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Conformal currents and the entropy of negatively curved three-manifolds

FERNANDO C MARQUES AND ANDRE NEVES

We describe the intersection between geodesic and conformal currents on closed hyperbolic three-
manifolds.

We use this to prove some sharp bounds which involve the Liouville entropy of a negatively curved
metric, the minimal surface entropy, and the area ratio. Using these ideas we also give a new proof of the
Mostow rigidity theorem in the three-dimensional case.

1 Introduction

Let I' be a group of isometries that acts properly discontinuously on hyperbolic space H?, so that
M =H?3/T is a closed manifold.

In [6], Bonahon defined geodesic currents as I'-invariant Radon measures on the space of hyperbolic
geodesics and, in the two-dimensional case, defined the intersection number of geodesic currents. These
concepts are essential tools in the study of geodesics on negatively curved surfaces. For instance, Otal [27]
used the intersection of geodesic currents to prove marked length spectrum rigidity for negatively curved
surfaces. In [23], Labourie defined conformal currents as I'-invariant Radon measures on the space of
quasicircles of S2.

In this paper, we use the intersection number between conformal and geodesic currents to derive several
applications.

We now describe the main results. The precise definitions can be found in Sections 2 and 3. The
hyperbolic metric on M is denoted by g, and g denotes a metric of negative sectional curvature on M .

Geodesic currents, denoted by 6(I"), are I'-invariant Radon measures on the space of pairs of points in
S? = dooH3. They are useful for compactifying the space of all closed geodesics on M . If [y] denotes
the free homotopy class of a closed curve y, one obtains a geodesic current [, € 6(I") (defined in [6]).
For each metric g, /¢ ([y]) denotes the least length of curves in [y].

Conformal currents, denoted by 6, (I"), are I'-invariant Radon measures on the space of all quasicircles
in dooH3. They are useful for compactifying the space of essential minimal surfaces in M. If I1
denotes the free homotopy class of an essential (quasi-Fuchsian) surface, one obtains a conformal current
311 € €,(I") (defined in [23, Section 5.2]). For each metric g, areag (IT) denotes the least area of surfaces
in IT.

The intersection between geodesic and conformal currents can be defined, following [6], and it is a
bilinear map

I =1Ir:%{)x6(I)—>R4.
MSC2020: 53A10, 57M50.
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2566 Fernando C Marques and André Neves

This map was also used in [8] to approximate the action of I" on hyperbolic space by geometric actions
of I' on cube complexes.

The intersection form 7 is related to the geometric intersection number. For instance, (31, §[,]) <
#(X N ), where X is any immersed surface in IT and « is any closed curve in [y] that intersects X
transversely. If 3 € IT is a totally geodesic surface and « € [y] is a closed geodesic for the hyperbolic
metric, and if they intersect transversely, then /(8r1,d[,) = #(Z Na). If ¥ and « are given by the
immersions iy : ¥ — M and iy : S' — M, then #(= N«) is the number of (x, y) € ¥ x S! such that
iz(x) =ia(y).

The next examples of currents are less obvious and are described in detail in Sections 2.3 and 3.2.
They are reminiscent of Crofton’s formula. There is a Radon measure v, supported on the space of round
circles of S2, that is invariant under the group Mob(S?) of Mobius transformations. These are the maps
induced on S? by hyperbolic isometries, and hence i € €, (I"). The negatively curved metric g induces a
Liouville current A, € 6(I"). We prove:

Theorem 1.1 For a negatively curved metric (M, g):

(i) 1(8m.Ag) < mareag(II), and if equality holds then I1 contains a totally geodesic surface in the

metric g.

(i) I(v,Ag) = 272 volg(M)i(g, g), wherei(g, g) denotes the geodesic stretch of g with respect to g
and its Liouville measure.

The geodesic stretch was introduced by Croke and Fathi in [11], where it was called intersection.

1.1 Applications

We describe some consequences of Theorem 1.1. We say IT € S; (M) if the asymptotic boundary of a
lift to H3 of a surface in IT is a (147)-quasicircle.

Relative minimal surface entropy In [9], Calegari and the authors defined the minimal surface entropy
E(g) of (M, g) by

) E(g) = Tim Tim inf 4 01 € Sn(M) sareag(ID) < L}
n—0 L—>o00 LinL

In Proposition 2.1, it is proved that formula (1) also holds with the lim sup in place of the lim inf.

For our purposes, it is useful to define a minimal surface entropy £, (g) relative to a unit Radon measure
wu on the Grassmannian Gr, (M) of M that is invariant under the homogeneous action of PSL(2, R).

An example is E;(g), where ¥ denotes the normalized Liouville measure of the metric g¢ on Gry(M).
In this case, E;(g) counts only those homotopy classes for which the area-minimizing surfaces in the
hyperbolic metric equidistribute in the Grassmannian Gr, (M) of M. Such sequences of homotopy
classes are constructed in [24, Proposition 6.1] using the work of Kahn and Markovi¢ [17] (see also [23,
Theorem 5.7]). In [18] there is a description of the general limiting measures.
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Before we present the definition of £, (g), we note that the Ratner—Shah theory [29; 35] classifies
those invariant Radon measures on Gr, (M) as linear combinations of v and measures supported on
closed totally geodesic surfaces. We will have £, (g) < E(g), and if (M, g) contains no compact totally
geodesic surfaces, then E;(g) = E(g) (Proposition 5.1). There are closed hyperbolic three-manifolds
with no compact totally geodesic surfaces [25].

The definition of £, (g) is the following. Let p be a metric that induces the topology on the space
of unit Radon measures on Gry(M ). There is 7§ > 0 such that if IT € S,(M), 0 < n < 7, then there
is a unique X € IT such that areag(X) = areag(IT) (combining [34] and [38, Theorem 3.3]). We set
3 = X(I1) and define a unit measure on Gry (M ):

1
areag (X (1) Jxm

where v : Gry (M) — R is a continuous function and 75 X denotes the tangent space to X at x.

v (¥) = )Iﬁ(x, T X(I) dE(I)g (x),

We define the minimal surface entropy of (M, g) relative to |, denoted by E,(g), by

In#{IT € ¥y (M) :areag (IT) < L}
LinL '

() Eu(g) = lim liminf 4x
n—0 L—o0

where &5, (M) ={I1 € Sy(M) : p(vi1, ) < n}. Since the space of unit Radon measures on Grp (M) is
compact, the definition of £, (g) does not depend on the metric p. Notice that £, (g) < E(g) for any p.

We use Theorem 1.1 to prove a sharp bound relating E;(g) and /7 (g), the Liouville entropy of the
geodesic flow of g.

Theorem 1.2 Suppose that g is a metric of negative sectional curvature on M . Then
E5(g)hp(g) volg (M) < 4volg (M),
and if equality holds, the metric g has constant sectional curvature.

We briefly sketch the proof of the inequality in Theorem 1.2. We first show that there exists a sequence
Il; € #1/;(M) such that
s (T1; 1 1
E;(g) =2 lim m and  lim ————0p; = -—————V.
i—o0 areag (IT;) i—oo areag (I1;) 27 volg (M)
Knieper [21, Theorem 1.1] showed that i (g, §) > 147 (g). The form I is continuous at (v, 1) for any
A € €(T") by Proposition 3.7 (also [8]). Hence, by Theorem 1.1,
I(v, g)  _volg(M) . o, Ae)
2 m i—oo areag(Il;) ¥
I1; lz(M
< 2volz(M) lim areag (I1y) _ , volg (M)
i—00 areag(Hi) E‘j(g)

2

(3)  volg(M)hr(g) =2volg(M)i(g.8) =

It is shown in [9] that E(g) = 2 and that, for a metric g with sectional curvature less than or equal to —1,
E(g) = E(g) = 2 and equality implies that g is hyperbolic. The same proof as in [9] also shows that
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E5(g) = 2, and equality holds if and only if g is hyperbolic. Since in this case, by Pesin’s formula [28],

hr(g) = 2, it follows from Theorem 1.2 that secy < —1 implies volg (M) < volz (M ). This is known and

was proved in the general n-dimensional case in [5]. In [24] it is shown that E;(g) < 2 for any metric g

with scalar curvature greater than or equal to —6, and equality implies that g is a hyperbolic metric.
The previous theorem implies the following corollary for the minimal surface entropy.

Corollary 1.3 We have
E(g)hp(g) volg(M) < 4volz(M)

for any metric of negative sectional curvature g on M if and only if (M, g) has no closed totally geodesic
surfaces. In this case, if equality holds, then the metric g has constant sectional curvature.

Indeed, if (M, g) does not have compact totally geodesic surfaces, then E;(g) = E(g) and so
Theorem 1.2 applies. If (M, g) admits a closed totally geodesic surface, we prove in Proposition 5.2 that
the inequality in Corollary 1.3 fails for some perturbation of g.

Mostow rigidity theorem The Mostow rigidity theorem states that closed hyperbolic manifolds of
dimension greater than or equal to three that are homotopically equivalent are isometric. There are several
proofs of this theorem (e.g., [4; 13; 26]). In Section 6, we give a new proof in the three-dimensional case.

Our proof combines some generalizations of Theorem 1.1 for maps with minimal surface theory. We
sketch the argument in the following particular case. Suppose that N = H3/ 'y is diffeomorphic to
M =H3/Ty viaamap E : M — N. We want to show that E is homotopic to an isometry.

The map E induces a homeomorphism on the boundary at infinity E:S%— S2 The strategy is to
show that £ maps round circles to round circles. If that is the case, then a theorem of Carathéodory [10]
implies that the map E is a Mobius transformation, and so there is a unique / € Isom(H?) such that
I|g2 = E. Then standard arguments show that I induces an isometry between M and N.

Set g = E*(gy) and, without loss of generality, assume that volz (M) < volg(M). Consider the
sequence I1; € Sy,;(M) used to deduce (3), and let S; € I1; denote the minimal surface with respect
to g for which areag (IT;) = areag (.S;). From the volume inequality and /17, (g) = 2, we see from (3) that

| < areag(l'[i)‘
i—00 areag(ni)
‘We then use the Gauss—Bonnet theorem to show that
1

R 2
areag(S,') S; |AS1| dAg - 07

where Ag; denotes the second fundamental form of S; with respect to g.

In summary, we know that the area minimizer in I1; for the metric g is becoming totally geodesic as
i — oo (from [34; 38]), and we have argued that the area minimizer in IT; for the metric E*(gx) is also
becoming totally geodesic as i — co. In Section 6 we show that it suffices to see that E maps round
circles to round circles.
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2 Preliminaries

Let H? be the three-dimensional hyperbolic space. We use the Poincaré unit ball model B* c R3.
The compactification H? of H3 becomes identified with B>, and the boundary at infinity do,H?> with
dB3 = S2. If X c H?3, we denote by X C H? its closure in the cone topology (the Euclidean topology
on B?) and set doo X = X NdooH?> = X NS2. The group Isom (H?) of orientation-preserving isometries
of the three-dimensional hyperbolic space can be identified by restriction to the boundary with the group
of orientation-preserving conformal automorphisms of S2, denoted by Mob(S?).

Let Ybe (S%x S?—{(x,x):x € S?})/~, where (x, y) ~ (y, x), with the quotient topology. The
group Mob(S?) acts diagonally on 6. We denote by G(IH?) the space of unoriented complete geodesics
in H3 with the compact-open topology. If ¥ € G(H?), then 000} consists of two points of S2. The map
000 : G(H?) — % is a homeomorphism.

Let I' C Isomy (H?) be a discrete group of isometries such that M = H?3/ T is a closed manifold. Let
7 1 H3 — H3/T be the canonical projection. A Riemannian metric g on M can be pulled back to a
metric on H3, also denoted by g. We will assume that g has negative sectional curvature, and we denote
by g the hyperbolic metric.

A geodesic y in the metric g in H? defines a unique hyperbolic geodesic 7 such that the Hausdorff
distance between y and yp is bounded. The geodesic y is determined by dooy. Hence the boundary at
infinity of (H?3, g) is canonically identified with 0o, H? = S2. With G(H?3, g) denoting the set of all
unoriented complete geodesics in (H?, g) with the compact-open topology, the map 0o : G(H?, g) — 4
is a homeomorphism and we denote the inverse map by u € 4+ y, (1) € G(H?, g).

The conjugacy class of « € " and the free homotopy class of a curve ¢ are denoted by [«¢] and [o],
respectively. These classes are in one-to-one correspondence with each other. Every homotopy class [o]
contains a unique closed geodesic y with respect to g, which is also the curve of least length in [o]. We
use /g ([y]) or Ig(y) to denote the length of y with respect to g.

Let 7, gl H?3 and Tg1 M denote the unit tangent bundles of (H?, g) and (M, g). The Liouville measure
on either Tg1 H?3 or Tg1 M is denoted by d 'V, and dVg(Tg1 M) = 4w volg (M). If we do not specify the
Riemannian metric, it is because we are referring to the hyperbolic metric g on either M or H?3.

2.1 Quasicircles

A simple closed curve o C S? is called a (14-n)-quasicircle if there is a (14n)-quasiconformal homeo-
morphism f : S? — S2 suchthat f({zeC :|z| =1}) =o0. Let QC,, be the space of (1+n)-quasicircles
of §2 with the topology induced by the Hausdorff distance dy,s2. Hence QC is the space of geodesic
circles in S2, which is homeomorphic to a punctured RIP3. The group Méb(S?2) acts continuously on
QC,, by taking the image o > ¢(0), ¢ € Mob(S?).

If a sequence of (14-n)-quasicircles {0} is such that for distinct points x, y, z € S2, there exist points
Xn, Yn, Zn € 0y With x, — X, yy, — », and z, — z, then there is a subsequence {0 } C {0} that converges
to a (1+n)-quasicircle o containing x, y, z. Hence, for any r > 0, the set K, C QC,, of quasicircles that
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are not contained in a geodesic ball B, (x) C S? is compact. The space QC,, is then locally compact and
Hausdorff. If n < n/, then QC,, is a closed subset of QC,,. Also, QC,, is a o-compact topological space,

since QCp, = U,en Ki/n-

2.2 Convex hull

A set C C H? is convex if the geodesic connecting any pair of points in C is contained in C. For a closed
set X C 0ooH?3, its convex hull conv(X) C H? is the intersection of all convex subsets of H> which
contain X. If ¢ € QCy, then conv(o) is a totally geodesic disk D (o) with doo D(0) = 0.

The convex hull satisfies some continuity properties. Consider a sequence (0;, doo¥i) in QC, X 4
converging to (0, deoy), Where y;, ¥ € G(H?), i € N. Then [7, Theorem 1.4] implies that conv(o;) and ¥;
converge, respectively, in the Hausdorff distance of the Euclidean metric on B3, to conv(c) and 7.

2.3 Integral geometry

The Grassmannian of unoriented 2-planes in H? is denoted by Gr, (H?). Given (x, P) € Gr,(H?), there
is a unique totally geodesic disk D(x, P) C H3 with x € D(x, P) and Ty D(x, P) = P. Thus we get a
continuous map 6 : Gr, (H?) — QC, defined by

4) O(x, P) = 0o D(x, P).

Let d V be the natural volume measure on Gr,(H?). Santalé’s formula (see [30, Chapter 14]) gives a
Radon measure v on QC, that is invariant under M6b(S?), and such that for every region Q C H?3, every
surface S C H?3, and every curve ¢ C H? we have, respectively,

(5) area(D (o) N Q) dv(o) = 27 vol(R),
QCo
(6) / length(D(0) N S) dv(o) = S7* area(S),
QCo
@) / #(D(o)Nc)dv(o) = m length(c).
QCo

If Y € C.(Gry(H?)), then
) / vdV =/ Y(x,TxD(0))dA(x) dv(o).
Grp (H3) QCy JD(0)

The measure dV also induces a volume measure dV on Grp(M), the Grassmannian of unoriented
2-planes of M, whose total volume is 27 vol(M ).
For a negatively curved metric g on M, we consider the maps

©) P T (H) > H, pi(x,v) = x,
(10) pZ:TgI(HS)_)(g7 PZ(X’U):aooyg(x»U)»
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where yg(x, v) is the unique geodesic in (H3, g) determined by (x,v) € Tg1 (H3). For each x € H?, the
metric g induces a natural area measure wy on the fiber pl_1 (x) with area 4.

In [30, IV.19.4], a measure Ag on 9§ (called the Liouville measure on §) is defined so that for every
surface ¥ C H? and every nonnegative measurable function F on % we have

a0 [se@nDrwiiw=; [ [ Fopateul Mo dox) ddgo.
prlcx

where Ny is a unit normal to ¥ for the metric g and yg(u) € G(H3, g) is the unique geodesic such that
0o Vg (1) = u. In particular,

(12) / #(ye(u) N X)dAg(u) = mwareag (X).
4
Also, if ¥ € C.(Gry(H?)) then
(13) [oovave= [ [y Lo dsy) diglo),
Gr (H3) 4 Jyg(o)
where dsg is arc length in the metric g and d Vy is the natural volume measure on Gr (H?3) induced by g.

2.4 Geodesic stretch

Let (V, g1) and (M, g,) be compact manifolds with negative sectional curvature, and let F : N — M be
a continuous map. We denote by 7 (v) the basepoint of a vector v. The geodesic flow with respect to the
metric g; is denoted by g* : Tgl1 (N) — Tgl1 (N), or g': Tgl1 (H3) — Tgl1 (H3),t eR. Forv € Tgl1 (N),
denote by a(z, v) the minimum length, in the g,-metric, of paths in M that are homotopic with fixed
endpoints to the path

st F(r(gi(v), 0=<s=t.

If y is a unit-speed geodesic in (H?, g1) such that (y(0),y’(0)) is mapped to v € Tgl1 (N), and if
F :H? — H?3 denotes a lift of F: N — M, then a(t,v) = dg, (F(y(0)), F(y(1))).
In [11], Croke and Fathi defined the geodesic stretch of g, with respect to g; under the map F' as
a(t,v)

(14) ir(g1,82) = —— 7 lim
VOlgl(TgllN) t—00 Tgll (N) t

dVg, (v).

If F is the identity map, we denote #jq(g1, g2) by i(g1, g2). The geodesic stretch is referred to as the
intersection of g1, g, in [11].

2.5 Essential surfaces

A surface group is a subgroup G < I such that there is a closed surface ¥ and an immersion i : ¥ — M
that is 7ry-injective with i4 (1 (X)) = G. Such immersions are called essential surfaces. We denote
by IT the conjugacy class of G in I'. The set of conjugacy classes of surface groups is in one-to-one
correspondence with the set of free homotopy classes of essential surfaces. We denote X € IT if the
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associated immersion i : X — M satisfies i« (771 (X)) € I1. Hence, we refer to I as a homotopy class of
essential surfaces.

The immersion i : ¥ — M lifts to a G-invariant immersion i : D — H?, where D is the universal
cover of X. Hence i (¢(x)) = ix(¢)(i (x)) for every x € D and ¢ € 71(X). We will identify ¥ and D
with their images in M and H? under the immersions i and i, respectively, depending on the context. If
A(G) C S? denotes the limit set of G, defined as the set of accumulation points in H? of an orbit Gx for
x € H3, then doo D = A(G). The group G preserves A(G), and if H € IT is conjugate to G, then there
is ¢ € I" such that ¢ (A(H)) = A(G). The group G is called quasi-Fuchsian if the limit set A(G) is a
Jordan curve, in which case it is a quasicircle (see [37, Proposition 8.7.2]). In this case, the surface X
is said to be quasi-Fuchsian. We define ¥; (M) to be the set of all conjugacy classes of quasi-Fuchsian
surface groups with limit set in QC,,.

If g is a Riemannian metric on M, we denote the area of X € IT with respect to i *g by areaq (X). For
a homotopy class I1, we define

(15) areag (IT) = inf{areaq (¥) : ¥ € IT}.

There exists an immersed minimal surface (with respect to g) ¥ € I with areag(i) =areag (IT) (e.g., [33]).
We set area(I1) = areag (IT).

Each 0 € QCj has a totally geodesic disk as the unique solution to the asymptotic Plateau problem.
A standard compactness argument shows the existence of 77 > 0 such that for any o € QCj, the area-
minimizing surface D C H*® with do D = o produced in [2, Theorem 2.1] has principal curvatures
bounded from above by a constant A < 1. Uhlenbeck’s uniqueness argument [38] can be applied in this
setting [15, Lemma 2.2] to show that D is a disk and is unique, and we set D(c) = D (see also [14] for
other properties). Hence any IT € ¥;(M) has a unique minimal surface ¥ € I1, which we denote by
> (IT) [38].

2.6 Minimal surface entropy

In [9], Calegari and the authors of this paper defined the minimal surface entropy E(g) of (M, g). This
is the invariant

In#{IT € ¥(M) : areag (IT) < L}

16 E(g) = lim liminf4
(16) (g) = Jirn, im inf 4 LinL
Let
17) A(g,n) = inf{areag (IT)/ area(IT) : IT € & (M)},

and A(g) = limy—o A(g,n)-
Proposition 2.1 The minimal surface entropy satisfies

In#{Il € ¥ (M) : m<L 5
E(g) = lim limsup 4w n#t n(M) :areag(I1) < L} _ '
N0 L—oo LinL A(2)
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Proof LetII € S;(M). If ¥ € I is a minimal surface in the hyperbolic metric g, then by the Gauss—
Bonnet theorem

area(S) = 47 (g(TT) — 1)—%/E|Ag|sz§,

where g(I1) is the genus of X and Ay is its second fundamental form. By [34], |Ax| < C In(1 + n).

Hence,
area(Il)

r0 dn(g(M—1)
If areag (IT) < L, then we have from (17) that area(IT) A(g, n) < L. Hence, for any o > 0, there exists
n’ > 0 such that if 0 < < n’ then
4r(g(M)—1) < (1 +a)area(TT) < (1 +a)A(g.n) ' L.
In particular, g(IT1) < h = (47)"'(1 + «)A(g, n) "' L + 1. Therefore,
#HIl e Sy(M):areag(I) < L} <#H{IM e Fp(M):g(Il) <h} < (c2h)?",

where we use the work of Kahn and Markovié¢ [16] in the last inequality. Since
In#{IT € (M) : areag (IT) < L} 2hn(h)+2h1nc,
4 <4r
LinL LinL
-4 2(L7 W)L In(L)4+2(L~ ") In(L='h) L+(2L"h1nc,) L
T ;
- LinL

it follows that
i In#{I1 € $,(M) : areag(IT) < L}
lim sup 47

<8mx(4n) "1 +a)A(g,n)~ L.
P LinL

Therefore, since o > 0 is arbitrary,

L In#{IT € (M) : areag(IT) < L} 2
(18) lim limsup4m < .
10 o LinL A(g)

Let I1; € #1/;(M) be a sequence such that

H.
A(g) = lim m.
i—oo area(Il;)

Denote by C(i, k) the set of all index k subgroups of I1;. The elements of C (i, k) correspond to surface
subgroups obtained by taking a k-degree cover of an essential surface in I1;. The essential surfaces
corresponding to an element of C (i, k) have genus g(i,k) = k(g(I1;) —1) + 1.

If AeC(i.k), then A € ¥1,;(M) and areag (A) < k areag (I1;). Hence,

#{I1 € F1/;(M) : areag (IT) < k areag (I1;)} > #C(i, k).

We use Miiller—Puchta formula, as in the proof of [9, Theorem 4.2], to deduce the existence of a constant
¢; > 0 such that #C(i, k) > (¢c;g (i, k))*8E0.
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If L € [k areag(I1;), (k 4 1) areag (I1;)), then

In#H{Il € ¥/;(M) :areag(IT) < L} - In#{I1 € & /;(M) : areag (IT) < k areag (I1;)}
LinL ~  (k+1)areag (I1;) In((k + 1) areag (I1;))
- In#C(i, k)
~ (k + 1) areag (IT;) In((k + 1) areag (I1;))
- 2g(lvk) ln(clg(lvk))
= (k4 1) areag (IT;) In((k + 1) areag (I1;))
_ A2k(g(I1;) — 1) 4+ 2}(In(k (g (I1;) — 1) + 1) 4+ In(ci))
N (k + 1) areag (I1;)(In(k + 1) 4 In areag (I1;))

This implies
In#{Ile/;(M): m=<L 2(g(I1;) -1
i tim o L€ S/ (M) areag () < L}, 2(g(M) — 1)
oo LinL areag (I1;)

Therefore, letting i — oo,

e In#{IT € $,(M) : areag (IT) < L} 2
(19) lim liminf4n > _
n—0 L—o0 LinL A(g)

The proposition follows by combining (18) and (19). |

If A is a subgroup of IT of finite index, with IT € S, (M) and n < 7}, where 7 is as in the introduction,
then by uniqueness X (A) is a degree k cover of ¥ (IT) and hence vp = vyy. This allows us to generalize
Proposition 2.1 to the entropies £, (g) with the same proof. It follows that

In#{IT € Fp (M) : m=<L 2
(20) Ep(g) = lim limsup 4 nu(M) area, (ID) < L} _ :
R LinL A.(2)

where A, (g) = lim,_,¢ inf{areag (IT)/ area(IT) : IT € ¥y, (M)}. As aresult, E,(g) = 2.

3 Conformal currents and the intersection form

Recall that I C Isom (H?) is a discrete group of isometries such that M = H?3/T is a closed manifold.
In [6], Bonahon defined a geodesic current to be a I'-invariant Radon measure on . The space of geodesic
currents is denoted by 6(I"). Labourie [23, Section 5.2] defined a conformal current to be a I'-invariant
Radon measure on some QC,,. Let us denote the space of conformal currents by 6 (I") (see [19] for a
definition based on closed sets).

The results of this section overlap with those of Brody and Reyes [8], which introduced the notion of
currents on systems of spheres generalizing conformal currents. The statements of this section and their
proofs were developed independently.

3.1 Intersection number

In [6], Bonahon defined the intersection number between geodesic currents. We will use an intersection
number between geodesic currents and conformal currents. Bonahon’s strategy in the case of surfaces
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was to consider intersecting pairs of geodesics. This is advantageous because the fundamental group
of a surface acts freely and properly discontinuously on this space (while it does not on the space of
geodesics). We follow the same idea and consider pairs of quasicircles linked to geodesics.
Given (o, {x, y}) € QC,, x, its (unoriented) linking number Ik (o, {x, y}) is 1 if x, y belong to separate
connected components of S — o and 0 otherwise. In particular, if 1k(c, {x, y}) = 1 then 0 N {x, y} = @.
Consider the open set

20D X ={(o,u) €QC, x§:1k(o,u) =1}
in QC,, x 4. The space X is a locally compact Hausdorff space. It is also o-compact, since the set
{(U’{xsy}) €EX:.0o€ Kr,dSZ(X,J/) = r’dSZ(X,G) = r,dSZ(y’G) > r}

is compact, where K, is as in Section 2.1.

The group I' acts on X diagonally. In what follows we refer to the notation introduced in Section 2.2.
For every (0, do0}) € X, with y € G(H?), the compact set conv(c’) N y is nonempty. This is because [2,
Theorem 4.1] produces a minimal disk D C H?3 with 0o D = o, which intersects y and is contained in
conv(o).

Lemma 3.1 The group I' acts freely and properly discontinuously on X. Hence X/ T is a locally compact
Hausdortf space.

Proof Suppose ¢ € I" and (o, {x, y}) € X are such that ¢ (o, {x, y}) = (o, {x, ¥}), with ¢ # id. Then
¢ leaves {x, y} invariant. If ¢ (x) = p then ¢ sends the geodesic connecting x and y to itself with the
reverse orientation. This implies that ¢ has a fixed point in H?3 which is a contradiction. Hence ¢ (x) = x
and ¢(y) = y. Since o does not intersect {x, y}, it follows that ¢" (o) converges to either x or y as
n — oo. This is impossible because ¢ fixes o. This proves that I' acts freely.

To show that the action is properly discontinuous, we prove that for every compact set 3 C X, the set
{p €T :9(H) NI # o} is finite. Define K = U(5.9.,y)es3 1y Nconv(o)}.

Claim K C H? is compact.

Let {x;} C K be a sequence, with x; € y; N conv(a;) for some (0, dsoyi) € K. By compactness there
is {x;} C {x;} with (0}, 0oc¥j) = (0, 0c0y) € K. Theorem 1.4 in [7] implies that conv(c;) — conv(o)
and y; — ¥, both in the Hausdorff topology for the Euclidean metric. Hence there exists {x; } C {x;} that
converges in the Euclidean metric to a point p € ¥ Nconv(g). Since (0, dooy) € K, the set y N conv(o)
is compact in H3. Hence x; — x € K in the hyperbolic metric. This proves the claim.

If €I and (0, dsoy) € K are such that (¢(0), P(doy)) € K, then ¢p(K) N K # @. This is because
¢(conv(Y)) = conv(¢(Y)) for any Y. Since the group T" acts properly discontinuously on H?3, it follows
that the set {¢ € I" : ¢(K) N K # @} is finite, which finishes the proof. |

Let P: X — X/ T denote the quotient map. Given f € C¢(X), set /T (x) = Z¢GF f(p(x)). The
function T is well defined due to Lemma 3.1. Since fT is I'-invariant, there is f € C.(X/T) such that

fF=7foP.
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For (11, A) € €,(I") x €(T"), the I'-invariant measure p X A induces a unique Radon measure [j4 X A]
on the quotient space X/ I' such that

[ x () = (mx (). f €Ce(X).
Lemma 3.2 If (i, A) € 6,(I") x €(I"), then [u x A](X/ ') < o0.
Proof For each compact set K C X, it holds that [ x A](P(K)) < (u x A)(K). This is because

(1 x A)(K) =fi€rgK(M X M) (),

where Cg is the set of functions f € C,(X) satisfying0 < f <1 on X and f =1 on K. We are using
that f: 1 on P(K) foreach f € Ckg.
Let A C H3 be a Dirichlet fundamental domain of M with closure A and set

(22) Y ={(o, Bmy)eQCnxCQ:conv(a)ﬂyﬂZ # O}

It follows from Sections 2.1 and 2.2 that Y is compact. For every z € X, there is ¢ € I" such that ¢ (z) € Y.
Thus P(Y NX)=X/T.

We write X = |, ey Kn» Where K, C K, and each K, is a compact set. Hence Y N K, C X is a
compact set. Therefore,

[ X AJ(P(Y N Kp)) = (uxA)(Y N Ky) < (uxA)(Y) < oo.
Since X/T'=P(Y NX)=U,eny P(Y NK,), we get that [u x A](X/T) < (ux1)(Y). |
The intersection form between conformal currents and geodesic currents is the bilinear map
I =1Ir:6,[T)x€T)—>R
defined by
I(p, 2) =[x A|(X/T).
3.2 Examples of conformal currents and geodesic currents

Consider a homotopy class of quasi-Fuchsian surfaces IT and G a surface group in I1. Let I'/G =
{¢G : ¢ € T'} be the set of cosets and choose a representative q; in each coset ¢G. Choose n > 0 so that
A(G) € QC,,. We consider the I"-invariant measure (see [23, Proposition 5.5.(ii)])

dm = Z 358
¢

That 6y is a locally finite measure was proved in [23] under the condition that n < n; for some n{ > 0.
To see that this holds for any 7, and thus that 7 € €,(I"), we proceed as follows.
Let 5 () be the Dirac delta supported on the set {¢(A(G)) : ¢ € I'} and

H={pel:¢(A(G)) = AG)},
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so G < H. Since the quotient of conv(A(G)) by the action of G is compact, and H preserves conv(A(G)),
it follows that |H : G| < co. Then érp = [H : G| -3 (G)- Suppose by contradiction that §5 () is not
locally finite. Then one can find {¢;}; C I" such that ¢; (A(G)) — C in the Hausdorff distance, with
$i(A(G)) # ¢j (A(G)) for every i # j. Let p, q be in different connected components of S2\ C, and
y be the hyperbolic geodesic connecting p and ¢. Since we can find a converging sequence { f;}; of
(14n)-quasiconformal homeomorphisms of S2 with f;(S') = ¢; (A(G)), it follows that for sufficiently
large i, p and ¢ are in separate connected components of S2 \ ¢; (A(G)).

Let g; € conv(¢;(A(G))) Ny. Notice that the sequence {g; }; is contained in a compact set. Then p; =
¢i_1 (gi) € conv(A(G)). Since conv(A(G))/G is compact, we can find g; € G such that { p; = g;(p;])}i is
in a compact set. Because the action of I' on H? is properly discontinuous, there is a sequence {k} C {i}
such that there is € I" with gkqb,:l = for any k. Hence ¢y =¥~ ! g4, and so ¢ (A(G)) =¥~ 1 (A(G))
for any k. This contradicts the fact that ¢; (A(G)) # ¢; (A(G)) for any i # j. Hence 8 is locally finite.

The Radon measure v defined in Section 2.3 with support the set QC is I'-invariant and thus v € 6, (I").

Let [y] be a nontrivial homotopy class of continuous maps S!' — M. There is a closed geodesic
o € A which lifts to a geodesic & in H? so that @ = @/ H for some group H < I' isomorphic to Z. Let
I'/H = {¢pH : ¢ € T'} be the set of cosets and pick a representative qg in each coset oH. If {p,q} €%
denotes the endpoints of &, then we define the '-invariant measure

511 = 2 35(tp.aty
¢

As for 87, the measure 8[| is locally finite and hence §[,,] € 6(I').
Let g be a metric of negative sectional curvature on M . The Liouville measure Ag defined in Section 2.3
is I'-invariant, locally finite, and thus Ag € €(I").

3.3 Convergence of currents

A sequence of homotopy classes of quasi-Fuchsian surfaces {I1;};eN equidistributes if T1; € Sy, (M),
n; — 0, and for every ¥ € C(Gry(M)),
¥ (x, Ty X(I1;))

(23) lim dA(x) = ———
i—00 = (I1;) area(E (H,)) ( ) VO](GI‘2(M)) Gra(M)

vdV.
Then

Proposition 3.3 Let {I1;};cN be a sequence of homotopy classes of quasi-Fuchsian surfaces that equidis-

tributes. Then
s 1
area(X(I1;)) 27 vol(M)

asi — oo.
We will use the following proposition.
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Proposition 3.4 For every compact set K C QCj, there is a constant C > 0 (depending on I' and K) such
that for every homotopy class of quasi-Fuchsian surfaces I1 such that c = A(G) € K for some G € I,
we have

#HpG el'/G:¢(0) € K} < Carea(I).

Proof Let K C QCj be a compact set, and TT be a homotopy class of quasi-Fuchsian surfaces with
o = A(G) € K for some G € II.

Claim There is a constant R > 0 depending on K such that if « € K and D C H? is the minimal disk
with doc D = «, then D N Br(0) # .

Suppose the claim is false. Then we can find a sequence {&;}; C K and minimal disks D; with
000 D; = a; such that the sequence {D;} escapes any compact set of H3. We can suppose that {o; };en
converges in Hausdorff distance to an element o € K. Pick y € G(H?) such that lk(c, dsoy) = 1. We
know that conv(ea) Ny is a nonempty compact set. Hence there is R > 0 such that conv(a) Ny C Bg/2(0).

As discussed in Section 2.2, it follows from [7] that conv(c;) converges to conv(e) in H? (with respect
to the Euclidean Hausdorff distance). Thus conv(e;) Ny C Bg(0) for every i sufficiently large. Moreover,
as in Section 3.2, we have that Ik(o;, dooy) = 1 for every i sufficiently large and so D; intersects y for
any i sufficiently large. On the other hand we know that D; C conv(e;) and so D; Ny C Bg(0), which
contradicts the fact that D; N B, (0) = & for some sequence R; — oo. This proves the claim.

In each coset ¢G of I'/ G pick a representative (,z; In the remainder of the proof we denote also by
I'/ G the set whose elements are these representatives. Choose D, a G-invariant minimal disk in H3 so
that oo Dy =0 and Dy /G = 3, where £ € IT is such that area(f)) = area(I1). By the claim, we have

(24) #HpeT/G :¢(0) e K} <#{¢p €T/G : (Do) N Br(0) # @}

Consider a Dirichlet fundamental domain A C H?3 for M containing the origin in its interior. There is
a finite set I C I, depending only on R and T, so that Bg(0) C U¢ef¢(A). Hence if

F={peT/G:$(Do)NA # B},
we have from (24) that
#HPeT/G p(o) e K} <#{pcT/G:¢(Dy) N Br(0) # B} < (#T) - (#I).
In [9, Proposition 6.4(ii)], it is shown that there exists C > 0, depending on I', such that
#C < C area(i).
Hence #{gz; el’'/G: q;(o) € K} < C(#T") area(IT), which proves the proposition. |

Proof of Proposition 3.3 For i > i the support of 8y ; 1sin QCy. We define v; = area(=(I1;)) '8 ;-
We describe the basic idea. The sequence {v;} subsequentially converges to a measure whose support
is contained in QC,. Thus it suffices to check that, for any continuous function f* on QC, whose support
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is small, we have v; (/) — (27 vol(M)) " v(f). We achieve this by constructing ¥ € C(Gr,(H?)) so
that [}, ) ¥dA = f(o) for all o € QCy, and then applying (23).

Let /" € Cc(QCj). If f =0 on QCy, then v(f) = 0. Let U C QCj be an open set with compact
closure such that supp(f) C U. For any § > 0 there is 0 < n < 7 such that SUPgeqc, NT | (o) < 6.
Notice that QC,; contains the support of v; for any 7 sufficiently large. From Proposition 3.4, there exists
Cy > 0 such that |v; (/)| < C14 for any i sufficiently large. Hence v; (/) — 0. This proves the proposition
when f =0 on QC,.

Let o € QCy, y € D(a), and y € G(H?) be the geodesic passing through y orthogonally to D ().
There is an open neighborhood Uy C QCj of «, with compact closure, such that for every o € Uy the
disk D(o) intersects y at a unique point y(o) and 1k(0, dsoy) = 1. The map o € Uy — y(0) € H? is
continuous. We assume that its image is contained in a ball centered at y with radius less than half the
injectivity radius of M.

Lemma 3.5 Forevery f € C.(Uy), we have

vi(f)— mv(f)-

Proof Let f € C.(Uy). Recall the map 6 : Gr,(H?3) — QC, defined in (4). With r > 0 and ¢ constants
to be chosen later, consider the following function defined on 6~ (U, N QCy) C Gr,(H?3):

(25) V(x, P) =cf(o)(r—dist(x, y(0))+., o =0(x,P).

Since f has compact support in Uy, the function v has compact support in 8~ (U, N QCy). Thus we
can extend ¥ so that ¥ = 0 in the complement of the set 1 (U, N QCy). Hence ¥ € C.(Gr,(H?)).

We choose r sufficiently small so that if ¥ (x, P) # 0, then x is in a ball centered at y with radius less
than the injectivity radius of M . Hence there is 1} € C(Gry(M)) such that, if 7 : Gro(H3) — Gry (M)
denotes the quotient map, then

(26) Yomr=>) yop.

¢pel

Then choose ¢ so that 27 ¢ for (r —s) sinhs ds = 1. We have from (25) that for any o € QCy N Uy,
(27) / V(x,TxD(0))dA =Cf(0)/ (r —dist(x, y(0)))+ dA = f(0).
D(o) D(o)
Hence from (8) it follows that
| vav=c| s@ [ ¢-dserenidide = [ f@dve) =),
Grp (H?3) QCo D(o) QCo

This implies

v(f) = [ v dv.
Gra2(M)
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Let V be an open set such that supp(f) C V C V C U,. Then there is 0 < 1y < 7 such that if
0 € QC,, —V then ¥ (x, Tx D(0)) = 0 for any x € D(0).

Let h € C.(Uy) be such that 0 < /4 < 1 and & = 1 on the compact set V. Consider the function
f € C.(Uy) defined by

f@) =h) [y 1) da
D(o)
If 0 € QCyN Uy then from (27) we have ]7(0) =h(o) f(0). Henceif 6 € QCyN V', we have f'(a) = f(0).
If 0 € QCyN(Uy —V), then since ¥ (x, Tx D(c)) = 0 for any x € D(0o) it follows that f(o') = f(o)=
Thus f— f =0 o0n QC, and so lim; vi(f— f)=0.
The support of v; is contained in QC,,, for sufficiently large i. We choose G; € II;; hence 0; =

A(G;) €QC,),. Let {qg} be a set of representatives of I'/ G;. Using that if o € QC,, NV then (o) =1,
and that if 0 € QC,, — V then f((r) = 0, we deduce

~ 1 ~ o~ l ~
D = ety 2T OO0 = sty T [ v Teb (Do)
¢ ¢

1 -
- area(I1;) Z/D(a,-) Y og(x, TxD(0;)) dA.
¢

Let A; C D(o;) be a Dirichlet fundamental domain for the covering D(0;) — D(0;)/G; = Z(I1;).

Then
fmi) 7 (e TS (I1)) dA = /A (dbzr " o¢) dA
(B3 v
> g€G;
= Yo ¢g) dA = dA.

[ (Z % foen

Therefore, we have proved
w(H=—— [ TS da.

area(I1;) Jx ;)
Thus we have from (23) that
1 -

,-Efgo vi(f) = vol(Gra(M)) Jar, () v
Hence !
A5 = ety D

Let f € C.(QCs). Consider K = supp(f) N QCy. By compactness of K, we can find open
neighborhoods {Uy; }?:1 and {Vy; }?:1, with Vy, C 170,]. CUy, KCV = U?:l Va; and such that
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Lemma 3.5 holds for each Ug;. Notice that VcU-= Uq 1 Uy;. There exist nonnegative func-
tions {&1,....&;} C C(QCj) and £ € C(QCy) such that £ + Z/ & =1, Va] C supp(§j) C Uy, and
(QC; — V) Csupp(§) C (QCj; — K).

Then f =£&f + Z]q.zl & f. Since £f = 0 on QC,, it follows that

vi(§f) — v(ES).

27 Vol(M)
By Lemma 3.5,

(&) = Srvorcay V6 )

for every 1 < j < ¢ because &; /' € Cc(Uy, ). Since v;(f) =vi(§f) + Zgzl v; (§j f), the proposition
follows. d

A sequence of closed geodesics {y;}icN becomes equidistributed with respect to the metric g if for
any ¥ € C(TglM),

1

_ dVy,.
VoITg ) Jrng V1%

lg(vi)
@8) Jim s [ 0. oy i =

The proof of Proposition 3.3 can be adapted to the case of geodesics in a metric of negative sectional
curvature:

Proposition 3.6 Suppose {y;}ieN is a sequence of closed geodesics that is equidistributed with respect to
the metric g. If A; denotes the homotopy class of y;, then
1 1
00N T vol ()¢
asi — oo.
Recall the definition of X' C QC,, x 4 in (21), and that P : X — X/ T" denotes the quotient map.
Proposition 3.7 If A € €(I"), the map I is continuous at (v, ).

Proof Let {v;}ieny C €,(I") and {A;};en C 6(I") be sequences which converge as Radon measures to v
and A, respectively. It follows by Stone—Weierstrass that [v; xA;](f) = [vxA](f) forevery f € C.(X/T).
Hence

[vxAl(X/T) <liminf[v; x A;]J(X/T).
1—>00
Set & = v; x A; and £ = v x A as Radon measures on QC, x 4. Consider
H' ={(0,{x,y}) €QC,x%:x€oo0ryeco}

and notice that H’ is invariant under the action of I'. We will show that £(H’) = 0. For each {x, y} € 4,
the set

H{’x’y} ={0€QC,:(0.{x,y}) e H'}
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satisfies v(H, {/x’y}) v(H, {x 0 QC,) = 0. This follows from (7) and the invariance of v by Mdb(S?).
Then Fubini’s theorem implies that £(H’) = 0.

Let Y = {(0,000y) € QC;, x G : y € G(H?),conv(c) Ny N A # @} as in (22) and recall that
P(YNX)=X/T. The set H' NY is compact, and so given § > 0 we can find an open neighborhood
O of H' NY with £(0) <. The set 0= P(ONX)isopenin X/ TI. Since [§;](P(O N X)) <&(0),
it follows that lim sup; _>oo[§i](5) < 4. The closure of X in QC, x % is contained in X' U H’ and thus the
set K= P(Y N X — O) is compact in X/ I". Therefore,

lim sup[&;](X/ T) < lim sup([&]1(K) + [£](0)) =< [E}(K) + 8 < [E](X/T) + 6. 0

i—>00 i—>00

Let [y] be a homotopy class of closed curves. The next proposition follows from Santal$’s formula (7)
and the definition of intersection.

Proposition 3.8 I(v, 31,7 = wlz ([y]).

Proof Let o be the closed geodesic in the homotopy class [y]. Let @ € G(H?) be a lift of « with
{p,q} = doo@ and @ = &/H for some H < I'. Consider a locally finite continuous partition of unity
{fi}ier of X/ T'. Then [v x 8 (X / T') = 3 [v x S, 11(f2)-

We can suppose that the support of f; is contained in an open set U; C X/ I" such that there exists an
open set U; with P U; — U; a homeomorphism. Let f, be the function with support contained in U;

such that f; = f; o P. Then [v x 8,1](fi) = (v x 81, (f5)-
Let J C & be a segment of the form [&(?), @(z + 5)) which is a fundamental domain for the projection
o — o. Let QC6 be the set of round circles ¢ such that the totally geodesic disk Dy with 0D, = o
intersects J. Then the set of round circles o with lk(o, {p, ¢}) = 1 is the disjoint union (¢ i #QCp.
It follows by using Fubini’s theorem that

S0 %80 = S0 8 () = (0% b4 ) )
v

=2 /Q 2 S ¥ (p.ai) dvio).
i 0 Jf

Since v is a I'-invariant measure,

>l <l = 3 /Q i Z fi@o i ((p.q}) dv(o)

-2 | Z fitho, 4 (p.a1) dv(@)

UheHh

=22 / Zﬁ(w ¥ ({p.g}) dv(o)

i heH
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Y3 [ Xt Bt v

i heH

=% [, ot anave

i bel
Hence, using (7) in the last equality,

> v xSl f5) = Z / Ji(P(0.{p.q})) dv(o) = v(QCH) = ml(a).

i

and the result follows because 1(v, d[,)) = Zi[v X 8y, 11(f7)- |
The intersection form is also related to the geometric intersection.

Proposition 3.9 For a homotopy class of closed curves [y] and a homotopy class of quasi-Fuchsian
surfaces I1:

(i) 1(8m. 8 < #(Z Na), where X is any immersed surface in I1 and « is any closed curve in [y ]
which intersects transversely.

(i) 1(8m.dp)) =#(X Na), if X € I1 is a totally geodesic surface and o € [y] is a closed geodesic for
the hyperbolic metric which intersects transversely.

Proof Let [y] be a homotopy class of closed curves, and IT be a homotopy class of quasi-Fuchsian
surfaces. Let X € IT be a surface which induces the group G < T'. Set o0 = A(G) € QC,; and let D C H3
be a G-invariant disk with .o D = o and ¥ = D/G. Consider a curve « in [y] and let @ € G(H?)
be a lift of o with {p,q} = 0oo@ and & = &/ H for some H < I'. If iy, and i, denote the immersions
ix:% — M and iy : S' — M, which intersect transversally, the intersection number #(X N «) is the
number of elements in the set

Z={(x.y) e ZxSig(x) =ia(y)}

Recall that 611 = Z¢ (o) and 8y = de Fpad)y
in'/G and {W} is a set of representatives of the cosets in I'/ H. We consider the set W of pairs (¢ W)

such that lk(¢(0), w({p, ¢})) = 1. Then T acts on W by setting b~(¢, tﬂ) = (¢’ € [b¢], w € [bW]). Since
I acts freely on X, the same holds for the action of I" on W. Hence [§11 X 8[,,1](X/ T') is the number of
elements of W\ T.

We define a map z : W\ I' — Z. For each r € W \ T, we choose an element (¢(r), ¥ (r)) € r.
Since lk(é(r)(a), &(r)({p, ¢})) = 1, we can choose a point Z(r) € (/;(V)(D) N 1}(}’)(6{). Letx(r) e D
and y(r) € @ such that d;(r)(fc(r)) = &(r)()?(r)) =z(r). f ry : D — ¥ and 7y : @ — « denote the
projections, define

where {qg} is a set of representatives of the cosets

z(r) = (x(r). y(r) = (ms(3(r)), 7 (¥(r))) € Z.

We claim that the map z is injective. Suppose z(r1) = z(rp), for ri,r, € W\ T'. Then nx(x(r1)) =
7wy (X(rp)) and 7y (¥(r1)) = ma (¥ (r2)). Hence there exist g € G and h € H such that X(r,) = gx(r1)
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and y(r;) = hy(r1). Denote by p = X(r1) and ¢ = p(rq) as points in H3, and let q;,- = qg(r,-) and
Vi = ¥ (ri) for i = 1,2. Then ¢;(p) = ¥1(¢) and ¢g(p) = V2h(g). Hence there is b € " such that
‘;rlqgl = h_llzz_lqug = b. This implies

(2807 V1 = pagh™" = Y2hr.
Thus (¢~>2 gd;l_l) . (¢~51 , &1) = (¢~>2, 1/}2), which proves r; = r,. Since z is an injective map, we have that

I(011.0[y) = [6n X O l(X/T) =#(W\T) <#Z =#(X Na).
This proves (i).

Suppose that X is totally geodesic and « is a closed geodesic for the hyperbolic metric. We claim that
the map z is surjective. Let z = (x, y) € W. Let p € H? such that 737 (p) = ix(x) = ig(y). Consider
X € D and y € & such that w3 (X) = x and () = y. Hence there exist ¢, ¥ € I" such that ¢(X) = p
and ¥ () = p. We can choose q; and 15 such that ¢ = ¢~5g and Y = &h for g € G, h € H. Then
qNS g(x)= &h( ) = p. Hence ¢~>(D) intersects 1}(07). But a totally geodesic disk and a transversal geodesic
line in the hyperbolic space intersect if and only if the linking number of their boundaries is equal to
one. Therefore (q~5, 1/7) eW. Letr = [(¢~), 1/7)] e WA\T. Since [(g{;(r), @(r))] = r, it follows that there are
beTl,g €G,and ' € H, such that

b =¢(r)g'. by =Vl
Recall that Z(7) is an element of the intersection gi;(r)(D) N &(r)(&). Necessarily, b(p) is also an element
of this intersection and, because the intersection is a single point, it follows that Z(r) = b(p). Notice
that ¢(r)g’g(X) = ¥ (r)Wh(F) = b(p) = 2(r). Since D and @ are embedded, ¥(r) = g’g(¥) and
y(r) = hW'h(¥). Hence
z(r) = (7rs(g'g(X)). ma (W1 () = (x. y).

This proves z is surjective, and hence by the previous argument z is a bijection. Thus
I(811.81y7) = 811 X )X/ T) = #(W\T) = #( Nav),

which proves (ii). O

4 Proof of Theorem 1.1

We first prove Theorem 1.1(ii) because it is simpler. From [36, Theorem 1], there is a sequence {y; };eN
of closed geodesics of (M, g) which becomes equidistributed with respect to the metric g (see (28)).
Thus by Propositions 3.6, 3.7 and 3.8,

I, 8y, 1y
Crl W) 101 = i SO = i

By [31, Lemma 2.19], i (g, &) = limj—oo [([yi]) /1 (¥i)-
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Let g be a metric of negative sectional curvature on M. Let X € IT be a surface which induces the group
G < T'. The idea to prove Theorem 1.1(i) is the following. Morally, Ag >~ aAd, for some large closed
geodesic y. Using Santalé’s formula (12) we have that areag (X) >~ a#(X N y). From Proposition 3.9 we
have areag (X) 2 al(dr1,8y) = I(81, Ag). In practice we do a slightly different argument so that we can
deduce the rigidity statement as well.

Seto = A(G) € QCy andlet D C H?3 be a G-invariant disk with doo D =0 and £ = D/G. Let Q C D
be a fundamental domain for the projection D — X. Consider ¢’ the set of u € 4 such that 1k(o, u) = 1
and the geodesic yg (1) intersects €2. Then the set of elements u €  such that Ik(o, u) = 1 is contained
in the union | J 2eG g%'. We can choose a partition of unity { f;}; as in the proof of Proposition 3.8.

Then, using Fubini’s theorem as before and the I'-invariance of Ag,

[Br1 % Ag)(X/T) =Y [811 x Agl( i)

=Y G xi)(f)

= Z(Z 850) X)‘g)(fi)
I

- ZLZﬁ(&(a),u) dhg(u)
it

= ZLZ fi(@(0). (W) dhg(u).
i i q;

Hence,

B X Agl(X/T) = 3 / Z F@ (@), ) dig(u)

gEG gy

<22 / Zﬁ(cp(o) B(w)) dhg )

i geG

=22 / Z fi(@(2(0)). $(g(w))) dig (1)

i geG

=3 [ o)) i@

i Ael
=> L fi(P(0, 1)) drg(u).
Therefore, using (12), we have t
61 xAg](X/T) =14(¥) < [g#(yg(u) N Q) drg(u) = mareag () = 7 areag (X).
Since this is for any ¥ € I, it follows that (81, Ag) < 7 areag (IT).
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Suppose I(811, Ag) = m areag (IT), and choose X € II such that areag () = areag (IT). Then

() = [ #0192 dig ),

which implies #(yg (1) N ) < 1 for Ag-almost every u € 4. If X is not totally geodesic for the metric g,
we can find a point p in the interior of 2 with a nonvanishing principal curvature. A local construction
gives a geodesic y in (H?3, g) so that, near p, y intersects 2 transversely in two points. Thus we can find
an open neighborhood V' of 0y in % such that for any v € V' we have #(yg(v) N ) > 2. Since open
sets of G have positive Ag measure, this is a contradiction. Hence X is totally geodesic, as claimed. This

proves (i).

S Proof of Theorem 1.2 and Corollary 1.3

Proof of Theorem 1.2 From (20) with « = v, there is a sequence IT; € ¥ /; (M) such that vy, — v and

H .
E3(g) = 2lim area(Il;) -
i areag(II;)
It follows by Proposition 3.3 that area(H,-)_ISHi — (27 vol(M))~'v. Thus using Proposition 3.7 and
Theorem 1.1, we have

areag (IT;) _ 1 ( o,

lim inf > —liminf/| ——=—,Ag | = ——F—1
i area(Il;) — 7 i area(I1;) 272 vol(M)

(v, Ag) = Vo—i(g,é._’)-

We have /1(g) =2, and so i (g, ) > Lhr (g) by [21, Theorem 1.1]. Hence
E5(g)hp(g) volg(M) < 4volz(M).

Suppose Ej(g)hy(g) volg(M) = 4volg(M). It suffices to show that Gry(M) is foliated by totally
geodesic disks for the metric g, because in that case the Codazzi equations imply that g has constant
sectional curvature. We will achieve this by finding a minimal disk D in (H?3, g) such that D intersects
any given geodesic at most once. That will imply that D is totally geodesic. Moreover, D will have the
property that the I"-orbit of 05, D is dense in QCy. We use this to show that Gr, (M) is foliated by totally
geodesic disks for the metric g.

Let X; € IT be a surface which induces the group G; < I' and such that areag (X;) = areag (I1;).
Let D; C H? be a G;-invariant disk with X; = D; /Gj, and Q; C D; be a fundamental domain for the
projection D; — ;.

We will use the notation introduced in Section 2.3. Consider the set 7; = {u € §: yo(u) N Q; # T},
and the function

Fi:%— 7, Fi(u)=min{#(yg(u)NQ;)—1,1}.
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Consider the G;-invariant function f; on D; such that
1
=3 [ Fiop( ol Ny, () dos)
i)
for every x € ;. Then f; > 0. Using (11) we have that
(29) /Q JidAg = / Fi(u)#(yg(u) N Q) dAg(u).
i T;

Since

I1; 1 Ot
mareag( i) — 2 limJ I, ).
i area(Il;) T area(Il;)
the proof of Theorem 1.1(i) implies that
Ag(Ti) : /
lim ——2 = lim —— | # NQ;)dr .
1—1>rgo areag (I1;) i 00 areag (IT;) JT, (rg () i) dhg(u)

Hence

(30) lim —— / {#(ye(u) N Q) —1dAg(u) =0.

i—00 areag(H )

For u € T;, Fi (u)#(yg(u) NQ;) < 2(#(yg(u) NQ;) —1). Thus we deduce from (29) and (30) that

1
lim ———— idAg = 0.
i—00 areag(Hi) /S;i fl £
Since the sequence of homotopy groups {I1;};en becomes equidistributed, we proceed as in the proof of
Corollary 6.2 of [9] to obtain, after passing to a subsequence, ¢; € I' such that

(@) A(piGigp; 1) converges in Hausdorff distance, as i — 00, to o € QC;
(b) {¢(0):¢ €'} is densein QCy;
(c) forany R > 0,

(31) lim fiogitdAg =0.

1700 J¢; (D;)NBR(0)
There is R > 0 such that conv(A(¢; Gi¢;” 1)) intersects Bg(0) for every i € N. The surface ¥; is a stable
minimal surface for the metric g; hence the sequence ¢; (D;) satisfies uniform curvature estimates [32].
Thus the continuity property of convex hulls discussed in Section 2.2 and [9, Theorem 3.1] gives the
existence of a minimal disk D in (H?3, g) such that oo D = o and ¢; (D;) converges strongly to D, after
passing to a subsequence, on compact subsets of H?3.

We argue that D is totally geodesic for the metric g. Suppose there exists y € D such that the principal
curvatures of D at y are nontrivial. Then as before there is u € G such that y, () intersects D transversally
at both y and at y’, y’ # y, nearby. By the smooth convergence there is an open set V C G withu € V
such that, for sufficiently large i, yg(v) intersects ¢; (D;) transversally at points close to y and y’ for
every v € V. The injectivity radius of the surfaces X; is uniformly bounded from below. By choosing
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y and y’ sufficiently close to each other, one can choose s > 0 and the fundamental domains €; such
that #(yg (v) N @i (2;) N Bs(y)) = 2 for every sufficiently large i and every v € V. By replacing D; for
¢i(D;) in the previous equalities we can suppose that ¢; is the identity map. Hence, by (11),

/ fidAg = [ #(rg(0) N 2 O Bo(1) Fi (1) d g (1)
Q;NBs(y) 4

> /V (7 () N Q1 1 By (1)) E1 (1) dg () = g (V).

This contradicts (c), since Ag(V') > 0. Therefore D is totally geodesic.

From (b), the orbit of o under I is dense in QCy. Thus by taking limits we obtain that for any o € QC,
there is a totally geodesic disk Dy in (H3, g) with 0eo Dy = 0. A totally geodesic disk is uniquely
determined by its boundary at infinity. Hence D, depends continuously on o and ¢(Dg) = Dy () for
every ¢ € I'.

The set {(0, x) € QCy x H? : x € Dy} is a five-dimensional manifold and the map

®:{(0,x) € QCyx H?: x € Dy} — Gr(H?), ®&(0,x) = (x,TxDy)
is continuous and I'-equivariant. Hence it induces a continuous map
@ : R(T) — Gry(M),

where R(T") = {(0,x) € QCy x H3 : x € Ds}/T'. The totally geodesic condition implies that @’ is
injective. Since both ®(T") and Gr, (M) are compact five-dimensional manifolds, invariance of domain

implies that ® is a homeomorphism. Hence there is a totally geodesic surface tangent to any element in
Gr,(M). This finishes the proof of Theorem 1.2.

Proof of Corollary 1.3 The next proposition, combined with Theorem 1.2, implies one direction of
Corollary 1.3.

Proposition 5.1 If (M, g) does not have compact totally geodesic surfaces, then E;(g) = E(g) for any
metric g on M .

Proof Let I1; € #;/;(M) be a sequence such that

areag (IT;)

A(g) =1i .
(&) 1zm area(I1;)

Let ¥; € I1; be such that area(X;) = area(IT;). We claim that the sequence {I1;};cn becomes equidis-
tributed.

Let F(X) denote the frame bundle of an orientable immersed surface . The metric g induces a natural
measure d6 on F(X) of total measure 27 area(X). Define the following measure on F (M), the frame

bundle of M :
1

2m area(I;) Jp(x))

vi(W) = W(x,{el,ez,n(x)}) de(x’eheZ),
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where ¥ : F(M) — R is a continuous function and z(x) is the normal vector to X; at x. After passing
to a subsequence, we obtain that the sequence v; converges to a unit measure v on F (M) that is invariant
under the homogeneous PSL(2, R)-action (see [24, Lemma 3.2]). Using that M has no closed totally
geodesic surfaces, we obtain from Ratner’s classification theorem [29] that ¥ is the homogeneous unit
measure on F'(M). Hence vr;, — v, which implies that the sequence {I1;};en equidistributes. By (20)
and Proposition 2.1, E5(g) > E(g) and hence E;(g) = E(g). a

The next proposition then finishes the proof of Corollary 1.3.

Proposition 5.2 Suppose (M, g) has compact totally geodesic surfaces. Then there is a sequence of
metrics g; on M which converges to g smoothly and such that

E(gi)hp(gi) volg; (M) > 4 volz (M)
for anyi.

Proof Leti:X — (M, g) be a compact totally geodesic surface inducing the surface group G < I,
and let IT be the conjugacy class of G. Then I1 € Sy(M), since the surface X lifts to a totally geodesic
disk in H3. Therefore, A(g) < areag (IT)/area(I1) for any metric g on M and so by Proposition 2.1,
E(g) = 2area(IT)/areag (IT) for any g.

Suppose by contradiction that the proposition is false. Then there is an open set ¥ of Riemannian
metrics in the smooth topology with g € V" such that E(g)hr(g) volg (M) <4 volgz(M) for any g € V.

Combining with E(g) > 2 area(IT)/areag (IT) we have that
area(IT)
—h I, (M) <2volz (M),
wrea (1) (&) Ve (M) = 2 v0lg (M)

and so
area(IT)

Wk £(g) volg(M) < areag(IT)

for any g € ¥, with equality at g = g. Since Az (c?g) = ¢ 'hr(g),

(32)

area(IT) (VOIg(M)2/3

lo (M 2/3 ~ H
2volg(M)2/3 volg(M)2/3g)VOg( )?/3 < areag (I)

for g € V', with equality at g = g.

Let U be an open set of M which is disjoint from X. Consider f : M — R a smooth nonnegative
function with support contained in U such that f is positive somewhere. Define the variation of metrics
g(t) = (1 +1tf)?g such that g(0) = g. Since ¥ is the unique minimal surface in its homotopy class, it
follows that area(X) = area(IT). Forz > 0, g(¢) > g on M. Since area,(;)(X) = areag(X), it follows
that area, ;) (IT) = area(X) for 7 > 0. Therefore, by (32) with g = g(7),

VOlg(M)2/3
VOlg(t)(M)2/3g

dl)tzo(hL(g(z)) volg(ry(M)?/3) <0, where (1) =

().
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Notice that vol(g(¢)) = vol(g) for any ¢. This is a contradiction, since the hyperbolic metric is
a critical point of the Liouville entropy when restricted to metrics of the same volume [20], and
4] =0 VOlg(ny (M) > 0. 0

6 Mostow rigidity theorem

In this section we prove:

Theorem 6.1 (Mostow rigidity) Consider two closed hyperbolic manifolds M = H3/'y; and N =
H?3 /'y for which there is a homotopy equivalence F : N — M. Then F is homotopic to an isometry
G:N—>M.

We first review some of the basic background used in the proof of Mostow rigidity. Let £ : M — N
denote the homotopy inverse of F. The lifts F : H3 — H?3 and E : H> — H?3 can be assumed to be C'!
and both maps are quasi-isometries (see [3, Chapter C] for instance). They induce homeomorphisms
on the boundary at infinity, F : S — S2 and E : §* — S2, with Eo F = Fo E = idg2. The maps
E and F are quasiconformal and thus map quasicircles to quasicircles. The maps Fyx : I'y — I'ps and
E. : Ty — T'y are inverses of each other. For ¢ € I'y, we have Fi(¢p)o F = Fo¢ and F*(qs)of = Fogb.
For Y € Ta, Ex(W)oE = Eovy and Ex(Y)oE = Eo.

If IT < I'pz is a homotopy class of essential surfaces and G € I, then E.(G) is a surface group of 'y
whose conjugacy class coincides with E4(T1) = {E«(G) : G € I1}. If T1 is quasi-Fuchsian, then E. (IT)
is also quasi-Fuchsian since Eis quasiconformal. The map F induces a homeomorphism on the space
of all geodesics of H3. Hence if A € 6(I'y) is a geodesic current, then (ﬁ )«A € €(I'pr). Notice that if
ITn < I'y is a homotopy class of quasi-Fuchsian surfaces, then (f )«8My = 0F, (Tn)-

To prove Theorem 6.1 we need the following extension of Theorem 1.1.

Proposition 6.2 Let g be a metric of negative sectional curvature on N and I1 < I'js a quasi-Fuchsian
homotopy class. Then

(33) Iy, 81, (F)shg) < 7 areag (E« (1)),
(34) Iy, (v, (F)shg) = 22 volg (N)ip (g, gar) = 2 volg (N ) ().

The proposition would follow almost directly from Theorem 1.1 if F were a diffeomorphism. Because
F is only a homotopy equivalence, the extension requires some work, and we prove it in the appendix.

Proof of Theorem 6.1 Suppose that volg,, (M) < volg,, (N). Consider a sequence {I1; € Sy, (M)}ieN
of homotopy classes of quasi-Fuchsian surfaces in M, n; — 0, which becomes equidistributed in
the sense described in (23). Such sequences can be constructed as in [24, Proposition 6.1]. Since
areag,, (H,-)_ISHi — (27 volg,, (M)t by Proposition 3.3, it follows by (33) and Proposition 3.7 that

IFM(V9 (Fv)*)‘gN) _ 1 ( SH,'

) areag,, (E«(I1;))
= —lim/Ip, (— %
22 volg,, (M) T areag,, (I1;)

areag,, (IT;)

(F)*)\.gN) < liminf
l
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Since iy (gn) = 2, by (34) it follows that I, , (v, (ﬁ)*)\gN) > 272 volg, (V) and hence

- volg (N) < lim inf areag,, (E«(I1;))

(33) “volg,, (M)~ i areag,, (I1;)

Let 3 € E«(IT;) be such that areag (ii) = areag,, (E«(I1;)), and let g; be the genus of ;. Then
as in the proof of Proposition 2.1,

_An(gi-1)

1 |45, 17
(36) - /~ Z A, = 1,
areag, (X;) JE; 2 areag, (X;)

where Ai is the second fundamental form of & i in the metric g . Let X; € IT; be such that areag,, (X;) =
areag,, (I1;). Since the genus of X; is g;,

_ An(gi—1)

37 LAs PdAz,, = 1,
( ) 2| E,| gMm areagM(Ei)

el
areag,, (X;) Jx;
where Ay, is the second fundamental form of X; in the metric gps. By [34], |Ax,| < C In(1 + n;).
Combining (35), (36) and (37),
1
(38) lim ———— | |As |?dA;z, =0.
i—oo areag (X;) JE; | E’| &

We will use [9, Theorem 6.1], which relies on the Ratner—Shah [29; 35] classification theorem in
homogeneous dynamics, to prove the map E sends round circles to round circles. Consider an E (Gi)-
invariant minimal disk Q; C H3 such that Q;/E«(G;) = $;, where G; < I'ar is the group induced
by X; — M. Since the sequence {I1;};cn becomes equidistributed, we proceed as in the proof of
Corollary 6.2 of [9] to conclude the existence of ¢; € I'js such that, after passing to a subsequence, it
follows that

(@) A(giGip; 1) converges in Hausdorff distance, as i — oo, to o € QCy;

(b) {¢p(0):¢ € I'pr}is dense in QCy;

(c) for any R > 0,
lim |A|*dAg, = 0.
100 JE.(4i)(©2:)NBR(0)

The sequence E«(¢;)(€2;) has bounded curvature and hence converges on compact sets, after passing
to a subsequence, to a totally geodesic disk € C H?3 such that 0oo Q2 = E (o), where o is the round circle
of (a). Therefore E (o) is a round circle. Since Eo ¢ = E«(p)o E for any ¢ € ['pz, and E«(¢) acts
on S? by a conformal transformation, it follows that E (¢(0)) is a round circle for any ¢ € I's. Using (b)
it follows that E maps any round circle to a round circle.

By Carathéodory [10], the map E is a Mobius transformation. Hence F is a Mobius transformation
and there is a unique G € Isom(H?) so that G| g2 = F. Therefore G o ¢ = Fy(¢) o G for every ¢ € I'y,
and hence the map G induces a map G : N — M which is an isometry homotopic to F. O
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We now argue using Mostow’s rigidity theorem that the entropies £ and E3; of a Riemannian metric g
on M do not depend on the hyperbolic metric. Let g; and g, be hyperbolic metrics on M. Let
F:(M,gy)— (M, g,) be an isometry that is homotopic to the identity map. If IT is a homotopy class
of surfaces in M and X € TII, then this implies F(X) € II. Since areag, (F (X)) = areag, (%), it follows
that areag, (IT) = areag, (IT).

The restriction F : 2 — S2 to S2 of the lift of F to H? is a conformal map. Hence the homotopy
class IT is (14n)-quasi-Fuchsian for g if and only if it is (14-1)-quasi-Fuchsian for g,. Therefore, by
Proposition 2.1, E(g) does not depend on whether the hyperbolic metric is g; or g,. The Liouville
measures on Grp (M) satisty Fy (V1) = V,, where we are denoting by F also the induced action on
Gr,(M). Hence by (20) this is true for E5(g).

Appendix Proof of Proposition 6.2
We start by proving (33) which is
It,, 611, (F)shg) < 7 areag (E«(I1)).

Consider { f;}; as the partition of unity of the proof of Proposition 3.8. Since §i1 = (f )8 E..(11), it follows
as in the proof of Theorem 1.1(i),

811 x (F)shgl(X/ Tag) =Y [8m x (F)ahgl(f)

=>"6n x (F)arg) (/i)
= Z((F)*aE*(H) X (ﬁ)*)\g)(fl)

=Y (e xrg)(fio F) = [BE,an) x Agl(X/Tx).

Hence, IT,, (611, (f)*kg) = Ity (8, () Ag)- Therefore (33) follows from Theorem 1.1(i).

To prove (34) we need some intermediate results first. The next proposition follows by adapting the
construction made in [22, Theorem 2.12] using Busemann functions instead of orthogonal projections. If
the map F is the identity, a map x can be constructed as in [31, Section 2.4]. Let us denote by {g’};cr
the geodesic flow of a Riemannian metric g.

Proposition A.1 Consider two negatively curved metrics (N, g1) and (M, g,). There is a homeomor-
phism x : Tgl1 (H?) - Tgl2 (H?3) such that:

(1) Fx(@)(x(v)) = x(¢(v)) for any ¢ € 'y and hence x induces a homeomorphism
x: Ty (N)— Ty, (M).
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(i) If yy and 0y are the unique unit speed geodesics generated by v and x(v), then

ﬁ(aoo)/v) = a00(7)((1))-
(iii) There is a Holder continuous function T : R x T gll (H3) — R which is C! along the t-direction and
is such that gg(t’v)(x(v)) = x(g{(v)) forany v € Tgll (H3), t e R.
(iv) The function ¥(v) = %T(O, v) > 0 is Holder continuous.

(v) There is a constant C > 0 such that dg, (w(x(v)), F(m(v))) < C forany v € Tgl1 (H3), where 7 (v)
denotes the basepoint of v.

Proof Let Bg(x, y) denote the Busemann function for (H3, g,), where £ € S? and x, y € H3. For v €
T, gll (H?3), let y, be the unit speed %eodesic for (H?, g1) with (y(0), ¥, (0)) =v. Let o be the unit speed ge-
odesic for (H3, g5) with 0oo0 = F(000)). There is a unique 7 such that B, (400 (F (), o(7)) =0.
We define x(v) = (o(7),0’(7)). The map  is continuous, surjective, and satisfies o ¢ = Fyx(¢) o x for
any ¢ € I'y. Using that the Busemann function satisfies the cocycle condition

BS(X,Y) = BE(X»Z)‘FBS(Z,)/),

the same argument as in the proof of [31, Lemma 2.12] shows that if we set
S(.0) = BE(, (100 F01(0). F(ry (1)),

then ¥(g|(v)) = g;(t’v) (x(v)) foreveryt e R and v € Tgll (H3). The function s is Holder continuous,
differentiable along the ¢-direction, and v — d,s(¢, v) is Holder continuous.

The map y may not be injective. Since F is a quasi-isometry, there is T > 0 such that s(z, v) > 0 for
anyv e T, gll (H?3). Consider the function

1 T
r(v) = ;/0 stvyde, veT, (H?).
Following [22, Theorem 2.12], we define
KT @) - T HY, 1) = gP ).

The fact that x is a homeomorphism follows just as in [22]. The function 7" can be defined by T'(¢, v) =
r(g} () +5(t.v) — r (v).

Statements (i)—(iv) of the proposition follow from the construction. We will denote by C a positive
constant independent of ¢ and v that depends on the line. To check property (v), notice that since F is a
quasi-isometry we have

5@, V)| = dg, (F(yv(0), F(yu(1))) = Clt] + C.
Hence |r(v)| < C for every v € Tgl1 (H3) and it suffices to check (v) for the map ¥.
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In the definition of ¥, assume that 7 = 0 so ¥(v) = (5(0), 6’(0)). From Morse’s lemma it follows that
the Hausdorff distance between F oy, and o is finite. Then dg, (F(y4(0)),0 (7)) < C for some 7 € R. If
£ = F(yy(+00)), then using that Bg (0 (0), F(y(0))) =0,

dg,(0(0), F(y4(0))) = dg,(0(0),0(7)) + dg, (0 (2), F(yv(0)))
<dg,(0(0),0()+C
= |B(0(0),0()| +C
< [Bg(0(0), F(yu(0)| + [Be(0 (1), F(yv(0))] +C
= |Be(o (1), F(yv(0))| +C
< dg,(F(yv(0)),0() +C
<2C. |

The geodesic stretch can be determined by the lengths of periodic orbits [31, Section 2]. The proof of
the next proposition is based on [12, Theorem 1.4].

Proposition A.2 Let (N, g1) and (M, g,) be negatively curved. Suppose {y; }ieN is a sequence of closed
geodesics in (N, g1) equidistributed for the metric g,. Then

. . g, (Fi[yi])
ir(g1.g2) = lim g ()

Proof Consider x, 7 and ¥ as in Proposition A.1. The functions 7" and W are equivariant for the
isomorphism Fy : I'y — I, and hence induce functions 7 : R x Ty (N) — R and W : T (N) — R.

Let o; be the closed geodesic of (M, g,) in the conjugacy class Fi[y;]. Let v; € Tgl1 (H?) such that
yi(t)= Jr(gi (vi)) is a unit speed geodesic in (H?, g;) that projects to y; in N under the quotient map. Then
6i(s) = (g5 (x(v;))) is a unit speed geodesic that projects to o; in M. Since X(gﬁ ) = gg(””)(x(v)),
it follows that

lgl (i) d . lgl()/i) ,
(39) lenton = [ o] di= [ w0u0. 50y .
Thus, from (28), we obtain that

40) lim lg, (F[yi])

WdVy,.
i—oo  lg, ([vi]) o

L o v d
=1im—[ Uy (), y/ () dt = ———
i—oo lg, (vi) Jo e volg, (Tg, (N) J1i, (v)

For v € Tgl1 (N), consider v € Tgll (H3) which projects to v. We have

a(t,v) = dg, (F(n(g}(9))), F(z(v))),
and from Proposition A.1(iii),
T(t,v) = T(t,0) = dg, (2 (x(g} (D)), 7 (x (D).
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From Proposition A.1(v), there is a positive constant C such that |a(t,v) — T (¢t,v)| < C forany t € R
and v € Tgl1 (N). Hence

TV 4y ().

(41) ir(g1,82) = ———= lim
vol(Tj, (N)) 1= T 1

From Proposition A.1(iii),
T(t+sv)=T( giw)+T(s,v),

and hence %T(l, V) = \I/(gﬁ (v)). Therefore,

T(t,v) _ l t ; -
[Tgll w dVg, (v) —/ /0 Y(gi(v)dsdVg, (v) _/ WdVy, .

t TN ! Tg, (N)
where we used that d Vg, is invariant under the geodesic flow. The proposition follows by combining this

with (40) and (41). |

The next proposition was proven in [21] when F is the identity map. The proof presented here uses
Abramov’s formula. This proves (34).

Proposition A.3 Let g be a metric of negative sectional curvature on N . Then

Iy, (v, (F)shg) = 212 volg (N)ip (g, §ar) = 702 volg (N )L ().

Proof Recall the homeomorphism ¥ : Tg1 (H3) — T!(H?) given by Proposition A.l with g = g
and g, = gas. Consider the functions 7" and ¥ provided by that proposition. We denote the induced
homeomorphism on the quotients by y : 7' gl (N)— Tg,lM (M). The functions 7" and W are equivariant for
the isomorphism Fy : 'y — I'pz, and hence induce functions 7" : R x Tg1 (N)—>Rand ¥: Tg1 (N)—>R.

From [36], there is a sequence {y; };eN of closed geodesics of (N, g) which becomes equidistributed
for the metric g (see (28)). Proposition 3.6 implies that

L N S S
lg(yi) [vi] 27 volg(N) "8

As in the case of surfaces, Fi (O1y;1) = 8F, ([y;])- Therefore,

1 1 =
To () OF= ) = 3yor vy T ().

and hence by Proposition 3.7,

IFM (U, (SF*[VI'])

2n VOIg(N))_IIFM (v, (F)*)‘g) - 11_12310 lg (Vi)

By Propositions 3.8 and A.2,

2n VOlg(N))_llr‘M (v, (ﬁ)*kg) = lim w =nir(g.8Mm).
i—o00 Vi

This proves It,, (v, (ﬁ)*kg) =272 volg (N)iFp(g, m)-
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Consider the flow {Us}ser on Tg1 (N) defined by Us(v) = X_l(gf]sw()((v))). This corresponds to a
reparametrization of the geodesic flow on Tg1 (N). For a unit measure i on 7, gl (N) that is invariant under
the flow U = {Us }seRr, the entropy of U with respect to p is denoted by 4, (U). Let 7 : R x Tg1 (N)—=R
be such that Uy (v) = g7¢-)(v). Then

T(t(s,v),v) =t(T(s,v),v)

forevery s€e R and v € T, gl (N). The function t is continuous and differentiable along the s-direction.
Define a unit measure .y on Tg1 (N) by

Iy ¥ Ve
Jriovy YdVe

Since \I’(v)%r(O, v)=1forve Tg1 (N), the measure py is preserved by {Us}ser. From Abramov’s

e (Y) = . Y eC(T{(N)).

formula [1],

ho(e) _ 1
hug (U) — vol(Tg (N)) JT (V)

Notice that it follows from the proof of Proposition A.2 that

1
vol(T 2} (N)) Jri v

Hence i1 (g) =iF(g, §m)huy (U). The flow U = {Uy} is topologically conjugate to the geodesic flow of

(42)

W dVy,.

(43) ir(8.8m) = VdVy.

gm on M by the map x. Hence the topological entropy /1op(U) of {Us}ser is equal to 2. The variational
principle implies that /1, (U) < hyop(U) = 2. Therefore hp (g) < 2iF(g,gm)- |
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