NONADDITIVE TOPOLOGICAL PRESSURE FOR FLOWS

LUIS BARREIRA AND CARLLOS HOLANDA

ABSTRACT. We introduce a version of the nonadditive topological pres-
sure for flows and we describe some of its main properties. In particular,
we discuss how the nonadditive topological pressure varies with the data
and we establish a variational principle in terms of the Kolmogorov—Sinai
entropy. We also consider corresponding capacity topological pressures.
In the particular case of subadditive families of functions we give a sim-
pler characterization of these pressures. To the possible extent we follow
corresponding arguments for maps, although various proofs require non-
trivial modifications.

1. INTRODUCTION

The thermodynamic formalism can be described as a rigorous study of
certain mathematical structures inspired by thermodynamics. This includes
the notion of the topological pressure of a continuous function, introduced
by Ruelle in [14] for expansive maps and by Walters in [17] in the general
case. Given a continuous map f: X — X on a compact metric space, the
topological pressure of a continuous function ¢: X — R (with respect to f)
is defined by

1 n—1
P(p) = lim I —1 F
(p) = limlim sup — log sup > exp Y o(ff (),
el k=0
with the supremum taken over all (n,e)-separated sets E C X. We recall
that a set F C X is said to be (n, ¢)-separated if for any x,y € F with z # y
there exists k € {0,...,n — 1} such that

d(f* (), f*(y)) > e

Taking ¢ = 0 we recover the notion of the topological entropy h(f) of the
map f given by
1
h(f) = lim limsup — log N (n,¢),
e—=0 posoco N
where N(n,¢e) denotes the maximal cardinality of an (n,e)-separated set.
The theory comprising the thermodynamic formalism and its many appli-
cations is a quite active and broad independent field, with many directions of
research. For example, consider the variational principle for the topological
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pressure, established by Ruelle in [14] for expansive maps and by Walters
in [17] in the general case. It says that

Po) =sw (1) + [ wdn).
o X

with the supremum taken over all f-invariant probability measures p on X
and where h,(f) is the Kolmogorov—Sinai entropy of f with respect to p.
The theory also includes a discussion of the existence and uniqueness of
equilibrium and Gibbs measures, among many other properties. We recall
that an f-invariant probability measure p on X is called an equilibrium
measure for ¢ if

P(p) =hu(f)+/X<pdu-

It turns out that these measures and particularly whether they possess or
not the so-called Gibbs property, is crucial in the dimension theory and
multifractal analysis of dynamical systems. We refer the reader to the books
[4, 8, 10, 15] for details and further references, although a brief discussion is
given in the following paragraphs.

One of the major applications of the thermodynamic formalism is to the
dimension theory of dynamical systems, and particularly to multifractal
analysis. The main objective of the dimension theory of dynamical systems
is to measure the complexity of an invariant object, such as an invariant set
or an invariant measure, from the dimensional point of view. This includes
using topological entropy, Hausdorff dimension, box dimension and topolog-
ical pressure, among many other characteristics. We refer the reader to the
books [2, 12] for a detailed presentation of substantial parts of the theory.

The reason for this relation between the thermodynamic formalism and
the dimension theory of dynamical systems is that the unique solution s of
the equation

P(sp) =0,
for some appropriate function ¢, is often related to the Hausdorff dimension
of a given invariant set. This equation was first considered by Bowen in [5]
(see also [9, 16] for other early seminal works on the study of the dimension of
repellers and hyperbolic sets). In particular, if us is an equilibrium measure
for sy, then

HM=MﬁHgAwM

and so

s ()

f x ¥ dps

This already motivates the interest in equilibrium measures in the context
of dimension theory. It turns out that virtually all known equations used
to compute or to estimate the dimension of an invariant set are particular
cases of Bowen’s equation or of some appropriate generalization.

A subfield of the dimension theory of dynamical systems is multifractal
analysis, which studies the complexity of the level sets of any invariant
local quantity obtained from a dynamical system. This includes Birkhoff
averages, Lyapunov exponents, pointwise dimensions and local entropies,

P(sp)=0 & s=-—
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among various others. These functions are typically only measurable and so
again it is appropriate to use quantities such as the topological entropy or
the Hausdorff dimension to measure their complexity.

The nonadditive thermodynamic formalism was introduced in [1] as a
generalization of the classical thermodynamic formalism considered above,
essentially with the topological pressure P(p) of a continuous function ¢
replaced by the topological pressure P(®) of a sequence of continuous func-
tions ® = (¢, )nen- Indeed, for a certain class of sequences we have

1
P(®) = ;1_1}1 lim sup — log s%p Z exp pn (),

n
n—r00 2CE

with the supremum taken over all (n,e)-separated sets £ C X. However,
the former limit may not exist for an arbitrary sequence ® (we refrain from
discussing the details here). For this reason and since we also need to con-
sider functions on sets that need not be compact nor invariant, for example
in view of the applications to dimension theory and multifractal analysis,
the pressure P(®) is introduced in terms of general Carathéodory dimension
characteristics (see [12]).

We note that the nonadditive thermodynamic formalism contains as a par-
ticular case a new formulation of the subadditive thermodynamic formalism
introduced by Falconer in [7]. For additive sequences, it recovers the notion
of topological pressure introduced by Pesin and Pitskel’ in [13] as well as
the notions of lower and upper capacity topological pressures introduced by
Pesin in [11] for an arbitrary set. Thus, the nonadditive thermodynamic
formalism also plays a unifying role, besides allowing to consider general
classes of sequences of functions and arbitrary sets.

The initial motivation to introduce the nonadditive thermodynamic for-
malism was the study of a general class of invariant sets that may lack some
uniformity in their construction, for example because the law that defines
a given set changes with time or because the behavior is not the same in
all directions. Incidentally, these difficulties cause that in some situations,
at least at the present stage of the theory, we are only able to establish di-
mension estimates instead of computing the dimension. Sometimes one can
obtain sharp dimension estimates, which often requires a more elaborate
approach, starting essentially with seminal work of Douady and Oesterlé
in [6], who devised an approach to cover the set in a optimal manner.

Over the last decades, the dimension theory of dynamical systems steadily
developed into an independent and quite active field of research (see for ex-
ample the books [2, 3]). However, while the dimension theory and multifrac-
tal analysis for maps are quite developed, the corresponding theory for flows
has experienced a slower progress. To a large extent this happens because a
corresponding result for flows often requires one of two opposite approaches:
in most situations either the result can be reduced to the case of maps or it
requires substantial changes or even new ideas. Because of this, many parts
of the theory are either only sketched or were not yet developed.

Our main aim is precisely to introduce a version of the nonadditive topo-
logical pressure for flows and to describe some of its main properties, thus
paving the way for a corresponding nonadditive thermodynamic formalism.
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In particular, we establish a variational principle for the nonadditive topo-
logical pressure. We also consider the particular case of subadditive families
of functions for which it is possible to give a simpler characterization of
the pressure. To the possible extent we follow corresponding arguments for
maps, taken essentially from [1, 3, 12, 13], although various proofs require
nontrivial modifications.

2. NONADDITIVE TOPOLOGICAL PRESSURES

In this section we introduce the notion of nonadditive topological pressure
for a flow (more precisely, we introduce the nonadditive topological pressure
and the nonadditive lower and upper capacity topological pressures). To the
possible extent we mimic the definition in the case of maps.

Let ® be a continuous flow on a compact metric space (X, d), that is, a
family of homeomorphisms ¢;: X — X such that pg = id and ;005 = @44
for all t,s € R. Given x € X and t,e > 0, we consider the set

By(z,¢) = {y € X : d(ps(y), ps(2)) < for s € [0,¢]}.
Moreover, let a = (a;)t>0 be a family of continuous functions a; : X — R
with tempered variation, that is, such that

lim Tm 2498 g (1)
e=>0t=400 ¢
where

Ye(a,€) = sup{|a¢(y) — ar(2)| : y, 2 € By(,¢€) for some z € X }.

Now we introduce the nonadditive topological pressures. Given € > 0, we
say that a set I' C X X Rar covers a subset Z C X if

U Bi(xz,e) D Z (2)
(z,t)el
and we write
a(z,t,e) = sup{a¢(y) : y € By(w,e)} for (z,t) €T.
For each Z C X and a € R, let
M(Z,a,a,¢e) = Tl_lﬁloo 1r1;f (x%:er exp(a(x,t,e) — at), (3)

with the infimum taken over all countable sets I' C X x [T, +00) covering Z,
and let

M(Za,a,) = lim inf Y expla(z,t,2) - at) (4)
T—+o00
(z,t)el
and o o
M(Z,a,a,¢) = TETm 1111f( %ér exp(a(z,t,e) — at), (5)

with the infimum taken over all countable sets I' C X x {T'} covering Z.
When « goes from —oo to 400, the quantities in (3), (4) and (5) jump from
400 to 0 at unique values and so one can define

P(alz,e) =inf{a € R: M(Z,a,a,e) =0},
P(alz,e) = inf{a ER: M(Z ,a,a,¢e) = ()}7
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P(a|z,e) =inf{a € R: M(Z,a,a,e) =0}.

Theorem 1. For any family of continuous functions a with tempered vari-
ation and any set Z C X, the limits

P(al7) = lim P(al,<), Plalz) = lim P(al7,<), Plalz) = lim P(alz, <)
exist.

Proof. Take § € (0,¢) and I' C X x R{ with Z C U tyer Be(z, ). Since
By(z,0) C By(x,¢€), property (2) also holds. Let
_ = nlae)

’y({-:) a tlg-noo t ’ <6)

Given n > 0, z € By(z,9) and y € By(x,¢), we have

ar(y) — ar(2) < lar(y) — as(2)] < vla,e) <t(y(e) +n)
for any sufficiently large ¢. Thus,

a(y) < ezuF 5)[%(2) +t(y(e) +n)] < alw,t,8) +t(y(e) +n)

and
a(z,t,€) < a(z,t,0) + t(y(e) +n)
for any sufficiently large t. Therefore,
M(Z,a,a,e) < M(Zva _’7(5) —777@,5)
and so
P(alz,e) < P(alz,d) +~(e) + 1.
Letting § — 0 we obtain

P(a’Z7€)—7(6)—77Sh7mp(a|z75). (7)
6—0
By (1) we have vy(e) — 0 when ¢ — 0, which together with the arbitrariness
of n yields the inequality

@)P(a\z,g) < lim P(alz,9).

e §—0
This shows that P(a|z) is well defined. The existence of the other two limits
can be established in a similar manner. O

The number P(a|z) is called the nonadditive topological pressure of the
family a on Z, while P(a|z) and P(a|z) are called, respectively, the nonad-
ditive lower and upper capacity topological pressures of a on Z. Clearly,

P(alz) < P(alz) < P(alz)
and if Z1 C ZQ, then
Plalz) < P(alz,), P(alz,) < Plalz,), Plalz) < P(a|z,).

We will drop the prefix “nonadditive” if there is no danger of confusion.
The classical notion of topological pressure for a flow corresponds to con-
sider a family of functions a = (a;)¢>0 defined by

ar(z) = /0 b(ips(a)) ds
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for some continuous function b: X — R. Given x,y € By(z,¢), we obtain

ar(x) — arly)] = / b(ipa(a)) ds — / b(ipa(y)) ds

< / 1b(ps(2)) — (s ()] ds

0
< tSUP{|b(‘PS($)) - b(‘PS(y)” HERS [O7t]}
< tsup{|b(z) — b(7)| : d(z,7) < €}

Therefore,
1t(a, €)

< sup{[b(Z) — b(7)| : d(Z,7) < e}

and it follows from the uniform continuity of b that property (1) holds.

3. BASIC PROPERTIES OF THE TOPOLOGICAL PRESSURES

In this section we describe how the topological pressures P(alz), P(alz)
and P(a|z) vary with the family of functions a and with the set Z.

We first describe the dependence of the topological pressures on a. For
each s > 0, let a® be the family of functions (a;+s)¢>0-

Theorem 2. For any family of continuous functions a with tempered vari-
ation and any set Z C X, if there exists K > 0 such that |a1s — a] < Ks
for allt,s > 0, then

P(a®|z) = P(alz), P(a’|z) = Plalz), P(a’|z) = P(alz)
for every s > 0.
Proof. Given s,t,e >0 and x € X, let
r(z,s,e) =sup{r > 0: B(z,r) C Byys(z, )}, (8)

where B(x,r) is the open ball of radius r centered at z. Clearly, r(x, s,¢) €
[0,e]. If r(z,s,e) = 0, then there exists a sequence y,, € X converging to z
and a sequence 7, € [0,¢ + s] such that

d(pr, (), 5, (yn)) > ¢ for all n.
Without loss of generality we may assume that 7, converges to some number

7 € [0,t + s], which gives
0= lim d(gr, (2),¢r (yn)) > €.

n—-4o0o

This contradiction implies that r(z,s,e) > 0. Now we show that

r(s,e) :=inf{r(x,s,e) 1z € X} > 0. (9)
Otherwise it would exist a sequence z,, € X with
ngrfoor(:xn, s,e) =0. (10)

Since X is compact, we may assume that x,, converges to some point € X.
Take

r=r(z,s,¢e/2) and =z, € B(z,7/2).
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By (8), we have z,, € B4s(Z,£/2). Moreover, if y € B(x,,7/2) C B(z,7),
then y € By44(Z,e/2) and
d(pr (), or(zn)) < d(er(y), pr(2)) + d(@r(Z), or(zn)) < e
for every 7 € [0,t + s], which shows that y € By s(zy,e). Therefore,
B(zp,7/2) C Biys(Tn, )

and so r(zy, s,e) > 7/2 for x, € B(z,7/2), which contradicts to (10). This
establishes property (9).
Observe that since Bi(z,r(s,e)) C B(z,r(s,¢)) and r(s,e) < r(z,s,¢),
by (8) we have
Bt('T?T(Sas)) - Bt+s(x76)'

Hence, for each z € X we obtain

sup{|ais(y) — arys(2)] 1 4,2 € Brys(,6)} < vigs(a, €)

and so
sup{|a;(y) — a{(2)| : y, z € Bi(z,7(s,€))} < vess(a, ).
Therefore,
’Yt(as’r(s’g)) S 7t+s(a75)~
Since
ve(a®, e) < y(a®,e’) fore <é,
we obtain
- S - S - S
lim lim 7’%(“ .€) = inf lim 7%@ .€) < lim —%(a ,7(5,€))
e—0t—+o0 t 5Sr(375) t—+o0 t t——+oo t
< Tim ’Yt-&-s(aag) — Tm ’7,5((1,6)
t——400 t t——4o00 t

and so the family a® satisfies property (1). On the other hand, we have

K5 < > (w,t)er eXP(SUP B, (¢,c) Gt+s — at) o K

o Z(x,t)él—‘ exp(a(x, ta 6) - at)

for any countable set I' C X x R covering Z and so it follows from (3) that
M(Z, o, a,¢)e 55 < M(Z,0,0°,¢) < M(Z, 0, a,¢)el.
Hence, P(a®|z,¢) = P(a|z,¢) for every € > 0, which implies that P(a®|z) =

P(a|z). The remaining identities can be obtained in a similar manner. O

In order to describe the continuity of the topological pressures on a, let
— 1
lall = Tim_~ sup{lac()] : 2 € X},

Theorem 3. For any families of continuous functions a and b with tempered
variation and any set Z C X, when the topological pressures are finite we
have

[P(alz) — P(blz)| < |la—bl],

[P(alz) — P(blz)| < |la— b,

[P(alz) = P(blz)]| < lla—0|.
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Proof. Given n > 0, we have
|as(x) = be(2)| < t(lla = bl +n)
for any sufficiently large t. Hence, it follows from the definitions that
M(Z,b,a+ |la—=b| +n,e) < M(Z,a,a,e) < M(Z,b,a — ||la —b|| —n,¢)
and so
P(blz,¢) — lla = bl —n < Plalz,€) < P(blz,¢) + [la — bl| + 7.
Since 7 is arbitrary, we obtain
[Palz,e) = P(blz,€)| < [la—bl,
which yields the first inequality in the theorem. The remaining inequalities
can be established in a similar manner. O

Now we describe the dependence of the topological pressures on the set Z.

Theorem 4. Given a family of continuous functions a with tempered vari-
ation and a set Z C X, for any finite or countable union Z = \J;c; Z; the
following properties hold:
1. Plalz) = supie; Plal);
2. P(alz) > sup;c; P(alz,), with equality when I is finite.
3. P(alz) > sup;er Palz,), with equality when I is finite and P(alz,) =
P(alz,) for each i€ I;

Proof. 1. Since Z; C Z, we have P(a|z,) < P(a|z) for each i and so

sup Plalz,) < Plalz). (11)
1€

Now take o > sup;c; P(algz,,€). Then M(Z;,a,a,¢) = 0 for each i. Hence,
given § > 0 and T' > 0, for each i there exists I'; C X x [T, 4+00) covering Z;
such that

Z exp(a(x,t,e) —at) < %

(x7t)eri
Then I' = (J;c; I'i covers Z and
J
— < — < — <o.
Z exp(a(x,t,e) — at) < Z Z exp(a(z,t,e) —at) < Z 5 = )
(z,t)el 1€l (z,t)el; iel

Letting T' — +o0 gives M (Z,a,a,¢) < § and so M (Z,a,a,e) = 0 since 0 is
arbitrary. Therefore, « > P(a|z,€) and letting o — sup;c; P(alz,,€) gives

sup P(alz,,¢) > P(alz,¢). (12)
el

On the other hand, it follows from (7) with y(¢) as in (6) that
Plalz) =z P(alz;, ) —(e).
Hence, by (11) and (12) we obtain
Plalz) 2 sup Plalz) > sup Plalz, £) = 1(¢) 2 Plalz,2) =€)

and the desired result follows from the fact that y(¢) — 0 when ¢ — 0.
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2. Since Z; C Z, we have P(a|z,) < P(a|z) for each i and so
< P(alz).

sup P(alz,)
el

Now assume that [ is finite. We need to show that

max Plalz) = Plalz). (13)

For each i consider a set I'; C X x {T'} covering Z;. ThenI' = J,;; I'; covers
the union Z and

Z exp(a(z,t,e) —at) < Z Z exp(a(z,t,e) — at),
(z,t)er i€l (z,t)el;

which implies that

M(Z,a,a,¢e) < E M(Z;,a,a,¢) < card[maIXM(Zi,a,a,e).
1€
el

Therefore,
P(a|z,e) < max P(a|z,,€)
el
and taking the limit when ¢ — 0 yields inequality (13).
3. Since Z; C Z, we have P(a|z,) < P(a|z) for each i and so

sup P(a|z,) < P(alz).
el

When [ is finite, by the former property we have max;c; P(alz,) = P(alz).
Since P(alz,) = P(a|z,) for each i, we obtain

P(alz) > max P(a|z,) = max P(a|z,) = P(a|z) > P(alz),
i€l iel
which shows that P(a|z) = max;c; P(alz,) as desired. O

4. CHARACTERIZATIONS OF THE CAPACITY TOPOLOGICAL PRESSURES

In this section we establish several alternative formulas for the lower and
upper capacity topological pressures. In particular, we obtain formulas in
terms of partition functions and separated sets.

4.1. General case. We first describe a characterization in terms of parti-
tion functions. Given €,t > 0 and Z C X, consider the partition function

Zt(Z,a,é):l%f Z expa(z,t,e),
(z,t)er

with the infimum taken over all countable sets I' C X x {t} covering Z.

Theorem 5. Given a family of continuous functions a with tempered vari-
ation and a set Z C X, for each £ > 0 we have

1
P(alz,6) = lim ~logZi(Z,a,¢) (14)
t—+too t
and .

P(a|Za€) = tl}inooglogz't(zvaag)' (15)
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Proof. Note that
M(Z,a,a,e) = lim (e”*2Z(Z,a,¢))

t——+00

and
M(Z,a,0,¢) = lim (e”*'24(Z,a,¢)).

t—+o0

Given o > P(a|z,¢€), there exists a sequence t, /* 400 such that
e "2y (Z,a,e) <1 forn €N.

Therefore, log 2, (Z,a,e) < at, and so

1
liim 710gz’t(27aa5) SB(a|Za‘€)' (16)

t—+o00

On the other hand, for each o < P(alz,e) we have e~ *'Z(Z,a,e) > 1 for
any sufficiently large ¢ and so

1
lim -logZ4(Z,a,¢e) > a.

t——+o0
Therefore,
1
liim - IOth(Z, CL,&) Z B(a|Z75)7
t—+o0
which together with (16) establishes property (14). The second property
can be obtained in a similar manner. O

Now we establish additional formulas for the lower and upper capacity
topological pressures in terms of separated sets and in terms of certain cov-
ers. For each t > 0 consider the distance d;, on X defined by

di(z,y) = max{d(p;(2), or(y)) : 7 € [0,1]}.
Given € > 0, aset £ C X is said to be (t,¢)-separated if di(x,y) > ¢ for any
z,y € E with x #y. Given Z C X and € > 0, for each ¢ > 0 let
Ri(Z,a,e) = sup Z exp at(zx),

zeENZ

with the supremum taken over all (¢, ¢)-separated sets E C X. Moreover, let
S8t(Z,a,e) = inf Z exp sup az,
v 1%

Vev

with the infimum taken over all finite open covers V of Z by sets V with
sup{dt(ac,y) cT,y € V} <e. (17)

Theorem 6. For any family of continuous functions a with tempered vari-

ation and any set Z C X, we have

1 1
Plalz) =1lim lim —logRi(Z,a,e) =1lim lim —log8:(Z,a,e)  (18)

e=04 5100 e=0¢ 5400

and

— — 1 — 1
P(a|lz) =lim lim —logRi(Z,a,e) =lim lim —log8&:(Z,a,e). (19)

e—=0t—+oo t e=0t—+oo t
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Proof. We first show that
9zt(Za a, 25) < Z’t(Zv a, 8) < Rt(Zv a, 8)e%(aﬁ)' (20)

Note that distinct elements of Z in a (¢, 2¢)-separated set E belong to distinct
elements of any given open cover {B(z,¢) : (z,t) € I'} of Z. Hence, for each
x € ENZ we have a(z) < a(yg, t, ) for some (yg,t) € I' with € B(ya, €).
Therefore,

Z expat(x) < Z exp a(yy, t,e) < Z expa(y,t,e).

reENZ reENZ (y,t)el’

This establishes the first inequality in (20). Now let E be a (t, )-separated
set such that for each z € Z the union F U {z} is not a (¢, )-separated set.
Then E X {t} covers Z. Therefore,

inf Z exp inf a(y) < Z exp inf ay(y)
U oper  ¥eBi@e) wieEnzyxqyy  YEBH@e

(21)
< Z expai(z) < Ry(Z,a,¢),

with the first infimum taken over all ' C X x {t} covering Z. If y,z €
Byi(z, ), then ai(y) > ai(2) — vi(a,e) and so

inf  a;(y) > sup a(z) —w(a,e).
yEBt(z.e) 2E€Bt(x,e)

Hence, it follows from (21) that the second inequality in (20) also holds.
Now we show that

St(Za a, 25) S Zt(Z7a75) S St(Z7a75)' (22)

The first inequality follows from the fact that Bi(z,¢) has di-diameter less
than 2¢. For the second inequality, we observe that if V is a finite open cover
of Z by sets V satisfying (17), then Z C Uy ¢y Bi(zv,¢) for every zy € V
since V' C By(zy,e). Therefore,

Z €xp CL(.%', ta 6) Z Zt(Z, a, 5)7
vev
which yields the second inequality in (22).
By (20) and (22) we have
Zt(Z, G,E) S St(Za a7€) S Z’t <27 a, %)
€ €
< 2 prilag/2) 2 erilae/2)
<R (Z,a,2>e < Z <Z,a,4>e

The formulas in (18) and (19) follow readily from these inequalities together
with (14) and (15). O

4.2. Subadditive case. In this section we consider the particular case of
subadditive families of functions and we describe additional characteriza-
tions of the nonadditive topological pressures in this case. A family of func-
tions @ = (at)¢>o is said to be subadditive if

sip(2) < as(x) + ar(ps(2))



12 LUIS BARREIRA AND CARLLOS HOLANDA

for all s,t > 0 and x € X. Recall that a set A C X is said to be ®-invariant
if p1(A) = Aforallt € R.

Theorem 7. For any subadditive family of continuous functions a with
tempered variation and any ®-invariant set Z C X, we have

P(aly) := P(a|z) = P(a|z) = lim lim llogSt(Z,a,e). (23)

e—=0t—+oo t
If, in addition, Z is compact, then P(alz) = P(aly).
Proof. We first show that the limit on the right-hand side of (23) exists. We

shall always assume in what follows that Z is ®-invariant.

Lemma 8. For each i € N let V; be a cover of Z by sets of dy,-diameter

less than . Then
V”:{ﬂw_nv;:v;evi} (24)

i=1
is a cover of Z by sets of dr,_,-diameter less than e, where 7, = Z?:_ol t;
taking to = 0. Moreover,

n n
sup {aml(w) xe() w—TiVi} <> sup ay, (x). (25)
i=1 i=12€Vs

Proof of the lemma. Since Z is ®-invariant, the family V" is a cover. Now
we proceed by induction on n. For n = 1 the statement is clear. For n > 1
take 7 € [0, 7,41] and

rz,yeV = ﬁ o, Vi.
i=1

v = ﬂ?z_ll @_r, Vi has d; -diameter less than ¢, then

d(pr(2), 7 (y)) < e for 7 € [0, 7]
since V' C V'. Moreover, z,y € ¢_,, V,, and so ¢., (), pr, (y) € V,, and

d(pr(¢r, (%)), pr(0r, 1 (1)) <&
for 7 € [0, ty]. This shows that
d(pr(2), r(y)) < e for 7 € [T, Tnya]-

Therefore, the set V' has d, ,  -diameter less than €. Moreover, since a is
subadditive, for each x € V' we obtain

A1 () < ar, (%) + at,, (P, (2)) < ) sup ag, () + sup ay, (z)

because V' C ¢_,, V,, and so ¢, (x) € Vj,. O

One can now establish the existence of the limit in (23). By Lemma 8,
if Vq is a cover of Z by sets of ds-diameter less than € and Vs is a cover
of Z by sets of di-diameter less than e, then V? is a cover of Z by sets of
dst¢-diameter less than € and

sup  asye(z) < sup as(z) + sup a¢(x).
zeViNp_sVa zeVy zeVh
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Therefore,
St+s(Z,a,e) < Z exp sup a;(x) X Z exp sup as(x)
VieVy zEVY Vo€eVoy z€V2
and so
log 8t45(Z,a,e) <log8:(Z,a,e) +1og8s(Z, a,e).

This readily implies that the limit

. 1

tilgloo n log 8:(Z,a,¢)

exists. Together with Theorem 6 this yields property (23).

Now assume that Z is compact. To establish the last property, take ¢ > 0
and a > P(a|z,e/2). There exist s > 0 and a countable set I"' C X x [s, +00)
covering Z such that

N(V):= Z exp <sup ay(z) — at> <1,
vev zeV
where
V = {B(z,e/2) : (z,t) € T'}.
Note that the sets By(z,£/2) have di-diameter less than €. Since Z is com-

pact, we may assume that V and so also I' are finite. Let 7" = max(, s)er ¢
By Lemma 8, the family V" in (24) covers Z and (25) holds. Therefore,

N < [T S exp (supagyf) - atr)) =N, (20)

i=1Vev zeV

where t(V)) =t for V = By(x,e/2). Now we consider the cover
V> ={V:V € V" for some n € N}.

By (26) we have

+o00o +oo
NOV®) <Y NV <Y NV < foo.
n=1 n=1

Given S > 2T, let Ag C V*° be the family of all sets U = ﬂle o_r Vi
such that V; = By, (x;,e/2) € Viori=1,...,k and
Tk <S—T§Tk+1

Note that Ag covers Z. Indeed, given z € Z, there exists

k
VE=()erVieV®

i=1
containing z with 7,41 > S. But thq point z is also in V? for i < k such that
7; < S —T < 7,41 and any such a V* belongs to Ag. Now write ¢t(U) = 7;41.
Clearly,

S—T<tU)<S forU e Ag.

Finally, we consider the cover of Z defined by

/S = {U N gO,t(U)Bsft(U)(w,{f/Q) :U € Ag, (a:,T) S F/},
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where IV C X x {T'} is some finite set covering Z. Note that any V € Al
has dg-diameter less than € and ¢(V') = S. By Lemma 8 we obtain

N(AY) = > exp< sup as(z)—a5>

U€Ag,(z,T)er” 2€UNe_yw)Bs—t(u) (#.6/2)

< ) exp (Sup aywy(z) — Oét(U)>

Uchg zeU
X Z exp(a(z, S — t(U),e/2) — a(S — t(U)))
(z, 7)€l
< N(V®°)max{1,e T} Z exp(a(x,T,e/2) —aT) < 4o0.
(z, 7)€l

Letting S — +oo gives M(Z,a,a,c/2) = 0 and so a > P(alz,&/2). There-
fore, letting a — P(a|z,£/2) we obtain

P(alz,¢/2) > P(alz,¢/2),

which yields the desired property. U

5. VARIATIONAL PRINCIPLE

In this section we establish a nonadditive version of the variational prin-
ciple for the topological pressure for flows. To the possible extent we follow
the approach in [1] in the case of maps (see [3] for additional details).

We continue to assume that ® is a continuous flow on a compact metric
space X. Let M be the set of ®-invariant probability measures on X, that is,
the probability measures p on X such that

wlpr(A)) = p(A)

for any Borel set A C X and any ¢ € R. A measure u € M is said to be
ergodic for the flow ® if every Borel ®-invariant set A C X satisfies u(A) =0
or u(X\ A) = 0. We note that in general an invariant measure for the time-1
map ¢1 need not be invariant for the flow and that an ergodic measure for
the flow need not be ergodic for the time-1 map. Given a Borel ®-invariant
set Z C X, let Mz be the set of measures u € M concentrated on Z, that
is, such that u(Z) = 1.
Given x € X and ¢ > 0, we define a probability measure on X by

1 t
Mzt = t/o 5905(513) d87

where ¢, is the probability measure concentrated on {y}. Let V(x) be the
set of weak sublimits of the family {yuy}+~0. Then @ # V(z) C M. For
each u € M we consider the Borel ®-invariant sets

LZ)y={zeZ:V(e)nMz#2} and Z,={zecZ:V(z)={u}}.

The following result establishes a variational principle for the nonadditive
topological pressure. For each p € M, let h,(®) be the Kolmogorov-Sinai
entropy of ® with respect to pu.
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Theorem 9. Let a be a family of continuous functions with tempered varia-
tion such that supycjo 11 | atlloc < +o0 for allT >0 and let Z C X be a Borel
D-invariant set. If there exists a continuous function b: X — R such that

Atis — At © Ps — /Os(bogou)du (27)
uniformly on Z when t — 400 for some s > 0, then
P(alg(z)) = sup {hu(q’) +/Zde tpE MZ} :
Proof. We divide the proof into various steps.

Z) and p € V(x) N Mz. Given
t;)jen in R such that

Step 1. An auziliary lemma. Take x € £
0 > 0, there exists an increasing sequence

—~

1 [t
/]b(gos(x))ds—/bd,u‘ <4
ti Jo VA

for all j € N. This implies that

at].(a;) / ‘
——— — [ bdu| <
A

tj

ay(z) 1 /0 " b(pu(x)) du

. 2
i 7 +90 (28)

Moreover, let
S
bt = arys — ag © Pg —/ (bo ) du.
0

For each n € N with ¢t — ns > 0 we have
t s
at—/(bogpu)du:at—at_sogps—/ (bowy)du
0 0
¢
+at—so<Ps_/(bOSOU)du
’ t—s
=bi_s+ [at_s —/ (boy) du} 0 (g
0

t—2s
=bi_s + bi_25 0 s + |:at—2s - / (b o (Pu) du:| O P2s
0

and so, proceeding inductively,

t n
a; — / (bowy)du = Z bi—ks © P(k—1)s
0 k=1 (29)

t—ns
+ At—ns © Pns — / (b © 90u+ns) du.
0

Hence, it follows from (28) that

at; () ag; () 1 [
oo [ bdu’é WD L)) du

t tj Jo

1y lat;—nslloc + (t; — ns) 8]
;Z:W)tj—/’c(9||oo‘F e t.J =+
J k=1 J

+9

IN
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Now let nj = [¢;/s]. Then t; —njs < s and since sup,cp 4 [latllo < +o0,
we have
”a’tj_anHOo + (tj - nJS)HbHOO
tj

<46

for any sufficiently large j. Hence, by (27) and since sup;c(o 7} [latllc < +00
for all T' > 0, taking n = n; we obtain

[ ] < Sl 20 < 3

t] jk‘l

again for any sufficiently large j.
Now let E be a finite set. Given & € N and ¢ = (cy,...,¢;) € EF, we
define a probability measure pu. on E by

1
pe(e) = %card{j ccj=e} foreekE.

Moreover, let
== e(e) log pre(e),
ecE

with the convention that 0logO0 = 0. Using the former observations and
proceeding as in the proof of [3, Lemma 4.3.2] now for the map ¢1, we
obtain the following result (recall that h,(®) = h,(¢1)).

Lemma 10. Let I' C X x {1} be a finite cover of X. For the open cover
V={W,....V;} of X, where V; = Bi(xj,¢/2) with (z;,1) € T, there exist
m,p € N, with p arbitrary large, and a sequence U = V;, ---V;  such that:

LzeP_,p_rt1Vi and

ap(x) §p</ bdu+3(5>;

2. there exists a subset V € (V™) of U of length km > p —m such that
H(V) < m(h(®) +5).

Step 2. Upper bound for the topological pressure. Here we use Lemma 10 to
obtain an upper bound for the topological pressure.

Given m € N and u € R, let Z,, ,, be the set of points z € £(Z) such that
the two properties in Lemma 10 hold for some measure p € V() "Mz with

/bdue [u — 0, u+ 0].
z

Moreover, let n, be the number of all sequences U € V? satisfying the same
two properties for some z € Z,,. Proceeding as in [3, Lemma 4.3.3] one
can show that

ny < explp(hy(B]7) + 26)] = explp(h, (®) + 20)

for any sufficiently large p (since u(Z) = 1).
We proceed with the proof of the theorem. For each 7 € N, the collection
of all sequences U € VP satisfying the two properties in Lemma 10 for some
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T € Zmy and p > 7 cover the set Z,, ,. Therefore,

M(Zm,uaaaa75)
< I —
_Tigrlw;npexp[ ap+p</zbdp+36>+fyp(a,g)]
< Tim io ha(@)+ [ bdu+56—a+ Tm @] G0
—T—>+oop:TeXp P\ ban a+ lim —
+oo
< P
- TEI}}OOZB ’
p=T
where

Bzexp(—a+c+55+ Tim %(a’g)>
t—-+o00 t

and
c= sup{hM(Q) +/ bdu: € JV[Z}.
z
For
a>ct+55+ Tm 21@9) (31)
t—+o00
we have 8 < 1 and so it follows from (30) that
M(Zpu, a,00,€) < TETOOZBP =0 and > P(a|z,..e).  (32)
p=T
Now take points uy,...,u, such that for each u € [minb, maxb| there

exists j € {1,...,r} with |u — u;| < 4. Then

£2)=J U Zmu

meN =1

and so it follows from (31) and (32) together with the first property in
Theorem 4 that

e+ 55+ Tm Tm 212 > T eup Pl o)

e—0t—+o0 t =0 1
= lim P(alg(z),€) = Plalg(z)-
Since ¢ is arbitrary and a has tempered variation, we find that P(alz)) < c.

Step 3. Lower bound for the topological pressure. In the remainder of the
proof of the theorem we show that P(alg(z)) > c. First we establish an
auxiliary result.

Lemma 11. For each measure j1 € Mz there exists a ®-invariant function
be LY(X,p) such that

t—+oo t t—+oo t

p-almost everywhere and in L'(X, 11).
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Proof of the lemma. It follows from (29) that

wix) 1 [t 1y Jatnslloe + (¢ = 1)l
=1 | eu@ndu] < 33 Il + t -

Let n = |t/s|. Then t —ns < s and since sup;¢(g 4 ||at||c < +00, we have

Sglo)(”at—né’”oo + (¢t — nS)HbHOO) < +00.
t>

Since sup;e(o 17 llat]loc < +oo for all T > 0, it follows from (27) that

1<at—/0t(bo<pu)du> —0

uniformly on Z when ¢t — 4o00. On the other hand, since b € L' (X, u),
by Birkhoff’s Ergodic theorem for flows there exists a ®-invariant function
b€ L'(X, ) such that

1/t .
lim / (bowy)du =10
0
p-almost everywhere and in L'(X, u). This yields the desired statement. [

Now we obtain a lower bound for the topological pressure.

Lemma 12. For each ergodic measure p € Mz, we have
P(alz) 2 (@) + [ ban
z

Proof of the lemma. Given ¢ > 0, there exist § € (0,¢), a measurable par-
tition £ = {C4,...,C),} of X and an open cover V = {Vj,...,V;} of X for
some k > m such that:

1. diam Cj <, VCC’i and p(C; \ Vi) < 6% fori=1,...,m;

2. the set B = J~

Now we consider a measure v in the ergodic decomposition of p with respect
to the time-1 map ;. The latter is described by a measure 7 in the space
M’ of ¢1-invariant probability measures that is concentrated on the ergodic
measures (with respect to ¢1). Note that v(F) < 6 for v in a set My C M’
of positive 7-measure such that 7(Ms) — 1 when 6 — 0 since

52> u(E) = / W) dr(v) > /M g V) 2 5700\ 06).

For each x € Z and n € N, let t,(z) be the number of integers | € [0,n)
such that ¢! (z) € E. By Birkhoff’s ergodic theorem, since v is ergodic
for ¢1 we have

lim n(2) = lim ZXE 901 /XEdJ/—V(E) (33)

1 Vi has measure pu(E) < §2.

1=m+

n—-+oo n n—+oo n

for v-almost every x € X. On the other hand, by Lemma 11 and Birkhoff’s
ergodic theorem we have

i (@) _ im1 t o z)du =
lim =1 /O(b ou)(x) d /Zbd,u. (34)

t—+oco ¢ t—+oo t
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for p-almost every z € X. By (33), (34) and Egorov’s theorem, there exist
v € Ms, n1 € N and a measurable set A; C Z with v(A;) > 1 — 6 such that

M<25 and a"(x)—/bd,u'<5 (35)
n Z

n

for every x € A; and n > ny (note that (34) holds for v-almost every
x € X, for T-almost every v, because it holds for p-almost every = € X).
Moreover, let

&=\ ¢17(El2).
j=0

where |7 is the partition induced by £ on Z. It follows from the Shannon—
McMillan—Breiman theorem and Egorov’s theorem that there exist no € N
and a measurable set Ay C Z with v(As) > 1 — ¢ such that

v(&n(x)) < exp[(—hu(p1,€) + 0)n] (36)
for every x € As and n > nsy. Take
p=max{n;,ny} and A= A4;N As.

Note that v(A) > 1 —2¢. By construction, properties (35) and (36) hold for
every x € A and n > p.

Now let A be a Lebesgue number of the cover V and take € > 0 such that
28 < A. Given « € R, take ¢ > p such that for each n > ¢ there exists a set
I' C X x [n,+00) covering Z with

Z exp(a(z,t,8) —at) — M(Z,a,a,8)| < 0. (37)
(z,t)el

Given [ € N, let
Iy ={(z,0)el: B(z,5)NA+# 2}
and define B; = U, e, Bt(2,€). One can now proceed as in the proof of
[13, Lemma 2| to show that
card Ty > v(B; N A) exp[hy (¢1,8)l — (1 + 2log card €)16] (38)

for each [ € N. Indeed, let L; be the number of elements C' of the partition &
such that C N B;N A # @. It follows from (36) that

VBINA) S Y U0 < Liewp[(~hu(er.&) + 0], (39)
CNBNA#D

Note that by eventually making £ sufficiently small, for each x € Z there
exist i1,...,4 € {1,...,k} such that Bj(x,g) C V, where

l
V= m S01_l+1‘/%j
7j=1

(this follows readily from the uniform continuity of the map (¢, z) — ¢(z) on
the compact set [0,1] x X). Given (z,l) € I';, we have B)(z,2)NA; # @ and
so also VNA; # @. Hence, it follows from the first inequality in (35) that the



20 LUIS BARREIRA AND CARLLOS HOLANDA

number S(, ;) of elements C' of the partition & such that CNB;(z,2)NA # &
satisfies
Sz < m?% = exp(26llogm).
Therefore,
L < Z S(ey) < card 'y exp(20] logm). (40)
(z,l)ely
Inequality (38) follows now readily from (39) and (40).
Observe that by the second inequality in (35) we have

sup a; > 1 </ bd,u—(?) —(a,€)
By (z,2) Z

for all | > ¢ and («,t) € I';. Therefore,

Z exp(a(z,t,g) — at)

(z,t)el
+00

> Z Z exp( sup ozl)
I=q (z,t)ely Bi(z.8)

+oo
> anrdl“wxp{(—a—i—/ bdu — 5) l —'yl(a,a)]
z

l=q

400
> (BN A)
l=q

XeXP[<hv(¢1,§)+/Zbdu—%(ClL’€)—a)l—2(1+10gcard£)l(5 .

Without loss of generality one can assume that ¢ is sufficiently large so that

vi(a, &) < Tim vt (a, €)

li +90
l t—+o00

for all [ > q. Now take

I e Pyt(a'a g)
a<mwb©+émw i 105

Without loss of generality one can also assume that ¢ is so small such that

a < hy(p1,€) +/ bdu — lim %(cz,e) —2(1 4 logcard§)d — 0.
z

t—4o00

Then

Z exp(a(z,t,) — at) > JrE:V(Bl NA)>v(A) >1-26
(z,t)el l=q
and so it follows from (37) that
M(Z,a,a,8) >1—36 > 0.
Therefore, P(alz,2) > «, which implies that

PWMQEMM%O+/bW—1m
7

t—+o00

Vt(av g) )
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Finally, we consider measurable partitions & and open covers V; as before
with ¢ = 1/I. For each [ take g > 0 such that 25; < 1/l is a Lebesgue
number of the cover V;. Since diam & — 0 when [ — +00, it follows that

lim h,(p1,&) = hu(e1).
l—+o00

Moreover, since the family a has tempered variation property, we obtain

Plalz) = lm_Plalz,2)

> lim h,,(gol,&)+/bdu— lm T 2
=400

=400 t—+00
=hy(<m)+/ bdp.
z

Integrating with respect to v gives

Plalz) > /M hu(p1) dr(v) + /Z by

and letting § — 0 yields the inequality

Plal7) > /M hulgr) dr(v) + /Z by

Zhu(solH/Zbdu:hu(‘I’H/Zbdu-

This completes the proof of the lemma. U

When p € My is ergodic, Z, is a nonempty ®-invariant subset of £(Z)
with p(Z,) = 1. Hence, it follows from Lemma 12 that

P(a|5(Z))>P(a|Z / bdu = h /bd,u

When p € Mz is arbitrary, one can decompose X into ergodic components
and the previous argument shows that

P(alg(z)) > sup (hu(@)Jr/Zbdp,).

HeEMzZ
This completes the proof of the theorem. O

It follows from Theorem 9 that if V(z) "Mz # @ for each z € Z, and so
in particular if Z is compact and ®-invariant, then

P(alz) = <hu(‘1>) +/Zbdu> :
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