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Abstract

We show a local rigidity result for the integrability of symplectic billiards. We prove
that any domain which is close to an ellipse, and for which the symplectic billiard map
is rationally integrable must be an ellipse as well. This is in spirit of the result of [2]
for Birkhoff billiards.
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1 Introduction and the Main Result

Symplectic billiards were introduced by Albers and Tabachnikov in [1] as an analogous
model for the billiard dynamics, where the area is used for the variational principle,
instead of the length (see Subsection 2.1 for a more precise definition). While the two
systems might behave somewhat differently, the similarity between the definitions
of the Birkhoff billiards system and the symplectic one has recently attracted some
attention to try and address the classical questions for the billiard system about inte-
grability and rigidity in this new setting. For example, in [4], Baracco and Bernardi
showed a total integrability rigidity result for symplectic billiards. In [6], an analogous
result of the integrability reuslt of Bialy and Mironov [7] was shown for symplectic
billiards. A symplectic billiard version of the result of [8] on spectral rigidity was done
independently in [5] and in [9].

In this work, we address the question of local rigidity of integrability, and show
that near ellipses, the only rationally integrable domains (see Definition 2.1 below)
are ellipses. This is in spirit of the results of [2]. We prove the following result (for
the definition of a domain being close to an ellipse see (3.1) below):
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Theorem 1 Let £ be an ellipse in R%. Then, for any K > 0, there exists ¢ > 0 such
that for any domain @ C R? that is C'?" K-close to £ and C' e-close to &, if the
symplectic billiard dynamics in Q2 is rationally integrable, then Q2 is an ellipse.

Remark 1t is not known if symplectic billiards has an analogue of ellipses for Birkhoff
billiards. That is, domains in which symplectic billiards are integrable, but do not
admit a total foliation of the phase space by invariant curves. The theorem implies that
such domains, if they exist, either cannot be used to approximate ellipses, or do not
have an invariant curve of some rational rotation number (similar to how billiard in an
ellipses do not have an invariant curve of rotation number %).

The affine nature of this system means that all ellipses behave the same way. For
this reason, it seems that looking for improvements of the result in the spirit of [13, 15,
16] might be challenging. These results rely on metric properties of ellipses which are
not circles. These properties cause the Birkhoff billiard dynamics in an ellipse to be
different than the dynamics in a circle, and this difference is exploited in their proofs.
From the point of view of symplectic billiards, all ellipses are the same, and so we
cannot adapt the same method that is used for Birkhoff billiards.

Structure of the paper: in Section 2 we give some background about symplectic
billiards, and set some notations. In Section 3 we give the proof of the theorem.
Section 3 starts with a general overview of the idea of the proof.

2 Background

In this section, we recall briefly the notions discussed in this paper. We recall the
definition of symplectic billiards. We explain which parametrization we are going to
use for the curves in our discussion. We recall the definition of rational integrability.
Finally, we set the notation for the norms we use.

2.1 Symplectic Billiards

Symplectic billiards were introduced by Albers and Tabachnikov in [1]. In the plane
(which is the only case which is of interest for us in this work), it is defined as
follows. Given a smooth convex curve y (), three points y(t1), y (f2), and y (t3) are
consecutive points of a symplectic billiard orbit if and only if the tangent at y (f7) is
positively parallel to the vector y (t3) — y (1), see Figure 1.

Similarly to Birkhoff billiards, this system is also an example of a twist map of a
cylinder (see, e.g., [3, 11, 12]), where the generating function is the area form on the
plane H(t,t") = w(y(t), y(t')), with w denoting the area form (with respect to an
arbitrary origin). Namely, if we fix an arbitrary origin on the plane, and denote by w
the standard area form on R2, then one can check that the geometric definition above
coincides with the following rule: #, is determined as the unique critical point of the
function

f@)y=H(t,t)+ H(t, 13),
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Fig.1 The symplectic billiard e
collision law .

for which the ordering of y (#1), y (t2), y (t3) is consistent with the curve’s orientation.
Indeed,

F') =0 o) -y, y) =0, 2.1

so the vectors are parallel. Observe that the mixed partial derivative of H is
w(y (1), y(t")). The symplectic billiard map is defined on the part of the phase space
where the vectors y (1), y () are positively oriented (see [1, Lemma 2.1]), and hence,
their tangents are also positively oriented, so the mixed partial derivative is positive
and the symplectic billiards map is a negative twist map. Hence, by the theory of
twist maps (see e.g., [11, Theorem 35.2]), all orbits on invariant curves are locally
maximizing.

2.2 Affine Arc-Length Parametrization

It was shown in [1, Theorem 3] that the affine arc-length parametrization (see, e.g.,
[19]) is suitable for the study of symplectic billiards. The billiard map in these coordi-
nates has a good asymptotic form, which resembles the asymptotic form of Birkhoff
billiards in Lazutkin coordinates (see, e.g., [18, Section 14]). For ellipses, the affine
arc-length parametirzation coincides with the usual trigonometric parametrization: if
an ellipse with axes parallel to x and y axes has semiaxes lengths a, b, then its affine
arc-length parametrization is

Y [0, 2n(ab)%] - R

y(t):(acos ! =, bsin ]>.
(ab)3 (ab)3

The domains we consider are perturbations of ellipses. Therefore we parametrize them
using the affine arc-length parametrization of the ellipses they approximate (see (3.1)
for the precise parametrization).
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2.3 Rational Integrability

The notion of integrability that we use in this work is rational integrability. More
precisely, we use the following definition.

Definition 2.1 Let T be the symplectic billiard map inside some planar convex domain,
viewed as a self map of the phase cylinder. We say that T is rationally integrable if
for all 3 < g € N, there exists an invariant curve for T the rotation number of which
is é, and this curve consists entirely of g -periodic orbits.

If an open set in the cylinder is C! foliated by invariant curves, then each of those
curves inherits an absolutely continuous invariant measure. If, in addition, the rotation
number of the curve is rational, then all points on it must be periodic. Therefore, the
assumption that we use in this work is weaker than the assumption about the existence
of a foliation by invariant curves.

Observe that we consider invariant curves of rotation number % only forg > 3. By
definition, for any 7, if we denote by #* the parameter for which y (¢), y (t*) are parallel,
we have a 2-periodic orbit between y (r) and y (t*). Hence, in the phase cylinder, we
always have an invariant curve of two-periodic orbits. For this reason, in what follows,
assumptions on the invariant curve of two-periodic orbits are superfluous.

2.4 Choices of Norms

In this subsection we fix notation and write explicitly what are the various norms that
we use.

e L2 norm on the space of functions defined on the interval [0, L]:

1 L
113, = Z/o | f(0)Pdx.

e C* norm on C* functions on an interval I:
k
_ ()
= max x)|.
Iflle ZO max | £ (x)|
j:

e For an affinemap 7 : R" — R", Tx = Ax + b, the norm is
171 = 1Al +l2l,

where ||A|| denotes the operator norm of the matrix.

3 Proof of Theorem 1

The proof mimics very closely the idea of the proof in [2]. We begin by giving the
general plan of the proof:
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1. Estimate how much the action of a g- periodic orbit deviates from the action of a
q- periodic orbit for an ellipse (Lemma 3.1).

2. Use this estimate to derive a bound on the Fourier coefficients of the deformation
function (Lemma 3.3).

3. Given a rationally integrable perturbation of an ellipse, we use our estimates
to find another ellipse. This ellipse should be even closer than the given one
(Lemma 3.6).

4. This allows us to finish the proof in Subsection 3.4, by considering the “closest”
ellipse.

We first start with the following notation.

Definition 3.1 For an ellipse &, we call the quantity « (&) = ./ %area(é’) the normal-
ized area of £.

Note that if an ellipse £ has semiaxes a,b (with respect to any Euclidean metric)
then (&) = (ab)%. This quantity is not really consequential for us. It is needed for
technical reasons: during the proof we consider several ellipses, and thus we need to
understand how our estimates vary with the ellipse. Since all of our ellipses will be
close to each other, their normalized areas will be close to each other, and we will
conclude that the upper bounds we use are uniform for this family of ellipses.

Given such an ellipse, we parametrize it by affine arc-length parametrization:

t t
eqp(t) = (a cos T bsin Z) ,

where A = «(€) , and t € [0, 27w A]l. We consider a deformation of this ellipse
into a domain along the affine normal vector, A’zea,b(t) (see [19]), but it is more
convenient to consider a rescaling, N (t) = e, p(¢). This way, given a function n(r),
we get a deformed domain €2 the boundary of which is given by

0Q = [y (1) = eap(t) +n(N() | 1 € [0,27A]} . 3.1)

As long as the function n is small enough, the curve y (¢) is a convex curve. We express
this in a similar way to [2], and write

02 =E +n.

The notion of being “close to an ellipse" is understood in terms of this function .
Our integrability assumption means that for all ¢ > 2 there are invariant curves of g-
periodic orbits for the symplectic billiard map. The action of orbits on a given invariant
curve is constant. In our case, this action is twice the area enclosed by the orbit. Hence,
our first goal would be to understand the deviation of the area of this g-gon from the
elliptic case.
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3.1 Second Order Error Term for Areas

Our goal in this subsection is to prove the following lemma.

Lemma 3.1 Suppose 2 is a domain of the form (3.1), where A = «(E). Then there
exist &, C, N > 0 such that for all functions n with C! norm smaller than &, and for
each2 < g € N, if |[n]|c1 < N min {1, A74} g~ 8 and if the symplectic billiard map
in Q has a q periodic orbit starting from y (tp), for some to € [0, 2w A], then

-1
2 2 & 2 Aj
Aq,Q—A3qSin—n—2A3sin—nZn<to+ i ]>
q q = q

< Cmax {43 4%} ¢ (L + nllen)® lnl (3:2)
Here A, q denotes the action of the q-periodic symplectic billiard orbit starting at
y (to).

Proof From the definition of symplectic billiards, if a g-periodic symplectic billiard
orbit passes through the points y (¢;), for j =0, ..., g (and 7y = 1), then its action is

q—1
Aga =Y o). yti).

j=0
Using the fact that y (1) = (1 + n(t))eq.5(2), we get:

q—1 i+1 — I
A= Z(l +n(tj1))(1 +n(t)A’ sin <%)

Jj=0

q-1 £ :

:A3 . j+1 — 1
Zsm <—A
j=0
. t'+]_t' . t'+l_t'
+(n(tj+1) +n(t))) sin <%) +n(tj41)n(;) sin < j . ]) .
When n is the zero function, then t; = fo + ,j=0,...,q — 1,50 for small n, the

values of ¢; should be close to equidistributed. This is made precise by the following
lemma that we prove later.

Lemma 3.2 Given an ellipse £ with A = a(£), there exist C,C', N > 0 with the
following property: for all functions n, if Q is given by (3.1), and y (to), ..., ¥ (t4—1)
is a q-periodic symplectic billiard orbit in Q, if |[n||c1 < N min {1, A’4} g8, then
there exist Xy, ..., Xq—1 for which forall j =0, ...,q — 1:

2 jA

= <t0+ )‘ = cmax {4, 42} g* Inllcr (1 + nllen), (3.3)
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tiy1 —1j 2 1 2
sin <L>—sin———chos—
A qg A q

< g max {1, A} iy (1 + Inllen®.

(3.4)

The numbers X j satisfies moreover, | X j| < C' max {A, A4} qh Il (1 + ||n||C1)4,
and Z(j;(]) X;=0.

Now take an N as in Lemma 3.2, and suppose that ||n]|-1 < N min {1, A_4} q_8.
We estimate the difference

—1
2 27 4 2T Aj
Aga - Agsin = —2A%in Y n(t0+ il ’)
q q = q
]_
1

g—
ti — 1 2

< A3 Z [sin <L> — sin —ni|
— A q

J
g fiv1— 1t 2 27
Iy |:(n(fj+l) +n(t))) sin (%) ~2sin " <z0 + 7’)}
j=0

n(t;)n(tj11) sin (%) , 3.5)

q—1
oy
j=0

and deal with each row separately. For the first row of (3.5), using (3.4), and the fact
that ij/;(l) X; = 0 we can write

N,
A sin | —— ) —sin
> sin (L)

j=0

= cmax {4%, 4%} ¢! ||n||§1 1+ ||n|\cl)8.
For the last line of (3.5), we can bound it by
qg—1

Ay

j=0

3 2
< A |nll2, .

n(t/)n(t1+1)sm( ]HA i >

For the middle row of (3.5), first we write

g—1 g—1 . _f.
s Z(n(z,+1)+n(m))sm<%) AP (i) +n(t)) [Sln(%)

Jj=0 Jj=0
g—
2 1 2 2 1 2 .2
—sin— — —cos —X; +sin — + 1 cos —Xj] = A3sin =& Z(n(tj+1) +n(t)))
q q q q 75
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qg—1
. (i1 . 2w 1 2w
+43 Z(n(tj+1) +n(t))) (sm (%) —sin — — n cos —Xj>
= q q
—1 qg—1
27 4 . 27
+AZ cos ? Z(n(tj) +ntj )X = 2A3 sin ? Z n(t)
Jj=0 Jj=0
3q—1 . (tj+1 =1 .27 1 2
+A Z(n(tj+1)+n(tj)) sin e — sin — _ZCOS —Xj
s q q
—1
2 27 4
+A cos? Z(n(tj+1)+n(tj))Xj. 3.6)

j=0

Now, when we consider the difference in the middle row of (3.5), then we can subtract
from the first summand in (3.6) the term with n(fy + 2n—"), and estimate the other
summands separately. This way we get, using (3.4), and t%e bound on X,

g—1

g—1 .
tis1 — 1 2 2
Ay [(n(z,-m + n(t;)) sin <L) —2sin —n (to + ﬂ)}
s A q q
2 2mAj
< 2A3sin—”Z n(tj)—n(to—i- T ]>'
4= q

+CA3q Inller - q* max {1, A%} Inl2, (1 + e

+CA% Inller - g"Smax {4, 4%} Inller (1 + Inlen® (3.7)

Using (3.3) we can bound |n(tj) — n(ty + 2”qu)| with

C max {A, A2] g* Inl2 (A + Inlle).

so the first sum is bounded (using sin 2% < 27”) by a quantity of the same order. In

total, the middle row of (3.5) is bounded by

Cmax{a%, 4%} g* 12y (1 + linllen) + € max [ 4%, 4% g3 i @+ il en®

+Cmax {43, 4%} ' InlZ, (L + Inllcn)* = Cmax {4, 4%} iy 1+ Inllen)®,

for ||n||~1 small enough (for example for ||n||o1 < 1). So we see that the first and
second row of (3.5) are the largest, and they give us the error term required in (3.2). O

Now we prove Lemma 3.2. The ideais that forn = 0 we should have t; = 7o+ LELAy
So for small n we can estimate the deviation from this configuration using the implicit
function theorem.
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Proof of Lemma 3.2 First we write the condition that the sequence fo, ..., #;— corre-
sponds to a symplectic billiard orbit. From the definition of symplectic billiards (2.1),
we must have forall j =1,...,q — 1,

o(ytjr) —yEi—1), y()) =0.
Note that we also have an equation for j = 0:
w(y(t) —y(t;-1),y(t)) =0,

However, in what follows we do not use it. Using (3.1), we can expand it (we also add
an extra minus for convenience),

0=—-oy@j+) —rEj-D, 7)) = -0 +njt1)eqpj+1)
—(L 4 n@tj—D)eaptj—1)n'(t))eqp(t;) + (1 +n(t))éq p(t)))

= A3+ n(j5 ) (1) sin (%) + A3+ () @) sin (%)
Fig] — 1
—A2(1 +n(tj31))(1 +n(t))) cos (%)
2 = 1j-1
+AZ(1 +n(;))(1 + n(rj_1)) cos (T) . (3.8)
Let us define now a function F : R7~! x RI~! x RI~! — RI~! by:

F=(F, .., F;),

where,

tiy1 — 1
Fi(@1, g1, b1s s bg 1,11, s ty1) = A3(1 +ajy1)b; sin (%)

= tl- i1 — 1
+A%(1+aj-1)b; sin (’T’l> — A*(1+aj4n0 +aj)cos< J+1A ./>

t;i —ti—
+A2(1 +aj)(1 +aj_y)cos (JTJI) .

Here, the terms ag = a4 should be understood as the constant n(#y). Then (3.8) holds
if and only if

F(n(t1), ...,n(tg—1), n' (1), ..., ' (tg—1), t1, ..., tg—1) = 0.

In particular, it holds that F (0, 0, ty) = 0, where ty = (o + %, .+ W) €
R9~!, We show that the equation F' = 0 defines t = (71, ..., #,—1) as a function of
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(a,b) = (a1, ...,aq-1, b1, ..., by—1) in a neighborhood of (0, 0, ty). For that we need
to check that %—5(0, 0, tg) is non-degenerate. One computes that

0, lj—kl>1

—Azbj(l +aj71)cos(t-f_2_')+A(1+aj71)(l+aj)sin (%) k=j—1
oF; tiy1—t; L [tip1—ti .
BT:: A2bj(1+a_,+1)cos(%)+A(1+aj)(1+aj+1)sm(-’+l\ -’), k=j+1

tiv1—1; (it
~bjA’(1+aj41)cos (7/"’}4 -’) —A(+aj)(A+ajyq)sin (7-""114 ! ) +

PR T .
+A2b;(1+aj 1) cos (L) = A0 +a; (0 +apsin (T k=

Whena =0,b =0, t = ty, we get:

-21 0 ...0
1 -2 1
E:Asinz—n 0 1 -2
0 q
1
0 1 -2

The eigenvalues of this matrix are well known (see, e.g., [17]), and the one that has
the smallest absolute value is A sin 2% (—242cos 2—’T). Therefore in a neighborhood of
(0, 0, tp) the equation F =0 indeeci] defines r as a function of a, b. However, we need
an explicit neighborhood where it exists, since we wish to use this argument for many
values of ¢ (see (3.31)). Therefore we find explicit 7y, ry such thatif |a;|, |bj| < ry,
and |t; — (fp + %H < ry then %(a, b, t) is non-degenerate, and the operator norm
of the inverse is bounded by

ey

We used here the inequalities sinx > %x and 1 — cosx > %x2, and C is some
universal constant. The derivation of those ry, ry is technical, and hence it is done at
the end of the proof (see (3.16), (3.17) below for the definitions of 7, and ry).

Thus, we have an explicit neighborhood where F = 0 implicitly defines t; =
G (a, b), and (3.9) holds in this neighborhood. It is also convenient to define Gy, G4
as the constant functions #g and 7y + 27 A respectively, and write G = (Go, ..., G4—1).
Hence, if t9, ..., t;—1 form a symplectic billiard orbit for y, then

2 2 \\—1
< C(A sin —”(1 — cos —”)) <cA ' (9
q q

(t0r oo tg—1) = G(n(tl), ntg_1).n (1), n’(tq_l)),

provided that the norm ||n||-1 is small enough. To obtain (3.3), we use a first order
approximation,

|G(a,b) —to| <

G jan + | 29
PR a PR
da 0

5 H 1l (3.10)
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Here, the first order derivatives are evaluated at some unknown points in the domain
lalloo s 10llae < rx. We use the implicit function theorem to compute the derivatives.

G o0F\-10F
=) G0

and similarly for b. Thus we need to estimate the operator norm of % and %. It holds
that

0, j—k > 1
OF; A%bjsin % + A%2(1 +a;) cos % , k=j—1
dar | A3b;sin (LHT1) — A2(1 4 ) cos (L) k=j+1

~A%(1 4 i) cos (L) + A2(1 +aj-peos () k=

This means that |2—Z| < 2 max {AZ, A3} (1+Inllc1), soits operator norm is bounded
by 2 max {Az, A3} /q(1 + |In]lc1). Here we used the fact that this matrix is sparse:

in every row, at most three entries are non-zero. Next, % is diagonal and its diagonal
entries are

ti — 1 t ti—
AU +a;sin (L) 4 A3 44, _p)sin | L—1),
A A
so its operator norm is bounded by 2A3(1+ |In llc1). Using (3.9), we get the estimates

IG
HE < Cq>A*(1 + |nller). (3.11)

0G
< Cq3'5 max {A, AZ} A+ lnllc), Hﬁ

Using (3.10) (with aj = n(t;), bj = n'(zj)), we get

27 j
It — <t0 + 7’) | < C¢3 max {A, AZ} A+ e - Vg lnller -

This gives us (3.3).
To obtain (3.4) we repeat the same idea, however now we use a quadratic approxi-
mation:

247j\  9G; 3G
Gi(a,b)— |t = : b
i@ b) ( o+ q ) da at ab
2 (C% 0w+ Z by + LG 5,0+ L 1)
— a,a a, ,a) + —==(b,b)).
2\ 9a? dadb dbda ab?

Here the first order derivatives are evaluated at (0, 0), while the second order derivatives
are evaluated at some unknown point for which |a;|, |b;| < ry. Denote the second

@ Springer



306 Page120f26 D. Tsodikovich

order term by Z;. Note that the above also holds for j = 0, ¢, in which case Zy =
Z, = 0. Then

2w A 3(Gj+1 — Gj) 8(Gj+1 — Gj)
= a+
da ab

Gjsi(a.b)—Gj(a, b)— b+Zj1—Z,.

(3.12)
Denote by X ; the right hand side in (3.12). Then it holds that Zq_o X; =0, since Go
and G, are constant (and all first order derivatives are evaluated at the same point),
and Z(Z]H Zj) = Z4 — Zp = 0. Now we can use a first order estimate for the
sine:

tig1 —t; 2 1 27 1
sin (L") sin—ﬂ = —Xjcos — + —X2 sin(§),
q A q 2A2

where £ is some unknown point. To get the desired estimate, it is then enough to show
that

S X sin®) (3.13)

can be bounded by the right hand side of (3.4). The second derivatives of an implicit
function can be found using the following formula:

92G,, =—q§((£)_l) ( Ji[ 0°F; 3G, | 0, aGp]

dayday = ot m,j aakaav P atpaas day 8tp3ak day
10 9F, aG,,aG,)

~ tpdty da 0as '

(3.14)

Similarly for derivatives with respect to by, by and similarly,
-1 9=l a2 2
3°G E dF\—1 3’F; 3G 3%F; 0G
oo =S5 ) e+ X Lo e+ 0]
day by . ot 8ak8b 0t,0bs day dt,dag by
j=1 p=1
q—1 2
0°F; 0G, E)Gr>
lat,,arx day by /)

(3.15)
pr=

Using (3.11), the sum of all first order derivatives appearing in X ; can be bounded by

Cmax A, 42} g* Inllcr (1 + Inlleo.

If M is an upper bound on all of the second order partial derivatives of G ;, then we
have

X1 = Cmax {A, 42} g* Inllcr (1 -+ Inlen) +4M Il o>
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The second order partial derivatives of F; that do not involve ¢ are bounded by
2max {A?, A}, those that involve 7 with a or b are bounded by 2 max {A, A%} (1 +
lnllc1), and those that only involve ¢ are bounded by 2 max {1, A} (14 ||n]| )2. Thus,

M<gq ”(%)_IH (Zmax {Az, A3} + 4 max {A, A2} (1 + lnll 1) H%
)

9F 1 3G ;
= gmax {1, A} H<W) H <2A2 +4Aq(1+ [Inll 1) HTa/

3G,

g max {1, A} (1 + llnflc1)® | ==+

aG ;
2 2 J

+ 1+
q-( ”nHCI) e

)

Using the estimates (3.9) and (3.11) we obtain the bound

M < Cq13max{A,A4} A+ et =

1X] < Cq" max {A, A4} Inller (14 lnlle)?.

Therefore we see that (3.13) is bounded by C max {1, A6} q3° ||n||2C1 a+ ||n||C1)8,
as required.

To finish the proof, we also want to claim that the implicit function G that we used
in our proof exists in a not too small neighborhood (it is defined for all ||n]o1 <
N min {1, A_4} q_8'5, hence for |a;|, |b;| < N min {1, A_4} q_s's). Moreover, we
still need to explain why the estimate (3.9) holds in this neighborhood. For that we
use the result of [14, Theorem 3.3] which gives an explicit estimate for the size of
the neighborhood where the implicit function is defined. Note that to use this result
it is enough to work with upper bounds on all the norms of the derivatives, and not
necessarily with the actual suprema. We already found an upper bound for all the
derivatives above. We therefore have, using the notation of [14],

L, =2max {A%, A%} /g,
My = 1004714,
Kix = K¢y = Kyy =2gmax {1, A3} (1 + [In]lc)?.

Therefore, radii 7, ry for which the solutions exist satisfy the following two inequal-
ities:
y

1 2 r
ijx(rx +ry)° < M, —rxLy,

Ky (ry + ry) =< MLV

It is enough to find 7, and ry for which there is equality in both inequalities. In this
case we can use the second equation with the first one to reduce the problem to two
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linear equations:

1
—Lxrx =+ E}’y =

ZM)Z.K”’
x + ry = leKxx '
We can solve it,

TR |
2MZK oy

Py = — yohxx , (3.16)
i +L, 2K My (L:My,+1)
S 2L M, + 1
2MZK o

ry=—2"—= R : (3.17)

MLy-i-Lx 2KxxMy(LxMy+l)

The deonminator is of the magnitude of q7‘5(1 + lInllc )3 max {A4, 1}. Thus, we
can find a universal constant N such that if |[n]|-1 < N min {1, A_4} g8, then in
the computations above, all coordinates of the vectors a and b we use are bounded by
the same constant, and hence the norm of (a, b) is smaller than r,, and the implicit
functions we use will, in fact, exist. Moreover, the numerator for ry is of the order
max {A, Az} q3'5(1 + llnll¢1), so ry is of the magnitude

ry < N+ |lnllc)~"2g~* min [A—l, A—Z} .
To show (3.9) holds for [|lalls , 1Dlloe < 7xs It — tollee < 7, we write the following:

OF abn=2E (00to>+82 LA (3.18)
ar P daot” " abar. T a2 0)- :

Here the second order derivatives are evaluated at some arbitrary points. Denote by
V the sum of all second order derivatives, and by W := %(0, 0, typ). We claim that

Vi = o(q_3), and that this is enough to get (3.9). Indeed, we know that for a, b, ¢
for which [la|l s , 16lloe < 7y and ||t — tolloo < 7y the matrix %(a, b, t) is invertible,
and we can compute its inverse using the following standard method,

oF -1 1 —ly—ly—1
SL@b ) =w+vTi=a+wrivTiw
=Y wlvywl
k=0
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We used here the fact that || V| = o(g~>) and that H w1 || < 100A71¢3, so for ¢
large enough W~V has norm less than 1. As a result,

i

[ov+ )| = H];—W‘IV)"W‘1 <|w] g ”W_IVHk )

Since H w-! H = 0(q3) andifindeed |V || = 0(q‘3) then the denominator is bounded
by auniversal constant, so we indeed recover (3.9) in the neighborhood ||a|| , ||b] < rx,
It —toll < ry.

Thus, to finish the proof it is enough to show required estimate on || V||. Indeed, our
earlier computations of the second order derivatives of F show that the L° norms of
three second order derivatives in (3.18) are bounded by

2max 1, A2} (b1 + (1 + lal)G + 161 + llal).
But all of these matrices are sparse, so the operator norm is bounded by

2/gmax {1, A2} (b1 + (1 + lal)G + ] + al).

For g larger than some absolute number, r, < 1 so the operator norms are bounded
by

22 max {1, AZ} NG
and finally we can estimate, using (3.16) , and (3.17):
IV < 22 max {1, Az} JG(re +1y) <4AN(1 + [n]l )2 min {1, A*Z} g3,
which is of the desired magnitude. O

3.2 Fourier Estimates for Deformation Function

Our next goal would be to analyze the Fourier coefficients of a function n, which is
C!-small, and for which the domain (3.1) has integrable symplectic billiards. Just like
in [2], the idea is that Fourier coefficients of high harmonics will be small because of
the smoothness of n, while coefficients of smaller harmonics will be small because of
the existence of the invariant curve of g -periodic orbits. The former fact is shown in
equation (3.20), and the latter is proved in the next lemma.

Lemma 3.3 Let Q be a domain as in (3.1), where n is C' smooth, Ilnllcr < 1, and

A = a(E). Then there exists C = C(||n||c1) , monotone in ||nl| 1, and a constant N
such that for any q > 2, if the symplectic billiards in Q2 admit an invariant curve of q

@ Springer



306 Page 16 0f26 D. Tsodikovich

periodic orbits, and ||n||c1 < N min {1, A74} q*8 , then

2w A iqt
‘/ n(t)edet’ < Cmax{A,A7}q3‘ Il . (3.19)
0

Proof Since we have an invariant curve of g-periodic orbits, the action of these orbits
is constant. This means that for any 7o, if we denote by ¢ (t), ..., ;1 (fp) the points
of the g-periodic orbit determined by 7y, then the function

g—1
Ag(t0) =) oy (), v (tj41(t0))

j=0

is constant. According to Lemma 3.1, the assumption on ||n||~1 and g implies that

—1
2 27 ¢ 2T Aj
‘Aq(to)—A3qsin—n—2A3sin—§:n(t0+ 7 1)‘
q e q

< Cmax {43, 4%} ¢* i, (0 + linllen)®,

Hence we can write, when remembering that non-zero Fourier coefficients of constants
are zero,

2mA o ! AN gt 2mA 2 1 2T Aj
‘/ 2A3sin—2n(t+7j)e%dt‘=‘/ (2A3sin—2n(t+7j)
0 a = 0 a = q

q

—1
2 - 2mA o 4 2 Aj
+A3qsin—ﬂ—Aq(z))e%dt’§/ ‘ZAgsln— E n(t—|— il J)
q a = q
.27
+A3g5sin o Aq(t)‘dt < C max ’A4, AlO]q3l Il (1 + Inllen®.

Next, we observe that

2rA 41 . . 9=l oxA . )
2 A L 2 A iqt
f Zn(H il f)ez’dtzzf n<t+ i f)eﬁsdt
0 - q ; 0 q

j=0 j=0

2mA iq(1—2AL)

- Z/ n(t)e dt Z/Mn(r)eiffdt

2T A igt
= q/ n(t)e 4 dt.
0
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So, in total, we get:
3. 271 A igt 4 410] 31 2 8
2g A sm—‘ n(t)e4 dl‘ < C max iA LA ]q Inlic (14 linllc)”.
q 0

Since ¢ sin 2% s bounded away from 0 for ¢ € N, and the dependence on ||n||-1 is
clearly monotone, we get the desired inequality. The proof for —¢ is identical. O

3.3 Approximation Argument

The next goal would be to estimate various norms of the “non-elliptic" part of the
function n. Because the function 7 is smooth enough, there exists a universal constant
C > 0 such that for all g # 0:

27 A iat CAZ
’/ n()e s di| < % (3.20)
0 q

Note that we can use Lemmas 16-19 of [2] as they are, by the following reasoning:
using an appropriate linear map, we can assume that the initial ellipse is the circle
of perimeter 1. Linear change of coordinates preserves the affine normal vector, and
hence the affine normal after change of coordinates will be the affine normal to the
circle. In the case of the circle, the affine normal coincides with the usual normal.
Hence, this linear map transforms €2 into a radial deformation of the circle, with
the same radial deformation function n. Now we can apply the results of Lemmas
16-19 to get estimates on n. Note that the functions in [2] are given in Lazutkin
coordinates. Nevertheless, we use the lemmas for a circle, in which case the Lazutkin
parametrization and the usual trigonometric parametrization coincide. Finally, we do
need to make sure to rescale the parameter to be in [0, 1], as it is in [2], and not in
[0, 2r A], which we used so far. This only has effect on the norms of the derivatives
of the functions we consider. The result is the following.

Lemma 3.4 Let € be an ellipse, and n € span {ei% | 1g] < 2} , with sufficiently small
coefficients. Then there exists C > 0, and an ellipse &, such that if € = € +n & then

In=ngler < Cmax {A2 A7 i

where as before, A = a(E).

As can be seen from the proof, there is also an affine map T for which T'(£) = E.
and moreover |7 — || is comparable to ||n]c1.

Next, we derive an analogue of Lemma 7 of [2]. The idea is to compare the defor-
mation functions n that correspond to the same domain with respect to two nearby
ellipses. The proof follows the same ideas of Lemma 7 in [2].
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Fig.2 Same domain (€2, in red)
seen as a deformation of two
different ellipses, £ (in black)
and & (in blue). Here X =

(1 +n)er =vo + (1 +v)r(h)ef
(equation (3.22)). The vectors
pointing downwards
demonstrate the definition of 7q

Lemma 3.5 Suppose that a domain 2 is given by a deformation of an ellipse £ as
in (3.1), and that & is an ellipse close to E. Namely, if T is an affine map for which
TE)=E, then T — 1| < ﬁ. Let ng be the function for which

E=E&+ng,
and n be the function for which
Q=E+i.
Then if Hn g ” c1 is small enough, then there exists a universal constant C for which
I7llcr < Clln—ng| e - (3.21)

Proof Let T be an affine map for which 7'(€) = £. We can write T (x) = vy + Ax
for some vector vy and a linear map A. The assumption that |7 — [|| < ﬁ implies
that A is close to the identity, and vy is close to zero. Now, fix an inner product on
R? according to which & is the unit circle. Then, the ellipse £ can also be described
as {vo + r(t)e; | t € [0, 27]} for some function » which is close in C! norm to the
constant function 1 (and in fact, ||r — 1|1 is comparable with |7 — I]|), and ¢, =
(cost, sint). Given a point X close enough to £ and to &, there are unique 7, n,t, v
for which

X = +n)e; =vg + (1 +v)r(t)es, (3.22)

see Figure 2.
This gives rise to a diffeomorphism v (z,n) = (¢(z,n), v(¢, n)). Observe that
Y (t,ng(1)) = (t(t,ng (1)), 0), or equivalently, that

(I +ng®)e; = vo +r(t(t, ng())eiq ny)- (3.23)
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We also get a function 7q (r) which is defined by (see again Figure 2)

Yt n@t) = (ta(®), n(ta(1))).

for all ¢, and it holds that
v(t, n(1)) = n(to(t)). (3.24)

We can also isolate from (3.22) and (3.23),

it m) = |00 = ng@er + rEt, ngODerngin | 1

1
r(t(t,n)) ‘

This means that

1
v(t,n) = m(n —ng()(1 + p(t,n)),

where p is a function whose norm is comparable to Hn g H c1- Pick a number 7o for
which vy is a positive multiple of e;,. Then it holds that (79, n) = 1o for all n, and in
particular 7o (fy) = to. Moreover, equations (3.22), (3.23) imply that for all 7,

r(to)v(to, n) = n —ng(to). (3.25)
Now, for any 7 we can write, using (3.24)

ist®

r
a(t) = ﬁ(fsz(to))+[ ﬁ/(é)d‘é‘=ﬁ(fsz(to))+/Q i’ (i (m)ig (mdn

1 (to) fo
- i\ g -
(334) n(tq(to)) +/t0 deV(n,n(n))dn = n(tq(ty))
+/f§lm[i;< () —n 2+ )+ ~(n - 7><3—”+3—" ( ))d
A aamy P T EN prE=ng Gt g ) an

(n(ig () — nglig D))

= illQo) + ——— 7=
r(i(ig (), n(ig )

ap

isto 1
(n(19) — ng (1)) +/ o

W GGy M e (

1 ap
) o ('7)> <

N N y (3.26)
+/m P dn v, nGy 0P e '

The integrals in (3.26) are of the order of H n—ng ” cl H ng H c1- The terms that involve
to cancel using (3.25). So we can simplify (3.26):

_ 1 - -
= —ng o(|ln—ng Ay
i) = T iy " ) el )+ (In = ng| o |ng] o)

which gives us the estimate we want. O
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In what follows, the main idea is the same idea as in [2], and was mentioned in
item 3 at the start of the section: if we have a rationally integrable domain close enough
to an ellipse, then there is another ellipse that is much closer to our domain. This is
made percise in the following lemma.

Lemma 3.6 Let 2 be a rationally integrable domain, given by the formula (3.1), where
we assume that the function n is C'*7 smooth, and its C U norm is sufficiently small
(so, e.g., (3.31) holds). Then there exists an ellipse £, such that if

IR=E+n

then
78757874

~ —129 132
liller < Cllnlerm) max {4712, A2} T75/77

(3.27)
Here C(||n||c127) denotes some monotone function of ||n|c127, and A = a(E).
Proof First, we decompose,

1
n=ne+n,

iqt igr .
where n.;; € span {e A gl < 2},andnJ- € span {e A lgql > 2}.Wecanalsowr1te

ey (t) = Ziz_z age's . By orthogonality,

2
2 2
=l = Clinl

2 2 1
e ll72 < lneully, + |0
L L

For any m € N, we can find a constant L,, for which
Inenllen < LA™ (In]lcr . (3.28)

Indeed,

2
Inly (1)) = < (2 > Jal
ell = =\2a kls
k=-2

A k

k=-2

and thus

m—+1

2
> lal?

k=—2

2 m+1 2 2
lnenllem < <X> kz_:z lax| < /5 (X)

< LpA™ "D in)l 2 < Ly A nf| e

Let € the ellipse the gorresponds to ne7, using Lemma 3.4. Then, ther_e exists a function
n such that 02 = £ + i, and there exists a function 7 such that £ = £ + 7. Then,
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Lemma 3.4 gives a universal constant for which
e = iller = Cmax {4 A2} nely < Cmax {47 1} i, . (329)

Lemma 19 of [2] also implies that € is a linear image of £ which is ||| o1 close to
identity. Using (3.28) and (3.29), for n small enough, we get ||71]o1 < X Thus, we

can use Lemma 3.5 to get -
Inllcr < Clln—nllcr.
Therefore, we can estimate
liller < Clin = Aller = e +n* =
< Cmax {1,473 (|| o e —iiller). (3.30)

Consequently, our next goal is to estimate ||nJ- || c1- Using Parseval’s identity,

2
2
=2 lagl,

lg|=3

||

where a,; = ﬁ foznA n(t)e_iqTrd t are the Fourier coefficients of n. Take o = 31—1 and
qo = Llin ||E‘1)‘J. Then, by (3.19), we have, for a constant depending on ||| -1,

lag] = Cllnllcrymax {1, 4%} 1gPP" InlZ) < Cllnler max {1, A%} 271,

for all 3 < |g| < go. Here, C(||n||c1) is a monotone function of ||n| 1. To use
(3.19) for all of these values of g, we must make sure that the assumption ||n]|-1 <
N min {1, A=*} |¢|78 is satisfied. The strictest requirement is for ¢ = go , in which
case we get the inequality

Inller < N min {1, A7 il = n 5% < Nmin 1,474 33D

For our choice of «, the power of ||n| -1 is positive, hence, the inequality holds for
lz]lc1 small enough. Now, we can sum these inequalities and get

> lagP = Cllinlleny max {1, 412 5o (3.32)
3=<lgl=q0

In addition, for |g| > go, using (3.20), we have

> lagl? < CA% n|| 24" (3.33)

lg1>q0
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Our choice of @ guarantees that 4 — 63«0 = 2 + o = 63/31, so we can use (3.32) and
(3.33) to get

63/31

o], = camlieny max {1, a2} i =

7], = caimlen max {1, 4%} a7, (3.34)

Now, we use the Sobolev interpolation inequalities (see, e.g., [10, Theorem 7.28]).
We slightly modify the inequality by rescaling to account for our functions having
domain, the length of which depends on A. There exists an absolute constant C > 0,
such that for all ¢ > 0 and C'?7 functions (like nJ-), for j = 1,2 we have

] = a5 4] (e o] e

c127

nt HH) . (335)

In particular, for ¢ = ” J_H7875/7874

the stricter inequality) we get

using (3.34) in (3.35) for j = 2 (which gives us

7875/7874 (

o

1, = Cllnlleny max {413, 472} v o] )

And the same right-hand side also bounds H (nty H 12+ With this we can conclude that

+ H (nL)N L2>

< C(Inl¢r) max {A’l, A132] (1 n HnJ“

||, = 2ma(

c!

7875/7874
) I

Using (3.28), we can bound the above with a constant that depends only on ||| c127.
Indeed,

+ —128
[#4] oy = 0 = metlcr < Il + s < il + CA™ % o

and ||n]|c1 is small, so this can be bounded by max {1, A_128} (B + lInllc127), for
some universal constant B. Also, since ||n]|c1 < |[n|c127, then the constant of (3.32)
which was monotone in ||n|| -1 can be replaced with a monotone function of ||n||-127.
Now, we can use this inequality in (3.30) to see that

129 4132 7875/7874
liller < Clnllr) max { A1, 4132 g 57277,

This is exactly (3.27). O
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3.4 Finishing the Proof of Theorem 1

Let £ be any ellipse in R?, and write A = «(£). We first consider the family of ellipses
P=1{E|daEE) < L
9 [ 10 9

where da denotes the symmetric difference metric on compact sets in R?:
VX, Y CR?, dA(X,Y) = area(XAY).

Since all ellipses can be described using five real parameters, we can see this subset
as a compact subset of R, Then, we can find ¢ > 0 with the following property: for
any function n which is C! e-small and C'?’ K -small (where K is the constant in the
formulation of the theorem), for any ellipse £ € P, if 7 is the function for which

E+n=E&+n,

then [|n]|c127 < 2K. By shrinking e further, we may also assume that
1. C(2K) max {A—129, A132} £7875/7874 _ ﬁg’
1
2. < Sm,
3. &!731 < Nmin {1, A7}
Here, C is the monotone function of (3.27), and N is the universal constant that appears
in Lemma 3.1 (see also (3.31)). Now consider the collection of ellipses

E= [5’ | da(E, &) < 10A38},

We first establish a relation between the symmetric difference distance and the norm
of the deformation n.

Lemma 3.7 Suppose a domain Q2 is a deformation of an ellipse £, given by (3.1). Then
da(€, Q) = a(€)’ lInllcr (A + lInflcn).

Proof Write A = «(£), and assume that £ is parametrized by e, p(f) =
(a cos %, bsin %). Then the symmetric difference £ A can be parametrized with

EAQ = {eqpn()(1 4+ An(1)) | 1 € 0,27 A], % € [0, 1]}.

In terms of 7, A, the area form is given by A2n(r)(1 + An(t))dt A dx. As a result,

area(EAQ) =/ A2In(0)(1 + An())|dAdt.
[0,27 A]x[0,1]

Thus, we immediately get the bound

area(EAQ) < 21 A - A% nflcr (1+ Infler) = 2w A llnfler (1 + llnflen).
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O

Consider a domain €2 of the form (3.1) with n as per the assumptions of the theorem.
The set of ellipses can be parametrized by five real parameters, and the condition
da(E, &) < 10A3¢ determines a compact set in the set of parameters. For each a in
the parameter set, denote by &, the corresponding ellipse, and write n, for the radial
deformation function for which

Q=& +ng,.

By compactness, we can choose a parameter a, such that || Na, || c1 is minimal, and we
simplify notation by writing n, = n,,. From the minimality, it follows that [|n.||o1 <
Inllct < &, and the choice of & guarantees ||n4||c127 < 2K . For small enough ¢, for
ellipses &' € E we have a(£') € [%A, 2 A]. Now we use Lemma 3.6 (which we can

use thanks to the requirement 3 on ¢), from which we get an ellipse £ and a function
7y such that

Q:g*—‘f_ﬁ*!

and

7875/7874

~ —129 4132
I7sllcr = Cllmall ey max {47122, 412} i 5

We used here the fact that the ratio «(€,)/ A is bounded by constants from above and
from below. Our choices of constants guarantee that (see requirement 1 on &)

_ 1
ellcr = o5 Inxller - (3.36)

Now Lemma 3.7 gives us da (&, ) < 27a(E)? Il (1 + [liixllc1). Note that
ra(&)’ = area(y). Let i1 denote the function for which & = £ + 7. A similar
computation to that of Lemma 3.7 gives

area(&,) < T A3(1 4 |7l

It follows from the proof of Lemma 3.6 and Lemma 3.4,

~ 2 4-—1 2
17 = neller < max {42 A7 a2,

where n;; is the projection of n, into the subspace span {e A lgl < 2}. Moreover,

from (3.28) [|neillcr < CA? l724]lc1, so overall
liiller < Cmax|A2, A—Z} lnsllen < Cmax{Az,A_z} Inllcr -
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Overall, we get

da(Ex, ) < 27 A3+ lliille1)? == Insller (14 Nl ).

=y
200
Using the estimates above, we get

da s, Q) < %A%.
In addition, again using Lemma 3.7,

da(€.Q) < Allnllcr L+ lInfler) < 24%.

Then, the triangle inequality gives

da(€, &) < 10A%,

which means that é* € E. Then, the minimality of n, in E means that ||n.||o1 <
l724]l o1, but together with (3.36), we must have n, = 0, which means that 2 is an
ellipse.
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