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DIMENSION OF MEASURES FOR SUSPENSION FLOWS

L. BARREIRA, L. RADU, AND C. WOLF

ABSTRACT. We consider hyperbolic flows and more generally suspen-
sion flows over two-sided subshifts of finite type, and establish an ex-
plicit formula for the pointwise dimension of an arbitrary measure (in
particular the measure is not necessarily ergodic and it may not possess
a local product structure). The applications of this formula include the
description of the Hausdorff dimension of a given measure in terms of
an ergodic decomposition, and the proof of the existence of measures of
maximal dimension.

1. INTRODUCTION

Suspension flows naturally occur as models for flows possessing hyperbolic
behavior. In particular, in the case of uniformly hyperbolic flows one can use
the Markov systems introduced by Bowen [6] and Ratner [13] to associate
suspension flows to the dynamics. This approach conveniently allows us to
work with the symbolic dynamics on the base of a suspension flow and then
to transfer the results to the original flow (in many cases this transference
requires a great care although this problem is of different nature, and es-
sentially depends on the point of view of our approach, namely topological,
dimensional, etc).

We consider suspension flows over a subshift of finite type and we intro-
duce an appropriate metric on the base of the suspension that unlike the
“standard” symbolic metrics may be “nonuniform”. This corresponds to
the existence of possibly nonconstant Lyapunov exponents Ag(x) and A\, (z)
(or more precisely of an appropriate version of Lyapunov exponents) for
the subshift of finite type along the “stable” and “unstable” directions (see
Section 2.3 for the definition). This approach also allows us to describe the
Hausdorff dimension of a set that is invariant under the suspension flow in
terms of a Carathéodory dimensional characteristic that is essentially de-
fined in terms of the Lyapunov exponents.

Our main result is an explicit formula for the pointwise dimension of an
invariant measure. Namely, let v be a probability measure invariant under
a suspension flow ® on the space Y. We show that for v-almost every x € Y
we have (see Theorem 1)
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Here B(z,r) is the ball of radius r centered at x with respect to the so-
called Bowen-Walters distance (see Section 2.1 for the definition), which
is the natural distance on the phase space of a suspension flow, and h, (x)
denotes the local entropy of v at x (see Section 3). The limit on the left-
hand side of (1), whenever it exists, is called the pointwise dimension of v
at .

In the case of conformal hyperbolic flows (see Section 5.1) Pesin and
Sadovskaya [12] established (1) for equilibrium measures of a Holder con-
tinuous potential (note that these measures are ergodic and possess a local
product structure), while we consider arbitrary measures. In fact, we fol-
low a different approach developed by Barreira and Wolf in [5] to establish
(1) for an arbitrary measure invariant under conformal hyperbolic dynam-
ics. It should be pointed out that (1) is a version of the formula obtained
by Young in [16] in the case of ergodic measures invariant under surface
diffeomorphisms with nonzero Lyapunov exponents.

We provide two applications of the formula in (1). The first is a de-
scription of the Hausdorff dimension of an invariant measure (again not
necessarily ergodic) in terms of an ergodic decomposition. We recall that
the Hausdorff dimension of a probability measure v on Y is defined by

dimg v = inf{dimy 7 : v(Z) = 1},

where dimg Z denotes the Hausdorff dimension of the set Z. For any ergodic
decomposition of v we have (see Theorem 3)

dimpy v = esssup, dimpy p,

with the essential supremum taken with respect to the ergodic decompo-
sition. The second application is a proof of the existence of ergodic in-
variant measures of maximal dimension (see Theorem 4). This means that
there exists an ergodic invariant measure which attains the supremum of
the Hausdorff dimensions over all invariant measures (including the noner-
godic measures). The main difficulty of this problem is that the function
v — dimg v is not upper-semicontinuous.

The following is a description of the contents of the paper. In Section 2 we
introduce some basic notions and present the least possible requirements for
the suspension flows that allow our approach to work. Section 3 contains
a proof of formula (1) and the description of the Hausdorff dimension of
invariant measures in terms of ergodic decompositions. Section 4 addresses
the existence of measures of maximal dimension. In section 5 we consider
the case of hyperbolic flows. Our approach closely follows the approaches
developed in [4, 5] for hyperbolic diffeomorphisms and is based on the ther-
modynamic formalism. All the necessary results from the thermodynamic
formalism are recalled or briefly established in the appendix. Instead of re-
peating the arguments in [4, 5] we carefully highlight the required changes.

2. SUSPENSION FLOWS

2.1. Basic notions. Let 0: X — X be a homeomorphism of the compact
metric space X, and let 7: X — (0,00) be a continuous function. We



DIMENSION OF MEASURES FOR SUSPENSION FLOWS 3

consider the space
Y={(z,t) e X xR:0<t<7(x)},

with the points (z,7(x)) and (o(z),0) identified for each € X. The sus-
pension flow over o with height function 7 is the flow ® = {¢;}ter on Y
with ¢ Y — Y defined by ¢¢(v,s) = (v,s +t). We extend 7 to a function
7:Y — R by
7(z) =min{t > 0: gz € X x {0}},

and we extend o to a map o: Y — X x {0} by (x) = ¢(;)7. Since there
is no danger of confusion we continue to use the symbols 7 and o for the
extensions and we identify the base X x {0} with X.

One can introduce in a natural way a topology on Y which makes Y
a compact topological space. This topology is induced by a distance dy
introduced by Bowen and Walters in [8] (see for example the appendix of
[2] for details), that we call Bowen—Walters distance in this paper.

We briefly recall its definition. Without loss of generality one can assume
that the diameter diam X of X is at most 1. If this is not the case then
since X is compact one can simply consider the new distance dx/diam X
on X. We first assume that 7 = 1 on X, and introduce the Bowen—Walters
distance d; on the corresponding space Y. We shall first consider horizontal
and vertical segments. Given x, y € X and t € [0, 1] we define the length of
the horizontal segment [(x,t), (y,t)] by

ph((.%',t), <y7 t)) = (1 - t)d)((.%', y) + td)((O'.%', Uy)'
Note that

pr((2,0),(y,0)) = dx(z,y) and  pu((2,1),(y,1)) = dx (0@, 09).
Furthermore, given (z,t), (y,s) € Y on the same orbit we define the length
of the wvertical segment [(x,t), (y,s)] by

po((@,1), (4,5)) = inf{lr] : 1 (2,8) = (y,5) and 7 € R}.

Finally, given two points (x,t), (y,s) € Y the distance d;((x,t), (y,s)) is
defined as the infimum of the lengths of paths between (x,t) and (y,s)
composed by a finite number of horizontal and vertical segments. We now
consider the case of an arbitrary function 7, and introduce the Bowen—
Walters distance dy on Y. Given two points (z,t), (y,s) € Y, we set

dy ((z,1), (y,5)) = d1((z,t/7(2)), (y, s/7(s)))-
Given (z,t), (y,s) € Y we set
dx(z,y) + [t — s,
d((@1), (5,8) = min { dx(o2,9) +7(z) — ¢+,
dx(z,oy) +7(y) —s+t

It was established by Barreira and Saussol in [2] that there exists a constant
¢ > 1 such that if p, ¢ € Y then

¢ ldr(p,q) < dy(p,q) < cdr(p,q). (2)

We denote by Mg (Y') the space of ®-invariant probability measures on Y’
and by M, (X) the space of o-invariant probability measures on X. There
is a canonical identification between these two spaces. Namely, for each



4 L. BARREIRA, L. RADU, AND C. WOLF

measure 4 € M, (X) and m the Lebesgue measure on R the product measure
1 x m attributes zero measure to the base X x {0} and we can define a map

T: My(X) — Ms(Y) by

T(p) =Ty = (uxm)ly/(pxm)Y). 3)
The relation between the measures p and T}, is given by
Agd
/ adl), = M (4)
Y fX Tdp

for each continuous function a: Y — R, where A,: Y — R is defined by

7(x)
Ay(x) = /0 a(pyx) dt.

It is straightforward to verify that 7" is onto and one-to-one. In particular
any measure in Mg(Y') is of the form T}, for some measure u € My (X).

See Section 5.1 for the principal examples of suspension flows over a topo-
logical Markov chain, obtained from hyperbolic flows and the associated
so-called Markov systems.

2.2. Metric on the base and Hausdorff dimension. We now consider
the case when o: X — X is a two-sided topological Markov chain on X C
{1,...,p}*. We equip X with the topology induced by the cylinders

C’anm:{(jo)jk:Z]g for —nSkSm},

where i_y, ..., iy € {1,...,p}. Let Bs: X — R and B,: X — R be contin-
uous negative functions and write

ds(Ci_poiny) = SUD eXPZﬁs(Uk(x))7
k=0

mGCi_n...im

dy(C;_, .i,,) = sup  exp Z Bu(oF(x)).
k=0

zeC;

_pim

We define a distance d on X by
d((--dg-++), (- Jo- ) = lio — Jo| + ds(Ci_,,, in,) T du(Ci_,,  in, ),

where
ns = max{n € N : i, = j; for k <n},
ny, = max{n € N : i = j;, for k > —n}.

It is straightforward to verify that the diameter of a cylinder C' computed
with respect to the distance d is given by

diamg C' = ds(C) + dy(C). (5)

The distance d was introduced by Barreira and Saussol in [2]. The topology
induced by d coincides with the topology generated by the cylinders. It
makes X a compact metric space and it is straightforward to verify that G,
and 3, are Holder continuous with respect to the distance d.

The distance d also induces a Bowen—Walters distance dy on Y. In this
paper we always compute the Hausdorff dimension of subsets of Y with
respect to this distance.
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We now give an alternative definition of the Hausdorff dimension as a
Carathéodory dimensional characteristic (for a detailed introduction to the
theory of Carathéodory dimensional characteristics we refer to the book by
Pesin [11]). Given a € R and Z C X we consider the function

M — i _ B
(Z, ) %1_1)7%11# Z exp(—ads(C) — ad,(C)),
cerll
where the infimum is taken over all covers I' of Z by cylinders C;_, ...;,.
m > ¢ and n > {. The (05, By)-dimension of Z is defined by
dimg, g, Z = inf{a : M(Z, ) = 0}.

It follows from (5) that the (35, (,)-dimension coincides with the Hausdorff
dimension with respect to d.

with

2.3. Lyapunov exponents. We now introduce numbers that play the role
of Lyapunov exponents in the case of suspension flows. We note that given
a function #: X — R there always exists a continuous function a: ¥ — R
such that A,|X = (. For example, we can define a: Y — R by

for each z € X and t € [0, 7(z)], where 9: [0,1] — [0,1] is any fixed nonde-
creasing C'! function such that ¢(0) = 0, (1) = 1, and ¥'(0) = ¢/(1) =
We now consider continuous functions (s: Y — R~ and (,: Y — RT such
that

ACs’X =pfs; and ACu‘X = —Su. (6)
With the help of Proposition 17 in [2] one can easily verify that if 7 is Holder
continuous then {; and (, are also Holder continuous.

For each x € Y we define the numbers

As<x>:tgr+noo;/cs era)dr and Ay :g+mm;/<us0r . (D

whenever the corresponding limit exists. By Birkhoff’s ergodic theorem
As(z) and Ay (x) are well-defined v-almost everywhere with respect to any
®-invariant probability measure v on Y, and

/Y)\Sdu:/ygsdy and /YAudu:/Ygudu. (8)

It is straightforward to verify that the domains of these functions are ®-
invariant and that each of the functions is ®-invariant on its domain. We
observe that

k X = Tn(m)a X
S At @)= [ atpi)

where 7,,(z) = Y724 7(c*(x)). This implies that

As(prx) = lim

n—+o00 Ty (T

S~—

gl

o =
i

—_

Bu(ak(m)),

k=0

Aulo) == lm =S
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whenever the corresponding limit exists. These identities show that the
definition of the functions As and A, in (7) is independent of the particular
extensions A¢, of 35 and A¢, of —3, to the space Y.

3. POINTWISE DIMENSION AND ERGODIC DECOMPOSITIONS

Let ® be a suspension flow on Y over the map o: X — X and let v €
Mg (Y). For v-almost every x € Y there exists the limit

1
hu(m) :iii%tliIgo_zlogl/(B(xatae))? (10)

where
B(z,t,e) ={y € Y : d(¢ry, rr) < € whenever 0 < r < t}. (11)

The number h, (x) is called the local entropy at x. The function x — h,(x)
is v-integrable, ®-invariant v-almost everywhere, and the Kolmogorov—Sinai
entropy h,(®) of ® with respect to v is given by

o (@) = /Y ho () dv(z).

The lower and upper pointwise dimensions of v at the point x € Y are

defined by

1 B - 1 B
d,(x) = liminf log v(B(x, ) and d,(z) = limsup log v(B(z, )
r—0 log r r—0 logr
where B(z, ) is the ball of radius 7 centered at x with respect to the Bowen—
Walters distance (see Section 2.1). It follows from (2) that if x = (y,¢) with
y € X and t € [0,7(y)] then

Bx(y,r/c) x (t —r/e,t +1/c) C B(z,r) C Bx(y,cr) X (t —cr,t + cr)

for all sufficiently small > 0. Using (3), this implies that if © € M, (Y) is
the unique o-invariant probability measure on X such that T'(u) = v (see
Section 2.1) then

p(Bx (y,r/c))2r/c

w(Bx (y,cr))2er
Goxmyy) =TS

— (pxm)(Y)

and hence
d,(x)=d,(y)+1 and dy(z)=du(y)+1.
Our first result is an explicit formula for the pointwise dimension of v in
terms of the local entropy and of the Lyapunov exponents.

Theorem 1. Let ® be a suspension flow on'Y over a two-sided topological
Markov chain with Holder continuous height function, and v a ®-invariant
probability measure on Y. Then, for v-almost every x € Y we have

4,0) = 00) = 1o (55~ 1)

Proof. By Birkhoft’s ergodic theorem, for v-almost every = € Y there exists
the limit

x(z) = lim Tn(x)

n—oo n

(12)
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Using the Shannon—-McMillan-Breiman theorem, we can show that for v-
almost every x = (v,s) € Y we have

1 1
hy(z) = —— i —1 Rym(v)), 13
(@) = 1) nhiB e g 108 #(Fnm (V) (13)
where p denotes the measure induced by v on X, and R, (v) = Ci_,,,...i,,
is any cylinder such that v € R, ,,(v). Let now Z be a full v-measure

®-invariant set of points z € Y such that:
1. the numbers As(x) and Ay (z) in (7) and x(x) in (12) are well-defined;
2. the number h,(z) in (10) is well-defined and satisfies (13).

Fix € > 0 sufficiently small. For each x = (v,s) € Z there exists p(z) € N
such that if m, n > p(z) then

—

(@) (a(@) —2) < 3 Bal0H (1) < n(@) Aula) + 2,
k=0
@) () — 2) < = 3 Bul0*(0)) < Tu(@)Ma(z) + ).
=0

n(x(z) — ) < m(z) <n(x(x) +e),

—hu(@)x(2) — e < - log p(Binm (v)) < —hu(2)x(2) +&.

Fix now ¢ € N and define the set Qy = {x € Z : p(x) < ¢}. This plays
the role of a Pesin set. For each x = (v,s) € Z there exists r(x) > 0 such
that for every r € (0,7(z)) we can choose m = m(x,r) and n = n(x,r) with
Tm(), T (x) > p(x) such that

m—1 m
exp Z Bs(c®(v)) >r and eXpZBs(Uk(v)) <,
k=0 k=0

n—1 n
eXp Z ﬂu(ak(v)) >r and exp Z Bu(o-k(v)) <T.
k=0 k=0

Set R(z,7) = Ry(2,),m(z,)(v). By approximating the ball B(x,r) by the set
R(xz,r) x I.(z), where I,.(z) is some interval of length 2r, we can proceed in
a similar way to that in [5, Theorem 15] to establish the desired result. For
completeness we include the detailed argument here.

It follows from (2) and the construction of R(z,r) that there exists v > 0
(independent of x and r) such that B(x,vyr) D R(x,r) x I,(x). Thus, for
each z € Z\ X and each sufficiently small r we obtain

v(B(z, 7)) 2 p(R(z,r))2r = exp[(=hy (2)x(z) — €)(n + m)]2r
> exp[—hy (z) (1o (z) + T (2)) — (hy(x) + 1)e(n + m)]2r
> exp [(—hy(2) — a(@)e)(Ta(x) + Tn(2))] 27,
where a(x) = (hy(z) + 1)k with kK = 1/ min{minx 7, 7(x)}. Therefore

(B2, 1)) > exp [(hy(x) + a(@)e) < Aul((;g) . Az(;g): 5>] o
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Taking logarithms, dividing by logr, and letting » — 0 it follows readily
from the arbitrariness of € that

@) <o) (55~ 5 )+

for every x € Z\ X and hence for v-almost every x € Y.

The lower bound for the pointwise dimension requires additional argu-
ments. Given z in the full v-measure set Z we consider the set I'(x) of
points y € Z such that

As (W) = As (@) <& [Au(y) = Aul@)] <, [x(y) —x(2)] <&, |h(y)—h(2)] <e

The ®-invariant sets I'(x) cover Z and we can choose points y; € Z fori = 1,
2, ... such that I'; = I'(y;) satisfy v(I';) > 0 for each i, and |J;cy I'; has full
v-measure. Proceeding in a similar way to that in [11, Section 22], for each
x € I;NQg and r > 0, we denote by R'(x,r) the largest rectangle containing
x with the property that R'(x,r) = R(y,r) for some y € R'(z,7) NT; N Qy
and that R(z,r) C R'(x,r) for any z € R'(z,7) NT; N Q. Two sets R/ (x,r)
and R/(y,r) either coincide or intersect at most along their boundaries.

The Borel density lemma (see for example [9, Theorem 2.9.11]) tells us
that for v-almost every x € I'; N @y we have

lim I/(B(l‘, T’) NnI;N Qg)
r—0 v(B(z,r))

=1.

Therefore, for v-almost every x € I'; N Qg there exists r(x) > 0 such that
v(B(z,r)) <2v(B(xz,r) NT; N Qy)

for each r € (0,r(x)). Furthermore, there exist a constant K > 0 (indepen-
dent of x and r) and points x1, ..., zx € I'; N Qy with k < K such that the
sets R (xj,7) x I(z;) for j =1, ..., k cover B(z,r) NT; N Qp. We obtain

k
v(B(z,r)) < 2v(B(x,r) NTiN Q) < 4r > v(R/(x;,7))
j=1
k
< 4r Y expl(—hy(z;)x(z;) + ) (n(xj,r) + m(z;,7))]
j=1
k
4r Y exp [(—ho(2)) + a(z;)e) (ra(7) + T ()]

j=1
o Zk: exp [b(y@) (logr —minf, logr— minﬂs>]
j=1

IN

<
- )\u($j)+€ )\s(acj)—e
logr —ming, logr — min (G
< _
<wcen et (505 - e )|
where
b(yi) = hu(yi) — € — (ho(yi) + € + 1)er,

c(x) = hy(x) — 2e — (hy(z) + 2 + 1)ek.
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Taking logarithms, dividing by logr, and letting » — 0 we conclude from
the arbitrariness of € that

4@ = 1) (505~ 5 )+ (14)

for v-almost every x € T'; N Qy. Letting ¢ — oo we conclude that (14) holds

for v-almost every = € I';. Since J,cI'; has full v-measure (14) holds for
v-almost every = € Y. O

We emphasize that we do not require the measure v to be ergodic and
that it may have only an “almost” local product structure (in the sense
of [1]) instead of a local product structure as in the case of Gibbs measures.

The following is a simple consequence of Theorem 1.

Corollary 2. If ® is a suspension flow on Y over a two-sided topological
Markov chain with Hélder continuous height function, and v is a ®-invariant
probability measure on'Y, then

dimy v = esssup {hy(x) (Autm) - AL«)) blize Y} . ()

If, in addition, v is ergodic then

1 1
di — B (D _ 1
g v = ho( )<fy)\udu fYAsdy>+

1 1
= ful@) (‘fx Gudn Tx P du) “’

where p denotes the measure on X induced by v.

Proof. We have (see for example [5, Proposition 3])
dimp v = esssup{d, (z) : z € Y}, (17)

and hence the identity in (15) follows immediately from Theorem 1. When v
is ergodic, the first identity in (16) follows immediately from (15) and from
the ®-invariance of the functions h,, As, and A,. For the second identity we
observe that by (4), (6), and (8),

/Y)\SdV:/XﬁsM//XTdu and /Y)\udV:/Xﬁu,u//XTdu.

Furthermore, by Abramov’s formula, h, (®) = h,(0)/ [ T du, and we obtain
the second identity in (16). This completes the proof. O

In the case of conformal hyperbolic flows and equilibrium measures with
a Holder continuous potential, the identity in (16) was established by Pesin
and Sadovskaya in [12].

We now describe the behavior of the Hausdorff dimension of an invariant
measure under an ergodic decomposition.

Theorem 3. Let ® be a suspension flow on'Y over a two-sided topological
Markov chain with a Hélder continuous height function, and v a ®-invariant
probability measure on Y. Then, for any ergodic decomposition T of v we
have

dimpg v = esssup{dimg p: p € Mg(Y)},
with the essential supremum taken with respect to T.
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Proof. If v(Y \ B) = 0 then p(Y \ B) = 0 for m-almost every p € Ma(Y).
Hence, dimy B > dimy p for T-almost every p € Mg(Y), and thus

dimgy B > esssup{dimg p: p € Ms(Y)}.
Taking the infimum over all the sets B with v(Y \ B) = 0 we obtain
dimg v > esssup{dimpg p: p € Mg (Y)}.

The opposite inequality can be obtained from a straightforward modification
of arguments in [5, Theorem 17] using Corollary 2. O

4. MEASURES OF MAXIMAL DIMENSION

Let now ® be a suspension flow on Y over a two-sided topological Markov
chain o : X — X with Holder continuous height function. Let G5 and (3, be
(Holder) continuous negative functions on X, and let (s and ¢, be defined
as in Section 2.3. For each v € Mg(Y') we define

As(v) € /Y Xs(z)dv(z) and A, (v)E /Y Ao(z) dv (). (18)

Our approach to establish the existence of measures of maximal dimension
is based on the study of the topological pressure of the two-parameter family
(p,q) — —pCy+4qCs (see the appendix for details about topological pressure).
Consider the function Q: R? — R defined by

Q(p,q) = Po(—pCu + qCs)-

Since (s and (, are Holder continuous, the results in the appendix imply that
Q is real-analytic. Furthermore, for each (p,q) € R? the function —p¢, + q(s
possesses a unique equilibrium measure v, ; which is ergodic.

Since the maps v — A4(v) and v — A, (v) defined by (18) are continuous
on Mg (Y), and Mg (Y) is compact, we can define

AT = min A, (Ma (Y)), AP = max Ay (Ma (V)
and .
A = min A, (Ma(Y)), A = max Ay (Ma (Y)).
Consider the intervals
Iy = (AR ADaX) and [, = (AR ymax),

Note that Is # @ (respectively I, # @) if and only if (s (respectively () is
not cohomologous to a constant (see the appendix for the definition).

We are now ready to establish the existence of ergodic measures of max-
imal dimension.

Theorem 4. Let ® be a suspension flow on'Y over a topologically mizing
two-sided topological Markov chain with Hélder continuous height function.
Then there exists an ergodic measure v € Mg (Y') such that

dimg v = sup{dimpg p: p € Mg (Y)}. (19)

Proof. The proof of this theorem goes along the lines of the proof of the
corresponding result in the case of hyperbolic diffeomorphisms (see [4]).
Therefore, we will only provide a sketch.
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We denote by Mg C Mg (Y) the set of ergodic ®-invariant probability
measures on Y. Since any ergodic decomposition attributes full measure to
Mg, we conclude from Theorem 3 that

sup{dimzg p: p € Mg (Y)} = sup{dimpg p: p € Mg}.
Therefore, it is sufficient to establish the existence of v € M g with
dimgy v = sup{dimpg p: p € Mg}.
We consider a sequence (v, )nen of measures in Mg such that
nh_)rgo dimg v, = sup{dimg v : v € Mg}. (20)
Since Mg (Y") is compact in the weakk topology, we can also assume that
(Vn)nen converges to some measure m € Mg (Y'). Since the map Mg (Y) >

v +— h,(®) is upper semi-continuous, it follows from (16) and the continuity
of v — A\y(v) and v — As(v) that

lim dimpy vy < fin () (Au(lm) — As(lm)> +1 ¥ d(m). (21)

Using (20) and (21) we obtain
sup{dimpy v : v € Mg} < d(m).

Therefore, in order to establish the existence of a measure v € Mg satisfying
(19), it is sufficient to show that there exists p € Mg with

dimg p = d(m). (22)

We note that when m is ergodic, it follows from (16) that dim g m = d(m),
and hence (19) holds for the measure m. However, a priori it is not clear
whether m must be ergodic.

Analogously as in [4] we can show that it is enough to consider the fol-
lowing four cases:

1. As(m) € Iy and A\, (m) € I;

2. A\s(m) € I and ¢, is cohomologous to a constant;

3. Ay(m) € I, and (; is cohomologous to a constant;

4. Xs(m) & I and A\, (m) & I,,.
For the proof of the existence of p € Mg satisfying (22) we can now proceed
in an analogous manner to that in the proof of Theorem 6 in [4]. For this
we use in particular results from the thermodynamic formalism which are
established in Theorem 11 in the appendix.

In the cases 1, 2, and 3 we obtain that m = v, , for some p,q € R, and
in particular (22) holds for m. In the case 4 we can establish the existence
of a measure v € Mg with dimy v = d(v) possibly differing from m in (22).
We refer to [4, 5] for full details. O

5. HYPERBOLIC FLOWS

5.1. Hyperbolic flows and Markov systems. We now describe an exam-
ple of a suspension flow over a topological Markov chain. Let ® = {¢¢}er
be a C! flow on a Riemannian manifold. A compact ®-invariant set A C M
is hyperbolic for ® if there exist a continuous splitting of the tangent bundle
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TAM = E°*® E* @ E° and constants ¢ > 0 and A € (0, 1) such that for each
x € A the following properties hold:

1. the vector 4 (p,2)|;—o generates EY;
2. dppi(E3) = E3,,, and dppi(Ey) = Ej,, for each t € R;
3. ||dzpev]| < eXt]|v]| for every v € ES and every t > 0;

4. ||dpp—ev|| < eAt|jv]| for every v € EY and every t > 0.

For example, geodesic flows on compact Riemannian manifolds with strictly
negative sectional curvature have the whole unit tangent bundle as a hyper-
bolic set. Furthermore, time changes and small C'' perturbations of flows
with a hyperbolic set also possess a hyperbolic set.

Let A be a compact invariant locally maximal hyperbolic set for ®. Con-
sider a Markov system Ry, ..., R, for ® on A (see for example [2] for the
definition) and its associated transfer function 7: A — [0,00) defined by
7(z) = min{t > 0: gz € |J_; R;}. We also define a map T: A — (J/_; R;
by T'(x) = ¢;(z)z. By work of Bowen [6] and Ratner [13], there exist Markov
systems of arbitrarily small diameter.

We define a p x p matrix A with entries a;; = 1 if int TR; Nint R; # @,
and a;; = 0 otherwise. Consider the set X C {1,...,p}Z defined by

X ={(---i_yigir--+) : @i, ., = 1 for every n € Z},

and the topological Markov chain ¢: X — X. The coding map ©: X —
Ui=) Ri defined by 7(---ig---) = (jez T 7 int R;; satisfies o0 =T o .
This construction shows that with the help of a Markov system we can
naturally associate a suspension flow (the suspension flow over o with height
function 7 o 7) to each given compact invariant locally maximal hyperbolic
set. In many situations it is convenient to establish a result for the hyperbolic
flow ® by first establishing an appropriate version on a suspension flow
associated to ® and then to transfer this result to ®.

Assume now that the flow ® = {¢;}ier is conformal on A. This means
that the maps

dept| By By — Eg,, and  dopi|Ey: By — B,

are multiples of isometries for each x € A and ¢t € R. In this case the Haus-
dorff dimension of subsets of A coincides with a certain (s, 3, )-dimension.
To see this we consider the functions G5: X — R and 3,: X — R defined
by

Bs(x) = 10g||drspr(na)| E* (7)), Bu(r) = —10g||drzpr(ra) [E" (m)||. (23)
Note that

n—1

3" By(0"(2)) = 10g | dra pr, () | E* (w2) ],
0 (24)
S Bu(o () = —108[dre 1, ()| " (7).
k=0

By work of Schmeling in [15], for every ®-invariant set B C A,
dimy B = 1+ dimg, g, 7 'B.
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Let v be a ®-invariant probability measure on A. By Birkhoff’s ergodic
theorem, for v-almost every x € A there exist the limits

. 1 . 1
pule) = lim —logldug| BY| and wy(w) = lim_~log|duei| F3)).

As observed by Pesin and Sadovskaya in [12] we have

"fu( = lim _/ Cul ‘107" and "is( = lim _/ Cs( ‘107"

t—+oo t t—+oo t

where

0
CulT) = 10g||d:v80t|E;fH

= hm log|]dmg0t|E“H
t=0

ot
Gs(x) = 21 oot ERll] = lim ~ lo |dzor| Eq |
s = ot | Ax Pt | Ly o — 203 APt | Loy || -

For the functions (5 and 3, in (23), it follows from (9) and (24) that r,(z) =
Au(z) and kg(x) = As(x), whenever any of the corresponding limits exist.

5.2. Dimension of measures. We now consider hyperbolic flows and for-
mulate corresponding statements to those in the former sections in the case
of suspension flows. The first two statements are respectively versions of
Theorems 1 and 3, and were established by Barreira and Wolf in [5]. The
third statement is new and gives a version of Theorem 4 for hyperbolic flows.
Namely, it establishes the existence of measures of maximal dimension for
hyperbolic flows.

Theorem 5 ([5, Theorem 15]). Let ® be a C'*¢ flow with a hyperbolic set
A C M on which ® is conformal, and v a ®-invariant probability measure
on A. Then, for v-almost every x € A we have

- 1 1
d =dy,(z) =h, - 1
4,0 =00 = 1o (55 - 57 )+
It follows from Theorem 5 and (17) that
1 1
dimg v = esssup {hy(x) <)\u(9€) - )\s(ﬂU)> +1l:z€ A} .

This identity can then be used to establish the following.
Theorem 6 ([5, Theorem 17]). Let ® be a C'*¢ flow with a hyperbolic set

A C M on which ® is conformal, and v a ®-invariant probability measure
on A. Then, for any ergodic decomposition T of v we have

dimg v = esssup{dimg p: p € Mg (A)},
with the essential supremum taken with respect to T.

Theorems 5 and 6 could alternatively be obtained in a straightforward
manner as consequences respectively of Theorems 1 and 3.
We finally discuss the existence of measures of maximal dimension.

Theorem 7. Let ® be a C'*¢ flow with a hyperbolic set A C M on which ®
is conformal and topologically mixing. Then there exists an ergodic measure
v € Mg(A) such that

dimpy v = sup{dimg p: p € Mo (A)}.



14 L. BARREIRA, L. RADU, AND C. WOLF

Proof. The proof can be obtained with slight changes from the proof of
Theorem 4, using the information given by Theorems 1 and 3. U

APPENDIX A. THERMODYNAMIC FORMALISM

We first recall some basic notions from the thermodynamic formalism for
suspension flows. Let o be a homeomorphism on a compact metric space X
and 7 : X — (0, 00) a continuous function. Let ® = {¢; }+cr be a continuous
suspension flow over o with height function 7 on Y. Let u: Y — R be a
continuous function and given x € Y, t > 0, and € > 0 write

u(z,t,e) = sup {/Otu(gosy) ds:y e B(x,t,e)} ,

with B(z,t,e) as in (11). We define the topological pressure of u (with
respect to ®) by

1
Pg(u) = lim lim sup — log inf Z exp(u(z,t,e)),
e—=0 t500 t r
zel’
where the infimum is taken over all finite or countable sets I' = {x;} C Y
such that |J; B(x;,t,e) = Y. The topological pressure of u satisfies the
following variational principle.

Proposition 8. For every continuous suspension flow ® on the compact
metric space Y and every continuous function u: Y — R we have

Pcp(u):sup{hy(q>)+/yudy:uem¢m}. (25)

We say that v € Mg (Y) is an equilibrium measure for u (with respect to
the flow @) if the supremum in (25) is attained by this measure, that is,

Pgy(u) = hy(®) —{—/Yudy.

When the map v +— h, (®) is upper semi-continuous each continuous function
has an equilibrium measure (which need not be unique). In particular, if
® is expansive then the Kolmogorov—Sinai entropy depends upper semi-
continuously on the measure. Recall that ® is expansive if there exists € > 0
such that for any continuous function s: R — R with s(0) = 0 and points
x, y € M with

d(per, peyx) < € and d(pix, ps)y) < € for every t € R

we have x = y. We refer to [10, 14] for more details.
Let C*(Y") denote the space of Holder continuous functions on Y with
Holder exponent a. The following proposition gathers results from [2, 3, 7).

Proposition 9. Let ® be a suspension flow on'Y over a topologically mizing
two-sided topological Markov chain with Hélder continuous height function.
If a € C*(Y) then:
1. A, € C¥X) and Py(Ay — Pp(a)T) =0;
2. there is a unique equilibrium measure v, of a with respect to ®;
3. the measure v, is ergodic and vy = T(UA,—py(a)r); WheTe in,— Py (a)r
is the unique equilibrium measure of A, — Py (a)T with respect to o.
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We say that a function a: Y — R is ®-cohomologous to a function b: ¥ —
R if there exists a bounded measurable function ¢: ¥ — R such that

. q(pr) — q()
_ — ljm 2 )
a(x) — b(x) lim "
for every x € Y. Recall that two functions A: X — R and B: X — R are
said to be o-cohomologous if there exists a bounded measurable function
¢: X — R such that A(z) — B(z) = q(o(z)) — ¢(x) for every =z € X.

Proposition 10 (see [2]). Let ® be a suspension flow on Y over a topo-
logically mizing two-sided topological Markov chain with Hélder continuous
height function. Then for all a, b € C*(Y) we have v, = v} if and only
if a — b is ®-cohomologous to a constant. Moreover, if a, b € C*(Y) and
q: Y — R is bounded and measurable, then the following conditions are
equivalent:

1. a is ®-cohomologous to b with

a(y) — bly) = %in(l) alewy) = aly) for every y € Y;

t
2. A, is o-cohomologous to Ay on X with

Ay(x) — Ap(x) = q(o(z)) — q(x) for every x € X.

This proposition allows us to characterize the cohomological properties of
the flow ® in terms of the cohomological properties of the map o on the base.

Combining properties of the map u +— Pg(u) with the Implicit Function
Theorem we obtain the following.

Theorem 11. Let ® be a suspension flow on'Y over a topologically mizing
two-sided topological Markov chain with Hélder continuous height function.
Then the following properties hold:

1. the map a — Pg(a) is real-analytic on C*(Y);
2. for each a, b€ C*(Y),

d

2 Py(a+ th ( = [ bdv,:

dt a(a+th) t=0 /y "
3. for each a, €1, ea € CY(Y) we have

QAapr(a)T(Ael -7 fy e1 dvg, Aeg - T fy €2 dVa)

D?P. =
oFoler,e2) Jx T dpa,—Py(a)r

)

where

Qh<f1,f2)=k§jjoo ( /X f1(fa 0 T*) dyuy — /X f1 dpn /X fzd,uh> (26)

fOT’ all h7 f17f2 € Ca(X);
4. for each a, b€ C*(Y) and t € R we have

2

d
@Pqﬂa + tb) Z 0,

with equality if and only if b is ®-cohomologous to a constant.
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Proof. Define g: C*(Y)xR — C*(X) by g(a,t) = As—t7. Since 7 is Holder
continuous, Proposition 9 implies that ¢ is well-defined. Furthermore, we

define G: C*(X) xR — R and f: C*Y) - C*Y) xR by
G=Pyog and f(a) = (a, Pa(a).

It is well-known that G is analytic (see [14]). It follows from Ruelle’s for-
mulas for the derivatives of the pressure (see again [14]) that

D, Py — /X Gduy and DEPy(fir f2) = Qulfis f2),

with @ as in (26). We have
8tG = Dg(a,t)Paatg = Dg(a,t)PU(_T) = - /X Td:ug(a,t) < 0.

By Proposition 9 we have G(a, Py(a)) = 0 for all a € C*(Y) and hence the
Implicit Function Theorem ensures that a — Pg(a) is real-analytic.
To prove the second statement we note that

0aGb = Dg(a,t)PU 0 dagb = Dg(a,t)Po(Ab) = /X Ap d,ug(a,t)'
Here we use the fact that a — A, is linear and continuous. Since

DaPy = —[Ds (4, Py (a)) Gl D1, (0, Po (a)) G>
we may conclude that
Ay dit(gof)(a
DaPo(b) — —Jx B0 Waer @ :/ bdv,.
= JxTdgorya)  Jy

In order to prove the third statement we notice that G(f(a)) = 0 for all
a € C%(Y). Therefore

0= D2(Gof)(e1,e2) = DyoyG(Dj f(e1, ez))+D§(G)G(Dafel, Dqfes). (27)

Using the identities D, fe = (e, D,Ppe) and D2 f = (0, D?Pg), we conclude
that

Dy(a)G(D f(e1,€2)) = Dy 5(a)G(D; Pa(e1, e2))

= —DaPolersez) | Tdpgopa)

Set now u = f(a) and v; = D, fe; for i = 1, 2. To calculate D2G(v1,v2) we
use the identities G(a,t) = P,(A, — t7) = P,(g(a,t)). We obtain

DG (v1,v2) = Dy Po(Dig(v1,v2)) + Dy Po(Dugor, Dugus).

Since g is linear and continuous we obtain D,g = g and D2g = 0, which
implies

DZG(Uh ’02) = D;(u)PU(g(Ul)v 9(02)) = Qg(u) (g(vl)v g(vg))
Therefore
D}G(Dafer, Dafea) = Qgopya)(9(e1, DaPaer), g(e2, DoPaes)).
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It follows from (27) and (28) that
_ Dyo)G(DZf(e1, e2))
Jx 7 digos)(a)
D} G(Dafer, Dafes)
[y mdigen
 Quon@(Dey =7 [y e1dva, Acy — T [y e2.dvy)
- Jx 7 dpgos)a)

Dgpcp (61, 62) =

)

where (go f)(a) = Ay — Pp(a)T.
The fourth statement follows from the fact that Qx(f, f) > 0 for all h,
f € C*(X), where equality holds if and only if f is o-cohomologous to a

constant. Observe first that
2

d
ﬁpq,(a +tb) = D2, Py(b,b)

~ Qopy(atn) (Do =T [y bdVarip, Ay — T [y bdVayn) -0
Jx 7 diaigop arivy N
for each a, b € C*(Y) and t € R. The equality holds if and only if
Ay —T fy bdvgyp is o-cohomologous to a constant. We will show that this

constant is zero. Therefore Ay is o-cohomologous to 7 fY bdvgyw, which is
equivalent (by Proposition 10) to b being ®-cohomologous to the constant

fy b dl/a-i—tb-

It Ay — 71 fydea+tb is o-cohomologous to a constant ¢, then for every
p € Mq(X) we have [y (Ap — 7 [ bdvayw) du = c. By Proposition 9 and
Abramov’s formula we obtain
/ by = Jx Db digof)(ast) ‘
Jx 7 diagopatiny
Since p(go f)(atth) € Mo (X) we conclude that

C:/ <Ab_7_/ bdl/a-i—tb) d:u(gof)(athb)
X Y

Jx Do digor)(am) >
- Ay —T Aty ) (assy) = 0
/x ( T 7 digopyaim ) 0P

This completes the proof. O
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