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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 equiv-
alence result holds for hyperbolic flows. We also obtain an equivalence relation for
expansive flows. Moreover, we show how this equivalence result can be used to extend
the nonadditive thermodynamic formalism and multifractal analysis for flows.

1 Introduction

Let X be a topological space and T': X — X a map. A sequence of functions (fy)n>1 is
asymptotically additive with respect to T if for each £ > 0 there exists a function f : X — R
such that

. 1
lim sup Ean - anoo <kg,

n—oo

where S, f := Y77, f o T* and || - ||s is the supremum norm. Notice that the sequence
(Snf)n>1 is additive with respect to 7', that is,

Simanf(x) = Spf(x) + Spf(T™(x)) for all x € X and m,n > 1.

A sequence F = (f)n>1 is almost additive with respect to T" if there exists C' > 0 such
that

—C+ fm(@) + fu(T"(2)) < frnsn(@) < fn(@) + 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 := (fy)n>1 and G := (gn)n>1 are physically equivalent, or F is physically
equivalent to G, if

. 1
lim —||fn — gnlloo = 0.
n—oo N

1


http://arxiv.org/abs/2210.05926v1

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 ® = (¢¢)icr be a continuous flow on a topological space X. A family a = (at)>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

—CHa+asody <apys <ap+asodp +C

for every t,s > 0.
We also say that a family of functions a = (a;)>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 —
t—00

<e.

t
a; —/0 (be 0 ¢s)ds

[e.e]

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¢)i>0 and b = (by)¢>0 are physically equivalent, or a is physically equivalent
to b, with respect to the flow ® if

1
Jim 7l = bl =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 func-
tions are physically equivalent to additive families of continuous functions with respect to
suspension flows, and in particular, hyperbolic flows and expansive flows admitting a mea-
sure 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 thermody-
namic formalism, multifractal analysis and even ergodic optimization for flows in general
(see section 3).

We also attacked the full problem of equivalence with respect to continuous flows in gen-
eral, 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]:



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

1
Zz/o(bo¢s)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 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). Overall, 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.

The paper is organized as follows. We start proving our main equivalence result for
suspension flows and, consequently, for hyperbolic flows. In the following, we also give nat-
ural sources of almost and asymptotically additive families of continuous functions. After
that, we proceed to show how to extend the equivalence theorem to a class of expansive
flows using the very recent work [GS22]. We finish section 2 with the general physical
equivalence problem for continuous flows. In the final section, we conclude with some
applications and consequences of the equivalence theorem, extending parts of the nonad-
ditive thermodynamic formalism and multifractal analysis for continuous-time dynamical
systems.

2 Main results

In this section, 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 exam-
ples of asymptotically additive families and also explore the general problem of physical
equivalence for continuous 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 (z,7(x)) with (T'(z),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 ® = (¢¢)er
on Y with the maps ¢;: Y — Y defined by ¢(x,s) = (z,s + t).

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

I,d

/ng:fX g I

A fXTd,u
()

for any continuous function g: ¥ — R, where I (z) = [ (g © ¢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
(1)

Jx 7 du

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

hu, (@)

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

1
lim — =0.

t—o00

t
at—/o (bo ¢s)ds

o0

Consider the sequence of continuous functions ¢ = (¢p)p>1 on X given by c¢,(z) =
r,(2)(7), where

i
L

Tn(x) = 7(Tk(z)) for every z € X.
0

e
i

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

‘ 1 n—1 N
nlbnéoﬁjgg cn(z) — kZ:Of(T (m))‘ =0. (1)

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

lim sup — <e. (2)

t—o00

t
a; — /0 (be 0 ¢s)ds

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

Tn(z) n—1
/ (be 0 ¢s)(x)ds = Z(Ibs oTF)(x) for every x € Y and n > 1.
0 k=0



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

cn(z Z I, o TF)(x
n—oo T zeX =0

1 n
= lim sup <T (x)) sup

n—oo Tn (Z’) n zeX

(3)

7n ()
Tn(w)(x) - / (be 0 ¢s)(x)ds| < esupT
0

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

Lemma 2. There exists a continuous function b:Y — R such that Iy|x = &.
Proof. Following [BRWO04], we can just define b: Y — R as
£(x) S
b(¢s =2y ——
(6ule)) = S0 (5
for each € X and s € [0, 7(z)], where 1 : [0,1] — [0, 1] is any nondecreasing C' function
such that ¢(0) =0, (1) = 1 and ¢'(0) = ¢'(1) = 0. O
Lemma 3. We have 1
lim sup — sup |a¢(z) — a,, ) (x)] = 0.

t—oo U gex

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

- [0e000as

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,,(z) + & for some « € [0,sup 7| such that

<e.

[e.e]

lim sup —
t—o00

n—1

JRCEESIEEED SERESIE

k=0

< ||be]| oo sUP T

Then, since

sup |ay () — @z, (2)()] < sup

ar(z) /0 (be © 6) (2)ds

zeX reX
t n—1
+sup | [ (b0 ) (@)ds — 3 (. 0 TH)(@)
reX 0 E—0
+ sup |c,(x Iy o Tk
rzeX kzz:




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

1 1
limsup — sup |a¢(z) — ar, () (7)] < e(1 +sup7) + limsup ;(HbgﬂOO sup7) = &(1l + sup7).
t—o00

t—o00 zeX

Hence, letting € — 0 we obtain

1
lim sup — sup |a¢(x) — a‘rn(x)(x)‘ =0,

t—o00 reX

as desired. O

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;);>¢ as

t
Ay(z) = ay(x) — / (bo¢s)(x)ds forall z €Y and ¢t > 0. (4)
0
For each = € X, we have

Tn ()
() — /0 (bo du)(x)ds

1 1
lim sup — sup |Ay(z)| < limsup — sup
t—o00 zeX t—o00 reX

1
+ lim sup — sup |a(z) — Qr, (z) ()]

t—o00 rxeX
—l—hmsup—sup‘/ (bo 6s)(x )ds—/ (bo és)(x)ds
t—o00 rxeX
1 1 =l
- . 1 B k
< (i) s g (o)~ 3 (o)

. 1
+limsup — sup(|ay(x) — ar, (5(2)] + bl sup 7).

t—o00 reX

Hence, it follows from the lemmas 1 and 3 that

1
lim sup — sup |A¢(z)| = 0. (5)

t—o0 reX
We claim that )
limsup — sup sup |A¢(¢s(z))] = 0.

t—00 s€l0,7] xeX

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

particular,
1
lim sup — sup <e and (6)
t—o00 rxeX

an(z) — /O (be © ) ()
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t—s
lim sup sup |a¢—s(ps(z)) — / (be 0 pyys)(z)du| < e for every s € [0,sup 7).
t—o0 — S zeX 0
Since

sup |ai—s(¢s(x)) — ay(x)| < sup
zeX reX

aus(o()) — ]ﬁ (b 0 buge) (@) du

+ jg}}g ar(x) — /0 (be © ¢y)(x)du| + 222 /s (b © @) ()du — /0 (be 0 ¢y)(x)du
%gwMM%A(MmMWMQyW%A@WMW

+ ||b€||oo sup 7

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

1
— sup sup |ar—s(ds(x)) — ar(x)| < 2+ 2e+e =5 for t sufficiently large.
s€[0,7] zeX

Then, the arbitrariness of € gives that

. 1
limsup — sup sup |a;—s(¢s(x)) — ay(x)] = 0.
t—oo T sel0, 7] xeX

From (4) one can check that

sup sup [A¢_s(¢s(x)) — Au(z)| < sup sup |ar—s(Ps(x)) — ar(x)] + [|bl|oc sUP 7
s€[0,7] zeX s€l0,7] zeX

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

1
limsup — sup sup [Ai—(¢s(z)) — Ay(z)| = 0.

t—00 s€l0,7] z€X

Now observing that

sup sup ’At—s((bs(x))‘ < sup sup ’At—s((bs(x)) - At(x)‘ + sup ‘At(x)‘
s€l0,7] zeX sel0,7] zeX zeX

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

1
limsup — sup sup [A¢(¢s(z))] =0,
t—oo 1 s€l0,7] xeX

and the claim is proved.



Now for each y € Y there exist # € X and s € [0,sup 7] such that y = ¢5(x). Then
|AL(y)| = |Ai(ps())| < sup sup |A¢(ps(z))| for each t >0,

s€(0,7] zeX

which readily implies that

1 1
limsup —[|A¢]|oo < limsup — sup sup |A(¢s(z))| = 0.
t—00 t t—o0 t s€[0,7] 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_, %HAtHoo exists. Therefore

1
Jim A =0,

and the theorem is proved. O

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, ¥) if there exists an homeomorphism
h: X — Y such that (ho¢)(z) = (¢ o h)(z) for every t € R and every x € X. Moreover,
we say that (X, ®) is C"-conjugate to (Y, V) if his 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 = (ai)ier there exists a continuous function
b: M — R such that .

a; — / (bo ¢s)ds|| =0.

0 [e%S)

Proof. Let ¥ be a suspension flow on a compact metric space N and h : M — N the home-
omorphism conjugating (M, ®) and (N, ¥). Suppose that a = (a;)i>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 W. By Theorem 1, there

o1
lim —
t—oo t

exists a continuous function b : N — R such that

fim + sup (a0 h™)w) = [ (Bow)(w)ds| 0.

t—oo t yeEN

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

aulz) - /0 (o h) o da)(x)ds

t
0

ar(h™1(y) - / (50 ) (y)ds

Hence

o1
lim — sup
t—oo t zeM

where b:=boh: M — R.

ay(z) — /0 (bo ¢s)(x)ds| =0,




Example 1. Let T" := R/Z x --- x R/Z be the n-torus. Letting o € R", the linear flow
® = (¢¢)ter on T™ in the direction « is defined by ¢¢(x) = = + 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 ® = (¢¢)ter 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°
and constants ¢ > 0 and X € (0, 1) such that for each = € A:
1. the vector (d/dt)¢:(x)|i—o generates E°(x);
2. for each t € R we have
de i E°(x) = E*(¢r(x))  and  dod B (z) = E*(¢());
3. ||dedv| < eXt||v|| for v € E*(z) and t > 0;
4. ||dpp—sv|| < eXt|v]| for v € E¥(x) and t > 0.

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

A%(z) = {y € B(z,e) : d(¢¢(y), #¢(x)) 0 when t — +o0}
and

AY(z) = {y € B(z,e) : d(¢¢(y), ¢(x)) \ 0 when ¢t — —oco}.

Moreover, let V*(z) C A®(x) and V¥(z) C A%(x) 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¥(z) = E*(x) and T,V"(z) = E%(x);
2. for each ¢ > 0 we have
¢(V(z)) CV2(d(x)) and ¢ (V¥ (z)) C V*(p—i(x));
3. there exist £ > 0 and p € (0,1) such that for each ¢t > 0 we have
d(¢1(y), ¢u(2)) < kpld(y,x) fory € V*()

and
d(p—¢(y), ¢—¢(x)) < kpld(y, =) 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=()s:(U).

teR

Given a locally maximal hyperbolic set A and a sufficiently small € > 0, there exists 6 > 0
such that if 2,y € A satisfy d(z,y) < J, then there exists a unique ¢ = t(z,y) € [—¢, €] such
that

[z, 9] = V3 (i(2)) NV (2)

is a single point in A.

Now let us recall the notion of Markov partitions for continuous-time dynamical sys-
tems. Consider an open smooth disk D C M of dimension dim M — 1 that is transverse
to ® and take z € D. Let U(z) be an open neighborhood of = diffeomorphic to D x (—¢,¢).
Then the projection mp: U(x) — D defined by mp(¢i(y)) = y is differentiable. We say
that a closed set R C AN D is a rectangle if R = int R and 7p([z,y]) € R for z,y € R.

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

RiﬁRj :8RiﬁaRj for @ # j.
Let Z = Ule R;. We assume that there exists € > 0 such that:

L A= Ute[O,a] o(Z);

2. whenever i # j, either
¢e(Ri) NR; =0 forallte|0¢]

or

¢i(Rj)NR; =0 forall t € [0,¢].
Now define the function 7: A — R by
7(x) =min{t > 0: ¢(x) € Z},

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

The restriction Tz of T' to Z is invertible and we have T"(x) = ¢, () (), where

|
—

n

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

7

Il
=)



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

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 int T(R;) N R; # 0,
aij =

0 otherwise,
where T is the map in (10). We also consider the set
Sa={(itigir- )t Qiip., =1forneZ} C {1,... . k}”

and the shift map o: ¥4 — X4 defined by o(---ip--) = (- jo---), where j, = int1
for each n € Z. We denote by X,, the set of 3 4-admissible sequences of length n, that
is, the finite sequences (i1 ---i,) for which there exists (---jojijo---) € X4 such that
(11...1n) = (J1 -+ jn). Finally, we define a coding map w: X4 — Z by

m(-eige--) = ﬂ Ri ..,

neL

where R; ..., =(-_, T, Lint R;,. The following properties hold:
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,

0 if w=u,

dg(w,w') = {

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.

11



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
/Agd’u_ fZTdV (11)

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

hy(T7)

hy(®) = W (12)
By (11) and (12) we obtain
@)+ [ i =" Iz lydv, (13)

where [,(z) = fOT(m) (g o ¢s)ds. Since 7 > 0 on Z, it follows from (13) that
Py(g) =0 if and only if Pr,(I;) =0,

where Py (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 Py(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 hy-
perbolic 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)i>0 15 an asymptotically additive family of continuous functions with
respect to ®. Then, there exists a continuous function b: A — R such that

=0.

o0

lim l
t—o0

t
at—/o (bo ¢s)ds

2.3 Expansive flows

Let (X, d) be a metric space and T': X — X a dynamical system. 7' is said to be expansive
if there exists § > 0 such that d(T"(x),T"(y)) < 0 for all n € Z implies = = y.

The definition for continuous-time dynamical systems is more refined. A flow ® on X
is said to be expansive if for each ¢ > 0 there exists § > 0 such that if d(¢¢ (), by (y)) < &
for all t € R, for points z and y and a continuous map s : R — R with s(0) = 0, then there
exists a time [¢t| < e such that ¢,(x) =y (see [BWT72]).

Let X and Y be metric spaces and consider the flows ® on X and ¥ on Y. Suppose
that 7 : Y — X is a topological extension from (X,®) to (Y, V), that is, a surjective

12



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 : 77 Y(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 expansive 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:

Theorem 5. Let ® = (¢¢)icr 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 func-
tions. Then, there exists a continuous function b : M — R and a full set N C M such
that

lim — sup

Jim % sup ou(a) — [ (b0 6.)(a)ds

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

t
at—/o (bo ¢s)ds

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

ay(z) — /0 (bo ¢s)(x)ds

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

t
at—/o (bo ¢s)ds

and the theorem is proved. O

—0. (14)

lim 1 =0.
t

t—o00

o0

x — Dy(x) :=

1
lim —
t—oo t

1 1
lim — sup Dy(x) < tlim —sup Dy(z) =0,

0o POl gem —0 1 zeN

The following result is a weaker notion of equivalence in the case of expansive flows.

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

1
lim — apdp :/ bdu

for every measure p € M(P).

13



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.

2.4 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

do | E°(x) = Q°(x,1)J°(x, 1) and  dpdy| E"(z) = Q" (2, 1).J" (2, 1)
for every x € A and ¢t € R, where
2w, t): EP(x) = E*(¢u(x)) and  J"(x,1): E*(z) = E"(¢1(x))
are isometries. For example, if
dim E%(z) = dim E"(z) =1 for x € A,

then the flow is conformal on A. Proceeding as in [PS01] we define:

— L 9 s _ 0 s T 10g||dm¢t|E8($)H

Es(z) = alog!@ (z,t)]1=0 = Elongxaﬁt\E (7)[lt=0 = %Ef% n (15)
and

= (.. 9 u _ 0 u _ . log||ds g E® () |

Zu(w) i= 108 ]Q (2, Dm0 = 108 |dan | B (@) lizo = limy ! . (16)

Since the flow @ is of class O, using 2-norms one can write

gl B@)I?) _ | (dei| (@), £ (du| E*()))

iy 08 e E* @) _
t—0 t t—0 2t t—0 de(bt’Eu (.Z') ”2

- <Id]E8(a:), %(dmt\Es(w))\t=o>

and, similarly,

g Jdy [ 24(2)]
t—0 t

_ <IdyEu<x>, %(dx¢trEu<x>>rt:o> -
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In particular, the functions =5 and Z,, 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

log ||y ¢¢| E* () |

Es(z) = 1 <log A
W= T sheAso
and loe I1d. 6| B
t—0+ t
for all z € A. Moreover, for every € A and ¢ € R, it follows from (15) and (16) that
t

lde ]| = ||v||e><1i></0 Es(¢7($))d7> for v € E*(x) (17)
and .

ldzpiv] = ||v] exp </0 Eu(¢7(x))d7> for v € E%(x). (18)

In this case, notice that

(log [|dz¢t| E*(x)[))e>0  and  (log [|dxdpe| E* ()] )10

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 ® = (¢)icr. Moreover, let E*(z) and E“(z)
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, Cy > 0 and Holder continuous functions
b*,b": A — R such that

t

t
Cuo] exp /0 (0° 0 6,)(x) dr < |[dudyo]] < Calfo] exp /O (0° 0 6:)(x) dr

for v € E*(x), and
t

t
Crlo] exp /0 (0" 0 6y)(@) dr < || dudrv] < Collo]] exp /0 (b 0 6,) () dr

for v € E%(z). In this case one can easily verify that the families a® = (af)t>0 and
0" = (a2 given by

a;(x) = 10g [|dz¢t|po(@) | and  ai(x) = log [|dz¢t| pu(a)|

are almost additive with respect to ® and satisfy

: 1 S ! S
i gl = [ oo =0
and .
tliglo_ ay —/O(b o ¢r)dr oon.




2.4.3 Quasiconformal flows

Now let A be an hyperbolic set for a C' flow ® = (¢;)icr, and consider the functions

K5 K%: A xR — R given by

Kong) - sl v € B, o] = 1)
min{||d, ¢ : v € ES(z),||v| = 1}

(19)

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

min{||de o] : v € E*(x), [Jv] =1}

We say that @ is uniformly quasiconformal if the functions K* and K“ are uniformly
bounded for all z € A and ¢ € R. Observe that when ® is conformal on A, it follows directly
from (17) and (18) that K*(z,t) = 1 and K%(z,t) = 1 for all x € 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%(z,t) =

(20)

1 B N T _
Jim [ K@, )oe =0 and - lim S| K% (2, 8] =0,

which readily implies that (K*(x,t))i>0 and (K"%(x,t)):>0 are asymptotically additive fam-
ilies 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 ® = (¢¢)ter is a suspension flow over an average conformal hyperbolic map, it follows
from Lemma 2.3 in [WWCZ20] that

.1 1
tllgloﬂ 10g ||da ¢t | s (2 | — 108 || (da bt s ()~ | Hlow = O,

1 -
Jim £ 110g s 6] oy | = 108 (ol )| oo =0 and

e

H(d:cgbt’ES(m))_IH_l < ‘det(dx(bt’ES(m))’ < de(bt’ES(m)”y

1
1(datt] pug) " 7 < [ det(dade| puge))| P < || dadt] pua

where d; := dim E* and d" := dim E". Since (det(d;¢¢|pu(z))i>0 and (det(dudi|ps (z))i0
are additive families with respect to ®, one can see that a’ := (||log |dz@t| gi(z)l)e=0 and
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b' = (|[10g ||dedt| i ()|l —10g 1(dedi|pi(z)) " 71 )iz0 are asymptotically additive families of
continuous functions with respect to ® for ¢ € {u, s}.

2.5 The general physical equivalence problem

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

lag(z) — ar(y)| < k  whenever y € By(z,¢).

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)t>0 with respect to a continuous flow ® = (¢¢)icr on a compact metric space X, is
there any continuous function b: X — R such that

o1
lim —
t—oo t

=07 (21)

[e.e]

t
a; — /0 (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

Stb = /Ot(b @) qﬁs)ds

has bounded variation and also satisfy (21)?

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.

We notice that the Question B is open even in the case of discrete time dynamical
systems (see [Cun20]). In general, positive answers to these questions are very useful for
some extensions of the thermodynamic formalism and multifractal analysis for flows (see
section 3).

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

n—1

/ (copg)ds = Z(Eo %) for every n > 1 (22)
0 k=0
where ¢ := fol (c o ¢s)ds, and one can check that (a,)n,>1 is an asymptotically additive

sequence with respect to the map ¢;. Then, by Theorem 1.2 in [Cun20], there exists a

17



continuous function b : X — R such that
n—lN

an = bod}
k=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.

n—o0 M,

o0

=0.

lim -
n—oo t

t
a; —/0 (bo ¢s)ds

Just for illustration, here it goes a simple example:

o0

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

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

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

by )
ba) =ple) ()

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

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

O

Following this approach, we can ask: N
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 ® = (¢;)ier a continuous flow on X.
Let 2* € 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)(z")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(x*). Since z* is not a fixed point, z # z* and
we have

1 o0+1
0= [[woaes= [ (oo

Then
1

1 5 5+1
/0 (bo ¢s)(x )ds:/o (bo ¢s)(x )d8+/(5 (bo ¢s)(x )als—i—/(S (bo ¢s)(x*)ds

+1

5 1
:/0 (bo ¢s)(x )ds+/6 (bo s)(z")ds,

+1
which readily implies that

1
‘/0 (b o 62)(@*)ds| < 20]bl|es.

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

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

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

Then, we have

lim w —b
t—0 t

(p1(x)) —b(z) for every z € X. (24)

Moreover,

/X <hmw)dﬂ<w> =0 for every € M(¢).

t—0
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Proof. Notice that

- ~ 1 1
boge —b _ 1</t+ (bo ¢y)ds —/ (bo¢s)ds> for all £ > 0. (25)
t 0

t t

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

I(t
limﬂ:lim(bo¢t+1—bo¢t):bo¢l—b,
t t—0

t—0
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 (24).

Observe that if there exists a constant 3 € R such that
Bou() — blx)
t

lim

= for every 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 ® = (¢¢)ier be the linear flow on T? given by
¢i(z,y) = (z + tag mod 1,y + taz mod 1), with 0 < oy +az < 1. Let b : T2 — R be the
continuous function given by b(z,y) = (z + y) mod 1. One can check that

g((bt(x,y)) —g(x,y) (x4+y+tlag +az)) mod 1 — (z+y) mod 1

lim = lim
t—0 t t—0 t
t d1 t
_ g oo tog)mod 1 Hartas)
t—0 t t—0 t

for every € T2. If there exists a continuous function b : T2 — R such that b = fol(bo 0s)ds,
then Proposition 7 immediately gives that aq + a9 = 0, which is a contradiction. Therefore,
there is no continuous function b : T? — R such that

1
(x+y)mod 1= /0 b(gs(x,y))ds.
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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(¢1(x,y)) — b(x,y) = (a1 + a2) mod 1 = a3 + o
for every = € T?. But

a1+ a9

5 mod 1 # b(z, y).

1
/0 b(a(z,9))ds = | (@ +y) mod 1+

We will now define the notion 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(x) — h(x) = lim L01@) ~a@)

t—0 t

for every z € X.

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

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

We also say that a function is a W-coboundary (T'-coboundary) when it is W-cohomologous
to the zero function (7-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 ® = (¢4)cr be a Ct flow on a Riemmanian manifold X andb: X — R
a C' ¢1-coboundary function admitting a C' transfer function. Then, there exists a con-
tinuous function b: X — R such that

/l(b o ¢s)ds = b.
0

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

Proof. Suppose that

b= go¢1 —g for some C* function ¢ : X — R.
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Defining a function b : X — R as

b(x) = dyg(x) <%¢s(x)’8:0> — lim g(ps(z)) — g(x)7

s—0 S

we can check that b is continuous and

t
/(boqbs)ds:goqbt—g for every ¢t > 0.
0

In particular, we have
1 ~
/ (bogs)ds=gogr—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 [LMMSG6]).

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 W is uniquely ergodic when there exists a unique
V-invariant measure.

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

1. (at)t>0 s an asymptotically additive family with respect to ® if and only if (an)n>1
1s an asymptotically additive sequence with respect to ¢1;

2. for each asymptotically additive family of continuous functions a = (a¢)i>0 there
exists a continuos function ¢ : M — R such that

lim - =0.

t—+oo t

t
at—/o (co¢ps)ds

oo

Proof. Consider the linear operator £ : C(X) — C(X) given by
1
L(a)(z) = /0 (ao ¢s)(z)ds.
Then, one can see that ||£|| < 1, where we are considering the norm

Lf]loo
= swp &7l
Fecx)fleez0 I flloo
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Since L is a bounded linear operator, its spectrum o(L£) is compact and is such that
o(L) C [=IL], [I£]] € [=1,1].

In particular, this implies that there exists A > 1 such that the linear operator £ — A\I :
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
/ (ao¢s)ds — Aa = b. (26)
0
Now let v be the unique ¢;-invariant measure and consider the function

c::a—)\/ adv.
M

It follows from (26) that

< +

o0

(27)

an, — /On(c o ¢g)ds

n—1 n—1
an—ZbO(b’f n)\</ adu—Zaoqﬁ’f)
k=0 M k=0

Since ¢ is uniquely ergodic, we have in particular that

n—1

1
lim ||\ /adu—— ao¢k>H =0
n—xm“ < M 7l2£% ! %)

. .

for every a € C(X).

Let us start proving item 1. By the arbitrariness of b € C(X), if (an)n>1 is asymptot-
ically additive with respect to ¢; then it follows directly from (27) that (a;)i>0 is asymp-
totically 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

1
lim — =0.

n—,oo N

n—1
an =) bodi
k=0

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

o0

1
lim —
t—oo t

t
ay —/ (co¢gs)ds|| =0,
0

as desired. O

o0

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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3 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.

3.1 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 = (a¢);> 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 {h“(<1>)+ lim E atd,u} = sup {hu(<1>)+/bd,u}.
LEM(D) t=oot Jo HEM (D) A
Moreover, by the definition of the nonadditive topological pressure introduced in [BH20],
P(a) = P((S¢b)i>0). Therefore, the classical variational principle for continuous flows
implies that
P(a) = sup {hM(CI)) + lim E atdu}.
LENM(®) 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 Theorem 5 the variational principle is
also valid for expansive continiuous flows admitting an invariant measure of full support.

In the case of locally maximal hyperbolic sets for flows or suspension flows in general,
and expansive flows with measures of 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
P(a) = h,(®) 4+ lim —/atdu.
A

t——+oo t

Corollary 10. Let A C M be a locally mazimal hyperbolic set for a C' flow ® or suppose
d is an expansive continuous flow admitting an invariant measure of 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.

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
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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, we are not able to obtain this
uniqueness result directly from the additive case (see [Fra77]).

3.2 Multifractal analysis: beyond families with unique equilibrium mea-
sures

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 [Cli13], 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 ® = (¢;);ecr. Given two asymptotically additive families of
continuous functions a = (a¢)i>0 and b = (b;)¢>0, we consider the level sets

K2(a,b) := {x eA: tlg)_aw ZZ((Z;)) = oz}, acR.
In this section, we consider Mc,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, re-
spectively, AA(M) the set of asymptotically additive families of continuous functions
a = (at)i>0 on M with tempered variation such that

sup ||a¢]|eo < 0o for some s > 0,

te(0,s]
and E(M) C A(M) the subset of families having a unique equilibrium measure (the ex-
istence 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
functions (u¢)i>0 defined by

t
w(a) = [ (wodn)(@)ds
0
for every x € X and ¢t > 0. For each Z C X and a € R, let

N(Z7 u? Oé, E) - hm lnf Z e_Oéu(:L‘,t,E)7
T—oo T (Der
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with the infimum taken over all countable sets I' C X X [T, +00) covering Z. Finally, we
define

dim, . Z = inf{a eR:N(Z,u,a,¢) = O}.
The limit

dim,, Z := lim dim,, . Z
e—0 ’

exists and is called the u-dimension of the set Z with respect to the flow ®. 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 ® = (¢r)ter such that h(®) < co. Let a = (ar)i>0 and b = (bt)i>0 be asymptotically
additive families of continuous functions in AA(A) and such that

lim % bedp >0 for all p € M(P)
A

t—o00

with equality only permitted when

1
lim — [ audp # 0.
tJa

t—o00

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

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

dim, 2(0,8) = sup }lfjﬁl 1€ Dar(®) and 9(s) = 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 erists an ergodic measure o supported on K2 (a,b) such that

hyu (P)

dimy, po = f i
A (63

—dimqu)(a,b)‘ <e

4. the spectrum o+ dim,, K2 (a,b) is continuous on int P(M(P)).

Notice that here we no longer require that span{a,b,u} C £(X) as in [BH21b]. More-
over, 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 sec-
tion. Let X be a compact metric space, T' : X — X a continuous map. We write
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M(T) to denote the space of T-invariant measures, Mc,4(T") the space of T-invariant er-
godic measures, and C(X) the space of continuous real valued functions defined on X.
Let ¢,1 € C(X), where [ tpdu > 0 for all 4 € M(T) with equality only permitted if
[ edp # 0. We consider the map P : M(T) — R given by

Pr(p) = }i :ZZZ

We also define the level sets for ¢, by

K3 (o) = {w € X : lim S:¢Ez; = a},

where S,h = Y72 h o T* for every function h: X — R.

Theorem 12 ([Cli13, 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') < oo.
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 [y pdp # 0. Then KZ(p,) =0 for every o ¢ Pr(M(T)), while
for every a € int Pp(M(T)) we have that

1. the level sets KX (p,v) satisfy the conditional variational principle

dim, KX (¢, 1)) = Sup{% e M(T) and Pr(p) = oz};

2. dim, KX (p,v) = inf{T,(q) : ¢ € R}, where T,(q) is defined by T,(q) = inf{t € R :
Pclassic(Q(QD - a¢) - t’LL) < 0};

3. For each € > 0 there exists an ergodic measure yi supported on K2 (¢,)) such that

h,(T
L)~ dim, K ()] <

Jx udp
Moreover, by Proposition 2.14 in [Cli13], one can see that the map

o — dim,, Kg(go, )

is continuous on int Pr(M(T)).

We recall that a sequence of functions F = (fy,)n>1 is asymptotically additive (with
respect to T') if for each £ > 0 there exists a function f such that

. 1
limsup —|| fr, — Sn.f|co < €.
n—oo N
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We also recall that a sequence F = (f,),>1 is almost additive (with respect to T') if
there exists C' > 0 such that

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

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

KT(F,9) = {x e X lim 129 :a},

n—oo gn(gj)

and also the map Qr : M(T") — R defined by

. [y fadp
Qp(p) = lim .
(1) n—00 fX gndp
Corollary 13. Let X be a compact metric space and T : X — X a map satisfying the
conditions in Theorem 12. Then KL (F,G) = 0 for every a ¢ Qpr(M(T)), while for every
a € int Qp(M(T)) we have that

1. the level sets KL (F,G) satisfy the conditional variational principle
hu(T)
Jx udp

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

dim, KX(F,5) = Sup{ cpn eM(T) and Qp(p) = a};

3. For each € > 0 there exists an ergodic measure y supported on KX (F,G) such that

T
‘M — dim, KT(7,9)| < e.
Jx udp
4. the function o — dim, K1 (F,G) is continuous on int Qp(M(T)).
Proof. By Theorem 1.2 in [Cun20] there exist f,g € C(X) such that

.1 .1
lim —|fn — Snflloo =0 and lim —|g, — Spgllcc = 0.
n—oo N n—oo n

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

P((](gj - 049) - S’LL) = Pclassic(Q(f - ag) - su)
for every q,a and s € R. Moreover, Pr(u) = Qr(u) for all u € M(T), and KI'(F,9) =
KZX(f,g) for each o € R. Hence, the result now follows directly from Theorem 12. O
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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 j there exist ergodic measures v, for n € N such that v, — p in the weak®
topology and hy,, (T') — h,(T') (or hy, (®) = hyu(P)) when n — oco.

In order to give some examples having entropy density of ergodic measures, we will first
recall a few notions. Given § > 0, we say that T has weak specification at scale § if there
exists 7 € N such that for every (z1,n1),...,(xg,nk) € X X N there are y € X and times
Y1, ---5Ye—1 € N such that v; <~ and

dp, (T5 Y1 (y), ) < § fori=1,... k,

where s; = Z:::l n; + Z:;} ~v; with ng = 79 = 0. When one can take v; = v for i =
1,...,k — 1, we say that T has specification at scale §. 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 0.

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,(T) 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 ® = (¢;)wer be a continuous flow
on a compact metric space X. We say that ® has weak specification at scale § > 0 if there
exists 7 > 0 such that for every finite collection of orbit segments {(z;,t;)}%_,, there exists
a point y € X and a sequence of transition times 1, ..., k-1 € [0,7] such that

dtj(¢sj,1+’7j71 (y),ﬂj‘]) <4 for J=1 "'7]{77

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 approximating orbit y € X to be periodic, and the transition times ~; close to 7, 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 O
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 subsec-
tion 2.2. Let us start proving the result for almost additive families a and b.

Let’s consider the following level sets

K®(a,b) = {x eA: lim ZZ((Q = a}, K17 (c,d) == {x €Z: lim Zii; = a},
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where ¢ = (¢y)neny and d = (dy, )nen are almost additive sequences of continuous functions
given by ¢, () = ar, () (7) and dp(z) = b;, (2)(x) (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

d nd
P(p) := lim Jx an = lim L end
t—+o00 fX bidy  n—+oc fX b, dv

= Qr, (v). (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, K2 (a,b) = dim,{¢s(z) € A: x € Ky(c,d) and s € [0, 7(z)]}

. : T (29)
=inf{ € R: Ng(Kq,(c,d)) = 0} = dimy, K7 (c,d).

Now we are going to check the conditions to apply Corollary 13 for the map T and the
sequences ¢ and d. In fact, since ® is expansive, one can verify that 77 is also expansive,
which implies that v +— h,(T%) is upper semicontinuous. Moreover, by Abramov’s entropy
formula (identity (12)), we have

hy(Tz) < hy(®)supt < h(®)sup T < 00

for every v € M(Ty), and then h(Tz) < co. Letting D be the space of Hélder 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;_, s % i) A bedp >0 for all € M(®) with equality only permitted
when lim;_, o % i) A atdp # 0. It follows again from Lemma 3.4 in [BH21a] that

. 1
limy, 0 37 [ cndv = lim E ardp and

[, Tdv too t
limy, o0 = [, dnd 1
i %f nde Y= tim < [ bdp.
5 Tav t—oo T Jp

for every ®-invariant ergodic measure p induced by an ergodic Tz-invariant measure v.
Since fZ 7dv > 0 for all v € M(Tyz), we obtain that lim, % fZ d,dv > 0 for all v €
Merg(Tz) and, in particular, that

1 1
lim — / dpdv =0 implies lim —/ cpdv # 0 for all v € Mg, 4(T7). (30)
z z

n—oo N n—oo n

Now observe that T, : Z — Z is topologically mixing and is conjugated to a topological
Markov chain o : ¥4 — ¥4 (see subsection 2.2). From this, one can see that T has
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entropy density of ergodic measures which, in particular, implies that Me,4(7%) is dense
in M(Tz). Let n € M(Tz). By the density of Me,4(T7) in M(Tz), given € > 0 there exists
v € Merg(T7) such that

1 1
/ —dnpdn > / —d,dv —e for every n > 1.
zn zn

Then ) )
lim —/ dpdn > lim —/dndu—az—s.
Z Z

n—oo M, n—o00 M,

Since the measure n and € > 0 are arbitrary, we conclude that lim,, s % f 4 dndv >0 for
every v € M(Tz).

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

1 1
lim —/ dpdn — lim —/ d,dv
n—oon [, n—oon [,

Now suppose that

<e and <e.

(31)

1 1
lim —/ cpdn — lim —/ cpdv
n—con ), n—ocon ),

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 implies lim —/ cpdn # 0 for all n € M(Ty),
n—ocon )z n—oon J,
as desired. Now we finally are in the conditions of applying Corollary 13.
Let pn € M(Tz) with Qp,(u) = a. By applying item (1) of Corollary 13 to the map
Ty : Z — Z and the sequences ¢ and d, we have

h, (T
dim;, K27 (c,d) > JuulTz)
/. 7 Tudpt
Given any ¢ > 0, by item (3) of Corollary 13, there exists v € M¢pq(T7) with Q7, (V) = «
such that
hy(Tz) hu(Tz)

> dimy, K17 (c,d) — e >

[, Ldv = [ Ldp
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Since the measure pu and € > 0 are arbitrary, we obtain that

hy (T :
sup{ (Tz) (U EMeg(Tz) and Qp,(v) = 04} > dimy, KaTZ(C, d).
Jx Ludv

Then, from the fact that M,4(T7) C M(T), we conclude that

ho(Ts)
Jx Ludv

Now it follows from (11), (12) and (28) that for each v € Me,y(T7) with Q7,(v) = «,
the induced measure 1 € Me,(®) is such that P(n) = «, and

P~ (o) () - (250 () - e
Hence, it follows from (29) and (32) that

)
%%Kﬂmm:w%%%ﬁfueMm@)am wmza}
A

and this proves the item (1) of Theorem 11.
Now let us prove the item (2). For each p € Mepg(®) induced by v € Merg(T7), we
have

dim;, K17 (c,d) = Sup{ v EMeg(Tz) and Qp,(v) = a}. (32)

hy(®) + lim % q(a; — aby)dp — s/ udp

t—o0 A A
~ h(Tz) | Mmoo [ a(cn — ady)dv B s [, Tudv
N [, Tdv [, Tdv [, Tdv

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

t—o0

1
hy(®) + lim — [ q(ay — aby)dp — S/ udp
tJa A

1
< ' — —
< h,(T7)+ lim lq(cn — ady) S[u]dy<inf7>

n—oo VA

< Pla(e—ad) —s1) (- ).

inf 7

which implies that

P(Q(a—ab)—su)SP(Q(C—ad)—sIu)< 1 >

inf 7
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for every a, q,s € R. Hence, T,,(q) < T7,(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
(ala =) = s0) > Plafe - ad) - 51 -
for every a,q,s € R. Then, T,(q) > T7,(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{T},(q) : ¢ € R}
for each a € int P(M(P)), as desired.
In order to prove item (3), we just observe again that
dim, K% (a,b) = dim;, 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(®P) is dense
in M(®). Additionally, recall that T; also has entropy density of ergodic measures.

By (28) we already know that P(Merq(®)) = Q7, (Merg(T2)). Since Mepg(P) = M(P),
Merg(Tz) = M(Tz), and the maps p — P(p), v — Qr, (v) are continuous, we have that

Qr, (M(T2)) = 1, (Merg(17)) = O, Werg (12))
= P(Marg (@) = PNy (B)) = POV(D)).

(34)

It follows from item (4) of Corollary 13 that o + dim;, K17 (c,d) is continuous on
int Qr, (M(T%)). Since dim, K2 (a,b) = dim;, K17(c,d), by (34) we conclude that the
map o+ dim, K2 (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. O

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].

As a final note, 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 [Clil3] to include continuous potentials is crucial for our extension
to asymptotically additive families.
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