan stream v of dimension § (Proposition 5.46 and Proposition 5.45, re-
spectively) give rise to a G-invariant A-harmonic measure w” and to a G-invariant leafwise
A-harmonic function ®” on the hyperbolic lamination Hg = $HAg (with A = 6(0 — 2)).
In terms of the measures v}, assigned by the stream v to the visual metrics ¢, they are
expressed as

dw”(h,q) = dvol(h)dva(q) ,  ®"(h,q) = ||val| -
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It is well-known (see [S79]), that if the group G is convex cocompact, then it has a
unique Patterson—Sullivan stream of dimension dg, and that # descends to a unique
A-harmonic function on the quotient manifold M = H3/G. By using the arguments from
[Ga83] (also see [Ka88]) one can prove

Theorem 5.57. If the Kleinian group G is convex cocompact, and v is the unique
Patterson—Sullivan stream of dimension d¢g, then w” is the unique G-invariant A-harmonic
measure of the lamination Heg which descends to a unique A-harmonic measure of the quo-
tient lamination Mg = Ha/G.

5.5. New lines in the dictionary. In order to summarize the above discussion, let
us list some correspondences between various objects associated with affine laminations
determined by Kleinian groups and rational maps (here, as always, A = 6(d — 2)).
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Kleinian groups

Rational maps

Kleinian group G acting on C

Rational map f acting on C

Limit set A = A(G) c C

The Julia set J = J(f) c C

Affine C-fibration Ag = C x A \ diag over A
with the diagonal action of G

Affine lamination Ay with the automorphism

f

Product structure on Ag

Dual fibration of Ay

Hyperbolic lamination Hg = HAg = H3 x
A\ diag with the properly discontinuous di-
agonal action of G

Hyperbolic lamination H; = Ay with the
properly discontinuous automorphism f

Hyperbolic lamination Mg = Hg/G

Hyperbolic lamination M; = Hy/ 1

Non-triviality of the Busemann cocycle of
M in the Borel cohomology (Theorem 5.26)

Non-triviality of the Busemann cocycle of
M in the Borel cohomology (Theorem 3.26)

Critical exponent d¢

Forward and backward critical exponents ¢,
and ey

G-invariant parallel transverse conformal
stream on Ag corresponding to a Patterson—
Sullivan stream of dimension g of the group
G (with A considered as the “past” of the
geodesic flow)

~

f-invariant parallel transverse conformal
stream on A of dimension d¢;

G-invariant leafwise conformal stream on
Aqg corresponding to a Patterson—Sullivan
stream of dimension d¢ of the group G (with
A considered as the “future” of the geodesic

flow)

~

f-invariant leafwise conformal stream on Ay
of dimension 7,

Geodesic current (= a G-invariant Radon
measure) on A x A\ diag determined by a
Patterson—Sullivan stream

The global f—invariant measure v on Ay,
which is the product of the leafwise and
transverse conformal streams of the same
dimension

The invariant measure of the geodesic flow on
UH3/G determined by a Patterson—Sullivan
stream

The natural lift v of v to an invariant mea-
sure of the vertical flow on M

A-harmonic measure on Mg associated with
a Patterson—Sullivan stream of dimension ¢
of the group G

A-harmonic measure on M ; associated with

a f-invariant parallel transverse conformal
stream of dimension 0 on Ay

A-harmonic function on M = H3/G associ-
ated with a Patterson—Sullivan stream of di-
mension J of the group G

Leafwise A-harmonic function on My asso-

ciated with a f—invariant leafwise conformal
stream of dimension § on A
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5.6. An example of a non-Euclidean affine foliation. The first example of an affine
foliation A which is not Euclidean (recall that by Proposition 1.87 it is equivalent to saying
that the basic class of A is non-zero) was given by Ghys [Gh97] (also see [Gh99]) on the
base of a construction of non-standard deformations of Fuchsian groups due to Goldman
[Go85] and Ghys [Gh87]. Here we shall recast this example making more explicit its
relation to the foliations associated with the geodesic flow on H3.

For an arbitrary Kleinian group G the Busemann cocycle on the hyperbolic foliation
M is cohomologically non-trivial (Theorem 5.26); however, M does not correspond to
any affine foliation (see Remark 5.23). Recall that Ag can be considered as a quotient
of the strongly stable foliation W** of the geodesic flow with respect to the action of the
flow. This factorization preserves the leafwise affine structure, but destroys the Euclidean
structure. The example exploits the same idea, but, in order to have a properly discontin-
uous action we replace the “whole” geodesic flow with a one-dimensional representation
(= character) of the group G.

5.6.1. Twisted action. Take a compact hyperbolic manifold H and put G = 71(H). The
actions of G and of the geodesic flow v on UH? commute (note that only the first of
these actions is isometric!). We shall now define a new “twisted” action of G on UH? by
combining the original action of G with the geodesic flow.

From now on we shall assume that the first Betti number of G is positive,

i.e., the group Hom(G,R) = H'(H,R) of additive real-valued characters
of G is non-trivial.

Remark 5.58. The groups Hom(G, R) and H'(H?/G,R) coincide for any Kleinian group
G without parabolic elements. Although there are cocompact Kleinian groups with trivial
space Hom(G, R), it is plausible (according to [VGS00, p. 98]) that if G is a lattice (in
particular, if G is cocompact), then it always has the so-called Millson property: there
exists a finite index subgroup G’ C G such that Hom(G’, R) is non-trivial. This property
has been proved for several classes of lattices.

Definition 5.59. The twisted action T, of the group G on UH? determined by a character
x € Hom(G,R) is

Tiv = goy9(v) =y o g(v) (5.60)

where in the right-hand side v — gv is the standard action of G on UH? (see Fig. 14).
We shall also use the same notation 7, for the action of the group G on the space of
horospheres Hor(H?) defined by the formula

TIT =9 0 g(T) = goyX9(T)

where v now stands for the action (5.4) of the geodesic flow on Hor(H?). Then in the
coordinates (¢, T) (5.8) on UH?

T(q,T) = (94, YY) .
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FIGURE 14

5.6.2. Admissible characters.

Definition 5.61. A character x € Hom(G,R) is admissible if the action T) is free, proper
and totally discontinuous. A

One can easily see that all characters sufficiently close to the identity in Hom(G,R)
are admissible. The following complete description is due to Salein [Sa97] (although he
deals with hyperbolic surfaces only, his proof based on a criterion of Benoist [Be96] almost
verbatim carries over to higher dimensions as well).

Definition 5.62. The stable norm on Hom(G,R) is

x(9)
x|l =sup %
X T

where

I(g) = min{dist(h, gh) : h € H*} , geqG,
denotes the length of the closed geodesic on H associated with the conjugacy class of g
in the group G. A
Proposition 5.63. The action T, is admissible iff || x| < 1.

Remark 5.64. As a motivation for this result note that if x(g) = —I(g) for a certain
element g € G, then TJv = v for any vector v € U H? tangent to the axis of g.

5.6.3. Absence of Euclidean structures. The action T, preserves the foliation WW** and its
affine (but not Euclidean, unless y = 0!) structure.

Definition 5.65. For an admissible character y € Hom(G,R) denote by B, the affine
foliation of the quotient manifold UH?/T, obtained by factorizing the strongly stable
foliation WW** by the action 7). A

For x = 0 the foliation By is just the strongly stable foliation of the geodesic flow on
UH3/G, so that it is endowed with a natural leafwise Euclidean structure.

Theorem 5.66. If x # 0, then the affine foliation B, does not admit any Borel Euclidean
structure.
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Proof. By Proposition 1.87 we have to prove non-triviality of the basic class of B,. In
view of Proposition 1.87 it is equivalent to non-triviality of the Busemann cocycle of the
hyperbolization B, . Further, B, is defined as the quotient of the strongly stable foliation
W?* by the action T, (5.60), so that we have to prove that the Busemann cocycle (5.18)
on the hyperbolization HW** (see §5.1.3) is not cohomological to zero by means of a
certain T)-invariant function:

B((h1, 1), (ha, 1)) = f(hs, 1) = (I, Y)
f(Tg(h, T)) = f(h,T) Vgeaq, (hT)ecHNV>

We shall prove it under the only assumption that x # 0 (i.e., without requiring that the
character x be necessarily admissible).

Indeed, if (5.67) were satisfied, then, as it follows from formula (5.18) for the Busemann
cocycle on HV*® the function f would be expressed as

where ¢ is a function on the space of horospheres Hor(H?), and (y_ (Y, h) denotes the
common value Gy (k',h), b’ € T.

On the other hand, as it follows from (5.20), the action 7} on the hyperbolization $W**
has the form

(5.67)

T9(h,T) = (gh, TY) . (5.69)

Therefore, using (5.68) and the fact that (77T)s = Yo for any 7 € R and Y € Hor(H?),

we obtain
F(TL,)) = F(gh, TIT) = @(TIY) + Byr. (TIT, gh)

)
T) + fr.. (79T, 1)
)

= p(T?
= o(TIY) + Br.. (V9T Y) + By (T, h)
= o(T4Y) — x(9) + Br.. (T, h) .

The latter formula compared with (5.68) implies that f is T -invariant iff the function ¢
on Hor(H?) satisfies the relation

(TIT) — x(g) = »(T) Vg€ G, T € Hor(H?) . (5.70)

In particular, the function ¢ has to be invariant with respect to the standard action of the
kernel Gy = ker x of the homomorphism x. On the other hand, the horosphere foliation
on the abelian cover H?/Gy of the compact manifold H = H?/@G is ergodic with respect
to the smooth measure class, which is equivalent to ergodicity (again with respect to the
smooth measure class) of the action of Gy on the space Hor(H?), see [BL9§|, [Ka00a].
Therefore, the function ¢ must be a.e. constant, which is impossible for x # 0 in view of
formula (5.70). O

Remark 5.71. Ergodicity of the horosphere foliations was established in [Ka0Oa] for all
abelian covers of any such manifold H = H?/G that the geodesic flow on UH is ergodic
with respect to the Liouville measure (= the group G is of divergent type), so that the
cocompactness assumption in the formulation of Theorem 5.66 can be replaced with this
weaker condition.
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5.6.4. Transverse conformal streams. We shall now briefly describe parallel transverse
conformal streams for the foliations B, without going into details (to be given elsewhere).
As it follows from Theorem 2.63, they are in one-to-one correspondence with transverse
measures of the foliation $H5, with modulus exp[d3]. Since H1B, is the quotient of the fo-
liation HW** (5.17) by the action T}, (5.69), it means that there is a one-to-one correspon-
dence between parallel transverse conformal streams for the foliation B, and 7T)-invariant
transverse measures of HW** with modulus exp[§3]. Since HW** = H? x Hor(H?) is a
product foliation, and taking into account formula (5.18) for the Busemann cocycle on
HW* we arrive at

Proposition 5.72. Let B, be one of the foliations described in §5.6.3. Then there is a
natural one-to-one correspondence between parallel transverse conformal streams on B, of
dimension 6 and families of measures 05, h € H*> on Hor(H?) such that

d0h2 3 3
=0 hi, h Yhi,hy € H>, T € Hor(H
dehl( ) By (hi, h2) 1, he € , T € Hor(H”) , (5.73)

Tf@hzegh Vh€H3,g€G.

log

It turns out that systems of measures satisfying condition (5.73) are intimately con-
nected with a family of invariant measures of the horocycle flow on the homology cover
of a compact hyperbolic surface constructed by Babillot and Ledrappier [BL98]. We shall
follow a more geometric description of these measures given in [Ba96] and adapt it to our
setup by passing from dimension 2 to dimension 3 (which does not change anything in
the considerations from [BL98] and [Ba96] modulo substituting “horosphere foliation” for
the “horocycle flow”).

Fix a character x : G — R. Then there is a unique number § = 6(x) > 2 for which
there exists a system (again unique) of finite measures v, = v, h € H? on 0H? satisfying
the relations

d
log dV:2< ) =0B,(hi,ha)  Yhy hy € H®, g € OH?
1
d
log IVn = x(9) VheH? geG.
dl/gh

The number § is the critical exponent of convergence of the generalized Poincaré series

Zexp[ sdist(o, go) — X(g)} , (5.74)

geG

where o is a fixed reference point. The series (5.74) diverges for s = §, and the measures
vy, are the weak limits (as s \, 0) of the measures

Z exp{ sdist(h, go) — X(g)} g0 -

gEG

Denote by 7, the lifts of the measures v, from OH? to Hor(H?) obtained by integrating
the Lebesgue measures on the fibers of the projection Hor(H?) — OH? with respect to
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the measures vy,. Then, clearly,

-
log “22(0) = 63y (hi,hs)  Vhi,hy € H3, g € OH®
Vhl
o (5.75)
log——=x(9) VheH’ ged,
dl/gh

and the measures U are invariant with respect to the action of the geodesic flow + on
Hor(H?3). Thus,

Ty, = gvn = exp [X(g)] Ugh, -
Now put
O =i, o(h,T) = exp|Br(h,T)]. (5.76)
Then by (5.75)

db
lgi

ho. T dv
0 (T) = log h2, 1) + log Vha
0,

o(hy,T) dvy,
= Pr.(he, T) = By (h1, 1) 4+ 08v. (h1, ha)
- (5 - 1)/8Too (h17 hQ) )

(1)

and

dT96), o(h, 1)

dT9y,
(T97) = log xh

— "~ +log —=— (19T
Plgh, TIT) 8 iy, )
dgv
= (1, ) = fige. (gh, TYT) + log 22 (1)
g

= By (h, ) = Bro (h, 9T + x(g)
= Br. (Y90, T) + x(9) = 0.

Therefore,

Proposition 5.77. For a given character x : G — R the family of measures 0, h € H?
on Hor(H?) (5.76) determines a parallel transverse conformal stream on the foliation B,
of dimension 6(x) — 1, where 6(x) is the critical exponent of the series (5.74).

Remark 5.78. In a similar way one can also describe leafwise conformal streams of the
foliations B,,.

Remark 5.79. By using the methods from [BL98] (also see [ANSS]) one can prove that
the foliations B, are actually uniquely ergodic in the sense that for each x # 0 there is a
unique number § > 0 such that the space of parallel transverse conformal streams on B, of
dimension ¢ is non-empty, and there exists a unique (up to a constant multiplier) parallel
transverse conformal streams of this dimension §. In other words, there is a unique ¢ for
which the hyperbolization $HB, has a transverse measure with modulus exp[d/3], and this
measure is unique (up to a multiplier). In particular, there are no transverse invariant
measures on B, .
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Remark 5.80. As it follows from the definition of the stable norm (Definition 5.62),
s dist(o, go) + x(g) = s dist(o, go) — [[x[[{(g) = s dist(o, go) — [|x|| dist(o, go)
= (s = lIxl) dist(o, go) ,
so that the critical exponent §(x) of the series (5.74) satisfies the inequality
() < 6(0) + lIxll = 2+ Ixll -

Therefore, the dimension §(x) —1 of the unique parallel transverse stream on B, is strictly
less than 2 for any non-zero admissible character y.

Remark 5.81. Since the Laplacian in dimension 2 is conformal, the notion of a harmonic
measure (with eigenvalue 0) for laminations of leafwise dimension 2 only requires the
presence of a leafwise conformal structure (e.g., see [Gh99] for an intrinsic description of
a harmonic measure in these terms). It appears that the laminations B, have a unique
harmonic measure. We shall return to this subject elsewhere.

REFERENCES

[ANSS]  J. Aaronson, B. Nakada, D. Sarig, R. Solomyak. Invariant measures and asymptotics for some
skew products. Preprint, 2000.

[AS67)  D.V. Anosov, Ya.G. Sinai. Some smooth ergodic systems. Russian Math. Surveys 22 (1967),
103-167.

[Ba96] M. Babillot. Géodésiques et horocycles sur le revétement d’homologie d’une surface hyper-
bolique. Sémin. Théor. Spectrale Géom. Chambery—Grenoble. 14 (1996), 89—-104.

[Be96] Y. Benoist. Actions propres sur les espaces homogenes réductifs. Ann. of Math. 144 (1996),
315-347.

[BFU] T. Bedford, A. Fisher, M. Urbanski. The scenery flow for hyperbolic Julia sets. Preprint.

[BJ97]  C. Bishop, P. Jones. Hausdorff dimension and Kleinian groups. Acta Math. 179 (1997), 1-39.

[BL9S] M. Babillot, F. Ledrappier. Geodesic paths and horocycle flow on abelian covers. Proceedings
of the International Colloquium on Lie groups and Ergodic Theory (Bombay, 1996, S. G. Dani,
ed.), Narosa Publ. House, Bombay, 1998, 1-32.

[BS91]  E. Bedford, J. Smillie. Polynomial diffeomorphisms of C2. II: stable manifolds and recurrence.
J. Amer. Math. Soc. 4 (1991), 657-679.

[BLS93] E. Bedford, M. Lyubich, J. Smillie. Polynomial diffeomorphism of C2. IV: The measure of
maximal entropy and laminar currents. Invent. Math. 112 (1993), 77-125.

[Bo86]  F. Bonahon. Bouts des variétés hyperboliques de dimension 3. Ann. of Math. 124 (1986),
71-158.

[Br65] H. Brolin. Invariant sets under iteration of rational functions. Arkiv Math. 6 (1965), 103-143.

[BR75]  R. Bowen, D. Ruelle. The ergodic theory of Axiom A flows. Invent. Math. 29 (1975), 181-202.

[Ca93]  A. Candel. Uniformization theorem for surface laminations. Ann. Scient. Ec. Norm. Sup.,
4¢ série 26 (1993), 489-516.
[Ca88] Y. Carriere. Un survol de la théorie des variétés affines. Sémin. Théor. Spectrale Géom.

Chambery—Grenoble. 6 (1987-1988), 9-22.

[CFS82] 1. P. Cornfeld, S.V. Fomin, Ya. G. Sinai. Ergodic Theory. Springer-Verlag, 1982.

[DH93]  A. Douady, J. Hubbard. A proof of Thurston’s topological characterization of rational maps.
Acta Math. 171 (1993), 263-297.

[DU91a] M. Denker, M. Urbanski. On Sullivan’s conformal measures for rational maps of the Riemann
sphere. Nonlinearity 4 (1991), 365-384.

[DU91b] M. Denker, M. Urbanski. On Hausdorff measures on Julia sets of subexpanding rational maps.
Israel J. Math. 76 (1991), 193-214.



110
[ELYO]
[Gas3)]
[FM77]
[FS92]
[F73]
[Fus6)
[Gh87]
[GhOT]
[GhYY]
ciry
[Go85]
ra
[Ka88)]
[Ka90]
[Ka98]
[Ka00a)
[Ka00b]
[KL98]
[Le81]
[Les4]
[Ly86]
[Ly93]
[LMY7]
[Ma70]

[Ma95]

[Mi99]
[Mo68]

VADIM A. KAIMANOVICH AND MIKHAIL LYUBICH

A. Eremenko, M. Lyubich. The dynamcis of analytic transformations. Leningrad J. Math. 1
(1990), 563-634.

L. Garnett. Foliations, the ergodic theorem and Brownian motions. J. Funct. Anal. 51 (1983),
283-311.

J. Feldman, C. C. Moore. Ergodic equivalence relations, cohomology, and von Neumann alge-
bras. I. Trans. Amer. Math. Soc. 234 (1977), 289-324.

J.E. Fornaess, N. Sibony. Complex Hénon mappings in C? and Fatou-Bieberbach domains.
Duke Math. J. 65 (1992), 345-380.

H. Furstenberg. The unique ergodicity of the horocycle flow. Springer Lecture Notes in Math.
318 (1973), 95-115.

D. B. Fuchs. Cohomologies of infinite dimensional Lie algebras. Consultants Bureau, N. Y.,
1986.

E. Ghys. Flots d’Anosov dont les feuilletages stables sont différentiables. Ann. Sci. Ecole Norm.
Sup. 20 (1987), 251-270.

E. Ghys. Sur Puniformisation des laminations paraboliques. Progress in Math. (Birkhaiiser,
Boston) 145 (1997), 73-91.

E. Ghys. Laminations par surfaces de Riemann. Panoramas et Syntheses 8 (1999), 49-95.

W. H. Gottschalk, G. A. Hedlund. Topological dynamics. AMS, Providence R.I., 1955.

Ph. Griffiths, J. Harris. Principles of Algebraic Geometry. Wiley, N.Y., 1978.

W. Goldman. Non-standard Lorentz space forms. J. Diff. Geom. 21 (1985), 301-308.

W. Goldman. Projective geometry on manifolds. Preprint, 1988.

A. Grigoryan. Analytic and geometric background of recurrence and non-explosion of the Brow-
nian motion on Riemannian manifolds. Bull. Amer. Math. Soc. 36 (1999), 135-249.

V. A. Kaimanovich. Brownian motion on foliations: entropy, invariant measures, mixing. Funct.
Anal. Appl. 22:4 (1988), 326-328.

V. A. Kaimanovich. Invariant measures of the geodesic flow and measures at infinity on nega-
tively curved manifolds. Ann. Inst. H. Poincaré, Phys. Théor. 53 (1990), 361-393.

V. A. Kaimanovich. Hausdorff dimension of the harmonic measure on trees. Ergodic Theory
Dynam. Systems 18 (1998), 631-660.

V. A. Kaimanovich. Ergodic properties of the horocycle flow and classification of Fuchsian
groups. J. Dynam. Control Systems 6 (2000), 21-56.

V. A. Kaimanovich. The Poisson formula for groups with hyperbolic properties. Ann. of Math.
152 (2000), 659-692.

V. A. Kaimanovich, M. Lyubich. Harmonic measures on hyperbolic laminations. Abstracts
AMS 19 (1998), # 934-51-99.

F. Ledrappier. Some properties of absolutely continuous invariant measures on an interval.
Ergodic Theory Dynam. Systems 1 (1981), 77-94.

F. Ledrappier. Quelques propriétés ergodiques des applications rationnelles. C. R. Acad. Sci.
Paris 299 (1984), 37-40.

M. Lyubich. The dynamics of rational transforms: the topological picture. Russian Math.
Surveys 41 (1986), 43-117.

M. Lyubich. Entropy properities of rational endomorphisms of the Riemann sphere. Ergodic
Theory Dynam. Systems 3 (1993), 351-386.

M. Lyubich, Y. Minsky. Laminatoins in holomorphic dynamics. J. Diff. Geom. 47 (1997),
17-94.

G. A. Margulis, Certain measures associated with U-flows on compact manifolds. Funct. Anal.
Appl. 4:1 (1970), 55-67.

P. Mattila. Geometry of sets and measure in Euclidean spaces. Cambridge Studies in Advanced
Math. 44, Cambridge Univ. Press, 1995.

Y. Minsky. The classification of punctured torus groups. Ann. of Math. 149 (1999), 559-626.
G. D. Mostow. Quasiconformal mappings in n-space and the rigidity of hyperbolic space forms,
Publ. Math. THES 34 (1968), 53-104.



IMS74]
[MSSS]
[MS93]
[0t92]

[Pa76]
[P175]

[Ro49]
[RuT78]
[Sa97]

[Sc83]
[ST79)

[S83]
[985]
$87]
[592]

[Si72]
[Sm81]

[Su97]
[Tho1]
[Th]
[VGS00]
[Ve8T]
[U94]

[We58]
[Yo89)]

MEASURES ON LAMINATIONS 111

J. Milnor, J. Stasheff. Characteristic classes. Ann. of Math. Studies 76, Princeton Univ. Press,
1974.

C. C. Moore, C. Schochet Global Analysis on Foliated Spaces, Springer, New York, 1988

W. de Melo, S. van Strien. One dimensional dynamics. Springer-Verlag, 1993.

J.-P. Otal. Sur la géométrie symplectique de I'espace des géodésiques d’une variété a courbure
négative. Rev. Mat. Iberoamericana 8 (1992), 441-456.

S. J. Patterson. The limit set of a Fuchsian group. Acta Math. 136 (1976), 241-273.

J. F. Plante. Foliations with measure preserving holonomy. Ann. of Math. 102 (1975), 327-361.
V.A. Rokhlin. Main notions in measure theory. Math. Sbornik 67 (1949), 107-150.

D. Ruelle. An inequality for the entropy of differentiable maps. Bol. Soc. Brasil. Mat. 9 (1978),
83-87.

F. Salein. Variétés anti-de Sitter de dimension 3 possédant un champ de Killing non trivial. C.
R. Acad. Sci. Paris, Sér. I 324 (1997), 525-530.

P. Scott. The geometries of 3-manifolds. Bull. London Math. Soc. 15 (1983), 401-487.

D. Sullivan. The density at infinity of a discrete group of hyperbolic motions. Publ. Math.
THES 50 (1979), 419-450.

D. Sullivan. Conformal dynamical systems. Springer Lect. Notes in Math. 1007 (1983), 725
752.

D. Sullivan. Quasiconformal homeomorphisms and dynamics, II: Structural stability implies
hyperbolicity for Kleinian groups. Acta Math. 155 (1985), 243 - 260.

D. Sullivan. Related aspects of positivity in Riemannian geometry. J. Diff. Geom. 25 (1987),
237-351.

D. Sullivan. Bounds, quadratic differentials, and renormalization conjectures. AMS Centennial
Publications 2: Mathematics into Twenty-first Century (1992).

Ya. G. Sinai. Gibbs measures in ergodic theory. Russian Math. Surveys 27 (1972), 21-69.

J. Smillie. An obstruction to the existence of affine structures. Invent. Math. 64 (1981), 411-
415.

M. Su. Measured solenoidal Riemann surfaces and holomorphic dynamics. J. Diff. Geom. 47
(1997), 170-195.

W. Thurston. Three-Dimensional Geometry & Topology. Draft. University of Minnesota Ge-
ometry Center. 1991 (first 4 chapters published as Three-Dimensional Geometry and Topology,
vol. 1. Princeton Univ. Press, 1997).

W. Thurston. On the combinatorics of iterated rational maps. Preprint.

E. B. Vinberg, V. V. Gorbatsevich, O. V. Shvartsman. Discrete subgroups of Lie groups. In:
“Lie Groups and Lie Algebras IT” (A. L. Onishchik, E. B. Vinberg eds.), Springer, Berlin, 2000,
1-124.

A. Verjovsky. A uniformization theorem for holomorphic foliations. Contemp. Math. 58 (1987),
233 - 253.

M. Urbansky. Rational functions with no recurrent critical points. Ergodic Theory Dynam.
Systems 14 (1994), 391-414.

A. Weil. Introduction a I'étude des variétés kahlériennes. Hermann, Paris, 1958.

L.-S. Young. Ergodic theory of differentiable dynamical systems. In: “Real and Complex Dy-
namics” (B. Branner, P. Hjorth eds.), NATO ASI Series 464 (1989), Kluwer Acad. Publ.

CNRS UMR-6625, IRMAR, UNIVERSITE RENNES-1
FE-mail address: kaimanovuniv-rennesl.fr

MATHEMATICS DEPARTMENT AND IMS, SUNY STONY BROOK
E-mail address: mlyubichmath.sunysb.edu



