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ABSTRACT. Using tools from semiclassical analysis, we give weighted L>° estimates for
eigenfunctions of strictly convex surfaces of revolution. These estimates give rise to new
sampling techniques and provide improved bounds on the number of samples necessary
for recovering sparse eigenfunction expansions on surfaces of revolution. On the sphere,
our estimates imply that any function can be efficiently recovered to within a factor of
its best s-term approximation in the first NV spherical harmonics from its values at m 2
sN1/61og*(N) sampling points, improving on the previous bound of m > sN'/*log*(N)
necessary sampling points. In particular, any function having an s-sparse expansion can
be recovered exactly from such undersampled measurements.

1. INTRODUCTION
Consider the sphere and a chosen rotational action generated by 0,:

SP={zeR:af+a;+a;=1}, 0, =10s — 220, ,
S* 3 2 = (cos psin b, sinpsinf,cosd), 0<O<m, 0<p<2r.
Let k,¢ € Z, |k| < ¢, and let Y/*(¢, 0) be the L? normalized spherical harmonics, the joint

eigenfunctions of the Laplacian in spherical coordinates Ag2 and the rotational generator
Oy
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Applied to the sphere, our main result on weighted L> estimates reads

Theorem 1. Let Y} (p,0), 0 < ¢ < 2m, 0 < 0 < 7, be the spherical harmonics defined
above. Then for £ > 1,

| sin® @ cos A/ |V (p,0)| < CeVC, (1.2)

where C' is a universal constant.
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The power ¢'/% in (1.2) can be explained as follows. Taking the Fourier expansion in ¢
reduces the first differential equation in (1.1) to

2
(sirllehae (sin Ohdy) + 81329 - 1) u=0, h={l+1)" a=hk,
where k € Z is an eigenvalue of 19, and V" = u(f)e’*?. When « is such that 0 <
€ < |a] < 1 — ¢, this equation has two turning points at sind = +«. Physically this
corresponds to caustic formation: the focusing at turning points increases the intensity of
the wave function, that is, it increases the L™ norm by a factor of h=%/¢ ~ ¢1/6 according
to Proposition 4.5 below.? Since the A~/ loss happens all over the sphere, such growth in
the L* norm cannot be eliminated by a weight function. In order to get a uniform bound
on the entire sphere in (1.2), we choose a weight function vanishing at the pole and the
equator. A more detailed explanation of the weights and the principles of semiclassical
analysis on which the analysis is based is given at the end of Section 3.

1.1. Motivation. Consider functions on the sphere which are bandlimited and sparse:

VN-1 ¢
flp,0) = Z Z coxYF(p,0);  at most s < N of the ¢y are nonzero. (1.3)
=0 k=—t
Functions well-approximated as bandlimited and sparse arise in applications ranging from
models for protein structure [22] to cosmic microwave background (CMB) data [1]. In
[26], the authors showed that such functions can be efficiently reconstructed from far less
information than their ambient dimension suggests; in particular, they showed that for
certain sets of sampling points (¢;,6;) € S?, i € [m], of size
m > sNY*1log? N, (1.4)
any function f of the form (1.3) can be reconstructed from its values f(y;,6;) as the
function of bandwidth VN — 1 whose coefficient vector ¢ = ¢ has minimal ¢;-norm
lellh = gfl S ,lcexl. Tt is shown that m angular coordinates (i;,6;) where m
satisfies (1.4), drawn independently from the measure dfdy on [0, 7] x [0, 27], will almost
always be a set of sampling points for which this holds.

Theorem 1 of this paper improves on the results in [26] by improving on the required
number of sampling points for recovering functions of the form (1.3) to

m > sNY/%log*(N) (1.5)
by drawing angular coordinates (;, #;) independently from the measure | tan(6)|'/3dfdy on
[0, ] x [0, 27]. The specific statement is given in Corollary 1. As seen in Figure 1.1(c), this
measure generates higher sampling density around the poles and equator of the sphere; the

IThe h=1/6 factor can be seen on the model example of the equation (h2D2 + z)v = 0, with a turning

point at z = 0 and locally L?-normalized solution h=/6Ai(h=2/3z), where Ai is the Airy function. The
h~1/6 normalization here follows from the asymptotic behavior of Ai(y) as y — —oo.
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measure dfdy, illustrated in Figure 1.1(b) and on which the analysis of [26] is based, only
generates higher sampling density at the poles.

It remains open whether the factor of N*/¢ in (1.5) can be eliminated. As the discussion
following Theorem 1 indicates, such a result cannot be proven using weight functions alone.

1.2. Sparse recovery for arbitrary surfaces of revolution. The weighted L> es-
timates given in Corollary 3 of Section 3 provide sampling strategies more broadly for
recovering sparse eigenfunction expansions on any strictly convex surface of revolution.
In particular, assume that M is a strictly convex surface of revolution parametrized by
(r,p) € [r_,ry] x [0,27). The induced Riemannian metric on M is given by

g=dr* +a(r’dg?, alr) = (ry = r)(r =1 )b(r), b(rs) >0, H(ra) =0,

where a(r) has a unique nondegerate local maximum at r = ro, r_ < rg < r4: da'(r) # 0,
r # 1o, a”(rg) < 0. In particular, using Corollary 3 in Section 3, we will prove the following.

Proposition 1.1. Suppose that M is a strictly convex surface of revolution and consider
{;}, the (L*-normalized) joint eigenfunctions of the Laplace-Beltrami operator on M and
the rotational generator %&p.

Let m,s, and N be given integers satisfying
m > sNY%log!(N), (1.6)

and suppose that m coordinates (p;, ;)™ are drawn independently from the measure

( alr) )1/3 drdy

| — ro|

on [r_,ry] x [0,2m). With probability exceeding 1 — N=108%) with respect to the draw of
the coordinates, any function f(p,r) = Zjvzl cj¥i(p,r) which is s-sparse, |cllo < s, is
recovered exactly from the samples (f(gpz-,ri))?il as the minimizer of an {1-minimization
program:

N

c= argilé% |z|l1  subject to lejwj(gpi,n) = f(pi,7i), € m]. (1.7)
]:

Applying Proposition 1.1 to the sphere, we get the following corollary.

Corollary 1. With high probability with respect to the draw of m > sN'6log* N i.i.d.
sampling points on the sphere (¢, 0;) from the measure | tan'/3(6)|dfdy on [0, 7] x [0,27],
any s-sparse function of the form (1.3) is recovered exactly as the minimizer of the convex
program (1.7).
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(a) (b) (c)

FIGURE 1.1. The spherical sampling measures (a) sin(f) dfde, (b) dfdey,
and (c) |tan(6)|'/3 dfdp, as illustrated through m = 10,000 i.i.d. samples
from each measure.

1.3. Numerical experiments. In this section we assess the impact of the sparse recovery
results in Corollary 1 for problem sizes of practical interest. We draw m sampling points
(@i, 0;) i.i.d. from each of the measures (a) sin() dfdyp, (b) dfdp, and (c) | tan()|*/? dfdp,
as illustrated in Figure 1.1, and compare the rate of correct reconstruction of sparse ban-
dlimited functions via ¢;-minimization (1.7) for each of the three sampling schemes. More
specifically, for each choice of sampling measure, we vary a number of sampling points m
between 1 and N, and vary a sparsity level s between 1 and m. For each choice of m and s,
we generate 50 s-sparse bandlimited functions by repeatedly choosing a support S C [N] of
size | S| = s at random, and prescribing to the chosen support i.i.d. Gaussian coefficients.

From left to right, the phase diagrams in Figure 1.2 correspond to sampling measures
(a) sin(0)dfdep, (b) dfdy, and (c) |tan(0)|'/3dddyp. White indicates complete recovery, and
black indicates no recovery whatsoever. It is clear that the sampling strategies (b) and (c)
give better results than (a). Diagrams (b) and (c) both show a sharp transition between
complete recovery and no recovery whatsoever as the ratio s/m increases as a function of
m/N. However, the region of phase space corresponding to complete recovery is noticeably
larger in (3) when m/N is large. Note that when m = N, all three sampling schemes
should give perfect reconstruction as the system of equations y = Ac in the minimization
problem (1.7) has a unique solution with probability 1. However, plots (a) and (b) show zero
reconstruction around this point, an artifact of round-off error due to the ill-conditioning
of the corresponding sampling schemes.

Organization of the paper. In Section 2 we review the relationship between sparse re-
covery techniques on manifolds and weighted L° bounds on the associated eigenfunctions.
We then show how the main results of this paper strengthen and generalize existing sparse
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FiGURE 1.2. Phase diagrams illustrating transition between uniform re-
covery (white) to no recovery whatsoever (black) of sparse spherical har-
monic expansions f(¢,0) = 3,2, L canYF(9,0), |lclo < s, from sam-
ples f(p;,0;). In (a), the sampling points are drawn from the volume measure
sin 0 dfdyp illustrated in Figure 1.1(a). In (b) the sampling points are drawn
from the Cartesian measure dfdy illustrated in Figure 1.1(b), and in (c) the
sampling points are drawn from the measure |tan(6)|'/3 dfdy illustrated in

Figure 1.1(c).

recovery bounds. The generalization of Theorem 1 to arbitrary convex surfaces of revo-
lution is given in Theorem 2 of Section 3, while Section 4 provides a detailed account of
preliminaries from semiclassical analysis needed for the proof which is presented in Section

d.

Notation. In the paper C denotes a constant, independent of asymptotic parameters,
but changing depending on the context. We use the usual O notation with subscripts to
indicate that the associated constant might depend on the variable in the subscript, for
instance f = O,(g) means that f(x,y) < C(z)g(y) for some C(x) depending on z. We
follow the basic notational convention listed in [31, Appendix A]. Consequently the above
notation should not be confused with u = Oy (g) for V' a Hilbert space; the latter means
that [|ullyy < Cg. The notation f < g means that there exists C' such that f < Cg. Finally,
we use the shorthand [N] = {1,2,..., N}. A vector x € CV or x € R is called s-sparse if
it is supported on an index set S C [N] of cardinality |S| < s, and we specify an s-sparse
vector using the notation ||z|lo == |S| = {#j : |z;| > 0}.

2. COMPRESSED SENSING AND WEIGHTED L% ESTIMATES

Suppose we have a finite system of functions {t; : j € [N]} on a compact manifold M.
Suppose we also have a function f : M — C which is s-sparse with respect to this function
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system,
N
F=Y ¢y, lelo<s<N. (2.1)
j=1

The area of compressed sensing [4] is concerned with the following questions. For a given
system {1,;} and s-sparse function f of the form (2.1), how many samples f(x;) where
x; € M do we need to uniquely identify f7 Is it possible moreover to efficiently and stably
reconstruct such a function from these samples? To distinguish a linear combination of the
N functions v¢; we would clearly need N samples. On the other hand, if f is s-sparse and
the locations of its s nonzero coefficients c¢; are known, then we would need only s samples
to distinguish f. If we know a priori that f is s-sparse but we do not know the locations
of the s coefficients, then 2s samples can still suffice for distinguishing f. Consider the
matrix U € C™*V with entries ¥, ; = ¢;(x;), and observe that a vector of m samples can
be written as

(F(a1), f(a), .., flam)' = Ve, (2.2)

Each s-sparse function f has a distinct image y = Wc if every sub-matrix of the m x N
matrix ¥ consisting of at most 2s columns is non-singular, and this is true for many
m x N matrices having only m = 2s rows (consider matrices having i.i.d. Gaussian entries,
for example.) Subject to this “restricted invertibility” condition, one could distinguish the
unique s-sparse solution to y = Wc¢ by minimizing over all s-sparse vectors c. In general, this
is an NP-hard problem. However, if we strengthen the “restricted invertibility” condition
to a certain restricted isometry condition — a property that can only hold if ¥ has at least
m 2 slog(N/s) rows [7], [13], [9] — then polynomial-time sparse recovery algorithms are
possible. In the compressed sensing literature, a matrix ¥ € C™¥ is said to have the
restricted isometry property of order 2s if, for a fixed parameter § < 1,

(1 =0)lulla < [Wullz < (1 +0)[lullz,  Vu:[luflo < 2s. (2.3)

As shown in [4], if a matrix ¥ € C™ ¥ has this property, and if y = Uc for some s-sparse
vector ¢ € CV, then c is guaranteed to also be the vector of minimal ¢;-norm among
solutions z to the underdetermined system Wz = y. That is,

¢ =argmin ||z]|; subject to ¥z = Ue. (2.4)

Moreover for an arbitrary vector ¢ € CV, the solution ¢# to the ¢;-minimization program
(2.4) will satisfy the error bound

le = c*ll2 S lle = colli/V/s, (2.5)

where cg is the best s-sparse approzimation to c, satisfying |[c—cyl|, = arg min,cen,j. <, [|[c—
z||p, and being the s-sparse vector which is equal to ¢ over the support of the s largest-
magnitude entries of ¢ and zero everywhere else.
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Recall that ¢;-minimization can be solved efficiently as a linear programming problem in
the real-valued case and as a second-order cone programming problem in the general case.

2.1. Sparse recovery for bounded orthonormal systems. In general the restricted
isometry property (2.3) is hard to verify for a given matrix W. For certain random matrices,
this property can nevertheless be guaranteed with high probability. Suppose we have a
system of functions {t; : j € [N]} which are orthonormal on a measurable space M
endowed with a probability measure v, i.e.

(@wmmwwz%,mam (2.6)

Suppose further that m sampling points z; € M are drawn independently from the orthogo-
nalization measure v. Then, as shown in [23], with high probability with respect to the draw
of the sampling points, the normalized sampling matrix \/LE\I’, where W, ; = 1;(x;), satisfies
the restricted isometry property (2.3) as long as the number of samples m > B2slog(V),
where

B = max [t . (2.7)

The parameter B should be interprested as a measure of incoherence between the basis 9;
and pointwise measurements; the smaller B, the fewer number m of sampling points are
needed to recover sparse expansions (2.1). This can be interpreted as a discrete Heisenberg
uncertainty principle [10]. A precise statement follows.

Proposition 2.1. Suppose {x; : i € [m]} is a set of independent and identically distributed
(i.i.d.) sampling points drawn from the orthogonalization measure v associated to an or-
thonormal system of functions {1; : j € [N|} with uniform bound B = max; ||[¢);||ec. If

m > B%slog*(N), (2.8)

then with probability at least 1 — N~=18°)_the following holds for all f(z) = Zjvzl cjvi(x).
From samples (f(z;)),, the minimizer

N
= arg ng(é% |lzll1 subject to ;zjwj(xi) = f(x;), i€[m)] (2.9)
satisfies the error bound
le = c*ll2 S lle = colli/ Vs, (2.10)

where cq is the best s-sparse approximation to c. If f is s-sparse, then reconstruction is
ezact ¢ = c.

Let us apply Proposition 2.1 to a concrete example. The orthonormal system of complex
exponentials ¢;(t) = e*™ ¢ € [0, 1], has optimal uniform bound B = max; |||l = 1.
Applying Proposition 2.1, we see that m > slog*(IN) sampling points drawn independently
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from the uniform measure on [0, 1] will be sufficient to identify any s-sparse trigonometric
polynomial of degree at most N.

The complex exponentials are eigenfunctions of the Laplacian on the circle. More gener-
ally, for a compact n-dimensional Riemannian manifold, the L?-normalized eigenfunctions
with eigenvalue A are bounded in L by A»~1/4 — see [31, Section 7.4] and references
given there. Since the number of eigenvalues less than A behaves like N = A"/ (see [17] or
[31, Section 14.3]), we obtain a uniform bound on the first N eigenfunctions of a general
n-dimensional manifold:

B~ N .

Applying Proposition 2.1 gives the following.

Corollary 2. Let (M, g) be a compact n-dimensional Riemannian manifold and let {1,
j € [N]} be the first N eigenfunctions of the Laplacian on M (with respect to the ordering
of eigenfunctions).

Suppose {x; : i € [m]} is a set of independent and identically distributed sampling points
drawn from the measure given by the Riemannian volume. If the number of sampling points
satisfies

m > sN"% log*(N), (2.11)
then with probability at least 1 — N~°6°®)  the following holds for all flz) = Zjvzl cjvi(x).

If U is the sampling matriz associated to the eigenfunctions and sampling points, and if
c is the £1-minimizer as defined in (2.9), then

le = c*ll2 < lle = coll /s,

where ¢y is the s-term approximation to c.

When n = 1, we recover the near-optimal number of measurements m > slog®(NV).
However, even for n = 2, the number of measurements m > sN'/?log* N represents is
significantly weaker result, and as the dimension n increases, the bound (2.11) becomes
weaker and weaker as the basis functions can become more and more localized on the
manifold. In [25], Proposition 2.1 was generalized to give estimates with a wider range of
applicability.

Proposition 2.2 (From [25]). Let {¢); : j € [N]} be an orthonormal system of functions
on a probability space M with orthogonalization measure v.

Suppose that w : M — R satisfies [,, w(x)v(x)dx = 1, and suppose that the functions

Qj(z) = w(z)~V%Y;(x) are bounded:
sup sup |Q;(z)] < K. (2.12)

JE[N]zeM

Suppose that m > K?slog*(N), and suppose that {z; : i € [m]} are i.i.d. sampling points
from the composite orthogonalization measure p = wv.
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Then with probability at least 1—N~1°8°®) the following holds for all f(x) = Zjvzl ci;(x).
The minimizer

N
#*— i ' i) = . '
¢™ = arg min |z|lx subject to ;c]w](wl) = f(x;), i€ [m], (2.13)
satisfies the error bound
le = Iz < lle = coll/V/s, (2.14)

where ¢y is the best s-sparse approrimation to c.

Proof. The system {Q;};ev], Where Q;(z) = w(z)™1/2y;(x), satisfies supjern [1Qjlle <
K. Moreover, by design the ); are orthonormal with respect to the composite measure
i = wv. Noting that the set of linear constraints Z;VZI cjvi(z;) = f(x;) are equivalent to
the constraints w(z;)~'/? Zjvzl cjj(zi) = w(x;) V2 f(x;), we apply Proposition 2.1 to the
system {Q;} to derive the stated result. O

Remark: In Proposition 2.1, and in turn Proposition 2.2 and Proposition 1.1, the /¢;-
minimization program can be adapted to be robust to measurement noise y; = f(x;) £n;;
for details, we refer the reader to [23].

Proposition 2.2 elucidates the connection between weighted L* estimates on orthonormal
function systems and sparse recovery guarantees. Below we summarize how Proposition
2.2, applied to the weighted L estimates of this paper, improves and generalizes previous
results on sparse function recovery on the sphere and gives rise to Proposition 1.1.

(1) In [20], Krasikov proved the following weighted L estimate for the spherical har-
monics Y/}
(sin )2/ (0, 0)] S €1,
This estimate implies

sup  sup (sin6)Y2|Y/(yp,0)] < NVE. (2.15)
0<<y/N—-1 —€<k<t
In [26], the authors applied Proposition 2.2 using this estimate to conclude that
m > sN'/*log* N sampling points on the sphere with angular coordinates (¢, 6;)
drawn independently from the measure dfdy on [0, 7| x [0, 27) suffice for recovering
sparse spherical harmonic expansions of the form (1.3). This improves on the m 2
sN1/2 10g4(N ) required sampling points drawn i.i.d. from the uniform distribution
on the sphere as given by Corollary 2.
(2) The weighted L* estimate

| sin? 6 cos 016 |V (g, 0)| < CeM° (2.16)

given in Theorem 1 provides even stronger sparse recovery guarantees for spherical
harmonic expansions. Applying this estimate to Proposition 2.2 gives Corollary
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1: m = sNYlog*(N) sampling points (¢;,6;) from the measure |tan(6)|'/3dfdy
suffice for recovering sparse spherical harmonic expansions (1.3).

(3) Assummarized in Proposition 1.1, the weighted L estimate of Corollary 3 gives rise
to more general sampling strategies for recovering sparse eigenfunction expansions
on strictly convex surfaces of revolution.

3. WEIGHTED EIGENFUNCTION ESTIMATES FOR SURFACES OF REVOLUTION

If M be a smooth surface of revolution, let 0, be the vector field generating the action of
the circle St = R/(27Z) on M by rotations around the axis of revolution. Denote by A the
Laplace-Beltrami operator on M, and by D,, the self-adjoint operator %8@ which commutes
with A. This follows the standard convention for the operators quantizing momenta.

Let h > 0 be a small parameter, and assume that u € C*(M) satisfies the conditions

a2 < Co, (3.1)
|(—=R*A — 1Dul|z2 < Coh, (3.2)
(hDy, —a)u=0. (3.3)

Here o € hZ varies in a fixed compact set and Cj is some fixed constant. Both —h%2A — 1
and hD, — o are semiclassical differential operators; we will freely use the notation of
semiclassical analysis that can be found, for example, in [31, Chapter 4] (see also [21]).

We also assume that w satisfies the following localization assumption: there exists a
compactly microlocalized operator X (h) (that is, X (h) = " (z, hD,) + OH;N_)H}]l\r<hN> for
some ¢ € C(T*M) and each N) and fixed constants Cy such that for each IV,

11 = X (h)ull gy < Cwh™. (3.4)

Remark: Conditions (3.1), (3.2), and (3.4) are in particular satisfied if u is an L? normal-
ized eigenfunction of —A for an eigenvalue in the segment

h™2[1 — Coh, 1+ Coh],

as applied in Proposition 1.1.

The weaker condition (3.2) has the advantage that it is local:

Proposition 3.1. Assume that x € C*°(M) and D,x = 0. If u satisfies (3.1)~(3.3), then
xu satisfies these conditions as well, possibly with larger value of the constant Cy.

Similarly, if condition (3.4) holds for w, it holds for xu.

Proof. Conditions (3.1) and (3.3) for yu are trivially satisfied; we now verify (3.2). Since
the commutator [—h?A, ] is equal to h times a semiclassical differential operator of order
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FIGURE 3.1. A surface of revolution

1, we have
I(=h*A = D)xullre < [IX(=A*A = Dyul|r2 + [=h*A, X]u] 2
= O(h(1 + [lullg;))-
However,
lullZy ~ (=h*A+ Du, u)p2 = O(1)
by (3.1) and (3.2). Here H; denotes the semiclassical Sobolev space defined using the norm
|| (I - thM)S/2U||L2.

To verify (3.4), we use that yu = xX (h)u + O¢= (h*); however, if Y'(h) is a compactly
microlocalized pseudodifferential operator equal to the identity microlocally near the wave-
front set of X (h) (and thus of x X (h)), then (1-Y (h))xu = (1=Y (h))xX (h)u+Ocs(h>®) =
Oco (h™).

O

Proposition 3.1 implies that, if we want to obtain weighted L (or any other local)
estimates on every function u satisfying (3.1)—(3.3), it is enough to cover M by open sets
invariant under rotation (which we will call bands) and prove the estimates for functions
supported in each of these bands. The next result provides weighted L> estimates for three
common types of behavior of the metric in bands:

Theorem 2. Let U. C M be a band given by one of the three cases below; the small
parameter € > 0 characterizes the width of this band. Then for € > 0 and h > 0 small
enough and some constant C, and for each o € hZ varying in a fized compact set, each
function u € C®(M) supported in U. and satisfying (3.1)~(3.4) has the following weighted
L estimates:

(1) Regular case: U. has coordinates (r,¢) € (—¢e,&) x S' and the metric
g = g(r)[dr* + dy¢?]. (3.5)

Here g is a smooth function independent of €, and g(0) > 0, ¢'(0) # 0. The
corresponding estimate is

lu(r, )] < Ch™Y8, (3.6)
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FIGURE 3.2. Three considered types of bands, with a geodesic shown for each type

(2) Elliptic equator: U, has the same coordinates and metric as in the reqular case, but
g(0) >0, ¢'(0) =0, and ¢"(0) < 0. The corresponding estimates are

u(r, )] < Cmin(h™/*, B=Y0r718 p101g(0) — o[ 7H12); (3.7)
lu(r, )| < Cr=Y2 for |g(0) — o?| < er’. (3.8)
(3) Pole: U. has coordinates (x,y) = (rcosp,rsiny), with |z|> + |y|* < &2, and the
metric
g = g(z* +y*)[da® + dy*] = g(r?)[dr® + r* dp?], (3.9)
where g is a smooth function and g(0) > 0. The corresponding estimates are
lu(r, )| < Cmin(h™Y2, B~ Y6p=1/3  p=1/0|q|~1/3); (3.10)
lu(r, )| < Cr=Y2 for |a| < er. (3.11)

Remark. The metric of a surface of revolution can be brought locally to the form (3.5)
or (3.9), with ¢(0) > 0, with no conditions on the derivatives of ¢g. Indeed, away from the
poles (points on the surface lying on the axis of rotation), the metric has the form

(1+g'(7)*)dr* + g(r)* de?,
where 7 is the projection onto the axis of rotation and g is a positive function giving the
profile of the surface. Making a change of variables 7 — r with dr/dF = g(7)~'+/1 + §'(7)?,
we bring the metric to the form (3.5). The case of a pole is handled similarly. As (7, ¢) we

can use the geodesic polar coordinates with respect to the pole and a different change of
variables 7 — r.

We obtain the following corollary for convex surfaces of revolution. The estimate is the
analogue of the estimate (1.2) in the case of the sphere:
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Corollary 3. Suppose that M is a strictly convex surface of revolution parametrized by
(r,0) € [r—,ry] x [0,27), with the metric dr* + a(r)dp? as in the discussion preceeding
Proposition 1.1. Suppose that

(A=Nu=0, (30, —k)u=0, |lullrzman =1. (3.12)
Then,
a(r) 3 — ro| Yo u(r, p)| < CAY12. (3.13)

The Riemannian volume measure on M is given by a(r)drde which means that the
sampling measure based on (3.13) should be given by

1/3
( alr) ) drdb;
| — 70

here a(r)/(r — o) is the replacement for tan§. The constant K in (2.12) is given by

K ~ NY12,

Theorem 2 does not cover the case of a band with metric of the form (3.5) and ¢/(0) = 0,
g"(0) < 0; in particular, it does not apply to the case of a hyperbolic equator, when
g"(0) < 0. This case does not occur for convex surfaces considered here.

Let us give an informal explanation of the estimates in Theorem 2. By considering
an eigenfunction decomposition of u, we can reduce to the case when u is an exact joint
eigenfunction of —h?A and hD,,, rather than a function satisfying (3.2). Using semiclassical
analysis (see [31, 21] for the general theory and the references below for specific facts we
will be using), we can relate the behavior of the ‘quantum’ object u for small values of the
‘Planck constant’ h to the corresponding ‘classical” integrable Hamiltonian system given by
the principal symbols p and g of —h?A and hD,, respectively. The principal symbol of a
differential operator is a polynomial (on each fiber) function on the cotangent bundle 7* M,
obtained formally by replacing each instance of hD,; by the corresponding momentum ¢},
and then discarding the terms of higher order in h. In our situation, p is the square of the
norm induced by g on the cotangent bundle and ¢ is the momentum corresponding to ¢.
The function u will then be concentrated, or microlocalized, on the set

A={p=1,qg=a} CT"M.

One can in fact approximate u by certain explicit highly oscillating integral expressions up
to an O(h>) error; our analysis would consist of studying the asymptotic behavior of these
integrals as h — 0. The set A consists of unit geodesics with prescribed angular momentum
(that is, of rotations of one such geodesic); there are two possibilities:

(1) A is a Lagrangian torus;
(2) A is a circle corresponding to an equator.
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In case (1), u is a Lagrangian distribution associated to A — that is, it can be written
as a finite sum of expressions of the WKB form (4.1), with ®(z,0) locally parametrizing
the Lagrangian A and a some smooth symbol — see Section 4.1 for details. The L* norm
of u corresponds to how well A projects onto the base space M. At a point where the
tangent space of A projects surjectively onto M, the L norm of u is O(1). The only other
possibility that could arise in the regular case is a turning point; that is, a point where the
function r has a nondegenerate critical point when restricted to a geodesic (for the sphere,
these are the points of maximal and minimal latitude on a given great circle). The behavior
of u near the turning points is similar to that of the Airy function, and its L* norm is of
order h~'/6 by a variant of Van der Corput’s lemma.

If one is unfamiliar with Lagrangian distributions, the simple model case to consider
would be the eigenfunctions of the Laplacian h?D? on the circle S' = R/(27Z). Those
He/h - ywith the eigenvalue A2, (Note that only a discrete set of A is possible
here — this is a baby version of the quantization condition mentioned in the next section.)
The corresponding symbol is p(z,£&) = €2 and the corresponding Lagrangian would be
{z € S, € = \}; it projects surjectively onto the z variables, which corresponds to the fact
that we do not need any integration variables 6 in the formula (4.1) to define eigenfunctions,

are given by e

and to the fact that the L norm of eigenfunctions is bounded by a constant.

For a = 0, a new kind of problem arises — the intersection of A with the fiber of T*M at
a pole is a not a point, but a circle consisting of all unit covectors at the pole, leading to a
loss of h~%/2 in the L*™ norm. This problem disappears and we get back the h'/¢ estimate
if either « is away from zero or we are away from the pole, which is reflected in (3.10). If
a = 0, the turning points are located at the poles; therefore, away from the poles we get
an O(1) estimate. The blow-up rate of this estimate as we approach a pole is quantified
by (3.11).

In case (2) we can separate out the ¢ variable (as A does not pass through any poles)
and obtain a one-dimensional problem; then u is a low-lying eigenfunction of a Schrodinger
operator with a potential well. The bottom of the well eigenfunctions (those with g(0) —

a2 = O(h)) are approximated by the Gaussian h~'/4e~"*/(M); we see that they are

O(min(h~ Y4, r71/2)).

This explains the first part of (3.7) and (3.8). However, if g(0) — a? is bounded away from
zero, we are away from the equator and thus back to case (1), which explains the A1/
term in (3.7).

4. PRELIMINARIES

4.1. Semiclassical Lagrangian distributions. In this subsection, we briefly review the
local theory of semiclassical Lagrangian distributions; see for example [2],[15, Chapter 6],
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[16, Chapter 8] or [29, Section 2.3] for a detailed account, and [19, Section 25.1] or [14,
Chapter 11] for the presentation in the closely related microlocal case.

Assume that X is a manifold and ®(z, 0) is a smooth real-valued function defined on an
open set Ug C X x R™. Define the critical set Cy C Ug by

(,0) € Cp <= 0p®(x,0) = 0.

The function ¢ is called a (nondegenerate) phase function, if for each (z,0) € Cg, the
differentials d(09p, ), ..., d(0y,, P) are linearly independent at (x, ). If this is the case, the
set
Ao = {(z,0,P(x,0)) | (x,0) € Cp} CT*X

is an (immersed) Lagrangian submanifold. We say that & generates Ag; in general, if
A C T*X is a Lagrangian submanifold and (z,£) € Ag C A, then we say that ® generates
A near (z,&). For each Lagrangian submanifold A and each (z,&) € A, there exists a phase
function generating A near (z,€); however, such phase function is not unique.

If A C T*X is an (embedded) Lagrangian submanifold, ® is a phase function generating
A near some point, and a(x, 0; h) € C°(Us) is bounded in C35 uniformly in £, we can define
the h-dependent family of smooth functions

u(z; h) = hm/2/eiq>(m’9)/ha(x,9) de. (4.1)

Here the factor h~™/2 is chosen so that |[u(x;R)|/z2 is bounded by a certain C> seminorm
of a and equivalent to the L? norm of a|c,, modulo O(h) terms. We call u(x;h) a (semi-
classical compactly microlocalized) Lagrangian distribution associated to A. This family is
microlocalized on Ag in the following sense:

be CX(T"X), blneigh(rg) =0 = |0 (x, hRDg)u(x; h)||r2 = O(R™).

More generally, we call u(x;h) a Lagrangian distribution associated to A, if it is the sum
of finitely many expressions of the form (4.1), for different phase functions parametrizing
A, and an Oc¢x(h*) remainder.

If u(x;h) is a Lagrangian distribution associated to A, ® is a phase function generating
A, and wu is microlocalized in a compact subset of Ag, then we can always write u in the
form (4.1) for some amplitude a modulo an O(h*) remainder. (The general case can al-
ways be reduced to this one by a microlocal partition of unity, if we know enough phase
functions to cover the whole A.) In other words, if two phase functions locally generate
the same Lagrangian, then oscillatory integrals (4.1) associated to one phase function can
be written in the form (4.1) using the other phase function as well. However, the for-
mulas relating even the principal parts of the amplitudes corresponding to different phase
functions are quite complicated; obtaining a geometric interpretation for these formulas is
the subject of global theory of Lagrangian distributions. This global theory is needed to
produce quantization conditions that we use below; however, as we are only interested in
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estimating the resulting eigenfunctions and in some rough properties of the spectrum given
by quantization conditions, we do not use the global theory directly.

4.2. Specific generating functions and L*> estimates. In this subsection, we assume
that A C T*R" is a Lagrangian submanifold and (2%, %) € A.

Proposition 4.1. Take 0 < m < n and denote v = («',2"),& = (¢,£"), where 2’,§' € R™
and x",&" € R"™™. Assume that T(y0 coy A projects surjectively onto the (x',£") variables.
Then there exists a function S(x',£") such that near (z°,€%), A is given by

{5/ — —ax/S([L'/,f”), 1'//285//5(27,,6”)}.
Consequently, A is generated near (z°,£°) by the phase function

P(x,0)=2"-0—S(2',0), 6 € R"™™.

Proof. For the reader’s convenience we recall the well known argument. We can write A
locally as a graph {¢' = —F(2/,¢"), 2" = G(2/,£")}. The restriction of the symplectic
form d& A dx to A is zero; therefore, the restriction of the 1-form o = z” d¢” — &' dx’ to A
is closed. Therefore, there exists a function S(z’,£"”) such that o = dS when restricted to
A. However, if we use (2/,£”) as a coordinate system on A, then o = G d¢” + F dz’ and
dS = O0gn S dE" + 0,/ S da'; it follows that F' = 0,5 and G = 0g»S. O

In one special case A can be locally parametrized by x; the corresponding Lagrangian
distributions satisfy the best L> estimate possible:

Proposition 4.2. Assume that the tangent space to A at each point projects surjectively

onto the x variables. Then, each Lagrangian distribution u(x;h) associated to A satisfies
[u(z; h)||L~ = O(1).

Proof. Putting ' = x and 2” = () in Proposition 4.1, we get a phase function ®(z) = —5(z).
The expression (4.1) for this phase function has the form e=*¥@)/"q(z; h) and is trivially
O(1) in L™. O

If A does not satisfy the condition of Proposition 4.2, then the associated Lagrangian

distributions can have L™ norm as large as h~"/2. However, in some cases we are still able to

find a phase function satisfying some additional conditions that will ensure a better bound.
We will in particular use the following estimate for the case when 6 is one-dimensional:

Proposition 4.3. Assume that ®(x,0), (x,0) € U C R" x R, is a phase function and
|0p®(, 0)| + |05®(x, 0)| + |05 ®(x,0)| > 0 for each (x,0) € U.
Then each oscillatory integral u(x; h) of the form (4.1) satisfies
lull = = O(R™Y°).
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Proof. This follows from the van der Corput’s Lemma as presented in [30, Proposition
VIII.2]. We can also argue using more precise asymptotics which are relevant when precise
information at the caustic is needed: If the amplitude a(z,;h) is supported in a region
where |9y®| + |07®| > 0, then we can apply the stationary phase method to (4.1) to get
|lu||L= = O(1). (Alternatively, the corresponding piece of the Lagrangian Ag will satisfy
the condition of Proposition 4.2.) If at (zg,6) we have 9y®(z¢,0p) = J2®(z0,6p) = 0 and
D@ (g, 0p) # 0, then we can apply [18, Theorem 7.7.18] which shows that for a supported
near (xg, 0p), there exist smooth functions a, as, b such that ay,b are real-valued and

o=

hoz /e@(z’e)/ha(x, 0)do = h~/0e®@)/h Aj (K5 ay (2))as(z) + O(hS).

Since the Airy function Ai is bounded, this expression is O(h™1/6). A partition of unity
argument finishes the proof of the proposition. 0

4.3. L estimates for potential wells. Assume that V(z), x € R, is a smooth real-
valued potential such that:

e for each NV, there exists a constant Cy such that [0V (z)] < On(1+ |x|?) for all z;
e there exists a constant ey > 0 such that V(z) > ey|z|? for all x;
e V(0) =V'(0) =0, V"(0) = 2¢? for some ¢ > 0, and +V"(x) > 0 for +z > 0.

Consider the semiclassical Schrodinger operator
P(h) = h*D2 + V(z);

let p(z,€) = € + V() be the corresponding principal symbol. Since p(z,§) — oo as
lz| + |£] — oo, it follows [31, Section 6.3] (see also [27, Proposition IIL.5]) that P(h) is a
self-adjoint operator on L?*(R) with compact resolvent and therefore posesses a complete
orthonormal system of eigenfunctions.

For A > 0, p does not have critical points on p~!(\) and thus produces a completely
integrable one-dimensional Hamiltonian system. The following is a corollary of the spectral
theory of self-adjoint operators corresponding to quantum completely integrable systems
(see [15, Section 2.7] or [29, Theoreme 5.1.11]):

Proposition 4.4. Let K be a compact subset of (0,00). Then for h small enough, the
eigenvalues A of P(h) in K are simple and given by the quantization condition

S(\) = (2j + D)wh + O(R?), j € Z, (4.2)

where S(X) is the action functional:

S(A) = d
W f;(mvﬁ)—/\g ’

and the curve p~1(X) is oriented clockwise. In particular, S is smooth and S"(\) > 0 every-
where. Moreover, each L? normalized joint eigenfunction corresponding to an eigenvalue
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é-ﬂ

FIGURE 4.1. The curve p~*()\) and the regions I'y

A\ € K is a Lagrangian distribution associated to p~*(\) (that is, it admits a parametriza-
tion by integrals of the form (4.1) with estimates on the symbol and the remainder uniform

in ).

Remark. The quantization condition (4.2) is valid for the eigenvalues close to zero as
well, if we add the requirement that j > 0. This can be proved by conjugating P(h) by a
semiclassical Fourier integral operator to a function of the harmonic oscillator; it follows
from the analysis in [6] and can be found for example in [29, Theoreme 5.2.4].

For A\ away from zero, we get the following estimate on eigenfunctions of P(h):

Proposition 4.5. Let K be a compact subset of (0,00). Then each L*-normalized eigen-
function vy with eigenvalue N € K satisfies

lorllz= = O(h™Y°).

Proof. By Proposition 4.4, vy is a Lagrangian distribution associated to the curve p=t(\).
Let 'y be the intersections of p~1()\) with small neighborhoods of the turning points
(x+£(A),0); here x_(\) < x4 (\) are the two roots of the equation V(z) = A\. Away from I'y,
the curve p~'()\) projects diffeomorphically onto the x axis; therefore, by Proposition 4.2,
Lagrangian distributions associated to p~*(A\) \ (I'y UT_) have L> norm O(1). It remains
to consider the case of a Lagrangian distribution associated to, say, ['y. However, I'; can
be parametrized by & and thus by Proposition 4.1 it has a generating function of the form
®(x,8) = x& — T(£). We can calculate that 9ZT'(£) is nonvanishing; it remains to apply
Proposition 4.3. [l

Using Proposition 4.5 together with elliptic estimates, we get L> bounds on functions
satisfying the analogue of (3.2):
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Proposition 4.6. Assume A € R lies in a fized compact set K and u € C°(R) satisfies
lullz2 < Co, [[(P(R) = Mull2 < Coh, (4.3)
for some constant Cy. Then:
(1) If x € C°(T*R) is equal to 1 near p~*(N\), then
11 =Xz, hDx))ul| L = Oy (1),
In particular, if m: T*R — R is the projection map, then
g m(pTt(N) = |u(z)| = Oza(1). (4.4)

The constants in O(-) are locally uniform in x, \.
(2) If [\| > 6 for some constant § > 0, then

lull L= = Os(h™"1°).
(3) If |x| > 6 for some constant 6 > 0, then
[u(w)] = Os(h™1°).

Remark. We do not assume the localization condition (3.4) and work only under the
hypothesis (4.3). That is because we will apply the proposition to a rescaled version of the
original u which no longer satisfies (3.4).

Proof. 1. The operator P(h) — A is elliptic with respect to the order function m(z, &) =
1+ 2% + £ on supp(l — x); therefore, the elliptic parametrix construction (as in [31,
Section 4.5] or [8, Proposition 8.6], with minor adjustments found for example in [12,
Proposition 5.1]) gives a symbol ¢ € S(m™!) such that

q“(x,hD,)(P(h) — A\) =1—x"(x,hD,) + Or2_12(h*).
Therefore, by Sobolev embedding
11 = x"(z, ADy))ullp= < (1 = X" (2, kDo) ull s S B7HI(L = X" (2, hDy))ul |y
< h7Hlg" (@, hD, ) (P(R) = Null gy + O(h%) [[ull 2
SEH(P(R) = Nul 2 + O(h%)|Jull 2 = O(1).
To show (4.4), it suffices to apply the previous inequality with y vanishing near 7—!(z),
but equal to 1 near p~1(\).

2. If A < =6, then p~'(\) = 0 and thus part 1 of this proposition applies with x = 0. We
now assume that A > §. Take x € C>°(A/2,2)) equal to 1 near A; then the operator x(P(h)),
defined by means of functional calculus, is pseudodifferential, compactly microlocalized, and
equal to the identity microlocally near p~*(\) [8, Chapter 8]. By part 1 of this proposition,
we have

u=X(P(h))u+ Op=(1);
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it remains to estimate ||x(P(h))ul|[p~. Let vi,va,... € C® be the orthonormal basis of
L?(R) consisting of eigenfunctions of P(h) with eigenvalues Ay, Ay, . ... If

u = ZCJ'U]',
J
then by (4.3),
S (A — Al + B2l < 4C2R:

J

IRPW)ule= < D el ol

A/2<0; <2

1/2

<acn( s fole=) (3 (n-alem)
A[2SA;5 <22 A/2<0; <20

The sum in the second factor is O(h™!) by the quantization condition (4.2). The supremum
in the first factor is O(h~'/6) by Proposition 4.5.

3. There exists §; > 0, depending on ¢, such that if |z| > ¢ and |A| < 6y, then = &
7(p~(\)). The case |A| < ¢; is then handled by (4.4), while the case |A| > 4; is handled
by part 2 of this proposition. O

5. PROOF OF THEOREM 2

5.1. Regular case. We have
g(r)[=h*A = 1] = B*[D} + Df] — g(r).
We then separate out the o variable: if u(r, ) = u(r)e’?/", then
u(r) € CX(=e.e), llullze =O@1), [((h*D;+ o = g(r)ull: = O(h).  (5.1)
Now, for £ small enough,
g(r) =Vo=V(r+uo), |r|<e

where a potential V(x) satisfies conditions of Section 4.3. Moreover, |xo| > 2¢. If a(z) =
u(xr — xg), then |[(P(h) — Vo + o?)il|z2 = O(h), where

P(h) = h*D2 + V().
However, u is supported away from zero; therefore, by part 3 of Proposition 4.6, we find
lull e = O(R™6)

as required.
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5.2. Case of an equator. As in the regular case, we can separate out the ¢ variable and

obtain (5.1). Now, take a potential V'(r) satisfying conditions of Section 4.3 such that

V(r) = g(0) — g(r) for |r| <e. Then, ||(P(h) — Nul|z2 = O(h), with
P(h)=h’D2+V(r), X=g(0)—a’

For X or r bounded away from zero, we can argue similarly to the regular case. Indeed,

(3.7) follows from parts 2 and 3 of Proposition 4.6. To obtain the estimate (3.8) for r
bounded away from zero, we use (4.4): the condition in (3.8) means that |A| < er? so that

r g m(pH(N).
If both A and r are close to zero, we will use the natural rescaling of the quantum
harmonic oscillator: for some constant C; and C} 'h < 8 < €}, define

(Ts))(F) = BY4f(5Y%7), | e LA(R);
hg = B7"h, Ag =BT,
Vs(r) = 87V (BY?F),  Ps(hg) = h§DZ + Vs(F).
We note that if V(r) = 2, then
Ps(hg) = h3D7 + V (7);

that is, the operator does not change. For a general potential we get closer to the harmonic
oscillator as 3 — 0. Moreover, the potential Vj satisfies conditions of Section 4.3 uniformly
in . Indeed, the only nontrivial part is verifying the first of these conditions for N =0, 1,
and this follows from the fact that V(r) = O(r?) and V'(r) = O(|r| + r?). Therefore, the
constants in the estimates of Proposition 4.6 do not depend on (5.

The operator Tj is unitary on L*(R) and
Ps(hg) — Ag = B~ Ts(P(h) — N},
Therefore, if ug = Tsu, then

[usll2 = O), [|(Ps(hs) = As)uglle = O(hg).
For € > 0 small enough, we have P(h) > e(h?D? + r?); the ground state of the quantum
harmonic oscillator, which by scaling invariance is known to be bound from below by ch
([31, Section 6.1]), giving thus P(h) > ch. Therefore, we can assume that |\| > eh — indeed,
if |A\| < eh, then we can replace A by eh and obtain same conditions on u and stronger
conclusions (except for (3.8) in case when 72 < h — however, in this case r—1/2 > p~1/4
and (3.8) follows from (3.7)). Now, consider the following two subcases:

(1) |A| < er?. Since |\| > eh, we have |r| > h1/2. Put 3 = r?; then u(r) = r~/2ug(£1)
(depending on the sign or ) and |Ag| < €. For € small enough, 7 = £1 does not lie in
the projection of {2+ V(7)) = Ag}; therefore, (4.4) applies, giving |ug(£1)| = O(1)
and thus |u(r)| = O(r~'/2); this proves (3.8), which implies (3.7) in the present
case.
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(2) |A] > er?, where ¢ is chosen as in case (1). Put 8 = |)\|; then A3 = +1 depending on
the sign of A and u(r) = |A\|7Y*ug(7), where 7 = |A\|7¥/2r is bounded. Now, part 2
of Proposition 4.6 applies for A\g = 1 and part 1 of the same proposition applies for
g = —1 (with y = 0), giving |us(7)| = O(h;"°) and thus |u(r)] = O(h~/6|x|71/12).
This proves (3.7) as the third term in the minimum expression is controlled by each
of the other two in the present case.

5.3. Case of a pole. Define the operators P(h) = —h%A and Q(h) = hD,; let p,q be the
corresponding semiclassical principal symbols; for A > 0, consider the compact set

AN ao)={p=A g=a} CT"M.
We start by an analogue of part 1 of Proposition 4.3:

Proposition 5.1. Assume that X (h) is a compactly microlocalized pseudodifferential op-
erator on S? microlocally equal to the identity near A(1,a). Then

11 = X (h))ull= = O(1).

Proof. Using the localization assumption (3.4), a microlocal partition of unity, and the
elliptic parametrix construction (see the proof of Proposition 4.6) we can write

(1—-X(h))u=A(h)(P(h) — 1)u+ B(h)(Q(h) — a)u + Ocs(h™), (5.2)

where both A(h) and B(h) are pseudodifferential and compactly microlocalized, and thus
act L? — L with norm O(h™!) [31, Theorem 7.10]. We now use (3.2) and (3.3) in (5.2)
and that proves the proposition. O

If (¢,7n) are the momenta corresponding to the coordinates (z,y) = (r cos ¢, rsin ¢), then
p=g(@® +y*) " E +n?), ¢=an—yE.

Therefore, if a is bounded away from zero and ¢ is small, then the projection of A(1, )
onto M does not intersect U, = {r < ¢} and ||u||p~ = O(1) by Proposition 5.1. Therefore,
we may assume that |a| < . The symbols p and ¢ have linearly independent differentials
on A(1,0), and they Poisson commute; therefore, A(\, «) is a Lagrangian torus for small
a and A close to 1. The joint spectrum of P(h),Q(h) near (1,0) obeys a quantization
condition; in particular, the spectrum of P(h) restricted to the eigenspace {Q(h) = a} is
approximated by a formula similar to (4.2). (See [5] or [29, Theoreéme 5.1.11].) Similarly
to the proof of part 2 of Proposition 4.6, we reduce the problem to the following

Proposition 5.2. If ¢ > 0 is small enough, then each L* normalized joint eigenfunction v
for P(h),Q(h) with eigenvalue (A, ), where |A\—1|, |a| < €, satisfies the following estimates
for |r| <e:

[(r, )| = O(min(h~"2, B=1/or=1% p710a|71/2)); (5.3)

lu(r, )| = O(r_l/g) for |a| < er. (5.4)
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Proof. As follows from the proof of the quantization condition, v(r,¢) is a Lagrangian
distribution associated to A(\, «). Using a microlocal partition of unity and the rotational
symmetry of the problem, we can reduce to the case when v is microlocalized in {{ >
n/2, |r| < €}. However, in this region A(\,«) can be parametrized by z,7, since the
matrix of derivatives of p,q in y, £ is nondegenerate for x = y = 0; by Proposition 4.1,
A(X, ) is generated by a phase function of the form ® = yn — S(z,n; A\, ), where S is
a smooth function. We recall that this means that on p = A and ¢ = «, ¢ = —39,.S and
y = 0,S.

From this we calculate

0:8(0,1, 1, @) = =V/g(y?)A =17 = =/Ag(0) — 17 + O(a”)
0,500,m, N\, o) = —a/€ = _m +O(a?);

if we normalize S by the condition S(0,0, A\, «) = 0, then S(0,7,A,0) = 0, and
9.S(0,m, ), 0) = 8.S(0,0, \,0) + /aasomo

= —arcsin(n/1/Ag(0)) .

Now, put (r,«) = (s7, sa) with 72 + a2 = 1 and define h = h/s; we get by (4.1),

/m

v(r,o; A\, a, h) = hl/Q/eXp( (stmsinp — S(sFcosp,n; A\, s&))/h)adn

= s_l/QiL_l/z/eXp (z@(n, S, T, @, , A)/ﬁ) adn,

where
d = F(nsin g 4+ /Ag(0) — 12 cos @) + @arcsin(n/~+/Ag(0)) + O(s)
and
a = a(sFcos p, sFsinp,n), ac C(R?).
For s small enough, ® satisfies the co~ndition of Proposition 4.3. Indeed, under the change
of variables n = 1/Ag(0) sin 0 we get ® = 71/Ag(0) cos(f — ) + ad + O(s). Therefore,

[o] = O(s™/2h1/%) = O(s /3~ 1/0).

This proves (5.3) (note that the bound O(h~1/2) follows directly from the integral represen-
tation). To show (5.4), note that for |a| < er, & is close to zero; then ® is a Morse function
and we can use stationary phase in place of Proposition 4.3 (see also the beginning of the
proof of that proposition). O
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