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Given a smooth compact Riemannian manifold M and a Hamiltonian H on
the cotangent space T*M, strictly convex and superlinear in the momentum
variables, we prove uniqueness of certain “ergodic” invariant Lagrangian graphs
within a given homology or cohomology class. In particular, in the context of
quasi-integrable Hamiltonian systems, our result implies global uniqueness of La-
grangian KAM tori with rotation vector p. This result extends generically to the
C%-closure of KAM tori.

1 Introduction

A particularly interesting and fruitful approach to the study of local and global properties of
dynamical systems is concerned with the study of invariant submanifolds, rather than single
orbits, paying particular attention to their existence, their “fate” and their geometric prop-
erties. In the context of quasi-integrable Hamiltonian systems, one of the most celebrated
breakthroughs in this kind of approach was KAM theory, which provided a method to con-
struct invariant submanifolds diffeomorphic to tori, on which the dynamics is conjugated to a
quasi-periodic motion with rotation vector p, sometimes referred to as KAM tori. KAM the-
ory finally settled the old question about existence of such invariant submanifolds in “generic”
quasi-integrable Hamiltonian systems, dating back at least to Poincaré, and opened the way to
a new understanding of the nature of Hamiltonian systems, of their stability and of the onset
of chaos in classical mechanics. However, the natural question about the uniqueness of these
invariant submanifolds for a fixed rotation vector p remained open for many more years and,
quite surprisingly, even nowadays, for many respects it is still unanswered. A possible reason
for this is that the analytic methods, which the KAM algorithm is based on, are not well suited
for studying global questions, while, on the other hand, the natural variational methods to
approach this problem have been developed only much more recently and they are still not so
widely well-known.

In this paper we address the above problem and prove global uniqueness of certain “ergodic”
invariant Lagrangian graphs within a given homology or cohomology class, for a large class of
convex Hamiltonians, known as Tonelli Hamiltonians. Our work will be based on the variational
approach provided by the so-called Aubry-Mather theory, as well as its functional side called
weak KAM theory.

The paper is organized as follows. In Section 2 we define the geometric objects we shall
look at (the invariant Lagrangian graphs), we introduce some concepts (homology class of an



invariant measure and Schwartzman ergodicity), which will turn out to be useful for illustrating
their dynamical properties, and we state our main uniqueness results. In Section 3 we review
the main definitions and results of Aubry-Mather and weak KAM theories, to the extent of
what we need for our proofs. In Section 4 we prove our main results. In Section 5 we discuss
in detail the implications of our results for KAM theory and compare them with some previous
local uniqueness theorems for KAM tori. In Appendix A we discuss some details concerning
the definition of Schwartzman ergodicity, give some examples and describe some properties of
Schwartzman ergodic flows. In Appendices B and C we prove some properties of Lagrangian
graphs and the Mané set.

Acknowledgements. We would like to thank Giovanni Gallavotti for having drawn our
attention to this problem and for useful discussions. AF and AS are grateful to John Mather
for many fruitful conversations.

2 Setting and Main results

Let M be a compact and connected smooth manifold without boundary of dimension n. Denote
by TM its tangent bundle and T* M the cotangent one. A point of TM will be denoted by (x, v),
where z € M and v € T, M, and a point of T*M by (x,p), where p € TEM is a linear form on
the vector space T, M. Let us fix a Riemannian metric g on M and let ||-||, be the norm induced
by g on T, M; we shall use the same notation for the norm induced on the cotangent space
Tz M. This cotangent space T*M can be canonically endowed with a symplectic structure,
given by the exact 2-form w = dz A dp = —d(pdz), where (U, x) is a local coordinate chart
for M and (T*U, x,p) the associated cotangent coordinates. The 1-form A = pdx is also called
tautological form (or Liouville form) and is intrisically defined, i.e., independently of the choice
of local coordinates (see Appendix B). A distinguished role in the study of the geometry of a
symplectic space is played by the so-called Lagrangian submanifolds.

Definition 2.1. Let A be an n-dimensional C! submanifold of (T*M,w). We say that A is

Lagrangian if for any (z,p) € A, T(, A is a Lagrangian subspace, i.e., w|T( A= 0

We shall mainly be concerned with Lagrangian graphs, that is Lagrangian manifolds A C
T*M such that A = {(z,n(x)), x € M}. It is straightforward to check that the graph A is
Lagrangian if and only if 7 is a closed 1-form (see Appendix B). The element ¢ = [n] € H!(M;R)
is called the cohomology class, or Liouville class, of A. This motivates the following extension
of the notion of Lagrangian graph to the continuous case.

Definition 2.2. A continuous section A of T*M is a C°-Lagrangian graph if it locally coincides
with the graph of an exact differential.

We will consider the dynamics on T*M generated by a Tonelli Hamiltonian.
Definition 2.3. A function H : T*M — R is called a Tonelli (or optical) Hamiltonian if:

i) the Hamiltonian H is of class C*, with k > 2;



ii) the Hamiltonian H is strictly convex in the fiber in the C? sense, i.e., the second partial
vertical derivative 92 H /Op?(x, p) is positive definite, as a quadratic form, for any (z,p) €
T*M;

iii) the Hamiltonian H is superlinear in each fiber, i.e.,

H(z,p)

lim —— 4o
Iplle—+oc  ||p[2

(by the compactness of M, this condition is independent of the choice of the Riemannian
metric).

Given H, we can define the associated Lagrangian, as a function on the tangent bundle:

L: TM — R

(J?,’U) L — sup {<p7 U>T1: —H(J?,p)}
peET:M
where (-, - ), represents the canonical pairing between the tangent and cotangent space.

If H is a Tonelli Hamiltonian, one can easily prove that L is finite everywhere, of class C*,
superlinear and strictly convex in the fiber in the C? sense (i.e., L is a Tonelli Lagrangian) and
the associated Euler-Lagrange flow ®L of L is conjugated to the Hamiltonian flow ® of H via
the Legendre transform:

L:TM — T'M (1)
(x,v) r—> (x,Z—i(a:,v)). (2)

From now on we shall fix H and denote by L its conjugated Lagrangian and, when referring to
an “invariant” measure or set, we will understand “invariant with respect to the Hamilton flow
generated by H” or “with respect to the Euler-Lagrange flow generated by L”.

Given an invariant probability measure g on TM one can associate to it an element p(u)
of the homology group H; (M;R), known as rotation vector or Schwartzman asymptotic cycle,
which generalizes the notion of rotation vector given by Poincaré and describes how, asymp-
totically, a p-average orbit winds around TM. See Section 3 and Appendix A for a precise
definition. This allows us to define the homology class of certain invariant Lagrangian graphs.

Definition 2.4. A Lagrangian graph A is called Schwartzman uniquely ergodic if all invariant
measures supported on A have the same rotation vector p, which will be called homology class of
A. Moreover, if there exists an invariant measure with full support, A will be called Schwarztman
strictly ergodic.

We are now ready to state our main results.

Main Result. For any given p € Hi(M;R), there exists at most one Schwarzman strictly
ergodic invariant Lagrangian graph with homology class p [Theorem 4.4, Section 4]

For sake of completeness, we also recall the following well-known result, which is a corollary
of the results in [25] (see also Section 4 for a proof).



Well-known Result. For any given ¢ € HY(M;R), there exists at most one invariant La-
grangian graph A with cohomology class ¢, carrying an invariant measure whose support is the
whole of A. [Theorem 4.2, Section 4]

If M = T™, it is natural to ask for the implications of our result for KAM theory. In
this case, the homology group H;(T™;R) is canonically identified with R™, and the invariant
manifolds of interest are the so-called KAM tori, defined as follows.

Definition 2.5. 7 C T™ x R" is a (maximal) KAM torus with rotation vector p if:

i) T C T"™ x R™ is a continuous graph over T";

ii) 7 is invariant under the Hamiltonian flow ® generated by H;

iii) the Hamiltonian flow on 7 is conjugated to a uniform rotation on T™; i.e., there exists a

diffeomorphism ¢ : T — T such that ¢=' o ®ff 0 o = R}, Vi € R, where R}, : x — x + pt.

0’

The celebrated KAM Theorem, whose statement will be recalled in Section 5, gives sufficient
conditions on H and on the rotation vector p, allowing one to construct a KAM torus with
rotation vector p and prescribed regularity (depending on the regularity class of H). Its proof
is constructive and the invariant torus one manages to construct is locally unique (in a sense
that will be clarified in Section 5). In spite of the long history and the huge literature dedicated
to the KAM theorem, the issue of global uniqueness of such tori is still object of some debate
and study, see for instance [5]. Our main result settles such question in the case of Tonelli
Hamiltonians.

Corollary 2.6 (Global uniqueness of KAM tori). Fvery Tonelli Hamiltonian H on T*T"
possesses at most one Lagrangian KAM torus for any given rotation vector p. In particular,
if H and p satisfy the assumptions of the KAM Theorem, then there exists one and only one
KAM torus with rotation vector p.

The property of being Lagrangian plays a crucial role. As was observed by Herman [18] (see
also Appendix B), when p is rationally independent, i.e., (p,v) # 0, Vv € Z™ \ {0}, as assumed
in the KAM theorem, every KAM torus with frequency p is automatically Lagrangian. On
the other hand, the existence of Lagrangian KAM tori with rationally dependent frequency is
not typical. In some cases, a variant of the classical KAM algorithm allows one to construct
resonant invariant tori with a given rational rotation vector p, also known as low dimensional
tori [15, 16]. However, typically they do not foliate any Lagrangian submanifold. Therefore,
the question of uniqueness of resonant tori is more subtle and, to our knowledge, apart from a
few partial results [8], it is still open.

Note that the fact that the orbits on a KAM torus are action-minimizing is a key remark
used in the proof of the Corollary. We deduce this property from the fact that such a Lagrangian
torus gives a solution to the Hamilton-Jacobi equation. It can be also deduced from a classical
result by Weierstrass, as already pointed out by Jiirgen Moser. We thank John Mather for
having drawn our attention to the remark in [25]. [In fact, Weierstrass method or the use of
the Hamilton-Jacobi Equation are essentially two sides of the same coin).

In Section 5 we will extend Corollary 2.6 to generic invariant tori contained in the C°-closure
of the set of KAM tori. As remarked by Herman [19], generically this set is much larger than
the set of KAM tori, and typically the flow on such invariant manifolds is not conjugated to a
rotation. See Section 5 for a more detailed discussion of these issues.



3 An introduction to Aubry-Mather theory

This section is meant to provide a brief (but comprehensive) introduction to Mather’s theory
for Lagrangian systems and weak KAM theory. We shall recall most of the results that we are
going to use, trying to give general ideas rather than rigourous proofs (for which we refer the
reader to [12, 25]).

The setting is the same introduced in Section 2. Let M be a compact and connected smooth
manifold without boundary of dimension n. We denote by H a fixed Tonelli Hamiltonian and
L the associated Tonelli Lagrangian. Before entering into the details of Mather’s theory, let us
make a crucial remark. Observe that if n is a 1-form on M, we can easily define a function on
the tangent space (linear on each fiber)

A:TM — R
(,0) — (), v)e

and consider a new Tonelli Lagrangian L, := L — 7). The associated Hamiltonian will be
H,(z,p) = H(z,n(z) 4+ p). Moreover, if ) is closed, then [ Ldt and [ L,dt will have the same
extremals and therefore the Euler-Lagrange flows on TM associated to L and L, will be the
same. This last point may be seen by observing that the variational equations 6 [ L dt = 0 and
§ [(L —7)dt = 0 for the fixed end-point problem clearly have the same solutions, since 7 is
closed. Although the extremals are the same, this is not generally true for the orbits

“minimizing the action” (we shall give a precise definition of “minimizers” later in this sec-
tion). What one can say is that they stay the same when we change the Lagrangian by an exact
1-form. Thus, for a fixed L, the minimizers will depend only on the de Rham cohomology class
c = [n] € HY(M;R). Considering modified Lagrangians corresponding to different cohomology
classes represents a keystone of Mather’s theory of Lagrangians systems.

In order to generalize to more degrees of freedom Aubry and Mather’s variational approach
to twist maps, a first important notion is that of minimal measures, which replaces that of
action minimizing orbits: Aubry-Mather theory in higher dimension cannot deal with such
orbits, due to a lack of them; there is, in fact, a classical example due to Hedlund (see [17])
of a Riemannian metric on a three-dimensional torus, for which minimal geodesics exist only
in three directions. Instead, Mather proposed to look at the closely related notion of action
minimizing invariant probability measures. Let 9t(L) be the space of probability measures on
TM invariant under the Euler-Lagrange flow of L. To every u € (L), we may associate its
average action

AL(m:/TMLdu.

Since L is bounded below (because of the superlinear growth condition), this integral exists
although it might be +oo. In [25], Mather showed the existence of u € (L) such that
Ap(p) < 400. The argument is mainly the same as Krylov-Bogoliubov’s theorem concerning
existence of invariant measures for flows on compact spaces. This argument is applied to a one-
point compactification of TM, and the main step consists in showing that the measure provided
by this construction has no atomic part supported at co (which is a fixed point for the extended
system). Note that Mather’s approach works for periodic time-dependent Lagrangians. For
time independent Lagrangians, finding such a p is much easier. By conservation of energy, the



levels of the energy function are compact and invariant under the Euler-Lagrange flow ®Z, and
therefore carry such measures. In case Ap () < oo, thanks to the superlinearity of L, for any
closed 1-form n on M, the integral fT 2 Ndp is well defined and finite, see [25]. Moreover, it is
quite easy to show (again see [25]) that since yu is invariant by the Euler-Lagrangian flow ®F,

if n = df is an exact form, then [ czj\cd,u = 0. Therefore, we can define a linear functional
HY(M;R) — R

c ndp
TM

where 7 is any closed 1-form on M, whose cohomology class is ¢. By duality, there exists
p(p) € Hy(M;R) such that

/ fdp = (e.p(n))  ¥ee HY(M;R)
TM

(the bracket on the right-hand side denotes the canonical pairing between cohomology and
homology). We call p(u) the rotation wvector of u. It is the same as the Schwartzman’s
asymptotic cycle of p (see Appendix A and [31]). One can show that the action functional
A : M(L) — RU{+o0} is lower semicontinuous and that for every h € Hy(M;R) there exists
€ M(L) with p(pu) = h. In other words the map p : M(L) — Hy (M;R) is surjective.

Following Mather, let us consider the minimal value of the average action Ap over the
probability measures with rotation vector h:

g:Hi(M;R) — R
h — min A . 3
pem(BB = AW )
In fact, the minimum above is actually achieved (see [25]). This function [ is what is generally
known as Mather’s 3-function. A measure p € 9(L) realizing such a minimum, i.e., Ar(u) =
B(p(w)), is called a minimal (or a Mather) measure. The [-function is convex, and therefore
one can consider its conjugate function (given by Fenchel’s duality) a : H'(M;R) — R defined
by
= h — h =
a(c) peinas o (e ) = (k)
peiin o (B0) = (e, )
= — 1 A — R =
Loin (Ar(p) = (e p(p)

— — min A;_.(n).
Luin Ar (1)

Note that for a given u invariant under the Euler-Lagrange flow ®F, we have (c,p(u)) =
fTMﬁd,u, for any closed 1-form 7 on M in the cohomology class c. Therefore, we have
Ap_c(p) = Jpp (L = 1) dp, for n a closed 1-form on M such that [n] = c.

It is important to notice that the value of this a-function coincides with what is called
Mané’s critical value, which will be introduced later in this section.



An important fact is the next Lemma. To state it, recall that, like any convex function
on a finite-dimensional space, the Mather function § admits a subderivative at any point h €
H;(M;R), i.e., we can find ¢ € H'(M;R) such that

Vh' € Hy(M;R), B(h)—B(h) > (¢, — h).

As it is usually done, we will denote by 3(h) the set of ¢ € H!(M;R) which are subderivatives
of B at h, i.e., the set of ¢ which satisfy the inequality above. By Fenchel’s duality, we have

c € 0B(h) < (c,h) = a(c) + B(h).

Lemma 3.1. If p € M(L), then Ar(n) = B(p(u)) if and only if there exists c € HY(M;R) such
that p minimizes Ar—c (i-e., An—c(n) = —al(c)). Moreover, if p € IMM(L) satisfies Ar(p) =
B(p(1)), and ¢ € HY(M;R), then p minimizes Ar_. if and only if ¢ € 0B(p(p)) (or {c,h) =
a(c) + B(p(w))-

Proof. We will prove both statement at the same time. Assume Ar(po) = B(p(po)). Let
¢ € 9B(p(uo)), by Fenchel’s duality this is equivalent to

a(c) = (¢, p(po)) — B(p(po))
= (¢, p(po)) — AL (po)
= —Ar—c(po)-

Therefore by what was obtained above Ar_.(po) = min,eom Ar—c(1).
Assume conversely that Ar,_.(to) = mingem Ar—c(p), for some given cohomology class c.
Therefore by what was obtained above

a(c) = —Ar—c(po),

which can be written as
(¢, p(po)) = alc) + Ar(po).

It now suffices to use the Fenchel inequality (c, p(uo)) < a(c) + B(p(10), and the inequality
B(p(ro) < Ar(uo), given by the definition of 3, to obtain the equalities

(e p(po)) = a(e) + Ar(po)-

In particular, we have A (uo) = B(p(1o))- O

If 4 € M(L) and p minimizes Ay, _., we shall say that p is a c-action minimizing measure.
For such p, ¢ is a subderivative of 3 at p(u), i.e., the slope of a supporting hyperplane of the
epigraph of 5 at p(u).

The above discussion leads to two equivalent formulations for the minimality of a measure p:

e there exists a homology class h € H;(M;R), namely its rotation vector p(u), such that
4 minimizes Ay, amongst all measures in (L), with rotation vector h; i.e., Ap(pu) =

Blp(n));

e there exists a cohomology class ¢ € H'(M;R), namely any subderivative of 3 at p(u),
such that g minimizes Ar_. amongst all measures in 9M(L); i.e., Ar_.(n) = —a(c).



For h € Hy(M;R) and ¢ € H'(M;R), let us define

m = {peML): Ar(p) < +oo, p(p) = hand Ar(u) = 5(h)}
M. = {peML): Ap(p) < +ooand Ap_.(u) = —a(c)}.
Observe that because of the superlinear growth condition in the fiber, Ay (u) < +oo implies
AL,C(M) < +o00.
We have

U == U ..

heH, (M;R) ceH! (M;R)
This leads to the definition of a first important family of invariant sets: Mather sets. For a

cohomology class ¢ € H(M;R), we call Mather set of cohomology class c the set:

MC = U suppu C TM ; (4)
pneEM,

the projection on the base manifold M, =7 (MVC) C M is called projected Mather set (with
cohomology class ¢). In [25], Mather proved the celebrated graph theorem:

Theorem 3.2. Let Mvc be defined as in (4). The set Mvc is compact, invariant under the
Euler-Lagrange flow and 7T|./T/l/(; is an injective mapping of MVC into M, and its inverse w1 :
M, — Mvc is Lipschitz. Moreover this set is contained in the energy level corrisponding to
the value a(c), i.e.,

Ho L(z,v) = alc) V(z,v) € M,. (5)
Remark 3.3. The last statement, corresponding to (5), is due to Dias-Carneiro [7].

Analogously, one can consider the Mather set corresponding to a rotation vector h € Hy (M;R)
as
M= U supppu C TM | (6)
pEML
and the projected one M =1 (Mh> Cc M.

Notice that by Lemma 3.1, if ¢ € 98(h), we have
M C M..

Therefore, although this was not shown in [25], the set M" also has a Lipschitz graph over the
basis.

Theorem 3.4. Let M" be defined as in (6). M" s compact, invariant under the Euler-
Lagrange flow and w|M" is an injective mapping of M" into M and its inverse n=' : M" —
M" is Lipschitz.



Remark 3.5. Though the graph property for MP" is not proved in [25], it was shown there that
the support of an hA-minimizing measure has the graph property. The graph property for M
can be easily deduced from this last property. In fact, since the space of probability measures
on TM is a separable metric space, one can take a countable dense set {un}?f:l of Mather’s
measures with rotation vector A and consider the new measure i = ZZO 1 2n L. This is still

an invariant probability measure with rotation vector i and supp i = ./\/lh Therefore, as the
support of a single h-minimizing measure, M™" has the graph property.

Moreover, this remark points out that there always exist Mather’s measures ph and p, of
full support, i.e., supp pu* = M" and supp fte = Me.

We will say that an h- mlmmlzlng (resp. c-minimizing) measure p has maximal support if

supp pu = M" (resp. supp p = M..).

In addition to the Mather sets, one can construct other compact invariant sets, that play an
interesting role both from a dynamical system and a geometric point of view: the Aubry sets
and the Mané sets. Instead of considering action minimizing invariant probability measures,
we now shift our attention to c-minimizing curves.

Let us fix 1 a closed 1-form on M, with cohomology class ¢. As done by Mather in [26], it
is convenient to introduce, for t > 0 and x, y € M, the following quantity:

() = inf / Lo((s),4(s)) ds

where the infimum is taken over all piecewise C! paths v : [0,¢] — M, such that v(0) = z and
~(t) = y. We define the Peierls’ barrier as:

() = L inf(hy (@, ) + a()t).

It can be shown that this function is Lipschitz and that, only in the autonomous case, this
liminf can be replaced with a lim (see [12]). Observe that h, does not depend only on the
cohomology class ¢, but also on the choice of the representant; namely, if ' = n + df, then

hy (2, y) = hy(x,y) + f(y) — ().

Proposition 3.6. The values of the map h,, are finite. Moreover, the following properties hold:
i) hy, is Lipschitz;

ii) for each x € M, hy(z,z) > 0;

iii) for each x,y, z € M, hy(z,y) < hy(z,z) + hy(2,y);

iv) for each x,y € M, hy(z,y) + hy(y,z) > 0.

For a proof of the above claims and more, see [26, 12, 10]. Inspired by these properties, one
can consider its symmetrization:

0o M xM — R
(z.y) — hy(z,y) + hyly, 2)



(observe that this function does depend only on the cohomology class). This function is positive,
symmetric and satisfies the triangle inequality; therefore, it is a pseudometric on

A.={x € M: é.(x,z) =0}.

A, is called the projected Aubry set associated to L and ¢, and 0. is Mather’s pseudometric. In
[26], Mather has showed that this is a non-empty compact subset of M, that can be Lipschitzly
lifted to a compact invariant subset of TM.

Remark 3.7. One can easily construct a metric space out of it. We call quotient Aubry set, or
Mather quotient, the metric space (A, d.) obtained by identifying two points in A, if their .-
pseudodistance is zero. We shall denote an element of this quotient by Z = {y € A, : d.(z,y) =
0}. These elements (that are also called c-static classes, see [10]) provide a partition of A, into
compact subsets, that can be lifted to invariant subsets of T M.

We say that an absolutely continuous curve v : R — M is a c-minimizer, if for any interval
[a,b] and any other absolutely continuous curve 7 : [a,b] — M such that v(a) = 71(a) and
Y(b) = 71(b), we have

b b
[ 16050 < [ Lyt @)

In other words, v: R — M is a c-minimizer, if for any a < b

b
[ L0301t = a2 0.

This curves are also called semi-static curves. A peculiar property of these curves is that their
a-limit set is contained in a static class and their w-limit set too (possibly in a different one).
See [26, 12, 10] for more details.

We define the Mané set (with cohomology class ¢) as:
N, = U {(v(t),4(t)) : 7 is a c-minimizer and t € R} . (7)

In particular, amongst these minimizers, one can consider particular ones that satisfy some
extra conditions on the « and w-limit sets. Namely, let v : R — M be a c-minimizer and «, o
be in the a-limit set of v and let w,w’ be in the w-limit set of v. From the discussion in [26],
it follows that d.(a, @) = d.(w,w’) = 0 and 6.(a,w) = 0.(c/,w’). We say that v is a c-regular
minimizer if a further condition is satisfied: 0.(o,w) = 0. An equivalent condition is: -~ is
semi-static and for any interval a < b, we have that h, o (v(a),7(b)) = —hyp—a(7(b),v(a)).
These curves are also called static curves. Observe that the above condition can be interpreted
saying that the o and w-limit sets of v are both contained in the same c-static class.

We define the Aubry set (with cohomology class ¢) as:
A, = U {(v(t),4(¢)) : 7 is a c-regular minimizer and t € R} . (8)

Similarly to the Mather set, the Aubry set is also a graph over the basis, see [26, 12].
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Theorem 3.8. Let A, be defined as in (8). By definition A, C N,. Both A, and N, are

compact subsets of TM invariant under the Euler-Lagrange flow ®L. Moreover, 7T(.Ac) = A
and 7| A. is a bi-Lipschitz homeomorphism.

Note that the graph property does not hold for the Mané set. Moreover, there is a clear
relation between the support of Mather’s measures and these sets.

Theorem 3.9. For any c € HY(M;R), Mc C A.. Moreover:
weM. < peML)and supp pu C A, — w € M(L) and supp pu C N, . (9)
The fact that an invariant measure whose support is contained in ./\7C (or .ZC) is c-minimizing
might be seen, for example, as a consequence of the finiteness of the Peierls’ barrier. The proof of

the first equivalence in (9) goes back to Maifié [22]. As far as the second equivalence is concerned,
it follows from the fact that the non-wandering set of ®F |./\fC is contained in A, see Appendix C.

We can summarize what discussed so far in the following diagram:
M,
M.

where &, is the energy level corresponding to «(c).

C N, € & < TM

lw

M

]

C
c A. ¢

N

Another interesting approach to the study of these invariant sets is provided by weak KAM
theory. This is mainly based on the concept of “critical” subsolutions and “weak” solutions of
Hamilton-Jacobi equation and can be interpreted, from a symplectic geometric point of view,
as the study of particular Lagrangian graphs and their non-removable intersections (see [28]).
This latter approach is particularly interesting, since it relates the dynamics of the system to
the geometry of the space and might potentially open the way to a “symplectic” definition of
Aubry-Mather theory.

Definition 3.10. A locally Lipschitz function u : M — R is a subsolution of H,(z, d,u) = k,
with k € R, if H,(z,d,u) < k for almost every x € M.

This definition makes sense because, by Rademacher’s theorem, d,u exists almost every-
where. It is possible to show that there exists ¢[n] € R, such that H,(z,dyu) = k admits no
subsolutions for k < ¢[n] and has subsolutions for k£ > ¢[n], see [21, 12]. The constant c[n] is
called Manié’s critical value and coincides with «(c), where ¢ = [n] (see [10, 12]).

Definition 3.11. A function v : M — R is an n-critical subsolution, if H,(z,d,u) < a(c) for
almost every x € M.

In particular, Mané’s critical energy level £ := {(z,p) € T*M : H(z,p) = a(c)} is the
only energy level in which there exist classical or weak solutions of Hamilton-Jacobi equation
H,(z,du) = a(c). Denote by S, the set of critical subsolutions. This set S, is non-empty. In
fact, it is showed in [12] that:
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Proposition 3.12. Ifu: M — R is an n-critical subsolution, then for every x, y € M
u(y) —u(x) < hy(z,y).

Moreover, for any x € M, the function h, 5(-) := hy(z, -) is a n-critical subsolution.

There is a more geometric way to define the Aubry set in the cotangent space, using directly
these critical subsolutions; it is possible to show that this set is given by the intersection of the
graph of the differentials of this critical subsolutions (where they are defined) plus the 1-form
7. In particular, it turns out that each critical subsolution is differentiable on the (projected)
Aubry set and their differentials coincide on this set. The following can be proven, see [12, 14].

Theorem 3.13. Let
Al = ﬂ {(z,ns + dyu) : uis differentiable at x} C T*M . (10)
UESn
Then A* = L(A,), where L is the Legendre transform defined in (2).

Using critical subsolutions, one can also obtain a nice representation of h,; for z € A, and
y e M:

hoy(,y) = sup {u(y) —u(2)},

where this supremum is actually attained, for fixed x,y € A.. Moreover, for x,y € A.:

de(r,y) = sup {(u—v)(y) — (u—v)(x)} .

u,VESy
These results can be improved (see [14]):

Theorem 3.14. For any n-critical subsolution u: M — R and for each € > 0, there exists a
C' function @ : M — R such that:

i) a(z) = u(z) and Hy(x,de0) = ac) on Ac;
i) |a(x) —u(z)| < e and Hy(z,d;0) < alc) on M\ A..

This implies that C! n-critical subsolutions are dense in S, with the C°-topology. This
result has been recently extended by Patrick Bernard (see [3]), showing that every n-critical
subsolution coincides, on the Aubry set, with a Cb! n-critical subsolution (that is the best
regularity that one can generally expect). Denoting the set of C! n-critical subsolutions by 8717,
one can rewrite:

Al = ﬂ Graph(n + du); (11)

u€S}
in particular, there exists a C! n-critical subsolution @ such that:
A’ = Graph(n +da) N E;. (12)

In the same way, one obtains:

ho(e,y) = max{u(y) - u(z)}
Oc(wy) = max {(u—v){y) - (u—v)(2)},

for any z, y € A..
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4 Minimizing properties of Lagrangian graphs and unique-
ness results.

In this section we shall prove the main results announced in Section 2. Let us start by proving
some action minimizing properties of probability measures supported on Lagrangian graphs.

Given a Lagrangian graph A with Liouville class ¢, we shall say that A is c-subcritical, or
simply subcritical, if A C {(x,p) € T*M : H(x,p) < afc)}, where o : HY(M;R) — R is
Mather’s a-function. Given a subcritical Lagrangian graph A with Liouville class ¢, we shall
call Aerie = {(z,p) € A H(z,p) = alc)} its critical part. The key result we need to prove is
the following characterization of minimizing measures.

Lemma 4.1. Let p be an invariant probability measure on TM and p* = Ly its push-forward
to T*M, via the Legendre transform L. Then, p is a Mather’s measure if and only if supp u*
is contained in the critical part of a subcritical Lagrangian graph. In particular, any invari-
ant probability measure p* on T*M, whose support is contained in an invariant Lagrangian
graph with Liouville class ¢, is the image, via the Legendre transform, of a c-action minimizing
measure.

Proof. (i) If p is a Mather’s measure with cohomology class ¢, then the support of p* is
contained in C(MC) C A:. By (11), A% is an intersection of subcritical Lagrangian graphs,
so supp p* is contained in at least one subcritical Lagrangian graph A. In particular supp p*
is contained in the critical part of A, simply because £(M.,) is contained in the energy level
E ={(x,p) € T*M : H(z,p) = a(c)}, see Theorem 3.2.

(i) Let us fix n to be a closed 1-form with [§] = ¢. Since we are assuming that A is a ¢
subcritical Lagrangian graph, we can write A = {(z, n(z) + du(z)), € M}, where u : M — R
is C'. By Theorem 3.9, in order to show that p is a c-action minimizing measure, it is enough to
show that supp u C N, i.e., that any orbit in supp  is a c-minimizer, see (7). To this purpose,
let us consider (x,v) € supp u and let v(t) = w(P;(x,v)), where @, is the Euler-Lagrange flow
and 7 the canonical projection on M. Given any interval [a, b] C R, let us consider the difference
u(y(b)) — u(y(a)) and rewrite it as:

b b
U(W(b))—uw(a))=/ dv(s>U(7(8))7(8)d8=/ [Ly(7(s),9(5)) + Hy(1(5), dy(syu)]ds, (13)

where the second equality follows from the definition of the Hamiltonian as the Legendre-Fenchel
transform of the Lagrangian and the fact that «(s) is an orbit of the Euler-Lagrange flow. Note
that along the orbit H,(v(s), dy(s)u) = a(c), because supp u is invariant and supp p* is in the
critical part of A. Then

b
/ Ly(7(5),7(s))ds = u(v(b)) —u(y(a)) — a(c)(b —a) . (14)

On the other hand, any other curve 41 : [a,b] — M such that v1(a) = v(a) and 1 (b) = v(b)
satisfies:

b
Aoy, (syu(71(s))¥(s) ds < / [Ln(n1(8),71(s)) + Hy(71(5), dyy (5yu) ] ds
(15)

u(y(8)) - uly(a)) = /

a

13



where the second inequality follows again by the duality between Hamiltonian and Lagrangian.
Note that now H, (v1(s), dy, (syu) < a(c), because A = {(z,n(x) + du(x))} is subcritical. Then

b
/ Ly(71(s),91(s))ds = u(y(b)) — u(v(a)) — a(c)(b —a) (16)

and this proves that v is a c-minimizer.

Let us finally observe that the Hamilton function on any invariant Lagrangian graph A =
{(z,n+ du)} is a constant: H(x,n+ du) =k (see Appendix B). Then u is a classical solution
of the Hamilton-Jacobi equation with cohomology class c. As discussed in Section II, there is
only one possible value of k for which such solutions can exist, namely k& = «(c), and this shows
that A coincides with its critical part. By the result proved in item (), if u* is supported on
A, then p is a c-action minimizing measure and this proves the last claim in the statement of
the Lemma. |

We can now prove the well-known uniqueness result for Lagrangian graphs supporting in-
variant measures of full support, in a fixed cohomology class, stated in the Introduction.

Theorem 4.2. If A C T*M is a Lagrangian graph on which the Hamiltonian dynamics admits
an invariant measure p* with full support, then A = C(/\/lc) = A%, where c is the cohomol-
ogy class of A. Therefore, if Ay and Ao are two Lagrangian graphs as above, with the same
cohomology class, then A1 = As.

Proof. By Lemma 4.1, the measure p = £, 'u* is c-minimizing. This means that £~1(A) =

supp u C ./\/l C AC, where the last inclusion follows from Theorem 3.9. Note however that, by
Theorems 3.2 and 3.8, /\/l and A are graphs over their bases and, since supp p is a graph over
the whole M, it follows that

L7H(A) =suppp =M, = A,.. (17)
O
One can deduce something more from the above proof.

Theorem 4.3. If A and p are as in Theorem 4.2 and p is the rotation vector of p = £t
then A = L',(./\/l”). Therefore, if A1 and Ao are two Lagrangian graphs supporting measures of
full support and the same rotation vector p, then Ay = Ao. Moreover, Mather’s B-function is
differentiable at p with OB(p) = ¢, where c is the cohomology class of A.

Proof. The first claim follows from the fact that MPis a graph over M and that by definition
MP D supppu = L71(A). As far as the differentiability of 3 at p is concerned, suppose that
¢ € HY(M;R) is a subderivative of 3 at p. Therefore, 3(p) = (¢, p) — a(c’) and this implies
that 9P C M; in fact, for any p € IMP:

/TM(L—mw:/TMLdu—/TMﬁ di = B(p) — (', p) = —a(c),

where 7’ is a closed 1-form of cohomology c. As a result, MP =1 (A) C MVC/. The graph
property of M. and of A, implies that Ay =My =L (A) and A%, = A. As a consequence,
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¢ = c. In fact, by Theorem 3.14 and Eq.(11), there exists a C! function v : M — R, such
that A = {(z,n' + dv) : © € M}, where ' is a closed 1-form with ['] = ¢/. This, by definition,
means that ¢’ is the cohomology class of A and therefore ¢’ = c. O

We are now in the position of proving the main uniqueness result in a homology class, stated
in the Introduction.

Theorem 4.4. Let A be a Schwartzman strictly ergodic invariant Lagrangian graph with ho-
mology class p. The following properties are satisfied:

(1) f AN AL £(, then A= A% and ¢ = cp, where cp is the cohomology class of A.
(i1) the Mather function « is differentiable at cp and Oa(cy) = p.
Therefore,

(iil) any invariant Lagrangian graph that carries a measure with rotation vector p is equal to
the graph A;

(iv) any invariant Lagrangian graph is either disjoint from A or equal to A.
We shall need the following Lemma.

Lemma 4.5. Let p,c be respectively an arbitrary homology class in H1(M;R) and an arbitrary
cohomology class HY(M;R). We have

M NAAD — QM CA < (3)pecdalc).

Proof of Lemma 4.5. The implication (2) = (1) is trivial. Let us prove that (1) = (3).

If MP N :4? # 0, then there exists a c-minimizing invariant measure p with rotation vector p.
Let  be a closed 1-form with [] = ¢; from the definition of o and 3:

o) = [ (@=iydu= [ Ldutep) =B(o) = (cop)s

since B and «a are convex conjugated, then p is a subderivative of « at c.

Finally, in order to show (3) = (2), let us prove that any action minimizing measure with
rotation vector p is c-minimizing. In fact, if p € da(c) then a(c) = (¢, p) — B(p); therefore for
any p € 9P and n as above:

—a(©) = Bp) ~ lep) = | (L= i)dn
T™
This proves that p € 9. and concludes the proof. O

Proof of Theorem 4.4 (i) From Theorem 4.2, it follows that A = A7 . Let us show
that it does not intersect any other Aubry set. Suppose by contradiction that A intersects

another Aubry set A%. By Theorem 4.3, A = £~1 (/W”), then M N A, # () and, because of

the previous lemma and the graph property of .ZC, we can conclude that A% = A. The same
argument used in the proof of Theorem 4.3 allows us to conclude that ¢ = cy.
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(i) Suppose that h € da(ca). The previous lemma implies that M" C A; the Schwartzman
unique ergodicity property of A implies h = p. Therefore « is differentiable at ¢y and da(cp) =
p-

To prove (iv), let A; be an invariant Lagrangian graph, and call ¢; its cohomology class.
If the compact invariant set A N A; is not empty, then we can find a probability measure
w* invariant under the flow and whose support is contained in this intersection. Since p* is
contained in the Lagrangian graph A;, by Lemma 4.1, it is ¢;-minimizing. Hence, the support
of u* is contained in A} . This shows that the intersection A N A7, contains the support of u*
and is therefore not empty By (i), A = A?, . Moreover, note that A} C Aj, because, on the one
hand, A; = Graph(n; + duy ), with 1] = ¢; and u; a classical solution to the Hamilton-Jacobi
equation (see proof of Lemma 4.1), and, on the other hand, A} = Nues} Graph(m + dus), see
(11). Therefore, A = A4, since they are both graphs over the base.

To prove (444), consider an invariant Lagrangian graph A;, with cohomology class ¢1, which
carries an invariant measure p* whose rotation vector is p. By Lemma 4.1, the measure
p* is cy-minimizing.  Therefore, we have MP N Acl # (. By Lemma 4.5, it follows that
L7YA) = MP C A., C L7Y(Ay). Again, this forces the equality A = A; by the graph prop-
erty. O

Finally, observe that Lemma 3.1, Theorem 3.9 and Lemma 4.5 imply the following property.

Corollary 4.6. The Mather function o is differentiable at c if and only if the restriction of
the Euler-Lagrange flow to A. is Schwartzman uniquely ergodic, i.e., if and only if all invariant
measures supported on A. have the same rotation vector (see Appendiz A for the definition and
a discussion of Schwartzman ergodic flows).

5 Global uniqueness of KAM tori

In this section we motivate more precisely the problem of uniqueness of KAM tori and we prove
Corollary 2.6. We also show how to generalize Corollary 2.6 to cover the case of invariant tori
belonging to the closure of the set of KAM tori.

KAM theory concerns the study of existence of KAM tori (see Definition 2.5) in quasi-
integrable Hamiltonian systems of the form H(x,p) = Hy(p) + €f(x, p), where: (x,p) are local
coordinates on T" x R", € is a “small” parameter and f(z,p) a smooth function. If € = 0 the
system is integrable, in the sense that the dynamics can be explictly solved: in particular each
torus T™ x {pg} is invariant and the motion on it corresponds to a rotation with frequency
p(po) = aHO (po). The question addressed by KAM theory is whether this foliation of phase
space into 1nvarlant tori, on which the motion is (quasi-)periodic, persists even if € # 0. In
1954 Kolmogorov stated (and Arnol’d and Moser proved it later in different contexts) that, in
spite of the generic disappearence of the invariant submanifolds filled by periodic orbits, pointed
out by Poincaré, for small ¢ it is always possible to find KAM tori corresponding to “strongly
non-resonant’, i.e., Diophantine, rotation vectors. Let us recall here the definition and some
properties of Diophantine vectors: given C, 7 > 0, we say that p € R™ is a (C, 7)-Diophantine
vector if and only if C|(p,v)| > |v|™", Vv € Z"™ \ {0}. The set of (C, 7)-Diophantine vectors
will be denoted by D(C, 7). Note that, if 7 < n— 1, D(C,7) = (), while for 7 > n — 1, the Dio-
phantine vectors have full measure in R”, that is limp_, o0 ft0(Ucs0oD(C, 7) N Bgr)/po(Br) = 1,
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where o is the Lesbegue measure and Bp is the ball of radius R centered at 0; for 7 =n — 1,
Uc>oD(C, 7) has measure zero but Haussdorf dimension n. The celebrated KAM Theorem
(in one of its several versions) not only shows the existence of such tori, but also provides an
explicit method to construct them.

Theorem (Kolmogorov—Arnol’d-Moser) [30]. Letn > 2, 7 >n—1,C > 0, £ > 27 + 2,
M >0 and r >0 be given. Let B, € R™ be the open ball of radius r centered at the origin. Let
H € CYT™ x B,) be of the form

H(x,p) = Ho(p) +ef(x,p) (18)

with |Holge < M, |flce < M, ’8;;0’ > M~ and p = 88120 (0) € D(C, 7). Then, for any

s < € —271 — 1, there exists e9 > 0 such that for any e < ey the Hamiltonian (18) admits a
C*5tT KAM torus with rotation vector p, i.e., a C**7 invariant torus such that the Hamilto-
nian flow on it is C®-conjugated with a rotation with frequency p.

Remarks.
1) If H € C*° then the KAM torus mentioned in the theorem above is C*°. If H is real analytic
then the KAM torus is real analytic.
2) As already mentioned, the proof of this theorem is constructive and it actually contains
much more informations than those summarized in the above statement. For instance, in the
analytic case, the proof consists of an iterative method allowing one to construct order by order
the series defining the conjugation function (and to prove convergence of the formal series). In
the differentiable case the proof is based on the idea of iteratively approximating differentiable
functions by analytic ones and then using the inductive approximation scheme of the analytic
case. In the differentiable case the proof provides an explicit construction of a KAM torus
(however the construction a priori depends on a number of arbitrary choices one has to make
along the proof — e.g., the choice of cutoffs one needs to introduce in the iterative approximation
scheme).
3) The invariant torus constructed in the proof of the KAM Theorem is locally unique, in
the sense that for any prescribed (and admissible) s there is at most one C**t™ KAM torus
with rotation vector p within a C*-distance §(n,s,C,7) to the one constructed in the proof of
the KAM Theorem, see [5, 29, 30]. Note that the C*-distance § within which one can prove
uniqueness of the KAM torus in a prescribed regularity class depends both on the irrationality
properties of p and on the regularity class s itself. It is then a priori possible that even for
small € there exist different KAM tori within a prescribed C'-distance from the one constructed
in the proof of the Theorem, possibly less regular than that torus. Quite surprisingly, even in
the analytic case, we are not aware of any proof of “global” uniqueness of the invariant analytic
KAM torus with rotation vector p (of course in the analytic case the analytic torus one manages
to construct is unique within the class of analytic tori — however nothing a priori guarantees
that less regular invariant tori with the same rotation vector exist).

The questions arisen in remark (3) is our main motivation for the study of the problem of
global uniqueness of KAM tori. Our result, in the form stated in the Corollary in Section 2,
settles the question and shows that, at least in the case of Tonelli Hamiltonians, it is not possi-
ble to have two different KAM tori with the same rotation vector. Note that the assumption of
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strict convexity of the Hamiltonian is necessary to exclude trivial sources of non-uniqueness: for
instance, in the context of quasi-integrable Hamiltonians, global uniqueness could be lost simply
because the unperturbed Hamiltonian induces a map p — 9, Ho(p) from actions to frequencies
that is not one to one. Let us also remark that, apparently, the Hamiltonian considered in
KAM Theorem is not a Tonelli Hamiltonian, since the latter, by definition, is defined globally
on the whole T" x R”. However any Cf strictly convex Hamiltonian defined on T" x B, for
some r > 0 can be extended to a global C* Tonelli Hamiltonian. Then in the statement of the
KAM Theorem above it is actually enough to assume H to be a C* Tonelli Hamiltonian, locally
satisfying the (in)equalities listed after (18).

Given the proof of our main results in Section 4, the proof of Corollary 2.6 is very simple.

Proof of Corollary 2.6. Since the Lagrangian KAM torus 7 admits an invariant measure
w* of full support, which is the image via the conjugation ¢ of the uniform measure on T™, then
the claims follow from Theorem 4.3. Note that for rationally independent rotation vectors, a
classical remark, generally attributed to Herman [18] (see Appendix B for a proof), implies that
7T is automatically Lagrangian. O

An interesting generalization of the result of Corollary 2.6 concerns the invariant tori belong-
ing to the C%-closure T of the set YT of all Lagrangian KAM tori. Note that, for quasi-integrable
systems, T is not empty. The set T can be seen as a subset of Lip(T",R™). This follows from
Theorem 4.3, and from Mather’s graph theorem, see Theorems 3.2, 3.4, and the results in
[25]. Moreover, any family of invariant Lagrangians graphs on which the function « (or H) is
bounded gives rise to a family of functions in Lip(T",R™) with uniformly bounded Lipschitz
constant. This is because, given A in such a family and denoting by (1 + du) its graph, for any
pair of points x,y € T" and any smooth curve ¥(t) on A connecting x to y with unit speed,
we have that u(z) — u(y) < fo‘wim L, (v(t),%(t)) + alc)|z — y|, where ¢ = [n], see (15). By
Ascoli-Arzela theorem, it follows that Y is also a subset of Lip(T",R™), consisting of functions
whose graphs are invariant CY-Lagrangian tori. Herman [19] showed that, for a generic Hamil-
tonian H close enough to an integrable Hamiltonian Hj, the dynamics on the generic tori in
T is not conjugated to a rotation. These “new” tori therefore represent the majority, in the
sense of topology, and hence most invariant tori cannot be obtained by the KAM algorithm.
More precisely, Herman showed that in T there exists a dense G5 set (i.e., a dense countable
intersection of open sets) of invariant Lagrangian graphs on which the dynamics is strictly er-
godic and weakly mixing, and for which the rotation vector, in the sense of Section 3, is not
Diophantine. These invariant graphs are therefore not obtained by the KAM theorem, however
our uniqueness result do still apply to these graphs since strict ergodicity implies Schwartzman
strict ergodicity.

More generally, given any Tonelli Lagrangian on T", we consider the set Y of invariant
Lagrangian graphs on which the dynamics of the flow is topologically conjugated to an ergodic
linear flow on T™ (of course, far from the canonical integrable Lagrangian the set T may be
empty). The dynamics on anyone of the invariant graph in Y is strictly ergodic. Since the set of
strictly ergodic flows on a compact set is a G5 in the C° topology, see for example [13, Corollaire
4.5], it follows that there exists a dense G subset G of the C° closure of T in Lip(T", R™), such
that the dynamics on any A € G is strictly ergodic. Therefore we have the following proposition.
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Proposition 5.1. There exists a dense G5 set G in the C° closure of Y consisting of strictly
ergodic invariant Lagrangian graphs. Any A € G satisfies the following properties:

(i) the invariant graph A has a well-defined rotation vector p(A).
(i1) Any invariant Lagrangian graph that intersects A coincides with A.

(iii) Any Lagrangian invariant graph that carries an invariant measure whose rotation is p(A)
coincides with A.

Appendices

A Schwartzman unique and strict ergodicity

In Section 3 we have introduced the concept of rotation vector of a measure. This is closely
related to the notion of Schwartzman asymptotic cycle of a flow, introduced by Sol Schwartzman
in [31], as a first attempt to develop an algebraic topological approach to the study of dynamics.
In particular, we would like to provide some examples and investigate some properties of what
we call Schwartzman uniquely ergodic flows.

One can give a different description of the Schwartzman asymptotic cycle of a flow. This
is also known as the flux homomorphism in volume preserving and symplectic geometry, see
[2][Chapter 3]. We will use the description given in [11][pages 67-70]. This definition has the
technical advantadge of not relying on the Krylov-Bogolioubov theory of generic orbits in a
dynamical system, although a more geometrical definition showing that “averaged” pieces of
long orbits converge almost everywhere in the first homology group for any invariant measure
is certainly more heuristic and intuitive.

Let us start with some standard facts. As usual we set T = R/Z. The space T is a topological
group for the addition. An important feature of T is that the canonical projection 7 : R — T
is a covering map. Therefore given any continuous path « : [a,b] — T, with a < b, we can find
a continuous lift 7 : [a,b] — T such that v = 7§. Any two such lifts differ by an integer. It
follows that the quantity 5(b) — 7(a) does not depend on the lift. We will set

V(v) =7(b) —7(a) € R.

This quantity remains constant on the homotopy class, with fixed end points, of the path ~.
Morever, if 7 is a closed path, i.e., we have y(a) = (b) then V(v) € Z, and, if such a closed
path is homotopic to 0 (with fixed endpoint) then V(y) = 0. It is also clear that for ¢ € [a, b],
we have

V(3lla,b]) = V(ylla, c]) + V(7l[c, b]).
Note also that two continuous paths 1,72 : [a,b] — T can be added by the formula

(1 +72)(#) = 1 (t) +72(8).

For this addition we have
V(1 +72) =V(n) + V(r2)-
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Another important property of the map V is its continuity on the functional space C%([a, b], T),
endowed with the topology of uniform convergence. If we call 6 the closed 1-form on T whose
lift to R is the usual differential form dt on R, where dt is the differential of the identity map
R — R, ¢+ t. It is well-known that when v : [a,b] — T is C!, we have

V(v)=/79=/:9w<t>(7(t))dt~

If X is a topological space, and F' : X x[a,b] — T is a given map, we will define V(F) : X — R

by
Vo € X, V(F)(x) = V(F,),

where F), : [a,b] — T is defined by F,(t) = F(x,t). The continuity of V on C°([a,b], T) implies
that V(F) is continuous. Furthermore, the continuity of V on C([a,b], T) also implies that
the map C°(X x [a,b],T) — C°(X,T), F + V(F) is continuous , when we provide spaces of
continuous maps with the compact open topology. B

If F' can be lifted to a continuous map F': X x [a,b] — R with F = 7 F, then

V(F)(z) = F(x,b) — F(z,a).

Suppose now that X is a topological space, and that (¢¢)ier is a continuous flow on X. We
will define @ : X x [0,1] — X by ®(x,t) = ¢¢(x). If f: X — T is continuous, we set

V(f,ot) =V(fod): X - R.

There is another another way to define V(f, ¢;:) which is used in [11]. The function F(f, ®) :
X x[0,1] — T, defined by

B(f, @) (z,t) = f(du(x)) — f(z)
is continuous and identically 0 on X x {0}, it is therefore homotopic to a constant and can be
lifted to a continuous map F(f,®) : X x [0,1] — R, with F(f, ®)|X x {0} identically 0. We
have
Note that is f is homotopic to 0 then it can be lifted continuously to f: X — R. In that case
F(f,®) = fo — f, and ) )

V(f,¢0)(x) = f(¢1(2)) — [

If 1 is a measure with compact support invariant under the flow ¢;, for a continuous f : X — T,
we define S(, ¢¢)(f), or simply S(u)(f) when ¢; is fixed, by

Su)() = [ VU0 (@) duo)
It is not difficult to verify that for fi, fo : X — T, then

S(u)(f1+ f2) = S()(f1) + S(1)(f2)-
Moreover, if f : X — T is homotopic to 0 it can be lifted to f : X — R and

S(u)(f) = /X [F(61(2)) — F(x)] du(z) = /X F(én () du(z) - /X F(x) du(z) = 0
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since p is invariant by ¢;. Therefore, if we denote by [X,T] the set of homotopy classes of
continuous maps from X to T, which is an additive group, the map S(u) is a well-defined
additive homomorphism from the additive group [X, T] to R.

When X is a good space (like a manifold or a locally finite polyhedron), it is well-known
that [X,T] is canonically identified with the first cohomology group H!(X;Z). In that case
S(u) is in Hom(H!(X;Z),R). Since the first cohomology group with real coefficients H!(X;R)
is H(X;Z) ® R, we can view S(u1) as an element of the dual H!(X;R)* of the R-vector space
H'(X;R). When H'(X;R) is finite-dimensional then H!(X;R)* is in fact equal to the first
homology group H;(X;R), and therefore S(p) defines an element of H; (X;R), i.e., a 1-cycle.
This 1-cycle S(u) is called the Schwartzman asymptotic cycle of u. Note that H!(X;R) is
finite dimensional when X is a finite poilyhedron or a compact manifold. It should be also
noted that for a manifold M the projection TM — M is a homotopy equivalence. Therefore
HY(TM;R) = H'(M;R) is finite dimensional when M is a compact manifold.

We now study the behavior of Schwartzman asymptotic cycles under semi-conjugacy.

Proposition A.1. Suppose ¢! : X; — X;,i = 1,2 are two continuous flows. Suppose also that
Y X1 — Xo is a continuous semi-conjugation between the flows, i.e., Yol = ¢? o1, for every
t € R. Given a probability measure p with compact support on Ny invariant under ¢;, then,
for every continuous map f: Xo — T, we have

SWup, #)([f]) = S, 1) ([f o 4],

where .y s the image of p under . In particular, if we are in the situation where Hom([X;, T])
Hi(X;;R), i = 1,2, we obtain

S(Wep, 97) = Hi()(S (1, ¢7))-

Proof. Notice that fyeél(z) — fio(x) = fe?(¢(x)) — f(p(x)). Therefore by uniqueness of
liftings V(f, ¢1)(x) = V(f,4?)(¥(x)). An integration with respect to u finishes the proof.
O

We would like now to relate the Schwartzman asymptotic cycles to the rotation vectors p(i)
defined for Lagrangian flows. We first consider the case of a C' flow ¢; on the manifold N. We
call X the continuous vector field on N generating ¢y, i.e.,

Ve e N, X(z)= CM;—?) o

By the flow property ¢;1¢ = ¢ o ¢y, this implies

d¢t (Z‘)
dt

In the case of a manifold N, the identification of [V, T| with H!(N;Z) is best described with
the de Rham cohomology. We consider the natural map Iy : [X, T] — H!(X;R) defined by

In([f]) = [£70);

where [f] on the left hand side denotes the homotopy class of the C* map f: N — T, and
[f*6] on the right hand side is the cohomology class of the pullback by f of the closed 1-form on

Yz € N, Vt € R, = X (¢t(x)).
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T whose lift to R is dt. Note that any homotopy class in [N, T] contains smooth maps because
C® maps are dense in C° maps (for the Whitney topology). Therefore the map Iy is indeed
defined on the whole of [N, T]. As it is well-known, this map I induces an isomorphism of
[N,T] on HY(N;Z) Cc HY(N;R) = HY(N;Z) @ R.

Given a C*™ map f: N — T, the C* flow ¢, on N, and # € N, we compute V(f, ¢;)(x). If
vz ¢ [0,1] — N is the path ¢t — ¢.(x), by definition, we have V(f, ¢¢)(z) = V(f 0 vz). Since 7,
is O, we get

V(f, é0) () = / o= [ fo.

fova Y

Since v, (t) = ¢¢(x), we have Y5 (t) = X (¢p¢(x)). It follows that

1
VU0 = [ (00,0 (XEbu(o) .
Recall that the interior product ixw of a differential form w with X is given by

(ixw)a () = wa(X(2), ).

When w is a differential 1-form then ixw is a function. With this notation, we get

1
V(f,¢>t)(x):/0 (ix f*0)(¢e()) dt.

Therefore if p is an invariant measure for ¢;, which we will assume to have a compact support,
we obtain

S(u) = /N / (ix *0) (64 (x)) dtdu(z).

Since ix f*6 is continuous, and we are assuming that p has a compact support, we have

1
S(u) = / /N (ix £*0) (64 (x)) dpu(z)dt.

By invariance of i under ¢, we get [y (ix f*0)(¢¢(x)) dp(x) = [ (ix f*0)(z) du(z), and there-
fore

S(u) = / /N (ix £*0) () du(z)dt = /N (ix/"0) dp.

This shows that as an element of H'(M;R)*, the Schwarztman asymptotic cycle S(u) is given
by
St)(lel) = [ ixwd

N
We can now easily compute Schwartzman asypmtotic cycles for linear flows on T™. Such a flow
is determined by a constant vector field a € R™ on T” (here we use the canonical trivialisation
of the tangent bundle of T"), the associated flow R% : T™ — T" is defined by R (x) = z + [ta],
where [ta] is the class in T™ = R™/Z"™ of the vector tow € R™. If w is a 1-form with constant
coefficients, i.e., w = Z?’Zl a;dz;, with a; € R, the interior product i,w is the constant function
S, aia;. Therefore, it follows that S(p) = a € R™ = Hy (T™; R).
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We now compute Schwartzman asymptotic cycles for Euler-Lagrange flows. In this case
N =TM and ¢; is an Euler-Lagrange flow ¢ of some Lagrangian L. If we call X, the vector
field generating ¢F, since this flow is obtained from a second order ODE on M, we get

Ve € M\Yv € T,M, Tn(Xp(x,v)) =0,

where Tw : T(T'M) — TM denotes the canonical projection. Since this projection 7 is a
homotopy equivalence, to compute S(u) we only need to consider forms of the type 7*w where
w is a closed 1-form on the base M. In this case (ix, 7*w)(z,v) = w(T7(X1(x,v)) = we(v).
Therefore, for any measure probability measure g on T'M with compact support and invariant
under ¢, we obtain

Sl = [

TM

wy (V) du(z,v) = / wdp.

T™
This is precisely p(u) as it was defined above in section 3. Note that the only property we have
used is the fact that ¢; is the flow of a second order ODE on the base M.

To simplify things, in the remainder of this appendix, we will assume that X is a compact
space, for which we have [X, T] = H!(X;Z), and H; (X; Z) is finitely generated. In that case, the
dual space HY(X;R)* is H; (X;R), and for every flow ¢; on X and every probability measure
p on X invariant under ¢, the Schwartzman asymptotic cycle is an element of the finite
dimensional-vector space Hy (X;R).

Suppose that = is a periodic point of ¢; or period T" > 0. One can define an invariant
probability measure p ¢, for ¢; by

1 [to
‘AMMWmm=%A o((e(2)) dt,

where g : X — R is a measurable function. We let the reader verify that S(ugq¢,) is equal in
H;(X;R) to the homology class [vz.t,]/t0, where v 4, is the loop ¢ — ¢4 (x),t € [0,%]. When
x is a fixed point of ¢¢, then the Dirac mass J, at z is invariant under ¢;, and in that case

S(5,) = 0.

Definition A.2. For a flow ¢; on X, we denote by S(¢;) the set of all Scwartzman asymptotic
cycles S(u), where p is an arbitrary probability measure on X invariant under ¢;.

Since X is compact, note that for the weak topology the set 9(X) of probability Borel
measures on X is compact and convex. It is even metrizable, since we are assuming X metriz-
able. Furthermore the subset MM(X, ¢;) C M(X) of probability measures invariant under ¢,
is, as it is well-known, compact convex and non empty. Therefore S(¢;) is a compact convex
non-empty subset of Hy (X; R).

For the case of a linear flow R® on T"™, we have shown above that S(RY) = {a} C R" =
H,(T™; R).

The following corollary is an easy consequence of Proposition A.1.

Corollary A.3. For i = 1,2, suppose that ¢! is a continous flow on the compact space X,
which satisfies Hom([X;, T],R) = H1(X;; R). If ¢ : X1 — X5 is a topological conjugacy between
o1 and ¢? (i.e., the map 1 is a homeomorphism that satisfies oy = @21, for all t € R), then
we have

S(¢}) = Hi(4)[S(¢3)].
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We denote by F(X) the set of continuous flows on X. We can embed F(X) in C°(X x[0,1], X)
by the map ¢; — F?¢ € C%(X x [0,1], X), where

F(x,t) = ¢y(x).

The topology on C°(X x [0,1], X) is the compact open (or uniform) topology, and we endow
F(X) with the topology inherited from the embedding given above.

Lemma A.4. The map ¢ — S(¢¢) is upper semi-continuous on §(X). This means that for
each open subset U C Hy (X;R), the set {¢+ € F(X) | S(¢p:) C U} is open in F(X).

Proof. Since the topology on C?(X x [0, 1], X) is metrizable, if this where not true we could find
an open set U C Hi(X;R) and a sequence ¢} of continuous flows on X converging uniformly
to a flow ¢, with S(¢¢) C U, and S(¢}) is not contained in U. this means that for each n
we can find a probability measure u, on X invariant under ¢} and such that its Schwartzman
asymptotic cycle S(pun, ¢1') for ¢f is not in the open set U. Since 9(X) is compact for the weak
topology, extracting a subsequence if necessary, we can assume that p, — p. It is not difficult
to show that p is invariant under the flow ¢;. We now show that S(un, ¢F) — S(u, ¢¢). This
will yield a contradiction and finish the proof because S(jin, @) is in the closed set Hy (X; R)\U,
for every n, and S(u, ¢¢) € U.

To show that the linear maps S(un,#}) € Hi(X;R) = H'(X;R)* converge to the linear
map S, ¢t), it suffices to show that S(un, d?)([f]) — S(u, é)([f]), for every [f] € [X,T] =
H'(X;Z) c HY(X;R) = H'(X;Z) ® R. Fix now a continuous map f : X — T. Denote by
F,,F: X x[0,1] — T the maps defined by

Fo(z,t) = f(61 (z)) — f(x) and F(z,t) = f(¢:(x)) — f(2).

By the uniform continuity of f on the compact metric space X, the sequence F), converges
uniformly to F. Since F,,|X x {0} = 0, if we call F, : X x[0,1] — R the lift of F, such that
F,|X x {0} =0, then the sequence F,, also converges uniformly to F, that is the lift of F' such
that F|X x {0} = 0. Since the p,, are probability measures, we have

VX Fa, pn(x) = /X F(z, )i (@)

Since p, — p weakly, we also have

V (2, (2 /Fxl

Therefore S(pun, 7)) ([f]) = [x Fnla, Dpn(x) — Su, ¢0)([f]) = [ F(x, Dpo(). O

Definition A.5. [Schwartzman unique ergodicity] We say that a flow ¢, is Schwartzman
uniquely ergodic if S(¢¢) is reduced to one point.

S||13‘n_13‘|‘oo_’0~

— 0.

By the computation done above linear flows on the torus T" are Schwartzman uniquely
ergodic. Of course, all uniquely ergodic flows (i.e., flows having exactly one invariant proba-
bility measure) are also Schwartzman uniquely ergodic. Moreover, by Corollary A.3, any flow
topologically conjugate to a Schwartzman uniquely ergodic flow is itself Schwartzman uniquely
ergodic.
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Theorem A.6. The set S(N) of Schwartzman uniquely ergodic flows is a Gs in F(X).

Proof. . Fix some norm on H!(X;R). We will measure diameters of subsets of H'(X;R).
with respect to that norm. Fix ¢ > 0. Call U, the set of flows ¢; such that the diameter of
S(¢) C Hi(X;R) is < e. If ¢? € U, we can find U an open subset of Hy(X;R) of diameter
< € and containing §(¢Y). By the lemma above the set {¢; € F(X) | S(¢;) C U} is open in
F(X) contains ¢ and is contained in U.. The set of Schwartzman uniquely ergodic flows is
nglul/n' O

Proposition A.7. Let p; : X — X be a continuous flow on the compact path connected space
X. Suppose that there exist t; T +o00 such that @y, —¢ in C(N,N) (with the C°-topology).
Then, p; is Schwartzman uniquely ergodic. In particular, periodic flows and (uniformly) recur-
rent flows are Schwartzman uniquely ergodic (in both cases ¢ =1d).

Proof. Fix a continuous map f : X — T. Consider the function F : X x [0, +00) — T, (z,t) —
f(#:(x)) — f(z). We have F(x,0) = 0, for every z € X. Call F: X x [0, +00) — R the (unique)
continuous lift of F' such that F(z,0) = 0, for every x € X. The definition of the Schwartzman
asymptotic cycle gives

SUD = [ P 1) duto)
for every probability measure invariant under ¢;. We claim that we have
Vt,t' > 0,Vr € X, F(z,t+1t)=F(¢(x),t') + F(z,t).

In fact, if we fix ¢t and we consider each side of the equality above as a (continuous) function of
(z,t") with values in R, we see that the two sides are equal for ¢’ = 0, and that they both lift
the function

(@,t) = f(Srar () = f(2) = f(&;(de(2) — [ (2)) + f(de(2)) — f(2)

with values in T. By induction, it follows easily that

E
=

VkeN, F(a,k)=> F(¢;x),1).

<.
I
o

Therefore, if ¢ > 0 and [t] is its integer part, we also obtain

[t]—1
F(z,t) = F(¢p(z),t — [t]) + Y F¢;(x),1). ()
j=0
It follows that
Vt > 0,Vx € X, |F‘(x,t)| < ([(] + 1)||F|X % [0, 1]|| 0o- (xx)

By compactness || F|X x [0,1]|« is finite. If we integrate equality () with respect to a proba-
bility measure p on X invariant under the flow ¢, we obtain

/X F(z,t)du(z) = /X F(x,t —[t]) du(z) + [¢] /X F(z,1)du(x).
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Therefore we have

s = i, [ 2D ). (s %)
b's
Suppose now that we set 7. (s) = ¢s(z); we have F(z,t) = V(f7./[0,t]). Fix now some point
o € X, and consider ¢; — -+oo such that ¢;, — ¢ in the C° topology. Since F(zo,t)/t is
bounded in absolute value by 2||F'|X x [0, 1], for ¢ > 1, extracting a subsequence if necessary,
we can assume that F'(zg,t;)/t; — ¢ € R. If z € X, we can find a continuous path v : [0,1] — M
with 7(0) = 2o and (1) = 2. The map I": [0,1] x [0,¢] — T, (s,s") — ¢+ (7(s)) is continuous,
therefore we can lift it to a continuous function with values in R, and this implies the equality

V(I[0,1] x {0}) + V(I[{1} x [0,¢]) = V(I'|[0,1] x {1}) = V(I'{0} x [0,]) = 0.
This can be rewritten as

V(2l[0,2]) = V(fYao|[0,8]) = V(fbiy) = V()

which translates to

Fz,t) = Fzo,t) = V(fory) = V(7).

Since ¢, — ¢ uniformly, by continuity of V, the left hand-side remains bounded as t = t; —

+oo. It follows that (F(x,t;) — F(zo,t;))/t; — 0. Hence for every z € X, we also have that
F(z,t;)/t; tends to the same limit ¢ as F(zq,t;)/t;. Since F(x,t)/t is uniformly bounded for
t > 1, by (*x), by Lebesgue’s dominated convergence we obtain from (x % %) that S(u)([f]) = ¢,
where c is independent of the invariant measure p. This is of course true for any f: X — T.

Therefore S(p) does not depend on the invariant measure p. O

An interesting property of Schwartzman uniquely ergodic flows (which also shows that they
have some kind of rigidity) is the following proposition, that follows immediately from the
definition of Schwartzman unique ergodicity and what we remarked above about the asymptotic
cycles of fixed and periodic points (see also [31]).

Proposition A.8. Suppose that ¢; is a Schwartzman uniquely ergodic flow on X . If there exists
either a fixed point or a closed orbit homologous to zero, then all closed orbits are homologous
to zero. In the remaining case, if C1 and Cy are closed orbits with periods 71 and T2, then %

and %2 are homologous. Since [C1] and [Cs] are in Hi(X;Z), it follows in this case that the
ratio of the periods of any two closed orbits must be rational. Consequently, for any continuous
family of periodic orbits of p¢, all orbits have the same period.

Definition A.9. [Schwartzman strict ergodicity] We say that a flow ¢; is Schwartzman
strictly ergodic if it is Schwartzman uniquely ergodic and it has an invariant measure p of full
support (i.e., u(U) > 0 for every non-empty open subset U of X).

Linear flows on the torus T" are Schwartzman strictly ergodic (they preserve Lebesgue mea-
sure). Of course, all strictly ergodic flows (i.e., flows having exactly one invariant probability
measure, and the support of this measure is full) are also Schwartzman strictly ergodic. A
minimal flow which is Schwartzman uniquely ergodic is in fact Schwartzman strictly ergodic
(because all invariant measures have full support). Moreover, any flow topologically conjugate
to a Schwartzman strictly ergodic flow is also Schwartzman strictly ergodic.
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B Lagrangian graphs and KAM tori

In this Appendix we recall some very well-known properties of Lagrangian graphs and KAM
tori used in the previous sections. We provide the standard proofs for the convenience of the
reader. First of all, let us observe that, as remarked in Section 2, the canonical symplectic
structure is intrinsically defined, i.e., it does not depend on the choice of the local coordinates.
In fact, it is easy to check that the Liouville form A can be equivalently defined as

Az, p) = (dn(z,p))*p € Tz‘m7p)T*M,

where 7 : T*"M —— M is the canonical projection on M. Now, let us prove that smooth
Lagrangian graphs correspond to closed 1-forms.

Proposition B.1. Let A = {(z,n(z)), x € M} a smooth section of T*M. A is Lagrangian if
and only if n is a closed 1-form.

Proof. Let us consider:
sy M — T'M
z — (z,n(z)).

We want to prove first that syA = n, where A is the tautological form introduced above and
sy denotes its pull-back. Recalling that A(z,p) = (dn(x, p))*p, we get:

(sp M) (@) = (dsy(z))* Mz, p) = (dsy(x))"(dn(x,p))*n(z) =
= d(mosy(x,p))n(z) =n(z),

where in the last equality we used that 7 o s, is the identity map. Using this property, the
claim follows immediately. In fact:
A is Lagrangian <= w‘TA =0 <= sw=0 < s5d\=0
= ds; =0 <= dnp=0 <= nisclosed.

Let us now consider a Hamiltonian H : T*M — R.

Proposition B.2. Let A be a Lagrangian submanifold. Then A is invariant if and only if
H | A = const.

Proof. (i) The Hamiltonian vector field Xy is defined by w(Xw, ) = dH. Since A is invariant,
XH|A is tangent to A. But A is Lagrangian, therefore 0 = w(Xg,V) =dH -V for any V € TA,
and this implies that H is constant on A. (i) Since H is constant on A, we have that, for every
VeTA 0=dH -V =w(Xg,V). Since A is Lagrangian, Xy belongs to TA itself and therefore
A is invariant. O

Remark B.3. As observed in the proof of Lemma 4.1, if A is an invariant Lagrangian graph,
then the value of the constant is given by a(ca ), where « is the a-function associated to H and
ca the cohomology class of A.
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To conclude, let us show that in the case of KAM tori with rationally independent rotation
vectors, the condition of being Lagrangian is automatically satisfied. Actually, the same result
holds in a slightly more general setting, as was observed in [18][page 52, Proposition 3.2], from
where we borrowed the proof.

Proposition B.4. Given a Hamiltonian H, let T C T™ x R™ be an invariant graph over T"
such that the Hamiltonian flow on T is conjugated to a flow Ry on T™, which is transitive,
i-e., with a dense orbit. Then T is Lagrangian.

Proof. Let ¢ : T" — 7 be the conjugation: ¢~ o ®; 0 p = Ry, Vt € R. Consider the inclusion
i7 of 7 into T" x R™. We want to prove that w|T =i7w = 0. Let us start by proving that the
restriction of the symplectic form 5w is invariant under the Hamiltonian flow ®,. In fact,

OF (iFw) = (i70®) w= (P 0i7) w=i% (Pjw) =ikw,

where we used that 7 is invariant ($; o iz = i7 o ®;) and P, is a symplectomorphism for any
t € R (i.e., ®jw = w). Consider now the 1-form on T” given by w1 = ¢* (i%w). Let us show
that wy is invariant under Ry; in fact,
(R)*'wi = (R)" (¢ (i7w)) = (po Ry) 7w = (Do) iw =
= ¢ (9] (i7w)) = ¢" (i7w) = w1,
where we used that ¢! o ®, 0 ¢ = R,. Since R; is transitive, then w; invariant implies

w; constant: w; = ZKJ- a;j dz; A dzj. But wy is exact (since w = —d is exact), therefore
w1 = ¢* (i%w) = 0 and (using that ¢ is invertible) the result is proved. O

C Proof of Theorem 3.9

In this Appendix we shall give the proof of the second equivalence in (9) and this will conclude
the proof of Theorem 3.9, as already discussed after its statement. We want to show that

p € M(L) and supp p C N, = supp pu C A.. (19)
Let us first recall the definition of non-wandering point for a flow ®; : X — X.

Definition C.1. A point x € X is called non-wandering if for each neighborhood U and each
positive integer n, there exists t > n such that f*(U) NU # 0.

We will denote the set of non-wandering points for ®; by Q(®;). Note that, if px is an
invariant measure, then supp p C Q(®;). In fact, by the ergodic decomposition theorem, every
point € supp p is in the support of an ergodic invariant measure pp: therefore, x is non-
wandering, by the ergodicity of p;. Given this remark, (19) is a simple consequence of the
following Proposition.

Proposition C.2. If M is a compact manifold and L a Tonelli Lagrangian on TM, then
Q (‘I’tL‘/\Nfc) C JZC for each c € HY(M;R).
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Remarks.

1) Proposition C.2 also shows that the Aubry set is non-empty. In fact, any continuous flow on
a compact space possesses non-wandering points.

2) As remarked above, every point in the support of an invariant measure p is non-wandering.
Therefore, if € supp p C J\~/C, then x € (<I>tL|J\~/C) and, by the above proposition, = € A..

This proves (19).

Before proving the above statement, we need some preliminary results. Let u: M — R be
an 7)-critical subsolution, with [n] = ¢ (see Definition 3.11), and v : [a,b] — M a curve. It is
easy to check (see for instance [12]), that for all a < ¢ <t <b:

u(y(t')) — u(y(t) < /f L(v(s),4(s)) ds + a(c)(t' — 1), (20)

see also (13) and (15). We will say that ~ : [a,b] — M is (u, L, a(c))-calibrated on [a, b] if for
all a <t <t < b the above inequality is an equality:

(1)) = u(y(t)) = / L((s),4(s)) ds + a(e)(t' — ).

In [12] many properties of such curves have been studied. In particular, they provide a useful
characterization of the Aubry and Maiié sets in terms of critical subsolutions. Let us denote
by Z.(u) the set of points (z,v) € TM such that the curve y(t) = 7®F(z,v) is (u, L, a(c))-
calibrated on R. In [12] it is proven that:

Ac= () Zew) and N.= |J Zo(w). (21)

1 1
uGSn uESn

Proof. [Proposition C.2] Without any loss of generality we can assume that ¢ = 0 and
a(0) = 0. Let (z,v) € Q (@f‘/\Nfo). By the definition of non-wandering point, there exist a

sequence (zy,vr) € Ny and t — +o0, such that (zj,vx) — (z,v) and f (zx,vx) — (z,v) as
k — 4o00. From (21), for each (xy, vx) there exists a critical subsolution uy, such that the curve
Ye(t) = 7®F (zk, vy) is (ug, L,0)-calibrated. Moreover, up to extracting a subsequence, we can
assume that, on any compact interval, 74 converge in the C*-topology to v(t) = ®F(x,v).

Pick now any critical subsolution u. If we show that v is (u, L, 0)-calibrated, using (21) we
can conclude that (z,v) € Ay. First of all, observe that, by the continuity of w,

k—oo

u(Vk(tr)) — w(zr) — 0.

Using that n-critical subsolutions are equi-Lipschitz [12], we can also conclude that

wr (e (t)) — ug(zx) "= 0

and, therefore,

/0 k L(vi(), x(3)) ds = g (s (tk)) — un(an) =30 (22)
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Let 0 < a < b and choose t; > b. Observe now that
u(yk(b) —ulw(a)) = uly(te)) —ulzr) — [ulw(te) — ulw (b)) — [u(yr(a)) — ulzk)] >

wlw(te) — u(zx) — /b " Ll(s), /0 “L (s)) ds =

Y

b tr
ulm(te)) — ulzx) + / L), /0 L), 5n(s)) s

taking the limit as £k — oo on both sides, one can conclude:

b
u(v(b)) — u(y(a)) Z/ L(y(s),7(s)) ds
and therefore, from (20), it follows the equality. This shows that ~ is (u, L, 0)-calibrated on
[0,00). To show that it is indeed calibrated on all R, one can make a symmetric argument,
letting (yx, wi) = ®f (1, vi) play the role of (zx,vy) in the previous argument. In fact, one has
(yr, wp) — (x,v) and ®%, (yr, wi) — (z,v) as k — +o0o and the very same argument works.
|
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