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Lagrangian flows: The dynamics of
globally minimizing orbits - II
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Renato [turriaga?

— To the memory of Ricardo Mané.

Abstract. Define the critical level ¢(L) of a convex superlinear Lagragian L as the in-
fimum of the k € R such that the Lagragian L+k has minimizers with fixed endpoints
and free time interval. We provide proofs for Mafié’s statements [7] characterizing
¢(L) in termos of minimizing measures of L, and also giving graph, recurrence cov-
ering and cohomology properties for minimizers of L 4+ ¢(L). It is also proven that
¢(L) is the infimum of the energy levels k such that the following for of Tonelli’s
theorem holds: There exists minimizers of the L + k-action joining any two points in
the projection of E = k among curves with energy k.

Introduction
In this work we prove most of the theorems of Mafié’s unfinished work
“Lagrangian Flows the dynamics of Globally Minimizing Orbits”, [7].
Exceptions are theorem III, whose proof is divided in [6] and [3] and
theorem IV which was proved in [7]. Also, we provide proofs for slightly
different statements of theorems VII, XI and XIV. We would like to
emphasize that all the theorems in this paper are due to Mané and all
the responsibility of the proofs is ours.

We encourage the reader to use Maié’s original paper [7] as the
introduction of this work. In section 1 we prove theorems I and II, in
section 2 we prove theorem V, in section 3 we prove theorems VI, VII,
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VIII and IX, in section 4 we prove theorems X and XI, and in section 5
we prove theorems XII, XIIT and XIV.

The first and second authors want to thank the hospitality of
CIMAT.

We want to use this space to say how much we admired Ricardo’s
clearness and brightness and how grateful we are to his enormous gen-

erosity. This paper is to his memory.

1. Basic properties of the critical value

Let M be a smooth closed manifold. We say that a smooth function

L:TM — R is a Lagrangian if it satisfies the following conditions:

(a) Convezity: For all z € M, v € T, M, the Hessian matrix 8—1‘12—8%(% )
(calculated with respect to linear coordinates on T, M) is pf)sitive
definite.

(b) Superlinearity: l lim

[v]|—+oo
Given an absolutely continuous curve z : [0,7] — M define its L-

L(z,v)
Il

= 400, uniformly on (z,v) € TM.

action by
b
Sy(z) ;=/ L(z(t), &(t)) dt.

Fixing p,q € M and T > 0, the critical points of the action functional
on the set
z(0) = p, (1) =g, }

AC(p, I ::{:E: 0,7 — M
®,q,T) [0, 7] x absolutely continuous

are solutions of the Euler-Lagrange equation, which in local coordinates
is given by
d

—Ly=1L,. E-L

Because of the convexity of the Lagrangian this equation can be
thought as a first order differential equation on T'M. The Lagrangian
flow fy on T M is defined by fi(z,v) = (y(t),4(t)), where 7 is the solution
of (E-L) with v(0) = z and 4(0) = v. Define the energy function E :
TM — R as
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It can be seen that the value of E(x,v) is constant along the orbits of
ft. The superlinearity condition implies that the level sets of the energy
function have bounded velocities and hence that are compact. This, in
turn, implies that the solutions of (E-L) are defined for all values t € R,
i.e., that the flow f; is complete.

Finally, for p,q € M, let

AC(p,q) == |J AC(p,q,T),
>0

and define the action potential as

®(p1,p2) :=inf { Spyx(z) |z € AC(p1,p2) }, k €R.

Theorem 1. There exists c(L) € R such that
(a) k <c(L) = @x(p1,p2) =0, Vp1,p2 € M.
(b) k> ¢(L) = ®(p1,p2) > —00, Vp1,p2 € M and O is Lipschitz.
(c) k> c(l)=
Pk (p1,p3) < ®k(p1,p2) + (P2, P3) VP1,P2,P3EM
Pk (p1,p2) + Pk(p2,p1) 20 Vp1,p2 e M

(d) k> c(L) = ®x(p1,p2) + Pr(p2,p1) >0 Vp1 # p2.

1.1. Remark. This theorem, with the same proof, holds for coverings
7w : M — M of a compact manifold M, with the lifted Lagrangian
L=_Lon.

Proof. We first prove that if for some p1, po € M, ®(p1,p2) = —0o0, then
Dr(q1,q2) = —ooforallqr,q2 € M. Let v, n: [0,1] — M, v € AC(q1,p1),
n € AC(p2,q). Let x, € AC(p1,p2) be such that nlim Sp4x(Ty) = —o0.
Then

Jim Spyg(y* @n k) = Sp4r() + Sp4r(n) + i Spp(Tn) = —oo.
Thus the number

e(L) :=inf {k € R|®(p,q) > —00}

does not depend on (p, g). We have to see that —oco < ¢(L) < +00. Since
the function k — ®x(p, q) is nondecreasing, it is enough to see that there
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exist k1, k2 € R such that &, (p,q) = —oco and Px,(p,q) > —oo. We
first prove the existence of k1. Since L is bounded on

{(z,2v) eTM |veT, M, |v|<2},
there exists B > 0 such that
|L(z,v)] < B if |v]<2. (1)
Let z, : 0,n] — M, z, € AC(p,q) be such that |z,] < 2. Then
S1(z,) < Bn and hence, for k& = —B — 1, we have that
@k, (p, @) < liminf Sy_p_1(2n) < limint < /0 " L@ in) dt — (B + 1)n>
< liminf(Bn — (B + 1)n) = —oc.
Now we prove the existence of ky. The superlinearity hypothesis

implies that L is bounded below. Let A be a lower bound for L on T'M.
We claim that it is enough to take k9 > —A + 1. Indeed

T
STy (@) > /O (A+kp)dt >0 forall z € AC(p,q).

hence @, (p,q) > 0.

It remains to prove that ®.(p,q) > —oc for all p, ¢ € M, where ¢ =
¢(L). Suppose not. Take p € M, then ®.(p,p) = —o0. Let v € AC(p,p)
be such that Sri.(v) < —a < 0. Then there exists ¢ > 0 such that
Sttete(7) < -—%a < 0. Let

6N ::’y*.N.*”y,
then
oe(psp) < lim Sppere(Sy) <lm—alN = —co.

This contradicts the definition of ¢(L). In particular, we have also
proven that ®.(p,p) > 0 for all p € M. By taking v € AC(p,p) with
bounded velocities and arbitrarily small parameter intervals, we have
that

Qc(p,p)=0 forallpe M. (2)

Similarly
p(p,p) =0 forallpe M forall k > c(L). (3)
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We now prove (c). Let k > ¢(L) and pi, p2, p3 € M. Let z¥ :
0,T,] — M, z% € AC(p;,p;), be such that
lim Sy k() = ®(pisps) 0,5 € {1,2,3}.

Then z1? x 223 € AC(py, p3) and

O (p1,03) < Spk(@i? * 223) = Spyr(@l?) + Spya(a).

Taking the limit when n — oo we get that

®4(p1,p3) < ®k(p1,P2) + P(P2,P3) - (4)
Finally, using (3) and (4), we obtain that

0 = ®k(p1,p1) < Bk(p1,p2) + k(P2 1) (5)
when k > ¢(L).
We prove that @, is Lipschitz when k > ¢(L). Let 7y : [0,d(p,q)] = M
be a geodesic joining p and ¢, using (1) we obtain

d(p.q)
wipa) < [ (LG0,50)+ K dt
P(p,q) < (B+k) dlp,g) for k=>c(L). (6)
Therefore if k > ¢(L),

Pk (p1,p2) — P(q1,92) < Prlp1, @) + Pr(q1, P2) — Pilq1, 92)
< ®(p1,91) + Pr(q1,92) + Prlg2, P2) — Pk(q1, 92)
< @k(p1,91) + (g2, P2)
< (B +k)(d(p1,q1) + d(p2, 42))-

Changing the roles of p; and ¢;, ¢ = 1,2 we get that

|®1(p1,P2) — ®x(q1,92)] < (B +k) (d(p1,q1) +d(p2, 92)) -

We now prove that if k¥ > ¢(L) and p # ¢, then the function k —
®4(p,q) is strictly increasing. By (5) this implies (d). Let p # ¢ and
¢ >k > cL). Let z, : [0,T,] — M, z, € AC(p,q) be such that
Hmy, Spge(zn) = ®o(p,q). We have that

Sp40(Tn) = Sp4k(Tn) + (£ — k) Ty
2¢(p,q) = Pk(p, @) + (£ — k) liminf T,
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It is enough to prove that liminf, T, > 0, because then ®,(p,q) >
®r(p, q). Suppose that liminf, 7, = 0. By the superlinearity of L, for
all B > 0 there exists A > 0 such that

|L(z,v)| > B |v| - A.
Then
Tn
Op(p, q) = lim Sp4e(xy) > limi%f [ B |&,| dt + (k— AT,
n 0
> Bd(p,q) +0,

for all B > 0. Therefore ®1,44(p, q¢) = +00, which contradicts (6). O
Through the rest of the paper we shall neeed the following results:

1.2. Theorem. (Mather [8].) For all C' > 0 there ezists Ay = A(C) such

that o«f T >0, p, g € M and x € AC(p,q,T) satisfy

(a) Sp(z) =min{ SL(y) |y € AC(p,q,T) }.

(b) Sp(x) <CT.

Then

(c) |lz@®)|| < Ay for allt € 0,T7.

(d) zljo is a solution of (E-L).

1.3. Corollary. There exists A > 0 such that if T > 1, p,q € M and

x € AC(p,q,T) satisfy

SL('T) = min{ SL(y) |y € AC(p> q, T) } s
then ||z(t)|| < A for all t € [0,T].

Proof. Let
C = sup{ |L(z,v)| | ||v|| < diam (M) }.

There exists a geodesic v € AC(p, ¢, T) with
d
5] = %ﬂ <diam(M) and Sp(y)<CT.
Then the corollary follows from theorem 1.2. O

1.4. Corollary. There exists A > 0 such that if p,q € M and xz €
AC(p,q,T) satisfy
(a) Sp(z) =min{ SL(y) |y € AC(p,q,T) }.
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(b) Si(x) < ®c(p, @) + dm(p, q).
Then

() T>Ldup,q).
(d) [|[z@®)] < A for all t € ]0,T].

Proof. Let B be from (1) and let v : [0,dp(p,q)] — M be a minimal
geodesic with || = 1 joining p and ¢. By the superlinearity of L, for
D =2B+1 > 0 there exists F > 0 such that

|L(z,v)| > D |v| — E for all (z,v) € TM.

We have that
Bdy(p,q) > Sp(v) > ®e(p,q) > Sp(z) — dpm(p, q)

T
> /O (D |&(t)] — E) dt — dp(p, g)
>Ddy(p,q) — ET —dy(p,q) -

Hence

(D-B-1) (B)
Tr> - ———= == . 7
> 7 9= (%) du9) (7)
Now let
C := max{ |L(z,v)| | |v| < %}
Let n € AC(p,q,T) be a minimal geodesic. Then, by (7),

o du(pg) E
and hence Si(n) < CT. Let A; = A1(C) be from theorem 1.2, then it

is enough to use

A:max{Al(C),%}. O

Let M(L) be the set of invariant Borel probability measures for the
Lagrangian flow.

Theorem II.
o(L) = —min{/Ldu‘ i EM(L)}.

Proof. Let p1 € M(L) be ergodic. Let (p,v) € TM be such that

T
lim %/O L(ft(p,v))dt:/Ldu.

T—)OO
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Let B > 0 be such that
|L(z,v)] < B if |v] <2.

For N > 0 let gv == 7(fn(p,v)) and let vy : [0,d(p,qn)] — M be a
geodesic joining gy to p. Let zy : [0, N] — M be defined by zn(t) =
7(fe(p,v)). Then fi(p,v) = (zn(t),Zn(t)). For k € R, we have that

d(p.apn)
Spr() = /O L{yw(t),4n(®) dt < (B + k) diam(M)

1 1
i = Sp k(2 *+9v) =l = Sp4k(eN) +0 = Spar(p) = Sp(p) +k.
If kK < —Sp(u), then
i (p, p) < lim Spp(zn * yv) = —00.
Hence k < ¢(L). Therefore

c(L) > sup {—Sr(p)|p € Merg(L) }
> —min{Sp(u) | € M(L)} .

Now let k < ¢(L) and p,q € M. Then ®(p,q) = —oc and there
exists a sequence of paths z, : [0,T,,] — M, z, € AC(p, q) such that

li?gn SL+k($n) = —0. (8)
Since L is bounded below, we have that
1171111 T, =+00. 9)

Let y, : [0,T5) = M, yn, € AC(p,q) be a minimizer of the action among
the curves in AC(p,¢,Ty). Then (yn(t), () is an orbit segment of f;
and by 1.3, || is bounded. Let v, be the probability measure defined
by

/ hdyn~— " Bya(t), (0 di
Tn
=7 | (00,50 00) i

for all h: TM — R continuous. There exists a subsequence Vn, which
converges weakly® to a probability measure u. By (9), u is invariant
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under the flow f;. Since the velocities are bounded we have that
1
T,

(3

Sr+k(Yn;) = Spx(p) = SL(p) + k.

lim
g

Since limy, Sp+5(yn) = ®x(p,q) = —oo and T, > 0 for all n, then Sp(u) +
k < 0. For any k < ¢(L) we found an invariant measure g such that
k < —Sr(u). Therefore

c(L) <sup{—Sp(p) [ € M(L)}
< —min{ Sz (p) |p€ M(L)} . 0

We state now theorem III. The proof of theorem III is split in Mané
[6] and [3]. We say that a property holds for a generic Lagrangian if
given any Lagrangian L, there exists a residual set O C C*°(M,R) such
that the property holds for all the Lagrangians L+ with ¢ € O. We say
that an invariant measure is uniquely ergodic if it is the only invariant
measure on its support. A periodic orbit for the Lagrangian flow is said
hyperbolic if it is a hyperbolic periodic orbit of the flow restricted to its

energy level.

Definition. We say that p € M(L) is a minimizing measure if
/ Ldy = —c(L).
Denote by M (L) the set of minimizing measures in M(L).

Theorem III.

(a) For generic L, .//\71([/) contains a single measure and this measure is
uniquely ergodic.

(b) When this measure is supported on a periodic orbit, this orbit is
hyperbolic.
Item (a) is proved in Mafié [6] and item (b) is proved in [3].

Conjecture. (Maié.) For a generic L, //\Z(L) consists on a single mea-

sure supported in o periodic orbit.

2. Recurrence properties
The prerequisite of the following definition is this remark: since dy > 0
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for k > ¢(L), then for any absolutely continuous curve z : [a,b] — M
and k > c(L) we have that

Spi(@) = By (), 2(b) > ~Bx(x(b), 2(0)). (10)

Definition. Set ¢ = ¢(L). We say that = : [a,b] — M is a semistatic
curve if it is absolutely continuous and:

Spte (#lftg ) = Be (@(t) (1)) | (11)
for all a < ty < 1 < by and that it is a static curve if
Spte (%l 1)) = —Pela(tr), (i) (12)

foralla <ty <ty <b.

By (10), equality (12) implies (11). Hence static curves are semi-
static. Semistatic curves are solutions of (E-L) because they minimize
the action of L+cin AC(z(tg), z(t1),t1—1tg). If p, ¢ € M are on a static
curve then d.(p, q) = 0.

If w € TM, denote by z,, : R — M the solution of (E-L) with
Zy(0) = w.

Definition.
(L):={weTM]|z,:R— M is semistatic },
S(L) == {w € TM |z : R — M is static },
Ty = {we M| Tuw|[0 o0[ 15 sSemistatic }.

Remark. Replacing ¢ by any other real number in the definition of
semistatic solution, the set ¥1(L) (and then 5(L) C %(L) C £ (L))
becomes empty.

For k > ¢(L) this remark follows from the following estimates:

+00 > maxp gerr Cx(p, q) = Srk(@lj 1)) = Sx(x(0), 2(T))
2 &c(z(0), 2(1)) + (k — )T
2> maxp ge M Pe(p, @) + (k—0o)T.

The following theorem is proven in Maiié [7].
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Theorem IV. (Characterization of minimizing measures.) A measure
w € M(L) is minimizing if and only if supp(y) C S(L).

We include a proof below, using theorem V(c).

Given an f; invariant subset A CTM, and € > 0, T > 0, an (e, T)-
chain joining &, € A and & € A is a finite sequence {((;, ) }Y, C AxR
such that

(1=%, CN+1=&, &>T and d(f;(G).Gv1) <€,

fori=1,...,N. We say that a set A C T M is chain transitive if for all
£a, & € A, and all € > 0, T > 0 there exists an (&, T)-chain in A joining
&, and &. When this condition holds only for all £, = & € A we say
that A is chain recurrent.

Theorem V. (Recurrence Properties.)
a) (L) is chain transitive.
b) S(L) is chain recurrent.

¢) The o and w-limit sets of a semistatic orbit are contained in 3(L).

Proof. Lets first prove (c¢). Let w € ¥ and let v € w(w). We prove that
w(w) € $(L), the proof that a(w) C (L) is similar. It is enough to
prove that for all T > 0, xul[O’T] is static. Let p := z4(0), q := @y (T).
Let pp, = 2w (Sn), ¢n = Tyw(ts,) be sequences of points in M with

Sn < 8n+ T =1, <8541, Sn, tn7+oo

and
Zw(Sn) — Zy(0),  Ty(ty) — o (T).

We have that

Si+e (xw'[sn,tn]> = @¢(Pn,qn),

Cl
Twl[sptn] — Tuljo,]

Si+e (%l[o,T]) = lim S (wwl[Snvth
= lim @c(pn, gn)
= De(p, q) -

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



166 G. CONTRERAS, J. DELGADO AND R. ITURRIAGA

Moreover, by the continuity of ®., we have that

e(p, q) + Pelq,p) = im{®e(pn, Gn) + Pe(dn, Prt1)}
= hm {SL+C (Iw' [sr,tn] ) + SL—I—C (mw([tn,sn+1])}

= hern {SL—l—c (wwl[sn,sn+1})}
= lim ®c(pn, Po-+1)

= ®.(q,9) = 0.

Proof of theorem IV. Suppose that y € M(L) and supp(p) € £(L). Let 8
be a generic point for p and L+c. Then 0 is static and if z¢(t) = mop:(0),

we have
Jiotue o & [ a1
= TEr—lr—loo T (I)c(we (0)7 Tg (T))

1
< lim — sup & =0
S pimo p,qEI])W ¢, 9)

where the second equality is because 6 is (semi)static. Hence p is mini-
mizing.

Now suppose that p € M(L) is minimizing. Applying lemma 2.2
in Mafié [6], we get that for p-almost every 6 there is a sequence T =
T;(0) — +oo such that

A drar (6, ¢1;(0)) =0, (13)
7

lim / [L(we,ie) + C] dt =0. (14)

J—toe JO

By theorem V(c), it is enough to prove that supp(s) C %(L). Since &,
is continuous, it is enough to prove that p-almost every 0 is semistatic.
Now let 6 satisfy (13), (14) and define

80(T) = Sp-ve (76lj0,7)) — ¢>c($0() zo(T)) -

T]
Then p(t) is non-derecasing and g(t) >
By the continuity of ®. and (13) we have that
)

jliﬂ)oqk( 9(0), z9(T;)) = 0. (15)
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From (15) and (14) we have that limj_, 1., 8(T;) = 0. Since g(t) is
non-decerasing, then ég(¢) = 0 for all £ > 0. Hence 0 is semistatic. a

Proof of theorem V(a). Given ¢ > 0, S > 0, u, v € £(L), we have to
find an (g, S)-chain in X(L) joining u to v. It is easy to see that such
(g, S)-chain exists if w(u) Na(v) # @. Let

A=a) , Q:=uw) (16)

and suppose that ANQ = &. Let p € 7(Q), ¢ € w(A). Let ny, :=[0,T},] —
M be such that

p=n(0) €T(Q) , q:=n(Tn) € T(A)

Stelin) < elpya) + - a7)

By corollary 1.4, we can assume that 7, is a solution of (E-L) and
satisfies
()] <A forallo<t<T,. (18)

Given § > 8 > 0 there exists 0 < § < &y such that if |v[, [w| < 4
and dyps(v, w) < 6 then

dra(fe(v), fr(w)) < &g for all |t| < S. (19)

Let M be the union of A, Q and the set of accumulation points of
the tangent vectors of the 7,’s:

M::AUQU{UGTM

Then
MC{veTM||v|<A}. (20)
We shall need the following lemmas

2.1. Lemma.
(a) M CB(L).
(b) M is invariant.
Let K be the set of vectors which are on the w-limit of vectors of M.

K:= U [w(v)] .

veM
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Since M is closed and foward invariant, then the closure K € M C X(L).
Moreover, the vectors in K are chain recurrent. By (20) K is compact.
Given 6 > 0 let

Ks := {’U ETMIdTM(U,K) < 5}

Since K is compact, the number of connected components of Kg is finite.
Let A; = A;(6), i =0,1,... ,N, Q@ C Ag, be the connected components
of K5.

2.2. Lemma. Fach component A; is (26,T)-chain transitive for any
T >0.

If A C Ay the proposition is proved. Suppose that AN Ay = @.
Consider the oriented graph T with vertices A;, i = 0,1,... ,N and an
edge A; — A; if there exists v € M and ¢; < ¢; such that fi.(v) € A
and ftj (v) € A;.

2.3. Lemma. There ezists a path in the graph joining Ag 2 Q to A; 2 A.

We need that the connecting orbits between the A;’s have time in-
tervals greater than S. Let A; — A; be an edge of the graph. Take a
connecting orbit fy(v), t; <t;, v € M, from A;(6) to A;(6). Since ftj (v)
is in a 6-neighbourhood of K N A;(6) and K is invariant, (19) implies
that ftj+g(v) is in a 6p-neighbourhood of K N A;(6).

Now we can construct an (g, 5)-chain joining u € A to v € Q by using
the connecting orbits between the A;’s and joining them by (&, S)-chains
inside each A;. This completes the proof of theorem V{(a). O

Now we prove the lemmas

Proof of lemma 2.1(a). Equation (17) implies that
1
SL—i—c(nnl[Q,ﬁ]) < (I)c(nn(a)a Um(/?)) + E

forall0<a< f<T, If0< an, < Ty, My (Gny) LA v, b, —an, *, T,
then

(nnk(t)vﬁnk) - (mu(t)am"u(t)) = ft(U) for 0 <t < b, —ay

and by the continuity of ®, we have that

Stte(@oljo,r]) < Pelzv(0), 24 (T)) -

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



LAGRANGIAN FLOWS 169

Hence zyjg 7] is semistatic. O

Proof of 2.1(b). Since the set AU Q C M is invariant, we only have to
prove that M\ (AU Q) is invariant. Let w € M\ (AUQ) and (k) C N,
(tny) C R" be such that Ty, (tny.) o It is enough to show that

lim i%f tny = +00, (21)
lim inf [Ty =ty = +00. (22)
We need the folowing claim
Claim. The limit points of {7, (0) |n € N } and {#(T),)|n € N} are in O

and A respectively.
Proof. We prove it only for limit points %,(0) — u € TM. Since
7n(0) € 7(Q), then 7(u) € 7(€). Since @ C £(L) and M C £t (L), then
the claim follows from part (b) of theorem VI. O
We only prove (21). Suppose that
limiréftnk =a < +400.

Then there exists a convergent subsequence (7, |jg,q)) in the C 1 topology,
to a semistatic solution  such that

$(a) = limin, () = w.
Then by the claim we have that
$(0) = J-a(w) = liniin, (0) € .

and hence w € Q. This contradicts our previous assumption that
we M\ (AUQ). O
Proof of lemma 2.2. Let T > 0. Since A; = A;(6) is open and connected,
it is pathwise connected. Let £, ( € A; and let T' : [0,5] — T M be
a continuous path such that T'(0) = £, T'(s) = (. Let 0 = 59 < 81 <

- < 8p = S be such that drar(T(s:), I(si41)) < %. For each s; let
v; € A;(8) NK be such that d(I'(s;),v;) < 8. Since the orbits of K are
recurrent, there exist 7; > T such that d(fr,(v;), vi) < %. We have that

d(fr; (Vi) vig1) < d(fr; (vi), T(s6)) + d(T'(si), D(si41)) + AT (8541), vi1)
< 26.
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The orbit segments { fi(v))|0 < ¢t < 7,7 = 0,...,n — 1} give the

required (26, T)-chain. Q
In order to prove lemma 2.3 we need first

2.4. Lemma. For all § > 0 there exists N = N(§) > 0 and S = S(6) > 0
such that if n > N, then for all c € [0,T — n] we have that

K& N {(T’n(t)ann(t)) |t € [C_ S,C+ S] N [07 Tn] } 7é g.

Proof. Suppose it is not true. Then there exists § > 0 and sequences
ny — oo and ¢ € [O,Tnk], suchthat 0 <cp —k <cp+k < Tnk and

Ks 1 { (11 (1), g, ) £ € [~ K, + K]} = 2.

Let {v € TM| |jv|| < A, v ¢ Ks} = B, then (0, (t),7n, (1)) € B for all
k€ Nand t € [cp — k,cx + k]. Consider the measures py defined by

1 cptk )
/B S =g [ 7 O (0 ().

Since the 7, ’s are solutions of (E-L), B is compact and k — +o0, then
there exists a convergent subsequence vy — v in the weak* topology
to an invariant measure v of the Lagrangian flow, with supp(v) C B.
Moreover, supp(v) C M. Let v € supp(v). Since B is compact, we have
that the w-limit @ # w(v) C K and

@ #ww) Csupp(v) CBNKCBNKs =2.

This is a contradiction. O
Proof of lemma 2.3. Suppose that ANAy = &, otherwise there is nothing
to prove. For each n € N let

an = Sllp{t E [07 Tn] ’ (nn(t)’ nn(t)) E AO } )

Qn + 8p = inf{t €lan, Tn) ‘ (1 (8); Mn(8)) € Ky }
By lemma 2.4, for n > N(6) we have that 0 < s, < 5(§). Choose
a sequence 7: such that (n(an), 7(an)) converges. Renumbering the

A;’s if necessary, we can assume that s, — s e [0, 5(6)] and (nk(an +
31),7‘)711(an + s1)) € A7. By lemma 2.1(a), the sequence

(771117 7-7%)|[an,an+sll(5 - an)
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converges to a semistatic solution of (E-L) (ﬂ/l,"yl)][o,sl], whose points
are in M and such that v1(0) € A, y1(s') € Ay # Ag. Hence there is
and edge Ag — Aj in the graph T
Suppose that Ay N A = @, otherwise the lemma is proved. Let
bn = sup{t € [0, To] | (1 (1), i ()) € B0 NV AL}

The same arguments show that there exists 0 < s2 < § (6) and a subse-
quence n%i[bn,bn‘FSz] such that nﬁ(bn +5%) € Ag, Ag £ Ay, i = 0,1, and an
edge Ay — Ag or Ag — As. We can repeat this argument each time

that the final A; does not contain A. Since the number of the A;’s is
finite, we obtain a path in the graph I' from Agp to A; with A C A;. O

Proof of theorem V(b). Let w € (L) and let A = a(w), Q = w(w). It is
easy to see that if AN # @& then w is chain recurrent in 3(L). Suppose
that ANQ = @. For all s < ¢ and all € > 0 there exist 7' = T(y) > 0
and v = Ye 5 1 (0,77 — M such that v(0) = 2,(t), Y(T) = z4(s) and
Stte(7) < “@C(zw(t)vl'w(sn TE

Let

T =YL _nmo T, = T(’y%"mn) (23)
We can assume that |7(t)] < A for all 0 <t <7T,.

The rest of the proof is similar to item (a), but now the corresponding
M C S(L). 0

3. Graph, covering and coboundary properties

Theorem VI. (Graph Properties.)

(a) If y(t), t > 0 is an orbit in ©(L), then, denoting w : TM — M
the canonical projection, the map «| 41i>0y @8 ingective with Lipschitz
nuerse.

(b) Denoting $o(L) C M, the projection of S(L), for every p € So(L)
there exists a unique £(p) € T, M such that

(p, @) € =T(L).
Moreover
(p,&(p)) € (L),

Bol. Soc, Bras. Mat., Vol. 28, N. 2, 1997



172 G. CONTRERAS, J. DELGADO AND R. ITURRIAGA

and the vector field £ is Lipschitz. Obviously
S(L) = graph(€) .
For a proof of the following lemma see Mather [8] or Mané [4].

3.1. Lemma. ([8].) Given A > 0 there exists K > 0¢&1 >0 and 6 > 0
with the following property: if |vi| < A, (pi,v:) € TM, i = 1,2 satisfy
d(p1,p2) < & and d((p1,v1), (p2,v2)) = K~1d(p1,p2) then, if a € R and
z; R — M, i=1,2, are the solutions of L with x;(a) = p;, &:i(p;) = v,
there exist solutions v; : [a —e,a+¢] — M of L with 0 < ¢ < €1,
satisfying

nla—¢)=z(e—¢) , mlate)=z2a+¢),

Yla—¢)=z2(a—¢€) , mlate)=z1(a+e¢),

811l aeate)) + SL®2l[o e are) > Spn) + SL(12)

Proof of theorem VI.

(a). Since the curve -y is semistatic, corollary 1.4 implies that there exists
A > 0 such that |§(t)] < A. Let K >0, &1 =1, § > 0 be from lemma
3.1. We prove that if (p,v), (¢,w) € {¥(t)|t > 0} and du(p,g) < 6,
then

dTM((pa ’U), (qa ’LU)) < KdM(p7 q) .

This implies item(a). Suppose it is false. Then there exist 0 < t; < t9
such that

du (Y(t1),v(t2)) < 6
drm (Y(t1), Y(t2)) > K dar (v(t1), ¥(t2))

By lemma 3.1 there exist 0 < ¢ < t1, and solutions «, 3 : [—¢,e] — M,
of (E-L) such that

a(—e) =~(t1 —¢&)=:p ale) =v(t2+e) =g
B—e) =lta—e)=s Ble) =t +e)=r

Sp(a) +Sp(B) < SL('Y|[t1_g,t1+e]) + 5L ('Y![tz—e,tz—f—e])
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Since 7|)g, o[ is semistatic, we have that

®c(p, q) + ®c(s,7) < Spte(@) + Sr4c(B)
< Siety =, by 1¢) + SOty ty4e])
< @c(p,7) + 2c(8,q)

Since 0 < ®.(s,r) + ®.(1, 5),

De(p, q) < Oe(p,7) — Oc(5,7) + Pe(s,q)
(P, q) < Oc(p,7) + (T, 8) + @c(s, q) (24)

Since 7|g 4.o,[ 15 semistatic, we have that

®.(p; q) :SL-I-C('Y‘[tl»s,tl—i—s]) + SL+C('Y][t1+57t2—g]) + SL+c('Y‘[t2_5,t2+5]) )
(I)C(pv Q) :(I)C(pv T) + (I)C(T7 S) + (I)C(Sa q) .

This contradicts (24).

o~

(b). Now we prove item (b). We prove that if p, ¢ € Xg(L), (p,v) € £(L),
(g,w) € T (L), and d(p,q) < 8, then

dTM((P: U): (Q7 w)) < KdM(p: q) .

Observe that this implies item (b). Suppose it is false. Then by lemma
3.1 there exist «, 3 : [—¢,¢] — M such that

a(—€) = f_(q,w) = q_¢ ale) = fe(p,v) = p_c
6(_5) = f—a(pa U) =:De 6(5) = f&(Q7w) =i e
and
Sp(e) + SL(B) < Se(@wl_cq) + Sr(@v][c )
So

Pe(qc, Pe) + Do(p_c,qe) < Pe(q-e, ge) + ‘bc(p—a,pe)
= Bc(q-c,qc) — Pe(De, P—e)
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Theorem VI B.

Thus

De(q-e; @) < Pe(ge, Pe) + Pe(Pe, Pe) + Pe(P-c,¢e) < Dc(q—e, qe)

which is a contradiction. O

Denote by £ the set of equivalence classes of the equivalence relation
d.(a,b) = 0 lifted to f(L) by the vectorfield £ of theorem VI. Denote by
w(v) the w-limit of v € TM by the flow fi. If T' € L set

I ={west(L)|ww) el}.
Clearly I't" is foward invariant. Let

f=nrfrt.
t>0

Theorem VII. (Covering Property.) ‘
(a) 75+ (L) = M.
(b) Forallp € FBL, there exists a unique {p(p) € T,M such that

(p,&p(p)) €T .

Moreover, & is Lipschitz.

Observe that 7 : ©1T(L) — M is not necessarily injective. We recall
that Mané stated item (a) in a stronger form: 7nT' = M for every equiva-
lence class I'. This may not be true as the following example shows. Let
M = S' = R/Z be the unit circle and L = %’UQ —cos 6mz. Then the three
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maximums of the potential A = 0 =27, B = %’1 and C = —g are singu-

lar (hyperbolic saddle) points of the Lagrangian flow. For mechanical
Lagrangians L = %v‘? — ¢(z), we have that

C(L) =ep = —mingey L(IE,O) ’

and the static points are the critical points (z,0) of the Lagrangian
flow such that L(z,0) = —ep. In this example ¢(L) = 1 and E(L) =
{(A,0),(B,0),(C,0)}. We shall prove below that di(A4, B) = ®1(A, B) +
®1(B,A) > 0. Hence (4,0) and (B,0) are not in the same equivalence
class. By (30), =T (L) C E‘l{c )}, hence if T is the equivalence class
of (4,0), then 7' C [0, 2 U5 2r on] # S. This example can easily
generalized to higher dimensions.

We show now that in the example above di (A, B) > 0. By theorem

V, the set (L) is chain transitive and contains
(L) ={(4,0),(B,0),(C,0)}.

Moreover, by (30), ST(L) € E-'{c¢(L)}. In our example this is only
possible if (L) contains complete components of the saddle connections
(so that 77 (L) = M). From the symmetry of this Lagrangian we get
that $(L) contains all the saddle connections. Hence (L) = E~1{c(L)}.
Let (z,z) be the orbit on E~1{¢(L)} with a-limit (A4, 0) and w-limit
(B,0). Then it is semistatic and hence

L(z,#) + ¢(L) = & Ly(z, &) = |22,
+o0 2
(A, B) = lm Spaclalig )= [ e dt>0.

—0cQ

The same argument gives that ®1(B, A) > 0 and thus d;(4,B) >0
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Proof of theorem VII. We prove (a). We may assume that 75(L) # M
otherwise the proof is trivial. Let p € M \ 75(L) and ¢ € 75(L) # @.
For each n € N let vy, : [0,T},] — M be such that
L. m(0) = p, m(Tn) = ¢
2. SL-H:(’Yn) < (I)c( aQ) + %
3. 7, minimizes L+ ¢ in AC(p,q,Ty).
Then
(i) vn is a solution of (E-L).
(ii) [An] < A for all t € [0,T5].
Since £(L) is invariant under the Lagrangian flow, item (b) of theo-
rem VI implies that
(iit) T}, — +oo.
Let n(t) .= wfi(p,v). By (i) and (iii), for any fixed T' > 0 we have
that ’Yn‘[O,T] — 77‘[0,T] in the C! topology, and hence

Stte(liory) = lim Seqe(nlpo ) -

Clearly n(0) = p. It is enough to show that n|[0’ Yool is semistatic. For,

we have that

SL—f—c('Yn) = SL—i-c('Ynl[(],T]) + SL+c(7nl[T,Tn])

< @o(p,g) + L

< @, 1(T)) + Bo(n(T), q) + 1
< Be(p, v (T)) + 5L+c(7n|[T,Tn]) + % :

Hence
Stte(imljo17) < Be®, (D)) + L.

Taking the limit when n — +oo we obtain that 7 is semistatic.

We now prove item (b). Let A > 0 be from corollary 1.4 and K =
K(A) >0,e1 =¢1(A) >0, § = §(A) > 0 be from Mather’s lemma 3.1.
It is enough to prove that if py, ps € Far, v1, vg ETT, w(vy) =ps, 5 =1,2
and dps(p1,p2) < 6, then drpr(vy,ve) < K duy(p1,p2)-

Suppose it is false. Then there exists p; € Far , v; € TT) w(y;) =
p; such that das(p1,p2) < ¢ and dras(vi,v2) > K dp(pr,p2). Since
p; € F(J{, there exists 0 < ¢ < &1 such that fi(v;) € I'" for t > —e.
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Let ¢; == wf_c(vi), 7y == fie(v;). By Mather’s lemma 3.1, there exist
n; : [—€,€] — M such that n;(—¢) = ¢;, 7:(+¢) = r; and
Stte(m) + See(m2) < Spte(@ol|_c 1)) + Site(@uyl[_e, te])-
Thus
De(q1,72) + Delg2,71) < Pelgr,71) + Pelga; T2)- (25)
Let u; € w(v;) and z; == w(u;). T 4 400 is such that Jopi (Vi) SLLN
u;, we have that
Pe(gi, zi) = Ui Be(i, 2o, (1)) = lim Sppe(@ol|_ i)
= Spte(@ol[c ) + 1M Spe(@o, ]y 1iy)
> Qc(Giy i) + Pelri, 74) -
By the triangle inequality for ®,. we get that

(i, 2i) = Pelgis 75) + Pe(ri, 24) (26)

From (26) and (25) we have that

Dc(g1,21) + Pelg2; 22) = e(q1,71) + (1, 21) + (g2, 72) + Re(r2, 22)
> D¢(q1,72) + Relg2: T1) + Pe(r1, 21) + Pe(r2, 22)
> ®c(q1, 22) + Pe(g2, 21) - (27)
Since u; € T, then d.(z1,22) = ®.(21, 29) + ®.(22,21) = 0. Adding
de(21, 22) = 0 to the right of inequality (27), we obtain that
De(gr, 21) + Pelqz, 22) > Pelq1, 22) + Pe(22, 21) + De(21, 22) + Pelg2, 21)
' 2 ®e(q1, 21) + Delq2, 22) -
This is a contradiction. O
Theorem VIII. (Generic Structure of E(L).) For a generic Lagrangian

L, S(L) is a uniquely ergodic set. If it is a periodic orbit then it is a
hyperbolic periodic orbit.

Proof. This should be thought as a corollary of theorems IIT and IV.
Take the generic set given by theorem III of Lagrangians L that satisfy
#M(L) =1 and call this unique minimizing measure p(L). Then if p is
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an invariant measure of L and it is supported in 3(L) then by theorem
IV it is minimizing. Thus g = p(L). This proves the theorem. 0O
Theorem IX. (Coboundary Property.) If ¢ = ¢(L), then (L + C)IE(L) is a
Lipschitz coboundary. More precisely, taking any p € M and defining
G:5(L) = R by

G(U}) = (I)C<p7 71’(’(1)))

Then dG
(L+0lgy = df
where e 1
W(M = lim [ G(fa(w)) - Gw)].
Proof. Let w € £(L) and define Fyy(v) := @c(m(w), (v)). We have that
dF, .1
= [ Fo(fnw) — Foy(w)]
= }111%% [CI)C(ﬂ'U), T fh w) — q)c(ﬂwvﬂw)]
1
= }11_% E I:SL—I—C <$w|[0,h]) }
h
- i3 [ (Elnuto 0t s
= L(w)+ec.

We claim that for any p € M and any w € (L), h € R,

G(frw) = c(p, 1(frw)) = Cc(p, m(w)) + Be(m(w), 7(frw))

G(frpw) = e(p, m(w)) + Fuy(fn(w)) - (28)
This is enough to prove the theorem because then
dG d Fy
—| = =F =—| =L
df w dh h(fh 'LU) h=0 df w (w) + C7

and G is Lipschitz by theorem L.
We now prove (28). Let q := w(w), 2 = 7(fr, w). We have to prove
that

Pe(p, ) = 0e(p, @) + Pc(g, 2) - (29)
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Since the points ¢ and z can be joined by the static curve xwl[o,h], then
Pe(2,9) = —Pe(q, T) .
Using twice the triangle inequality for ®, we get that
De(p, @) < c(p, @) + Pe(, q) = Pe(p, ) — Pe(q, 2) < Pe(p, q) -

This implies (29). ad

4. Connecting orbits inside fixed energy levels
We quote a paragraph from Maé [7]:

“Exploiting that the energy, F : TM — R, defined as usual by
E(z,v) = g—ﬁ v — L, is a first integral of the flow generated by L, leads
to information on the position of £t (L). First observe that it is easy to
check that a semistatic curve z : [a,b] — M satisfies:

E(z(t),2(t)) = (L) - (30)

This follows from calculating the derivative at A = 1 of the function
F:R — R given by:
b
R MR NGNS
a

where 2 : [a, %] — M is given by z)(t) = z(At). From (30) follows that:
(L) c EYe),
that together with 7 X1 (L) = M implies:
TE ()= M.

Hence,
¢ > maxg E(q,0).

Moreover $(L) C E~1(c) implies:”

4.1. Corollary. 1 € M(L) is minimizing if and only if

/ (%%) vdp=0,  supp(p) C E7Y(c(L)).
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Theorem X. If k > c(L) then for all p, q € M, p # q there exists a
solution x(t) of (E-L) such that x € AC(p,q) and

Px(p,q) = Sr+x(2)
Moreover the solution (z(t), &(t)) is contained in the energy level E-1{k}.]]
4.2. Remark. If p = g and k > ¢(L), then the infimum

O4(p,p) = nf{Sp4x(y) |7 € AC(p,q) } =0

can not be realized by a path defined on an interval with nonzero length.
For otherwise if v: [0,T] — M, T > 0 is a minimum, then

@c(p,p) < Spt+c(7) = Sk(pp) — (k — (L)) T < S(p,p) = 0.
Contradicting theorem I.

4.3. Remark. This theorem, with the same proof, holds for coverings
T: M — M of a compact manifold M, with the lifted Lagrangian
L=Lon.

Proof. Suppose that p, ¢ € M and p # q. For each T > 0 there exists a
minimizer xp of Sy, on AC(p,q,T). Then

®r(p,q) = inf Sp(zr)+ kT .
>0
Observe that
lim (Sp(zr)+ kT) = THI—E (Spte(zr) + (K —¢) T)

T—4o00

> liI_E (®c(p,q) + (k— ) T)

T T—4oo

= 400.

Choose a sequence {T;} such that lim; St (z1, +kT;) = ®4(p, ). Then
{T;} must be bounded and we may assume that it has a limit Tj. Since
p # ¢, by Corollary 1.4 we have that ||27,]| < A and then Tp > 0.
By Theorem 1.2, z7, is a solution of (E-L). Write w; = &7,(0), then
z71,(s) = 7o fs(w;), where f; is the Euler-Lagrange flow. Choose a
convergent subsequence w; — w, then zgz, — z,, in the ! topology,
where x,,(s) = mo fs(w), s € [0,Tp]. Hence

SL+k(Zw) = lim SLik(aT,) = P4, ).
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We now prove that minimizers of Sy 4 are in the energy level £ = k.
Suppose that z € AC(p, q,T) is such that
Spx(®) = mingc 4c(p.9) STEY) -
Define
AT
N R RRCIENEN

where x5 (t) : [0, \T] — M is defined as z(t) = (%) By the minimizing
condition F’(1) = 0. On the other hand

AT 8L
F'(A) = T L(zA(AT), 2A(AT)) + 5N dt + kT
0
now
OL 0L Oz N OL Oy
O\ Oz OX | Ov OA
= () - 2 (L <z>t+m<%>
T e M\ a2 au \ T 2
So
T
0=TL{z(T), & +Tk—- / <8L +~—x> tdt — a—Lzr;ah‘
o Ov
T
=T L(z(T), & +Tk— / oL, T dt —/ (dL>tdt
dt
. . T
=T L(z(T),#(T)+Tk— /0 %xdt —i—/o Ldt— Lt
T
~Th- [ Bt
0
=T(k - E).
This proves that the energy level of the solution z is k. 0

Observe that

L+k=(OL/0v)v on E" k). (35)

4.5. Corollary.
(a) Ifk > ¢(L) and a,b € M, there exists a solution x(t) of (E-L) such
that ©(0) = a, x(T) = b for some T > 0, E(z(t),z(t)) = k for all
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teR, and:
T T
/0 g—i(m,:b)j:dt:min/o ' %%(y,y)ydt, (36)
where the minimum is taken over all the absolutely continuous y :
[0,T1] = M, Ty > 0, with y(0) = a, y(T1) = b and E(y(t),y(t)) =k
for a.e. t €10,T1].

(b) Conversely, if given k > ¢(L) and a, b € M, there exists an absolutely
continuous x : [0,T] — M with x(0) = a, z(T) = b, E(z(t),z(t)) =k
for a.e. t € [0,T) and satisfying the minimization property (36), then
x(t) is a solution of (E-L).

If p,q € mE~1{k}, define

ACE(p,q;k) :={z € AC(p,q) | E(z,2) = k a.e. }.

Item (a) of corollary 4.5 follows from (35) and item (b) follows from
the fact that since minimizers of Sy 4 have energy k, then minimizing
Sr+x on AC(p, q) is equivalent to minimize it on ACE(p, q; k).

Given u € M(L) define its homology or asymptotic cycle in M (cf.
Schwartzman [10]), by p(x) € Hi(M,R) = HY(M,R)* such that

:/ Odu , Yi0)€ H'(M,R),
™

where 6 is a closed 1-form and [6] its homology class. Define the Mather’s
beta function 8 : H1(M,R) — R, by

B(h) := min{ S(u) | u € M(L =h}.

Since, for any h € Hj(M,R) the set K(h) := {p € M(L)|p(p) = h} is
convex, it follows that 3 is a convex functlon. Let §* be its Legendre
transform: 5% : Hl(M, R) — R,

B*(w) = maxpe gy, (mrmy{ w(h) — B(h) }.
The reader can check that

Fr(6) = —c(L—0), V| €H'(M,R).
Define the strict critical value co(L) by

co(L) = ming ¢(L — 0).
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Then

co(L) = —B"(0) = —min{ Sz(p) [ p € M(L), p(p) =0}.
Observe that

d
E E(fI;,t’U)Lf:l =" va(m,v) v >0 s (37)

Therefore if (z,v) is a critical point of the energy function E then v =0
and g—ﬁ(m,o) =0. Let

€0 1= maxpep L(p, 0).
By (37), we have that
E(p,0) = minyer,pmr E(p,v) - (38)

In particular
eo =min{k € R|w(E"1{k})=M}.
Let 6 be a closed 1-form such that cg(L) = ¢(L — g). Then the energy
function and the Euler-Lagrange equations for .—8g and L are the same.
Theorem X implies that w(E~k}) = M for all k > ¢(L — 8) = co(L).
Hence
eo < co(L).

As observed in Mané [7], for mechanical Lagrangians

1
L(m,v) - 5(7}7 U>93 - ¢($)7
with ( , ), a riemannian metric, we have that dg = eg = co(L) = ¢(L).
There is an example in [7] of a Lagrangian L with eg < ¢p(L). It uses
the following corollary to the proof of theorem X:

4.6. Corollary. If k > cy(L), for every free homotopy class H # 0 of M,
there exists a periodic orbit in E~1{k} such that its projection on M
belongs to that free homotopy class.

Proof. Fix k > cy(L). By adding a closed 1-form we can assume that
e(L) = ¢p(L). Let AC(H) be the set of absolutely continuous closed
curves in M with free homotopy class H. Let xz, € AC(H) with x, :
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0,T,] — M and

lim Spik(xn) = inf Spir(z).

n—co ceAC(H)
Let Z,, be a lift of z,, to the universal cover M of M. We can assume that
Ty is a minimizer of SE 4y OD AC(z,(0),2,(1y); Tn) and in particular,
that it is a solution of (E-L). Then the same arguments as in the proof
theorem X yield that {T,,} must be bounded and ||z,| < A. We can
assume that lim, T;, = T;. Moreover

1
Ty > 1 min{ length(y) |y € AC(H)} > 0.

The same arguments as in theorem X give a closed curve v : [0, Tp} — M
which is a uniform limit of a subsequence of z,, and hence v € AC(H).
Moreover

Sp+k(Y) = minge ao(m) SL+£() (39)
and (v,%) is in the energy level E~1{k}.

It remains to prove that (0) = ¥(Tn). Suppose that ¥(0) # ¥(Trn).
Let M be the universal cover of M and L the lift of L. Let ~ be a lift of
. Counsider the path n|[_€76] = i1y -1 * Vl[0,e]- We have that 7 is not
C! and hence it is not a solution of (E-L). Since k > co(L) > eg, then k
is a regular value of the energy E of L. By the Maupertius principle (see
theorem 3.8.5 of Abraham & Marsden [1]), 7|[_. ] is not a minimizer
of the (L + k)-action on E~1k}. Then there exists £ € (n(—e),n(€)),
with energy E(&,é) = k and Sf+k(§) < Sp+x(n). Moreover, since M
is simply connected, the paths £ and 71 are homotopic by a homotopy
which fixes their endpoints. Hence 7 (£ * ¥|[_ 1, _¢]) and ¥|jp ;) are in
the same free homotopy class of M. We have that

SLtk (W(f * Wl[s,To—e])) AT [ N)
=57 O+ St4u(V e 1y—g))
< Sp4+x(7) -

This contradicts the minimizing property (39) of . O
“An interesting characterization of the critical value ¢(L), in terms
of an analogous to Tonelli’s theorem (Mather [8]) in a prescribed energy
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level is given by the following result:” — Maiié [7]

Theorem XI. Assume that k is a regular value of E and dim M > 1.
Suppose that k has the following property: for all a,b in nE-1(k) there
exists an absolutely continuous curve z : [0,T] — M such that:

(1) :E(O) =a aond z(T) =D.

(ii) ) z(t)) =k a.e. in [0,T].

(iid) / a0, 5(0) dt-—mm/ S, 50 90 dt,

where the minimum is taken over all absolutely continuous y :
[0,T1] — M, with y(0) = a,y(T1) = b and E(z(t),&(t)) = k a.e.
in [0,T7].
Then k > ¢(L) and z(t) is a solution of the Euler Lagrange equation.
The hypothesis dim M > 1 is necessary as the example of a simple
pendulum shows. Indeed, for L(z,v) = % |v|2 — cosz and any regular
value k < ep = —min, g1 L(p,0) = ¢(L) = 1 there are such minimiz-
ers. This is because a non-empty energy level E~1(k) with k < eg is
a topological circle and given a,b € W(E_l(k)) there are two injective
paths on E~1(k) from 7~1{a} to 7~ 1{b}. One of them must minimize
the (L + k)-action because L+ k =v - L, = %|v|2 > 0on E-1(k). In
fact, the minimizer is the one whose projection on S1 is injective.
Another example in M = Sl is L. = L + 6 where 6,(v) is a (closed)
1-form such that ¢(L) = ¢(L + 8) > ¢(L) = eg. The energy functions
and the Lagrangian flows for L. and L are the same. For eg < k < ¢(L))
the energy levels F _l(k) support two periodic orbits. Lemma 4.8 below
shows that these orbits have negative (L +k)-action, and hence there are
no minimizers on these levels. On the other hand, a regular energy level
k < eq consists of one perlodlc orblt (7,%). By the symmetry of E~1(k),
we have that [ v L, = f,y 3 |v| +0 > 0. Then the same arguments as
for L show that there exists minimizers for k£ < c¢(L).
We comment now the hypothesis of the regularity of the energy value
k. Recall that all the critical points of E are in the zero section of TM.
The following lemma shows that if (pg,0) is a critical point of E, then
it is a singularity of the Lagrangian flow and that the point pg can not
be joined to other points by a path with energy & which is differentiable
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at pg. Thus completing the picture of theorem XI: If we require the
differentiability of the minimizers z(¢) at the endpoints, then the same
statement holds for critical values k of E if E~1{k} consists of more
than one point, and if #E-1{k} = 1 the (unique) minimizing curve is
a (singular) solution of (E-L). Conversely, if (g9,0) € E~1{k} is not a
critical point, then it is necessarily reached on finite time by curves on
E-YE}.
Define
dp := minpepr E(p, 0) = — maxpe pr L(p, 0)

If k < dy then E~1(k) = &. Given dy < k < eq define
e(k) = {p € MIE(]),O) = k}a

then 6(k) # @. The proof of the following lemma is delayed to the end
of the section.

4.7. Lemma.

(a) Ifpo € 8(k) and D,E(pg,0) = 0, then the only curve p: [0,8] > M
with E(p(t),p(t)) = k and p(0) = pg s the constant curve p(t) = py.

(b) If p : [0,tg]— M is such that E(p,p) = k, limHsa p(t) = qo € 0(k)
and DpE(qp,0) # 0, then tg is finite.

Proof of theorem XI. For & < ¢(L) we have to show that there are

points in E~1{k} which can not be joined by a curve which minimizes

the action of Sy on ACE(p, q; k).

Observe that dy is necessarily a critical value of F. Suppose first
that dg < k < ep. Since k is a regular value of F, by the Maupertius
principle (see theorem 3.8.5 of Abraham & Marsden [1]), the critical
points of the functional Sy on ACE(p,q,k) are solutions of (E-L).
Let p € 0(k) # @. Then {(p,0)} = T,M N E-1{k}. Hence there is
only one solution z of (E-L) with E(z,z) = k and z(0) = p. The
set {z(t)|2 =0} = {z()|z({) € 0(k)} has at most countably many
points. But since k is a regular value of E then 6(k) is a submanifold
of M of codimension 1 and dimf(k) > 0. Hence there are points in
8(k) = dnE~1(k) which can not be joined to p by (L + k)-minimizers
with E(z,z) = k.

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



LAGRANGIAN FLOWS 187

Suppose now that k = ¢(L) =: ¢. The arguments of equation (30)
show that minimizers of Sr4. in AC(p,q) are in the energy level F =
¢(L). Thus minimizers of Sg4. on ACE(p, q; c(L)) are also minimizers on
AC(p, g) and hence semistatic curves. Let (¢,£(q)) € & C E-1{k}. Let
p ¢ 7{fi(¢,€(q)) |t € R}. Suppose that there exists a semistatic curve
z € AC(p,q,T). Then by theorem VI (b), we have that &(T) = £(q).
This contradicts the choice of p.

Now suppose that eg < k < ¢(L). We shall prove in lemma 4.8 that
there exists a closed curve ~(¢) such that F(v,%) =k and

L(L+k)<0.

By making a large number of loops along 7 one can produce a curve
with arbitrarily negative action. By adding two connecting segments
this implies that for any p,q € M there are not minimizers of Sp4x on
ACE(p,q; k).
This completes the proof of theorem XI. O
Given an absolutely continuous closed curve I' : [0,T] — M, define
the probability measure ur on TM by

1 /T .
/TM@ duy = 7 /0 @(T@),I'(t)) dt.

Let C(k) be the set of measures pp supported on the energy level E~1(k)

and let C(k) be its closure in the weak® topology. Define

v(k) == min,, z(x) /v - Ly dp .

Measures realizing this minimum may not be invariant. For example
if L{z,v) = %Iv|2 — ¢(x) is a mechanical lagrangian and k < eg is
a regular energy level, then any such measure will be supported on
OE~1{k}, where v = 0 and vL, = %|v|2 = 0. Nevertheless, 9E~1{k}
has no invariant subsets.

In the following lemma we use ideas of Dias Carneiro [2].

4.8. Lemma. For all eqg < k < c(L) we have that y(k) < 0.

Proof. From (38) we get that given any k > eg and (p,v) € T M, there
exists a unique A > 0 such that F(p, Av) = k. Moreover, A = A(p,v, k) :
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T M xleq, +00[—]0, +00[ is a smooth function.
Let p be an invariant measure p € M(L) such that

[z e du=o. (40)

By theorem 4 and the fact that static curves have energy level ¢(L) we
have that supp(u) C E _1(c(L)), and by the Poincaré recurrence theorem

we have that p € C(c(L)).
For k > e define the measure vy on E*l(k) by

- f @, A, v, kyv)
/E~1(k) fdug = A(k) /E—l(k) Np.v k) du(p,v) (41)

for any continuous function f : E~1(k) — R, where

A= ([ G v))*l .

Then v € C(k) and v,y = p. This measure v is just the (proba-
bility) measure obtained by reparametrizing the solutions of (E-L) on
w(supp(i)) so as to have energy k. This process is reversible, i.e. we can
recover p by reparametrizing vy. Let

g(k)::/v-Lvduk:k+/Lduk.

Then ¢ is a differentiable function with derivative

0 [Lp, A L(p, A
g'(k'):1+A(k)/%< (p;\ U)> du+A’(k)/ (p;\ v) di.

If we change the reference energy level ¢(L) to k1 > e, we can use

Vg, instead of p on formula (41). The function g(k) does not change but
now A(k;) =1, A(k1) =1 and

: 9 (L /
g(kl)tl—i—/%(X) dl/kl-i—A(kl)/Ldel,

where L(p,v) := L(p, Av). We compute this derivative:
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Since E(p, Av) = k, we have that

oOF

a5 = B Qkv) =@ Loy -v) Np=1,
1 v Ly

M= gy and b=

Moreover
9 (1); -
Ok \\) b=k, A2lk=k;  w. Lm, v

Ak = A(ZU/ <>\) = U'va s Wh -

Therefore
/ ,U.LU L
1

([ tn) ([ ran)
i [ ([ o) (]
g = V-Lyy-v Ykt Ve Lyy v Yk Vk)
; B 1
g(k)-(/(LJrk)duk)(/—————U.Lw_vduk>+1

g'(k) ="0(k) g(k) + 1, (42)

where

b(k) = /(v + Ly - 0) "V dug > 0.

- / *os) ds
€0

and h(k) := e~ B%) g(k). From (42) we get that

Let

Wk)=eBF 0.
By (40), h(c(L)) = 0, therefore h(k) < 0 for all eg < k < ¢(L). And thus
(k) < g(k) = "® (k) < 0

for all eg < k < ¢(L). O

Proof of lemma 4.7. We first prove (a). Using local coordinates we can
assume that M = R"™ and TM = R" x R". For v small and p near py
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such that FE(p,v) = k, we have that
E=v-L,—L,
k= (v Lo(p,0) + v Ly (p, 0) - v+ O™))

- (L0040 Lp,0) 4 0 L) 0+ 00

%U-Lw(p,())-v+0(v3):k+L(p,0).

Since k = —L(pg,0), there exists a function F(p,v) defined on a neigh-
bourhood of (pg, 0) on the energy level E(p,v) = k by

2
F(p,v) Jol” =k + L(p,0)
1
= Ly(p0,0) Ap + - Ap Lip(po, 0) Ap + O(Ap°)

(43)
where Ap = p — po, F'(p,v) is smooth and F(pg,v) > 0. We have that
DpE(p()a 0) = “Lp(p()ao) =0. (44)

Since the left hand side of (43) is positive, using (44) we have that
Ap Lyp(po,0) Ap > 0. Then there exists a function G(p,v) > A > 0 such
that for v small and p near py such that E(p,v) = k, we have

2 2
o[ = G(p,v)* |ap|® ,
lv| > A |Ap| . (45)
Suppose that there exists a differentiable curve p : [0, 8] — M such that

p(0) = pg and E(p(t),p(t)) = k. For simplicity suppose that § = 2. Let
z(t) == |p(t) — py|. Writing v(¢) = p(t), we have that

d
a—t-gj(t)2 =2zxx =2 <P(t) - p07v(t)> ’

) —
ift) = ( EA=20 00t} > =B ot
for some B > 0, because p(t) is differentiable at ¢t = 0. From (45), we
have that

i(t) > —B |u(t)] = ~ABz(t),

z(t) > z(1) exp(—AB{t — 1)) .
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In particular z(0) # 0. This contradicts the choice of p(t).

Now we prove (b). Since DpE(go,0) = Lp(gp,0) # 0, then (k) is
locally a codimension 1 submanifold near gg. Let q( ) € 0(k) be given
by the condition

Lyp(q(t),0) (p(t) —q(t)) = 0.
Using formula (43) with Ap = p(t) — ¢(t), we have that

v) [ol® = Ly(q(),0) Ap+ O (|ap]”)

and then
o > 44/l
for some A > 0. Let y(t) := [p(t) — q(t)]. Computing % y(t)2, we obtain
y®=<£%{%%Vv@>S—BhﬁHS—ABVRB,
for some B > 0. Therefore
q AB A? B2

B AB a2 gty
2y2 2 4

For future reference, we also note that

[9(®)] > b Ju®)] = b1 Vy() , (46)
y(t) > bz (t = t0)* | (47)
for some b, b1, by > 0. O

5. Properties of weaker global minimizers
Definition. We say that a solution z(t) of (E-L) is a minimizer (resp.
forward minimizer) if

l [tg.t1] ) Sc(y)

for every tg < t1 (resp. 0 < tg < t;) and every absolutely continuous
y: [to, t1] — M, with y(t;) = z(%;), 1 = 1, 2.

Denote by A(L) (resp. A1(L)) the set of (p,v) € TM such that
the solution z(¢) of (E-L) with initial condition (z(0),(0)) = (p,v) is a
minimizer (resp. forward minimizer).
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Let w € AT(L) for 0 < s <t define 6,(s,t) by
SLte(Tuljeyg) = Pelu(s), Tu(t)) + Suls, ©). (48)
It is clear that
bw(s,t) > 0. (49)
The triangle inequality for ¢ implies that
Ow(8,t) + buw(t, ) < by(s, 1) (50)
foranwaA""(L) and 0 <s<t<r.

Claim. 6,(s,t) is uniformly bounded on w € AT (L), and 0 < s < t < 0.
We shall prove first theorems XIV, XII and XIII and then the claim.

Theorem XIV.
(a) There exists C > 0 such that setting ¢ = ¢(L)

1Site(@ulisg) < C

for every w € AT(L) and all 0 < s < t.
(b) If w e AT(L) and p € M is such that p = lim,_,o Ty (tn) for some
sequence t, — oo then the limit

Jim Sp4o(@o 1))
erists and does not depend in the sequence {t,}.

Proof. Item (a) is straightforward consequence of the claim and the
definition of 6,,. From equatica (50) it follows that the function ¢ —
64,(0,1) is increasing. Then the claim implies that D := lims_, 4o 6,,(0, 1)
exists. Thus

nll{go SL—I—c(wa[O,tn]) = nh_{go Pe(w(0), Tow(tn)) + nh_{go 6 (0, tn)

= ®(24(0),p) +D. O

Theorem XII.
(a) The w-limit set of an orbit in AT (L) is contained in S(L).
(b) The a and w-limit sets of an orbit in A(L) are contained in S(L).

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



LAGRANGIAN FLOWS 193

Proof. We only prove (a). Let w € AT(L). Let (p,v) € w(w), T > 0 and
let (ng) be a sequence in R™ such that

ng+1 >nk+ 1, (p,v) = li]gl(ﬂfw(nk), T (nk)) -
Let

Pk = mw(”k% gk = mw(nk + T) )
(g, u) = (zo(T), 24(T)) = lim (gk s Zw(ng +T)).

we have that

Stte(@wlpny n, +11) = Pe(Ph, @) + buw (g, 18 + T,
Spte(@wling+Tny, ) = cl@h; Pr) + 8wl + T, ngpr1)

Spte(@ul] ) = Pe(Pr; Pet1) + buw(nk, Mg 1) -

gy 1]

By the claim and equation (50) there is a constant @) such that

> " (B, nk +T) + Su(ng + Ty mgeg1)) <Y oo, M1
k=1 k=1
< Jim 8,(0,1) < Q.
Therefore

lm Oy (ng, nk41) = lm Sy (ng, nk + 1)

I

klirgoéw(nk +T,npy1)=0.
Hence
Stte(ulpr) = lim Sptc(Zwl oy ny +71)
= lim Q¢ (pr; gr) = (P, ) -
and from (51),
®c(ps g) + Le(g, p) = Um De(pr, ) +lin De(gk, Pr)
= h,ﬁn [Sﬁ+c($w’[nk,nk+T]) + SL+c($w|[nk+T,nk+l])]

= lilrcn [ ®c(pr> Pr) + O (Mt et 1) |
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This implies that w(w) C £(L). 0
Theorem XIIL. f;|5(;) is chain transitive.

Proof. Let v, w € A(L) and € > 0. It is enough to prove that there exists
an e-chain in A(L) joining w(w) to a(v). By theorem XIII, a(v)Uw(w) C
S(L) C ©(L). By theorem V there exists such e-chain contained in
¥(L) € A(L). This completes the proof. O

Proof of the claim. Let
A :=2max{ L(p,v) + ¢(L)]| ||v] £ diamM +1}
B :=max{|2(p,q)| |p,q € M }
Q:=3max{AB}+2.
Suppose that there exist w € AT(L), 0 < a < b such that 6,(a,b) > Q.
Let 7y : [a,Ty) — M be in AC(zy(a), (b)) and such that
Sr+e(7) < e(@w(a), Zw(b)) + 1.
We have that
Sr+e(7) < Site(Buwlep) = bwla, b) +1,
St4e(¥) < Sre(@wljgy) —Q +1, (52)
Sr4e(V) < SrelTwlfey) — (A+ B). (53)

Suppose that T > b —a. Let n: [0,1] — M be a geodesic on M such
that

n0) =zw®) , ) =zu(Tp+1) , |7l < diam(M).

Then
Spte(n) < A.

Since

B < 0e(Tw(b), 2w (Th + 1)) < Srte(@uwlpz,+1])
using (53) (or (54)), we have that

Spte(y*m) < SL-FC('T’LU'[(J.,()]) - (A+B)+A

< Srte(@ulfay) + Sre(@uwlpn, +1)
Srte(y* 1) < Spte(Twlan +1) -
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This contradicts the hypothesis w € A1 (L).
Now suppose that 7, < b —a. Let u € f](L) and let A : [0,1] = M
be a geodesic on M such that
A0) = 2y (0) =v(Tp), A1) =mu, [\ <diam M,

and let A :[0,1] — M be A(t) := A(1 —t). Then

A A
Sae(N) +5pe(M) < 5+ 5 = A

Let 7 > (b—a)—Ty and let ¢ : [0,7,] — M be a curve in AC(z(7), 7 u)
such that
SLe(0) < =B (mu, 2y (7)) + 1.
Let 7 = v % A% xul[oﬁ] x o * X. This curve is in AC(z,,(a), Ty, (b)), it is
defined on a time interval of length
Th+1l+7+T,+1>Tp+7>b—a,

and has (L + c)-action
Sr4e(M) < Sp4e(r) + (Sp4e(N) + Sp4eN) + (Site(@uloq]) + Sre(0))

< Spte(V) + A + (Be(m U, Tu(T)) — (U, Tu (7)) + 1)

< (Spte(@ulfy) —Q@+1) + A+ 1,

S14c(7) < Sie(@w|[gp) — (A+ B). (54)
Now the same argument as in the case T, > b, using 7 instead of 7,
gives a contradiction. O
References

[1] R. Abraham & J. E. Marsden. Foundations of Mechanics. Benjamin: London,
1978.

[2] M.J. Dias Carneiro. On Minimizing Measures of the Actions of Autonomous
Lagrangians. Nonlinearity, 8 (1995) no. 6, 1077-1085.

[3] G. Contreras, R. Iturriaga. Conver Hamiltonians without conjugate points.
Preprint. Available via internet at http://www.ma.utexas.edu.

[4] R. Mafié. Global Variational Methods in Conservative Dynamics. 182 Coloquio
Bras. de Mat. IMPA. Rio de Janeiro, 1991.

[5] R. Mafnié. On the minimizing measures of Lagrangian dynamscal systems. Nonlin-
earity, 5, (1992), no. 3, 623-638.

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



196 G. CONTRERAS, J. DELGADO AND R. ITURRIAGA

[6] R. Mafié. Generic properties and problems of minimizing measures of lagrangian
systems. Nonlinearity, 9, (1996), no.2, 273-310.

[7] R. Mané. Lagrangian Flows: The Dynamics of Globally Minimizing Orbits. In In-
ternational Congress on Dynamical Systems in Montevideo (a tribute to Ricardo
Mané), F. Ledrappier, J. Lewowicz, S. Newhouse eds., Pitman Research Notes in
Math. 362 (1996) 120-131. Reprinted in Bol. Soc. Bras. Mat. Vol 28, N. 2,
141-153.

[8] J. Mather. Action minimizing invariant measures for positive definite Lagrangian
systems. Math. Z. 207, (1991), no. 2, 169-207.

[9] M. Morse. Calculus of variations in the large. Amer. Math. Soc. Colloquium
Publications vol. XVIII, 1934.

[10] S. Schwartzman. Asymptotic cycles. Ann. of Math. (2) 66 (1957) 270, 284.

Gonzalo Contreras

Depto. de Matematica. PUC-Rio
R. Marqués de Sao Vicente, 225
22453-900 Rio de Janeiro

Brasil

E-mail: gonzalo@mat.puc-rio.br

Jorge Delgado

Depto. de Matematica. PUC-Rio
R. Marqués de Sao Vicente, 225
22453900 Rio de Janeiro

Brasil

E-mail: jdelgado@mat.puc-rio.br

Renato Iturriaga

CIMAT

A.P. 402, 3600

Guanajuato. Gto

México

E-mail: renato@fractal.cimat.mx

Bol. Soc. Bras. Mat., Vol. 28, N. 2, 1997



