EQUIDISTRIBUTION OF HOLONOMY IN HOMOLOGY
CLASSES FOR ANOSOV FLOWS

RICHARD SHARP

ABSTRACT. We obtain equidistribution results for the holonomies of periodic
orbits of Anosov flows lying in a prescribed homology class. We apply this to
frame flows.

1. INTRODUCTION

It is well-known that the periodic orbits of hyperbolic flows display consider-
able asymptotic regularity. For example, there is a uniform asymptotic formula for
their counting functions (the so-called Prime Orbit Theorem) and they are equidis-
tributed with respect to the measure of maximal entropy for the flow. Under appro-
priate conditions, they also exhibit equidistribution in their lifting properties and
this is the theme of this paper. More precisely, we will consider the equidistribution
of holonomies restricted to periodic orbits in a given homology class.

Without the restriction in homology, this problem was studied by Parry and
Pollicott in [11] and Chapter 8 of the monograph [12] for hyperbolic flows. From
a different point of view, Sarnak and Wakayama [16] studied the same problem for
finite volume quotients of rank 1 locally symmetric spaces and obtained error terms.
There was renewed interest in the problem due to the work of Margulis, Mohammadi
and Oh in [9], where there results were extended to geometrically finite quotients.
The more delicate problem of equidistribution in a homology was initially studied
by Kimoto and Wakayama [8] for finite volume quotients of real hyperbolic space
(with an error term). More recently, a paper by Oh and Pan [10] considers the same
for convex co-compact quotients of rank 1 locally symmetric spaces as part of an
extensive study of mixing properties and horocyclic actions on abelian covers. In
this paper, we shall complement this work by taking a more dynamical viewpoint,
and consider Anosov flows. Results for geodesic flows and frames flows over compact
negatively curved manifolds will then appear as a special case.

We will now be more precise. Let G be a compact connected Lie group and let
N be a principal G-bundle over a compact manifold M. Let ¢y : N — N be a
C! flow that commutes with the G action and let ¢; : M — M be the quotient
flow. Suppose that ¢, : M — M is a transitive Anosov flow. (A natural example is
where ¢; is the geodesic flow over a compact d-dimensional manifold with negative
sectional curvatures and v; : N — N is the corresponding frame flow. In this case,
G =S0(d — 1). We will discuss this further in section 7 below.)

Let 7 be a periodic orbit for ¢;. We shall write () for its period. Associated
to v we have both its homology class [y] € H1(M,Z) and its holonomy class h(7),
which is a conjugacy class in G. The latter is defined as follows. Write 7 : N — M
for the bundle map. Let 2 be a point on 7 and let Z be a point in 7~ !(z). Then
there is a well-defined g(¥) € G such that 1y, (z) = g(Z). If y is another lift of x
then ¢(¥) is conjugate to ¢g(Z) and h(~) is conjugacy class this defines.

Let P(¢) denote the set of prime periodic orbits of ¢, : M — M and let Pr(¢) =
{y€P(¢) : I(y) <T}. If ¢ is topologically weak-mixing then it is well-known that

hT

#Pr(9) ~ G
1

as T — oo,
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where ~ means that the ratio of the two sides converges to one.

We will say that ¢, : M — M is homologically full if the map from P(¢) to
H,(M,Z) defined by v — [v] is a surjection. For a € Hy(M,Z), write Pr(¢, ) =
{v € Pr(¢) : [v] = a}. If ¢ is homologically full then, for each o, #Pr(¢, ) grows
exponentially fast (with polynomial correction depending on the first Betti number
of M) but the growth rate

h* = %ﬂoilog #Pr(d,a) >0

(which is independent of a) may be strictly smaller than h. For a more precise
statement, see Proposition 3.1 below.

We are interested in the distribution of the holonomies h(y) for v in a fixed ho-
mology class. Under natural hypotheses, we shall show that they are equidistributed
with respect to the (normalised) Haar measure on G. We say that F': G — C is a
class function if it is constant on each conjugacy class.

Definition 1.1. Let ¢y, : N — N and ¢, : M — M be as above. We say that ¢,
has homology-equidistributed holonomy if, for each o € Hy(M,Z) and continuous
class function F': G — C,

1

W’YG?Z(:@@F(MV)) - /FdHaar, as T — oo.

Our main results are the following. The first deals with the case where G is
semisimple and, in addition to ther assumptions on ¢;, requires only the that 1), is
transitive.

Theorem 1.2. Let G be a compact connected semisimple Lie group. Let N be a
principal G-bundle over M and let 1y : N — N be a C* flow that commutes with
the G-action. Let ¢y : M — M be the quotient flow. Assume that

(i) vy is transitive;
(ii) ¢y is a homologically full transitive Anosov flow.

Then ¢ has homology-equidistributed holonomy.

The next result holds when G is no longer assumed to be semisimple but requires
an additional a priori condition on the distribution of holonomy of null-homologous
periodic orbits.

Theorem 1.3. Let G be a compact connected Lie group. Let N be a principal G-
bundle over M and let vy : N — N be a C' flow that commutes with the G-action.
Let ¢y : M — M be the quotient flow. Assume that

(i) 4y is transitive;
(ii) ¢y is a homologically full transitive Anosov flow;
(iii) we have

eial(W)X(b(,y)) =1 v’}/ c P(¢7 0)7

fora € R and x : G = T' a one-dimensional representation of G, only
when a =0 and x is trivial.

Then ¢y has homology-equidistributed holonomy.

We say that ¢y : M — M has time-reversal symmetry if there is a fixed point
free involution ¢ : M — M such that ¢; 0. = 1o ¢_;. This holds for geodesics flows,
where M = SV is the unit-tangent bundle over a manifold V' and ¢ is the map
that reverses unit tangent vectors: ¢(xz,v) = (x, —v). In this case, the conclusion of
Theorem 1.3 holds subject to a simpler hypothesis on the holonomies.
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Theorem 1.4. If ¢, : M — M has time-reversal symmetry then Theorem 1.3 still
holds if we replace (iii) by the condition that we have

x(h(v)) =1 Yy eP(¢,0),

for x : G — T' a one-dimensional representation of G, only when x is trivial.

Remark 1.5. The above theorems still hold if, instead of homology, we consider
any regular abelian cover of M and ask about the holonomies of periodic orbits in
a given Frobenius class for the cover. In this case, b is replaced by the rank of the
cover.

We now briefly outline the contents of the paper. In section 2, we recall some
material about Lie groups and representations that will be needed later. In section
3, we discuss Anosov flows in greater detail and introduce the L-functions that we
shall use to prove our results. In section 4, we introduce symbolic dynamical systems
as a tool for analysing the L-functions. In section 5, we proof the equidistribution
results srtated about and in section 6 we give a brief discussion of the special case
of frame flows.

The author is grateful to Mark Pollicott for bringing the paper [10] to his atten-
tion.

2. LIE GROUPS AND REPRESENTATIONS

We will need a small amount of theory relating to compact Lie groups and their
representations. Let G be a compact connected Lie group. We shall be interested
in its space of irreducible unitary representations. More precisely, let U(d) denote
the group of d X d unitary matrices. Then a d-dimensional unitary representation
is a continuous homomorphism R : G — U(d). The character x of R is its trace
x(g) = Trace(R(g)) and we write R = R,. If R, is one-dimensional, in which
case U(1) = T!, then it is equal to its character. (Here and throughout, we use
the notation TF = R¥/Z*.) A d-dimensional representation R, is irreducible if C%
has no R, (G)-invariant closed subspaces, apart from {0} and C itself. Two such
representations R and R’ are isomorphic if R'(g) = U~'R(g)U, for all g € G, for
some unitary matrix U, in which case they have the same character.

We say that a continuous function F' : G — C is a class function if it is constant
on conjugacy classes. Let C(G) denote the set of continuous class functions on G.
The following is part of the Peter—Weyl Theorem.

Proposition 2.1. The set of finite linear combinations of characters of irreducible
unitary representations of G is uniformly dense in C(QG).

The structure of compact connected Lie groups may be described by the following
result. Recall that a Lie group is simple if it has no non-trivial proper closed normal
subgroups. Also that the centre of a group G is the set {h € G : hg = gh Vg € G}
and that this is a normal subgroup. Any connected component of the centre in a
torus.

Proposition 2.2 ([15], Theorem 6.4.2). Let G be a compact connected Lie group.
Then G 1is isomorphic to

(T x Gy x -+ x Gn)/Z,

where T™ is the connected component of the centre of G, the factors G1,...,Gy,
are simple Lie groups, and Z is a finite subgroup of the centre of the product.
Furthermore, this expression is unique up to the order of the simple factors.

A Lie group is called semisimple if its Lie algebra is semisimple (i.e. if the
Lie algebra is a direct sum of simple Lie algebras). In our situations, a compact
connected Lie group G is semisimple if and only if m = 0 in the decomposition in
Proposition 2.2, and this is equivalent to G having finite centre.
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Lemma 2.3. Let G be a compact connected Lie group. Then G is semisimple if
and only if G has no non-trivial one-dimensional unitary representations.

Proof. Consider the decomposition of G in Propostion 2.2. If m = 0 this reduces to
(G1 X -+ x Gyp)/Z. Tt is an easy fact that since each G; is a simple Lie group, we
have G; = [G;, G;], which is to say G; has no non-trivial characters. Clearly, this
extend to the product Gy x --- x G,,. However, if x : (G1 x --- x G,)/Z = Tl is a
non-trivial character then it lifts to a non-trivial character on G; x --- x GG,,. On
the other hand, if m > 1 then G has a non-trivial character. O

3. ANOSOV FLOWS AND L-FUNCTIONS

We begin by discussing some generalities about flows. A continuous flow p; :
X — X on a compact metric space X is called transitive if it has a dense orbit
and is called topologically weak-mizing if the only continuous solution f : X — C to
f(pix) = et f(x) is given by a = 0 and f constant.

We now consider a situation with more structure. Let G be a compact connected
Lie group. and let N be a principal G-bundle over a smooth compact Riemannian
manifold M. (This means that N is a fibre bundle over M equipped with a smooth
action N x G — N which preserves and acts freely and transitively on each fibre.
Furthermore, we can identify M with the quotient space N/G.) Suppose that
¥y : N — N is a C! flow on N which commutes with the G-action. Then 1,
induces a well-defined flow ¢, : M — M. We assume that ¢, is transitive; this
implies that ¢; is transitive. In addition, we will assume that ¢; is an Anosov flow.

A C' flow ¢, : M — M on a smooth compact Riemannian manifold M is called
Anosov if there is a continuous Dg-invariant splitting TM = E° @ E° ® E*, where
E is the line bundle generated by the flow and where there exist constants C' > 0
and A > 0 such that

(i) [[D¢¢(v)]| < Ce ||, for all v € E* and t > 0; and
(ii) [[Dp—i(v)|| < Ce A v]|, for all v € E* and ¢ > 0.

We will use v to denote a typical periodic ¢-orbit and write I(v) for its period.
As in the introduction, let P(¢) denote the set of prime periodic ¢-orbits, where a
periodic orbit v = {¢(x) : 0 <t <I()} is prime if ¢;(z) #  for all 0 < ¢ < (7).

We will be interested in the first homology groups, Hy(M,Z) and H;(M,R) =
H{(M,Z) @z R. Hy(M,Z) is isomorphic to Z* x A, where b > 0 is the first Betti
number of M and where A is a finite abelian group. Each v € P(¢) defines a
homology class [y] € Hy(M,Z) and we write [y]tr € Z° for its torsion-free part.
We say that ¢, is homologically full if the map [-] : P(¢) — H1(M,Z) is a surjection.

An Anosov flow fails to be topologically weak-mixing if and only if it is the
constant suspension of a diffeomorphism [13]. As a consequence, if ¢; is homologi-
cally full, then it is automatically topologically weak-mixing (since, for example, a
suspension flow has no null homologous periodic orbits) [17].

As above, let Pr(¢) = {v € P(¢): l(y) < T} and, for « € H{(M,Z), let
Pr(¢,a) ={vy € Pr(¢) : [v] = a}. The following was proved in [17]. (More precise
results with error terms appear in [14].)

Proposition 3.1. Let ¢y : M — M be a homologically full transitive Anosov flow.
Then there exists 0 < h* < h , £ € H'(M,R) and a constant C > 0 such that, for
each a € Hi(M,Z),

h*T

#Pr(¢, a) ~ Ce(&arr) e

W’ GST—>OO,

where aTr is the torsion-free part of a.
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The quantities h* and £ appearing in the asymptotic may be characterised in the
following ways. For F' € C(M,R) we define its pressure P(F') by

P(F) = sup <h¢(m) + / de> ,

where the supremum is taken over ¢-invariant probability measures m with entropy
hg(m). Let w be a closed 1-form on M, giving rise to a (de Rham) cohomology
class [w] € HY(M,R), and let Z : M — TM be the vector field generating the flow.
Define 3 : HY(M,R) — R by B([w]) = P(w(Z)). Then f is strictly convex and has
a finite minimum occurring at £ € H*(M,R). If m is a ¢-invariant measure then we
define its asymptotic cycle ®,, € Hi(M,R) by the duality ®,,([w]) = [w(Z)dm.
Then we have h* = (§) = sup{hy(m) : ®,, = 0}. See [17] for further details.
Proposition 3.1 was proved by considering L-functions indexed by the character
group of Hy(M,Z), i.e. T® x A. In order to study the holonomy induced by v, we
shall consider augmented L-functions which take into account the representations
of G. We will follow the approach of [11] and Chapter 8 of [12]. To simplify the
exposition, we shall assume that A is trivial, so our character group for homology
will just be T® and [y]rr = [y]. Given the results of [17], the presence of torsion
creates no extra difficulties. Let R, be an m-dimensional (m > 1) irreducible
unitary representation of G with character y. We will consider the L-function

. —1
Lisit) = [T (det (1= Ry(n(q)etorsemitebhebh))
YEP(9)

where ¢ € T®. We will analyse these functions in sections 5 and 6.

4. SHIFTS OF FINITE TYPE

In this section we introduce the symbolic dynamical systems, shifts of finite type,
which may be used to model Anosov flows. We begin with some definitions. For
k > 2, let A be a k x k matrix with entries 0 and 1. We define the two-sided shift
of finite type associated to A to be the space

2:{.%': ((EZ)OO S {1,...,]€}Z : A(Z‘i,xi+1) = 1V’L€Z}7

equipped with the shift map ¢ : ¥ — ¥ defined by (oz); = x;41. Similarly, we
define the one-sided shift of finite type to be the space

St ={z =) €{1,....k}%" : Ay, 2i41) =1 Vi€ ZT},

equipped with the shift map o : ¥ — X% defined by (0x); = x;11. We note that
there is an obvious correspondence between the periodic orbits for o : 3 — 3 and
o: YT =¥t

Define an equivalence relation ~,, on ¥ by x ~, y if x; = y; for |i|] < n and,
for 0 < 6 < 1, define a metric dy by dgp(z,y) = 6" if © ~,, y but © #,41 y. This
makes ¥ into a compact metric space. For a metric space Y, let Fyp(X,Y) denote
the space of dyp-Lipschitz functions f : ¥ — Y. We will be particularly interested
in the cases Y = R or C, or, more generally, C™, m > 1. These are Banach spaces
with respect to the norm || - g := || - ||oc + | - |o, where |f|o is the best choice of
Lipschitz constant for f. We make similar definitions on ¥T, except that, when
defining ~,,, the condition |i| < n is replaced by 0 <14 < n.

We say that two functions f,g € Fp(X2,C) if there is a continuous function w :
¥ — C such that f = g+uoo —u. Write f*(z) = f(z) + f(oz) + -+ f(o" 'a).
If f and g are cohomologous then f"(x) = ¢"(x) whenever o2z = z. We also say
that two functions &, A € Fy(X,G) are cohomologous if there exists ( € C(X,G)
such that k = (¢ o o)A, Write K, (2) = k(0" 12) - k(oz)k(z). If kK and X are
cohomologous then k, () and A, (x) are conjugate in G whenever c"x = z. Again,
the same holds with 3 replaced by 2+.
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We define the pressure P(f) of a function f € C(%,R) or C(XT,R) by

P(f) = sup ( +f fdv) ,

where the supremum is taken over o-invariant probability measures on ¥ or ¥ 1. It
is also characterised by the limit

o1 "
P(f) :nlirr;oﬁlog ,Z el @),
o' rT=x
For f € Fp(X™",C), we define the transfer operator Ly : Fy(E+,C) — Fp(E+,C)
by
(Lrw)(@) = I Wu(y).
ocy=x
If f is real-valued then the spectral radius of Ly is equal to e’ (f) and, moreover,
eP() is a simple eigenvalue and the rest of the spectrum is contained in a disc
of strictly smaller radius. More generally, if Imf is cohomologous to a constant
a € R, then eP(Bef)+ia is 3 simple eigenvalue for £ and the rest of the spectrum
is contained in a disc of strictly smaller radius, in which case, we define e(f) =
eP(Ref)+ia  We may then use eigenvalue perturbation theory to extend f — (/)
as an analytic function on a larger domain D C Fy(XT,C).
The definition of transfer operator may be extended to include twisting by unitary
matrices. For a function U € Fy(XT,U(m)), m > 1, we define the twisted transfer
operator Ly : Fy(X+,C™) — F9(2+ C™) by

(ﬁfU Z ef(y)U ().

oy=x

We will discuss these operators further in the next section.

5. SYMBOLIC DYNAMICS FOR ANOSOV FLOWS

The Anosov flow ¢; : M — M may be modelled by a suspension flow over ¥ and
this in turn may be transferred to a suspension semiflow over o : ¥ — X+, More
precisely, we have the following [1]. Given a strictly positive function r € Fp(X,R),
we define

"={(z,s) eXxR: 0<s<r(x)}/ ~,
where (z,r(x)) ~ (oz,0), and the suspension flow of : ¥ — X" by o} (z,s +
t) modulo the identifications. We note that there is an obvious correspondence
between the periodic orbits of o] and ¢ and that if a periodic o"-orbit corresponds
to o™z = x then this orbit has period r"(x).

Given ¢, we can find a mixing shift of finite type o : ¥ — ¥ and strictly positive
function 7 € Fp(X1,R) (for some choice of 0 < 6 < 1) so that there is a surjective
Holder continuous semi-conjugacy 7 : 3" — M between o] and ¢, that is one-to-one
on a residual set. This induces a surjection from the set of prime o-periodic orbits
to P(¢). In addition to 7, we can choose a locally constant function f : ¥ — Z°
(which we may arrange to only depend on two co-ordinates, f(x) = f(zg,21)) and a
function k € Fp(X+, Q) such that, if {z,0z,...,0" 12} (with o™z = z) is mapped
to v then

(i) ™ (x) =1(7);
(ii) f™(x) = )

(iii) k() is in the conjugacy class h(7).

We now pass to the one-sided shift o : ¥ — ¥F. The function f is clearly
defined as a (locally constant) function f : ¥+ — Z'. Furthermore, we may choose
a function ' € Fyi2(X,R) that is cohomologous to r and which only depends
on the future coordinates, i.e. ((x;)2_.) = ' ((z:)2,) ([12], Proposition 1.2).
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Thus we may regard r’ as an element of Fyi,2(XT,R) and, when ¢z = x, we have
(r)"(x) = r™(x) (where we are using the obvious correspondence between periodic
points of the one-sided and two-sided shifts). Also, there exists &' € Fpi/2(%, G)
that is cohomologous to x and which only depends on the future coordinates ([12],
Appendix IT). Although this cohomology does not give equality of !, (z) and &, (),
for 0"z = z, if R, is a unitary representation of G’ with character x then

X(#y,(2)) = Trace(Ry (;,(2))) = Trace(Ry(kn(2))) = Xx(rn (@),
whenever ¢”x = x. From now on, we will suppress the primes and the square root,
and suppose that r € Fp(X1,R) and k € Fp(XT, Q).

We note that x : T — G induces a skew-product system ¢ : ¥7 x G — Xt x G
defined by o(z,g9) = (ox,k(z)g). The next lemma follows immediately from the
transitivity of ¢y : N — N.

Lemma 5.1. 5 : 31T x G — X1 x G is transitive.

There correspondence between periodic o-orbits and periodic ¢-orbits is not a
bijection. However, the discrepancy caused by the overcounting has small growth
relative to the leading asymptotics [1]. In fact, it follows from the analysis of [17]
that, if we define a symbolic L-function

o0
1 e, o
Lo(s,t,x) = expz - Z X(kin(z))e™ ™ (@) +(E+2mit, (I)>7
n=1 otx=x
then L(s,t,x)/Lo(s,t, x) is non-zero and analytic for Re(s) > h* — e. Thus, to get
the results we require, it will be sufficient to study the functions L, (s, t, x).
Since

Z X(Hn(x))efsr"(m)+<£+27rit,fn(a:)) <m Z e~ Re(®)r™ (@) (61" (@)

we have that L, (s, t,x) converges to a non-zero analytic function for P(—Re(s)r +
(¢, f)) <0, i.e. for Re(s) > h*. In order to make progress, we need to extend it
to a larger domain and this in turn depends on the spectrum of twisted transfer
operators.

Let R, be an m-dimensional irreducible representation of G' and write U =
R, ok : X" — U(m). The following is Theorem 8.1, Theorem 8.3 and Proposition
8.3 of [12] (cf. also Proposition 3.7 of [10]).

Lemma 5.2. Let f = u+iv € Fp(XT,C) and let p(Ls,1) denote the spectral radius
Of[:ﬁU : F9(2+,(Cm) — F9(2+,(Cm).
(i) We have p(Ly ) < . Purthermore, if p(Lsr) = P then there exists
w € Fp(XT,C™), w#0, and a € R such that

Lyyw = el WHiay,

(ii) If m > 1 then p(Ls ) < eP®).
Proof. Part (i) is proved using adaptations of the theory developed earlier in [12].
It may be useful to give a proof of part (ii). Without loss of generality, we may
assume that P(u) = 0. Suppose p(Lf ) = 1. By (i), there exists w € Fy(X+,C™),
w # 0, and a € R such that
Liyw = ew.
Using a standard convexity argument (as in [12]), it follows that
WU (y)w(y) = ' w(oy),
for all y € ¥ 7. Rewriting, we have
"W (y) = Uy) " w(oy).
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for all y € X*. Since the set of pre-images | J,~o{z € X1 : 0"z = z} of any point
in z € ¥ is dense, we see from this argument that w is nowhere zero.

Now consider the function W : ¥ xG — C™ defined by W (xz, g) = Ry (¢~ w(x).
Then

W (oz, k(x)g) = Ry (g~ )Ry (k(2) w(oz)

= By(g™)e 0 u(a)

= W (2, ),
Iterating this argument, we have that, for each x € ¥, {W(o"z, k,(x)) : n > 0}
is contained in the compact set {e*“W (x,1) : ¢ € R}. By Lemma 5.1,5 : 3+ x G —
¥* x G is transitive, and so we can choose z € 7 such that {(c"z, k,(x)) : n > 0}
is dense in ¥ x G. Tt follows that

{Ry(g Hw(z) : g € G} C {e“w(x) : c € R},

so the representation leaves invariant a 1-dimensional subspace, contradicting m >

1. |

Combining Lemma 5.2 with the arguments in Chapter 4 of [12], which show how
the transfer operator determines the analytic behaviour of L, (s, t, x). We have the
following.

Proposition 5.3. Let R, be an m-dimensional irreducible representation of G.

(i) If m > 1 the Ly(s,t,x), and hence L(s,t,x), is non-zero and analytic in a
neighbourhood of {s : Re(s) > h*} x T,

(ii) If m =1 then L,(s,t,x), and hence L(s,t,x), is non-zero and analytic in
a neighbourhood of (W* +i7,t) unless L_(p«iryr4(c42rit,f),xor has 1 as an
etgenvalue.

We end the section by noting that if £_(,«1ir)rq(et2rit,f),xor Das 1 as an eigen-

value then ' _
e (z)+2mi(t, f (m))X(Hn(x)) -1

whenever c"x = x.

6. EQUIDISTRIBUTION RESULTS

In this section we will prove Theorems 1.2, 1.3 and 1.4. We will work with higher
order logarithmic derivatives of the L-functions. Write v = [b/2] and define
v+1
n(s,t,x) 1= a S log L(s, b, x)

— Z Z NI (B(y)™)el s +2mict D +HEhn,

n=1~eP(¢

It will now be convenient to mtroduce a set Q(¢, ) consisting of all, not necessarily
prime, ¢-periodic orbits with homology class «. For « € Hy(M,Z), we also define

Na(s,x) = /Tb e 2milted e~ (&) (s, ¢, x) dt

= Z > n (=) T () e M),
n=1~y"cQ(¢,x)
where 4" is the periodic obtained by traversing the prime periodic orbit v n times.

We will now prove our equidistribution results. By Proposition 2.1, it is enough
to work with a class function of the form

n
F=> axi
=0
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where the x; are characters of irreducible unitary representations, with xo = 1 and
ap = [ F dHaar. We define

Na(s, F) =Y ama(s,x) = > n’(=1(y)" T F(H(y)")e ).
1=0

n=1y"€Q(¢,a)

6.1. Case 1: G semisimple. In this case, G has no non-trivial one-dimensional
representations. When R, in a m-dimensional representation with m > 1, part (i)
of Proposition 5.3 gives that n(s,t, x) is non-zero and analytic of a neighbourhood
of {s: Re(s) > h*} x T and hence 71,(s,x) is analytic in a neighbourhood of
{s : Re(s) > h*}. Furthermore, the analysis of [17] shows that 7,(s, 1) is analytic
in a neighbourhood of {s : Re(s) > h*} \ {h*}. We also have the following result,
which follows immediately from Lemma 3 of [17].
Lemma 6.1. There exists C > 0 (independent of o and F') such that the following
hold.
(i) If b is even then
. . (—=1)*TCaq
1 o A)
gg}}*(n (¢ +ir, F) s+ir —h*
exists for almost every T € R and is locally integrable. Moreover, the dif-

ference is dominated by a locally integrable function for ¢ > h*.
(ii) If b is odd then

(71)u+1cﬂ_1/2a0
(¢ + it — h*)1/2

exists for almost every T € R and is in the Sobolev space Wli)cl (R). More-
over, the difference is dominated by a locally integrable function for ¢ > h*.

lim (na(g +ir, F) —
s—h*

When b is even we can use the Wiener-Ikehara Tauberian Theorem and when b
is odd we can use a version of the Agmon-Delange Tauberian Theorem from [7] to
deduce that

SoS wI) RE(()) ~ Ce 6 ( / FdH) e,
n=1~y"€Qr(¢,a)

as T — oo, where C' > 0 is independent of «. It easily follows, since non-prime
periodic orbits have a slower exponential growth rate that

S ) ER) ~ Ce € ([ Fdtaar) e,

YEPT(¢,)

as T — oo. Decomposing F' into real and imaginary parts, and then these into
positive and negative parts, we can use standard partial summation techniques to
conclude that

oh*T
ST F(h(y) ~ Cemlo) (/FdHaar) T

YEPT (¢,)

as T — oco. Hence Theorem 1.2 holds by comparing this with the asymptotic for
Pr(¢,a), i.e. the case F' = 1.

6.2. Case 2: G not semisimple. If G is not semisimple then it has non-trivial
one-dimensional representations (characters). Let x : G — T! be such a non-trivial
character. We need to show that, under the hypotheses of Theorem 1.3, L(s,t, X)
is non-zero and analytic on a neighbourhood of {s : s > h*} x T®. If Re(s) > h*
then we automatically have convergence to a non-zero analytic function, so we only
need to avoid a singularity at (h* + iT,t) for any 7 € R and ¢ € T®. This amounts
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to showing that L_(p«4ir)rt(e42rit, f),x does not have 1 as an eigenvalue. In view
of the comment after Proposition 5.3, it is enough to show that

e= T2 3 (h(9)) = 1

cannot hold for all v € P(¢). If it were to hold then, in particular, considering null
homologous periodic orbits, we would have

e X (h(7)) =1
for all v € P(¢,0). Applying hypothesis (iii) of Theorem 1.3, this implies that 7 = 0
and x = 1, a contradiction. The proof now continues as in the semi-simple case.
To end the section, we prove Theorem 1.4. Consider again the equation

eIy (h(1)) = 1 Yy € P(o),

where x : G — T" is a non-trivial character. If ¢; has time-reversal symmetry,
for each v € P(¢), we can consider its time-reversed twin ¢(vy), which satisfies
=1(v),

1((y)) = 1(7), [t(7)] = —[7] and b(¢(7)) = h(y)~!. Thus we obtain
e—2i7’l('y) =1 V’Y c P(¢)

Since ¢4 is weak-mixing, this can only hold when 7 = 0. Substituting back, we get

2ty (h(y)) =1 Yy € P(o)

and then, restricting to null homologous periodic orbits,

x(h(7)) =1 Vye€P(9,0).

Now the hypothesis of Theorem 1.4 gives x = 1, a contradiction as before. The
proof then continues in the same way as above.

7. FRAME FLOWS

Let V' be a compact d-dimensional Riemannian manifold with negative sectional
curvatures. Let M = SV be the unit-tangent bundle and let ¢ : M — M be
the geodesic flow; this is a homologically full transitive Anosov flow. Let N be the
bundle of d-dimensional frames over V and let ¢y : N — N be the frame flow:
parallel transports (eq,...,eq) € N along the geodesic determined by e;. Then the
map (eq,...,eq) — e; makes N into a principal SO(d — 1)-bundle over M so that
iy factors to ¢y.

The frame flow ; leaves invariant a measure which is locally the product of the
(normalised) Riemannian volume on M and the Haar measure on SO(d —1). When
we discuss ergodicity of 1 it will be with respect to this measure.

We note that if d > 4 then SO(d — 1) is semisimple. (In fact, it is simple when
d is even.)

Theorem 7.1. Let V' be a compact negatively curved Riemannian manifold of
dimension d > 4 such that the frame flow is ergodic. Then ¢: has homology-
equidistributed holonomy.

Proof. If ¥y : N — N is ergodic then it is transitive. The other hypotheses of
Theorem 1.2 are automatically satisfied and so the result holds. O

Remark 7.2. If V is a compact manifold that admits C3 metrics of negative
curvature then those metrics with ergodic frame flow form an open and dense set
(Brin [2]). Moreover, if V' has a Riemannian metric with sectional curvatures in
[—ca,—c1] for 0 < ¢; < cg. then the frame flow is known to be ergodic under the
following circumstances:

(1) if V has constant negative curvature (Brin [3]);
(2) if d is odd and d # 7 (Brin and Gromov [4]);
(3) if d is even, d # 8 and ¢;1/ca > 0.93 (Brin and Karcher [5]);
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(4) if d =7 or 8 and ¢1/c2 > 0.99023. .. (Burns and Pollicott [6]).

However, if V' is a compact negatively curved Kahler manifold with d > 4 (e.g. a
quotient of complex hyperbolic space) then the frame flow is not ergodic due to
the presence of an invariant complex structure. Examples are given by quotients of
complex hyperbolic space or other rank 1 locally symmteric spaces of non-constant
curvature. In these settings, homology-equidistribution of holonomy with respect
to the appropriate (smaller) holonomy group was proved in [8] (see also [10]).

If d = 3 then the frame bundle is a principle G-bundle over SV with G = SO(2) &
T!. Since the frame flow is ergodic d = 3 and the geodesic flow has time-reversal
symmetry, we have the following corollary of Theorem 1.4.

Theorem 7.3. Let V' be a compact negatively curved Riemannian manifold of di-
mension 3 such that the frame flow is ergodic. Suppose that {b() : v € P(¢,0)}
is not contained in a proper closed subgroup of SO(2). Then ¢; has homology-
equidistributed holonomy.

Remark 7.4 (Convex co-compact quotients). Let ¢; : 2 — €2 be a (weak-mixing)
hyperbolic flow on a set {2 contained in a manifold M. We may still use the analysis
of [17] to obtain an asymptotic counting result for periodic orbits in a prescribed
homology class in Hy (M, Z) provided we assume that every class in Hy (M, Z) is rep-
resented by a periodic orbit. (We may also obtain results with respect to Hy(£2,Z)
provided this is assumed to have finite rank.) In particular, this holds for the
geodesic flow over a convex co-compact quotient of a pinched negative curvature
complete simply connected manifold, where 2 is the non-wandering set. Thus we
may obtain similar equidistribution results from the frame flow in this setting.
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