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The Dual Potential, the involution
kernel and Transport in Ergodic
Optimization

Artur O. Lopes, Elismar O. Oliveira, and Phillippe Thieullen

Abstract We address the question of optimal transport from a maximizing
probability to another. Consider the shift o acting on the Bernoulli space
Y = {1,2,...,n}N. We denote Y = {1,2,..,n}2 = ¥ x X. We analyze
several properties of the maximizing probability .., 4 of a Holder poten-
tial A : ¥ — R. Associated to A(x), via the involution kernel, W(x,y),
W : ¥ — R, one can get the dual potential A*(y), where (z,y) € 2. We
assume that the maximizing probability fieo 4 is unique. Consider fioo 4+ a
maximizing probability for A*. We also analyze the same problem for ex-
panding transformations on the circle.

We would like to consider the transport problem from fios 4 t0 fioo, ax-
In this case, it is natural to consider the cost function c(z,y) = I(z) —
W (x,y) + 7, where I is the deviation function for fio 4, as the limit of
Gibbs probabilities pg4 for the potential SA when 5 — oo. The value 7 is
a constant which depends on A. We could also take ¢ = —W above. We de-
note by K = K(too, 4, oo, 4~ ) the set of probabilities 7j(z, y) on ¥, such that
T5(0) = Hoo,a, and 5(0) = fioo,a- -

We describe the minimal solution /i (which is invariant by the shift on by )
of the Transport Problem, that is, the solution of

it [ [etwy)di= - max [ [Wi)-di

The optimal pair of functions for the Kantorovich Transport dual Problem
is (—=V,=V™*), where we denote the two calibrated sub-actions by V' and V*,
respectively, for A and A*. For a certain class of potentials A we show that the
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involution kernel W satisfies a twist condition and, finally, we analyze, in this
case, if the support of fi is a graph. We also analyze the question of finding
an explicit expression for the function f : ¥ — R whose c¢—subderivative
determines the graph.

1.1 Introduction

It seems natural to try to investigate the connections of Transport Theory
with Ergodic Theory. Some results on this direction appear in [Kl] and [?].
Here we follow a different path.

Given a continuous function A : ¥ = {1,2,3,...d}N — R, we call fio0, 4 a
maximizing probability for A, if [ Adv attains the maximal value in ji A,
when the probabilities v range among the set of invariant for the shift acting
on the Bernoulli space X. We denote by m(A) this maximal value.

Such maximizing probabilities po, 4 can be seen as the equilibrium states
at zero temperature [BLLcol, [CG] [CLT] [Le] [J1] [B1] [Mo] for a system on
the one dimensional lattice N with d spins in each site and under the influence
of an interacting potential A.

A main conjecture on the area claims that for a generic Holder potential
A the maximizing probability has support in a unique periodic orbit for the
shift (for a partial result see [CLT]). This conjecture was recently proved by
G. Contreras (see [CO]).

We address the question of finding the optimal transport plan from a
certain maximizing probability to another. More precisely, we would like
to consider the transport problem from fiso a4 t0 ploo 4+, where A : X =
{1,2,3,..,d} — R is a Holder potential and A* its dual (see [BLT]).

We consider here that A acts on the variable  and A* in the variable y.
A function W (z,y) called the involution kernel will play an important role in
the theory. The twist condition for W is a kind of convexity assumption. We
will describe bellow in all details the setting we are going to consider in the
present paper. We will also provide several examples to illustrate the theory.

We assume here in most (but not all) of the results that the maximizing
probability e 4 (on X) for A is unique.

We denote by [t the minimizing probability over

2 ={1,2,3,..,d}* =Y x %,

for the natural Kantorovich Transport Problem associated to the —W, where
W(z,y), for (z,y) € X x X, is the involution kernel associated to A (see
[BLTY).

We will denote by & the shift on Y. The probability fin.z, the natural
extension of 1o 4, is described in [BLT].
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We point out that by its very nature the Classical Transport Theory is
not a Dynamical Theory (in the sense of considering invariant probabilities)
[Vil] [Vi2] [Ra]. One have to consider a cost which is obtained from dynamical
properties in order to get optimal plans which are invariant for 6.

Recent results in Ergodic Transport are [LM4], [GL4], [CLO], [LMMS] and
[LOJ.

First we show that:

Theorem 1. The minimizing Kantorovich probability ji on ¥ associated to
—W, where W is the involution kernel for A, is fimaz-

The calibrated subactions V play an important role in Ergodic Opti-
mization. They can help to find the support of the maximizing proba-
bility (see [BLLco], [J1] or [CLT] for instance). Moreover, if we denote
R(z) =V(o(x)) = V(x) — A(x) + m(A), then I(x) =3, R(c™(x))) defines a
nonnegative lower semicontinuous function (can be infinite at several points)
which is the deviation function for the family of Gibbs states associated to
A when the temperature converges to zero [BLT] (see [BCLMS] [LM4] for
the case of the XY model). For a class of explicit nontrivial examples of
subactions V' see [BLM].

Theorem 2. If V is the calibrated subaction for A, and V* is the calibrated
subaction for A*, then, the pair (=V,—V*) is the dual (=W +1I )-Kantorovich
pair of (foo, A, oo, A% ), When I is the deviation function for A.

Finding the optimal transport measure between two probabilities is the
solution of the so called relaxed problem [Vil]. If we want to find a measur-
able transformation (the Monge problem) which transfers one probability to
another we need to show that the graph property is true in the support of
such probability (which does not always happen if one considers a general
cost function) [Vil].

Finally, we analyze here the graph property for the support of the 4z
(over y= {1,2,3,..,d}*) which is the minimizing probability for the cost
function —W.

One can consider in the Bernoulli space X = {0,1}" the lexicographic
order. In this way, z < z, if and only if, the first element ¢ such that, z; =
zj for all j < 4, and x; # z;, satisfies the property z; < z;. Moreover,
(O, x1,Ta, ) < (1, x1,Tg, )

One can also consider the more general case ¥ = {0,1,...,d — 1}, but in
order to simplify the notation and to avoid technicalities, we consider only
the case X = {0, 1}

Definition 1. We say a continuous G : Y = ¥ x ¥ — R satisfies the twist
condition on Y, if for any (a,b) € X' = X x X and (da/,b0') € ¥ x X, with
a’ > a, b’ > b, we have

G(a,b) + G(d',b') < G(a,b') + G(d',b). (1.1)
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The twist condition is inspired in the Aubry-Mather Theory [Ban] [CI]
[Go] [GT1] [GT2]. It is quite natural concept in Classical Optimization and
Transport Theory [Mi] [Ba] [Del] [Vil] [Vi2] [Ra] [CLO] [LOS] (see [LO] for
dynamical examples).

We point out that in Mather Theory in order to have the graph property
(see [Mat] [CI]) for the minimal action measure it is necessary to assume
that that Lagrangian is convex in the velocity. We need in our setting some
technical assumptions to replace this important property. We believe that
the twist condition is the natural one.

Definition 2. We say a continuous A : X' — R satisfies the twist condition,
if its involution kernel W satisfies the twist condition.

The involution kernel of A is not unique (see [BLT]), but if the above
property is true for some W, then it will also be true for any other one.
Our final result is:

Theorem 3. Suppose W satisfies the twist condition on f], then, the support
Of ﬂ'rnaw = ,[L on X is a gmph.

We point out that it can exists (not always) a unique point in the support
of fi such that its orbit has two points in the support of the vertical fiber.
But this orbit is a zero measure set.

A similar definition can be consider for an expanding transformation on
[0,1], and we are also able to get the analogous graph property result. This
also includes the case of T'(z) = — 2z (mod 1).

We present in the appendix in the end of the paper several examples (and
computations) where one can write the involution kernel W explicitly and
the twist condition is satisfied.

First we will explain all preliminaries we will need later.

Consider X a compact metric space. Given a continuous transformation
f: X = X, we denote by M the convex set of f-invariant Borel probability
measures. As usual, we consider in M the weak™® topology.

The standard model used in ergodic optimization is the triple (X, f, My).
Given a potential A € C°(X), we denote

m(A) = max /XA(J:) dv(x). (1.2)

VGMf

We are interested here in the characterization and main properties of A-
maximizing probabilities, that is, the probabilities belonging to the set

(e My [ Aw) dulo) = m(a), (1.3)

We will assume here that A is Holder.
In the following we will also assume that the maximizing probability
Moo, A = Moo 1S unique.
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Under reasonable hypothesis (expanding, hyperbolic, etc.) several results
were obtained related to this maximizing question, among them [BLLco, CG,
BLT, B1, B2, CLT, HY, J1, Mo, Le, J2, LT1, TZ, Sa, BG, GT1, GT2].
For maximization with constraints see [GL1, LT2]. Questions related to the
dynamics on the boundary of the fat attractor appear in [LO]. Naturally,
if we change the maximizing notion for the minimizing one, the analogous
properties will also be true.

Our focus here will be mainly on symbolic dynamics and on expanding
transformations on S* or the interval [0, 1]. We recall some basic definitions
(see [BLLco] or [CLT] for example).

So let o : X — X be a subshift of finite type defined by a matrix C of 0
and 1, where o(zg, 21, Z2,..) = (21, 22,23, ..). In this case we are considering
X =X =1{1,2,3,..,d}}, and f = o. Remind that, for a fixed A € (0,1),
we consider for ¥ the metric d(x,%X) = A, where x = (x9,21,...),X =
(Zo,Z1,...) € ¥ and k = min{j : 2; # Z;}. In this situation, given a Holder
potential A : {1,2,3,..,d}Y — R, one should be interested in A-maximizing
probabilities for the triple (X, o, M, ), where the probabilities are consider
over B, the g-algebra of Borel of Y. In order to simplify the notation here we
will consider the full Bernoulli space (all entries of C' are equal to 1).

Given an C'*® expanding transformation 7 of fixed degree on S' and
A: 81 — R we will interested in A- maximizing probabilities on (S, T, M7),
where the probabilities are consider over B, the o-algebra of Borel of S!.

One can consider the analogous setting for C''*® expanding transforma-
tions of fixed degree over [0, 1].

Convex potentials A : [0,1] — R and the transformation T : [0, 1] — [0, 1],
given by T'(z) = 2z (mod 1), were considered in [J3] where it was shown that
the maximizing probabilities in this case are Sturm measures. For T'(z) equal
to — 2z (mod 1) however, the situation is completely different (see [JS]).

Definition 3. A function u € C°(Y) is a sub-action for the potential A if,
for any x € ¥ = {1,2,3,..,d}Y, we have

u(x) < u(o(x)) — A(x) + Ba. (1.4)

Let (X*,0*) be the dual subshift.
In the case of the full Bernoulli space (all entries of C' equal 1) then X* =

{17 27 37 LX) d}N and U*(y07 Y1,Y2, ) = (yla Y2, )A

We consider the space of the dynamics (X, &), the natural extension of
(X,0), as subset of ¥* x X. In fact, if y = (...,y1,y0) € X* and x =
(zo,x1,...) € X, then 5 will be the set of points

<yY,r >= (...,yl,yo\xo,xl,...) e X x X,

such that (yo, o) is an allowed word (no restrictions when we consider the
full Bernoulii space). In this case

o ( o 7y17y0|$07‘r17 ce ) = ( .. 7ylay07$0|$17$27 .. )
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We point out that we use here the notation < y,z >= (z, y). For functions
b: Y — R, we denote its value on < y,z > by b(x,y).

We define the map 7: X — X by 7(z,y) = 7y (x) = (yo, T0, 1, - . .).

Note that, if m, : X — X is the projection in the x coordinate, then,
ry(x) =7y 0671 (2,y).

We denote by 7y, (x,y) = y the projection on the second coordinate.

Note that 6! (z,y) = (1,(x), 0" (v)).

Definition 4. A continuous function V : X — R is called calibrated subac-
tion for A, if

V(z)= m(aii (V(2) + A(z) — m(A)).
(In other terms, V is a calibrated subaction if for any = € X, there exists
z € X, such that, o(z) = z, and V(2) + A(z) — m(A) =V (z) ).

Note that for all z we have
Vie(z)) = V(z) — A(z) + m(A) > 0.

We show bellow some explicit expressions for calibrated subactions for a
class of potentials A.

We point out that we will also consider here analogous results for an
expanding transformation T : S* — S* (or, T : [0,1] — [0,1]) of class C1*,
and a Holder potential A : S* — R (or, A :[0,1] = R) as in [CLT]. The case
T(x) = — 2z (mod 1) is one of the examples we have on mind.

In this case one could consider analogous problems in S* x S1, or, S x X,
if one consider the symbols ¢ which index the inverse branches 7; of T' [LOS]
[LOJ. The existence of involution kernel, L.D.P. properties, etc, are also true.

The calibrated sub-action is unique (up to an additive constant) if the
maximizing probability is unique (see [CLT] [BLT] [GLT]).

We point out that we called strict in [BLT] what we denote here by cali-
brated.

We will use from now on the notation of [BLT].

Definition 5. Given A : X' — R Lipchitz, consider A*(y) (the dual poten-
tial), where A : X* — R, and W (z,y) = Wa(x,y) its involution kernel.
This means, by definition that for all < y,x >= (z,y) € X

A*(y) = Alry (@) + W7y (2), 07 (y)) = W(z, y)- (1.5)

This expression can be also written in the form

A (2,y) = A6 (@) + W6 (z,y) — W(z,y).

If A depends on just two coordinates we can take A* as the transpose of A.
Therefore, the above definition extends this concept in the case A depends on
infinite coordinates on the Bernoulli space. We say A is involutive if A = A*.
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We suppose that ¢ is a normalization constant for W in the sense that

/ / eV @Y= dy e (y) dva(x) = 1, (1.6)

where v4 and va« are respectively the eigen-probability for the Ruelle
operator of A and A* [CLT].

We also denote by ¢4 and ¢ 4+ the corresponding eigen-functions. Finally,
paA =vada = and pug- = vg+ 04+ are the invariant probabilities which are
the solutions of the respective pressure problems for A and A*.

For a fixed A we consider a real parameter 3, and the corresponding po-
tentials SA, and the eigenfunctions ¢g 4, and so on...

In Statistical Mechanics § is the inverse of temperature. In this way asymp-
totic results when 8 — oo can be consider as the ones which describes the
system in equilibrium at temperature zero.

Note that W is an involution kernel for SA, and its dual is SA*.

It is known (see for instance [CLT]) that a sub-action V' can obtained as
the limit 1
5 losdaa(). (1.7)

This V is a calibrated sub-action for A (see [CLT] [BLT] [GL1)).
We can also get a calibrated sub-action V* for A* using the limit

V(z) = Bh_)rréo

V*(y) = lim — logdga-(y) - (1.8)
B—o00 [3
From [BLT] we have

ba-(y) = / eWAEY < gy, (2),

Finally, we define for each x € X/,

o

I(m):Z[V oo —V—-(A-m(A))]o" (x),

n=0

where V is a (any) calibrated sub-action.

The function I, where I : ¥ — RU {oc}, can have infinite values, but it is
lower semi-continuous.

In [BLT] it is shown that for any cylinder set C' C X,

1
SHm 3 log pg 4(C) = — inf I(z)

In this way we get a Large Deviation principle for p1g 4 — fioo.
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Remember that we denote by % the unique maximizing probability for
A* (it is unique because s is unique for A, and, moreover, A and A* are
cohomologous in X).

All the results described above are true for expanding transformations 7'
of class C'*® on the circle S'. In this case we have to consider the natural
extension 7" of T'. This also includes the case of T'(z) = — 2z (mod 1).

In the case T : S' — S', given by T(z) = 2z (mod 1), we define 7'
in the following way: the Baker transformation associated to T', denoted by
T(z1, ), where T : [0,1]2 — [0,1]?, is such that satisfies for all (z1,zs) €
[0,1]2, T'(z1, T*(x2)) = (T(x1),x2) (see picture bellow) . In this case T* :
St — S with T*(y) = 2y (mod 1), T plays the role of &, and T* plays the
role of ¢*, on the definitions and results above.

All the above apply for an expanding transformation T' : S' — S!, or
T:00,1] — [0,1]

The transformation 7" on S x S, contract vertical fibers by forward iter-
ation and expand (and cut) vertical fibers by backward iteration.

v

Characterization of S

Remember Phat we said that W K Y = ¥ x ¥ — R satisfies the twist
condition on Y, if for any (a,b) € X' = X x X and (da/,0') € ¥ x X, with
a’ > a, b’ > b, we have

W(a,b) + W(d',b") < W(a,t') + W(d',b). (1.9)

We have the analogous definition for expanding transformations on the
interval:

Definition 6. We say W : [0, 1] — R continuous satisfies the twist condition
on [0,1]2, if for any (a,b) € [0,1]> and (a’,V’) € [0,1]?, with a’ > a, V' > b,
we have

W(a,b) + W(d',b") < W(a,t') + W(d',b). (1.10)
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Same definition for W on S! x St.
When z,y € [0,1] (or, on S!), the condition

W (z,y)

Ox Oy <0,

implies the twist condition for W.

Example 1 Consider the transformation T : S' — S, given by T(z) =
—2x (mod 1) and A(x) = a+ bz + cx?, where a,b, c are constants and ¢ > 0.
In item b) in the appendiz we show an explicit expression for the W-kernel
and we prove that W satisfies the twist condition. From this, we can get an
explicit expression for the calibrated subaction for a certain potential (see
remark 6 in the appendiz).

We point out that for considering the system above in S1 we have to assume
above that A(0) = A(1). If we are interested in the case of [0, 1] the same result
can be obtained but we do not have to assume A(0) = A(1).

Moreover, we also show in item c¢) in the appendiz that a certain class of
analytic perturbations of A(x) = a + bz + cx? produces W -kernels which are
twist.

Example 2 In item d) in the appendiz we show an example of a W-kernel
for a continuous potential A, and for the action of the shift o on the Bernoulli
space {0, 1}, which is twist.
Example 3 Consider the Gauss map T(z) = L —[1] on [0,1].

We can define the Baker transformation associated to T, denoted by
T(z1,2), where T : [0,1])% — [0,1]2.

The W kernel for A(x1) = —log T (x1), which is W (x1,22) = —2 log(1 +
x1x2) (see [BLT]).

It is known that the dual of A = —logT’ is A* = —logT" (see Proposition
4 in [BLT]).

The mazximizing probability for such potential —logT'(x) = 2log(x) is the

V5—1

— (see for

6-Dirac in the fized point b, where b is the golden mean b =
instance [CG]). In this case m(A) = 2log(b).
Note that W is differentiable on any point (x1,x2) € [0, 1]2.
One can easily see that an explicit calibrated sub-action u (unique up to
an additive constant because the mazximizing probability is unique [GL1]) sat-

1sfying

u(z) <uw(T(x)) — A(z) + m(A), (1.11)
is u(x) = W(xz,b) = —2 log(1 + x b).
Note that W (2.y)
gy <O

and, therefore, W 1is twist.
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Example 4 Suppose T(x) is —2x (mod 1), T : [0,1] — [0,1] and A : [0,1] —
R is Holder and monotonous. Under some assumptions on A one can get
cases where the mazximizing probability is unique and with support on the
right fized point p (see [JS]). In the same way as in last example one can
show that V(x) = W (x,p) is a calibrated subaction.

If one considers on the interval [0,1] the potential A(x) = z? then we
are under such assumptions. One can show that A*(y) = y?, and W (z,y) =
(1/3) (22 + y?) — (4/3)xy (see remark 5 in item b) in the appendiz). In the

O W(zy)
same way —g5= < 0.
Example 5 Consider the transformation T : S' — S, given by T(x) =
—2x (mod 1) and A(z) = —(x — 3)* (a continuous potential on S*) for
which all results in [BLT] apply (see also [LO] where it is shown in this case
the graph property).

The mazimizing probability has support in the periodic orbit of period 2 [?]
[J6].

One can define the continuous Baker transformation associated to T, de-
noted by T(J?l,l‘g)A, where T = [0,1]2 — [0,1]2 is such that satisfies for all
(1‘1,21?2) S [0, 1]2, T(xl,T(xQ)) = (T(l’l),lig).

In this case, we show in remark 6 in the appendiz that a smooth W -kernel
is:

W(z,y) = —(1/3)2” — (1/3)y® + (4/3)xy — (2/3)z — (1/3)y.

The dual potential A* is equal to A.

This W -kernel is not twist because Ew

(z,y)
oz~ > -

It follows from a general result presented in [JS] that any mazimizing mea-
sure for this potential is fioo = (1—1)01 /341023, wheret € [0,1], so the critical
value is m = A(1/3) = A(2/3).

It is easy to verify that,

Vi(z) = (W(x,1/3) = W(1/3,1/3))X[0,1/2)(®)+
W(x,2/3) — W(2/3, 2/3)X[1/2,1] ()
= max{W(x,1/3) — W(1/3,1/3),W(x,2/3) — W (2/3,2/3)}

1s a calibrated subaction for A.
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-0,05+

-0,104

-0,154

-0,20

s CUTVE | — Cyrye ) — Curve 3

W(z,1/3) — W (1/3,1/3)=red, W (x,2/3) — W(2/3,2/3)=blue and ¢p=black - The
calibrated subaction is the supremum of the two functions described in the picture.

This calibrated subaction is not analytic but piecewise analytic (see [LOS]
for more general results).

Example 6 Consider the transformation T : S' — S, given by T(z) =
—2x (mod 1) and A(x) = (x — 5)? (a continuous potential on S*) for which
all results in [BLT] apply.
In this case we show in item b) in the appendiz that a smooth W -kernel
18:
W(z,y) = (1/3)2” + (1/3)y* — (4/3)xy + (2/3)z + (1/3)y.

The dual potential A* is equal to A.
This involution kernel W is twist.

Similar results can be obtained for T' : S* — S given by T(z) = 2z
(mod 1) and A(z) = —(z — 3)? (a continuous potential on S*)

Definition 7. Given G : ¥ — R upper semi-continuous, and f (z) continu-
ous, where f : X — R, we define the G-transform of f, denoted by f#(y),
where f# : ¥* — R, the function such that

7#(y) = max {~(z) + Gla,y)}. (112)
We can use also the notation fé& , instead of f#, if we want to stress the
dependence on G.

In this case we say that f# is the G-conjugate of f [Vil] [Vi2]. We use the
notation of [R] page 268.

Note that, if we add a constant to f, then new f# will be obtained from
the old one by subtracting the same constant. Therefore, in this case the sum
f(x) + f#(y) will be the same.
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We are interested, for example, when G = —W or G = —W + I.
A similar definition and properties can be consider for expanding trans-
formations on [0, 1].

Proposition 1. If V is a subaction for A, then V# = V‘ff is a subaction for
A*.

Proof: Given y there exist z° such that

VH(e" (y)) = V¥ (y) = max {-=V(z) + W (@, 0" ()}
max {~V(2) + W(z,y)} =
max {~V () + W(z,0"(y))} = (=V(20) + W(z0,9)) 2
—V(ry(20)) + W(ry(20),0" (1)) + V(20) — W(z0,y) =
A(ry(20)) = m(A) + W(ry(20), 0" (y)) = W(z0,y) =

A% (y) —m(A) = A*(y) — m(A7).

The subaction you get by —W -transform is not necessarily calibrated.

Note that if we add a constant to W (the new W will be also a W-Kernel),
then all of the above will be also true.

In a similar way like in the reasoning of last proposition one can get:

Proposition 2. If V* is a sub-action for A*, then

(V) (2) = max {—V*(z) + W(z,2)}

is a subaction for A.

Analogous definitions can be consider for an expanding transformation
T :S* — S!. This also includes the case of T(z) = — 2z (mod 1).

1.2 The transport problem

We assume the maximizing probability po, for A is unique.
We denote by u’, a fixed maximizing probability for A*. A
We denote by K(poo, pi,) the set of probabilities 7j(z,y) on X, such that
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T2 (1) = poo, and my(h) = i, .

We are going to consider bellow the cost function ¢(z,y) = I(x)-W (z,y)+
v, which is defined for x such that I(x) # occ.

The Kantorovich Transport Problem: Given A (and all the proba-
bilities described above) we are interested in the minimization problem

Cluepiz) = it [ [1@) =~ Wizy) + ) di =
NER (Moo, 15,)

inf c(x,y)dn =
ﬁG)C(#om#;o)//( y) K

max )//(W(x,y)—'y—[(x))dﬁ (1.13)

NER (Hoo s M3,

where, I is the deviation function for pe, = limg_,o pga (see [BLT]),

% = / / W) dyg 4 () dva- (y), (1.14)

and
= lim 1 lo (1.15)
v= lm — cg, .
5 3 gCp

as in proposition 5 in [BLT].

We call ¢(z,y) = —W(z,y) + v+ I(z) the cost function. Therefore, c is
lower semi-continuous.

A probability 77 on Y which attains such minimum is called an optimal
transport probability. We denote it by mu.

We will show later that fi;,q., the natural extension of p.,, will be the
optimal transport probability fi.

Remark 1: Note that if we subtract the deviation function I(z) of the

cost function, that is, if we consider a new cost ¢(z,y) = —W(x,y) + v, the
problem above will not change, because I is constant zero in the support of
fhoo-

In other words

Clumpiz) = it [ [-Wep+ndn,
NEK (Koo 130)
and, the optimal transport probability will be the same.
In some sense this setting is nicer because the cost c is a continuous func-
tion on X

Definition 8. A pair of functions f(z) and f#(y) will be called c-admissible
(or, just admissible for short) if
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() = min {—f(z) + ¢(z,y)} (1.16)

In other words — f# is the —c-conjugate of — f.
Note that in this case, Va € X, y € X*, we have that

f@) + fFy) < clx,y).

We denote by F the set of all admissible pairs (f(y), f#(y)).

Under quite general hypothesis (the probabilities are perfect) the dual
maximizing problem will give the same value (see [Vil] [Vi2] or Theorem
1.1.1 in [Ra]).

The Kantorovich dual Problem: Given A (and all the probabilities
described above) we are interested in the maximization problem

Dipir %) = max( / Flbioo + / fEds). (1.17)

ff#)er

A pair of admissible (f, f#) € F which attains the maximum value will
be called an optimal pair.

We suppose, from now on, that the maximizing probability for A, denoted
by feo is unique.

We denote, as in [CLT] the calibrated sub-actions V and V* by

L
B

The above convergence is uniform and V is (up to constant) the unique
calibrated sub-action for A (see [CLT] [BLT] [GL1]).

We will show later that (f, f#) such that f(x) = —V(z) and f#(y) =
—V*(y) is the optimal pair.

. 1
lim —
B—o0 6

log ppa(x) and V*(y) = logppa(y) . (1.18)

V(z)= Bli_>n;o

Important property: If /i is an optimal transport probability and if
, f7) is an optimal pair in F, then the support of /i is contained in the set
[

{<y,z> e ¥|such that (f(z)+ f#(y)) = c(z,y) }. (1.19)

It follows from the prime and dual linear programming problem formula-
tion. The condition above is the complementary slackness condition (see [EG]
[Ra] [GM]).

The reciprocal of this result is also true (see [Vi2] Remark 5.13 page 59).

If # and y are such that (f(z) + f#(y)) = c(z,y) we say that they are
realizers for the cost c. In [CLO] it is shown that the set of realizers for I —W
is invariant by the dynamics of 6. In this section we are mainly concerned
with the support and not with all realizers.
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If one finds /» an an admissible pair (f, f#) satisfying the above claim (for
the support), then, one solves the Kantorovich problem, that is, one finds the
optimal transport probability fi .

No we will prove Theorem 1.

Proposition 3. The minimizing Kantorovich probability [i on Y associated
to =W is fimaz-

Proof: Proposition 10 (1) in [BLT] claims that if fine, is the natural
extension of the maximizing probability p, then for all < p*|p > in the
support of [y, we have

=Vi(p) = V*(p*) = -W(p,p") + 7.

This is the same as saying that in the support of fiqz

—V(p) = V*(p*) = —=W(p.p*) + v + I(p) = c(p,p”),

because [ is zero in the support of .

Then if =V (z) and —V*(y) is an admissible pair, then fiy., is the op-
timal transport probability for such ¢(x,y). This will be shown in the next
proposition.

We will show bellow that the —c-transform of V' is V*.

O

Note that if W is a W-Kernel for A, for all 5, we have that SW is a
W-Kernel for JA. We denote by cg the normalizing constant for SW, as in
[BLT]. It is known that %log cg =1.

Now we will show Theorem 2.

Proposition 4. The pair (—=V,—V*) is admissible.
Proof: For a fixed y we have to show that

Vi) = (“V)E = inf {~(-V(@) +c(e,0)}-

This is the same as

Vi(y) = sup { (=V(2)) — ez,y) } = sup { =V(z) = (v = W(z,y) + I(x))},

zeXl zeX

or, for all =
—Vi(y) <V(z)+c(z,y). (1.20)

From proposition 3 in [BLT] (we just write here W (x, y), instead of W (y, x)
there) we have

b (y) = / ¢ Walw)—es (x) =

pa(@) dppa
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/ e Walwy)—co—log dsa(®) gy (7).

Consider now the limit
, o1
V*(y) = lim — log(dpa-(y)) =
B—00 B
1
lim = lo P Walzy)—cp—logdpa(z) 4 7).
i g/ ppa(x)

From [CLT] The function % log(¢pa(x)) converges uniformly with 8 to
V(z).
Therefore, one can write

B—o0

1
lim B log/e’g Wa(z,y)—cg—log dpga(x) duga(z) =

1
lim = lo B (Walz,y)=v=V(z)) 4 x
gim 5 log / 1A (z)
Now, by Varadhan’s Integral Lemma [DZ] we obtain

Vi(y) = St;p{WA(ﬂc,y)*%V(w)*I(x)} = sgp{*V(wHW(x, y)—y—1I(z)},

where [ is the deviation function.
(|

Finally, we get that [i,,q, is the optimal transport probability for such
¢(z,y). From now on we will use either the notation /i or fi;,q, for the optimal
transport probability.

In [LOS] Transport Theory is used as a tool to show that in some cases the
calibrated subaction is piecewise analytic. In [CLO] some generic properties
of the potential A is considered and special results about the realizers of the
W — I are obtained.

The last theorem says: for any y € X* we have

Vi(y) = 316112){—‘/(%) —c(z,y)} (1.21)

Note that when y = p*, for p* in the support of u%,, the supremum
VE(p") = sup{=V(x) + W(z,p") —v = I(z)} = sup{-V(z) — c(x,p")},

is realized at © = p, for p in the support of p, (with < p*,p > in the support
of f1).
Remark 2: Remember that, if the maximizing probability for A* is

unique, then there is a unique calibrated sub-action for A* (up to additive
constant) [BLT] [GL1].
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Analogous definitions and properties can be obtained for T : S' — S,
This also includes the case of T'(z) = — 2z (mod 1).

We could, likewise, to consider, when the analogous problem for A*: given
A* (obtained from A) fixed, denote I* : X* — R, the non-negative deviation
function for pg 4 — plk.

Denote ¢*(z,y) = (I"(y) — W(z,y) + 7).

The consider the problem

o, 1) = // (I*(y) — W(ay) +7) dfy =
nelC(uoo i)

inf x dn = // iC + dn ,
WEK(HOOaM ) ¢ (@,y) di ne)C(uoc,uoo y)+)di

which have the same minimizing measures, as for the minimization for
c(z,y) = (I(z) — W(x,y) + v) among probabilities on K(ueo, p,)-
Note also that from proposition 3 in [BLT] we have

ppalz) = /65 Wa@w)—es _L__ W duga~(y) =

dpa+(y

/ B Wal(z,y)—cs—log ¢pax (y) dpga(y)-

In the same way as before one can show that for any x € X, we have

V(@)= (VOE = sp (V) — ' 0) (1.22)

Note that c¢(z,y) = ¢*(x,y) in the support of the minimizing fi,,q. for ¢
(or for ¢*) .

Remark 3: It is not necessarily true that ((—V*)% )% = —V*. However,
the expression is true when restricted to the support of the optimal transport
probability fimae. In the same way ((—V)# )# = —V in the support of i,z

(6]

1.3 Graph properties and the twist condition

Consider a lower semi-continuous continuous cost function c¢(z,y) on by (or,
a continuous cost function —W(z,y) on X). We refer the reader to [Ra] [Vil]
[Vi2] and [GM] for general references on transport mass problems.

Definition 9. A set S C X is called c-cyclically monotone, if for any finite
number of points (z;,y;) in S, j € {1,2,...,n}, and any permutation ¢ of the
n letters, we have
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(o (j)s Y5)- (1.23)
1

C(xjv yj) <
1 J

n
Jj=

n

Proposition 5. (see Theorem 2.3 [GM]). For a continuous function c(z,y) >
0, where X, if p € K(poo, t3,) is optimal for ¢, then, p has a c-cyclically
monotone support.

Corollary 1. The support of fimaz, the natural extension of peo is c-cyclically
monotone.

We will present bellow in the next theorem a direct proof of this fact.

Definition 10. A function f : X — RU{co} is c-concave, if there exist a set
A C ¥ x R such that

f(y) = sup {c(z,y) + A}
(z,\)EA

Definition 11. A function f : X — RU{oo} is c-convex, if (— f) is ¢-concave.

Definition 12. Given z € X, the set J, f(x) is the set of y € X such that,
for all z € X' we have

f(Z) - f((E) < C(Zay) - C(l‘,y)
In this case we say y is a c-sub-derivative for f in x.

An important problem is to know, for a certain given x, if the Do f(z) has
cardinality 1.

Proposition 6. (see Theorem 2.7 in [GM], Lemma 2.1 in [R] and section 4
in [Raf). For S C X to be c-cyclically monotone, it is necessary and sufficient

that S C dc(f)(x) = {(z,9) | f(2) = f(2) < c(z,y) — c(a,y), ¥z € X}, for
some ¢ concave f, where f: X — R U {oo}.
Moreover: f is defined in the following way: choose (xg,y0) € S, then

= inf n) — ny Yn
Fa) = it (el ~ o))+

(e(@n,yn—1) — (Tn-1,Yn-1)) + ...
+(e(@2, 1) — clar,y1)) + (e(a1,y0) — c(0,90) ) |-
We assume, without lost of generality that m(A) = 0.

Note that if S C Yisa graph, then for each z € X' in the z-projection of
S, we have that J.(f)(z) has cardinality 1.

_ Consider fixed (z0, o), (21, 1) in the support of fima. and (zo,y1), (z1,Y0) €
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Given a function f(z,y) we denote

Af ((zo,91)s (z1,90)) = (f(zo,y0) + f(z1,y1)) — (f(zo,y1) + f(fﬂl,y(o) ). |
1.24
Denote

blx,y) =I(z) +v—W(x,y) + V(z)+ V*(y). (1.25)

The c-cyclically monotone condition for the support of fi;g, will follow
from the claim

Ac ((o,y1), (x1,90)) = (c(xo,90) + c(z1, 1)) — (c(zo, y1) + c(@1,0) ) < 0.
(1.26)
This is so because any permutation of letters can be obtained by a series
of composition of transformations that exchange just two letters.
It will follow from the proof bellow that A.oo = A,

Theorem 4. Given A : ¥ — R Holder, then c(x,y) = I(x)—W (z,y)+vy > 0,
for all (z,y) € X. Moreover, for (zo,%0), (x1,y1) in the support of fimas, we
have A, < 0. Therefore, the support of fimaz 18 c-cyclically monotone.

Proof: First we point out that A, = A,. We will show that under our
hypothesis is true that A, <0
First note that

[Vios ™ —V* — A6 (x,y) = [V =V 06— A-W+Wod](x,y) =

[+ V(@) +Vi(y) =Wz, y)] + [Vos =V = Al(z,y) -
[Y+Vos+V* 06 —Wod|(z,y).
Remember (see [BLT]) that

I(x) :Z[V oo —V—A6" (z,y)
n=0
We denote
n—1
I, (z,y) = [Voo—V—A od&"(z,y)=I(x),
k=0
and

Ry (z,y) = Ly(z,y) + [v+V(z) + V*(y) = W(z,y)] -
(Yy+V+V* —W]é" (z,y).

We claim that if (z, y) is in the support of fi;nq., then b(x, y) = 0. Moreover,
for all (z,y) € X, we have b(x,y) > 0.



20 Artur O. Lopes, Elismar O. Oliveira, and Phillippe Thieullen

One can prove this result by means of Varadhan’s Integral Lemma ([DZ])
with the same reasoning as in the last proposition of the previous section.
We will give bellow a direct proof of the claim.

Either I(x) = oo, and the claim is trivially true or I(z) is finite. In this
case, any accumulation point of 6™ (z,y) will be in the support of fiymqz-

Moreover, b(z,y) = R(z,y) = lim, oo R,(x,y) > 0.

As in the support of fi;az, we have that R(z,y) = 0, then, b(z,y) = 0.

In any case R(z,y) > 0. This shows the claim.

We point out that A. = A, = Aw in the case I(z) is finite.

We also remark that if (zg,yo) is in support of fima., then as R(xo,yo)
is zero, it follows that R(xg,y) is finite . This is so because (zg,y) is in the
stable manifold of (xq,yo) and

Ry (x0,y) — Ru(zo,90) =
S{V* 067 = V' — A6H(0,y) — [V 0671 — V* — A%16* (20,30) }
k=1

Finally, if (20,%0) and (x1,y1) are both in the support of fmaz, then
R(zo,y1) < 00, R(x1,y0) < o0 and I(zg) =0 = I(z1).
Tn this case, for any (z,y) of the form (2o, yo), (z1,91), (1, 30), or (0, 91)

R(z,y) = I(z,y) + [y + V + V" = W](z,y) = bz, y).
As we know that R is non-negative, then

[b(xo,y0)+b(z1,y1)] - [b(x17y0)+b(z03yl)] =0- [b(x1’y0)+b(‘rﬂayl)] <0.

This shows that A, < 0.
O
We did not use the twist condition above.

Note that we could alternatively consider the function g : ) — R defined
in the following way: choose (xg,yo) € S, then

g(x) = inf [(W(x’yn) _W(xnayn) )+

neN, (z;,y;)€8,1<j<n
(W(Inyyn—l) - W(xn—la yn—l) ) + ..
+( W(x%yl) - W(xhyl) ) + (W(xhy()) - W(mOvyO))]v

which has the advantage of just taking into account a continuous function
w.

The graph property for S = support of i, and all kinds of different con-
siderations can be obtained from such g.

We want to show now that if W satisfies the twist condition and the
maximizing probability for A is unique, then the support of i on Yisa
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graph. Our proof works for the Bernoully space {0, 1,2, .., d}" as well for the
interval [0, 1] (considering T either conjugated to 2z (mod 1) or to —2z (mod

1)).
Consider the cost c¢(z,y) = I(z) — W(z,y) — v, and a subset S C X x Y
c-cyclically monotone.

Lemma 1. Suppose the c¢ satisfies the twist condition and let S be a c-
cyclically monotone subset, if (a,b), (a’,b') € S and a # a’ and b £ V', then
a<a andb>b,ora>a andb<l.

Proof. Indeed, suppose a < a' then, if b < ¥, the twist condition on W
implies that
c(a,b) +c(a’,b') > c(a,b') + c(d,b).

On the other hand, S is c-cyclically monotone subset, so
c(a,b) +c(d’, V) < e(a,b') + c(d’,b),
that is an absurd.

A similar property is true for W.
This Lemma means that the correct figure associated to a pair of points
in S is given by:

Forbidden zone
associated to (a,b)

! Forbidden zone
:associated to (a,b)

Characterization of S

We point out that, in principle, could exist points z of S in the vertical
fiber passing by a or in the horizontal fiber passing by b.
Now we will show Theorem 3.

Theorem 5. (Graph Theorem) Suppose the W -kernel satisfies the twist con-
dition and let i be the c-minimizing measure of probability to the transport
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problem, then S = supp fi is a graph in x (up to an orbit of measure zero),
moreover this graph is monotone not increasing.

Proof. In order to get advantage of the geometrical and combinatorial argu-
ments we will present pictures for the case of a transformation T : [0,1] —
[0,1], given by T'(x) = 2z (mod 1).

Define vt (z) = max{y|(z,y) € S} and v~ () = min{y|(z,y) € S}. In
order to prove that supp f is a graph we need to prove that v~ (x) = v+ (z)
for any x in the support of fi.

We say a point (z,y) in the support of fi is non-graph, if there exist another
point of the form (z, z), in the support of i, and such that z # y.

Note that the image of two points in the support of i on the fiber over
x will go on two different points in the support of ji on the fiber over o(x).
That is, the forward image by " of non-graph points will go on non-graph
points. This maybe can not be true for backward images by 6.

Suppose the support of the maximizing probability p, (unique) is a pe-
riodic orbit. If S is not a graph, then v~ (x) < v*(z) for some z. As the
transformation & contracts each fiber by forward iteration, we have that, the
image of the interval fiber from (z,v~(z)) to (z,v*(z)), by a finite iterate of
&, goes inside the fiber (z,v~(x)) to (x,vT(x)). Therefore, o* has a periodic
point in the support of pu . If the maximizing probability p. is unique for
A, then p¥ is unique for the maximization problem for A*. In this case the
support of u¥  is this periodic orbit. Therefore, there is a minimal distance
(in vertical fiber) between non-graph points and this is in contradiction with
the contraction on vertical fibers. The conclusion is that S is a graph if the
support of the maximizing probability p is a periodic orbit.

Remark 4: In the case of the shift, if suppus is a periodic orbit, one can
easily show that if

SUppPlieo = the orbit by o of (ag, a1, ..., am—1), ao, ...)

then
suppps, = orbit by o of (a(y—1), ..., a2, a1, a0, a@p-1);---)-
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a a(a) ;(

Support of fi in the periodic case.

We suppose from now on that the support of the maximizing probability
Lo 18 NOt a periodic orbit.

Forbidden Zone

>
X

Characterization of S

Suppose, that v~ (z) < v'(z) for some z, then we claim that there is
no other point in support of /i in the fiber by x between p; = v~ (z) and
pa = v (z). Indeed, from the above picture we see that if there exists a point
(x,p) in the support of fi such that v~ (z) = p1 < p < p2 = v¥(x), then, as
[ is ergodic, should exist a point (g1, ¢2) in a small neighborhood V' of (x, p)
such that returns by a forward n-iterate by & to V.
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This iterate has to return to the fiber, and this contradicts the fact that
the support of the maximizing probability i, is not a periodic orbit.

If the support of i is not a periodic orbit, then we claim that there does
not exist two pairs (1, 1), (1, 21) and (x2,y2), (2, 22), in the support of f,
such that, the orbits by ¢ of x1 and x5 are different.

In order to simplify the argument and notation we consider bellow T*(x) =
2z (mod 1), but we point out the reasoning apply to any expanding trans-
formation of degree d. Given y,, and z,, n = 1,2, there exist a rational point
of the form s, = 5, with 0 < ¢ < 2% ¢,k € N, such that y, < s, < 2,
n = 1,2. Consider the s, determined by the smallest possible value k.

The pair of points T‘T(mn,yn) and T‘T(xn,zn), r > 0, determine non-
graph points in the same fiber, for any r > 0, until time r = k. In time
r =k — 1, it happens for the first time that the horizontal fiber through 1/2
cuts the vertical segment connecting 7=~ (z,,,y,) and 7= (z,, 2,).

In this way, for each n, we get a horizontal forbidden region A,, (a hori-
zontal strip from one vertical side to the other vertical side of [0,1] x [0, 1])
determined by such pair 751 (z,,,y,) and T-* D (z,,. 2,), n = 1,2, which
contains the horizontal fiber through 1/2 .

If we apply the argument for n = 1, then the next forbidden region A, for
n = 2 will contain the previous one A;. Moreover, considering the full forbid-
den region determined by these two pair of points we reach a contradiction.

In the picture bellow we show the final pair of points ¢; and ¢, in a -orbit
(in the same vertical fiber) which has the property that its images p; and
po are on different sides of the upper and down rectangles. The images of p;
and py by ¢ are not anymore in the same vertical fiber (neither their future
iterates). There is no room for getting a different pair of p; and py like this
(because of the forbidden region) .

In this way, form above, we get that could exist just one orbit of = by o
such that over the fiber over x there is two points in the support. That is,
the projection K C X on the z-axis of the non-graph points have to be the
orbit of a single point x. Therefore, pio(K) = >, fico({c*(2)}).

We assume first that the set of non-graph points have probability 1 and we
will reach a contradiction. Indeed, po({0%(2)}) > poo({0?(2)}), for k > j,
and the p probability of the set {x} is zero or is positive.
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- o x
g2 \\\ — p1
\
\
T
p2
0 1 0 1

The dynamics on the support

Remember that the support of [ is invariant by 4.

Now we will show that, indeed, if there exists non-graph points, this set
has probability 1.

Note that if the vertical fiber by z € X is such that v~ (z) < v*(z), then
o(x) also has this property. If the transformation & we consider preserves
orientation in the vertical fiber then the iterates are in the same order. Oth-
erwise they exchange order. That is, the set of points (x,y) which are not
graph point are invariant by forward iteration by . Moreover, & is a forward
contraction in vertical fibers. Denote by B = { (z,v"(x)) in the support of
fi such that v~ (z) < vT(x)}. The set B is the upper part of the non-graph
part of the set S.

We will show that i(B) =0 or a(B) = 1.

We suppose first that ¢ preserves order in the fiber by forward iteration.

Consider B the set {(x,y) in the support of fi such that for some n > 0 we
have 6™ (z,y) € B}. Note that as B is forward invariant, once 6" (z,y) € B,
for some fixed n, then 6™ (z,y) € B, for any m > n.

We will show that 6~ B = B. The fact that 6~ 2B C B follows easily from
the definition of B.

Given z € B, there exists n > 0 such that 6" (z,y) € B. If n > 1,
then 6" 1 (6(z,y)) € B and, therefore, (x,y) € 6~ 'B. In the other case
(z,y) € B, but then (6(x,y)) € B, because & preserves order in the fiber,
and does not exist more than two points in the vertical fiber over o(x) which
are in S. Therefore, (z,y) € 6! B.

As [i is ergodic, then ji(B) = 0 or i(B) = 1.

If i(B) = 1, then take a Birkhoff point z € B for the ergodic probability
it. Therefore, we get that the asymptotic frequence of visit to the set C' =
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{(z,v(z)) in the support of fi such that v~ (z) < v (x)} (the bellow part
of the non-graph part of set S) is zero. Finally, we get that i(C) = 0. In the
same way [i(B) = 1.

If 4(B) = 0, we get that i(B) = 0. Now, using a similar argument for the
lower part of the non-graph part we get that i(C) = 1.

This shows that the 7 projection of the non-graph points has probability
one and this proves the theorem.

The above reasoning also applies to T'(x) = — 2z (mod 1) and to the shift
in the Bernoulli space.

1.4 Selection of minimizing sequences

In this section we want to exhibit a nice expression for the function f (defined
before) such that, the set {(x, 8, f (z)) |z € support piso} = support of fimae,
in the case the support of fi,,q; is a periodic orbit. In the end of the section
we address briefly the general case.

Definition 13. We say c : Y=YxY >R upper semicontinuous satisfies
the twist condition on X, if (bellow we just consider values of ¢ which are
finite) for any (a,b) € ¥ = ¥ x ¥ and (a/,V) € ¥ x ¥, with a’ > a, V/ > b,
we have

c(a,b) +c(a’,b') > c(a,b') + c(d,b). (1.27)

If W is twist and c(z,y) = I(x) — W(z,y) +, then c is twist. We assume
from now on this property.

Theorem 6. Suppose the support of fimas 1S a periodic orbit. Choose (xg, yo)
in such way that xo € X is the smaller point in the projection and yg € b3,
the smaller on the fiber over xg. From the above, in this case for any given
z € X, the f defined before is such that

f(2) = [(e(z4n) = c(@n,yn) )+

(c(Tn,Yn—1) = (Tn—1,Yn-1)) + ...
+ooo + (c(zs,y2) — c(x2,92) ) } +
(0(1'272/1) - C(xlayl) ) + (C(xlayO) - C($0,y0)) ]'a

where we use all the possible x; which are in the support of the maximizing
probability for A on the left of z, and for each x; we choose the corresponding
yi- In the notation of f above, the last one (xn,yn) = (xn(2),yn(2)) is such
that (zn,(2),yn(2)) = (xk—1,Yk—1). Which means n =k — 1.

Moreover, xg < x1 < X3 < ... < Xp.
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If z = xi for some element xy, in the support of pwa, then That is, in
the notation of f above, if xp_1 < z < Tk, then (Tn,yn) = (n(2),yn(2)) is
such that (z,,(zg), yn(zK)) = (Xg—1,Yx—1). The case z = i, is include in the
expression above for f. In this case x = x,41 following the above notation.
The index of the x; has no dynamical meaning.

Proof:

Consider the cost ¢(x,y) = I(z) — W (z,y) — v, and a subset S C X XY ¢-
cyclically monotone. Also, assume that c verifies the twist condition: If a < a’
and b < b’ then

c(a,b) + c(a’,b') > c(a,b') + c(a’, b).

In this way, the definition of ¢ implies that:
W(a,b) +W(a',b') < W(a,t') + W (d,b).

Define A(x,z’,y) = W(x,y) — W(a',y), so the twist condition can be
restated as: if a < a’, and b < b/, then

Aa,a’,b) < Aa,d’, V).

Therefore, if we define the map y — A(a, d’,y) we get a increasing map.
Observe that:

i) Az, 2’ y) = —A(2, z,y)

ii) A(z,z,y) =0

iii) Az, 2’,y) + Ala’, 2", y) = Az, 2", y)

In particular the map, y — A(d’,a,y) is decreasing if a’ > a.
Given f : X — R a c-convex function we define the c-subderivative of f
in x € X as being the set:

Ocf(x) ={y €Y|f(2) = f(2) < e(z,y) — clz,y),Vz € X}
Using c(z,y) = I(z) — W(z,y) — v we get,
Ocf(x) ={y € Y|f(z) = f(z) < I(2) — I(z) — [W(z,y) — W(z,y)],Vz € X}.
We know that S is c-cyclically monotone, if and only if, S C 9, f(x0) where

f is a c-convex function given by:

n
f(z) = MiN (2, ,y,)CS,i=1..n Z c(Tit1,yi) — (T, Yi)
=0
where (z9,yo) € S is as fixed point and x,411 = z. Using c(z,y) = I(z) —
W (x,y) — v we get,
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n
f(2) = min(g, y)cs,i=1.n ZI(%‘H) —I(x;) = [(W(2iz1,9) — Wz, ui)] =
i=0
= MiN (g, y,)CS,i=1..n Zl(xiJrl) — I(z;) + [A(xs, zig1,v3)] =
i=0

n

= min(zi,yi)CS,izl..nI(z) - I(xo) + Z A(Z‘i, Li41, yi)~
i=0

Lemma 2. If, (z;,y;) C S,i = 0,1,2 is such that xop < ©1 < x2 < z and
y2 < Y1 < Yo then,

A($07331,y0) + A(-Tla Z7y1) > A(l’o,l’l, yO) + A($17$2,y1) + A('r27 Z7y2)

P’I"OOf. Observe thata A(xh Z, yl) = A({L’l, $27y1)+A($27 Zvyl) > A(x17x27y1)+
A(xa, z,y2), because A(za, 2, ) is increasing and y; > ya.

Lemma 3. If, (z;,y;) C S,i = 0,1,2 is such that oy < 1 < z < z3 and
Y2 < y1 < Yo then,

A(x07m17y0) + A(xla Z7yl) < A(x(hxl,y()) + A(xhx%yl) + A(x% ZvyZ)'

4 Y
Y0 5
Y1 e
X0 X1 z X
Figure 1 - bad
Y
4
Y0 5
Y1 e
Y2 '
X0 X1 X2 z X

Figure 2 - good

In particular,
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A(an X1, yo) + A(Z‘l, 2, yl) < A(‘x(% Z2, yO) =+ A(mQ? 2, y2)

PT’OOf. Observe thata A(x17 Z, yl) = A((I}l, $2791)+A($27 Z7y1) < A(th%yl)"'
A(xa, z,y2), because A(za, 2, ) is decreasing and y; > yo.

Ar Y
Yo 5
Y1 e
Y2 T
X0 X1 z . ¢
Figure 3 - bad
Ar Y
vl—o
Y1 e
X0 X1 z T X

Figure 4 - good

Now observe that,
A(xo, x2,90) + Alx2, 2,12) = A(xo, 21, 90) + A(21, 22, 90) + A(22, 2,2) >
A(xo, x1,90) + Az, 2, 91) + A(22, 2,92) > A(x0, 21, %0) + A(21, 2,Y1)-

Now one can generalize the idea above: Suppose that, (x;,y;) C S,i =
0,1,2,...,m is such that zog < 1 < ... < 2, < 2 < Tp41 < ... < x, and
Yn < ... <Yz <Y1 < yo then,

A(x(b Ty, yO) + A(xla Z2, yl) +o+ A(xlﬁ 2, yk) <
A(.’Eo, Ty, yO) + A(xla Z2, yl) +.t A(l’n, 2 yn)

In order to see this, we proceed by induction in the right side of the

inequality above:

A(mn—h T, yn—l) + A(.Tn, 2, yn) >

A(xn—h T, yn—l) + A(Ina 2, yn—l) =

A($n71,27yn,1)

In this step we discard the pair (z,,, y,). We must to repeat this process while
n — j > k, discarding all points in the the right side of z.
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So the conclusion is, that we can discard all point in the right side of z
decreasing the sum, and we can introduce a point between the last point in
the left size of z, and z, decreasing the sum (see Figures 3 and 4).

Ya
Yo—@ J

Y1

Y2 0
Y3 o

Y4
»
>

0 X0 X1 z X2 X3 x4
The bad case

Figure 5

We discard (z2,y2), (23, ys3), (¥4, y4), from right size and insert (A, B) be-
tween (x1,y1) and z.

Y4
YO = ]
Y1 J
B @
>
0 X0 X1 A z -

The good one

Figure 6

The case in which z < zg must be analyzed now:
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Y,}

Y5

31

Y4

T

Y3

Y2

Y1

YO

Ya

X5 X4 X3

z

Figure 7 - bad

X2

X1

Y2

Y1

YO

Observe that:

z
Better

X2

Figure 8 - good

X1

x0,21,Y0) + A(x1, 22, Y1) + A2, 23, Y2) + A3, 74,93) + A(2s, 25, 94) +

x5a27y5) >

A(
A(
A(zo,z1,Y0) + Az, 22, y1) + A2, 23, Y2) + A(x3, 24, y3) + [A(T4, T5,Ya) +
A(

Zs, Zyy4)} =

A(x07 Ty, yO) + A(xla T2, yl) + A(‘TQa 3, y2) + A(IL’g, Iy, y3) + A(’JJ4, 2, y4)7
and successively to eliminate 4 and 3.

Now we check what happen with permutations of the order in the projected

points.

Note that the sum

n
=0

c(@ig1,y:i) — (@i, yi)
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can change by sorting the sequence of points (z;,y;) C S,i = 1..n. So we
need to consider the natural question about the better way to rename this
points.

Please, check the bellow figure:

Y 4
Yo ©
2 L

Y1 o

Y3 e
Y2 o

) ]

Figure 9 - too bad

We claim that it is possible discard all the points at the right side of z and
also all the points between xg and z that are no ordered in order to minimize
the sum above.
In fact: A(xo, z1,Y0)+A(x1, 2, y1)+A(T2, T3, y2) + A(T3, T4, y3)+[A(T4, T5, ya)+
Alxs, z,y5)] >
A(zo, 21,Y0) + A1, 22, 91) + Az, T3, Y2) + [A(23, 24, y3) + A(T4, 2,Y4)] >
A(xo,21,Y0) + [A(x1, 22, y1) + A2, 23,92)] + A3, 2,93)] >
A(xo, x1,90) + [A(21, 73, 91) + A3, 2,¥3)] >
A(xo, x1,Y0) + Az, 2,91).

So the sequence (o, ¥o), (21, 1) in this order minimize this sum.

We know that the graph property is true. But suppose we have a more
general case where A(z,z,y) can be consider and we do not have the graph
property.

Consider the sequence (g, o), (z1,y1) and suppose z > x1 > zp. Ad-
ditionally suppose that (z1,.) NS # {y1}, so we can compares the sum
A(zo, 21,90) + Az, 2,y1) with A(xg,z1,y0) + A2y, 2,y). for any y €
(l‘l, ) ns 75 {yl}

We claim that this function is monotone increasing in y.
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AY

YO

v

Y1

v

0 X0 X1 z X
Figure 10 - going down is better

In fact suppose that ¢ < y; < y” < yo, as in Fig. 8.

Observe that, A(z1,z,41) < A(z1,2,y") and A(zy,2z,91) > Az, 2,9")
because x1 < z.

The conclusion is that if the support of fine, is a periodic orbit, then, we
choose (xg,yo) in the support of finqz-

From the above, in this case given z € X', then

f(z) =[(c(z,yn) — c(@n,yn) )+

(c(@n, yn-1) = c(@n-1,Yn-1)) + .-
Foo+ (c(x3,y2) — c(T2,92) ) } +
(c(x2, 1) — c(x1,91) ) + (e(z1,90) — c(z0,%0) ) .,
where we use all the possible x;, i = 1,2,..,n, on the left of z , and for

each x; we choose the corresponding y; such that (x;,y;) is in the support of
fimaz- Moreover, xg < 1 < 2 < ... < Xp.

Finally, we can say that . f(xx) = yk, for any k.

One can get similar results for the function g (obtained just from the kernel
W) defined before.

From the reasoning above (for the case of W satisfying the twist condition),
in the case o is not a periodic orbit, then in definition of f, the infimum is
not attained in a finite sequence of x,, in the support of fise-

1.5 Appendix

Here we consider first the shift ¥ = {0,1}, and X as a metric space with
the usual distance:
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d(xy):{o if z=y
’ (1/2)™ if n=min{i|lz; # y:}.

Additionally, we suppose that X' is ordered by x < y, if x; = y; fori = 1..n—1,
and z, =0 and y, = 1.

As the usual, we consider the dynamical system (X, o) where o : X — X
is given by o(x) = o(x1, 22, 23, ...) = (T2, T3, 24, ...).

a) Potentials and the involution kernel

As usual we denote

T2 () = (z1,%1, Y2, Y3, -..) and 7y (x) = (y1, 21, T2, T3, -..),

and
G(x,y) = (o(x), 77 (y)) and 6~ (z,y) = (7, 0" (y)),
the skew product map, where o*(y = (y1, Y2, Y3, ---)) = (Y2, Y3, Y4, ---)-
Given a continuous function A : ¥ — R, remember that a continuous
function W : X x X — R is an involution kernel for A if (Wos~! — W +

Ao 671)(z,y) does not depends on x; In this case the continuous function
A*(y) = Woos 1 =W+ Ao61)(z,y) is called the W-dual potential of A.

As in [BLT] we define the cocycle A (x,2’,y), where

(x, 2, y) ZAOO' ( —Aoo (', y)
n>1
*ZAOTny — Aoty (a),
n>1

and its dual version A4« (z,y,y’), where

Ape(@,y,y) =Y A" 06™(2,y) — A" 06" (2,y)

n>1

=D Aom(y) — AT omua(y).

n>1

Note that:
i) Ag(z, 2, y) = —Aa(2’, 2,y), in particular Ay(z, x,y) =0,
ii) AA(xa I/7 y) + AA(xla l‘//, y) = AA(-T7 x/lv y)a
i) Aa(z,2’,y) = Aa(ryz, 7y’ 0% (y)) + [Ao Tyx — Ao 1,2'],
and the same relations are true for Ay (z,y,y').
Using this properties one can prove that, for any involution kernel we have
W({L‘7y) - W(xla y) = AA($7£L‘/,y) and W(LL‘, y) - W(LL‘, y/) = Aax (xayay,)'
From this fact, we get that the difference between two involution kernels
for A is a continuous function of y:
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{Involution kernels for A}/ CO(E) =W,

where WO(z,y) = Aa(x,2',y) for a fix 2/ € ¥ is called a fundamental invo-
lution kernel of A. Indeed, the property (iii) shows that W9 is an involution
kernel for A.

On the other hand, given another involution kernel, W we have W (x,y) —
W(:L'/, y) = AA(xv ', y)v thus

W(z,y) = W(z',y) + Aa(z,2',y) = W(z',y) + W'(z,y) = g(y) + W'(z,y),

where g(y) = W (z',y) € C°(X).
As an example we compute the general dual potential. First for WO(z,y) =
Ap(z, 2’ y) we get:

Aj(y) = WO (ryz,0™(y)) = W (z,y) + A(ryz)
= Ax(ryx, 2’ 0" (y)) — Aa(z, 2, y) + A(Ty2)
= A(Tyx,) + AA(Ty‘r/a xla J*(y))

Given another involution kernel, W we have W (x,y) = W(a',y) + W°(z,y)
thus

A'(y) = (Woo™! =W+ Aos™ )(z,y) = W(a',0™(y)) = W(a',y) + A5 (1)

b) The twist property of an involution kernel

If A: Y — R is a potential and W an arbitrary involution kernel for A,
as we said before, W has the twist property, if for any, a,b,a’,0’ € X

Wi(a,b) + W(a',b') < W(a,b') + W(d',b),

provided that a < a’ and b < b'.
If we rewrite this inequality as,

W(a,b) + W(da',b') < W(a,b') + W(d',b)
W (a,b) — W(d',b) < W(a,b') — W(a',b)
Aa(a,a’,b) < Aa(a,d',b'),

we get an alternative criteria for the twist property, that is, W has the twist
property, if for any, a,a’ € X the function y — Aa(a,d’,y), is strictly in-
creasing, provided that a < a’.

Remark 5 This characterization shows a very important fact. The twist
property is a property of A, so we can said that A is a twist potential or
equivalently A has a twist involution kernel (as, obviously other involution
kernel is also twist).
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Remark 6 As an initial approximation we can consider a different setting
of dynamics. Let T'(xz) = —2z mod 1, and

! + L d ! +1
r=—=x —, an = —=
70 9 27 T 21. )

the inverse branches that defines the skew maps (that are not the actual
natural extension of T'):

T(z,y) = (T(x),7;(y)) and T~ (x,y) = (1,2, T" (y)).
So, one can compute an involutive (that is, A*(y) = A(y)) smooth kernel
for Aj(x) = 2 and Ay(z) = 22 given by

1 1 4
Wi(z,y) = —3(z +y) and Wa(,y) = 2(2* +y°) — g2y
As a corollary we get that any potential A(x) = a+bx + cx? has a smooth
involution kernel given by W (x,y) = a + bWy (z,y) + c(Wa(z, y).
Here and in the next paragraphs, we will denote

WA(x7y) =a+ le(Jj,y) + CWQ(xay)7

where A(x) = a + bx + ca? is a polynomial of degree 2.

We observe that the twist property can be derived from the positivity of
the second mix derivative of the involution kernel when it is smooth. Note
that,

O*W W, 4

oxdy a ordy 3
thus W7 is not twist and Wy is. Actually any potential A(x) = a + bx + ca?
where ¢ > 0 is twist.

Remark 7 In this remark we are going to consider the case of A(x) =
a+ bx + cx? where ¢ < 0 (not twist). In this case we will be able to compute
the calibrated subaction explicitly, which, we believe, it is interesting in itself.

As a first example consider A(x) = —(z — 1)? which is a convex potential.

From [JS] [J6] we get that the unique maximizing measure for this potential
is fieo = 093, S0 the critical value is m = A(2/3). Using the fact that that
m = A(2/3) one can show that there is a unique (up to constants) calibrated
subaction ¢ given by:

d(x) = W(x,2/3) — W (2/3,2/3) = —%gﬂ + Sx

where the kernel is given by

W(z,y) = —(1/3)2® = (1/3)y* + (4/3)zy — (2/3)z — (2/3)y.
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1

5)? which it is also a concave

As a second example consider A(z) = —(z —
potential.

The general arguments in [JS] shown that any maximizing measure for
this potential is poo = (1 —1)d1/3+1td2/3, where t € [0, 1], so the critical value
ism = A(1/3) = A(2/3). In this case the involutive smooth involution kernel
is:

W(z,y) = —(1/3)2* = (1/3)y* + (4/3)zy — (2/3)x — (1/3)y.
It is easy to verify that,

¢(x) = (W(z,1/3) = W(1/3,1/3))x[0,1/2)(x) + W(z,2/3) — W(2/3,2/3)x[1/2,1) (%)
= max{W(z,1/3) — W(1/3,1/3), W (x,2/3) — W(2/3,2/3)}

is a calibrated subaction for A.

In order to prove this, define
Vi(x) = W(z,1/3) = W(1/3,1/3) = A(x,1/3,1/3) = —(1/3)2? + (1/9)z,
Vo(z) = W(z,2/3)-W(2/3,2/3) = A(x,2/3,2/3) = —(1/3)2%+(5/9)x—2/9,
and

¢(x) = Vi(@)X 0 1)) () + Va(@)X, 0 ) () = max{Vi(z), Va(2)}.

Note that,

d(1ox) = Vl(T():ZZ)X[OJ/m (T0x) + VQ(TO:E)XD/“] (T0)
= Vi(rox) = A(702,1/3,1/3)
= A(T1/3$,T1/31/3,T*1/3)
= A(x,1/3,1/3) — [A(T132) — A(11/31/3)]
= Vi(z) — [A(7oz) — m].

Thus ¢(rox)+A(Tox) —m = Vi(x). Analogously, ¢(mix)+A(mix)—m = Va(x)
S0

d(x) = max{Vi(z), Va(x)}
= max{¢(roz) + A(1oz) — m, ¢(m1x) + A(T1x) — m}
= gleag{¢(7'y$> + A(ryz) —m}.

¢) Twist criteria

Is natural to consider a criteria for the twist property for a class of functions
that has a small dependence on the cubic (or higher order) terms. Let Py =
{p(z) = a+bx+cx?|c > 0} be the set of strictly convex polynomial. Consider
p € Pyf, and define
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0
Co(p) = {4 € C*([0, 1])|A(2) = p(2) + eR(x), 5 - R € C*([0,1])}
Theorem 7. For any p € Py, there exists € > 0 such that all A € C.(p) is
twist.

Proof. Consider p € P2+ fixed. So , p has a smooth and involutive involution
kernel given by

Wy(z,y) = p(W)(z,y) = (a + bW + cWa)(z,y),

that is, p*(y) = p(y), where Wi(z,y) = —%(z +y) and Wa(z,y) = +(2? +
y?) — 4y, are the involution kernel associated to = and 22 respectively. Let,
A =p+eR € C.(p), and Wg be the involution kernel for R. Since R is C*
we get that, is Wg is C? in the variable x.

Using the linearity of the cohomological equation, we get Wa(x,y) =
p(W)(z,y) + eWr(z,y), and differentiating with respect to x, we have

0 0 0
%WA(iL’,y) *%p(w)(xa y) + €%WR(ﬂf,y)

0 0 0
(bawl + C%WQ)(x,y) + E%WR(‘TJJ)

1 2 4 0
b4 Zer— = il
3 +3c:c 3cy+5 JE[/VR(x,y)

Since —%c < 0, and %WR(JZ, y) € C°(]0, 1]) the compactness of [0, 1]? im-
plies that %WA (z,-) is a strictly decreasing function for any € small enough,
what is equivalent to the twist property.

Remark 9 If, A € C*([0,1]) is strongly convex, we can consider a per-
turbation of A of order 2 given by
A"(0 AM(0
B.(xz) = A(0) — A(0)z + L:ﬁ +e Z n'( )x” € C(pa),

2
n>3

where py = A(0) — A'(0)z + @xz € P;f. Thus, we can find gy > 0 such

that B, is twist for any 0 < ¢ < ¢g.
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