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1. INTRODUCTION

These Lectures are concerned with eigenfunctions of the Laplacian A of
a Riemannian manifold (M, g). The Laplacian of (M, g) is given locally by

1 &~ 0 (. -0
Ay = % Z o <g]\/§8xj) ) (1.1)

ij=1

where g;; = g(agi,a%j), [¢] is the inverse matrix to [gy;] and /g =

\/det[g;;]. Since g is usually understood, we often write the Laplacian as
A. The eigenvalue problem (or Helmholtz equation) is,

(Ag+ X)pr = 0. (1.2)

When M is compact, there existsﬂ an orthonormal basis {¢;};>0 of L?(M)
of eigenfunctions,

Agp; = —Alpj, (@js Pr) L2(0r) = /M ipr dVy = i (1.3)
enumerated in increasing order of the eigenvalues
0=X<N<A<--- (1.4)

are repeated according to multiplicity. Eigenfunctions ) represent modes
of vibration of M or stationary states in quantum mechanics. We are mainly
interested in the high frequency behavior of the orthonorma basis sequence
of eigenfunctions {¢; }?io as A; — 00. The correspondence principle of quan-
tum mechanics states that the high frequency behavior is related to classical
mechanics on (M, g), i.e. to the geodesic flow G' : T*M — T*M on the
cotangent bundle.

The study of eigenfunctions splits up into Local and Global techniques.
Local techniques study eigenfunctions on small balls B(p,r) = B,(p) on M,

often of wavelength scale r = % After re-scaling, the eigenfunctions behave

lExistence follows from the spectral theorem for compact self-adjoint operators applied
to AT, We will be taking it for granted.
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almost like harmonic functions on the scaled ball. Global techniques exploit
the wave equation. The key player is the half-wave propagator

U(t) = V=2 L2(M) — L*(M).

It is a unitary group of operators which possess the eigenfunction expansion,
Ul(t,z,y) Z e () (y). (1.5)

The sum converges in (and only 1n) the sense of distributions. Unlike the the
heat kernel, U(¢t,x,y) is a singular distribution representing the amplitude
of the wave created by propagating a pulse (delta-function) ¢,. The wave
front after time ¢ is the distance sphere Si(y) = {z : r(z,y) = t}, where
r(z,y) is the Riemannian distance.

Except in special model cases such as the flat torus or sphere, eigen-
functions are very difficult to analyse individually or asymptotically. The
principal method to determine their asymptotic behavior it is to study the
wave kernel and its singularities. Since it is a linear combination of all
the eigenfunctions, special techniques must be developed to sift out individ-
ual ones to the extent possible. Often, this means to study the asymptotics
as A — oo of the ‘dual’ spectral projections kernels,

Mox(.y) = Y ¢i(@)ei). (1.6)
JiA <A

The individual terms ¢;(x)¢;(y) represent jumps in the Weyl sum ({1.6))
(when the eigenvalues are multiple, one sums over all j with the given eigen-
value.)

A smooth verion of ([1.6} @ is
p(V=A = N)(z,y) = ZpA A)ei(@)e;(y), (1.7)

where p € S(R) has a compactly supported Fourier transform p(t). By
Fourier inversion,

_A — _L A eit)\e—z't\/j
p(V=A = \) = Ner: /R p(t) dt. (1.8)

The series ([1.7]) converges absolutely and uniformly and is a C'*° kernel on
R x M x M. This follows from Weyl’s law that

. Vol(M, g)|By|
NN = A < A= —
( ) #{.7 ) — } (27‘(’)
where B, is the unit ball in R™ and |B,,| is its Euclidean volume. E|
The fact that wave fronts are distance spheres suggests that singulari-
ties of solutions of the wave equation propagate along geodesics of (M, g).
Geodesics on M are projections under @ : T*M — M of phase space

WeA™ + O\ 1), (1.9)

2Convergence of (1.7) is a HW exercise, assuming the Weyl law.



4 STEVE ZELDITCH

geodesics, phase space being the cotangent bundle T*M. Phase space
geodesics are orbits G'(z,£) = 7,¢(t) of the geodesic flow, namely the
Hamiltonian fllow on 7*M of the Hamiltonian H(z,§) = |£|4, where \§|3 =

Zijl 9" (x)&;&;. Geometers usually define geodesics using the Hamiltonian
|€ |§ but the singularities of the wave equation propagate along orbits of H.

By its nature, the Global Harmonic analysis of eigenfunctons is interdis-
ciplinary: it seeks to connect dynamics of the geodesic flow and harmonic
analysis of eigenfunctions. Hence it a short mini-course it is impossible to
cover the background in both areas. Since our purpose is to explain how to
connect dynamics of G* and harmonic analysis, we will have to take results
on each side as a ‘black box’ and only present the highlights at the heart of
the connections between the two areas.

The focus of these lectures is on two aspects of eigenfunctions:

e Quantum limit measures of the sequence of eigenfunctions E|

e Nodal sets N, of eigenfunctions, especially upper bounds on the
nodal surface measure H"~!(N,,,). The emphasis is on real analytic
metrics, where eigenfunctions may be analytically continued to the
complexification of M (called a Grauert tube) and where complex
analysis techniques may be applied.

1.1. Contents of Lecture 1. In Lecture 1, we study wave kernels on Rie-
mannian manifolds. We begin with three model cases:

e FEuclidean wave kernels, especially in dimension 3: Propagators,
Poisson kernel, and fundamental solution. Relation to spherical
means. Fourier transform formula.

e Flat torus: periodization.
e Sphere S™.

e Hyperbolic space H". Discrete subgroups and hyperbolic quotients.
Periodization.

We then consider wave kernels on general Riemannian manifolds for
small times and define and construct parametrices. We briefly review the
Hadamard-Riesz parametrix construction on parametrices.. In some sense it
is the generalization of the spherical means approach in the Euclidean case.

3Also called semi-classical measures, microlocal defect measures, Wigner distributions.
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2. GENERAL NOTATION

Let (M, g) be any complete Riemannian manifold. Let A, be its Laplacian
and let O = g—; —Ay.
The Cauchy problem for the wave equation on R x M is the initial value

problem (with Cauchy data f,g )
Ou(t,z) =0,

u(0,2) = f, %U(O,x) = g(x),
The solution operator of the Cauchy problem (the “propagator”) is the
wave group,

sin tvV/A
COS t\/Z T
\/K sin t\/Z cos t\/Z

The solution of the Cauchy problem with data (f,g) is U(t) (g) .

U(t) =

e Even part C(t) := costv/A which solves the initial value problem

{ (r|98 —Au=0 (2.1)

=f Buli—g =0
e Odd part S(t) = S“itﬁ‘r is the operator solving
02 —
oy —Au=0 " (2.2)
ulg=0 = 0 Silli=0 = g

The forward half-wave group is the solution operator of the Cauchy prob-
lem

(1 0
10t
The solution is given by

u(t,z) = U(t)up(x),

V=A)u=0, u0,z)=up.

with
U(t) = ™2 = C() +iv=A5(1)

the unitary group on L?(M) generated by the self-adjoint elliptic opera-
tor v/—A. U(t) is more complicated than E(t), S(t) because of the v/—A
factor (a pseudo-differential operator of order 1). As will be reviewed be-
low, C(t),S(t) have finite propagation speed but U(t) does not, because
v/—A is a non-local operator (does not preserve supports of functions). Yet,
U(t) is more useful for applications. C(t),S(t) were studied classically by
Hadamard [H] and Riesz |R], among many others, but U(t) may have first
been studied by Hormander [Ho68], Chazarain [Ch74] and Duistermaat-
Guillemin [DGT5].
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All functions of A are defined by the spectral theorem. That is, if Ap =
—X2p then F(A)p = F(—\?)g. For instance, v —Agp = Ap.

We refer to any of the operators cos tv/A, %, etV=A a5 “propagators”
since they take initial data and evolve it in time.

2.1. Fundamental solutions. A fundamental solution of the wave equa-
tion is a solution of
DE(tv Z, y) = 50(t)5x(y)
The right side is the Schwartz kernel of the identity operator on R x M.
There exists a unique fundamental solution which is supported in the
forward conoid

Cy={(t,z,y): t>0,t* —r?(z,y) > 0}.
called the advanced (or forward) propagator. It is given by
sintyv/—A

Ey(t) = H(t)ﬁ,
where H(t) = 1;>0 is the Heaviside step function. It is well-defined for any

curved globally hyperbolic spacetime, while Cauchy problems and propaga-
tors require a choice of “Cauchy hypersurface” like {t = 0}.

(2.3)

3. EUCLIDEAN WAVE KERNELS

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

Ou =0,
u(z,0) = ¢(x), (3.1)

for the homogeneous wave equation. We define the solution operators

sin(tv/—A) ,
S(t) = ———=, C(t)=5(t) =costv—A
(1) =" 00 = S'() = costy
of the homogeneous wave equation (i3.1).
There are several methods to obtain explicit formulae for these propaga-

tors.
e Using the spherical means operator L.

e Using the Fourier transform.

The spherical means operator is defined by

Ly f(x) = flz+r8)dS(§), (3.2)

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

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(t) in terms of L.

It is not necessarily the case that if [A, 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

)2 2 (2))

2

Lou(x) = Wi (irVA)u(z), (Wi(z) =T(5)(

m
2

In the lowest dimensions, they become

Jo(rv=A)u(z), n=2

L. =
in(rv—A
%u(m), n = 3.
In Section [3.9] we review the so-called Pizzetti formula giving a Taylor ex-
pansion of L, ~ I + %A—i— -+-. Note that Jy(z) = 1 — %2 + .-+ and

ST~ g2/30 4.

x
The general formula on Euclidean R" is given by

PROPOSITION 1. Let u(x,t) be the solution of (3.1). Then,

)
e t) = E5GE (0 fype #0)dSW))

n

-3
2

D (o050

where v, =1-3-5----(n —2), or in operator terms

The explicit formula for U(t) = exp(—itv/—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 Sy(x) = 0B(z,t). But we
may expect it differs from such an operator by a smoothing operator (an
operator with a smooth Schwartz kernel).

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

u(t,r;x) := Lyu(z,t),
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and consider it for a solution u(x,t) of the homogeneous wave equation. We
claim that for each fixed x it is a solution of the Darboux-Euler equation

Uy — Upp — 20, =0, 0<r <oo,t>0,
] (3.3)
a(r,0;x) = @(x;7), (r,0;2z) = P(r;z).
Proof.
u(r,t;z) = faB t)dS (y)

= fap, ) W@ +ry,1)dS(y).
Hence

U (r,t0) = fop o) Vulx +ry,t) - ydS(y)
= fop.@ Vuly, 1) - 5dS(y)
= de () 8“dS( )
= i Jos, @) #ASW)
= T mw JB @ A, )y

m fBT-(m) Utt(% t)d?%

Q_L»,«(’I“,t;w) = FHn— 1 fB utt Z/7 dy
= (" (r 62)r = ety Jos, @) Wy, 1)AS (Y)

= r”_lfaBT(z) ug (y,t)dS(y) = " Ly (r, t; x).
It follows that
(", (r t ) = 7 Mg (r, t x)
or equivalently
(n — )" 2@, + 1"y, = "Ly
and dividing by 7"~! gives the Darboux formula.
O

3.2. Proof of Propsition [1]in dimension 3. In dimension 3, Proposition
[ says:

10 1
u(z,t) = o <]£B(m) w(y)dS(y)> + o (t]gB(x’t) w(y)dS(y)>
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The first term is C(t) and the second is S(t).
If we set n =3 in (3.3), we get the equation
_ _ 2 _
Uy — Upp — — Uy = 0.
r

We now prove the formula in Proposition [I] from this.

It is actually HW Exercise 1. Try to do it yourself. The trick is to multiply
the spherical means @ 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

6—227'@—8—227’71 =0
oz (1) — g2 (rt) 5.4

rii—g = 1@, O (ra)|=o =rg.

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

ra(e,rt) = {0+ f(@r+0)+ (=t f(z,r 1)
(3.5)
+ % :rtt 7g(z, 7)dT.
Now divide by r and take the limit as » — 0 to get
u(w,t) = tg(z,t) + o(tf(x,1))
(3.6)

= i e 905 W) + 5 (5 e FW)ASW))

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

PROPOSITION 2. The solution of (3.1) is given by

1

u(z,t) = ) o)

[o(y) + Vo(y) - (y —x) + tp(y)]dS(y).

HW Exercise 2 is to prove this formula.

3.4. Dimension two. The standard method for solving the wave equation
on R? is to increase the dimension by one to R? and pulling back the solution
u(ry,z2,t) on R? x R to a solution @(z1, o, 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

e 0.0 =[50+ V60) - (v-2) + 0] dS ).
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Here By(z) is the ball of R? of radius ¢ around Z = (1, x2,0). But if F is
any function independent of the third coordinate,

Jope FWASW) = g fopm F®)dS(©y)

1
7 Jop P+ [VVT )24y,

where B;(r) is the ball of radius ¢ around x € R? and I'(y) = (t2 — |z — y|?).
Some elementary calculations then give

1 / t¢(y)+t2w(y)+tvw(y)'(?/_x)dy.
By (z)

" 2np? Ve Tz —yP

The method of descent is universal. Given any even dimensional (M™", g)
we form the product (M" x R, g & dz? +1) and solve the wave equation on
the product space with data pulled back from M™.

u(z,t)

3.5. Poisson kernel formula for U(t) = expityv/—A in the Euclidean
case. The half-wave propagator is constructed on R™ by the Fourier inver-
sion formula,

U(t,m,y):/ ey 8 eitlel g (3.7)

The Poisson kernel (extending functions on R™ to harmonic functions on
Ry x R™) is the half-wave propagagor at positive imaginary times ¢t = i7
(t > 0),

(3.8)

_ntl _n+l
= R T = (2 @)
In the case of R™, the Poisson kernel analytically continues to ¢ 4 i7,{ =
x +ip € C4 x C" as the integral

Ut + itz +ip,y) = / !l i &t =y) ge (3.9)
which converges absolutely for |p| < 7. If we substitute 7 — 7 — it and let
7 — 0 we get the formula

n+1

U(t,x,y) = Cyp llil% it((t+i1))? = r(z,y)?) " 2, (3.10)

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

n+1

Ut,z,y) = C, it ((t+1i0))? —r(z,y)*)" 2, (3.11)

Background on distributions is given in the Appendix.
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3.6. 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(ity/—A), since we did not give a spherical means formula for it. Since

byfa) =3 —y) = [ g

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

U(t,x,y):/ ezm(z_y’@e“'g‘d{.

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

oo
U(t,z,y) = / /S AT = dr .
0 n-

The spherical integral
Tapplrlo—yl) = [ emrlemeldy
2 Sn—1
is a Bessel function. Hence we get
o0
Ult,z,y) = / Tz (r|z — y|)e " Ldr,
0 2
One could go further with this caculation, e.g. r" e = folem so that
o0
Ult.9) =D [ Jua(rlo — y)ear

0

3.7. Fundamental solution. In view of (2.3)), an explicit formula for S()
induces one for the forward fundamental solution and in dimension 3 it says

that
Et xap(z,t) = Iigf) (1 /(93(@0 w(y)ds(y)) :

Another way to write this is that
ot —r)

Ay
Above, we thought of the propagator as a l-parameter family of operators
on R? indexed by ¢, 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 for-
mula from [Holl [GeShl [F]. It is based on pullbacks of distributions under
submersions. The submersion in question is

Q(x,t) ==t — |z|? : R*TN\N — R\{0},

B (tz)=

where

N = {(@,t) : Q) = 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.
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Away from the critical point it makes sense to define the pullback
Q"0 = do(t* — [2[?)

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

dxdt
do = 3.12
Q"0 = 0 (3.12)
One may define its integral against a test function ¢ € C°(R3+1) by
dzdt as
(00(Q), #) =/ p— = ProAT (3.13)
0—0 dQ -0 |VQ|

where dS is the Riemannian surface measure ¢, dzxdt where v = % is the
unit normal.
In probability texts, the same formula is derived as follows: Let

0
wQ(t) := pn /Q<t pdxdt.

(0(Q), #) := ¢q(0).
In the case of Q@ = t% — |z|2, (3.13) gives

LEMMA 3. 00(Q) is the following measure:

1 de 1 dx

0 =— — + = —|z])—.

@ =5 [ el el T+ 5 [ el

We denote the first term by d4(¢) and the second by d_(p). Here, the
first term corresponds to the upper half of the light cone where t = |z
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

d(tglfi% and we eliminate the variable ¢ using d(t? — |z|?) = 2tdt — 2z - dw.

Then

The Gelfand -Leray form, is the unique form (when restricted to Q‘ (0))
satisfying dQ A d”dt = dxdt and clearly this is true 924 — 1 5;dx = 5i—dx on

2udt
Q7(0).

The first term above is therefore

1
)= 5 [ etwle) T

Similarly for the second. QED

2|\

PROPOSITION 4. The following distributions on R3*! are the forward /backward
fundamental solutions:
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Erta) = 8= g ) =

S(t+r)
Ay '

drr

That is,
OEY = 278. (3.14)

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

Proof. The next observation is:
LEMMA 5. 060(Q) = 0 on R3T1\{0}.
Here, as usual, O = g—; — A is the d’Alembertian.

Proof. We compute by the chain rule as if §y were a function. Note that

0f(Q) =V -Vf(Q) =V f(QVQ=[(QVQ VQ+ f(Q)DQ,
where the dot product is Lorentzian. Now in dimension 3+1, VQ-VQ = 4Q
and 0@ = 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 tf”(t) = (a—1)f'(t). When a = 25" the right side is zero.
Now suppose f = dy. 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}.
It follows that

OFE* = P(D)é

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 ET = §,(Q).

e 5, (Q) is homogeneous of degree —2.
e 004 (Q) is homogenous of degree —4.

e §p is homogeneous of degree —4.

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

It follows that & = 0 and P(D) = ¢. By using a test function ¢ = p(t) one
finds that ¢ = 2m. (Left to reader). Hence, we proved the Proposition.
O
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3.8. Higher dimensions. For general R™~D+1 one has

0f(Q) =4Q(f"(Q)DQ + 2nf(Q)).

PROPOSITION 6. The forward fundamental solutions on (spacetime) R™ are

Jopa N ()} n=2m+2,
L
Er=—AH0___ o —om 41

2™ 2 (3 —m)
As in the case n = 3 + 1, the most important step is to prove:
LEMMA 7. Of(Q) = 0 on R=D+N\ {0} if
ft) = 6(”_%)@), n even,

_n,q
t+2+ , n odd.

We omit the proofs, which may be found in |GeShl [Hol].

3.9. Pizzetti formula. On Euclidean R"”, there exists an exact formula
known as Pizzetti’s formula,

N, o=, T 1
L, = P(A) :=T(5) %()zkwﬁk (3.15)

which is valid on real analytic functions. The intial expansion has the form,
A o0
L,=1+ %T‘Q + ;Pk(A)r%.

Let J,(z) be the Bessel function

. - (_l)k < v
Tu(2) = ];0 Tk+v+ D)k +1) ™

When 0 > A > A\o(B) with B = B,(z) then the eigenfunction of eigenvalue
A can be expressed as the ball mean

u(z) !

= ————Tu (/% u(y)dV (y). 3.16
Vi2:T(5 +1) 2(\5)/&(35) w)dV(w) (3.16)

Here, 7,(2) = 27 %Ja(2). Also Wy (z) = F(%)Q%_ Ta_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 = u and similarly
M,u = u. A second identity is that

d d
Au(y)dy = r"1— 7'1”/ uw(y)dS(y) | = wpr™ P —Lyu(x).
[, 2 dT( [ uasw) & L)
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Here w, = |S™71|. If Au > 0, i.e. if u is subharmonic, then L,u(x) increases
with 7. It follows that u(z) < L,u(z) for all r. By integrating the inequality
in 7, one also has u(x) < M,u(z).

The identity 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 ¢ = ﬁ 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 |¢| or 7 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) = ALy.
The Hadamard parametrix method gives an explicit constrution 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. S"

In this section we follow the exposition in [T1], which gives a quick cal-
culation of the half-wave propagator e for A = {/—A + (252)2 using no

more than the Poisson integral formula for a Euclidean ball B ¢ R™*.

4.1. Spectral theory of A. First we need some spectral theory of the
Laplacian Agr. Its eigenfunctions are known as ‘spherical harmonics’. Spher-
ical harmonics are eigenfunctions of Agn. Let P(x) = P(x1,...,Zn41) be a

polynomial on R™*!, then recall
e P is a homogeneous of degree k if P(rz) = r*P(z). We denote the
space of such polynomials by Py. A basis is given by the monomials

a o Qn+41 _ —
r® =" -2, where |al = a1+ o =L

e P is a harmonic if Agnt+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 ¢) poly-
nomial is a spherical harmonic (of degree ¢).

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

harmonic of degree ¢ by definition) is an eigenfunction of Agn with eigenvalue
—l(l+n—1).

THEOREM 8. Let Hy denote the space of spherical harmonics of degree ¢,
then L*(S") = @72, He is a direct sum of orthogonal subspaces of dimen-

s10nS /1 '
ch]mm:(”+ - )+(n+ 3).
n—1 n—1
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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)2 + 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,

-1
A:VCA+ﬁ2)2
A key object in the theory of spherical harmonics is the orthogonal pro-
jector
IIy: L2(S™) — Hy
whose Schwartz kernel IT;(x,y) is defined by

I f(x) = : Iy, y) f(y) dS(y).
Here, f is any L? function on the sphere and dS is the standard surface
measure. We note that the along diagonal IT,(x,z) = C, is a constant
because it is rotationally invariant and O(n + 1) acts transitively on S".
Indeed, by integrating we find
dim Hy
i) =—.
o@.2) = 3
4.2. From Poisson integral to half-wave kernel. We recall that the
Poisson integral formula for the unit ball is:
1—|zf?

M@zéf@%&d)

n |z — W2

Write z = rw with |w| =1 to get:

1— 2
P(T,w,w/) = - ntl *
(1—-2r{w,w)+r2) 2
A second formula for u(rw) is
urw) =T fw) = U (),
where A = /—A + (%51)2 and where ¢ = log 1. Thus, harmonic extension

is written as an evolution equation with generator A — ”T_lﬁ This follows

It resembles a heat equation but the generator is roughlyy/—A rather than —A. Tt is
a jump process rather than a continuous one.
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from by writing the equation Apn+1u = 0 as an FKuler equation:

02 0
2
— — — Agn =0.
(r 8r2+nr6r S >u 0

Another explanation is that on the space Hpy of spherical harmonics of de-
gree N on S", the harmonic extension is simply the homogeneous extension
as a polynomial of degree N, i.e. by rV. But Alpy = N+ %_1 For instance,
. . . 1 1 1
in dimension 2, —Aly, = N(N+1)=(N+3)?—1,s0 A— 3 =N.

The Poisson operator kernel with r» = e~ is given by

P(t w w/) - C sinh te—(n—1t
= n 1 -
T (cosht—cosr(w,w’))n2

It follows that

e~t4 = C,, sinh t(cosh t — cosr(w,w')) "% .

Note that U(t) = €4, resp. P(t) = e ' has the Schwartz kernel

o oo
Z eit(N+nT_l)HN(w,w'), resp. Z e_t(N+n7_1)HN(w,w'),
N=0 N=0

where ITy : L?(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 t = 0 is the distributional kernel U (7). We thus have,

PROPOSITION 9.

n+1

A —Jim,_, o+ Cpisint(coshecost — isinhesint — cosr(w,w’)™ 2

e

= lim,_,o+ Cyisinh(it — €)(cosh(it — ) — cosr(w, w’)*nTH_

If we formally put ¢ = 0 we obtain:

e = Cpisint(cost — cos r)_nTH.
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, 7] and that it is singular on the cut locus r = 7. Also, cos : [0, 7] — [—1, 1]
is decreasing, so the wave kernel is singular when ¢ = +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, e*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).
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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 10. On S3 fort > 0,

sinty/—(A+ 1) _ =) AT T () = = T)
(—(A+1) o) = 4rsint’ tV=(Aa+ 1)y (@) = Amsinr

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 £ = §(Q) is a fundamental solution on S3, the sum F = Et* + E~
of the forward and backward fundamental solutions. In fact, one may show
directly that (0—1)6(Q) = dp where O = %; —A. This is done in the Remark
at the end of the next section on Hyperbolic space.

5. WAVE KERNEL AND POISSON KERNEL ON HYPERBOLIC SPACE H"

H" is the symmetric space G/K where G = SO(1,n)p and K = SO(n).
In geodesic polar coordinates centered at any point y, the meteric has the
form

g = dr? + sinh? rggn—1
and the Riemannian volume form is
d Vol = C,, (sinh )" drdw
and the Laplace operator is
A =9?+ (n — 1) cothrd, +sinhr 2Agn-1.
Also, the gradient is

0 ]
_E:zy -
V = Z.jg ie]— T—{—G’V(.

In hyperbolic polar coordinates centered at the origin, the Laplacian is
the operator
0? 0 1 9
N=—+cothr— 4+ ———.
ar2 TN TG oty 002

It is known that the spectrum of A + 1 is [0, oc].
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5.1. Sine wave kernel. Let n = 3 and consider the sine wave kernel S(¢) for
A +1on H3. Asin the Eucliean case, let E = ET + E~ be the fundamental
solution where E¥ is the forward/backward fundamental solution.

PROPOSITION 11. Let Q = cosht — coshr. Then:
o £ =0(Q), where

sinh? rdrdtddw N / (@ _T)sinh2 rdrdtddw]
b J o, —r)——a——.

(5(Q).¢) = C4] / (1)

3 sinhr sinhr
e Fort >0,
sinty/—(A +1) S(t—r) (t—r)
EJ” — 5 = — t\/ — A 1 5 -
(—(A+1) y(@) Arsinht’ O (A+ 1)y (@) 4msinhr
Proof. The Laplacian of H? is
0
A = x%Ao — xgaixg,

and in geodesic normal coordinates it is

A = 9% 4 2cothrd, + sinhr ?Ags.
Since H® is a symmetric space, the fundamental solutions E* is a function
only of (¢,7) (verify!) so a fundamental solution must solve
(0% 4 2 cothrd, — 1]E = d.

Here, dg is the delta-function with respect to the volume form, i.e.
(80,) = (0) = / 8ot 1) (r, £) sinh? rrdedt.
H3 xR

Let y € H3. The set Cy := {(z,t) : coshr(z,y) — cosht = 0} = {(z,1) :
r(x,y) = |t|} is called the characteristic conoid based at y and will appear
again later on. The conoid may be parametrized by points z of H? with
t = +r(z,y) giving the upper and lower sheets of the conoid.

In the case of () = cosht — coshr, (with d Vol = C3 (sinh7)%drdw
replacing dz) gives the stated expression for (6(Q), ¢).

We did not cancel the common factors of sinh r to clarify the use of Lemma
. 1)

We denote the first term by d4(¢) and the second by §_(¢). The first

term above is therefore

sinh? rdrdtddw
d =(ET,¢) :=C sl
+(p) =(E7, ) 3[43@(%?) .
Similarly for the second. The main point is to show that

(O—1)ET = 27dp. (5.1)
Hence ET is a fundamental solution supported in the forward conoid. Sim-
ilarly for £~ in the backward conoid.
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We first show that
05(Q) = C5(Q), on H\{y}. (5.2)
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 + coshr), we have

( (1) VQ-VQ = (sinhtdt,—sinhrdr) - (sinhtdt, — sinhrdr)
— sinh®?t — sinh? 7 = Q(cosht + coshr),
(1) 0Q = [g—; — 9% — 2cothrd,](cosht — coshr)

= cosht + coshr + 2cothrsinhr = cosht + 3 coshr.

\

Hence,

06(Q) = §"(Q)Q(cosh t + cosh ) + §(Q)(cosht + 3coshr).

Since t8”(t) = —24'(t), we have
§"(Q)Q(cosh t+coshr) = (cosh t+coshr)(—28(Q) = —2Q4 (Q)—4 cosh §'(Q)).
Next, write (cosht + 3coshr) = @ + 4 coshr. Then,

§'(Q)(cosht + 3coshr) = Q¥ (Q) + 4 cosh ' (Q).
It follows that
06(Q) = —208(Q) — 4cosh(Q)) + QF'(Q) + 4 coshr(Q)
= —QI(Q) =4(Q).
This concludes the proof that (O — 1)§(Q) = 0 on H? — {y}.

It follows that (O0—1)d(Q) is a distribution supported at {y} and is there-
fore a linear combinations of derivatives of d,,, which we write as do(t,r,w)
in normal coordinates. If we Taylor expand the coefficients of O around 0 in
(t,r) it becomes the Euclidean O and the homogeneity calculations in that

case also imply that (O — 1)6(Q) = ¢dg. The value of ¢ can be calculated
from a convenient test function, as in the Euclidean case.

O



WAVE EQUATION 21

Remark: In the case of S3, one analytically continues the equations above,
replacing coshr by cosr and so on. The main change is that second deriva-
tives reverse signs of cost,cosr. In this case, we get

(i) VQ-VQ = sin?t —sin?r = —(cos?t — cos?r) = —Q(cost + cosr),
(#) 0OQ = [g—; — 02 — 2cotrd,](cost — cosr)
= —cost—cosr —2cothrsinhr = —cost — 3 coshr.

Since all signs reverse, we get (O + 1)0(Q) = C,d0.

5.2. Poisson kernel and wave kernel. We obtain the wave kernel on
hy}}l)erbolic space by analytic continuation of the wave kernel of % on the
sphere:

PROPOSITION 12. The Poisson kernel e *4 on hyperbolic space with
n—1
A=/A— 2
(*5)
18 -
U(it,z,y) = sinh 7 (cosh(7 4 ¢0) — coshr)™ 2 . (5.3)

The right side is by definition

lim —2C), Im (cos(it — &) — cosh r)_%.

e—0+

Taylor [T1] proves this formula by analytic continuation of the standard

formula for spheres of all radii R or equivalently, for spheres of all curva-
tures K > 0. To be more precise, we just consider the radial parts of the
Laplacians of the various 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(g) 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.

5.3. Wave equation and spherical means. On hyperbolic space, the
spherical means operator is defined by

M, f(z) = ][S T was)

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. [He, [GrN])

(O + (%5%)?)u(z, t) = 0,

u(z,0) = p(x), uw(z,0) =)
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Let
0
Ocoshr

PrROPOSITION 13. When n > 3 is odd,

Nip o f(2) = ( )" (M, f(z) sinh®(t)).

0
est) = Co (5N g0+ N, 0(0))

where C,, = ﬁ

When n is even,

1 [T u(z,s) +u(z,—s)
- ’ ’ ds = C, Nt _ x).
2 /0 v/cosh s — coshr TZ’”JSO( )

6. HADAMARD PARAMETRIX ON A GENERAL RIEMANNIAN MANIFOLD

The wave group of a Riemannian manifold is the unitary group U(t) =
e™V=A_ As above, we also write E(t) = costy/—A and S(t) = Sin\;f V;A. We

now review the construction of a Hadamard parametrix for E(¢) and S(¢).
There is a similar parametrix for U(¢) but it is somewhat more complicated
because U(t) is not a function of A.

The basic ansatz is that

[e'e) o0
Sttay) = [ DS Wi y)o k(¢ < (M)
0 k=0
(6.1)
where Wy(z,y) = @_%(x,y). Here as above, O(z,y) is the volume density
in normal coordinates. The higher coefficients are determined by transport
equations, and 6" 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 (x, t) the kernel S(t, z,y)
is singular along the distance sphere S;(z) of radius ¢ centered at z, with sin-
gularities propagating along geodesics. It only represents the singularity and
in the analytic case only converges in a neighborhood of the characteristic
conoid.
We recall that the even part E(t) of the wave kernel, cos tv/A which solves
the initial value problem
2
ot (6.2)

0
U\t:O = f7 EUH:O =0.
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Similarly, the odd part S(t) of the wave kernel, Si‘i/t\x/g, is the operator

solving

2
(Q — A)yu =0,
ot 5 (6.3)
U|t:0 =0, EU’t:O =g

These kernels only really involve A and may be constructed by the Hadamard-
Riesz parametrix method. As above they have the form

oo >0 n-1_;

/ (=12 Z Wi(z,y)0rey 749 modulu C™® functions, (6.4)
0 =0

where W; are the Hadamard-Riesz coefficients determined inductively by
the transport equations

/
9VV() + % =0,
20 or (6.5)
, k41l @ Wi :
4 — =A
Z'I“(x‘, y){(r(:):,y) + QG)Wk+1 + P} } ka

The solutions are given by:

Wo(z,y) = 072 (2, ),
1 1 1 (66)
Witi(z,y) = 6_2(x,y)/ Sk@($,$s)§A2Wj($,$5) ds,
0

where x, is the geodesic from x to y parametrized proportionately to arc-
length and where Ay operates in the second variable.
A well-known formula for homogeneous distributions on R is:

/ % 0) d\ = ie™* T (A 4 1) (0 +140) L.
0

One has,
oo d=3_; d—1 d—3 i d—
/0 0= 2 g — z’e“%*mﬂr(T — D)2 — 2 i0)y T2,
(6.7)
Here there is apparently trouble when d is odd since F(% —j+1) has poles

at the negative integers.
One then uses

at1—k) = (— e+ l—[e)l(a]+1-a) 1 1
D(a+1-k) = (=)' (-1) ] T
We note that _
P =2) = sinmz’

Here and above ¢~ is the distribution defined by ¢t = Re(t +1i0)"" (see
[Bel, [G.Sh., p.52,60].) We recall that (t4i0)~" = e~"2 r(ln) Jo~ et da.
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We also need that (z +i0)* is entire and

emz) <0

(x—i—iO))‘:{ \

xl x> 0.

The imaginary part cancels the singularity of a%[a] as a — % when

d = 2m + 1. There is no singularity in even dimensions. In odd dimensions
the real part is cos TAz? + :L‘j‘_ and we always seem to have a pole in each
term!

But in any dimension, the imaginary part is well-defined and we have

0o j—452-1
sin tv/A Z ( 222

_ ] 0o
A (x,y) = Cosgn (¢ 2 Y w;(x 4J'I‘(j — %) mod C°.
(6.8)
By taking the time derivative we also have,
(7" — t2)], 2
costVA(z,y) = C, |t|z D wj(x mod C*. (6.9)

4JF( — 423 )
where C, is a universal constant and where W; = Coe 3477 wji(z,y),

6.1. Proof of the Hadamard-Riesz parametrix. We try to construct
the kernel as a homogeneous oscillatory integral

E(t,z,y) = / ) A(t, 3y, 0)do, (6.10)
0

where A is a polyhomogeneous symbol in 6,

A(t,z,y,0 ZW (t,x,y)0 jd@ mod C° (6.11)

Here, 0% is the homogeneous distribution with singularity at § = 0 regu-
n—1

larized as in [Hol, Chapter 3.2] or in [Be]. The leading term 6,2 of the

n—3 .
amplitude has the correct power for costv/A. It should be 6 ,? for %.

Applying the Fourier transform formula for 765 [Hol, p. 167] gives,

/ 00 _t2)9 o dp = it )W/QF( 9 2 )(Tz—t2—|—i0)j_n7_3_2.
0

When n is odd, F(”T_3 — 7+ 1) has poles at the negative integers. Thus,
this parametrix does not quite work on odd dimensional spaces (= even
dimensional spacetimes). But the correct formulae may be obtained by an-
alytic continuation (cf [?,Be]). Riesz defined a holomorphic family of Riesz
kernels (t* — 72)¢ and used analytic continuation to define the value when
« is a negative integer. He only studied the imaginary part, where there
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is no pole. Hadamard used a different regularization procedure (discussed
below). In the end,

. n—3
intvVA 00 2 _ 42y 2 1
sint ( _C sgn Z (1" )

— mod C*°
\/Z i=0 4T - ?3)
(6.12)
Here, sgn(x) = = N for x # 0 and = 0 for z = 0.
By taking the time derivative we also have,
A =ty .
t =C,lt J - d C*
cos (z,9) ||Z Y w;(x 4JF( T mo
(6.13)

where C, is a universal constant and where the Hadamard-Riesz coefficients
w;(x,y) solve certain transport equations.
The coefficients W} are determined inductively by the transport equations

W() + 8WD =
o (6.14)
dir(z, Y Gy + 56)Watt + —gt} = A, Wi
The solutions are given by (6.6), i.e.
1
Wo(z,y) = O72(z,y)
(6.15)

Witi(z,y) = 6_%(:1:, Y) fol sk(%(x,ms)%Ang(m,ms)ds
where x, is the geodesic from x to y parametrized proportionately to arc-
length and where Ay operates in the second variable.
For U(t) = expity/A one may apply VA to the parametrix for %,
resulting 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,

U(t,x,y) = Un(t,z,y) + /Ot Un(t —5)(02 — A)Un(t — s)ds + - - -,

where Uy is an approximate solution obtained by using N terms of a series
above.

6.2. Sketch of proof of Hadamard’s construction. Let © = /det(g;)
be the volume density in normal coordinates based at y, dV = O(y, z)dz.
That is,

O(z,y) = |det D, ~1(y) XDz | -

exp
Fix z € M and endow B.(x) with geodesic polar coordinates r, 6. That is,
use the chart exp, ! : B,.(z) — B3 .M combined with polar coordinates on
T*M. Then g'' = 1,g% =0 for j = 2,...,n. Also, dV = O(z,y)dy =
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O(x,r,0)r"tdrdf. So the volume density J relative to Lebesgue measure
drdf in polar coordinates is given by J = r"~10.
In these coordinates,

1 < 9 e 0 0> J 0
== — gk _Z_ ) = 4
A Jj;l oz <Jg 8xk‘> o2 " Tar b L

where L involves no % derivatives. Equivalently,

+
©] r Or

The first step in the parametrix construction is to find the phase function.
Hadamard chooses to use I'. In the Lortenzian metric, I' satisfies

VI - VI =4I (6.16)
This is not the standard Eikonal equation on(dy) = 0 of geometric optics,

but rather has the form

on(dl’) = 4T
But I is a good phase, since the Lagrangian submanifold

{(t,dil, 2z, d, Ty, —d, )}

is the graph of the bichafacteristic flow. This is because the d,r(x,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

-1 ) )
(n )—27“—7":2771—}—27“—74
r

M=0OT=—4—2
" 5 5

where m =n + 1. We then have,
DfO)U;] =0 [fD)]U; + 2V [f(D)] VU; + f(T)BU;
= (f"MV(1) - V() + f(0)B(T)) U; + 2f (T)VT - VU; + f(T)BU;.
In addition to , we further have

J,
DF:4+7T27"

0 0 d
VI -V=V({? -1} . V=20t=+r=—)=2s—,
( ) ( ot + r(?T) ds
where we recall that that we are using the Lorentz metric of signature + —
——. Here s> = T', and the notation s% refers to differentiation along a
spacetime geodesic.

We then have

SO = (/AT + )+ 2520) ) U2 (0) (=25 05)+ F(D)T,
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We now apply this equation with f = R (and later to f =logx), in
which case

f/_<T+J)9U 2 T ”—(T J)(T+J—1)x 2 ti-2
We then attempt to solve
2 e .
o(r="> ur| =0 (6.17)
§=0

away from the characteristic conoid by setting the coefficient of each power
2—m .
I'2 7771 of T equal to zero. The resulting ‘transport equation’ is

2—-m . 2-m . 2—-m Jr
=<4 (—— — -1 — —4——2
0={-a (4G vi- 0 + BT v e Tan)
2—m d
2(—— 4+ j)(—25s— S+ 0OU;_q.
+2(=5— ) Sds)}UJ+ Ui
They are impossible to solve for all j when m is even because the common
factor (25 + 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, Jy
4sd—8’“ + (M = 2m + 20 ) Uy = ~OUk1.

When k& = 0 we get

dUy O,
2s— 4+ 25— =0
S ds + 2s o )
which is solved by
Up = @7%.

The solution of the fth transport equation is then,
Uy = __to SU_ls”m*lDU ds
- 4£Sm+£ 0 0 -1 '

Hence we have a formal solution with the singularity of the Green’s function
in the elliptic case, and by comparison with the Fuclidean case we see that
it solves OF = §p.

We now consider the necessary modifications in the case of even dimen-
sional spacetimes. In this case, 5" 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'? should actually be a term
with a logarithmic singularity logI'.

Thus the parametrix is inadequate in even spacetime dimensions.
Hadamard therefore introduced a logarithmic term V'log(I'). By a similar
calculation to the above,

O[(logD)V] = (-I72(4D) + T~ (—4 — Z2r)) V + 2T} (=2sLV) + log I'DV.
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Due to (6.16), all terms except the logarithmic term have the same singu-
larity I'"*. On the other hand, the only way to eliminate the logarithmic
term is to insist that OV = 0. We further assume that

V= i VI,
j=0

We then return to the unsolvable transport equations for U; for j > mT_2,

which now acquires the new Vj term to become:

2—m 2—m 2—m Jr
=<4 (——+j)H)(—+j—-1 —— 4+ i) (-4 - =2
0= {1 (4T i -y + BT +i-a- Tan)
2—m . d
J, d
T4+ (—4—F2r)+2— | V.
+ <+( 7o)+ dS>VO
When j = de, everything cancels in the I'™! term except OU,,_;. Hence,

we drop the U; for j > mT% and assume the non logarithmic part is just

the finite sum ZT:_OI U,T 7. But adding in the Vj term we get the transport
equation,
dVp J,

—4s—— —2r 2V = —0OUp, 1.
S ds r 7 Vb Um 1
Here, U,,_1 is known and we solve for 1} to get,

Uo

Vo= / Uy ts™ 10U, 1ds.
0

4sm

The condition OV = 0 imposed above then determines the rest of the
coefficients V,

Uo

Vo= —pomie

S
/ UO—].SZ+m71DW—1 dS.
0

We now have two equations: the original D(UF%TWU +VlogI') = 0 and the
new OV = 0. By solving the transport equations for Uy, ..., Up—1, Vo, V; (5 >
1) we obtain a solution of an inhomogeneous equation of the form,

OUT™ 2" + ViegD) = > wjlY,
5=0

where the right side is regular. To complete the construction, we add a new
term of the form W = >0, Wy(r? — #2)* in order to ensure that

m—1
D( > U =) 4 Vieg(r? — £7) + W> =0
j=0
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away from the characteristic conoid. It then suffices to find W; so that

0 i W9 = TV,
j=1 §=0

This leads to more transport equations which are always solvable (by the
Cauchy-Kowalevskaya theorem). This concludes the sketch of the construc-
tion of the Hadamard parametrix.

7. 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 |¢|
and |I'| sufficiently small. The convergence proof based on the method of
majorants.

THEOREM 14. [H] (see also [Gar]) 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(x,y) < € = inj(zo) and

((1_u>2 _om—2
(1 + Iy gj) K (m1 = ——). (7.1)

¢ =% <

It follows that the Hadamard fundamental solutions holomorphically ex-
tend to a neighborhood of C¢ as branched meromorphic functions with C¢
as branch locus. To obtain single valued distributions, one then needs to
restrict the kernels to regions where a unique branch can be defined.

8. HADAMARD PARAMETRIX ON A QUOTIENT MANIFOLD WITHOUT
CONJUGATE POINTS

The wave kernels cos(tv/A)(z,y) and % 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 §?7 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 (x,y) of M and the geodesic distance function (squared) is a
global smooth function r2(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 ([Be]). That is, the
wave kernel E(t, x,y) = cos(tv/—A) is given modulo smooth kernels by the
Hadamard parametrix,

Et,z,y) = / N W, y)0"F Ix(6) df (8.1)
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where x is (as above) a smooth cutoff near 0 and where the W; are given

recursively by the formulae in . Note that 2 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, ie. by summing over the deck transformation group:

E(t,x,y) = ZE(t, x,yy) = Z/o et (@) =t%) Z Wj(x,’yy)en%l_jx(&) do.

~er ~er =0
9. 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, z, q) be the cosine propagator. For each k we construct a parametrix
in the first sense so that

ack e CF1(R x M),

C*(0,z,q) — 6, € CFH(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
coordinates based at x. We denote the same quantity by O(z,y) so that
dV(y) = O(x,y)dy = \/g(y)dy. We then change to geodesic polar coordi-
nates (p,w) so that dy = p" tdpdw. We write O(x, p,w) for O(z, ) in polar
coordinates. Thus, dV (y) = ©p" ldpdw.

Let © = y/det(g;x) be the volume density in normal coordinates based
at y, dV = O(y, z)dz. That is,

O(z,y) = ‘det D opz1(y) ©XPy| -

Fix z € M and endow B.(x) with geodesic polar coordinates r, 6. That is,
use the chart exp;! : B.(z) — B; .M combined with polar coordinates on
TiM. Then g'' = 1,g% =0 for j = 2,...,n. Also, dV = O(z,y)dy =
O(z,r,0)r"Ldrdf. So the volume density J relative to Lebesgue measure
drdf in polar coordinates is given by J = r"~'0©.

In these coordinates,

1 < 9 e 0 0? J 0
A=— — (JgF—— )=+ +L 9.1
Jj%_:l@a:j(g &xk) o T o T (9-1)
where L involves no % derivatives. Equivalently,

0?2 o' n—1 0

~ o2 (@+ r )8r+L’
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PROPOSITION 15. For general metrics on Riemannian manifolds of dimen-
sion 3, for any k and for |t| < inj(M, g), there exists a kth order parametriz
of the form,

Ck(taxaq) - a—Q(ZaQ)él(p - t) + a—l(xv‘J)(S(p - t) + aO(x7Q)HO(p - t)

+ - 4 ag(z, ) H"(p — t).
(9.2)
1

Here, H*(s) = ﬁsi and the a;j are constructed so that as p — 0,

( apg = O(l),

ao + pa1 = O(p),

ap + pay + -+ app® = O(p¥).

Remark:  On R? the sine propagator was and its t-derivative is

8'(p—t)
P

d(p=t)
P

the 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
(19.1), we have for n = 3,

AU = (10 + 21 ) a+ 27 (G + fp)da (03

dp
Define the transport operator
1 a 1
R:=J 2—Jz.
2 8p 2
A straightforward caclulation based on (9.3 gives
(5 = D)CH(t2.q) = (~2Ra—2)d"(p—1)
+ (—2Ra_1 - ACL_Q) 5/(p — t)
+o o+ (=Raj1) H = (p — t)
£ (Aap) HR(p 1),

Note that the coefficient of ¢ cancels due to the argument p — ¢t. To make
the coefficient of 6" zero, we need to solve

0
Ra_o=0 < 8—J%a_2 =0 < J%a_g = Const.
0
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It follows that )
®2
a_9 = c—.
P

in the Euclidean case, i.e. C' = 4mw. Thus, a_s has a similar form to the
Euclidean case where © = 1.

To obtain the desired initial condition, one makes the constant the same as
The coefficient of §(p — t) equals

—2Ra_1 + A(I_Q,
and to make it zero we need to define a_1 so that

Ra_l = —Aa_g.
Then,
o 1o P
a_1=CJ 2—5,] 2 J2AJ2ds.
0
One must have C' = 0 if a_y is smooth. Adjusting for constants,

11

a—1

= —— | JIAT Eds.
87 Jz Jo
This may be simplified using the special identity in dimension 3,

JEAJ " =07 1A 2,
to give,

1 [P 1
a_1=J 2/ O2A0O"2ds.
0

In general one has transport equations

1 .
Ra; = —5Aa;1,

which are solved iteratively as in the case j = —1. If we solve the first k
transport equations we get

OC* = —(Aap)H" € CF1(R x M).
This uniquely determines the a; and implies that

C*0,x,q) — 6, € C*1(M).
As in [Don, Theorem 2.4], we claim:

THEOREM 16. C(t,z,q) — C*(t,x,q) € C* (R x M).
Proof. One has,

0(C — C*) € CHL1(R x M),

C(0,z,q9) — C*(0,2,q) € C*1(R x M),

%(C(t?x)Q) - Ck(tv xz, Q))|t=0 =0.
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The last equation holds if we extend the solution to be even in ¢t from ¢ > 0.
Further, by the recursive procedure,
CHHL — CF ¢ C*(R x M).

To prove that C' — C* € C*~! 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 [Holll, Lemma 15.5.4]. Let E(t) =
L (v(@, 02 + [Vo(z, t)|*)dV.

LEMMA 17. Let v € C*([0,T] x M) be the solution of the inhomogeneous
initial value problem on [0,T] x M :

Ov = h,

v(z,0) = v (x,0) = 0.

Then,
t
B0 < ([ [Ih(s.o)]ds.
0
First,
<A’[],U>L2 = <7:1,AU>L2.
Hence,
. 0
2<h,’U>L2(M) = aE(t)
Let
M? := sup |[i(s)[|72 + [[Vu(s, )|[72/Cr = sup E(s).
0<s<t 0<s<t.
Therefore,
t
B(®) < 2M [ (s, lds
0
Thus,

t
M2 <20 [ s, s
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 [Hollll, (17.5.11)]:

k+1 k—1

. t ,
S DI () < Cr /0 I1DER(s,)lds + > 11Dy~ 7 h(t, )l )
=0 =0

It is proved inductively using ¥ = h — Awv which equals 0 when ¢ = 0.
This concludes the proof of Proposition
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9.1. Sine kernel. The same parametrix construction works for the sine
propagator S(t). In Euclidean space it equals 5(,;7;@_ The factor % = a_9

and © = 1.

PRrROPOSITION 18. For general metrics on Riemannian manifolds of dimen-
sion 3, there exists a parametriz of the form,

S*(t,x,q) = a_s(x,q)6(p—t)+a_1(z,q)H (p—t)+ao(z, q) H' (p—t)+- - ngkijz Q) H" 1 (p-1).
Here, H"(s) = l,si ‘

One can go through the same steps or simply observe that S(t) = f(f C(s)ds.
Since the a; are independent of ¢ one simply integrates up the H*(s). Note
that 4 H*(s) = HF1(s).

10. SPHERICAL MEANS AND BALL MEANS AS FOURIER INTEGRAL
OPERATORS

The spherical means operator is an averaging operator over the Riemann-
ian sphere S,(z) of radius r centered at z and the ball means operator
averages over the ball B, (z) centered at x of radius r. There are two natural
definitions according to the measure one puts on the spheres, resp. balls.
The tangential spherical means operator is defined by

LY f(x) = s fexp, r€)dpa (8), (10.1)

where dp, is the surface measure on S;M induced by the metric g. The
tangential ball means is defined by

MOf(x) = / F(expy r)dL(re),
rBxM

where dL is Lebesgue measure in the tangent space In both cases one uses
Euclidean surface area, resp. volume, forms on the tangent space at x.
The (ordinary) spherical means operator is defined by

1

where |S,.(z)| is the Riemannian surface area of S,(z), and the ball means
operator is

1
Mrf(x) = |BT(CE)| B(x)

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.

fdvy
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We follow Tsujishita [T]. The (tangential) spherical means operator L; is
defined by the diagram

@
oMy EX o(sem).

That is,
Ly = 7 (Gh* .
PROPOSITION 19. For fired 0 < t < inj(M,g), Ly is a Fourier integral

operator on M — M of order —%(n — 1) whose canonical relation Ay is the

conormal bundle of the characteristic conoid
Cy:={(z,y) : d(z,y) =t} C M x M,
i.e.
Ay =N*C, CT*(M x M).

Remark: 1t is possible to view L : [0,e] x M — M as a Fourier integral
operator, i.e. with the time variable included.

11. HORMANDER PARAMETRIX

We would like to construct a parametrix of the form
/ Py oM Gty At 2, y, ).
T:M

This is a homogeneous Fourier integral operator kernel (see §77).
Hoérmander actually constructs one of the form

/ e @ym Il Atz g, n)dn,
Ty M

where v solves the Hamilton Jacobi Cauchy problem,

q(z, dep(x,y,m)) = q(y,n),
w<m7y7n) =0 <~ <$_y777> = 07

dﬂﬂ(mayﬂ?) =, (fOI‘ r=y

The question is whether <exp; L2,m) solves the equations for 1. Only
the first one is unclear. We need to understand V(exp, Lx,n). We are
only interested in the norm of the gradient at x but it is useful to consider
the entire expression. If we write n = pw with |w|, = 1, then p can be
eliminated from the equation by homogeneity. We fix (y,1) € S;M and
consider exp, : T, M — M. We wish to vary exp, L2(t) along a curve. Now
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the level sets of (exp, L2, n) define a notion of local ‘plane waves’ of (M, g)
near y. They are actual hyperplanes normal to w in flat R™ and in any case
are far different from distance spheres. Having fixed (y,7), V. (exp, L, w)
are normal to the plane waves defined by (y,7n). To determine the length
we need to see how V(exp, 12, w) changes in directions normal to plane
waves.

The level sets of (exp, L2, m) are images under exp,, of level sets of (§,7) =
C in TyM. These are parallel hyperplanes normal to 7. The radial ge-
odesic in the direction 7 is of course normal to the exponential image
of the hyperplanes. Hence, this radial geodesic is parallel to (exp, La,n)
when exp,tn = z. It follows that |V, (exp; L2,m) at this point equals

%<€Xp;1 exp,, ] ‘,77) = t|n,. Hence |V, (exp, ' 2,n)|. = 1 at such points.

11.1. Relation to the phase (exp,'(z),£). One may construct a short
time parametrix for the wave kernel with phase (¢, z,y) = (exp, L(z),¢) —
t|€|,. Let us consider the operator

Kolt.o,9) = x(oy) [ clem@a-tge
TxM

where x is a cutoff to the diagonal. If we introduce polar coordinates on
T; M (not on M!) we get

oo
K(t,z,y) = x(x, y)/ / eip(<exp;1(ff»’)w)—t)pn—ldpdw'
0 S;M
We then consider the inner integral

K(tv pamvy) = / eip((expgl(g;)’w>_t)dw.
S*M

The singularity of K(t,z,y) at t = dy(x,y) is determined by the asymp-
totic expansion of K (t,p,x,y) as p — co. We may therefore evaluate it by
the stationary phase method. As a function of w is it a classical problem
that first arose in lattice point counting problems and we know that

K(tvpvmay) = p_(n_l)/2 Z eip(idg(%y)—t)e:l:iw/Q +
w== eXp;l(x)

The Hessian is well known to be the second fundamental form of the tangent
sphere and since it is a Euclidean sphere its second fundamental form is the
identity.

Plugging back in we find that

K(t,z,y) = x(z,y Z/ —(n=1)/2 gip(+dg(z,y)—t) ,tim /2 +"')pn_1dp.

There is no singularity from the — sign so

n—1

K(t,a,y) ~ Cox(fr,y)/ ¢Pda@y) =0 1. )" T dp = x(2,y)D; ? 8(d(x,y)—t).
0
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12. APPENDIX ON HOMOGENEOUS DISTRIBUTIONS

Let Dip(z) = @i(z) = tp(txr). A distribution on R\{0} is called homo-
geneous of degree a if (E, ;) =t7%(E, ). One uses the same definition in
R™\{0} with ¢:(z) = t"¢(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].

12.1. z%. For Rea > —1 define

% x>0
x4 =
0, z<0.
We want to extend the definition to all ¢ € C so that

%x‘i = aazfl, a:acfl =z,
There is a problem already at a = 0 since %x(}r = do(x).
We define
(o]
L) = [ a"plads
0
so that

Io(¢") = —alo—1(¢), Rea > 0.
Then for Rea > —1 and k € Z,
(=D*
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 -
alirgk(a + k) (p) = (=1) - (—k+ 1)10(80“:)) - (;‘: -1

la() = ( )Ia+k(§0(k))-

Thus,
(k—1)

0,
. a _ ( _1\k_ %0
alu{lk(a+ k)zf = (-1) =ik

Thus one defines
k

23 M (p) = /Ooo(log 2)p™ (@)dz/(k = 1!+ *D(0) (3 1/5)/(k = L.

j=1
12.2. 2%. For Rea > —1 define

0, x>0
z§ =
|z|*, x <O0.

It is the reflection of x4 through the origin.
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12.3. x%. Also, define
o g
T e+
This is a holomorphic family of homogeneous distributions and

it =ap Y

12.4. (z + i0)®. Define the function z* on C\R defined by e®!°8% where

logz € R, for z € R;. Its boundary values are denoted (z + i0)“.

Rea > 0 one has A
(x£i0)* =29 + etimaga
We also need that (x + i0)* is entire and
ez, z <0
(x4 i0) =
7, x> 0.
One has

(z +7i0)F = 27% + (=D)Fa=F +im(— 1)k (k- 1)1,

For

12.5. z=™. Here and above ¢~" is the distribution defined by ¢=" = Re(t +

i0)™" (see [Be], [G.Sh., p.52,60].)

12.6. Fourier transforms of homogeneous distributions. According

to [GeShl p. 171],
/ 979} d\ = ie*™/* (A 4 1) (o +40) L.
0

Also, (t +1i0)™ = e™"2 F(ln) JoS et da.
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