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Minimal orbits close to periodic frequencies

Ugo Bessi and Vera Semijopuva

Abstract. Let £(Q,Q) = %|Q|2 + h(Q, Q) with h analytic of small norm. The problem of
Arnold’s diffusion consists in finding conditions on h which guarantee the existence of orbits Q of
L with Q connecting two arbitrary points of frequency space. Recently, J. N. Mather has found
a sufficient condition for Arnold’s diffusion; this condition is not read on h itself, but on the set
of all action-minimizing orbits of £. In this paper we try to characterize those action-minimizing
orbits whose mean frequency is close to periodic.

Mathematics Subject Classification (1991). 70H.
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Introduction

One of the problems of the theory of Hamiltonian Systems is to understand the
dynamics of lagrangians of the following kind

£Q,Q)=AQ)-hQ,Q) (@.Q) eT"xR" (1)

where A is real analytic, 8% QA > 0 and h is a real analytic function of small norm.
In particular, a question has been recently much studied: suppose we are given h
of small norm and § > 0; we must find for which Ql, QQ € R™ there is an orbit Q
of £ and t1 < t9 € R such that

Q) — Q| <0 i=1,2 (2)

Obviously, if h = 0, there is no such orbit if § < %|Q2 —Q1| and, if § > %|Q2 —Q1|,
one is trivially found. If m = 2, |Qa — Q1] > +/|[A]| > 20, there is again no such
orbit because of the KAM theorem.

In [11] a theorem is proven which gives a sufficient condition in order to have (2);
this theorem holds not only for Lagrangians satisfying (1), but for all lagrangians
of class C? which are convex and superlinear in Q and whose Euler-Lagrange flow
(from now on E-L flow) is complete. The sufficient condition is read not on the
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lagrangian itself, but on the set of all action-minimizing orbits. In this paper we
consider the more restricted class of quasi-integrable lagrangians, like (1), and try
to characterize some of its action-minimizing orbits (those whose frequency is close
to periodic) in terms of k.

In order to explain our results we need to recall some of the terminology of [10]
and [11]. Let us denote by M the set of all probability measures on T x R™
with compact support invariant by the Euler-Lagrange (from now on E-L) flow of
L. In [10], the following functional is introduced

o H(T™ R) — R

—afc) = min{ (L—no)du : peM}
TmxR™

where 7. is a closed 1-form in the cohomology class ¢, considered as a function
7e: T™ X R™ — R.. It can be shown that the minimum is achieved, that a(c) does
not depend on the choiche of 7, and that the E-L flow of £ — 5, is the same as
that of £. In the following, we will choose the representative of ¢ with constant
components and we will write, with an abuse of notation, ¢ = n, € R™. We list
below some of the properties of « proven in [10]:
e « is convex and superlinear;
e If ac) is attained on , then it is attained on almost all the measures on the
ergodic decomposition of p.
e If there is a positive-definite KAM torus, then there is a unique ¢ such that
a(c) is attained on the ergodic measure on the KAM torus; moreover, afc) is
attained only on that measure.

We denote by A. C.(R,T™) the space of absolutely continuous functions from
R to T™. Following [11] we say that an orbit @ € A. C.(R,T™) is a c-minimizer
(ce R™)if, for any a < b€ R, any d < e € R and any Q1 € A. C.(|d,e], T™)
such that

Q1(d) = Q(a), Qi(e) = Q(b)

we have

b e
/[ﬁ(Q,Q)—<C7Q>+a(6)]dt§/d [£(Q1,Q1) — (e, Q1) + ale)ldt.  (3)

If we had b —a = e — d then the integral of a(c) would be the same on the
right and on the left and we could drop the term a(c) in the integrand; if Q|[, 4

were in the same homotopy class as Q1 |[d}5]7 then we could also drop —{c, Q) and

recover the usual notion of minimal orbit. In other words the term —{c, Q) makes
the functional sensitive to the homotopy class of the orbit, and «(c) makes it
sensitive to the time of travel. In [11], proposition 5.2, it is shown that the orbits
in the support of the measures realizing a(c) are c-minimal; however, they are
not the only c-minimal ones: for instance, if the c-minimal ergodic measures are
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evenly distributed along periodic orbits, then some of the homoclinic or heteroclinic
connections among them can be e-minimal orbits. The sufficient condition of [11]
is read on the set of all c-minimal orbits as ¢ varies in R™.

Our approach is based on the fact that there is a change of coordinates (the
Nekhorocheff normal form near periodic frequencies) which brings the lagrangian
to a very simple form, thus easying the problem of finding minimal orbits. Before
discussing the properties of the normal form we remark that these new coordinates
are defined only in open sets of the type T™ x B(%, % ||h||ﬁ), where k € Z™ and
0<T< C”||h||*%+?1%. Thus we must check the following things: first, that for

ce B(%7 %%Hh”ﬁlﬁ) all c-minimal orbits live inside T™ X B(%7 %Hh”ﬁ), where
the normal form is defined. Second, that the change of coordinates preserves the
minimality of the orbits. Third, that the balls B(% %%Hh”ﬁ) cover frequency
space, so that we can study by this method c-minimal orbits for all c € R™. All
these facts, which are a reformulation of results of Bernstein-Katok and Lochak,
are proven in the appendix for completeness’ sake. In particular, we refer the
reader to [8] for a proof of Nekhorocheff theorem based on periodic orbits, and to
[9] for a survey of the problem of Arnold’s diffusion.

In the new variables, the perturbation is the sum of two terms: the first one,
which we call V, depends only on the components of @ orthogonal to £, and if

T 2
the perturbation h has Fourier development

Q@) = T ay(@)eith®

then we have that ) L
V(Q,Q) =Y an(@)ei™ . (4)

kLlk

The second term, which we call v f, is exponentially small in |||, and has little
influence. For the moment, let us restrict ourselves to the very particular case in
which V does not depend on @, f = 0 and the lagrangian in normal form reads
£(Q,Q) = %|Q|2 — V(Q). Since V does not depend on the % direction, it is easy

to see that the %—minimal measures are given by the convex combinations of the
measures uniformly distributed along Q*(t) = %t + a;, with {a;} the set of the

maxima of V. Indeed, it is only on these orbits that the integrand £(Q, Q)— (-7’%, Q)
reaches its minimum value. Moreover, if the maxima of V' are nondegenerate in
the direction orthogonal to %, the orbit Q! will be hyperbolic and thus will survive
the second, exponentially small term of the Nekhorocheff normal form. We will
call Qg the periodic orbit close to Q? surviving the perturbation. In theorem 1.3
we show that, under suitable hypotheses on V', the measures evenly distributed
along the Qi are the ergodic %—minimal measures. We remark that, by (4), the
nondegeneracy of the maxima of V' can be read directly on h, without the need of
actually performing the change of variables.
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Thanks to the particular form of V| which allows us to treat separately the
motion in the % direction (the fast variable) and the one in the orthogonal direc-
tions (the slow variables) we are able to study which are the c-minimal orbits for
¢ close to % and vf small. In theorem 2.3 we study A, the minimal supporting
domain of & containing % Under the same hypotheses on V' as in theorem 1.3 we

- .
show that A is contained in the affine hyperplane -Q’% + (-;%) and has nonempty

interior relative to it; if ¢ belongs to this interior, then the only ¢-minimal orbits
are the Q‘V and the heteroclinic connections between couples of them. In theorem
2.4 we show that, if we neglect the exponentially small term ~ f, we still get a good
approximation of A.

If m = 2 (the twist map case) we re-read in this framework some well-known
results. In particular, in proposition 2.6 we show that, if ¢ is just outside A,
then the c-minimal orbits are close to sequences of heteroclinic or homoclinic
connections between the Qi. The study of orbits close to a sequence of homoclinics
or heteroclinics has been initiated in [14] (see also [6]); if the methods of these
papers could be applied to this situation they could provide another way to prove
the existence of Arnold’s diffusion.

We remark that in [10] Mather considers time-dependent Lagrangians, with
period 7 in time, £: T™ x R™ x T - R, together with their extended E-L flow,
i. e. the flow on T™ x R™ x TL. Moreover, he compactifies this space and shows
that the extended E-L flow on T™ x R™ x T! U oo is continuous. He defines M
to be the space of invariant probability measures on T™ x R™ x T! U co. We
don’t compactify since in [10] it is shown that c-minimal measures have compact
support (obviously, in [10] one has to compactify, otherwise one is not certain that
M is not empty!) Thus to follow [10] we should consider the space of compactly
supported invariant probability measures on T™ x R™ x T1: it is easy to show
that, in the autonomous case, it makes no difference to consider this space or our
M. Moreover, in [11] there is also a slightly different definition of ¢-minimal orbit;
indeed, in this paper the numbers a,b, ¢, d of (3) are restricted to be in 7Z. Since
our lagrangian is autonomous, we can take 7 any element of R1, and thus our
definition amounts to the same of [11].

Section 1

We will denote by d the metric induced on T™ by the Euclidean distance on R™
and by (-, -) the standard scalar product of R™.

By the arguments of the appendix we can restrict our study to lagrangians
already in normal form. Thus we will consider a lagrangian

£e(@Q) = 3101 — ¢ [V(@.Q) +5(@)] -2/(@. Q)
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and (k,T) € Z™ x [1,00) satisfying the following conditions

G1) v7>0,  [blles, [Viigs, I fllgs <1

@) V@@ =V@Q) ¥@Qs)eT" xR" xR
G3) vQ € R™ max V(Q,Q)=0

and there are p functions of class C2, a1(Q), . .. ,ap(Q) such that

, )
WQeR"  V(@,Q) =0 Qe (@)t mshen.
i=1

Moreover, there is A > 0 such that

) . o2 ..
VQER™  AQ)=-55VIe) (@@, 24 i=1..p

|=1.

| =

G4) |

We take the integrable part to be %|Q|2 because the fact that this fuction is
the Legendre transform of itself will allow simpler formulas. We don’t make any
analyticity assumption on V' and f but we remark that, if £, , is the normal form
of a lagrangian £ like the ones considered in the appendix, then by (A.13) if T
is not too big we can read G1-4) directly on £, without actually performing the
change of variables.

It is easy to check that, for € and « small enough, L.  satisfies the hypotheses
of [10], i.e

2
i) 9 rso
0Q?
i) lim M = 400 uniformly in Q
Qoo Q)

141) the E-L flow of £ is complete.
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In our case, point iii) is a consequence of the fact that the energy surfaces are
compact.
We define

—a(e) = min{ (Ley—c)dp @ pe M}
TmxRm™

where M is the space of probability measures on T™ x R™ which are compactly
supported and invariant by the flow of L . The aim of this section is to find the
measures which realize aﬁ,(%).

Let us consider the periodic orbits of L, g given by

1 k k
Q(i,§r2):t—>ai(r?)+rft i=1,...,p.

If V' does not depend on Q and b = 0, it is easy to see that Q(i, %72) is hyperbolic
with stable and unstable manifolds projecting diffeomorphically onto
k
t-=)<d}.
)+t ) <5}

M| =

M};={zeT™ : inf d(z,a;(r
teR

We will suppose that this situation is true also for the V' and b we consider. Since
hyperbolic periodic orbits are stable under small perturbations of the flow, for v
small enough we can find a solution of L., Q(4, h,~) which depends smoothly
on v, having energy h and such that Q(¢,h,0) = Q(¢,h). This leads us to an
additional hypothesis.

G5) We suppose that ~ is so small that all the Q(4, h,~) depend C? on (h,~).
Moreover, the Q(7, h,~) are hyperbolic with stable and unstable manifolds pro-
jecting diffeomorphically onto Mg. We require that, if T'(z, h,v) is the period of
Q(i, h,7), then

1

) T(i,h,y) .
P =gy en(@Gh). Qb))

; @i, h,v))di

3| =

2
has a unique minimum close to h = % ( ) = %, which we call h;. Moreover,

3T < T(i, hi,y) < 2T.
We set
ny(t) = Q(h hi77)7 T': = T(iahifY)

and define
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We define the set I C {1,...,p} by

iel iff G=g'(h).

Lemma 1.1. Let G1-5) hold. Let p be an ergodic %—mim’mal measure whose
support is contained in M} x R™, i € (1,...,p). Theni € I and p is the pull-back

of the Lebesgue measure by ( Zwa

Proof. We will follow the argument of [4] and [10], based on the Weierstrass method
(an exposition is in the appendix of [10] or in [5], chapters 3 and 12). We note
that the stable and unstable manifolds of Q@ are lagrangian submanifolds for
the canonical 2-form, invariant by the E-L flow; moreover, the local stable and
unstable manifolds of fo project diffeomorphically on M} by G5). We define
O: M} x RT — T™ x R™ in the following way: ®(z,t) is the evolution of the
orbit on the stable manifold of Q?Y such that the projection of ®(z,0) on T"™ is z.

Let us call Mg the universal cover of Mgﬂ Under these hypotheses, the references

quoted above ensure that we can find a function S: Mg x Rt — R such that, if
we define

. 17 0 .
then £*(®(x,t),t) =0 and L* increases quadratically with the distance |(z,2,t) —
(®(z,t),t)]. Moreover S, which is found solving a Hamilton-Jacobi equation by
the method of charachteristics, satisfies

Lz, 2,t) = Ley(z,2) —

| =

; _
k
S(z,t) — S(z,0) :/0 [£(2(2,1)) = (7, Pa(@,1)) — gs(hi)ldt
where ®9 denotes the second component of ®. Since ®(z,t) is asymptotic to in
by the last formula we get

lim %[S(Lt) — S(z,0)] =0 uniformly in z. (1.2)

t—o00

Since p is c-minimal and G > a(%) we have that

E
02> [Ley — 7 — Gldp
TmxR™ T

while by the Birkhoff ergodic theorem we can find a solution @ of the E-L equation
such that

Q) — Gldt =

3| =

k- .1 fF )
fo Mo =g -Gl Jim 7 1@ -
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e ,
Mﬂ-{/ Uﬂ%@ﬂ&+5@ﬁmﬂ—5@@%®}+mW0—G
0
By (1.2) and the above two formulas we get that

7. T
02/ Lo — X _Gldp = Tim l/ £4Q,0,8)dt+g'(hi) ~G > g (hs)—C
TmxRm 1 T—oo T' Jo

where the last inequality is a consequence of £* > 0. Since g;(h;) —G > 0ifi & I,
the above formula implies that ¢ € I.

Let us now suppose by contradiction that (Q(0),Q(0)) does not stay on the local
stable manifold; then £*(Q(0),Q(0),0) = 3 > 0. By the ergodic theorem, (Q, Q)
enters frequently a neighbourhood of (Q(0),Q(0)) where £* > £: since £* > 0,
we have that

1 (T .
lim —/ £5Q,Q,t)dt > 0.
0

By the last two formulas we have
ko _
0> [Lery— = —Gldp > gi(hi) —G >0
TmxRm T

a contradiction. Thus @ stays on the local stable manifold of Qg; since it is
recurrent, we get that () must coincide with a translate of Q; Thus p is the

pull-back of the Lebesgue measure by ( i, Q;) and the lemma is proven. O

Lemma 1.2. Let G1-5) hold, let i € (1,...,p), let b(Q) and w € R be such that
ellbllcs < w <6 and QL(R) € MY. Then there is B > 0 independent on w such
that, if Q satisfies Q([0,T]) C M} and Q(0),Q(T) € M}

., we have

T
/O £en(@:Q) — (,Q) — Gldt > —Blw 1 T).

Proof. By G5), we have that Q(i, h,~) depends C2 on (h,~); this implies that, for
some s € R,

”Q(Z?hv’Y) - Q(% h70)( - 5)”6'1 S C’Y

Since L, o(Q(4,h,0)(t), Qi h, 0)(¢)) is constant, by the Lipschitz continuity of £, .,
and the above formula we deduce that

up [ (@4(0),G4(0) ~ (3, G4 1)) — £y (Q4(5), G (5)) — (%, Gi(s))] < Oy

s,teR
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which by the mean principle implies

; . k- ~ 1
sup|Le (@4 (1), Q4 (1) = (5, Q5(1) = G| < By, |G =5 < Bly+efbl]. (1.3)
teR

By the Lipschitz continuity of L -, the fact that €||b|| < w and the above arguments
we also deduce that

£en(@Q) ~ (2,@) - G 2 ~B"(w 1), (14

The last formula implies the thesis if 7' < 4. Thus we can restrict ourselves to the
case T' > 4, where lemma A.1 and a standard calculation show that the function

T 3 -
Fr(Qo,Q1) = min{/0 [Len(u, ) — <T’u> —Gldt : u(0) = Qo,u(T) =Q1}

is Lipschitz of Lipschitz constant 2 for Qg in a 26-neighbourhood of Q(0) and Q
in a 2d-neighbourhood of Q(7'). This and the boundary conditions on ¢ imply
that we can define a function @ such that Q(0),Q(T) € Q% (R), Q([0,T]) C M;
and

| &

T@—@w—%.um

~| =

T . - ey T P s
/ £er(Q.Q) — (2,0) — Gldt > / £er(Q,0) — (
0 0

We define a periodic orbit Q in the following way: on [0,7] Q coincides with Q,
on [T, T1] @ coincides with the segment of Qg connecting Q(0) with Q(7T"). By
(1.3) we have

Ty o o o= _ . _
[ 1£00(@.Q) - (. @) - Gldt| < BT - T) S BT <2B0T (L)

where the last inequality comes from G5). By (1.5) and (1.6) we get that

! L N .
| 1@ = . - Glde 2 [ 1£7(Q.Q) - (7, @) - Gldt 4o 281,
Defining £* and S as in lemma 1.1 we get that

T — l*{ . B
| 1G9 - (. @ - Gl -
0

T - - ~
/0 £4(G,8,6)dt 1+ S(O(Ty), T1) — S(G(0),0) + gilhs) — C.
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Putting the last two formulas together, recalling that £* >0 and that g;(h;) — G > 0
we get

| =

,Q) = Gldt > S(Q(T1),T1) — 5(Q(0),0) — 4w — 2B T =

~

T .
JRCRCXORY
0
T ~ l; - - B
L mﬂﬂmwm—@ﬂMme—qm_%_wwp

But ®(Q(0),t) is simply (Q4(t + T)7Q§(t + 7)) because Q(0) = QL (7); if kTZ is
the biggest multiple of TWZ‘ smaller than T, we get from the above formula and the
definition of & that

,Q) — Gldt >

el Il

T .
/ £er(@,0) = {
0

T B ~ ~ B
/ [Le4(9(Q(0),1)) — <% B9(Q(0),1)) — G)dt — 4w — 2B'4T.
kT;

Since Ty — kT < 2T, by (1.3) we get the thesis. O

We would like to show that the only ;ﬂ—minimal orbits are the ones supported by

the Q% ¢t € 1. By lemma 1.1, it is sufficient to show that any %—minimal measure
4+ has support inside some Mg x R™. Thus we need some condition which makes

too costly for a £-minimal orbit to go outside Mg frequently; essentially, this is

condition (7) of G6) below. The two following hypotheses, G6) and G7), allow us
to estimate the functional along orbits generic for p and thus to get information
on the support of u; B is the same as in lemma 1.2 and B’ is as in (1.3).

G6)
(7) aD € (0,1) such that

P
~V(Q,Q) +bQ)] —1f(@Q,Q) =D& it QeT"\|JM}, QeR"

i=1

) . )
) Jw € (0, 5) such that {Q },cr C M.Yi

i i k )i
Itréai__i([ﬁe,’y(Qy(t)an(t)) - <T7Q7(t)>] =
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iﬁww@ﬁ%%,Q%(QQE(TNLM%>xW@

i=1

’ﬂ\| =l

D D
(iii)  Blw++T) < 1‘52’ 2¢)|b]| o + B'y < 3527 ellbllos < w.
G7) Any two couples of M§ have empty intersection.

Theorem 1.3. Let G1-7) hold. Then the ergodic %—mim’mal measures are the

pull-back of the Lebesgue measure by ( g, Qg), fori e I. In particular, av(%) —
—G.
Proof. We have seen in lemma 1.1 that if a %—minimal measure has support in

MjxR™ i€ (1,...,p), then it must coincide with one the Q*. Thus the theorem
E
k.

M g x R™; we suppose by contradiction that there is p, ergodic and %—minimal,
whose support is not contained in any Mg x R™.

Let @ be an orbit generic for p; we use @ to define three classes of intervals. Each
interval P; is maximal with respect to this property

is proven if we show that any ergodic =-minimal measure has support in some

Jie(l,...,p) : Qit)e M Yte P, Q(OP)C M.
The intervals R; satisfy
Fie(l,...,p) : Qt)e Mi\ (M} Vte R, Q(OR) C@MZ,U&M%

where X° denotes the interior of X; the intervals S; are the maximal ones such
that

P
QU ¢ | JMy)° vies, 3tes : Q)¢ M
i=0

It is easy to see that R can be partitioned into these three families of intervals,
and in such a way that a P, is followed by a R; which in turn is followed by a S,
which is again followed by a R;; this R; can be followed by a S; or by a P, and at
this point the cycle begins again.

We are supposing that the support of u is not contained in any M x R™; by
G7) it must intersect (T™ \ J_; M}) x R™. Since Q is generic for y, it enters
(T™\ ULy M}) x R™ frequently; since by lemma A.1 of the appendix its speed
is bounded, we get by G7) that

g U S SN0, R] #0)

im in 5 >0 (1.7)
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where m denotes the Lebesgue measure. Moreover, the above formula implies

that none of the P; or of the K; can be a half-line. We assert that the following
inequalities hold

W[ 1@ Q) (@) - Gl > Dt mas(imis)) (1)
. ko _

W [ 1£(@.9) - (7, 0) - Glar 20 (19

Vi /P[ (@, Q) — (% Q) — Gldt > —B(w +~1). (1.10)

We postpone the proof of (1.8)-(1.10) and see how they imply the thesis

. If we
number the 5; according to their order on R and set
1o = min Sy t; = max S
we get that
1 “ k -
=7 ), 169, 9) - (. @) - G
1 k
> ~(Q,Q) - (=, Q) — Gldt-+
b=t { : PsN[to, tl];ﬁ(b/ v r
l T
. E . _
> [ 1662(@.9) - (,G) — e
k _
3 [£er(Q,Q) — (5, Q) — Gldt ; >
s Rsﬁ[to,tz];ﬁ@/R k T }
1 E . _
£e1(@,Q) — (5,Q) — Gldt
b= to . P, mz[t;),tl];é@/ ! &
.
+Z/ A@,Q) ~ (. @) — ] (111)

where the last inequality is a consequence of (1.9). If we apply (1.8) and (1.10)
and recall that between two S, there is at most one P;, we get that

1 4
=7 ). 1£n(@

L Q)—Gldt > z ito Z[—52 max(1,m(S;))—B(wt~yT)].

"3\| Enl
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If we now apply (1.7) and (i3¢) of G6) we get that

tl . 2 . =
1mmf1t/j@M@Qp¢%@—qw>u

Imoo 1 — 10 Jy

Since G is the mean action of a periodic orbit, by the Birkhoff ergodic theorem
the last formula implies a contradiction with the minimality of .

Thus the proof of the theorem reduces to the proof of (1.8)-(1.10). It is clear by
(¢47) of G6) that (1.10) is simply lemma 1.2; moreover, (1.9) is a direct consequence
of (i) of G6). Thus the only inequality we have to prove is (1.8). We distinguish
two cases: m(S;) > 1 and m(S;) < 1. In the first case we have by () of G6) that

3| =

[ (@ @) = (1. 0) — Gl > [ (—5 — el + D5? - G
s s,

which by (1.3) implies

[ 1£(Q.Q) = (5.0) = Gldt 2 m(3){D#® — 2¢]t] - B].

The last formula, by (#i%) of G6), implies (1.8).
In the second case we use a method of [13]. On 5, @ runs a distance at least § in
the direction orthogonal to %; we have that, by (z) of G6),

VD9 < VD5 [ G- lie< [ 101 =V(@.Q) — @)~ 1@ Qe <

1.

{[ql[—GV(Q7Q) —eb(Q) —vf(Q,Q)]dt - /Sl o %Pdt}g -

[ 1516- 3P - V(@@ - (@) - 1@ D
S

From the last formula and G4) we get

7Qmﬁz—%+¢ﬁﬂz—%+Dﬂ

= =

/ 1£(@.G) =

where the last inequality comes from the fact that D € (0,1). On the other side,
by (1.3) and (¢i7) of G6), we get that
G < —=+ By +€|b].

Always by (i) of G6) the last two formulas imply (1.8) and thus the thesis. O



Vol. 73 (1998) Minimal orbits close to periodic frequencies 529

If @ is a path on the torus, let us denote by [Q] one of its lifts to R™; [Q] 1 and

[Q] will denote respectively the components of [Q] orthogonal and parallel to %
The next lemma gives an estimate on the action functional of an orbit in terms of
its rotation number.

Lemma 1.4. Let G1-7) hold. Then there is F' > 0 such that, for any T > 0 and
any orbit Q) satisfying

3t € [0,T] such that Q(t) & J_yMj

we have

it > F-[Q(T)] L = [QO)]L|-

3|

7@) + a’Y(

=~ 7

T .
/ £er(Q,0) = (
0

Proof. We divide [0,7T] into intervals P;, R; and S; exactly as we did in theorem
24.

From the arguments of [13] which implied (1.8) we get that

7Q>+a7(

|

D
dt > Z‘SQ max(|b; —ay), 1). (1.12)

3| =

S = [a, bi] = /S [£e1(Q,Q)—(

As in (1.11) we get that

/T[c @& —(E.0) + ar(Eyar >
0 €,7Y bl T7 ’YT &,
k- k
[ 16r(@.0) = (5. Q)+ (e
Pm[OT];,sm ‘
k
[ 1ea@.6)- (5.0) + o (E)let

Sm[O T|#0

By the last formula, (1.12) and the fact that between two S; there is at most one
P, we get that

T .
/ £ (Q,0) = (
0

By G7) and lemma A.1 of the appendix it is clear that there is C' > 0 such that

Sl - al 2 C|lQ(T)]L - [Q(O)]
[}

7Q>+0‘7

3| o

dt>2[ 62 max(|b; — ay),1) — Bw+~T)| .

"3\| el

The last two formulas imply the thesis. |
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Section 2

This section contains the results about the behaviour of v, and of the minimizing
orbits. We begin with some definitions.
A solution u of the E-L equation of £, , such that

d(u(t), Q%(t — a—oo)) + [a(t) — QL(t —a_oe)] =0 for t— —co

d(u(t), Q2(t — ace)) + [i(t) — Q4(t — aoo)| = 0 for ¢ — o0

for two a_o0, as € R, is called a heteroclinic orbit connecting Qg with QZ/ ifi £ 4,
a homoclinic if ¢ = j. Clearly, if there is a heteroclinic connection between %, and
Q%, the two orbits must have the same energy.

We recall some of the notations and results of [10]. If ;1 € M, then there is a
unique p(u) € R™ (the "rotation number” of 1) such that

vee R"  (p(p),c) = f cdp.
TmxRm™

In the integral on the right ¢ is seen as a function ¢: T™ X R™ — R, c: (a,b) —
(e,b). If pis c-minimal, then p(p) € day(c), i. e. p(p) is a subgradient of c,
in ¢. We will denote by (3, the polar of . An equivalent definition of 3, is the
following
B (p) = min{ Lenydp : pe M, p(p) = p}.
TmxRm™

Both o, and 3, are convex and superlinear. In the following, we will denote by
A, the minimal supporting domain of e, in % To prove theorem 2.3, we will need
the following two lemmas.

Lemma 2.1. Let G1-7) hold and let us define

k
gR—R g:r—>a7(7"?).

Then, if € and v are small enough, g is strictly conver in the point r = 1.

Proof. We set R ) ) ) )
V(Q,Q) =eV(Q,Q) +eb(Q) +1f(Q, Q).

For ¢ € I we consider

Qx(t) = QL ((1+ X))
a periodic orbit of period T' = 1% and see that

1

T . .
g = /O [Len(@r,Q0) = (14 Nz, Qa)]dt =

| =
]| Rl

(14X

e
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T ) 1 /T ‘
/[IQI (N Qi — 7 [ (@@=

™ .
<1+A>/O 2G4 - (£ Q%)]dt~i 7(QF, (1+ NG )dt =

T
(1+A)2/Ti~ .
e V(Q!, Qi )dt—
It f, V@@

k

—(14+ N 2a,(=
(14 200 (7
L5 (4 @

— 4 , + i

T’;L’ 0 Y Y

If we apply to the last integral the Taylor formula and G1), G5), we get that, for

~ small enough,

: P oalaor (T
(14 0)5) > <1+A>2a7<%>—”‘”/0 (@, Gttt

By G1) we have that
L e, o
7 ) V@@ < i)
while by G1) and G5) we have that, for v small enough,

T,Ya

70 ), g (@] 2+,

From the last three formulas we get

k k
(14 N)5) 2 (1+ A0y (71) = O2 +2X)(2e +7) = 202 +7) — 2632
By (1.3) we have that, for € and ~ small, aW(%) —¢||b]| = B'y > 71[ Thus
k k 1
oy (L N)F) 2 oy (5) + gA* = OX
which implies the thesis. O

From now on we will always suppose € and v so small that lemma 3.1 holds.
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Lemma 2.2. Let G1-7) hold, let F' > 0 be the same as in lemma 1.4 and let us

- -\ L
denote by  the affine hyperplane % | (%) ; then if

cennNB(

) (2.1)

?

3| =
o]

we have oy (c) = oy (

).

Sha

Proof. Since (c — %) € (-7’;—;)L and Q’, is homotopic to Qf, we have that

Lk
/o (c—?QV):O. (2.2)

Let us now consider 1 € M ¢-minimizing; since any element in the ergodic decom-
position of p is ¢-minimizing, we can suppose p ergodic. We begin to prove the
lemma when p(p) = r% for some r € R. We have that

k k
[ C=cdu= [ (-t [ (o
TR JELPNC TR
_ e L _
Since % —c€ (%) , we have by the above formula that p is %—minimal and thus

one of the Q; by theorem 1.3. From (2.2) we now get

1

_T—7/0 [Lery(@, Q1) — (e, @)t = —ary (=)

—ay(c)

| =

which is the thesis. ~
We now prove that, if p is e-minimizing, then p(u) = r%. Indeed, let us suppose
by contradiction that

p(u):ré-{—v reR wve <§>L\{O}.

By the Birkhoft ergodic theorem we have that there is an orbit @) and 7} — oo

such that
[Q(Tx)]L —[Q0)] L e (2.3)
Ty
1 [T ) )
T [Ler(Q,Q) — (¢, Q)]dt — —ay(c). (24)
kJO

By (2.4) we have that

—ay(e) = S

. 1 e .
Qe+ | @—a@ﬂ.

|

T .
Tik /O £er(Q,Q) — {
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Since by (2.3)

1 [k ‘ k
Tk/o <?—C,Q>dt—><?—c7’v>
we have that
o) = tm A [ 1£0n(@@) — (Kt + (& —c) >
TS Ty fy N A T~ oY=
o1 [T i E . F

where the last inequality is a consequence of (2.1). We now apply lemma 1.4 and
get

| &

).

| 7

F
—ay(€) 2 —ony(5) + F - Jo| = 5o > —an(

On the other side we have that, for ¢ € I, (2.2) implies

1 o ‘.
—ay(e) < E/() [Ler (@, QL) — {e,Q1)]dt =

L Ti iy k Vi k
T_’;}/ 0 [1667’}’( 'y?Q'y) - <?,Q7>]dt =3 _OZ,Y(?)
The last two formulas are in contradiction. O

_ L
Theorem 2.3. Let G1-7) hold and let w be the affine hyperplane % + (ﬁ) .

Then
(1) Ay C 7 and A, has nonempty interior relative to 7; we denote this interior

by A,°. We also have that a,|p = o (£).
94 T
(i) If c € Ay°, the only ergodic c-minimal measures are those supported by the
e L
(t4d) If ¢ € Ay° and if Q is a c-minimal orbit not coinciding with one of the
;, t €1, then Q is a heteroclinic but not a homoclinic connection.

Proof. We begin to prove point (7). Lemma 2.2 implies that =N B(-;%7 L) c Ay
since A, is convex, we have that A, N7 has nonempty interior relative to = and that
% belongs to the interior. By lemma 2.1 the intersection of A, with the ray rk is
a point; this and the previous observation imply that A, C 7. By lemma 2.2 and
the definition of minimal supporting domain, it now follows that c |y = ay(%).
To prove point (ii) we note that, by point (i), when ¢ € AJ, the elements of de, (c)
are all collinear to -77% Thus, if ¢ € A,° and p is ec-minimal we have that p(u) = r-;%
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for some r € R. Since ¢ € 7, we have that ¢ — % L p(p) and thus

k
[ —adu= [ (e - p)dn
TmxRm™ TmxRm™

k
3 T"
that the ergodic %—minimal measures are the Q7,7 € I.

We now prove point (#4). First of all we can suppose that @ is not contained in

This means that p is e-minimal iff it is =-minimal; but we know from theorem 1.4

any M{, i € (1,...,p); otherwise it would be easy to show that Q is %—minimal
and then by the arguments of lemma 1.1 it would follow that @ coincides with
some Q’, i€l

Thus let @) be ¢-minimal and such that
p .
Q) ¢ | Mi. (2.5)
=

By [11], @ will accumulate, in the future and in the past, on some c-minimal
measure which by point (i7) is one of the Qg, ¢ € I. Thus there is a sequence
{(tk,7%)}rez and 7,5 € I such that

lim ¢ = —o0, lim t; = o0
k——o0 k—o0

d(Q(tr), Qy(re)) + 1Q(tx) = Q4 (k)| = 0 for &k — —oo

d(Qtr), Q% (ri)) + Q(tr) — Q4(ra)| = 0 for k — oo.
We assert, that in the above formula ¢ = j. Indeed, let us suppose by contradiction
that ¢ = j. We begin to note that, by (2.6), if [k| is big enough, then @ remains

close to (Q%, Q1) during the intervals [ty ¢y, + 217]; thus, by the periodicity of Q,
we can also suppose

(2.6)

AQ(t_1), Qtr)) — 0 for k — oo. (2.7)

We now distinguish two cases. In the first one there is a subsequence &/ — oo such
that

Q). - [Qtw)] | 0.
Since ¢ € A, the above formula implies
ty.r

[W&Mq@—@@+%mw—/ e (@,0) =

g

@) + oy (F)ldt| — 0

3|
3|

for k' — +o0
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%—minimal. Thus @ is an orbit that accumulates, in the future
and in the past, to the same in and moreover satisfies (2.5). It is now easy to see
that we can apply the arguments of theorem 1.4 to show that

and thus @ is also

Q) + o ()l > 2%

el REal
~3)| o

[ i@~

t_ g

But @ has boundary conditions close to the boundary conditions of Qiy by (2.6)
and (2.7); if we take into account the Lipschitz continuity of the action, the last
formula contradicts the %—minimahty of Q).

By (2.7), the second alternative is that
tim inf [[Q( )1 — [Q(te)] | > 2 (28)

In this case we consider an arbitrary sequence {ex} C A,°; by point (4) the only
periodic orbits realizing o, (cx) are the Q7; thus

T
0< inf{/o [Len(u, i) — (e, ) + oy (cp)]dt + u(0) =u(T),T >0} <

liminf/ [Ler (@, Q) = (er, Q) + oy (ca)]dE =

k— o0 t

k—oo

lim inf Utk[ﬁw(@@)_ <C7Q)+a7(c)]dt+/t k(c—clﬁQ}dt} (2.9)

where the second inequality is a consequence of (2.7) and of the Lipschitz continuity
of the functional. If we specialize ¢ by

oo — 1@ — [Q_r)]L
FT MR — QU]

we see that, since ¢ € A,°, if > 0 is small enough, then ¢;, € A,°Vk. Thus by
(2.8) and (2.9) we get

0 < lim inf / " [£eny(Q,Q) — (e, Q) + ay(e)]dt — 2

t_k

which we can re-write as

tk . .
fminf [ (£0(Q1Q) = (e, Q) + o (e
s} th
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o |
> [0 (@4 G5) = (e, @) Ot + 2y

since the second integral is 0 by point (¢¢). However, @ satisfies (2.7) and Q(¢t_x),
Q(tr) tend to the same point of Qif. By the Lipschitz continuity of the action
functional, the above formula contradicts the c-minimality of ). We have thus
proven that @) cannot accumulate, in the future and in the past, on the same Q’7
In an analogous way it can be shown that, if @ accumulates on Q , say in the
future, then for ¢ big enough it will always stay inside M J, using the arguments
of lemma 1.1 one can show that this implies that @ stays on the stable manifold
of Q%‘ Analogously, one shows that @ stays on the unstable manifold of in and
point (¢4¢) is proven. O

We want to compare the sets A for different values of ; to do this we translate
the point ( 7( )) to the origin, setting

)

~| =

Q> + ary

’ﬂ\| S

Lcy(Q,Q) = Ley(@Q,Q) — ¢

and defining

—éy(c) = min{ (Ley—c)dp : pe M}
TmxRm™
Clearly, é-(0) = 0; moreover, (% + ¢)-minimal orbits and measures of L. ., are
c-minimal orbits and measures of Eem and vice-versa. If we denote by IN\A, the
~ -\ L ~
minimal supporting domain of &, containing 0, then A, C 7 = % and A, has

nonempty interior relative to #. Moreover, by point (¢) of theorem 2.3, we have
Ay ={a, =0}

Theorem 2.4. Let G1-7) hold. Then , given n > 0, there is v > 0 such that,
if |v] £ o0, we have that A is contamed in a n-neighbourhood of Ag, and Ag is
contained in a n-neighbourhood ofA .

Proof. We begin to show that
|&y — dol < - (2.10)

Indeed, it is one of the results of [11] that

3

Gy(c) = llmlnfmln{ s [C}%Q,Q) — (qQ)]dt Qe A C(0,n], T™),

n—00



Vol. 73 (1998) Minimal orbits close to periodic frequencies 537
Since by G1)

1™~ . , 1" . )
o | (@)~ @it - 1 [10@.0) ~ (e Q] < 4

we have (2.9).

We now prove that, for v small enough, 1~\7 is contained in a 7-neighbourhood of
Ag. Let us suppose by contradiction that this is not true. Then there are ¢, € R™
and ~; — 0 such that

d(cg,Ao) >n and cxe Ay, ie &, (c;)=0. (2.11)

Since by [10] e, is superlinear we have that ]\0 is bounded; we can now suppose
that {cj} is bounded and thus that ¢, — ¢, with d(¢,Ag) > 1. By (2.10) and
(2.11) we have that

0 = Gy (cx) — ao(c)

which implies ¢ € Ao, a contradiction.

We now prove that, for v small enough, Ag is contained in a 7-neighbourhood
of Ay. Actually, we will prove a stronger assertion: if ¢ € A§, then, for v small
enough, the only ¢-minimal ergodic measures for Eeﬂ are those supported by the
QQ. Let us suppose by contradiction that this is not true. Then there is ¢ € ]\87
v — 0 and a sequence uy, of ergodic measures, each c-minimal for L. -, , such that

pr, does not coincide with any of the Q’Wc We note that py cannot be supported

in (U7_; M}) x R™ since in this case we could show easily that py is %—minimal
and then, by lemma 1.1, that pj coincides with one of the QfYk, i € I. Let us

consider an orbit @y, generic for uy; we have that @ is ¢-minimal for L., and

that Qy stays frequently outside UY_ M. Thus after a translation in time we

have that Q(0) & UleMg. By a diagonalization argument, it is easy to see
that Qg converges in C’]%)C(R7 T™) to Q!, a c-minimal orbit for Lo such that
Lo UP_, M}: by theorem 2.3, this is a heteroclinic connection, say between
i=1 5 y ’ E y
Qf) and Q). Actually, it is possible to show that there are

t,£—>—oo t%—>oo

le[t}c,tz]_)Ql in Cl
it [ 1o (@ @) = (6Qn) + oy (O
tk

> i [ 1£e0(@,@") - (6@ + do(a)ld, 212
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To prove the latter fact we fix » > 0 and choose T" and k so big that
dQN(-=T),Q%, (R) + d(Q"(T),Q%4, (R)) < v
Moreover, for k big enough we have that
d(Qu(tr), Q% (R)) + d(Qx(t7), @3, (R)) < .
By (1.3) we get

7T ~ » .. ..
[ V(@i @) — (e, @h0) + (el

tk
2

L. s, 2, _
1@ 0 = (@4 + (e = 2T,

From the last three formulas, the minimality of @ and the Lipschitz continuity of
the action functional we get that

[ e (@0,G0) = (e, + i (N 2

k

T
—8y — 2B/’ykT + /,T [ENE,’Yk (Qk7 Qk) - <C7 Qk> + d’Yk (C)]dt

Since @ — Q' in G, we have that

T ~ . . T ~ . .
/ e (@rr Qk) — (€ Qr) + g ()]t — / £.0(Q1,0Y) - (c,0Y) + ao(c)ldt
i —T

and, from the last two formulas, we deduce (2.12).
Since Q)i passes frequently outside UleMg, we can find T,? > t% and t% such that
Qr(T?) ¢ W_, M} and

t% — Tl? — 00

Qu(- = T)j2—72 312 — @

k—o0

liminf/tzk[ﬁeﬁk(Qk,Qk) — (C,Qk> + ay (c)]dt

T

> lim [ [£e0(Q% Q%) — (c,Q?) + ag(c)ldt

n—0o0
b 1

and Q2 is a heteroclinic connection for £ g, connecting Q% and Qf)‘ Thus we build
a chain of heteroclinic connections, {Q*}?_; for L. g such that the w-limit of Q"
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coincides with the a-limit of Q”l and is one Qé; moreover, since the number of
different Qé is smaller than p, for some s < p we must have that the w-limit of
Q* coincides with the a-limit of Q1. If we apply to this heteroclinic chain the
arguments of point (¢4¢) of theorem 2.3, we see that

> [ (£0(@ @) - (.G + do(elldt = v >0,
i=1 (G

But this implies that, for k& big enough,

s+1
tk

[ @060 = (.G0) + a0l

k
i+1

- Z/k [Le (Qry Qi) — (€, Qi) + Gy (c)]dE >
=17t

o R

But Qk(t,lﬂ) and Q;ﬁ(tijl) are close to the same point on Q?Yk and thus, by the Lip-
schitz continuity of the functional, the above formula contradicts the ¢-minimality
of Qy. O

We now specialize to T2, where we can get sharper results. Since quasi-
integrable hamiltonian systems on T2 are twist maps (see for instance [2]) what
follows is just a re-formulation of well-known results for twist maps. In particular,
the following lemma can also be read as a consequence of the fact that, in two
degrees of freedom, « is differentiable.

Lemma 2.5. Let m = 2 and let G1-7) hold. Let ¢ belong to the boundary of /~\7
relative to w. Then the only ergodic c-minimal measures are those supported by
the Q?y for i € 1. Moreover, if Q) is a c-minimal orbit not coinciding with one of
the @7, then Q is a homoclinic or heteroclinic connection.

Proof. 1t is a well-known fact (see for instance [7], [1]) that, for d € R?, two d-
minimal orbits can intersect only once. Now let ¢ be as in the hypotheses. Clearly
the measures supported on the Q%, ¢ € I, are c-minimal, since the mean action
is continuous in ¢ and they are minimal for ¢ in the interior of A,. Let now
1 be c-minimal and ergodic and @ generic for p; by proposition 5 of [11] @ is

c-minimal. Since @) and Qf/ intersect only once, and since we are on the two-torus,

we conclude that
[Q](T) — [Q1(0)

plp) = Jim — 7 T

M|

We have already seen in the proof of theorem 2.3 that this implies that p is %—
minimal and thus one of the fo.
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We now prove the second assertion. It is easy to show by a comparison argument
that A, has diameter smaller than C/c; indeed, if [c — £| > Cy/c for a suitable

C > 0, we see that the orbit Q(¢) = ¢t has mean action smaller than —&7(%).
By lemma A.1 in the appendix this implies that, for ¢ as in the hypotheses, an
orbit @ which is ¢-minimal satisfies QH(t) > 0V¢. Since the Qf/ are the only c-
minimal measures, [11] implies that there is a sequence ¢, — oo and ¢ € I such
that (Q(tx), Q(tx)) converges to a point of ( £,Q%). Thus we can suppose that,
for k big enough, Q(t) remains close to Q’(R) on all the intervals [ty,t) + 277
Let us suppose that infinitely many of the segments [tx,tx + 277 lie on the left
of QY (R). Then @ cannot go away from Q’(R) on the left (since Q> 0it
would intersect itself more that twice) nor on the right, since in this case, after
intersecting QQ(R), it should intersect itself infinitely many times to return close
to QQ(R). Thus for T' big enough Q([T,00)) C M}; the arguments of lemma 1.1
now imply that @ is on the stable manifold of le' Analogously, one shows that

Q is on the stable manifold of Q% for some 5 € I and the lemma is proven. O

Proposition 2.6. Let m = 2 and G1-7) hold. Then there is a neighbourhood
U of Ay such that, if c € (U\ Ay) N7, the c-minimal orbits are approzimated by
bi-infinite sequences of heteroclinic or homoclinic connections.

Proof. Let ¢ be as in the hypotheses and let () be a e-minimal orbit. We begin to
note that ¢) cannot be contained in any Mg, otherwise by the technique of lemma
1.1 @ would coincide with a in ¢ € I. And since by [11]

7
~é(e) = timin 7 [ (£07(Q.Q) — (e, @)l

T—o0

we would have that . (c) = 0, contradicting the fact that c & A.,.
Let us now suppose by contradiction that there is a sequence {¢, } C R? such that

VneN ¢, e (U\A)N7, d(ca,Ay)—0 (2.14)
and that, for each ¢, there is a ¢,-minimal orbit @,, such that
Qn(0) ¢ | M; (2.15)
el

and (Q,,(0),Q,(0)) differs more than > 0 from the initial condition of any
homoclinic or heteroclinic connection. It is easy to see by a diagonalization argu-
ment that {Q,} converges, up to a subsequence, to a c-minimal orbit ), in the
C’lloc(R7 T2) topology. By (2.14) c € 8]\7 and thus, by lemma 2.5, @ is either one
of the @7, or one of the heteroclinic or homoclinic connections between them But
by (2.15) @ cannot be one of the Q@; it must thus be a homoclinic or heteroclinic

connection; but this contradicts the fact that (Q,(0),@,(0)) differs more than
71> 0 from the initial condition of any homoclinic or heteroclinic connection. 0O
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Appendix

We begin defining the norm of the perturbation. By C we will denote the complex
field. If P C R™, we define a complex neighbourhood of T™ x P by

U(P,R,s) = W(T™) x Vr(P) C C™ x C™

where
Ws(T")={0 € C™ : max|Imb;| < s}

Ve(P)={leC™ : igfg|[—x| < R}.

In other words, Wy is the complex strip around the torus T". If f is analytic in
U(P, R,s) with Fourier development

FQ.Q) =Y ax(@)e®

keZn

we define its norm by

PR 3) = swp 37 Jar(@el
QEVR(P) peZn

These norms are equivalent to the sup-norm in a complex strip around T™ x P
and in particular they bound higher order derivatives (see [12] for the precise
estimates.)

We will consider lagrangians of the following form

L) £Q,Q) = AQ)-hQR,Q) (Q,Q)eT™xR™
with A real analytic, 0 < M < 6—%2—214(@) < M’ ¥Q € R™ and h real analytic
satisfying

[h|(R™, R, s) < ¢ (A1)

for some R, s,e > 0.

In the following, we will consider M, M’, R and s as fixed and we will take ¢ as
small as we need. By C; we will always denote a positive constant independent on
€. Since by L) we have that A is convex, we have that VA is an invertible map;
we will denote its inverse by (VA)~1.

Lemma A.1. Let L satisfy Lc). Then there are g > 0 and Cy > 0 such that, if
e € [0,¢0], c € B(0,2) and Q is c-minimal, we have

Vi 1Q) = (VA (o)l < Cove
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Proof. The proof consists in one of the arguments of [3]. By (A.1) we have that
there is C'1 > 0 such that

|M@QwH§y@AM+b%MQ@ns0m YQ.Q) e T" x R™ (A2)

where we used |-| to denote both the absolute value of a number and the Euclidean
norm in R™. It is a subproduct of proposition 4 of [10] that there is I' > 0 such
that, for ¢ € B(0,2), c-minimal orbits have speed bounded by I'. By the E-L
equation, this fact and the above formula imply that, for € small enough,

Yt Q@) < Coe (A.3)

We assert that

b—a>27r“0%1/€:> ‘M_(A’)—l(c)’ < LT (A4)

b—a i

Clearly, the last formula together with (A.3) gives us the thesis. We prove (A.4):
let us suppose by contradiction that, for some b — a > 2w, /%;7 we have

[Q(b)b] - LQ(G)] — (VAo > x/j? (A5)
Let us define, for [ € 27Z™
Qir:R—R"™
@) t<a
Q1) =1 [ + LT LD, o cich
Q]+ b<t.
Since b — a > 2m, /25 we can choose | € 27Z™ in such a way that
‘ [Q()] ;_[Qa(a)] H waLo)| < (1/\}/6 (A6)

If we project @1 on T™ we obtain an orbit which coincides with @ for ¢t & (a,b);
c-minimality of @Q yields

b b
/[A(Q)—<C7Q>—h(Q7Q)]dt§/ [A(Q1) = (¢,Q1) — (@1, Q1)]dt. (A7)
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By (A.2) we get that

b
/ [AQ1) — (,01) — h(@1, 01))dt <

oo [a(ROZOIT | OI@IY o]  ay
We also have that "
[ 1460) - (.Q) - m@. e
SR Y (ST ST I R
By (A.8) and (A.9) we get

¢ b
ﬁ / [A(Q1) = (¢,Q1) = h(Q1, Qu)ldt — / [MQ)-(QQ)—MQ,Q)]dt} <

b—a b—a )

[@(0)] — [Q(a)] [Q(0)] — [Q(a)]
-4 < b—a > e b—a

From (A.5), (A.6) and the convexity hypothesis on A we get

a(120L- Q1) o0 Q)+

) +2Ce.

1 b ) . ) b . . .
7 | [ 140 - (@60 - 1@ @it - [14Q) - (0.0) - M@ Q| <
1., [ Cie 1 8Ce
The last formula contradicts (A.7) and thus (A.4) holds. O

We now re-formulate a lemma of [12] in the Lagrangian framework.

Lemma A.2. There are Cy,C10,C11 > 0 such that the following holds. Let L
satisfy L), let (k,T) € Z™ x RT satisfy |%| <2 and let r € (0, TR) be such that

e < Cor?. (A.10)

Then there is a real analytic, symplectic change of coordinates, ®: (q,q) — (Q,Q)
defined in

U(va! )

2 I

M|
>~ =
=N v
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such that in the new coordinates (q, §) we have

where u
5 % VZA(p)<2M’  VpeR™
Vig,d) = bp(q)e’™ (A11)
klk
kE r s C
n—1 10
- - =)< o .
A2, 2 %) < expl(—10) (412)
If

MR = Y a@ehd

kEZ™ k0

then we have

V- 3 a(@eta)t ) < Cni. (A13)

k£0,k Lk

Proof. The Legendre transform brings £ into the hamiltonian
H(Q,P)=B(P)+4(Q,P)

where B is the polar of A and

|

g= > a(P)em2,  |g|(B(0,2),
keZm™

,8) < Chge.

The above estimate follows easily from the formula of the Legendre transform and
the Cauchy inequalities of [12].
A part of the proof of theorem 4 of [12] consists in showing that the domain

VT(%) NR™ is «, K-nonresonant modulo Z™ N (%)L7 with
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By (A.10) we can now apply the ”"normal form lemma” of [12] with the above
constants and find a symplectic analytic change of coordinates

W:(q,p) — (Q,P)

with the following properties: V¥ is defined in V(%%%) and has an analytic

generating function g(q7P)7 where ¢ € R™, the universal cover of T™. In other
words, dS = édg+ dS(q, P), with ¢ € R™ and S defined on T™ x R™. Moreover,
in the new coordinates we have

H(Q(q,p), P(q,p)) = H(q,p) = B(p) + 3(q,p) + f(q,p)
pdg = PAQ + &dq + dS (A.14)

where

9la,p) = (p)e’®

) klk
718 2.2) < exp(~ 1)
lg — %Cw“k@ |(% 27 %) < C156—2
1B-BIEL S <

If we now apply again the Legendre transform to H , and compare it with the
Legendre transform of H, which is L, it is easy to see that we get a lagrangian £
satisfying (A.11)-(A.13). O

We now explain how we are going to use the above lemma in the spirit of [8].
First of all, we restrict ourselves to diffusion far away from 0 and oo; we will fix
once for all the set B(0,2)\ B(Oé) C R™ as the one to which ¢ will belong,.
Moreover, to simplify calculations, we will suppose that A(Q) = %|Q|2 By the
Dirichlet approximation theorem, we have that there is C1g > 0 such that

Ve, >0 VceB(O,Z)\B(O,%) 3T € [1,Q],3k € Z" such that

k
| < Ca - A.15
c T‘ < Cie ( )

——

TQ==T
1

In lemma A.2 we now take r = DEQT"L; we want that any ¢ € B(0,2) \ B(Oé)

stays in B(%7 g ) for some % By (A.15) this is possible and we can choose T' not

bigger than @, with
Crr m—1
- (5E)
Dezm
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However, we also want (A.10) to hold; since T' € [1, Q] this means that

s 2
€ < Cor? = Cy <D€Qm )

T

must hold for 0 < T' < Q; from the above formula we thus get
e < 018D2m6

which is always true for D big enough. With this choice of D, any ¢ € B(0,2) \

B(0, %) belongs to some B(%7 g) defined as above. Moreover, by our definition of

r and T' we have that
r > CrgD"™/e

so that, taking D big enough, we can be sure by lemma A.1 that, for ¢ € B(%7 g5
the c-minimal orbits lie in U(%7 7, %), where the normal form is defined. In par-

ticular, the support of the c-minimal measures lies inside U(%7 7, ¢); thus, if p is
c-minimal, we get by (A.14) that

/ e — il = / (£ = ®,(c) + &+ dS)dfa
TmxR™ TmxR™

where i = ®,p. Exactly with the same proof than in [10], section 2, it can now

be shown that
/ dSdp =0
TmxRm™

and thus we get

[ w—adu= [ (E-wo o
TmxRm™ TmxRm™

which shows that p is c-minimal if and only if & is (®.(c) — ¢)-minimal. As a
consequence of the above formula, we also have that az(c) = oz (Ps(c)+¢E), where
—ag(e) is the minimum of [, gn (£ — ¢)dp on the measures invariant for £.
Let now @ be c-minimal, and let (g, ¢) be its image. We have by (A.14) that

b 1 Fy
VYa<beR / [£(Q,Q) — (¢,Q)]dt

b
= / [£(g,4) — (®+(c) — & )t + S(q(b), 4(b)) — S(a(a), d(a)).

Thus the fact that @ is c-minimal iff ¢ is (®.(c) — ¢)-minimal would follow if we
could restrict ourselves to variations @1 such that (Q1(a),@1(a)) = (Q(d),Q(d))



Vol. 73 (1998) Minimal orbits close to periodic frequencies 547

and(Q1(b), Q1(b)) = (Q(e),Q(e)). It is easy to see that this apparently weaker
definition of c-minimal orbit is equivalent to the one we gave in the introduction.
Thus every ¢ minimal orbit for ¢ € B (%7 %), with 7 defined as above, lives in
the domain of the normal form and is a (®.(c) — &)-minimal orbit in the new
coordinates; analogously, the (®,(c) — é)-minimal orbits in the new coordinates
are c-minimal orbits in the old ones.

We conclude with one last remark: in section 1, we consider lagrangians

L’(Q,Q) defined for Q € R™. This is possible because, given the normal form

L of lemma A.2, we can extend it outside B(%, 7)in a ¢ way. Since by lemma
A.1 c-minimal orbits for ¢ € B(%,

influence on our results.

%) do not exit B(%, %), this extension has no
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