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ON CLOSED ORBITS FOR
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ABSTRACT. These lecture notes were prepared in occasion of a mini-course
given by the author at the ” CIMPA Research School - Hamiltonian and La-
grangian Dynamics” (10-19 March 2015 - Salto, Uruguay). In this series of
talk we illustrated some techniques to prove the existence of periodic orbits of

prescribed energy for autonomous Tonelli Lagrangian systems on the twisted

cotangent bundle of a closed manifold.
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1. INTRODUCTION

The study of invariant sets plays a crucial role in the understanding of the prop-
erties of a dynamical system: it can be used to obtain information on the dynamics
both at a local scale, such as the existence of nearby stable motions, and at a
global one, such as the presence of chaos (see [Mos73]). In the realm of continuous
flows periodic orbits are the simplest example of invariant sets and, therefore, they
usually represent the first object of study. For systems admitting a Lagrangian
formulation closed orbits received special consideration in the past years, in par-
ticular for the cases having geometrical or physical significance, such as geodesic
flows [Kli78] or mechanical flows in phase space [Koz85]. In [Con06] Contreras
formulated a very general theorem about the existence of periodic motions for au-
tonomous Lagrangian systems over compact configuration spaces. This result was
later analysed in detail by Abbondandolo, who discussed it in a series of lecture
notes [Abb13]. It is the purpose of the present paper to give a generalization of such
theorem to systems which admit only a local Lagrangian description (Theorem 1.6
below). Among these we find the important example of magnetic flows on surfaces,
which we introduce in Section 1.6. We look at them in detail in the last part of this
note: we will sketch a different method, devised by Taimanov in [Tai93], to find
periodic orbits with low energy and we will study the stability of the energy levels,
a purely symplectic property, which has important consequences for the existence
of periodic orbits.

Let us start now our study by making precise the general setting in which we
work.

1.1. Twisted Lagrangian flows over closed manifolds. Let M be a closed
connected n-dimensional manifold and denote by

m:TM — M n:T"M — M
(q,v) — ¢ (,p) — ¢

the tangent and the cotangent bundle projection of M. Let us fix also an auxiliary
Riemannian metric g on M and let | - | denote the associated norm.

Let 0 € Q%(M) be a closed 2-form on M which we refer to as the magnetic
form. We call twisted cotangent bundle the symplectic manifold (T*M,w, ), where
Wy :=d\ — m*0. Here ) is the canonical 1-form defined by

Agp) = PodgpT, V(q,p) €T*M.
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If K :T*"M — R is a smooth function, we denote by t — @EK’U) the Hamiltonian
flow of K. It is generated by the vector field Xk ) defined by

Wo(X(k,0), ) = —dK.
In local coordinates on T M such flow is obtained by integrating the equations
0K
” q= 871) )
. 0K 0K
=Gt (o)

The function K is an integral of motion for ®(*:9). Moreover, if k is a regular value
for K, then the flow lines lying on {K = k} are tangent to the 1-dimensional dis-
tribution ker wg\{ K=k}- This means that if K " T*M — R is another Hamiltonian
with a regular value &’ such that {K’ = k'} = {K = k}, then ®"9) and ®(K2)
are the same up to a time reparametrization on the common hypersurface. In other
words, there exists a smooth family of diffeomorphisms 7, : R — R parametrized
by z € {K' = k'} = {K = k} such that
7.(0) = 0 and @7 (z) = % 7)(2).

7 (t

Hence, there is a bijection between the closed orbits of the two flows on the hyper-
surface.

Let L : TM — R be a Tonelli Lagrangian. This means that for every ¢ € M,
the restriction L|r, as is superlinear and strictly convex (see [Abb13]):

lim Llg.v) = 400, VgqeM,
|[v| =400 |’U‘
@ 9°L
W(qav) > 0) V(q,v)GTM,

where g%(q,v) is the Hessian of L|r,» at v € T,M. The Legendre transform
associated to L is the fibrewise diffeomorphism

L:TM — T"M

oL
(Q>U) — %(qav) .
The Legendre dual of L is the Tonelli Hamiltonian
H:T"M — R
(@) — (£ @p) ~ L(£7 (@),

which satisfies the analogue of (2) on T*M. For every k € R, let £} := {H = k}.
These sets are compact and invariant for ®7:9) As a consequence such a flow is
complete. We can use L to pull back to T'M the Hamiltonian flow of H.

Definition 1.1. Let %9 be the flow on TM defined by conjugation
Lo ‘I)(L,a') — ‘I)(H’U) ol.

We call ®9) ¢ twisted Lagrangian flow and we write X(L,0) for its generating
vector field. Since ®H:7) is complete, ®9) is complete as well.
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The next proposition shows that the flow ®(%) is locally a standard Lagrangian
flow.

Proposition 1.2. Let U C M be an open set such that oy = d6 for some 6 €
QY(U). There holds

Xi-00) = X.olv,
where L—0 : TU — R is the Tonelli Lagrangian defined by (L —0)(q,v) = L(g,v) —
04(v) and X (1_g,0) is the standard Lagrange vector field of L — 6.

The proof of this result follows from the next exercise.

Exercise 1. Prove the following generalization of the Fuler-Lagrange equations.
Consider a smooth curve v : [0,T] — M. Then, the curve (v,%) is a flow line
of X(1,0) if and only if for every open set W C M and every linear symmetric
connection V on W,

® (755 ) ) = Gen) + on(i)

at every time t € [0,T] such that v(t) € W. In the above formula % e T"M

denotes the restriction of the differential of L to the horizontal distribution given
by V.

1.2. The magnetic form. Let [0] € H?(M;R) denote the cohomology class of .
We observe that for any 6 € Q!(M), there holds

X(146,0+d0) = X(L,0) -
Since L + 6 is still a Tonelli Lagrangian, we expect that general properties of the
dynamics depend on ¢ only via [0]. Moreover, if § € Q'(M) is defined by 6, :=
_%(%0)7 then

min, <L(q,v) + 9q(v)) = L(q,0) + 6,(0), Vqe M.

Therefore, without loss of generality we assume from now on that L|r, s attains its
minimum at (g, 0), for every ¢ € M.

We can refine the classification of o given by [o] by looking at the cohomological
properties of its lift to the universal cover. Let o be the pull-back of o to the
universal cover M — M. We say that o is weakly exact if [5] = 0. This is
equivalent to asking that

/ w'eo =0, Yu:58*— M.
S2

We say that o admits a bounded weak primitive if there is 6 € Ql(M) such that
df =5 and N

sup |0z < +oo.

geM
In this case we write [7], = 0. Notice that both notions that we just introduced
depend on ¢ only via [o].

Exercise 2. If M is a surface and [o] # 0, show that
o if M = S?, then [5] # 0;



CLOSED ORBITS FOR TWISTED TONELLI LAGRANGIAN FLOWS 45

o if M =T?, then [] =0, but [], # 0;
o if M ¢ {S% T2}, then [5], = 0.
Using the second point, prove that
o if M =T" and [o] # 0, then [0] = 0, but 7], # O;
o if M is any manifold and [7]p, = 0, then

/ w'o =0, Vu:T? — M.
’]1‘2

1.3. Energy. As twisted Lagrangian flows are described by an autonomous Hamil-
tonian on the twisted cotangent bundle, they possess a natural first integral. It is
the Tonelli function £ : TM — R given by E := Ho L. We call it the energy of the
system and we write Xy := {F = k}, for every k € R. Let V : M — R denote the
restriction of E to the zero section and let e,,(L) and eg(L) denote the minimum
and maximum of V', respectively.

Proposition 1.3. The energy can be written as
oL
E(Qav) = %(‘LU)(U) - L(Qa U)
and, for every q € M, we have

Ungiqr}wE(qu) = E(q,0) = V(g) = —L(q,0).

Moreover,
e k> eo(L) if and only if w: Xy, — M is an S"~-bundle (isomorphic to the
unit tangent bundle of M ).
o k< en(L) if and only if Sy = 0.
Exercise 3. If qo € M s a critical point of V', then (qo,0) is a constant periodic
orbit of ®L) with energy V(qo).

1.4. The Mané critical value of the universal cover. When ¢ is weakly exact
we define the Mané critical value of the universal cover as

(4) ¢(L,o) = inf | sup H(, gg) € RU{+o0},

d0=5 \ genr
where H : T*M — R is the lift of H to M. This number plays an important role,
since as it will be apparent from Theorem 1.6 and the examples in Section 1.6 the
dynamics on X changes dramatically when k crosses ¢(L, o).

Proposition 1.4. If o is weakly exact, then
e ¢(L,0) < 400 if and only if [], = 0;
e ¢(L,0) > eo(L);
e if o = dby, where Oy(-) = L(-,0), then ¢(L,0) = eo(L) and the converse is
true, provided eq(L) = e (L);
e given two Tonelli Lagrangians L1 and Lo and two real numbers ki1 and ko
such that {Hy = k1} = {Ha = ko}, then

C(Ll,U)Zkl < C(LQ,O’)Zk‘Q and C(L1,0)§k1 <~ C(LQ,O’)S]CQ.
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1.5. Example I: electromagnetic Lagrangians. Let g be a Riemannian metric
on M and V : M — R be a function. Suppose that the Lagrangian is of mechanical
type, namely it has the form

Ligw) = Sl — V(a),

where |- | is the norm associated to g. In this case we refer to ®(%9) as a magnetic
flow since we have the following physical interpretation of this system: it models
the motion of a charged particle v moving in M under the influence of a potential V'
and a stationary magnetic field 0. Using Exercise 1, the equation of motion reads

(5) Viy = =VV() + (1),
where VV is the gradient of V' and, for every ¢ € M, Y, : T,M — T,M is defined
by

QQ(YQ(UI)aUQ) = Uq(m,vz), Yvi,v2 € TgM .

Exercise 4. Prove that, if k > maxV, <I>(L"’)|gk can be described in terms of a
purely kinetic system. Namely, define the Jacobi metric g = %g and the La-
grangian Li(q,v) := %|v|i, where |- | is the norm induced by gi. Using the Hamil-
tonian formulation, show that fI)(L"’)|{E:k} is conjugated (up to time reparametriza-
tion) to CID(L’“”)|{Ek=k}, where Ey, is the energy function of L.

In the particular case M = S?, magnetic flows describe yet another interesting
mechanical system. Consider a rigid body in R? with a fixed point and moving
under the influence of a potential V. Suppose that V is invariant under rotations
around the axis 2. We identify the rigid body as an element ¢ € SO(3). Since SO(3)
is a Lie group, we use left multiplications to get T'SO(3) ~ SO(3) x R? > (¢, Q),
where (2 is the angular speed of the body. Thus, we have a Lagrangian system on
SO(3) with L = $|Q|? — V() and ¢ = 0. Here | - | denote the metric induced by
the tensor of inertia of the body.

The quotient of SO(3) by the action of the group of rotations around 2 is a
two-sphere. The quotient map ¢ : SO(3) — S? sends v to the unit vector in R?,
whose entries are the coordinates of Z in the basis determined by .

By the rotational symmetry, the quantity ) - Z is an integral of motion. Hence,
for every w € R, the set {Q- 2 =w} C T'SO(3) is invariant under the flow and we
have the commutative diagram

({22 =w}, X(10)) 1 (752 X(1200))

50(3) 1 52

The resulting twisted Lagrangian system (L,,, 0,,) on S? can be described as follows:

e L,(q,v) = 3|v|* — Vi(q), where |- | is the norm associated to a convex
metric g on S? (independent of w) and V,, is a potential (depending on w);
e 0, = w- K, where k is the curvature form of ¢ (in particular o, has integral

47w and, if w # 0, it is a symplectic form on S?).
The rigid body model presented in this subsection is described in detail in [Kha79).
We refer the reader to [Nov82], for other relevant problems in classical mechanics

that can be described in terms of twisted Lagrangian systems.
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1.6. Example II: magnetic flows on surfaces. We now specialize further the
example of electromagnetic Lagrangians that we discussed in the previous subsec-
tion and we consider purely kinetic systems on a closed oriented Riemannian surface
(M, g). In this case

(6) Lgv) = gl

and 0 = f - u, where p is the metric area form and f : M — R. The magnetic
endomorphism can be written as Y = f -1, where ¢ : TM — T M is the fibrewise
rotation by /2.

Remark 1.5. If the surface is isometrically embedded in the Euclidean space R3,
Y is the classical Lorentz force. Namely, we have Y,(v) = v x B(q), where x is the
outer product of vectors in R® and B is the vector field B : M — R3 perpendicular to
M and determined by the equation volgs(B, -, -) = o, where volgs is the FEuclidean
volume.

For purely kinetic systems FF = L and, therefore, the solutions of the twisted
Euler-Lagrange equations are parametrized by a multiple of the arc length. More
precisely, if (y,%) C g, then |¥| = v/2k. In particular, the solutions with k = 0
are exactly the constant curves. To characterise the solutions with k£ > 0 we write
down explicitly the twisted Euler-Lagrange equation (5):

(7) Vid = fo) 0.
We see that v satisfies (7) if and only if |¥| = v/2k and

1
®) e T p—

VoK’

where k., is the geodesic curvature of . The advantage of working with Equation
(8) is that it is invariant under orientation-preserving reparametrizations.

Let us do some explicit computations when the data are homogeneous. Thus,
let g be a metric of constant curvature on M and let o = . When M # T? we
assume, furthermore, that the absolute value of the Gaussian curvature is 1. By
(8), in order to find the trajectories of (%) we need to solve the equation Ky =8
forall s >0. N N

Denote by M the universal cover of M. Then, S2 = S2, T2 = R? and, if M
has genus larger than one, M= H, where H is the hyperbolic plane. Our strategy
will be to study the trajectories of the lifted flow and then project them down to
M. Working on the universal cover is easier since there the problem has a bigger
symmetry group. Notice, indeed, that the lifted flow is invariant under the group
of orientation preserving isometries Iso4 (M).

1.6.1. The two-sphere. Let us fix geodesic polar coordinates (r, ¢) € (0,7) x R/27Z
around a point ¢ € S? corresponding to r = 0. The metric takes the form dr? +
(sinr)?dp?. Let C,(q) be the boundary of the geodesic ball of radius r oriented
in the counter-clockwise sense. We compute k¢, (q) = ta}w. Observe that tanr
takes every positive value exactly once for r € (0,7/2). Therefore, if s > 0, the
trajectories of the flow are all supported on C,.s)(q), where g varies in 52 and

(9) r(s) = arctan% € (0,7/2).
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In particular, all orbits are closed and their period is
27s

T() = —]———.

(s) =
1.6.2. The two-torus. In this case we readily see that the trajectories of the lifted
flow are circles of radius r(s) = 1/s. In particular, all the orbits are closed and

contractible. Their period is T'(s) = 27, hence it is independent of s (or k).

1.6.3. The hyperbolic surface. We fix geodesic polar coordinates (7, ¢) € (0,400) x
R/27Z around a point ¢ € H corresponding to » = 0. The metric takes the form
dr?® + (sinhr)?dp?. Defining C,(¢) as in the case of S?, we find k¢, (o) = ops-
Observe that tanhr takes all the values in (0,1) exactly once, for r € (0, +00).
Therefore, if s € (1,400), the trajectories of the flow are the closed curves C,(4)(q),
where ¢ varies in H and

1
(10) r(s) = arctanhg € (0,+00)

In particular, for s in this range all periodic orbits are contractible. The formula
for the periods now reads

2ms

21"
To understand what happens, when s < 1 we take the upper half-plane as a

model for the hyperbolic plane. Thus, let H = {z = (z,y) € C| y > 0}. In these
da?+dy? d
=z an

T(s) =

coordinates, the hyperbolic metric has the form

az+b
Isoy (H) = {z*—) i d
We readily see that the affine transformations z — az, with a > 0 form a subgroup
of Iso, (H). This subgroup preserves all the Euclidean rays from the origin and acts
transitively on each of them. Hence, we conclude that such curves have constant
geodesic curvatures. If ¢ € (0,7) is the angle made by such ray with the x-axis, we
find that the geodesic curvature of such ray is cos ¢. In order to do such computation
one has to write the metric using Euclidean polar coordinates centered at the origin.
Using the whole isometry group, we see that all the segments of circle intersecting
OH with angle ¢ have geodesic curvature cos .

We claim that if s € (0,1) and v # 0 is a free homotopy class of loops of M, there
is a unique closed curve 7y, , in the class v, which has geodesic curvature s. The
class v correspond to a conjugacy class in m1(M). We identify 7 (M) with the set
of deck transformations and we let F': H — H be a deck transformation belonging
to the given conjugacy class. By a standard result in hyperbolic geometry, F' has
two fixed points on OH (remember, for example, that there exists a geodesic in H
invariant under F'). Then, 7, is the projection to M of the unique segment of
circle connecting the fixed points of F' and making an angle ¢ = arccos s with OH.
The uniqueness of 7, stems form the uniqueness of such segment of circle.

In a similar fashion, we consider the subgroup of Iso, (H) made by the maps
z > z+ b, with b € R. It preserves the horizontal line {y = 1} and act transitively
on it. Hence, such curve has constant geodesic curvature. A computation shows
that it is equal to 1, if it is oriented by 0,. Using the whole isometry group, we
see that all the circles tangent to JH have geodesic curvature equal to 1. Following
[Gin96] we see that there is no closed curve in M with such geodesic curvature. By

a,b,ec,d € R, ad —bc = 1}.
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contradiction, if such curve exist, then its lift would be preserved by a non-constant
deck transformation. We can assume without loss of generality that such lift is the
line {y = 1}. We readily see that the only elements in Iso; (H) which preserve
{y = 1} are the horizontal translation. However, no such transformation can be a
deck transformation, since it has only one fixed point on JH.

1

Exercise 5. Show that in this case c(L,0) = 5.

1.7. The Main Theorem. We are now ready to state the central result of this
mini-course.

Theorem 1.6. The following four statements hold.
(1) Suppose [o], = 0. For every k > c¢(L,0),
(a) there exists a closed orbit on Ly, in any non-trivial free homotopy class;
(b) if Tar1(M) # O for some d > 1, there exists a contractible orbit on
S,
(2) Suppose [0] = 0. There exists a contractible orbit on Xy, for almost every
energy k € (eo(L),c(L,0)).
(8) Suppose [c] # 0. There exists a contractible orbit on Xy, for almost every
energy k € (eq(L),+00).
(4) There exists a contractible orbit on Xy, for almost every k € (e (L), eq(L)).
The set for which existence holds in (2), (8) and (4) contains all the k's for which
X% is a stable hypersurface in (T*M,w,) (see [HZ94, page 122]).

In these notes, we will prove (1), (2) and (3) above by relating closed orbits of
the flow to the zeros of a closed 1-form 7y, on the space of loops on M. We introduce
such form and prove some of its general properties in Section 2. In Section 3 we
describe an abstract minimax method that we apply in Section 4 to obtain zeros
of my, in the specific cases listed in the theorem. A proof of (4) relies on different
methods and it can be found in [AB14].

Remark 1.7. When [o] = 0, the theorem was proven by Contreras [Con06]. Point
(1) and (2), with the additional hypothesis [o], = 0, were proven by Osuna [Osu05].
Point (2) was proven in [Merl0], for electromagnetic Lagrangians, and in [AB14]
for general systems. A sketch of the proof of point (3) was given in [Nov82, Section
3] and in [Koz85, Section 3.2]. It was rigorously established in [AB14]. Point (4)
follows by employing tools in symplectic geometry. For the weakly exact case it can
also be proven using a variational approach as shown in [Abbl3, Section 7]. For
Lagrangians of mechanical type and vanishing magnetic form the existence problem
in such interval has historically received much attention (see [Koz85, Section 2] and
references therein).

We end up this introduction by defining the notion of stability mentioned in the
theorem.

1.8. Stable hypersurfaces. In general, the dynamics on ¥} may exhibit very
different behaviours as k changes. However, given a regular energy level X} , in
some special cases we can find a new Hamiltonian H' : T*M — R such that
{H" = k{} = X}, and such that @(H,’”)“H/:ké} and <I>(H/"’)|{H/:k/} are conjugated,
up to a time reparametrization, provided &’ is sufficiently close to k.
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Definition 1.8. We say that an embedded hypersurface v : 3* — T*M is stable
in the symplectic manifold (T*M,w) if there exists an open neighbourhood W of
>* and a diffeomorphism Wy, : 3* X (—eg,e9) — W with the property that:

o Uylsexioy =1,

o the function HY : W — R defined through the commutative diagram

¥ X (—Eo,Eo) ﬂ) VV7

o

(—€0,€0)
is such that, for every k € (—eo,€0),
‘I’(HW’U)HHW:O} and ‘I)(HW’U)|{HW:1<}
are conjugated by the diffeomorphism
w = Uy (0 (w), k)

up to time reparametrization. In this case, the reparametrizing maps T(z,k)
vary smoothly with (z,k) € ¥* x (—eo0,€0) and satisfy 7.0y = Idr, for all
z € X",
This implies that there is a bijection between the periodic orbits on ¥* = {H" = 0}
and those on {HY = k}.

Thanks to a result of Macarini and G. Paternain [MP10], if £* is the energy
level of some Tonelli Hamiltonian, the function H" can be taken to be Tonelli as
well.

Proposition 1.9. Suppose that for some k > eg(L), X} is stable with stabilizing
neighbourhood W. Up to shrinking W, there exists a Tonelli Hamiltonian Hj :
T*M — R such that HY = Hy, on W.

In order to check whether an energy level is stable or not, we give the following
necessary and sufficient criterion that can be found in [CMO05, Lemma 2.3].

Proposition 1.10. A hypersurface ¥}, is stable if and only if there exists a €
QL (Z3) such that

(a) de(X(p0), ) = 0, (b) a(Xme)(z) # 0, VzeX;.

In this case « is called a stabilizing form. The first condition is implied by the
following stronger assumption

(¢’) do = w,

P

If (a’) and (b) are satisfied we say that X} is of contact type and we call & a contact
form. We distinguish between positive and negative contact forms according to the
sign of the function a(X (g 4))-

In Section 6, we give some sufficient criteria for stability for magnetic flows on
surfaces.
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2. THE FREE PERIOD ACTION FORM

For the proof of the Main Theorem we need to characterize the periodic orbits
on Y via a variational principle on a space of loops. To this purpose we have first
to adjust L.

2.1. Adapting the Lagrangian. Let us introduce a class of Tonelli Lagrangians
whose fibrewise growth is quadratic. In this class we will be enabled to define the
action functional on the space of loops with square-integrable velocity.

Definition 2.1. We say that L is quadratic at infinity if there exists a metric goo
and a potential Voo : M — R such that L(q,v) = $|v|% — Vio(q) outside a compact
set.

The next result tells us that, if we look at the dynamics on a fixed energy level,
it is not restrictive to assume that the Lagrangian is quadratic at infinity.

Proposition 2.2. For any fixred k € R, there exists a Tonelli Lagrangian Ly :
TM — R which is quadratic at infinity and such that Ly = L on {E < ko}, for
some ko > k. By choosing ko sufficiently large, we can obtain eq(L) = eq(Lg) and,
if [0] =0, also ¢(L,0) = c¢(Ly, o).

From now on, we assume that L is quadratic at infinity. In this case there exist
positive constants Cy and C such that
(11) C’1|1)|2 - OO < L(Qav) < C’1|v|2 + OOa V(q,’U) eTM.

An analogous statement holds for the energy.

2.2. The space of loops. We define the space of loops where the variational
principle will be defined. Given T > 0, we call Wh2(R/TZ, M) the set

T
{7 :R/TZ — M | ~ is absolutely continuous, / [9]2 dt < oo } .
0

Since we look for periodic orbits of arbitrary period, we want to let T' vary among all
the positive real numbers RT. This is the same as fixing the parametrization space
to T := R/Z and keeping track of the period as an additional variable. Namely, we
have the identification
| | w2 R/TZ, M) — A = W"(T,M) x RF
T>0
() — (a(s) = y(sT), T) .

Given a free homotopy class v € [T, M], we denote by W}!? ¢ WH2(T, M) and
A, C A the loops belonging to such class. We use the symbol 0 for the class of
contractible loops.

Proposition 2.3. The set A is a Hilbert manifold with T, myA ~ T,W'? x R,
where T, W2 ~ WL2(T, x*(TM)) is the space of absolutely continuous vector fields
along x with square-integrable covariant derivative. The metric on A is given by
ga = gwi.2 +dT?, where

1

(gwr2)2(61,82) = /O 9a(s)(€1(5), Ea(s)) ds + /O Ga(s)(£1(5), €2(s)) ds

For any T_ >0, Wh2 x [T_, +00) C A is a complete metric space.
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For more details on the space of loops we refer to [Abb13, Section 2] and [KIi78].
We end this subsection with two more definitions, which will be useful later on.
First, we let

0

T e T(A)

denote the coordinate vector associated with the variable T. Then, if € W2, we
let

1 1
e(r) = / |2’/|*’ds  and  {(x) := / |z'| ds
0 0

be the L2-energy and the length of x, respectively. We define analogous quantities
for v € A. We readily see that ¢(x) = £(7) and e(z) = Te(v). Moreover, {(z)? <
e(z) holds.

2.3. The action form. In this subsection, for every k € R, we construct 7, €
Q'(A), which vanishes exactly at the set of periodic orbits on . Such 1-form will
be made of two pieces: one depending only on L and k and one depending only on
o. The first piece will be the differential of the function

Ak:A—>R

yn—}/OT [L(%"y)ntk}dt - T~/01 {L(m?)+k} ds.

Such function is well-defined since L is quadratic at infinity (see (11)). It was
proven in [AS09] that Ay is a Cb! function (namely, Ay is differentiable and its
differential is locally uniformly Lipschitz-continuous).

In order to define the part of 7, depending on o, we first introduce a differential
form 77 € QY(W12) called the transgression of o. It is given by

(&) = /O Ty (E(5), 2/ (5)) ds, VY (x,€) € TWH2.

By writing 77 in local coordinates, it follows that it is locally uniformly Lipschitz.
If w:[0,1] — W12 is a path of class C*, then

1
(12) / uw'T? = / W o,
0 [0,1]xT

where 4 : [0,1] x T — M is the cylinder given by @(r,t) = u(r)(t). If uy : T — W12
is a homotopy of closed paths with parameter a € [0, 1], then we get a corresponding
homotopy of tori ,. Since o is closed, the integral of 4o on T? is independent of
a. We conclude that the integral of 77 on u, does not depend on a either. Namely,
77 is a closed form.

Definition 2.4. The free period action form at energy k is n, € QY(A) defined as
(13) g = dAr — priy1277,
where pri. . 1 A = W2 is the natural projection (x,T) — .

Proposition 2.5. The free period action form is closed and its zeros correspond
to the periodic orbits of ®7) op X,
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The correspondence with periodic orbits follows by computing 7 explicitly on
TW'2 x 0 and on . If £ € TW'2, then

1) (60 = [ [GL0A e+ G-+ o en]ar,

where &1 is the reparametrization of £ on R/TZ. In the direction of the period we

have
0 0 ! x’
(1) (8T> = dy Ay <8T> = /0 L<~T7T> ds+
1 ! !
oL x x
k- T‘/O a(%)ﬂ‘

a5 e [p(n2)a

1 T
— k— = | E(v,%)dt.
T/o (7, %)

2.4. Vanishing sequences. Our strategy to prove existence of periodic orbits will
be to construct zeros of 7, by approximation.

Definition 2.6. Let v € [T, M] be a free homotopy class. A sequence (vm) C A,
is called a vanishing sequence (at level k), if

A limit point of a vanishing sequence is a zero of 1. Thus, the crucial question
is: when does a vanishing sequence admit limit points? Clearly, if T,,, — 0 or
T,, — +0oo the set of limit points is empty. We now see that the opposite implication
also holds.

Lemma 2.7. If (v,) is a vanishing sequence, there exists C' > 0 such that
(16) e(rm) < C-T2.

Proof. We compute

e(xm) () /1 ! L o (%)
. _ < E Lm -k Z) < : .
oh Tz Cy < ; T, T ds k—ny o7 ) = k+ b&p 177k [y

where in (x) we used (11) applied to E, and in (*x) we used that

0
2

The desired estimate follows by observing that, since the sequence ([nxls,.) C
[0,400) is infinitesimal, it is also bounded from above. O
Proposition 2.8. If (v,,) is a vanishing sequence and 0 < T < T,,, < T} < 400
for some T_ and Ty, then () has a limit point.
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Proof. By compactness of [T, T} ], up to subsequences, Ty, — T, > 0. By (16),
the L?-energy of x,, is uniformly bounded. Thus, (z,,) is uniformly 1/2-Holder
continuous. By the Arzela-Ascoli theorem, up to subsequences, (z,,) converges
uniformly to a continuous zo, : T — M. Therefore, z,, eventually belongs to
a local chart U of W12, In U, n can be written as the differential of a standard
action functional depending on time (see [AB14]) and the same argument contained
in [Abb13, Lemma 5.3] when o = 0 implies that (v,,) has a limit point. d

In order to construct vanishing sequences we will exploit some geometric prop-
erties of 7. One of the main ingredients to achieve this goal will be to define a
vector field on A generalizing the negative gradient vector field of the function Ay.
We introduce it in the next subsection.

2.5. The flow of steepest descent. Let X} denote the vector field on A defined
by
i 1k

VA |l

where f denote the duality between 1-forms and vector fields induced by g5. Since
X}, is locally uniformly Lipschitz, it gives rise to a flow which we denote by r +— ®.
For every v € A, we denote by u, : [0,R,) — A the maximal positive flow line
starting at 4. We say that ®* is positively complete on a subset Y C A if, for all
v € A, either R, = +o00 or there exists R,y € [0, Ry) such that u,(R,y) ¢ Y.

Except for the scaling factor 1/4/1 + |ng|?, the vector field X} is the natural
generalization of —V A, = —f#(dAg) to the case of non-vanishing magnetic form.
We introduce such scaling so that |X| < 1 and we can give the following charac-
terization of the flow lines u, with R, < +oo0.

Xk = —

Proposition 2.9. Let u : [0,R) — A be a mazimal positive flow line of X}, and
for all r € [0, R) set u(r) := ~v(r) = (z(r),T(r)). If R < +00, then there exists a
sequence (Tm)men C [0, R) and a constant C such that

(17) lim rp, =R, lim T'(r,) =0, e(z(rm)) < C-T(rm)*, VmeN.

m—r o0 m—r o0

Proof. By contradiction, we suppose that 0 < T_ := infjg gy T'(r). Since |Xy| < 1,
U is uniformly continuous and, by the completeness of W2 x [T_,+00), there
exists

= 1 .
Yoo 1= g u(r)

By the existence theorem of solutions of ODE’s, there exists a neighbourhood B of
Yoo and Rp > 0 such that

VyeB, rr— ®F(y) exists in [0, Rg].

This contradicts the fact that R is finite as soon as r € [0, R) is such that v(r) € B
and R — r < Rg. Therefore, inf T' = 0. Hence, we find a sequence r,, — R such

that T'(r,,) — 0 and, for every m, —‘fgj (rm) < 0. The last property implies that
dr "k (a%)

18 0> Tm) = Ay )T(Xg) = — u(rm)) -

(18) ) = i T =~ )
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Finally, using Equation (15) and the estimates in (11), we have

0 < (M )u(r(m)) (aaT> = k- /01 E (m(r"‘)’ gé::;) as

1 2

|2/ (1)
k—C/ T ds + .
Yo T(rm)? 0

IN

O

The above proposition shows that flow lines whose interval of definition is finite
come closer and closer to the subset of constant loops. As we saw in Lemma, 2.7 the
same is true for vanishing sequences with infinitesimal period. For these reasons in
the next subsection we study the behaviour of the action form on the set of loops
with short length.

2.6. The subset of short loops. We now define a local primitive for 7 close
to the subset of constant loops. For k > eg(L), such primitive will enjoy some
properties that will enable us to apply the minimax theorem of Section 3 to prove
the Main Theorem. For our arguments we will need estimates which hold uniformly
on a compact interval of energies. Hence, for the rest of this subsection we will
suppose that a compact interval I C (eg(L), +00) is fixed.

Let My C Wol’2 be the constant loops parametrized by T and My x RT C Ag
the constant loops with arbitrary period. We readily see that 77|a,, = 0. Thus,
Mk = dAk |y xr+ and

(19) Ap(2,T) = T(k—V(z)), V(x,T)€ My xRY.

Now that we have described 7 on constant loops, let us see what happens nearby.
First, we need the following lemma.

Lemma 2.10. There exists 6, > 0 such that {¢ < §} C W2 retracts with defor-
mation on Mo, for all 6 < d.. Thus, we have 77|15, = dP?, where

PT:{{<d,} — R
(20) -
T — Upo
B2
where Uy : B> — M is the disc traced by x under the action of the deformation
retraction. Furthermore, there exists C' > 0 such that

(21) P7(@)] < C-l)?.

Proof. Choose 6 < 2p(g), where p(g) is the injectivity radius of g. With this choice,
for each z € {¢ < §} and each s € T, there exists a unique geodesic y; : [0,1] — M
joining z(0) to z(s). Foreach a € [0,1] define z, : T — M by z,(s) := ys(a). Taking
a smaller ¢ if necessary, one can prove that a — |z| is a non-decreasing family of
functions (use normal coordinates at x(0)). Thus, a — £(z,) is non-decreasing as
well and

[0,1] x {£ <} — {£ < 6}
(a,2) —> x4
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yields the desired deformation. In order to estimate P? is enough to bound the
area of the deformation disc ,:

1 1
area(t;) < /da/
0 0

dys ’
OIRTABIEE

< /1da/1d(x(O),x(s))|x'(s)|ds < @z(az).
0 0 _
In view of this lemma, for all § € (0, d.], we define the set
(22) V= {L< 8} xRY C Ag
and the function Sy : V% — R given by
(23) Sk = Ap — P opryz .

Such a function is a primitive of 7 on V?+. By (11), it admits the following upper
bound.

Proposition 2.11. There exists C > 0 such that, for every v € V%, there holds
(24) Sk(y) < C- (egﬂ) + T + 6(30)2) , Vkel.

This result has an immediate consequence on vanishing sequences and flow lines of

L

Corollary 2.12. Let b > 0 and k € I be fizred. The following two statements hold:
(1) if (vm) is a vanishing sequence such that v, ¢ {Sk < b} for allm € N,

then Ty, is bounded away from zero;
(2) the flow ®F is positively complete on the set A\ {Sy < b}.

We conclude this section by showing that the infimum of Sy on short loops is zero
and it is approximately achieved on constant loops with small period. Furthermore,
Sk is bounded away from zero on the set of loops having some fixed positive length.

Proposition 2.13. There exist 67 < . and positive numbers by, Ty such that, for
allk eI,

(25)  (a) infSp = 0, (b) inf Sy > by, (c) sup Sp < —.

Vo over Mox{Tr} 2
Proof. Since for all ¢ € M, the function L|r, 5 attains its minimum at (g, 0), the
estimate from below on L obtained in (11) can be refined to

L(g,v) > Cilv]* + min L(g,0) = Ci|v|* — eo(L).
qeEM

From this inequality and (21), we can bound from below Sy (7):

1 112
Sk(v) > T~/ [Cy - |:§,l —eo(L) + k|ds — C - £(x)?
0

Cl'ﬁ-‘r(k—eo(L»'T — Cf(.’L‘)z

Y

V=

2¢/C1(minT — eo(L)) - £(x) — C - £(z)%.
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where in (x) we made use of the inequality between arithmetic and geometric mean.
Hence, there exists 6; > 0 sufficiently small, such that the last quantity is positive
if £(x) < 07 and bounded from below by

br = 2\/Cl(min1—60(L))‘5l - C-5 >0

if £(x) = 67. This implies Inequality () in (25) and that infs, S > 0. To prove
that infys; S < 0 and that there exists T such that Inequality (¢) in (25) holds,
we just recall from (19) that

lim sup S = 0. [
THOM()X{T}

In the next section we will prove a minimax theorem for a class of closed 1-form
on abstract Hilbert manifolds. Such a class will satisfy a general version of the
properties we have proved so far for 7.

3. THE MINIMAX TECHNIQUE

In this section we present an abstract minimax technique which represents the
core of the proof of the Main Theorem. We formulate it in a very general form on
a non-empty Hilbert manifold JZ.

3.1. An abstract theorem. We start by setting some notation for homotopy
classes of maps from Euclidean balls into 7. Let d € N and % be a subset of 7.
Define [(B¢,0B%), (#,%)] as the set of homotopy classes of maps v : (B%,dB%) —
(A, ). By this we mean that the maps send B? to 2# and dB? to %, and that
the homotopies do the same. The classes [y], where 7 is such that y(BY) C % are
called trivial. If %' C %, we have a map

iy [(BY,aBY), (A, ')] — [(B*,0B%), (4, %)]
We are now ready to state the main result of this section.

Theorem 3.1. Let 5 be a non-empty Hilbert manifold, % = [ko, k1] be a compact
interval and d > 1 an integer. Let oy € QY(S) be a family of Lipschitz-continuous
forms parametrized by k € & and such that

e the integral of ag, over contractible loops vanishes;
o ap =y, + (k—ko)dT, where T : H# — (0,4+00) is a C11 function such
that

(26) sup|d7| < +o0.
A

Define the vector field
iy
V1 a2’

where 4 is the metric duality, and suppose that there exists an open set V C &
such that:

o there exists .}, : ¥ — R satisfying
(28) Ay = ag, S = T + (k — ko) T

(27) %k = —
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e there exists a real number
(29) Bo < iar}/fyko =: Bay

such that the flow r — ®Z* is positively complete on the set S\{ S < Bo};
o there exists a set M C {F%, < Bo} and a class 4 € [(B*,0BY), (A, M)]

such that i (4) is non-trivial.
Then, the following two statements hold true. First, for all k € 7, there exists a
sequence (hE))men C 22\ { S < Bo} such that

lim |O[]€|hk = 0.
m— o0 m

Second, there exists a subset ., C & such that
o 7\ .7, is negligible with respect to the 1-dimensional Lebesgue measure;
e for all k € Z, we have
sup 7 (hE) < +oo.
meN
Moreover, if there exists a CY'-function 5/”; : H — R which extends S and
satisfies (28) on the whole S, we also have that
(30) lim 7 (hE) = inf sup Fov(€) > Boy .
m—r o0 76% £€Bd
To prove Theorem 1.6(1a) we will also need a version of the minimax theorem
for d = 0, namely when the maps are simply points in 5#. We state it here for a

single function and not for a 1-parameter family since this will be enough for the
intended application. For a proof we refer to [Abb13, Remark 1.10].

Theorem 3.2. Let 5 be a non-empty Hilbert manifold and let I SR bea
CU1-function bounded from below. Suppose that the flow of the vector field

\AZ
\/1+|V§\|2

is positively complete on some non-empty sublevel set 0f§7\. Then, there ezists a
sequence (R )men C J such that

2 = —

(31) lim |dp, 7] = 0, lim 7 (hm) = mjffg?

m——+oo m——+oo

In the next two subsections we prove Theorem 3.1. First, we introduce some pre-
liminary definitions and lemmas and then we present the core of the argument.

3.2. Preliminary results. We start by defining the variation of the 1-form ay
along any path u : [ag,a1] = J#. It is the real number

(32) an(u) = / an (32) (u(a)) da.

0

We collect the properties of the variation along a path in a lemma.

Lemma 3.3. If u is a path in 5 and w is the inverse path, we have

(33) ap(u) = —ap(u).
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If up and us are two paths in € such that the ending point of uy coincides with
the starting point of us, we denote by uy * us the concatenation of the two paths
and we have

(34) ag(ur xug) = ag(ur) + ag(uz),
If u is a contractible closed path in F, we have
(35) ag(u) = 0.

Finally, let v : Z — € be any smooth map from a Hilbert manifold Z such that
there exists a function S : Z — H with the property that

(36) d.7 = v ay.
Then, for all paths z : [ag,a1] = Z we have
(37) ar(yez) = S (z(ar)) = F(2(a0)).

Let us come back to the statement of Theorem 3.1. Fix a point &, € dB? and
for every v € 4 define the unique . : B® — 4 such that

(38) a7 = v, L&) = F(y(&) -

We observe that this is a good definition since B? is simply connected and (&)
belongs to the domain of definition of .7} as v € ¢4. Moreover, if aj admits a global
primitive 5”; on # extending %%, then clearly we have .7 = 5/”; o «y. Finally,
thanks to the previous lemma, for every ¢ € B? we have the formula

(39) €)= S(r(&)) + an(voz),

where z¢ : [0,1] — B? is any path connecting &, and &.

Remark 3.4. If d # 1, then %] does not depend on the choice of the point
& € 0B as S9! = OB? is connected. On the other hand, if d = 1 there are
two possible choices for &, and the two corresponding primitives of yv*ny differ by a
constant, which depends only on the class 4 and not on 7.

Definition 3.5. We define the minimax function ¢y : & — RU {—oc0} by

(40) cg(k) = inf sup AJ(€).
YEY ¢eBd

In the next lemma we show that cg (k) is finite and that, for each v € ¢, the points
almost realizing the supremum of the function .} lie in the complement of the set

{yk < ﬂo}
Lemma 3.6. Let k€ .7 and vy € 9. There holds

(41) sup 7 > foy .
Bd

Moreover, if B1 < Bay, then V& € B¢ the following implication holds

(42) L&) = Sup = Bov =B) == () & {F < B}
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Proof. Since i (¥4) is non-trivial, the set {{¢ € B?|v(£) € 97} is non-empty.
Therefore, there exists an element & in this set and a path Zg: [0,1] — B9 from &,
to & such that o zglo,1) € 7. By (39) and (37) we have

~

L&) = F((&)) + ar(yoz)
Fi(3(€)) + (A1) = AG(E) = (@),

which implies (41) by (29). In order to prove the second statement we consider
¢ € B? such that y(¢) € {# < B1}. Without loss of generality there exists a path

Ze g [0,1] — B9 from ¢ to gsuch that Ze EA‘ 0,1y C 7. Using (37) twice, we compute
sglpy,g > 7€) = AE + an(vozy)
d
= R + (A6E) - A1) > HE) + (Bor = B1).
which yields the contrapositive of the implication we had to show. ([

We now see that, since the family k£ +— oy is monotone in the parameter k, the
same is true for the numbers cg (k).

Lemma 3.7. If ks < k3 and v € 4, we have
(43) 5”,33 = 5”,32 + (ks — ko) T 0.
As a consequence, cg is a non-decreasing function.
Proof. We observe that
° d(y,l — Y,:Q) = 'y*(ak3 —akz) = 'y*((kg — kz)dﬂ)
o (&) — T (6) = i (1(€)) — T (1(&) = (ks —k2) T(7(&4)) -

These two equalities imply that the function .7} + (k3 —k2) . oy satisfies (38) with
k = ks. Since these conditions identify a unique function, equation (43) follows. In
particular, we have 5”,32 < 5”,33 . Taking the inf-sup of this inequality on ¢, we get
Cg(kg) S Cg(kg). O

We end this subsection by adjusting the vector field 2% so that its flow becomes
positively complete on all 2. We fix 51 € (Bo, Bay) and let & : [5o, f1] — [0, 1]
be a function that is equal to 0 in a neighbourhood of 8y and equal to 1 in a
neighbourhood of 8;. We set

3??/@ = (%Oyk)'%k S F(%)
‘We observe that
e 2, =0 on {F <Bt, ©Zp=2 on H\{S%<Pb},

and, hence, the flow dZk is positively complete.
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3.3. Proof of Theorem 3.1. Let us define .#, as the set
{k € [ko,kl)‘ 3C(k,) such that ey (k) — cg (k) < C(k)(k — k), Vk € [k, kl]} .

Namely, .#, is the set of points at which ¢y is Lipschitz-continuous on the right.
Since ¢ is a non-decreasing real function, by Lebesgue Differentiation Theorem,
cg is Lipschitz-continuous at almost every point. In particular, .# \ .#, has measure
Zero.

We are now ready to show that

(1) for all k € .7, there exists a vanishing sequence (h%,)men C 2 \{% < Bo}
and that
(2) for all k, € Z,, such vanishing sequence can be taken to satisfy

sup 7 (hF) < C(k.) + 3.
meN

We will prove only the statement about the vanishing sequences with parameter
in .Z,, as the argument can be easily adapted to prove the statement for a general
parameter in & .

We assume by contradiction that there exists a positive number g such that

(44) lak,| > e, on {T < C(ks)+3I\{F%. < b1}

Consider a decreasing sequence (kn,)men C (k«, k1] such that k., — k.. Set 6, :=
km — k. and take a corresponding sequence (7, )men C ¢ such that

sup A" < cg(km) + Om.
oy

For every ¢ € B? we consider the sequence of flow lines
ub, : [0,1] — 2
= & (ym(€)) -
Conversely, for any time parameter r € [0, 1], we get the map
Z
(45) T = P (Ym) -

We readily see that V" |s¢ = Ym|ops and 47, € 4. In particular, for every ¢ € B?
and r € [0, 1] the concatenated curve

(46) (Ym0 2¢) * uglon * (Vi © %)
is contractible. Therefore, Lemma 3.3 and Equation (39) yield
(47) (&) = LE) + an(uh o) -

Finally, since ué, is a flow line, we have
9 m 9

" P - fa
(48) ak*(ufnho,r]) = /o A, <—\/1+ﬁ|7a]:*2>(“§n(0))dﬂ
_ R T
= (ur,(p)) dp.

o V¥ P

Therefore o, (uS,[j0,-1) < 0 and we find that, for every m € N,

(49) r— ™ is a non-increasing family of functions on B?.
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Let us estimate the supremum of Y,:T When r = 0, (43) and the definition of
S, imply:

(50)  sup ™ < sup ST < eg(km) +0m < cg(ke) + (C(ke) +1) 0 -
Bd Bd

Thus, by (49) we get, for every r € [0, 1],

(51) sup 7 < eyg(k) + (C(ky) +1) 6
B

If r € [0, 1], we define the sequence of subsets of B¢
Jroi= {0 > cylk) — 6}

Let us give a closer look to these sets. First, we observe that if £ € J7, then (47)
and (51) imply that

(52)
ar, (uj,

[O,T]) > Cg(k*) —0m — (Cg(k*) + (C(k*) + 1) 6m) = - (C(k*) + 2) Om -
Then, we claim that for m large enough
(53) €edy, = (&) € {T <Ck)+3}\{F < b1}, Vrelo1].
First, we observe that
(54) SEE) > ey(hn) — O > sup A — (Clke) +2) -
Bd

If m is large enough, then (C(k.)+2) 6y < (Bgy — f1) and Lemma 3.6 implies that
Y (&) & {F%. < B1}. As a by-product we get that u§,[jo,, is a genuine flow line of
®#*« . Then, we estimate 7 (v, (£)). We start by taking 7 = 0. In this case from
(43) we get
S (&) = A& eg(hm) + 0 — cg (k) + O

S Om

To prove the inequality for arbitrary r we bound the variation of .7 along u, |0,
in terms of the action variation:

T (1m(8)) =

< Clky)+2.

§ 2
—_m

T dub > " du
) = A, — dp > /
0 ]) /0 < dp 0

—ay, (uf,

T 13 2
2
r \Jo | dp
T I3 2
> 1(/ 1 ‘d(ﬁoum)’dp>
r \Jo 1+ supy |dT]| dp

1
~ r(l4supy [dT])

Using (52) and rearranging the terms we get for m large enough

| T (1 (€)) = T (rm () < 7"'(1+S;lfp|de7|)2-(0(k*)+2)6m < 1.

317 (U (1) = T (up, (0))]7.

Hence, if m is large enough the bound on .7 we were looking for follows from

(55) T (1)) < T(m(&) + [T (&) = T(vm(E)] < (Clks)+2) + 1.
The claim is thus completely established.



CLOSED ORBITS FOR TWISTED TONELLI LAGRANGIAN FLOWS 63

The last step to finish the proof of Theorem 3.1 is to show that J! = () for m
large enough. By contradiction, let £ € J.,. Since & € JI, for all € [0,1], we see
that u$, is a flow line of ®%*« contained in {7 < C'(k«) + 3} \ {F%. < B1}. Using
(52) and continuing the chain of inequalities in (48), we find

2
€
—(C(k) +2) 0 < ap,(u,) < ——2—
(C(kx) +2) (ur,) i
(where we used that the real function w — \/% is increasing). Such inequality
cannot be satisfied for m large, proving that the sets J!, become eventually empty.
1

Finally, since J!, = (), we obtain that cy (k.) < suppga Y,l’" < ¢g(ky) — dp,. This

contradiction finishes the proof of Theorem 3.1.

In the next section we will determine when 7 satisfies the hypotheses of the
abstract theorem we have just proved.

4. PROOF OF THE MAIN THEOREM

We now move to the proof of points (1), (2), (3) of Theorem 1.6. In the first
preparatory subsection, we will see when the action form is exact.

4.1. Primitives for n;,. We know that ny, is exact if and only if so is 77. The next
proposition, whose simple proof we omit, gives necessary and sufficient conditions
for the transgression form to be exact.

Proposition 4.1. If [o] # 0, then 77|12 is not exact for any v.
If [6] =0, then
P7:Wy? —R.
T —> iro
B2
is a primitive for 7. Here t, is any capping disc for ©. This definition extends
the primitive P?, which we constructed on the subset of short loops.

If [6], = 0, then, given v and a reference loop x, € W2,

P7 W R,

A~ %
w%/ Uy, 20
B2

is a primitive for 7°. Here Uy, 5 is a connecting cylinder from x, to x. If we take
- 35 o 1,2
xo as a constant loop, the two definitions of P° coincide on Wy™~.

Exercise 6. Show that if M = T? and [o] # 0, then 77 |yy1.2 is not exact if v # 0.

We set §k = A — P70 pPryi2 in the two cases above where P is defined.
Theorem A in [CIPP98] tells us when Sy is bounded from below.

Proposition 4.2. If [5] =0, then Sy : Ao — R is bounded from below if and only
if k> c(L,o). If [0]y, = 0, the same is true for S : A, — R.

Remark 4.3. Originally the critical value was introduced by Mané as the infimum
of the values of k such that Sy : Ag — R is bounded from below [Man97, CDI97].

Thus, the proposition above establishes the equivalence between the more geometric
definition in (4) and the original one.
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Exercise 7. Prove that §k|A is bounded from below if and only if §/€|Ao s bounded
from below if and only if Sk|a, s non-negative.

As a by-product of Proposition 4.2, we can give a criterion guaranteeing that a
vanishing sequence for 7y has bounded periods, provided k > ¢(L, o).

Corollary 4.4. Let v € [T,M] and [0], = 0. If k > ¢(L,0) and b € R, then there
exists a constant C(v, k,b) such that

Vyed,, Si(y) < b = T < C(vk,b).

Proof. We readily compute

S\k (7) - §C(L,O’) (7) < b— infl\y §C(L,O’)

T = Lo = k-dlo

= C(v,k,b). O

4.2. Non-contractible orbits. We now prove the existence of non-contractible
orbits as prescribed by the Main Theorem.

Proof of Theorem 1.6.(1a). Let v € [T, M] be a non-trivial class, o be a magnetic
form such that [0], = 0 and k > ¢(L,0). Thanks to Proposition 4.2, the infimum
of S on A, is finite. Then, we apply Theorem 3.2 with # = A, and 7= Sy and
we obtain a vanishing sequence (9, )men such that §k (Ym ) is uniformly bounded.
By Corollary 4.4 the sequence of periods is bounded from above. By Corollary 2.12
the sequence of periods is also bounded away from zero. Therefore, we can apply
Proposition 2.8 to get a limit point of the sequence. ([l

4.3. Contractible orbits. We start by recalling a topological lemma.

Proposition 4.5. Ifd > 1 and § < 6. (see Lemma 2.10), there are natural bijec-
tions

ma+1(M)

d+1
w1 (M) s

I

[(B4.0B%), (Wh2 My)] U= [(B4,0BY), (W22, {t < 6})]

where Tqy1 (M) /71 (M) is the quotient of may1(M) by the action of w1 (M)*. The
trivial classes on the second line are identified with the class of constant maps in
[S4+1 M| and with the class of the zero element in a1 (M) /71 (M).

Proof. The first horizontal map is % — [@]. We leave as an exercise to the
reader to show that is a bijection. The vertical map sends [4] to [u], where u is
defined as follows. Consider the equivalence relation ~ on B x T:

(56) (21781) ~ (2’2782) < (2’1781) = (2’2,82) V. 21 = 29 € 6Bd

Here a choice of an arbitrary base point gg € M is to be understood: mgy1 (M) := mg4+1(M, qo0)
and m (M) = w1 (M, qo)
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If we interpret B? as the unit ball in R? and S9! as the unit sphere in R%+? we
can define the homeomorphism

BdXT N Sd+1

2, 8] — (z,v/1—|z]2- ™
[z, 5] (2, /1= |z ;

where €™ belongs to S C R?. We set u(z)(s) := (i o Q)([z,5]). For a proof
that the vertical map is well-defined and it is a bijection, we refer the reader to
[K1i78, Proposition 2.1.7]. Finally, the second horizontal map is a bijection thanks
to Lemma 2.10. O

Q:

We can now prove the parts of the Main Theorem dealing with contractible
orbits.

Proof of Theorem 1.6.(1b). Let [d], = 0, k > ¢(L,0) and fix some non-zero u €
ma+1 (M), which exists by hypothesis. We apply Proposition 2.13 to the trivial
interval {k} and get the positive real numbers 04y, byyy and Tyy. Let

(57)

Iy = {’y: (z,T): (B%0BY) — (Ao, Mo x {T(iy}) ‘ [2] € F(u/m1(M)) }

By Proposition 4.5 we see that 'y € [(B? 0B?), (Ao, My x {T(}})] and that

'MOX{T{“}(FL,) is non-trivial. Therefore, we apply Theorem 3.1 with

3Ok}
H =N\ I ={k}  F=5
Bo=bpy/2 V=Vl =My x {Ty}
¢ =T,

and we obtain a vanishing sequence (Y, )men such that

i Sk(ym) = eu(k) = inf sup Skoy > by
The sequence of periods (T},,) is bounded from above by Corollary 4.4. The sequence
(T),) is also bounded away from zero by Corollary 2.12, since v, ¢ {Sr < by} /2}
for m big enough. Applying Proposition 2.8 we obtain a limit point of (V). |

Proof of Theorem 1.6.(2). Let [c] = 0 and fix I = [ko, k1] C (eo(L),c(L,0)). Let
07, by and T7 be as in Proposition 2.13. Fix v9 € My x {7} and 71 € Ag
such that §k1 (71) < 0. Such element exists thanks to Proposition 4.2. Let
ux @ [0,1] — A be some path such that u.(0) = vy and u.(1) = (1) and de-
note by [u.] € [(BY,dB'), (Ao, {70,71})] its homotopy class. By Proposition 2.13,
7o and 7 belong to different components of {§k0 < br}. Thus, z%‘itil}([u*]) is
non-trivial. Therefore, we apply Theorem 3.1 with ’

A= Ao I =1 T = 8

Bo = br/2 ¥ = {Sk, < bs} M = {v0,7}
G = [uy]
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and we get a vanishing sequence (YX),,en with bounded periods, for almost every
k € I. Moreover, we have

lim §k(fym) = Clu.)(k) == inf supgkou > br.

m—»+00 u€lu,] pi1

In particular, v* ¢ {§k < by/2} for m large enough. Hence, the periods are
bounded away from zero by Corollary 2.12. Now we apply Proposition 2.8 to get a
limit point of (7*,). Taking an exhaustion of (eo(L),c(L,)) by compact intervals,
we get a critical point for almost every energy in (eq(L), c(L,0)). O

Proof of Theorem 1.6.(3). Let [¢] # 0 and fix I = [ko, k1] C (eo(L),+00). Let
07, by and Tt be as in Proposition 2.13. Since [g] # 0, there exists a non-zero
u € mo(M). We set

(58) Ty = {’y: (@,T): (B, 0BY) — (Ao, Mox{T1}) ’ 2] € F(u/m (M) }

By Proposition 4.5 we see that I, € [(B',0B*), (Ao, Mo x {I7})] and that

iy )

is non-trivial. Therefore, we apply Theorem 3.1 with

I =Ny I =1 o = Nk
Bo=br/2 ¥V =V" =DM x{T1}
Y =T,

and we obtain a vanishing sequence (v¥)men C Ag \ {Sk < br/2} with bounded
periods, for almost every k € I. Since, the periods are bounded away from zero by
Corollary 2.12, Proposition 2.8 yields a limit point of (v¥,), for almost every k € I.

Taking an exhaustion of (eg(L), +00) by compact intervals, we get a contractible
zero of ny, for almost every k > eo(L). O

5. MAGNETIC FLOWS ON SURFACES I: TAIMANOV MINIMIZERS

In this and in the next section we are going to focus on the 2-dimensional case.
Therefore, let us assume that M is a closed connected oriented surface. In this case
H?(M;R) ~ R, where the isomorphism is given by integration and we identify [o]
with a real number. Up to changing the orientation on M, we assume that [g] > 0.

For simplicity, we are going to work in the setting of Section 1.6 and consider
only purely kinetic Lagrangians. Namely, we take L(g,v) = 3|v|?, where |- | is
induced by a metric g.

Since L depends only on g, we will use the notation (g, o) where we previously
used (L,o). We readily see that e, (L) = eg(L) = 0 and that ¢(g,0) = 0 if and
only if 0 = 0 (see Proposition 1.4). We recall that the periodic orbits with positive
energy are parametrized by a positive multiple of the arc-length. Thus, they are
immersed curve in M.
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5.1. The space of embedded curves. The space of curves on a 2-dimensional
manifold M has a particularly rich geometric structure. Observe, indeed, that for
n > 3 the curves on M are generically embedded. On the other hand, if M is
a surface, intersections between curves and self-intersections are generically stable.
Therefore, one can refine the existence problem by looking at periodic orbits having
a particular shape (see the beginning of Section 1.1 in [HS13] and references therein
for a precise notion of the shape of a curve on a surface). For example, we consider
the following question.

For which k£ and v there exists a simple periodic orbit v € A, with energy k > 07
Let us start by investigating the case v = 0. If v = (2, T) is a contractible simple
curve, there exists an embedded disc 4 : B> — M such that @(e?™*) = z(s). This
map yields a path (u,T') in A from a constant path (zq,T'), representing the centre
of the disc, to (z,T). Integrating n; along this path and summing the value of Sy
at (x0,T), we get

e(x)

1
(59) / (W Ty me + Se(wo,T) = S8 4 pr / o
0 2T B2

Since 4 is an embedding, area(d) < area(M) and we find a uniform bound from
below

1
(60) / (u, T, + Sk(x0,T) > 04 0 — sup |o|-area(dt) > —sup |o|-area(M).
0 M M

This observation gives us the idea of defining a functional on the space of simple
contractible loops and look for its global minima. First, we notice that || g2 U0 is
invariant under an orientation-preserving change of parametrization. In order to
make the whole right-hand side of (59) independent of the parametrization, we ask
that (v,7) € Xk. This implies that

V2k-T = U(z), e(@) = l(z)?.

Substituting in (59), we get

60 [ @Trn + SieoT) = VE-4@D) — [ 0 = TaD),
0 D
where

R embeddings @ : B> — M,
D=1[u) e D(M) :=

up to orientation-preserving reparametrizations

and JD represents the boundary of D oriented in the counter-clockwise sense. We
readily see that the critical points of this functional correspond to the periodic
orbits we are looking for.

Proposition 5.1. If D is a critical point of Tr, : D(M) — R, then 0D is the
support of a simple contractible periodic orbit with energy k.

In view of this proposition and the fact that 7 is bounded from below, we
consider a minimizing sequence (D, )men C D(M). However, the sequence D,,
might converge to a disc Dy, which is not embedded. For example, D, might
have a self-tangency at some point ¢ on its boundary (see Figure 1). However, in
this case the support of D, in M can be interpreted as an annulus A, whose two
boundary components touch exactly at g. Now we can resolve the singularity in the
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Ny

FIGURE 1. Minimizing sequence for T on D(M)

space of annuli and get an embedded annulus A close to Ay,. The key observation
is that 7 can be extended to the space of annuli and that

(62) Ti(Dso) = Ti(Asx) > Tr(A).

To justify the inequality in the passage above, we observe that ¢(0A) < ¢(0Ax)
from classic estimates in Riemannian geometry and that the contribution given by
the integral of ¢ is of higher order. This heuristic argument prompts us to give the
following definitions.

Definition 5.2. Let £(M) = {oriented embedded surfaces 11 — M} U {0} and
denote by E4 (M) and E_(M) the surfaces having the same orientation as M and
the opposite orientation, respectively. If 1L € E(M), then OII denotes the (possibly
empty) multi-curve made by the boundary components of I1. If we define the length
L(O1) as the sum of the lengths of the boundary components, we have a natural
extension

T E(M) — R
M s ok (0T — /0.

II
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As in (60) we find that Ty, is bounded from below by — sup |o|-area(M). Moreover,
we observe that there is a bijection

Ep(M) — E_(M)

(63) I —s M\II

such that To(M\II) = TR(1) + / o.
M

Therefore, it is enough to look for a minimizer on £_(M). The chain of inequalities
(62) hints at the following result.

Proposition 5.3. For all k > 0, there exists a minimizer II¥ of Tele_ oy If
OTIF = {~vF},, then the vF are periodic orbits with energy k.

For a rigorous proof of this proposition we refer to [Tai93] and [CMP04]:

e In the former reference, Taimanov uses a finite dimensional reduction and
works on the space of surfaces II € £(M) whose boundary is made by
piecewise solutions of the twisted Euler-Lagrange equations with energy k.

e In the latter reference, the authors use a weak formulation of the problem
on the space of integral currents Io(M) D E(M).

In order to use Proposition 5.3 to prove the existence of periodic orbits with energy
k, we have to ensure that OII* # (). To this purpose, we observe that JII* =
implies IT¥ € {(), M}, where M is M with the opposite orientation. We easily
compute 7;(0) = 0 and 7,(M) = [,, o > 0. Therefore, for every k > 0 we have

inf 7, <0 and (inf77c<0=>81_[k7$@>.
2 (M) £_(M)

Since the family of functionals 7Ty is monotone in k, we are led to define

64 , ::'f{k inf :o}.

(64) 7(g,0) == inf { k | Gt T

Proposition 5.4. The value 7(g,0) is a non-negative real number. Moreover,

7(g,0) > 0 = g < 0, for someqy € M.

If o is exact, then

(65) 7(9,0) = co(g,0) := Inf sup [6,].

d10:cr qEM

We leave the proof of the first statement of the proposition as an exercise to the
reader. The second statement follows from [CMP04]. We can summarize our answer
to the question raised at the beginning of this section with the following theorem.

Theorem 5.5. Suppose that there exists qo € M such that o4, < 0. Then, we can
find a positive real number 7(g,0), coinciding with co(g,0) when o is exact, such
that for every k € (0,7(g,0)), there exists a non-empty set of simple periodic orbits
{+F} having energy k and satisfying

S il =0¢e  H'(M;zZ).

%
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6. MAGNETIC FLOWS ON SURFACES II: STABLE ENERGY LEVELS

In this last section we continue the study of twisted Lagrangian flows of kinetic
type on surfaces by investigating the stability properties of their energy levels. To
have a better geometric intuition, we are going to pull-back the twisted symplectic
form to the tangent bundle. Thus, let b : TM — T*M be the duality isomor-
phism given by g. We define the twisted tangent bundle as the symplectic manifold
(TM,wg,5), where wy o := d(b*\) — m*0. We readily see that X, ) is the Hamil-
tonian flow of E with respect to the symplectic form w, . In this language, our
problem is to understand when the hypersurface 3 is stable in the twisted tangent
bundle. We will summarize the current knowledge on the subject in the following
four propositions.

The first one sheds light on the relation between stability and the contact prop-
erty in the generic case.

Proposition 6.1. Let k > 0. If [0] # 0 and M = T?, Xy is not of contact type.
Moreover, if X4 5|z, does not admit any non-trivial integral of motion, then:
(1) If [o] =0 or M # T? and [o] # 0, ¥, is stable if and only if it is of contact
type.
(2) If M = T? and [o] # 0, every stabilizing form on 3y, is closed and it has
non-vanishing integral over the fibers of .

The second proposition gives obstruction to the contact property.

Proposition 6.2. The following statements hold true.

(1) If [o] = 0, then 3y, is not of negative contact type.
(2) If [o] # 0, then
(a) if M = S?, ¥, is not of negative contact type;
(b) if M has genus higher than 1, there exists c;(g,0) > 0 such that
e X is not of negative contact type, when k > cp(g,0);
° Zch(g}g) is mot of contact type;
e X is not of positive contact type, when k < cp(g,0);

The third proposition deals with positive results on stability.

Proposition 6.3. The following statements hold true.

(1) If [o] = 0, i is of contact type if k > co(g,0). If M = T2, for every
Riemannian metric g there exists an exact form o, for which X, (g.0,) S
of contact type.

(2) If [0] # 0 and M # T2, Xy is of contact type for k big enough.

(8) If o is a symplectic form on M, then Xy is stable for k small enough.

The last proposition deals with negative results on stability.

Proposition 6.4. The following statements hold true.

(1) If [o] = 0 and M # T2, Xy is not of contact type, for k < co(g,0);

(2) If [0] # 0 and there exists g € M such that o, < 0, then
(a) when M # T2, ¥ is not of contact type, for k low enough;
(b) when M = T?, ¥, does not admit a closed stabilizing form, for k low

enough.

(3) If M = S2%, there exists an energy level associated to some g and some

everywhere positive form &, which is not of contact type.
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Before embarking in the proof of such propositions, we make the following ob-
servation.

Lemma 6.5. Let k > 0 and set s := 1/v/2k. Then, the flows of ®97)|s,  and
é(g’sg)\gl/z are conjugated up to a time reparametrization.

Proof. By Section 1.6 we know that the projections to M of the trajectories of
®9:7)|s, and of <I>(9*S")|g;1/2 both satisfy the equation x, = s - f(y). Therefore, if

¢ (3.5 0)

T dt
is a trajectory of the former flow and we set v4(t') := ~(st’), then
drys dy
/ ’ / _ / A
t — ('ys(t ), o (t )) = (7(st ), 8 7 (st ))
is a trajectory of the latter flow. ([

Therefore, given (g, ), instead of studying the flow ®(9:9) on each energy level 3y,
we can study the 1-parameter family of flows ®9*9) on SM := ¥1/2 as s varies
in (0,+00). The advantage of rescaling o is that now we can work on a fixed
three-dimensional manifold: SM. The tangent bundle of SM has a global frame
(X,V, H) and corresponding dual co-frame («, 9, 8), which we now define.

Let H C SM be the horizontal distribution given by the Levi-Civita connection
of g. For every (q,v) € SM, X4, and H, . are defined as the unique elements
in H such that

dgoy™(Xgm) = vi g (Hgw) = 10
Analogously, a(q,.) and 34, are defined by

a(q,v)(') = gq(vad(q,v)ﬂ-('))7 B(q,v)(') = gCI(’L'Uad(q,v)Tr(')) .

The vector V is the generator of the rotations along the fibers ¢ — (gq,cospv +
sinpt - v). The form 9 is the connection 1-form of the Levi-Civita connection.
If W e Ti4,)SM and w(t) = (y(t),v(t)) is a curve such that w(0) = (¢,v) and
w(0) = W, then

Yy (W) = 94(Vs0)v,2-0).
Finally, we orient SM using the frame (X, V, H).

The proof of the following proposition giving the structural relations for the
co-frame is a particular case of the identities proven in [GK02].

Proposition 6.6. Let K be the Gaussian curvature of g. We have the relations:
(66) da = Y AB, dy = KBhNa = —Kn*u, ds = an.
Using the frame (X, V, H) we can write

Xs = Xigsoy = X +sfV, Ws = Wgsolsm = da — st¥o.

We also use the notation ®° for the flow of X, on SM.

6.1. Stability of the homogeneous systems. Let us start by describing the
stability properties of the homogeneous examples introduced in Section 1.6.



72 G. BENEDETTI

6.1.1. The two-sphere. In this case we have ¢ = = Kpu. Hence,
ws = da—st*o = d(a+sy) and (a+sY)(Xs) = (a+sp)(X+sV) = 1452,

Every energy level is of positive contact type.

6.1.2. The two-torus. In this case we compute
dp = Kp = 0 and ¢(Xs) = (X +sV) = s.

Every energy level is stable.

6.1.3. The hyperbolic surface. In this case we have 0 = y = —Kpu. Hence,
ws = da—st*o = dla—sy) and (a—sy)(Xs) = (a—sp)(X+sV) = 1 —s>.

Every energy level ¥y with k& > % is of positive contact type. Every energy level X

with k < % is of negative contact type. As follows from Proposition 6.2, ¢, (g,0) =
1/2 and X /5 is not stable.

6.2. Invariant measures on SM. A fundamental ingredient in the proof of the
four propositions is the notion of invariant measure for a flow. In this subsection,
we recall this notion and we observe that twisted systems of purely kinetic type
always possess a natural invariant measure called the Liouwville measure.

Definition 6.7. A Borel measure & on SM is ®*—invariant, if £(P5(A)) = £(A),
for every t € R and every Borel set A. This is equivalent to asking

(67) / dh(Xs)€¢ = 0, Vhe C®(SM,R).
SM
The rotation vector of € is p(€) € Hy(SM,R) defined by duality on [r] € H'(SM,R):
(63) <o) >= [ rxe,
SM

where 7 € QY(SM) is any closed form representing the class [r].

Since X is a section of ker ws and wg is nowhere vanishing, we can find a unique
volume form Qg such that 1x Qs = ws. We can write Qs = 75 A ws, where 75 is
any 1-form such that 75(Xs) = 1. We easily see that a(X + sfV) =14 0. Hence,
Qs = a Aws = a A da. Notice, indeed, that o A 70 = 0 since it is annihilated by
V.

Definition 6.8. The Liouville measure &y on SM is the Borel measure defined by
integration with the differential form a Ada. It is an invariant measure for ®° for
every s > 0.

In order to compute the rotation vector of {55, we need a lemma which tells us
when w; is exact. The easy proof is left to the reader.

Lemma 6.9. If o is exact, then w*0 is exact and we have an injection

Primitives of 0 —— Primitives of ws
(69) *
( —— a — st (.
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If M # T2, then 7*0 is exact and we have an injection

[o]
2mx (M)

Primitives of o — Ku Primitives of wg

(70) 0]

<|—>OZ—S7T*<+SW

0.

If M = T? and o is non-exact, then w, is non-ezact.
We can now state a proposition concerning p(€sars)-

Proposition 6.10. If[0] # 0 and M = T2, then there holds p(Esnr) = s[o]-[S,M],
where [S;M] € H1(SM,Z) is the class of a fiber of SM — M oriented counter-
clockwise. Otherwise, p(Espr) = 0.

Proof. Let [t] € H'(SM;R). We notice that
T(Xs)a AN da = ’LXS<7'/\OL/\dOé) + T/\ZXS(OZ/\dOL) =04+ 7A ws.

Therefore,

<I[r],p(€sn) > = / TAWw, = s/ T AT,
SM SM

If M = T?, then ST? ~ 8! x T? and we can use Fubini’s theorem to integrate
separately in the vertical directions and in the horizontal direction. Observe that
since 7 is closed, the integral over a fiber S, T? does not depend on g. Thus we find

/ T Amro = < [7],[S,T?] > - [o].
ST?

and the proposition is proven for the 2-torus. When M # T? 7*c is exact and,
therefore, f gy T AT o = 0. The proposition is proven also in this case. ([l

We now proceed to the proofs of the four propositions.

6.3. Proof of Proposition 6.1. If M = T? and [0] # 0, then w; is not exact by
Lemma 6.9. In particular, SM cannot be of contact type. This proves the first
statement of the proposition. Now let 7, € Q1(SM) be a stabilizing form for ws.
Since ker(d7s) D ker wy, there exists a function ps : SM — R such that dry = psws.
Taking the exterior differential in this equation, we get 0 = dps A ws. Plugging in
the vector field X we get 0 = dps(Xs)ws. Since wy is nowhere zero, we conclude
that dps(Xs) = 0. Namely, ps is a first integral for the flow. By assumption, ps
is equal to a constant. If ps = 0, then 74 is closed, if ps # 0, then 7, is a contact
form. Suppose the first alternative holds. Since 74(X;) # 0 everywhere, we have

0 # Ts(Xs)SSM =< [TS]7P(€SZ\/[) >
SM

By Proposition 6.10, this can only happen if M = T? and < [7,], [S,T? ># 0,
which is what we had to prove.
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6.4. Proof of Proposition 6.2. The proof of the second proposition is based on
the fact that when w; is exact we can associate a number to every invariant measure
with zero rotation vector.

Definition 6.11. Suppose ws is exact and that £ is a ®°-invariant measure with
p(&) = 0. We define the action of & as the number

() 5.0 = [ mxe,

SM
where T4 is any primitive for ws. Such number does not depend on 74 since p(§) = 0.
The action of invariant measures gives an obstruction to being of contact type.

Lemma 6.12. Suppose w, is exact and that & is a non-zero ®°-invariant measure
with p(§) = 0. If Ss(§) < 0, then SM cannot be of positive contact type. If
Ss(&) > 0, then SM cannot be of negative contact type.

Proof. If SM is of positive contact type, there exists 75 such that drs = w, and
Ts(Xs) > 0. Therefore,

S = [ n(X)¢ > imfn(x)-€sm) > 0.

For the case of negative contact type, we argue in the same way. O

Let us now compute the action of the Liouville measure.
Proposition 6.13. If o is exact, then

(72) Ss(€sm) = Esm(SM) = 2m[u].
If M +# T?, then

[0]?
73 Ss = SM) + s :
Proof. If 0 = d(, then oo — sw*( is a primitive of ws; by Lemma 6.9 and we have
(74) (@ =s1"0)(Xs)(go) = 1 — 5¢(v), V(g,v)eSM.

Consider the flip I : SM — SM given by I(q,v) := (¢, —v). We see that
(I*Oé)(q,v) = Ot](qﬂ,)df = gq(f?),d’lrdf') = Oé](q,,u) .

Hence £gpy is I-invariant. However, ¢ o I(q,v) = —((q,v). Therefore,

(75) Césm = 0
SM

and from the definition of action given in (71), we see that (72) is satisfied. To
prove the second identity, we consider a primitive o — sw*( + s#(]M)w for wy as
prescribed by Lemma 6.9. We compute

(76) (a — e+ %L"(]mw) (X)) = 1 — sC(v) + 82%>[£7(]mf(q)~

Thus, we need to estimate the integral of fomw on SM. Let U; be an open cover of
M such that SU; ~ S x U; and let a; be a partition of unity subordinated to it.



CLOSED ORBITS FOR TWISTED TONELLI LAGRANGIAN FLOWS 75
‘We have

fl@ganda = flgaAypnp = — @y Anr*p

SM SM SM

— ;/SUiai(q)w/\ﬁ*a

ai(q) (—dp AN7*0)

Il

|
o
X
S

I I
¥ -
™M s~
S
§ Q
S o
3

= 27[o],

where ¢ is an angular coordinate on S,U; going in the clockwise direction (hence the
presence of an additional minus sign in the third line). Putting this computation
together with (75), we get the desired identity. O

Proposition 6.2 now follows from Lemma 6.12 and Proposition 6.13 after defining
[o]?

T amx (M)

Remark 6.14. We have seen in the homogeneous example above that cp(g,0) =
c(g,0). The relation between cj, and the Mané critical value was studied in general
by G. Paternain in [Pat09]. There the author proves that cp(g,0) < c¢(g,0) and
that cp(g,0) = ¢(g,0) if and only if g is a metric of constant curvature and o is a
multiple of the area form.

(77 en(g,0) = when M has genus higher than one.

6.5. Proof of Proposition 6.3. Suppose that ¢ is exact and let us consider a
primitive o — s7*( given by Lemma 6.9. We have

(@ = s1"O)(Xs)(gw) = 1 — s¢(v) > 1 — ss&p|(|.

Requiring that the right hand-side is positive is equivalent to saying that

1 1
k= 252 > s}1\14p§|g|2.
Since this holds for every ¢ which is a primitive for o, we have that the last inequality
is equivalent to k > cy(g,0). Contreras, Macarini and G. Paternain also found in
[CMP04] examples of exact systems on T2, which are of contact type for k = co(g, o)
(see also [Benl4a, Section 4.1.1]). We will not discuss these examples here and we
refer the reader to the cited literature for more details.

Let us now deal with the non-exact case. If M # T?, then we consider a primitive

of the form a — s7*( + s Lo] 1 and we compute

2mx (M)
78) (o = 5 + 55Tt (X = 1 = sGl0) + 25T f(@
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We can give the estimate from below
o] o]
27X (M) 2mx (M)
and we see that this quantity is strictly positive for s small enough.
Suppose now that o is a symplectic form on M. We have three cases.
(1) If M = S?, then the quantity in (78) is bounded from below by
[o]

1-— 222 inf f .
SS}\ZPICHS 1 nff

1 — s¢v) + & flg) > 1 — ss&plélf«s2

oy
M

Since [0] > 0, we have that inf f > 0 and we see that such quantity is
strictly positive for big s.
(2) If M has genus larger than 1, then the quantity in (78) is bounded from
above by
[o]

2 x (M)
Since x(M) < 0 and inf f > 0, such quantity is strictly negative for big s.

(3) If M = T?, then there exists a closed form 7 € Q(ST?) such that 7(V) =1
(prove such statement as an exercise). Thus, we get

(79) 7(X)) = 7(X) + sf = infr(X) + sinff

1 + ssup|¢| + s? <inf f.
M M

and such quantity is positive provided inf f > 0 and s is big enough.

6.6. Proof of Proposition 6.4. If o is exact and k < ¢y(g, o), we can use Theorem
5.5 to find an embedded surface IT C M with non-empty boundary 911 = {~;} such
that 75 (II) < 0 and the ;s are periodic orbits of ®° (parametrized by arc-length).
Let (v;,:) be the corresponding curve on SM and let &; be the associated invariant
measure. Define {o1 := >, &. What is its rotation vector? Call m, : H1(SM;R) —
Hy(M;R) the map induced by the projection 7 in homology and observe that

(80) m(p(Som)) = ZW*(P(&)) =Y [l = [o1] = 0.

7

Exercise 8. The map m, is an isomorphism if M # T?.

Thus, we conclude that p(€arr) = 0, if M # T?. Let us compute the action in this
case. As before, we use a primitive a — sw*(:

£(vi)
sen) =3 [ 1=sq@i6 = 3 [T 1- s G0

£(vs)

(51) = Yt [ e
= E(@H)—S/HUZSE(H).

By hypothesis the last quantity is negative and Lemma 6.12 tells us that ¥ cannot
be of positive contact type. Since by Proposition 6.2, 3 cannot be of negative
contact type either, point (1) of the proposition is proved.

We now move to prove point (2a) with the aid of a little exercise.
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Exercise 9. We prove a generalization of (81), when M # T?. Let II be an
embedded surface such that OIl is a union of periodic orbits and let oy be the
invariant measure constructed as before. Then,

where o(I1) € {+1,—1} record the orientation of II. To prove such identity one
recalls that k., = sf(y;) and then uses the Gauss-Bonnet theorem (taking into
account orientations) to express the integral of the geodesic curvature along OII.
What happens if we consider M \ I1? Do the two expressions for Ss(Esm) agree?
Remember relation (63).

The problem with formula (82) is that Theorem 5.5 does not give any information
on the Euler characteristic of II. To circumvent this problem we need the following
result by Ginzburg [Gin87] (see also [AB15, Chapter 7]).

Proposition 6.15. If sup f > € for some € < 0, there exists a constant C > 0
such that for every small enough k we can find a simple periodic orbit ’y_’i supported
on {f > e} and such that £(v%) < V2kC.

If inf f < —e, for some € > 0, there exists C > 0 such that for every small
enough k, there erists a simple periodic orbit v* supported on {f < —e} and such
that £(v*) < V2kC.

If f is negative at some point, by Proposition 6.15, there exists v* with the proper-
ties listed above, for k small. In particular, v* bounds a small disc D¥. Since the
geodesic curvature of ¥ is very negative, such disc lies in £ (M). When M # T2,
we use (82) and find

Ss(&5pr

By the estimate on the length of v* we get that |T;(D* )| < Ck? (see (21)). There-
fore, S5(£5pn ) has the opposite sign of x (M) for k small enough. Combining Lemma
6.12 and Proposition 6.2, point (2a) is proven.

Let us deal now with the case of the 2-torus. Since [o] > 0, by Proposition 6.15
there exists also ”y_’f_ bounding a disc fo_. Let ITI*¥ = Dk U fo_. We claim that the
measure g has zero rotation vector.

Exercise 10. Prove the claim by showing that (’y_’ﬁ,"y_’ﬁ) is freely homotopic in ST?
to [S,T?], namely the class of a fiber with orientation given by V. Analogously,
prove that (v*,4%) is freely homotopic to a fiber with the opposite orientation.

If 75 is a closed stabilizing form, we have that the function 7,(X) is nowhere zero.
Therefore,

0 7& o TS(XS)SGH}C =< [Ts];p(fank) > = 07

which is a contradiction.
We omit the proof of point (3), for which we refer the reader to [Benl4b].
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