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C* SPECTRAL RIGIDITY OF THE ELLIPSE

HAMID HEZARI AND STEVE ZELDITCH

We prove that ellipses are infinitesimally spectrally rigid among C* domains with the symmetries of the
ellipse.

An isospectral deformation of a plane domain 2 is a one-parameter family €2, of plane domains
for which the spectrum of the Euclidean Dirichlet (or Neumann) Laplacian A¢ is constant (including
multiplicities). We say that Q. is a C' curve of C* plane domains if there exists a C! curve of
diffeomorphisms ¢, of a neighborhood of 29 C R? with ¢o = id and with Q. = ¢ (2p). The infinitesimal
generator X = d¢./de is a vector field in a neighborhood of €y which restricts to a vector field along
0920; we denote by X, = pv its outer normal component. With no essential loss of generality we may
assume that ¢¢|yq, is a map of the form

X €0y — X + pe(X) vy, )

where p. € C'([0, €y], C*®(3)), €0 > 0 and py = 0. We put

P =8 (0 1= S| oo,

An isospectral deformation is said to be trivial if Q¢ >~ Q¢ (up to isometry) for sufficiently small €. A
domain € is said to be spectrally rigid if all isospectral deformations €2, are trivial. The domain 2 is
called infinitesimally spectrally rigid if o = O (up to rigid motions) for all isospectral deformations.

In this article, we use the Hadamard variational formula of the wave trace (apparently for the first
time) to study spectral rigidity problems (Theorem 2). Our main application is the infinitesimal spectral
rigidity of ellipses among C' curves of C* plane domains with the symmetries of an ellipse. We orient
the domains so that the symmetry axes are the x-y axes. The symmetry assumption is then that each ¢ is
invariant under (x, y) — (&x, £y).

Theorem 1. Suppose that Q is an ellipse and that Q. is a C' Dirichlet (or Neumann) isospectral
deformation of Qo through C*° domains with Z, x Z, symmetry. Then X, = 0 or equivalently p = 0.

As discussed in Sections 0.2 and 3.2, Theorem 1 implies that ellipses admit no isospectral deformations
for which the Taylor expansion of p. at € = 0 is nontrivial. A function such as e~!/ < for which the Taylor
series at € = 0 vanishes is called flat at ¢ = 0.
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Corollary 1. Suppose that Qq is an ellipse and that € — Q. is a C* Dirichlet (or Neumann) isospectral
deformation through 7, x 7, symmetric C*° domains. Then p. must be flat at € = 0. In particular, there
exist no nontrivial real analytic curves € — Q¢ of 7o x Z, symmetric C*° domains with the spectrum of

an ellipse.

Spectral rigidity of the ellipse has been expected for a long time and is a kind of model problem in
inverse spectral theory. Ellipses are special since their billiard flows and maps are completely integrable.
It was conjectured by G. D. Birkhoff that the ellipse is the only convex smooth plane domain with a
completely integrable billiard. We cannot assume that the deformed domains €2, have this property,
although the results of [Siburg 2000; Zelditch 1998] come close to showing that they do. The results are
somewhat analogous to the spectral rigidity of flat tori or the sphere in the Riemannian setting.

The main novel step in the proof is the Hadamard variational formula for the wave trace (Theorem 2),
which holds for all smooth Euclidean domains 2 C R” satisfying standard “cleanliness” assumptions. It
is of independent interest and may have applications to spectral rigidity beyond the setting of ellipses.
We therefore present the proof in detail. (See also [Golse and Lochak 2003], where a variational formula
for the Selberg’s trace formula on compact Riemann surfaces is derived.)

The main advance over prior results is that the domains €2, are allowed to be C* rather than real
analytic. Much less than C* could be assumed for the domains €2, but we do not belabor the point. For
real analytic domains a length spectral rigidity result for analytic domains with the symmetries of the
ellipse was proved in [Colin de Verdiere 1984]. The method does not apply directly to A-isospectral
deformations of ellipses since the length spectrum of the ellipse may have multiplicities and the full
length spectrum might not be a A-isospectral invariant. If it were, then Siburg’s results would imply that
the marked length spectrum is preserved [Siburg 1999; 2000; 2004]. In [Zelditch 2009; 2000] it is shown
that analytic domains with one symmetry are spectrally determined if the length of the minimal bouncing
ball orbit and one iterate is a A-isospectral invariant. The prior results on A-isospectral deformations
that we are aware of are contained in the articles [Guillemin and Melrose 1979a; Popov and Topalov
2003; 2012] and concern deformations of boundary conditions. To our knowledge, the only prior results
on A-isospectral deformations of the domain are contained in [Marvizi and Melrose 1982]. Marvizi
and Melrose [1982] introduce new spectral invariants and prove certain rigidity results, but they do not
apparently settle the case of the ellipse (see also [Amiran 1993; 1996] for further attempts to apply them
to the ellipse). It would be desirable to remove the symmetry assumption (to the extent possible), but
symmetry seems quite necessary for our argument. Further discussion of prior results can be found in the
earlier arXiv posting of this article [Hezari and Zelditch 2010].

0.1. Theorem on variation of the wave trace. We now state a general result on the variation of the wave
trace on a domain with boundary under variations of the boundary.
To state the result, we need some notation. We denote by

sin(rv/=Ap )
—Ag

the even and odd wave operators of a domain 2 with boundary conditions B. We recall that E(¢) has a

Ep(1) =cos(ty/—Ap) and Sp(t) = (2)
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distribution trace as a tempered distribution on R. That is, Ep(p) = fR o(t)Ep(t)dt is of trace class for
any ¢ € C3°(R); we refer to [Guillemin and Melrose 1979b; Petkov and Stoyanov 1992] for background.

The Poisson relation of a manifold with boundary gives a precise description of the singularities of
this distribution trace in terms of periodic transversal reflecting rays of the billiard flow, or equivalently
periodic points of the billiard map. For the definitions of “billiard map”, “clean”, “transversal reflecting
rays”, etc., we refer to [Guillemin and Melrose 1979a; 1979b; Petkov and Stoyanov 1992]. A periodic
point of the billiard map g8 : B*92 — B*92 on the unit ball bundle B*0Q2 = {(¢g,¢) € T*0R2; || < 1}
of the boundary corresponds to a billiard trajectory, i.e an orbit of the billiard flow ®’ on $*Q. We define
the length of the periodic orbit of 8 to be the length of the corresponding billiard trajectory in S*€2. Note
that the period of a periodic point of 8 is ambiguous since it could refer to this length or to the power
of 8. We also denote by Lsp(£2) the length spectrum of €2, that is, the set of lengths of closed billiard
trajectories. The perimeter of €2 is denoted by [9€2].

In the following deformation theorem, the boundary conditions are fixed during the deformation and
we therefore do not include them in the notation. We also do not include € in our notation for A even
though all Laplacians below are associated with €2, and hence dependent on e.

Theorem 2. Let Qg C R" be a C* convex Euclidean domain with the property that the fixed point sets of
the billiard map are clean. Then, for any C" variation of Qg through C*® domains Q. the variation of the
wave traces 8 Tr cos(ta/—A ), with Dirichlet (or Neumann) boundary conditions is a classical conormal
distribution for t # m|dQ2q| (m € Z) with singularities contained in Lsp(S2). For each T € Lsp(£2p) for
which the set Fr of periodic points of the billiard map B of length T is a d-dimensional clean fixed point
set consisting of transverse reflecting rays, there exist nonzero constants Cr independent of p such that,
near T, the leading order singularity is

S Trcos(ta/—A) ~ % 5}%{( Z Cr f PV dﬂr) (t — T+i0+)_2_(d/2)},
r

cFr

. .. . d
modulo lower order singularities. The sum is over the connected components I" of Fr. Here § = —

d
and y1(q. ) = VI —[C . ‘

The function y; on B*9€2 is defined in (27) and appeared earlier in [Hassell and Zelditch 2004]. The
densities d ur on the fixed point sets of 8 and its powers are very similar to the canonical densities defined

e=0

in Lemma 4.2 of [Duistermaat and Guillemin 1975], and further discussed in [Guillemin and Melrose
1979a; Popov and Topalov 2003; 2012]. The constants Cr are explicit and depend on the boundary
conditions. We suppress the exact formulae since we do not need them, but their definition is reviewed in
the course of the proof.

To clarify the dimensional issues, we note that there are four closely related definitions of the set of
closed billiard trajectories (or closed orbits of the billiard map). The first is the fixed point set of the
billiard flow ®7 at time T in T*Q. The second is the set of unit vectors in the fixed point set. The third
is the fixed point set of the billiard flow restricted to 7,2, the set of covectors with foot points at the
boundary. The fourth is the set of periodic points of the billiard map 8 on B*3€2 of length 7', where as
above the length is defined by the length of the corresponding billiard trajectory. The dimension d refers
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to the dimension of the latter which we show by F7. In the case of the ellipse, for instance, d = 1; the
periodic points of a given length form invariant curves for §.

To prove Theorem 2, we use the Hadamard variational formula for the Green’s kernel to give an exact
formula for the wave trace variation (Lemma 1). We then prove that it is a classical conormal distribution
and calculate its principal symbol.

It is verified in [Guillemin and Melrose 1979a] that the ellipse satisfies the cleanliness assumptions.

Corollary 2. For any C! variation of an ellipse through C™ domains Q., the leading order singularity
of the wave trace variation is

8 Treos(1+/~A) ~§m{( > cp/pyl dw) (t—T+i0+)_5/2},
r
I'cFr

modulo lower-order singularities, where the sum is over the connected components " of the set Fr of
periodic points of B (and its powers) of length T.

0.2. Flatness issues. We now discuss an apparently new flatness issue in isospectral deformations. The
rather technical assumption that €, is a C' family of C* domains rather than a C* family in the €
variable is made to deal with a somewhat neglected and obscure point about isospectral deformations.
Isospectral deformations are curves in the “manifold” of domains. The curve might be a nontrivial C*
family in € but the first derivative p might vanish at € = 0. Thus, infinitesimal spectral rigidity is at least
apparently weaker than spectral rigidity. We impose the C! regularity to allow us to reparametrize the
family and show that the first derivative of any C' reparametrization must be zero. This is not the primary
focus of Theorem 1, but with no additional effort the proof extends to the C' case.

This flatness issue does not seem to have arisen before in inverse spectral theory, even when the main
conclusions are derived from infinitesimal rigidity. The main reason is that first-order perturbation theory
very often requires analytic perturbations (i.e., analyticity in the deformation parameter €), and so most
(if not all) prior results on isospectral deformations assume that the deformation is real analytic. But our
proof is based on Hadamard’s variational formula, which is valid for C! perturbations of domains and
so we can study this more general situation. Further, the prior spectral rigidity results [Guillemin and
Kazhdan 1980] are proved for an open set of domains and metrics and therefore flatness at all points
implies triviality of the deformations. We are only deforming the one-parameter family of ellipses and
therefore cannot eliminate flat isospectral deformations by that kind of argument. We also note that there
could exist continuous but nondifferentiable isospectral deformations.

0.3. Pitfalls and complications. The route taken in the proof of Theorem 1, and the flatness issues just
discussed, reflect certain technical issues that arise in the inverse problem.

First is the issue of multiplicities in the eigenvalue spectrum or in the length spectrum. The multiplicities
of the A-eigenvalues of the ellipse (for either Dirichlet or Neumann boundary conditions) appear to be
almost completely unknown. If a sufficiently large portion of the eigenvalue spectrum were simple (i.e., of
multiplicity one), one could simplify the proof of Theorem 1 by working directly with the eigenfunctions
and their semiclassical limits (as in the first arXiv posting of this article, [Hezari and Zelditch 2010]).
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The dual multiplicity of the length spectrum is also largely unknown for the ellipse. Without length
spectral simplicity one cannot work with the wave trace invariants. Our proof relies on the observation in
[Guillemin and Melrose 1979a] that the multiplicities have to be one (modulo the symmetry) for periodic
orbits that creep close enough to the boundary.

Second is the issue of cleanliness. Theorem 2 and Corollary 2 would apply to any of the deformed
domains €2, if the fixed points sets were known to be clean. One could then use the conclusion of
Corollary 2 to rule out flat isospectral deformations. However, we do not know that the fixed point sets are
clean for the deformed domains even though we do know that they have the same wave trace singularities
as the ellipse. Equality of the wave traces for isospectral deformations of ellipses shows that the periodic
points of 8 of 2. can never be nondegenerate. Hence the deformations are very nongeneric. It is plausible
that equality of wave traces forces the sets of periodic points to be clean invariant curves of dimension
one. But we do not know how to prove this kind of inverse result at this time.

1. Hadamard variational formula for wave traces

In this section we consider the Dirichlet and Neumann eigenvalue problems for a C! one-parameter family
of smooth Euclidean domains 2. C R”,

{ —Ap¥j(€) =23 (e)¥;(€) in Q,

B.V(e) =0, ©)

where the boundary condition B could be B.W;(e) = W;(€)|yq, (Dirichlet) or 9,,W;(€)[ye, (Neumann).
Here, )»? (¢) are the eigenvalues of —Ap_, enumerated in order and with multiplicity, and 9,, is the interior
unit normal to 2.. We do not assume that A?(e) and W;(¢) are Cline.

We will use Hadamard’s variational formula for the variation of Green’s kernels, and adapt the formula
to give the variation of the (regularized) trace of the wave kernel. Our references are [Garabedian 1964;
Peetre 1980; Fujiwara et al. 1978; Ozawa 1982; Fujiwara and Ozawa 1978].

To state our main variational Lemma 1 we introduce some notation. We denote by dg the surface
measure on the boundary 92 of a domain €2, and by ru = u|3q the trace operator. We use Sg (t,q',q) €
%' (R x 02 x 9R2) for the following boundary traces of the Schwartz kernel Sg(z, x, y) € @'(R x R” x R")
of Sp(t) defined in (2):

Fq'Tq0v,0v,Sp(t. 4. q) (Dirichlet),

Sp(t.q' )= @

V;VqTrq/rqSN (t,q'.q)+ryrg Ay Sn(t,q',q) (Neumann).
Here, the subscripts ¢’, g refer to the variable involved in the differentiating or restricting. According
to convenience, we may also indicate this by subscripting with indices 1, 2, referring to the first and
second variables in the kernel. For instance,

a

0
9 K(q/? Q) = _K(q/’ q)
Vq/

0y,

We may also use the notations d,, and d/dv interchangeably to refer to the inward normal derivative. Here,
VT corresponds to tangential differentiation which is the gradient associated to the hypersurface 3<2.
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Lemma 1. The variation of the wave trace with boundary conditions B is given by

t .
5TrEB(t)=§f S (.4, 0)5() dq.
9920

We summarize by writing
§TrEg(t) = %Trago p Sh.

Here, § = i|E:0 and the equality is understood in the sense of distributions; meaning if ¢ € C§”(R) then

de
sl [oeswar) = [ ([ Loosieand)iwa

We note that the right hand side is well defined because the kernel of the operator [ ¢(r)Sg,(¢) dt is
smooth up to the boundary.

We prove the lemma by relating the variation of the wave trace to the known variational formula for
the Green’s function (resolvent kernel). We now review the latter.

1.1. Hadamard variational formula for Green’s function. Here by the Green’s function Gp_(A, x, y) of
2., with the boundary condition B, we mean the integral kernel of the resolvent Rp(A) = (—Ap,_— A2)~1
where I\ > 0. We also define Rg()) for A € R by Rz (A +i0") (that the limit exists follows, for example,
from Theorem 3.1.11 of [Hormander 1983]). The variational formula below is valid for both of these
resolvents (also for IJA < 0). Since the domains of Gp_ (%, x, y) depend on € we first have to make our
definition of § precise.

Definition. Let u, € C'([0, 9], 9'(R2)) with €y > 0, be a C! family of distributions in Q.. We use i,
or 1 to represent the first variation of u, at € = 0 as a distribution in Qq:

_d
" de

We note that if o € C;°(£20) then for € small supp(a) C €2, and therefore we can define du. by

Sue Ue.

e=0

Guo@=-L| @e@).

However, the problem with this definition is that it defines «# only in the interior of €2y and not at the
boundary even if u. is defined there. Below we will see another definition of i, using diffeomorphisms,
which resolves this issue.

In the statement of the formulas we will not include € in our notation. In the Dirichlet case, the classical
Hadamard variational formula states that, under a C' deformation €2,

0 d .
5GD()»,x,y)=/ 8—GD()»,X,61)8—GD()»,61,y)P(Q)dCI- (5)
3 V2 V1

In the Neumann case,

SGn(A, x,y)

=/Q v{GNu,x,q)-VITGNu,q,y)p(q)dq—Az/Q GnOLx, Q)G (A, q, )p(q)dg.  (6)
320 9820
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We briefly review the proof of the Hadamard variational formula to clarify the definition of G g (X, x, y)
and of the other kernels. We give the proof for the variation of the resolvent Rp(A) with I\ > 0. From
this we can obtain the analogous formula for § R (A +i0") by taking IA — 0. Following [Peetre 1980],
we write the inhomogeneous problem

(A= u=f in QL eC, Jr>0),
u=0 (resp. d,u =0) on I,

in terms of the energy integral

E(u,v):/ Vu-Vvdx—)?/uvdx:/ v(—A—Az)udx—/ vo,udgq,
Q Q Q El9’

where 9, is the inward unit normal. The inhomogeneous problem is to solve

E(u,v)z/ fvdx,
Q

where v is a smooth test function which vanishes to order 1 (resp. 0) on 92 for the Dirichlet (resp.
Neumann) problem. We denote the energy density by e(u, v) = Vu - Vv — A2uv.

We now vary the problems over a one-parameter family of domains. We use one-parameter families
of smooth diffeomorphisms ¢, of a neighborhood of ¢ C R" to define the one-parameter families
Q¢ = ¢ () of domains. We assume ¢, to be a C! curve of diffeomorphisms with ¢y = id.

The variational derivative of the solution is defined as follows: Let u, be a C' curve of functions in
H*(R2). Then ¢}u. € H*(20) and d(¢}u.)/de is a continuous curve in H*(€2p). Put

d

d
= %Lzowe and Oyu = Tc E:O(pjue.

Assume that ug € H*+t1(Qq). Then i, defined by
i =0xu— Xuop,

exists in H*(£2p). This gives a new definition of & which has a well-defined restriction to d€2¢ (for s > 1),
and it agrees with u defined above in the interior of 2. Further, let v be a test function on ¢ and use

@ *v as a test function on . Now rewrite the boundary problems as

/ e(ue, (=) v) dx = / (@) ) dx.
Qe Qe

Changing variables, one pulls back the equation to €2 as

/ ec(@lue, Vgidx = | (@ fverdx,
Q() Q0

where

—1x —1x

eé (w? v) = (p:(e(gog w’ (pe v))
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Then, by the computations of [Peetre 1980, (8) and (10)] we have

/ w(—A —2Hvdx
Qo

A2 Joq, #ovpdg  (Dirichlet),

:/ fvdx—l—/ fv,i)dq+/ (Vuo~VU—)»2M0U),5dQ+{ N
Qo 9 9820 0

(Neumann).

To obtain (5)—(6), at least formally, one puts
ue(x) =Gp, (A, z,x), v(x)=Gp,(%,y,x), felx)=235.(x)

where z € Q. Thus it(x) =38G (A, z, x) and f = 0. Since z € £ we have z € Q. for sufficiently small
€ and one easily verifies that (7) implies (5)—(6). The Green’s kernel depends on € as smoothly as the
coefficients of operator A, on €2 defined by the pulled back energy form.

1.2. Proof of Lemma 1. Rather than the Green’s function, we are interested in the Hadamard variational
formula for the wave kernels Eg(¢), Sp(¢) in (2), or more precisely, for their distribution traces. We will
give two proofs for the lemma.

First proof. By the definition of the distribution trace, we only need the variational formula for traces
of variations 8 fR eM @(I)E p(t) dt of integrals of these kernels against test functions @(t)ei“ € C°(R),
which are simpler because the Schwartz kernels are smooth.

We derive the Hadamard variational formula for wave traces from that of the Green’s function by using
the identities

oo
—iARp(\) = / eMEg(t) dt, %Sg(t) = Ep(1). ®)
0
Using integration by parts (and IA > 0), we get
OO .
Rp(L) = / ™ Sp(1)dt. 9)
0

We will assume that 1} is supported in R} since in the wave trace we localize its support to the length of
a closed geodesic. Hence by (8),

f J (0™ Eg(t)di = / v / " 0 By () di di
R R 0

——i [ V06— RaG~ 0 . (10)

This implies that

8 /R Y ()e™ Ep(t)dt = —i fR (), — SR (A — ) dpu.

That we can pass 6 under the integral sign can be justified using the dominated convergence theorem and
we leave the proof to the reader. In the Dirichlet case, it follows from (10), (5), (8) and (9) that



C% SPECTRAL RIGIDITY OF THE ELLIPSE 1113
8/ (e Ep(t, x,y)dt
R
=i [(G=0v @) [ 8.Go0 = . @) Gol~ . 5@ da dn
R 982
o0 . ;
=/f e‘“_“)’xlf(u)f 3 Ep(t,x,q)d,Gp(h — 1, q, )p(q) dg du dt
R JO Q2
o0 o0 . ,
_ / / / GOy [ o En, x, )0 Sp(t g, )6(q) dg dpudt di’
R JO 0 0920
o0 o0 . A
:/ / e’”’“)x//(t-i—t/)f o, Ep(t,x,9)0,,Sp(t',q,y)p(q)dqdt dt’
0 0 020
o0 . n T
:/ / e’“lﬁ(r)(/ BVZED('E—t/,x,q)avlSD(t’,q,y)d/)/i(q)dqdr.
0 0920 0

The inner integral is the same if we change the argument of Ep to ¢’ and that of Sp to T — ¢'. We then
average the two, set x = y, integrate over 2o and use the angle addition formula for sin to obtain

5Tr f b (e Ep(tydi = L / / O 0,0, Sp (1, 4, )P (@) di dg. (11
R 2 Joo, Jr

The proof in the Neumann case is similar and left to the reader. We notice that in the above argument we
have commuted the operations é and Tr:

5Tr/ U (e Ep(1) dt=Tr5f U ()e™ Ep(1) dt. (12)
R R

To show this we first put K.(x, y) = fR @(t)e“"ED(t, x,y)dt. We then note that K. (x, y) is a C! curve
in C®(Q. x ), in the sense that (d /de)pt Ke(x, y) is a continuous curve in C®(Qo x Qo). Therefore
both traces in (12) are the integrals of their corresponding kernels on the diagonal and hence (12) is

/Ks(x,x)dxzf 4
e=0 QE QO d€

However we have to be careful since the domain of integration on the left hand side depends on € and under

equivalent to

4
de

Kc(x,x)dx.

e=0

the variation it contributes an integral along the boundary. More precisely, since (d/de)p}(K:(x, x)) is a
continuous curve in C*® () and hence uniformly bounded, by the dominated convergence theorem

4a
de

d . )
SZO/SZEKG(X’X)dx:E‘e:OLO we(Ke(X,x))qof(dx)

d .
=/ — Ke(x,x)dx+/ Ko(g,q)p(q) dq.
Q0 de e=0 Q0

But the second integral is zero in the Dirichlet case because Ky(gq, ¢) = 0 for all g € 9L2y. (Note: this
term does not vanish in the Neumann case but it cancels out with a term which appears in the analogous
computations). This concludes the first proof of Lemma 1. U
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Second proof. This derivation is based on the Hadamard variational formulas for eigenvalues. When )»? 0)
is a simple eigenvalue (i.e., of multiplicity one), Hadamard’s variational formula for Dirichlet eigenvalues
of Euclidean domains states that if € — 2 is C! then

5(2(e) = /8 0@ (@) da,

where W; is an L? normalized eigenfunction for the eigenvalue A2 (0). See [Garabedian 1964]. However

if the eigenvalue Az (0) is multiple with multiplicity m (2 ;(0)) and if {Az k( )}Z(1 1O is the perturbed set

of eigenvalues, then we cannot assume that Af’ (€) are Cline (although this is known to be true for
symmetric operators on finite-dimensional spaces. See, for example, Theorem I1.6.8 of [Kato 1980]). But

x 0
i )) k(e) is C! in € and there exists a Hadamard’s variational formula

as we shall see, the sum ),
for it which can be derived from the one for Green’s function. In fact we prove a slightly more general
statement. For the sake of convenience we let R B.(z2) = (—Ap — z)~! where z ¢Spec(—A B.) and we
use G B.(z, x, y) for its integral kernel. Now let g(z) be a holomorphic function on the right half-plane

N(z) > 0. We will show that

m(X;(0)) m(2;(0))
5 Z g7 () =—g'(W30) > m@vw,-,k(q))zp(q)dq, (13)
k=1 0

where {W; i }Z('\l 7O 5 an orthonormal basis for the eigenspace of the multiple eigenvalue k? (0). Lemma 1

follows easily from (13) by putting g(z) = cos(f4/z):

m(%;(0))

in(15.;(0
STrEp(t) =58 Y cos(thji) = —tZ% ( > (av‘l’j,k)zb(q)dCI)
; j

k=1 v9%
=§/ D1, 00, S5(1. 4. 0)5(q) dg.
9920

We have pushed the operation § under the sum. This can be done because for a test function ¢ (¢) the sums

> / cos(thjx(€)p(t)dt and / %Cos(tkj,k(e))go(t)dt

are (by Weyl’s law) uniformly convergent in €.
It remains to prove (13). Let y be a circle in C centered at A?(O) such that no other eigenvalues of
—Ap, are in the interior of y or on y. We define

Tye = ll/g(sz () dz.

T 2mi

By the Cauchy integral formula, it is clear that at € = 0 we have T, o = g(PAz «0)) Where PAZ(O) is the
orthogonal projector on the eigenspace of AZ(O) Since the eigenvalues kz %€ Vary contmuously in €, for
€ small these are the only eigenvalues of — A B, in y. Therefore Ty . is the total projector (the direct sum
of projectors) associated with {Ai (€}, The operator Ty ¢ is C Uin €. See, for example, Theorem I1.5.4
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of [Kato 1980]. Although this theorem is stated for operators on finite dimensional spaces but the same
proof works for our case. It is basically because the resolvent (and so the Green’s function) is C! in e.
We now write

m(;(0))

5 3 g(2,(€) =8Tr(Ty) = —Tr = / g(2)8Rp, (2) dz
Y

21
k=1

1 9 9 )
—fQO me/ %g(z)a—UGD(z,x,q)a—vGu(z,q,x)p(q)dqudx

= [ | T Z(a W@ (U0 g) e d d

m(%;(0))

6500 3 / (0,9 kls,)* (@) dg.

We leave it to the reader to show that, on the first line one can commute § with Tr by means of the
dominated convergence theorem.

There exist similar Hadamard variational formulas in the Neumann case. When the eigenvalue is
simple, we have

8(:) = fa . (VI (¥ @) * = 2350)(¥;(9)?) p(q) dq. (14)

For a multiple eigenvalue we sum over the expressions over an orthonormal basis of the eigenspace. The
result does not depend on a choice of orthonormal basis. Similar computation using (14) follows to show
Lemma 1 for the Neumann case. O

2. Proof of Theorem 2

We now study the singularity expansion of 8 Trcos(t+/—Ap) and prove Theorem 2. At first sight, one
could do this in two ways: by taking the variation of the spectral side of the formula, or by taking the
variation of the singularity expansion. It seems simpler and clearer to do the former since we do not
know how the invariant tori of the integrable elliptical billiard deform under an isospectral deformation.
For example, one difficulty in taking the variation of the singularity expansion is that we do not know
whether the fixed point set of an isospectral deformation €2, of domain €2 (satisfying the conditions of
Theorem 2) is necessarily clean. Hence, even though we know that the wave trace of Q¢ has the same
type of singularity as the one for €2¢, but we cannot apply the method of stationary phase and compute
the principal term in the singularity expansion of the wave trace of €2..

In this section we will drop the subscript 0 in Qg and we assume €2 is a smooth convex domain.

The variational formula for § Tr cos(t+/—Ap) is given in Lemma 1. In the Dirichlet case, by (4),

Traq 6 S = A*p (r1r2Ny, Ny Sp(t, X, y)), (15)
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where N, is any smooth vector field in €2 extending v, and where the subscripts indicate the variables on
which the operator acts. In the Neumann case by (4),

Traq 6 Sy =7 A*p (V] V3 rira+rira A) Sy (1, x, ). (16)

Here, A : 92 — 9Q x 02 is the diagonal embedding ¢ — (g, ¢) and 7, (the pushforward of the natural
projection 7 : 32 X R — R) is the integration over the fibers with respect to the surface measure dq.
The duplication in notation between the Laplacian and the diagonal is regrettable, but both are standard
and should not cause confusion. Since Sp(¢, x, y) is microlocally a Fourier integral operator near the
transversal periodic reflecting rays of Fr, it will follow from (15) that the trace is locally a Fourier integral
distribution near t =T .

We are assuming that the set of periodic points of the billiard map corresponding to space-time billiard
trajectories of length 7' € Lsp(€2) is a submanifold F7 of B*9Q2. We thus fix T € Lsp(£2) consisting
only of periodic reflecting rays, that is, we assume T # m|d€2| (]0€2| being the perimeter) for m € Z.
In order to study the singularity of the boundary trace near a component Fr of the fixed point set, we
construct a pseudo-differential cutoff xr = xr (¢, D;, q, Dy) € UO(R x Q) whose complete symbol
xr(t, 7, q, ¢) has the form xr(q, ¢/t) with xr(y, ¢) supported in a small neighborhood of the fixed
point set Fyr C B*9€2, equals one in a smaller neighborhood, and in particular vanishes in a neighborhood
of the glancing directions in $*9Q2 = 9(B*9€2). Since the symbol of xr is independent of ¢ we will
instead use x7(Dy, q, D;). We may assume that the support of the cutoff is invariant under the billiard
map . Therefore we need to study the operator

T A* p x1(Di,q', D) xr(Dy, q, Dy)Sh, (17)

and compute its symbol. To do this we first study the operators r and Sg(¢) and review their basic
properties. Next we study the composition

XT(Dl‘v q/’ Dq')XT(Dl" qv Dq)ng

and compute its symbol. Finally in Lemma 7 we take composition with 7, A* p and calculate the symbol
of (17).

2.1. FIOs and their symbol. We recall that the principal symbol o; of a Fourier integral distribution
I= /RN e a(x,0)d0, Tel™M,A,),
of order m is defined in terms of the parametrization
ty 1 Co =1{(x,0) :dpp =0} — (x,drp) € Ay C T*M

of the associated Lagrangian A. It is a half-density on Ay given by o7 = (l )«(aoldc, |1/2), where aq is
the leading term of the classwal symbol a € Sm+4*7(M x RV, n = dim M and

de = dc
S " ID(c, ¢)/D(x, )|
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is the Gelfand—Leray form on C,, where c is a system of coordinates on C,. For notation and background
we refer to [Hormander 1985b, Chapter XXV]. When [ (x, y) € I"(X x Y, A) is the kernel of an FIO it
is very standard to use the symplectic form wy — wy on X x Y and define

ty:Cp=A{(x,y,0) :dgp =0} > (x,dxp, y, —dyp) € Ay CT*X x T*Y.
We will call A, the canonical relation of I(x, y).

2.2. The restriction operator r as an FIO. The restriction r to the boundary lies in / 4QQ xR, Tya),
with the canonical relation

Toa={(q.2,9.8) e T*IQ x TjoR"; &|r,00 =} (18)
The adjoint then satisfies 7* € I'/4(R" x 3R, '), where
Mo =1a.§.4,0) € TjoR" x T* 98 7,00 = ¢ }.

Here, T;,R" is the set of covectors to R" with footpoint on d€2. We parametrize I'yq (18) by Ta*s;r (R2),
the inward pointing covectors, using the Lagrange immersion

ir,0 (@, &) =(q, &l1,09), 9, §)- (19)

To prove these statements, we introduce Fermi normal coordinates (g, x,,) along 0€2, thatis, x =exp, g (xXnvg)

where v, is the interior unit normal at g. Let§ = (¢, §,) € T{; )

dual fiber coordinates. In these coordinates, the kernel of r is given by

R" denote the corresponding symplectically

r(q, (q/, x;l)) — Cn/ ei(q—q/’l)—ixéfndgnd;‘ (20)

n

The phase ¢(q, (¢', x,), (£, &) = (¢ — q’, ¢) — x,,&, is nondegenerate and its critical set is C, =
{(q. 49" x,,64,8):q" = g, x,, = 0}. The Lagrange map ¢, : (¢, 4, 0,4,,¢) — (q.¢,q,¢, &) embeds
Cy — T*0Q x T*R" and maps onto I'3o. The adjoint kernel has the form K*(x, g) = K(g, x) and
therefore has a similar oscillatory integral representation. It is clear from ((20)) that the order of r as an
FIO is %. Also, in the parametrization (19), the principal symbol of r is o, = |dg Ad¢ A dE,|'/%.

2.3. Background on parametrices for Sg(t). We first review the Fourier integral description of Ep(¢),
Sp(¢) microlocally near transversal reflecting rays. This is partly for the sake of completeness, but mainly
because we need to compute their principal symbols (and related ones) along the boundary. Although
the principal symbols are calculated in the interior in [Guillemin and Melrose 1979b, Proposition 5.1;
Marvizi and Melrose 1982, Section 6; Petkov and Stoyanov 1992, Section 6], the results do not seem
to be stated along the boundary (i.e., the symbols are not calculated at the boundary). The statements
we need are contained in Theorem 3.1 of [Chazarain 1976] (and its proof), and we largely follow its
presentation.

We need to calculate the canonical relation and principal symbol of the wave group, its derivatives and
their restrictions to the boundary. We begin by recalling that the propagation of singularities theorem for
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the mixed Cauchy—Dirichlet (or Neumann) problem for the wave equation states that the wave front set
of the wave kernel satisfies
WF(Sp(t, x. ) C | Ax,
+

where AL ={(t,7,x,&, y,n): (x,&) = D' (y,n), T ==£[nly} C T*(R x 2 x Q) is the graph of the
generalized (broken) geodesic flow, that is, the billiard flow ®’. For background we refer to [Guillemin
and Melrose 1979b; Petkov and Stoyanov 1992; Chazarain 1973; 1976; Hormander 1985a, Theorem
23.1.4; 1985b, Proposition 29.3.2]. For the application to spectral rigidity, we only need a microlocal
description of wave kernels away from the glancing set, that is, in the hyperbolic set microlocally near
periodic transversal reflecting rays. In these regions, there exists a microlocal parametrix due to Chazarain
[1976], which is more fully analyzed in [Guillemin and Melrose 1979b; Petkov and Stoyanov 1992] and
applied to the ellipse in [Guillemin and Melrose 1979a].

The microlocal parametrices for Eg and Sp are constructed in the ambient space R x R" x R". Since
Ep=dSp/dt it suffices to consider the latter. Then there exists a Fourier integral (Lagrangian) distribution,

oo
Spt,x )= Si(t.x,y), with S; e T R x R x R", T]),
j=—00
which microlocally approximates Sg (¢, x, y) modulo a smooth kernel near a transversal reflecting ray.
The sum is locally finite hence well-defined. The canonical relation of Sp is contained in a union

Fr= | JricT* ®xR" xR
+,jez

of canonical relations Fi corresponding to the graph of the broken geodesic flow with j reflections.
Notice we let j € Z which is different from [Chazarain 1976] where j goes from 0 to co and where the
two graphs Fi and F;j are combined.

We know discuss these graphs more precisely. We first recall some useful notation from [Chazarain
1976] with a slight adjustment. We have two Hamiltonian flows g*' corresponding to the Hamiltonians
+[n|. For (y, n) in T*Q or (y, n) in T;,R" where 7 is transversal to d€2 and is pointing inward, we define

ti(y,n) =inf{r > 0:wg* (y, ) € 32},
11! (v, m) =sup{t <0:7g™ (v, 1) € 9Q2}.

In this notation we have ¢ I = —t}F. We define ti inductively for j > O (resp. j < 0) to be the time of
j-th reflection for the flow g*' as ¢ increases (resp. decreases). Then we put

1 W
ALy, ) = gm0 (y, ) € TR,
_ -1
A ) =g O (y, ) € TyR™

o —

Next we define AL (y, n) to be the reflection of )»i(y, n) at the boundary. That is, it has the same
foot point y and the same tangential projection as A (y, n) but opposite normal component. Similarly
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we define 23" (y, n). Flowing AL(y, n) (resp. 23" (y, m)) by g
continuing the same procedure we get ti(y n) and A’ (y, ) for all j € Z. We also set Ti = Zk 1 1 K for

J >0andeE_Zk:_1 tk for j < 0.

The canonical graph I']. can now be written as
i (o g Gumsym s T =) j=0, on
i =
[, 7, g=0-Ti0 ML (o Lum.y.miTt==xnly} jez, j#0.

For each j € Z, | .. F:Jt is the union of two canonical graphs, which we refer to as its branches or
components (see Figure 3.2 of [Guillemin and Melrose 1979b] for an illustration). These two branches

+ as t increases (resp. decreases) and

arise because
Sp(t) = 1 (ei’V_AB —e_”V_AB)
2i/—Ap
is the sum of two terms whose canonical relations are respectively the graphs of the forward/backward
broken geodesic flow and which correspond to the two halves T > 0, T < 0 of the characteristic variety

—|n]? = 0 of the wave operator.

2.3.1. Symbol of Sp(t, x,y) in the interior. In the boundaryless case of [Duistermaat and Guillemin
19751, the half-density symbol of '’ ~2¢ is a constant multiple (Maslov factor) of the canonical graph

172 on T'y. in the graph parametrization (¢, y,n) — I'y =

volume half-density .. = |dt A dy A dn|
(t, Inlg, &' (¥, n), y. ). In the boundary case for Eg(t) the symbol in the interior is computed in Corollary
4.3 of [Guillemin and Melrose 1979b] as a scalar multiple of the graph half-density. It is a constant

multiple of the graph half-density
Ocant = |dt Ady Adn]'? (22)

in the obvious graph parametrization of Fi in (21); the constant equals 5 in the Neumann case and
5( 1)/ in the Dirichlet case. However in [Guillemin and Melrose 1979b] the symbols are not calculated
at the boundary.

Remark. We will have four modes of propagation at the boundary: in addition to the two & branches
corresponding to T > 0 and t < 0, at the boundary, the boundary condition requires two modes of
propagation corresponding to the two “sides” of d€2. To illustrate this we first discuss a simple model of
the upper half space.

2.3.2. Upper half space; a local model for one reflection. Let R% = {(x’, x,) € R""! x R : x,, > 0} be
the upper half space. Denote by Sy (7, x, y) the kernel of sin(t+/—A)/+/—A of Euclidean R". Then
Sp(t, x,y) = So(t, x, y) — So(t, x, y),
Sn(t, x,y) = So(t, x, y) + So(t, x, y*),
where y* € R” is the reflection of y through the boundary R"~! x {0}. Indeed, y — y* is an isometry,

so both kernels satisfy [JEg = O (in either the x or y variable) and have the correct initial conditions
since y* ¢ R’ . Further they satisfy the correct boundary conditions: it is clear that Sp(z, x, y) = 0 if
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y € [R’}r_l x {0} since y* = y for such points. Also, if x, = 0 then Sp(¢, x, y) = 0 since Sp(¢, x, y) is
a function of the distance |x — y| and |x — y| = |x — y*| if x, = 0. Similarly, the normal derivative is
d/9yy, so the normal derivatives cancel for Sy (¢, x, y) when y, = 0. Also, So(z, x, ¥y*) = So(t, x*, y)
and Sy(t, x, y) = So(¢, y, x), so the same calculation applies in the x variable. The canonical relation
associated to Sy and Sp is the union of the canonical relations of Sy and of S§ = So(¢, x, y*). More
precisely, by our notation in (21),

WF(Sp(t,x,y)) cTouriurg’.

Note that this example is asymmetric in past and future: the forward trajectory may intersect boundary,
but then backward one does not. Also, in this example for j > 1 and j < —1 the graphs '/ are empty.

2.3.3. Symbol of Sp(t,x,y) at the boundary. Since we want to restrict kernels and symbols to the
boundary, we introduce further notation for the subset of the canonical relations lying over boundary
points. Following [Chazarain 1976], we denote by

AL =1{0, 7, y,n,y, 1) : T ==Enly}

the subset of Fi with £ = 0. Under the flow . of the Hamiltonian 7 £ |§|, on R x R”, it flows out to
the graph Foi (denoted by Ci in [loc. cit., (2.11)]). One then defines Ali - Fi (resp. A;l C F?E) as the
subset lying over R4 x 9€2 x € (resp. R_ x d€2 x €2). Still following Chazarain, we denote by & — ’S\the
reflection map for (¢, §) € T/R", g € 9K2. That is, /E\ has the same tangential projection as & but opposite
normal component. We then have

ri=JviAl and ri'=[Jvidy",
teR teR
as the flow out under the Euclidean space-time geodesic flow of ;11 and ;1\;1. Thus, along the boundary,
for t > 0 (resp. t < 0) Ai and ;ll (resp. A;l and ;4\;1) both lie in the canonical relation of Ep(t), Sp(t).
In a similar way one defines Ai to be the subset of Fle lying over Ry x 0€2 x 2 and A\i to be its reflection.
Then also A U Xzi lies in the canonical relation. Similarly one defines Ai and ;11 forall j € Z.

Remark. Since we are interested in the singularity of the trace at t = T > 0 we will only consider the
graphs I, for j > 0. Regardless of this, because § Tr Eg(t) is even in it has the same singularity at
t=Tandt=-T.

The symbols of Eg(t) and Sp(¢) are half-densities on the associated canonical relations, and therefore
are sums of four terms at boundary points, that is, there is a contribution from each of Ai and ;fi In the
interior, there is only a contribution from the £ components.

The following lemma gives formulas for the principal symbol of Sp (and therefore Ep) on Fi and its
restriction to 'y o (AﬂlE U Zi).

Lemma 2. Let e be the principal symbol of Sp when restricted to Ty = U i Fi. Let o, be the principal
symbol of the boundary restriction operator r.
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1. In the interior, on Fi, up to Maslov factors we have:

—_1)J —_1)J
Dirichlet case: ey = ( 21) Ocan,+ = Zl:(zio'can,j:-
T Inl
1 1
Neumann case: et = 5 Ocant = :I:z_acan,:t~
T nl

2. At the boundary, on I'yq o Aft =TIyqo A\Ji we have:

Dirichlet case: o, oei(tjj[, +7, Ai(y, n),y,N) =—0y0 ei(ti, +7, )Lfc(y, n),y,n).
Neumann case: oy 0ex(tl, £, My, ), y, ) =0, oex(rd, 1, ML (v, 1), v, ).

Proof. These formulas are obtained from the transport equations in [Chazarain 1976, (by)—(e;), p. 175].
We now sketch the proof.

The transport equations for the symbols of Ep, Sp determine how they propagate along broken
geodesics. As in the boundaryless case, the principal symbol has a zero Lie derivative, £y, . 0 =0,
in the interior along geodesics. The important point for us is the rule by which they are reflected at the
boundary. Let op be the principal symbol of the boundary restriction operator B defined in (3) (B =r
under Dirichlet and B = r N under Neumann boundary conditions) and let o be the principal symbol of
the restriction operator to t = 0. Then:

(bo) : (d*/dt* — Ap)Sp ~ 0 => (b)) : Ly e+ =0;

(co) : Spli=o ~ 0 = (¢() :000e4+(0,7,y,1n,y,n)+0p0e_(0,—7,y,n,y,n) =0;
R (23)
(do) : ar t:OSB ~f(x—y) = (d{)) : ‘L'(G()O€+(0, T,v,n,y,n) —opoe_(0,—1,y,1,y, n)) =0y

(e0) : BSp ~0 = (ef)):aBoei=aBo(ei|Ai)+aBo(ei|gi) =0.

Here o; is the principal symbol of the identity operator. The implication (bg) = (b;)) follows, for
example, from Theorem 5.3.1 of [Duistermaat and Hérmander 1972]. The other implications are obvious.
From (c;)) and (d;) we get

-1/
(Gooei)(y,n,y,n)=(2r) o on T*Q.

But by (by,), the symbol e is invariant under the flow 1/ and therefore the first part of the lemma follows
but only on Fi. The second part of the lemma follows from (66). The first term of (e()) is known from the
previous transport equations. Hence (e()) determines the “reflected symbol” at the j-th impact time and
impact point. In the Dirichlet case, B is just r the restriction to the boundary and so the reflected principal
symbol is simply the opposite of the direct principal symbol. In the Neumann case, B is the product of
the symbol ()»L(y, 1), vy) of the inward normal derivative times restriction r. The reflected symbol thus
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—

equals the direct symbol since the sign is canceled by the sign of the ()Ll_L y,m,vy) = —(ALE (v, m), vy)
factor. Thus, the volume half-density is propagated unchanged in the Neumann case and has a sign change
at each impact point in the Dirichlet case. Thus on Fi and after j reflections, the Dirichlet wave group
symbol is (—1)/ times 1/27 times the graph half-density and the Neumann symbol is 1/27 times the
graph half-density. U

24. xr (D¢, q', Dg)xr(Dy, q, Dq)Sfg (t, q’, q) is a Fourier integral operator.

Lemma 3. We have
x7(Dy,q's Dy xr(Dy, q, D) Sh(t,q', q) € V2T DR % §Q x 9Q, Tp 4).

— J ;
Here,T'y + =z I'y 4o with

M, ={(1.49.¢.9.0) e T"Rx3Qx Q) :I&' € TIR", £ e T)R":
(t.7.4".&.q.8) €T, &lr00=0" Elrpa=¢}.

Proof. We only show the proof in the Dirichlet case. The Neumann case is very similar. The kernel
xt(D:,q", Dg)xr(Dy, q, Dq)S’l’) (t,q’, q) for fixed ¢ is the Schwartz kernel of the composition

xro(r N)oSp(t)o (N* r)o xi: L*(Q) — L*(3), (24)

where r* is the adjoint of r : H'/2(Q) — L*(3Q).

To prove the lemma, we use that r is a Fourier integral operator with a folding canonical relation, and
that the composition (24) is transversal away from the tangential directions to 92, where S (¢) fails to
be a Fourier integral operator. The cutoff x7 removes the part of the canonical relation near the fold
locus and near the normal directions N*9€2 (where the composition (r N) o Sp(t) o (N* r*) fails to be
well-behaved as an FIO), hence the composition is a standard Fourier integral operator.

By the results cited above in [Chazarain 1976; Guillemin and Melrose 1979b; Petkov and Stoyanov
1992; Marvizi and Melrose 1982], microlocally away from the gliding directions, the wave operator Sp(#)
is a Fourier integral operator associated to the canonical relations Fi. Since Fi is a union of graphs of
canonical transformations, its composition (away from the normal bundle N*9<2), with the canonical
relation of #© := r N is automatically transversal. The further composition with the canonical relation of
rP* is also transversal. Hence, the composition is a Fourier integral operator with the composed wave
front relation and the orders add. Taking into account that we have two boundary derivatives, we need to
add % to the order.

To determine the composite relation, we note that

O R TyoR" — T*R x T*Q x T;oR",
D4 (1, q,¢, Sn) = (tv :t|§ +‘Sn|7 th(q7 g, gﬂ)s q,¢, Sn)

parametrizes the graph of the (space-time) billiard flow with initial condition on T;,R". Here, ¢ € T*9Q2

(25)

and &, € N70%, the inward pointing (co)normal bundle. ® is a homogeneous folding map with folds
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along R x T*0%2 (see, e.g., [Hormander 1985a] for background). It follows that Sp(¢) o (N*r*)x7 is a
Fourier integral operator of order one associated to the canonical relation

{0, 28], @' (q,8), ¢, Elrvan) C TR x 2 x 99Q),

and is a local canonical graph away from the fold singularity along 7*9€2. Composing on the left by
the restriction relation produces a Fourier integral operator with the stated canonical relation. The two
normal derivatives N of course do not change the relation. (Il

2.5. Symbol of x1 (D¢, q', Dy) xr(Dy, q, Dq)SZ (t,q’, q). The next step is to compute the principal
symbols of the operators in Lemma 3.

To state the result, we need some further notation. We denote points of T,;,R" by (¢, 0, ¢, §,) as
above, and put T = /| |> + &2. We note that &, is determined by (g, ¢, 7) by &, = /72 —|¢|?, since it is
inward pointing. The coordinates ¢, ¢ are symplectic, so the symplectic form on T*9Q2 is do =dg A d¢.
Also, below when we write |8/ (q, ¢/T)| we mean the norm of the fiber component of 8/(q, {/T) or
when we write 87 (¢, ¢ /T) we mean that T is multiplied in the fiber component only. We now relate the
graph of the billiard flow (25) with initial and terminal point on the boundary to the billiard map (after j
reflections) by the formula

71(q,0,¢.6) = (v8/ (4. £ ). £1(0. ¢. &), 6)

where &, = r\/l —|Bi(g. ;/r)|2. We also put

)
V(q,é“,f)=\/1—|i—|2 and y1(q, ) =v1-1¢]% (27)

It is the homogeneous (of degree zero) analogue of the function denoted by y in [Hassell and Zelditch
2004].

Further, we parametrize the canonical relation Fg’ 4 of Lemma 3 using the billiard map g and its
powers. We define the j-th return time 7'/ (g, §) of the billiard trajectory in a codirection (g, §) € T/2t0
be the length the j-link billiard trajectory starting at (¢, £) and ending at a point ®7'@¥) (g, &) € T}, Q.
It is the same as TJ{ (g, &). Then we define

by ot Ry X T*0Q2 — TH*(R x 92 x 0R2),

)4 (7 4. 0) = (TJ'(q,s(q, cone (6 (0.2)) a ;>, 28)

T
where
£(q, ¢, 1) =C+Ev,, (¢ HE1F =17
The map (28) parametrizes Fg’ " of Lemma 3.

Proposition 4. In the coordinates (z, q, ¢) € Ry x T*0Q2 of (28), the principal symbol of

XT(DZV q/a Dq’)XT(Dh q, Dq)Sg(t7 q/a Q)
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J oo .
onT'y | is as follows:

e in the Dirichlet case:
0j+(q, ¢, 1) = Cf+XT(q, %)m(ﬁj(q, %))VUZ(C], Z, r)y”(fﬁj(q, %) r)r ldg Adg AdT|'?;
e in the Neumann case:

70060 =Cloxr (9. D) (80 7))y 6. 0r 2 (w80, 2) )

x <<§ ﬁj<q, %)) - r) ldg Ad AdT|V?, (29)

where the C f 4 are certain constants (Maslov factors).

Proof. We only show the computations in the Dirichlet case. The Neumann case is very similar and uses
(4) which will produce an additional factor of (¢, 8/ (¢, ¢ /1)) — T°.

By Lemma 2, the principal symbol of Sp(#) consists of four pieces at the boundary, one for each mode
Al , ;fft The symbol for the — mode of propagation is equal to that for the + mode of propagation under
the time reversal map & — —&. Further by part 2 of Lemma 2, the symbol at the boundary (adjusted by
taking normal derivatives in the Dirichlet case) is invariant under the reflection map & — £ at the boundary
due to the boundary conditions. Hence we only calculate the A{r component and use the invariance
properties to calculate the symbol on the other components.

We therefore assume that the symbol of Sp is 1/27 times the graph half-density |dt A dx A dE|'/?
on Fi. We need to compose this graph half-density on the left by the symbol &, |dg A d¢ AdE,|'/? of
r? =r N, and on the right by the symbol &, |[dg’ Ad¢' AdE)|'/? of the adjoint rP* = N*r*. Therefore
we compute the restriction of the Fi component onto I' j _+ and we remember to multiply the symbol by
£,& = ‘L'Z)/(q, ., )y (Bl (q, %), 7)) and also by 1/2t at the end.

It is simplest to use symbol algebra and pullback formulae to calculate it [Duistermaat and Guillemin
1975]. One can also try to compute the symbol of this composition directly by using the oscillatory
integral representations of these operators but that computation is more complicated. The composition is
equivalent to the pullback of the symbol under the pullback

I = (isq X ige)"T/, (30)
of the canonical relation of the Sp by the canonical inclusion map
iga Xign : Rx 92 x 02 —- R xR" x R".

We recall that a map f : X — Y is transversal to W C T*Y it df*n #AOforanyne W. If f: X —> Y is
smooth and I' C T*Y is Lagrangian, and if f and 7 : T*Y — Y are transverse then f*I" is Lagrangian.
Since

(i3§2 X ii)Q)*(ts T, th(q’ 5), q, S) = (t7 T, q)t(Q7 S)|T3Q7 q, ‘i:lTBQ)

at a point over (iyq X i3q)(t, ¢’, q), and since T = |&| # 0, it is clear that iy X isq is transversal to 7.
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We now claim that on the pullback of I'/, using the parametrization (28),

<mgximﬁﬂthdxAdsH”==y*”%q,arnf*ﬂ(vﬂ(q,%)J)|qud;AdrPﬂ, (31)

where y is defined in (27). To see this, we use the pullback diagram

ri il F ad (isq X i30)*T7 C T*(R x 9Q x 99)

i T

T*(R x R" x Q) <— N*(graph(isq X iya))
Here, F is the fiber product, N* graph(iyn X izq) is the conormal bundle to the graph, and the map
a: F — (iyg X iyq) TV is the natural projection to the composition [Duistermaat and Guillemin 1975].
Since the composition is transversal, D« is an isomorphism [loc. cit.]. The graph of iy X iyq is the set
{(t,q.q9'.t,q,q9"):(t,q,q") € Rx Q2 x 9} and its conormal bundle is (in the Fermi normal coordinates),

N*(graph(iaﬂ X iBQ)) = {(tv T, q, 4‘7 q/7 é‘/v t, _Tv qv _§+Sn7 q/7 _§/+$y/l)7 (q’ é" S}’l)’ (q/7 é‘/, éy/l) € TQ*QRn}
CT*(Rx Q2 x Q2 x R x R" x R").

The half-density produced by the pullback diagram takes the exterior tensor product of the canonical
half-density

|dt AdT Adg Ade AdE, AdELAdg' ANdE! |

on N*(graph(isq X iyn)) and
ldt' Adx' AdE'|M? onT/ Cc TH*(R x R" x R")

at a point of the fiber product (where the 7*(R x R" x R") components are equal) and divides by the
canonical half-density
|dt’ Andt' Adg' AdE Adx, AdELAdx AdE'|?

on the common T*R x T*R" x T*R" component.

Since T’ = 1, the factors of |dt' Adt' Adq’ AdE' AdE] Adx' AdE'|Y/? cancel in the quotient half-density,
leaving the half-density

|dt Adg AdE AdE,|'?
|dx)|1/2

on the composite. The numerator is a half-density on R x T;,R". We write it more intrinsically in the
following lemma. Note that it explains the first of our two y factors.

Lemma 5. Let ® = @ be the parametrization (25). Then

&
VICP?+ &2

12
dt Adg AdE AdEy|V? = ‘ | 0% Qegen |

as half-densities on R x T;R".
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Proof. We have
Q*QT*R’!
dt Ndg NdL NdE,

d 9 9 9
=QT*Rn<ECDt(q,§,§n) dCD’a— dcpff ch>’as )
j n

ad ad ]
= QT*R" (Hg, gj, a_é'j’ E)

=€_nQT*R,,(i 9 2 0 )zf_n
VIEP+E2 Oxu’ 3q;7 88,7 96w/ JltP+EF

d o €n 0
—¢ s Il Sn =Hy = ———

is the Hamilton vector field of g = /g2, g* = E,% + (g’)? where - - - represent vector fields in the span
of 3/dq;, 8/3¢j, 3/9&,. Finally, we use that d®’ is a symplectic linear map and that ¢, x,, ¢, &, are
symplectic coordinates. Note that we have evaluated the symplectic volume form at the domain point, not

since

the image point. U

Next we consider the points in the image of ® on R x 7,,R" where x; = 0 and take the quotient by
|dx! |1/, resulting in a half-density on Fg. The next result explains the origin of the second y factor.

Lemma 6. In the subset Fg C ®(RxT,oR") where x;, =0 and where t = T/, we have (in the parametrizing
coordinates (28)),

|dt Adg Ad AdE,|Y?

INk — 1/2
|12 — By dg ndnnde|".

Proof. By Lemma 5, it suffices to rewrite

x| 72 | % Qe |2

in the coordinates (7, g, ) of Ly j+ in (28). We observe that x;, = ®*x,. Hence

Qg |1/
x| 72| @* Qg | = ‘cb* | =)y Hdg nde nde|.
|d x|
In the last equality, we have used (26), the equality |dT* | = |dg Nnd¢ A d§,|, and the fact that 8 is
I’l

symplectic. Indeed, by (26),
*(dg AL AdE,) = (t(,Bj)*(dq A d%) A d)*ds,,)
- (r(,Bj)*(dq /\d%) AD*d\T2 — |;|2)

:dq/\dg/\CD*Td—t ((ﬁ Yy —1)dq/\d§/\dt.
Note that 7(87)*(dg Ad%) = dg AdE|gr . H

Combining Lemma 6 with Lemma 5 completes the proof of (31) and Proposition 4. U
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2.6. Trace along the boundary: composition with w,A*. We now take the trace along the boundary of
this operator. Analogously to [Duistermaat and Guillemin 1975; Guillemin and Melrose 1979a; Marvizi
and Melrose 1982], we define A : R x 02 — R x Q2 x dQ2 to be the diagonal embedding and =, to be
integration over 0€2.

Lemma 7. If the fixed point sets of period T of B* are clean for all k and form a submanifold Fr of
B*9Q2 of dimension d (with connected components T"), then

1 A*p x7(Dy, q's D) xr(Dyry q, D) S (t, g, q) € [PTADH=UD (R TRy,

where
TTR=UL A7+ =U (T, £71): T e Ry},

and its principal symbol on At 4 is given by

cErd+2)/2 \/E’
where
=Y C?/ﬁmdur
'CFr r
and ¢~ = ¢+ the complex conjugate of ¢™.

Proof. The calculation of the principal symbol of the trace of a Fourier integral operator in [Duistermaat
and Guillemin 1975] is valid for the boundary restriction of the wave kernel, since it only uses that it is
. A* composed with a Fourier integral kernel with a known symbol and canonical relation. Hence we
follow the proof closely and refer there for further details.

As in [Guillemin and Melrose 1979a], the composition of 7, A* with

pxr(Dy,q', D) xr(Dy, q, D)S5(t, q.q) (32)

is clean if and only if the fixed point set of 8 corresponding to periodic orbits of period 7 is clean. When
the fixed point set has dimension d in the ball bundle B*92, composition with 7, A* adds d/2 to the
order [Duistermaat and Guillemin 1975, (6.6)]. Combining with Lemma 3, we obtain the order

d 1 1
§+§+1—Z.

Hence under the cleanliness assumption, it follows that § Trcos #./—Ap is a Lagrangian distribution
on R with singularities at # € Lsp(£2). As discussed in [loc. cit.] for the upper/lower half lines A7 4+ in
T/R, 1 §+3 (R, A7 +) consists of multiples of the distribution

o0
/ T(d-‘rz)/zeil‘[([—'r)dt — (t — T+ io)—(d+4)/2'
0

The principal symbol of this Fourier integral distribution is 7@*2/2\/dt. Therefore to conclude the
Lemma we only need to compute the coefficients of this symbol in the trace.
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This coefficient is computed in a universal way from the principal symbol of (32) computed from
Proposition 4. Following the proof in [loc. cit.], the coefficient of r@+D/2 [dT is

= C?Lfbyldura
I'cFr r
where Fr is the fixed point set of 8 (and its powers) in B*9€2. The sum is over the connected components
I" of Fr. Here, dur is the restriction to I' of a density du on Fr which is the pushforward (under the
natural projection map) of the canonical density defined on the fixed point set of ®7 on S50 2. This
canonical density is defined in Lemma 4.2 of [Duistermaat and Guillemin 1975]. We note that the
distribution ¢ (r — T +i0)~@+9/2 4 ¢=(r — T — i0)~@+%/2 is real only if ¢~ = ¢*. This completes the
proof of the lemma. ]

The lemma also completes the proof of the Theorem 2.

Remark. As a check on the order, we note that for the wave trace in the interior and for nondegenerate
closed trajectories, the singularities are of order (1 — T 4 i0)~!. When the periodic orbits are degenerate
and the unit vectors in the fixed point sets have dimension d, the singularity increases to order

d
t—-T+4i0)" 2.
If we formally take the variation of the wave trace, the singularity should increase to order
o 1d
—T+i0)" 27",

In comparison, the boundary trace in the Dirichlet case involves two extra derivatives of the wave

kernel and composition with (—A)~1/2

. Compared to the interior trace, this adds one net derivative and
order to the trace singularity. We claim that the restriction to the boundary does not further change the
order compared to the interior trace. This can be seen by considering the method of stationary phase
for oscillatory integrals with Bott—Morse phase functions, whose nondegenerate critical manifolds are
transverse to the boundary. If we restrict the integral to the boundary, we do not change the number
of phase variables in the integral, but we simultaneously decrease the number of variables by one and
the dimension of the fixed point set by one. The number of nondegenerate directions stays the same. It
follows that the singularity order of the variational trace goes up by one overall unit compared to the

interior trace, consistently with the formal variational calculation.

3. Case of the ellipse and the proof of Theorem 1

In this section we let £ be an ellipse. In this case, the fixed point sets are clean fixed point sets for ®’ in
T*Q¢ and for B in B*3€2¢ [Guillemin and Melrose 1979a, Proposition 4.3]. In fact the fixed point sets
Fr of B in B*0€( form a one dimensional manifold. Thus d = 1 and Corollary 2 follows.

As is well-known, both the billiard flow and billiard map of the ellipse are completely integrable. In
particular, except for certain exceptional trajectories, the periodic points of period 7 form a Lagrangian
tori in $*€2g, and the homogeneous extensions of the Lagrangian tori are cones in 7*2y. The exceptions
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are the two bouncing ball orbits through the major/minor axes and the trajectories which intersect the
foci or glide along the boundary. The fixed point sets of ® intersect the coball bundle B*3 of the
boundary in the fixed point sets of the billiard map g8 : B*3Q2g — B*9Qq (for background we refer to
[Petkov and Stoyanov 1992; Guillemin and Melrose 1979a; 1979b; Hassell and Zelditch 2004; Toth and
Zelditch 2012] for instance). Except for the exceptional orbits, the fixed point sets are real analytic curves.
For the bouncing ball rays, the associated fixed point sets are nondegenerate fixed points of 5.

Since the final step of the proof uses results of [Guillemin and Melrose 1979a], we briefly review the
description of the billiard map of the ellipse Q2 := x?/a + y?>/b = 1 (with a > b > 0) in that article. In
the interior, there exist for each 0 < Z < b a caustic set given by a confocal ellipse

x2 y2

E+z 'z~
where E =a — b, or for —E < Z < 0 by a confocal hyperbola. Let (¢, ¢) be in B*9<2( and let (g, &) in
S*Qp be the unique inward unit normal to boundary that projects to (g, ¢). The line segment (g, r&) will
be tangent to a unique confocal ellipse or hyperbola (unless it intersects the foci). We then define the
function Z(g, £) on B*92 to be the corresponding Z. Then Z is a S-invariant function and its level

17

sets {Z = c} are the invariant curves of B. The invariant Leray form on the level set is denoted by du ,
[loc. cit., (2.17)]; thus the symplectic form of B*92 is dg Ad{ =dZ Ndu,. A level set has a rotation
number and the periodic points live in the level sets with rational rotation number. As it is explained in
[loc. cit., p. 143] the Leray form du , restricted to a connected component I' of Fr is a constant multiple
of the canonical density dur.

As mentioned in the introduction, the well-known obstruction to using trace formula calculations such
as in Theorem 2 is multiplicity in the length spectrum, that is, existence of several connected components
of Fr. A higher dimensional component is not itself a problem, but there could exist cancellations among
terms coming from components with different Morse indices, since the coefficients Cr are complex. This
problem arose earlier in the spectral theory of the ellipse in [loc. cit.]. The key Proposition 4.3 there shows
that there is a sufficiently large set of lengths 7" for which Fr has one component up to (g, {) — (¢, —¢)
symmetry. Since it is crucial here as well, we state the relevant part:

Proposition 8 [Guillemin and Melrose 1979a, Proposition 4.3]. Let Ty = |020|. Then for every interval
(mTy—e€, mTy), form=1,2,3, ..., there exist infinitely many periods T € Lsp(2g) for which Fr is the
union of two invariant curves which are mapped to each other by (q, ¢) — (g, —¢).

Since for an isospectral deformation § Tr cos(r4/—A) = 0, we obtain from Theorem 2:

Corollary 9. Suppose we have an isospectral deformation of an ellipse Qo with velocity p. Then for each
T in Proposition 8 for which Fr is the union of two invariant curves I'y and I'y which are mapped to each
other by (q, ¢) — (q, —¢) we have

/ pyidu, =0, j=12.
r‘.

J

Proof. From Theorem 2 we get
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2

m{(} qv/'pmdum>(r—r+un4*W”}=o
. I ’
J:] J

Since p and y; are invariant under the time reversal map (q, ¢) — (g, —¢), the two integrals are identical.
Also by directly looking at the stationary phase calculations it can be shown that the Maslov coefficients
Cr, and Cr, are also the same. Thus the corollary follows. u

3.1. Abel transform. The remainder of the proof of Theorem 1 is identical to that of Theorem 4.5 of
[Guillemin and Melrose 1979a] (see also [Popov and Topalov 2003]). For the sake of completeness, we
sketch the proof.

Proposition 10. The only 7, x 7, invariant function p satisfying the equations of Corollary 9 is p = 0.

Proof. First, we may assume p = 0 at the endpoints of the major/minor axes, since the deformation
preserves the Z, x Z, symmetry and we may assume that the deformed bouncing ball orbits will not
move and are aligned with the original ones. Thus p(4+/a) = ,é(:l:\/z) =0.

The Leray measure may be explicitly evaluated [Guillemin and Melrose 1979a, eq. 2.18]. By a change
of variables with Jacobian J, and using the symmetric properties of o, the integrals become

Cp@) i J()dt
A(Z) = —_— 33
(2) fh —%-2) (33)

for an infinite sequence of Z accumulating at ». The function A(Z) is smooth in Z for Z near b. It
vanishes infinitely often in each interval (b — €, b), hence is flat at b. The k-th Taylor coefficient at b is

AP (p) = / u p) y J(Or = 1Ddr = 0. (34)
b

Since the functions % span a dense subset of C[b, a], it follows that p = 0. U

3.2. Infinitesimal rigidity and flatness. We now show that infinitesimal rigidity implies flatness and
prove Corollary 1. As mentioned, the Hadamard variational formula is valid for any C! parametrization
Qq(e) of the domains €2¢. For each one we have §pq ) (x) = 0.

Assume p, (x) is not flat at € = 0 and let €* be the first nonvanishing term in the Taylor expansion of
pe(x) at € = 0. Then
kp(k)(x) +Ek+1p(k+l)(x)

k! Grin T 35)

Pe(x) =€

We then reparametrize the family by € — a(¢) := €!/¥ so that

p® (x)

4 €+ 0Tk,

Pa(e)(x) =

By Hadamard’s variational formulae we get §pq ) (x) = p® (x) =0, a contradiction.
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