UNCERTAINTY PRINCIPLES FOR THREE-DIMENSIONAL
INVERSE SOURCE PROBLEMS*

ROLAND GRIESMAIER! AND JOHN SYLVESTER?

Abstract. Novel uncertainty principles for far field patterns of time-harmonic acoustic or elec-
tromagnetic waves radiated by collections of well-separated localized sources in two-dimensional free
space have recently been established in [R. Griesmaier and J. Sylvester, STAM J. Appl. Math., ac-
cepted for publication]. These uncertainty principles have been utilized to develop reconstruction
algorithms and stability estimates for the restoration of missing data segments and for the recovery
of the far fields radiated by each component of a collection of sources from incomplete observations
of the far field radiated by the whole ensemble.

In this paper, we present generalizations of these uncertainty principles for a relevant three-
dimensional setting. We consider extensions of the reconstruction schemes for data completion and
far field splitting, including their stability analysis, and we discuss the sharpness of the corresponding
stability estimates. We also comment on the implementation of the reconstruction algorithms and
include a numerical example.
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1. Introduction. If we model the propagation of time-harmonic acoustic or
electromagnetic waves by the Helmholtz equation, then the far field of such a wave
radiated by a source f coincides up to a constant with the Fourier transform of the
source restricted to a sphere. It is not possible to uniquely recover a function f from its
restricted Fourier transform, but it is possible to recover information about its support
[9, 13, 14, 18]. Unique continuation of solutions to the Helmholtz equation implies
that no two sources with disjoint supports can radiate the same far fields, so the
subspaces of far fields radiated from disjoint compact sets intersect only at the origin,
and therefore a sum of sources with disjoint supports has a unique splitting into a
sum of far fields, each of which is radiated by an individual source. Similarly, because
the Fourier transform of a compactly supported function is analytic, observations
of the far field on any open subset of the sphere uniquely determine the far field
on the entire sphere. This implies that far field splitting and data completion are
theoretically possible, but, without further assumptions both are severely ill-posed
inverse problems.

We recently investigated both data completion and source splitting in two dimen-
sions [8]. Based on the singular value decomposition of the operator that maps sources
supported in a ball to the far fields they radiate, we developed a regularized Picard
criterion, which characterized the subspaces of nonevanescent far fields radiated by
L? sources supported in a ball. These are the far fields that can be radiated by a
limited power source, and at the same time have enough power to be detected by a
sensor with limited sensitivity. We combined the regularized Picard criterion with an
uncertainty principle for the far field translation operator to develop reconstruction
algorithms and stability results for far field splitting. The far field translation operator
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maps the restricted Fourier transform of a compactly supported source f(z) to the
restricted Fourier transform of its translate f(z + ¢), and our uncertainty principle is
a sharp upper bound on the cosine of the angle between two different subspaces of
nonevanescent far fields, each of which is radiated from a different ball. The bound on
the cosine implies a bound on the cosecant, and the cosecant is exactly the condition
number of the linear splitting operator.

We also combined the regularized Picard criterion with another uncertainty prin-
ciple for the operator that maps far fields to their Fourier components, and obtained
reconstruction algorithms and stability estimates for recovering missing data segments
of a far field radiated by a localized source. Both results can be combined to simul-
taneously complete far fields and split them into the components radiated by well-
separated localized sources. In both cases, the bounds depend simply on wavelength,
diameter, and (in the case of splitting) distance between the sources.

In this work we establish the analogous uncertainty principles, reconstruction
schemes and stability results in three dimensions. The basic structure is similar to
the two-dimensional case, with the Fourier decomposition of functions on the circle
replaced by the decomposition of functions on the sphere into spherical harmonics.
The new ingredient here is the analysis of the three dimensional far field translation
operator, which is considerably more complicated than in the two dimensional case.
Much of the two dimensional analysis was facilitated by the facts that the product of
two exponentials (i.e. €"?’s) is again an exponential, and the ratio of the L? and L>
norms of €? is independent of n. Neither fact remains true in higher dimensions.

Once the uncertainty principles have been established, it is relatively straight-
forward to carry over the stability results from [8] to the three-dimensional setting.
Therefore, we only state three basic applications of the uncertainty principles here,
and refer the reader to [8] for proofs and for more results.

Our main results are based on estimates of condition numbers for linear operators
that split a vector into two or more components. The estimates are all of the same
general form. Define the cosine of the angle 6 between two subspaces Vi and V; as

(v1,v2)

cosf = sup —_
[[o1[[[vz]l

v1E€VI, v2€VR

As long as |cosf| < 1, the following result is straightforward to check (and we will
carry this out explicitly in special cases in section 5).

THEOREM 1.1. Suppose that v = vy + v with v1 € Vi and vy € Vs, then, for
i=1,2,

1 2
1 — cos? GHUH ’

The inequality (1.1) asserts that the splitting operator that maps v to the pair
(v1, v2) exists and its condition number is bounded by csc . In fact it is exactly csc 6.
For us, Vi and V, will be finite dimensional subspaces of L?(S5?). In section 3, we
will use the regularized Picard criterion to define the subspaces V§ of nonevanescent
far fields radiated by sources supported in the ball of radius R centered at a point ¢
(at wavenumber k). We will show that, in R?, the subspace V§ is the approximately
(kR)? dimensional space spanned by e*¢¢ times the spherical harmonics of degree
n < kR (alternatively, the spherical harmonics with eigenvalues n(n + 1) < (kR)?).
For comparison, in R%, VS has dimension 2kR + 1 and is spanned by e*¢?¢ times
the complex exponentials ¢”? with |n| < R (alternatively, the exponentials with
eigenvalues n? < (kR)?) [8].

(L.1) lvi|* <
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It is worth noting that the dimension of the nonevanescent subspace increases
with wavenumber in a way that is consistent with the Rayleigh criterion, which limits
resolution to the scale of a wavelength. If we combine the fact that the far field
radiated by a source can also be radiated by a superposition of single- and double-
layer sources on any surface enclosing the source, and the expectation that we cannot
resolve on scales smaller than a wavelength, which we denote by A\, we expect one
dimension® for each A x A\ patch of surface area on the surface of smallest area that
encloses the source. Thus the dimension of V§ should be proportional to the surface
area in units of squared wavelengths, i.e., (kR)? in R? and kR in R?.

In section 4, we establish estimates for the cosine of the angle between nonevanes-
cent far fields radiated from well-separated balls. Specifically, if |kca —keq| > 2(kRy +
kRs + %), the cosine of the angle ¢ between the subspaces V3! and Vp? satisfies

(1.2) |cosf| <

where the symbol < means that there is a nonspecified constant, independent of k,
R;, and ¢;, i = 1,2. In R2, the analogous inequality is
1

(kRy)2 (kRy)?2

1.3 cosf| <
(1) jcost] 5 GGy

)

and an example using a line source shows that the dependence on k, R;, and ¢;,
i = 1,2, in (1.3) is sharp. The example in section 6, which calculates the inner
product of the far fields radiated by constant sources supported on translated disks
in R3, gives a cosine estimate

kR1kRs

m Sln(lkCQ — k'Cl |)

cosf 2

so we don’t yet know if the dependence in (1.2) is sharp, or if it is possible to replace
the % power in (1.2) by the first power.

Also in section 4, we show that the cosine of the angle 6 between the subspaces
V§ and L?(Q), the subspace of functions in L?(5?) supported in © C S?, satisfies the
inequality

Q0
(1.4) |cosf| < u(k:R)Q,

0
where || is the area of 2. An example in section 6 shows that the dependence on

k, R, and |Q| is sharp. The analogy in two dimensions, with || equal to the length
of Q, is

Q
(1.5) |cos] < ukR,
27
which is also sharp.
These estimates are used in section 5 to establish stability estimates for least
squares algorithms for far field splitting and data completion, and in section 7 we

INot two because roughly half (the Cauchy data of free solutions to the Helmholtz equation) are
nonradiating.
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describe a numerical implementation of the reconstruction algorithms from section 5
and give a numerical example.

Note that all the estimates in (1.2), (1.3), (1.4), and (1.5) are unitless, and all
reveal that the conditioning worsens (recall that the condition number is csc ) as the
wavenumber increases. This is different from the conclusions suggested by studying
the point spread function, which treats the resolution of point sources. In fact, setting
kR =1 in the estimates above recovers the resolution results for point sources.

We end this section by explaining why we refer to the inequalities (1.2), (1.3),
(1.4), and (1.5) as uncertainty principles. Let V7 denote the L? functions supported
in T and Vi denote the L? functions whose transforms are supported in W. By
transforms, we mean either the Fourier transform on the line, the Fourier series on
the circle, or the N-point discrete Fourier transform?

THEOREM 1.2. If there is a nonzero f that belongs to both Vi N Vi, then

C < [T|w],

where the constant C is 2w for the Fourier transform on the line and the circle, and
C = N for the N-point DFT.

The contrapositive of theorem 1.2 is the following.

THEOREM 1.3. If |T||W]| < C, then Vo N Vi = {0}.

As we did in [8], we reformulate this as follows.

THEOREM 1.4. If f € Vr and g € Vi, then

ITIW|
C

(1.6) I(f9)] < 1 11gll -

Setting f = ¢ in (1.6) recovers theorems 1.3 and 1.2. Where theorem 1.3 guaran-
tees the existence of a splitting operator, theorem 1.4 explicitly estimates its norm,
which is csc 6. In the case of the Fourier transform, theorem 1.2 as stated is vacuous,
because a compactly supported function cannot have a compactly supported Fourier
transform®. Theorem 1.4 does not suffer this inconvenience. Finally, theorem 1.4
admits a straightforward generalization.

THEOREM 1.5. Suppose that A : L?> — L? and A~ : L' — L, and that f € Vp
and Ag € Vi, then

(.9 < VITIWIIANIAT A gl -

In theorem 1.5 we have been intentionally vague about which LP spaces we are
using. Our main applications in section 4 will be with A equal to the far field trans-
lation operator. We will work with the sequence of spherical harmonic components of
a far field, each component of which is a function in L?(S?). In this case, our norms
will be IP(L?(5?%)) norms with p = 1,2, 00, and we will in fact need weighted versions
of these norms, with the weights related to the dimension of the spaces of spherical
harmonics of each degree.

2. Far fields radiated by compactly supported sources. Let g € L?(R3?) be
a compactly supported function representing an acoustic or electromagnetic source.

2This example in [4] motivated this work, and the corollaries in section 5 are analogous to those
in [4].

3Theorem 1.2 can easily be modified to a useful statement about functions essentially supported
in certain subsets [4].
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Using the Helmholtz equation as our model for the propagation of time-harmonic
waves, the wave radiated by g at wavenumber k > 0 satisfies

(2.1a) —Av—FEv = kg in R3,
and the Sommerfeld radiation condition

(2.1b) lim (50 —iko) =0, r=la|.

After rescaling u(z) := v(kz) and f(z) := g(kz), i.e., measuring distances in wave-
lengths?, the system (2.1) is equivalent to

ou
_ _ _ . 3 . s _
(2.2) Au—u=f in R and Thm 7‘( . m) =0.

Thus we may assume in our calculations below that k& = 1, and easily restore the
dependence on wavelength by simply rescaling the spatial variable when we are done.

For k = 1 the fundamental solution of the three-dimensional Helmholtz equation
is

1 eil=l

®(x) = EW )

v € R%\ {0},

and accordingly the unique solution u € H} (R?) to (2.2) can be written as a volume
potential

ue) = [ Ba-prw . seR.

For large arguments,

ir

u(z) = e—a((bx) +0(r™?) asr — oo,
r
where x = r¢, with ¢, € S%, and o € L?(S?) is given by

(2.3) alf) = /]RS e 1Y f(y) dy, 0ecS%.

The function « is known as the far field radiated by the source f. In particular,
equation (2.3) shows that the far field operator F, which maps sources to far fields,
is a restricted Fourier transform,

F:L3(R%) — (%), Ff = flg-

3. A regularized Picard criterion. We begin by characterizing far fields ra-
diated by sources supported in a ball Bg(0) of radius R > 0 centered at the origin,
i.e., far fields in the range of the restricted far field operator

FBr(o) : L*(Br(0)) = L*(S%),  Fpno)f = ﬂsz-

We will describe the singular value decomposition of this compact operator in terms of
spaces of spherical harmonics. Let Y,,(R?) denote the space of harmonic homogeneous

4One unit represents 27 wavelengths.
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polynomials of degree n on R3, and let Y,, := Y,,(R3)|s2 denote their restrictions to
the unit sphere S2, called the space of spherical harmonics of degree n. Both, Y,,(R?)

and Y,, have dimension 2n + 1. The subspaces Y,, are mutually orthogonal and span
L?(S?), ie.,

(3.1) L*(5%) = @ Va.
n=0
The Funk-Hecke formula tells us that
(3.2) / FOTY,(0) ds(0) = An(ED)"ju(Yu(ds), 6o € 5%, =1, € R?,
SQ

for any Y, € Y,, (see, e.g., [2, p. 32]). Here, j, denotes the spherical Bessel function
of degree n. If {Y* | —n < m < n} is any orthonormal basis of Y,,, then

(33)  Frpof =D, Y. onw{fvl)raszuy  for any f € L*(S?)

n=1lm=-—n
ie (o un,vr), —n < m < n, n € N, is a singular system for Fp, ), where 07" is
given by the squared singular values

(3.4a) (0™)? = 4ns2(R) i= 4 /B o 2D .

The left singular vectors are

(3.4b) u™(0) = Y, (0), 0 cS?,

n

and the right singular vectors are

(3.4c) v (y) = \/WYW%), ¢y € 5%, y=lylp, € Br(0).

According to (3.1), any a € L?(S?) can be uniquely represented as a sum of
spherical harmonics,

(35) a = Zana an €Y,

n=0
which is called the Fourier-Laplace series of a. Here, the n-spherical harmonic com-
ponent o, € Y, of a is given by
_ 2n+1
T 4r

(3.6) an(0) = (Ppa)(0) :

/ P, (0 w)o(w) ds(w), 0 S?,
S2
where P,, : L?(S?) — L?(S?) denotes the orthogonal projection onto Y,,, and

1 4

Palt) = oo

(t271)n, te [*131]7

is the Legendre polynomial of degree n. As a consequence of (3.5), we have the
Parseval identity

(3.7) lallZsisey = D llanllfasey,  a€L*(S?).

n=0
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In particular, the sequence {,,} of spherical harmonic components of « satisfies

{om} € P(L*(S?) = {{Bn} | Bn € Yp foralln e Nand Y [|Ball72(s2) < 0} -

n=0

It will sometimes be convenient to think of the projection kernel in (3.6) as a function
of 0 for each fixed w € S%. We will use the notation P#(6) := P, (w - 0) to emphasize
this point of view. For later use, we note that P () is itself a spherical harmonic of
degree n with

47
2n+1

(3.8) 1P | L2(s2) = and  [[PY[[pe(s2) = 1,
independent of w € 5% (cf. [1, (2.39)—(2.40)]).

The rescaled squared singular values {s2(R)} of the restricted Fourier transform
FBr(0) have a number of interesting properties with immediate consequences for the
inverse source problem. Proofs of the results in the remainder of this section, which are
(nontrivial) extensions of the corresponding results in [8], can be found in appendix A.
The rescaled squared singular values satisfy

oo

9 _Am
Z(2n+1)sn(R) = ?R37

n=0

and s2(R) decays rapidly as a function of n as soon as n > R,

1\3 R? 1— B2 _\7nt+l

2 ] .

Sn(R) S bR(n+§> (m@ ( +)2) lfnZR,

where the constant b ~ 4.791 is independent of n and R. Moreover, the odd and even

squared singular values, s2(R), are decreasing as functions of n, and asymptotically,
as R — o

1\2 1
Si(R)N 2w RQ—(TL+§) s n+§§R,
0, n+i>R,

(see also corollary A.10). This is illustrated in figure 3.1, where we include plots of

s2(R) (solid line) together with plots of the asymptote 27my/R? — (n + )2 (dashed
line) for R =10 (left) and R = 100 (right).

The singular value decomposition (3.4) shows that the source f € L2(Bgr(0))
with smallest L?-norm that is supported in Br(0) and radiates a given far field
a € L*(5?%) has L?-norm

YRPRRIS 0
allL2(Br(0)) In 2 S%(R) ’

where {a,} is again the sequence of spherical harmonic components of «. In the
following we refer to f as the minimal power source, and to ||a||%2(32) as the radiated
power of the far field a. Since any physical source has limited power, which we denote
by P > 0, and any receiver has a power threshold, which we denote by p > 0 (i.e., the
receiver cannot detect a far field that has power less than p) not every source/farfield
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Fic. 3.1. Rescaled squared singular wvalues s2(R) (solid line) and asymptote

21/ R? — (n+ 1)? (dashed line) for R =10 (left) and R = 100 (right).

combination is equally relevant in practice. Because the odd and even squared rescaled

singular values, s2(R), are decreasing as functions of n, we may define

(3.9) N(R,P,p) := sup n.
4ms2 (R)> 5

So, if a € L3(S?) is a far field with spherical harmonic components {a,} radi-
ated by a limited power source supported in Br(0) with ||f;||2L2(BR(0)) < P, then,
for N = N(R, P, p),

P
Y llanlzasey > " Y llanlZacse)-

1 ||04n||2L2(52) 1 1
p>— S IS 5 o
47 Z s2(R) 4m 53,1 (R) = =

n>N
Therefore, > < v HanHQLQ(Sg) < p is below the power threshold, and accordingly the
subspace of detectable far fields, that can be radiated by a power limited source
supported in Bg(0) is

N N
Yen = EBY" = {aGLQ(Sz) ’ a:Zan, an GY,L}.
n=0

n=0

We refer to Y<u as the subspace of nonevanescent far fields, and to the orthogonal
projection of a far field onto this subspace as the nonevanescent part of the far field.
Since the rescaled squared singular values s2(R) decrease very rapidly for |n| > R,
the number N (R, P, p) is only a little larger than R for a wide range of P and p, if
R is sufficiently large. Thus Y<y is the subspace V} referred to on page 2 of the
introduction (with & =1 and ¢ = 0).

4. Uncertainty principles for far field translation. Because the far field is
a restricted Fourier transform, the formula for the Fourier transform of the translation
of a function,

fl+e)0) = e?f(0), 0S5 cecR?,

plays an important role in the inverse source problem. We use T, : L?(S?) — L?(S?)
to denote the map given by

(4.1) (T.a)(0) == ¢°a(d), Oe S
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The operator T, is unitary with 7' = T_.. Combining the Jacobi-Anger expansion

oo

¢0 = S @+ D) Plde0),  c= e €B?, 6,0. € 52,
=0

which is an immediate consequence of (3.2), with the Fourier-Laplace series (3.5) we
find that

(4.2) (T.o)(0) = ian ill 20+ 1)5(|c|)Pi(be - 0),  6€S>.
n=0 =0

Substituting (4.2) into (3.6) shows that the spherical harmonic components {af,} of
T.« satisfy, for § € S?,

43) a5, = 2L S S i) [ an)Bal®- ) P(s. ) do.
n=01=0

Employing a slight abuse of notation, we also use T, to denote the operator from
12(L?(S?)) to itself that is given by

(4.4) T.({an}) = {ag}.

The following notation will be a useful shorthand. Let o € L?(S?) with spherical
harmonic expansion {ay,}, then

@5) ol = ([ la@F )" 1<p<oo. falsm = essupla(d)],
2 = 2

(4.6) e :

1
Q:Wﬂmw)p7lép<w7|WWM=$WMMmWy
neN

The notation emphasizes that we treat the representation of the function « by its
values, or by the sequence of its spherical harmonic components {«,, } as simply a way
of inducing different norms. That is, both (4.5) and (4.6) describe different norms
of the same function on S2. Note that, because of the Plancherel equality (3.7),
leel| 2 = ||lex|lsz, so we may just write ||a||2, and we write (-,-) for the corresponding
inner product. We will even extend this notation a little more and refer to the support
of a in S? as its LY%support and denote by |||/ 0 the measure of suppa C S2.
Similarly, we will call the indices of the nonzero spherical harmonic components in its
Fourier-Laplace-expansion (3.5) the {°-support of a.

We will prove our uncertainty principle, by showing that the far field translation
operator is bounded on weighted [P spaces. Given any sequence of nonnegative weights
{wn} C [0,00) we define

B(L*(5%) = {a e L*(S?) | llally, < oo},
where

1

ol = (Z wn”O‘n”L2 (52 )p ; 1<p<oo, ”aHl‘f = Sug(wnuanHLz(SQ))-
ne

The theorem below gives a lower bound on the angle between a nonevanescent far
field o and the translate T, of a nonevanescent far field 3 in terms of the {°-support
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of o and 8, and the distance c. We call this result an uncertainty principle for far field
translation, and it will be the main ingredient of our analysis of the far field splitting
problem.

THEOREM 4.1 (Uncertainty principle for far field translation). Let o, 8 € L?(S?)
such that the corresponding spherical harmonic components {an} and {Bn} satisfy
supp{a,} € Wi and supp{B,} C Wa with W1, Wa C N, and let ¢ € R3. Then,

(4.7 o, T.B)% < Yonew, 2n+ 1) 30, (20 + 1)2

3113113 -

EE

The proof of theorem 4.1 is a corollary of the following lemma.
LEMMA 4.2. Let ¢ € R? and let T, be the operator introduced in (4.1) and (4.4).
Then, the operator norm of T, : LP(S?) — LP(S?), 1 < p < oo, satisfies

(4.8) ITellLe.Lr = 1,

whereas T, : 13, ., — 157 ans1y Julfills

1
(4.9) ITell, 1o

< = .
1/(2n4+1) — |C|§

Proof. Let o, 3 € L?(S?) with spherical harmonic components {ay,}, {8,}, and
denote by {a¢} the spherical harmonic components of T.a.. Recalling (4.3) and (3.6)
we find that, for any m € N,

(Bm, )
- ms ZZil(2l+1)jl(|c|)/SzPl(¢c-w)an(w) fs Poa(6-w)Brn(8) d6 s,

n=0 [=0

and (C.1) tells us that the interior sum is finite, i.e.,

m—+n

Goc) = 30 3 1 D) [ Pl do

n=0]=|m—n]|

We next use Holder’s inequality and then the bound on ||Pl¢“ |l from (3.8),

m—+n

(B Zuan\b( S @+ DD o~ )18l
l=|m—n]|
[e'e) m—+n
= Y llewllz (D @+ Dlille)]) 1Bl -
n=0 I=|m—n]|
Setting 5 = T.«, we obtain, for any m € N,
o) m—+n
(4.10) loglls < 3 llewllz( 32 @+ Dllel)) -
n=0 I=|m—n]|
To estimate the term in parentheses, we note that spherical Bessel functions satisfy
(4.11) Jn(2) = 1JnJr;(z)7 2€eC,neZz,
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where J, ntld is a Bessel function, and employ the estimate of J, ntld provided by the
last inequality on page 199 of [15] to obtain

jn(2)] < ﬁ with ¢ & 0.8459 .

Combining this with the formula

m—+n
> @41) = 2m+1)(2n+1)

l=|m—n]|
gives a further estimate for the right-hand side of (4.10),

o0

1
logallz < (2m + UF > n+1)an]:.
cls
n=0
This shows that
ol - 1
T« =s = .
H c ||l1/(2 v+1) uN 2m+1 - | | — |C|% Ha||l§n+1
0
Proof of theorem J.1. Holder’s inequality and (4.9) imply that
e )l = 3 o B < ol T8l < gl 180,
(4.12) ":10 s e
< (3 @n+12) Tale( D @a+ 1) Il
|C|6 new, neWs
O

We can improve the dependence on |c| in (4.7) under hypotheses on « and 3 that
are more restrictive, but well suited to the inverse source problem. Before we state
the improved result, we recall that, for N = N(R, P,p) as in (3.9), the space Y<n of
spherical harmonics of degree less than or equal to N coincides with the subspace of
nonevanescent far fields from section 3.

THEOREM 4.3. Suppose that o € Y<y, 8 € Y<pr with M, N >0, and let c € R?
such that |c| > 2(M + N + 2). Then

QR IPtiAs LELLES TUREIUEDLEL INFTRT

with b~ 1.975.

REMARK 4.4. Setting N ~ kR; and M = kR, for some Ry, Ry > 0, in (4.13)
yields the estimate (1.2) from the introduction.

Proof of theorem 4.3. Let o € Y<x with spherical harmonic components {a,},
and denote by {a%} the spherical harmonic components of T.a. As in the proof of
lemma 4.2 we find that

N

g llz < @m+1)  sup  [G(le))] Y (2n+1)]an]s -

0<I<SM+N oy
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Combining theorem 2 of [11] with (4.11) (see appendix B for details) we obtain

b
(4.14) sup  |7(le])] € — with b =~ 1.111,
0<I<KM+N |C|
and hence
[l b <
_ mll2 - _
ITialyo,.o) = 532 5055 < 1 L+ Dllnls = wlal,

We now proceed as in (4.12), with the estimate for ||T06H11/(2 ) from (4.9) replaced

by the estimate we have just established, and finally use the formula

N
3
> (n+1)* = (N+ )(N+ )(N+f)
3 2 2
n=0
to finish the proof. ]
We will also make use of another uncertainty principle. A glance at (3.5)—(3.7)
reveals that the operator H : L?(S%) — [2(L?(S?)), Ha = {a,}, which maps « to
its spherical harmonic components {a, }, satisfies |H||2,2 = ||H![|2,2 = 1. Further-
more, it follows from (3.6) and (3.8) that, for any n € N,

2n+1 w 2n—|—1
lanllze < —— sup |[Bllz[lallz = lledl2 -
T wes?
Accordingly,
1
. oo < oo = ——
@15)  Jals ZnannL r;wnﬁnannz —=lal,._,

(with equality for « = P# for any w € S?). Thus, H™! : li/m(LQ(SQ)) — L>(5?)
is bounded with

1
Vi
On the other hand, for any o € L?(S?) with spherical harmonic components {a, }
and any 8 € L?(S?), (3.6) implies that, for any n € N,

-1 _
M1 e, o =

2n+1
47

(B, ) = /S B0) [P0 w)ale) ds(e) ds(o).

Applying the Cauchy-Schwarz inequality and (3.8) yields

(8, am)|
2 1 3 3
< 2L 10P@lse@as®) ([ [ Po-wlaw]dswase)’
52/ 52
2n+1 47 1 2n—|—1
= 1Bll2llad s el = 1Bll2lledll 2,
and choosing B = a, gives, for any n € N,
2n+1
lonll2 < ez

47
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and therefore

o [l |2
l[alls

e By e /—MMML

Hence, the operator H : L*(S?) — 1> is bounded with

1/v/2nF1
1

15 < —=.

’1//2nF1 ‘/477—

The next theorem gives a lower bound on the angle between the translate T.« of
a nonevanescent far field o and a function 8 supported only on part of S? in terms of
the [%-support of o and the L°-support of 3. This result will be the main ingredient
of our analysis of the data completion problem.

THEOREM 4.5. Let o, 8 € L*(S?) such that the corresponding spherical harmonic
components {a,} satisfy supp{a,} €W with W C N, and let ¢ € R3. Then,

[l

(T B < P15 (2 4 1) 33

new

Proof. Combining Holder’s inequality with (4.8) and (4.15) we find that

A

1
(o B)] < [T~ 18 < lollex I8l < (= S VEnT Tlaule) 81l
4 new

IN

1 3
—= 2n+ 1)) el I8l o A1l
A(5 o) lela VBT

0
For « € Y<n, we may use the formula 2520(271 +1) = (N + 1)2 to restate
theorem 4.5 as follows.
COROLLARY 4.6. Let a € Y<y, 8 € L?(S?), and ¢ € R3. Then

U802 (v 1 1y2)agons.

(4.16) (Teor, B)? <
REMARK 4.7. Setting N = kR, for some R > 0, in (4.16) yields the estimate (1.4)
from the introduction.

5. Corollaries of the uncertainty principles. The uncertainty principles es-
tablished in theorems 4.1, 4.3, and 4.5 have immediate consequences for data comple-
tion and far field splitting.

In [6, 7, 8] we recently developed two classes of reconstruction algorithms for these
inverse problems in R?, one based on [? techniques (least squares) and the other using
I* minimization (basis pursuit). We provided the corresponding stability analysis in
[8], using uncertainty principles. Here we comment on modifications and extensions
of these results that are needed for the three-dimensional setting. We will only do
so for the least squares algorithms and note that similar modifications apply to the
algorithms based on [! arguments. Since, apart from the new uncertainty principles,
the proofs of the theorems below are relatively straightforward modifications of the
corresponding results in the two-dimensional case, we omit them and refer the reader
to [8].
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The regularized Picard criterion from section 3 tells us that, up to measurement
precision p, a far field radiated by a limited power source with power threshold P in
Br(0) coincides with an o that belongs to the subspace of nonevanescent far fields
Y<n, where N = N(R, P,p) as in (3.9), is just a little bigger than R. Accordingly,
the uncertainty principles from the previous section apply to this setting. The first
result below gives conditions under which we can split the sum of two nonevanescent
far fields radiated from well-separated localized sources into the original summands
by solving a well-conditioned least squares problem and provides a stability estimate.

THEOREM 5.1. Suppose that v°,v* € L?(S?), ¢1,co € R3, and Ny, No € N such
that |c; — ca| > 2(Ny + No + %) and

(N1 + 3) (N1 + 1)(N1 + 3)(Na + 5) (N2 + 1) (N2 + 3)

(5.1)  C:=b PR <1
with b =~ 1.975, and let

(5.2a) VBT ad + 77 ad, a? € P(Y<n,),

(5.2b) Y E Tl + T al, al € P(Yey,).

Then, fori=1,2,

(5.3) laj —afll3 < (1=C) "' =4°I13.

The notation in (5.2) means that o are the least squares solutions to the equation
v =Ty ol +T7, o . Since a7 that is radiated by a limited power source supported in
Br, (¢1)UBRg, (c2) will typically not belong to the subspace T7 1*(Y<n, ) &7 *(Y<n,)
(although it is very close to this subspace if N; 2 R;), a{ and ag will usually not

solve (5.2) exactly. However, the estimate (5.3) is always true and provides an explicit
bound on the absolute condition number of the splitting operator, which maps 7 to

(o, ). The condition (5.1) essentially relates the radii R; of the supports of the

sources and the distance |c; — ca| between the sources.

Next we present a corresponding corollary of theorem 4.5, which is concerned with
data completion. Assuming that a far field is radiated from a small ball Bg(c) and
measured on most of the sphere, then theorem 5.2 below says that its nonevanescent
part can be recovered on the entire sphere. More precisely, we consider the case,
where the farfield o = T cannot be measured on a subset  C S2, and instead we
observe v = a+ 8, where § = —a|q.

THEOREM 5.2. Suppose that Y0,y € L*(S?), c € R3, N € N, and Q C S? such
that

|Q(N +1)?
5.4 Ci=—)—<1
( ) A1 < ’
and let
0 4 T o € (V<) and 8 € I2(9)
VB 4 Tt a' € P(Y<n) and ' € L*(Q).
Then
(5.5a) la' = a3 < 1 =C) Myt =413
and

(5.5b) 18 = B°l13 < (1 =C)7HIy' =205
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The condition (5.4) essentially relates the radius R of the support of the source
and the measure || of the missing data segment. The estimates (5.5) show that we
can recover the nonevanescent part of the far field on Q by solving a least squares
problem and give explicit stability bounds for this algorithm.

Finally, we note that the results of theorem 5.1 can be extended to multiple well-
separated components and that far field splitting and data completion can actually
be combined.

THEOREM 5.3. Suppose that 4°,y' € L?(S?), ¢; e R®, N; €N, i=1,...,I, and
Q C L?(S?) such that |c; — cj| > 2(N; + Nj + 3) for every i # j and

(563.) Ca,i = \/E(Nz + 1)
VG + DO + 1) (N + )

+\/B\/(Ni+;)(Ni+1)(Ni+z)Z lei — ¢4l <1

J#i

for each i,

I
(5.6b) Cp = \/EZ(NH-U <1

with b =~ 1.975, and let
(5.72) °”W+zﬁwﬂ of € P(Yen) and ° € X(©),

(5.7b) v E g4 Z sab, al € 12(Y<y,) and B° € L2(Q).

Then, fori=1,...,1,

log —afll3 < (1= Cai) N =2°113
and

180 =85 < (1= Cp) ™ lIv' =°l3.-

Because the sum of the diameters of the supports of well-separated localized
source components may be much less than the diameter of a large ball that contains
them all, combining data completion with splitting as in theorem 5.3 can improve the
conditioning of the data completion problem.

IN

6. An analytic example. Let f be a single-layer source supported on a hori-
zontal two-dimensional disc of radius W > 0, and let g be the same source, translated
vertically by a distance d > 0 (i.e., ¢; = (0,0,0) and ¢ = (0,0,d)). Specifically, with
x denoting the indicator function, and ¢ the Dirac mass we define

1 1
(6.1) f:= WX|(Q:1,:E2)|<W5Q:3=O and g := WX\(a:l,xz)|<W6x3=d-

Recalling that, for any ¢ € R? (in two dimensions)

—1175 _ —1p\§\cosd) (W|§|)
/77<W d¢ = // dp dp = 20 W = B2,
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the far fields radiated by f and g satisfy

1 i J1 (W sin @)
0) = 1(01,02)-€ 3¢ — 1
O = 27 e © $ = T Wemo
and
e~ idcos J (W Sll’l'l9)
ag(0) = et 1VVSHM9

for 0 = (01,02,03) = (cos psind, sin psin, cos¥) € S2. Introducing

Al 1~ (EDE
alt) = 2];)4kk!(k+1)!t 20,
(see, e.g., [16, 10.2.2]) and b(t) := (a(v/1))?, t > 0, we note that both functions
are analytic. This implies that a and b and their first and second derivatives are
bounded on the compact interval [0, 1], and explicit calculations using the recurrence
relations for Bessel functions immediately show that the same is also true on (1, 00).
In particular, |a(¢)] < 1 and the asymptotic behavior of Bessel functions for large
argument (cf., e.g., [16, 10.17.3]) gives |a(t)| < C,t=3/2 for some C, > 0.
Accordingly,

27 g
lagll3 = llagllz = / / a*(W sin ) sin 9 do de
o Jo

1
t
=4 2(Wt dt
t
< 4 dt + 4 C/ dt < CwW2
- / \/7 " PVvi-e o

for some C > 0. On the other hand,

2m
(af,aq) = / / a®(W sin 0)el4<? sin v dv dep
(6.3) T s
= 4r Re(/ a®(W sin 0)e'4<°? sin ¢ d19) .
0

Integrating by parts twice and using the short hand notation s(t) := 1 — 2, we find
that

™

z _ 1 . 1 _

/ a®(W sin 0)e'4¢°? sin 9 d = / (W1 —t2)eld dt = / b(W2s(t))elt dt

0 0 0

idt |1 2 1 ‘

c 71{(/7 / b (W2s(t))s (t)e'd dt
0

id

eid 9 2 eidt 1
_ 37_@_@ (b'<w2 (1)s'(t)

- / 1 (b”(W2s(t))W2(s’(t))2 + b’(W2s(t))s”(t)) %d; dt) .

0

The boundedness of b, b' and " on [0, c0) implies

El . id
/ a?(W sin 0)e'4¢? sin g dy = iefd +OW*d™?).
0
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Substituting this into (6.3) yields

sind wH
(6.4) (ag,a5) = 7= +0( ).
The combinination of (6.2) and (6.4) shows that

2

<afaag> > W . W6
—— 2> —sind+ 0| —- ),
larll2llagll2 d ( PE )

while the conclusion of theorem 4.3 with d = |¢| and N = M = W is

<a.f ) a9> < w?

lasllallaglle = d

so that it may be possible to improve (4.13), but the dependence on the diameter W
can be no better than W?2. Similar calculations in two dimensions, using a constant
single-layer source supported on a line, yield Va both upper and lower bounds,
which may be a reason to expect that theorem 4.3 is not sharp.

We can also use f as defined in (6.1) to check that the dependence on ||5]|Lo and
N in corollary 4.6 is sharp. With N ~ W, g supported in 2, and ¢ = 0, inequality
(4.16) becomes

(as.8) D&
6. .
(6.5) Taslaldls =V ar

If we choose (), € > 0, to be the neighborhood of the north pole

Q. = {(cos psind,sin psind,cos V) | ¥ < e} C 5?2,
then

. 2 _ oy o L
hmm/ﬂs as(0) ds(0) = a3(0) = 1

e—0

Now let 3. be the restriction of oy to 2. and € = % Then

(s B) L Bell s
= at(6) ds(d) = > O™ 2|82 W,
TaflalBels — TaglalBls Jo, “F@ 45 = 1o 1Bl

where C'is the constant in (6.2). But |||l = 31/|Q%| as e — 0, so for small enough e,

(ay, Be) C3
> QW ,
Toslalgel = 4 VI

which shows that the dependence on |Q)] and W in (6.5) is sharp.

7. A numerical example. We briefly discuss a numerical implementation of
the least squares scheme for simultaneous data completion and splitting as considered
in theorem 5.3. The algorithm is an extension of methods described in [6, 8] for the
two-dimensional case.

Suppose that the far field a = Zle T v is a superposition of far fields T} ov; radi-
ated by limited power sources supported in balls Bg, (c;), for some ¢; € R? and R; > 0,
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and that we are unable to measure o on a subset  C S2. Given a priori information
on the approximate location of the supports of the individual source components, i.e.,
Bg,(c;),i=1,...,1, we will recover an approximation of the nonevanescent part of
alg from agi\q. Writing v := a|g1\q for the observed far field data and § := —alq
implies that

I

v =B+ Trai,

i=1

i.e., we are in the setting of theorem 5.3.

In the following we use the abbreviations Vg := L*() and V; := T} 1*(Y<y,),
i =1,...,1. Denoting by P,..., P; the orthogonal projections onto Vj,...,V}, re-
spectively, the least squares problem (5.7) is equivalent to seeking approximations
a; € Viof T oy, i=1,...,1, and b € Vj of 3 satisfying the linear system

I PP, --- PPy b 0
P1P0 I P1P[ al Pl’y
(7.1) ) . ) L= .
PPy PP --- 1 ar PI’Y
In compliance with the regularized Picard criterion from section 3 we choose the num-
bers Ny, ..., N; that determine the dimension of the individual subspaces V7, ..., V},
such that N; 2 kR;. The estimates from theorem 5.3 give bounds on the absolute

condition number of the operator on the left-hand side of (7.1).

Assuming that the whole ensemble of sources is contained in a ball Br(0) of
radius R > 0 around the origin, the nonevanescent part of o (and of each far field
component T7 a1,...,T7 ar) is well approximated by its projection onto the sub-
space Y<y C L?(S?) with N > kR. In our numerical implementation we solve the
restriction of (7.1) to this subspace.

A glance at the proofs of theorems 5.1 and 5.2 reveals that square roots of the left-
hand sides of (5.1) and (5.4) are just upper bounds for the operator norms || P; P;||2,2 of
the entries of the block-operator on the left-hand side of (7.1). If (5.6) is satisfied, then
this (self-adjoint) operator is strictly diagonally dominant, and thus positive definite.
Accordingly, we apply the conjugate gradient method to solve the linear system (7.1)
(restricted to Y< ), evaluating the projections P; P; using discrete spherical harmonic
transforms.

In our numerical example below we use simulated far field data on an equiangular
grid

(7.2) © = {0(0m,¢n) | 9 =mn/M, @, =2n7/M, m,n=0,....,M}

on the unit sphere. Following, e.g., theorem 3 of [5], it is appropriate under our
conditions to sample the far field o at M equidistant angles ¢ € [0, 27) and the same
number of equidistant angles ¥ € [0, 7], where M is given by

(7.3) M > 2R.

ExaMPLE 7.1. We consider a scattering problem with two obstacles as shown

in figure 7.1 (left), which are illuminated by an incident plane wave u’(z) = e**4,

r € R3? with incident direction d = (1,0,0)7 and wavenumber & = 5 (i.e., the
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Geometry of the scatterers Exact farfield (real part) Size of missing data segment
Q
. ‘e®
6
. | |
2
o
2
. N
-
s
s
8

FiG. 7.1. Left: Geometry of the scatterers. Center: Real part of the exact far field o.
Right: Illustration of the missing data segment (2.

wavelength is A = 27/5 &~ 1.26). For better visualization this plot contains projections
of the scatterers on the three coordinate axes. The diameters of the two obstacles
(in conventional units) are 2.00 (ellipsoid) and 3.46 (cube), and both of them are
contained in the ball B1g(0) of radius R = 10 around the origin. Accordingly, we
choose N = [SkR] = 68.

Assuming that the ellipsoid is sound soft whereas the cube is sound hard, the
scattered field u® satisfies the homogeneous Helmholtz equation outside the obstacles,
the Sommerfeld radiation condition at infinity, and Dirichlet (ellipsoid) or Neumann
boundary conditions (cube) on the boundaries of the obstacles. We simulate the far
field pattern « of the scattered field on the equiangular grid © C S? from (7.2) with
M =128 (i.e., M Z 2kR = 100 in compliance with (7.3)) using a boundary element
method”.

Figure 7.1 (center) shows a visualization of the real part of « over the sphere.
Since the far field a can be written as a superposition of two far fields radiated by
two individual smooth sources supported in arbitrarily small neighborhoods of the
scattering obstacles (cf., e.g., [14, lemma 3.6]), this example fits into the framework
of the previous sections.

We assume that the far field cannot be measured on the segment

Q = {6 = (cospcos¥,sinpcos?d,sind) € S* | —7w/2 <9 <7/2,0<p<7/6},

which is illustrated illustrated in figure 7.1 (right); accordingly, |Q2| = 7/3. As a priori
information on the location of the supports of the individual source components we
use the balls Bg,(¢;), i = 1,2, with ¢; = (5,5,5)T, co = (=4, -2, -4)T and R; = 1.5,
Ry = 2.0. We choose Ny = [§kR;| = 11 and Ny = [SkR2]| = 14, and solve the linear
system (7.1) (restricted to Y<un) using 500 conjugate gradient iterations.

Figure 7.2 shows plots of the real part of the observed data + (left), the real part
of the reconstruction of the missing data segment (center), and the real part of the
difference between the exact far field and the reconstructed far field (right).

The relative approximation error of this reconstruction is

—b —
lelo = bliz _ g1 gt g o=@ +azle

~ 4.3-107%.
lodallze o) [[all2

To put this into perspective, we note that the best approximation error of o in Y<n

5The data have been generated using the C++ boundary element library BEM++ (see [17]).
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Observed farfield (real part) Reconstructed missing data (real part) Error (real part)

S = N o=

Gk oa b 4
ESE

£l

Fi1G. 7.2. Left: Real part of the observed far field v. Center: Real part of the reconstruc-
tion of the missing part a|a. Right: Real part of the difference between exact far field and
reconstructed far field on the whole sphere.

satisfies

o — Pnall2

~ 6.8-1077.
el

Conclusions. We have derived uncertainty principles formulated as estimates
for the cosine of an angle between subspaces, and combined them with a characteriza-
tion of nonevanescent far fields to obtain explicit estimates of condition numbers for
far field splitting and data completion for any number of well separated scatterers in
R3. An important feature of these estimates is that they are unitless and have a sim-
ple direct physical interpretation in terms of wavelength, size, and distance between
sources.

Several unanswered questions remain, the most significant being the sharpness of
the dependence of the cosine estimate for the far field splitting operator. Does the
estimate in (1.2) hold with (kR;)2 (kR2)? replaced by kRi1kR,? In addition, while
we believe the constants in theorem 5.2 are pretty close to optimal, the constants C, ;
and Cjs in theorem 5.3 may well admit substantial improvement.
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Foundation and by the Mathematisches Forschungsinstitut Oberwolfach. J.S. was
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Appendix A. Properties of the rescaled squared singular values.
Recalling (4.11) we obtain from [16, 10.22.5] that the rescaled singular values
from (3.4a) satisty

s2(R) = 2nR*(j2(R) = ju—1(R)jn+1(R)),  mneN.

As in [8, (SM1.2)] this implies that

(A1)  s$2(R) = 7r2<(RJ7’H%(R))2 + (R2 - (n + %)2>J5+%(R)> . neN.
LEMMA A.1.
o -

Z(Zn +1)s2(R) = 47r? .
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Proof. Applying formula 10.60.12 of [16], the definition (3.4a) yields

e} ) R A o0 Y . B i
;(Qn-l-l)sn(R) = 47r/0 (;(2n+1)]n(z))r ar = SR

d
The next lemma shows that odd and even rescaled squared singular values, s2 (R),
are monotonically decreasing as functions of n.
LEMMA A.2.
s2_1(R)—s2,1(R) >0, n>0.

n—1

Proof. Using recurrence relations for Bessel functions (cf. [16, 10.51.1, 10.51.2])
we find that

B = () = TR ) + TR G), 2€C el
Thus,
R
a(R) = st (R) = an([ - (2n+ DRy () + 20+ 1)530)) dr)
= 4ﬂ(2§+ DRj2(R) > 0,
where in the last step we integrated by parts. ]

Integrating sharp estimates for J,, (r) from [12], we obtain upper bounds for s2 (R)
whenn > R > 0.
LEMMA A.3. Suppose that n > R > 0. Then

(A2) s28) < R (n+ )" (e w )

where the constant b~ 4.791 is independent of n and R.
Proof. From theorem 2 of [12] we obtain for any v > 0 satisfying 0 < r < v + %
that
2% ,,,21/ vi—r

3(T(2 2u2”+%e
35(I(3))

Jo(r) <

i.e., setting v =n + 3 (and accordingly 0 < r < n) and using (4.11),

2(r) < — 25 p2ntl (n+3)2-r2
In\T) = o5~ 2 g€ !
2r33(0(2))” (n+ 2)ants
Substituting this into (3.4a) yields
(n+3)? R
1 n+1 2
$2(R) < dm— — g 5/ P2ne= T2 4y
2F 58 v D
(nﬂ»l)2 2
= dr? e it (n+1)"*2 /111 mt3et qt
ITHIEl R
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Since t"e~t is monotonically increasing for 0 < ¢t < ? <n —|— =, it follows that

2 n 2 2 1—%212 "
A0 < Ry ) Comr)

Estimating ((n 4+ 1)/(n 4 1))?"2? < 4 (the maximum is at n = 0) yields (A.2). a
On the other hand, the rescaled squared singular values s2(R) are not small
for n < R. To see this, we estimate the right-hand side of (A.1). While complete
asymptotics for the Bessel and Hankel functions are well known, we have been unable
to find explicit error estimates in the literature, so we include them here.
THEOREM A.4. Suppose that r > v > 0, define p € (0,7) by cosp := %, and
assume that sinp > § > 0. There exists C = C(6) such that

2 e
(A.3a) ’Hﬁl)(r) — Felr(sln 1—pi cos H)’ <
imrsinp
(A.3b) ‘(H(l))'(r) — F(l sin #)eir(sin H—f1 cOS M)‘ <
v imrsin p =

where the constant C' is independent of v and r.
Proof. Following [3], p. 468, Hankel functions may be represented as a contour
integral®

=Q =1Q

(A.4) HV(r) = /eiw“(z) dz,
2

where ¢, (z) :=sinz — zcos ¢t and + is the contour

it t<0,
V() = qt, 0<t<m,
T—it—m), t>m.

Denoting the three parts of v by 71, 72, and 73, we have the following estimates.
LEMMA A.5.

) 2 ; 2
(A.5) \ / elrdn2) dz‘ < ———— and ‘ / eren(2) dz‘ <
" (1 —cosu)r s (14 cos u)r

Proof. With 1,,(t) := sinht — ¢ cos u, integration by parts gives

. dt
irgu(2) g ‘ _ ‘/ o~ TUu(t) dt‘ _ ‘/ g (1) ’
e z
’[/1 m%(t)
o= (®) sinh ¢ dt‘
+ /0 (cosht — cos p)?
< 1’ 1 Jr/OO sinh ¢ dt’
~ ril—cosp Jy (cosht— cosp)?

_1( 1 n 1 )
 r\l—cospy 1—cosp/’

The second estimate in (A.5) follows similarly. O

6This is actually the contour in [3] combined with the change of variables z ++ —z. The repre-
sentation holds for » € C and Rer > 0.



UNCERTAINTY PRINCIPLES FOR INVERSE SOURCE PROBLEMS 23

Thus the asymptotic behavior as 7 — oo depends only on the second part of the
contour, which we will estimate using stationary phase. To prepare, note that

/ eir(}ﬁu(z) dz = / eir(bu(t) dt
Y2 0

and let ac(t) ;== a(t), t € R, be a C* cutoff function satisfying

1 if [t] > 2e , C;
A6 (1) = d W) < =L
(A.6) as(t) {0 i1t < e an la’(t)| < =

with the C; > 0 independent of € > 0. We define A.(t) := a.(¢/,(t)), t € (0,7), then

A = L Flo®]>2e,
] 0 if |6 (0)] <<,

and let B. := 1 — A.. Since ¢ (t) = cost — cosp and ¢(t) = —sint, the phase

function ¢, has a stationary point at x, and ¢ vanishes at 0 and 7. Only the part of

the integral near the stationary point t = p € supp B, contributes to the asymptotics.
LEMMA A.6.

T 2 2
’/ 61T¢“(t)A5(t) dt‘ < 24 7T( Cl + 5)
0 re

re3

Proof. We again use integration by parts,

| ezt of = ([T ULl o Gais) o
1r¢’ ire), (t =0l Jo ire), (t)

< 3+E . (Ag(t) )/ - 3+ (201+l)

T ore Tocica N () 1 T e\ g3 g2/
where we have used (A.6), the fact that |¢),| > € on supp A., and that all derivatives
of ¢>;L are bounded by one to estimate the supremum in the last line. ]

Finally, we quote a special case of the stationary phase lemma, theorem 7.7.5 on
page 225 of [10].
LEMMA A.7. Suppose that B and ¢ are smooth functions satisfying
(i) w is the unique stationary point of ¢ in supp B,
(ii) supp B is a compact subset of (0,7),
(ii1) |¢"| > 61 > 0 on supp B,
then

(A.7)

T . C
iré(t) B(¢) dt — elr o) 2mi < ZIBIl A2
[ eron 22| < Siblee.

where C' depends only on 61 and ||¢'[|cs supp B)-
We need only verify the hypotheses of lemma A.7 to complete the proof of the-
orem A.4. We have already seen that ¢ = p is the unique stationary point of ¢,

n (0,7). We will use the lemma below to show that, if we choose ¢ < %, then

the remaining two hypotheses of the stationary phase lemma A.7 are satisfied with
§ = sin p .
2
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LEMMA A.8. For p,t € [0,7] and &1 > 0 we have that

(i) if |cost — cos p| < &1, then |sint — sin p| < 513#61-
2

(i1) if |sint —sinu| > =2—¢1, then |cost — cos u| > ;.

sin p
Proof. The second statement is the converse of the first, and the first has been
proved in [8]. O
If we choose €1 = 2¢, and set t = 0, the second item in lemma A.8 tells us

that % < ¢ implies that [1 — cosp| > 2¢, ie. [¢),(0)] > 2¢, which means that
0 & supp B.. Choosing t = 7 similarly implies that, with the same choice of ¢,
m & supp B.. Thus the second hypothesis of lemma A.7 is satisfied. Finally, on
supp Be, |cost — cos ] < 2¢, so the first item in the lemma implies that

4e S sin p

[6,(0)'] = sint > sinu— 2= > 2

as long as ¢ < %. Thus the third hypothesis is verified with §; = &:“ Just
as is true for A., the j'th derivative of B. is bounded by %, so the constant C' in
theorem A .4 is uniform as long as sin pu > 4.

The calculation for (A.3b) is analogous with (A.4) replaced by

(HOV0) = [ 16,(2)er ) dz,

~

which has the same phase and hence the same stationary points. The only difference
is that an additional factor isin u appears in the second term on the left-hand side
of (A.7). |
An immediate corollary of theorem A .4 is the analogous estimate for the asymp-
totics of the Bessel function.
COROLLARY A.9. Suppose that r > v > 0, define p € (0,7) as cosp := %, and
suppose that sinp > § > 0. There ezists C = C(J) such that

2 ™ C

A. v(r) =4/ Sin g — - -
(A.8) Ju(r) p— cos (r(blnu 1L COS [4) 4)‘ <
/ [ 2 _— oo ¢

(A.9) J,(r)+ arsing sin psin (r(sm [ — [LCOS 1) 4) ‘ <

where the constant C is independent of v and .
We insert (A.8) and (A.9) into the equality (A.1) to obtain, for n € N, v =n+ 1,
and cosp =2 <1-4,

$2(R) — 2my[R2 = (n+ %)2\ < C(6)VR,

and state the conclusion as a corollary:
COROLLARY A.10. Let s25(R) be defined for any v, R >0 by (3.4a). Then

2 — 12 <
lim s.p(R) _ {\/1 v?, v<l1,

R—oo 2mR 0, v>1.

Appendix B. An estimate for spherical Bessel functions. Here we give
a proof of estimate (4.14). Let v € Z, v > —% and p := (2v + 1)(2v + 3) > 0. Then
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theorem 2 of [11] establishes that for r > /4 u2/3/2,

4(4r* — 2v +1)(2v + 5))
w72 = % — )
The following lemma shows that, under the assumptions of theorem 4.3, the estimate

(B.1) implies the inequality (4.14).
LEMMA B.1. Let M,N >0 and r > 2(M + N + 3), then

(B.1) Jp(r) <

(=

sup  Jn(r) < - with b~ 1.111.
0<n<M+N r
Proof. Let 0 < n < M+ N, v :=n+ 3, and  := /(v+3)(v+3). Then
B=p?=12+20+3 ie
3 2 2
(B.2) 1SS w17,
and therefore our assumption r > 2(M + N + 2) implies that
3
(B.3) r>2(M+N+§)22(1/+1)2277.
Accordingly,

1 / 1 / 1 r
- 2/3 _
2~/u+u n 1+(4n2)1/3 <n 1+31/3 < Vo < 7 <r.

This shows that the assumptions of theorem 2 of [11] are satisfied.
Next we consider (B.1) and further estimate its right-hand side,

J2(’I") < 4(47"2 — (21/ + 1)(21/ + 5)) < 4(47.2 _ 4772)
v = m((4r2 — p)3/2 — 1) = T(8(r2 — 2)3/2 — 42
& ! 21 1 1

== , = = nN1/2 2 :
g (TZ - 772)1/2 (1 - %(rz,iz)?’m) T (1 - (g) ) /21— %WJZ?W
Since r > 2(M + N + 3) > 3, applying (B.2) and (B.3) yields

n? 1y

(TQ_nZ)S/Q Ty (1_ (ﬂ)2)3/2 =

T

whence

I{ecalhng (411) thlS Sh()WS that
]’I’L 7 2 Jl, 7 W l ~
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Appendix C. Triple products of spherical harmonics. Finally, we prove
an “orthogonality property” of triple products products of spherical harmonics that is
well known to experts (and closely related to so-called Wigner 3-j symbols or Clebsh-
Gordan coefficients) but that we haven’t been able to find in the literature.

LEMMA C.1. Letiim,n e N, ay € Yy, B € Y, and v, € Y,,. If Il > m+n or
I <|m—n|, then

(1) /S (8)5n(0)1a(6) 49 = 0.

Proof. In the following we denote for any j € N by Hj the space of homoge-
neous polynomials of degree j in 3 dimensions. By definition the spherical harmonics
Bm € Y, and 7, € Y,, extend to homogeneous harmonic polynomials B, € Y,,(R?)
and G,, € Y,(R?), respectively. Accordingly, the product B,,G,, is a homogeneous
polynomial of degree m + n, i.e., B,Gy, € Hyppqp. Since

m—+n m—+n

(X)), = D

=0 =0

(cf. [1, corollary 2.19]), we obtain (C.1) for [ > m + n, because Y; L @;n:t" Y;.
Finally, permuting the roles of I, m and n yields (C.1) for I < |m — n]. 0
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