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Abstract. We study the dynamics of dissipative billiard maps within planar convex
domains. Such maps have a global attractor. We are interested in the topological and
dynamical complexity of the attractor, in terms both of the geometry of the billiard table
and of the strength of the dissipation. We focus on the study of an invariant subset of the
attractor, the so-called Birkhoff attractor. On the one hand, we show that for a generic
convex table with ‘pinched’ curvature, the Birkhoff attractor is a normally contracted
manifold when the dissipation is strong. On the other hand, for a mild dissipation, we
prove that, generically, the Birkhoff attractor is complicated, both from the topological
and the dynamical points of view.

Key words: dissipative Birkhoff billiards, Birkhoff attractor, conformally symplectic
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1. Introduction
In the present paper, given a convex planar domain, we consider a variant of the usual
billiard map to model some dissipative phenomena, which result in the existence of a
global attractor. For such dissipative maps, Birkhoff [Bir32] introduced an invariant subset
of the attractor, the so-called Birkhoff attractor; as we shall see, it is minimal in some sense
among all invariant sets which separate phase-space, and it is essentially the place where
interesting dynamics occurs. We investigate the properties of the Birkhoff attractor, in
particular, how they change as the dissipation parameter is varied.

Loosely speaking, like for conservative billiards, we consider a massless particle
moving with unit velocity inside the billiard table & C R? according to the usual law
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FIGURE 1. The standard billiard map and its dissipative counterpart.

except at collisions with the boundary 92, which we now assume to be inelastic. More

precisely (see Figure 1):

e the motion happens along straight lines between two collisions;

e at each orthogonal collision, the velocity vector is replaced with its opposite, while at
a non-orthogonal collision, it is changed in such a way that the (unoriented) outgoing
angle of reflection is strictly smaller than the incoming angle of incidence, both being
measured with respect to the normal to 9€2.

In other words, the reflected angle bends toward the inner normal at the incidence point.

We refer to Definition A here below for more details, and to §3.1 for further properties of

these billiard maps.

Billiards exhibiting some form of dissipation have already been considered in previous
works. To the best of the authors’ knowledge, for outer billiards, dissipation was first
introduced in [Day47, Lemma 2.2]; see also [Tab93, p. 83]. Subsequently, dynamical
properties of dissipative polygonal outer billiards have been studied in [DMGaG15].
Regarding standard billiards, the paper [MPS10] by Markarian, Pujals, and Sambarino
is dedicated to the study of limit sets of dissipative billiards (called here pinball billiards)
for various types of tables (close to a circle, with semi-dispersing walls, which possess
some hyperbolicity. . .), through the existence of a dominated splitting. Motivated by
these rigorous results, the paper [AMS09] numerically investigates and characterizes
the bifurcations of the resulting attractors as the contraction parameter is varied. In
[MOKPAC12], the authors construct simple examples of non-elastic convex billiards
with dominated splitting and attractors supporting a rational or irrational rotation. Let us
conclude this brief overview by mentioning some works about dissipative billiards for
tables with flat walls. The paper [AMS12] concentrates on inelastic billiard dynamics
in an equilateral triangular table and studies, mainly numerically, the structure of fractal
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strange attractors and their evolution as the contraction parameter changes. Finally, in a
series of works [DGaS17, DMLDD*12, DMLDD* 14, DMLDDGa18], Del Magno et al
investigate dissipative billiards within various types of polygonal tables; in particular,
they study the structure of the non-wandering sets of such billiards, the existence of
hyperbolic attractors, and prove the existence of countably many Sinai—Ruelle-Bowen
(SRB) measures on these attractors under suitable conditions.

Let us now move on to the formal definition of dissipative billiard maps considered
in the present work. Let 2 C R? be a strictly convex domain with C* boundary €2,
k > 2. We say that Q C R2is strongly convex if, additionally, its curvature never vanishes.
We assume that the perimeter of 92 is normalized to one. We fix an orientation of
9 and parameterize 92 in arclength by some map Y: T — R2, where T :=R/Z.
The phase-space is the set of pairs (x, v) consisting of a point x on 9€2, and a unit
vector v € T2 pointing inward or tangent to 9€2. It is naturally identified with the
cylinder A := T x [—1, 1]; indeed, any point (x, v) in phase-space corresponds to a pair
(s,r) € T x [—1, 1], where x = Y(s) € 92, and r = sin ¢ is the sine of the oriented
angle ¢ € [—m/2, /2] from the vector v to the inward normal to <2 at x. The usual
conservative billiard map is then defined as

A — A,
f=nn: { (L.1)

(s,7) = f(s,r)=(s",r)),

where Y (s") represents the point where the trajectory, starting at Y (s) along the direction
making an angle arcsin » with the normal at Y (s), hits the boundary again, and r} is the
sine of the reflected angle at Y (s’), according to the standard reflection law (angle of
incidence = angle of reflection). Let us now fix a dissipation parameter A € (0, 1).

Definition A. Given a domain €2 as above, let us fix a C*~! function A: A — (0, 1) such
that

0 < 9 A(s,r)r +A(s,r) <1 forall (s, r) € int(A), (1.2)

and let H, : (s, r) — (s, A(s, r)r). The dissipative billiard map f associated to A is then
defined as the map

A — A,

A= 'H)L o J:
, ! (s.7) > fals,r) = (s, 1)),
where
ry =ry(s,r) = A(s’, rpry

for r{ =r{(s,r) as in equation (1.I). Note that for any (s,r) € int(A), we have
det DH; (f1(s, 7)) = d,A(s", r))ry + A(s’, r}). In particular, since det Df; (s, r) = 1 and
by equation (1.2), we obtain

0 < det Df; (s, r) =det DH, (fi(s,r)) <1 forall (s, r) € int(A). (1.3)

By equation (1.3), the resulting billiard map f; is no longer conservative; actually, it turns
out to be a dissipative map in the sense of [LLC88] (see Definition 2.1). In particular, f
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contracts the standard area form w = dr A ds. We refer to §3 for a few general facts about
dissipative billiards.

Remark 1.1. For the purpose of this article, it is sufficient to consider C? billiard tables.
Indeed, due to dissipation, trajectories which are close to the boundary drift further away
from the boundary and pathological phenomena, such as in [Hal77], do not occur.

Remark 1.2. For simplicity, in most of what follows, we will restrict ourselves to the case
where A is actually a constant function, that is, A = A, € (0, 1). In that case, we will say
that f; has constant dissipation. Then, the dissipative billiard map associated to A simply
becomes

A — A,
fo: .y
(s, 1) = fils,r) =(s",1)),
where
ry =ri(s,r) = Arj.

In the following, when it is clear from the context, we will abbreviate r)’t =r.

For constant dissipation, there is a natural one-parameter family of dissipative billiard
maps {fi}ie(,1); in particular, we will study transitions in the behavior of the Birkhoff
attractor as A changes. However, the simplifying hypothesis that A is constant is not
essential. Indeed, as we will explain, most results shown in the present work hold under
the more general assumption that A: A — (0, 1) is a C! function as in Definition A that is
close enough to being constant, namely || DA|| < 1.

Due to the dissipative character of f;, there is a contraction of the phase-space which
results in the existence of attractors. Indeed, as f3(A) C int(A), there exists a global
attractor

AY = ﬂ ). (1.4)

k=0

The attractor Ag is fj-invariant, non-empty, compact, and connected. Moreover, Ag
separates A, that is, A\ Ag is the disjoint union of two connected open sets U,, Vj.
However, we can find a smaller invariant set—the so-called Birkhoff attractor—by
‘removing the hairs’ from A()\) (see e.g. [LCI0, p. 91]). The Birkhoff attractor, here denoted
Ay, 1s then defined as

Ay = U}L ﬂV}L. (1.5)

We remark that, even if A, is compact and f;-invariant, it may no longer be an attractor
in the usual sense. Actually, A, can also be characterized as the minimal element (with
respect to inclusion) among all sets which are compact, connected, f;-invariant, and
separate A. We refer to §2 for more details about the Birkhoff attractor and its properties.

The notion of Birkhoff attractor was first introduced by Birkhoff in [Bir32]. In the
framework of dissipative twist maps of the annulus, further properties of the Birkhoff
attractor have been investigated by the works of Charpentier [Cha34] and of Le Calvez
[LC88]. The Birkhoff attractor of the thickened Arnol’d family has been studied by
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Crovisier in [Cro02]. Different authors have derived criteria to guarantee the existence
of chaotic behaviors for invariant annular continua, see [BG91a, BG91b, Cas88, HHS86,
Korl17, PPS18, PT23]. Recently, the notion of Birkhoff attractor has been generalized
to higher dimensions for conformally symplectic maps of some symplectic manifolds by
Arnaud, Humilieére, and Viterbo, see [AHV23, Vit22].

Notation 1.3. Fix some dissipative map f: A — A, with a hyperbolic periodic point
p € A, of period ¢ > 1. If p is of saddle type, we will denote its one-dimensional stable,
respectively unstable manifold, as

Wi(ps f1) =[x e Ar tim_d(f™ (), p) =0),
n——+o0o
W (p; £9) = {x eA: lim d(f (), p) = o].
n—+00
If p is a sink, we will denote its two-dimensional stable manifold as
WS (ps f7) = {x cA: lim d(f9(x), p) =0].
n— 400

In either case, for * = s/u, we will sometimes abbreviate W*(O ¢ (p)):= U?:_Ol WH(fi(p);
f1), or simply W*(O;.(p)), when f = f; is some dissipative billiard map.

Considering the crucial role of elliptic tables in the conservative case, it is natural to
start our study with dissipative billiard maps within ellipses. The detailed study of the
corresponding dynamics is contained in §4, whose main result is the next theorem.

THEOREM B. Given an ellipse £ of eccentricity e € (0, 1), let f,.: A — f,,(A) C int(A)
be a dissipative billiard map within £ in the sense of Definition A (we allow non-constant
dissipation). Then, the 2-periodic orbits {H, fr.(H)} and {E, f,(E)}, corresponding to
the trajectories along the major and minor axes, are hyperbolic of saddle and sink type,
respectively, and the Birkhoff attractor satisfies

AY = Ay = W(O,(H)) ULE, f.(E)} = W (O:(H)).
Moreover, fori =0, 1, W“ (f)f(H); f)?) \ {f)f (H)} is the disjoint union of two branches
G, 62 with 6] C W (f(E); f), j =0, 1.
At the end of §4, we prove that the conclusion of Theorem B remains true also for
strictly convex domains whose boundary is sufficiently C2-close to an ellipse, as stated in

the next corollary. For simplicity, we state it in the case where the dissipation function A is
a constant in (0, 1).

COROLLARY C. Let &€ be an ellipse of eccentricity e € (0, 1). Let A € (0, 1). There exists
€ = €(&, ) > 0 such that for any C* (k > 2) domain 2 C R> satisfying d2 (092, £) < €,
the following holds. Denoting by f)fz the dissipative billiard map within 2, there exist
2-periodic orbits O 2 (H) = {H, fR(H)}and O 2(E) = {E, F(E)} of saddle and sink
type, respectively, and the Birkhoff attractor is equal to

Ay = W”(Of{z(H)) U Of/\Q(E).

Moreover, the function (€, L) — €(E, L) can be chosen to be continuous.
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WU (H) W (fa(H))

FIGURE 2. Birkhoff attractor of a dissipative billiard map f, within an ellipse of non-zero eccentricity when the
dissipation is mild, that is, A is close to 1.

The first examples of Birkhoff attractors for a dissipative billiard map fj within a circle
or an ellipse (see Figure 2 illustrating the Birkhoff attractor in the case of an ellipse when
the dissipation is mild, that is, A close to 1) naturally lead us to consider topological
properties of Birkhoff attractors, in particular, to investigate when A, is topologically
as simple as it can be, namely, a graph. The main results in this direction are contained
in §5. Through the following definition, we introduce the class of billiards for which we
can guarantee such a simple behavior of the Birkhoff attractor.

Definition D. For any k > 2, let D* be the set of strongly convex domains €2 with
C* boundary 92 such that, given a parameterization Y : T — R? of 9<2, the following
geometric condition holds (see Figure 3):

ma}? T(HK(s) < —1, (1.6)

where [C(s) < 0 denotes the curvature of dS2 at the point Y (s), and t(s) > 0 is the length
of the first segment of the fi-orbit starting at Y (s) perpendicularly to 9€2. Alternatively,
equation (1.6) amounts to asking that the centers of the osculating circles at the points of
a2 remain in .

Clearly, the set DX is C¥-open. More precisely, for any Q € DX, there exists a C2-open
neighborhood U of € such that for any C*¥ domain Q' € U, we have Q' € D*.

The main result of §5 is proving that the geometric condition contained in Definition D
together with strong dissipation (A close to 0) suffice to guarantee that the corresponding
Birkhoff attractor is a graph. Our result is also about the dynamics on the attractor and the
graph’s regularity. We use the notions of dominated splitting for an invariant set and of
normally contracted manifold. We refer to §5 for more details about such definitions.
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FIGURE 3. The geometric condition maxseT 7(s)/C(s) < —1 in Definition D. Here, R(s) := —1//K(s) is the
radius of curvature, and € (O (s), R(s)) is the osculating circle at Y (s).

THEOREM E. Let fi: A — fi(A) C int(A) be a dissipative billiard map with constant
dissipation x € (0, 1) within some domain Q € DX, k > 2. Then the following assertions
hold.

(1)  There exists .(2) € (0, 1) such that, for any A € (0, A(2)), the Birkhoff attractor A
coincides with Ag and has a dominated splitting E° @ E€, where E* is uniformly
contracted by Dfy. Moreover, A is a normally contracted C' graph over T x {0}
which is tangent to E€.

(2) There exists ) (2) € (0, L(2)) such that for any A € (0, M (R)), Ay, is actually a
C*=1 graph.

(3) There exists an open and dense set % of C* domains such that if, moreover,
Q € DX N U, then there exists M () € (0, M () such that, for any & € (0, 1" (2)),
Ay, is a C*=1 normally contracted graph of rotation number % Moreover,

¢
Ay = WO, (HE)),
i=1
for some finite collection {0y (H;)}i=1...¢. = {H;, fi(H;)}i=1....¢ of 2-periodic orbits
of saddle type (we refer the reader e.g. to [DCOKPACO07, §2] for more details on the
topology on the space of C* convex billiards).

Remark 1.4. Given k > 2 and a domain 2 € DX N % as in the above statement, the
conclusion of Theorem E holds for general dissipative billiard maps f; in the sense of
Definition A, provided that the dissipation function A: A — (0, 1) satisfies |A[l-1 < 1.
See e.g. Remark 5.17 for more details.

Remark 1.5. A consequence of Theorem E is that if 92 is an ellipse £ of eccentricity
e € (0,+/2/2), then £ € D® and, for any A € (0, A(E)), the corresponding Birkhoff
attractor A; is a normally contracted C' graph, which is actually C> except possibly at
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the 2-periodic sink {E, f3(E)}, where A, is tangent to the weak stable space of the sink,
see Corollary 5.11. We will also see that, when the eccentricity e is larger than +/2/2, then
for A € (0, 1) small, the Birkhoff attractor A, is no longer a graph (see Proposition 5.16).

We may wonder if Birkhoff attractors of dissipative billiards may exhibit more complex
topological properties than the examples described in §§4 and 5. In fact, following
a result by Charpentier [Cha34], a Birkhoff attractor for a dissipative diffeomorphism
can be an ‘indecomposable continuum’, and a sufficient condition for this to occur is
that the Birkhoff attractor contains points with different rotation numbers. The aim of
§6 is to explore this direction and discuss some topological and dynamical implications
of such a phenomenon.

To state the main results, we need to premise the notion of upper and lower rotation
number for Aj. Denote by Vu (respectively Ua) the connected component of A\ A
containing {(s, 1) € A : s € T} (respectively {(s, —1)) € A : s € T}). For any (s, r) € A,
the upper and lower vertical lines are respectively

Vi, r)i={G6,y)eA:y>r} and V (s,r):={(s,y)eA:y<r}.
Let us now define
A;r ={xeAy:VT(x)\{x} CVa} and A, i={x e A V() \ {x} CUx}l

Given a covering m: R x [—1,1] = T x [—1, 1] of A, let [\it = n_l(Af). Moreover,
let 71: R x [—1, 1] — R be the first coordinate projection and F: R x [—1, 1] > R x
[—1, 1] a continuous lift of fj. Then, by a result due to Birkhoff [Bir32] and rephrased in
all details by Le Calvez [LLC88], the sequence

(7‘?1 oF)L_n —T~L’1>
n neN

converges uniformly on 1~\ir (respectively 1~\;) to a constant p;r (respectively p, ). The
constants ,0;' and p, —called upper and lower rotation numbers—do depend on the chosen
lift, but not their difference. We refer the reader to §6.2 for more details.

For the conservative billiard map f = fi, let us denote by ¥ (f) the union of all
f-invariant essential curves in A, that is, f-invariant homotopically non-trivial curves. We
recall that an instability region for f is an open bounded connected component of A \ #'(f)
that contains in its interior an essential curve. The main result of §6 is the next theorem,
whose proof is mainly based on an adaptation of some arguments of the work [LC88]. Let
us recall that a continuum is a compact connected topological space.

THEOREM F. Let Q C R? be a strongly convex domain with C* boundary, k > 2. Let
f = f1 be the associated conservative billiard map. If f admits an instability region
that contains the zero section T x {0}, then there exists Ag(2) € (0, 1) such that, for any
A € [Xo(S2), 1), the Birkhoff attractor A, of the dissipative billiard map f, with constant
dissipation A has ,o)'f' —p, >0, with % € (o, » p):") mod Z.

Remark 1.6. Theorem F was stated for a dissipative map f; with constant dissipation.
However, the result holds for general dissipative billiard maps in the sense of Definition A,
as long as the dissipation function A: A — (0, 1) is sufficiently close to the constant
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function 1 in the C!-topology, that is, |1 — Allcr < 1. See e.g. Proposition 6.10 for more
details in this direction.

The above theorem has several interesting consequences for Aj. In fact, in the case
where p;\" — p, > 0, the corresponding Birkhoff attractor turns out to be complicated
both topologically and dynamically. In particular:

e A, is an indecomposable continuum, that is, it cannot be written as the union of two
proper continua (directly from the work [Cha34] of Charpentier; see also [BG91a]);

e each rational p/q € (p, , ,o}'f') is the rotation number of a periodic orbit in Aj (as a
straightforward application of [BG91b]);

e if x is a saddle periodic point of type (p, g), with p/q € (p, , ,0;' ), then its unstable
manifold W*(x; f7) satisfies W (x; f9) C A, (by [LC88, Proposition 14.3]);

e there exists ng € N so that f; % has a rotational horseshoe (by [PPS18, Theorem A]).
In particular, f3|a, has positive topological entropy.

Applying essentially [DCOKPdC07], we prove that the conclusions of Theorem F hold
generically for C* strongly convex domains, k > 3, as explained in the next corollary.

COROLLARY G. For k > 3, there exists an open and dense subset U of the set of ck

strongly convex domains such that for every Q € %, the following assertions hold.

(1)  There exists Ao(S2) € (0, 1) such that, for any A € [Lo(R2), 1), the Birkhoff attractor
A, of the corresponding dissipative billiard map f) has ,0;' —p, >0, with
% € (o, » ,o;f) mod Z.

(2)  There exists A1(S2) € [Lo(R2), 1) such that, for any A € [A1(S2), 1) and any 2-periodic
point p of saddle type (e.g. when the 2-periodic orbit {p, f,(p)} corresponds to a
diameter of the table), there exists a horseshoe K, (p) C A, in the homoclinic class
of the 2-periodic point p.

Finally, as a consequence of [Mat82], we emphasize that the conclusion of point (1) in
Corollary G also holds for any convex domain  whose boundary is C? and contains some
point at which the curvature vanishes. In this case (see Corollary 6.16), for any € > 0, there
exists Ag = Ag(€2, €) € (0, 1) such that for any A € [XAg, 1), the corresponding Birkhoff
attractor A has p;r —p, €(1—¢1).

From the results presented above, it is possible to highlight a phase transition for Birkhof
attractors of dissipative billiards when the parameter A varies. We would like to emphasize
how the topological and dynamical properties of the Birkhoff attractor change in terms of
the dissipative parameter. From Corollaries C and G, we obtain the following conclusion.

COROLLARY H. Let &€ be an ellipse of eccentricity e € (0, 1). Fix k > 3. There exists
an open and dense set 4 of C* domains such that the following holds. For any
0 <A1 <Xy <1, there exists § > 0 so that if 2 € 4 and d2(0R2, £) < 6, then:

(1) there are 2-periodic orbits {H, f,(H)} and {E, f,(E)} of saddle and sink type,
respectively;
(2)  forany & € [A1, A2],

Ay = WHO,L(H)) = W(Or(H)) U{E, fL(E)}. (1.7)

In particular, A) has rotation number %;
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Space of C* strongly
convex domains

) . _ Topologically “complicated”
Topologically “simple” Birkhoff attractor
Birkhoff attractor

(1,8

0,€) / / / / / / / ﬁ// (1»52)=f0rj6'k-gencric Q

FIGURE 4. Phase transition for a C¥-generic domain near an ellipse of non-zero eccentricity, k > 3.

(3) there exists Ay(2) > Ay such that, if A € [Ao(S2), 1), then ,0; —p, >0, with % €
(o5 » ,o)'f) mod Z. In particular, A, is an indecomposable continuum that contains
a horseshoe.

Proof. Let € (0, 1) — €(&, A) > 0 be the continuous function given by Corollary C; let

8= % min €(&, 1) > 0.
A€[A1,A2]

Fix k > 2. Then, for any Ck domain Q with dc2(02, ) < 8, and for any A € [Aq, A2],

we have d2 (09, ) < €(€, ), and hence equation (1.7) holds for 2-periodic orbits

{H, f,(H)} and {E, f5.(E)} of saddle and sink type, respectively. Now, by Corollary G,

we obtain point (3) of the corollary if, moreover, €2 is chosen within an open and dense set

of CK domains. O

We refer to Figure 4. The phase transition described for perturbations of elliptic
tables also holds for domains in D¥, k > 3. The following corollary is a consequence of
Theorem E and Corollary G.

COROLLARY 1. Forany k > 3, there exists an open and dense set % of C k domains such

that for every Q2 € DN, the following holds. There exist 0 < 1" (2) < Ao(R) < 1 such

that:

(1) ifx € (0,1 (R)), then A, is equal to the attractor Ag and it is a C*¥~! normally
contracted graph of rotation number % satisfying

¢
Ay = WO (HD)

i=1
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for some finite collection {0, (H;)}i=1
of saddle type;

() ifr € [M(), 1), then p; — p; > 0, with € (p; , p;) mod Z. In particular, Aj
is an indecomposable continuum that contains a horseshoe.

¢ = {H;, fo.(H;)}i=1...0 of 2-periodic orbits

.....

2. Dissipative maps and Birkhoff attractors

Let T:=R/Z and A :=T x [—1, 1], with coordinates (s, r) € A. Endow A with the
standard 2-form @ = dr A ds = da, where @ = r ds is the standard Liouville 1-form.
The form w induces then an orientation on A and the Lebesgue measure denoted by m.
For the following definition of a dissipative map, we refer to [LLC88, p. 245].

Definition 2.1. For two continuous maps ¢, ¢+ : T — R such that ¢~ < ¢, let us
denote

C:={(s,r)eA: ¢ (s) <r <¢T(s)}

A map f: C — int(C) is a dissipative map if:

(1) f is a homeomorphism of C into its image, homotopic to the identity;

(2) fisa C! diffeomorphism of int(C) into its image;

(3) there exists A € (0, 1) such that for any Borel set Y C C, it holds that m(f(Y)) <
am(Y).

Observe that the following condition is equivalent to condition (3) in Definition 2.1:
(3’) there exists A € (0, 1) such that for every (s,r) € int(C), it holds that 0 <
det Df (s, r) < A.
When considering dynamical systems with dissipation, it is natural to mention the

notion of conformally symplectic maps, which is stated here in the more general framework
of symplectic manifolds. See [AF24, AFR24, MS17].

Definition 2.2. Let (M, w) be a symplectic manifold. A diffeomorphism f from M into
its image (contained in M) is conformally symplectic if there exists a smooth function
a: M — Rsuch that f*w = aw.

As shown by Libermann in [Lib59, p. 210], if the dimension of M is greater than or
equal to 4, then the smooth function a is a constant, called the conformality ratio. In our
case, that is, for dim M = 2, the function a is not a priori constant. This motivates the
next definition.

Definition 2.3. Let (M, w) be a symplectic manifold with dim M = 2. A diffeomorphism
f from M into its image (contained in M) is constant conformally symplectic if there exists
a constant a > 0 such that f*w = aw.

Observe that conformally symplectic maps are stable under symplectic changes of
coordinates. This is not true anymore for constant conformally symplectic maps.

Let X be the set of compact sets of int(C), endowed with the Hausdorff distance. We
say that an element X € X separates C if its complement has two connected components:
alower one Ux D {(s, ¢ (s)) € A:s € T} and an upper one Vx D {(s, ¢ (s)) € A:s € T}.
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We denote by X(f) C X the subset of X consisting of the sets which are compact,
connected, f-invariant, and separate C.

Let f be a dissipative map according to Definition 2.1. We can define the Birkhoff
attractor of f as follows, see [Bir32], [LLC88, §2], and [LLC90, Ch. 6] for an exhaustive
treatment of the argument. First, observe that, by the dissipative character of f and as
f(C) C int(C), there exists an attractor

A= F©o), 2.1
k>0

which is f-invariant, non-empty, compact, and connected. Moreover, it separates C, that is,
C\ A9 s the disjoint union of two connected open sets U ,0, V50 as above. In other words,
A e X(f).

Definition 2.4. Let f be a dissipative map and let A” be its corresponding attractor, see
equation (2.1). Let Ujyo, V0 be the two connected components of C \ A9, Then, the
Birkhoff attractor A is defined as

A:=UpoNV 0. (2.2)

The Birkhoff attractor of a dissipative map can also be described as the minimal set,
with respect to the inclusion, among the elements of X'(f), as we will state immediately.

PROPOSITION 2.5. [LC90, Proposition 6.1]

(1)  The set X(f) contains a minimal element with respect to the inclusion, which is the
Birkhoff attractor A for f.
(2) IfX € X(f), then A = Ux N Vx; in particular, A = Fr Uy = Fr V,.

From the properties of the Birkhoff attractor, we can deduce the following two lemmas.

LEMMA 2.6. Let X € X(f). Let x € X be such that C \ (X \ {x}) is connected. Then,
x € A.

Proof. By Proposition 2.5(1), it holds that A C X; in particular, Uy C Up and Vxy C Vj.
By hypothesis, Uy U Vx U {x} is connected. Assume by contradiction that x € X \ A C
C \ A = Up U V,. Without loss of generality, we can assume that x € Uy . Therefore,

Ux U{x}UVyxy C Up UVy.

The set on the left-hand side is connected, while the set on the right-hand side is the disjoint
union of two open sets. We then conclude that the left term is contained in one of the two
open sets. Without loss of generality, we suppose that Uy U {x} U Vx C U, . In particular,
Vx C Up N VA = @, which is the required contradiction. O

LEMMA 2.7. Let X C int(A) be f-invariant and such that A C X. Then, X separates the
annulus.

Proof. Observe that, since X C int(A), clearly both T x {1} and T x {—1} are contained
in A\ X. By contradiction, assume that X does not separate the annulus, that is,
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A\ X is connected. Indeed, it cannot disconnect A into more than two connected
components, by the dissipative character of f. Moreover, since A C X, it holds that A \ X
is contained in either Up or Vj, the two connected components of A\ A. Without
loss of generality, assume that A\ X C Up. Thus, since T x {1} C A\ X, we have
T x {1} Cc Up N V5 = @. This provides the required contradiction and concludes the
proof. O

Given a dissipative map f: C — int(C) and a hyperbolic periodic point p € C of f
of period g > 1, we will denote by W*(p; f7) its stable manifold and by W* (p; f7) its
unstable manifold for the iterate 9. Note that p cannot be a source by the dissipative
character of f. We will also sometimes abbreviate W*(p; f9) simply as WW*(p) when the
information about the map and the period are clear from the context. Observe that, for
any hyperbolic point in the attractor A, its unstable manifold is also contained in A°.
Similarly, the next proposition guarantees that for any periodic point of saddle type in the
Birkhoff attractor A, certain branches of its stable/unstable manifold have to belong to the
Birkhoff attractor. See also [LLC88, §14.3] for related results.

PROPOSITION 2.8. Let f: C — int(C) be a dissipative map. Assume that p € A is a
hyperbolic periodic point of saddle type, with period q > 1. Then at least one the two
branches of W"(p; f9) \ {p} is contained in A, unless A locally coincides near p with the
local stable manifold VW, (p; f9) of p; in the latter case, W’ (p; f9) C A. In particular,
at least one of the following non-exclusive properties holds:

o Wi(p: f9) CA;

o Wi(p; f1) C A;

e there exists § > 0 such that A N B(p, §) \ {p} = B* U B*, where B* is a branch of

Wiee (P FDN\APY * =5, u.

Proof. Let p € A be a hyperbolic periodic point of saddle type, with period g > 1. We
denote by 0 < p; < 1 < po the eigenvalues of Df9(p). By Hartman—Grobman theorem,
the dynamics can be linearized near p. Let then U be an open neighborhood of p, and
V:U — R2bea homeomorphism such that ¥(p) = 0and W o f9|y = A o ¥V|y, where

A=|:M1 O:|, O<ur <1< .
0

Let us assume that A does not locally coincide with the local stable manifold of p, that is,
for any neighborhood V of p, there exists a point in A \ Wy (p; f?). Let € > 0 be such
that the ball of radius € centered at the origin B(0, €) is contained in W(U). Then there
exists ng € N such that for every n > ny, there exists a point g, € A N U such that:

o W(gn) = (xn, yn) € B(0, €);

o |l e (e/Duy", eny™).

Observe that each g, does not belong to the local stable manifold of p and that
qu(q,,) e U for all 0 <k <n. Thus, we can consider the sequence (f9"(g,)), of
points in A. Denote W o f9"(g,) =: (X, Y,); in particular, for every n € N, it holds that
|Xy| < en] and |Y,| € (¢/2, €). Therefore, up to passing to a subsequence, the sequence
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(f?"(qn))n converges to a point Q # p belonging to the local unstable manifold of p.
Since A is closed and invariant, we conclude that

FQ) e (ANWH(p; f)\{p} foralln € Z. (2.3)

Let us now prove that the branch B"(p, Q) of Wi (p; f9) \ {p} containing Q is
contained in A, and therefore, by the invariance of A, that the whole branch of the unstable
manifold of p also does. Assume this is not the case: since A is closed and since, by
equation (2.3), in any neighborhood of p, there exists a pointin A N Wy! (p; f4), for every
neighborhood V C U of p, we can find two points g1 = ¥~1(0, a1), go = Y710, ap) €
(ANU)\ {p} belonging to the local unstable manifold of p such that

Fo:==¥'({0} x (a1,a2)) CV, and ToNA=0.

Let U/ be a bounded neighborhood of A such that f~!|;; is a diffeomorphism onto its
image. Up to considering V small enough, we have that

U FTI(AUTy) C U.

neN
Let Ogp C U be a bounded open set among the connected components of C \ (A U I'p),
with ['g C 9 Ogp. Then, the family (f~9"(Og))neN is uniformly bounded in measure, which
contradicts the dissipative character of f. O

With the notation of Proposition 2.8, we can show that, in some cases, A contains both
the stable manifold W*(p; %) and the unstable manifold W (p; f9) of the point p. In
the following, for * = s, u, we denote W*(Or(p)) = Z;é WH(FR(p); f9).

LEMMA 2.9. Let p be a periodic hyperbolic point belonging to A. Let us assume that
one connected component B of W*(p; f9)\ {p} belongs to A, and that B intersects
WH(p; 1) transversally. Then,

WO (p) UWH(Or(p)) C A.

Proof. Let z be a point of transverse intersection between B and W (p; f7). The standard
A-lemma (see e.g. [PdMS82, Ch. 2.7]) guarantees that there exists a one-dimensional disk
D C B whose past iterates (f ~9"(D)),>0 accumulate W*(p; f?). As f~9"(D) C A for
every n > 0 and since A is closed, we deduce that W*(p; f4) C A.Letus denote by 55’ the
branch of W*(p; f4) \ {p} containing z. By invariance of A, all the points (f~9"(2))n>0
belong to W*(p; f9) N A; in particular, for any § > 0, A N B(p, §) contains points of
the branch B C W¥(p; f9) \ {p}. Thus, arguing as in the proof of Proposition 2.8,
we deduce that B C A. Another application of the A-lemma (now for a small disk
D' C B') gives that, in fact, W*(p; f4) C A. By f-invariance of A, we conclude that
WO (p)) UWS (07 (p)) C A. O

COROLLARY 2.10. Let p be a periodic hyperbolic point belonging to A. Let us assume that
for each pair of branches B* C W"(p; f9) \ {p} and B> C W*(p; f9)\ {p}, B* and B*
intersect transversally. Then, A contains a horseshoe K (p); more precisely, it holds that

K(p) C H(p) :=W*(Or(p)) hW*(Or(p)) C W*(Oy(p)) C A.
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Proof. The fact that W*(p; f9)\ {p} and W?*(p; f?)\ {p} intersect transversally
guarantees the existence of a horseshoe K (p) which is contained in the homo-
clinic class H(p) := WS(Os(p)) h W4 (Or(p)) of p (see [Sma65, Sma67] and
[New72, §2]). If A contains one branch B° C W¥(p; f9) \ {p}, then by Lemma 2.9,
WS(Or(p) UWH(Or(p)) C A; otherwise, by Proposition 2.8, it holds that
W (p; f4) C A. Ineither case, K(p) C H(p) C W“(Or(p)) C A. O

3. General facts about dissipative billiards

3.1. Dissipative billiard map. Examples of dissipative maps are given by dissipative
billiard maps within convex domains of the plane. Let 2 be a convex domain of the plane
R? with C¥ boundary, k > 2. Let Y: T — R? be an arclength parameterization of 9.
We denote by f; the conservative billiard map associated to €2. Now, as in Definition A,
we take a C¥~! function A: A — (0, 1) satisfying the condition in equation (1.2). As in
Definition A, the dissipative billiard map within €2 associated to the dissipation function A

is then given by
i A — A,
e e fs =6,

where Y (s’) is the point where the half-line, starting at Y (s) and making an angle ¢ =
arcsin » with the normal, hits the boundary 92 again, and ' = A(s’, r{)r{, r| being the
sine of the outgoing angle of reflection in the case of an elastic collision. Letting H; : A >
(s,r) > (s, A(s, r)r) € A, we observe that

fr="Hyo f1. (3.1
Here are some basic properties of the dissipative billiard map.
(1) The equality r’ = r{ happens if and only if ' = r| = 0, that is, the bounce at x’ is

perpendicular.

(2) We recall that the standard billiard map f] preserves the area form w = dr A ds =

do, where « denotes the 1-form r ds. Thus, by equation (3.1), f is a conformally
symplectic map; indeed,

frw = @1, rDr] + A6, r))o.
In particular, if A is a constant function, then f; is a conformally symplectic map
with constant factor A, as fy'w = f]'(Hiw) = L.

(3) The map f; is a dissipative map of A, according to Definition 2.1. In particular, f
verifies:

(1) for any (s, r) € int(A), it holds that
0 < det Dfa(s,r) = :A(s", rry + A(s',r)) < 1, (3.2)

in particular, if A is constant, then for any (s, r) € int(A), it holds that
0 <det Dfy(s,r) =A< 1;
(i) itholds that f; (T x [—1,1]) C T x (—1, 1), in particular, if X is constant, then

HTx[-L,1D=Tx[-AA]CTx (—1,1). (3.3)

Moreover, we will see in §6 that the map f; is a positive twist map.
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(4)  Again from equation (3.1), for every (s, r) € int(A) and (s’, r’) := fi.(s, r), we have
Dfy(s,r) = DHy(fi(s, 1)) Dfi(s,r)

K+ T
|: 1 0 v/ vy’
oA, rory A D 4+ A, r{)] K4 ’
KK+ KV 4Ky Y
v
(3.4
where T = £(s, s’) := || Y(s) — Y(s')|| is the Euclidean distance between the points

x=7(s), x' =7(s"), K, K' denote the curvatures at Y (s), Y(s’), respectively,
andv =+1—r2,v = /1 —(r))? = /1 — (+'/1)?. Equation (3.4) can be deduced
from [CMO06, §2.11], by applying the change of coordinates (s, ¢) > (s, r = sin @).
If the dissipation is constant, equal to A € (0, 1), then with the same notation as
above, for (s, r) € int(A),

tK+v T
v/ vy’
Dfi(s,r) =
™K+

ATKK + Kv +K'v) —A
v

Notation 3.1. In the following, while considering the dissipative billiard map f;, we
denote its attractor by Ag and its Birkhoff attractor by A.

3.2. Properties of the Birkhoff attractor for axially symmetric billiards. ~This subsection
is devoted to proving some properties of the Birkhoff attractor for a dissipative billiard map
under some symmetric assumptions on the domain 2. In particular, they can be applied to
the case of elliptic billiards considered in §4. In this subsection, we assume that the billiard
map fj has constant dissipation A € (0, 1). In fact, this would be more generally as long
as the dissipation function A: A — (0, 1) respects the symmetries of 2.

Definition 3.2. (Axially symmetric billiard table) Let Q C R? be a strictly convex domain
with C? boundary. We say that © is axially symmetric with respect to some line A C R?
if Q is invariant under the reflection along the line A.

LEMMA 3.3. Let Q C R? be a strictly convex domain with C? boundary, with perimeter
2L > 0, which is axially symmetric with respect to some line A. Let so and so + L be
the arclength parameters of the points in 0Q N A. For . € (0, 1), let f) be the associated
dissipative billiard map. Then:

(1)  the pair {(so, 0), (so + L, 0)} corresponds to a 2-periodic orbit;

(2) let us denote by I the involution I : (so + s, ¢) — (so — s, —@), then,

Tao fo.= faoZa. 3.5)

Proof. Ttem (1) follows by noticing that the osculating circles at sg and so + L are invariant
under the reflection through the axis A, and hence the line segment connecting the points
50, So + L (which is collinear to A) is perpendicular to the boundary of 2 at the points
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50, So + L. The second point is immediate once we have observed that f, = H; o f1, as
‘H; commutes with Zx and, under the assumption of axial symmetry, f; and Za also
commute. O]

COROLLARY 3.4. Let Q C R? be a strictly convex domain with C?> boundary with
perimeter 2L > 0, axially symmetric with respect to some line A. Let sy and sy + L be
the arclength parameters of the points in Q2 N A. For A € (0, 1), let f. be the associated
dissipative billiard map and A, the corresponding Birkhoff attractor. Then:

(1) Za(An) = Ay

) {(s0,0), (s0+ L, 0)} C Ay

Proof. Ttem (1) follows from the fact that A, is the smallest, with respect to inclusion,
compact connected fj-invariant subset which separates the annulus. Indeed, Za(Aj)
is compact, connected; it is fj-invariant, by the fact that A, is fj-invariant and by
equation (3.5); moreover, Za(A)) separates the annulus. Thus, A C Za(A;). We
conclude because Ii =Idand so ZAo(Aj) C Ii (Ay) = A,

To show point (2), let us argue by contradiction, assuming that (sg, 0) ¢ A,. By
compactness of A, there exists a connected open neighborhood U of (sg, 0) that is
disjoint from A . Since Za (sg, 0) = (sg, 0), the set U’ := U N ZA(U) is a connected open
neighborhood of (sg, 0) that is Za -invariant and disjoint from A, . Recall that A, separates
the annulus A, that is, A \ A, is the disjoint union of two open connected components,
denoted by Up, and V,, . Since Zx maps the top boundary T x {1} to the bottom boundary
T x {—1} and vice versa, we have Za(Up,) = Va,. As U' N A, =@, we can assume
without loss of generality that U’ C Uy, . However, then, U' =ZA(U’) CZA(Un,) = Va,,
which is a contradiction. Thus, (s9, 0) € A, and (so + L, 0) = f.(s9, 0) € Ajy. O

3.3. Bifurcations of 2-periodic points. As we are going to see, 2-periodic points play
a special role for dissipative billiards; this is partly due to the fact that by point (1) in
§3.1, the usual reflection law and the dissipative one have the same effect at an orthogonal
collision. In the previous section, we already saw that for convex billiards with symmetries,
symmetric 2-periodic orbits have to belong to the Birkhoff attractor. Here we investigate
the eigenvalues of 2-periodic points and their bifurcations as the dissipation parameter
changes. In fact, as we will see here, although the set of 2-periodic orbits is independent
of the value of the dissipation A: A — (0, 1), their type will depend on the strength of
the perturbation. Throughout the rest of §3.3, except in Lemma 3.7 and in the last point
of Corollary 3.9, we will assume for simplicity that the dissipation is constant, equal to
some A € (0, 1). Yet, the result of Lemma 3.5 could be fully adapted to the case of a
non-constant dissipation A, but the proof would be even more computational; the version
we give in Lemma 3.7 is a little less precise but suffices for our purpose. The proofs of
the main technical lemma of this subsection, namely Lemmas 3.5 and 3.7, are mainly
computational: for this reason, we postpone them to Appendix A.

Let us denote by II the set of 2-periodic points for { fi}xefo,1- In the following, for
p=(s,0) €1l, let (s', 0) := fo(p) (the point (s’, 0) is independent of the value of A as
observed above), and denote by T = £(s, s’) := || T (s) — Y(s")| the Euclidean distance
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between the points Y (s), Y(s"). We also denote by Ky, K, the respective curvatures at
Y (s), Y(s") and let

k1’2 = k1,2(p) =+ DKy +1). (3.6)

LEMMA 3.5. Let p € ll and let T, K1, K2, k12 be as above. Fix A € (0, 1) and denote by

{1 = 1 (L), w2 = u2(M)} the eigenvalues of DfE(p), with |p1] < |pal.

(@ Ifkip>1, then 0 < uy < <1< w2 and the 2-periodic orbit {p, f,.(p)} is a
saddle.

(b) Ifkip=1, then py = 22, w2 = 1, and the 2-periodic orbit {p, f,.(p)} is parabolic.

(¢) Ifkiz € (0, 1), then the 2-periodic orbit {p, fi(p)} is a sink; moreover, let

. 1—/1—ki2
o 14+/1—ki2

A= Ar_(p) €, 1). (3.7)

The following holds:
(1) ifx e (0,A_), then w1, uy are real, with 22 < n1 < up < 1;
(i) fr=A_,thenpu; =pur=1€(0,1);
(i) ifr € (A, 1), then w1, ua are complex conjugate of modulus .
(d) Ifkip =0, then the 2-periodic orbit {p, f,(p)} is a sink, with p) = up = —A, and
Df2(p) = —xid.
() Ifkiz e (—1,0), let

1— J=k
-V 20,1

The following holds:
G if A€ (0,1), then —1 <y <—x<pu; <0 and the 2-periodic orbit

{p. f1(p)} is a sink;
(i) if A=A then i = —2%, pa = —1, and the 2-periodic orbit {p, f,(p)} is

parabolic;
(i) ifre 1), ua < —1 < =A% < w1 < 0 and the 2-periodic orbit {p, f,.(p)}
is a saddle.
) Ifkip <—1thenpur < —1< 22 < w1 < 0 and the 2-periodic orbit {p, fr(p)} is
a saddle.

Moreover, for . =0, the eigenvalues of Dfoz(p) are w1 =0 and po = ki1, and the
respective eigenspaces are vertical and horizontal.

Proof. See Appendix A. O

Remark 3.6. We use the same notation as above. In the special case of a point p € II with

K1 =Ky=:K <0, we have k1, = (1 + 7K)%2 > 0 and tK < 0, and hence the previous

result gives the following outcome.

(a) If 1 < —2, then the 2-periodic orbit {p, fi(p)} is a saddle.

(b) If tK € {—2,0}, then u; =A%, pr =1 and the 2-periodic orbit {p, fi(p)} is
parabolic.

(¢) If-2 <t < 0, then the 2-periodic orbit {p, fi(p)}is asink; for 7/C = —1, it holds
that Df2(p) = —id.
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In the case of dissipative billiard maps associated to a non-constant dissipation
A € (0, 1), we also have the following lemma.

LEMMA 3.7. Let A: A — (0,1) be a C*' function such that f :=H; o f is a
dissipative billiard map in the sense of Definition 1.2, where H, : (s,r) — (s, A(s, r)r).
In particular, f) has the same set 11 of 2-periodic points as f. Fix a 2-periodic orbit
{p, fi(p)} and assume that k13 > 0, with k1o = ki12(p) := (K1 + 1)t + 1) as in
equation (3.6). Then {p, fr.(p)} is parabolic for f, if and only if it is for the conservative
billiard map f = fi1, and this happens if and only if k12 = 1.

Otherwise, the orbit {p, f,(p)} is either a sink or a saddle for f5; more precisely, it is
a saddle if and only if k12 > 1, and it is a sink if and only if k1 » < 1.

Proof. See Appendix A. O

In the next statement, we summarize some results obtained by Dias Carneiro, Oliffson
Kamphorst, and Pinto-de-Carvalho, see [DCOKPdC07, Theorem 1] and [DCOKPdC03],
and Xia and Zhang [XZ14, Theorem 1.1-Corollary 4.4].

THEOREM 3.8. Fixk > 2.

(1) For every q > 2, there exists an open and dense set %1 of strongly convex
domains with C* boundary such that the number of g-periodic points (for the usual
conservative billiard map) is finite; moreover, all the g-periodic points are either
elliptic or hyperbolic.

(2)  There exists a Gs-dense set G* of strongly convex domains with C* boundary such
that, for each q > 2, the number of g-periodic points is finite. Moreover, all the
periodic points are either hyperbolic or elliptic.

(3)  There exists an open and dense set % of strongly convex domains with C* boundary,
k > 3, such that for each 2-periodic point p € Il of saddle type, each branch of
W (p; £\ {p} and W (p; f2) \ {p} contains a transverse homoclinic point.

COROLLARY 3.9. Let k > 3. There exists an open and dense set % of strongly convex

domains with C* boundary such that, for every 2 € %, the following assertions hold.

If f,. is a dissipative billiard maps with constant dissipation A € (0, 1), then:

(1) forany A € [0, 1], the set 11 of 2-periodic points of f) is finite;

(2) for all but at most finitely many X € (0,1), all the 2-periodic points are
non-degenerate, that is, they are either saddles or sinks;

(3)  there exists A (2) € (0, 1) such that for any A € [A(2), 1) and for any point p € 11
of saddle type, each branch of W*(p; ff) \ {p} and W*(p; ff) \ {p} contains a
transverse homoclinic point.

If. moreover, Q € D¥ N\ %, where D¥ is the subset of strongly convex domains with C*
boundary as in Definition D, then for a general dissipative billiard map f) in the sense of
Definition A (with possibly non-constant dissipation), all the 2-periodic points are either
saddles or sinks. It is also true for the (degenerate) map fo, namely, when the dissipation
A vanishes.
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Proof. By the definition of the (dissipative) billiard law given in Definition A, given a
convex domain, the set II of 2-periodic points is common to all the maps { f3}xe0,1]-
By Theorem 3.8, we deduce that there exists an open and dense set %/ of strongly
convex Ck domains, k > 3, such that, for every Q2 € % and for any A € [0, 1], the billiard
map f; has finitely many 2-periodic points. Fix 2 € % and denote by II its finite set
of 2-periodic points. For any p € Il, let 7, K1, K, be as in Lemma 3.5 and let k15 =
ki2(p) == (K1 4+ 1)(zKy + 1). For any XA € (0, 1), the 2-periodic fj-orbit {p, fi.(p)} is
a saddle or a sink, unless k12 = 1 (see Lemma 3.5(b)), or k15 € (—1,0) and A = r(p)
(see Lemma 3.5(e)(ii)). On the one hand, let us examine the case where k;2 = 1 for the
2-periodic orbit {p, f1(p)} of the conservative billiard map fi. By equation (A.2), for
A =1, k1o =1 if and only if terlz(p) = 2, that is, the 2-periodic fi-orbit {p, f1(p)} is
parabolic, which does not occur for the domain €2, since it is in % . On the other hand,
again since 2 € %, Il is finite, and hence so is the set

Fi= U  Geicon.

pell: k1 2(p)e(—1,0)

By the above discussion and by Lemma 3.5, we conclude that for any p € II and for any
A€ (0, 1)\ F, the 2-periodic orbit {p, fi(p)} is non-degenerate, that is, it is either a
saddle or a sink.

Point (3) follows immediately from Theorem 3.9; indeed, for the conservative billiard
map f1, there exist transverse homoclinic points on each of the branches of any 2-periodic
point of saddle type; the existence of transverse homoclinic points is stable under C!-small
perturbations of the dynamics, and hence the same property holds true for any f; with
A € (0, 1) close enough to 1.

Finally, assume that 2 belongs to the set DX N %/ . Let f;, be a general dissipative billiard
map for 2 in the sense of Definition 1.2. It has the same set II of 2-periodic points as f;. By
the condition in equation (1.6), for any p € II, we have k1 2(p) > 0. Moreover, k1 2(p) # 1,
since 2 € %, and hence by Lemma 3.7, the 2-periodic orbit {p, fi(p)} is either a saddle
or a sink. In addition, for A = 0, Lemma 3.5 says that the eigenvalues of p are ;1 = 0 and
w2 =kia(p);askia(p) > 0and ky2(p) # 1, we deduce that the 2-periodic {p, fo(p)} of
fo is either a saddle or a sink. O

Let us recall some classical definitions and results for conservative billiard maps. Let
Q be a strongly convex domain with C? boundary. Then, the billiard map expressed in
coordinates (s, ¢) € T x [—7/2, /2] isa C 1 diffeomorphism, see [Dou82, Proposition
[.3.2] and [LCI0, p. 11]. Let Fy: R x [—1, 1] = R x [—1, 1] be a lift of the conservative
billiard map. Let 71 : R x [—1, 1] — R be the projection onto the first coordinate. Then
the Fi-orbit of a point (S,r) is completely determined by the bi-infinite sequence

(Siiez := (71 0 F{ (S, 1))iez.
Definition 3.10. Let (S,r) € R x (—1, 1). The rotation number of (S, r) is
1 0 FI'(S,
p(S,r):= lim L(’),
n—o00 n

whenever the limit exists.
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Observe that the rotation number depends on the chosen lift F;. Up to the choice
of the lift, that is, a lift such that F; is the identity on the lower boundary R x {—1},
the rotation number of any point belongs to the interval [0, 1]. Observe that, for such
a lift, the rotation number of a periodic (conservative) billiard trajectory corresponds to
winding number/number of reflections.

Let £: R> — R be the generating function of the conservative billiard map. From the
geometric point of view, the quantity £(S;, S;+1) corresponds to the Euclidean distance on
R2 between Y (s;) and Y (s;+1), where 7: R — T is a covering and s; = 7 (S;). This is
also the quantity previously denoted as t(s;, s;+1). In the next proposition, with an abuse
of notation, since £ is invariant under the action of Z, we also denote by ¢ the function
induced on T2.

By a standard construction due to Birkhoff, see e.g. [Sib04, Theorem 1.2.4], it is well
known that there exist at least two periodic orbits for every rational rotation number. They
are obtained by considering the length functional, givenby Y, £(S;, Si4+1). In particular,
the first orbit is given by maximizing the functional, while the other one is given by a
min-max procedure (sometimes referred to as the ‘Mountain Pass lemma’). In particular,
for the rotation number %, we obtain two 2-periodic orbits for the conservative billiard
map. Then, as remarked at the beginning of the section, the dissipative billiard map f),
has two 2-periodic orbits for any A € [0, 1]. More precisely, for every A € (0, 1), the set of
2-periodic points is non-empty and it contains at least two different orbits.

PROPOSITION 3.11. Let f, be the dissipative billiard map of a strongly convex domain
Q with CK boundary, k > 2, that belongs to the open and dense set % of Theorem 3.8.
Assume that {p = (s1, 0), fi(p) = (s2, 0)} is a 2-periodic orbit. We denote by K1, Ky < 0
the respective curvatures at the points Y (s1) and Y (s2), where Y : T — RZisan arclength
parameterization of the boundary. Let T := {(s1, s2) and k13 := (tK1 + 1)(t/2 + 1).
Denote by {111, 2} the eigenvalues of fo(p), with || < |u2l. Then:
(@) if (s1,82) corresponds to a local maximum of £ (e.g. when [Y(s1), Y(s2)] is a
diameter), then k12 > 1 and the 2-periodic orbit {p, f,(p)} is a saddle;
(b) if (s1,52) corresponds to a critical point of saddle type of £, then k15 < 1 and it
holds that:
(1) ifki12 = 0 (note that it is always the case when K1 = Ky or when Q2 € DF),
then the 2-periodic orbit {p, f,.(p)} is a sink;
(i) if kip€(=1,0), let i=5i(p):= (1~ /~ki2)/(0+ ki) €O 1)
then, we have:
o forany A € (0, 1), the 2-periodic orbit {p, f,(p)} is a sink;
o for A = A, the 2-periodic orbit {p, f,(p)} is parabolic;
o forany A € (A, 1), the 2-periodic orbit {p, f,(p)} is a saddle;
(i) if k1o < —1, then for any A € (0, 1), the 2-periodic orbit {p, fr(p)} is a
saddle.

Proof. Fix a 2-periodic orbit {p = (51, 0), fo.(p) = (s2, 0)}. Since 9;£(s, s') = — sin ¢

and 9,£(s, s") = sin ¢’, the point (s{, s2) is a critical point of £. Moreover, we have (see
e.g. [CKZ23, Lemma 2.1])
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£(s1 + 8s, 52+ 8s") — £(s1, 52)

1 1
1 Ki+— - 8
=gl o7 47 Ty [85,}+o((8s>2+(6s/>2).
— ]C2+_
T T
=:A

Let us distinguish between two cases, namely, when the pair (s, s2) corresponds to a local

maximum or a critical point of saddle type of the length functional.

(a) In the first case, when £ is locally maximal at (s, s2), the Hessian matrix A
of £ is negative semi-definite, that is, trA = K; + K| +2/7 <0, and det A =
1/12(k1,2 —1) > 0 with k12 := (1 + 1)1 + tk2). Since K1, K2 < 0, from the
inequality for det A, we deduce that k;» > 1. Therefore, by Lemma 3.5(a),(b), the
real eigenvalues @ < pup of Df)?(p) satisfy 0 < 1 < A2 < 1 < o In particular,
if the local maximum is non-degenerate, then det A > 0, and hence k1, > 1, and by
Lemma 3.5(a), the 2-periodic point is a saddle, with 0 < 11 < A% < 1 < u». Note
that local maxima of ¢ are always non-degenerate if Q2 € % ; indeed, as in the proof
of Corollary 3.9, we see that in that case, k2 # 1.

(b) In the second case, the matrix A satisfies det A = 1/ r2(k1,2 — 1) <0, and hence
k12 < 1. When the critical point is non-degenerate (in particular, when Q € %),
it holds that det A < 0, and hence kj> < 1. Then, the conclusion of point (b)
in the above statement follows respectively from Lemma 3.5(c),(d), when k> €
[0, 1), from Lemma 3.5(e), when k12 € (—1,0), and from Lemma 3.5(f), when
k1o < -1 O]

4. Birkhoff attractor for circular and elliptic billiards

This section is devoted to the study of the Birkhoff attractor for the dissipative billiard
map of (circles and) ellipses. To fix ideas, we can imagine that in what follows, the billiard
maps have constant dissipation A, but in fact, all the results presented in this section hold
for a general dissipative billiard map as in Definition A. A useful tool through the whole
section is the notion of Lyapunov function.

Definition 4.1. Let (X, d) be a metric space and let f: X — X be a continuous map.
A continuous function L: X — R is a Lyapunov function for f if L o f(x) < L(x) for
every x € X. If L is a Lyapunov function for f, the corresponding neutral set is defined as

N(@L):={xeX:Lo f(x)=Lx)}.

As in the Birkhoff case, the simplest example of a dissipative billiard is when the
boundary of the billiard table is a circle

C:={x=(x1,x2) € R?: x] + x7 = R*}.
The proof of the next result is straightforward.

PROPOSITION 4.2. Let f5: A — A be a dissipative billiard map within a circle C. The
corresponding Birkhoff attractor A, is equal to the attractor A9, and

Ay =AY =T x {0}.
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Proof. We notice that, since for any M € (0, 1],

H(TMx[-M,M]) C T x [— mAaxk M, mfgx)» MICTx (—M, M),

the attractor (see equation (2.1)) corresponds to AY = T x {0}. Since T x {0} is the
minimal element, with respect to the inclusion, in X' ( f;), this concludes the proof. O]

Remark 4.3. The following are easy observations about dissipative maps inside a circular

billiard. For this remark, we assume that the dissipation A is constant.

(1) Since D is axially symmetric with respect to every line passing through its center,
the fact that T x {0} C A, is a direct application of Corollary 3.4.

(2) It is worth noting that, in the case of the map f] on the disc, the angle ¢ = arcsin r
stays constant along every orbit and it represents an integral of motion; as a
consequence, in the dissipative case, L(s, r) = r is a Lyapunov function for fj and
A;, corresponds to the neutral set N'(L) of L (see Definition 4.1).

(3) The foliation {T x {r}:r € [—1, 1]} is f)-invariant, that is, for every r € [—1, 1],
there exists ' € [—1, 1] such that f; (T x {r}) = T x {r'}. In particular, r and r’
have the same sign and |r'| < |r|.

In the following, we investigate the dynamics of the dissipative billiard map within an
ellipse £ of non-zero eccentricity e. As the dynamics is unchanged under rigid motion of
the table (affine maps of R?), without loss of generality, we assume that the major axis is
horizontal, and the minor axis is vertical, that is, for some parameters a; > a» > 0, we have

2 2

2 2 a;y —a

X X 1 2
5:={x=(x1,x2)eR2:—12+—§=1}, ei=+—"¢(0,1).

aj ay aj

Denoting by - the Euclidean scalar product and by B the diagonal matrix
1

E 0
B = O 1 )
a

the equation of £ can be abbreviated as £ = {Bx - x = 1}. In particular, for any x € &,
the vector Bx is collinear with the normal to £ at x; in fact, Bx points outside the convex
domain bounded by £. For A € (0, 1), let f; : A — A be the associated dissipative billiard
map where, in such a case, it is convenient to describe the phase-space with the (x, v)
coordinates:

{(x,v) €EXT'E: Bx-v <0}

With an abuse of notation, we will refer to this set of coordinates {(x,v) € & x T'E :
Bx - v < 0} also as A. To lighten notation, f; will also denote the dissipative billiard map
in (x, v)-coordinates.

Since a point (s, r) € A is 2-periodic for f; if and only if it is 2-periodic for the standard
billiard map fi, the set of 2-periodic points is reduced to

Il :={E|, E», Hy, H>},

https://doi.org/10.1017/etds.2024.68 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.68

1012 O. Bernardi et al

where we denote by

{E1, E2 = fai(E1)} and {Hi, Hy = f,,(H1)}

the 2-periodic orbits of fj corresponding to the minor and the major axis, respectively.
The next result is a direct outcome of Lemma 3.7.

LEMMA 4.4. Let f5: A — A be a dissipative billiard map within an ellipse £ of non-zero
eccentricity. The 2-periodic orbit {E|, E2 = f,(E1)}, corresponding to the minor axis,
is a sink. The 2-periodic orbit {Hy, Hy = f5.(H1)}, corresponding to the major axis, is a
saddle.

Proof. The statement immediately follows from Lemma 3.7. Indeed, as in §3.3, for a
2-periodic orbit {p, f5.(p)} = {p, f1(p)}, denote by t and K respectively the distance
between the two bounces and the common curvature at these points, and as in equation
(3.6), let

ki2(p) == @K+ 1)2>0.

On the one hand, when p € {Ey, E2}, 1K = 2ax(—az/a}) = —2(az/a1)? € (-2, 0).
Thus, k12(p) € [0, 1) and then, the 2-periodic orbit {Ey, E; = f3(E1)} is a sink. On
the other hand, when p € {H{, Hy}, K = 2a1(—a1/a§) = —2(ay/az)* < —2. Thus,
k12(p) > 1 and then, the 2-periodic orbit {Hy, Hy = f, (H1)} is a saddle. O]

Notation 4.5. For i = 1,2, we denote by W*(H;; ff) (respectively W" (H;; ff)) the
(one-dimensional) stable (respectively unstable) manifold of H; for ff. To lighten the
notation, for x = s, u, i = 1, 2, we also denote by W*(O; (H;)) the union W*(Hy; ff) U
W*(Hy; ff). Similarly, let W*(E;; ff) be the (two-dimensional) stable manifold of E;
for ff. Again, to lighten the notation, for i = 1, 2, we denote by W* (O, (E;)) the union
WH(Ers [7) UWS(E2; ).

The main result of the present section is the following characterization of the Birkhoff
attractor for dissipative billiard maps within an ellipse.

THEOREM 4.6. Let f): A — A be a dissipative billiard map within an ellipse £ of
non-zero eccentricity. The corresponding Birkhoff attractor A, is equal to the attractor
Ag, and we have

A9 = Ay = W' (Ou.(H)) U{E), E} = WH(O,(Hy)). 4.1
Moreover, fori = 1,2, W"(H;; ff) \ {H;} is the disjoint union of two branches ‘fil , Cfiz,
with ¢! C WS(Ej; f2), j = 1, 2.
The next two propositions will be used in the proof of Theorem 4.6.

PROPOSITION 4.7. Let f;: A — A be a dissipative billiard map within an ellipse £ of
non-zero eccentricity. The function

L:A—>R, (x,v)—~ Bx-v

https://doi.org/10.1017/etds.2024.68 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.68

Birkhoff attractors of dissipative billiards 1013

is a Lyapunov function for f;. Moreover, its neutral set N'(L) is equal to f;l (A1), where
A is the set of points {(x,v) € A : v is collinear to x}. More precisely, there exists a
continuous function §: Ry — Ry with lim,_,¢ §(¢) = 0 such that for any (x, v) € A,

IL(fr(x,v)) — L(x,v)| <& = d((x,v), f; (A1) < 8(e), (4.2)
where d is the usual distance on A.
Proof. For (x,v) € A, let (x',v') := fi.(x, v). We first observe that
B(x'—x)-(x+x)=Bx'-x+Bx'-xX’ —=Bx-x—Bx-x' =0,

since x, x” € £ and the matrix B is symmetric. As x" — x is collinear to the vector v, the
previous relation yields Bv - (x + x’) = 0; by the symmetry of B, we thus obtain

—Bx'-v=Bx-v. (4.3)

Moreover, due to the reflection law, Bx" - (v + v") < 0, except when v’ is collinear with
the normal at x’, in which case, Bx’ - (v + v") = 0. By equation (4.3), we conclude that

L(x',v)=Bx"-v < Bx-v=L(x,v),

with equality exactly when the bounce at x’ is perpendicular to £. This means that
IL(x",v") — L(x, v)| < 1ifand only if d((x, v), f; (A1) < 1. O

Remark 4.8. 1t is worth noting that fx_l (A1) can be alternatively detected as a neutral set
in the following way. For ¢ € [0, az) U (a2, ai), let us consider the family of quadrics:
*2

2 2
& = {x:(xl,xg) eR?: 2x1 3 +— 5 :1}.
aij—¢ a; — ¢

For ¢ € [0, a2), & is an ellipse confocal to € and, for ¢ € (a2, a1), & is a hyperbola con-

focal to £. Let F1 = (—c, 0) and F, = (c, 0) be the two foci of £, where ¢ := , /a% — a%.
We extend the previous definition by letting &, := (—o0, —c] U [¢, +00) x {0} and
&4, = {0} x R. By the theory of usual elliptic billiards, for (x, v) € A\ II, there exists
aunique ¢ = ¢(x, v) > 0such that any orbit segment of the fi-trajectory starting at (x, v)
is tangent to &;; moreover, & is an ellipse when the segment [x, x'] does not intersect
[F1, F»], and it is a (possibly degenerate) hyperbola when [x, x'] intersects [Fi, F»].
Finally, we set {(Hy) = ¢(H>) :=ap and ¢(E;) = ¢(E>) := a;. Then, comparing the
standard reflection law to the dissipative one, it can be proved that the function —¢ is a
Lyapunov function for f;, with neutral set N'(—¢) = f)f1 (A ) (Figure 5).

Remark 4.9

(a) Let us recall that Il := {E;, E», Hy, Hy} is the set of 2-periodic points. By
Proposition 4.7, the function £, := L + L o f; is also a Lyapunov function for
f>., with neutral set

N =7 ADN 20D = A7 AT A NnAD = 71D =10
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FIGURE 5. The Lyapunov function ¢.

Indeed, an orbit with two consecutive perpendicular bounces is necessarily
2-periodic. Moreover, by equation (4.2), there exists a continuous function
d: Ry — R4 with limg_,¢ §(¢) = 0 such that for any (x, v) € A,

0<Lu(x,v) — La(filx,v) <& = d((x,v), 1) < 8(e), (4.4)

where d is the usual distance on A.
(b) Forany (x,v) € Aj, Bx and v are collinear, with opposite orientations, and hence

x12 x% x% 1 1 1
Lx,v)=—IBx|l=—|Z+S=— /3|53t =

a4 a \4; q a;
Therefore, L|, is maximal when x, = 0 (and takes the value —1/ay), that is, for
(x,v) € {Hy, Hp}, and L|,, is minimal when x% = a% (and takes the value —1/ay),
that is, for (x, v) € {E1, E2}.

(¢) Let X Cint(A) be a f)-invariant set. Then, both —L|y and —L, |x are Lyapunov

functions for f)\_l.

PROPOSITION 4.10. Let f.: A — A be a dissipative billiard map within an ellipse £ of
non-zero eccentricity. All the orbits are attracted by a 2-periodic orbit, that is, for any
(s,r) € A, there exists py = p+(s,r) €l ={E, Ea, Hy, H} such that

li 2n — Ii 2n+1 — .
n—y—il-loo (s, r) = pg, n_illloo fx (s,r) = filp+)

In particular, the set of periodic points for f, is reduced to the set 11 of 2-periodic points.
Moreover, II C A, C Ag, and for any (s, r) € Ag \ II, there existi_, iy € {1, 2} such that

lim 2, v)=H; , lim 27N, 0) = fuHi),
n——0o0 n——oo

. 2n _ . 2n—1 _ .
nl}r-qliloo f)\ (x,v) = Ez+, nl}r—sr—loo f)L (x,v) = fA(Et+)~
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Proof. Fix (s, r) € A. By Remark 4.9(a), the function £, is a Lyapunov function for f;
whose neutral set is II; consequently, the omega-limit set wy, (s, r) satisfies wg, (s, r) C
N (L) =1L For each n > 0, we set u, := L,(f;'(s, r)). The sequence (u,)=0 is decreas-
ing and bounded from below by ming £; > —oo, and hence is convergent. In particular,
limy,—s 400 (U, — un+1) = 0; by equation (4.4), we deduce that

. n _
Jm - d(fy (s, ), 1) =0,

where d is the usual distance inherited from A. Recall that II is formed of only four different
points and let € := % miny+4en d(p, g) > 0. From the previous limit, there exists ng € N
such that for any n > ng, we have d(f (s, r), II) < €. Actually, for n > ny, there exists a

unique point p(s, r, n) € Il such that d(f;! (s, r), p(s, r,n)) < €. In particular, since the

bounce at f)’fH (s, r) gets closer and closer to being perpendicular as n — +o00, we have

that
li n+2 n —0
n—lToo d(f)“ (s,r), f5(s,r)) =0
Let us then fix ny > ng such that for any n > nj, it holds that

d(fI2(s,r), fl(s, 1) < €.

Then, for any n > ny, we have

d(p(s,r,n), p(s,r,n+2))

<d(p(s.r,2n), f{(s.1) +d(f (s, 1), [0, ) +d(f s, ),
p(s,r,n+2)) < 3e.

By the choice of € > 0, it follows that p(s, 7, n +2) = p(s, r, n) for any n > nj. Let us
then set p. = p4(s,r) := p(s, r, 2n) for any 2n > n; (it is well defined by the previous
discussion). Then we conclude that

li 2n — Ii 2n+1 — .
n_}riloo (s, ) = py, n_ir_ir_loo I (s,r) = filp+)

In particular, we deduce also that py(fi(s,7)) = fa(p+(s,r)) and that wy, (s,7) =

{p+, frlp+)}
The sets A;, Ag are fj-invariant; moreover, f|a,, respectively fi|,o, is invertible,
A

and £~,\ := —Ly|a,, respectively L0 = —L;| p0, is a Lyapunov function for (fxlm)fl,
respectively (fi| A9 )1 see Remark 4.9(c). Since A, Ag are compact, for any

(s, r) € Ay, respectively (s, r) € AY, we have that the alpha-limit set o g, (s, ) satisfies
B #ap(s,r)C NEL)NA;, CII,  respectively ¢ # ap(s,r) CNULHNAY cIr
in particular, we deduce that ¥ #= A, NIl C Ag NII. Fix (s,r) € A,, respectively
(s,r) e Ag. Arguing as above, we see that there exists p_ = p_(s,r) e INA,,
respectively p_ = p_(s, ) € IIN AY, such that

lim f2(s,r)=p—, lim 2 s, r) = fi(po).
n——oo n——oo
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Then, it holds that ap (s,r) = {p—, fi(p-)}. There are two cases for the point

(s, r) € Ay, respectively Ag:

e cither oy (s,7) Nwyg, (s,7) # @, and then the whole orbit (ff(s, r))kez 1s in the
neutral set N'(Ly), that s, (s,7) = p_(s, r) = py(s, r) is 2-periodic;

e otherwise, (s, r) ¢ II (this case clearly occurs, as A, separates A, while II is a finite
set) and the 2-periodic orbits a7, (s, 7) = {p—, fa(p-)}andwy, (s,7) = {p+, fi(p+)}
are distinct. By Remark 4.9(b), and since the orbits of p; and p_ are different, we have
that £, (p—) > L, (p4) and actually, ay, (s, r) = {H;, H>} and wy, (s, r) = {E1, Ea}.
As A;, Ag are closed, we also deduce that II C A, C Ag. O

Remark 4.11. When the dissipation X is constant, the fact that Il C A, C Ag proven in
Proposition 4.10 also follows from Lemma 3.3, due to the symmetries of the ellipse £.

Let us also note that, by Proposition 4.10, for any (s, r) € A\ W*(Hy; f5.), the forward
orbit of (s, ) converges to the 2-periodic orbit {E1, fi(E1) = E3}.
We are now ready to give the proof of Theorem 4.6.

Notation 4.12. Given some small § > 0, we denote by Wy (H;; ff) the §-local unstable
manifold of H; with respect to sz, that is, the set

WE(H;; f2) == {(s,r) € A 1 d(f¥(s,r), H;) < 8 forall n < 0}.
Similarly, the §-local stable manifold of H; with respect to ff is
Wi (H;; ff) ={(s,r) € A: d(ff"(s; r), H;) < 8 foralln > 0}.

For *+ = s, u, i = 1,2, the notation W5 (O, (H;)) refers to W5 (Hj; ff) U W5 (Ha; ff).
We denote by

WE(Ei; f7) = {(s,r) € A d(f"(s, ), E;) < § forall n > 0},

the §-local stable manifold of E; with respect to ff. Similarly, for i = 1, 2, the notation
W3 (O, (E))) refers to Wi (E1; ff) U Ws (E»; ff).

Proof of Theorem 4.6. By Proposition 4.10, for any (s, r) € A, \ {E1, E3}, respectively
(s,r) € A\ {E}, E»)}, there exists i_ € {1, 2} such that lim,_, _« f2"(s,r) = H;_, and
hence (s, r) € W*(O, (H;_)). We deduce that

Ay C AY C WH(Os(H)) U{EL, Ea} = WH(Ox(H))), (4.5)

where the last equality follows again from Proposition 4.10; indeed, the points E1, E> are
accumulated by the forward orbit of any point (s, r) € Ay \ {E1, E2} C W*(O,(Hy)).
From equation (4.5) and applying Lemma 2.7 to W4(O,(H;)), we deduce that
WH(O, (H1)) separates A. Since it is also compact, connected, and f; -invariant, it holds
that W* (O (H1)) € X(f2)-

CLAIM 4.13. Thereis 8 > O such that, for any x € Wy (O, (Hy)), W*(O,.(H1)) \ {x} does
not separate the annulus.
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Proof of the claim. Let n > 0 be small enough such that the balls of radius 1 centered at
points in {Hj, Ha, E1, E»} are pairwise disjoint. From Proposition 4.10, for i = 1, 2, we
have that W“ (H;; ff) \ {H;} is contained in the stable manifold of {E, E3}; in particular,
there exists N € N such that for every n > N, it holds that

FLOVHOLH) \ Y WO (Hr)) C B(E1, 1) U B(Ea, 7). (4.6)

We can then choose § > 0 small enough such that, for i = 1, 2, the §-local unstable
manifold of H; is a C! graph over the first coordinate projection of B(H;, §) and such
that B(H;, 8) N W"(H;; f7) = WY (H;; f7), that is, the unstable manifold meets the ball
only at the local unstable manifold. This last property is possible thanks to equation (4.6).
The §-local unstable manifold W (H;; ff) separates the ball B(H;, §), that is, we have
B(H;, §) \ Wy (H;; ff) = U UV for two disjoint connected open sets ¢/ and V. For any
x € Wy (H;; ff), the set B(H;, 8) \ Wy (H;; ff) \ {x}) is path-connected. We conclude
that W*(Oy, (Hy)) \ {x} does not separate the annulus if

Z/ICUWu

WOy, () and VCVWH

Oy, (HD)’

where A\WH(Oy, (H1)) = Uyiio,

that H; € A, and that W*(Op, (Hy)) € X(f1): indeed, by Proposition 2.5(2), H; €
Fr(Um N Fr(Vm) and, in particular, the two connected open sets U
A A

U VW“(OM( ) This follows from the fact

and V cannot be contained in the same connected component of A\ W*(Oy, (Hy)). O
Thus, by Lemma 2.6, we have that
WY (Ox(H1)) C A 4.7)

Let us also recall that for i = 1, 2, we have W (O, (H})) = szo f){(Wg‘(OA(Hl))). By
equation (4.7), and as A, is f)-invariant and closed, we obtain

WOy (Hy)) C A, 4.8)

Comparing equations (4.5) and (4.8), we deduce that all the inclusions are actually

equalities, which concludes the proof of equation (4.1).

By the previous discussion, Ay \ II is the disjoint union of four connected components
€1, 6], 62 = [.(61), €, = fL(€]), where ¢; and €/ correspond to the two branches
of W"(H;; fk) \ {H;} for i =1, 2. Moreover, by Corollary 4.10, 61 C W*(Ej; fx) and
©] C W (Ep; f/\) for some j, k € {1, 2}. We claim that j # k. Assume by contradiction
that] = k and set ‘51 =6 U%U {Hl, E;} =W"(Hy; fx) U {E;}. Since W"(H; fA
has no self-intersection, we have that ‘51 is an fx -invariant simple closed curve. We
distinguish between two cases:

(1) either ‘a separates the annulus A; then, we would have A; = ‘a U fa (‘a), where
ﬁ and f (‘g) are compact, connected, and both separate A. This would imply
that A \ A, is the disjoint union of three connected open sets, one of which is an
fi-invariant bounded open set. This would contradict the dissipative character of the
map;
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(2) orthe curve %/”; is homotopic to a point; in particular, it bounds an ff-invariant open
set. Again, this would contradict the dissipative character of ff.

Thus, j # k. Setting 6} := G, € := 6|, CX .= 6 = fi(6)), € =€, = fL(ED),

this concludes the proof. O

In the next corollary, we prove that the conclusion of Theorem 4.6 remains true
for strictly convex domains whose boundary is sufficiently C?-close to an ellipse. For
simplicity, in the rest of this section, we will assume that the dissipation A is constant.

COROLLARY 4.14. Let € be an ellipse and fix ). € (0, 1). Then, there exists € = €(E, L) >0
such that for any domain Q2 C R2, whose boundary 092 is C k k>2 and satisfies
dce2(09, €) < €, the following holds. Let f; : A — A be the dissipative billiard map within
Q. There exist 2-periodic orbits { H1 (), H>(2)} and {E1(2), E2(2)} of saddle and sink
type, respectively, and the Birkhoff attractor is equal to

Ay = WOy, (H1(Q) U{EI(R), E2(2)} = W*(Oy, (H1()),

where W* (O, (H1(2)) :== W"(H(2); ff) UWH"(H(R2); ff). Moreover, the function
(€, L) = €(&, A) can be chosen to be continuous.

Proof. Denote by g, the dissipative billiard map of £ with dissipation parameter
A€ (0,1). Let {Hy, Hy} and {Ej, E3} be the 2-periodic orbits for g, of saddle and
sink type, respectively, see Lemma 4.4. For 92 sufficiently C2-close to £, the associated
domain €2 is still strongly convex, as the curvature function depends continuously on
the domain in the C2-topology, and & is strongly convex. Without loss of generality,
we can assume that the perimeter of 9€2 is still one (as the dynamics is invariant under
rescaling), so that the dissipative billiard map f;, is defined on the same phase space A as
8. Moreover, for any n > 0, there exists €g(n) > 0 such that if d-2(0R2, &) < ep(n),
then dqi(fi, &) < n. Indeed, by equation (3.4), the differentials of f;, g» depend
continuously on the curvature function. Fix n > 0 small enough such that for any
@ with d2 (09, £) < €9 := €9(n), the 2-periodic orbits {H;, H>} and {E}, E3} have
continuations { H1(2), H>(2)} (of saddle type) and {E1(2), E2(£2)} (of sink type) for f;.

Let 69 > O be such that for every 0 < § < &, the balls B(Eq, §), B(E», §) are both
contractible, that is, any closed path contained in B(Eq, §), respectively B(E;, 8), is
homotopic to a point. As already noticed with inclusion in equation (4.6) in Proposition
4.10, we can fix 0 < § < &p small enough such that there exists N € N with the property
that for any n > N, the set

5 OV (Og, (HO) \ g3 W35 (Og, (H1))) C B(E1, 8/2) U B(E2, 8/2),

where Wg’/z(ng (Hy)) := Wg‘/z(Hl; g/%) U Wg‘/z(Hz; g%). By the Hadamard—Perron the-
orem—see e.g. [BS15, Proposition 5.6.1]—local invariant manifolds of hyperbolic fixed
points depend continuously on the dynamics in the C'-topology (and hence depend
continuously on 32 in the C2-topology). Consequently, there exists 0 < €] < €q such that
for every domain  with d2 (92, £) < €1, for any n > N, the set

SOV O (HI@ID\ fY W (O, (H1(2))))
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is contained in B(Ej, §) U B(E, §), where W (O, (H1(R2))) := Wy (H1(R); f)?) U
Wy (Hx(2); ff). Observe that E;(2) € B(E;, §) fori = 1, 2. In particular, the 2-periodic
orbit { E1(€2), E2(£2)} belongs to

WOy, (H(R)) := WH(H(Q); f) UWH(Ha(Q): f)
and the latter is an f) -invariant, compact, and connected set.
CLAIM 4.15. The set W*(Oy, (H(2)) separates A.

Proof of the claim. As for W" (O z, (H1(2)), we use the notation

Wi(Og, (Hy)) := WH(H1(Q); g2) UWH(H2(Q); g2).

Observe that the second one separates the annulus because, by Theorem 4.6, it is the
Birkhoff attractor of g, . The claim then follows if we show that they are homotopic. From
the previous choice of € > 0, we can decompose

WOy, (H1(R2)) =y1 Uy Uy U,

where for i =1,2, y; C B(E;,§) is a continuous path containing E;(£2) whose
endpoints qril,qi2 lie on the circle C(E;, 8) (centered at E; of radius §), while p; C
ka Wy (H;(2); ff)) is an unstable arc with endpoints q{ and qé. Similarly,

Wi (O, (Hy)) =T1 U, Ul U T,

where for i = 1,2, I'; C B(E;, §) is a continuous path containing E; whose endpoints
Ql], Qi2 lie on the circle C(E;, §), while I'; C giv(W('{(Hi; g%)) is an unstable arc with
endpoints Q and Q.

Fix 0 < 8’ « 8. We can retract a §’-neighborhood of the circles C(E|, §) and C(E>, 8)
in such a way that the respective images {y/, y/, I}, IA‘;},-ZLZ of {yi, Vi, I:i, f‘i}izl,z after
retraction satisfy that fori = 1, 2, y/, I'/ have the same endpoints and p/, I have the same
endpoints. In particular, it holds that y; U y» U 91 U 33 is homotopic to 'y U T U I urm,
if and only if y{ U y; U y{ U p, is homotopic to I'; U T, U f‘i U f‘é We denote by By, B}
the respective images of B(E, §) and B(E», §) after retraction.

Since for i = 1, 2, the set B/ is contractible and y/ UT is a closed loop, we deduce
that y/ and I'] are homotopic. In addition, by the continuous dependence of the local
unstable manifolds on the dynamics, the unstable arcs ; and f‘i are CY-close to each
other, and then, the paths p/ and f‘lf are homotopic. We conclude that y{ U y; U p{ Uy,
is homotopic to ' UT, U l:"1 U l:‘é by construction, it follows that W*(Or, (H1(R2))) =
Y1 U y2 U1 Uy is also homotopic to W4 (O, (H1)) =1 U U U Ty, O

As a consequence of the previous claim, we have W*(Oy, (H1(R2)) € X(f), and
hence, by Proposition 2.5, the Birkhoff attractor of f) is contained in it. Since the
Birkhoff attractor cannot be reduced to {E(£2), E2(€2)}, it must contain points in the
unstable manifold of the saddle periodic orbit. Since the Birkhoff attractor is invariant
and closed, it holds that H;(€2), H2(€2) € A,. Repeating the proof of Claim 4.13, we
can show that for any point x in the local unstable manifold of { H;(€2), H>(€2)}, the set
Wt (O, (H1(2))) \ {x} does not separate the annulus. By Lemma 2.6, we deduce that the
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local unstable manifold is contained in the Birkhoff attractor. Again, since A is invariant
and closed, we deduce that A; = W*(Oy, (H1(R2))).

Finally, the fact that the function (£, 1) — €(&, 1) can be chosen to be continuous
follows from the fact that the objects for which certain conditions have to be satisfied
while choosing €, €] above depend continuously on the dynamics f;, (in the C!-topology),
which itself depends continuously on the eccentricity of the ellipse £ and on the dissipation
parameter A € (0, 1). O]

5. Birkhoff attractors for strong dissipation
In the previous section, as a first example, we have seen that, in the case of a circular table,
the Birkhoff attractor is the simplest possible, that is, the graph of the zero function. We
are thus naturally led to investigate when A is topologically simple, that is, it is a graph.
The main result of the present section is proving that the geometric condition contained
in Definition D together with the hypothesis that the dissipation is strong, that is, with
A close to 0, are sufficient for the Birkhoff attractor to be a graph. The corresponding
result (Theorem 5.7) contains also details on dynamics’ and graphs’ regularity and uses the
notions of dominated splitting for an invariant set and of a normally contracted (called also
hyperbolic) manifold. These definitions are recalled at the beginning of the next section.
Throughout this section, for simplicity, we will assume that the dissipative billiard maps
/>, have constant dissipation A € (0, 1). Yet, we will argue in Remark 5.17 that the same
results can be obtained for a general dissipative billiard map as in Definition A.

5.1. Normally contracted Birkhoff attractors for strong dissipation. Let f;: A —
A, (s, r) — (s, r’) be the dissipative billiard map within a convex domain Q C R2. We
use the notation of §3.1.

PROPOSITION 5.1. Assume that Q2 € Dk, where DX has been introduced in Definition D.
Then, there exists A(2) € (0, 1) and a cone-field C = (C(s, r))(s,)ea containing the
horizontal direction:

Cis,r):={v € T nA 1 v=(v5, v), V]| <n()|vsl},

where 1 : [—1, 1] — Ry is a continuous function, such that for each » € (0, A(2)) and
foreach (s,r) € T x [—A(2), AL(2)],

Dfy (s, r)C(s,r) C int C(fy.(s, r)) U{0}.

Proof. We recall that for any (s,r) € A and (s, r') := fo(s,r), ©(s,7) :=L(s,s') =
T (s) — Y (s")| is the Buclidean distance between the consecutive bounces Y (s), Y (s),
so that the quantity 7 (s) in Definition D is merely t(s) = t(s, 0). Moreover, since 2 € D,
there exists a constant ¢y > O such that

max t(s, 0)K(s) < —1 — ¢p.
seT

By compactness and continuity of the involved functions, we can fix §g > 0 and Ky > 0
such that

max t(s,r) <diam Q < 8y, max |K(s)| < Kp.
(s,r)eA seT
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We can find A1 € (0, 1) small enough such that

(s, r)
max (s, rK(s) +v(r) < —cp, max
(s.,r)€TX[—A1.A1] (s.)eTx[—A1, 0] v(r)

<8, (5.1

where v(r) := /1 — rZ. By equation (3.4), for each (s, r) € int(A), we have

T
tK+v G
Df)\‘(s, r)el = v/ B Df)\,(s’ ”)622 ) (52)
ATKK + KV +K'v) , K+
%

where e; = (1, O)T, e2(0, l)T are the vectors of the canonical basis. Moreover, K, K’
denote the curvatures at the points corresponding to s, s’, while v := v(r) = /1 — r2,

V=) =1 — (/02
Let ap := cp/280 > 0. At each (s, r) € A, we identify T ,)A with R2, and define the
cone

C(s, r) := {u = ae; + bes € R? : |b| < agv(r)|al}.

We note that this cone always contains the horizontal direction R x {0}. With the now fixed
A€ (0,1),let (s,r) € f(A) =T x [—A, AL, (5", ) := fo(s, r). By equations (5.1) and
(5.2), for any u = aej + bey € C*(s, r), its image u’ by Df3 (s, r) is equal to
, |: K +v ‘L'/C/—I-U/i|T
uw=\|—-a R

U/

+ bﬁ, ar(TKK + KV 4+ K'v) — ba =:ad'e; +bey,
where v = v(r), v/ = v'(+'). Thus, we have
v(rld'| = V' (r)a'| = lalco — |b|8o > %OlaL
6] < lal2((80KG + 2Ko) + a0 (80KCo + 1)).
Now given g € (0, 1), it holds that
Dfs (s, r)C¥(s, r) C CHoY(s' 1),
provided that A € (0, A(£2)), with

() = 180, Ko, co, o) = min (xl, 0 ) €, 1).
2(80/KC5 + 2K0) + 200(80K0 + 1)
Setting C(s, r) = C¥(s, r) for each (s, r) € A, we conclude the proof. O

To continue on this section, we need to recall some notions and results: the definition of
dominated splitting for an invariant set, the definition of normally contracted (hyperbolic)
manifold (see e.g. [Sam16, Definition 2.2] and [BB13], respectively) and a theorem by
Hirsch, Pugh, and Shub on the regularity of such normally contracted manifolds (see
[HPS77]).

Definition 5.2. (Dominated splitting) Let M be a compact Riemannian manifold without
boundary. Let f: M — M be a C* diffeomorphism onto its image, £ > 1. Let K be an
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invariant set for f. Then, K has a dominated splitting if the tangent bundle over K splits
into two subbundles Tx M = E & F such that:

(1) Eand F are invariant by Df;

(2) the subbundles E and F vary continuously with respect to the point x € K

(3) thereexist C > 0and O < v < 1 such that for any x € K,

IDf* el - IDF*(f* DIl < Cv" foralln > 0.

Roughly speaking, the previous definition says that any direction not contained in the
subbundle E converges exponentially fast to the direction F under iteration of Df. For the
following definitions of (£-)normal contraction, we refer to [CP15, HPS77].

Definition 5.3. (Normally contracted manifold) Let M be a compact Riemannian manifold
without boundary. Let f: M — M be a C* diffeomorphism onto its image, £ > 1. Let N
be a closed C! manifold, invariant under £. Then, we say that N is normally contracted if
N has a dominated splitting Ty M = E* @& T N such that E¥ is uniformly contracted, that
is, there exists ng € N and p € (0, 1) such that for any n > ny, it holds that

IDf"(x)|gsll <" forallx € N.

Moreover, we say that N is €-normally contracted if the above splitting satisfies the
following stronger condition: there exist C > 0 and 0 < v < 1 such that for any x € N
and forany 1 < j < ¢,

IDF sl - IDFT" (" e)lrnlld < C v foralln > 0.

Once we have an £-normally contracted manifold, then the following theorem by Hirsch,
Pugh, and Shub assures that the manifold is as regular as the dynamics.

THEOREM 5.4. [HPS77] Let M be a compact Riemannian manifold without boundary. Let
f: M — M bea C* diffeomorphism onto its image, £ > 1. Let N be a closed C' manifold,
invariant under f. If N is £-normally contracted, then N is actually a C* manifold.

We can now state an interesting outcome of Proposition 5.1.

PROPOSITION 5.5. Let Q € DX, k > 2. Let AM(Q2) € (0, 1) be given by Proposition 5.1.
Then, for any ) € (0, A(2)), the attractor Ag has a dominated splitting E* @& E€, where
the bundle E* is uniformly contracted, and each point (s, r) € Ag has a stable manifold
WS(s, r), which is transverse to the horizontal. Moreover, there exists 0 < 1/ (2) < A(R)
such that for some C > 0 and 0 < v < 1, we have that for any A € (0, ) (2)), for any
X eAg,andforanyl <j<k-—1,

IDA sl - IDf" SNl < €V foralln =0, (5.3)

Proof. Let A(2) € (0, 1) be as in Proposition 5.1. Take A € (0, A(£2)). By the cone-field
criterion (see e.g. [CP15, Theorem 2.6] and [Sam16, Proposition 2.2]) for the cone-field
C = (C(s,7))s,ren constructed in Proposition 5.1, we deduce that the attractor
Ag C fi.(A) has a dominated splitting E3 @ E{ = E* @ E¢, where E“(s, r) is contained
in the horizontal cone C(s, r) for each (s,r) € Ag. Moreover, the fiber bundle E* is
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uniformly contracted. Indeed, by the domination, there exist u € (0, 1) and ng € N such
that for each (s, r) € Ag and for each n > ny,

IDf (s, )lesll < W IDf (s, r)lgell.

Observe that, by equation (3.2), we have det Df;’ (s, r) = A". As the angle between E* and
E€ is bounded away from zero at each point of A?, thus uniformly as Ag is compact, and
by a change of basis, we conclude that there exists n1 € N such that for each (s, r) € Ag
and for eachn > nq,

IDf s, r)|gs || < A2,

that is, the bundle E* is uniformly contracted. In particular, by the stable manifold theorem
(see e.g. [HPS77] or [CP15]), each point (s, r) € Ag has a stable manifold W*(s, r),
which is uniformly transverse to the cone-field C which contains the horizontal direction.

The center bundle E€ is contained in a cone around the horizontal direction and
independent of A. By equation (5.2), the modulus of the projection over the first coordinate
of Dfy (s, r)(1,0)T does not depend on A. Since the central direction E€ is contained in
a cone around the horizontal direction, we deduce that there exist constants 0 < C; < C»
such that for any A € (0, L(£2)), it holds that

Cy < |Dfi(s, r)|gell < C2 forall (s, r) € AY. (5.4)

Since det Df; (s, r) = A, reasoning as above, we deduce that there exists a constant C3 > 0
such that for any A € (0, A(£2)), it holds that

|IDfs(s, r)|es|l < C3n forall (s, r) € AY. (5.5)

By equations (5.4) and (5.5), we conclude that for A'(2) € (0, A(R2)) sufficiently
small, equation (5.3) holds for any A € (0, A'(2)), for any x € Ag, and for any
1<j<k-—1 O

Remark 5.6. Observe that if we could say a priori that Ag is a C! manifold, then
Proposition 5.5 would be saying that Ag is £-normally contracted.

The following proposition guarantees that the center space E€ of the dominated splitting
of Ag integrates uniquely to the Birkhoff attractor (see [BC16] for related results in this
direction).

THEOREM 5.7. Let Q € DX, k > 2, and let A(2) € (0, 1) be given by Proposition 5.1.
Then, for ) € (0, A(S2)), the Birkhoff attractor A, of f,. coincides with the attractor Ag
and is a normally contracted C' graph over T x {0}. Let }'(2) < A(2) be given by
Proposition 5.5. Then, for A € (0,1 (R)), Ay = Ag is actually a C*=' graph and A;,
converges in the C! topology to the zero section T x {0} as A — 0.

Proof. Fix A € (0, A(2)) and let C = (C(s, r))(s,-)ca be the cone-field in T x [—2, A]
constructed in Proposition 5.1; let us recall that it contains the horizontal direction, as
Cs,r) ={v € Ts A v = (v5, vp), v < apv(r) |usl}. Let

F :={y: T — [—A, A]suchthat y € Cl(']I‘) and (1, y'(s)) € C(s, y(s)) forall s € T}.
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The map f; acts on .# by the graph transform

G2 F > F, v (s mo filg (9, (g (),

where 7y, 7y denote the projection on the first and second coordinate, respectively,
and gy: T — T is the map s — mj o fi(s, y(s)). Indeed, the cone-field C around
the horizontal direction is contracted by the dynamics, that is, Df (s, r)C(s,r) C
int(C(fi(s,r))) U {0}, and hence for any y € ¢4y, the image by f; of the graph of
y is still the graph of a C! function, such that the vector tangent to fj (graph(y)) is
in C, and 1 o filgraph(y) is @ homeomorphism between graph(y) and T. In particular,
f(graph(y)) = graph(¥y, (y)) for a well-defined function ¥y, (y) € 7.

For any k € N, let us denote Ay := ff (A) and let .Z; be the subset of functions y € .#
whose graph is contained in Ay. Note that %, C % and, by construction, it holds that
F = F1. Moreover, if y € F, k > 1, then it holds that ¥y, (y) € Fy1.

In the following, let | - || be the sup-norm on the space C%(T, [—1, 1]). That is,
for y1,y2 € CUT, [—1,1]), we let ly2 — ¥illoo := maxser |y2(s) — y1(s)|. The graph
transform acts as a contraction on . for || - || cc-

CLAIM 5.8. There exists a constant ¢ > 0 such that for any yi, y» € %, it holds that
12 (2) = 2 )lls < X lly2 = yilloo foralln = 0.

Proof of the claim. For ko > 1 sufficiently large, Ay, is foliated by stable leaves {V*°(x) N
Ay i x € Ag}, and by the transversality between E° and C on Ag, there exists 8y > 0 such
that

LTV (x), Ty ")) = 0y forall x € graph(y), y € Fi,, (5.6)

where / denotes the (non-oriented) angle between the considered vector subspaces.

Let y1, y2 € %,. For each s € T, we denote by H;M,z (s) € graph(y,) the image of
(s, y1(s)) € graph(y;) by the holonomy map from graph(y;) to graph(y») along the leaves
of W*. That is, follow the stable leaf passing through (s, y1(s)) until it intersects the graph
of y»: such intersection point is H;]’n (s).

For n > 1, denote by y/" the image %}’k (vi), i = 1,2. Then, by equation (5.6), there
exists a constant ¢ > 1 such that for each y1, y» € %,,

T Hya(s) = i)l < dyys (s, 71 (s)), Hy, . (5) < clya(s) —yi(s)| foralls €T,
(5.7)

where dyys denotes the distance along a stable leaf, induced by the restriction to this leaf
of the Riemannian metric. Moreover, since (s, y1(s)) and H)f (s)) belong to the same
stable leaf, there exists ng € N such that for n > ny,

dyys (f1 (s, i), S 0 Hy, 1, (9)) < APdws (s, 11 ()), Hy, () foralls € T.
(5.8)

1,2

For each s € T and n > 0, let us set 5_,, := g;”(s), with g, : s — w1 0 fo(s, y1(s)) as

above, so that f'(s_,, y1(s—n)) = (s, y{'(s)) and f]' o H]il,)/z (s_p) = H;]n’y; (s). Indeed,
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fori = 1,2, f;! sends the graph of y; to the graph of /", and it sends stable leaves to stable
leaves. Then, by equations (5.7)—(5.8), for n > ny, it holds that

173() = 711 ($)] < cdyyr (s, 71 (), Hyp o (5))
= cdyys (f (s—n> V1(5—n)), [ 0 HS, \(5))
< X" Payys ((s—n, i(s—n)), Hy, oy (5-n))
< NP yals—n) = viGs-n)l < X2 = illco-

Now, for any y1, y» € & = %], their images under 54}?_1 are in %, and hence, up to
enlarging the constant ¢, we conclude that for any n > 0,

197, (72) =47, D)l < X172 = 7 llco- -

Let yoiz s € T+ £A € (—1, 1); clearly, yoi € .Z. For n >0, let ynjE = %}'I\(yoi).
Observe that for any n > 0, yni is in .%,41. By Claim 5.8, the sequences ()/ni)nzo are
Cauchy sequences, and hence converge to a continuous function yojg.

CLAIM 5.9. The equality v, = v =: Voo holds and AY = A; = graph(yuo).

Proof. Let us denote by rgg the graph of yojg. By construction, Féco is invariant under f,
it is compact, connected, and separates the annulus, that is, Foio € X(f3). On one hand,
by Proposition 2.5, we have A; C T'Z. On the other hand, by the graph property, for any
X € Foio, the set 1"35o \ {x} does not separate the annulus. By Lemma 2.6, we conclude that
Fc_:o = Fc;o = A;.

We can now show that the Birkhoff attractor coincides with the attractor. By definition
of the attractor Ag, we have Ag C ﬂn>o A,,. Observe that for each n > 0, A,, is a cylinder
bounded by the graphs of y;t. Since the sequences (graph(yni))nzo converge to the same
limit graph T, = 'y, = Ay, it follows that A € T =T', = A, € A). O

CLAIM 5.10. The function ys is C', and (1, Vo (8)) € EC(s, Yoo(s)) for every s € T.

Proof. The function y» = yJ is the C O Jimit of the sequence of C! functions ¥V, nz0-
To show that y is C1, it suffices to show that the derivatives (()/”Jr ))n>0 also converge
uniformly. For each n > 0, let us denote by I'," the graph of y,". With the same notation
as in Claim 5.8, for each s € T, it holds that

TowironTan = DESon v =) T, oo )T C D (mne vg (5-n))C5n. ¥ (5-n))

and by the cone-field criterion, the cone Df}' (s_,, y0+ (s_))NC(s_p, y0+ (s—p)) is exponen-
tially small with respect to n, uniformly in s € T, that is, the amplitude of each cone Df;'C
is, up to a uniform constant, equal to u” times the amplitude of the cone C for some
uniform constant u € (0, 1). We conclude that the sequence ((y,f)’)nzo converges in the
C! -topology. Moreover, it also implies that at any point (s, Yoo (s)) = lim,—s 450 (s, yn+ (s)),
the tangent space of the limit graph ' is equal to E€(s, Yoo (s5)). O
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So far, we have shown that the (Birkhoff) attractor Al = A, 1is the graph of a C 1
function y... Moreover, the graph of y. is tangent to E, and so A, is a normally
contracted C! graph, since

TAlp, =E°®E =E*®TA,.

Now, let A'(2) < A(£2) be given by Proposition 5.5. The domain 9€2 is of class C k and
thus, the dissipative billiard map f; is of class Ck1 for any A € (0, 1). Fix A € (0, /().
Since T A, = E€ and by equation (5.3), we deduce that A is (k — 1)-normally contracted
in the sense of Definition 5.3, and hence by Theorem 5.4, the function s, is actually C¥~1.

By construction, A = Ag C f(A) =T x [—A, A], and hence, A, converges to the
zero section T x {0} in the C-topology. To show the convergence in the C'-topology,
it suffices to show that TA, = E¢ converges uniformly to the horizontal space. By
construction, at any s € T, E°(s, y*°(s)) C Dfi(s—1, y0+(s,1))C(s,1, y0+(s,1)), and by
equation (5.2), the vertical component of vectors in the latter cone is less than ¢ for some
constant ¢ > 0. O

5.2. Examples and further consequences. As a first consequence of Theorem 5.7, we
prove that, when the dissipation is strong, that is, A is close to zero, the Birkhoff attractor
of ellipses is a normally contracted C' graph. Given an ellipse £ of non-zero eccentricity,
we let {E1, E2} be the 2-periodic orbit corresponding to the minor axis; it is a sink, by
Lemma 4.4. Then, we define

1 — /1= (=2(az/a;)? + 1)
14 1= (=2(az/a)? +1)?

r_(&) = € (0, ),

that is, A_(€) = A_(p) for p = E; or E» as in equation (3.7).

By Theorem 4.6, we have Ay = W*(Hy; f2) UW"(Hy; f7), and for i =1,2,
WH(H;; f)?) \ {H;} is the disjoint union of two branches ‘Kil,‘éz, with ‘Kij = ‘éj U
{H;, Ej}, j =1,2. Thus, A, is a manifold if and only if for i, j € {1, 2}, the tangent
space Tx%ij = T A, has a limit Vij as ‘gij 5> x — E;. Indeed, by Corollary 3.4, if so,

we necessarily have v/ = sz . Clearly, a necessary condition for this to hold is that
the eigenvalues of fo(E,-) are real for i = 1, 2, that is, A € (0, A_(E)). Actually, the
following holds.

COROLLARY 5.11. Let f5: A — A be the dissipative billiard map inside an ellipse € with
eccentricity e € (0, \/5/2). Then, there exists L(E) < A_(E) such that, for ) € (0, L(E)),
the Birkhoff attractor A; = VW"(Hy; ff) UWH"(Hp; ff) is a normally contracted C'
graph, which is actually C* except possibly at E;, i = 1,2, where A, is tangent to the
weak stable space of fo(E,-).

Proof. Let Y: T — R? be a parameterization of the boundary by arclength such
that Y(0), T(%) correspond to the trace on £ of the 2-periodic orbit of maximal
length. For each s € T, let t(s) = (s, 0) := | Y(s) — Y(s')||, where Y(s), Y(s') are
the two points of intersection of £ and the normal to £ at Y(s), and let K(s) <0
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be the curvature at Y(s). The function [0, 4—1‘] > s 1(s)K(s) is increasing, with
‘C(A—ll)/C(A—IL) = —2(az/a1)* = 2(e?> — 1), where e > 0 is the eccentricity of £. Thus, if
e € (0, +/2/2), the domain bounded by £ is in D% (recall Definition D), and hence by
Proposition 5.5 and Theorem 5.7, there exists L(£) < A_(E)) such that for A € (0, L(£)),
the Birkhoff attractor A; is a normally contracted C! graph. In fact, it is C* everywhere
except possibly at Eq, E>; indeed, near any other point, it coincides with some piece of
the unstable manifold of H; or Hj, which is C*°. By Lemma 3.5, the eigenvalues (i1, s
of Df/\z(Ei) satisfy 22 < w1 < o < 1. As A, is C! and fo-invariant, for i = 1, 2, any
tangent vector v € Tg; A, is an eigenvector of D ff(E i); since A, is normally contracted,
any such v has to be in the eigenspace associated to the weak eigenvalue p,. O

Remark 5.12. 1f the eccentricity is larger than «/5/2, then we loose the graph property,
even for small dissipation parameters A € (0, 1), see Proposition 5.16 below.

Remark 5.13. Tt was asked to us by Viktor Ginzburg whether the phase space A of
dissipative billiards admits an invariant foliation by curves homotopic to the zero-section
T x {0}. Indeed, in the case of a dissipative billiard within a circle considered at the
beginning of §4, it is clear that the horizontal foliation {T x {r}},¢[—1,1] is preserved by
any dissipative map f, A € (0, 1). More generally, the existence of such foliations seems
much less rigid than in the conservative case, where it is related to the famous Birkhoff
conjecture (see e.g. [ADSK16, BM22, KS18] for recent progress in this direction).
Indeed, fix a domain Q2 € D*, k > 2, and a dissipation parameter A € (0, A(£2)). With
the notation of Theorem 5.7, for any k > 0, let Ay := f/{‘ (A) and let ) be a foliation
of A1\ A, defined as follows. Note that A\ A, has two connected components Af’
and A}, where Af is bounded by the leaves T x {*A} (in Af) and f3(T x {£A}) (in
the complement of Ali). Let then F7 be the disjoint union of two foliations ]—T and
F| , where J’-"li is a foliation of Ali by C' graphs over T x {0} whose tangent space
remains in the cone-field C constructed in Proposition 5.1, and whose boundary leaves are
T x {£A}and f, (T x {£A}). For k > 0, let F; be the foliation of A; \ Az4| whose leaves
are images by f/\k ~1 of the leaves of F. 1. Since the cone-field C|rx[—,4] is contracted under
forward iteration, for each k > 1, the leaves of Fj are C! graphs over T x {0} whose
tangent space is contained in the cone-field C. Moreover, the same argument as in the proof
of Theorem 5.7 says that the collection of leaves of F; converges uniformly to the Birkhoff
attractor A; in the C'-topology as k — 4o00. Let Fp := f[l(]-'l), and let F be the
foliation F := Lix>0Fk U Ax. By construction, it is a foliation of A by C! curves and it is
(forward-)invariant under f;. Moreover, the leaves of F N A; are C! graphs over T x {0}.

As X gets increasingly smaller, the Birkhoff attractor of f; is contained in an
inccreasingly smaller strip around the zero section; actually, we can use the C! convergence
of the Birkhoff attractor to T x {0} to deduce interesting information on the dynamics of
fila,, when A € (0, 1) is small, from the degenerate one-dimensional dynamics of fp,
namely when A = 0.

THEOREM 5.14. Let k > 2. For a C*-generic billiard Q € D, there exists )" () € (0, 1)
such that for any & € (0, A" (), the Birkhoff attractor A is a C*~' normally contracted
graph of rotation number %, and, moreover,
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2
Ay = (W [ UWEHD; D),
i=1

for some finite collection {H;, f,.(H;)}i=1....¢ of 2-periodic orbits of saddle type.

.....

Proof. Let Q € D¥beaC k-generic billiard as in Corollary 3.9 and let A'(2) € (0, 1) be
given by Theorem 5.7. For any A € (0, 1'(2)), the Birkhoff attractor Ay of f; is normally
contracted, and is equal to the graph I'y, of some C*! function y,: T — [—1, 1]. We
let g5: T — T be the circle map T > s — 71 o f.(s, ¥a(s)) induced by fi|a,, where
w1 A =T x [—1,1] — T is the projection over the first coordinate. For any s € T, let
(s1, Ya(s1)) := fio(s, ya.(s)). By equation (3.4), it holds that

TG, v ()KE(s) +vls) | (s, va(s)
V/(s) v(s)V'(s)
where 7(s, y,.(s)) is the length of the orbit segment for f; (also of fj) connecting the
points Y (s) and Y (s1), K(s) is the curvature at Y'(s), and v(s) = /1 — yf(s), V' (s) =
V1= (s /M2
Let us note that the function T 5 s + 7y o f; (s, 0) is independent of the value of
A € [0, 1]. In particular, for any A € (0, 1), it holds that 7r; o fj|Tx(0y = 71 © filTx{0} =
71 © folrx{oy- We denote such a function by go. Note that the function g, = w1 o fi|a, is
CO-converging to go as A — 0, since A, converges to the zero section by Theorem 5.7.
The extended family (g3)xeqo0,1/ () satisfies the following claim.

8.(s) = AQS (5.9)

CLAIM 5.15. The family of maps (g))re[0,. (@) depends continuously on A in the
C'-topology.

Proof. By the theory of normally contracted invariant manifolds and their persistence (see
e.g. [BB13, Theorem 2.1 and Corollary 2.2]), y; depends continuously on A € (0, 1/(2)) in
C*~1_topology, and hence g, also depends continuously on A in C¥~!-topology. Moreover,
by Theorem 5.7, y; converges to the zero function 0 in the C!-topology as A — 0, and
hence g; converges to the map g in the C'-topology. O

In particular, g; converges to the map go in the C!-topology, with gy S
—17(s, 0)K(s) — 1, where t(s, 0) is the length of the first orbit segment for fy (also for f1)
starting at (s, 0) and /C(s) is the curvature at Y(s). Note that —z (s, 0)/C(s) — 1 £ 0,
since € is in DX. In particular, gy is a circle diffeomorphism. Let us denote by II
the set of 2-periodic points of the family {f3}ic[0,17.- As already observed, the set I1
is common to every fj. Since the set II is contained in the zero section T x {0}, the
circle diffeomorphism go has rotation number % Moreover, by Corollary 3.9, for a
CK-generic domain €, for any A € [0, 1), all the 2-periodic points of the billiard map
f». are either saddles or sinks. In particular, the latter persist under perturbation, even
when we consider the one-dimensional dynamics on the corresponding Birkhoff attractor,
as we are going to show. In fact, for any 2-periodic point p = (s, 0) € II, denoting by
K1, ICy the curvatures at the two bounces and by 7 the Euclidean distance between the
two bounces, according to equation (5.9), the multiplier (g(z))’(s) = (d/ds)go(go(s)) is
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equal to kj2 := (1 + 1)(zK2 + 1). In particular, for the circle diffeomorphism go,
the 2-periodic point s is repelling when |kj2| > 1 and attracting when |kj2| < 1. By
Claim 5.15, for A > 0 small, the circle diffeomorphism g; is C!-close to go. Thus, for any
p = (s, 0) € II, the 2-periodic point s for gg admits a continuation for g,. Since the set
[T is common to all functions f; and since generically 2-periodic points are isolated, we
deduce that s is also 2-periodic for g, . Therefore, there exists A" (2) € (0, A’(£2)) such that
for any A € (0, 1”(S2)), the restriction f |, still has rotation number % Observe that, on
the one hand, if p = (s, 0) is a sink for f;, then s is an attracting 2-periodic point for g, ; on
the other hand, if p = (s, 0) is of saddle type for f, then s is a 2-periodic repulsive point,
because the Birkhoff attractor is normally contracted. By standard facts of the theory of
circle homeomorphisms with rational rotation number, the «-limit set o 2 (s, r) of any
point (s, r) € A, \ 1l is a 2-periodic point H = H (s, r), which has to be of saddle type
(as sinks are repulsive for the past dynamics). Arguing as in the proof of Proposition 4.10,
we deduce that (s, r) € W"(H,; ff). Similarly, @ 2 (s, r) = E € 1II, with E a sink periodic

point in W4 (H; ff). We conclude that

¢
Ay =W () UWHfH; )
i=1
for some finite collection {H;, f, (H;)}i=1.... ¢ of 2-periodic orbits of saddle type, which
concludes the proof. O

We will now show that for any C* convex domain in the interior of the complement of
DK, k > 2, we loose the graph property of A for small dissipation parameters A € (0, 1).
This is the case in particular for any ellipse £ of eccentricity e larger than +/2/2. Indeed, if
{(s0, 0), f1(s0, 0)} is the 2-periodic orbit along the minor axis of £, then with the notation
of Proposition 5.16, an easy computation shows that t(sg, 0)K(sg) = 22— 1) > —1,
and hence the assumption of Proposition 5.16 is satisfied. As previously, given a strongly
convex billiard €2, for (s, r) € A, we denote by t(s, r) the length of the first orbit segment
for the (conservative) billiard map starting at (s, r) and by K(s) < 0 the curvature at the
point of 92 associated to s.

PROPOSITION 5.16. Let k > 2 and let Q be a strongly convex domain with C* boundary
in the complement of DX, such that there exists so € T with t(sg, 0)K(so) > —1. Then, for
A € (0, 1) sufficiently small, the Birkhoff attractor A, is not a graph over T x {0}.

Proof. By contradiction, let us assume that there exists a sequence (A;),en € (0, 1)N
converging to 0 such that A, is the graph of some function y,: T — [—1, 1]. As A;,
separates A, the function y,, is necessarily continuous. We can then define the map

g, T—T, st miofi,ls vau(s)),

where 711 : A — T denotes the projection on the first coordinate. Note that by the graph
hypothesis, g3, is invertible. Let us also define go: s — w1 o fo(s, 0); note that go = 7y o
£.(s,0) for any A € [0, 1], and that gg is cl. By construction, A, C T x [—A, A] and
fr: (s,7) = (s', Ar}). Hence, for any & > 0, there exists n, € N such that for any n > n,,
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dco(g0, gr,) < €. Now, g (s) = —(z(s)KC(s) + 1). On the one hand, if {(s1, 0), (s2, 0)} is
a 2-periodic orbit of maximal perimeter, then, as in the proof of Proposition 3.11,

(T(sDLGD) + D(T(s2)K(s2) + 1) = 1.

Since £ < 0, we conclude that there exists i € {1, 2} such that t(s;)K(s;) +1 < —1, that
is, g6 (s;i) = 1. On the other hand, by assumption, g6 (s0) < 0. We conclude that there exist

sx € T and 5y, n2 > 0 such that go(s« — n1) = go(sx + 12) but go(ss) # go(s« — n1). Let
&= %|go(s*) — go(ssx — 11)|. We deduce that for any n > n,,

either g;, (sx) > gx, (sx — m1) and gy, (sx) > ga, (sx + 12),
or g, (sx) < gx, (s« —n1) and gy, (54) < gy, (5% + M2).

By the continuity of g;,, we deduce that g, , is not injective, which is a contradiction. [

We conclude this section by discussing the case where the dissipative billiard map f
has non-constant dissipation.

Remark 5.17. Let us consider a general dissipative billiard map f; as in Definition A for
some C*~! dissipation function A: A — (0, 1). The results presented in this section can
be obtained for such a map f;, as long as [|A||~1 < 1.

6. Topologically complex Birkhoff attractors for mild dissipation

Birkhoff attractors for dissipative billiards described in §§4 and 5 do not make the idea of
their possible topological complexity. In fact, following a celebrated result by Charpentier
[Cha34, §20], here Theorem 6.8, a Birkhoff attractor for a dissipative diffeomorphism
may be an ‘indecomposable continuum’ (see Figure 6) and a sufficient condition for
this occurrence is that two rotation numbers associated to the Birkhoff attractor itself
are different. The aim of this section is proving that such a phenomenon occurs also for
Birkhoff attractors of dissipative billiard maps. Moreover, we discuss some topological and
dynamical consequences of this phenomenon.

The section is organized as follows. After recalling the main definition and properties
of a twist map, we present the construction of the upper and the lower rotation numbers
associated to the Birkhoff attractor, as well as the statement of Charpentier’s theorem.
Finally, in the case of dissipative billiards, we give a sufficient condition assuring that the
corresponding Birkhoff attractor has different upper and lower rotation numbers and we
discuss the dynamical consequences of this fact.

6.1. Twist diffeomorphisms. Fix the standard metric and trivialization of the tangent
space of A := T x [—1, 1], as well as the counterclockwise orientation of the plane. Let
B € (0, 7/2) and denote by v the unitary vertical vector (0, 1). For any x € A, the cone
C+(x, B) is the set of vectors w € Ty A such that the angle 8 (v, w) (with respect to the
fixed metric and trivialization) admits a liftin (—z + 8, —f); similarly, the cone C_(x, 8)
is the set of vectors w € T, A such that the angle 6 (v, w) admits a lift in (7 — 8, 8), see
Figure 7. For the next definition, we refer to [Her83, §1.2].
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FIGURE 6. An example of an indecomposable continuum (L Rempe-Gillen, CC BY-SA 3.0
https://creativecommons.org/licenses/by-sa/3.0, via Wikimedia Commons).

FIGURE 7. The cones C (x, 8) and C_(x, B).

Definition 6.1. Let U be an open subset of A. A C! orientation-preserving diffeomorphism
f:UCA— f(U) C Aisapositive, respectively negative, twist map on U if there exists
B € (0, /2) such that

Df(x)v e Cy(f(x), B) respectively Df (x)v e C_(f(x),B), forallx e U.

We are mostly interested in dissipative twist maps. Nevertheless, if we restrict to
constant conformally symplectic twist maps, a variational setting can be described,
following [Ban88]. Let f be a constant conformally symplectic twist diffeomorphism
of int(A) into its image of conformality ratio a > 0 with respect to the area form
w=dr ANds =dua, where o =r ds is the Liouville 1-form. Denote by F: (S,r) €
R x [-1,11 — (8, r) € R x [—1, 1] alift of f to the universal cover. The map f/a is an
exact symplectic twist diffeomorphism of int(A); this means that there exists a generating
function H € C?(R?; R) for F/a such that F*a — aa = a dH, that is

r'dS' —ardS=adH(S,S). 6.1)
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We define a (formal) action functional as
H(S;, Si+1)

al

MH:{Silicz e R — )
i€Z

Definition 6.2. A bi-infinite sequence {S;}icz € RZ is stationary for H if

31H(Sl',Sl'+1)+a32H(S,'_1,S,') =0 foralli € Z.

We can then characterize the orbits of F in terms of stationary sequences. Indeed,
equality in equation (6.1) means that, for every S, S’ € R,

r=—01H(S, S,
¥ =ahHS,S).

As a consequence, {(S;, ;) }icz is an orbit of F if and only if for every i € Z, it holds that:
=0 H(S;, Si+1) =ri =adH(Si-1, Si). (6.2)

This implies the following.

PROPOSITION 6.3. A bi-infinite sequence {(S;, ri)}icz is an orbit of F if and only if the
bi-infinite sequence {S;}icz, is stationary.

An important example of a twist map is given by the billiard map within a convex
domain, as recalled in the following proposition.

PROPOSITION 6.4. Let Q@ C R? be a convex domain, with C* boundary, k > 2. Then, the
associated billiard map f = fi1: A — A given by equation (1.1) is a positive twist map
when restricted to int(A).

Proof. Let (s,r) € int(A). We consider the image of the vertical direction by the
differential of f:
T

0 v’
Df(s,r) H @k )

v
To conclude that f is a positive twist map, it is sufficient to show that for some M > 0,
independent of the point (s, r) € int(A), it holds that

/ / /!

W——UVV — |ch’_|_v’|v_ <M.

/v’ T
Observe that for any point, we have |TK' + V| < diam(Q2)Ko + 1, where Ky denotes the
maximum in absolute value of the curvature of d€2. Thus, it suffices to get a uniform
upper bound on v’/t to conclude. Whenever 7, which is the Euclidean distance between
two consecutive points, is bounded away from zero, the quantity we are interested in is
then clearly bounded. The points for which t is approaching zero are points increasingly
closer to the boundary. Let then (s, 1), € (int(A))N be a sequence of points converging
to a point (S0, £1). Without loss of generality, assume that we converge to (Seo, 1).
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Let oo < 0 be the curvature at the point on 92 corresponding to s. We distinguish
between two cases: either Koo < 0 or Koo = 0.

In the first case, we let Ry := |ICgol| > 0 be the radius of curvature at s. By
approximating our convex domain with the osculating circle at the point s, we obtain

/
T, ~ 2V, Reo,

denoting by 7, the Euclidean distance between the points corresponding to s, and s,,,

where (s, ) := f(sn, rn), and with v/ := /1 — (r})? (see e.g. [Dou82, Ch. 4, 1.3.4.]).
Thus,
!
n—>+00 1, 2R 2 2

which provides the required uniform bound.

In the second case, namely when Ko, = 0, the boundary 9€2 is approximated up to order
2 by the tangent space at soo. Let (5, 7,) and (§),, 7,,) be the respective approximations of
(n, rn) and (s, ) := f(sy, rp); then 7, = 7, = 1 (and the corresponding ¥y, ¥;, satisfy
Uy = U, = 0). In addition, in our approximation, 7, is approximated by |5, — §/,|. This

yields
!
lim 2 =0.
n——+o0o Tn
In either case, we go get the required uniform bound. O

6.2. Upper and lower rotation numbers and Charpentier’s result. We follow the
presentation contained in [LC88, §§4 and 5]. Recall from Definition 2.1 that

C={(s,r)eA:¢™(s) <r <9 ()} CA,

where ¢, ¢ : T — R are continuous maps. For A € (0, 1), let f; be a dissipative (see
Definition 2.1) positive twist map of C into its image and A, be its corresponding Birkhoff
attractor (see Definition 2.5). Denote by C ;“ (respectively C,") the connected component of
C \ Aj containing {(s, 7 (s)) € A : s € T} (respectively {(s, ¢~ (s)) € A : s € T}). For
any (s, r) € A, the upper (respectively lower) vertical line is

Vi, r)={s,y)eA:y=>r}

(respectively V= (s, r) := {(s, y) € A : y <r}). Let us now define (see Figure 8)

Afi={xe A : VIO \(x} CCf} and A; i={xe AV () \{x} CC; L

Therefore, we can define two functions M;ﬂfi T — [—1, 1] whose graphs ' ik satisfy
[z = A7

In the following, we fix a covering 7: R x [-1,1] — T x [—1, 1] of A, and let
]\;L = n_l(A;L), [\f = n_l(Af); we also denote by /li:: R — [—1, 1] the lifts of
,uit: T — [—1, 1]. Moreover, we let m1: T x [—1,1] > T and 71: Rx [—-1,1] > R

be the first coordinate projections. The next propositions are [LLC88, Corollaries 4.8, 4.7,
and 4.5], respectively.
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VHt(y)

Ay

FIGURE 8. The lower and upper verticals.

PROPOSITION 6.5. The map ;lj: R — [—1, 1] (respectively i, : R — [—1, 1]) is upper
(respectively lower) semi-continuous. Moreover,

(50" — i @) < (0' —6) cotan B forall 6 <6,
where B € (0, w/2) is the constant in Definition 6.1.

PROPOSITION 6.6. The following properties hold:

(a) fx_l (AiE ) C AAi and the order defined by the first coordinate projection is preserved
by f/}\\_l;

(b) et Uf ={xeC: Vx) C Cf} be the set of points radially accessible from
below/above. If x € f;(C) N U, then £ '(x) € UF and f,(VE(f,7 (x)) c UE.

Let F: R x[—1,1] > FA(R x [—1, 1]) be a continuous lift of fj. The next result,
due to Birkhoff, is [LC88, Proposition 4.11].

PROPOSITION 6.7. The sequence ((771 o Ff — 71)/n)peN converges uniformly on AI
(respectively A,’) to a constant p; (respectively p, ). The constants p;f and p, —called
upper and lower rotation numbers—do depend on the chosen lift, but not their difference.

From the previous result, we immediately conclude that if Af N A, # @ (equivalently,
if there is at least a point where A, is a graph), then p;f = p, . We finally recall that
when the upper and lower rotation numbers are different, then the corresponding Birkhoff
attractor is topologically complicated, in the sense made precise by the following result of
Charpentier (see [Cha34, §20]).

THEOREM 6.8. [Cha34] If ,0; — p, > 0, then A, is an indecomposable continuum, that
is, it cannot be written as a union of two compact connected non-trivial sets.
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6.3. The dissipative billiard case. 1In this section, for a dissipative billiard map, we give
a sufficient condition assuring that the corresponding Birkhoff attractor has different upper
and lower rotation numbers (see Proposition 6.10). Clearly, this is not the case of the
billiard tables studied respectively in §§4 and 5. Indeed, for an ellipse, the corresponding
Birkhoff attractor, independently from the dissipative parameter, is not an indecomposable
continuum and, in particular, it holds that ,ozr =p, = % mod Z. This can be proved even
more directly. Indeed, since the rotation number is invariant under the dynamics and, for
the dissipative billiard map on an ellipse, every point of the Birkhoff attractor is in the
omega-limit set of a 2-periodic point, we can deduce that every point of both ]\;’ and 1~\;
has rotation number equal to that of the 2-periodic point, that is, equal to % In §5, we study
billiards whose Birkhoff attractor is a graph: in this case, we clearly have that ,0;\" = p, .

Let © C R? be a strongly convex domain (that is, whose curvature never vanishes)
with C¥, k > 2, boundary 2. Then the associated (conservative) billiard map f = fj is
a Ck-1 positive twist map (with respect to some 8 € (0, 7/2)) of A :=T x [—1, 1] into
itself. Consequently, for every A € (0, 1), the dissipative billiard map fj defined in §3.1 is
a Cck-1 positive twist map (with respect to some 8’ > 8 € (0, w/2)) of A :=T x [—1, 1]
into its image.

We recall that an essential curve in A is a topological embedding of T that is not
homotopic to a point. The next proposition is an adaptation of [LLC88]: mainly, the
only difference concerns the type of maps considered, but the proof follows the main
lines of [LC88, §8]. Some computations in the proof are simpler because of the kind
of maps studied. More precisely, given a C! function A: A — (0, 1) C R, we consider
compositions of twist maps with some homothety #, of factor A(s,r) in the second
variable, but in the inverse order with respect to [LC88]. This class of maps contains,
in particular, the dissipative billiard maps considered in the present work. Let us recall the
notion of instability region (see e.g. [Arn16, Definition 2.18]).

Definition 6.9. Let C ={(s,r) e A: ¢ (s) <r <¢T(s)} CA where¢p ,¢7: T - R
are continuous maps. Let f: C — f(C) be a twist map on int(C). Let ¥ (f) be the
union of all f-invariant essential curves in C. An instability region .# is an open bounded
connected component of C \ #'(f) that contains in its interior an essential curve.

PROPOSITION 6.10. Let C={(s,r) €A : ¢~ (s)<r <¢T(s)} CA, where p—,¢pT: T - R
are continuous maps. Let f: C — C be an orientation-preserving homeomorphism,
homotopic to the identity, such that:

(1) fpreserves the standard 2-form w = dr A ds;

(2)  f:int(C) — int(C) is a positive twist map on int(C) with respect to B € (0, /2);
(3) 7 :=int(C) is an instability region for f that contains the zero section T x {0}.
Then, there exists € > 0 such that for any € < €, for any C' function »: C — (0, 1)
such that €/2 < dco(h, 1) < €, where the notation 1 stands for the constant function
and |DX| < €2, the Birkhoff attractor of f; :=Hy o f has p;f —p, >0, where
Hy.: (s,r) = (s, A(s, r)r). Let us observe that by the assumptions on C, f, and by the
definition of f>, the Birkhoff attractor of f, is contained in int(C).
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Remark 6.11. Observe that, in Proposition 6.10, if we restrict to the class of constant
functions A, we are stating that there exists A9 € (0, 1) such that, for any A € [A¢, 1),
the Birkhoff attractor of the dissipative map f) := H, o f has pzr —p, >0, where
Hy: (s,r) = (s, Ar).

As a corollary of Proposition 6.10, we obtain a sufficient condition to assure that a
dissipative billiard map has different rotation numbers.

COROLLARY 6.12. Let Q C R? be a strongly convex domain with C*, boundary, k > 2.
Let f = f1 be the associated (conservative) billiard map. If f admits an instability region
S that contains the zero section T x {0}, then there exists Ly € (0, 1) such that, for any
A € [ro, 1), the Birkhoff attractor of the corresponding dissipative billiard map f) has
p;f—,o; > 0, with%e(p;,pf)mod Z.

Remark 6.13. Both in Proposition 6.10 and in Corollary 6.12, the boundary of the
instability region is made up of the graphs of two continuous functions ¢~ < 0 < ¢™.
These functions are actually Lipschitz by Birkhoff’s theorem, see [Bir22]. In Corollary
6.12, by the time-reversal symmetry of the conservative billiard map, it even holds

9 =—¢".

Proof of Proposition 6.10. Since A is, in particular, continuous on the compact set C, it
takes values in (0, 1) and since do(A, 1) < €, there exist Amin, Amax € (1 — €, 1) such that,
for any (s, r) € C, it holds that

1 —€ < Amin S A, 7) < Amax < 1.

Since | DA|| < €2, we also have that Amax — Amin < €2. Since also deo(h, 1) > €/2, we
have that for every (s, r) € C, it holds that A(s, r) < Amax < 1 — €/2(1 — 2¢).

The map fi: C — f,(C) C int(C), defined by f, := H, o f, is a dissipative map,
according to Definition 2.1. Indeed, for every (s, r) € int(C), it holds that

det(Dfy(s, 1)) = det(DHy(s', ) =’ i, r) + A6, 1) < 1 — % + 262,

where f (s, r) = (s, r’); there exists €y small enough such that for every € < ¢, the value
det(Df,. (s, r)) is uniformly smaller than 1. Let F be a lift of f. We denote by A, the
Birkhoff attractor of fj and by ,of its lower and upper rotation numbers with respect to
the lift H, o F. Recall that f is a positive twist map with respect to 8 € (0, 7/2). Observe
that, up to considering a smaller €, for any € < ¢, for any function A that is e-C L_close
to 1, the map f; is still a positive twist map on int(C) with respect to 8/2 € (0, 7 /4).
Now consider the annulus A bounded by Fp- :={(s,¢7(s)) € A:s €T} and its
image f3(I'y-). See Figure 9 for the following discussion. Since f(I'y-) = I'y-, we have

FiTy-) = Hy o f(Ty-) = Hp(Ty-) = Ty,

and consequently m(A) = — fT(l — A(s, ¢~ (5)))¢~ (s) ds; in particular, we have

—(I' = Amax) / ¢~ (s)ds <m(A) < —(1 — Amin) / ¢ (s) ds.
T T
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o A 6"
Ay Ay
T x {0}
)
= - o
fi(graph(¢))
o o graph(¢™)
FIGURE 9. Here, .#~ := int(C ™) is the part of the instability region .# = int(C) that lies below the zero section

T x {0}, while .~ := int(C, ) is the connected component of .# \ A; bounded by I'4-.

We denote by C,  the connected component of C \ Aj containing I'y- = {(s, ¢~ (s)) €
A : s € T}. Observe that, for every n € N*, it holds that

m(f(A) = / g 702+ M dr A ds < G Em £ A,

n—
A

Then, we have

+00 400
m(C;) =Y m(f(A) <D (umax +€)" m(A) (6.3)
n=0 n=0
< —(1 = Ami +OO,\ 2yn () ds = ——tmin__ -
<-(1- mm)Z( max + €°) f]l‘d) (s s_l_)nmax—fzm( ),

n=0

where C* :={(s,r) € C, +r > 0}. A consequence of equation (6.3) is that, up to
choosing a smaller €y, for every € < €,

for all A such that % <dco(M, 1) <€, |DA] < €2,

there exists at least one point (s3, r3) € A, withr < mi%rl dT(s)/2. (6.4)
NS

Indeed, if for some function A every point of A, is contained in the interior of
Ct ={(s,r) € C:r > minger ¢T(s)/2}, then [ u; (s) ds > minger ¢*(5)/2 > 0.
We would then obtain m(C; ) =m(C™) + [ p; (s) ds > m(C™) + minger ¢ (5)/2.
Nevertheless, by equation (6.3), itholds that m(C, ) < (1 — Amin)/(1 — Amax — eHm(C™)
and we get

2¢

Amax — Amin + €’ .
1/2 —2€¢’

I — Amax —€?

mi%l o (s)/2 < m(C_)( ) <=m(C™)
se

if € is small enough, this provides the required contradiction.
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min ¢* (s)/2
s€T

T x {0}

FIGURE 10. Controlling the shape of A

Denote by % the set of C! functions »: C — (0, 1) such that € /2 < dco(A, 1) < €and
| D] < €2. For every € € (0, €p), let A be a function in E.

CLAIM 6.14. [LLC88, Proposition 8.3] The following holds:

lim inf 45 (s) — % (s) = 0. 6.5
lim inf 4 (5) = ¢* () (6.5)
Proof of the claim. Let us show the claim when + = —. By contradiction, assume that

this does not hold. In particular, there exists M > 0 and a sequence ¢, — 0 as n — 400
such that, for every n € N, the function A, € %, and it holds that

Ay, "Hy = d,

where Hy :={(s,r): ¢~ (s) <r < ¢~ (s) + M} C C (see Figure 10 for the following
discussion).

By hypothesis, f preserves the standard 2-form and it is a positive twist map on int(C).
Thus, by [Bir32, §6] (see also [Her83, Proposition 5.9.2]), we have

Tpr = (G 0T N eAseThc | At = f(Hy).  (66)
keZ neN
Denote by L the Lipschitz constant of ¢+ and let E := minger ¢ (s) > 0. Moreover,
recall that every f; is a positive twist map with respect to the constant 8/2 € (0, 7/4),
where S is the twist constant of f.
Choose j € N such that

1 - tan(f/2)
JE/2) =2 —L — 2

Fori =0,...,j — 1,denotes; =i/j mod 1and

6.7)

1 . 2
Bi:=(s,r)eC:ls—si| < =, o7 () —r| < <.
2j J
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By using the inclusion in equation (6.6), we deduce the existence of an index mo € N

such that
U fFT"Hu) N B; #9
0<m<mg
foreveryi =0, ..., j — 1. Therefore, since fken converges uniformly to f when €, — 0,
there exists no € N such that for alln > ng and foralli =0, ..., j — 1,
U Al Hw 0B #0. (6.8)
0<m<mg

Recall that V= (s,r) :={(s,y) € A:y <r} and that, for any X, the set C, is the
connected component of C \ A, containing {(s, ¢ (s)) € A : s € T}. Let us denote by
U,  the set of points which are radially accessible from below, that is, the points (s, r) € C

such that V= (s,r)NC C C_; Clearly, Hy C 0)\_ for any A. For any n > ng and any
i €{0,...,j— 1}, byequation (6.8), there exist m = m(n, i) € {0, ..., mo} and a point
y=yn,i,m) € fA:m(HM) such that

y € f;." (Hy) N B;.
This means that
x:=f (yeHu CU, = xefl' (CO)NU;,
and, by using Proposition 6.6(b), we get y = f);:" (x) € Ij/\:n. Since y € B;, it holds that
UinﬂBi#@:ALnﬁBi;é@. (6.9)

To conclude the proof, fix n > ng. By equation (6.4), there exists a point (s;,, , ', ) € A);
such thatr; < minger @7 (s)/2. Let us denote by (S, Tre,) € [\); aliftof (sy,, . i, )-

By equation (6.9), we can also find a point (§)’xe , r/{e ) € ]\;E such that

/ > + /.7 2 d 5§ ~/ ~ 1
Ty = ¢ (Slen) — ; and 5, <5, <S8, + ;

Thus,

E 2 L 5.~ S, 1 t 2
r, —r, >———-—— and /,\E" < - < an(p/ ).
€n n 2 ] ] I’)\gn—r)hen ]E/Z_Z_L 2

Since r;,, = [L;e" (85.,) and rien = ,U,)Ten (5;%” ), this contradicts Proposition 6.5 and com-
pletes the proof. O

From the twist condition on the conservative map f, it holds that, once we fix a lift F
of the map, the rotation numbers of the graphs of ¢+ and ¢~ are well defined. Denoting
them by p™ and p~, respectively, we also have that p~ < p™. It is then sufficient to show
that Claim 6.14 implies

lim pif = p*. (6.10)
e—0 €
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We can follow verbatim the proof of [LLC88, Corollary 4.8] to deduce equation (6.10) and
then conclude the proof. O

Now, Corollary 6.12 is a straightforward consequence of Propositions 6.4, 6.10,
Remarks 6.11, 6.13, and the following observation: with the notation of the above proof,
% € (p~, p7) mod Z, and hence for any C ! function A whose CP-distance from the
constant function 1 is in (€/2, €) and such that | DA|| < €2, equation (6.10) implies that
%E(p;,p;')mod 7.

In the following, we show that the Birkhoff attractor of a dissipative billiard map may
have different upper and lower rotation numbers, provided that the dissipation is mild
enough. Moreover, we emphasize the main dynamical consequences of this fact. We start
by recalling Corollary G, stated in §1.

COROLLARY G. Fix k > 3. There exists an open and dense subset % of C* strongly
convex domains such that the following holds. For any 2 € %, there exists Ao(R2) €
(0, 1) such that, for any A € [Lo(S2), 1), the Birkhoff attractor A, of the corresponding
dissipative billiard map f, has ,o)'f' —p, >0, with % € (0, » p;f') mod Z. Moreover, there
exists L1(2) € [Mo(R2), 1) such that for any X € [A1(R2), 1) and for any 2-periodic point
p of saddle type (e.g. when the 2-periodic orbit {p, f,(p)} corresponds to a diameter
of the table), there exists a horseshoe K, (p) C A, in the homoclinic class H)(p) :=
W3 (Oy, (p)) M WH(Oy, (p)) of p; more precisely, it holds that

Ky(p) C Hy(p) =W (O, (p)) h WOy, (p)) C WOy, (p)) C Ay

The proof of Corollary G relies on the following proposition.

PROPOSITION 6.15. For each k > 2, there exists an open and dense subset % of C*
strongly convex domains such that for any Q2 € %, the corresponding billiard map has
an instability region & C A :=T x [—1, 1] that contains (a neighborhood of) the zero
section T x {0}.

Proof. The argument follows the work [DCOKPdCO07] of Dias Carneiro, Oliffson
Kamphorst, and Pinto-de Carvalho. For a convex domain €2, let f = f;: A — A be the
associated (conservative) billiard map. We denote by I : (s, ) +> (s, —r) the time-reversal
involution; recall that f o I = I o f~'.Let " C A be an f-invariant essential curve. In par-
ticular, by Birkhoff’s theorem (see [Bir22]), there exists a Lipschitz function ¢ : T — R
such that I' = {(s, ¢(s)) € A : s € T}. The symmetric graph I(I") = {(s, —¢(s)) € A :
s € T} is also f-invariant, as f(I(I")) = I(f_l(I‘)) = I (I"). Moreover, we observe that
'NI(T) C T x {0}. In particular, any point in ' N I (") is a 2-periodic point. Indeed,
the intersection is also f-invariant: given any xo = (sg, 0) € I' N I (I"), then also f(xg) =
(s1,0) e TN I(T"). Thus, the bounces at xo and f(xp) are perpendicular, and hence
{x0, f(x0)} is a 2-periodic orbit. We conclude that the rotation number of I" (and so of
I1(I')) is equal to %

Now, by [DCOKPdC07, §3], given a rational number p/q € Q, there exists an open
and dense subset %)/, of C k strongly convex billiards which have no rotational invariant
curve with rotation number p/q. Let us briefly recall the argument. If y is such a curve,
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then the restriction f|, of the billiard map to y is a homeomorphism of the circle, and
since the rotation number is equal to p/q, there are periodic points on y of type (p, q).
However, these cannot be linearly elliptic, since the curve is a Lipschitz graph over T, by
Birkhoff’s theorem. Then, these periodic points are either degenerate, as in the circular
billiard, or hyperbolic, in which case, ¥ will be a union of periodic points and saddle
connections. By [DCOKPdC07, Theorems 1 and 2] (see also [DCOKPdC03, XZ14]),
both cases are not allowed for a strongly convex billiard €2 in an open and dense subset of
domains.

It follows from the previous discussion that there exists an open and dense subset
U = U of C k strongly convex domains such that any 2 € % has no invariant essential
curve crossing the zero section T x {0}, and thus, has an instability region containing a
neighborhood of the zero section T x {0}. L]

Proof of Corollary G. Fix k > 3. As an immediate outcome of Corollary 6.12 and
Proposition 6.15, there exists an open and dense subset % of C* strongly convex domains
such that for any Q2 € %, there exists Ao(€2) € (0, 1) such that, for any A € [Ag(£2), 1), the
Birkhoff attractor A, of the corresponding dissipative billiard map f has ,o;r —p, >0,
with % € (o) » ,0;“) mod Z. Let us denote by Iljh,x the set of 2-periodic points for f;
with locally maximal perimeter. As noted at the beginning of §3.3, for any p € I,
{p, fi(p)} is still a 2-periodic orbit for each dissipative map f), A € (0, 1), and by
Proposition 3.11(a), it is actually of saddle type, for any €2 in an open and dense subset of
C* domains. Moreover, for A € [1o(2), 1), % € (o, » ,o;f) mod Z, and hence Ilox C Ay,
by [LC88, Proposition 14.2]. By Corollary 3.9(3), there exists A1(2) € [A9(£2), 1) such
that, for any p € Il x and for any A € [A{(£2), 1), each branch of W*(p; ff) \ {p} and
WH(p; ff) \ {p} contains a transverse homoclinic point. Now, Corollary 2.10 implies that
for any A € [A1(€2), 1), the Birkhoff attractor A, of fj contains a horseshoe K (p), with

K.(p) C Hy(p) =W (Op, (p)) h WOy, (p)) C WOy, (p)) C Ay O

We can guarantee that the upper and lower rotation numbers of the Birkhoff attractor
are different also in the case for every C2-convex domain with a point with vanishing
curvature, as explained in the following.

COROLLARY 6.16. Let Q2 be a convex domain with C? boundary such that there is a point
at which the curvature vanishes. Then for any € > 0, there exists Ao = Ao(£2,€) € (0, 1)
such that for any A € [Ag, 1), the Birkhoff attractor of f, has ,02_ —p, €(1—¢1).

Corollary 6.16 is a consequence of Propositions 6.4, 6.10, Remark 6.11, and the next
well-known result by Mather (see [Mat82] and also [Tab05, Corollary 5.29], [GK95,
Theorem 1.1]).

THEOREM 6.17. If the curvature of a C*-convex billiard curve vanishes at some point,
then the associated conservative billiard map has no invariant essential curves.

Proof of Corollary 6.16. Let Q be a convex domain with C2 boundary. Then, the associ-
ated billiard map f: A — A is an orientation-preserving homeomorphism, homotopic to
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the identity, it preserves the standard 2-form w = dr A ds, and the restriction of f to int(A)
isaC! diffeomorphism, see [LC90] and also [Dou82] for all details. By Proposition 6.4,
it is a positive twist map on int(A). Since there exists a point of zero curvature, by
Theorem 6.17, the whole int(A) is an instability region. We conclude the proof by applying
Proposition 6.10. O

Let us conclude this section by the following remark, which provides a different proof
of Proposition refprop different tho. We are grateful to Patrice Le Calvez for suggesting
this argument. It is possible to show that, as A tends to 1 in the C topology, the Birkhoff
attractor comes iincreasingly closer to both I'g+ and I'y-. From this, again following the
argument of [LLC88, Corollary 4.8], it can be deduced that lim,_, ,o)hi = pi, and thus, for
A close enough to 1, it holds that ,o;’ — p, > 0, since pT—p~>0.

Acknowledgements. We are grateful to Marie-Claude Arnaud for some useful
discussions and suggestions, and to Patrice Le Calvez for suggesting an alternative proof of
Proposition 6.10. O.B. was partially supported by the PRIN Project 2022FPZEES ‘Stability
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‘CoSyDy’ (ANR-CE40-0014) and the ANR project ‘GALS’ (ANR-23-CE40-0001). M.L.
was partially supported by the ANR project ‘CoSyDy’ (ANR-CE40-0014) and the ANR
project ‘PADAWAN’ (ANR-21-CE40-0012-01).

A. Appendix. Proof of Lemmas 3.5 and 3.7: bifurcation of eigenvalues at 2-periodic points
for dissipative billiard maps

Let us recall that I denotes the set of 2-periodic points for the conservative billiard map
f = f1. For p = (s, 0) € II, we denote by T = £(s, s') := || Y (s) — Y(s")| the Euclidean
distance between the points Y (s), Y (s'), where (s’, 0) := f(p). We also denote by K,
KC; the respective curvatures at Y (s), Y (s').

Letus fixa C¥~! function A: A — (0, 1) such that f; := H, o f is a dissipative billiard
map in the sense of Definition A, where H, : (s, r) > (s, A(s, r)r). In particular, f; has
the same set II of 2-periodic points as f, and for any 2-periodic orbit {p = (s, 0), f1(p) =
fa(p) = (s, 0)}, we have

0 A 0 A
with A1 := A(p), and Xy := A(fi(p)). By formula (3.4), we have

mmp):[l 0], DHA<fA<p)>=[1 0]

_—(tlcl +1) T

D =DH D =1 A
f(p) = DH;(f(P)DF (p) B2 1) ek +

[ —(tKy + 1) T
A
j(kl,z —1) —MEKi+1)

Dfy.(f(p)) = DH,(p)Df (fr(p)) =

where we have set

kiz:= @K+ D+ 1).
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Observe that det Dfy(p) = DH,(foi(p)) = X2, as f 1is conservative; similarly,
det Dfy.(fo.(p)) = A1. We thus obtain

kia(1+ X)) —Ap *
D 2 — E3
fip) [ * kighi(1+22) — A
In particular,
det DfZ(p) = Ada,  tDfE(p) = (1 + A1)+ A2)kio — (b1 + A2). (A.D)

Proof of Lemma 3.5. We consider the case where the dissipation is constant, equal to
some A € (0, 1). Let us denote by 1 = p1(X), ua = ua () the eigenvalues of fo(p),
with |@1] < |u2|. In particular, with the above notations, we have .1 = A, = A, and

pipe = det DF2(p) = A%, uDf2(p) = (1 + 1)%kip — 20 (A2)
By (A.2), the characteristic polynomial x,  (x) = det(D ff( p) — x id) is equal to
Xpa (1) = x% = (1 + M)?k12 — 20)x + 2%,

with k15 = (1 +7K;)(1 4+ tK3). Then, xp; has discriminant A = ((1+ )»)2]{1’2 —
2))% — 422 = k12(1 + 2)2((1 + 1)%k1 2 — 41), which has the same sign as

A= kip((1+ 1)k — 44) = 22T, + 20k 2 (ki — 2) + k7.
The quantity A is a quadratic polynomial in A, whose discriminant is equal to
§ = 4ki, (k12 —2)% — ki) = —16k{ y (k12 — 1).

(a)Ifk;2 > 1,then§ < 0, hence A >0, A > 0, and the eigenvalues (¢, o of fo(p)
are real, with || < |u2]|. Their product pips = dethf(p) =22 is positive; their sum
W1 + W2 is also positive because

w1+ =tuDfE(p) = A+ 0%k =20 > (1+1)2=22=1+2>0, (A3)

where the first inequality comes from the hypothesis k12 > 1. Therefore, both eigenvalues
are positive, and 0 < p1 < wo. In particular, by (A.2), 0 < u% < Uiy = A2 and hence
u1 € (0, 1). Let us show that in fact, 0 < 1 < P<l< u2. Indeed, for i =1, 2, by
(A.2)—~(A.3), we have u; +A%/p; > 1+ A2, and hence P(u;) > 0, where P(X) = X? —
(1 4+ 22)X + 2. Since the roots of P are {A%, 1}, and as 1 € (0, 1), we deduce that
w1 € (0, A2), and then p = A%/ > 1.

(b)) If k1o = 1, then xpa(x) = x2 — (1 + A%)x + A2 = (x — A2 (x — 1), thus 11 = A2,
2 = 1.

Ifki2 < 1, ki #0,then§ > 0. Let Ax := —1 +2/ki2 £2,/(1 — ki 2)/k7 5.

(c) Assume now that k5 € (0, 1). Note that Ay = —1+2/kj2(1 4+ /1 —k12) >
—1+42/kip>1, and A= —1+42/kip(1 —/T—kip) = (> — 26+ 1)/(1 — &%) =
(1—-8)/(0+&),withé := /1 —ki2 € (0, 1),sothat A_ € (0, 1). Then:
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(1) forre (h_,1), A <0, A <0, and hence the eigenvalues of fo(p) are complex
conjugate;
2) for A e (0, A_], A >0, A >0, and hence the eigenvalues of fo(p) are real.
Moreover, (t1 = o if and only if A = A_.
In case (1), by (A.2), it holds that || = |u2| = /Hip2 = ViZ=¢e 0, 1), and
hence the 2-periodic orbit {p, fi(p)} is a sink.
Let us consider case (2). By (A.2), u1, o have the same sign, and 0 < u% < Uipp =
)\2’ and hence || € (0, 1). Moreover, as k17 € (0, 1), and by (A.2), fori = 1, 2, we have

2
Wi + )L— = terf(p) =(1+ A)zku — 2% € (=2A, 1 +22). (A4)
L
Assume that i, up are negative. By (A.4), for i = 1,2, it holds that u; +A2/
Wi > —2X, and hence 0 > ,ul.z +2ami + A2 = (ui + )2, a contradiction. Thus, w1, i2
are positive, and then, by (A.4), for i = 1, 2, it holds that P(u;) < 0, where P(X) =
X2 — (1 4+ 2%)X + A2. Since the roots of P are {12, 1}, we deduce that 11, u» € (A%, 1),
and then the 2-periodic orbit {p, fi(p)} is a sink as well.
(d) If k12 = 0, then x5 (x) = x> +2Ax + 22 = (x + A)?, and hence jt1 = pp = —A.
(e),(f) Finally, assume that k1> < 0. In that case, it is easy to check that A4 = —1 4
2/k12(1 F /1 —k12) <0, and then, for A € (0, 1), A > 0, and hence the eigenvalues of
fo(p) are real. By (A.2), u1, up have the same sign, and 0 < u% < pip = A2, thus
|1l € (0, A). Moreover, as k12 < 0, and by (A.2), for i =1, 2, we have u; + A2/ wi) =
ter)?(p) < —2A, and hence uy < —A < u1 < 0. We have

o = 1200 = 3 (4 0Php = 20 = (%21 + 212 = 40)).
Observe that

lim po(A) = k2, lim po(A) = —142k12 —2/kiakio—1) < —1.
A—0+ A—>1-
By direct computation, we see that the equation p2 (1) = —1 admits a solution in (0, 1) if
and only if k12 € (—1, 0); in that case, the only solution in (0, 1) is A = A, with

A= A(p) = € (0, 1).

We conclude that:
(e) ifkin e (—1,0),then i € (0, 1), and
(i) for any A€ (0,1), —1 <puy <—Xx <pu; <0, and the 2-periodic orbit
{p, fo.(p)} is a sink;
(i) for A =1, u; = —A2%, uo = —1, and the 2-periodic orbit {p, fi(p)} is
parabolic;
(iii) for any A e (X, 1), s <—1< —22 <1 <0, and the 2-periodic orbit
{p, fr(p)}is asaddle;
(f) ifkjp <—1,thenforany A € (0, 1), up < —1 < -2 < n1 < 0, and the 2-periodic
orbit {p, f(p)} is a saddle. ]
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Proof of Lemma 3.7. We now consider the case where A: A — (0, 1) is a general C¥~!
function such that f) := H, o f is a dissipative billiard map in the sense of Definition A,
where H; : (s, r) — (s, A(s, r)r).

Fix a 2-periodic orbit {p, f,(p)} for f,. Let us denote by u; = w1 (X), u2 = ua(i)
the eigenvalues of D ff(p), with |u1] < |uz|. By (A.l), the characteristic polynomial
Xpa(x) = det(Df2(p) — x id) is equal to

Xpa () = x% — (L 4+ A1+ 22)ki 2 — (A1 + A2))x + A1ha,

with k12 = (1 + 1) (1 4+ 7K2). Recall that we assume that k12 > 0.
On the one hand, if the eigenvalues (11, (7 are not real, then they are complex conjugate,
and as 12 = Arg € (0, 1), their modulus is strictly less than 1, and {p, fi(p)} is a sink.
On the other hand, if w1, w2 € R, then as |uq| < |u2l, and w1z = 2ixo € (0, 1), we
deduce that |u1]| < 1. Thus, the 2-periodic orbit {p, fi(p)} is a saddle or a sink, unless
ny =1or up = —1. But

Xpa(D) =1—=0+A)A+2A)kip + A +212) +21A2 = (L 4+ A + ) (1 = k1 2),
(A.5)

with (1 + A1)(1 4+ A2) > 0, and hence x (1) = 0if and only if k1 » = 1. In that case, we
have

Xpa(x) = (x — D(x — A1A2),

and hence 1 is an eigenvalue no matter which A we choose. In particular, {p, fi(p)} is
parabolic for the conservative billiard map fi.
Moreover, as k; » > 0, we have

Xpa(=D) =1+ A+ A0 +A)kip — (A1 +42) + A1k > (1 = A1 = A2) > 0,

thus —1 is never an eigenvalue.

To conclude the proof, it remains to show that under the assumption that there is no
parabolic 2-periodic orbit, then for any 2-periodic point p, for the dissipative billiard map
fa, the point p is a saddle if and only if k2 > 1, and a sink if and only if k1o < 1.

Indeed, on the one hand, if k12 > 1, then (A.5) above shows that x, (1) < 0. Since
limy 100 Xpa(x) = +00, we deduce that yx,; vanishes somewhere on (1, +00), and
hence ©y > 1, and then the 2-periodic orbit {p, fi(p)} is a saddle.

On the other hand, if k1> < 1, then (A.5) above shows that 3 (1) > 0. But 1 > xy;p,
where xp;, € R is the point at which the quadratic polynomial x,; attains its minimum;
indeed, as k12 < 1, we have

Xmin = 3 ((1+ A+ 22)ki2 — (A +42)) < (1 +A1h2) < 1.

Thus, x (1) > 0 implies that x, » is positive on [1, +00), and hence no eigenvalue has
modulus > 1 (recall that if it were the case, then 1, > 1 would be a real zero of x ;), and
the 2-periodic orbit {p, f,(p)} is a sink. O
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