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Preface

These lecture notes are an expanded version of the author’s CBMS ten Lectures
at the University of Kentucky in June 20-24, 2011. The lectures were devoted to
eigenfunctions of the Laplacian and of Schrédinger operators, in particular to their
LP-norms and nodal sets. The lecture notes have undergone extensive revisions
in the intervening years, due in part to progress in the field and also to the new
publications on related topics, which made some of the original lecture notes obso-
lete. In particular, the new book [So2] of Chris Sogge and the author’s 2013 Park
City Lecture notes [Ze7] are also devoted to eigenfunctions and includes extensive
background on pseudo-differential operators and harmonic analysis. (References
for the preface can be found at the end of §1.) The book of Maciej Zworski [Zw]
contains a systematic introduction to semi-classical Fourier integral operators and
includes applications to quantum ergodicity of eigenfunctions. The recent book
[GS] of V. Guillemin and S. Sternberg also gives background on the global theory
of Fourier integral operators and in particular on their symbols. Fanghua Lin and
Qing Han also have a book in progress on eigenfunctions from viewpoint of local
elliptic equations. For this reason, we do not feel it is useful in these lecture notes
to provide any systematic background on these techniques, although their proper-
ties will be used freely. We do include some background on symplectic geometry,
pseudo-differential and Fourier integral operators to establish notation and links to
other references. But overall we assume that the reader is willing to consult these
other references for the basic techniques.

The purpose of these lecture notes is to convey inter-related themes and results,
and so we rarely give detailed proofs. Rather we aim to outline key ideas and how
they are related to other results. The lectures concentrate on the following themes:

e Local versus Global analysis of eigenfunctions. The Local analysis of
eigenfunctions belongs to the theory of elliptic equations, and pertains to
local solutions of the eigenvalue problem (A + A)¢ = 0 on small balls of
radius % The global analysis belongs to hyperbolic equations, i.e., stud-

ies the eigenfunctions through the wave equation costv/—Ag = cos tv/ g
and their relations to geodesics as A — oo. Omne of the aims of these
lectures is to survey both local and global methods, and to discuss how
they interact. For instance, the main existence theorem that there exists
a zero of ) in each ball B(p, %) whose radius is a certain number Cy
of wavelengths is a local result and global methods are not particularly
useful in proving it. On the other hand, the basic sup-norm estimates of
eigenfunctions are most easily proved using the wave equation. It often
seems that researchers on eigenfunctions split into two disjoint groups,
exclusively using local or global methods. It is likely that many problems

xi
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require both types of methods. In §5.3] we review the elliptic methods
that have been applied to eigenfunctions by Donnelly-Fefferman, F. H.
Lin, Nazarov-Sodin, Colding-Minicozzi, and many others.

e Quantum analogues of classical dynamical methods for ergodic or com-
pletely integrable systems. For instance, Birkhoff normal forms are local
normal forms on both the classical and quantum level around invariant
sets such as closed geodesics, which are useful in study concentration on
submanifolds.

e [P bounds on eigenfunctions and their source in the global dynamics of
the geodesic flow.

e Restriction theorems for eigenfunctions under dynamical assumptions mainly
in the ergodic setting.

e Nodal geometry in the complex domain. Considerable space is devoted
to analytic continuation of eigenfunctions of Laplacians of real analytic
Riemannian manifolds to the complexification of the manifold. The ra-
tionale for analytic continuation is that the nodal sets are better behaved
and easier to study in the complex domain than the real domain. From
the viewpoint of quantum mechanics, both the real and complex domains
are equally good representations.

0.1. Organization

Let us go over the sequence of events in these lectures and explain what is and
what is not contained in them and what is the logic of the presentation.

We introduce the subject of eigenfunctions in terms of vibrating membranes and
quantum energy eigenstates. The rich phenomenology of examples developed over
the last two hundred years is rapidly surveyed. In Chapter [3| we give an overview
of the principal new results that will be discussed in detail. The model surfaces of
constant curvature are introduced in §4 Harmonic analysis begins with the Eu-
clidean eigenfunctions ¥ on R™ or T™, yet they have very unusual properties
compared to eigenfunctions on other Riemannian manifolds. The eigenfunctions
of S? illustrate virtually the entire range of behavior of eigenfunctions of any Rie-
mannian metric with regard to size and concentration. On the other hand, they
are restrictions of harmonic polynomials on R? and their nodal sets are potentially
tamer than for a general C* metric. Eigenfunctions of hyperbolic surfaces H?/T
come next. They are the material of quantum chaos and are the subject of in-
tense investigation over the last 30 years. In the local elliptic analysis of
eigenfunctions is surveyed. This leads §6| on the wave equation on a Riemannian
manifold and the Hadamard-Riesz construction of parametrices. This construction
parallels the Minakshisundaraman-Pleijel parametrix construction for heat kernels.
In some ways, the original presentations of Hadamard and Riesz remain the best
expositions, in particular in their presentations of the convergence of the parametrix
construction in the real analytic case. It was a precursor to the Fourier integral op-
erator theory, which is rapidly reviewed in As mentioned above, this
material is contained in many other references and is principally used to establish
notation. In §8.2|classical results on the pointwise and local Weyl laws are reviewed,
and the results presented give the universal sup-norm estimates on eigenfunctions
and their gradients. The author is not aware of a proof of such estimates using
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elliptic estimates. Geometric analysts who are more familiar with elliptic estimates
might want to compare their methods to the small time wave equation methods
used in the proofs. In §9] the asymptotics and limits of matrix elements (Ap;, ;) of
pseudo-differential operators with respect to eigenfunctions are introduced. Matrix
elements are the fundamental quantities in quantum mechanics. They are quadratic
in the eigenfunctions and thus are related to energy estimates. There exist some
results on multilinear eigenfunction estimates but they are not covered in these lec-
tures. In the basic facts about quantum ergodic systems are reviewed. At this
point in the lecture notes, the global long-time dynamics of the geodesic flow takes
over as the dominant player. In some parallel results for quantum integrable
systems are presented. At this time there exist only a few results on quantizations
of mixed systems, and despite the great interest in mixed systems we do not present
these results but only record the existence of several articles devoted to them. LP
norms of eigenfunctions are studied in Sogge’s books [Soll, [So2| also concern
LP norms but the material presented here contains both less and more on them.
Less, because the universal Sogge estimates are not presented, and more because
the more advanced results due to Sogge and the author are given in some detail. In
LP norms of eigenfunctions in the quantum integrable case are reviewed. One
of the motivations to include this material is the belief that such QCI eigenfunc-
tions are extremals for LP norms and restrictions of eigenfunctions. Although it is
very relevant the restriction theorems of Burq-Gérard-Tzvetkov are not discussed
here. Rather we turn to quantum ergodic restriction theorems in They
have proved useful in the study of nodal sets and that is the main topic for the rest
of the lectures. Nodal sets in the real domain are discussed in §13] in particular
bounds on hypersurface volumes and counting nodal domains. Starting in §I4] the
analytic continuation of eigenfunctions to Grauert tubes and their complex zeros
are studied. Complex nodal sets and their intersections with complexified geodesics
are studied in §14.30} Use of the complexified wave kernel gives a simplified proof
of the Donnelly-Fefferman upper bound on the hypersurface measure of nodal sets.
The lower bound seems to be disconnected from global methods. In Alex
Brudnyi has contributed a simplified proof of the Donnelly-Fefferman lower bound.
In the author’s results on equidistribution of complexified nodal sets in the
ergodic case are presented. There are parallel results in the completely integrable
case which are still in progress. Other results in this section are those of John Toth
and the author giving upper bounds on numbers of intersection points of nodal
lines with curves in dimension two.

0.2. Topics which are not covered

There are many important topics on eigenfunctions which are not discussed
in these lecture notes, due to time and length constraints. A more comprehensive
treatment of eigenfunctions would include the following topics:

e Arithmetic quantum chaos. These lecture notes are devoted to PDE meth-
ods and therefore we do not get into the special methods available for
Hecke-Maass forms on arithmetic quotients. The sharpest results on L?
norms or nodal sets of eigenfunctions are for these special joint eigen-
functions of A and of Hecke operators. One might compare their special



xiv PREFACE

properties to those of joint eigenfunctions of a quantum integrable sys-
tem although they are much more complicated and the dynamics is in the
opposite chaotic regime.

e Entropy of quantum limits. The breakthrough results of Anantharaman
and the subsequent work of Anantharaman-Nonnenmacher and Riviere
are very relevant to the theme of these lectures.

e General L? bounds on restrictions of eigenfunctions, multilinear estimates
and Kakeya-Nikodym bounds.

e Gaussian random spherical harmonics and more general random linear
combinations of eigenfunctions.

e Spectral and scattering theory for non-compact complete Riemannian
manifolds.

0.3. Topics which are double covered

It is impossible to avoid overlaps with the author’s prior expository articles,
such as the article on local and global analysis of eigenfunctions [Ze3], on nodal
sets [Ze6] or Park City Lecture notes [Ze7] and other expository articles on eigen-
functions and nodal sets.

Another double-coverage is with regard to cited references. Each chapter has
a bibliography of the references cited in it. Many references are cited in several
chapters. Although this results in duplicated references it seems preferable to only
listing hundreds of references at the end of the lecture notes.

0.4. Notation

Notation regarding eigenvalue parameters is given in {1.2] and notation for

geometric and dynamical objects is given in
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CHAPTER 1

Introduction

In this chapter, we introduce the main objects and themes of this monograph.
In particular we introduce the quantum mechanical interpretation of eigenfunctions
and their time evolution. At the end we outline the topics emphasized in later
chapters.

1.1. What are eigenfunctions and why are they useful

Eigenfunctions of the Laplacian first arose in the study of vibrating plates and
membranes. The equations of motion of a vibrating membrane ) are given by the
mixed initial value and Dirichlet problem for the profile u(t, z) on R x €:

(g—; — A)u t,z) =0;
(1.1) (0, ) = po(z), %—fu(O,x) =0;
u(t,z) =0, x € 0N

If ) is a Dirichlet eigenfunction, i.e., a solution of the Helmholtz equation

(1.2) (A+X)py =0 and ¢yloq =0,

then one obtains a periodic solution of the wave equation on R x €

(1.3) ux(t, z) = (cost\)px(x).

Thus, ¢, represents the profile of a periodic vibration, i.e., a mode of vibration. In
our notation, —A2 is the eigenvalue or energy and X\ denotes the frequency.

When the domain € is compact, the Laplacian has a discrete spectrum with
finite multiplicities. We write

(1.4) M=0<XN <A1t

for the ordered sequence of eigenvalues, repeated according to multiplicity. The
corresponding set {¢;} of eigenfunctions form an orthonormal basis of L?(Q2) with
respect to the inner product (u,v) = fQ uv dV, where dV is the volume density:

(1.5) (A+22)p; =0 and (p;, k) = /kadvz "

1
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Mods (0.1} Mods (1,1}
Made (2,1} Made (0,2)
Mode (1,2) Made (0,3)

svr

The nodal set (or zero set) of ) gives the positions at which the vibrating
membrane is still. The nodal patterns have been studied since the time of Chladni
(ca. 1800).

A natural generalization is to consider eigenfunctions of the Laplacian on Rie-
mannian manifolds (M, g), with or without boundary. The Laplacian of (M, g) is
given locally by

I <~ 0 (. ~0
us a3 0 (sl
\/g =1 c')fm 8:5]-

replacing the Euclidean Laplacian A above. Here, g;; = g(a%i, %), [¢¥7] is the
inverse matrix to [g;;] and /g := y/det[g;;]. Since g is usually understood, in
subsequent chapters we suppress the dependency of the metric by writing Ay = A.

It follows that on a Riemannian manifold (M, g), the eigenvalue problem (/1.2)
has the form
(1.7) (Ay + M)y = 0.

If M has a non-empty boundary M then we impose the standard Dirichlet or
Neumann boundary conditions. If M is compact case, there exists an orthonormal
basis {¢;};>0 of L?>(M) of eigenfunctions,
(1.8) Agpj = =Ajp; and  (pj, ) r2(a) 1=/ ©ipe dVy = djk

M
and as above the eigenvalues
(1.9) 0=X <A <A1

are repeated according to multiplicity. As in the case of a vibrating membrane, the
eigenfunctions ¢y represent modes of vibration of M.
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An equivalent definition of the Laplacian is that it is the operator corresponding
to the quadratic form

(110 D) = [ 1P dv, = (dr.dn
M

in the sense that

(1.11) D(f) = =(Af, f).

1.2. Notation for eigenvalues

We often parametrize spectral quantities in terms of the frequencies \;, which
are eigenvalues of the first order elliptic pseudo-differential operator /—A, rather
than by the eigenvalues A?. We warn the reader that many others denote the
(—A)-eigenvalues by A; and the frequencies by \/E .

Regarding eigenfunctions, we write ¢; when the eigenfunction is part of an
orthonormal basis as in and ¢, to denote any eigenfunction of eigenvalue A2
with ||¢x]/zz = 1. The notation is ambiguous since the eigenvalue A\? may not be
simple, i.e., the eigenspace may have dimension greater than one, but it is a useful
notation when we only care about the dependence on the eigenvalue.

There are two reasons to emphasize frequencies over eigenvalues. One is to sim-
plify the notation by getting rid of square roots. The other is to relate frequencies

to Planck’s constant. (Planck’s constant is also written as i = 7-. We use the two
notations interchangeably.)

-1
(1.12) hy = A

which is conceptually important because the high frequency asymptotics of eigen-
values and eigenfunctions is equivalent to the semiclassical asymptotics h — 0. We
also use the notation ¢y for ¢y where it is understood that A = A~! as in .
We sometimes denote an orthonormal basis by ¢;. Thus we write the Helmholtz
equation in semiclassical notation as

(1.13) App = —h"2py <= (h*A —1)¢p, = 0.
As the semiclassical notation suggests, a compelling motivation to study eigenfunc-
tions comes from their role in quantum mechanics.

1.3. Weyl’s law for (—A)-eigenvalues

When M is a compact manifold, Weyl’s law counts the number of eigenvalues
of A4. Let

(1.14) N ={j: \; <AL
Weyl’s law states the following:

THEOREM 1.1. If (M, g) is a compact Riemannian manifold of dimension m,
then

(1.15) N(\) = Cy, VOI(M, g)A™ + O(N™ 1),
where Cy, = Vol(By) is a dimensional constant, the volume of the unit ball in R™.

Here, we say R(\) = O(\") if there exists a constant C' independent of A so
that R(A) < CA" as A — oo. We also write R(A\) = o(A\") if R(\) <eX" as A — o©
for any € > 0.
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1.4. Quantum Mechanics

Much of quantum mechanics is concerned with the eigenvalue problem for the
Schrodinger equation

h2
(1.16) (—2A—|—V)1/)=E1/).

Here, V' stands for multiplication by the potential V' € C*°(M), and (as above) h
is Planck’s constant, a very small parameter. When V = 0,F = 1 and h = A\ 7!,
(1.16) specializes to (1.2). Thus we think of the limit as A\ — oo in as the
semiclassical limit h — 0.

The Schrodinger eigenvalue problem in quantum mechanics resolves a puzzle
about the stability of atoms. Before quantum mechanics, a hydrogen atom was
roughly pictured as a 2-body planetary system, i.e., as an electron orbiting the
nucleus centered at the origin 0 € R?® according to Kepler’s laws. The orbits are
projections to configuration space R? of the phase space orbits of the classical
Hamiltonian flow defined by Hamilton’s equations

dz; _ OH
. — 0¢’
1.1
dt 833]
where the Hamiltonian
1 1
(1.18) H(z, &) = 5|§\2 Bk T*R®* - R

1
||

on phase space, the cotangent bundle T*R? of the configuration space R3. We
denote the Hamiltonian (geodesic) flow by

(1.19) G'(x,6) = expt Xy,

is the total Newtonian kinetic plus Coulomb potential energy function V(z) = —

where X is the Hamilton vector field and exptX is the general notation for the
flow of X.
But this model cannot be right: the electron would radiate energy and spiral

into the nucleus.

¥ TR
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The Bohr model (1913) of “old quantum theory” proposed that the electron
can only occupy special stable orbits defined by Bohr-Sommerfeld “quantization
conditions.”



1.4. QUANTUM MECHANICS 5

The Bohr Model

e " electrons

proton at orbit
the . - i
nucleus /
L]
< glectron
+ the hydrogen atom

£

However this theory is too specialized. It relies on the special structure of the
orbits of the Coulomb problem, in particular the (hidden) symmetry that makes
all of the orbits periodic. It does not extend in any clear way to more compli-
cated atoms such as Helium or even to the hydrogen atom in an electric or mag-
netic field. In the article Quantisierung als Eigenwertproblem, Annalen der Physik
(1926), Schrodinger [Schi] proposed to model the electron by a wave function
Y(z) € L*(R?) with the states of energy E;(h) solving the eigenvalue problem (as

i )
R 2
(1.20) mej = (—ZA + V) ¢h,j = Ej(h)lﬁh}j,

for the Schrédinger operator H , where A =Y j %2 is the Laplacian and V is the
J

potential, a multiplication operator on L?(R?). Here {1, ;} denote an orthonormal
basis of eigenfunctions with eigenvalues F;(h) in non-decreasing order.

Classically, the particle evolves according to Hamilton’s equations with
H(z,§) = |¢]* + V(). The Hamiltonian is constant along Hamilton orbits and
therefore the orbits lie on level sets {H = E} of H. The projection {z: V(z) < E}
of these level sets to the configuration space R™ is known as the allowed region; a
classical particle cannot enter the forbidden region, which is the set {z: V(z) > E}.

Quantum mechanics thus replaces the classical mechanics of Hamilton’s equa-
tions with linear algebra (an eigenvalue problem). The time evolution of an energy
state is given by

i _tE; (M)

. 2
(1.21) Un(t)n,; = e_l%(_TAJrv)l/Jh,j =e T py.

Throughout it is assumed that eigenfunctions are L? normalized,

(1.22) /|’(/1h,j|2dv =1,

so that the state v, ; defines a probability amplitude, i.e., its modulus square is a
probability measure with

(1.23) |¥n.;(x)|?dz = the probability density of finding the particle at .

This probability density is not concentrated in the classically allowed region {V <
E}, i.e., a quantum particle has a positive probability of going into the forbidden
region {x: V(z) > E}. The only observable quantities are the matrix elements

(120 (A ns) = [y A (o) v
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of observables (A is a self adjoint operator). Under the time evolution (1.21)),
tE (h)
the factors of e"*— % cancel and so the particle evolves as if “stationary,” i.e.,

observations of the particle are independent of the time ¢.

Quantum mechanics resolves the puzzle of how the electron can be moving
and stationary at the same time. But it also replaces the geometric (classical
mechanical) Bohr model of classical orbits with eigenfunctions 7 which are not
geometric objects and which are difficult to visualize. They are very complicated
functions on high dimensional spaces. How does one reconcile the classical picture
of orbits with the quantum picture of eigenfunctions, as stationary energy states of
atoms? In the semiclassical limit h — 0, the quantum physics should tend to the
classical physics, and the eigenfunctions should be related to the classical orbits.

The Bohr model proposed a close relation between the quantum mechanics of
a hydrogen atom and the classical mechanics of the corresponding classical Hamil-
tonian H(z,§) = 3|¢|> + V(). Can we use classical mechanics to analyze shapes
and sizes of quantum eigenstates?

1.5. Dynamics of the geodesic or billiard flow
The (homogeneous) geodesic flow
(1.25) G' : T*M\0 — T*M\0
on the punctured cotangent bundle T*M\0 = {(z,§) € T*M : £ # 0} is the

Hamiltonian flow of the metric norm function

(1.26) H(z,§) =

It is free particle motion (with V' = 0) on M. When OM # 0 the geodesic reflects off
the boundary by Snell’s law of equal angles. This flow is called the broken geodesic
flow or billiard flow.

The Bohr correspondence principle suggests that as A\; — oo the asymptotics of
eigenfunctions and eigenvalues should be related to dynamics of the geodesic flow.
The relations between eigenfunctions and the Hamiltonian flow are best established
in two extreme cases: (i) where the Hamiltonian flow is completely integrable on an
energy surface, or (ii) where it is ergodic. The hydrogen atom is completely inte-
grable and that is why the special eigenfunctions which are joint eigenfunctions of
the Schrodinger operator, the total angular momentum and the z-component of the
angular momentum, can be completely understood. These are the eigenfunctions
whose images are graphed here. Integrable systems are rare but important in that
many of the known results are obtained by perturbing

the integrable case. The quantum integrable case is discussed in some detail in

Ergodic (or more chaotically mixing) dynamical systems are more difficult than
integrable systems because they are not explicitly solvable. However, as with the
law of large numbers or central limit theorem in probability theory, chaos induces a
kind of symmetry or uniformity which makes it possible to prove results by indirect
calculations and results.

The extremes are illustrated below in the case of (a) billiards on rotationally
invariant annulus, (b) chaotic billiards on a cardioid.
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A typical trajectory in the case of ergodic billiards is uniformly distributed,
while all trajectories are quasi-periodic in the integrable case.

1.6. Intensity plots and excursion sets

There are several ways to ‘picture’ an eigenfunction and the probability density
(1.23) that it defines. One vivid kind of picture of a hydrogen atom is an intensity
plot which darkens in the regions where |¢;(x)|? is large (most probable locations).

The most probable locations are defined by the excursion sets
(1.27) Qing ={z:|Yn;(2)* > E}.

It is particularly interesting to understand the high excursion levels, where E ~
AR™". One would ideally like to know how the excursion sets are distributed in the
semiclassical limit A — 0. How many connected components does it have and what
are there shapes and locations? What is the distribution function

(1.28) fipn ; [E, 00) 1= Vol{z : [¢oy, ;(x)|* > E},

where Vol denotes the volume measure of F (corresponding to the metric underlying
the Laplacian A). One could also use as the measure to determine the relative
proportion of the L? mass of the eigenfunction which is concentrated near its top
values.

One may also imagine graphing over the high-dimensional configuration
space and asking for the prominent features of the graph. In the case of a high
frequency spherical harmonic on S? one may obtain the graph:
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One observes that there are many local maxima near the peak values of the
eigenfunction (or its square ) They appear to be rather uniformly distributed.
Can one at least prove that the number of critical points tends to infinity with
the eigenvalue (or equivalently as A — 0)? This is known to be false for some
eigenfunctions of general Riemannian manifolds. How does the distribution or
number of critical points reflect the underlying Hamiltonian dynamics?

These questions are almost completely open and (as in the images) are most
accessible for quantum integrable systems. The high excursion sets are the most
important sets, but also rather intractable since they involve the distribution func-
tion of the eigenfunction. The only case known to the author where the distribution
function has been discussed is in the case of toric eigenfunctions on Kéhler mani-
folds [STZ]. It is likely that analogous results can be proved for joint eigenfunctions
of real integrable systems such as surfaces of revolution or (as in the images) the
hydrogen atom eigenfunctions.

1.7. Nodal sets and critical point sets
At the opposite are plots of the nodal hypersurfaces: the zero set

(1.29) Ny, ={xz € M: ¢p)(z) = 0}.

7

o &

sat

These are the points where the probability (density) of the particle’s position
vanishes. Here, we consider eigenfunctions of the Laplacian A, of a compact Rie-
mannian manifold rather than a general Schrédinger operator.

The nodal domains of ¢y are the connected components Q; of M\N,, =

U;.V:(f*) Q;. We write
(1.30) N(py) := the number of nodal domains of .

In [Br], J. Briining (and Yau, unpublished) showed that H!(Z,,) > Cy\ in
the dim M = 2 case, i.e., the length of a nodal line is bounded below by a constant
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multiple of the frequency for some constant Cy > 0. A. Logunov has recently proved
the analogous result in all dimensions [Lo].

According to Courant’s nodal domain theorem [C], there exists a universal
upper bound for N(p;):

(1.31) N(gy) <.

In terms of order of magnitude, this bound is often obtained: when M is the unit
sphere S? and ¢ is a random spherical harmonics, then N(py) ~ cA? holds almost
surely for some constant ¢ > 0 thanks to Nazarov-Sodin [NS|] . However, it is known
that the bound is not always sharp in terms of order of magnitude. In the chapter
on nodal sets drefd, we will review results of H. Lewy and others that construct
sequences of eigenfunctions with a uniform bound on the number of nodal domains.
On the other hand, it is very plausible that every compact Riemannian manifold
possesses a sequence of eigenfunctions for which the number of nodal domains
tends to infinity. In the same chapter, we prove this to be true for almost the entire
sequence of eigenfunctions of a non-positively curved surface with concave boundary
(for Dirichlet or Neumann boundary conditions) and for negatively curved surfaces
possessing an anti-holomorphic isometric involution with dividing fixed point set.
Closely related to nodal sets are the other level sets

(1.32) NG, ={z € M: pj(z) = a}
and the sublevel sets
(1.33) {x e M: |pj(z)] < a}.

The zero level is distinguished since the symmetry ¢; — —¢; in the equation pre-
serves the nodal set. A fundamental existence result states that there exists a
constant A > 0 so that every ball of (M, g) contains a nodal point of any eigen-
function ¢, if its radius is greater than é.

Of equal interest is the critical point set

(1.34) Co;, ={x € M: Vyj;(z) = 0}.

The critical point set can be a hypersurface in M. In counting problems it is better
to consider the set

(1.35) Vy, = {0;(): Vipy(x) = 0}

of critical values. At this time of writing, there exist (to the author’s knowledge)
no rigorous upper bounds on the number of critical values except in separation-of-
variables situations.

1.8. Local versus global analysis of eigenfunctions

As will be discussed in detail in the local study of eigenfunctions uses
analysis on small balls of radii % One does necessarily assume that the eigen-
functions are global, i.e., that they are eigenfunctions on a global closed manifold
without boundary, or that they satisfy Dirichlet or Neumann boundary conditions
on a manifold with boundary.

Global harmonic analysis concerns the properties of global eigenfunctions. A

key property is that they are eigenfunctions of the evolution operator

(1.36) U(t) = V=2
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or propagator

(1.37) Un(t) = e

for semiclassical Schrodinger operators.

The goal is then to relate the behavior of eigenfunctions in the semiclassical
limit A\; — oo or A~ — 0 to properties of the geodesic flow, or more generally the
Hamiltonian flow of $|¢|? + V() on a fixed energy surface.

1.9. High frequency limits, oscillation and concentration

The emphasis of these lectures is on high frequency limits A; — oo of zeros sets,
norms and mass distribution of sequences of eigenfunctions. For general Schrodinger
operators, one studies the semiclassical limit # — 0.

In analogy with polynomials, the degree of a polynomial, resp. the frequency A
of an eigenfunction, is a measure of its “complexity” and the high frequency limit
is the large complexity limit. A sequence of eigenfunctions of increasing frequency
oscillates more and more rapidly and the problem is to find its “limit shape”. In
the graph below of (sin kx)?, the square of the eigenfunction tends in the weak*
sense of measures to its mean value. Thus the oscillations smear out to an average
value. The eigenfunction sequence itself always tends to zero weakly in L2.

::IIII-"I'l'h'I
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| 1L
11410 R
"rIII|I'|I'|Jl.'

i

But it is also possible that a sequence of squares will concentrate on a low-
dimensional subset, as in this picture of a sequence of Gaussians tending to the
delta function at 0.
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In the Riemannian case, there exist sequences of squares of eigenfunctions called
Gaussian beams which put the two types together: they oscillate more and more
rapidly along a geodesic v and have Gaussian decay in the transverse direction, so
that in the limit they tend to a delta function along ~.

1.10. Spectral projections

We now specialize the eigenvalue problem to the setting of Laplacians on com-
pact Riemannian manifold (M, g), i.e. we set V' = 0. The quantum Hamiltonian is
then the Laplacian .

We denote by g 5 = g ;,-1/2) the spectral projections kernel for the interval
[0, A]:

(1.38) Mo (z,y) =T (z,y) = > 9;(2)e;(y).
Ji A €A

It is the Schwartz kernel of the orthogonal projection onto the span of the eigenfunc-
tions with frequencies < A, and is independent of the choice of orthonormal basis.
Sometimes we wish to consider shorter spectral intervals, and then subscript the
projection by the relevant interval. An important case is the spectral projections
for a short interval:

(1.39) a1y (2, y) = Z 0i(x)p;(y).
G ASA, <AH1

We mainly consider compact Riemannian manifolds in this monograph, al-
though many of the same problems and techniques are valid on non-compact com-
plete Riemannian manifolds. Our main concern is to relate the behavior of eigenval-
ues/eigenfunctions to the dynamics of the geodesic flow, and the setting of compact
Riemannian manifolds is sufficiently rich to illustrate the possible relations. In the
non-compact setting, the spectrum is continuous (possibly with embedded eigen-
values) and there is a basis of generalized eigenfunctions. We will briefly consider
examples such as the hyperbolic plane and hyperbolic cylinder.

In the non-compact case, it is also natural to study resonances instead of eigen-
values and resonance states instead of eigenfunctions, but the theory is quite dif-
ferent and is not discussed here. See [DZw]| for a comprehensive exposition. It is
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also natural to study the scattering phase shifts (eigenvalues) and eigenfunctions
of the scattering operator S(h) (see [GHZ] for references).

REMARK 1.2. We set the potential V' equal to zero for the sake of brevity, but
almost everything we do generalizes, often in subtle ways, to Schrédinger operators.
The dynamics of geodesic flows is sufficiently rich to exhibit the relations between
classical and quantum mechanics. More general Schrodinger operators —h2A, +V
(or magnetic Schrodinger operators) give rise to significant additional issues that
in some cases have barely been explored, such as the behavior of nodal sets in the
forbidden region.

Most of the problems stated above are not only unsolved but appear to be
completely intractable. They are most accessible when the Schrédinger operator
is completely integrable on the quantum level in the sense of §I.19] although the
problems remain unsolved even in this case. There are many phenomena which
show up clearly in numerical plots yet which are far beyond mathematical analysis.
Therefore we need to simplify the problems to the point where rigorous results are
possible.

1.11. L? norms

As mentioned above, excursion sets are difficult to study in all but the
simplest cases (such as the standard spheres or surfaces of revolution). A somewhat
more accessible and natural mathematical problem is to study the LP norms of
eigenfunctions (to the pth power),

(1.40) | s, = [1osrav
0

as a function of the eigenvalue £;(h). Here, p,, is the distribution function of [,
(1.28)). Different powers measure different aspects of the intensity plot. Since ¢; is
L?-normalized (1.22)), high L? norms, (e.g., the sup norm |[|¢;||c = sup, |¢;(z)]) is
large when there exist a few very high peaks and are not so large when there exist
many relatively shallow peaks. Lower LP norms are large when the set of rather
large values has a large measure. A random spherical harmonic spreads its mass
rather evenly around the sphere, and thus has relatively small LP norms for high p.

General upper bounds on LP norms of eigenfunctions will be discussed in
In we discuss the case Riemannian manifolds possessing sequences of eigen-
functions achieving the maximal allowed growth for large p. The case of small p
is not understood in general. L? norms of quantum integrable eigenfunctions are

discussed in §11.6)

1.12. Matrix elements and Wigner distributions

| 2

LP norms are ‘non-linear’ measures of the size of the eigenfunction. The most
linear measures are the matrix elements (|1.24]). For instance, if A is multiplication
by the characteristic function 15 of a Borel set F C M, one is measuring the
L%-mass

(1.41) ek av
E

of the eigenfunction in the set F, e.g., to determine where it concentrates most.
In the case where the boundary JF (closure of E minus its interior) has measure
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zero, there are many results on the semiclassical limits of the L? mass. Virtually
nothing is known for more general E such as Cantor sets of positive measure. It is
possible to allow F to depend on % and to let it shrink at a specified rate as & — 0.
Such “small-scale mass” is closely related to LP norms.

The diagonal matrix elements

(1.42) pi(A) = (Apj, ¢;)
of an observable A (i.e. a bounded operator on L?(M)) are interpreted in quantum

mechanics as the expected value of the observable A in the energy state ¢;. The
off-diagonal matrix elements

(1.43) pik(A) = (Api, 5), (1 #k)
are interpreted as transition amplitudes. Here, and below, an amplitude is a com-
plex number whose modulus square is a probability.

There is a special class of observables A for which it is possible to study semiclas-
sical limits of matrix elements , namely (various kinds of) pseudo-differential
operators Opy(a) = a(x,hD). Such operators are understood as ‘quantizations’
of classical observables, namely functions a(x,£) on phase space. For instance,
one may let a(z,€) = 1g(x,&) where E C T*M is a nice Borel set. Then
measures the phase space mass of the eigenfunction in F, i.e., the probability

(1.44) (Lew;, ¢5)
that its (position, momentum) = (x,&) belong to E. Just as ¢; determines the
probability measure on configuration space, so it also induces probability
measures on phase space.

If we fix the quantization a — Opy(a), then the matrix elements can be rep-
resented by Wigner distributions. In the diagonal case, we define Wy, € D/(T*M)
by

(1.45) /T*Made := (Opp (@)K, vr)-

Here, we are using semiclassical pseudo-differential operators (see [DSjl, [Zw]). If
we use homogeneous pseudo-differential operators, the Wigner distributions may
be defined as distributions on the unit co-sphere bundle S*M.

The basic compactness theorem regarding the sequence of probability measures
or their microlocal lifts is simply the compactness of probability measures
in the weak* topology. As the name suggests, weak™ convergence is a very weak
type of convergence and it is difficult to determine many concrete properties of
eigenfunctions even from knowledge of the limit measures.

1.13. Egorov’s theorem

Egorov’s theorem is the precise statement of the correspondence between the
Heisenberg time evolution U; AU} of an observable A and the time evolution of the
classical observable (its symbol) 0 40G?, where G* is the corresponding Hamiltonian
(geodesic) flow. It states that if A € WO(M) (i.e., A4 is a pseudo-differential operator
of order zero), then

(1.46) Ut Opy,(a)U, " — Op,(ao G') € ¥, 1 (M),

i.e., the difference is a pseudo-differential operator of order —1. In semiclassical
notation, order —1 means of order O(h).
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1.14. Eherenfest time

The aim in quantum chaos is to obtain information about the high energy
asymptotics as A; — oo of eigenvalues and eigenfunctions by connecting infor-
mation about U? and G!. The connection often comes from Egorov’s theorem
(Theorem . But to use the hypothesis that G? is ergodic or chaotic, one needs
to exploit the connection as i — 0 and ¢ — oco. The difficulty in quantum chaos is
that the approximation of U¢ by G! is only a good one for ¢ less than the Eherenfest
time

1
(1.47) T = 1081

)
)\max

where Apnax is the so-called maximal Lyapunov exponent.

Roughly speaking, the idea is that the evolution of a well constructed “coher-
ent” quantum state or particle is a moving lump that “tracks along” the trajectory
of a classical particle up to time Tk and then slowly falls apart and stops acting
like a classical particle. Numerical studies of long time dynamics of wave pack-
ets are given in works of E.J. Heller [Hell, [He2] and rigorous treatments are in
Bouzouina-Robert [BoR], Combescure-Robert [CR] and Schubert [S].

The basic result expressed in semiclassical notation is that there exists I' > 0
such that

(1.48) |UE Op(a)U, " — Op(a o GY)|| < Che'™.

The exponential growth rate in ¢ has long been known to be the essential stumbling
block to precise localization in the spectrum. Thus, one only expects good joint
asymptotics as h — 0, t — oo for t < Tg. As a result, one can only exploit the
approximation of U by G* for the relatively short time T.

1.15. Weak* limit problem

There are two (equivalent) ways to state the weak* limit problem: (i) in terms
of quantum statistical mechanical states on the algebra of observables, or (ii) in
terms of Wigner distributions (or microlocal lifts, microlocal defect measures, etc.).
The first is more abstract or at least less PDE oriented but is useful in not requiring
any choice of quantization of classical observables. The second is more concrete.

The diagonal matrix elements define linear functionals on W0, We observe
that p;(I) = 1, that p;(A) > 0 if A > 0 and that

(1.49) pr(UAUTY) = pi(A).

Indeed, if A > 0 then A = B*B for some B € " and we can move B* to the right
side. Similarly is proved by moving U; to the right side and using the fact
that the eigenvalues of U; are of modulus one. In quantum statistical mechanics,
these properties are summarized by saying that p; is an invariant state on the
algebra W0, or more precisely, on its closure in the operator norm. An invariant
state is the analogue in quantum statistical mechanics of an invariant probability
measure.

We denote by M the convex set of invariant probability measures for the
geodesic flow. Further, we say that a measure is time-reversal invariant if it is
invariant under the anti-symplectic involution (z,&) — (z, —¢) on T* M. We denote
the time-reversal invariant elements of M by /\/l}F
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PROPOSITION 1.3. Any weak limit of the sequence {p;} on VU is a time-reversal
invariant, G invariant probability measure on S*M, i.e. is an element of M}'

PrOOF. For any compact operator K, (K¢;,¢;) — 0. Hence, any limit of
(Agj, ¢;) is equally a limit of (A + K)¢;, ¢;). By the norm estimate, the limit is
bounded by infg [|A+ K| (the infimum taken over compact operators). Hence any
weak limit is bounded by a constant times the sup norm ||o ||~ of the symbol
o4 of A and is therefore continuous on C(S*M). It is a positive functional since
each p; is and hence any limit is a probability measure. By Egorov’s theorem and
the invariance of p;, any limit of p;(A) is a limit of p;(Op(c4 o G')) and hence
the limit measure is invariant. It is also time-reversal when the eigenfunctions are
real-valued, i.e., complex conjugation invariant. [

The Wigner distributions (also called microlocal lifts) dW), defined by of
course depend on the choice of Op(a). If a is chosen to be homogeneous of degree
0 on T*M — {0} (the zero section) then one can arrange that dwy € D'(S*M). In
the semiclassical setting one deals with non-homogeneous symbols. Eigenfunctions
localize on the ‘energy surface’ {H = 1}, i.e., on the unit co-sphere bundle Sy M in
the case of the Laplacian, and the corresponding microlocal lifts concentrate there.

PROBLEM 1.4. Determine the set Q of ‘quantum limits,” i.e., weak™* limit points
of the sequence {dW}}.

The set Q is independent of the definition of quantization a — Op(a). The
simplest examples are the exponentials on a flat torus R™/Z™. By definition of
pseudo-differential operator, Ae?™F*) = q(x, k)e?™*F*) where a(z, k) is the com-
plete symbol. Thus,

(1.50) (AeQm(k’x>, 627”<k’£>> = / a(x, k)dx ~ / oA (sc, ) dx.
R" /27 Rn/Zn k|

27k

A subsequence e %) of eigenfunctions has a weak limit if and only if K,:—Jl tends
J

to a limit vector &y in the unit sphere in R™. In this case, the associated weak™® limit
is fR"/Z" oa(x,&)dx, i.e., the delta-function on the invariant torus T, C S*M for

G?, defined by the constant momentum condition ¢ = &. The eigenfunctions are
said to localize on this invariant torus. Given £, we can always define a sequence
k; so that % — &y, and thus, every invariant torus measure arises as a quantum
limit.
In general, there are many possible limit measures. The most important are:
(1) Normalized Liouville measure py,. In fact, the functional w of integration
against normalized Liouville measure is also a state on ¥ for the reason
explained above. A subsequence {p;, } of eigenfunctions is considered
diffuse if p;, = w.
(2) A periodic orbit measure p., defined by p,(A) = L%/ fﬁ/ oads where L,
is the length of 7. A sequence of eigenfunctions for which p, — u,
obviously concentrates (or strongly ‘scars’) on the closed geodesic.
(3) A finite sum of periodic orbit measures.
(4) A delta-function along an invariant Lagrangian manifold A C S*M. The
associated eigenfunctions are viewed as localizing along A.
(5) A more general measure which is singular with respect to dpu.
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All of these possibilities arise as (M, g) varies among Riemannian manifolds.
Indeed, the standard sphere provides an extreme example (see [JZ])

THEOREM 1.5. For the standard round sphere S™, Q = M?

In the case where py; — w, the corresponding eigenfunctions become uniformly
distributed on the energy surface S* M. By testing against multiplication operators,
one gets

(1.51) 7\/0111\4) /E |§ij($)|2dVOl—>\\//§11((]EW))

for any measurable set E whose boundary has measure zero. In the interpretation
of |px, (x)|?>d Vol as the probability density of finding a particle of energy )\ij at
x, this says that the sequence of probabilities tends to uniform measure. However,
pr; — w is much stronger since it says that the eigenfunctions become uniformly
distributed on S*M and not just on the configuration space M. For instance, on
the flat torus R"/Z", the standard exponentials e2™*%#) satisfy |e27#F:#)2 = 1,
and are thus uniformly distributed in configuration space. On the other hand, as
seen above, in phase space they localize on invariant Lagrange tori in S*M

The flat torus is a model of a completely integrable system, on both the classical
and quantum levels. On the other hand, if the geodesic flow is ergodic one would
expect the eigenfunctions to be diffuse in phase space. The statement that the all
eigenfunctions are diffuse, i.e., @ = {w}, is known as quantum unique ergodicity.
It will be discussed in

Off-diagonal matrix elements are also important as transition amplitudes
between states. They no longer define states since p;(I) = 0, are no longer posi-
tive, and are no longer invariant. Indeed, p; (U AU;) = €A = ) p.y (A), so they
are eigenvectors of the automorphism a;(A) = U AU;. A sequence of such matrix
elements cannot have a weak limit unless the spectral gap A\; — A; tends to a limit
7 € R. In this case, by the same discussion as above, any weak limit of the func-
tionals p;j will be a time-reversal invariant eigenmeasure of the geodesic flow which
transforms by €** under the action of G*. Examples of such eigenmeasures are or-
bital Fourler coefficients L fo e~ oA (G (x, £))dt along a periodic orbit. Here

T E L 7. We denote by QT such eigenmeasures of the geodesic flow. Problem .
has the following extension to off-diagonal elements:

PROBLEM 1.6. Determine the set Q, of ‘quantum limits’, i.e., weak* limit
points of the sequence {p;x} on the classical phase space T*M.

As will be discussed in &%{9.5.8ph, the asymptotics of off-diagonal elements de-
pends on the weak mixing properties of the geodesic flow and not just its ergodicity.

1.16. Ergodic versus completely integrable geodesic flow

In line with one of the principal cases where one can largely control the
weak™® limits of the Wigner distributions and the complex nodal currents is that of
Riemannian manifolds (M, g) with ergodic geodesic flow. When M has a boundary
OM then the geodesic flow is replace by the billiard flow. In the images below,
the left one shows a typical trajectory of the ergodic billiards in a stadium, and
the right one gives intensity plots of the ergodic Dirichlet eigenfunctions, as well
as several modes of ‘bouncing ball type,” corresponding to vertical bouncing ball
orbits in the middle rectangle.
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1.17. Ergodic eigenfunctions

A subsequence {p;, } of eigenfunctions is called quantum ergodicquantum er-
godic if the only weak* limit of the sequence of pj, is dpp or equivalently the
Liouville state w.

One can quantize characteristic functions 15 of open sets in S* M whose bound-
aries have measure zero. Then
(1.52)

(Op(1Eg)p;, ;) = the amplitude that the particle in energy state )\? lies in E.

For an ergodic sequence of eigenfunctions,
pL(E)

(153) <Op(1E)50jk790jk> - ma

so that the particle becomes diffuse, i.e. uniformly distributed on S*M. This is
the quantum analogue of the property of uniform distribution of typical geodesics
of ergodic geodesic flows (Birkhoff’s ergodic theorem).
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On a compact Riemannian manifold (M, g) with ergodic geodesic flow, there
exists a subsequence of density one of any orthonormal basis which is quantum
ergodic [Shll, [Zell, [CdV], [ZZw].

1.18. Quantum unique ergodicity (QUE)

The Laplacian A or (M, g) is said to be QUE (quantum uniquely ergodic) if
Q = {pur}, i.e., the only quantum limit measure for any orthonormal basis of eigen-
functions is Liouville measure. An orthonormal basis {5, } of —h?A -eigenfunctions
is called QUE on M if (a"(z,hDy)en,vn) — w(ag) for all pseudodifferential op-
erators a¥ € WO(M), i.e. if it is not necessary to eliminate a sparse subsequence
of eigenfunctions of density zero. Here, w(A) = f g+ 27 0Aadpr, where dpuy, is normal-
ized, 04 = ag is the principal symbol of A € WO(M). Tt is conjectured in [RS] that
QUE should hold for any orthonormal basis of eigenfunctions if the geodesic flow
is Anosov, e.g. if the curvature is negative. In the case of the special orthonormal
basis of Hecke-Maass forms for arithmetic hyperbolic surfaces, QUE was proved by
E. Lindenstrauss [Li] (together with the recent final step in the noncompact case by
Soundararajan [Soul). However, the known bounds on multiplicities of eigenvalues
are too weak for this to imply that QUE holds for all orthonormal bases.

Although we are not discussing quantum cat maps in detail, it should be em-
phasized that quantizations of hyperbolic (Anosov) symplectic maps of the torus
are not QUE. For a sparse sequence of Planck constants hy, there exist eigenfunc-
tions of the quantum cat map which partly scar on a hyperbolic fixed point (see
Faure-Nonnenmacher-de Biévre [FNBJ|). The multiplicities of the corresponding
eigenvalues are of order A '/|log /. Tt is unknown if anything analogous can occur
in the Riemannian setting, but as yet there is nothing to rule it out.

1.19. Completely integrable eigenfunctions

The simplest quantum systems, both on the classical and quantum level, are
the completely integrable ones. They will be discussed in and again in §11.6|

e Completely integrable systems: the quantum Hamiltonian

2
(1.54) = —%A—H/

commutes with n — 1 other observables P; where n = dim M. The hydro-
gen atom Hamiltonian and round sphere Laplacian are examples. Trajec-
tories of the classical Hamiltonian system wind around on tori of dimen-
sion n.

e VA=H(Py,...,P,), where [P;, Pj] = 0.

e The symbols form a moment map P : T*M — R".

The joint eigenfunctions ¢, are characterized by Pjpo = o, simultaneously for
all j. Joint eigenvalues o = (a, ..., ay,) form a lattice. We take limits along rays
in the lattice.
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1.20. Heisenberg uncertainty principle

The Heisenberg uncertainty principle is the heuristic principle that one can-
not measure things in regions of phase space where the product of the widths in
configuration and momentum directions is < A.

It is useful to microlocalize to sets which shrink as i — 0 using A (or A)-
dependent cutoffs such as xy(A\°(z,¢)). The Heisenberg uncertainty principle is
manifested in pseudo-differential calculus in the difficulty (or impossibility) of defin-
ing pseudo-differential cut-off operators Op(xy (\(x,€)) when 6 > 1. That is, such
small scale cutoffs do not obey the usual rules of semiclassical analysis (behavior of
symbols under composition). The uncertainty principle allows one to study eigen-
functions by microlocal methods in configuration space balls B(zy, )\;1) of radius
I (since there is no constraint on the ‘height’ in the £ variable) or in a phase space
ball of radius /\]-_1.

1.21. Sequences of eigenfunctions and length scales

As mentioned above, most of the semiclassical results concern sequences {¢;, }72,
of eigenfunctions with \;, — oco. When we consider ¢y or ¢, asymptotically, we
implicitly consider sequences. To orient the reader, we provide some terminology
and some results on sequences of eigenfunctions.

We say that a subsequence S = {\;, } has upper asymptotic density M if

X #{]/\JS/\,AJES}
1.55 lim su <M,
(1:59) AU VR
and that S has lower asymptotic density m if

L HTE A S AN ES)
: >
(1.56) lim inf NN =

m.

If the upper and lower densities agree the sequence is said to have an asymptotic
density.
If {c;} is a sequence of positive numbers satisfying

. 1
(1.57) lim sup N Z ¢; =0

then there is a subsequence {c;, } of upper density one such that ¢;, — 0. If the
above limit holds with lim sup replaced by liminf, then there is a subsequence of
lower density one such that c¢;; — 0. These statements follow from Chebyshev’s
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inequality
1 . ] 11
(1.58) N#{jSN'Cj>€}SENZCj
J<N
by taking lim sup or liminf of both sides.

We single out sequences {¢;, } of eigenfunctions for which the Wigner distri-
butions of have a unique weak* limit. In the case where the geodesic flow
is ergodic, and there exists just one weak® limit for any orthonormal basis, the
sequence is called QUE. However, this might be taken to imply that the limit is
Liouville measure. It does not appear that any general term is standard, so we use
our original term:

DEFINITION 1.7. We say that a sequence {¢;, } of eigenfunctions is ‘coherent’
if the associated sequence of Wigner distributions has a unique weak limit. Given
a coherent sequence, we define the microsupport MS{¢p;, } to be the support of the
unique weak® limit measure of the sequence, i.e.,

(1.59) MS{;, } = supp(s) C T*M.

It follows from Egorov’s theorem that MS{y;, } C S*M is invariant under the
geodesic flow G*. A priori, the limit measure could be any invariant measure, and
as mentioned before, any invariant measure is in fact a weak* limit in the case of
the standard sphere. Another characterization of the microsupport is the following;:

DEFINITION 1.8. The annihilator Ay, 1 of the sequence {¢;, } is the class of
semiclassical pseudo-differential operators Opy,(a) with h = h;, = )\;kl such that

(1.60) (Opy(@)pjy, i) = 0.

lim
k—o0

The connection to the microsupport of {¢;, } is that

(1.61) MS{p;, } = ﬂ Char(A4),
Aeijk}

where

(1.62) Char(A) = {(z,£) € S*M : 0a(x,§) =0}.

Equivalently, if p is the limit measure then

(1.63) A€ Ay, y < supp(u) C Char(A).

The last definition makes sense for any sequence {g;, }, whether or not it is
coherent. If it is not coherent, then the annihilator of the sequence is the intersection
of the annihilators of the coherent subsequences.

1.22. Localization of eigenfunctions on closed geodesics

It follows from the invariance of the weak™ limit measures that the smallest
possible microsupport a coherent sequence {¢;, } can have is a single closed geodesic
v. When the Wigner measures tend to the delta-function é,(f) = fv fds, then

{¢j,. } is said to localize or concentrate along 7. One has

(1.64) (AQir, i) %/JA ds.
v
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In configuration space M, this says that

(1.65) /Mf\gojk|2dV%/fds.
Y

Thus, squares of the eigenfunctions form a delta-sequence on .

On special Riemannian manifolds (M, g) there do exist sequences {y;,} of
eigenfunctions concentrating on . Namely if (M, g) possesses a stable elliptic
closed geodesic, then one may construct a Gaussian beam along v. In general it is
only a sequence of approximate eigenfunctions but in special cases they are genuine
eigenfunctions.

A measure of the localization of eigenfunctions around a specific closed geodesic
7 is given by the L? mass profile, which studies the restricted L? norm-squared
fv |oa|?ds for an orthonormal basis. In the case of quantum integrable systems
such as the standard sphere or a hyperbolic cylinder, one may study the norm-
squares as a function of the joint eigenvalues. The limit mass profile is explicitly
computable in model cases. Another measure is to study concentration of L2 mass
in tubes, and this is done for integrable systems in If the geodesic is not fixed
one may take the supremum over all geodesic arcs of a fixed length. This defines
the geodesic maximal function (Definition . Or one may study the supremum
of the mass in tubes using the Kakeya-Nikodym maximal function (Definition

studied in §3.4)).

1.23. Some remarks on the contents and on other texts

There are several very recent references providing a systematic background on
eigenfunctions and the wave equation on Riemannian manifolds. In particular, the
new book [So2] of Chris Sogge covers much of the background and also discusses
some relatively recent joint work with the author on LP norms of eigenfunctions.
The earlier book [Sol] includes a systematic introduction to the relevant theory
of Fourier integral operators. The relatively new book of Maciej Zworski [Zw]
contains a systematic introduction to semiclassical Fourier integral operators and
includes applications to quantum ergodicity of eigenfunctions. Other excellent texts
covering Fourier integral operators and the wave group are [Holl, Ho2, [Ho3, [Ho4]
and [SV]. For this reason, we do not give a detailed treatment here of Fourier
integral parametrices for the long time wave kernel, although we do use the results.
Instead, we try to limit the foundational material and survey the statements and
methods-of-proof of relatively recent results. We do provide background on the
Hadamard parametrix taken almost directly from Hadamard’s remarkable book
[Had]. This book is in some ways better than the more recent expositions, in
particular because it proves the convergence of Hadamard’s parametrix series in
the real analytic case. We take some of the details from M. Riesz’s classic work
[R] and from the more recent exposition of P. Bérard [Be]. We also review the
basic results on eigenfunctions on model spaces of constant curvature (R™, flat tori
R™/T", spheres S™, hyperbolic space H" and its quotients H"/T").

In addition to this monograph, the author has recently written extensive survey
articles on eigenfunctions and their nodal sets [Ze6], on recent results on quan-
tum chaos [Ze4], and on the use of global wave equation methods in the study of
eigenfunctions [Ze3]. The main theme of [Ze3|] was to contrast local (‘small ball’,
elliptic) methods for studying eigenfunctions with global wave equation methods.
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We develop that theme here as well. In §5.3] we review the elliptic methods that
have been applied to eigenfunctions by Donnelly-Fefferman [DF], F.H. Lin (see
[HL]), Nazarov-Sodin, Colding-Minicozzi, and many others. Also recent are the
author’s lecture notes [Ze7] from the Park City summer program in geometric
analysis (2013).

1.24. References

Below are two groups of references. The first are historically important papers
in the field, some of which (especially by Hadamard and Riesz) remain among the
most lucid and complete expositions of results on the wave equation. The second
group consists of research articles relevant to this chapter. Here and henceforth,
references are given chapter by chapter to make it easier for the reader to find the
relevant reference.
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CHAPTER 2

Geometric preliminaries

We assume the reader is familiar with basic notions of Riemannian geometry.
We now quickly run through the definitions and notations which we will need in
analyzing wave invariants. All the notions are discussed in detail in [KI]. We also
refer to [Su] for background in a context closely related to that of this article.
The following notation is used:

(i) r=r(z,y) distance function on M;

(i) ¢y T*M —0—R*" length of a (co)-vector;

(i) S*M ={|¢|, =1} the unit cosphere bundle;

(iv) G':T*M —0—T*M —0 the geodesic flow, i.e., the Hamilton flow of
[3 |g§

v) ~ closed geodesic, i.e., a closed orbit of G in
S*M,;

(vi)  A(M) H*' loop space of M;

(vil)  G(M) subset of closed geodesics in A(M);

(viii) Gy set of closed geodesics in G(M) whose free
homotopy class is [7];

(ix) inj(M,g) the injectivity radius.

2.1. Symplectic linear algebra and geometry

Classical Hamiltonian dynamics has been written since Hamilton in the lan-
guage of symplectic geometry. Quantum mechanics and semiclassical analysis are
quantizations of classical Hamiltonian dynamics, and symplectic notions such as
Lagrangian submanifolds and canonical relations permeate quantization theory.
In many systematic texts on Fourier integral operators [Dul, [Holl, [Ho2, [Ho3|,
Hod4l, [Zw], the reader will find extensive discussions on symplectic geometry and
Hamilton-Jacobi theory in the construction of parametrices for wave equations and
more general PDEs. Further use of symplectic geometry is to find canonical trans-
formations to symplectic normal forms, and to quantize the canonical transforma-
tions to give quantum normal forms. Estimates of mapping properties of oscilla-
tory integral operators often start from the symplectic geometry of the underlying
canonical relations.

The purpose of this section is to introduce notation and terminology that will
be used throughout. It is assumed that the reader is familiar with basic symplectic
notions. We refer to [Hod4l, [DSj, [GSj, [GuSt1l, [GuSt2, BW]| for a systematic
exposition.

2.1.1. Symplectic linear algebra. We recall that a symplectic vector space
(V, o) equipped with a symplectic form o is an even dimensional vector space with

27
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a non-degenerate skew-symmetric 2-form o. That is, o(v,w) = —o(w,v) and v —
o(v,+) is an isomorphism from the vector space V to its dual V*.
The basic symplectic vector space is (R?", o) with

(21) U((mag)a(xlagl))) = <£,I/> - <£l7x>'

Given any vector space V with dual V* one can use the same definition to give
V @& V* a symplectic structure. The universal construction of symplectic vector
spaces is as follows: Let W be a vector space and W* be its dual. Let V =W g W*
with symplectic form

(2.2) ooled® f.e' & f') = f'(e) — f(e).
Every symplectic vector space (say of dimension 2n) has a symplectic (Darboux)
basis e;, f(4,k =1,...,n) so that

(2.3) o(e,e!)=a(fi, f;) =0 and o(e, f;) = 6.
In coordinates relative to this basis,
(2.4) o=y ¢ af;

i=1

2.1.2. Lagrangian subspaces. Let V be a symplectic vector space of di-
mension 2n. A Lagrangian subspace of V' is a subspace W C V of dimension n so
that olw = 0, i.e., o(v,w) = 0 for all v,w € W. For instance, R{ey,...,e,} and
R{f1,..., fn} are Lagrangian subspaces of V, where e;, f; are the symplectic basis
elements of V' introduced in the previous subsection.

Consider the possible Lagrangian subspaces of (V, o) which are graphs over W
so that f; = > p_; Ajger. In other words, let A : W — W* be a linear map and
let Ty = {(w, Aw) C W @& W*} be its graph. Then T'4 is Lagrangian if and only if
A is symmetric. Indeed,

(2.5) o((w, Aw), (w', Aw')) = (Auw’)(w) — (Aw)(w’).

2.1.3. Structure of linear canonical relations. Lemma 25.3.6 of [Ho4]
states:

PROPOSITION 2.1. Let G C S1 @ Sy be a canonical relation. Then there exist
symplectic orthogonal decompositions

(26) S1 =511 ®S12 and Sy = S31 O Sos
so that
(2.7) G=M®G® N

where A; C S;; is Lagrangian and G is the graph of a linear symplectic transfor-
mation SQl — 512.

PROOF. We copy the proof verbatim from Hérmander. Let
(28) A= {(’7 IS (’7,0) S G} and Ao = {(’Y €Sy (07’}/) S G}
They are isotropic subspaces and G C A{ @ A since G is Lagrangian. Write
A = A @ S12. Then Si12 = A{/A; is symplectic and S; = Si; @ S12 where
the symplectic orthogonal complement S7; of Sis contains A;. Define Soqi,Sao

analogously. Then G = A1 & G & Ao where G C S12 @ S21 has bijective projection
onto Si2 and Sz;. Since dim S;; = 2dim Aj, A; is symplectic in S;;. [l
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2.2. Symplectic manifolds and cotangent bundles

A symplectic manifold (X, w) is a manifold with a closed non-degenerate two
form, i.e., do = 0. Non-degeneracy means that w, : T, X — T/ X, v = wy(v,-),
is an isomorphism. One can then define the symplectic gradient =y of a function
f: M — Rbydf =0(Ey,-). Given local coordinates z1,...,x, on M any covector
may be expressed as 7 = Z?:l n; dr; and one defines the local coordinates &; :
T*M — R by &(n) = n;.

The main example is X = T* M the cotangent bundle of a Riemannian manifold
M. We recall that a cotangent bundle carries a canonical 1-form o = £ dz defined
by

(2.9) 0z ¢(v) = &£(D7o).

It may also be described as follows: A section of the natural projection 7 : T*M —
M is a co-vector field  : M — T*M. Then « is the unique element of Q(T* M)
(i.e., unique 1-form on T* M) satisfying n*a = 1.

Let = (21,...,2,) be any local coordinate system on M. Then dx; define
local covector fields giving a local trivialization of T*M — M. One defines the dual
coordinates on T*M of a covector n = >_ j n;dz; by the coordinates relative to the
frame field dx1,. .., dz,, ie., §(n) =n;.

The canonical symplectic form w of T*M is defined by w = da. Thus, in the
above local coordinates,

(2.10) w=Y_d&; A da;.
j

Such coordinates are called symplectic. In any coordinate system y; on T*M one
could write

n
(2.11) w= Z wij dy; A dyg,
k=1

but in the (z, &) coordinates w has constant coefficients

(2.12) i) == (5 ).

where we use the basis %, % for T(T*M). That is, we have
j k

o 0 0 0 o 0
2.1 _ = = _ _— = 0.
(2.13) w(@xj’axk> 0 w<8§j’ 8§k> and w(@xj’afk) Os

Note that for fixed (z,£) € T*M, the tangent space T(, T*M is a symplectic
vector space with the symplectic form w, ¢.

2.2.1. Compatible complex structure. A non-degenerate 2-form w defines
an isomorphism

(2.14) J:TiM — T, M, w(u,v) = J H(u)v.
If w= 5 >0 wijda’ Adal then

(2.15) J(da') = =) w' (m)%.
j=1 !
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2.2.2. Hamilton vector fields. The Hamilton vector field =y of a Hamil-
tonian H: T*M — R is the symplectic gradient of H, i.e., w(Zgy-) = dH. Unlike
the Riemannian metric gradient, Xy is tangent to level sets of H. Thus,

— OH 0 0H 0
-yl
J

2.1 — - .
( 6) 5‘53 8£Ej a$j 853

The Poisson bracket of two functions is defined by

of dg  Of Oy

(2.17) {ﬁg}Ef@)dﬂEHE:(a@axjéhy&3>'

2.3. Lagrangian submanifolds

DEFINITION 2.2. A submanifold A C T*M of dimension n = dim M is La-
grangian if w|pa = 0. That is, wx(X,Y) =0for all A € A, X, Y € THA.

A Lagrangian submanifold is called projectible if the natural projection
(2.18) T ACT*M — M

is a diffeomorphism. If U C M is an open set we say that m: A|ly — U is locally
projectible if the projection is a local diffeomorphism.

A section of T* M is the same as a covector field n: M — T*M. The graph of
a covector field is the submanifold T, = {(x,7,): x € M}.

PropPoOSITION 2.3.

o Iy is a Lagrangian submanifold if and only if n is a closed 1-form.

e A CT*M is a globally projectible Lagrangian submanifold if and only if
A =T, where n is a closed 1-form, i.e., dn = 0.

o If A is locally projectible over a contractible open set U, then A = Tyg
for some smooth S: U — R, i.e., it is the graph of an exact form form
dS. S is called a local generating function of A. It is determined up to a
constant.

In general, Lagrangian submanifolds are not projectible, even locally. For in-
stance, every curve in T*R defines a Lagrangian submanifold. The unit circle
{2% +¢2 = 1} is only projectible away from the “turning points” & = 0,2 = £1 and
is a two-sheeted cover over (—1,1). The image m(A) C M is called the classically
allowed region for A. The singular set {\ € A : kerdry # {0}} is called the Maslov
singular cycle.

Since Lagrangian submanifolds are rarely projectible, they are often parametrized
by Lagrangian immersions

(2.19) t: A —T*M.
A key fact is the following

PROPOSITION 2.4. Suppose that A C T*M is a Lagrangian submanifold and
that A C {H = E}. Then Xy is tangent to A.

PROOF. By assumption w|ra = 0 and since TA has dimension n, if X is a
vector in T (T*M) such that wy(X,Y) =0 for all Y € ThA then X € ThA. Hence
it suffices to show that wy(Eg,Y) =0orallY € ThA. But wx(Eg,Y) =dH(Y) =0
for all Y € T\({H = E}). O
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2.4. Jacobi fields and Poincaré map

& We say a metric g is non-degenerate if the energy functional E on A(M) is a
Bott-Morse function, i.e., G(M) is a smooth submanifold of A(M) and T.G(M) =
ker J, where ¢ € G(M) and J, is the Jacobi operator (index form) on T.A(M). In
other words, J. = V2 + R(¢,-)¢. We also say that g is bumpy if, for every ¢ € G(M),
the orbit S'(c) of ¢ under the S'-action of constant reparametrization c(t + s) of
¢(t) is a non-degenerate critical manifold of E. For the sake of simplicity we will
assume that (M, g) is a bumpy Riemannian manifold.de

Let 7 be a closed geodesic of length L., of a Riemannian manifold (M, g). Let
.7,# ® C denote the space of complex normal Jacobi fields along v, a symplectic
vector space of (complex) dimension 2n (where n = dim M — 1) with respect to the
Wronskian

(2.20) w(X,Y) = g(X, ;SY> - g(jsx, Y).

The linear Poincaré map P, is then the linear symplectic map on ],YJ- ® C defined
by

(2.21) PY(t) =Y(t+L,).

Recall that, since P, is symplectic, its eigenvalues p; come in three types:
(i) pairs p,p of conjugate eigenvalues of modulus 1; (ii) pairs p,p~! of inverse
real eigenvalues; and (iii) 4-tuplets p, p, p~1p~1 of complex eigenvalues. We will
often write them in the forms: (i) eT?®; (ii)e*™; (iii) eT* % respectively (with
aj, Aj, i, v € R), although a pair of inverse real eigenvalues {—e**} could be
negative. Here, and throughout, we make the assumption that P, is non-degenerate
in the sense that det(I — Py) # 0. In constructing the normal form we assume the
stronger non-degeneracy assumption that

(2.22) 2 pi" #£ 1 for all p; € o(P,) and (my, ..., ma,) € N

A closed geodesic is called elliptic if all of its eigenvalues are of modulus one,
hyperbolic if they are all real, and loxodromic if they all come in quadruples as
above.

In the elliptic case, namely case (i) where the eigenvalues of P, are of the form
e*i@ | the associated normalized eigenvectors will be denoted {Y;,Y;}j=1.  n:

(2.23) PyY; =€ *Y;, P,Y;=e 'Y, w(Y;,Yk) =0k

Relative to a fixed parallel normal frame e(s) := (e1(s), ..., e,(s)) along 7 they will
be written in the form

(2.24) Yi(s) = Y wjk(s)en(s).
k=1

An elliptic 7 is said to be non-degenerate elliptic if {a;};=1,... » together with 7 are
independent over Q.

In the case of surfaces, j,YJ- ® C has complex dimension two and as mentioned
above is spanned by the eigenvectors {Y,Y}. A normal Jacobi field along v is
simply of the form Y'(s) = y(s)v(s), where v(s) is the parallel unit normal vector
v. Jacobi’s equation is then a second order scalar equation:

(2.25) y' 4+ 71y =0.
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There is a two dimensional space of solutions: the vertical Jacobi field y; with
initial conditions y(0) = 0,%'(0) = 1 and the horizontal Jacobi field yo with initial
conditions y(0) = 1,4’ (0) = 0 with respect to a fixed choice of origin v(0) of v. We
consider the pair (y,y’) and form the symplectic Wronskian matrix:

_(ys(s) vi(s)
(2.26) @s i= (yz(s) yl(S))'

We modify the Wronskian matrix so that its columns are given in terms of the
normalized eigenvectors (2.23) of the Poincaré map:

(2.27) Als) = Gii gg) '

The somewhat strange positioning of the elements is to maintain consistency with
our reference [E] on the metaplectic representation.

Of course, geodesics of S™ are degenerate. In the general Zoll case, P, = Id,
i.e., the normal Jacobi fields are periodic (all a; = 0) and the Wronskian matrices
as resp. A(s) are periodic. Yet the highest weight spherical harmonics are models
of Gaussian beams. Gaussian beams on Zoll surfaces are discussed in detail in [Z].

2.4.1. Fermi normal coordinates along a geodesic. Fermi normal coordi-
nates are the normal coordinates defined by the exponential map exp: N, . — T.(7)
from a ball in the normal bundle of 7y to a tube of radius € around 7. Thus we
write (s,y) = exD.(5) Y - Vy(s), Where v(s) is a choice of unit normal frame along 1.
We write the associated metric coefficients as

(228) gdoo — g(asa 85), gO] = 07 g]k = g(ayjaayk) =1.

In Fermi coordinates along a geodesic, the field % is a horizontal Jacobi field
pointing between nearby normal geodesics to v and tangent to the wave fronts.
Each 3%_ is a geodesic vector field. The volume density is given by j = y/det g. In

J

dimension two, j = ||%||

2.5. Pseudo-differential operators

We briefly review the theory of pseudo-differential operators on manifolds.
There are many comprehensive texts and we only go over some very basic defini-
tions, referring to [GSj, [Ho3l, [Zw] for extensive background on pseudo-differential
operators on manifolds. In the we collect notation and background on the
Fourier transform on R™.

Homogeneous pseudo-differential operators on a manifold are defined and dis-
cussed in detail in [Ho3]. We only consider symbols of type (p,0) = (1,0) and
denote the space of homogeneous pseudo-differential operators of order m and type
(1,0) by ¥™. Symbols are discussed in the next section They are operators
which are sums of a smoothing operator (i.e., an operator with a smooth kernel)
and an oscillatory integral operator

(2.29) Aula) = (2 [ [ e,y pyuty)dyn,

where n = dim M, dydn is the symplectic volume measure on T*M, a € S{’fO(M X
M x R™) and ¢(x,y,n) is linear in &, vanishes on the diagonal and dp = {dx — Edy
at (z,z,€) for £ € T M.
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There are many possible choices of the phase ¢ and on a Riemannian manifold
(M,g). It is natural to choose one which is adapted to the Riemannian metric g.
In the case of Euclidean R™ the canonical choice is p(z,y,n) = (x — y,n), and its
generalization to Riemannian manifolds is

(2.30) o(x,y,n) = (exp, ' z,n),  neT,M.

It is only defined for when the distance r(x, y) is less than the injectivity radius and
so the amplitude a(z,y,n) is understood to be cutoff to a sufficiently small neigh-
borhood of the diagonal so that r(x, y) < inj(M) on the support of a. Articles which
give extensive discussions of geometric definitions of pseudo-differential operators
on Riemannian manifolds include [W), [Sh) [Sa]. The phase is particularly
convenient when constructing Fourier integral representations for the wave kernel
of (M, g).

In we discuss the non-Euclidean Fourier transform on the hyperbolic plane
and use it as a basis for the definition of pseudo-differential operators in the hy-
perbolic setting. This is a special case of pseudo-differential operators on a curved
Riemannian manifold where the definition is adapted to the geometry.

The starting idea of pseudo-differential operators is that it is a quantization
a — Op(a) from classical observables (functions on T*M) to operators on L?(M).
In the case of M = R"™ the symbols are functions on 7T*R" and may be identified
with functions on the Heisenberg group. The corresponding quantization is the
Schrédinger representation of the Heisenberg group, in its integrated form. This
viewpoint originates in Hermann Weyl’s classic text Theory of Groups and Quantum
Mechanics and has been developed by E.M. Stein, R. Howe and many others. See
for instance [GrLS|, [H].

The main advance in the definition of Kohn-Nirenberg quantization over the
definition of Weyl is the restriction of the classical observables to symbols, i.e.,
polyhomogeneous functions on T*M. They are generalizations of polynomials and
thus the Schwartz kernel of the pseudo-differential operator is decomposed into a
sum of products of a rapidly oscillating factor (the phase) and a slowly oscillating
factor (the symbol). Symbols are constructed so that there exist semiclassical
asymptotic expansions.

The theory is rich in applications in classical analysis as well as quantum me-
chanics. Many of the principal operators in classical analysis, e.g., Green’s func-
tions (resolvent kernels) are pseudo-differential operators. The symbol expansion
in the homogeneous setting is equivalent to a singularity expansion of the kernel,
e.g., along the lines of the Hadamard parametrix for the Green’s function (see for
instance [Ho3]).

Many of the theorems relate conditions on the symbol to conditions on the
corresponding operator. For example, the vanishing of the symbol at infinity is
related to compactness, integrability of the symbol is related to the trace class
property, square integrability is related to the Hilbert-Schmidt property, bounded-
ness of derivatives of the symbol is related to L? boundedness of the operator. We
refer to the texts in the references for precise statements and proofs.

2.6. Symbols

There are many symbol classes and associated spaces of pseudo-differential
operators. The Hormander style definition defines symbols through the following
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estimate: On an open set U C R", we say that a(z,&;h) € C°(U x R™) is in the
symbol class S™F(U x R"™), provided

(2:31) 10207 alx, €& 1)| < Caph™™ (1 + [€])F17,

for all multi-indices «, 8 € N®. When m = 0 the symbol is called polyhomogeneous
of order k, i.e., it satisfies estimates similar to a polynomial of degree k. The space
of such symbols is denoted \I!I’ihg.

By a classical polyhomogeneous symbol of degree k we mean a symbol satisfying
which additionally possesses the asymptotic expansion

(2.32) a(z,&) ~ Y aj(x,€) with a;j(x,t€) = t/a;(x,€) for [¢] > 1.

Jj=0

That is, a polyhomogeneous symbol is asymptotic to a sum of homogeneous terms
as |¢] — oo which descend in unit steps. The leading term ay, is called the prin-
cipal symbol. The symbol is said to be elliptic if the top term aj is nowhere
vanishing on T*M — 0. Here, 0 = 0j; denotes the zero section {(x,0)} C T*M.
Such symbols arise when one constructs Green’s functions, i.e., inverses of (ellip-
tic) pseudo-differential operators. The polyhomogeneous expansion of the symbol
reflects the polyhomogeneous expansion of the singularity along the diagonal. See
Chapter 17 of [Ho3]| for the construction of a Hadamard parametrix for the Green’s
function in terms of every more regular homogeneous singular terms. Of course,
there are many modifications of such symbol classes which play important roles in
partial differential equations.

Quite often the semiclassical parameter /i is the key parameter in the symbol
and takes the place of order of homogeneity, or is in competition with it. We say
that a € S}/ ’k(U xR™) is a semiclassical symbol of order m of classical type provided
there exists an asymptotic expansion:

(2.33) a(z, &h) ~ ™" aj(x, I with a;(x, ) € SOF I (U x R™).
=0

Somewhat more generally, let M be a compact manifold. By a semiclassical symbol
a € S™k(T*M x [0,hg)) we mean a smooth function possessing an asymptotic
expansion as h — 0 of the form

(2.34) a(@,&,h) ~poor Y ax—j(z, ™ with ay_; € SF(T*M).
j=0

Here, Sf,o is the standard Hormander class consisting of smooth functions a(z, )
satisfying the estimates \8§8§a(x,§)| < Co 5(€)F 18l Semiclassical symbols and
pseudo-differential operators are discussed systematically in [Zw].

2.7. Quantization of symbols

The A-quantization of a symbol is denoted by Opy(a). It is defined locally by
the Kohn-Nirenberg formula:

(2.35) Opn(a)(w.9) = (2t [ oD a1 e
R
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By using a partition of unity, one constructs a corresponding class, Opy(S™*), of
properly-supported fi-pseudodifferential operators acting globally on C*°(M); as is
well known, it is independent of the choice of partition of unity.

When the symbols are homogeneous then we denote the algebra of pseudo-
differential operators by ¥*(M) and the space of pseudo-differential operators of
order m by ¥™(M). Since there are many symbol classes relevant to the prob-
lems we study, we often just write Op in front of a symbol class to denote the
corresponding class of pseudo-differential operators.

Weyl quantization is often more useful on R™. The Weyl quantization Op; (a)
(or simply a™) of a symbol in a € S™*(T*M x [0, hg)) is defined by the Schwartz
kernel

(236)  Op¥(a)(ey) = (2nh)" /

eimy,@/ha(m ‘; Y e h) dg

n

with @ € S™F. By a symbol of order zero we mean that a € S%°, and we refer to
ap(x, &) as the principal symbol. In the latter case, we simply write

(2.37) SO(M) := 8% and W2 (M) :=Opy(S°Y).

Weyl quantization is essentially the same as integration of the Schrédinger repre-
sentation of the Heisenberg group. We refer to [Hj [F] for more details. As this
indicates, it is more useful on R™ than on a general compact manifold and we do
not use it in this monograph, but sometimes local computations on a manifold are
simpler when using the Weyl formula.

2.8. Action of a pseudo-differential operator on a rapidly oscillating
exponential

One of the key calculations is the action of a pseudo-differential operator
P(x,D) on a rapidly oscillating WKB Lagrangian state ae’™®. A semiclassical
Lagrangian distribution is defined as an oscillatory integral

(2.38) w(z, h) = h~"/? / e @0 gz, 6, h) do,

n

where a(z, 0, i) is a semiclassical symbol. For instance it could be of classical type,
(2.39) a(z,0,h) ~ > W Fay(z,0).
k=0

We refer to [T1), Ho3| for background.

PROPOSITION 2.5. Let ¢ be real-valued and suppose that dp # 0 (anywhere).
Then

P(z, D)(a(x,§)e™9) = ap(x,£)e' "4
with
1
(2.40) ap(w,§) ~ Z aDap(q,‘,TdQD)Na((pﬂ-’ D,)a(z, €),

where

(2.41) N, 7, Dy)u(z) = D;eirw(m(y»f)u(y”y:m,
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@2) being the second order remainder of the Taylor expansion of p(y,§) around
y=x:
(2.42) o(x) —o(y) = Voo - (z —y) + o) (2,9)-

2.8.1. Symbol composition. An application of Proposition[2.5]is the asymp—
totic formula for the composition of two symbols. Given a € S™**1 and b € §™2"F2
the composition is given by
(2.43) Opp(a) © Opy(b) = Opp(c) + O(R™)
in L?(M) where locally,

h la
(2.44) c(x, & k) ~ = (mi+ma) Z L (@ga) - (90).
|| =0
The formula shows that pseudo-differential operators of the types mentioned above
form algebras.
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CHAPTER 3

Main results

To clarify the organization of this monograph we give a rapid survey of the
relatively new results that form the main content of this monograph. There are
many older results, such as norm estimates based on local Weyl laws, or global
quantum ergodicity theorems, that we do not discuss in this section, although they
are (briefly) reviewed in later sections.

All of the results concern the oscillation and concentration of an orthonormal
basis of eigenfunctions. Oscillation is measured by matrix elements or by restricted
matrix elements. Concentration is measured by restricted matrix elements or by
LP norms of restrictions to hypersurfaces or thin tubes around hypersurfaces.

An important heuristic (and technical) principle is that results which only make
use of the short time behavior of the geodesic flow or wave group are universal. This
is because the singularity at ¢ = 0 is universal. To break universality one needs
to exploit the long time behavior. For instance, curvature assumptions (such as
nonpositive curvature) or dynamical assumptions (such as ergodicity or complete
integrability) require the use of the wave kernel for long times. The main obstacle
to using the long time behavior of the wave kernel and its relation to the geodesic
flow is that many estimates blow up exponentially in the time parameter ¢, i.e., like
eCItl and one can only work up to the Eherenfest time.

Recall that the (—A)-eigenvalues are denoted by \? and frequencies by
A and that all eigenfunctions are understood to satisfy the normalization
condition ||| 2 = 1.

3.1. Universal L? bounds

In the &Chapterds on L? norms, we review the universal bounds of Sogge [S1]
on LP norms of L?-normalized eigenfunctions on compact Riemannian manifolds.
These bounds are achieved by extremal eigenfunctions on standard spheres but
are rarely achieved on general Riemannian manifolds. One of the themes of this
monograph is the exploration of converses to extremal LP norm growth.

In the case of a compact surface (i.e., a Riemannian manifold of dimension
n = 2), Sogge’s universal LP bounds assert that for A > 1,

11_1
(3.1) lexlloan < CAZE" lexllpzny,  2<p <6,
11y 1
(3.2) lealle ) < CA=7w) 72 leallzany, 6 < p < oo.
In particular, for a general compact Riemannian manifold of any dimension,
n—1
(3.3) loallLoeany S CX 2,
and in dimension 2,
1
(3.4) leallzeary < CAF[[oallLz(ar)-

39
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These estimates are sharp for the round sphere S2. As discussed in &{L4pb, the
estimate (3.1]) is achieved by the so-called highest weight spherical harmonics (also
known as Gaussian beams). Estimate is achieved by zonal spherical harmonics
(and more generally zonal functions for surfaces of revolution), which concentrate
at the poles.

3.2. Self-focal points and extremal L” bounds for high p

On which manifolds are the above universal sup norm bounds achieved by some
sequence of eigenfunctions? To date, the only known examples in dimension two
are surfaces of revolution, where the sup norm bounds are achieved by rotationally
invariant eigenfunctions at the poles. In higher dimensions the only known examples
are compact rank one symmetric spaces (e.g., complex projective space CP"), or
on higher dimensional surfaces of revolution, where the metric is invariant under
the action of SO(n — 1). The poles have the property that all geodesics emanating
from the poles return to the poles at time ¢ = 2w and close up smoothly.

In fact, any example that saturates the sup norm bounds has strong similarities
to such surfaces of revolution. To state the theorem precisely, we introduce some
notation. For a given x € M, let £, C S;M denote those unit directions £ for
which G*(z,&) € SiM for some time ¢ # 0, and let |£,| denote its surface measure
dpy in S;M induced by the Euclidean metric g,. Thus, £, denotes the initial
directions of geodesic loops through .

In [SZ2], it is proved that for a compact Riemannian manifold (M, g), if |£,| =
0 for all x € M then

(3.5) leallne(ary = o(A"7),

A recent stronger result is obtained by the author and Sogge when the manifold
is assumed to be real analytic. In this case, there are just two extreme possibilities
regarding the nature of the loop directions £, C SiM: either |£,| =0 or £, =
S*M. In the second case there is also a minimal time £ > 0 so that G*(x, £) € S M,
meaning that all geodesics starting at = loop back at exactly this minimal time /.
We call such a point x a self-focal point. There may exist more than one self-focal
point and the minimal common return time ¢ of the loops may depend on z, but
for simplicity of notation we do not embellish ¢ with a subscript. If we then write

(3.6) G (x,€) = (z,m2(€)), €€ SpM,
then the first return map,
(3.7) Nyt SoM — Sy M

above our self-focal point is real analytic. Following Safarov [Sal, [SaV], we can as-
sociate to this first return map the Perron-Frobenius operator U, : L*(S:M, dyu,) —
L?(S:M,dpu,) by setting

(3.8) Unf(€) = f(1:(€)) V/Ju(€) for all f e L*(S;M, dp,),

where J,;(§) denotes the Jacobian of the first return map, that is, nidu, = J5(€)dp,.
Clearly U, is a unitary operator and

(3.9) Ny (fdpz) = Uz (f)dpte.

The key assumption underlying the result is contained in the following:
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DEFINITION 3.1. A self-focal point x € M is said to be dissipative if U, has
no invariant function f € L?(S*M). Equivalently, G* has no invariant L' measure
with respect to dp,.

If the above is satisfied, then the following is proved in [SZ4), [SZ5]:

THEOREM 3.2. Let (M, g) be a real analytic compact manifold without bound-
ary. In dimensions n > 2, the L™ norm estimate holds only if every self-focal
point is dissipative. In dimension n = 2, the estimate (3.5)) can only hold if there
exists a pole p so that all geodesics through p are closed.

3.3. Low L? norms and concentration of eigenfunctions around
geodesics

For the smaller L? norms (p < 6 in dimension 2), the analogue of Theorem [3.2
would be that if the maximal LP norm is achieved, then there should exist Gaussian
beams concentrating on elliptic closed geodesics. An elliptic closed geodesic is one
for which the eigenvalues of the linear Poincaré map are of modulus one. A Gaussian
beam is similar to a highest weight spherical harmonic. This conjectural picture is
however open at the present time.

To test this conjecture it is useful to study integrals of squares of eigenfunctions
over unit length geodesic segments v or over thin tubes around such geodesics.
Following Cordoba, Bourgain and Sogge we consider two types of maximal functions
which measure concentration of eigenfunctions along geodesics: (i) the geodesic
maximal function G,, which measures LP norms on the geodesic and (ii) the Kakeya-
Nikodym maximal function M,,, which measures L? norms in A~'-tubes around
geodesics.

DEFINITION 3.3. Let IT denote the set of geodesic segments of length one. The
LP geodesic maximal function is defined by

(3.10) Gei(a) = s / somds)’l’ |

yEIl: zE€y

with ds denoting the arc length measure along v. When p = 2, we simply write

G = Go.
Universal bounds on G,¢; was proved by Burq, Gérard and Tzvetkov [BuGT]:
THEOREM 3.4. For any compact surface without boundary, one has

11

CAz7%llpallp2y 4 <p < o0,
1

CA1|loallz2(an 2<p<4,

with C independent of A\ and v € II.

(311) gpgaA S {

For 2 < p < 4, these bounds are achieved by the highest weight spherical
harmonics on S2. If one makes additional assumptions on the curvature of the
surface, however, C. Sogge and the author proved that when p = 2 the bound for
Gy is not achieved [SZ1]:

THEOREM 3.5. For any compact surface of nonpositive curvature, given € > 0
there is a A(e) < 0o so that

(3.12) Gopr < eXT||palleary  for all A > A(e).
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In [CS] X. Chen and C. Sogge showed that the other bound of Theorem 3.4
also fails to be sharp when the curvature is non-positive:

THEOREM 3.6. For any compact surface of nonpositive curvature, one has

(3.13) limsup A; *Gapy; =0
)\]‘ — 00 ’
One of the principal applications of the geodesic maximal function is to control
L* norms. Bourgain [Ba] proves the following:

THEOREM 3.7. For any compact surface without boundary, if p > 2 andy € II,
then

z 1
(3.14) (/ |¢A2d8> < CoAZ ||oallLe (-
¥
Conversely, for any € > 0,

1 1
(3.15) lox, Izacary < CAIFT (Gen, ) ? -

Similar to the sup norm estimates, these bounds are achieved on the standard
sphere (by highest weight spherical harmonics), but can be improved under curva-
ture assumptions on the surface. In [S2], using in part results from Bourgain [Bol,
it was shown that for a compact surface without boundary and 2 < p < 6,

1c01_ 1 1
(3.16) o, ey = 002 7)) ifand only if  Gpa, = o(AT).

Thus, we have the following corollary to Theorem [3.5]

THEOREM 3.8. Let M a compact surface with nonpositive curvature. For e > 0
and 2 < p < 6 fized there exists A(e,p) < 0o so that

(3.17) lealloany < eXTET3) [ oallp2eary  for all A > Ale, p).

3.4. Kakeya-Nikodym maximal function and extremal L? bounds for
small p

Closely related to the geodesic maximal function is the LP Kakeya-Nikodym
maximal function. It is the maximal function over A~ 2-tubes around geodesic arcs.
Recall that the frequency of an eigenfunction ¢y is A™! = h, so the radius of the
tube is the square root of the frequency. A highest weight spherical harmonic is
essentially supported in a tube of this radius.

DEFINITION 3.9. Let IT denote the set of geodesic segments of length one. For
~ € II, define the tubular neighborhood

(3.18) To-1()={y e M: d(y,7) < Az}

of radius A~ 2 about ~. The LP Kakeya-Nikodym maximal function is defined by

1 ¥
(3.19) Mypy = sup ————— (/ loal? dV) .
P ~NEIT: zEY VOI(’T)(% (A/)) T -1 () ‘

When p = 2, we simply write M = Ma.
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One of the advantages of the Kakeya-Nikodym tubular average is that auto-
matically My; < 1. Bourgain and Sogge have proved bounds on L* norms of
eigenfunctions in terms of the L* norm of My;. In [S2] C. Sogge proved the
following.

THEOREM 3.10. Given a compact surface without boundary, for all € > 0 there
exists a constant Cz > 0 such that

1 1
(3.20) loallzs < eXzlleallzz + CoAzl@alz: (Mex)® + Clleallzzan,
where the constant C' is independent of A\ and €.

(Recall again that the universal bound (3.4) says [|oallzs(ar) < A&.) In [BST],
BS2| M. Blair and C. Sogge proved a kind of higher dimensional generalization:

THEOREM 3.11. Let M be an n-dimensional compact Riemannian manifold
without boundary. If w <p< %, then
(3.21)

n—1yc1l_ 1
loallz, < eXCTETDlpall7e + Cellpallfs + CoA™

—1yl_1 n_2
57 pallz: (Mepa) 2

In general, the sequences of eigenfunctions saturating the L? bounds are sparse
(usually forming an arithmetic progression in the sequence of frequencies, i.e. square
roots of eigenvalues). We say that a sequence is sparse if the complementary se-
quence \j, has density 1 in the sense that

(3.22) lim. W 1

(Recall that N(A) = #{\; < A}). The following Theorem uses the Kakeya-
Nikodym maximal function to relate this sparsity to the measure of the set of
periodic geodesics. More precisely, let Gt : S*M — S*M be the geodesic flow on
the cosphere bundle, assume that the set of periodic points has measure zero, i.e..

(3.23) {(z,6) € S*M: G'(z,¢) = (w,&) for some t > 0}

has measure zero in S*M with respect to the volume element. The following is
proved in [SZ1].

n

THEOREM 3.12. Let (M,g) be a compact surface. Assume that the set of pe-
riodic points of the geodesic flow has measure zero in S*M with respect to the
volume element. Then if ¢; is any orthonormal basis of eigenfunctions, there is a
subsequence Aj, of density 1 so that

1
(3.24) e, llzsary = o(A5)-

3.5. Concentration of joint eigenfunctions of quantum integrable A
around closed geodesics

We recall that a Laplacian or Schrodinger operator is quantum completely
integrable (QCI) if it commutes with a full set of independent observables (that
is, n — 1 other observables in dimension n). Independent means that the symbols
are functionally independent on an open dense set of T*M. Joint eigenfunctions
are simultaneous eigenfunctions of the commuting observables. In the quantum
integrable case, we may explicitly calculate the L? norms of restrictions of joint
eigenfunctions to geodesics or to tubes around closed geodesics. The norm depends
on whether the closed geodesic is elliptic or hyperbolic.
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One of the principal reasons for studying quantum integrable systems is that
they provide (micro-)local models for all problems involving eigenfunctions. To
make this statement precise is the purpose of quantum Birkhoff normal forms.
Moreover we expect eigenfunctions of quantum integrable systems to provide ex-
tremals for concentration and L? norm problems. This expectation has led to some
rigorous theorems but remains a useful heuristic principle.

The first type of result concerns mass concentration on small length scales of
eigenfunctions of quantum completely integrable eigenfunctions. These are joint
eigenfunctions of A and of m commuting pseudo-differential operators of order
1. Tt will be discussed in the dchapter on quantum integrable systemses. Mass
concentration on small scales refers to the local L? norm of the eigenfunctions
around invariant sets A for the geodesic flow or more precisely, level sets of the
moment map. We are often interested in (closed) geodesics but in the integrable
case is it also natural to work with the projection 7(A) to M of an invariant phase
space torus under 7: T*M — M.

We use the following geometric terminology:

e A point (z,¢&) is called a singular point of the moment map P if dp; A - -
A dpn(x7§) =0.

e Alevel set P~1(c) of the moment map is called a singular level if it contains
a singular point (z,£) € P~1(c).

e An orbit R" - (z,€) of G is singular if it is non-Lagrangian, i.e., has
dimension strictly less than n;

We denote by 7% (m(A)) an e-neighborhood of 7(A). For 0 < § < 1, we introduce
a cutoff x3(x;h) € C°(M) with 0 < x§ < 1, satisfying

o (i) supp xi C Tps(m(A))
o (i) x{=1on Ty s (m(A)).
o (iii) |09 x] (x; 1)| < Coh0lol.
The following result says that the mass of the joint eigenfunctions ¢,, which mi-

crolocally concentrate on A must blow up at a logarithmic rate on the projection
of A. The following is proved in [TZ2].

THEOREM 3.13. Let {¢,} be joint QCI eigenfunctions of the Laplacian A of
(M, g), where A is quantum completely integrable and dim M = m. Then for any
0< 6 < L, we have (Op, ()2 9u) > |log hl~™.

Here, A > B means that there exists a constant ¢ independent of the eigenvalue
so that A > ¢B. The main idea of the proof is to conjugate to the model by a
semiclassical h-Fourier Integral Operator. This reduces the calculation of matrix
elements to those (Opp(x3 o K)uy,u,) in the model. Model eigenfunctions are
explicit ones and the calculation gives the result above. A special case is where
A = v is a hyperbolic closed geodesic. We denote by 7(7y) be the image of v in M
under the natural projection map.

THEOREM 3.14. Let v be a hyperbolic closed orbit in (M, g) with quantum inte-
grable Ay, and let {¢,} be a sequence of joint eigenfunctions whose joint eigenvalues
concentrate on the image of v under the moment map. Then for any 0 < § < %,
we have

(3.25) (Ops (X)) > (1—26).

lim
h—0
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These mass concentration results suggest that quantum completely integrable
joint eigenfunctions are extremals for various LP problems. We now give some ap-
plications of the results which may be easier to absorb than the original statements.

One extremal problem is to determine the Riemannian manifolds which possess
orthonormal bases of eigenfunctions with uniformly bounded L* norms. The fol-
lowing result shows that flat tori are the unique minimizers in the class of quantum
completely integrable systems (cf. [TZ1]). Define

(3.26)

L*0g)= swp [olix and (9= il (s fgllie).

pEV) {9 }CVa j=1,....dim Vy
lell2=1

Note that £°° measures the growth of the smallest possible L*°-norms for any or-
thonormal basis, while L°° measures the largest growth of any sequence of eigen-
functions. For instance, on a rational flat torus, there exist sequences which tend
to infinity at the rate of the square root of the multiplicity of the eigenspace, so
L grows at that rate, but the standard ONB is uniformly bounded by 1 and so

> =1

THEOREM 3.15. Suppose that A is a quantum completely integrable Laplacian
on a compact Riemannian manifold (M, g). Let V be the eigenspace of eigenvalue
—\2. Then

(a) If L*=(X,g) = O(1) then (M, g) is flat.
(b) If (A, g) = O(1), then (M, g) is flat.

There exists a quantitative improvement giving blow-up rates for L” norms for
quantum integrable eigenfunctions concentrating on singular level sets, i.e., level
sets which are not regular tori. These eigenfunctions are the extremals for L?
blow-up and mass concentration. The following is proved in [TZ2].

THEOREM 3.16. Suppose that (M,g) is a compact Riemannian manifold of
dimension n whose Laplacian A is quantum completely integrable. Then, unless
(M, g) is a flat torus, the underlying Hamiltonian R™ action must have a singular
orbit of dimension strictly less than n. If the minimal dimension of the singular
orbits is £, then for every e > 0, there exists a sequence of eigenfunctions satisfying:

n—=~e
Npoo > C N % ©
(3.27) lesllne = Ce (h=D@=2)

lesllze ZCE)\J'T ) for 2 < p < .

The idea is to measure local L? mass on shrinking tubes around special subsets
of M. They are the projections of special singular level sets of the moment map
of the underlying integrable system from S*M — M. Except in the case of a flat
torus, singular levels such as closed geodesics always occur.

The general theme of these results is that ‘flat eigenfunctions’ only occur on
flat manifolds. But it is only proved for the very special case of quantum integrable
Laplacians. The problem is open in the general setting of compact Riemannian
manifolds. Later we will consider weak* limits of matrix elements [ f <p§ dVy. When
the ¢; are uniformly bounded, the limit measures (microlocal defect measures,
quantum limits) are invariant measures for the geodesic flow whose projections to
M have the form pdV, where p is uniformly bounded. This is of course the case for
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Liouville measure and possibly for other invariant measures. So this characteriza-
tion does not aid much in characterizing manifolds with flat eigenfunctions.

3.6. Quantum ergodic restriction theorems for Cauchy data

We now consider concentration on hypersurfaces H C M for eigenfunctions
when the geodesic flow is ergodic. The main result is that for generic hypersurfaces,
the restriction of ergodic eigenfunctions on M are ergodic along H. In particular,
the L? norms of their restrictions to H are bounded below by a positive constant.
In general, this is not true for restrictions but is true for Cauchy data of eigenfunc-
tions. The quantum ergodic restriction theorem has numerous applications to the
geometry of nodal sets, as will be discussed below.

We are interested in the QER (quantum ergodic restriction) theorem both on
manifolds with boundary and manifolds without boundary. The simplest cases
occur when H = OM (on a manifold with boundary) or when H N9M = ) (on a
manifold with or without boundary).

Following [CTZ|, we use semiclassical notation for eigenfunctions and eigen-
values: we denote the eigenfunctions in the orthonormal basis by ¢} and the eigen-
values by h™2, and consider the eigenvalue problem taking the semiclassical form

{(—mg ~ 1)gn =0,

(3.28)
By =0 on OM,

where B =1 or B = hD, in the Dirichlet or Neumann cases, respectively.

Let H C M be a smooth hypersurface which either equals OM or does not
meet OM if OM (including the case OM = (). The quantum ergodic restriction
problem for (semiclassical) Cauchy data

(3.29) CD(¢n) = {(enla, hDvenln)}

is to prove that the Cauchy data is quantum ergodic along any hypersurface H C M
if the eigenfunctions are quantum ergodic on the global manifold M. The Cauchy
data is the quantum analogue of the ‘cross-section’ S7; M to the geodesic flow in
S*M. In the case H = OM on a manifold with boundary, the Dirichlet (resp.
Neumann) boundary condition of course kills one of the two components of the
Cauchy data.

In the case where OM = (), we assume that H is separating in the sense that

(3.30) M\H = M, UM-_

where M4 are domains with boundary in M. This is not a restrictive assumption
since we can arrange that any hypersurface is part of the boundary of a domain.
We recall that a sequence of functions uj; on a manifold M indexed by a
sequence of Planck constants is said to be quantum ergodic with limit measure du
if
(3.31) (a”(z, hjDy)uj, uj) = wlag) = / Mao dp,
for all zeroth order semiclassical pseudo-differential operators, where a is the prin-
cipal symbol of a* (z, h;D,). We also recall that the functional a — (a*(z, h;Dy)uj, u;)
is referred to as a microlocal lift (or a Wigner distribution), and the limit measure
or state w(a) is called a quantum limit or a semiclassical defect measure. An or-
thonormal basis of eigenfunctions {p,} of —h2?A, is called QUE (quantum unique
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ergodic) on M if (a¥(x, hDy)en, pr) — w(ag) for all pseudo-differential operators
a® € UO(M), i.e., if it is not necessary to eliminate a sparse subsequence of eigen-
functions of density zero.

Given a quantization a — Opy,(a) of semiclassical symbols a € SY,(h) of order
zero (see §2.7) to semiclassical pseudo-differential operators on L?(H), we define
the microlocal lifts of the Neumann data as the restricted versions of the definition

on the global M. Namely, they are linear functionals on a € S°.(B*H) given by

(3.32) ph (@) ¢:/B Had@iv = (Opy (a)hDyenlm, hDyen|a) p2 gy »

where B*H is the unit co-ball bundle of H. It is the orthogonal projection to 7% H
of S%; M, the unit convectors with footpoint on H. We also define the re-normalized
microlocal lifts of the Dirichlet data by

(3.33) MfD(a) = /B Had@fD = <OPH(G)(1 + h2AH)‘Ph‘Ha‘Ph|H>L2(H)~

Finally, we define the microlocal lift dCIDSD of the Cauchy data to be the sum
(3.34) do§P .= dd) + ddfP.

Here, h?Apy denotes the negative tangential Laplacian for the induced metric on
H, so that the operator (1 + h?A) is characteristic precisely on the glancing set
S*H of H. Intuitively, we have re-normalized the Dirichlet data by damping out
the whispering gallery components.

The distributions plY and pfP are asymptotically positive, but are not nor-
malized to have mass one and may tend to infinity. They depend on the choice
of quantization, but their possible weak* limits as » — 0 do not, and subsequent
theorems are valid for any choice of quantization. We refer to or to [Zw] for
background on semiclassical microlocal analysis.

The next result from [CTZ]| states that the Cauchy data of a sequence of quan-
tum ergodic eigenfunctions restricted to H is automatically QER for semiclassical
pseudo-differential operators with symbols vanishing on the glancing set S*H. The
assumption HNOM = () is for simplicity of exposition and because the case H = M
was proved earlier and by a different method in [GeLl, [HZ), [Bu] at different levels
of generality.

THEOREM 3.17. Suppose H C M is a smooth, codimension 1 embedded ori-
entable separating hypersurface and assume H N OM = (). Assume that {@n} is a
quantum ergodic sequence of eigenfunctions (3.28). Then the sequence {d@gD} of
microlocal lifts of the Cauchy data of pn is quantum ergodic on H in the
sense that for any a € S2.(H),

(3.35)
h—0 4

465(a) = A} (o) + 40P (@) *20 o [ (e €)1 - P do
" g g w(S*M) Jperr
where ag(x',&') is the principal symbol of Opy(a), h>Ag is the induced tangential
(semiclassical) Laplacian with principal symbol |€'|2, 1 is the Liouville measure on
S*M, and do is the standard symplectic volume form on B*H.

The limit along H in Theorem holds for the full sequence {pp}. Thus,
if the full sequence of eigenfunctions is known to be quantum ergodic, i.e., if the
sequence is QUE, then the conclusion of the theorem applies to the full sequence
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of eigenfunctions. The proof simply relates the interior and restricted microlocal
lifts and reduces the QER property along H to the QE property of the ambient
manifold. If we assume that QUE holds in the ambient manifold, we automatically
get QUER, which is our first Corollary:

COROLLARY 3.18. Suppose that {¢n} is QUE on M. Then the distributions
{d®$PY} have a unique weak* limit

L 4 Y 712\
(3.36) w(a) = G /B*Hao(x )1 —E17)> do

In particular, QUE implies QUER when H = M in the Dirichlet or Neumann
case.

We note that d®§'P involves the microlocal lift d®FP rather than the microlocal
lift of the Dirichlet data. The next result is a QER theorem for the re-normalized
distributions d®P +d®2N where the microlocal lift d®2 € D'(B* H) of the Dirichlet
data of ¢y, is defined by

(3.37) /B Had(I);’? = <OPH(G)<Ph\Ha<Ph|H>L2(H) )

and

(3.38) / U,d(I)}IfN = <(1 + h2AH + 7;0)71 Opy(a)hDyop|m, hDV(ph|H>L2(H) .
B*H

THEOREM 3.19. Suppose H C M is a smooth, codimension 1 embedded ori-
entable separating hypersurface and assume H N OM = 0. Assume that {pp} is
a quantum ergodic sequence. Then, there exists a sub-sequence of density one as
h — 0T such that for all a € S°.(H),

(3.39)
(1+Rh*Ag+i0)~" Opy(a)hDyon| . hDyon| i) 2+ (Op g (@) en|m, onl i) 2
4 vy 12\—1/2
= 1_
oot e [ e €)1 = ) e

where ag(x’, &) is the principal symbol of Opy(a).

COROLLARY 3.20. With the same assumptions and notation as in Theorem

we also have

(3.40) d®? + d®) — wp,
where

4 -
(3.41) wp(a”) = e [ a1~ ) e

3.7. Quantum ergodic restriction theorems for Dirichlet data

Above we stated a ‘universal’ QER theorem for Cauchy data. It is more difficult
to determine whether the Dirichlet or Neumann data alone is quantum ergodic on
a hypersurface. In fact, there is a rather obvious obstruction illustrated by odd
eigenfunctions on a Riemannian manifold with an involutive isometry o: M — M.
The odd eigenfunctions must vanish on the fixed point set of o and are obviously
not quantum ergodic, but their normal derivatives are. In some sense we wish to
prove that this is the only obstruction. The result we describe here does not go
that far but the condition is in the same direction.
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The QER problem is to determine conditions on a hypersurface H so that the
restrictions {ymp;} to H of an orthonormal basis of eigenfunctions {y;} of (M, g)
with ergodic geodesic flow, are quantum ergodic along H. Here, vy f = f|g denotes
the restriction operator to H. We say that {ym;} is quantum ergodic along H if
there exists a measure duy on T*H and a density one subsequence of eigenfunctions
so that, for any zeroth-order pseudo-differential operator Opy(a) defined on H,

(3.42) (Ops(@1ar0;, 1195 L2t — /T ad

Here, the norm on L*(H) is [|f||72(z) = [ |fI? dS where dS is the Riemannian
surface measure.

There is a dynamical condition on the position of H relative to the geodesic
flow which is sufficient for QER. To introduce it we need some more notation. We
denote by

(3.43) THiM ={(q,§) €eT;M:qe H}

the covectors to M with footpoint on H, and by T*H = {(¢,n) € T;H: q € H} the
cotangent bundle of H. We further denote by my: T M — T*H the restriction
map

(3.44) mu(z,8) = &|rH.

It is a linear map whose kernel is the conormal bundle N*H to H, i.e., the annihi-
lator of the tangent bundle TH. In the presence of the metric g, we may identify
co-vectors in T*M with vectors in TM and induce a co-metric g on T*M. The
orthogonal decomposition Ty M = T H & N H induces an orthogonal decomposition
THM =T*H & N*H, and the restriction map is equivalent modulo metric
identifications to the tangential orthogonal projection (or restriction)

(3.45) 7wy TyM — T H.

For any orientable (embedded) hypersurface H C M, there exists two unit
normal co-vector fields v+ to H which span half ray bundles Ny = R vy C N*H.
Infinitesimally, they define two ‘sides’ of H — indeed they are the two components
of T} M\T*H. We often use Fermi normal coordinates (s, y,) along H with s € H
and with = = exp, y,v. We let 0,7, denote the dual symplectic coordinates.

We also denote by S5 M (resp. S*H) the unit covectors in T/ M (resp. T*H).
In general, for any subset V' C T*M we denote by SV =V N S*M the subset of
unit covectors in V. We may restrict to get my : Sy M — B*H, where B*H
is the unit co-ball bundle of H. Conversely, if (s,0) € B*H, then there exist two
unit covectors 4 (s,0) € S¥M such that |£4(s,0)| =1 and &|r, g = 0. In the above
orthogonal decomposition, they are given by

(3.46) Ei(s,0) =ax+/1—|o]Pvi(s).

We define the reflection involution through 7T*H by

(347) rg:TupM — THM, ra(s, 1 éx(s,0)) = (s,u &x(s,0)), weR;.
Its fixed point set is T*H.
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DEFINITION 3.21. We say that H has a positive measure of microlocal reflection
symmetry if

a . (s (s
uL,f,( U{(s.9) € SM : ruGT7 09 (5,6) = g7 ’5>rH(s,5)}> > 0.
J#0
Otherwise we say that H is asymmetric with respect to the geodesic flow.

For homogeneous pseudo-differential operators, the QER theorem is as follows:

THEOREM 3.22. Let (M, g) be a compact manifold with ergodic geodesic flow,
and let H C M be a hypersurface. Let py; denote the L?-normalized eigenfunctions
of Ay. If H has a zero measure of microlocal symmetry, then there exists a density-
one subset S of N such that for Ao > 0 and a(s,o) € S%(T*H)

cl

(3.48) lim  (Opg(a)yaer,, YHVA,) L2 (1) = W(a),
Aj—o0;j€S
where
2
A4 == -1 )
(3.49) w(a) Vol(S ) /B*H ao(s,0) Ygi g (s,0)dsdo

Alternatively, one can write w(a) = m S as 00(s, mr(€))dpr, 1 (). Note
H

that ag(s, o) is bounded but is not defined for o = 0, hence ag(s, 7 (§)) is not de-
fined for £ € N*H if ay(s, o) is homogeneous of order zero on T*H. The integral can

also be simplified to w(a) = Casn [g. ;7 a0 dpr where, Carn = yoreesr (fol(l — p2)"1/2pn=2 dr)
and dup, is Liouville measure on S* H. The analogous result for semiclassical pseudo-
differential operators is:

THEOREM 3.23. Let (M, g) be a compact manifold with ergodic geodesic flow,
and let H C M be a hypersurface. If H has a zero measure of microlocal symmetry,
then there exists a density-one subset S of N such that for a € S®°(T*H x [0, ho)),

hj_}élgje [Opy, (@) on;, YR ) L2 (1) = w(@),

where
2

“(@) = orsan

/ ao(s,0) vty (s, 0) dsdo.
B*H

In the special case where a(s,o) = V(s) is a multiplication operator, an appli-
cation of Theorem gives:

COROLLARY 3.24. Under the same hypotheses as in Theorem[3.23, with dS the
surface measure on H,

lim / V(s) (virer,)” dS = Chy / V(s)dS,
H H

Aj—o0;j€S
; _ Vol(s"™h)
where Chrn = 1781y -

This gives an asymptotic formula for the L?-norms of restricted eigenfunctions
in the density one subsequence, as opposed to the O()\%) upper bounds in [BuGT].
However, it does not disqualify existence of a zero density subsequence of eigen-
functions whose L? norms blow up along H.
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3.8. Counting nodal domains and nodal intersections with curves

One of the applications of QER theorems is to counting nodal domains on
certain surfaces. In dimension one, the number of nodal points of the nth eigen-
function of a Sturm-Liouville operator on an interval equals n— 1, and this suggests
that the number of nodal domains should tend to infinity with the eigenvalue in
any dimension. However, this is not the case and indeed was disproved by Stern
[St] for squares or flat tori. Later, H. Lewy [L] constructed sequences of spheri-
cal harmonics on the standard S? with degrees tending to infinity for which the
number of nodal domains is no bigger than three. But it seems plausible that for
any (M,g), there exists some orthonormal sequence {¢;, } of eigenfunctions for
which N(pj;,) = 0o as k — co. We now review results showing that for Riemann
surfaces (M, J, o) with anti-holomorphic involution, and for any negatively curved
o-invariant metric, N(y;,) — oo along an orthonormal sequence of eigenfunctions
of density one. The same holds for non-positively curved surfaces with concave
boundary.

We state the results on nodal domains on real Riemann surfaces and on non-
positively surfaces with concave boundary in parallel. In both cases we have a
special curve C' given by

(i) C =0M, resp.
(ii) C = Fix(o).

The Dirichlet (resp. Neumann) eigenfunctions in the boundary setting (i) corre-
spond to odd (resp. even) eigenfunctions in the boundaryless symmetric setting
(ii). Following [GRS], the approach is to relate the number of nodal domains of ¢,
in M to the number of zeros of ¢; on the curve C. We denote by n(p;,0,C) the
number of zeros a Neumann eigenfunction on C' and by n(9,¢;, 0, C) the number of
zeros of the normal derivative of the Dirichlet eigenfunction. We also define N (¢;)
to be the number of nodal domains which touch C. By completing the nodal set
into an embedded graph and apply the Euler inequality for embedded graphs, one
shows that

(3.50) N€(p;) > =n($;,0,0),

DO =

where ¢; = ¢;|c in the Neumann/even case and ¢; = 0,¢;|c in the Dirichlet/odd
case. Here, 0, is a fixed choice of unit normal along C. This relation only holds
for very special curves C, because we need arcs along C' to count as segments of
the nodal set. A relative result holds for any smooth closed curve, i.e., there is a
growing number of domains bounded by the union of one arc of a nodal line and
at most one arc of C' (nodal domains “relative to C”). Hence the main point is to
show that Cauchy data of eigenfunctions on C' have many zeros.

We first consider real Riemann surfaces without boundary. These Riemann
surfaces (M, J) are complexifications of real algebraic curves M (R) which divide (or
equivalently separate) M in the sense that M\ M (R) has more than one component.
Such a surface possesses an anti-holomorphic involution o whose fixed point set
Fix(o) is the real curve M(R). The space of real algebraic curves which divide
their complexifications has real dimension 3g — 3.
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We define M5, to be the space of smooth, o-invariant, negatively curved
Riemannian metrics on an orientable Klein surface (M, J, o). Any negatively curved
metric ¢g; induces a o-invariant one by averaging: g1 — g = %(91 + 0*g1). Hence
M, 1o is an open set in the space of o-invariant metrics. The isometry o commutes
with the Laplacian A, and therefore the eigenspaces are spanned by even or odd
eigenfunctions with respect to 0. We denote by {¢;} of L2, ., (M) an orthonormal

basis of even eigenfunctions, resp. {¢;} an orthonormal basis of L2,,(M).
The nex result is from [JZ1]:

THEOREM 3.25. Let (M, J,0) be (as above) a compact Riemann surface with
anti-holomorphic involution o for which Fix(o) is dividing. Let g € M, ;5 be a
negatively curved metric that is invariant under o. Let v C Fix(o) be any sub-arc.
Then for any orthonormal eigenbasis {p;} of L?,.,(M) one can find a density 1
subset A of N such that

(3.51) im #Z, N~y = oo.
— 00

],
JEA

It follows that the number of nodal domains in each case tends to infinity.

In fact, we prove that the number of zeros tends to infinity by proving that
the number of sign changes tends to infinity. The proof uses the Kuzencov trace
formula of [Z1] to show that f,y @;ds is ‘small’ as j — oo for any curve v and for
almost all eigenfunctions. On the other hand the QER theorem shows that fv go? ds
is large. We then compare fﬁ/ @; ds and fv |pj]ds by applying a well known sup
norm bound on eigenfunctions in the case of surfaces without conjugate points to
replace fv @3ds by fv |o;lds . The comparison just manages to show that for any
geodesic arc 7, fv lpjlds > fv ¢;ds. Hence there must exist sign-changing zeros.

REMARK 3.26. Here and for the remaining of the section, v always denotes a

sub-arc of Fix(c). For each g € My, ., it follows from Harnack’s theorem that
the fixed point set Fix(o) is a disjoint union

(3.52) Fix(o) =71 U--- U

of 0 <k < g+ 1 simple closed geodesics, and by our assumption k& > 0 and Fix(o)
is dividing. Hence the arcs v above are geodesic arcs of (M, g).
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The main ingredient of Theorem [3.25]is the QER (quantum ergodic restriction)
theorem for Cauchy data of [CTZ]. The QER theorem then says that the Cauchy
data is quantum ergodic along Fix(c). Indeed, it is quantum ergodic along any
curve. Fix(o) is special because the odd eigenfunctions automatically vanish on
it and the even eigenfunctions have vanishing normal derivatives. Hence half of
the Cauchy data of each eigenfunction automatically vanishes on Fix(o). Quantum
ergodicity forces the sequence of restrictions of eigenfunctions to Fix(c) to oscillate
quickly and thus to have a growing number of zeros as the eigenvalue increases.

Combining with (3.50) gives

THEOREM 3.27. Let (M, J, o) be a compact Riemann surface with anti-holomorphic
involution o for which Fix(o) is dividing. Then for any g € M50y and any or-
thonormal A, -eigenbasis {¢;} of L2,.,.(M) and {1;} of L?,,(M), one can find a
density 1 subset A of N such that

(3.53) lim N(g;) =00 and lim N(¢;) = oo.
j—o0 j—o0
JjEA jEA

REMARK 3.28. For generic metrics in My s, the eigenvalues are simple (mul-
tiplicity one) and therefore all eigenfunctions are either even or odd. Hence for
generic metrics in My j, Theorem says that the number of nodal domains
tends to infinity along almost the /entire sequence of eigenfunctions.

For odd eigenfunctions, the same conclusion holds with the assumption Fix(o)
separating replaced by Fix(c) # 0, i.e., the conclusion holds for the complexification
of any real algebraic curve.

In more recent work [Z3], the author has shown that the number of zeros grows
like a power of log \.

THEOREM 3.29. Let (M, J) be a real Riemann surface and let g be a negatively
curved invariant metric on M. Then for j € A (a set of density one),

1
(3.54) N(pj) > Cy(log X)), VK < ¢
resp.

1
(3.55) N(¢;) > Cy(log\))®, VK < 5

It is doubtful that this lower bound is sharp in the negatively curved case.
However it is difficult to go beyond logarithms due to the exponential growth of
the geodesic flow.

The same methods show that the number of singular points of odd eigenfunc-
tions 1; tends to infinity. By singular points of an eigenfunction we mean the
set

(3.56) Yo, ={x € Z,, : dpr(z) =0}

of critical points ¢ which lie on the nodal set Z,,. For generic metrics, the singular
set is empty [U]. However for negatively curved surfaces with an isometric involu-
tion, odd eigenfunctions ¢ always have singular points. Indeed, odd eigenfunctions
vanish on v and they have singular points at « € « where the normal derivative
vanishes, 9,1; = 0.
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THEOREM 3.30. Let (M, J, o) be a compact Riemann surface with anti-holomorphic
involution for which Fix(o) is dividing. Let g € My, j.o. Then for any orthonormal
eigenbasis {¢;} of L2,,(M), one can find a density 1 subset A of N such that

(3.57) lim #%,, N Fix(o) = .
—00
]jEA

Furthermore, there are an infinite number of zeros where 0,v;|u changes sign.

We now state the parallel results on a surface with non-empty smooth con-
cave boundary OM # (). The first result states sufficient conditions under which
the number of nodal domains tends to infinity along a subsequence of ‘almost all’
eigenfunctions of any orthonormal basis.

THEOREM 3.31. Let (M, g) be a surface with non-empty smooth boundary OM .
Let {p;} be an orthonormal eigenbasis of Dirichlet (resp. Neumann) eigenfunctions.
Assume that (M, g) satisfies the following conditions:
(i) The billiard flow G is ergodic on S*M with respect to Liouville measure;
(ii) There does not exist a self-focal point g € OM for the billiard flow, i.e.,
a point q such that the set Ly of loop directions n € B;OM has positive
measure in B;OM.

(iii) The Cauchy data (goj|aM,/\j_18V<pj\aM) of the eigenfunctions is strictly
1
sub-mazximal in growth, i.e., both components are 0()\]-2) as \j — oo.

Then there exists a subsequence A C N of density one so that

(3.58) lim N(p;) = oo.
j—o0
jeA
The hypotheses of Theorem [3.31] are satisfied by surfaces of non-positive cur-
vature with concave boundary. By this we mean a non-positively curved surface

(3.59) M:ijq,

j=1

obtained by removing a finite union O := U;:l O; of embedded non-intersecting
geodesically convex domains (or ‘obstacles) O; from a closed non-positively curved
surface (X, g). We denote the scalar curvature of (X, g) by K and assume K < 0.
In the case where X is a flat torus or a square, such a billiard is called a Sinai
billiard.

COROLLARY 3.32. The conclusion of Theorem [3.27 holds for a non-positively
curved surface (3.59) with concave boundary.

3.9. Intersections of nodal lines and general curves on negatively
curved surfaces

Although it is not useful for counting nodal domains, we point out a general
result on intersections of nodal lines and curves on surfaces.

THEOREM 3.33. Let (M, g) be a C* compact negatively curved surface, and let
H be a closed curve which is asymmetric with respect to the geodesic flow. Then for
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any orthonormal eigenbasis {¢;} of eigenfunctions, there exists a density 1 subset
A of N such that

limj—>oo #Z@j NH = o0
jEA
(3.60) limj oo #{z € H: 0,p;(z) = 0} = oo.
jeA
Furthermore, there are an infinite number of zeros where ¢j|ly (resp. Ovp;lu)
changes sign.

Theorem does not necessarily imply lower bounds on nodal domains be-
cause the topological argument used in the case H = Fix(o) does not necessarily
apply. Its proof is essentially the same as that for Theorem [3.25] The main differ-
ence is that we use the QER theorem for Cauchy data in Theorem [3.25 and for just
the Dirichlet data in Theorem [3.33] The latter requires the asymmetry condition
on H.

Finally, we mention an upper bound on the number of nodal intersections in
the real analytic case [TZ3].

THEOREM 3.34. Suppose that Q C R? is a piecewise real analytic plane domain.
Then the number n(\;) = # 2o, N 0Q of zeros of the boundary values oy, |oq of

the jth Neumann eigenfunction satisfies n(\;) < Cqlj, for some Cq > 0.

The result is surely true for any real analytic Riemannian surface with analytic
boundary but has not as yet been generalized that far. To our knowledge, no upper
bound on the number of intersections in the general C*° case is known.

3.10. Complex zeros of eigenfunctions

As mentioned in the introduction, we have much more control over nodal sets in
the complex domain than in the real domain. By the complex domain is meant the
complexification of M. When g is real analytic, the eigenfunctions admit simulta-
neous analytic extensions to a fixed Grauert tube M.. The tube radius ¢ is defined
by a tube function \/p where p(z) = —r?(z,z). The complex nodal hypersurface of
an eigenfunction is defined by

(3.61) Zye ={C € My, : 95(¢) = 0}.

As discussed in §14.30.2] there exists a natural current of integration over the nodal
hypersurface in any Grauert tube M. given by the Poincaré-Lelong formula,

i _

(3.62) (Zs5) ) = 5 [ o0vsleSPns= [

A 2 M, Z ¢

X
for all smooth test (m — 1,m — 1)-forms f € D™~1™=1(M,) with support in M..

(In the second equality we used the Poincaré-Lelong formula; see §14.30.1})

The nodal hypersurface ZLPE’ viewed as a complex hypersurface embedded in a
Kéhler manifold, also carries a natural volume form. By Wirtinger’s formula, this

m—1

volume form equals the restriction of % to ng. Hence, one can regard Z%D”i as
defining the measure

wmfl
(3.63) 1z, = | frgsye where f € COM,).
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We prefer to state results in terms of the current [Z ] since it carries more infor-
mation.

THEOREM 3.35. Let (M, g) be real analytic, and let {p;, } denote a quantum
ergodic sequence of eigenfunctions. Let M., be the maximal Grauert tube around
M. Lete < gg. Then

(3.64) [Z,c | = ~80/p  weakly in D "1V (M)
A]k Ik ™
in the sense that, for any continuous test form o € DIm=Lm=U (M) we have
1 i ~
(3.65) ~ ), Y — ;/ P A 00+/p.
Ik »C M.
Jk
Equivalently, for any f € C(M.),
1 w?n—l 7rL 1
(3.66) — f—L— - / f00/p N —4——
o R )] VPN

ik
In [Z2] we proved a similar result for intersections of the complex nodal curve
with complexified geodesics. The complexification of an arc-length parametrized
geodesic

(3.67) Yot R= M, 7e0) =2, 0=, M
is defined by analytic continuation

(3.68) Ve et Se = M.

to the strip

(3.69) Se={(t+ireC:|r| <e}.

When we freeze 7 we simplify the notation to

(3.70) Yre(t) == 'ygg (t+17).

The intersection points of ’Ygg and ij correspond to the zeros of the pullback
(’75, 5)*@?. We encode this discrete set by the measure

C
(3.71) [N;J”] = Z Otir-
(t+iT): 9§75  (t4iT))=0
Let S = {ji} C N be a subsequence of the positive integers. We say that the
intersection points of the complex nodal sets N ﬁ(\:j and the complexified geodesic
k

755 for the subsequence S condense on the real geodesic and become uniformly
distributed with respect to arc-length if, for any f € C.(

1
(3.72) Jim. v > f(t+ir) / £t

P (i) 65, (9 ¢ (ti7)) =0
That is, i[./\/;ff] — L16o(7)dtdr in the sense of measures.

THEOREM 3.36. Let (M, g) be a real analytic Riemannian surface with ergodic
geodesic flow. Let v ¢ be a periodic geodesic satisfying the asymmetry QER hy-

pothesis of Definition |3.21] Then there exists a subsequence of eigenvalues \j, of
density one such that (3.72)) holds.
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Moreover, we have

PROPOSITION 3.37 (Growth saturation). If v,¢ is a periodic geodesic which
satisfies the QER asymmetry condition (Definition along compact arcs, then
there exists a subsequence S, ¢ of density one so that, for all T <,

1

k—o0 e

The subsequence Sy ¢ s the ergodic sequence along v.¢ given by Theorem .
Proposition immediately implies Theorem since we can apply 90 to

the L' convergent sequence +— log
>‘-7k

2
VTS, (i) =27l in L (S)).

7;7£cp§jk (t+ 17)‘ to obtain a weakly conver-

gence sequence of measures tending to d9|7|. Proposition has an analogue
for any real analytic curve but the exact formula is special to geodesics and arises
because complex geodesics are isometric embeddings to Grauert tubes. In general,
the growth rates of restrictions depend on the curve.






[BS1]

[BS2]

(Bo]

[Bu]
[BuGT]
[CS]
[CTZ]
[CGRS]
[Cel]
[HZ]

[121]

[122]

[Sa]

[SaV]

(1]
[S2]

[SZ1]

[$22]

(23]

Bibliography

M.D. Blair and C.D. Sogge, Refined and microlocal Kakeya-Nikodym bounds for eigen-
functions in two dimensions. Anal. PDE 8 (2015), no. 3, 747-764.

M. D. Blair and C.D. Sogge, On Kakeya-Nikodym averages, LP-norms and lower bounds
for nodal sets of eigenfunctions in higher dimensions, J. Eur. Math. Soc. (JEMS) 17
(2015), no. 10, 2513-2543 (arXiv:1301.7468) .

J. Bourgain, Geodesic restrictions and Lp-estimates for eigenfunctions of Riemannian
surfaces, Linear and complex analysis, 27735, Amer. Math. Soc. Tranl. Ser. 2, 226, Amer.
Math. Soc., Providence, RI, 2009.

N. Burq, Quantum ergodicity of boundary values of eigenfunctions: A control theory
approach, to appear in Canadian Math. Bull. 48 (2005), 3-15 (math.AP/0301349).

N. Burq, P. Gerard, and N. Tzvetkov, Restrictions of the Laplace-Beltrami eigenfunctions
to submanifolds, Duke Math. J. 138 (2007), 4457486. MR 2322684.

X. Chen and C. D. Sogge, A few endpoint geodesic restriction estimates for eigenfunc-
tions. Comm. Math. Phys. 329 (2014), no. 2, 435-459.

H. Christianson, J. A. Toth and S. Zelditch, Quantum ergodic restriction for Cauchy
data: interior que and restricted que. Math. Res. Lett. 20 (2013), no. 3, 465-475.

A. Ghosh, A. Reznikov and Peter Sarnak. Nodal domains of Maass forms I. Geom. Funct.
Anal., 23(5):1515-1568, 2013.

P.Gérard and E.Leichtnam, Ergodic properties of eigenfunctions for the Dirichlet prob-
lem, Duke Math J. 71 (1993), 559-607.

A. Hassell and S. Zelditch, Quantum ergodicity of boundary values of eigenfunctions.
Comm. Math. Phys. 248 (2004), no. 1, 119-168.

J. Jung and S. Zelditch, Number of nodal domains and singular points of eigenfunctions
of negatively curved surfaces with an isometric involution. J. Differential Geom. 102
(2016), no. 1, 37-66.

J. Jung and S. Zelditch, Number of nodal domains of eigenfunctions on non-positively
curved surfaces with concave boundary. Math. Ann. 364 (2016), no. 3-4, 813-840.

H. Lewy, On the minimum number of domains in which the nodal lines of spherical
Comm. Partial Differential Equations 2 (1977), no. 12, 1233-1244.

Y. Safarov, Asymptotics of a spectral function of a positive elliptic operator without a
nontrapping condition. (Russian) Funktsional. Anal. i Prilozhen. 22 (1988), no. 3,53-65,
96 translation in Funct. Anal. Appl. 22 (1988), no. 3, 213-223 (1989).

Y. Safarov and D. Vassiliev, The asymptotic distribution of eigenvalues of partial differ-
ential operators. Translated from the Russian manuscript by the authors. Translations of
Mathematical Monographs, 155. American Mathematical Society, Providence, RI, 1997.
C. D. Sogge, Fourier integrals in classical analysis. Cambridge Tracts in Mathematics,
105. Cambridge University Press, Cambridge, 1993.

C. D. Sogge, Kakeya-Nikodym averages and LP-norms of eigenfunctions, Tohoku Math.
J. (2) 63 (2011), no. 4, 519-538 (arXiv:0907.4827).

C.D. Sogge and S. Zelditch, On eigenfunction restriction estimates and L4-bounds for
compact surfaces with nonpositive curvature. Advances in analysis: the legacy of Elias
M. Stein, 447-461, Princeton Math. Ser., 50, Princeton Univ. Press, Princeton, NJ, 2014.
C. Sogge and S. Zelditch, Riemannian manifolds with maximal eigenfunction growth,
Duke Math. J. 114 (2002), 387-437.

C. Sogge and S. Zelditch, Concerning the L* norms of typical eigenfunctions on compact
surfaces, Recent developments in geometry and analysis, Vol 23, 407-423, Higher Ed.
Press and Int. Press, Beijing-Boston (2012) (arXiv:1011.0215).

59



60

[524]
[SZ5]

[STZ]

[St]

[TZ1]
[TZ2]
[TZ3]

[TZ4]

[TZ5]
[U]
(1]
(23]
Z2]

(Zw]

BIBLIOGRAPHY

C.D. Sogge and S. Zelditch, Focal points and sup-norms of eigenfunctions. Rev. Mat.
Iberoam. 32 (2016), no. 3, 971-994. (arXiv:1311.3999);

C. D. Sogge and S. Zelditch, Focal points and sup norms of eigenfunctions on real analytic
Riemannian manifolds, Rev. Mat. Iberoam. 32 (2016), no. 3, 995-999. (arXiv:1409.2063).
C. Sogge, J.A. Toth and S. Zelditch, About the blowup of quasimodes on Riemannian
manifolds, issue on Geometric Harmonic Analysis, J. Geom. Anal 21 (2011), 150-173
(arXiv:0908.0688).

A. Stern, Bemerkungen Ueber asymptotisches Verhalten von Eigenwerten und Eigen-
funktionen. Diss. Gottingen (30 Juli 1924). Available at http://www-fourier.ujf-
grenoble.fr/ pberard/R/stern-1925-thesis-partial-reprod.pdf

J. A. Toth and S. Zelditch, Riemannian manifolds with uniformly bounded eigenfunc-
tions. Duke Math. J. 111 (2002), no. 1, 97-132.

J. A. Toth and S. Zelditch, LP norms of eigenfunctions in the completely integrable case.
Ann. Henri Poincar’e (2003), no. 2, 343-368.

J A. Toth and S. Zelditch, Counting nodal lines which touch the boundary of an analytic
domain. J. Differential Geom. 81 (2009), no. 3, 649-686.

J. A. Toth and S. Zelditch, Quantum ergodic restriction theorems, I: interior hyper-
surfaces in analytic domains,, Ann. H. Poincaré 13, Issue 4 (2012), Page 599-670
(arXiv:1005.1636).

J.A. Toth and S. Zelditch, Quantum ergodic restriction theorems: manifolds without
boundary. Geom. Funct. Anal. 23 (2013), no. 2, 715-775.

K. Uhlenbeck, Generic properties of eigenfunctions. Amer. J. Math. 98 (1976), no. 4,
1059-1078.

S. Zelditch, Kuznecov sum formulae and Szegd limit formulae on manifolds. Comm.
Partial Differential Equations 17 (1992), no. 1-2, 221-260.

S. Zelditch, Logarithmic lower bound on the number of nodal domains, J. Spectr. Theory
6 (2016), no. 4, 1047-1086 (arXiv:1510.05315 ).

S. Zelditch, Ergodicity and intersections of nodal sets and geodesics on real analytic
surfaces. J. Differential Geom. 96 (2014), no. 2, 305-351.

M. Zworski, Semiclassical analysis. Graduate Studies in Mathematics, 138. American
Mathematical Society, Providence, RI, 2012.



CHAPTER 4

Model spaces of constant curvature

In this section we encounter eigenfunctions for the first time. We begin with
model spaces of constant curvature, where special eigenfunctions can be explicitly
constructed. Aside from giving explicitly computable models, these eigenfunctions
are often extremal for various problems, e.g., L? norms. Hence with begin with the
geodesic flow and the eigenfunctions on the model spaces of constant curvature:

e Euclidean R™ and flat tori R"/Z™ (and other lattices L and quotients
R™/L). This is a quantum integrable system whose joint eigenfunctions
are exponential functions. They are extremal in being the ‘flattest’ eigen-
functions, i.e., in having uniformly bounded sup norms. No eigenfunctions
in other settings are known to have such flatness properties.

e Spherical harmonics on the standard sphere S™. This is another quantum
integrable system, but the joint eigenfunctions behave quite differently
from the flat case. Certain sequences are extremal in the opposite sense
of being of maximal growth in LP norm. Due to the high multiplicity
of the eigenvalues, there are eigenfunctions on S™ exhibiting most known
types of behavior that occur on any Riemannian manifold.

e Hyperbolic space H" and its quotients H™\I', where I" is a discrete sub-
group of the isometry group of H”. On the universal cover, the Laplacian
is quantum integrable and one has explicit eigenfunctions. On compact
quotients, the eigenfunctions are a model of quantum chaos and much of
their behavior is unknown.

4.1. Euclidean space

n

Euclidean space is (R", g) with the flat metric g = > 27, dz?. On a sufficiently
small length scale, every Riemannian manifold is approximately Euclidean and the
theory of harmonic and subharmonic functions on R” is approximately true on
small balls of any Riemannian manifold. Hence, R™ is fundamental and we go over
some of the main operators used to study harmonic functions on R”.

The associated Hamiltonian Z}Ll §J2- on T*R™ is the square of the metric norm,
but for applications to the wave equation we take its square root to make it homo-
geneous of degree one:

(4.1) H(z,€) = €] = <i§§)é.

The square root normalization makes the geodesic flow the same on all en-
ergy surfaces H = E. The level sets of H are the co-sphere bundles: SpM =
{(z,€): || = E}. The square root also causes a singularity at the ‘zero section’
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& =0, but it is harmless for our purposes because we are interested in asymptotics

as €| — oo.
The Hamiltonian vector field of H is
" 0

4.2 NS 9
(4.2) (z,) g 192
Hence, the geodesic flow is defined by

de; & d¢;
4.3 =2 and ==
(43) a g MY @

We see that the functions {; are constant along the flow-lines (they are called
‘conserved quantities’). Existence of n independent conserved quantities in n dimen-
sion is known as complete integrability. The equations of motion can be explicitly
solved:

(4.4) z(t) = z(0 )+tE and £(t) = £(0).

We now consider the quantum picture. The eigenspaces of the Laplacian on
R™ are defined by

(4.5) Ex={pr € S'(R™): (A +X)px =0},
where §'(R™) is the space of tempered distributions, which rules exponentially
growing eigenfunctions such as e*€ with |¢| = A. The Euclidean Laplacian is

quantum integrable in the sense that it commutes with the infinitesimal translations
% A basis of (complex valued) joint eigenfunctions of the differential operators

{2 Da; j=1 are the Euclidean plane waves e @8 for £ € R™.

The spectral theory of the Laplacian is essentially the theory of the Fourier
transform. We recall a few facts about the Fourier transform in but must
assume the reader is familiar with Euclidean Fourier analysis. For purposes of
this monograph, we treat Fourier analysis on R™ as a known object that we wish
to generalize to other Riemannian manifolds. We refer to [DM), [StW] for further
background on Fourier analysis and to [Str] for more on Riemannian eigenfunctions
as a generalization of Fourier analysis.

The eigenspaces £, are spanned by the plane waves e(*€). The following
theorem is known as the Poisson formula for Euclidean eigenfunctions (see [Ag),
Hell, [Hel2] for the proof):

THEOREM 4.1. Let @) € Ex. Then there exists a distribution dT € D'(S"1)
such that

(4.6) oa(z) = /S - eMNTO) 4T (o).

This is a global theorem: It applies to global eigenfunctions but not to local
eigenfunctions. Indeed, the right side is a global eigenfunction. It is studied in [Ag],
where the question is raised of proving such formulae on more general Riemannian
manifolds. In the next section we will consider the generalization to hyperbolic
space.

It is interesting to relate properties of ) to properties of dT. A special class
of eigenfunctions occurs when dT' € L?(S"~1). Then one can define a Hilbert space

norm on the space 5)(\2) of such eigenfunctions by the L?(S™~1) norm of dT'(c). The
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elements of finite norm define the Hilbert space &£ f\2). The Euclidean motion group
E,, (translations and rotations) commutes with the flat Laplacian A = Agn, and
therefore preserves the eigenspaces. Hence S§2) is a representation of E,. They
are in fact irreducible and infinite dimensional, and carry invariant inner products
or which the action of E,, is unitary. See for instance [DM), Helll, [Hel2].

Let J,(2) be the Bessel function

B oo (_l)k 2\ 2k+v
(4.7) Ju(z) = kZ:O Fk+v+1D0(k+1) (5) ’

then the orthogonal projection onto an individual eigenspace Sf\Q) is given by the
Bessel kernel

(4.9 Bvf(@) = [ T Ole = o) f(0) dy.

To see this, we first note that by the Fourier inversion formula, the spectral projec-
tion for A for the spectral interval [0, \?] is given by

(4.9) eo(z — ¥, )\2) = (QW)*”/ PAC SR de.
[€l<A
By differentiating, we find that the spectral projection onto &) is given by
d .
(4.10) —eo(z —y,\?) = (2m)™" / eie=v:8) g3
dA jel=x

where dS is the standard surface measure. This proves (4.8]).
The Euclidean spherical means operator is defined by

(4.11) Lyu(z) = |Srl(a:) o)

where |S,(z)| is the Riemannian surface area of the sphere S, (x) of radius r, and
the ball means operator is

udA,

1

(4.12) B,u(zx) B @)l Js o udV,

where |B,(x)| is the volume of the ball B,(z) of radius 7. These operators have
many repercussions for harmonic and subharmonic functions on R", and also for the
wave equation on R™. They can also be defined on Riemannian manifolds, a subject
we explore in A word of caution: In flat Euclidean space spherical means
and ball means operators agree, but they differ in general on curved Riemannian
manifolds, where the surface measure on a geodesic sphere is not the pushforward
under the exponential map of the Euclidean surface measure in the tangent space.

4.1.1. Spherical means. On Euclidean R™, there exists an exact formula for
the spherical means operator known as Pizetti’s formula:

—  T(5) [\
(4.13) LT:;WQ) AF,

which is valid when applied to real analytic functions u. If we write

(4.14) Wy(z) =T (g) (2) o Tz (),

z
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then direct computations show that for all analytic functions v on R”, we have
(4.15) Lyu(z) = Wy (irvVA)u(z).

In dimensions n = 2 and n = 3, for instance, the spherical means operator is given
by

sinh(rv/A)

(4.16) Jo(rVA) and —Vr

respectively.

There are similar formulae for the ball means operator. It follows by the mean
value property that if u is a harmonic function on R", then L,u = P.(0)u = u and
similarly M,u = u. A second identity is that for all v (not necessarily analytic),

(4.17) / Au(y) dy = r"‘li rl_”/ u(y)dS(y) | = wnr"_liLTu(sc).
By (2) dr 5 (@) dr

Here w,, = |S™ 71| is the volume of the unit (n — 1)-sphere. If Au > 0, i.e., if u
is subharmonic, then L,u(x) increases with r. It follows that u(z) < L,u(z) for
all r. By integrating the inequality in 7, one also has u(z) < M,u(z). Yet a third
identity concerns eigenfunctions. If 0 > XA > X\o(B,(x)), where \o(B,(x)) is the
smallest nonzero Dirichlet eigenvalue of the ball of radius r centered at x, then

Tn (rA) 1

(4.18) u(r) = 25T(2 + 1) [B,(2)] /5, ()

u(y) dV (y).

Here, 7,(2) = 2= *Ja(2).
Note that the initial expansion of L, has the form

2 oo
419) L,=1+ LA + Po(A)r?k, where Py(A
2
n
k=2

)1
[\3‘3 —~~
NI~
+ S~—
=
S~—"
7N
DN | =
N—
N
o
>
ol

~ ORI
Comparing with the odd solution operator

M =1+ étQ + .-
tVA 2
of the initial value problem for the wave equation, we see that even though L, and

S(r) are different functions of A, their Taylor expansions agree in the first two
terms when t = ﬁ This is a first indication of the relation between the wave

(4.20) S(t) =

equation and spherical means on R™, as discussed at length in [J]. A deeper fact
is that both L, (or M,) and S(t) are Fourier integral operators associated to the
same canonical relation, namely the union of the graph of the geodesic flow Gt and
of G=t. This is true for small [t| or r on any Riemannian manifold. Therefore
there exists an elliptic pseudo-differential operator A(t, Dy, x, D,) on Ry x R™ so
that S(t) = AL, 5. The Hadamard parametrix method discussed below gives an
explicit construction of S(t) in terms of operations on the spherical means operator
on any manifold without conjugate points.

4.1.2. Propagators and fundamental solution of the wave equation.
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4.2. Euclidean wave kernels

In this section, we review the exact formulae for the propagators and funda-
mental solution and the Poisson kernel in Euclidean R".
As above, we wish to find exact solution operators for the Cauchy problem

Ou = 0,
(4.21) u(z,0) = p(a),

for the homogeneous wave equation. We define the solution operators

sin(tv—A)
S(t) = —=——2, C(t)=25(t) =costv—-A
()= O =8'(1) = costy
of the homogeneous wave equation (4.21)).
There are several methods to obtain explicit formulae for these propagators.

e Using the spherical means operator L,..

e Using the Fourier transform.

The spherical means operator is defined by

(4.22) Ly f(z) = f(@ 4 r§)dS(8),

SxM
Intuitively, it should be related to the wave equation because wave fronts are dis-
tance spheres S¢(x) = 0B(z,t) where B(z,t) is the ball of radius |¢| around z.

A key point is that [L,, A] = 0 in Euclidean space. This is also true for H", S™
but it is very rarely true on a Riemannian manifold. We will take advantage of this
symmetry to express C(t), S(¢) in terms of L.

It is not necessarily the case that if [4, B] = 0 then A = F(B) for some F. But
this is the case for L,: On Euclidean space R™ there is a classical explicit formula

m. 2 m_
) s ()

z

Lyu(z) = Wi (irvVA)u(z), (W (z) =T

In the lowest dimensions, they become

Jo(rv—A)u(x), n=2
L={
7511“/7%)11(3:), n=3.

In Section we review the so-called Pizzetti formula giving a Taylor expansion
) .
of L, ~ I+ 4-A+---. Note that Jo(z) =1— % +--- and 2L ~ ] —22/31 +....
The general formula on Euclidean R” is given by

PROPOSITION 4.2. Let u(x,t) be the solution of (4.21)). Then,

w(et) = L5 T (1 op PW)ASW)
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where v, =1-3-5----(n — 2), or in operator terms
S(t) = - (16‘1)7# 2Ly,

Ct) =5 12 L,

2y
(-

The explicit formula for U(t) = exp

ity/—A) in terms of spherical means

involves v/—A - L;. The calculus of Fourier integral operators allows one to make
sense of this and give formulae, but because v/—A is non-local we do not expect
an averaging operator over the sphere Si(x) = 9B(x,t). But we may expect it
differs from such an operator by a smoothing operator (an operator with a smooth

Schwartz kernel).

4.2.1. Darboux-Euler formula. Let us make the abbreviation

a(t,r;x) := Lyu(z, t),

and consider it for a solution u(z,t) of the homogeneous wave equation. We claim

that for each fixed x it is a solution of the Darboux-Euler equation

Uttfurrffur—() 0<r<oo,t>0,
(4.23)

u(r,0;z) = @(x;7), w(r,0;2) =P(r;z).
ProOOF.
u(rte) = fop, @ Wy, 1)dS(y)

foB. () w(@ + 1y, )dS(y).
Hence

U (rtx) = fop, o) Vule +ry,t) - ydS(y)
= fop. (o) Vuly: 1) - £5dS(y)
= faB () gﬁdS (y)

- m faBT(x) %dS(y)

T B, @) Auly, Dy

’H"*ll(S,\(:c) fB,.(av) Utt (% t)dy

ir(rte) = s S w0, )y
E (r”’lﬂr(ht;m))r = m faB,.(x) uge (y,t)dS(y)

= rnilfaBr(w) utt(yvt)ds(y) =r"" 1utt(r t; (E)

It follows that
(r"ilﬂr(r, t;x)), = r”flﬂtt(r, t;x)
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or equivalently

(n— l)r"*Qfar + " i, = " Yy,

n—1

and dividing by r gives the Darboux formula.

O

4.2.2. Proof of Propsition [4.2| in dimension 3. In dimension 3, Proposi-
tion [£.2] says:

10 1
u(et) = (ng,t) s@(y)dS(y)> + (’f]gm,t) w<y>dS<y>>

The first term is C(t) and the second is S(%).
If we set n = 3 in (4.23)), we get the equation

Uy — Upp — ;’ar =0.

We now prove the formula in Proposition from this.

It is actually HW Ezercise 1. Try to do it yourself. The trick is to multiply the
spherical means u by r and reduce to a 1 D wave equation. The proof given below
is the solution to this exercse

The equation is equivalent to
2 _ 2 _
%(Tu) - %(ru) =0
(4.24)
Tlg—g = 1@, Of(rt)|i=o = 7.

This is a 1D wave equation which can be solved by d’Alembert’s formula:

ra(z,r,t) = %[(r + ) f(z,r+t)+ (r—t)f(z, 7 —1t)]
(4.25) o

+ 5., 79(x, T)dT.

Now divide by r and take the limit as r — 0 to get
u(@,t) = tg(z,t) + p(tf(x,1))
(4.26)
= i Ly 9WASW) + G (b Sy e F0)ASW))

4.2.3. Kirchhoff formula. If ¢ € C', then we may perform the differentia-
tion and obtain a simpler formula, known as Kirchoff’s formula:

PROPOSITION 4.3. The solution of (4.21)) is given by

1

u@t) =1

/S P+ Fol) (=) + 1)l ).

HW Ezercise 2 is to prove this formula.
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4.2.4. Dimension two. The standard method for solving the wave equation
on R? is to increase the dimension by one to R3 and pulling back the solution
u(xy,w2,t) on R? x R to a solution (1, z2, x3,t) on R? x R of the Cauchy problem
with pulled back data which is independent of the third coordinate. Thus, the
solution is given by

o0 = [60)+ V50 -t —2) + 0] 4Sw)

Here By(%) is the ball of R? of radius t around z = (x1,2,0). But if F is any
function independent of the third coordinate,

JCaBt(gz) F(y)dS(y) = ﬁfaBt(f)F(y)dS(y)

= # fé’Bt(w) F(y)(l + |Vﬁ|2)%dy,

where B;(z) is the ball of radius ¢ around € R? and I'(y) = (t? — |x — y|?). Some
elementary calculations then give

_ 1 / tely) + 200) + VW) (v —2) ,
2mt? /g, (2 2 — |z -yl
The method of descent is universal. Given any even dimensional (M", g) we

form the product (M" x R, g @ dx2 ;) and solve the wave equation on the product
space with data pulled back from M™.

u(zx,t)

4.2.5. Poisson kernel formula for U(t) = expity/—A in the Euclidean
case. The half-wave propagator is constructed on R™ by the Fourier inversion for-
mula,

(4.27) Ult,z,y) = / eile—1:E) gitlé] g

The Poisson kernel (extending functions on R™ to harmonic functions on Ry x R™)
is the half-wave propagagor at positive imaginary times ¢ = i7 (7 > 0),
U(it,z,y) = [an et =8 e~ TIEl g¢
(4.28)
_ntl _ntl
= )T = ()

In the case of R™, the Poisson kernel analytically continues to t+i7,{ = x+ip €

C, x C™ as the integral

(4.29) Ut +ir,x +ip,y) = / (HtHimIEl i ez tip=y) g
which converges absolutely for |p| < 7. If we substitute 7 — 7 — it and let 7 — 0
we get the formula

n41

(4.30) Ut,z,y) =Cp }13%) it((t447))* —r(z,y)?) " 2,

for a constant C,, depending only on the dimension. The limit is taken in the sense
of distributions and is then written
n+1

(4.31) U(t,z,y) = Cp it ((t+10))* —r(z,9)*) 7=,

Background on distributions is given in the Appendix.
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4.2.6. Fourier formula. The wave kernels in R™ may be expressed as Fourier
integrals. We illustrate this only for the half-wave propagator U (t) = exp(itv/—A),
since we did not give a spherical means formula for it. Since

5, @) =8la —y) = [ emierog

n

the kernel of U(t) is U(t)d,(z) which is

U(t,x,y):/ ezm(x*y@eit‘f‘df.

If one puts the integral in polar coordinates £ = rw, one gets

oo
Ut,z,y) = / / p2mir(z—y.w) yitr,n=1 7.1
0 Sn—1

The spherical integral

Talrle =yl = [ e,
2 Sgn—1

is a Bessel function. Hence we get
Ult,z,y) = /OOO JHT_Q(TM —y)eitrrn=1gr,

One could go further with this calculation, e.g., r"~le®" = D?—lem <o that
Ut,z,y) = D}~ ! /OOO J"T_2 (rlz — y|)ettr dr.

4.2.7. Fundamental solution. An explicit formula for S(¢) induces one for
the forward fundamental solution and in dimension 3 it says that

_H) (1
B (e, 1) = 70 (t / Bw)w<y>d5<y>>.

Another way to write this is that
o(t—r)

E+(t7:r): 471_,',_

Above, we thought of the propagator as a 1-parameter family of operators on R?
indexed by t, but now we think of the kernels as distributions on M x R. In this
section, we give another derivation that uses the theory of distributions rather than
‘advanced calculus’ and the Darboux-Euler formula from [Hol [GeSh, [F]. It is
based on pullbacks of distributions under submersions. The submersion in question
is
Q(z,t) :=t* — |z|* : R*TN\N — R\{0},
where
N ={(z,1) : Q(=,1) = 0}
is the null cone. Note that 0 is a critical value of @ and that (0, 0) is a critical point
of Q. Hence N is a critical level set.
Away from the critical point it makes sense to define the pullback

Q8o = do(t* — |zf)

of the 1D delta function dg at 0. In general, measures and distributions cannot be
pulled back under maps. However, the theory of distributions gives it a meaning
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when the map is a submersion [Hol, [GeSh, [F]. The distribution 6(Q) is simply
the ‘Leray measure’ on @~ !(0) or conditional measure on this level set. It is the
measure supported on Q~1(0) with Gelfand-Leray form

(4.32) Q%5 = d;gt

One may define its integral against a test function ¢ € C°(R3*1) by

dxdt ds
where dS is the Riemannian surface measure ¢, dxdt where v = % is the unit
normal.
In probability texts, the same formula is derived as follows: Let
0
wo(t) == wdxdt.

8t Q<t

Then

(0(Q), ) = q(0).
In the case of Q = t? — |x|?, (4.33) gives

LEMMA 4.4. 00(Q) is the following measure:
1 de 1 dx
6@ = 5 [ elalalTr+5 [ oD

We denote the first term by d4(p) and the second by d_(¢). Here, the first
term corresponds to the upper half of the light cone where ¢t = |x| and the second
term correspons to the bottom half. For the first term, we parametrize the light
cone by x — (z,|z|). The Gelfand-Leray form is % and we eliminate the

variable t using d(t? — |x|?) = 2tdt — 22 - dx. The Gelfand -Leray form, is the unique
form (when restricted to Q~1(0)) satisfying d@Q A dwdt = dxdt and clearly this is

dad 1
true 248 = dx = 2|:v\d'r on Q~1(0).
The first term above is therefore

1
B =5 [ el laD T
Similarly for the second. QED

PROPOSITION 4.5. The following distributions on R3*1 are the forward /backward
fundamental solutions:

o(t—r)

4rr

5(t—|—r).

B (t,2) = dmr

. B (t,3) =
That is,
(4.34) OE™ = 278.

Hence EY is a fundamental solution supported in the forward light cone. Similarly
for E= in the backward light cone.

PRroOOF. The next observation is:

LEMMA 4.6. 060(Q) = 0 on R3T1\{0}.

Here, as usual, O = g—; — A is the d’Alembertian.
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PRrROOF. We compute by the chain rule as if §; were a function. Note that

0f(Q) =V -Vf(Q) =V-f(QVQ=[f(QIVQ-VQ+ f(Q)DQ,
where the dot product is Lorentzian. Now in dimension 3+ 1, VQ - VQ = 4Q and
OQ = 8. In any dimension n, if f(¢) homogeneous is of degre a,
0f(Q) = 9(Q), g(t) :=2nf'(t) +4tf"(t) = 2n +4(a — 1)) f'(t).

Here we use that ¢f”(t) = (a — 1) f'(t). When a = 25 the right side is zero.
Now suppose f = Jg. Then all derivatives of f are supported at 0 and f is

homogeneous of degree —1 = %, the right side is zero.
O

Since ET, E~ have disjoint supports it follows that OE* = 0 on R3*1\{0}. Tt
follows that

OE* = P(D)d

since all distributions supported at 0 are of this form, where P(D) is a constant
coefficient PDO. Now we just consider homogeneities to determine that P(D) must
be a constant ¢: Write BT = 6, (Q).

e 04(Q) is homogeneous of degree —2.
e 04, (Q) is homogenous of degree —4.
e §p is homogeneous of degree —4.

e D%{y is homogeneous of degree —4 — |a.

It follows that & = 0 and P(D) = ¢. By using a test function ¢ = p(t) one finds
that ¢ = 27. (Left to reader). Hence, we proved the Proposition.
O

4.2.8. Higher dimensions. For general R(»~D+1 one has

0f(Q) = 4Q(f"(Q)0Q + 2nf'(Q))-

PROPOSITION 4.7. The forward fundamental solutions on (spacetime) R™ are

Bt = 2= 60", n=2m+2,
Et = L}&)Q;er%’ n=2m+1.

25" 2T(§—m)
As in the case n = 3 4+ 1, the most important step is to prove:
LEMMA 4.8. Of(Q) =0 on R=D+\{0} if
F(t) =6""3)(t), neven,

t;gﬂ, n odd.

We omit the proofs, which may be found in [GeShl [Ho].
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4.2.9. Pizzetti formula. On FEuclidean R", there exists an exact formula
known as Pizzetti’s formula,

n = r
4. Lr = r — _ _ 7Ak
(4.35) 3 kZQ FT(E 1)
which is valid on real analytic functions. The initial expansion has the form,
A, o 2k
Ly=T+-r +;Pk(A r
Let J,(z) be the Bessel function

- (=n* ZN\2k+
Ju(z) = ol v
(2) ]; Th+v f TG 2
When 0 > A > A\g(B) with B = B,.(z) then the eigenfunction of eigenvalue A
can be expressed as the ball mean

1
4.36 S — v (y).
(4.36) ) = T v ) VA /Br(z) wy)av ()

Here, 7o(2) = 27%Jo(2). Also Wa(z) =T(5)22 1re_1(2).

There is a similar related formula for the ball means operator. It follows that
if u is a harmonic function on R™ then L,u = P,.(0)u = v and similarly M,u = u.
A second identity is that

n_li rtn U =w 14 u(x
/BT(w) Au(y)dy =r o ( /ST(J-) (y)dS(y)) e d — Lyu(x).

Here w,, = |S™71|. If Au >0, i.e., if u is subharmonic, then L,u(z) increases with
r. It follows that u(z) < L,u(z) for all ». By integrating the inequality in r, one
also has u(x) < M,u(z).

The identity (4.35) has many repercussions for harmonic and subharmonic
functions on R™, and also for the wave equation on R™. Although L, and S(r)
are different functions of A, their Taylor expansions agree in the first two terms
when ¢ = —=. A deeper fact is that both L, (or M,) and S(t) are Fourier integral
operators associated to the same canonical relation, namely the union of the graph
of the geodesic flow G* and of G~*. This is true for small |t| or r on any Rie-
mannian manifold. Therefore there exists an elliptic pseudo-differential operator
A(t, Dy, x, D) on Ry x R™ so that S(t) = AL;. The Hadamard parametrix method
gives an explicit construction of S(t) in terms of operations on the spherical means
operator on any manifold without conjugate points.

A classic book on the relations between the wave equation and spherical means
is F. John [J].

4.2.10. Green’s functions. Another important operator is the Green’s func-
tion of the Helmholtz equation, that is, a distribution G satisfying

(4.37) (A+X)G(\, 2, y) = 6, ().

The Green’s function is not unique since one may add any homogeneous solution
of the Helmholtz equation to a Green’s function. In the simplest case of R3 there
are three standard choices of Helmholtz Green’s function:
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cos(Az — y))

Go(\ z,y) = m (stationary),
e z—yl
(4.38) Gi(\x,y) = Ry p— (outgoing),
e~ iAz—yl
G_(\z,y) = R (incoming).

In general dimension n, the free outgoing Helmholtz Green’s function is given by

n—2

)\ 2
) HL Ok,

27| x|

(4.39) Gi(hay) =L (

4

Here, H 571,)2 is the Hankel function of the first kind.
2

4.3. Flat torus T”
A flat torus T™ = R™/L is a compact quotient of R™ by a lattice L of full

rank such as L = Z". Let z1,...,z, denote the usual Euclidean coordinates on
R™. They are not globally well-defined on 7", but the 1-forms dz,...,dx, are.
Similarly the vector fields 8%1, ey % are well-defined independent vector fields

on the torus. Define the dual symplectic coordinates &; to the local coordinates
x; by expressing a covector as { = Zj &jdx;. Then (z,§) are local symplectic
coordinates on T*T", i.e., the canonical symplectic form is ¢ = Zj d&; Ndx;.

Since the cotangent bundle 7*7T™ ~ T™ x R™ is a trivial vector bundle, we may
define a Lagrangian torus T C T*T" by

(4.40) Te = {(z,§): x € T"}.

(Recall in general a Lagrangian submanifold A C T*M is a submanifold of dimen-
sion n = dim M for which the restriction of the symplectic form o|p«, is zero.)
Under the natural projection 7 : T*M — M the submanifold projects diffeomor-
phically to the base, so we have
(4.41) m:TexT"=R"/L.

The symbols &1, . .., &, of the differential operators Dy, ..., D, with D; = %%
generate a Hamiltonian R"-action on T*T™. The Hamilton vector fields are =;

% and generate translations in the base. The &; are conserved quantities. In
J

<

fact the joint Hamiltonian flow of the =; generates a Hamiltonian torus action
expt1Zq 0---oexpt,=, with periodic lattice L. The tori T¢ are orbits of this torus
action. The geodesic flow is the projection of the geodesic flow of T*R™ to T*T™
and therefore has the same local expression as in the case of R™.

The Lagrangian torus T is called an ‘invariant torus’ because it is invariant
under the geodesic flow G* : Ty — T¢ in the sense that a geodesic (x(t), £(t)) starting
at (z,£) € T stays on the torus T¢. Recall that a geodesic in T™ is the projection
to the torus of the straight line z(0) + t% in R™ under the covering map R"™ — T™.
The image of the straight line is a ‘winding line’ on 1™, and every geodesic in T¢
is a translate of a single geodesic. If £ = ¢ € L, the winding line is the projection
of a line segment from 0 € R™ to ¢, and is therefore a closed geodesic. Thus, all
geodesics on Ty is periodic, and T} is sometimes called a ‘periodic torus.’
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The flat Laplacian commutes with the vector fields % so, on the flat torus

(which is compact), there exists an orthonormal basis of joint eigenfunctions given
by €27 M2) where A € L* lies in the dual lattice L* to L. Recall that points of the
dual lattice are vectors \ such that (M, 0) € Z for £ € L. The corresponding Laplace
eigenvalue is —(2m)2|\|?, that is,

(4.42) (A + (27)2|A[?)e2mit2) — 0,

As before, we denote the Laplacian eigenspace of eigenvalue —(27)2|\|? by ££ .
It is a subspace of L-periodic elements of the Euclidean eigenspace £, defined in
([4.5). For a generic lattice L, the eigenvalue —(27)?|A|? has multiplicity two and
&L | is spanned by the two eigenfunctions e*27#®X)  In contrast, when L is an
arithmetic lattice such as Z", then there exists a high multiplicity of eigenvalues. By
the exact formula for the eigenvalues, the multiplicity is the number of lattice
points of the dual lattice L* lying on the surface of a Euclidean sphere of radius
(27)2|A|2. The multiplicities behave differently depending on the dimension n of the
torus T™. Let —u? < —u3 < --- be distinct Laplacian eigenvalues. In dimension
n > 5, the multiplicity of —u} grows at the rate £"~2. In dimensions n < 4 the
situation is more complicated. Under certain assumptions, the lattice points tend
to become uniformly distributed on the frequency sphere as the eigenvalue tends to
infinity. Since the main input is arithmetic rather than analytic we do not review
the results in this monograph and refer to [EH), [DSP] for two relevant research
articles.

Recall the integral representation for an eigenfunction. In the case of a flat
torus, the boundary distribution dT' corresponding to e*27*A) is simply d1or.
Hence, these periodic eigenfunctions are not in 52(% General linear combinations
DoNA=R '@\ ay with 3 |ax|? = 1 of plane waves of a fixed eigenvalue for arith-
metic tori exhibit complicated behavior that has been studied by D. Jakobson [J],
N. Anantharaman and F. Macia [AM]| and Hezari-Riviere [HR] (among others).
They prove that the projections of the Wigner distributions to the base of any
sequence of eigenfunctions is diffuse.

A flat torus is a model of quantum complete integrability, which pertains mainly
to the joint eigenfunctions. A key feature of the joint eigenfunctions is that they
have the form a(z)eS®)/" with h = |A\|~'. Such functions are known as WKB
modes or Lagrangian states. Notice that the ‘phase function’ S(x) = (=, ﬁ) has
the property

(4.43) graph(dS) := {(z,dS(z)): x € T"} = {(x,§): §= i\|} .

We therefore say that S is the generating function of the Lagrangian torus {(x,& =
ﬁ)} in T*(T™). By earlier discussion, the Lagrangian tori corresponding to joint
eigenfunctions are those of the form T\ where A € L*. These tori and their gen-
eralizations are known as Bohr-Sommerfeld tori. They are dual in a sense to the
periodic tori Ty.

4.4. Spheres S™

In this section we consider eigenfunctions and geodesic flow on the standard unit
sphere S™. The isometry group of S™ is the orthogonal group O(n+1) of isometries
of R™*! which fix the origin. The orthogonal group is a matrix group with elements
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A € GL(n+1,R) such that A*A = I. Equivalently, such matrices satisfy (Ax, Ay) =
(x,y) for all z,y € R""!. The special orthogonal group SO(n +1) C O(n + 1) is
the subgroup of matrices with det A = 1, i.e, the group of rotations. The isometry
group acts transitively on the sphere and the isotropy subgroup of the north pole
is SO(n — 1). Hence S™ = SO(n)/SO(n — 1). The geodesics of S™ are the great
circles centered at 0 € R™*1. All of the geodesics are closed and the geodesic flow
is periodic of period 2.

We now consider the quantum picture, described in quantum mechanics texts
as the theory of ‘angular momentum’. Under the identification R"T! ~ R* x S,
the Euclidean Laplacian can be written in polar coordinates (r,w) as
H? n—120 1
or? + r  Or + r2
Here, Agn is the metric Laplacian on the sphere with the usual round metric. It is
often written |L|? in physics texts.

Spherical harmonics are eigenfunctions of Agn. Let P(x) = P(x1,...,Tpt1)
be a polynomial on R™*!, then recall

(4.44) Agni1 = Agn.

e P is a homogeneous of degree k if P(rz) = r*P(z). We denote the space
of such polynomials by P,;. A basis is given by the monomials

(4.45) e =aft -yttt where ol =oq + -+ o =L
e P is a harmonic if Agn+1P(x) = 0. We denote the space of harmonic
homogeneous polynomials of degree £ by H,.
e The restriction to S™ of a harmonic homogeneous (of degree £) polynomial
is a spherical harmonic (of degree ¢).

Every homogeneous polynomial can be decomposed into a sum of harmonic
homogeneous polynomials. Indeed, let Q) € Py, then

(4.46) Q(z) = Po(x) + |z[*Pr(2) + - - + ¢ Po(2),

where P; is a homogeneous harmonic polynomial of degree k — 25 for j =0,..., /4.
Now suppose that P € H; is a homogeneous harmonic polynomial of degree ¢ on
R™*!. Then, writing everything in polar coordinates, it follows from the definitions
that

02 n-10
a2 T or

1
(4.47) 0= Apnt1P = ( ) TKP(OJ) + T*QAS"P(W);

thereby implying
This shows that the restriction of P € H, to the unit sphere (i.e., a spherical

harmonic of degree ¢ by definition) is an eigenfunction of Agn with eigenvalue
—l(l+n—2).

THEOREM 4.9. Let Hy denote the space of spherical harmonics of degree £, then
L2(58™) = @2, He is a direct sum of orthogonal subspaces of dimensions

(4.49) dim?—lgz(n+£_1>+<n+£_3>.

n—1 n—1

We only give a brief sketch of the proof. Orthogonality of H, is obvious be-
cause they are distinct eigenspaces of a self-adjoint operator. Thanks to our earlier
observation (4.46)), every homogeneous polynomial restricted to S™ can be written
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as the sum of restrictions of harmonic polynomials. Thus, to establish the spanning
property it suffices to show that the restrictions of harmonic polynomials are dense.
This follows from the Stone-Weierstrass theorem.

theo In particular when n = 3 the eigenvalues are —((¢ +2) = —(£ +1)% +1
and the multiplicity is 2.

The operator N whose eigenvalue on H, is £ is known as the degree operator.
Consider S® where the eigenvalue of A is —(¢ +1)? + 1. Then A — I is a perfect

square and we define
A=vV-A+1
Then the eigenvalues of A are £+ 1 so

N=A-1
In general,
A= —A+(n; Ly,
A key object in the theory of spherical harmonics is the orthogonal projector
(4.50) e: L2(S™) — Hy
whose Schwartz kernel IIy(z, y) is defined by
(1451) Lf(e) = [ (e, 0) /() dS(w)

Here, f is any L? function on the sphere and dS is the standard surface measure. We
note that the along diagonal ITy(z, z) = Cy is a constant because it is rotationally
invariant and O(n + 1) acts transitively on S™. Indeed, by integrating we find

dim H,
(4.52) Iz, ) = W.

4.4.1. Special case: the 2-sphere S2?. On spheres of any dimension there
exists a special orthonormal basis of so-called weight vectors, a term from repre-
sentation theory. It is easiest to explain when n = 2. Recall that the Lie algebra
of SO(3) is generated by the vector fields
(4.53)

Limifel — 0 9N o —i(e 2 — e 2 p—ife 2 a2
te 381‘2 28.133 ’ 2T 18%‘3 38331 ’ 3 28$1 13332 '

Put

(4.54) |L|? := L3+ L3 + L2,

then |L|? = Age is precisely the Laplacian on the sphere and
10 0 1

4.55 Aps = — —(r* =) — —|L|*.

(4.55) B 20 (r 87“) r2| |

The subgroup SO(2) C SO(3) of rotations around the zs-axis commutes with
the Laplacian. We denote its infinitesimal generator by Ls = %a%' The ‘special’
orthonormal basis we alluded to earlier consists of the joint eigenfunctions Y™ of
|L|? and of L3 satisfying

Ag2Y" = =Ll +1)Y,"
(4.56) 10

jagl —mY
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m ¢ —m)! m im
(4.57) Y (p,0) = \/(23 + 1)sz (cos p)e'™?,
where
2T )
4.58 P"(cosp) = — isin g cos @ 4 cos @)fe ™00
¢ 2
T Jo

are the Legendre polynomials.

m f—m)! 1 o d™

Under this orthonormal basis, the kernel of the spectral projection IT: L?(S?) — H,
is thus

(4.60) y(z,y) = Y Y™ ()Y (y).

4.4.2. From Poisson integral to half-wave kernel. We recall that the
Poisson integral formula for the unit ball is:

1=z . /
ue) = . F o )W),
Write = rw with |w| =1 to get:

1—r?

P(r,w,w) = —.
( ) (1—2r{w,w)+ 7“2)%

A second formula for u(rw) is

u(r,w) = rA=" T fw) = e AT f(w),

where A = /—A+ ("?_1)2 and where ¢t = log % Thus, harmonic extension is

written as an evolution equation with generator A — "T’IH This follows from by
writing the equation Agn+1u = 0 as an Euler equation:

2
(7“286;2 + nr% - Asn> u = 0.
Another explanation is that on the space Hy of spherical harmonics of degree N on
S™, the harmonic extension is simply the homogeneous extension as a polynomial
of degree N, i.e. by V. But Aly, = N + "7_1 For instance, in dimension 2,
“Alyy =NN+1)=(N+3)2-1s0dA-1=N.
The Poisson operator kernel with r = e~ is given by
—(n—1)t

P(t,w7w’) _ Cn sinh te —

(cosht—cosr(w,w’)) 2

It follows that

et = O, sinh t(cosht — cosr(w,w’))~ "% .

1t resembles a heat equation but the generator is roughly/—A rather than —A. It is a jump
process rather than a continuous one.
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Note that U(t) = €4, resp. P(t) = e *4 has the Schwartz kernel

o) oo
Z eit(N+7l;1)HN(w’w/)7 resp. Z eit(N+L§l)HN(w7w,)a
N=0 N=0

where Iy : L2(S™) — Hy. Thus, the P(t) = U(it) for t > 0. The Schwartz kernel
of U(t) is thus obtained by analytically continuing the Poisson kernel in time. For
t > 0, P(t+ i7) is a smoothing operator, but its boundary value at ¢ = 0 is the
distributional kernel U(7). We thus have,

ProrosITION 4.10.

_nt1

e =lim,_,o+ Cnisint(coshecost —isinhesint — cosr(w,w’) ™2

= lim, _,g+ Cyisinh(it — €)(cosh(it — ) — cosr(w, w’)’nTﬂ.

If we formally put € = 0 we obtain:

et = Cpisint(cost —cosr) ™ 2 .

This expression is singular when cost = cosr and only well-defined if we recall that
it is the distribution boundary value above. We note that r € [0, n] and that it is
singular on the cut locus r = w. Also, cos : [0,7] — [—1,1] is decreasing, so the
wave kernel is singular when t = +r if t € [—7, 7]

When n is even, the expression appears to be pure imaginary but that is because
we need to regularize it on the set ¢t = &r. When n is odd, the square root is real
if cost > cosr and pure imaginary if cost < cosr.

We see that the kernels of costA, % are supported inside the light cone
[r| < [t|. On the other hand, €4 has no such support property (it has infinite
propagation speed). On odd dimensional spheres, the kernels are supported on the
distance sphere (sharp Huyghens phenomenon).

4.4.3. Fundamental solution and Propagators on S®. Given the above
formula for 4, we can read off the formula for the propagators. We only record
the formulae in dimension 3.

PROPOSITION 4.11. On 83 fort > 0,

sinty/—(A+1) _O(t—r) costv/ A TS (2 Ot —r)
(—(A+1) O() = dmsint’ W= (A4 1oy (w) = 4 sinr

In the next section we give a direct proof of the analogous formula on hyperbolic
space. By analogy with the Euclidean case, we define

Q(t,x,y) = cost — cosr

on S™ x R. The first formula in the Proposition is equivalent to the fact that
E =6§(Q) is a fundamental solution on S3, the sum E = ET+E~ of the forward and
backward fundamental solutions. In fact, one may show directly that (0—1)§(Q) =
0o where O = g—z — A. This is done in the Remark at the end of the next section
on Hyperbolic space.
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4.4.4. Complete integrability of S?. Consider the operator R = (—A +
i)%. It is easy to see that the standard spherical harmonics defined in are
eigenfunctions of R with eigenvalues k + % The operators R and Lg are first
order commuting pseudo-differential operators. Their joint spectrum is the shifted
semi-lattice (m, ¢+ 1) C Ry x Ry

The pair R, L3 is analogous to D,,, D,, on the flat torus. Yet there are some
interesting differences. Consider the ‘symbols’ R and Ls. The symbol of R is the
metric norm function |£| while that of Lg is the so-called Clairaut integral py(x, &) =
(€, %). The pair (pg, |£|) is called the moment map of the completely integrable
geodesic flow of S2. By the Cauchy-Schwarz inequality, |pg(z,¢)| < |%| <1 when
|€] = 1. Hence the image of 7*S? under the moment map is a triangular cone in
R? with vertex at the origin, central axis the y-axis and sides y = = in Cartesian
coordinates. Compare this to the image of 7*T2 under the moment map (&1, &2),
which is the whole of R2.

The inverse image of a point (zg,y0) € R? of the triangular region under the
moment map is the set of points (z,&) € T*S? such that (pg(z,&),[]) = (zo,yo)-
It is easy to see that this inverse image is invariant under the xs-axis rotations
and under the geodesic flow (i.e., under the Hamiltonian flows of the components
of the moment map). Hence, it is a Lagrangian torus. In particular, the image
of T*S2 under the moment map has a boundary, corresponding singular points of
the moment map. The singular points are the unit vectors along the equatorial
geodesic, traversed in either of its two orientations. By contrast, the moment map
of T? is everywhere regular.

It is helpful (and accurate) to imagine Y;" and its joint eigenvalue (m, ¢ + )
as corresponding to the torus with pg(z,£) = m and || = £. If we rescale (by
homogeneity) back to $*S? this is pg = m/k, which defines a 2-torus. For instance,
the central axis is pp = 0 and that corresponds to longitudinal great circles, which
depart from the north pole, converge at the south pole and then return to the north
pole. This is the picture of zonal spherical harmonics.

4.4.5. Special spherical harmonics. We will see that inequalities involving
eigenfunctions are often saturated by zonal or highest weight spherical harmonics.
Recall the spectral projection kernel II,(z,y). We L2-normalize this function by
dividing by the square root of

(4.61) MC)l3e = [ o ) ey, ) dS () = T, o)

n

The resulting function

Iy (z,y)

VI (x, z)

is called the coherent state or zonal spherical harmonic. The ‘coherent state’ is
always the extremal for pointwise norm at y among eigenfunctions ) € V)
(4.63)

or(r) = /M M (z,y)ex(y)dy = |ea(z)| < \//M T\ (2, y)[Pdy = /U (z,7) = [0 (2)].

(4.62) 7 (y) =
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The zonal spherical harmonic constructed above is the same as

(20+1)
2

Another important spherical harmonic is Yf, which is the spherical harmonic
in ‘H, with the largest eigenvalue of Lz, or in other words the highest weight. It
corresponds to the boundary points of the triangular image of the moment map,
hence to the equatorial great circle.

Indeed, Yf is the restriction of the harmonic polynomial (z1 + ixg)l up to
normalization. This polynomial is independent of x3 and is a holomorphic function
of 1 and x5 so it is certainly a harmonic homogeneous polynomial. Also, by its
form it clearly is largest on the unit circle in the (x1,x2) plane and tends to zero
as (xz1,z2) — (0,0). Hence on the sphere it defines a spherical harmonic which is
large on the equator and tends to zero at the poles.

Note that
(4.65)

o]
/ (22 + x%)ee_(“f“‘“?g“”g) dxidredrs = ||(x1 + ixg)ZHQLz(Sz) / 226" gy,
R3 0

(4.64) Y (0,0) =Y (p) = Py(cos ).

Converting the integral on the left-hand side to polar coordinates, we find

4.66 2 + x2 lo—(ai+ai+al) dridrodrs = P21 gy
1 2
R3 0
It follows that
) T+ 3) _1
(467) ||($1+’L.’IJ2)ZH%2(S2) = 71—‘([4»;) ~ {2

We define the normalized highest weight spherical harmonics (also known as Gauss-
ian beams) by the restriction of i (z + iy)’. It achieves its L> norm at (1,0,0)
where it has size ¢3. In general, Gaussian beams on S™ are transverse Gaussian
bumps which are concentrated on A~z tubes around closed geodesics and have

n—1

height A\ ™7

4.5. Hyperbolic space and non-Euclidean plane waves

The most natural analogue of the sphere S™ for constant curvature —1 is hy-
perbolic space H™, a globally symmetric space. In this section we review a natural
basis of eigenfunctions which are analogous to plane waves in Euclidean space.
There is also a joint basis of spherical eigenfunctions, i.e., joint eigenfunctions for
rotations around the origin and the Laplacian. Hyperbolic is substantially more
complicated than S™ due to the fact that it is of infinite volume. We stick to the
Hyperbolic plane n = 2 because the representation theory is substantially simpler.

4.5.1. Hyperbolic plane H2?. Hyperbolic surfaces are uniformized by the
hyperbolic plane H? or disc D. In the disc model D = {z € C: |z| < 1}, the
hyperbolic metric has the form

4|dz|?
(1—12?)*
The group of orientation-preserving isometries can be identified with PSU(1,1)
acting by Md&bius transformations; the stabilizer of 0 is K ~ SO(2) and thus we
will often identify D with SU(1,1)/K. Computations are sometimes simpler in the

ds® =
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H? model, where the isometry group is PSL(2,R). We therefore use the general
notation G for the isometry group, and G/K for the hyperbolic plane, leaving it to
the reader and the context to decide whether G = PSU(1,1) or G = PSL(2,R).

We denote by B = {z € C: |z| = 1} the boundary at infinity of D. The unit
tangent bundle SD of the hyperbolic disc D is by definition the manifold of unit
vectors in the tangent bundle 7D with respect to the hyperbolic metric. We may,
and will, identify SD with the unit cosphere bundle S*D by means of the metric.
We will make a number of further identifications:

e SD = PSU(1,1). This comes from the fact that PSU(1,1) acts freely
and transitively on SD. Similarly, if we work with the upper half plane
model H2, we have SH? = PSL(2,R). We identify a unit tangent vector
(z,v) with a group element g if g - (¢,(0,1)) = (z,v). We identify SD,
SH?, PSU(1,1), and PSL(2,R). In general, we work with the model
which simplifies the calculations best. According to a previous remark,
SD, PSU(1,1) and PSL(2,R) will often be designated by the letter G.

e SD = D x B. Here, we identify (z,b) € D x B with the unit tangent
vector (z,v), where v € S, D is the vector tangent to the unique geodesic
through z ending at b.

The geodesic flow G* on SD is defined by G*(z,v) = (7, (t),7,(t)) where 7, (t)
is the unit speed geodesic with initial value (z,v). The space of geodesics is the
quotient of SD by the action of G*. Each geodesic has a forward endpoint b and
a backward endpoint b’ in B, hence the space of geodesics of D may be identified
with B x B\ A, where A denotes the diagonal in B x B: To (¥/,b) € (B x B)\ A
there corresponds a unique geodesic 7, whose forward endpoint at infinity equals
b and whose backward endpoint equals b'.

We then have the identification

SD = (BxB\A)xR.

The choice of time parameter is defined — for instance — as follows: The point
(0, 0,0) is by definition the closest point to 0 on 7y, and (¥, b,t) denotes the point
t units from (¥’,b,0) in signed distance towards b.

4.6. Dynamics and group theory of G = PSL(2,R)

We recall the group theoretic point of view towards the geodesic and horocycle
flows on the unit cotangent bundle S*Xr of Xp = I'\X. As stated above, it is
equivalent to work with G = PSU(1,1) or G = PSL(2,R); we choose the latter.
Our notation follows [Ll [AZ] (see also [K| [Hel2|]) except for the normalization of
the metric. The generators of the Lie algebra sl(2,R) are denoted by

1 0 0 1 0 -1
S O R L T ()
The associated one parameter subgroups are denoted by A, A_, K. Let
(4.69) Et=H+iV and E~ =H-iV

be the raising/lowering operators for K-weights. The Casimir operator is then
given by 4Q = H? + V2 — W2, On K-invariant functions, the Casimir operator
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coincides with the metric Laplacian. We also put

(4.70) X, = <8 (1)) and X — (‘1) 8)

and denote the associated subgroups by N, N_.
In the identification SD = G, the geodesic flow is given by the right action of
the group A of diagonal matrices, that is, G*(g) = ga; where

e’z 0
(4.71) ay = ( 0 e—t/2> ‘

The action of the geodesic flow is closely related to that of the horocycle flow
(h*)uer- The horocycle flow is defined by the right action of N, that is, by h*(g) =
gn,, where

(4.72) Ny = <(1) Lf) .

4.7. The Hyperbolic Laplacian

In hyperbolic polar coordinates centered at the origin, the Laplacian is the
operator
0? 0 1 02
The distance on D induced by the Riemannian metric will be denoted dp. We
denote the volume form by d Vol(z).
There are standard notations for writing the eigenvalue of A:

1
M= 4 ?

(4.74) A2 = 4 .
M =5(1—s) wheres= 3 +ir.
The reason for introducing A, is to shift the bottom of the spectrum i of A on D
to the origin. The reason for the second is that the parameter s parametrizes the
irreducible representations of G (see [Lk [K]). We also put R = (—A + i)% and
Ut = e the wave operator of D.
As in the Euclidean case we consider the space

(4.75) g ={feSH"):Af =s(1—s)f}

of temperate eigenfunctions. The definition of ‘temperate’ is more involved in
the Euclidean case since the volume of balls is exponentially growing. Schwartz
functions on G were first defined by Harish-Chandra; the definition was extended
to D = G/K by Eguchi and his collaborators [Eg]. Identifying the hyperbolic disc
with G/K, a function f belongs to the Schwartz space C?(G/K) (for 0 < p < 2) if
and only if it is a right- K-invariant smooth function on G satisfying

(4.76) sup @o(9K)P(1 + d(gK,0))?| L1 Lo f(g)| < +oo
g

for any ¢ > 0 and for any differential operators Lj, Ly on G that are respectively
left- and right-invariant. Here 0 € G is the identity element and (g is the spherical
function on G/ K, which satisfies o (2) =< d(z,0)e~**:0/2 as the hyperbolic distance
d(z,0) — +o0. Functions on C?(G/K) are, in particular, in L? (they are sometimes
called Schwartz functions of LP-type).
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4.8. Wave kernel and Poisson kernel on Hyperbolic space H”

H" is the symmetric space G/K where G = SO(1,n)y and K = SO(n). In
geodesic polar coordinates centered at any point gy, the meteric has the form
g = dr? 4 sinh® rggn—
and the Riemannian volume form is
d Vol = C,,(sinh )" *drdw
and the Laplace operator is
A =02+ (n—1)cothrd, +sinhr ?Agn 1.
Also, the gradient is

i 90 0|
]

In hyperbolic polar coordinates centered at the origin, the Laplacian is the

operator
0? 0 1 92
A=— thr — + ———.
arz TN G T e 062
It is known that the spectrum of A + 1 is [0, c0].
4.8.1. Sine wave kernel. Let n = 3 and consider the sine wave kernel S(t)
for A +1 on H3. As in the Eucliean case, let E = ET + E~ be the fundamental
solution where E* is the forward/backward fundamental solution.

PROPOSITION 4.12. Let Q@ = cosht — coshr. Then:
o F=06(Q), where

sinh? rdrdtddw sinh? rdrdtddw
Rt I CRU L s

(6(@Q). ) = Cs / ol )

H3 sinh r sinh r
e Fort >0,
4+ sinty/—(A+1) ot —r) T 0t —r)
b= (—(A+1) oy () = 47 sinht’ cost (A+1)oy(2) = 47 sinhr

PrROOF. The Laplacian of H? is

0
A = I%AO — I387$3,

and in geodesic normal coordinates it is

A = 9? +2cothrd, +sinhr ?Age.
Since H? is a symmetric space, the fundamental solutions E¥ is a function only of
(t,r) (verify!) so a fundamental solution must solve

[0% + 2 coth 0, — 1]E = §.

Here, §y is the delta-function with respect to the volume form, i.e.

(G0, 1) = 1(0) = /H Bl ) ) s rdrdd.

Let y € H3. Theset Cy := {(z,t) : coshr(z,y)—cosht = 0} = {(z,t) : r(z,y) =
[t|} is called the characteristic conoid based at y and will appear again later on.



84 4. MODEL SPACES OF CONSTANT CURVATURE

The conoid may be parametrized by points z of H® with ¢t = 4r(z,y) giving the
upper and lower sheets of the conoid.
In the case of () = cosht — coshr, (with d Vol = C3 (sinh7)%drdw
replacing dx) gives the stated expression for (§(Q), ).
We did not cancel the common factors of sinhr to clarify the use of Lemma
We denote the first term by d4(¢) and the second by §_(¢). The first term
above is therefore

inh? rdrdtddw
5 — (Bt ) = S rdrataaw
Ho) = (B 9) 1= Gl |l TS

Similarly for the second. The main point is to show that

(4.77) (O—1)ET =2n6.

Hence ET is a fundamental solution supported in the forward conoid. Similarly for
E~ in the backward conoid.
We first show that

(4.78) 060(Q) = C8(Q), on H\{y}.
As before, we use that
0f(Q) = f"(QVQ-VQ + f(Q)DQ,

where the dot product is Lorentzian. Noting that (cosh?t — cosh?r) = Q(cosht +
cosh ), we have

(1)) VQ -VQ = (sinhtdt, —sinhrdr) - (sinh¢dt, — sinh rdr)
= sinh?t — sinh? r = Q(cosht + coshr),
1) O = —22 — 0?2 —2cothro,|(cosht — coshr
Q S — 07
= cosht + coshr + 2 cothrsinhr = cosht + 3 coshr.
Hence,

06(Q) = 8" (Q)Q(cosh t + coshr) + &' (Q)(cosh t + 3coshr).
Since 8" (t) = —26'(t), we have
8" (Q)Q(cosht + coshr) = (cosht + coshr)(—28"(Q) = —2Qd' (Q) — 4 cosh §'(Q)).
Next, write (cosht + 3 coshr) = @ + 4 coshr. Then,
3 (Q)(cosht + 3coshr) = Q¥ (Q) + 4 coshrd’ (Q).

It follows that
06(Q)

—2Q4"(Q) — 4cosh &' (Q)) + Q' (Q) + 4 coshrd’(Q)

= —QI'(Q)=4Q).
This concludes the proof that (O — 1)6(Q) = 0 on H? — {y}.
It follows that (O — 1)6(Q) is a distribution supported at {y} and is therefore
a linear combinations of derivatives of d,, which we write as dy(¢,, w) in normal
coordinates. If we Taylor expand the coefficients of O around 0 in (¢,7) it becomes
the Euclidean O and the homogeneity calculations in that case also imply that
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(O0-1)6(Q) = c¢do. The value of ¢ can be calculated from a convenient test function,
as in the Euclidean case.
O

REMARK 4.13. In the case of 3, one analytically continues the equations above,
replacing coshr by cosr and so on. The main change is that second derivatives
reverse signs of cost,cosr. In this case, we get

(1) VQ-VQ = sin’t—sin®r = —(cos?t — cos?r) = —Q(cost + cosr),
(79) OQ = [5—; — 92 — 2cot rd,](cost — cosr)
= —cost—cosr — 2cothrsinhr = —cost — 3coshr.

Since all signs reverse, we get (O + 1)§(Q) = C,,dp.

4.8.2. Poisson kernel and wave kernel. We obtain the wave kernel on
hyperbolic space by analytic continuation of the wave kernel of % on the sphere:

PROPOSITION 4.14. The Poisson kernel et on hyperbolic space with

)2

n—1
2

A=q/A—(

18
(4.79) U(it,z,y) = sinh 7 (cosh(7 + i0) — cosh r)fnTH
The right side is by definition

lim —2C,Im(cos(it — &) — cosh T)_%.

e—0t

Taylor [T1] proves this formula by analytic continuation of the standard for-

mula for spheres of all radii R or equivalently, for spheres of all curvatures K > 0.
To be more precise, we just consider the radial parts of the Laplacians of the vari-
ous metrics. A ball of radius R is the dilate by R of the unit ball and the metrics
are related by the dilation. The radial part of the Laplacian Agn(gy of radius R
is obtained by dilation. One then checks that the radial part of the Laplacian for
hyperbolic space H" is the analytic continuation in R of the radial part for S™(R)
when K — —1. This implies that the fundamental solutions must also be analytic
in the parameter K.

4.8.3. Wave equation and spherical means. On hyperbolic space, the
spherical means operator is defined by

M, f(z) = ]é I wasw),

where dS is the Riemannian surface measure on the sphere S,.(z) in the hyperbolic
metric.
One then has the following formulae for the solution of the modified wave
equation (cf. [Hel2l, [GN])
n—1

O+ (T)Z)U(%f) =0,

u(xvo) = gD((E), ut(xvo) = 1/)(@
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Let
T — 9 m ok
Np @) = (o (M f (@) s (1),
PROPOSITION 4.15. When n > 3 is odd,
=C, 0 Nt Nt
U(.I‘, t) — Yn E nT%’n_ggo(x) + %477L_2¢($) )

where C,, = ﬁ

When n is even,

1 (" u(z,s) +u(z, —s)
— . ! ds = C,N? _. ).
2 /0 v/cosh s — coshr TZ’"_QCP( )

4.9. Poisson kernel

Following [Helll, [Hel2], we denote by (z,b) the signed distance to 0 of the
horocycle through the points z € D and b € B. Equivalently,

1— 2
et = LB ),

where Pp(z,b) is the Poisson kernel of the unit disc. (We caution that e(*? is
written ¢>(**) in [Helll, [Hel2]). We denote Lebesgue measure on B by |db|, so
that the harmonic measure issued from 0 is given by Pp(z,b)|db|. A basic identity
(cf. [Held]) is that

which implies
(4.81) Pp(gz, gb) |d(gb)| = Pp(z,b) |db|.

We represent the elements of & with s = % + 4 by non-Euclidean Poisson
integrals analogous to (4.6)),

(4.82) or(z) = / (NN gT(b) € &y,
Sn—l

where dT' € D'(B). (Recall that B denotes the boundary of D.)

As before there exists a subspace 552) on which one can define a Hilbert inner
product, namely those for which dT' € L?(B). One then defines the norm to be the
usual L2(S') norm of dT'(b). The elements of finite norm define the Hilbert space
5/(\2). The orthogonal projection onto IS given by the non-Euclidean Bessel
kernel,

(4.83) Ey(z,w) :/ (3 (2.0) o= (5 +ir) (w,b) gp,
B

i.e. by convolution with the spherical function. Then 55(2) are irreducible unitary
representations of G.
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4.10. Spherical functions on H?

The spherical functions on D = H? are analogues of the spherical harmonics
Y™ on the 2-sphere. They are joint eigenfunctions of A and of K, the rotations
fixing the origin. Thus,

A2 @7 = 5(1 — 5)07",
(4.84) 10
The spherical functions with s = %—H’r have the Poisson integral representation

(4.85) dM(z) = / ez Hin b pm gy,
B

Here s = % + 4r. In particular the analogue of the zonal spherical harmonic is the
spherical function,

(4.86) pal(2) = BY(2) = / BN g
B

Since @, is the analogue of the zonal spherical harmonic, it is plausible that this
sequence (in s) of eigenfunctions should be the extremal for the sup norm func-
tional. The analogy to the compact S? is not complete since neither ¢, nor any
eigenfunction contributing to the spectrum of A on H? is L?-normalized. Studying
random ‘hyperbolic plane waves’ or extremals for norms is in the infinite volume
setting remains relatively unexplored.

4.11. The non-Euclidean Fourier transform

z,b)

The hyperbolic plane waves e(,.;)(2) = elz+ir)( are hyperbolic analogues of

Euclidean plane waves e*(*€) and give rise to a non-Euclidean Fourier transform

[Helll, Hel2]. The non-Euclidean Fourier transform is a unitary operator

(4.87) F: L*(D,dV) — L*(Ry x 0D, dp()\) @ db)

defined by

(4.88) Fu(r,d) :/ eG=INED) Y (2) d Vol (z).
D

The hyperbolic Fourier inversion formula is given by
(4.89) u(z) = / / eGHINED Fuy(r b)r tanh(27r) dr|db|.
oD JR

The measure r tanh(27r)dr|db| is the Plancherel measure for G = PSU(1, 1), which
henceforth we denote by dp(\). In general, for E € §'(B x R..), we write

(4.90) FE(2) :/ /6(%—~_ir)<’z’b>E(b7 r)r tanh(27r) dr|db.
oD JR

4.12. Hyperbolic cylinders

The simplest hyperbolic quotients are defined by cyclic subgroups of G. If
the group is generated by a hyperbolic element one obtains a hyperbolic surface
of revolution, H?/{~) where v is a hyperbolic element and (v) is the cyclic group
it generates. This surface is uniformized as the region between two half circles
orthogonal to the real axis in the upper half plane. One can also choose « to be
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a parabolic element and obtain a different hyperbolic surface of revolution which
is uniformized as a vertical strip. These surfaces of revolution are not symmetric
spaces but they do have quantum integrable Laplacians and by separating variables
one obtains model eigenfunctions that correspond more closely to Gaussian beams
on S? than to eigenfunctions on H2. Hence, H?/(7) is another good analogue of
S2.

4.13. Irreducible representations of G

The non-trivial irreducible representations of G come in three families, the
principal series, the complementary series and the discrete series. We briefly review
the definitions (see [K| [L] for background).

The principal series P are realized on the Hilbert space L?(IR) by the action

(00 pay =) - iy (AT C

(4.91) P (c d) fl@)=|—bx+d] f (—bm +d> .

The unique normalized K-invariant vector of Pir; is a constant multiple of
firo(w) = (14a%)~ (340,

The complementary series representations are realized on L?(R, B) with inner prod-

v @@
_ flx)f(y
B0 = [ ey

and with action

a b L C1—2u ar —c
(4.92) Cu (c d> flx)=]—bz+d| f (bx " d) .
When asymptotics as |rj| — oo are involved, we may ignore the complementary

series representations and therefore do not discuss them in detail.
Let C; = {z € C:Imz > 0}. Then D}!, is realized on the Hilbert space

(4.93) HE = {f holomorphic on C; and / |f (2, y)Py™ 2 dedy < oo}
Ct

with the action

(4.94) D;(zz>ﬂ@:cwz+®”7<f212)

The lowest weight vector of D in this realization is (z + )~ ™.

4.14. Compact hyperbolic quotients X = I'\ H?

Let I' C G be a discrete co-compact subgroup, that is, I'\G is compact. It may
be identified with the unit tangent or cotangent bundle S*Xr of Xr = I'\H?.

The closed orbits of the geodesic flow G* on the quotient I'\G are denoted
{7} and are in one-to-one correspondence with the conjugacy classes of hyperbolic
elements of T'; see for instance [McK]. We denote by G, respectively I, the
centralizer of v in G, respectively I'. The group I'y is generated by an element g
which is called a primitive hyperbolic geodesic. The length of « is denoted L., > 0
and means that 7 is conjugate, in G, to

eln/? 0
(4.95) ay = ( 0 e—Lw/Q) .
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If v = 44 is a power some some primitive 7o, then we call L., the primitive length
of the closed geodesic 7.

4.15. Representation theory of G and spectral theory of A on compact
quotients

The representation theory of L?(T'\G) is intimately related to the spectral the-
ory of A. We briefly review the results in the case where the quotient is compact
(cf. [K], []).

In the compact case, we have the decomposition into irreducibles,

(4.96)

S oo o) S
r’r\G) =Pc, ePPr, e @B wmdLie P wm)D,,
j=1 7=0 m = 2, m even m = 2, m even

where C;;; denotes the complementary series representation, respectively P;,, de-
notes the unitary principal series representation, in which € equals s;(1 — s;) =
% + rjz-. In the complementary series case, ir; € R while in the principal series
case ir; € iRT. The irreducibles are indexed by their K-invariant vectors {;,, },
which is assumed to be the given orthonormal basis of A-eigenfunctions. Thus, the
multiplicity of P;,, is the same as the multiplicity of the corresponding eigenvalue
of A.

Further, D= denotes the holomorphic (respectively anti-holomorphic) discrete
series representation with lowest (respectively highest) weight m, and pur(m) de-
notes its multiplicity; it depends only on the genus of Xr. We denote by v, ;
(j = 1,...,ur(m)) a choice of orthonormal basis of the lowest weight vectors of
pr(m)D;t and write ur(m)D;} = @?i(lm)D;;’j accordingly.

By an automorphic (7, m)-eigenfunction, we mean a I-invariant joint eigen-
function

1
Q Tm — T (7 2) T,m>
O, 1 + 77 o,
Worm=1imor m,.
of the Casimir €2 and the generator W of K = SO(2).
We note that the K-weights in all irreducibles are even. Lowest weight vectors

of D} correspond to (holomorphic) automorphic forms of weight m for T' in the
classical sense of holomorphic functions on H satisfying

(4.98) fy-2)=(cz+d)"f(z), ~= (CCL Z) el.

(4.97)

A holomorphic form of weight m defines a holomorphic differential of type f(2)(dz)~ .
Forms of weight n in P;;., C,, Di always correspond to differentials of type (dz)2.
Forms of odd weights do not occur in L?(T'\ PSL(2,R)).

4.16. Appendix on the Fourier transform

For f € LY(R™,dz), the Fourier transform is the bounded continuous function
defined by

(4.99) FIO =) = [ 9 s
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We recall that Schwartz space S(R™) is the class of functions such that, for all

a?ﬂ?
sup |anﬁf(x)| < Cup < 0.

Here, D; = 72 and D® = D{* --- Dj».
LEMMA 4.16. F: S — S continuously and FDjp = &Fp. Also, Frjp =

The proof is by explicit calculation and integration by parts. One can integrate
by parts and pass derivatives under the integral sign because of the rapid decay
and smoothness of the integrand.

LEMMA 4.17 ([Ho|, Lemma 7.1.4). Suppose that T: S — S is a linear map
such that for all ¢ € S,

(4.100) TDjp=D;Te, Trjpo=z;Te, j=1,...,n,
then Tw = cp for some constant c.

ProOOF. If ¢ € S and ¢(y) = 0 then (by Taylor’s formula) there exist p; € S
such that

(4.101) p(z) = Z(%‘ = Y;)e;(@).
Then
(4.102) To(w) = 3 (0 - y)Tps@) =0 if 2=y,

It follows that
(4.103) To(a) = cw)ple), () = (T1)().
Indeed, let 9, (y) = e~ (@=v°/2 Then (p(y) — p(z)1,(y) vanishes when y = z. It
follows that T'(¢(y) — ¢(2)12(y)) = 0 when y = = or
(To)(x) = ()T (Y)(x)

. Thus T is multiplication b2y T, (x).

Applying to ¢(z) = e~ for instance shows that ¢(xz) € C*°. Since D, c(x)p =
c(x)Dj it follows that ¢(z) = c is constant. O

THEOREM 4.18. F is an isomorphism of S with inverse given by

(4.104) Flf(z) = (27r)‘”/ e'™9) f(¢)dg.

n

PrOOF. We know that 72: § — S and that it anti-commutes with D; and z;.
Let Rp(z) = p(—z). Then T = RF? commutes with Dj,z; hence is a constant
multiple of the identity. Thus, RF? = c¢. Thus, F~! = ¢ 'RF. To determine ¢
one applies F to e~171°/2 and finds that ¢ = (2m)™. Indeed, (xz; +iD;)¢ = 0 and
taking the Fourier transform gives (—D; + i&;)$(§) = 0. Hence ¢ = c1¢ with
c1 = ¢(0) = (2m)"/2. Hence F2p = c}o. O

THEOREM 4.19. For p,v € S, we have
o [¢pda = f?/}fd’l},'
o [@Ydr = [ pipde.
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PROOF. Both sides of the first statement equal

(4.105) // () (€)e™ @8 dadg.

To prove the second statement, put x = (27r)’"$ and use Fourier inversion to get
(4106) O =0 [ i@ = .

Hence the second statement follows from the first if we replace ¢ by x. (]

THEOREM 4.20. F extends to a unitary isomorphism of L*(R™).
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CHAPTER 5

Local structure of eigenfunctions

The main purpose of this monograph is to study the asymptotic properties of
global eigenfunctions on a compact Riemannian manifold (M, g). However there
exists a large literature on local eigenfunctions, and local eigenfunctions may have
quite different properties from global ones. The first aim of this section is to explain
the ‘local-global’ distinction and to study the local structure of eigenfunctions. The
second aim of this section is to explain the sense in which the local techniques are
elliptic while the global techniques are hyperbolic.

5.1. Local versus global eigenfunctions

Some estimates on eigenfunctions are local in the sense that they hold for a local
solution of (A + A?)py = 0 in an open set U C M, regardless of whether the local
eigenfunction extends to a global eigenfunction on M. Others are global in that
they use the global extension of ), usually in the form that it is an eigenfunction
of the wave group U(t) = V=2, For instance, the Poisson integral formulae
(4.6) on Euclidean space or on hyperbolic space are global in the sense that
they only hold for global eigenfunctions. Our main interest is in global estimates
and their relation to the geodesic flow. In particular, we often pose the problem of
determining when the global estimates are achieved by a sequence of eigenfunctions
of (M, g).

The distinctions are illustrated by the eigenfunctions

., (x,y) = cos px cosvy, (A2 = p? +1v?),
U, (z,y) = coshpzcosvy, (A2 =v?—p?),

= 2 _ 2 2
\I/;W(x,y) = cosh px coshvy, (A = —(v?+ p?))

on R?. Note that the eigenvalue of the negative operator A is positive in the last
case (although we still wrote A\?) and is not in the spectrum of A.

Only the oscillatory function @, , can be global eigenfunctions on a compact
Riemannian manifold. The eigenfunctions ¥, , are not tempered and do not con-
tribute to the L? spectrum of A on R?. Depending on the pair (u, ), the eigenvalues
can have any sign or be of any size, but only ®,, could be an eigenfunctions on
a compact manifold (possibly with boundary). Clearly it is impossible to control
the size of the nodal set or the number of critical points of ¥, , by A, which are

controlled by the quantity /v? 4+ u2? and not by the frequency |\/v? — u2|. Note
that y/v2 + p2 is of the order of magnitude of the local Dirichlet quotient

fB V|2 dV
[ p?dv

To distinguish these eigenfunctions, we introduce some definitions:

(5.1) Dp(p) =

95
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DEFINITION 5.1. Let (M, g) be a connected Riemannian manifold. Define the
bottom of the spectrum by

V| dV
5.2 M(M,g) = inf IM|7

In the case of R", A\g = 0. Clearly, ¥} ,
spectrum while ®, , is from the L? spectrum. The hybrid ¥, . is from neither
spectrum and it is possible that v? — 2 = A% > 0. Thus, v, is the type of local
eigenfunction which does not occur globally.

One of the basis distinctions between ®,,, and ¥, , is their status relative to
the maximum principle. If (A + A?)u = 0 in an open domain € of a Riemannian
manifold (M, g) one says that a non-constant function u satisfies the strong maxi-
mum principle if there does not exist p € Q so that u(p) = supg u. Equivalently, if
SUpq U = SUPyq u. The maximum principle holds for the positive spectrum but not
globally for the non-constant eigenfunctions of the L? spectrum. For instance ®,, ,,
has interior maxima in small balls surrounding its local maxima. If € is a nodal
domain for ¢y then we may assume @y > 0 in Q2 with ¢y = 0 on 912, and obviously
@ does not satisfy the maximum principle in  or in a ball B C Q around its
maximum point in 2.

is an eigenfunction from the positive

5.2. Small balls and local dilation

As discussed in more detail in the next section eigenfunctions resemble
harmonic functions on balls of radius » = eA\™! for ¢ sufficiently small. Since this
length scale comes up repeatedly, we pause to give it a name:

DEFINITION 5.2. A “small ball” is a ball of radius € Where C'is a fixed constant.

When C' = ¢ is sufficiently small, the maximum principle and some mean value
inequalities may be apply on the ball B ¢ (p)-

A useful way to study the local behavior of eigenfunctions around a zero xq
is to pull back the eigenvalue equation to the tangent space T,,M and perform a
dilation oy (u) — @x(tu) in the tangent space T,,M. When the eigenvalue is \?
it is natural to dilate the small ball by t = ¢e~'X. To simplify notation, we do not
distinguish functions on T, M with functions expressed in normal coordinates on
a small ball B,(xq) around zg of radius r = eA™1. In particular, we continue to
denote denote the pullback exp} i by @x. With these notational conventions, we
define the dilation operators by

(5.3) Di®pa(u) = oa(expy, tu),  u € Ty M.

It is proved in [Ber, HarW2] that in a small ball around a zero, an eigenfunc-
tion is asymptotic to a homogeneous harmonic polynomial. In a general setting,
let

n

(5.4) L=> g 8%8% Zr —+V()

ij=1

be the Laplacian plus a potential. Fix a point p and introduce geodesic normal
coordinates x at p. Define the osculating operator at p to be the constant coefficient
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operator

(5.5) Z g% axlaxj + er(O)aij +V/(0).

1,j=1 Jj=

The following is Theorem 1 of [Ber]:

PROPOSITION 5.3. Assume that @y vanishes to order k at xo. Let px(x) =
010 () + 3%y + -+ denote the C> Taylor expansion of py into homogeneous
terms in normal coordinates x centered at xo. Then p;°(x) is a Euclidean harmonic
homogeneous polynomial of degree k.

To prove this, one Taylor expands the equation Apy = —A?¢, and finds the first
non-vanishing homogeneous term. The osculating equation has the form Lo[p]ny =
0, where ¢ = [p]y + O(|z|¥T1). Indeed, conjugation by the dilation operator D}°
produces the rescaled Laplacian:

o .__ x To\—1 __
(5.6) A} = Dj* Ay (D) *Z;T@*""
Here, - - - refer to the lower order terms in the Taylor expansion of the coefficients of

A around xg. Collecting terms with like powers of ¢ is equivalent to collecting terms

with a given homogeneity order, with the understanding that in the Laplacian each

differential expression % is homogeneous of degree —1. We denote the rescaling
J

or dilation D f by fi.
More explicitly, we express A in local normal coordinates as

(5.7) A= Zg”axaxj Z k@xk

Rescaling gives

(5:8) Al =t 229”3 01, AZFk axk

As t — 0 we have

(5.9) {g[t]( u) = 69 + £ Rijujug + -

Dfy = tT5u; + - .

Expanding the coefficients in powers of ¢, dilating each % and collecting like
powers of ¢ defines the expansion

(5.10) AV =t 2A®) L AD popfAR)

with the osculating Laplacian A(?) given by the first term of (5.6)).
We then rewrite the eigenvalue equation as

(5.11)
Dy° Ay (D7) p(exp,, tu) = Np(exp,, tu)
(5.12) = [t_gAQ) +t71AM 4. } p(exp,, tu) = Np(exp,, tu).

The next step is to Taylor expand <,0(expgg0 tu) around t = 0, i.e., expand
p(exp,, tu) = py(u) +--- .
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in terms of homogeneous polynomials on Ty, M. The leading order equation in ¢ as
t — 0 becomes

(5.13) THNA@ py 4+ = A2y

There is no term of order ¢ =2 on the right side and thus the lowest order homo-
geneous term is A®)py = 0 of degree N — 2.

One can continue to derive transport type equations for the higher coefficients
pN+k- To the author’s knowledge, they have never been studied. A problem is that
the scaling apparently destroys the global properties of eigenfunctions, in particular
that they extend globally to M. The transport equations are not uniquely solvable
without some global condition.

There are many applications of this local structure to nodal sets, which will
be discussed further in the relevant chapters. For the time being, we only note
that in dimension 2, a homogeneous harmonic polynomial of degree N is the real
or imaginary part of the unique holomorphic homogeneous polynomial 2V of this
degree, i.e., py(r,0) = rVsin NO. As observed in [Ch], there exists a C'! local
diffeomorphism x in a disc around a zero xo so that x(zo) = 0 and so that ¢} ox =
pn. It follows that the restriction of ¢y to a curve H is C! equivalent around a
zero to py restricted to x(H). The nodal set of py around 0 consists of N rays,
{r(cosf,sinf): r > 0,pn|s: (v) = 0}. It follows that the local structure of the nodal
set in a small disc around a singular point p is C' equivalent to N equi-angular
rays emanating from p. We refer to [Ch| for further details.

5.2.1. Harmonifying eigenfunctions. In the preceding section, it is ex-
plained that an eigenfunction is well approximated by a harmonic polynomial in a
small ball around a zero. A second relation is that eigenfunctions can be converted
into harmonic functions on a space of one higher dimension in various (essentially
equivalent) ways. Let C = M x R, be the cone or upper half space over M with
metric dr? + r2gas. Let r denote the distance to the vertex. Then

(5.14) (A +X)u=0 = ru(z) is harmonic on C (with A\* = d(d + n — 2))

in the sense that

0? n—1203 1
1 A = - = —A _
(5.15) can® = gzt + v or" + 2 oMY
Another approach is that
(5.16) (A+X)u=0 = e u(x) is harmonic on M x R

in the sense that (3—; + Apr)e P u(x) = 0. For this reason, e *V~2 is called the
Poisson semi-group.

5.3. Local elliptic estimates of eigenfunctions

In this section, we state some elliptic estimates on eigenfunctions on Riemann-
ian manifolds. They mainly take the form of mean value inequalities. In the
local-global dichotomy of the previous section, they generally belong in the local
class. In the next section we move on to semiclassical estimates which treat the
Helmholtz operator as hyperbolic. In subsequent sections we develop the theory
of the wave equation on compact Riemannian manifolds, which is the main tool in
the study of semiclassical asymptotics and estimates.
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Classic texts such as [GT] on elliptic estimates generally start with elliptic
estimates for harmonic functions and extend the estimates to more general elliptic
operators of the form L = Z” a%iaija%j + ¢(z). In proving maximum principles
and mean value inequalities for subsolutions, it is often assumed that c(z) < 0.
This of course excludes the Helmholtz operator and indeed the maximum principle
does not apply without some restriction. For instance, it is obviously not true that
a Dirichlet eigenfunction on a domain €2 takes its maximum on the boundary. One
of the earliest articles to consider mean value inequalities when ¢ > 0 is that of
[BNV] (see also [Cal, [P]).

We follow the traditional path in beginning with elliptic identities and estimates
for harmonic and subharmonic functions on R™. We then consider eigenfunctions
and pay particular attention to estimates which hold for local or global solutions
of the Helmholtz equation for large A.

One of the principal techniques for obtaining mean value inequalities is to
use reproducing kernels. For instance, harmonic functions are reproduced by the
globally defined spherical means or ball means operators. They are also locally
reproduced by the Dirichlet Green’s functions of balls, i.e., by a Poisson integral
formula, which are only defined on the given balls in general (see Chapter 4 of
[GT] or Section 1.3 of [HanL1]). There also exist local reproducing formula using
hyperbolic methods, e.g. by using operators of the form p(v/A — VA) . One
may also use the wave operators costv/—A or %. At first it seems that these
kernels belong to the global class, but they are in a sense local in that for small ¢
they only sample values of the eigenfunction in small balls by the finite propagation
speed of the wave equation. Paraphrasing M. Kac, one might call this the principle
of not feeling the global manifold for small times.

5.3.1. Mean value inequalities for L-harmonic and subharmonic func-
tions on R”. In this section we review some classical mean value inequalities for
harmonic and subharmonic functions. They only apply to eigenfunctions if one first

converts them to harmonic functions as described in

Let L = div AV be an elliptic operator, i.e., let

Lu = Z a ”(9:1:1

1,5=1

be an elliptic operator in divergence form on a ball By CC R™. The following in-
equality for L-harmonic functions is known as the Moser local boundedness theorem
(cf. [HanL1l]).

THEOREM 5.4. Let a;; be bounded in By and let Lu = 0. Then

supu® < C u?,

B B
2
where C' depends only on L.
Regarding subharmonic functions, one has

THEOREM 5.5. Let L = Z” 1 83: a;j 8x be an elliptic operator. Suppose that
mlv|? < a;;v;v; < M|v|?, and let 87% . Let xg € M. Suppose that u > 0
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and Lu > 0. Then

1
3
(5.17) sup u <k / T
Bi(z0) Ba(z0)

5.3.2. Mean value inequalities for subharmonic functions on Rie-
mannian manifolds. We now turn to mean value inequalities on Riemannian
manifolds. The following is proved in Section 6 of [SY]. It compares the value of a
subharmonic function at the center of a ball with its mean value in the ball.

THEOREM 5.6. Let (M, g) be a complete Riemannian manifold, and let Br(p)
be a geodesic ball. Suppose that the sectional curvature Ky < k and that R <
inj(M, g). Then for any v € C*°(M) satisfying Au >0 and u >0 on M,

1
(5.18) u(p) < Vk(R)/BR(p) udV.

Here, Vi.(R) = Vol(Bg, gx) is the volume of a ball of radius R in the space form of
constant curvature k.

Theorem 6.2 of [SY] and Theorem 1.2 of [LiSch] generalize Theorem
(Moser’s local boundedness estimate) to a mean value inequality for manifolds with
a lower Ricci curvature bound:

THEOREM 5.7. Let (M, g) be a complete Riemannian manifold with Ricy >
—K. Letpe M, and u> 0 and Au >0 on Br(p). Then for any 7 € (0, 1),
(5.19) sup  u? < 017_702(1%/?3)][ u?dV.

Bu-nr(p) Br(p)

Here, fK f denotes the average value of f on K.

On a general Riemannian manifold one has the following mean value inequality
(see Proposition 4.7 of [CMZ2]):

THEOREM 5.8. Let dim M = n and suppose that Ricpy > —(n — 1)s72. Let
w >0 and Ayu > —s 2u. Then

(5.20) u?(z) < C’][ u?.
Bs(x)

PROOF. After scaling the metric it suffices to prove the case s = 1. Let N =
M x [-1,1] have the product metric, so that Ricy > —(n — 1) and as in
let w(wz,t) = u(z)et. Then Ay = e!Apru+ efu > 0. Hence w is subharmonic on
M x [—1,1]. The mean value theorem for subharmonic functions (Theorem [5.7))
gives

C
5.21 w?(x,0) < / w?
(5.21) (,0) Vol(Bi(z,0) C N) Jp, (z.0)cN

C
5.22 < 2¢? / v
(5.22) Vol(By(z) C M) Jp,(x)cm

1
2

The Proposition follows from the Bishop-Gromov volume comparison theorem bound-
ing the ratio Vol(B(z))/ Vol(By (x)). O
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5.3.3. Mean value inequalities for A\-subharmonic functions. The pre-
vious results hold for A- subharmonic functions. We now consider (A + A\?)-
harmonic or subharmonic functions, i.e. eigenfunctions or functions satisfying
(A 4+ M)u > 0. As mentioned in the introduction to this section, the positivity
of the coefficient c¢(z) = A? > 0 changes the theory profoundly unless the balls have
size eA7L.

A good example to keep in mind is an L?-normalized zonal spherical harmonic
¢r = CyRe(Yy) in a ball of radius e/~! around the north pole P. The supremum of
le| =~ V¥ is taken at P and although it oscillates on the length scale of £~*. The
profile decreases towards the equator to size 1. One may choose ¢ so that B.(P)
is the nodal domain which contains P. In this case |¢| oscillates from v/¢ to 0 on
an interval of size } and the mean of |¢y| is of order ¢ 3. But if one chooses a much
larger € so that B.(P) is the northern hemisphere, then the mean of |p,|? decreases
to 1. A mean value inequality must therefore contain a compensating constant of
order £. This extreme case shows that we may expect a mean value inequality as
in the previous section to be valid on sufficiently small balls of order £A~2 but not
on balls of a larger order of magnitude.

COROLLARY 5.9. Let (M, g) be a complete Riemannian manifold with Ric >
—(n—1). Lety € M and let t < 1. Suppose that v > 0 on Ba(y) and that
Av > —X\2v for some A2 > 0. Then

(5.23) supv < eC"(H')‘t)][ v.
By B2t (y)

PROOF. We rescale the metri ¢ ¢ — A72¢g so that A — A2A. Then Ricy-14 =
A"t Ricy > —A71(n—1) > —(n —1). The ball of radius At around p in the metric
A72g is the same as the ball of radius ¢ around p in the metric g. Applying the
mean value inequality of Theorem for the metric A™2g with 7 = e™! gives

(5.24) sup  u® < 6C<1+t}\71>\)][ u? dVy-1, = eC(IHA)][ u*dV.
Bt B

Ba—ryat(p) ¢

O

REMARK 5.10. Above we are simply rescaling the metric. It is also possible
to use a local dilation (rescaling) map on Bg(p) which fixes p and dilates normal
coordinates x — Az centered at p. This dilation map distorts u, whereas rescaling
the metric leaves v unchanged.

A related corollary in [CM3] is the following:

COROLLARY 5.11. Let (M, g) be a complete Riemannian manifold and suppose
that (A + A?)u = 0. Suppose that u(p) = 0. Then

sup |u| < Cr*"/ .
By B:(p)

2

Moreover, if ¢ € Br(p) with u(q) =0 and if r ~ "3, then

sup u? < Cor*”/ u?.
Bar (9) Bar(p)
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5.3.4. Bochner identity and mean value inequalities. Another source of
subharmonic functions and mean-value inequalities comes from the Bochner identity

(5.25) AlVexl* = 2| Hess(px)|* — 20%[Vipa|? + 2 Ric(Vipr, Vipr).-

If the Ricci curvature satisfies a suitable lower bound as in (Proposition 2.2 of
[SY]), one has

(5.26) AlVpr|> > —2(n — 1 — \?)|Veu %
Hence there exists C,, > 0 so that (cf. [SY], p. 80)

(5.27) sup |pal> < s? sup |Vea|? < Cs?

1 / )
Y SRRy Vx|
B(2,%) B(z1,%) Vol B(zk, 3) JB(z.2)

5.4. \-Poisson operators

In the standard Euclidean setting, classical results on mean value identities
and inequalities are proved using either the spherical means operator, or Poisson
integral formula. Unlike the spherical means operators, which are global, the Pois-
son integral operators are adapted to a domain. They may be used to prove mean
value inequalities for A-subharmonic functions on balls of size eA~!. There also
exist global Poisson integral formulae on Cartan-Hadamard manifolds, i.e. sim-
ply connected manifolds of non-positive curvature, in which the ideal (geodesic)
boundary at infinity is used.

There are several types of Poisson operator for the eigenvalue problem. By a
Poisson operator we mean an extension operator of data along a separating hyper-
surface H to eigenfunctions in the kernel of (A + A?) on M\ H = M, UM_.

The first type of Poisson operator is the Poisson operator on two-component
Cauchy data. It is always well defined and may be constructed in terms of any
Green’s function Gy, i.e., any solution on M, of (A 4+ N)Gx(z,y) = 0,(z). By
Green’s formula

(5.28) GA(A+2N)px — oA (A + NGy = / (Over)Gx — pr0, G,
M, H

one gets (for p € M)

(5.29)

er(0) = [ @) @60 450 - 0200, Grlw ) ds(a) = Pav) (21
H Pl

There is no jump of the right side across H since we assume that ¢, is a global

eigenfunction.

The second type of Poisson operator is with respect to Dirichlet (resp. Neu-
mann) data alone and does not always exist. We consider only Dirichlet data (the
discussion for Neumann data is similar). The Poisson operator Py (A) for Dirichlet
data on H of the eigenvalue problem (A + A\?)¢ = 0 with respect to My, is the
extension operator of Dirichlet data along H as an eigenfunction. That is Py () f
is the unique eigenfunction on My whose restriction to H equals f. Py () is well-
defined unless —\? is an eigenvalue for the Dirichlet problem on My for A. When
this is not the case the Dirichlet Green’s function Gp(A) has no pole at A and we
may choose it for the Green’s contention G above to get
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(5.30) oa() = - /H o2 (@00, Gp(A 2, q) dS(0).

We could exchange the roles of Dirichlet and Neumann data to obtain a formula in
terms of Neumann data when —\? is not an eigenvalue of the Neumann problem.

Bourgain-Rudnick have raised the question whether a sequence of global eigen-
functions exists could vanish on a (separating) curve (or hypersurface) H. By the
above, it is equivalent to asking if when the Dirichlet eigenvalue problem on a com-
ponent M — H can have infinitely many eigenvalues in common with the global
eigenvalue problem on M.

5.4.1. Scaling of the Poisson kernel for balls and mean value inequal-
ities. In this section we return to the mean value inequalities of We use the
dilation operator to rescale Green’s formula on a small ball Bz (p) of radius § to
obtain a new approach to mean value inequalities. The following is Lemma 7.6 of
[DF1] (see also Theorem and p. 117 of [HanL2]):

PROPOSITION 5.12. Let (A + X)u = 0, let p € M satisfy u(p) = 0. Let
r=eA"t. Then

1
2
(5.31) sup |u| < Cr ][ lul® | .
B, (p) Bar(p)

We then apply Green’s theorem to the ball B to get
(5.32)  wv(x) - / Gp(A,z,2') (A +A)v)dV = / 9, Gp (A, . q)v(q) dS(q).
B B

We consider a ball B(p, ¥) with € to be chosen later and where Ay = —A\2.
We denote the Dirichlet Green’s function of the ball by

(5.33) p(\ 2,2 Z%A o
J

where (u;,1;) are the Dirichlet eigenfunctions of the ball. Since there exists an
orthonormal basis {¢;} of real valued eigenfunctions, Gp is real valued. Less
obviously, for ¢ sufficiently small, Gp(\, z,2") < 0. Here we choose the sign of the
Green’s function so that

(A+X)Gp(\ z,y) = 6,(z).
Thus, G(A, x,y) is “A-subharmonic” and therefore —oco at its pole.

LEMMA 5.13. Fore sufficiently small, so that X\ < 1 (B(p, %)), we have Gp(\, z,2") <
0.

PROOF. It is well known that the Dirichlet heat kernel for any metric or domain
Q is positive. But

(5.34) — Gple,x,a") :/ ' Kp(t,z,x")dt
0

for any e < AP(Q), i.e. for ¢ below the lowest Dirichlet eigenvalue. The integral
then converges and the positivity of Kp(t,z,z’) > 0 implies —Gp(e,z,z’) > 0. O
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REMARK 5.14. We could also use the dilation operator Df 1, to rescale the ball
B = B(p, 5)- Rescaling flattens out the metric so that (for e sufficiently small) it is
close to the Euclidean metric on a ball of radius 1, and changes the eigenvalue from
A to . We then observe that the Euclidean Dirichlet Green’s function Gg(e,,y)
for the unit ball, i.e. the kernel of (Ag + £2)71, is strictly negative. Indeed, this
is well known for € = 0 where the Dirichlet Green’s function can be constructed
from the Newtonian potential frn—l,z by the method of reflections. Hence it must
continue to be true for small metric and eigenvalue perturbations. The dilation
operator preserves positivity, so the Green’s function of the small ball B is also
negative.

The following is proved in Section 6 of [SY]:

THEOREM 5.15. Let (M, g) be a complete Riemannian manifold, and let B =
B.a-1(p) be a geodesic ball of radius eA™'. Let B, = B%EAfl(p). Suppose that

v € C*(M) satisfies (A + \2)v > 0. Then

(5.35) sup |v| < C][ vdV.
Bl B

PROOF. If (A + A?)v > 0, then the second term of the left side of (5.32) is
positive since Dirichlet Green’s function for (A + A?) is a negative kernel. We then
have

(5.36) v(z) < /GB 9, Gp (A, 2, 9)v(q) dS(q).

Now let B1 = B(p, 1%). Then

631 swh@l< | s j0.Go0aal] [ p@ldsi.
B% zEB%,qGE)B OB

REMARK 5.16. It is often assumed in addition that v > 0, and in that case

(538)  swpu@<| s [8.Gp(haq) /v<q>d5<q>.
B% meBé,qeﬁB OB

Alternatively, by Cauchy-Schwartz, we have

(539)  supv < | sup / 10,,Gp (N 2,0) dS(g) / v(q) dS(q).
o0B OB

B1 rEB 1
2 2

To conclude the proof we only need to show
sup |0, Gp(A, z,q)| < CeM@D),
z€B1.,q€0B
(5.40)

sup / 10,,G (M2, q)[2 dS(g) < eV @),
QTGB% OB

This can be proved by rescaling using the dilation operator Df _1, and comparison
to the Euclidean case. O
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5.5. Bernstein estimates

In addition to such absolute bounds, there exist Bernstein gradient estimates
which compare Vi, to ¢, either locally or globally. In [DE3| the following local
Bernstein inequalities are proved:

THEOREM 5.17. Local eigenfunctions of a Riemannian manifold satisfy:
(1) L? Bernstein estimate:

1/2 O 1/2
(5.41) (/ vm%zv) < == (/ ¢A|2dv> :
B(p,r) r B(p,r)

(2) L* Bernstein estimate: There exists K > 0 so that

(5.42) max [Vor@)] < 2 max [ox(@)|
. X X .
seBom) T T wdBm)
(3) Dong’s improved bound [D2]:
)\2
5.43 max |V, < C;— max
(5.43) max [Vipa| < Cr7- max [y

for r < CoX™1/2,
(4) The bound of [ShXul: There exist ¢,C depending only on g so that

(5.44) cAlealle < IVerlloe < CAlloAloo-

THEOREM 5.18 (Donnelly-Fefferman). Let dim M = n and let (A + \2)u = 0.
Then there exists ro(M) so that, for r < rg

n+2

A
(5.45) sup |[Vu| < ot sup |ul.
B, (x) r B,.(z)

Donnelly-Fefferman conjecture that A"2" can be replaced by A. This implies
the global Bernstein inequality

(5.46) [Vullso < Aulloo-

This inequality is proved in [OCP] as an immediate consequence of the Schoen-Yau
estimate

1 VK
(5.47) sup |[Vh| < C, (4—3)
Ba

sup |h/|.
Ba,

5.6. Frequency function and doubling index

The frequency function N(a,r) of a function u is a local measure of its ‘degree’
as a polynomial like function in B,.(a). More precisely, it controls the local growth
rate of u. In the case of harmonic functions, it is given by
rD(a,r)

5.48 N(a,r) = ——=,
(5.49) (@) = S

where

(5.49) H(a,r):/ u?*do  and D(a,r):/ |Vu|? da.
9B,(a) B, (a)
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A well-written detailed treatment of the frequency function and its applications can
be found in [HanL1), [Kuk], following the original treatments in [GaLl, [GaL2]
Lin91].

Frequency functions may also be defined for eigenfunctions. At least two vari-
ations have been studied: (i) where the eigenfunctions are converted into harmonic
functions on the cone R x M as in §5.2.1} (ii) where a frequency function adapted
to eigenfunctions on M is defined.

We first consider method (i) in the case of an eigenfunction ¢y on S™. The
associated harmonic function on the cone is precisely the homogeneous harmonic
polynomial on R™*! whose restriction to the sphere yields ¢y. By the previous
calculation, N(0,7) = N where A = N(N +n—1). We note that on the cone R"*1,
the ball of radius r has the form [0,7] x S™, i.e the frequency function is global
on S™. On a general manifold, the analogous global calculation is cleanest if we
define N(r) with B, (0) everywhere replaced by [0,7] x M. If we ‘harmonize’ an
eigenfunction @y — r%p, as in we obtain N(r) = a.

The second method is to define a frequency function on balls of M itself. The
generalization to eigenfunctions is as follows (see [GaLll, [GaL2, Kuk]). Fix a
point @ € M and choose geodesic normal coordinates centered at a so that a = 0.
Put

GijTilj
(5.50) () = D925
Ed
and put
0y 0
(5.51) D(a,r) ::/ (g”a%\ﬁ—i—ﬁapi) dV and H(a,r) ::/ 3.
B, Ty OL;j 9B,

By the divergence theorem, one has

o
(5.52) D(a,r) :/ Or—F—
OB, aV
Define the frequency function of ¢y by
rD(r)
. N = .
(5.53) (a,r) H)

As in the case of harmonic functions, the main properties of the frequency function
of an eigenfunction are a certain monotonicity in 7 in small balls of radius O(%)
(see Theorem and the fact that N(a,r) is commensurate with N(b,r) when
a and b are close.

Simple examples show that, despite its name, the frequency function measures
local growth but not frequency of oscillations of eigenfunctions, and therefore is
not necessarily comparable to A. For instance, the frequency function of sinnx in

a ball or radius |Q is bounded. An example considered in [DF1] are the global

n]
eigenfunctions e sinty on R? of A-eigenvalue s> — ¢? and frequency function of
size 5. One could let s,t — oo with s? — ¢2 bounded and obtain a high frequency
function but a low eigenvalue. However, as discussed in [Lin91] (p. 291), if one
forms the harmonic function from a global eigenfunction as in then one has
N(0,2) < CX where C depends only on the metric. This is a global estimate since
a ball centered at 0 in the cone will cover all of M. An application is given in
Theorem [(.200
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We now state Theorem 2.3 of [GaL1]; see also [GaL2, [Lin91, [HanL1] and
[Kuk], Theorem 2.3, 2.4.

THEOREM 5.19. There exists C > 0 such that " (N(r) + A2 + 1) is a non-
decreasing function of v in some interval [0,79(N)].

Another basic fact is that the frequency of ¢y in B, (a) is comparable to its
frequency in Bg(b) if a,b are close and r, R are close. More precisely, there exists
No(R) < 1 such that if N(0,1) < No(R), then ¢y does not vanish in Bg, while if
N(0,1) > Ny(R), then

1
(5.54) N <p, 51— R)) < CN(0,1) for all p € Bp.

5.6.1. Doubling and vanishing order estimates. An important series of
estimates are known as doubling estimates.

THEOREM 5.20 (Donnelly-Fefferman, Lin and [HanL1] Lemma 6.1.1). Let ¢y
be a global eigenfunction of a smooth Riemannian manifold (M, g). Then there
exists C = C(M, g) and ro such that for 0 <r < rg,

1 1
55 B o =)
Further,
7\ CA
(556)  maxle@)l < (5) max @] ©<r <)

The doubling estimates imply the vanishing order estimates. Let a € M and
suppose that u(a) = 0. By the vanishing order v(u, a) of u at a is meant the largest
positive integer such that D%u(a) = 0 for all |a| < v.

THEOREM 5.21. Suppose that M is compact and of dimension n. Then there
exist constants C(n), Ca(n) depending only on the dimension such that the the van-
ishing order v(u,a) of u at a € M satisfies v(u,a) < C(n) N(0,1) + Ca(n) for all
a € By/4(0). In the case of a global eigenfunction, v(px,a) < C(M,g)A.

The bounds are sharp since they are achieved by highest weight spherical har-
monics (Gaussian beams), which vanish to maximum order at the poles and saturate
doubling estimates in the upper or lower hemisphere at some fixed distance from
the equator. As in the case of sup-norm bounds, we may ask for which (M, g) there
exist sequences of eigenfunctions saturating the doubling estimates and VO (van-
ishing order) estimates. Sequences saturating the VO estimates of course saturate
doubling estimates, but the converse is not known to be true. In all known exam-
ples where the VO estimates are sharp (such as spheres or surfaces of revolution),
there exists a point p so that a sequence of eigenfunctions vanishes to maximum
order at p, and all geodesics emanating from p return to p at a fixed time. This is
the same condition for existence of eigenfunctions saturating sup norm bounds (see
the Chapter on LP norms), but the eigenfunctions are quite different and we do
not know any mutual implications between the existence of the two eigenfunction
sequences.
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5.7. Carleman estimates

A local Carleman estimate is a weighted energy inequality. Given a well-chosen
weight function 1 one forms the weighted Hilbert space L?(U, et/ ") over an open
set U C M. Given an elliptic operator P = —A, a Carleman inequality has the
form

(557) h||ew/hu||2L2(U) + h3||e¢/hVu||%2(U) § Ch4||€¢/hpu||%2(U).

The key condition on % is that the conjugated operator (a semiclassical pseudo-
differential operator)

(5.58) Py = h2e¥/hpe¥/h = _p2A — |dyp|? 4 (Vi), hV) + hAT
be subelliptic. The principal symbol of P, is

(5.59) Pu(,8) = [€° = |Vy* + 2i(Ve, &) =D (& +i0x, ).

J
This follows fom the fact that the symbol of e’/’/hDje*Wh is & + 10,7
1

Define
1
(5.60) Q1= (P~ P}) and Q= - (PytP}).

Let g; be the principal symbol of ;. Then
(5.61) @ =2, VY) and g = [£]* — |Vap()]?.

The assumption on ) is that on the characteristic set
(5.62) B
Char(py) = {(2,£) € U x R": py(2,£) =0 <= [¢] = |V¢| and (§, Vi) = 0},

one has a positive Poisson bracket on the ordered pair (q1,¢2):
(5.63) for all (z,€) € U x R", py(z,€) = 0 implies {g2, ¢1 }(z,&) > C > 0.

Note that ¢ = e™” satisfies the condition if |[Vp| > 0 in U and 7 is sufficiently large.
One then has:

PROPOSITION 5.22. Let 1 satisfy the assumption above in U. Then there exists
hi >0 so that (5.57)) holds for u € C*(U) and 0 < h < hy.

We sketch the proof: Let v = e¥/". Then
Pu=f < Ppv=g:= h2ew/hf — Qu+iQv=g.
But <ij1,w2> = <w1,ij2> lf w1, W2 S C(?O(Rn) HGHCG

(5.64) [lgll72 = [Qiol72+]|Q2v]|72+2Re(Q2v,iQ10) = ((QF +Q3+i[Q2, Q1])v, v).
For sufficiently large p > 0 and for h so that hu < 1,

(5.65) h{(QF + Q3 +i[Q2, Qu))v.v) < |lgle.
Then Garding’s inequality gives
(5.66) hllvllF: < Cllgllze

Here, H' is the Sobolev space. Since V(e"/"u) = h™'e?/"(Ve))y + ¢*/"Vu and
IVY| < C, this gives

hlle?Mul e + B3|V (e ) |7 < OBl f 7.
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We recall that Garding’s inequality asserts that positivity of a symbol implies
positivity of the associated semiclassical pseudo-differential operator. More pre-
cisely, if K C R™ is compact and a(z, &, h) is a semiclassical symbol with principal
part a,,, and if there exists C' > 0 so that Rea,,(z,&,h) > C(1 + |£]?)™/? for
x € K, £ € R" and h € (0, ho) then there exists C' > 0 so that

(5.67) Re(Opy(a)u,u) > C'||ul3,.,» for all u € C°(K) and 0 < h < hy.

We now recall quantitative lower bound estimates. They follow from doubling
estimates and also from Carleman inequalities.

THEOREM 5.23. Suppose that M is compact and that ¢y is a global eigenfunc-
tion, Apy = —X2px. Then for all p,r there exist C,C’" > 0 so that

(5.68) max o (z)| > Ce” N
z€B(p,r)

Local lower bounds on §log |<p(§| follow from doubling estimates. They imply
that there exists 4,0 > 0 so that, for any (o € M/,

(5.69) sup  oa(Q)] > Ce™ .
¢€B;s(Co)

Indeed, there of course exists a point xg € M so that |px(zo)] > 1. Any point
of M, /2 can be linked to this point by a smooth curve uniformly bounded length.
We then choose ¢ sufficiently small so that the d-tube around the curve lies in M.,
and link Bs(¢) to Bs(xzo) by a chain of d-balls in M, where the number of links in
the chain is uniformly bounded above as ( varies in M. If the balls are denoted
Bj we have supg_,, [pa] < efA supp, |¢a| since Bjy1 C 2B;. The growth estimate
implies that for any ball B, supyp [pa| < e“*supp |@a]. Since the number of balls
is uniformly bounded,

1< sup |pa| < e sup |py]
Bs (o) B;5(¢)

and we get a contradiction if no such A exists.

As an illustration, Gaussian beams such as highest weight spherical harmonics
decay at a rate e~ “*(*7) away from a stable elliptic orbit 4. Hence if the closure
of an open set is disjoint from -y, one has a uniform exponential decay rate which
saturate the lower bounds.

Example: Let U = Ty-1/2(y)\Ty-1(7). Then we may take p = logdist,(x) (the
distance to ) in the previous example. However, it is not clear that the theorem
applies since the domain is changing with h = A7,

Let us also try ¢(z) = disti(x). Thus, 9(s,y) = |y|? in Fermi normal coordi-
nates, and

(5.70) Vi = 2dist, (2)V dist, (z), V| = 2dist, (z),

i.e., V4 is normal to level sets of the distance to . Hence (¢, Vi) = 0 if and only
if ¢ is tangent to the level sets of dist, and |{| = |V¥)| < [{| = 2dist,(x). Since
the domain is shrinking we must introduce a cutoff x, supported in the region
between the domains.
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5.8. Norm square of the Cauchy data

Let H C M be a smooth orientable hypersurface and let 0, denote a choice of
unit normal. The semiclassical Cauchy data of ¢, along H is defined by

(5.71) CD(pr) = {(ealm, A 0vioalm)}-

The term semiclassical refers to the normalization. The global eigenfunction can
be recovered from its Cauchy data along a separating hypersurface.
Following Dong [D1], we define the norm-squared of the global Cauchy data,

2

A
(5.72) q=qlp) = |Vel* + gcﬂ

In Theorem 3.3 of [D1] the following is proved:

THEOREM 5.24. Let A be the negative Laplacian on a surface M?. Let py be
an eigenfunction of eigenvalue —\? and let S = {py,...,p¢} be the set of singular
points of @y, i.e. points where px(p) = dpx(p) = 0. Let k; be the vanishing order
of px at p. Then,

(5.73) Alogq > —A?* + 2min{K, 0} + 47 Z(k] —1)dy,;-
J

The exact formula is

(5.74)
| #8l05q =47 305 - D)
M ]
i A (P11 — p22)? 2 V<P|2>
(5.75) + lim j [/U\ij)f<2 S K - ]

Here, ¢;; are the second derivatives of ¢ in a local frame field given by the Hessian
eigenvectors, so that ¢;; are the eigenvalues of the Hessian V2p. Setting f =1
gives

2 A _ 2
(5.76) ar > (ky—1) = (A —2K)/ Vel +/ (W).
Pps M4 M\ 2 q

COROLLARY 5.25. If (M, g) is a Riemannian surface and if (A + A?)py = 0
then
1 [, .
. L < — - L0}
(5.77) Zk < {A Vol(M) — 2 /M min{ K 0}}

Note that the order of magnitude is achieved by separation of variables eigen-
functions on a flat torus or round sphere, e.g., sin kx sin ky with eigenvalue —2k?
and with k2 singular points.

We briefly sketch the proof. The Bochner formula gives an exact formula away
from the singular points:

1
(5.78) Alogq = P [2]V20x 2 = N3 + (2K — A?) [V ]

1 2
(5.79) 7 12(V%0x, Vir) + Xoa Vs |
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Choose an orthogonal coordinate frame in which V2¢, is diagonal at a fixed
point. For simplicity write ¢ = ). Then

0
5.80 V2= (P1 C ovu= (%),
( ) v (0 P22 " P2
Then
)\2 2 o 2 2
(5.81) Alogq:?@(@llq—me)Jr(QKiv)M'

We briefly review the calculation because the factor ¢? in the numerator of the first
term is missing in [D1]. One has

1
(5.82) Alogg = p [2(p31 + ©32) — (11 + 922)> + 2K — \?)|V|?]

L (¢ @ 0 AN
5.83 4 11 — $22 1
( ) q? (( 0 P22 — P11 ©2

1
(5.84) -z (g(p11 — 22)” + 42K — X?)|Vo|* — (011 — 22)*[Vo]?)

2 2 _ 2
(5.85) = )\—M+(2K—/\2)

V|
2 q? ’

In the last line we use that ¢ — [Ve|? = 13202,

Since V¢l < 1 one gets
q
(5.86) Alogq > —\? + 2min{ K, 0}.

Next consider a singular point p. Choose geodesic polar coordinates (r,6)
centered at p. For simplicity denote py by ¢. Then if ¢ vanishes to order k at
r =0,

© = ar®coskf + O(r*1),
(5.87) Vi = V(ar® cos k) + O(r"),
V2p = V2(ar® cos k) + O(r*1).

2
(1) q= |VQ0|2 + )\2% = k2r2k_2 + O(,r.2k7—1)7

(5.88) (ii) logq=1Ink*+ (2k — 2)logr + O(r),

2k —2
(iii) Vleggq=

+0(1).

Let U be ball around p containing no other singular points. Let f be a test
function supported in U. Then

(5.89)

/fAlogq: lim/ (Af)loggq
U e—0 U—B.(p)

(5.90) = lim / a—flogqf/ fglogq+/ fAlogq] .
=0 | Jop.(p) OV oB.(n) U\B.(0)



112 5. LOCAL STRUCTURE OF EIGENFUNCTIONS
It follows from (ii) that the first term tends to zero as ¢ — 0. It follows from (iii)

that the second term tends to 4w(k — 1) f(0). The third term is an integral over a
domain with no singular points where (5.81)) is valid. Thus,

(5.91) /UfA log q = 4r(k — 1)£(0)

A2 — 2 Vol|?
/ f((wn;m)WK_Az)lwl)
U\B-(p) " \ 2 q q

It follows that for a non-negative test function f in an open set U containing
only one singular point p, and with &£ = ord,, ¢,

(5.92) /UfA log q > /Uf [-A? + 2min{K, 0}] + 4r(k — 1) f(p),

+ lim

e—0

concluding the proof of the theorem.
Note that the limit as ¢ — 0 in the integral of (5.91) converges. Indeed,
2 ¢ —
Vell < 1 and @len—¢22) _ O(rk%) = O(1). (Note that the factor of p? which
q q T
is missing in [D1]. Its presence makes this ratio bounded.)

5.8.1. The case where —)\? is not an eigenvalue for the + Dirichlet
problem for A + \2. We may then define the second order Dirichlet-to-Neumann
operators by

2

(5.93) N (Au(s) = giyms,yny:o,

where ¢y is the extension of u € C(H) to an eigenfunction of A, of eigenvalue

—)2 on M. The first Dirichlet-to-Neumann operator is similar but takes the first

derivative. The (first) Dirichlet-to-Neumann operator is well-known to be a first

order pseudo-differential operator on H. The second one is a second order

pseudo-differential operator. But its behavior in X is more relevant to our problem.
In this case we have

(5.94) / ’a‘”

We can determine N2()) from Green’s formula. We then take two normal
derivatives to get

ds + (Na(N)ox, oA p2(m) = —A? / lox|?ds.

Oooa(@)|a = / (0,02)0,Gx — 9202, 01, Gl 1
H

When we use the Dirichlet Green’s function, the first term vanishes and we
obtain

(5.95) 2eox(@)ar = No(N)(oa(@) ) = — /H o302,0,GP 1.

Rewriting the restricted eigenvalue equation in terms of (5.93)) gives,

(5.96) — %(p,\(s,()) — Na(N)pa(s,0) = Apa(s,0).

We view it as a kind of operator Sturm-Liouville equation with A-dependent ‘po-
tential” V) = NMa(N).
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As in [TayII], N2(}) is a pseudo-differential operator on H. To see this one
may use the ambient Green’s kernel G (), z,y) again assuming that —\ ¢ Sp(A).
We then define the double layer potential on M x H by 0,,Gn (A, z,y).

This case is simpler and more amenable to study. Let us suppose that vx|g = 0.

Then for any choice of G in (5.29) we have (as in (5.30)),

(5.97) oa@) = [ @) @G 0)ds o)
Hence,

(5.98) 2ox () = /H (Dvipx)O2GdS (q).
Similarly if 9,px|g = 0 then we obtain ,

(5.99) Ripr(@)| = — /H o(@)2. By, (. 9)AS g).

5.9. Hyperbolic aspects

5.9.1. Elliptic on small length scales, hyperbolic on large length scales.
In this section we explain the idea that the Helmholtz operator A + A2 is elliptic
on small length scales but hyperbolic on large ones. The Helmholtz operator is of
course elliptic if we view the constant A as a lower order term. The symbol of the
Laplacian A is |§|3 = szzl g (2)&;€; and it vanishes only when & = 0 in T*M.
But when we are interested in the asymptotic behavior as A — oo, we should view
A as an operator of order 1. More precisely, in semiclassical analysis one writes
differential operators as polynomials in A ™! a(zj , and in particular one rewrites the
Helmholtz operator as A™2A + 1, whose semiclassical symbol |¢ |§ — 1 vanishes on
the unit cosphere bundle S*M. Thus, in semiclassical analysis it is natural to view
A+)? as a hyperbolic operator, and it is not surprising to find that the dynamics of
the geodesic flow are intimately related to spectral asymptotics. Indeed, a Fourier
transform in time conjugates A + A2 to the wave operator A + g—;.

On the other hand, it is natural to view A + A2 as elliptic on length scales of
order eA\~!. This is because the lowest eigenvalue of the Dirichlet Laplacian on a
ball of radius r = eA™! will be larger than A\? for ¢ sufficiently small. As a result,
the maximum principle and standard mean value inequalities apply to A + A2 on
B.(p), and the eigenfunctions behave rather like harmonic functions if they are
dilated as in We summarize with the statement that A 4 A2 is elliptic on the
length scale » = eA~! but is hyperbolic on larger length scales.

5.9.2. Wave equation and local reproducing formulae. To study the
size of an eigenfunction ¢y near a point p, it is useful to relate its value at p to its
values near p. For this purpose it is useful to have a local reproducing operator, i.e.,
an operator whose Schwartz kernel is supported in « € B,.(p) for some small r. For
instance, the ball means operator M, reproduces harmonic functions on R™ using
its values in a ball of radius 7 around p. It is one of the main sources of estimates
on harmonic functions.

There are at least three ways to construct local reproducing operators on a
Riemannian manifold. The first involves the wave operators E(t) = costy/—A and

S(t) = % VA_A. The key feature of these operators is the finite propagation speed



114 5. LOCAL STRUCTURE OF EIGENFUNCTIONS

of the wave equation, which means that E(¢,z,p) and S(t,z,p) are supported for
x € Bi(p). They do not reproduce the eigenfunctions but rather multiply it by

costy/ —A, resp. % V)\_)‘ However, if we let p be a smooth Schwartz function on R

whose Fourier transform satisfies p C (—¢,¢) and p(0) = 1, then
(5.100) p(VX = V=R)px = ¢a,

and the Schwartz kernel p(v/A — v—A)(z, p) is supported for = € B.(p). Hence
p(V/A — V/=A) is somewhat like a ball means operator of radius t. However, it is
not an averaging operator on all functions, nor is its Schwartz kernel a positive
measure. In fact, it is a semiclassical oscillatory (Fourier integral) operator which
will be studied in detail below. The rapid oscillation of the kernel is quite distinct
from the behavior of a ball means operator.

5.9.3. Spherical means and ball means operators. A second (and some-
what related) method is to relate the ball or spherical means operator to the op-
erators E(t), S(t). The spherical means operator is an averaging operator over the
Riemannian sphere S, (z) of radius r centered at x and the ball means operator
averages over the ball B, (z) centered at = of radius r. There are two natural defini-
tions according to the measure one puts on the spheres, resp. balls. The tangential
spherical means operator is defined by

(5.101) L24@) = [ flexp,r (o),

where dp, is the normalized surface measure on the unit co-sphere S;M induced
by the metric g. The tangential ball means is defined by

(5102) MEf@) = [ flexp,r9)d(re),

where dL is Lebesgue measure in the tangent space In both cases one uses Euclidean
surface area form, resp. volume form, on the tangent space at x.
The (non-tangential) spherical means operator is defined by

(5.103) Ly f(x) fdAg,

a Sy ()] S, (z)
where |S, ()] is the Riemannian surface area of S, (x), and the ball means operator
is

1
(5.104) M, f(z) A fdvy
where | B,-(z)| is the volume of the ball.

In Euclidean R™ the two types of spherical means (resp. ball means) operators
agree, but they differ in general on curved Riemannian manifolds, where the surface
measure on a geodesic sphere is not the pushforward under the exponential map
of the Euclidean surface measure in the tangent space. An important difference
between Euclidean spaces (or more generally harmonic spaces) and general Rie-
mannian manifolds is that in the first case, the spherical means operator or ball
means operator reproduce eigenfunctions of A up to a scalar. This is a rare prop-
erty on a Riemannian manifold and on large length scales the wave reproducing
kernels are much more useful.
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For sufficiently small ¢ (less than the injectivity radius inj(M,g)), the even
wave operator E(t) = costy/—A and the spherical means operators are both
Fourier integral operators with the same canonical relation, i.e., the union of the
graphs of the geodesic flow G' and G~!'. Both have nowhere vanishing princi-
pal symbols. It follows that for small |¢|, there exist pseudo-differential opera-
tors A(t, Dy, z, D), B(t, Dy, x, D;) so that E(t) = A(t, Dy, z, D,)L; and vice-versa,
Li = B(t, Dy, z, D,)E(t). Applied to an eigenfunction, this gives

(5.105) Lipy = B(t, Dy, z, D) cos tvV Ay,

The change from tangential to local spherical means operator is just a change
in B. This is the closest one has to a reproducing formula using spherical means
operators. For |t| > inj(M, g) on a manifold with conjugate points, distance spheres
can develop singularities and the spherical means kernel becomes more singular than
the wave kernel.
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CHAPTER 6

Hadamard parametrices on Riemannian manifolds

In this section we construct parametrices for the wave kernels of a general
complete Riemannian manifold (M, g). Wave kernels are basic examples of Fourier
integral operators, which are discussed in general in §7]

There are several methods to construct Fourier integral representations of wave
kernels, the earliest and simplest of which being the Hadamard parametrix. In later
sections we also consider the Lax-Hormander parametrix, which is linear in the time
variable.

The Hadamard parametrix is in some sense based on the close relation between
the wave kernels and the spherical means operators. We bring out this relation
only after discussing general Fourier integral operators in §7]

We largely follow [Be), [H, [R), [Ga] in the construction of the Hadamard-Riesz
parametrix.

6.1. Hadamard parametrix

The wave group of a Riemannian manifold is the unitary group U (t) = e®*V—2.
As above, we also write E(t) = costv/—A and S(t) = % VA_A. We now review

the construction of a Hadamard parametrix for E(t) and S(¢). There is a similar
parametrix for U(t) but it is somewhat more complicated because U(t) is not a
function of A.

The basic ansatz (n = dim M) is that

6.1)  S(tw,y) = / @D N W (2, y)0 T Fd), ¢ < inj(M, g),
0 k=0

where
(6.2) Wo(z,y) = 02 (z,y), ©(z,y) the volume density in normal coordinates.

The higher coefficients are determined by transport equations, and 8" is regularized
at 0 (see below). This formula is only valid for times ¢ < inj(M, g), but using the
group property of U(t) it determines the wave kernel for all times. It shows that for
fixed (z,t) the kernel S(t,x,y) is singular along the distance sphere S;(z) of radius
t centered at x, with singularities propagating along geodesics. It only represents
the singularity and in the analytic case only converges in a neighborhood of the
characteristic conoid.
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We recall that the even part E(t) of the wave kernel, costy/—A which solves
the initial value problem

a 2
(6.3) (E - A)u —0

U|t:0 = f, *U|t:0 =0.

ot

Similarly, the odd part S(t) of the wave kernel, Si‘i/t_f V;A, is the operator solving

6 2
(6.4) <§ - A)u —0

U|t:0 =0, *U‘tzo =g

ot

These kernels only really involve A and may be constructed by the Hadamard-Riesz
parametrix method. As above they have the form

(6.5) / 00T "Wi(2, )00 7d0 modulo C* functions,
0 -
Jj=0

where W; are the Hadamard-Riesz coefficients determined inductively by the trans-
port equations

!
EWO n oW, o,
(6:6) 0 7 o oW,
' . +1 k1 |
dir(z,y) {(r(m,y) + %)Wk_;_l + B } = A, W;.

Here, r(z,y) denotes the distance between x,y € M. The solutions are given by:

Wo(z,y) = 072 (z,y),

(6.7) 1 ! 1
Wj+1($,y) = eii(xay)/ Sk@(ﬂj‘,l‘s)EAQWj(ﬂf,J)s) dS,
0

where x4 is the geodesic from x to y parametrized proportionately to arc-length
and where A, operates in the second variable.
Going back to the integral (6.5)), we use a formula from [GeShl p. 171]:

o0
(6.8) / €792 d = ie™/2T(\ + 1) (o +i0) 21
0
We recall that (t +40)™" = e~ "% ﬁ I, e*=a"~1dx. Therefore,

(6.9)
> W02 —t2) pao (2w (T T 3 . 2 2 | -2
e 0, df = ie" 2 F( 3 —j+1)(r —t°+40)) 7T 7=

0
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Here there is apparently trouble when n is odd since I'(252 — j + 1) has poles at
the negative integers. Indeed, using
(6.10)

Ma+1—[a)l (o] +1—a) 1 1
r 1—k) = (=1)kt1lel
(o k) =(=1) a+1 a—[a] Tk —a)’
™
I'ix))I'l—z2) =
()P = 2) sinmz’
ezt x <0
(z+i0)* =4 | is entire,
xh x>0

we see that the imaginary part cancels the singularity of ] A8« — =3 when
n = 2m+ 1. There is no singularity in even dimensions. In odd dnnenslons the real
part is cos T Az + gci and we always seem to have a pole in each term!

But in any dimension, the imaginary part is well-defined and we have

j_n=3_
sinty/—A = , (r2 —t2)) " > !

(6.11) (z,y) = Cosgn(t) ¥ (1) wj(z,y) = mod C*°.
VAN ;0 ! 4T (5 — 252)
By taking the time derivative we also have,
2 =)
6.12 cost = C,|t Jwj(z,y) mod C*°.
( V= i

4T(j — 252 — 1)
where C, is a universal constant and where W; = Coe’ij%4*jwj (z,y).

6.2. Hadamard-Riesz parametrix

We try to construct the kernel as a homogeneous oscillatory integral

(6.13) E(t,x,y):/ ew(rz_tQ)A(tx,y,@) de,
0

where A is a polyhomogeneous symbol in 6,

(6.14) A(t,z,y,0 ZW t,z,y)0 ]d9 mod C*°.

Here, 0% is the homogeneous dlstrlbutlon with singularity at 8 = 0 regularized as
n—1
in [Holl Chapter 3.2] or in [Be]. The leading term 6,2 of the amplitude has the

n—3
correct power for costy/—A. It should be 6,2 for b“i}L
Applying the Fourier transform formula for 7635 [Holl p. 167] gives

(6.15)
0

When n is odd, I‘(";?’ — j + 1) has poles at the negative integers. Thus, this
parametrix does not quite work on odd dimensional spaces (= even dimensional
space-times). But the correct formulae may be obtained by analytic continuation
(cf. [R} Be]). Riesz defined a holomorphic family of Riesz kernels (¢* — r?)¢ and
used analytic continuation to define the value when « is a negative integer. He
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only studied the imaginary part, where there is no pole. Hadamard used a different
regularization procedure (discussed below). In the end,

(6.16)
sintv/—A > : (r? — t2)j:nTil

(z,y) = Cosgn(t) Y (=1)!Wj(z,y)——m——7" mod C*°.
V-A ° ; ’ 4T (j — 52)
Here, sgn(z) = 77 for z # 0 and = 0 for z = 0.
By taking the time derivative we also have,
(r2 — g2/ "7 .
(6.17)  costvV—A(z,y) = C,lt| Z Wj(z,y) mod C*,

Y- 152 1)

where C, is a universal constant and where the Hadamard-Riesz coefficients W;(z, y)
are determined inductively by the transport equations (6.6]), whose solutions are
given by (6.7

For U(t ) = expity/A one may apply v/A to the parametrix for
in an oscillatory with the same phase and a different amplitude. One may then use
Duhamel’s formula to construct the exact solution as a Volterra series,

sin t‘ﬁ , resulting

t
(6.18) Ut 2,y) = Un(t,z,y) + / Un (t— 8)(02 — A)Un(t — $)ds + - ,
0
where Uy is an approximate solution obtained by using N terms of a series above.

6.3. The Hadamard-Feynman fundamental solution and Hadamard’s
parametrix

In his seminal work [H], Hadamard constructed a solution of OF = 0 for ¢ > 0
which has the singularity I‘HZ‘H, m=mn+1=dim M x R, where
(6.19) [ =t>—r?
in Hadamard’s notation. Note the analogy to the elliptic case where the Green’s
function (the kernel of A~!) has the singularity =2 if n > 2.

The fundamental solution is more complicated in even space-time dimensions
(i.e., odd space dimensions). Hadamard found the general solution as follows:

e The elementary solution in odd space-time dimensions has the form
(6.20) UL~ ™2 where U = Uy + U, + -+ + ["Uj + - - is holomorphic.

This U is not the half-wave propagator!
e The elementary solution in even space-time dimensions has the form

(6.21) UT="2" + ViegT + W,
where
m—1 ) 00 . e’} )
(6.22) U=> UV, V=) VIV W=>» W,
j=0 j=0 j=1

Hadamard’s formulae for the fundamental solutions pre-date the Schwartz the-
ory of distributions. We follow his approach of describing the fundamental solutions
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as branched meromorphic functions (possibly logarithmically branched) on com-
plexified space-time. In modern terms I'* (resp. logI') would be defined as the dis-
tributions (I'+40)® (resp. log(I'+40)) as in the constant curvature cases. Hadamard
implicitly worked in the complexified setting. For background on log(z + i0), see
[GeShl Chapter II1.4.4] or [Hol].

THEOREM 6.1 (Hadamard, 1920). With the U;, Vi,, W, defined as above,

e In odd space-time dimensions, there exists a formal series U as above so
that E = UT*2" solves OF = 00(t)dy (). If (M, g) is real analytic, the
series U = Z;io U;T7 converges absolutely for |U'| < e sufficient small,
i.e. near the characteristic conoid and admits a holomorphic continuation
to a complex neighborhood of Cc.

e In even space-time dimensions, E = Urs" + Viegl' + W solves OF =
do(t)dy (). If (M, g) is real analytic, all of the series for U,V,W converge
for |T| small enough and admit analytic continuations to a neighborhood

Of CC

In the smooth case, the series do not converge. But if they are truncated at
some jg, the partial sum defines a parametrix, i.e. a fundamental solution modulo
functions in C%. By the Levi sums method (Duhamel principle) the parametrix
differs from a true fundamental solution by a C7° kernel. We are mainly interested
in real analytic (M, g) in this article and do not go into details on the last point. We
note that the singularities of the kernel are due to the factors FLTm,log I', which
are branched meromorphic (and logarithmic) kernels. The terms are explicitly
evaluated in the case of hyperbolic quotients in [JL]. We also refer to Chapter 5.2
of [Gal for a somewhat modern presentation of the proof.

It may be of interest to note that this construction only occupies a third of
Hadamard’s book [H]. The rest is devoted to the use of such kernels to solve the
Cauchy problem, using Green’s formula applied to a domain obtained by intersect-
ing the backward characteristic conoid from a point (¢,2) of space-time with the
Cauchy hypersurface. The integrals over the light-like (null) part of the bound-
ary caused serious trouble since the factors I'*%" are infinite along them and need
to be re-normalized. This was the origin of Hadamard’s finite parts of divergent
integrals. Riesz used analytic continuation methods instead to define the forward
fundamental solution in [R].

6.4. Sketch of proof of Hadamard’s construction

Let © = y/det(g;jx) be the volume density in normal coordinates based at y,
dV = O(y,z)dz. That is,

O(z,y) = ‘det D o1 (y) €XP2| -

Fix © € M and endow B.(x) with geodesic polar coordinates r, 6. That is, use the
chart exp, ! : B,.(x) — B; .M combined with polar coordinates on T;M. Then
gt =1, =0for j =2,...,n. Also, dV = O(z,y)dy = O(z,r,0)r" L drdf.
So the volume density J relative to Lebesgue measure drdf in polar coordinates is
given by J = r"~10.
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In these coordinates,

1 & 0 o, 0% J 0
2 NI o S (7T N L
(6:23) Jj;l 0z ; (Jg Ozy, ) o T et

where L involves no % derivatives. Equivalently,

0? © n-10

The first step in the parametrix construction is to find the phase function.
Hadamard chooses to use (6.19)). In the Lorentzian metric, I' satisfies

(6.25) VI - VI = 4T.

This is not the standard eikonal equation og(dy) = 0 of geometric optics, but
rather has the form

(6.26) 0o(dl) = 4T.

But I' is a good phase, since the Lagrangian submanifold {(¢, d;I", z, d,I",y, —d,T)}
is the graph of the bi-characteristic flow. This is because the d,r(z,y) is the unit
vector pointing along the geodesic joining x to y and dyr(z,y) is the unit vector
pointing along the geodesic pointing from y to x.

To proceed, we introduce the simplifying notation

(n—1) O, O,
. =00 = —4 — — —_— = —
(6.27) M r 4 —2r " 2r 5 2m + 2r )
We then have
(6.28)
Of0)U;] =0 [fO]U; +2V [f(D)] VU; + f(I)BY;
(6.29) =(/"M)V(@)-v(@) + f()oI)U; 4+ 2f()VL - VU; + f(I)OU;.
In addition to (6.25)), we have
or' =4+ #27*
(6.30)
0 0 d
. frd 2 — 2 . = PR JE— — -
VIV =V —12).v Q(tat +r8r) 25—,
where we recall that that we are using the Lorentz metric of signature +———. Here

5?2 =T, and the notation s% refers to differentiation along a space-time geodesic.
We then have
(6.31)

0 [f(0)U;] = (f”(I‘)(4I‘) + /) (a+ ‘?m«)) Uj+2f/(r)(—2s%Uj) +f(D)av;.

We now apply the equation above with f = Tt (and later to f = logz), in
which case

’ 2_m . ﬂ—‘,—‘—l 7 2_m . 2_m . 27771_,’_»_2
(6.32) f :(T-H)x A N z( 5 +])( . —l—j—l)az -2

We then attempt to solve

(6.33) u] (r > Ujrj> =0
=0
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away from the characteristic conoid by setting the coefficient of each power Qe+t
of I' equal to zero. The resulting ‘transport equation’ is

(6.34) O:{—4((2_2m+j)(2_2m+j—1) + (2_2m—|-j>(—4—{;2r)>

a1 ) (2 e

They are impossible to solve for all j when m is even because the common factor
(252 + j) vanishes when j = 2. We thus first assume that m is odd so that it
is non-zero for all j. We then recursively solve Hadamard’s transport equations in
even space dimensions:

du, Jr
(6.35) 4s 4 (M —2m+ 277)U,c — _OU,.
When k =0 we get

dUy O,
. 25—2 4 25—= =

(6.36) s +2s 5 0,
which is solved by
(6.37) Uy = Oz,

The solution of the ¢th transport equation is then,

Uo

S
/ Uy ts"tm=1ou,_ ds.
0
Hence we have a formal solution with the singularity of the Green’s function in
the elliptic case, and by comparison with the Euclidean case we see that it solves
OF = dg.

We now consider the necessary modifications in the case of even dimensional
space-times. In this case, 55" 17 is always an integer power. If we could solve the
transport equation for j = mT_Q, the resulting term would be regular with power
I'%. The problem is that I'Y should actually be a term with a logarithmic singularity
logT.

Thus the parametrix is inadequate in even space-time dimensions. Hadamard
therefore introduced a logarithmic term V'log(T'). By a similar calculation to the
above,

(6.39)

O[(log )] = (-r—2(4r) +r (e ‘?270)) V+2F_1<—23%V) +log POV

Due to ([6.25]), all terms except the logarithmic term have the same singularity I'~?.
On the other hand, the only way to eliminate the logarithmic term is to insist that
OV = 0. We further assume that

V= ivjrf.
j=0
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We then return to the unsolvable transport equations for U; for j > msz’ which
now acquires the new Vj term to become:

(6.40)

0={-a (A4 nET  i- + A 41— Zan)
(6.41) + Q(Q_Tm +j)(—2sjs)} U; +0U; 4
(6.42) +1t (4+(—4— ”32r)+2i) Vo.

When j = msz’ everything cancels in the I'"! term except OU,,_;. Hence, we
drop the Uj for j > ’"T_Q and assume the non logarithmic part is just the finite sum

Z;n:_ol U;T7. But adding in the Vj term we get the transport equation
dVy J,

6.43 —4s— — 2r=LVy = —0aU,,,_1.
( ) S ds r 7 0 1
Here, U,,_1 is known and we solve for Vj to get
U S
(6.44) Vo = —%—fn Uy '™ 0U,,_1 ds.
0

The condition OV = 0 imposed above then determines the rest of the coeffi-
cients Vj,
Uo

S
/ Uo_lsHm*lDVg_l ds.
0

We now have two equations: the original D(UFQ_TmU + VlogT') = 0 and the new
OV = 0. By solving the transport equations for Uy, ..., Un—1,V5,V;(j > 1) we
obtain a solution of an inhomogeneous equation of the form,

(6.46) OUT =" + Viegl) = > w;IY,
j=0

where the right side is regular. To complete the construction, we add a new term
of the form W = Y";2, Wy(r? — t?)¢ in order to ensure that

m—1
(6.47) D( > U7 = )T 4+ Vieg(r? — ) + W) =0
j=0

away from the characteristic conoid. It then suffices to find W; so that
(6.48) Oy W,y =3 wTd.
j=1 §=0

This leads to more transport equations which are always solvable (by the Cauchy-
Kovalevskaya theorem). This concludes the sketch of the proof of Theorem [6.1

6.5. Convergence in the real analytic case

The above parametrix construction was formal. However, when the metric is
real analytic, Hadamard proved that the formal series converges for |¢t| and |T'|
sufficiently small.

The convergence proof based on the method of majorants.
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THEOREM 6.2 ([HJ; see also [Gal). Assume that (M, g) is real analytic. Then
there exists K > 0 so that the Hadamard parametriz converges for any (t,y) such
that t # 0, r(z,y) < € = inj(zo) and

((1_”?”)2 m — 2

(6.49) 2 — 2| < —, 5
(1+m+ ) K

It follows that the Hadamard fundamental solutions holomorphically extend
to a neighborhood of C¢ as branched meromorphic functions with Cc as branch
locus. To obtain single valued distributions, one then needs to restrict the kernels
to regions where a unique branch can be defined.

6.6. Away from Cg

A further complication is that the fundamental solution has only been con-
structed in a neighborhood of Cg. But it is known to be real analytic on (R x M x
M)\Cr and that it extends to a holomorphic kernel away from a neighborhood of
Cc. To prove this it suffices to note that the analytic wave front set of the fun-
damental solution is Cg. A more detailed proof is given by Mizohata [M1}, [M2]
for ‘elementary solutions’, i.e. solutions E(t,x,%) of OE = 0 such as costy/—A or
% whose Cauchy data is either zero or a delta function. Here, O operates in
the x variable with y as a parameter. To analyze the wave kernels away from the
characteristic conoid, Mizohata makes the decomposition

(650) E(taxay) = EN(t,l',y) + 'LUN(t,x,y) + ZN(tal‘7y)a

where

OEN = fy with fy € CYN7L(R x M x M);

En(t,z,y)|lt=0 = 0y + a(z,y) with a(z,y) € C¥(M x M) (in fact it is
independent of y);

Owy (t,z,y) = —fn(t,x,y), with w(0,z,y) = 0;

Ozy =0,2n5(0,2,y) = —a(z,y).

The same kind of decomposition applies to the Hadamard fundamental solution.
The term constructed by the parametrix method is Fn. By solving the above
equations, it is shown in [M1] that the sum is analytic away from Cg. One can see
that the Hadamard method is only a branched Laurent type expansion near Cg by
considering kernels for spaces of constant curvature.

6.7. Hadamard parametrix on a manifold without conjugate points

The wave kernels cos(tv/—A)(z,y) and % ‘;A) can be constructed globally

in time on a Riemannian manifold (M, g) without conjugate points, such as a non-
positively curved manifold. We refer to §2|for the geometric notions and notations.
We denote the universal Riemannian cover of (M,g) by (M ,g). By definition,
there is a unique geodesic (unit speed) between any two points (,y) of M and the
geodesic distance function (squared) is a global smooth function r?(z,y).

On M, the wave operator E can be globally constructed (modulo C*®(R x
M x M)) by the Hadamard-Riesz parametrix method (see [Be]). That is, the wave



128 6. HADAMARD PARAMETRICES ON RIEMANNIAN MANIFOLDS

kernel E(t,z,y) = cos(ty/—A) is given modulo smooth kernels by the Hadamard
parametrix,

(6.51) E(t,z,y) = /0 0N W (@, )0 T I (0) do,
=0

where x is (as above) a smooth cutoff near 0 and where the W, are given recursively
by the formulae in . Note that 72 and ©~ 2 are smooth for a metric WCP.

The wave kernel E(t,x,y) on M is obtained by projecting this kernel from M,
i.e., by summing over the deck transformation group:

(6.52) E(t,z,y) = ZEta:'yy
~yel

(6.53) =3 [ Y W 900" () .
~yer Jj=0

6.8. Dimension 3

In dimension 3, the Hadamard-Riesz parametrix is relatively elementary, and
its relation to spherical means is simpler. The Hadamard parametrix is constructed
for the cosine propagator in dimension in [Don| and we follow its exposition in the
section. The sine-propagator S(t) is one degree smoother but the calculations are
equivalent since S’(t) = C(t).

Let C(t,x,q) be the cosine propagator. For each k we construct a parametrix
in the first sense so that

ack e C*F=Y(R x M),

C*(0,2,q) — 6, € C*~L(M).

We then do the same for the sine propagator S(t,z, q).

We follow [Don] and start by relating the notation there to the one in the
Hadamard parametrix method. Donnelly writes g = det(g;;) in normal coordi-
nates based at x. We denote the same quantity by ©(z,y) so that dV(y) =
O(z,y)dy = /g(y)dy. We then change to geodesic polar coordinates (p,w) s
that dy = p"~ 1dpdw We write O(x, p,w) for ©(z,-) in polar coordinates. ThIlb
dV (y) = Op" tdpdw.

Let © = y/det(g;jx) be the volume density in normal coordinates based at y,
dV = O(y,z)dz. That is,

O(z, ‘detD ~1(y) €XDy | -

Fix © € M and endow B.(x) with geodesic polar coordinates r, . That is, use the
chart exp; ' : B,(z) — Bj,M combined with polar coordinates on T M. Then
gt =1, =0for j =2,...,n. Also, dV = O(z,y)dy = O(z,r,0)r" tdrdd. So
the volume density J relative to Lebesgue measure drdf in polar coordinates is
given by J = r"~10.

In these coordinates,

I < 9 i 0 0* J 9
= — _— '7167 = —F —_—
(6.54) A Jj%_l o, (Jg ; ) + S5t L
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where L involves no % derivatives. Equivalently,

0? © n-10
= . §
o T otk
PROPOSITION 6.3. For general metrics on Riemannian manifolds of dimension
3, for any k and for |t| < inj(M, g), there exists a kth order parametrixz of the form,
(6.55)

CH(t,z,q) = a—a(z,9)0'(p—1t) +a_1(z,9)0(p —t) + ao(x,q)H(p — 1)

+ootap(z, Q) HE (p - t).

1

Here, H*(s) = Fsﬂr and the a; are constructed so that as p — 0,

aop = 0(1)7

ag + par = O(p),

ag + pay + -+ + arp® = O(p").

REMARK 6.4. On R3 the sine propagator was @ and its t-derivative is the
8’ (p—t)

cosine propagator . The factor of % will be absorbed into the amplitudes a;.

PROOF. Suppose that f(p) is a function depending only on p. In view of (6.54)),
we have for n = 3,

650 Al = (£16) + Z50) ot 210

Oa

9 + f(p)Aa.

Define the transport operator

1 0

Ri=J"7_-J5.
2 6p 2
A straightforward caclulation based on (6.56]) gives
(25 — A)Ck(t,2,9) = (~2Ra_2)d"(p—1)

+ (~2Ra-1—Da-2)8'(p—1)
+o 4 (“Raj1) H 7 (p — 1)

+ - (=Aap)HE(p—t).

Note that the coefficient of 6"’ cancels due to the argument p — t. To make the
coefficient of §” zero, we need to solve

0
Ra_o=0 < a—pJ%a_g =0 — J%a_g = Const.

It follows that
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To obtain the desired initial condition, one makes the constant the same as in the
Euclidean case, i.e. C' = 4m. Thus, a_5 has a similar form to the Euclidean case
where © = 1.

The coefficient of 0(p — t) equals

—2Ra_1 + Aa_o,
and to make it zero we need to define a_; so that
Ra_l = —Aa_g.
Then,
T S T LT
a_,=0CJ 2f§J 2 J2AJ 2ds.
0

One must have C = 0 if a_; is smooth. Adjusting for constants,

_ SAJ2d
= 87TJ2/ J S ds.

This may be simplified using the special identity in dimension 3,
JEAJF =07'A0 8,
to give,
EET L A
a_1=J"2 ©2A0 2(ds.
0
In general one has transport equations
Raj = 7%Aaj_1,
which are solved iteratively as in the case j = —1. If we solve the first k transport
equations we get
OC* = —(Aap)H" € C*1(R x M).
This uniquely determines the a; and implies that
C*(0,2,q9) — 6, € C* 1 (M).
As in [Don| Theorem 2.4], we claim:
THEOREM 6.5. C(t,z,q) — C*(t,x,q) € C*~L(R x M).
PROOF. One has,
O(C — C*) € CF-Y(R x M),

C(0,z,q) — C*(0,2,q) € Ck"1(R x M),

%(C(t>x7Q) - Ck(taCIZQ))‘t:o =0.

The last equation holds if we extend the solution to be even in ¢ from ¢ > 0. Further,
by the recursive procedure,

CHt — ke CFR x M).
To prove that C —C* € C*~1 we use a form of Duhamel’s principal for second order

equations and the fact that the wave propagator is unitary on Sobolev spaces. It is
sufficient to cite [Ho3 Lemma 15.5.4]. Let E(t) = [, (Jv(z,t)]* + [Vo(z,t)|*)dV.
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LEMMA 6.6. Let v € C([0,T] x M) be the solution of the inhomogeneous
initial value problem on [0,T] x M:

Ov = h,

v(x,0) = v(z,0) = 0.

Then,
¢
B0 < C( [ h(s,)ds.
0
First,
(AD, )2 = (0, Av) .
Hence,
2(h, ) = gE(t)
yU)L2(M) — ot .
Let
M? = sup [|(s)]]32 + [|[Vu(s, )||32/C1 = sup E(s).
0<s<t 0<s<t.
Therefore,
t
B0 <20 [ (s, )ds.
0
Thus,

t
M2 <2 [ s, )lds,
0

proving the Lemma.
O

One can iterate the argument to obtain estimates on higher derivatives of v in
terms of higher derivatives of h. The full estimate is [Ho3l, (17.5.11)]:

k—1

k+1 . t .
Y IDET u(t, )y < Cr /0 IDER(s,)llds + > IIDF bt )l )
Jj=0 j=0

It is proved inductively using ¥ = h— Awv which equals 0 when ¢t = 0. This concludes
the proof of Proposition [6.3 O

6.8.1. Sine kernel. The same parametrix construction works for the sine
propagator S(¢). In Euclidean space it equals @.
0=1

The factor % = a_o and

PROPOSITION 6.7. For general metrics on Riemannian manifolds of dimension
3, there exists a parametriz of the form,
(6.57)
S*(t,x,q) = a—a(w,q)d(p—t)+a_1(x,q) H* (p—t)+ao(z, @) H' (p—t)+ - +ay(z, q) H* ' (o).

Here, H*(s) = %si

One can go through the same steps or simply observe that S(t) = fg C(s)ds.
Since the a; are independent of ¢ one simply integrates up the H*(s). Note that
%H’“(s) = HF1(5s).
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6.9. Appendix on Homogeneous distributions

Let Dyp(x) = pi(x) = to(tx). A distribution on R\{0} is called homogeneous
of degree a if (E, @) = t~*(E,¢). One uses the same definition in R™\{0} with
ot(z) = t"p(tz). If it extends to R™ as a distribution with the same property it is
called homogeneous of degree a on R™. The following is from [Hol].

6.9.1. z%. For Re(a) > —1 define

6.58 @ @ 220,
(6.58) T+ = {0 z < 0.

We want to extend the definition to all a € C so that

(6.59) d:cxi =az?' and 2z ' =29.
There is a problem already at a = 0 since =29 = 6o(z).
We define
oo
(6.60) I.(v) :/ x%o(x) dx
0
so that
(6.61) I.(¢") = —al,—1(p), Re(a) > 0.
Then for Rea > —1 and k € Z,
(6.62) L) = —— g (o)
¢ (a+k)---(a+1) "
This defines I, as an analytic family of distributions for Rea > —k — 1 except for
poles at a = —1,...,—k. At a = —k the residue is
: (=1)* k plE—D

. 1 k)I = In(p®y = £
(6 63) a_l}H_lk(aﬁ* ) a(@) (—1)(—k+1) 0(90 ) (k—l)'
Thus,

. 6(()k—1)

(664) alilek(a + k‘)$+ = (71) m

Thus one defines
o (k—1) k
(6.65) 27k (p) = ﬁ/@ (log 2) o™ (z) dx + w(2;>

6.9.2. z%. For Re(a) > —1 define
6.66 a 0. =0
(6.66) x+_{|xa x < 0.

It is the reflection of ¢ through the origin.

6.9.3. x%. Also, define

xa
6.67 ¢ =t
(6:67) T T+
This is a holomorphic family of homogeneous distributions and

(6.68) XiF=ag Y.
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6.9.4. (z+i0)%. Define the function 2% on C\R defined by ¢?!°8* where log z €
R, for z € R;. Its boundary values are denoted (x £ i0)®. For Re(a) > 0 one has

(6.69) (x £i0)* = 29 + eF ™22
We also need that (x + i0)* is entire and
em™Mzr <0

(6.70) (x4 i0)* = {

One has

:z:f‘|r x> 0.

k—1
-
k-

6.9.5. 2~ ™. Here and above t~™ is the distribution defined by ¢t~ = Re(t +
i0)™" (see [Be] or [GeShl p. 52, 60].)

(6.71) (zm +£i0)7% = 27% + (~1)F2ZF £in(-1)

6.9.6. Fourier transforms of homogeneous distributions. According to
[GeShl p. 171],

(oo}
(6.72) / 0792 d\ = ie*™ /2T (A + 1) (o +140) 1.
0

Also, (t+10)™" = e "% F(ln) fooo ettegn—ldy.
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CHAPTER 7

Lagrangian distributions and Fourier integral
operators

7.1. Introduction

This section gives a brief introduction to Fourier integral operators and La-
grangian distributions, in both the homogeneous and semi-classical versions. We
are mainly concerned with applications to parametrices for the wave group, but we
also consider restriction operators to submanifolds and other Fourier integral oper-
ators that arise when studying eigenfunctions. Our aim is to present the theory in
an informal and intuitive way, through basic examples and by sketching some of the
original ideas and calculations due to Pauli, Van Vleck, Fock and other physicists
more or less the way they understood them. Most of the ‘modern’ material in this
section is drawn from [Ho6l, [Ho2, Dull, [Du2, DSj, [GSj, [GuSt1l, [SV], where
the reader can find much more detailed and systematic presentations.

Fourier integral operators are generalizations of pseudo-differential operators
in which symplectic transformations are quantized as well as symbols. Fourier
integral operators may thus be viewed as quantizations of symplectic maps or (in
the homogeneous setting) contact transformations, and in the Japanese literature
they are often referred to as quantized contact transformations. They formalize P.
Dirac’s idea [Dir] that unitary operators are the quantum mechanical analogue of
symplectic transformations. This analogy was put on a firmer mathematical basis
by Van Vleck [V], Pauli [P] and Fock [E].

Fourier integral operators come in two basic types: (i) homogeneous, and (ii)
semi-classical. Homogeneous Fourier integral operators are used construct para-
metrices for ‘propagators’ of wave equations such as U(t) = expity/—A or Green’s
functions, e.g., Schwarz kernels of A~!. They have homogeneous phases of degree
1 and poly-homogeneous amplitudes. Semi-classical Fourier integral operators are
used to construct propagators for the Schr’,odinger equation with A or many other
kernels involving an external parameter h. Hadamard’s parametrix for the
wave kernel is a homogeneous Fourier integral operator. Semi-classical propagators
were probably introduced by van Vleck and Pauli in the form

(7.1) Kyo(2,7,y,0) = (ih)~"/2y/De Sta)

where S(t,z,y) is the generating function of the graph of the associated classical
Hamiltonian flow, and where

(7.2) D = D(t,z,y) = (—1)" det (8:2%2%>

is now known as the van Vleck determinant. In the symbol calculus of Fourier
integral operators, the van Vleck determinant is interpreted in terms of the principal
symbol, so that the ‘scalar’ symbol of (7.1)) is equal to one. Pauli gave a formal
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proof that van Vleck determinants satisfy the cocycle condition D(2,1)D(1,0) =
D(2,0)det S under composition; here, S is the Hessian of S(2,1) + S(1,0) at the
critical point 1 (see . Physics reference explaining this include [V, [F, [DeW|,
M, [Li]. Fock [F] gave a formal proof that Schwartz kernels of this form are unitary
to leading order in A (see . Exponentials of quadratic Hamiltonians, the so-
called metaplectic representation [Fo], have this form when the canonical relation
is projectible §7.3:2] When the canonical relation is not projectible, one needs a
more general theory in which propagators are expressed as oscillatory integrals.
This chapter is accordingly split up into a section on homogeneous Fourier
integrals and a section on semi-classical Fourier integral operators. As mentioned
above, the purpose is only to illustrate some basic notions with concrete examples.

7.1.1. Symbol calculus and symplectic category. In the previous chap-
ter, we constructed the Hadamard parametrix for the wave kernel. In the following
section on Weyl laws we use another parametrix for the half-wave group with a
different phase function. This raises the question of finding invariants common to
the different parametrix constructions. The theory of Fourier integral operators
provides such invariants, the main ones being the canonical relation C' and princi-
pal symbol o. Use of these invariants simplifies the calculation of the leading order
terms in stationary phase expansions of oscillatory integrals obtained by composing
many Fourier integral kernels. The symbol calculus gives rules for gluing together
stationary phase expansions of the parts. The symbol is a section of the bundle
Q1 (C) of half densities on C' tensored with the Maslov canonical bundle. In this
monograph we omit discussion of the Maslov bundle, referring to the references
above for background.

Under certain transversality (or ‘clean-ness’) assumptions, the composition of
Fourier integral operators is a Fourier integral operator and, ignoring technical com-
plications, one may speak of the algebra of Fourier integral operators. The symbol
calculus is the induced ‘algebra’ of pairs (C, o) of weighed canonical relations, con-
sisting of a canonical relation C' and a half-density on C. Thus, given weighted
canonical relations (C1,01) and (Cs, 02) we would like to define

(73) (01002,0'100'2).

The composition C7 o Cs is simply set theoretic composition and the only problem
is C7 must satisfy generalized transversality conditions relative to Cy so that the
composition is a canonical relation, i.e., a Lagrangian submanifold. Weinstein has
called the symbol algebra the ‘symplectic category’ and we follow this reasonably
standard terminology. The symplectic category is a geometric model for the ‘al-
gebra’ of Fourier integral operators and is discussed in detail in [DuG], [GuSt1],
GuSt2, [Ho6|.

In practice, the symbol calculus is used to simplify lengthy calculations of
stationary phase expansions arising from compositions of many Fourier integral
operators. The most difficult part to interpret geometrically is the Hessian of the
phase on the critical set. The symbol calculus can potentially be used to analyze the
Hessian of a phase of many variables as a composition of principal symbols of the
factors. Although we do not use the symbol calculus very much in this monograph,
it is used in many of the cited references and is conceptually useful.

The principal symbol calculus is formalized as the “symplectic category” whose
objects are weighted symplectic manifolds and whose morphisms are weighted
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canonical relations, where weights are half-densities or forms. Composing sym-
bols is a matter of symplectic linear algebra which is explained in §2 of [Ho6] and

will be reviewed in §7.1.1|

7.2. Homogeneous Fourier integral operators

The term ‘homogeneous’ refers to the Ry action r- (z,&) = (z,7€) on T*M \ 0,
with » € R;. An oscillatory integral distribution

(7.4) u(x) = /R N e?@Nq(2,0)db

is said to be a Fourier integral (or Lagrangian) distribution if its phase ¢ is homo-
geneous of degree one and if its amplitude a(x, ) ~ 3772, a;j(z)|0*~9 is polyhomo-
geneous. The integral representation is not unique and one would like to associate
invariants to u. These are the associated Lagrangian submanifold A, C 7% X and
the symbol.

We first define A,. The critical set of the phase is given by

(7.5) Cy ={(z,0): dop = 0}.
Under ideal conditions, the map
(7.6) tp: Cp = 1,(Cyp) =0 Ay CT*X,  1,(2,0) = (z,dzp)

is a Lagrangian embedding, or at least an immersion. In this case the phase is
called non-degenerate. Less restrictive, although still an ideal situation, is where
the phase is clean. This means that the map

(7.7) to: Cp = 1,(Cy) =t Ay,

is locally a fibration with fibers of dimension e. From [Ho6, Definition 21.2.5] , the
number of linearly independent differentials dg—‘g at a point of Cy, is N —e.
We write a tangent vector to M x RY as (d,,dg) or (6x,66). The kernel of

(7.8) Dyp = (¢4, o)

is T(4,0)Cyp. That is, (05,09) € TC,, if and only if ¢y 0, + ©gsde = 0. Indeed, oy,
is the defining function of Cy, and dyy is the defining function of T'C,. By [Ho6,
Definition 21.2.5], the number of linearly independent differentials dg—‘g at a point
of C, is N — e where ¢ is the excess. Then C' — A is locally a fibration with fibers

of dimension e. So to find the excess we need to compute the rank of (‘Pge @’9’9)
on T, (RN x M). Non-degeneracy is thus the condition that

1
(7.9) (©he  ©pg) is surjective on Oy, <= (wiim) is injective on C,.
oo
Note that
(7.10) dLLp((Swa 66) = (0z, ‘pgwéw + ¢g069)'

Indeed, if di,(05,0¢9) = 0 then 6, = 0 and ¢,69 = 0 but then if (§,,09) € TC,,
Poa
2

then also ¢y,09 = 0. So if (
Yoo

) is injective, then dy = 0.
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7.2.1. Fourier integral operators. A homogeneous Fourier integral opera-
tor A: C®(X) — C*(Y) is an operator whose Schwartz kernel may be represented
by a Fourier integral distribution

(7.11) Ka(z,y) = / ei”(z’y’e)a(x,yﬂ) do,
RN

where (as above) the phase ¢ is homogeneous of degree one in §. The amplitude is
understood to be a poly-homogeneous function of 4, i.e., a(x, y, 0) ~ Zj aj(x,y)0r—7
as j — 00. There could be any number N of phase variables 6. The critical set of
the phase is then given by

(7.12) Co ={(z,y,0): dop = 0},
and it is non-degenerate if
(713) by - CLP - T*(X X Y)v L@(x7y79) = (iﬂ, dz@a Y, 7dy50)

is a Lagrange embedding, or at least an immersion. As before, the image of ¢, is
denoted by A,.
The geometry is encoded in the diagram:

Ay CT*X X T*Y

S T

X ™Y

The canonical relation A, is called a canonical graph if the projections , p
are homogeneous diffeomorphisms, in which case it is the graph of a homogeneous
canonical (i.e., symplectic) transformation. It is called a local canonical graph if
both 7, p are local diffeomorphisms.

A submanifold C' C T*(X xY) is called a canonical relation if it is Lagrangian
for the difference symplectic structure wx — wy of the canonical symplectic forms.
For instance, the graph of a symplectic map x : T*X — T*Y is a canonical graph
consisting of pairs (z,¢,y,n) such that x(z,&) = (y,n). One can (and often does)
multiply by —1 to reverse the sign of the symplectic form and make the canonical
relation Lagrangian with respect to the standard symplectic structure on the prod-
uct. Homogeneous canonical relations, diffeomorphisms and phases are understood
to be homogeneous of degree 1. Symbols can be homogeneous of any order.

7.2.2. Order and symbol. The second invariant associated to a Lagrangian
distribution is its symbol, a section of the bundle of half-densities tensor a Maslov
bundle. We omit any discussion of Maslov bundles, but do review half-densities
and the half-density part of the symbol.

Half-densities arise when one wishes to endow a manifold with a Hilbert space
structure L?(X). In general there is no preferred volume form and instead of scalar
functions one uses half-densities Q%, i.e., square roots of densities, to define the
intrinsic Hilbert space L?(X, Q%). Thus, K4 from is a double half-density
on X x Y and its integral against a half-density on Y is well-defined The symbol
calculus is based on this half-density formalism. In the Riemannian setting of this
monograph, there does exist a preferred half density /dVj, the square root of the

volume density, and there is a natural Hilbert space isomorphism L?(M ,Q%) ~
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L3(M, \/dV,). Whenever possible, we write half-densities as f,/dV,. We need to
keep track of the half-density aspect to define symbols correctly.

The order of a homogeneous Fourier integral operator A: L?(X) — L3(Y) in
the non-degenerate case is given in terms of a local oscillatory integral formula
by m+ % — %4> where n = dim X +dim Y, m the order of the amplitude, and
N the number of phase variables in the local Fourier integral representation (see
[Ho6l Proposition 25.1.5]); in the general clean case with excess e, the order goes
up by § (see [Ho6l Proposition 25.1.5] ).

The space of Fourier integral operators of order m associated to a canonical
relation C' C T*(X x Y') \ 0 is denote by

(7.14) I'(X xY,C).

The symbol of the Fourier integral operator A is a homogeneous section of Q1 ® M
of the bundle of half-densities times a section of the Maslov line bundle on C. It
involves the delta-density dc,, along the critical set of the phase. More precisely,
dc, is the Leray form defined by d(dgy), transported to its image in 7% M under
tp- If (A1,...,An) are any local coordinates on Cy, extended as smooth functions
in neighborhood, then
o [dA|
7 [D(ANwp)/D(x,0)

where d\ is the Lebesgue density. The symbol

(7.16) oA = aoy/dc,

is the leading order term ag|c of the amplitude on C' multiplied by the square-root
of the Leray form.

If ¢ is a non-degenerate phase function of a general Lagrangian distribution
(7.4), define the Hessian (cf. [Ho6, Proposition 25.1.5])

Crw Py
(7.17) P = ( ¢
1 1
Pow  Poo
Then the symbol of ([7.4)) expressed in local coordinates is equal to
(7.18) 00 = €T 8P 0| det B3 |dE] 3.

(7.15) de

See [Ho2l Proposition 4.1.3]. For a clean phase function, the more complicated
formula is given in [Ho6l p. 15].

The definition of the principal symbol is evidently “extrinsic”, i.e., it makes
use of a specific representation , the embedding ¢, from , and a density
that depends on ¢ and not just on the zero set {dgp = 0}. Indeed,
is a Leray form of type % on {f = 0}, and such a form depends on the choice of
defining function f. It is verified in [Ho2, [Dull, [GuSt1] and elsewhere that the
principal symbol is independent of these choices. However it is obviously desirable
to have an intrinsic formula for the principal symbol as a half-density on A,.

We now specialize to kernels K4 € D'(X x Y') of Fourier integral operators. In
general, if C C T*Y x T*X is a canonical relation, one can parametrize C in the
neighborhood of a point ¢y € C' by a non-degenerate phase function p(z,y,0) €
C>®(X x Y x RV\0) near (zo, yo, 0o) where 7(co) = (z0, o), i.e., by

(7.19) (2,9,0) € Cp = {(2,9,0): ¥p(x,y,0) =0} = (x,90,, Y, —¢))-
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The map C' — T* X is bijective if and only if nx = ny and if

Coo Lo
.| #0 at (zo,y0,00).

/1
SDGy Qoyz

(7.20) D(p) := det <
It is easy to check that
D / / QOHI <p//:E
(7.21) D&, ¢, %) _ g ve o)
D(Jf, Y, 0) ngy Poo
Since ¢, is an embedding, (z,€) = (x, ¢),) are local coordinates and
(7.22)

D(x, ), ©p)

-1
DG o6 dzy - - dwndgy - dép.

do = \D((p)|_1dx1 coedrpdéy - dE, = ’

See [Ho2|, Proposition 4.1.3].
A Fourier integral operator A € I"™(X xY, C) is determined up to a lower order
term in I™~Y(X x Y,C) by (C,0.4).

7.2.3. Oscillatory integrals associated to Lagrangian subspaces of a
symplectic vector space. The simplest oscillatory integrals or Lagrangian distri-
butions are those associated to Lagrangian subspaces A C S of a symplectic vector
space (S,0). Chapter 21.6 of [Ho5| is devoted to them, and we review some of the
results in this section. In a sense, symbol calculus is simply a combination of this
linear case together together with some calculus on manifolds.

The Lagrangian Grassmannian A(S) is the manifold of all Lagrangian subspaces
of (S,0). One may identify S ~ T*R" and o with the standard symplectic form.
If 4 = TyR™ denotes the vertical Lagrangian subspace, then elements A € A, (),
the of Lagrangian subspaces transversal to p, can be represented as graphs of of
symmetric matrices, A = {(x, Az)} or as differentials of the quadratic functions
qga(z) = (Ax,x)/2. Here, yu could be replaced by another Lagrangian plane.

If Ao, A1 are transversal Lagrangian subspaces, then the bilinear map (X,Y) €
Ao X A1 = 0(X,Y) is non-degenerate and defines an isomorphism from A\ — A§
where Aj is the dual space of Ag. Introduce linear symplectic coordinates (z, &)
so that Ay = {& = 0} and Ay = {{ = 0}. Following [Ho5 (21.6.4)], define, for
A € A(S),

(7.23) I(M\ )= {u € S'()\(*),Q%): L(z,D)u =0 for all L(x,&) € S*
such that L(z,£) =0 on A}.

Here, L(z, &) is a linear functional. The definition is almost independent of A; and
the equations L(z, D) = u for L|y = 0 is an involutive system of maximal dimension
n, so that {u, A) : u € I(\)} is one-dimensional and A — I(\) defines a line bundle
over A(S). This may be seen concretely when A is the graph of (B¢, £)/2 for a
symmetric matrix B. Then u € I(\, A1) is the oscillatory integral

(724) u(x) =C ei(<$,§>—(3575)/2) df

Rn
Every u € I(\, A1), whether or not A is transversal to A1, may be represented in
the form

(7.25) u(z)=C [ Q@9 g T € Ap,
Rn
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with Q(x, &) = (x, &) + (Ax, z) /2 — (BE, £) /2 for some symmetric A, B so that

a0 v { (22,22 o)

Further, in [Hobl, (p. 333)] it is explained that I(A) can be identified with the
space of translation invariant half-densities on A. Then as in (7.15)), as half-densities
Q2(\) on A,

(7.27) d2, = | det Q") ¥|dg|?.
The full symbol is
(7.28) Ou=20a déei”gn Q/4

where a is a normalization of the constant C'. Such oscillatory integrals with qua-
dratic phase functions form the metaplectic representation and are discussed further

in {737

7.2.4. Quantizations of canonical transformations. The simplest homo-
geneous Fourier integral operators F' are those whose canonical relations are graphs
of homogeneous symplectic diffeomorphisms (canonical transformations). They
may be represented in terms of the Fourier transform by

(7.29) Fu(x) = (2m)™" / a(z, £)e P @O q(€) de.

n

This is a local representation in which the manifold is identified with R™ and the
homogeneous phase is assumed to have the form

(730) q)($7y7§) = (,0(56',6) - <ya§>

with phase variable &.
The critical set is then given by

(7.31) Co ={(z,y,§) 1y =dep(x,§)} CR" x T*R"
and the Lagrangian immersion is given by

(732) Lq;.‘(fl%:l/,f) = (x,go;,y,ﬁ) = ("5790;:790/5’6)

Thus, the independent variables on Cg ~ T*R™ are (z, ) and we may view ¢ as a
function on T*R™ with Ag = graph(dy). As observed in [Ho6l Proposition 25.3.3],
C, is the graph of a canonical transformation if and only if det (%) 2 0 since

this is the condition for the maps (z,£) — (z,¢) and (z,£) — (z,¢;) to be local
diffeomorphisms, and also for the critical set C,, to be a local canonical graph.

The principal symbol is the half-density on Ag given in local (z, &) coordinates
(see [Ho6l, p. 27]) by

aO(Ia 5)

82
det ( o gf)

(7.33) o(F) = |dzde]?.

To see that this is consistent with (7.15[), we have to show that (7.33]) equals the sym-
bolis ag4/dc,,, transported to Ag. By (7.18), it suffices to observe that (7.33)) equals
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a(z,y,0)|D(¢)| 2 times the symplectic volume half-density, whereas in (7.22),
(pll S0// S0// (p/l
(7.34) D(p) = det /5/5 f/w =det | % ") =det Op-
Pye  Pya 0
One of the principal examples of a homogeneous Fourier integral operator asso-
ciated to a canonical graph is the half-wave kernel at fixed time, i.e., the Schwartz

kernel of the half-wave operator e~*V~2_ In the case of Euclidean R, the half-wave
kernel has the above kind of homogeneous Fourier integral representation

(7.35) U(t,z,y) = (27) " / ¢ia=0.) gitlél e

n

For fixed t its homogeneous canonical relation in 7*(M x M) is given by the graph
of the geodesic flow on the characteristic variety 7 + |y|, = 0, i.e.,

(7.36) C={(t,ra,&y.n) 7+ nly =0, G'(z,6) = (y,m)}.

For fixed (¢, y), the amplitude is 1 and the phase is ¢(t, z, y, &) = (x—y, &) +it|].
Since [¢] is independent of z, the mixed Hessian ¢} . = 1 and the symbol is the
graph half-density |dz A d€ |%.

If one views ¢,y as variables, then U(t,z,y) € D'(R x M x M) is distribution
kernel on R x M x M and its canonical relation is a homogeneous canonical relation
in T*(R x M x M) given by the space time graph of the geodesic flow on the
characteristic variety 7 + |y|, = 0, i.e.

(7.37) C={(t,7, 2,6 y.n): 7+ nly =0, G'(2,§) = (y,m)}-

Its symbol is then |dt A dz A d€|2. We refer to [Ho6] and [DuG] for background.

In the definition of the symbol (7.33)), one divides by the van Vleck determinant.
The non-homogeneous analogue of the symbol of would then be 1. In [SV]
(see (2.1.2), (2.2.5) and Definition 2.7.1), homogeneous Fourier integral operators
quantizing canonical transformations are represented in the form

(7.38) Tpalt,o,y) = /ei*”“”’")a(t,x,y,n)C(t,%y?77)|det Pl di,

where ¢ is a cutoff. In this representation, the principal symbol is ag|c,, |dzd§ 2.
There is an additional Maslov factor '™ '2/4 (see [SV], (2.2.4)]).

7.2.5. Special parametrization of a conic Lagrangian. In view of the
non-uniqueness of the Fourier oscillator integral representations of a Lagrangian
distribution, it is desirable to have a kind of canonical parametrization of a La-
grangian submanifold. In the conic (homogeneous) case, where A is invariant under
the R action, a reasonably canonical local parametrization is to express A as the
graph of an exact 1-form on the vertical fibers T M of T* M. Of course, this is only
a local representation when T*M is not symplectically equivalent to the product
M x R™.

Theorem 21.2.16 of [Hob| asserts that for any conic Lagrangian submanifold
A C T*M which is locally projectible to the fiber T M, there exist local symplectic
coordinates (z,¢) and a homogeneous function H (&) so that

(7.39) A={(H'(§),£):  €R"}.

Here, locally projectible means that there exists a conic neighborhood of (xg,&p)
so that the map my: A — RY is non-singular in the cone, i.e., A is transverse to
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¢ = C. By Proposition 25.1.3 of [Ho6| a Lagrangian distribution u associated to
the Lagrangian A may be locally represented in the form

(7.40) Fu(z) = (2m)™" / a(z, &) () de.

n

The principal symbol is then (up to Maslov factors and dimensional constants)
given by

(7.41) ou =y (aoldg| ).

7.2.6. Unitary homogeneous Fourier integral operators. If F' is a ho-
mogeneous Fourier integral operator associated to the graph of a canonical trans-
formation, then F*F and FF* are pseudo-differential operators. This follows from
the fact that they are associated to C'o C~! = graph(Id). The principal symbol is

given by (7.20)
(7.42) oppe = opep = |a(z,y,0)]*|D(e)| "

For the proof, we refer to [Trl (6.16)].
Suppose that F is a unitary homogeneous Fourier integral operator associated
to the graph of a canonical transformation. Then FF* ~ F*F ~ 1 and it follows

from ((7.42) that
(7.43) la(z,y,0)||D(p)| 72 = 1.

For semi-classical Fourier integral kernels of WKB form, ((7.42)) and ([7.43|) were
already proved by V. Fock in [F]. The proof is sketched in §7.3.4]

7.2.7. Principal symbol of the Hadamard parametrix. The Hadamard
parametrix is a Fourier integral representation of the wave kernel for small |¢| which
has only one phase variable. This reflects the fact that the wave front set of the
wave kernel for fixed initial point y is the positive co-normal bundle of the distance
sphere of radius ¢ centered at y.

The scalar cosine wave kernel is given by (cf. [Bel Section D])

(7:44) costv/=B(a,y) = Colt] [ e T A, 2,005 ap,
0

where (), is a dimensional constant defined so that the right side is d,.(y) at t = 0.
It is a Fourier integral operator with non-degenerate phase function

(7.45) olt:,,0) = 20— r(z.3),
and with leading order term
(7.46) Ao(t,,,0) = [t0™7 ©7 % (,y),
where
(7.47) dVol(y) = O(z,y)dy and O(z,y) = |det Dyexp,(y)|.
Thus, if vy,,, is the minimizing geodesic from z to y, then
1

(7.48) O(z,y) = ——|det g(V;(r), Vis(r))|2,

rnfl

where {V;}}_, are orthogonal Jacobi fields along v, ,, satisfying V;(0) = 0,+/(0), V5(0), ...

is an orthonormal basis of T, M.
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The associated canonical relation for fixed ¢ is the union of the graphs of the
geodesic flow G and of its inverse G~¢, which intersect when t = 0 and at points
(z, &) with G?!(x, &) = (z,€). Each branch is a canonical graph and so the canonical
relation is a local canonical graph. As a distribution in (¢, z,y),

C<P = {(t,$,y,0) S Rt x M x M x R+: TQ(xay) = t2}~
Note that
C={(t,x,y) e Ry x M x M: Tz(x,y) = t2}

is the characteristic conoid, and C, — C is an R bundle.
It is sometimes useful to fix a variable and then we subscript C, with the frozen
variable. If ¢ is fixed,

(7.49) Cop = {(z,y,0) e Ry x M x M: TQ(x,y) = t2}

is an R4 bundle over the family of distance spheres of radius ¢ centered at the
moving point z, and the Lagrange map is
(7.50)

1 1
(o0) = (1 3002, 500, ) 5 o (o) = ) 5 T D).

For small (non-zero) distances, (z,d,r(x,y),y, —dyr(z,y)) are the initial resp. ter-
minal vectors of the unique geodesic (of length r) between z,y. To see this, we
denote by 7y, ¢(t) the unit speed geodesic with initial data (z,&), i.e. 7,.¢(0) =
z,7,.¢(0) =& Then r(z,7,¢(t)) = t. One has g(Vr, Vr) =1 and

(7.51) exp, (2, y)Var(z,y) = .

If v4.¢(r(x,y)) = y then the time reversal of the terminal tangent vector satisfies

(75) ~Yylro, ) = 5V @),

since exp, (=7, ¢(r(z,y))) = x and since the right side also satisfies this equation
by . The image of this map is the graph of G*, so the map C — T*X is
bijective and nx = ny.

Since e~ V=4 is a unitary Fourier integral, its symbol has modulus one .
We verify this using . The symbol we consider is that of the half-density
kernel

(7.53) costV —A(z,y)\/dVy(z)\/dVy(y).
By (7.15) and (7.20) the symbol is
(7.54) Caltl® ™% (@, )| D(p)|~20°7 dudt.

For t # 0 and (z,y) close to but not on the diagonal, ¢; is an embedding, (z,£ =
0! = 0td,r(x,y)) are local coordinates on T*R™ ~ graph(G?), and
(7.55)

0 %dmr2 1 922 a2 42
_ _ g 0%r?(z,y)/2 1 9% (z,y) 212 dyr
D(p) = det (%dyr2 %962;:1%’2!)) 0™ det (46zay *) <(29 929y 5 g |
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A standard relation (see [LV), [Wil]) between (7.48]) and Hessians of distance func-
tions is that

(7.56) O F(z,y) = \/det(mvy)/?), O(z,y) = dVy ® dv,

0x0y 8;;;{/2 da A dy)™’
so that
(7.57) 1
1 T2 -1
-1 022wy /2\] 72 _ dVy @ dVy 0%r2(w,y) /2 _ [ Ve(x)dVy(y) | 2
o7 (@y) {det ( dxdy ﬂ N <(3;T;/2 dz A dy)" det ( dxdy ) dz A dy) '
zdy

Further, the bilinear form
(7.58) (& (dy exp,) ™ 'n)x = ((dw exp,) '€, m),,  forall (€,n) € T,M x T,M

on T, M x TyM (with v = (exp,) ! (y), w = (exp,) ' (z)) coincides up to sign with

(7.59) (=V3,&(x,y)/2)¢,m), &€ TuM,neT,M.
Since
(7.60) (dy exp$)_1(dyr(x, y)2/2) =, v = dxr2(;v, y)/2,

we have, for v = d,r?(z,y)/2,
(7.61)

<((6 Ta;g;y)ﬁ) ) d,r*/2, dyr2/2> = (v, (dy exp,) tdyr*(2,9)/2)s = 1.

Moreover, ¢ = ¢!, = 0d,r%/2(z,y) = ftw when r(z,y) = t, and
Pz

(762) dC = |D(1‘, 410;:3 @é)/D(f‘Uaya 9)|71 dxl T dxndgl o df”
(7.63) =t?dxy - dandé - - - dE,,.

Here, exp, tw = y. Hence,
(7.64) D(p)|c =r?03? = 1207,
and so the principal symbol for ¢t > 0 equals

—1 n—1

(7.65) t(r?)"20 "7 0" =1 (t=r).

This corroborates the fact that the principal symbol of the unitary wave propagator
e V=4 equals 1.

As a simple example we recall the Euclidean case where the kernel of e=#V—4
is

(7'66) U(t z,y) = ( ) it -
™ (jz —y[2— (t—1i0)2)"z

(7.67) e 2 )(zt)/ eif(lz—y?=(t=i0)*) g "3+ 7p
T2 0
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7.2.8. Restriction to a hypersurface. An example of a homogeneous Fourier
integral operator that is not associated to a local canonical graph is the pull back
operator vy (or sometimes 7g) by an embedding ¢y : H — M of a submanifold.
Thus,

(7.68) vu f(q) = f|g = the restriction of f to H.

In the case of a submanifold H C R, the restriction operator vy : C.(R") — C.(H)
has the Fourier integral representation

169) @ =enn [ [ gy, qen

The linear phase (¢ —y, ) is the same as for the identity operator but g is restricted
to H. Its canonical relation is

(7.70) 'y ={(¢,¢lre,q,€): £ € TyM,qe Hy CT*H x T*M.

It is somewhat complicated by the fact that if { LT, H is conormal to H, then its
restriction to TH is zero, i.e., {lrg = 0. Thus there are co-vectors of the form
(¢,0,¢q,v) in the canonical relation, unlike the canonical relation of the space time
geodesic flow.

A combination of the two examples is important in eigenfunction restriction the-
orems. Let H C M be a hypersurface and let B € W°(M) be a poly-homogeneous
pseudo-differential operator whose symbol vanishes in a conic neighborhood of T* H.
Then define W: C(M) — C(R x H) by

(7.71) W: feCM)—~vgBUt)f € C(Rx H).

If the symbol of B vanishes on covectors T*H cotangent to H then W is a Fourier
integral operator with local canonical graph. (If one does not put in the cutoff
B, W is a more complicated degenerate Fourier integral operator with one-sided
folds.) W has the canonical relation
(7.72)

Py = {67, 4,€lu, G'(4,€)): (0.€) € TiM, €] = 7} C T*(R x H)\0 x T*M\0.

Below is the associated diagram

Ty C T*(R x H) x T*M

/\

T*(R x H) T*M

The left projection is 2-1 except along the set {(¢,7,¢,&|w,q,&) : |§] = 7 =
I€|m|} (i-e., £ € T*H), where it has a fold singularity. This set is removed from the
wave front relation by the cutoff B.

7.3. Semi-classical Fourier integral operators

Semi-classical Lagrangian distributions are defined by oscillatory integrals (see
[Dull, Du2|),

(7.73) u(x, h) = In(a, ) == h~N/2 / e @0z, 0, h) do,
RN
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where the amplitude a(z, 0, k) is a semi-classical symbol admitting an asymptotic
expansion of the form

(7.74) a(z,0,h) ~ Zth

The order of u(x, k) is p. There are many possible assumptions on the behavior of
a in 6 and we refer to [Zwl, [GSj, DS]| for symbol classes of various kinds.

The canonical relation and symbol of a semi classical Fourier integral operator
parallels that in the homogeneous case in § The two main differences are that
canonical relations are not homogeneous, and the symbol includes an oscillatory
factor. We briefly recapitulate the theory.

Let
Co = {(2,0) : gy = 0}
The phase is called non-degenerate if d( 55 ¢ ) d(%) are independent on C,.
In this case,
(7.75) o) = (a—“’) (ai) . X xRY 5 RN
90,/ T\ 00N

is locally a submersion near 0 and C,, is a manifold of codimension /N whose tangent
space is ker Dyy. If ¢ is non-degenerate, then the Lagrange map

(7.76) Lo(2,0) = (z, ¢ (x,0)): Cp, > Ay, CT*X

is an immersion whose image is a Lagrangian submanifold denoted A,. If the order
of is p, we say that u(z, ) is an oscillatory integral associated with A, and
lies in O*(X, A), the space of oscillatory integrals of order p.

As in the case of homogeneous Lagrangian distributions, u(z, i) may be defined
in several different ways as an oscillatory integral and one would like to define in-
variants which are independent of the particular expression. One is the Lagrangian
submanifold A, above. The second is the symbol o,, which is a homogeneous
section o, € S*(A, Q2 ® M) of order p of the bundle of half-densities (tensor the
Maslov bundle) on A. We do not intend to give a systematic exposition of the theory
here but only to give some heuristic principles and useful methods for calculating
symbols of oscillatory integrals that arise when studying eigenfunctions. We refer
to [Dull, Du2, [GSj, DSj, [GuSt1] for more systematic and precise expositions.

Analogous to , the delta function on C, is

o |dA
7 DO\ )/ D(w,0)

The principal symbol of the oscillatory integral (7.73]) is defined to be the
pushforward to A, of the leading order part of the amplitude times /dc,, i-e.,

(7.78) Tupy = Lpwp€ ™y /dc.,.

The only difference to the homogeneous case is that a is a semi-classical symbol

rather than a homogeneous one and that the symbol includes the oscillating factor
eI,

(7.77) de

Again, as discussed above, this definition of the principal symbol is “extrin-
sic,” i.e., it makes use of a specific representation (7.73) and the embedding ¢.
It is verified in [Ho2, [Dull, (GuStl] and elsewhere that the principal symbol is
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independent of these choices. However it is obviously desirable to have an intrinsic
formula for the principal symbol as a half-density on A,.

7.3.1. Semi-classical kernels associated to projectible Lagrangians.
The simplest kernels have the WKB form (7.1)) first studied by van Vleck [V]:

(7.79) Ula,Q) = (2nh) /2 [det (25 ) eh 50

with no phase variables. Here, we use the physics notation (g,p) for a point in
phase space; we also write (¢, @) instead of (x,y). If ¢ and p are classical conjugate
variables, then the kernel of the semi-classical Fourier transform {(g|p) is

(7.80) (qlp) = (2min)~"/2en (P9},

More generally, if (¢,p) — (@, P) is a canonical transformation, then the map is
quantized by the following semi-classical unitary operators:

o 1 BQSQ(qvp) % ZSl(qap)

<q|P>_(2m’h dqoP ) o hoo

1 251(¢,Q)\*  iSi(g,Q)

7.81 — Z PI\H ) L\ )
(7.81) lgl@) <2m’h 990Q )eXp n
(1 *Sy(p,P)\? _ iSs(p, P)

<p|P>(2mh apoP ) R

where S1, S92, 53 are the generating functions of the canonical transformation. All
of these kernels have symbol 1.

7.3.2. Quadratic phases. In the semi-classical setting, linear Hamiltonians
ax + b¢ on T*R"™ generate ‘phase space translations,” known as the Heisenberg
group. Quadratic Hamiltonians generate linear Hamiltonian flows fixing the origin.
Together, the linear and quadratic functions on T*R™ generate a Lie algebra, the
associated group being the semi-direct product of the Heisenberg and symplectic
groups.

This section is a concerned with quadratic phase functions and the metaplectic
representation, a unitary representation of the metaplectic group (the double cover
of the symplectic group) as exponentials e?*# of quadratic operators H on R™, which
form the elements of the metaplectic representation For special values of
t is impossible to represent them in the WKB form . The key point is that
the Lagrangian submanifold Ag associated to the kernel must be projectible to the
base, i.e. the natural projection 7: A C T*R"™ — R" must be a diffeomorphism.

The model semi-classical Fourier integral operators are the quantizations of
linear symplectic transformations of R™ defined by the metaplectic representation.
Systematic expositions may be found in [Fol, [GuSt1].

Let T*R™ ~ R"@®R" with coordinates (z, ) and let J be the standard complex
structure. A linear symplectic transformation of T*R"™ ~ R™ @ R™ may be put in
block-form:

(7.82) A= (é‘ g) .

Then A is a symplectic transformation, A € Sp(n,R), if and only if A*TA = 7.
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The metaplectic representation p : Sp(n,R) — U(L?*(R™)) quantizes linear
symplectic transformations as unitary operators on L?(R™). In the Schrédinger
position representation, the metaplectic representation has the form

A B —n -n 28(x Ti Gy
(7.83) ”(c D) flx) = h2002 [det (%a;’))/ e 5@ f(y) dy,
with
(7.84)

1 1
S'(x,y) = —3 (mDle +yB tx — 2yBlAy> , det B! =det S}/ .

This is the WKB form of van Vleck ([7.79)). Here we use [Fo, Theorem 4.53] together
with

(7.85) (det B)~% = /det (%gyy))

cosfI sinfl
—sinfl cosfI
oscillator flow on R™ has phase S(t,,y) = cot t(|z|> + |y|?) — =25z - y.

sint
In the Schrodinger (momentum) representation, the metaplectic representa-

tion with Planck constant A has a form analogous to that of homogeneous Fourier

integral operators in

A B n 29(z 270 G5 £) 7
@50 u(p p)r =i fae (250) [ S fe ae
with

(7.87) S(z,8) =

For instance, the quantization ( ) of the classical isotropic harmonic

1
2

Here, we use the formula of [Fo, Theorem 4.51] together with

]. 92
1 1 1 -1 0°S(x,£)
(xCA x+EA x+72§A B{) , AT = ( D20¢ )

(7.88) (det A)~% = /det (%3;))

In the momentum representation, the phase of the isotropic harmonic oscillator is
S(t,2,€) = tant(|al? + |¢[?) — 25w - €.

7.3.3. Historical remarks on semi-classical propagators. Propagators
are unitary groups Uy (t) = eithHn generated by a pseudo-differential Hamiltonian.
If one solves the time-dependent Schrédinger equation by the ansatz Uy, (t) = AgetSt
one gets the transport equation

(7.89) V- (A2VS) + 0,(A?) = 0.
Van Vleck’s theorem of 1928 [V] is that

o ,t:q0,t _ n 28?2
(7.90)  A? = D(q,t;q0,t0) = (%) =(=1) det(aqjaq2>-

In a similar spirit, W. Pauli expressed the propagator for the Schrodinger equation
in the form

(7.91) K.(x,7,y,0) = (ih)—n/Z\/ﬁe%S(nc;r;y,o)7
where

(7.92) D = D(z,7;y,0) = (—1)" det ( 0> ) .

0z Oy
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De Witte-Morette [DeW|, Proposition 2] proved that

925 (a,b)
— aﬁ i St = )¢
(7.93) T (tp, tq) 50 Bhe 5.
Here (J*#) is the matrix of the Jacobi fields:

J(ta,te) =0, K(te,ta) = A7 (ta),
o (tast2) (tasta) = A (1)

VtJ(taata) = A_l(ta)a VtK(taata) = 07
where ,

0L
App=——.
P 94°0q7

J(t,tq) resp. J(tp,tq) consists of Jacobi fields through stationary paths keeping the
initial point a resp. b fixed. Similarly, K (¢,t,), resp. K (t,tp) are variations keeping
v, Tesp. vp fixed. One has

TP (ta,ty) = =Ty, te), J(ty,ta)M(ta,ty) = —1.

Using these relations one can show that the van Vleck determinants propagate as
a cocycle,

(7.95) D(q2,q1)D(q1,90) = D(g2, qo) det S.
Here, S is the Hessian of S(ga2,11) + 5(q1, qo) at the critical point g;.

7.3.4. Fock’s unitarity proof. It was observed by Fock [E] that is
unitary to leading order. The discussion is parallel to, and simpler than, the ho-
mogeneous case of We sketch his proof since its heuristics are illuminating
and useful. If we define P by

(7.96) S(@Q.9) - S(¢,Q)=(Q-Q) P

and change variables ¢ — P, the volume form changes by
_dq dg 925 \17"

(7.97) dq = ap dP, 9P = {det (aan

and

(7.98)

/U(Q,Q)U*(q, Q') dq = (2h)™"

s ()
(7.99) = (2rh)™" / \/ det (a?cggq)
[ o (35)

det (s ) @050 dg

8%s L((Q-Q')-P
\/det(aqw)eh«c? Q)P) g

(7.100) = (2rh) " [ et (55, [det (;2:5)
(7.101) x det (42) c1(Q-Q)P) yp

(7.102) - (27rh)*”/e%((QfQ’)-P) P

(7.103) ~6(Q-Q),

since the integral is equal modulo O(h) by the value of the amplitude at Q = Q'.
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7.4. Principal symbol, testing and matrix elements

As mentioned above, it is desirable to have an “intrinsic definition” of the
principal symbol of homogeneous, resp. semi-classical Fourier integral
operators as half-densities (tensor Maslov factors) on the associated Lagrangian
submanifold A,. The symbol arises naturally in the leading order term of ma-
trix elements of semi-classical Fourier integral operators relative to oscillatory test
functions. It also arises in the leading coefficients of the singularities of the trace
of the wave group and related evolution operators as in the foundational paper
[DuG]. In view of the prominent role of matrix elements in this monograph we
provide further background on principal symbols and oscillatory testing, follow-
ing [Ho2] (pages 149-154, especially Theorem 3.2.4), [Dull, [Du2] and [GuSt1]
Chapter VIL4].

We begin with a remark on principal symbols in the presence of a Riemannian
metric g. The metric endows TM with a volume form dV,, and T*M with the
dual co-volume form dVy-. If {e1,...,e,} is an orthonormal frame at T, M, and if
01,...,0, is the dual frame of T) M, then dVy; = 61 A--- A0, and dVy« = e1 A+ - - Aey,
where we identify V** = V for any vector space. The vertical spaces T, M form
the “vertical polarization” of T*M, i.e., a foliation by Lagrangian submanifolds.
They are equipped with volume forms. Hence, given any Lagrangian submanifold
A C T* M which is transverse to the vertical, a half-density v/V on A induces a half-
density Vi ®+/dV,- on Ty (T*M) for A € A. Since Ty A and T)\T} M are transverse
(where z = 7w(\)), there exist dual bases e1,...,e, resp. fi,...,fn of these two
vector spaces such that wy(e;, f;) = 0;; where w is the standard symplectic form.
Then /Va(er,...,en) ® \/AVy-(f1,..., fa) is a scalar quantity which determines
v/V in the presence of the metric g. It does not depend on the choice of dual bases
{ej, fx}. Calculating this scalar gives an intrinsic formula for the principal symbol
(albeit one depending on a choice of metric).

In the next section we consider integrals of against oscillatory functions
and obtain explicit formulae for the symbol in terms of non-vertical Lagrangian
submanifolds transverse to A,,. To pursue the aim of obtaining an intrinsic formula,
we record a lot of calculations of symbols and expansions drawn from [Dull, [DSj,
GSj| and elsewhere.

7.4.1. Symbols when the Lagrangian is projectible. Recall that A is
projectible if 7 : A — M is a diffeomorphism. Then A is the graph of a closed 1-
form and on a simply connected open set A = graph(dy) for some smooth function
1. In this case, a semi-classical Lagrangian distribution associated to A can be
expressed in the form

(7.104) x(@)e @ av,z, e C(M).
In this case, the symbol is computed as follows:

LeEMMA 7.1. The symbol o, ,_in-1 (20,&0) of Xe_mflw|dVg| 1s the pull back

mhe T |dv, |3

of this oscillatory half-density to the graph of di.
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7.4.1.1. Symbol when A is momentum projectible. We say that A is momentum
projectible if there exist local coordinates x with dual symplectic coordinates £ so
that A = {(H'(£),&)} = graph(dH()) is the graph of a closed (locally exact) 1-
form over the vertical axis. Of course, the vertical axis is not intrinsically defined
and requires the introduction of the local coordinates. This is especially important
for homogeneous Lagrangian submanifolds.

We consider phases o(z,£) = z - £ — H(£) satisfying <p’€ =0 < z=H'(¢
and 1, (2,8) = (z,¢)) = (H'(§),£). Suppose that the Lagrangian distribution is
expressed in the form

(7.105) up(z) = (2wh) "% /e%“xv@—H(f)a(g,h) de|dz|?.

This is a special case of the Fourier transform representation in §7.2.4|with ¢(x, ) =
H(E).

LEMMA 7.2. Then the half-density part of the principal symbol is given by
(7.106) o (un)|(ar(e).6) = e (H'(O=H©) g (¢)|de|2
on A = {(H'(£),§): £ €R"}.

In general, A is neither globally projectible nor momentum projectible. The
symbol can still be calculated in a way similar to that in the linear case in §7.2.3]
by using a mixed representation with some x and some £ coordinates, i.e., by using
a partial Fourier transform.

In a sense we can reduce the calculation of the principal symbol to the linear
case at a point (zg,&p) € A by constructing the “osculating” oscillatory integral at
this point, replacing the phase by the quadratic part of its Taylor expansion and
the amplitude by its leading term at the critical point. The symbol at (z¢,&) € A
then coincides with the symbol of the osculating oscillatory integral. Indeed, the
symbol only depends on the osculating data.

7.4.2. Matrix elements and oscillatory testing. As mentioned above, the
symbol arises naturally in the leading order term of matrix elements of semi-classical
Fourier integral operators relative to oscillatory test functions. Since matrix ele-
ments relative to oscillatory functions are simply inner products of a Fourier integral
kernel with a tensor product of two oscillatory functions on M x M, we only go
through the details of the inner product of an oscillatory integral against an oscil-
latory test function of the form,

(7.107) x(@)e 7Y@ e (M),
It suffices to consider oscillatory functions locally defined by 1 (z) = (x,&p). Then,

(7.108)  (u(z, h),x(x)e_%w(x)) = h_N/2/e%‘p(x’e)a(x,e,h)x(a:)e_%w(x) dodzx.
The full integral has the phase

(7.109) o(x,0) —Y(x) € C=(M x RY)

and we assume at first that it has only non-degenerate critical points as a function
of (6,z). The phase ((7.109) has a critical point at (zg, ) if and only if

(7110) dI(p((ﬂo, 90) = d’l/)(il’()), dggﬁ(l'o,eo) = O,
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which means that graph(di)) intersects A, at (xo,&), i.e.,
(7.111) dip(wo) € A NT M.

The Hessian of the phase in local coordinates is
A3y (p — ) d?w)

(7.112) Qo = dfy gy — ¥) = (
? 0 dﬁeﬂp d%e%’

d2 ¢

which is non-degenerate if and only if the rank of the right column (dZI ) equals
00F

N. Indeed, if the rank of the full matrix is NV + dim M then the last N columns

must be linearly independent.

LEMMA 7.3. Qo is non-degenerate if and only if the intersection of graph(di)
with A, is transversal at (xo,6).

ProOOF. We need to see that

(7.113) Tzo,e0) N N Tzg,0) graph(dyp) = ker Q-
But for (6x,60) € T(4,.¢,)Cyp, we have

(7.114) Qy (gg) = <8) = (0z,d2, 007 + dpd,d0) = (5, d2 béx).

Since dim A, = dim graph(dy) = dim M, transversality is equivalent to
(7115) T(ID07€0)A<P S T(ZD07€0) graph(dz/)) = T(:vo7£o)T*M~

It follows that C', must be a smooth manifold through (z¢, 6y) of dimension dim M
and that

(7.116) 1 Co o> A,

is an immersion. The following Proposition is proved in [Ho2| (3.2.17) and Theo-
rem 3.2.4] and [Dull.

PROPOSITION 7.4. Assume (xg) =0, x(x0) = 1 and that (zg, &) is the only
critical point in the support of x, and that the intersection of graph(dy) with A, is
transversal at (xg,00). Then the stationary phase expansion of (7.108)) is given by

(cf. ([7112))
i i 2 n/2
(7.117)  (u(z, k), x(z)e™ #¥@)) ~ ek (#(z0.00) (o) (%) | det Q.| 2
x €'t Sg“Q*"»wao(xo,ﬁo)h_“[l + O(h)]

We remark that if graph(dy) N A, = 0, then the integral would be rapidly
decaying. On the other hand, it increases in order of magnitude in A~! as the
dimension of the intersection increases. When the two Lagrangian submanifolds
coincide, the inner product of two oscillatory integrals in the same class is calculated
asymptotically in terms of the inner product of the symbols; see

The phase ¢ in the oscillatory factor has differential equal to the restriction of
the action form a = & - dx to Ay, since dy¢(z0,&0) = & and since dgp(xo, &) = 0.
The leading term above only depends on v through d2¢(zy), i.e. on the tangent
space to graph(diy) at xg.
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We now interpret the expansion in terms of the symbol o, of u(x; %) and the
symbol oy of x(z)e”#¥@) following [Du2] and [GuStll p. 411-412]. First we
develop the linear algebra. The vertical tangent space Vi ¢y C Ty, 7™M is in-
variantly defined as the kernel of D where 7w : T*M — M is the natural projection.
Since the fibers are vector spaces, we may identify Vi, ¢, ~ T(4y ¢0)Tn, M. The Rie-
mannian volume form induces a vertical volume form Voly |, which is the quotient

d Vol _
Voly |VT0=§0 = ————— = /det(g9¥ (z9))d¢

T* \/VOITQE0 M

of the canonical volume form dvol,, on T{,, ¢)T*M by the pull back of dV, =
VOszOM under the natural projection D7 : Ty ey T* M — T(p)M .
The tangent space to graph(di) is

(7.118) T graph(dy) = {(6x, d*véx)}.

We denote by 7, the natural projection restricted to graph(diy),
(7.119) myt graph(dy) — M, my(z,§) =2,

Since a graph is transverse to the vertical, we have the decomposition,
(7.120) Tao,e) T M = Tz ¢0) graph(di)) © Tz, e0) Lo M-

of the symplectic vector space into a sum of transverse Lagrangian subspaces along
the graph, giving a horizontal complement to the vertical. Let py be the vertical

projection along T'(graph di) with respect to (|7.120):
(7.121) Dyt T(xo,EO)T*M — T(Q?OVEO)T;OM'

Let (z,€) be local symplectic coordinates induced by local coordinates 2 on M,
and write a tangent vector to T*M by (dx, ). The decomposition ((7.120)) has the

form
(7.122) (6x,6¢) = (6z, d29éx) + (0,66 — d29pdm),

and so the vertical projection with respect to the decomposition is give by

6I 0 *
(7.123) Py ((55) = (55 _ d2w . 5x) € T(IO»EO)TMM'

The complementary projection
(7124) qy - T(IO,EO)T*M — T(Zo,fo) graph(dw)
coming from the splitting (7.120)) is defined by

(7.125) @y <f5§> = <d33f M) :

We note that py + gy = Id, and that

dx dx
(7.126) Gy <5€> = D(dv) odrm (5 ) .
The tangent space to A, is the image of D, on T'Cy, i.e., vectors of the form
(7127) DLCP(6LE7 69) = (6wa @/x/wéai + 410;/959)7 (53;7 69) € TCSO
We recall that

(7.128) TC, = <§“§) : Dy.o0) (gg) =0 <= ¢}, 07+ jy00 = 0.
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Since T'(graph di) is transverse both to the vertical fiber and to A,
(7.129) Puse = Dol Ty e et Liwo ko) Mo = Lo e0) Tag M

is an isomorphism. The pullback of the vertical volume form Voly by py,, defines
a volume form on T{,, ¢,)A, denoted by

(7130) VOITZMP = p;;’a@ VOIV = (p¢|T(zo,€o)Aw)* VOIV .
From ([7.112)) it follows that
_ [ peDey N * N
7.131 = Teoy(M xXRY) =T, ooyTaM x RY.
(7.131) Qp.s (dw)dw) (@0)( ) = Topwo)

Note that RY is equipped with the volume form dfi A --- A dfn := Volgn, T, M
has the Riemannian volume form and 7); M has the dual Riemannian volume form.
Hence it makes sense to take the determinant of Q ..

PROPOSITION 7.5. The principal symbol o, (x0,&) = e%SDaO./dC¢ s a %-
density on Tz, e\ Ay (depending on the choice of the density dVy on TyoM) and

(7.132) Loy [do, = |det Qu |72 Voly |2
It is independent of 1.

ProOOF. Both L@*dcw and Vol , are volume forms on A, and we would like
to show that

Vol
(7.133) det Q. = 28

de,
To prove this, we identify T{,, ¢, A, = TC, and consider volume forms on

M x RY. We express the Lebesgue density dVy A df in two different ways. By
definition of Cl,,
9p

)
A2 NN A= N dey, = dV, A db.

(7.134) % i

The second is
(7.135) Voly ® Volgny = dVy A db.

Here, we identify the volume form on the vertical space with dV« using the sym-
plectic volume form |Q7|:

(7.136) |dV,| ® Voly = Q.

Now let ey, ..., e, € ker(d(, gydgp) = TC, and let e,41,...,enn fill out to a
basis of T(M x RY). Then

(7.137)
(pyDry)* Voly (e1, . .., en)(d(z,0)dow)” Volgn (€nt1,- -y eNtn)
(7.138)
= Voly ((pyDrger, ..., (pyDigen) Volpn (diz gydopenyt, - - - dz,9)doPensN)
(7.139)
= Voly @ Volgn (Qupei; - - -, Qo pen, Qo pentis- - Quypenin)
(7.140)

= det Q%wdcw (61, ceey en) VOIRN (d($79)d9<p€n+1, PN ,d(%g)dgcp&ﬁ,]\]).
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In the last line we used (7.134). Canceling Volgn (d(z.6)do¢ens1; - - -, d(z,0)do0ensN)
from the second and fourth lines gives

det Qu ydc, (€1, .., en) = Voly ((py Diger, ..., (pyDiyen)
, as desired. 0

7.4.3. Tensor product. Suppose that A, and A are transversal Lagrangian
submanifolds. Then at an intersection point ( € A, N Ay one has TeA, ® T Ay =
T¢T*M, and the tensor product of the densities dC, on A, resp. dCy form a

density dC, ® dCy, on T¥ M. The ratio M with the canonical density gives
a scalar invariant of the pair (p,). By (7. 133) and ([7.130) it equals

Vol ® Voly B pw,, Voly pW/, Voly
det Q. det Q0 ~ det Qu,p det Qy Q-

We note that Q. (7.112)) is symmetric in ¢, except when they are functions of
different variables, i.e., (x,0) resp. z.

(7.141)

7.4.4. Projectible cases. We return to §7.4.1and reconsider the calculations
of @, in projectible cases.

7.4.4.1. Special case (i): Configuration projectible cases. The first special case
occurs when we test an oscillatory integral uy(z) = Azen?®),/dV, relative to a
projectible Lagrangian A, = graph(dy(x)) with an oscillatory test function relative
to a second projectible Lagrangian Ay, = graph(di(x)) transverse to A,,. The phase
has no “phase variables” 0, C, = M, 1 () = (v,¢'(v)), tpedc, = m5dVy, and

(7.112) takes the form,

(7.142) Qo = Pz — Vi)
Also
(7.143) py © Digdx = (dop — d2y) - 0.

By definition, e; = D(x,¢),)ed = €J + ¢/ €2 and
(7.144) Voly »(e1,...,en) = Voly(py(er),...,pp(en)).

7.4.4.2. Special case (ii): Momentum projectible case. The second special case
occurs when we test an oscillatory integral

(7.145) up(x) = (2wh) % /6%(@’5)7}1(5%(5, h) d¢|dx|?

relative to a momentum projectible Lagrangian Ay = {(H'(£),£): £ € R"} with an
oscillatory test function relative to a second projectible Lagrangian A, = graph(dy(x))
transverse to Agy. This is especially important for homogeneous Lagrangian sub-
manifolds.

We consider phases ¢(z,) =z - — H(E), so that ¢; =0 <= z = H'({) and

to(2,€) = (2, ¢,) = (H'(€),€). Then
(7.146) Qo = ( P ) 7

and (by the Schur determinant formula),

(7.147) det Q = det(I — det ¥, o Hy).
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The determinant is non-vanishing as long as the two Lagrangians are transversal.
By Proposition [7.4] if the order of u equals zero, then to leading order
(7.148)

(u(z, B), x(z)e” 7Y@ ~ g (#(@0.L0) =¥ (o) (2l

)" det(I—det o Hge) |2 ' %8 Qe (ag, &),
By Lemma the half-density part of the principal symbol is the half-density

(7.149) o (un)| (s (e).6) = eh (H'(©8)—H(©) g (£)|de]| .

By Lemma the symbol oxe,irlw(xo,go) of Xe_m71¢|dVg| is the pull back
wZe‘ihflw\dVgﬁ of this oscillatory half-density to the graph of di.

7.4.5. Inner product of two oscillatory functions. Above we took the
inner product of two oscillatory integrals associated to transverse Lagrangian sub-
manifolds. We now consider the inner product of two oscillatory integrals associated
to the same Lagrangian submanifold. For the following, see [Dull (1.3.15)].

LEMMA 7.6. Suppose that ui,us are two oscillatory functions of order zero
associated to A. Denote their symbols by o1,05. Then

(7.150) /Muyu*g:/j\alaig—i-O(h).

Note that 0,77 is a density on A.

7.5. Composition of half-densities on canonical relations in cotangent
bundles

We should at least mention the composition theory of symbols. The composi-
tion of half-densities on Lagrangian submanifolds which intersect transversely (or
cleanly) is based on a Lemma of symplectic linear algebra, i.e., on the composition
of half-densities on Lagrangian subspaces. We follow [DuG]| and [GuSt2].

Let V,W be symplectic vector spaces and let I' be a Lagrangian subspace of
V x W. Let A be a Lagrangian subspace of W. Let

(7.151) T'oA = {v e V: there exists (v,w) € I" with w € A}.

Let m: I' = W and p: I' = V be the coordinate projections. Consider the diagram

Vel T+—FcIxA
W+—— A
Here, F = {(a = (v,w),b =w) € T x A,w(a) = w = (b) € W} is the fiber
product. Let o be the composite map
a:F=TAv, a(v,w,b) = p(v,w) = v.

PROPOSITION 7.7. T'oA is a symplectic subspace of W, and there is a canonical
isomorphism,

(7.152) IA]Z ® |T|? ~ |kera|® [T o Al2.
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PRrOOF. First we have the exact sequence

(7.153) 0—kera— F3ToA—0,
which implies
(7.154) |F|? ~ T oA|? ® |kera?.
Define
(7.155) T T'x A=W, T((v,w),b) = (v, w) — (b)) = w —b.
Associated to the diagram is the exact sequence
(7.156) 0—+F—>TxADSW — cokerr — 0,
which implies
(7.157) IF|72 @) @ |A|? ® |W|"% @ |coker7|? ~ 1,
hence
(7.158) IF|2 ® |W|? ® | coker7|~% ~ [T|? @ |A|2.
Combining (7.154) and (7.158]) gives
(7.159) T2 ®|A|7 ~ T oAl ® |kera|? ® [W|? @ |coker7|~2.

To complete the proof we need to show that
(7.160) \coker7'|_% ~ |kera|%.

This follows from the fact that ker o and coker 7 are dually paired by the symplectic
form on W, so that (ker )t = Im7. Indeed, kera = {(a = (v,w’),w) € F: p(a) =
v =0} and (a,w) € F if and only if w’ = w. Hence keraw ~ {w € A: (0,w) € T'}.
On the other hand, if u € Imr, then u = wy — wy with (ve,ws) € ' and wy € A.
Now suppose that in the identification above w € kera, and v € Im7. Then
Qw (w1, w) = 0 since wy,w € A and A is Lagrangian. Moreover, Qy (w2, w) = 0
since T" is Lagrangian in V' x W and so {w: (0,w) € I'} is isotropic in W. Hence,
Qw(w,u) = 0. Since I' and A are Lagrangian, it follows that (kera)* = Imr

in W. This implies (7.160). Since |W|z ~ 1 (i.e., there is a canonical choice of
half-density), this pr. a

The linear algebra is used to define a composition law for half-densities on
canonical relations. Suppose that X,Y are compact manifolds and I' C T*(X x
Y)\0, A C T*Y'\0 are Lagrangian submanifolds. Let IV = {(z,£,vy,n): (z,&,y,—n) €
I'}. The composition of T and A is defined by

(7.161) Mo A= {(z,¢): there exists (z,£,y,n) € I" where (y,n) € A}.

It follows from Lemma that the composite is a Lagrangian submanifold. More-
over if FF C IV x A is the fiber product, i.e., set of points ((z,&,y,7n), (y,n)), and
if the fibers are compact, then by Lemma [7.7] the half-densities compose on each
tangent space to give a density on the fiber with values in half-densities on the
composition. That is, one has

COROLLARY 7.8. Let ¢ € I'o A. Let F, be the fiber over q and let m =
(m1, mg,ma) € F,. Then,

(7.162) T Byl @ [ Tony s T 0 Ty A ? 2 [T, oy T|? @ [Ty A2
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Following [Ho6l, Theorem 25.2.3], let us denote the half-density on I" by oo and
the half-density on A by o and let o1 x 02 denote the density on T F' with values in
half-densities on on T, ym,I" 0 T)n, A. Then integration over F' gives a half-density
on the composite. At a point ¢ € T' o A,

(7163) 0'1002|q:/ g1 X 09.

q
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CHAPTER 8

Small time wave group and Weyl asymptotics

In this section we review some estimates on eigenfunctions which use the wave
kernel E(t,z,y) = costy/—A only for small times. In particular the proofs use
the reproducing formula of which we briefly recall here: Let p be a
smooth Schwartz function on R whose Fourier transform satisfies p C (—¢,¢) and
p(0) =1, then

(8.1) p(VX = V=RA)px = pa,

where

(8.2) p(VA—V=R) = / U (1),

R

with U(t) = exp —ity/—A. The even part is almost the same and replaces U(t) by
E(t) = costv/=A. The resulting kernel >, p(v/A £ v/=A)(z,y) is supported in
x € B.(y) and is for small |¢| a pseudo-differential operator applied to the spherical
means kernel.

We use to obtain sup norm estimates on eigenfunctions and their deriva-
tives. Since only small |t| behavior of E(t) is used, the results are local and do
not use global properties of the metric or geodesic flow. Consequently the results
are universal. This might seem contrary to the fact that v/—A is only defined for
global eigenfunctions, but of course costv/—A is a function of A and therefore is
defined, at least formally, for local eigenfunctions. But it is more relevant to say
that small |t| behavior of wave kernels belongs to a kind of intermediate regime
between purely local and global behavior of eigenfunctions.

8.1. Hoérmander parametrix

To use (8.I]), we need to construct small time parametrices for U(t) and E(t).
In 46| we constructed the Hadamard parametrix, whose phase is quadratic in ¢. It
is sometimes difficult to use the Hadamard parametrix for calculations at ¢ = 0
because the distance squared r?(z,y) vanishes to order two on the diagonal, resp.
t2 vanishes to order two at ¢t = 0. It is often more convenient to use a phase which
vanishes only to order one.

Hormander’s parametrix is a parametrix for general unitary one parameter
groups U(t) = €% generated by first order positive elliptic pseudo-differential
operators (). The parametrix has the form

(8.3) U(t,z,y) N/ ey et A(t 2, y, m)dn,
* M

x
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where ~ means that the two sides differ by a smooth kernel. The phase ¢ solves
the Cauchy problem for the Hamilton-Jacobi equation

q(z, do¥(z,y,m)) = q(z,n),
(8.4) P(z,y,m) =0 <= (z—y,m) =0,
dotp(z,y,m) =n forz=y.
Here, ¢ is the principal symbol of (). The proof that there exists a unique solution
1 and the construction of the amplitude .4 may be found in [Ho4l, DG], [SV].
When Q = v/—A there is a more concrete construction using the phase (2.30]).

This phase is equivalent to ¢ in the sense of [Ho2 Theorem 3.1.6]. We thus seek
to construct a Fourier integral parametrix of the form

(8.5) Ut,,y) ~ / eiexpy o il A(t, 2y, ) dn.
T M

As in the case of pseudo-differential operators, the amplitude is understood to be
cutoff near the diagonal so that the phase is well defined. Hence the right side is
only equal to the left side modulo smoothing operators.

For fixed y, the level sets

Hy e = {(z,n): {exp, " z,m) = c}
are ‘distorted plane-wave’ hypersurfaces of (M,g) near y with normal 7, which
generalize Euclidean ‘plane waves.” These ‘parallel hyperplanes normal to 7’ are
images under exp, of level sets of ({,n) = c in T, M.
Unlike ¢, the phase (exp; L2,n) does not solve the Hamilton-Jacobi equation

above for all (z,y,n) but only on the canonical relation. We now verify this fact,
which is sufficient for the existence of an amplitude 4 so that (8.5)) is valid.

LEMMA 8.1. If exp, tn = z, then |V, (exp, ' z,m)|, = [n].

PRrROOF. The radial geodesic in the direction 7 is of course normal to the expo-

nential image of the hyperplanes H, , . for all c. If exp, tn = x then [V, (exp, La,n)|

%(exp;l expyt%, n) = t|n|y. Hence |Vgg(exp;1 ). = |n). O

8.2. Wave group and spectral projections

In this and the next two sections, we introduce wave equation techniques for
obtaining asymptotic properties of global eigenfunctions. This section is devoted to
spectral projections kernels and their relations to the wave group. In the next sec-
tion §8.4)the methods are combined with Tauberian theorems to prove several Weyl
laws on spectral averages. We then adjust the techniques to apply to individual
eigenfunctions.

Differentiating the spectral projections kernel , we denote by dIIy the
spectral measure

(8.6) o5 = D ()0 (1)d(N))
j=1

associated with the spectral projection kernels ITy for v/—A for the interval [0, }].
Here, §(x) is the Dirac mass at « € R. Its Fourier transform is the half-wave group

(8.7) U(t) = /e_it’\ dIly = e V=5,
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which is the solution operator of the Cauchy problem

(8.8) (12& + M) Ult)y=0, U(0)=1Id.

The Schwartz kernel U(t, z, %) is a Fourier integral operator in the class I~ /4(R x
M x M,C) where C is the Lagrangian

(8.9) C={(t,x,y;7,&n): 7+ p(x, &) =0 and (z,8) = G'(y,n)}-
The restriction of the wave kernel to the diagonal in M x M is the pullback
(8.10) U(t,z,z) = A"U(t,x,y)
under the diagonal embedding
(8.11) A:RxM—RxMx M, At z) = (t,z,z).
By the pullback rule for wave front sets,
(8.12) WF U (t,z,z)) C Ca,
where
(8.13) Ca = {(t, 72, & —n): 7 = —[€], G'(2,m) = (2, )}.

This follows from the fact that the canonical relation underlying A* is given by
IDG], (1.20)]:

(8.14) WF'(A) = {(t, 7,2, (E+n)); (t, 7,2, & 2,m))} C T ((RXx M) x (Rx M xM)).
In fact, Ca is the clean intersection of C and the second component
(8.15) D:={¢rz&x,n} CT*" RxMxM)

of the canonical relation of A*.

It follows from the composition theorem for Fourier integral operators with
cleanly intersecting canonical relations (cf. [DG] [Ho4]) that Ca is a Lagrangian
submanifold of T*(R x M)\0, and that

(8.16) Ut,z,z) € I°(R x M,Ca),

where I°(Rx M, Ca) is the class of Fourier integral operators of order zero associated
to the canonical relation Ca.

8.3. Small-time asymptotics for microlocal wave operators

For various results on spectral asymptotics (see §8.4)), it is important to calcu-
late the singularities for small |¢| of the restriction [U(t)Q](z,y)|s=y to the diagonal
of the right composition

(8.17) U(H)Q: C®(M) — O (M)

of U(t) with a polyhomogeneous zero-order pseudodifferential operator Q(¢,z, D,.).
A somewhat more general class which can be calculated by similar methods is
Q(t, Dy, z,D,). The left composition is also similar. The calculations are done in
[Ho4l, [SV].
We simplify the notation by denoting the principal symbol of /—A by p =
> ¢7%(x)€;&, and its subprincipal symbol by p® = 0.
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PROPOSITION 8.2. For any compact Riemannian manifold (M, g), the restric-
tion K of the kernel of U(t)Q to R x {(x,z): x € M} is conormal with respect to
{0} x {(z,z): x € M} in a neighborhood of this submanifold. Moreover, there is a
d > 0 so that when [t| < ¢

(8.18) K(t,z) = /Oo OA@,A) —ine gy

— 00

where A € 8™, A(x,0) =0 and

(8.19) A(z,\) — (27)~" /

p(z,§)<A

) _
= O B (S L
N Jp(@,e) <
+ (2@*”3/ ir(0,x,&)d¢ € S"2.
OA Jp(a.)<x

If @ is independent of ¢ then (8.19) coincides with [Ho4l Proposition 29.1.2].
Since the kernel K(t,y) in this case is conormal, it is easy to see that this special
case also yields the time-dependent case. The constant ¢ is the injectivity radius of

(M, g).
There is a similar formula for compositions
(8.20) V(t) = CU(t)B

where C(x, D) and B(z, D) are zero-order polyhomogeneous pseudo-differential op-
erators on M that follows from Proposition by using Egorov’s theorem to move
U(t) from the middle to the left position. Let b and ¢ denote the principal symbols
of B and C. Note then that

(8-21) %{Uprin(CB),p} - Uprin([\/ -A, C]B) = %(c{b,p} - b{c,p}).

We have the following.

PROPOSITION 8.3. The restriction K of the kernel of CU(t)B to Rx{(z,z): x €
M} is conormal with respect to {0} x {(z,z): x € M} in a neighborhood of this
submanifold. Moreover, there is a 6 > 0 so that when |t| < §

(8.22) K(t,x) = / chix’ A -ixe gy,

— 00

where Acp € S™, Acp(0,A) =0 and

(8.23) Acp(z,\) — (2m)~" / ( £)<A(cb+osub(CB))d§

—-n 0 i n—2
Fem) o /p o R b)) ag € 5772

To reduce Proposition to (8.19), we observe that V(t) solves the Cauchy
problem

(8.24) (%% +V=A)V(t) = [V=A,ClU(t)B,
V(0) = CB.

Consequently, by Duhamel’s formula

(8.25) CU(t)B =U(t)CB +z'/0t Ut)(U(—s)[V=A,CJU(s)B)ds.
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If we change our notation a bit and let opin(CB) and 04,,(C'B) denote the
principal and subprincipal symbols of C'B then Proposition tells us that for
small |t| we can write the restriction to the diagonal of the kernel of U(¢)CB as

0Ap

(8.26) iy

(z,\)e~ A d),
where

(827) Ao(l‘, A) — (27T)_n /<)\ (aprin(CB) + Usub(CB))dg
0

+em / Homnl(CB) phde € 57
p<

To perform the same calculation for the last term in (8.25), we note that by
Egorov’s theorem

t
(8.28) Qt,2, D) = i / U(—s)V=A, ClU(s)B ds

0
is as in Proposition with Q(0,z,D,) = 0 and 0;Q(0,z,D,) = i[vV—A,C|B.

Thus, for small |¢| the restriction to the diagonal of the kernel of the last term in

(8.25)) can be written as

0A; _int
(8.29) o\ (x, Ne "M dA,
where
(8.30) Ar(z,N) — (27r)_"£/ oprin([V—A,C|B)d¢ € S" 2,
ON Jper

Thus, we can combine the main term for A; with the last term for Ay to complete
the proof.

8.4. Weyl law and local Weyl law

The classical Weyl law asymptotically counts the number of eigenvalues less
than A

(8.31) NN =#{j: \; <A} = (%L Vol(M, g)A\™ +O0(\"1).

Here, |B,,| is the Euclidean volume of the unit ball and Vol(M, g) is the volume of
M with respect to the metric g. Equivalently,

_ Vol(gl, < )

(8.32) Tr1I, oo

+ O()\n—l)7

where Vol is the symplectic volume measure relative to the natural symplectic form
2?21 dx; AN d&; on T*M. Thus, the dimension of the space where H = VA is < A
is asymptotically the volume where its symbol [£], < A.
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8.4.1. Two term Weyl laws. An improved, two-term Weyl law has been
proved which takes into account the singularities of Trcostv/—A for larger values
of t. The singular ¢t # 0 are the lengths of the closed geodesics v of G*. The size
of the remainder reflects the measure of closed geodesics. Before stating the result
we review some notation concerning closed geodesics.

A periodic geodesic is a periodic orbit of the geodesic flow G*: SyM — SgM
on the unit cosphere bundle. Its projection to M is a smoothly closed geodesic (t),
i.e., the initial and terminal tangent vectors are the same, 4'(0) = v'(L) where L is
the length of the geodesic.

We say that geodesic flow of (M, g) is aperiodic (or more simply that (M, g) is
aperiodic) if the periodic geodesics form a set of measure zero in S*M. In this case
the remainder estimate has been improved by Duistermaat-Guillemin-Ivrii and one
can obtain Weyl laws over the shorter interval [A, A + 1]. Generic g are aperiodic in
this sense.

We say that the geodesic flow of (M, g) periodic if there is a time 7' so that
GT =1d, i.e., all geodesics are smoothly closed and of period T. Such (M, g) are
usually called Zoll manifolds. We also say that (M, g) is partially periodic if the
set of closed geodesics of (M, g) (i.e., the set of periodic points of G* in S} M) has
positive Liouville measure.

THEOREM 8.4 (Two-term Weyl laws).

(1) In the aperiodic case, the two-term Weyl law of Duistermaat-Guilleimin (-
Tvrii) states

(8.33) NO) =#{j: \j <A} = ¢, Vol(M, g) \" + o(A" 1)

where n = dim M and where ¢, is a universal constant.
(2) In the periodic case, the spectrum of /—A is a union of eigenvalue clusters
Cn of the form

(8.34) CN_{<2T”) <N+§>+um,i—1...dz\,}

with pn; = O(N™Y). The number dy of eigenvalues in Ci is a polynomial
of degree n — 1.
We will sketch the proof of this and related results below but will not give too

many details because it is quite standard and not the main point of this monograph.
We refer to [DG], [Ho4l, [SV] for background and further discussion.

8.4.2. Pointwise Weyl laws. One of the principal methods for relating eigen-
functions and geodesic flow are the pointwise Weyl laws, i.e., Weyl asymptotics and
remainder estimates for the pointwise sums

(8.35) Nz = Y len @)
FIA <A
THEOREM 8.5 (Avakumovich, Levitan, Hérmander, Duistermaat-Guillemin).
1 n n
(8.36) Nz): = i) = B RO,
A <A

where R(\,z) = O(A"™1) uniformly in x. Here, |B,,| is the volume of the unit ball
in R™.
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An important consequence is the following estimate on sup norms of L? nor-
malized eigenfunctions.

COROLLARY 8.6. Let (M, g) be a compact C* Riemannian manifold of dimen-
sion n, and let ¢y be an L?-normalized eigenfunction of eigenvalue 2. Then

(8.37) sup [pa(x)] < CpA"T
rzeM

The proof is that 37, _ ¢ ()2 = N(\,z) — N(A —0,z), i.e., it is the jump
of the Weyl function at A. But the asymptotic is continuous and therefore

(8.38) > o, (@)? =R\ 2) - R(A—0,z).

j:)\j:)\

In general we know little about the jump of the remainder but by we know
that it is O(A\"~!) and taking square roots gives Corollary

In §10.4] we study the geometry of compact (M,g) for which this universal
bound is achieved. We show that for C'>° metrics there must exist a point g € M
such that the set L., C S; M of directions of loops at zo has positive measure.
Furthermore the first return map on loop directions must have an invariant measure
in the class of the standard surface volume form of S; M. In particular, one obtains
a o(A"71) remainder if the set of geodesic loops at x has measure zero. Such
refinements will be discussed in §I0]

8.4.3. Local Weyl law for PsiDO’s. The PsiDO local Weyl law concerns
the traces Tr Alljy y) where A € U™ (M).

THEOREM 8.7. Let A € WO(M). Then

(8.39) Z (Ap;, 05) = @ (/BW oA dxd§> A+ O,

A5 <A
If (M, g) is aperiodic then the remainder is o(A\"~1).

When the periodic geodesics form a set of measure zero in S*M, one obtains
an asymptote and remainder if one averages over the shorter interval [A, A+ 1]. The
statement about the remainder is quite similar to the one for A = I but was first
proved (to the author’s knowledge) in [Z2].

We introduce the notation,

1
(8.40) w(A) = 7/ oadpr
p(S*M) Jspr
for the Liouville average (or state), where py, is the Liouville measure on S*M,
i.e., the surface measure duyp = d;gf induced by the Hamiltonian H = ||, and

by the symplectic volume measure dxd( on T*M. When o4 is homogeneous of
degree zero, one evaluate the ball average in polar coordinates in BXM and find
that the right side of (8.39) is a universal multiple C,, = % (depending on the
dimension) of w(A).

It follows that

(8.41) w(A) = lim N (Apj, @)
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8.5. Fourier Tauberian approach

We now sketch the proof of the pointwise (hence global) Weyl asymptotics.
The classical method of Carleman, Levitan, Hérmander, Duistermaat-Guillemin
and others uses a Fourier Tauberian method to relate asymptotics to the singularity
at t = 0 of the dual trace

(8.42) S(t,x) = ™oy ()] resp. Sa(t) =) "N (Apy,on,)
J J
Note that S(t,z) = U(t,z, ) where U(t,z,y) is the kernel of e*¥=2 on the diago-
nal. It is somewhat simpler to use costv/—A.
Finding the singularity at ¢ = 0 is equivalent to convolving with a test function
p € S(R) with supp p contained in a sufficiently small neighborhood of 0 and p =1

in a small neighborhood of 0, and to study the asymptotics as A — oo of the
smoothed Weyl sums

(8.43) D P =Xl (@) = px AN (A, ).

PROPOSITION 8.8. Let (M,g) be a C* compact Riemannian manifold of di-
mension n. Then there exists a sequence wi,ws, ... of real valued smooth densities
on M such that, for every p € S(R) with supp p contained in a sufficiently small
neighborhood of 0 and p =1 in a small neighborhood of 0

(8.44) D A= MA)lea, @) ~ D wpAnE!
F k=0

as A — 0o (and rapidly decaying as A — —o0) with
(8.45) wo(z) =Vol(S; M), w; =0=w,, wr=0 forodd k.

One now uses a short-time parametrix

(8.46) Ut,z,y) = (27T)_"/ e ey gt .y, n) dn

n

where a is a classical symbol of order 0 and where the phase is of the Lax-Hormander

linear form in ¢, ¢(t, z,y,n) = Y (z,y,n) — t[n|, with ¢ (z,y,n) = 0 if (x —y,n) = 0.
Hence,

(8.47) p*xdN(\ z) = /]R eNpU(t, x, x) dt

(8.48) =(27r)_"// e p(t)e M a(t, x, 2, ) dndt.
R n

One now changes variables n — An, puts the df integral into polar coordinates
¢ = rw,|w| = 1 and carries out the dtdr integral by the method of stationary phase.

One obtains the expansion of Proposition with ag = (lB“‘ . The calculation

27‘— n
of the leading order term is based on the fact that the leading order term of the

amplitude equals 1 at ¢ = 0, which is forced by the initial condition U (0) = Id.
The same kind of argument applies to N4(A):

PROPOSITION 8.9. For A € U™ (M), let Na(\) = Z,\jg,\(ASDj,SDj)' Then for
any p € S(R) with p € C(R), supp p N Lsp(M, g) = {0} and with p =1 in some
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interval around 0, we have

(8.49) prdNa(A) ~ ) A" (A 5 oo,
k=0
where
(8.50) n=dmM, «ap= / oadu, ap= / wy dpt
S*M S*M

and wy, 1s determined from the k-jet of the complete symbol a of A.

PROOF. The only new step is to apply A to the parametrix for U;. By Propo-
sition applying a PsiDO to ae’® produces an expression ce'¥ with the same
phase and only a change in the amplitude. Hence,

(351) AU(tag) = 2n) " [ altog ety

n

where « is a classical symbol of order m. Now proceed as before. O

8.5.1. Local Weyl law for homogeneous Fourier integral operators.
In [Z1], the local Weyl law for pseudo-differential operators was generalized
to Fourier integral operators F' associated to a local canonical graph. We refer to
for notation and background, and state the result in the form .

The canonical relation C' is a local canonical graph when both projections in
the diagram are (possibly branched) covering maps.

CcT*MxT*M

M <= T M

If we equip C with the symplectic volume measure pulled back by mx from
T*M, then we may consider symbols o as functions on C.

PROPOSITION 8.10. et Cp C T*M — 0 x T*M — 0 be a local canonical graph
and F € I°(M x M;CF). Then,
. 1
(8.52) lim —— Z (Foj,0;) = opdur,.

G A <A /S(CFﬂAS*st*M)

Here, S(Cr N Ag+nrxs=m) is the set of unit vectors in the diagonal part of Cp.

We again take a Fourier Tauberian approach and now study the singularities
of Tr FeltV=2 at ¢ = 0. Using the composition calculus of FIOs the singularity is
determined by the intersection of the canonical relation of F' with the diagonal, i.e.,
with the fixed point set of the canonical relation. The integral is with respect to a
canonical volume form on this fixed point set coming from the symbol calculus.

The limit sifts out the pseudo-differential part (i.e., the diagonal branch) of the
canonical relation. If the fixed point set has measure zero, then the limit is zero.
One can then amplify F' by composing it with A® for some s.
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8.5.2. Sup norm bounds on ¢, and |Vp,|. The first estimate is a universal
sup norm bound. It will be derived in Corollary from pointwise Weyl laws. The
simplest proofs are by wave equation methods.

THEOREM 8.11. Let (M, g) be a compact C*° Riemannian manifold of dimen-
sion n, and let @y be an L?-normalized eigenfunction of eigenvalue N2. Then

(8.53) sup |oa(z)] < CoA" T
xeM

The pointwise Weyl law of may be differentiated any number of times and
produces sup norm estimates on derivatives as well. As an example we consider the
sup norm of the gradient, based on twice differentiating the spectral projections
kernel

(8.54) e ® dyTTo ) (2, )=y = D, [Veps(a
A <A

One can run through the proof of the pointwise Weyl law after differentiating the
wave kernel and obtain

THEOREM 8.12.

1
. V- = ) 2__ -
859 NoOva)= 3 Ve = o /| ,, E@ e+ Ro(h o),
where R(\, z) = O(\?) uniformly in .

As a corollary one obtains

COROLLARY 8.13. Let (M,g) be a compact C* Riemannian manifold of di-
mension n, and let oy be an L?-normalized eigenfunction of eigenvalue A\2. Then

(8.56) sup [Voa(z)| < CgA ™3
zeM

n+1

Such bounds use that @) is a global eigenfunction of (M,g), i.e. an eigen-
function of the wave group. They are apparently superior to Sobolev estimates or
Bernstein bounds for local eigenfunctions. These bounds can be found in [Z4), [Z3]
in the boundaryless case and in [Xul] for manifolds with boundary.

In [SoZ], a somewhat sharper bound is proved in terms of the L'-norm of ¢,:

LEMMA 8.14. If A > 0 then

n—1

(8.57) IVg@rllzoeary S AT loallnran-

Here, A(M\) < B(\) means that there exists a constant independent of A so that
A(X) < CB(N).

8.5.3. Gradient bound in C°-norm. In this section, we prove the gradient
bound

PROPOSITION 8.15. There ezists a constant C > 0 so that for all ;,

(8.58) sup [Vep;| < CA sup [i;].
M xeM

REMARK 8.16. This proof was suggested by C. Sogge. A different one is pub-
lished in [ShXu].
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PROOF. Choose a Schwartz function p whose Fourier transform is supported
in [—1,1] and which equals one at the origin. Then p(A™1(A —+v/—=A))px = @x. Let
K (z,y) be the Schwartz kernel of this operator. We claim that

(8.59) VEy < OX"P (1 + Xr(z,y) Y,
for all N. Indeed, by (8.3)),

(8.60) Ky(xz,y) = // PN eV @ym et At oy n) dndt
RJT:M
(8.61) = )\/R/ Ny ﬁ(t)eiteiwx’y’")eixlt‘"‘A(x\flt,x,y,n) dndt

(8.62) :)\1+"// pt)eteM@um el A=Yt 2y An) dndt.
R JT:M

Now apply V., which in one term brings down a power of A from the phase and
changes the amplitude to a sum of new amplitudes with the same bounds. The
phase is only stationary in (¢,n) if exp,, t& = n, thus if |n| < r(z,y). If we introduce
a cutoff x g, () to the ball bundle of radius 27(x,y), and break up the integral using
1= xp+ (1 — xB), then repeated integration by parts shows that the (1 — xp) is
convergent and O(A~") for any N. Henceforth we assume that the amplitude A is
supported in |n| < 2r(z,y).

In terms of A, the phase is AY(x,y,n) ~ Az — y,n). One has |V, p(z,y,n)| >
Clz — y| ~ Cr(z,y) on the support of the amplitude. We integrate by parts with
the operator

_ 1
(8.63) L= (|1 +AV,0|?) 1(I+;vn¢~vn).

Using the reproducing formula Le**% = ¢**% and integrating by parts N times gives
(8.64)

Ky(z,y) = )\H"// pt)eitev@ym N (e”lnlA()\_lt,x,yQ\n)) dndt.
RJTr M

To complete the proof it suffices to show that

(8.65) L (AN @y, An) ) £ OO+ Ar(,y) 7,
which follows by induction, using that A only appears in the denominator of L.
This proves (8.59)).

Since
(8.66) IVerlli < Clieallz=sp [ [Er@ )] V().
we have
867 [Veallie < ClloallmA"sup [ (15 X)) aV (o).

z JM

Using geodesic polar coordinates centered at x, the right side is
1
(8.68) c, / (14 Ar)N "= Ldr — Dy, A,
0

Here, Cy,, D, n are independent of A\. This completes the proof. O
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8.6. Tauberian Lemmas

In this section we shall collect the Tauberian lemmas that we need.

The first one is a special case of [Ho3| Lemma 7.5.6]. It is a slight variant of
the one used by Ivrii in his proof of the Duistermaat-Guillemin theorem. It requires
a monotonicity assumption that will only be fulfilled for the “diagonal” terms of
our approximation to Iy yj(z, ).

LEMMA 8.17. Suppose that u is a non-decreasing temperate function satisfying
1(0) = 0 and that v is a function of locally bounded variation such that v(0) = 0.
Suppose also that m > 1 and that ¢ € S(R) is a fized positive function satisfying
JeN)dX =1 and $(t) = 0, t ¢ [-1,1]. If po(\) = 07 lp(N\/o), 0 < 0 < 0y,
assume that for A € R

(8.69) |dv(N)] < (Ao(1+ [A)™ + A (L4 [A)™ 1) dA,

and that

(8.70) [((dp = dv) % o) (M| < B(1+|A) 72

Then

(8.71) (X)) = v(N)] € Cr(Aoo(L+ |AD™ + Aro(1+ [A)™ ' + B),

where Cpy, is a uniform constant depending only on o¢ and our m > 1.

The other lemma that we require allows us to handle the “off-diagonal” terms
in our approximation to Iljy (2, ) where the above monotonicity assumption will
not be valid. A proof can be found in [Sol p. 128].

LEMMA 8.18. Let g(X\) be a piecewise continuous function of R. Assume that
for some m > 1 there is a constants Ag and Ay so that

(8.72) lgA+5) =gV < AL+ AN + A (1+[A)™, 0<s <L
Suppose further that for some fized § > 0
g(t)=0, Jt| <.
Then there is a constant Cy, 5, depending only on m and d, so that
(8.73) lg(N)] < Crs (A1 + [AD™ + Ay (1 + [A)™H).

We also quote a simple asymptotic result using this Tauberian Lemma and
which will be used in In the following, SV for any homogeneous V' C T M
denotes the set of unit vectors in V. For background on Maslov indices, excesses
etc. we refer to [DG) [Ho4] .

LEMMA 8.19. Let A € I°(M x M,A) denote a zeroth order Fourier integral
operator associated to a homogeneous canonical relation A C T*M x T*M, and
assume that A N\ Apspr is a clean intersection. Then

(8.74) > (Ap, ) = imA%/ oadpy + ON =T 1),

P\ SAa

where dug is a canonical density on the intersection A N Apspr, o4 is the symbol
of A, m is the Maslov index, and e = dim A N Aps ;.
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Here are some additional Fourier cosine Tauberian Lemmas from [ST), [SV] We
denote by F the class of real-valued, monotone nondecreasing functions N(\) of
polynomial growth supported on R;. The following Tauberian theorem uses only

the singularity at ¢ = 0 of dN to obtain a one term asymptotic of N(A) as A — oc:

THEOREM 8.20. Let N € Fy and let v € S(R) satisfy the conditions: 1 is
even, Y(A) >0 for all A € R, ¢ € C3°, and ¢¥(0) = 1. Then,

P xdN(A) < AN = |[N(\) = Nx¢(\)] < CANY,
where C' is independent of A, \.

To obtain a two-term asymptotic formula, one needs to take into account the
other singularities of dN. We let ¢ be as above, and also introduce a second test
function v € S with 4 € C§° and with the supp 4 C (0, 00).

THEOREM 8.21. Let N1, Ny € F. and assume:

(1) Nj x(A) = O(X") for j =1,2;
(2) Na2#9p(A) = N1+ (A) +o(A");
(3) v*dN3(A) =~ *xdN1(X\) + o(AY).

Then

(8.75) Ni(A —0(1)) — o(A) < Nao(A) < Ny(A+0(1)) + o(AY).
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CHAPTER 9

Matrix elements

One of the principal techniques for obtaining information on the asymptotics
of eigenfunctions is to study matrix elements

(9.1) pik(A) == (Agj k), (pi(A) := (Agp;, ;) when j = k)
of pseudo-differential operators A € WY(M) with respect to the eigenfunctions.
Since the eigenfunctions are normalized, the linear functionals p;, are bounded
on the space £(#H) of bounded linear operators on the Hilbert space H = L*(M)
equipped with the operator norm topology. In quantum mechanics, the functional
p;(A) is viewed as the ‘expected value of the observable A in the energy state ;
(of energy A?).

When an orthonormal basis of eigenfunctions is fixed, we refer to

(92) (<A@j7@k>)fk:0

as the matrix of A with respect to the orthonormal basis {¢;}. The matrix of
a pseudo-differential operator has special asymptotic properties distinguishing it
from the matrix of a general bounded operator.

When we fix a quantization a — Op(a) of symbols as pseudo-differential oper-
ators, the matrix elements become linear functionals of the symbol and one has a
representation

(9.3) p(Op(a)) = / o, €) AWy

M
of the linear functional as a distribution dWj, on smooth symbols. The distri-
bution is sometimes called the Wigner distribution of (¢;, ¢x) and we follow that
terminology here. When j = k we denote W ;, by W;. In the case of homogeneous
pseudo-differential operators, we can view

(9.4) pi(Op(@) = [ aaw,
SiM

as a distribution on the unit co-sphere bundle (energy surface). In general, we
would like to study the asymptotics of the matrix elements or Wigner distributions
for as large as possible a class of symbols or operators. The Wigner distribution is
(almost) a positive measure and is truly one if Op(a) is defined in a certain way.

If A = 1 is multiplication by the characteristic function of a nice open set
E C M, then

(9.5) p(1p) = /E o512V,

is the “mass” or the probability that the particle represented by ¢; is located in
E. Op(1g) is viewed as the quantization of the characteristic function of a set

181
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E C T*M. Then (Op(1g)y;, ¢;) is the “probability amplitude that the (position,
momentum) of the particle is in E.” We may regard it as the measure of the
microlocal mass of ¢; in E.

9.1. Invariance properties
We now develop the view that p;(A) = (Ag;, ;) is an invariant state on the
C*-algebra WO (M).
A state is a linear functional on W°(M) such that (i) py(A*A4) > 0; (ii) py(I) =
1; (iii) py is continuous in the norm topology. It is the quantum analogue of a
probability measure (a state on C°(S*M)).
An invariant state is a state p so that

(9.6) p(A) = p(aw(A)) = p(U' AU ).

Recall that U* = e”V=2 is the wave group so that Ul = '@y Since [/ | =
1, the probability measure |1 (¢, z)|?d Vol is constant where ¥(t,x) = Uptp(x) is the
evolving state.

If Op(a) € V9(M) and U? is as above then Egorov’s theorem states that
a¢(0p(a)) := U'Op(a)U** € WO(M) and the principal symbol of a;(Op(a)) is
a o G'. Quantitatively,

(9.7) U' Op(a)U"™ = Op(a o G') + R,

where R; is a pseudo-differential operator of order —1.

Global harmonic analysis exploits the long time behavior of the geodesic flow,
e.g., its ergodicity or integrability, to prove results about the high eigenvalue limit of
eigenfunctions. The joint asymptotics ¢ — 0o, A; — oo makes the analysis difficult
and the geodesic flow is only a good approximation to the quantum dynamics when

lt| < Tr(Aj) == rlogAj,

for a certain .

9.2. Proof of Egorov’s theorem

THEOREM 9.1. Let A be a homogenous semiclassical PsiDO on M of order 0
and let U(t) = e7*V =2 Let

At) =U(t)*AU ().
Then A(t) is a PsiDO of order 0 with principal symbol
oaw = (P)*oa:=0400"

Once the theorem is proved for A € TI°(M) it automatically extends to all
A€ U*(M).

PROOF. A(t) = U(—t)AU(t) is the unique solution of the operator ODE,

(9.8) %A(t) =i[V=A,A(t)], A(0) = A.

The goal is to construct a complete symbol

a(t,l‘,g) = aO(tvxvf) + a_l(t,x,f) +oee
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whose quantization A = Op(a) in some quantization Op satisfies an approximate

version of ,

d ~ ~ -
(9.9) %A(t) =i[V-A,A(t)] + R—c A(0)=A+ R_o2,
where R_o.R_oo 2 € ¥7°° Then we show that
A—Ae T,

Let ®* be the Hamiltonian flow of the Hamiltonian vector field X of H(z,¢) :=
€] 4.If we assume that A(t) € WO(M) then its principal symbol would solve the ODE

d
040 = 1,040} = X (0ae)-
This suggests we define
aO(t’ Zz, f) = UA(Gt(‘T7 5))7

Ao(t) = Op(ao(t, z,§)).
Then,
Oilp, Ao (b)) —al (1) =i T—1(t,x,§) € ST
Now construct a_1 (¢, z,£) to solve the inhomogeneous initial value problem,

0
(a - Xp)afl(t7x7£) = _rfl(thvg)u afl(oa $7€> =0.
This an inhomogeneous equation, whose solution is
t

(9.10) a_1(t,z, &) = —/ r_1 0 ®'%ds.

0
If A_1(t) = Op(a_1) then

d

Z[Ao(t) + Ay ()] +ilV=E, Ao + Ai] € ¥

since the symbol of order zero vanishes and the symbol of order —1isr_1 +a_1 —
Xpga_1 = 0. So the leading term is of order —2 and so the complete symbol,
denoted r_5 is of order —2.

Then construct as in the same way so that

0

(5 — Xg)a_s(t,z,§) = —r_a(t,z,8), a—2(0,2,8) =0.

Iterating gives a recursive sequence a_; and an asymptotic sum,
oo
a(taxa§> ~ Zaj(t,x7§)a
§=0

whose quantization satisfies,
i[P,A(t)] — A'(t) = R_oo € U™, A(0) = A(0).

We now verify that A(t) — A is a smoothing operator. Let B(t) = A(t) — A.
Then,

(9.11) %B(t) —i[V=A,B(t)] = R_s, B(0)=0.
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By Duhamel’s formula (Section

(9.12) A(t) — A(t) = B(t) = /O U*(t — $)R_oe(s)U(t — s)ds.

The integral has a smooth kernel by the energy estimates
U(t): H*(M) — H*(M), Vs,t.

This completes the proof of Egorov’s theorem.

9.3. Weak* limit problem

One of the best known problems in semi-classical asymptotics is the following:

PROBLEM 9.2. Determine the set Q of ‘quantum limits’, i.e., weak™ limit points
of the sequence {W}} of Wigner distributions. Equivalently, determine the set of
limit states of {px}.

Let M; denote the compact convex set of Gl-invariant probability measures
for the geodesic flow. The following is all one can say in general:

PRrROPOSITION 9.3. If M is a compact manifold, then Q@ C M. The limits are
time-reversal invariant if the eigenfunctions are real valued.

Any weak* limit of of {px} is an invariant measure for G*, i.e., u(E) = p(G'E).
This is because py is an invariant state for the automorphism

(9.13) pe(UtAUY) = pi(A).

It follows by Egorov’s theorem that any limit of py(A) is a limit of p;(Op(o4 0 G"))
and hence the limit measure is G* invariant.

There are many invariant probability measures and it is difficult to characterize
those which arise as quantum limits. Some examples of invariant measures are:

(1) Normalized Liouville measure dpuy,.

(2) A periodic orbit measure p., defined by p,(A) = i f,y oads where L, is
the length of 4. A finite sum of periodic orbit measures. In this case the
eigenfunctions are sometimes said to ‘scar’ along ~.

(3) A delta-function along an invariant Lagrangian manifold A C S*M. The
associated eigenfunctions are viewed as localizing along A.

(4) A more general measure which is singular with respect to duy,. There are
many examples in the hyperbolic case (see e.g. [Si]).

On a flat torus for instance,
(9.14) Op(a)e' ™ = a(z, N)e @V,

Hence
(915) <Op(a)€1<x,)\>7el<l,)\>> = / a (g;’ |)\|) dzx.

This is Lebesgue measure on the invariant torus & = A/|A|. Every Lebesgue
measure (i.e., on every invariant torus £ = &) arises as a weak* limit. For rational
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tori, eigenvalues are multiple and one may take linear combinations of such expo-
nentials with the same eigenvalue. Some results on the possible weak limits can be
found it [J, HeR1].

9.4. Matrix elements of spherical harmonics

We now study matrix elements with respect to spherical harmonics, in particu-
lar with respect to the standard basis Y}, i.e., (Op(a)Y;™, Y,") as £ — oo, m/{ — c.

The image of T*S? — 0 under the moment map u(z,&) = (po(z,€),[€]) is a
vertical triangular wedge. It is a cone, reflecting that pu(x,r&) = ru(z, ) is homo-
geneous. We can break the homogeneity by taking a base for the cone with |¢| = 1,
i.e. by considering points (z,1). This corresponds to looking at pg: S*S? — R.

Thus, we consider pairs (m;, £;) in the joint spectrum of Dy, A = /—A +1/2—
1/2 whose projection to the base of the cone has a limit (¢, 1).

THEOREM 9.4. Suppose that m;/l; — c. Then

(9.16) (Op(@) Y™, ¥ — / aodz.
nt(e,1)
Thus, the eigenfunctions in this ray localize on the invariant torus pgl (c).
We define U(t,t5) = e/1Pott24) and note that it is a unitary representation
of the 2-torus 72 on L?(S?). Further

(9'17) <Op(a)yémvyém> = <U(t1’t2)* Op(a)U(t17t2>Y€m7YZm>'

Indeed, the eigenvalues cancel out. Average this formula over T2. We note that

/ U(tl, tg)* Op(a)U(tl, tg) dtldtg
T2

(9.18) (A) -

commutes with both Dy and A. Indeed, the commutator with A gives % under
the integral sign, and the integral of this derivative equals zero.

But Dy, A have a simple joint spectrum: the dimension of the joint eigenspace
equals one. Hence, any operator which commutes with them is a function of them.

Thus,
(9.19) (A) = F(Dy, A).

The function F' must be homogeneous of degree zero. Also, the right side is a YDO
whose symbol is

(9.20) (ao) : /T ao(G(,€)) iyt

It follows first that
(9.21) (Op(a)Y,", Y{") = ((Op(a))Y;™,Y/[") = F(m, k).

Secondly, as (m;, ¢;) — oo with m;/¢; — ¢, we have
(9.22) (Op(a)Y;", V™) = Flm;, ;) — Fle,1).
But also, the limit is the integral of ag against an invariant measure. The principal
symbol of F' is {ag), which is a function on the image of the moment map. Its value
at (c,1) is by definition fufl(c ) @odz, concluding the proof.

Let us take the ‘symbol’ of the pair A, L3. The symbol of A is the metric norm
function |¢| while that of Lz is the so-called Clairaut integral py(z,&) = (£, %).
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The pair (pg, |£]) is called the moment map of the completely integrable geodesic
flow of S2. By the Schwartz inequality, |pg(x,&)| < \%| < 1 when [¢| = 1. Hence
the image of T*S5? under the moment map is a triangular cone in R? with vertex at
0 with central axis the y-axis and with sides y = 4z in the usual x — y coordinates.
Compare this to the image of T*T? under the moment map (£1,&;) which is the
whole plane.

But it is of intrinsic interest to understand lower bounds on LP norms as well
as upper bounds. At least in the quantum integrable case, there are lower bounds
showing that some sequences of eigenfunctions must have power law growth of L?
norms, reflecting the singularities of projections of Lagrangian submanifolds to the
base. As mentioned in the introduction, it is proved in [JZ] that

PROPOSITION 9.5. Ewvery invariant measure for the geodesic flow arises as a
weak™* limit for a sequence of eigenfunctions on the standard S>.

SKETCH. It suffices to show that every finite sum of delta functions on closed
geodesics arises as a quantum limit. Such measures arise by taking linear combi-
nations of the associated Gaussian beams Yf. (]

However, one may hope to constrain the possible limits when the geodesic flow
is sufficiently chaotic. To do so, one needs to find properties of Wigner measures
which are special and which are preserved to some degree in the semi-classical
limit. For the remainder of this section, we consider what kinds of properties of
eigenfunctions are measured by matrix elements. We also consider matrix elements
with respect to more general kinds of operators.

9.5. Quantum ergodicity and mixing of eigenfunctions

In this section, we assume that the geodesic flow of (M, g) is ergodic. Ergodicity
of G means that Liouville measure dyy, is an ergodic measure for G* on S*M, i.e.
an extreme point of M;. Equivalently, any G®-invariant set has Liouville measure
zero or one. Ergodicity is a spectral property of the operator VIf(() = f(G*(())
on L2(S*M,dur), namely that V! has 1 as an eigenvalue of multiplicity one, i.e.
only invariant L? functions (with respect to Liouville measure) are the constant
functions.

In this case, there is a general result which originated in the work of A.IL
Schnirelman and was developed into the following theorem by S. Zelditch, Y. Colin
de Verdiére on manifolds without boundary and by P. Gérard-E. Leichtnam and S.
Zelditch-M. Zworski on manifolds with boundary.

The first result is the following Variance Theorem:

THEOREM 9.6. Let (M,g) be a compact Riemannian manifold (possibly with
boundary), and let {\;,p;} be the spectral data of its Laplacian —A. Then the
geodesic flow Gt is ergodic on (S*M,duyr) if and only if, for every A € WO(M), we
have:

(1) limxsoo 7(xy 2on,<a [(As 05) —w(A)? = 0.
(ii) For all e > 0 there exists § > 0 such that

. 1
(9.23) lim sup Oy Z (Apj, o1)] <e.
A—00 G#k: A, A <A
[Aj—Ag| <8
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The diagonal result may be interpreted as a variance result for the local Weyl
law. Since all the terms are positive, the asymptotic is equivalent to the existence
of a s subsequence {p;, } of eigenfunctions whose indices ji have counting density
one for which (Ayj, , ;) — w(A) for any A € WO(M). As above, such a sequence
of eigenfunctions is called ergodic. One can sharpen the results by averaging over
eigenvalues in the shorter interval [A, A + 1] rather than in [0, A].

The off-diagonal statement was proved in [Z3] and the fact that its proof can
be reversed to prove the converse direction was observed by Sunada in [Su]. A
generalization to finite area hyperbolic surfaces is in [Z2].

The first statement (i) is essentially a convexity result. It remains true if one
replaces the square by any convex function F' on the spectrum of A:

(9.24) ﬁ 3 FlAgu o) — () 0.

The basic QE (quantum ergodicity) theorem is the following:

THEOREM 9.7. Let (M,g) be a compact Riemannian manifold (possibly with
boundary), and let {\;,p;} be the spectral data of its Laplacian —A. Then, if the
geodesic flow G is ergodic on (S*M,duy), there exists a subsequence S of density
one, D*(S) =1 such that

lim <A(pJ, (pJ> — W(A)

Jj—00,jES
for all A € WO(M).

Density one means that ﬁ#{j A <A jeS—Tlas A — oo

9.5.1. Quantum ergodicity in terms of operator time and space aver-
ages. The diagonal variance asymptotics may be interpreted as a relation between
operator time and space averages.

Let A € U0 be an observable and define its time average to be:

(9.25) (A) := lim (A)r,
T—o00

where

1 /T
9.26 Ay = — U'AU'dt
(9.26) ()= 55 .,
Further define its space average to be scalar operator
(9.27) w(A)-I.

Then Theorem (i) is (almost) equivalent to
(9.28)  (A) =w(A)[ + K where lim w)\(K"K) = lim Tr (H[O,,\]K*K) ~0.

Thus, the time average equals the space average plus a term K which is semi-
classically small in the sense that its Hilbert-Schmidt norm square || E)K ||g in the
span of the eigenfunctions of eigenvalue < A is o(N())).

This is not exactly equivalent to Theorem (i) since it is independent of the
choice of orthonormal basis, while the previous result depends on the choice of basis.
However, when all eigenvalues have multiplicity one, then the two are equivalent.
To see the equivalence, note that (A) commutes with v/—A and hence is diagonal
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in the basis {¢;} of joint eigenfunctions of (A) and of U;. Hence K is the diagonal
matrix with entries (Agg, ¢r) — w(A). The condition is therefore equivalent to

1

—— > {Apk, o) — w(A)* = 0.

(9.29) lim
E—oco N(E) N<E

9.5.2. Heuristic proof of Theorem (i). There is a simple picture of
eigenfunction states which makes Theorem seem obvious. Justifying the picture
is more difficult than the formal proof below but the reader may find it illuminating
and convincing.

We introduce some language from quantum statistical mechanics and C* al-
gebras. By a state on W?(M) (or more precisely, its norm completion) is meant a
bounded iinear functional p : ¥°(M) — R satisfying:

e p(I)=1;
o p(A*A) > 0;

We further define the automorphisms oy : W0 — U0 by oy (A) = UTtAUL. A
state p is called an invariant state if p(c(A)) = p(A). The set of invariant states
is denoted &g. It is a compact convex state. The Liouville state is denoted by
w(A) = foadur.

One may re-formulate the ergodicity of G* as a property of the Liouville measure
duyr: ergodicity is equivalent to the statement duy is an extreme point of the
compact convex set M of Gl-invariant probability measures. Moreover, it implies
that the Liouville state w on W°(M) is an extreme point of the compact convex set
Er of invariant states for ay(A) = UTAU?; see [Ru] for background. But the local
Weyl law says that w is also the limit of the convex combination ﬁ > \<E P
An extreme point cannot be written as a convex combination of other states unless
all the states in the combination are equal to it. In our case, w is only a limit
of convex combinations so it need not (and does not) equal each term. However,
almost all terms in the sequence must tend to w, and that is equivalent to (i).

One could make this argument rigorous by considering whether Liouville mea-
sure is an exposed point of & and Mj. Namely, is there a linear functional A
which is equal to zero at w and is < 0 everywhere else on &£;7 If so, the fact that
ﬁ ZMSE A(pj) — 0 implies that A(p;) — 0 for a subsequence of density one.
For one gets an obvious contradiction if A(p;,) < — < 0 for some € > 0 and a
subsequence of positive density. But then p;, — w since w is the unique state with
A(p) = 0.

In [Je€] it is proved that Liouville measure (or any ergodic measure) is exposed
in Mj. It is stated in the following form: For any ergodic invariant probability
measure (i, there exists a continuous function f on S*M so that p is the unique
f-maximizing measure in the sense that

(9.30) /fdu:sup{/fdm:mej\/lf}.

To complete the proof, one would need to show that the extreme point w is exposed
in &7 for the C*-algebra defined by the norm-closure of W9 (M).
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9.5.3. Proof of Theorem We now sketch the proof of Theorem [9.7] .
By time averaging, we have

(9.31) > {Agk, on) —w(A)? = > (A — w(A)er, o).

A, <E A <E

We then apply the Schwartz inequality to get:
Yoo, <5 (A1 —w@) ek, o) < Ty <p(({(A)r — w(A)) 0k, ox)
(9.32) = Tr(Hp[(A)r — w(A)]*1lE)

=t wp([(A)r —w(4)?).

Above, I is the spectral projection for H corresponding to the interval [0, E].
By the local Weyl law, wp — w. Hence,

5 3 () — (AP < /{H_1}|<0A>T—w<A>2duL.

>\<E

E—>oo N

As T — oo the right side approaches ¢(0) by the L? von Neumann mean ergodic
theorem. Since the left hand side is independent of T, this implies that

1 ,
Elgnoo N(E) )\;E [{(Apg, pr) —w(A)|” = 0.

d

It is useful to note that the same result is true if F(x) = 2?2 is replaced by
any convex function. The generalization to convex functions is useful in obtaining
rates of quantum ergodicity [Z4), [Schull, [Schu2, [AR12]. The rates were used to
improve Various results on nodal sets and LP norms on balls of shrinking radius
r(A) = for certain v > 0 in [Han15, [HeR2].

(log)\
By time averaging, we have
(9.33) > F((Agr, o) —w(A) = > F({{A)r — w(A)pk, or))-
A, <E ), <E

We then apply the Peierls-Bogoliubov inequality

n

> F((Bgj,¢;)) < Tr F(B)

with B = HE[<A>T — w(A)]HE to get:
(9.34) > F(((A)r — w(A)pr, k) < Tr F(IIg[{A)r — w(A)|TIg).

A, <E

Above, I is the spectral projection for H corresponding to the interval [0, E].
By the Berezin inequality (if F'(0) = 0):
1
N(E)

1
TI"F(HE[<A>T - W(A)]HE) < W

= we(p((A)r —w(4))).

TrlpF([(A)r —w(A))Eg
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As long as F' is smooth, F({A)r — w(A)) is a pseudodifferential operator of order
zero with principal symbol F({c4)7 — w(A)). By the assumption that wg — w we
get

1

Jim_ 7 AJESjEF<<A¢k,¢k> —w(4)) < /{ oy Flloa)r — ()i

As T — oo the right side approaches ¢(0) by the dominated convergence theorem
and by Birkhoff’s ergodic theorem. Since the left hand side is independent of T,
this implies that

. 1
Elgnoo ﬁ )\;EF(<A<PI€7<PI€> —w(A4))=0

for any smooth convex F' on Spec(A) with F(0) = 0. O

9.5.4. Proof of Theorem The proof is an application of Chebychev’s
inequality and a diagonal argument to the variance result of Theorem The
variances can be taken over unit width intervals [A, A 4+ 1] using a slightly stronger
local Weyl law. We omit the proof.

First we show that for any A € WO(M) there is a density one subsequence
S4 such that (Ag;, @) — w(A). For fixed A, we put a probability measure Py
on {j : Aj <€ [A, A+ 1]} by ﬁZj:Aje[A,AH] dx;- Denote the expected value
by Ey and define the random variable Xy on {j : A; € [\, A+ 1]} by X\(j) =
|(Ap;, p;) —w(A)|*. Then,

ExXa= Y [{Agj.¢;) —w(A)]? = (V).
F: A EPAFL]
By the variance Theorem ,e(A) > 0as A — oo. Let
L) = {5+ 4 € WA+ [(Aps,05) —w(A)F = eV}, AQ) = {5: A < ANT).
By Chebyshev’s inequality,

2
Py(Ty) < EE((;)) —c(\)
Then,
Py(AN) = 1 i‘f((j)) >1- ().

We then dissect Ry into intervals [N, N + 1] and let Ay = A(X) with A = N. We
then define Ay, by Aco N[N, N +1] = Ay N[N, N +1].

The sets T'(A), A(A\) depend on A. We now use a diagonalization argument to
obtain a subsequence of density one which works for all A.

Since WY(M) is separable, there exists a countable dense subset {4;} of the
unit ball of U9, For each j, let S; C N be a density one subsequence S4 such that
(Apk, pr) = w(A) (with k € Sa) for A;. We may assume S; C S;11. Then choose
Nj; so that

1 .
N#{kESj:ng}ZlfQﬂ for N > Nj .
Let So be the subsequence defined by
Soo N [va Nj+1] =8N [Nj’ Nj+1]-
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Then S is of density one and

lim  pu(A) = w(A)

k—00,k€ESe0

for all A € ¥°, since it holds for the set {A;} and since {4;} is dense in the unit
ball.

9.5.5. Sketch of Proof of Theorem (i) for general convex func-
tions. We now sketch the proof of (9.24). Let IIg be the spectral projection
corresponding to the interval [0, F]. By time averaging, we have

(9.35) Z F({Apr, pr) —w(A4)) = Z F({{(A)r — w(A)ek, ¢k))-

N\ <E \<E

We then apply the Peierls—Bogoliubov inequality

n

(9.36) > F((Bgjr ) < Tr F(B)

with B =TIg[(A)r — w(A)]Ilg to get

(9.37) > F({{A)r — w(A)pr, @) < Tr F(IIg[(A)r — w(A)|E).
N <E

By the Berezin inequality (if F/(0) = 0),

(9.38) ﬁ T F(ITp[(A)7 — w(A)|Tp) < ﬁﬂ e F([{A)r — w(A))Tg
(9.39) = wr(p((A)r —w(4))).

As long as F is smooth, F({A)r — w(A)) is a pseudodifferential operator of order
zero with principal symbol F({o4)r — w(A)). By the assumption that wg — w we
get

040)  fim s 3 F(ldr o) —w(d)) < | Pl = e

E— _
= N <E {H=1}

As T' — oo the right side approaches ¢(0) by the dominated convergence theorem
and by Birkhoff’s ergodic theorem. Since the left hand side is independent of T,
this implies that

(9.41) Jim_ 7 3 FllAgi o) —w(4)) =0
A <E

for any smooth convex F' on spec(A4) with F(0) = 0, completing the proof.

This proof can only be used directly for scalar Laplacians on manifolds with-
out boundary, but it still works as a template in more involved situations. For
instance, on manifolds with boundary, conjugation by the wave group is not a true
automorphism of the observable algebra. In quantum ergodic restriction theorems,
the appropriate conjugation is an endomorphism but not an automorphism. When
A has continuous spectrum (as in finite area hyperbolic surfaces), one must adapt
the proof to states which are not L?-normalized [Z2].
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9.5.6. QUE in terms of time and space averages. The quantum unique
ergodicity problem (the term is due to Rudnick-Sarnak [RS]) is the following:

PROBLEM 9.8. Suppose the geodesic flow G* of (M, g) is ergodic on S*M. Is
the operator K in the time-average

(9.42) (A) := Tlim (A)yr =w(4)+ K
— 00
a compact operator? Equivalently is Q = {dur}?

If K is compact, or equivalently @ = {dur}, then v/—A is said to be quan-
tum uniquely ergodic (QUE). Compactness of K implies that (Ko, i) — 0,
hence (Agk, pr) — w(A) along the entire sequence. Rudnick-Sarnak [RS] conjec-
tured that Laplacians of negatively curved manifolds are QUE, i.e., that for any
orthonormal basis of eigenfunctions, the Liouville measure is the only quantum
limit.

9.5.7. Converse QE. So far we have not mentioned Theorem (ii). An
interesting open problem is the extent to which (ii) is actually necessary for the
equivalence to classical ergodicity.

PRrROBLEM 9.9. Suppose that v/—A is quantum ergodic in the sense that The-
orem (i) holds. What are the properties of the geodesic flow G*. Is it ergodic
(in the generic case)?

In the larger class of Schrodinger operators, there is a simple example of a
Hamiltonian system which is quantum ergodic but not classically ergodic, namely,
a Schrodinger operator with a symmetric double well potential W. That is, W
is a W shaped potential with two wells and a Zs symmetry exchanging the wells.
The low energy levels consist of two connected components interchanged by the
symmetry, and hence the classical Hamiltonian flow is not ergodic. However, all
eigenfunctions of the Schrédinger operator — j—; +W are either even or odd and thus
have the same mass in both wells. It is easy to see that the quantum Hamiltonian
is quantum ergodic.

Recently, B. Gutkin |[G] has given a two dimensional example of a domain
with boundary which is quantum ergodic but not classically ergodic and which is
a two dimensional analogue of a double well potential. The domain is a so-called
hippodrome (race-track) stadium. Similarly to the double well potential, there are
two invariant sets interchanged by a Zs symmetry. They correspond to the two
orientations with which the race could occur. Hence the classical billiard flow on
the domain is not ergodic. After dividing by the Z? symmetry the hippodrome has
ergodic billiards, hence by Theorem the quotient domain is quantum ergodic.
But the The eigenfunctions are again either even or odd. Hence the hippodrome is
quantum ergodic but not classically ergodic.

Little is known about converse quantum ergodicity in the absence of symmetry.
It is known that if there exists an open set in S* M filled by periodic orbits, then the
Laplacian cannot be quantum ergodic (see [MIOZ] for recent results and references).
But it is not even known at this time whether KAM systems, which have Cantor-
like invariant sets of positive measure, are not quantum ergodic. It is known that
there exist a positive proportion of approximate eigenfunctions (quasimodes) which
localize on the invariant tori, but it has not been proved that a positive proportion
of actual eigenfunctions have this localization property.
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9.5.8. Quantum weak mixing. There are parallel results on quantizations
of weak-mixing geodesic flows. We recall that the geodesic flow of (M, g) is weak
mixing if the operator V? has purely continuous spectrum on the orthogonal com-
plement of the constant functions in L?(S*M, dur). The following is proved in
[Z2]:

THEOREM 9.10. The geodesic flow Gt of (M, g) is weak mizing if and only if the
conditions (i) and (i) of Theorem hold and additionally, for any A € WO (M)
and any € > 0, there exists 6 > 0 such that

(9.43) lim sup . Z |(Ap;, o1)|* < e forall T € R.
Ao N(A) Gk AR <A
|>\J — Ak —T|<(S
The restriction j # k is of course redundant unless 7 = 0, in which case the
statement coincides with quantum ergodicity. This result follows from the general
asymptotic formula, valid for any compact Riemannian manifold (M, g), that

1 sinT(\ — X\ — 1)
4 —— D [(Api, ) —
,\i,,\jng
1 j[T () * |sinTr 2 (4)?
~ || = e oA — w .
or | . , Tr

In the case of weak-mixing geodesic flows, the right hand side approaches 0 as
T — oo. As with diagonal sums, the sharper result is true where one averages over
the short intervals [A, A + 1].

Theorem is based on expressing the spectral measures of the geodesic flow
in terms of matrix elements. The main limit formula is

T+e
. 1

(9.45) / dptg, = Jim s > (A, 0012,

_ —oo N(N\)

T—€ 4,70 <A A=A —T|<e
where dp,, is the spectral measure for the geodesic flow corresponding to the
principal symbol of A, 04 € C®(S*M,dur). Recall that the spectral measure of
V't corresponding to f € L? is the measure du ¢ defined by

(9.46) (VEF, P oe(san :/Rei” dpig (7).

9.5.9. Evolution of Lagrangian states. In this section, we briefly review
results on evolution of Lagrangian states and coherent states. We follow in partic-
ular the article of R. Schubert [Sc3].

A simple Lagrangian or WKB state has the form vp,(z) = a(h, z)e75®) where
a(h,x) is a semi-classical symbol a ~ 372 #/a;(z). The phase S generates the
Lagrangian submanifold (x,dS(z)) C T*M.

It is proved in [Sc3], Theorem 1] that if G* is Anosov and if A is transversal to the
stable foliation W* (except on a set of codimension one), then there exists C,7 > 0
so that for every smooth density on A and every smooth function a € C*(S*M),
the Lagrangian state ¢ with symbol o, satisfies,
W avt) = [ oudus [ JouP

S M A

(9.47) < Chetl 4 ce™7,
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In order that the right side tends to zero in the joint limit 7z — 0,t — oo, it is
necessary and sufficient that

]_ —
(9.48) t< T€| log .

9.5.10. Open problems on quantum ergodicity. As a test of how much
is known about quantum ergodicity, we offer the following open problems. In each,
the motivating case is where the geodesic flow is ergodic or that the eigenfunctions
are ergodic.

(1) Suppose that @3 — 1 in the weak* sense on C(M). Prove that o;, does
not tend to 1 in the strong sense. For instance show that lim infy_, || go?k —
1||L1 > 0.

(2) Similarly show that liminfj_, |\)\j12|Vgpjk |2 =1z > 0.

(3) Are the measures > uniformly integrable? Show that [|¢;, [|» — oo at
least along a density one subsequence for each p > 2.

(4) Does there exist 6 > 0 so that ||¢j,||r2 > 07 This is false for Gaussian
beams but might occur in the ergodic case. Find a good lower bound.

(5) Is there a subsequence of density one so that |, 5 cp?k dav — % for every
Borel set? Here |E]| is its Liouville measure. This is true by the Portman-
teau theorem if OF has Liouville measure zero. For each Borel set there
does exist a subsequence of density one with this property, but L is not
separable and one cannot use a diagonalization argument to find a density
one subsequence.

(6) In weak* limit formulae one holds the set fixed. But for quantum ergodic
eigenfunctions one might expect the ‘mean values’ to dominate. Does
exist a constant C' so that

(9.49) / fe5, dV — / fdv?
I‘pjk e M
Note that if ¢(\) — 0o as A — oo, then
(9.50) / fe3 dV — 0.
l©j, 12e(X,)

(7) Suppose that the eigenfunctions of A, are quantum ergodic in the sense
that diagonal matrix elements tend to their means. What can be con-
cluded about the dynamics of the geodesic flow?

9.6. Hassell’s scarring result for stadia

This section is an exposition of Hassell’s scarring result for the Bunimovich
stadium. We follow [Hal and [Z1].

A stadium is a domain X = RUW C R? which is formed by a rectangle
R = [—a,a]; x [-5,08], and where W = W_g U Wg are half-discs of radius £
attached at either end. We fix the height 8 = 7/2 and let o = ¢t with ¢ € [1,2].
The resulting stadium of rectangular width ¢8 is denoted Xj.

It has long been suspected that there exist exceptional sequences of eigenfunc-
tions of X which have a singular concentration on the set of “bouncing ball” orbits
of R. These are the vertical orbits in the central rectangle that repeatedly bounce
orthogonally against the flat part of the boundary. The unit tangent vectors to
the orbits define an invariant Lagrangian submanifold with boundary A C S*X.
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It is easy to construct approximate eigenfunctions which concentrate microlocally
on this Lagrangian submanifold. Namely, let x(z) be a smooth cutoff supported in
the central rectangle and form v,, = x(z)sinny. Then for any pseudo-differential
operator A properly supported in X,

(9.51) (Avy, vp) %/andV
A

where dv is the unique normalized invariant measure on A.

Numerical studies suggested that there also existed genuine eigenfunctions with
the same limit. Recently, A. Hassell has proved this to be correct for almost all
stadia.

THEOREM 9.11. Let X; be the stadium of rectangular width t3. Then the
Laplacian on Xy is not QUE for almost every t € [1,2].

We now sketch the proof and develop related ideas on quantum unique ergod-
icity. The main idea is that the existence of the scarring bouncing ball quasimodes
implies that either

e There exist actual modes with a similar scarring property; or
e The spectrum has exceptional clustering around the bouncing ball quasi-

eigenvalues n2.

Hassell then proves that the second alternative cannot occur for most stadia. We
now explain the ideas in more detail.

We first recall that a quasimode {1/} is a sequence of L?-normalized functions
which solve

(9.52) (A = i)l 2 = O(1),

for a sequence of quasi-eigenvalues ﬂi. By the spectral theorem it follows that
there must exist true eigenvalues in the interval [u7 — K, uj + K] for some K > 0.
Moreover, if IZI[M%, K2 +K] denotes the spectral projection for —A corresponding
to this interval, then

7 -1
(9.53) Mgz — ke g2+ k)6 — il = O(K ).
To maintain consistency with our use of frequencies uj rather than energies ,uz,

we rephrase this in terms of the projection H[Ni*K7Mi+K] for v/—A in the interval

(V12 — K,\/u? + K]. For fixed K, this latter interval has width %
Given a quasimode {1y}, the question arises of how many true eigenfunctions
it takes to build the quasimode up to a small error.

DEFINITION 9.12. We say that a quasimode {9} of order 0 with |[¢g| L2 =1
has n(k) essential frequencies if
n(k)
(9.54) = crioi + e, lmellze = o(1).
j=1
To be a quasimode of order zero, the frequencies A; of the ¢; must come from
an interval [py — %, i+ l%] Hence the number of essential frequencies is bounded

above by the number n(k) < N(k, %) of eigenvalues in the interval. Weyl’s law
for v/=A allows considerable clustering and only gives N(k, %) = o(k) in the
case where periodic orbits have measure zero. For instance, the quasi-eigenvalue
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might be a true eigenvalue with multiplicity saturating the Weyl bound. But a
typical interval has a uniformly bounded number of A-eigenvalues in dimension 2 or
equivalently a frequency interval of with O(ﬁ) has a uniformly bounded number of
frequencies. The dichotomy above reflects the dichotomy as to whether exceptional
clustering of eigenvalues occurs around the quasi-eigenvalues n? of A or whether

there is a uniform bound on N(k, ).

PROPOSITION 9.13. If there exists a quasimode {1y} of order O for A with the
properties:
e (i) n(k) < C for all k;
o (i) (A¢y,hr) = [g.py oadp where dp # dpy,
then A is not QUE.

The proof is based on the following lemma pertaining to near off-diagonal
Wigner distributions. It gives an “everywhere” version of the off-diagonal part

of Theorem (ii).

LEMMA 9.14. Suppose that G* is ergodic and A is QUE. Suppose that {(N;., \;,.), ir #
Jr} is a sequence of pairs of eigenvalues of /—A such that \;, —\;, — 0 asr — oo.
Then dWir,jr — 0.

PROOF. Let {\;, A\;} be any sequence of pairs with the gap A\; —A; — 0. Then
by Egorov’s theorem, any weak* limit dv of the sequence {dW; ;} is a measure
invariant under the geodesic flow. The weak limit is defined by the property that

(9.55) (A" Api, ;) —>/ |oal? dv.
S*M

If the eigenfunctions are real, then dv is a real (signed) measure.
We now observe that any such weak* limit must be a constant multiple of
Liouville measure duy,. Indeed, we first have:

(9-56) (A" Api, ;)| < (A* Ay, i) V2 (A" Ay, 05) |12

Taking the limit along the sequence of pairs, we obtain

/ loa|? dv S/ loal? dpur.
S*M S*M

It follows that dv < duy, (absolutely continuous). But dyy, is an ergodic measure,
so if dv = fdur is an invariant measure with f € L'(dur), then f is constant.
Thus,

(9.57)

(9.58) dv = Cduy, for some constant C.

We now observe that C' = 0 if ¢; L ¢; (i.e., if ¢ # j). This follows if we
substitute A = I in (9.55)), use orthogonality and apply (9.58]). O

We now complete the proof of the proposition by arguing by contradiction. The
frequencies must come from a shrinking frequency interval, so the hypothesis of the
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Proposition is satisfied. If A were QUE, we would have in the notation of (9.54):

n(k)
(9.59) (A, ) = ) erjeri{Api, ;) + o(1)
ij=1
n(k) n(k)
(9.60) = Z (A, ) + Z crjcri{Api, i) +o(1)
i=1 i#i=1
(9.61) = / oadur + o(1),
S*M

by Proposition This contradicts (ii). In the last line we used Z’P(kl) |leji|? =

1+ o(1), since |[¢)g||L2 = 1. This completes the proof of Proposition

9.6.1. Proof of Hassell’s scarring result. We apply and develop this rea-
soning in the case of the stadium. The quasi-eigenvalues of the Bunimovich stadium
corresponding to bouncing ball quasimodes are n? independently of the diameter ¢
of the inner rectangle.

By the above, it suffices to show that that there exists a sequence n; — oo
and a constant M (independent of j) so that there exist < M eigenvalues of A in
[n3 — K,n?+ K]. An somewhat different argument is given in [Hal in this case: For

each n; there exists a normalized eigenfunction ug; so that (ukj,vk].) > 1/%M It

suffices to choose the eigenfunction with eigenvalue in the interval with the largest
component in the direction of vg,. There exists one since

- 3
(962) ||H[n27K,n2+K]Un|| > i

The sequence {uy, } cannot be Liouville distributed. Indeed, for any e > 0, let
A be a self-adjoint semi-classical pseudo-differential operator properly supported
in the rectangle so that 04 < 1 and so that ||(Id — A)v,|| < ¢ for large enough n.

Then
(9.63)

2
<A2ukj7ukj> = ”Auk]‘ ”2 > |<Aukjvvkj>|

(9.64) = |(ux,, Avi,)|> > (ux,, vr,)| —€)° > ( %Mfsf.

Choose a sequence of operators A such that ||(Id —A)v,| — 0 and so that the
support of o4 shrinks to the set of bouncing ball covectors. Then the mass of any
quantum limit of {uy, } must have mass > 2M on A.

Thus, the main point is to eliminate the possibility of exceptional clustering
of eigenvalues around the quasi-eigenvalues. In fact, no reason is known why no
exceptional clustering should occur. Hassell’s idea is that it can however only
occur for a measure zero set of diameters of the inner rectangle. The proof is
based on Hadamard’s variational formula for the variation of Dirichlet or Neumann
eigenvalues under a variation of a domain. In the case at hand, the stadium is varied
by horizontally (but not vertically) expanding the inner rectangle. In the simplest
case of Dirichlet boundary conditions, the eigenvalues are forced to decrease as the
rectangle is expanded. The QUE hypothesis forces them to decrease at a uniform
rate. But then they can only rarely cluster at the fixed quasi-eigenvalues n2. If this
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ever happened, the cluster would move left of n? and there would not be time for
a new cluster to arrive.

Here is a more detailed sketch. Under the variation of X; with infinitesimal
variation vector field p;, Hadamard’s variational formula in the case of Dirichlet
boundary conditions gives

(9.65) dE; (1) _ /8 ) Dua (1)(3))? s,

dt

where as above p; is the variation of the boundary. Let u® denote the Cauchy data

of u: u® = u|sx, in the case of Neumann boundary conditions, resp. u® = 9,|sx,
in the case of Dirichlet boundary conditions. Then
d
-1 _ YRV
(9.66) E; %Ej(t) =— /axt pe(s)uj(s)” ds.
Let A(t) be the area of S;. By Weyl’s law, E;(t) ~ cﬁ. Since the area of X,
E;

grows linearly, we have on average E’j ~—=C i Theorem[9.7|gives the asymptotics
individually for almost all eigenvalues. Let

fi(t) = /BX Pt(S)|U§(t;s)|2ds.

Then E’j = —FE;f;. Then Theorem [9.7| implies that \ug’ 2 ﬁ weakly on the
boundary along a subsequence of density one. QUE is the hypothesis that this
occurs for the entire sequence, i.e.,

k
fi(t) = A >0, k:= /as,, pi(s)ds.

Hence, ]
E .
== —kA®#)(1+0(1)), j— oo

Hence there is a lower bound to the velocity with which eigenvalues decrease as
A(t) increases. Eigenvalues can therefore not concentrate in the fixed quasimode
intervals [n? — K,n? + K] for all t. But then there are only a bounded number of
eigenvalues in this interval; so Proposition implies QUE for the other X;. A
more detailed analysis shows that QUE holds for almost all ¢.

9.7. Appendix on Duhamel’s formula

Suppose that S(t) is the solution operator for the initial value problem

Wy + AW =0,
Uuon)=9e

Then the solution of the inhomogeneous problem
Wy + WU = F,
W(0)=2a

is given by

(9.67) W(t)=5S(t)® + /t S(t — s)F(s)ds.
0
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Now consider the inhomogeneous initial value problem for the wave equation:

Uty — Ay = f(il',t),
(9.68) {u($70) = (), u(x,0) =v(x).

PROPOSITION 9.15. In the case of R3, the solution is

06 e =g [ o)+ Ve )+ )] ),
|
(9.70) + /0 P /3 B(mytis)f(y,s) dS(y)ds.

ProOF. Convert this to a first order system:

O-E 00
0. ()
=) 1= §) =) - (0)

Apply Duhamel’s formula to complete the proof. ([

(9.71)

Let






[AR12]
[G]
[Han15]
[Ha
[HeR1]
[HeR2]
&
[Je]

[MOZ)

[RS]
[Ru]
[Schul]
[Schu?]
[Sc3]
[Si]
[Su]
(21]
(22]
(23]

(24]

Bibliography

N. Anantharaman and G. Riviere, Dispersion and controllability for the Schrdinger
equation on negatively curved manifolds. Anal. PDE 5 (2012), no. 2, 313-338.

B. Gutkin, Note on converse quantum ergodicity. Proc. Amer. Math. Soc. 137 (2009),
no. 8, 2795-2800.

X. Han, Small scale equidistribution of random eigenbases. Comm. Math. Phys. 349
(2017), no. 1, 425-440.

A. Hassell, Ergodic billiards that are not quantum unique ergodic, Appendix by A.
Hassell and L. Hillairet, Ann. of Math. (2) 171 (2010), no. 1, 605-619 (arXiv:0807.0666).
H. Hezari and G. Riviere, Quantitative equidistribution properties of toral eigenfunc-
tions, J. Spectr. Theory 7 (2017), no. 2, 471-485 (arXiv:1503.02794).

H. Hezari and G. Riviere, Lp norms, nodal sets, and quantum ergodicity. Adv. Math.
290 (2016), 938-966.

D. Jakobson, Quantum limits on flat tori. Ann. of Math. (2) 145 (1997), no. 2, 235-266.
D. Jakobson and D. Zelditch, Classical limits of eigenfunctions for some completely
integrable systems. Emerging applications of number theory (Minneapolis, MN, 1996),
329-354, IMA Vol. Math. Appl., 109, Springer, New York, 1999.

O. Jenkinson, Every ergodic measure is uniquely maximizing, Disc. Cont. Dyn. Syst.
16 (2006).

J. Marklof, S. O’Keefe, Weyl’s law and quantum ergodicity for maps with divided
phase space. With an appendix ”Converse quantum ergodicity” by Steve Zelditch.
Nonlinearity 18 (2005), no. 1, 277-304.

Z. Rudnick and P. Sarnak, The behaviour of eigenstates of arithmetic hyperbolic man-
ifolds. Comm. Math. Phys. 161 (1994), no. 1, 195-213.

D. Ruelle, Statistical mechanics: Rigorous results. W. A. Benjamin, Inc., New York-
Amsterdam 1969.

R. Schubert, On the rate of quantum ergodicity for quantised maps. Ann. Henri
Poincaré 9 (2008), no. 8, 1455-1477

R. Schubert, Upper bounds on the rate of quantum ergodicity. Ann. Henri Poincaré 7
(2006), no. 6, 1085-1098.

R. Schubert, Semiclassical behaviour of expectation values in time evolved Lagrangian
states for large times. Comm. Math. Phys. 256 (2005), no. 1, 239-254.

K. Sigmund. On the space of invariant measures for hyperbolic flows, Amer. J.Math.
94 (1972), 31-37.

T. Sunada, Quantum ergodicity. Progress in inverse spectral geometry, 175-196, Trends
Math., Birkhauser, Basel, 1997.

S. Zelditch, Note on quantum unique ergodicity, Proc. Amer. Math. Soc. 132 (2004),
no. 6, 1869-1872.

S. Zelditch, Mean Lindel6f hypothesis and equidistribution of cusp forms and Eisenstein
series. J. Funct. Anal. 97 (1991), no. 1, 1-49.

S. Zelditch, Quantum transition amplitudes for ergodic and for completely integrable
systems. J. Funct. Anal. 94 (1990), no. 2, 415-436.

S. Zelditch, On the rate of quantum ergodicity. I. Upper bounds. Comm. Math. Phys.
160 (1994), no. 1, 81-92.

201






CHAPTER 10

LP norms

This is the first of several sections devoted to the growth as A — oo of LP norms
of L2-normalized eigenfunctions

(10.1) — Agor(z) = Npy\(2), =€ M.

As seen earlier, most estimates of eigenfunctions involve quadratic functionals such
as matrix elements (Apy, py). The LP norm

(10.2) lorllor = ( / mwclV)
M

of an L?-normalized eigenfunction is a more ‘nonlinear’ measure of its concentra-
tion. We are interested in both upper and lower bounds on L? norms, in identifying
extremal sequences and in comparisons of extremals for different Riemannian man-
ifolds (M, g).

We denote eigenspaces by

(10.3) Vi = {p: Ap = -0},
and measure the upper growth rate of LP norms by
(10.4) LP(X, ) = sup  [l]lze-

weVr: lell2=1

Although there exist few if any results in the opposite extreme on “flat eigenfunc-
tions,” we could also consider

(10.5) (N g) = ellze-

inf
PEVA: ol 2=
Recall IIjg 5j = I is the spectral projection for v/—A to the interval [0, ] and
X = I\ a41 is the projection for eigenvalues A; € [A, A + 1].
As mentioned in the introduction (for surfaces), C. Sogge [Sol] has proved
universal bounds on LP norms of eigenfunctions in the sense that they hold for any
compact Riemannian manifold (M, g) with O-bounds dependent only on g:

THEOREM 10.1. For any compact Riemannian manifold (M, g) of dimension
n, we have

(106) sup 212 _ o33 2 < p < o,
peVx ||<)0||L2

where

n(3 -1 -3 for 2 = p, <p< o,
(10.7) o(p) = n—=1/1 1 2(n+1)
g3 Jor2<p< =T

203



204 10. L¥ NORMS

The growth of L? norms thus has two ‘phases’ which meet at the critical index
— 2(nt1)

nT n-1 -
DEFINITION 10.2. Given (M, g) we say that a subsequence {¢;, } of L?-normalized

eigenfunctions is an extremal sequence if ||¢j,||r = Q(A?ip)). We say that (M, g)

has maximal LP eigenfunction growth if it possesses an extremal sequence.

Above, Q is the lower bound symbol, i.e., f(A) = Q(g(})) if there exists a
constant C' > 0 so that f(\;,) > Cg(}\;,) for some subsequence Aj,. Since the
constant C' is not specified, an extremal sequence is only extremal in terms of
order of magnitude in A;,. In some cases, there is a natural candidate for the
‘best constant’ C' = Cy depending on g. As will be reviewed below, the extremal
(optimal) sequences which saturate the inequality have different shapes above and
below p, and at p = p,, there exist a wide variety of extremal shapes.

Two problems motivate this section; only the first problem has been partially
solved.

PrOBLEM 10.3.
e Characterize (M, g) with maximal L* eigenfunction growth. The same

sequence of eigenfunctions should saturate all LP norms with p > p, :=
2(n+1)
n—1 -
e Characterize (M, g) with maximal LP eigenfunction growth for 2 < p <
2(n+1)
n—1 -
Although the problems seem well out of reach at present, we also mention two
related extremal problems:

e Characterize (M, g) possessing an orthonormal basis of eigenfunctions for
which |l¢;|lz: > C > 0. There are related extremal problems for maximal
vanishing order or for nodal volumes in balls. By Holder’s inequality, an
upper bound on the L* norm (say) gives a lower bound on the L' norms,
since

1 1 1 -2
108) 1=l < lealulealls 0= -2 (5 0) = 22

e Characterize (M,g) possessing an orthonormal basis of eigenfunctions
which are uniformly bounded in L* (or another L? norm for p > 2).
It is an open problem to find geometric or dynamical conditions on (M, g)
so that it has an orthonormal basis of eigenfunctions, or even one or-
thonormal sequence of eigenfunctions, with uniformly bounded L°° norms
(I0TD).

e It is also interesting to study minimizers of norms, and this problem arises
(more often in the holomorphic context) in the theory of Abrikosov lat-
tices. There are almost no results on ¢P(\,g) or on flat eigenfunctions
except in the completely integrable case [TZ].

The main themes examined in this section are the following:

e There is a ‘phase transition’ at p = p, = 2(::1). As a rough heuristic,

high LP norms measure concentration around single points. Low LP norms
measure concentration around larger sets such as closed geodesics.

2(n+1) . .
e The Sogge bounds for p > =-—5 are achieved by sequences of eigenfunc-

tions on the round sphere S™. But they are rarely sharp on other (M, g)
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(§10.4I. Extremal sequences for the functional L?(),g) for p > 2nsl)

| n—1
resemble zonal spherical harmonics: they blow up at a ‘pole’ with the

property that geodesics from the pole return to the pole.
e Forp < %, the known extremal sequences resembles a highest weight
spherical harmonic — a Gaussian beam along a stable elliptic geodesic. It

is a conjecture that all extremal sequences are of this kind.

One may pose the same problems for restrictions of eigenfunctions to hyper-
surfaces or closed geodesics. It is revealing to determine the structure of extremals
for the various LP inequalities.

10.1. Discrete Restriction theorems

The L? bounds on eigenfunctions are applications of ‘discrete L? restriction
theorems,” which are discussed in detail in [So2l §5.1]. We briefly review discrete
restriction theorems, both in the classical setting of Euclidean harmonic analysis on
R™ or T™ and on general Riemannian manifolds. Let IIj 5 denote the orthogonal
projection onto the span of eigenfunctions ¢; with A\; < A. Also let Let II[\ x4q)
denote the orthogonal projection onto the span of eigenfunctions ¢; with A < \; <
A+ 1. A stronger result than , due to Sogge, is the following.

THEOREM 10.4. Let (M, g) be a compact Riemannian manifold of dimension
n and let f € LP(M). Let §(p) be as in (10.7)). Then

CX@|fll,  for1<p< 2t

n+3
10.9 I <
( ) H [O,A]fHLz(M) > C)\(n714)£27p) for 2(::_31) < » <o
Dually,
CND|flly for HHH < g < o0,
(10'10) ”H[)\,/\-‘rl]f”Lq(M) < (n=1)(2—¢") 2(n+1)
C\ 4o for2 <q< 2202
n—1
The bounds (10.1)) of course follow from the special case f = px.
As mentioned above, the estimates for p > p, = % are sharp for the

standard round metric on S™ and also for ‘surfaces of revolution,’” but as we discuss

below, they are rarely sharp in the general setting of Riemannian manifolds (M, g).

In particular the estimates are far from sharp on a flat torus or on Euclidean R".
In the case of R", the Stein-Tomas theorem [Toml| says that if f € LP(R™)

: 2n+2
with 1 <p< 7?+3 , then

(10.11) 1Flsn-tllzz(sn-1) < Conll Il gen)-

The spectrum of Ag» on R” is continuous and f(€) = (f, e¢) where eg = 2746 So
this restriction theorem is a special case of the problem of estimating »; [(f, ¢;) |2
for A; in a very short window. Eigenspaces for Ar» are infinite dimensional, so
the restriction to a single eigenspace {|¢|? = 1} is an interesting problem. A dual
‘extension’ problem (by the Plancherel theorem) is to study norms of Fourier trans-
forms fi(€) = [gu_: e 2mHB8) 1 (€) of measures p supported on S”~!, for instance
measures duy = Fdo where do is the standard volume form and F' € LP. The
extension estimate has the form

—

(10.12) [(Fdo)ll Lo < CIF| Lo (gn-1)-
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See [Tao| for a survey.
In the case of the flat torus R™/Z™, there are many studies of LP norms of the
eigenfunctions

(10.13) VNa(T) = Z ae?mitk)
keSn—1(N)NZ"
of eigenvalue N2 in terms of ||q||z2 = ||al|sz. Here, S"~1(IN) is the sphere of radius

N € Z, . The restriction conjecture is that, for p > p,, := 2%

n—27
(10.14) lonallLr@ny < CeN*2
and that for 2 < p < p,,

(10.15) len.allLe(rny < CeNe|lae.

“rlalle

This discrete (lattice) restriction theorem has been studied intensively since [B2].
For recent results we refer to [BD]. These results of course make fundamental use
of the properties of the exponentials e2™*(5%) The discrete lattice point restriction
theorem could be stated for more general quantum integrable systems besides the
flat torus, but the joint eigenfunctions do not satisfy the same bounds and one
would not expect the same estimates.

10.2. Random spherical harmonics and extremal spherical harmonics

In this section we compute critical LP? norms of extremal spherical harmonics
to verify that they are extremal.

10.2.1. Zonal spherical harmonics. The zonal spherical harmonic with
pole at w is the L?-normalized spectral projections kernels Z%(z) = AxEw) \When

VN (w,w)
z=w, Z¥(w) = \/IIy(w,w). Note that Iy (w,w) is constant on S™ with value

equal to Sgﬁgﬂf") where Vi is the space of spherical harmonics of degree N and

My : L?(S™) — Vi is the orthogonal projection. Since dim Vi ~ N"~! one has
n—1
@3]~ ~ ON*F.

10.2.2. Highest weight spherical harmonics on S™ saturate the L?
norm bounds for p < p,. Let us prove that for n = 2 (and p,, = 6), the sequence
of L?-normalized highest weight spherical harmonics has L® norm growing like k.

We first have to L2- normalize the highest weight spherical harmonics (z+iy)".
We claim that [|(z+iy)*||12(s2) ~ k~1/4. This is most easily proved using Gaussian
integrals:

(10.16)
/ (.%2 + y2)kef(m2+y2+z2) dedydz = ”(1, + iy)k”QL?(S?)/ T2k67T2r2 dr
R3 0

/ (22 +y2)ke*(12+92+22)dzdydz :/
R3

(z* + yQ)ke’(””Qﬂ‘Q) = /OO r2ke=""p dr
R? 0
(10.17)

T(k+1)

A RLIECANY S VS
I'(k+3)

= [l(z +iy)* |72 (g2) =
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Thus, the L? normalized highest weight harmonic is essentially k'/*(x 4 iy)*. Tt
achieves its L> norm at (1,0,0) where it has size k'/%.

Next we show that it is an extremal for L? for 2 < p < 6. We calculate the LS
norm again by Gaussian integrals:

(10.18)
/ (z% + yz)gkef(ﬁ*yazg) dzdydz = ||(z + iy)kH%e(SZ) / ke 12 dy
RS 0

/ ($2+y2)3k67(952+y2+z2) dxdydz:/ (1,2+y2)3k67(12+y2) dxdy:/ ’I"er*rz
R3

R2 0
(10.19)
D6k+1) iy

= |l(z + i) " |9 (g2) = Tkt 3) "~ k
2

Hence, the LS norm of k'/4(x + iy)* is of order
(10.20) e e

Since A, ~ k* and §(6) = § in dimension 2, we see that it is an extremal.

REMARK 10.5. If we pick a ‘random spherical harmonic’ of degree k from the
unit sphere in L? N H}, then the average value of the L> norm is ~ y/logk and
the average of the other LP norms are bounded as k — oco. See [CH] for a proof
(related to one in in the complex domain). Thus, random spherical harmonics
are rather flat but do have peaks of order y/log k. It is not known if there exists an
orthonormal basis of spherical harmonics with uniformly bounded L°° norms.

10.3. Sketch of proof of the Sogge LP estimates

We sketch the proof of the Sogge estimates following [So2]. The estimates are

proved by interpolation from three estimates: p = 2, oo, % (for n # 1). The L?
estimate is of course trivial. The L* estimate already followed from the pointwise

local Weyl law with remainder estimated by the Fourier Tauberian method. Thus
. . 2(n+1) . .
the key point is to prove an L? — L™ »-T mapping norm estimate on the spectral

projections x := II[x x41). To obtain L? — LP mapping norms of oscillatory inte-
gral operators which are bounded on L? — L2, it suffices by the Riesz interpolation
theorem to prove the case for &Note that p} < 2. The constant d(p}) has not been
defined for such pj.

. 2(n+1 2 2
(10.21) Py = % the dual exponent to p, = :jl :

Thus, the key point is to prove that

(10.22) M nsn fllzoe < OO+ X355 2,
or equivalently,

‘ 5(pk) 1 1 1
(10.23) M a1y flle < CL+ )P fllps s 5(p) = n\; - 5\ -5
&

We only sketch the proof when f = ¢, is an eigenfunction. In this case, the
proof involves wave equation techniques. Instead of using a spectral projections
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kernel, which reproduces all eigenfunctions in a spectral interval, we use a “designer
reproducing kernel K,” for ¢j.

We introduce a cutoff p € C§°(R) satisfying p(0) = [ pdt = 1 and define the
operator

(10.24) p(A —V=A): L*(M) — L*(M)

by

(10.25) pA—V=A)f = / pt)e™ e VA f qt.
R

Then is a function of A and has ¢, as an eigenfunction with eigenvalue
p(A = A) = p(0) = 1. Tt has the reproducing property p(A — v—=A)py = ¢x.
We choose p further so that p(t) = 0 for ¢ ¢ [¢/2,¢]. The operator is a
semi-classical Fourier integral operator T whose kernel is of the form

(10.26) K (z,y) = AT ax(z,y)e @),

where ay(z,y) is bounded with bounded derivatives in (x,y) and where r(z,y)
is the Riemannian distance between points. Using a 7T argument the estimate

(10.22) is equivalent to
" _n(n—1)
(10.27) ITNTgllon < CA™ 73T || f]] o -

Except for the pre-factor )\"T_l, the oscillatory integral operator ([10.26)) is a
semi-classical Fourier integral operator

(10.28) Taf(x) = / e @ a(x,y) f(y) dy,

where a € C§°(R™ x R™). The mapping norms of such operators on LP have
been studied by Carleson-Sjolin, Hérmander [Horl], Stein [St), [St], Sogge [So2],
Bourgain [B1] and others. The simplest case occurs for non-degenerate phases like
Y(z,y) = (z,y) for which det §%¢)/0xdy # 0. In this case then ||Tx || o for < AP
by an extension of the Hausdorff-Young inequality [Hor1].

However, the phase of is degenerate in the sense that z — Vr(x,y)
locally maps an n-dimensional ball to the surface of a sphere. Thus, r(z,y) satisfies
the homogeneous Monge-Ampere equation det 8§’yr(x,y) = 0. However, it is still
quite non-degenerate in that the gradient map has rank n — 1 and its image is a
positively curved hypersurface. In the terminology of [So2, §2.2], T, with kernel
is said to satisfy the n x n Carleson-Sjolin condition, namely that the the
projections of the critical set

(10.29) Cy = {(z, ¢}y, —¥))} CT*(R" x T"R")
to T*R™ have rank 2n — 1 and the maps
(10.30) Cyp = Sp = {(z,¢,} CT*R", Cy — S, ={(y,—¢,} CT'R"

are immersions to hypersurfaces of positive Gaussian curvature. Corollary 2.2.3 of
[So2| says that for a € C§°(R™ x R™), and for such n x n Carleson-Sjolin phases,

/ M@ oz, y) fy) dy

n(n—1)

(10.31) ‘ < A7 2 MFlle2n)

2n+42
L =1 (Rn)

The representation is local and the estimate holds on manifolds.
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The original Carleson-Sjolin oscillatory integral operators in [So2l §2.2] have
the form

(10.32) Ty f(z) = / AV a(z ) () dy,  (2y) € R” x R™!
Rn—1

with a € C§°(R™ x R"~!) and where for fixed z, the projection of the critical set
(10.33)  T*(R" x T"R"™") D Cyp = {(2,¢%,y, —9)} = Sz = {(2,9.} CT'R"

is a hypersurface of positive Gaussian curvature. Equivalently, the map y —
¢ (20,y) from R"™1 — R™ gives a local embedding as a positively curved hyper-
surface for each zy. For operators satisfying these conditions, [So2l (2.2.9)] asserts
that

n

_n(n—-1)
(10.34) ”T)\fHL%( < O\ 2nF2 ||fHL2(Rn—1),

R")
and by (2.2.10) (loc.cit.) this is equivalent to (10.27).

A few words on the proof of (10.27)) and (10.34). The estima for
n x n Carleson-Sjolin integral operators follows from the estimate (10.34). One
introduces coordinates y = (u, t) so that for fixed ¢ the phase satisfies the Carleson-
Sjolin condition and applies together with standard estimates (see the proof
of [So2, Corollary 2.2.3]). Regarding the proof of , since the rank of the
Hessian of r(x,y) is n — 1, the idea is to split off a t variable so that the mixed
Hessian is non-degenerate in the remaining (z,y) variables. One then defines the
operators

@) = [ ey dy

The proof of (10.34]) uses the 1-dimensional Hardy-Littlewood-Sobolev inequality
to reduce the estimate to

n(n—1)

. 1-(E—-L), -
(10.35) NTATY* Fll o oy < Clt — ) 55 7o) A= 1F 1l ot (-1

This is [So2] (2.2.10%)]. But this follows by interpolation between L? — L? and
L' — L>™ mapping norm estimates. Of these, only the second is difficult. It uses
the curvature hypothesis to prove that the Schwartz kernel of TAT)* satisfies

-1

KX (@,2))] < C (A|(z,t) — (@, ) 2
This implies that

-1

* _n—1 _n—1
[T fllpoe a1y S CA™ 2 [t = |77 || fllpamn-1).-
This implies (10.35); for the details we refer again to [So2].

10.4. Maximal eigenfunction growth

The bounds of Theorem are achieved by special sequences of eigenfunctions
(spherical harmonics) on the standard S™. However, it is rare that a Riemannian
manifold possesses any sequence of eigenfunctions achieving these bounds. In this
section, we give geometric conditions on (M, g) which are necessary for the universal
L bound or the Sogge L? bounds for p > p,, to be achieved. Thus we are concerned
with a special case of extremal sequences in Definition [10.2)
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DEFINITION 10.6. We say that (M, g) has maximal LP eigenfunction growth
if it possesses a subsequence of eigenfunctions O, which saturates the LP bound.

When p = oo (so that [l¢x; |1 > C’o)\g:_l)/2 for some Cy > 0 depending only on
(M, g)) we say that it has maximal sup norm growth.

The condition that (M, g) does not have maximal sup norm growth is that

n—1
(10.36) loallzosary = o(A7=).

There is a stronger condition on the L? — L> norm of projection operators onto
shrinking spectral bounds, i.e.,

(10.37) Xt A+o(1) HL2(M)—>L°°(M) =o(A" 7).

By this we mean that, given € > 0, we can find a §(¢) > 0 and A, < oo so that

n—1
(10.38) Ixpars@) fllean < e [[fllzean. A > A

In a series of articles [SoZ1l, [SoTZ, [SoZ2]|, ever more stringent characteriza-
tions are given of (M, g) with maximal eigenfunction growth. In [SoZ1], it was
shown that (M, g) of maximal L eigenfunction growth for p > p,, have self-focal
points. (They were also called blow-down points). The main purpose of this section
is to give an exposition of the proof in [SoZ3), [SoZ4] that (M, g) of maximal sup
norm growth must possess self-focal points, and that when g is analytic the first
return map must preserve an invariant L' measure. When dim M = 2 it must
possess a pole through which all the geodesics are closed.

The proof is somewhat different from that in [SoZ3l, [SoZ4] and we go further
into the geometry of loops. Several purely geometric problems are raised on the
possible structure of loops at a point p of a Riemannian manifold (M,g) with
dim M > 3. Solution of these problems would lead to stronger characterizations of
manifolds of maximal eigenfunction ‘.

10.4.1. Geometric and dynamical notions. Given x € M, we let £, de-
note the set of loop directions at x:

(10.39) L, ={& € S;M: there exists T such that exp, T¢ = z}.
We let T, : SEM — Ry U {oo} denote the return time function to x:

inf{t >0: exp, téE =z} iffeLl,,
(10.40) T,() = { pptf=a} iflels
400 if no such ¢ exists.

We then define the first return map by
(10.41) O, =GT=. £, — SIM,

where G* is the homogeneous geodesic flow (the Hamilton flow of [¢],). We also
define T™)(€) to be the time of kth return for directions which loop back at least
k times.

DEFINITION 10.7. We call a point p a self-focal point or blow-down point if all
geodesics leaving p loop back to p at a common time T, i.e., exp, T = p. (They
do not have to be closed geodesics.) We call a point p a partial self-focal point if
there exists a positive measure in S M of directions ¢ which loop back to p.
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Self-focal points come in two basic kinds, depending on the first return map
®,. We say that x is a pole if

O, =1d, : STM — S:M.

Equivalently, the set CL, of smoothly closed geodesics based at x is all of S} M.

The poles of a surface of revolution are self-focal and all geodesics close up
smoothly (i.e. are closed geodesics). The umbilic points of an ellipsoid are self-focal
but only two directions give smoothly closed geodesics (one up to time reversal).
There are topological restrictions on manifolds possessing a self-focal point. In
[Bes| a manifold with such a point is denoted a F;° (or Y,”-)-manifold; if ¢ is
the least common return time for all loops it is denoted by Lj°. If (M,g) has a
focal point xo from which all geodesics are simple (non-intersecting) loops, then
the integral cohomology ring H*(M,Z) is generated by one element [Nak]. For an
F;° manifold, H*(M,Q) has a single generator [Bes, Theorem 4]. Most results on
manifolds with self-focal points consider only the special case of Zoll metrics; see
[Bes]| for classic results.

LEMMA 10.8. Assume that (M,g) is real analytic and that x is a self-focal
point. Then the map ®,: S;M — S;M is a real analytic orientation preserving
diffeomorphism of SiM which is conjugate to its inverse.

PROOF. ®, is the restriction to S*M of a real analytic diffeomorphism G7(®)
of S*M. Hence it is a real analytic diffeomorphism.

Now let 7(z,&) = (z,—¢) be the time reversal map on S*M. Then on all of
S*M, we have TG!T = G~!. To see this, let Zy be the Hamilton vector field of
H(z,§) = |€]g. Then HoT = H, ie. H is time reversal invariant. We claim that
Tyog = —Z=pg. Written in Darboux coordinates,

2y OH 2 _0H 8
—H 5 afj 8$j 8.’17]‘ 65]

If we let (2,£) — (z,—€) and use invariance of the Hamiltonian we see that the
vector field changes sign.

Now, G~! is the Hamilton flow of —=p and that is 7.2x. But the Hamilton
flow of the latter is TG'7. Since S*M is invariant under 7, so we just restrict the
identity 7G'T = G~ to S M to see that @, is conjugate to its inverse. O

10.4.2. The Lagrangian submanifold A, at a self-focal point. Associ-
ated to a self-focal point z is the flowout manifold

(10.42) A= |J G'SiM,
0<t<e
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where ¢ is the minimal common return time. It is an immersed Lagrangian sub-
manifold of S*M whose projection

(10.43) m: Ay — M.

has a “blow-down singularity” at ¢ = 0,¢. For this reason self-focal points were
called blow-down points in [SoTZ]. We may view A,, as the embedding of the
mapping cylinder C, of &, i.e., as

(10.44) C, = S;M x[0,0]/ ~ where (§,0) ~ (Pg(z,£),0).
It is easily seen that the map
t(6t) = GY@,8): Co = Ay C S;M

is a Lagrange immersion whose image is A, C S;M. If ¢ is the minimal period
of all loops (i.e., if there are no exceptionally short loops) then ¢.[s«x(0,¢) is an
embedding [SoTZ].

It is helpful to keep in mind the following general theorem of Serre (see [NR]
for quantitative results and background):

THEOREM 10.9. Let x,y be two (not necessarily distinct) points of a Riemann-
ian manifold (M, g). Then there exist infinitely many geodesics between x and y.

COROLLARY 10.10. Let w: T*M — M be the natural projection. If x is a
self-focal point, then w: A, — M is surjective.

Thus,
M = A,/ ~ where G'(z,£) ~ G*(z,m) <= exp, t£ = exp, sn.

For instance, on a surface of revolution where the distance between the two poles
{z,exp, TE} is T, exp, TE = exp, T for all £, € SEM and 7 is the standard map
from T2 — S? which blows down two circles to the two poles, and is a double cover
everywhere else. Since A, ~ S'x S"~1 existence of A, puts topological restrictions
on M [Bes]|.

The singularities of have been studied in model cases in a variety of
articles. For small values of ¢, the projection of G'S¥, is a distance sphere S;(z)
centered at . As it evolves by its outward unit normal field, it develops singularities
at the focal points to x. The blow-down singularities of a surface of revolution are
very non-generic. Cusp singularities develop generically as a distance circle evolves
by its normals in two dimensions.

10.4.3. Perron-Frobenius operators. In this section we consider ergodic
properties of the first return map ®,. Recall that pu, = |dw| denotes the sur-
face area measure on SiM induced by the metric g, on T*M. We associate to
the first return map at a self-focal point the Perron-Frobenius operator
Uy: L2(S:M, |dw|) — L?(S:M, |dw|) by setting (cf. [Saf, [SaV])

(10.45) Unf(€) = [(@(E)VI(€), [ € L*(S; M, |dwl),

where J,(€) denotes the Jacobian of the first return map, i.e., ®*|dw| = J,(§)|dw]..
Clearly U, is a unitary operator and

(10.46) 3 (f dps) = Us(f) dpts.
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Also define
(10.47) Us(W)f(&) = eAT=OU, 7 (8).

DEFINITION 10.11. We say that a self-focal point zg € M is

e dissipative if U, has no invariant function f € L?(S:M). Equivalently, ®,
has no invariant measure absolutely continuous with respect to du, and
whose density lies in L2.

e is a oy point if U,, has a non-zero invariant L? function. As discussed
in [D], it is equivalent that there exists a finite @, -invariant measure on
Sy M.

e is a dissipative point if, in the Hopf decomposition of ®,, or Us,, the set
of conservative points has measure zero. In this case, the spectrum of Uy,
is absolutely continuous; hence a dissipative point is never a o point.

The dissipative condition is a spectral condition on U,. If U, has any L>
eigenfunction g then U,g = ¢?g form some ¢ € L? and then U,|g| = |U.g| = |g]-
Hence the dissipative condition is the condition that the spectrum of U, is purely
continuous. For this reason, one might prefer the term ‘weak mixing’; but that
might create the wrong impression that ®, is weak mixing with respect to some
given invariant measure. The term ‘dissipative’ refers to the Hopf decomposition
of ®, on S*M into conservative and dissipative parts [KIJ.

DEFINITION 10.12. Let (X, 1) be a measure space and let T: L*(X) — L'(X)
be a positive contraction, i.e., f > 0 implies Tf > 0 and || f|| < ||f]|. Let u € L'(X)
satisfy u(z) > 0 a.e. Then X = C U D where

(10.48) C{x:iTku(x)oo}, D{x: iTku(x)<oo}.
n=0

n=0

T is called completely dissipative if C' = ().

In the case of a triaxial ellipsoid E C R3, the first return map @, is a totally
dissipative expanding map of the circle with two fixed points, one a source and one
a sink. It has invariant J-measures at the fixed points and an infinite locally L'
invariant measure on each component of the complement.

In the case of C'™° metrics, we can only prove existence of a partial blow-down
point. In this case we define (as in [Safl, [SaV]) the positive partially unitary
operator (the Perron-Frobenius operator, compare )

(10.49)
Vet I2(L du]) 5 L3(S5 del), U SIE) = {f (@O, <L
0, £¢ Ly
Here, as above, J, is the Jacobian of the map ®,. We have
(10.50) ker U, = {f € L*(S:M): supp f N ®,(L,) = 0},
(10.51) ImageU, = {f € L*(S:M) : supp f C L,}.

Note that U, (10.45) is a positive contraction and U, () (10.47)) is a contraction

which is not positive. The following Proposition exemplifies the difference between
a conservative and dissipative first return map.
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PROPOSITION 10.13. Suppose that ®, is completely dissipative. Let U, () be
as defined in (10.47) and let f = 1. Then

F(\ ) /ZU (A)F1 |de|

Lo =1
s uniformly continuous in .

PROOF. By definition of ‘dissipative’ (Definition [10.12)), the sum is absolutely
convergent. We want to show that for all § there exists & such that |F(A +¢) —
F(X\)| <6 for any A. The difference is

/ (1 _ete Ej?:sz(@gg)) oA Z?=1Tz(‘i’if)7[]§1d§
kez\o Y £
and it is obviously bounded by
> / - eigZ?Jw@’i@‘ U, (A\)F1] de.
kEZ\O

Since there is a positive minimal first return time 7 we have Zk T, (®ig) >
ETp. Since |1 — k| < § if |k| < ¢ 2 the latter sum is bounded for any € > 0 by

(10.52)
52/ U, (VR ds + ) /U()fq de<Co+ ) / U (A1 de.
0£k |/ Es k|8 VL 0k 1V La
kl<2 o |k|>2
Given § we now choose ¢ so that
> | [ ol ae<ca
E R
which is clearly possible since the left side tends to zero as € — 0. O

10.4.4. Statement of results. Recall Definition [10.6| of maximal eigenfunc-
tion growth. In [SoZ1] the following is proved:

THEOREM 10.14. Suppose (M, g) is a C*° Riemannian manifold with mazimal
etgenfunction sup-norm growth. Then there must exist a point x € M for which the
loopset L., at x has positive measure in S;iM in S*M

The theorem, as well as the results of [SoZ1), [SoTZ]|, are proved by studying
the remainder term R(A,x) in the pointwise Weyl law,

(10.53) N\ zx) = Z lp;()]? = CouA™ + R(\, ).
FEBVES

The first term Ny (\) = C,, A™ is called the Weyl term. It is classical that the
remainder is of one lower order, R(\,z) = O(A™~1).

The relevance of the remainder to maximal eigenfunction growth is through
the following well-known Lemma (see e.g. [SoZ1]):

LEmMA 10.15. Fizxz € M. If)\ € spec(v—A), then

(10.54) sup () =vVR(\z) — RO\ —0,z).
PEVA H@Hz
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Here, for a right continuous function f(x) we denote by f(x 4+ 0) — f(x —0) the
jump of [ at x.

Thus, Theorem [10.14] follows from:

THEOREM 10.16. Let R(\,x) denote the remainder for the local Weyl law at
x. Then

(10.55) R\, x) = o(A"™1) if L] = 0.

Additionally, if |L| = 0, then given € > 0, there is a neighborhood N of x and a
A < 00, both depending on € so that

(10.56) IR y)| <ed™™, yeN, A>A.

Theorem is not sharp: on a tri-axial ellipsoid (three distinct axes), the
umbilic points are self-focal points. But the eigenfunctions which maximize the
sup-norm only have L° norms of order A / log )\ An improvement is given in
[SoT7Z], and more recently in [SoZ3|, Sogge and the author have further improved
the result in the case of real analytic (M, g). In this case |£,| > 0 implies that
L, = 53 M and the geometry simplifies.

THEOREM 10.17. Suppose that (M, g) is a compact real analytic manifold with-
out boundary with mazimal eigenfunction sup-norm growth. Then (M, g) possesses
a self-focal point p whose first return map ®, is conservative, i.e., has an invariant
measure in the class of |dw| on SEM.

In two dimensions, we can give a rather definitive result [SoZ4]:

THEOREM 10.18. Let (M, g) be a compact real analytic compact surface without
boundary with mazimal eigenfunction sup-norm growth, then (M,g) possesses a
pole, i.e., a point p so that every geodesic starting at p returns to p at time 27T, as
a smoothly closed geodesic.

Thus, (M, g) is a Cng—manifold in the terminology of [Bes|, Definition 7.7(e)].
It follows by combining Theorem [10.17| with the following simple dynamical result.

LEMMA 10.19. Let (S?,g) be a two-dimensional real analytic Riemannian sur-
face. Suppose that p € S? is a self-focal point and that the first return map
D, S;S2 — 5;52 preserves a probability measure which is in LI(S;S2). Then
<I>12, 1s the identity map, and in particular all geodesics through p are smoothly closed
with the common period 2T,.

10.4.5. Open problems.

e The only known examples of maximal eigenfunction growth in dimension
2 are surfaces of revolution. Although every point of a Zoll surface is a
pole, it is doubtful that many have maximal eigenfunction growth. Must
s real analytic Riemannian surface with maximal eigenfunction growth be
a surface of revolution?

e In higher dimensions, does maximal eigenfunction growth imply existence
of poles?

11t does not appear that a proof of this result has appeared in the literature.
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e In the real analytic case, the Lagrangian submanifold A, exists.
The existence proof does not relate it directly to the sequence of maximally
growing eigenfunctions. Must they be ‘quasi-modes’ associated to A,
i.e., do they microlocally concentrate on A,? Do the microlocal defect
measures of the sequence charge A,?

By taking linear combinations of zonal spherical harmonics with different poles,
it is easy to see that that without a more quantitative condition on the L*° growth
one cannot conclude that the sequence has a unique microlocal limit or that it
is concentrated on a single A,. If there exists a self-focal point p with a smooth
invariant function, then one can construct a quasi-mode of order zero concentrated
on A,.

PROPOSITION 10.20. Suppose that (M,g) has a point p which is a self-focal
point whose first return map @, at the return time T is the identity map of Sy M.
Then there exists a quasi-mode of order zero associated to the sequence {%Tk +
g: k=1,2,3,...} that concentrates microlocally on A, (10.42]).

Above, 8 is the common Morse index of the periodic orbits of periodic T'. The
‘symbol’ is the smooth invariant density on the flow-out A,. Theorem is
valid for quasi-modes as well as eigenfunctions. Indeed, most microlocal methods
cannot distinguish modes and quasi-modes. It is not clear how the quasi-modes of
Proposition [10.20] are related to the extremal sequence of eigenfunctions.

In this chapter we give a proof of a weaker version Theorem [10.17] which is
more ‘geometric’ than the one in [SoZ3J.

THEOREM 10.21. Suppose that (M, g) is a compact real analytic manifold with-
out boundary with mazimal eigenfunction growth. Suppose further that the set TL
of twisted self-focal points is finite. Then there must exist a conservative self-focal
point, i.e., (M,g) possesses a self-focal point p whose first return map ®, is con-
servative, i.e., has an invariant measure in the class of |dw| on SEM.

We prove this weaker version because there are no known examples of (M, g)
in dimensions > 3 which have twisted self-focal points and no known examples
in any dimension where there are infinitely many self-focal points. Hence, the
technical steps necessary to deal with such points may turn out to be vacuous. The
assumption is only used to simplify some uniformity issues in remainder estimates.

10.5. Geometry of loops and return maps.

In this section we make some further remarks and conjectures on loops that
are studied further in [Z].

Let p, = |dw| be the standard surface area on S}M induced by the metric g,.
We summarize the following geometric notions.

DEFINITION 10.22. If (M, g) is C*°, we say that x € M

e is an £ point (x € L) if puy(Ly) > 0. That is, there exists a positive
measure of closed loops at x. In the real analytic setting, this implies
L, =7"1(x) =~ S:M. We call a point such that £, = S M ‘self-focal’.

e is a CL point (z € CL) if p,{& € L,: P,(§) = &} > 0. These are points
where there exists a positive measure of smoothly closed loops. In the
real analytic setting, it means that all geodesics emanating from z are
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smoothly closed geodesic loops so that &, = Id. Such a point is called a
‘pole,” by analogy with a pole of a surface of revolution.

e is a twisted self-focal point if x is self-focal but ®, # Idﬂ We write that «
isa TL point (z € TL) if u(Ly) > 0but p,{€ € Ly: () =&} =0, and
denote the set of such points by TL. Later we give a more quantitative
‘twistedness’ condition.

e zpis a TLy point (x € TLy) if x € TL and if T(z,§) < T for all
¢ € m1(x). We denote the set of such points by 7 Lr.

The notion of ‘twisted’ will be discussed further in

CONJECTURE 10.23. If (M, g) is real analytic, and CL = (J, then T L7 is a finite
set.

The motivation is that there do not seem to exist any examples with an infinite
number of twisted self-focal points.

We think of this question as the possible ‘rigidity’ of self-focal points. On
a sphere (or any Zoll surface), every point is a CL point, so non-twisted self-focal
points can be ‘moved around’. On the other hand, the umbilic points of an ellipsoid
are isolated T L points. Must such points always be isolated, e.g. finite in number?
At this time of writing, we cannot exclude the possibility, even in the real analytic
setting, that there are an infinite number of 7L points with twisted return maps.
We let £ denote the closure of the set of self-focal points. At this time of writing,
we do not know even how to exclude that £ = M, i.e. that the set of self-focal
points is dense.

This may also be seen in terms of the Lagrangian submanifolds A, . If
is a smooth curve of self-focal points (in the real analytic case), then one has a curve
of G*-invariant Lagrangian submanifolds A,,. The idea is that there should exist an
obstruction to deforming A, through A,y C S*M (that is, through Gt-invariant
Lagrangian submanifolds) if @, is twisted. There is evidently no obstruction when
®, = Id, so the main problem is to exploit the ‘twisted condition’ in the symplectic
setting.

Our knowledge is so primitive that we do not even know whether there exist
real analytic metrics with twisted self-focal points in higher dimensions.

PROBLEM 10.24. Do there exist (M, g) with dim M > 3 possessing self-focal
points with &, # Id. That is, do there exist generalizations of umbilic points of
ellipsoids in dimension two.

There do not seem to exist any known examples. Experts on geodesic flows
on ellipsoids do not seem to have asked whether higher dimensional ellipsoids have
self-focal points such as umbilic points in dimension 2. Recall that the geodesic
flow of an ellipsoid E is integrable and S*E is foliated by invariant Lagrangian tori
(and cylinders at singular orbits). On the other hand, the flow-out Lagrangian A,
is S x S™~!. In dimension 2, and only in dimension 2, A, is a torus. In higher
dimensions, existence of A, might conflict with the Lagrangian torus fibration.

10.5.1. Reversibility and orientation. In this section, we assume p is a
self-focal point. We note that ®, is the restriction of the geodesic flow G* to

2The term is adopted from ‘Dehn Twist’ rather than ‘twist map’; ®; does not resemble a
twist map.
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the invariant set SpM. This sphere is contained in a symplectic transversal S, to
the geodesic flow. On the symplectic transversal GT is a symplectic map which is
invertible. Hence ®,, is invertible. Thus, (D®,),, is non-zero for all w € S; M

Next we use time reversal invariance of the geodesic flow to show that @, is
conjugate to its inverse. Let 7(z, &) = (x,—&) on S*M

LEMMA 10.25. ®, = 7®,'7, i.e., ®), is reversible (conjugate to its inverse).

Proor. On all of S*M, we have TG'7 = G~t. Indeed, let =5 be the Hamilton
vector field of H(z,{) = |£|,. Then H o7 = H, ie., H is time reversal invariant.
We claim that 7.2y = —Zp. Written in Darboux coordinates,

_y 28 oA
T L 0g Ox; Oy 08

If we let 7(x,&) = (z,—€) and use invariance of the Hamiltonian we see that the
vector field changes sign. Now, G~* is the Hamilton flow of —Zx and that is 7,2 5.
But the Hamilton flow of the latter is 7G'r.

Since S;M is invariant under 7, we just restrict the identity TGt = G~ to
S, M to see that @, is reversible. O

10.5.2. Jacobi fields and the first return map. The first return map &,
may be expressed in terms of normal vertical Jacobi fields along a loop. The space
._7# of (real) orthogonal Jacobi fields along a geodesic 74 ¢ is the real symplectic

vector space of dimension 2(m — 1) of solutions of the Jacobi equation
(10.57)

Y + R(T,Y)T =0, g(Y(t), %75( )) =0, (T the unit tangent vector along ~).
Here, Y and Y are short for 2Y and M. The symplectic structure is given by
the Wronskian D D

XY)=¢g(X,—Y | —g|—X,Y ).
W(X.Y) g(,ds) o(zxr)
We note that p

so Y (t) is also a normal vector field along .

Jacobi fields arise from the derivative of the geodesic flow. Let V denote the
Riemannian connection, and recall that it determines a horizontal subbundle of
T(S*M) complementary to the vertical subbundle of the projection 7 : S*M — M.
Together with the symplectic structure, we get a splitting

T(S*M)=HaoVaoT
where T is the real span of 7, and H®V is the horizontal plus vertical decomposition
of the kernel of the contact form o = & - dz (or equivalently, of the symplectic
orthogonal of T' and the cone axis). The subspaces H,V are symplectically paired
Lagrangian subspaces of T(T*M). Given a vector X € N, ), we denote by X" the
horizontal lift of X' to H, ) and by X" the vertical lift to V,(;). The correspondence
(10.58) Y(t) = (Y'Y (1))

then defines an isomorphism between the spaces of Jacobi fields and geodesic flow
invariant vector fields along (v(¢),%(¢) (cf [Kl, Lemma 3.1.6]). That is,

dGY 0y 4000 (Y(0)",Y(0)") = (Y(s)", Y (5)")
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where Y (s) is the Jacobi field with the given initial conditions. Moreover, since G*
is a Hamiltonian flow dG? is a linear symplectic mapping from (H © V'), (0),5(0) to
(H & V)y(s) 4(s)-

Let U;, V; be a basis of the normal Jacobi fields along a loop with initial con-
dition

Ui(0) =v;  Vi(0) = 0)

10.59 . . ,
(10.59) (%o =5 v —»
where vy, ...,y _1 is a parallel orthonormal basis for the normal bundle along the

loop. The V; are the vertical Jacobi fields. Along a geodesic loop the solution of
the Jacobi equation with initial matrix (10.59) evolves by

(@) Vi)
(10.60) M”’f“)<<ui,0j<t>> <,,,.,vj<t>>)

Thus, DG, ¢ 1s a linear symplectic map on a symplectic transversal of rank m—1 and

My ¢(t) is its matrix relative to a parallel normal frame and is therefore symplectic.
It is expressed in block form,

A B

(10.61) A(C e

> , A*C=C*A, B*D=D*B, A*D-C*B=1d.

10.5.3. D¢®, as a block of M, . Now consider a self-focal point x and a
IOOp Ve, & and ng)xl TgS;M — T@m(g)S;M.

First we observe that De®,: TeS;M — Tg, (¢)SyM is (roughly speaking) the
D component of DgG{)g. More precisely, the D component is the ‘block’ of D¢®,
transversal to 7;75 (t). When ¢ is a conjugate direction, D¢®, is a linear map on
time derivatives of vertical Jacobi fields along v, ¢, i.e., Jacobi fields obtained by
varying the initial direction of geodesics at x.

We denote by C, C T; M the set of tangential conjugate points £ where D¢ exp,,
is singular. By SC, we also denote the unit vectors % for € € C,, and refer to
these unit vectors as ‘conjugate directions.’

LEMMA 10.26. Let x be a self-focal point length T = T(x). Then:

o Forallé € S;M,n=T(x)¢ € SC, and the matriz of D, exp,, restricted to
tangent directions in SCy, is the vertical-horizontal block (v;, V;(T)) = 0.
Thus, ker Dy exp, = T,SC.

o The matriz of De¢®, is the vertical-vertical D block of for (z,€) €

S*M . More precisely, De®,(V(0)) = V(T'), or equivalently,
J -1 * *
Dedy = ((vi, VI(T)), _, : TeSTM = Ta, () SiM

Proor. If Y(0) = 0,VY(0) = V then D:®, = VY (T'(z)), i.e., the value of
the covariant derivative of the Jacobi along 7, ¢ at the first return time.
Let £(s) be a curve in S;M with £(0) = £ and £&(s) = V. Then De®,(V) =
4| —o®,(£(s)). Since SiM = L,, the one-parameter family
F(s,t) :==exp, t&(s): [0,1] x [0,T(z)] = M
is a variation of geodesic loops through z. By definition,

RGN = | owetels)
t=T(x
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Hence,
d

" ds

d

DeD®, (V) =
: odt

exp, t&(s).
t=T(x)

Note that the d%-derivative is the usual Euclidean derivative of a curve in T, M.
We note that

| et =Yl
is the vertical Jacobi field along v, ¢ with ¥4,(0) = 0, Yy (0) = V. The last statement
follows because we may commute the derivatives (see e.g. [M| Lemma 8.7]). For
the same reason,

D
DeD®, (V) = =

O

LEMMA 10.27. When (M, g) is real analytic and when x is a self-focal point
(an L point in Definition of length T then the vertical Jacobi fields along
each loop direction & satisfy V;(T) =0 and

(vi, U;(T)), 0
(10.62) M, (T) = ' .

(vi, Uj(T)), (v, V3(T))
is a lower triangular symplectic matriz. ®, is orientation preserving if and only if
det D > 0 if and only if det A > 0.

PROOF. Since B = 0 the last equation above forces A*D = Id. @, is orientation
preserving if and only if @ dVS;M = Js dVS;M with J, > 0 as in (10.45)) and
Jz (&) = det D. Clearly det D > 0 if and only if det A > 0. O

10.5.4. Periodic geodesics and fixed points of ®,. When v, ¢ is a peri-
odic orbit of period T, then de’ ¢ Is the linear Poincare map P, of v. For a periodic
geodesic, P, acts as the translation map by a period

P Y(t) > Y(t+T,)

on Jacobi fields, where T, is the period. It decomposes into the two-dimensional
symplectic plane of tangential Jacobi fields and the 2m — 2 dimensional space of
normal Jacobi fields. A Lagrangian subspace of the latter is the (m—1) dimensional
subspace of vertical normal Jacobi fields. P, may be expressed as the matrix (10.60)
acting on the tangent space T, ¢ C T, ¢S*M to a surface of section S C S*M, i.e.,
a symplectic transversal.

Fixed points of ®, correspond to closed geodesics through x and are evidently
important in the study of loops. We record a number of facts relevant to Fix(®,).
If € € CL,, so that v, ¢(t) = exp, t€ is a closed geodesic through x, then ®,£ = &.
Conversely if ®,& = & then vy, ¢(t) is a closed geodesic.

We recall that a diffeomorphism F' is said to have clean fixed point sets if
Fix(F) is a manifold and if T Fix(F) = Fix(DF). Cleanliness of ®, thus means
that Fix(®,) C S;M = CL, is a manifold and T:CL, = ker(D¢®, — I).

The Lefschetz fixed point theorem implies that a diffeomorphism f: S™ — S™
has a fixed point as long as deg f # (—1)"*!. Thus, an orientation preserving
diffeomorphism has a fixed point when n is even, and an orientation reversing
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diffeomorphism has a fixed point when n is odd. Hence, either ®, or @12) has a fixed
point when dim S* M is even.

In Lemma we show that when dim M = 2, ®2 always has a fixed point.
In the case of the umbilic points p of a 2-dimensional tri-axial ellipsoid, Fix(®))
consists of 2 directions.

10.5.5. The tangential loopset. We have been focusing on directions ¢ €
Ly C S:M of loops. In this section, we consider the magnitudes as well as direc-
tions, that is (x,T(€)§) € T; M where T'(€) is the first return time. In the analytic
case, the two sets are closely related since, if all ¢ € 7~1(z) are loop directions, then
the time T'(z,&) of first return is constant on 7~ !(z). This is because an analytic
function is constant on its critical point set.

One has ®,(¢) = £ with £ € S*M if and only if exp, T(£)§ = x. Define the
function

(10.63) E(2,&): TM — M, E(x,£) =exp, & —x =nG'(x,&) — 7(z,£).

Here we are using local coordinates U ~ R™ on M so that subtraction makes
sense. One could define E(x, &) invariantly but it is simpler to use local coordinate
subtraction.

When g is real analytic, F is a real analytic function. The set of initial data of
loops is the analytic set

E7Y0):=& ={(x,&) € T*M: exp, ¢ =z},
where as usual we identify vectors and co-vectors with the metric. Under the natural
projection m: T*M — M, w(€) is the set of points through which there exists a
loop. If we fix z we obtain
E,: T,M —- M

and its zero set &, is the set of loop vectors through x. The set Fix(®,) = L, of loop
directions at z is the spherical projection £ — % of &,. Moreover, if E(x,{) =0,
then (using the homogeneous geodesic flow rather than the one defining exp, £),

()~ (o ()

At a self-focal point p, £, = £ N T, M contains a union of spheres of radii kT'(p),
k=1,2,3,....

If p is self-focal and ®, = Id on S;M, then the entire flowout Lagrangian
A, (10.42)) lies in €. This is because g'(p,€) is also a loop since GTG!(p,§) =
G'GT(p,€) = G'®,(p, &) = G'(p,€). The same calculation shows that the flowout
of Fix(®,) lies in &,. In general, A, is not contained in &, since the geodesic through
G*(p, &) generally does not loop back to exp,, €.

10.5.5.1. Ezamples. As mentioned above, by Theorem it follows that for
any point p of any compact Riemannian manifold, there exists an infinite set of
distinct geodesic loops through p. It follows that

COROLLARY 10.28. dim€ > m = dim M.

The dimension of € is closely related to the rank of D, ¢F at points (z,§) € £.
Recall that if f: M — N is a smooth map, then the rank of the derivative D, f is
lower semi-continuous: If rank(D, f) = r, then there exists a neighborhood of p so
that rank(Dy f) > r for ¢ € U. Hence if rank(D, ¢ E) > m (the maximal rank) at a
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point (x,€) € £ then there is a neighborhood of (x, &) where the rank is maximal
and €& is locally a manifold of dimension m through (z, ).

Some examples: The minimum dimension is achieved on a negatively curved
manifold, for instance. At the opposite extreme, in the case of the standard S™ or
a Zoll manifold, at each p € M the set E(p,£) = 0 is a union of spheres 27kS* M
of maximal dimension m — 1, so that £ = E~1(0) is of dimension 2m — 1. This
reflects the degeneracy of DE, which has rank one at every loop (z, ). For a generic
surface of revolution, if p is the north or south pole, £ 1(0) is again a union of
circles in Ty M of radii kT, where T} is the common primitive period. Moreover
Fix(®,) = Sy M so A, C €. Away from the poles, E,'(0) is a countable set which
at least contains the meridian covector along the geodesic through x from the poles.
Hence dim & = m.

In the case of a tri-axial ellipsoid E C R3, the first return map at the umbilic
points p is fully twisted, and Fix(®,) consists of two collinear vectors (p,§), (p, —§)
lying along the closed geodesic through p. Hence, £ contains S;E and also the
covectors along these two closed geodesics.

10.6. Proof of Theorem [10.21} Step 1: Safarov’s pre-trace formula

The purpose of the rest of this section is to prove a slightly weaker version of
Theorem in which we make the additional assumption that (M, g) has only
finitely many twisted self-focal points. By Proposition there are only finitely
many with return times less than a given 7.

THEOREM 10.29. Suppose that (M, g) is a compact real analytic manifold with-
out boundary which possesses a sequence {@;, } of eigenfunctions satisfying

n=1
(10.64) lejillzeeary = Cody2

Suppose that the number of twisted self-focal points of (M, g) is finite. Then (M, g)
possesses a self-focal point p whose first return map ®,, is conservative, i.e., has an
invariant measure in the class of |dw| on SEM.

The proof is somewhat different from the one in [SoZ2|. The motivation to
prove the weaker result is that it involves relations between dynamics and spectral
theory beyond those of [SoZ2].

The first step in the proof is a pre-trace formula for a smoothing of the cosine
wave kernel E(t,z,x) on the diagonal. We recall some notation: E(t,z,y) denotes
the kernel of costyv/—A. Let p € S(R) with p € C5°(R), and denote its dilation by

pr(r) = p(F). Then,

[ 0Bt 2.2) = T~ X))+ o0+ A @)
J
The second term is negligible since p € S(R) and A + A; — oo. We denote the
pointwise Weyl function by

N(/\,:E): Z @?($),
Giag<A

so that
(10.65) pxdN(\ ) = Z P = A))¢?(2).
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The Safarov pre-trace formula expresses (10.65)) in terms of iterates of the

return map ®, and the Perron-Frobenius operator U, (10.45)) on the loopset L,
(110.39); see [SaVl Theorem 4.4.10] or [Safl (4.4)]. As in (10.47), let

(10.66) UX()) = e Ta U,
Recall that ngk)(g) is the kth return time of & for ®,.

PropPOSITION 10.30. Let x € M. Then

% (k)
(10.67) pr*dN(\,z) = A"t 4 A1 / Z ﬁ(T"’” T@ > Ur(N)*1)dé] + R (M),
Lo p=1
where
(10.68) Rrx(\) = or.(A"71).

The first term is due to the singularity at ¢ = 0. Once Proposition [10.30] is
proved, the remainder of the proof of Theorem [10.17] consists in studying the two
remainder terms. In Proposition [10.42] the L? ergodic theorem is applied to the
term

oo (k)
(10.69) [ > r o ovaa
Lo k=1
for reach x to show that the average tends to zero. But additionally one needs
uniformity of the convergence to zero in = to prove the Theorem. We also prove
uniformity of o7, (A\"~!) in 2. The proof of uniformity is done separately for = near
to a self-focal point and for z far from the self-focal locus. Of course, if there are
only a finite number of self-focal points, proofs of uniformity simplify a great deal.

REMARK 10.31. The principal term A"~ ! is due to the singularity of E(t,z, )
at t = 0. The other terms are due to singularities caused by loops at x for t # 0,
and vanish if z is |£,| = 0. Duistermaat-Guillemin [DGJ] proved the existence of
an asymptotic expansion for pr * dN (A, z) and showed that the leading coefficient
equals 1. Safarov calculated the second term of order A*~! in terms of ®,. It
vanishes if x is not a partial self-focal point. The uniformity in x is not obvious.

Uniformity is discussed in §10.8.3]

We break up the proof of Proposition [10.30] into two steps. The first step
only involves the construction of the wave kernel and the application of stationary
phase to reduce to an integral over S;M. The second step is to reduce the latter
integral to one over L,. Even in simple examples, the second step cannot be done
by stationary phase.

To state the result of the first step we introduce some notation from [SaV].
Let ¢;(t, x,y,§) be a local generating function for the graph C of the geodesic flow,
in the sense that

C = {(t,p1,z,deip,y, —dysp: dep = 0}.
Also let

(10.70)  #(2,8) = To(§), and 7, =r.(2,€) == —(p(TH)(€)),2,€) 7"

DEFINITION 10.32. Define
(10.71) Rj(x,\) :z/ M (@8) ((ﬁao)
SxM

Ej:TI(g)) |d¢|.
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When p is fixed and we dilate p — pr then we denote the remainder by
RivaiT)i= [ 09 ((pran)l r, o)) 46l
SxM

We note that R;(\,z,T) depends on A only through the oscillatory factor
gi)‘{j (w,§)

LEMMA 10.33.

(10.72) pr+dN(\,z) = X"+ XS TRy, T) + Or(A"?),

i=1
where O (A"~2) is uniform in x.

REMARK 10.34. Referring to (10.67)), this Lemma states that

00 (k)
(10.73) )\”’l/ﬁ Zﬁ(%K))Ugﬂ(/\)’“lld&+Rm(A)

z k=1

o0
=AY R (A2, T) + Or(A" ).
j=1
PROOF OF LEMMA For t in the support of p and near a point z we
construct a microlocal parametrix for E(t,z,x) := costv/—A as a sum of a finite
number of local parametrices E;(t,z,y) (depending on T'), each of which has an
amplitude a; and a phase function ¢;(t, x,y,§) locally parametrizing C as above.
One expresses each Ej(t, z, z) as an integral over T,; M, changes to polar coordinates
(r,w) € Ry x SEM and performs the dtdr integral by stationary phase. This gives
a smoothed spectral expansion [DGJ| and [SaV| Theorem 4.1.2]:

t\ .
(10.74) pT*dN()\,J:)=/ﬁ<T)e”‘tE(t,x,x) dt
R

=ao\" '+ e X" A AT RN 2, T) + Or(A"2),
j=1
with uniform remainder in z. The sum over j is a sum over charts needed to
parametrize the graph of the geodesic flow. The critical times ¢t < T are the lengths
of loops at x. Let
( ) ti(z,8) = T (€) = pj(t,z,2,8) at the stationary phase point,
10.75
T*(x, g) = _(‘pt(Tx(kJ)(é-))a z, 5)71'

That is, fj(ax €) is the local t-solution of ¢;(t, x, z,&) = 0. Summing over the charts
indexed by j gives a sum of stationary phase expansions,

(10.76)

predN(\,z) ~ X1y /ﬂ MO (N AL k(pa k)l —myce) | 1€,
) * M
J m,k=0

for certain operators L, j.

It is obvious that except for the term with m = k = 0 all other terms are
uniformly of order A" ~2. Since we can drop all terms except those for which m =
k =0, we reduce to
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(10.77)

pr * AN (A, ) ~ A1 Z/
J

where the remainder is uniform in z. O

SN @8, ((pao)\gj:m@) €| + Or(A"2),
M

We refer to [DGl [SaVl, [Hor2), [V] for further details and background. To
illustrate the notation, we consider a flat torus R™/I" with ' € R™ a full rank
lattice. As is well-known, the wave kernel then has the form

Ut 2,y) :Z/ cila=v=78) citlé] ge.
R’Vl

yel’

Thus, the indices 7 may be taken to be the lattice points v € I', and

— N ir{y,w) jitr ,—itA n—1
pr * AN (A, x) E /]R/O /an p(T)e e e A " drdtdw.

yel’

We change variables r — Ar to get a full phase A(r{y,w) +tr —t) . The stationary
phase points in (r,t) are (y,w) =t and r = 1. Thus,

E’Y(x’w) = <7aw>'

The geometric interpretation of tfy(x,w) is that it is the value of ¢ for which
the geodesic exp, tw = x + tw comes closest to the representative z + v of x in the
~th chart. Indeed, the line x + tw is ‘closest’ to x 4+ v when tw closest to ~, since
|y — tw|? = |y]? — 2t(y,w) + 2. On a general (M, g) without conjugate points,

ty (2, w) = (exp, ' vz, w).

10.6.1. Decomposition of 1; into almost loops and non-loops. In this
section, we study the remainders R; and relate them to the two terms of
[[0.73).

To relate R; to left side of , we use a kind of Lemma of non-stationary
phase to reduce the integral over S;M in to an integral over L,. It is based
on the fact that the phase of is rapidly oscillating away from its critical
set, i.e., directions & € L, such that ngj = 0. It is impossible to apply stationary
phase to the integral over S M without some ‘cleanliness assumption’ on the phase
(i.e., without assuming that Z; is a Bott-Morse function). But one can apply a weak
version of the Lemma of stationary phase, which shows that the oscillatory integral
is decaying in A away from its stationary phase set.

As in [SaV], we pick a non-negative f € C§°(R) which equals 1 on |s] <1 and
zero for |s| > 2 and split up the jth term of into two terms using R;; resp.
Rjs by using f(e72|Vet;]?) and 1 — f(e72|Vet;]?). We also multiply by A~("=Y for
notational simplicity. Thus, referring to ,

(1078) Rj()\,.%‘,T) = le()\,x,T) +Rj2()\7.’17,T),

where
(10.79)

le()‘vx;g) ::/ eikgjf(g_”vfgj(x?E)‘2)T*(ﬁ(Tw(§)))a0(Tx(€)’xag)r:}dﬂf:T(k%

SxM
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The second term Rjo comes from the 1— f(e 72|V, (€)]?) term. Since it is simpler,
we consider it first. We emphasize that the remainder (|10.79)) is the coefficient of
AL

10.6.2. Rj, is uniformly or(A\""!) in z. The next Lemma shows that Rjs
can be absorbed into the the Ry ,(\) = or (A" 1) term of (10.67)), and in fact the
estimate is uniform in z. For all T >0 and ¢ > A\~ 2 log A we have

sup |Rja(\, 2, T,¢)| < C(e2\) 1.
zeM
LEMMA 10.35. Fore > A2 log A we have
sup [Rj2(\, z,¢)| < C(log \) ™.
zeM
Proor or LEMMA [10.35l We integrate the R;> term by parts once with
1o -
L, = H|V5t]‘| Vet - Ve.
This operator reproduces ¢ and after one partial integration we have

(10.80) Rja(A,,€) = iA /S L= JEIV P (a0 (), v dg

(10.81) = 0(/\152)

In the last line we use that

1 - o o - . Vet _
LLf = WW%"U'(E 2|Vetj[*)e Ve - [Vt [?) +div (V;g,]|2)(1—f) =0(e?).
J J

Indeed, the final expression is bounded by |V¢t;(€)|~2 and on the support of the
integrand this is bounded by 2. These estimates are uniform in = and again can
be summed over the the finite number of charts indexed by j. Thus, as long as
e > \"12log\, we have A"le =2 < C(log\)~L. O

We therefore see that the sum of the Rjs terms of the o,(A\"~!) in Proposi-
tion [[0.30] is therefore uniform in .

COROLLARY 10.36.

AN T Rijp(A 2, T) = op (A" 7).

j=1
10.6.3. Decomposition of Rji()\,z,¢). We now decompose the Rj; terms

into terms corresponding to the A"~! [, 3777, ﬁ(%)Ux()\)kde\ and
Rr.(A) terms in (10.73).

We observe the critical set consists of loop directions at x, i.e., {V¢t;(z,€) =
0} = L,. We then decompose Rj, into an integral over the stationary phase set £,
and its complement:

(10.82)  Rji(z,e,T) :/L MO p(T, () ao (To (), =, E)ri|dE] [ + Ry,
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where
(10.83)

Rji(x,e,T) = o oo M=) f(e72|V et (2, &) P)ru (AT (€)))ao(Tu(€), m, &)rirde.
;>

LEMMA 10.37. Rji(x,e,T) is independent of € and when p = pr,

> Rule?) = [ iﬁ(Téz(g))Uac(Mklldél-

@ k=1
PROOF. It is only necessary to compare the formulae ((10.49)-(10.66|) for U, (\)
with ag(T,(€),x,&)r*d¢. The calculations are done in [SaVl] Proposition 4.1.10]

and [SaVl Proposition 4.1.16]. On L., r. = 1 and the surface measure is the
Jacobian in . Also, since the amplitudes solve transport equations along the
Hamilton orbits (see e.g. [DG], [SaV), [So3]) at time T,.(£) they are given by iterates
of the first return map. We refer to [SaV] for further details. O

Since the remainders only involve \ via e**”, it is convenient to introduce
notations for upper bounds in which we take absolute values. For future reference,

we define A-independent functions as follows.

DEFINITION 10.38. Set
(10.84)

Rln(ie) = [ 96l @ P (T (©))ao (To(6). 2. O delrro
(10.85) )
Rl(e.) = [ n((ran)l o) 1

x

(10.86)
|Rji|(2,e,T) = / Fe™2|Vet (2, €)|*)r(p(Tu(€)))ao(Te (§), =, E)ride.

‘VE]'|>O
We note that |R; (A, z,T)| < |R;|(x,T).

10.6.4. Perturbation theory of the remainder. We now compare the ab-
solute remainders at nearby points. The integrands of the remainders vary smoothly
with the base point and only involve integrations over different fibers S;M of
S*M — M.

LEMMA 10.39. We have,
|R|(x, T) — |R|(y, T)| < Ce" dist(, y).

Indeed, we write the difference as the integral of its derivative. The derivative
involves the change in ®7 as x varies over iterates up to time 7" and therefore is
estimated by the sup norm €T of the first derivative of the geodesic flow up to
time T. If we choose a ball of radius de~*T around a focal point, we obtain’

COROLLARY 10.40. For any n > 0, T > 0 and any focal point p € T L there
exists r(p,n) so that
sup  [R(Ay,T)[ <.
yEB(p,r(p,n))
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It will be important later on to observe that the absolute remainder varies
continuously in . We choose local coordinates so that S;M is identified with

Sn-t

PROPOSITION 10.41. Then for all n there exists 6 > 0 so that for y € Bs(x).

| [Rlj1(z,e,T) — [Rj1|(y,e,T)| < Crn.

PROOF. We are just asserting the continuity of |R;1|(y,0,T") on Bs(z). Indeed,

the integrand is uniformly bounded and continuous in all variables. O
10.7. Proof of Theorem [10.29. Step 2: Estimates of remainders at
L-points
In view of Lemma the next step is to study

lﬁzgiﬁ(ﬂikg)UAAflda

as x varies over M. The next step is to show that this sum is small at self-focal
points if there do not exist invariant L? functions.

PROPOSITION 10.42. Assume that x is a self-focal point and that U, has no
invariant L? function. Then, for all n > 0, there exists T, so that for T > T,

/S;M §p<T£2(€)>UT(A)k1|d§|

REMARK 10.43. In the proof of Theorem [10.29] it is only necessary to study
twisted self-focal points. If there are only finitely many twisted self-focal points,
then the time T = T, above is uniform in x.

(10.87) <.

1
T

This is a simple application of the von Neumann mean ergodic theorem to the
unitary operator U,. Recall that the mean ergodic theorem for unitary operators on
a Hilbert space H states that Ay f = % ZZ«LV:O U"f — Pfin H where P: H — H°
is the orthogonal projection onto the space HY of invariant functions satisfying
Uf = f. See for instance [Kr| Theorem 1.4].

The mean ergodic theorem applies to our problem as follows:

PROPOSITION 10.44. Let H = L?(S:M,|d¢|) and let U = U, (10.45). Then
H° = {0} if and only if

1 = /T
T/L, Z,ﬁ( T(g))Uz()\)k1|d§|—>07 T — co.

z k=1

We only use the ‘only if” direction in the main result.

PROOF. Suppose H® = {0}. Since T, (&) > 7, > 0, T® > kr,. Then TS¥(¢) <
T implies k < % and

> (T () " 1% "
(10.88) ;Am& T)wmu%sT;@me

Assuming H° = {0} the right side tends to zero as T — oo, proving the ‘only if’
side.
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We may assume p > 0. Using a lower bound for p on a small interval around
0, we see that there also exists 7., > 0 so that

Uy ( (5)>Ux()\)’“1df|>;Zw””()‘)kl’l)’
Lo =1

k=1

&ﬂ\‘ ~

If the left side tends to zero then so does the right side. O

When there exists an invariant L? function for U, it can be used to define
an invariant measure for ®, in the class of du,. If f € L?(S:M,du,) satisfies
Usf = f = f(®VI(&) = f(&), then |f|?du, is an invariant measure which
is absolutely continuous with respect to dp,,.

REMARK 10.45. Consider the special case

N

VO = ZV 10 = Jim_5 3000
where the limit is taken in L?(S}M, du,). By the mean ergodic theorem, ¥ = P-1,
and a finite invariant measure is given by (¥*)2du,. We must verify that U* # 0.
However, (V)2du, is a maximal finite invariant measure in the sense that any
other finite invariant measure must be absolutely continuous with respect to it.
So if ¥* = 0 a.e., then there cannot exist any finite invariant measure. This
contradiction proves that W} # 0.

We recall that we assume all £ points are T L (see Definition [10.22)).

LEMMA 10.46. Suppose that there exist only a finite number of T L points. Then
the statement of Proposition is correct.

PROOF. In this case, U, () = 0 except for a finite number of points x1, ...,z .
Since there are only a finite number of twisted self-focal points we can take the
maximum of T, for each x; so that all inequality (10.87)) holds for the N TL
points. [l

10.8. Completion of the proof of Proposition [10.30| and Theorem [10.29
study of Rj;

The remainder of the proof of Proposition [10.30[ and Theorem [10.29] is mainly
a study of the term Rj; (10.83)). The following Lemma turns out to be useful:

LEMMA 10.47. The sum

[

Lo =1

Us(N)*1|d€| + Rj

is a continuous function of x.

Proor. This follows from Proposition It is evident that the original
remainder is a smooth function of z, and the absolute value is continuous
(in fact smooth). This sum was then broken up into the critical point integral over
L, and its complement ((10.86] . The critical point integral was identified with the

term [, >37,p T( >(f))U$()\)k1\d§|. The second is Rji. O
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10.8.1. Estimate of éﬂ. To complete the proof of Proposition [10.30|it suf-
fices to show that, for any 7 > 0 there exists ¢ so that |R;1(x;¢)| < n. It is helpful
to observe the following simplification:

LEMMA 10.48. There exists a uniform positive constant C so that for all (z,¢),
(10.89) IRj1(z5¢)| < Cpp ({€:0 < | Vet (2,8)|* < €}).

PRrROOF. To prove the Lemma, we make a dyadic decomposition of this set into
the subsets

By = {€: 27" < |Vt )? <275}
Since we punctured out the critical set from le we have

(10.90)
—f((s -1 £ (x Nds S r. (ot (z aolt:(x x, &)r’
Rpy(aic) = /SM{/ F((s9) Vel (2, €) >d} (U (2, €))ao(F (. ), 2, )
(10.91)
-/ { / f’((ssrwvgw,f>|2>s-2ds}{s-1|v§t}-<m,s>|2}n(ﬁ@(&)))
sxm Lo

(10.92)
x ao(Tp(§), z, §)ride.

Recalling the properties of f from §10.6.1} the function f’((se)~!|V¢t;|?) van-
ishes unless s < ¢ 1|V§tj|2 < 2s, we can bound

| /0 ' ((s6) Ve, ) ds

We have

1
Ve < 2| [ 17 () Ve P |
0

1 B 5
56_1|Vstj|2 < s <e '|Vet;?,

and hence in the set Ej, we have 27%=1 < g < 27, Therefore for ¢ € Ey, we have

1 2~k
~ d
‘/ [/ ((se) THVet;*)s ™ ds| < C = Clog2,
0 2—k—-1 S
and so
[Rj1(w;6)| < C D pa(Br) = Cpa{€: 0 < Vel |* < e}
keZ
Thus the claimed bound on le in Lemma |10.48| is proved. O

REMARK 10.49. Lemma is only useful away from self-focal points. In
small balls around self-focal points, the measure of the almost loop points in the
Lemma might not tend to zero uniformly. Indeed, at the center one uses ergodic
theory of the first return map to show that the integral over L, tends to zero.
It would be interesting to have a dynamical interpretation of the integral over
{€:|Vetj| < e(N)} where () — 0 as X — oo. Since almost-loops are not loops, it
is not clear how to obtain a dynamical system on S} M. But it seems reasonable to
expect that the conservative-dissipative duality exists in some form for the behavior
of almost-loops.
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10.8.2. Completion of the proof of Proposition [10.30L To summarize
the progress so far towards the proof Proposition [10.30} we combine Lemma [10.33
Corollary [10.36] Lemma [10.37] and Lemma [10.48| to obtain:

COROLLARY 10.50.

oo (k)
(10.93) pr+dN(\z)=A""1+ )\”‘1/£ Zﬁ((TmT(f)) U, (N)F1]dg]

e k=1
X ({620 < Vel (@, < €}) +or(A"™1) + O (@07,

where op (A1) is uniform in .

Thus, we see that
(10.94) Rra(A) = A"y ({€:0 < |Vel;(@,8)” <e}) +or(A"71).

Since p{€ : 0 < |Vetj|? < e} — 0 as € — 0, the combination of Lemma and
Lemma [T0.48) implies Proposition [I0.30} As in Lemma [10.35} we obtain a uniform
remainder in & for the o7 (A"~1) term if & > A~ 2 log \.

By Corollary [10.50] and Proposition the only remaining step in the proof
is to estimate p, ({€:0 < |Vetj(z,€)|? <e}). One may regard this term as the
measure of ‘almost-loops’ at , i.e., almost critical points of #(z, €).

For £ € Sk M, define
(10.95)

V(,e) = o€ IVali(@,6) < e} and  pu(a,€) = prod€ 1 0 < |Vely| < }

We note that V(x,¢€) is the integral of the characteristic function of closed set,
hence is USC (upper semi-continuous) while p(z, €) is the same for an open set and
is LSC (lower semi-continuous); by Fatou’s Lemma, the integral of an LSC function
is also LSC. If |£,| = 0 they are equal and therefore are continuous at x. Thus,
the only possible points of discontinuity of p(xz;, ) are the self-focal points z;. At
such a point, V(z,¢e) — p(x,€) = |L4]. We have,

0, x # xj,
Lol x= ;.

(10.96) (i) w(z,e) L 0 and (i) V(z,e) | {

Obviously, the limit (ii) is not uniform. It is possible that (i) is uniform but this
depends on the properties of |V¢t;(x, £)| and does not generally hold for functions
on M of the type a(z,e) = p{0 < gq(z,§) < e} where ¢(z,§) is smooth. For
instance, if g(z, §) is independent of £ and equals d(z, zy) where xz is a perfect self-
focal point (L, = SEM), then a(x,e) = |SEM|if 0 < d(z,z9) < € and a(zg,€) = 0.
In our situation, where g(x,&) = |V¢t;j(x,€)| this kind of behavior could occur if
the set of e-‘almost critical points’ of ¢;(x, £) had measure bounded below by some
Cy > 0 for x along a sequence tending to the focal point zy and if the almost-critical
set tends to the (punctured out) critical point set when € = 0.

Since the possible geometric scenarios appears complicated, we work instead
on the complement of small balls around the self-focal points and apply the per-
turbation estimate of Proposition inside the small balls.

10.8.3. Uniformity of the remainder o, r(A\"™!) in z. In this section we
prove that R, r(A) = op(A"~!) uniformly in z as long as there are only a finite
number N of self-focal points {z; }évzl We may assume they are twisted.
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PROPOSITION 10.51. Suppose that |L,| = 0 except at a finite number of twisted
self-focal points {x]}jvzl Then, for any n > 0 there exists e, T so that R, r(A\"71)
is < n uniformly in x.

PROOF. For § > 0 let B(x,¢) denote the open ball of radius § around z and
decompose

N N
M= || B(;0) || M\ Bz;.9)
j=1 j=1

with § > 0 to be chosen later. We refer to Uj\[:l B(z;,9) as points ‘near’ the self-
focal points and its complement as points far from self-focal points, and work on
each set separately.

First consider the points ‘far’ from the self-focal points x;:

(10.97) ze M\ Cj B(x;,0).

j=1
For x in this set, u(x, ) = V(z, ) (see (10.95))), so they are continuous functions
on the closed set (10.97)).

LEMMA 10.52. For any 6 > 0, p(z,e) = V(z,e) — 0 uniformly in x €
M\Uj\il Bs(z;) ase — 0.

PROOF. This follows from Dini’s theorem that a sequence of continuous (or just
usc functions) which decrease to a continuous (or just lsc function) do so uniformly.
V(z,€) = p(x,e) is continuous on M\{x;}}L, and it is clearly decreasing as e — 0

to 0 on M\Uj\il Bs(z;). O

To complete the proof of Proposition|10.51{we need uniformity on U;V:1 B(z;,9).
LEMMA 10.53. For any n > 0 there exists T, 6, e so that

o0 (k)
/ Zﬁ(TI (5))Ux(x>’“1|d§| FRea() <7
Lo =1

T
uniformly on Ujvzl m

ProoF. It suffices to prove the statement for each ball B(z;,d). But then
this follows from Proposition and from Lemma Indeed, the sum is
uniformly continuous on B(z;,d), and by Proposition the first term is < g
for any given 7 at the center for sufficiently large T and zero elsewhere in the ball.

The value at any other point in the ball is therefore < 27 by Proposition (Il
This completes the proof of Proposition [10.51 (]

REMARK 10.54. Dini’s theorem does not apply to V(x,¢) on all of M. It would
apply to u(x, ) when this function is continuous, but we do not know if this occurs.
An interesting example might be a tri-axial ellipsoid, when zq is an umbilic point.
The almost- return time th (z,€) could probably be evaluated for x near z using
action-angle variables.

This completes the proof of Theorem [10.29] in the case where there are only
finitely many twisted self-focal points.
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10.9. Infinitely many twisted self-focal points

In this section, we modify the proof of Theorem so that it applies to the
case of infinitely many self-focal points as long as there are only finitely many with
return time < T for every T. According to Proposition this occurs if all focal
points are twisted, as we may assume.

10.9.1. Case 3: For each Tj there are only finitely many 7 L, points.
In this case, we allow an infinite number of 7L points but assume that, for any
Ty > 0 there are only finitely many, M (Ty), T Lr-points for T' < Tj,.

LEMMA 10.55. If for all Ty > 0, the number #T Ly, = M (1) < oo, then the
statement of Proposition is correct: for anyn > 0 there exists T'(n) such that

for T 2 T(n),
L [T,
TJ;/LQEMP< T )Uw()‘) 1|d¢| <.

PROOF. We first consider the M(Ty) points in 7Lz, Since T are fixed but T
is free to vary, we can use the hypothesis that the ergodic means tend for each x to
zero to choose T' large enough so that

T (k)
]- ~ Tw (g) k
- -1ld
a S A ot e
We then consider x € TL\T L, .
Given any small 7 we first pick Tj so that T%) < 7. Since T, (§) > Ty > 0, when

x ¢ T Ly, lies in the second set, T®) > kT, and ngk) ) <T = k< L If

(10.98) max

<n.
z€T Ly, =1

T
follows that for all T > 0 and x € TL\T Ly, we have ’
T
0o (k) To
1 (T () k 1 z 1
10. - 22 S\ ()F1)de| < = 1,1) < — <.
a0 73 [ o(Fp e < 3wy < <

Combining the two inequalities (10.98)) and ((10.99)), it follows that for any n > 0
we can pick T sufficiently large so that for all z, the inequality of ([10.99) is correct,
proving the Lemma. O

We further need to generalize Proposition [L0.51] to this case.

ProprosITION 10.56. Suppose that for each T > 0 the number of self-focal
points with return time < T is finite. Then, for any n > 0 there exists ,T so that
Rer (A1) dis < n uniformly in x.

For each T, we split the {z;} into two families, the finite set {x; }]]Vi(lT ) c Ly

and the infinite number {y;} € £L\Lp. We then break up M = UjM:(IT) Bs(z;) and
its complement.
By Proposition [10.42] we have:

LEMMA 10.57. If r(z,x)) < C6(N) with 6(A) = o(1) and if x is a TL point
then for any n > 0, there exists T, e so that

|R(A, 2, T) <n+o(1)
LEMMA 10.58. Assume that
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e U, has no invariant L? function for any x.
o For any T there exist a finite number M(T) of self-focal points with first
return time <7T'.

Then for any n > 0, there exists T, e so that
C
‘R()\,.Z‘,T, E)l < T + OT(1> +n

as A — oo, where C' and op(1) are independent of x and A.

PROOF. By Lemma the second hypothesis implies that, for any § > 0,
there exists g and a uniform constant C' > 0 so that so that for ¢ < g

;Zk: IRe(\,2,T)| < <;Xk:ﬁ<l}m>>‘/(x,€) <oy

uniformly in z € M\ U]]Vil Bs(xj) as e — 0. Also, lim._,gsup, 7.(x) = 0. The same
estimate holds at self-focal points with return time > 7" by This is stronger
than the stated conclusion on the designated set. We therefore may assume in the
rest of the proof that = € UJM:1 Bs(z;).

But then let 0y = d(xx, zx) — 0 and apply Lemma and Proposition [10.42
to conclude the proof. O

To complete the proof of Theorem [10.29| we prove

LEMMA 10.59. Let x € TL\TL. Then for any n > 0 there exists r(x,n) > 0
so that

sup  [R(\,y, T)| <.
yeB(m,r(m,n))

Indeed, let p; — « with T'(p;) — oo. Up to a uniform negligible term, the
remainder is given at each p; by . But for any fixed T, the first term
of has at most one term for j sufficiently large. Since the remainder is
continuous, the remainder at z is the limit of the remainders at p; and is therefore
o(r—H + 0 1).

By the perturbation estimate, one has the same remainder estimate in a suf-
ficiently small ball around x. The first term is Uz(A)1. The sum in

Lemma [10.37]is studied in §10.7|

10.10. Dynamics of the first return map at a self-focal point

This section is purely dynamical. We consider the geometry of first return maps
fixing an L' invariant measure in the real analytic case.

10.10.1. Real analytic surfaces: Proof of Proposition We may
assume with no loss of generality that M is diffeomorphic to S2. We also assume
that ®,, is real analytic, since that is the case in our setting; most of the statements
below are true for smooth circle maps.
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10.10.1.1. Orientation preserving case. First let us assume that ®, is orienta-
tion preserving. Then it has a rotation number. We recall that the rotation number
of a circle homeomorphism is defined by

F*(zx) —
r(f) = (hm (I)I) mod 1.

n—oo n
Here, F: R — Ris a lift of f, i.e., a map satisfying F(z+1) = F(z) and f =70 F
where 7 : R — R/Z is the standard projection. The rotation number is independent
of the choice of F' or of x. It is rational if and only if f has a periodic orbit.

LEMMA 10.60. The rotation number of ®,, is either 0 or .

PRrROOF. For a circle homeomorphism, the rotation number 7(f~!) is always
—71(f). Since ®,, is reversible, 7(®,) = —7(®,), i.e. its rotation number can only
be 0, 7. ([

LEMMA 10.61. <I>12) has fized points.

PROOF. The rotation number of ®2 is 0. But it is known that 7(f) = 0 if and
only if f has a fixed point. See [Frl Theorem 2.4]. |

We now complete the proof that @% = Id if @, is orientable. Since ®, is real
analytic, this is the case if <I>12) has infinitely many fixed points, so we may assume
that Fix(®2) is finite (and non-empty). We write # Fix(®2) = N and denote the
fixed points by p;.

If N =1, ie ® has one fixed point Q, then S*\{Q} is an interval and ® is
a monotone map of this interval. So every orbit is asymptotic to the fixed point of
P2,

Let 1 be the L' invariant measure for <I>127 and let K = supp . We can decom-
pose K into N subsets K; such that <I>127(Kj) — pj. Kj is the basin of attraction of
Pj-

Then

u(K;) = p(@*(K);) — p({p;})-
But p; € K, so it must be that K; = {p;}. This shows that p cannot be L!,
concluding the proof.

10.10.1.2. Orientation reversing case. The square 775 of an orientation reversing
diffeomorphism of S} 52 is an orientation preserving diffeomorphism. If 7, preserves
the measure dp then so does 773. Thus we reduce to the orientation preserving case.

10.11. Proof of Proposition [10.20

In this section we consider the case of a perfect self-focal point z, e.g. in the
real analytic case. The main point is that the flow-out of S7M is an embedded
Lagrangian submanifold Cr invariant under the geodesic flow. We will explain how
to associate quasi-modes to this Lagrangian submanifold. It is an open problem to
relate these quasi-modest to the sequence of eigenfunctions of maximal sup norm
growth. For instance the ‘micro-local’ defect measures (or quantum limits) of such
a sequence ‘should’ have the natural invariant Lebesgue measure on Cr as a compo-
nent. We only sketch the proof because our motivation is to pose a problem rather
than to solve one.
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Since z is a perfect self-focal point, i.e., £, = S*zM the geodesic flow induces
a smooth first return map. Let Cr denote the mapping cylinder of GT, namely

(10.100) Cr = S:M x [0,T]/ = where (¢,T) = (GT(€),0).
The Cr is a smooth manifold. It naturally fibers over S! by the map
7:Cr — S, 7w t)=t mod 2nZ.

PROPOSITION 10.62. Let (M,g) be an n-dimensional Riemannian manifold,
and assume that it possesses a blow down point z. Let v: Cp — T* M be the map

1. (6,1) = G'(2,6).
Then ¢ is a Lagrange embedding whose image is a geodesic-flow invariant Lagrangian
manifold, A, diffeomorphic to S*' x S"~1 ~ Crp.

PROOF. We let w denote the canonical symplectic form on 7% M. Then, under

the map
ly: ST X SEM — T*M, ot z,€) — G(,§),
we have
Cw=w—dHANdt, H(z,§) =,

The map ¢, is the restriction of + to R x S7 M. Since dH =0 on S*M and w =0
on S M, the right side equals zero.

Thus, ¢, is a Lagrange immersion. To see that it is an embedding, it suffices
to prove that it is injective, but this is clear from the fact that G has no fixed
points. ([l

Let ap denote the action form a = £ - dx restricted to A. Also, let m, denote
the Maslov class of A. A Lagrangian A satisfies the Bohr-Sommerfeld quantization
condition if

(10.101) ;—’“ [aa] = % mod HY(A,Z),
™
where 5 5
Y5
= — ]{j —
Tk T ( + 4)7

with 3 equal to the common Morse index of the geodesics G(z,&),& € S¥M.
PrOPOSITION 10.63. A, satisfies the Bohr-Sommerfeld quantization condition.
PROOF. We need to identify the action form and Maslov class.

LEMMA 10.64. We have:
(1) ttap = dt.
(2) cima, = Zat].

Proor. For (1), let £y denote the Hamiltonian vector field of H. Since
(G')*a = a for all ¢, we may restrict to t = T and to S; M to obtain (GL)*a|s:nr =
als: - But clearly, £ - dz|s:p = 0.

For (2), recall that ma. € H'(A,,Z) gives the oriented intersection class with
the singular cycle . C A, of the projection m : A, — M. Given a closed curve «
on A,, we deform it to intersect ¥ transversely and then fa mp, is the oriented
intersection number of the curve with ¥. Our claim is that fa mp, = 3 where (3 is
the common Morse index of the (not necessarily smoothly) closed geodesic loops

Vi(t) = Gt(z,f),f € S;FM
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The inverse image of the singular cycle of A, under ¢, consists of the following
components:

171% = 8 M U Conj(z),
where
Conj(z) ={(t,£): 0 <t < T, £ €S}, |detd,exptl| =0}

is the tangential conjugate locus of z. All of S7 M consists of self-conjugate vectors
at the time T

If dim M > 3, then H'(Cy,Z) = Z is generated by the homology class of a closed
geodesic loop at z and in this case fa ma_ = 5 by definition of the Morse index. If
dim M = 2, then H'(Cr,Z) has two generators, that of a closed geodesic loop and
that of S} M. The value of ma, on the former is the same as for dim M > 3, so it
suffices to determine f sm A - To calculate the intersection number, we deform

S*M so that it intersects (713 transversely. We can use G°S:M as the small
deformation, and observe that it has empty intersection with ;13 for small ¢ since

the set of conjugate times and return times have non-zero lower bounds. ([l
The Lemma immediately implies (10.101]), completing the proof. (]

We now complete the proof of Proposition By assumption there exists
an invariant density v for ®, on S;M . Let us further assume that it is C*. Then
we can construct an invariant C' density on Cr in the parametrizing S} x [0, 7]
as v ® dt. It is well-defined and smooth on the quotient since the identification
(&,T) ~ (9,€,0) preserves v.

Since Cp satisfies the Bohr-Sommerfeld conditions, one can ‘quantize’ the in-
variant density as a semi-classical sequence {uz} with microsupport on C7T, i.e
construct an oscillatory integral whose phase parametrizes Cr locally and whose
amplitude equals the invariant density. The construction is explained in detail in
[Dui74l, [CdV] and will not be repeated here. Only the eikonal and first transport
equation are satisfied, and then one has

2
<A+ <2T”k-+ f) )uk =0(1), k- co.

10.12. Uniformly bounded orthonormal basis

At the opposite extreme from seeking eigenfunctions which optimize the LP-
inequalities, we consider (M, g) possessing sequences of eigenfunctions which min-
imize the functionals ¢7 (10.5). In particular, we ask for which (M, g) does there
exist an orthonormal basis of eigenfunctions with uniformly bounded L*° norms?
For which does there exist any orthonormal sequence of eigenfunctions (possibly
sparse) with uniformly bounded L*° norms.

There are almost no results on this problem. It would also be interesting to
add the condition that A;1V<pj are uniformly bounded. To our knowledge the
only result pertains to the quantum integrable case. In the following section we
will review a quantitative solution to this problem for integrable systems. In this
section we only point out an obvious necessary dynamical condition. At the present
time there do not exist results on the dynamical problem that can be used for the
eigenfunction problem.
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LEMMA 10.65. Suppose that {¢;} is an orthonormal basis of eigenfunctions for
(M, g) with ||p;llre < Cy forallk. Then {gof} is weakly pre-compact in L' and each
converging sequence <p?k — g (weakly) has the property that fE gp?k dVy — ngdVg
for any Borel set E. Moreover, any weak* limit (defect measure) of its microlocal
lifts is an invariant measure for the geodesic flow on S*M whose projection to M
has a bounded density relative to dV.

ProoF. The sequence go? is uniformly integrable and has bounded L' norms,
hence is weakly compact in L! by the Dunford-Pettis theorem.

The assumption implies that [, flp;[?dV < C [, |f|dV for any f € L>(M).
Any weak* limit p of the microlocal lifts satisfies [|f|du < C [|f|dV for f €
L°°(M). But this implies that m.du < CdV. O

The conclusion implies that
/ lp;|>dV < Cr", n=dimM
B(r,p)

and similarly for the projection of any weak™ limit.

The Lemma gives a very strong condition on the sequence of eigenfunctions,
but there do not seem to exist results constraining Riemannian manifolds whose
invariant measures project to measures on M with bounded densities except in
completely integrable cases, where M can only be a flat torus. Furthermore, we do
not see how to rule out that the microlocal lifts of the orthonormal basis is QUE,
i.e. has one limit measure, nor that the limit is Liouville measure (whose projection
is dVj). As mentioned earlier, as far as we know at this time of writing, QE might
be a generic property among Riemannian manifolds.

10.13. Appendix: Integrated Weyl laws in the real domain

The geodesic flow G of (M, g) of a real analytic Riemannian manifold is of one
of the following two types:
(1) aperiodic: The Liouville measure of the closed orbits of G?, i.e. the set of
vectors lying on closed geodesics, is zero; or
(2) periodic = Zoll: GT = id for some T > 0; henceforth T denotes the
minimal period. The common Morse index of the T-periodic geodesics
will be denoted by 5.

In the real domain, the two-term Weyl laws counting eigenvalues of VA are
very different in these two cases.
(1) Let Iy = [0,A] and let N(X) = [, II;, (x,2)dV (z). In the aperiodic case,
the Duistermaat-Guillemin-Ivrii two term Weyl law states

NA)=#{j:A\j <A} =cpm Vol(M,g) A +o(A™h)

where m = dim M and where ¢, is a universal constant.
(2) In the periodic case, the spectrum of VA is a union of eigenvalue clusters
Cpy of the form

(10.102) CN:{(Q%)(N+§)+MN7:, i=1...dy}

with pn; = O(N~1). The number dy of eigenvalues in Cy is a polynomial
of degree m — 1.
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In the aperiodic case, we can choose the center of the spectral interval Iy arbitrarily.
In the Zoll case we center it along the arithmetic progression {2%)(N + g)} We
refer to [Bes, [Hor2, [SaV] for background and further discussion.
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CHAPTER 11

Quantum Integrable systems

Roughly speaking, there are only two types of dynamical systems whose eigen-
functions are well understood: the ergodic ones and the integrable ones. The
eigenfunctions of the two types exhibit almost opposite behavior: eigenfunctions
of ergodic systems are diffuse, while eigenfunctions of integrable systems localize
in phase space. In this section we study eigenfunctions in the integrable case. Al-
though very special, integrable systems supply microlocal approximations for any
dynamical system near an invariant submanifold (known as Birkhoff normal forms).

We recall that A is quantum completely integrable (QCI) if there exist n =

dim M number of first-order analytic pseudo-differential operators Py = v—A, Ps ...

of order one such that

(11.1) [P, P;]=0 foralli,j=1,...,n

and whose symbols p1, ..., p, satisfy the non-degeneracy condition

(11.2) dp1 ANdpa N\ -+ ANdpp, #0 on a open dense set Q C T*M — 0.

We are assuming that P, = /—A, but it is often simpler to assume that v/—A
is some other function H (P1,...,P,). Note that the symbols must Poisson com-
mute, {p;,p;} =0, i.e., the associated geodesic flow is completely integrable in the
classical sense. Simple examples of QCI Laplacians in dimension two include flat
tori, surfaces of revolution, ellipsoids, and Liouville tori (for background and refer-
ences see [T'2, [TZ1]). There are many further examples if one considers quantum
integrable Schrodinger operators (see e.g. [Hel, [T2], [T'3, [T1]), but for the sake of
brevity we only consider Laplacians here.

11.1. Classical integrable systems
A completely integrable system is defined by an abelian subalgebra
(11.3) p=R{p1,....pn} C(C®(T*M -0),{,}).

Here, {,} is the standard Poisson bracket. We assemble the generators into the
moment map

(11.4) P=(p1,.-spm): T"M — B CR".
The Hamiltonians p; generate the R™-action
(115) (I)t(x7£) = exp(tlapl) O'”Oexp(tlEpvn)(Jj7§)7 t= (tlv"'7t’rn)7

We denote ®;-orbits by R™ - (z,£). By the Liouville-Arnold theorem [AM], the
orbits of the joint flow ®; are diffeomorphic to R¥ x T™ for some (k,m), k+m < n.
We now consider level sets P~1(b) of the moment map and their decompositions
into orbits.

245
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First, we suppose that b is a regular value. Since P is proper, a regular level
has the form

(11.6) PHE) = ADBYU---UA™D(b), (b€ Breg)

where each A)(b) ~ T" is an n-dimensional Lagrangian torus. Here, my(b) =
#P~1(b) is the number of orbits on the level set P~1(b). In sufficiently small
neighborhoods Q) (b) of each component torus, AY)(b), the Liouville-Arnold theo-
rem also gives the existence of local action-angle variables (I {l), . L(Jl), 051)7 e 07(7?)
in terms of which the joint flow of =, ,...,E,,, is linearized [AM].

Now let us consider singular levels of the moment map and singular orbits of
the R™-action. We use the following notation:

DEFINITION 11.1.

e A point (z,€) is called a singular point of P if dpy A - - - Adp,(z,£) = 0.

e Alevel set P~1(c) of the moment map is called a singular level if it contains
a singular point (z,£) € P~1(c). (We then say c is a singular value and
write ¢ € Bging.)

e A connected component of P~1(c) is a singular component if it contains
a singular point.

e An orbit R" - (z,€) of ¥, is singular if it is non-Lagrangian, i.e., has
dimension < n;

Suppose that ¢ € Bging. We first decompose the singular level

(11.7) P7Me) = (U Tihe (o)
j=1
into connected components ngjr)lg(b) and then decompose each component into or-
bits:
(11.8) T (€)= Uy R™ - (ax, &).

Both decompositions can take a variety of forms. The regular components Fgﬁ (b)
must be Lagrangian tori. Under a non-degeneracy assumption (see Deﬁnition,
the singular component consists of finitely many orbits. The orbit R™ - (z,¢) of a
singular point is necessarily singular, hence has the form R*¥ x T™ for some (k,m)
with £+ m < n. Regular points may of course also occur on a singular component;
their orbits are Lagrangian and can take any one of the forms R¥ x T™ for some
(k,m) with k +m = n.

Now let v € P7!(c) and assume the orbit R™ - (v) = {expt1E,, o -+ o
exp tx=p, (v): t = (t1,...,tk) € R™} is compact and of rank k in the sense that
(11.9) rank(dp1, ..., dpn) |, = rank(dps, ..., dpr) = k < n.

Following [E1, p. 9], we observe that the Hessians d2p; determine an abelian sub-
algebra

(11.10) d’p c S*(K/L,w,)*

of quadratic forms on the reduced symplectic subspace K/L, where we put

n

(11.11) K= ﬂkerdpi(v), L =span{=,, (v),...,Z,, (v)}.

i=1
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DEFINITION 11.2 ([E1]). The orbit R™ - v is said to be non-degenerate of rank
k if d?p is a Cartan (i.e., maximally abelian) subalgebra of S?(K/L,w,)*.

Actually, this definition is (superficially) more general than the one in [E1]
p. 6], since Eliasson assumes through most of [EI] that the subalgebra is elliptic
(in a sense we describe below). However, most of Eiliasson’s ideas apply to generic
integrable systems where the Cartan subalgebra is of mixed type, with real or
complex hyperbolic generators as well as elliptic ones, as discussed in the last section
of [E1] and in [E2]. Also, our assumption that is a CSA is somewhat
stronger than in [E1].

The definition can be rephrased in terms of reduced Hamiltonian systems, as
follows. First, there is a singular Liouville-Arnold theorem which produces action
variables conjugate to the angle variables on the singular orbit. As in (L1.9), we
choose indices so that dps, ..., dpy are linearly independent everywhere on R™ - (vg).
The singular Liouville-Arnold theorem [AM] states that there exists local canonical
transformation

(11.12) v =2(,0,z,y): R* — T*M — 0,

where
(11.13)
I= (Ila -"aIk))79 = (Gla aek) € Rk7 T = (xla -~-axn—k)7y = (yla "'ayn—k) S Rn_k

defined in an invariant neighborhood of R™ - (v) such that
(11.14) p;ot) = 1I; (it=1,..,k)
and such that the symplectic form w on T* M takes the form

k n—k
(11.15) Yrw=> dIl; Ndb;+ > duj A dy;.
j=1 j=1

As for the remaining Hamiltonians p;, there exist constants c¢;; with i = k +
1,..,n and j =1,...,k, such that at each point of the orbit, R™ - (v),

k
j=1

Since dps, ..., dpy are linearly independent in a sufficiently neighborhood U of v €
P~1(c), the action of the flows corresponding to the Hamilton vector fields, Z,,, ..., E,,
generates a symplectic R¥ action on P~1(co) NU. We reduce U with respect to the
partial moment map Z := (I1,...,Ix)(= (p1,...,pk)), i-e., we take {Z = 0} and
divide by the Hamiltonian flow. This produces a 2(n — k)-dimensional symplectic
manifold

(11.17) Yy i= P o) NU/RF,

with the induced symplectic form o. We will denote the canonical projection map
by:

(11.18) e P o) NU — %y

Since {p;,p;} = 0 for all i,j = 1,...,n, it follows that pry1,...,p, induce C*>
functions on Xy, which we will, with some abuse of notation, continue to write as

Dk—41, -y Pn- From ([11.16)), it follows that
(11.19) dp;(m(v)) =0 (it=k+1,...,n).
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Here, we denote the single point m(R™ - (v)) by 7x(v). We thus obtain an abelian
subalgebra prea = R{pr+1,-..,pn} of (C®(Zk),{,}) equipped with the Poisson
bracket defined by o, consisting of functions with a critical point at 7 (v). Equiv-
alent to Definition [T.2]is:

DEFINITION 11.3. The orbit R™ - v is non-degenerate of rank k if d?pyeq is a
maximally abelian subalgebra of (C*°(Zk), {, })-

11.2. Normal forms of integrable Hamiltonians near non-degenerate
singular orbits

Eliasson’s normal form theorem for completely integrable systems near a com-
pact non-degenerate singular orbit A C P~!(c) of rank k expresses the Hamiltonians
pj in terms of the linear action variables I}, of and of additional action vari-
ables in the symplectic transversal (or reduced space). Before stating the normal
form theorem, we recall the definitions of the action variables.

Let Q(2m) denote the Lie algebra of quadratic forms on R?™ equipped with
its standard Poisson bracket. It contains the following special elements (action
variables):

e (i) Real hyperbolic: I = x;&;;
e (ii) Elliptic: If = 2?2 + &2
. (111) Complex hyperbolic: IiCh =x&iv1 — Tip1&i + \/jl(l‘l& + $i+1€¢+1).

Let us call the reduced (or transversal) Hamiltonian system around the equi-
librium point (or singular orbit) non-degenerate elliptic, if it is non-degenerate in
the sense of Definitions and and if the generators of d?p,q are elliptic as
in (ii). Elliason’s elliptic normal form theorem states that in this non-degenerate
elliptic case, there exists a local symplectic diffeomorphism

(11.20) k:V =U,  K(T"x{0})=R"-v

from a neighborhood V of T* x 0 in T*(T* x R"™¥) to a neighborhood U of the
orbit and a locally defined C* function f: (R™,0) — (R, 0) such that

(11.21) piok L —ci=fIE, . I 4 I, Iy).

Here, T¥ is the standard k-dimensional torus.

There is a corresponding normal form theorem in the hyperbolic case or in the
case of mixed elliptic-hyperbolic systems. The statement and proof are alluded
to in [E1] and discussed in detail in [E2]. We let 2m = 2(n — k) = dim K/L as
above. By our assumption, the sub-algebra d2p is a Cartan subalgebra of Q(2m).
By simultaneously diagonalizing the quadratic forms, we can find a basis of d2p
consisting of generators of the above types. The normal form theorem on the re-
duced (or transversal) space now states that there exists a locally-defined canonical
mapping x: U — Up from a small neighborhood U of 7 (v) € ¥, to a neighborhood
Uy of 0 € R?™, with the property that

(11.22) {pior " If} = {pior™ ", I} = {piox ", I"} =0 foralli,j=1,...,n.

Here, p; are actually the functions induced by pg41,...,p, on X;. By making a
second-order Taylor expansion about 1¢ = I°" = I = 0, it follows from (11.22)) that
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for all i = 1,...,n, there locally exist M;; € C°°(Up) with {I¢, M;;} = {II', M;;} =
{I¢h, M;;} = O such that

H+4L+1
(11.23)  pior t—¢ = ZMU I+ > M-I+ Z M - I
j=H+1 j=H+L+1

Non-degeneracy is easily seen to be equivalent to

(11.24) (M;;)(0) € Gi(n; R).
Here I = (I, ., I0y), T0 i= (IS4, oy TS y) and 1€ i= (IS, 1 gy IS )

denote the elements defined above and I := (I3, ..., [;;) are momentum coordinates
of T*(Tk). The M;; Poisson-commute with all the action functions.

The proof of is similar to the elliptic case in [E1]; for discussion of
how the results can be extended to mixed elliptic-hyperbolic systems we refer to
[E1l, [E2), [CdVP, NV].

11.3. Joint eigenfunctions

We now return to quantum integrable systems defined by commuting operators
(11.1). We denote by {¢} an orthonormal basis of joint eigenfunctions,

(11.25) Pipo = @j0a, {(ParPar) = Oaa
of the P; and the joint spectrum of (P,..., Py) by
(11.26) spec(Py,...,Py) =X ={a:=(a1,...,a0n)} CR™.

The eigenvalues of v/—A are thus of the form H(u) with g € ¥ and the multiplicity
of an eigenvalue is the number of g with a given value of H(u). We refer to the spe-
cial joint eigenfunctions as the QCI eigenfunctions. The QI eigenfunctions
are complex-valued and we consider the nodal sets

(11.27) {Re(pa) =0}, {Im(pa) = 0}

of their real or imaginary parts. Note that the complex QI eigenfunctions might
have empty nodal sets, e.g., e/**) have no zeros on a flat torus (and its complex-
ification). We partially characterize the QI systems with this property. It is also
both interesting and difficult to consider nodal sets of all (—A)-eigenfunctions in
cases where the spectrum has high multiplicity.

The nodal hypersurfaces of the the QI eigenfunctions can sometimes be deter-
mined by separation of variables, i.e., if there exists a coordinate system in which
one can separate variables in —A and express ¢, as a product of one dimensional
functions satisfying a one dimensional differential equation. The nodal sets in both
the real and complex domain are then unions of the nodal sets of the factors and
the nodal distribution problem becomes a much simpler and classical problem of
locating the zeros of eigenfunctions of a one dimensional equation. But it is un-
known whether QCI systems always admit separation of variables and our methods
do not involve reductions to one dimensional problems.

We further restrict to the “quantum toric integrable case”. Although such
systems are rare, the techniques and results in these model cases indicate the results
for more general QCI systems. Our main results give the limit distribution of the
normalized complex nodal currents along “ladders” or “rays” of joint eigenvalues.
Before stating the results, we recall the definition of ladders.
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11.4. Quantum toral integrable systems

DEFINITION 11.4. The Laplacian A of a compact, Riemannian n-manifold
(M, g) is quantum torus integrable if there exist generators I; of the ring of commut-

ing first order pseudo-differential operators with the property that e27ili = v;1d
for some constant v; of modulus one.

Such generators are known as quantum action operators. We refer to [CdV1),
TZ1] for background on the definition and also for the following

Toric integrable systems are always toric on the quantum level in the following
sense: One can choose generators Ii,..., I, of the algebra of pseudo-differential
operators commuting with A whose exponentials generate a unitary representation
of T™ on L?(M), at least up to scalars. That is, the joint spectrum is contained in
an off-set of a conic subset A of a lattice,

(11.28) spec(ly,...,Im) =A+v CZ™ 4,

where v € (Z/4)™ is a Maslov index. For instance in the case of the standard S? one

can choose generators whose spectrum is the set {(m,n+3): —n <m < n, n > 0}.
Semiclassical limits are taken along ladders in the joint spectrum. In the case

of general R™ action, we define for a fixed b = (b, ba, ...,b,) € R™, a ladder of

joint eigenvalues of Py = /—A, Py, ..., P, by

(11.29)

s
Ly = {(Mg» s Amp) € spec(Py, ..., Py): lim =25 =
k— o0 ‘)\k|
where [Ag| = /AT, + ...+ A2,
In the case of quantum torus actions, we define rational ladders by

(11.30) L, =Ra+v, (aeA).

b forall j=1,...,m},

Thus, rational rays consist of multiples of a given lattice point. The definition
extends to any point « in B + v. We only prove limit formulae for rational rays
but the same proof works with no essential change for all ladders; see [STZ] for the
necessary modifications.

We refer to a ladder as a regular ladder if P~1(a) is a regular level, and as a
singular ladder if P~1(a) is a singular level. In this article we only consider limit
distribution along ladders for regular levels. In §13.7.6| we show that the results are
in fact different for singular ladders (see the example of highest weight spherical
harmonics).

Restricting this Fourier integral 7™ action to a ladder L = N« is a special case
of homogeneous quantization and ladder representations of Guillemin-Sternberg
[GS]. It follows from the abelian T case of of [GS] Theorem 6.7] that the ladder
projector for the ladder L = Na

L (.’)37 y) = Z Pka (m)gpka (y)
k=1

is a homogeneous Fourier integral operator associated to the canonical relation
Z X 7 = F/ ] AL,

where Z = Z7!(Ra) is a co-isotropic submanifold of T*M and Z x . Z is the set of
pairs (z,2') with z ~ 2/, i.e., which lie on the same leaf of its null-foliation, given
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in the Abelian case by the full 7™ action. Also, Ay is the character Lagrangian,

i.e., the wave front set of the ladder character xz(t) = > po, e*(@ (see [GS|

Theorem 6.3]). Further it follows by [GS] Corollary 6.10] that W (t)my, is a ladder

representation of 7™ by Fourier integral operators associated to the composition
Vo (ZxxZ)=A{(t,ra,z,P(2')): 2 ~ 2/, Z(2) = ra}.

To determine growth rates of g, in the real and complex domains, we employ
semi-classical versions of this result. Concretely, we construct oscillatory integrals
representations of the L?-normalized joint eigenfunctions by Fourier analysis on the
torus:

(11.31) Cra(@)praly) = | W(t,a,y)e 2™kt gt
T‘"L

PrROPOSITION 11.5. If A is quantum torus integrable, then there exists a unitary
Fourier integral representation (|11.33])

Wty oo stn): T" = U(LA(M)), Wty ty) = /0t
of the n-torus and a symbol H € SL(R™ —0) such that /—A = fI(Il, v In).
it; I

The Schwartz kernel of the quantum torus action W(t) = H;nzl eili is a

Fourier integral representation of 7™ on L?(M). It has the eigenfunction expansion,
(11.32)  Wtay) =3 e @00 o) t= (... t)
aEA

and also an oscillatory integral representation

(11.33) Witay) = [ eSO At oy, e,

where S is homogeneous of degree one in £ and A is a classical symbol in £ and the
‘moment Lagrangian’

(11.34) T':={(t, VS, 2, VS, y, —V38): VeS(t,2,y,8) =0} CT*(T™ x M x M)

is the ‘space-time’ graph of the Hamiltonian torus action.
Combining ((11.33) and (11.31)), and changing variables £ — k¢ in (11.33)), we
have

LEMMA 11.6. For fized y, the sequence {pra(z)ora(y)}ie, is a semi-classical
Lagrangian distribution defined by an oscillatory integral with real phase S — {(«, t).
The critical point t occurs when ViS(t,z,y,§) = a and VS = 0, that is, if
(l‘, vrs(ta €, y)) € Aa

The semi-classical Lagrangian distribution of Lemma is the semi-classical
de-homogenization of the ladder projector 7. In effect, we compose mr, with W (¢)
to obtain the ladder representation and then integrate in ¢ against e~ () This
operation can be viewed as the pushforward . mp W (t). and

(11.35) {Pha(@)0ka(y)}72) € OFM x M, Zo X Zo,kH(a)),

where

Zo Xp Zo ={(2,2): 2,2 € T (a)}.
Here, O denotes the space of oscillatory integrals with respect to the given La-
grangian submanifold.
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The complication in applying this formalism is that it only provides asymptotics
for (z,y) which are real points in the classically allowed region, i.e. in image of the
natural projection 7w: A, — M x M. In effect, we need to analytically continue
homogeneous quantization into the complex domain. The generalization is carried

out in §14

11.5. Lagrangian torus fibration and classical moment map

The inverse image of a point (zg, yo) of the triangular region under the moment
map is the set of points (z, ) such that (pg(z, €), |€|) = (z0, yo). It is easy to see that
the inverse image is invariant under the xs-axis rotations and under the geodesic
flow, i.e., under the Hamiltonian flows of the components of the moment map. This
is a Lagrangian torus.

The boundary of the image is quite special: it corresponds to singular points
of the moment map, namely the equatorial geodesic, traversed in either of its two
orientations.

It is helpful (and accurate) to imagine Y,* and its joint eigenvalue (m,k -+ %)
as corresponding to the torus with pg(x,&) = m and |¢| = k. If we rescale back to
S$*S? this is pg = m/k which defines a 2-torus.

For instance, the central axis is pp = 0 and that corresponds to longitudinal
great circles, which depart from the north pole, converge at the south pole and then
return to the north pole. This is the picture of zonal spherical harmonics.

11.6. L? norms of Quantum integrable eigenfunctions

In this section we continue the study of (mainly joint) eigenfunctions of quan-
tum integrable Laplacians begun in §I1] The very special property of the joint
eigenfunctions is that they concentrate microlocally on level sets of the classical
moment map, and usually on one component (i.e., orbit of the joint Hamiltonian
flow). The geometry of the foliation by orbits has implications for the L? norms of
the joint eigenfunctions. Roughly speaking, the LP norm blows up along a sequence
of joint eigenfunctions if they localize along a level set which has a singular pro-
jection to the base. There are many possible types of singularities, some of which
must occur for any (or almost any) integrable system and others which are special.
The geometry of the level sets and the singularities of their projections accounts
for all known extremal phenomena regarding LP norms of eigenfunctions, and this
motivates our attention to QI systems. Moreover, locally (or microlocally) around
a regular invariant set of the geodesic flow on any (M, g) the classical and quantum
systems are well approximated by a QI systems (its Birkhoff normal form).

11.6.1. Mass concentration on small length scales. All of the examples
we know where eigenfunctions saturate LP bounds are QCI systems. These gener-
alize the example of flat tori, round spheres and ellipsoids. The importance of these
rare but special (M, g) is that they are computable and are most likely extremal
for LP problems.

One extremal problem is to determine the Riemannian manifolds which possess
orthonormal bases of eigenfunctions with uniformly bounded L*° norms. The fol-
lowing result from [TZ1] shows that flat tori are the unique minimizers in the class
of QCI systems. In the following, let L>°(}, g), resp. £°()\, g) denote the maximum
(resp. minimum) L* norm among L2-normalized eigenfunctions of eigenvalue \2.
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THEOREM 11.7. Suppose that A is a quantum completely integrable Laplacian
on a compact Riemannian manifold (M, g). Then

(a) If L (A, g) = O(1) then (M, g) is flat.
(b) If £°(X,g) = O(1), then (M, g) is flat.

There exists a quantitative improvement giving blow-up rates for LP norms
for QI eigenfunctions concentrating on singular level sets, i.e. level sets which are
not regular tori. These eigenfunctions are the extremals for LP blow-up and mass
concentration. The following is proved in from [TZ2]:

THEOREM 11.8. Suppose that (M, g) is a compact Riemannian manifold whose
Laplacian A is quantum completely integrable. Then, unless (M, g) is a flat torus,
this action must have a singular orbit of dimension < n. If the minimal dimen-
sion of the singular orbits is £, then for every € > 0, there exists a sequence of
eigenfunctions satisfying:

_@_E

lorllze > Cle)NT 7,
(n=0)(p=2)

lexllor > Cle)r, 7, 2<p<oo.

e A point (z, &) is called a singular point of the moment map P if dp; A--- A

dpn(x,€) = 0;
o Alevel set P~1(c) of the moment map is called a singular level if it contains
a singular point (z,¢) € P~1(c);

e An orbit R™ - (x,&) of <I>t is singular if it is non-Lagrangian, i.e., has
dimension < n.

The idea is to measure local L? mass on shrinking tubes around special subsets
of M. They are the projections of special singular level sets of the moment map
of the underlying integrable system from S*M — M. Except in the case of a flat
torus, singular levels such as closed geodesics always occur.

The mass in a shrinking tube can be calculating by using microlocal FIO’s to
conjugate to a quantum Birkhoff normal form around the level. This technique is
powerful and should have other applications to LP norms, e.g. for proving upper
bounds.

11.7. Sketch of proof of Theorem [11.8

We sketch the mass estimates in shrinking tubes. We use semi-classical notation
h=A"1
Let A := R"-v be a compact, k < m-dimensional singular orbit of the Hamilton-
ian R™-action generated by (p1, ..., pn). In this section, we study mass concentration
of modes in shrinking tubes of radius ~ h° for 0 < § < 1/2 around 7(A) in M,
where m: T*M — M denotes the canonical projection map.
We denote by T.(m(A)) the set of points of distance < e from w(A). For
0 < § < 1/2, we introduce a cutoff x{(x;h) € C§°(M) with 0 < x§ < 1, satisfying
o (i) supp x} € Ty (m(A));
e (ii) X‘1S =1lon T3/4h<S (m(A));
o (iii) |99} (23 h)| < Cuh0lel.
Under the assumption that A is an embedded submanifold of M, the functions

(11.36) X (@i h) = G (A2 d?(z, m(A)))
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are smooth on T.(7w(A)) and satisfy the conditions. Here, d(.,.) is the Riemannian
distance function. Also, (; € C§°(R) with 0 < {3 < 1, () =1 for |z] < 3/4 and

supp ¢1 C (—1,1).
THEOREM 11.9. Let {p,} edit must be associated to the level set A be a joint

eigenfunction of the QCI system. Then for any 0 < & < 1/2, (Op,(X3)¢u, o) >
| log h|~™.

We briefly sketch the proof. Let x3(z,&h) € C3°(T*M;[0,1]) be a second
cutoff supported in a radius 1° tube, Q(h), around A with Q(%) C supp x¢ and such
that x§ =1 on supp x3. Then, clearly

(11.37) X3 (@, €) = x5, €),
for any (z,&) € T*M. By Garding’s inequality, (11.37)) implies
(11.38) (OPa(XD)9us i) > (OPL(X3)Pu» P1)-

We now conjugate to the model by A-FIO. By Egorov’s theorem
(11.39) (0P (x3)¢us i) = le(h)[* (0P (x5 © k), u) — Csh' =%,
where c(h)u,(y, 0; k) is the microlocal normal form for the eigenfunction ¢,,. Under
reasonable geometric assumptions, |c(h)|? > |log h|~™.

This reduces things to calculating the matrix elements (Opy,(x30k)u,,, u,) from
below in the model. But the matrix elements are now in terms of elementary model
eigenfunctions and the calculation has become easy. The normal form eigenfunc-

tions separate into a product of factors and one only has to calculate one (or two)
dimensional integrals. As an example, in the hyperbolic case the integral has the
oo
/ efizx71/2+i)\/hx(x/h5£)dz
0

form
1 % s 2 a¢
M=o (/ X(E/1) 5)
2

hé—l
> L (1ogn)! / g +O(|log b~
Co 0 13

(11.40) > |T(1/2 +iX/R)[* (1 —26) + O(|logh|™') > C(e) > 0
uniformly for i € (0, ig(¢)].

11.7.1. Completion of the proof of Theorem The small scale mass
estimates immediately imply lower bounds on L norms and LP norms due to the
shrinking volumes of the tubes. For instance

/Iw(ff)IQX‘f(z;ﬁ) V)< s lou(a)? / X ) dV ()
M M

nie
/ i g1 /2N g
0

€T, 25 (w(A))
(11.41) <ol [ M@navia)
and it follows from Lemma that

(11.42) leull~ ([ Mimavol) = colosi .

uniformly for i € (0, fip(€)]. Since

(11.43) / W ) dV () = ORS00,
M
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(11.42)) implies
lpul|2e > C(e)h™ 2 =0%|log B[ ~™.

Recalling that h=! € {)\;: \; € spec(v/—A)}, this gives:

lox;llze= > Cle)A; ™ ~°

11.8. Mass concentration of special eigenfunctions on hyperbolic orbits
in the quantum integrable case

The mass profile of scarring eigenfunctions near a hyperbolic in the completely
integrable case is studied in [CAVP] on tubes of fixed radius and in [NV, [TZ2]
on tubes of shrinking radius. Let v C S*M be a closed hyperbolic geodesic of
an (M, g) with completely integrable geodesic flow and for which A, is quantum
integrable (i.e., commutes with a maximal set of pseudo-differential operators; see
[TZ2] for background). We then consider joint eigenfunctions A, and of these
operators. It is known (see [TZ2, Lemma 6]) that there exists a special sequence
of eigenfunctions concentrating on the momentum level set of yv. We will call them
the v-sequence.

Assume for simplicity that the moment level set of v just consists of the orbit
together with its stable/unstable manifolds. Then it is proved in [TZ2] that the
mass of ¢, in the shrinking tube of radius h® around v with § < % is ~ (1 —26) (see
also [N'V] for a closely related result in two dimensions). Thus, the mass profile of
such scarring integrable eigenfunctions only differs by the numerical factor (1 — 26)
from the mass profile of Gaussian beams. The difference is that the ‘tails’ in the
hyperbolic case are longer. Also the peak is logarithmically smaller than in the
elliptic case (a somewhat weaker statement is proved in [TZ2]).

Let us state the result precisely and briefly sketch the argument. It makes an
interesting comparison to the situation discussed later on of possible scarring in the
Anosov case.

We denote by 7: S*M — M the standard projection and let 7(y) be the
image of v in M. We denote by T.(w(A)) the tube of radius ¢ around 7(A). For
0 < 6 < 1/2, we introduce a cutoff x§(z;h) € C°(M) with 0 < x§ < 1, satisfying

o (i) supp x3°'' C Tha(n(7))
e (ii) X‘1S =1 on T3/4ps (m(7))-

THEOREM 11.10. Let v be a hyperbolic closed orbit in (M,g) with quantum
integrable Ay, and let {p,} be an L? normalized y-sequence of joint eigenfunctions
Then for any 0 < 6 < 1/2 ,limp—0(Ops(x$)@u, pu) > (1 — 26).

11.8.1. Outline of proof of Theorem For simplicity we assume
dim M = 2. Let x3(x,&; k) € C°(T*M; [0, 1]) be a second cutoff supported in a ra-
dius h° tube, Q(h), around ~y with Q(h) C supp x§ and such that x$ = 1 on supp x3.
Thus, x3(x,&) > x3(x, &), for any (z,£) € T*M. By the Garding inequality, there
exists a constant Cy; > 0 such that:

(11.44) (Opr(XD) e 2)) = (OPR(X)Pus ou) — C1h' 0.

We now conjugate the right side to the model setting of S x R!, i.e., the
normal bundle N, to . The conjugation is done by h Fourier integral operators
and is known as conjugation to quantum Birkhoff normal form. In the model space,
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the conjugate of A4 is a function of Dy = % along S' and the dilation operator

I = R(Dyy +yD,) along R. By Egorov’s theorem
(11.45) (0P (X3)Pps o) = |e(M)*(Opr(X5 © K)uy, ) — Cah!'—*

where u,(y, s; 1) is the model joint eigenfunction of D, I", and ¢(h) is a normalizing
constant. This reduces our problem to estimating the explicit matrix elements
(Opr(xS oK )uy,uy) of the special eigenfunctions in the model setting. The operator
I" has a continuous spectrum with generalized eigenfunctions y—1/2T»/"  The
eigenfunctions on the ‘singular’ level v correspond to A ~ Fh. A calculation shows
that the mass in the model setting is given by
2 dé
E

Analysis of ([11.46) shows that the right side tends to 1 — 26 as h — 0 if A ~ Eh
(see §11.9|for a detailed discussion).

/ 67ixx71/2+i)\/hx(x/h5§)dx
0

(11.46) M, = lo;h </OOO x(hE /R

11.9. Details on M,
To estimate Mj, we assume A ~ Eh and let x € C5°(R; [0, 1]) with x(z) =1
for |z| < 1 and x(x) = 0 for |z| > 2. Note that we divide by |logh| in the model

—1/2 ,
distribution up(z) = /| log A| / o V2HE/NY (1)) so that || Opy,(x)un|[2 ~ 1. To
estimate the mass on shrinking tubes of size h° we write

[e’e) [e%s} 2
M =[logh [0S | [ e N i |
0 0
o o . . 2 dé—
=|10gh|_1/ X(hl—ég) / e—zxx—1/2+z>\/hx(x/h6§)dx z
0 0
et df oo 2
(11.47) = |1ogh|*1/ r / e @y V/2HN Ry (1 /R0€)dx| + O(|log b)),
0 0
The last step follows since
2p% 1 dé. [e%s} ) ) s 2
|logh\_l /}1671 ? /O e_mx_l/QH)‘/hx(x/h f)dl‘
2n8—1 d€ [e'S) ) ) 2
=pogn =t [ 1| [ e e i e ig)as + 0(1)| = Olog ).

The last estimate follows by integration by parts, since when & > i°~! we have
R2¢ > h?9~1 and we assume that 20 — 1 < 0 so D, (x(x/h%¢)) = O(h~%¢~1) — 0.
Also, [T'(1/2 +iA/R)|? = [T(1/2 +iE)|? = o E) = O(1). To simplify (11.47) we
first make a change of variables & — h°¢ and get

) h/2§71 d/r]
(11.48) My, = |logh| —
0 n

Next, we get rid of the interval 0 < 7 < 1 by observing that when n € [0, 1],

/ eiiml‘il/eri)\/hX(I/?])dm
0

. 2
/ e_wm_1/2+z,\/hx(x/77)dx +O(|logh|™1)

0

2n
< / zfl/dezo(n1/2)
0
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and so,
1 dn [e%s} ) ) 2 1

\logh|_1/ 0 / e~ @y /2N Ry (1 /) de <<|1ogh|_1/ n~'ndn < |logh| ™ .
0 0 0

Thus,

h?é—l

e’} 2
(11.49) M, = |1ogh|_1/ d—: / e~y V2N Ry (2 n)de| +O(|log h|7Y).
1 0

Next, one gets rid of the cutoff x(x/n) by integrating by parts. When n > 1,

[ e i e = [ D e A (afade = 061,
n n

So the [, oo]-range of integration in x gives a contribution to M, that is < | log 2| 1.

The end result is the formula
h26—1

d 2
(11.50) My, = |1ogh|*1/ & +O(|log h|™1).

1 n
By contour deformation, for n > 1,

n ) )
(11.51) / e @ V/2HIN By,
0
Substitution into (11.50)) gives
h25—1

d
(11.52) M, = |logA|~HI(1/2 + z‘)\/h)|2/ ?’7 + O(|log B ™).
1

n ) .
/ 671131371/2+7,A/hd‘r
0

2

- ‘r(1/2 iR+ (9(7;*1/2)‘2

This last step follows since the O(n~'/?)-terms in (T1.51)) give a contribution to My,
25—1
that is < |log h|™* [/ Ly=1/2 = O(| log b ).
The final formula follows immediately from (11.52). With A ~ Eh, one gets

(11.53) My, ~ |T(1/2 +4iE)[*(1 — 26).
Since |['(1/2 + iE)|* = = is bounded away from zero, it follows that (11.40)

tends to 1 — 26 as A — 0.

11.10. Concentration of quantum integrable eigenfunctions on
submanifolds

Similar methods were used in [T3] to obtain sharp bounds on L? norms for
restrictions to submanifolds in the quantum integrable case, making more precise
the results of [BGT] in this special case. For simplicity, let us consider curves on
surfaces. First is the generic upper bound from [T3]:

THEOREM 11.11. Let ¢y;55 = 1,2,3,... be the L?-normalized joint Laplace
eigenfunctions of the commuting operators P = —A and P, on a Riemannian
surface (M?,g). Then for a generic curve vy such that L*pg\S;M 1s Morse, we have

/ |05, [7ds = Opy (log ;) -
il

It is also proved in [T3] that if the curve is a geodesic, the bounds depend on
the type of level set the geodesic lies on:
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THEOREM 11.12. Let P;(h);j = 1,2 be a non-degenerate quantum integrable
system system on a surface, (M,g). Then,

e (i) When v is the projection of a geodesic segment contained in P~ (Bieg),
[ ler@)Pas =0,
¥
e (ii) When v is the projection of a singular joint orbit in P~ (Bsing),

[ 1en 0P ds = 00007
:

Moreover, there exists a constant c, > 0 depending only on the curve v,
and a subsequence of joint eigenfunctions, Pxjp = k=1,2,... such that

/ \@Ajk (s)|*ds > cy)\}f when v is stable,
y

/ lox;, (s)|?ds > c,Y)\;I{Q| log \j,|~'  when v is unstable.
y

Thus the exact bound depends on the nature of the geodesic. In the general
quantum integrable case, most geodesics lie on regular Lagrangian tori in P! (Byeg)
and these geodesics do not support large L2-bounds. But as in Theorem m
there always exists a subsequence of joint eigenfunctions of P, and P, with mass
concentrated along (singular) orbits contained in P~!(Bsing), and the associated
eigenfunctions saturate the upper bounds. For instance in the case of a simple
surface of revolution, the equator is the projection of a singular orbit of the R? action
generated by geodesic flow and rotation. The corresponding joint eigenfunctions
(the analogs of highest weight spherical harmonics) satisfy f,y lox, |* ds ~ )\}/ % along
the equator, v. The equatorial geodesic is singular and the L? norms along it had
singular blowup. In the case of the meridian great circles, the closed geodesic lies
in the base space projection of a maximal Lagrangian torus. The zonal harmonics
have A-microsupport on this torus and have L2-restriction bound ~ log A along any
meridian great circle.

11.10.1. Appendix on semi-classical pseudo-differential operators. For
the reader’s convenience, we review the definition of semiclassical pseudo-differential
operators. Given an open U C R™, we say that a(z,& k) € C°(U x R") is in the
symbol class S™F(U x R™), provided

(11.54) 020 ar, & ) < Cogh™ (1 + )17
We say that a € Sgl’k(U x R™) provided there exists an asymptotic expansion
(11.55) a(@,&h) ~h™ Y aj(x, O,

j=0

valid for [£] > & > 0 with a;(z,£) € S®*79(U x R™) on this set.
We denote the associated i Kohn-Nirenberg quantization by Opy(a), where
this operator has Schwartz kernel given locally by the formula

(11.56) Opy(a)(z,y) = (2rh) ™" / e @V g (1 €5 1) dE.

n
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By using a partition of unity, one constructs a corresponding class, Opj,(S™*), of
properly-supported A-pseudodifferential operators acting on C*°(M).
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CHAPTER 12

Restriction theorems

This chapter is devoted to restriction theorems for eigenfunctions. The term ‘re-
striction theorem’ often refers to Fourier restriction theorems, i.e., theorems about
restrictions f — f| of Fourier transforms of LP functions to curved hypersurfaces
H. Discrete restriction theorems in [Sol] refers to the LP — L7 mapping norms of
spectral projections for short spectral intervals (‘clusters’). The restriction in these
theorems is in the frequency domain and some of the results in the setting of general
Riemannian manifolds were surveyed in the section on LP norms of eigenfunctions.
In this section, ‘restriction’ refers to the ‘space domain’, i.e., refers to restrictions
@;|m of eigenfunctions to a hypersurface (or other submanifold) H. This has be-
come a large subject and we only survey a few of the many results, focusing on two
types of theorems: (i) L? norms of restrictions, and (ii) quantum ergodic restriction
theorems. We also briefly discuss integrals [ 7 fj dS of restrictions (Kuznecov sum
formulae in the sense of [Z]) and a result from [HHHZ] saying that restrictions of
eigenfunctions with eigenvalues in a short interval provide an ‘asymptotic orthonor-
mal basis’ for L?(H). There is also a large theory of LP norms of restrictions and
Kakeya-Nikodym norms but we do not review it here; see [So3| for a recent survey.

We recall the notation for the eigenvalue problem on M

(12.1) —Agpj = Xjwjs (@i o) = Sk,
. Byj =0 on 0M,

where where B is the boundary operator, i.e., By = p|ops in the Dirichlet case or
By = 9,¢|on in the Neumann case. We also allow 9M = ). We introduce the
Planck constant h; = /\j_l; for notational simplicity we often drop the subscript
j. We then denote the eigenfunctions in the orthonormal basis by ¢, and the
eigenvalues by h~2, so that the eigenvalue problem takes the semi-classical form

{(thg — Lpn =0,

(12.2)
By, =0 on OM.

Above we defined restrictions to be ‘Dirichlet data’ of eigenfunctions on a hy-
persurface or lower dimensional submanifold H, i.e., restrictions ¢;|x. It is also
interesting to study Neumann data 8l,<pj| g where 0, is the unit normal derivative
with respect to a given orientation of H. Further, one may combine the Dirichlet
and Neumann data to form the Cauchy data of the eigenfunction on H. For this
we use the semi-classical notation

(12.3) CD(¢n) := (pnlu, hDyon|u)

as in [CTZ|]. Here D, = %8,,.
We often use metric Fermi normal coordinates along H, i.e., exponentiate the
normal bundle to H. We denote by s the coordinates along H and y, the normal
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coordinate, so that y, = 0 is a local defining function for H. We also let o,&,, be
the dual symplectic Darboux coordinates. Thus the canonical symplectic form is
wrsp = ds Ndo + dy, A dy,.

Before getting started we point out two of the possible extremes of restriction
of a sequence of eigenfunctions: (i) when there is no positive lower bound on L?2-
norms of restrictions of a sequence of eigenfunctions to a hypersurface H, and (ii)
where a sequence of eigenfunctions blows up when restricted to a hypersurface.

12.1. Null restrictions, degenerate restrictions and ‘goodness’

Regarding the first scenario, it is possible that ¢j, |z = 0 for a subsequence
of eigenfunctions. The question arises how to characterize hypersurfaces (or lower
dimensional submanifolds or other sets) on which an infinite sequence of eigen-
functions vanishes. This question was raised by Bourgain-Rudnick [BouR1] and
studied by them on flat tori. When the hypersurface bounds a domain it is also the
question when the Dirichlet spectrum of the domain can have an infinite number
of eigenvalues in common with the global spectrum of (M, g).

The same question can be posed for Neumann data. A simple example is given
by the eigenfunctions sin(27n;x1) on a flat torus all vanish on the totally geodesic
submanifold {z; = 0}. Related examples occur in other completely integrable
settings where one can separate variables. In the case of the unit disc, a ‘ray’ or
spoke of angle 2* is the common zero set of separation-of-variables eigenfunctions
Im(pm,j7)sinmb. Here, p,, ; is a zero of J,,. Such eigenfunctions also vanish on
certain concentric circles when rp,, ; is also a zero of J,,. But it was proved by
C.L. Siegel that no J,, and J, have no common zeros for m # n. On the standard
52, or on any surface of revolution, one has a similar situation where an infinite
sequence of separation-of-variables eigenfunctions can vanish on a fixed meridian,
but (as pointed out by Z. Rudnick) it is an unresolved classical conjecture that
only a finite sequence can vanish on a fixed latitude circle. Another obvious (but
important) kind of example, which can occur on negatively curved manifolds, is
where H C Fix(o) is a component of the fixed point set of an isometric involution.
Then any odd eigenfunction ¢; o 0 = —¢; will vanish on H. Hence it is possible
for ‘half’ of the eigenfunctions to vanish on a single hypersurface.

Obviously, the Neumann data of odd eigenfunctions on (M, ¢g) with an isometric
involution ¢ do not vanish on components H C Fix(c), but the Neumann data of
even eigenfunctions do. Each component of the fixed point set of an isometric
involution is a totally geodesic submanifold as in the integrable examples above.
To our knowledge it is unknown if there exist hypersurfaces which are not totally
geodesic on which a sequence of eigenfunctions vanishes. In [BouR1| Bourgain-
Rudnick proved that on a two- or three-dimensional flat torus 7",

(12.4) leallzzs) > Clloall L2

for any positively curved smooth hypersurface. In [BouR2| they prove that a
necessary and sufficient condition for a smooth curve ¥ C T2 of a flat two-torus to
lie in the nodal set of an infinite sequence is that it is an arc of a closed geodesic.
They further generalize this result to real analytic hypersurfaces with nowhere
vanishing principal curvatures of a flat torus 7 of any dimension. In [BouR4]
they prove positive lower bounds for such hypersurfaces in two and three
dimensional flat tori.
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A related question arises how fast a sequence of restricted eigenfunctions can
tend to zero in L? when the sequence does not vanish identically. The question is
illustrated by L?-normalized Gaussian beams gp] centered on a closed geodesic 7y of
a surfaces of revolution (52, g). On the one hand, they peak on vy and satisfy

(12.5) L o] [2ds ~ CyA .

On the other hand, they decay at a Gaussian rate in the normal direction to v and
so on a latitude circle C' they satisfy

(12.6) / (612 ds = Ay(C)ea©N
C

Here, Cy, Ay, a4 are constants that may depend on g or the curve C' but do not
depend on the eigenvalue. This raises the question whether L? norms of non-zero
restrictions can decay at a faster rate than .

J. Toth and the author have made this question precise with the notion of a
good submanifold, specifically a good curve [ToZ1l, [ToZ4]. It is assumed that the
metric is real analytic but the definition makes sense for C*° data as well. For
instance, a real analytic curve H C M of a real analytic Riemannian manifold (of
any dimension) is said to be ‘good’ if the full sequence of eigenfunctions has a lower
bound of the type . More precisely, one considers the sequence of normalized
logarithms

L

(12.7) uj = — log|p;?
Aj

and define the restricted sequence
1

(12.8) uf = /\—jlog|<p§|0|2~

DEFINITION 12.1. Given a subsequence S := {p;, } of eigenfunctions, we say
that a real analytic curve C C M is S-good if there exists a constant Mg > 0
so that uJC > —Mg for all j € S§. If C is S-good for every subsequence of every
orthonormal basis sequence {y;}, we say that C' is good.

If C fails to be good, then there must exist a sequence S so that C fails to
be S-good, and we then say it is S-bad. We refer to S as a bad sequence for
C. This definition makes sense for a submanifold C' of any dimension, such as a
hypersurface. It is very difficult to determine when a submanifold is good and it is
mainly in the ergodic setting where curves have been proved to be good, at least
for a density one subsequence of eigenfunctions [JJ2]. A more general criterion for
goodness is given in [ToZ4].

Obviously, if a infinite subsequence S of eigenfunctions vanishes on C' then it
is S-bad. We call such a C' a nodal curve (or hypersurface) We do not know of
any other cases of bad submanifolds. A good case study would be to check if there
are any ‘bad’ latitude circles of a surface of revolution. By separation of variables,
this amounts to checking whether the radial parts of a sequence of eigenfunctions
can decay faster than e~“* at one single point of the unit interval. Of course,
the sequence would correspond to a sequence of distinct radial Sturm Liouville
problems.
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In the case of Gaussian beams, the Cauchy data satisfies the bounds
(12.9) ICD(pn) sl 2y < Cye oY

along a latitude circle away from the center of the beam. That is, the Neumann
data is just as small as the Dirichlet data. On the other hand, it is impossible for a
closed hypersurface which bounds a domain to be ‘bad’ for the Cauchy data. This
follows from boundary Carleman estimates for Cauchy data [Bull, [V].

Having discussed lower bound and degeneracy issues, we now turn to upper
bounds.

12.2. L? upper bounds on Dirichlet or Neumann data of eigenfunctions
The first result is due to Burq-Gerard-Tzvetkov [BuGT]:

THEOREM 12.2. Let M be a compact manifold without boundary and assume
dim M = 2. If v is a unit-length geodesic, then

(12.10) [lesto)Pas =00,

with ds denoting arc-length measure on .
If v is a curve with strictly positive geodesic curvature, then

(12.11) / lp5(5)[2ds = O(A?).

As noted above, the L? restriction bound for closed geodesics is saturated by
Gaussian beams around elliptic closed geodesics on surfaces of revolution. Non-
positively curved surfaces do not possess such elliptic closed geodesics or Gaussian
beams, and that suggests the estimate can be improved for them. Generally speak-
ing, the improvements will not be better than by log factors due to the exponential
growth of the geodesic flow. Sogge and the author improved the result on surfaces
of non-positive curvature [SoZ2].

THEOREM 12.3. Let M be a compact manifold without boundary and assume
dim M = 2. Let Il denote the space of unit length geodesics. Then given € > 0
there is a A(e) < oo so that

[N

1/2
(12.12) sup </ |g0j|2ds) <er?, A > A(e).
~Y€EIL 1%

J. Toth [To] proved that for quantum integrable eigenfunctions and generic
curves,

(12.13) / 193 (5)|2 ds = O(log A, ).

For instance, zonal spherical harmonics have such bounds along meridians. Marshall
gave a power law improvement in arithmetic cases [Mal).
The next result pertains to a manifolds of general dimension:

THEOREM 12.4. Let M be a compact manifold without boundary. Let H C M
be a smooth codimension 1 submanifold. Then

lpjlellL2 ey = O(/\;M)
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and
hDygsl | L2y = O,

The first estimate is from [BuGT], while the second estimate follows from the
Rellich-type argument in [HT].

12.3. Cauchy data of Dirichlet eigenfunctions for manifolds with
boundary

Let M be a compact Riemannian manifold with boundary M. In this section
we consider the same L? restriction bounds for Dirichlet or Neumann eigenfunctions
on a manifold with boundary with H = 9M. Since the eigenfunctions satisfy
boundary conditions, these are actually restriction bounds on Cauchy data rather
than just on Dirichlet or Neumann data.

A key hypothesis in the results is a ‘no-trapping’ hypothesis. The no-trapping
hypothesis is that every geodesic intersects M. An example is the upper hemi-
sphere of a sphere or a convex domain in R™. An example with trapped geodesics
is a Lorentz-Sinai billiard of higher genus, in which a disc is removed from a non-
positively curved surface, in which case there exist closed geodesics which do not
touch the boundary. Another is an equatorial annulus on a standard sphere, in
which the equator does not touch the boundary. As mentioned above, Gaussian
beams concentrate at the middle geodesic and are therefore not so large on the
boundary. Denote by {u;} an orthonormal basis of Dirichlet eigenfunctions, and
by Ou;/0v its normal derivative on M. In [HT] the following is proved:

THEOREM 12.5. For any (M, g) with C* boundary, the Dirichlet eigenfunctions
satisfy

/ 0w, /ov||* dS < CA?
oM
and for any (M, g) satisfying the no-trapping hypothesis,

/ |0u; /v|]? dS > OA2.
oM

The upper bound is not necessarily sharp and the lower bound is not necessarily
true in general. In [HT], Example 6 of a hyperbolic cylinder with boundary,

c\? 9 C\?
Tog A < |0u;/0v||T2on) < Tog A’

One may also study LP norms of Cauchy data. Sup norms of Cauchy data are
studied in [SoZ1] on manifolds with concave boundary.

12.3.1. Rellich identities. We will not sketch the proofs of these results but
mention that in [HT], the results follow from studying Rellich’s identities

(12.14) /M (u, [A, AJu) dV = /{)M %(Au) _ ua(;;u) s

for eigenfunctions —Au = A\?u. Here, [A, B] = AB — BA is the commutator. To
prove (12.14) one uses that [A, A] = [A + A2, A] and applies Green’s identity to
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integrate by parts the right side of
(12.15) / (u, [, AJu) dV = / (A + A2)u, Au) — (u, (A + X2) Au) dV
M M

(12.16) _ —/ (1, (A + A2) Au) dV.
M

To obtain bounds from Rellich’s identity one chooses A so that the right side
(resp. the left side) is a positive form in d,u. In [HT] A is chosen to be A = x(y)9,
(writing r = y as the distance to the boundary) and  is a cutoff that vanishes for
r > §. Some of the results originally were proven in [BLR].

12.4. Restriction bounds for Neumann eigenfunctions

In [BaHT] some of the techniques and results of [HT] are extended to Neu-
mann eigenfunctions. For convex Euclidean domains €2, the use of Rellich’s Lemma
gives ||w;l|z2(a0) > C. In [HT] the authors show that it is not true on general man-
ifolds with boundary that [[w;| z2aar) > C for Neumann eigenfunctions if there are
trapped geodesics. In [BaHT] the authors show that indeed [|wjl|z290r) > C
if there are no trapped geodesics. The complementary sharp upper bound is
lw; |l 2 anr) < C’M;/S, as proved by Tataru [T]. Here, p? is the Neumann eigenvalue.

The following theorem of [CHT) generalizes [HT] for boundary traces of Dirich-
let eigenfunctions to general interior hypersurfaces.

THEOREM 12.6. Let (M, g) be a compact smooth manifold with boundary OM .
If H C M is a smooth, embedded, orientable separating hypersurface and HNOM =
0, then for any orthonormal basis of eigenfunctions,

127 Buon, 2y = O(1).

In [HZ], BaH] the authors provide some intuition towards the results. First,
the analogue for Neumann eigenfunctions of Neumann data 0,¢;|sn for Dirichlet

1
eigenfunctions is not the Dirichlet data |¢;|aa but (1 — )\]._zAaM)j_gaij where
Agyps is the positive boundary Laplacian. In [BaH]|, the authors explain that the
w; do not behave as uniformly as the Dirichlet traces. In [BaH)| the authors prove

PROPOSITION 12.7. Let (M, g) be a compact smooth manifold with boundary
OM, and let {v;} be an orthonormal basis of Neumann eigenfunctions with eigen-
values —,u?, and let w; = vjlon. Then,

11 = A7*Aonr) fw;ll L2 onr) < C.

A key ingredient in the proof is the estimate,
/ vjdivj < C/},?
oN

12.5. Periods and Fourier coefficients of eigenfunctions on a closed
geodesic

Instead of considering norms we may consider ‘periods’ or integrals of eigenfunc-
tions over submanifolds. More generally we may consider ‘Fourier coefficients’ of
restriction and Fourier series expansions (in a generalized sense) along submanifolds.
In the theory of automorphic forms, Weyl sums of periods are called Kuznecov sum
formulae or local trace formulae (usually in arithmetic situations). See for instance
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K, Brull, H1), H2|, T, KMW, R}, P2, [Ts| The author adopted this terminology
for general submanifolds of Riemannian manifolds in [Z]. Among other applica-
tions, comparisons of periods and L' norms on submanifolds are used to prove
existence of ‘many’ zeros of ¢;|q.

In [Z] the following was proved:

THEOREM 12.8. Let H C M be a hypersurface of M. Let f € C*(H). Then
there exists a constant ¢ > 0 such that

/ fcdeS

Here, dS is any density on H.

2
A+ Of(l).

fds
H

Aj <A

By Weyl’s law, it follows that the average size of the period is \/1)\> and that a

log Aj

J

density one subsequence of eigenfunctions satisfies period bounds . Moreover,
one has unconditionally the estimate

COROLLARY 12.9. There exists a constant C = Cy g5 so that

<C.

p;dv
Y

The leading order term and a remainder estimate of O(1) are given in [Z]
Corollary 3.3] for any compact Riemannian manifold M"™ of dimension n. For a
general submanifold Y C M of dimension d, and for any density dS on Y, the

Corollary states that
/ pjdS
Y

(12.17) >
The same result is valid for the Neumann data.

FiA;<A
THEOREM 12.10. Let H C M be a hypersurface and let f € C°(H). Then
there exists a constant ¢ > 0 such that
/ fds
H

/ f au(pj dS
It is quite useful to improve the remainder estimate. Experience with remain-
der estimates in Weyl laws suggests that one cannot do better than logarithmic
improvements. In a recent series of articles, Sogge et al have provided logarithmic
improvements. In [SoXZ]| the following is proved:

2
~ C, VOl(SN*Y)A" 4 4 O(\"~4= 1),

2
A+ Of(l).

=T

)\<>\

THEOREM 12.11. Let (M, g) be a negatively curved compact Riemannian sur-
face. Let v be a closed geodesic. Then for any smooth f on -,

/f s);(s) ds .

\/log by

CONJECTURE 12.12. Let (M, g) be a negatively curved compact Riemannian
manifold of any dimension n. Let v be a closed geodesic. Then,

2 >\n72
n—1
/fcp]ds 71' [des A +O<log)\>'

< CyL,

G:iA <A
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12.6. Kuznecov sum formula: Proofs of Theorems [12.8 and [12.10]

To prove the results one studies the singularity expansion for the distribution

:/ / E(t,q,q")dS(q")dS(q),
HJH

where where H C M is a smooth submanifold and where E(t) = costy/—A is the
even wave kernel The singularities of Sy (t) correspond to trajectories of the geodesic
flow which intersect H orthogonally at two distinct times, and to be singular at
the length T of the trajectory between the two intersections. We refer to such
trajectories as H-orthogonal geodesics.

For simplicity we assume H C M is an interior hypersurface, but the proofs
for H = OM are not much more difficult. We let dS denote the standard surface
area form on H and let f € C*°(0H). Define

(12.18) Sp(t) = /H /H B(t,q.¢) (@) f(¢) dS(q)dS(q')
(12.19) = costy/);

We then introduce a smooth cutoff p € S(R) with supp p C (—¢,¢), where p is the
Fourier transform of p, and consider

S0up) = [ OS50 at.

Let H € M be a smooth (n—1)-dimensional orientable hypersurface, we denote
the Cauchy data of u; on H by

/ £(2)0;(0) dS()
H

Dirichlet data: w; = cpj\H7
Neumann data: ©; = d,¢;|u.
ProroSITION 12.13. If suppp is contained in a sufficiently small interval

around 0, with p = 1 in a smaller interval, then S¢(\,p) is a semi-classical La-
grangian distribution whose asymptotic expansion for Neumann data is given by

(12.20) S\ p) ZP (A=2Aj) ’2\<7/1j,f>|2 = ||f||%2(aM) +o(1),

and for Dirichlet data by
(12.21) S\ p) Zp X=X)l(ws PP = 1 F1Z20nr) + ol1).

PROOF. There exists g > 0 so that the
(12.22) sing supp S¢(t) N (—eo,€0) = {0}.

This follows from propagation of singularities for the wave kernel and its restriction
to the boundary. It is known that WF(E(t, z,y)) on a smooth domain consists of
geodesic trajectories. The pullback Fg(t,q,q’) to H x H forces the trajectories
contributing to WF(E®) to begin and end on H and integration over OM forces
them to be orthogonal to H at both endpoints. Hence there exists €9 > 0 so that
no trajectory starting orthogonally from a regular point of H can hit H again at
any point. Thus the only singularity in this time interval is ¢ = 0.
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For € < g9, we only need to determine the contribution of the main singularity
of Sy(t) at ¢ = 0. We then express Sy(t) and Sf(A, p) in terms of pushforwards
under the submersion

m:Rx Hx H—R, w(tqqd)=t

By Lemma [12.22] for t € (—¢,¢)
(12.23)  WE(S5(t)) = {(0,7): 7*(0,7) = (0,7,0,0) € WF(costv"A(t,q.4'))}.

These wave front elements correspond to the points (0, 7, Tvq, Tv4) € T§R X NgH %
Ny H, i.e., where both covectors are co-normal to H. Indeed, the wave front set of
S¢(t) is the set

{(t,7) € T*R: I(z,&,y,m) € C,NN*(H) x N*(H)}

in the support of the symbol. Thus, we may microlocalize to the normal directions.
The wave kernel has a geometric optics Fourier integral representation, which im-
plies that S¢(¢) is classical co-normal at ¢ = 0. The order of the singularity and
the principal symbol can be read off using the symbol calculus of Fourier integral
operators. Since the terms of the Weyl-Kuznecov sums are positive, one can apply
a Fourier Tauberian theorem to deduce the expansion and remainder estimate. [l

Thus, the geodesic geometry controlling the remainder is that of geodesic or-
thogonal to H.
It would also useful to study high frequency Fourier coefficients

L e
(V) = / e ZH o, (1(s)) ds

of an eigenfunction along a closed geodesic of length L. By the principle that angu-
lar momentum (tangential frequency) is smaller than energy (or total frequency),
the Fourier coefficients are small if [n| >> A;. When n is bounded, the Kuznecov
bounds above apply. But one may ask how the Fourier coefficients behave when
5% — 7. Thus, the frequency of the Fourier coefficient is comparable with the fre-
quency of the eigenfunction. Simple examples from surfaces of revolution show that
these high frequency Fourier coeflicients can be much larger than those where n is
fixed as A\ — oo, in effect because multiplication by e’ cancels the oscillations
of the restricted eigenfunction if the Fourier series of the restriction happens to be
concentrated in one frequency. Obviously, |a,(\)| < f,y |a]ds and true cancellation
would reverse the inequality. However this frequency concentration happens only
very rarely. In ergodic cases, one expects all Fourier coefficients with |n| < A; to
have the same size ﬁ For Fourier coefficients of frequency n ~ a\, the normal
bundle gets ‘tilted’ to angle @ and in the extreme case m ~ A, o it becomes the
tangent bundle 7Y. Then the condition is G*TY = T'Y for some t, essentially that
Y is totally geodesic.

12.7. Restricted Weyl laws

In preparation for QER theorems, we need to understand Weyl sums of re-
stricted eigenfunctions.

We first review some notation and terminology concerning pseudo-differential
operators. Homogeneous (or Kohn-Nirenberg) pseudo-differential operators are
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those with classical poly-homogeneous symbols a(s, o) € C*(T*H),

oo
a(s,o) ~ Z a_(s, o) positive homogeneous of order —k
k=0

as |o| = coonT*H. On the other hand, semi-classical pseudo-differential operators
we mean h-quantizations of semi-classical symbols a € S%(T*H x (0, ho]) of the
form

ap(s,0) ~ tha_k(s,o), a_i €57 (T"H)
k=0

as in [Zwl, HZ, [ToZ2].
The following is from [ToZ2, [ToZ3].

PROPOSITION 12.14. Let H be a smooth interior hypersurface, and let Opy(a) €
VO(H). Then,
2

1
lim —— Opy(a)yaw;, YyHP; :7/ ayYpisy |ds A dol,
A=o0 N(A) jg;( I R AT Vol L |

where |dsAdo| is symplectic volume measure on B*H, and ag is the principal symbol

of Opy (a).

Following a standard cosine Tauberian approach, the asymptotics arises from
a singularity analysis of the dual sums

> (Opgla)yue;, vae)2me™ = > (Vi Opu(a)vae;, i) 2™
j)\JS)\ j)\JSX

(12.24) =TrU(t)vy Opy(a)ym,

where U(t) = exp(ity/—A). Modulo some technical complications, vi; Opy(a)vu
is a homogeneous Fourier integral operator, and the singularities of can be
determined by a study of the canonical relations and symbols of the trace. This is
not literally true due to the presence of 0 in its wave front relation for conormal
vectors to H. Tangential covectors in T* H also cause problems when we conjugate
by wave group. We therefore introduce cutoff operators to cutoff away from T*H
and from N*H X Ops«pr UOp+ps X N*H.

We then begin by proving the local Weyl law for a cutoff of v} Opg(a)ym
denoted by (v}; Opg(a)ym)>e on M, that is, we prove

1
12.2 1. - * e ,7 .
R & O Oraenzeen )

2
- 1 — Xty lds A dol,
Vol(5+ M) /B*H"O( Xe) Vg ds N do

which we study via the trace
(12.26) TrU(t)(vh Opp(a)vm) e

In the following section we define this cutoff and make a systematic study of the

composition in (12.26)).
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REMARK 12.15. When a = V is a multiplication operator by a smooth function
(extended smoothly to all of M), the local Weyl law on H follows from the pointwise
Weyl asymptotic,

1 2 —n —1
N(A)jzéxmm) = (2m)7"+ 0.

The pointwise asymptotics imply that the L?-norm squares of v, are bounded
on average,

1

(12.27) 0

> lvaeillia = @) " Vol* T (H) + O(A71).
FIA <A

More generally, by [Ho2, Proposition 29.1.2], for any pseudo-differential oper-
ator B of order zero on M, the Schwartz kernel Kp(¢,x) of U(t)B or BU(t) on the
diagonal Ajsy s is conormal to {t = 0} with respect to R x Aprxas and if

OA(\, x)

T = -7:t—>>\KB(t’33)

the A(\, z) is a symbol of order 0 on a manifold of dimension n with

(12.28) A\ x) = Z w;(x)Ap;(x) ~ (277)7”/ apdé +O0(\"1)

FA <A l€1<A

in the case where A = A*. There is an analogous statement for AU (¢)B. Integrating

(12.28) over H gives

(1229) Z <’7HAL)0J, ’YHBSDj)LQ(H) ~ Cn)\n aobo’Yg}H |d8 A dO“
FiA <A By M

This is almost the statement of the local Weyl law along H except that we
wish to use Opy(a) rather than a global pseudo-differential operator on M. It is
not difficult to extend Opy(a) to M and to prove the local Weyl law as above,
but instead we give a longer and more complicated argument because the same
techniques will be needed in the proof of the QER theorem where we will need the
Weyl law for Fourier integral operators.

It should be said that the local Weyl law and the QER theorem are valid for
semi-classical pseudo-differential operators on H [ToZ2], [ToZ3l, [DZ]. The results
for semi-classical pseudo-differential operators are simpler and more general. But
we work with homogeneous pseudo-differential and Fourier integral operators to
avoid introducing more machinery and because such techniques are somewhat more
familiar to the PDE community. The semi-classical approach is used in [HZ, [ToZ2,
DZ] and the appendix to [ToZ3].

12.8. Relating matrix elements of restrictions to global matrix elements

Let (M,g) be a compact Riemannian manifold and let H be a compact em-
bedded C'* submanifold. We denote by vy the restriction operator vy f = f|g :
C(M) — C(H) and by ~v}; the adjoint of vy with respect to the inner product on
L?(M,dV) where dV is the Riemannian volume form. Thus,

Yirf = fou, since (Vi f,9) =/Hfgd5,
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where dS is the surface measure on H induced by the ambient Riemannian met-
ric. The fact that v}, does not preserve smooth functions is due to the fact
that WF},(ya) = N*H. Thus, v;;Opg(a)ym is not a Fourier integral operator
with a homogeneous canonical relations because its wave front relation contains
N*H X Ops«ps UOrpspr X N*H (where Or«ps is the zero section of T*M). For this
reason we need to introduce microlocal cutoffs. In the following, x € C§°(R; [0, 1])
is a cutoff function with x(¢) =1 for |t| < 1 and supp x C [-2,2].
Define:

V(t;a) := U(=t)vy Opy (a)yaU(1),
(12.30) L1 /”

—00

(T V (t; a) dt,

LEMMA 12.16. For any a € C§°(T*H),
(12.31) (Opy(a)ejlm, jlm) L2y = (Vr(a)es, ¢5) 2
PROOF. This follows from the sequence of identities

(12.32) (Opg(a)pjla, ¢jla) L2y = (Opy (a)ym s, YEPS) L2 (1)

(12.33) = (v Opp (a)vnU(t)p;, U(t)@;) L2 (ar)
(12.34) = (V(t;a)ej, 05) L2 (ar)
= (Vr(a)gj, ;)2 (an)- =

After cutting off from the tangential singular set ¥7 C T*M x T*M and the
the conormal sets N*H X Op«pz, Op«pr X N*H, Vr(a) becomes a Fourier integral
operator V. (a) with canonical relation given by
(12.35) WF(Vr.(a)) :={(z,&,2/,¢) e T*M x T*M : 3t € (-T,T),

€XPy tf = €XPyr tfl =s€ H7 Gt('rag) TsH = Gt(xlvglﬂTsH) |£‘ = |§/|}

We now discuss the wave front aspects of these operators. We discuss the
operator aspects and cutoffs more thoroughly in Section

12.9. Geodesic geometry of hypersurfaces

Before proving Proposition we review the symplectic and Riemannian
geometric issues and introduce the cutoffs defining (75 Opy(a)VH)>e-

Let H C M be a hypersurface in a Riemannian manifold (M, g). We consider
two hypersurfaces of T* M, the set T} M of covectors with footpoint on H and the
unit cotangent bundle S*M of g.

Let w: T*M — M be the natural projection. We identity 7*y, = y, as
functions on T*M. Then f = y, = 0 is the defining function of T/ M. The
hypersurface S*M is defined by g = || = 1, the metric norm function. It is clear
that df,dg are linearly independent, so that T M, S*M are a pair of transversal
hypersurfaces in T*M.

In general, let ;G C T*M be two transversely intersecting hypersurfaces,
and let f,g denote defining function of F,G, so that f = 0 on F, g = 0 on
G and df,dg are linearly independent. Then their intersection J = F NG is a
submanifold of codimension two. The intersection fails to be symplectic along the
set K ={x e J:{f g}(z) =0}
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When F =THM, G = S5*M, J =S, M, K = S*H, the Hamilton vector field
of y, equals % and its orbits are vertical curves of the form (s,0,0,&,0 +t); they
define the characteristic foliation of T3 M. The hypersurface S*M is defined by
g = |&| = 1, the metric norm function, and its characteristic foliation is given by
orbits of the homogeneous geodesic flow G!. Evidently,

9 .
{2, €]y} = gmg =¢l;" Zgjn(x)fj =¢, on SEM,
J

50 {xn, €]} = 0 defines S*H. Equivalently,

LEMMA 12.17. S*H is the set of points of S5 M where S;; M fails to be trans-
verse to G, i.e. where the Hamilton vector field Hy of g = |€| is tangent to S} M.

Indeed, this happens when Hy(f) = df(Hy) = 0. One may also see it in
Riemannian terms as follows: the generator H, is the horizontal lift 7" of 1 to
(g,n) with respect to the Riemannian connection on S* M, where we freely identify
covectors and vectors by the metric. Lack of transversality occurs when 5" is
tangent to T(4,,;) (S5 M). The latter is the kernel of dy,,. But dy,(n") = dyn(n) =0
if and only if n € TH. We also note that for any hypersurface H, dy,,d¢,,d|¢|,
are linearly independent.

Two closely related restriction maps will be important. The first is the linear
restriction map wg: T M — T*H. If we orthogonally decompose T M =T*H &
N*H, then 7y is the orthogonal projection with respect to this decomposition. It is
a fiber bundle with fiber NH. On the other hand, we consider the restriction map
on Sy M — B*H. For s € H, the orthogonal projection map yry a2 S;M — B{H
is the standard projection of a sphere to a ball, which has a fold singularity along
the ‘equator.’

In our setting, the full restriction map vg: S;M — B*H is a folding map
with fixed point set S*H and involution given by the reflection map rg .
When H is orientable, S*H divides S7; M into two connected components, and the
involution on R x S5 M is given by r(t,z,§) = (t,rug(z,§)). Indeed, as observed
above, this is true for each x € H, and D~y is the identity in the directions tangent
to H. The reflection bundle at (s,0) € S*H is spanned by the Hamilton vector
field Hy, = 52

We also need the following variant.

LEMMA 12.18. The maps G: R x S M — S*M defined by (t,z,&) — G'(x,§)
(resp. G: RxTjHM —0 — T*M —0 defined by (t,x,£) = G'(x,€)) are folding maps
with folds along R x S*H (resp. R x T*H ).

PRrOOF. In both cases, the spaces are of equal dimension, so the maps are local
diffeomorphisms whenever the derivatives are injective. By Lemma DG (% -
Hy) =0on T ;6 (R x SEM) if (x,6) € S*H, and these are the only vectors in its
kernel. Indeed, suppose X € T}, ¢S5, M. We note that DG(M@)% = H,(G'(x,%))
and DGy, ¢X (as t varies) is a Jacobi field along the geodesic v, ¢(t) = 7G*(z, §).
Since G is a diffeomorphism, the only possible elements of the kernel have the form
% +X. If Hy+ D, G'X =0, then X = —H,, i.e. it is the tangential Jacobi field
4. But by Lemma[12.17] this implies (z,£) € S*H and X € T(S*H).

Since G! is homogeneous on T*M = 0 the same statements are true on R x
THM. O
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12.10. Tangential cutoffs
To cut off tangential directions to H, we define

{(SZM)<5 ={(z,§) € SEM: [{§,n)| <e,Vne S;H}

(12.36) (S5 M)se = {(2,€) € S5 M : |[(&,n)| > e,Vn € STH}

i.e., the covectors which make an angle < e (resp. > ¢) with H. We homogenize by
defining

Ttz = { @ e Tirs & e (s .
(12.37) |§|
Tz = { (0.9 € Tad: & € (S .

Let « = (s, x,) be Fermi normal coordinates along H, i.e., let x = €XPq,, (s) TnVs
where s — qu(s) € H denotes a local parametrization of H. Then H = {z, =
0}. Let & = (0,&,) € T*M denote the corresponding symplectically dual fiber
coordinates.

Let ¢. € C§°(R), ¢ = 1 on [—¢/2,¢/2] and ¢, = 0 on (—oo0, —¢] U [g, 00).
In Fermi normal coordinates, we may take the cutoff y{"*" € C>(T*M) (see also
(i)-(iii) in the Introduction) to be
(12.38) X (5, Gy 0, 10) = ¥ ('”"2

M ) nsy ) n - £

: o +

) e (yn),

which is equal to one in a conic neighborhood of T*H = {y,, = 1, = 0}. We further
introduce a homogeneous cutoff X&") € C®(T*M) given by

o]

12.39 (n) = —
( ) XE (S7yna07nn) 11[}5 (|0,|2+ |77n|2

> e (Yn)

which equals one on a conic neighborhood of N*H = {y,, = ¢ = 0}. More precisely,
we multiply (12.38)) and (12.39) by a bump function (&) which vanishes identically
near the zero section.

We also put

(12.40) Xe 1= x{*™ + X

and denote the corresponding pseudo-differential operator by x.(z, D) or by Op(x¢)-

12.11. Canonical relation of vy

As mentioned above, vy fails to be a homogeneous Fourier integral operator
due to 0-components in its wave front set. The In this section we go through the
calculation.

We define
(12.41)

Ch = {(57£a57§/) € T;IM X TI*{M 1s € H, §|TH = £/|TH}7

CA(H = {(5753575/) € T;IM X TI*{M HERS Ha §|TH = £/|TH7 |§| = |£/|}7
SCH = {(8,578751) € TITIM X T;IM HERS Ha €|TH = §/|TH7 |£| = |€/| = 1}
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As above, SF' denotes the unit vectors in any set F'. Thus, Cy = R+SC’H. As will
be seen below, Cy is the canonical relation of 7§ Opy(a)vm, and Cy arises in the
canonical relation of V. (a).

We recall that the fiber product of two fiber bundles 7 : X — Zandp:Y — Z
is the submanifold X xzY C X x Y equal to ({(x,y) : m(x) = p(y)}. We apply
the same terminology with X =Y = S;M, Z = B*H and 7, p = vy, but as just
observed, the restriction map is not a fiber bundle projection but a folding map.

LEMMA 12.19. We have:

o Oy > THM Xp-p THM is the fiber square of Ti M with respect to the
restriction map yg : TyM — T*H. It is an embedded Lagrangian sub-
manifold of T*M x T*M.

° C'H = RSC’H ~ THM X g« TH M is an immersed homogeneous isotropic
submanifold of dimension 2n — 1 with transverse crossings on the self-
intersection locus RyAg«pxs+g = Apegxrmg. Also, Cy N (T*H x
T*H) = Ar«gar+H-

o SCpy ~ SHM X g« SiM is the ‘fiber square’ of ST, M with respect to the
(folding) restriction map vyg : Sy;M — S*H. It is an immersed isotropic
submanifold of dimension 2n — 2 with transversal crossings on the self-
intersection locus Ag«gHxs+H-

ProoF. The defining equations of Cy C T M x Tji M are given by equat-
ing the map (v,w) — v|rg — w|ry € T*H to zero. This map is a submersion.
Suppressing the s € H variable, it is just the map (o,y,,0’,y,) = o — o’ with
0,0’ € R"71 gy, € R. Thus, the zero set is a regular level set, hence an embedded
submanifold of codimension n = dim M.

We observe that SCp is the union SCy = graph(Id) U graph(rg) of the
identity and reflection maps. The graphs intersect transversely along the diago-
nal Ag«gxs g C S*H x S*H, since the tangent space to the identity graph is
the diagonal and the tangent space to the reflection map is the ‘anti-diagonal’
(v,—v) € T(S*H x S*H). That is, the equation 7y ((, (") := yu () —vu(¢’) =0
in Sj;M x ST M defines a submanifold of codimension n — 1 on the dense open set
where D¢yp, Doy spans T'B*H. Suppressing the variable along H, the singulari-
ties at each x € H are those of the map 7 : S~ 1 x S"~ ! - R" ! n(0,yn;0’,y.,) =
o — o', where (0,y,) € R"! x R,|0]?> + 32 = 1. Thus, y, = +/1 —|o|? and
77 10) = {0, Yn, 0, Yn) } U{(0, Yn, 0, —yn) }. Here, we fix s € H and identify T M ~
R*, TrH ~ R L

Since R+SC’H is the homogenization, we only need to homogenize the results
for SCy. In more detail, we again fix # and consider the map (7,8, Yn, 8", yp) =
r(s—s') from Ry x S"71 x 7=t — R"~1. The zero set is again defined by s = s'.
The radial tangent direction is in the kernel of D7 along 7=1(0). Finally, we note
that if (z,&,2,&) € Cy N (T*H x T*H), then £ = ¢'. O

12.12. The canonical relation of v}, Opy(a)yy

In Fermi normal coordinates,
(12.42)

OpH (a)'YH (3§ Ty Sl) =Cyp / 6i<s_8/70>_m"£na(87 0)(1 - Xs(slv Tn, U/» gn)) d&,do.
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The phase ¢(s,2n, 8", &n,0) = (s — §',0) — x,&, is linear and non-degenerate. The
number of phase variables is N = d and n = 2d — 1, where d = dim M, so % -
2= i. Then C, = {(s,2pn,5",0,&,) : s = s’ 2, = 0} and 1,(s,0,5,0,&,) —
(s,0,8,0,0,&,).

We recall ([Holl Theorem 8.2.14]) that the general composition of wave front
sets has the following form. Let A: C§°(Y) — D'(X), B: C§°(Z) — D'(Y). Then

if WF, (A) N WF% (B) = 0, then Ao B: C§°(Z) — D'(X) and
WF' (Ao B) C WF'(A) o WF'(B) U (WF'x (A) @ 07+2) U (0= x x WEF%(B)).
Thus,

(12.43)

WEF' (v Opg (a)vm) € {(a:€.4.€") : €lm = €'1m), (¢,€), (¢,€") € Tj; M — 0}
(12.44) U{(q,v,¢,0):(¢q,v) € N“"H — 0}
(12.45) U{(¢,0,q,v) : v € N*H —0}.

With the cutoff (1 —x¢) on the left and (1 — x.) on the right of v}; Opy(a)yu, the
last two sets are erased. Observing that (1 — x<)(1 —x.) =1 — X, we have proved

=
2

LEMMA 12.20. Ifa € S%(T*H), then (v Opy(a)vi)se € 13 (M x M, Cy). In
the Fermi normal coordinates the symbol is given by

1
(v Opg (a)ym) e (8,0, 1, 77;) = (1 = xe)a(s,&lrm)|Q2,

where Q = |ds A do A dny, A dnj,).

PROOF. In Lemma[I2.19] we showed that Cp is an embedded Lagrangian sub-
manifold of T*M x T*M. The proof shows that the composition of A} o Ay is
transversal. Since the order of 7} equals that of vy and the orders add under
transversal composition, the order of (v} Opy(a)ym)s is 1. Hence, for any ho-
mogeneous pseudo-differential operator Opg(a) on H,

(12.46) (73 Op(a)ym)>= € I3 (M x M,Cy).

Next we compute its principal symbol. By Lemma Cy is the fiber
product T7 M xp«py T M, hence it carries a canonical half-density (associated to
the fiber map). As discussed in [GSt] p.350], on any fiber product A xp C, half-
densities on A, C' together with a negative density on B induce a half density on
the fiber product. In our setting, the canonical half-density on T} M is given by
the square root of the quotient ny*wM = ds A do A dn, of the symplectic volume
density on T*M by the differential of the defining function y,, of THM. We also
have a canonical density |ds A do| on T* H, which induces a canonical —1-density.
The induced half-density on C is then |ds A do A dn, A dn,|=.

We compute the principal symbol and order using the special oscillatory integral
formula,

Vi Op(a) v (5, 205 ', ) = Crbo(n) / o= mim 8 o5, 0) del, do

(12.47) =C, =8O FiEn e~ (5 o) dE dod.
R™ xRxR

If we compose on left and right by (1 — x.) and (1 — xz) respectively then we
further obtain factor of (1 — x(s,zn,0,&,)) under the integral. The phase is
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o8, Tn, 82l &, &, 0) = (s — 8, 0) + xp&n — &), with phase variables (&,,£),,0),
and

CLP = {(8, Tn, slvx;w g, gnaé-;z) 18 = Slvmn = Oax;z = 0}'
Also,
LW(Sv 07 S, Oa g, £n7 5111) = (57 0,8,0, 07 fna 03 547,) ET"M x T M.
Thus, (s,0,&,,&),) define coordinates on C,.
The delta-function on C,, is given by
|ds A do A dE, A dE]|
do. =

¢ ID(S7U’ 577/75’:17 %0,57”()0%;%0;—)/1)(87 S/’ 0-) xn’x%7£n’§%)| ’

Since
|D(§D/Env§0/§;790;)/D(s/a xmx;” =1,

the lemma follows. O

12.13. The canonical relation I'* o Cy o T

It is well known (see [Ho3]) that U(t) € I"3(R x M x M,T), with ' =
{(t,o,2,&,GH(x,€)) : 0 +|€] = 0}. As in [DGI, the half density symbol of U(t, z,y)
is the canonical volume half density o (s 4., = |dt ® dz A d¢|z on T

Here,

(1248) T*oCphol = {(t',—|¢',t,]¢], G (s,€"), G (s,€))
€ T*R x T*R x T*M x T*M such that &7y = &'|7n}.

LEMMA 12.21. The (set-theoretic) composition IT'* o Cgy o T' is transversal, and
IMoChyoll CT*RXT*RXT*M xT*M is the Lagrangian submanifold parametrized
by the embedding

(12.49) trecgr: RXRXTHM — T*(R xR x M x M),
(1250) LF*CHF(t/at787§7§/) = (tlv _|€/|7t7 |§|7Gt/(87§)uGt(87§/))7 €|TH = 5/‘TH-

Proor. This follows from the following observation: if x : T*M —0 — T*M —0
is a homogeneous canonical transformation and I'y C T*M x T*M is its graph,
and if A C T*"M x T*M is any homogeneous Lagrangian submanifold with no
elements of the form (0, A2), the I'y o A is a transversal composition with composed
relation {(x(A1), A2) : (A1, A2) € A}. The condition that A\; # 0 is so that x (A1) is
well-defined.

We recall that transversality refers to the intersection

FX X ANT*M X Aqsprxrear X T*M.

Now, the tangent space at any intersection point to T*M X Ap«prxr=ps X T*M
contains all vectors of the form (v,0,0,0) and (0,0,0,v") with v,v’ € T(T*M).
Hence to prove transversality it suffices to fill in the middle two components. The
diagonal TArsprx7+pr contributes all tangent vectors of the form (w,w). On the
other hand, the middle components of I'y, x A have the form (w,dA;) where w €
T(T*M) is arbitrary. The sum of such vectors with the diagonal contains all vectors
of the form (w+wv,d\+v’) and therefore clearly spans the middle T'(T*M x T*M).
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We apply this observation in two steps. First, we compose
(1251) CVH ol'= {(8, 517 Gt(sa 5)7 t, _‘£|) : (S, g) € T;}Ma £|TH = §I|TH}
(12.52) CT*M xT*M x T*R\0.
By the first part of Lemmal12.19] C'y is a Lagrangian submanifold, so the argument
about graphs applies to show that this composition is transversal (including the

innocuous T*R factor.) We then apply the same argument to the left composition
with I'. It is straightforward to determine the composite as stated above. O

12.14. The pullback 'y := AjI*oCy ol

We now consider the pullback of I'"* o C'y oT" under the time diagonal embedding
Atz y) =tz y): Rx M X M —RxRx M x M. We define

(12.53) (G" x G")(Cr) = {(G"(5,6),G"(5.,€")) : (5,€,5,¢") € Cur},

and

(1254) Ty = {t,[¢| - 1€],(G(5,6),G (s5,€))) € T'R x (G* x G")(C))}-
LEMMA 12.22. The map A; is transversal to (I'* o Cy oT'), hence

AfT*oCyol)=Tg

is a smoothly embedded canonical relation under the Lagrange embedding

(12.55) try: RxTypM — T*(R x M x M),

(12.56) it s,6,8) = (1€ - €],G%(5,6),G'(s,€)), &lrm =€ lrn

PROOF. The explicit formula for the composition is simple to verify. We recall
that a map f : X — Y is said to be transversal to W C T*Y if df*n # 0 for
any n € W. By [GStl Proposition 4.1], if f: X — Y is smooth and A C T*Y is
Lagrangian, and if f: X — Y and 7|p: A — Y are transverse then f*A C T*X is
Lagrangian. It is clear from the explicit formula for the pullback that transversality
holds.

Since G* x G? is a homogeneous diffecomorphism, G* x G*(Cp) is a smooth
embedded manifold, and the map ¢, ¢, : THM Xpog THM — G' x G'(Cy) C
T*M x T*M is a smooth embedding. (]

12.15. The pushforward 7, AfT* o Cgy oI’

We now consider the map m: R x M x M — M x M and push forward the
canonical relation AjT* o Cy oI'. We recall that Vi .(a) is cutoff in time (by xr)

to |t| < T and thus (12.125),

(12.57)
Arenrxrm UTr = | {(G'(5,€), G (s,€)) 1 (5,6,5,¢) € Cr, €] = |€']}
tI<T
(12.58) = |J (@' xG"Cn.
<

is the proper pushforward

(12.59) I'p =muAT*oCyol, m:[-T,T]xMxM— M x M.
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Of course, the sharp cutoff to [—T,T] puts a boundary in I'r, but it causes no
problems since all of our operators are smooth in a neighborhood of the boundary
and since we use the smooth cutoff x(%) in the definition of V.

We recall that the pushforward of A C T*X under a map f: X — Y is defined
by fulh ={(y,n) : y = f(x), (x, f*n) € A)}. As discussed in [GStl, Proposition 4.2],
if f: X — Y is a smooth map of constant rank and H*(X) is the bundle of
horizontal covectors, and if A N H*(X) is transversal then f*(A) is a Lagrangian
submanifold. Here, H*(X) = f*T*Y is the set of covectors which annihilate the
tangent space to the fibers.

In our setting, 7 T*(M x M) is the co-horizontal space H* C T*(R x M x M)
which is co-normal to the fibers of 7y, i.e., its elements have the form (¢,0, z, £, y, 7).
Let 7: T*R x T*M x T*M — R be the projection onto the second component of
T*R = {(t,7)}. Thus,

TpNH(MxM)=AT*ocCygoT NH"(M x M)
(12.60) ={z€AiT*oCy ol :7(z) =0},
and the pushforward relation is
Pr = Uperd (65, G'(€))  (5.6,5,€) € Can el = [€1])
(12.61) X
U\t|§T(Gt x G')Ch.

Note that ;< G (T M) projects (for small t) to M to the ball of radius ¢ around
xZ.

PROPOSITION 12.23. For any € > 0, Ap«pxrenm Ul CT*M <X T*M is
smoothly immersed homogeneous canonical relation.

By Lemma [12.19] (12.57)) is the flow-out of an immersed Lagrangian subman-
ifold with transversal crossings on Ry Ag«gxs+m. Equivalently, the pushforward
relation is parametrized by the Lagrange mapping
(12.62) LR X Cyp — T*M x T*M: (t,5,6,€") — (G(s,£),Gl(s,€)).

The following Lemma is the final step in the proof of Proposition [12:23] and
indeed is more precise than necessary for the proof.

LEMMA 12.24. We have

o dr # 0 on (12.60) except on the set of points of R X Ag«gxs+g. Con-
sequently, (12.60) is a smooth manifold except at these points and the

pushforward

is an (immersed) Lagrangian submanifold.
° L‘RX(C’H\RAS tvse i) is a Lagrange immersion, with self-intersections cor-
.

responding to ‘return times.’

PROOF. As noted above, if I'y = AT o Cy oI intersects Ogp x T*M x T*M
transversely, then 7, AfT* o Cy o' is Lagrangian. Since H*(M x M) is of co-
dimension one, A*I'™* oCyol fails to be transverse at an intersection point only if its
tangent space is contained in T'(H*(M x M)). Thus, it fails to be transverse only at
points where dr = 7 = 0. Since 7(t,s,£,&') = [£| = |¢'| = /o2 + 102 — /o2 + (1,)2,
we see that 7 = 0 if and only if 7, = +n/, and dr = 0 on this set if and only if
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nn = 1), = 0. This proves that the intersection is transversal except on
the set Or X Ar«gxr+g and that it fails to be transversal there. Consequently,
the pushforward is a smoothly immersed Lagrangian submanifold away from this
singular set.

We now consider ¢ and first restrict it to R x (C’H\AT* HxT+H) since Cy does
not have a well-defined tangent plane on the critical locus. The map ¢ is then
an immersion as long as (G x G')(Cy) is transverse to the orbits of G x G.
Note that S*H is the set of points of S7; M where the Hamilton vector field H, of
g = |¢] is tangent to S;; M. Hence, t|p, (& \RA 4.y, 50y 1S @ Lagrange immersion.
It follows that . A;I™ o Cr o I' is an immersed canonical relation away from the
set Ry U)y<r(G* x GY)(S*H x S*H).

We next consider self-intersection set of this immersion. The fiber

(12.63) v~ (w0, &0, Y0.m0) =
{(t.5,£,¢) eRx Cpy : (G(5,€),G7"(s,€)) = (w0, &0, %0,m0) }

of ¢ over a point in the image corresponds to simultaneous hitting times of (xg, &)
and (yo, n0) on Tj; M. Thus, the self-intersection locus of I'r . consists of the image
of pairs (t,s,£,&),(t',s',n,1') such that

Gl(s,&") = G'(s',n) == G (5,6),G"" (5,€) € T M.
If £ = &' then (s,n) = (s',n') and the self-intersection points correspond to the
return times and positions of (s,€) to T M. If & = rg€, then the self-intersection
points correspond to the times where the left and right times are the same. Away

from T*H x T*H the set of return times is discrete.
This concludes the proof of the Lemma and hence of Proposition [12:23] O

12.16. The symbol of U(t1)*(v}; Opg(a)yu)>:U(t2)

The canonical relation of U(t1)*(v3; Opg(a)ye)>cU(t2) was determined in
Lemma [12.21] We now work out its symbol.

LEMMA 12.25. Ifa € S%(T*H), then

cl
U(—t1)(v;; Op(a)ym)sU(ta) € I (R x M x R x M,T* o Cr o).

Under the embedding irc,r of Lemma the principal symbol pulls back to
the homogeneous function on R x R x T/ M given by

(1= x)ag (s, &) |dt Adty AQJ?,

where |dt A dty A Q| is the canonical volume half-density on T* o Cy o I’ (defined
in the proof).

PROOF. It is well known (see [Ho3]) that U(t) € I~5(R x M x M,T), with
I = {({t7z&Gx,8)) : 7+ £ = 0}. As in [DG], the half density symbol
of U(t,z,y) is the canonical volume half density oy (sq,) = |dt ® dz A d¢|z on
I'. By Proposition [12.21] the composition is I'* o C'y o I" is transversal for any
hypersurface H, hence U(—t1)(v}; Opg(a)yw)>cU(t2) is a Fourier integral operator
with the stated canonical relation. Under transversal composition the orders add,
and the stated order follows from Lemma together with the fact that U(t) €
I75(R x M x M,T).
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To prove the formula for the symbol, we observe that ['* o'y oI is parametrized
by

(12.64) 11(t,t',s,0,mn,m,) =
(ta |£‘7t/77|£I|3Gt(57£)aGt/(575,)) S H7 6751 € TzMa £|TH = €/|TH’

where & = (0,1m,,),& = (0,n),)) are dual Fermi coordinates in the orthogonal decom-
position of Tj;M = T*H & N*H. The natural volume half density on parameter
domain of ToCy ol is |dty Adte Ads Ado Adny, /\dnﬁlﬁ where ds Ado is the symplec-
tic volume form on T*H, where (n,,n,,) are the normal components of (£,¢£’) and
where dn, is the Riemannian density on N} H. The stated symbol then follows by
transversal composition from the symbols of U(t) and of v}; Opy(a)vm determined

in Lemma [12.21)). (Il

By standard wave front calculus, it follows that
(12.65) Vu Opr(a)ve = (VuOpu(a)yu))>e + (Ve Opr(a)vm))<e + Ko,
with <K530j, Spj>L2(M) = O()\J_OO)

12.17. Proof of the restricted local Weyl law: Proposition [12.14

By the analysis of the canonical relations above, U(t)(v}; Opg(a)ym)>e is
a Fourier integral operator of order % associated to the (clean) composition of
the canonical relation T' of U(t) and Cy. The trace is the further com-
position with m,A* as in [DG], where A: R x M — R x M x M is the em-
bedding (¢,2) — (t,z,z) and 7: R x M — R is the natural projection. Then
T A*U(t) o (v5;0pm(a)ym)>e has singularities at times ¢ so that G*(x, &) = (z,€)
with (z,£) € S5 M. By the standard Fourier Tauberian theorem (see [Ho2]) the
growth rate of the sums above are determined by the singularity at t = 0 of the
trace, where of course all of S M is fixed. Hence the fixed point set is a codi-
mension one submanifold of S*M. If n = dim M, 7. A*U(t) o (v§; Opg(a)yu)se €
Titn=1=3 (TyR).

Note that, due to the drop of one in codimension, the singularity of the trace
loses a degree of 2, but due to the extra % in the order of (v; Opy (a)ym)>-
(compared to a pseudo-differential operator), it gains it back again. Hence the order
of the singularity of is the same as for pseudo-differential operators, and
so the spectral asymptotics have the same order in A. The principal symbol of the
trace is determined by the symbol composition and Lemma [12.20] Except for the
factor of vj;a, the half-density symbol is the canonical Liouville volume form on
S7 M. Since vj;a is a pullback from B*H, we can project the measure to B*H and
then we obtain the stated formula.

It remains to show that

. 1
Jim Ny > (Opy(a)vmes, vue;) = (2:25) + o(1) as e — 0.
i IBYES
In view of (|12.65)), it is enough to prove

1
1i * . N = o(1 ; .
o o) j:)\§7~§)\<X257H Opy(a)yuX=p), pj) =o(1) as e = 0
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There are three types of terms: one with the tangential cutoff in both cutoff
positions, one with the normal cutoff in both positions and two mixed ones with
one tangential and one normal cutoff. Successive applications of the inequality
ab < 1(a* 4 b*), Cauchy-Schwarz and L*-boundedness of Opy (a) implies that

1 c
12.66 - 7 Opgy(a)y oo < than) 112,
( ) N /\JE</\<( 1 Opy(a)vm)<epjs #j) NOY /\;@\ (||7H @illz (H)

tan n
+H’7HX§5 )<Pj||2L2(H) + ||’YHX£")<PJ‘||2L2(H) + ||7HX(25)90J‘H%2(H)) :

Finally, one applies the pointwise local Weyl law (12.29) on M to estimate the right
side in ([12.66|). It follows that

1 (tan) 2
(12.67) N0 AZ:A v xeae @illi2 ) = Oe),

(n)

and the same is true for the other cutoff operators x. 5. -

12.18. Asymptotic completeness and orthogonality of Cauchy data

In this section we consider convergence of eigenfunction expansions and, in
a new direction, convergence of expansions in terms of Dirichlet, Neumann and
Cauchy data of eigenfunctions on a hypersurface H, including the boundary when
the Laplacian has boundary conditions. The first topic is very classical and we only
briefly discuss it. The second is new and is still in its infancy. We review several
aspects of the classical (interior) case before discussing the analogues for Cauchy
data.

12.18.1. Convergence and localization of eigenfunction expansions
and their Riesz means. Two classical problems on eigenfunctions are conver-
gence and localization of eigenfunction expansions of functions belonging to various
Sobolev or Holder spaces. Classical results include the almost everywhere conver-
gence of partial sums of Fourier series of continuous or L? functions on the circle,
or partial Fourier integrals of L? functions on R. Another type of classical result is
the Riemann localization principle for Fourier series on the circle, which states if an
integrable function vanishes in an open set U then the partial sums of its Fourier
series converge uniformly to zero on compact subsets of U. In dimensions > 2, there
are many ways to define partial sums or integrals in Fourier inversion formulae and
that quickly leads to many well known open problems. For instance one may define
rectangular partial sums or spherical partial sums of Fourier series and integrals.
The Gibbs phenomenon in dimension one concerns the lack of uniformity in the
convergence of partial sums of Fourier series of piecewise smooth functions with a
jump discontinuity.

Tonelli showed that localization does not hold on higher dimensional tori T¢,
d > 1. Bochner put this in a quantitative form for spherical summation of multiple
Fourier series or integrals. He introduced the Bochner-Riesz means of order 4,

N\
(12.68) S (@)= (1 — AAJ) E;f,

J
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where E;: L2(T%) — £();) is the eigenspace projection. Localization may fail if
0 < % while it holds if § > % in the sense
d—1
(12.69) SSf(x) =0, &> 5
at all points of an open set U where f(z) = 0.

The set on which the partial sums/integrals of a function diverge is known as
the set of divergence or an exceptional set. When f belongs to certain Sobolev
spaces, its set of divergence is nicer than a general set of measure zero, and has
capacity zero. We refer to [CGV] for a recent discussion of localization and “sets of
non-localization” for convergence of Riesz means is given in [CGV] in terms of Riesz
kernels. Let 1 < p, ¢ < oo with % + % =1 and consider the norms || S| La(r(z,y)><)-
of the linear functionals

Apsa(f) = SSf(x) on LP(M)
restricted to the set
(12.70) {felP: f=00nB.(x)}.

The uniform boundedness principle implies that S(f)(z) — 0 for all f € LP with

f =0 on B.(z) only if these restricted functionals are uniformly bounded. In the

case of R?, the Riesz kernel at (0, y) has size A(@=1)/279|y|~ “3” =3 and are therefore

uniformly bounded if and only if § > %.

A natural question for a geometric analyst is to determine the set of divergence
for functions with controlled singularities, e.g., functions with a jump discontinuity
along a hypersurface. Such questions have been studied by M. Pinsky and M. Tay-
lor. The first issue is to generalize the Gibbs phenomenon to Euclidean spaces R? of
higher dimensions. In the case § = 0, Pinsky observed that pointwise localization
fails for the characteristic function xp of the unit ball B ¢ R? and that at the
center 0, S%x5(0) oscillates between two distinct positive limits (see the Example
of [P2] p.657]) even though x5 is smooth in a neighborhood of 0. The discontinuity
at the boundary 0B propagates in a sense to 0 where it causes divergence of the
partial sums of the eigenfunction expansion. More general results on this ‘Pinsky
phenomenon’ and a wave equation analysis of it are given in [P1, [PT), Tay2].
Taylor studies partial sums and Bochner-Riesz means of Fourier series or integrals
for general conormal distributions, a vast generalizations of functions which are
smooth except for a jump discontinuity across a hypersurface.

Geometric analysis of the wave equation enters when one seeks to general-
ize convergence or localization results to eigenfunction expansions on Riemannian
manifolds or to Schrédinger operators.. On any Riemannian manifold one may
consider the Bochner-Riesz means of order ¢ . The Schwartz kernel of the
Bochner-Riesz means is

(12.1) B = X (-2 ).

j)\JSA

The exponentials ¢(*€) have many special features discussed in the section
on LP norms, such as uniform boundedness, and partial sums of eigenfunctions
on Riemannian manifolds may be expected to reflect curvature properties of the
metric or dynamics of the geodesic flow. To the author’s knowledge, the only
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articles devoted to the effect of geodesic dynamics on convergence, localization and
Gibbs or Pinsky effects are those of [Tay2), BraC1ll, [BraC2].

Closely related to the study of partial sums or Bochner-Riesz means of conormal
distributions is that of pointwise asymptotics for spectral projections kernels and
for Bochner-Riesz kernels . In effect this amounts to studying partial sums
for the conormal distribution d,(y). There are a variety of results on the LP —
L7 mapping properties of such kernels [Sol], but few if any results on pointwise
asymptotics. The asymptotics for @ simplify if x = y and in particular for the
integrated kernel [, S (x,2)dV (x), which depends only on the eigenvalues. Some
results on asymptotics of integrated Bochner-Riesz means are given in [Brun), [Sa2].
In [Sa2] the following is stated without proof for § = 1,2,... and is proved in
[Brun)| for general § > 0.

THEOREM 12.26. There exists a bounded function Q(X) and constants C; s such
that, if dim M = d,

[6]+
TrSS =" CisA™7 + AT10Q0(A) + o(AT170).
=0

Here, (0] is the smallest integer > §.

Bruneau works with semi-classical Schrodinger operators at a fixed energy level,
so that his results are more general. In fact Q(\) is given explicitly in [Sa2), [Brun)]
and is the same @ that arose as the middle term in the Safarov trace or pre-trace
formula and two-term Weyl law discussed in the section on LP norms. There exists
a pointwise analogue for the full kernel but to the author’s knowledge it has
not been discussed in the literature.

12.19. Expansions in Cauchy data of eigenfunctions

In this section we consider analogous problems for convergence and localization
of Cauchy data of eigenfunctions on a hypersurface.

The Dirichlet or Neumann data of global eigenfunctions on a hypersurface H
may be expected to provide an ‘over-complete’ basis for L?(H) and one may consider
‘eigenfunction expansions’ of certain f € C?(H) with respect to restrictions of
global eigenfunctions. By ‘over-complete’ we mean that there are “too many basis
elements’ in the sense that the growth rate of the interior eigenvalues is one degree
higher than for the boundary eigenvalues. But if one restricts the frequencies to a
narrow window, then the Cauchy data does resemble an asymptotically orthonormal
basis. This was conjectured in [BES, IBESS] and proved in [HHHZ] if one uses a
particular type of Schwartz weight to define the partial sums of the eigenfunction
expansions.

First we consider Neumann data of Dirichlet eigenfunctions, resp. Dirichlet
data of Neumann eigenfunctions, on H = OM and then consider a general interior
hypersurface (possibly on a manifold without boundary). To simplify notation, we
denote the Cauchy data of global eigenfunctions u; on H by

Dirichlet data: w; = ¢;|m,
Neumann data: ; = 0,¢,|n.
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THEOREM 12.27 (Completeness of boundary traces of Dirichlet eigenfunctions).
Let p € S(R) be such that p is identically 1 near 0, and has sufficiently small support.
Then for any f € C*(OM), we have

(12.72) f(@) = Jim g D PO = M)A, )05 (@),

where (-,-) = (-,"Yon denotes the inner product in L*(OM).

The expansion on the right side thus exhibits the localization property: if one
modifies f away from z it changes the Fourier coefficients but not the value of
the expansion at x. Localization essentially involves finite propagation speed of
the wave equation and is ensured here by the support assumption on p. In the
Neumann case,

THEOREM 12.28 (Completeness of boundary traces of Neumann eigenfunc-
tions). Let p be as in Theorem [12.27. Then for any ¢ € C*(OM), we have as
A — 00,

(12.73) gzpu—&ijwmozﬂw+;rﬂ&m—jm—nﬁﬁ

#3001 = 2K, | 1) + 00 )

This completeness result also holds for any interior hypersurface H.

THEOREM 12.29 (Completeness of Cauchy data on interior hypersurfaces). Let
p € S(R) be as in Theorem|12.27. Then for any ¢ € C*(H), we have

pl@) = Jlim w0 p(A = Ag){wj, @)y (@),

and
p(z) = lim 7 Z PN = A)A; 2 (g, )y (),
j
where () = (-,-Yanr denotes the inner product in L*(H).

The theorems are proved by studying the operator Kf) of (12.72):
T _
(12.74) KP = EZp()\f)\j))\j b5 (hj, -,
J

resp. the Neumann analogue K¥':
0
(12.75) K\ = 52!’()\*&)%(%,'%
J

The key property of these operators is:

THEOREM 12.30. Let Ay, be a semiclassical pseudo-differential operator on OM ,
microsupported in {(y,n) € T*(OM) : |n| <1 —e1} for some ey > 0. Let p be such
that p is supported sufficiently close to 0 (depending on €1). Then

(1) AhKhD,1 and K}?,lAh are semiclassical pseudo-differential operators with
principal symbol

(12.76) o(A) (1~ |n*)%;
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(2) AhK,JLV,1 and K}]L\’,lAh are semiclassical pseudo-differential operators with
principal symbol

(12.77) o(A) (L~ )~

This is proved by studying the canonical relations and principal symbols of the
Fourier transform

tv—A
27 p(t) Ry Ry cos(tv/—A) and 2wﬁ(t)RyRy,dnyd%,%
of the operators K2 and K in A (¢ is the dual variable of \). Here R, denotes
the restriction operator. One finds that

(1) the kernels of
p()x(y, Dt Dy) o Ry Ry cos(tv—A),  p(t)Ry Ry cos(tvV—A) o x(y, Dy, Dy)

are distributions conormal to {y = ¢/, t = 0} with principal symbol

(2) the kernels of

. cos(tv—A) cos(tv/—A)
p(t)x(y, D¢, Dy)oRy Ry dy,, dn, , A p()Ry Ry dy, dp,, TOX(% Dy, Dy)
are distributions conormal to {y = y’, t = 0} with principal symbol

Inl2\ #
X(?Jﬂ'ﬂ?)(l_ 2> )

T

in which g is the induced metric on H.

12.20. Bochner-Riesz means for Cauchy data

Comparing results on summation and localization of eigenfunction expansions
on M and on H suggests a refinement in which one replaces or by
Bochner-Riesz means. In this section we briefly mention a conjectural sharpening of
Theorem [12:27] to give what might be called Bochner-Riesz means for Cauchy data.
We sharpen the Schwartz-weighted operators and by taking the
Cauchy data of the interior Bochner-Riesz means on H. For simplicity of notation
we use the superscript K° to be the relevant component of the Cauchy data of a
kernel on H. As above the hypersurface could be an interior hypersurface or the
boundary (when OM # 0).

DEFINITION 12.31. We define the Cauchy data Bochner-Riesz kernels of order
0 for Cauchy data by

. 9 - 8
(12.78)  SY(q.d) = (1 - A;) Elg,d)= > (1 - A;) ©30)eh(d).
j FiA <A

The Riesz mean of the Dirichlet data expansion of a function f € C*°(9M) is
defined by

(279 S = Y (1—1)1( [ twaimasm) e

A SA
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The question is whether it converges pointwise to f for f € C°°(M) or for f in
some given Sobolev class. By comparing to Theorem [12.26] one might state the
conjecture:

CONJECTURE 12.32. Let (M, g,0M) be a C*° Riemannian manifold with bound-
ary. Assume that Q°(z,\) = 0. Then for either Dirichlet or Neumann boundary
conditions,

s s = Y -3 ([ s ase ) b

GiA <A
(12.81) ~ NPT f () 4 oA,

12.21. Quantum ergodic restriction theorems

In this section, we review a series of QER (quantum ergodic restriction) the-
orems. Roughly speaking, such theorems say that if the geodesic flow is ergodic,
then Cauchy data of global ergodic eigenfunctions remain ergodic when restricted
to a hypersurface. There are two types of QER theorems: (i) one for the Cauchy
data of eigenfunctions, which is universal in that it does not require any restrictions
on the hypersurface H; (ii) a subtler one for Dirichlet data (or for Neumann data),
which does require an ‘asymmetry’ condition on H. For generic hypersurfaces, the
Dirichlet and Neumann data are separately ergodic.

To be more precise, let H C M be a hypersurface and consider the Cauchy
data (¢;|m, )\]-_16,,<pj| u) of eigenfunctions along H. A QER theorem seeks to find
limits of matrix elements of this data along H with respect to pseudo-differential
operators Opy(a) on H. The main idea is that S M, the set of unit covectors
with footpoints on H, is a cross-section to the geodesic flow and the first return
map of the geodesic flow for S7; M is ergodic. The Cauchy data should be the
quantum analogue of such a cross section and therefore should be quantum ergodic
on H. QER theorems give asymptotics for [ o fgo?dS for any f € C*°(H) and
for more general matrix elements (Opy(a)@;|m@;|m) L2 (m) relative to semi-classical
pseudo-differential operators on H. As is usual in quantum ergodic theory, we must
discard a possible sparse subsequence of eigenfunctions of a given orthonormal basis
to obtain limits.

12.21.1. Quantum ergodicity of Cauchy data of restrictions. Let H C
M be a smooth hypersurface which does not meet OM if OM # (. The main
result of this section (Theorem is that the semiclassical Cauchy data
of eigenfunctions is always quantum ergodic along any hypersurface H C M if
the eigenfunctions are quantum ergodic on the global manifold M. The theorem
is due to Christianson, Toth and the author [CTZ| but is a generalization of the
boundary case where H = 0M, which was proved in [HZ] and in [Bu2|] and for
Dirichlet eigenfunctions of C*! plane domains in [GL].

To state the results precisely, we introduce some notation. We work with the
semiclassical calculus of pseudo-differential operators on both M and H. We fix
(Weyl) quantizations a — a® of semi-classical symbols to semi-classical pseudo-
differential operators. When it is necessary to indicate which manifold is involved,
we either write Opy(a) for pseudo-differential operators on H or we use capital
letters A" (x, hD) to indicate operators on M and small letters a*(y, hD,) to indi-
cate operators on H. With no loss of generality, we assume that H is orientable,
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embedded, and separating in the sense that
M\H =M, UM_

where M are domains with boundary in M. Since the results are local on H, this
is not a restriction on the hypersurface.

Given a quantization a — Opy(a) of semi-classical symbols a € S%.(H) of
order zero to semi-classical pseudo-differential operators on L?(H), we define the
microlocal lifts of the Neumann data as the linear functionals on a € S%,(H) given
by

i (a) = / ad®} = (Opy(a)hDyipnl i1, hDyipn i) 2 -
B*H

We also define the renormalized microlocal lifts of the Dirichlet data by
iP(@) = [ ad®fi® = (Opy(a)(1 + 2 Am)enla. onl ) zecay
B*H

Finally, we define the microlocal lift d@gD of the Cauchy data to be the sum
(12.82) doP = doy + dofP.

Here, h?Apy denotes the negative tangential Laplacian for the induced metric on
H, so that the operator (1 + h2Ap) is characteristic precisely on the glancing set
S*H of H. Intuitively, we have renormalized the Dirichlet data by damping out
the whispering gallery components.

The distributions M;Z:] , uhD are asymptotically positive, but are not normalized to
have mass one and may tend to infinity. They depend on the choice of quantization,
but their possible weak* limits as h — 0 do not. We refer to [Zw] for background
on semi-classical microlocal analysis.

Our first result is that the Cauchy data of a sequence of quantum ergodic eigen-
functions restricted to H is automatically QER for semiclassical pseudodifferential
operators with symbols vanishing on the glancing set S*H, i.e., that d®{'P — w,

where A
w(a) = ——=r ao(z’, €N (1 — €12 do
@ = gy [l )¢ P)
is the limit state of Theorem [12.33] This was proved in a different way in [ToZ2]
in the case of piecewise smooth Euclidean domains. The assumption H N OM = ()

is for simplicity of exposition and because the case H = OM is already known.

THEOREM 12.33. Suppose H C M is a smooth, codimension 1 embedded ori-
entable separating hypersurface and assume H N OM = 0. Assume that {on} is
a quantum ergodic sequence of eigenfunctions , Then the sequence {d@gD}
of microlocal lifts of the Cauchy data of ¢, is quantum ergodic on H in the
sense that for any a € S°.(H),

(12.83)
<OpH(a)hDu<ph|H7 hDuSOh|H>L2(H) + <OPH(G)(1 + h2AH)SDh|H> Sph|H>L2(H)
4 Iy 712\1/2
—_— 1-— d
St i [ aolel, €)1 ¢ e

where ag(x',¢") is the principal symbol of Opy(a), —h?Ap is the induced tangential
(semiclassical) Laplacian with principal symbol |€'|2, p is the Liouville measure on
S*M, and do is the standard symplectic volume form on B*H.
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REMARK 12.34. We emphasize that the limit along H in Theorem [12:33] holds
for the full sequence {pp}. Thus, if the full sequence of eigenfunctions is known
to be quantum ergodic, i.e., if the sequence is QUE, then the conclusion of the
theorem applies to the full sequence of eigenfunctions.

The proof simply relates the interior and restricted microlocal lifts and reduces
the QER property along H to the QE property of the ambient manifold. If we
assume that QUE holds in the ambient manifold, we automatically get QUER,
which is our first Corollary:

COROLLARY 12.35. Suppose that {on} is QUE on M. Then the distributions
{d®$P} have a unique weak* limit

4

w(a) = ————r ao(z’, €)1 — |€'1?)Y % do.
(@) = s [ ol €)1 - ) /2

We note that d®§'P involves the microlocal lift d®FP rather than the microlocal
lift of the Dirichlet data. However, in Theorem we see that the analogue of
Theorem[12:33|holds for a density one subsequence if we use the further renormalized
distributions d®P +d®2N where the microlocal lift d®% € D'(B* H) of the Dirichlet
data of ¢y, is defined by

[ adop = Opylarenl onlm) o,
B*H
and

/ adq),?N = <(1 + h2AH + Z‘O)il OPH(a)hDVQOh‘Ha th/‘Ph,lH>L2(H)-
B*H

THEOREM 12.36. Suppose H C M is a smooth, codimension 1 embedded ori-
entable separating hypersurface and assume H N OM = 0. Assume that {pp} is

a quantum ergodic sequence. Then, there exists a sub-sequence of density one as
h — 0T such that for all a € SO.(H),

(12.84) <(1+h2AH+z‘0)*1OpH(a)hDysath,hDVsath>L2(H)
4 Y _|eh12\—1/2
+ Opu(@)enli i)y oo s [ el €)= ) o

where ag(z’, &) is the principal symbol of Opy(a).

The result relies on the local Weyl law along H (Proposition [12.14} see §12.17)
showing that only a sparse set of eigenfunctions could scar on the glancing set
S*H. Such eigenfunctions, if they exist, would not be quantum ergodic and are
deleted. This is why we obtain a QER result but not a QUER result (i.e., a
quantum uniquely ergodic restriction theorem). However, the following is a direct
consequence of Theorem [12:36]

COROLLARY 12.37. Suppose that {op} is QUE on M. Then the distributions
{d®P + d®IN} have a unique weak* limit
4
wla) i= o [ ala €)1 - )V do
u(S*M) Jpe

with respect to the subclass of symbols which vanish on S*H.
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12.22. Rellich approach to QER: Proof of Theorem [12.33

Let z = (z1,...,xp_1,2Zn) = (2/,2,) be Fermi normal coordinates in a small
tubular neighborhood H (¢) of H defined near a point 2o € H. In these coordinates
we can locally write

H(e) == {(CC/,(BH) €U xR, |z,| <e}.

Here U C R""! is a coordinate chart containing zg € H and ¢ > 0 is arbitrarily
small but for the moment, fixed. We let x € C§°(R) be a cutoff with x(x) = 0 for
|z] > 1 and x(z) =1 for |z| < 1/2. In terms of the normal coordinates,

1
g(z)

, where R is a second-order h-differential operator along H with coefficients that
depend on z,,, and R(0,2',hD,/) = —h?Ap is the induced tangential semiclassical
Laplacian on H.

The Rellich identity (see relates matrix elements on H to matrix ele-
ments on M, which are known by global quantum ergodicity. Here, D, = %6%_,»’
Dy = (Dyyy.y Dy, ), Dg, = D, = 10, where 9, is the interior unit normal to
M. It is proved in the same way as .

Given a € S®°(T*H x (0, hg)), we define

—h2A, = hD,,g(z)hD,, + R(zn,2',hDy)

A2, 2, hDy) = X (i") hD,, a"(z',hD').

By the Rellich identity

(1285) © /M (I=h2Ay, Az, hD,)|on () on(@) da

:/ (th,A(m’7xn,th)cph|H)@|HdoH+/ (A&, 2, D2 )onl 1) P Dy on | doss.
H H

Since x(0) =1 it follows that the second term on the right side of (12.85)) is just
(1286) (a“’(m',hD')thngoﬂH,thncph\H> .

The first term on right hand side of (12.85)) equals

(1287 [ KD/ hD )| | dom
H Tp= Ty =
(12.88) :/ (X(xn/s)aw(x’,hD’)(th)Qcph
H
(12.89) + ,ﬁxl(xn/s)thaw(x’, hD’)(ph) Dn dog
(23 x,=0 z,=0
(12.90) :/(X(xn/s)a“’(m’,hD’)(l—R(xn,x',hD’))goh) Bl don,
H Tn= Tn=

since x/(0) = 0 and ((hD,,)? + R+ O(h))¢n, = ¢ in these coordinates.
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It follows from (|12.85))-(12.87) that

(12.91)
(Opg(@)hDynlt, hDyonlm) g2y + (Opr (@) (1 + B2 An)pnla, onlm) 1 g,

= (0p ({8 + Rt ) XDl 0} Jonn) 0.0

L2(My)

We now assume that ¢, is a sequence of quantum ergodic eigenfunctions, and
take the h — 07 limit on both sides of (12.91)). We apply interior quantum ergod-
icity to the term on the right side of (12.91f). We compute

Tp

(1202)  {€2 + R(wn, o, €), x(")nale’,€) )

2 n n

=20 (%) et ) (2 ) ol 0.1,

5 € €
where Ry is a zero order symbol. Let xo € C™ satisfy x2(t) = 0 for ¢t < —1/2,
X2(t) = 1fort > 0, and x5(t) > 0for —1/2 < t < 0, and let p be a boundary defining
function for M. Then x2(p/d) is 1 on M, and 0 outside a §/2 neighborhood. Now
the assumptions that the sequence ¢y, is quantum ergodic implies that the matrix
element of the second term on the right side of (12.92)) is bounded by

(12.93)  [((x(zn/e)Ra(x,€') Phs n) L2 (0y)
< lIx2(p/0)x(xn/e)pnll L2y [X2(P/ D)X (2 /€)Pnll L2 (ary = Os(e) + 05.(1),

where x¥ and X2 are smooth, compactly supported functions which are one on the
support of x and xo respectively. Here, the last line follows from interior quantum
ergodicity of the ¢, since the volume of the supports of x(z,/¢) and x(z,/¢) is
comparable to ¢.

To handle the matrix element of the first term on the right side of , we
note that x'(x,/e)|a, = X'(xn/€) for a smooth function x € C>(M) satisfying
X = 1 in a neighborhood of M \ M, and zero inside a neighborhood of H. Then,
again by interior quantum ergodicity, we have

(12.94)

1 !/ wn 2 ! !/ v
2<<€X <€>€na($ 75 )) Soha(ph>L2(M+)

(12.95)

2<<1X'<%>§ZG(II,€’)> SOh7<Ph>
£ oNE L2 (M)

(12.96)

= M(SL*M) /S*M %5(/ <mn> (1 — R(2',2,,&))a(x’, &) du + O(e) + o-(1)

g
(12.97)

- W /S*M éX/ (?) (1= R, 2n,&))a(2’, &) du+ O(e) + o:(1),
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since X’ and x’ are supported inside M. Combining the above calculations yields

(12.98)
(Opy(@)hDygnli, hDyonli) Loy + (Opr (@) (1 + D*Aw)onli, onlm) 1 )
2 1 Tn
= 5D /5 y - () (1—R(2' 2, &))a(z’, &) du + Os(e) + 05.(1).
My

9 3

Finally, we take the h — 0™-limit in (12.98) followed by the ¢ — 0*-limit, and
finally the 6 — 0% limit. The result is that, since the left-hand side in (12.98)) is
independent of € and §,

hliglJr <OpH( )hDV(ph|H7h’DV<ph|H>L2 )+<OpH (1+h2AH)<Ph|H7SOh|H>L2(H)
2 4

=— —R(x', 2, =0,£))d6 = ——— 1/2 "V do
s J,, (R =080 d = g [ (i) et do

where do is the symplectic volume form on S3; M, and do is the symplectic volume
form on B*H.

12.23. Proof of Theorem [12.36| and Corollary

The proof follows as in Theorem with a few modifications. For fixed
€1 > 0 we choose the test operator

(12.99)  A(a', 20, hD,) = (I + h2Ag(a’,hD') + isl)_lx(%)thnaw(x’, hD')

and since WFj (on|g) C B*H (see [ToZ2, §11]) it suffices to assume that ¢ €
C§e(T*H) with
suppa C B}

142 (H)

Let xe, (2',€') € C3°(By 2 (H) \ B}_,..(H);[0,1]) be a cutoff near the glancing
1 1

set S*H with x.,(2/,¢) = 1 when (2/,¢') € BI+5 (H)\ Bf__>(H). Then, with

1

A(z,hD,.) in (12.99), the same Rellich commutator argument as in Theorem [12.33

gives

(12.100) (14 Rr°Apg +ie1) " 'a" (@', hD")(1 = xe, ) hDyonlm, hDvonlm) ;-

1R N
+{a”(z',hD")(1 — w ( ,
< ( )( XEl) 1— ‘gllg T g, (‘Dth (;Dh|H e

4 vy /i (1_|£I|2)1/2
- M(S*]W)/B*Ha()(w (1 = xe, (27,€)) (1—|§’|2+z€1> do

It remains to determine the contribution of the glancing set S*H. As in [Bu2),
DZ, HZ], ToZ2] we use a local Weyl law to do this. Because of the additional
normal derivative term the argument is slightly different than in the cited articles
and so we give some details. For the rest of this proof, we need to recall that
h € {)\j_l}, and we write h; for this sequence to emphasize that it is a discrete
sequence of values h; — 0. Since ||a"(z',hD’)||L2— 2 = O(1), it follows that for

(H)
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h e (0, ho(al)] with hg(e1) > 0 sufficiently small,

(12.101) Z ) (@', AD")XE, en; |1, ony | 1) L2 o)
h >h

Z (X on; [l L2 () 112, @ny ol 22 ey + O(BS®))
hj=h
C ]' w w o0
<N (I m, 1 22y + 5, o, L Wy + O(B5))
hj>h
51)

By a Fourier Tauberian argument, it follows that for h € (0, ho(e1)]

(12.102) = O(

(12.103) Z IXE 2e, ony |m ()P = O(eT)
h >h

uniformly for ' € H. The last estimate in (12.101)) follows from ((12.103)) by inte-
gration over H.

To estimate the normal derivative terms, we first recall the standard resolvent
estimate
(1 + WA g +ien) " ull g2y < CeyHlull 2oy,

where H? is the semiclassical Sobolev space of order 2 (see [Zwl Lemma 13.6]).
Applying the obvious embedding H?(H) C L*(H), we recover

(12.104) 11+ h?Ax +ie1)  ull 2y < Cll(1+ W2 Ax +ien)  ull gz u)

(12.105) < Ceyullpem

to get that

(12 106)

N( Z {1+ h*Ag +ie1) " a" (&, hD" )XY hj Do, on, |1 1y Do, on, | 1) L2 (i) |
h;>h

1 w oo
< Clep! N > (I Dy, o, |l L2y 1X52, hDa, on, |a || 22 1) + O(BS))

h;>h
0’51—1 1 w 9 w ) .
= 2 N(h) Z <||X51hD90n90hj|HHL2(H) + HXQElhD:anhj|HHL2(H) + O(hj ))
h;>h
=0(er'e})
= 0(51).

The last estimate follows again from the Fourier Tauberian argument in [ToZ2|
§8.4], which gives

1 w
(12.107) R0 D XY 9o hiDaon, (@) = O()
hj>h

uniformly for 2’ € H. Since g1 > 0 is arbitrary, Theorem 12.36|follows from ((12.101])
and (12.106) by letting e; — 0T in (12.100)).
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12.24. Quantum ergodic restriction (QER) theorems for Dirichlet data

For applications to nodal sets and other problems, it is important to know if
the Dirichlet data alone satisfies a QER theorem. The answer is obviously ‘no’ in
general. For instance if (M, ¢g) has an isometric involution and with a hypersurface
H of fixed points, then any eigenfunction which is odd with respect to the involution
vanishes on H. But in [ToZ2, [ToZ3| a sufficient condition is given for quantum
ergodic restriction, which rules out this and more general situations. The symmetry
condition is that geodesics emanating from the ‘left side’ of H have a different return
map from geodesics on the ‘right side’” when the initial conditions are reflections of
each other through TH. To take the simplest example of the circle, the restriction of
sin kx to a point is never quantum ergodic but the full Cauchy data (cos kx, sin k)
of course satisfies cos? kx + sin® kz = 1. In [CTZ] it is proved that Cauchy data
always satisfies QER for any hypersurface. This has implications for (at least
complex) zeros of even or odd eigenfunctions along an axis of symmetry, e.g., for
the case of Maass forms for the modular domain SL(2,Z)/H?2.

Let

(12008)  TipM = {(¢,§) € T;M, q € H}, T°H ={(q,n) € T;H, q < H}.
We further denote by g : T M — T H the restriction map,
(12.109) mr(2,€) = E|ra-

For any orientable (embedded) hypersurface H C M, there exists two unit
normal co-vector fields v to H which span half ray bundles Ny = R,vy C N*H.
Infinitesimally, they define two ‘sides’ of H, indeed they are the two components
of THM\T*H. We use Fermi normal coordinates (s,y,) along H with s € H
and with = = exp, y,v and let 0,7, denote the dual symplectic coordinates. For
(s,0) € B*H (the co-ball bundle), there exist two unit covectors £4(s,0) € SIM
such that |€4(s,0)| = 1 and &|r.g = o. In the above orthogonal decomposition,
they are given by

(12.110) Ei(s,0) =0t +/1—|o]Pvi(s).
We define the reflection involution through 7% H by
(12111) TH: T;IM%T;IM’ TH(S7/’L§i(SaO-)) = (Svlug:F(Sao-))a /’LER-F'

Its fixed point set is T*H. We denote by G* the homogeneous geodesic flow of
(M, g), i.e., Hamiltonian flow on T*M \ 0 generated by |{|,. We define the first
return time T'(s,&) on SF M by,

(12.112) T(s,&) =inf{t >0:G"(s,&) € SyM, (s,&) € S5 M)}.

By definition T'(s,£) = +oo if the trajectory through (s,&) fails to return to H.
Inductively, we define the jth return time T(j)(s,f) to S} M and the jth return
map ®7 when the return times are finite.

We define the first return map on the same domain by

(12.113) D: SEM — SEM, (s, &) = GTE8) (5,6)

When G is ergodic, ® is defined almost everywhere and is also ergodic with respect
to Liouville measure py g on Sj M.
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DEFINITION 12.38. We say that H has a positive measure of microlocal reflec-
tion symmetry if

a . (s (s
prg | J{(s9) € SyM :rugGT 00 (5,6) = G700y (5,€)} | > 0.
J#0
Otherwise we say that H is asymmetric with respect to the geodesic flow.

The QER theorem we state below holds for both poly-homogeneous (Kohn-
Nirenberg) pseudo-differential operators as in [Ho2|] and also for semi-classical
pseudo-differential operators on H [Zw] with essentially the same proof. To avoid
confusion between pseudodifferential operators on the ambient manifold M and
those on H, we denote the latter by Opy (a) where a € S%(T*H).

We further introduce the zeroth order homogeneous function

1
|77 o>\ 2
(12.114)  (s,Yn,0,n0) = N == (r = o + |m[?)
on T7 M and also denote by
(12.115) vpon = (1—|of?)?

its restriction to S M = {r = 1}.
For homogeneous pseudo-differential operators, the QER theorem is as follows
[ToZ2, [ToZ3|, DZI:

THEOREM 12.39. Let (M, g) be a compact manifold with ergodic geodesic flow,
and let H C M be a hypersurface. Let py; denote the L?-normalized eigenfunctions
of Ay. If H has a zero measure of microlocal symmetry, then there exists a density-
one subset S of N such that for Ao > 0 and a(s,o) € S (T*H)

)\}li)noo<opH (CL)FYHQO)\]' y YHPN, >L2(H) = W(a),
JES

where
2

w(a) = Vol(5 M) /B*H ao(s,0) vy (s, 0) dsdo.

Alternatively, one can write w(a) = m S ap a0(s,me(§)) dpr,m (€). Note
H

that ag(s,o) is bounded but is not defined for o = 0, hence ag(s, 7 (§)) is not
defined for £ € N*H if ag(s, o) is homogeneous of order zero on T* H. The analogous
result for semi-classical pseudo-differential operators is the following [ToZ2, [ToZ3|,
DZ]:

THEOREM 12.40. Let (M, g) be a compact manifold with ergodic geodesic flow,
and let H C M be a hypersurface. If H has a zero measure of microlocal symmetry,
then there exists a density-one subset S of N such that for a € SY°(T*H x [0, hy)),

lim (Opy,, (a)Ya@n;, VPR, ) L2 (1) = w(a),
hj—0T
JjeSs
where
2 _
w(a) = Vol(S*M) /JB*HGO(S,U) Yoty (s,0)dsdo.
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Examples of asymmetric curves on surfaces in the case where (M, g) is a finite
area hyperbolic surface are the following:
e H is a geodesic circle;
e H is a closed horocycle of radius r < inj(M, g), the injectivity radius.
e H is a generic closed geodesic or an arc of a generic non-closed geodesic.

12.25. Time averaging

We begin the proofs of Theorems [12:39) and [12.40| by lifting the matrix elements
back to M and time-averaging, as in Section We use the identity ((12.31)) where

as in (|12.30)),
V(t;a) == U(=t)vy Opy(a)vaU(1),

o0

Vr(a) = = / (T V(t;a) dt,

(12.116) T

R
VTﬁR(a) = %/_R U(r)* Vr(a)U(r) dr.

A technical complication is that V(a) is a Fourier integral operator with fold
singularities. To define a Fourier integral operator V. (a), we need to introduce
cutoff operators to cutoff away from T*H and from N*H X Ops«p; UOp«p X N*H.
We let x € C§°(R),[0,1] be a cutoff supported in (—1 — §,1 4 §) with x(¢) =1
for t € [-1+6,1—46], [ x(t)dt = 1. For fixed ¢ > 0, we introduce two cutoff

pseudo-differential. The first, Xét“”)(g;,D) = Op(X?“”)) € Op(S%(T*M)), has
(tan)

homogeneous symbol x: "’ (z, &) supported in an e-aperture conic neighborhood of
T*H C T*M with tha") = 1l in an §-aperture subcone. The second cutoff operator
Xgn)(a:,D) = Op(Xgn)) € Op(S%(T*M)) has its homogeneous symbol Xﬁ") (z,8)

(n)

supported in an e-conic neighborhood of N*H with xe =1 in an § subcone. To
simplify notation, define the total cutoff operator

(12.117) Xe(x, D) := x{"*") (z, D) + x\" (x, D),

and put

(12.118) (vrOpr(a)vm)ze = (I = x5)vir Opm(a)ya (I = Xo),

and

(12.119) (v Opw(a)ve ) <e = X2e7m OPa(a)vE Xe-

By standard wave front calculus, it follows that

(12.120) vy Opy(a)ve = (vir Opy(a)v)) 2= + (Vi Opp(a)ym))<e + K-,
where, (Kcpj, ¢;)L2(ar) = O(A; ). We then define

(12.121) Ve(t;a) == U(=t)(v Opg(a)vm)>:U(1),
and
(12.122) Vre(a) = %/m (T VL(t; a) dt.

The next proposition provides a detailed description of V7 (a) as a Fourier
integral operator with local canonical graph away from its fold set and computes
its principal symbol. After cutting off from the tangential singular set X7 C T*M x
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T*M and the the @normal sets N*H x0p«pr, 07+ s x N*H, Vi (a) becomes a Fourier
integral operator Vr .(a) with canonical relation given by

(12.123)
WF(Vr.(a)) = {(x,ﬁ,x’,f’) € T*M xT*M : there exists t € (=T, T) such that
r.u =G (2 &) |rm, €] = \5/|}-

We decompose Vr(a) into a pseudo-differential and a Fourier integral part
according to the dichotomy that (x,&,2’,¢&’) in (12.123) satisfy either

exp, t& = exp,, t&' =s € H, G'(z,¢)

(12.124) (i) G'(x,€) = G'(a!, &) or (ii) G'(a/,€) = ruG'(x,9),
where 7y is the reflection map of T*H in ((12.111). Thus,

(12.125) WF(VT’E(G)) = Arsprxrsm U7,

where

Aryxrem = {(,§,2,8) € T"M x T*M},

(12.126) rr=|J  UG(9.6uls9))-
(s,£)ETHM |t|<T
The two ‘branches’ or components intersect along the singular set
(12127) ZT = U (Gt X Gt)AT*HxT*H.
[t|<T

We further subscript I'r with € to indicate the points I'r. outside the support of
the tangential cutoff.

Since G*(ry(s,€)) = GlrgG~'G'(s,€), I'r. C T'7\Xr is the graph of a sym-
plectic correspondence. That is, for any € > 0, I'r . is the union of a finite number
Nr of graphs of partially defined canonical transformations
(12.128) Rj(x,€) = GH@rygG=H@O (1 ¢).
which we term H-reflection maps. Here t;(x,€) is the jth ‘impact time’, i.e. the
time to the jth impact with H. We denote its domain (up to time T') by Dg,?)g By
homogeneity of Gt: T*M — T*M, for all j € Z,

(12129) tj(x,é) = t]’ <IIJ, é), f 7’5 0.

PROPOSITION 12.41. Fiz T,e > 0 and let a € S%(T*H) with ag(s,§) =
a(s,€lg) € SU(THM)). Then Vr .(a) is a Fourier integral operator with local canon-
ical graph and possesses the decomposition

Vre(a) = Pr.(a) + Fr.(a) + Rr.(a),
where
(i) Pre(a) € Op,(S°(T*M)) is a pseudo-differential operator of order zero

with principal symbol

(12.130) are(x,8) = 0(Pre(a))(z,§)

(12.131) = 2 0 X am) (GO (@, (T, ),
JEL
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where t;(z,§) € C®(T*M) are the impact times of the geodesic exp, (t)
with H, and 7 is defined by .
(ii) Fr.e(a) is a Fourier integral operator of order zero with canonical relation
Ire.
Nt

(12.132) Fro(a) =" F{)(a),
j=1

where the Fgg(a);j = 1,...,Nr. are zeroth-order homogeneous Fourier
integral operators with

WE'(F)(a)) = graph(R;) N T'zc,
and symbol
j 1, _ (z _ 1
o (P (@, €) = (v am) (G99 (@, )X(T 't (w,€)) |dadg]
(ili) Rr.(a) is a smoothing operator.
12.26. Completion of the proofs of Theorems [12.39| and [12.40

By (12.31)) and by Proposition [12.41] the weak* limits of the restricted matrix
elements are those of

(12.133)  (Vre(a)js 95) L2y = (Prews, 95) 12 ()
+ (Fres, 0i) L2 an) + (Brej, 5) L2 (an)-
It is clear that (Rr ., ;) r2(ar) — 0 for the entire sequence of eigenfunctions.
Since
(v Op (@) v)) 2e @il sl m) L2y = (Ve (@)wss 05) L2 an)

it follows from ([12.133|) that

. 1 )
(12.134) Timsup = > (i Opsr (@)71) 2205 95) 22001y
A—00 N(>\> JA <A
2
—([Pre(a) + Pre(a)les, ¢j) 2| =0.

12.26.1. Removing the Fr. term. We now consider the Fourier integral
matrix elements (Fr 0, 0;) 52 (-

LEMMA 12.42. Suppose that H is an asymmetric hypersurface. Then there
exists a subsequence of the eigenfunctions of density one for which (Fr;, 0;) 12 ()
tends to zero.

PRroOF. It suffices to show that

. 1 2
(12.135) hﬁsolipm Z |<FT,5(a)cpj,<pj>L2(M)} =0.
Jixi <A

This does not use ergodicity of the geodesic flow.

To prove (12.135]) we first use the Schwartz inequality
(12.136)

1 2 1 X

Ny Z |<FT,e(a)<Pj7 <Pj>L2(M)‘ < NOY Z (Fr.e(a)"Fre(a)e;, ) 2 ()

FA <A JAGSA
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to bound the variance sum by a trace. We then use the local Weyl law for Fourier
integral operators associated to local canonical graphs,

1
Z (F'ox; s 0a;) = on(F)dur,

(12.137) o
N()\) FiA <A ST rNApx s

where I'r is the canonical relation of F', ST’ is the set of vectors of norm one, and
ST N Arsps is its intersection with the diagonal of T*M x T*M. Also, oa(F)
is the (scalar) symbol in this set and dyy, is Liouville measure. Thus, if I'r is a
local canonical graph, the right side is zero unless the intersection has dimension
m = dim M. The microlocal asymmetry condition is precisely that the intersection

has measure zero, i.e.,
/ oa(F)dus = 0.
STrNAT7*

12.26.2. Contribution of the pseudo-differential term Pr.(a). In view

of (12.135)), it follows from (|12.134]) that

(12.138) nmsupﬁ S |k Opslayri)zesss e rcan

A—00 FA<A

O

2
— <PT,5(CL)90J'7 <Pj>L2(M)' =0.

Hence to complete the proof it suffices to show that

. 1 2
(12.139) limsup —— Z ’(PTwE(a)goj, i) L2 (M) — w(a)‘ =0.
A—00 N()\) JA<A

Since Pr(a) is a pseudo-differential operator, this follows from the quantum ergod-
icity of the eigenfunctions on M. The limit state is precisely the Liouville average
of the principal symbol of Pr.(a).

This completes the proof of Theorem [12:39] The proof of the semi-classical
case is similar.
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CHAPTER 13

Nodal sets: Real domain

We now begin the study of nodal sets of eigenfunctions. The theory is somewhat
analogous to the study of zero sets of polynomials in algebraic geometry with the
frequency A playing the role of the degree. The analogy is strongest when (M, g) is
real analytic and is incomplete at this time for general C'*° metrics, although the
recent breakthrough work of Logunov (and Logunov-Malinnikova) has changed the
situation at this time of writing [L1l, IL2l, LM]|. As in algebraic geometry, when g
is real analytic the nodal sets can be studied in the complex domain (i.e., in the
complexification M¢ of M) and are simpler to study there. However, there does
not exist an algebraic theory of nodal sets of eigenfunctions, and we can only rely
on the equation (A + A?)px = 0 to obtain information.

One of the principal problems is to estimate the (n — 1)-dimensional Hausdorff
(hypersurface volume) measure of the nodal set of ¢y, which is denoted by

(13.1) H™(Z,,).

A more elaborate problem is to determine the equidistribution of nodal sets. Other
important problems are to determine the number of connected components, the
number of nodal domains, the sizes and shapes of nodal domains or other local
properties such as the integral curvature of components of the nodal set. These
problems are analogues of well-studied problems for real algebraic varieties but are
difficult to study by PDE methods alone.

Roughly speaking, there are three approaches to estimating nodal volumes,
either from above or below.

e Local method of doubling estimates and frequency functions, using mono-
tonicity properties of frequency functions of harmonic functions. Relation
of growth of nodal sets to local growth of eigenfunctions or harmonic
functions as measured by doubling exponents (or indices);

e Global construction of the delta-function on the nodal set and integral
estimates;

e Estimate from above: Crofton formula and counting nodal points on
curves.

There is a pronounced difference in techniques and results between C'°° metrics
and real analytic C metrics, since many more methods are available in the latter
case. In this section we mainly consider techniques available for general C'*® metrics.
In the next section we analytically continue eigenfunctions to the complexification
of M for real analytic Riemannian manifolds and study the complex nodal set. The
real nodal set is the real ‘slice’ of the complex nodal set and the slice might lack
good transversality properties. The complexification M¢ in the real analytic case
is essentially the ‘phase space’ B*M (a co-ball bundle) and the phase space zeros
are simpler to relate to the dynamics of the geodesic flow than the configuration
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space zeros given by the real nodal set. In any case, results on the asymptotics of
nodal sets in the real domain are rather few and rather weak when dim M > 2.
The purpose of this section is to explain some of the main results.

Just as this exposition was being finished, A. Logunov posted three articles
L1, L2, LM] which prove the Yau conjectured lower bound on nodal sets in the
smooth setting and prove a polynomial upper bound. Time does not permit a
detailed exposition of the new results but obviously they render many of the old
ones obsolete, although the proofs may still have interest.

13.1. Fundamental existence theorem for nodal sets

A real algebraic polynomial need not have any real zeros. Since | yPrdV =0
it is clear than any non-constant eigenfunction must have zeros. But it is not clear
how ‘many’ zeros it has or how dense the zero set is. The fundamental existence
theorem of the title asserts that the zero set is A=2 dense. The proofs involve
rescaling the eigenvalue problem in small balls, and thus the existence theorem is
an elliptic result in the sense of

THEOREM 13.1. For any (M, g) there exists a constant A > 0 so that every ball
of (M, g) of radius greater than ? contains a nodal point of any eigenfunction @y.

PRrooF. Let Dy ; be a nodal domain of ¢y. Since ¢y > 0 in a nodal domain
(after multiplication by —1 if necessary), A> = A\?(D, ;) where \}(D, ;) is the
smallest Dirichlet eigenvalue for the nodal domain.

Now fix g, r and consider a ball B(zg,r). If ¢ has no zeros in B(xg, ), then
B(zo,7) C D) ; for some j, i.e. the ball must be contained in the interior of a nodal
domain D, ; of ¢5. But A\}(D, ;) is domain monotonic: i.e., the lowest Dirichlet
eigenvalue A1 (Q2) of a domain decreases as 2 increases. Hence

(13.2) A = A3(Dy;) < Mi(B(zo,7)).
‘We now show that
Cy
(13.3) N(Blao,r)) < =2,

where C,; depends only on the metric. Granted ( m, it follows from ({13.2)) and

(13.3) that
(13.4) M < bup{c t x> 01in B(xo, )}

Clearly, r < % for any r satisfying ¢ > 0 in B(zg,r).

To complete the proof, we must prove the inequality (| - It is proved
by comparing A?(B(zg,r)) for the metric g with the lowest Dirichlet Eigenvalue
A3 (B(zg, cr); go) of the Euclidean ball B(xg,cr;go) centered at xq of radius cr.
Here, gy is the Euclidean metric defined by freezing the coefficients of g at xg;
¢ is chosen so that B(zg,cr;go) C B(xo,7,g). Again by domain monotonicity,
A2(B(zo,7,9)) < A2 (B(z0,cr;g)) for ¢ < 1. By comparing the Rayleigh quotients
% one easily sees that

M (B(zo, cr; 9)) < CX(B(zo, cr3 g0))

for some C' depending only on the metric. But by explicit calculation with Bessel
functions, A\?(B(zo, cr; go)) < 7’2’ and - follows. a
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13.1.1. A second proof. Another proof is given in [HL]. Let u, denote the
ground state Dirichlet eigenfunction for B(zg,r). Then w, > 0 on the interior of
B(xo, 7). If B(zo,r) C D,; then also px > 0 in B(zo,r). Hence the ratio 2= is
smooth and non-negative, vanishes only on dB(xg,7), and must have its maximum
at a point y in the interior of B(xg,r). It follows that

o()-n a(z)weo

But at a critical point y,

A <“) () = £28u W) — e @A) | A(Blao,n) = Mexur
P

P3(v) o
Since % > 0, this is possible only if A?(B(xg,7)) > \.
A
To complete the proof we need to show that A;(B(z,r)) > A implies r < 4

for some A depending only on g. As before, we rescale the ball by 2 — Az
(with normal coordinates centered at xy) and obtain an essentially Euclidean ball
of radius . Then A (B(xo, %)) = AN By, (w0, 7). Therefore we only need to choose
r so that A1 By, (zo,7) = 1.

13.2. Curvature of nodal lines and level lines

Continuing the local discussion of nodal sets we present a few formulae for their
geodesic curvature in dimension 2. Let Q = |[V¢|2. We claim that in dimension
two, the geodesic curvature n of the nodal line 992 bounding a nodal domain of an
eigenfunction ¢ is given by

1
(13.5) n= fVl, log Q.

Here v is the inward normal, v = |§ I is the unit normal pointing into {¢ > c}.
To see this, we recall that the geodesic curvature of a contour line of a function
u on a surface is given by

2 2
U Ugg + Uy Uy — 2U g Uy Uy

[Vul?
As in [Sal [Ta], it follows that the curvature k of the level lines of u and the curvature
h of the gradient lines of u are given respectively by

k=

k= —div |§<p|
(13.6) Vo
h=—-divJ==
Vel
where J = (01 (1)) Following [Sa] we verify the formulae as follows: Let u be

any smooth function on M and let N = u~!(c) be a level set. If Vu(p) # 0 then
the trace of the second fundamental form of N at p is given by

Au Au

(13.7 n——+—v Vul) -v
: Vo T VY gy
Recall that the second fundamental form of N is defined by

(X,)Y)=(VxY —V¥Y) v

+ Vlog(\Vu| ) v
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Since VLN, V2u|p, v = —|Vull. Since Tr V2 f = —Af, and V,v - v = 0, we have
Tr(Vulr,n) = Tr V2 fu — Vu(v,v),
{Vzu(y, v) =V(|Vul) - v.
We now specialize to the case where M is a surface and u = ¢ is an eigen-

function. Let 2 be a nodal domain. Then on 952, @—Z = 0, so that (13.7) implies
[@35).

REMARK 13.2. Green’s formula implies that

(13.8) / n:l/AlodeA.
o0 2Ja

It would be interesting to bound the right hand side above or below. For the
related Cauchy data square, ¢ = |[V|? + %/\2@2 there is a distribution lower bound

for Alogq by Dong (§13.7.4) or [Dl Theorem 3.3]).

13.3. Sub-level sets of eigenfunctions

Colding-Minicozzi have used the %—density of nodal sets together with small
scale mean value inequalities to obtain lower bounds on sublevel sets of eigenfunc-
tions [CM2].

THEOREM 13.3. Let (M™, g) be a compact Riemannian manifold without bound-

ary such that Ric(g) > —(n—1). Suppose that @y is an L? normalized eigenfunction.
Let V =Vol(M, g). Then there there exists Cp, > 0 and A(n) > 0 so that

Vol ({m e M :|pn? < %}) > O™ Vol(M, g).

ProOF. We sketch the proof, leaving out some of the details from [CM2]. It
was just proved above that there exists C(M, g) > 0 so that N, N B(zo, §) # 0.
Let {B ¢ (zk) }x be a maximal collection of disjoint balls of radius % By maximality,
double the balls covers M. By the volume comparison theorem, the multiplicity
of the covering is bounded by a constant C,, depending only on the dimension of
M. Here, the volume comparison theorem states that if (M™,g) complete and
Ric > (n — 1)K then for any p € M,

Vol(B(p,r))
Vol (B(px ;7))
Here, px is a point in the simply connected space form of constant curvature K
and Volg denotes the volume in the space form. Thus,

Vol(B(p,r)) < Volg (B(pk,r)), 1> 0.

Let z,, € N, N Be (2x). Under the assumption Ric > —(n — 1), one has the
mean value inequality that if Av > —cv for some ¢ > 0, then

supv < e“3 Ve Avep, v,
By

is a non-increasing function of r.

where

1
A =— dVy.
vepv Vol(B)/BU f

By the Bochner formula and the Ricci curvature assumption that
A|Vpa|? = 2|Hess(p2)]? + 202 Va2 + 2 Ric(Viy, Vor) > —2(n — 1 — A?)| Va2
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Hence there exists C,, > 0 so that (cf. [SY], p.80])

sup | <82 sup [Voul? <Ot b / NG
B(zk,%) B(zk,%) Vol B(zk, %) JB(z.2)

Here, we use that
d
£@) =~ fa) = [ Gr@dt= [Vf -y @ar
where v is a curve from z; to x.

Since zj, € B(zy, $), B(zk, &) C B(wy, %). Combining the above with the
volume comparison theorem gives

(13.9)
1
sup |g0>\|2§52 sup |V¢A|2:consto)\274s/ \V@AP.
B(zk, %) Bz, 4 VO]B(.ﬁk,T) B(ar,42)

From the multiplicity bound for the cover it follows that

Z/ [Veal* < OX%.
k B(zk,42)

Let {4} be the subset of {k} where

1

13.10 o dsy
( ) Vol B(zy, )

/ |V<,0,\|2 < 20N%.
B(Ik,%5
Since the balls with twice the radius cover M,

Vol(M) <23 Vol(B(x;, 4%).

By the volume comparison theorem and since the original balls are disjoint, and
z; € B(xy, §) one has

(13.11) Vol(M) < C Vol (UB(zj,i)).

The theorem follows by combining (13.9), (13.10)) and (13.11]). O

REMARK 13.4. This proof is not quite rigorous; one has to introduce a new
parameter £ > 1 with s¢ = 4Cy/\ and let {Bays(x)} be a maximal collection of
balls. We refer to [CM2].

13.3.1. Inradius. It is known that in dimension two, the minimal possible
area of a nodal domain of a Euclidean eigenfunction is m(4)?. This follows from
the two-dimensional Faber-Krahn inequality,

Ae(Q)Area(D) = A (D)Area(D) > 42,

where D is a nodal domain in . In higher dimensions, the Faber-Krahn inequality
shows that on any Riemannian manifold the volume of any nodal domain is > CA™".

Another size measure of a nodal domain is its inradius 7y, i.e., the radius of
the largest ball contained inside the nodal domain. As can be seen from computer
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graphics, there are a variety of ‘types’ of nodal components. In [M1], Mangoubi
proves that

C C
(13.12) L > 2
A Azk(n) (Jog A)2n—4’
where k(n) = n? — 15n/8 + 1/4; note that eigenvalues in [M4] are denoted A while
here we denote them by A\%. Recently, B. Georgiev [Ge] has improved the inradius
estimate to

Cy Cy
13.13 s> 2
( ) by ™ Z /\2
improving the result in dimensions n > 5.
In dimension 2, it is known (loc.cit.) that

el Cy
. Lo > =2
(13.14) T2z

13.4. Nodal sets of real homogeneous polynomials

One of the standard local techniques in studying nodal and singular sets of
eigenfunctions is to approximate the eigenfunction in a neighborhood of a zero by
a homogeneous harmonic polynomial g4 of degree d on R™ and to use knowledge
from real algebraic geometry about nodal sets of homogeneous polynomials. Eigen-
functions are approximated by harmonic functions on small balls and the harmonic
functions are approximated by polynomials. In this section we cite a few relevant
and classical results.

The following Bezout type bound is proved in [HS| Theorem 2.1].

THEOREM 13.5. Let g: R™ — R be a polynomial of degree < d and suppose that

dimq~1(0) < k. Then
H*(¢71(0) N By) < Cd™ .
The proof uses the coordinate projections
pr: R* — RF, pa(zt, ... 2" = (... ,x*’“)
for
)\EAn’k = {(il,...,ik) GZk, 1< < <y Sn}
If dim ¢~ *(0) < k then ¢~'(0) N p; (0) is finite for X\ € A, 4, and
card(py ' (y) N ¢~ *(0)) < Cd"~*

for almost all y since this set is defined by the vanishing of a polynomial of degree

< d on a Euclidean space of dimension n — k. Indeed, the number of components
of ¢g71(0) is < Cd™. By Crofton’s formula,

H" (g7 (0) N By) Z / card(py ' (y) N ¢ H0))dLE (y) < dnF

/\EA(n k)
Now add the assumption that ¢ is a non-constant harmonic homogenous poly-
nomial of degree d on R™. By Theorem with k=n —1,
H* e 1 (0)N By) < Cd.

Moreover, dim{z : |Ve¢(z)| = 0} < n — 2. Indeed, real algebraic varieties are
stratified manifolds, and if the critical set were of dimension n — 1 there would
exist an (n — 1)-dimensional submanifold ¥ on which Vo = 0. Then ¢ would
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be constant on Y with zero Cauchy data, contradicting unique continuation for
harmonic functions. It also follows from Theorem with k£ = n — 2 that

LEMMA 13.6. Let ¢ be a non-constant harmonic polynomial of degree d on R™.
Then

H"2({z: Vp(z) =0} N B;) < Cd°.

Hardt-Simon further prove an upper bound for the volume of a tube around
the almost-critical set of a harmonic polynomial. It depends on two constants
(0 = 6(n),c = c(n)) depending only on the dimension. Define the (f¢)-almost
critical set of ¢ by

AC(p,0e) == {z : |Vyp| < (he)4 1.
In [HS| Theorem 3.3] they prove

THEOREM 13.7. If v is a harmonic polynomial of degree d on R™ with supp, lo—
©(0)] =1 and |[V(0)| < (02)? then

L"(By N {x : dist(z, AC(p, fe) < £}) < Cd*" 22 loge ™.

We refer to [CNV] for more recent results on polynomial approximation.

13.5. Rectifiability of the nodal set

We recall that the nodal set of an eigenfunction ) is its zero set. When zero
is a regular value of ¢, the nodal set is a smooth hypersurface. This is a generic
property of eigenfunctions [U]. It is pointed out in [Bae€] that eigenfunctions can
always be locally represented in the form

er(z) = v(2) (:v’f +§m{uj(x’)>,

in suitable coordinates (z1,2’) near p, where @, vanishes to order k at p, where
uj(z’) vanishes to order k — j at 2’ = 0, and where v(z) # 0 in a ball around p. It
follows that the nodal set is always countably n — 1 rectifiable when dim M = n.

13.5.1. Quantitatively transversal analytic functions. In [Do], Donald-
son studied zero sets of quantitatively transversal holomorphic sections of powers
L* of positive Hermitian line bundles L — M over Kihler manifolds. The analogous
notion of quantitative transversality for eigenfunctions is the following:

DEFINITION 13.8. An eigenfunction is n-quantitatively transversal if there ex-
ists n > 0 such that

(13.15) lpi(@)] <n = [Ve;(@)] = Ajn.
Equivalently if ¢(z) := A72[V(z)|? + S|¢|*> > n°.

It is difficult to prove existence of n-QT (quantitatively transversal) holomor-
phic sections of line bundles and one may expect QT eigenfunctions to be rare. It
is not clear that a generic A has any infinite sequence of n-QT eigenfunctions for
any n > 0. If it does, they may form a sparse subsequence. On the standard S?
one may expect existence of such eigenfunctions but the set of QT eigenfunctions
to have a very low probability. Donaldson used ideas of Yomdin that were later
simplified by Auroux [Aul.
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In [Do] Donaldson proved that zero sets of holomorphic quantitatively transver-
sal sections of L¥ are uniformly distributed in the sense that, for any ¢ € D*~1"=1(M),

/ZSkille?T/ka/\ilf

In [SD] a sharper bound was obtained for CP*', based on the fact that a sequence
of quantitatively transversal sections with uniformly bounded sup-norms satisfies,

< CVk||de| Lo

(13.16)

/ 1og||pk||2\ < Co.
CPt

It is not known how the sup norm and L? norms are related for n-QT sections or
eigenfunctions. An analogous result is proved in [DF1l Lemma 6.4] for general
polynomials:

PROPOSITION 13.9. Let P be a polynomial of degree d on R™ with maxgn—1 |P| =
1. Then

(13.17) / llog | P(w)]dw| < Cd.
|w|=1

There is no QT assumption on P and we observe that the estimate for a QT
section is better by an order of magnitude. This raises the question of generalizing

(13.16]) to QT eigenfunctions and of generalizing (13.17)) to general eigenfunctions.
The proof of (|13.17) is based on facts about polynomials and their zeros and we

reproduce it here:

PROOF. Use spherical coordinates (6, ) where 6 is spherical coordinates on
the hemisphere Sﬁ_l and ¢ € [—m, ] where ¢ = 0 is the north pole. For fixed 6
write P on S"~ ! as Pj(cos ) + Pa(cos @) sin ¢ and let

P = Pi(cosf) —sin pPy(cos ), Q= PP,

For fixed 6,
o (cosp — )
Qo(cosp) =+ H ~—

1-a
=1 v

with dy < 2d. Here Qg(1) = 1. Then

m de

/logIQe(cow)lsin”‘deso:/ > log
0 0 v=1

Integrating over 6 € 51_2 proves the Lemma. O

Donaldson’s results on holomorphic sections probably have more immediate
analogues for analytic continuations of eigenfunctions to the complexification of
M, which is the topic of the next chapter. If we analytically continue to the
complexification of M then the quantitatively transversality condition becomes:
there exists n > 0 such that

(13.18) 05 2)] <n = [9sk(2)] = Ajm.
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13.5.2. Vanishing order. By the vanishing order v(u,a) of u at a is meant
the largest positive integer such that D%u(a) = 0 for all |a] < v. A unique con-
tinuation theorem shows that the vanishing order of an eigenfunction at each zero
is finite. The following estimate is a quantitative version of this fact. (See [DF1],
[Linl Proposition 1.2 and Corollary 1.4].)

THEOREM 13.10. Suppose that M is compact and of dimension n. Then there
exist constants C(n), Ca(n) depending only on the dimension such that the the van-
ishing order v(u,a) of u at a € M satisfies v(u,a) < C(n)N(0,1) + Ca(n) for all
a € By1/4(0). In the case of a global eigenfunction, v(px,a) < C(M,g)A.

Highest weight spherical harmonics C (21 + iz2)™ on S? are examples which
vanish at the maximal order of vanishing at the poles 1 = zo = 0,23 = +1.
Gaussian beams on surfaces of revolution also do. It is curious that the points at
which maximal vanishing order occurs are also poles at which maximal sup norm
growth occurs for the very different zonal eigenfunctions. it is not clear if this
coincidence holds more generally, and that suggests the

PrOBLEM 13.11. for which (M, g) does there exist a subsequence of eigenfunc-
tions ¢;, and a sequence of points zj, so that ¢, achieves the maximal vanishing
order estimate at ¢;, ?

A recent result due to [Hezl6l Theorem 1.2] shows that quantum ergodic
eigenfunctions on a negatively curved manifold never achieve maximal vanishing
order. More significantly, he gives a quantitative improvement that, for all ¢ > 0,

V(pr;,p) < Cyllog Nj) " zmteN,

where m = dim M. The result does not rule out an exceptional subsequence which
vanishes to maximal order.

13.6. Doubling estimates

In this section we continue to discuss doubling estimates. They play a funda-
mental role in estimates of H"~1(N}).

THEOREM 13.12 (See [DF1], [Lin]). Let vy be a global eigenfunction of a C*
(M, g) there exists C = C(M,g) and ro such that for 0 <r < rg,

L ) SN )
- ordV, < et —un—— ©ox|7], dV,.
Vol Bar (@) . o P Vo = B (@) S,y 1Y

Further,
—/) max |pa(z)], 0<r' <

13.19 = (
( ) max |<p,\(fﬂ)| = zE€B(p,r’)

B(p,r) r

The doubling estimates imply the vanishing order estimates. Let a € M and
suppose that u(a) = 0. By the vanishing order v(u, a) of u at a is meant the largest
positive integer such that D*u(a) = 0 for all |o| < v.

THEOREM 13.13. Suppose that M is compact and of dimension n. Then there
exist constants C(n), Ca(n) depending only on the dimension such that the the van-
ishing order v(u,a) of u at a € M satisfies v(u,a) < C(n) N(0,1) + Ca(n) for all
a € By/4(0). In the case of a global eigenfunction, v(px,a) < C(M,g)\.
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Following [NPS] and [Rol, define the supnorm doubling exponent 5(p, B) for
a ball B by
sup
3(p.B) = log 202 1PL
Supy p |9
More generally,
sup
8(p. B:0) = log 20817
sup,p |9l
Donnelly-Fefferman proved that for any C'°* metric,

Blea, B) < CA.
Let
Bi(A) = y B(Bax-1(x)) dA(z).
The following was conjectured in [NPS] and proved by Roy-Fortin [Rol:
THEOREM 13.14. For a C* surface (M, g),
CAB1(\) < HY(Z)) < C'A\(By(\) + 1).

Theorem indicates that the set of points with maximal doubling indices
on wave-length balls is of measure zero, and that the average value is a constant.

To get some intuition on the dependence of doubling indices on the center and
radius, it is useful to consider the simplest example of ™ on [0,7] for some T.
This function vanishes to order N at 7 = 0 and models the (normalized) highest
weight spherical harmonic (z +iy)”™ near the poles. Obviously, the doubling index
B(B1(0)) is Nlog2 for the interval [0,1]. On the interval [0, 3] the doubling index

is log g?%gz = Nlog2, i.e. in balls centered at a point of maximal vanishing order

the doubling index is scale invariant.
Now re-center the interval at some point a and let the radius be p and compare
(a+ p)N to (a +2p)". Obviously,

N a

2p+a (1+?)
1 = Nlog2+ Nlog —2~.
Og<p+a) % Yy

Let ¢ = £ and consider log(1 + 1) —log(1 + t). This function is decreasing from
0att =0 to —log2 as t — oo, canceling the log2 term. Hence the doubling
exponent is non-uniform as the radius and center change. In order that t — oo
either @ — oo (impossible on a compact manifold) or p — 0. On wavelength scales

Na
p= % the doubling index is N log 2+ N log ((11:(&2]\,)) Again we observe that if a > 0

and N — oo, the doubling index decreases to 0 at a rate depending on a.

13.6.1. Doubling index to lower bound. Intuition suggests that the high-
est ‘concentration’ of the nodal set occurs at singular points where ¢ vanishes to
order ~ )\, or more generally where the doubling index is of order A. In dimension
2, the first statement is provable, but the higher dimensional case is complicated.
One does not expect the latter statement to be exactly true. By the local structure
of eigenfunctions around a point of vanishing order A\ in dimension two, one sees
there are ~ X ‘spokes’ in the nodal set emanating from the singular point, and the
density of the nodal set is A times the generic density.
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13.7. Lower bounds for H™ 1 (N,) for C* metrics

S. T. Yau has conjectured that for any C'°° metric, there exist ¢;,Cy > 0
(depending only on g) so that

aXSH™ N Z,,) S Ca

In dimension 2, the lower bound was proved by Briining [Br] and by Yau (unpub-
lished). In 1988, Donnelly-Fefferman [DF1] proved the conjectured upper and lower
bounds bounds for real analytic Riemannian manifolds (possibly with boundary).
We re-state the result as the following

THEOREM 13.15. Let (M, g) be a compact real analytic Riemannian manifold,
with or without boundary. Then

aXSH™ N Z,) S A

We give a new proof of this theorem from [Z3] in the The proof of the
upper bound is based on complexifying the nodal set and using plurisubharmonic
theory in Grauert tubes. The lower bound is based on the fundamental existence
Theorem [I33] and otherwise uses almost no facts about eigenfunctions per se.
Rather it is based on pure complex analysis. We present a new proof due to A.
Brudnyi.

Logunov has proved the conjectured lower bound in the general C* case [L1].
In this section, we review an older and non-sharp lower bound. Although it is now
obsolete, we have retained the proof from the original lectures since it is based on
a global integral geometry formula that as yet has not been connected to the local
analysis in [L1].

In this section we review the lower bounds on H"~!(Z,, ) from [CM1], [SoZ1],

Soz2, HS, HeW). Here
W (Z,,) = /Z ds

is the Riemannian surface measure, where dS denotes the Riemannian volume el-
ement on the nodal set, i.e., the insert ¢,dV; of the unit normal into the volume
form of (M, g). As mentioned above, Logunov has recently proved the Yau lower
bound, so the lower bound presented here is now obsolete.

THEOREM 13.16. Let (M, g) be a C*° Riemannian manifold. Then there exists
a constant C independent of \ such that

CA="7 <H"Y(Z,,).

We sketch the proof of Theorem [13.16|from [SoZ2]. The starting point
is an identity from [SoZ1] (inspired by an identity in [D]):
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PROPOSITION 13.17. For any f € C*(M),

(13.20) /M oal(Ag + N2)fdV, =2 / Vgalf dS,

PN

When f =1 we obtain

COROLLARY 13.18.

(13.21) 22 /M loal dVy = 2/ IVgpxlfdsS,

PN

Proor or ProrosITION [[3.17 The nodal domains form a partition of M,
ie.,

Ny (™) N_(N)
M= |J Dju U Dy UN,,
Jj=1 =

where the Dj and D, are the positive and negative nodal domains of ¢y, i.e., the
connected components of the sets {¢y > 0} and {¢) < 0}.
Let us assume for the moment that 0 is a regular value for ¢y. Then each Dj+

has smooth boundary aDj, and so if 9, is the Riemann outward normal derivative
on this set, by the Gauss-Green formula we have

(13.22) /D+((A+/\2)f)\<m|dv / (A +A2)f)px dV

(13.23) / (A4 X)prdV — fO,0xdS
BD

(13.24) - / FIVr| dS.
oD}

We use that —0,p\ = |V, since vy = 0 on 6DJJr and @) decreases as it
crosses BD;-' from D;‘. A similar argument shows that

(13.25) | @ednigav= [ v,

using that ¢, increases as it crosses 0D, from D, .
If we sum these two identities over j and k, we get

(13.26)
/M((A+A2)f)l<mdV—;/D;((AJrAz)f)lwldVﬂLZk:/Dk((A+A2)f)l<mdV
(13.27) = ;/813_? f|v@|ds+g/aD; fIVexr dS

(13.28) = Q/NAfchAd&

using the fact that A/ is the disjoint union of the 8D;r and the disjoint union of
the 0D, . O
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Corollary [[3:18] implies
(13.29)

n—1
x2 /N oV =2 /Z Va0l d5 < 2125 [IVgoall e < 225N T ol s an.
A

Thus Theorem [13.16| follows from the somewhat curious cancellation of |||l L1
from the two sides of the inequality.

13.7.1. More on L' norms and nodal sets. Hezari-Sogge modified the
proof Proposition [13.17]in [HS]| to prove

THEOREM 13.19. For any C™ compact Riemannian manifold, the L?-normalized
etgenfunctions satisfy

H'"H(Z,,) = CMalli-

They first apply the Schwarz inequality to get

1/2
1330) ¥ [ feald, <2002, < / |vgm2ds) .
M

PN

They then use the test function

N

(13.31) F=(1+Xe3 +|Vgpal3)
in Proposition [I3.17) to show that

(13.32) / [Vyoa2dS < A3
P
See also [Ar] for the generalization to the nodal bounds to Dirichlet and Neumann
eigenfunctions of bounded domains.
Theorem shows that Yau’s conjectured lower bound would follow for a
sequence of eigenfunctions satisfying ||¢a||L1 > C > 0.

13.7.2. Lower bounds on L! norms of eigenfunctions. The following
universal lower bound is optimal as (M, g) ranges over all compact Riemannian
manifolds.

PROPOSITION 13.20. For any (M, g) and any L?-normalized eigenfunction,

n—1

loaller = CA™ =

REMARK 13.21. There are few results on L' norms of eigenfunctions. The
reason is probably that |py|?dV is the natural probability measure associated to
eigenfunctions. It is straightforward to show that the expected L' norm of random
L?-normalized spherical harmonics of degree N and their generalizations to any
(M, g) is a positive constant Cy with a uniform positive lower bound. One expects
eigenfunctions in the ergodic case to have the same behavior.

ProBLEM 13.22. A difficult but interesting problem would be to show that
lealler > € > 0 on a compact hyperbolic manifold. A partial result in this
direction would be useful.
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13.7.3. Nodal sets of solutions of more general equations. Nodal prob-
lems are of interest for many other elliptic equations, and we briefly discuss some
recent results.

One equation is the Schrodinger equation

h2
< — ?A + V) Yne = E(R)YnE.

At this time of writing, none of the techniques for V' = 0 in the C'*° setting have
been generalized to non-zero V.
Another setting is the Steklov eigenvalue problem

Au=0, in$,
% = Au, on 9.

The Steklov eigenvalue problem is equivalent to the eigenvalue problem for the
Dirichlet-to-Neumann operator, and the nodal set problem concerns the zero sets
of u|pq. In [Bel], Bellova proves that in the case of a real analytic domain Q C R,

H"2({z € 0Q : u(z) = 0}) < CA°

but points out that the expected upper bound is CA. The Dirichlet to Neumann
operator is a non-local pseudo-differential operator of order 1 and so it is not simple
to construct the delta-function on the nodal set.

13.7.4. Dong’s upper bound on number of singular points. Let (M, g)
be a compact C*° Riemannian manifold of dimension n. Let

(13.33) q=|Vel* + X%
In [Dl Theorem 2.2], R. T. Dong proves the bound

(13.34) HUNNQ) < % / |V1og q| + v/n Vol(Q)\ 4 Vol(99).
Q

He also proves (Theorem 3.3) that on a surface,

(13.35) Alogq > =\ +2min(K,0) +4m > (ki — 1)d,,,

where {p;} are the singular points and k; is the order of p;. In Dong’s notation,
A > 0. Using a weak Harnack inequality, Dong shows (Theorem 4.2) how ([13.35)
and ((13.34)) combine to produce the upper bound H'(N N Q) < A3/2 in dimension
2.

ProBLEM 13.23. To what extent can one generalize these estimates to higher
dimensions?

13.7.5. Colding-Minicozzi estimate. The Colding-Minicozzi argument (as
in Donnelly-Fefferman) is based on covering M by a good cover of balls B; of some
radius r so that each point is contained in some fixed number C); of the double
balls. Given d > 1, the balls are grouped into d-good and d-bad classes. A ball is

d-good if
/ 3 <27 / @3-
2B, B,

Let G4 be the union of the d-good balls.
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LEMMA 13.24. There exists dp; depending only on Cys so that if d > day,

3
2

PN =
/GdA 4

To prove this it suffices to get a small upper bound on [ B, ©3 where By is the
union of the bad balls. But

[ @y [ @yt gz
Ba B; bad Y Bi i 2B;
Choose dy; so that 279y, = i.

LEMMA 13.25. There exists Cpy so that there exist at least C’M)\nT+1 balls which
are dpr-good.

Let N be the number of dj;-good balls. Given any p > 2, we have

/G 22 < (VOl(G)) % a2,

Raising both sides to the power 1% gives

BT A
(3) 1o < ([ 2)7 hoalid < vol(6).

The Sogge eigenfunction bound for p < % gives

(n=1)(p=2)

CNT =0, ()\7)_7 < Vol(G).
Since Vol(B;) < Oy, = C'A\™ %, this gives
CA T < Vol(G) < NOA™5.
The sharpest bound comes from p = %

A local lower bound for nodal volumes is

PROPOSITION 13.26. Let d > 1 and p > 1. Then there exist p > 0 and X s0
that if Apyx = —Apx on By(p) with r < PATZ, A > A, if @y vanishes somewhere

in Bz (p) and if
[ oa=rf &
Bz, (p) By (p)

H'H(Br(p) N{oa = 0}) = pr" .

The Proposition implies the Theorem: if B; is any of the balls in the cover,
then there exists a nodal point in %Bi. If B; is dps-good, then the Proposition

then

above (with d = dy;,7 = aA™2) gives
H Y (B N {pr =0}) > ChA~ "7
Then
n-+ 1 —1

M Hor=0}>Ct Y H"H(Bin{pa=0}) > CA AT

B, good
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It remains to prove the Proposition. The first step is to prove the mean value

inequality: If ¢y (p) = 0 then
1
P <3 |-
B.(p) Br(p)

We omit the proof and refer to [CMI1] for this step. Granted (13.36]), we complete
the proof. Let ¢ € Bz with ©x(q) = 0. Then

Br(p) € By(q), Bsr(q) C Bar(p)-

(13.36)

Since r is of order /\_%, apply the mean value inequality to ¢3 to get

(13.37) sup g3 < Cor*”/ 03 < COer*”/ 03 < COer’”/ 3.
Bay Bar(p) Br(p) Bar (q)

Then use the reverse Holder inequality for integrals over B ar (9):

([2) <swa( o) <com( [)( [1o0)

This simplifies to
2
/wi < CoZdr”</|w> :

To deal with the integral of |p,| let @f be the positive/negative parts of vy.

Then
1
+
> = .
/% > 3/\<m|

Let BT C Bix (¢)N{epx > 0} and let B_ be the corresponding negative part. Apply
Cauchy-Schwartz to go;f gives

(1) =(Jo) 2w =)

Dividing by the square of [|¢x]|2, gives

r" 4
——— < Vol(B™).
9Cy2¢ — (B7)
The same argument applies to ¢ to give the same lower bound for Vol(B~). Then
apply the isoperimetric inequality to get the lower bound for the measure of the
nodal set in B, completing the proof of the Proposition.

13.7.6. Examples.

13.7.6.1. Flat tori. We have |V sin(k, z)|? = cos®(k, z)|k|?. Since cos(k,z) =1
when sin(k,z) = 0 the integral is simply |k| times the surface volume of the nodal
set, which is known to be of size |k|. Also, we have [ |sin(k,z)|dz > C. Thus, our
method gives the sharp lower bound H""!(Z,,) > CA! in this example.

So the upper bound is achieved in this example. Also, we have [ |sin(k, z)|dx >
C. Thus, our method gives the sharp lower bound H" *(Z,,) > CA! in this ex-
ample. Since cos(k,z) = 1 when sin(k,x) = 0 the integral is simply |k| times the
surface volume of the nodal set, which is known to be of size |k|.
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13.7.6.2. Spherical harmonics on S%. The L' of ¥ norm can be derived from
the asymptotics of Legendre polynomials

Py(cos) = V2(rNsin )~ cos ((N + %)9 - Z) +O(N~3/%)

where the remainder is uniform on any interval € < 8 < ™ —e. We have

[2N +1) [/?
||Y0N||L1 =47 (271_)/0 | Py (cost)|dv(r) ~ Co > 0,

i.e., the L' norm is asymptotically a positive constant. Hence [, |VYy¥|ds ~
Yo

CoN?. In this example |VY{¥ |~ = N % saturates the sup norm bound. The length
of the nodal line of Y{" is of order A, as one sees from the rotational invariance and
by the fact that Py has N zeros. The defect in the argument is that the bound
VYN |Le = N 3 s only obtained on the nodal components near the poles, where
each component has length ~ %

The left image is a zonal spherical harmonic of degree N on S?: it has high peaks
of height v/N at the north and south poles. The right image is a Gaussian beam:
its height along the equator is N*/4 and then it has Gaussian decay transverse to

the equator.

. . . it
Gaussian beams are Gaussian shaped lumps which are concentrated on A~2

tubes TA, 1 (7) around closed geodesics and have height A"T". We note that their

L' norms decrease like A~ (”471), i.e., they saturate the Sogge LP bounds for small

p. In such cases we have [, [Vor|dS ~ Ao ~ A2~ . It is likely that
25

Gaussian beams are minimizers of the L' norm among L?-normalized eigenfunctions

of Riemannian manifolds. Also, the gradient bound ||Vpy|p~ = O()\nTH) is far

n

off for Gaussian beams, the correct upper bound being ST I we use these
estimates on [|px]/z1 and [|[Vpa| Lz, our method gives H""1(Z,,) > o)t
while X is the correct lower bound for Gaussian beams in the case of surfaces of
revolution (or any real analytic case). The defect is again that the gradient estimate
is achieved only very close to the closed geodesic of the Gaussian beam. Outside

of the tube 7;\_ 1 (7) of radius A2 around the geodesic, the Gaussian beam and all

of its derivatives decay like e~ where d is the distance to the geodesic. Hence
fZﬂ |Vipr| dS ~ IZMHTA,% I [Vpa|dS. Applying the gradient bound for Gaussian
beams to the latter integral gives H"1(Z,, NT,-3 (7)) = CAY="%", which is sharp
since the intersection Z,, N 7;_% (7) cuts across v in ~ X equally spaced points (as
one sees from the Gaussian beam approximation).

13.8. Counting nodal domains

In this section, we review two recent results which count nodal domains on
surfaces. One concerns Riemann surfaces corresponding to real algebraic curves
which divide their complexifications; the second concerns non-positively curved
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surfaces with concave boundary. In both cases, the quantum ergodic restriction
theorems are used to prove that there exist ‘many’ zeros on the relevant curve, and
then a topological argument is used to prove that the nodal lines through these
zeros must bound a growing number of nodal domains. The latter argument owes
a good deal to prior work of Ghosh-Reznikov-Sarnk [GRS].

We recall that N (¢, ) denote the number of nodal domains of ¢. In dimension
1, the number of nodal points of the nth eigenfunction of a Sturm-Liouville operator
on an interval equals n — 1, and this suggests that the number of nodal domains
should tend to infinity with the eigenvalue in any dimension. However, this is not
the case and indeed was disproved by a student of Courant for squares or flat tori.
Later, H. Lewy constructed sequences of spherical harmonics on the standard 52
with degrees tending to infinity for which the number of nodal domains is < 3 [Lew].
But it seems plausible that for any (M, g), there exists some orthonormal sequence
{g;j, } of eigenfunctions for which N(¢;,) — 0o as k — oco. In this section, we prove
that for certain Riemann surfaces (M, J, o) with anti-holomorphic involution, and
for any negatively curved o-invariant metric, N(p;, ) — oo along an orthonormal
sequence of eigenfunctions of density one. We also prove a similar result for surfaces
with boundary.

13.8.1. Real algebraic curves which divide their complexifications.
The relevant Riemann surfaces (M, J) are complexifications of real algebraic curves
M (R) which divide (equivalently, separate) M in the sense that M\ M (R) has more
than one component. Such a surface possesses an anti-holomorphic involution o
whose fixed point set Fix(c) is the real curve M (R). It is a classical result of F. Klein
and G. Weichold [W] that Riemann surfaces (M, J, o) with anti-holomorphic
involution and with dividing fixed point set Fix(c) # §) exist in any genus, and that
the number of connected components equals 2. If M (R) = Fix(o) is dividing, then
M /o is orientable, while in the non-dividing case it is non-orientable. Theorem 3.3
of [Nal] (see also [Nall Theorem 6.1]) and Corollary 2.1 of [Na2] express the
moduli space of Klein surfaces of type (g,n,a) in terms of a Teichmiiller space
modulo a discrete group action, and state that the moduli space of dividing real
algebraic curves to be diffeomorphic to R3973. Hence the space of real algebraic
curves which divide their complexifications has real dimension 3¢ — 3. Further
background and references are given in Some images taken from the web

are given below.
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H-curve

dividing curve

We define M, 5, to be the space of C'° o-invariant negatively curved Rie-
mannian metrics on an orientable Klein surface (M, J, o). Any negatively curved
metric g; induces a o-invariant one by averaging, g1 — g = %(91 + 0*g1). Hence
M, 7o is an open set in the space of o-invariant metrics. The isometry o commutes
with the Laplacian A, and therefore the eigenspaces are spanned by even or odd
eigenfunctions with respect to 0. We denote by {¢;} of L2,.,,(M) an orthonormal

basis of even eigenfunctions, resp. {¢;} an orthonormal basis of L2 ,,;(M).

THEOREM 13.27. Let (M, J, o) be a compact Riemann surface with anti-holomorphic
involution o such that Fix(o) divides M into two connected components. Let
My, ge be the space of o-invariant negatively curved C*° Riemannian metrics
on M.Then for any g € M, 1,0y and any orthonormal Ag-eigenbasis {¢;} of
L2,..(M), resp. {1;} of L2,,(M), one can find a density 1 subset A of N such that

even

(13.38) lim N(g;) =00 resp. lim N(¢;) = oo.
j—o0 J—o0
JjEA JEA

Theorem [13.27] applies to all metrics in M (M, J, o) for any real algebraic curve
with MR dividing M(c.

REMARK 13.28. For generic metrics in My s, the eigenvalues are simple
(multiplicity one) and therefore all eigenfunctions are either even or odd. Hence
for generic metrics in My j,, Theorem says that the number of nodal do-
mains tends to infinity along almost the entire sequence of eigenfunctions. See
Proposition for the proof.

For odd eigenfunctions, the same conclusion holds with the assumption Fix(o)
separating replaced by Fix(a) # 0, i.e., for the complexification of any real algebraic
curve.

There are two key ingredients in the proof of Theorem The first is a
proof that the the number of intersections points of the nodal line with Fix(c) of
the even eigenfunctions ;, resp. the number of singular points of odd eigenfunctions
1;, tends to infinity along a density one subsequence of eigenfunctions. This is a
statement of independent interest and we discuss the relevant result in more detail
in We further discuss a significant generalization in

The second ingredient (Lemma is a topological argument. Using the
Euler inequality for embedded graphs, we show that the growing number of nodal
intersections with Fix(o) in Theorem implies a growing number of nodal
domains. This topological argument uses simplicity that Fix(¢) is the common
boundary of the two components of M\ Fix(o).
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13.8.2. Number of intersection points of nodal lines and curves. The
analytical part of Theorem |13.27|is the following:

THEOREM 13.29. Let (M, J,0) be (as above) a compact Riemann surface with
anti-holomorphic involution for which Fix(c) is dividing. Let g be a negatively
curved metric, g € My, j,o, invariant under o as in Theorem|13.27. Let vy C Fix(o)
be any sub-arc. Then for any orthonormal eigenbasis {¢;} of Lz, .., (M), resp. {1;}
of L2,,(M), one can find a density 1 subset A of N such that

lim #Z,. N~y = 0.
]*)00
JjEA
Furthermore, there are an infinite number of zeros where @;|g changes sign.

In fact, we prove that the number of zeros tends to infinity by proving that
the number of sign changes tends to infinity. The proof uses the Kuzencov trace
formula of [Z2] to show that f7 @, ds is ‘small’ as j — oo for any curve 7 and for

almost all eigenfunctions. On the other hand the QER theorem shows that f,y 90? ds
is large. We then compare fﬂ/ @; ds and f,y |o;lds by applying a well known sup

norm bound on eigenfunctions in the case of surfaces without conjugate points to
replace fﬂ{ 90? ds by fv lo;| ds. The comparison just manages to show that for any

geodesic arc 7, fﬂ{ lo;| ds > fv ¢; ds. Hence there must exist sign-changing zeros.

REMARK 13.30. Here and henceforth, v always denotes a sub-arc of Fix(o).
For each g € My, 5.5, it follows from Harnack’s theorem that the fixed point set
Fix(o) is a disjoint union

(13.39) Fix(o) =y U--- U

of 0 <k < g+ 1 simple closed geodesics, and by our assumption k& > 0 and Fix(o)
is dividing. Hence the arcs v above are geodesic arcs of (M, g).

REMARK 13.31. Z,, N~ must be a finite set of points. For, if Z, N~ contains
a curve, then tangential derivative of ¢; along the curve vanishes. Hence together
with 0,¢; = 0, we have dp;(z) = 0 along the curve, contradicting the upper bound
in [D] on the number of singular points.

The main ingredient of Theorem is the QER (quantum ergodic restric-
tion) theorem for Cauchy data of [CTZ|. This is the ‘easy’ QER theorem which
holds without any conditions on the hypersurface (i.e., curve) in M. We recall
its statement in (see in particular Theorem . Roughly speaking, the
negatively curvature of g is used to guarantee that the geodesic flow is ergodic. The
QER theorem then says that the Cauchy data is quantum ergodic along Fix(c).
Indeed, it is quantum ergodic along any curve. Fix(o) is special because the odd
eigenfunctions automatically vanish on it and the even eigenfunctions have van-
ishing normal derivatives. Hence half of the Cauchy data of each eigenfunction
automatically vanishes on Fix(c). Quantum ergodicity forces the sequence of re-
strictions of eigenfunctions to Fix(o) to oscillate quickly and thus to have a growing
number of zeros as the eigenvalue increases. This lower bound on the number of
zeros in the presence of ergodicity is a kind of converse to the upper bound of [TZ2].
There it is shown that the number of nodal intersections in the real analytic case
is bounded above by v/A.
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13.8.3. Number of singular points. Our methods also show that the num-
ber of singular points of odd eigenfunctions 1); tends to infinity. By singular points
of an eigenfunction we mean the set

E‘PA = {CC € ZSPA : d@)\(‘r) = 0}

of critical points @y which lie on the nodal set Z,,. It is proved in [D] that the
number of singular points of ¢y is bounded by Cv/A on any surface. For generic
metrics, the singular set is empty [U]. However for negatively curved surfaces with
an isometric involution, odd eigenfunctions 1 always have singular points. Indeed,
odd eigenfunctions vanish on v and they have singular points at x € -« where the
normal derivative vanishes, 9,1, = 0.

THEOREM 13.32. Let (M, J,0) be (as above) a compact Riemann surface with
anti-holomorphic involution for which Fix(c) is dividing. Let g be a negatively
curved metric, g € My, 5,0, tnvariant under o as in Theorem|15.27. Then for any
orthonormal eigenbasis {1;} of L?,,(M), one can find a density 1 subset A of N
such that

lim # ¥, NFix(o) = oo.
j*}OO
jeA
Furthermore, there are an infinite number of zeros where 0,v;|u changes sign.

13.8.4. Quantum ergodic restriction and intersections of nodal lines
and generic curves. In this section, we state a quite general result on intersections
of nodal lines and geodesics, somewhat analogous to Theorem [I3.29] but involving
different assumptions. At present, we do not know if the generalization does leads
to lower bounds on numbers of nodal domains. It is based on the more difficult
QER theorem of [TZ2] for Dirichlet data, which says that if (M,g) is a surface
with ergodic geodesic flow and H C M is a curve satisfying a generic asymmetry
condition, then the restriction of a density one subsequence of eigenfunctions to H
is quantum ergodic. The asymmetry condition is essentially that the two geodesics
with mirror image initial velocities emanating from a point of H almost never return
to H at the same time to the same place.

THEOREM 13.33. Let (M, g) be a C* compact negatively curved surface, and
let H be a closed curve which is asymmetric with respect to the geodesic flow. Then
for any orthonormal eigenbasis {¢;} of A-eigenfunctions of (M, g), there exists a
density 1 subset A of N such that

lim #Z,. NH = oo,

j‘)OO

JjEA

lim #{z € H: 0,p;(z) =0} = cc.

j—oo

jEA
Furthermore, there are an infinite number of zeros where @;|g (resp. Ovw;|m)
changes sign.

Theorem does not necessarily imply lower bounds on nodal domains be-
cause the topological argument used in the case H = Fix(o) does not necessarily
apply. We include the result here because the proof of Theorem [I3:33] is essen-
tially the same as for Theorem The main difference is that we use the QER
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theorem for Cauchy data in Theorem [I3:29] and for just the Dirichlet data in The-
orem [13.33] The latter requires the asymmetry condition on H, which was shown
to be generic in [TZ2] and related articles (we refer there for references).

13.8.5. Curvature assumption. We assume the surfaces are negatively curved
for two reasons. First we need that the geodesic flow is ergodic. Ergodicity is as-
sumed so that the Quantum Ergodic Restriction (QER) results of [CTZ| apply. In
fact, this theorem generalizes to all dimensions and all hypersurfaces but since our
main results pertain to surfaces we only state the results in this case. Non-positivity
of the curvature is also used to ensure that (M, ¢g) has no conjugate points and that
the estimates on sup-norms of eigenfunctions in [Ber| apply.

13.8.6. Background on real algebraic curves. The assumption that Fix(o) #
() is equivalent to the fixed point set being a real algebraic curve. There is a moduli
space of real dimension 3g — 3 of real algebraic curves. One defines n(M) to be
the number of connected components of M(R), the real locus. If M has genus g
then M (R) consists of n(M) disjoint circles. The complement M (C) — M(R) of
the real locus in the complex locus has either one or two connected components.
Put a(M) = 0 if M(R) divides the complex locus and a(M) =1 if M(C) — M(R)
is connected. The triple (g,n,a) is a complete set of topological invariants of a
real algebraic curve and is called the topological type of (M, J, o). Weichold [W]
proved that this data determines (M, J,0) up to an equivariant homeomorphism
(see [Nall, [Jaf] for modern presentations). This classification result is based on the
identification of M(C) as the complex double of the quotient M(C)/c (see [Nall
§1] for background on doubles).

When Fix(c) = M(R) is dividing, then M\ Fix(c) = M, U M_ where M are
connected, where M? N M° = () (the interiors are disjoint), where o(My) = M_
and where OMy = OM_ = Fix(o).

The quotient of M (C) by complex conjugation is a connected 2-manifold X with
n(M) boundary components. X has Euler characteristic 1 — g and is orientable if
and only if a(M) = 0. One has the following constraints:

(1) 0<n(X) <g+1
(2) I n(X)=0then a(X)=1. i n(X) =g+ 1 then a(X) = 0;
(3) If a(X) = 0 then n(X) =g+ 1 mod 2.

Klein [KI] proved that any pair (n(M), a(M)) which satisfies these constraints
is realized by some real curve of genus g. We refer to [Jaf] for a modern proof.

As mentioned in the introduction, the moduli space of real algebraic curves
of a given topological type (g,n,a) is diffeomorphic to the quotient of R39~3 by a
discrete group action. We refer to Corollary 2.1 of [Na2] for the precise statement
and for references.

13.8.7. Kuznecov sum formula on surfaces. The second ingredient is the
Kuznecov asymptotics, which have the following implication:
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PROPOSITION 13.34. There exists a subsequence of eigenfunctions ¢; of natural
density one so that, for all f € C>®(y),

/Wfﬁﬁjds

/ fau(pj ds
,y

The proof makes use of the general Kuznecov asymptotics on a compact Rie-
mannian manifold. Let (M, g) be a Riemannian surface, let {u;} be an orthonormal
basis of A, eigenfunctions, and let C' C M be a closed curve of a surface M. Let

f € C>=(C). Then,
!
/Cfujds = ‘/Cfds

(13.41) >
A<
PRrROOF. Denote by N(A) the number of eigenfunctions in {j | A < A; < 2A}.
For each f, we have by Kuznecov asymptotics and by Chebyshev’s inequality,
1 , —1/2 1 1
— A< <2A ids| > A log \; =0 —|.
v {14 <o | et 207 ot} = 0 ()
It follows that the upper density of exceptions to (|13.40]) tends to zero. We then
choose a countable dense set { f,,} and apply the diagonalization argument (see [Zw],
Theorem 15.5 step (2)]) to conclude that there exists a density one subsequence for

which (13.40) holds for all f € C°°(y). The same holds for the normal derivative.
O

13.8.8. Proof of Theorem The proof is based on the QER theorem
for Cauchy data of [CTZ]. Our application is to the curve H = Fix(o), i.e. curve
in the Riemann surface M, given by the fixed point set of the isometric
involution o.

It is interesting to note that such a hypersurface (i.e., curve) is precisely the
kind ruled out in the hypothesis of the Dirichlet data (or Neumann data) QER
theorem [TZ2]. However the quantum ergodic restriction theorem for Cauchy data
in [CTZ| does apply and shows that the even eigenfunctions are quantum ergodic
along H, hence along each component ; and any subarc 7 of some ;.

= 0;(\; ' (log \)'?),

(13.40)

N[

A = 0;(\; '/ (log A)/?).

2
A+ Of(l).

13.8.9. Quantum ergodic restriction theorems for Cauchy data. The
statement we use is the following:

THEOREM 13.35. Assume that (M,g) has an orientation reversing isometric
inwvolution with separating fixed point set H . Let v be a component of H,
and let Op(a) be a semi-classical pseudo-differential operator on L?(v,ds). Let ¢y,
be the sequence of even ergodic eigenfunctions. Then,

(13.42)
4

— 1— lo[2)-1/2 .
2mArea(M) /B*’Yao(S,O’)( o)) dsdo

In particular, this holds when Op., (a) is multiplication by a smooth function f.

<Op'y (a)§0h |’Ya Ph |’Y>L2 () —h—0+

We only use the special case of the QER theorem in which we test ¢;|y against
functions supported on H. Since the symbol a may be assumed to be supported on
one component ;, there is no essential difference in stating the result for operators
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Opy(a) along H and for ones supported on a component of H. We state it in the
latter form because we plan to use the result on small sub-arcs. We have dropped
the subscript ; for notational simplicity and also because the result is valid for a
sub-arc of a ;. It also follows that normal derivatives of odd eigenfunctions are
quantum ergodic along -y, but we do not use this result here.

We briefly indicate how to derive Theorem from the Cauchy-data QER
theorem:

THEOREM 13.36. Assume that {on} is a quantum ergodic sequence of eigen-
functions on M. Then,

(1343) <Op'y(a‘)hDV50h|’y’ hDVSDh|’Y>L2(,Y) + <Opv(a)(1 + h2A’Y)<ph"Yv Qph‘7>L2(,y)
4

o 1— 2 1/2d d
S Sty . ol 0)1 lof) 2 dsdo

where ag 1s the principal symbol of Opv(a).

When applied to even eigenfunctions under an orientation-reversing isometric
involution with separating fixed point set, the Neumann data drops out and we get

COROLLARY 13.37. Let (M, g) have an orientation-reversing isometric involu-
tion with separating fized point set H and let v be one of its components. Then for
any sequence of even quantum ergodic eigenfunctions of (M,g),

4

(Op,(a)(1 + h2A7)90h|~/a90h|v>Lz(,y) —h—0+ W/B ao(s,0)(1—|o|*)"/? dsdo.
Y

This is not the result we wish to apply since we would like to have a limit
formula for the integrals fv fap%ds. Thus we need a more complicated application

involving the the microlocal lift d®2 € D’'(B*~) of the Dirichlet data of ¢y,

/B ad®; = (Op,, (a)pnly, Only) L2(y)-
*y

In order to obtain a quantum ergodicity result for the Dirichlet data we need to
introduce the renormalized microlocal lift of the Neumann data,

/ ad®™ = ((1+ h*A, +i0)~" Op, () hDypnly, RDupnly) 12 (4)-
B*~y

THEOREM 13.38. Assume that {¢n} is a quantum ergodic sequence on M.
Then, there exists a sub-sequence of density one as h — 0% such that for all a €

S%.(7),

(13.44)
<(1 + thA, + i())_1 Opw(a)th,goh\H, th,<ph|7>L2(7) + <Op7(a)<,0h|77 @h|7>L2(~y)
4
_ 1—|o|?)""2 dsdo.
o S Rrea 0] ., 2005 N ol dsdo

Theorem [13:35] follows from Theorem [I3:38]since the Neumann term drops out
(as before) under the hypothesis of Corollary
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13.8.10. Proof of Theorem [13.29]

PrOOF. We first consider the even eigenfunctions. Then the first term of The-
orem [13.35] vanishes.

Fix R € N. Let ~1,--- ,vr be a partition of the closed curve H and let 8; C ~;
be proper subsegments. Let f1, -, fr € C§°(H) be given such that

supp{fi} =7, fi>0onH, f;=1onp;.

We may assume that the sequence {¢;} has the quantum restriction property of
Theorem [I3:35] which implies that

Jim {ljllz2(s,) = B - length(5;)
forall j =1,---, R for some constant B > 0. Namely, B = fil(l —02)2 do. Then
_ ~1/2
/B' |§0j|d$ > H‘Pj||%2(57¢)”90j||[‘c}o(1\/[) > >‘j / lOg)‘j'

Here we use the well-known inequality [|¢;|lze ) < )\}/ */log A; which follows
from the remainder estimate in the pointwise Weyl law of [Ber].

By Proposition

= Or(A7*(log Aj)'/?)

fiSDj dS j

Vi

is satisfied for any ¢ = 1,---, R for almost all ¢;. Therefore for all sufficiently
large j, such ¢; has at least one sign change on each segment 7; proving that
#Z,;, N H > R is satisfied for every & > 0 by almost all ¢;. Now we apply
Lemfna with a; = #Z,, N H to conclude Theorem

The proof for Neumann data is essentially the same, since for odd eigenfunc-

tions, the second term of Theorem [13.35| vanishes. O
13.8.10.1. Appendiz on density. Define the natural density of a set A € N by
1
I 7‘ Alz<X ’
Jm x|t dle <)

whenever the limit exists. We say “almost all” when corresponding set A € N has
the natural density 1. Note that intersection of finitely many density 1 set is a
density 1 set. When the limit does not exist we refer to the limsup as the upper
density and the liminf as the lower density.

LEMMA 13.39. Let a,, be a sequence of real numbers such that for any fired R >
0, ap > R is satisfied for almost all n. Then there exists a density 1 subsequence
{an}nea such that
lim a, = +oo.
n—oo
neA

PROOF. Let ny be the least number such that for any n > ny,

1, . 1
E|{]§n:aj>k}|>1_ﬁ'
Note that ny is nondecreasing, and limg_,oo g = +00.
Define A; C N by

Ak:{nk§j<nk+1:aj>k}.
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Then for any ng <m < ng41,
k
{j<m:a; >k} C UAlﬂ[l,mL
=1
which implies by the choice of ny that
11k
— UAlﬂ[l,m]‘ >1-—
mh4

1
27.

This proves A = U2, A is a density 1 subset of N, and by the construction we
have the statement of the Lemma. O

13.8.11. Sign changing zeros and singular points. As mentioned above,
Fix(o) consists of a union of closed geodesics. Let v C Fix(o) be any component
geodesic.

We recall that a singular point o € M for and eigenfunction ¢, is a point
where ¢ (z0) = dp;(zo) = 0. A non-singular zero is called a regular zero.

LEMMA 13.40. Let @y be an even eigenfunction, and let xo = v(so) be a zero
of xly. Then if xg is a reqular zero, then |, changes sign. That is, if the even
eigenfunction does not change sign at the zero xy along -y, xg must be a singular
point.

Indeed, since ¢ is even, its normal derivative vanishes everywhere on . If ¢
does not change sign at xo, then ~ is tangent to Z,, at xo, i.e. %goj("y(s)) =0, so
that zq is a singular point.

Next we consider odd eigenfunctions and let ¥y be an odd eigenfunction. As
above, let v be a component of Fix(c). Then ¢, = 0 on 7 and the zeros of d,1,
on 7y are singular points of ¥y.

LEMMA 13.41. Let v be an odd eigenfunction. Then the zeros of the normal
derivative 0,1 on v are intersection points of the nodal set of ¥y in M\~ with ~,
i.e. point where at least two nodal branches cross.

PRrROOF. If zq is a singular point, then ¢;(zg) = dp;(x;) = 0, so the zero set
of ) is similar to that of a spherical harmonic of degree k > 2, which consists of
k > 2 arcs meeting at equal angles at 0. It follows that at least two transverse
branches of the nodal set of an odd eigenfunction meet at each singular point on
. O

13.8.12. Graph structure of the nodal set and completion of proof of
Theorem Using the local structure of the nodal set, on can give a graph
structure (i.e. the structure of a one-dimensional CW complex) to Z,, as follows.

(1) For each embedded circle which does not intersect v, we add a vertex.
(2) Each singular point is a vertex.

(3) If v ¢ Z,,, then each intersection point in v N Z,

(4)

oy 18 & vertex.
Edges are the arcs of Z,, (Z,, U+, when ¢, is even) which join the
vertices listed above.

This way, we obtain a graph embedded into the surface M. We recall that an
embedded graph G in a surface M is a finite set V(G) of vertices and a finite set
E(G) of edges which are simple (non-self-intersecting) curves in M such that any
two distinct edges have at most one endpoint and no interior points in common.
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The faces f of G are the connected components of M\V(G) U U,cp(q) € The set
of faces is denoted F(G). An edge e € E(G) is incident to f if the boundary of f
contains an interior point of e. Every edge is incident to at least one and to at most
two faces; if e is incident to f then e C Jf. The faces are not assumed to be cells
and the sets V(G), E(G), F(G) are not assumed to form a CW complex. Indeed
the faces of the nodal graph of odd eigenfunctions are nodal domains, which do not
have to be simply connected. In the even case, the faces which do not intersect ~y
are nodal domains and the ones which do are inert nodal domains which are cut in
two by 7.

Now let v(py) be the number of vertices, e(¢y) be the number of edges, f(px)
be the number of faces, and m(p,) be the number of connected components of the
graph. Then by Euler’s formula [Grl Appendix F],

(13.45) v(pa) —e(wa) + flpa) —mlpn) > 1 - 290,

where gjs is the genus of the surface.
We use this inequality to give a lower bound for the number of nodal domains
for even and odd eigenfunctions.

LEMMA 13.42. For an odd eigenfunction 1;,
N(;) = # (Zg; N7y) +2 = 290,

and for an even eigenfunction ¢;,
1
Nigy) 2 5# (Ze, N7) +1 = gar.

PRrOOF. Odd case. For an odd eigenfunction 1;, v C Zy,. Therefore f(v;) =
N(v;). Let n(;) = #%y, N~ be the number of singular points on v. These points
correspond to vertices having degree at least 4 on the graph, hence

0= Y deg(w)—2e(h;) > 2(v(th;) — n(¥;)) + 4n(eh;) — 2e(1);).
x vertices
Therefore e(y;) — v(v¥;) > n(v;), and plugging into (13.45) with m(y;) > 1, we
obtain N(v;) > n(v;) + 2 — 2gu.

Even case. For an even eigenfunction ¢;, let N;,(¢;) be the number of nodal
domain U which satisfies U = U (inert nodal domains). Let Ny,(yp;) be the
number of the rest (split nodal domains). From the assumption that Fixz(o) is
separating, inert nodal domains intersect Fix(c) on simple segments, and Fix(o)
divides each nodal domain into two connected components. This implies that,
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because v C Fix(c) is added when giving the graph structure, the inert nodal
domain may correspond to two faces on the graph, depending on whether the nodal
domain intersects v or not. Therefore f(y;) < 2N;,(¢;) + Nep(;).

Observe that each point in Z,, N~ corresponds to a vertex having degree at
least 4 on the graph. Hence by the same reasoning as the odd case, we have

1 fej) o nle;
where n(p;) = #2Z,, N. O

Now Theorem [13.27] follows from Theorem [13.29] and Lemma [13.42]

+1_gMa

13.8.13. Generic simplicity of eigenvalues. In this section we prove the
genericity result stated in Remark [13.2§

PROPOSITION 13.43. Let (M, J, o) be a Riemann surface with an anti-holomorphic
involution with separating fixed point set Fix(c). Then for generic negatively o-
invariant curved metrics, the Laplace eigenfunctions are either even or odd.

PROOF. Any eigenfunction may be decomposed as a sum of its even part and
its odd part. To prove the Proposition it suffices to show that for a residual set
of non-positively o-invariant curved metrics, the multiplicity of each eigenvalue is
equal to one. The eigenfunction is then unique up to scalar multiple and must be
either even or odd. In a standard way, it suffices to show that for each j there exists
an open dense set of such metrics for which the jth eigenvalue is simple.

Openness is simple since a sufficiently small perturbation of a metric for which
the jth eigenvalue is simple also has a simple jth eigenvalue. Regarding density,
assume that one cannot split the eigenvalue at some non-positively curved metric
go- One issue is that a small perturbation of g need not be non-positively curved, so
density at gq is problematic. Hence we consider strictly negatively curved metrics.
If we cannot separate the eigenvalue then for any infinitesimal area preserving o-
invariant perturbation we have [}, p|ap}|2 = Ju p\<p?|27 where (,0; and ap? are two
distinct o-invariant eigenfunctions corresponding to the same eigenvalue.

But this says that [@}|> — |¢3[* is orthogonal to all o-invariant functions p
so that [,, pdVy, = 0. Since |pi[?,[3|* are also o-invariant, we make take the
quotient by the Zo action defined by ¢ and find that fM/Zz p'(‘%l, 12— /'J|<,0?|2) av =0
for all smooth p on M/Zy such that [p = 0. That is, |g0;|2 - |g0?|2 = C for
some constant C on M/Zs. Integrating over M shows that C' = 0 and therefore
Lp; = ap? where € = +1. The sign must be constant by regularity, and we then get
a contradiction. |
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CHAPTER 14

Eigenfunctions in the complex domain

In this section we consider eigenfunctions of real analytic Riemannian mani-
folds. On a real analytic Riemannian manifold (M, g) of dimension m, we analyti-
cally continue an orthonormal basis {¢y,} of eigenfunctions into the complexifica-
tion Mc of M. As recalled in §14.1] eigenfunctions admit analytic continuations
@Sj to a maximal uniform ’Grauert tube’

(14.1) M; ={C € Mc,/p(¢) <7}

independent of \;, where the radius is measured by the Grauert tube function
V/P(C) corresponding to g (see and [LSl, [GS1]). As discussed below, given
the metric g there is a relatively canonical identification of M. with a ball bundle
B C T*M, so that one may view M. as phase space with a complex structure.
The modulus squares

(14.2) |05 (OFF: Me — Ry

are sometimes known as Husimi functions. They are holomorphic extensions of
L?-normalized functions but are not themselves L? normalized on M,. However,
as will be discussed below, their L? norms may on the Grauert tubes (and their
boundaries) can be determined. One can then ask how the mass of the normalized
Husimi function is distributed in phase space, or how the L? norms behave.

The first motivation to analytically continue eigenfunctions is that it enables
us to give a relatively simple proof of the Donnelly-Fefferman theorem on nodal
hypersurface volumes. Let Z,, be the nodal set of an eigenfunction ¢, of eigenvalue
—\Z,

THEOREM 14.1. Let (M, g) be a real analytic Riemannian manifold. Then,
there exists constants C,c > 0 depending only on (M, g) so that

A <H"HZ,,) < O

The upper bound is based on proofs of nodal upper bounds in [Z5], [Z8]. The
key tool is the analytic continuation of the Poisson wave kernel to Grauert tubes and
its description as a Fourier integral operator with complex phase. The Hausdorff
measure of the complex nodal set

(14.3) Z$, ={¢ € (0)c : ¥5, (¢) = 0}

gives an upper bound for the Hausdorff measure of the real nodal set. In the
complex domain one may use the Poincare-Lelong formula and a global Jensen
type argument to give the upper bound (§14.31.1)). The proof of the lower bound
is also based on analytic continuation of eigenfunctions and is a new proof due to

A. Brudnyi (§14.33).

339
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Analytic continuation to the complex domain gives strong compactness prop-
erties to the sequence u; = /\i log |g0§\2 of pluri-subharmonic functions. This gives
J

rise to a new weak® limit problem for eigenfunctions discussed in It is
possible to solve the problem in ergodic cases ( and in integrable cases [Z10].
This allows one to determine the equidistribution of complex nodal sets in these
settings, something which seems out of reach in the real domain.

The relation between the distribution of zeros of analytic eigenfunctions in
the real domain and complex domain is almost completely open, but we do give
a few results of the relation. They mostly involve ‘nodal restriction’ or ‘nodal
intersection’ theorems. There is enough control over complex nodal sets to prove
results about their intersection with complexified curves such as geodesics. For
instance, it is possible to determine the equidistribution of intersection points of
complexified geodesics and nodal sets in the ergodic case ([Z7] and §14.45). One
result is that if a curve H satisfies a non-degeneracy condition called ‘goodness’
relative to a sequence {;} of eigenfunctions, then the number of real zeros satisfies
the bound #{Z,, N H} < CyxA;. This was proved in [TZ1] for Euclidean plane
domains with analytic (or piecewise analytic) boundary and more recently in [TZ4]
for any analytic Riemannian manifold without boundary by reversing the argument
in [Z7]. One often has enough control over the complex nodal sets to pin down the
equidistribution of intersections of complex nodal sets and complex geodesics.

An obvious omission in this section (and in the literature) is the analytic con-
tinuation of Poisson wave or heat kernels on analytic Riemannian manifolds (M, g)
with non-empty analytic boundary 0M. This is mainly due to the fact that we
use Hadamard or Hormander type parametrix constructions for the Dirichlet or
Neumann wave or heat kernels to prove the analytic continuation, and such para-
metrices do not exist even for short times on general manifolds with boundary. It
is very likely that one can use parametrix methods to analytically the Poisson wave
kernel on analytic manifolds with analytic concave boundary using the Melrose-
Taylor parametrix, but this has never been attempted as yet. It may be technically
more convenient to analytically continue Dirichlet or Neumann heat kernels. At
this time, there are no rigorous results in this direction.

We now give background on Grauert tubes, Szegé and Poisson kernels, on the
analytic continuation of eigenfunctions and the wave group following [Z5l, [Z7), [Z8].

14.1. Grauert tubes and complex geodesic flow

By a theorem of Bruhat-Whitney, a real analytic Riemannian manifold M
admits a complexification M¢, i.e. a complex manifold into which M embeds
as a totally real submanifold. Corresponding to a real analytic metric g is a
unique plurisubharmonic exhaustion function \/p on M¢ (known as the Grauert
tube function) satisfying two conditions (i) It satisfies the Monge-Ampere equation
(i@é\/ﬁ)" = Op,9 Where dpr,4 is the delta function on M with density dV, equal
to the volume density of g; (ii) the Kéhler metric w, = i00p on Mc agrees with g
along M.

In fact,

(14.4) Vr(€) :% r2(¢, ),

where r2(x,y) is the square of the distance function and_r% is its holomorphic
extension to a small neighborhood of the anti-diagonal (¢, () in M¢ x Mc. In the
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case of flat R™, \/p(x +1i&) = 2|¢| and in general |/p(() measures how far ¢ reaches
into the complexification of M. The open Grauert tube of radius 7 is defined by
M; = {¢ € Mc, /p(¢) < 7}. We use the imprecise notation Mc to denote the open
complexificaiton when it is not important to specify the radius.

The (1,1) form w = w), := i00p defines a Kihler metric on Mc. The Grauert
tubes M, are strictly pseudo-convex domains in Mg, whose boundaries OM, are
strictly pseudo-convex CR manifolds. The boundary is endowed with the contact
form

1
(14.5) a= 23p|aMT =d°\/p.

14.2. Analytic continuation of the exponential map

The geodesic flow is a Hamiltonian flow on T*M. In fact, there are two stan-
dard choices of the Hamiltonian. In PDE it is most common to define the (real)
homogeneous geodesic flow g* of (M, g) as the Hamiltonian flow on T* M generated
by the Hamiltonian |{|, with respect to the standard Hamiltonian form w. This
Hamiltonian is real analytic on 7*M\0. In Riemannian geometry it is standard to
let the time of travel equal |€[y; this corresponds to the Hamiltonian flow of [¢[2,
which is real analytic on all of T*M. We denote its Hamiltonian flow by G®. In
general, we denote by =g the Hamiltonian vector field of a Hamiltonian H and its
flow by expt=Eg. Both of the Hamiltonian flows

(14.6) gt = exp tE|§|g and G'= eXptEmg

are important in analytic continuation of the wave kernel. The exponential map is
the map exp, : T*M — M defined by exp, & = 7G*(x,£) where 7 is the standard
projection.

We denote by inj(x) the injectivity radius of (M, g) at z, i.e. the radius r
of the largest ball on which exp, : B,M — M is a diffeomorphism to its image.
Since (M, g) is real analytic, exp, t€ admits an analytic continuation in ¢ and the
imaginary time exponential map

(14.7) E: B°'M — M¢, E(z,€) = exp, it

is, for small enough ¢, a diffeomorphism from the ball bundle B*M of radius ¢ in
T*M to the Grauert tube M, in Mc. We have E*w = wr-3; where w = i00p and
where wr+ps is the canonical symplectic form; and also E*,/p = |{| [GS1) [LS].
It follows that E* conjugates the geodesic flow on B*M to the Hamiltonian flow
expt=E, ; of \/p with respect to w, i.e.

E(g'(2,8)) = exptZ s5(exp, i€).
14.3. Maximal Grauert tubes

A natural definition of maximal Grauert tube is the maximum value of ¢ so that
(14.7)) is a diffeomorphism. We refer to this radius as the mazimal geometric tube
radius. But for purposes of this paper, another definition of maximality is relevant:
the maximal tube on which all eigenfunctions extend holomorphically. A closely
related definition is the maximal tube to which the Poisson kernel extends
holomorphically. We refer to the radius as the mazimal analytic tube radius.

A natural question is to relate these notions of maximal Grauert tube has not
been explored. We therefore define the radii more precisely:
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DEFINITION 14.2. (1) The maximal geometric tube radius 7, is the largest
radius ¢ for which F (14.7)) is a diffeomorphism.
(2) The maximal analytic tube radius 7., M., C Mc is the maximal tube

to which all eigenfunctions extend holomorphically and to which the anti-
diagonal U (2it, ¢, {) of the Poisson kernel admits an analytic continuation.

It is possible to prove that 7, = 74,,. In @ we sketch the proof that 7, is
the maximal radius for which the coefficients of A, have holomorphic extensions.
This radius is similar to the geometric radius, since the leading coefficients are
geometric. But the coefficients of the first degree terms are not quite geometric
in the same sense and at this time of writing the geometric radius has not been
related to the maximal domain in which A, extends holomorphically. The proof
which is based on holomorphic extensions of solutions of analytic PDE across non-
characteristic hypersurfaces. We found a similar argument in [KS] in the case of
locally symmetric spaces but employing additional arguments.

14.4. Model examples

We consider some standard examples to clarify these analytic continuations.

(i) Complex tori: The complexification of the torus M = R™/Z™ is M¢ =
C™/Z™. The adapted complex structure to the flat metric on M is
the standard (unique) complex structure on C™. The complexified ex-
ponential map is expS(i€) = z := x + £, while the distance function

r(z,y) = |r — y| extends to rc(z,w) = /(2 —w)?. Then /p(z,2) =
V(2 = 2)? = £2i|Imz| = £24[¢].

The complexified cotangent bundle is T* Mg = C™/Z™ x C™, and the
holomorphic geodesic flow is the entire holomorphic map

G'(¢pe) = (C+ tpe, pe)-
(ii) n-sphere: (See [GS1].) The unit sphere 23 + -+ + 2, =1 in R"™! is
complexified as the complex quadric
St ={(21,.cr2n) €C" T 2 4 22 =1}
If we write z; = z; + i;, the equations become |z|> — [£]? = 1, (z,&) =
0. The geodesic flow G(x,&) = (cost|])x + (Sint|§|)%, —|&|(sint|€])x +
(cost|£])€) on T*S™ complexifies to

(14.8) GY(Z,W) = (costVW - W)Z + (sintvVW - W))\/%

— VW W (sintVW - W))Z + (costVW - W)W,  (Z,W) € T*S&.
Here, the real cotangent bundle is the subset of T*R"*! of (z, &) such that
xr € S,z - & =0 and the complexified cotangent bundle 7*S2 C T*C"+!
is the set of vectors (Z, W) : Z - W = 0. We note that although vW - W
is singular at W = 0, both cos VW - W and VW - W sintv/W - W) are
holomorphic. The Grauert tube function equals

Vp(z) =icosh™!|z)?, z € S¢.

It is globally well defined on S¢. The characteristic conoid is defined by
cosh %\/ﬁ = cosh .




14.5. ANALYTIC CONTINUATION OF EIGENFUNCTIONS 343

(iii) Hyperbolic space: The hyperboloid model of hyperbolic space is the
hypersurface in R**! defined by

Hn:{x%_;'_...xQ_g;iJrl:—l, l‘n>0}.

n

Then,
HE ={(z1,. s 2pp1) €C™"T1 i 2f 4022 — 22 = —1}.
In real coordinates z; = x; + &;, this is:

(x,2)p — (£, &)L =-1, (2,6, =0

where (,)r, is the Lorentz inner product of signature (n,1). Hence the
complexified hyperbolic space is the hypersurface in C**! given by the
same equations.

We obtain HZ from Sg by the map (2/,z,41) — (42, zn41). The
complexified geodesic flow is given for (Z, W) € T*H™ by

(14.9) GY(zZ,W) = (cosht\/mz+(smht\/m))\/WLW

= VW, W)L)(sinht/(W,W)))Z + (cosh t/ (W, W) ))W).

The Grauert tube function is
Vo(z) = cos ([|z]|7 + €17 — 7)/V2.

The radius of maximal Grauert tubeise =1or r = W/\@

14.5. Analytic continuation of eigenfunctions

A function f on a real analytic manifold M is real analytic, f € C*(M), if and
only if it satisfies the Cauchy estimates

(14.10) |Df(x)| < KL*la!  for some K, L > 0.

In place of all derivatives it is sufficient to use powers of A. In the language of
Baouendi-Goulaouic [BG1l, BG2, BG3J, the Laplacian of a compact real analytic
Riemannian manifold has the property of iterates, i.e., the real analytic functions
are precisely the functions satisfying Cauchy estimates relative to A:

(14.11) C¥(M) ={ue C=®(M):3L >0, Yk € N, || AFu||p2an) < LFTH(2K)1}.

It is classical that all of the eigenfunctions extend holomorphic to a fixed
Grauert tube.

THEOREM 14.3 (Morrey-Nirenberg Theorem). Let P(xz, D) be an elliptic dif-
ferential operator in Q with coefficients which are analytic in Q. If u € D'(Q) and
P(xz,D)u = f with f € C¥(Q), then u € C*(Q).

The proof shows that the radius of convergence of the solution is determined
by the radius of convergence of the coefficients.
Let us consider examples of holomorphic continuations of eigenfunctions:

e On the flat torus R™/Z™, the real eigenfunctions are cos(k,z),sin(k, x)
with k € 2aZ™. The complexified torus is C™/Z™ and the complexified
eigenfunctions are cos(k, (), sin(k, {) with { = z + €.
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e On the unit sphere S™, eigenfunctions are restrictions of homogeneous
harmonic functions on R™*!. The latter extend holomorphically to holo-
morphic harmonic polynomials on C™*! and restrict to holomorphic func-
tion on S¢.

e On H™, one may use the hyperbolic plane waves e(*A D=8 where (z, b)
is the (signed) hyperbolic distance of the horocycle passing through z and
b to 0. They may be holomorphically extended to the maximal tube of
radius /4.

e On compact hyperbolic quotients H™ /T, eigenfunctions can be then rep-
resented by Helgason’s generalized Poisson integral formula [H],

ox(2) :/ e(IA+1)(2.0) ATy (b).
B

Here, z € D (the unit disc), B = 9D, and dTy € D’(B) is the boundary
value of ), taken in a weak sense along circles centered at the origin
0. To analytically continue @, it suffices to analytically continue (z,b).
Writing the latter as ((,b), we have:

(14.12) #5(0) = [ e e any ).
B

In [BG2, Theorem 2| and [BGH| Theorem 1.2] it is proved that the operator
A has the iterate property if and only if, for all b > 1, each eigenfunction extends
holomorphically to some Grauert tube M, and satisfies

(14.13) sup [, (2)] < bV sup [ga, (2)].
z€M, ’ xeM

The concept of Grauert was not actually used in these articles, so the relation
between the growth rate and the Grauert tube function was not stated. But it
again shows that all eigenfunctions extend to some fixed Grauert tube.

14.6. Maximal holomorphic extension

The question then arises if all eigenfunctions extend to the maximal Grauert
tube allowed by the geometry as in Definition [I£:2] This indeed is true and follows
from theorems on extensions of holomorphic solutions of holomorphic PDE across
non-characteristic hypersurfaces.

THEOREM 14.4. [Zer, HolIl, [KS| L, [Z5] Let f be analytic in the open set
Z C C™ and suppose that P(x,D)u = f in the open set Zy C Z. If zo € Z N IZ
and if Zog has a C' non-characteristic boundary at zy, then u can be analytically
continued as a solution of P(x,D)u = f in a neighborhood of z.

The idea of the proof is to rewrite the equation as a Cauchy problem with re-
spect to the non-characteristic hypersurface and to apply the Cauchy Kowaleskaya
theorem. To employ the theorem we need to verify that the hypersurfaces M., are

non-characteristic for the complexified Laplacian Ac, i.e., that 3=, . g%/ (¢) 88—\(/? 83—\(/? +
) i J

0. To prove this, we observe that in the real domain g(Vr?,Vr?) = 4r%. In this
formula r? = r2(z,y) and we differentiate in x. We now analytically continue the
identity in + — (,y,— ¢ and differentiate only with the holomorphic derivatives

a%j. From , we get
gc(0r2(¢,€), g (¢, €)) = —4rE(¢, Q) = (¢, O) > 0.



14.7. HUSIMI FUNCTIONS 345

Hence Zerner’s theorem applies to the maximal domain to which A, extends
holomorphically, and we can analytically continue eigenfunctions across any point of
any OM, for 7 < 74, the maximal radius of a Grauert tube in which the coefficients
of Ac are defined and holomorphic. We can take the union of the open sets where
<p§-: has a holomorphic extension to obtain a maximal domain of holomorphy. If
it fails to be M, there exists a point ¢ with /p({) < 7, so that gag; cannot be
holomorphically extended across M., at (. This contradicts Zerner’s theorem and
shows that the maximal domain must be the maximal M, to which A, extends
holomorphically.

14.7. Husimi functions

The (L?-normalizations of the) modulus squares are sometimes known as
Husimi functions (after [Hu]). They are holomorphic extensions of L2-normalized
functions but are not themselves L? normalized on M,. However, as will be dis-
cussed below, their L? norms may on the Grauert tubes (and their boundaries) can
be determined. One can then ask how the mass of the normalized Husimi function
is distributed in phase space, or how the LP norms behave.

=g ¢ {K1rf il

Cal rilisl g el

One of the general problems of quantum dynamics is to determine all of the
weak™ limits of the sequence,

|05 (2)? o
C—dﬂs}j:r
||<Pj ||L2(6Ms)

Here, dpi. is the natural measure on OM, corresponding to the contact volume form
on S¥M. Recall that a sequence p,, of probability measures on a compact space X
is said to converge weak*® to a measure y if [y fdp, = [y fdp for all f € C(X).
We refer to Theorem [I4.43] for the ergodic case. In the integrable case one has
localization results showing that complex zeros lie on hypersurfaces (see [Z10]).
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14.8. Poisson wave operator and Szeg6 projector on Grauert tubes

In this section, we introduce the Poisson wave operator, the Szegé projector,
and complexified spectral projections and state some basic results on analytic con-
tinuation and growth (Theorem and Theorem [14.7). The theorems on analytic
continuation of the Poisson wave kernel are proved in é 4.14| following [Z5l, [L]. The
theorems on growth of complexified and tempered spectral projections are proved

in §14.26| with refinements sketched in §14.28

14.9. Poisson operator and analytic Continuation of eigenfunctions

The half-wave group of (M, g) is the unitary group U(t) = ¢tVA generated by
the square root of the positive Laplacian. Its Schwartz kernel is a distribution on
R x M x M with the eigenfunction expansion

(14.14) Ul(t,z,y) Zew‘fgoj ©;(y).

By the Poisson operator we mean the analytic continuation ofU(t) to positive
imaginary time:
(14.15) e VTR =U(ir).
The eigenfunction expansion then converges absolutely to a real analytic function
on Ry x M x M.

Let A(7) denote the operator of analytic continuation of a function on M to
the Grauert tube M. Since

(14.16) Uc(it)ox = €775,
it is simple to see that
(14.17) A(T) = U (it)e™V 4

where Uc(iT, ¢, y) is the analytic continuation of the Poisson kernel in z to M. In
terms of the eigenfunction expansion, one has

(14.18) U(ir, ¢, y) Ze YeF(Qwi(y),  (Cy) € M x M.

This is a very useful observation because U(c(iT)eT\/j is a Fourier integral operator
with complex phase and can be related to the geodesic flow. The analytic continu-
ability of the Poisson operator to M., implies that every eigenfunction analytically
continues to the same Grauert tube.

14.10. Analytic continuation of the Poisson wave group

The analytic continuation of the Possion wave kernel to M, in the x variable is
discussed in detail in [Z5] and ultimately derives from the analysis by Hadamard
of his parametrix construction. We only briefly discuss it here and refer to [Z5]
for further details. In the case of Euclidean R™ and its wave kernel U(t, z,y) =
Jgn €16le¥€:2=9) d¢ which analytically continues to t+ir,( = z+ip € C; x C" as
the integral

Uc(t + im,x + ip,y) = / GHEHTIE] e +in—) e,
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The integral clearly converges absolutely for |p| < 7.

Exact formulae of this kind exist for S™ and H™. For a general real analytic
Riemannian manifold, there exists an oscillatory integral expression for the wave
kernel of the form

(14.19) R I T LS
*M

where A(t,x,y,€) is a polyhomogeneous amplitude of order 0. The holomorphic
extension of (14.19)) to the Grauert tube || < 7 in z at time ¢ = ¢7 then has the
form

(14.20)  Uc(ir, ¢, y) = / e~TIeloy e N AL ¢y, €) de, (= a+ip.

14.11. Complexified spectral projections

The next step is to holomorphically extend the spectral projectors dIljg x (@, y) =

226N = Aj)wj()p;(y) of V/A. The complexified diagonal spectral projections
measure is defined by

(14.21) d\IT5 5 (¢ 0) = ZM Mles (O

Henceforth, we generally omit the superscript and write the kernel as H([CO’ A (¢, 0).

This kernel is not a tempered distribution due to the exponential growth of ¢ (¢)|?.

Since many asymptotic techniques assume spectral functions are of polynomial
growth, we simultaneously consider the damped spectral projections measure

(14.22) AP 3 (C.C) = D 0(A = N)e 2TV (),
J
which is a temperate distribution as long as /p(¢) < 7. When we set 7 = /p(()

we omit the 7 and put

(14.23) daPo(C,0) = 3 8(A = A))e VPN GE ()2,
J

The integral of the spectral measure over an interval I gives
O (z,y) = Y (@)@ y).
j:)\j el

Its complexification gives the spectral projections kernel along the anti-diagonal

(14.24) (¢ = D 1#5(¢
JiX;ET
and the integral of (14.22)) gives its temperate version
(1425) PI C C Z 6_27—)\]|(p] )‘ )
G €L

or in the crucial case of 7 = ,/p((),

(14.26) Pi(¢, )= Y e 2VPON|GE()P,
Jin; el
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14.12. Poisson operator as a complex Fourier integral operator

The damped spectral projection measure dy P[B’A] (¢,¢) (14.22) is dual under
the real Fourier transform in the t variable to the restriction
(14.27) U(t+2ir,¢,¢) = e 2N R ()
J
to the anti-diagonal of the mixed Poisson wave group. The adjoint of the Poisson

kernel U (iT, z,y) also admits an anti-holomorphic extension in the y variable. The
sum (|14.27)) are the diagonal values of the complexified wave kernel

(14.28) Ut + 2ir,¢,C) = / U(t + i1, ¢, y)E(it,y, (') dVy(z)
M

(14.29) = eI GE)F ().
J

We obtain by orthogonality of the real eigenfunctions on M.

Since U(t 4+ 2it, (, y) takes its values in the CR holomorphic functions on dM,,
we consider the Sobolev spaces O+ " (0M;) of CR holomorphic functions on the
boundaries of the strictly pseudo-convex domains M, i.e.,

O (OM,) = W T (OM,) N O(9M,),

where Wy is the sth Sobolev space and where O(OM,) is the space of boundary
values of holomorphic functions. The inner product on O°(9M, ) is with respect to
the Liouville measure

(14.30) dpir = (100\/p)™ 1 A d°\/p.
We then regard U(t + it,(,y) as the kernel of an operator from L2(M) —
O°OM.). Tt equals its composition I, o U(t + it) with the Szegd projector
0, : L*(0M,) — O°(OM,)
for the tube M., i.e., the orthogonal projection onto boundary values of holomorphic
functions in the tube. ~
This is a useful expression for the complexified wave kernel, because I, is a
complex Fourier integral operator with a small wave front relation. More precisely,

the real points of its canonical relation form the graph Ay of the identity map on
the symplectic one ¥, C T*0M, spanned by the real one-form d¢p, i.e.,

(14.31) S = {(Grd°p(C)) : € € DM, v > 0} C T*(IM,).

We note that for each 7, there exists a symplectic equivalence 3, ~ T*M by the
map (¢,rd°p(¢)) — (Ez'(¢),ra), where a = £ - dz is the action form (cf. [GS2]).

The following result was first stated by Boutet de Monvel [Bo] and has been
proved in detail in [Z5], [L} [St].

THEOREM 14.5. Tl o U(ie): L*(M) — O(OM.) is a complex Fourier integral
operator of order — =L associated to the canonical relation

4
L= {(y,n te(y,m)} CT*M x Z..

m—=1

4

Moreover, for any s,
I, o Ulie): W*(M) — OS5 (0M.)

is a continuous isomorphism.
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14.13. Complexified Poisson kernel as a complex Fourier integral
operator

The following theorem is stated in [Bo]. For proofs, see [Z5], [L].

THEOREM 14.6. (See [Bo, [GS2, [GLS].) For sufficiently small T > 0, Uc(iT) :
L?(M) — O(OM,) is a Fourier integral operator of order —mT_l with complex phase
associated to the canonical relation

A= {(y7na L‘r(y777)} cCT*M x .

Moreover, for any s,

m—1

Uc(it): W(M) — Ot 73

(OM.,)
is a continuous isomorphism.

The proof of Theorem is barely sketched in [Bo]. However, the theorem
follows almost immediately from the construction of the branched meromorphic
Hadamard parametrix in Corollary or alternatively from the analytic con-
tinuation of the Hormander parametrix of It suffices to show that either
is a parametrix for Uc(it,(,y), i.e., differs from it by an analytic kernel (smooth
would be sufficient by analytic wave front set considerations). But the Hadamard
parametrix construction is an exact formula and actually gives a more precise de-
scription of the singularities of Ug(i,(,y) than is stated in Theorem We
briefly explain how either the Hadamard or Hérmander parametrix can be used to
complete the proof.

Using the complexified Poisson wave kernel, one can prove the following sup-
norm estimate:

PROPOSITION 14.7. Suppose (M, g) is real analytic. Then

sup [o5(0)] < ON"F e™  and

C
8@)\(()‘ S OAmg—g e‘l’)\.
CeEM- CeM,

¢

14.14. Analytic continuation of the Poisson wave kernel
In this section we prove Theorem and Theorem closely following [Z5].
Other closely related proofs can be found in [L [St].
14.15. Hormander parametrix for the Poisson wave kernel

A more familiar construction of U(¢, z,y) and its analytic continuation which
is particularly useful for small |¢| is the one based on the Fourier inversion formula.
Its generalization to Riemannian manifolds is given by

(14.32) Ult,z,y) = /T Meit|s|gy CHESD, @) At 1y €) de,

for (z,y) sufficiently close to the diagonal. We use this parametrix to prove Theo-

rem |14.15] (2).

The amplitude is a polyhomognous symbol of the form

(1433) A(tvxvyvg) ~ ZAj(t7m7y7£)7
=
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where the asymptotics are in the sense of the symbol topology and where

Aj(t 2.y, 7€) = 77 A (ta,y,E), € > 1

The principal term Ag(t, z,y, £) equals 1 when ¢ = 0 on the diagonal, and the higher
A;j are determined by transport equations discussed in [DuG].

It can be verified that in the case of real analytic (M, g), the amplitude is a
classical formal analytic symbol (see . Hence if A(t, z,y,§) is a realization
of the amplitude A(t,x,y, ), then one obtains an analytic parametrix

(14.34) Ult,z,y) = / eitlélay ei(ﬁ,expgl(a:»A(t’x’y’g) de,
Ty M

which approximates the wave kernel for small |¢t| and (z,y) near the diagonal up to
a holomorphic error, whose amplitude is exponentially decaying in |¢].

14.16. Subordination to the heat kernel

The parametrix (14.19)) can also be obtained by subordinating the Poisson wave
kernel to the heat kernel. To make use of it, one needs to analytically the heat
kernel to M,. This analytic continuation was studied by Golse-Leichtnam-Stenzel
in [GLS], who proved the following: For any xo € M there exists €, p > 0 and an
open neighborhood W of ¢ in M, such that for 0 <t < 1 and (z,y) € W x W,

r2(z,y)

E(t,z,y) = N(t,z,y)e” %  + R(t,z,y),

where '
N(ta,y)= Y, Wz, y)¥

0<j< &
as t | 07 where W;(xz,y) are the Hadamard-Minakshisundaram-Pleijel heat kernel
coefficients. is an analytic symbol of order n/2 with respect to t~! in the sense of
[Sj]. As above, the remainder is exponentially small,
|R(t,2,y)| < Ce™ %

with a uniform C in (z,y) as t | 07. The heat kernel itself obviously admits a
holomorphic extension in the open subset Rerd(z,y) > 0 ot M¢ x Mc.

14.17. Fourier integral distributions with complex phase

First, we review the relevant definitions (see [HoIV] §25.5] or [MeSj]). A
Fourier integral distribution with complex phase on a manifold X is a distribution
that can locally be represented by an oscillatory integral

A(x)z/ e ? @9 q(x,0) do,
RN

where a(x,0) € S™(X x V) is a symbol of order m in a cone V C RY and where
the phase ¢ is a positive regular phase function, i.e., it satisfies

o Imyp > 0;
° dg—g’l, ey dg)—fv are linearly independent complex vectors on
Cor = {(2,0) : dg(x,0) = 0};

e In the analytic setting (which is assumed in this article), ¢ admits an
analytic continuation ¢¢ to an open cone in X¢ x V.
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Define
Otp@ = {(.23,9) c X(C X V(C : VGQD(C(%Q) = O}

Then C,,. is a manifold near the real domain. One defines the Lagrangian subman-
ifold A, C T*X¢ as the image

(z,0) € Cypo — (z,Vape(z,0)).

14.18. Analytic continuation of the Hadamard parametrix

As in we can express Uc(i7,(,y) as a local Fourier integral distribu-
tion with complex phase by rewriting the Hadamard series in Corollary as
oscillatory integrals. Here we assume that 7 > 0,¢ > 0.

A complication is that we can only use the complexified phase I' = ¢ — r2 in
regions of complexified R x M x M where its imaginary part is > 0. We could
also use the phase t — r (resp. ¢ + r) in regions where t + r # 0 (resp. t — r # 0)
and where the contour Ry can be deformed back to itself after the the change of
variables 6 — (¢t + r)0.

14.19. Analytic continuation of the Hérmander parametrix

As was the case in R™, the parametrix ((14.34) admits an analytic continuation
in time to a strip {t + 7 : T < Tan, |t| < 1}. In the space variables, the parametrix
then admits an analytic continuation to complex z,y satisfying |rc(z,y)| < 7.

The analytically continued parametrix (14.19) approximates the true analyti-
cally continued Poisson kernel up to a holomorphic kernel. More precisely, for any
xo € M and 7 > 0, there exists €, p > 0 and an open neighborhood W of zy in M.
such that for |t| < 1 and (z,y) € W x W,

(14.35) U(t + ity 2,y) = / e TI8loy (1SR @ A(t 4 i, y, €)dE + R(t, 2, ),
Ty M
where R(t,z,y) is holomorphic for small |¢| and for (z,y) near the diagonal.

The parametrix is only defined near the diagonal where exp,; 1is defined. How-
ever one can extend it to a global holomorphic kernel away from C¢ by cutting off
the first term of with a smooth cutoff x(x,y) supported near the diagonal
in M, x M, and then solving a d problem on the Grauert tube (or a dj problem on
its boundary) to extend the kernel to be globally holomorphic (resp. CR). We refer
to [Z5] for a more detailed discussion. This gives an alternative to the Hadamard
parametrix construction of Corollary

This concludes the sketch of proof of Theorem [14.6

14.20. Ay, 0, and characteristics

In the real domain, A is an elliptic operator with principal symbol oa(z,§) =
szzl g (z)&;€;. Hence its characteristic set (the zero set of its symbol) consists
only of the zero section £ = 0 in T*M. But when we continue it to the complex
domain it develops a complex characteristic set

(14.36) Char(Ac) = {(c,@ €T Mc: Y. g9(Q6E = 0}-

4,j=1
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The wave operator on the product spacetime (R x M, dt? — g,) is given by

32
= om
The unusual sign in front of Ay is due to the sign normalization above making the

Laplacian non-negative. Again we omit the subscript when the metric is fixed. The
characteristic variety of O is the zero set of its symbol

oa(t,m,2,8) =12 — |¢2,

O + Ay

that is,
(14.37) Char(D) = {(t,7,2,&) € T*(R x M) : 7> — |¢|> = 0}.

The null-bicharacteristic flow of O is the Hamiltonian flow of 72 —[£|2 on Ch(O).
Its graph is thus

A= {(t77—7x7§ay7n) T — ‘€|920 =0, Gt(zag) = (%77)} C T*(R X M x M)

14.21. Characteristic variety and characteristic conoid
Following [H|, we put
(14.38) L(t,x,y) =t* —r?(z,y).

Here, r(z,y) is the distance between x,y. It is singular at » = 0 and also when y is
in the “cut locus” of z. In this article we only consider (z,y) so that r(x,y) < inj(z),
where inj(x) is the injectivity radius at x, i.e., is the largest ¢ so that

exp, : By M — M

is a diffeomorphism to its image. The injectivity radius inj(M, g) is the maximum
of inj(z) for x € M. Thus, we work in a sufficiently small neighborhood of the
diagonal so that cut points do not occur.

The squared distance r2(x,y) is smooth in a neighborhood of the diagonal. On
a simply connected manifold (]\Zf ,g) without conjugate points, it is globally smooth
on M x M. We recall that ‘without conjugate points’ means that exp,: TuM — M
is non-singular for all x.

The characteristic conoid is the set

(14.39) C={(t,x,y) : 7(z,y) < inj(x), r*(z,y) =t} CR x M x M.
It separates R x M x M into the forward/backward semi-cones
Ce = {(t,z,y) : t* —r2(z,y) > 0, £t > 0}.
The complexification of C is the complex characteristic conoid
(14.40) Ce ={(t,z,y) : ré(zx,y) = t*} C C x Mc x M.

We note that Cg C Cc is a totally real submanifold. Another totally real sub-
manifold of central importance in this article is the ‘diagonal’ (or anti-diagonal)
conoid,

(14.41) Ca ={(2i1,(, () : T € Ry, (,( € OM,}.
By definition, 72({, () = —47% if ¢ € OM..
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14.22. Hadamard parametrix for the Poisson wave kernel

We are most interested in the Hadamard parametrix for the half-wave kernel,
which does not seem to have been discussed in the literature. We are more generally
interested in the Poisson wave semi-group ¢ltHTVA for 7 > 0. The Poisson wave
kernel

(14.42) Ut+ir,z,y) =Y e TMNei()0;(y)

J
is a real analytic kernel which possesses an analytic extension to a Grauert tube.
Thus, there exists a non-zero analytic radius 7,, > 0 so that the Poisson kernel
admits a holomorphic extension U(t + i7,{,y) to M, x M for 7 < 74,. Since
(14.43) U(it)ex = e 75,

the eigenfunctions analytically extend to the same maximal tube as does U (i1).
We would like to construct a Hadamard type parametrix for (14.42). We may
derive it from the Feynman-Hadamard fundamental solution using that

d ei\th/—A

(14.44) — ——— —isgn(t)eltV=A
dt /-A
and
(14.45) eltV==4 }H(t)ieﬂtli ot _t)ﬁﬁ
{ dt -A { dt -A
Hence,
1 .
(14.46) iUF(t) = VA t>0.

i dt
The restriction to ¢ > 0 is consistent with the fact that e**V =2 (z, y) has the singular-

ity ((t+i0)2—r2)=" (in odd spacetime dimensions) while Ur(t) has the singularity
(t2 =2 +40)“2". We note (again) that ((t+i0)% —r2)® = (2 — 2 +40)* for t > 0.
From Theorem [6.1] we conclude:

COROLLARY 14.8. Let (M, g) be real analytic. Then with the U;, Vi, W, defined
as in Theorem [6.1], we have:

e In odd spacetime dimensions, for t > 0 the Poisson wave kernel U(t +
it,z,y) for T > 0 has the form AT 2 where A = Z;io A7 with A;
holomorphic. The series converges absolutely to a holomorphic function
for |T| < e sufficient small, i.e., near the characteristic conoid.

e In even spacetime dimensions, for t > 0, the Poisson wave kernel has the
form BI' 2" 4+ C'logT + D where the coefficients B, C, D are holomorphic
in a neighborhood of Cc, and have the same I' expansions as A.

We use this parametrix to prove Theorem [14.15| (1).

14.23. Hadamard parametrix as an oscillatory integral with complex
phase

Corollary gives a precise description of the singularities of the Poisson
wave propagator. It implicitly describes the kernel as a Fourier integral kernel. We
now make this description explicit in the real domain. In the following sections, we
extend the description to the complex domain.
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We first express I' 2 17 as an oscillatory integral with one phase variable using
the well-known identity

(14.47) / €702 d\ = ie™/2T(\ 4 1)(o +i0) =
0

At least formally, this leads to the representation

/Ooew(fz-*)e?l‘jde:ie“"zl‘j)”/zF(n;1 ’ >(152—7"2+i0)j‘”21‘1
0

for the principal term of the Poisson wave. Here, the notation I' = ¢2 — 72 unfor-
tunately clashes with that for the Gamma function, and we temporarily write out
its definition.

In even space dimensions, the Hadamard parametrix for the Hadamard-Feynman
fundamental solution thus has the form

(14.48) ZU (t,z,y)l =+

n—3

RRTIG) - - i(msL—j)ym/2y—1 9+ng'
:/O e ;Uj(t,x,y)(le 2 ) m d0

Here we follow Hadamard’s notation, but it is simpler to re-define the coefficients
U; so that the I'-factors appear on the left side as in [Be] (7). We thus define

o1 1
sty = (1T ) ()
! rees2—j+1/) 77
By the duplication formula T'(2)['(1 — 2) = " with 2 = § —k — §, i.e,

m o ™ 1
NN—=-j—=)=(-1) ,
<2 ’ 2) ( )sinﬂ(%—%)F(—%HHJrg)

it follows that

) s 1
Uj(t,z,y) = ( (=1) = .
it z9) <( )smw(%—%)F(—%—Fl-i-J‘*‘%)

so that the formula in odd spacetime dimensions becomes

S Ly

)Uj(tw,y),

(14.49) C,

< i n=3_ .
- / AN U (t,2,)0,7 7 | do.
0 =0
The amplitude in the right side of ((14.49) is then a formal analytic symbol,
(14.50) Alt,z,y,0 ZZ/{ (t,z,y)0 _j,

Due to the Gamma-factors appearing in the identity (14.47), convergence of the
series on the left side of (14.49) does not imply convergence of the series (14.50]).
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However, there exists a realization of the formal symbol (14.50)) by a holomorphic
symbol

Atz 0)= > Ult.x,y)p,” 7,
0<j<%

and one obtains an analytic parametrix
(14.51) Ult,x,y) = / T A(t,z,y,0) do
0

that approximates the wave kernel for small |¢| and (z,y) near the diagonal up to a
holomorphic error, whose amplitude is exponentially decaying in 6. Here, we recall
(see [Sjl p.3 and §9]) that a classical formal analytic symbol ([Sj, p.3]) on a domain
Q C C" is a formal semi-classical series

a(z,\) = Z ap(2)A7F,
k=0

where ai(z,\) € O(Q) for all A > 0. Then for some C' > 0, the ar(z) € O()
satisfy

lag(2)] < C*EF k=0,1,2,....
A realization of the formal symbol is a genuine holomorphic symbol of the form,

a(z,\) = Z ar(2)A7F.

0<k< 2
It is an analytic symbol since, with the index restriction,

k
lar(2)A7F| < Cq <(“;k> < Ce ™.

Hence the series converges uniformly on €2 to a holomorphic function of z for each
A

Returning to (14.50)), the Hadamard-Riesz coefficients Uf; are determined in-
ductively by the transport equations

@/
7[/{0 + % — 0’
(14.52) 07 el @ ou
) o i1y _ 4
4ZT(w’y){(r(x,y) + 2®)Uj+1 + a b= AU;.

whose solutions are given by:
1
Z/{O(Z, y) =072 (fﬂ, y)a

(14.53) . 1 L
Ujri(z,y) = @‘ﬂx,y)/ sPO(x,25)2 AUz, x5) ds
0
where x4 is the geodesic from x to y parametrized proportionately to arc-length
and where A, operates in the second variable.
As discussed above, the representation does not suffice when n is odd,
since I'(z) and 67 have poles at the negative integers. To rescue the representation
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when 7 is odd, we need to use the distributions 67" with n = 1,2,..., defined as
follows (see [Hol)):

k

074(p) = / " log0)p™ (8)d8/ (k — 1)+ F ()" 1/4)/(k — 1)L

=1
This family behaves in an unusual way under derivation:

d —1)F

@94’_16 _ _k0+k 1 + ( k') 6ék)

(see [Hol, (3.2.2)”]) and is therefore sometimes avoided in the Hadamard-Riesz
parametrix construction (as in [Bel).

However, we have already constructed the parametrices and only want to ex-
press them in terms of the above oscillatory integrals to make contact with Fourier
integral operator theory. In odd space dimensions, the Hadamard parametrices can
be written in the form
(14.54)

o0

o0

e (Uo(t, 2, )07 + -+ + Un}) d9+/ e (Upms107" + Upg207% + -+ +) db.
0 0

Again the amplitude is a formal symbol. To produce a genuine amplitude it needs

to be replace by a realization which approximates it modulo a holomorphic symbol

which is exponentially decaying in 6.

We are paying close attention to the regularization of the integral at § = 0,
but only the behavior of the amplitude as § — oo is relevant to the singularity.
The terms with 0;’“ for k > 0 produce logarithmic terms in the kernel. If we use a
smooth cutoff at # = 0, we obtain distributions of the form

u,(T) = /R ey (0)6" db

where x(0) =1 for § > 1 and x(6) = 0 for § < <. Then

1
L
u_p(T) = "7 ogT' mod C*°

Hence the terms with negative powers of 6, in produce the logarithmic
terms and the holomorphic terms.

Above, we discussed the Hadamard-Feynman fundamental solution, but for
t > 0 we only need to differentiate it in ¢ (according to Proposition [[4.8] ) to
obtain the parametrices for the Poisson wave group. Away from the characteristic
conoid the Schwartz kernels of the Poisson wave group and Hadamard-Feynman
fundamental solution are holomorphic by the theorem on propagation of analytic
wave front sets [Sj]. The Fourier integral structure and mapping properties follow
immediately from the order of the amplitude and from the exact formula for the
phase.

14.24. Tempered spectral projector and Poisson semi-group as complex
Fourier integral operators

To study the tempered spectral projection kernels (14.25)), we further need to
continue Ug(t, ¢, y) anti-holomorphically in the y variable. The discussion is similar
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to the holomorphic case except that we need to double the Grauert tube radius to
obtain convergence. We thus have (cf. (14.27))

(14.55) Uc(t +2ir,¢, Q) = ) e 0N o8 (O = /RemdAP[B,M (€. 0).
i

Properties of these kernels may be obtained from kernels which are analytically
continued in one variable only from the formula ([14.28|)

(14.56) Uc(t +2ir, ¢, &) = / Ut + i, ¢, y)Uclir, y, &) dVy (a)

M
2N (O (¢).
J

(14.57)

‘We have

PROPOSITION 14.9. For smallt, 7 > 0 and for sufficiently small T > \/p(¢) > 0,
there exists a realization B(t,(,(,0) of a formal analytic symbol B(t,(,(,0) so that
as tempered distributions on R x M,

(14.58) Uc(t + 2it,¢,¢) = / e0A2im) =2/ B¢, ¢, C,0) dO + R(t + 2it, ¢, ),
0

where R(t+2it,(, () is the restriction to the anti-diagonal of a holomorphic kernel.
Moreover

o O((t+ 2it) — 2i\/p(Q)) is a phase of positive type;

o If \/p(C) < T the entire kernel is locally holomorphic;

o If \/p(C) =T then

oo
(14.59) Uc(t + 2i7,¢, () = / e¥'B(t,¢,¢,0)d0 + R(t + 2i7, ¢, C).
0

PrOOF. We use the Hadamard parametrix (Corollary [14.8)) for U (t + 2it, ¢, ¢)

and use (|14.4]) to simplify the phase, i.e., we write
D(t + 2i7,(,¢) = (t + 207 — 2i\/p)(t + 267 + 2i\/p)

in the Hadamard parametrix in Corollary 14.8} The factors of (¢ + 2iT +2i,/p) are
non-zero when 7 > 0 and can be absorbed into the Hadamard coefficients. We de-
note the new amplitude by B to distinguish it from the amplitude in Corollary [14.8]
We then express each term as a Fourier integral distribution of complex type with
phase t + 2iT — 2i,/p. It is manifestly of positive type. On OM,, t + 2iT — 2i,/p
simplifies to t. (Il

14.25. Complexified wave group and Szeg6 kernels

As in [Z2] it will also be necessary for us to understand the composition
Uc(it)*Uc(i1). In this regard, it is useful to introduce the Szeg8 kernels II. of
M, i.e., the orthogonal projections

(14.60) I, : L*(OM,,du,) — H*(OM,,du. ),

where dpu, is the Liouville volume form. Here, H?(OM.,,dyu.) is the Hardy space of
boundary values of holomorphic functions in M, which belong to L?(OM,, du,). Tt
is simple to prove that the restrictions of {cpgfj} to OM., is a basis of H2(OM,,du.).
The Szegd projector I, is a complex Fourier integral operator with a positive
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complex canonical relation. The real points of its canonical relation form the graph
Ay of the identity map on the symplectic cone ¥, C T*0M, (14.31]). We refer to
[Z5] for further background. We only need the first statement in the following:

LEMMA 14.10. Let ¥*(X) denote the class of pseudo-differential operators of
order s on X. Then,
m— _(m=1
o Uc(it)*Uc(it) € =" (M) with principal symbol |§\g( 7).,

o Uc(it)oUc(it)* =11, A I, where A, € U™z

m—1

(OM.) has principal symbol

lolg 2 as a function on 2.

ProoOF. This follows from Proposition The first statement is a special
case of the following Lemma from [Z2]: Let a € S°(T*M — 0). Then for all
0 < 7 < Tmax(g), we have:

U(i7)* oIl U (i7) € U~ "2 (M),

_(m=1
with principal symbol equal to a(z, &) €|y ),
The second statement follows from Theorem [14.6{and the composition theorem
for complex Fourier integral operators. We note that

(14.61) Ueir) o Ue(ir)"(¢.¢) = D™, (095, ().

14.26. Growth of complexified eigenfunctions

14.26.1. A Siciak-Zaharjuta extremal function for Grauert tubes. Be-
fore defining the analogues, let us first recall the definitions of relative maximal or
extremal pluri-subharmonic functions satisfying bounds on a pair £ C 2 C C™
where 2 is a bounded open set. There are two definitions:

e The pluri-complex Green’s function relative to a subset E C €2, defined
[Si] as the upper semi-continuous regularization Vi  of

Ve.a(z) =sup{u(z) : u € PSH(Q), u|g <0, u|sn <1}

e Let ||f|lg := sup,cp |f(2)] and PN be the space of all complex analytic
polynomials of degree N. The Siciak-Zaharjuta extremal function relative
to B C 2 is defined by

(14.62) log ® 5 := limsup log &%,
N—o0
1
(1463 log 8 (0) = sup {  Toelpw (@) € P .

where 73]]3\’ ={pePV |ple <1, |plla <V}

Siciak proved that log @ = Vg (see [Sil, Theorem 1]). Intuitively, there are enough
polynomials that one can obtain the sup by restricting to polynomials.

There are analogous definitions in the case of unit co-disc bundles in the dual
of a positive holomorphic Hermitian line bundle L — M over a K&hler manifold.
In the case of CIP", one defines

Vi (z) = sup{u(z) :ue€ L, u<0on K}
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where £ denotes the Lelong class of all global PSH functions u on C" with u(z) <
cu+log (1+[2]).

We now define an analogue of the Siciak-Zaharjuta extremal function for Grauert
tubes in the special case where E = M, the underlying real manifold. The Rie-
mannian analogue of P¥ is the space

AN ), C
H = {p— Z ajPx;s A1y AN(N) S R}
JiA;ELN
spanned by the eigenfunctions with ‘degree’ A\; < A. Here, N(\) = #{j : \; € I, }.
As above, we could let I = [0, \] or I = [A\, A + ¢] for some ¢ > 0. It is simpler to
work with L? based norms than sup norms, and so we define
N(X)
sy ={o= 3wk, X laP =1},
IBYESY j=1

DEFINITION 14.11. The Riemannian Siciak-Zaharjuta extremal function (with
respect to the real locus M) is defined by:

log @} (¢) = sup{ 5 log [¥(Q)] ¥ € SHA},

log ®5; = limsup log <I>j\w.

A—o00

(14.64)

REMARK 14.12. One could define the analogous notion for any set £ C M,
with
SHy = {p € H*, [|pllL2) < 1}
But we only discuss the results for £ = M.

One could also define the pluri-complex Green’s function of M. as follows:

DEFINITION 14.13. Let (M, g) be a real analytic Riemannian manifold, let M,
be an open Grauert tube, and let E C M,. The Riemannian pluri-complex Green’s
function with respect to (E, M, g) is defined by

Vy.5,-(C) =sup{u(z) : w € PSH(M;), ulg <0, ulom, <7}

It is obvious that V as+(¢) > 1/p(¢) and it is almost standard that Vg as - (¢) =
VP(€). See [GZl Proposition 4.1] or [BT, Corollary 9]. The set M = (y/p)~*(0)
is often called the center. As proved in [LS| Theorem 1.1], there are no smooth
exhaustion functions solving the exact homogeneous complex Monge‘Ampere equa-
tion. Hence u must be singular on its minimum set. In [HW1] it is proved that
the minimum set of strictly PSH function is totally real.

14.26.2. Statement of results. Our first results concern the logarithmic
asymptotics of the complexified spectral projections.

THEOREM 14.14 (See also [Z5]). Let I, = [0,\]. Then
(1) log ®3,(¢) = 5 logIIf, (¢, 0).
(2) log @ = limy o0 log 3, = N2

To prove the Theorem, it is convenient to study the tempered spectral projec-

tion measures (|14.26)), or in differentiated form (14.22)):

(14.65) A3 (6.0) = 32600 = A)e ™ S (O,
J
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which is a temperate distribution on R for each ¢ satisfying \/p(¢) < 7. When we

set 7 = \/p(¢) we omit the 7 and write as in (14.23)):
(14.66) P (G0 =D 0N = Ag)e VPO RE(Q) 2.
J

The advantage of the tempered projections is that they have polynomial asymp-
totics and one can use standard Tauberian theorems to analyze their growth.

We prove the following one-term local Weyl law for complexified spectral pro-
jections:

THEOREM 14.15. On any compact real analytic Riemannian manifold (M, g)
of dimension n, we have, with remainders uniform in C,

(1) For \/p(¢) = 5.

P[O,)x] (C76) = (27r)—n (\j\ﬁ) o ((711))\/2H + 0(1)> 5
(2) For \/p(¢) <5,

Pox(¢¢) = (2m) " A" (1+ 0\ 1))

This implies new bounds on pointwise norms on complexified eigenfunctions,
improving those of [GLS]. inequality gives

COROLLARY 14.16. Suppose (M, g) is real analytic of dimension n, and that
I, =1[0,)\]. Then

(1) Forr>% and \/p(¢) = 7, there exists C > 0 so that

n—1 n—
CA; 7 €™ < sup [5(Q)] < CA'T Frem,
CeEM-

(2) Forr < %, and \/p(¢) = 7, there exists C > 0 so that

n

—1
2 .

PR <A

The lower bound of Corollary|14.16|(1) combines Theorem[14.15| with Garding’s
inequality. The upper bound sharpens the estimates claimed in [Bol, [GLS],

(14.67) sup [©5(Q)| < C A" TLe™,
CeEM,

The improvement is due to using spectral asymptotics rather than a crude Sobolev
inequality.

14.27. Siciak extremal functions: Proof of Theorem [14.14] (1)

In this section we prove Theorem [[£.14] First we prove a pointwise local Weyl
law in the complex domain.
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14.27.1. Proof of Theorem [14.14] (2). This follows from Theorem [14.15
together with the following:

LEMMA 14.17 ([Z5]). For any T = \/p(¢) > 0, and for any 6 >0,

log |6 log A 1 - log A
250 - 514 052 < L o8 Tloy(€.0) < 215(0) + O(52),
hence
.1 =
dim +log o, (€, €) = 2v/p(C).
Proor. For the upper bound, we use
(14.68)
Mo (G, €) < PV 37 e 2VPON oS (Q)F = VP oy (¢, 0).

J:A;€[0,A]

We then take %log of both sides and apply Theorem to conclude the proof.

The lower bound is subtler for reasons having to do with the distribution of
eigenvalues (see the Remark below). It is most natural to prove two-term Weyl
asymptotics for Pjg x(C, ¢) and to deduce Weyl asymptotics for short spectral in-
tervals [\, A+ 1]. But that requires an analysis of the singularity of the trace of the
complexified wave group for longer times than a short interval around ¢ = 0 and
we postpone the more refined analysis until [Z9].

Instead we use the longer intervals [(1 — )\, A] for some 6 > 0. We clearly have

(14.69) FUmPWVRO T e BVRONIOE (O < T (¢, €).
JAGE[(1=8)A ]
By Theorem [14.15
(14.70) Yo VRN (OF = Pox(¢:¢) = Poa-a (¢ )
FAGE[(1=8)AN]

(14.71) = Cp(T)[L = (1= 6)"A"2 +O(A

n—

21)

Taking §log then gives

~ log log A
Dlog T (€.0) 2 201~ )y/ate) — BN 1 oA

It follows that for all § > 0,

timinf 1 log Tl (¢, ) > 2(1 — 9)y/3(0).

The conclusion of the Lemma follows from the fact that the left side is independent
of 6. O

REMARK 14.18. The problematic issue in the lower bound is the width of I,.
If (M, g) is a Zoll manifold, the eigenvalues of v/A form clusters of width O(A~!)
around an arithmetic progression {k + g} for a certain Morse index . Unless the
intervals I are carefully centered around this progression, Pr, could be zero. Hence
we must use long spectral intervals if we do not analyze the long time behavior of
the geodesic flow; for short ones no general lower bound exists.
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14.27.2. Proof of Theorem [14.14] (1). We need to show that
15, (¢.0) =sup {IpOP o= 3 ajef ol =1},
JiX;ET
We define the ‘coherent state’
¢ w, Z
@5 w) = 2 EL
g (2, 2)

satisfying

W= Y aelu), o= -G =

gl HC (Z,Z)

ence, (I)i is a competitor for the sup and since |<I>§A (O))? =111, (¢, ¢) one has
15,60 < sup {07 v = Y af =1}
Jir; el
By the Schwartz inequality for £2, for any ¢ = > Jn el anO;C one has

2

Yo 4| =) < Jal® Y165 P = (¢ Q)

Jia;EL

and one has

I5(6,8) > sup{w(oF =3 a6, llall = 1}.

Jix; el

REMARK 14.19. Since N(Iy

)
am)  ploettn 0= yoe( 3 5 F)

A

Recall that a sequence of eigenfunctions is quantum ergodic if (Ag;, ;) —
W fS;M oadu. The complexified eigenfunctions then satisfy % log |p; (O)] —

(14.73) = max {ilogkp/\ (¢ )|2} O(@).

V/P(C). It follows that ergodic eigenfunctions are asymptotically maximal, i.e., have
the same logarithmic asymptotics as ®9;.

14.28. Pointwise phase space Weyl laws on Grauert tubes

14.28.1. Two term pointwise Weyl laws in Grauert tubes. The asymp-
totics of the complexified spectral projection kernels are complex analogues
of those of the diagonal spectral projections in the real domain and reflect the
structure of complex geodesics from ¢ to (. As in the real domain, one can obtain
more refined asymptotics of Py x411(C, ¢) by using the structure of geodesic seg-
ments from ¢ to ¢. This is the subject of the work in progress [Z9]. For the sake of
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completeness, we state the results here: There exists an explicit complex oscillatory
factor Q¢ () depending on the geodesic arc from ¢ to ¢ such that

(1) For /p(¢) = 5,

n—1

P[B»)\](Ca E) = (27T)_n>\ (\%) N (]. + QC()\))\_I + O()\_l)) :

(2) For \/p(¢) < X,
Poa(€.0) = (@m) 7" A" + QA" o),
In this section, we prove Theorem [14.15( (1). To prove the local Weyl law we

employ parametrices for the Poisson wave kernel adapted to eitHnVA for > 0
which are best adapted to the complex geometry.

PROOF. As in the real domain, we obtain asymptotics of P[B’/\](C,é) by the
Fourier-Tauberian method of relating their asymptotics to the singularities in the
real time ¢ of the Fourier transform (4.27). We refer to [SV] for background on
Tauberian theorems. We follow the classical argument of [DuGl, Proposition 2.1},
, to obtain the local Weyl law with remainder one degree below the main term.

The proof is based on the oscillatory integral representation of Proposition [14.9]
We are working in the case where /p(¢) = 7 and hence can simplify it to .

We then introduce a cutoff function ¢ € S(R) with ¢ € C§° supported in
sufficiently small neighborhood of 0 so that no other singularities of Ug(t+2i7, ¢, ¢)
lie in its support. We also assume 1[1 = 1 in a smaller neighborhood of 0. We then
change variables § — A0 and apply the complex stationary phase to the integral

(14.74) /¢ “MUe(t + 2i1, ¢, C) dt

- /R/OOO D(t)e e (B(t,¢,C,0)dO + R(t + 2it,¢,C))) dt.

The second R term can be dropped since it is of order A= for all M > 0. In the first
we change variables # — A\@ to obtain a semi-classical Fourier integral distribution
of real type with phase e**(?~1) The critical set consists of # = 1,t = 0. The
phase is clearly non-degenerate with Hessian determinant one and inverse Hessian
operator Dg,r Taking into account the factor of A™! from the change of variables,
the stationary phase expansion gives

(14.75) Z¢A Aj)e 2195 (¢)

7i(¢)

where the coefﬁments wi(7,]¢) are smooth for C € 8MT. However the coeflicients
are not uniform as 7 — 0% due to the factors of (¢ + 2iT + 2i,/p(¢)) which were
left in the denominators of the modified Hadamard parametrix. Since ¢t = 0 at the
stationary phase point, the resulting expansion is equivalent to one with the large
parameter 7A (or \/p(¢)A). The uniform expansion is then

[e%S) A "Tflfk B
(14.76) Z¢(A —A)e TN ~ > () wi (€, €,

T
k=0
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where w; are smooth in ¢, and wg = 1. The remainder has the same form.

To complete the proof, we apply the Fourier Tauberian theorem. Let N € F,
and let ¢ € S(R) satisfy the conditions: ¢ is even, 1)(\) > 0 for all A € R, ¢ € C§°,
and ¢(0) = 1. Then,

PpxdN(N) < AN = |[N(\) — N x ()| < CAN,

where C'is independent of A, \. We apply it twice, first in the region |/p(¢) > Ccx !
and second in the complementary region.

In the first region, we let Ny ¢(\) = Prx(¢, (). It is clear that for \/p = 7,
N; (M) is a monotone non-decreasing function of A of polynomial growth which

vanishes for A < 0. For ¢ € S positive, even and with ¢ € C§°(R) and 1&(0) =1,
we have by (14.76|) that

(14.77) Y xdN; (N <C (i) o ;

where C' is independent of (, A. It follows by the Fourier Tauberian theorem that

n—1

M) = Noc) 0 + 0 ()

Further, by integrating (14.76) from 0 to A we have

N o) = (2) N (=t +ow).

)

proving (1).

To obtain uniform asymptotics in 7 down to 7 = 0, we use instead the analytic
continuation of the Hérmander parametrix . We choose local coordinates
near z and write exp, ' (y) = ¥(z,y) in these local coordinates for y near z, and
write the integral 7;; M as an integral over R™ in these coordinates. The holomor-
phic extension of the parametrix to the Grauert tube |(| < 7 at time ¢ 4+ 2i7 has

the form ([14.20)—(14.59)), i.e.,

(14.78) Uc(t+2ir,¢,0) = / U2 Eloy &V A2, ¢, C, €) d.

n

Again, we use a cutoff function 1) € S(R) with ¢) € C5° supported in sufficiently
small neighborhood of 0 so that no other singularities of E(t 4 2i7, ¢, ) lie in its
support and so that 1& = 1 in a smaller neighborhood of 0. We write the integral
in polar coordinates and obtain

(14.79) /@(t)e*i”UC(tJrQiT,(,g_) dt
R

_ )\m/ /J}(t)efi)\t/ e(it72r))\r6ir/\<w,‘lf(§,f))A(t7c,g_’ /\Tw)’l"nil drdw.
o Jr Sn—1

We then apply complex stationary phase to the drdt integral, regarding

/ ei”\w’q'(c’mA(t, ¢, ¢, )\rw)rm_l dw
Sn—l
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as the amplitude. When /p(¢) < % the exponent is bounded in A and the integral
defines a symbol. Applying stationary phase again to the dtdf integral now gives

oo

(14.80) D WA= 2)e RSO ~ Y AT R (¢, Q),
J

k=0
where wy,(¢, ¢) is smooth down to the zero section.
We apply the Fourier Tauberian theorem again, but this time with the estimates
Y xdN; ¢(N) < CAVL
where C' is independent of (. We conclude that
Ny c(A) = CX"+ 0\ 1),
proving (2). O
COROLLARY 14.20. For all ¢ € Mc, and with T = /p((),
A< PG (G0 < oo

14.29. Proof of Corollary [14.16]
For the upper bound, we use that

sup [¢5(Q) < sup ML (¢,Q) < sup VPP (Q).
¢cEOM, CEOM, CEOM,

The upper bound stated in Corollary then follows from Corollary to
Theorem [14.15]
For the lower bound in (2) of Corollary [14.16] we use that
16511 2o,y = €7 (U (T)* U (iT);, 05) £2(01)-
By Lemmal|l4.10} the operator U (i7)*U (i7) is an elliptic pseudodifferential operator
n—1

of order 1 = —"5= (or so). Let C' > 0 be a lower bound for its symbol times (£)*.

Then by Garding’s inequality,
(UGET) U(iT)pj, 05) L2ary = CAJY,
and so

(14.81) 195 | L2onr,) = CA; "™

14.30. Complex nodal sets and sequences of logarithms

We regard the zero set [Z¢] as a current of integration, i.e., as a linear functional
on (m—1,m — 1) forms ¢

“Z*’J]’””/Zﬂ'

Recall that a current is a linear functional (distribution) on smooth forms. We refer
to [GH] for background. On a complex manifold one has (p,q) forms with p dz;
and q dZzx’s. In (14.121)) we use the Kéhler hypersurface volume form w;”_l (where

wy = i00p) to make Z,,, into a measure:

(2o, f) = / fom T fec().
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14.30.1. Poincaré-Lelong formula. One of the two key reasons for the gain
in simplicity is that there exists a simple analytical formula for the delta-function
on the nodal set. The Poincaré-Lelong formula gives an exact formula for the
delta-function on the zero set of ¢,

i
(14.82) %(Q)alog 165 (2) 7 = [Nc].

#j

Thus, if ¢ is an (n — 1,n — 1) form, then

= QL/ ¢ Ai00log | (2)]7.
N%C ™ J M,

14.30.2. Sequences of PSH functions and a weak* limit problem. We
next consider logarithms of Husimi functions, which are PSH functions on M.. A
function f on a domain in a complex manifold is PSH if i00f is a positive (1,1)
current. That is, i00f is a singular form of type > i a;;dz" Adz* with (a;g) positive
definite Hermitian. If f is a local holomorphic function, then log |f(z)| is PSH and
i00log | f(2)| = [Z¢). General references are [GH, [HoC].

A sequence of (1,1) currents Fj, converges weak* to a current E if (Ej, ) —
(E, ) for all smooth (m — 1, m — 1) forms. Thus, for all f

[Z,,] = i00\/p < / fwmt —>i/ fO0/p Aw™tm=L,
ZkP]' Me

14.30.3. Pluri-subharmonic functions and compactness. In the real do-
main, we have emphasized the problem of finding quantum limits (or microlocal
defect measures). The same problem exists in the complex domain for the sequence
of Husimi functions . However, there also exists a new problem involving the
sequence of normalized logarithms

1

(14.83) {u; == ",

log |5 (2)[*}52,1.
A key fact is that this sequence is pre-compact in LP(M,) for all p < co and even
that

1 T2
(14.84) - Vlog|e5 ()]

j

o0

j=1
is pre-compact in L!(M,).

LEMMA 14.21 (Hartog’s Lemma; see Theorem 4.1.9 of [Hol]). Let {v;} be a
sequence of subharmonic functions in an open set X C R™ which have a uniform
upper bound on any compact set. Then either v; — —oo uniformly on every compact
set, or else there exists a subsequence vj, which is convergent to some u € L}, (X).
Further, lim sup,, u, (x) < u(z) with equality almost everywhere. For every compact
subset K C X and every continuous function f,

lim sup sup(u,, — f) < sup(u — f).
K K

n—oo

In particular, if f > u and € > 0, then u,, < f+¢e on K for n large enough.
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14.30.4. A general weak* limit problem for logarithms of Husimi
functions. The study of exponential growth rates gives rise to a new kind new
weak™ limit problem for complexified eigenfunctions.

PROBLEM 14.22. Find the weak* (in fact, L') limits G on M. of sequences
1
Aji
See Theorem [14.44] 14.45( and [14.47| for the solution to this problem (modulo
sparse subsequences) in the ergodic case.
Here is a general Heuristic principle to pin down the possible G: If % log |g0;ck (2)]? —
Tk
G(z) then

log |S, (2)]? = G.

|<,0QJC»]c (2)|? ~ eA-ka(z)(l +0(1)) Aj = 00.
But Acle§, (2)]2 = A2 5, (2)]2, so we should have

CONJECTURE 14.23. Any limit G as above solves the Hamilton-Jacobi equation
(V(cG)Q =1.

ll5 ()11

REMARK 14.24. The weak™® limits of dpe must be supported in {G =
)

H89§HL2(9ME
Gmax} (i.e., in the set of maximum values).

14.31. Real zeros and complex analysis

A natural but rather intractable problem to obtain the distribution of real zeros
from knowledge of the complex nodal distribution. There exist few if any general
results on this problem. In the next section we explain how to get upper bounds
on real zeros using complex zeros.

It is possible to obtain results on complex zeros which are within A~! of the
real domain by rescaling the nodal set by a factor of A™! in M,. But we cannot
distinguish such ‘almost real zeros’ from real zeros.

It would be interesting to understand (at least in real dimension 2) how the
complex nodal set ‘sprouts’ from the real nodal set. How do the connected compo-
nents of the real nodal set fit together in the complex nodal set?

14.31.1. Proof of the Donnelly-Fefferman upper bound. To prove The-
orem [14.1] we use Crofton’s formula and a multi-dimensional Jensen’s formula to
give an upper bound for H"~2(N,) in terms of the integral geometry of N . The
integral geometric approach to the upper bound is inspired by the classic paper
of Donnelly-Fefferman [DuG] (see also [Lin|). But, instead of doubling estimates
or frequency function estimates, we use the Poisson wave kernel to obtain growth
estimates on eigenfunctions, and then use results on pluri-subharmonic functions
rather than functions of one complex variable to relate growth of zeros to growth of
eigenfunctions. This approach was used in [Z2] to prove equidistribution theorems
for complex nodal sets when the geodesic flow is ergodic. The Poisson wave kernel
approach works for Steklov eigenfunctions as well as Laplace eigenfunctions, and in
fact for eigenfunctions of any positive elliptic analytic pseudo-differential operator.

We first use the Poisson wave group to analytically continue eigenfunc-

tions in the form ,
(14.85) Uc(iT)1h;(¢) = e ™95 (C).
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We then use to determine the growth properties of ¢ (¢) in Grauert tubes
of the complexification of 0{2. The relevant notion of Grauert tube is the standard
Grauert tube for 002 with the metric gsq induced by the ambient metric g on M.
This is because the principal symbol of A is the same as the principal symbol of

vV Aaﬂ .

14.31.2. Proof of Theorem We start with the integral geometric ap-
proach of [DF], Lemma 6.3] (see also |Linl (3.21)]). There exists a “Crofton for-
mula” in the real domain which bounds the local nodal hypersurface volume above:

(14.86) H™ NN, NU) < Cf, /£ H#{N,, N Lydu(l).

Thus, H™ (N, NU) is bounded above by a constant C}, times the average over all
line segments of length L in a local coordinate patch U of the number of intersection
points of the line with the nodal hypersurface. The measure dpuy, is known as the
‘kinematic measure’ in the Euclidean setting [F'1, Chapter 3]; see also of [AP1]
Theorem 5.5]. We will be using geodesic segments of fixed length L rather than
line segments, and parametrize them by S*M x [0, L], i.e., by their initial data and
time. Then duy is essentially Liouville measure duy on S*M times dt.

The complexification of a real line £ = x + Rv with z,v € R™ is /¢ = = + Cu.
Since the number of intersection points (or zeros) only increases if we count complex
intersections, we have

(14.87) /#Nw N £)du(f) /#NC N Le) du(f).

Note that this complexification is quite different from using intersections with all
complex lines to measure complex nodal volumes. If we did that, we would obtain
a similar upper bound on the complex hypersurface volume of the complex nodal
set. But it would not give an upper bound on the real nodal volume and indeed
would the complex volume tends to zero as one shrinks the Grauert tube radius to

zero, while ([14.87)) stays bounded below.
Hence to prove Theorem it suffices to show

LEMMA 14.25. We have,
NG < Cu [ #NG)° 0 ) du(e) < O
L

We now sketch the proofs of these results using a somewhat novel approach to
the integral geometry and complex analysis.

14.32. Background on hypersurfaces and geodesics

The proof of the Crofton formula given below in Lemma [I4:29] involves the
geometry of geodesics and hypersurfaces. To prepare for it we provide the relevant
background.

As above, we denote by dpy the Liouville measure on S*M. We also denote
by w the standard symplectic form on T*M and by « the canonical one form.
Then duy, = w™ ' Ao on S*M. Indeed, dyu, is characterized by the formula
dup ANdH = w™, where H(z,§) = [£|,. So it suffices to verify that a A dH = w
on S*M. We take the interior product ¢z, with the Hamilton vector field 25 on
both sides, and the identity follows from the fact that a(Ep) = >_; fjg—g =H=1
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on S*M, since H is homogeneous of degree one. Henceforth we denote by = = Zg
the generator of the geodesic flow.

Let N C M be a smooth hypersurface in a Riemannian manifold (M, g). We
denote by T\ M the of covectors with footpoint on N and S} M the unit covectors
along N. We introduce Fermi normal coordinates (s,y,) along N, where s are
coordinates on N and y, is the normal coordinate, so that y,, = 0 is a local defining
function for N. We also let o, £, be the dual symplectic Darboux coordinates. Thus
the canonical symplectic form is wpsp = ds Ado + dyy, A dép,. Let m: T*M — M
be the natural projection. For notational simplicity we denote 7*y,, by vy, as
functions on T*M. Then y,, is a defining function of T M.

The hypersurface Sy, M C S*M is a kind of Poincaré section or symplectic
transversal to the orbits of G, i.e. is a symplectic transversal away from the (at
most codimension one) set of (y,n) € Sy M for which =, ,, € T, ,SA M, where as
above Z is the generator of the geodesic flow. More precisely,

LEMMA 14.26. The restriction w

sy, M 18 symplectic on Sy M\S*N.

Indeed, w|sx s is symplectic on T}, ,S*N as long as T, ,SyM is transverse
to =y, since ker(w|s-pr) = RE. But S*N is the set of points of SN M where
2 € TSy M, ie. where Sy M fails to be transverse to G*. Indeed, transversality
fails when Z(y,,) = dym (E) = 0, and ker dy,, Nker dH = T'Sy, M. One may also see
it in Riemannian terms as follows: the generator =, , is the horizontal lift 7" of 7 to
(y,m) with respect to the Riemannian connection on S*M, where we freely identify
covectors and vectors by the metric. Lack of transversality occurs when 5" is
tangent to T{, ) (SxM). The latter is the kernel of dy,,. But dyy,(n") = dym(n) =0
if and only if n € TN.

It follows from Lemma that the symplectic volume form of S M\S*N
is wn ! sy M- The following Lemma gives a useful alternative formula:

LEMMA 14.27. Define

dpr,N = tzdpr |sy M,

where as above, duy, is Liouville measure on S*M. Then

m—1
dpup,y =w S M-

Indeed, duy = w™ ' Aa, and t=dpr, = w™ L

COROLLARY 14.28. H™ L(N) = % fs* u w1,
m N

14.32.1. Hausdorff measure and Crofton formula for real geodesic
arcs. First we sketch a proof of the integral geometry estimate using geodesic arcs
rather than local coordinate line segments. For background on integral geometry
and Crofton type formulae we refer to [AP1], [AP2]. As explained there, a Crofton
formula arises from a double fibration

7
2N
r B
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where I' parametrizes a family of submanifolds B, of B. The points b € B then
parametrize a family of submanifolds I'y, = {y € I' : b € B4} and the top space is
the incidence relation in B x I" that b € B,.

We would like to define T' as the space of geodesics of (M, g), i.e. the space
of orbits of the geodesic flow on S*M. Heuristically, the space of geodesics is the
quotient space S* M /R where R acts by the geodesic flow G* (i.e. the Hamiltonian
flow of H). Of course, for a general (i.e., non-Zoll) (M, g) the ‘space of geodesics’
is not a Hausdorff space and so we do not have a simple analogue of the space of
lines in R™. Instead we consider the space Gr of geodesic arcs of length T'. If we
only use partial orbits of length T, no two partial orbits are equivalent and the
space of geodesic arcs 73;5 of length T is simply parametrized by S*M. Hence we
let B =5*M and also Gy ~ S*M. The fact that different arcs of length T of the
same geodesic are distinguished leads to some redundancy.

In the following, let L; denote the length of the shortest closed geodesic of
(M, g).

PROPOSITION 14.29. Let N C M be any smooth hypersurfacﬂ and let Sy M
denote the unit covers to M with footpoint on N. Then for 0 < T < L,

HIN) = — [ Rt [T.T): Gl aw) € Sy M} dug(z,w),
BT J s+
where By, is 2(m — 1)! times the volume of the unit ball in R™~2.
Proor. By Corollary the Hausdorff measure of N is given by

1
(14.88) H™H(N) = —/ lw™ .
Bm Jsym
We use the Lagrange (or more accurately, Legendre) immersion
1:S*M xR — S*M x S*M, (z,w,t) = (z,w,G(z,w)).

We also let m: T*"M — M be the standard projection. We restrict ¢ to S*M x
[-T,T] and define the incidence relation

Ir = {((y,n), (w,w),t) C "M x §*M x [-T,T]: (y,n) = G'(z,w)},
which is isomorphic to [T, T] x S*M under . We form the diagram

Ir ~ S*M x [-T,T)

S*M ~ Gr S*M

using the two natural projections, which in the local parametrization take the form

ﬁl(tamaé-) :Gt($7£)a 7T2(t7.'1/',§) = ($7£)
As noted above, the bottom left S* M should be thought of as the space of geodesic
arcs. The fiber

ﬁl_l(y,n) ={(t,z,8) € [-T,T) x S*M : G'(z,¢) = (y,n)} ~ ’Y(qg;,n)

IThe same formula is true if N has a singular set ¥ with ™ 2(Z) < oo
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may be identified with the geodesic segment through (y, 1) and the fiber 75 * (2, w) ~
[-T,T).
We ‘restrict’ the diagram above to Sy M

Ip ~ S5 M x [-T,T)

/x

(S% M) SLM

where
(SNM)p = mmy '(SyM) = | G'(SyM
[t|<T
We define the Crofton density @7 on Sy M corresponding to the diagram
((232.1) [APTL §4] by
(1489) T = (71'2),«7‘(1< dﬂL.

Since the fibers of my are 1-dimensional, ¢ is a differential form of dimension
2dim M — 2 on S*M. To make it smoother, we can introduce a smooth cutoff x to
(—1,1), equal to 1 on (—3, 1), and use XT(t) = X(%). Then 7} (dur ® xrdt) is a
smooth density on Zr.

LEMMA 14.30. The Crofton density (14.89) is given by or = Tdur n-

ProOOF. In (14.32.1) we defined the map m: (y,n,t) € SAM x [-T,T] —
G'(y,n) € (S*M).. We first claim that 77dur = duyp n ® dt. This is essentially the
same as Lemma|14.27} Indeed, dmi(Z) = Z, hence Lo T dpL]ym = (GHy*wm—! =

W, 5500
Combining Lemma [14.30] with (14.88]) gives

(14.90) / or = / dpr, = TBnH™ H(N).
M ™5 LSy M)

O

We then relate the integral on the left side to numbers of intersections of geo-
desic arcs with N. The relation is given by the co-area formula: if f: X — Y is a
smooth map of manifolds of the same dimension and if ® is a smooth density on
Y, and if #{f71(y)} < oo for every regular value y, then

/f<1> | #w

If we set set X = 7, '(Sy M), Y = S*M, and f = 7] 7' (s ar) then the co-area
formula gives,

(14.91) / widup = | #{t € [T, T): GHa,w) € S MYdus (z,w).
75 t(S% M) S*M

Combining (14.90)) and (14.91) gives the result stated in Proposition [14.29

(14.92) TR H™ ' (N) = #{t € [-T,T]: G'(x,w) € Sy M} dur(z,w).
S*M
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14.32.2. Proof of Lemma [14.25] The next step is to complexify.

PROOF. We complexify the Lagrange immersion ¢ from a line (segment) to a
strip in C: Define

F:S.xS8M— M¢c, F(t+ir,x,v)=-exp,(t+ir)v, (7] <e)
By definition of the Grauert tube, 1 is surjective onto M. For each (x,v) € S*M,
Fyo(t+i1) = exp,(t +iT)v

is a holomorphic strip. Here, S; = {t + it € C : |7| < e}. We also denote by
Sep={t+ireC:|r| <e,|t| <L}
Since F , is a holomorphic strip,

(14.93)

* 1 c 1 c -
o (§d 0 0512 ) = { o og 652 exw, ¢ 4 i7)0)

1
(14.94) =3 Z Seir-
t+i7’:w§;(expz (t+iT)v)=0
Put
(14.95)

1 1
Ave( 3 ddlog 5T :*/ / 4d o log [YS12 (exp, (t + im)v) dug (z, v).
A J A Jsem S J

A key observation of [DF), [Lin| is that

(14.96) HNY N Fpo(Se,n)} = N N Fyo(So,) )

since every real zero is a complex zero. It follows then from Proposition [14.29| (with
N = N,) that

Ap (idd“ log |¢;C|2) = [ RNE O Feu(Sen)) du(en) > SHT NG, ).
S*M

Hence to obtain an upper bound on %Hmfl(/\/'w) it suffices to prove that there
exists M < oo so that

1
(14.97) Ap (5 ddlog [¢7|*) < M.

To prove (14.97), we observe that since ddy, ;. log|v5|*(exp,(t + iT)v) is a
positive (1, 1) form on the strip, the integral over S. is only increased if we integrate
against a positive smooth test function x. € C2°(C) which equals one on S, 1, and
vanishes off Sy, 1. Integrating by parts the dd® onto x., we have

1 1 .
098 Ape(gaatoglos?) < 5 [ [ o vogluP e, oo+ in)
(14.99) X Xe(t +i7) dpr (z,v)

1
(14.100) = X/ M/Clog 195 ? (exp, (t + iT)v)
(14.101) X ddy i xe(t +47) dpg (z,v).
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Now write log [z| = log, |z| — log_ |z|. Here log, || = max{0,log|z|} and
log| z| = max{0, —log |z|}. Then we need upper bounds for

1 ) . .
5L [ om 5P exp ¢+ irye)ddz et -+ i7) s (.0,
*M JC

For log, the upper bound is an immediate consequence of Proposition For
log_ the bound is subtler: we need to show that |p(2)| cannot be too small on too
large a set. As we know from Gaussian beams, it is possible that [y (z)| < Ce™
on sets of almost full measure in the real domain; we need to show that nothing
worse can happen.

The map is a diffeomorphism and since B M = Jj<, <. SiM we also
have that

E:SepxS*"M— M,, E({t+ir,z,v)=exp,(t+ir)v

is a diffeomorphism for each fixed ¢. Hence by letting ¢ vary, F is a smooth fibration
with fibers given by geodesic arcs. Over a point ( € M, the fiber of the map is a
geodesic arc

{(t+ir,z,v) rexp,(t+iT)v=C¢, T=+/p(()}
Pushing forward the measure ddy, ; x:(t + i7)dpr(z,v) under E gives a positive
measure dp on M. We claim that

(14.102) pi= B, ddi, . x-(t +iT)dpr(x,v) = ( ApyirXe ds) dVy,

Vz,v

where dV,, is the Kéahler volume form “7’%

In fact, duy, is equivalent under E to the contact volume form « /\w;”_1 where
a = d°/p. Hence the claim amounts to saying that the Kahler volume form is
dr times the contact volume form. In particular it is a smooth (and of course
signed) multiple J of the Ké&hler volume form dV,,, and we do not need to know
the coefficient function J beyond that it is bounded above and below by constants
independent of \. We then have
(14.103

)
/ /log|¢}c|2(exp$(t+ir)v)dd§+iTX5(t+iT)d,uL(x,v):/ log|1/)(jc|2JdV.
s~MmJc M,

To complete the proof of (14.97) it suffices to prove that the right side is > —CA
for some C' > 0.
We use the well-known Lemma [14.21] This Lemma implies the desired lower

bound on (|14.103)): there exists C' > 0 so that

1
(14.104) 7/ log [1px| JAV > —C.
A,

For if not, there exists a subsequence of eigenvalues A;, so that % / . log ¥ N, |JdV —
ik T

—oo. By Proposition {t log [0, |} has a uniform upper bound. Moreover

the sequence does not tend uniformly to —oo since [[¢x[|z2(ar) = 1. It follows that

a further subsequence tends in L' to a limit u and by the dominated convergence

theorem the limit of ((14.104) along the sequence equals fM uJdV # —oo. This

contradiction concludes the proof of (14.104)), hence (14.97), and thus the theo-
rem. (]
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14.33. Proof of the Donnelly-Fefferman lower bound (A. Brudnyi)

The proof of the lower bound on nodal volumes in [DF| involves complex
analytic arguments but is not purely complex analytic. The role of complex analysis
is subtler than in the upper bound because there is no general lower bound in
algebraic geometry, i.e. no reason why a polynomial should have real zeros. The
fact that eigenfunctions have many real zeros is due to the fundamental existence
theorem that the real nodal set is % dense in the real manifold M. This existence
theorem does not use analytic extensions. But from the existence theorem one may
employ complex analytic arguments to obtain lower bounds. The purpose of this
section is to give A. Brudnyi’s proof of the lower bound, which starts from some
theorems in [DF| but brings out the complex analytic component in a simpler way.
It is published here for the first time as a response to the author’s question whether
the Donnelly-Fefferman lower bound could be based on a higher dimensional Cartan

Lemma.

14.33.1. Results from Donnelly-Fefferman. We begin with some back-
ground results from |[DF], mainly from Sections 5 and 7.

The argument is local. To prove the lower bound, it suffices to prove it in
one coordinate chart U. By the existence theorem, there exists a; > 0 so that
every ball or cube of radius 4L) contains a zero. Cover U by cubes @, of side
asA~! with as > a1 so that z, lies in the middle tenth of @,. Choose a3 so that
B, = B(z,,a3A™1) lies in the middle % of Q,.

DEFINITION 14.31. Given @,, and C5 > 0 define the following subset:
R,(C5):={z€Q,: |10ggp§\(a:) - logAveQU<p§\| < Cs}.
In [DF] (Proposition 5.11 and Lemmas 7.3-7.4) is proved:

PROPOSITION 14.32. Given & > 0 there exists Cs(g),as > 0 so that for at least
half of the Q,, Vol(R,(Cs(g))) > (1 — aqe) Vol(Q,).
Here, Vol(E) = |E| is the Riemannian volume measure.

DEFINITION 14.33. Say that @, (or v or B,) is ‘preferred’ (or ‘good’) if the
inequality of Proposition [14.32] is satisfied. Denote the set of preferred v by S.

In §14.34] we review results of [DF] showing that eigenfunctions in good B,
are rather flat in that that different LP norms are equivalent on them.
The next key Proposition of [DE] is:

PROPOSITION 14.34. Let
Gf={x€B,:py>0}, G, ={xeB,:¢p\<0}
For preferred v € S, i.e. for ‘good balls’ B,,,
min{|G},|G, |} > Es|B,|.

The lower bound on H"~!(Z,, ) is derived from Propositions and
The idea is the nodal hypersurface cuts ‘good’ cubes (or balls) roughly into halves.
One may then use the isoperimetric inequality for analytic sets ([F1l p.476]) to
show that the hypersurface volume of the nodal set in @), is bounded below by that
of a hyperplane dissecting the cube,

H"Y(Z,, NB,) > CA~ ("D,

Summing over ~ %)\” preferred cubes then gives the lower bound of .
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14.33.2. A simpler statement. A simpler statement than Proposition[14.34]
that illustrates some of the ideas in the proof is the following:

PROPOSITION 14.35. For preferred v € S,

min{/ \<p,\|dm,/ |<p,\|d$}208/ x| da.
GF G, B

v v

PROOF. For sufficiently small a3, rescale ¢ in the ball B(x,,a3A™!) to the
ball of radius 1. Then express the scaled ¢ using the Dirichlet Green’s function
Gp(\ z,y) of the scaled ball for the scaled operator. It is almost the flat Green’s
function. The function Gp(A, z,z,) is denoted ¢ in [DF), p.182]. Then write in
unscaled coordinates

(p)\((El,) = / | GD()\,(E,(E,,)QD)\(LC)CZ9~

Here 0 < 7 < asA™ L. O
We then claim that
Es > Gp(\z,z,) > Cr > 0.

This is just a property of the Dirichlet Poisson kernel of the scaled problem, scaled
back again.
Since @y (z,) = 0 we have

/ Gp(\ x,x,)ex(x)dd = 0.
|z—2, |=7
Proposition [14.35] follows from this and the bounds in the last Lemma.

14.34. Properties of eigenfunctions in good balls

In this section, we review the properties of eigenfunctions in good balls B, .
The main theme is that they are rather flat and all their LPnorms are equivalent
on a good ball.

This following Lemma says that the L' mass of eigenfunctions is rather uniform
in good balls.

LEMMA 14.36. Let (B,,Q,) be good. Then for any measurable G, C B,

Gu|>%/
©x §E6< ©xl-
/GV| | 1) [ e

1 / 2 —C, 1 2
o] lealFze™ loal”.
|B,,| B, |QV| Q.

The Lemma implies that, on good balls, the L> norm and normalized L? norm
and normalized L' norm are equivalent.

Moreover,

PROPOSITION 14.37. For the good balls,

1 3
oxllre(B,) < Es (/ <P,\2) .
lorllmco < B (57 [ 1o
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1
1 L) 2 1 /
[ < Fy— .
<|BV/BV'*”'> < Eigr /19

14.35. Background on good-ness

Also

Definition [14.31] and Proposition [14.32 arise from the following Proposition
about holomorphic functions of one complex variable.

PROPOSITION 14.38 (See Proposition 5.1 of [DF]). Let F € O(D(0,3)) and
assume

F(2)| < |F(0)]eC.
]gr(lgg)I (2)] < |F(0)]e

Assume F(x) is real and > 0 for |x| < 1. For d sufficiently large consider a cover
of |x| < 1 by disjoint subintervals Q, of length Co/d. Then, for all € > 0, there
exists E so that
llog F'(z) —log Aveg, F| < C, xz€Q,\E
where meas(E) < e. Equivalently, for all € there exists C so that for all v,
m{|log F(x) — log Aveq, F| > C} <e.

Thus, if we delete a set E of small length, (which depends on F') any ‘singularity’
of log F' (i.e. a near zero of F) is canceled by the singularity of log Aveg, F' except
for points in FE.

14.36. A. Brudnyi’s proof of Proposition [14.38

To prove Proposition the authors write
F(z) = %) HBT(Z, a), |z <

where ( Y
z—a)/r
Bo(z) = =T
r(2) 1—az/r?
The e factor is relatively harmless and one reduces to proving | f(x)—log Ave(ef)| <
C outside F if f(z) =) log|z — .
Let Zr = {a € D(0,2) : F(a) = 0} and let Np = #Zp (counted with
multiplicity). Then Ny < C1d by Jensen’s formula with C] = @Cl.
3
We then use the Cartan Lemma.
LEMMA 14.39. There exists a set of at most Ng discs D1, ..., Dy covering the
Zp such that the sum of the radii is < 2¢ and for x ¢ U?:l D; the number of

elements in D(x, R)N Zp is < %R,
Let Eq be as in [DF| Lemma 5.4] and let
By =|JD;n[-1,1].
J

Then |F5| < 2e. Suppose that @, ¢ E; U Es and let x, ¢ E; U Es. Let A, be the
set of zeros z, € Zp of distance < % =2m(Q,) from z,. Write

f(z) = Z log |z — a| + Z log |z — af =: b, (z) + gu(x).

acA, agA,
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LEMMA 14.40. We have

(1) Card 4, < 2%Ne < 9C1C
(2) |g{,(wu)\ < Chod;
(3) |9t (x)| < C11d? for allz € Q,.

PRrROOF. (1) follows from the choice of covering, the Cartan Lemma and Lemma ([14.39)).
For (2) we define

d, = CYIEHZfF |z, — al.
We claim that d, > NLF Suppose that d, = |, — ap|. By the Cartan Lemma the
number of zeros in the disc |z — ag| < d, is > 1, hence 1 < %du and that gives
the required estimate.
Let p=3. cz,0s,. Wehave n,(r) =0 for r < 5. By integration by parts,
by (1) and by the Cartan Lemma,

1 202/d 4 n,(t)2C2/d
el < [ |W@A L, (1) = MO P

i, |<2Cy/d |2 — T t t o

Moreover,
(14.105) / — dn,(t) < 910 +/ L dn, (t)

0 t 5 c/d et

9C, C: 9C1d 2C!
(14.106) < 2 T g 22
9 9 9

(14.107) .= Cyd.

Since z, ¢ E
|9, ()| < £ (@) + [by,(22)] < (C7 + Co)d = Crod.
For (3): For every x € Q, and a ¢ A,,

20-2 Cy O

e~ al > |v, —a| — ¢ — 2, ] >

d d d’
Thus,
1
(14.108)  |gy(@)[ < Y ——5
byl |z — «af
1 |, —af?
(14.109) = oy zal
2 Tov—af o—al
1 (2 —al+ ]z, —al)? i
14.110 < <3 —
( ) - Z |2, — af? | — a? - Z |z, — «f?
agA agA,
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Again using integration by parts and Cartan’s Lemma,

(14.111) 3 ﬁ / e

z—x,|>2C3/d |Z - ml’|2

agA,
< 1
(14.112) :/ = dn, (t)
2Cs/d t
n,(t) 0 2n,(t)
14.113 = —=|32 dt
(14.113) Rt [ T
< 2N
(14.114) < / —gtdt
2C./d €l
18C, d?
14.115 < .
( ) e
Together with the previous inequality, this implies (3). O

Now set S = |J, @, where the union is taken over all @, ¢ E; U E,. We have
m([—1,1]\S) < m(Ey U E2) < age.
For z, € Q, C S, by Taylor’s formula with remainder,

2

1
g () — gu(x,) = g, (z,(x — 2,) + §gg(y)(x —x,)° for some y € Q,.

Together with Lemma 5.5 (2)(3) this gives

|9 (2) — gu(2,)| < C10C2 + C11C5 /2.
Since log Aveq, e9” = g, (z) for some z € (), we have
(14.116) lgu(x) —log Aveg, 7| < Ci2 forall z € Q,.

Now consider b, for @, C S. By Lemma 5.5 (1), the number of terms in the
expression for b, is at most C13. The classical Remez polynomial inequality for e’
then implies

4m(Qv>> R

m(S,) supe’”,

(14.117) sup e’ < (
Sy

Qv
for any measurable subset S, C Q,. Put

S, ={x€Q, :b,(x) —supb, < —Cyq = Cy3loge}.
Qv

Then supg, elv = e~ Cus supg, e’ hence
m(S,) < 4m(Q,)e” /M = 4C, <.

Define B3 =g, 5 Sv- Then

2d €
FE3) < —405- = 8e.
m( 3) S C2 ng 8e

Further use the well-known inequality relating L! and L norms of polynomials

sup e’ < ayCfy Aveg, e,
Qv
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(See [T4, §4.9.6].) Then by the previous inequalities, for x € @, \ Es,

(14.118)  |b,(x) — Avg, e’ | < |b,(x) — supb,| + |supb, — log Aveg, €| < Cis.
QV QV

The required statement follows from (14.116)), (14.118)) for all € Q,\(F1UE2UE3).
Note that m(F; U Es U E3) < ase.

14.37. Equidistribution of complex nodal sets of real ergodic
eigenfunctions

We now consider global results when hypotheses are made on the dynamics of
the geodesic flow. Use of the global wave operator brings into play the relation
between the geodesic flow and the complexified eigenfunctions, and this allows one
to prove global results on nodal hypersurfaces that reflect the dynamics of the
geodesic flow. In some cases, one can determine not just the volume, but the limit
distribution of complex nodal hypersurfaces. The complex nodal hypersurface of
an eigenfunction is defined by

(14.119) Zge =1{¢ € My, = ¢5() = 0}.

The Poincaré-Lelong formula ( gives an explicit form to the natural current
of integration over the nodal hypersurface in any Grauert tube M. with € < g,
given by
(14.120)

(Zyc) o) = — | 00log|eS)> Ap = ¢, eDmTtmTUL).
X 21 S, Z ¢

X

We recall that D(m~1m=1 (M) stands for smooth test (m — 1,m — 1)-forms with
support in M,

The nodal hypersurface Z, c also carries a natural volume form |Z, c| as a
complex hypersurface in a Kahler manifold. By Wirtinger’s formula, it equals the

restriction of ( —y7 to Z . Hence, one can regard Z oC as defining the measure

wm—l

— g *
(14.121) <|Z¢§,¢>—/ch(m_1)!a o€ O(BIM)

We prefer to state results in terms of the current [Z¢§ ] since it carries more infor-
mation.

THEOREM 14.41. Let (M, g) be real analytic, and let {p;, } denote a quantum
ergodic sequence of eigenfunctions of its Laplacian A. Let M., be the mazimal
Grauert tube around M. Let € < . Then:

[Z c]— 38ﬁ weakly in D'V (M)
Jk ik

in the sense that, for any continuous test form i € D(m_l’m_l)(ME), we have

1 / l 5
— b — f/ ¥ A DBp.
)\Jk Z«PC s M‘€ \/ﬁ

Jk



380 14. EIGENFUNCTIONS IN THE COMPLEX DOMAIN

Equivalently, for any ¢ € C(M,),
1 wprt i _ wm1
= S R N e
Motz Pl w/Mf’ VPN =]
Jk

14.38. Sketch of the proof

The first step is to find a nice way to express cp}c on Mg¢. Very often, when we
analytically continue a function, we lose control over its behavior. The trick is to
observe that the complexified wave group analytically continues the eigenfunctions,
i.e., we use

U(ir,¢,y) = Ze Y7 (e (y)-

It is holomorphic in ¢ € M., i.e., When V/P(¢) < 7. But the main point is that
it remains a Fourier integral operator after analytic continuation:

THEOREM 14.42 (Hadamard, Boutet de Monvel, Z, M. Stenzel, G. Lebeau).

Ulie,z,y): L*(M) — H?(OM.) is a complex Fourier integral operator of order
- i ' ' ieqh: S — OM..

We first observe that U(iT)py, = e~ Lpgj. This follows immediately by inte-
grating U(it, (,y) = > rep e ™ (¢)pr(y) against ¢; and using orthogonality.

But we know that U(i7)g,, is a Fourier integral operator. It is a fact that such
an operator can only change L? norms by powers of A;. So [|U(i1)px, ||:£2(8M5) has
polynomial growth in \; and therefore we have

2 A
lox; 22001,y = AfE™
The power « is irrelevant because we are taking the normalized logarithm.
The first step is to prove quantum ergodicity of the complexified eigenfunctions:

THEOREM 14.43. Assume the geodesic flow of (M, g) is ergodic. Then
|5, (2)

||<P§k||%2(aME)

2
| — 1 weak™ in OM,

along a density one subsequence of \j. That is, for any continuous V,
€ (2)]?

Vitp]’“( [ vav

oM, H@jk”m(aMs) oM,

Thus, Husimi measures tend to 1 weakly as measures. We then apply Hartogs’
Lemma (Lemma [14.21]) to obtain

LEMMA 14.44. We have: For all but a sparse subsequence of eigenvalues,

1 |05, (=)

— lo — 0 in L'(M.).

® 195 12 o

This is almost obvious from the QE theorem. The limit is < 0 and it were < 0
on a set of positive measure it would contradict

|5, (=)

——— — L.
15, 122 an
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Combine Lemma [I4:44) with Poincaré-Lelong:

1 o
E[ij] = i00log |5, |-
We get
1 - 1 -
A—E)@log |g0;c-k‘2 ~ Taalog |<P§k|2L2(aM5) weak* on M..
Jk Jk

To complete proof we need to prove:
1

14.122
(14.122) 5

log |5 [[3ar, — 2¢-

2e;

But Ulie) = e~ ¢f, hence ||<p(§||2L2(8M5) equals e times

(Ulie)pa, Ulie)pa) = (U(ie)"U(ic)x, a)-
n—1

But U(ie)*Ul(ic) is a pseudodifferential operator of order “5=. Its symbol

|€|="2" doesn’t contribute to the logarithm.
We now provide more details at each step.

14.39. Growth properties of complexified eigenfunctions

In this section we prove Lemma|14.44]in more detail. We state it in combination

with (T4.122).

THEOREM 14.45. If the geodesic flow is ergodic, then for all but a sparse sub-
sequence of \j,
1 .
VR log |<P}C'k(z)|2 —/p in L'(M.).
Ik
The Grauert tube function is a maximal PSH function with bound < ¢ on
M.. Hence Theorem [14.45| says that ergodic eigenfunctions have the maximum
exponential growth rate possible for any eigenfunctions.
A key object in the proof is the sequence of functions Uy(z,&) € C*(M,)
defined by
(14.123)

@?(g@f) C
Ux(z,§) = (3.8) where (z,£) € Me and px(2,§) == [lx]onr, ||L2(8M‘£|g)~

Thus, pa(z,&) is the L2-norm of the restriction of goff to the sphere bundle 0 M,
where ¢ = [{|,. Uy is of course not holomorphic, but its restriction to each sphere
bundle is CR holomorphic there, i.e.,

(14.124) us, = Ux|on. € O°(OM,).

Our first result gives an ergodicity property of holomorphic continuations of ergodic
eigenfunctions.

LEMMA 14.46. Assume that {p;, } is a quantum ergodic sequence of A-eigenfunctions
on M. Then for each 0 < € < g9,

Uji* Vo weakly in L' (M, w™).

1
pa(S*M)
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We note that w™ = r™~!drdwd Vol(x) in polar coordinates, so the right side
indeed lies in L. The actual limit function is otherwise irrelevant. The next step
is to use a compactness argument to obtain strong convergence of the normalized
logarithms of the sequence {|Ux|?}. The first statement of the following lemma
immediately implies the second.

LEMMA 14.47. Assume that |U;, |* — m\/ﬁ_m+1 weakly in L'(M.,w™).
Then

(1) x—1log|Uj,|* = 0 strongly in L*(M.);
Ik ]

(2) s=00log|Uj,|* — 0 weakly in D' (V) (M,).
Ik

Separating out the numerator and denominator of \Uj|27 we obtain that

(14.125) —aalog |5 |7 — —6810gm — 0.

Aj A
The next lemma shows that the second term has a weak limit:

LEMMA 14.48. For 0 < e < gy,

1 .
Elogp}\jk(x?g) - \/57 m Ll(ME)'
Hence,

)\—88 log px,, — 90+/p weakly in D' (M.).
Ik

It follows that the left side of (14.125)) has the same limit, and that will complete
the proof of Theorem

We begin by proving a weak limit formula for the CR holomorphic functions
u§ defined in (14.124) for fixed e.

LEMMA 14.49. Assume that {@;,} is a quantum ergodic sequence. Then for
each 0 < € < &g,

|5, 2 — weakly in L*(OM.,dpu.).

pe(OM.)
That is, for any a € C(OM,),

5 2 1
/8M5 a(z, §)[u, (2, I dpe — 12 (OM) /QME a(z,§) dpe.

PrOOF. It suffices to consider a € C*°(0M.). We then consider the Toeplitz
operator Il.all. on O°(OM, ) We have

(14126)  (ILalLs,uS) = 2 651112 pur, ) (eIl U (i), U i) 5) 12(on,)

30
(14.127) NN oX N1 22 oay (U (i) MeallU (i) 05, 5) 12 () -
It is not hard to see that U(ie)*I.all. U (ic) 1s 2 pseudodlfferentlal operator
on M of order fmT with principal symbol a|§|g , where a is the (degree 0)

homogeneous extension of a to 7*M \ 0. The normalizing factor €2 ||§ ||L2(aB A0

has the same form with @ = 1. Hence, the expression on the right side of ((14.126))
may be written as

(U(ie)*Heall U (ig)pj, ©j) L2 ()

14.128 - -
(14.128) UG .U (2)0y, 23) 12
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By the standard quantum ergodicity result on compact Riemannian manifolds
with ergodic geodesic flow, we have

<U(i5)*HsaHEU(i5)@jm‘ij>L2(M) 1 /
- - — adpic.
(U(ie)* 11U (ig) @y s P L2 (1) te(OM:) Jon,

More precisely, the numerator is asymptotic to the right side times )\_mTfl, while
the denominator has the same asymptotics when a is replaced by 1. We also use
that m f oM. ade equals the analogous average of a over OM.. Taking the

ratio produces (14.129]).
Combining ((14.126]), (14.129)) and the fact that

(Ieallous, us) = / a|u§|2d,u6
OB M

(14.129)

completes the proof of the lemma. O

We now complete the proof of Lemma [I4:46] i.e., we prove that

1 —mt1
14.130 / a|lU;, Pw™ — 7/ a mtlym
( ) M | ]k| NE(aMg) ME \/ﬁ

€

for any a € C(M.). It is only necessary to relate the surface Liouville measures
diy to the Kahler volume measure. One may write du, = %|t=r)<twm,
where x; is the characteristic function of M; = {,/p < t}. By homogeneity of [¢],,
(M) = " e (OMe). If a € C(Me), then [y, aw™ = foa{faMT adp, }dr. By
Lemma we have

(14.131) / a|Ujk|2wm:/ (/ a|u§k|2dur>dr
M, 0 OM,.

€

c 1
14.132 %/ (/ ad r)dr
( ) o \ur(0B}) Joum, H

1
141 — —m+1, m
( 33) Ms(al\de)/aar w™,

which implies w* — limy_,o0 |Uj, |> = m\/ﬁ_m"‘l.
14.40. Proof of Lemma [14.48|
In fact, one has
1
" log px(z,€) — /p uniformly on M,.

Again using U (ie)py = e ¢S, we have for e = [¢],,,

(14.134) p3(, &) = (e}, k) L2082 1)
(14.135) = P (I1.U (ie)px, TU (i€) 02 ) L2 (a2 1)
(14.136) = (U (ie) " TI.U (i) px, o) 12 (ar)-
Hence,
2 1 ) ‘
(14.137) S log pa(z, §) = 2[¢lg, + < log(U (ie) "IL.U (ig)par, pa)-

A A
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The second term on the right side is the matrix element of a pseudo-differential
operator, so is bounded by some power of X\. Taking the logarithm gives a remainder

of order loi’\. O

14.41. Proof of Lemma

PROOF. We wish to prove that 1; := - log [U;|? — 0 in L*(M.). As we have
said, this is almost obvious from Lemma and If the conclusion is not
true, then there exists a subsequence v;, satisfying [[v;, || (Bzary > 0 > 0. To
obtain a contradiction, we use Lemma [14.21

To see that the hypotheses are satisfied in our example, it suffices to prove these
statements on each surface M, with uniform constants independent of €. On the
surface M, U; = uj. By the Sobolev inequality in o (OM.), we have

sup [uj(z, §)| < A [[uf (@, )l 2on) < AT
(x,£)€OM.
Taking the logarithm, dividing by A;, and combining with the limit formula of
Lemma [T4.48| proves (i) — (ii).

We now settle the dichotomy above by proving that the sequence {t;} does
not tend uniformly to —oco on compact sets. That would imply that ¢¥; — —oo
uniformly on the spheres OM, for each € < £9. Hence, for each ¢, there would exist
K > 0 such that for &k > K,

1

14.1
(14.138) .

However, (14.138) implies that

luj, (2)] < e Mk forall 2z € oM.,

which is inconsistent with the hypothesis that [u5, (2)| — 1 in D'(9M.).
Therefore, there must exist a subsequence, which we continue to denote by
{1, }, that converges in L'(M,,) to some ¢ € L'(M,,). Then,

Y(z) = limsup ¢, < 2[¢], a.e.
k—o0

log |u5, (2)] < —1.

Jk

Now let
P*(z) := limsup(w) <0

w—rz
be the upper semi-continuous regularization of 1. Then ¢* is plurisubharmonic on
M, and ¥* = 1) almost everywhere.
If ¢* < 2|¢|; — ¢ on a set Us of positive measure, then 1, (() < —§/2 for
CeUs, k> K;ie.,

(14.139) 15, (O)] < e %%k for all ( € Us and k > K.

This contradicts the weak convergence to 1 and concludes the proof. (I

14.42. Intersections of nodal sets and analytic curves on real analytic
surfaces

It is often possible to obtain more refined results on nodal sets by studying
their intersections with some fixed curve C or with a hypersurface H. In dimension
two, curves are hypersurfaces and the results are most complete in this dimension.
On the one hand, one would like to prove generic upper bounds on the number
of intersection points when the curve is non-degenerate in a precise sense called



14.43. COUNTING NODAL LINES WHICH TOUCH THE BOUNDARY IN ANALYTIC PLANE DOMABSS

‘good’.  On the other hand, in some cases one can prove lower bounds on the
number of intersection points. To date, this has only been done under ergodicity
assumptions but it is possible that one could find other dynamical assumptions
which are sufficient.

Upper bounds on nodal intersections with curves were prove in dimension two
for analytic Euclidean plane domains in [TZ1]. In the boundary case, it has not
been proved at this time that the Poisson wave kernel admits an analytic contin-
uation as a Fourier integral operator with complex phase in a suitable sense E| In
place of the Poisson wave kernel, double layer potentials were used. In we
discuss upper bounds on the number of intersection points of the nodal set with the
boundary of a real analytic plane domain and more general ‘good’ analytic curves.
It is likely that this method can be generalized to higher dimensions, but this has
so far not been done. In the boundaryless case, upper bounds on numbers of nodal
intersections with ‘good curves’ C' can be proved using the techniques of [TZ4].

To obtain lower bounds or asymptotics, we need to add some dynamical hy-
potheses. In case of ergodic geodesic flow, we can obtain equidistribution theorems
for intersections of nodal sets and geodesics on surfaces [Z7] (see §14.45). The
dimensional restriction is due to the fact that the results are partly based on the
quantum ergodic restriction theorems of [TZ3], [TZ2], which concern restrictions of
eigenfunctions to hypersurfaces. Nodal sets and geodesics have complementary di-
mensions and intersect in points, and therefore it makes sense to count the number
of intersections. But we do not yet have a mechanism for studying lower bounds
on numbers of nodal zeros for restrictions to geodesics when dim M > 3.

In all the results we discuss in this section, there is a significant assumption
which as yet is poorly understood: Namely, we assume that the real analytic curve
C is ‘good,” a kind of Carleman estimate type assumption for a curve. There are
few results on the existence or genericity of good curves at this time (one is given
in [JJ1]).

14.43. Counting nodal lines which touch the boundary in analytic
plane domains

In this section, we review the results of [TZ1] giving upper bounds on the
number of intersections of the nodal set with the boundary of an analytic (or more
generally piecewise analytic) plane domain. It would be interesting to generalize
the results to higher dimensions, either counting nodal intersections with curves or
by measuring codimension two nodal hypersurface volumes within the boundary.

Thus we would like to count the number of nodal lines (i.e., components of the
nodal set) which touch the boundary. Here we assume that 0 is a regular value
so that components of the nodal set are either loops in the interior (closed nodal
loops) or curves which touch the boundary in two points (open nodal lines). It is
known that for generic piecewise analytic plane domains, zero is a regular value of
all the eigenfunctions ¢, ;, i.e., Vo), # 0 on ij [U]; we then call the nodal set
regular. Since the boundary lies in the nodal set for Dirichlet boundary conditions,
we remove it from the nodal set before counting components. Henceforth, the
number of components of the nodal set in the Dirichlet case means the number of
components of Z,, \0€.

2The real wave kernel is at best a Fourier-Airy integral operator so it is not to be expected
that the analytic continuation is any classical kind of Fourier integral operator.
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It is important to consider piecewise analytic domains because they are the only
plane domains which are know to have ergodic billiards. By a piecewise analytic
domain Q2 C R2?, we mean a compact domain with piecewise analytic boundary,
i.e., 002 is a union of a finite number of piecewise analytic curves which intersect
only at their common endpoints. Such domains are often studied as archetypes of
domains with ergodic billiards and quantum chaotic eigenfunctions, in particular
the Bunimovich stadium or Sinai billiard.

For the Neumann problem, the boundary nodal points are the same as the zeros
of the boundary values @y, |aq of the eigenfunctions. The number of boundary nodal
points is thus twice the number of open nodal lines. Hence in the Neumann case,
the Theorem follows from:

THEOREM 14.50. Suppose that Q C R? is a piecewise real analytic plane do-
main. Then the number n(\;) = #ij NOQ of zeros of the boundary values y,|oa

of the jth Neumann eigenfunction satisfies n(A;) < Cq;, for some Cq > 0.

We prove Theorem by analytically continuing the boundary values of the
eigenfunctions and counting complex zeros and critical points of analytic continua-
tions of Cauchy data of eigenfunctions. When 02 € C“, the eigenfunctions can be
holomorphically continued to an open tube domain in C? projecting over an open
neighborhood W in R? of Q which is independent of the eigenvalue. We denote
by Q¢ C C? the points ¢ = = +i§ € C* with z € Q. Then @), (z) extends to a
holomorphic function cpgj (¢) where x € W and where |{| < g¢ for some &g > 0.

Assuming 0f) real analytic, we define the (interior) complex nodal set by

Z5, ={¢ € Qe ¢5,(¢) =0},

THEOREM 14.51. Suppose that Q C R? is a piecewise real analytic plane do-
main, and denote by (ON)c the union of the complexifications of its real analytic
boundary components. Let n(A;,00¢) = #Zg?? be the number of complex zeros

J

on the complex boundary. Then there exists a constant Cq > 0 independent of the
radius of (00)¢ such that n(A;, 0Qc) < Ca;.

The theorems on real nodal lines and critical points follow from the fact that
real zeros and critical points are also complex zeros and critical points, hence

All of the results are sharp, and are already obtained for certain sequences of
eigenfunctions on a disc (see .

To prove Theorem we represent the analytic continuations of the bound-
ary values of the eigenfunctions in terms of layer potentials. Let G(A;,z1,22)
be any ‘Green’s function’ for the Helmholtz equation on €2, i.e. a solution of
(A — A?)G()\j, T1,22) = O, (z2) With z1, 79 € Q. By Green’s formula,

(14.141)

ox, (2,y) = /BQ (0G0, (2, 9)er, (@) — G(Aj, 4: (2,9))Dvepr, (@) do(q),
where (z,y) € R?, where do is arc-length measure on 92 and where 3, is the
normal derivative by the interior unit normal. Our aim is to analytically continue
this formula. In the case of Neumann eigenfunctions ¢, in 2,

(14.142) on @) = [ G0,a, (), (@)dota).
aq OVq
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To obtain concrete representations we need to choose G. We choose the real
ambient Euclidean Green’s function S

(14.143) S\ & mswyy) = =Yo(Ar((2,9); (€m))),

where r = /zz* is the distance function (the square root of 72 above) and where
Yy is the Bessel function of order zero of the second kind. The Euclidean Green’s
function has the form

1
(14.144) S\, &mz,y) = AN, & m;,y) 10g; + B\, &1, y),

where A and B are entire functions of r?. The coefficient A = Jy(\;r) is known as
the Riemann function. B

By the ‘jumps’ formulae, the double layer potential % (A, G, (x,y)) on 02 xQ

q
restricts to 9Q x 90 as 164(q) + %S()\j,(j, q) (see e.g. [T1l, [T2]). Hence in the
Neumann case the boundary values vy; of oy, satisfy
0 - - .
(14.145) o (0) =2 [ SES0v gy, (@ do(a).
o0 Vg
We have
0 ~ ~
wS(AJ’, 4,q) = —A;Y1(\jr) cos £(q — q,vg)-
q

It is equivalent, and sometimes more convenient, to use the (complex valued)
Euclidean outgoing Green’s function Ha™"(kz), where Ha(Y = Jy + iYp is the
Hankel function of order zero. It has the same form as (14.144)) and only differs by

the addition of the even entire function Jy to the B term. If we use the Hankel free
outgoing Green’s function, then in place of (14.146)) we have the kernel

(14.147)
i
N(%j,q(s),4(s) = 500, Ha'Vo(X;1a(s) = y])ly=q(s)

(14.146)

i
(14.148) =5\ Hal' 1 (Aa(s) — q(s')]) cos £(a(s') — a(s), va(er)),
and in place of (14.145)) we have the formula
27
(14.149) vy, (q(t)) = N(Xj,q(s),q(t)) va; (q(s)) ds.
0

The next step is to analytically continue the layer potential representations
(14.145) and (14.149). The main point is to express the analytic continuations of
Cauchy data of Neumann and Dirichlet eigenfunctions in terms of the real Cauchy
data. For brevity, we only consider (14.145)) but essentially the same arguments
apply to the free outgoing representation ((14.149)).

As mentioned above, both A(A;,&,n,z,y) and B(A;,€,n,z,y) admit analytic
continuations. In the case of A, we use a traditional notation R((, (", z, z*) for the
analytic continuation and for simplicity of notation we omit the dependence on A;.

The details of the analytic continuation are complicated when the curve is the
boundary, and they simplify when the curve is interior. So we only continue the
sketch of the proof in the interior case.

As above, the arc-length parametrization of C' is denoted by by ¢g¢: [0,27] — C
and the corresponding arc-length parametrization of the boundary, 09, by ¢ :
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[0, 27] — 9. Since the boundary and C' do not intersect, the logarithm log r%(g(s); ¢& (t))
is well defined and the holomorphic continuation of equation (14.149)) is given by:

2m

(14.150) o5, (ac(t) = | N(Aj,4(s), a6 (t)en, (als)) do(s),

From the basic formula (14.147) for N(\;,q,qc) and the standard integral

formula for the Hankel function Ha(l)l(z)7 one easily gets an asymptotic expansion
in A; of the form:

k
IAT 5):qS 1/2—m
(14.151)  N(Aj,q(s), g&(1)) = e @@ae) 3" q, (g(s), g5 (1) A}/
m=0
+ O(ei/\jr(q(S);qE(t)))\}/%k*l)_
Note that the expansion in ((14.151) is valid since for interior curves,

Cy = min t) —q(s)]? > 0.
0 o, g 90) —d(5)]

Then, Rer?(q(s); g5 (t)) > 0 as long as
(14.152) [TmgS ()% < Co.

So, the principal square root of r? has a well-defined holomorphic extension to the

tube (14.152)) containing C. We have denoted this square root by r in .
Substituting (14.151)) in the analytically continued single layer potential integral

formula proves that for ¢t € A(e) and A; > 0 sufficiently large,

(14.153)

2w

o5, (¢ (1) = 277 /0 e (at=)ae)ay (q(s), g6 (1) (1 + O\ 1) Ja, (a(s)) do(s).

REMARK 14.52. We remark that up to this point, the approach works almost
the same way in all dimensions, although the integral is over a higher dimensional
boundary and the outgoing Green’s function depends on the dimension.

Taking absolute values of the integral on the right-hand side in (14.153]) and
applying the Cauchy-Schwartz inequality proves

LEMMA 14.53. Fort € [0,27] +i[—¢,¢] and A\; > O sufficiently large

65, (46 ()] < CLA % exp (qgggg Reir(q(s);qé%(t))) llor, ez o0y

From the pointwise upper bounds in Lemma [14.53] it is immediate that
(14.154) log max 105 (gE(1))] < Crmaxj + C2log \; 4 log lox; 200,
S OEQE(AE) T 7 7 o)
where

Crax = max Reir(q(s); ¢S (t)).
(a(s).05 (1) DX QS (A(2)) 45t))
Finally, we use that log [lux,||z2(a0) = O(};) by the assumption that C' is a good
curve and apply Proposition [14.55|to get that n(A;, C) = O()\;).
The following estimate, suggested by [DF], Lemma 6.1], gives an upper bound
on the number of zeros in terms of the growth of the family.
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LEMMA 14.54. Let F(z) be holomorphic in an open neighborhood of |z| < 1.
Assume that |F(z)| < 1. Let { = #{a: |a| < 3, F(a) = 0}. Then:

<y

log max [F'(z))|

‘Z‘Sg

PROOF. Represent F' as a Blashcke product

Z*O&j

l
F(z)=G() ][]

j=1

— k=L
1—-a;z
By the maximum principle |G(z)| < 1. Hence for |z| < § there exists C3 < 1 so
that |F(z)| < C%. O

In the above proof, max, <1 [F(z)] < C% and logmax, <1 [F(z)] <0. In the
following modification, the log max is necessarily > 0. To state the next result we
need some new notation. We define a pair (C,S) consisting of an irreducible real
analytic curve C' and a subsequence S C N to be good if the sequence of normalized
logarithms

L

(14.155) uy, =+ log [px, |
restricted to C,
1
c._ — cp
(14.156) Uy = ety = log |5 |7,

does not tend to —oo uniformly on C' as j — oco. If S = N we say more simply that
the curve is good.

PROPOSITION 14.55. Suppose that C' is a good real analytic curve. Normalize
uy; so that ||ox;|lL2(cy = 1. Then, there exists a constant C(e) > 0 such that for
any € > 0,

n(\;, QS (A(e/2))) < Cle ma; log |¢$ (¢S(1))].
(A, Qe(A(e/2))) < O )q%(t)eQ%X(A(s)) glex; (ac(t))]

PROOF. Let G. denote the Dirichlet Green’s function of the ‘annulus’ Q% (A(e)).

i P g .
Also, let {ak}z(:)‘f Qe (42D genote the zeros of u(f\:j in the sub-annulus Q% (A(g/2)).
Let

C
PX;
), = —g 77— where [|f]oc = max [f(Q)]
765 s ace QelAE) ™ Qe ate))
Then,
(14.157)
log | @, (46 (1)) = Ge(qa(t), w)ddlog @5, (w)| + Ha, (4& (1))
0g @, (& <(q&(t), w)9dlog |5 (w », (a6
Q% ((A(e/2)))
(14.158) = Z GS(qg(t)aak) + H>\j (qg(t))a

ar€QE (A(6/2))190§j (ar)=0
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since 99 log |<p(§j (W) = X a, s (an)=09ax- Moreover, the function Hy; is sub-
harmonic on Q& (A(g)) since .

(14.159)  09H,, = dlog|®y, (g6 (1))| — > 09G- (¢&(t), ar)
ar€QE (A(/2)):¢5 , (ar)=0
(14.160) = > ba, > 0.
ar€QEG (A()\QG (A(e/2))
So, by the maximum principle for subharmonic functions,

max Hy,(¢6(t) < max Hy(q5(t) = max log|®y, (g5 (t)) = 0.

Q% (A(e) 0Qe(A(e)) Q% (A(e))
It follows that
(14.161) log |5, (g&(t))] < > G(g& (1), ar),
akeQ%(A(s/Q))ij (ax)=0
hence that
(14.162)

max log [®», aS(t §< max G z,w>n)\-,QCAs2 .
e logl, (@EO) < (| max - Guew) |y, QE(A(/2)

Now

Ge(z,w) < max Ge(z,w) =0,
(14.163) weQG(94()

G(z,w) < 0 for z,w € Q& (A(g/2)).

It follows that there exists a constant v(¢) < 0 so that MAX, e QS (Ae/2) Ge(z,w) <
v(e). Hence,

(160 max dog [, (Q5()] < v(e) nhy, QE(A(E/2)

Since both sides are negative, we obtain

(14.165)
1

X, Q5 (A(g/2))) < log [ @y, (¢S (t
n( J QC( ( / ))) — |l/(€)| qg(t)eg}cjl(};(&/%) Ogl Aj (QC( ))‘

1

14.166 < ma log |5 (g (t

( ) - IV(E)I(qgu)EQCcX(A(s)) Blex, ()]

14.167 — max log |05 (¢S (¢ >

( ) S ey lex, (ge (1))l
1

(14.168) < max log|¢5, (g5(t))l,

v(e)] g (et
where in the last step we use that max,c ;)¢ (a(c/2)) 08 |<p§j (g&(t))| > 0, which
holds since |Lp(§j| > 1 at some point in Q% (A(g/2)). Indeed, by our normalization,

lloa; lL2(cy = 1, and so there must already exist points on the real curve C' with
loa;| > 1. Putting C(e) = Wls)l finishes the proof. O

This completes the proof of Theorem [14.51
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14.44. Application to Pleijel’s conjecture

I. Polterovich [Po] observed that Theorem can be used to prove an old
conjecture of A. Pleijel regarding Courant’s nodal domain theorem, which says
that the number ny of nodal domains (components of Q\Z,, ) of the kth eigen-
function satisfies ny < k. Pleijel improved this result for Dirichlet eigenfunc-
tions of plane domains: For any plane domain with Dirichlet boundary conditions,
limsupy, ., 5= < % ~ 0.691..., where j; is the first zero of the Jy Bessel function.
He conjectured that the same result should be true for a free membrane, i.e. for
Neumann boundary conditions. This was recently proved in the real analytic case
by I. Polterovich [Po]. His argument is roughly the following: Pleijel’s original
argument applies to all nodal domains which do not touch the boundary, since the
eigenfunction is a Dirichlet eigenfunction in such a nodal domain. The argument
does not apply to nodal domains which touch the boundary, but by the Theorem
above the number of such domains is negligible for the Pleijel bound.

14.45. Equidistribution of intersections of nodal lines and geodesics on
surfaces

To understand the relation between real and complex zeros, we intersect nodal
lines and geodesics on surfaces dim M = 2. This section is based on [Z7].
We fix (z,€&) € S*M and let

(14.169) Yogi R M, 70e(0) =2, +(0) =€ € TuM

denote the corresponding parametrized geodesic. Our goal is to determine the
asymptotic distribution of intersection points of v, ¢ with the nodal set of a highly
eigenfunction. As usual, we cannot cope with this problem in the real domain and
therefore analytically continue it to the complex domain. Thus, we consider the
intersections

’Y;C,,g _ C
N>\j — Z@}Q ﬂ ’YIVE

of the complex nodal set with the (image of the) complexification of a generic
geodesic If

(14.170) Se={(t+ireC:|r|<e}
then +, ¢ admits an analytic continuation
(14.171) Vet Se = M..

In other words, we consider the zeros of the pullback,

{7iepX =0} C S..

We encode the discrete set by the measure

(14.172) W]fﬁ] = > Otpir:

(tim): 0§ (7S ¢ (t-+7))=0

We would like to show that for generic geodesics, the complex zeros on the
complexified geodesic condense on the real points and become uniformly distributed
with respect to arc-length. This does not always occur: as in our discussion of
QER theorems, if vy, ¢ is the fixed point set of an isometric involution, then “odd”
eigenfunctions under the involution will vanish on the geodesic. The additional
hypothesis is that QER holds for v, ¢. The following is proved in [Z7]:
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THEOREM 14.56. Let (M?,g) be a real analytic Riemannian surface with er-
godic geodesic flow. Let v, ¢ satisfy the QER hypothesis. Then there exists a sub-
sequence of eigenvalues \j, of density one such that for any f € Cc(Se),

lim > flt+ir) = /Rf(t) dt.

k—oc0 .
(t4im):0S (7€ ¢ (t+i7)) =0

In other words,
i

weak™ lim
k—oo T m

[N)’\Y:E] = 67':07

in the sense of weak™ convergence on C.(S:). Thus, the complex nodal set intersects
the (parametrized) complexified geodesic in a discrete set which is asymptotically
(as A — oo) concentrated along the real geodesic with respect to its arc length.

This concentration- equidistribution result is a ‘restricted’ version of the result
of §14:37 As noted there, the limit distribution of complex nodal sets in the ergodic
case is a singular current dd®,/p. The motivation for restricting to geodesics is that
restriction magnifies the singularity of this current. In the case of a geodesic, the
singularity is magnified to a delta-function; for other curves there is additionally a
smooth background measure.

The assumption of ergodicity is crucial. For instance, in the case of a flat
torus, say R%2/L where L C R? is a generic lattice, the real eigenfunctions are
cos(\, z),sin(\, z) where A € L*, the dual lattice, with eigenvalue —|\|?. Consider
a geodesic v,.¢(t) = z+t€. Due to the flatness, the restriction sin(\, zo +t&o) of the
eigenfunction to a geodesic is an eigenfunction of the Laplacian —% of submanifold
metric along the geodesic with eigenvalue —()\,&y)2. The complexification of the
restricted eigenfunction is sin{\, zg + (¢ 4+ i7)&)| and its exponent of its growth is
T\(ﬁ,fgﬂ, which can have a wide range of values as the eigenvalue moves along

different rays in L*. The limit current is {90 applied to the limit and thus also has
many limits

The proof involves several new principles which played no role in the global
result of and which are specific to geodesics. However, the first steps in the
proof are the same as in the global case. By the Poincaré-Lelong formula (14.82)),
we may express the current of summation over the intersection points in
in the form,

(o 2

(14.173) NY¢] = 100,44 log |75 ¢ 05, (t +i7)

’ 2

Thus, the main point of the proof is to determine the asymptotics of )\% log 7;@0% (t+it)

When we freeze T we put
(14.174) Vae(t) =S e (t + 7).
PROPOSITION 14.57. (Growth saturation) If {¢;, } satisfies QER along any arcs
of Yz.¢, then in L}, (S;), we have
1
lim —
k—o0 )\jk
Proposition [14.57] immediately implies Theorem [14.56| since we can apply 00
7;7590&:% (t+ zr)’ to obtain 99||.

2
log |7, (t+i7)| =7l

to the L' convergent sequence % log
Ik
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The upper bound in Proposition [[4.57] follows immediately from the known
global estimate

!
Jim = log [, (17 ()] < |71
— 00 j

on all of OM... Hence the difficult point is to prove that this growth rate is actually
obtained upon restriction to vf’ ¢ This requires new kinds of arguments related to
the QER theorem.

e Complexifications of restrictions of eigenfunctions to geodesics have in-
commensurate Fourier modes, i.e. higher modes are exponentially larger
than lower modes.

e The quantum ergodic restriction theorem in the real domain shows that
the Fourier coefficients of the top allowed modes are ‘large’ (i.e., as large as
the lower modes). Consequently, the L? norms of the complexified eigen-
functions along arcs of 'yf’g achieve the lower bound of Proposition

e Invariance of Wigner measures along the geodesic flow implies that the
Wigner measures of restrictions of complexified eigenfunctions to complex-
ified geodesics should tend to constant multiples of Lebesgue measures dt
for each 7 > 0. Hence the eigenfunctions everywhere on ’y;cy ¢ achieve the
growth rate of the L? norms.

These principles are most easily understood in the case of periodic geodesics.
We let vz ¢ : S 1 — M parametrize the geodesic with arc-length (where S! = R/LZ
where L is the length of v, ¢).

LEMMA 14.58. Assume that {p;} satisfies QER along the periodic geodesic Yy ¢ .
Let |77 e 5 €112, 2(g1 be the L?-norm of the complezified restriction of p; along 7 e
Then,
li L 1
am % og |z 1251y = I7l-
To prove Lemma we study the orbital Fourier series of Vo ey and of its
complexification. The orbital Fourier coefficients are

o, 1 Ly _ 2mint
S = o [ onGeelpe Y ar
v Jo
and the orbital Fourier series is
(14.175) o3, () = S it (m)e o
nez

Hence the analytic continuation of ’y;:Zgoj is given by

27r1,n(t+1'r)

(14.176) o5, (et +im)) = > V¥ Ly
ne”Z

By the Paley-Wiener theorem for Fourier series, the series converges absolutely and
uniformly for |7| < 9. By “energy localization” only the modes with |n| < A;
contribute substantially to the L? norm. We then observe that the Fourier modes
decouple, since they have different exponential growth rates. We use the QER
hypothesis in the following way:



394 14. EIGENFUNCTIONS IN THE COMPLEX DOMAIN

LEMMA 14.59. Suppose that {@x;} is QER along the periodic geodesic 7y¢.
Then for all € > 0, there exists Cc > 0 so that

Y EmP = ..
nin|>(1—e)A;
Lemma [14.59| implies Lemma [14.58] since it implies that for any € > 0,
Z |V§;§ (n)‘2€72n7 > 05€2T(17€)Aj )
nin|2(1—e);
To go from asymptotics of L? norms of restrictions to Proposition we
then use the third principle:
PROPOSITION 14.60. (Lebesgue limits) If Vaepi 70 (identically), then for all
7 > 0 the sequence
C
poer — _ Joe#
! Ve 5 L2 sy
is QUE with limit measure given by normalized Lebesque measure on S*.
The proof of Proposition is completed by combining Lemma [14.58| and
Proposition Theorem follows easily from Proposition [14.5

The proof for non-periodic geodesics is considerably more involved, since one
cannot use Fourier analysis in quite the same way.
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