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Abstract.  Given a locally compact group G and a compact subgroup K, we
develop and study a spherical transform on the convolution algebra C. 5(G) of all
continuous functions f with compact support on G such that Xs*f = f*x5; = f.
Here x5 denotes the character of a unitary irreducible representation of K times
its dimension. We obtain an inversion formula for the spherical transform by
using the Fourier inversion formula in G.

The case of the group G = SU(2,1) and the compact subgroup K = U(2)
is discussed in detail. We give explicit expressions for the spherical transform
and the corresponding inversion formula in terms of the matrix hypergeometric
function oH; .
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1. Introduction

Historically the theory of spherical functions dates back to the classical papers of
E. Cartan and H. Weyl. They showed that spherical harmonics arise naturally by
studying functions on the n-dimensional sphere O(n)/O(n— 1) by the methods of
group representations. The first general results were obtained by Gelfand in 1950
who considered zonal spherical functions on a Riemannian symmetric space G/K .
A short time thereafter the fundamental papers of Godement and Harish-Chandra
appeared. They considered a locally compact unimodular group G and a large
compact subgroup K of G; a topologically irreducible Banach representation U
of G on F; a fixed class 6 € K which occurs m times (m > 1) in Ujx and the
K -projection P(§) onto the K-isotypic component E(d). Then they study the
function
g a(POU()PH)), g€ G,

called a spherical trace function on G of type 0 and height m. These are the
functions which have been studied traditionally in the theory of spherical functions.
When § is the class of the trivial representation of K one gets the zonal spherical
functions on G/K.
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However one may instead consider the function
®: g PO)U(9)P0), g€,

as a function on G with values in End(E(d)). In such a case such functions can
be characterized by the following intrinsic definition: & is a continuous function
on G with values in End(V') such that ®(e) = I and

B@)b() = [ ) (oky) .
Here V' is any finite dimensional complex vector space and x5 = d(J)tré. Such
functions are the spherical functions of type d, or the matrix spherical functions,
see [16] and [6].

Let G be a locally compact unimodular group and let K be a compact
subgroup of GG. The present paper is devoted to developing and studying a spher-
ical transform F on the convolution algebra C,s(G) of all continuous functions f
with compact support on G such that Ys* f = f*Xs; = f.

The spherical transform on connected semisimple Lie groups has been in-
vestigated in [3, Section 5]. The spherical transform is defined on certain algebra
Ce(G,6,0) isomorphic to the algebra I.s5(G) of those functions on C.s(G) which
are K-central. Also in [1] and [2] the spherical transform of I.s5(G) is studied
under the assumption that the multiplicity of 6 in U|k is one for every § € K and
every unitary representation U of G. In such a case, the algebra I.5(G) turns out
to be the center of C,s(G) and the spherical transform reduces to a scalar.

The spherical transform of I.5(G) in complex hyperbolic spaces H™(C)
was studied in [2]. Tt is important to point out that this work only deals with
spherical functions of type 7;, 7 = 0,...,n, where 7; denotes the fundamental
representations of K. For these particular K-types, the author is able to give
explicit expressions for the spherical functions involving Jacobi functions. The
spherical functions turn out to be vectors of dimension 2.

There is a close connection between the algebras C.;(G) and I.5(G) and

between their representation theories. But we are particularly interested to discuss
the relationship between the spherical transforms of both algebras.
Let I(d) = C(K)*xs. According to Warner ([18, vol.I Proposition 4.5.1.8 pp. 310-
311]) there is an isomorphism of *-algebras between I(d) ® I.5(G) and C,.45(G)
given by d : u ® h — wu * h, following a result of Dieudonné. The linear map ¢ :
I(6) — End(Vj) defined by &(u) = [, u(k)d(k) dk is a *-isomorphism of algebras.
Since V =V; @& --- @ Vs as K-modules, the linear map ¢ : End(Vj) ® Endg (V) —
End(V) defined by ¢«(S®T) = (S@---@S5)T is also a *-isomorphism of algebras.
Then it is easy to verify that the following diagram is commutative,

1(5) ® ]c,5<G> L> Cc,é(G)
§®-7:<1>l J/}—d)
End(V;) ® Endg (V) —— End(V)

(cf. Tirao [16, Remark 3.8 p. 91)]. But there is no explicit formula for the inverse
of d and ¢ is not canonical. If h € I.5(G) we have h(®) = h(V) where ¥ is the
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K -central spherical function associated to ® (W and & are related by Propositions
3.3 and 3.6 of [16]). Therefore if f = u * h the commutative diagram gives

F(@) = u(é(w) © (D).

This implies that the general theory of the spherical transform developed in Section
4 for C,5(G) is equivalent to the corresponding theory developed in Section 5 of [3].
Nevertheless there is no way to express the spherical transform of an f € C,5(G)
in terms of the spherical transform of I.5(G) unless f be given as f = u* h.

If one is interested to develop radial harmonic analysis for the homogeneous
vector bundle E° on G/K associated with the K-type d, then the spherical
transform theory on I.s is enough for that purpose. Indeed, as it is well known,
the convolution algebra C,(G, 6, §) of §-radial functions of E° is (anti)-isomorphic
to I.s, see for example Warner [18, vol.II, p. 3].

We also consider the case of the complex hyperbolic plane H?(C) in full
generality, i.e. for any K-type. Since we work with spherical functions of an
arbitrary K -type, the spherical functions are now described explicitly in terms of
matrix valued hypergeometric functions. In this way we obtain expressions for the
spherical transform and the corresponding inversion formula which involve matrix
hypergeometric functions of arbitrary size. This combination of abstract harmonic
analysis with the analytic theory of matrix hypergeometric functions generalizes
the theory developed in the 70’s (see for instance the works of T. Koornwinder
and M. Flensted-Jensen). It is worth noting that this generalization is non-trivial
since we need to consider special functions which take values in the n x n matrices
and the non-commutativity plays a very important role in the theory.

The paper is organized as follows:

Section 2 contains a brief review of general facts concerning spherical func-
tions.

In Section 3 we define unitary and positive definite spherical functions
and we study their relation. In the scalar case, positive definite functions are
closely related to irreducible unitary representations of (. This connection is
a key piece in the proof of Gelfand-Raikov’s Theorem. We use these results to
connect, in the matrix case, irreducible positive definite spherical functions of type
0 with irreducible unitary representations of G which contain the K-type § upon
restriction to the subgroup K (Theorem 3.9 and Corollary 3.11). Moreover, in
Proposition 3.15, we show that there is a bijection between the set of equivalence
classes of irreducible positive definite spherical functions and G(6), the set of those
U € G which contain § upon restriction to K with finite multiplicity.

The main goal of Section 4 is to obtain an inversion formula for the spherical
transform for f € C.5(G). For any f € C.5(G) the spherical transform f(®) is
defined by

f@) = | f@)de € Bnd(v)

where @ is assumed to be an irreducible spherical function of type 9, see Definition
4.1.

In Theorem 4.7 we give an inversion formula for the spherical transform for
f € C.s5(G), when K is a large compact subgroup. By using the Fourier inversion



364 ROMAN AND TIRAO

formula in G, we prove that the spherical transform is inverted by

o) = [ W@ @)U, € (@)

G

where dU denotes the Plancherel measure on G. Moreover we prove that the
previous integral can be restricted to the set G(8).

In [8] one finds a detailed description of the irreducible spherical functions
of any K -type associated to the complex projective plane. This development was
used to give new insight to the relatively new theory of matrix valued orthogonal
polynomials. Thus in [7] the first example of a sequence of matrix orthogonal
polynomials, of size two, which are eigenfunctions of a second order differential
operator was exhibited.

Any zonal spherical function for a rank-one symmetric space G/K, when G
is suitably parameterized, can be identified with a Gauss’ hypergeometric function.
A fruitful generalization of this function is the matrix hypergeometric function
F(u) = 5H; (Y. ;u), where C,U,V € End(V), see [17]). The function F' is the
unique analytic solution at u = 0 of the hypergeometric equation

w(l —u)F"(u) + (C —uwU)F'(u) — VF(u) =0,

such that F(0) = I. Then in [12] and [13] the matrix hypergeometric function
was used to write down a sequence of matrix orthogonal polynomials built up
from spherical functions of some particular K-types associated to the complex
projective space. In a forthcoming paper of I. Pacharoni and J. Tirao see [14], the
irreducible spherical functions of any K -type associated to the complex projective
space of any dimension are also given in terms of the matrix hypergeometric
function oH, (Uév ; u) . In [15], the same program was carried out for the complex
hyperbolic plane. Hence it is reasonable to expect to obtain a similar result for
the complex hyperbolic space of any dimension.

In Sections 7, 8, 9 and 10 we investigate the spherical transform in the
complex hyperbolic plane. In order to write explicit expressions for the spherical
transform we use the characterization of the matrix spherical functions associated
to the complex hyperbolic plane obtained in [15]. Each irreducible spherical
function ® is associated to a C“'-valued function H which is given in terms
of the matrix hypergeometric function introduced in [17], see Theorem 6.1. It is
worth noting that whenever we consider K -types of dimension one the spherical
transform reduces to a multiple of the Jacobi transform.

In Section 8 we compute all irreducible unitary spherical functions, see
Theorem 8.3. In Section 9 we determine all irreducible positive definite spherical
functions associated with unitary principal series representations of SU(2,1) and
with discrete series representations. This description is used in Theorem 10.1 to
give the explicit expression for the inversion formula for the spherical transform.

2. Preliminaries

Let G be a locally compact unimodular group and let K be a compact subgroup
of G. Let K denote the set of all equivalence classes of complex finite dimensional
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irreducible representations of K'; for each § € K, let &s denote the character
of 0, d(d) the degree of 0, i.e. the dimension of any representation in the class
d, and xs = d(d)&. We shall choose once and for all the Haar measure dk on
K normalized by [ @k = 1. We shall denote by V' a finite dimensional vector
space over the field C of complex numbers and by End(V') the space of all linear
transformations of V' into V.

A spherical function ® on G of type 6 € K is a continuous function on G
with values in End(V') such that ®(e) = I (I= identity transformation) and

D () D(y) = /K o (K (wky) d

for all z,y € G.

Proposition 2.1.  ([16/,/6]) If ® : G — End(V) is a spherical function of
type 0 then:

i) ®(kgk') = ®(k)P(g9)P(K'), for all k, k' € K, g€ G.

it) ™k — ®(k) is a representation of K such that any irreducible subrepre-
sentation belongs to §.

Concerning the definition let us point out that the spherical function &
determines its type univocally (Proposition 2.1) and let us say that the number of
times that § occurs in the representation k +— ®(k) is called the height of ®.

A spherical function ® : G — End(V) is called irreducible if V' has no
proper subspace invariant by all ®(g), g € G.

Definition 2.2. Given 6 € K, we denote by ®(8) the set of all equivalence
classes of irreducible spherical functions of type 4.

When G is a connected Lie group then it is not difficult to prove that any
spherical function ® : G — End(V) is differentiable (C°°), and moreover that
it is analytic. From the differential point of view a spherical function of type d
can be characterized in the following way. Let D(G) denote the algebra of all left
invariant differential operators on G' and let D(G)X denote the subalgebra of all
operators in D(G) which are invariant under all right translations by elements in
K. Let (V,7) be a finite dimensional representation of K such that any irreducible
subrepresentation belongs to the same class § € K. Then we have

Proposition 2.3.  (/16/,/6]) A function ® : G — End(V) is a spherical
function of type & if and only if

i) ® is analytic.
ii) ®(kigks) = w(k1)®(g)m(ks), for all ki, ke € K, g € G, and ®(e) = 1.

i) [D®](g) = ®(g)[D®](e), for all D € D(G)X, g € G.
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It is also convenient to point out the following facts.

Proposition 2.4.  ([16],/6]) The following properties are equivalent:
i) D(G)X is commutative.

ii) Every irreducible spherical function of (G, K) is of height one.

Proposition 2.5.  ([16/, Remark 4.7) Let ®,V : G — End(V') be two spherical
functions on a connected Lie group G such that (k) = (k) for all k € K. Then
O = U if and only if [D®](e) = [D¥](e) for all D € D(G)¥

Spherical functions of type § € K arise in a natural way upon considering
representations of G. If g — U(g) is a continuous representation of GG, say on a
complete locally convex, Hausdorff topological vector space E, then

P(6) = /K ys (k1)U (k) k.

is a continuous projection of E onto P(O)E = E(J); E(4) consists of those
vectors in E', the linear span of whose K -orbit is finite dimensional and splits into
irreducible K -subrepresentations of type . Whenever E(J) is finite dimensional
and not zero, the function ®V : G — End(FE(d)) defined by ®Y(g)a = P(6)U(g)a,
g € G and a € E(9) is a spherical function of type §. Moreover any irreducible
spherical function arises in this way from a topologically irreducible representation
of G (see [16, 6]).

Definition 2.6. Given § € K, we denote by G(8) the set of those U € G
which contain ¢ upon restriction to K and such that the multiplicity of ¢ in 7|x
is finite.

We denote by C.(G) the algebra of all continuous functions with compact
support on G with respect to the usual convolution product

(fi* f2)(= /f1953/ ) fa(y dy—/fl ) f2(271x)d

If § is an irreducible unitary representation of K on the vector space Vs, we
consider the set C.s(G) of those f € C.(G) such that X5 f = f*X; = f. Since
Xs * Xs = Xg, it is clear that C,5(G) is a subalgebra of C.(G).

We denote by C.(G,4,d) the following set of End(Vj)-valued continuous
functions with compact support on G,

Ce(G,0,0) = {F : G — End(V5) : F(kigks) = d(ky ") F(g)d(ky ")}

Let us observe that C.(G,4,d) in an algebra with the convolution product

(Fy+ ) (x) = /G Fy(=—'2) Fy (2)dz,
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for any F} and F, in C.(G,6,60). As we can observe next, this definition is taken
in order that F} x Fy € C.(G,0,9). In fact

(Fy % Fy)(kiaky) = /

= 0(ky ) (Fy = Fo)(2)d(ky ).

Fy(2 ' kyaks)Fy(2)dz = / Fy(z ' aky) Fi(ky2)dz
G
Let I.5(G) be the algebra of all functions f € C.s5(G) such that
f(kxk™) = f(z), for all x € G, and for all k € K,

ie. fis K-central.
In [16] and [6] there is a proof of the following proposition.

Proposition 2.7.  The following properties are equivalent:
1. 1.5(G) is commutative.
2. Ewvery irreducible spherical function of type 6 is of height one.

3. 1.5(G) is the center of C.5(G).

Proposition 2.8 ([18], vol. II).  Giwven f € 1.5(G), let Fy : G — End(Vjs) be
the function defined by

Ff(a:):/ S(k) f(kx)dk.
K
Then f w— Fy is a isomorphism from I.5(G) onto C.(G,0,5) whose inverse is

given by F — fr where fp=d(5)tr(F).

3. Unitary and positive definite spherical functions

Given a function ® : G — End(V), where V' is a finite dimensional complex
vector space with an inner product, we define ® : G — End(V) by ®(g) =
P(g~1)*, where * denotes the operation of taking adjoint.

Proposition 3.1.  ([9]) The function ® : G — End(V') is spherical of type &
if and only if ® is spherical of type 0.

Proof. Let us assume that ® is a spherical function of type d. Then
(o)) = (@00 = [ el ke a )
K
_ / o (F) Bk~ ) dk.
K

Furthermore, ®(e) = ®(e)* = I, and thus & is a spherical function of type §. On
the other hand, since ® = @, the proposition is proved. |
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Definition 3.2. A spherical function ® : G — End(V) is said to be unita-
rizable if there exists an inner product on V such that ®(g)* = ®(¢~'), for all
g € GG. In such a case we also say that ® is a unitary spherical function. In other
words ® is unitary if and only if ® = ®.

Proposition 3.3.  Let : G — End(V') be a unitary spherical function. Then
® is a direct sum of irreducible spherical functions.

Proof.  Let W be a nonzero invariant subspace of V' of minimal dimension and
let W+ be its orthogonal complement. If w* € W+ and w € W, we have that

(P(g)w™, w) = (w, D(g™w) = 0.

Therefore W+ is an invariant subspace. The proof is completed by induction on
the dimension of V. [ |

A function ¢ : G — C is positive definite if for any n € N,

Z CZEJ(ﬁ(%;lZCl) Z 0, (1)

i.j=0

for all cg,...,c, € C and xg,...,2, € G.

Positive definite functions satisfy | ¢(z) |< ¢(e) for all = € G, but are not
necessarily continuous functions. However a bounded continuous function ¢ on G
is positive definite if and only if it is of positive type (cf. [4], Proposition 3.35),
i.e. if and only if ¢ satisfies

/(f**f)cbZO, for all f € L*(G).
G

Definition 3.4. A spherical function ® : G — End(V') of type § is said to be
positive definite if there exists an inner product on V' such that z — (®(z)v,v) is
a positive definite function for all v € V', i.e. if for any n € N,

Z cici (P  ai)v, v) >0,
i,j=0
for all cg,...,c, €C, xg,...,2, € G and for all v € V.

Proposition 3.5.  Let ® be a positive definite spherical function of type 0, then
B(g) = (g~ H)*, i.e. D is unitary. Moreover ||®(g)| < 2.

Proof. By hypothesis, for any vector v € V' the function £ : x — (®(x)v,v)
is positive definite. Therefore if we take n =1, g = 1 and z; = x, condition (1)

says that the matrix
( §(1) &) )
£l &)
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is positive semi-definite. Then we have that

(@(2)v,v) = &(z) = E(27") = (v, D(z7)o).

Therefore
(@(z) — ®(x7")")v,0) =0,
for all v € V. For any linear transformation A : V' — V| the fact that (Av,v) =0
for all v € V implies that A = 0. Therefore we have that ®(z) — ®(z~!)* =0 or
equivalently ®(z) = ®(z~1)*.
Let A:V — V be a linear transformation such that |(Av,v)| < (v,v) for
all v € V. If A is Hermitian or skew-Hermitian and Av = \v, then

[A[{v,v) = [{Av, v)[ < (v, v).

Therefore |A\| < 1. This says that ||A|| < 1. For any linear transformation A
we write A = (A + A*)/2 + (A — A*)/2 and observe that the Hermitian and
skew-Hermitian components of A also satisfy the same hypothesis that A. Then

1Al < 14551 + 1455

<2

Now if we take A = ®(g) we have [(Av,v)| = [(P(g)v,v)| < (v,v) This completes
the proof of the proposition. [ |

Proposition 3.6. Let ® be a unitary spherical function on G. Then ® s
positive definite if and only if ® is bounded and

/(f* x f)® >0, forall f € L*G), (2)
G

i.e. the integral on the left hand side of the inequality s an Hermitian positive
definite linear transformation.

Proof. Since ® is unitary we have

(/G(f**f)(g)é(g) dg)* :/qu)(g)*dg
:/G(f**f)(g‘l)é(g‘l)dg.

Since G is unimodular the left hand side of (2) is Hermitian. On the other hand
® is positive definite if and only if (®(g)v,v) is of positive type for all v € V. But

[ s D @@e)dg = ([ (1« £)o)2g) dg v.0).

G el

This completes the proof of the proposition. [ |
Proposition 3.7. If U is a unitary representation of G on a Hilbert space H

and H(8) is finite dimensional and nonzero, then the spherical function ®Y =
P(6)UP(0) is positive definite and hence unitary.
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Proof. Let ay,...,a, € C, y1,...,y, € G and v € H(J). Then

Z a;a; (P (x; z;)v,v) = Z a;@;(P(O)U(z; 'z;) P(6)v, v)
= ZalaJ (z; L) P(8)v, P(6)v)

= Zai T U,ZajU(:Uj)v) >
i J

This completes the proof. [ ]

Corollary 3.8.  If G is a compact group then any irreducible spherical function
on G is positive definite and hence unitary.

Proof. If ® is an irreducible spherical function on G of type ¢ then there exists
an irreducible finite dimensional representation (H,U) of G such that & = P(§)U
on H(J). Since U is unitarizable, from Proposition 3.7 it follows that ® is positive
definite. [ |

Theorem 3.9. Let & : G — End(V) be a positive definite spherical function
of type 0. Then there exists a unitary representation U on a Hilbert space Hy
such that ® is unitarily equivalent to ®V = P(§)UP(8). In particular || ®(g) ||< 1
for any g € G.

Proof. By Proposition 3.3 we may assume that & is irreducible. Let v be any
nonzero vector in V. Since ® is a positive definite spherical function, the map
€ :x— (P(x)v,v) is a continuous positive definite function and therefore it is of
positive type. Thus there exists a unitary representation Ug on the Hilbert space
He and a cyclic vector € for Ug such that (®(x)v,v) = £(z) = (Ue(x)e, €), (see [4],
Theorem 3.20). By Proposition 2.1 we have that ®(kixks) = O (k)P (2)P(k2) for
all k1,ky € K and x € G. Also from Schur’s orthogonality relations we have

/ xs(k~H)®(k)dk = 1.
K
Therefore
(®(x)v,v) :/ / Xo (kT ) X6 (ko) (@ (K ko) v, v)dky dky
/ / (k)5 (k) (U™ U (@) U (ko e, )y
fl?)P(5) €) = (Ue(x) P(d)e, P(d)e).
Therefore we can assume that the cyclic vector € isin H¢(6) = P(0)H, by changing

He by the closed subspace generated by P(d)e. Let us observe that since P(J) is
selfadjoint

(D(x)v,v) = (Ug(2)P(d)e, P(6)e) = (P(8)Ug(2)P()e, €) = (2% (x)e, ).
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The theorem will be proved if we verify that ® is equivalent to ®Y¢. Since ® is
irreducible and V is finite dimensional, any vector u € V' is a linear combination of
O(xq)v, ..., P(x,)v for some z1,...,z, € G. For yy,...,y, € G and ay,...,a, €
C,let T:V — H(6) be defined in the following way

T (Z aﬁb(yﬁv) = Zai(I)Uf(yi)e.

=1 =1

In order to prove that T is well defined let us assume that > " a;®(z;)v =0 for
certain 1, ...,2, € G and ay, ..., a, € C. Then we claim that Y | a;®%¢(z;)e =
0.

The spherical function ®Y¢ is associated to the unitary representation U
and therefore it is a unitary spherical function (See Proposition 3.7), i.e. ®Y¢(x)* =
®Us(z71). If we integrate over K and we apply the integral equation on both sides
of the following equation

Xs(K)(@(aky)v, v) = x5 (k™) (@Y (zhy)e, ), (3)

we obtain
(@(y)v, ®(a™")v) = (@Y (y)e, @7 (27 )e),
for arbitrary z, y € G. Thus

= <Z a;®(y:)v, beb(xj)v) = <Z ;P (yi)e, ij@U‘g(%)G)

for all by,...,b,, € C and z1,...,x,, € G, and this implies that

Z a;®Y¢ (y;)e =
i=1

Finally we take > " ; a;®(y;)v as a generic element of V. Therefore

n n

To(g) S adb(y)o = 3 aiTd(g)d(y v—zaz / Yok 1)@ (ghys)o dk

=1 =1

K i=1

- /K ok ) S @@V (ghys)e di

i=1

— Z a; BV (g) BV (y,)e = B¢ (g Z a;BYe (;
= (I)U§ (g)T Z aZ(I)(yZ)v
=1

Now T is clearly a linear isomorphism, and from (3) it follows that it is unitary,
hence the proof of the theorem is completed. [ ]
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Remark 3.10. If & is an irreducible unitary spherical function such that
&(x) = (P(x)v,v) is positive definite for some v € V', v # 0, then £(x) is positive
definite for all v € V. In fact in the proof of Theorem 3.9 we just used these
hypothesis.

Corollary 3.11. Let ® : G — End(V) be an irreducible positive definite
spherical function of type &. Then there exists an irreducible unitary representation
U on a Hilbert space Hy such that ® is unitarily equivalent to ®V = P(5)UP(§).

Proof. let U be a unitary representation of G on a Hilbert space Hy such
that ® is unitarily equivalent to ®V = P(§)UP(§). If U is not irreducible, then
there exists a closed proper subspace H; which is U-invariant. Since

PO) = [ xstk U
K
it follows that P(6)H; = HNH; and thus P(6)H, is invariant under ®Y and
P(0)H = P(6)H, @ P(6)Hi.

Then P(6)H, =0 or P(0)Hi = 0, since ®Y is an irreducible spherical function.

By Zorn’s lemma, there is a maximal collection {#,;};c; of mutually orthog-
onal subspaces H; of Hy such that P(6)H; = 0 for all i € I, where I is some
(possibly infinite) index set. Then the orthogonal complement of €, ., H; is not
zero, and if it were not irreducible, then there would be a nonzero subspace H.
orthogonal to all the H;’s and such that P(d)H,. = 0, contradicting the maximal-
ity of I. Therefore (H,Uly), where H = (D,c; M)t is an irreducible unitary
representation of G such that P(8)H = H(5) and thus &V = P(5)U|,P(5). =

The set P of all continuous positive definite functions on G is a convex
cone. We single out the following subset P; = {£ € P : £(e) = 1}.

Corollary 3.12. If ®: G — End(V) is a positive definite spherical function of
type 0, the following are equivalent:

1. ® is irreducible.

2. {(x) = (P(x)v,v) is an extreme point of Py for all v € V such that
(v,v) = 1.

3. &(z) = (P(x)v,v) is an extreme point of Py for some v € V such that
(v,v) =1.

Proof. If & is irreducible, by the previous corollary and Corollary (3.24) in
[4], @ is unitarily equivalent to P(§)UcP(6) with U, irreducible. Then Theorem
(3.25) in [4] implies that & is an extreme point of Py, for any v € V' such that
(v,v) = 1. Thus (1) implies (2).

Since (2) implies (3) is obvious we now assume that & is an extreme point of
Py . Then Theorem (3.25) in [4] says that (H¢, U) is irreducible and by Theorem
3.8 @ is irreducible, being equivalent to ®Y« = P(5)UP(6). This completes the
proof of the corollary. [ |
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Lemma 3.13.  Let ®; and Py be two equivalent unitary irreducible spherical
functions of type 6. Then ®1 and Py are unitarily equivalent and ®, is positive
definite if and only if ®o is positive definite.

Proof. If & : G — End(V}) and ®; : G — End(V4), we can assume that
there exists a linear transformation T : Vo — V; such that

®1(g) = TPy(g)T !, for all g € G.
Hence
Tdy(g)T™" = i(g) = Po(g™") = (TDo(g™ )T )" = (T7)* Do(g)T".

Therefore
Do(g) = (T"T) ' @y(g)T*T.

Thus the kernel and the image of T*T are stable by ®,. The fact that ®, is
irreducible implies that 77T is a scalar multiple of the identity transformation.
We can choose that constant to be 1 and in such a case 1" results to be unitary.
Finally we observe that

Z aga; (O (x5 z;)v,v) = Z a;a; (T®y(x; ;)T v, v)

4,j=0 4,j=0
= Z aﬁj(CI)g(xj_la:i)T_lv,T_11)>,
i,j=0
for all v € V;. This completes the proof of the lemma. |

Definition 3.14. Let ®(0)" be the set of equivalence classes of irreducible
positive definite spherical functions of type ¢, i.e.

O(0)" = {[®] € ®(d) : @ is positive definite}, (4)

For any irreducible unitary representation U of G on a Hilbert space H
such that #(§) is finite dimensional and nonzero, ®V is an irreducible positive
definite spherical function. The following proposition establishes that the map
U — @V is a well defined function from G(8) into ®(8)*.

Proposition 3.15.  Let © : G(6) — ®(8)* be defined by
O([U]) = [P(O)UP(3)].

Then © 1is a bijection.

Proof.  If we take two unitarily equivalent representations (U1, H1), (Uz, Ha) €
G/(0) then we denote

Pi(3) = /K (kUL (R)dk,  Py(s) = /K To (kDY Us (k) dk.
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The fact that U; and U, are unitarily equivalent says that there exists a unitary
linear transformation 71" : Hq — H, such that TU; = U,T'. Observe that

P1(5):/Kx(g(k:‘l)Ul(k:):/Kxg(k:‘l)T‘lUQ(k)T:T‘1P2(5)T,
and therefore

O(U,) = PL(0)U P(0) = T Py(8)TT Uy TT  Po(6)T
=T Py (8)Uy Py (6)T = T'O(U,)T.

Thus © is a well defined mapping from G onto ®(8)".

Now we take two equivalent irreducible positive definite spherical functions
¢, : G — End(V;) and &5 : G — End(13). Since ®; and ®, are equivalent,
Lemma 3.13 says that there exists a unitary linear transformation 7": Vo, — Vj
such that ®; = T-'®,T. Therefore we have that

(®1(z)v,v) = (T ®y(x)Tv,v) = (Py(x)Tw, Tv).

Furthermore, if we fix the vector v € V;, since ®; and &, are positive definite, we
recall from Theorem 1 that there exist two irreducible unitary representations of
G, (Uy,H1) and (Us, Hy) and two cyclic vectors €, € Hy and €5 € Ha such that

@1 :P1(5)U1P1(5), (I)Q :P2(5)U2P2(5>,

and
(D1 (x)v,v) = (Ur(x)er, €1), (Po(x)Tv,Tv) = (Uz(x)eg, €2).

Therefore we have that
(Ui(@)er, &) = (P1(@)v,v) = (Po(x)Tv, Tv) = (Uz(w)e2, €2),

for all x € G and this implies, by Theorem 3.2 of [4], that U; and U are unitarily
equivalent. [ |

4. The spherical transform and its inversion formula

In this section we give the main properties of the spherical transform of any K-
type on a locally compact unimodular group G for the algebra C.s5(G). This has
been studied in [3, Section 5] for a connected noncompact semisimple Lie group
with finite center and for the subalgebra I.5(G).

Definition 4.1.  The spherical transform of f € C.5(G) is the function f on
®(9) defined by

f(@) = /G F(@)®(@)dz € End(V). (5)

The following proposition is a direct consequence of Proposition 2.2 of [16].
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Proposition 4.2.  [16] Let ® be a spherical function of type & on G and let
f>g € Cc,d(G) . Then

(f % gN(@) = f()g(®).

Remark 4.3.  Let us consider the case when I, 5(G) is a commutative algebra.
Let f € I.5(G) and F € C.(G,0,9). A direct computation shows that for every
irreducible spherical function ®Y of type § we have

f(@") = F;(2") and F(@") = fr(").

Combining this fact with Proposition 4.2, it is easy to show that the map
F +— F(®Y) is a continuous homomorphism from C,(G,4,4) into C.

For any f € C.(G), let f* be defined by f*(x) = f(z=!). Then the
mapping f — f* is an involution of C.(G).

Lemma 4.4. Let f € C.5(G) and let @ be a unitary spherical function of type
d. Then f* € C.5(G) and

(f)(@) = (f(®))".

Proof. If f e C.s5(G) then

%*f*(fc)Z/K%(k)f*(k_la:)dk:/ xs(k~ ) f(z—1k)dk

K

= [T bk = T3 = T = )
In a similar way we prove that f*(z)* %5 = f*. Therefore f* € C.5(G).

Let @ : G — End(V) be a unitary spherical function. Let (,) be an inner
product on V' such that ®(g)* = ®(¢g~1). If u,v € V, we have

(F) @) = [

G

(f*(x)@(x)u,@dxz/(f(m—l)q)(m_l)*u,v>dx

G

= [t fla )0 obde = (u, f@)0).
a
Since v, u are arbitrary elements of V', the lemma is proved. |

The inversion formula for the spherical transform can be obtained by using
the Fourier inversion formula of G. Thus we need to assume that G is a second
countable, unimodular, type I group. Furthermore we also need to assume that
any 0 € K is contained in any irreducible unitary representation of G at most
a finite number of times. This is certainly true if G is compact. This also holds
when K is a large compact subgroup of G. We recall that K is said to be large if
for each 0 € K, there exists an integer m(8) > 1 such that ¢ occurs no more than
m(9) times in every topologically completely irreducible Banach representation
of G. Some interesting examples of pairs (G, K) which have the property that
K is large are: (1) Suppose that H and K are two closed subgroups of G with
K N H = {e} and such that G = KH, H being abelian and K compact, then
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K is a large compact subgroup of G; (2) Let G be a connected semisimple Lie
group with finite center. If K is a maximal compact subgroup of G then K is
large in GG. These results were established, respectively, by Godement and Harish-
Chandra, see Section 4.5 of [18].

For any f € Ll(G) we define the Fourier transform of f to be given by

/f 9)dg, where U € G. (6)

This small deviation from the usual definition where the integrand in (6) is replaced
by f(g)U(g™") fits better with Definition 4.1.

Lemma 4.5. Let f € C.5(GQ) and U € G, then
f(U) = P(3)f(U)P(s).

Proof. In first place we observe that by definition f =X;x* f = f *; for all
f € C.s5(G). Therefore we have

/f dg—/<f*x5 //fgk %5 (K)U(9)dg
:=/Qf@ﬂ7@>/;xxkﬂukﬁMdg

- [ s D) [ S dg
//M wavu/%wWWMg
/ U(K)dK / (g / s (k)U (k)dk

= P(8)f(U)P(

This completes the proof of the proposition. [ ]

Lemma 4.6. For any f € Cos(G) and U € G, we have that
f(@Y) = P()f(U)P(s).

Proof
POFOIPE) = PO) [ fa)U(0)da PO) = [ 0)POU)P®)dg
/fgﬁﬁ<mg—ﬂ®% .
Theorem 4.7.  The spherical transform is inverted by
flo) = [ 6@ (gHF@) AU, ] € CulG), ™)

where dU denotes the Plancherel measure on G.
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Proof. If we use the content of the previous lemmas and Fourier inversion
formula for f € C.5(G) (see (7.46 in [4]), we get

flg) = /G (U (g (U)dU = / (U (g~ P@)F(U)P(5)) dU

G

_ /G tr(P(8)P(8)U (g~ ) P(8)P(8) f(U)) dU

- / (@ (g )P(6) f(U) P(8)) dU

G

~ [ w(@¥( i@t
a
This completes the proof of the theorem. [ |

Remark 4.8. If U ¢ G(4), then
f(av) = /G £(9)8Y (g) dU = / £(9)P(8)U (g)P(8) dU = 0.

In other words, for f € C,5(G) the integral (7) can be restricted to the set G(&).

~

Lemma 4.9.  G(9) is a measurable subset of G
Proof. The Fourier inversion formula
flo) = [ vy
é

says in particular that the function U~ tr(U(g™") f(U)) is a measurable function
from G into C for all g € G and [ € C.(G). If we choose g = e, we have that
the function €/ : G — C given by

2 (U) = u(f(U)),

is a measurable function for all f € C.(G).
Let {f;} be an approximate identity of G'; then it is easy to show that
fi(U) =1 as j — oco. Let

Fi(9) = (s * £ % X5)(9)-

We observe that fj € C.5(G) and that

f(U) = P&) f;(U)P (),

for all U € G. Let us assume that there exists U € @(5) such that
(P f,(U)P(G)) = 0,

for all 5 > 0. If we take limit on both sides as 7 — oo we get

A

lim tr(P(8) ,(U)P(6)) = tr(P(6)P(6)) = tr(P(5)) = 0,

J]—00
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which is a contradiction. Therefore there exists some j > 1 such that E(U ) # 0.
Thus we have proved that

5-U(25) "\ oy

Jj=1

This fact proves that the set G(é) is a countable union of measurable sets and
therefore it is measurable. n

From the observation made in Remark 4.8 and the previous lemma we can
rewrite the inversion formula for the spherical transform of an f € C.5(G) as

f(9) = /G @ i@ i (8)

The map © : U — P(0)UP(4) is a bijection between G(6) and the set ®(8)*
of equivalence classes of irreducible positive definite spherical functions of type 9.
Therefore we can make ®(0)" into a measure space by transporting the measure
structure of G(8) in the following way: A C ®(8)* is a measurable set if and
only if ©1(A) is measurable in G(§) and the measure of A C ®(5)* is equal to
the measure of ©1(A4) in G(5). We resume all this discussion in the following
theorem which gives an inversion formula for the spherical transform.

Theorem 4.10.  The spherical transform is inverted by
flo)= [ el @) e, e Cu@) o)
o

We can use the inversion formula to prove the following theorem.

Theorem 4.11.  Let f,g € C.5(G). Then

/G )5y = / . BT @@ra.

Proof.  If we take f,g € C.5(G) and we write the inversion formula (9) for
g** f and x =1 we obtain

wenm= [ aemehene= [ @)

The last equality follows from Proposition 4.2 and Lemma 4.4. On the other hand,

we have that
(g« F)(1) = /G g () f (w)dy = /G )9y

This completes the proof of the theorem. [ ]
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In the particular case in which the algebra I, 5(G) is commutative, i.e. every
irreducible spherical function of type 6 has height 1, Proposition 2.8 establishes
an isomorphism of the algebras 1. 5(G) and C.(G,6,0). We can take advantage of
our inversion formula for the algebra C.s5(G) to find an inversion formula for the
spherical transform of F' € C.(G,6,0). In the following Proposition we use the
notation in Proposition 2.8.

Theorem 4.12.  Let us assume that I.5(G) is a commutative algebra. Then
the spherical transform of F € C.(G,§,0) is inverted by

1 ~
Plo) = | F@)p(g)as,
d(6) Jaw)+
Proof. Follows directly from Proposition 2.8, the inversion formula for the
spherical transform and Remark 4.3. [ |

5. The group SU(2,1)

We shall consider the pair (G, K) where G = SU(2,1) and K = S(U(2) x U(1)).
Since G is a group of linear transformations of C3, it acts naturally in P»(C). The
G-orbit of the point (0,0, 1) is the set

B = {(z,y,1) € P(C) : [a]* + [y|* < 1}, (10)
and the corresponding isotropy subgroup is K. Thus Hy(C) = G/K can be
identified with the open ball of radius one centered at the origin in C2.

The Lie algebra of G = SU(2,1) is
9= {X € gl(3,C): JXJ = —X, trX:o}.

The following matrices form a basis of g.

i 0.0 i0 0 010
H1:[07i0]7 HQZ[MO}, H:[—IOO}, YQZ[
000 00 —2i 000

Let hc be the Cartan subalgebra of g¢ of all diagonal matrices. Let €; be
the linear functional on h¢ defined by €;(diag(hy, ha, hg)) = h;. The root systems
associated to the pairs (gc, bc) and (€c, hc) are given by

Ag:{Ei—Ej,lgl.?éjgi))},
Ag:{El—EJ,].SZ?éJSQ}

We fix the following system of positive roots for A,

Ay={a=a—a f=a—ay=a—a}
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The corresponding root space structure is given by

—_
[ enlen]
1L 1

; X,g =

(11)

coo coo oo
oo~ OO O0O
L 1L 1L 1
coo —oo coo
coo coo coo

=
co— coo cor
coo oo o
lco oo

—

L

=
r 1T 1T 1
oo OO OO0
—
L

T 1T 1T 1
—OO OO0 OO

We shall use the notation Z = H, + 2Hz, H, = 2H, + Hs and Hy, = Hy — H,,.
Let ¢ = £+ p be the decomposition of g associated to the Cartan involution
0(X) = ~X'. Therefore

ez{(g 2):k6u(2),y:—tr(k)} andp:{(gt g):bECZ}.

Let
0 01 1 0 0
Hy=1 0 0 0 andT =] 0 -2 0
1 00 0 0 1

Then a = RH, is a maximal abelian subspace of p, m = ¢TR is the centralizer of
ain £ and h =m @ a is a Cartan subalgebra of gc. The roots of gc with respect
to bc are given by

G(Ho) =1, B(H,) =1, V(Ho) =2,

and the root vectors are

Xa = Fig + Es, X_a = B9 + Eas,
XB = Fy1 — Eos, X_g = F19 — Es, (12)
X5 = Ei3 — E31 — Eyy + Esa, X_5 = FEs1 — Ei3 — Eiy + Ess.

Let A € a* be the restricted root defined by A(Hy) = 1 and let n = g, + gan
be the sum of the corresponding restricted root subspaces of g. Then g = t®adn
is an Iwasawa decomposition of g. If p = 1(a + B+7), then p(Hp) = 2.

Let A and N be the analytic subgroups of G with Lie algebras a and n,
respectively and let M be the centralizer of A in K. Then M AN is a minimal
parabolic subgroup of G and

et? 0 0 cosht 0 sinht
M={{my= 0 e 2 0 JA=<Ca, = 0O 1 0
0 0 e sinht 0 cosht

For 7 € Z and v € C we define 0 € M and v € aX by
o(mg) = €™, and v(tH,) = vt. (13)

Therefore man + e@+P)1°€25(m) is a one dimensional representation of MAN,
this is the representation that we induce to G' to construct the generalized principal
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series representation. We will use the following notation U™ = U = Ind§, 4y
(0 @exp(v+p) @ 1).
A dense subspace of the representation space of U™" is

{F:G — V, continuous : F(zman) = e~ P12 5 (m=1) (1)},
with the norm
1717 = [ PP
K
For any s € R let

coshs 0 sinhs
as = exp(sHy) = o 1 0 : (14)
sinhs 0 coshs

We consider the Haar measure dg on G normalized in such a way that the following
integral formula for the polar decomposition G = KAK holds: For all f € L'(G),

Lﬂ@ﬁ:éﬁfﬂjm%m@m@%mawh@%% (15)

where ds is the Lebesge measure on R ~ a, and dk is the Haar measure on K
normalized by fK dk =1.

6. Spherical functions associated to the complex hyperbolic plane

The set K can be identified with the set Z x Zso. If k= (49), with A € U(2)
and a = (det A)~!, then

m(k) = T(A) = (det A)" A

where A’ denotes the (-symmetric power of A, defines an irreducible representa-
tion of K in the class (n,¢) € Z X Z>y.

The representation m,, of U(2) extends to a unique holomorphic repre-
sentation of GL(2,C) into End(V;), which we still denote by m,,. For any
g € M(3,C), we denote by A(g) the left upper 2 x 2 block of g, i.e.

A(g) — (gll 912) .
921 922
The canonical projection p : G — P,(C) maps G onto the unit ball B (see (10)).
For any m = 7@, let ® : G — End(V;) be defined by

Dr(g) = Pnie(g) = mne(Alg)).

To determine all irreducible spherical functions ® : G — End(V;) of type
T = Ty, we use the function @, in the following way: in G we define a function

H by
H(g) = ®(g) Px(9)~", (16)

where ® is supposed to be a spherical function of type m. Then H satisfies
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i) H(e)=1.
ii) H(gk)=H(g), forall ge G, k€ K.
iii) H(kg) =m(k)H(g)m(k™), for all g€ G,k € K.

Then property ii) says that H may be considered as a function on B, and
moreover from iii) it follows that H is determined by the function r — H(r) =
H(r,0) on the interval [0,1). Let M be the closed subgroup of K of all diagonal
matrices of the form A(e?, e=2? ¢) § € R. Then M fixes all points (r,0) € C2.
Therefore iii) also implies that H(r) = w(m)H(r)x(m™') for all m € M. Since
any V. as an M -module is multiplicity free, it follows that there exists a basis
of V, such that H(r) is simultaneously represented by a diagonal matrix for all
r > 0. In fact it is well known that there exists a basis {v;}%_, of V; such that

(Hy)v; = (0 — 2i)vy,
(Xa)vi = (f —1+ 1)?)1',1, (U,1 = O), (17)
(X o)vi = (i + Dvipr,  (veyr = 0),

T
s

Since we are dealing with a representation of U(2) these relations have to be
supplemented with
7(Z)v; = (2n + £)v;.

We introduce the functions h;(s) by means of the relations
H(as)v; = hi(s)v;, i=0,...,0. (18)

We can identify H(as) € End(V;) with a vector H(as) = (ho(s), ..., he(s)) € CtH1
if m =m, . Here s and the variable r above are related by r = tanh(s).

The algebra D(G)Y, of all differential operators on G' which are invariant
under left and right multiplication by elements in G, is a polynomial algebra in
two algebraically independent generators A, and As. A particular choice of these
operators is given in Proposition 2.1 of [8]. In the basis (11), the differential
operators Ay and Ajz are given by

Ny =—H2— 372 —2H, — 27 —4X_, X, — 4X_ X5 — 4X_, X,

A3 =SHS —SH} + 3H2Hy — SH H} +8H2 +4H,Hp 4+ 16H, + 8Hy
+4AX o XoHy +8X o XoHs + 24X o X, +12(X_5X5+ X, X))
—4X X H, —4X X, Hy + 12X 53X X, + 12X X;5X,,.

We write the operators Ay and Agj as
Ay =Ap i + A, Az =Azx + A,

where

1
Dy = —H} = 52° = 2H, 22 —4X_. X, € D(K)", (19)

Ay = —4(X_5X5+ X_,X,) € D(G)X,
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Asy=5SHS—SHS+ SH2Hs — $H H; + 8H. + 4H,Hy + 16H,, + 8Hy
+4AX o XoHy + 8X o XoHp + 24X, X,
Ay =12(X_3X5+ X_X,) —4X_ Xz H, — 4X_. X, H,
+12X 5 X X o + 12X, XX,

If (V,7) is a finite dimensional irreducible representation of K in the
equivalence class § € K, a spherical function of type § on G is characterized

by
i) ®: G — End(V) is analytic.
ii) ®(kigks) = m(k1)®(g)m(ke), for all ki, ke € K, g € G, and ®(e) = 1.
i) [Aa®](g) = AD(g), [AsP](g) = uP(g) for all g € G and for some A\, u € C.

If we make the change of variables t = 1/(1 — r?), then the fact that ® is an
eigenfunction of Ay and Ajz, makes H(t) = H(r) into an eigenfunction of two
matrix differential operators D and E. In [15] we introduce the matrix polynomial
function t(u) = XT'(u), where X is the Pascal matrix X;; = (;) and T'(u) is the
diagonal matrix such that T'(u);; = u*. Now we use the function (u) to conjugate
the differential operator D into the matrix hypergeometric differential operator

DF(u) = ¢(u) ™ Dip(u) = u(l — w)F"(u) + (C = ul) F'(u) = VF(u),
where the matrices C', U and V' are

O =Yio2(i+ DE;; + 3 iEiia,

U= on+l+i+3)Ey,

V=3 gin+it )E; — 35 (0 —)(i+1)E.
In Theorem 3.6 of [15] we prove that there is a one to one correspondence between
the set of all eigenfunctions of D, analytic at u = 0 and the set of all eigenfunctions
of D analytic at u = 0.

Now the irreducible spherical functions associated to SU(2,1) correspond

precisely to the simultaneous eigenfunctions of the differential operators D and
E = ¢~ Ey, where

EF(u) = (1 —u)(Qo + uQ1)F"(u) + (Py + uP,)F'(u) + RF (u),

with coefficient matrices

Qo= 21 3iEi 1,

Q1 ="_y(n—+3i)E,;

Po=300 (20 +1)(n — €+ 30)+3((i + 1)2(0 — i) —i2(£ — i +1))) Ei
— > L iBi+ 34+ 2n)E;;

Po=—3" (n—043)n+L4+i+3)Ei;+ 3 3G+ 1)l —i)Eii,
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R=-Y",iB3+n+20(n+i+1)E;,
+ 3000 (i + 1) (6) (n + 20 + 3) By

The fact that E takes analytic functions into analytic functions and that DE =
ED allows us to reduce the problem of finding the simultaneous eigenfunctions
of D and E to a linear algebra problem (see (4.1) of [15]). In fact, Theorem
5.2 of [15] establishes a bijective correspondence between the set of equivalence
classes of irreducible spherical functions of type (n,¢) of the group SU(2,1) and
the eigenvectors of the matrix

M) =Qo(C+ 1) U+ VHNCHV + A+ PC YV + ) +R, (20)

More precisely, given a spherical function ®, let HM* be the C**!-valued function
associated to ® such that DH = MH and EH = pH. Then HM is given
explicitly by

HM(1—t) = (1 —t)oHy (VY51 —t) Hy

where H) , is the unique p-eigenvector of M(A), normalized by (1,1, .., z¢) and
oH, (V3 u) =30 [C U VA for |u| < 1, where the symbol [C; U; V+];
is defined inductively by

C;U; V + Ao =1,
[C;U;V 4 N = (C+ ) (@ +iU -1+ V+A)[CU; V + A,

for all © > 0 (see [17]). Since oH,; (U VA u) is an eigenfunction of the hyperge-

ometric operator 13, it has a unique analytic continuation for all u ¢ [1,00). We
summarize our results in the following theorem.

Theorem 6.1.  There is a bijective correspondence between the equivalence
classes of all irreducible spherical functions of SU(2,1) of type (n,l) and the
eigenvectors of M(X) of the form Fy = (1,21,...,x,)". Moreover, a matriz valued
representation ®M* of such a class is obtained explicitly from

HM(u) = (w)oy (V05 u) Hay,

where H) , is the unique p-eigenvector of the matriz M(X\) normalized by H) ,, =
(1,21, ...,20)".

7. The spherical transform on the group SU(2,1)

The goal of this section is to derive an explicit expression for the spherical trans-
form of the function f € I..(G) for the group G = SU(2,1) in terms of matrix-
valued hypergeometric functions.

We recall from (16) that each spherical function ® of type m,, is associated
to the End(Vy)-valued function H = ®®_-!. In the following lemma we will
concern ourselves with the restriction of ® and F to the subgroup A.
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Lemma 7.1.  Let ag be the element of the group A in (14). Then P(ay)
and Fy(as), [ € 1..(G), diagonalize in the basis {v;}’_, of Vi given in (17).
Furthermore

®(as)v; = (cosh )" ™ hy(s)v;, i=0,... L. (21)

where the functions hi(s) are given by mean of the relations (18)

Proof. Let us recall that the centralizer of A in K is the subgroup M of all
elements of the form

e 0 0
myg = 0 6_2i9 0
0 0 e

for any 6 € R.

If fel..(G), weobserve that w(m™')F(a;)m(m) = Fr(m™ta;m) = Fy(a)
for all m € M (see Proposition 2.8). Therefore F(a;) commutes with m(m) for
all m € M. On the other side we have that mgv, = "3y, Lk =0,...,¢.
This says that Fy(as) diagonalizes in the basis {v;}¢_, for all ¢ € R.

On the other hand, by (16), we have H(g) = ®(g)®,(g)~*. Therefore

O (as)v; = H(as)Pr(as)v;, i=0,...,¢.

Thus the fact that H(a,) and ®, diagonalize in the basis {v;}{_, implies that ®
is diagonalizable. In fact, since H, =1/2(Z + H,), we obtain

1
7(Hy)v; = 57'?(2 + Hy)vi=n+Ll—1i)v;, 1=0,... ¢

Now the fact that exptH, = (exé) t (1)) implies that
®(as)v; = (cosh s)" 7 h,(s)u;, (22)
for all i =0,...,¢. This completes the proof of the lemma. [ |

From Remark 4.3 and (15), it follows that the spherical transform of f €
I.(G) is given by

f(®) = Fy(®) = /K /0 /K Fy(kyasks)®(kyasks)(sinh s)?(sinh 2s)dk, ds dky

_ /K (k) < /0 OOFf(as)q)(as)(sinhS)Q(Sinh2s)ds) (k) dk.

The last equality follows from the fact that Fy(kigks) = 7(ky ') Fy(g)m(k1), for all
ki,ks € K and g € G. We observe that the spherical transform of f is determined
by

/ Fy(as)®(a,)(sinh s)?(sinh 2s)ds. (23)
0
For any f € I.,(G) and ¢t > 0, we shall denote by Fy(¢) the diagonal matrix

whose ¢-th diagonal element is given by

Ff(CLS)UZ' = fz(t)vz, 1= 07 cee ,g, (24)
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where ¢t = 1/(1 — tanh?(s)). We denote by W(t), the diagonal matrix such that

W(t)y=t"2"(t—1).

Theorem 7.2.  The spherical transform of f € I..(G) is given by

(@) = Fp(o) = /K w (k) Ep () (k)

where Fp(HM) is given by

Fy (M) = / W)y (VY1 — ) Hy

1

Proof. Since ®(as) and Fj(as) diagonalize in the basis {v;}{_,, then (23)
diagonalize in the same basis. From (22) and (24) it follows that the i-th diagonal
entry of (23) can be written in the following way

/OOO fi(s)hi(s)(cosh s)" " sinh?(s) sinh(2s) ds.

Now we make the change of variables ¢ = cosh?(s) and we obtain

n+l—i

/Oofi(t)h,-(t)t S (t—1)dt, i=0,... L. (25)

This can be written in the matrix form

~

Fy(H) = /1 TR OW O H@L

The next step is to write this formula in terms of the matrix valued hypergeometric
function. For this we recall that for each spherical function ® of type J, there
is a C**1-valued function H = ®®_' which is an eigenfunction of the differential
operators D and E with eigenvalues A and p respectively. As we pointed out in
the previous section a matrix valued representation of H is given by

H(t) = y(1 —t),H,; (U%“; 1—1t) Hy,,

where H, , is the unique eigenvector of M (\) of eigenvalue p normalized by
Hy, = (1,z1,...,2¢)" and ¢ is the polynomial function that we used to hyperge-
ometrize the differential operator D. Then we have that

A

Fy(H) = /100 Frt)v(1 =)W (t)oHy (V551 —t) Hyudt.

Finally we obtain the following formula for the spherical transform for any f €
I.5(G) in terms Fy(H)

This completes the proof of the theorem. |
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Remark 7.3. Let ® be an irreducible spherical function of type 7 (and height
one) and let F' € C.(G, 7, 7). Then we have

(k) E(®) = /

i F(gk™")®(g)dg = / F(g9)®(gk)dg = F(®)r(k),

G

and therefore I € Endg(V;). Since 7 is an irreducible representation, F/(®) = ¢l
where [ is the identity transformation (Schur’s Lemma). Furthermore, ¢ is given

by

(= tr(F(®)).

Thus the spherical transform of f € I..(G) is given by

(@) = Fy(®) =~ w(Fy(H)I

dim 7

where I denotes the identity transformation of V.. Here we identify the vector
Fy(H) with the (/4 1) x ({+1) diagonal matrix whose i-th diagonal entry is the
i-th component of Fy(H).

Example: The case ¢ = 0 and the Jacobi transform. At this point, we
specialize the results of this section to the case ¢ = 0. Let a, 5, A € C and
0 < s < 00. The Jacobi function goi’ﬂ is given by ([10])

050 (s) = oy ( %(a+6+1+i2é(a+ﬂ+1—u) - sinh2(3)> '

In this case, the hypergeometric function oF (¢;%; 2), denotes the unique analytic

continuation for z ¢ [1,00) of the power series

= (a),,(b), 2™
Z()()

©. nl’ where |z| < 1.

n=0

Let f € C.(Rso) and Re(a) > —1; The Jacobi transform J%# is defined by
TP = [ F08 8 )i,
0

where A% (s) = (2sinh(s))?**1(2cosh(s))?**!.
For A € C let v € C be a solution of the quadratic equation A\ =

w. Then the function h(t) associated to a spherical function ® of

type m,0 which is an eigenfunction of the differential operator D of eigenvalue A

is given by
n+24v n+2—v

h(t)zgpl( 2 é 2 ,1—t>,
and the corresponding spherical transform is

A

Fo) =k = [ £ - ok (5 ) et
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If we make the change of variables t = cosh?®(s) and we set a = 1 and 3 = 5,
then A results the Jacobi function with parameters o and f, i.e.

n
1,5

h(s) = @3* (s).
The spherical transform results to be given by a multiple of the Jacobi transform

F(@) = S () iv).

8. Unitary spherical functions associated to H,(C)

In this section we are interested in identifying, among all irreducible spherical
functions ® : SU(2,1) — End(V), those which satisfy ®(g)* = ®(g~') for all
g € SU(2,1).

Let (V,7) be a finite dimensional irreducible representation of K, and let
¢ : SU(2,1) — End(V) be an irreducible spherical function of type m = m,.
Let us equip V with a K-invariant inner product (,), that is: (7(k)vy,ve) =
(v, (k™ Hwy) for all vy, v, €V, k€ K.

Lemma 8.1.  Let ® : SU(2,1) — End(V;) be a unitary irreducible spherical
function of type m with respect to the K -invariant inner product (,). Let {v;}; be
the basis of Vi introduced in (17). Then {v;}; is an orthogonal basis.

Proof.  The fact that 7(k)* = w(k™!) for all £ € K implies that 7(Y)* =
—7(Y) for all Y € €. Therefore

T(Ho)* = io(—iHy)* = ir(H))* = —ir(H,) = 7(Ha).

Since the vectors v; are eigenvectors corresponding to distinct eigenvalues of the
self adjoint linear transformation 7(H,), they are orthogonal respect to (,). =

Lemma 8.2.  Let H be the function associated to an irreducible spherical func-
tion ® : SU(2,1) — End(V,). Then ® is a unitary spherical function if and only
if H satisfies

H(t) = H(t), for allt € (1,00).

Proof. Let H : G — End(V;) be the function H(g) = ®(g)®,(g)"", asso-
ciated to ® (See (16)). Let us consider the polar decomposition G = KAK . If
g € K, then there exist ki, ks € K and a;, € A, s > 0, such that g = kjaks.
Then

gt =k ta kT = kytal byt = ky thsagksk

where k3 = diag(1,—1,—1). Now we have

O(g7") = @(ky kzasksky ') = m(ky ) (ks) H (as)m(Alas))m(ks)m (ki ),
®(g)" = m(ky )m(Alas))" H(as) m(k; ).
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Therefore, ®(g~') = ®(g)* if and only if
m(ks) H (as)m(A(as))m(ks) = m(A(as))" H(as)".
Using the basis {v;}; of V; in (17), we obtain that ®(¢g~') = ®(g)* if and only if
hi(s) = hi(s).

Now the lemma follows by making the changes of variables r = tanh(s) and
t=1/(1-r?%. [

Theorem 6.1 says that the function H associated to the spherical function
® is characterized by the eigenvalues A and p of H as an eigenfunction of the
differential operators D and F respectively. A matrix valued representation of H
is given by

H(t) =91 —t)oH, (Vi1 —t) Hyy,
where H, , is the unique p-eigenvector of the matrix M () normalized by H) , =

(1, 21,...,20)".

Theorem 8.3.  Let ® be an irreducible spherical function of type ™ = 7, and
let us assume that its associated function H is an eigenfunction of D and E with
eigenvalues A and p respectively. Then ® is unitary if and only if A € R.

Proof.  From Lemma 8.2 we have that ® is unitary if and only if H(t) = H(t)
for all ¢t € (1,00). Observe that

HP(t) = (1= t)olhy (VE 51— 1) Hyy = Y [CiUV + A

j=0

(1—t)
5!

Hy .

Therefore H(t) = H(t) if and only if [C;U;V + A]; = [C;U; V + A, for all j > 0.
It is clear that this condition holds if X € R. On the other hand, assume that
[C;U;V +A]; =[C;U;V + A forall j > 0. Since C, U and V' are real matrices
we have that

[C;U;V+ Ny =CT UV +0) =C UV +A) =[C;U; V + Ny,

if and only if A € R. This completes the proof of the Theorem. |

9. Positive definite spherical functions of SU(2,1)

The goal of this section is to describe those irreducible positive definite spheri-
cal functions of the complex hyperbolic plane which are associated with unitary
principal series representations of SU(2, 1) and with discrete series representations.

Proposition 9.1.  The infinitesimal character x,, of the principal series U™
15 given by

1
XT,U(A2> = _U2 + 4 — §T27

1
Xr,v(As) = —§T3 + 72 4+ ro® + 302 — 12
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Proof. To compute the infinitesimal character of a principal series representa-
tion it is convenient to write the differential operators Ay and Ajz in terms of the
root vectors given in (12)

Ay = —H2 = AT% 4 4Hy — 2X3X 4 — 2X;X 5 — X5 X s,
Ay = —3T° + T? + 4T + 3H; + TH{ — 4HoT — 12H,
- X&TX_d - XBTX*,g + X:YTX—’? + 3X&HOX_d (26)
—3X3HoX_5 — 3X5XaX_5 — 3X5X o X_;
+12X5X_5 + 6X,X_5.
If F:G— V,is C* and F(zman) = ¢~ P8 g(m~1)F(z) for all
re€ G, meM,aec Aandn e N, then [X,Fl(e) = 0 for all ¢ = &,5,7;

[HoF)(e) = —(v+2)F(e) and [TF](e) = —rF(e).
If A e D(G)Y, then [AF](z) = [A(U™"(z71))F](e). Hence

[AxF)(z) = [(—H§ — 5T% + 4Ho) (U™ (2 7)) F](e)

1 1
= (=0 44— §r2)(UT’“(x_1)F)(e) = (=0 44— §r2)F(a:)
Therefore x,,(As) = —v* +4 — %rz. In a similar way one computes x;,(Az). =

Let us observe that U™ and U™~ have the same infinitesimal character.
This is an instance of the invariance of the infinitesimal character of the principal
series representations by the restricted Weyl group action.

We will denote by ®" the spherical function ®Y"" of type (n, £) associated
to the representation U™".

By the Frobenius Reciprocity Theorem, the K-type (n,{) occurs in the
representation U™ if and only if r = ¢ —n — 37 for some j =0,...,¢.

Lemma 9.2. Let H™"%" be the C*'-valued function associated with the
irreducible spherical function ®""30® 1 Then

DHZ—n—3j,v — >‘j (U)Hf—n—fﬂj,v7 EHf—n—?)j,U — uj(,v)HZ—n—?)j,v’ (27)

where
1

Ai(v) = Z(n—|—€+2—j+v)(n+€—|—2—j—v)+j(€—j+1),

pi(v) = Aj(v)(n — £+ 35) = 3j({ — j+1)(n+j+1).
Proof. By Proposition 4.1 of [8], the spherical function ®*~"3/% satisfies

AQ(I)anij,'U — S\(I)anf?)j,v, AB(I)anf?)j,v — /](I)anf?)j,v,

if and only if the eigenvalues of H*~"~3¥ )\ and p, are given by

A=)\ — #(AQ’K)7 and on = ,lNJ,—f— 3\ — W(A&K)
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In order to compute A; gk, with ¢ = 2,3, it is enough to compute A; xvy, where
Ak is given in (19) and {v;}i_, is the basis of V5, introduced in 17. Then it is
easy to check that

4
(Ao i) = —5(62 +n? +nl + 3¢ + 3n),

and

8 8 4 4
T(As ) = 553 - §n3 + §€2n - §€n2 + 8% + 40n + 16( + 8n.
If we replace » by £ —n — 37 in Proposition 9.1 and we divide the expressions of
A and p by 4 (see [8, beginning of Section 10]), the lemma is proved. [

Positive definite spherical functions associated to unitary principal
series representations.

The representations U™" associated to the unitary principal series are deter-

mined by the choice v € i{R. Now Theorem 6.1 gives the following characterization

of the positive definite spherical functions arising from the unitary principal series

HE =300 () = (1 — t) oHy (Y ;V;%j(”) i1 —t) Hy, (o) (0)s ¥ € R, (28)

where H) (i) u;iv) 15 the unique pu;(v)-eigenvector of M(A;(iv)) normalized by
H/\j(w)#,‘j(w) = (1, L1y .. 7Ig)t for j = 0, c. ,g.

Positive definite spherical functions associated to discrete series repre-
sentations.

Given a representation (7, ) of G' on the Hilbert space ‘H we can assume,
without loss of generality, that m(K') acts by unitary operators. Therefore H as
a K-module decomposes in the following way

H = @ m(1)Vx,

TGIA(

where the multiplicity m(7) is a nonnegative integer or +oco.

We say that (m,H) is admissible if 7(K) acts by unitary operators and
m(7) is finite for all 7 € K. An admissible representation is a discrete series if it
is irreducible and all its matrix coefficients g — (7(g)v,w) (v,w € H) are square
integrable.

Discrete series can be parametrized by the weights n € (ih)* such that n
is non singular ((n,«) # 0 for every root «) and n + p is integral (n(H) € 2miZ
for all H € ih such that exp H = 1). The discrete series of parameter 7 has
infinitesimal character x,. Moreover, two discrete series are equivalent if and only
if their parameters are conjugate by an element of the Weyl group of K.

If n € (ih)* is a Harish-Chandra parameter then it satisfies n = 7€, +
N2€2 + n3€3 With ny + 12 + 13 =0 and 1,72 € Z.

Proposition 9.3.  Let us assume that 1 = mye1 +maea — (1 +12)€3 is a Harish-
Chandra parameter of a discrete series of SU(2,1). Then

X (D2) = —4(nF +m5 +mme — 1),
Xo(A3) = —12(p3ng +mn3 — 02 — mne — 03 + 1).
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Proof.  The infinitesimal character x,, is given by x,(z) = n(y(z)) for all z €
Z(g), where v is the Harish-Chandra isomorphism. Since y(A;) = —H2 — 7% +4
([8], Proposition 3.1), we have that

1
Xn(Q2) = n(—H; — gZZ +4) = —4(ni +n5 +mme — 1),
In an analogous way the second assertion is proved . ]

Let ®7, n = n1€1 + 1269 — (1 +12)€3, be the spherical function of type (n, ¢)
associated to the discrete series of parameter n. We saw that the H7 = (IDWCID(_nle)
is an eigenfunction of D and FE; the same argument of the proof of Lemma 9.2

can be used to identify the eigenvalues A and p which are given by

1
)‘n:_(nf+77§+7]1772—1)—§(€2+n2+n€+3€+3n)

2 2 1 1
[y = —30i12 — 3mms — §€3 + §n3 — §€2n + §€n2

— 30> — 20n — n% — 70 — 5n.

(29)

The formal degree d, of a discrete series of Harish-Chandra parameter n =
mer + neea — (m + n2)es ([18, Theorem 10.2.4.1 (Harish-Chandra))) is given by

dy = (27T1)3/2 [(m = m2) (1 + 2n2) (21 + m2) |- (30)

In Section 4 of [5], by using the Blattner formula, the authors determine all K-
types that occur in a discrete series for the group G = SU(n, 1). Then the Harish-
Chandra parameters 7 such that the corresponding discrete series representations
contain the K-type (n,f) are given by the following three subsets of (ih)* (See
Proposition 4.1 of [5])

'={ne@) mmeZnp<m<-n-mn<p<n+l<ng-—1},

P={ne(@h) mmeZ,n<—-n—m<nn<np<mpn+l}

P={ne@h) mmeZ,—mp—m<m<m,mnp+l<n<m<n+/}
Now Theorem 6.1 gives the following characterization of the positive definite

spherical function of type (n, /) arising from the discrete series representation of
Harish-Chandra parameter 7:

H'(t) = (1 —t)oHy (V1 =) Hy,pyy v €R, (31)

where H), , is the unique p,-eigenvector of M(XA,) normalized by H), ,, =
(L, z1,...,2¢)" for j=0,...,¢.

10. The inversion formula for the spherical transform on
G =SU(2,1)

In this section we shall compute explicitly the inversion formula for the spherical
transform in G = SU(2,1). If F € Co(G,T(nye), T(ne)) then F is completely
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determined by its restriction to the subgroup A. Therefore it is enough to compute
the inversion formula for all ¢ € A. Theorem 4.12 says that the spherical transform
of F' is inverted by

1 ~
Flay) = —— / POV (0N = —— | F@Y)0(a)"dU,  (32)
A 6 -+ 1 C;((;)

where dU is the Plancherel measure on G.

In [11, Theorem 3.1] R. Miatello gives very explicit expressions for the
Plancherel measure for rank one, linear simple groups. In particular we specialize
Theorem 3.1 (iii) of [11] to our case G = SU(2,1).

As in the previous section we identify o € M with r = l—n—3j5,7=0,...¢,
and v € ai with v € C. The representations U™ associated to the unitary
principal series are determined by the choice v € {R. Then for a fixed j =0,...7,
the Plancherel measure w;(iv), v € R, is given by

#v vz+w cothmv, if £ —n — 37 is odd,

w;(iv) = , (33)
’ Sv (v? + w tanh7v, if £ —n — 37 is even.

Notice that if F' € Co(G, T, T(ne)), by making the change of variables
t = cosh’s, F(t) = F(a,) is a diagonal matrix which we identify with a column
vector. Besides let V'(t) be the diagonal matrix such that V(¢), = A

Theorem 10.1.  If F € C.(G, Ty, W(nyg)) then the spherical transform of F' is
mverted by

1 — t ; i(2v
F(t) = Z/ (M) S (T )
X H)\j(w)#j(w) Wj<iU)dU

Y(1 =)V (1) )
+Wnezéwgdntr@(mm”2H (UG =)

X H)\mm].

In the previous formula, Hy,(iv)u;0) denotes the unique pi;(iv)-eigenvector of
M(X;(iv)) normalized by (1,0, ..., x¢) and Hyg) um) 15 the unique pi, -eigenvector
of M(\,) normalized in the same way.

Proof. As in Theorem 6.1, we shall denote ®** the irreducible spherical
function of type (n,¢) which is an eigenfunction of D and E with eigenvalues
A and g and HM its associated C*!-valued function.

For any F' € Co(G, (n0), T(nye)) We have that

1

P =3 +1

tr(F(HM),

see Remark 7.3.
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The contribution in the inversion formula (32) coming from the unitary
principal series representations is then given by

1
(+1)2

¢ 00
Z / tr<F(H>\j (1v),415 (iv)))qy\j (4v),1; (iv) (as)*wj (iv)dwv,
0

J=0

where \;(iv) and p;(iv) are given in Lemma 9.2.
Now by using (22) and (28) we get

@Aj(iv)w(iv)(as) - ¢(1 _ t)V(t) oH (U;VﬂLCAj(iv) 1 — t) HAj(w),M(w)-

Thus the contribution in the inversion formula (32) coming from the unitary
principal series representations is precisely the first summand appearing in the
statement of the theorem.

On the other hand if n € (ih)* is a Harish-Chandra parameter then the
contribution of ®*»#n in (32) is given by

dy

s )8 )

where d,, is the corresponding formal degree (30). Now, from (31) we obtain

CD’\"’“"(CLS) = V() H"(t) = (1 — )V (t) oH, (U;VCer\n i1 — t) H,\m#n.

This completes the proof of the theorem. [ |
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