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The wave trace and Birkhoff billiards
Amir Vig

Abstract. The purpose of this article is to develop a Hadamard—Riesz-type parametrix for
the wave propagator in bounded planar domains with smooth, strictly convex boundary. This
parametrix then allows us to rederive an oscillatory integral representation for the wave trace
appearing in the work by Marvizi and Melrose (1982) and compute its principal symbol expli-
citly in terms of geometric data associated to the billiard map. This results in new formulas
for the wave invariants. The order of the principal symbol, which appears to be inconsistent in
the works by Marvizi and Melrose (1982) and Popov (1994), is also corrected. In those papers,
the principal symbol was never actually computed and to our knowledge, this paper contains
the first explicit formulas for the principal symbol of the wave trace. The wave trace formu-
las we provide are localized near both simple lengths corresponding to nondegenerate periodic
orbits and degenerate lengths associated to one parameter families of periodic orbits tangent to
a single rational caustic. Existence of a Hadamard-Riesz-type parametrix with explicit symbol
and phase calculations in the interior appears to be new in the literature, with the exception
of the author’s previous work [J. Geom. Anal. 31 (2021), 2238-2295] in the special case of
elliptical domains. This allows us to circumvent the symbol calculus used by Duistermaat and
Guillemin (1975) and Hezari and Zelditch (2012) when computing trace formulas, which are
instead derived from integrating our explicit parametrix over the diagonal.

1. Introduction

The purpose of this paper is to develop a Hadamard—Riesz-type parametrix for the
wave propagator in bounded planar domains with smooth, strictly convex boundary.
We then use this parametrix to produce asymptotic expansions for the distributional
wave trace near isolated lengths in the length spectrum. Let €2 be such a domain and
denote by A the Dirichlet Laplacian on 2. The even wave propagator E(¢) is defined
to be the solution operator for the wave equation

(2—A)E=0 (xeQ),
E0)=1d (x € Q), €]
0:E|;=0 =0 (x € Q),
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with Dirichlet boundary conditions. In spectral theoretic terms, we can write E(¢) =
cos t+/—A, which is the even part of the half wave propagator '’ V=2 In [4], it
is shown that there exist Lagrangian distributions E; (¢, x, y) such that microlocally
away from the tangential rays, the Schwartz kernel of E(¢) is given by

+o00
E(t,x,y)=2Ej(t,x,y)+C°°(RxQxQ), 2)

j=—00

with E; corresponding to a wave of j reflections at the boundary. The sum in (2) is
locally finite in time. If we restrict our attention to waves which make j reflections
and travel approximately once around the boundary, we have the following explicit
parametrix for E; (¢, x, y).

Theorem 1.1. Let Q C R? be a bounded domain with smooth, strictly convex bound-
ary. Then there exists jo = jo(2) € N sufficiently large such that the following holds:
forall j > jo, there exists a tubular neighborhood U; of the diagonal of the boundary
AIQ C Q x Q such that for all (x,y) € U; and t less than but sufficiently close to
|02

>

8 [e.e]
. . . k
Ei(t.x,y) = Z Z(—l)]ei’”M / ptiT—V; (x’y))bj,k,i(ﬁX, y)dt

+ C*®(R x Uy,

microlocally near geodesic loops of rotation number 1/j. Here, bj i + € SCII/Z(U]- X
R1Y) are classical elliptic symbols of order 1/2 and the functions \I’]k (x,y)(1<k<38)
are lengths of the 8 billiard orbits connecting y to x in j reflections and approxim-
ately one rotation (see Theorem 3.1). The principal term in the asymptotic expansion
for bj k. + is given in boundary normal coordinates x = (i, @), y = (v, ) (see Sec-
tion 5.3) by

r1/2 amfamfaZWf awfamfawa
+
2(1 — k)| o 39 dvdg dp Jdv dddu

k qqk k k awk k|1/2
__aqg IWF 9] __aqg IVF W]
o dv 990d¢ dp 00 dviu

where k is the curvature of 0$2 at (0, ).

Theorem 1.1 bears a remarkable resemblance to Hadamard’s parametrix for the
wave propagator on boundaryless manifolds (see [17, 1 7]), where the phase functions
+(t — ‘IJ;‘ (x, y)) are replaced by (¢t — r(x, y)), with r(x, y) the geodesic dis-
tance from x to y. In that case, for x, y near the diagonal, there is only one geodesic
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connecting y to x for small time. In our setting, Theorem 3.1 shows that there are
exactly 8 orbits connecting y and x in j reflections and approximately one rotation.
The parametrix in Theorem 1.1 is localized strictly away from but near the glancing
set. We do not treat contributions of glancing orbits in this paper.

Remark 1.2. For j > jo(2) and x, y € dQ sufficiently close to the diagonal, there
exist only two orbits connecting y to x in j reflections and approximately one rota-
tion. One is in the clockwise direction and the other is in the counterclockwise direc-
tion. In particular, when x = y € 92, there exists a unique geodesic loop based at x of
rotation number 1/ . Restricting the functions \IJ;-‘ (x, y) appearing in Theorem 1.1 to
the diagonal of the boundary yield the j-loop function, which we denote by ¥; (g, q)
(see Definitions 3.5 and 3.6).

As in the case of boundaryless manifolds, we can use the explicit parametrix in
Theorem 1.1 to prove trace formulas. It is known that E(¢) has a well defined distri-
butional trace

o0
Trcost~v/—A =Zcostkj, 3)
j=0

where )&12 are the Dirichlet eigenvalues of —A. The sum in (3) converges in the sense
of tempered distributions and has singular support contained in the length spectrum

LSP(2) = {lengths of periodic billiard trajectories} U {0},

together with — LSP(2) (see Section 6). Each periodic billiard orbit in €2 can be
classified according to its winding number m and the number of reflections » made
at the boundary. Denote the collection of periodic orbits of this type by I'(m, n),
normalized so that m < n/2. ['(m, n) is never empty by a theorem of Birkhoff [3].
The length spectrum can be decomposed accordingly as

LSP(Q) = |_Jlength('(m.n)) U N|0<|, 4)

m,neN

where |0€2] is the length of the boundary. Using the parametrix in Theorem 1.1, we
can prove the following theorem.

Theorem 1.3. Assume the conditions from Theorem 1.1 hold and Q2 satisfies the non-
coincidence condition:

there exists £y > 0 such that

|Jlength(I"(m. n)) N (10Q| — 2. |0Q]) = 0. (5)

m>2
n>1
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For j > jo, define t; = infyepq V;(q,q) and Tj = supycpq Vj(q, q). Then on any
sufficiently small neighborhood of [t;, T;), Tr E(t) has the asymptotic expansion

(—l)j Re{ei”/4//eif(f—\l/j(qﬂ))aj(q’E)d?;-_dq} + C*(R),

aQ 0
where a’ (q, £) is a classical elliptic symbol of order 1/2 with principal part given by
E)wj

dq

Here, X(q) is the position vector to a boundary point q with respect to a fixed origin

1/2
X(q)- N(q).

1
~(q.9)

aj(q, &) = 482 sinw; 1 (¢, q) sin'’? 0 2(q, q) ‘

and N(q) is the outward unit normal at q. The angles wj,1, wj > are the initial and
final angles respectively of the unique billiard orbit yj(q, q") which connects nearby
boundary points q and q' in j reflections and approximately one counterclockwise
rotation. The function V;(q, q’) is the length of yj(q,q’) and its restriction to the
diagonal is the j-loop function.

Remark 1.4. As the position vector X is chosen with respect to an arbitrary interior
point p, we can integrate out this symmetry over any measurable subset of the interior
in the variable p to obtain a more invariant formula. In particular, we can integrate
over open sets, curves and by a limiting argument, the boundary itself in order to
obtain a smooth density on d€2. The noncoincidence condition (5) can be weakened
and is in particular satisfied for ellipses (see [15]) and nearly circular domains
(see [20]).

Remark 1.5. In several cases, one can evaluate the integral appearing in Theorem 1.3
more explicitly. If L; is an isolated length and the corresponding orbit is nondegener-
ate or the fixed point set of the time L; billiard flow is clean in the sense of Bott—-Morse
(see [8]), then one can apply the method of stationary phase. The case of a one para-
meter family of orbits tangent to a rational caustic is discussed below. There is an
apparent asymmetry between the incident and reflected angles in the symbol aé (q.%),
but only periodic orbits contribute in the stationary phase computation. For periodic
orbits, we have Snell’s law wj 1 = w; ». The integral formulas in Theorem 1.3 are valid
regardless of how complicated the structure the length spectrum and corresponding
orbits may be.

Remark 1.6. The noncoincidence condition (5) was first formulated by Marvizi and
Melrose. It is known that the set of domains satisfying this condition is C*° dense in
the set of all smooth, bounded strictly convex planar domains and moreover contains
a C! neighborhood of the disk ([36, Proposition 7.2]). It is also satisfied for ellipses
([15, Proposition 4.3]). It is believed by the author to be satisfied by all smooth,
bounded, strictly convex planar domains.
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Theorem 1.3 provides an explicit formula for the principal term in the parametrix
developed in [36]. In contrast to the methods employed in [36], the proof developed
in the remainder of this paper uses the explicit parametrix for the wave propagator
appearing in Theorem 1.1. Theorem 1.3 also provides clarity on a discrepancy in the
literature regarding the order of the wave trace (cf. [36,48]). Note that in Theorem
1.3 no assumptions are made on the nondegeneracy of orbits. If the length spectrum
has high multiplicity, the wave trace is in general quite complicated. However, when
periodic orbits come in a one parameter family corresponding to a caustic, we have
the following:

Theorem 1.7. Suppose Q, j > jo are as in Theorem 1.3 and € is a caustic for Q
of rotation number 1/j. If periodic orbits tangent to € have length L;, then near
t = L;, Tr E(t) has the leading asymptotic

Cj Re{ei”/4(t — Lj — iO)_S/Z},

where c; is a wave invariant given by the formula

Yo 1/2
@ X(q) - N(q)dgq.

’j,1
3 (4.9)

¢j = (_1)J'+14/‘sin3/2 Cl)j,l(q’q)‘
ETo)

In this case, w;1(q,q) = w;2(q, q) is the measure of the angle of incidence for the
unique periodic orbit of rotation number 1/j based at q € 0K2.

While KAM theory provides the existence of irrational caustics, it is shown in [29]
that for a fixed j, the set of all smooth convex domains possessing a rational caustic
of rotation number 1/ is polynomially dense in the variable 1/j within the collection
of all smooth strictly convex domains, equipped with the C°° topology. Exponential
density is also proven in the analytic category. As ellipses satisfy the noncoincidence
condition (5) (see [15]) and are known to be completely integrable with confocal conic
sections as caustics, we have the following corollary to Theorem 1.7.

Corollary 1.8. For an ellipse 2 given by
X2 g2
Q={@y)+ 5 <1).
and L; € LSP(Q) sufficiently close to |0S2| corresponding to the length of billiard

orbits of rotation number 1/j, the wave invariants in Theorem 1.7 are given by

2w

(—1)/*12ab sinw; /a2 cos? ¢ + b2 sin® pdg

Cj =

0 \/cos wj(a?sin® @ +b2 cos? p) (b2 +(a2—b2?) sin® p)G(¢;) l—kgzj sin? ¢
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Here, {; € [0, D) is the parameter of the confocal ellipse

2 y2

= {(x,y): azx_ 7 + e = 1},

to which the orbits of length L; are tangent and kgj is given by

, a*—b?
;j - az _ é—]Z N
The parameter {; depends on the rotation number 1/j and is defined implicitly by the
equation
1 Flarcsing;/b:ke;)

i 2K (&) ’

where F (s; k) is the elliptic integral

S
/ dt
1 —k2sin’t
0

and K(§j) = F(/2;k¢,). The function G(§;) is defined by

k2

d{z F(arcsin¢/b: ke) fmt,’

2w d
sin? tdt
+(2j+2
)/(1— iz T s
and w; = wj(¢) are the angles of reflection for orbits tangent to Cyg;, given implicitly
by the equation

g“jz = sin® w; (b* + (a* — b?) sin? @).

Remark 1.9. Analogous formulas to those appearing in Theorem 1.3, Theorem 1.7
and Corollary 1.8 can also be proved for the Neumann and Robin wave traces as
well. The formulas are less succinct but can be easily reproduced by keeping track
of boundary terms in Section 6. Alternatively, an earlier version of this paper used
Hadamard-type variational formulas which were derived for Robin boundary condi-
tions in the author’s previous work [55].

1.1. Schematic outline

The proofs of Theorem 1.3, Theorem 1.7 and Corollary 1.8 use techniques from [55],
which are reviewed throughout the paper. In Section 2, we review relevant back-
ground on the inverse spectral problem, i.e., determining geometric information from
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the Laplace spectrum. The first step in the proof of Theorem 1.3 is to generalize
the Hadamard-Riesz-type parametrix for the wave propagator constructed in [55] for
ellipses to arbitrary bounded domains with strictly convex, smooth boundary as in
Theorem 1.1. This requires a dynamical classification (Theorem 3.1) of the cardinal-
ity and structure of all billiard orbits connecting interior points with a fixed number
of reflections, analogous to [55, Lemma 5.2]. Section 3 introduces language from
dynamical systems necessary to describe the billiard (or broken bicharacteristic) flow,
which later appears in the canonical relations of the wave propagator. The proof of
Theorem 3.1 is relegated to Section 4, where it is first done in the simple case of
the Friedlander model and then broken up into several intermediate lemmas using
Lazutkin coordinates for the general case. This material is largely independent from
the rest of the paper and is of separate interest from the perspective of dynamical
billiards, irrespective of applications to spectral theory. In Section 5, the length func-
tionals corresponding to these orbits allow us to cook up explicit phase functions
which parametrize the canonical relations for the wave propagator ¢*¥Y~4, which
is a Fourier integral operator microlocally away from the tangential rays. We then
carry out the analysis leading to the microlocal parametrix appearing in Theorem 1.1.
Construction of a parametrix for the wave propagator in the interior, with principal
symbol given explicitly in terms of geometric data, microlocally near transversally
reflected, nearly glancing rays appears to be new in the literature, with the exception
of the author’s previous work [55] in the special case of an ellipse. In Section 6, an
integration by parts allows us to compute the localized in time wave trace in terms of
a boundary integral. In this case, we can argue that only a select few of the billiard
orbits in Theorem 3.1 contribute to the wave trace. Appropriate Maslov factors on
each branch of the canonical relations are also computed here. As the order of the
principal symbol computed in Section 6 appears to contradict other works in the liter-
ature, Section 7 provides an auxiliary confirmation via stationary phase that the order
derived here is indeed correct. To our knowledge, this paper contains the first explicit
formulas for the principal symbol of the wave trace associated to a convex billiard
table near the length of the boundary.

2. Background

The inverse spectral problem has a long history, dating back to Kac in 1966 [28], who
asked the famous question “can one hear the shape of a drum?” Mathematically, this
corresponds to uniquely determining a domain €2 from the spectrum of its Dirichlet,
Neumann, or Robin Laplacian. For bounded domains, the spectrum is purely discrete,
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consisting of eigenvalues A7 satisfying
—Au; = Au;, eQ,
uj = Ajuj, x ©
Bu; =0, x € 092,

where u; are smooth eigenfunctions on €2 and B is either the restriction operator
(Dirichlet boundary conditions), normal differentiation (Neumann boundary condi-
tions), or normal differentiation plus a prescribed function on d€2 (Robin boundary
conditions). A variety of approaches in local and global harmonic analysis have been
taken to prove partial results in the direction of [28]. One particularly useful strategy
is to use the wave group to deduce spectral information about the underlying geomet-
ric space, usually a Riemannian manifold. The motivation behind this approach stems
from Duistermaat and Hérmander’s propagation of singularities theorem, which says
that singularities of solutions to the wave equation propagate along (possibly broken)
bicharacteristics, which are lifts to 7*(R x Q) of geodesic or billiard orbits. As lin-
ear waves can be superimposed, constructive interference is most pronounced along
geodesics which are traversed infinitely often, i.e., periodic orbits. On the trace side,
this is reflected in the Poisson relation:

SingSupp Tre!’¥Y=2 ¢ £LSP(Q2) U {0}, (7

where the left-hand side is the distributional trace of the half wave propagator (see
Section 6) and the right-hand side is the length spectrum of 2 (the closure of all
lengths of periodic geodesic or billiard orbits together with {0}). This is proven in [1]
for smooth, strictly convex planar domains with boundary and [44] for more general
bounded domains. In particular, the formula (7) generalizes the Poisson summation
formula on the torus R” /Z" from elementary Fourier analysis (see [54], for example).

Asymptotic formulas near the singularities are given by the Selberg trace formula
in the case of hyperbolic surfaces [52], the Duistermaat—Guillemin trace theorem
for general smooth manifolds under a dynamical nondegeneracy condition [8], and
a Poisson summation formula for strictly convex bounded planar domains due to
Guillemin and Melrose [16]. However, since these trace formulas involve sums over
all periodic orbits of a given length, it is possible that the contributions of distinct
orbits having the same length could cancel out and the wave trace is actually smooth
near a point in the length spectrum. We say that the length L € R of a periodic orbit
y is simple if up to time reversal (t — —t), y is the unique periodic orbit of length L.
Without length spectral simplicity, there is no way to deduce Laplace spectral inform-
ation from the length spectrum alone. It is shown in [44] that generically, smooth
convex domains have simple length spectrum associated to only nondegenerate peri-
odic orbits. In that case, the following theorem holds:
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Theorem 2.1 ([16,45]). Assume y is a nondegenerate periodic billiard orbit in a
bounded, strictly convex domain with smooth boundary and y has length L which is
simple. Then near L, the even wave trace has an asymptotic expansion

Trcostv—A

o0
- Re{ay(t —L+i0)7 + Y ay(t — L +i0)Flog(t — L + iO)}, (8)
k=0

where the coefficients a, i are the wave invariants associated to y.

Calculations of the wave invariants associated to dynamically convenient orbits
have proved extremely useful in the inverse spectral problem associated to (6). For
example, the case of rotationally symmetric metrics on S? is analyzed in [57]. In [18,
60,61], the wave invariants associated to bouncing ball orbits are explicitly calculated
using Feynman diagrams to analyze the stationary phase computation from which
Balian—Bloch (resolvent) formulas are derived (see also [58]). Under mild dynamical
conditions and some additional axial symmetry assumptions, these coefficients can be
used to determine the Taylor series of a local boundary parametrization. In particular,
this allows one to deduce that such domains are spectrally determined amongst a rich
class of analytic, symmetric domains. Microlocal parametrices near the glancing set
have also been constructed in [1,10,45] for demonstrating propagation of singularities,
[38,39] in the context of scattering by a convex obstacle and more recently [25,26]
for proving dispersive estimates. However, there is a lack of precise information on
their principal symbols in terms of geometric data and to the author’s knowledge, the
contributions these tangential rays to the wave trace have not yet been considered in
the context of inverse problems.

The wave invariants have also proved useful in variational inverse problems, going
back to the seminal papers [13, 14], where the authors proved spectral rigidity for
closed manifolds with negative sectional curvature. This was recently generalized to
Anosov surfaces in [43]. In the setting of bounded domains, it is proved in [19] that
ellipses with Dirichlet/Neumann boundary conditions are infinitesimally spectrally
rigid through smooth domains with the same symmetries. These results as well as
spectral determination of the Robin function in [15] were generalized to Liouville
billiard tables of classical type in [49, 51]. They were also extended to the Robin
setting in [55], where both the domain and Robin function were allowed to vary sim-
ultaneously. A recent breakthrough was obtained in [20], where the authors showed
that ellipses of small eccentricity are spectrally determined. Thorough surveys of the
inverse spectral problem are contained in [6,37,59,62]. The present article is inspired
by [36], where the following theorem is proved:



A.Vig 886

Theorem 2.2 ([36]). If Q2 is a bounded and strictly convex planar region, there exists
N = N(Q) such that if j > N, then the contribution &; of E; to 6p is of the form

R 1
GJZE

O\g

L
/ei(t—Mj (S))’a(s, T)dsdr, ©)
0

where in terms of an arc-length coordinate s on 0%,
i (s) = (s, s")|s=s,

with W(s, s") = L(g), with g the length of a j-fold geodesic from s to s' and a;
is periodic in s, classical and elliptic of order zero, with principal part of the form
ei”’f/4ozj(s), aj(s) > 0.

Here, E;(¢) is the cosine kernel associated to the parametrix for the j reflection
wave operator constructed in [4], which is reviewed in Section 5.2. In particular, if L;
is a simple length corresponding to a nondegenerate periodic orbit, then Theorem 2.2
gives an asymptotic expansion for the localized wave trace. In fact, if 2 satisfies
the noncoincidence condition (5), i.e., |[0€2] is not a limit point from below of the
lengths of orbits of rotation number m/n for m > 2, then the trace in Theorem 2.2 is
a spectral invariant. The purpose of this article is to explicitly calculate the principal
symbol a(s, ) of (9) in terms of geometric data associated to the billiard map, both
in the case of simple lengths corresponding to nondegenerate periodic orbits and also
for one parameter families of degenerate periodic orbits, all having the same length
associated to a caustic of rational rotation number. It also corrects several errors in
literature on the order of a € S/ 2(E)Q).

cl

3. Billiards

Before obtaining a singularity expansion for the wave trace, we first review the relev-
ant background needed on billiards. This will be useful in our discussion of
Chazarain’s parametrix in Section 5.2. In this section, we denote by €2 a bounded
strictly convex region in R? with smooth boundary. This means that the curvature of
0% is a strictly positive function. The billiard map is defined on the coball bundle of
the boundary B*0Q2 = {(g,¢) € T*9Q:|¢| < 1}, which can be identified with the
inward part of the circle (cosphere) bundle S g‘QRZ, via the natural orthogonal pro-
jection map. We can also identify B*9Q2 with R/£Z x (0, 7), where £ = |0€2] is the

length of the boundary. Define

ti(y.n) = inf{t > 0: g*(y,n) € IQ},
7' (v, n) = sup{t < 0: g% (y,n) € 9},
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where 7, is projection onto the first factor and g** is the forwards (4-) or backwards
(—) geodesic flow on R2, corresponding to the Hamiltonian Hy = #|n| (see Sec-
tion 5.2). If (y,¢) € B*9KQ is mapped to the inward pointing covector (y, ) € Ty, R?
under the inverse projection map, then we define

B (y.m) = g (v, ),

where a point @ is the reflection of £ through the cotangent line 7,7 9<2, i.e., @
has the same footpoint and (co)tangential projection as (x, £), but reflected conormal
component, so that it is again in the inward facing portion of the circle bundle. We call
B := BT the billiard map. 1t is well known that B preserves the natural symplectic
form induced on B*(02) and is differentiable there, extending continuously up to the
boundary. The maps B*" are defined via iteration and it is clear that B~" = (")~}
for each n € Z. Associated to the billiard map is the billiard flow, or broken bicharac-
teristic flow, which we denote by .

Geometrically, a billiard orbit corresponds to a union of line segments which are
called links. A smooth closed curve € lying in €2 is called a caustic if any link drawn
tangent to € remains tangent to € after an elastic reflection at the boundary of Q2. By
elastic reflection, we mean that the angle of incidence equals the angle of reflection
at an impact point on the boundary. We can map € onto the total phase space B*d$2
to obtain a smooth closed curve which is invariant under . If the dynamics are integ-
rable, these invariant curves are precisely the Lagrangian tori which folliate phase
space. A point P in B*9Q is called g-periodic (¢ > 2) if f9(P) = P. We define the
rotation number of a g-periodic orbit P by w(P) = g, where p is the winding num-
ber of the orbit generated by P, which we now define. We may consider the modified
billiard map E = IT*B, where IT is the natural mapping from R/£Z x [0, 7] to the
closure of the coball bundle B*9%2. Pulhng back by IT clearly preserves the notion
of periodicity. There exists a unique lift /3 of the map /3 to the closure of the uni-
versal cover R x [0, 7r] which is continuous, £ periodic in first variable and satisfies
/§ (x,0) = (x,0). Given this normalization, for any point (x, ) € R/£Z x [0, 7] ina
¢q periodic orbit of B, we see that ,3‘1 (x,9) = (x + pL,V) for some p € Z. We define
this p to be the winding number of the orbit generated by IT(x, ) € B*dQ. We see
that even if a point I1(x, ©}) generates an orbit which is not periodic in the full phase
space but is such that ¢ (,3‘1 (x,0)) = x for some g € Z, we can still define a winding
number in this case. Such orbits are called loops or geodesic loops. For a given peri-
odic orbit, the winding number is independent of which point in the orbit is chosen,
so we sometimes write w(y) = w(P) forany P € y = {P, B(P),...,B2 1 (P)}. For
deeper results and a more thorough introduction to dynamical billiards, we refer the
reader to [30,48,50,53].
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What will be crucial for us in later sections is a description of all orbits making
a fixed number of reflections which connect interior points near the diagonal of the
boundary in approximately one rotation. These orbits will allow us to cook up phase
functions in Section 5.2 which parametrize the canonical relation of the wave propag-
ator.

Theorem 3.1 (8 orbit theorem). There exist Cy > 0 and jo = jo(S2) sufficiently large
such that for j > jo and any two points x, y € int(Q) which are Co/j* close to the
diagonal of the boundary, there exist precisely four distinct, broken geodesics of j
reflections making approximately one counterclockwise rotation, emanating from x
and terminating at y. Similarly, there exist four such orbits in the clockwise direction.
If x,y € 3Q and are Cy/j* close to the diagonal, there exists only one clockwise
and one counterclockwise orbit connecting x to y in j reflections and approximately
one rotation. In particular, when x = y € 0%, there is a unique (up to time reversal)
geodesic loop based at x of rotation number 1/j.

The proof of Theorem 3.1 is based on several lemmas in Section 4 below and
is inspired by the author’s previous work in [55], where a similar construction was
adapted to elliptical billiard tables. As in that paper, the proof actually provides more
information on the topological structure of the orbits. The existence of orbits con-
necting nearby boundary points and in particular geodesic loops of small rotation
number is well known, although the material in Section 4 below easily reproduces
these results. The novelty of Theorem 3.1 is a complete description of orbits con-
necting interior points as opposed to boundary points, which will ultimately allow
us to extend microlocal parametrices for the wave propagator from the boundary (as
in [36]) to the interior.

We now explain what is meant by approximately one rotation. Let § € S} <2 be one
of the 4 covectors corresponding to the initial condition of a counterclockwise orbit
described in Theorem 3.1. Denote by X = m; g’ " (x, &) the first point of reflection at
the boundary (7r; is projection onto the first factor) and by y the (j + 1)st point of
reflection at the boundary after the orbit reaches y. If x, y are O(j ') close to the
diagonal of the boundary, then |£ — §| = O(j ') (see Section 4). Also let w be the
angle of reflection made by the orbit at X and note that X, ¥ and w all depend implicitly
on&.

Definition 3.2. We say that an orbit makes approximately one counterclockwise rota-
tion if, for each of the initial covectors £ € S;‘Q of the 4 counterclockwise orbits
provided by Theorem 3.1, we have

I B7 (R, ) — § — €] < £/100.
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Here, £ = |092] and ,3 is the lift of the billiard map to the closure of the universal cover
R x [0, z] as described in Section 4.

Remark 3.3. The choice of £/100 is somewhat arbitrary, but having £ in the numer-
ator allows for scale invariance and finding the optimal constant is irrelevant for our
purposes. The notion of approximately one clockwise rotation is defined analogously.

Definition 3.4. Of the four counterclockwise orbits emanating from x, two of them
become tangent to a level curve of the distance function d(z) = dist(z, d2) before
making a reflection at the boundary. We denote these orbits by 7" orbits (for tangency)
and call their first links 7" links. The other two orbits make a reflection at the bound-
ary before becoming tangent to a level curve of d and we call these N orbits (for
“nontangency”’); their first link is called an N link. Within either T or N category for
the first link, the final link of one of the orbits reaches y before becoming tangent to
a level curve (an N link) and the other has a point of tangency before reaching y (a T
link). In this way, we obtain four types of counterclockwise orbits from x to y, which
wedenoteby TT, TN, NT,and N N. The same classification also applies to the four
clockwise orbits.

See Figure 1 for an example on the ellipse with j = 4. These configurations will be
important in determining which limiting orbits give rise to geodesic loops of precisely
J reflections as (x, y) — AJQ, where A: 0Q — 92 x 9L is the diagonal embedding
X + (x, x). In Section 5, we will actually be interested in orbits connecting y to
x rather than x to y for reasons related to symplectic geometry and Hormander’s
conventions on the theory of Fourier integral operators. As Theorem 3.1 is clearly
symmetric in x and y, there is no problem in interchanging the initial and final points
of the orbit.

Definition 3.5. For a billiard orbit y beginning at y and terminating at x, we define
the length functional W(x, y) to the Euclidean length of y. As there are potentially
many such y connecting y and x, ¥(x, y) is multivalued. For 1 < k < 8, denote by
\IJ]’F (x, ¥) a branch of the length functional corresponding to one of the orbits of j
reflections in Theorem 3.1. It depends only on x, y, j and k. We use the convention
that for a fixed number of reflections j, the indices 1 < k < 4 correspond to the
counterclockwise orbits 77, TN, NT, NN in that order and the indices 5 < k < §
correspond to their clockwise counterparts in the same order.

The author learned of a similar function in [36, p. 492], where its restriction to the
boundary is defined. In such a case, i.e., if x, y € 99, it is stated in [36] and proved
in [48] that only a single counterclockwise orbit of j reflections exists between the
boundary points if they are sufficiently close and j is sufficiently large. The proof in
Section 4 below also shows that as x and y approach the diagonal of the boundary
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Figure 1. Counterclockwise orbit configurations TT, TN, NT, and NN corresponding to j = 4.
The green and pink curves are the distance curves on which x and y respectively lie. The red
curve is a caustic to which the billiard orbit is tangent in the completely integrable setting.

from the interior of €2, the corresponding orbits coalesce and converge to the orbits
described in [36]. This in fact proves the claims made in [36] and provides an alternat-
ive to the methods employed in [48]. The limiting orbits may have a different number
of reflections though and this is addressed in the proof of Lemma 6.2.

Definition 3.6. For x = y = g € 02, we denote by ¥; (¢, ¢) the length of the unique
geodesic loop of j reflections based at g. This is the j-loop function.

4. Proof of Theorem 3.1

4.1. Friedlander model

Let us first sketch the proof of 3.1 in the special case of the Friedlander model, which
can be considered as an approximation to the billiard map near tangential rays. Fol-
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lowing [5], the Friedlander operator is defined to be
L=-9—(14x)0 (10)

on the manifold M = [0, c0) x R/27Z, together with appropriate boundary condi-
tions. The associated classical Hamiltonian is H(x,y,&,1) = €2 + (1 + x)n?, which
we restrictto S*M ={(x,y,E,n) e T*M:H(x,y,&,n) = 1}. S*M is a circle bundle
over [0, 00) x R and the fiber over each base point (x, y) is an ellipse, which can be
parametrized in elliptical polar coordinates by

&, n) = (cos B, sin 19), 0<v <2m. (11)

1
V1 +x
The integral curves of the Hamiltonian vector field associated to H with initial con-
dition (x¢, yo, £0, N0) € T(* M can easily be seen to be

X0,Y0)
x(t) xo + ot —mgt>/4
y@) | _ | Yo+ ot + no(—nat3/12 + &t%/2 + xot) mod 2w (12)
E(t) —ngt> /4 + &ot + &o
n() No

If (x(¢), y(t),&(),n(z)) is an orbit of 12 on [0, T'] with x(z) > 0 for0 <t < T and
x(T) = 0, we reflect the covector by the law of equal angles and continue the flow
past time 7. In other words, the billiard map is discontinuous at 773, M and we set

§(T) =— tgr;l_ @), n(T)= tgr;l_ n(t)

to extend the flow for all # > 0.

Fix the bounce number j € N large and let a = (x¢, yo) With x¢ > 0 sufficiently
small (in terms of j). If #g = /2,37 /2, the corresponding orbit is tangent to the
caustic x = xo and will make less than 1/4 rotation around dM . Denote by () the
angular component of (£(¢), n(¢)) in elliptical polar coordinates:

v(t) =2m — arctan(—\/l + x(t)%). (13)

For an initial angle 9y, it can be seen from the formula for x (¢) in 12 that the trajectory
reaches the y axis at time

2 2
T(ﬂo) = é + 45_0 + 4@
2 4 2
Mo Mo Mo

cos2 g X0
+ (14 x0)—2—. (14
sin* 9 ( 0) sin? ¥ (14

]
= 2(1 + xo) C,OSZ 0 +2\/(1+x0)2
in” 9 0

S 0
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Y1
2
)3
b
Yaq

Figure 2. Four bounce forward orbit of the point a = (xo, yo), intersecting the caustic x = X
at the point b.

One can then directly show that the angle

= HT (W) =3n — lel?z}(,)— (1),

from which the reflected trajectory emanates, has a global minimum at 9 = 37/2 on
the interval [, 27]: since the orbit is tangent to the caustic x = xo, it is easy to see
geometrically that the larger 9, is, the greater the parameter x of the associated caustic
will be. Similarly, the first impact point y; := y (T (¢9)) on the universal cover of dM
is monotone decreasing in ¥ and its speed is bounded for ¥y away from multiples
of 2mr. Near 2, the orbits extend far into the right half plane and make too many
rotations after j bounces, or at 277 the corresponding orbit is a horizontal half ray. By
translation invariance in y, it is clear that links connecting M to itself are vertical
translates of one another (Figure 2). Letting y; denote the y coordinate of the j-th
impact point on the boundary, it follows that y; is also continuous and decreasing as
a function of ¥, with approximate speed j:

yi(y1, %) = y1 + j(Tsindy — T?sin® ¥, /12 + T? cos 9 sin 1 /2) (15)

where T = T(9;) = 2cos ¥/ sin®> ¥, is defined analogously to 14 so that the x
coordinate is again O after time 7 since the impact at (0, y;). Let b = (X, y) be
sufficiently close to a (in terms of j) and note that the orbit connecting (0, y;) to
(0, y,+1) then intersects the caustic x = X exactly twice. If j is large, it is also easy to
see that the y coordinates of these intersection points are monotone decreasing in 9,
with approximate speed j. Hence, by the intermediate value theorem and decreasing
Yo onm < ¥y < 3m/2, we find exactly two angles for which the link (0, y;)(0, yj+1)
intersects the caustic x = X precisely at the point b = (X, y) in approximately one
rotation. Similarly, there exist two such angles in [37/2, 2], and 4 more angles in
[0, 7] which generate orbits in the opposite direction (y increasing). This concludes
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our sketch of the proof of the 8 orbit theorem in the special case of Friedlander’s
model. We will now more rigorously prove the claims made above directly for the
billiard map on a convex domain by working in Lazutkin coordinates. The required
proximity of orbit endpoints @ and b to the diagonal and boundary will be made more
precise in terms of j below as well. We will use x and y in place of a and » when not
working directly with Cartesian coordinates.

4.2. General convex domains

We will construct conic subbundles C}(2; j) € T*Q over a tubular neighborhood
U i of the boundary with the following property: for each xo € U /i, all orbits eman-
ating from x¢ which make j reflections and approximately one rotation in the sense
of Section 3 have initial covector in Cy; (€2; j), the fiber of | ). CJ(; j) over xo.
Ateach xg € U i, there also exist distinguished covectors ESE € Ty, (2)\0 which are
tangent to distance curves folliating a neighborhood of the boundary. If U /; is chosen
to be sufficiently narrow, the j reflection orbits emanating from ESE will make less
than a quarter rotation. By rotating £ away from Soi in either direction within the
fiber of C}(2; /) at xo, we will show that the angle of reflection at the first impact
point on the boundary increases monotonically. From the boundary, we can then take
advantage of the twist property of the billiard map, and show that monotonicity of the
incident angles causes orbits of a large number of reflections to wind around €2. Two
of the orbits from x to y will be obtained by perturbing ég‘ in the counterclockwise
direction and the other two will be obtained by perturbing £, in the clockwise direc-
tion. The four clockwise orbits will then be constructed in a similar manner, rotating
&, in both the clockwise and counterclockwise fiber directions. The arguments in this
section will also provide the additional topological structure of the resulting orbits
referenced in Definition 3.4, which can be seen in Figure 1.

4.3. Lazutkin coordinates

Recall that the billiard map is defined on the coball bundle B*9<2, which can be
identified with the collection of inward facing covectors in the circle bundle S gﬂRz.
Letting s denote the arc-length parameter on 2 and ¢ the angle an inward facing
covector makes with the positively oriented boundary, we define the modified billiard
map B in terms of (s, #) € R/£Z x (0, ). In this coordinate system, the modified
billiard map is given by B(s1,%1) = (52, 9¥»), where

{s2 =51 4 a1 (s1)01 + az(s1)02 + asz(s))93 + F(s1, 91)0F, (16)

B2 = 01 + ba(s1)0F + ba(s1)97 + G(s1,91)97,
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and a;, b;, F and G are smooth functions. This is a Taylor expansion in the angular

variable near ¢#; = 0. There are explicit formulas for the coefficients a;, b; ([34]).

In particular, a1(s;) = 2p(s1) and by = —2/30'(s1), where p(sq) is the radius of
curvature at s1. In [34], the change of coordinates

IO 4p(s) sint/2

xX= =

3 023 (t)dt L 023 (t)dt

was introduced near the circle corresponding ¢+ = 0. We call the coordinate system

(17)

(x, &) in (17) Lazutkin coordinates. The advantage of this change of variables is that
in these coordinates, the billiard map becomes a small perturbation of the translation

X1 11 X1\ X1+ o
(@)= G )G =00 "

which is completely integrable. The billiard map is given in Lazutkin coordinates by

map

(x1,01) > (x2,a2), where

{xzle +0ll+05i’f(xly0l1), (19)

ar = a1 +ofg(xr.ar),
for some smooth functions f, g. This change of variables was first derived in [34],
where it was shown as a consequence of the KAM theorem (see [2,32,41,42]) that
there exist an abundance of invariant tori for the billiard map near « = 0. We will
use these coordinates to prove Theorem 3.1. Without loss of generality, we will often

interchange the use of arc-length and Lazutkin coordinates in the domain of the bil-
liard map 8.

4.4. Angles of reflection

Before estimating the billiard map and its iterates from the boundary, we need several
preliminary estimates on the angles of reflection. In this section, we denote

BF(x1,01) = (xg. ).
Lemma 4.1. For each ¢y, cy > 0, there exists j1 = j1(R2, c1,¢c2) € N sufficiently

large such that for j > j1 and c1/j < a1 < ca2/j, it follows that

Nk
Cl k 02(1 + 7)
— <o =mf(x,0) S —————
(L+c1/j)k) j

where 1, is the projection onto the angular variable. In particular,

1=<k=)),

cre V/j < nzﬂk(xl,ozl) < cpe?/j.
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Proof. Fix c1, c2 and choose j; large enough that, for all j > jj,

c3e*2suplgl _c2  cfsuplgl _c1
. . .

. <= < —
j3 J j3 J

(20)

We will use Lazutkin coordinates and induction in k to show the estimates in the
lemma hold. Let j > j; and suppose the claim is true for 1,...,k — 1. Then

ﬂzﬂk(xl,al) =mfo ﬂk_l(xl,al)
= k-1 + O‘]i_lg(xk—l’ak—l)
< (14 2/ + (ca(l + c2/j)* 7 /j)* sup g

_a(l+o/)F! (1 L el c2/j)%*3 Suplgl)
- . .3

J J
Nk—1 3,3c>
- ca(l + C.2/J) (1 L 6 _zuplgl). 21
J J

Given the choice of j; in the first line of 20, the upper bound follows also for the k-th
iterate. Similarly,

w2 BF (x1, 1) = m2B o B (x1, 1)

4
= g1 +ag_;8(Xk—1,—1)

> - ( q .)4sup|g|
(I+e/PHF) N +er/j)F1
= ‘1 (1 — cr sup |g|)
(1+cr/j)F1j (1+c1/j)3k=3;3
1 c3su
> e () @
which is greater than
C1
(I+ci/pkj
under the second condition in 20, demonstrating the lower bound for k. n

Lemma4.2. There exist C1,Cy > 0and j, = jo(2) € N with the following property:
forall j > j, and x,y which are O(1/]) close to the diagonal of the boundary, any
orbit y of j reflections which emanates from x and terminates at y in approximately
one rotation (in the sense of Section 3) has angles of reflection oy, in the range

Cy

C
L <um =<2 U<k<)).
J
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Proof. Let x, y denote the 1-st and (j + 1)-st points of reflection on the boundary.
Recall that by approximately one rotation, we mean that

1B7 (%, 1) — § — €] < £/100,

where /§ is the lift to the universal cover and £ = |02|. Each arc, separated by moments
of reflection x,, x, 41 on the boundary, has length x, 11 — x,. As y makes approxim-
ately one rotation, we see that there must exist one arc of length

Xp+1 — Xp > (99/100)¢/ .
Similarly, there must exist an arc of length
Xm+1 — Xm < (101/100)£/;.
By [35, Proposition 14.1], foreach 1 <k < j,
20 pmin = Xg41 = Xk = 20 Pmax (23)

where ppmin and ppax are the minimum and maximum radii of curvature respectively
for 0Q2. In particular,
99¢ 1014

S S0p, Uy = . (24)
2OOIOmax] i " 200pmiﬂj

We now apply Lemma 4.1 to % at the points x, and X, to conclude that for all
l<k=<j,

o) el s
J - J '

Here we have used Lemma 4.1 applied to both the billiard map and its inverse, with
the constants ¢; = 99€/200pm.x and ¢ = 101£/200pm;, which depend only on .
Hence, j, may be chosen uniformly for all orbits making approximately one rotation
regardless of their initial positions. ]

We now investigate the angle of reflection at the first point of impact on the bound-
ary. If d(z) = dist(z, 0R2), then the level curves of d folliate a neighborhood of the
boundary. For x¢ in the tubular neighborhood (7]‘ (whose diameter remains to be
specified), we define £ € +7y5.d “Ydxe)) NS %o 2 so that £ points in the coun-
terclockwise direction and &, points in the clockwise direction. Let § € S¢ €2 be
identified with the corresponding point % € S' = R/Z, which denotes the clockwise
angular parametrization of the fiber Sy €2, normalized so that £ and £; correspond
to 0 and 7 respectively. Denote by o € (0, ) the angle made between the billiard
orbit emanating from (xg, £€) and the positively oriented cotangent line at the first

point of reflection at the boundary. It is clear that |0§ /09| = 1.
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(x. f(x))

a+

Figure 3. Angular derivative of the billiard flow.

Lemma 4.3. There exist c = c(2) > 0 and j3 = j3(2) € N such that if j > jz and

d(xo) = O(1/j?), then

aw —
Sor all initial conditions (xo, & (¥)) which generate a counterclockwise orbit of j > jo
reflections, making approximately one rotation.

Proof. Let x¢ € int(2) be near the boundary and consider the point x € 92 which
minimizes the Euclidean distance |x¢ — x| among all boundary points. We then apply
an affine change of coordinates y > A(y — x) with A € SO(2) so that x is mapped to
the origin and the positively oriented unit tangent vector at x is mapped to (1, 0). The
vector x — X is perpendicular to both 7,92 and T):‘Oal_1 (J]x — xo]) (see Figure 3).
Therefore, the point A(x¢ — x) lies on the positive vertical axis and we denote it by
(0, b). In these coordinates, the boundary 0€2 is locally parametrized by the graph
of a smooth convex function f. Since f’(0) = 0, we see that f(¢) = k1t + R(t),
with k denoting the curvature at the point corresponding to (0,0) and R(¢) = O(|t|?).
Dilating by a factor of k~1, we see that in rescaled coordinates, the function becomes
f(t) = t? + R(t), with R(t) again of order O(]¢|?).

In graph coordinates, 7 becomes the angle between (¢, f(¢)) — (0, ) and the
negatively oriented cotangent line T(’t“’ f(t))BSZ as illustrated in Figure 3. This shows
that

cosoy = ¢ /@ =5 1 f11) >0, (26)

VPO -2+ (S0
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since 0 < o1 < /2. Recall that Sgt are the unit covectors in the positive (+), resp.
negative (-), cotangent line 7y d ~1(]x — x¢|) corresponding to # = 0 and ¥ = 7
respectively. For now, we only consider counterclockwise orbits obtained by per-
turbing the orbit emanating from (xo, £ ), as they correspond to —/2 < ¢ < /2
in the statement of the lemma. Denote the points a— = min{f~'(b)} and a4 =
max{ f ~1(b)}. We first show that day /dt < 0 on [0, a-] so that the angle of incid-
ence at the first impact point on the boundary is increasing as the initial covector of
the trajectory winds clockwise in Sy €2 away from EJ, ie.,da/dt <O0on[0,a4].

Noting that ¢ and ¥ are negatively correlated, it suffices to show that the logar-
ithmic ¢ derivative of cos o (¢) is positive:

U+ " =D+ D 1+, =b) [
(+ /'(f —b) P+ (f—b2 1+
27)

d
n logcosay(t) =

Multiplying (27) through by a common denominator, which is positive for ¢, b small,
we obtain

d
gt.b) = (t+ f'(f =b)(* + (f = b)) + (f')z)ZIOgCOSG(X)

=+ f"(f =b)+ () + (f =D)L+ (f)?)
=+ f'(f =0’ A+ (f))
="+ f(f = b)E* + (f = b)) (28)

To show that (28) is positive, we plug in our second order Taylor approximation for
f and expand g to fourth order in a parabolic neighborhood of t = 0,5 = 0:

g(t,b) = 3t* + 106262 — 203 + b2 + O((1? + b>)*/?). (29)

As f(1) =12 + O(t3), we see that ax = +b'/2 4+ O(b3/?), so we choose b < 1/j2
sufficiently small in order to make (29) positive in a parabolic neighborhood of origin.
Examining the initial set up, choosing b small amounts to choosing xq close to the
boundary, all of which can be done uniformly in x¢ and the curvature k. Choosing a
uniform b gives us a tubular neighborhood of the boundary U i ={x:0<d(x,0Q) <
j T2}, as mentioned in the beginning of the section. We will later shrink l7] by a factor
of j 2, following Lemma 4.9.

While the lower bound in (29) is of order b? = O(j~*), we in fact need uniform
bounds for doy/09% which we now provide. The prefactor in (28) is nonvanishing
fort # 0,¢ # a4 and in particular, for all ¢ corresponding to an orbit which makes
approximately one rotation in j reflections. We first need to compare d/d¢ and d/0v
in terms of b, which depends on j. In graph coordinates, ¢ becomes the angle of the
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first link from the horizontal axis (see Figure 3). Hence, ¢ = arctan((b — f(¢))/t)
and

w0 1 f1@  b—f@)
E‘H(b—f(z))z/zz(_z E )

or, equivalently,

o _(ﬂ + (b—f(t))z)

W \tf'(t)+b— f))’
where ¢ is defined implicitly as a function of ¢. Plugging (30) into (27) and using
that (29) is bounded below by 52 /2 for b sufficiently small, we see that

(30)

da b2(t2 + (b — f(1)?)
3 = 20tf () +b—f ()t +f () f(O)—D) 12+ (f(t)—b)2)(1+(f'(1))?) tan
b2

SO O OO -0+ T O ana O

The denominator in (31) is nonvanishing and can be estimated above on (0, @] by
¢'thtanay + O(b%/?). (32)

for some ¢’ > 0, independent of j. Observe that if ¢ < b for example, then the denom-
inator is bounded above by ¢’h? and da /3% > c¢”, for some ¢” > 0 which is also
independent of ;.

We now find a similar upper bound on ¢(¥%) in terms of b, corresponding to the
set of covectors £(¥) which produce orbits of j reflections and approximately one
rotation. Let b = rbg, where by = j~2 for r € (0, 1]. Recall from Lemma 4.2 that
there exist constants C;, C, > 0 such that for all orbits making approximately one
rotation and j reflections, we have C1/j < oy < C,/j foreach 1 < k < j. Hence,

Ciby/* <y < Cyby%. (33)
Observe that equation (26) gives

logcos (1) = log(t + f'(t)(f(t) — b)) —1/21log(t* + (f(t) — b)*)
—1/2log(1 + (f'(1))?). (34)
Denote the terms in (34) above by A, B and C. Then,
A =log(t + (2t + O(t?)(1> + O(1>) — b))
=logt + log(1 + 21> —2b + O(t%) + O(b))
=logt + 2t2 4+ O(t3) + O(b).
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Similarly,

B = —1/2log(t*> + t* —2t°b + b> + O(t°) + O(t3b))
= —logt — 1/2(t*> = 2b + b?/t* + O(¢*) + O(th))

and
C = —log(l + (2t + O(t?))) = —41% + O(3).

Ast = O(b'/?), we have

b2
A+B+C ==+ 0(0).
+ B+ 57 T 00)

On the other hand,
A+ B+ C =logcosu;
= log(1 —a3/2 + O(a})).
= —a}/2+ 0™,
which implies that
b%/t* = r?b3/t* ~ ai/2.
In particular, (33) implies

, V2rby . [\/Erbé/z \/Erb(l)/z]
C; =G '

(35)

o1
Note also that tana; < 2a; < 2C,b/?. Combining this with (35), we see that the
denominator in equation (31) is bounded above by

c'thtanay + O(b°'%) < ¢"'b(rby *)bi/* = ¢"'b?, (36)

for some ¢”” > 0 independent of ;. This establishes the claim that do /99 is uniformly
bounded below on the set of initial covectors corresponding to orbits of j reflections
and approximately one rotation. ]

4.5. Monotonicity and the twist property

The significance of increasing the angle of reflection at the first impact point on the
boundary is that after j — 1 reflections at the boundary, the j-th impact point winds
around 02 with approximate speed j. This is essentially the twist property of the
billiard map (see [53] for a general definition of twist maps). The following lemma
makes this notion quantitative.
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Lemma 4.4. There exists j4 = j4(2) € N such that if a trajectory makes j > j4
reflections at the boundary and approximately one rotation, then the Jacobian of the
iterated billiard map satisfies

piTia = (o 1)+ 00/

in Lazutkin coordinates lifted to the universal cover. In particular, there exist constants
C3, Cy,Cs, Cg > 0 depending only on Q such that for any (x1, 1), we have

. 0 . .
G = a—ﬂlﬂj(xhdl) < C4},
o7
0 ~.
Cs < —mf’ (x1,01) < Ce,
80{1

where 1 and 1, denote projections onto the first and second components respectively.

Proof. In Lazutkin coordinates,

B(xk. i) = (xi + ok + o f(xk. k). ok + g g (xk. k).
Hence,
DB’ (x1,a1)
1+ aig—f(xk,ak) 1+ 30 f (xg. o) + ai%(xk,ak)

J
=11 * ENED)
k=1

g dg
O‘lia(xk’ ay) 1+ 40{,§g(xk,ozk) + d;ﬁ@(xk,dk)

where (xg, ) = Bk (x1,01) and f, g are extended to be £ periodic in x on R X [0, 7r].
Each of the terms in the product can be decomposed into (I, + N + Ry), where I,
is the 2 x 2 identity matrix, N is the nilpotent matrix

0 1
N = (0 O) (38)

and the remainder term is
af af
Olia—(xk, ak) 3o f(xk. o) + Olia—(xk’ o)
Ry = X o
Ol4a—g(xk k) 4o g(xk. o) + 064a—g(xk o)
kax k ’ ko

:(Ou—% ou—%)
0™ 0G™)
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which is small in norm. First choose C and j4 so that forall j > jsand 1 <k < j,

| Rk llesc < Cj~2 (which is possible by Lemma 4.1). All matrix norms below are
assumed to be £>°. We claim that for j > j,andeach p =1,..., ],

0 )
p 1+a,§£(xk,ozk) 1+3a,ff(xk,ozk)+oz,§£(xk,ozk) (1 p)
o 1

ag g
k=1 a,‘:g(xk,ak) 1+ 4oz,3g(xk, o) + oz,‘:@(xk, o)

- C(1+2p)(1+C/j*HP

E (39)

The claim is clearly true for p = 1. Assuming it holds for 1, ..., p — 1, we then have

p
[[a+ N +Rk)—(12+pN)H

k=1
’ k=1
—(Iz+(p-DN)R,

c = C/j?r!
< (SRR ETEN 1k €l 4 12+ (= DNIR|
C(1+2p)(1+C/j?)P 2C(1+ C/j*)P 2C
- (WP (e 0y o
- (C(l +2p)(1 +C/j2)1’)
< = .

p—1
(TT2+N + R = (L +(p = DN) )2 + N + Rp)

Hence, the claim also follows for p. Having shown this bound forall 1 < p < j,
(j = Ja), it follows from the case p = j that

C(1+2j)(1+ C/jz)f) - 3Ce€

1DB (eroan) = (1 + i) = ( 2 —. @0

Noting that angular derivatives Bmﬁj /0oy and anﬁj /0oy are the (1,2) and (2,2)
components of DB/ respectively concludes the proof of the lemma. ]

Remark 4.5. As j increases, Lemma 4.4 shows that the Poincaré map associated
to a periodic orbit of rotation number 1/ becomes more and more degenerate, cor-
responding to the accumulation of caustics at the boundary. In fact, there exist higher
order Lazutkin coordinates for which the remainder above could be replaced by
O(j V) for any N € N. However, this is not needed in the remainder of the paper.
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X T 09

Figure 4. A counterclockwise perturbation of EJ’ The green cones at xq are the length one
covectorsin C* o.+(§2: /) and the blue cones at xo are the length one covectorsin Cg/ _ (€2 /).

The point x; can be obtalned in two ways. The first way is by flowing forwards to
the boundary point x; := 71 g a (x0, £), iterating the billiard map j times and project-
ing onto the first component. The second way is by flowing backwards to the boundary
point x_1 := g1 (x¢. £) and iterating the billiard map j + 1 times. If £ is rotated in
the clockwise direction away from éaL , it is convenient to use the angle oy at x;, since
it was shown in Lemma 4.3 that «; is increasing in . If £ is rotated counterclockwise
away from E(f , it is instead advantageous to use the point (x_;, ®—1), since this again
corresponds to a clockwise perturbation of &; . In either regime ¥ < ¥ or & > 9",
we can then take advantage of the monotonicity of x; in o+ as £, or equivalently o},
varies. The next lemma shows that the point x; is monotonically increasing for all
orbits making approximately one rotation as £ (¥) winds in either direction.

Lemma 4.6. There exist C7 > 0 and js = j5(2) € N such that for all 9 € (0,7/2)
corresponding to a j > js reflection orbit emanating from (x¢, £(9)) which makes
approximately one rotation, we have 0x;j /00 > Cqj. Similarly, for % € (—n/2,0)
corresponding to an orbit of j reflections and approximately one rotation, we have

dx; /99 < —Cqj.

Proof. Denote x; = m; B’ (x1,a1), where 7y is the projection onto the first compon-
ent. Then x; depends only on (xg, ), or equivalently (x¢, ¢) and can be written as
the composition

Xj = n1,3j(x1(x0, ¥), a1(xo, 1)).
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As ¥ increases or decreases from 0, we have

dx;j _ Oxj 0xy  0x; o

9 Ox; 00 | Oa 09 1

Recall from Lemma 4.4 that
a .
C3j < =L < ¢y, 42)
do

for j large and positive constants C3 and C4. This derivative can be made arbitrar-
ily large by choosing j accordingly. Also, Lemma 4.2 showed that all orbits making
approximately one rotation with j reflections at the boundary have angles of reflec-
tion in the range C1/j < o < C,/j for positive constants C; and C,. We can now
use Lemma 4.3, which showed that |der/9?%| > ¢ > 0 independently of j for all ¢
producing an orbit of approximately one rotation in j reflections. Using Lazutkin
coordinates and Lemma 4.4, we also have that
0x; dxy 0x1

Ix; 00 =(1+ 00/]))@- (43)

In graph coordinates (see proof of Lemma 4.3), one can calculate that

dxy
00

dx; 0x
Ax Y
_ - xf'(x)+b—f
=1+ (f (x))2x2 FTSTES
<1+0(b)=<2 (44)

which is bounded independently of j. Hence, the term (42) dominates in the expres-
sion (41) and x; winds monotonically around 9€2. ]

At the endpoints ¢ = +/2, it is clear that the angle of reflection at x4 is 7/2
since the distance curves are parallel. Angles outside the range ¢ € (—n/2, 7/2)
correspond to clockwise orbits and Lemma 4.2 showed that for an orbit making
approximately one rotation and j reflections at the boundary, all angles of reflec-
tion satisfy Cy/j < ax < Cp/j, (1 <k < j).If j is large and x¢ is 1/j* close to
the boundary as in the statement of Theorem 3.1, it is clear that j reflection orbits
emanating from S(}L (corresponding to ¥ = 0) will make at most a quarter rotation: in
graph coordinates 32 = graph{xt? 4+ R(¢)} (as in the proof of Lemma 4.3), the orbit
with initial covector éaL intersects 92 at (11, j ~*) ~ (k272 j~*), where the tan-
gent line has slope m ~ 2k'/2j =2, The angle at this first point of impact point on the
boundary is then ~ arctan 2x1/2j =2 ~ 2¢1/2j=2) = O(; ~2). Iterating the billiard
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map j times in Lazutkin coordinates then gives

j—1
Xj=x04 Y (o + e [ o).
k=1

Using Lemma 4.1 with ¢, = 1 and j replaced with j? then gives
by =3l < (= Dej ™+ ( =D’y sup | f] = 0G ).

In other words, the base point moves O(1/;) along the boundary, which can certainly
be made less than |0€2|/4.

It is then clear that the collection of covectors at xo whose trajectories make
approximately one rotation in j reflections consists of two connected components
in §7 Q:

Definition 4.7. The positive admissible cone C ;‘0’ 4+ (§2: ) at xq is defined to be the
set of homogeneous extensions to 7 €2 of the two components in Sy (£2) described
above. The negative admissible cone Cy _(£2; j) at xo is defined by the same prop-
erty for orbits making j reflections in the clockwise direction. Their union is denoted
by C1, (91 ) = CF, 1 (21 /) U CF, (21 /).

See Figure 4 for an illustration of Cy; (2; /).

4.6. Intersection points

We are finally ready to show that the intersection points of the last link with the
distance curve of y wind around monotonically as we twist £ in either direction. We
first explain why the last link necessarily intersects d ~! (dist(y, d$2)) twice.

Lemma 4.8. There exists jo = jo(2) € N such that for j > je and any N > 4, the
distance curve {x € Q:dist(x, dQ) = j N} is intersected exactly twice by any link
emanating from the boundary at an angle greater than or equal to C1/j, with Cy the
same constant appearing in Lemma 4.2.

Proof. For each point p in the distance curve {z € Q:d(z,9Q) = j )}, the tangent
line Tp{z € Q:d(z,dQ) = j~V} intersects IQ exactly twice by convexity. Recall
that Lemma 4.2 gave C1/j < oy < C,/j for each 1 < k < j. We now show that
the angles of reflection for links which are tangent to the distance curve d~'(j V)
are of order O(j ~N/2). In graph coordinates, 9 is locally given by (x, f(x)) where
f(x) = kx? + R(x), « is the curvature of dQ at the point corresponding to (0, 0)
and R(x) = O(x3). By rescaling, we may assume that x = 1. The distance curve
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d~'(j~N) can be parametrized in graph coordinates by

d7'G™N) =@ f(@©) + rN@):t € R},

N

wherer = j " and

/(). 1)
L+ (f"0)?

is the unit normal to the graph at (¢, f(¢)). There exist precisely two lines through the
origin which are tangent to ¢~ (j ) in graph coordinates. The positive parameter ¢
corresponding to a point of tangency satisfies
SO +r/A+ @O a(fO+r/0+ (@)D 45)
t—rf'@)/A+ STV 0, —rf'(0)/(0+ (f(1)>)1?)
where the left-hand side of (45) is the slope of a line connecting the origin to a point
on d~!(r) and the right-hand side is the slope of the tangent to d ~!(r). Solving for
t in terms of r in equation (45) yields f/(t)t — f(t) = t*> + O(t3) = O(r). Plug-
ging this into the right-hand side of (45), we see that the angle of tangency satisfies
tan(Qungency) = O(r'/?) and hence dngency = O(j ~2) if N > 4. The proof is com-
plete by noting that the angles o coming from orbits making approximately one
rotation and j reflections are bounded below by C;/j > O(j~*/?) for j sufficiently

N@t) =

large. |

Lemma4.9. Under the hypotheses of Lemma 4.8, denote by wy and w, the arc-length
coordinates on d ' (d(y)) corresponding to the intersection points of d ' (d(y)) and
the last link of the j reflection orbit emanating from x. There exist Cg > 0 and
j7 = j7(RQ) € N such that if j > j7 and x,y are O(1/j*) close the diagonal of
the boundary, then |0w; /00| > Cgj (i = 1,2) for all ¥ corresponding to £(9) in the
cone of admissible covectors at x.

Proof. In graph coordinates, 02 is again locally parametrized by (¢, f(¢)), where
f(t) = kt?> + R(t), « is the curvature of 92 at the point corresponding to (0, 0)
and R(t) = O(t3). By rescaling, we may assume that ¥k = 1. The distance curve
d~'(d(y)) on which y lies can be locally parametrized in graph coordinates by

d=N(d(y)) = {(t, f(1)) +rN(t)}, (46)
where r = dist(y, Q) = O(j~*) and

—f'@®. 1D

N() = ————=
o V1+ (1)
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is the unit normal to the graph at (¢, f(¢)). The final link of the orbit connecting
xj (%) € 0Q to x;4+1(¥) € 92 can be parametrized by the line

Y = tan(a; (9) + B; ()X + f(1; (D)) — tan(e; (F) + B, (9))1; (D), (47)

where

1
B; = arccos(—
Vi+ (f’(xj))Z)
is the angle of the tangent to the graph with the horizontal axis and t; = ¢; () € R
is defined implicitly by the equation (¢;, f(#;)) = x; € 2. Noting that the Cartesian
coordinates of the parametrization of d ~!(d(y)) satisfy

rf' () r

X=t-—m. VY =/)+ —F—=. (48)

V1I+(f(1))? V1+ (f(1)?

we plug these into equation (47) to obtain
r
JO) + ——m
( =)
rf'@)
= (0 i (0 -
tan(ay (9) + By () (1 ~ == = (t))z)
+ f(t;(¥)) — tan(ej () + B; (D))t (D). (49)

By Lemma 4.8, there exist precisely two solutions ¢t = z1 (%), z2 () of equation (49)
which correspond to the two intersection points of the last link with the distance curve
d~1(d(y)). Plugging z; (%) into equation (49), differentiating in ¢ and evaluating at
o corresponding to x; (§(Jy)) at the origin, we obtain

@) @)z
(1+ f(z:)»)3/2

= (& + )1+ tanay) (2 —

f(z)z
rf'(zi) )
V1t (f(z:))?
rf"(zi)z] n r(f'(zi)* f"(zi)z] )
T+ (@2 L+ (@)

+ tan«; (zl/ —

+ 0 — tana; 7. (50)
‘We now collect all terms with Zlf in (50):
rf'(zi)
Azl = (o) + B (1 + tan2a<)(z- — —) —tana;t;,  (51)
T P T (@) "
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where
/ rf’(zi) f"(zi)
A=) = G e
{1 _ rf"(zi) r(f'(zi)2f"(zi)
_tana](l 1+ (f'(z:))? * (I+ (f/(zi))2)3/2>'

Before dividing through equation (51) by A;, we Taylor expand A; in powers of 1/;
to show that it is nonvanishing:

A; = 2z; —tana; + O(j 2). (52)

At this point, it is important to distinguish between z; and z5. If z; < z3, then insist-
ing that y be O(j—*) close to the boundary amounts to setting z; = O(j ~*) and
2y = tj+1 + O(j™*). Here, tj+1 = t;+1(?) is defined implicitly by the equation
t+1. ftj+1)) =x;4+1 €0Q. Wheni =1, 41 = —a; + 0(]_4) <—C;/(2j)is non-
vanishing for j sufficiently large. Fori = 2, note that tana; = f(22)/z2 + O(j %),
which implies that A, = z, + O(j~2) is again nonvanishing. Hence, we may divide
through equation (51) by A;. To estimate the right-hand side of (51), we calculate that

1) Ly
1 I (1+ (f(t)?)¥?

TR (())?

B = (53)

The first factor above is well defined by continuity at #; = 0 and equals 1. Hence,
B; =2t; + O(1/j).1f i = 1, equation (51) becomes

(—tana; + O(j "4z} = —tanajt]’- + 037, (54)
which implies that z; =1} + O(j ~2). Wheni = 2, equation (51) becomes
(z2+ O(j )25 =tz + O(1/)), (55)

which again implies that z; = ¢} + O(1//). Recall that Lemma 4.6 showed x’ is
of order j in Lazutkin coordinates when &(%) € Cy (€2; j). To compare Lazutkin
coordinates with #;, note that in graph coordinates, the arc-length parameter ds on
a2 is given by

ds = (1+ (f'(t))*)"2dz.

As arc-length coordinates and Lazutkin coordinates are comparable independently
of j, we conclude that t]’. and hence z; are also of order j. We conclude the proof by
noting that the arc-length parameter ds’ on d ~!(d(y)) in the parametrization (46) is
given by

ds' = ((1+ (f' @)% + 0)dr,

which is also comparable to dt independently of ;. ]
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From Lemma 4.9, we conclude that perturbing EJ either clockwise or counter-
clockwise within the cone of admissible covectors (but still such that the correspond-
ing orbit is counterclockwise) results in monotone increasing arc-length coordinates
for the intersection points with d ~1(d(y)). By the intermediate value theorem, such
intersection points will then coincide with y exactly 4 times for orbits making approx-
imately one rotation (two intersection points for the clockwise perturbation and two
intersections points for the counterclockwise perturbation).

4.7. Clockwise orbits

From Lemma 4.9, we saw that there were precisely 4 counterclockwise orbits connect-
ing x = xo to y in j reflections and approximately one rotation. The only constraint
on x and y was that they were confined to an O(;j~*) neighborhood of the diag-
onal of the boundary. By reflecting 2 through the vertical axis, one obtains another
smooth strictly convex domain and the reflections of x and y remain O(j ~*) close to
the diagonal of the boundary. Hence, the same procedure produces exactly 4 counter-
clockwise orbits of j reflections from x to y making approximately one rotation in
the reflected domain. Reflecting back through the vertical axis carries these 4 orbits
to clockwise orbits in the original domain. This completes the proof of Theorem 3.1.

Remark 4.10. We can take jo = jo(2) = max{j;:2 <i <7}, with j; as they appear
in Lemmas 4.2,4.3,4.4,4.6,4.8, and 4.9. Similarly, we can choose a uniform constant
Co as in the statement of Lemma 3.1. The tubular neighborhood U; referenced in
Theorem 1.1 can be taken to be {(x, y) € Q x Q:dist((x,y), AdQ) < j 4} for j > jo,
where A: 0 x 0 is the diagonal embedding x — (x, x). For (x, y) € U;, both x
and y satisfy the conditions of Lemma 4.9. The cone bundle C}(2; j) is well defined
whenever dist(x, 3Q) = O(j ™).

Remark 4.11. The proof of Theorem 3.1 in this section could actually be extended
to a larger region of validity. In particular, the same methods allow us to prove the
existence of 8 orbits of rotation number k/j for j sufficiently large in terms of k,
connecting points in a comparable open neighborhood of the diagonal of the bound-
ary. Additionally, we could allow x and y to be further away from the diagonal as long
as they are both sufficiently close to the boundary. However, we are only concerned
with near diagonal terms in this paper for the purposes of deriving trace formulas.

Remark 4.12. If x € 092, then éa—L are tangent to the boundary and perturbing & away
from E(;r in the clockwise direction is no longer well defined. Rather, it is equivalent to
reflecting and then rotating & in the counterclockwise direction. Similarly, &, cannot
be rotated in the counterclockwise direction. Each of these restrictions reduces the
number of j reflection orbits to y in approximately one rotation by 2. If additionally
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y € 0%, the final link only makes one intersection with d ~1(0) = 9Q so there are
only two orbits of j reflections connecting x to y in approximately one rotation. One
is in the counterclockwise direction while the other is in the clockwise direction. In
particular, when x = y, there is a unique geodesic loop (up to parametrization) of j
reflections and exactly one rotation (i.e., rotation number 1/;). The existence of such
loops is well known and the proof for boundary points is much simpler, as it only
requires Lemma 4.4

5. A parametrix for the wave propagator

In this section, we use microlocal analysis to obtain an oscillatory integral parametrix
for the wave propagator in an open subset of R x € x € which contains the diag-
onal R x A(32). The wave kernel e’ V=4 g actually not a Fourier integral operator
(FIO) near the tangential rays (see [, 40]), so we microlocalize the wave kernels
near periodic transversal reflecting rays. We begin by reviewing FIOs and Chazarain’s
parametrix for the wave propagator in Sections 5.1 and 5.2. In Section 5.3, we then
cook up oscillatory integrals for each term in Chazarain’s parametrix, which micro-
locally approximate the wave propagator near the orbits described in Theorem 3.1.
This approach is inspired by the formulas in [36] and will rely on the symbol calculus
in Section 5.2.

5.1. Fourier integral operators

Let X and Y be open sets in R"X¥ and R"Y respectively. If a € Sffo(X x RV)is a
classical symbol of order y and ©® € C*®(X x RY) is a nondegenerate phase function,
then the linear operator

A(u)=//ei®(x”9)a(x,19)u(x)d19dx

X RN

is called a Lagrangian or Fourier integral distribution on X. Recall that a continuous
linear operator A: C§°(Y) — OD’(X) has an associated Schwartz kernel K4 € D'(X x
Y). If K4 is given by a locally finite sum of Lagrangian distributions on X x Y, then
we say A is a Fourier integral operator (FI0O). One can then show that the wavefront
set of the kernel is contained in the image of the map tg: (x,y) = (x,y,dx©®,d,0)
when restricted to the critical set Cg := {dy® = 0}. The image of (g is in fact a conic
Lagrangian submanifold Ag C T*(X X Y) and the map tg is a local diffeomorphism
from Cg onto A . In this case, we say © parametrizes Ag. The canonical relation or
wavefront relation of A is defined by

WF'(A) = {(x.£), (y.m: (x,y.§&,—n) € WF(Kq)} CT*X x T"Y,
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and describes how the operator A propagates singularities of distributions on which
it acts. If wy and wy denote the natural symplectic forms on 7*X and T*Y respect-
ively, one can more invariantly consider FIOs associated to general conic Lagrangian
submanifolds A C T*X x T*Y (canonical relations), with respect to the symplectic
form wx — wy. The notion of a principal symbol for Fourier integral operators is more
subtle than that for pseudodifferential operators. The principal symbol of A is a half
density on Ag given in terms of the parametrization (@:

e = o4 (aoldCo|'?), (56)

where ay is the leading order term in the asymptotic expansion for a and |dCe|'/? is
the half density associated with the Gelfand-Leray form on the level set {dy® = 0}.
Here, we have ignored Maslov factors coming from the Keller—Maslov line bundle
over Ag. These are nonzero factors ¢’°"/# (¢ is known as the Maslov index) which
appear in front of the principal symbol as a result of the multiplicity of phase functions
parametrizing the canonical relation Ag, possibly in different coordinate systems.
While these factors allow the principal symbol to be defined in a more geometrically
invariant way, we defer computation of the Maslov indices until Section 6.3. For a
more thorough reference on the global theory of Lagrangian distributions, see [7,9,
21,23]. The order of a Fourier integral operator is defined in such a way that when
two Fourier integral operators’ canonical relations intersect transversally, then the
composition is again a Fourier integral operator and order of the composition is the
sum of the orders:

1 1
order(A) =m = u + EN — Z(nX +ny). (57)

Recall that here, ny and ny are the dimensions of X and Y respectively. In this
case, we write A € I"™(X x Y, A). This convention on orders also generalizes that of
pseudodifferential operators, where X = Y and m = pu coincides with the order of
the corresponding symbol class. Sufficient conditions which guarantee that the com-
position exists are clean or transversal intersection of the two operators’ canonical
relations. In general, composition of Fourier integral operators and the associated
symbol calculus is somewhat complicated, but we will not directly use the composi-
tion formula in what follows.

5.2. Chazarain’s parametrix

The parametrix developed by Chazarain in [4] provides a microlocal description of
the wave kernels near periodic transversal reflecting rays. The parametrices for

sintv/—A

E(@) =costv/—A, S@) = Ny
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are constructed in the ambient Euclidean space R x R" x R". We only consider S(¢),
as the formula for E(¢) is easily obtained from that of S(¢) by differentiating in z. We
write E(¢,x,y) and S(¢, x, y) for the Schwartz kernels of E(¢) and S(¢) respectively.
Following the work in [4], we can find a Lagrangian distribution

[o¢]
St.x.y) =Y 8j(t.x.y). S el >*RxR"xR"T]), (58)

j=—o0

which approximates S (¢) microlocally away from the tangential rays modulo a smooth
kernel. We will describe the canonical relations Fi momentarily and in particular,
show that the sum in (58) is locally finite. We first explain what is meant by approxim-
ating S(¢) “microlocally away from the tangential rays.” In general, two distributions
f. g € D'(R") are said to agree microlocally near a closed cone Ay C T*R" if
WF(u —v) N A; = @. Similarly, using the language from Section 5.1, two oper-
ators A, B: C®°(Y) — C°°(X) are said to agree microlocally near a closed cone
Ay CT*X x T*Y if WF'(A — B) N A, = @. This second notion is what we will
use to say that our parametrix approximates S(t) microlocally near the canonical
relations Fi.

To describe the canonical relations precisely, we first introduce some notation
following the presentations in [4, 19]. As the Euclidean wave operator [g> factors
into (3; — ~/A)(d; + ~/—A), there are two Hamiltonians corresponding to the symbol
+|n| of £+/—A. Let H1(y,n) = #+|n| and g** be the Hamiltonian flow, i.e., the flow
map associated to the system

_ 9H4
aty - 377 )
0H
a[n = - 3yi7

which is in fact just the reparametrized geodesic flow on R2. For (y,n) € T*Q (or
TE;‘QR2 such that 7 is transversal to the boundary and inward pointing), recall that in
Section 3 we defined

ti(y.m) = infirimg™ (y.n) € 09},

12 (y.n) = sug{t: mig™ (v, n) € 09},
<

where 1 is projection onto the spatial variable. We have t}F (yv.m) = -1} L(y,n). We
then set

1
ALy = g5 (),
_ —1
AT () = g% (v, ).
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Also define m to be the reflection of ki (v, n) through the cotangent line at the
boundary. In other words, Ali(y, n) and Ali(y, n) have the same cotangential com-
ponents but opposite conormal components so that )Lli(y, n) is inward pointing. The
point )L;l (¥, n) is defined analogously. We can then inductively define ti (y,1n) and
t;j (v, n) by the formulas

tf = inf{r:mg™ AL (v.) € 09},

z;j = sug{t: nlgit()k;(j_l)(y, n)) € 022},
<

The total travel time after j reflections is defined by

4 Yi_ k.. >0
TL(y.m =30, j=0,
Yisith.m), <o

To study how the fundamental solution of g behaves at d$2 when we impose bound-
ary conditions, we propagate the initial data by the free wave propagator on R2,
restrict it to the boundary, reflect, and then propagate again. If such a construction
is continued for j € Z reflections at the boundary, it is shown in [4] that the FIOs §;
must have canonical relations

t.t. g (y.m.y.m:t = £l j=0,

Fi = J IR
i(‘_Ti(y”’))()Li(y, m),y.n):t==xn|, jeZ\{0}.

(t.z.g
Since S (¢) is a microlocal parametrix, the canonical relation of the true solution oper-

ator S(¢) is also _
r=|Jri.
JE€Z,+

Here, j > 0 and j < O correspond to reflections on the inside and outside of the
boundary. For ¢t > 0, £t > 0, the canonical relations corresponding to j > 0 project
onto the interior of 2 when ¢ is small (inside bounces). If > 0,7 > 0 and j <0, the
canonical relations project onto the exterior of €2, corresponding to outside bounces.
In fact, there are four modes of propagation associated to the canonical relations ri,
corresponding to £t > 0 (forwards and backwards time) and £; > 0 (inside and
outside bounces). See [19] for an explicit local model in the case of one reflection,
where Q is replaced by a half plane. We see that a point (z, 7, x, &, ¥, 1) belongs to
the canonical relation Fi C T*(R x R? x R?) if the broken geodesic of j reflections
emanating from (y, n) passes through (x, £) in time ¢. For a more thorough discussion
of Chazarain’s parametrix, see [4, 16].
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To be precise, Chazarain actually showed that there exists FIOs S; such that the
sum in (58) is a parametrix for the wave propagator S(¢) with canonical relation

r={Jri
JE€Z,+
However, the canonical relations were never parametrized by explicit phase func-
tions and the principal symbols of the operators S; were not computed in [4]. For the
remainder of this section, we concern ourselves with the task of explicitly computing
them in terms of geometric and dynamical data associated to the billiard map.

5.3. Oscillatory integral representation

In this section, we cook up an oscillatory integral such that microlocally near the
canonical relations '/,

o0

S, (1, x. y) = [ £0ICTIN g (¢ x. y) d,

—0o0

where §; is the j th term in Chazarain’s parametrix corresponding to a wave with j
reflections and a; € Sc’f is a classical symbol of order . We will only compute the
principal symbol and use L.O.T. to denote lower order terms in the sense of Lag-
rangian distributions in what follows. Due to the presence of different Maslov factors
on each branch of Fi corresponding to =7 > 0 (cf. Sections 5.1 and 6.3), it is actually
more convenient to find operators

o0

St x,y) = / £0 0TI, 4 (1 x. y) d, (59)
0

so that S; = S; + + S — and the phase functions associated to S; + parameterize F_{r
and T/ individually.

We first make precise the notion of microlocalized FIOs. We would like to micro-
localize S(¢) near periodic orbits of rotation number 1/j. Oftentimes, it is required
that such orbits be nondegenerate, in the sense that 1 is not an eigenvalue of the lin-
earized Poincaré map. However, this assumption is not needed for our trace formulas,
which work both for simple nondegenerate orbits as well as degenerate orbits coming
in one parameter families as in the case of an ellipse (cf. Theorem 1.7 and Corol-
lary 1.8). We recall that 2 is said to satisfy the noncoincidence condition (5) if there
exist no periodic orbits of rotation number m/n, m > 2 having length in a sufficiently
small neighborhood of |0€2]. In this case, for j sufficiently large, periodic orbits of
rotation number 1/j come in isolated families. This follows from the results in [36],
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which shows in particular that for ;j sufficiently large, no two orbits of distinct rotation
numbers 1/j and 1/k can have the same length.

Recall also that for j sufficiently large, there exists a unique geodesic loop of
rotation number 1/; at each boundary point g, whose length we denote by W;(q, q)
(the j-loop function). It can be shown that periodic billiard orbits arise as critical
points of the j-loop function (see [20,55]). As in the statement of Theorem 1.3, denote
tj = infyepq V;(q,q) and T; = sup,cpq Vj(q, q). If Q satisfies the noncoincidence
condition 5, we can find a smooth cutoff function y; (¢) which is identically equal to
1 on an open neighborhood of [¢;, 7;] and vanishes in a neighborhood of all other
L € Lsp(2). As noted in Section 5.2, each propagator S; has canonical relations
Fi. Denote by y» a smooth cutoff function which is identically equal to 1 on I'/ =
U+ Fi, vanishing near the gliding rays 7*92 and conic in the fiber variables t, £
and 7. Quantizing y, gives a pseudodifferential operator which microlocalizes near
the support of y». For a reference, see [22, Chapter 18]. We call such an operator a
microlocal cutoff on Fi. The composition y1(¢) x2(¢, x, y, D¢, Dx, Dy)S(¢) is then
smoothing away from the geodesic loops of rotation number 1/j and the trace of
this composition is equal to the wave trace modulo C*° in an open neighborhood of
[t T5].

We now use Theorem 3.1 to find suitable phase functions ®; + which parametrize
Fi. Define phase functions @;‘ by the formula

where ‘IJ;‘ are given in Definition 3.5. We then have,

Lemma 5.1. The phase functions @;"i(t, T, X, y) are smooth in an open neighbor-
hood of the diagonal of the boundary and locally parametrize the canonical relations
Fi. In particular, the fibers of both Fi and T/ lying over this neighborhood are uni-
ons of 8 connected components, which we denote by Fi’k correspondingto 1 <k <8
as in Definition (3.5).

Proof. Forany x,y € Q let

{Lx,y: Q) > Ry, ©0)

Lyy(q1.92.-.-4;) = |x —q1l + 0= ldm — gm-11} + lg; — y1.

denote the length functional. We first show that billiard trajectories from x to y are
in one to one correspondence with critical points of (60) with respect to g € 9Q/.
Let g € C*®(R?) be a defining function for 92 and consider ¢ as a variable in
R? x --- x R? = R?/ rather than 0Q/. If ¢ is a critical point of (60), then, as in
the method of Lagrange multipliers, by setting x = g¢ and y = ¢; 41, we find that for
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1 <m < j, there exists A,;, € R such that

0Ly, dm — qm—1 dm — qm+1
X,y — m m m m — Aqumg.
Gm |gm — gm-11  |qm — qm+1]

Since V,,g L 9, this implies that the two unit vectors in the formula for d4,, L,
have opposite tangential components, which is precisely the condition giving elastic
collision at the boundary (angle of incidence equals angle of reflection). Similarly, if
this condition is satisfied, then g is a critical point for (60).

We now consider the functions lIl]k in Definition 3.5. We have

J
WECey) = I —af 1+ { Y lak — b} + laf - (61)
m=2
where qf‘n (x, y) is the m-th impact point on the boundary for the billiard trajectory
corresponding to \IJ;-‘ . As opposed to the ¢y, in the length functional (60), qf‘n will in
general have a nontrivial dependence on x and y. Differentiating (61) in x, we obtain

k

W) _x—a D A =1 Ok

e gy a0t k1 3 dm~ dm-1)

Xi |x —4q7 | Xi m=2 |qm - qm—1| Xi
k
q; =y 9

+ —~ -3—(q,’-‘—y). (62)

lg; —yl oxi

Since for each x, y € Q, the path defined by (x, q*. y) corresponds to a billiard tra-
jectory, we see that all of the terms except the first telescope in (62). Hence,

k
x p—
dywk = =9 (63)
|x — q1 |
Similarly, differentiating (61) in y, we obtain
k
Y —4q;
k J
dyV; = t (64)
ly — 45|

Geometrically, these gradients are the incident and (reflected) outgoing unit directions
of the billiard trajectories described in Theorem 3.1.
We now consider the maps

L®j\;i: (t,t,x,y) > (t, x1, x, dx®ﬁi,y, _dy®§€,i)
= (t.£7.x, Frd V¥, y, £1d,¥¥) (65)

on the critical set
Cor = {t —UF =0}
o, { J )
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Inserting formulas (63) and (64) into (65) and comparing with the canonical graphs

o {(tmgi’(y,n),y,n):f = [n], j =0
= 7 — .
(t, 7, g ¥ T2y ),y )it = £l j o€ Z\{0})

from Section 5.2, we see that l®k : C®A — Fi is a local diffeomorphism (this is

why we chose orbits connecting y to by rather than x to y in Definition 3.5). ]

As our parametrices for the propagators described in [4] are in fact modified by
microlocal cutoffs supported away from the tangential rays in S*9€2, we may assume
Fi’k are smooth nonintersecting Lagrangian submanifolds over the interior. It would
be interesting to study mapping properties of the operators S ]’.‘ as the canonical rela-
tions degenerate near the glancing set in future work. We now want to derive an
explicit oscillatory integral representation (59) for S(¢) in a specific coordinate system
adapted to 2. We first need to better understand the forwards and backwards symbols
onl.

Proposition 5.2. Let e+ denote the principal symbol of S(t) on T = UjeZ,:t Fi.
Modulo Maslov factors, we then have

et = (;) |dt Ady Adn|'? (Dirichlet),

ey = T|d¢ Ady Adn|'? (Neumann/Robin),
Ti

where |dt A dy A dn|Y/? is the canonical half density.

Proof. For a proof in the Dirichlet/Neumann case, see [19]. For the Robin boundary
conditions, see [55]. n

5.4. Proof of Theorem 1.1

s |dt A dy A dn|'/? and we now know that the
phase functions @;" LT, x,y)=Ft(t — \IJ;-‘ (x, ¥)) parametrize connected com-

As Proposition 5.2 gives ey =

ponents of ' i lying over an open neighborhood of the diagonal of the boundary, we
can compute the principal term in the asymptotic expansion of a; + appearing in the
expression (59). Since there are 16 phases for each j, corresponding to 1 < k < 8 and
+7 > 0, (59) should actually be a sum of 16 oscillatory integrals:

8 o0
k
Si(t,x,y) = Z/el®f'-i(t’r’x’y)aj,k,i(r,x,y)df. (66)



A.Vig 918

Recalling formula (56) for the principal symbol of a Fourier integral operator, we must
compute the Gelfand—Leray form on the critical set d; @}‘, 4 = 0. The Leray measure
coming from the Gelfand—Leray form is coordinate invariant and it is ultimately more
convenient to first introduce boundary normal coordinates, which we now describe.
Fix a point p € 0€2. For each ¢ € 02 near p, we denote by y, () the unit speed
geodesic with initial condition conormal to €2 at ¢ and inward pointing. Now, denote
by ¢ the boundary coordinate which parametrizes d$2 with respect to arc-length, such
that p is given by ¢ = 0. The coordinate ¢ can be extended smoothly inside €2 so
that it is constant along y,(u) for every fixed ¢ near p. For ¢ > 0 sufficiently small,
(i, @) is then a smooth coordinate system in an & neighborhood of p € Q. In these
coordinates, the Euclidean metric is locally given by the warped product

Suctia. = di® + [, @)de>,
where f is a locally defined function which is smooth up to the boundary.
Lemma 5.3. For planar domains, the metric is given by
dp? + (1 —kp)’de?,
where K is the curvature of the boundary at (0, ).

Proof. Let |02] = £ and x(¢) = (x1(@), x2(¢)) be a parametrization of dQ2 with
respect to arc-length. The exponential map exp: [0, ) x R/€Z —  is given in bound-
ary normal coordinates by (i, ¢) + x + uJ X, where

=1 %)

is the /2 rotation matrix and x = dx/dg. We calculate that in these coordinates,

. A B
exp* gructid. = D exp’ gruciia. D exp = (C D)’

where
A= ()2 + () =1,
B=C= —)'Cz)'Cl + /Lx'z)'éz + )'Cl)'Q + /L)'Cl)'él = /L()'Cl)'él + sz)?z) =0,
D =1—-2uxT 7%+ p?%* = (1 — ux)?,
and k = |X|. [

We maintain the notation (i, ¢) = (1 — juk)? throughout the rest of the paper.
This coordinate system is convenient near the boundary because conformal mul-
tiples the vector fields d/du and d/d¢ extend the orthogonal and tangential gradients



The wave trace and Birkhoff billiards 919

respectively in a tubular neighborhood of the boundary. As the canonical relations Fi
involve both x and y variables, we change x variables to (i, ¢) and y variables to
(v, ) according to the procedure described above. In [55], elliptical polar coordinates
were instead used of boundary normal coordinates to achieve a similar decomposition
into normal and tangential vector fields.

5.5. Proof of Theorem 1.1

Without loss of generality, we use boundary normal coordinates instead of Euclidean
coordinates in the domain of lIl]k from here on. We now compute the Gelfand—Leray
form in boundary normal coordinates.

Lemma 5.4. The canonical relation of each operator in (60) is parametrized in
boundary normal coordinates by

Fi’k ={(t,t,u, 0, Ev,9,n) = (‘IJ]-‘, T, UL, Q, ?fdu,(,,\llj-‘, v, D, :l:'[dv,ﬁlp]k)}.
The Gelfand—Leray form on C®§,:ﬁ: is given by
dc@fi =Ff(u,p)f(v,0)dt Adu Adp Adv AdD.
Proof. The first claim follows directly from Lemma 5.1 and the observation that
d.Of . =+ —Wh) =0
on the critical set C®§£ From this, it is clear that (t, u, ¢, v, ) form a smooth

coordinate system on C®1\; R The Gelfand-Leray form is uniquely defined on Cg N
Js J

by the condition
d(d,@;"i) A a’CQA;i = f(u, @) f(v,D)dt Andt Ad(i,9) Ad(v, D), (67)
Js

where the right-hand side of (67) coincides with the Euclidean volume form on R; x
R; x 2 x Q. Hence,

a’CG;;i =Ff(u, o) fv,NDdt Adu ANdo Adv Ado,
Js
as claimed. n

We now change variables and use Lemma 5.4 to compute the principal symbol
of (66). Dropping the j, k indices on \IJ;-‘ in place of differentiation, we have
dt = Vudu + Wede + W,dv + Wyd?,
dy = f(v,%)dv A d,
dnm =Vdt + t(Ydp + Vyede + W, dv + W,9d V),
dny = Wedt + t(Wedp + Weede + Wy,dv + Wysdi})
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on the canonical relation Fi’k. Wedging all these terms together, we see that

dt Ady ndn =t(f(v, ) (VW We + VW, Wy,
-, W, Wy, — WoWeW,))dt Adu nde Adv Add.  (68)

Definition 5.5. Denote by A}‘ (i, @, v, ) the functions

1
m(\yu\yﬂ\va + \ij\pv\pﬁﬂ - \pu\pv\pﬁw - \IJ(/)\IJI?\IJ\)M)’

where each ¥V = \IJ’.‘ depends implicitly on j, k, i, ¢, v and 9.
On each of the canonical relations Fi’ (cf. Lemma 5.1), equation (68) implies
that
|dt A dy A dn|'/?
2ti

1
— 1)y 4k 1/2
“@f,i*(( D/ 7 |4 (0.0, 9)dCor_[12) (69)

ex =(-1)/

for Dirichlet boundary conditions and

|dt A dy A dn|'/?

_ _ 1/2
er = o =lok, (211/2 |A (n, @, v, ﬂ)dC@)k | ) (70)

for Neumann boundary conditions. As a result, we conclude the following description
of the operators S;.

Theorem 5.6. Microlocally near T/, the following oscillatory integral is a paramet-
rix for S;j(t, x, y) with Dirichlet boundary conditions in an open neighborhood of
AIQ C Q x Q:

8 o0
Si) = (=1’ ) Z/ei"’("‘pk)znl/z|A"|1/2dz +LOT.
k=1 0

Here, L.O.T. denotes lower order Lagrangian distributions, using the convention (57).

Definition 5.7. We define the operators S ]’f . (¢) appearing in Theorem 5.6 by

8 [e.e]
S]k’:t(t) — (_1)] Z/eilf(t \Ilk 5 1/2|Ak|1/2d7:
k=1 0 1T

Together with Theorem 3.1 and the choice of jo, U; in Remark 4.10, we can
immediately derive Theorem 1.1 from Theorem 5.6. To see this, note that

d
E(r) = —5S(0).
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On a symbolic level, this implies that the symbol of E(¢) is i e, with e1 given by
Proposition 5.2. This explains the order of b; . + € S1/2(U; x R') appearing in The-
orem 1.1. Each (&) branch of the propagators S ]’f - should be multiplied by Maslov
factors e*7% /4 We will compute 0; = 1 in Section 6.3, which completes the proof
of Theorem 1.1. In the next section, we will use this explicit oscillatory integral rep-
resentation to compute the wave trace.

6. Computing the wave trace

In this section, we use the parametrix in Theorem 1.1, or equivalently Theorem 5.6,
to compute an integral formula for the wave trace. Formally, the wave trace is the
Fourier transform of the spectral measure » ; §(A — 4;), where {)LJZ.} are the Dirichlet
(resp. Neumann or Robin) eigenvalues of —A on €2. This is a distribution of the form

Zeitkjy (71)
J

which can be seen to be weakly convergent by Weyl’s law on the asymptotic distri-
bution of Laplace eigenvalues (see [27,56]). The connection between this distribution
and the wave equation lies in the fact that (71) is actually the trace of e'’ M, the
propagator associated to the half wave operator (9, — i v/—A). Since such a unitary
operator is not trace class, we mean that for any Schwartz function ¢, the regularized

operators
o0
/ (p(t)e”mdt
—0oQ
are of trace class and have trace
o0
Z / o(t)e'™i dr.
J —o0

The same holds for the even and odd wave operators

sintv/—A
V&

and we consider these as they appear more naturally in Chazarain’s parametrix (cf.

E(t) =costv—A, S(t)= (72)

Section 5.2) and E(¢) solves the initial boundary value problem (1).
Recall that y;(¢) is a cutoff function near the lengths [#;, T;] of geodesic loops
and €2 is assumed to satisfy the noncoincidence condition (5). Modulo Maslov factors
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and a smooth error term, we have

x1(t) TrE :/Ej(t,x,x)dx, (73)
Q

where E; = %S 7 and S; is the j bounce wave appearing in Chazarain’s paramet-
rix (58).

6.1. Reduction to boundary

As our parametrix in Theorem 5.6 is only valid near the boundary, we want to write
the wave trace as an integral over the boundary. There are several ways to do this,
one of which involves using Hadamard-type variational formulas from [19, 55] to
integrate the radially differentiated wave trace, which via an integration by parts puts
the integral (73) on the boundary. Here we use a different technique, suggested by
the referee. Let us first establish some notation. Fixing an arbitrary point O € Q to
be the origin, we denote by X(g) the position vector of a point ¢ € dS2 relative to O
and N(q) the outward unit normal at ¢. Let V+ and V7 denote the unit normal and
tangential gradients with respect to 02 and recall the notation D, = —i d;.

Lemma 6.1. For each Dirichlet eigenfunction u; of eigenvalue Ajz in 6, we have

1
12 =3 [ M @)Pdg (74)
QR
and hence
1
D2TrS(r) = 3 /(X,N)Vf‘Vj‘S(t,q,q)dq. (75)
Q2

Proof. For the first formula, we use the commutator identity [A, rd,] = 2A, where
r = | X| and 0, is the radial vector field, to see that
Bu j E)E

"or ON

2112- = —2/ Aujujdx = /[—A,rar]uju_jdx =
Q 0Q

Q

Here we have integrated by parts and used Dirichlet boundary conditions. Decom-
posing 70, into the normal and tangential vector fields N, d, and again using the
boundary condition, we obtain

u

re = (X,N)VJ‘uj.
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The trace formula follows by writing
,sinAjt
Z AJ’ A
j J

1 SInfA;
:§/<X,N)Z 2 v Pdg
IQ J

1
= - /(x, N)VEVES(t,q.9)dg. n

D?Tr S(¢)

2
E]9)

As we are localizing the wave trace near lengths of geodesic loops with j reflec-
tions, it turns out we only need to consider a select few of the operators from The-
orem 5.6 in the trace formula. From here on, we only consider Dirichlet boundary
conditions. Similar formulas exist in the Neumann and Robin cases. We also use
the notation D; ! € W ! (R) to denote an elliptic parametrix (Fourier multiplier 7~1)
for D;.

Lemma 6.2. Modulo Maslov factors and lower order distributions, the even Dirichlet
wave trace localized near [tj, T;] is given by

X,N).  _
TrE(t) = Z/ (72>th VIV (S e+ S+ ST
* o0 + SJ'3,i + Sj6,i + Sj7,i
+ Sf—i—l,:l: + S]8+1,i)(f,61761) dq.

For completeness, we repeat the proof derived in [55] as it contains substantial
geometric insight.

Proof. First note that E(¢) = 9,5(¢), so that
(X.N)
2

TrE(t) =iD;'D?>TrS(t) = / iD;7IViVES(t,q.q)dqg.

aQ

For the localized wave trace, we only need to consider orbits which contribute to the
singularities in [¢;, 7;]. Recall that for positive time, Theorem 3.1 gives 8 orbits con-
necting x to y in j reflections and approximately one rotation. These orbits coalesce
into geodesic loops as (x, y) — AdS2. However, as the orbits coalesce within various
configurations, not all of the limiting orbits will have j reflections. As €2 satisfies
the noncoincidence condition (5), only the limiting geodesic loops of rotation number
1/j will contribute to the wave trace near [¢;, 7;]. See Figure 1 for visualizing the
geometric arguments which follow. We will say that a sequence of billiard orbits y,
converges geometrically to another orbit yy if all impact points on the boundary con-
verge to those of y¢ in order. Note that the limiting orbit may have a different number
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of reflections if certain impact points coalesce in the limit. To demonstrate geomet-
ric convergence in this sense, it suffices to show convergence of any two consecutive
impact points to two distinct points in the limiting orbit. All other points of reflec-
tion on the boundary are then smoothly and implicitly determined by the limiting link
formed between these two.

As (x, y) — A0SR, the two orbits of j reflections in T'T' configuration (k = 1, 5)
converge geometrically to a loop of j + 1 reflections. The additional vertex appears
at the boundary point where x and y coalesce. Similarly, the two NN orbits of j
reflections (k = 4, 8) can be seen to converge to loops of j — 1 reflections. In this case,
the first and last points of reflection at the boundary converge to a single impact point.
The four orbits of j reflections in TN (k = 2,6) and NT (k = 3,7) configurations
preserve exactly j reflections in the limit. Hence, when x, y € int Q converge to
A0JL2, only 4 of the 8 orbits contribute to geodesic loops of j reflections. However,
in the same limit, two additional 7'T orbits of j — 1 reflections converge to a loop of
(j = 1) + 1 = j reflections. Similarly, two N N orbits of j + 1 reflections converge
to aloop of (j 4+ 1) — 1 = j reflections. Any other orbit from x to y with strictly less
than j — 1 or strictly more than j + 1 reflections at the boundary cannot converge to
a loop of j reflections. As we have localized the wave trace near the isolated set of
lengths [#;, T;] and Q2 satisfies the noncoincidence condition (5), only the 4+2+2=8
orbits which converge geometrically to a loop of exactly j reflections will contribute
to singularities here. All additional orbits contribute smooth errors to the wave trace
in a small neighborhood of [¢;, T}].

It should also be clarified that although the parametrices S (¢, x, y) are constructed
in the interior, we can in fact extend them continuously to the diagonal of the bound-
ary and this extension coincides with that of the true propagator S(¢, x, x) (x € 0Q2)
modulo lower order terms. Both propagators agree up to lower order Lagrangian dis-
tributions in the interior, microlocally near the canonical relations I" f_L The explicit
oscillatory integral representation for each S; (¢, x, y) in fact shows that they extend
continuously up to the boundary and its diagonal, since the functions ‘I/;‘ (x, y) do.
The true wave kernel S(¢, x, y) also extends continuously up to the boundary as a
family of distributions. To see this, note that

o
Sex = 3 Dy 03,
j ]

where ()72, is an L? orthonormal basis of Dirichlet or Neumann eigenfunctions
corresponding to eigenvalues ()LJZ.);?‘;I. Multiplying by a test function ¢(¢) and integ-
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rating by parts 4k times, we see that

[o¢] o0 A’
[ sexmpwar = | ZS;‘LZH)%( OGO e@d. (76)
—00 00 J

Combining Weyl’s law on the asymptotic growth of A; (see [27,56]) and L*° bounds
for eigenfunctions on manifolds with boundary (see [12]), we see that the integrand
in (76) can be made absolutely convergent for k sufficiently large. An application of
the dominated convergence theorem then shows that (76) is actually smooth in x, y,
so S(¢, x, y) has a smooth extension to the diagonal of the boundary as a distribution
in ¢. In particular, both distributions agree up to lower order terms microlocally near
the fibers of Fi lying over diagonal of the boundary. ]

Definition 6.3. As shown in the proof of Lemma 6.2 above, for each j, there exist
8 limiting trajectories which converge geometrically to geodesic loops of exactly j
reflections. We denote the set of these trajectories by §; (x, y) and say that y,, x € §;
if Yk makesm = j — 1, j or j 4 1 reflections at the boundary and corresponds to
the length functional \Ilfn Since there is a unique geodesic loop of rotation number
1/; at each boundary point, the length functionals \112 \IJ3 \116 \IJ7 \1114 1 \IJ]8 1 \IJ]1 .
and \1115_1 corresponding to orbits in §; coincide for xX=y e BSZ on the diagonal. We
denote their common value by W; (x, x), which is the j-loop function appearing in
Definition 3.6.

6.2. Boundary calculations

As we obtained a rather explicit formula for S; (¢, x, y) in Theorem 5.6, it now remains
to differentiate the kernels S,]f1 (z, x,y) and substitute them into Lemma 6.2. Using our
oscillatory integral representation for S,] k(t,x,y) in Theorem 5.6, we find that micro-
locally near Fm Kandt e [¢;, T7], modulo lower order terms in an open neighborhood

of the d1ag0na1 of the boundary, we have

iD;'ViVy Sk |
o0
: (Vi W) (V3 wk)r3/2
— (_1)m+1 Z/eilr(t—\p}],(n) ( 1 m);[Z m) |A£€n|1/2d_[ (77)

0

for Dirichlet boundary conditions. We have only written the terms coming from Vf:z
falling on the exponential in equation (77), as all other terms do not contribute positive
powers of T and can be regarded as lower order in the singularity expansion. The
operators Vl , in the integrand of (77) are conformal multiples of the vector fields 3
and 22 3, coming from boundary normal coordinates.
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As Lemma 6.2 tells us that the wave trace is given by integrating the normally
differentiated sine kernels over the diagonal of the boundary, we want to understand
the restriction of (77) to the boundary. We already noted that the j-loop function is
well defined for j sufficiently large. The differentiated kernels in equation (77) also
have factors of A}‘ and Vf:z\IJ;.‘ in the integrand. We now discuss how to extend these
derivatives of ‘IJ;‘ to the diagonal of the boundary in a similar manner. In the proof of
Lemma 5.1, the x and y gradients of the functions \y]k are shown to be

k _ .k

X—q Y —4q;
dx\pj.‘=7}c, . J’.‘=7’k. (78)

|x — 47l ly —4;|

Geometrically, these are the incident and reflected outgoing unit directions of the
corresponding billiard trajectories at x and y. The expression Vf-lIle in (77) can easily
be seen to be =+ sin a)]k 1» Where ka | is the angle made between the initial link of the
billiard trajectory and the oriented tangent line to the level set of the distance function
on which x lies (as in the folliation used in the proof of Theorem 3.1). We use the
positively oriented tangent line for 1 < k < 4 and the negatively oriented tangent
line for 5 < k < 8. The sign + depends onthe TT, TN, NT, or NN configuration
of the corresponding orbit. Similarly, Vj-\IJ;-‘ = =+ sin “)jk,z’ where a)]]f2 is the angle
made between the final link of the billiard trajectory and the positively (1 < k < 4)
or negatively (5 < k < 8) oriented tangent line to the distance curve on which y lies.
As x,y — A0S, the absolute value of the angles associated to trajectories in the §;
converge to the initial and final angles of reflection of the unique limiting geodesic
loop. We are careful to point out that only the absolute values of the angles converge,
since for example, the final angles of reflection at y associated to orbits in 7N and
N N configurations actually converge to the negative of the final angle in the limiting
trajectory. All limiting loops are automatically in 7' T configuration.

Lemma 6.4. On the diagonal of the boundary, the factors A}_l, AJS-_IAjz, A]3-, A?,

A}, A}‘H, and A?H corresponding to orbits in §; coincide up to a sign. We denote

their common (absolute) value by |A;|, which at a point (0, ¢, 0, ¢) in boundary

normal coordinates satisfies

1
sin wj »

dwj,1

v

14;(0,9,0,9)| =

Here, wj1 and w; are the initial and final angles of incidence respectively made
by the unique counterclockwise parametrized geodesic loop of rotation number 1/j
based at (0, ¢,0,¢) € AJS2.

Proof. Let (m, k) denote an admissible pair of indices corresponding to an orbit
Ym.k € ;. Recall the notation in the proof of Lemma 5.1 (cf. [55]), where we described
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a billiard trajectory by the point (x,q, y) €2 x dQ™ x Q. Let us first assume 1 <k <4.
If x € Q, we denote the positive angle between g; — x and the positively oriented
tangent line to the leaf of the folliation by distance curves on which x lies by a)]’f 1
(cf. Section 4). Similarly, if y € Q, let us also denote the positive angle between
¥ — q; and the positively oriented tangent line to the distance curve on which y lies
by a)]kz Note that a)]’fl and a)]’f , depend on x, y, j, and k. Using the warped product
structure of boundary normal coordinates (i, ¢, v, ¥), we have

“1/2 0 _ a
vIi=(f) ”2@, vy = ()" (792)
9 9
Vi e Vi= o (79b)

Equation (78), which was derived from the proof of Lemma 5.1 in [55], then shows
that

sk
— sin k=12
Vi Wi (x,y) = n o (80a)
o sma)jkl, k =3,4,
k
—sinw k=13
VW (x, ) = e N (80b)
> sma)jkz, k=24,
and
VIWk(x,y) = —cosof; (1<k<4), (81a)
VyT\IJ]k(x,y) = cosa)jk’2 (1<k<4). (81b)
Combining (79), (80), and (81), we obtain
(—s1nw — Y2, go)cosa) D k=1,
Vi Y (1.9, v.9) = (—sma) —f12 (1, ) cosw ',1)’ k=1, (82a)
Hs@) = NE ¥ (sma) 1,—f1/2(ﬂ ¢) cos w 1) =3,
(sin o} 1,—f1/2(/L ®) cos 1) k =4,
(- s1na)j’f2, 12, 9) cosa)j’z), k=1,
: k 1/2 9 k k=2
V(u,z?)‘l’]]‘((l/«yﬁﬂ,v,ﬁ) _ (s1na) 2,f (v,¥)cosw 2) , (82b)
(—sin Jz,fl/z(v ¥) cosw 2) k =3,
(s1na).’2,f1/2(v,z9) cos j,2)7 k =4.
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Using (82) to calculate the (i, ¢, v, ) Hessian of \IJJIF, we find

Z\Ijk 8(()]-{1
8198] (w0, v,0) = fY2%(u, 9) sina)]]f1 8119’ (1<k<4), (83a)
32 k C()k
b ) 1/2 i Pl (1<k<4 83b
o, o) = SR g)sinof S (I sk<. @)
k
32\111‘ —cosa)]’flagg‘, k=1,2,
coswf —EL k=34,
dwk
BZ\IJ;.‘ —cosa)J]-‘1 (;{)", k=12,
H cosa)]k’1 a{)“, k=234

Inserting (83) into the expression (68) for Aj.‘ in all possible configurations (1 <k <4),
we find that, on the boundary,

Bw]f aa)k
—cosa)]]-‘2 av s1na)k2 5. k=1,
3w awk
P —cosa)]’.c 3{9" , k=2,
A, (0,0,0,9) = 2 k (84)
+cosa)k 8 ¥ 0o, k=23
Js2 Wj2 39 -
dw ’.< dwk
k 9% _ k J.1 —
+ coswi, s1nw] T k = 4.

Before evaluating this expression on the diagonal of the boundary, we differentiate

a)j’fl in the direction L = (y — q)/|y — q| of the last link to see that

0= VLa)
B cosa) VT k —sma) VJ- Jkl, k=13,
B cosa)]"ZVyT —|—sma)k Vl Jkl, k=24
B fll/z coswj"’zagg’ sma)]kzatgvl, k=1,3,

L coswk b0 +sma)k Pl k=24
172 12319 2 0y -

This implies that

Bwk
dwk —|—c0ta) ., k=1,3,
Jo. )= = 5 (85)

ok
NS —
COta)] 2 aﬁ ) k - 27 4
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Inserting the formula (85) into (84) and evaluating on d€2, we find that

k k

cos? @ sin® a) Ba) 1 dw?

45,00, 0.9) = (/2 4 —— )|t = |
sinw;, sinwj, sinw;,

Note that for 1 < k < 4 and x, y on the boundary, both w]’fl and a)]’f , are independent
of k. They coincide with the initial and final angles of the unique orbit connecting x
to y in j reflections and approximately one counterclockwise rotation. As the orbits
correspondingto 5 < k <8 can be Viewed as counterclockwise orbits in the reflected
domain, we instead defined a) ‘pand @ 2 to be the angles made between the initial and
final links and the negatzvely orlented tangent lines to the distance curves on which
x and y respectively lie. With this convention, we see by symmetry that the roles of

k k : .
wj’; and o}, are interchanged:

(—sinw jl,fl/z(u go)cosa) D, k=5,
(—sinwk,, 12, ) coso ). k=6,
(sinw jl,fl/z(u go)cosa) D k=1,
(sin ]l,fl/z(u go)cosa) D, k=38,
(—sin ]2,—f1/2(v %) cosw 2) k =5,
sinw®,, — f1/2(v, ) cos w k =6,
V(v,ﬁ)‘llf(u,(p,v,ﬂ) _ (sinwky, —f12(v,9) ), (86)
(— sma) 2= f 12, 8) cosw 2) k=1,

(sin a)jjz, —fl/z(v, %) cos a)jjz), k =8.

Vo) Vi (1, 9. v.9) = (362)

Replacing (82) by (86), parallel computations to those above then show that for 5 <
k <8,

1 8w~1
Ak (0,0,0,¢)| = —— | =2
|47, (0, 9,0, 9)| snal, | a9
Note that for 5 < k <8, 0*T* — 0¥, > 0asx,y — 0Q. Similarly, 0*5* — 0k | — 0
as x,y — 092. Hence,
1 dw;
145,(0.¢.0.9)| = — =12 (87)
sinwj1| ¢

for 5 < k < 8. Note that the right-hand side of (87) involves angles at boundary points
and does not depend on k. Also observe that
32wk dowk 02 \I’k dok |

Jj _ . k Js2 _ k J,1
3009 _isma)j’2 9 3198@ :I:s1na)J1 P (88)
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Setting the two equations in (88) equal implies that

1 0w;j » ‘ _ 1 0w;j » ‘

sinwj 1| ¢ sinwjo | ¢

which combined with (87), concludes the proof of the lemma. [ ]

Remark 6.5. In [55], complete integrability of the ellipse actually implies that w; ; =
wj > for elliptical billiards; i.e., every geodesic loop is in fact a periodic orbit. In that
case, the angular derivative dw/09 appearing in Lemma 6.4 was explicitly calcu-
lated, using action angle coordinates and Jacobi elliptic functions. In general, it may
be difficult to compute dw; /99 explicitly despite its relatively simple geometric inter-
pretation.

6.3. Maslov factors

To explicitly compute the Maslov factors ojjE on Fi, we use an argument due to
Keller ([31]), following the presentation in [11, Appendix B]. The free wave propag-

ator U(t) = e~**¥~2 on R? has an integral kernel given by
Ut,x,y) = (2n)—2/e"“x—yf)—“)dadx A dy|'2, (89)
R

considered as a distributional half density (cf. Section 5.1). Lete; = (y — x)/|y — x|
and e, = Jeq, where J is a w/2 counterclockwise rotation. With respect to this basis,
we may write § = te; + pe, and hence

U(t,x,y) = (271')—2//ei(x—yr—t«/r2+p2)d.rdp|dx /\dy|1/2.

We see that stationary points of the phase occur precisely when |x — y| = ¢,
7 > 0 and p = 0. Applying the method of stationary phase in the variable p, we
find that

. . 1/2
Ut x,y) = (2n)—3/2/e’(x—y—”fe—’”/“(;) dt|dx A dy|V?  (90)

to leading order. The reduction in number of phase variables in formula 90 expresses
U(t, x, y) as a classical conormal distribution with principal symbol

. 1/2
e_”’/4(;> \dt Adt Ads Ady|V? e SYV2(N*{x —y| = 1)) ® Quja. O1)

where €215 is the space of positive half densities on R x R? x R2, s is an arc-length
coordinate on the hypersurface |x — y| = ¢ (a distance sphere) and 7 is the symplect-
ically dual coordinate to |[x — y| —¢.
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Hence, the Maslov indices on Fi = N*{|x — y| = t: &1 > 0} are given by 03: =
£1. It is shown in [16, Section 5] that after a reflection at the boundary, the Maslov
factors remain unchanged. Hence, ojjE = %1 for all j € Z. Both of the propagators
corresponding to Ffr and T/ contribute to the wave trace singularity near [t;, T;],
owing to the two modes of propagation:

pltV=A _ —itv/=A

2iv-A
Hence, we multiply each £ branch of the Lagrangian distributions S; + by e
which explains the real parts taken in Theorem 1.3, Theorem 1.7 and Corollary 1.8.
Noting that the principal symbol of ~/—A is |¢| and © = %|n| = £|&| on the canon-

ical relations I S_L, equations (91), (92) and the convention 57 show that the principal
symbol of S(¢) on I'° has order

S@t) = (92)

+in/4

S R e -

2 2 4 oy

Applying an elliptic parametrix for (—Ag2)"1/? € W™! to the free sine wave S(r)
shows that E(t) € I7YV/*(R? x R%; N*({|x — y| = t})’), corroborating the order
appearing in Theorem 1.1.

6.4. Proofs of Theorem 1.3, Theorem 1.7 and Corollary 1.8

Theorem 1.3 readily follows from the formula 77, Lemma 6.4 and the computations in
Section 6.3. We now show how Theorem 1.7 and Corollary 1.8 follow directly from
Theorem 1.3. Recall from Section 3 that a caustic is a smooth curve € in € such
that every link tangent to € remains tangent to € after a reflection at the boundary.
It is well known (see [30, 53]) that if one periodic orbit is tangent to a caustic €,
then every orbit tangent to € is in fact periodic, with the same period (number of
bounces) and winding number. In this case, we say € is a rational caustic and use
w(®) to denote the (rational) rotation number of any orbit y tangent to €. Hence,
rational caustics correspond to highly degenerate periodic orbits in the sense that they
are not isolated and 1 is an eigenvalue of the Poincaré map. Let L; be the length of a
periodic orbit which is tangent to a caustic €;, making j reflections at the boundary
and one rotation. As all orbits tangent to € are periodic orbits, each ¢ € 92 is a
critical point of the j-loop function, i.e., d;¥;(q, g) = 0. In this case, the length
function ¥;(q, q) appearing in the phase of Tr cos t~/—A (as in Theorem 1.3) is
the constant function L;, i.e., every j reflection loop is in fact a periodic orbit of
length L;. Assuming the noncoincidence condition (5) on €2, all periodic orbits of
length L; arise in this way. Tangency to € also implies that the angles w; and @, in
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the amplitude are equal. Hence, the wave trace in Theorem 1.3 is given by

e 9 1/2
Re{(_l)je—in/44//eis(t—Lj)|§|1/2 sin®/2 oy | 221
o

aQ 0

X- ngdq}. (93)

As the dg and d§ integrals can be separated, we obtain the Fourier transform of the
homogeneous distribution

3/2 _ 53/27 EZ 0,
176 = {0, £<0.

1 function for Rea > —1 and these distributions

fact be analytically continued to a larger region of a € C. It is shown in [24, Chapter 7]
that the Fourier transform of x4 (with dual variable #) is given by e im@t/2(;

One can define x4 similarly to an L

i0)~~! The proof of Theorem 1.7 is concluded by evaluating the Fourier transform
in equation (93) at the point# — L;.

In the special case of an ellipse, the billiard flow is known to be completely integ-
rable and each confocal ellipse is in fact a caustic. Moreover, Poncelet’s theorem (see
[46,47]) implies that all periodic orbits tangent to a given confocal ellipse have the
same length. Hence, all periodic orbits in the ellipse correspond to rational caustics. It
is also known (see [15]) that ellipses satisfy the noncoincidence condition 5 and hence,
Theorem 1.7 applies. Calculations from the author’s previous work using action-angle
coordinates and Jacobi elliptic function theory allow for the explicit computation of
dw/0v appearing in the integrand of (93) (see [55, Section 5.5]). As the boundary of

an ellipse
2 2

{(x,y):z—2 + Z—Z < 1}

is easily parametrized by (a cos ¢, b sing) for ¢ € [0,27), the quantity X (g) - N(q)dq
can be explicitly calculated. Combining these observations with Theorem 1.7, we
obtain the formula appearing in Corollary 1.8.

7. An auxiliary check on the order of S;‘

Given a discrepancy in the works [36,48], we provide an additional check on the order
of aé in Theorem 1.3. Assume 2 satisfies the noncoincidence condition (5) and let
p € S(R) be a test function such that Supp p C [t; — &, T; + €], where ¢ is sufficiently
small to ensure Supp p N LSP(2) = [¢t;, T;]. Let L; € [t;, T;] denote the length of a
periodic orbit of rotation number 1/;. We will compute the quantity

F(p(t) Trcostv—A) = / e p(1) Treos tv/—Adt (94)
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in two different ways. Recalling our parametrix for cos#+/—A, we see that (94) is
given by

Z///eiir(r—\llj(q,q))—lfp(;)fmaf(q)dqdrdt, 95)

TR, 090

where m is the purported order of a’(g). Changing variables by £ = /A, we see
that (95) becomes

Z///eiilé(f—‘l‘j(‘1=‘1))_)”p(t))tm+1Emao(q)dqdédl- (96)

TR, 090

To understand the A asymptotics of this oscillatory integral, we apply the method of
stationary phase. First assume L; is a simple nondegenerate length. On the critical
set, d; g 4(§(t — W;(q.q)) —t) = 0, which implies

t=¥;(q.9),
£E=1,

Hence, (94) is given by

+ oAV, 97)

@ry¥2am12 Y elm/4en He“(;f (q =‘1))p(\P,-1§c21, 4))a0(q)
it 1B @)

Recall that periodic orbits of rotation number 1/; arise from critical points of the
J-loop function, i.e., d;¥; (¢, g) = 0 implies that the geodesic loop of j reflections
based at g is actually a periodic orbit. Since L; was assumed to be simple, correspond-
ing to a unique nondegenerate orbit, there are precisely j such boundary points ¢ and
the sum in (97) is actually finite. It is shown in [33, Theorem 3] that nondegeneracy
of y also implies 831 (¥;(q,q)) # 0. Now, by the formulas in [16], we know that for
a simple length L; corresponding to a nondegenerate periodic orbit of j reflections,
the leading asymptotic of the wave trace modulo Maslov factors is given by

— L; 1 1
Zcos thj = detl = P2 (t—L; +i0)"" modL,; (R), (98)

where P, is the Poincare map associated to the unique periodic orbit y of length L ;.
Formulas in [24] tell us that the Fourier transform of the right-hand side of (98) is
a constant multiple of the Heaviside function. Comparing degrees of homogeneity
in (97) and (98) immediately implies that m = 1/2.
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If there are infinitely many critical points of W;(g, ¢) in the phase of (97), the
analysis is more subtle. For example, Poncelet us theorem for elliptical billiards actu-
ally implies that periodic orbits of a fixed length and rotation number come in one
parameter families. For j sufficiently large, every boundary point is the base point for
a unique periodic orbit tangent to a single confocal ellipse, making j reflections and
a single rotation. The lengths of these orbits are independent of the base point, which
implies d;W¥; (g, q) vanishes identically. In this case, ¥;(q,q) = L; and applying
stationary phase to (96) yields

2" (L) [ an(aydg +0 (47, 99)
1]

While the expansion (98) is no longer valid for high length spectral multiplicity, the
formulas in [19, 55] show that the variation of the wave trace near such a period in
the length spectrum is a distribution of the form d; Re(t — L; + i0)~>/2 for some
constant d;. Formally, the wave trace has one higher degree of regularity than its
variation, which suggests that the wave trace is of the form ¢;(t — L; 4 i0)™3/2,
agreement with Theorem 1.7 and Corollary 1.8. Comparing this with the asymptotics
in (99) and formulas in [24] for the Fourier transform of homogeneous distributions,
we see again that m = —1 — (—3/2) = 1/2. The order of aé was also confirmed in
the recent paper [20].

in
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