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ABSTRACT. Let f be a rapidly decreasing radial function on a Riemannian
symmetric space of noncompact type whose spherical Fourier transform has
compact support. We prove a reconstruction theorem which recovers f from
the values of an integral operator applied to f on a discrete subset. When
G/K is of the complex type we prove a sampling formula recovering f from its
own values on a discrete subset. We give explicit results for three dimensional
hyperbolic space.

1. Introduction

The Whittaker-Kotelnikov-Shannon sampling theorem states that a smooth
function, f, whose Fourier transform is supported in the interval (—7/k, 7/k)
for some k > 0 can be exactly recovered from its “samples,” f(km), m € Z,
by the interpolating series

o0

ft) = f(km sinc(zt—nm>, 1.1

0= 3 flomsine (7t wm) (11)

where sinc(z) = S2Z_ with absolute and uniform convergence on R. This
result has found a wide variety of applications in signal processing and ap-
plied mathematics, and has been extended in a number of directions: using
irregularly spaced sample points, sampling of not necessarily band limited
functions, multidimensional sampling and sampling on manifolds. In this
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paper we will prove a reconstruction formula for radially symmetric func-
tions which are band limited with respect to the spherical transform, a non-
Euclidean analog of the Fourier transform on a symmetric space of noncom-
pact type (e.g., real or complex hyperbolic space). Our formula reconstructs
such a function from samples of an operator applied to it (see Theorem 1
and Definitions 2 and 3). We give a fairly explicit integral formula for this
operator and for the analog of the sinc function in (1.1). It is not a direct
analog of the sampling theorem, since it does not reconstruct from samples
of the function itself. In Theorem 2 we prove a direct analog of the sampling
theorem under more restrictive symmetry assumptions.

There is a well developed theory of sampling on Riemannian manifolds;
see [9], [18], [19]. In these papers band limited functions on homogeneous
spaces (or more generally manifolds with bounded geometry) are recon-
structed from irregularly spaced samples using Lagrangian splines or iter-
ative algorithms. Sampling theorems on symmetric spaces have also been
obtained; see [4], [5], [10], [17]. In [10] the iterative reconstruction algo-
rithm of [9] is made explicit for the hyperbolic plane. In [17] a band-limited
function on a noncompact symmetric space is recovered from samples of its
convolution with certain bi-invariant distributions of compact support, us-
ing either abstractly defined frames or polyharmonic splines as the analog of
the sinc function. Our work is perhaps closest in spirit to [4], [5], in which
a function is reconstructed from samples of its Radon transform.

We now describe our results in more detail. The goal of this pa-
per is to give a reconstruction formula for radially symmetric functions
(i.e., functions invariant under the left action of K) with compactly sup-
ported spherical transform on a Riemannian symmetric space, G/K, of
Helgason’s noncompact type. We recall the spherical Fourier transform
maps K-invariant rapidly decreasing functions on G/K to rapidly decreas-
ing Weyl group invariant functions on a*, the dual of the tangent space
at the identity coset of a maximal flat submanifold of G/K. Our main
result is the following (Theorem 1): Suppose f is a rapidly decreasing, K-
invariant function whose spherical Fourier transform is supported in the set
Q" = {nea*:|a(nf)| <% for all roots a} where *: a* — a is the metric
identification. Then f can be reconstructed from the values on a discrete
subset of G/K of a certain operator, S, applied to f and summed against a
kernel analogous to the sinc function in (1.1). The series converges to f in
L*(G/K) and pointwise, uniformly on G/K. Since the set ©” depends on
the metric we can accommodate arbitrary compact supports by scaling the
metric. When G/ K is of complex type we show that S is invertible and pre-
serves the support condition on the spherical Fourier transform, and that f
can be reconstructed from its own values on a discrete subset (Theorem 2).

Our strategy is to follow the proof of the Euclidean sampling theorem as
much as possible. There is a natural identification of smooth, Weyl group in-
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variant functions on a* supported in ©° with smooth, K-invariant functions
supported in a certain open set in the compact dual space U/K (Lemma 2).
We denote this identification by 7. If the spherical Fourier transform, Ff,
of a rapidly decreasing, K-invariant function on G/K is supported in o,
then we consider the corresponding function 7F5f on U/K. This function is
K-invariant and can be expanded in a Fourier series consisting of multiples
of spherical functions, v, on U/K, parametrized by the highest weights
of the irreducible K-spherical unitary representations of U. The spherical
function ¢, can be identified with the spherical function ¢;(, ) for the non-
compact dual G/K, analytically continued to the complexification G¢ /K¢
and restricted to U/K. We now apply the inverse of 7 to this Fourier se-
ries to obtain a series expansion of Fsf in terms of the functions ¢;(,1,),
analytically continued and restricted to U/K. We then apply the inverse
spherical Fourier transform to this series to obtain a series expansion for f.
We interpret the coefficients in this series as the values on a discrete subset
of G/K (parametrized by the highest weights p) of the image of f under
an integral operator S. This operator, which we call the “sampling opera-
tor,” is defined by integrating F,f, multiplied by an analytically continued
spherical function and a Jacobian factor, over a* (Definitions 2 and 3). The
analog of the sinc function is given in Definition 4. It is essentially the in-
verse spherical Fourier transform of a spherical function multiplied by the
characteristic function of ©°, in close analogy with the Euclidean case. The
uniform convergence of the series on G/K follows from well-known estimates
on the positive definite spherical functions.

The proof of the sampling theorem in the Euclidean case depends in
part on the fact that the functions ¢¢(z) = €™ are symmetric in the x and
¢ variables. In the non-Euclidean setting this is not true: the analogous
functions are integrals over K of e(iA+p)A(k expw?) and these are not symmet-
ric in A and w (see Section 2 for an explanation of the notation). This is
why our reconstruction theorem involves the values of S f instead of f itself.
When G/K is of the complex type we are able to find a simple relationship
between ¢y (expw?) and ¢_,(expiAf) (Lemma 4). This allows us to show
that the sampling operator, rescaled by a Jacobian factor, is an invertible,
bounded operator on the relevant Paley-Wiener spaces (Corollary 1), and to
prove a sampling theorem involving only the values of f itself (Theorem 2).

A radially symmetric function f on G/K can be identified with a Weyl
group invariant function on the Euclidean space a. One can then consider
the Euclidean Fourier transform, F,, of f. In general the compactness of
the support of Fsf does not imply that the support of F,f is compact. If
G/K is complex, then we show in Section 4.2 that if Fsf has compact sup-
port, then there is a continuous function, =, on a such that the Euclidean
Fourier transform of =f has compact support. The simplest example is hy-
perbolic three space where = is essentially the hyperbolic sine. In Section
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4.4 we consider an explicit function on hyperbolic three space and compare
its reconstruction using a partial sum of our sampling series with its re-
construction using the corresponding partial sum in the Euclidean sampling
series. The reconstruction based on Theorem 1 gives the smallest relative
error.

Another approach to reconstruction theorems on symmetric spaces is to
use the Abel transform. The Abel transform, A, is a bijection from S?(G/K)
onto Sy (A) with the property that F,Af = Fsf. Thus if F,f has compact
support, then A f is a Paley-Wiener function in the Euclidean sense and has
a Whittaker-Kotelnikov-Shannon sampling expansion. Inverting the Abel
transform leads to a reconstruction formula for f in terms of samples A f,
similar in spirit to our Theorem 1 (we thank the referee for pointing this
out). There is no explicit formula for the inverse of the Abel transform
except in certain special cases (see, e.g., [21, Section 4]). The advantage of
our approach is the explicit nature of the formulas in Definitions 2, 3, and 4.

We thank the referees for many helpful comments, and especially for
simplifying the proof of Theorem 1.

2. The Fourier Transform on a Symmetric Space
of Noncompact Type

In this section we will give the background needed to introduce the Paley-
Wiener sampling spaces (Definition 1). These spaces have previously been
considered in [16] and [1]. Let G/K be a Riemannian globally symmetric
space of Helgason’s noncompact type [6, Chapter VI]. In particular, G and
K are connected and G is semisimple. We will also assume that K compact,
or equivalently, the center of GG is finite. We have the Cartan decomposition
g = t + p of the Lie algebra of G. Choose a maximal abelian subspace a
of p and consider the roots, X, of g respect to a (the “restricted” roots).
Choose an ordering on a* and let ©* denote the set of positive roots. This
gives the Iwasawa decomposition g = n+a+ ¢ and the corresponding global
diffeomorphism G = NAK where N and A are simply connected subgroups
of G. Let A: G — a be the logarithm of the Iwasawa projection onto A. The
spherical functions on G/ K are the smooth, K-invariant joint eigenfunctions
of the G-invariant differential operators on G/K, normalized by ¢(0) = 1
where o is the identity coset. In the noncompact case the spherical functions
are parametrized by af/W, where W is the Weyl group, and are given by
the integral formula

oa(g) = / eATPARD g (X e al) (2.1)
K
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(see [8], Chapter IV, Section 4)!. Here p is the half-sum of the positive roots
with multiplicity and the Haar measure dk of K is normalized to have unit
volume. We have ¢y = ¢, if and only if there is a s € W such that A = s)\'.
Let S%(G/K) denote the Schwartz space of rapidly decreasing, K-

invariant square integrable functions on G/ K, i.e., the K bi-invariant smooth
functions on G such that for all G-invariant differential operators D and all
qeZ”,

sup |(1+|g])?¢o(9) ' Df(g)| < o0

geG
(here |g| is the length of the H in the polar decomposition g = k(exp H)k').
Let S(a*)" denote the space of W-invariant rapidly decreasing (in the usual
sense) functions on a*. The spherical Fourier transform of a function f €

S?(G/K) is the function F,f € S(a*)" given by

Fuf () = /G F(9)d-(g) dg.

The spherical Fourier transform is topological homeomorphism of Frechet
spaces from S?(G/K) onto S(a*)" and has a pointwise inversion formula
given by

flo-o) =W [ FsWor(le(n)] 2 dx (22)

where || is the order of the Weyl group. It satisfies the Plancherel theorem,

[ 5@ dg =W [ 17Ol ax
G a*
and extends to an isometry

Fo: LHG/K)T — L2, W[ He(N)| 2 a))™

(see, e.g., [20], [2]). Here we have used the Riemannian measures on a, a*,
normalized so that the inversion formula for the Euclidean Fourier transform
holds without a multiplicative constant, and normalized the measure on G
as in [8], Chapter IV, Exercise C.4.

Definition 1. The K-invariant Paley-Wiener sampling space associated
with a relatively compact W-invariant subset @ of a* is

PW(w)E = {re S*(G/K): supp F.f C w}.

We will freely identify functions on G/K with right K-invariant functions on G,
and K-invariant functions on G/K with K bi-invariant functions on G.
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3. Reconstruction of K-Invariant Paley-Wiener
Functions

Our main result depends on realizing G/K and a dual symmetric space
of compact type as embedded, totally real submanifolds of a common uni-
versal complexification. We recall that the universal complexification of a
connected Lie group G is a connected complex Lie group G¢ and a continu-
ous homomorphism v: G — G¢ with the following property: if n: G — H¢
is a continuous homomorphism into another connected complex Lie group
H¢, then there is a unique holomorphic homomorphism 7n¢: Ge¢ — Hc such
that n = nc oy. We will assume from now on that G is a connected,
semisimple Lie group admitting a faithful finite-dimensional representation.
This implies that the homomorphism -~ is injective [12, p. 407]. Since G is
semisimple with finite center, G can be identified with a closed subgroup of
Gc [12, Lemma 1]. The Lie algebra of G is gc = g+ ig. Let U be the con-
nected Lie subgroup of G¢ with the Lie algebra of compact type u = ¢+ ip.
Then U is compact and U/K is a Riemannian symmetric space of compact
type dual to G/K.

Lemma 1. The universal complexification of U is the inclusion of U into

Ge.

Proof. The universal complexification of a Lie group G is constructed in
the following way [12]. Let p: G — G be the universal cover of G and let
F =p(e). Let Gc be the simply connected Lie group with Lie algebra
gc and let o: G — G@ be the homomorphism whose differential is the nat-
ural inclusion of g in gc. Let F* be the smallest closed complex subgroup
of G¢ containing o(F). F* is contained in the center of G¢. Then o de-
scends to a homomorphism ~v: G — GC J/F* := G¢. This is the universal
complexification of G.

Let U denote the connected subgroup of Gc with Lie algebra u. Then
U is a maximal compact subgroup of éc, so U is simply connected and
contains the center of G¢. Then U/ F* is the connected subgroup of G¢
with Lie algebra u, so U = U/F*. The realization of U as U /F* shows that

the inclusion of U into G¢ is the universal complexification of U. O

Let K¢ be the connected subgoup of G¢ with Lie algebra ¢ = ¢ +
1€. Then K¢ is a closed subgroup of G¢ and we can form the complex
homogeneous manifold G¢/K¢. It contains G/K and U/K as embedded,
totally real submanifolds. Let

Q:{HeaﬂMHM<gbuma€2}
Then the Iwasawa projection A: G — a extends to a holomorphic map

A: Gexp(i2) K¢ — ac
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with values in a + i€). As a consequence the spherical functions ¢, extend
to holomorphic functions on G exp(i€?) K¢ (see [14], Section 1).

3.1 The Sampling Operator
Let ©° be the image of Q under the metric identification °: a — a* with
inverse ?, i.e.,
0= {)\ € a': la(M)| < g for all o € 2}.
Lemma 2. There is a natural isomorphism
7 O = o)X

where U is the neighborhood of the identity coset in U/K given after (3.2)
below and the superscripts indicate invariance under the corresponding group
action.

Proof. The C*° Chevalley theorem ([3]; see also [8], Chapter II, Theorem
5.8 and Corollary 5.11) asserts that restriction from p to a induces a linear
isomorphism of C*(p)& onto C*(a)" and of C>°(p)X onto C(a)V'. Using
the polar decomposition p = Ad(K)a it is easy to see that the restriction
map gives a linear isomorphism

C( )W = Cx®(Ad(K)Q)E. (3.1)
The exponential map composed with multiplication by 4,
expolM;: V ep —exp(iV)-0€ U/K, (3.2)
is a K-equivariant diffeomorphism between Ad(K )2 and a neighborhood U
of the origin in U/K. Thus we have a linear isomorphism

(expol;), : CP(Ad(K))E =5 c ). (3.3)

Composing (3.1), (3.3) and the metric identification of a with a* gives a
linear isomorphism

7 C()W = o u)K.
O

Remark 1. Note the inverse of 7, mapping K-invariant functions on U/K
supported in U to W-invariant functions on a* supported in €°, is simply
77 F(N) = F(expiAf - 0).

We now identify W-invariant functions on a* with K-invariant func-
tions on G/K. The exponential map

exp: p — G/K
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is a global K-equivariant diffeomorphism and gives an isomorphism
C®(p)" = C=(G/K)".

Composing this with the metric identification a = a* and the C* Chevalley
theorem gives an isomorphism

n: C® (@)W = 0®(G/K)¥.

For k € K, H € a, we have (nf)(kexpH - 0) = f(H"). The inverse of 7,
mapping K-invariant functions on G/K to W-invariant functions on a*, is

N~ f(N) = flexp A - o).
Definition 2. For f € PW(Q°)K let C; be the function on a* defined by

€0

Cr) =1 e

Fof N —iw(expir®) J] Isina(WF)[m= dA.

aext

where ¢p is given by (3.16) below.

Lemma 3. If f € PW(Q)X then C; is a smooth, W-invariant function
on a*.

Proof. The map (w, ) — Fs(A)d_i(expi)t) is smooth on a* x a* because
the support of Fyf is contained in Q° and the spherical functions can be
analytically continued to G exp(i€2) K¢, with smooth dependence on the pa-
rameter —iw by (2.1). Since the support of Fsf is compact we may differ-
entiate under the integral sign to prove that C'y is a smooth function on a*.
Cy is W-invariant because ¢_;s = ¢—_i, on G and hence on G exp(i€Q2) K¢
by analytic continuation.

O

Definition 3. The sampling operator S: PW(Q°)X — C>(G/K)¥ is
the operator defined by Sf = nCy, i.e., for w € a*, Sf(expw!-o0) = Cr(w).

Theorem 1 below will show that f can be reconstructed from the values
of Sf on the lattice exp(A 4 p)* -0 in G/K.

3.2 The Reconstruction Theorem

Let F' be a smooth function on the compact symmetric space U/K. The
Fourier series for F' can be written as

F=Y dpF x1, (34)

HEA

(see [7, Chapter III, Proposition 9.1] and (14), Chapter II1.9.2, loc. cit.).

The lattice A = {u € a*: 2= € Z* for all a« € X7} parametrizes the
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complex valued finite dimensional irreducible K-spherical representations
of G [8, Chapter V, Theorem 4.1]. Since G and U are embedded in a
common universal complexification, the universal property implies that A
also parametrizes the spherical representations of U. d(u) is the complex
dimension of the finite dimensional irreducible spherical representation of
U with highest restricted weight p, and 1, is the spherical function on
U corresponding to the spherical representation of U with highest weight
p € A. The series (3.4) converges absolutely and uniformly (and in the
smooth topology; see [22]).

Definition 4. For p € A and g € G, let
Hg-0) = W1 [ G (expidion(a)le()| i
= F7 (Sian (expi(F)xes () (g - 0) (3.5)

where X is the characteristic function of the set Q° C a*.

Theorem 1. Let f € PW ()X, Then for all g € G,

=Y d(w)Sf(exp(p+ p)* - 0)I(, g - o). (3.6)
HEA

The sum converges to f in the L?>(G/K) sense and pointwise, uniformly on

G/K.

Proof. We can identify 7F,f with a smooth, K-invariant function on U/K
which vanishes outside of ¢. The function (7F,f) x 1, is a K-invariant
vector in the spherical representation of type u generated by the translates of
1. Since there is a one dimensional space of K-invariant vectors, (7F,f) x
1, must be a multiple of 1),,. We define the Fourier coefficient f,, by

(TFsf) x Yy = futbp (3.7)
and write the Fourier series (3.4) as
TFof =D di) futhu- (3.8)
HEA

The spherical function ¢, can be analytically continued to a holomorphic
function on G¢. Its restriction to G is the spherical function ¢y given by
(2.1) with parameter A\ = i(u + p) [7, Chapter 111.9.2]2. Thus (3.8) can be

’In [7, Chapter II1.9.2] it is assumed that U is simply connected. The result is still
true under our assumptions, since U and G share a common universal complexifi-
cation.
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written as

TFof(u-0) =Y d(u) fubiqurp(u), u-o€U/K. (3.9)
HEA

Applying 77! to equation (3.9), using Remark 1, and noting that the support
of F,f is contained in " allows us to write

= > (1) fudicu o) (€xp i) X0 (M) (3.10)
HEA

where xq» is the characteristic function of ) C a*. The series converges
uniformly to Fsf and hence, since the support of F,f is contained in the
relatively compact set °, converges in L?(a*) with respect to the Plancherel
measure. Since f is in S?(G/K) we have, pointwise for all g € G,

flg- "D d() i) (expi())xgs () | (9-0). (3.11)

HEA

Since F~! is an L? isometry the series obtained by exchanging the sum and
inverse Fourier transform in (3.11) converges to f in the L? sense. Since
the series on the right hand side of (3.10) converges uniformly we may
interchange the sum and integral pointwise to obtain, for all g € G,

= d(w) ful(u,g- o) (3.12)

nEA

where I(u,g - 0) is as in Definition 4.

To prove that (3.12) converges uniformly on G/K we first note that
d(p) fu is rapidly decreasing in p (this follows from the fact that f, is rapidly
decreasing in p [22, Theorem 3], and d(u) is bounded by a polynomial in
|p| by the Weyl dimension formula). Thus it suffices to show that I(y,-) is
uniformly bounded on G/K, independent of 1 € A. To see this we note that
¢ is a positive definite spherical function on G (since A € a*) [8, Exercise
IV.B.9], and ¢;(,4,) is a positive definite spherical function on U (it is ¥,
above) [8, Chapter IV, Theorem 4.2]. Thus for g € G and \ € a*,

6A(9) < dale) =1 and  |¢y(upp) (expid?)| < t(e) =1

The uniform bound on I(y, ) follows easily and completes the proof of uni-
form convergence.

To complete the proof of Theorem 1 we need to show that f, =
Sf(exp(p + p)t - 0). Evaluating (3.7) at the identity coset gives an inte-
gral expression for f,:

fo— /U (T, ) o m(u)dbp(u~Y) du. (3.13)
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Since the support of 7F f is contained in U C G(expi€2) K¢, we have on the
support of 7Fsf that

¢“(U_1) = qbi(,u-l—p) (u_l) = ¢—i(p,+p) (u) (314)

(the last equality is an elementary property of spherical functions on G which
holds on G(expi€2) K¢ by analytic continuation). Using (3.14) we can write
(3.13) as

fu= / TFsf(u-0)p_i(utp)(u) dug. (3.15)
U/K

We will express f,, as an integral over a* in the spirit of the inverse Fourier
transform. The “polar coordinate map”

V: Q) x K/M — U/K, (A, kM) = k(expiXf) - o

is a diffeomorphism onto an open dense subset (U/K), of U/K (see [8,
Chapter I, Theorem 5.11]) where, if u1, po, ..., p are the simple restricted
roots and ¢ is the highest root, then

Qo={He€a:p(H)>0,i=1,2,...,1, and 6(H) < 7}

(note that @), is the intersection of 22 with the positive Weyl chamber).
The restriction of 7F' to (U/K), is simply (F]ngK/M) o1y~ L. We can write
the right hand side of (3.15) as an integral over (U/K),. Pulling back to
@’ x K/M using the map v gives

fu= / Fsf(N)D—i(utp) (k exp iXF)|det A k)| AN dEDM.
QxK/M

The Jacobian factor |det diy pap| is [8, Chapter I, Corollary 5.12]

co [] lsin(a(W)|me  where 5! = /Q [ lsina(H)™dH  (3.16)

acxt aeXt

and dH is the Euclidean measure on a induced the the Killing form. Since
the integrand is independent of kM € K /M, the volume of K /M is one and
the support of (Fsf) a is contained in QZ we have

fu=co [ FufOV0 igup(ein) ] fsina(¥)|™ ax

aeXt

From the invariance of the integrand under the action of the Weyl group we
obtain f, = Cy(u+ p) = Sf(exp(p + p)* - 0). This completes the proof of
Theorem 1. O
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4. Symmetric Spaces of Complex Type

An irreducible Riemannian symmetric space G/K is of the complex type if
G has the structure of a simple, connected complex Lie group. These are
exactly the Riemannian globally symmetric spaces of Helgason’s Type IV
(see [6], Chapter X, Section 6.1). The complex type is also characterized as
those symmetric spaces whose restricted roots form a reduced root system
with all multiplicities equal to two. The symmetric space of compact type
dual to G/K is (K x K)/K*, where K* is the diagonal in K x K, which can
be identified with K equipped with a bi-invariant metric. For the rest of this
section we will assume that G/K is of the complex type. Since a complex
semisimple Lie group admits a faithful finite dimensional representation [13,
Chapter XVIL.3], we may apply the results of Section 3.

Lemma 4 shows one can “reverse the roles” of the a* variables and
the group variables in the spherical function ¢,(g), up to a multiplicative
factor. This will be used to make the reconstruction formula (3.6) much
more explicit and to give a sampling formula in terms of the values of f
itself (Theorem 2). In Section 4.2 we show that if f € PW(Q°)X, then a
closely related function satisfies the hypotheses of the Euclidean sampling
theorem. Finally we will illustrate these sampling formulae with an explicit
example in three dimensional hyperbolic space.

4.1 The Sampling Formula

We recall that the spherical functions for symmetric spaces of complex type
take the following simple form: for A € ac and w € a*,

f 5 [ girAd(k)w) B o
hr(expet) = nfexpe) | e . antens’) = ] s
(4.1)

([8], Theorem 4.7, §4, Chapter IV). In addition it is well known that the
spherical functions can be expressed as alternating sums of exponentials:

m(p)  Csew(det s)e™

AN
(Zs)\(expw ) o 71'(7,)\) ZSEI/V(det S)esp(wﬁ)
1 TI'(p) isA(w! . _
T 2472 7(iN) Sezw(deté’)e A )ag+(81nha(wﬁ)) ! (4.2)

where W is the Weyl group, m(A) = [[,cx+ < o, A >, and ¢ = dimn ([8],
Chapter IV, Section 5.2 and the proof of Proposition 3.10, page 268).

Lemma 4. For all \, w € Q,

¢o(exp i/\ﬁ)

. xp wh).
oo (exp ) dx(expw’)

¢ iw(expilt) =
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Proof. Expression (4.1) holds for w € a* + i’ by analytic continuation.
Note ¢y is positive on a and on 2. The Lemma follows directly from (4.1)
since iA(Ad(k)w?) = i(—iw)(Ad(k~1)iA) and the volume element on K is
invariant under the map k — k~!. (The Lemma also follows from (4.2) by
direct computation). O

We obtain the following simple expression for the sampling operator,
rescaled by ¢g, as a multiplier on the spherical Fourier transform side.

Lemma 5. Let f € PW ()X, Then for all w € a*,

oS f(expwt-0) =y FIH | Fof () H sinc o <()ﬁ) (expw®-0) (4.3)

aext
where ¢ = co [[ et a(pf)? and co is given by (3.16).

Proof. From Definitions 2 and 3 and Lemma 4 we obtain

S f(expw® - o)
Co

[W|po(expw?) Jyeqr F(N)o( Yo BIE

Using the well-known expression for the e-function in the complex case,

. # . .
c(A) =Tlaes+ =22 noting that <<a’£\>> = i‘;((‘;u)), and using the expression
for ¢p in (4.1) gives

do(expi?) H sinZ a(\") = |e(\)] 2 H H sinc a(A%).

acxt aext aeXt

The definition of the inverse spherical Fourier transform (2.2) and of the
constant ¢y in (3.16) gives the result. O

Corollary 1. The map f — ¢oSf is a bijection from PW ()X onto itself
and extends to a bounded operator on L?(G/K) with norm less than one.

Proof. The spherical Fourier transform is a bijection from S?(G/K) onto
S(a*)" and restricts to a bijection from PW (Q)% onto C°(2")V. Since

JA) = TTpes+ SIZ(O;% ) is a smooth, non-vanishing, W-invariant function on

a*, multiplication by .J is a bijection from C°(2°)" onto itself. Then (4.3)
shows that ¢S is a bijection from PW ()X onto itself. To prove that ¢oS
extends to a bounded operator on L?(G/K) of norm less than one, it suffices
to observe that the Fourier transform is an isometry and multiplication by J
is a bounded operator of norm less than one on L2(a*, [W|~t|e(\)[72d)). O
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Theorem 2. For all f € PW ()X, g € G,

=" d(p) (5 ) (explp + p)F - 0)0SI (11, -) (g - 0) (4.4)

HEA

where, for H € a,
$oSI(p,-)(exp H - 0)

= a1 F | Giguap (expi(-))xgp () [ sinca(()!) | (expH-0) (4.5)

and c1 is as in Lemma 5. The sum converges to f in L>(G/K) and pointwise,
uniformly on G/ K.

Proof. The expression (4.5) for ¢¢SI(u,-) follows immediately from Defini-
tion 4 and Lemma 5. By Corollary 1 we can apply Theorem 1 to (¢oS)~!f
and note that S(¢pS) L f = qbalf to obtain, pointwise and in the L? sense,

(608) " fg-0) =D du)(¢g " )exp(p+p) - 0)I(u,g-0). (4.6

pEA

We apply ¢S to both sides of (4.6) and justify exchanging the summation
with ¢S in the L? sense by noting that ¢S is a bounded operator on
L?(G/K), so the sum on the right hand side of (4.4) converges to f in
L?. To show that the sum converges uniformly on G/K, we note that
o Lf(exp(p + p)t - 0) decreases faster than any polynomial in p since f €
S?(G/K), and the integration in (4.5) takes place over the relatively compact
set 2. Then the same argument as in the proof of Theorem 1 shows that
the convergence is uniform on G/K. O

4.2 Reduction to the Euclidean Case

It is natural to ask if the spherical Fourier transform of a radial function
f has compact support, then does the Euclidean Fourier transform of f,
regarded as a function on a, also have compact support. We will show that
if G/K is a noncompact symmetric space of complex type, then a multiple
of f does have compactly supported Euclidean Fourier transform.

In the complex case the spherical Fourier transform can be written in
“polar coordinates” ([8], Chapter I, Section 5.2, Theorem 5.8) as

ff()

2q/2 / f(exp H - 0)e™ " H) H (sinha(H))dH.
at

W acxt
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After making the change of variable H' = s~ H in each integral in the sum
we see that, since the Weyl group acts simply transitively on the set of all
Weyl chambers,

212 (=i Fof () = em(p) / flexp H - 0)Z(H)e ™ dH

where
E(H) = Z Xs—1q+ (H)(det s) H (sinha(sH))
seW aext
and Y,-14+ is the characteristic function of the closure of s~ta*. Thus if the
spherical Fourier transform of f has compact support in €©°, then so does
the Euclidean Fourier transform of the function F' on a given by

F:Hw— f(expH -0)ZE(H).

It is easy to see that F' € L?(a) since

Fliae = [ 1ftexp o) T] (sinha(H)? dH = |fls2(cym) < o
a

aeXt

F' is continuous because it is a sum of continuous functions: the term in
the sum corresponding to s € W is continuous on the closure of s~!'at and
is equal to zero on the boundary and so extends by zero to a continuous
function on a. Thus F' satisfies the hypotheses of the Euclidean sampling
theorem on a (see, e.g., [11], Theorem 14.1).

4.3 Three dimensional hyperbolic space

We will illustrate the results above in the case when G/K is three dimen-
sional hyperbolic space. This is the simplest example of a Riemannian sym-
metric space of complex type. It can be realized as G/K where K = SU(2)
and G = K¢ = SL(2,C). We choose the maximal abelian subspace a of p

to be
t 0
a-{(o —t)'tER}

and let a; be the subspace of a where ¢t > 0. The Weyl group consists
of multiplication by +1. There is a single positive restricted root, «, of
multiplicity 2 given by

a(H(#)) = t where H(t) — <t62 ?/2)

Then 2 is identified with the interval |t| < 7/2. The Killing form of gc
restricted to g is positive definite and can be computed by B(X,Y) =
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4Tr(XY). The metric on G/K induced by (2x)~!B has constant sectional
curvature —k (k > 0). We will use this metric in what follows. The metric
identification of a and a* is given by of = H(k). In this rank one case Q is
equal to the ball in a of radius r = 7/(2y/k) and the corresponding set in

a* is
O = {za: 1| < %}

The lattice A is {ma: m =0,1,2,...} and if 4 = ma, then d(u) = (m + 1)?
[7, Chapter III, Theorem 9.10]. In the following we will write A\() = lav and
p(m) =ma (t,1 € R, m € Z*). Note a(\(1)*) = kl. The spherical functions
are ¢ (exp H(t)) = sinc (It)/sinc (it) [8, Chapter IV.5.2]. Note

sinc ((m + 1)Ik)
sinc [k ’

() +0) (XD IAD)F) =

The c-function is ¢(\(1)) = —i/l. The spherical Fourier transform is?

(Fsf)A(D) = z\/;lTn /0 "~ Flexp H(t) - o) sin(it) sinh(t) dt (4.7)

and the inverse spherical Fourier transform is

F F(exp H(t) - 0) = h 1/2 / ) sin(lt) dl.
sin ™

Putting all this together we find (4.3), (3.5) and (4.5) become?
Sf(exp H(t W[ ey sin(el) sin(e) d
S () o) = — / oy T s sna

I(p, exp H(t) - o)

1 [k (™% sin((m+ 1)lk)
= — —————=Isin(lt) di
2(m 4+ 1) sinh(¢) \ 27 /_W/(QH) sin(lk) sin(it) dl,

SI(p,-)(exp H(t) - 0)

smh t
K

2 w/(2K)
— 7(m + 1) sinh(?) /—W/(ZH) sin((m + 1)lx) sin(lt) dl

= Ssmh(t) <Sinc <7r(t — (;ZJF 1)n)>  ine <7T(t+ (QTZJF 1)@)) .

3A\() = v/k/(2m) dl, dH (t) = 1/\/ 27k dt.

—1
Maes+ [sin(a(A(D)H))|™ = sin®(lk) and ¢ = (fow sin?(t) 217m dt) K? (see [8],
Chapter I, Corollary 5.12).
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The series (3.6) becomes

flexpH(t) -0) =

1 3 W/(Qm)f la) si 1)) sin(lk) dl
(27/k)3/2 sinh t mzzo/—w/(%) sf(la) sin((m + 1)lx) sin(Ik)

/”/(2“) sin((m + 1)lk)
—x/(25) sin(lk)

Isin(lt)dl (4.8)
and (4.4) becomes

flexp(H(t) - 0)

1 ) ) T
ZOO sinh(mk) f(exp H(mk) - 0) sinc (2— (t — mm)) (4.9)

- 2sinht K
—

To illustrate Theorem 1 we put x = 0.3 and consider the K-invariant
function, f, whose spherical Fourier transform is cos(1®> —2sin(3[)) multiplied
by the smooth, even cut-off function in [23, Lemma 1.10] rescaled to have
support in [—7/(4k),7/(4k)]. We multiply both sides of (4.8) by sinh(¢) to
eliminate the exponentially decaying factor in the sum. Figure 1 shows the
absolute value of the difference between sinh(¢)f(¢) and partial sum up to
m = 50 in the series on the right hand side of (4.8).

4.4 Comparison with the Euclidean Sampling Formula

If we define the Euclidean Fourier transform of a function on hyperbolic
three space as

Fof(l) = \/127 / " Hlexp H(t) - o)e dt,

then (4.7) shows that, since f is an even function, Fyf is supported in €°
if and only if F,(sinh(-) f(-)) is supported in the interval (—7/(2k),7/(2kK))
(see Section 4.2; here Z(H (t)) = sinht). If we apply the Euclidean sampling
theorem to the function ¢ — sinh(t) f (exp H(t)-0) and think of the Euclidean
Fourier transform as being supported in (—7/k,7/k), then we obtain

1 o0

flexp H(t) - 0) = Z sinh(mk) f(exp H(mk) - 0) sinc (z(t - mﬁ))

~ sinht K
m

(4.10)
This is a different reconstruction of f than (4.9) because the partial sums
of (4.10) for |m| < M interpolate between the values of f at exp H(mk) - o
for |m| < M, but the partial sums of (4.9) do not.
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Figures 2 and 3 show the same information as Figure 1 for the recon-

structions from (4.9) and (4.10) with |m| < 50. The table below the figures
gives the relative L! error over the interval [0, 37 /k] for each of the recon-
structions. Equation (4.8) gives the smallest relative error in this example.
All numerical computations were done with [15].

0.004] 0.004 0.004
0.003 0.003 0.003
0.002 0.002 0.002
0.001 0.001 0.001
5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
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