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Abstract

A theorem due to G. D. Birkhoff states that every essential curve which is invariant
under a symplectic twist map of the annulus is the graph of a Lipschitz map. We
prove : if the graph of a Lipschitz map h : T — R is invariant under a symplectic
twist map, then h is a little bit more regular than simply Lipschitz (theorem 1); we
deduce that there exists a Lipschitz map h : T — R whose graph is invariant under
no symplectic twist map (corollary 2).

Assuming that the dynamic of a twist map restricted to a Lipschitz graph is bi-
Lipschitz conjugate to a rotation, we obtain that the graph is even C! (theorem 3).

Then we consider the case of the C? integrable symplectic twist maps and we prove
that for such a map, there exists a dense G5 subset of the set of its invariant curves
such that every curve of this G5 subset is C! (theorem 5).
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1 Introduction

The exact symplectic twist maps were studied for a long time because they represent
(via a symplectic change of coordinates) the dynamic of the generic symplectic diffeo-
morphisms of surfaces near their elliptic periodic points (see [3]).

Let us introduce some notations and definition :

NoTATIONS. ® T = R/Z is the circle.

e A =T x R is the annulus and an element of A is denoted by (6, ).
e A is endowed with its usual symplectic form, w = df A dr.

o7 :T xR — T is the projection and # : R? — R its lift.

DEFINITION. A C! diffeomorphism f : A — A of the annulus which is isotopic to
identity is a positive twist map if, for any given lift f : R2 — R? and for every z € R,
the maps y — 7o f(x,y) and y — T o f‘l(m,y) are both diffeomorphisms, the first
one increasing and the second one decreasing. If f is a positive twist map, f~! is a
negative twist map. A twist map may be positive or negative.

Moreover, f is exact symplectic if the 1-form f*(rdf) — rdf is exact.

NOTATIONS. M, is the set of exact symplectic positive C! twist maps of A, M is
the set of exact symplectic negative C'' twist maps of A and M, = M} UM is the
set of exact symplectic C'' twist maps of A.

It is obvious that if the graph C' of a continuous map is invariant by f € M,,, then
there exists no orbit for f joining one of the connected component of A\C to the other
one.

Birkhoff’s theory states a kind of converse result (see [2], [6], [10], [12]) :

Criterion (Birkhoff) : Let n1,m2 : T — R be two continuous maps such that n; < ns.
Let f € M,,. The three following properties are equivalent :

1. there exists no orbit under f joining S_(m) = {(0,7);r < m(0)} to St(n2) =
{(0,7);7 > 12(0)};
2. there exists no orbit under f joining S4(n2) to S_(m);

3. there existsm : T — R continuous whose graph is invariant under f such that :
m<n<n.

Moreover, Birkhoff proved that if the graph of a continuous map 7 is invariant
under f € M,, then n is Lipschitz.

Having explained the link between the existence of invariant continuous (even Lip-
schitz) graphs of symplectic twist maps and the dynamic of such a twist map, we will
now study the Lipschitz maps n : T — R whose graphs are invariant under an exact
symplectic C'! twist map.



We easily see that for every C' map n : T — R, there exists a C'! exact symplectic
twist map f : (6,7) — (6 +e(r —n(0)),r — n(0) +n(0 + (r — n(0)))) (where ¢ > 0
is small enough) which preserves the graph of 1. But very few examples of Lipschitz
but not C' maps whose graph is invariant under an exact symplectic C'! twist map are
known. The most classical example is the time 7" map ® of the pendulum for 7" > 0
small enough (see [4]) : any separatrix of the hyperbolic fixed point is a Lipschitz graph
which is invariant under ®, and this graph is not differentiable at the fixed point. Of
course, we can contruct similar examples :

Example : let o, 3 € Z* be some integers and let V : T — R be a small C? function
having a strict non degenerate global maximum at 0 € T (for example V() = ecost
with & > 0 small enough). Let V : T? — R be defined by : V(z,t) = V(Bz — at)
and let H : A x R — R be the time dependent Hamiltonian function defined by :
H(z,p;t) = %pg +V(z,t). The time 1 map of this Hamiltonian function is then a twist
map, and if (z,p) is a solution, if we define : X = Sz — at and P = Op — a, then
(X, P) is a solution for the (time-independent) Hamiltonian H(X, P) = $P%+ 3*V(X).
Therefore, there exists for the Hamiltonian flow of H (as for the pendulum) an invariant
Lipschitz graph which is not differentiable at 0; then, the time 1 map of H leaves a
Lipschitz graph invariant, and this Lipschitz graph is not differentiable at g points of T
(they correspond to a periodic orbit with period (3); the rotation number of this graph
is then %

Questions : 1) Is it possible to construct less regular examples of invariant curves
(which have at some points no left or right derivative)?

2) does there exist an example of an invariant curve which is not C! and has an
irrational rotation number?

In this article, we don’t answer these questions. We study the regularity of the
curves invariant by exact symplectic C! twist maps and prove that they are in general
more regular than simply Lipschitz :

Theorem 1 Let f : A — A be an exact symplectic positive C* twist map and let
v : T — R be a Lipschitz map whose graph is invariant by f. Then there exists a
dense Gg subset U of T whose Lebesgue measure is 1 and such that every t of U is a
point of differentiability of v and a point of continuity of ' .

We endow the set of the Lipschitz maps v : T — R with the metric dy defined by :
de(v1,72) = doo(71,72) + Lip(71 — 72) where Lip(+y) is the Lipschitz constant of . This
metric space (£, dy) is then complete.

Corollary 2 There ezists a dense open subset U of (L,dy) such that no v € U is
invariant by an exact symplectic positive C' twist map.



We obtain a stronger regularity if we can specify the dynamic of the restriction of the
twist map to the curve :

Theorem 3 Let f : A — A be an exact symplectic positive C' twist map and let
v : T — R be a Lipschitz map whose graph is invariant by f. Let g be the restriction
of f to the graph of v. We assume that there exist two sequences of integers (n;)ien
and (m;)ien tending to +0o0 such that (¢™)ien and (7™ )ien are equi-Lipschitz.
Then v is C.

Using a theorem of Michel Herman concerning the diffeomorphisms of the circle (see
[9]), we deduce :

Corollary 4 Let f : A — A be an exact symplectic positive C' twist map and let
v : T — R be a Lipschitz map whose graph is invariant by f. Let us assume that the
restriction of f to the graph of v is bi-Lipschitz conjugate to a rotation.

Then v is C' and the restriction of f to the graph of v is C' conjugate to a rotation.

Now we are interested in studying the regularity of the exact symplectic C' twist
maps having many invariant curves : the C° integrable ones.

DEFINITION. Let f : A — A be an exact symplectic positive C! twist map. Then f is
CY-integrable if A = U G(vy) where :
yel’

1. T is a subset of C°(T,R) and G(7) is the graph of ~;
2.V elm # 72 = Gn) NG() = 6;
3. Vv eI f(G() = G().

REMARK. The general reference for this remark is [10].

A theorem of Birkhoff states that under the hypothesis of this definition, every v €
C°(T,R) whose graph is invariant by f is Lipschitz and that the set Z(f) of those
invariant graphs is closed for the C°-topology.

If we fix a lift f of f, we can associate to every v € Z(f) its rotation number p(7). Then,
if y1,72 € Z(f), we have : G(y1) NG(y2) # 0 = p(11) = p(y2) and G(71) N G(12) =
0 = p(71) # p(v2). We deduce that Z(f) = I' and therefore T is closed for the C°
topology.

Theorem 5 Let f : A — A be an exact symplectic positive C' twist map which is C°
integrable. Let T be the set of v € C°(T,R) whose graph is invariant under f. Then
there exists a dense G subset G of (I',ds) such that : every v € G is C'. Moreover,
in G, the CV-topology is equal to the C'-topology.



There exists a common argument to the proof of all these results : the existence
of two invariant (non continuous) subbundles along the invariant curves, the so-called
“Green bundles”.

The original Green bundles were introduced by L. W. Green in [8] for Riemannian
geodesic flows; then P. Foulon extended this construction to Finsler metrics in [7] and
G. Contreras and R. Iturriaga extended it in [5] to optical Hamiltonian flows; in [1],
M. Bialy and R. S. Mackay give an analogous construction for the dynamics of sequence
of symplectic twist maps of T*T¢ without conjugate point. Let us cite also a very short
survey [11] of R. Tturriaga on the various uses of these bundles (problems of rigidity,
measure of hyperbolicity ... ).

The way we use the Green bundles in our article is different : the two Green bundles
will bound the “derivative” below and above (this derivative is in fact the accumulation
points of the slope between a given point and a variable one tending to the fixed one)
of the invariant curve : therefore, if the two Green bundles are equal at one point, the
curve has a derivative at this point.

2 Construction of the Green bundles along an
invariant curve

NoOTATIONS. ™ : T x R — T is the projection.

If x € A, V(z) = ker Dnr(z) C T,A is the vertical at x.

Itz € Aandn €N, G, (z) = Df"(f"(2))V(f"(x)) and G, (x) = Df " (f"(2))V (f"(x))
are two 1-dimensional linear subspaces (or lines) of T,A.

DEFINITION.

If we identify T, A with R? by using the standard coordinates (0,r) € R?, we may
deal with the slope s(L) of any line L of T,;A which is transverse to the vertical V(x) :
it means that L = {(¢, s(L)t);t € R}.

If £ € A and if Ly, Ly are two lines of T, A which are transverse to the vertical
V(x), Ly is above (resp. strictly above) Ly if s(Ly) > s(Ly) (resp. s(Lg) > s(L1)). In
this case, we write : L1 < Lo (resp. L1 < Lg).

A sequence (Ly,)nen of lines of T, A is non decreasing (resp. increasing) if for every
n € N, L,, is transverse to the vertical and L, is above (resp. strictly above) L,. We
define the non increasing and decreasing sequences of lines of T, M in a similar way.

REMARK. A decreasing sequence of lines corresponds to a decreasing sequence of slopes.

DEerINITION. If K is a subset of A or of its universal covering R x R, if F' is a 1-
dimensional subbundle of Ti A (resp. TxR?) transverse to the vertical, we say that F



is upper (resp. lower) semi-continuous if the map which maps x € K onto the slope
s(F(x)) of F(x) is upper (resp. lower) semi-continuous.

NOTATIONS. If the graph of a continuous map v : T — R is invariant by f, Birkhoff’s
theorem (see [10]) states that v is Lipschitz. Therefore, at every t € T, we can define :
(u) = () v(uw) — ()

/ :1 . f’y / :l
7-(t) = liminf —=—— and v (?) imsup =

which are two real numbers. We will use too :
/

—(t —(t
vy () = limsup M and 7/, ; = limsup M
’ u—tt U= ’ u—t— u—t
and in a similar way 7., and v’ ;.
(if u is close enough to t, the difference u — ¢ is the unique real number of | — 0.5;0.5]
which represents u — t)

Proposition 6 Let f : T xR — T x R be an exact symplectic positive C' twist map
and let v : T — R be a Lipschitz map whose graph is invariant by f.
Then for every t € T and every n € N, we have :

G (t:79(1) = G (69(1) < R(1LYL(8) 2 R(L YL () = Gy (8,7(1) < G (8, 7(1)).

NOTATIONS. If (z1,22) € R?, we will denote by V*(z) the set : V' (x) = {(z1,y) €
R%y > xa}.

Proof of proposition 6 : Let f : R xR — R x R be a lift of f and 5 : R — R be
defined by : 7(6) = v(0) where 0 is the projection of § on T. Then the graph G(7) is
invariant by f and every connected component of R2\G() is invariant by f.

Let x = (¢,7(t)) be any point of G(7). We denote by Q(z) the connected component
of R?\(G(¥) U {t} x R) which is above G(7) and in Jt, +oo[xR; moreover we denote
by R(z) = Q(z) = Q(z) U ({(1,%(7));7 > t} UVT(x)) the closure of Q(z). The
diffeomorphism f being an exact symplectic positive C'! twist map, we have : Vo €

G(3), f(R(z)) € R(f(z)). Therefore :
Vn € N*,Vo € G(%), f*(R(f"(x))) € f"H(R(F~"D())).

We deduce that for every n € N* and every z € G(3), the curve f*(V*(f~"(z))) is a
subset of f*~Y(R(f~("Y(x))). Therefore, its tangent space at x, which is G (z) is
under G}, (z) and above R(1,7, ,.(t)). The fact that G;/_, () is strictly above G} (z)
follows from the fact that this subspaces have to be transverse because V(f~""!(z))
and Df(V(f~"(z))) are transverse (f being an exact symplectic positive C! twist
map). The fact that G} (2) is strictly above R(1,7} ,.(t)) comes then from the fact
that the sequence (G} (x)) is strictly decreasing.

The proof of the other inequalities is similar. []




REMARK. In the last proof, we have noticed that if z € G(3) the curve f*(V*(f~"(z)))
is a subset of R(x) which is transverse to the vertical at x. Therefore, the first (or

“horizontal”) coordinate of Df*(f~™(x))(0,1) is strictly positive.

Then (G, (z)) is a strictly decreasing sequence of lines of T, A which is bounded
below. Hence it tends to a limit G (z). In a similar way, the sequence (G, (z)) tends
to a limit, G~ ().

DEFINITION. If x € A belongs to a continuous graph invariant under f € MJ, the
bundles G~ (z) and G (x) are called the Green bundles at x associated to f.

Example Let us assume that z € G(v) is a periodic hyperbolic periodic point of f; then
GT(xz) = E¥(x) is the tangent space to the unstable manifold of z and G~ (z) = E*(x)
is the tangent space to the stable manifold.

Proposition 7 Let v : T — R be a continuous map whose graph is invariant by an
exact symplectic positive C' twist map f : A — A. Then the Green bundles, defined at
every point of G(7), are invariant by D f and for every t € T, we have : G~ (t,7v(t)) =
R(1,7-(t)) = R(1,7,.(t)) = Gt (t,~v(t)). Moreover, the map t — G (t,~(t)) is upper
semi-continuous and the map t — G~ (t,7(t)) is lower semi-continuous. Therefore, the
set :

G(v) ={t e T;G™ (£, (1) = G (t,7 (1))}
is a Gs set and for every tg € G(v), v is differentiable, v is continuous at ty and
R(1,7'(to)) = GT(to,7 (o)) = G~ (to,7'(t0)). Moreover, G~ and Gt are continuous
at (to,v(to)) too.

This proposition is a corollary of proposition 6 and of usual properties of real func-
tions (the fact that the (simple) limit of a decreasing sequence of continuous functions
is upper semi-continuous).

Corollary 8 Let v : T — R be a continuous map whose graph is invariant by an
exact symplectic positive C* twist map f : A — A. We assume that :

Vit e T,G (t,y(t)) = G (t,y(t)).

Then v is C1.
Moreover, in this case, the sequences (s(G,, (t,v(t)))nen and (s(Gt(t,v(t)))nen con-
verge uniformly to ~'(t).

Everything in this corollary is a consequence of proposition 7; the fact that the conver-
gence is uniform comes from Dini’s theorem : if an increasing or decreasing sequence
of real valued continuous functions defined on a compact set converges simply to a
continuous function, then the convergence is uniform.



Example We may ask ourselves : if the graph of a C! map v : T — R is invariant
under an exact symplectic positive C! twist map f, do we necessarily have along the
graph of v the equality GT = G~? We will show that the answer is no.

In fact, if g : T — T is any orientation preserving C! diffeomorphism, we may “im-
merse” ¢ into an exact symplectic C! twist map f. Let us explain this fact : let
G :R — R be any lift of g. We define f : R? — R2 by :

fla,r)=(G@) + 7§ ' (r+§() — ).

Then f is a lift of an exact symplectic positive C' twist map f and we have : V¢ €
T, f(t,0) = (9(?),0).

If now we assume that g has a hyperbolic periodic point xg € T (then x( is attracting
or repulsing), (zp,0) is a hyperbolic periodic point for f and therefore G~ (x0,0) #
G+ (:Uo, O) .

Using proposition 7, we will prove in the next section that if the graph of a contin-
uous map 7 is invariant by an exact symplectic C' twist map f : A — A, then there
exists a dense G subset G of T such that every x € G is a point of differentiability of
~ and a point of continuity of +'.

3 Regularity of the invariant graphs

We begin by giving a criterion to determine if a given vector is in one of the two Green
bundles.

Proposition 9 Let f be an exact symplectic positive C twist map and let v : T — R
be a Lipschitz map whose graph G(v) is invariant by f.

Let us assume that x € G(v) and that v € T,A is such that the sequence (|D(w o
™M) (@)v|)nen doesn’t tends to +o0o. Then v € G~ (x). In a similar way, if the sequence
(|ID(m o f~)(x)v|)nen doesn’t tends to +oo, then v € GT(x).

Proof of proposition 9 : We use the standard symplectic coordinates (0, 7) of A and
we define for every k € Z : xj, = f¥(x).

In these coordinates, the line G} (zy) is the graph of (t — s, (zx)t) (s} (xk) is the slope
of G (xy)) and the line G, (xy) is the graph of (t — s (x))t). Moreover, the matrix
M, (zg) of Df"™(xx) (for n > 1) is a symplectic matrix :

_ an(zk)  bn(zk)
Mn(xk)—<cn($k) dn(:vk))

with det M, (z) = 1. We have noticed just after the proof of proposition 6 that the
coordinate D(m o f™)(xk)(0,1) = b,(xg) is strictly positive. Using the definition of

9



G (xpan), we obtain : dy(zg) = s (Tprn)bn(Tk)-
The matrix M, (zx) being symplectic, we have :

My (zg) ™ = ( dn () _bn(ivk))

—cp(zg)  an(zk)

we deduce from the definition of Gy, (xy) that : an(zr) = —bn(xg)s, (). Finally, if
we use the fact that det M, (z;) = 1, we obtain :

M, () — <—bn(xk) —bn(zk)s,, (1) bn (1) )

U —bn(2i)s, (@r) s (Thin) St (Tkgn)bn (k)
Lemma 10 There exists a constant M > 0 such that :
Vz € G(7),Vn € N* max{|s; (z)|,|s, (z)|} < M.

Proof of lemma 10 : We deduce from proposition 6 that : Vx € G(v),Vn €
N*, s7 (%) < s, (z) < s}t (x) < s{ (z). Therefore, we only have to prove the inequalities
of the lemma for n = 1.

The real number s; (z), which is the slope of Df~1(f(x))V(f(x)), depends continu-
ously on z, and is defined for every x belonging to the compact subset G(7). Hence
it is uniformly bounded. The same argument proves that sf is uniformly bounded on
G(v) and concludes the proof of lemma 10.

0

Lemma 11 Ifz € G(v), we have : lim b,(z) = +o0.

n—oo

Proof of lemma 11 : We have : Vn,m € N* Vi € Z, My (x;) = My (Tiqm) M (25).
It implies : byt (2i) = by (Tigm)bm (2:) (8} (igtm) — s;, (Titm))

and 1 by (T0) Sy (Ti) = bn(Titm) Sy (Tiem )b (23) 57 (5) — bn(@igm) (bm () 7" —
bn (@it ) o (1) S35, (Tigm ) S ()

Hence :

bt (20)8 s (70) = b (20873 (5) = b (1) (b (7)) :

Srtz ($z+m) — Sp (l‘erm) '
Therefore :
1

Sih (Titm) — Sn (Titm) .

S (@) = 87(23) + (b ()

In particular :




Using the constant M found via lemma 10, we have :

Hence :

The sequence (s;,(z;))men+ being convergent, we must have :

1
D E <
iy (br(zi))
and thus : klim b (x;) = +o0. 0
Let us now prove proposition 9. Let us assume that v € T, A is such that the
sequence (|D(mo f™)(z)v])nen doesn’t tends to +oo. Then there is a sequence (ky)nen
of integers tending to +oc such that the sequence (|D(mo f*7)(x)v|)nen is bounded. If
v = (v1,v2), we have : D(wo fF)(z)v = by, (z)(ve — 8, (@)v1) and lim by, (x) = +o0.
We deduce : lim (vg — s (z)v1) = 0. The sequence (s (7))nen tends to the slope
s7(x) of G~ (x), and then v € G~ (z). 0
Example Let us assume that the exact symplectic positive C! twist map f : A — A
has a regular and proper integral, i.e. that there exists a C'! regular and proper function
H : A — R such that : Vo € A, H(f(z)) = H(x). Then, for every n € Z, we have :
H(f"(z)) = H(x) and then : DH(f"(x))Df"(z) = DH(x) and : |gradH (z)||*> =
DH(z)gradH(x) = DH(f™(xz))Df"(x)gradH (z) i.e if we denote by (.|.) the usual
scalar product and if [|.|| = /(.].) :

(x) (gradH(f"(2))|Df"(z).gradH (z)) = ||gradH (z)||

Let ' = H~!(c) be a curve invariant by f. If we use a good parametrization -y
R/T7Z — A of T, the base ((t),gradH (v(t))) is symplectic : the base is orthogonal,
oriented, and : ||¥(t)| = m.

The image of this symplectic base by Df" is symplectic too. This new symplectic
base is = (Df"(y(t))3(t), Df"(v(t))gradH ((t))) = (Xy(7a), D" (7(t))gradH (v(t)))
where v(7,,) = f"(y(t)) and A € R. Because this base is symplectic, we have : 1 =
Aw(¥(1), Df"(y(t))gradH (y(t))) , this last value being equal to :

= A
 llgradH (y(7a))

B (gradH (y(75))| D f" (7(t))grad H (v(t)))

11



2

Using (*), we obtain : A = M; hence the sequence (D f™(v(t))¥(t))nez =

llgradH (v(t))]
(W’KT’%))”EN is bounded (and even uniformly bounded in ¢ € R). Using

proposition 9, we deduce that :
Vz e ,G™ (z) = G ().

Hence, if f has a regular and proper integral, the two Green bundles are equal at every
point.

Let us notice too that for every ¢ € R, the restriction of f to H~1(c) is C! con-
jugate to a rotation : indeed, with the notations introduced before, the sequence
((Df™ 0 4)%)nez is uniformly bounded. Let g : R/TZ — R/TZ be the unique C'-
diffeomorphism such that : V¢t € R/TZ, f(v(t)) = v(g(t)). Then : Vn € Z, f"(y(t)) =
v(g™(t)) and : Dg™(t) = (Dv(g™(t))) " (Df™o(t))%(t) is uniformly bounded in n € Z
and t € R/TZ. By a theorem of Michel Herman (theorem 6.1.1. of [9]), it implies that
g and then fir is C' conjugate to a rotation.

Proposition 12 Let v : T — R be a Lipschitz map whose graph is invariant by an
exact symplectic positive C1 twist map f : A — A. Then for almost every t € T, the
sequences

(ID(x o ) (6,7 (O) (1,7 () hnen and (ID(x o F~7)(t AW (1, (D) )nert don’t tend to
400

Proof of proposition 12 : We define: f(t,v(t)) = (f1(t,v(t)), fa(t,7(2))) = (9(t),v(g(t))).
Then g : T — T is a (bi)-Lipschitz homeomorphism of T which is homotopic to Idr.
There exists a set U C T whose Lebesgue measure is one and such that + is differentiable

at every x € U. Then, for every k € Z and every z € U, the map ¢* = mo f*(.,v(.))

is differentiable at x; we have then : Vt € U,Vk € Z, (gk)/ (t) >0. Let g :R—Rbea

lift of g. Then : Vk € Z,Vt € R, §¥(t + 1) = §¥(t) + 1. Therefore :

VkEZ,1 = (t+1) — (L) = /U(gk)’(s)ds

Using Fatou’s theorem, we obtain : 1 > / lim inf(¢™)'(s)ds and then for almost t € U,

U n—oo

the sequence (|(9"™)(t)])nen doesn’t tend to +oo. As we have :
Vt € U,Vn €N, (g")(t) = D(mwo f")(t,7(t))(1,7'(1)),

we obtain the proposition 12.

(]
End of the proof of theorem 1 : We can now finish the proof of theorem 1. Let

~v : T — R be a Lipschitz map whose graph is invariant by an exact symplectic positive

12



C! twist map f : A — A. By proposition 12, there exists a subset U of T with Lebesgue
measure 1 such that for every ¢t € U, the sequences (|D(m o f™)(t,v(t))(1,7(t)))nen
and (|D(mo f=™)(t,v(¢))(1,7(t))|)nen are well defined and doesn’t tend to +oo. By
proposition 9, for every t € U, we have : (1,7/(t)) € G~ (t,7(t)) N GT(¢,~(t)). By
proposition 7, G(v) is a dense G5 subset which contains U and thus the Lebesgue
measure of G() is 1, and every point of G(7) is a point of derivability of 7 and a point
of continuity of 7. [
Proof of theorem 3 : Let f : A — A be an exact symplectic positive C! twist
map and let v : T — R be a Lipschitz map whose graph is invariant by f. Let g be
the restriction of f to the graph of v. We assume that there exist two sequences of
integers (n;);en and (m;);en tending to +oo such that (¢™);en and (¢~ );en are equi-
Lipschitz with constant K. We assume that K is a Lipschitz constant for (t — (¢,7(t))
too. Then :

Ve € R,Vi € N, d(f™ (8, (), f7 (u () < Kd((t (1), (u,y(w))) < K2d(u, t);

Vtu € R,Vi € N, d(f ™ (6,A(1), £ (1)) < Kd((t (1), (u,7(w) < K2d(u,b).

Let us now consider ¢ € T; as «y is Lipschitz, there exists a sequence (t,)neny € TV such

) — ~(tn
that lim ¢, =t and the sequence <w> tends to 0 € R. Then we have
e —n neN
(f is any lift of f) :
1

Vi € N, Df™i(t,y(t))(1,8) = lim

n—oo t — t,,

(£t A3(0) = (s Ata) )

and

Vie N,Df "™ (t,v(t))(1,0) = lim

n—oo —

= (P AE) — T A () )
Hence : Vi € N,max{||Df™(t,y(t))(1,0)|, | Df ™ (t,v(t))(1,6)| < K2. Therefore,
by proposition 9, G~ (¢,v(t)) = G*(¢,7(t)) = R(1,7/(t)). We deduce from corollary 8
that vy is C*. 0
Proof of corollary 4 : Let f : A — A be an exact symplectic positive C'! twist map
and let v : T — R be a Lipschitz map whose graph is invariant by f. Let us assume
that the restriction g of f to the graph of + is bi-Lipschitz conjugate to a rotation :
there exists ¢ : T — G(v) such that ¢ and ¢! are Lipschitz and a rotation R : T — T
such that ¢ o Ro ™! = g. Then : Vn € N,g" = ¢ o R" o o~ !; therefore, if K is a
common Lipschitz constant of v, ¢ and ¢!, as R is an isometry, we have :

Vt,u € R, d(f"(t, (1), f"(u,y(u)) =d(poR"o @ (t,7(t)),po R" oo™ (u,v(u)))
< K3d(t,u) < K3d((t, (1)), (u,y(u))).
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Hence (¢*)rez is equi-Lipschitz.

We deduce from theorem 3 that + is C*.

Moreover, for every k € Z, we have : ||[D(m o fF)(t,y(t))(1,+'(t))] < K?; hence,
7o f(.,7(.) is a C! diffeomorphism of T which satisfies the assumptions of theorem
(6.1.1) of [9] : therefore it is C! conjugate to a rotation, and fic(y) too. (]

4 A generic property of Lipschitz functions

We think that the results contained in this sectionishould be known as folklore.
If 6 € R, its projection on T = R/Z is denoted by 6. We define on T a metric d by :

Y(a,B) € T?,d(a,f) = min |z —y|.
F=a,5=
Moreover, \ is the Lebesgue measure on T.

Let £ be the vector space of Lipschitz maps from T to R. We define on £ a map Lip
by :

. () =1 (®)]
Llp Y)=8SUp —————
( ) TH#Y d(flf,y)
We define on £ a norm |.|| = ||.||ec + Lip. Then (£, ||.]|) is a Banach space.

Lemma 13 There exists a subset A of T such that, for every open and non-empty
subset U of T, N\(UNA) >0 and A(UN (T\A)) > 0.

Proof of lemma 13 : Let us introduce a notation : if J is a closed interval which is
not a point and p €]0, 1], C,(J) is a Cantor subset of J such that : A\(C'(J)) = pA(J).

We define A\g = 3 and construct Co = C,([0,1]). Then A(Cp) = % and [0, 1]\Cp is the

union of a countable family (J),en of open intervals. Let us notice that the measure

of each of these intervals is less than %

We define A; = £ and for every n € N, we build C}} = Cy,(J}), a Cantor subset built in
JO. We define : C; = U C!. Then \(CoUCY) = T+iz= %4—3—12 and [0, 1]\(CoUCh)
neN

is the union of a countable family (J}),en of open intervals. Let us notice that the

measure of each of these intervals is less than %

We repeat this construction : for every n € N, A\, (1 — %(1 - 3%)) = # is such

that C7 = Cy,(J"), we have : Cp =[] CJ', MCoU---UCy) = 3(1 — 37) and
JjEN

[0,1]\(CopU---UCy) is the union of a countable family (J]T‘)jeN of open intervals. The

measure of each of these intervals is less than - .

27L
We define : C = U C,.

neN
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Let now J =]a, b[ be an open interval in [0, 1]. We choose n € N such that 5 < 252, As

1
the measure of each J7' is less than 5, the set CoU- - -UC,, meets ]b+a b bia 49|

the set CyuU---UC), belng totally discontinuous, one open set Ji* meets

b—a
4

AJTNC) =AU\ | Gr) = ( II a —M) AJ5) = ( II a- 3+12ﬁ)> A7)

E>n+1 i=n+1 i=n+1

[ and therefore is contained in J. We know that :

Therefore A(J7\C) €]0, A(J}')[ and J meets C' and [0,1]\C in subsets which have a

non zero measure.

0

Proposition 14 There exists a dense and open subset U of L such that, for every
v €U, there exists a subset Uy, C T such that A\(U,) > 0 and every t € U, is a point of
differentiability of v and a point of discontinuity of .

NoTATIONS. If A is a subset of R (resp. T), x4 is the characteristic function of A, i.e :
Ve e A, xa(z)=1and : Vo & A, xa(z) =0.

Proof of proposition 14 : We begin by exhibiting one example of n : T — R in
L such that the derivative of 1 has no point of continuity. Let A C T be chosen as
in lemma 13 : A is a set such that for every open and non empty subset U of T,
AUNA) > 0and A(UN(T\A)) > 0. Then the map : « : T — R defined by :

a(t) = AMT\A)xa(t) — AM(A)xmal(t ) is such that : [ = 0. Hence, a has a primitive
n : T — R defined by : V6 € [0, 1], f[oe]
The function a being Lebesgue 1ntegrable we have : for almost every t € T, 5 is
differentiable at t and 7' (t) = «(t). Moreover, a being bounded, the map 7 is Lipschitz.
We denote by D the set of ¢t € T such that 7 is differentiable at ¢ and 7/(t) = «a(t).
We have noticed that A(D) = 1. Moreover, if J is any open non empty interval of T,
by lemma 13, u(DNJNA)>0and pf(DNJN(T\A)) >0. Ifte DNJNA, nis
differentiable at ¢ and 1'(t) = a(t) = M(T\A) =a > 0;if t € DN J N (T\A), then 7 is
differentiable at ¢ and 7/(t) = a(t) = —A(A) = —b < 0. Then in every neighbourhood
of any point of differentiability of 7, there exists t1, to points of differentiability of 7
such that n/(t1) = a and n/(t2) = —b. It implies that n’ is nowhere continuous.

Before going on with the proof, let us notice that the set of the point of continuity

of any function is a Gy subset, and then measurable.
We consider a Lipschitz map v : T — R and an open subset i/ of £ which contains ~;
there are two cases :

1. either for every 71 € U, there exists U C T such that A(U) > 0 and every ¢t € U
is a point of differentiability of 71 and a point of discontinuity of ~/;

15



2. or there exists 73 € U and U C T such that A(U) = 1 and every ¢ € U is a point
of differentiability of 71 and a point of continuity of ~].

In this last case, we will prove that there exists an open non empty subset V C U such
that : for every 72 € V, there exists U C T such that A(U) > 0 and every ¢t € U is
a point of differentiability of 72 and a point of discontinuity of ~4. If we succeed in
proving that, the proposition 14 is proved.

Let us now build V. Let D(v1) be the set of the points of continuity of 74 and let d(+1)
be the set of the points of differentiability of v; : we know that A(D(y1)) = 1. Let
e €]0, 1[ be such that the ball centered at 1 +en with radius equal to e2£2 is contained
in U : this ball is then denoted by V. As at the beginning of the proof, we denote by D
the set of t € T such that 7 is differentiable at t and n/(t) = «(t). Let now tg € D(7y1).
As ty is a point of continuity of 1, there exists a neighbourhood Uy of ¢y in T such
that : Vt € Up N d(71), [ (t) — i (to)| < B2, Let now v, € V @ then v = v +en+u
with ||ul|s + Lip(u) < abJrTa. Let d(u) be the set of points of differentiability of u and
let Vo = UpNd(y)NDNd(u). Then A\(Vp) = A(Up) > 0 and :

1. u, 71 and 7 are differentiable at every t € Vj;

2. for every t € Vp, we have |u/(t)| < e%t? because Lip(u) < e%E;

3. for every t,t' € Vo, 7| (t) — v{(t')| < e&E2 because t,t' € Up;

4. if t € VyN A, then n/(t) = a and if t € VN (T\A), then n/'(t) = —b.
We deduce :

1. if t e VN A, then :

b+a b+a

Y(t) =N (t) +en'(t) + ' (t) > ca+n(to) — 2¢ = 71(to) +e(a - );

2. if t e VN (T\A), then :

b+a

b+a
4 )-

Y5(t) < —eb + +1(to) + 2¢ =1 (to) +e(—b+

We have : —b+ bTT“ <a— b‘fTa. Hence ~4 is discontinuous at every point of Up. Finally,

we have proved that for every vo € V, the Lebesque measure of the set of the points of
discontinuity of 74 is non zero. This ends the proof. ]

Of course, corollary 2 is a consequence of the last proposition and theorem 1.

5 The C" integrability

In this section, we will prove theorem 5. We consider an exact symplectic C' twist map
f A — A which is C? integrable and denote by I the set of the C%-maps v : T — R
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whose graph is invariant under f. Using the remark given in the introduction, we
notice that : Vvy1,v2 € T, either 1 < 792 or 71 > 2. We endow I' with the order < and
the metric do, of the uniform convergence.

Let f = (f1,f2) : R? — R? be a lift of f. For every v € C°(T,R), 7 is defined by :
5(0) = ~(f). Then I = {7;v € T'} is also an ordered set, and the graph of every
4 € T is invariant by f. For every v € I' we will denote by p(7) the rotation number
of fi(,7(.)) :R — R (see [9] for the definition). Then it is proved in [10] (2.4.2) that
p :I'— R is increasing; moreover, it is continuous.

Proposition 15 Let f : A — A be an exact symplectic positive C! twist map which
is CV integrable. If the graph of a continuous map v : T — R is invariant by f and if
its rotation number p(vy) = g is rational, then : Y0 € T, f4(0,v(6)) = (0,v(0)).

Proof of proposition 15 : Let (y,)nen be a decreasing sequence of elements of T’

which tends to y. Then : Vn € N, p(y,) > £ = p(7) and lim p(v,) = P We may also
n—oo q

choose v, in such a way that : Vn € N, p(y,) € R\Q.

Then, we have : Vk € N, V0 € R, 11(0,9,(0)) # 0 +p. We deduce that for every k € N :

cither (x); V0 € R, f{(6,71(0)) > 0+por (x)2 V0 €R, f{(0,7%(0)) < 0+p. Using the

fact that f1(.,7%()) is increasing and the fact that f1(641,9(0+1)) = f1(0,9,(0))+1 :

we deduce :

()1 either : Vn € N*,V0 € R, f"U(0,7(0)) > 0 + np;

(¥)2 or : ¥n € N*,¥0 € R, f9(6,751(0)) < 6 + np;

and then :

11(0,7k(0)) — 0

(%)1 either : VO € R, p(yx) = lim > B;
n—00 ng q
ngs s ~ -
(¥)2 or : VO € R, p(y) = lim 71 (0"2“;9)) b < g.

But we know that p(yx) > g; therefore, the case (x)y is impossible and we have :
VEk € N,V0 € R, f1(0,791(0)) > 6 + p. We deduce that : V8 € R, £1(6,5(6)) > 6 + p.
Using now a increasing sequence of elements of I" tending to v, we obtain, similarly :
Vo € R, £1(6,7(0)) < 0 + p. 0
Proof of theorem 5 : Let C = {y € T;y € CY(T,R) and VO € T,G(0,7(0)) =
GT(6,7(6))}. By corollary 8, we know that the condition v € C*(T, R) is redundant.

Lemma 16 If vy €T is such that p(vy) = g € Q, thenyeC.

Proof of lemma 16 : Let v € I' be such that p(y) € Q. We deduce from proposition
15 that every (6,v(0)) is g-periodic for f.
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Hence if g is the restriction of f to the graph G(vy) of v, the family (¢"%),cz =
(Idg(y))nez is equi-Lipschiz. We deduce from theorem 3 and from its proof that v € C. []

We define : Tg = {y € T'; p(v) € Q}; then I'y is dense in I'; lemma 16 implies that :
I'p € C. Hence C is dense in T'.
Let us now prove :

Lemma 17 The map : F : T xI' — A defined by : F(0,7v) = (8,7(0)) is a homeo-
morphism.

Proof of lemma 17 : this map is continuous, one-to-one and onto. Moreover, a result
due to Birkhoff states that for every compact set K of A, the set {y € I'; G(y)NK # 0}
is compact. Therefore the map F' is proper; hence, F' is a homeomorphism. [

Lemma 18 The set G = {x € A;GT(z) = G (x)} is a G5 subset of A.

The proof is the same as in proposition 7 : G is upper semi-continuous and G~ is
lower semi-continuous.

The map F being a homeomorphism, we deduce from lemma 18 that G = {(0,v) €
TxT;G(0,7v(0)) = GT(0,7(0))} is a Gg subset of T x I'. Moreover, it contains T x C
which is dense in T x I'. Hence G is a dense G subset of T x I'. Therefore there exists
a sequence (Uy)nen of open subsets of T x I' such that G = ﬂ U,. If n € N, then

neN
T xC C U,. As every set T x {7} is compact, the set V;, = {y € I; T x {y} C U,}

contains an open subset W,, of I' which contains C; then T x W,, is a dense and open
subset of T x I' such that : T xC C T x W,, C U,,. We deduce that G = ﬂ W, is a

neN
Gsof I'such that : TxC C Tx G C G. Hence G is a dense G5 subset of I' such that :

Vv € G, T x {7} is a subset in G; using corollary 8, we deduce that every v € G is C*.[]
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