BENDING, ENTROPY AND PROPER AFFINE ACTIONS OF SURFACE GROUPS

MARTIN BRIDGEMAN, RICHARD CANARY, AND ANDRES SAMBARINO

ABSTRACT. We show that for any closed surface S there is an explicit neighborhood V' of the fuchsian
locus in quasifuchsian space QF(S) such that for every representation p € V which is not fuchsian,
there is a proper affine action on s((2, C) with linear part Ad(p). We further show that there is a larger
neighborhood U of the Fuchsian locus so that every critical point of the entropy function in U lies on
the Fuchsian locus.
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1. INTRODUCTION

Quasifuchsian hyperbolic 3-manifolds are a central object of study in low-dimensional topology and
dynamics. One classical theme is the relationship between the geometry of the convex core and dynamical
quantities like the topological entropy of the geodesic flow. More recently, connections have emerged
between quasifuchsian manifolds and proper affine actions of surface groups on s[(2,C) = RS. In this
paper, we investigate bending deformations on the space QF(.S) of all (marked) quasifuchsian hyperbolic
3-manifolds. We introduce the notion of a moderately bent Jordan domain and obtain applications to
both the variation of the entropy function on QF(S) and to proper affine actions of surface groups.

We begin our investigation by using work Kourouniotis [46, 47] to establish a general formula for the
variation of the complex length function of an element of 7;(S) during a bending deformation. If a
boundary component of the convex core is moderately bent, we obtain control on the real part of the
variation as we bend along the associated bending lamination.

Our first application of this work is to show that if one component of the boundary of the convex
core of a quasifuchsian hyperbolic 3-manifold (which is not fuchsian) is moderately bent, then it is not a
critcal point of the entropy function on QF(S). Recall that the topological entropy of the geodesic flow
of a quasifuchsian hyperbolic 3-manifold is the exponential growth rate of the number of closed geodesics
of length at most T. The topological entropy is an analytic function on QF(S) (see Ruelle [57]) and
it achieves its minimum value, which is 1, exactly along the locus of fuchsian groups (see Bowen [11]).
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Previous work of Bridgeman [12] provided some evidence that every critical point of the entropy function
lies on the Fuchsian locus.

Our second application is to show that if p : m1(S) — PSL(2,C) is the holonomy representation of a
quasifuchsian hyperbolic 3-manifold (which is not fuchsian) and both components of the boundary of the
convex core are moderately bent, then Ad p is the linear part of a proper affine action of 7 (S) on sl(2, C).
Danciger, Guéritaud and Kassel [22] previously exhibited specific quasifuchsian hyperbolic 3-manifolds
with this property. We extend our results to find proper affine actions of surface groups on any simple
complex Lie group. We also give applications to proper actions of surface groups on the group manifold
of a complex simple Lie group.

Finally, we use work of Bridgeman, Canary and Yarmola [15] to find explicit bounds on the “roundness”
of the bending lamination which guarantee that the associated boundary component of the convex core
is moderately bent. We can then describe an explicit open neighborhood U of the Fuchsian locus in
QF(S) so that every manifold in U which is not fuchsian is not a critical point of the entropy function.
Similarly, we describe an explicit open neighborhood V' of the Fuchsian locus in QF(.S) so that if p is the
holonomy representation of manifold in V' which is not fuchsian, then Ad p is the linear part of a proper
affine action of 7 (.5) on sl(2,C).

We next develop the language to state our results more concretely. We follow this with a more in-depth
discussion of the history of proper affine actions.

Statement of results: A quasifuchsian representation is a discrete faithful representation p : m1(S) —
PSL(2,C), where S is a closed oriented surface of genus at least two, such that the limit set A(p) of
p(m1(9)) is a Jordan curve. Quasifuchsian space QF(S) is the space of conjugacy classes of quasifuchsian
representations. We may regard QF(S) as an open subset of the character variety

X(S) = Hom(m (S), PSL(2,C))//PSL(2,C).

Since every point in QF(S) is a smooth point of X(S) (see [36]), QF(S) has the structure of a complex
manifold.

If p is quasifuchsian then the complement of the limit set A(p) is two Jordan domains Q4 (p) and
Q_(p). The group p(m (S)) acts properly discontinuously on C — A(p), so one obtains two marked
Riemann surfaces X (p) = Q4 (p)/p(71(S)) and X_(p) = Q_(p)/p(m1(S)) where we choose the labels
on the components of C- A(p) so that there is an orientation-preserving homeomorphism from SU S —
X, (p)UX_(p) in the homotopy class determined by p (where S is S with the opposite orientation). Bers
showed that the resulting map from QF(S) to 7(S) x T (S) is a real analytic diffeomorphism, where 7(.S)
is the Teichmiiller space of S. A representation p € QF(S) is fuchsian if it is conjugate to a representation
with image in PSL(2,R). The Fuchsian locus F(S) C QF(S) of fuchsian representations is identified with
the diagonal in this parametrization.

If Q is a Jordan domain whose boundary is a Jordan curve C, we say a pair (z,y) of distinct points
in C' is a bending pair for Q if there is a maximal round open disk D in € such that x,y € dD. We say
that Q is moderately bent if for every bending pair (z,y) there exists a circle L transverse to C such that

LNC ={z,y}.

We define the entropy function h : QF(S) — [1,2) by letting h([p]) be the topological entropy of the
geodesic flow on N, = H?/p(m1(S)), i.e. the exponential growth rate of the number of closed geodesics
in N, of length at most 7. Sullivan [62] proved that h([p]) is the Hausdorff dimension of the limit set
A(p) of p(m1(S)). One may also define h([p]) to be the critical exponent of the Poincaré series

P,(s) = Z e—Sd(ﬂCo,’Y(xo))’
yemi(S)

for any zo € H?, i.e. P,(s) converges if s > h([p]) and diverges if s < h([p]).

Ruelle [57] showed that h is real analytic. Bowen [11] showed that h attains its minimum value exactly
along the Fuchsian locus. One might hope that h has no other critical points. Bridgeman [12] showed
that the Hessian of the entropy function is positive definite on at least a half-dimensional subspace, so
the entropy functional has no local maxima.
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We show that if one of the components of the complement of the limit set of a quasifuchsian (but not
fuchsian) representation p is moderately bent, then p is not a critical point of the entropy function.

Theorem 1.1. Suppose that [p] € QF(S) is not fuchsian and either Q4 (p) or Q_(p) is moderately bent,
then [p] is not a critical point of the entropy function h.

We recall that if V' is a finite-dimensional vector space, then the set Aff(V') of affine transformations
of V is the semi-direct product of GL(V') x V. The action of (4, w) € Aff(V) is given by

(A,w)(v) = Av+w forall veV.

Let Ad : PSL(2,C) — SL(sl(2,C)) C Aff(sl(2,C)) be the adjoint representation, i.e. Ad(A4)(v) = AvA~!
for all v € sl(2,C). If o : I' — Aff(V) is a representation, then the restriction of ¢ to the first factor
GL(V) is a representation which we call the linear part of o.

Theorem 1.2. If [p] € QF(S) is not fuchsian and both Q1 (p) and Q_(p) are moderately bent, then there
exists a representation o : w1 (S) = Aff(sl(2, C)) whose linear part is Ad(p) so that o(m1(S)) acts properly
discontinuously on sl(2,C).

The proofs of both Theorem 1.1 and Theorem 1.2 involve studying bending deformations of quasi-
fuchsian representations. If p is quasifuchsian, then its convex core C(p) is the quotient of the convex
hull CH (p) of A(p) in H? by p(m1(S)). If p is not fuchsian, then C(p) is homeomorphic to S x [0, 1] and
has two boundary components 9C (p), each of which is totally geodesic in the complement of a geodesic
lamination S1. We choose our signs so that 0CH (p) faces Q4 (p). We often abuse notation by saying
that OC,, (p) is moderately bent when €, (p) is moderately bent. The intrinsic metric on each component
of 9C(p) is hyperbolic, and one may associate a transverse measure to S1 which measures the total
bending of 0C4 (p) along the lamination, to obtain the bending laminations (see Epstein-Marden [27] for
background on convex hulls). Dular and Schlenker [26] recently showed that p is completely determined
by its pair of bending laminations.

If p is quasifuchsian and A is a measured lamination, one may define a bending deformation {p.}.ec C
X(S) of p along A. If X is a simple closed separating curve a, then we may write m;(S) = 71 (S1) *(a) 71(S2)
and define p. for any z € C by letting p.|r, (s,) = plr (1) and paa(g) = A.p(g)AZ* for all g € m1(S2)
where A, has the same axis as p(g) and complex translation length z. In this convention, pure twisting
corresponds to the case when z is totally real and pure bending corresponds to the case where z is totally
imaginary. We generalize work of Kourouniotis [16, 47] to obtain a formula for the derivative of the
complex length of any element of 71(S), see Theorem 3.2. The bending deformation is the complex
Hamiltonian of the complex length function £y : QF(S) — C of the lamination A with respect to the
natural complex symplectic structure on QF(S) described by Goldman (see [37, 36]), see Platis [50].

We generalize work of Kourouniotis [16, 47] to obtain a formula for the derivative of the complex
length of an element v € 71 (S) with respect to a bending deformation along a bending lamination £, for
p € QF(S), see Theorem 3.2. Our formula is expressed in terms of the complex distances between the
axis of p(y) and lifts of leaves of §,,. Assuming that €, (p) is moderately bent places restrictions on these
complex distances.

If p is quasifuchsian and 3, is a bending lamination of p (where v € {£}) and {p;} is the bending
deformation of py along —if3,, then we define the infinitesmal bending deformation along —if3, to be

d
wy(p) = T |, P-ti. € T QF(S).

(As defined, w,(p) lies in T,Hom(m(S),PSL(2,C)), but it descends to an element of T(, QF(S) which
is independent of the choice of representative of [p].) We choose —itf, as our deformation since this
corresponds to increasing the bending measure of the bending lamination on the convex core boundary.
If v € m1(S), consider the real analytic function £, : QF(S) — (0, 00) where £, ([p]) is the (real) translation
distance of p(T"). We say that a closed curve intersects a bending lamination 3, transversely if its geodesic
representative in 9C,, (p) intersects 3, transversely.



4 BRIDGEMAN, CANARY, AND SAMBARINO

Theorem 1.3. Suppose that [p] € QF(S) is not fuchsian, Q,(p) is moderately bent (for some v € {£})
and w = w,(p) is the infinitesimal bending deformation for —if,. If v € m(S), then dl,(w) < 0 and
dly(w) < 0 if v intersects 5, transversely.

Theorem 1.1 then follows immediately from Theorem 1.3 and a result of Sambarino [59, Lemma 2.32],
see Section 4.

In order to prove Theorem 1.2 we need the following strengthening of Theorem 1.3.

Theorem 1.4. Suppose that [p] € QF(S) is not fuchsian and that w = wy(p) +w_(p). If both Q1 (p)
and Q_(p) are moderately bent, then there exists K > 0 such that

dly(w) < =Kt (p)
for all v € m(S).

We now outline how Theorem 1.4 is used to prove Theorem 1.2. If p : m1(S) — PSL(2, C) is quasifuch-
sian, then u : m1(S) — sl(2,C) is a cocycle for Ad p if

u(yn) = u(y) + Adp(y)u(n) forall ~,n € m(S).

Cocycles for Ad p are in one-to-one correspondence with Affine representations with linear part Ad p.
Specifically, for u : m1(S) — sl(2, C), the map F,, : m(S) — Aff(sl(2,C)) given by

Flpouw(v) = (Adp(v),u(y)) forall ~e€m(S)

is an affine representation if and only if u is a cocycle for Ad p.

Suppose that [p] € QF(S) and v € T(,;QF(S), then we choose a vector © € T ,Hom(7(S), PSL(2,C))
which projects to v € Ty, QF(S). If v € m1(S), then the function A, : Hom(m(S),PSL(2,C)) —
PSL(2,C) given by A,(p) = p(v) is a complex analytic map. We define

up : m(S) — sl(2,C) by letting uz(y) = dA,(9)A, ()"

for all v € 71(S), which is a cocycle for Ad p. Cocycles for Ad p are in one-to-one correspondence with
tangent vectors in T,Hom(m;(S),PSL(2,C)). Different choices of representatives of [p] and/or ¢ will
produce representations conjugate to F(,o,u,—,)~

Kassel and Smilga [12], see also Ghosh [32], developed a properness criterion for affine actions which is
expressed in terms of the Margulis invariant spectrum, see Proposition 6.6. Theorem 1.4 will allow us to
control the Margulis invariant spectrum of (p, u,,) when p and w satisfy the assumptions of the theorem.
See Section 6 for details.

In order to obtain the explicit neighborhoods of the Fuchsian locus that we promised earlier we recall
a numerical invariant which we can use to guarantee that Q1 is moderately bent. If 5, is a bending
lamination and L > 0, we let ||3, |1, be the supremum of the measure of any half-open arc of length less
than L. The invariant |8, is sometimes called the L-roundness of 5 and was originally introduced by
Epstein, Marden and Markovic [28].

We use the techniques of Bridgeman-Canary-Yarmola [15] to show that there exist bounds on the L-
roundness of 8, which guarantee that €2, is moderately bent. We define a threshold function r : Ry — R
such that if ||5, || < (L) the region 2, is moderately bent. On (0, 1], r is the inverse of the function
y = xzsec(z) and for x > 1, r(x) = xsech(z). A simple analysis of the function zsech(x) shows that
r(x) > wzsech(z) for all z.

Theorem 1.5. Let p € QF(S) have bending laminations B4 and S—_. If
1Bl <7(L) for some L >0,
then Q,(p) is moderately bent.

Our promised neighborhoods now have the following concrete form.
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Corollary 1.6. Let

U(S) ={[p] € QF(S) : |1B+llL, < r(L1) for some Ly >0 or |B-|r, <7(L2) for some Lo > 0}.
and

V(S) =A{lp] € QF(S) : |B+|lr, < r(L1) for some Ly >0 and |B-|lr, <r(L2) for some Lg > 0}.

(1) U(S) is an open neighborhood of the Fuchsian locus, so that if [p] € U(S) is not fuchsian, then
[p] is not a critical point of the entropy function h.

(2) V(S) is an open neighborhood of the Fuchsian locus, so that if [p] € V(S) is not fuchsian, then
Ad p is the linear part of a proper affine action of w1(S) on sl(2,C).

We now discuss the explicit constants we obtain. For example,
r(1) =~ .739
For comparison, it follows from [15, Thm. 4.1] that for any p € QF(S) one has
18]z < 2cos™! (—sinh(L/2)).

In particular,

|B+]l1 < 2cos™(—sinh(1/2)) ~ 4.2379.
To consider how close r(L) is to being maximal, we describe the following elementary example. Take a
horocycle H in a hyperbolic plane P C H? and let v : R — P be a piecewise geodesic with vertices on H
and each edge of length L. We then let C' be the convex pleated plane containing v and perpendicular
to P. Then a simple calculation gives that C' has bending lamination 5 with

I8l = 2sin~* (tanh(L/2)).

It follows that there are non-embedded convex pleated planes with ||3]|; arbitrarily close to 2sin™" (tanh(1/2)) ~
.9607.

In Section 9 we discuss other bounds guaranteeing that our domains of discontinuity are moderately
bent. These bounds are in terms of the Schwarzian derivative, the Teichmiiller distance between the two
boundary components and the quasiconformal distortion of A(p).

One may also obtain the following applications to more general complex Lie groups. If G is a complex
simple Lie group and I' is a finitely generated group, let C(I', G) be the space of pairs (p,u) where
p: ' = G is a representation and u is a cocycle for Ad p. We give C(T', G) the compact-open topology. If
p is a smooth point of Hom(m(S),G), then the space of cocycles for Ad p is canonically identified with
T,Hom(7(S),G). In general, the space of cocycles for Ad p is identified with Zariski tangent space of
Hom(m(S), G) at p (see [30]).

Corollary 1.7. Let G be a complex simple Lie group with Lie algebra g.
i) The subset of C(m1(S),G) consisting of pairs (p,u) such that F, . (m1(S)) acts properly discon-
tinuously on g has non-empty interior.
ii) The set of representations of w1(S) into G x G that are discrete and faithful in each factor, and
whose action on G via left/right multiplication is proper, has non-empty interior. Moreover, its
closure contains product representations p X p where p is totally Anosov.

The key tool in the proof of (i) is the fact that the normalized Margulis spectrum varies continuously
(see Sambarino [59, Lemma 2.34]). The proof of (ii) makes crucial use of a properness criterion of Benoist
[3] and Kobayashi [14]. Danciger, Guéritaud and Kassel [22, Prop. 1.8] previously established part (ii)
of Corollary 1.7 in the case when G = PSL(2,C).

Historical background: Auslander [2] conjectured that if I' acts properly discontinuously and cocom-
pactly on R™ by affine transformations, then I' is virtually solvable. The conjecture remains open, but
has been established when n = 3 by Fried-Goldman [30], when n = 4 and n = 5 by Tomanov [64] and
when n = 6 by Abels, Margulis, and Soifer [1]. Milnor [54] asked whether, in analogy with the Bieber-
bach theorems, something similar might be true for actions which are not cocompact. Margulis [51, 52]
produced the first examples of proper affine actions by non-abelian free groups on R2, which are now
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called Margulis space-times. Drumm [24], Charette-Drumm-Goldman [18], and Drumm-Goldman [25]
introduced a geometric viewpoint on Margulis’ construction and produced large classes of new examples.
Goldman, Labourie and Margulis [38] gave an exact criterion for when affine actions of free groups on
R? are proper (see Ghosh-Treib [31] for extensions to R?"*1). Danciger, Guéritaud and Kassel [20, 21]
gave a complete classification of Margulis space-times with convex cocompact linear part and showed
that their quotients are all homeomorphic to the interior of a handlebody.

Smilga [61] extended Goldman, Labourie and Margulis’ properness criterion to any real semisimple
Lie group G of the non-compact type. He constructed a proper affine action of a non-abelian free group
on the Lie algebra g whose linear part is Zariski dense in Ad(G). Burelle and Zager Korenjak [16, (6]
further analyzed higher-dimensional Margulis space times.

It is natural to ask which other groups admit proper affine actions. Mess [53] showed that a closed
surface group cannot have a proper affine action on R3 (see [53]). Danciger and Zhang [23] showed that a
proper affine action of a surface group on R¢ cannot have a linear part which is a Hitchin representation
into SL(d,R). (see also Labourie [19]). In a major breakthrough, Danciger, Guéritaud and Kassel [22]
proved that any right-angled Coxeter group on k generators admits a proper affine actions on RF(F=1)/2,
They also show that every hyperbolic surface group admits a proper affine action on RS.

We briefly describe the construction of Danciger, Guéritaud and Kassel in [22] for producing proper
affine actions of hyperbolic surface groups on sl(2,C) = RS whose linear part is the adjoint action of
the a quasifuchsian group. A surface group of genus g is an index 4 subgroup of the fuchsian Coxeter
group which is the reflection group of a (2g + 2)-gon all of whose internal angles are 5. They describe
an explicit path in the deformation space of the Coxeter group within PSL(2,C) and show that the
nonfuchsian points on this path give rise to proper affine actions.

Acknowledgements: The authors would like to thank Sourav Ghosh, Fanny Kassel and Curt McMullen
for helpful comments or conversations. The authors acknowledge support of the Institut Henri Poincaré
(UAR 839 CNRS-Sorbonne Université), and LabEx CARMIN (ANR-10-LABX-59-01).

2. BACKGROUND

2.1. Geodesic currents and measured laminations. Bonahon [9] introduced the space C(X) of
geodesic currents on a closed hyperbolic surface X as a natural closure of the space of weighted collections
of closed geodesics on X. Let G(H?) be the space of unoriented geodesics in H2. If X = H?/T is a
hyperbolic surface, a geodesic current on X is a locally finite I'-invariant measure on G(H?). We endow
the space C(X) of geodesic currents on X with the weak* topology. Any closed geodesic a (with weight
one) on X gives rise to a geodesic current by considering the measure which has an atom of weight one
on each geodesic in H? which covers a.

Bonahon [9] showed that one may continuously extend the length function on geodesics to a length
function

Lx C(X) — [0,00)

We give a brief description of his construction. Let PT(H?) denote the projective tangent bundle of H?
and consider the trivial fiber bundle 7 : PT(H?) — G(H?) mapping a project tangent vector a point to
the associated unoriented geodesic through the point. The fiber above a geodesic g can be identified with
g and given its length measure ¢. So, if u € C(X), then we obtain a I-invariant measure on PT(H?)
which is locally p x £. This measure descends to a measure ,u/><\€ on PT(X). Bonahon defines Lx (1) to

be the total mass of p x £.

Given homotopy classes a and [ of closed geodesics on X, one defines their geometric intersection
number i(a, ) to be the number of transverse intersection points of « and 5. Bonahon also showed
that one may continuously extend the intersection number to a continuous function on C(X) x C(X). If
u,v € C(X), then then u x v gives a measure on G(H?) x G(H?) invariant under the diagonal action of
I'. Letting

D(H?) = {(@,7) € PT,(H?) x PT,(H?) | z € H? and @ # ¥}
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we can identify D(H?) with a subset of G(H?) x G(H?) by mapping (#, ¥) to the pair of geodesics tangent
to them. Then

D(X) = D(H?)/T = {(@,7) € PT,(X) x PTo(X) | z € X and @ # 7).

Since the pullback of the measure pu x v to D(H?) is invariant under the action of I' it projects to a
measure 1z X v on D(X). Bonahon defines ix (1, ) to be the total mass of i1 x v on D(X).

If S is a closed topological surface of genus at least 2, we may define the space C(S) as the space of
m1(S)-invariant locally finite measures on the space of unordered pairs of distinct points in the Gromov
boundary 9,71 (S) of m1(S). Given (X, h) € T(S), there is a well-defined h.-equivariant homeomorphism
€ : 0o » m(S) — OHZ, which gives rise to a canonical identification of C(S) to C(X). We notice that
Lx does not induce a well-defined function on C(.9), since the length function depends on the underlying
hyperbolic structure. However, the definition of intersection number does not depend on the choice of
hyperbolic structure so we have a well-defined continuous function

i:C(S) % C(S) = [0,00)

where for any (X, h) € T(S), we take i(u,v) = ix(&(p), & (V).

Notice that a closed geodesic & on X is simple if and only if i(, @) = 0. More generally, we may
consider the space ML(X) of measured geodesic laminations on X to be the set of geodesic currents of
self-intersection zero. If u € ML(X) then its support supp(u) is a closed set foliated by disjoint complete
geodesics, i.e. a geodesic lamination. Any interval « transverse to the support, inherits a measure by
taking the pu-measure of all the geodesics transverse to «. This gives the transverse measure associated
to p. Since intersection number is independent of the hyperbolic structure, ML(S) is also well-defined.

2.2. The convex core and bending laminations. If p is quasifuchsian, but not fuchsian, there exists
an orientation-preserving homeomorphism

Jp S x[0,1] = C(p)

in the homotopy class of p. Thurston [63] showed that the intrinsic metric on each component of dC(p)
is hyperbolic. Moreover, there exist measured laminations 3 and f_ on 0C,(p) = j,(S x {1}) and
0C_(p) = j,(S x {0}) so that 9C4(p) is totally geodesic on the complement of the support supp(54+) of
B+ and each leaf of supp(S8+) is mapped to a geodesic. (See Epstein-Marden [27] for complete proofs.)

We now briefly describe the transverse bending measures given by 3, for v € {£}. For a complete
description see Epstein-Marden [27]. Tt will be easiest to work in the universal cover. Let dC,,(p) denote
the pre-image of AC,(p) in OCH(p). A support half-space to dC,(p) at x € dC,(p) is a half-space H
such that the interior of H is disjoint from the convex hull CH(p) and « € H. The boundary 0H of
a support half-plane, is called a support plane. If o : [0,1] — 50,([)) is an arc transverse to (8, (so that
a(0),a(l) ¢ supp(B,)), P ={0 =1ty < t1 < ... < t, = 1} is a partition of [0,1] and H = {H;,} is a
collection of support planes to 56’1,(,0) at a(t;), we define

n—1

ipa(a,By) = Z 0;

=0

where 0; is the angle between H;, and H;, . For the definition we need to restrict to pairs (P,H) with
the property that Hy, intersects Hy,,,. Furthermore it is natural to restrict to pairs (P, #H) such that if
t € [ti,ti+1] and H; is a support half-space to «(t) then H, intersects both Hy, and Hy, .

We define the bending measure, as the limit over any sequence {(Py, H,)} so that the mesh size of P,
tends to zero. Since the intersection number ip 3 (o, 8,) is monotonically decreasing under refining the
partition, we can also define the bending measure for « to be

i(av Bu) = 7131’1,{[ 7;737’;{(047 ﬁl/)
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2.3. Complex length. If g and h are oriented geodesics in H? which do not share an endpoint, then
one can define a (unsigned) complex distance o(g,h) between them. The real part of o(g,h) is simply
the distance between g and h, the complex part is the angle between g and the parallel translate of h
along the unique common perpendicular joining g to h measured counterclockwise in the plane spanned
by ¢g and the parallel translate of h. The unsigned complex distance naturally lies in C/27iZ and varies
smoothly over the space of pairs of oriented geodesics.

Kouroniotis [16, Lemma 2.1] shows that the unsigned complex distance is determined by the relation
_,h_,h 1
COShO’(g,h): [g ) ) +7g+]+

[9-h—,hy,g1] =1
where [, -, -, ] is the cross ratio on the Riemann sphere given by
(u—q)(v—p)

u7 p7 q7 V=T~

et S g

It follows, in particular, that cosh o is a well-defined smooth complex valued function. As this is the only
function that appears in our calculations, we don’t need to consider evaluating o directly. See Series [60]
for a helpful discussion of unsigned complex distance.

Notice that if (h_,hy) = (0,00), and (g—, g+) = (u,v), then

v+ u

v
_,h_,h = — d h h)= .
[g ) ) +7g+] u an Cos O—(ga ) U—u

The following formula for the imaginary part of cosh o (g, h) will be used later:

2%[9—5 h—7 h+7g+]
Hg—v h—a h+ag+} - 1‘2

One can define the complez length L(7y) of a hyperbolic isometry v of H3. The real part of £(v) is the
translation length of v along its axis, while its imaginary part is its rotational angle. So, the complex
length L(7) is only defined modulo 27iZ.

If z € C and A(z) is the hyperbolic transformation w — e*w, then L£(A(z)) = z. If g is an oriented
geodesic in H? and ¢ € C, we let @ be an isometry mapping the pair (0,00) to the pair (g_, g, ) and set
R(g,2) = QA(2)Q~!. Notice that R(g, z) is well-defined, varies holomorphically in z and £L(R(g, z)) = 2.

(1) S(cosha(g,h)) =—

2.4. Bending deformations. Kourouniotis [17] studied the behavior of bending deformation using the
theory of complex measured laminations. If X is a hyperbolic structure on a closed surface, a complex
measured lamination g on X is a complex-valued, locally finite measure on G(H?) whose support is a
geodesic lamination. The space ML (X) of complex measured lamination is topologized with the weak*
topology on measures. A complex measure lamination p induces a complex measure on arcs transverse
to supp(u).

We will be interested in the subspace MLt (X) of MLc(X) consisting of measures which take values
with non-negative real and imaginary parts. Notice also that ML (S) is well-defined.

We first define the bending deformation of a quasifuchsian representation p along € ML T (S) when
the support of p has finitely many leaves. Since X is a hyperbolic structure on S, X = H?/I" and this
gives an identification of O () with OH2. Consider the p-equivariant map & OH? — OHB. The map
¢ induces a p-equivariant map &% : G(H?) — G(H?) where G(H") is the space of oriented geodesics in
H". We fix a basepoint xy € X, in the complement of supp(u) and a preimage %y of zo in H?. Given
v € m (X, ), let mq,...,m, be the geodesics in the support of i intersecting [Zo,v(Zo)] with atomic
measures aj, . . . a,. We order the leaves from right to left and orient each m; so that they cross [Zg, v(Z¢)]
from left to right. We then define, for all z € C,

Pz () = R(§x(m1), za1) R(Ex(ma2), zaz) . .. R(E(Min—1, 2m—1)R(§« (M), 2a5)p(7)-

Kouroniotis observes that p,, is a representation for all z and is quasifuchsian for z lying in an open
neighborhood of 0 in C.
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Kouroniotis showed that if {y,, } is a sequence of finite leaved complex measured laminations converging
to p € MLc(X), then B, converges to B, and we obtain a map

B, : QF(S) x C - X(S) givenby B, ((),2) = [p.,]

which is holomorphic in z (see [47]). The associated holomorphic bending vector field T, : QF(S) —
T(QF(S)) is defined to be

Kourouniotis further proved

Theorem 2.1. (Kourouniotis [17, Theorem 3]) The map T : MLTT(S) x QF(S) — T(QF(S)) given by
T(p, [p]) = Tu([p]) is continuous and holomorphic in [p].

3. VARIATION OF COMPLEX LENGTH

In this section, we obtain our formula for the variation of the complex length function during a bending
defornation along a measured lamination p. Kouroniotis [46] already obtained a formula when the support
of p has finitely many leaves.

Theorem 3.1. (Kouroniotis [46, Thm 4.1]) If p is quasifuchsian, p € ML(S) has finite-leaved support,
S~ X =H?/T, vem(X,x0), xo & supp(u) and L(z) = L(p..(7)), then

L£1(0) = aj cosh(a(()(a(7)), (€5)<(m;))
j=1

where [Zo,7(Zo)] intersects fi in the leaves {mq,...,my} (ordered from right to left and oriented so they
cross [Zo,v(Zo)] from left to right) with atomic weights {ay,...,a,} and a(vy) is the azis of .

We will use Theorem 2.1 to extend Kourouniotis’ formula to the general case. We first re-interpret
Kourouniotis’ formula in a more measure-theoretic fashion. If v € m1 (X, o) is non-trivial, we let

D.(X)={(4,7) € D(X) :x €y, @1is tangent to " at =, and @ # v}

If (@,7) € D(X), we lift @ and @ to a pair (U,V) € PTz(H?) x PTz(H?) with U tangent to the axis
ay () of v at a lift Z of . Then let gy be an oriented geodesic in H? which has V as a tangent vector
and crosses ay(7y) from left to right. We define a continuous function

Op~ : Dy(X) = C/2miZ
given by
Oper (@, ) = 0 ((&)-(au (7)), (€)-(9v) )
If we regard v as a measured geodesic lamination wit/hitomic measure, then the support of the measure

7 % pu on D(X) lies within D,(X), so we may view v X p as a measure on D, (X). Then notice that

—

L(0) = /D - cosho, , d(y x p).

Notice that this formula does not depend on the choice of X.
We use Kourouniotis’ later work [47] on the continuity of bending to extend this formula to the general
case.

Theorem 3.2. If p is quasifuchsian, p € MLTT(S), S = X = H?/T, v € m(X,0) and L,(z) =
L(pzu(7)), then

—

LL(0) = /D - cosho, , d(y x p).
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Proof. First notice that our formula holds trivially when i(~y, ) = 0, since both sides are clearly equal to
0. So we will assume that i(~, u) # 0.

Fix (X,h) € T(S) and let {u,} be a sequence of finite-leaved complex measured laminations in
MLTT(X) which converge to . We claim that there exists # > 0 and N so that if n > N and (i, ?) is
in the support of m, then the (un-oriented) angle Z@, ¥ between @ and @' lies between 6 and = — 0. If
not, then « lies in the Hausdorff limit of a subsequence of {supp(uy)}. Since the support of p is contained
in the Hausdorff limit of any subsequence of {supp(p,)}, this would imply that i(~y, u) = 0.

Let L3(2) = L(pzp, (7)) and L4 (2) = L(p-u(7)). Each L7 is holomorphic in 2 (by Theorem 2.1) and
{£Z} converges uniformly on compact sets to £.. Thus,

£,(0) = lim(£2)'(0).

Moreover, Theorem 3.1 implies that

—

(L5)(0) = / coshoy , d(7y X pin)
Dy (X)
for all n. Let
D, o(X)={(t,v) € Dy(X):m— 8> Lid,v > 0}
For all n > N,

(£2)(0) = / cosh oy, d(y X i)
Dy ,6(X)
Since, D~ ¢(X) is compact and {7y X p,} converges to v x u in the weak*-topology, we see that
lim (£7)/(0) = / coshay., d(y % 1) = / coshay., d(y % 11)
e Dy.0(X) Dy (X)
which completes the proof. O

4. CRITICAL POINTS OF THE ENTROPY FUNCTION

In this section we show that if one of the components of the domain of discontinuity of a nonfuchsian
quasifuchsian group is moderately bent, then it is not a critical point of the entropy function

Work of Sambarino [59] provides a criterion guaranteeing that p is not a critical point. If we consider
[p] € QF(S) and a non-zero variation ¢ € Ty, QF(S), then the link between variation of entropy and
variation of lengths is given by the set of normalized variations

Vi = {d%ﬁ) Ly e 771(5)} CR.

This is a closed interval and if p is not fuchsian it has non-empty interior. Moreover, in this case
—dh(¥)/h(p) € int(Vy) (see [59, Lemma 2.32]). The following criterion follows immediately.

Proposition 4.1. (Sambarino [59]) Suppose that [p] € QF(S) is not fuchsian and v € Tj, QF(S) is not
zero. If dly(T) <0 for all v € w1 (S), then dh(¥) # 0, in particular h is not critical at [p).

We can use our formula for the derivative of complex length and our angle bounds to produce such
vectors.

Theorem 1.3. Suppose that [p] € QF(S) is not fuchsian, Q,(p) is moderately bent (for some v € {£})
and w = wy(p) is the infinitesmal bending deformation for —if,. If v € m(S), then dly(w) < 0 and
dl.(w) < 0 if v intersects (3, essentially.

Notice that Theorem 1.1 follows immediately from Theorem 1.3 and Proposition 4.1.

Proof. By Theorem 3.2,

e (w) = R(dL (w)) = R ( /D cosho,, d(v x/\iﬂ,,)> = /D " s(cosh am) d(y % By).

+(X)
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In particular, d/,(w) = 0 if v does not intersect /3, essentially. Recall that given (i, 7) € D (X), we lift

(t, V) to a pair of projective tangent vectors (U, V') € PTH? which are tangent to geodesics ay(7y) and
gv-. Then

0o (U, 7) =0 ((&)«(av (7)) (£p)«(9v))-

Denoting the geodesics as an oriented pair of endpoints, we let (u_,uy) = (€,)«(av (7)) and (v_,vy) =
(&)« (gv). By Equation (1)

72%([u_,v_,v+,u+})

5
HU_,”U_,U_A,_,U_A,_] - 1|

R ( cosh apﬁ) (#,7) =

Thus it suffices to show that 3([11,, v_, Vg, u+]) > 0 for all (@,?) € supp(m). Notice that, since gy

crosses ay () from left to right, the vertices occur in the order u_,v_,uy, vy on A(p).

For a bending line with endpoints the bending pair (v_,v; ), we can choose a support plane P which
intersects A(p) only at v_ and v;. (If the bending line has a unique support plane it has this property,
while if not we can take any support plane which is not left-most or right-most.) We may assume that
(v—,v4) = (0,00) that the plane P lying above the real axis R is a support plane for CH(A(p)), and
the upper half-plane is the boundary disk of the support half-space bounded by P. It follows that ,
contains the upper half-plane and that uw_ and uy are in the lower half-plane. Since €2, is moderately
bent, there exists a line L through 0 and co which intersects A(p) transversely and only at 0 and oc.
With our conventions u_ lies to the left of L (i.e. the side containing the negative real axis) and u4
lies to the right of L (see Figure 1). As the cross-ratio is invariant under rotation, we apply a clockwise
rotation r about 0 so that z; = r(u4) lies on the positive real axis and let z_ = r(u_). The angle of
rotation is less than the angle the portion of L below the real axis makes with the positive real axis, so
$(z-) < 0. So,

FIGURE 1. Domain Q,

Z4 247Z—
[u—, v, vp,uq] = [2-,0,00,24] = PR = |;;|2
Moreover,
%(2427) =—248(2-) >0, so %([u,,v,,v+,u+}) > 0,

which completes the proof. O
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5. BINDING PAIRS OF LAMINATIONS AND J-INTERSECTION NUMBER

In this section we prove Theorem 1.4 which shows that lengths of curves decrease uniformly in the
direction w(p) = wi(p) +w_(p) € T|QF(S).
We say that a pair (o, 8) of measured laminations on S is binding if

i, p) +i(B 1) > 0

whenever p is a non-trivial geodesic current on S. If (u4,9) € D(X), let Zu, ¥ is the unoriented angle
between @ and ¥. In particular, (4, 7) € (0,7)). If § € (0, %), we define

Ds(X)={(@,7) e D(X):7m— 6> Zi,T > 6}

If a,pp € C(X) and § > 0, we define is(c, ;1) to be the total mass of the points in Ds(X) with respect
to the quotient measure of a x p. Notice that while intersection number is independent of the base
hyperbolic structure, the d-intersection number depends crucially on the underlying structure.

Lemma 5.1. Let (o, 3) be a binding pair of measured laminations on a closed hyperbolic surface X.
There exists ad > 0 and C > 0 so that if p € C(X), then

is(ov, p) +is(B, 1) > Clx (p).

Proof. Suppose no such § and C exist. Then, since £x and intersection number both scale linearly, there
exist a sequence {u,} of unit length geodesic currents so that

Z%(aaﬂn) + Z%(ﬂ, fin) = 0.

Since the space C1 (X) of unit length geodesic currents is homeomorphic to the space of projective geodesic
currents PC(S), C1(X) is compact (see [9]). We may assume that p, — p € C1(X). Since (a, §) is binding,

i(a, p) +1i(B, 1) > 0.
D1 (X), we see that there exists N € N so that
ix (o) +i1(B,p) >0

By considering a continuous bump function supported on D
that

Since D(X) = U, ey

(X) and equal to 1 on D1 (X), we sce

1
2N

liminf (i 3 (e pin) + i (B in) ) = iy (e ) + 3 (B p) > 0

n—oo
which produces a contradiction as

lim inf (iﬁ(a,un) i (B,un)) < lim inf ( %(a,un) + i%(ﬁ,,un)) =0.

n—oo n—oo

O

We can now return to our bounds on derivatives and observe that they can be made uniform with
respect to d-intersection number.

Lemma 5.2. Suppose that [p] € QF(S) is not fuchsian, Q, is moderately bent for some v € {+} and
w=w,(p) € T QF(S). If § € (0,%), then there exists D = D(J,po) so that

Aty (w,(p)) < =Cis(v, B+)
for all v € m1(S).
Proof. Recall that if p € C(X), then is(u,5,) = u X ﬁl,(D(;(X)) and that Ds(X) is compact. If
(u,v) € Ds(X) lies in the support of u x 8, then u is a tangent vector to a leaf m of p and v is a
tangent vector to a leaf a of 3,. Since €2, is moderately bent, we saw in the proof of Theorem 1.3 that
Scosho(a,m) < 0. Since the intersection of the support of u x £, with Ds(X) is compact and complex
length varies continuously, there exists C' > 0 so that if (u,v) € Ds(X) lies in the support of u x 3, then
S (cosho(a,m)) < —C. Our formula for dl.,(w,(p)), from Theorem 3.2, immediately gives that
dl(wy(p)) < —=Clis(7y, B+)
for all v € 1 (9). O
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We are now ready to prove Theorem 1.4.

Theorem 1.4. Suppose that p € QF(S) is not fuchsian and that w = w4 (p) +w—_(p). If both Q4 (p) and
Q_(p) are moderately bent, then there exists K > 0 such that

4t (w) < ~K2,(p)
for all v € m(S).

Proof. Recall that the bending laminations of a quasifuchsian group which is not fuchsian always bind
(see, for example Bonahon-Otal [10, Proposition 4]). Fix a hyperbolic structure X on S. Lemma 5.1
implies that there exists a 6 > 0 and C' > 0 so that if y € C(X), then

is(Bys p) +is(B-, 1) = CLL(X).
Lemma 5.2 implies that there exists D > 0 so that

dty (wi(p)) < —Dis(v, Bx)
for all v € m1(S) and v € {£}. Therefore,

dt(w) < =D (is(y, B) + s, 5-)) < —CDL(X)
for all v € m1(S). Since p is quasifuchsian, there exists B > 1 so that

5 < 4, (x) < BL, (o)

for all v € m1(S). Therefore,

for all v € 71 (9). O

6. PROPER AFFINE ACTIONS WITH QUASIFUCHSIAN HOLONOMY

In this section, we show that if both components of the domain of discontinuity of a nonfuchsian
quasifuchsian representation p are moderately bent, then Ad p arises as the linear part of a proper affine
action of the surface group on sl((2, C).

In Section 6.1, we introduce the Margulis invariant of a loxodromic element in PSL(d, C) and an element
of the Lie algebra sl(d, C). We see that the Margulis invariant provides a bound on the displacement of
the associated action on Aff(sl(d,C)). The reader who is only interested in the quasifuchsian case can
always assume that d = 2 which simplifes the discussion.

In Section 6.2, we recall the theory of totally Anosov (a.k.a. Borel Anosov) representations into
PSL(d,C). This is a natural setting for our work, since if a representation is totally Anosov then all
infinite order elements have loxodromic image. A representation into PSL(2,C) is totally Anosov if and
only if it is convex cocompact. In Section 6.3, we develop a criterion guaranteeing that a totally Anosov
representation into PSL(d, C) and an associated cocycle with image in sl(d, C) give rise to a proper affine
action on Aff(sl(d,C)). In Section 6.4 we use our criterion to prove Theorem 1.2. In section 6.5 we obtain
generalizations of Theorem 1.2 in other complex Lie groups.

6.1. The Margulis invariant. The fact that we are working in PSL(d, C) means that the eigenvalues
of a matrix are only well-defined up to mulitplication by a d'® root of unity. However, the moduli of the
eigenvalues and their associated eigenspaces are still well-defined. We first develop language which makes
this concrete.

If g € PSL(d, C), we may choose a lift § € SL(d,C). Let (X; (g))le denote the (generalized) eigenvalues
of g ordered so that |A;(§)| > |Xi+1(g)| for all 7. Notice that the center Z; of SL(d, C) consists of matrices
of the form rI where r is a d' root of unity. If §’ is another lift of ¢, then there exists ¢ € Zg4, so that
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G = cg’. In particular, there exists a d' root of unity r, so that \;(§) = 7\;(g') for all i. So we may
define the Jordan projection p : PSL(d,C) — a™ where

d
at = {diag(al, ceyq)t a1,...,aq €R) a; > a;41V i and Zai = 0} and pu(g) = (log|A1(9)],---,log | Xa(g)])-
i=1

We say that g is loxodromic if any (hence every) lift § is loxodromic, i.e. is diagonalizable over C and
its eigenvalues have distinct moduli. If g is loxodromic, then there exists 1/; € PSL(d, C) that conjugates §
to a diagonal matrix diag(b,...,bs) with decreasing in modulus entries, i.e. |b;| > |b;41| for all 4. Then
¥ projects to ¢ € PSL(d,C) and we will say that ¢ conjugates ¢ into standard form.

If g is loxodromic, let L;(g) denote the one-dimensional eigenspace of § with eigenvalue \;(g). The
eigenspace L;(g) is well-defined since any two lifts differ by an element of Z; and Z acts trivially on P(C?).
Let E;(g) be the i-dimensional space spanned by the first 7 eigenspaces, i.e. E;(g) = (L1(g),...,Li(g)).
The flag E(g) = (Ei(g))f;ll is the attracting flag of ¢g. Notice that if ¢ is an element conjugating g into
standard form and

EO = {<61>, <61, €2, >, ey <61, ey 6d71>}

then E(g) = ¢(E°). The repelling flag of g is given by F(g) = (F; (g))f:_l1 where F;(g) = (La—it1,-- -, La(g)).
Notice that E(g) = F(g™1).

The Lie algebra sl(d, C) of PSL(d, C) contains a subalgebra b consisting of traceless diagonal matrices
(over C). More precisely,

bh = {diag(z1,...,2aq) : Zzl =0}.

The adjoint action Ad(g) : sl(d,C) — sl(d,C) is given Ad(g)(v) = gvg~!. (Notice that again the choice
of lift is irrelevant since any two lifts differ by an element of Z; and Ad(c) is the identity map for any
c € Zy.) If g is loxodromic, Ad(g) is also diagonalizable (although it may have eigenvalue coincidences).
If ¢ conjugates g into standard form, then its 1-eigenspace is given by

VO(g) := Fix (Ad(g)) = Ad(¥~")b.
We can consider the projection
7r2 :sl(d,C) = VO(g)

whose kernel W(g) is Ad(g)-invariant. More explicitly W (g) is the sum of the eigenspaces associated to
all the eigenvalues but 1.

Margulis [51] originally defined the Margulis invariant for pairs in SO(1,2) x R3. The following gen-
eralization is due to Smilga [61].

Definition 6.1. If g € PSL(d,C) and «x € sl(d, C) the Margulis invariant of (g,z) is
m(g, z) := Ad() (my(z)) € b,
i.e. we project x onto the fixed set V9(g) of Ad(g) and move it into h via Ad(v)).

Since any two elements 1 and 1’ which conjugate g into standard form satisfy 1'19)~! € exph and
Ad(expbh) acts trivially on b, the Margulis invariant m(g, ) is independent of the choice of ). Moreover,
- m(g,x) is invariant under conjugation by an element of PSL(d, C) x sl(d,C), and
- m((g,2)7) =i(m(g,x)), where i is the opposition involution of b.

In our proof it will be useful to choose v efficiently.

Lemma 6.2. (Bochi-Potrie-Sambarino [8, Proposition 7.2]) Given d € N, there exists K > 1 so that if
g € PSL(d, C) is loxodromic, one may choose an element ¥ which conjugates g into standard form so that

ll9]] ie[ﬁl,idrilﬂ Z(Ei(g), Fa-i(9)) € (1/K, K)

where ||¢|| is the standard operator norm of .
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Remark 6.3 (When d = 2). If g € PSL(2,C) is loxodromic, then there exists ¢» € PSL(2,C) so that

ot =+ B )\(_)1] where |A] > 1. So,

VO(a) = Fix (Ad(g)) = Adw = (w7t g O] w).

The other two eigenspaces of Ad(g) are

ool e ([ d])

with eigenvalues A\? and A2 respectively. Moreover, E(g) is the attracting eigenline of g and F(g)
is the repelling eigenline. Notice that the opposition involution is the identity map when d = 2, so

m((g,2)~") = m(g, ).
An element (g,z) € PSL(d, C) x sl(d,C) induces an affine transformation
Flg.z): sl(d,C) — sl(d,C) by Flgo)v = Ad(g)v + =.
When the angles between the attracting/repelling flags of ¢ are uniformly bounded below, then the

displacement of F(, ,y is controlled by the Margulis invariant:

Lemma 6.4 (Margulis invariant as least displacement). Given C' > 0 and d € N, there exists ¢ > 0 such
that if g € PSL(d, C) is lozodromic and

i 4 EZ ,Ffi 2 9
eihin (Ei(9), Fa-i(g9)) = C

then
|Fig2y0 — 0| > clm(g, 2)]|.

for any z,v € sl(d,C).

Proof. Since the angles of the attracting/repelling flags of ¢ are bounded below by C, the angles between
the spaces in the decomposition

sl(d,C) = V°(g) ® W(g)
are uniformly bounded below. Thus there exists £ > 0 (depending only on C and d) such that |ju| >
|75 (u)]| for every u € sl(d, C). In particular, if u = F(y ,yv — v we obtain

(2) ”F(g,ac)v_vH > k“’”g(F(g,x)v_v)H'
Now observe that, since Ad(g)|vo(g) = id, we have
ﬂ'g(F(gym)’U - U) = ﬂS(Ad(g)v +x—v)= 71'2(917)7
It follows from the definition of m that
Ad(¥) (g (F(gayv = v)) = m(g, ).

for all v € sl(d, C), where ¢ is an element conjugating g into standard form. By Lemma 6.2 we can chose
¥ so that ||¢|| < K, where K only depends on C and d. Therefore

”7T (F(gr —v)| > K~ 1||Ad F(g z)U — H = 1||m (g,2)|,
which combining with (2) finishes the proof. O

Let
o1(g) > -+ > 0a(g)
be the singular values of g (with respect to the standard Hermitian metric on (Cd). The Cartan projection
k:PSL(d,C) — at is given by k(g) = diag(logo;(g)).

We observe that when the angles between the attracting/repelling flags of g are uniformly bounded below
then one can bound the ratio of the top eigenvalue and the top singular value.
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Lemma 6.5. Given C >0 and d € N, there exists b > 0 such that if g € PSL(d, C) is loxodromic and

i 4 EZ ,Ffi 2 9
eimin (Ei(9), Fa-i(g9)) = C

then
|wi(u(g)) —logoi(g)| < b
where w1 (1(g)) = log |A1(9)].

Proof. Lemma 6.2 implies that there exists K > 1, which depends only on C and d, so that 1 gy)~! is in
standard form and ||¢|| < K. Now notice that |w;(12(g))| = ||#gv 1| and

a1(9) = llgll < 97 gy - ol < 1)1 wiule)) < Ku(g)|
since ||| < ||¥]|7t. So, our result hold with b = dlog K. O

6.2. Totally Anosov representations in PSL(d, C). Anosov representations were introduced by Labourie
[48] and have been a very active topic of research ever since. The surveys by Kassel [411] and Wienhard
[65] give an overview of the topic so we will focus on the facts that we need.

Let T be a finitely generated group and let || denote the word-length on T' associated to some fixed
finite generating set. A representation p : I' — PSL(d,C) is totally Anosov if there exist positive C, ¢
such that for every k € [1,d — 1] and v € T one has

ok+1(9) < Ce—chl,

or(9)
This characterization of totally Anosov representations was established by Kapovich-Leeb-Porti [40] and
Bochi-Potrie-Sambarino [3]. Totally Anosov representations into PSL(d, C) are often called Borel Anosov,

since they are Anosov with respect to the Borel subgroup of PSL(d, C)
The space of totally Anosov representations will be denoted by
Aa (T, PSL(d, C)).

It is an open subset of the character variety (see [48] and [31]). Moreover, if I" admits a totally Anosov
representation, then I' is necessarily word-hyperbolic (see [40]) and there exists a continuous equivariant
map ¢ : OI' — F(C?) such that if z,y € OT are distinct, then £(z) and £(y) are transverse flags.
Moreover, for every infinite order element v € I', its image p(7y) is loxodromic and its attracting/repelling
flags are, respectively, £(v4) and &(y—) (see [48] and [31]). In particular, totally Anosov representations
into PSL(d, C) are natural generalizations of convex cocompact representations into PSL(d, C).

6.3. A criterion for proper affine actions. If p : ' — PSL(d, C) is totally Anosov, a cocycle for Ad p
is a map u: ' = sl(d, C) such that for every +,n € T" one has
u(yn) = u(y) + Ad p(y)u(n).
This equation implies that the map
(p,u) : T' = PSL(d,C) x sl(d,C) = Aff(sl(d, C))

is a representation and we consider the associated group of affine transformations F(, ,)(I") given by

Flo () = Fo),00)-
The most common way to construct a cocycle is to consider a smooth family {p; : I' — PSL(d,C)} and
let

u) = | _ o) € i@, ).

It is easy to check that u is a cocycle for Ad p.
The normalized Margulis spectra is the set

_ ymp(),u()
MS(p,u) = { wi(u(p(9)))

where wy (1u(p(g))) = log |A1(p(g))]- It is always a compact convex subset of b.

1y €I has infinite order}
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The following is a particular case of a result of Kassel-Smilga [12], see also Ghosh [32]. We include a
proof for completeness.

Proposition 6.6 (Properness Criteria). Suppose that p : ' — PSL(d, C) is totally Anosov and u : T' —
sl(d,C) is a cocycle for p. If 0 ¢ MS(p,u), then F, . (I') acts properly discontinuously on sl(d, C).

Proof. We follow the outline of Smilga [61]. We simplify notation by letting F := F(, ;) throughout the
proof. Since 0 ¢ MS(p, u), there exists a > 0 so that

[m(p(v), u(Y)Il = aw1 (u(p(v)))

for all v € I.

Guichard and Wienhard [31, Thm. 5.10] used work of Abels, Margulis and Soifer [1] to show that if p
is totally Anosov, then there exists a finite subset A C I' and C > 0 so that if v € ', then there exists
a € A so that p(ay) is loxodromic and

. _ _ -
(3) el L(Ei(ay), Fa—i(ay)) 2 C

Lemmas 6.4 and 6.5 then imply that there exists b, ¢ > 0 so that for all v € I' there exists o € A so that
(4) IF(am) — ol > c|m(p(ar), u(am)|| for all v € si(d,C) and  fus (u(p(a)) — log s (p(am)] < b.
Let K C sl(d,C) be a compact set and S = {v | F(y)K N K # 0}. We consider the compact set
K'= | F(a)(K).
a€cA

If v € S, then we can choose a € A so that p(a7y) is loxodromic and satisfies Equation (4). Since v € S,
we see that F(ay)(K)NF(a)(K) # 0, so F(ay)K N K’ # (). Therefore, combining Equations (3) and (4),
we see that

wi(u(p(ay))) <

so, again by Equation (4),

! 1
— inf [F(ay)v—v] < —diam(K UK') = C
ac vesi(d,C) IF(av)v —of < p” iam( )= Ci,
log71(p(ay)) < b+ Ci1.
If we set d = maxaea logoy(a), then we conclude that
log o1(p(7)) < b+ Cy +d.

Since there are only finitely many elements of T' such that log oy (p(y)) < b+ C} + d, we conclude that S
is finite and so F' is proper.
O

Remark: If d = 2 and p is quasifuchsian it is easy to use a ping-pong argument to produce two elements
a1 and as so that if v € p(m1(5)), then the attracting and repelling fixed points of «;v are uniformly
separated for either ¢ =1 or i = 2.

6.4. Proper affine actions on s((2,C). In order to apply our Properness criterion and prove Theorem
1.2, we must be able to compute the Margulis invariant. We first introduce some notation.
If g € SL(d, C) is loxodromic, we define

A:SL(d,C) = SL(d,C) by A(g) = diag(Ai(g), ..., a(g)).
Recall that X is an analytic function on the open set of loxodromic elements in SL(d, C). If g € PSL(d, C) is
loxodromic and g € T,PSL(d, C), let {g;}+e(—e,) be a smooth family of loxodromic elements in PSL(d, C)
so that gy = g and %’t:ogt = g. One can lift {g;}sc(—c,) to a smooth family {g}+c(—e ) of loxodromic
elements of SL(d,C). We abuse notation by defining

d
@A) = (A (2] ) ) A@t) €.
(dX(9)) Mg) ( (dt t_09t>> (3') €
Since any two lifts differ by multiplication by an element of Z4, this is well-defined. We also let
z, = gg ' €sl(d,C).
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The following computation was first performed by Goldman and Margulis [39] when G = SO(2,1). We
give a version which appears in Sambarino [59, Cor. 8.3]. Similar computations can also be found in
Ghosh [32, 33], Kassel-Smilga [42] and Danciger-Zhang [23]. We include a proof for completeness.

Proposition 6.7. If g € PSL(d,C) is lozodromic and § € T,PSL(d,C), then
m(g, 24) = (dA(9))A(g) ™

In particular,

R(m(g,,)) = dpu(g).

Proof. Let {gi}te(—c,) be a smooth family of loxodromic elements in PSL(d,C) so that go = g and
%|t:09t = g. Lift {gi}+e(—c,) to a smooth family of loxodromic elements of SL(d,C) which we will
further abuse notation by continuing to call {gt}te(,eﬁe). We may choose a smooth family {wt}te(fe,e) in

SL(d, C) so that u(7;) = ¢rgetby * for all t. Let ¢ = o and ¢y = ¢y, s0 ¢ = Id and L |¢y = ¢y € sl(d, C).
Differentiating the expression A(g¢) = (¢g:d; *)b~" gives
dA(9) = ¥(dogey " + dogo — godo) ™" = (g + dogo — godo)r ",
SO
AM@)A(9) ™" = ¥(g + dogo — godo)go ¥ = ¥(ggy " + do — godogy Y
Therefore
dA()AM9) ™" = Ad(¥) (g + do — Ad(g)(o))-

Recall that the map 7 is projection onto the 1-eigenspace V%(g) of Ad(g) parallel to the sum W (g)

of the other eigenspaces. Thus
Mgyt = Ad(1) o) 0 Ad(¢p™ ).
Since gy ! is diagonal and loxodromic, ”2;9111—1 = 7 where 7° : sl(d,C) — b is the projection to the
diagonal obtained by changing all the non-diagonal entries to 0. Therefore
700 Ad(v)) = Ad(y) o 71’2.

Applying 70 to both sides gives

NG 9) " =T (dAGA9) ) = Ad(w) (75 (2, + do — Ad(g) (o)) ).

0

4+ we conclude that

dA(9)AM9) " = Ad()(my(zg)) = m(g, z).

Our formula for Sfi(m(g7 scg)) follows from the elementary fact that if (2;).e(—c ) is a smooth curve in
C*, then R(%/2) = £,_, log |z|- O

Since 7) 0 Ad(g) =7

With this computation in hand, we can combine Theorem 1.4 and Theorem 6.8 to establish Theorem
1.2.

Theorem 1.2. If [p] € QF(S) is not fuchsian and both Q. (p) and Q_(p) are moderately bent, then there
exists a representation o : w1 (S) — Aff(sl(2,C)) whose linear part is Ad(p) so that o(m1(S)) acts properly
discontinuously on sl(2,C).

Proof. Let w = w(p) = wi(p) +w—(p). Let {pi}re(—c.e) be a smooth family in Hom(m (S), PSL)2,C))
such that py = p and

d ‘ _
dt ot =
Let u be the cocycle for Ad p given by u(g) pt(9)po(g)~1. Theorem 1.4 implies that there exists

a K > 0 so that

_d
dt =0

dl(w) < =K1y (p)
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for all v € m1(S). Since £,(y) = 2log(u1(7)), Proposition 6.7 implies that
R(m(p(g),u(9)) = (a6 (v), e, (v))
(m(p(g)u(9)))

R
and so the first coordinate of ——- €O is always less than —K. Therefore, 0 ¢ MS(p,u), so our
Properness Criterion, Proposition 6.6, implies that the action F), , is proper. O

6.5. Proper affine actions on other complex Lie groups. We first observe that one may generalize
the proof of Theorem 1.2 into the setting of totally Anosov representations into PSL(d, C). Let a denote
the real part of h (i.e. the matrices in ) with real entries) and let a* be its dual space. Suppose that '
is a finitely generated group. If ¢ € a* and v € T, consider the function

©” : Hom(I',PSL(d,C)) — a given by 7 : p— o(u(p(7))).

If (pt)te(—e,e) : I — PSL(d, C) is a smooth curve in X(I', PSL(d, C)) so that py is totally Anosov, then ¢?
is differentiable at 0, whenever v € I" has infinite order.

Corollary 6.8. Let (pi)ic(—c,c) be a smooth curve in Hom(F, PSL(d, (C)) such that p = po is totally

Anosov and let u : T' — g be the cocycle given by u(g) = %‘ p:(9)po(g)~L. If there exists ¢ € a* such
=0

that

de”(u) > w1 (p(p(7)))
for all v € T', then F(, (') acts properly discontinuously on sl(d,C) is proper.

Proof. By Proposition 6.6 it suffices to show that 0 ¢ MS(p,u). For v € T" we have, by Proposition 6.7
and our assumption imply that

P(R(m(p(7),u(7)))) = dp” (u) > wi(u(p(v)))-
Thus @(%(MS(p, u))) C [1,00), which implies that 0 ¢ MS(p, u). O

We now consider other complex simple Lie groups. If G is a complex simple Lie group with Lie
algebra g, the concepts from the previous sections, such as the Cartan algebra b, the Jordan projection
u: G —= a=R(h), and the Cartan projection £ : G — a = R(h) extend to this setting. Finally the
Margulis invariant m(g,z) € h of (g,z) € G x g, can be extended to this more general setting. It will
suffice for our purposes to recall that (after identifying G x g with TG) for (g,z) = § € T,G,

R(m(g,z)) = du(9)
(see [59, Corollary 8.3]). We refer the reader to the book of Benoist and Quint [5] for the standard Lie
algebra and Lie group concepts and to Smilga [61] for a discussion of the Margulis invariant in this more
general context.

In this setting it is convenient to consider the first fundamental restricted weight w; € a* of G.
The number w;(u(g)) replaces wi(u(g)) (and coincides with it when G = PSL(d,C)). We say that a
representation p : I' — G is totally Anosov if it is Anosov with respect to a minimal parabolic subgroup
of G (see [31]). Let Aa (T, G) be the subspace of the character variety X(I", G) consisting of totally Anosov
representations.

For a homomorphism (p,u) : I' = G x g the normalized Margulis spectrum is the subset of b,

_ ymp(7),u(v)
Ms(e.u) ={ T

We recall that the Margulis spectrum varies continuously.

: v € I' has infinite order }

Proposition 6.9 (Sambarino [59, Lemma 2.34]). The map (p,u) — MS(p,u) is continuous on the open
subset of C(I', G) where p € AU (T, G) (where the image lies in the space of compact subsets of t with the
Hausdorff topology).

We are now ready to prove part (1) of Corollary 1.7. Recall that C(S,G) is the space of pairs (p,u)
where p : 1 (S) — G is a representation and u is a cocycle for Ad p.
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Theorem 6.10. Let G be a complex simple Lie group with Lie algebra g, then the subset of C(S,G)
consisting of pairs (p,u) so that F, ,(m1(S)) act properly on g has non-empty interior.

Proof. We first give the proof in the case that G = Inn(g) is the group of inner autmorphisms of g.
Theorem 1.2 implies there exists p € QF(S) and a cocycle u for Ad p such that 0 ¢ R(MS(p,u)). Kostant
defined an embedding 7 : PSL(2,C) — Inn(g), called the principal embedding, which is unique up to
conjugation. If G = PSL(d, C), the principle embedding is the irreducible embedding (see Kostant [15]).
The principal embedding 7 : PSL(2,C) — Inn(g) has the property that

@1 (1(7(9))) = cgwi(p(g))

for all g € PSL(2,C), where ¢y > 0 is an explicit constant (¢g = d — 1 when g = sl(d,C)). The principal
embedding 7 induces an embedding

dr :s1(2,C) — g sothat @y (RMS(r(p),dr ou)) = wi(R(MS(p,u))),

so 0 ¢ R(MS(7(p),d7(u))).

Since the map (n, ¥') — MS(, ¥) is continuous when 7 is totally Anosov and 0 ¢ w1 (R(MS(7(p),d7(u)))),
we conclude that the same holds for nearby (1, 7). In particular, 0 ¢ MS(#n,¢) and thus the analogue of
Proposition 6.8 (see [42] or [59, Prop. 7.2]) shows that F(, 7 (m1(S)) acts properly discontinuously on g.

If G is not Inn(g), then there is a covering map p : G — Inn(g) and 7 lifts to a homomorphism
7 : SL(2,C) — G such that @ (1(7(g))) = cgwi(n(g)). Recall that every quasifuchsian representation
p:m(S) — PSL(2,C) lifts to a representation 5 : m(S) — SL(2,C) (see Culler [19]). Since Adp = Adp
and d7 o u = d7 o u, we may complete the proof in this case using the same argument. O

7. PROPER ACTIONS ON THE GROUP MANIFOLD

In this section, we study actions on the group manifold of a Lie group via left and right multiplication.
The final goal of the section is to establish part (2) of Corollary 1.7.

The action of G x G on G via (g, h)z = gwzh~! is transitive and the stabilizer of e € G is the diagonal
embedding

Diag(G) ={(g,9) : g € G} C G x G.

The group manifold of G is the quotient G x G/Diag(G). The quotient may be identified with G. The
group manifold inherits a pseudo-Riemannian metric from the Killing form on g which is invariant under
right and left multiplication by G. The most classical situation occurs when G = PSL(2,R), in which case
the group manifold is three-dimensional anti-de Sitter space.

Let I be a finitely generated group. Given two representations p,n : ' = G, welet pxn: ' = Gx G be
the product representation defined by v — (p(7),n(7)). The quotient action of I on the group manifold
is simply the action given by right multiplication by p(y) and left multiplication by 7(y)~*.

7.1. Properness criteria. Benoist[3] and Kobayashi [141] developed a general criterion to determine
when an action on reductive homogeneous spaces are proper. When restricted to our situation we get
the following criterion.

Theorem 7.1 (Benoist-Kobayashi properness criterion). Let p,n : I' — G be two representations and
assume that p X n has discrete image and finite kernel. If for every K > 0, the set

{v €T :l6(p()) = k(I < K}
is finite, then p x n(T') acts properly on the group manifold G x G/Diag(G).
Their properness criterion is most commonly used in the following form.

Corollary 7.2. Let p,n : ' = G be two representations of a finitely generated group and assume that
p X n has discrete image and finite kernel. If there exists b > 1 and ¢ > 0 such that

@1(k(py)) — bwi1 k(7)) = —¢,
for every v € T', then p x n(T") acts properly on the group manifold G x G/Diag(G).
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Proof. We consider the functional ¢,, : a x a = R defined by ¢, (z,y) = w1 (z) — bwi (y) and an arbitrary
K > 0. Since p > 1 and ¢ > 0, the set {¢,, > —c} N Diag(a™) is compact and thus also is its intersection
with the tubular neighborhood

{(@,y) ea” xa® |-yl <K}

Since p X n is a proper map (by assumption) and a is also proper, we conclude that the set {y € T :
lk(p(7)) — k(n(7))]| < K} is finite and thus Benoist-Kobayashi’s criterion applies and we may conclude
that p x n(T") acts properly. O

7.2. Ledrappier potentials for Anosov representations. We now develop some more structure
theory for Anosov representations, see Bridgeman-Canary-Labourie-Sambarino [13]. Given a totally
Anosov representation p : I' — G there exists a compact metric space U,I" equipped with a flow ¢* =
(¢f : U,I' = U,TI')¢cr whose periodic orbits, if T' is torsion-free, are in one-to-one correspondence with
conjugacy classes of infinite order elements of I" such that the period of [y] is w1 (u(py)). If T has torsion
the correspondence is finite-to-one (see Blayac [7] and Carvajales [17, Appendix] for more information).

If n: ' — G is also totally Anosov, there exists a Holder-continuous function f,, : U,I' = R, such
that for every conjugacy class [v] the integral of f,, over the associated periodic orbit is

fon = @1 (u(n))-
Ml

The function f,, is called the Ledrappier potential of n (seen from p) and the map n +— f,,, well defined
up to Livsic-cohomology, is called the thermodynamic mapping. For a € (0,1), let H61*(U,I', R) be the
space of Holder-continuous maps with exponent less than «, equipped with the standard norm that makes
it a Banach space.

If n € AA(T, G) is a smooth point of Hom(m;(S),G), then there exists a neighborhood U, of n and
a € (0,1) such that the thermodynamic mapping sends U, into H61*(U,I', R) and it is an analytic map
when restricted to U, (see [13, Proposition 6.2]).

7.3. Proper affine actions on the group manifold. We are now ready to establish a weaker version
of a recent result due to Ghosh-Kobayashi [35], which suffices for our purposes. We include a proof for
completeness.

If U is a smooth open set in Hom(T',G), then one can identify TU with an open set in C(T,G)

and there exists a smooth map ¥ : TU — Hom(T', G) with the property that %‘ U(p,tv) = v for all
t=0
v € T,Hom(T', G) with p € U. We will use the notation (p,v) to denote a tangent vector v € T,Hom(T', G).

Proposition 7.3. Suppose py € Ua(T',G) is a smooth point of Hom(T',G), v € T, Hom(I',G) and
Uy, € C(T',G) is the cocycle for Ad p associated to vo. If po is semi-simple and 0 ¢ w1 (R(MS(po, uu,))),
then there exists an open neighborhood V' of (pg,vo) in TU and § > 0 so that if (p,v) € V and t € (0,9),
the group p x ¥(p,tv) acts properly on G x G/Diag(G).

Proof. Since A (T",G) is open, we may assume that p is totally Anosov for all (p,v) € V. We may also
assume that the set
Vo = {(p,v) € V for some v € T,Hom(T',G)}

is a smooth open set in Hom(I',G). We then consider the Ledrappier potential f;(p,v) := fow(ptv) :
U,I' — R from §7.2, with respect to the base representation p. Since the map (p,n) — f,, is analytic on
an open neighborhood of (p, p) (which may assume contains Vy x ¥(V)), we may find K > 0 and 6 > 0
such that, after possibly further shrinking V' one has

d
”ft(pa U) - fO - t% tzofplll(pﬁv)”oo < Kt2

for every (p,v) € V and t € [0,d]. By integrating the Ledrappier potential over periodic orbits of the
geodesic flow, one observes that

@1 (1(E(p, tv) (7)) = wi(p(p(v))) — tdw] (v)| < Kt*@1(u(p()))
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for every (p,v) € V, t € [0, 6] and infinite order element y € I'. Since @y (R(MS(p, u,)) varies continuously,
we may assume that there exists ¢ > 0 so that @y (R(MS(p, u,))) < —c < 0 for all (p,v) € V, so

(1 —ct+ Kt*)wi (u(p(7))) = @1 (u(¥(p, tv)(7))).

for every (p,v) € V, t € [0,6] and infinite order element y € I'. If we assume that 6 <

@1 (u(p(7))) = brwwr (Y (p,tv)(7)))
> 1

for all t € (0,0] and v € T’ with b, = ﬁ

Benoist [1, §4.5] showed there exists a finite set A C I' so that for all v € T, there exists & € A so
that po(ary) is (A, 2¢)-proximal. (Recall that ¢ C G is (A, §)-proximal if it is loxodromic, if g~ and g~
are its attracting and repelling flags, then d(g™,g7) > §, g(Bs(g~)) C bs(g™) and g is d-Lipschitz on
bs(gT) where Bs(g~) is the complement of the open neighborhood of g~ of radius ¢ and bs(g™) is the
closed neighborhood of g* of radius 6.) After possibly shrinking V and §, one may assume that if v € T,
then there exists oo € A so that if (p,v) € V and t € [0, ), then U(p,tv)(ay) is (A, €)-proximal. Benoist
[4, §4.5] also showed that there exists a compact subset N of a, depending only on ¢, so that g € G is
(A, €)-proximal, then p(g) — k(g) € N. Therefore, there exists E > 0 so that if g € G is (A, €)-proximal,
then

57, then

(=1 (1(9) = =1 (k(9))| < .
By [5, Cor. 6.34], if g, h € G, then

@1 (k(gh))) < @1(r(g)) + @i (s(h)).

Let S = max{wi(pt()) : a€ Aora™t € A, t€0,8]}. If (p,V) €U, t€0,d] and v € T, then there
exists a € A so that p(ay) and U(p, tv)(ay) are both (A, €)-proximal, so

@i(k(p() = @i(k(p(an)) — S
> @i(ulp(an) — (S + B)
> b (u(¥(p, )(@)) — (S + B)
> by (@1 (¥, )(3))) = (S + B)) — (S + )
> b (W (0, 1) () — (S + E) = (S + ).

Since by > 1 if t € (0,9), Corollary 7.2 implies that p x U(p,tv) (T') acts properly on G x G/Diag(G) for
all (p,v) € V and t € (0,0). O

Let Pr(S, G) C Hom(m(S), G) be the set of totally Anosov representations p : m1(S) — G so that there
exists a cocycle u for Adp so that 0 does not lie in @1 (R(MS(n, u))). Let Pryy,(S,G) denote the set of
semisimple representations p € Pr(S, G) which are smooth points of Hom(m(S), G).

We first observe that Prg,, (S, G) is non-empty.

Lemma 7.4. Let G be a complex simple Lie group and 7 : SL(2,C) — G be the lift of a principal embedding
7 : PSL(2,C) — Inn(g). If p: m(S) = SL(2,C) is a lift of a quasifuchsian representation which is not
fuchsian, then T o p is a smooth point of Hom(71(S), G). In particular, Prs, (S, G) is non-empty.

Proof. Goldman [36, §1.2 & 1.3] showed that 7 o p is a smooth point if the Lie algebra of its centralizer
is zero-dimensional. Since lying in the centralizer is an algebraic condition, it suffices to show the Lie
algebra of its Zariski closure is zero-dimensional. If p : m1(S) — PSL(2,C) is quasifuchsian, but not
fuchsian, the Lie algebra of the Zariski closure of 7p(m1(95)) is s = d7(sl(2,C)).

Suppose that z lies in the centralizer of s. By Kostant (see [45, Lemma 5.2]), s is an s[(2,C) triple
{h,e, f} where h is in the interior of a Weyl chamber with Cartan subalgebra §j and simple roots A such
that

e:Zea €a € fa, o # 0.



BENDING, ENTROPY AND PROPER AFFINE ACTIONS 23

Thus the centralizer of h is h and therefore = € hh. As z is also in the centralizer of e,

0=ad(z)(e) = Y _ ad(z)(ea) = Y _ o(x)eq-
a€EA
It follows that a(x) =0 for all @ € A and as A is a basis for h* then z = 0. Therefore, 7 o p is a smooth
point of Hom(7(S5), G).

Theorem 1.4 implies that there exists a quasifuchsian representation o : 71(S) — PSL(2,C) which
admit a cocycle u so that 0 ¢ @ (R(MS(p,u))). Let p : m(S) — SL(2,C) be a lift of o, then the proof
of Corollary 6.10 implies that 7o p € Pr(S,G). The representation 7 o p is semi-simple, since its Zariski
closure is simple and we have just shown it is a smooth point of Hom(71(5), G), so Top € Prg,(S,G). O

We now establish the following more precise version of part ii) of Corollary 1.7.

Corollary 7.5. Suppose that G is a complex simple Lie group. The space of representations of w1 (S) into
G x G such that the action on G x G/Diag(G) is proper has non-empty interior and its closure contains
the set {p x p: p € Prsp(S,G)}.

Proof. For each py € Prg,(S,G), there exists a cocycle ug for Adpg so that 0 ¢ wy(R(MS(po,up)).
Proposition 7.3 produces 6,, > 0 and a neighborhood V,, of (po, ug) in C(T', G) so that if (o,v) € V,, and
t € (0,6,,], then o x ¥(o,tv) yields a proper action of m1(S) on G x G/Diag(G). The set

{o x ¥(o,tv): (o,v) € V, and t € (0,0,) for some p € Pry,(S,G)}

is a non-empty open set that verifies the desired conditions. O

8. ANGLE AND BENDING BOUNDS

In order to show that a Jordan domain is moderately bent, it suffices to have a bound on the angle
between geodesics in the intrinsic metric on the boundary of the convex hull and geodesics in H? joining
points on the boundary. Our final goal is to prove Theorem 1.5 which shows that if ||5,||r < r(L), then
Q,, is moderately bent.

Given a measured lamination p on H? one may construct a locally convex map fu: H? — H? with
bending lamination p. The construction may be formulated in the same language as the construction
of a bending deformation. Specifically, for a locally finite lamination u, we consider the cocycle Z,, :
H? x H? — PSL(2,C). If z,y € H?, consider the geodesic arc [x,y] and let my,...,m, be the geodesics
in the support of p intersecting [x,y] with atomic measures ay, . ..a,, € Ri. Then we define the bending
cocycle

Z,(z,y) = R(ma,ia1)R(ma, taz) ... R(Mp_1,1@m—1)R(My,, ia,).
If x € my (or y € an), we replace a1 by a1/2 (similarly a,, by an/2). Then the map f, is defined by
fixing a basepoint xy and defining
fulz) = Z(z0, ).
This is well-defined up to post-composition by an element of PSL(2,C). We will denote the image of f,
by P,. This definition can be extended to all measured laminations by taking limits (see [27, Chapter
I1.3]).

If a locally convex pleated plane P, is embedded we call it a convex pleated plane and it bounds a
convex region X, in H3. If f, extends continuously to an embedding f, : OH? — 0H?, we let Q,, denote
the Jordan domain of H? facing the boundary P, of the convex region X,,. Notice that if 3+ are the
bending laminations of p € QF(S), then the boundary 0CH (p) consists of two convex pleated planes
whose bending laminations are the lifts of A4 to HZ2.

8.1. #-bounded pleated planes. We now give a concrete definition of the angle we want to bound
when P, is a convex pleated plane.

Let a : [0, 00) — H? be a unit speed geodesic ray and 8 = f, 0. The map 8 may not be differentiable
at every point, but for all ¢ it has a left and right derivative 8 (¢). If ¢t > 0, we let 7, : [0, 00) — H? such
that v:(0) = «(0) and v (r;) = B(t) where r, = d(5(0), 5(t)). We then define Of(t) to be the angle at
B(t) between the tangent vectors v;(r:) and 5, (t) at the point B(¢). If 3(¢) does not lie on an isolated
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leaf of i, then 0, (t) = 0 (t). Furthermore 6§, is continuous from the left and 6, is continuous from the
right.

Given p # ¢ € H?, let a : R — H? be the unique unit speed geodesic ray with «(0) = p and
a(d(p,q)) = q. We define

0u(p,q) = 0 (p.q) = 05 (d(p,q)) 0, (p,q) =0, (d(p,q)).

If ¢ is not on an isolated leaf of y, then 6, (p,q) = GI (p,q) =0,(p,q).

Given 6 € [0,7) we define p to be §-bounded if 0,,(p,q) < 0 for all p # q € H?. Notice that continuity
properties of Qf imply that p is 6-bounded if and only if 6, (p, q) <0 for all p # q € H?.

We first observe that if y is 6-bounded for some 6 < 7, then f, is a bilipschitz embedding.

Lemma 8.1. If n € ML(H?) is 0-bounded for some 6 < 5, then f, : H> — H? is a (sec0)-bilipschitz
embedding. In particular f, extends continuously to an embedding fu : OH? — OH3.

Proof. By definition f, is 1-Lipschitz so we only need to establish the lower bound. We assume first that
 has locally finite support. Let x,y € H? and « : [0,7] — H? be a geodesic parametrized by arc length
with ¢ = a(0) and y = o(T"). We let s(t) = d(fu(z), f.(a(t)) and let ¢; be values of ¢ such that f,(«(t))
is on a bending line. If f,, o« does not intersect p transversely, then it is a geodesic and f, is an isometry
on a. Otherwise, there is a finite collection {¢;} C [0,7] so that f, o« is geodesic on [t;,t; + 1]. If t # ¢;
we define §(t) = 0,,(z,(t)). Then a simple calculation gives that

s'(t) = cos(0(t)) > cos(H).
It follows that s(t) > cos()t, so

d(fu(x), fu(y)) = s(T) > cos(8)T = cos(0)d(z, y).

For a general f-bounded lamination p, we consider the path v(t) = f,(«(t)). Then v is a #-bounded
curve. Let P, be an evenly spaced partition of [0,7] with n vertices and let =, : [0,7] — H? be the
piecewise geodesic path with vertices f,(a(P,)). Then, v, is a 6, bounded curve and 6, — 6, so by
taking limits we see that

d(fu(®), fuly)) = cos(0)d(z,y).

We now prove that §-bounded Jordan domains are moderately bent when 6 < 7.
Proposition 8.2. If u € ML(H?) is 6-bounded for some § < 5, then §,, is moderately bent.

Proof. Let (x,y) be a bending pair for 2,. We may assume that (z,y) = (0,00) and that the plane @
lying above the real axis R is a support plane for the pleated plane P,. We can assume that ),, contains
the upper half-plane. Let P_ and Py be the left and right half-planes for the geodesic 0co. (Notice that
if g is not an atom for the measure, then Q = P_ = P,.)

Suppose that u € 99, \ {0,000} lies to the right of 0. Let n : R — H? be the unique geodesic ray so
that n(0) = p = (0,0, |u|) € 0co and lim;— 4 7(t) = u. Notice that n(R) is perpendicular to Occ. Let
7 : R — P, be a geodesic in the intrinsic metric on P, so that p = v(0) and lim;_, o y(t) = u. Let
as : R — H3 be a geodesic in H? so that p = a;(0) and a;(d(p,y(t))) = ¥(t). Since y is #-bounded, the
angle 6,,(v(t),7(0)) is at most 6. By definition, 6,(v(t),7(0)) is the angle between —ay(0) and —+"(0),
or equivalently, the angle between «}(0) and 4’ (0).

Since f, extends continuously to an embedding fu : OH? — OH3, we see that a; converges to 7, so
a4 (0) converges to n/(0). Therefore, the angle between n’(0) and 4’ (0) is at most 6.

Notice that 4/ (0) lies in the portion of P_ which is to the right of 0co. We see, by projecting n onto
the plane that the Euclidean line segment R,, joining 0 to u makes an angle of at most # with portion
R_ of OP_ which lies to the right of 0. Notice that R_ must be a line segment with positive slope, since
otherwise the bending at 0co would be at least 5, which would contradict the fact that p is #-bounded.
Since R, lies in the lower half plane and makes an angle less than 5 with R_ it must have negative slope.
Therefore, R(u) > 0 (see Figure 2).
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We may similarly show that if u € 99Q, lies to the left of 0, then R(u) < 0. Therefore, if L is the

imaginary axis, then L is a round circle in C which intersects 082, transversely at the points 0 and oo
and intersects no other point of 9€),,. ]

o,

FIGURE 2. Plane L

8.2. Bending bounds. We now give explicit bounds on |||/ such that the associated pleated plane is
f-bounded and therefore the associated Jordan domain is moderately bounded.

In earlier work [15] the first two authors and Yarmola produced an explicit upper bound on ||ulr,
which guarantees that f,, is a bilipschitz embedding.

Theorem 8.3. (Bridgeman-Canary-Yarmola [15]) There exists an explicit function G : Ry — Ry such
that if p is a uniformly bounded measured lamination on H? and ||u||r < G(L), then f, is an bilipschitz
embedding. In particular, P, is a conver pleated plane and f, extends continuously to an embedding

fﬂ : OH? — OH3.
For all § € (0, 5], we will obtain a bound on ||u||r which guarantees that p is #-bounded. Our bounds
will be defined using the hill function i : R — (0,7) given by
™

h(t) = cos *(tanh(t)) so h'(t) = —sech(t) = —sinh(t) and h(0) = 5

This function arises naturally in our situation since if a : R — H? is geodesic, 2o € H? does not lie on
the geodesic, s(t) = d(xg, a(t)), the angle §(t) between the geodesic ray zoa(t) and o’ (t) is monotonically
decreasing, then

sin(0(t))
~ tanh s(t)
(see [28, Lemma 4.4]). We can then define a function g : R — R so that h(g(t)) = 6(¢), so that the pair

(g(t), h(t)) lies on the graph of the hill function.
Now consider the function

s'(t) = cosf(t) and 6'(t) = < —sin(0(t))

ur(x) = h(z) — LA/ (z)
and notice that

lim wr(z)=0 and lim wup(z)=m,
r—+00 T——0Q

since limy 100 A/ (2) = 0, limg—, oo h(z) = 7 and lim,_, _ h(z) = 0. One may check that

u (x) = —sech(z) + Lsech(x) tanh(z) = —sech(x)(1 — Ltanh(z)),
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so, if L € (0,1], then ur(z) < 0 for all z € R. Thus, if L € (0, 1], uy, is a strictly decreasing function with
image (0, 7). So, given any 6 € [0,7/2] there is a unique value ar () so that ur(ar(0)) = 6 (see Figure
3). We define r1,(#) by the equation
r(0) = —Lh (ar,(0)) = Lsech(ar(6)).
If L > 1, we define
rr(0) = =LKW (L + h™1(0)) = Lsech(L + tanh™"(cos(6)).
In all cases, we define (L) = rp(7/2).
We will give a more explicit description of these functions at the end of this section.

FIGURE 3. Functions ar,(#) and r1,(9) for L <1

We obtain the following strengthening of Theorem 8.3.

Theorem 8.4. (0-bounded criterion) Let 6 € [0,7/2] and L > 0. If u € ML(H?) and ||pl|r < ri(0),
then P, is a convex pleated plane and p is 0-bounded. In particular, if ||p||r < (L), then P, is 0-bounded
for some 0 < Z.

Theorem 1.5 follows immediately from Proposition 8.2 and Theorem 8.4. We will discuss the proof of
Corollary 1.6 at the end of the section.

Proof. We first show that, r;(6) < G(L) where G is the function in Theorem 8.3. This guarantees that
P, is a convex pleated plane. We recall from [15] that

G(L) = h(.’L‘o — L) — h(l‘o) = —Lh/(l‘o)

where xg is the unique point such that the tangent line to (xg, h(xg)) on the graph of h intersects the
graph of h again at the point (g — L, h(zg — L)). They further show that xq € (0, L).
Suppose that L < 1, Then, by definition,

ur(zo) = h(zo) — LK (z0) = h(zo — L) > g >0 = ug(aL(0)).
Since uy, is strictly decreasing, ar,(0) > xg. Since b’ is increasing on (0,00) (but negative),
rp(0) = —Lh (ar(0)) < —Lh'(z0) = G(L).
If L > 1, we simply observe that since xz¢ € (0, L) and A’ is increasing on [0, cc), we have

’I“a(L) < TW/Q(L) = —Lh/(L) < —Lh/(xo) = G(L)
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We also recall, see [15, Lemma 4.3], that if ||| < G(L), then if p,q € H?, then
0u(p,q) < h(zo— L) <.
We first assume that p is a uniformly bounded measured lamination on H? with locally finite support
supp(u). Let a : [0,00) — H? be a unit-speed geodesic and let 8 = f, o a. Let {t;}7_; = a~!(supp(u))

where r € NU {oco}) ordered so that t;.; > ¢; for all i.
( +
For all £t > 0, we define

0(t) = 0% (t) = 0,(a(0), at)) andlet 67 (t) =0, ((0), (t)).
Notice that if ¢ # t; (for some 7), then 6~ (¢) = 6(¢) and observe that

=07 (t:) — 07 (t:)] < ¢ = p(m(a(ts)))
where u(m(a(t;))) is the measure of the leaf of u passing through a(t;). One may calculate (see [28,
Lemma 4.4]) that if s(t) = d(«(0), a(t)) and t # t; for any i, then

s'(t) = cos(6(t)) 0'(t) = m

Thus on the intervals (¢;,%;11), the angle §(¢) is monotonically decreasing from 0% (¢;) to 0~ (t;11).

We define a function g : (t1,00) \ {¢;}7_; — R by the property that h(g(t)) = 6(t). This is well-defined
and continuous since h is strictly monotone, continuous and has image (0, 7). Similarly we define g* (¢;) so
that h(g*(t;)) = 6% (t;). This definition guarantees that H(t) = (g(t),0(t)) and H*(t;) = (97 (t;), 0% (t;))
all lie on the graph of the hill function.

On (t;,t;+1) the image of H(t) slides downward and to the right. Notice that if ¢ € (¢;,¢;41) and
6(t) € (0,%), then

< —sin(6(t)).

h(g(t))g'(t) = 0'(t) < —sin(0(t)) = —sin(h(g(t)) = h'(g(1)),
so ¢'(t) > 1. In particular, if 6(¢;) < 7, then
g (tiv1) = g~ (t:) > tip1 — ti.
At each t;, the function transitions from (g~ (¢;), 07 (t;)) to (g7 (t;),07(t;)), so it jumps upward by u; < ¢;
and to the left by g~ (t;) — g™ (¢;).

First, suppose that L <1 and # < 7. Let a = ar(f) and notice that, since h(a) — Lh/(a) = 6, we must
have h(a) < 6. Assume that 6(¢t) > 0 for some ¢ and let

= inf{t € (t;,00) | 6(t) > 0} and Ty =sup{te€ (t1,71) | 0~ (t) < h(a)}.

Notice that since 6~ is continuous from the left, 6~ (Tp) < h(a).
Since there is a total upward shift less than rz,(#) in the interval [To, Ty + L), we see that

0(s) < h(a) +r1.(0) = h(a) — L (a) = 0 < g
for all s € [To,TO + L) Thus, T7 > Ty + L.

We can make the argument above more concrete in the following fashion. Let {t;,...,tx} = {t;} N
(To,To + L). If this set is non-empty, let Ty = t;_1 and Ty + L = ty41, while if the set is empty let
Ty = tj—1 (for some arbitrary choice of j) and Ty + L = t; = t41. In either case, {t;_1,...,tx11} is a
partition of [Ty, Ty + L]. If s € [ts, te41) for some £ € {j — 1,...,k}, then

‘ -1
0= (s) = 07 (To)+ | D 0 (t)—0 (k) | + | D 0 (tixa) =07 (t:) | +6(s) —6(te)
i=j—1 i=j—1
< hla)+ | D 0T (t) -0 (k)
i=j—1

N
=
~—
+
=3

~
—
N
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Here we use the facts that the third term is strictly negative and the fourth term is non-positive (since
0(t) is strictly decreasing on each interval) and that the second term is bounded above by ry(L) by
assumption.

To complete the proof for L < 1, we now show that 0~ (Tp+ L) < h(a) which contradicts our definition
of Ty. Since ¢'(t) > 1if t # t; and 6(t) < 7, there is a horizontal shift right of at least L on the interval
[To,To + L). Since h’ is decreasing in [0, a], the total downward shift (associated with the horizontal
shift) is greater than h'(a)L. Since the total upward shift is less than r(6) = —Lh'(a), we conclude that
0~ (To + L) < h(a) giving us our contradiction.

Using the notation above, we can again make this more concrete. Consider the interval [t,tp41) for
some £ € {t;_1,...,tx}. Since h(g*(t;)) = 0% (¢;) then by definition of Ty the interval [gF (¢,), 97 (te41)]
is contained in [0, a]. Since A’ is decreasing on [0,00) and ¢'(¢) > 1 on (¢, ts+1), the mean value theorem
implies that

07 (ter1) — 0% (te) < h'(a) (g™ (texr) — g7 (te)) < W' (a)(terr —te).

Therefore
k k
0 (To+L) = 60 (To)+ | D 0 () =0 () |+ D 0 (tisr) — 07 ()
i=j—1 i=j—1
k k
< ha)+ | YD 0T (t) -0 () |+ (a) [ D] tip—ti
i=j—1 i=j—1

INIA
=
o

The argument follows the same outline if L > 1 and 0 < 7. We define b = L + h=1(0), or equivalently,
by the equation h(b— L) = 6, so r(#) = —Lh'(b). As h is decreasing and concave on [0, 00)

h(b) <@ and h(b) — LK (b) < h(b— L) =24.
Assume that 6(t) > 0 for some ¢ and let
Ty =inf{t € (t1,00) | 0(t) > 0} and Ty =sup{t € (t1,T1) | 6~ (t) < h(b)}.
If s € [Ty, To + L), then
0(s) < h(b) +rr(0) =h(b) — LA (b) < h(b— L) =0,
so 11 > Ty + L. We argue as before that

liminf 6(s) < h(b) — LK/ (b) + LK (b) = h(b)
s—To+L
which again contradicts our definition of T, and completes the proof when L > 1.

If 41 is any measured lamination on H? with ||u||z, < 7.(f) then by Epstein-Marden-Markovic [29,
Lemma 4.6] there exists a sequence p, of finite-leaved measured laminations converging to p such that
llenlle = ||pllz for all n. By [15, Corollary 4.8] this implies that each map f,,, is a K-bilipschitz embedding
for some K depending only on L and |u||z. Then by [27, Theorem III.3.11.9] the maps f,, converge
uniformly on compact sets to f,. It follows that as f,, are 6-bounded, that f, is also #-bounded. O

Remark: The argument we used for L > 1 works for all L. However, if L < 1 and 6 < 7, then
0 <ar(f) < L+ h=1(0), so the argument we give when L < 1, yields a better bound.
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8.3. Explicit description of bounds. For L > 1,
ri(0) = —Lh' (L 4+ h™1(#)) = Lsech(L + tanh ™" (cos(h)).
It follows that
r(L) = rp(7/2) = Lsech(L).
For L <1
r,(0) = —Lh (ar(0)) = Lsech(ar(6))

ar(f) = cosh™! <TLL( 9)) .

then

As ar,(0) is defined by the equation 6 = uy,(ar(0)) and
ur(x) = h(z) — Lh/(x) = cos™!(tanh(x)) 4+ Lsech(z)

(et (25 )) oo (1= )

§ = sin~! <TLL(9)> +r1(0).

Thus 7, is the inverse function of y = sin~'(x/L) + x. Therefore 1 (6) is the solution to the equation

then

Equivalently

06

0.4

02

0.5 1.0 15

FIGURE 4. Plot of r1(0) on [0, §]

x = Lsin(§ — z).
As r(L) = rp(n/2), it follows that r is the inverse function of the function
L(z) = xsec(x).
In particular for L =1,
r(1) = r1(7/2) ~ 0.739085.

8.4. Proof of Corollary 1.6. Theorems 1.1 and 1.5 together imply that if p € U(.S) is not fuchsian, then
p is not a critical point of the entropy function. Theorems 1.2 and 1.5 together imply that if p € V(S)
is not fuchsian, then Adp is the linear part of a proper affine action of m(S) on sl(2,C). It remains to
show that US) and V(S) are open.

We first observe that if a : R — H? is a geodesic and p is a geodesic lamination on H?, then

plalla.b) = lim p(al(a— b o).

It follows that ||u||r can also be defined to be the supremum of the transverse measure of any open geodesic
arc of length L. One can then easily check that || - || is a continuous function on 7(S) x ML(S). Keen
and Series [13] showed that the map from QF(S) to T(S) x ML(S) which takes p to (X" (p),B,) is
continuous for both v € {£}. Tt follows that U(S) and V(S) are open subsets of QF(S). O



30 BRIDGEMAN, CANARY, AND SAMBARINO

9. TEICHMULLER DISTANCE, SCHWARZIAN DERIVATIVES AND QUASICIRCLES

In this section, we obtain versions of our main results in terms of more classical invariants.

Our first description is expressed in terms of the Schwarzian derivative. Given a locally univalent map
fA— Cand z € A, let My . be the Mobius transformation with the same 2-jet as f at z. It follows
that M 1o f has the same two-jet as the identity at z and the Schwarzian derivative S(f) of f at z is
then given by

S(F)(z) = (M} o )" (2).
In particular, if f is a Mobius transformation, then S(f) = 0. In general the Schwarzian derivative
measures of how close f is to being Mébius. The Schwarzian derivative is also given by the equation

f// T f// 2
sh=(%) -5 (%)
f 2\ f
The Schwarzian derivative is a quadratic differential on A. Denoting the space of quadratic differentials

on a Riemann surface X by Q(X) we define the norm on Q(X) by

[l = sup 122)

zex px(2)

where px (z)|dz|? is the hyperbolic metric on X. Classical results of Nehari [55] show that if f: A — C is
univalent then ||S(f)|| < 3/2 and if f : A — C is locally univalent and ||S(f)| < 1/2, then f is univalent.

Let p € QF(S) with limit set A(p) and complementary Jordan domains Q4 (p) and Q_(p). We let
fu(p) : A = Q, be the maps uniformizing Q,(p),» € {+} and define quadratic differentials ¢, (p) =
S(f,(p)) in Q(A). Letting X, (p) = O, /p(m1(S)), then ¢, (p) descends to a quadratic differential ¢, (p) €
QX (p))-

By Bers simultaneous uniformization the map QF(S) — T(S) x T(S) given by p — (X4 (p), X_(p))
is a diffeomorphism (see [6]). We let (X,Y) — p(X,Y) be the inverse of this map.

For X € T(S) the Bers embedding is the map By : T(S) — Q(X) given by

Bx(Y) = 64 (o(X, V).
Nehari’s bounds imply that the image of the Bers embedding By in the Banach space (Q(X), | - [lco)

is contained in the ball of radius 3/2 about 0 and contains the ball of radius 1/2 about 0. We first show
that for a smaller ball about zero, we obtain our criterion.

Theorem 9.1. If p € QF(S) and 0 < ||¢.(p)|| < .0739 for some v € {£}, then p is not a critical point
of h and there is a proper affine action of w1(S) on sl(2,C) with linear part Ad(p).

Proof. Let B, be the bending laminations of p. Bridgeman and Tee [14] show that if |[¢,(p)]lec <
1 then

2 \ 1+e2L ’

2llgw(P)lce” \ _ &
14|¢V(P)§o> (1w (P)lo)-

If we choose € > 0 so that e < F; '(r(L)) for some L, then if ||¢, (p)]cc < € their result implies that

1Bl < r(L).

Theorems 1.1, 1.2 and 1.5 then imply that p is not a critical point of entropy and that there is a proper
affine action on sl(2, C) with linear part Ad p.

Recall that L(r) = r/cos(r) when r € (0,7(1)] and define G : (0,7(1)] — R by G(r) = Fg(i)(r).

So if » < r(1) and € < G(r), then € < Fg(lr) (r(L)) and Theorem 9.1 holds for this value of e. Since

r(1) ~ .73908, we may choose r = .611 and compute that
G(.611) =~ .0739643
so our theorem holds with € = .739. ]

18,1 < 2tan~" (

We now get a criterion involving the Teichmiiller distance between Q4 /p(71(S)) and Qq/p(71(5)).
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Theorem 9.2. If p € QF(S) and 0 < dr (XJF(,O),X, (p)) < .049, then p is not a critical point of h and
there is a proper affine action of w1(S) on sl(2,C) with linear part equal to Ad p.

Proof. Let 3, be the bending laminations of p. Bridgeman and Tee [14] showed that the Bers embedding
Bx is %-Lipschitz with respect to the Teichmiiller metric on the domain and L° norm on the image.

Thus integrating along the Teichmiiller geodesic between X_(p) and X (p) in T(S) we get

6l < sz (X1 (o). X(7)

Therefore, if dr (X+(p),X, (,0)) < .049 then

3
[6-(p) o < 5(049) = 0735,
so our result follows from Theorem 9.1. 0

Our next criterion is in terms of the quasiconformal distortion of the limit set. Recall that a Jordan
curve is a K-quasicircle if it is the image of the unit circle under a K-quasiconformal homeomorphism of

C. If p € QF(S5), then the limit set A(p) of p(m1(S5)) is a K-quasicircle for some K.

Theorem 9.3. If p € QF(S) is not fuchsian and its limit set A(p) is a K-quasicircle for some K < 1.05,
then p is not a critical point of h and there is a proper affine action of m1(S) on sl(2,C) with linear part
equal to Ad p.

In the proof of Theorem 9.3, we will need a version of Theorem 9.2 in the non-equivariant setting, i.e.
in terms of the distance between Q. (p) and Q_(p) in the universal Teichmiiller space T.

Roughly, the universal Teichmiiller space, denoted T, is the space of conformal structures on the unit
disk (modulo boundary) which are quasiconformal to the standard conformal structure on the unit disk.
Using the measurable Riemann mapping theorem, this can be made explicit using Beltrami differentials
as follows (see [50] for further details).

Let L°°(H) the space of measurable functions p : H — C with essential supremum ||u|eo < oo and
L3°(H) be the open unit ball about zero with respect to the L-norm. If u € L°(H), let i € L°(C) be
the extension of p to the lower half-plane by Schwarz reflection, i.e.

w(z) zeH
iz) =9 __ _
wz) zeH
We then define w,, : C — C to be solution to the Beltrami equation wz = fiw, which fixes 0, 1, and oc.
Then 7 = L{°(H)/~ where u ~ v if w, = w, on R. We denote by dr the Teichmiiller metric on 7T given
by

dr((u), ) = 5 i K (1)

where the infimum is over all h : H — H quasiconformal such that h = w, o w;l on R.

Similarly, we let 7 be universal Teichmiiller space of conformal structures quasiconformal to the
standard conformal structure on the lower half plane H. Schwarz reflection gives an isometry between
(T, d’]‘) and (7, d?)

For [u] € T we can extend p to i € L$°(C) where ji is zero on H and let w” be the solution to
the Beltrami equation wz = fiw, which fixes 0,1,00. It follows that f# is conformal on H. The Bers
embedding By : T — Q(H) is then defined by By ([u]) = S(w"|y).

We note that if p € QF(S) then by definition there exists a quasiconformal map f : C — C conjugating
a fuchsian action on C to the quasifuchsian action given by p. Therefore f maps H to 0, (p) and H to
Q_(p) and its Beltrami differential gives a point in 7 x 7 which we denote by (Q4(p),2_(p)). The
following is the desired generalization of Theorem 9.2.
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Theorem 9.4. If p € QF(S) and 0 < dy (Q+(p), Q,(p)) < .049, then p is not a critical point of h and
there is a proper affine action of w1 (S) on sl(2,C) with linear part equal to Ad(p).

Proof. Bridgeman and Tee [11] also prove that the maps By and By are 2-Lipschitz. Thus integrating

along the Teichmiiller geodesic between Q_(p) and Q4 (p) in T we get

16l < Sr (240,97

So if dr (Q+(p),Q,(p)) < .049, then

~ 3
l9-(P)lle = ll¢—(P)lloc < 5(-049) = .0735
Then the result follows from Theorem 9.1. ([l
We can now prove Theorem 9.3.

Proof. Let f: C — C be the K-quasiconformal homeomorphism mapping H to Q4 (p) and H to Q_(p).
Then

dr(Q4(p), H) < Slog K(f)  d#(Q-(p), H) < 5 log K(f).

[N

Therefore

dr(2+(p), Q- (p)) < d7(4(p), H) + d7(H, Q_(p)) < log K(f).

Thus if K < e%9 = 1.05022 then dr <Q+(p), Q_(p)) < .049 and the result follows from Theorem 9.4
above. 0
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