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Abstract. We prove that for a negatively pinched (—b*> < K < —1) topologically
tame 3-manifold M/I", all geometrically infinite ends are simply degenerate. And if
the limit set of I" is the entire boundary sphere at infinity, then the action of I" on the
boundary sphere is ergodic with respect to harmonic measure, and the Poincaré series
diverges when the critical exponent is 2.
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1. Introduction. In the following M is a complete Riemannian n-manifold with
finitely generated fundamental group I'. We assume that the sectional curvature IC
satisfies —b% < K < —a? for some 0 < a < b. A manifold which satisfies curvature
bounds of this type will be said to have negatively pinched curvature. The Riemannian
universal cover of M is denoted by M, and M is identified with M /I". The following
additional notations and terminologies will also be used:

e D is the critical exponent of the Poincaré series (3_, . ¢™ distx,y¥)y of I". This
means that for every x € M, the series diverges when s < D and converges when s > D.

e [ issaid to be divergent if the Poincaré series diverges at s = D.

e S denotes an arbitrary, fixed generating set of I".

e A(I')is the limit set of I" (see Section 1).

e For each x € M and y € I', we refer to dist(x, yx) as the displacement of x
under y.

e [ issaid to be harmonically ergodic if I' acts ergodically on S, with respect to
the harmonic measure on S, (see Section 4).

o I willbe called topologically tameif M = M/ T is homeomorphic to the interior
of a compact manifold-with-boundary.

THEOREM 1.1. Let M be a topologically tame negatively pinched 3-manifold with I’
purely loxodromic. Then all geometrically infinite ends of M are simply degenerate.

THEOREM 1.2. Let M = M/I" be a topologically tame 3-manifold with —b* <
K < —1. Suppose that I is purely loxodromic and that A(I') = Seo. Then2 < D and I
is harmonically ergodic. If D = 2 then I is also divergent.

The study of divergence of the Poincaré series of the fundamental group of
negatively curved manifolds is a crucial element in the investigation of geometric
rigidity and displacement function estimates. One of the most fundamental tools in
the theory of negatively curved manifolds is the Patterson-Sullivan conformal density
supported on the limit set. It is a well-known theorem in hyperbolic geometry due to
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Sullivan, that a divergent Kleinian group is equivalent to the conical limit set of the
group is of positive area. It was Shalen and Culler who first used Patterson-Sullivan
density to study the displacement function of finitely generated non-elementary
Kleinian groups, and subsequently proved that the least volume hyperbolic 3-manifold
have Betti-number of most 2. Our main objective is to study geometric rigidity of
infinite volume negatively pinched 3-manifolds (see [24]).

For hyperbolic 3-manifolds, Theorem 1.1 follows from a result of Canary’s. In [8]
Canary proved the geometrical tameness conjecture for topological tame hyperbolic
3-manifolds. The conjecture states that all finitely generated Kleinian groups are
geometrically tame. It was the work of Bonahon which made the first breakthrough
in this conjecture. For topologically tame hyperbolic 3-manifolds, Canary employed
Bonahon’s result [5] for the case where the compact core is boundary-irreducible and
utilized the work of Gromov and Thurston [20] on branched coverings of hyperbolic
manifolds to reduce the general case to the case of a boundary-irreducible compact
core.

In section 2 we study some of the topological properties of negatively pinched
3-manifolds. In particular, Bonahon’s theorem for negatively pinched 3-manifolds is
stated. Section 3 is used to prove a stronger version of the Gromov-Thurston branched
covering theorem. In Section 4, we prove Theorem 1.1 and deduce some immediate
corollaries. Section 5 discusses measures on S, and the ergodicity of I with respect
to these measures.

2. Topological preliminary. In this section we will state some of the topological
results that we will require for the proof of Theorem 1.1 in section 4.

Every isometry of M can be extended to a Lipschitz map on S, := dM [19]. For
a torsion-free I", every element y € I' is one of the following types: (1) parabolic if it
has exactly one fixed point in M U Sy, which lies in S..; (2) loxodromic if it has exactly
two distinct fixed points in M U S, both lying in S,.

Denote by A(I") C 9M the limit set of I", which is the unique minimal closed
I’ —invariant subset of S,,. Most of the important properties of the limit set in the
constant curvature space continue to hold in the variable curvature space [15]. In
particular: (i) A(I") = I'x N Sy; (ii) A(I)is the closure of the set of fixed points of
loxodromic elements of I'; and (iii) A(I") is a perfect subset of I". The set 2(I") :=
S\ A(I") is the region of discontinuity. The action of I" on M U §£2(I") is proper and
discontinuous, (see [15]). The manifold M := M U Q(I")/I" with possibly nonempty
boundary is traditionally called the Kleinian manifold. We also let A.(I") denote the
conical limit set of I', i.e. &€ € A.(I") if for some x € M (and hence for every x) there
exist a sequence (y,) of elements in I", a sequence (z,) of real numbers, and a real
number C > 0, such that y,x — & and dist(ci(tn), yuX) < C where & is the geodesic
ray connecting x and &. Equivalently, a point belongs to A (1) if it belongs to infinitely
many shadows cast by balls of some fixed radius centered at points of a fixed orbit of
I'. Note that A.(I") is a I'—invariant subset of A(I"), and hence a dense subset.

Let Hull(A(I")) denote the convex hull of A(I”), which is the minimal I"—invariant
convex subset of M U S, containing the limit set. Then the convex set (Hull(A(I")) —
A(IN))/ I is called the convex core of M. We denoted it by CC(M). Next we will recall
a few facts about negatively curved 3—manifolds. The proofs can be found in [1].

PROPOSITION 2.1 (Margulis Lemma). There exists a number €, which only depends
on the pinching constant b of M, such that the group I', generated by elements in I" of
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length at most €, with respect to a fixed point in M is almost nilpotent of rank at most 2.
Then the number 2¢y, is called the Margulis constant.

If M is orientable and I" is torsion-free, then I, is abelian.

Let € < ¢, be given. Then M may be written as the union of a thin part My
consisting of all points at which there is based a homotopically nontrivial loop of
length < € and a thick part Mc o) = M — M ). Note that M| ) is compact if M is
of finite volume. Also the thin part of M is completely classified by the next proposition.

PROPOSITION 2.2. Each connected component of M| ¢ is diffeomorphic to one of the
following:

parabolic rank-1 cusp: S' x R x [0, c0);

parabolic rank-2 cusp: T* x [0, 00);

solid torus about the axis of a loxodromic y: D* x S'.

For simplicity we restrict to the case where M has no cusps. It follows from the
existence of a compact core C(M) for M [14] that M has only finitely many ends [2].
In fact, each component of d C(M) is the boundary of a neighborhood of an end of
M, and this gives a bijective correspondence between ends of M and components of
aC(M).

Following Bonahon and Canary, we will define simplicial ruled surfaces as follows.
Let S be a surface of positive genus and let 7p be a triangulation defined with respect
to a finite collection P of points of S. This means that 75 is a maximal collection
of nonisotopic essential arcs with end points in P; these arcs are the edges of the
triangulation, and the components of the complement in S of the union of the edges
are the faces. Let f : S —> M be a map which takes edges to geodesic arcs and faces
to nondegenerate geodesic ruled triangles in M. The map f induces a singular metric
on S. If the total angle about each vertex of S with respect to this metric is at least 2,
then the pair (S, f) is called a simplicial ruled surface. It follows from the definition
of the induced metric on S that f preserves lengths of paths and is therefore distance
non-increasing. Any geodesic ruled triangle in M has Gaussian curvature at most —a>.
This means that each 2-simplex of S inherits a Riemannian metric of curvature at
most —a?. Since we have required the total angle at each vertex to be at least 27, by
the Gauss-Bonnet theorem the curvature of S is negative in the induced metric.

DEFINITION 2.3. An end E is said to be a geometrically infinite end if there exists
a divergent sequence of geodesics, i.e: there exists a sequence of closed geodesics
o C M, such that for any neighborhood U of E, there exists some positive integer N
such that o, C U for all k > N. It follows from a result of Bonahon’s, stated below as
Proposition 1.5, that this definition of “geometrically infinite” is equivalent to a more
intuitive definition. If in addition for some surface Sg we have that U is homeomorphic
to Sg x [0, 00), and there exists a sequence of simplicial ruled surfaces : Sg N U such
that f;(Sg) is homotopic to Sg x 0 in U and leaves every compact subset of M, then £
is said to be simply degenerate. The sequence (Sg —— U) is called an exiting sequence.
An end which is not geometrically infinite will be called geometrically finite.

Thurston first defined simply degenerate ends by using pleated surfaces. Later
Bonahon studied degenerate ends by using simplicial hyperbolic surfaces. In his thesis,
Canary used simplicial ruled surfaces and studied the generalization of Bonahon’s
theorem to negatively pinched manifolds, which we will state next.
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THEOREM 2.4 (Bonahon; see [8]). Let M = M/T" be a negatively pinched complete
Riemannian manifold with I' purely loxodromic. If M has boundary-irreducible compact
core, then every geometrically infinite end E of M is simply degenerate.

Bonahon’s theorem will be essential for our proof of Theorem 1.1, which we will
go through later. There are also a few simple but important results that were originally
proved by Thurston and later reworked by Bonahon and Canary, which we will prove
in our setting.

First, we state a characterization of geometric infiniteness by Bonahon [5], for
the constant curvature case. However, the result continues to hold for manifolds of
bounded negative curvature, with some straightforward modifications to the original
proof.

PROPOSITION 2.5 (Bonahon). If an end E is not geometrically infinite, then there
exists a neighborhood U of E which does not intersect CC(M).

COROLLARY 2.6. If M is noncompact with I' purely loxodromic and A(I') = Sy,
then all ends are geometrically infinite.

Proof. Suppose there is a non-geometrically infinite end. By Proposition 2.5,
there exists a neighborhood which is disjoint from CC(M), which implies that the
region of discontinuity is nonempty, and hence contradicts the assumption that
A(lN) = Se. ]

ProposITION 2.7 (Bounded Diameter lemma). Let (S, f) be a simplicial ruled
surface such that for every compressible curve y on S, we have length(f(y)) > €. Then
Jor any x,y € S we have a path X in S such that f(A) N\ Mic.«) has length at most
Sra |y (S)].

(Recall that € is a positive number less than €3 5. To say that y is compressible means
that it represents a nontrivial element of the kernel of f : 71(S) — 71(M).)

Proof. For x,y in S, let L., denote the shortest curve connecting x, y. Denote
Ly, N Sje,0) by LS, ) Then the € /4-neighborhood N /4(L¢), ) of LS, y is an embedded
tube in S. Since (S, f) is a simplicial ruled surface, we have C(S) < —a?, where S has
the metric induced by f. The Gauss-Bonnet formula then gives

€/4length(LS

X,y

) < area(Neja(LS,)) < 2ma>|x(S)|, (1)

which implies that length(Lf, ) < gna*2| x(S)|. Also, by the assumption on the length
of the image of compressible curve, and the fact that f/ preserves lengths of paths,
we have f(Sjo,c)) C M. Hence f(L,, — wa,) C M. Hence f(Ly,) N M o is
contained in f(L¢)y ,), and therefore has length at most éna*2| x(S)]. O

PROPOSITION 2.8. Let E be a simply degenerate end of M. Then there exists a number

o > 0 and an exiting sequence (S 2> U, such that for any compressible curve y on S we
have length( fx(v)) > « for all k.

Proof. Let (f;) be any exiting sequence for E. Then there is a neighborhood
U = Sg x [0, 00) of E such that f;(S) € U and f; : S — U is a homotopy equivalence
for every / > 1. Assume that there is a sequence (y;) of compressing curves in .S such
that length( f;(y;) tends to 0 as / — oo.
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We claim that for each / the curve fi(y;) is homotopic in U to a closed curve 7,
such that length(n;) < length( f;(3;)) and n; meets Sg x {0}. Since f;(y) is homotopically
trivial in M, it can be deformed to a constant through a continuous family of piecewise
smooth curves whose lengths decrease monotonically. Now since f(y;) is homotopically
nontrivial in U, some curve in the family must meet the frontier Sg x {0} of U; the
first such curve in the family is the required curve n;,.

In particular, length(n,;) tends to 0 as / — oo. Hence for large enough / we have
n; C Sg x [0, 1]. This gives a sequence of curves in the compact submanifold Sg x [0, 1]
of M which are homotopically nontrivial in the submanifold, but whose lengths tend
to 0. This is a contradiction. U

PROPOSITION 2.9. Let M = M/I" be a negatively curved, topologically tame,
orientable 3-manifold of infinite volume with purely loxodromic I'. Let N be a cover
of M such that w\(N) is finitely generated. Then N is also topologically tame.

Proof. By assumption, M is topologically tame, so it is homeomorphic to the
interior N° of a compact manifold N. Since M is also negatively curved with infinite
volume, so N must be an irreducible, atoroidal manifold with nonempty boundary.
Then by Thurston’s uniformization theorem ([28], [30]), N° admits a geometrically
finite, complete hyperbolic structure. Hence we can assume N° is a geometrically finite
hyperbolic manifold. Now N is homeomorphic to some covering space N, a cover of
N° with 7, (N) finitely generated. Since N° is geometrically finite with infinite volume,
N is also geometrically finite (this fact is proved by Thurston and presented in [28]),
hence topologically tame. The result follows. O

3. Deformation and branched cover. We will prove a branched cover theorem,
stated below as Theorem 3.2, for 3-manifolds of variable negative curvature. This
result will be used next for the proof of Theorem 1.1.

First we will point out a simple topological condition which will ensure the
existence of a branched covering of a 3-manifold.

PROPOSITION 3.1. Let p be a positive integer. Let y be a collection of null-homologous
curves in a orientable 3-manifold M. Then there exists a Z, cyclic branched covering of
M with y as the branching locus.

Let N be a Riemannian n—manifold. We denote by K_, ;- (N) the space of all
2

metrics on N which have negatively pinched curvature in the sense that —b*> < K < —a°.

THEOREM 3.2. Let M be a 3-manifold and let g be a metric in g € K-, p~(M). Let
p be a positive integer. Let y be a collection of null-homologous simple closed geodesics
in (M, g). Then the Z,, branched covering M, of M over the branch curves y admits a
metric g, with g, € K.y p~(M,) for some b’ > a' > 0, and outside a neighborhood of the
branch curves y the metric g, is the pull-back metric of the metric g.

Theorem 3.2 will be proved at the end of this section. In Section 3.1 we will establish
some geometric results which will be used in the proof of Theorem 3.2. In Section 3.2
the proof will be completed by combining these results with the following theorem:

THEOREM 3.3 (Gromov-Thurston [20]). Theorem 3.2 is true for a hyperbolic
manifold M.
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3.1. Deformation of metric. Given a negatively pinched metric on a manifold and
a simple closed curve in it, we will construct a new negatively pinched metric which,
near the closed curve, is a hyperbolic metric.

Our construction is a generalization of the one given by Gao in [17]. In [17], a given
metric with negative Ricci curvature is deformed into another negative Ricci curvature
metric by local modification about a closed curve. This method is an important
ingredient in the proof of a result due to Gao-Yau, which says that every closed
3-manifold M admits a metric g with Ricc(g) < 0, (see [18]).

Let (N, go) be a smooth compact Riemannian n-manifold. Let N, denote the
radius-p tubular neighborhood of a simple closed oriented curve y in N. The radius
p is taken sufficiently small (i.e. p < injrady) so that we can identify \V, topologically
as the solid torus D! x S', where D! is the n — 1 dimensional disc of radius p.
We equip it with the cylindrical coordinates (6, r, s) with 6 € R/2zx. Let V be the
Levi-Civita connection.

We denote the space of metrics on N by M. The space M can be made into a
differentiable manifold with T, M = I"*°(S?T*N). Then the curvature operator R :
M — I'®(A’T*N @ A>T*N) is a quasilinear and differentiable operator (see [3]
and [16]).

For a given tangent vector s € T,M we denote the derivative of R at g in
the direction of & by D;,R(g). By direct computation, one can show that for any
Xi, Xj, X, X; € I'*°(TN) we have

DyR(@)( X, X, Xie, X1) = 1/2{ Vi h(Xi, X)) + Vih(X;, Xi) = Vih(X;, X))
— VIh(X;, X))+ h(R@)(X;, X)) Xi. X))
— W(R()(X;, X)X, Xp)}. (1)

Here V;/ := Vi(V;h) — V,;h where V;; := Vy,x;, and V; is the Hessian of /.

Now assume / satisfies 1 = Vi = 0 at y. We will consider a deformation of g the
form g := go + 1h, where ¢ ranges in [0, 1] and ¢ € C*(N, [0, 1]). Set / := ¥h. Then,
we have Vi = ¢ Vih + &;, where

&j = Diyrh + Dy Vih+ Dy Vih — Dijrh )
Hence, we have
D; R(g0)(X;, Xj, Xk, X1) = ¥ Dy R(g0)(X;, X, Xie, X7) + EW)(X;, X, Xie, X)) (3)
where
EWIXi X X, Xi) 1= 5(E (X0 XD+ Ea(X, Xe) — ExlX, Xi) — Ex(X X))

Note that, since s = Vi = O at y, we have ijh(X o X)) = ijh;d, where hy; = h( Xy, X)).
So we get

1
3 ((Djchia — Djha) + (Dihix — Dichin)).- “4)

By the condition on the 1-jet of # at y and £(v/)|,, = 0, we have

R(g0 + th)], = R(go + th)], = R(g0) + 1¥DyR(g0). 5)
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Hence if gg + th defines a metric on NV, and R(go) + 19 D R(go) is bounded in between
a* and b? at y, then it follows from continuity that for any small number § > 0, there
exists a § < p such that the restriction of gy + th to N isin K_,_s p4s-~ (N;). Note that
the radius g is independent of ¥ because ¢ is bounded by 1. This is important if one
is interested in deforming one metric to another. By (3), we have the operator equality
Dj, = ¥ Dy + E(Y). So if we consider the formal Taylor series ) MR@O) we
see that it can be made close to ) %R(go), provided £(¥) can be made sufficiently
small, since ¥ has norm bounded by 1. Hence, to ensure that gg + this also negatively
pinched on N, one needs to bound the term E(y) by a sufficiently small number, say
€ > 0 on N, with appropriate choice of .

By (2), and since 7 = VA = 0 at y, it is easy to see that, to bound £(y) by ¢, it
would be sufficient to have 2D*y and ViADyr bounded by a constant multiple of € on
N;. We summarize these observations in the following proposition.

PROPOSITION 3.4. Let y be a simple closed curve in (N, go). Let h € I*(S?>T*N)
satisfy h = Vh = 0 at y. Suppose that (gy + th) € K_4p~(N;). Then for any given small
8 > 0less than a, there exists € > 0, such that (go + liz) € Ky—s.prs=(N}), provided that
we have E(W) (W, X, Y, Z) < € for any unit vectors W, X, Y, Z € '*°(TN).

Next we will construct a family of functions indexed by € > 0 which will satisfy
the conditions of Proposition 3.4.

Let € > 0 be any number. We choose a function 8. € C®(R*, [0, 1]) such that
Be((—o0, €/4]) = 0 and B.([e/3, +00)) = 1. Set ¢ := max(sup |B.|, sup|B/|) and ¢ :=
max(c, 1), and consider any k such that 0 < k£ < 1/c.

Let us define the function . € C*([0, p], [0, 1]) to agree with B.(+) for 0 < r <
(3¢/4)V/% and to be equal to 1 for p > r > (3¢/4)/*. Also let us denote the numbers;
Be/NHVE, (2¢/3)V%, (/4 by p, p1, pa respectively.

Let g9, g1 € K-ap-(N,) be given. Set i = g — go.

PROPOSITION 3.5. Let 8§ be a positive number, § < a. Suppose that h|, = Vh|, =0,
and define a family of metrics {gc}e=o on N, by gc = go + Yeh. Then there exists a
number €(8) > 0 such that ges) € K—q—s p+s-(N3) With ges = go for r €0, p2) and
ges) = g1 whenr € (p1, pl. (We will denote such g.s) by g).

To prove Proposition 3.5 we will first compute Dy, R(go) and verify that R(gg) +
1y D R(go) is bounded between o and b* at y.

Let us extend the function v, to N, trivially (i.e ¥(0,r, s) = ¥(r)). This will
give us the deformation along the r direction on ;. We will express D, R(go) in local
coordinates of \V,,. For a given metric g we denote the Christoffel symbol and curvature
of g by I;é(g) and Ry respectively. A simple computation gives us the following;

Rijki(g0)ly — Rir(80)ly = (3hy — hix) + (95ha — 33hir).-
Comparing this with equation (4), we have:
(DiR(g0))ijkily = Rijrr(g)ly — Rijra(go)ly -
Then by equation (5), we have R(g)l, = R(go) + tDrR(go). So, for t € [0, 1], we get

a* < R(g) < b*. Therefore, for any given small § > 0, by continuity, there exists 5 > 0
such that g is in K_,_s p1s-(N).
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Proof of Proposition 3.5. By Proposition 3.4, we only need to show that 7Dy,
and VADv., which in local coordinates are 9;v.9;/; and h,-ja,f,wg respectively, are
bounded by a constant multiple of €.

Since h = Vh = 0 at y, we have

Iy = Z ciixix; + O(|x*)  locally around y,
ij

where {x;} denotes the local coordinates (0, r, 5). So the above equation implies that
there exist ¢, ¢ > 0 such that |/;| < ¢|x|* and |9;h| < ¢'|x| on the compact set D"~ x
S'. Hence we only need to bound terms | x||9;v. |and|x|?|8x1 | by a constant multiple of
€. Since the function . depends only on r = | x|, we may rewrite |x||9;v |and|x|? |91 |
simply as || and *|/”|, where ' denotes differentiation with respect to r.

We may assume € < min(g, 1). Then it is easy to verify that max(r|y.|, r* |¥/]) <
2¢,and 0 < p; < p; < p < p. Since g satisfies

g0 :0<r<pm

gr:p<r<p

and € > 0 is arbitrarily small, the result follows from Proposition 3.4. U

3.2. Branched covers. Let (M,g) be a Riemannian 3-manifold with —b> <
K < —a?. Let y be a simple closed geodesic parametrized by arclength in M. Let 7 be
a lift of ¥ in M. Then 7 is an axis of some loxodromic element « in I". The restriction
of « to the axis p(s) is translation through some distance /. The distance / is called the
length of @. With the appropriate parametrization we can write a(y(s)) = 7(s + /).
We equip NV,(7) with a hyperbolic metric:

/= d + sinh’(r)do? + cosh’(r)ds?

with respect to the cylindrical coordinates (, 6, s) on NV, (7), where s denotes arclength.
The identity component of the isometry group for f is SO2) x T; T is the group
of translations along p. Let 9; :=y(s) denote the parallel vector field along y.
Then N,(y) = exp,, (ds x al) for p < injrad y. Let {u(s), ua(s)} be an orthonormal
frame along y which spans 9., with u;(0) = 9,, u2(0) = 3. Consider the smooth map
F:[0,1] x D5 — N, (y) defined by:

F(s, X!, xz) = €XP, () <Z x’it,») .

The map F defines a system of coordinate on N, (y), called the Fermi coordinates.
Parallel transport around y gives a rotation w € SO(2). We have:

PROPOSITION 3.6. Let [ be the metric implicitly defined by f = m'f, where my is the
projection map: Df) xR — D% x R/(w x T}). Define h:=f —g. Then h=Vh=0
aty.

Proof. By using Fermi coordinates and the fact that V is the Levi-Civita connection
we have g|, = ds? and Vg|, = 0. Also, from the formula for f, we see that 9;f ji|,—o = 0,
so Vf|, = 0. Hence we have h = VA =0on y. g
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Proof of Theorem 3.2. Let M » 7, M be the Z, cyclic branched covering of M
with branching curve y. By Propositions 3.5 and 3.6 we have two numbers p; > 0,
02 > 0 with p; < po < p, and a metric g on M such that

fir<m
g:rz=pr.

Let g be the lift of g to M. Then, on the complement of a neighborhood T, N, (7) of
yin M » where 0 < p’ < p, the pullback metric of g is of the form:

d?r + p? sinh(r)>d*6 + cosh(r)>d?s

for p’ < r < py, and agrees with fr[j‘g for p; <r.

Next, we simply point out that according to [20, Lemma 2.1], there exists a C*°
function o (r), which is equal to sinh(r) for 0 < r « p’ and is equal to psinh(r) for
r > p’, and satisfies the following inequalities:

o,0" >0
rl<o”Jo <
1o o’ sinh(r)
~ ocosh(r) ©
for some A > 0 which only depends on p and p’.

We can use o to define a C* metric §;, on M » which is in IC<a/,;,r>(]\;[ »). Explicitly, on
the neighborhood of y defined by 0 < r < p,, the metric g,, is just

d*r + o(r)*d0 + cosh(r)*d>s.

On the complement of this neighborhood, §~p agrees with 2.
Finally, it is easy to see from the construction that g, is invariant under all
isometries of the cover M,. Hence we have a metric g, on M, with g, = m5g,, where

m} is given by the commutative diagram:
- #, -
M, — M

nzl lm

MPL)M O

4. Ends.

THEOREM 4.1. Let M be a topologically tame negatively pinched 3-manifold with I’
purely loxodromic. Then all geometrically infinite ends of M are simply degenerate.

The strategy of Canary’s proof ([8, Proposition 5.1]) of geometric tameness for
topologically tame hyperbolic manifolds works equally well for manifolds of variable
negative curvature. Hence we will summarize the steps involved in Canary’s proof and
mention the necessary modifications that one will need for the proof of Theorem 4.1.
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PROPOSITION 4.2. Let M be a complete, topologically tame, negatively pinched 3-
manifold, with an end E. Then there exists a complete, negatively pinched 3-manifold M’
with an end E' such that (1) some neighborhood Ug of E' is isometric to a neighborhood
Ug of E, and (1) the compact core of M’ is boundary-irreducible.

Proof. By topological tameness, M is homeomorphic to the interior of a compact
3-manifold N. The manifold N can be decomposed into a finite union of compression
bodies and boundary irreducible manifolds [22]. Then E is associated with a boundary
component of a compression body C. Note that by Proposition 2.9 a cover of M
with finitely generated fundamental group is also topologically tame. The Riemannian
cover of M associated to 7r;(C), has an end isometric to E£. Hence after replacing M
by this Riemannian cover, we may assume that M is homeomorphically identified with
the interior of C. The idea then is to show that there is an collection of curves y such
that the Z, cyclic branched cover C, of C over y has incompressible boundary. The
construction of Cj is based on the fact (which is established in [8] as a consequence
of the Mecks-Yau Equivariant Dehn’s lemma [27]) that if y is a disjoint union of
simple closed curves that intersects every essential disk in C, then any 2-fold cyclic
branched cover of C with branch locus y is boundary-irreducible. Hence, in view
of Proposition 2.1, the problem reduces to showing that there exists a collection of
null-homologous simple geodesics y that intersects each essential disk.

Otal’s theorem [8, 3.5] provides a disjoint union y; of simple closed curves in
M = C° which intersects every essential disk in C. Let y; denote the collection of
closed geodesics in M with homeomorphic images in C which are homotopic to yy.
The geodesics y; need not be simple; however, by using the same technique as in
[8, Lemma 5.5] we may perturb the metric of M in a compact neighborhood of y,
so as to obtain a metric which is also negatively pinched, and such that the geodesics
with respect to the new metric which represent the same homotopy classes as y form
a disjoint family of simple geodesics. Therefore, without loss of generality, we may
assume that y is a collection of simple closed geodesics. The 2-fold cyclic branched
cover of C over y is then the desired C,. We define M’ to be the interior of Cj,, which
is a 2-fold branched cover of M with branch locus y.

Next we note that by Theorem 3.2, M’ can be given an metric with negatively
pinched curvature with pinching constants arbitrarily close to the pinching constant
of M and outside a compact tubular neighborhood of the branching geodesics, the
metric is induced by the metric on M via the branched covering map, and hence its
ends are isometric to the ends of M. Therefore the result follows. O

Proof of Theorem 4.1. The result follows immediately from Proposition 4.2 and
Theorem 2.4. O

4.1. Corollaries. In this section we deduce two consequences of Theorem 4.1,
Corollaries 4.4 and 4.7, which are of special interest. They relate topological tameness,
which is a purely topological condition, to an analytical property. This interaction
between topology and analysis was originally worked out for hyperbolic manifolds
by Thurston in the case of a boundary-irreducible compact core, and generalized by
Canary, Culler and Shalen to cases where the core may be boundary reducible. However
the idea works equally well for variable curvature manifolds, as we shall now show.
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DEFINITION 4.3. An orientable Riemannian manifold N (with possibly non-empty
boundary) is analytically tame if there exists an sequence of compact submanifolds
(Ny) such that

(l) Nkl C Nkz for kl < kz;
(i) if N} denotes the interior of Ny, then Uy Ny = N;
(ii1) there exists a number C > 0 such that for some r > 0 we have, for all &,

volume(N,(dNy)) < C.
Such a sequence (Ny) is called an exhaustive sequence.

COROLLARY 4.4. Let M = M/T be a topologically tame negatively pinched (—b* <
K(M) < —a?) 3-manifold with I purely loxodromic. Then CC(M) is analytically tame.

Proof. First we note that, under the hypothesis, there are no cusps. Hence the ends
of CC(M) are precisely the geometrically infinite ends of M. By Theorem 4.1, these
ends are simply degenerate.

For each geometrically infinite end E of M, let Ug be an neighborhood of E, which
is homeomorphic to Sg x [0, 00), and choose a sequence of maps (f]'f :Sg — Ug)
having the properties stated in the definition of a simply degenerate end. By passing
to a subsequence of (), we may assume that the f;* satisfy the following property
(D: fESE) N fE(SE) =0 for k # 1, and fF(Sk) is enclosed by (f(Sg)UdUg) for
i <J, i.e. fE(SE) is contained in the relatively compact subset of Ur with boundary
];E(SE) U 0 Ug. Furthermore, Proposition 2.8, applied to each of the finitely many
geometrically infinite ends of M, gives a constant & > 0 such that for geometrically
infinite end E and any compressible curve C in Sg, we have (2): length(ka (0O)) > a.
Then for each k we define a compact submanifold M to be the region in M enclosed
by 0CC(M) U g ka(SE), where E ranges over all geometrically infinite ends of M.

We verify that (M}) is the desired exhaustive sequence for CC(M). By the distance-
nonincreasing property of the maps /%, together with property (2) above, one can show
that (compare [8, Lemma 8.2])

1
ume(N(fu(Sp)) < S —— | B(r + (a/2)) d4
OGS <3 s [ B+ @)

2a~ 2 B(r + (2/2))| x(SE)|
= XE: d(a/2)

where d(c/2) is the least area of any disc of radius «/2 in the universal cover Sg of
Sg, and B(r + («/2)) is the greatest volume of any ball of radius r + «/2 in M. If V"(r)
denotes the volume of a ball of radius r in H", we have B(r + «/2) < ¢, V3(r + a/2) for
some constant ¢, depending only on b, and d(/2) > ¢,V?*(a/2) for some constants
¢p and ¢, depending only on b and a respectively. Hence as k& — oo the quantity
volume(N;,(dM})) is bounded by some positive constant C = C(M, r). And the as-
sertions that UM} = CC(M) and My, C My, for ki < ks follow directly from the
definition of M. This completes the proof. O

THEOREM 4.5 (compare [8, 35]). Let N be a complete analytically tame manifold.
Then, any subharmonic function u which is bounded above on N is constant.

Proof. Assume that there exists a nontrivial subharmonic function bounded above
on N, and denote it by u. Let A > 0 be such that u < A. By normalization we can
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assume A = 1. Let g, denote the flow of the vector field grad u. Note that g, is defined
for all # > 0, and for any measurable subset A C N we have

d d d
&VOlume (g:(A)i=s = /A Eg? dv|=y = Ag: Eg? dv|i=o

= /gngradudv = / gi((div(grad u)) dv)
A A

=/g;‘(Audv)=/ Audv
A gs(A)
>0

which means that g, is volume nondecreasing. Let x be any point of N, let B be any
subset of {g,(x)}>0 and T'(B) denote the amount of time that g,(x) € B. Then, we have

2
T(B) dg dg 1/2 T(B) dg dg
length(B))* = =L 20 d TB/ =L 20
(length(B)) (/O <dl,dl> t] < ()0 T

IA

T(B)
T(B) /0 (grad u(g,(x)), grad u(g,(x))) dr

IA

T(B)
T(B) fo (grad u)(u(g)(x) di

IA

T(B)
T(B) /0 dg*()(x) < T(B)

where the last inequality follows from our assumption that u is bounded above by 1.
We wish to show that u is constant. Assume it is not, and let x be a point of
M such that grad u(x) # 0. Let V' be a neighborhood of x in N of positive volume
with V' Ng. (V) =0 for some t > 0. Note that such a set ' can always be found
since u is strictly increasing along the flow line near x. Now, if V' N g, (V) = @, then
g (V)N g (V) = 0 for any positive integers » and m, because g; is a flow . Let
{Nk} be the exhaustive sequence of N. Since g, is volume nondecreasing and Ny is
compact, we must have g7, (V) C N — Ny for some large finite T;. Now, let V} be any
subset of V" of positive volume with diameter g,(V1) < 1 for ¢ < T}. Note that for some
small r > 0 we have that N,(dN;) N N, (3N,11) = @. By passing to a subsequence if
necessary, we can take r = 1. Then for any y € V), the flow line {g,(y)} that passes
through UEA(dNy) will have length at least 2k, since N1(dN;) NN (dN41) = @. So
the amount of time that g,(y) spends in U’(;'M (dNy) is at least (2k)>. Hence g/(V}) C
UEN2(ONy) for all 0 </ <4k Since g(Vi)Ngr(V1) =9 when [ # I, therefore
we have volume(U’O‘N'z(aNk))) > dk>volume (7). But, by hypothesis we have that
volume (U N2 (3Ny))) < Zé volume (NV2(0Ny))) < (k + 1)C, for some constant C > 0.
Hence, there exists a constant C’ > 0 such that we have 4k> < kC’ for all k, which is a
contradiction. So, we have a dense subset U of N with grad u|y = 0. By continuity we
get grad u|y = 0, which implies u is constant on N. ]

COROLLARY 4.6. Take N as in Theorem 4.5. Then there exist no nontrivial positive
superharmonic functions on N.
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COROLLARY 4.7. Let M = M/I" be a topologically tame negatively pinched
(=b? < K < —a?) 3-manifold with A(I') = Su. Then there are no nonconstant positive
superharmonic functions, or nonconstant subharmonic functions bounded above, on M.

Proof. By hypothesis, we have A(I") = Sy which implies CC(M) = M. Then the
result follows from Corollary 4.4 and Theorem 4.5 and Corollary 4.6. U

5. I'-action. Two Borel measures on S, are in the same I"-class if the Radon-
Nikodym derivative of y *v; with respect to v; is equal to the Radon-Nikodym derivative
of y*v, with respect to v;.

PROPOSITION 5.1 ([29]). Let I be nonelementary and discrete. Suppose that I acts
ergodically on S, with respect to a measure v defined on Seo. Then every measure of Sxo
in the same measure class as v is a constant multiple of v.

A family of finite Borel measures [vy] . j; will be called a A-(conformal density under
the action of I') if for every X € M andeveryy € I' we have y* Vy = Vyey, and the Radon-
Nikodym derivative O *’ -(¢) atany point ¢ € Sy is equal to exp(—AB; (y~'y,y)). (This
is to be interpreted as belng vacuously true if, for example, the measures in the family
are all identically zero.)

PROPOSITION 5.2. Let I be a non-elementary discrete subgroup of the isometry group
of M. If[v}] 4y 18 anon- trivial I'-invariant D-conformal density, then D # 0.

Proof. Suppose D = 0. Then v, is a I"-invariant non-trivial finite Borel measure.
Since I is non-elementary, there exists a loxodromic element y in I'. Let &, ¢ € S
be the two distinct fixed points of y. Let (y) be the group generated by y. Then v, is
clearly (y)-invariant. But y is loxodromic, so we must have supp(v,) C {£, ¢}. Then,
by the fact that A(I") is infinite, we have v, is an infinite measure, which is a contra-
diction. (|

Let x € M and s > 0 be given. Denote the Poincaré series for a infinite uniformly
discrete subset W C M by Zy(x, s), i.e. set

Zw(x, ) := Y _ exp(—s dist(x, v)).

veW

In particular, W can be the orbit I"x of x. We will use the notation Z(x) to denote the
Poincare series for W = I'x in this case. We call I" divergent if Z = co. By applying
an adjusting function we can always assume the Poincaré series diverges at D. The
measures

Z Fe_'YdiSt(Z’yx)ay\‘

. Lve —;

Hos = S s 0 P
VAS

converges weakly to a limiting measure u, as s, — D through a subsequence. It is
trivial to see that u. is supported on Ap. The measure [u,]” is called Patterson-
Sullivan measure which is D-conformal under I".

THEOREM 5.3 (Hou [24]). Let M = M/T" be a complete Riemannian 3-manifold
with —b* < K < —1, such that there are no nontrivial positive superharmonic functions
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on M. Then D € [2,2b]. And if we have D = 2, then I is divergent, hence ergodic with
respect to [iy]P.

Proof of Theorem 1.2. Under the hypothesis of Theorem 1.2, it follows from
Corollary 4.7 and Theorem 5.3 that D € [2,2b]. That I is harmonically ergodic
follows from Corollary 4.7 and Fatou’s conical convergence theorem. If D = 2, then,
by Corollary 4.7 and Theorem 5.3, we have I" is divergent. ]
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