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Abstract

We show that additive and asymptotically additive families of continuous functions
with respect to suspension flows are physically equivalent. In particular, the equiva-
lence result holds for hyperbolic flows and some classes of expansive flows in general.
Moreover, we show how this equivalence result can be used to extend the nonadditive
thermodynamic formalism and multifractal analysis. In the second part of this work,
we obtain a Livsic-like result for nonadditive families of potentials and also address
the Holder and Bowen regularity problem for the physical equivalence relations with
respect to hyperbolic symbolic flows.
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1 Introduction

This work is mainly a contribution to the study of thermodynamic formalism and multifractal
analysis for flows, taking into consideration the relationships between the additive classical
world of potentials and the nonadditive world of families of potentials, which started in
[Cun20]. The first part is concerned with the physical equivalence problem for flows and
how it affects some results in thermodynamics and multifractal analysis. The second part
is mostly inspired by the recent developments in [HS24], and it deals with regularity issues
arising naturally from the problem of how information can be exchanged between additive
and nonadditive families through the physical equivalence relation.

1.1 Physical equivalence

Let X be a topological space and T : X — X a map. A sequence of functions (fy)p>1 is
asymptotically additive with respect to T if for each € > 0 there exists a function f: X — R
such that

) 1
lim sup ﬁ”fn — Snflleo <e,

n—oo
where S, f = ZZ;(I) oT* and || - ||oo is the supremum norm. Notice that the sequence
(Snf)n>1 is additive with respect to T, that is,
Smanf(x) = Sy f(x) + Spf(T™(x)) for all z € X and m,n > 1.

A sequence F = (fp)n>1 is almost additive with respect to 1" if there exists C' > 0 such
that

—C+ fm(@) + fu(T7(2)) < frnsn(2) < fin(2) + fu(T"(2)) + C



for every x € X and all m,n > 1. It was showed in [FH10] that almost additive sequences
are in fact asymptotically additive.

Inspired by statistical mechanics, as in [Cun20], we say that two nonadditive sequences
of functions F := (f,)n>1 and G := (gn)n>1 are physically equivalent, or F is physically
equivalent to G, if

. 1
lm —||fn — gnlloo = 0.
n—oo n

Surprisingly, N. Cuneo showed in [Cun20] that asymptotically additive sequences are
physically equivalent to additive sequences with respect to a continuous map. This result
has a direct impact in the study of nonadditive thermodynamic formalism and multifractal
analysis for discrete-time dynamical systems (see [Cun20] and references within).

Motivated by the nonadditive thermodynamic formalism and multifractal analysis for
flows, and inspired by Cuneo’s equivalence theorem, in this paper we investigate the same
equivalence problem in the case of continuous flows.

Let ® = (¢¢)ter be a continuous flow on a topological space X. A family a = (a;)¢>0 of
functions a;: X — R is said to be almost additive with respect to ® on X if there exists a
constant C' > 0 such that

—C+at+asops <apys <ag+asop+C

for every t,s > 0. Notice that, for each function b : X — R, the family (S:b):>0 given by
Sib = fg(b o ¢s)ds is additive with respect to ®.

We also say that a family of functions a = (at)¢>0 is asymptotically additive with respect
to ® on X if for each ¢ > 0 there exists a function b. : X — R such that

1
lim sup — <e.

t—o00

¢
ar — /0 (be 0 ps)ds

o0

Proceeding as in [FH10]|, one can see that every almost additive family of functions is
asymptotically additive.

Following the definition for discrete-time dynamical systems, we say that two families of
functions a = (a¢)¢>0 and b = (bs)¢>0 are physically equivalent, or a is physically equivalent
to b, with respect to the flow ® if

1
Jim 7l =le =0

We observe that physically equivalent almost additive families have the same topological
pressure and share the same equilibrium measures (see [BH21a]). Moreover, they also share
the same level sets and the same maximizing measures in the sense of ergodic optimization
(see for example [BD09], [BH21b], [BHVZ21|, [HLMXZ19] and [MSV20]).

In the present work, we show that asymptotically additive families of continuous
functions are physically equivalent to additive families of continuous functions with respect



to suspension flows, and in particular, hyperbolic flows and expansive flows admitting
a measure of full support. As in the discrete-time case, this physical equivalence result
for flows has the potential to facilitate and simplify many extensions of the nonadditive
thermodynamic formalism, multifractal analysis and even ergodic optimization for flows in
general (see section 2.6).

We also address the full problem of equivalence with respect to continuous flows in
general, and it turns out that this problem is intrinsically connected to the following
dynamical embedding problem, which is also stated as an open question in [BHVZ21]:

e Given a continuous flow ® on a metric space X and a continuous function b X — R,
18 there a continuous function b: X — R such that

~ 1
= o ?
b /0 (bo éy)ds

We stress here that a positive answer for this embedding problem implies a positive answer
for the general physical equivalence problem.

In this work, we are also able to describe a sufficient condition on the function and on
the flow where the dynamical embedding problem can be answered affirmatively. On the
other hand, we also give a simple counter-example, showing that the embedding problem
cannot be solved in full generality (see section 2.5). Moreover, concerning the general
physical equivalence problem, we give a positive answer in the case of continuous flows with
uniquely ergodic time-one maps. However, as far as we know, the equivalence problem in
full generality remains open.

1.2 A nonadditive LivSic theorem and some regularity relations

Based on the physical equivalence relationship between asymptotically additive, almost
additive and additive families obtained in the first part of this work (see Theorem 1), one
can naturally consider the problem of identifying the meaningful different levels of regularity
that the physical equivalence relation can maintain. In our setup, the most relevant types
of regularity are the ones involving Bowen and Holder functions together with families
having the bounded variation condition (see sections 3.1 and 3.2 for the definitions). In the
context of hyperbolic suspension flows and related hyperbolic setups, the space of Holder
continuous functions is contained in the space of Bowen continuous functions. Furthermore,
by definition, an additive family generated by a Bowen function has bounded variation with
respect to any flow in general.

More specifically, inspired by the recent work [HS24] for maps, we can consider three
types of regularity problems:

e Bowen regularity. Given any almost additive family of continuous functions a = (at)i>0
with bounded variation with respect to an hyperbolic suspension flow, is there any
Bowen continuous function b such that (Sib)i>o is physically equivalent to a ?




e Uniform bound. Given any almost additive family of continuous functions a = (at)t>0
with bounded variation with respect to an hyperbolic suspension flow, is there any
continuous function b such that sup;> |la; — Stblloc ?

e Holder regularity. Given any almost additive family of Héolder continuous functions
a = (at)e>0 with bounded variation with respect to an hyperbolic suspension flow, is
there any Hélder continuous function b such that (Stb)i>0 is physically equivalent to
a ?

Notice that the uniform bound immediately implies Bowen regularity and, a positive
answer to the Holder regularity question in this context also gives an affirmative answer to
the Bowen regularity one. It is important mentioning that these regularity issues are also
interesting in the more general case of asymptotically additive families.

Apart from the intrinsic interest involved, there are important consequences regarding
the regularities problems posted above. In fact, an affirmative answer to the Bowen
regularity question would imply that one can obtain the uniqueness of equilibrium measures
for almost additive families with bounded variation directly from the (additive) classical
uniqueness result for a single potential (see [Fra77], [BH21a]). On the other hand, a positive
answer to the Holder regularity equivalence problem would either simplify or automatically
extend some relevant results in ergodic optimization for almost and asymptotically additive
families (see for example [BHVZ21], [HLMXZ19] and [MSV20]). In addition to that, the
Holder regularity problem is also connected to the existence of a general important class of
asymptotically and almost additive families with analytic nonadditive topological pressure
function, which also could allow us to obtain higher-regularity of the entropy and dimension
spectra for these classes of families of potentials with respect to dynamical systems admitting
some hyperbolic behavior (see for example [Rue78], [BD04], [BS00], [PS01], [BH21b] and
[BH22¢]).

In the second part of this work we are able to obtain a characterization result for almost
additive families, which also has an interesting and significant connection with the regularity
problems mentioned above:

(Theorem 16). Let ® = (¢¢)t>0 be a topologically transitive continuous flow on a compact
metric space X and satisfying the Closing Lemma. Let B = (bt):>0 be an almost additive
family of continuous functions (with respect to ®) with bounded variation. Then, the
following are equivalent:

1. limy—o0 ||b¢]|oo /t = 0;
2. sup;> [[btfloo < 005
3. there exists K > 0 such that |b;(p)| < K for all p € X and ¢t > 0 with ¢:(p) = p.

This result is based on the discrete-time counterpart recently showed in [HS24]. It is
important mentioning that this theorem is proved here directly in the realm of flows, and



without using any of the physical equivalence results for discrete and continuous-time
dynamical systems (respectively Theorem 1.2 in [Cun20] and Theorem 1). Also observe
that Theorem 16 immediately gives a setup where the uniform bound and Bowen regularity
problems are actually equivalent.

This characterization result holds, in particular, for some types of suspension flows and
hyperbolic symbolic flows in general and shows a deeper layer of the physical equivalence
relation for these types of nonadditive families (see Corollary 17). Furthermore, we apply
Theorem 16 to the study of some matrix cocycles over flows and also to classify the
equilibrium states for almost additive families based on their cohomology relations, strongly
hinting that, in fact, Theorem 16 also works as a nonadditive version of the classical Livsic
Theorem for flows (see [Liv71] and [Liv72]). In addition, we also show that Theorem 16 has
an optimal setup in the sense that it is no longer valid for asymptotically and subadditive
families in general.

Building on some examples showed in [HS24] for full shifts of finite type, we demonstrate
how to construct almost and asymptotically additive families of Holder continuous potentials
satisfying the bounded variation condition with respect to hyperbolic symbolic flows and
which are not physically equivalent to any additive family generated by a Holder (Bowen)
continuous potential. As in the discrete-time case, these examples indicate that almost
and asymptotically additive families with bounded variation do not always have the same
expected optimal regularity properties of Hélder continuous functions in hyperbolic and
related scenarios.

1.3 Organization of the paper

We start proving our main equivalence result for suspension flows and, consequently, for
hyperbolic flows. After that, we proceed to show how to extend the physical equivalence
theorem to expansive flows using the very recent work [GS22]. In the following, we also give
natural sources of almost and asymptotically additive families of continuous functions, and
also treat the general physical equivalence problem for continuous flows. In the final section
of the first part, we conclude with some applications and consequences of the equivalence
theorem, extending parts of the nonadditive thermodynamic formalism and multifractal
analysis for continuous-time dynamical systems.

In the second part we start studying some different notions of cohomology for almost
and asymptotically additive families in general. In the next section, we state and prove
our nonadditive version of the Livsic theorem for flows and show how it can be applied to
the context of matrix cocycles over flows. We proceed to study and compare some related
notions of nonadditive Gibbs and weak Gibbs measures with respect to flows and, as another
application of Theorem 16, we demonstrate how to classify almost additive families based
on cohomology relations and equilibrium measures. In the next section, we start with a
simple non-hyperbolic example where the uniform bound problem can always be positively
answered, and another example where the equivalences in Theorem 16 do not hold. In



the next subsection, based on [HS24], we show how to build examples of almost additive
families of Holder continuous potentials satisfying the bounded variation property but never
physically equivalent to any additive family generated by a Holder continuous potential,
giving a negative answer to the Holder regularity equivalence problem. Proceeding to
the next subsection, we show a way of categorizing almost additive families based on the
different types of physical equivalence relations with the additive setup, and we conclude
our work showing a construction of asymptotically additive families satisfying the bounded
variation condition with respect to a hyperbolic symbolic flow, with a unique equilibrium
measure but not physically equivalent to any additive family with bounded variation, giving
a negative answer to the Bowen regularity problem for the asymptotically additive case.

2 Part I: physical equivalence

In this part, we are going to show that additive and asymptotically additive families of
continuous functions are physically equivalent with respect to suspension flows and also with
respect to some expansive flows. Moreover, we are going to give some natural examples of
asymptotically additive families and also explore the general problem of physical equivalence
for continuous flows. In the end, we will show some consequences of the physical equivalence
result in thermodynamic formalism and multifractal analysis for flows.

2.1 Suspension flows

Let X be a compact metric space, T: X — X a homeomorphism and 7: X — (0,00) a
positive continuous function. Consider the space

W={(z,s) e XxR:0<s<7(x)}

and let Y be the set obtained from W identifying (x,7(z)) with (T'(x),0) for each =z € X.
Then a certain distance introduced by Bowen and Walters in [BW72] makes Y a compact
metric space. The suspension flow over T' with height function 7 is the flow ® = (¢¢):cr on
Y with the maps ¢;: Y — Y defined by ¢;(x,s) = (z,s + t).

Let © be a T-invariant probability measure on X. One can show that p induces a
®-invariant probability measure v on Y such that

for any continuous function g: ¥ — R, where I4(z) = fOT(I) (g 0 ¢s)(x) ds. Conversely, any

®-invariant probability measure v on Y is of this form for some T-invariant probability
measure p on X. Abramov’s entropy formula says that
hyu(T)

h(®) = FET

7



The next result establishes the physical equivalence between asymptotically additive
and additive families of functions with respect to suspension flows.

Theorem 1. Let ® = (¢¢)ier be a suspension flow over a continuous map T : X — X and
a = (at)e>0 be an asymptotically additive family of continuous functions with respect to ®.
Then, there exists a continuous function b:Y — R such that

1 t
ay — / (b o gbs)ds =0.
t 0

lim —
t—o0

o0

Consider the sequence of continuous functions ¢ = (¢p)p>1 on X given by ¢, (x) =
r, () (7), where

i
L

ma(z) =Y 7(T*(x)) for every z € X.
0

e
i

Lemma 1. There exists a continuous function £ : X — R such that

n—1
en(w) = Y &(TH(x))| =
k=0

Proof. Since a is asymptotically additive with respect to the flow @, for each € > 0 there
exists a continuous function b, : Y — R such that

- [[teo0

It follows from the proof of Lemma 15 in [BH21b] that

o1
lim — sup
n—oo N zeX

(1)

lim sup — <e. (2)

t—o00

o

Tn () n—1 N
/ (be 0 ¢s)(x)ds = Z(Ibs oT")(x) forevery z €Y andn > 1.
0 k=0

Notice that for each ¢ > 0 there exists a unique n € N such that 7,,(z) <t < 7,41 (x) with
t —1n(z) € [0,sup 7). Then, in particular from (2), we have

n—1
en(T Z Iy o ) (x
k=0
= lim sup

mow (7)o

for any x € X. Since € > 0 is arbitrarily small, this implies that the sequence c is
asymptotically additive with respect to the map T : X — X. Now we can apply Theorem
1.2 in [Cun20] to guarantee the existence of a continuous function & : X — R satisfying (1),
as desired. O

) 1
lim sup — sup
n—oo M zeX

3)

Tn(x)
a‘fn(l‘)(x> - /0 (be 0 ps)(x)ds| < esupT




Lemma 2. There exists a continuous function b:Y — R such that I|x = &.

Proof. Following [BRWO04], we can just define b: Y — R as

b(¢s(x)) = figwl(r&))

)], where ¢ : [0,1] — [0,1] is any nondecreasing C'' function

and ¢'(0) = ¢/(1) = 0. O

for each x € X and s € [0, 7(
such that ¥(0) =0, (1) =1
Lemma 3. We have

. 1
lim sup — sup |a;(x) — O, (z) (z)] = 0.
t—00 zeX

Proof. Since a is asymptotically aditive, for each € > 0 there exists b, : ¥ — R such that

<e.

o0

) 1
lim sup —
t—o0

t
ar — /0 (be 0 ¢5)ds

Moreover, following as in the proof of Lemma 15 in [BH21b], one can check that for each
t > 0 there exists a unique n € N with ¢ = 7,,(x) 4+ & for some « € [0, sup 7| such that

n—1

ACRYSIETES SIS

k=0

< ||bel| o SUP T
Then, since

sup |ay () = s, (z)()] < sup

ai(zx) — /0 (be 0 ¢s)(x)ds

reX xeX
t n—1
+&m\/kmo¢o@m5230%oT%@>
n—1
+ sup |ca(x) = Y (I, 0 TF)(x)
rxeX k=0

for every t > 0, it follows from (3) that

1 1
limsup — sup |a¢(z) — ar, () (7)] < (1 +sup7) + limsup - (||bel|oo sSUp7) = €(1 +sup 7).
t—o00 rxeX t—o00 t
Hence, letting ¢ — 0 we obtain
) 1
limsup — sup |a¢(z) — ar,, ) (7)] = 0,

t—o00 rzeX

as desired. ]



Proof of Theorem 1. Using Lemma 2, let b: Y — R be a function such that I|x =&
and define the family of continuous functions A := (A¢)¢>0 as

Ay(z) == ar(x) — /Ot(b o ¢s)(xz)ds forallx €Y and t > 0. (4)

For each x € X, we have

1 1
lim sup 7 Sup |As(z)| < limsup - sup

t—o00 reX t—o00 zeX

Tn(m)
ar, () — /0 (bo da)(x)ds

. 1
+ lim sup — sup |a¢(x) — A, (z) ()]

t—00 zeX

+hmsupsup\/ (bo d.)(x >ds—/ (bo o) (x)ds

t—00 reX
1 1 n—1
< | - lim sup — sup |¢,(x) — Tk (z
< (s ) e s o)~ e o)|

. 1
+limsup — sup(|ag(z) — ar, () ()] + bl sup 7).

t—o00 rxeX
Hence, it follows from the lemmas 1 and 3 that
1
lim sup — sup |A¢(x)| = 0. (5)
tooo U reX

We claim that

1
limsup — sup sup |A¢(¢s(z))| = 0.
t—o0 sel0, 7] zeX

By the asymptotic additivity of a, given € > 0 there exists b. : Y — R such that, in
particular,

. 1
lim sup — sup
t—o00 rxeX

ars(s(2)) — /0 (b 0 Gure)(@)du

<e and (6)

ay(x) — /0 (be © ) (x)du

lim sup sup
t—o00 t—s rxeX

Since

<e forevery s € [0,sup7]. (7)

sup |a;—s(ps(x)) — ar(x)| < sup
zeX

ars(6s(2)) — /0 (b 0 Guse) (2)du

rxeX
t t t
—1—22)13 at(x)—/o (be © ¢y)(x)du +§2§ /S(bgogﬁu)(a;)du—/o (be © ¢y)(x)du
t—s t
< sup fars(6u(@) ~ [ (b0 bura) )| + sup fau(o) = [ (00 6 (@)
zeX 0 zeX 0
+ ||b6”ooSUP7'

10



for every ¢t > s and s € [0,sup 7], it follows from (6) and (7) that

1
— sup sup |ai—s(¢s(x)) — ar(x)| <2+ 2e+e =5 for t sufficiently large.
s€l0, 7] reX

Then, the arbitrariness of ¢ gives that

. 1
lim sup 7 sup sup lai—s(¢s(z)) — ar(z)] = 0. (8)
t—o0 sel0,7] zeX

From (4) one can check that

sup sup |A;_s(@s(2)) — A¢(z)| < sup sup |ar—s(¢s(x)) — ar(z)] + [|bfloc sup T
s€l0,7] zeX s€l0,7] zeX

for every t > s. Hence, it follows from (8) that

limsup = sup sup |Ag_o(6s(x)) — Ag(x)] = 0. )

t—oo 1t sel0, 7] zeX

Now observing that

sup sup ’At—s(¢s(x))| < sup sup ’At—s(¢s(x)) - At(m)‘ + sup |At(x)|
s€l0,7] zeX s€l0,7] zeX zeX

for every t > s, from (5) and (9) we get

1
limsup — sup sup |A¢(¢s(x))| =0,
t—o0 s€l0,7] zeX

and the claim is proved. O
Now for each y € Y there exist x € X and s € [0,sup 7| such that y = ¢s(z). Then

[At(y)] = [Ae(ds(2))] < sup sup |Ay(¢s(x))| for each t >0,
sel0, 7] zeX

which readily implies that

1 1
lim sup —||A¢]|oo < limsup = sup sup |A¢(ds(x))| = 0.
t—oo 1 t—soo  t selor]zeX

Since, in particular, A, is asymptotically aditive with respect to the map ¢, on Y, Lemma
A.3 in [FH10] guarantees that the limit limy_o +[|A¢||oo exists. Therefore

o1
Jim 1A =0,
and the theorem is proved. O

11



Definition 1. Let X and Y be topological spaces and consider the flows ® on X and ¥ on
Y. We say that (X, ®) is topologically conjugate to (Y, W) if there exists an homeomorphism
h: X — Y such that (ho ¢;)(x) = (s o h)(x) for every t € R and every z € X. Moreover,
we say that (X, ®) is C"-conjugate to (Y, V) if h is C".

Corollary 2. Let ® = (¢¢)ier be a continuous flow on a compact metric space M. Suppose
that ® is topologically conjugate to a suspension flow. Then, for every asymptotically additive
family of continuous functions a = (a;)ier there exists a continuous function b: M — R
such that

=0.

o0

lim —
t—o00

1 t
" at—/o(bo¢s)ds

Proof. Let ¥ be a suspension flow on a compact metric space N and h : M — N the home-
omorphism conjugating (M, ®) and (N, V). Suppose that a = (at)¢>0 is an asymptotically
additive family of continuous functions with respect to ®. One can easily check that the
family (a; o h™1);>0 is asymptotically additive with respect to ¥. By Theorem 1, there
exists a continuous function b: N — R such that

(@oh ™) - [ Gowv)wis

1
lim — sup = 0.

t—oo t yeEN

t
0

Since for each y € N there exists a unique x € M such that h(z) = y, we have

; ay(x) — /0 ((boh)o ¢s)(x)ds|.

ar(h™(y)) - / (5o ) (y)ds

Hence

lim — sup
t—oo t zeM

where b:=boh: M — R.

at(x)—/o (bo ¢s)(x)ds| =0,

O

Example 1. Let T" := R/Z x --- x R/Z be the n-torus. Letting o € R", the linear flow
® = (¢1)1er on T in the direction « is defined by ¢.(z) = = + ta mod 1.

One can see that every linear flow on the n-torus is C'"*°- conjugate to a suspension flow
(see for example [FH20]). Then, it follows from Corollary 2 that asymptotically additive
and additive families of continuous functions are physically equivalent with respect to the
flow ®. O

2.2 Hyperbolic flows and Markov partitions

Let ® = (¢¢)icr be a C! flow on a smooth manifold M. A compact ®-invariant set A C M
is called a hyperbolic set for ® if there exists a splitting

TAM = E*® E* ¢ E°

12



and constants ¢ > 0 and A € (0,1) such that for each x € A:
1. the vector (d/dt)¢:(z)|i=o0 generates E°(x);

2. for each t € R we have
dpprB°(z) = E*(¢e(x)) and  dy¢E"(z) = E"(d1());

3. ||dzpev|| < eAt|jv]| for v € E3(x) and t > 0;
4. ||dzp—_v|| < eAt|jv]| for v € E%(z) and t > 0.

Given a hyperbolic set A for a flow ®, for each x € A and any sufficiently small € > 0 we
define

A%(z) = {y € B(z,e) : d(¢(y), d¢(x)) \, 0 when t — +o00}
and
A'(z) = {y € B(=,¢) : d(¢+(y), ¢(x)) \y 0 when ¢t — —o0}.

Moreover, let V¥(x) C A%(z) and V¥(x) C A"(z) be the largest connected components
containing z. These are smooth manifolds, called respectively (local) stable and unstable
manifolds of size ¢ at the point z, satisfying:

1. T,V?3(x) = E*(z) and T, V*%(x) = E%(x);
2. for each ¢ > 0 we have

¢e(V(x)) V3 (dr(x)) and  ¢(V¥(2)) C V(d-t(2));
3. there exist k > 0 and p € (0, 1) such that for each ¢ > 0 we have

d(¢e(y), ¢e(x)) < kptd(y,x) for y € V(x)

and
d(p-1(y), p—(x)) < wp'd(y,z) for y € V().

We recall that a set A is said to be locally mazimal (with respect to a flow ®) if there exists
an open neighborhood U of A such that

A=) eu(U),

teR

Given a locally maximal hyperbolic set A and a sufficiently small € > 0, there exists § > 0
such that if =,y € A satisfy d(x,y) < J, then there exists a unique ¢t = t(x,y) € [—¢, €] such
that

[z,y] :=V*(¢e(z)) N V()

13



is a single point in A.

Now let us recall the notion of Markov partitions for continuous-time dynamical systems.
Consider an open smooth disk D C M of dimension dim M — 1 that is transverse to ® and
take z € D. Let U(x) be an open neighborhood of z diffeomorphic to D x (—¢,¢). Then
the projection wp: U(z) — D defined by mp(¢+(y)) = y is differentiable. We say that a
closed set R C AN D is a rectangle if R = int R and np([z,y]) € R for =,y € R.

Consider rectangles Ry, ..., Ry C A (each contained in some open smooth disk transverse
to the flow) such that

R;NR; =0R;NOR; for i # j.
Let Z = U,’le R;. We assume that there exists € > 0 such that:
LA = U ¢(2);
2. whenever ¢ # j, either
¢e(Ri)NR; =0 forallte|0,e]

or
$e(Rj)NR; =0 foralltel0,e].

Now define the function 7: A — Rar by
7(x) =min{t > 0: ¢(z) € Z},

and the map T: A — Z by
T(x) = ¢r(z)(2). (10)

The restriction 77 of T to Z is invertible and we have T"(r) = ¢, (5)(7), where

i
L

Ta(z) = ) 7(T"(x)).

i

Il
o

The collection Ry, ..., Ry is said to be a Markov partition for ® on A if
T(int(V:(xz) N R;)) C int(V*(T'(x)) N Ry)

and
T (int(V*(T(2)) N R;)) C int(V*(z) N R;)

for every x € int T'(R;) Nint R; and 4,5 = 1,..., k. By work of Bowen [Bow73] and Ratner
[Rat73], any locally maximal hyperbolic set A has Markov partitions of arbitrarily small
diameter and the function 7 is Holder continuous on each domain of continuity.

14



Given a Markov partition Ry, ..., Ry for a flow ® on a locally maximal hyperbolic set
A, we consider the k x k matrix A with entries

{1 if intT(R;) N R; # 0,
a,;j =

0 otherwise,
where T' is the map in (10). We also consider the set
YA = {('--i_lio’il ) P Qi = 1 forn e Z} C {1,...,k}Z

and the shift map o: ¥4 — ¥4 defined by o(---ig---) = (- jo--), where j, = ip+1
for each n € Z. We denote by X, the set of ¥ -admissible sequences of length n, that
is, the finite sequences (i1 ---i,) for which there exists (---jojijo---) € X4 such that
(i1...19n) = (J1- - jn). Finally, we define a coding map w: ¥4 — Z by

m(cvigeee) = () Ri i

nez

where R =N_,T, Lint R;,. The following properties hold:

7f—nzn
1. too=Tom;
2. 7 is Holder continuous and onto;

3. 7 is one-to-one on a full measure set with respect to any ergodic measure of full
support and on a residual set.

Given 8 > 1, we equip X4 with the distance dg defined by

B ifw # W,
dg(w,w’) =
plw,w) {O if w=u,
where n = n(w,w’) € NU {0} is the smallest integer such that i, (w) # i, (W) or i_,(w) #
i—n(w'). One can always choose (3 so that 7o 7 is Lipschitz.
Now let v be a Tz-invariant probability measure on Z. One can show that v induces a
®-invariant probability measure p on A such that

_ fZ oT(x)(g o ¢s)(x)ds dv
/Agdu— fZTdV

for any continuous function g: A — R. In fact, any ®-invariant probability measure p on
A is of this form for some Tz-invariant probability measure v on Z. Abramov’s entropy
formula says that

(11)

_ hV(TZ)
fZTdZ/'

15
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By (11) and (12) we obtain

hl,(Tz) + fZ I,dv
fZTdV ’

where I4(z) = fOT(x) (g o ¢s)ds. Since 7 > 0 on Z, it follows from (13) that

hu(®) + /Agdu =

Pp(g) =0 if and only if Pr,(I,) =0,

where Pg(g) is the topological pressure of g with respect to ® and Pr, (1) is the topological
pressure of I, with respect to the map Tz. When Pg(g) = 0, this implies that p is an
equilibrium measure for g if and only if v is an equilibrium measure for I,.

As a direct consequence of the existence of Markov partitions for locally maximal
hyperbolic sets together with Theorem 1, we obtain the following result:

Corollary 3. Let A be a locally mazimal hyperbolic set for a C' flow ® = (¢¢)ier and
suppose that a = (at)¢>0 is an asymptotically additive family of continuous functions with
respect to ®. Then, there exists a continuous function b: A — R such that

=0.

o0

t—o00

t
at—/o (bo gs)ds

1
lim —
t

2.3 Expansive flows

Let (X, d) be a metric space and T : X — X a dynamical system. T is said to be ezpansive
if there exists § > 0 such that d(T"(x),T"(y)) < 6 for all n € Z implies = = y.

The definition for continuous-time dynamical systems is more refined. A flow ® on X is
said to be erpansive if for each £ > 0 there exists § > 0 such that if d(¢:(z), ds¢)(y)) < 6
for all t € R, for points  and y and a continuous map s : R — R with s(0) = 0, then there
exists a time || < & such that ¢;(x) =y (see [BWT2]).

Let X and Y be metric spaces and consider the flows ® on X and ¥ on Y. We say that
S C X is a full set when p(S) = 0 for all ®-invariant measure p. Suppose that 7:Y — X
is a topological extension from (X, ®) to (Y, V), that is, a surjective map topologically
conjugating (®, X) and (¥,Y"). The extension 7 : Y — X is said to be strongly isomorphic
if there exists a full set £ C X such that 7 : 771(E) C Y — X is one-to-one (see for
example [Burl9)).

Advancing the main results in [Burl9], recently Gutman and Shi proved the following;:

Theorem 4 ([GS22, Theorem B|). Let X be a compact finite-dimensional space and ®
an expansiwe flow on X. Then, (X, ®) is strongly isomorphic to a suspension flow over a
subshift of finite type.

This result together with Theorem 1 gives the following;:

16



Theorem 5. Let ® = (¢¢)er be a continuous expansive flow on a compact finite-dimensional
metric space M, and let a = (at)i>0 be an asymptotically additive family of continuous
functions. Then, there exists a continuous function b: M — R and a full set N C M such
that

lim 1sup at(x) —/0 (bo ¢s)(x)ds| = 0. (14)

t—oo t zEN

Moreover, if ® admits an invariant measure with full support then

=0.

o0

1 t
lim ‘at—/ (bo gs)ds
0

t—oo t

Proof. By Theorem 4, there exists a full set N C X such that (N,®) and (Y,¥) are
topologically conjugate, where W is a suspension flow over a subshift of finite type. Then,
(14) follows directly from Corollary 2.

Now suppose that v € M(®) is a measure with full support. Then, one can see that N
is dense on the whole space M. Since the function

X Dt(.%‘) =

at(x)—/o (bo ¢s)(x)ds

is continuous for every t > 0, we have sup D;(M) = sup D(N) < sup D;(N) = sup D;(N)
for every t > 0. This together with (14) yield

lim —
t—o00

1 1
. - < i - _
= tli>m . sélp Dy(x) < th_)m . 2161];\)[ Dy(x) =0,

1 t
ay —/ (bo ¢s)ds
t 0 oo

and the theorem is proved. ]
The following result is a weaker notion of equivalence in the case of expansive flows.

Corollary 6. Let & = (¢¢)er be a continuous expansive flow on a compact finite-
dimensional metric space M, and let a = (at)i>0 be an asymptotically additive family
of continuous functions. Then, there exists a continuous function b: M — R such that

1
lim — atd,u:/ bdu
for every measure € M(P).

Proof. 1t follows directly from Theorem 5 and Birkhoff’s ergodic theorem. O

Observe that volume preserving continuous expansive flows on compact finite-dimensional
manifolds satisfy all the hypotheses of Theorem 5.

17



2.4 Some examples: conformal and non-conformal hyperbolic flows

We will now introduce a source of asymptotically additive families of continuous potentials.

2.4.1 Conformal flows

We say that a C' flow ® is conformal on a hyperbolic set A if there exist continuous
functions Q%, Q“: A x R — R such that

depe|E%(x) = Q% (x,t)J%(z,t) and dg¢¢|EY(x) = Q" (x,t)J"(z,1t)
for every x € A and ¢ € R, where
J¥(x,t): E°(x) = E*(¢¢(x)) and JY(x,t): E%(x) = E%(pe(x))
are isometries. For example, if
dim E¥(z) = dim E%(x) =1 for x € A,
then the flow is conformal on A. Proceeding as in [PS01] we define:

- log |[du | ()]

= () o O s _9 s _

=.(2) i= 5 10g1Q*(2, 0)lico = 5 1og s ¥ (@)} ig = lim 1= (15)
and

= (.. 9 u _ 0 u _ . log|lde g B (@) ||

Eu(®) i= 5. 108|Q" (2, t)l1=0 = - l0g[|du¢e| ¥ (2)l1=0 = lim . . (16)

Since the flow ® is of class C!, using 2-norms one can write

s s 2 s o S
o 2 Nt B2 @) _ o dog(ldabul EX@)I?) _,  Adebl E*(2), 5 (dadul E*()))
50 t 0 2t t—0 |z e B ()]

_ <Id]Es($), §t<dx¢trES<x>>|t:o>

and, similarly,

~ (1B, S dut|E*Dlico).

u
| og s ()]
t—0 t

In particular, the functions =4 and =, are well defined. For an adapted norm ||-|| (that is, a
norm for which one can take ¢ = 1 in the definition of a hyperbolic set), we obtain

() =ty B @)

t—0+ t

<logA <0

18



and

log ||dz | E™
) = i RELBIE @
t—0+ t
for all z € A. Moreover, for every x € A and ¢t € R, it follows from (15) and (16) that
t

[dzev]| = o] eXP</0 Es(@(w))dT) for v € E*(x) (17)
and .

ldzdv]| = Hv||exp</0 Eu(ng(l‘))dT) for v € E%(x). (18)

In this case, notice that

(log [|dz¢¢| E*(2)[)ez0  and  (log [[dudhe| E*(2)[])e>0

are additive families of continuous functions with respect to ®.

2.4.2 Non-conformal flows with bounded distortion

Let A be an hyperbolic set for a C! flow ® = (¢;)iecr. Moreover, let E*(z) and E%(x)
be the stable and unstable spaces at z. We say that ® has bounded distortion (in the

sense of [PS01]) if there exist constants C; > 0, Co > 0 and Hoélder continuous functions
b®,b%: A — R such that

t

t
C1 o]l exp /0 (1° 0 br) (@) dr < [[dathv]] < Calo]| exp /0 (0° 0 6)() dr

for v € E*(x), and

t

t
Cl\UHeXp/O (0% 0 ér)(2) d7 < ||dzprv]| < C2HvHeXp/0 (b" 0 ¢r)(x) dr

for v € E%(x). In this case one can easily verify that the families a® = (a})i>0 and
at = (a}')i=0 given by

a;(x) = log ||da¢t|ps ()|l and  a;(x) = log||dedt| pu(a)l]

are almost additive with respect to ® and satisfy

1 t
i [(wosar| =o
0

and

1 t
lim ’ai‘—/(b“ogﬁT)dT =0.
0
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2.4.3 Quasiconformal flows

Now let A be an hyperbolic set for a C* flow ® = (¢;)ier, and consider the functions
K5 K": A xR — R given by

max{||dy | : v € E*(x), [[v]| =1}
min{||d. g0 : v € E*(z), [Jv] = 1}

Ko(z,t) = (19)

and
max{||dz || : v € E(z), |lv]| = 1}

min{||de o] : v € E*(x), [[of =1}

We say that ® is uniformly quasiconformal if the functions K*® and K" are uniformly
bounded for all z € A and t € R. Observe that when ® is conformal on A, it follows directly
from (17) and (18) that K*(x,t) = 1 and K"(z,t) = 1 for all z € A and all ¢t € R. The
notion of a uniformly quasiconformal hyperbolic map is analogous (see [Sad05]). Observe
that conformal flows are quasiconformal and an Anosov diffeomorphism is quasiconformal if

and only if its suspension flow is quasiconformal (see for example [Fan05]). It follows from
(19) and (20) that

K%(x,t) = (20)

S _ N T, _
Jim (@, )l =0 and L —[[K*(,8)o =0,

which readily implies that (K*(x,t));>0 and (K"(z,t))t>0 are asymptotically additive
families with respect to .

2.4.4 Average conformal flows

Inspired by previous work [BCH10], it was introduced in [WWCZ20] a type of non-conformal
hyperbolic maps, which can also be seen as a generalization of quasiconformal maps. Let
A be an hyperbolic set for a diffeomorphism f : A — A. The set A is called an average
conformal hyperbolic set for f if it admits exactly two unique Lyapunov exponents, one
strictly positive and the other strictly negative.

If ® = (¢¢)¢er is a suspension flow over an average conformal hyperbolic map, it follows
from Lemma 2.3 in [WWCZ20] that

.1 -
Jim = 110g 26 )| — 108 I(dadtl o)1 loo = 0,

.1 1y—
Jim 110 | dun o) | = 108 1 (deil ) e = 0 and

1
1(dedt| @) 171 < [ det(dedi] ps )] % < ldati| ps ()],
1
1(dedt| pu(ay) ™ 7 < | det(dutt| pua)) |2 < [|datri| ool
where d; := dim E® and d" := dim E*. Since (det(dy¢¢|pu(z))i>0 and (det(dz¢¢|gs(z))i=0
are additive families with respect to ®, one can see that a’ := (|| log | de®t| gi ()l )e>0 and
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bt == (|| log |ddt| i) || — log H(dng)tIEi(x))_lH_l)tzo are asymptotically additive families of
continuous functions with respect to ® for i € {u, s}.

2.5 The general physical equivalence problem

We recall that a family of functions a = (at)¢>0 is said to have bounded variation if there
exist k > 0 and € > 0 such that

las(z) — ar(y)| < k  whenever y € By(x, ).

Inspired by the examples in subsection 2.4 and by the work [Cun20], one can ask the
following questions:

Question A: Given an asymptotically additive family of continuous functions a =
(at)r>0 with respect to a continuous flow ® = (¢;)cr on a compact metric space X, is there
any continuous function b: X — R such that

o1
lim —
t—oo t

=07 (21)

o0

t
at—/o (bo ¢s)ds

Question B: When ®|, is a hyperbolic flow and the family a is almost additive with
bounded variation, is there any continuous function b: A — R where the additive family

Sib = /Ot(b o ¢s)ds

has bounded variation and also satisfy (21) 7

As we showed, Theorem 1 answers the Question A in the case of suspension flows and,
in particular, in the case of hyperbolic flows. Moreover, Theorem 5 gives a setup where we
also can positively answer the Question A in the case of expansive flows. Furthermore,
observe that Question B is the more general Bowen regularity problem for flows and
it is open even in the case of discrete-time dynamical systems (see [Cun20] and [HS24]).
In general, as discussed before, positive answers to these questions are very useful for
some extensions of the thermodynamic formalism and multifractal analysis for flows (see
subsection 2.6). On the other hand, considering the same problem with respect to Holder
regularity, Question B has a negative answer in both discrete and continuous-time setups
(see [HS24] and subsection 3.3.2).

Let us now give some directions on how to approach this problem in general. Let
® = (¢1)1er be a continuous flow and let a = (at)i>0 be an asymptotically additive family
of continuous functions with respect to ®. For any function ¢: X — R, we have

n—1

/n(c o ¢s)ds = Z(Eo ¢Y) for every n > 1 (22)
0

k=0
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where ¢ := fol(c o ¢s)ds, and one can check that (ay),>1 is an asymptotically additive
sequence with respect to the map ¢;. Then, by Theorem 1.2 in [Cun20], there exists a
continuous function b : X — R such that

=0.

If there exists a continuous function b : X — R such that b = fol(b o ¢s)ds, from (22)
we readily obtain that

1
lim - =0.

t

Just for illustration, here it goes a simple example:

Example 2. Let ® = (¢;)icr be the flow ¢ (z) = elz on RT := (0, 00]. If b(z) = 1/2+log x,
then for a(x) = log z, we have

o0

1
/ (a0 ¢s)(x)ds = b(x) for every z € RT.
0

A less (but still) simple example:
Example 3. Let ® = (¢);er be the flow ¢;(z) = elx defined on R. If b: R — R is given

by )
o) =pte) ()

where p : R — R is an homogeneous polynomial of degree d, then

1
/ (po ¢s)(x)ds = b(x) for every z € R.
0

O

Following this approach, we can ask: B
Question C. Given a continuous flow ® and a continuous function b : X — R, is there
any continuous function b: X — R satisfying

1
b(x) = /0 (bo ¢s)(x)ds for every x € X 7

Question D. If we cannot give a positive answer to the previous question in general,
what kind of functions and flows satisfy it ?

In order to extend the theory of ergodic optimization for flows, the Question C was
also posted in [BHVZ21].

The following example indicates a negative answer to Question C in the case where
the function b: X — R is bounded.
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Example 4. Let X be a compact metric space and ® = (¢¢);cr a continuous flow on X.
Let z* € X be a non-fixed point of ® and consider b := 1, : X — R the characteristic
function of the set {z*}. Suppose there exists a bounded function b: X — R such that

/1(b o ¢s)(z)ds = b(x) for all z € X. (23)
0

This implies that

1 _ 1 -
/ (bo¢s)(x*)ds = b(z*) =1 and / (bo ¢s)(x)ds =b(x) =0 for every x # x™.
0 0

Given § > 0, consider the point z := ¢s(z*). Since z* is not a fixed point, z # z* and
we have

1 o+1
0= /0 (bo d.)(z)ds = /5 (bo éu)(a")ds

Then
1

1 ) 0+1
/O<bo¢s><x >ds:/0<bo¢s><m >ds+/6 (bo 6u)(z >ds+/6 (bo 65)(x*)ds

+1

—/06(b0<;58)(a:*)ds+/61 (bo ¢s)(z")ds,

+1
which readily implies that

1
‘/0 (bo és)(@*)ds| < 20[|bl|oc.

Since ¢ is arbitrary and the function b is bounded, taking ¢ < 1/(2]|b||~) we obtain
~ 1
1= )] =| [ o 0)(a7)as

which is a contradiction. In particular, since X is compact, there is no continuous function
b: X — R satisfying (23). O

<1,

Proposition 7. Let ® be a continuous flow on a metric space X. Suppose that for a given
continuous function b : X — R there exists a continuous function b: X — R such that

b(z) = /Ol(b o ¢s)(xz)ds for every xz € X.

Then, we have

%%W =b(¢p1(x)) —b(z) for every z € X. (24)
Moreover, B B
/X <%E>I(1) W)du(m) =0 for every u € M(¢pq).
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Proof. Notice that

Tod—B 1 t+1 1
% = t</t (bo ¢s)ds — /0 (bo qbs)ds> for all ¢ > 0. (25)

One can check that the function
t+1 1
t— I(t) = / (bo ¢s)ds — / (bo ¢s)ds
t 0

is uniformly continuous on [0, c0), differentiable on (0,00) and satisfies lim;_,o I(t) = 0.
Hence, by the L’Hospital’s rule, we obtain that

. I(t .
}1_13%55) = lim(bo g1 —body) =bogr —b.
This together with (25) proves the result. O

Remark. One can check directly that the functions in Example 2 and Example 3 satisfy
the condition (49).

Observe that if there exists a constant 3 € R such that

b(¢e()) — blz)
t

lim = forevery z € X,

t—0
then Proposition 7 says that 8 = 0. This fact is an inspiration for our negative answer to
Question C:

Example 5. (Counter-example). Let ® = (¢¢)wcr be the linear flow on T? given by
¢i(z,y) = (z +ta; mod 1,y + tag mod 1), with 0 < a1 +az < 1. Let b : T? — R be the
continuous function given by b(z,y) = (z + y) mod 1. One can check that

(@) = blz,y) . (z+y+t(or+a) mod1— (z+y) mod 1
lim = lim
t—0 t t—0 t
— lim t(on +ap)mod1 lim tlon +ag) a4
t—0 t t—0 t

for every o € T2. If there exists a continuous function b : T2 — R such that b = fol(bo ¢s)ds,
then Proposition 7 immediately gives that a1 + g = 0, which is a contradiction. Therefore,
there is no continuous function b : T? — R such that

1
(@) mod 1= [ s m)is
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Remark. Example 5 is a negative answer to the general embedding problem presented in
[BHVZ21]. This counter-example can be naturally extended to the n-torus T™. Observe
that even though we cannot guarantee in general a positive answer for Question C in the
case of linear flows on T", in Example 1 we were able to guarantee the physical equivalence
between additive and asymptotically additive families of continuous potentials.

Notice that the converse of Proposition 7 is false. In fact, still considering Example 5, if
we take b(x,y) = (x 4+ y) mod 1, then b(¢p1(x,y)) — b(x,y) = (a1 + @) mod 1 = a1 + g for
every x € T2. But

a1+ a9

5 mod 1 # b(z, y).

1
Léwaastz (2 +y) mod 1+

We will now recall the notions of cohomology for flows and maps.

Definition 2. Let X be a metric space, ¥ a flow on X and T : X — X a map. We say
that a function g : X — R is W-cohomologous to a function h: X — R if there exists a
bounded measurable function ¢ : X — R such that

o) — h(z) = lim M) Z02)

t—0

for every x € X.

Moreover, we say that g is T-cohomologous to h if there exists a bounded measurable
function 7 : X — R such that

g(x) — h(x) =r(T(z)) —r(x) for every x € X.

We also say that a function is a U-coboundary (T-coboundary) when it is W-cohomologous
to the zero function (T-cohomologous to the zero function). The functions ¢,r : X — R are
usually called transfer functions.

The following result gives some directions for Question D:

Proposition 8. Let ® = (¢;)icr be a C' flow on a Riemmanian manifold X andb: X — R
a C ¢1-coboundary function admitting a C transfer function. Then, there exists a
continuous function b : X — R such that

/1(() o ¢g)ds = b.
0

Moreover, the function b is a ®-coboundary also admitting a C transfer function.

Proof. Suppose that

b= godr —g for some C! function g : X — R.
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Defining a function b : X — R as

) = dogo) ) ) =ty 20D =00

s—0 S

we can check that b is continuous and

t
/(bogbs)ds:gogbt—g for every t > 0.
0

In particular, we have
1 o~
/ (bogs)ds=gog1—g=>.
0

Notice that b is a $1-coboundary and b is a ®-coboundary, both admitting the same C!
transfer function g. O

Remark. In Proposition 8, if X is a compact manifold, ¢; is a C>° diffeomorphism and bis
C°° then one can always guarantee the existence of a C'*° function g such that b = go¢; —g
(see [LMMS6)).

A map T is said to be uniquely ergodic if it admits a unique T-invariant measure. In
the same manner, we say that a flow ¥ is uniquely ergodic when there exists a unique
P-invariant measure.

Proposition 9. Let ® = (¢¢)er be a continuous flow on a compact metric space M and
such that ¢1 : M — M is uniquely ergodic. Then

1. (ag)i>0 is an asymptotically additive family with respect to ® if and only if (an)n>1 is
an asymptotically additive sequence with respect to ¢1;

2. for each asymptotically additive family of continuous functions a = (at)i>o there exists
a continuos function ¢ : M — R such that

lim - =0.

t—+oo t

t
ay —/0 (co¢ps)ds

[e.o]

Proof. Consider the linear operator £ : C(X) — C(X) given by
1
L)) = [ (@os.)w)ds.
0
Then, one can see that ||£]] < 1, where we are considering the norm

Lf|loo
= s MEe
FecX)floz0 Iflloo
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Since L is a bounded linear operator, its spectrum o (L) is compact and is such that
o(L) =Ll 1] € [-1,1].

In particular, this implies that there exists A > 1 such that the linear operator £ — AI :
C(X) — C(X) is a bijection. This readily implies that given a continuous function
b: X — R there exists a unique continuous function a : X — R such that

/1(a 0 ¢s)ds — Aa = b. (26)
0

Now let v be the unique ¢1-invariant measure and consider the function

c::a—)\/ adv.
M

n—1 n—1
an—meblf n)\(/ adu—Zaogb’f)H . (27)
k=0 M k=0 o0

Since ¢ is uniquely ergodic, we have in particular that

n—1

1
lim ||\ /adu— aogzﬁk)H =0
nxn" ( M TLEE% ! 00

It follows from (26) that

_l’_

oo

an — /On(co ¢s)ds

<

o0

for every a € C(X).

Let us start proving item 1. By the arbitrariness of b € C(X), if (an)n>1 is asymptotically
additive with respect to ¢; then it follows directly from (27) that (a:):>0 is asymptotically
additive with respect to ®. The converse is immediate.

In order to prove item 2, notice that Theorem 1.2 in [Cun20] guarantees the existence
of a function b € C(X) such that

=0.

o0

|
lim —
n—oo N

n—1
an =) bodh
k=0

Therefore, it readily follows from (27) that there exists a function ¢ € C(X) such that

lim — =0,
t—oo t

t
at—/o (cogs)ds

as desired. ]

o

Remark. Notice that if the time-one map ¢; of a flow ® is uniquely ergodic then the flow
® itself is uniquely ergodic. From this, we can see that the setup of Proposition 9 is quite
restrictive. We still don’t know if the result remains true in full generality, without the
unique ergodicity hypotheses.
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2.6 Some applications and consequences of Theorem 1

In this section, using Theorem 1, we are going to show how to extend some results of the
nonadditive thermodynamic formalism and multifractal analysis for flows.

2.6.1 Nonadditive thermodynamic formalism

Let M be a compact metric space and A C M be a locally maximal hyperbolic set for a
topologically mixing C' flow ®. Suppose that a = (at)r>0 is an asymptotically additive
family of continiuous functions with tempered variation. Hence, Theorem 1 guarantees the
existence of a continuous function b : A — R such that

sup {hu(fb)—i— lim 1/atdu} = sup {hu(fb)—l—/bdu}.
pEM(®) t=oo b Jp HEM(®) A

Moreover, by the definition of the nonadditive topological pressure introduced in [BH20],
Py(a) = Po((Sib)i>0) = Pg*5(b), where the last one is the classical topological pressure
for the function b. Therefore, the classical variational principle for continuous flows implies
that
Pg(a) = sup {hu(i)) + lim 1/ atd,u}.
HEM(®) t—oo t A

This is a variational principle for asymptotically additive families of continuous functions
with respect to a hyperbolic flow. Notice that by Corollary 6 the variational principle
is also valid for expansive continuous flows. Therefore, in the case of locally maximal
hyperbolic sets for flows, some suspension flows over subshifts of finite type and expansive
flows admitting an invariant measure with full support, this result extends Theorem 9 in
[BH20] and Theorem 1.1 in [BH21a].

Based on this variational principle, we can also define the notion of equilibrium measures
for asymptotically additive families of potentials. We say that v € M(®) is an equilibrium
measure for a with respect to ® if

1
Pg(a) = hy(P) + lim /Aath.

t—+oo t

The following is a immediate consequence of the physical equivalence results for almost
and asymptotically additive families.

Corollary 10. Let A C M be a locally mazimal hyperbolic set for a C' flow ® or suppose
® is an expansive continuous flow admitting an invariant measure with full support. If a is
an asymptotically additive family of functions with respect to ®, then

1. the set of equilibrium measures for a is a non-empty compact and convex set;

2. each extreme point of the set of equilibrium measures is an ergodic measure.
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Proof. By Theorem 1 and Theorem 5, respectively for hyperbolic flows and expansive flows,
the space of equilibrium measures for a is the same as the space of equilibrium measures
for some continuous function. O

Remark. Theorem 3.5 in [BH21a] guarantees that for locally maximal hyperbolic sets for
C' flows, every almost additive family with bounded variation admits a unique equilibrium
measure. Since we don’t know if Question B is true in general, we are not able to obtain
this uniqueness result directly from the additive classical case originally proved in [Fra77].
We will address some regularity issues of the physical equivalence relations in the second
part of this work (see the subsections 3.3.2 and 3.3.3).

2.6.2 Multifractal analysis: beyond families with unique equilibrium measures

Theorem 9 in [BH21a] establishes a conditional variational principle for almost additive
families of potentials with uniqueness of equilibrium measures. In this section, using the
work of Climenhaga in [Clil13], Cuneo in [Cun20]|, we are going to show how to obtain
a conditional variational principle including more classes of almost additive families of
functions, without using the uniqueness of equilibrium assumption. Moreover, as a direct
consequence of Theorem 1, we also can extend the conditional variational principle to
include asymptotically additive families of continuous potentials.

Let M be a compact metric space and A C M be a locally maximal hyperbolic set for a
C! topologically mixing flow ® = (¢);er. Given two asymptotically additive families of
continuous functions a = (at)¢>0 and b = (bt)¢>0, we consider the level sets

K2 (a,b) == {x €A: lim a(2)

= R.
T bi(2) O‘}’ @ e

In this section, we consider M, 4(®) as the set of ergodic ®-invariant measures. We also
use this same notation for maps.

Let A(M) be the set of all almost additive families of continuous functions and, respec-
tively, AA(M) the set of asymptotically additive families of continuous functions a = (at)+>0
on M with tempered variation such that

sup |lat|lec < 0o for some s > 0,
te(0,s]

and E(M) C A(M) the subset of families having a unique equilibrium measure (the existence
of almost additive families with unique equilibrium measures is guaranteed by Theorem 3.5
in [BH21a]).

Now let us define the notion of u-dimension for flows which was originally introduced
in [BS00]. Let ® = (¢)ier be a continuous flow on a compact metric space X. Given
a positive continuous function u: X — R, we consider the additive family of continuous
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functions (u¢)i>0 defined by
t
u(x) = / (uo ¢s)(x)ds
0
for every x € X and t > 0. For each Z C X and a € R, let

N(Z,u,a,¢) = lim inf e—oul@te)
—oo I
(z,t)el

with the infimum taken over all countable sets I' C X x [T, +00) covering Z. Finally, we
define
dimy. Z = inf{a € R: N(Z,u,a,e) = 0}.

The limit

dim,, Z := lim dim,, . Z
e—0

exists and is called the u-dimension of the set Z with respect to the low ®. When u =1
the number dim, Z coincides with the topological entropy h(®|z) of ® on the set Z.

Theorem 11. Let A C M be a locally mazimal hyperbolic set for a C topologically mizing
flow ® = (¢Pt)1er such that h(P) < co. Let a = (at)>0 and b = (bs)i>0 be asymptotically
additive families of continuous functions in AA(A) and such that

1
lim n bedp >0 for all € M(P)
A

t—o00

with equality only permitted when

1
lim — [ awdp # 0.
tJa

t—o00

If a ¢ P(M(®)), then K2 (a,b) = 0. Moreover, if a € int P(M(®)) then K2 (a,b) # 0, and
the following properties hold:

1. the level sets K2 (a,b) satisfy the conditional variational principle

d
dim, K% (a,b) = sup{}buidi Db € Merg(®) and P(p) = a};
A

2. dim, K% (a,b) = inf{T,(q) : ¢ € R}, where T,(q) is defined by T,(q) = inf{t € R :
P(q(a — ab) — tu) < 0};

3. for each & > 0 there exists an ergodic measure i, supported on K2 (a,b) such that

0]
dimy, o = h”"i() — dim,, Kg)(a, b)| <e
Ja vdpa
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4. the spectrum o — dim, K2 (a,b) is continuous on int P(M(®)).

Notice that here we no longer require that span{a, b,u} C £(X) as in [BH21b]. Moreover,
this result extends Theorem 9 in [BH21b] to asymptotically additive families.

The proof will be divided in several steps.

First, let us recall some definitions and introduce some nomenclature used in this section.
Let X be a compact metric space, T': X — X a continuous map. We write M(T') to denote
the space of T-invariant measures, Mc,4(T") the space of T-invariant ergodic measures, and
C(X) the space of continuous real valued functions defined on X. Let ¢, € C(X), where
Jx dp >0 for all 4 € M(T') with equality only permitted if [ pdu # 0. We consider the
map P : M(T') — R given by
_ Jxwdu

Jx vdp

Pr(p)

We also define the level sets for ¢, by

KT (p,9) i= {x eX: lim S:wg; - a},

where S, h = ZZ;& h o Tk for every function h: X — R.

Theorem 12 ([Clil3, Theorem 3.3]). Let X be a compact metric space and T : X — X be
a continuous map such that the map p — h,(T) is upper semicontinuous and h(T') < oco.
Suppose that there is a dense subspace D C C(X) such that every ¢ € D has a unique
equilibrium measure. Let @, € C(X) be such that [y du > 0 for all p € M(T) with
equality only permitted if [, pdp # 0. Then KX (p,1) =0 for every o ¢ Pr(M(T)), while
for every a € int Pr(M(T')) we have that

1. the level sets Kg(w,w) satisfy the conditional variational principle

dim, KX (@, ) = Sup{w s € M(T) and Pp(p) = a};

2. dim, KX (p,v) = inf{T,(q) : ¢ € R}, where T,(q) is defined by T,(q) = inf{t € R :
Pclassic(q(gp - O‘@Z}) - t’LL) < 0}7

3. For each € > 0 there exists an ergodic measure p supported on Kg(w,w)) such that

— dim,, KX (¢, )| < e.

’ hy(T)
Jx udp

Moreover, by Proposition 2.14 in [Clil3], one can see that the map

o — dim,, Kg(go, V)
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is continuous on int Pp(M(T)).
We recall that a sequence of functions F = (fy,)n>1 is asymptotically additive (with
respect to 1) if for each € > 0 there exists a function f such that

i 1
hmsup 7an - Snf”oo <E.
n—oo N

We also recall that a sequence F = (fy,)n>1 is almost additive (with respect to T') if
there exists C' > 0 such that

—C+ fm(@) + fo(T7(2)) < frnsn(2) < fin(2) + fu(T"(2)) + C

for every x € X and all m,n > 1.
Let F = (fu)n>0 and § = (gn)n>0 be two almost additive sequences of continuous
functions where lim,, % Jx gndp > 0 for all € M(T) with equality only permitted if
Consider level sets

KT(F,9) = {x e X lim 2% _ a},

n—oo g, (x)
and also the map Qp : M(T') — R defined by

nd
lim 7‘[Xf a

Qr(p) = e fX i

Corollary 13. Let X be a compact metric space and T : X — X a map satisfying the
conditions in Theorem 12. Then KI(F,G) = 0 for every a ¢ Qp(M(T)), while for every
a € int Qp(M(T')) we have that

1. the level sets KL(F, ) satisfy the conditional variational principle

hu(T) cpn€M(T) and Qr(p) = 04};

dim, KX(F,5) = sup{ :

2. dim, KX(F,9) = inf{T,(q) : ¢ € R}, where Ty(q) is defined by T,(q) = inf{t € R :
P(q(F — af) —tu) < 0};

3. For each & > 0 there exists an ergodic measure yu supported on K1 (F,G) such that

T
(1) —dim, KZ(F,9)| < e.
 udp

]

4. the function a — dim, KX(F,9) is continuous on int Qp(M(T)).
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Proof. By Theorem 1.2 in [Cun20] there exist f,g € C(X) such that

.1 1
lim —|fn — Snflleo =0 and lim —| gy, — Snglleco = 0.
n—o00 N n—o00 M

By the variational principle for almost additive sequence of continuous functions, one can
see that

P(q(ff - 049) - SU) = Pclassic(Q(f - ag) - S’LL)

for every ¢, and s € R. Moreover, Pr(u) = Qp(u) for all 4 € M(T), and KI(F,G) =
KZX(f,g) for each o € R. Hence, the result now follows directly from Theorem 12. O

We say that a continuous map 7' : X — X on a compact metric space X (or a continuous
flow ® on X) has entropy density of ergodic measures if for every invariant measure p
there exist ergodic measures v, for n € N such that v, — p in the weak® topology and
hu, (T) = hyu(T) (or hy, (®) = h,(P®)) when n — oo.

In order to give some examples having entropy density of ergodic measures, we will first
recall a few notions. Given § > 0, we say that 1" has weak specification at scale J if there
exists v € N such that for every (z1,n1),..., (zk,ng) € X x N there are y € X and times
Y1, --,Vk—1 € N such that v; <~ and

dp, (T5=21Y=1(y), 2;) <& fori=1,...,k,

where s; = Zﬁzl n; + Z;;} ~; with ng = 79 = 0. When one can take 7; = 7 for i =
1,...,k — 1, we say that T has specification at scale 6. Finally, we say that T has weak
specification if it has weak specification at every scale § and, analogously, we say that T" has
specification if it has specification at every scale 9.

It was shown in [EKW94] and [PS05] that mixing subshifts of finite type and mixing
locally maximal hyperbolic sets have entropy density of ergodic measures. More recently,
it was shown in [CLT20] that a continuous map 7': X — X on a compact metric space
with the weak specification property such that the entropy map p — h,(7T) is upper
semicontinuous, has entropy density of ergodic measures. Some examples include expansive
maps with specification or with weak specification, topologically transitive locally maximal
hyperbolic sets for diffeomorphisms, and transitive topological Markov chains.

We can also introduce the same notions for flows. Let ® = (¢;);cr be a continuous flow
on a compact metric space X. We say that ® has weak specification at scale § > 0 if there
exists y > 0 such that for every finite collection of orbit segments {(z;,;)}¥_,, there exists
a point y € X and a sequence of transition times 1, ...,vk—1 € [0,7] such that

di; (Ps; 1+~ (¥),z5) <6 for j=1,..k,

where s; = Zgzl t; + Zf;ll ~v; and sg = 9 = 0. We say that ® has weak specification if
it has weak specification at every scale . When, for every scale § > 0, we can take the
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approximating orbit y € X to be periodic, and the transition times ; close to v, we say that
® has specification. For a proper definition, see for example [Bow72]. It was also proved in
[CLT20] that every expansive flow with the weak specification property has entropy density
of ergodic measures. In particular, locally maximal hyperbolic sets for C'' topologically
mixing flows are expansive and have the specification property, that is, they have entropy
density of ergodic measures.

Proof of Theorem 11. We are going to use the Markov partitions introduced in subsection
2.2. Let us start proving the result for almost additive families a and b.

Let’s consider the following level sets

K2(a,b) = {x € A: lim a(2) = a}, Kz (c,d) := {x € Z: lim cn(@) = a},
t—o0 bt(:p) n—o00 n(l‘)
where ¢ = (¢p)nen and d = (dp)nen are almost additive sequences of continuous functions
given by ¢, (7) = a,,(»)(z) and dp(z) = b, (z)(7) (see Lemma 3.1 in [BH21a]). By Lemma
3.4 in [BH21a], for every ®-invariant measure p induced by an ergodic Tz-invariant measure
v, we have that

Ix 9, (). (28)

We also recall that a Tz-invariant measure v is ergodic if and only if the induced
®-invariant measure p is ergodic (see identity (11)).
It follows from Proposition 8, Lemma 14 and Lemma 15 in [BH21b] that

dim, K% (a,b) = dim,{¢s(z) € A : x € Ky(c,d) and s € [0, 7(z)]}

. . T (29)
=inf{f € R: Ng(Kq(c,d)) = 0} = dimy, K, ?(c,d).

Now we are going to check the conditions to apply Corollary 13 for the map 7T and the
sequences ¢ and d. In fact, since ® is expansive, one can verify that T is also expansive,
which implies that v — h,(T%) is upper semicontinuous. Moreover, by Abramov’s entropy
formula (identity (12)), we have

hy(Tz) < h,(®)sup 7 < h(P)supT < 00

for every v € M(Tyz), and then h(Tz) < co. Letting D be the space of Holder continuous
functions, one can see that D is dense in the space of continuous functions ¢ : Z — R, and
every Holder continuous function has a unique equilibrium measure with respect to the
map T7.
By hypothesis, lim;_ % Sy bedp > 0 for all p € M(®) with equality only permitted
when lim;_,o % J ardpn # 0. It follows again from Lemma 3.4 in [BH21a] that
limp o0 = [, cpdv 1

= lim - d d
fZTdV tiglot Aatu an
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limy, o0 £ [, dnd 1
Mooy Jpdndy (0 L[ 0
[, Tdv tooo t Jp

for every ®-invariant ergodic measure p induced by an ergodic Tz-invariant measure v. Since
[, mdv > 0 for all v € M(T), we obtain that lim, o 2 [, dpdv > 0 for all v € Me,g(T%)
and, in particular, that

1 1
lim / dpdv =0 implies lim / cpdv # 0 for all v € Me,g(T7). (30)
z z

n—oo n n—oo n

Now observe that Ty : Z — Z is topologically mixing and is conjugated to a topological
Markov chain o : ¥4 — Y4 (see subsection 2.2). From this, one can see that Tz has
entropy density of ergodic measures which, in particular, implies that Mc,4(77) is dense in
M(Tz). Let n € M(Tz). By the density of Mer¢(Tz) in M(Tz), given € > 0 there exists
v € Merg(T7z) such that

1 1
/ —dpdn > / —d,dv —e for every n > 1.
z N z N
Then . .
lim / dndn > lim / dpdy — e > —¢.
n—oon |, n—oon |,
Since the measure 7 and € > 0 are arbitrary, we conclude that lim, % f 5 dpdv > 0 for
every v € M(T7%).

Now fix any measure n € M(T"). Given € > 0, the entropy density of ergodic measures
implies the existence of v € Me,4(T7) such that

1 1
lim / dpdn — lim / dpdv
n—oon ), n—oon [,

Now suppose that

<e and <e.

(31)

1 1
lim / cpdn — lim / cpdv
n—oon ), n—oon |,

1 1
lim / dpdn=0 and lim / cndn = 0.
z Z

n—oo N n—oo N

Then it follows from (31) that

1 1
lim / dpdv lim / cpdv
n—oon [, n—oon [,

By the arbitrariness of ¢, this contradicts (30). Hence, since n € M(Tz) is also arbitrary,
we conclude in particular that

<e and <e.

1 1
lim / dpdn =0 1implies lim / cpdn #0 for all n e M(Ty),
z z

n—oo N n—oo N
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as desired. Now we finally are in the conditions of applying Corollary 13.
Let € M(Tz) with Qp, (1) = . By applying item (1) of Corollary 13 to the map
Ty : Z — Z and the sequences c and d, we have

hy(T:
dimy, KX%(c,d) > u(T2) .
Jz Tudp
Given any € > 0, by item (3) of Corollary 13, there exists v € Meyq(Tz) with Qr, () = «
such that BT (T
AT2) i, KT (e, d) — & > ullz) _
[, Ludv [, Ludp

Since the measure p and € > 0 are arbitrary, we obtain that

hy (T
sup{ (Tz2) Vv E Merg(Tz) and Qp,(v) = a} > dim;, K17 (c, d).
Jx Lu v

Then, from the fact that Me,4(Tz) C M( 7), we conclude that

dimy, K17 (c,d) = su { vEMeg(Tz) and Qr,(v) = a}. (32)

Jx Iu dl/

Now it follows from (11), (12) and (28) that for each v € Me,y(Tz) with Qr, (v) = «,
the induced measure 7 € Me,q(®) is such that P(n) = «, and

}LA” idn < 1, TdV) < I udn> < fZ(Tdy) <]fZZ ITU (iZ,) = ngli . (33)

Hence, it follows from (29) and (32) that
(‘1’)
Jaud

and this proves the item (1) of Theorem 11.
Now let us prove the item (2). For each 1 € M¢pq(®) induced by v € Me,4(Tz), we have

1
hu(®) + lim n q(ar — aby)dp — s/ udp

dim, K2 (. b)—sup{ 1SN (@) and P() =a)

t—o0 A A
_ h(Ty) N limy o0 [, q(cn — ady)dv B s [, Tudv
N [, Tdv J, Tdv S, Tdv

for every a,q,s € R. Since 0 < inf 7 := infyep 7(z) < inf,ez 7(z), we have

1
huy(®) + lim — [ q(a; — aby)dp — s/ udp
t—o00 t A A

< hy(Tz) + lim | [q(cn — ady) —sIu]du<. . )

n—oo J- inf T

< P(g(c—ad) - Sfu)<- - >

inf 7
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which implies that

P(q(a - ab) - su) < P(g(c — ad) - 51u>< ! )

inf 7
for every «, q,s € R. Hence, T, (q) < Ty, (q) for every ¢q € R.
Since sup 7 := sup,c, 7(z) < 0o, we can follow in an analogous way to obtain that

1
P —ab) — > P —ad) — sl
(la—ab) s> Plate—ad) —st.)( 1)
for every a, q,s € R. Then, T,(q) > T1,(q) for every q € R. Since it follows from (29) that
dim,, K2 (a,b) = dim;, K17 (c,d), the item (2) of Corollary 13 gives that
dim, K2 (a,b) = dim;, K17(c,d) = inf{T7,(q) : ¢ € R} = inf{Ty(q) : ¢ € R}
for each « € int P(M(®P)), as desired.
In order to prove item (3), we just observe again that
dim, K2 (a,b) = dimy, K17 (c, d)

and that we can use (33) together with item (3) of Corollary 13.

Now let us show how to obtain the item (4) using entropy density of ergodic measures.
Since A is a locally maximal hyperbolic set for the C'! topologically mixing flow ®, we have
that ®|5 has entropy density of ergodic measures. In particular, the set Me,q(®) is dense
in M(®). Additionally, recall that T also has entropy density of ergodic measures.

By (28) we already know that P(Merq(®)) = Qr, (Merg(T2)). Since Meypg(P) = M(P),
Merg(T7) = M(Tz), and the maps p+— P(u), v — Qrp, (v) are continuous, we have that

A1, (M(T72)) = 1, Merg(T2)) = 1y (Merg(T7))
= P(Merg(®)) = P(Merg(P)) = P(M(D)).

(34)

It follows from item (4) of Corollary 13 that a ~ dim;, K17(c,d) is continuous on
int Qr, (M(T%)). Since dim,, K2 (a,b) = dimy, K1%(c,d), by (34) we conclude that the map
a +— dim, K% (a,b) is also continuous on int P(M(®)), and the Theorem 11 is proved for
almost additive families. Since, in particular, the result holds for the additive case, now we
can use directly Corollary 3 to complete the proof for asymptotically additive families. [

Remark. Notice that one could start proving Theorem 11 for the additive case (without
the hypothesis on density of ergodic measures) and after that, apply Theorem 1 to obtain
the full result for asymptotically and, consequently, almost additive families. The choice to
start proving the result already in the almost additive case is due to some connections to
the aforementioned results in the previous works [BH21a] and [BH21b).

Remark. Observe that since we cannot guarantee the uniqueness of equilibrium measures
for asymptotically additive families (even for hyperbolic flows), the extension of Climenhaga’s
results in [Cli13] to include continuous potentials is crucial for our extension to asymptotically
additive families.
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3 Part II: a nonadditive Livsic theorem and some regularity
relations

The second part of this work is inspired and based on the recent developments presented in
[HS24] for the case of discrete-time dynamical systems. The main focus here is to extend
the notions and ideas to the case of flows, allowing us to study regularity equivalence issues
for asymptotically and almost additive families with respect to suspension flows and, in
particular, hyperbolic flows.

3.1 Cohomology for asymptotically additive families

In this subsection, we are going to introduce some notions of cohomology for asymptotically
additive families of continuous functions with respect to flows. The definitions are inspired
by the physical equivalence results obtained in Part I (see Theorem 1, Corollary 2, Corollary
3 and Theorem 5). We start recalling some basic concepts and tools in the additive (classical)
setup.

We say that a function ¢p: X — R is Walters (with respect to a flow @) if for each € > 0
there exists a § > 0 such that for z,y € X and t > 0, we have that

dt(mvy) <6 = |Stw($) - Std}(y)’ <g,

where di(x,y) = max{d(¢s(z), ds(y)) : s € [0,¢]}. In this case, we also say that the additive
family (S¢)e>0 satisfies the Walters property. Moreover, we say that a function £: X — R
is Bowen (with respect to ®) if there exist two numbers L > 0 and § > 0 such that for
x,y € X and t > 0, we have that

di(x,y) <0 = [Si§(x) — Si€(y)| < L.

Clearly every Walters function is also Bowen. In the hyperbolic framework, the Holder
continuous functions are always Walters and, consequently, Bowen (see Proposition 7.3.1 in
[FH20]).

A continuous flow ® on a compact metric space X is said to satisfy the Closing Lemma
if for every € > 0 there exists § > 0 such that if z € X and ¢ > 0 satisfying d(¢¢(x),x) < 6,
then there exists a periodic orbit {¢s(y) : 0 < s < T} with |T'—t| < € such that d¢(x,y) < ¢
(see for example Theorems 5.3.11 and 6.2.4 in [FH20]).

Let us recall the notion of cohomology for functions with respect to flows. A continuous
function a: X — R is said to be ®-cohomologous to zero if there exists a continuous function
q: X — R such that

a(z) = lim q(gﬁt(x)i — () for every = € X.

t—0
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We say that a point € X has a forward dense orbit if {¢s(x):s >0} = X. When
{¢s(z) : s € R} = X, we say that x € X has a dense orbit. We say that a flow is topologically
transitive if there exists at least one point with a forward dense orbit.

The next result is a slightly more general version of the celebrated Livsic theorem for
flows ([Liv72]). Unless explicitly stated, X is always assumed to be a compact metric space.

Definition 3. Let ® = (¢¢)wcr be a continuous flow on a compact metric space X. ® is
said to satisfy the Closing Lemma if for every € > 0 there exists § > 0 such that if x € X
and t > 0 satisfying d(¢¢(x),x) < 6, then there exists a periodic orbit {¢s(y) : 0 < s <T'}
with |T'— t| < € such that d(¢s(z), ¢s(y)) < e for all 0 < s <.

Let us recall the notion of cohomology for functions. A continuous function a : X — R
is said to be ®-cohomologous to zero if there exists a continuous function ¢ : X — R such

that
q(¢e(z)) — q(z)
t

a(x) = lim

for every = € X.
t—0

We say that a point x € X has a forward dense orbit if {¢s(z) : s >0} = X. When
{¢s(x) : s € R} = X, we say that x € X has a dense orbit. We say that a flow is topologically
transitive if there exists at least one point with a forward dense orbit.

The following proposition is a more general version of the so-called Livsic Theorem
originally obtained in [Liv72].

Theorem 14. Let ® = (¢1)1er be a topologically transitive continuous flow satisfying the
Closing Lemma, and a: X — R a continuous function satisfying the Walters property.
Then a is cohomologous to zero if and only if for every periodic point x = ¢r(x) we have
Sra(x) = 0.

Proof. See the proof of Theorem 5.3.23 in [FH20]. O

We also can obtain a characterization of additive families generated by coboundary
functions.

Proposition 15. Under the conditions of Theorem 14, a function a : X — R is ®-
cohomologous to zero if and only if

1
A58, glSeeloe =0
In particular,

1
lim —||Stallec = 0 if and only if sup ||Siallec < o0.
t—oo t t>0

Proof. Suppose a is ®-cohomologous to zero. This implies the existence of a continuous
function ¢ : X — R such that Sia = qo ¢; — ¢ for all t > 0. Consequently, one has
[|Siallc < 2[|qlloe < o0 for every t > 0. Then, lim; o0 1[|Siafoo = 0.
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Conversely, let lim,, o %HStaHOO = 0. The Lebesgue’s dominated convergence theorem
together with the Birkhoff’s ergodic theorem for flows gives that

1
0= / lim —Sia dp = / a dp  for all p € M(®). (35)
X t b

n—oo

For all z € X with x = ¢p(z), the measure (fOT 04y (z)ds)/T is ®-invariant. In particular,
identity (35) gives that Spa(z) = 0 for all x € X with = ¢p(x). Hence, by Theorem 14
we conclude that a is ®-cohomologous to zero, as desired. O

Based on Proposition 15, we give a definition of cohomology for asymptotically additive
families of continuous potentials.

Definition 4. We say that an asymptotically (or almost) additive family of continuous
functions A = (at)¢>0 is P-cohomologous to a constant if there exists a continuous function
a which is ®-cohomologous to a constant and such that

1
tlgglo Z”at — Stall = 0.

One can easily check that a family A = (at)¢>0 is ®-cohomologous to a constant if and
only if the sequence (a,/n)nen is uniformly convergent to a constant. In particular, A is
®-cohomologous to zero if and only if limy_ %HatHoo =0.

Observe that, in general, the classical definition of cohomology for a function is way
stronger than the one we are suggesting for nonadditive sequences in Definition 4. On the
other hand, Proposition 15 also hints into a new definition which is still weaker than the
classical one but stronger than Definition 4:

Definition 5. An asymptotically (or almost) additive family of continuous functions
A = (at)r>0 is P-cohomologous to a constant if there exists a continuous function a
®-cohomologous to a constant and such that

sup |la; — Stal|eo < 00.
neN

In this case, A is $-cohomologous to zero if and only if A is uniformly bounded.
In the next section, our main result gives a scenario where the definitions 4 and 5 are,
in fact, equivalent for almost additive families (see Theorem 16).

3.2 A Livsic-type theorem for almost additive families

Let ® = (¢)ter be a continuous flow on a compact metric space X. We say that a family
of functions A = (at)t>0 has bounded variation if there exists € > 0 such that

sgg supq{|a¢(x) — ar(y)| : di(x,y) < e} < o0,
t>
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where di(z,y) = max{d(¢s(z), ps(y)) : s € [0,t]}. Moreover, we say that A has tempered
variation if

lim sup lim 1)
e t—oo 1

=0,

where y(e) := sup{|a¢(x) — ar(y)| : de(w,y) < e}

We note that if ¢ : X — R satisfies the Bowen property then the additive sequence
(St®)t>0 has bounded variation. The Walters property for functions (additive families)
also can be extended naturally to the nonadditive case. A family of functions A = (at)i>0
satisfies the Walters property if for each k > 0 there exists € > 0 such that for x,y € X and
t > 0, we have that d(¢s(z), ¢s(y)) < € for every s € [0,t] implies |ai(x) — ar(y)| < k. Tt is
clear from the definitions that a family satisfying the Walters property also satisfies the
Bowen property.

The following theorem is our main result in this part.

Theorem 16. Let ® = (¢1)i>0 be a topologically transitive continuous flow on a compact
metric space X and satisfying the Closing Lemma. Let B = (bt):>0 be an almost additive
family of continuous functions (with respect to ®) with bounded variation. Then, the
following are equivalent:

1. limy—yo0 ||be]| 0o/t = O;

2. sup;>g [|belloc < 00;

3. there exists K > 0 such that |b(p)| < K for allp € X and t > 0 with ¢(p) = p.
The following result is a direct consequence of Theorem 16.

Corollary 17. Let A = (at)i>0 be an almost additive family of continuous functions with
bounded variation. Then, a continuous function a : X — R such that (Sia)i>0 has bounded
variation satisfies

1
lim —|la; — Sialloc =0 if and only if sup|la; — Sialjc < 0.
t—oo t t>0

In particular, if (Sia)i>0 does not have bounded variation we must have

sup [la; — Sial|eo = 0.
>0

Notice that Corollary 17 readily implies that the Bowen regularity problem is in fact
equivalent to the uniform bound problem for topologically transitive flows satisfying the
Closing Lemma. We also note that Theorem 16 is an extension of Proposition 15 to the
case of almost additive families of functions.
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Remark. Observe that Proposition 15 asks for the sequence of potentials to have the
Walters property, which is stronger than the bounded variation condition. This is because
the classical cohomology result obtained for a single potential is also stronger than the
uniformly bounded one obtained in Theorem 16. In addition to that, as we shall see on
subsection 3.2.1, Theorem 16 is also particularly related to Theorem 1.2 in [Kalll], where
control over the periodic data implies control over the full data.

In order to prove Theorem 16, let us first obtain a more general auxiliary result.

Lemma 4. Let ® = (¢¢)er be a continuous flow on a compact metric space X and let
C = (ct)t>0 be an almost additive family of continuous functions with uniform constant
C > 0 and such that lim;_,« ||¢t||co/t = 0. Then

1. for every T-periodic point xo € X, we have supyey |cqr(w0)| < C;

2. for every T-periodic point g, there exists a constant L := L(7) > 0 (only depending
on the period of xo) such that sup;> |ct(wo)| < L;
3. we have

sup
pEM(®)

/ ctd,u‘ <C forallt>0.
X

Proof. We proceed as in the proof of Lemma 4 in [HS24]|. Since the family € is almost
additive with uniform constant C' > 0, one can see that

p—1 p—1
th0¢kt—(p—1)0§6ptSzcto¢kt+(P—1)C (36)
k=0 k=0

forallt > 0 and p € N.
Now suppose zg is a 7-periodic point, that is, ¢,(xg) = xg. If t = ¢7 for some g € N,
then ¢ri(x0) = Prgr(x0) = (Ppr0pro0---0¢;)(x9) = xo for all k € N. In particular, this

kq times
implies that
p—1

1
i, 3= et = ol (37)
Since limy—s o ||¢t]|co/t = 0, it follows directly from (36) and (37) that
—C < ¢(z0) = cgr(x0) < C. (38)

Since q € N is arbitrary, we conclude the proof of item 1.
In order to obtain item 2, let 2y be a T-periodic point, consider t = g7 +r with r € (0, 7)
and fix the numbers

A(r) ::inf{xig)f(cs(:n):se[o,ﬂ} and  B(r) ::sup{iggcs(x):se[O,T]}. (39)
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By almost additivity together with (38) and (39), we have that
=20 + A(1) < =C + cqr(wo) + ¢r(¢gr(20)) < ci(o)

and
ct(0) < cqr(w0) + ¢r(Pgr(w0)) + C < 2C + B(7).

Therefore,
Li(7) :=min{A(1) — 2C, —C} < ¢t(zo) < max{B(7) + 2C,C} := La(7)

for all t > 0. Taking L = L(7) := max{|L1(7)|, |L2(7)|}, the item 2 is proved.

Now let us prove item 3. Suppose pu is a ®-invariant measure. Then, in particular, u is
also ¢-invariant for every ¢ > 0. By applying that lim;_,« ||¢t]loo/t = 0 in the inequalities
(36) together with the Birkhoff’s ergodic theorem applied to the map ¢;, we obtain that

p—1

1
—-C< lim — d = du < C
B /nggo D kzoct(¢kt($)) () /X crdp <
for all t > 0. Since the measure p € M(®) is arbitrary, the lemma is proved. O

Proof of Theorem 16. The core idea in the proof is that any future position of any point
in the space can always be well approximated by a point contained in a fixed finite piece of
orbit.

Figure 1: Approximating any point in the space by a finite piece of a dense orbit.

Let us start fixing the uniform bound given by the bounded variation property. In fact,
since B has bounded variation, there exists € > 0 such that

Q= igg sup{|b:(z) — be(y)] : de(z,y) < e} < . (40)

Let’s show that 3 implies 2. Suppose that there exists a uniform constant K > 0 such
that |b(p)| < K for all p € X and ¢t > 0 with ¢(p) = p. Since P is topologically transitive
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there exists a point z € X with a dense forward orbit. Now let 4 > 0 be the number given by
the Closing Lemma (Definition 3). By the density of the forward orbit, there exists a number
A(z,0) € R such that for each x € X and ¢ € R there exists some s € [0, A(z,d)] with
d(¢i(x), ps(z)) < § (see Figure 1). For t > A(z,0), in particular, there exists s’ € [0, A(z, )]
such that d(¢¢(2), ¢ (2)) < 0, which is the same as d(¢r—s (s (2)), ps(2)) < 0.

By the Closing Lemma, there exists a point p € X with ¢p(p) = p with [T —t+§'| <e
and such that d;_y(¢s(2),p) < e. From almost additivity, there exists a uniform constant
L = L(g) > 0 such that ||br — b;—ys|lcc < L. Applying the bounded variation condition (40)
we have that

[bi—s(05(2)) = bi—s (P)] < Q,

which gives that [b—y (¢ (2)] < Q + [b—s (p)| < Q + |br(p)| + L < Q@ + K + L. By using
almost additivity again, we get

10:(2)] = [b(t—s)+5 (2)| < [bsr(2)] + |br—s (P (2))| + C

< sup  |bs(2)|+Q+K+L+C:=K.
s€[0,A(z,96)]

Since the time ¢ > A(z,0) was arbitrarily chosen and also taking into consideration times
0 <t < A(z9), there exists Ko > K such that |b;(z)| < Ko for all ¢ > 0. Notice that the
constant Ky > 0 depends only on z, § > 0 and € > 0.

Applying the almost additivity property one more time, we have

be(@s(2)| < |bs(2)| + |bis(2)] + C < 2Kg+ C  forall t,s > 0.

Now consider any point € X. Since {¢:(z) : t > 0} = X, there exists a sequence of points
(2¢)g>1 C {¢¢(2) : t > 0} such that limg,o 2y = 2. Since every function b; : X — R is
continuous, we obtain that

|be(2)| = qh_yolo |be(24)] < 2Ko + C.

It is obvious that 2 implies 1. Moreover, by Lemma 4, we have that 1 implies 3 and the
theorem is proved. O

Hence, by the arbitrariness of x, we conclude that sup;>g ||b¢[|cc < 2Ko+ C < 00, as desired.

Remark. Notice that, with the exception of the core idea coming from the counterpart
result for maps in [HS24], the proof of Theorem 16 does not use any direct tool from the
discrete-time case and also does not depend on any physical equivalence results with respect
to maps or flows.

Theorem 16 does not hold for asymptotically additive nor subadditive families in general.
In fact, let ® be any continuous flow on a compact metric space X and consider the family
A = (at)i>0 given by a;(x) := v/t for all t > 0 and € X. The family A has bounded
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variation and is asymptotically additive and also subadditive with respect to ®. Moreover, it
is clear that limy oo [|at]|oo/t = 0 but sup;>q [|a¢|lc = co. In fact, proceeding as in Example
1 in [HS24], one can show that

sup
t>0

= oo for every continuous function a: X — R.

t
at—/o (aogs)ds

oo

This simple example shows that Theorem 16 has the optimal nonadditive setup in the
sense that it cannot be extended to more general classes of families. Moreover, it also
indicates that definitions 4 and 5 are not equivalent for asymptotically additive families in
general.

3.2.1 An application to linear cocycles

In this section we follow closely some definitions and notions of [BH21b].

Let ® = (¢¢)ter be a continuous flow on a compact metric space M. Moreover, let
GL(d,R) be the set of all invertible d x d matrices. A continuous map A: Rx M — GL(d,R)
is called a linear cocycle over @ if for all £,s € R and x € M we have:

1. A(0,z) = Id;
2. A(t+ s,x) = A(s, pe(x))A(t, ).

We shall always assume that all entries a;;(¢,x) of A(t,x) are positive for every (t,z) €
R x M. Moreover, for definiteness we shall consider the norm on GL(d,R) defined by
I|B|| = ZZ]‘:1 |bij|, denoting by b;; the entries of the matrix B.

Now we consider the family of continuous functions a := (at)¢>0 defined by

at(x) =log ||A(t,z)|| forallt >0 and z € M.

It follows from Proposition 12 in [BH21b| that the family a is almost additive with respect
to the flow ®. Notice that for a general linear cocycle, the family « is only subadditive.
We say that the cocycle A has tempered distortion if

1
lim sup n logsup {||A(t,2)A(t,y) || : 2 € M and x,y € By(z,¢)} =0
t—00

for some ¢ > 0. Moreover, we say that A has bounded distortion if
sup {H.A(t,q:).A(t,y)*lH cz€ M and z,y € Bt(z,a)} < 00

for some € > 0. Clearly, bounded distortion implies tempered distortion.
Now observe that
IA®E 2)At,2)7 | = [[1d]| = d
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for every (¢,x) € R x M, which implies that
1A, 2)7H| > dllcAt, 2)] 7
Then,

A 2) At y) 7 > %Hﬂ(t,w)ll Ay THE = KIAE )] - [IAG )7

and so
|log [lA(t, z)|| — log A (t, y)||| < —log K + log || A(t, z)A(t, y)~"l.

In particular, for z € M and € > 0 we have

sup ag(z) — ar(y)| < —log K +1log  sup  [A(t, 2)A(t,y) " .
z,yEB(2,€) z,y€Bi(z,€)

Hence, if A has tempered distortion, then the family a has tempered variation, and if A
has bounded distortion, then a has bounded variation.

For a concrete example of linear cocycles over flows, one can consider a C' flow ® on
a compact set M C R? such that for every t € R and # € M the matrix d,¢; has only
positive entries. Then A(t,z) = dy¢; is a linear cocycle over ® and the family a defined by
at(x) = log ||dy¢¢|| is an almost additive family of continuous functions with respect to ®.

Now let GLT(d,R) C GL(d,R) be the set of all matrices with strictly positive entries.
We have the following direct application of Theorem 16 to the case continuous-time cocycles:

Proposition 18. Let ® = (¢¢)ier be a topologically transitive continuous flow on a
compact metric space M satisfying the Closing Lemma. Let A : R x M — GL*(d,R) be
a linear cocycle over ® and with bounded distortion. Suppose there exists a compact set
Q C GL*(d,R) such that A(t,p) C Q for allt >0 and p € M with ¢;(p) = p. Then there
exists a compact set Q such that Alt,z) C Q forallt>0 and x € M.

Proof. By the hypotheses, the family of continuous functions a := (a¢)i>0 given by a(z) ==
log ||A(t,z)|| is almost additive with respect to ®. Moreover, since the cocycle A has
bounded distortion, the family a has bounded variation. Now suppose there exists a
compact  C GLT(d,R) where A(t,p) C Q for all t > 0 and p € M with ¢;(p) = p. Since
the map A(t, p) — log||A(t, p)|| is continuous, there exists K > 0 such that |a;(p)] < K for

all t > 0 and all p € M with ¢¢(p) = p. By Theorem 16, the~re exists a constant K > 0 such

that sup;>q [|at/|co < K. In particular, this implies that e % < ||A(t, z)|| < eX for all t > 0
and all x € M. Hence, we conclude that

IA(t, ) — 1d| < |A(, )|+ |1d]| < X +d forallt >0 and z € M,
as desired. ]

Remark. Proposition 18 is a particular continuous-time counterpart of Theorem 1.2 in
[Kalll], where uniformly bounded periodic data guarantee a uniform bound for the entire
phase space.
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3.2.2 Nonadditive notions of (weak) Gibbs measures for maps and flows

In this section, we are going to consider families of functions derived from (not necessarily
invariant) measures. We will see later that those types of natural examples play an important
role in the understanding of some regularity problems arising from the physical equivalence
relation for flows. Let us first recall some relevant concepts and notions of the nonadditive
thermodynamic formalism for maps.

Let T: X — X be a continuous map of a compact metric space, and let F = (f,,)pen be
an almost additive sequence of continuous functions with tempered variation (a condition
weaker than bounded variation). We have the following variational principle (see [Bar(06]
and [Mum06]:

Pr@) = s (@)t [ g
peEM(T) nmoon Jx
where Pr(J) is the nonadditive topological pressure of F with respect to 7', and h,(T) is
the Kolmogorov-Sinai entropy. A measure v € Mr is said to be an equilibrium measure for
F (with respect to T') if the supremum is attained in v, that is,

n—oo N

Pr(%) = hy(T) + lim / fndv.

When JF is an additive sequence generated by a single continuous function f: X — R, one
can easily see that

n—oo n

Pr(%)=Pr(f) and lim / fndp = / fdp  for all p e M(T),
X

where Pr(f) is the classical (additive) topological pressure of f with respect to the continuous
map T'. For asymptotically additive sequences in general, Theorem 1.2 in [Cun20] allows us
to obtain the notion of nonadditive topological pressure and variational principle directly
from the classical theory.

Definition 6. We say that a measure p on X (not necessarily T-invariant) is a Gibbs
measure with respect to an asymptotically additive (almost additive) sequence F = (fp)nen
if for any sufficiently small € > 0 there exists a constant K (g) > 1 such that

. W(Bo(2.))
K& < oenrr @ + fiy) = 1O

for all z € X and n € N, where B, (z,¢) is the Bowen ball given by

Bp(z,¢) :={y € X : d(T"(x),T*(y)) < e forall 0 < k <n —1}.

It was introduced in [Bar06] a definition of Gibbs measures with respect to almost
additive sequences using Markov partitions. In this case, one can show that this notion of
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Gibbs measures and the one in Definition 6 are equivalent when the system admits Markov
partitions with arbitrarily small diameter, as in the case of locally maximal hyperbolic sets
or repellers for C! diffeomorphisms (see [Bow75a]).

In the case of shifts o : N — YN, the definition is simpler. A measure p on XV is said
to be Gibbs with respect to F = (f,)neny when there exists a constant K > 1 such that

-1 pin(Ciy i)
0= k@) + ) =

for all x € C, 4, and n € N, where Cj, ;. is the cylinder set

Cirin ={y=(jrj2-) €SVt j1 =11, ..., fin = in}.
In the same way, we also have the following

Definition 7. We say that a measure p on X (not necessarily T-invariant) is a weak Gibbs
measure with respect to an almost additive sequence F = (fy,)nen if for any sufficiently
small € > 0 there exists a sequence (K (¢))nen C [1,00) with lim,_, log Ky, (€)/n = 0 such

that
o 1By (z,€))
Kul&)™ < o enPr(@) + fu(e)] = )

forallz €¢ X andn e N

These definitions are natural nonadditive versions of the classical Gibbs definitions with
respect to a single continuous function.

Let us now consider the case of continuous-time dynamical systems. Let X be a compact
metric space, T: X — X a continuous map and 7: X — (0,00) a positive continuous
function. Consider the space

W={(z,s) e XxR:0<s<7(x)}

and let Y be the set obtained from W identifying (x, 7(z)) with (T'(x),0) for each z € X.
By the Bowen-Walters distance (see [BW72]), the space Y is a compact metric space. Recall
that the suspension semi-flow over T' with height function 7 is the semi-flow ® = (¢¢)+>0
on Y with the maps ¢;: Y — Y defined by ¢:(x, s) = (z,s + t) whenever t + s € [0, 7(x)].

Let X be a Riemannian manifold, 7: X — X a C! map, and let A C X be a compact
T-invariant set, that is, 77'(A) = A. The map T is said to be uniformly expanding on A if
there exist constants ¢ > 0 and A > 1 such that

|dsf"v]| > cA™||v|| forallz € A,neNandveT,M

In this case, the set A is called a repeller for the map T'. For instance, T": [0,1] — [0, 1]
given by T'(z) = 2z mod 1 is a uniformly expanding map and the whole closed interval
[0, 1] is a repeller for 7.
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Let M be any compact metric space. A map S : M — M is said to satisfy the property
P if for each Holder continuous function £ : M — R there exists a constant D > 0 such
that if # € M, n € N and d(T*(x), T*(y)) < ¢ for all k € {0,...,n — 1}, then

n—1 n—1
S e(Sk(a)) - Z{(Sk(y))‘ < De.
k=0 k=0

Notice that full shifts, subshifts of finite type, uniformly expanding and hyperbolic maps
all satisfy the property P (see for example [Wal78] and [Bou02]).

Remark. In [BS00] the property P is called bounded distortion. We intentionally changed
the name in order not to cause too much confusion with the definitions given in subsections
2.4.2 and 3.2.1.

Now consider ® the suspension semi-flow over a continuous map 7T : X — X satisfying
the property P and with Holder continuous height function 7. Proposition 19 in [BS00]
guarantees that for each sufficiently small € > 0 there exists a constant x > 0 such that

Bi:n(l,)((:v,s),e) C B (x,ke) x (s — ke, s + ke), (41)
BX(z,e/k) x (s —e/K,5 +e/K) C Bgn(x)((w,s),e) (42)

for every x € X, 0 < s < 7(z) and m € N, where

i
L

ma(z) =Y r(TF(z)) forall z € X,
0

e
Il

By (y,0) = {z € Y : d(¢s(2), ds(y)) < & for all s € [0,4]},
BX(2,0) :=={we X : d(T*(w),T*(z)) < d for all 0 < k <n —1}.

Let a = (at)t>0 be a family of almost additive continuous functions with respect to the
flow ®@. Following as in the proof of Lemma 3.1 in [BH21a], the sequence ¢ = (¢p)nen given
by ¢n(z) = s, (2)(x) is almost additive with respect to 7" : X — X. Now consider u a Gibbs
measure for the sequence ¢ on X and let v be the measure on Y induced by p (see identity
(11))%. In particular, v = (1 x X)/( [ Tdu), where X is the Lebesgue measure on R. Since
w is Gibbs, for any sufficiently small € > 0 there exist Kj(¢) > 0 and K3(g) > 0 such that

K1(e)™" exp[=mPr(c) + cm(2)] < u(Byy (2, ke)) < Ki(e) exp[-mPr(c) + cm(x)]  (43)

Ka(e) ™" exp[=mPr(c) + cm(w)] < u(By, (2,6/K)) < Ka(e) exp[=mPr(c) + cm(z)]  (44)

'For the almost additive thermodynamics with respect to maps, proper definitions of Gibbs and weak-
Gibbs measures for sequences, see [Bar06, MumO6] and the review [Bar10]).
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for all z € X and m € N.
Observe that by identity (13) and the definition of 7,,, we have that

1 1
<SupT>PT(C) < Pp(a) < <infT)PT(C) and minf7 < 7, (x) < msupT.

Moreover, one can check that for all ¢ > 0 there exists m € N such that 7,,,(z) <t < 711 ()
with ¢ —7,(z) € [0,sup 7], which gives |a;(z) —a,, () (2)| < SuPsejosup ) 1asllo =t ¢. Hence,
it follows from (41) and (43) that

v(BY (65(x),€)) < V(BY, ) (6s(2),))

2ke K (¢)
< = Pl=Tm(@) Po(a) + a2 ()]
2rke K
< 258 exploupPa(a) + g expl—tPs(a) + au(o)]
=L
2kel1 K1 (e
= 2 ol 1y (a) + au(o)]

for all z € X and s € [0, 7(x)]. By the almost additivity of the family a, we also have that
la(z) — ai(Ps(2))] < 2supsepsup l|aslloo =1 - Since for each y € Y there exist z € X and
s € [0,sup 7] such that y = ¢s(x), we finally get that

- 2ke K (g)e?

v(B{ (y,€)) < exp|—1Py(a) + ai(y)] = Ki(e) exp[~tPy(a) + a(y))

inf 7
for all y € Y and t > 0, where K, (¢) := (2cL, K1 (¢)e?)/ inf 7 only depends on & > 0 and
the strictly positive function .

Proceeding in the same way, the identities (42) and (44) guarantee the existence of a
constant Ky(g) > 0 such that

v(BY (y,¢)) > Ky () exp|—tPg(a) + ay(y)] for all y € Y and t > 0.

So, we just showed that Gibbs measures for the almost additive sequence on the base
space induce a Gibbs property for the almost additive family with respect to the flow.
Analogously, one can show that weak Gibbs measures for the asymptotically additive
sequence on the base also induce measures which satisfy a weak Gibbs property for the
asymptotically additive family with respect to the flow. These relations involving (weak)
Gibbs properties between the map on base space and the flow also hold for suspension flows
over maps with the property P, including locally maximal hyperbolic sets for topologically
mixing C' flows. Based on this, we have the following definitions:

Definition 8. Let ® = (¢;);cr be a continuous flow on a compact metric space M. We say
that a measure g on M (not necessarily ®-invariant) is a Gibbs measure for an asymptotically
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additive family of continuous functions a = (at)¢>0 (with respect to ®) if for any sufficiently
small £ > 0 there exists a constant K (¢) > 1 such that

— M(Bt(xa 8))
KO < ot + )] < K6

for all z € M and t > 0, where By(z, ) is the usual Bowen ball with respect to ® and Py (a)
is the nonadditive topological pressure for a with respect to the flow ®.

Definition 9. Let ® = (¢:)cr be a continuous flow on a compact metric space M. We
say that a measure p on M (not necessarily ®-invariant) is a weak Gibbs measure for
an asymptotically additive family of continuous functions a = (a¢)s>0 (with respecto to
®) if for any sufficiently small € > 0 there exists a sequence (K;(g))i>0 C [1,00) with
limy_, o log K¢(¢)/t = 0 such that

1 p(Bi(z,€))
Kile)™ < o tPa(a) + arte)] = )

for all x € M and t > 0.
Remark. In the case of hyperbolic flows or suspension flows over subshifts of finite type,
uniformly expanding or hyperbolic maps in general, Definition 8 is a generalization of the

classical notion of Gibbs measures to the nonadditive setup (see for example Definition
4.3.25 in [FH20]).

The following result guarantees the existence of Gibbs measures for almost additive
families of functions with respect to hyperbolic flows.

Proposition 19 ([BH21la, Theorem 3.5]). Let A be a hyperbolic set for a topologically
mizing C* flow ® and let a be an almost additive family of continuous functions on A with
bounded variation. Then:

1. there exists a unique equilibrium measure for a;
2. there exists a unique invariant Gibbs measure for a;
3. the two measures are equal and are ergodic.

Remark. We note that Proposition 19 is also valid for appropriate versions of suspension
flows over subshifts of finite type, uniformly expanding or hyperbolic maps with Holder
continuous height functions.

The existence of Gibbs measures in Proposition 19 was originally obtained for the
equilibrium measure on the base space using Markov partitions for the flow. As we saw
above, this is the same as having the induced ®-invariant measure satisfying the Defi-
nition 8. Moreover, in the case of asymptotically additive families in the same setup of
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Proposition 19, we cannot guarantee uniqueness of equilibrium states and one can easily
check that the measures lifted from the base are only weak Gibbs in the sense of Definition 9.

For the sake of completeness, now we will show other natural sources of almost and
asymptotically additive families of functions. Proceeding as in the proof of Proposition 12
in [HS24], one can check that if a measure 1 on a compact metric space M is Gibbs for
some almost additive family of continuous functions with respect to a flow ® = (¢;)1er on
M, then for every sufficiently small § > 0 there exists a constant K (J) > 1 such that

1 < n(Biys(z,0))
K(6) = n(Bi(x,6))n(Bs(¢e(x),0))

In particular, for each § > 0, the well defined family of functions a® := (af )t>0 given by
al(x) = logn(Bi(z,)) is almost additive (defining ag = 0). Since every family of functions
admitting a Gibbs measure clearly has bounded variation (following the same argument as
in the proof of Proposition 15 in [HS24]), the family a’ also satisfies the bounded variation
condition. On the other hand, notice that the functions a) : M — R are not necessarily
continuous. In fact, using the Gibbs property of 7, in general one can only guarantee the
existence of constants K;(d) > K3(6) > 0 such that

< K(6) forallz € M and t,s > 0.

K(0) + limsup al (z) < a (x0) < K1(0) 4 liminf ad(z)

T—x0 T—x0

for all g € M and all £ > 0. In particular, x — a?(a:) is upper semicontinuous for each ¢ > 0.

Interestingly, the thermodynamic formalism for discontinuous additive and nonadditive
families of potentials with respect to flows was initiated quite recently in [TLS25, TLS24],
including a more detailed treatment of the upper semicontinuous case.

Proposition 20. Let ® = (¢;)ier be a continuous flow on a compact metric space M, and
let v be any measure on M. Then:

1. if for some § > 0 there exist constants A(§) > B(d) > 0 and an almost additive family
of continuous functions g = (g¢)r>0 such that

B(6)e9' ™) < u(By(x,6)) < A(8)ed™  for all z € M and t > 0,

then there exists an almost additive family of Hélder continuous functions h = (ht)i>0
satisfying sup;>q supes |log v(By(x,6)) — hy(x)| < oo;

2. if for some § > 0 there exist sequences (C¢(0))t>0, (D¢(d))e>0 C [1,00) such that
log Cy(8)/t — 0, log D(0)/t — 0 and an asymptotically additive family of continuous
functions f = (ft)e>0 such that

Dy(8)e’® < v(By(z,0)) < Cy(0)e™®  for allz € M and t > 0
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then there exists an asymptotically additive family of Hélder continuous functions
J = ()0 satisfying

1
lim — sup \log V(Bt(33,5)) —jt(ﬁf)’ =0.
t—oo t zeM

Proof. By using the fact that the space of Holder continuous functions are dense in the
space of continuous functions on compact spaces, we can guarantee the existence of families
h = (ht)t>0 and j = (ji)r>0 composed of Holder continuous functions and such that
supgenr |9:(x) — he(z)| < 1 and sup,ep | fi(x) — je(x)| < 1 for all ¢ > 0. It is clear that h is
almost additive and j is asymptotically additive. O

Example 6. Observe that Gibbs measures satisfy the conditions of the first item and
weak Gibbs measures satisfy the conditions of the second item of Proposition 20. Now let
M be a compact Riemannian manifold and A C M a hyperbolic set for a topologically
mixing (at least) C! flow ®. For each t > 0, consider the continuous function J; : A — R
given by Ji(z) = —log ||dz¢t| gu(z)l|- Since x — E*(x) is Holder continuous, we also have
that = — Ji(x) is Holder (see subsection 2.2). Now let A be the Lebesgue measure on M.
Assuming that @ is at least C2, the Volume Lemma (see Proposition 7.4.3 in [FH20]) says
that for any sufficiently small § > 0 there exist constants Cs, Ds > 0 such that

DsJi(x) < M(Bi(z,0)) < CsJi(x) for allz € A and t > 0.

Moreover, one can also check that the family (J;)¢>0 is additive with respect ®. Notice
that, in this case, the measure A satisfy the conditions in the first item of Proposition 20.
Hence, the family Leb? = (Leb{)i>o given by Leb?(x) := log \(By(z, 6)) is almost additive
with bounded variation and physically equivalent to an almost additive family of Lipschitz
continuous functions. In this particular case, we actually have that Leb’ is physically
equivalent to the additive family of Holder continuous functions (J)e>0. ]

3.2.3 A classification of nonadditive equilibrium states

In this section, we will apply Theorem 16 to see how we can compare families with the
same unique equilibrium measure just based on the information about the periodic data of
the system.

Theorem 21. Let A be a hyperbolic set for a topologically mizing C* flow ® and let
a = (at)i>0 and b = (bs)i>0 be two almost additive families of continuous functions with
bounded variation. Then a and b have the same equilibrium measure if and only if there
ezists a constant K > 0 such that |a;(p) — be(p) — t(Po(a) — Po(b))| < K for all p € A and
t >0 with ¢¢(p) = p.
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Proof. First, let us suppose |a¢(p) — bi(p) — t(Pp(a) — Pp(b))| < K for allp e A and t > 0
with ¢;(p) = p. It follows from Theorem 16 that

supsup |a¢(x) — be(z) — t(Po(a) — Po(b))| < oo.
t>0 xeA
Now consider the almost additive family d = (d;)+>0 given by d; := by +t(Ps(a) — Pa(D)).
By the definition of nonadditive topological pressure and now the fact that the sequence
(a; — dy)/t converges uniformly for zero on A, we have respectively

1 1
Pg(a) = Pp(d) and lim - [ adv = lim — [ didv  for all v € M(®P).
This readily implies that the families a and d share the same equilibrium measures. Moreover,
since Pp(d) = Pg(b) + (Pp(a) — Py (b)) and

sup (hu(q)) + lim ! dtdu> = sup <hu(¢)) + lim E btd,u> + Pg(a) — Ps(b),
LEM(®) t=oo b Jp LEM(®) t=oot Jo

d and b also have the same equilibrium states. Hence, a and b do share the same equilibrium
measures, as desired.

Now let’s prove the converse. By Proposition 19, both families ¢ and b have unique
equilibrium measures, each one of them satisfying the Gibbs property with respect to ®.
Now, by assumption, suppose these equilibrium measures are the same unique equilibrium
state n € M(®). By the Gibbs property (Definition 8), for each sufficiently small ¢ > 0
there exist constants K(g) > 1 and Ky(g) > 1 such that

n(Bi(x,€)) n(Bi(x, €))

Ki(e)t < <K d Kye) ' < <K
&) = exp[—tPs(a) + ar(x)] — 1(e) an 2e) 7 = exp[—tPgp(b) + by (x)] — 2(€)

for all x € A and ¢t > 0. This readily gives that

Ki(e) ™ Ka(e) ™" < explar(z) — be(z) — t(Pa(a) — Po(b))] < Ki(2)Ka(e)
for all z € A and t > 0, which implies

sup |a¢(x) — by(x) — t(Po(a) — Pp(b))| < log(Ki(e)Ka(e)) for all t > 0.

TEA
In particular, we finally have that |a;(p) — bi(p) — t(Ps(a) — Py (b))| < log(Ki(e)K2(e)) for
all p € A and t > 0 with ¢4(p) = p. O

Observe that Theorem 16 together with Theorem 21 shows that two almost additive
families with bounded variation share the same unique equilibrium state if and only if they
are cohomologous to each other (modulo some uniform constant) in the sense of definitions
4 and 5. In this context, Theorem 21 is a nonadditive counterpart of some classical results
for hyperbolic flows (see for example Theorem 7.3.24 in [FH20]).
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3.3 Regularity of almost and asymptotically additive families of potentials

In this section, we will consider the regularity problem for nonadditive families, specially the
asymptotically and almost additive ones based on Theorem 1. We will start investigating
some natural simple examples in the non-hyperbolic context. After this, we will address
the regularity issues for hyperbolic suspension flows and related setups.

3.3.1 Regularity in some non-hyperbolic scenarios

Observe that one of the main ingredients in the proof of Theorem 16 is the simultaneous
existence of periodic and transitive points. A simple reasonable question is to ask what
would happen in a system with no periodic points or no transitive data. In this regard,
the most natural examples seem to be the linear flows with different types of directions on
compact spaces.

Let us start with an example of a setup where the periodic data is everywhere and with
the same period.

Example 7. Let T" = R"/Z" be the n-torus and consider a = (a1, ...,ap,) € R™ to be
linear dependent, that is, there exist (not all zero) k; € Z such that 37, kja; = 0. The
linear flow ®* = (¢¢)iecr on T™ in the direction « is defined by ¢;(x) = x + ta mod 1.
Letting a := (at)s>0 be any almost additive family of continuous functions with respect to
@ Theorem 1 together with Example 1 guarantees the existence of a continuous function
b:T" — R such that lim; o [|ar — Stb||eo/t = 0, where ||.||oo is the supremum norm on T".
Since @ is a periodic flow, by Lemma 4 there exists a constant L > 0 (depending only
on the period) such that sup,~g ||a; — Sib||oc < L. Observe that the uniform bound exists
even if the family a does not have the bounded variation property. Moreover, it is clear
that the additive family (S¢b):>0 has bounded variation if and only if a also has it. O

Let us now check what happens in the opposite extreme: transitive systems without
periodic points.

Example 8. Let T" = R"/Z" be the n-torus and consider a = (a1, ...,a,) € R™ to be
linear independent. In this case, the linear flow ®¢ = (¢;)er on T" in the direction «
given by ¢(x) = x + ta mod 1 is minimal, that is, every orbit is dense in T". Now let
a = (at)r>0 be any almost (asymptotically) additive family of continuous functions. In
particular, letting v be the Lebesgue measure on T" and b : T — R the continuous function
given by Theorem 1, we have

Sib—t / bdv

1
ar —t / bdv
t i
In this case, the additive family of Theorem 1 can be taken as the one generated by the

1
lim —
constant function an bdv, which always satisfies the bounded variation property.

1
< lim —||as — Sibl|eo + lim ‘
t—oo t t—oo ¢

=0.

t—o00
0o
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On the other hand, the classical Gottshalk and Hedlund theorem for flows (see for
example Theorem C in [McC99]), guarantees that sup,sq [|Stg —t [1n gdv||e = o0 for every
continuous function g : T" — R not ®“-cohomologous to a constant. Therefore, for these
types of linear flows, Theorem 16 fails even in the additive classical case assuming functions
with any strong form of regularity. O

Remark. Example 7 does not satisfy the hypotheses of Theorem 16 but all the equivalences
there are satisfied, even without asking for the bounded variation property on the families.
On the contrary, Example 8 also does not satisfy the hypotheses of Theorem 16 but the
uniform bound property cannot be satisfied even asking for any type of regularity on the
families or functions.

We will address now a more natural and richer setup for investigating Holder potentials
and families of functions with the bounded variation condition.

3.3.2 Holder regularity of almost and asymptotically additive families

In this section, we are going to show how to construct almost and asymptotically additive
families of (Holder) continuous functions having the bounded variation condition with respect
to some suspension flow but not physically equivalent to any additive family generated by
a Holder continuous function. Our general approach is based on the following examples,
which are obtained from the ones showed in Theorem 11 in [HS24].

Theorem 22. Let o : 2 — Y7 be the two-sided full shift. Then

e there exists an almost additive sequence of continuous functions with bounded variation
and which is not physically equivalent to any additive sequence generated by a Hélder
continuous function.

e there exist almost additive sequences of Holder continuous functions with bounded
variation and which are not physically equivalent to any additive sequence generated
by a Hélder continuous function.

Proof. Let o1 : YN — 2N be the left-sided full shift of finite type and o9 : 2 — %% be the
two-sided full shift of finite type. Consider the canonical projection 7 : % — YN that is,
w=(..w_9,w_1,wp, w1, w2, ...) —> T(w) = (w1, w2, ws...).

Let 3 > 1 and define s := s(w,w) on XN x XN as the smallest positive number s such
that w, # w,. In this case, we consider the distance on XN to be dj(w,) = g~*@%) if
w # w and dy(w,w) = 0 if w = w. Following in an analogous way, we define ¢ := g(w,w’)
on %% x %7 as the smallest positive number ¢ such that w_, # wl, or wy # wy. From
this, we consider the distance on Y% to be do(w,w’) = B9 if w # ' and da(w,w’) = 0
whenever w = W'.
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Now let F = (f,)nen be any almost additive sequence of continuous functions on XN with
respect to o1, satisfying the bounded variation condition and not physically equivalent to
any additive sequence generated by a Holder continuous function (for example, the sequence
generated by the quasi-Bernoulli measure in Theorem 11 in [HS24]). Let § = (g, )ne be the
sequence on LN given by g, = f,, o 7. Since di(n(w),7(w")) < do(w,w’) for all w,w’ € X7,
gn is continuous for each n € N. Since (01 o 7)(w) = (7 0 02)(w) for all w € ¥Z, one can
easily see that G is almost additive. Moreover, since F has bounded variation, we have

neN

< Sgg{lfn(ﬂ(u))) — fa(m(@))] : 7(w), (@) € Ciy..in, NEN} < 00,
n
That is, G also has the bounded variation condition.

Now suppose ¢ : ¥ — R is a Holder continuous function such that G is phisically
equivalent to (S,¢)nen With respect to o9 : X% — ¥%. Lemma 1.6 in [Bow75a] (see also
Section 3 in [Sin72]) guarantees the existence of a Holder continuous function v : ¥ — R
cohomologous to ¢ and such that ¢ ((...w_2,w_1,wo, w1, w2, ...)) = P((w1,ws, ...)). That is,
there exists a continuous functions ¢ : ¥% — R satisfying ¢ — 1) = q o 09 — ¢ and 1 is such
that 1 o 7 = 1. Based on this, for all w € % we get

- Feodhia] -

n—1

fa(m(@)) =) ($omoos)(w) +q—qoo

> | fulrw) = S w0 o)l >>\—2||q\oo.

k=0

S >
= O

Since 7(X%) = ¥N and § is physically equivalent to (S, @)nen, we have

i
L

1
lim — sup
n—,oo N, w’EEN

fn(W) — i(zﬁoal)( )' < lim S sup

20N e

ga(w) — <¢oa§><w>\ —0,

0

i

which contradicts Theorem 11 in [HS24]. Therefore, the almost additive sequence G := Form
is not physically equivalent to any additive sequence generated by a Holder continuous
function. Moreover, fixing any real number v > 0, by the density of Holder functions on
the space of continuous functions on %, one can see that for each n € N there exists a
Hélder function h,, such that ||g, — hi|lco < 7. Notice that since § has bounded variation,
the sequence H7 := (h;)nen also satisfies the bounded variation condition. Furthermore,
Lemma 6 in [HS24] guarantees that the sequence H? also is almost additive. Hence, there
exists an uncountable number of almost additive sequences of Holder continuous functions
on Y%, with bounded variation and which are not physically equivalent to any additive
sequence generated by a Holder function, as desired. O
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Now let us start addressing how we can pass things from discrete to continuous time
dynamical systems. First, an auxiliary result.

Lemma 5. Let M be a compact metric space. Every almost additive sequence of continuous
functions Q = (gn)nen with respect to a continuous map T : M — M satisfy

SupHQnOT_QnHOO < 0. (45)
neN

Proof. Since Q is almost additive, there exists a constant K > 0 such that
—K +q1(z) + ¢n-1(T(2)) < gn(2) < ¢u1(T(2)) + (1 (2) + K
for every x € M and every n € N. From this, we obtain that
|gn (%) — gn1(T'(2))| < K + [lg1]|oo := K1 < 00. (46)
In a similar way, we also have that
—K 4+ ¢ (T" ') + gn-1(2) < gu(2) < gnoa1(2) + (T '2) + K,

and then
|G () = gn1(2)] < K (47)

for every x € M and every n € N.
It follows from (46) and (47) that

|40 (T'(2)) = gn (@) < [gn(T'(2)) = gns1(2)] + [gn11(2) — ga(z)| < 2K3

for every x € M and every n € N.
Therefore, Q satisfies property (45) as desired. O

Proposition 23. Let ® = (¢¢)icr be a suspension flow on'Y over a continuous invertible
map T : X — X with continuous height function 7 : X — (0,00). Let ¢ = (¢p)nen be an
almost additive sequence of continuous functions with respect to T on X and satisfying the
bounded variation condition. Then, there exists an almost additive family of continuous
functions a = (at)i>0 with respect to ® on'Y, satisfying the bounded variation condition
and such that a,(x) = cp(x) for all x € X and n € N. The same result holds for the
asymptotically additive case.

Proof. Consider the floor function |-] : R — Z given by |z| = max{m € Z : m < z}. Now
for each t > 0 define the function a; : Y — R as

ar(y) = ar(ds(x)) = ay)(¢s(x)) = ¢y () and ag :=co = 0.

For simplicity, let us consider the height function to be constant 7 = 1. Notice that by
construction, ¢1 = T on X. The sequence (a,)nen is almost additive with respect to ¢; on
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Y. In fact, by definition and the almost additivity of c on X, for all y € Y and m,n € N
we have

amtn(Y) = @mtn(9s(2) = cmin (@) < em(2) + (T () + C
m(@s(x)) + an (7' (2)) + C
m(Y) + (an 0 s 0 ¢7")(x) +C
m(y) + an(¢7"(¢s(x))) + C
m(y) +an(7"(y)) + C

L & 9 9

Proceeding in the same manner, we also have apm4n(y) > am(y) + an(¢7"(y)) — C for all
y €Y and m,n € N, as desired.

Let us now show that the family a = (a:);>0 is almost additive with respect to the
flow ® on Y. Foreachy e Y, m <t <m+1and n < s < n+1, it follows from the
definition of (a;);>o that a;+s(y) = amante(y), where £ € {0,1}. In this case, by the almost
additivity of (a,)nen with respect to ¢1 on Y, we get

at+5(Y) = aminte(y) < amin(y) + ar(dmin(y)) + C
< am(y) + an(9m(y)) + ac(Pmin(y)) +2C
< ar(y) + as(dm(y) + |laclloc +2C (48)
=:C1

= a(y) + as(de(y)) + [an(dm(y)) — an(de(y))] + Ci.

On the other hand, letting y = ¢y, (x) for some z € X and w € [0,1) and m = ¢ + u with
u € [0,1), we also have

’an(gbm)(y) - an(gbt(y))‘ = ’an(qu(gbw(ib))) - an(¢t(¢w($)))’
= Jan(¢w(dm(2))) = an(Surw(dm()))] (49)
< Jen(dm(z) = cn(@1(dm()))]-

Since c is almost additive with respect to ¢1 on X, Lemma 5 guarantees the existence of a
uniform constant K > 0 such that sup,,cysup,ex [cn(Pm(x)) — cn(P1(dm(2)))| < K. This
readily implies that |an(¢m)(y) — an(¢pi(y))| < K for all m,n € N, ¢t > 0 and y € Y. Hence,
it follows now from (48) that a:1s(y) < a:(y) + as(P:(y)) + K + C. The other inequality
can be obtained in a similar way, and we conclude that a is almost additive with respect to
donY.

Considering the Bowen-Walters distance dy on Y (see [BWT72] or Appendix A in [BS00])
and using the continuity of ¢, : X — R for all n € N, one can easily check that the function
at : Y — R is continuous for each t > 0.

Let us conclude the proof showing that the family a also has the bounded variation
property. Take two arbitrary points y,z € Y such that dy (¢,(y), ¢,(2)) < € for 7 € [0, t]
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with m <t <m+ 1. Writing y = ¢,(z) and z = ¢,.(2') for z,2’ € X and u,r € [0,1), we
have

lar(y) — ax(2)| = lar(¢u(@)) — ar(r(2))] = lem (@) — cm(a’)] (50)

In particular, we have
dx(z,2') <dy(y,z) <e
dx (d1(x), ¢1(2)) < dy (du(d1(2)), dr(d1(2"))) = dy (d1(y), b1(2)) <€

dx (pm-1(2), bm—1(2")) < dy (pu(Pm—1(x)), or(dm-1(z"))) = dy (dm-1(y), dm-1(2)) <&,

where dy is the Bowen-Walters distance on Y and dx is any given distance on the base
space X. Since the sequence ¢ has bounded variation (with respect to T'= ¢; on X), there
exists a constant L = L(g) > 0 such that |¢,(z) — ¢y (2')| < L. We conclude now from (50)
that the family a also has the bounded variation property with the same parameters € > 0
and L > 0 as the sequence ¢ on the base space X.

For the general case where r is any positive continuous function, we have T'(x) = ¢, () ()
and T™(x) = ¢, (2)(x) for all m € N and x € X, with 7, = STy T o T, In this case, we
define a;: Y — R as

at(y) = a¢(z,s) := ar, () (ds(z)) == cn(x) with ag = co:=0, (51)

when ¢,s > 0 and 7,(x) < t+ s < 7,41(x). Making the necessary modifications and
proceeding as in the case with 7 = 1, one can easily check that the family a is almost
additive with respect to ® on Y. The continuity of ¢, : X — R for all m > 1 together
with definition (51) directly implies that a; : ¥ — R is continuous for each ¢ > 0. Moreover,
since the sequence ¢ has bounded variation with respect to the map T on X, the same
relation between the distance on X and the Bowen-Walters distance on Y guarantees the
bounded variation property for the family a with respect to ® on Y.

Now suppose ¢ = (¢ )nen is asymptotically additive with respect to 7' : X — X and
consider again the family a = (a;);>0 defined in (51). By the asymptotically additivity of ¢,
given any € > 0 there exists a continuous function h. : X — R such that

1 n—1
lim sup — sup |c, () — Z(h‘S oT)(x)| <e. (52)
n—oo N geX =0

On the other hand, by Lemma 2, there exists a continuous function g. : ¥ — R such
that Iy |x = he. By the definition of a, for each y = ¢,(x) with u € [0,sup7), and
Tn(z) <t < Tpt1(x) we have

arly) - /0 (g 0 64)(y)ds

t+u

at(u(2)) — / (g 0 64)(@)ds

u

i
L

< |en(@) = ) (he 0 T)(2)

0

+ sup 7 sup ge + sup he.

i



Since n — oo implies ¢t — oo, we conclude from (52) that a is asymptotically additive
with respect to ® on Y. The continuity and bounded variation condition of a clearly follow
from the same arguments presented in the almost additive case. O

Suspension flows over two-sided subshifts of finite type with Holder continuous height
functions are also called hyperbolic symbolic flows (see [FH20]). One can check that additive
families generated by Holder continuous functions satisfy the bounded variation condition
with respect to hyperbolic symbolic flows, and Proposition 19 clearly also can be extended
to these types of flows in general. On the other hand, just as in the discrete-time case,
one can find asymptotically additive families having bounded variation with respect to an
hyperbolic symbolic flow, but admitting more than one equilibrium measure.

The following result is a continuous-time counterpart of Theorem 22:

Theorem 24. Let ® = (¢4)icr be a suspension flow over o : ¥ — Y% and with a Hélder
continuous height function 7 : % — (0,00). Then:

1. there exist almost additive families of Hélder continuous functions with respect to
P, satisfying the bounded variation condition and not physically equivalent to any
additive family generated by a Hélder continuous function;

2. there exist asymptotically additive families of Holder continuous functions with respect
to ®, satisfying the bounded wvariation condition, admitting a unique equilibrium
measure but not physically equivalent to any additive family generated by a Holder
continuous function.

Proof. First, let ¢ = (¢p)nen be any sequence from Theorem 22, that is, ¢ is an almost
additive sequence of continuous functions with respect to o : ¥% — Y%, satisfying the
bounded variation condition and not physically equivalent to any additive sequence generated
by a Holder continuous function. By Proposition 23 there exists an almost additive family
of continuous functions a = (at)¢>0 with respect to ® on Y, with bounded variation and
such that a,(r) = ¢, (z) for all z € ¥% and n € N. Suppose that

lim — sup =0 where b:Y — R is Holder.

t—oo t yeEY

arly) - /0 (bo ba)(y)ds

In particular, this implies that

1
lim — sup =0. (53)

t—o00 2EXL

at(m)—/o (bo ¢s)(x)ds

By the proof of Lemma 15 in [BH21b], for each ¢ > 0 there exists a unique n € N with
t = 7 (x) + Kk for some k € [0,sup 7] such that

n—1

/0 (bo ¢s)(x)ds — Z(Ib o o®)(z)

k=0

< supbsupr,
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where Iy(z fo (bo ¢s)(x)ds
Thus, 1t follows from (53) that

=0.

= lim — sup
n—oo N $€EZ

. _
lim — sup |c,(z Z Iy oo
k=0

N=OMN ey

an(x) — /On(b o ¢s)(x)ds

Since b: Y — R is Holder, by Proposition 18 in [BS00] we also have that I : X — R is
Holder. Hence, the sequence c is physically equivalent to the additive sequence generated
by I, which is a contradiction.

Now fix a number + > 0. By the density of Hélder functions on the space of continuous
functions, for each ¢ > 0 there exists a Holder continuous function b; : ¥ — R such that
sup,ey |07 (y) —as(y)| < 7. It is easy to check that the family b7 := (b] )t>0 is almost additive
and satisfy the bounded variation condition with respect to the flow ® on Y. Moreover,
since b7 is physically equivalent to a, it cannot be physically equivalent to any additive
family generated by a Holder continuous function, as desired.

Now let’s prove the second item. It was showed in [HS24] the existence of asymptotically
additive sequences of continuous functions ¢ = (¢, )nen With respect to the left-sided full
shift o : XN — 3N satisfying the bounded variation condition, with a unique equilibrium
measure but not physically equivalent to any additive sequence generated by a Holder
continuous function. Proceeding as in the proof of Theorem 22 and with some abuse of
notation, one can also assume that the sequence c is asymptotically additive with respect
to the two-sided full shift o : ¥% — %2, By Proposition 23, following as in the proof of item
1 and also using density of Holder functions, one can guarantee the existence of a family of
asymptotically additive Holder continuous functions a = (at)¢>0 with respect to ® on Y and
satisfying the bounded variation condition but never physically equivalent to any additive
family generated by a Holder continuous function. Moreover, it is clear from (13) (adapted
for suspension flows) that a also admits a unique equilibrium measure, which is induced by
the unique equilibrium measure for ¢ (see also the proof of Theorem 3.5 in [BH21a]).

O

Remark. By Theorem 11 in [HS24], one can obtain the same class of examples in Theo-
rem 24 to the case of suspension semi-flows over left-sided full shifts o : &N — 3N,

Notice that the counter-examples in Theorem 24 show that the physical equivalence
result of Theorem 1 does not always allow us to reduce the study of almost additive families
with bounded variation to the case of classical potentials with Holder regularity. Since the
thermodynamic formalism and multifractal phenomena for Hélder continuous potentials
are suitable and well understood for hyperbolic setups in general, Theorem 24 indicates, as
in the case of maps, a crucial barrier considering the exchange of information between the
additive, almost additive and asymptotically additive worlds with respect to continuous-time
dynamical systems as well.
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3.3.3 Bowen regularity of almost and asymptotically additive families

In this section, based on the physical equivalence relations obtained in the first part of
this work, we briefly address more general regularity aspects of almost and asymptotically
additive families of continuous functions. In general, equilibrium measures satisfying the
Gibbs property play a relevant role in our approach.

Recall that a function £ : M — R is Bowen (with respect to a flow ® on a topological
space M) if there exist k > 0 and £ > 0 such that for z,y € M and ¢t > 0, we have that
d(¢ps(x), ds(y)) < € for every s € [0,¢t] implies |S;€(x) — Si&(y)| < k. This is also the same
as saying that the additive family (S:£):>0 has the bounded variation property with respect
to ® on M.

Theorem 25. Let ® = (¢4)icr be a suspension flow over o : ¥ — Y% and with a Hélder
continuous height function T : X2 — (0,00) and let a = (a;)>0 be an almost additive family
of continuous functions with respect to ® on Y with bounded variation. Then, the following
statements are equivalent:

1. the equilibrium measure for the family a is Gibbs with respect to some continuous
Bowen function;

2. there exists a continuous Bowen function b:Y — R such that

1
Jim 21615 lac(y) — Sib(y)| = 0.

3. there exists a continuous Bowen function b:Y — R such that

sup sup |a(y) — Seb(y)| < oo.
t>0 yeY

Proof. Let us start proving that 1 implies 3. By the appropriate version of Proposition 19
for hyperbolic symbolic flows, the family a has a unique equilibrium measure v, which is
Gibbs with respect to a. By hypothesis, v is also Gibbs with respect to some continuous
Bowen function b : Y — R. Then, for some sufficiently small § > 0, there exist constants
K; = Ki(6) > 1 and Ky = K2(d) > 1 such that

— V(Bt(yaé)) — V(Bt(yv(s))
S et ) = S ) 4 s < Y

for all y € Y and ¢ > 0, where PS25i¢(b) is the classical (additive) topological pressure for b
with respect to ®. This clearly implies that |a;(y) — Sib(y)| < log K1 K for all y € Y and
t >0, where b:=b+ P(glassm(b) — Pg(a). Since b is also a continuous Bowen function, we
just obtained item 3.
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Now suppose 3 holds, that is, there exist a uniform constant K3 > 0 and a continuous
Bowen function b : Y — R such that |a;(y) — Sib(y)| < K3 for all y € Y and t > 0. Then, by
the Gibbs property with respect to the family a in (54) and the fact that Pp(a) = Pgasi¢(b)
in this case, for all sufficiently small § > 0 we get that

(Kpefo) ! = KoM < v(Bi(y,9))

. < K eK3
= exp[—t PSS (b) + Sib(y)] ~

for all y € Y and ¢ > 0, which is item 1, as desired. Since every hyperbolic symbolic flow
is topologically transitive (Proposition 1.6.30 in [FH20]) and satisfy the hypothesis of the
Closing Lemma (see for example Corollary 18.1.8 in [KH12]), Corollary 17 immediately
gives that items 2 and 3 are equivalent, and the result is proved. O

Recall that in the case of hyperbolic symbolic flows or locally maximal hyperbolic sets
for C'! topologically mixing flows, an almost additive family satisfies the bounded variation
condition if and only if it admits a Gibbs measure (see Definition 8 and Proposition 15 in
[HS24]). In Theorem 25, the equivalence between items 1 and 2 indicates a possible way
of classifying almost additive families with bounded variation with respect to hyperbolic
symbolic flows or locally maximal hyperbolic sets for C'! topologically mixing flows. Based
on Theorem 25 and proceeding as in [HS24] (and using the same nomenclature), we also can
propose the following classification of families with respect to hyperbolic symbolic flows:

e Type 1: Almost additive families with bounded variation and admitting Gibbs
measures with respect to some Bowen continuous function;

e Type 2: Almost additive families with bounded variation and but not admitting
Gibbs measures with respect to any Bowen continuous function;

e Type 3: Almost additive families without the bounded variation condition but having
a unique equilibrium measure;

e Type 4: Almost additive families having more than one equilibrium measure.

Remark. As discussed in [HS24], we can easily construct examples of types 1, 3 and 4.
On the other hand, examples of families of type 2 seem to be much more complicated to
produce or they actually don’t exist. In the discrete-time setup, the existence of sequences
of type 2 is connected with the problem of relating Gibbs and quasi-Bernoulli measures
and, as far as we know, is still an open question even in the case of full shifts of finite type.

Let us now finish our work showing how to treat the Bowen regularity problem for
asymptotically additive families.

Asymptotically additive families. Let § = (g,,)nen be an asymptotically additive
sequence of continuous functions with bounded variation with respect to o : ¥% — £%
and with a unique equilibrium measure but never physically equivalent to any additive
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sequence generated by a Bowen function (such an example was given in [HS24]). Now, as
in Proposition 23, consider an asymptotically additive family a = (a;)¢>0 with respect to
the hyperbolic symbolic flow ® on Y (with height function 7) and such that a,(z) = gn(z)
for all z € ¥% and all n € N.

Suppose the existence of a continuous Bowen function b : Y — R such that a is physically
equivalent to the additive family (S:b)¢>0. By the appropriate versions of the Lemmas
3.1 and 3.3 in [BH21a] for hyperbolic symbolic flows, the sequence ¢ = (¢y)nen given by

en(z) = fOT”(m)(b o ¢s)(x)ds is additive and satisfy the bounded variation condition with
respect to o : ¥ — Y%, By the physical equivalence relation between a and (S;b);>0, we
have in particular that

o1
< lim - sup |at(y) - Stb(y)| =0.

lim — sup (gn(z) —cn(x)| = nh_>r20 n Sugz an(2) = cn(2) t—oo t ey
Te Y

n—,oo N, xEEZ

(55)
Since, by the proof of Lemma 15 in [BH21b], ¢, (z) = 3724 Iy 0 o¥(x) for all 2 € X%
and all n € N, the sequence (S,Ij)nen has the bounded variation condition. Hence, it
follows from (55) that the sequence G is physically equivalent to the additive sequence
(Snlp)nen generated by the continuous Bowen function I, : % — R, which is a contradiction.
Hence, by construction, the asymptotically additive family a satisfies the bounded variation
condition and has a unique equilibrium measure (with respect to ® on Y), but cannot be
physically equivalent to any additive family generated by a Bowen continuous function.
Therefore, as it also happened for the asymptotically additive case with respect to
discrete-time dynamical systems, the physical equivalence result obtained in Theorem 1
does not always preserve the Bowen regularity property. O

3.4 Concluding remarks

Observe that all the results in the regularity sections are developed for hyperbolic symbolic
flows. There is a deeper reason for that, which comes all the way from [BKM20]. In this
last work, studying almost additivity in the context of planar matrix cocycles, the authors
showed an example of a quasi-Bernoulli measure that is not Gibbs for any Holder continuous
function with respect to the left-sided full shift map. In view of the nonadditive versions of
the Livsic theorem for maps and flows (Theorem 5 in [HS24] and Theorem 16, respectively),
this particular example plays a fundamental role in the production of the counter-examples
in [HS24] for the left-sided full shift map and, consequently, the ones in Theorem 24 for
symbolic flows. Based on this, morally speaking, all the counter-examples and results
discussed here in the regularity section can be adapted to the case of hyperbolic flows and,
more generally, to suspension flows over topologically mixing subshifts of finite type. Finally,
let us mention the still open problem of the existence of sequences and families of type 2,
which is related to the understanding of how some results in [BKM20] could accommodate
Bowen continuous functions, going beyond the Holder regularity case previously considered
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in it. A positive answer in this direction would finally reveal the existence of quasi-Bernoulli
measures that do not satisfy the Gibbs property for any continuous function, consequently
giving examples of sequences of type 2 with respect to the full shift of finite type. By our
constructions in this note, we could as well produce examples of families of type 2 with
respect to hyperbolic symbolic flows and hyperbolic flows (via Markov partitions).
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no. 12222110 and is supported by the National Council for Scientific and Technological
Development, CNPq, process 446515,/2024-8.
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