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TORSION OF INSTABILITY ZONES FOR CONSERVATIVE TWIST
MAPS ON THE ANNULUS

ANNA FLORIO! AND PATRICE LE CALVEZ?

ABSTRACT. For a twist map f of the annulus preserving the Lebesgue measure, we give
sufficient conditions to assure the existence of a set of positive measure of points with
non-zero asymptotic torsion. In particular, we deduce that every bounded instability
region for f contains a set of positive measure of points with non-zero asymptotic torsion.
Moreover, for an exact symplectic twist map f, we provide a simple, geometric proof of
a result by Cheng and Sun (see [CS96]) which characterizes C°-integrability of f by the
absence of conjugate points.

1. INTRODUCTION

Let us denote T = R/Z and A = T x R. Fix the standard Riemannian metric and
the standard trivialization on A. This enables us to define the notion of oriented angle
between two non-zero vectors in the tangent plane of a point of A.

Let R? 5 (z,y) — 7(x,y) = (z + Z,y) € A be the covering projection on A. Let
pr : A — T and p; : A — R denote the projections over the first and the second
coordinate respectively. With an abuse of notation, we denote as p;, py : R*> — R also the
projections over the first and the second coordinate on the plane.

Denote the area form w = dx A dy and let Leb be the associated Lebesgue measure on
A. Let a = ydx be the Liouville 1-form on A. Let T A be the bundle of half-lines, that
is

T'A={(z,w) €TA: w#0}/~
where (z,w) ~ (2/,w') if and only if z = 2’ and w’ = Aw for some A € R, A > 0. For every

z € A, T!A is the fiber of z and for a vector w € T,A we will denote, with an abuse of
notation, as w € T!A the equivalent class to which w belongs. For every X C A denote
as T X the restriction of the bundle to X, that is T'X = [,y T7A.

For every z € A denote as v the class of the vertical vector v = (0, 1). For every z € A
and every w,w’ € T!A let < (w,w’) be the oriented angle between w and w' divided
by 27w. We consider angles in T = R/Z, after rescaling R/27Z. Define the continuous
function

g T'A — T
(1) (z,w) —=< (v, w).

It induces a closed 1-form df on T'A, see [God71]. For any continuous path [0,1] 3 ¢
y(t) € T'A denote

) [ o=e0)-00).

v

where O : [0, 1] — R is a lift of § oy (the definition in (2)) does not depend on the chosen
lift ©). Let f: A — A be a C* diffeomorphism isotopic to the identity and I = (f;)ep,]
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an isotopy in Diff '(A) joining the identity to f; = f. Denote as DI = (D ft)tepo,1) the
continuous isotopy such that for every ¢ € [0, 1]

Df; : T'A — T'A
(z,w) = Dfi(z,w) = (fi(z), Dfi(z)w).
Extend the isotopy for t € R, so that Df,,, = Df; o Df;.

We are interested in the notion of torsion of a point: roughly speaking it is the asymp-
totic rotational behavior of vectors in the tangent space of the point under the action of
the linearized dynamics. See [Rue85| and [BB13].

More precisely, let (z,w) € T'A. For every n € N* denote DI™(z,w) the continuous
path [0,1] 3 t = D f.:(z,w). The torsion at finite time n € N* at (2,w) € T'A is

n—1
1 1 ,
(3) Torsion, (f, z,w) := —/ dg = — E Torsion; (f, D f'(z,w)).
DI™(z,w) n i=0

n
It does not depend on the choice of the isotopy joining the identity to f and can be
equivalently given by using the universal covering space of T 'A and a continuous lift
0 : T'A — R of the function ¢ in (1)), see [BBI3| and [Flo19h).

The asymptotic torsion at z € A is, whenever the limit exists,

(4) Torsion(f, z) := lim Torsion,(f, z, w).

n——+o0o
The definition of asymptotic torsion at z € A coincides with Ruelle’s definition of

rotation number, see [Ruef5). It does not depend on w € T A. Indeed, let z € A, n € N*
and w,w’ € T'A. Consider the quantity

(5) [ a- w
DI™(z,w) DI (zw')

If < (w,w') € (0,35) + Z, then < (Df"(z)w, Df"(z)w') € (0,3) + Z because Df(z)
preserves the orientation and so the quantity cannot be equal to % + k,k € Z. This
is also true if < (w,w’) € (—1,0) 4+ Z. Moreover () vanishes if < (w,w’) € {0,3} + Z,

meaning w = w’ or w = —w’. By connectedness, for any n € N* and for every w,w’ € T!A
it holds

1 1
(6) —-</ do do < L.

2 DI™(z,w) DI™(zw') 2

Observe that the function T'A X Z > (2, w,n) — fD[”(z,w) df € R is a cocycle over Df.

Assume that f admits an invariant Borel probability measure p on A with compact
support. There exists a D f-invariant probability measure v on T'A whose projection on
A is p. Indeed, if v is a probability measure of T A that projects onto j, any limit point
v of the sequence (% Z?:_ol ij(yo))nZI is D f-invariant and projects onto pu.

Since the asymptotic torsion is the limit of the Birkhoff’s sum in , by Birkhoff’s
Ergodic Theorem, the limit exists at v-almost every (z,w) € T*A. Since the asymptotic
torsion does not depend on the chosen w € T!A and since v projects onto u, we deduce
that the asymptotic torsion exists at u-almost every z € A, see [Rue85).

Definition 1.1. A positive (respectively negative) twist map is a C' diffeomorphism f :
A — A isotopic to the identity such that for any lift £ : R? — R? of f and for any x € R
the function

Roy+—poF(x,y) eR
is an increasing (respectively decreasing) diffeomorphism of R.
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It can be easily proved that f is a positive twist map if and only if f~! is a negative
twist map. Concerning the torsion for positive (respectively negative) twist map, for every
z € A and for every n € N* it holds Torsion,(f,z,v) € (—3,0) (respectively (0, 1)), see
[FIo19b]. It is an outcome of the fact that, for a positive twist map, Torsion;(f, z,v) €
(—%,O) and that for every isotopy (fi)icjo1) from Id to f and for every non colinear
vectors w,w’ € T.A, the vectors Df,(z)w, D fi(z)w' € Ty, A are non colinear and if

=< (w,w') € (0,1) + Z, then < (D fy(2)w, Dfy(2)uw') € (0,1) +Z.

Definition 1.2. Let f : A — A be a positive twist map. A point z € A has conjugate
points if there exist n, k € N* such that fDI"(z 0) df = —% it has over-conjugate points if

—
there exists n € N* such that fDI"(z v) df < —%.

Observe that if a point z € A has negative asymptotic torsion, then z has over-conjugate
points. Actually, the existence of points with conjugate points and with over-conjugate
points is equivalent, see Lemma (3.1}

Let us state now the main results of the article. The first result, that will be funda-
mental, asserts that for a twist map that preserves the Lebesgue measure, the existence
of points having over-conjugate points in a f-periodic open domain U of finite measure is
equivalent to the fact that the set of points in U of non-zero torsion has positive Lebesgue
measure. More precisely:

Proposition 1.1. Let f : A — A be a positive twist map that preserves the Lebesque
measure. Let U C A be a f-periodic open set of finite Lebesque measure. Then the
following conditions are equivalent.

(1) The asymptotic torsion is defined and equal to zero at every point z € U.
(17) The asymptotic torsion is defined and equal to zero at Leb-almost every point z € U.
(i7i) No point z € U has over-conjugate points.

Recall that an essential curve v : T — A is a topological embedding that is not homo-
topic to a point, and that an open subset U of A is essential if it contains an essential
curve. We show that any f-periodic open subset U of finite measure which is not essential
must contain points with over-conjugate points. Actually, we prove the following

Theorem 1.1. Let f be a positive twist map that preserves the Lebesque measure. Let U
be a f-periodic non essential open set of finite measure. Then the set of points of U of
negative asymptotic torsion is dense and has positive measure.

Question 1.1. Let U be a f-periodic non essential open set of finite Lebesgue measure.
Is the measure of the set of points of non zero torsion in U equal to the measure of U?

Definition 1.3. Let U C A be an f-invariant essential subannulus. The dynamics f|y is
C%-integrable if fi; admits a partition into essential f-invariant curves.

Observe that the definition of C%-integrability is more restrictive than the usual notion
of integrability. In higher dimensions, for Tonelli Hamiltonian flows on the cotangent
bundle T*T" of the n-dimensional torus, the analogous definition appears in [AABZ15].

Recall that a C! diffeomorphism f : A — A that preserves the Lebesgue measure is
exact symplectic if f*a — a is exact, or equivalently if for every essential curve v : T — A,
the algebraic area contained between v(T) and f o y(T) is zero (zero flux condition).

We provide a simple proof of a result by Cheng and Sun, see Theorem 1 in [CS96].

Theorem 1.2. An exact symplectic twist map f : A — A is C-integrable if and only if
f does not have points with conjugate points.
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In the continuous case, the same result holds for Tonelli Hamiltonian flows on the
cotangent bundle of the n-dimensional torus, see Theorem 1 in [AABZI5|. Cheng and
Sun’s proof uses Aubry-Mather theory as presented by Bangert in [Ban88§|, that is con-
sidering minimizing configurations. Their ideas can be easily adapted to any bounded
invariant subannulus, see [Flol19al. Our proof is a geometrical one and it works both for
exact symplectic twist maps on the unbounded annulus and for conservative twist maps
on bounded essential subannuli, see Remark [£.5] Thus, thanks to Proposition [I.I} we
deduce the following

Corollary 1.1. Let f : A — A be a twist map that preserves the Lebesgue measure. Let
U be an f-invariant bounded essential subannulus. Then, fi is C*-integrable if and only
if Leb-almost every point of U has zero torsion.

Denote as . (f) the union of all f-invariant essential curves in A. A bounded connected
component of A\ .#(f) is either an f-invariant essential subannulus or a f-periodic disk,
see [Arn16]. Thus, from Proposition [L.I]and Theorems[l.2)and[1.1} we deduce the following

outcome.

Corollary 1.2. Let f : A — A be a positive twist map that preserves the Lebesque
measure. Then every bounded connected component U of A\ Z(f) contains a set of
positive measure of points with non-zero torsion. In particular, it holds

/ Torsion( f, z) dLeb(z) < 0.
Uiez £1(U)

2. TORSION AND OVER-CONJUGATE POINTS: PROOF OF PROPOSITION [L.1]

The implications (i7i) = (i) and (i) = (i7) of Proposition [1.1| are obvious. The impli-
cation (4i) = (4i7) is an immediate consequence of the following result.

Proposition 2.1. Let f : A — A be a positive twist map that preserves the Lebesgue
measure. Let zg € A be such that

(1) zo has over-conjugate points;
(i) 2o has a neighborhood U such that Leb({J, ,, f"(U)) < 400.

Then there exists an open neighborhood W C U of zy such that for Leb-almost every
z € W it holds that Torsion(f, z) < 0.

Proof. By the definition of points having over-conjugate points, there exists m € N*

such that [ DI (20.0) do < —%. By the continuity of finite-time torsion, there exists a

neighborhood W C U of z such that for every z € W it holds that fDlm(z @0 < —3.
) df < —%. This fact can

be shown by induction. Indeed, for n = m + 1, since D f(z) preserves the orientation and
since fDI(fm(z) ») df < 0, we deduce that, if fDIm(z ) do < —%, then

For every z € W and for every n > m, we have that [ DIn(

1 1
/ d@g—_+/ do < ——.
DIm+1(z,v) 2 DI(f™(z),v) 2

We argue similarly for n > m 4+ 1. Actually, it holds that

k 1
/ dGz/ d0+/ d@g——+/ 6 < ——
DI (2,0) DIM (2,0) DIn=m (D fm(z0)) 2 Jprm-m(pm(z)w) 2

where k € N,k > 0 is the integer part of —2 fD[m( do

z,0) :
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Thus, by @, for every (z,w) € T*W and for every n > m it holds that

(7) / 46 < 0.
DI™(z,w)

There exists a finite measure Leb defined on T"(U,czf™(U)) that projects onto the re-
striction of Leb to |J,c; ["(U). Indeed, the argument given in the introduction can
be extended to the case of an open set of finite measure: we can either consider the
Alexandroff compactification of T"({J,,c; [™(U)), or we can use Prohorov’s Theorem (see
Proposition 2.4.1 in [VO16]).

Since f is a positive twist map, one has

1
—1 < Torsion; (f, z,w) < 5

for every (z,w) € T'A. By Birkhoff’s Ergodic Theorem, lim,,_, ., Torsion,(f, z,w) is
defined Leb-almost everywhere on T'(U,ez f"(U)) and so Torsion(f, z) is defined Leb-
almost everywhere on J,,.,, f"(U).

We want to prove that Torsion(f, z) < 0 for Leb-almost every point in W. Set g = f™
and J = I"™. We will prove that Torsion(g, z) is well-defined and negative for Leb-almost
every z € W, which will imply the proposition because Torsion(f, z) = Torsion(g, z)/m.

Let 1 : z — ¢"®)(2) be the first return map of g on W, where 7 : W — N* is the
first return time map. These maps are defined Leb-almost everywhere on W. The map
Dy : (z,w) — (g7 (2), Dg™®) (2)w) is defined Leb-almost everywhere on T'W. We know
that

7(2)—1

(s) —mr(2) < / =3 / @ <0,
DJT(Z)(z;w) i=0 DJ(Dgi(z,w))

the right inequality occuring because fDI"(z ) d) < 0if n > m and DJ™®(z,w) =

DI™ ) (2, w) (see (7)) and the left inequality occuring because Torsion, (f, z,w) > —1
for every (z,w) € T'A. By Kac’s Lemma we know that 7 is Leb-integrable and so that
¢ (z,w) — fDJT(z)(Z w) df is integrable and negative. By Birkhoff’s Ergodic Theorem, we

deduce that for Leb-almost every (z,w) € T'W, one has

) 37 oD w) = 6z w) € (~0c,0)
and
(10 Jim 37 r(0(2) = 7(2) € [1,%0)

Recall that the fact that ¢(z,w) < 0 in @ is a classical application of Birkhoft’s Ergodic

Theorem. Consequently, from , @ and , for Leb-almost every (z,w) € T'W, it
holds that ¢(z,w)/7(z) € (—o0,0). Note now that

n—

,_n

d(DY'(z,w /Z = Torsiony, (g, z, w)

Il
<)

i

where N, = 327" 7(¥%(2)). So Torsion(g, z) = lim,, .« Torsiony, (g, z,w) < 0 for Leb-
almost every point in V.
O
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3. DENSITY OF OVER-CONJUGATE POINTS IN NON-ESSENTIAL PERIODIC BOUNDED
OPEN SETS: PROOF OF THEOREM [L.1]

In the introduction, we give the definition of conjugate and over-conjugate points. Let
us show that the existence of the first ones is equivalent to the existence of the second
ones.

Lemma 3.1. Let f be a positive twist map. There exists a point with conjugate points if
and only if there exists a point with over-conjugate points.

Proof. On one hand, the first implication is an outcome of the twist property. Indeed, if
there exists z € A such that fDI"(z »y 40 = —% for some n,k € N*, then Df"(z)v = v

and so [ DI df € (—%, 0). Consequently, one has

f(2),Df"(z)v)

k 1
/ d9:/ d0+/ df < ——= < ——.
DI (2,0) DI (2,0) DI(f7(2),Df(2)v) 2 2

On the other hand, it can be proved that, for every n € N*| there exists z € A such that
Jomm (20) df € (—%, 0), see [Flo]. More precisely, selecting a lift F' of f, the linking number
at any finite time n € N* of the couple of points (z,79), (z+1,7¢), for some = € R, ry € R,
is zero. Thanks to the relation between torsion and linking number shown in [Flo19b|, we
deduce that, for any n € N* there exists z = z(n) € T x {ro} such that fDIn(z,u) df =0,
where u is the class of the horizontal vector u = (1,0). By @ and since f is a positive
twist map, we so have that [ DI (0) do € (—%, 0). By this fact and by the Intermediate
Value Theorem, we conclude that the existence of a point with over-conjugate points
implies the existence of a point with conjugate points. 0

The equivalence between the existence of points with conjugate points and with over-
conjugate points still holds for composition of positive twist maps and even to the restric-
tion of the dynamics to a f-invariant essential subannulus.

This section is devoted to the proof of Theorem [1.1]

Lemma 3.2. Let f be a positive twist map, F a lift of f to R? and K C A a compact set
that does not contain any point with over-conjugate points. Then there exists f € (0, %)
so that for every z,2' € m (K) satisfying
(1) the angle < (v, 2 — z) belongs to [0, B8] + Z,
(i1) the segment joining z to 2’ is contained in 71 (K),
we have that for everyn > 1
pro F"(2') —p1o F"(z) > 0.

Proof. The map f being a positive twist map, we have < (v, D f(2)v) € (—%, O) + 7Z, for
every z € A. By compactness of K, there exists f € (O, %) such that for every (z,w) €
T'K such that < (v,w) € [0, 8] +Z it holds that < (v, Df(z)w) € (—1,0) +Z. Moreover
we know that < (Df(2)v, Df(z)w) € (O, %) +7Z. We deduce that for every n > 0 we have
< (Df*(z)v, Df"*(z)w) € (—3,0) + Z and < (Df " (2)v, D" (2)w) € (0,31) + Z.
Since there are no points with over-conjugate points in K, we have < (v, Df"™(2)v) €
(—=1,0) + Z for every n > 0. Consequently we have < (v, D "™ (z)w) € (—3,0) + Z for
every n > 0.

Let 2,2' € 77 1(K) be such that < (v,2' — 2) € [0, 8] + Z and the segment 7 : [0,1] >
t+— (1 —t)z +t2' is contained in 771 (K). Consequently, for every ¢ and for every n > 1
< (v, (F"o7)'(t)) € (—3,0) + Z. So for every n > 1 it holds that

pro F"(y(1)) = pro F"(v(0)) = pro F"(2') = p1o F"(z) > 0.
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0

Proof of Theorem[1.1. Let U be a f-periodic non essential open set of period M € N*.
Let F: R? — R? be a lift of f. Let % = 7~ (U). By Proposition to get Theorem
1.1} it is sufficient to prove that the set of points with over-conjugate points is dense in
U.

Argue by contradiction and assume there is a closed ball B C % which does not have
any point with over-conjugate points.

Let 8 € (0, %) be given by Lemma applied at the closed ball B. We can find two
balls By, B, C B such that for every z € B,z € B, the oriented angle < (v, 2’ — z2)
belongs to [0, 5] + Z and so that the segment joining z to 2’ is contained in B. On one
hand, by Lemma [3.2] for every n > 1 we have that

pro F"(2') —p1o F"(z) > 0.

On the other hand, on the annulus, we apply Poincaré’s Recurrence Theorem to the
map f x f and the set w(By) x m(Bs). We find n € N*, z € By,2 € By such that
fMr(w(2)) € m(By) and fM"(n(2')) € w(By). Thus, there exists ki, ko € Z such that
FM(2) 4 (ky,0) € By, FM(2') + (k2,0) € By. Since B C % and since U is non essential,
we deduce that k; = ky and, by the choice of By, By it holds that p; o FM"(2/) < p; o
FMn (%), obtaining the required contradiction.

O

AN

FIGURE 1. Each vector DF™(y(t))7'(¢) lies in the right half-plane.

Remark 3.1. The idea of the proof of Theorem [I.1]can be pushed further. Actually, for a
bounded invariant topological open disk the absence of points with over-conjugate points
allows to build a partition into partial graphs of Lipschitz functions which are periodic.
See [Flo19a] for such a construction.

We remark also that an alternative proof of Theorem can be given by using the
notion of linking number (see [BB13| and [Flo19b]) and thanks to the relation between
torsion and linking number proved in [Flo19b|. Indeed, since U is non essential, denoting
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as n € N the period of U, we can select a lift F' of f such that F™ fixes the lifts of U.
In the lifted framework, we can consider the linking number at finite-time of a couple of
points, calculated with respect to an isotopy obtained by lifting an isotopy on A.

Apply then Poincare’s Recurrence Theorem at any small ball contained in U with re-
spect to the dynamics of fjy X fiy. Thanks to the twist property, we find a couple of
points whose linking number at finite-time is almost —1. Consequently, by the result in
[FIo19b], there exists a point belonging to the starting small ball whose torsion at finite-
time is almost —1. That is, any arbitrary small ball contains points with over-conjugate
points.

4. A GEOMETRIC CRITERION FOR CO-INTEGRABILITY: PROOF OF THEOREM [1.2]

The aim of this section is giving a simple, geometrical proof of the result due to Cheng
and Sun, see [CS96] and here Theorem [1.2] We prove here the non trivial implication, i.e.
if there are no points having conjugate points, then f; is C-integrable.

Remark 4.1. The definition given in [CS96| of points with conjugate points is equivalent
to our definition of conjugate points (here Definition .

Let F be a lift of the exact symplectic twist map f and let A : R? — R be a generating
function for F. A sequence (Z,,%n)nen C (R?)Y is a trajectory for F if and only if the
sequence (T, )nen satisfies

81h(3’}n,$n+1) + 82h(xn_1,xn) =0 Vne N,

see [Ban88|, [ALDS83] or [MS85]. Consequently, when looking at the linearized dynamics,
a sequence (Zp, Yn; En, Mn)nen C (TR*)Y is a trajectory of the linearized map DF if and
only if the sequence (&,)nen is a Jacobi vector field over (z,,),en, i-€.

8182h(l‘n—1a xn)gn—l + [8%h(l‘na xn—&—l) + 822h($n1, xn)]fn + alth(xnv mn—i—l)gn—l—l = 0.

In [CS96], a point (xg,yo) has conjugate points if there exists a non-zero Jacobi vector
field (&,)nen over (z,)nen = (p1 © F™(20,Yo))nen such that & = &y = 0. Equivalently,
DFN (g, 10)v = Zv. Since f is a positive twist map, it means that fDIN((aco,yo 0= —k
for some k € N*, i.e. (29, y0) has conjugate points according to Definition

We recall the definition of rotation number for a homeomorphism of the annulus.

Definition 4.1. Let F : R? — R? be the lift of a homeomorphism f of A isotopic to the
identity. Let z € R?. The rotation number for F' of z is, whenever it exists, the limit
F(z) —
pF(Z) — lim pb1o (Z> pl(z)

n—-+oo n

Remark 4.2. Let ¢ : T — R be a continuous map whose graph is f-invariant and let
U =19y on' where RS>z n/(x) =2+ 7Z € T is the covering projection on T. Then, we
can define the rotation number pr(¥) for F' of ¥ as the rotation number pp(z, ¥(zx)) for
any « € R. Indeed, for every € R the rotation number pp(z, ¥(z)) exists and moreover
it is independent from z € R.

Lemma 4.1. Let F : R?> — R be the lift of a positive twist map f. The set
(11) Cr:={2€R*: pioF(z) =pi(2)}
is the lift of the graph of a function 1, : T — R of class C'.
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Proof. For every given x € R, by the twist property, the function R 3 y — pjoF(x,y) € R
is an increasing diffeomorphism and so there exists a unique y € R such that p;o F(x,y) =
x. Let us denote such y € R as Uy (x). The set Cp is the graph of the function ¥ : R — R.

To prove that W, is of class C!, it is sufficient to apply the Implicit Function Theorem
because 2 (p1 o F(x,y) —x) > 0. As ¥, is clearly periodic of period 1, it lifts a function

(I "]I‘—>]Rof class C!.
O

Remark 4.3. Lemmal[4.1 holds true for negative twist maps too. In particular, we denote
the set Cp1 = {2z €R?: po F~1(2) = pi(2 )} as the graph of the function ¥_; : R — R
of class C! that lifts ¢¥_; : T — R. Note that Cp-1 is nothing but the image of C by F

Remark that if a point z € R? lies below (respectively above) C, then F(z) lies on the
left (respectively on the right) of the vertical passing through z. Similarly, if z lies below
(respectively above) C'ip-1, then F~'(z) lies on the right (respectively on the left) of the
vertical passing through z.

Lemma 4.2. Let f: A — A be a positive twist map with no point with conjugate points.
Then for every n > 0 the function ™ (respectively f~") is a positive (respectively negative)
twist map.

Proof. Let us prove this fact by induction. Suppose that f™ is a positive twist map and
fix a lift 7' of f. Consider z,2/ € R. The map y — p; o F"(z,y) is an increasing
diffeomorphism of the real line, while the map y — p; o F~1(2/,y) is a decreasing one.
Moreover, lim, 4o p2o F™(z,y) = lim, 4o p2o F~!(a’,y) = £oo. This implies that there
exist y,3' € R such that F™(x,y) = F~'(2/,y'). Equivalently, it holds that F""!(z,y) =
(',y'). Thus, the map y — p; o F""(x,y) is surjective. Since there are no points
with conjugate points, by Lemma there are no points with over-conjugate points.
In particular for any y € R it holds that < (v, DF"*(z,y)v) € (—3,0) + Z. Thus
%pl o F"™(z,y) > 0 and consequently the map y + p; o F"(z,y) is an increasing
diffeomorphism onto its image. So f*! is a positive twist map.

O

Lemma 4.3. Let f : A — A be a positive twist map with no point with conjugate points
and F : R? — R? be a lift of f. Let v € R.

(1) If Uy (x) < W_q(x), then for everyy € (Vq(z), V_
is strictly increasing and for everyy € [Wq(z), U_
is strictly decreasing. Moreover, (py o F™(x, ¥
(p1o F™(x,W_1(x)))n<—1 strictly decreasing.

(17) If V_4(x) < Uy(x), then for everyy € [V_q1(x), VUy(x)) the sequence (p1oF"™(x,y))n>0
is strictly decreasing and for everyy € (V_y(z), Uy (x)] the sequence (p1oF™(z,y))n<o
is strictly increasing. Moreover, (py o F™(x,Vy(x)))n>1 s strictly decreasing and
(p1o F™(x,¥_1(x)))n<—1 strictly increasing.

(x)] the sequence (p1oF™(,y))n>0

(x)) the sequence (p1oF™(x,y))n<o

1
1
1(2)))n>1 is strictly increasing and

Proof. Let us consider z € R such that ¥y(z) < W_;(z), the case (i) can be treated
similarly. Recall that f" is a positive twist map for every n € N*. So, for every
n > 1, the image by F" of the oriented vertical segment {z} x [¥i(x),V_i(z)] is a
path that projects injectively on the horizontal axis, with the first coordinate increas-
ing, and that joins F"(z,¥(z)) to F"(z,¥_i(z)) = F" " (z,¥;(z)). We deduce that
for every y € (¥y(z), V_,(z)], the sequence (p; o F™(x,y))n>0 is strictly increasing and
that (p1 o F™(z, ¥1(x)))n>1 is strictly increasing. See Figure 2] Since f is a negative
twist map if n < 0, we prove similarly that (p; o F™(x,y))n<o is strictly decreasing if
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y € [1(x), ¥a()), asis (pro F™(z, ¥_1()))n<1.

Cr
FIGURE 2. If Uy(z) < U_4(x), then, for every n > 1, the image by F" of
{z} x [¥q(z), ¥_4(x)] projects injectively on the horizontal axis.

Notation 4.1. Denote
(12) X ={(z,y) eR*: Uy(z) <y <V_(2)},

(13) Xt i={(z,y) eR*: V_4(z) <y <Vy(2)}.
Remark 4.4. Thanks to Lemma [£.3] if z is not fixed by f, then:

(1) either the sequence (p; o F(2))nez is strictly monotone;

(2) or there exists ng € Z such that the sequences (py 0 F"(2))n<n, and (p10 F™(2))n>n,

are strictly monotone, with different monotonicity;

(3) or there exists ny € Z such that the sequences (p10F"(2))n<n, and (p10F"™(2))n>ng+1

are strictly monotone, with different monotonicity, while p; 0 F™(z) = pyo F™+(2).
Note that the set of points satisfying the second item is nothing but the union of |J,,, F™(X ™)
and (J,,c; F™(X™) and that these two sets are disjoint because they correspond to com-
plementary monotonicity. Note also that the sets X~ and X' are wandering open sets:
the sets F"(X~),n € Z, are pairwise disjoint, as are the sets F"(X™),n € Z.

Let us write Cp = Cf U Cy U Fix(f), where (z,®,(z)) € Cf if U_1(x) > ¥y(z) and
(z,Wy(x)) € Cp if U_(z) < Wy(z). The set of points satisfying the third item is the
(disjoint) union of | J, ., F™(C?#) and Unez F™(C5). Note also that the last two sets are
disjoint from J,,c, F™(X™) and {J, o, F"(X7).

Lemma 4.4. Let f : A — A be a positive twist map with no point with conjugate points
and F : R? — R? be a lift of f. Let xy < x5 and suppose that Wi(zy) < U_y(z;) and
\11_1(5132> < \1]1(1['2). Then

(a) for everyy € [Vy(x1),V_1(z1)] and for every n € N it holds that pyo F"(z1,y) < X2
or
(b) for everyy € [V_1(xq), ¥y (z2)] and for everyn € N it holds that pyoF~"(z2,y) > x1.

Proof. As explained in the proof of Lemma the union of the images by F™, n > 1,
of the vertical segment {x1} x [¥q(z1), ¥_1(z1)] is the graph of a continuous function
X1 defined on an interval [z1,2)), where | € (z1,+00]. This graph is strictly above



TORSION OF INSTABILITY ZONES FOR CONSERVATIVE TWIST MAPS ON THE ANNULUS 11

the graph of Uy = max(WV;,V_;) except at its left end. Similarly, the union of the
images by F~" n > 1, of the vertical segment {xs} X [¥_;(x2), ¥i(x2)] is the graph of
a continuous function x, defined on an interval (%, x|, where 2, € [—00,x5), and this
graph is strictly above the graph of W except at its right end. These graphs are contained
in U,z F*(X~ UCR) and U, .z F™"(XT U CY) respectively and so are disjoint. By the
Intermediate Value Theorem applied at x; — X2, one deduces that =} < x5 or z; < i,

O

Proposition 4.1. Let f : A — A be an exact symplectic positive twist map with no point
having conjugate points and F : R? — R? be a lift of f. Then it holds that Cp = {z €
R?: F(z) = z}.

Proof. By Lemma , the set Cr = {(x,y) € R? : p; o F(x,y) = x} is the graph of a
function ¥y : R — R that lifts a function ¢ : T — R of class C!, while F(Cy) is the
graph of a function ¥_; : R — R that lifts a function ¢_; : T — R of class C!. We want
to prove that Wy = W_; to get the proposition. We will argue by contradiction supposing
that Wy # W_;. We know that [,v_1(x) —¢1(x) dz = 0 because f is exact symplectic.
So there exists x; < x] < x5 < 2/, such that ¥_; — W, vanishes on zy, 2, z9, 4, is positive
on (z1,x}) and negative on (3, x}). Let us define

X7 ={(z,y) € (z1,2]) xR: Uy(z) <y < V_y(z)}
and

Xy ={(z,y) € (wg,25) xR: ¥_i(z) <y < Vy(z)}.
By Lemma we know that (J,»o (X ) is on the left of the vertical {25} xR (oriented
as y increasing) or | J, -, F~"(X,) is on the right of {z;} x R. We will suppose that we are
in the first case, the other case can be treated similarly. We also know that U,s0 F™(X7)
is on the right of {z;} xR and so |J ., F*(X[) is below the graph F({z,} x R) because F
is a positive twist map. But we have seen in the proof of Lemma that (5, F" (X)) is
above the graph of Uy = max(¥, ¥_;). We conclude that | -, F"(X ) is bounded. We

have seen in Remark {4.4] that the F"(X,),n > 1, are pairwise disjoint. The conclusion
comes from the fact that F' preserves the Lebesgue measure.
O

Proof of Theorem[I.3 Theorem can be deduced easily from Proposition [4.1 and from
classical results about twist maps that we will recall and that can be found, for example,
in [Her83|. Let f : A — A be an exact symplectic positive twist map. We fix a lift
F : R? — R? of f and will refer to this lift, while talking about rotation numbers. We
endow the space C°(T,R) of continuous maps 1 : T — R with the uniform topology. We
denote G(f) the set of functions 1 € C°(T,R) such that the graph of 1 is invariant and
define p(v)) as being the rotation number of the graph of .

(1) For every 1,4’ € G(f), we have p(¢) = p(¢) if 1» — ¢’ vanishes.

(17) For every v, 9" € G(f), we have p(¢)) < p(¢') if ¢ < .

(77) There exists at most one map ¢ € G(f) such that p(y)) = p, if p € R\ Q.

(iv) If there exists ¢ € G(f) such that p(¢) = p € Q and such that its graph contains
only periodic points, there is no map ¢’ # ¢ in G(f) such that p(¢’) = p.

(v) The map ¥ — p(v)) is continuous in G(f).

(vi) By Birkhoff’s theory, for every compact set K C A, there exists Mk > 0 such that
Y is Mg-Lipschitz if ¢ belongs to G(f) and if its graph is included in K.



12 FLORIO AND LE CALVEZ

Suppose now that f has no point with conjugate points. For every p € Q, define G, = F'7—
(p,0), where p = §, p € Z,q € N* is written in an irreducible way. Applying Proposition
to G, one deduces that Fix(G,) is the graph of a continuous map 1, : T — R. This
graph is invariant by f and it is the set of periodic points of f of rotation number p. A
periodic point is above this graph if its rotation number is larger that p and below if it is
smaller. In particular one has p < p' & 1, < ,.

Fix n > 0. The maps ¢, |p| < n, are uniformly bounded, but they are also uniformly
Lipschitz by (vi). So, by Ascoli-Arzela’s theorem the set F,, := {¢, : p € QN [—n,n|}
is relatively compact in C°(T,R). Moreover, it holds that F,, C G(f) and that the image
of F, by p, being compact, is equal to [~n,n]. One knows by (iii) and (iv) that p is
injective on F, and consequently induces a homeomorphism from F, to [-n,n]. We note
p — 1, its inverse. The set F := {4, : p € Q} can be written as F = J,~; Fn. This
implies that our original family (1,),cq can be extended to a continuous and injective
family (¢,),er. The function z — p(z) is locally constant on Fix(f) and so bounded
on every compact set of A N Fix(f). This implies that lim,_, ., 1, (x) = +00 and more
generally that lim, . mint,(r) = +oo because 1), < 1,. Similarly, it holds that
lim,,_ o max,(z) = —oo. This means that the map p — 1), is proper and so defines
a homeomorphism from R to F = J,-, Fn- Let us fix z € T. The map p > 1,(z) is
continuous, increasing and proper. So it defines a homeomorphism from R to R. More
precisely, the map A 3 (z, p) — (x,¢,(z)) € A is a homeomorphism, which means that f
is C%-integrable.

0

Remark 4.5. The proof of Theorem can be adapted to any f-invariant bounded
essential subannulus. Let ¢ : T — R be an f-invariant essential curve and let U be the
essential subannulus that is the connected component of A \ ¥(T) lying above the curve.
Let p be the rotation number of 1. We can consider the set F of functions v, only for
p € Q,p > p. Then the exact symplectic twist map restricted to U fiy : U — U is
C’-integrable if and only if fi; does not have points with conjugate points. The adapted
argument holds for the connected component lying under the f-invariant curve. Thus,
the result holds for any f-invariant bounded essential subannulus by considering it as
intersection of a lower and an upper f-invariant unbounded essential subannulus.

In the end, we want to present an alternative proof for the result in [CS96] that is due
to an anonymous referee. His/her proof uses the results in [Ban88] and so a different
approach from our one. In Proposition 1 in [CS96|, Cheng and Sun prove that if an area
preserving twist map has no points with conjugate points, then the Hessian matrix of the
second partial derivatives of the associated action functional is positively definite. Using
Bangert’s notations (see [Ban88]), the referee observes that for each rational £, it holds

that po(./\/l;’jg) = REI. Otherwise, there exist neighbouring elements x~ < x* in ///;’/e;

and, by the Mountain Pass Lemma, we find a minmax (p, ¢)-periodic x* between x~ and
xT: this would contradict Proposition 1 in [CS96]. Repeating then the same arguments

used in the proof of Theorem [I.2] one can conclude.
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