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Abstract

We consider the free motion of a point particle inside a circular billiard with periodically moving
boundary, with the assumption that the collisions of the particle with the boundary are elastic so that the
energy of the particle is not preserved. It is known that if the motion of the boundary is regular enough
then the energy is bounded due to the existence of invariant curves. We show that it is nevertheless
possible that the motion of the particle is chaotic, also under regularity assumptions for the moving
boundary. More precisely, we show that there exists a class of functions describing the motion of the
boundary for which the billiard map has positive topological entropy. The proof relies on variational
techniques based on Aubry-Mather theory.
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1 Introduction

A mathematical billiard with moving boundary is a region of the plane instantaneously bounded by a
closed curve changing with time. The billiard problem then consists of the free motion of a point particle
inside this region colliding elastically with the moving boundary.

The study of time-dependent billiards can be motivated physically by the study of confined Lorentz
gas or by some models in nuclear physics (see for instance [5, 6, 11, 29]). In the physical contexts, a
relevant question is whether the elastic bounces can make the energy of the particle grow infinitely. The
question was raised by Fermi [8] trying to explain the high velocity gained by photons. A mathematical
formulation of the problem was proposed by Ulam and is now called the Fermi-Ulam model. It describes
the free motion of a particle between two parallel walls moving periodically. “Fermi acceleration” then
occurs if the elastic bounces with the moving walls make the energy of the particle tend to infinity. It is
known that it depends on the regularity of the motion of the walls. Actually, it was proved in [15] that
if the motion of the wall is at least C® then KAM theory applies and the energy remains bounded. On
the other hand, in [31] it is shown how to construct a motion of the walls that is only continuous and
allows the energy to grow to infinity (see also [19] for a similar result in a related impact model).

Time-dependent billiards can be seen as natural generalisations of the Fermi-Ulam model and the
question on the existence of Fermi acceleration naturally extends to this context. In this case, the answer
also depends on the geometry of the boundary.

If the boundary is a moving ellipse then it has been proved in [7] that it is possible to construct orbits
that gain energy. Moreover, the existence of unbounded motions is a symptom of complex dynamics. In
fact, in [7] it is also proved that the phenomenon of splitting of the separatrices occurs and a scattering
map can be defined. We refer to [10] for more insight on the topic of Fermi acceleration in general
time-dependent billiards.

Instead, if the boundary is a circle with radius varying smoothly with time then KAM theory applies
and the energy remains bounded [27]. Since the motion along a diameter is described by the classical

*Dipartimento di Matematica, Universita di Pisa, Largo Bruno Pontecorvo 5, 56127 Pisa, Italy. E-mail:
claudio.bonanno@unipi.it.
TDipartimento di Matematica, Universita di Pisa, Largo Bruno Pontecorvo 5, 56127 Pisa, Italy. E-mail:

stefano.maroQunipi.it.



Fermi-Ulam model, the counterexample constructed in [31] shows that the regularity of the motion of
the boundary is a fundamental assumption in [27].

In this paper we deal with the case of a region with circular boundary of radius R(t) periodic in time.
The region is called the breathing circle billiard. We show that, even if the motion of the boundary is
regular, chaotic phenomena can occur. More precisely, we find a class of function R such that if R € R
then the associated billiard map has positive topological entropy. The class R has a somehow technical
definition but it can be shown that a representative is

R(t) = M + § sin(27t)

with M sufficiently large with respect to §.

The dynamics of a time-dependent billiard whose boundary remains a convex curve can be described
by a 4-dimensional exact symplectic map [13]. However, for the breathing circle billiard, the angular
momentum is a first integral so that the dynamics can be reduced to a two dimensional map of the cylinder
that turns out to be exact symplectic and twist at large energies. We show that the reduced map enters
in the variational framework of Aubry-Mather theory, which implies the existence of interesting invariant
sets. In particular a key role is played by invariant curves with irrational rotation numbers. More
precisely, it is known that the lack of invariant curves for a given irrational rotation number implies the
existence of chaotic motion, and in particular we apply a result by Forni [9] to obtain the existence of
many invariant measures with positive metric entropy (and support of zero Lebesgue measure), from
which positiveness of topological entropy follows. See [1, 2] for related results.

In the last decades many results have been proved in the direction of “breaking” invariant curves,
also in higher dimensions, giving rise to the so called “converse KAM” theory [12, 16, 17]. In this paper
we show the non existence of some invariant curve using a criterion based on the variational approach
of Aubry-Mather theory, in the spirit of what is done in [22]. More precisely, it is known that orbits
of exact symplectic twist maps correspond to stationary points of an action, and the ones on invariant
curves are minimal. As a consequence, the second variation of the action must be positive on orbits lying
on invariant curves. The main idea to prove our main result is then to show that if R € R the second
variation of the action is negative in a zone of the phase space, preventing the existence of invariant
curves for some irrational rotation numbers. From a technical point of view, in order to compute the
second variation of the action, one needs the generating function of the associated diffeomorphism. A
considerable part of the paper is dedicated to get an explicit formulation of the generating function of
the billiard map for large energies. To this aim we follow the idea, used in [14] for the (non-periodic)
Fermi-Ulam model, that the generating function is given by the Lagrangian action of a solution of the
Dirichlet problem between two consecutive impacts. We conclude noting that a consequence of our
approach is the existence of Aubry-Mather sets with different rotation numbers, giving rise to periodic
and quasi-periodic motions of the breathing circle billiard. Similar results have been obtained for other
systems with impacts such as bouncing balls [18].

The paper is organised as follows. In Section 2 we state the problem and the main results of the
paper. In Section 3 we study the Dirichlet problem between two consecutive impacts, and its results are
used in Section 4 to compute the generating function of the billiard map. In Section 5 we describe the
periodic and quasi-periodic motions. Section 6 is dedicated to the proof of the main theorem on chaotic
motion. Appendix A contains the proof that the class of functions R is not empty. Finally, the main
results of Aubry-Mather theory used in the paper are collected in Appendix B.
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2 Statement of the problem and main results
Let R(t) be a strictly positive function and let the breathing circle Dy be the bounded region of the

plane with moving boundary dD; = {x € R? : |z|?> = R?*(t)}. Let us consider a particle of unitary mass
moving freely inside D; and satisfying the elastic impact law at every bounce on the boundary. Assume



that OD; is positively oriented and denote by 7, 7} the unitary tangent and outward normal vectors at
points of 9D;. By a bouncing solution we mean a continuous function

z:R—R?

with a sequence of impact times (tn)nez satisfying
1. &(t) =0 for t € (tn,tnt1) for every n € Z,
2. |z(t)| < R(t) for t € (tn,tns1) for every n € Z,
3. |z(tn)| = R(tn) for every n € Z,
4

CEED) e = a(ty) - and &(8)) - fin = —2(tn) - fin + 2R(t,), where 7, A, are the unitary tangent
and outward normal vectors at x(t,), and (¢, ) and #(t}) denote the velocity vector just before
and after the bounce at time t,, respectively.

Condition 4 describes the elastic bouncing condition: the tangent component of the velocity is pre-
served and the impulse is given in the normal direction. Note that if R = 0 we get the usual mirror
law.

Proposition 2.1. Let z(t) be a bouncing solution with impact times (tn)nez, then the angular momentum
C(t) = z(t) A &(t) is constant for every t.

Proof. 1t is clear that the angular momentum is constant for ¢ € (tn, tnt1) for every n € Z. Moreover at
the bouncing time it holds
Cty) =z(tn) N2(ty) = R(tn)Nn A 2(ty, ) = R(tn)fin A (2(t ) - Tn)Tn
= R(tn)in A (£(E)) - 7n)Tn = R(tn)fn A 2(t1) = C(£])

hence the proposition is proved. O

Since the motion is in the plane we have C(t) = (0,0, c). If ¢ = 0 the motion is along a diameter and
never leaves the diameter. Moreover there is a symmetry between motion in the clockwise and in the
anticlockwise direction given by changing sign to ¢ (see (3.1)). Without loss of generality in the following
we assume ¢ > 0, which corresponds to anticlockwise motion.

To state the main result, we introduce two classes of functions.

Definition 2.2. Let R(t) be a C?, strictly positive and 1-periodic function. We denote by || - || the
sup-norm of a function and use the notation

R:= mtin R(t), R:= max R(t)

and

R 2vV/1++V1—-€e2R

2[R 14 R2|

0 := min

with € € (0,1) a fixred parameter.
We say that R(t) belongs to the class R if o > 2.
We say that R(t) belongs to the class R if:

(i) o> 4;
and there exists t € [0,1) such that (R(E)R + || R||R) < 0 and
(ii)

IR

— = < 2E2
~R(E - |RIR

3<1+ e
S HIRIR

—1+

(iii)
—o
. ) R
R(t)=0 and R@) < R



For simplicity we drop the dependence on ¢ in the notations for ¢ and the classes R and R. Moreover
the parameter € is to be considered fixed in (0, 1) for the rest of the paper, there isn’t a more interesting
value for it. Also note that clearly R C R, moreover the classes R and R are non empty as shown in
the following Proposition, whose technical proof is in Appendix A.

Proposition 2.3. For a fized € € (0,1) let o := /1 + V1 —€2 and
- a® 420t -1

k=
a?—1
For every integer k > k and § > 0 such that
dn2(k2 +1) 2w(k + 1)

there exists M > 0 such that the function
Ry 5,1 (t) := M + dsin (2wkt) + ¢ sin(27t)

belongs to the class R.

Moreover, if e < /1 — ﬁ, then there exist §, M such that

Rs,m(t) := M + §sin(27t)
is in R.
Remark 2.4. It is interesting for the conclusions of Theorem 2.6 and for Remark 2.7 to notice that the
functions Ri,s,m(t) and Rs a(t) are 1-periodic and actually 1 is their least period.
Remark 2.5. Notice that for e = 1 the class R is empty. From condition (i11) and the definition of o,

2 -2

- 2R R || d?

ek AN N S | Bl

R(t) < o?R — 2R® || dt?

But
2 . .
il — >
Hdt2 ‘dtQR t— {‘ 2R({) |R(E)‘ - QE|R(E)|7

so that .
R

R(t) < R |R(2)|
that is impossible.
We now begin to state our main results. The first concerns the existence of regular motion for the
billiard dynamics inside D;.

Theorem 2.6. Suppose that c € (0, € %2) and let R(t) € R. Then, for every 1 < w < o — 1 there exists

a family of bouncing solutions
{ze®)}eer

such that for every £ € R

wey1(t) = ze(t — 1),
we(t) = Tetw(t)-

—~
OIS
o=

NN

Moreover, for every £ € R, the sequence of impact times (tn)necz satisfies

tn
lim — =w
n—oo M

and, if w=7p/q € Q, then tnyq = tn + p for everyn € Z.

Remark 2.7. 1. In general, the function & — z¢(t) is not continuous. However, it is of bounded
variation and if £ is a point of continuity then so are £ T w and & + 1.



2. Consider the function
De(a,b) = Te_rra(a).

This function is doubly-periodic in the sense that

(I’g(a +1, b) = $§7Wb+a+1(a + 1) = (I)g(a, b),
Pe(a,b+1) = Te—wbta—w(a) = Pe(a,b)

and ¢ (t,t/w) = xe(t). Hence, for w € R\ Q, solutions satisfying (2.1)-(2.2) can be seen as quasi-
periodic solutions. If the function § — ®¢ is continuous, then these solutions are classical quasi-
periodic solutions with frequencies (1,1/w) in the sense of [30] (see also [28]). In the discontinuous
case, these solutions are known as generalized quasi periodic. Under the hypothesis of Theorem 2.6
we are not able to distinguish between the two classes of solutions.

3. Ifw=p/q€Q, then for every £ € R
el ) = 2ep(t) = 2 g1 (1) = (1)

so that the solution makes q bounces in time p before repeating itself. They are said (p, q)-periodic.

Remark 2.8. The restriction w > 1 is not optimal and is due to the technique used in the proof. We
cannot guarantee the conjecture that quasi-periodic solutions exist for every w > 0. However, this is not
the main purpose of this paper. Actually, we will find chaotic dynamics corresponding (in a sense that
will be specified) to w > 1.

Our second main result concerns the existence of chaotic dynamics for the billiard motion in D;. A
detailed statement is given in Theorem 6.1 of Section 6.

Theorem 2.9. Suppose that R(t) € R. Then the billiard map has positive topological entropy.

The result follows by a standard application of the Variational Principle, showing the existence of
invariant probability measures with positive metric entropy. Such measures are obtained by applying
results in [9]. We remark that the union of the supports of these invariant measures has zero Lebesgue
measure. However the existence of invariant probability measures with positive metric entropy and
support of positive Lebesgue measure is a major problem in dynamical systems, and is an open problem
also for well-known twist maps of the cylinder as the Standard Map.

Remark 2.10. Putting together the results in [27] and our main results Theorems 2.6 and 2.9, if R(t) €
C° and R(t) € R the system is chaotic in the sense of topological entropy and admits periodic solutions,
and classical and generalised quasi-periodic solutions.

Remark 2.11. We stated Theorem 2.6 and Theorem 2.9 (or Theorem 6.1 in its precise formulation)
for positive values of the angular momentum c. The case ¢ = 0 corresponds to motions along a diameter
and the system reduces to the Fermi-Ulam model. We stress that our arguments can be readily adapted
to the case ¢ =0, so that the conclusions of our main theorems also holds for the Fermi-Ulam model.

3 The Dirichlet problem

The proofs of our main results rely on Aubry-Mather theory, for which we need to define a generating
function for the billiard map associated to the billiard flow in D;. The first step is the study of the
Dirichlet problem associated to the flow between two consecutive bounces.

Let us consider two consecutive bounces for the billiard motion in D; at times ¢, and t¢,+1, the
Dirichlet problem which describes the billiard motion between the two bounces is

() =0, t€ (tn,tnt1),
lz(O)] < R(t), T € (tn,tntr),
|z(tn)| = R(tn),

(

|z(tnt1)| = R(tn+1)



and in polar coordinates (r,0) it transforms into

M

7= 5 te (t’ﬂ>t’n+1)7

‘Bw‘ Q

r?0=c, t€ (tn,tns1),
r(t) < R(t), tE€ (tn,tnt1),
r(tn) = R(tn),

7(tns1) = R(tnt1)

from which it is evident the symmetry with respect to the change of sign of ¢. Bouncing condition 4 in
these coordinates reads
O(tr) = 0(tx),
F(th) = —r(ty) + 2R(t,). (3.3)
In the following result we find sufficient conditions for a solution of system (3.1) to exist. Note that
these solutions do not satisfy in general the bouncing conditions (3.2)-(3.3) when glued together.

Proposition 3.1. Let ¢ € (0,1) be a fized parameter, and let us fiz a value of ¢ > 0. For all times
tn,tnt1 satisfying

2

0<tny1 —tn<e %, (3.4)
R
0<tpnt1 —tn < ——, (3.5)
2| Rl
2vV1++V1—e2R
0 < tugr — tn < + — = (3.6)
[Pl
system (3.1) admits a unique C? solution (r(t;tn, tnt1), 0(t; tn, tny1)) such that
. R(tn - R(tn
i) <~y > ) (37)
tn+1 — tn tn+1 - tn
and ) )
F(th) < R(tn), #(tny1) > 2R(tns1). (3.8)
Proof. Define R,, = R(tn), Rn+1 = R(tn+1) and 7, = tnt1 — tn.
The equation # = ¢?/r has the first integral
2
.2 Cc
A=2E=7"+5>0 (3.9)

where F is the energy of the system, and can be integrated giving the general solution

T(t) =14 /w (3.10)

for B € R. System (3.1) is rotationally invariant so that we can fix 6(¢,) = 0 without loss of generality.
With this assumption the solution (3.10) represents a straight trajectory in the billiard table starting
from the point (Ry,0) with velocity Z(t,) satisfying

A(tntB)
i(tn) = ( o ) and |2(t,)|* = 2F = A. (3.11)
R’IL
Moreover notice that by (3.10)
. A(t+ B)
)= "">"_""7 12
i) = 20 (3.12)



Let £ := A(tn + B), then the straight trajectory (3.10) is parametrised by

Rn—l—sR[">

c
SRn

[0,+00) 55 — <

and the condition 7(tn+1) = Rn+1 is then equivalent to

Y4 2 202
(et m ) +7 kg

_ B [ p2 2 ¢
by = ™ < R, t [R5, — T3 RZ (3.13)

which is well defined thanks to (3.4). Using (3.11) it also holds

2
= Rn+1 .

We then obtain

761—}-02

At R2

R2 0
By =" 3.14
) + Ki T2 ( )
which in (3.10) gives r(tn) = Rn. We still have to verify conditions (3.7)-(3.8) and r(¢t) < R(t) for all
t € (tn,tnt1)-
Using (3.12) the first condition in (3.7) reduces to
I Rn

< ——.
R, Tn

Ht) =

From (3.13) it is immediate that the choice ¢4 has to be discarded and ¢_ is admissible. Let us now
consider the second condition in (3.7). From (3.12) we need to check that

A(tn+1 + B) _ ATn +€— > Rn+1

f(t;-&-l) = Ry Ry ™
But, by (3.14) we have
A +0_ = 62*1;;2 T+l =
1 c? ’ c? c?
= (Rnﬂ/RiH TsR?L> +T3R—% ~ R, <Rn+,/Ri+1 — 72 R%) =

1 2 R,
= —_ <Ri+1 + Ry RiJrl - 7—7% C) > n+17

Tn R’l% Tn

so that both conditions (3.7) are satisfied only for £_. Moreover, from (3.5),

Rt <201B) < = < 22,

from which, using the first condition in (3.7), we get

. R,
) < === < R(ty)
Tn
that is the first condition in (3.8). The second condition is proved similarly.
It remains to show that r(¢) < R(t) for all t € (tn,tnt1). From (3.8) it follows that

d

(R -0l >0, (B0 -rP0)l, <0

da
dt
Moreover from (3.12) and (3.14)

dt?

EN|



d2 2 2 c?
- (@R (t)) = (R + R,y + 2R, (|R2,, — 72 R%) <
2

d R?

‘dtQ <2EQ+2§\/M>

T2
where in the last inequality we have used (3.4). It follows that

41++/1-e2)R?

7-n

d2 2
at? (R ®) - H dt?

by (3.6). Hence, since r’(t,) = R*(t,) and r*(tnt1) = R*(tnt1), we have that R*(t) > r2(t) for all
t € (tn,tnt+1). This concludes the proof of the proposition, for which the solution is given by (3.10) with
A, B as in (3.14) with ¢ = ¢_ as defined in (3.13).

In conclusion, we have proved that for all times ¢y, tn41 satisfying (3.4)-(3.6), the functions

A2(tp, ty t+ B ni1))2 4 2
T(t't t"ﬂ):—\/ ( H)f(l(t t(+1) H)) c’
(3.15)
C

tn41
O(t;tn,tn = 0(ty, ——dt
( ) +1) ( )+ lﬂ T2(t;tn,tn+1)

where 0(t,,) is the angular variable of the bounce point at time ¢,, are a solution to system (3.1) satisfying
also the conditions (3.7)-(3.8) by letting

R*(tn) + R (tn41) + 20/R2(tn) R2(tn+1) — (tn+1 — tn)?
(tn1 —tn)? 7

A(tm tn+1) =
(3.16)

R2(t, R2(t,)R2(t,, Rt — )2
Bltn,tat1) = — [ ta + (tn) + VR2(tn) R?(tn+1) — (tnta ) .
(tn+1 - t”l) A(tna tn+1)
The C? regularity of the solution (7(¢; tn, tn+1), 0(t; tn, tnt1)) with respect to all its variables follows from
(3.15)-(3.16).
O

Remark 3.2. Given times ty,tnt1 and tny2 such that the intervals (tn41 —tn) and (tnt2 — tny1) satisfy
assumptions (3.4)-(3.6), the solutions r(t;tn,tnt1) and r(t;tni1,tny2) given in Proposition 3.1 in gen-
eral do not satisfy the bouncing condition (3.3) at time tn+1. However, in Section 4 we find a method to
get sequences (tn)nez satisfying conditions (3.4)-(3.6) for every n and such that the corresponding func-
tions defined in (3.15) satisfy the bouncing condition (3.3). Hence, we will construct bouncing solutions
satisfying conditions (3.7)-(3.8) at every bouncing time.

Remark 3.3. Given 0(t,) and 0(t,+1) the angular variables of two consecutive bounces at times t,, and
tnt+1 determined by the solution (3.15), the angular variation §6(tn,tn+1) := 0(tnt1) — 0(tn) is given by

00(tn,tny1) = m — arctan ¢{tni1 — tn) . (3.17)
\/RQ(tn)PE2 (tn+l) - 02(t7L+1 - t'n)2

Indeed, the length of the trajectory between the two bounces is given by (tn+1 — tn)|Z(tn)] = (bnt1 —
tn)V/A(tn, tns1) (see (3.11)), hence by Carnot’s Theorem
(tnt1 = tn)*Altn, tni1) = B*(tn) + B*(tnt1) — 2 R(tn) R(tnt1) 08 60(tn, tni1)

and by (3.16)

(tnt1 — tn)?

€08 60(tn,tni1) = _\/1 - m

Then (3.17) immediately follows by computing sin 80 (tn, tnt1) using that ¢ > 0, so that 60(tn,tns1) €
(0, 7).



4 The generating function

In this section we define a generating function h(to,t1) for the billiard map between two consecutive
bounces on 9D, at times to and t;. The orbits of the corresponding billiard map generate bouncing
motions with large velocity, in the sense that conditions (3.7)-(3.8) are satisfied.

Following the approach in [14], we first show that a good guess for h is given by the action of system
(3.1). Let

n+1
hc(tn,tn+1):/ LEr (£t bt ), #(E: s tgt) )t (4.1)
tn
where 7(¢;tn, tnt1) is the solution to (3.1) found in Proposition 3.1 and
c . 1 .2 Cz
L (T, 7") ET — 277.2 (42)

is the reduced Lagrangian of the system for a fixed value ¢ > 0. In particular, r(¢; tn, th+1) satisfies the

Euler-Lagrange equation
d (OL°\ _ dL°
t\or ) Or’

For simplicity, let us denote r(t) = r(t; tn, tn+1) and remove the dependence on c¢. We have

tnt1 "t 9L or | OL or
: _ _ (4T oL or ., _
Oty h(tn, tny1) = atn/t L(r(t),r(t))dt = —L(r(tn),7(ty)) + /tn ot + . dt =

n

AL or |"intt e[ g (QL\  OL] or
_ L+ _ = ) =
= —L(r(tn),7(tn)) + {ar 8tn] ‘*‘/tn { (3r> + 8rj| at, " =

t=ty

= =LAl FED) + G ) (o) = G 0 (0,

where we first used integration by parts, then the fact that r(t) satisfies the Euler-Lagrange equation
and finally denoted

oL oL .

E(trwl) = E(T(thrl)vr(tI-}—l)%
and analogously for 2£(t,). Differentiating with respect to t, the relations r(tni1;tn,tns1) = R(tn+1)
and 7(tn;tn, tny1) = (t ) we get

Hence we have oL
B bt 1) = —L(r(tn), #(tn)) + y(tn)(f(ti) — R(tn))

and, remembering the expression of L in (4.2) and that r(¢,) = R(t»),

Ouultns 1) = 7°(65) + s — D R(e). (13
Analogously, one can get
Bon ity 1) = — S (741) — S+ it ) Rltns)
2 2R?(tn+1)
Therefore we conclude that if a sequence (¢, ) satisfies
O1h(tn,tns1) + O2h(tn—1,tn) =0 for everyn € Z, (4.4)

where 01 and 92 denote differentiation with respect to the first and the second argument respectively,
then

D) — HEDR(t) = 272(1) — H(E)R(t) &
S7AE) — DR + 5 t) = 372(0) = () Rltn) + 3 (1)
1,
2



from which we get the bouncing condition (3.3) using that 7(¢}) < R(t,) and 7(t;) > R(t,) (see (3.8)).
Conversely, a sequence satisfying (3.3) also satisfies (4.4). Using also Remark 3.2, we have proved the
following

Proposition 4.1. A sequence (tn,7(t};tn, tnt1)), with (tni1—tn) satisfying (3.4)-(3.6) and r(t; tn, tni1)
being the solution to (3.1) given by Proposition 3.1, defines a bouncing solution with angular momentum
c if and only if for every n € Z

a1hc(tn, tn+1) + Bzh,c(tn,l,tn) =0

for the function he(tn,tnt+1) defined in (4.1).
We are now ready to give an explicit expression to the function A¢ in terms of the times of bouncing.

Proposition 4.2. Fized a value ¢ > 0 for the angular momentum, let to,t1 be two consecutive bouncing
times and Ro := R(to) and R1 := R(t1) be the corresponding radii of the breathing circle. The generating
function defined in (4.1) computed along solutions to (3.1) defined in (3.15) has the form

_ 1 _ C(tl — t())
h(to,t1) = 2(151 to) A(to, 1) + c arctan (x/RgR% — (0, - t0)2> (4.5)

where A(to,t1) is defined in (3.16).

Proof. Using (3.9) for solutions to (3.1) it holds

c N 1.2 02 . 02 o A(to,tl) 02
L(T,T)—irfﬁ—Efﬁ—Tfﬁ
Hence
he(to, 1) /t1 LE(r,#)dt = S (81 — to) A(to, 1) /tl A—7
, = r,r)dt = = (t1 — , —c ———dt.
o to 20 o o T2 (tto, 1)

Moreover by (3.15) for 0(¢;to,t1) and Remark 3.3, we have

t1 —
/ Q;dt = 06(to,t1) = ™ — arctan ot — to)
to T (t§ thtl) \/R(Q) R% —C2(t1 —t0)2

and the proof is finished, since the generating function is defined up to an additive constant. O

We now argue on the other direction. Given the function h(to,t:) in (4.5), we show that when
restricted to a suitable subset, it is a generating function of the bouncing motion of a particle inside the
breathing circle D;.

Proposition 4.3. Let € € (0,1) be a fized parameter and let

R 2V1+V1-eR

R2
0 := min — and c€ (0,8 :> .
2[R |4 R2|| o

Let us consider the strip Q = {(to,t1) € R2:0<ti—ty < o}. Then the function h : Q — R defined in
(4.5) satisfies

(i) h € C*(Q);
(ZZ) h(t() —+ 1,t1 + 1) = h(to,tl) fOT‘ all (to,tl) (S Q,’
(441) Opoty h(to,t1) < O for all (to,t1) € Q, and Oyye, h(to,t1) — —o0 as (t1 — to) — 0.

Proof. Properties (i) and (ii) follow immediately from the regularity and the periodicity of R(t), and
from the definition of h(to, t1).
To prove (iii), by standard computations we obtain

2 1 <R8 + /R2R? — 2(t1 — to)? RS+ /RZRZ — c2(t1 — t9)? (4.6)

Dohltot) = 552 + 5 Ro (t1 — to) > ) Ro (1 — to)

10



hence, using that h € C?,

R+ /R2RZ — 2(t; — tg)2 . R+ /R2ZR2 — 2(t1 — ty)2
Orot, h(to, t1) = ( 0 \/R((J) (tll 7t0() ) + R(to) | O¢, 0 \/Pi) (tll 7t0() ) .4

We can then conclude by the following estimates. First, if R(to) > 0 then

RS+ /R2R? — c2(t1 — t0)? .
+ R(t0) > 0.
Ro (t1 — to) (to)

If instead R(to) < 0, then we use (t; — to) < o and write

R§+ /R3R] — (b —t0)* _ Ro 5 2 12| Ro
Ro (t1 - to) ~ti1—to E

> —R(to)

so that the first term in dy4¢, h(to,t1) is positive in all cases.
For the second term, we have

o (B VR =P )
“ Ry (t1 — to)

_ e R(t1) (t1 —to) — /R R} — c2(t1 — t0)? — R}
’ (t1 — t0)? /B3 R} — 2(t1 — to)?

which is negative both if R(¢1) < 0, as sum of non-positive terms with R; > 0, and if R(¢1) > 0 since by
(t1 — to) < o it holds
) RiR(ti)R _ R?
Rl R(tl)(tl —to) < e S —_— .
2[Rl 2

Finally, from (4.7) we find

Ro(Ro + Ri1)? 1
Ototy h(to, 1) = — 0((2510_ to);) +o <(t1 — t0)3>

as (t1 —to) — 0T. Hence (iii) is proved. O

Let Q C R? be the strip defined in Proposition 4.3 and rewrite b : Q — R as

R} + R? 4+ 2\/R2R? — c2(t1 — to)? -
h(to,tl) =0 +h+ \/ 0t — ¢ ( ! 0) + ¢ arctan c(t1 to)
2(t1 — to) VRZIR? — c2(t1 — to)?

2
where Ry := R(to), R1 := R(t1), and ¢ € (0, 5%). As before let 91 and 92 denote the partial derivatives
with respect to the first and second argument of a function, and let T denote the one dimensional torus.

Proposition 4.4. Define o, := mazic1O1h(t,t + o). The equations

{ Ko = d1h(to, t1) (4.8)

Ky = —azh(to, tl)

define implicitly a C* embedding P : T X (., +00) = T x R, P(to, Ko) = (t1, K1). Moreover, P is twist
in the sense that ot
1

0Ko

and exact symplectic in the sense that there exists a C* function V : T x R — R such that

<0,

Kidty — Kodto = dV (to, Ko).

Proof. Using that d1h(to,t1) — 400 as (t1 — to) — 0T as can be shown from (4.6) and Proposition
4.3-(iii), we can apply the implicit function theorem to the first of (4.8) and get the C* function

t1 = tl(to,Ko) (4.9)

11



for (to, Ko) € T x (04, +00). Inserting (4.9) into the second of (4.8) we get the desired C* map P.
To prove that it is injective we note that if P(to, Ko) = P(t(, K() then, using once again Proposition
4.3-(iii), the second of (4.8) implies to = t;, that, substituted in the first gives also Ko = K.

By implicit differentiation of the first we get the twist condition:

oty 1

. — |

0Ko  0O12h(to,t1)

Finally, if we define V(to7 Ko) = —h(to7 tl(to, Ko)) we get

oty oty
dV (to, Ko) = | —h1(to,t1) — ha(to,t1)—=— | dtog — ha(to, t1) = d K
(to, Ko) ( 1 (to, ) — ha(to, 1)8750) o~ halto 1) Spt-dko
Jty oty

= —Kodt Ki—dt K1 —dKy = Kidt; — Kodto.
odto + 18750 o+ 18K0 0 1dty oato

O

Remark 4.5. It follows from the previous Proposition that a sequence (tn, Ky) is an orbit of the map
P if and only if, for every n, (tnt1 —tn) € Q and

81h(tn,tn+1) =+ 82h(tn_1, tn) =0, K, = 81h(tn,tn+1).

We finally note that the orbits of the diffeomorphism P give rise to bouncing solutions of the billiard
map in the breathing circle D;.

Proposition 4.6. Let (tn, K,) be an orbit of P, let us set Ry, := R(t,) and define #(t}) as

c2

— (4.10)

P(th) = R(tn) — \/R2(tn) — 2K,

then {(tn,7(t}))} represents a bouncing solution in the sense that {t,} is the sequence of bouncing times,
and {r(t})} is the sequence of radial velocities right after the bounce at time t, with corresponding
trajectories between two consecutive bounces being the solutions to system (3.1) found in Proposition 3.1.

Proof. Using (3.16), we write

R+ R R2 ) = (b — 1)’
Rn (tn+1 - tn) '

1 .
K, = —5A(tn,tn+1) — R(tn)

Since

2
Altn, tns1) ¢ R+ \/R% R}y — A (tnr — tn)?
it T R T Ry (b1 — tn)

we obtain that 7(;}) defined in (4.10) can be written as

2
R2 R721+1 - Cz(thrl — 1n)?

' ) R2 +
f(tj;) =R(t) — R(tn) + \/ Ry (tng1 —tn)

(4.11)

R+ \/R% B2, — (tps1 — tn)?
- Rn (tn+1 - tn)

where we have used that

R+ \/R% R2,, — A(tps1 — tn)?
R, (t'fl+1 - t")

REL + \/R% Ri+1 - C2(tn+1 - tn)2
R, R

> 2||R| > 2||R|| > —R(tn)

since (tn+1 — tn) < 0. A straightforward computation shows that #(¢}) is then equal to 7(t,}; tn, tni1),
the velocity of the solution (3.15) to system (3.1) found in Proposition 3.1. In particular, (4.11) shows
that 7(t;}) satisfies the first condition in (3.8). O

12



Remark 4.7. The definition of 7(t;}) in Proposition 4.6 is inspired by (4.3). Notice that the two solutions
of (4.3) are

c2

7.’:(: = R(tn) :t \/R2(tn) + 28tnh(tn7tn+1) - ﬁ

which can be written as

R% Ri+1 — CQ(tn.H — tn)2

| Ry
7+ = R(tn) £ | R(tn) + Ry (tn+1 — tn)

Now, since (tny1 —tn) < 0,

L R\ RRE =t —t)?
"+ = 2R(tn
T+ ( ) + Rn (tn+l - tn) -

) - R2+ \/Rﬁ R2,| — A2(tng1 — tn)?
> 2R(tn) +2||R]|

R, R
Hence 7— is the only solution of (4.3) which may represent the radial velocity of a bouncing solution
leaving the boundary. Moreover 1— = —74+ + 2R(t,), hence 7+ and 7— can be interpreted as the radial
velocity before and after the bounce respectively.

> 2R(tn) + 2 || R|| > max{0, R(tn)}.

Remark 4.8. For completeness we show that the map P defined in Proposition 4.4 corresponds to the
map M considered in [27] with a different choice of variables. The variables used in [27] are (t,I), and
the map M : (to, Io) — (t1,11) is implicitly given by

L=—I—2R R EHIE (4, —
1 0 1 R(t1) + R2 (t1 — to)

2 2
(t1 — to) ( 15 (4 — to) — 2[0) - R? — R?

R3
with I, = fRnf(tfl) in our notations. The second equation is obtained by
2 2 2
c”+ 1 c .2+
"R = R2 +7°(tg) = Alto, t1)

and using (3.16) and (4.11) for 7(ty). On the other hand, from Proposition 4.6 and (4.8)

. . 2
Pt = R(th) — \/32(t1) — 285h(to, t1) — }%
and, arguing as in the proof of Proposition 4.3, it holds
2
¢ s RI4+RZR? —c2(ti —t0)2 1 [RiI+\/RZR?—c2(t1 —to)?
Oah(to,t1) + —5 = R(t 01 - = 01 .
2h(to, t1) 2R? (t2) Ry (t1 — to) 2 Ry (t1 — to)

Therefore, using

> 2||R|| > R(t1)

R+ VRERE — (0 — o)’ _ 2 ||
Ri (t1 — to) i
Jor (t1 — to) < o, we have

: R +\/R2R? —c2(t1 —t0)2 . : R} +\/R2R? — c2(t1 — to)?
“(t7) = R(t1) — 0-"1 —Rt1) | =2R(t) — 0-"1 )
T( 1) ( 1) ( Rl (tl *to) ( 1) ( 1) Rl (tl *to)

Using (4.12) we get

(4.12)

. 2 2 P2 .2 — 5
L = *Rli‘(t?) = 2R, R(tl) 4 Ry + \/RotR1 tC (t1 to)
11—t

and again by (4.11) for 7(t), we conclude

R + R+ 2y/R2R? — 2(t1 — t0)?
t1 —to

I + 1o = —2R; R(tl) =+ = —2R; R(t1) —+ (tl - to) A(to,tl)

which is the first equation.
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5 Periodic and quasi-periodic orbits

In this section we give the proof of Theorem 2.6. The proof is based on Aubry-Mather theory and we
will refer to some result from Appendix B. We begin with a preliminary result for the billiard map. Let
€ € (0,1) be a fixed parameter as in Definition 2.2.

2
Proposition 5.1. Suppose that o > 2 and fix c € (0,5 %) Then, for everyl <w <o —1

e ifw=p/q € Q, then there exists a minimal orbit (tn, Kn)nez of angular momentum c of the billiard
map such that (tnyq, Kntq) = (tn + 0, Kn);

e ifw e R\ Q, then there exists a minimal invariant set M., of rotation number w made of orbits of
angular momentum c. Moreover, M, is the graph of a Lipschitz function u : m(M.) — R, and M,
is either an invariant curve or a Cantor set.

Proof. Fix 0 > 2 and c € (0,5 %2) The function h defined in (4.5) is, by Proposition 4.3, a generating

function when restricted to the set Q@ = {(to,t1) € R* : 0 < t; —to < o}. Choose w such that
1 < w < o — 1. Fix a positive number 8 < min{w — 1,0 —w — 1}. By compactness there exists d such
that

hi2 <8 <0 onQp={(to,t1) eR® : B<t; —to <o — B}

Hence, we can apply Lemma B.3 and find a generating function h that coincide with h on Qs and satisfies
the hypothesis of Theorem B.4. The function h generates a diffeomorphism P that coincide with the
billiard map on some strip. Applying Theorem B.4, for every @ € R we find the periodic orbits and
the invariant sets Mg described in the same theorem. These sets are made of orbits (¢n, Ky )nez of the
diffeomorphism P and become orbits of the billiard map if

(tn,tn+1) € Qg for every n € Z.

For @ = w, by (B.2) we have that
‘tn+1 — tn —(:J| S 1

that implies, since w > 1, that for every n € Z
O<w—-—1<tp41 —tn <w+ 1.
By the choice of 3, for every n € Z,
B<w—1<tpy1 —th<w+1l<o-p4
that is (tn, tnt1) € Qg for every n € Z. O

Then Corollary B.5 immediately implies
Corollary 5.2. For each 1 < w < o — 1 there exist two functions ¢,n: R — R such that for every £ € R

p(E+1) =95 +1, n(E+1)=n(&), (5.1)

S(p(£):n(8)) = (d(€ + w),n(§ +w)) 5.2
where ¢ is monotone (strictly if w € R\ Q ) and n is of bounded variation. Moreover, ¢ and n have the
same points of continuity, and if £ is a point of continuity then so are £ + w and £ + 1.

Let us now come to the

Proof of Theorem 2.6. Fix c € (O7 € %2) Consider w € R\ Q and the corresponding functions ¢,n : R —

R given by Corollary 5.2. Denote by
zg(t) = (r(1),0(t))e

the bouncing solution with angular momentum ¢ which satisfies

c2

e
)

r(@(6) = R($(€)), 7(d(&) = R(¢(€)) — \/RQ(qﬁ(E)) —2n(¢)
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Since the system is rotationally invariant, it is clear that fixing ¢, r(¢(€)) and 7(¢(§)), is sufficient to
uniquely determine the bouncing solution up to rotations. The value of 8(¢(£)) can be chosen freely. By
the periodicity of ¢, n,

(r(t),0()es1 = (r(t = 1),0(t = 1))e.
Finally, using (5.2) and Proposition 4.6 we have

(r(),0(t))e+w = (r(t), 0(t))e.

The last part of the statement follows from the definition of rotation number of a minimal orbit. O

6 Chaotic motions

In this section we prove the existence of chaotic motion for the billiard map inside the breathing circle
D; with function R(t) € R. In particular we prove the following version of Theorem 2.9.

Theorem 6.1. Suppose that R(t) € R. Then there exists co > 0 such that for every ¢ € (0,co) the map
P defined in Proposition 4.4 has positive topological entropy. More precisely, for every ¢ € (0,co) there
exists many P-invariant probability measures with positive metric entropy.

As in the previous section we will refer to some result from Appendix B.

The idea of the proof is the following. First we extend the map P to the whole cylinder as in the proof
of Proposition 5.1. The key point is then to prove that there exists an open interval Z C R such that
for sufficiently small values of ¢, the extended map has no invariant curve with rotation number w € Z.
Hence, for irrational w € Z the Mather sets M, of Theorem B.4 are Cantor sets. Then Theorem B.6
guarantees the existence of invariant probability measures with positive metric entropy for the extended
map. The final step is to show that the extension has been made in such a way that these invariant
measures are supported in the zone of the cylinder where the extended map coincide with P.

Let us first state and prove a series of technical lemmas. Let R € R and recall by Definition 2.2 that
o > 4. Moreover in this section we use the notations Ry and Ry for R(f) and R(E) respectively. Let us
consider the set

. 2R IR . 2R .
HRHW +1 < (w _ 1)2 + ”RHW -1 < _RtR} .

52 2
2R 2R
R::{we(&(f—l): o2 <(w+1)2_

[1]

Lemma 6.2. If R(t) € R the set Zg is not empty and contains an open interval I.

Proof. Let us first note that
2R? R 5
— =< =0 <0
2+ |RIR R
from which, by conditions (i) and (ii) of Definition 2.2, there exist 3 < w™ < w" < o — 1 such that every
w € (w,wh) satisfies

2

2R 2R?

~Rh -~ [RIR T RIR
or, equivalently,
—2
2R 2R*
~R;R—|R|R 2+ |R|R

Since w > 3, using the first of (6.1)

2 2

2R o 2R 2R oI .
— R|— < —— R||R < —RiR
(w_1)2+“ Hw—l < (w_1)2+|| H < tLil
that proves the third inequality in the definition of the set Er. Analogously, since w > 1, using the

second of (6.1)
2R’

o2’

2R? - 2R 2R? i
wrz RIS > oy~ IEIE>
that proves the first inequality in the definition of the set Zr. The second inequality can be easily

proved. O
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Lemma 6.3. Let ¢ € ((),5 %2) and T = (w™,w™) be the interval defined in Lemma 6.2. Let T' =
{(t,v(t)) : t € T} be an invariant curve of the billiard map with rotation number w € Z. Then

K™ (w) +o(e) <~(t) < KT (w) +o(c),

where . .,
2R* 1 2R 2R
(w+1)2 w+1’ (w—=1) 1
and o(c) represents a function depending on R,w,c,to,t1 that tends to zero uniformly for w € T as
c—0".

K™ (w) = K (w) =

. 2R
5 +HRIIW_

Proof. Let (tn, Kn) be an orbit of the billiard map with rotation number w on the invariant curve T'.
From (4.8) and (4.6) a direct computation gives for the point (to, Ko) of the orbit

1/Ro+Ri\> - Ro+ R
K, =L (L) 4 Rto) (L) — (b, to, ¢) (6.2)
2 tl — to tl - tO

where .

L Ro + R(to)(t1 — to)

2Ro " R2Ri + Ro/R2RZ — c2(t1 — to)?

can be bounded by a constant depending on R and ¢ but not on w. Actually, from (B.2) and the fact
that w € Z,

f(tlyt()?c) =

2<w —1<w—1<ti(to,Ko,c)—to<w+1l<w+1 (6.3)

so that |1 (to, Ko, c) — to| is uniformly bounded on every invariant curve with rotation number w € Z for
¢ fixed. Solving (6.2) for (t1 — to) we get

Ro+ Ry
VR (t0) + 2(Ko + 2 f(t1, to, ¢)) — Rto)

t1 —to =

that used in (6.3) gives
K™ (w) < Ko+ ¢ f(t1,t0,¢) <K (w).

Since this argument applies to all points of I' the proof is finished. O

Lemma 6.4. Let T = (w ,w™) be the interval defined in Lemma 6.2. Suppose that there exists an
invariant curve I' of the billiard map with rotation number w € Z. Consider a point (t, K) € T such that

Rg =0.
Let t1 = t1(t, K, c) and t_1 = t_1(t, K, c), and consider the function
ac(t, K) := a(t-1(t, K, ¢), 1, t1 (L, K, ¢))

with the notation given in Proposition B.7. Then

) . 1 1
ac(t, K) = 2V2K (Rt—’_K(RoJer —+ R2+R{>) + o(c),

where o(c) represents a function depending on R,w,c,to,t1 that tends to zero uniformly for w € T as
c—0.
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Proof. Let h(t,s) be the function defined in (4.5) on the the strip Q = {(t,s) € R? : 0 <t — s < o},
with €, o0 and ¢ given as in Proposition 4.3. Computations show that

LRI+ \/RIRZ—c2(s—t)2 R3(t) A(s—1)?
O11h(t,s) = R(t 1 +
11h( S) () Re(s 1) + p— R?\/R%RE—CQ(S—UQ
R R(t) R}R? A(t,s) A(s—1t)?
+2 2 (1 +
(s—1) R?\/R?RZ — c2(s — t)? s—1t  (s—1t)3\/RIR2 — c2(s — 1)?
. RZ4 \/Rng —c2(s—1)? RQ(S) A(s—1t)?
= 1
O22h(t, 5) = K(s) Rs(s—1) T + R2\/R?R2 — c2(s — t)? "
Rs R(s) R?R? Alt,s) A(s —t)?
—2 21 +
(s—t) R2\/R2R2 — (s — )2 s—t  (s—t)3\/RZR2 — (s — t)?

where R, := R(t) and R, := R(s), and we recall from (3.16) that

R} + R2 +2\/R?R2 — (s — t)2
At,s) = (s 1) .

Consider the function
(t, K, C) — ac(t, K) = 811h(t, t1) =+ 822h(t_1, t)

then

ac(t,K) = QR(t) (R(t) + Ri + \/RfR% -2t — t)2> N

Ri(t —t)
RREON At —t_4)> 0! (1 N Aty —t)? ) N
b=tz R\ JR2RZ, —c2(t—t)2 ) U\ REVRIRE = (b — 1)
A(t_q,t) At —t_1)? A(t,t1) Aty —t)?

+
t—ta t—1t_1 3., /R?2R%2, — ¢2 t—1t_1 2 t1 t (tl t)3\/lft213% CQ(tl t)2
t+v—1

+2RtR(t) - RZR? .y R: R(t) - RZR?,
G=0" T RVRE =eh-17) 0\ R JRRE, e )2

where we have used that

R+ \/R$R31 —2(t—t_y)?
R (t—t1)

= F(E it t) =

R} +\/RIR? — c2(t_1 — 1)?

_ _f’(t+;t,t1) + 2R(t) = R (tfl - t)

+ 2R(t).

As in Lemma 6.3, since ¢1(¢, K,c) —t and t —t_1 (¢, K, ¢) are uniformly bounded for ¢ fixed, we can write

2 .
{ K=1 (—Rglt’?) + R B 4 o(c)

2 .
K =1 (M) ~ Ry Bt 4 o)

t1—t

ti—t

from which

o R+ Ry
h-t= kg T o
to—t_1 = R_1tRe + O(C).

VR2+2K+Ry¢
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Using this formulas in the expression of a. (¢, K) for t = ¢, since R; = 0 we get from standard computations

) . 1 1
ac(t, K) = 2V2K (Rt+K(Ro+Rz + R2+Rt—>> + o(c)

where o(c) is as in Lemma 6.3. O

Lemma 6.5. If R; =0 and R; < 2R then

— oy

_ .. 1 1
t,K):=2V2K i+ K
ot K) <Rt+ (R0+R5+R2+R{)><0

for every K € (2%2, —R:R).

Proof. First note that

_ . 1 1 LK
t. K) =2V2K -+ K 2V2K e pp—
a(t, K) (R‘+ (RO+R5+R2+R5)>< (RHFE)’

from which we get a(f, K) < 0 for every K € (0, —Rgﬂ). Moreover by the hypothesis on R; it holds
-2 .
0< 2 < —RiR O

o2 =

We are now ready to extend the map P to the cylinder T x R. Fix ¢ > 4. As in the proof of
Proposition 5.1, for every ¢ € (0, 5%2), the function h defined in (4.5) is, by Proposition 4.3, a generating
function when restricted to the set Q@ = {(to,t1) € R* : 0 < t; —to < o}. By Lemma 6.2, we can fix
w€T=(w ,w") CZg. Fix a positive number § < min{w™ — 1,0 —w" — 1} and consider the set

QB:{(tht1)€R2 : B<ti—to<o-pB}

Hence, we can apply Lemma B.3 and find a generating function h that coincide with & on Qs and satisfies
the assumptions of Theorem B.4. The function h generates a diffeomorphism P that coincide with the
billiard map on some strip.

The following result is crucial for the proof of Theorem 6.1.

Proposition 6.6. Suppose that R(t) € R. Then, there exists co such that for every ¢ € (0,co) and
w €T C ERr the extended map P does not admit any invariant curve with rotation number w.

Proof. Suppose by contradiction that for ¢ — 0, the map P has an invariant curve I' with rotation
number w € Z. By (B.2), for every orbit {(¢n, K»)} on I" we have that

[trns1 —th —w| <1
that implies, since w > w™ > 3, that for every n € Z
O<w—-—1<tp41 —tn <w+1.
By the choice of 3, for every n € Z,
B<w —l<w—-1<tyi—th<wH+l<wi+l<o-5

that is (tn, tnt+1) € Qg for every n € Z. Hence the dynamics on the invariant curve is given by the billiard
map P. By condition (#i4) in Definition 2.2 there exists a point (¢, K) € I such that

R

R{IO and R{<—@.

By Proposition B.7 and Lemma 6.4,

ac( ,I_():a(E,K')Jro(c):2M(R5+R(ROiR£+R2iRE>) +o(c) > 0.
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However, from Lemma 6.5 we have a(f, K) < 0 for every K € ( = ,—RtR) then, if

K e <2R RtR>
J

for ¢ sufficiently small, we obtain a contradiction and the proposition is proved. In fact, applying Lemmas

6.2 and 6.3 we find )

_ 2R - 2R .
< = 0 _ R
K< o172 + HRHw— 7 +o(c) < —RzR + o(c)
and )
_ 2R? - 2R 2R
> = - -
K2 i RIS oo > o +ole),

where o(c) represents a function that tends to zero for ¢ — 0 uniformly for w € Z, and we are done. [

Proof of Theorem 6.1. Consider the extended map P for ¢ < co, where cg is given as in Proposition
6.6. For every irrational w € Z C =g, the Mather set M,, is a Cantor set and there are no invariant
curves with rotation number w. Hence, Theorem B.6 gives, for every irrational w € 7 the existence of a
P-invariant measure i, with positive metric entropy arbitrarily close, in the sense specified in Theorem
B.6, to the Mather set M,,. By the choice of the extension, as shown in Proposition 6.6, the Mather sets
M,, are contained in the zone of the cylinder where P = P. Hence there exist measures e which are
P-invariant. O

A Proof of Proposition 2.3

It is clear that for every k € N, § > 0, the function R(t) is C?, 1-periodic and positive if M > 24. It is
easily seen that - )

R=M-25, R=M+26, |IR|| = 2mé(k + 1) (A1)
and
< 8720[(k* + 1) (M + 38) + 2k0) . (A.2)

|7
Moreover, choosing ¢ = /2, ) )
R(t) =0, —R(@)=4r6(k>+1).

Finally it is immediate from the hypothesis that § < 1.
Let us start with the computation of o. Using (A.1) we have that

1 2a
o= (M — 2§) min ,
( ) And(k + 1) I a2 R2||
dt?

We note that || 45 R?|| > 2R(—R(I)) = 87°6(M — 25)(k* + 1). If
M > max{348, 26 + 2167°(k + 1)*} (A.3)

using the fact that o € (1,1/2) one can show that

\/87r26M 20) (k2 + 1) \/87r25 —20) (k% + 1) \/2R \/Iliib’n2
4 2«

from which using (A.2) and (A.3)

4dmé(k + 1)

_ 2(M —28)a 2(M — 26)a o4
\/H £ g2 /8728[(k2 + 1) (M + 36) + 2k0]

(A.4)

This gives condition (7).
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To prove that condition (i4¢) holds we note that if

4r?5(k* +1) +1

M>osim ol + )41
TR ) -1

(A.5)

using that by hypothesis 4725(k® + 1) — 1 > 0, we get

M + 26 S 2(M + 26) 2R
M —25 " 16(M —25) ~ o2R

—R(f) = 47°6(k* +1) >
since o > 4.
Let us now prove condition (7i). By (A.5) and the hypothesis 2wd(k + 1) < 1 it holds
—~R(OR — |R|R = 47°5(k> + 1)(M — 26) — 215(k + 1)(M + 26) > (M + 26)(1 — 2m6(k + 1)) > 0.

Since by (A.3)
M > 87°§(k* +1)
then

—2

o < M - 2(M + 26)? B 2R
27126(k2 + 1) 4m25(k? +1)(M — 26) — 2m6(k + 1)(M +26)  \| —R(DR — |R|R

that gives the first inequality in (44). To prove the second inequality, we note that the first inequality in
(A.4) gives

2R? a2(M — 26)4
X | |RIR 76[2m (M + 26)2((k2 + 1)(M + 30) + 2k6) + a2(k + 1)(M + 26)(M — 26)?]

so that we are done if

2(M + 25)?
T \/47r26(k2 1) (M — 20) — 2m(k + 1)(M + 20) ~

. a2(M — 26)4
w02 (M + 28)2((k2 + 1)(M + 30) + 2kd) + a2(k + 1)(M + 26)(M — 26)?]

Looking at the asymptotic behaviour as M — 400 of the left and right hand side of the previous
inequality we find that the condition is equivalent to

1 a?
\/mS[Qw(k? NSy \/mi[%(k:? NI ST N Hk

Hence, the inequality is satisfied for M large enough if

! < o (A.6)
2n(k2+1)—(k+1) " 2r(k2+1)+a?(k+1)° '
Since
1 1
mE 1) — (k1) ~2n(k2+ 1) —2n(k+ 1)
and

o? a?

2m(k? 4+ 1) + 2ra?(k + 1) < 2r(k2 4+ 1)+ a?2(k+1)

(A.6) is implied by
1 < a?
2r(k2+1) —2w(k+1)  2m(k%2+1) 4+ 2ma?(k+1)

or equivalently by
(@® = 1)k*> =22’k —a® —1>0.
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Since a € (1,+/2), it follows that a sufficient condition for (A.6) to hold is

N a2+ V2% =1

k
a?—1

This concludes the proof that for any ¢ € (0,1), there exist k,d, M such that the function

Ry s,m(t) := M + dsin (2mkt) + 6 sin(27t)

1
€€<0, 1_(7r—1)2>

2), and the previous arguments can be repeated to show that there exist d, M such

is in R. Moreover, for any

2 s
we have o € (25,

that the function Ry s ar(t) is in R for k = 1 (it is enough to check (A.6) with k = 1). O

B Some results of Aubry-Mather theory

In this section we gather the results from Aubry-Mather theory that are used in the paper. For the
proofs we refer to [3, 4, 9, 25, 26].

Consider the cylinder A =T x R and a strip ¥ = T X (a,b) with —co <a < b < +oo. Let S: ¥ — A,
be a C*-embedding and denote S(z,y) = (Z,7) and S™(z,y) = (Tn, yn).

In the following, we will tacitly consider the lift of S to the universal cover R? of A where z € R,
Z(x+1,y) = Z(x,y) + 1 and g(z + 1,y) = g(z,y). With some abuse we will use the same notation for S
and its lift, and the correct interpretation should be clear from the context.

We suppose that S is exact symplectic and twist. The exact symplectic condition requires the existence
of a C? function V : ¥ — R such that

ydT — ydr = dV(z,y) in X,

and the (positive) twist condition reads

9 20 i,

oy
A negative twist condition would give analogous results. If ¥ = A we also suppose that S preserves the
ends of the cylinder that is

y — +oo as y — Foo uniformly in z,

and twists each ends infinitely that is
T —x — +too asy — oo uniformly in x.

Note that the exact symplectic condition implies that S is orientation preserving and preserves the
two-form dy A dzx.

For this class of maps, the following result is well known [4, 26]. In the following we denote the partial
derivative of h with respect to the i-th variable by h;.

Proposition B.1. Given Q := {(m,a‘c) €R? : Z(z,a) <T < i(w,b)}, there exists a C? function h : Q —
R such that

(i) h(zx+ 1,2+ 1) = h(z,Z) in Q,
(Z’L) h12($,i’) <0 1in Q,
(i) for (z,y) € X we have S(z,y) = (Z,7) if and only if
hl(m7j) =Y
hQ(Qj,i’) =y
Conversely, for Q' = {(z,z) €R?* : o’ <z —a <V} let K : ' — R be a C* function such that
(i) W(x+1,z+1)=h(z,z) in Q,
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(it) hia(z,z) <0 in O,
then, the equations

hll (.T), a_:) =Y

ho(z,Z) =§
define implicitly on ¥’ := T x (=hi(z,Z + a'), —hi(z,Z + V') a C? exact symplectic twist embedding
S Y — A
Remark B.2. If = = A the fact that S preserves and twists each end infinitely implies that Q = R?.
The condition hi2(x,Z) < 0 is related to the twist condition. Actually, the twist implies that we can write
y = y(z,%) and one gets that

O f)))l .

The function h (or h') is called generating function and gives an equivalent implicit definition of the
diffeomorphism S. From this proposition one has that a sequence (zn, yn)nez such that (z,,y,) € 3 for
every n € Z, is an orbit of S if and only if for every n € Z one has (n, Tn+1) € € and

hz(mn_l,xn)+h1(azn,mn+1) :07 (Bl)
Yn = _h1($n7$n+l)-
From now on, we consider the case ¥ = A. Actually, the following extension result (see for example

[26, 20]) guarantees that we can always extend an exact symplectic diffeomorphism defined on a strip to
one defined on the cylinder.

Lemma B.3. Let h be a C? generating function defined on Q = {(ac, T)eER? :a<z—x< b} such that

hi2 <6 <0 on Q. Then there exists a generating function h defined on R? such that h = h on Q and
h <68 <0 onR?. Moreover, h = 1(z—x)* on R*\Qp, being Qs = {(z,2) €eR® : a— B <z —x < b+ B}.

Let X = A, we recall the variational characterisation of the orbits of S in terms of the action

k—1

Hp(zey ..., x86) = Z h(Tn, Trs1) .
n=~¢

It is well known that solutions of (B.1) (and hence orbits of S) are in 1-1 correspondence with stationary
points of Hy, with respect to variations fixing the endpoints z¢, zx. In the following we are interested
in minimal orbits, i.e. orbits (Tn,yn)nez of S such that for every pair of integers h < k and for every
sequence of real numbers (z,)¢<n<i such that x; = x, and zj = zy, it holds

Ho(ze, .-y 28) < Hex(xg, - ., TF)-

Moreover we recall that an orbit (@, yn)nez of S has rotation number w € R if

. Tn
lim — = w.
n—oo N

It is well known that minimal orbits are monotone, that is only one of the following is satisfied:
Tn < Tp41 for every n € Z, xp, = xpy1 for every n € Z, 1, > Tn4+1 for every n € Z.
Moreover, if it has rotation number w, then it satisfies the following estimate for every n,m € Z:
|Tn — Tm — (n —m)w| < 1. (B.2)

Finally we recall that an invariant set of S is said to be minimal and with rotation number w if it is
made of minimal orbits with rotation number w, and that the term invariant curve of S refers to a curve
I’ C ¥ homotopic to {(z,y) € A : y =k, for some k € R} and such that S(I') =T".

The following theorem gives the existence of minimal orbits with rotation number.

Theorem B.4 ([4, 25]). Let h: R?* = R be a C? generating function such that
(i) h(z+1,Z 4+ 1) = h(x,Z) in R?,
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(ii) hi2(x,7) <3 < 0 in R?
and let S be the corresponding diffeomorphism. For a fized w € R
o if w = p/q € Q, then there exists a minimal orbit (Tn,Yn)nez of S such that (Tniq,Yntq) =
(n +p,yn)

o ifw € R\ Q, then there exists a minimal invariant set M., of rotation number w such that M, is
the graph of a Lipschitz function u : w(M.) — R. Moreover, M., is either an invariant curve or a
Cantor set.

The following corollary gives an equivalent interpretation of the result and has been proven in [24]
(see also [21]).

Corollary B.5. For each w € R there exist two functions ¢,n: R — R such that for every & € R

PE+1) =)+ 1 n(€+1)=n(),
5(¢(€),n(6)) = (¢(§ + w),n(€ +w))

where ¢ is monotone (strictly if w € R\ Q ) and n is of bounded variation. Moreover, ¢ and n have the
same points of continuity and if £ is a point of continuity, then so are £ X w and £ + 1.

For irrational rotation numbers w, Theorem B.4 leaves open the possibility for the minimal set M,
to be an invariant curve or not. To prove what is the case for a given w is of fundamental importance to
prove the existence of chaotic motion for the diffeomorphism S. We recall the following result by Forni.

Let us fix w € R\ Q and denote by o, the unique S-invariant ergodic Borel probability measure
supported on M,,.

Theorem B.6 ([9]). Let S be a C? diffeomorphism of the cylinder A as in Theorem B.4. Suppose that
S does not admit any invariant curve of rotation number w. Then there exists an S-invariant ergodic
Borel probability measure ., with positive metric entropy. Moreover, u., can be chosen arbitrarily close

to o, in the sense of the weak topology on the space of compactly supported Borel probability measures
on A.

Finally we recall a result to prove whether the set M, is an invariant curve or not.

Proposition B.7 ([23]). Let S be a C? diffeomorphism of the cylinder A as in Theorem B.4 and let T
be an invariant curve of S. Then

(i) T is a minimal set and each orbit on I' has the same rotation number;

(i) for any orbit (zn,yn) on I' it holds

a(l‘nfl,.ﬁn,anrl) = hgz(xnfl,xn) + h11(wn,l‘n+1) >0, VneZ.
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