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ON THE EXISTENCE OF PERIODIC INVARIANT
CURVES FOR ANALYTIC FAMILIES OF TWIST MAPS
AND BILLIARDS

CORENTIN FIEROBE AND ALFONSO SORRENTINO

ABSTRACT. In this paper we prove that in any analytic one-parameter
family of twist maps of the annulus, homotopically invariant curves
filled with periodic points corresponding to a given rotation num-
ber, either exist for all values of the parameters or at most for a
discrete subset. This extends, in dimension 2, a previous result
by Arnaud, Massetti and Sorrentino [2]. We then apply our result

to rational caustics of billiards, considering several models such as
Birkhoff billiards, outer billiards, symplectic billiards.

1. INTRODUCTION AND MAIN RESULTS

The existence of invariant curves in a two-dimensional dynamical sys-
tem is a precious ally in the study of its stability property, i.e. how
it behaves under small perturbations. This topic has been intensively
studied since Poincaré and the breakthrough of KAM theory, impulsed
by Kolmogorov [18], Arnol’d [3] and Moser [23]. KAM theory focuses
on a point of view which takes into account invariant curves with highly
irrational rotation number. It consists in considering small perturba-
tions of a completely integrable system — a system foliated by invariant
curves, and showing that there is a large (in a measure theoretic sense)
number of these curves which persist after such perturbations. We
recommend [26] for a precise overview of this theory.

Other results [10, 22, B30] proved that the other invariant curves (e.g.
with rational rotation number) tend to be destroyed by an arbitrary
small perturbation, and are replaced by zones of instability (hyperbolic
periodic point with transverse intersection of their invariant manifolds).

Recent developments [4, [14], 15, 9] around integrable billiards and
Birkhoft’s conjecture suggest that the existence of invariant curves
filled with periodic points is very rigid in the sense that the latter

contain a lot of informations on the billiard shape (that is elliptic in
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the mentioned works). In [15], it is even suggested that to generalize
their result to any domain, one could try to understand how invariant
curves filled with periodic points behave as we embed the domain in a
one-parameter family of domains converging to an ellipse (affine curve
shortening flow, see [27] for more details).

In this work, we study how a fixed invariant curve of rational rota-
tion number behaves in a given real-analytic one-parameter family of
so-called twist maps (which will be defined later, and include billiard
maps). This result works for any arbitrary real-analytic family of two-
dimensional maps, thus generalizing a previous result of Arnaud, Mas-
setti and Sorrentino [2] in the two-dimensional case. Our result can be
roughly stated as follows:

Theorem (see Theorem [§] for a more precise statement). Given an
interval J and a real-analytic family of exact symplectic twist maps
(F)eey, the set of parameters ¢ € J such that F. has an invariant
curve filled with periodic points of a given rotation number is either
discrete or the whole interval J.

In the rest of this section, we introduce the objects of study, and we
state more precisely our theorem (see Theorem [g)).

1.1. Exact-symplectic twist maps. On the space R?> = R x R of
pairs (p, ), consider m,, T, : R* — R the projections onto ¢ and p.

Consider two continuous Z-periodic maps p~—,p* : R - RU {400} and
assume that the inequality p~(q) < pT(q) is satisfied for any ¢ € R.
We define the open set

Ay ={(q,p) €R*|p~ () <p <p*(0)}-
It is a bundle over R, whose fibers are the intervals
Ayl ={reR|p (9 <p<p' (9}

It projects onto an interval bundle over the torus T' := R/Z having
the same fibers. Denote by graph (p~) and graph (p™), respectively, the
graphs of p~ and p* in R2

Definition 1. A diffeomorphism F' : A+ — A+, where F(q,p) :=
(Q(q,p), P(q,p)), is called an ezact-symplectic twist map if it satisfies
the following properties:

(i) (Periodicity) F(q+m,p) = F(q,p)+(m,0) for any (q,p) € A+
and m € Z;



(ii) (Twist condition) for any ¢ € R the map
p € Ayl — Qlg,p)

is a diffeomorphism onto its image;

(iii) (Boundary preservation) For any neighborhood V' of graph (p~)U
graph (p™) in R?, there is another such neighborhood U satis-
fying

FUNA) CVNA:;

(iv) (Generating function) There is an open set D C R? and a
smooth map S : D — R, called generating function of F, such
that for any (¢,Q) € D and m € Z:

(,Q) e D = (¢+m,Q+m)eD
S(p+m,Q+m) = 5(q,Q),
and
PdQ — pdq = dS(q, Q).

Remark 2. Given an exact symplectic twist map F', the map p €
Ap:l:’q — Q(q,p) is either strictly increasing for any ¢, or strictly de-
creasing for any ¢. In the first case, we say that F' is positive, in the
second one that it is negative. Note also that since 05,5 = —(9,Q) ™"
[16, Formula (9.2.4)], we observe that 92,5 < 0 if F is positive, and
0%,S > 0 if F is negative. In the proofs, we will often assume that F is
positive to simplify the redaction, since the proofs in the negative case
are analogous.

Remark 3. An exact symplectic twist map F' induces a map f of the
tangent bundle TT' ~ T!' x R. More precisely, if 7 : R? — T! x R
is the canonical projection, then f : m(A,+) — m(A,+) is defined by
fom = mo F. We will sometimes use the same notations for both
objects.

1.2. Periodic and invariant graphs. A rotational invariant curve
of a symplectic twist map F': A= — A+ is a curve I' C A,+ such that
F(I') =T and such that A, \T" consists of two connected components.

Remark 4. A famous theorem by Birkhoff (see for example [9, Theorem
15.1]) states that any rotational invariant curve I, if its exists, is the
graph of a Lipschitz continuous 1-periodic map v : R — R. Moreover,
the Lipschitz constant of v only depends on infr 9,Q > 0 (|9, Theorem
15.1] but also [13, Lemma 13.1.1] and [12] Proposition 12.3] for more
details).

This leads to the following definition.
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Definition 5. Let ' : Aj+ — A+ be an exact-symplectic twist map,
I' = graph(y) C A, be the graph of a 1-periodic Lipschitz-continuous
map v: R = R, and m € Z,n € N* coprime. We say that I' is

(i) (m,n)-periodic if F"(q,7(q)) = (¢ +m,~(q)) for any ¢ € R;
(ii) invariant under F if F(T") C T
(iii) C*-smooth (resp. analytic) if v is a C¥-smooth (resp. analytic).

We show in Proposition [13| that (m,n)-periodic graphs are automati-
cally invariant by F' and have the same regularity as F'.

1.3. Twist interval. An (m,n)-periodic invariant graph I of F' can be
identified with T! and F|. as the lift of a diffeomorphism of T whose
rotation number is m/n. We introduce the set of all possible rotation
numbers of orbits of F', and call it twist interval of F. It is defined as
follows (see also [13, Definition 9.3.2]):

Definition 6. The twist interval of a symplectic twist map F' is the
set TI(F) of numbers o € R for which there is a neighborhood U~ of
graph (p~) and a neighborhood U™ of graph (p™) in R? such that for
((Lp) € Api

(¢,p) e U~ = moF(¢,p) —q¢ <«

and
(¢,p) eUT = my0 F(q,p) —q >«

Remark 7. The twist interval is by construction an open interval of
R. For example, given ¢ € R, the map F. : R x (0,1) — R x (0,1)
defined for all (¢,p) € R x (0,1) by F(q,p) = (¢+p+¢,p) is an exact
symplectic twist map whose twist interval is TI(F.) = (¢,1 + €).

Another example can be given in the case of the usual billiard map.
Given a strictly convex domain €2, the billiard map Fop : Rx (=1,1) —
R x (=1,1) by Fo(gq,—cosp) = (g1, — cos p1) where (g1, 1) is the pair
describing the point of impact and the angle of reflection after the
bounce of a tractetory coming from ¢ and making an angle ¢ with the
boundary of €. The twist interval of Fg is given by TI(Fg) = (0,1):
indeed, when ¢ goes from 0 to 7, the point of impact ¢; moves along
the boundary 0f) from g to itself, winding exactly once around 0f2.

1.4. Main theorem. We now consider analytic one-parameter fami-
lies of symplectic twist maps. More specifically, consider an interval
I C R and continuous maps p—,p" : I x R = R U {+£oc} that are 1-
periodic in the second component and such that for any (g,¢9) € I x R



the inequality p~(e,q) < p*(g,q).
One can introduce the open set

Arpz:={(s,q,p) € I xR*|p~(e,q) <p<p™(c,q)}

and denotes their closure by

Arpe ={(e,q,p) €I xR?|p~(g,9) <p <p*(c,9)}.

Given ¢ € I, we denote its e-section by

A7 v ={(¢.p) €eR?*|p (e,9) <p<p'(e.q)}

Theorem 8 (Main Theorem). Assume that I C R is an interval and
(m,n) € Z x N*. Suppose that for any ¢ € I we are given an exact
symplectic twist map F. such that:

(i) the map (e,q,p) € Arpx — F.(q,p) is analytic;
(ii) m/n € TI(F.) for everye € I.

Then, the set
Zimn)(R) :={e € I'| F, has an (m,n)-periodic invariant graph}
15 either discrete or consists of the whole I.

Remark 9. In the statement of Theorem [8] we do not need to precise
the regularity of invariant graphs. In fact, it follows from Proposition
that they are analytic.

1.5. Application to Birkhoff’s billiards. A billiard is a bounded
domain Q C RY, d > 2, with (piecewise) smooth boundary, in which
one can study the behaviour of an infinitely small particle evolving
inside {2 without friction. When reaching the boundary, the particle
bounces on it according to the usual reflection law of geometrical optics
angle of incidence = angle of reflection.

Let us consider the case when () is strictly convex with a smooth
boundary, which defines a so-called Birkhoff billiard. The dynamics
of a particle in Q is described by a discrete map, the billiard map,
acting on the space of oriented lines intersecting €2: given such a line
¢, the billiard map associates to it the line ¢ naturally obtained by
reflecting ¢ at the point of impact with 9€2. The phase space is a cylin-
der, which in the case of dimension 2 can be parametrized by pairs
(s,) € R/|OQZ x [0, 7], where s is an arc-length coordinate on the
boundary 02 and ¢ is the angle between the tangent line of {2 at s and
the corresponding oriented line starting at s.
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FIGURE 1. The classical reflection law of a particle inside
a strictly convex domain €2 with smooth boundary.

As for dynamical systems in general, one can study the so-called in-
tegrable billiards: billiards whose phase space contains an open set
foliated by curves which are invariant by the billiard map. Circles are
examples of such billiards for which the whole phase space is foliated
by invariant curves — in this case we speak about globally integrable
billiards. Let us mention also the case of ellipses which are integrable,
but not globally integrable. A famous conjecture, due to Birkhoft [6]
and Poritsky [25], states that

Conjecture 10 (Birkhoff-Poritsky). The only integrable billiards are
ellipses.

Bialy [4] showed that the only globally integrable billiards are circles.
Kaloshin-Sorrentino [15] proved that the only billiards close to ellipses
having invariant curves of rotation number 1/q for any ¢ > 2 are el-
lipses. Later, Koval [19] extended this result to billiards close to el-
lipses of small eccentricity having invariant curves of rotation number
r = p/q, for any r lower than an arbitrarily small bound of the form
1/qo. The rotation number of an invariant curve is defined as the rota-
tion number of the circle map obtained by restricting the billiard map
to the corresponding curve.

In the case of non-rational rotation number, Lazutkin [20] showed that
there is a Cantor set C' C [0, 1] of non-zero measure accumulating to
0 such that each w € C' is the rotation number of an invariant curve.
Popov showed [24] that these curve persists under a small deforma-
tion of the billiard. However the rotation numbers considered in these
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results are far from being rational: they are so-called Diophantine num-
bers, which are numbers badly approximated by rationals.

In the case of rational rotation numbers, it is expected that correspond-
ing invariant curves are more fragile. Arnaud-Massetti-Sorrentino [2]
recently proved a result in this direction for deformations of the stan-
dard map in the class of analytic twist-maps of the cylinder (in any
dimension). Let us also mention the works of Kaloshin-Koudjinan [14]
who are studying the case of billiard domains close to a disk having
two invariant curves of rotation numbers 1/2 and 1/2¢ + 1 for ¢ > 1.

In this paper, we will extend [2] to the case of billiard maps. More
precisely, we will prove the following

Theorem 11 (Invariant curves in families of Birkhoff billiards). Let
I be a compact interval and (Q:)ecr be an analytic family of strictly
convez analytic domains. Then given a pair (m,n) € ZxN* of coprime
integers such that m/n € (0,1), the set of € € I such that the billiard
map inside Q. has an (m,n)-periodic invariant curve is either finite or
consists of the whole 1.

This result doesn’t answer Birkhoff’s conjecture, but rather tells how
fragile periodic invariant curves can be. In what follows we give more
details on the objects we will consider. Theorem [11] on billiards is a
consequence of Main Theorem (Theorem [8)), as shown in Section

1.6. Application to dual billiards. Given a strictly convex domain
) c R? with a smooth oriented boundary, the dual or outer billiard
outside ) can be defined as follows (see Figure [2). For any point
p € R?\ Q, there are at most two tangent lines to J€) passing through
p. Consider the unique one which is tangent to 0€) at a point ¢ and
such that the vector pg has the same orientation as the boundary 02
at g. Define the image by p by the dual billiard map as the point F(p)
on the latter tangent line 7;0¢2 such that ¢ is the midpoint between p
and F(p).

Dual billiards were introduced by B. H. Newman (Reference?) and
their properties were largely studied since then. They are known to be
symplectic twist maps of the infinite annulus T! x (0, 4+00), and thus
can be investigated in the context of Aubry-Mather theory [7]. Douady
[8] showed that if the boundary O is sufficiently smooth (at least C°),
then there is a positive measure set of invariant curves accumulating
to the boundary, as well as a positive measure set of invariant curves
accumulating at infinity. In paticular this gives a negative answer to

I do not know if this is
the right place to
mention [2] since it does

not apply to billiards.



8 CORENTIN FIEROBE AND ALFONSO SORRENTINO

p

FIGURE 2. The point F'(p) is the image of p by the dual
billiard map around the domain €2. The point ¢ is the
midpoint between p and F'(p) which are supported by a
line tangent to 0f at q.

the famous question of the existence of unbounded orbits. Adapting
a result of Mather for Birkhoff billiards (see [9]) Boyland [7] proved
that in the context of simple convexity, if the curvature of the domain
vanishes, or has jump discontinuities, then there is a neighborhood of
the boundary without invariant curves.

A version of Birkhoff’s conjecture is also studied for dual billiards. It
is indeed known that the phase space of dual billiards around ellipses
is foliated by invariant curves, induced by any bigger ellipse homoth-
etically equivalent to the initial billiard. The question is to ask wether
the converse is also true. Bialy [5] proved a total integrability result:
if the phase space of a dual billiard is foliated by continuous invariant
curves then the billiard is an ellipse. If we assume the foliation to be
only in a open set of the phase space (local integrability), some partial
positive results were given in [I1], 29].

Theorem 12 (Invariant curves in families of outer billiards). Let I be
a compact interval and (Q:)cer be an analytic family of strictly convex
analytic domains. Then given a pair (m,n) € Z x N* of coprime inte-
gers such that m/n € (0,1), the set of € € I such that the outer billiard
map associated to Q. has an (m,n)-periodic invariant curve is either
finite or consists of the whole I.

Theorem [12| on billiards is a consequence of Main Theorem (Theorem
B), as shown in Section [5
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Maybe I would mention Symplectic billiards. As for the other billiard-
like models, as in Albers-Tabachnikov, we could add a remark that
there are many other models to which our result applies yielding to
similar results, and refer to the article by Albers and Tab.

2. PRELIMINARY RESULTS ON PERIODIC GRAPHS

In this section we prove some preliminary results on invariant periodic
graphs of a symplectic twist map F' : A= — A + with generating
function S : D — R. The main results in this section are Proposition
and Proposition [15]

We first recall some basic notions related to the orbits of F, and we
refer the reader to [I2] for more details about them. The projection
7, : R = R onto the g-component induces a bijection between orbits
(qr, pr)kez of F, where for all k € Z

F(qk, pk) = (Qk+1, Pr+1),

and so-called stationary configurations (qx)kez, which are sequences
satisfying for all k € Z

(G, qr+1) €D and 2S5 (qk—1,qr) + 15 (qk, qrs1) = 0.

An orbit (gg, px)kez or its associated stationary configuration (gi)rez
are called minimal if for any integers u < v the family (gx)u<g<, mini-
mizes the functionnal
v—1
z = (T)ugheo — Y STk, Tes1)
k=u
among all families z € RV"**! with z, = ¢, and x, = q,.

It is known (see [4], proof of Theorem A|, which applies to any symplec-
tic twist maps, or [I] Proposition 6), that a minimal orbit (qx, px)kez
has no conjugate points, which means that any two points (g, px) and
(qe, pe) = F**(qx, pr) along the orbit satisfy

Op (7Tq ) Ff_k) (qk,px) # 0.

Proposition 13. Let F' : A= — A+ be an exact-symplectic twist
map and I' C Ayx be an (m,n)-periodic Lipschitz continuous graph of
F, for some m € Z,n € N* coprime. Then:

(1) T is invariant by F;
(ii) the projection of an orbit intersecting I is a minimal configu-
ration, and hence has no conjugate points;
(iii) T is as smooth as F is;
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(iv) F has no other (m,n)-periodic Lipschitz continuous graph.

Remark 14. Note that in general two invariant graphs with the same
rational rotation number might coexist; in this case, their intersection
consists of periodic orbits and the two graphs should contain also non-
periodic ones. For instance, consider the twist map corresponding to
an elliptic billiard (non-circular): its phase space contains two invariant
graphs of rotation number 1/2. On the other hand, there might exist at
most one invariant rotational curve for each irrational rotation number
in the twist interval [16, Theorem 13.2.9].

Proof. 1t is well-known that Items (i) and (ii) are equivalent, see for
example [9, Theorem 17.4] for the implication (i) = (i7), and |2, Propo-
sition 2.5] for the reverse implication. So to prove the result it is enough
to show that items (i), (i) and (iv) are satisfied.

(i) To show that I' is invariant by F, we extend F to a symplectic
twist map G : R? — R?, coinciding with F in a neighborhood of I' and
satisfying the superlinearity condition at infinity, namely

lim SG(Q? Q) — —I—OO,
lo=Ql=+oo [Q — 4]
where S denotes the generating function of GG. If such a G exists,
then the orbits of G intersecting I" are minimal by [2], Proposition 2.5];
therefore, I' is invariant by G, and hence by F.

The construction of such a G is quite standard, and we refer to [9
Section 8] or [12, Lemma 8.2]. It is however not necessarily analytic,
but this does not affect the result. Let us assume that F' is positive,
and let S be the generating function of F": it is defined on an open
set D. Consider the set of pairs (¢, Q) € D such that there is a point
z € T and an integer k € {0,...,n — 1} for which 7, 0 F¥(z) = ¢
and 7, o F*1(z) = Q; this set is contained in a compact set K C D.
On this compact set the twist condition is uniform, which means that
there is @ > 0 such that 97,5k < —a. Hence applying [9, Section
8], or [12, Lemma 8.2] we deduce the existence of a symplectic twist
map G : R? — R? whose generating function Sg is defined on R2
coincides with S on K and has the uniform twist everywhere, that is
0%,S < —a' everywhere, for some @’ > 0. This implies together with
|12, Proposition 11.2] that the map G has the announced properties,
which concludes the result.

(iii) The smoothness comes from the property that an orbit corre-
sponding to an action-minimizing configuration has no conjugate points
(see the proof of [4, Theorem A|, which applies to any symplectic twist
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maps, or [I, Proposition 6]). Hence following the argument of |2, Propo-
sition 2.5|, this implies that the map R : (¢,p) — m,0 F™(q,p) —q—m
which vanishes on I' satisfies 0,R(q,p) # 0 for (¢,p) € I'. By the im-
plicit mapping theorem, I' can be described locally as a graph of a map
which is as smooth as F', which proves the assertion.

(iv) We apply [13, Lemma 13.2.10|: if " has an invariant curve I' of
rotation number m/n, then any order-preserving orbit of F' whose clo-
sure is distinct from I' has rotation number # m/n (the definition of
order-preserving orbit is given in [13], and periodic orbits are a partic-
ular case of them). Hence any periodic orbit of rotation number m/n
should have a point on I', and consequently be entirely contained in I'
since I' is invariant by F'. O

Let us show a localisation result when one consider a family of sym-
plectic twist maps.

Proposition 15. Assume that I C R is a compact interval and (m,n) €
Z x N*. Suppose that for any € € I we are given an exact symplectic
twist map F. such that:

(i) the map (g,q,p) € A= — F.(q,p) is C'-smooth;
(ii) m/n € TI(F.) for any ¢ € I.

Then, there is a neighborhood U of graph (p~)U graph (p™) in I x R xR
such that for any € € 1, any (m,n)-periodic orbit of F. is contained in
K = Af,pi \ U.

From this result together with Remark [ we immediately deduce the
following result.

Corollary 16. Under the assumption of Proposition there is a
constant k > 0 depending only on infy 0,m,F such that for any e > 0,
an (m,n)-periodic invariant graph I of F; is Lipschitz continuous with
Lipschitz constant k.

In order to prove Proposition we need the following Lemma, whose
proof can be found in [I6, Theorem 9.3.7 and its proof].

Lemma 17. Let F be an exact-symplectic twist map of the open an-
nulus Ay and m/n € TI(F). Then, given a,b € TI(F) such that
a < m/n < b, there exists a neighborhood U_ of graph(p~) and a
neighborhood Uy of graph (p™) such that for any k € {0,...,n—1}

(1) Y(¢,p) €U_  m 0 F*Y(q,p) — 7,0 F*(q,p) < a
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and

(2) Y(¢,p) €Uy m 0 F*Y(q,p) — 7,0 F¥(q,p) > b.

We can now prove Proposition

Proof of Proposition[15 Consider a decreasing sequence U; of neigh-
borhoods of graph (p~) U graph (p*) in I x R x R such that N,;U; =
graph (p~)Ugraph (p*) and assume by contradiction that there are two
sequences (z7)); and (g;); such that for each j, 219 is an (m, n)-periodic
orbits of F,, having a point in ({g;} x Ai{pi) NnU;.

Since I is compact, we can assume that the sequence (5j)j converges to
a certain ¢ € I. Consider the sets U_ and U, of Lemma [17| associated
to the rotation number m/n and the twist map F.. Define U = U_UU,..
By continuity of F', p~ and p~, for &’ sufficiently close to e, U remains
a neighborhood of graph (p~)(¢’, -) Ugraph (p™)(¢’, -) and Equations
and are also satisfied by F.,. In particular, considering ¢ = ¢; for
sufficiently large j, (m,n)-periodic orbits of F. have their points in
Ai{pi \ U. Now by intersection property on the sequence of U,’s, if j
is sufficiently large U; C I x U, and the latter implies that 2z is an
(m,n)-periodic orbit of I, having a point in U. This is contradictory
and concludes the proof. O

3. PROOF OF MAIN THEOREM (THEOREM

In this section, we prove the Main Theorem, namely Theorem 8 Given
a pair (m,n) € Z x N* of coprime integers, we first recall some prop-
erties of the set

Timn)(R) = {e € I'| F; has an (m, n)-periodic invariant graph}
defined in the statement of the theorem.

Lemma 18. Under the assumptions of Theorem [§

(i) For € € Zimn)(R), there exists a unique 1-periodic continuous
map . : R — R such that graph(~.) is an (m,n)-periodic in-
variant graph invariant by F..

(ii) The map (g,q) € o) (R) x R — ~.(q) is continuous (for the
topology induced by I X R on Ly, ) (R) X R).

(iii) Zgmnn)(R) 4s a closed subset of 1.
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Proof. (i) The existence of such +, follows from the definition of Z,, ,,)(R).
The unicity comes from Proposition [I13] Note that . is Lipschitz con-
tinuous with a Lipschitz constant depending on e, but which can be
chosen uniformly for any e lying in a compact subinterval I’ C I by
Corollary This property will be useful for the rest of the proof.

(ii) Choose € € Ty ) (R) and a sequence (g5); C Zmn)(R) converging
to . Let us how that (v.,); converges to 7. in the uniform topology.
As noticed in item (i), each 7., as well as +. is Lipschitz continuous,
and they share the same Lipschitz constant (ie equi-Lipschitz).

We do the proof in two steps:

e Step 1. We prove that any subsequence of (7.,); converging in the
space of 1-periodic continuous maps R — R for the uniform topology
has 7. as a limit;

e Step 2. We show that (v,); has at least one converging subsequence
(applying Ascoli-Arzela theorem).

These two steps imply the assertion of item (ii).

Proof of Step 1. Assume that there is a subsequence (v, )i converging
to a 1-periodic map v : R — R in the uniform topology. By Proposi-
tion graph (7s) C A7 .. The identity /7. = Id+ (m,0) is satisfied
on graph <., , hence, by continuity, F!* = Id + (m,0) on graph (7).
Let us mention that s is Lipschitz continuous since all 7., are Lip-
schitz continuous with the same Lipschitz constant. Hence graph 7.,
is a (m,n)-periodic graph of F., which is invariant by Proposition [13]
Therefore v, = 7., which follows from the unicity of (m,n)-periodic
graphs, again by Proposition [I3]

Proof of Step 2. Let us check that the assumptions of Ascoli-Arzela
theorem are satisfied by the sequence of maps (7.,);. By Proposition
, the maps 7., are contained in a compact subset K of Ay ,+ which
implies that they are bounded by the same constant (ie equibounded).
Moreover, we noticed already that they are Lipshitz continuous with
a uniform Lipschitz constant. Hence Step 2 follows from Ascoli-Arzela
theorem, and therefore point (2) is proven.

(iii) Consider a sequence of €; € Z,;, ) (R) converging toa e € 1. As in
item (ii), the family of maps ~., is equibounded and equi-Lipschitz. By
extracting a subsequence as in Step 2 of item (ii), we can suppose that
7., converges to a l-periodic Lipschitz continuous map 7. : R — R,
such that {e} x graph(y.) C Aj,+ (Proposition [I5), and which is
(m, n)-periodic by continuity of F' as a map of (¢, ¢, p). By Proposition



14 CORENTIN FIEROBE AND ALFONSO SORRENTINO

[13} this implies that & € Ziyn)(R).
U

We can now prove the following stronger result on the topological struc-
ture of the set Z,, »)(R).

Lemma 19. Under the assumptions of Theorem 8, the set Ty, ny(R) is
either the whole I or it has empty interior.

Proof. Assume that Z, »)(R) has non-empty interior, and let us show
that Z(;,»)(R) = I. Let us define a = infI and b = supI so that
I'n(a,b) = (a,b)..

Consider a connected component A C Z,, ,)(R) which is not reduced
to a point. Let § = sup A, and suppose that § < b. We will raise a
contradiction.

First note that necessarily 8 € Zg,n)(R) since 8 € I and the set
Zimn)(R) is closed in I by Lemma therefore, § € A.

Applying again Lemma we can then define a family of Lipschitz
continuous maps (7:):c such that for all e € A, graph(~.) is an (m,n)-
periodic graph invariant by F.. Moreover the map I' : (g,q) — 7:(¢)
is continuous, again by Lemma [I§ We will show that we can extend
[' to the open set (8 —r, 8+ r) x R, with » > 0, thus leading to a
contradiction, since this would imply that (8 —r, 5+ r) C A, thus
contradicting the maximality of A.

Let us apply the implicit function theorem to the map
Ai(e, q,p) =m0 F'(q,p) —q—m.

Since Fj has no conjugate points on graph(vys) (see Proposition [L3)),
J,A1 do not vanish on the set {(3,¢,73(¢))|¢ € R}. Hence we can
define an analytic map (e,q) € (8 —7r,5+71) X R— n.(q), with r > 0,
such that 7z = 73 and for any (e, ¢, p) close to (3, q,n3(q)) we have

0 Fe(q,p) =q+m & p = n:(q).

The latter implies — together with the continuity of v — that for e < 8
and sufficiently close to 5, we have n. = ..

Now consider, the map Ay : (8 — 7,8+ 1) X R — R defined by

(e,q9) = mp0 F'(q,m:(q)) — 1:(q).
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Since 1. = 7. for § —r < ¢ < 8 and graph~, is (m,n)-periodic, Ay
vanishes on (5 —r, §] x R. Since A, is analytic and (8 —r,f+7) xR
is connected, Ay vanishes on (5 —r, 8+ 1) x R.

Combining the two results on A; and A,, we obtain that, for any
e € (B—r,f+r), graph(n.) is an (m,n)-periodic graph of F.. This
contradicts the fact that € cannot be bigger than . U

Proof of Theorem [8 Let us suppose that Z, »)(R) has an accumula-
tion point 3 € I and show that in this case Z(,)(R) = I. The proof
of Lemma (19| can be adapted to this context: there is a sequence (g,,),
converging to [ with ¢, # [ satisfying

V(n,q) e N xR As(en,q) = 0.

Hence A, is flat at any (8,¢) € {f} x R, meaning that its partial
derivatives of any order in € and ¢ vanish. By analyticity of A, and 1-
periodicity in ¢, it vanishes on an open set of the form JxR. Hence for ¢
sufficiently close to 3, . parametrizes an (m,n)-periodic F.-invariant
graph. We conclude that Z, ,)(R) has non-empty interior, and by
Lemma [19] that Z,, ) (R) = 1. O

4. PROOF OF THEOREM USING MAIN THEOREM

Let (Q)ees be an analytic family of strictly convex domains with an-
alytic boundary. By applying homotheties to the different €)., we can
suppose that each €. has perimeter 1 (note that homotheties do not
break the property of the billiard map in a domain of having an (m, n)-
periodic invariant graph of a fixed rotation number).

For each € € I, one can consider a parametrization s € R +— ~.(s)
of 4. by arc-length which by assumption one can assume analytic in
(¢,8). The billiard map inside €. induces an exact symplectic twist
map F.:Rx (=1,1) = R x (=1, 1) defined for all (s,0) € R x (—1,1)
by

F.(s,0) = (s1,01)

where, if 0 = —cosp and ¢ € (0,7), then s; and oy are defined by
following requirements a) and b):

a) 7Y-(s1) is the second point of intersection with 0. of the line ¢
passing through 7.(s) and making an angle ¢ with the tangent line of
O at 7-(s);

b) the line ¢ makes an angle p; with the tangent line of 92 at ~.(s;)
and this defines 07 = — cos .
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Let us check that the corresponding family of billiard maps (F.). sat-
isfies the assumptions of Theorem [§]

It is well-known that the billiard map written in the coordinates (s, o)
is an exact symplectic twist map as defined in Definition

Given € € I and (s, ) € Rx (—1,1), the corresponding line ¢ (as in a))
is transverse to the boundary of €. at 7.(s1). A simple computation
shows that it allows to apply the implicit function theorem, namely
there is a neighborhood U of (e, s,¢) € I x Rx (—1,1) and an analytic
map ¢ : U — R such that s;(¢’, s, 0") = ¢(¢', ¢/, 0’) for (¢/,5',0") € U.
The analytic regularity of oy comes from the fact that it can be written
as
_ 76(31> - 75(8)
g1 =
[7e(s1) = 7=(s)
where u cot v denotes the scalar product of two vectors u and v. Hence
Assumption (i) of Main Theorem is satisfied.

” ’ 72(51)

It is well-known that since each 2. is strictly convex, the map F. ex-
tends to a continuous map R x [—1, 1] satisfying for any s € R the
equalities F.(s,0) = (s,0) and F.(s,1) = (s + 1,1). This implies that
TI(F.) = (0,1).

Hence the assumptions of Main Theorem are satisfied and it implies
the result.

5. PROOF OF THEOREM USING MAIN THEOREM

Let (Q)ees be an analytic family of strictly convex domains with an-
alytic boundary. We introduce the so-called enveloppe coordinates on
each 09, see [7]. They are defined as follows.

By applying translations to the domains, one can assume that there is
a point O which remains inside all domains. Consider a fixed direction
Oz. For each € € [ and any angle 6 € R, one can associate the oriented
line Ly to 92 which makes an angle 6 4+ /2 with Ox and is tangent to
it at a point a(f) where the orientations of 92 and L, are the same.
Let p.(0) be the distance from O to Ly. Under the assumptions of
Theorem one can assume that p is analytic in (g, ).

For any point p € R?\ , one can find a unique 6 such that the vector
a(f) — z and Ly are colinear with the same orientation. The pair (6, )
where v = ||a(f) — z||?/2 is called the enveloppe coordinate of p and
uniquely determines p.
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The outer billiard map outside (). acts on the space of enveloppe co-
ordinates R x (0,400) and induces an exact symplectic twist map
F. : R x (0,400) = R x (0,+00) defined for all (6,7) € R x (0, +00)
by

F€(07 7) = (917 ’}/1>

Let us check that the corresponding family of outer billiard maps (F%).
satisfies the assumptions of Theorem

Given ¢ € I and p € R?\ €., consider G.(p) to be the image of p
after one outer billiard reflection on €).. The map G is well-defined
and analytic. It is then a consequence of the implicit function theorem
that the enveloppe coordinates of a point ¢ depend analytically on gq.
Hence Assumption (i) of Main Theorem is satisfied.

It is well-known that the twist interval of a dual billiard map is TI(F;) =
(0,1/2). Hence the assumptions of Main Theorem are satisfied and it
implies the result.

6. APPENDIX

Proposition 20. Let f: T' x (0,1) — T! x (0,1) be the billiard map
written in (s, — cos ) coordinates and I be an (m, n)-periodic Lipschitz
graph T of f. Then

(i) T invariant by f;

(i1) the projection of an orbit of T is a minimal configuration;

(131) T is as smooth as [ is.

Proof. We show first (ii); then (i) and (iii) will follow from Proposition
L3

(ii) Minimality. First let us show that the projection s = (s,)pez of
an orbit (s,,y,), such that (sg,y0) € I' is minimal (here y stands for
— oS ).

Let us write I' = {(s, ¢(s)) | s € LT'} where ¢ : T — (0,1) is a Lips-
chitz continuous map and L is the perimeter of the billiard boundary.
Denote by h : D — R the generating function of the billiard where
D ={(s,5)|s <s" < s+ 1}. For any p < q, define

q—1 Zq

Epg(Tpy .o Ty) = Z h(xg, Tpi1) — / o(u)du.

k=p Zp
In the case of the billiard map, &,, is well-defined and continuous on
the compact set K = {(z,...,2,) |0 € [0,1], Vk z), < xp41 < 1 +1}.
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Hence it has a global minimal value which is reached at a certain point
z = (xp,...,2,). Now by triangular inequality, we have the important
fact that
z € int(K).

This property is specific to the billiard map and due to the fact that
h(z,y) + h(y,z) < h(x,z) + h(x,z) for any = < y < z. Hence z
is a critical point of &,, and by a classical argument, z is a stationary
configuration corresponding to an orbit (x;, y;),<j<, of the billiard map
such that y, = ¢(z,) and y, = ¢(z,).

It follows that our initial configuration s minimizes each &, ;, among
all configurations with the same endpoints s,, and sg,, where p < q.
Hence s minimizes the action considered between the indices pn and
gqn, among all configurations with the same endpoints. By another
classical argument, s is minimal. O
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