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MARKED LENGTH PATTERN RIGIDITY
FOR ARITHMETIC MANIFOLDS

YANLONG HAO

ABSTRACT. In this paper, we prove a cocycle version of marked length spec-
trum rigidity. There are two consequences. The first is marked length pattern
rigidity for arithmetic hyperbolic locally symmetric manifolds. The second
is strengthen marked length spectrum rigidity for surfaces and closed locally
symmetric manifolds.

1. INTRODUCTION

Let (M, g) be a closed Riemannian manifold whose sectional curvatures are
allnegative, I' = m; (M) its fundamental group, and Cr the set of conjugacy classes
of non-trivial elements of I'. Then classes in Cr correspond to free non-trivial
homotopy classes of loops in M, and each such class contains a unique loop of
minimal g-length - a closed geodesic. Marked length spectrum is the function

lg: Cr—1[0,00)

that assigning the g-length £¢((y)) of the closed geodesic corresponding to the
conjugacy class (y) € Cr of y e '\ {1}.

Marked Length Spectrum Rigidity Conjecture (cf. Burns and Katok [6]) states
that function ¢, determines (M, g), up to isometry.

This conjecture was proved for surfaces by Otal [22] and, independently but
in greater generality, by Croke [8] slightly later. For higher dimensions, Katok
[17] had a short proof for metrics in fixed conformal class, the proof is given
in dimension 2 only, but can be easily extended to all dimensions. Beside this,
for higher dimension Hamenstédt [13] proved the conjecture in the case where
(M, g) is a locally symmetric space by applying the famous entropy rigidity work
of Besson-Courtois-Gallot [3]. For general negatively curved metrics the prob-
lem is largely open. Guillarmou and Lefeuvre showed in [11] that the marked
length spectrum of a Riemannian manifold (M, g) with Anosov geodesic flow
and non-positive curvature locally determines the metric g.

In this paper we consider a slightly different problem, that concerns rigidity
of what we call marked length pattern. Given, say closed, negatively curved
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Riemannian manifold (M, g) with fundamental group I' = 7;(M) and conju-
gacy classes Cr, the length pattern is the equivalence relation Rg on Cr given
by equality of g-length:

Rg={(c1,c2) €Cr xCr [ £g(c1) =g(cr)}.

We emphasize that the relation R, describes equality of g-lengths, but not their
values.

TheoremA. Let (M, go) be a closed arithmetic locally symmetric manifold of rank
1, and let g be an arbitrary negatively curved Riemannian metric on M. Then
Rg, © Rg only if (M, g) is isometric to (M, Ago) for some A > 0 by an isometry iso-
topic to identity.

On the other hand. there are strengthen marked length spectrum rigidity.

A. Katok [17] proved that marked length spectrum in a fixed homology class
determines the negatively curved metric on the surface in a fixed conformal
class. In [10], Gogolev and Rodriguez Hertz showed that the marked length
spectrum restricted to the set of conjugacy classes represented by homologically
trivial geodesics is enough to uniquely determine the marked length spectrum.
Noelle [21I] showed the same is true for compliment of a ‘small’ set when the
manifold is a closed surface. The following Theorem extends some of these re-
sults, including [10].

Theorem B. Let (M, g1) and (M, g») be two arbitrary closed negatively curved
Riemannian metrics on a manifold M with fundamental group T'. Let H be a
subgroup of T such that the limit set of H is all of M.

Then, g = g, on classes from H only if ¢, = {g, on all of . Moreover, if M is
a surface or (M, g1) is a locally symmetric rank one space, then (M, g1) is isometric
to (M, go).

For example, this applies to any non-trivial H which is a normal subgroup T,
or a normal subgroup of normal subgroup, etc.

In a forthcoming paper, joint work with Alexander Furman, we give a gener-
alization of Noelle’s work [21] using a different method.

Theorem [Aland Bl deal with different perspectives. However, the key of their
proofs relies on the same framework: marked length spectrum rigidity for B-
cocycles. To state it, let us start with the following

Definition 1.1. Let X be a compact space. An element ¢ # Idx in Homeo(X) is
called hyperbolic if ¢ has two distinct fixed points ¢p~,p* € X and ¢", n — +oo,
contract X \ {¢p~} towards ¢* uniformly on compact subsets, and ¢", n — —oo,
contracts X \ {¢p™} towards ¢~ .

This is often called north-south dynamics. Note that the points ¢* € X are
uniquely determined by a hyperbolic ¢. Note also that if ¢ is hyperbolic, then so
is ¢! and its attracting/repelling points are (¢p~1)* = 7.

Definition 1.2. LetT be a topological group. A nontrivial compact HausdorffT -
space X is called a geometric boundary if
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(1) T acts on X minimally,
(2) Everyy eT'\{e} is hyperbolic,
(3) There are T -quasi-invariant measures p, (' on X such that the T'-action
on (X x X,ux ') is ergodic.
Ifin addition, u = u', we call X a symmetric geometric boundary.

There are many examples of symmetric geometric boundaries. A typical ex-
ample is a hyperbolic group G and its boundary 0G, or any non-elementary
subgroup of a hyperbolic group with its limit set (using Kaimanovich [16] and
Bader-Furman [2]), or some subgroups of acylindrically hyperbolic groups and
their limit sets (using Maher-Tiozzo [20]).

In this paper, we mainly consider the applications to the marked length spec-
trum related problems.

Let I' = m; (M) be the fundamental group of a closed negatively curved Rie-
mannian manifold M. The fundamental group I acts continuously on M. In
fact, [-space dM is a geometric boundary. Fixed a base point, there is Busemann
cocycle a : T xOM — R. The cocycle a encodes many geometric properties of the
metric. In particular, for any nontrivial y € T, a(y,y") = £ (7).

This inspires us to define the marked length spectrum function for general
cocycle f on a geometric boundary X by setting

(1.1) sy =By, yh)

forallye '\ {1}.

It is more straightforward to define the marked length spectrum of 8 by a pair
of numbers £5((y)) = (B(y,y™), B(y,y")). However, our definition is enough for
the special type of cocycles, namely B-cocycles that we define below, where we
shall see B(y,y”) = —B(y,y*) and lﬁ(@f‘l)) = lp((y)) (see sectiond below).

Definition 1.3. Let X be aT-space. A cocycle c: T x X — R is a B-cocycle if

(1) The map x— c(y, x) is continuous forally € T.
(2) There exists a continuous function C : X x X\ A — R such that

Clyx,yy)-C(x,y) =c(y,x)+c(y,y)

forally €T, x # y € X whereA is the diagonal {(x,x) / x€ X} of X x X.
We also call (¢, C) a B-cocycle when it is necessary to point out the function C.

Denote by Z!(T', X, R) the vector space of all continuous cocycles ¢: T x X —
R, and by BL(T, X,R) the subspace consisting of cocycles of the form c(y, x) =
¢(y.x) — @(x) for some continuous function ¢ : X — R. Denote by H!(T', X,R) =
Z!/B! the associated cohomology. Equivalently, we can view this as cohomol-
ogy H(T',C(X,R)) with coefficients in C(X,R) viewed as a I-module.

Note that the collection of all B-cocycles over I'-space X forms a vectors sub-
space of Z}(T', X,R) that contains B (T, X,R), hence one can talk about coho-
mology classes of B-cocycles, or just B-classes. B-classes form the kernel of the
map

[i]: H(T, X,R) — H.([, X x X\A,R)



4 YANLONG HAO

induced by ia(g, (x, y)) = a(g, x) + a(g, y). We have the following rigidity results.

Theorem C. Let I'-space X be a geometric boundary, and o, : T x X — R two
B-cocycles. Then ¢ = €g ifand only if [a] = [B] in H} (T, X, R).

Remark 1.4. Even though lattices in semisimple Lie groups G and their Fursten-
bergboundaries X = G/ P are not necessarily geometric boundaries, there is a sim-
ilar definition of B-cocycles in this case where the diagonal A in (2) is replaced by
the set of pairs of points not in general position. B-cocycle can be defined also for
the general acylindrical groups and their limit sets.

Theorem|[Q is still true in both cases. However, the proof is not cover in our
framework. We will prove it for general acylindrical groups in the appendix. The
proof of higher rank lattices need a little bit more work, but follows form the same
construction. The detailed proof for higher rank lattices will be given in other
place.

In the setting of negatively curved space (M, g) and I = 71 (M) actingon X =
AM the theorem implies that the cross-ratios on the boundaries is determined
by the Busemann cocycles when restricted to Busemann cocycles coming from
various Riemannian metrics. Hence it is a weaker statement than the marked
length spectrum rigidity and is well-known in this case. In fact, for the Buse-
mann cocycle of a closed negatively curved manifold, there is a corresponding
length cocycle for its geodesic flow. Fix one visual metric on the boundary asso-
ciated to a specified negatively curved metric. All pullbacks of Busemann cocy-
cles for different metrics are Holder. And in this case, Theorem[Ccan be deduced
from a Theorem of Livsic [19].

Even though it is not new in many cases, Theorem|[C|provides us a new view-
point to see more patterns behind the marked length spectrum of an arithmetic
locally symmetric space. It is not the length themselves, but rather some iden-
tities between them determine the metric up to homothecy. Theorem[Alfollows
from this observation. Indeed, Theorem of Liv§ic [19] about Holder cocycles and
our construction together is enough to prove Theorem|[Al

It is natural to ask: what is the case for non-arithmetic lattices? The short
answer is: they do not have marked length pattern rigidity in general.

Theorem D. For a general hyperbolic surface (S, g), the relation Rg is the minimal
relation among all relations from hyperbolic metrics. In other words, Rq is a sub-
relation of Rg: for any hyperbolic metric g’ on S.

Here, hyperbolic metric means a Riemaniann metric with constant curvature
—1. Hyperbolic surface is a surface with a finite volume complete hyperbolic
metric.

We do not know any example of higher dimension locally symmetric manifold
which do not have the marked length pattern rigidity. By Mostow rigidity, the
locally symmetric structure is determined by the fundamental group itself. We
need more tools to discuss general metrics.
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Similar to Remark[I.4] Theorem[Aland [Blhave weaker generalization to finite
volume manifolds and orbifolds. Since all these need a slightly different setup
and the results are weaker, we discuss them in the appendix.

The paper is organized as follows. In Section 2] we recall some basic facts
about Gromov-hyperbolic spaces, Patterson-Sullivan measure and Busemann
cocycles. We also define the B-cocycles there. In Section[3] we give some exam-
ples of geometric boundaries and show some very basic properties. In Section
we prove Theorem [Cl Section Bl contains a proof of Theorem [Bl Section [6]is
concerned on extension of B-cocycles from arithmetic lattice I' < G to the Lie
group G. In Section[7] we apply the results in Section 6 to negatively curved Rie-
maniann manifolds, this yields Theorem|[Al In section[8, we discuss the marked
length spectrum of hyperbolic surfaces. And give examples of hyperbolic met-
ric without marked length patter rigidity. The Appendix[Alis devoted to show
marked length spectrum rigidity for cocycles of general acylindrical groups.

I would like to acknowledge and give my thanks to my supervisor Alexander
Furman who made this work possible. His guidance and advises help me work
over all the challenges.

2. GROMOV-HYPERBOLIC SPACES AND PATTERSON-SULLIVAN MEASURES

We use [5] as a general reference for Gromov hyperbolic spaces, and here only
add some specifics that are not covered there.

Let X be a proper CAT(-1) space. Fix a base-point p € X. The Gromov prod-
uct (,-), on X x X extends continuously and therefore canonically to a function
X x X — [0,00], and for each ¢ € (0, 1] the expression d,(¢,n) = e ¢“Mr defines a
metric on the boundary X = X \ X compatible with the topology of X (cf. Bour-
don [4]). We call them visual metrics. In particular, { = on dX if and only if
(E» n)p = O0.

Let (M, g) be a strictly negatively curved complete Riemannian manifold, the
universal cover of M is a Gromov-hyperbolic space, in fact, a CAT(—k) space,
for some k > 0. Its visual boundary is the same as its Gromov boundary. By
renormalizing the metric, we see that the Gromov product extends continuously
to the boundary. There are still visual metrics d, for all € < €.

2.A. Patterson-Sullivan measures.

Let I be anon-elementary discrete group of isometries of a connected, simply-
connected, complete Riemannian manifold (M, g) with the curvature x < —a? <
0. Denote by M = M UAM the compactification of M, it is homeomorphic to a
closed ball.

In the case of dimension 2 and of constant curvature, Patterson ([23]) gave a
construction of a family of measures on 0 M indexed by points x € M. It has been
extended to higher dimensions by Sullivan ([26]). Generalizing their work, a
number of authors, including Coornaert, Albuquerque, and Knieper constructed
the so-called Patterson-Sullivan measures v, on 0M in variable curvature case.
See [1] and [18] for the construction of Patterson-Sullivan measures.
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Let us discuss some key properties of Patterson-Sullivan measures v .

1)
2

(2.1)

3

4

Equivariance: vy, =y.vy forall y € T.
Explicit Radon-Nikodym derivative: For all x, y € M,
davy

(é‘) - eh(g)Bx,y(S(),
dvy

where By, (¢) is the Busemann function on M and h(g) in the volume
entropy of M.

For points x,y € M and ¢ € M, the function B: M x M x 0M — R is
defined by

By,y($) = }LIEO(dX(J/,Yf(f)) -1
where ¢ is the unique geodesic ray with y(0) = x and y(oco) =¢.

Remark 2.1. In general, v, are just finite measures, not probability mea-
sures.

Remark 2.2. The Radon-Nikodym derivative is defined almost everywhere
with respect to v,. However, using the fact that B is continuous, and the
support of vy is the limit set of T, we can assume Equation (2.1) is true for
all points in the limit set of T'.

Marked length spectrum is determined by v,: When M/T is a manifold,
T is torsion free. Let y € T’ be a hyperbolic element. There is a unique
attracting fixed point y* of y on dM.

Claim 2.3. B, yx(y") =4 (y)) forallx € M.
Proof. By equation 2.1} we have
Byyx(Y") = Byyy (¥ )+ By (y) = Byxyy ().
Since v is an isometry, by the definition of Busemann function,
Byxyy(0r") = Byxyy(ry™) = By (r ).

Hence By . (y") is independent of the choice of x. Let x be a point on
the axis of y. The claim follows. U

For a parabolic element 7, there is only one fixed point { on dM, and
Bx,nx (5 )=0.

Hence we set £¢({n)) =0.

Bowen-Margulis-Sullivan geodesic current on 0 M x dM: Fix a base point
p € M. Lete > 0 be small enough so that d, is a metrics for all x € M. A
direct computation shows that

du,n) = de(&,m) 2" . qv, &) dv,mn)

defines a I'-invariant measure on 0M x M. In fact, du is the Bowen-
Margulis-Sullivan geodesic current. It is independent of the choice of p
ande.
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2.B. Cocycles.
Recall that when X is a I'-space, a continuous function @ : I' x X — Ris called
acocycleifforally,nerl, and x € X,

a(yn,x) = aly,nx) + a(n, x).
For any map k: X — R, define the coboundary of k by
dk(y,x) = k(yx) — k(x) (yeT, xe X).
All coboundaries are cocycles.

Definition 2.4. Two cocycle a, B are called equivalent, if there is a continuous
map k : X — R such that
a—-p=dk.

It is not surprising that we can define cohomology group of a I'-space by iden-
tify all equivalent cocycles as a cohomological class. Let Z be the set of cocycles,
and B the set of coboundaries of continuous maps. Z is an abelian group, and B
is a subgroup of Z. The first cohomology group H}(T, X,R) is just Z/B. In fact,
it is the same thing as the usual group cohomology of I with coefficient C(X,R),
all continuous map from X to R viewed as a I'-module.

Notice that there is a more general definition of cocycles. The target could be
any second countable group, instead of R, and the cohomology is not necessarily
a group in this setting. There are also Borel cocycles and measurable cocycles
when the I'-space X admit a non-singular measure, see [27]. Recall the following
definition in [27].

Definition 2.5. Two Borel cocycles a,  are called strictly equivalent if there is a
Borel function ¢ such that

a—-p=do.

It looks a little bit strange to define strictly equivalence in this way. It is the
notion taken in [27]. The notion of equivalence of cocycles here is different form
that in [27]. We will work for continuous map in this paper in most cases. Only
refer to Borel cocycles and Borel maps for some technical issues.

Let Gg be a closed subgroup of G. Then G acts on G/ G via left translation. Let
H be a second countable group. The following Proposition was showed in [27].

Proposition 2.6. There is a bijection
{Borel Cocycles G x G/ Gy — H} — Hom(Gy, H)

between strict equivalence classes of Borel cocycles and conjugacy classes of ho-
momorphisms.

2.C. B-Cocycles.
There are Busemann-cocycles closely related to the Patterson-Sullivan mea-
sures. Fix a base point o € M, the Busemann-cocycle B(y, ¢) is given by

©),

~ 1 dyitvo)
B(y, §) = By‘lo,o(f) = h(g) In v,
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forallyeTl'and { e OM.
By @B) in[2.A] the marked length spectrum is determined by the Busemann-
cocycle. And (@) in[2.Alis equivalent to
—=2(yS,YMo +2(S,mo = B(y,$) + B(y,n)

forallyerTl,¢{,nedMand{ #n.
In general, for any I'-space X.

Definition 2.7. A cocyclec:T x X — R is a B-cocycle if
(1) c(y,&) is continuous forally € T.
(2) There exist continuous function C : X x X\ A — R such that
Clyx,yy)—Cx,y)=cly,x) +c(y,)
forallyeT, x # ye X whereA is the diagonal of X x X.
We say (c, C) is a B-cocycle when it is necessary to point out the function C.

For any I'-space X, there is diagonal action of I on X x X. Consider the map
[i]: H:(I, X,R) — HX(I', X x X\ A,R),

defined by i(a)(y, (x,)) = a(y, x) + a(y, y). Then B-cocycles are exactly the co-
cycles represent classes in Ker([i]).

Lemma 2.8. In a B-cocycle (c,C), the function C: X x X\ A — R determines the
cocyclec:T x X—R.

Proof. Let h(x,y,z) = C(x,y)+C(x,z)— C(y, z) for three pairwise different points
x,¥, z€ X. Then
2¢(y, x) = h(yx,yy,y2) — h(x,y, 2).

3. GEOMETRIC BOUNDARIES

In this section, we give some basic properties of geometric boundaries which
will be useful in next section.
Recall the definition of geometric boundaries.

Definition 3.1. LetT be a topological group. A nontrivial compact HausdorffT -
space X is called a geometric boundary if

(1) T acts on X minimally,

(2) Everyy eT'\{e} is hyperbolic,

(3) There are T -quasi-invariant measures pu, (' on X such that the T'-action
on (X x X,ux ') is ergodic.

Ifin addition, u = (', we call X a symmetric geometric boundary.

Note that the support of p is a I'-invariant closed subset of X. Hence p has
full support since the I'-action is minimal. Same is true for y'.

In Lemmal[2.8] it was showed that for a B-cocycle (c, C), the function C deter-
mines the cocycle c. On the other hand, we have the following:
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Lemma 3.2. LetI'-space X be a geometric boundary, and (c,C) a B-cocycles on
X. Then the cocycle c determines C up to a constant.

Proof. Assume (c, C) and (c, C') are both B-cocycles.
By definition C — C’ is a I'-invariant function. Since I is v x v'-ergodic, v x v/
has full support and C — C’ is continuous, C — C’ is a constant function. O

We give some examples of geometric boundaries.

Example 3.3. Let T be the fundamental group of a closed negatively curved Rie-
mannian manifold (M, g), and OM the boundary of the Riemanian universal
cover M. TheT -space M is a symmetric geometric boundary.

(1) Since the limit set of I’ coincide with dM, the action is minimal.

(2) It is well-known and can be deduced by the classification of isometries
of hyperbolic spaces.

(3) Consider the Patterson-Sullivan measures v, on M. There is the Bowen-
Margulis-Sullivan geodesic current on 3> M which is in the measure class
[Vx x v4]. It is well-known that the Bowen-Margulis-Sullivan geodesic
current is I'-ergodic.

Example 3.4. Now, with same setting as in Example[3.3 Let H <\T' be a normal
subgroup such thatT'/ H is a finite extension of Z or Z?. Then OM is a symmetric
geometric H-boundary.

(1) Since H is normal, the limit set of H is the same as the limit set of I". The
action is minimal.

(2) H isnota trivial group.

(3) The Bowen-Margulis-Sullivan geodesic current is a H-invariant ergodic
measure (cf. Guivarc’h [12]).

Now we give some basic properties of geometric boundaries. All statements
are well known. We give some short proofs for completeness.

Lemma 3.5. Geometric boundaries have infinite many points.

Proof. Let X be a geometric boundary of I'. There exists a hyperbolic element
¥ by (2) in Definition[[.2l Since y fixes y*, ¥y, and y acts on X non-trivially, X
contains at least 3 points. Forany x #y*, x #y~,
; n.._ .+
Jm y"a=y

It is clear that y"x # y* for all n. This completes the proof (]

It is not hard to show that in fact, geometric boundaries are perfect spaces.

Lemma 3.6. Let I'-space X be a geometric boundary. Lety be a hyperbolic ele-
ment. There exist € T such that@y*™ #y~, 0y #y~.

Proof. Assume not. Take any element 8 inT. 0y" =y~ orfy =y~

IfOy" =y~,0%y" =0y~ #y . It follows that 0>y~ =y~. Hence 0y =0~ly~ =
Y.
The T'-orbit of y~ is just the set of two points {y*,y~}. The action of T is not
minimal by Lemma[3.5] This is a contradiction. (]
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A direct computation shows that

Lemma 3.7. Conjugations of a hyperbolic element are hyperbolic. And
wheny is hyperbolic.

Lemma 3.8. Lety,n €T withy hyperbolic, thenny" is hyperbolic for all but pos-
sibly one n. Furthermore, ifny* # vy, then
. n+ _ +
LHm my )T =ny",
. e -
Jim )=

Proof. First claim follows by the fact that y acts on X non-trivially and has an
infinite order. Hence at most one of 7y” acts trivially on X.

Let U, V be two open sets such that UnV =@, ny* e U, y" € V.

By definition, there exists M such that for all n > M, y"(X-V) cn U. It
implies ny" (X — V) c U. Therefore ny" is hyperbolic for n big enough. And for
the hyperbolic element ", when x # (ny™)~,

lim (m/”)kx =my™™.
k—+o00
Hence (ny™)* € U for n big enough. Since U can be chosen arbitrary small,
: ny+ _ +
lim (py™)" =ny".
Similarly, for n big enough, y"n Y(X-U)c Vand (y "n~1))T e V.
: = _ 1; -n,—1\\+ _ 15 =1, -n\+ _ ., —
lim (ny™)” = lim (y "y )" = lim n(n "y )" =y,
since ™'y =~y "n~Hin. O

4. MARKED LENGTH SPECTRUM RIGIDITY FOR B-COCYCLES

We prove Theorem|[Cin this section.

Before the proof, we first make the following observation. Let (c,C) be a B-
cocycle over a geometric I'-boundary X. Since

cy, YD +cely,y ) =Clyy",yy )-Cy*,y ) =0
forall y eI'\ {1}. We have
cly,y ) =—cly,yh.
By
0=c(Ly)=cty 'y, y ) =cty Lyy ) +ctr,y ) =cy Ly )+ ey, ),
Ly =y Ty = ey, Y = L)),
We restate Theorem[Clhere for reader’s convenience.

Theorem 4.1. LetI'-space X be a geometric boundary and a,3:T x X — R two
B-cocycles. Then € = £ if and only if [a] = [B] in H!T, X,R).
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Proof. The ‘if part’ is trivial.

For ‘only if part’, let 6 = a — B. It is again a B-cocycle and ¢5 = 0. We need to
show § = d¢ for some continuous function ¢. Let us assume the pair (9, f) is a
B-cocycle.

The proof has 3 steps.

Step 1: The cocycle 6 is bounded.

Choose any hyperbolic element y € I' with fixed points y* and y~. Letn el
be any element such that ny™ # y~. We have

Smy",y ) =My "y +8(y" ¥ ) =8, y")

for all n by assumption.

Now for 7 big enough,

Sy =6my", ¥y =8my", ¥y +6my", y™").
Here, the last equality follows from the fact § (ny”, (ny™) ™) = =6 (my", (ny™ ™) = 0.
Since (6, f) is a B-cocycle,
",y ) +8my", (y™ ) = fFay"y oy iy ) - fFrT, iy 7).

The right hand side is just f(ny™, (my™ ™) - fiy*, (ny™ 7).

Taking limit as n — +o0, by Lemmal[3.8]

Sy =fay Yy ) -ty

Choose 0 € T such that8(y*) #y~, 0(y~) #y~. This is possible by Lemma[3.6

The same argument for 0y6~! instead of y as before implies when nfy* # 0y,
5m,0y") = fFmOy*,0y") - fOy*,0y7).

Fix two open neighbourhood U; and U, of y~ and 8y, respectively such that
UnU,=¢,y"¢ Uy, 0y ¢ Uy, Oy* ¢ Us. The existence of U; and U, is guaran-
teed since X is Hausdorff.

Recall that f is continuous, in particular, f(-,y7) : X —{y~} — Ris continuous.
Since X is compact, and U is open, X — U; is compact. The extreme value the-
orem provides M; with |f(x,y7)| = M, for all x ¢ U;. Similarly, there exists M,
with | f(y,0y7)| < M, for all y ¢ U,.

Set M = max{M;, M,}. Now we are ready to show that 6 is bounded.

First, we show 6 has an uniform bound on a point. For any element { € T.

Case 1: {y* ¢ U;. Then

@Y =1fCr" Yy )= forty)I=2M.
Case 2: {y* € Uy. Then {y" ¢ U,, and
66710y ) =1fCy".0y7) - fOY", 0y ) <2M,
6@, yOI=1fOY .y ) - for'y)I=2M.
Hence
8¢y I=16¢0710,y I =16C07",0Y") +80,y") <4M.
In both cases, there is an uniformly bounds: |6({,y*)| <4M forall { € T.
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Second, 6 is bounded on a I'-orbit. By cocycle identity,

5,0y =6(po,y") -6, 7"

isbounded by 8M forall p,peT.
Since the orbit of y* is dense and § is a continuous cocycle, § is globally
bounded.

Step 2: Find ¢ as a Borel function.

It is well known that a bounded cocycle is a coboundary d¢’ for some Borel
function ¢’, see, for example, [9]. It is trivial to show that f(x, y) —¢'(x) —¢'(y) is
aI'-invariant Borel function.

Step 3: ¢ is essentially continuous.

I acts ergodicly on (X x X, u x ¢'). We know f(x, y) — ¢’ (x) — ¢'(y) is constant
ux p'-a.e.. A Fubini type argument shows that there is a ¢/ -conull subset A, such
that for all yy € A, f(x, yo) — @' (x) — ¢ (o) is constant u-a.e.. ¢'(x) is py-a.e. equal
to the continuous function ¢(x) := f(x, yo) — ¢’ (¥) up to a constant. Technically,
f(yo, ¥o) is undefined. Hence ¢ is just continuous on X \ {yy}. However, run the
same argument for y; # yp in A. And by gluing the two functions together, ¢ is
continuous on X.

Since d¢ and ¢ are two continuous cocycles p-a.e. identical, they are the
same cocycle, and 6 = do. (]

The marked length spectrum ¢ defines amap from H'(T', X, R) to C(I')R. What
we have showed so far is that when restricted on Ker([i]), this map is injective.
The image of this map is mysterious to us. ¢ is not injective in general even for
geometric boundaries.

5. PROOF OF THEOREM [Bl

Proof. Let (M, g) be a closed Riemannian manifold of negative curvature, I' =
71 (M) its fundamental group, X = M —boundary of the universal covering, and
H <T asubgroup that acts minimally on X.

Let 1 be a symmetric, generating measure on H that has a finite first moment
with respect to the distance dg on M, ie. Ypepu(h)- dg(e, h) < co. It follows
from the work of Kaimanovich [16, §7.3] that the Poisson boundary of (H, u) is
realized on X, more precisely that there is a (unique) p-stationary probability
measure v on X, so that (X, v) is the Poisson boundary for (H, ).

It follows from Bader and Furman [2} Theorem 2.7] that v x v on X x X is H-
ergodic. Therefore X is a symmetric H-boundary.

Let g, and g» be two negatively curved Riemannian metrics on M, and let
B1, B2 € ZL(T, X, R) be the Busemann cocycles associated with the lifted metrics
& and & on M. Recall that these are B-cocycles: there exist (geometrically de-
fined) continuous functions fi, f> : X x X\ A — R so that

Bity,x)+Bi(y, ) = filyx,yy) - fi(x, y) (YeT, x#yeX, i=1,2).
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The restrictions f; : H x X — R are still B-cocycles, namely (8;, f;). By assump-
tion, ¢ b = l f,- BY marked length spectrum rigidity of cocycles, there exist con-
tinuous map ¢ such that f; — B = de.

Direct calculation show that the continuous function X x X \ A — R given by

& - folx,y)—ex)—e)

is H-invariant. Since H is v x v-ergodic, while v has full support the function
is v x v-a.e. constant. Being continuous, and since v x v has full support on
X x X, the functions are actually constant. This implies that 8, — 82 = d¢. Hence
lg, ={p, onT. In other words, (M, g1) and (M, g») have the same marked length
spectrum.

The results for surface and locally symmetric spaces follow from the marked
length spectrum rigidity. O

6. EXTENSION OF B-COCYCLES

In this section, I" will be a torsion-free uniform arithmetic lattice in a rank 1
simple center-free Lie group G. Let X be the Furstenberg boundary of G, which
is the same as the Gromov boundary of G/K. All cocycles in this section will
be understood defined over X. Let G’ < G be a subgroup. We call a cocycle
w:G' x X —Racocycle of G'.

Denote by a the Busemann-cocycle associated to the locally symmetric space
I'\G/K with base point [e]. Let (B, f) be another B-cocycle of I'. Define equiva-
lence relation R, on Cr by

({y1),{y2)) € Ry — Co({y1)) =€a({y2)).

We define Rp similarly.
The main goal for this section is the following Proposition.

Proposition 6.1. If R, is a sub-relation of Rg, then there is a cocycle B:GxX—R
which extends f3 to the Lie group G.

There are two steps for this extension. First, we extend f to the commensu-
rability subgroup Commg(I") of ' in G. Then we extend f from Commg(I') to
G using a density type argument. We shall use the following observation. Since
a is a restriction of a G-cocycle G x X — R, if y;,y2 € I' are conjugate in G, then
(r1),(y2)) € Ry and so ({y1),(y2)) € Rg.

6.A. Extension to the Commensurability subgroup.

Let s be an element of Commg(T'). By definition, there are finite index sub-
groups I/, T” of T, so that sT’s™! = I'". Denote by ' and B” the restrictions of
B:TxX — RtoI’"and I'” respectively. There is another cocycle s, 8" of I” defined
by

s« B0, =p"(sys™ 5§ (el
Similar construction gives a’ and s.a”.

Since y and sys~! are conjugate in G, it follows that ({(y), (sys™!)) € Ry Rgp

for y e I, and so £ = £5 g on I". Note that (s.p", f;) is a B-cocycle, where
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fs(x,y) = f(sx, sy). Applying the marked length spectrum rigidity for cocycles of
I/, there exists a continuous function ¢; such that s, 8" — ' = 6 ;.

Now f(sé,sn) — f(&,n) — @s(&) —@s(n) is a I'-invariant continuous function.
Let m be a G-invariant measure on X x X \ A. Recall that I acts on (X x X \ A, )
ergodicly by Howe-Moore Ergodicity Theorem, f(s¢, sn) — f(&,n) — @s(&) — @)
is m-a.e. a constant. Since it is a continuous function and m has full support,
the function is constant. Let

B(s,8) = @s(&) +

It is clear that

F(s&,sm) = FEm—ps&) —ps®)
5 )

F(s& sm) = FEm = Bls,&) + Bls,m).
We now shows that ,3 defines a cocycle of Commg(I'). Define a new function
h(é,n,w) = f(&n) + f( w) - f(n,w) on triples of X. It is straightforward that for
all s € Commg(I), ¢,n, w € X pairwise different,

h(s&, sn, sw) — h(&,n,w) = 2f(s,&).

The left hand side is a cocycle. Hence the right hand side is a cocycle, too. How-
ever, the right hand side depends on the first factor only.
It implies that (s, ¢) is a B-cocycle of Commg (I).

6.B. Extension to G.

By the fact that I is arithmetic, Commg(T') is dense in G with the Hausdorff
topology, see [27].

We will finish the argument by the following lemma.

Lemma 6.2. Let L < G be a dense subgroup, with a B-cocycle (B, f) of L, then B
extends to a B-cocycle (B, f) of G.

Proof. Same as before, define h(¢,n,w) = f(&,n) + f (&, w)— f(n, w). Itis clear that
forallle L, ¢ nwe X,

h(Ig, In, lw) = h(&,n,0) = 2(1, ).
Fix an arbitrary element g € G, and a sequence {/,}5_ , in L so that

im b =

For any element [ € L, we can identify B(1,&) as a function on triples. With this
in mind,
2B (L, &) =2 L, &) = KL, L), 1n0) = Ly, L, L).

The right hand side is the same as

Qn, m) :=[h(lys, Ipxn, lhw) — h(gE, gn, §w)] — [h(lnd, Imn, lnw) — h(g¢, gn, gw)].
Fix ¢, we can choose 1, w so that the three points are different pairwise. G acts
on X continuously. Hence

lim Q(m,n)=0
n,m—oo
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uniformly on compact subset of pairwise different triples. That is, B(I,, x) con-
verges uniformly on compact set. It implies that 5(I,,¢) is a Cauchy sequence
that uniformly converge to some continuous function, denote by f§(g,¢). We
have

h(gé, gn, gw) — h(&,n,w) = 2B(g,&).

Hence as before f§ is a cocycle, and (g, &) + B(g,n) = f(g&, gn) — f(&,n) by defi-
nition of h. (]

7. MARKED LENGTH PATTERN RIGIDITY
We prove marked length pattern rigidity here.

Proof of TheoremlAl Let I' be the fundamental group of a closed arithmetic lo-
cally symmetric manifold (M, g). And (M’,g’) is another closed Riemannian
manifold with negative curvature and homotopically equivalent to M.

Let (M, 8) and (M, g') be the Riemannian universal cover of (M, g) and (M’, '),
respectively. We first identify their Gromov boundaries.

The lifting map of the homotopical equivalence map between M and M’ is a
quasi-isometry of (M, ) and (M, §’ ). This map extends to a I'-equivalent home-
morphism @ of their boundaries.

We then pull back the Busemann-cocycle g’ for (M, g') to a cocycle on the
boundary of (M, g), call it B. B is given by B(y,¢) = B/ (y, ®&). Notice that the pull
back does not change the marked length spectrum of cocycles, since ® maps
y* €M toy* € M for all y € T\ {1}. Furthermore, pullbacks of B-cocycles are
B-cocycles.

Let @ be the Busemann-cocycle for the locally symmetric manifold (M, g)
with base-point [e]. « is a restriction of a cocycle @ of G. By assumption, R,
is a subrelation of Rg. Proposition[6.1limplies that § extends to a cocycle B for
G.

Recall that the Borel G-cocycle on the Furstenberg boundary X = G/P up to
strictly equivalence is classified by Hom(BR) = Hom(A,R) up to equivalence
[27]. In rank one case, A = R. Each class in Hom(A,R) has a B-cocycle repre-
sentative A& for some A € R.

It follows that the continuous B-cocycle f is strictly equivalent to A& for some
A eR. Itis clear that marked length spectrum of cocycle is an invariant of strictly
equivalence relation. We conclude that there exist A such that Az = £ In fact,
by marked length spectrum rigidity for cocycles, f — Aa = d¢ for some continu-
ous map .

Then the Riemannian manifold (M, % g') have the same marked length spec-
trum as (M, g). By marked length spectrum rigidity for locally symmetric mani-
folds [13], (M, g) and (M, ;&) are isometric. O

8. HYPERBOLIC SURFACES WITHOUT MARKED LENGTH PATTERN RIGIDITY

In this section, we will show that most finite volume complete hyperbolic sur-
faces do not have marked length pattern rigidity.
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8.A. Fricke moduli.

We first introduce a good coordinate system of the Teichmuller space for our
purpose. It is called Fricke space in [15].

Let S be a surface with genus g and n punctures where 2 -2g — n < 0. Denote
I' the fundamental group of S, and Ty, , the Teichmuller space of S. A hyperbolic
structure on S induce an lattice embedding of I' into G := PSL, (R).

Let {a;, B;, vj}, 1<i<g, 1< j<n)beacanonical system of generators of I
with the fundamental relation

g n

[Tla,Bil [Tyj=e

i=1 j=1
Assume 7 is an lattice embedding of I' into G. Up to conjugacy, we impose the
normalization conditions:

(1) m(ay)hasitsrepelling and attractive fixed points at 0 and oo, respectively,
(2) m(B1) has a fixed point at 1.

Then the matrix representation of 7 (@) and n(f;) are given by

A0
(0 ]rl)’ A>1,
(al bl), apdi—bicg =1, a1+b1:cl+d1>0
a d
respectively.
For2<i=< g, n(a;) and n(B;) are represented uniquely by the matrices
a; b;
(C: di), aidi—bicizl, c; >0,
/ /
(? ;y dd-bc =1, ¢>0,
1 ]

Similarly, for 1 < j < n, 7(y;) is written uniquely in the form

& )
8 hj
with ejhj—fjgj =1, €j+h]’ =2.

We define the Fricke coordinates by assign a lattice embedding to the se-
quence (a;, ¢;,d;, a},c;,d},ej,gj),2<i< g, 1< j<n. In[I5], it is showed that
the Fricke coordinates defines an embedding of the Teichmuller space T , into
R6&-6+2n

We recall the algorithm to recover 7 from its Fricke coordinates. For more
details, see [15].

It is clear that 7(a;), 7(f;) and 7(y;), 2<i < g, 1 < j < n are uniquely deter-
mined by the Fricke coordinates. Note that all the b;, b;., 2 <i < g are rational
functions of the coordinates. The same is true for f; and h;, 1< j < n.

What remains to show is that 7 («;) and 7(f;) are determined by the Fricke
coordinates. Let

8 n 9 a b
o[ Tt [T 7)) :h J.
i=2 1=1
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From the fundamental relation of I':
A 0\ (a b1/1‘10_+aba1 by
0 A Yl daJlo A" \c dl\la 4

Replacing (? Z) by (iz :Z), if necessary, we have

a—1
8.1 A2 = )
8.1 T4
And
a Lc
1_1—(1 1
c
d b;.
=777

Bya1+b1:cl+d1,
a+b-1  c+d-1
1-a " 1-4
Recall that a; d; — byc; = 1, it follows
&2 bcla+b-1)  c+d-1
Y1-a2(c+d-1) 1-d

Equation B.Iland B2l show that A% and cf are rational functions of the Fricke
coordinates.

From now on, we identify Teichmuller space as a subset of R% 62" via Fricke
coordinates.

b;.

(8.2) 1=1.

8.B. Length of geodesic and Horowitz’s Theorem.

For any hyperbolic element A in PSL;, (R), let £ 4 be the translation length of A.
Then [tr(A)| = 2cosh (¢ 4). Hence the marked length pattern of a Fuchsian group
is determined by traces of its elements.

Let 7 be a lattice representation of the surface group I into PSL,(R). Denote
the Fricke coordinates of 7 by X. Recall that A and c¢; are determined by equa-
tions[8.1] [B.2land the normalization conditions.

Let s, t be two real numbers with st # 0. Then there is a family of representa-
tions 7§ , : Fog+n — GL2(R),

, s 0
b/ a1) = 11,
s,t( 1) (0 s 1)
bt (-d)a+b-1t
! —|1- 1- d-1
ns,t(ﬁl) - ( ta ( (azi) C—+1)ct : )’
(I-a)(c+d-1)

a,—d,-—l
/ a; ——
T t(ai) = Ci
X Ci d; ’

;o aydi-1

! a. ———
T’:S,t(ﬁl) = .l Cvzl ,
ci d;
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2ej—e?—1
s (yj) = (e] gj ),
g 2-ej
2<i<g,1<j<nwherea,hb,c,disgiven by

a b\& | , no, 10
(C d) i_]‘[z[ns,t(ai),ns,t(ﬁ,-n ,H-lns"(y )=t (0 1)
as before. When s=Aand ¢ = ¢, niul induces the representation .

It is clear that all the traces of 7 ,(w) where w € Fy¢., are rational functions
of X, s and ¢. An induction shows that for any word w € Fagp, tr(n ,(w)) has
the form

o0
tr(my ,(w)) = tk Z w;s'
I=-0c0
where w; are rational functions on X, k € Z and all but finite many of w; are 0.

Fix s and . There are four different representations 7', ; ., all with the same
traces up to sign. Indeed, we just replace 7 ,(a;) and 7, ,(81) by +7 ,(a1) and
+7), (1), respectively. It follows that (tr(7), ; , ,(w)))? is independent of the choice
of these four representations. Hence (tr(z), , (w)))* has the form

o0
(tr(ry (w))? =2 Y Q;s*
I=—00
where Q; are rational functions on X, and all but finite many of Q; are 0.
Lets=A, t=c. ”21 o is indeed a representation of Fog , to SL>(R). Byl8.Iland

8.2 ('[r(n;1 “ (w)))? is a rational function on X forall w € Fag+n. Moreover,

, g n 1 0
) o (11, Bil l_[)/j)zi(o 1),
i=1 j=1

Hence 7/, . is a lifting of the representation 7. Let p be the natural projection

A
of Fogyy to I'. The traces of 7 and 7, ., are the same up to sign, ie., for any

we F2g+n;
(8.3) tr(m)y o, (W) = £tr(m(p(w))).

We conclude that (tr(z(y)))? are rational functions on X for all y € T'. Since
Teichmuller space is an open subset of R%~6%2" in the Hausdorff topology, it is
Zariski dense. There are unique extensions of (tr(;r(y)))? as rational functions on
R68-6+2" We call the function (tr(zr(y)))? the rational function of y, and denote
itby Qy.

There is a stronger version from a theorem of Horowitz [14].

Theorem 8.1. Let F = (51,82, -+, Sm) be a free group on m generators. For any
word w € F. Thereis a polynomial P,, depends only on w with integer coefficients
in2™ —1 characters such that for any representation ¢ : F — SLy(R),

tr((l)(w)) = Pw(tlv t2v"' ’ tlz»"' ’ tlz---m)»

where tj,j,...;, = tr(p(s;, Si, -+ 8i,), 11 <ip<---<ip=m.
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Define a relation Ryin on T as follows: yRminf) when Qy = Q. It is clear now
that for any hyperbolic metric g on S, Riin is a sub-relation of Rg.

For any y and n € T, the rational equation Q, = Q, defines a algebraic sub-
set of R%76+2" The intersection of this set and the Teichmuller space is either
everything or a subset of positive codimension. Since there are just countably
many pair of elements, we get countably many algebraic subsets of positive
codimension. By dimension reasons or refer to Lebesgue measure, we know
that the union of all these countable subsets of positive codimension Tgingular is
a proper subset of the Teichmuller space.

Choose two points in the complimentary of Tingular- We have two hyperbolic
metrics g and g, with Rnin = Rg, = Rg,. Hence g1 do not share marked length
pattern rigidity.

APPENDIX A. GENERAL GEOMETRIC BOUNDARIES

We generalize our result to general acylindrical groups in this appendix. The
proof are almost the same as in the paper. We just point out some necessary
changes and restate the theorems in this case.

General acylindrical groups and their Possion-Furstenberg boundaries are
not necessarily geometric boundary, since there are elliptic and parabolic ele-
ments. To deal with it, we introduce the following notation.

Let X be aI'-space and y € I" acts on X hyperbolicly. For any n € I" such that
nyt#y let

Any={niny"ishyperbolic}={n/y"nishyperbolic}.
The last equation is true because ny" = n(y"n)n~'. Notice that Ay = Ap1 1.

Definition A.1. Let T' be a topological group. A nontrivial compact Hausdorff
I'-space X is call a general geometric boundary if

(1) T acts on X minimally,

(ii) There are hyperbolic elements and sup Ay, = +oo for all hyperbolic ele-
menty whenny* #vy~,

(3) There are T-quasi invariant measures y, ' on X such that Tis u x u'-
ergodic.

Ifin addition, u = u', we call X a symmetric general geometric boundary.

We just replace (2) in the definition of geometric boundary by (ii).

First, we show that general acylindrical groups and their Possion-Furstenberg
boundaries are general geometric boundaries.

Recall that a group G is called acylindrically hyperbolic if G admits a non-
elementary acylindrical isometric action on a geodesic Gromov-hyperbolic space
M. It was showed by Maher and Tiozzo in [20] that the Furstenberg-Poisson
boundary of a spread-out generating measure on G is the same as the limit set
of G in M with the hitting measure. By the work of Bader and Furman [2], (3)
follows. (1) is true since G acts on its limit set minimally.

For (i), recall that there is visual metric d on the limit set X. For hyperbolic
element y, and any compact subset K < X —{y™}, there exist L, k > 0 such that
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d(y"x,y*) < Lexp(—nx) for all x € K. Letn € I'. n acts on (X, d) by Lipschitz
homemorphism. Take an open neighbourhood U of ny* with y~ ¢ U. There is
a N such that for all n > N, y"U < n~'U. Increasing n if necessary, ny"|y is a
contraction. Hence there is a contracting fixed point of 7y” in U. By classifying
of isometries of hyperbolic spaces, ny” is hyperbolic for all n big enough.

Second, all lemmas in section[3]still hold. The proofs are the same, we restate
them here.

Lemma A.2. General geometric boundaries have infinite many points.

LemmaA.3. LetT'-space X be a general geometric boundary. Lety be a hyperbolic
element. There exist0 € T such thatOy* #y~, 0y #y~.

Lemma A.4. Conjugations of a hyperbolic element are hyperbolic. And
(eye—l)i _ Hyi
wheny is hyperbolic.
LemmaA.5. Lety andn €T withy hyperbolic. Ifny* #y~, then
im  myM"=ny",

ne Ay y,n—00

lim @y =vy".
neA,,_y,n—»oo
Define the marked length spectrum function for general cocycle  on a general
geometric boundary X by setting

A1) sy =By, ¥

for all hyperbolic elements y € I' \ {1}.
The same proof of Theorem [CJusing these lemmas gives

Theorem A.6. LetT'-space X be a general geometric boundaryanda, f:TxX — R
two B-cocycles. If € = €, then a — = d¢ for some continuous function ¢. In
other words, [a] = [f] in H:(T, X,R).

We generalise the definition of Marked length spectrum function to finite vol-
ume negatively curved manifolds.

Let (M, g) be a complete finite volume manifold with negative curvature. The
fundamental group I" = 7; (M) contains parabolic elements. Let y € I' be para-
bolic, there is arbitrary short closed geodesic represents y. We take the conven-
tion that Z4({y)) = 0 for parabolic classes. It was called minimal marked length
spectrum in some papers. It is the infimum of the length of all closed geodesics
in class (y). We define the marked length pattern by the same way as before:

Rg={(c1,¢2) € Cr x Cr | €g(c1) = lg(c)}-

As a application of Theorem[A.6l By the same construction in this paper, we
are able to show the following two Theorems.
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Theorem A.7. Let (M, g,) and (M, g») be two arbitrary finite volume complete
closed strictly negatively curved Riemannian metrics on a manifold M with fun-
damental group T'. Let H be a subgroup of T' such that the limit set of H is all of
oM.

Then, £g =g, on classes from H only if g, = ¢, on all of T.

Theorem A.8. Let (M, go) be a finite volume arithmetic locally symmetric mani-
fold of rank 1, and let g be an arbitrary strictly negatively curved complete finite
volume Riemannian metric on M. Then Rg, < Rg onlyif€ ¢ = Al g for some A > 0.

Remark A.9. In [7], Cao showed that if two orientable, uniform visibility surfaces
of finite area and bounded non-positive curvature have the same marked length
spectrum, then they must be isometric. Hence we can strength Theorem[A 7 and
in dimension 2.

In higher dimension, we do not know the marked length spectrum rigidity.
Peigné and Sambusetti [24] showed the following:

Let M be a finite volume n-manifold with pinched, negative curvature —b? <
x < —1 which is homotopy equivalent to a locally symmetric manifold M, with
curvature normalized between -4 and -1. If M and M, has same marked length
spectrum, then they are isometric.
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