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Abstract

We explore notions of cohomology and obtain a kind of Livsic theo-
rem for nonadditive families of potentials. Together with the existence
of Gibbs states, we use this result to classify equilibrium measures for
almost additive families with respect to hyperbolic systems, improving
the nonadditive thermodynamic theory for flows. Moreover, building on
recent examples for discrete-time dynamics, we address some Hélder and
Bowen regularity problems for the physical equivalence relations between
additive and asymptotically additive families with respect to hyperbolic
symbolic flows and related dynamical systems.
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1 Introduction

This note is a natural continuation to [Hol24], and is mainly a contribution to
the study of relations between the additive classical world and the nonadditive
world of families of potentials, which started in [Cun20]. In particular, we are
interested in the asymptotically and almost additive cases with respect to flows.!
In this work, when considering families or sequences, the term potential is used
interchangeably with function. A family A = (a¢)i>0 of functions a;: X — R
is said to be asymptotically additive with respect to a flow ® = (¢¢)ier on a
topological space X if for each € > 0 there exists a function b.: X — R such
that
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where || - ||o is the supremum norm on X. Moreover, A is said to be almost
additive with respect to ® on X if there exists a constant C' > 0 such that
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for every t,s > 0. It is well known that every almost additive family is asymp-
totically additive [FH10]. For each function b: X — R, the additive family
(Sib)i>0 generated by b (with respect to ®) is denoted by Sib := fot(b o ¢s)ds.

It was showed in [Hol24] that, with respect to suspension flows ®, asymptot-
ically additive families are physically equivalent to additive families of contin-
uous functions. That is, given an asymptotically additive family of continuous
functions A = (a¢)¢>0 (with respect to ®) there exists a real-valued continuous
function b on the suspension manifold such that

.1

In this case, we say that A is physically equivalent to (Sib);>o (and vice-versa).
Motivated by this equivalence relation, one can naturally consider the problem
of studying the different levels of regularity that the physical equivalence (1)
can sustain. In our framework, the most relevant types of regularity are the
ones involving Bowen and Holder functions together with families having the
bounded variation property (see Sections 2.1 and 2.2 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. Based on
this, we are interested in three types of regularity problems:

e Bowen regularity. Given any almost additive family of continuous func-
tions A = (at)t>0 with respect to an hyperbolic suspension flow and hav-
ing bounded variation, is there a Bowen continuous function b such that
(Seb)i>0 is physically equivalent to A ¢

1This note is a shorter (slightly modified) version of part II, and the article [Hol24] is part I
of the longer unpublished manuscript [Hol23].



e Uniform bound. Given any almost additive family of continuous func-
tions A = (ay)¢>0 with respect to an hyperbolic suspension flow and having
bounded variation, is there a continuous function b such that

— St ?
sup e — S, < o0

e Hoélder regularity. Given any almost additive family of Hélder contin-
uous functions A = (a¢)e>0 with respect to an hyperbolic suspension flow
and having bounded variation, is there a Hélder continuous function b such
that (Sib)i>0 is physically equivalent to A ¢

Here hyperbolic symbolic flows are suspensions over the two-sided full shift.
These questions also can be posted with respect to hyperbolic flows or, more
generally, suspension flows over subshifts of finite type (see Section 4.4). 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. All these regularity issues are also pertinent in
the more general case of asymptotically additive families. Moreover, defini-
tive answers to these questions can close the final gap in the comparison be-
tween additive and nonadditive families taking into consideration uniqueness of
equilibrium states (see [Fra77, BH21al), ergodic optimization (see for example
[BHVZ21, HLMXZ19, MSV20]), and regularity of topological pressure together
with multifractal analysis (see [Rue78, BD04, BS00, PS01, BH21b, BH22c]).
It is important emphasizing that, considering the physical equivalence rela-
tions and associated problems, the passage of information from discrete-time
to continuous-time is not direct, and can actually be quite nuanced and tricky.
For instance, we recall here that the full physical equivalence problem for con-
tinuous flows in general is still open (see [Hol24]), despite already existing a
complete answer for continuous maps given by Cuneo in [Cun20].

In the first part of this work, we obtain a characterization result for almost
additive families with bounded variation (Theorem 3), which is intimately con-
nected to the three aforementioned regularity questions. This result is inspired
by the discrete-time counterpart obtained in [HS24] but, notwithstanding, it is
proved here directly in the realm of flows, and without using any of the phys-
ical equivalence results for discrete and continuous-time dynamical systems in
[Cun20] and [Hol24], respectively. Moreover, the characterization gives a setup
for which the uniform bound and the Bowen regularity problems are actually
equivalent (holding in particular for some types of suspensions and hyperbolic
flows), is linked to some deep results for linear cocycles, and also can be ap-
plied to classify equilibrium states for almost additive families based on their
cohomology classes, working as a nonadditive version of the classical Livsic the-
orem for flows ([Liv71, Liv72]), also complementing the nonadditive formalism
developed in [BH20, BH21a).

Building on some examples in [HS24], we show how to construct almost (and
asymptotically) additive families of Holder continuous potentials satisfying the
bounded variation property with respect to some symbolic flows and which are
not physically equivalent to any additive family generated by a Holder (Bowen)
continuous potential. These examples show that almost and asymptotically
additive families with bounded variation do not always have the same good
properties of Holder continuous functions in hyperbolic and related frameworks.



Even though we are relying on examples for maps, the constructions of the
counter-examples for the case of flows are rather involved and somewhat delicate,
requiring new tools and non-trivial modifications.

The paper is organized in three parts. In the first one, we study some dif-
ferent notions of cohomology for almost and asymptotically additive families,
we establish our nonadditive Livsic theorem for flows (Theorem 3), and show
how it can be applied to the context of linear cocycles over flows. In the second
part, we study and compare different notions of nonadditive Gibbs and weak
Gibbs states with respect to flows, give some examples of nonadditive families
derived by volume measures and measures satisfying the Gibbs property and,
as another application of Theorem 3, we demonstrate how to classify almost
additive families based on cohomology relations and equilibrium states. In the
last part, dealing with the regularity issues, we start giving a simple exam-
ple for which the uniform bound question can always be positively answered,
and another one for which the equivalences in Theorem 3 do not hold. In the
following, using the structure of suspension flows, we show how to build the
aforementioned counter-examples of almost additive families of potentials, giv-
ing a negative answer to the Holder regularity problem. After proposing a way
of categorizing almost additive families with respect to hyperbolic and symbolic
flows, we show a construction demonstrating that the Bowen regularity problem
cannot be positively answered in the asymptotically additive case. We finish the
paper by quickly discussing some relevant technical matters, open problems and
further explorations.

2  On Cohomology

In this section we introduce some notions of cohomology, and obtain a char-
acterization of almost additive families of potentials. This allow us to classify
equilibrium states and study regularity equivalence issues for asymptotically
and almost additive families with respect to suspension flows and, in particular,
hyperbolic flows (see Sections 3 and 4).

2.1 Exploring notions for asymptotically additive families

Here, based on the physical equivalence in [Hol24] and inspired by concepts
recently studied in [HS24] for the discrete-time case, we introduce some, a priori,
distinct cohomology notions for asymptotically additive families with respect to
flows. We start recalling some concepts and tools in the additive framework.

We say that a function : 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

d(ps(x), ds(y)) < 4 for every s € [0,t] = [Sip(z) — Sy (y)| <e.

In this case, we also say that the additive family (S;¢);>0 satisfies the Walters
property. Moreover, we say that a function £: X — R is Bowen (with respect
to @) if there exist L > 0 and § > 0 such that for z,y € X and t > 0, we have
that

d(ds(x), ¢s(y)) < 0 for every s € [0,t] = [Si&(x) — Si€(y)| < L.



Clearly every Walters function is also Bowen. In the hyperbolic framework, the
Hélder 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 6 > 0 such that ifx € X and ¢t > 0
satisfying d(¢:(z), z) < §, then there exists a periodic orbit {¢s(y) : 0 < s < T}
with [T —t| < & such that d(¢s(x), ¢s(y)) < e for all 0 < s < ¢ (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 ¢: X — R such that

a(z) = lim 4(¢e(2)) — a(z)

for every z € X.
t—0 t

We say that a point x € X has a forward dense orbit if {¢(x) : s > 0} = X.
When {¢s(z) : s € R} = X, we say that € 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]).

Theorem 1. Let ® = (¢1)ier be a topologically transitive continuous flow sat-
isfying 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 Sta(x) = 0.

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

Based on Theorem 1, we also obtain a simple characterization of additive
families generated by coboundaries. Let M(®) be the set of ®-invariant proba-
bility measures on X.

Proposition 2. Under the conditions of Theorem 1, a function a: X — R is
®-cohomologous to zero if and only if
1
lim f”StaH =0.
t—oo t o
In particular,

1
tllr&EHStaHoo = 0 if and only if ilzllg HStGHOO < 0.

Proof. Suppose a is P-cohomologous to zero. This implies the existence of a con-
tinuous function ¢: X — R such that Sia = go¢; —q for all ¢ > 0. Consequently,
one has [|Sialls < 2||qllec < 0o for every t > 0. Then, limy_,o 1[|Siafc = 0.

Conversely, let lim,, oo %||S,5a||OO = 0. The Lebesgue’s dominated conver-
gence theorem gives that

1
0= / lim —Sia dp = / a dy  for all y € M(P). (2)
x n—oo X
For all x € X with z = ¢ (z), the measure (fOT 0¢.(x)ds)/T is ®-invariant. In

particular, identity (2) gives that Sra(x) = 0 for all z € X with x = ¢p(z).
Hence, by Theorem 1 we conclude that a is ®-cohomologous to zero. O



Now based on Theorem 1 in [Hol24] and Proposition 2, we propose our first
definition of cohomology for asymptotically additive families.

Definition 1. We say that an asymptotically (or almost) additive family of
continuous functions A = (a;);>¢ is ®-cohomologous to a constant if there exists
a continuous function a: X — R which is #-cohomologous to some constant and
satisfies

1
Jim Mo, — S0l =0,

One can easily check that a family A = (a;)¢>0 is P-cohomologous to a con-
stant 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 lim; ., %Hatﬂoo =0.

Remark 1. Observe that the classical concept of cohomology for a function is
much stronger than the one introduced for nonadditive families in Definition 1.

Proposition 2 also motivates a new definition for the nonadditive case, which
is still weaker than the classical one but stronger than Definition 1.

Definition 2. An asymptotically (or almost) additive family of continuous func-
tions A = (at)¢>0 is ®-cohomologous to a constant if there exists a continuous
function a: X — R which is ®-cohomologous to a constant and satisfies

sup ||at — StaHOo < oo.
neN

In this case, observe that A is uniformly bounded if and only if A is ®-
cohomologous to zero.

2.2 An almost additive LivSic theorem for flows

We say that a family of functions A = (at)¢>0 has bounded variation or satisfies
the bounded variation property (with respect to a flow ® = (¢¢)ser) if there
exists € > 0 such that

SI;IO) sup {|a¢(z) — ay(y)] : de(z,y) < e} < oo,
t=>

where d;(z,y) = max{d(¢s(x), ¢ps(y)) : s € [0,%]}. It is clear that if a function
¢ is Bowen, then the additive family (S;¢):>0 has bounded variation.

Following closely the property in the additive setup, we say that a family
of functions A = (a;);>0 satisfies the Walters property if for each x > 0 there
exists € > 0 such that for x,y € X and t > 0, we have that

d(¢s(x), ¢s(y)) < & for every s € [0,] = |ar(2) — ar(y)] < 5.

Clearly every family satisfying the Walters property also has bounded variation.
The next result is our main theorem in this section.

Theorem 3. Let ® = (¢1)1>0 be a topologically transitive continuous flow on a
compact metric space X and satisfying the Closing Lemma. Let B = (b;);>0 be
an almost additive family of continuous functions with respect to ® and satisfying
the bounded variation property. Then, the following properties are equivalent:



2. sup;>q [|bt]|oc < 00.

3. There exists K > 0 such that |bi(p)] < K for allp € X and t > 0 with
oi(p) = p.

Remark 2. Comparing Theorem 3 with the classical Livsic result (Theorem 1),
we notice that the Walters property is required in the last but not in the former.
This happens because, as it turns out, the nonadditive notions of cohomology
(Definitions 1 and 2) are weaker than the notion of cohomolgy for functions (see
also Theorem 8 for the connections with equilibrium states and periodic points).

As a direct consequence, we have:

Corollary 4. Under the hypotheses of Theorem 3, let A = (as)i>0 be an almost
additive family of continuous functions with bounded variation. Then, for a
continuous function a: X — R such that (Sia)i>0 has bounded variation, we
have

lim 1Ha,g — StaH =0 if and only if sup ||at - StaH < 00.
t—oo t 0 t>0 o

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

sup Hat — StaHoo = 0.
t>0

Corollary 4 readily implies that the Bowen regularity problem is equivalent
to the uniform bound problem for topologically transitive flows satisfying the
Closing Lemma. We also note that Theorem 3 is an extension of Proposition 2
to the case of almost additive families of functions.

Proof of Theorem 3. We start with a key auxiliary lemma.

Lemma 1. Let ® = (¢¢)ter be a continuous flow on a compact metric space X
and let € = (¢)i>0 be an almost additive family of continuous functions with
uniform constant C' > 0 and such that lim;_, o ||¢t]|oo/t = 0. Then:

1. For every T-periodic point xo € X, we have sup,cy |cqr(20)| < C.

2. For each periodic point xg € X, there exists a constant L := L(7) > 0
(only depending on the period of xo) such that sup;sg |ci(wo)| < L.
3. We have

sup
HEM (D)

/ ctdu‘ <C forallt>0.
X

Proof of the lemma. Since the family € is almost additive with uniform
constant C' > 0, one can see that

p—1 p—1
thomt*(‘p*l)cﬁcmSZCN%HF(P*UC (3)
k=0

k=0



for all t > 0 and p € N. Now suppose z is a 7-periodic point, that is, ¢, (x¢) =
xg. If t = q7 for some g € N, then

brt(T0) = Prgr(x0) = (dr 0 pr 0--- 007 )(w0) = o

kq times

for all £ € N. In particular, this implies that

tim 23" e(6ra(w0)) = culao). (4)
P p k=0

Since limy—, o0 ||¢t|loo/t = 0, it follows from (3) and (4) that
— C < (o) = cqr(mo) < C. (5)

By the arbitrariness of ¢ € N, item 1 follows.
Let’s prove item 2. Let xy be a 7-periodic point, consider t = g7 + r with
r € (0,7) and fix the numbers

A(r) = inf{ inf cs(z):s€ [O,T]} and B(7):= sup{ sup cs(x) = s € [O,T]}.
zeX reX
(6)
Almost additivity together with (5) and (6) gives that
—2C + A(1) £ —=C + cqe(@0) + ¢ (9gr (20)) < ci(20)
and
ci(zo) < cqe(z0) + ¢r(dgr(x0)) + C < 2C + B(7).

Hence,
Ly(7) :==min {A(7) — 2C, —C} < ¢;(w0) < max {B(1) +2C,C} := Ly(1)

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

Now we prove item 3. Suppose p is a ®-invariant measure. Then, in particu-
lar, 41 is also ¢s-invariant for every ¢ > 0. By applying that lim;_, o ||ct]|eo/t = 0
in the inequalities (3), we get

15
—-C < lim — d = dp < C
<[ Jm < >~ (o)t [ cuu<
for all ¢ > 0. Since the measure p € M(®) is arbitrary, item 3 is proved. O

Let’s proceed with the proof of the theorem. Since B satisfies the bounded
variation property, there exists ¢ > 0 such that

Q= iggsup {‘bt(x) —by(y)| : di(z,y) <e} < o0. (7)

We first show that 3 implies 2. Suppose that there exists a uniform constant
K > 0 such that |b¢(p)| < K for all p € X and ¢ > 0 with ¢;(p) = p. Since ® is
topologically transitive, there exists a point z € X with a dense forward orbit.
Now let & > 0 be the number given by the Closing Lemma. By the density



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

of the forward orbit, there exists a number A(z,d) € R such that for each
x € X and t € R there exists some s € [0, A(z,9)] with d(¢¢(z), ds(2)) < I (see
Figure 1). For t > A(z,4), in particular, there exists s’ € [0, A(z,d)] such that
d(¢e(z), ds (%)) < 6, which is the same as d(¢i— (s (2)), ps(2)) < 6. By the
Closing Lemma, there exists p € X satisfying ¢r(p) = p, with |[T—t+s'| < € and
such that di_g (és(2),p) < . From almost additivity, there exists a uniform
constant L = L(e) > 0 such that ||[by —bi—g |0 < L. By the bounded variation
property (7), we have

|be—sr (s (2)) — be—sr (P)] < Q,

which implies [b;— s (¢s (2)] < Q + |br—o(p)] < Q + [br(p)| + L < Q@+ K + L.
Applying almost additivity again, we get

15:(2)] = [Bemsryo (2)] < [ (2)] + B (G0 (2))] + €

< sup ’bs(z)‘—l—Q—i—K—i—L—i—C::ff.
s€[0,A(z,8)]

Since the time t > A(z,§) was arbitrarily chosen, we conclude that |by(z)] < K
for all £ > 0. Notice that the constant K > 0 only depends on 2z, § > 0 and
€ > 0. By using the almost additivity property one more time, we have

|be(ds(2)| < [bs(2)] + |begs(z)| + C < 2K +C for all t,s > 0.

Now consider any point « € X. Since {¢i(z):t >0} = X, there exists a
sequence of points (z4)q>1 C {¢¢(2) : t > 0} such that lim, . 2z, = z. Since
each function b;: X — R is continuous, we finally obtain

[be()] = lim [be(2q)] < 2K +C.

Hence, by the arbitrariness of x, we have sup,~g [|b e < 2K + C < oo, which
is item 2. Obviously item 2 implies item 1. Moreover, it follows from Lemma 1
that item 1 implies item 3, and the theorem follows. O

Remark 3. Theorem 3 is no longer valid in the asymptotically additive nor
the subadditive framework in general. In fact, let ® be any continuous flow
on a compact metric space X and consider the family A = (a¢)i>0 given by
at(z) = v/t for all t > 0 and € X. Clearly A is asymptotically additive,



subadditive and satisfies the bounded variation property with respect to ®.
Moreover, one can check that lim; o [|at]leo/t = 0 but sup;sq |lat]lec = o0,
confirming that Theorem 3 has the optimal nonadditive framework, in the sense
that it does not work for other bigger classes of families. Furthermore, the
example above also indicates that Definitions 1 and 2 are not equivalent for
asymptotically additive families in general.

2.3 A connection to linear cocycles

In this section, for the sake of clarity, we give some definitions and notions
following closely [BH21b]. Let ® = (¢¢):er be a continuous flow on a compact
metric space M. Moreover, let GL(d, R) be the set of all invertible dx d matrices.
A continuous map A: R x M — GL(d,R) is called a linear cocycle over ® if for
allt,s € R and x € M we have:

1. A(0,2) = Id.
2. A(t+ s,x) = A(s, ¢ (x))A(t, ).

We shall always assume that all entries a;;(t, z) of A(t,x) are positive for every
(t,z) € R x M. Moreover, we consider the norm on GL(d,R) defined by ||B|| =

Z;{j:l |b;;|, where b;; are the entries of the matrix B.

Now we consider the family of continuous functions A. = (a¢)¢>0 given by
ai(z) =log||A(t,z)|| forallt>0and z € M.

By Proposition 12 in [BH21b], A. is almost additive with respect to ®. We note
that for a general linear cocycle, the family A, is only subadditive.
We say that a cocycle A has bounded distortion if

sup{HA(t,x)A(t, y)_1|| 1z €M and z,y € By(z,6)} < o0

for some ¢ > 0.
Notice that
At 2)A(t )~ = [|1d] = d

for every (t,z) € R x M, which implies that
A, 2) 71| = d||Act )]~
Thus,
K _

|AGDAGY | = [AC2)] - [Ac )~ = K|AC2)] - [Ac )]

for some uniform constant K > 0, and so
| log ||A(t,:1:)” —log ||A(t,y)||| < —log K + log HA(t,a:)A(t,y)*lH.

In particular, we have

sup ‘at(x) — at(y)| < —logK +log sup ||A(t,x)A(t, y)_1||
z,y€EB(z,€) z,yEB(z,€)

10



for z € M and € > 0. Hence, if A has bounded distortion, then A. has bounded
variation.

For a concrete example, one can consider a C! flow ® on a compact set
M C R? such that for every ¢t € R and 2 € M the matrix d, ¢, has only positive
entries. Thus A(t,z) = d,¢; is a linear cocycle over ® and the family Aq =
(ar)t>0 given by a;(z) = log ||ds¢:]| is an almost additive family of continuous
functions with respect to ®.

Let GL*(d,R) C GL(d,R) be the set of all matrices with strictly posi-
tive entries. We have the following application of Theorem 3 to the case of
continuous-time cocycles.

Theorem 5. Let ® = (¢y)icr be a topologically transitive continuous flow on
a compact metric space M satisfying the Closing Lemma, and let A: R x M —
GLT(d,R) be a linear cocycle over ® 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 Q0 such that A(t,z) C Q
forallt >0 and x € M.

Proof. By the hypotheses, the family of continuous functions A = (a;);>0 given
by a:(z) = log ||A(t, )| is almost additive with respect to ®. Moreover, since
the cocycle A has bounded distortion, A. has bounded variation. Now suppose
that there is a compact 2 C GL*(d,R) such that A(¢,p) C Q for all ¢ > 0 and
p € M with ¢+(p) = p. Since the map A(t,p) — log ||A(t,p)| is continuous,
there exists a constant K > 0 such that |a;(p)| < K for all ¢ > 0 and all p € M
with ¢¢(p) = p. By Theorem 3, there exists K > 0 such that SUp;>q llat]feo < K.

In particular, we get e -K < IA(t, )] < e for all t > 0 and all z € M. Hence,
we finally obtain

|A(t, @) —1d|| < [|A(t,2)|| + [|1d]| < eX +d forallt >0 and z € M,
concluding the proof. O

Remark 4. Theorem 5 is a particular continuous-time counterpart of a deep
result by Kalinin ([Kalll, Theorem 1.2]), where a uniform bound on the periodic
data guarantees a uniform bound on the entire phase space (see also related
results in [Wal99, LZ22]).

3 Nonadditive notions of (weak) Gibbs states

In this section we compare and reconcile some notions of Gibbs states for non-
additive families of functions and obtain a classification of equilibrium measures
with respect to hyperbolic flows. We also consider families of functions derived
from measures and related to Gibbs properties, which play a relevant role in
our framework of Bowen regularity problems arising from physical equivalence
relations (Section 4.3).

Let us recall some ingredients of the nonadditive thermodynamic formalism
for flows. Given an almost additive family of functions A = (a¢):>0 (satisfying
mild assumptions) with respect to a continuous flow ® on a compact metric
space X, we have the variational principle (see [BH21a))

1
Py(A) = sup {hu(@) + lim - [ a¢ du}, (8)
pEM(P) t=oo t [x

11



where Pg(A) is the nonadditive topological pressure of A with respect to ® in-
troduced in [BH20]. Moreover, a measure v € M(®) is an equilibrium measure
or an equilibrium state for A (with respect to ®) if

Py(A) =h,(P)+ lim 1/ ag dv.
t—+oo t Jx
Now we briefly recall the notions of suspension and hyperbolic flows, together
with some useful properties. Let T: X — X be a homeomorphism of a compact
metric space X and let 7: X — R be a strictly positive continuous function.
Consider the space

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

and let Y be the set obtained from W identifying (z, 7(z)) with (T'(x),0) for each
x € 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 ® = (¢¢)icr on Y with the maps ¢¢: Y — Y defined by
¢e(x,s) = (x,s +t). When T is not invertible, we say that ® is a suspension
semi-flow on Y.

Let pu be a T-invariant probability measure on X. Omne can show that pu
induces a ®-invariant probability measure v on Y such that

L — fxlgd“
/Ygd = Jrdn (9)

for any continuous function ¢g: ¥ — R, where I (z) = OT(I) (g o ¢s)(x)ds. Con-

versely, 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

o (D) = fh“giL
X

(10)

By (9) and (10) we obtain

hu(T) + fX I, dp

Jx Tdp (11)
X

hy () —|—/Ygd1/ =

Since 7 > 0, it follows from (11) that
Py(g) =0 if and only if Pr(I,) =0,

where Pg(g) is the classical topological pressure of g with respect to ® on Y and
Pr(1,) is the classical topological pressure of I, with respect to T' on X. When
Py (g) = 0, v is an equilibrium measure for ¢ if and only if p is an equilibrium
measure for I,.

By the seminal works of Bowen [Bow73] and Ratner [Rat73], any locally
maximal hyperbolic set for a C' flow on a Riemmanian manifold has Markov
partitions of arbitrarily small diameter. Based on this, one can see that these
systems inherit the same good structure of a suspension flow over a symbolic
map and with a Holder continuous height function.

Let X be a compact metric space. A map S: X — X is said to have
bounded distortion if for each Holder continuous function £: X — R there exists
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a constant D > 0 such that if z,y € X, n € N and d(T*(x), T*(y)) < ¢ for all
ke {0,...,n— 1}, then

if(Sk(I)) - i&(Sk(y))' < De.
k=0 k=0

The full shift, subshifts of finite type, uniformly expanding and hyperbolic maps
all have bounded distortion (see [Wal78, Bou02]).

The variational principle (8) and the notion of equilibrium states also hold
for asymptotically additive families with respect to suspension flows, including
locally maximal hyperbolic sets for C! flows (see Section 3 in [Hol24]).

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

Bzm(m)((z)s(x)ag) - Bi(z71{€) X (57’{5754’“5)7 (12)

BX(x,e/k) x (s —¢/k,s +¢/K) C Bfm(r)(gbs(x),s) (13)
for every z € X, 0 < s < 7p(7) and m € N, where BY (y,d) and B:X(z,d)
denote, respectively, the Bowen ball with respect to the flow ® on Y and the
Bowen ball with respect to the map 7" on X, and
1
To(x) = 7(T*(z)) forall z € X.
0

3
|

el
Il

Let A = (ay)i>0 be a family of almost additive continuous functions with
respect to ®. Following as in the proof of Lemma 3.1 in [BH21a], the sequence
€ = (cn)nen given by c,(z) = ar,(»)(x) is almost additive with respect to
T. Now consider p a Gibbs measure for the sequence € on X and let v be
the measure on Y induced by p (see identity (9)). (For the almost additive
thermodynamics with respect to maps, proper definitions of Gibbs and weak-
Gibbs measures for sequences, see [Bar06, Mum06] and the review [Bar10]). In
particular, v = (u x \)/( [ 7dp), where X is the Lebesgue measure on R. By
the Gibbs property of u, for any sufficiently small ¢ > 0 there exist K;(g) > 0
and Ks(e) > 0 such that

Ki(e) texp [ — mPr(€) + cm(2)] < (B (2, ke))
< Ki(g)exp [ — mPr(C) + ¢ (z)],
Ka(e) ™ exp [ = mPr(€) + cm(2)] < p(By (2, ¢/k))
< Ks(g)exp [ — mPr(C) + i ()]
for all x € X and m € N. By identity (11) and the definition of 7,,, we get

(14)

(15)

(SHLT>PT(G)§P<I>(-A)S<. : )PT(G) and minf 7 < 7, (z) < msup .

Moreover, one can check that for all ¢ > 0 there exists m € N such that 7,,,(z) <
t < Tppy1(z) with ¢ — 7, (x) € [0, sup 7], which clearly gives that

‘at(x) - aTm(ac)(m)| < [Sup | llaslloo =: g
s€[0,supT
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It follows from (12) and (14) that

V(B (¢s(x).€)) S V(B (4)(ds(2),€))

< %f;(g) exp [(sup7)Pp(A) + q] exp [ — tPy(A) + ai(z)]
=1L,
_ %fil@ exp [f tPgp(A) + at(x)]

for all z € X and s € [0,7(z)]. The almost additivity of the family A readilly
implies that
a(2) — a(@s@) <2 sup Jlagllos =7
s€[0,sup 7]
Since for each y € Y there exist z € X and s € [0,sup 7] such that y = ¢s(x),
we finally obtain

2ke K1 (g)ed

V(B (,) < =1

exp [—tPo(A)+ai(y)] = K (e) exp [—tPo(A)+ai(y)]
for all y € Y and ¢t > 0, where Iz(a) := (2¢eL, K, (g)e?)/inf 7 only depends on
e > 0 and the function 7 > 0. Similarly, the identities (13) and (15) guarantee
the existence of a constant Ka(g) > 0 such that

v(BY (y,¢)) > Ka() exp [ —tPp(A) 4+ ay(y)] forally €Y and ¢ > 0.

Therefore, we conclude that Gibbs measures for almost additive sequences on
the base space induce the Gibbs property for almost additive families with re-
spect to the suspension semi-flow. Analogously, one can show that weak Gibbs
measures for the asymptotically additive sequence on the base induce measures
that satisfy the weak Gibbs property for the asymptotically additive family with
respect to the suspension semi-flow. These relations involving (weak) Gibbs
properties between the map on base space and the flow also hold for suspen-
sion flows over maps having the bounded distortion?. In particular, by the
existence of Markov partitions (see [Bow73, Rat73]), this framework includes
locally maximal hyperbolic sets for topologically mixing C' flows.
Motivated by this, we have the following definitions.

Definition 3. Let ® be a continuous flow on a compact metric space X. We
say that a measure p on X (not necessarily ®-invariant) is a Gibbs measure
or a Gibbs state for an asymptotically additive family of continuous functions
A = (at)¢>0 (with respect to @) if for any sufficiently small € > 0 there exists a
constant K (g) > 1 such that

» (1(Bi(z,¢€))
K(e) ™ < exp [_tRp(ﬂ) +at($)}

< K(e)

forall z € X and ¢ > 0.

2In [BH21a], the authors considered hyperbolic flows and, via Markov partitions, defined
the Gibbs property only on the base space. Here, we showed that the definition on the base
space implies the, a priori, more general definition directly for the flow space (Definition 3).

14



Definition 4. Let ® be a continuous flow on a compact metric space X. We say
that a measure p on X (not necessarily ®-invariant) is a weak Gibbs measure or
a weak Gibbs state for an asymptotically additive family of continuous functions
A = (ay)i>0 (with respect to ®) if for any sufficiently small ¢ > 0 there exists
a sequence of numbers (K¢(¢))i>0 C [1,00) with lim;_, o log K¢(€)/t = 0 such

that
1 p(Bi(z,¢))
Kt(g) S exp [7 tP.:p(.A) T at(:y)} S Kt(s)

forall z € X and ¢ > 0.

Remark 5. For hyperbolic flows and suspension flows over subshifts of finite
type, uniformly expanding or hyperbolic maps in general, Definition 3 is a gen-
eralization 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 states for almost
additive families of functions with respect to hyperbolic flows.

Proposition 6 ([BH21a, Theorem 3.5]). Let A be a locally maximal 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 measures for A.
3. The two measures are equal and are ergodic.

Remark 6. The Gibbs state in Proposition 6 was obtained using the definition
on the base space (see Section 3.3 in [BH21al]). As we saw above, this implies
that the induced ®-invariant measure satisfies the Gibbs property as in Defini-
tion 3. Proposition 6 also holds for appropriate versions of suspension flows over
subshifts of finite type, uniformly expanding or hyperbolic maps with Holder
continuous height functions. On the other hand, for asymptotically additive
families under the hypotheses of Proposition 6, we cannot guarantee uniqueness
of equilibrium states. In these cases, the measures lifted from the base space
are only guaranteed to be weak Gibbs (in the sense of Definition 4).

3.1 Some nonadditive families derived from (weak) Gibbs
states and other measures

Many natural examples of nonadditive families were given in [Hol24]. Here, we
also bring other relevant sources of almost and asymptotically additive families
of functions.

If a measure 7 on a compact metric space X is Gibbs for some almost additive
family of continuous functions with respect to a flow ® = (¢¢)ier on X, then
for any sufficiently small 6 > 0 there exists a constant K (d) > 1 such that

1 1(Btys(2,9))
K0 < n(Bt(sc,é)):]_(Bs(qbt(x),(S)) < K(4) forallze X and t,s>0.

In particular, for each § > 0, the family of functions A° = (a?)¢>o given by
al(x) = logn(Bi(x,6)) is almost additive (defining af = 0). Since every family
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admitting a Gibbs measure has bounded variation, it clearly follows that A°
also satisfies the bounded variation property. We observe that the functions
al: X — R are not necessarily continuous. In fact, using the Gibbs property of
7, one can only guarantee the existence of constants K1(0) > K»(4) > 0 such
that
K5(8) + limsup al (z) < ad(zo) < K1(6) 4 lim inf a? (z)
T—T0 T—To

for all 2o € X and all ¢ > 0. In particular, the functions x + al(x) are upper

semicontinuous.

Proposition 7. Let ® be a continuous flow on a compact metric space X, and
let v be a measure on X. Then:

1. If for some § > O there exist constants A(6) > B(d) > 0 and an almost
additive family of continuous functions G = (gi)1>0 such that

B(6)e? ™ < u(By(x,6)) < A(8)e9*™®  for allz € X and t > 0,

then there exists an almost additive family of Hélder continuous functions
H = (hy)i>0 satisfying

sup sup | log v(By(x,6)) — he(z)| < oo.
>0 zeX

2. If for some § > 0 there exist sequences of numbers (C¢(0))¢>0, (De(6))t>0 C
[1,00) such that log Cy(8)/t — 0, log D¢()/t — 0 and an asymptotically
additive family of continuous functions F = (fi)i>0 such that

Dy (0)eft®) < u(By(x,6)) < C(8)ef*™  for all x € X and t >0,

then there exists an asymptotically additive family of Hoélder continuous
functions § = (ji)i>0 satisfying

.1 )
tll)rgo n 522 ’ log v(By(z,0)) —jt(x)} =0.

Proof. Since the space of Holder continuous functions is dense in the space
of continuous functions on compact spaces, we can guarantee the existence of
families H = (hy)i>0 and J = (j¢)e>0 of Holder continuous functions such that
sup,cx |9:(x) — he(z)| < 1 and sup,¢x |fe(z) — je(z)] < 1 for all t > 0. Clearly
H is almost additive and J is asymptotically additive with respect to ®. O

Example 1. Gibbs measures satisfy the conditions of item 1, and weak Gibbs
measures satisfy the conditions of item 2 in Proposition 7. This means that,
modulo physical equivalences, the families generated by them are almost and
asymptotically additive families of Holder continuous functions, respectively.
Now let M be a compact Riemannian manifold and A C M a hyperbolic set
for a topologically mixing C* flow ®. For each t > 0, consider the continuous
function J; : A — R given by Ji(v) = —log||dz¢¢|gu(a)l, where E*(x) is the
unstable vector space at . Since z — E¥(z) is Holder continuous, we also have
that each function x — Ji(z) is Holder. Now let A be the Lebesgue measure
on M. Assuming that ® is C2, the Volume Lemma ([FH20, Proposition 7.4.3])
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says that for any sufficiently small § > 0 there exist constants Cs, Ds > 0 such
that
DsJi(z) < M(Bi(x,0)) < CsJe(z) forallz € Aand t > 0.

Moreover, one can check that the family (J;);>o is additive with respect ®. In
this case, the measure A satisfies the conditions of the first item in Proposition 7.
Hence, the family Leb® = (Leb));>o given by Leb! () = log A\(By(z,d)) is almost
additive with bounded variation and physically equivalent to an almost additive
family of Holder continuous functions. Actually, in this particular case, Leb® is
physically equivalent to the additive family (J;):>o.

3.2 Classification of nonadditive equilibrium states

In this section we apply Theorem 3 to see how we can compare families with
the same equilibrium measures, only based on the information provided by the
periodic data of the system.

Theorem 8. Let A be a locally mazximal hyperbolic set for a topologically mizing
Ct flow ® = (¢)>0, and let A = (at)i>0 and B = (by)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 exists a constant K > 0 such
that

|av(p) = bi(p) — t(Pa(A) — Pa(B))| < K
for allp € A and t > 0 with ¢(p) = p.

Proof. Suppose that |a:(p) — b:(p) — t(Pp(A) — Pp(B))| < K for all p € A and
t > 0 with ¢¢(p) = p. It follows from Theorem 3 that

§1>1;O) QSElelR |la¢(x) — by(x) — t(Pop(A) — Po(B))| < <. (16)

Now consider the almost additive family D = (d;):>o given by d; = b, +
t(Pp(A) — Pp(B)). By (16), the family (a; — dy)/t converges uniformly to zero
on A. Togehter with the definition of nonadditive topological pressure, we have

1 1
Py(A)=Pp(D) and lim 7/ dv = lim n didv  for all v € M(P),
A

t—o0 A t—o00

showing that A and D have the same equilibrium measures. Moreover, since
Py(D) = Pp(B) + (Po(A) — Pp(B)) and

1 1
sup | hy(®)+ lim — [ d du) = sup (h ®)+ lim - [ b d,u)
HEM(®) < M( ) t—oo ¢ A t HEM(D) M( ) t—oo t A ¢

+ P@(A) - PCP(B)’

D and B also share the same equilibrium measures. Hence, we conclude that A
and B also have the same equilibrium measures.

Let’s prove the converse. By Proposition 6, A and B admit unique equilib-
rium measures, each one of them satisfying the Gibbs property with respect to
®. Now, by hypothesis, suppose these equilibrium states are the same unique
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measure 17 € M(®). The Gibbs property says that, for each sufficiently small
€ > 0, there exist constants K;(¢) > 1 and Ky(e) > 1 such that

1 n(Bi(z,¢))
Ki(e)™ = exp [ —tPp(A) + at(x)] < Kafe),
K2(€)71 < n(Bt(xvg)) < K2(€)

~ exp [ —tPs(B) + bt(x)] -
for all z € A and ¢t > 0. This readily gives

Ki(e) " Ka(e) 7" < exp [ar(z) — b(z) — t(Po(A) — Po(B))] < K1(e)Ka(e)
for all x € A and t > 0, which implies

51612 |at(:1:) —b(x) — t(Pp(A) — P¢(B))| <log(K;(e)Ka(e)) forallt>0.

In particular, we obtain |a:(p) — b:(p) — t(Ps(A) — Ps(B))| < log(K1(e)K2(e))
for all p € A and t > 0 with ¢;(p) = p, and the result follows. O

Together with Theorem 3, Theorem 8 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 a uniform constant) in the sense of
Definitions 1 and 2. In this scenario, Theorem 8 is the nonadditive version of the
classical classification theorem for hyperbolic flows (see for example Theorem
7.3.24 in [FH20]).

4 On Regularity

Let us now consider the regularity problems involving the physical equivalence
relations of asymptotically and almost additive families. We start investigating
some natural simple examples in non hyperbolic setups. We also address the
regularity issues for frameworks related to systems with hyperbolic behavior.

4.1 Linear flows on the flat torus

One of the main ingredients in the proof of Theorem 3 is the simultaneous
existence of periodic and transitive points. A reasonable point then, 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 linear flows on compact
spaces. In this direction, let us start with an example of a setup where the
periodic data is everywhere and with the same period.

Example 2. Let T" = R"™/Z" be the n-torus and consider o = (ay,...,a,) €
R™ to be linear dependent, that is, there exist (not all zero) k; € Z such that
>i—1kja; = 0. The linear flow ®* = (¢)icr on T" in the direction « is
defined by ¢:(z) = = + ta (mod 1). Letting A = (as)¢>0 be an almost additive
family of continuous functions with respect to @, Theorem 1 and Example 1 in
[Hol24] guarantee the existence of a continuous function b: T" — R such that
lim; s o0 ||az — Stblloo/t = 0, where || - || is the supremum norm on T™. Since
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®* is a periodic flow, by Lemma 1 there exists a constant L > 0 (depending
only on the period) such that

—5b|| < L.
sup [la. = ibl|, <

In this case, the uniform bound exists even if the family A does not satisfy
the bounded variation property. Moreover, it is clear that the additive family
(Stb)t>0 has bounded variation if and only if A also has it.

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

Example 3. Let T" = R"/Z"™ be the n-torus and let o = (aq,...,a,) € R”
be linear independent. In this case, the linear flow ®* = (¢;)icr on T” in the
direction « given by ¢;(x) = x + tar (mod 1) is minimal, that is, every orbit is
dense in T". Now let A = (a;)¢>0 be any almost (or 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 the physical equivalence
relation ([Hol24, Theorem 1]), we have

1
at—t/ bdv
t " o0

lim — =0.

t—o0

.1 .1
< Jim gl + Jim |

Stb—t/ bdv
’]I‘n

This means that the function b can by replaced by the constant an bdv, which
always satisfies the bounded variation property. On the other hand, the clas-
sical Gottshalk and Hedlund theorem for flows (see for example Theorem C in
[McC99]), guarantees that sup,>q [|Stg — ¢ [;. gdv|s = oo for every continu-
ous function g: T" — R not ®*-cohomologous to a constant. Therefore, for
these types of linear flows, Theorem 3 fails even in the additive case assuming
functions with any strong regularity.

oo

Remark 7. Example 2 does not satisfy the hypotheses of Theorem 3. However,
all the equivalences there are satisfied, even without asking for the bounded
variation property of the families. In the opposite direction, Example 3 also
does not satisfy the hypotheses of Theorem 3 but the uniform bound cannot be
obtained, even asking for any type of regularity on the families of potentials.

In the next couple of sections, we treat the regularity issues in setups with
hyperbolic behavior. These are natural and richer scenarios for investigating
Holder regularity and the bounded variation property (Bowen regularity).

4.2 Holder regularity

We show how to construct almost and asymptotically additive families of Holder
continuous functions satisfying the bounded variation property but not physi-
cally equivalent to any additive family generated by a Hoélder continuous func-
tion. Our approach is based on the following result for symbolic systems, which
extends the examples in [HS24].

Here the set of symbols ¥ is assumed to be finite.

Theorem 9. Let o: £% — X7 be the two-sided shift map. Then:
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1. There exists an almost additive sequence of continuous functions with re-
spect to o satisfying the bounded variation property and which is not physi-
cally equivalent to any additive sequence generated by a Holder continuous
function.

2. There exist almost additive sequences of Holder continuous functions with
respect to o satisfying the bounded variation property and which are not
physically equivalent to any additive sequence generated by a Hélder con-
tinuous function.

Proof. Let or: XN — XN be the left-sided full shift. Fix f > 1 and define
s = s(w,w) on XN x XN as the smallest positive number s such that ws # ;.
In this case, we consider the distance on XV to be dr (w, ) = L@@ i w £ &
and dz(w,w) = 0 if w = &. Similarly, we define ¢ = g(w,w’) on X% x Y% as
the smallest positive number ¢ such that w_, # w’ , or w, # wy. From this, we
consider the distance on 7 as d(w,w’) = 71" if w # ' and d(w,w’) = 0 if
w=uw.

Now let F = (f5.)nen be any almost additive sequence of continuous functions
on XY with respect to o, satisfying the bounded variation property 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]). Consider the canonical projection 7: X% — YN given
by

w = ( W oW_1Wp,WiWw2 - - ) — 7T(LL)) = (W1WQCLJ3 s ),

and let G = (gn)ne be the sequence on X% given by g, = f, o 7. Since we have
dr(m(w), 7(w")) < d(w,w’) for all w,w’ € X%, g, is continuous for each n € N.
By the relation (o7, om)(w) = (7o0)(w) for all w € X%, one can easily see that §
is almost additive with respect to 0. Moreover, since F has bounded variation,
we get

Suré{\gn(w) — g (@)]: w0, €Ciy i, }
ne

< ilég{lfn(ﬁ(w)) — fu(m(@))] : 7(w), 7(@) € Ciy..i, VD) < 00,

where C;, ; is the cylinder set

Ciyoiny, = {(G1da+) €N i ji = i1, jn = in )

That is, § also satisfies the bounded variation property. Now suppose that
¢: ¥% = R is a Holder continuous function such that G is phisically equivalent
to (Sn¢)nen with respect to 0. Lemma 1.6 in [Bow75ha] (see also Section 3 in
[Sin72]) guarantees the existence of a Holder continuous function ¢: £ — R
cohomologous to ¢ and such that ¢ (- - - w_sw_jwowiws - -+ ) = Y(wiwsy - -+ ). That
is, ® om = 1 and there exists a continuous function v: ¥% — R satisfying
¢ — 1) =v oo —wv. Thus, for every w € %, we obtain

(@) = 3 (300" (@)| = |fulr(@)) = T Womoot) @) +v—voon
k=0 k=0

>

fa(m(w)) = ) (do Of)(ﬂ(w))‘ = 2[[v|oo-

k=0
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Since m(X%) = ¥ and § is physically equivalent to (S,,@)nen, we have

n—1

1
lim — sup |fn(w')— (Y oof)(w)
n—,oo N w’EEN k=0
n—1
< lim — sup |gn(w) — ¢00k)(w =0,
n=00 N ,exn? kZ:O( )

which is a contradiction. Therefore, G is not physically equivalent to any additive
sequence generated by a Holder continuous function, and item 1 is proved.

Let us prove the second item. Consider the same sequence G and take any
real number v > 0. By the density of Holder functions on the space of contin-
uous functions on X%, for each n € N there exists a Holder continuous function
hY: %% — R such that ||g, — h)||ec < 7. Since § has bounded variation, the
sequence H? = (hY),en also satisfies the bounded variation property. Further-
more, it is clear that H7 is also almost additive with respect to o. Since, in
particular, § and H? are physically equivalent, " is not physically equivalent
to any additive sequence generated by a Holder function. The result follows
now by the arbitrariness of v € RT. O

Now we show how we can pass some relevant information from discrete to
continuous-time systems. First, a simple auxiliary result.

Lemma 2. Let X be a compact metric space. Every almost additive sequence of
continuous functions Q = (qn)nen with respect to a continuous map T: X — X
satisfies

sup an ol — q"“oo < Q.

neN

Proof. Since Q is almost additive, there exists a constant K > 0 such that
—K 4 q1(2) + gn-1(T(2)) < gn(2) < gn-1(T(2)) + @1(z) + K
for every z € X and every n € N. From this, we get
|40 (@) = gn-1(T(@))| < K + |1l = K1 < 0. (17)
On the other hand, we also have
K+ q(T"7'2) + gu-1(2) < ga(2) < gpor(@) + (T o) + K,

which gives
|gn(2) = gn—1(2)] < K, (18)
for every z € X and every n € N. It follows from (17) and (18) that

|02 (T(2)) = g (@)| < |gn(f(2)) = Gnr1(@)] + [gn1(2) = gu(z)| < 2K,
for every z € X and every n € N, as desired. O

Lemma 3. Let ® = (¢1)ier be a suspension flow on Y over a continuous
invertible map T: X — X with continuous height function 7: X — (0,00). Let
C = (¢n)nen be an almost additive sequence of continuous functions with respect
toT on X and satisfying the bounded variation property. Then, there exists an
almost additive family of continuous functions A = (at)>0 with respect to ® on
Y, satisfying the bounded variation property and such that a,(x) = c,(x) for all
x € X andn € N. The same result holds for the asymptotically additive case.
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Proof. Consider the function |-|: R — Z given by |z] = max{m € Z: m < z}.
Now for each t > 0 define the function a; : Y — R as

at(y) = ar(¢s(x)) = a|s)(9s(x)) = ¢y (x) and ag = co := 0. (19)

For the sake of simplicity, let us consider a constant height function 7 = 1.
Notice that by construction, ¢; = T on X. In addition, the sequence (a,)nen
is almost additive with respect to ¢; on Y. In fact, by (19) and the almost
additivity of € on X, for all y € Y and m,n € N we have

Amin(Y) = Gmin(9s(2)) = Cmin(2) < (@) + cn(T™(2)) + C
= am(¢s(7)) + an(e7*(z)) + C

am(y) + (an © ¢s 0 ¢7")(x) + C

am(y) + an(¢7"(¢s(2))) + C

m(y) + an (¢ (y)) + C.

Proceeding in the same manner, we also have ap,4n(y) > am(y) +an (@7 (y)) —C
for all y € Y and m,n € N, and (ap,)nen is indeed almost additive with respect
to g1 onY.

Let us now show that the family A is almost additive with respect to the
flow @ on Y. By the almost additivity of (a,)n,en with respect to ¢ on Y, for
eachyeY m<t<m+1and n<s<n+1, we obtain

)
Y

)

a15(Y) = amin(y) < am(y) + an(Pm(y)) + C = ar(y) + as(dm(y)) +C
= ar(y) + as(6¢(y)) + [an(dm(y) — an(e(y))] + C.

On the other hand, letting y = ¢4(x) for some € X and r € [0,1) and m = t+u
with u € [0,1), we also have

|an(&m) (1) = an(@e(y))] = [an(dm(¢r(2))) = an(d:(dr(2)))]
= |an(@r(6m(2))) = an(Purr (dm(2)))] (21)
< |en(dm(2)) = en(d1(dm()))].

Since € is almost additive with respect to ¢; on X, Lemma 2 guarantees the
existence of a uniform constant K > 0 such that

sup SUp |cn (¢ (7)) = en(1(dm (2)))] < K.
neNzeX

(20)

Together with (21), this implies that |a,(¢m)(y) —an(é:(y))| < K for all m,n €
N, t > 0and y € Y. Hence, it follows now from (20) that

arys(y) < ag(y) +as(pe(y)) + K+ C forallyeY and t,s > 0.

The other inequality can be obtained in a similar way, and we conclude that A
is almost additive with respect to ® on Y.

Now let dx be any metric on the base space X and consider the Bowen-
Walters distance dy on'Y ([BW72]). By the continuity of each ¢,: X — R, it
is clear that the function a;: Y — R is continuous for each ¢ > 0.

Let’s show that A also has bounded variation with respect to ® on Y. Take
two arbitrary points y, z € Y such that dy (¢-(y), ¢-(2)) < € for 7 € [0, ¢] with

22



m <t <m+1. Writing y = ¢, (z) and z = ¢.(2') for z,2’ € X and u,r € [0,1),
we have

|ac(y) — ar(2)] = |a(bu(2)) — ar(¢r(2)] = |em(z) —em(a)]  (22)
In particular, we get
dx(z,2") < dy(y,2) <e,
dx (61(2), ¢1(2")) < dy (du(@1(2)), dr(¢1(2))) = dy (61(y), 81(2)) <,
(23)

dx ($m-1(2), dm-1(2")) < dy ($u(Pm-1(2)), dr(Pm-1(2")))
= dY(¢m—1(y)7 ¢m—l(z)) <e.

Since the sequence € has bounded variation with respect to T'= ¢; on X, there
exists a constant L = L(e) > 0 such that |¢,,(x) — ¢ (2')] < L. Thus, it follows
from (22) that the family A on Y also have bounded variation with respect to
®, and with the same parameters ¢, L as the sequence C on X.

For the general case where 7 is any positive continuous function, we have
T(x) = ¢rzy(x) and T™(x) = ¢, (o)(x) for all m € N and z € X, with
T = 22:01 7o T. In this case, for each t > 0, we define a;: ¥ — R as

at(y) = as(¢s(v)) = ar, () (¢s(x)) := cp(x) and ag = co:=0. (24)

Making the necessary modifications and proceeding as in the case with 7 = 1,
one can see that A is almost additive with respect to ® on Y. The continuity of
each ¢, : X — R together with definition (24), directly implies that a;: ¥ — R
is continuous for each ¢ > 0. Moreover, since € has bounded variation with
respect to T on X, the same relation between the distance on X and the Bowen-
Walters distance on Y as in (23), guarantees the bounded variation property
for A with respect to ® on Y.

Now suppose that D = (d,,)nen is asymptotically additive with respect to
T, and consider again the family A = (a;);>0 defined in (24) now with ¢,, = d,,
for all n € N. By the asymptotic additivity of D, given any £ > 0 there exists a
continuous function h.: X — R such that

|
—

dn(z) = ) _(he o T)(x)

lim sup — sup
n—oo N zgeX

<e. (25)

~
Il

By Lemma 2 in [Hol24], there exists a continuous function g.: ¥ — R such that
I, |x = h.. By the definition of A, for each y = ¢, (z) with v € [0,sup7) and
Tn(z) <t < Tpp1(x), we have

t+u

ar(du()) — / (g 0 64)(x)ds

u

ar(y) / (g 0 64)(y)ds

n—1

dn(z) = Y (he 0 T")(2)

k=0

< + sup 7sup ge + sup h..

Since n — oo implies ¢ — oo, we conclude from (25) that A is asymptotically
additive with respect to ® on Y. The continuity and the bounded variation
property of A follow from the same arguments presented in the almost additive
case. O
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Suspension flows over two-sided subshifts of finite type with Hélder continu-
ous height functions are also called hyperbolic symbolic flows (see [FH20]). One
can check that additive families generated by Holder continuous functions sat-
isfy the bounded variation property with respect to hyperbolic symbolic flows,
and Proposition 6 also holds for these types of flows. On the other hand, it is not
hard to find asymptotically additive families having bounded variation with re-
spect to an hyperbolic symbolic flow, but admitting more than one equilibrium
state.

The following result is a continuous-time counterpart of Theorem 9, and
gives a negative answer to the Holder regularity problem.

Theorem 10. Let ® = (¢¢)iecr be a suspension flow over the two-sided shift
map o: X2 — X% and with a Hélder continuous height function 7: X% — (0, 00).
Then:

1. There exist almost additive families of Hélder continuous functions with
respect to @, satisfying the bounded variation property and not physically
equivalent to any additive family generated by a Holder continuous func-
tion.

2. There exist asymptotically additive families of Holder continuous functions
with respect to @, satisfying the bounded variation property, admitting a
unique equilibrium state but not physically equivalent to any additive family
generated by a Holder continuous function.

Proof. Let € = (c¢,)nen be any sequence given by Theorem 9, that is, C is
almost additive with respect to o, has bounded variation and is not physically
equivalent to any additive sequence generated by a Holder continuous function.
By Lemma 3 there exists an almost additive family of continuous functions
A = (at)r>0 with respect to ® on Y, with bounded variation and such that
an(x) = cp(x) for all z € X% and n € N. Suppose that

1
lim - sup =0, where b:Y — R is Holder.

t—oo t yey

ary) - / (bo éa)(y)ds

In particular, we have

1
lim — sup =0. (26)

t—oo ¢ zeX”

ar(z) / (bo és)(x)ds

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

n—1

o bu)()ds — 3 (Tyo o¥)(a)
J

k=0

< supbsupr,

where I(x) = fOT(w)(b o ¢s)(x)ds. Thus, it follows from (26) that

n—1 n
lim — - (Ioo* = lim — — =0.
Jim = sup e (@) kz:%( oo )(x)| = lim = sup Jan(2) A (boos)(w)ds| = 0
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Since b: Y — R is Hélder, the function I, : X — R is also Holder ([BS00,
Proposition 18]). Hence, € is physically equivalent to the additive sequence
generated by I, which is a contradiction.

Now fix a number v > 0. By the density of Holder functions on the space of
continuous functions, for each ¢ > 0 there exists a Holder continuous function
b/: Y — R such that sup,cy [b/(y) — ar(y)| < 7. Tt is clear that the family
BY := (b))i>0 is almost additive and satisfy the bounded variation property
with respect to the flow ® on Y. Moreover, since in particular B is physically
equivalent to A, it is obvious that the family B” cannot be physically equivalent
to any additive family generated by a Holder continuous function, as desired.

Now let us prove the second item. It was showed in [HS24] the existence of
asymptotically additive sequences of continuous functions D = (d,,)nen with re-
spect to the left-sided shift map o : N — XN satisfying the bounded variation
property, 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 9, one also can assume that D is asymptotically
additive with respect to the two-sided shift map o: ©% — %%, By Lemma 3,
following as in the proof of the last item, we can guarantee the existence of an
asymptotically additive family of Holder continuous functions A with respect to
® on Y, having bounded variation but not physically equivalent to any additive
family generated by a Holder function. Moreover, it is clear from the identity
(11) that A also admits a unique equilibrium measure on Y, which is induced
by the unique equilibrium measure for D on the base space X% O

Remark 8. These counter-examples show that the physical equivalence [Hol24,
Theorem 1] does not always allow us to reduce the study of asymptotically addi-
tive families with bounded variation to the case of single functions with Holder
regularity. Since the thermodynamic and multifractal formalisms are well un-
derstood for the case of Holder continuous potentials in hyperbolic setups, The-
orem 10 also shows, as in the case of maps, a significant barrier regarding the
exchange of information between the additive, almost additive and asymptoti-
cally additive worlds with respect to continuous-time systems.

4.3 Bowen regularity and a proposed classification of al-
most additive families

In this section, taking into consideration Theorem 3, we address the issues re-
lated to bounded variation and Bowen regularity of additive, almost and asymp-
totically additive families. In our approach here, equilibrium states satisfying
the Gibbs property play a crucial role.

Theorem 11. Let ® = (¢¢)1er be a suspension flow over the two-sided shift map
o: %% = %% and with a Hélder continuous height function 7: X% — (0,00). Let
A = (ar)i1>0 be an almost additive family of continuous functions with respect
to ® on Y, and having bounded variation. Then the following properties are
equivalent:

1. The equilibrium measure for A satisfies the Gibbs property for a continuous
Bowen function.
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2. There exists a continuous Bowen function b: Y — R such that

1
i 7 sup o) = S84 =0

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

sup sup |at(y) - Stb(y)| < 00.
>0 yey

Proof. We start showing that 1 implies 3. By an appropriate version of Proposi-
tion 6 for hyperbolic symbolic flows, A has a unique equilibrium state v, which
satisfies the Gibbs property (now in the sense of Definition 3). By hypoth-
esis, v is also Gibbs for some continuous Bowen function b: Y — R. Then,
for some sufficiently small § > 0, there exist constants K; = K;(§) > 1 and
Ky = K5(8) > 1 such that

1 v(Bi(y,9))
K< exp [ — tPo(A) + ar(y)] =K @)
Kl < v(Bi(y,9)) < K, (28)

~ exp [ —tPs(b) + Stb(y)]

for all y € Y and t > 0, where Py (b) is the classical topological pressure of b
with respect to ®. Taking the new function b := b+ Py(b) — Po(A), by (27)
and (28) we clearly have |a;(y) — Stg(y)| <logK K5 for all y € Y and t > 0.
Since b is also a continuous Bowen function, item 3 is proved.

Now suppose 3 holds, that is, there exist a uniform constant K3 > 0 and a
continuous Bowen function b such that |a:(y) — Sib(y)| < K3 for all y € Y and
t > 0. In this case, Pp(A) = Py (b). Moreover, by the Gibbs property for A in
(27), we obtain

(Klng)—l _ K;le—KS < v(Bi(y,6)) < K1€K3
exp [ —tPg(b) + S’tb(y)]

for all y € Y and t > 0, which is item 1.

Finally, since every hyperbolic symbolic flow is topologically transitive ([FH20,
Proposition 1.6.30]) and satisfy the Closing Lemma ([KH12, Corollary 18.1.8)),
it follows from Corollary 4 that items 2 and 3 are equivalent, and the theorem
is proved. O

For the case of hyperbolic symbolic flows or locally maximal hyperbolic sets
for C' topologically mixing flows, it is not hard to see that an almost addi-
tive family satisfies the bounded variation property if and only if it admits a
Gibbs state. In Theorem 11, 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. Then, we propose the following classification of
almost additive families:

e Type 1: Almost additive families with bounded variation and admitting
a Gibbs state for a Bowen continuous function.
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e Type 2: Almost additive families with bounded variation but not admit-
ting Gibbs states for Bowen continuous functions.

e Type 3: Almost additive families without bounded variation but having
a unique equilibrium state.

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

Remark 9. One can construct families of types 1, 3 and 4 ([HS24]). On the
other hand, examples of type 2 seem to be much more complicated to produce
or they actually don’t exist. In the discrete-time framework, the existence of
sequences of type 2 is connected with the problem of showing that every quasi-
Bernoulli measure is a Gibbs state for some Bowen function (see also [Cun20]).

Asymptotically additive families. Now we show how to treat the Bowen
regularity problem for asymptotically additive families. Let § = (gn)nen be
an asymptotically additive sequence of continuous functions with respect to
o: Y% — %% having bounded variation, with a unique equilibrium measure, but
not physically equivalent to any additive sequence generated by a Bowen func-
tion. By Lemma 3, there exists 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) = g,(x) for all z € ¥% and n € N. Now suppose the
existence of a continuous Bowen function b: ¥ — R such that A is physically
equivalent to (S;b);>0. By the appropriate versions of Lemmas 3.1 and 3.3
in [BH21a] for hyperbolic symbolic flows, the sequence € = (¢p,)nen given by
en(x) = for"(w)(b o ¢s)(z)ds is additive and satisfy the bounded variation prop-
erty with respect to o. By the physical equivalence relation between A and
(Sib)i>0, we have in particular that

1 1
lim — sup |g,(z) — cp(x)| = lim — sup |a,(z) — cn(z)
n—,oo N xEEZ n—,oo N :CEEZ
X (29)
< Jlim 2 sup |ar(y) — Sib(y)| = 0.
Since, by the proof of Lemma 15 in [BH21b], ¢,(z) = Z;é Iy o o (z) =:

S, Iy(x) for all x € X% and all n € N, the sequence (S,,I)nen has bounded
variation. Hence, it follows from (29) that § is physically equivalent to the
additive sequence (S,Iy)nen generated by the Bowen function I,: ¥% — R.
This is a contradiction. Therefore, by construction, A has bounded variation
and admits a unique equilibrium state (with respect to ® on Y'), but cannot be
physically equivalent to any additive family generated by a Bowen continuous
function. O

4.4 Concluding remarks

Observe that all the results in the regularity sections are developed for hyper-
bolic 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
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the left-sided full shift map ([BKM20, Example 2.10 (2)]). In view of the non-
additive versions of the Livsic theorem for maps and flows (Theorem 5 in [HS24]
and Theorem 3, 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 10 for symbolic flows.

Based on this, morally speaking, all the counter-examples and results dis-
cussed here in the regularity section can be adapted to the case of hyperbolic
flows and, more generally, to suspension flows over topologically mixing sub-
shifts of finite type. To achieve this, one needs to obtain appropriate versions of
Theorems 2.8 and 2.9 in [BKM20] for topologically mixing Markov chains using
the classical thermodynamic machinery developed in [Bow75a].

Finally, let us mention the still open problem of the existence of sequences
and families of type 2. A reasonable starting point to attack this question is to
understand how the aforementioned theorems in [BKM20] could accommodate
Bowen continuous functions, going beyond the Holder regularity previously con-
sidered by them. 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. Based on this, by our constructions
in this note, we could as well give examples of families of type 2 with respect to
hyperbolic symbolic flows and hyperbolic flows (via Markov partitions).

Acknowledgments: The author was partially supported by NSF of China,
grant no. 12222110.

References

[BKM20] B. Bérdny, A. Kdenmaéki and I. Morris, Domination, almost additivity,
and thermodynamic formalism for planar matriz cocycles, Israel J. Math.
239 (2020), 173-204.

[Bar06] L. Barreira, Nonadditive thermodynamic formalism: equilibrium and
Gibbs measures, Discrete Contin. Dyn. Syst. 16 (2006), 279-305.

[Bar10] L. Barreira, Almost additive thermodynamic formalism: some recent
developments, Rev. Math. Phys. 22 (10) (2010), 1147-1179.

[BD04] L. Barreira and P. Doutor, Birkhoff’s averages for hyperbolic flows:
variational principles and applications, J. Stat. Phys. 115 (2004), 1567—
1603.

[BH20] L. Barreira and C. Holanda, Nonadditive topological pressure for flows,
Nonlinearity 33 (2020), 3370-3394.

[BH21b] L. Barreira and C. Holanda, Almost additive multifractal analysis for
flows, Nonlinearity, 34 (2021), 4283-4314.

[BH22c] L. Barreira and C. Holanda, Dimension spectra for flows: future and
past, Nonlinear Analysis, Real World Applications 65 (2022), 103497.

[BH21a] L. Barreira and C. Holanda, Fquilibrium and Gibbs measures for flows,
Pure and Applied Functional Analysis, 6(1) (2021), 37-56.

28



[BS00] L. Barreira and B. Saussol, Multifractal analysis of hyperbolic flows,
Comm. Math. Phys. 214 (2000), 339-371.

[BHVZ21] T. Bomfim, R. Huo, P. Varandas and Y. Zhao, Typical properties of
ergodic optimization for asymptotically additive potentials, Stochastics and
Dynamics (2021).

[Bou02] T. Bousch, La condition de Walters, Annales scientifiques de I’Ecole
Normale Supérieure 34 (2001), 287-311.

[Bow75a] R. Bowen, Equilibrium States and the Ergodic Theory of Anosov Dif-
feomorphisms, Springer Lectures Notes in Mathematics 470, Springer Ver-
lag, 1975.

[Bow73] R. Bowen, Symbolic dynamics for hyperbolic flows, Amer. J. Math. 95
(1973), 429-460.

[BW72] R. Bowen and P. Walters, FEzpansive one-parameter flows, J. Differen-
tial Equations 12 (1972), 180-193.

[Cun20] N. Cuneo, Additive, almost additive and asymptotically additive poten-
tial sequences are equivalent, Comm. Math. Phys., 377 (2020), 2579-2595.

[FH10] D.-J. Feng and W. Huang, Lyapunov spectrum of asymptotically sub-
additive potentials, Comm. Math. Phys. 297 (2010), 1-43.

[FH20] T. Fisher and B. Hasselblatt, Hyperbolic Flows, Zurich Lectures in Ad-
vanced Mathematics, European Mathematical Society, 2020.

[Fra77] E. Franco, Flows with unique equilibrium states, Amer. J. Math. 99
(1977), 486-514.

[Hol23] C. E. Holanda, Nonadditive families of potentials: physical equivalence
and some reqularity relations, Preprint arXiv: 2210.05926v2, 2023.

[Hol24] C. E. Holanda, Asymptotically additive families of functions and a phys-
ical equivalence problem for flows, J. Differential Equations 418 (2024),
142-177.

[HS24] C. E. Holanda and E. Santana, A Livsic-type theorem and some regu-
larity properties for nonadditive sequences of potentials, J. Math. Phys. 65
(2024), 082703.

[HLMXZ19] W. Huang, Z. Lian, X. Ma, L. Xu and Y. Zhang, Ergodic optimiza-
tion theory for Aziom A flows, Preprint arXiv: 1904.10608, 2019.

[Kalll] B. Kalinin, Livsic theorem for matriz cocycles, Ann. of Math. 173
(2011), 1025-1042.

[KH12] A. Katok and B. Hasselblatt, Introduction to the Modern Theory of
Dynamical Systems, Encyclopedia of Mathematics and its Applications 54,
Cambridge University Press, 2012.

[LZ22] Z. Lian and J. Zhang, Livsic theorem for matriz cocycles over an Axiom
A flow, Commun. Math. Stat. 10 (2022), 681-704.

29



[Liv72] A. N. Livsic, Cohomology of dynamical systems, Math. U.S.S.R., Izv.
36 (1972), 12781301

[Liv71] A.N. Livsic, Homology properties of Y -systems, Math. Notes 10 (1971),
758-763.

[McC99] R. McCutcheon, The Gottschalk-Hedlund theorem, The American
Math. Montly 106 (1999), 670-672.

[MSV20] M. Morro, R. Sant’Anna and P. Varandas, Ergodic optimization for
hyperbolic flows and Lorenz attractors, Ann. Henri Poincaré 21 (2020),
3253—3283.

[MumO06] A. Mummert, The thermodynamic formalism for almost-additive se-
quences, Discrete Contin. Dyn. Syst. 16 (2006), 435—454.

[PSO1] Ya. Pesin and V. Sadovskaya, Multifractal analysis of conformal axiom
A flows, Comm. Math. Phys. 216 (2001), 277-312.

[Rat73] M. Ratner, Markov partitions for Anosov flows on n-dimensional man-
ifolds, Israel J. Math. 15 (1973), 92-114.

[Rue78] D. Ruelle, Thermodynamic Formalism, Encyclopedia of mathematics
and its applications 5, Addison-Wesley, 1978.

[Sin72] Y.G. Sinai, Gibbs measures in ergodic theory, Uspekhi Matematich-
eskikh Nauk 27 (1972), no. 4, 21-64.

[Wal78] P. Walters, Invariant measures and equilibrium states for some map-
pings which expands distance, Trans. Amer. Math. Soc. 236 (1978), 121-
153.

[Wal99] C. P. Walkden, Livsic theorems for hyperbolic flows, Trans. Amer.
Math. Soc. 352 (1999), 1299-1313.

30



	1 Introduction
	2 On Cohomology
	2.1 Exploring notions for asymptotically additive families
	2.2 An almost additive Livšic theorem for flows
	2.3 A connection to linear cocycles

	3 Nonadditive notions of (weak) Gibbs states
	3.1 Some nonadditive families derived from (weak) Gibbs states and other measures
	3.2 Classification of nonadditive equilibrium states

	4 On Regularity
	4.1 Linear flows on the flat torus
	4.2 Hölder regularity
	4.3 Bowen regularity and a proposed classification of almost additive families
	4.4 Concluding remarks


