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Abstract

We study the joint spectra and joint eigenfunctions of a family
of commuting self-adjoint operators (A, X7,...,X,) on a compact, n-
dimensional Riemannian manifold M. Here A = \/—A (or a conve-
nient perturbation), where A is the Laplace operator on M, and X,
are first-order, self-adjoint, differential operators, or more generally
pseudodifferential operators, on M. We concentrate on cases where M
has a group G of isometries, especially when G = SO(n), where we say
M has rotational symmetry.

Two basic cases are the flat 2D torus T? and the 2D sphere S2,
each with a natural SO(2) action, yielding two commuting self-adjoint
operators (A, X). Classical analyses of their joint spectra and eigen-
functions, with emphasis on their differences, are reviewed in §1, and
these results provide a springboard for more general studies pursued
in subsequent sections, bringing in techniques from microlocal analysis
to elucidate various spectral clustering and eigenfunction concentra-
tion effects that first appear in these two paradigm cases. Contact is
made with earlier work, particularly [2], [5], and [9].
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1 Introduction

Let M be a compact, connected, n-dimensional Riemannian manifold. As-
sume a compact Lie group G acts effectively on M, as a group of isometries.
Denote the action by (g,x) — gz, g € G, x € M.

A case of particular interest will be G = SO(n), under the assumption
that there exists ¢ € M whose G-orbit O, = {gq : g € G} is a smooth
submanifold of M, diffeomorphic to the standard sphere S"~! C R”, via

Qg1 Og — S, (1.1)

in such a way that ¢, intertwines the SO(n) action on O, with the standard
action of SO(n) on S"~!. Then we say M has rotational symmetry.

Let A denote the Laplace-Beltrami operator on M. Then L?*(M) has an
orthonormal basis consisting of eigenfunctions of A, belonging to eigenspaces

Va={ueC®M): Au=—-Nu}, A e Spec(—A). (1.2)
The operator A commutes with the SO(n) action on functions, given by

L(g)u(z) = u(g™"z). (1.3)

Hence L(g) leaves each eigenspace V) invariant. We get a unitary represen-
tation 7y of G on Vj.

Typically the space V) is not one-dimensional. We aim to bring in self-
adjoint differential (or pseudodifferential) operators that commute with A
(and with each other), arising from the G-action, and look at the joint
spectrum of such a family of commuting self-adjoint operators, and also
look at the behavior of the joint eigenfunctions of these operators.

To frame the study, we start with a look at two paradigm cases, when
n = 2, namely

M =52 M=T2 (1.4)

where S? C R? is the standard unit sphere and T? = R?/27Z? is a flat
torus. In these cases, G = SO(2) ~ T!. The group SO(2) acts on S?
rotation about the r3-axis, and SO(2) ~ T! acts on T? via

@ (6h,02) = (01 + p,02), (1.5)

with addition in R/27Z. We will describe results on eigenfunctions of A
here, referring to Chapters 3 and 8 of [11] or Chapter 7 of [12] for details.



We start with M = T2, and take the L?-inner product

(u,v)r2 = (271')_2/u(0)v()d0. (1.6)

T2
Here an orthonormal basis is given by

en(0) = e k= (ki ko) € 72, (1.7)
and we have

Aey, = —|k|%er, |k|? = kI + k3. (1.8)

We have differential operators
9; : C®(T?) — C>™(T?), j=1,2, (1.9)

and 1
Xj = ;8] — Xjek = kjek, ke Z2. (1.10)

The operator X7 is derived from the SO(2) action on T? given by (1.5). The
fact that Xo commutes with both A and X7 is in some sense serendipitous.
We have —A = X? + X2. For our considerations of joint spectra, we first
have

Spec(X1, Xo) = {(k1, k) : kj € Z} = 7. (1.11)

In place of considering the joint spectrum of —A and X7, it is convenient to
set

A= (=A)Y2, (1.12)
SO
Aey, = |k|eg, (1.13)
and
Spec(A, X1) = {(\/k? + k3, k1) : (k1, ko) € Z%}. (1.14)

In addition, we have

Spec(A, X1, Xo) = {(\/k? + k2, k1, ko) : (k1, ko) € Z*}. (1.15)

The joint spectrum of X7 and Xy, specified in (1.11), is the very regular
integer lattice in R?. The triple joint spectrum specified in (1.15) is the lift
of this lattice to a cone in R3. The set Spec(A, X1), specified in (1.14), is an
edge-on view of this spotted cone, depicted in Figure 1.1.
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Figure 1.1: Spec(A, X7) on T?
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Figure 1.2: Spherical coordinates on S?



We now look at S2. We use spherical coordinates (6,), defined by

x(0,1) = (sin cos,sinf sinp, cos ),

(1.16)
0<f<m 0<9<2m,
illustrated in Figure 1.2.
In this case (cf. [12], (7.4.30)),
Spec(—A) = {k* +k:kcZ"}. (1.17)
It is convenient to set
N2 1
A= (-A+1) -5, (1.18)
SO
Spec A ={k:keZ"}, (1.19)
and denote —\2-eigenspace of A by Vj, for A = A\, = VE2 + k:
Vi = {u € C®(S?) : Au = ku}. (1.20)

Each eigenspace V}, is seen to contain a 1-dimensional space of zonal har-
monics,
Z, = {u eVie: Xju = 0}, (1.21)

where X is a first order differential operator with the property that Y; =
iX1 is a real vector field generating the SO(2) action on S, i.e., rotation
about the z3-axis (of period 27). The fact that dim Z; = 1 is established in
Proposition 7.4.18 of [12]. (A different argument will be presented later on
here, in §2.) Further calculations presented in [12] yield

Zy, = Span(Zy,), (1.22)

where

Zy(w) = Pg(cosb), (1.23)

for w = x(A,7) € S?, and Py(t) are Legendre polynomials, given by the
generating function

(1= 2tr + %)~ 12 =3 "Py(t)r. (1.24)
k=0

To normalize this eigenfunction to have unit L?-norm, one takes

V() = (2’“4: 1)1/ " Pu(cos0). (1.25)
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Figure 1.3: Spec(A, X1) on S?

Then (cf. [12], Proposition 7.4.35), an orthonormal basis of Vj, is given by
V(W) = agee™™ sinll 0 PNV (cos ), |0] < k, (1.26)

where ayp are normalizing constants. An alternative formula for this basis
is
Ykie(w) = ozkg(wl + ’L.LL)Q)ZP]E,E) (wg), 0 < l < k. (127)

We have
XYt =y, for 4] <k, (1.28)

and the joint spectrum of A and X is
Spec(A, X1) = {(k,0) € ZT X Z : |¢] < k}. (1.29)

We display this joint spectrum in Figure 1.3. Note similarities and dif-
ferences in comparison with the display of Spec(A, X1) on T2, depicted in
Figure 1.1.



Both figures display Spec(A, X;) for pairs (A, k) satisfying 0 < A < 10.
The first figure has more spectral points, in large part because the area of
T? (47%) exceeds the area of S? (47). Somewhat mitigating the ratio of
the number of spectral points is the fact that all the joint spectra for S2
are simple, as one can deduce from (1.26)—(1.28), while most joint spectral
points for T? are double. In fact, the joint spectra in (1.11) are simple, but
the points (ki, ko) and (k1, —ko) € Z2? from (1.11) have the same image in
Spec(A, X7) in (1.14). Hence all the points (A, k1) € Spec(A, X1) in (1.14)
have multiplicity 2 except for those for which k; = A. We will investigate
the geometrical roots of this difference between having simple spectra and
double spectra later on.

Another noticeable distinction between the two sets of joint spectra is
their degree of regularity. For S?, Spec(A, X1) is simply that part of the
lattice Z? lying within the quadrant {(z,y) : = > 0,]y| < z}. For T?
Spec(A, X1) lies in the same quadrant, but its points form a somewhat more
elaborate pattern. One can make out families of points lying on branches of
hyperbolas, but the spacing of the points is not even. For example, there is
substantial clustering near the edges y = +=.

The more elaborate behavior of Spec(A, X7) on T? is related to the no-
torious difficulty of the “lattice point problem,” i.e., to the difficulty of
precisely specifying the spectral counting function of —A on T2. In this
connection, we observe that one has a similarly intricate spectral counting

function for
A%+ X? on S% (1.30)

Note that A% + X? is equal to
—A+ X2, (1.31)

modulo an element of OPS'(S?). One might check out the spectral counting
function of this operator.

We turn to the differences in the behavior of the joint eigenfunctions in
these two cases. For T2, the eigenfunctions ey, k € Z?, all have absolute
value 1 everywhere. As mentioned above, each joint eigenspace of (A, X7)
has dimension 1 or 2. In case ko # 0, the (\/k{ + k3, k1) eigenspace is

Span(ex, ky, €hy.—ky) = {6101 (c1e*2%2 4 cye*202) : ¢; € CY, (1.32)

which does not display concentration or spiking effects. As for the eigenspaces
Vi of A, it is the case that they can have arbitrarily large dimension (this is
largely why the lattice counting problem is so hard), so a bit of spiking can
occur. But such spiking does not occur for joint eigenfunctions of (A, X7).
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Figure 1.4: Graphs of yj(cosf) = Y (w), —7/2 <6 < 7 /2

We now look at joint eigenspaces of (A, X7) for S2. As noted above, in
this case each joint eigenspace has dimension 1, and the (k, £)-eigenspace is
spanned by the unit-norm eigenfunction Y,f . We start with the zonal har-
monics Yko, given by (1.25). One can produce graphs of these functions from
computations of the Legendre polynomials P(t). In turn, these polynomials
satisfy the recursion relation

k+1 k

2%k +1
cf. (7.4.292) of [12]. This is convenient for such a computation. Figure 1.4
illustrates the graphs of Y,)(w) for ws = cos 6, in cases k = 10,20, and 30.
Referring to Figure 1.2, we see that the graphs in Figure 1.4 yield graphs
of Y2 on the “northern hemisphere” of S%. Now the polynomials P(t) are
even in ¢ for k even and odd in ¢ for k odd, so the zonal harmonics Y,2(w)
have the corresponding parity with respect to the inversion ws — —ws about
the “equator” of S2.
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Figure 1.5: y30(t) and the upper envelope y = (1/7)(1 — t2)~1/4

The graphs in Figure 1.4 illustrate the fact that the zonal harmonics Yko
spike at the north and south poles of S?. On the other hand, they do not
concentrate at the poles; that is, their amplitudes do not tend to zero on
any strip in S?. In fact, in the limit as k& — co. the sequence of functions
yx(t) has the upper envalope

y= -2y (1.34)
T
See [7], §4.8 for a derivation of the large k asymptotics of Py(t) that yield
this. This phenomenon is illustrated in Figure 1.5.

We have distinguished between “spiking” and “concentration” and noted
that the zonal harmonics Y} exhibit spiking but not concentration. Other
eigenfunctions do exhibit concentration, as we will now illustrate with the
eigenfunctions of highest “angular momentum”

V¥ (w) = ap(wr + iws)F, (1.35)

10
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Figure 1.6: Graphs of wy(cosf) = |V (w)|, wg =cosh, 0 <<

satisfying
VEW)? = Ja (1 - wi)*, (1.36)

or equivalently
V)] = wlcosB),  wp(t) = ax|(1 — )72 (1.37)

These eigenfunctions concentrate at the equator, § = /2, for k large, as
illustrated in Figure 1.6.
Extending this result, we will show that, for each 5 € (0,1), the set of

eigenfunctions
l
{Y;f(W) : ’k‘ > /1 —52}

concentrates on the strip |ws| < g (1.38)

as k — oo.

Our approach to this will involve, not a study of the special functions arising
in the formula (1.26), but rather general considerations, applicable to other

11



Figure 1.7: Surfaces of revolution, with and without poles

classes of n-dimensional manifolds with SO(n)-symmetry, bringing in tools
from microlocal analysis. One such result, applicable specifically to the
spherical harmonics on S2, is given in Proposition 3.2 and the accompanying
formulas (3.29)-(3.37). Concentration results for joint eigenfunctions in a
much more general setting are given in Propositions 4.1-4.3.

The following observation illustrates a limitation on what sorts of sets
spherical harmonics can concentrate on. Let Sy denote the hemispheres
{we€ 8% : +w3 > 0}. Then, as we will show in §2,

1
w eV — / juf s = ull%. (1.39)
St
In fact, thanks to the SO(3)-invariance of each eigenspace Vj, such an iden-
tity holds for all hemispheres St of S2. We will establish several generaliza-

tions of (1.39), both for higher dimensional spheres S™ and for other classes
of manifolds with SO(n)-symmetry. See Propositions 2.3-2.4.
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We point out a couple of phenomena that drive the differences between
the spectral behaviors of T2 and S2. One is that the real vector fields
Y1 = iX; have constant length on T2 but variable length on S2. In fact, Y1
vanishes at two points of S2, the “north and south poles.” This observation
motivates a concept that will play a role in investigating conditions that
yield simple joint spectra. Namely, let M be a compact, connected, n-
dimensional Riemannian manifold with SO(n)-symmetry, as introduced at
the beginning of this introduction. We say M has a pole at p € M provided

gp=p, VgeSO(n), (1.40)
and the derived action
D(g) : TyM — T,M (1.41)

on the n-dimensional inner-product space 1), M is equivalent to the standard
action of SO(n) on R™. In Figure 1.7 we display two surfaces of revolution
in R3, one with a pair of poles, the other without poles.

The rest of this paper is organized as follows. In §2 we decompose
L?(M) into mutually orthogonal pieces on which G acts like copies of 7,
where {7, : @ € A} is a complete set of irreducible unitary representations
of G. These pieces are the images of orthogonal projections @Q,. We use
these projections to decompose the eigenspaces V) of A,

Vy= EB Vaas (1.42)
noting that Q, : V) — V). We observe that, for u € L?(M),

/ fluffav =3 / f1Qsul*av, (1.43)
M B M

whenever f € L°°(M) is invariant under the G-action. This leads to an ex-
tension of (1.39), from M = S? (indeed, from M = S™), to the setting where
M has an isometric involution ¢, commuting with the G-action, yielding

M=M,UM_, .:My— Ms, (1.44)

with My invariant under the G-action. Then (1.39) extends to

1
ueVy = / lul?dV = 3 / lu|? dV, (1.45)
My M

13



provided one has that
G = SO(n) acts irreducibly on each space Vy,. (1.46)
This is Proposition 2.3. We show in Proposition 2.4 that
if M has a pole, then (1.46) holds. (1.47)

In Proposition 2.8 we show that, if M does not have a pole, but there is a
G-orbit Oy as in (1.1), then, for each nonzero Vy,,

the action of SO(n) on V), contains
(1.48)

at most two irreducible components.

In §3, we focus our attention back on M = S?, and examine the asymp-
totic behavior of

/f\u|2d5, uw€ Vi, fe0™(S?), zonal (1.49)
SQ

In Proposition 3.2 we show that, if

u=> ay, (1.50)
<k

then

/mﬁw Sl (7 ) + Bau). (151)
¢|<k
where

|Ri(u)] < ”uHL27 C=0C(f), (1.52)

and

1
o) =1 [ REVT) E @) = h) (15)

We show that g € C*°([—1,1]) (perhaps despite appearances). For the
special cases u = Yko and u = Ykk, one has, respectively,

/f|Y,§]2dS_ / fo(s 1_52 +O0(k™), (1.54)



and
/ FIVERAS = fo(0) + O(k™Y), (155)
SQ

which can be compared, respectively, with the statement (1.34) about the
upper envelope of Py (t) and the concentration analysis (1.37). Going further,
we establish a version of (1.38), namely, for 8 € (0,1), 6 > 0,
14 c(o
k'z 1- 32 = / |Y,fy2dsgli). (1.56)
|ws|>B+d

We obtain sharper estimates, in more general settings, in §4.

To get the results (1.51)—(1.56), we do not delve into the analysis of
Y/ as special functions (as in (1.25)-(1.27)). Rather, we use methods of
microlocal analysis. We start by writing (1.49) as

(I1(A)u,u)r2, Au= fu, (1.57)
where
1 2m ) )
II(A) = — e At g, (1.58)
2 0

Egorov’s theorem allows us to write II(A) as a pseudodifferential operator,
in OPS%(S?), and to specify its principal symbol. The operator I1(A4) com-
mutes with both A and the operator X arising in (1.21). Using a functional
calculus presented in [9], and developed further in Chapter 12 of [10] (see
also [8], [2], for related developments), we show in Proposition 3.1 that

II(A) = Fo(A, X1)+ R, ReOPS (8%, (1.59)
with
Fo(A, X1) = g(A' Xy), (1.60)
and g(A) as in (1.53). This gives rise to the results (1.51)—(1.56).
The two-pronged goal of §4 is to extend and sharpen the estimate (1.56).
In the expanded setting, M is a compact, connected, n-dimensional Rie-
mannian manifold, on which there is a vector field Y, which generates a

1-parameter group of isometries of M, so X = Y is self adjoint and com-
mutes with A = +/—A. Then V), splits into joint eigenspaces

V=P Vaw, Vi ={uveVi: Xu=pu}. (1.61)
7
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As for the vector field Y, we assume

Ay = min Y (z)] < max Y (z)| = Ax. (1.62)

The role of the set {w € S%: |ws| > B+ §} in (1.56) is expanded to
Qa={xe M:|Y(x) <A}, given A€ (Ap, A41). (1.63)

The role played by the condition on (k,¢) in (1.56) will be expanded by
choosing

g€ C™([-A1,A1]), g(p)=0for |u| <A, given A" > A. (1.64)

The extension and sharpening of (1.56) is then given by the following result,
Proposition 4.3:

if feC®(M), supp f C Q4, then

L C (1.65)
we Vi = g(5) I fullomqn < S llulle,
for each m € N. The key to this estimate again resides in the use of the
functional calculus for commuting self-adjoint pseudodifferential operators.
It is shown in Proposition 4.2 that, under the hypotheses above,

Mig(A™'X) € OPS™>°(M), (1.66)

and this leads to (1.65).

The result (1.65) can be interpreted as implying that, for u € Vy,, with
\/Al > A’ u concentrates on the set M \ Q4, as A\ — oo. Alternatively, we
say Q4 is a shadow region for such a family of eigenfunctions.

In §5 we retain the setting of §4, involving M, A, X, and examine Weyl
asymptotics. In its basic form, this involves the counting function for the
eigenvalues of A, repeatd according to multiplicity. This can be expressed
in the form Tr,(A), for a sequence of functions ¢, : RT — R, such as
characteristic functions of [0,v]. It is convenient to take smoother func-
tions, and deduce information on the counting functions via a Tauberian
theorem. For example, one might start with heat asymptotics, Tr e!2, using
@i(A) = e ™A% £\, 0. More precise results arise via the use of wave equation
techniques. One takes

peS[R), ©>0, supppC (—r,7), r<InjM, (1.67)

16



where Inj M is the injectivity radius, and considers
Ny(R) =Tro(A - R). (1.68)

One studies the asymptotic behavior of this as R — +o0o0. More generally,
there are microlocal Weyl asymptotics, involving the behavior of

TrBo(A — R), Be€ OPS°(M). (1.69)

As in the classical work [6], this is analyzed by writing

Bo(A — R) = / Be'™=R (1) dt, (1.70)

— 00

and using a parametrix for the wave evolution operator ', for |t| < r. In
particular, results of [6] give

Ny(R) ~ C(p, M\)R™', R — . (1.71)
Going further, we take
B = Mh(AT'X), feC®(M), he C®(-A,A)), (1.72)

and obtain the following, in Proposition 5.2:

A g
(1.73)
= [ @ (@).9) dS(.¢),
S*M
where, for (A, ) € Spec(A, X),
{unyj : 1 <j <dimV),} is an orthonormal basis of V),,. (1.74)
Specializing (1.74) to f =1 gives
) 1 ®Y .
A N 2P0 ) Z;h(A) dim Vi,
(1.75)

_ / h((Y (2),€)) dS(x,€).

S*M
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We show in Lemma 5.4 that the last integral is equal to

/h(y)‘lf(y) dy, I=[-A1, Al (1.76)
I
with U satisfying
U=V, xe€Ll(I,dy), V>0, /\Il(y)dyzl. (1.77)
I

Having that the left side of (1.75) is given by (1.76), for h € C*°(I), we
next have two tasks. First, we want to extend the validity of this identity
to a larger class of functions h on I, including functions that are piecewise
continuous with a finite number of jumps. In fact, the extension goes further,
to the situation where h : I — R is a bounded function satisfying

heR(I,y), ~v=Y¥(y)dy, (1.78)

that is to say, h is Riemann integrable on the measured metric space (I,7).
We expound on this concept in Appendix A.

We call the function ¥ that arises in (1.76) the joint spectral clustering
factor, and the second task we face after obtaining (1.75)—(1.77) is to analyze
the behavior of this factor, and see how it depends on M and X. In §5 we
work through the examples M = T? and M = S?, obtaining

1 1

U(y) = — —— =[-1,1, M =T? 1.
(y) = s y=[-11], : (1.79)

and

U(y) = yc|[-1,1, M=5> (1.80)

This is a quantitative expression of what is behind the difference in appear-
ance of the joint spectra of (A, X), pictured in Figures 1.1 and 1.3, in these
two cases.

In §6 we apply the results of (1.73)—(1.77), and also the shadowing results
of §4, to additional examples of 2D surfaces of revolution:

3. More general convex surfaces of revolution.
4. Symmetric dumbbell.

5. Top-heavy dumbbell.

6. Surface with inflective invariant geodesic.

18



7. Inner tube.
8. Surface with flattened equator.
9. Capped cylinder.

Nlustrations of curves in R? that produce such surfaces upon rotation about
the zs-axis are given in Figures 6.1-6.4. The first two of these figures also
sketch the graphs of the factor ¥ arising in Examples 4 and 5.

For surfaces in Example 3, the behavior of W is close to that of 5%; one has
U € C*°(I), though it is typically not constant. In the other examples, ¥ has
singularities, though in Examples 4-7 the singularities occur on the interior
of I, rather than at the endpoints. In Examples 4-8, such singularities as
occur are weaker than we see for M = T? in (1.79). We have logarithmic
singularities in Example 4, both log singularities and jumps in Example 5,
power singularities with exponent —1/6 in Example 6, log singularities for
the inner tube in Example 7, and power singularities with exponent —1/4
in Example 8. For the capped cylinder in Example 9, ¥ has singularities of
the same strength as (1.79).

Regarding the application of results on concentration and shadowing to
these examples, we mention that, in Example 4 (the symmetric dumbbell),
we show in Proposition 6.1 that there are eigenfunctions in V), that con-
centrate on small neighborhoods of the union of the two equators about
the fattest parts of these dumbbells. However, thanks to results of §2, they
cannot concentrate on a small neighborhood of just one of these equators,
since each such eigenfunction is either even or odd under the associated in-
volution ¢« on M that arises here. We also have a result, Proposition 6.2, on
the existence of pairs of elements of Spec(A, X) that are very close together,
one associated to a joint eigenfunction that is even under the action of ¢,
and one associated to an odd eigenfunction.

There are different conclusions to be reached about concentration and
shadowing of joint eigenfunctions in Example 5, which the reader can check
out.

This paper has two appendices. As already mentioned, Appendix A
treats the notion of Riemann integrable functions on a compact, measured
metric space, of relevance to extending (1.75)—(1.76) from h € C*°(I) to
cases allowing h to be discontinuous. Appendix B discusses the action of
a finite symmetry group on eigenspaces. Results given here are relevant to
Proposition 6.2, mentioned above.
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2 Decomposition of the eigenspaces of A

Let M be a compact, connected, n-dimensional Riemannian manifold, with
an SO(n)-action by isometries, as described in the opening paragraph of §1.
Denote the eigenspaces of the Laplace operator on M by

Va={ueC®M): Au=—-Nu}, A e Spec(—A). (2.1)

If 7, is an irreducible unitary representation of SO(n), set

Quula) =do [ ulg™ 2)xala o (2.2)
SO(n)
where
Xa(g) = Trﬂa(g), do = Xa(I), (2-3)

I denoting the identity element of SO(n). The operator @, is the orthogonal
projection of L?(M) onto the subspace of L?(M) on which L(g) acts like
copies of 7, where

L(g)u(z) = u(g'z), g€ SO(n). (2.4)
Since L(g) commutes with A, so does @, so
Qa: Vi — V. (2.5)

We set
V)\a = Qa(v)\)v (26)

so we have an orthogonal decomposition

Vi= P Vi (2.7)

acAy

where Ay = {a: V), # 0}.
As one use of such a decomposition, we derive a simple but useful iden-
tity. Suppose f € L*°(M) is invariant under the SO(n)-action, so

MyL(g) = L(g)My, Vg G=250(n), (2.8)

where Myu = fu. Hence
Man = QaMf- (29)
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Proposition 2.1 If f € L>®(M) is SO(n)-invariant and v € L*(M), then
[ ulav =3 [ f1Quup av. (2.10)
M B M

Proof. The left side of (2.10) is equal to

(fu,u) =Y (fQau, Qpu)
a,B

= (QsMQau, Qpu)
a,B

= (M{QpQau, Qpu)
a,B

= (M;Qgu, Qpu),
B

(2.11)

where we have used Qg = Q% = Q%QB and Q.Qp = 0 for a # 3. The last
quantity in (2.11) is equal to the right side of (2.10). O

Corollary 2.2 In the setting of Proposition 2.1,
u€eVy= /f|u|2dV =) /f|Q5u|2dV. (2.12)
M ﬁeA)\M

One can deduce the identity (1.39) from (2.12). Here is a natural gener-
alization.

Proposition 2.3 Take M as above, and assume there is an isometric in-
volution

t: M — M, commuting with the action of G = SO(n), (2.13)
such that
M=M UM_, «:Ms—s M, (2.14)
with
My invariant under the G-action. (2.15)

In addition, assume

G = SO(n) acts irreducibly on Vg, for each a € Aj. (2.16)
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Then
u€Vy = / lul?dV = /!u\de (2.17)
My

Proof. By (2.13), t* : V\q = Vi, and, if (2.16) holds,
¢* = %1 on each space V). (2.18)

Now we can apply (2.12) with f = xar, , to get, for u € Vjy,
/ u?dv =" / |Quul? dV. (2.19)
QGA)\Mi

But (2.18) implies

1
/ |Qaul? dV = 2/]Qau|2dV, Va € Ay, (2.20)
M

whenever u € V), so (2.19) is equal to

35 [lQuav =3 / ul?av; (221

OCEAAM

again by (2.12), with f = 1. This gives the asserted conclusion (2.17). O

The applicability of Proposition 2.3 to the identity (1.39) follows from the
fact that each joint eigenspace of (A, X7) on S? is one-dimensional, spanned
by Y, given by (1.26)(1.27), so clearly the SO(2) action on such a space
is irreducible. Here is a more general irreducibility result, applicable to n-
dimensional SO(n)-symmetric manifolds with a pole (including, of course,

M = §™).

Proposition 2.4 Let M be a compact, connected, n-dimensional Rieman-
nian manifold (n > 2) with an SO(n)-action by isometries. Assume M has
a pole at p. Then

G = SO(n) acts irreducibly on Vi, for each a € Aj. (2.22)

We get started with the following special case.
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Lemma 2.5 Take M as in Proposition 2.4, and, for \* € Spec(—A), con-
sider

Vio={ueVy:L(glu=u,VgeSO(n)}. (2.23)

Then
dim Vyg < 1. (2.24)

Our approach to the proof of this makes use of the following.

Lemma 2.6 Take M, \ as in Lemma 2.5. Then there exists r1 = ri(\) >0
such that

ue Vy, re(0,m], =0=u=0. (2.25)

u ‘ 9B (p)

Proof. If i = p(r) denotes the smallest eigenvalue of —A on the ball B, (p),
with the Dirichlet boundary condition on its boundary 9B, (p), we have the
variational characterization

(r) = int { / VePdvive CEBW). Il =1} (@226)
Br(p)

and, as is classical,
pu(r) /+oo, as r\,0. (2.27)

As soon as p(ry) > A2, we have that the hypotheses of (2.25) imply
u=0 on B(p), (2.28)

and then unique continuation for solutions to (A + A?)u = 0 implies u = 0
on M. |

Proof of Lemma 2.5. Assume V)g # 0. Pick u,v € V)g, both # 0. Take
r1 =r1(A) as in Lemma 2.6. Both v and v are constant on 0B, (p), so there
exist nonzero constants a; € C such that

au+av =0 on 0B, (p). (2.29)

By Lemma 2.6, this implies aju + aov = 0 on M, hence dim Vg = 1. O

Before proceeding to Proposition 2.4, we note that Lemma 2.5 leads to
the following classical result.

Corollary 2.7 Take M = S", and assume n > 2. Then the isometry group
SO(n + 1) acts irreducibly on each eigenspace Vy of A.
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Proof. Note that the SO(n + 1) action commutes with A, so SO(n + 1)
acts on each eigenspace V). Suppose W C V) is a linear subspace that is
invariant under this action, and we take a nonzero w € W. There exists
q € S™ such that w(q) # 0, and there exists g € SO(n+ 1) such that gg = p,
the “north pole” of S™. Hence L(g)w = wy; € W and wi(p) # 0. Now form

wy = / L(g)w: dg, (2.30)
SO(n)

SO
wy € WNVy, wap)=wi(p)#0. (2.31)

Now, if W # Vj, let W+ C Vy, denote its orthogonal complement, and take
a nonzero v € W+, The same argument as above yields

Vo € wtn Vo, w2 #0. (2.32)

Then Lemma 2.5 implies vs is a scalar multiple of ws, contradicting the fact
that v L wy. This contradiction implies W = V), and we have the asserted
irreducibility. (]

We now tackle Proposition 2.4. We divide the proof into two parts.

Proof of Proposition 2.4 when n = 2. In this case, the action of G =
SO(2) is given by the flow .7-"{,1, generated by a real vector field Y7, periodic
of period 2m. The self adjoint operator X; = (1/i)Y; commutes with A =
(=A)Y/2. The spaces Vy, become

Ve = {u eVy: Xju= ku}, ke Ay C Z. (2.33)

We are asserting that dim V), = 1 for each k € A). The proof is similar to
that of Lemma 2.5. Pick u,v € Vi, both # 0. Take 1 = r1()) as in Lemma
2.6. If we fix ¢ € 0B, (p), both u and v, restricted to 9B, (p), are constant
multiples of the function ¢ defined by

or(Fiq) = ™. (2.34)
Thus there exist constants a; € C such that aju + asv = 0 on 9B, (p). By

Lemma 2.6, this implies aju 4+ asv = 0 on M, so dim V), = 1. Il

Proof of Proposition 2.4 when n > 3. Note that the representation 7,
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of SO(n) must be contained in the standard action of SO(n) on L*(S"1).
Assume W C V), is a linear subspace, invariant under the SO(n)-action,
and take a nonzero u € W. Take r; = ri(\) as in Lemma 2.6, and set
Sy = 0By(p). We see that for each r € (0,71], uls, is not = 0. Fix ¢ € S,,.
There exists g € SO(n) such that u; = L(g)u is nonvanishing at ¢. Also, of
course, u; € W. Identifying SO(n — 1) with the subgroup of SO(n) fixing
q, set

w= [ Loud. (2.35)
SO(n—1)
S0
ug € W, wua(q) = ui(q) # 0. (2.36)

Now 9 = uzls,, is an element of C*°(S;,) ~ C>(S™1) in the subspace on
which
{L(g) : g € SO(n)} acts like 7y, (2.37)

and SO(n — 1) acts trivially on ¢o. The argument used in the proof of
Corollary 2.7 implies the space (2.37) has just a 1-dimensional subspace on
which SO(n — 1) acts trivially (space of “zonal harmonics”), so 2 must
span this space.

Now, if W # V4, then its orthogonal complement W+ C Vy, contains
a nonzero element, and by the argument above we have

vy € WE, vy #0, vy invariant under the SO(n — 1)-action. (2.38)

Since the restrictions of both wy and vy to S;, are both zonal functions in
the same irreducible component of the SO(n) action on L?(S,,), we have
a; € C such that

ajug + agva =0 on Sy, = 0B, (p). (2.39)
It follows from Lemma 2.6 that
aius +asvg =0 on M. (2.40)

This contradicts the fact that us L v, so W = V), and we have the asserted
irreducibility. O

In cases where there is not a pole, we have the following variant of
Proposition 2.4.
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Proposition 2.8 Let M be a compact, connected, n-dimensional Rieman-
nian manifold, with an SO(n)-action by isometries. Assume there is a point
q € M whose orbit

Oy ={99:9€ 50(n)} (2.41)

is a smooth submanifold of M, diffeomorphic to S*~!, as in (1.1), in such
a way that g intertwines the SO(n) action on O with the standard action
of SO(n) on S"~1. Then, for \?> € Spec(—A), a € Ay,

the action of SO(n) on Vy, contains
. , (2.42)
at most two irreducible components.

In preparation for proving this, we bring in a variant of Lemma 2.6. For

r >0, let
Q ={x e M :dist(z,0,) <r}. (2.43)
Then there exists 9 > 0 such that, for r € (0, 9], 9, consists of two SO(n)

orbits, each diffeomorphic to S"7 !, like O, in (2.41). The following variant
of Lemma 2.6 has a similar proof.

Lemma 2.9 Toke M, )\ as in Proposition 2.8, and construct €2, as above.
Then there exists r1 = ri(\) € (0,79] such that

ueVy, re(0,m], =0=u=0. (2.44)

Proof of Proposition 2.8. We concentrate on the case n > 3. Suppose
Via=W1®Wod W3 (2.45)

is an orthogonal decomposition, with each W; invariant under the SO(n)
action, and suppose u; € W;, u; # 0. Hence, for each j, uﬂagm is not = 0.

Denote by SO(n — 1) the subgroup of SO(n) fixing ¢. This subgroup
also fixes the points on the geodesic v through ¢ that is orthogonal to Oy,
and it hence fixes the nearby points ¢+ on the two components d+ of 0€,,
where « intersects the boundary of €2,,,. One can take g; € SO(n) such that,
for each j, v; = L(gj)u; does not vanish identically on {qg+}, so

w= [ Liwdg (2.46)
SO(n—1)
satisfies

wj € Wj, wj}aﬂrl #0, (2.47)
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and each wj is invariant under the SO(n — 1) action.
Now we have the trace map

T OP(M) — C®(94) & C(d_), (2.48)

and the image under 7 of Span(wi, wy, w3) is contained in a two-dimensional
subspace of C*(04) @ C*°(0-), consisting of zonal harmonics. Hence there
exist a; € C, not all zero, such that

T(agwy + agwy + azws) = 0. (2.49)
It follows from Lemma 2.9 that
aiwi + aswg +agw3 =0 on M, (2.50)

contradicting the mutual orthogonality of the spaces W;. This gives the
desired conclusion (2.42), for n > 3. The proof for n = 2 is a variant,
somewhat like the proof for n = 2 in Proposition 2.4. O
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3 Amplitude distribution asymptotics for spheri-
cal harmonics on S?

As discussed in §1, L?(S?) has an orthonormal basis consisting of the spher-
ical harmonics

Y, keZ* (e, [t <k, (3.1)

given by (1.26)—(1.27), joint eigenfunctions for the operators A, given by
(1.18), and X7, described below (1.21):

A = kY, XY=y (3.2)
We see from (1.26) that
l
V(@)% = |oel*(1 — w2) T PID (wg)?, (3.3)

and this is a zonal function. Here we examine the asymptotic behavior of

/ F(@) [V ()2 dS(w) = (MY V) e, (3.4)
S2

when f is a zonal function on S?. We use methods of microlocal analysis,
rather than an analysis of the special functions Pj.
To begin, given A : L?(S?) — L?(S?), we form

1 2 ) )
II(A) /0 e AN g, (3.5)

"o

Note that {e/ : ¢ € R} is periodic in ¢ of period 27, and TI(A) commutes
with e for all ¢. If
A€ 0OPS°(S?) (3.6)

has principal symbol a € C*°(S*S5?), then Egorov’s theorem gives
II(A) — op(Pa) € OPS™(S?), (3.7)

where Pa € C*°(5*S?) is given by

27
Pa(z,€) = % /0 a(Gu(, ) dt, (3.8)

{G: : t € R} denoting the Hamilton flow on S*S? corresponding to the
geodesic flow, which is also periodic of period 27, and

op : C®(8*S?) — OPSY(5?) (3.9)
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is given by an appropriate quantization procedure.
Now we specialize to

Au= fu, f€C™(S?), zonal. (3.10)

Then TI(A) also commutes with R(t) = X1, for all t. Consequently, for A
of the form (3.10),

II(A) commutes with both A and X;. (3.11)
Given that Spec(A, X7) is simple, it follows that II(A) has the form
II(A) = F(A, Xy). (3.12)

Since we also know that II(A) is a pseudodifferential operator and we
have a formula for its principal symbol, we can deduce information about the
function F', using results on functional calculus for commuting self-adjoint
pseudodifferential operators given in [9] and in Chapter 12 of [10] (see also
[8] and [2], for related developments). These results yield

F e S°(R?*) = F(A,X;) = Be€ OPS°(5?), (3.13)

with principal symbol

where Y = X is the real vector field generating rotation about the rz-axis
(of period 27). Note that it suffices to specify F' on

{(A\1,22) = A1 >0, |A2| < A1},

in light of the identification of Spec(A, X1), and taking into account that
Y| <1 on S2 We want the principal part of (3.14) to match up with (3.8)
on S*S2.

In light of this, we are motivated to define Fy(A1, A2), homogeneous of
degree 0 in (A1, A2), so that

Fy(1,(Y,€)) = Pa(z,£) for (z,€) € S*S2. (3.15)

Now Fp(1, o) is a function of Ao € [—1,1], while Pa is a function on S*S?,
which has dimension 3. However, Pa is invariant under the flows G; and .7-"{/
(the flow generated by Y'), and in fact it is uniquely specified by its behavior
on Sy, 52, where x( is an arbitrarily chosen point on the equator of S2. At
xo, Y is a unit vector tangent to the equator, and (3.15) becomes

Fo(1,X2) = Pa(zo, (A2, /1 — A3)). (3.16)
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At first glance, this looks non-smooth at Ay = 1, but in fact we have

Pa(zo, (£1,&2)) = Pa(xo, (&1, —62)). (3.17)

Such an identity is clear if f(x) is even under x3 — —x3. On the other hand,
if f(x) is odd under this transformation its invariance under R(t) guarantees
that (3.8) vanishes, so we have (3.17) for general R(t)-invariant f € C*°(S52).
From (3.17) we have that (3.16) defines a smooth function of Ay € [—1,1].
We have the following conclusion.

Proposition 3.1 Let f € C*(S?) be a zonal function and let A = My, as
in (3.10). Define Pa as in (3.8), with a(z,§) = f(x). Then there exists
Fy € S°%(R?) so that (3.15)—(3.16) hold, for |\2| < 1, and we have

Fo(A, X1) € OPS°(S?), and

—1q2 (3.18)
II(A) — Fo(A, X1) = R € OPS™(57).
Note that we have
Fo(A, X1) = g(A~' X1), (3.19)
where g(\) = Fy(1, \), for |A] <1, ie.,
g(\) = Pa(zo, (A, V1= 22)). (3.20)

We return to (3.4) and write

/ F@)YEW)2 dS(w) = (AYE, V)

52
= (II(A)Y), Y)) 321

= (Fo(A, X1)Yy, V) + (RY, YY),

hence

0
[ i@ ase) = o) + R (3.22)
S2
with g(\) given by (3.20), and
1
Rie = (RY},Y}) = E(RAYkKyYIf% (3.23)
hence 1

[Riel < 2 IBAllgz2), RA€ OPS°(S?). (3.24)

We can combine (3.22)—(3.24) with Corollary 2.2 to obtain the following.
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Proposition 3.2 Assume u € Vg, i.e., Au = ku, so

u=> ay. (3.25)
je|<k

Let f € C°°(S?) be a zonal function, as in Proposition 3.1. Then

[P asw) = 3 lwPo(}) + B, (320)
SQ

le|<k

with g as described in Proposition 3.1, and
o
[Br(w)l < —llulliz, O = [[RA|lg2). (3.27)

We give a geometrical perspective on how the function g € C*°([—1, 1])
depends on the zonal function f € C*°(S?%). Pick a point on the equator
of 82, say zg = (1,0,0) € S? C R3. We have natural identifications of
T S?, T;OSQ, the (x1,z3)-plane, and R2. Given

A€ [-1,1], take v =(\V1-A2) e St cR (3.28)

Let v be the unit speed geodesic through x, with initial velocity v. This is
a “great circle,” of circumference 27, starting and ending at xg. Then

g(A) = mean value of f‘v' (3.29)
Under these circumstances, we see that
v(t) = (cost, Asint, /1 — A2 sint). (3.30)

If we (pedantically) set f(w) = fo(ws), then

w/2
g() = 1/ Fo(V/ 1= N2 sint) dt. (3.31)

T J—n/2

Recovering a smoothness argument made above, we see that, if

fo(s) = f1(s?) + sfa(s?), se[-1,1], (3.32)

then /o
gy =+ / FL(1L = A2)sin¢) dt. (3.33)

T J—n/2
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Returning to (3.31), we make a change of variable and write

! S
g(A) = 717/_1 fo(V1—=27%s) ld : (3.34)

— g2

The extreme cases are

[ )= e = i), (3.35)

In these cases, (3.22) yields, for smooth zonal functions f, first

/ (@) [YO(@)[2 dS(w)

/ fO 1-— 32 O<k71) (336)

(w)+ O™,

27T2/\/1w3

which one can compare with the statement (1.34) about the upper envelope

of Py(t). Second,

/ F@)VF )2 dS(w) = fo0) + Ok, (3.37)
SQ

which one can compare with the concentration analysis (1.37).
Going further, we can establish a version of (1.38). In fact, from (3.34),
we see that, if f is a smooth zonal function,

f(w) =0 for |w3| < B
— g(\)=0for V1 -X<p
f

, (3.38)
@I @Pds@) =0, for > VT2

—

the latter implication by (3.22). A convenient choice of f yields the following.

Proposition 3.3 Take 8 € (0,1), 6 > 0. Then

V]jz 1- 62 = / YV (w]? dS(w) <

|w3|>B+0

o)

— (3.39)

We will obtain sharper estimates, in more general settings, in §4.
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4 Shadow regions for families of eigenfunctions

In this section we let M be a compact, connected, n-dimensional Rieman-
nian manifold, and assume M has a nonzero Killing field, generating a 1-
parameter group of isometries of M. We will also make the hypothesis that

Ay = min Y (z)] < max Y (z)] = A;. (4.1)

Possibly Ag = 0. The operator X = Y is self adjoint and commutes with
A =+—=A. If A € Spec A, then the A-eigenspace

W={ueC®M): Au= Iu} (4.2)
splits into joint eigenspaces

Vi= P Vi, Vau={u€Vy: Xu=pu}, (4.3)
neAN

where Ay = {p : Vi, # 0}. We have
Spec(A, X) = {(A\, ) : A € Spec A, p € Ay} (4.4)
Note that, if u € V), and |[u||z2 = 1, then

¥ = || Xul72 < AF[|Vull72 = AT (—Au, u)

(4.5)
= Af|lAul7. = AIN?,

ie.,
we Ay = |u| < A (4.6)

Now, given a bounded function F' : Spec(A,X) — R, we can define
F(A,X) on L?>(M) by

FA, X)u=F(\ p)u, for ueVy,. (4.7)
As shown in Chapter 12 of [10],

F € S°%R?) = F(A,X) € OPS°(M), (4.8)
and its principal symbol is

ornx)(@,§) = F(], (Y, €)). (4.9)
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We will concentrate on F of the following form: F € C*°(R?\ 0), homoge-
neous 0. Note that only its behavior on the wedge {(\, ) : |u| < A1A} is
significant for the behavior of F/(A, X). We set

9(w) = F(Lp), so F(A,X)=g(A™'X), (4.10)

Note that only the behavior of g on u € [—A;1, A;] is significant.

Using this analysis of F'(A, X), we will study certain “shadow regions”
2 C M, and families of unit-norm eigenvectors in V), whose restrictions to
Q) decay rapidly as A — oco. The shadow regions will have the form

Qa={x e M:|Y(x) <A}, (4.11)
where we take A € (Ap, A1). To start, take
feC>®M), suppfCQa, A >A. (4.12)
From (4.8)—(4.9) we obtain the following;:

g € C%([-A1, A1), g(u) =0 for [u] < A’
= oA x)(7,€) =0, Vo €Qu, {€T;M (4.13)
— M;g(A™'X) € OPS™Y(M).

Under these circumstances, we have

/ Flo(A™ X )uf2av = (Myg(A~" X)u, g(A~ X )u)
M (4.14)

< [ Mpg(A~ X )ull 2 (A~ X Ju .
Since, for u € V),, we have
Mpg(A' X)u = A\"Mg(A'X)Au, (4.15)
and Mrg(A'X)A € OPS°(M), we have the following conclusion:

Proposition 4.1 Under the hypotheses on f and g given in (4.12)—(4.13),

0 C
weViu=o(}) [ P av < Sl (116)
M

As it stands, this result generalizes Proposition 3.3. However, as ad-
vertised there, our real goal in this section is to produce a much sharper
estimate. The foundation for this is the following improvement on the con-
clusion in (4.13).
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Proposition 4.2 Under the hypotheses on f and g given in (4.12)—(4.13),
Mig(A™'X) € OPS™>°(M). (4.17)
Having this result, we can replace (4.15) by
Mpg(A ' X)u=N"M;g(A™ X)A\"u (4.18)
(provided u € V),,), with
Mpg(A™'X)A™ € OPS™>(M), (4.19)
to conclude that, for each m € N,
IMpg(A™ X )ullom(ary < CnA™™ a2, (4.20)
yielding the following improvement of Proposition 4.1.

Proposition 4.3 Under the hypotheses on f and g given in (4.12)—(4.13),

we have
Cm

2 a2, (421)

I
we Ve = g(5) Ifulloman <
for each m € N.

The content of Proposition 4.2 is that, under the stated hypotheses on
f and g, the total symbol of F(A,X) = g(A~!'X) vanishes on T*Q4 \ 0,
not just the principal symbol. One approach would be to analyze the total
symbol of F(A, X) on T*M \ 0, but we will pursue an alternative approach,
making use of local elliptic regularity.

To proceed, pick h € C*°([—A1, A1]) such that

h(p) =1 for |u| < A,

i (4.22)
0 for |u] > A"
Now O'h(Ale)(x7§) = h(<Y($),§/’f‘>>, S0
h(A™1X) € OPS°(M) is elliptic on Q4. (4.23)

Thus there exists P € OPSY(M) such that Ph(A71X) is microlocally I on
a conic neighborhood of T*Q 4 \ 0, so

M;— M;Ph(A™'X) = R € OPS™ (M), (4.24)
so (since gh =0)
Mpg(A™'X) = M;Ph(A™*X)g(A™*X) + Rg(A™'X)
= Rg(A™'X),
which belongs to OPS™°°(M). This proves Proposition 4.2.

(4.25)
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5 Weyl asymptotics for joint eigenfunctions

Take M, A, X as in §4. For each (A, ) € Spec(A, X), take an orthonormal
basis
Unuj € VA“, 1<353< dAM = dim V)\M’ (5.1)

Given B € OPSY(M), there is the Weyl formula

fm X 3 Y B = [ os@odswe. (62

ASRp€eA)y j<dy, S* M

where dS(z,£) denotes the Liouville measure on S*M, normalized to have
total mass 1, and

NR)=dm@PVa=> > d. (5.3)

A<R A<R peAy

There is also the Weyl asymptotic formula

Va

N(R) ~ C(M)R" 4+ O(R™™), C(M) = @y

Vol(M), (5.4)

where V;, = 7/2/T'(n/2 + 1) is the volume of the unit ball in R”.
To obtain a variant of Proposition 3.2, we take

h e C®([-A1,A1]), [feC™®(M), (5.5)

and set
B = M;h(A™'X) € OPS°(M), (5.6)

with principal symbol
op(x,§) = f(@)h({Y(2),8/I€D). (5.7)
to obtain the following.

Proposition 5.1 For M, A, X asin §4, h, f as in (5.5), we have

i gmm 2 w(5) [ r@nu@P e
{upd):A<R} M (5.8)

_ / F@)R((Y (2),€)) dS(a, €).
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The result (5.2) is typically established using heat equation asymptotics,
which yield

Tr Bet® ~ Cl(M)( / o dS)t‘”/2, as £\, 0, (5.9)
S*M
together with a Tauberian theorem. Sharper results are obtained via a wave

equation approach, presented in [6], which generated a large body of work.
This yields an analysis of

Tr Be'™ € D'(R), (5.10)

as a distribution having an isolated singularity at ¢t = 0 (and typically other
singularities, which for current purposes one arranges to ignore). One ob-
tains the following result. Take

peSMR), ¢>0, suppp C (—r,r), r <InjM, (5.11)

where Inj M denotes the injectivity radius of M. Then, making use of

o)
Bo(A —R) = / Be'™=R) (1) dt,

one analyzes

Tr Bp(A — R).
One obtains, in place of (5.2),

S (0 — R)(Buusyyg, tiy) = / op(e,€)dS(z,€), (5.12)

I !
Risso Ny(R)

A”LL,]' S*M
where
Ng(R) =Tro(A—R) =) ¢(A— R)dimV), (5.13)
which satisfies
Ny (R) ~ C(p, M)R™ 1. (5.14)

Taking B as in (5.6), we have the following.

Proposition 5.2 For M, A, X asin §4, h, f asin (5.5), and ¢ as in (5.11),

we have
A g e (5 )/ ) (o) dV (@)
(5.15)
/ F@h((Y (2),€)) dS(z,€).
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Let us take a look at the following case, of 2D surfaces of revolution,
with a pole.

Corollary 5.3 In the setting of Proposition 5.2, assume in addition that
dim M =2, M has a pole, Fi has period 2m, (5.16)

$0
(A, ) € Spec(A, X) = pu=»€Z, dy=1. (5.17)

Then

A s - R (5 /f une()? S )

_ / F@)h((Y (2),€) dS(, ).

S*M

(5.18)

We can interpret (5.18) as saying that, in an “averaged” sense, as A — 00,

Zh /fmy ds ~ dlmVA/f(x)h((Y(x),&))dS(x,g). (5.19)

le Ay S* M

For comparison, in case M = S?, (3.22) implies, for A = k € SpecA, k — oo,
and f zonal,

3 0(3) [ mteas = S(E)a()

1
~ dim Vk/ h(s)g(s)ds,

-1

(5.20)

”

with g given by (3.20). We mention this here simply as a “heuristic,” rather
than something we will take further. But heuristics sometimes do lead to
further interesting results.

We return to the general setting of Proposition 5.2 and take f = 1, to
obtain further information on the joint spectrum Spec(A, X). We deduce
from (5.15) that

R%ON ng R) Zh( >dw

A
He (5.21)

_ / h((Y (x),€)) dS(a, €).

S*M
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To proceed, we write

[ @.e)as@o = [nwyarw), 1=l G2
S*M I
where v is the push-forward of Liouville measure on S*M under the map
o=o0x:5"M — I, ox(z¢&) = (Y(2),§). (5.23)
The following is a useful observation.

Lemma 5.4 The measure 7y is absolutely continuous with respect to Lebesgue
measure on I, so

/hmwm»wwaaﬂwwww, (5.24)
S*M I

with U (called the joint spectral clustering factor) satisfying

U=V, xeLl(I,dy), ¥>0, /\Il(y) dy = 1. (5.25)
I
Proof. What is to be shown is that if K C I is a Borel set,

Y(K) = 0 — /)dﬂaozo. (5.26)

o~ 1(K)
Indeed, for each x € M, we have o, : S:M — R given by 0,(§) = (Y (2),£),
and (if v(K) = 0) o' (K) has measure 0 in the (n — 1)-sphere S M for each
x for which Y'(z) # 0, which is all but at most 2 values of x. The implication
(5.26) then follows via Fubini’s theorem. O

From (5.21)-(5.24) we have

. 1 u
A2 N (R) ZA: p(A =R #GZA:A h(X)‘W

(5.27)
Z/h(y) dy(y) Z/h(y)‘P(y) dy,

1 I

for h € C°°(I). We want to extend this to a broader class of functions h.
The extension to h € C(I) is easy enough, but we want to go further. To
do this, suppose h : I — R is bounded and that

ho <h<hg, (5.28)
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where h belong to a class C(I) of bounded, Borel functions on I for which
(5.27) is known to hold (with A replaced by h4,h_). We deduce that

S n(4)dr < /h+ a,

HEAN T

. 1
R W 270
(5.29)

. 1 "
1 f —— A—R hl{=)dy, > [ h_dy.
i v 20 2 () z [

This in turn yields the following.

Lemma 5.5 Let h : I — R be a bounded function. Assume that, for each
e > 0, there exist ho € C(I) such that (5.28) holds and

/ (hy —h_)dy < . (5.30)
I

then (5.27) holds for h.

If h: I — R is bounded and, for each € > 0, there exist hy € C(I) such
that (5.30) holds (in which case there exist hy € C°°(I) such that (5.30)
holds), we say h is Riemann integrable on the measured metric space (I, ),
and write

heR(,~). (5.31)
The content of Lemma 5.5 is that

(5.27) holds for h € R(I,7).

See Appendix A for a brief treatment of Riemann integrable functions on a
compact measured metric space. The standard example, of course, is R(I),
the space of Riemann integrable functions on a compact interval I C R, in
case 7 is Lebesgue measure. Our next goal is to establish:

Proposition 5.6 For M,A, X as in Proposition 5.2, f € C*®(M), and ¢
as in (5.11), we have (5.27) for all h € R(I).

Proof. It remains only to prove that
R(I) C R(L7), (5.32)

when -y is absolutely continuous with respect to Lebesgue measure. To do
this, we use the fact that, for any finite Borel measure v on I, a bounded
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function h : I — R belongs to R(I,~) if and only if the set of points in I at
which h is discontinuous has y-measure 0. See Proposition A.1. Since this
characterization applies both to R(I,~) and to R(I) (where it is classical),
we have (5.32). O

We next compute the functions ¥ that arise in (5.24) and (5.27), in the
two basic cases emphasized in the introduction.

Example 1. M = T?.

In this case, one has S*M canonically equivalent to the unit circle S' C R?,
for each x € T?, and the push-forward of arc length on S:M under o, is
2/4/1 — y? dy. Hence, normalizing, we obtain

1

W(y) = 71r1_y2 yel-1,1]. (5.33)

Example 2. M = S°.
In this case we have S*M = {(x,&) € S? x §? : ¢ L z}. This is naturally
diffeomorphic to

The action of SO(2) in S*M is given by

cosf —sinf

(9, X)—gX, Xe€SO(3), g=|sinf cosf € SO(2). (5.35)
1
We have a smooth map
2:8*M — S, (5.36)
or equivalently
2:50(3) — S?, given by Z(X) = X'es, (5.37)

where e3 is the third standard basis vector of R3. Note that
g € SO(2) = Z(gX) = X'g'es = Z(X), (5.38)
so = induces a diffeomorphism

SO(2)\ SO(3) — S2. (5.39)
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The explicit formula for Z in (5.36) is
t

x x-e3
E(l’,g) = gt €3 = 5 €3], (540)
n' n-es

where, recall, n =z x &.
We seek a formula for ox : S*M — R, given by ox(z,&) = (Y (2),€),
that factors through (5.40). Note that, in this case, M = S?, we have

Y(z) =e3 x z, (5.41)
hence
ox(z,6) =(e3xz)-E=(xxE) - -e3=n"e3, (5.42)
S0
UX(:Uag) = E(x,{) t €3. (543)

Now = in (5.37) is measure-preserving, up to scaling. Furthermore, a clas-
sical area computation implies that the map

p3:S? — R, p3(z)=xz-e3 (5.44)

pushes the standard area measure on S? onto Lebesgur measure on [—1, 1],
up to scaling. We deduce that
1
U(y) ==
v =5
REMARK. To make contact with formulas below, we find it convenient to
permute variables in (5.40), and define

y € [-1,1]. (5.45)

- - n-e3
E:SM — S, E@,&) =& e, (5.46)
T - e3
S0 N
ox(x,&) =E(x,§) - e1. (5.47)

Having derived the formulas for the factor ¥(y) in Examples 1 and 2, we
consider their significance in the formula (5.27) for joint spectral asymptotics
of (A, X) in these two cases. To begin, the formulas (5.33) and (5.45) are
strikingly different. The first is singular at the endpoints of [—1,1], while
the second is simply constant along this whole interval. The singularities of
U(y) in (5.33) provide a quantitative description of the clustering of points
of Spec(A, X) at the edges p = +), in case M = T2, depicted in Figure
1.1. On the other hand, the flat graph of ¥(y) in (5.45) reflects the even
distribution within {(\, ) : || < A} of points of Spec(A, X) for M = S,
depicted in Figure 1.3.
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6 Further examples, illustrating spectral cluster-
ing, concentration, and shadowing

In §5 we illustrated the spectral asymptotic result given in Proposition 5.6
by two examples, M = T? and M = S?. We turn to some further examples
of types of surfaces of revolution in R3, giving rise to joint spectral cluster-
ing factors W(y) that exhibit various behaviors, ranging from smoothness on
the entire interval I = [—Aj, A1] to cases with jumps and blowups, particu-
larly log blowups, which are less severe than the blowup in (5.27). We will
also make some comments on shadow regions and concentration regions for
certain classes of joint eigenfunctions.

Example 3. More general convex surfaces of revolution.

Let C be a simple, closed, smooth curve in the (z1,z3)-plane, symmetric
about the x3-axis and with positive curvature everywhere. Let M be the
surface of revolution in R? obtained by rotating C' about the xs-axis. See
the left side of Figure 1.7 for an illustration. The surface M has two poles.
Translating and scaling, we will assume that they are at e3 and —es. Under
these hypotheses, there is a diffeomorphism ¢ : M — S2, taking level curves
of x3|as to level curves of x3|g2, commuting with the SO(2) action of rotation
about the z3-axis. This gives rise to a diffeomorphism v : TM — TS?,
linear on each fiber, hence (via the Riemannian metrics on M and S?) to
a diffeomorphism ¢ : T*M — T*S?, yielding in turn a diffeomorphism
Y 1 S*M — S*S?, commuting with the SO(2)-action (but in general not
preserving Liouville measure). We can follow this with the diffeomorphism
SO(2) \ §*S? — S?, discussed in Example 2, with the goal of analyzing
ox : S*M — R.

Actually, for this, it is more direct to proceed via the following observa-
tion. Let C, denote the left side of C' (where 21 < 0). Pick a = (a1,0,a3)t €
Cr, and consider £ € S*M. (Use the inner product on T, M to identify S, M
and SFM.) We map the circle S} M onto the circle {z € M : x3 = ag} so
that Y(a)/|Y (a)| € SeM =~ S:M maps to |Y (a)|e; + ages, and so that the
map intertwines counterclockwise rotation in 7 M with the SO(2)-action
of rotation about the x3 axis specified in (5.35). Call this map

= S*M\CL — M. (6.1)

Using the diffeomorphism 1 described above and the analysis in Example
2, we have a smooth extension to

Z:5"M — M, (6.2)
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invariant under the SO(2) action on S* M, yielding a diffeomorphism SO(2)\
S*M — M, and, extending (5.47),

ox(z,&) =2(z,€) €. (6.3)

In the special case M = S?, = pushes Liouville measure on S*M onto area
measure on M (up to scaling). Generally, this might not hold, but the
pushforward will be a smooth, positive multiple of area measure on M. We
are hence in a position to use (6.3) to describe the behavior of the factor
U(y). Indeed, the function Zg : M — R given by Zg(z) = = -e; is a
Morse function, having two critical points, a nondegenerate minumum and
a nondegenerate maximum, with critical values —r; and r1, where

71 = max :vl}c. (6.4)

We deduce that
v e COO([—Tl,Tl]), U > 0. (65)

This is a mild variation of the behavior in (5.45), and it leads to somewhat
regular density of Spec(A, X) in {(A, p) : |u] < rA}, without the sort of
clustering arising for T2, as in Figure 1.1.

Example 4. Symmetric dumbbell.

Here we examine an example of a nonconvex surface of revolution, in which
there is clustering of Spec(A, X). As in Example 3, we start with a simple,
closed smooth curve C' in the (x1,x3)-plane, symmetric about the x3-axis,
and rotate it about the z3-axis in R? to produce a surface of revolution M.
The difference here is that C will not have curvature that is everywhere
positive. We take C' as illustrated in Figure 6.1. We assume

the curvature of C is nonzero

at x1 = £r; and at 1 = £re.

We assume the left side Cf, of C'is the graph of z1 = f(x3), z3 € [-1,1].
In the example we consider here, 3(x3) = f(—x3), so M has not only SO(2)
symmetry, but also the symmetry ¢ : M — M given by

vz, 2, x3) = (1,22, —3). (6.6)

Arguments from Example 3 extend, to produce a smooth map é, as in
(6.2), invariant under the SO(2) action on S*M, yielding a diffeomorphism
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T(y)

T2 1

Figure 6.1: Dumbbell figure with singular factor ¥(y) (Example 4)
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SO(2)\ S*M — M, for which (6.3) holds. Again the qualitative features of
the factor ¥(y) can be read off from how

E0: M —R, EZyz)=z-ea (6.7)

pushes forward the area element on M to a measure on [—ry, 7], with r
as in (6.4). The difference in this case is that =y has more critical values.
As before, we have +r; as maxima and minima of =y. This time, there
are a pair of points in M at which Zy = r1 and a pair of points at which
=9 = —r1. These four points are nondegenerate critical points for =y. In
addition, there are two points in M at which =y has a saddle, with critical
values +rs, as illustrated in Figure 6.1. One sees that the inverse images
under Zg of (£ry, +ry + ¢) and (+ry — e, +r9) have area ~ Celoge, so

1
ly F rof

for y near +ry. See the right side of Figure 6.1 for a depiction of the graph
of ¥(y) in such a case. As a consequence

U(y) ~ Clog (6.8)

There is clustering of Spec(A, X) along the rays (6.9)
W= ErsA, as A — oo, '

though the clustering along these rays is less dense than it is along the rays
p = %\ for M = T?, as illustrated in Figure 1.1.

REMARK. The result (6.8) assumes the curvature of C' is nonzero at x; =
+7ry. If the curvature vanished at these points, ¥(y) would be have a stronger
singularity at y = £ro. Similarly, if the curvature of C vanished at 1 = £y,
U(y) would have a singularity at y = +ry.

Continuing with Example 4, we now look at the part

$(A) = {(A,u) € Spec(A, X) - ‘g) > A} (6.10)

of the joint spectrum, for a given A € (r9,7r1), and see that there is a bit
of “spectral pairing” in this region of Spec(A, X ). This is related to the
eigenfunction concentration result of Proposition 4.3. To recall it, let us set

Qa={ze M:|Y(x) <A}

6.11
={zeM:r(z) <A}, (6.11)

where 7(z) = (27 4 23)"/2, and take
feC®(M), suppf CQa. (6.12)

Proposition 4.3 implies the following result.
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Proposition 6.1 In the current setting (Example 4), if f satisfies (6.12),
with A € (ra,71), then

ue Vs, (\p)eS(A), A'> A

C (6.13)
= [lfuleman < il €= Cn(A, A).
Let us now take f satisfying (6.12) and also
Yf=0, Jf=f, f=1onQg, for some B € (rg, A). (6.14)
We take u as in (6.13), and set
v=(1- f)u, (6.15)

so v = 0 on a neighborhood of the “neck,” {x € M : r(z) = ro}. It follows
that

Cm
(A =N =w, || < o ez (6.16)

while
Xv = pv. (6.17)

We can rewrite (6.16) as
-1 Cm
(A=XNv=wy=A+N)"w, |wol< WHUHLQ (6.18)
The function v decouples into two pieces with disjoint support:
v=vy+v_, suppuvy C{x € M :+tx3> 0}, (6.19)

and v4 and v_ separately satisfy conditions of the form (6.16)—(6.18). Since
M has a pole, we have from Proposition 2.4 that

(A, p) € Spec(A, X) = dim V), =1, (6.20)

S0
ueVy, = t'u=uoriu=—u. (6.21)

Whatever parity u has under ¢*, v in (6.15) has the same parity, so
u =vy —v_ (6.22)

has the opposite parity. This also satisfies conditions like (6.16)—(6.18), i.e.,

C
Xt =¥, (A= Nu# = ol el < g leF e (623)
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A function that satisfies (6.18) is called a A-quasimode of A. If it also
satisfies (6.17), we say it is a joint (A, p)-quasimode of (A, X). What is
established above is that if u € V), then the functions v;,v_, and u#
produced in (6.19) and (6.22) are all joint (A, u)-quasimodes of (A, X). As
noted above, every joint eigenfunction is either even or odd with respect to
t*, so it is clear that neither of the quasimodes v or v_ is close to an actual
joint eigenfunction.

To proceed, it is convenient to set up some notation. Set

LE2(M) ={uc L*(M): fu=au}, ac{l,—1},
Spec (A, X) = {(A ) € Spec(A, X) : Vi, C L2(M)}, (6.24)
Yo(M) =X(A) N Spec, (A, X).
Note that X, (A) N X_4(A4) = (. We will establish the following.

Proposition 6.2 In the current setting (Example 4), given A € (rq,r1),
m € N, there exist L,C' such that

for (A p) € ¥0(X), A\>L, a€{1,—-1},

6.25
dist(()\,u),Spec_a(A,X)) < /\% (6.25)

Proof. Let us denote by A, the restriction of A to H'(M) N L2(M), an
unbounded self-adjoint operator on the Hilbert space L2 (M), as is X. Their
joint spectrum is Spec, (A, X). Given that u € Vi, C L2(M), the construc-
tion above produces u* € D(A_,) such that (6.23) holds. Hence

1
J(Aa = N)7H = —am, (6.26)

Cm

Now the spectral theorem implies
dist(\, Spec A o) = |[(A_a — N) 7|7, (6.27)

so we have (6.25). O

Example 5. Top-heavy dumbbell.

This example is similar to Example 4, except that now the surface does not
have the symmetry (6.6). One starts with a curve C' in the (z1,x3)-plane,
symmetric about the xs-axis, as before, and assumes the left half Cp, is the
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T(y)

Figure 6.2: Top-heavy dumbbell figure and its factor ¥(y) (Example 5)

graph of 1 = f(x3), for 3 € [—1, 1], but we do not have f(x3) = B(—x3).
Rather, this time, the appearance is as illustrated in Figure 6.2. We assume

the curvature of C is nonzero

at xr1 = £ry, £re and +rs.

Arguments used in Example 4 show that the qualitative features of the factor
U(y) can be read off from how

E0: M —R, EZyx)=z-€ (6.28)

pushes forward the area element of M to a measure on [—ry,r;|. Again,
=0 has £r{ as maxima and minima. This time, £ry are local maxima and
minima, and there are two points in M at which Zy has a saddle, with
critical values +r3g. All 6 critical points are nondegenerate. The local max
and min yield jumps in ¥(y) at y = +r9, and the saddles yield log blowups
of ¥(y) at y = +r3, as illustrated in Figure 6.2.
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We next examine concentration of eigenfunctions, using the sets
Y(A) C Spec(A, X), Qa C M,

defined in (6.10)—(6.11). Arguing as in Example 4, we have again the con-
clusion of Proposition 6.1, which we restate:

Proposition 6.3 In the current setting (Example 5), given A € (ro,r1), we
have
B4, A'> A

C (6.29)
)\—m||u||Lz, C=Cnp(AA).

(S V)\,uv ()\,,u) €

= |lullem@a,) <

Note that, for A close to r1, the concentration set M \ 4 is a small strip
about the curve
{r e M:r(z)=r}, (6.30)

which is a closed, elliptic geodesic. By contrast, in Example 4 the concen-
tration set (6.30) consisted of a pair of closed, elliptic geodesics. We saw
in that case that eigenfunctions could not concentrate on just one of these
geodesics. Now, in Example 5, there is a family of eigenfunctions concen-
trating on the one closed geodesic given by (6.30). On the other hand, in
Example 5, the set

{z eM:r(z)=r} (6.31)

is also a closed, eliptic geodesic. It follows that there is a sequence of quasi-
modes that concentrate on this set (cf. [1]). Actually, in this case, one can
cut and paste quasimodes that arise in Example 4. In light of other results
holding for Example 4, we speculate that there is not a sequence of actual
joint eigenfunctions that concentrate on the set (6.31). This might motivate
further study.

In Example 4, the set described by (6.31) was a hyperbolic closed geodesic.
Here in Example 5, the set

{r e M:r(z)=rs} (6.32)
is our hyperbolic closed geodesic.

Example 6. Surface with inflective invariant geodesic.

Here one starts with a smooth curve C in the (z1,z3)-plane, symmetric
about the xs-axis, whose curvature vanishes simply, at two points, say
(£rg9, 20), such that +ry are critical values of the xj-coordinate on C. See
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the left half of Figure 6.3. As in the previous examples, the singularities in
the factor U(y) can be read off from how the function =y : M — R given
by Zo(x) = z - e; pushes forward the area measure of M to a measure on
[—71,71], where r1 is the maximum value of =y, again a nondegenerate crit-
ical value. Again W(y) has a graph that looks somewhat like the graph on
the right half of Figure 6.1, but this time the singularities of ¥ at y = £
are stronger. In fact, the area of the inverse image = *([ra, 72 +¢)) behaves
essentially like Ay (e), where

1
Ayi(e) = i/ {(mQ +¢)l/3 — x2/3} dx. (6.33)
0
One has )
1
YACEE /0 (22 + &)23 dg ~ Ce= VS, (6.34)

and similarly for A’ (g), and hence
U(y) ~ Cly F raf 71/, (6.35)

for y near +ry. Again we have a conclusion similar to (6.9), namely cluster-
ing of Spec(A, X) along the rays u = £ra), as A — oo. This clustering is
stronger than in Example 4, but not as pronounced as that along the rays
@ = £ in Example 1 (where M = T?).

Example 7. Inner tube.

The previous examples in this section all arose by taking a smooth closed
curve C in the (z1,x3)-plane that was symmetric about the zs-axis, and
rotating it about this axis in R3. By contrast, this example takes C to be a
smooth closed curve contained in the half-plane {z; > 0}, namely C' = Cy,
the circle

Cap = {(z1,23) : (11 —a)’* + 25 =V}, 0<b<a. (6.36)

Rotating this about the z3-axis in R? produces an “inner tube,” somewhat
like that pictured in the right half of Figure 1.7. We take

rn=a+0b, ro=a-—>.

Again, looking at = : M — R defined as above, we see that ¥ € L*([—r1,71])
is smooth except for logarithmic singularities at y = £r9, as in (6.8). Thus
we see how clustering of Spec(A, X)) in this case occurs, but differs from that
for the flat torus M = T? described in Example 1.
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Example 6 Example 7

T T1 9 a 71

Figure 6.3: Generating curves for the surfaces in Examples 6 and 7
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Example 8 Example 9

=

_

1 T1

Figure 6.4: Generating curves for the surfaces in Examples 8 and 9
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Example 8. Surface with flattened equator.
Here the curve C in the (z1,z3)-plane that we rotate about the xs-axis is

given by
2

zd o+ % —1. (6.37)

See the left half of Figure 6.4. The Gauss curvature of this surface is > 0
everywhere except at the equator (z3 = 0), where it vanishes to second order.
A calculation similar to that done for Example 6 yields ¥ € C*°((—1,1)),
blowing up at the endpoints,

U(y) ~C(1—y?)7 4 ye(-1,1). (6.38)

This blow-up is less severe than that arising for flat T? in Example 1
(cf. (5.33)), but stronger than the blow-up at y = +ry in Example 6 (cf. (6.35)).

For (A, ) € Spec(A, X), the joint eigenspace V), is one-dimensional,
since M has a pole. Also, in this case M is invariant under the involution
x3 — —x3, so a joint eigenfunction in V), is either even or odd with respect
to this involution.

We have the shadow phenomenon for elements of Vy,, given |u/A| >
A, A € (0,1), as described in Proposition 4.3. As A ' 1, the joint eigen-
functions concentrate on the equator.

Example 9. Capped cylinder.
Here the curve C, illustrated in the right half of Figure 6.4, contains the line
segments

1 ==x1, z3€ [—]., ” (639)

The resulting surface of revolution M consists of a circular cylinder with two
caps. The Gauss curvature of M is positive on the caps, and zero on the
cylinder. In this case we have ¥ € C*°((—1, 1)), blowing up at the endpoints
at the same rate as in Example 1,

U(y) ~C(1—y?)72 ye(-1,1). (6.40)

Then Spec(A, X) exhibits clustering near ;1 = £ in a fashion similar to that
illustrated in Figure 1.1, though of course, unlike in that case, it cannot be
expected to be arranged along hyperbolic arcs.

As in Example 7, if (A, ) € Spec(A, X), then V), is one dimensional.
Again we arrange that M be invariant under the involution z3 — —x3, so
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eigenfunctions in such V), are either even or odd under this involution. Let
us write
M =M, UMyUM-_, (6.41)

where My are the top and bottom caps, and
My, isometric to [—1, 1] x R/27Z, (6.42)

is the cylindrical part of M. Note that

on My, A=X*+02, (6.43)
so, given (\, ) € Spec(A, X),
u€ Vi, = (X2 + 02, )u=—Xu (6.44)
= 8§3u = —(\? = ®)u, on M.
Hence
u € Vy, = u = e v(x3), on My, (6.45)
where 9 is the angular coordinate on M, and
v (23) = —(N2 — pP)u(xs), |z3] < 1. (6.46)
As we have seen, v is either even or odd, so, for some a € C,
v(zs) = acos /A2 — p2x3, or (6.47)

v(zs) = asin /A2 — plas,

for x3 € [-1,1].

Again we have the shadow phenomenon for elements of V,,, given |u/A| >
A, A€ (0,1), as described in Proposition 4.3. If O is a fixed neighborhood
if the cylinder My, then there exists A < 1 with the property that such
eigenfunctions vanish rapidly on M \ O, as A — oc.



A Riemann integrable functions on a compact mea-
sured metric space

Let X be a compact metric space, equipped with a finite Borel measure p.
Let f: X — R be bounded. We define

1(f) :inf{/vdu:v > f, ve C(X)},

X

I(f) zsup{/ud,u:ug f, ue C(X)},

X

(A1)

where C(X) denotes the space of continuous, real-valued functions on X.
Clearly I(f) < I(f). We say

feR(X, p) < I(f) = L(f). (A.2)

In case X is a product of n closed, bounded intervals in R™ and p is Lebesgue
measure, it is easy to show that (A.2) is equivalent to the standard definition
of Riemann integrability, involving taking partitions; cf. [12], Proposition
3.1.11. The following is a generalization of Lebesgue’s theorem characteriz-
ing Riemann integrability.

Proposition A.1 Given f: X — R bounded, set
Dy ={x € X : f not continuous at x}. (A.3)
Then Dy is a Borel subset of X, and
feR(X, ) <= u(Dy) =0. (A4)

To start the proof, we note that C'(X) is a separable Banach space, and
let £ C C(X) be a countable dense subset. Set

Cf={veCX):v>f}, & ={ve&:v>f},

a g (A.5)
Cr={uelCX):u<f}, & ={uef:u<f}
Note that 5;[ is dense in C;{ and & f_ is dense in C;. Then set
Y =inf{lv:veCl}=inf{v:ve&},
{ I { I8 (A6)

p=supf{u:ueC;}=sup{lu:uel;}
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Note that ¢ < f <. Using countability, write

8;" = {’Uj NS N}, gf_ = {Uj 1j € N} (A7)
Let
Yy =min vy, @) = AKX Uy (A.8)
Then
P € Cf+, p; €Cr, (A.9)

and these are bounded monotone sequences, so they converge at each point
of X,

Vi NV, @i e, (A.10)

with ¢ and ¢ as in (A.6). Thus ¢ and ¢ are Borel functions, and the
monotone convergence theorem implies

/wjdu\/wdu, /@jdﬂf/sodu- (A.11)
X X X X

We see that if v € 5;[ then v¢; < v for j sufficiently large, and if u € Ef_
then ¢p; > u for j sufficiently large. Also

I(f) :inf{/vdp:v EC]T} :inf{/vdp:v EE}F},

X X
(A.12)
I(f) = sup{/udu tu € Cf_} = sup{/udu tu € Sf_}
X X
Thus, by (A.11),
1) = [vdn 1= [edn (A.13)
X X
It follows that
1)~ 1) = [ - ¢)dn. (A14)
X

The next lemma brings in Dy.

Lemma A.2 Given x € X, the function f is continuous at x if and only if

p(x) = (x).
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Proof. It is equivalent to say f is continuous at z if and only if

for each € > 0, 3 continuous u. < f and continuous v, > f

A.15

such that ve(z) — us(z) < e. ( )
Indeed if (A.15) holds, then z; — x implies

limsup f(z;) <ve(x), liminf f(z;) > u(x), (A.16)

Jj—o0 J—00

so these differ by at most €, for each € > 0, hence f is continuous at zx.
For the converse, if |f| < M on X, and f is continuous at x, then, given
e > 0, there exists a ball Bs(z) such that

y € Bslw) = |f(@) = f)] < 7. (A.17)

Then, assuming ¢ < M, we can define v, € C(X) by

e 4M
/Ua(y) = f(ﬂj)‘i‘g‘}‘Td(y,l'), yeB(S(x)a
2 (A.18)
Fl) S HAM, e X\ By),
and similarly define u. € C'(X) so that (A.15) holds. O

Having Lemma A.2, we see that
D ={zxe X :¢() <y(x)} (A.19)
This guarantees that Dy is a Borel subset of X, and (A.14) yields
1)~ 1) = [ (@ = ¢)dn. (A.20)
Dy

This proves Proposition A.1.

Furthermore, we see that if f € R(X, u), then f is equal to each of the
Borel functions ¢ and 1, on the complement of a set of y-measure 0. Hence
f is m-measurable, where 1 is the completion of u. We deduce that

fERM W — el (X md [ fdp=T(H) =1  (A2)
X
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B Finite symmetry group actions on eigenspaces

Let M be a compact, connected, n-dimensional Riemannian manifold, with
Laplace operator A, A = /—=A. Suppose B € OPS°(M) is self adjoint and
commutes with A. We also assume K is a finite group of isometries of M.
Let K denote a complete set of irreducible unitary representations of K,
and, for p € K, consider P, € L(L*(M)), given by

Pu(z) = #‘(l%) g%[:(xp(g)u(g_lx), (B.1)

where x,(g9) = Trp(g), d, = x,(I), and #(K) is the number of elements of
K. Then P, is the orthogonal projection of L?(M) onto the subspace of K
on which K acts like copies of p.

We are interested in the behavior of

P,Bo(A— R), (B.2)
and its trace, as R — co. As in §5, we assume
peSMR), ¢>0, suppp C (—7,7), 7 <InjM. (B.3)

To tackle (B.2), we define the integral kernel ®p p(x,y) of Bo(A — R):

Bo(h ~ Ryula) = [ ®nplwg)ul)dV (). (B.4)
Then h
PyBo(A = Rjula) = 226 3l JZ Pp, (g™ )uly) V(). (B5)
Consequently,
Tr P,Bp(A — R) = #Cg() Tr Bo(A — R) -

d — _
+ SN0 [ ®aaly e a) aV(@).
#(K)
g#1 M
In §5 we recalled that analysis in [6] of

Bo(A—R) = / Belt e~ tRy(1) dt (B.7)

—0o0
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yields

Trp(A — R) = Ny(R) ~ C(p, M)R"™, R — o0, (B.8)
and )
Jim Sy TrBe(h - R) = / on(r,€)dS(z,€6), (B9
S*M

where dS(x,§) is Liouville measure on S*M, normalized to have total mass
1. Furthermore, an analysis of the Schwartz kernel Wi(x,y) of e for
|t| < Inj M, gives, for g # I,

/(IDBR(glw,x) dV(z) =o(R" "), R— oc. (B.10)
M

We have the following conclusion.

Proposition B.1 In the setting described above,
2
dp

#(K)

y
Riso Ny(R)

Tr P,Bp(A — R) =

/ op(z,&)dS(x,§). (B.11)

S*M
In connection with this result, we mention the classical result that
D dl=#(K), (B.12)
peK

and d/% /#(K) is the fraction of the finite dimensional Hilbert space ¢?(K)
on which the regular representation of K acts like copies of p.
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