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Preface

The Plancherel Theorem on Reductive Symmetric Spaces is the third volume in a
three-volume series of Lie Theory aimed at presenting the central role played by
semisimple Lie groups in much of currently active mathematics. These groups, and
their algebraic analogues over fields other than the reals, are of fundamental impor-
tance in geometry and mathematical physics.

In this volume by Erik van den Ban, Henrik Schlichtkrull, and Patrick Delorme,
an extensive survey is given of the spectacular progress during the last 8—10 years
on the problem of deriving the Plancherel theorem on reductive symmetric spaces.
This is the analogue and far-reaching generalization of the theory of Fourier series
and the Fourier transform, obtained independently by Delorme, and van den Ban—
Schlichtkrull. As a culmination of the work by Harish-Chandra, Helgason, Arthur,
Wallach, Oshima, Flensted-Jensen, and many others, this general Plancherel formula
establishes a new level of understanding of harmonic analysis on symmetric spaces,
and it brings many new possibilities for further research in analysis on such mani-
folds. From the point of view of physics, these spaces include the so-called De Sitter
universes.

E.vanden Ban The Plancherel theorem for a reductive symmetric space, explains
the basic setup of a reductive symmetric space giving several examples; both con-
crete (and well-known) Plancherel theorems as well as the general form of Plancherel
theorems are presented. A careful study of the structure theory is given, in particular
for the ring of invariant differential operators and for the relevant class of parabolic
subgroups. The Plancherel theorem in a sense provides a joint diagonalization of the
invariant differential operators. A number of rather advanced topics are also covered,
because they are necessary even for the formulation and understanding of the final re-
sult, such as Eisenstein integrals, regularity theorems, and Maass—Selberg relations.
A key step in the proof is the study of the most continuous part of the spectrum, in
a sense the opposite of the discrete spectrum. Combined with a residue calculus for
root systems, interesting in its own right, this completes the discussion of the proof.

H. Schlichtkrull The Paley—Wiener theorem for a reductive symmetric space may
be read independently of the other chapters in this volume, and provides a well-



viii Preface

written account of the basic ingredients in the harmonic analysis on a symmetric
space. The aim is to explain the Paley—Wiener theorem, which is intricately con-
nected to the Plancherel theorem. There is emphasis on assembling the prerequisites,
and on giving illuminating examples. An especially nice survey is devoted to the case
of a Riemannian symmetric space, with an eye towards the complications that arise
in the case of non-Riemannian symmetric spaces. The Paley—Wiener space is de-
fined, and the generalization of all previously known Paley—Wiener theorems (group
case, Riemannian symmetric space) is formulated, with a sketch of the proof.

P.Delorme The Plancherel formula on reductive symmetric spaces from the point
of view of the Schwartz space represents a different approach to the Plancherel the-
orem, although the basic aim is the same as that of van den Ban—Schlichtkrull: To
decompose the left regular representation on the Hilbert space of square-integrable
functions, to decompose the Dirac delta distribution at the origin into invariant distri-
bution vectors, and then give a simultaneous spectral decomposition of the invariant
differential operators. Building on many advanced ideas in deep and recent results in
harmonic analysis, Delorme bases his dicussion and proof on asymptotic expansions
of eigenfunctions, and the theory of intertwining integrals. As an important technical
concept, truncation is introduced, along similar lines that Arthur used in the group
case.

This volume is well suited to graduate students in semisimple Lie theory and
neighboring fields, and also for researchers who wish to learn about some current
core areas and applications of semisimple Lie theory. Prerequisites are some famil-
iarity with basic notions in semisimple Lie group theory, such as, for example, root
systems and the Iwasawa decomposition. Also useful will be some knowledge of
parabolic subgroups, see for example the relevevant chapters in Helgason’s book:
Differential geometry, Lie groups, and Symmetric Spaces, or Knapp’s books: Rep-
resentation Theory of Semisimple Groups. An overview based on examples, and Lie
Groups Beyond an Introduction.

Bent Orsted
Jean-Philippe Anker
August 2004



The Plancherel Theorem
for a Reductive Symmetric Space

Erik P. van den Ban

Mathematisch Instituut, Universiteit Utrecht, PO Box 80 010, 3508 TA Utrecht,
The Netherlands; email: ban @math.uu.nl

1 Introduction

This chapter is based on a series of lectures given at the European School of Group
Theory in August 2000, Odense, Denmark. The purpose of the lectures was to ex-
plain the structure of the Plancherel decomposition for a reductive symmetric space,
as well as many of the main ideas involved in the proof found in joint work with
Henrik Schlichtkrull.!

Reductive Symmetric Spaces The purpose of this exposition is to explain the
structure of the Plancherel decomposition for a reductive symmetric space.

Throughout the text we will assume that G is a reductive Lie group, i.e., a Lie
group whose Lie algebra g is a real reductive Lie algebra. We adopt the convention
to denote Lie groups by Roman capitals and their Lie algebras by the corresponding
German lower case letters. At a later stage we shall impose the restrictive condition
that G belongs to Harish-Chandra’s class of reductive groups. This class contains
all connected semisimple groups with finite center, and was introduced by Harish-
Chandra [56], Sect. 3, in order to accommodate a certain type of inductive argument
that pervades his papers [56]-[58]. We briefly recall the definition and main proper-
ties of this class in an appendix.

We assume o to be an involution of G, i.e., 0 € Aut(G) and ol =1. Moreover,
H is an open subgroup of the group G° of fixed points for o. Equivalently, H is a
subgroup with the property

(G, CHCG".

The pair (G, H) is called a reductive symmetric pair, and the associated homoge-
neous space X := G/H a reductive symmetric space. If G is of the Harish-Chandra
class, then both pair and space are said to be of this class as well.

U1t is my great pleasure to thank Jean-Philippe Anker and Bent @rsted for inviting me to
give these lectures. I thank the Mathematics Department of the University of Copenhagen
for providing assistance with typing the first version of this exposition.
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The reason for the terminology symmetric space is the following. Let the deriva-
tive of o at the identity element ¢ be denoted by the same symbol. Then ¢ is an
involution of the Lie algebra g, which therefore decomposes as the direct sum

g=hodg (1.1)

where 0, q are the +1 and —1 eigenspaces for 0. We note that ) equals the Lie
algebra of H and that the decomposition (1.1) is invariant under the adjoint action
by H. It can be shown that there exists a nondegenerate indefinite inner product S,
on ¢, which is H-invariant. Indeed, if g is semisimple, then the restriction of the
Killing form has this property; in general one may take S, to be a suitable extension
to q of the Killing form’s restriction to [g, g] N q. From T,z (G/H) ~ g/b ~ q and
the H-invariance of f, it follows that §, induces a G-invariant pseudo-Riemannian
metric on G/H by the formula

Bern == (L;)B.  (g€G).

The natural mapo : G/H — G/H, gH +— o(g)H can be shown to be the geodesic
reflection in the origin e H for the metric 8. By homogeneity it follows that the (lo-
cally defined) geodesic reflection S, at any point x € X extends to a global isometry.
A space with this property is called symmetric. For a more general definition of
symmetric space we refer the reader to [82], p. 98.

The following are motivating and guiding examples of symmetric spaces.

Example 1.1 (The Riemannian case) Assume that G is a maximal compact sub-
group of G and let H = G . The Killing form’s restriction to [g, g] N q extends to an
H-invariant positive definite inner product on ¢, so that X = G/H is a Riemannian
symmetric space. In this case the involution o is called a Cartan involution and it is
customary to write H = K and o = 6. By the work of E. Cartan, it is well known
that every Riemannian symmetric space of noncompact type arises in this fashion,
see [63] for details.

Example 1.2 (The case of the group) Let ‘G be a reductive group; then G = ‘G x'G
is reductive as well. The group G acts transitively on ‘G by the left times right action
given by (g1, g2)-x = glxgz_l. The stabilizer of ‘e in G equals the diagonal subgroup
H = diagonal ‘G x ‘G) of G. Hence, the map (g1, g2) g1g2_1 induces an
isomorphism of G-spaces

G/H ~'G.

Moreover, H = G?, where o is the involution of G defined by (g1, g2) — (g2, g1)-

Example 1.3 (The real hyperbolic spaces) Let p,g > 1 be integers, and put n =
p + q. We agree to write x = (x’, x”) according to R" ~ R” x RY. Let (-, -) denote
the standard inner products on R” and R? and define the indefinite inner product S
on R” by
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R” (p = 1)

Figure 1. X, , for p = 1

,B(-xs )’) = (X/, y/) - ()C//, y//)'

The real hyperbolic space X, , is defined to be the submanifold of R"” consisting of
points x with 8(x, x) = 1, or, written out in coordinates,

x12+~-—|—x12,—x12,+] —-~~—x3=1.

Moreover, if p = 1, we impose the additional condition x; > 0 to ensure that X, , is
connected. In this case we may visualize X, ; as in Figure 1. In case p > 1, we may
visualize the space X, , as in Figure 2. The stabilizer of 8 in SL (n, R) is denoted
by SO (p, g). Its identity component SO, (p, g) acts transitively on X, ,. Moreover,
the stabilizer of e; = (1,0, ..., 0) equals SO.(p — 1, g), so that

Xp,q = SOe(P, Q)/Soe(p - 11 Q) .

We define a pseudo-Riemannian structure 8 on X p.q bY

B =8

TXpy
Clearly, B is SO, ( P, q)-invariant. Moreover, from
T Xpq = RPT1 x RY

we read that B has signature (p — 1, g). Thus, if p = 1, then Xp,q is Riemannian;
if p > 1, then X, ; is pseudo-Riemannian, and one can show that X, , lies outside
the range of Examples 1.1 and 1.2 incase p = g = 2.

We leave it to the reader to check that the geodesics on X, , are the intersections
of X, , with two-dimensional linear subspaces of R". This is readily seen for the
geodesics through the origin eg; the other geodesics are obtained under the action of
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]RP
(p > 1)

Figure 2. X, , for p > 1

SO.(p, q). The geodesic reflection in the origin e; is given by the restriction to X, ,
ofthemap S : x — (x1, —x2,..., —Xn).

Finally, we mention that the hyperbolic spaces can also be defined over the fields
of complex and quaternion numbers, in which case they correspond to the symmetric
pairs (SU (p, ). S (U (1) x U(p — 1,4)) and (Sp(p. ), Sp (1) x Sp(p — 1, ¢)),
respectively.

The Plancherel Decomposition Being reductive, the groups G and H are unimod-
ular. Therefore, the symmetric space X = G/ H carries a G-invariant measure, which
we denote by dx. The associated space of square integrable functions on X is denoted
by LZ(X) = LZ(X, dx). This space is invariant under left translation, by invariance
of the measure. Accordingly we define the so-called left regular representation L of
G in L2(X) by

Lof(x) = f(g~ '), (1.2)

for f € L>(X), x € X, g € G. This representation is unitary, again by invariance of
the measure dx.

The Plancherel theorem for X describes the decomposition of (L, L%(X)) as a
direct integral of unitary representations

(&)
(L, L*(X)) :/a My du(r). (1.3)

Here G denotes the set of equivalence classes of irreducible unitary representations
of G, equipped with a certain topology. Moreover, du is a Borel measure on G,
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called the Plancherel measure. Finally, w + m is a measurable function on G with
values in NU {oo}, describing the multiplicities by which the representations 7 enter
the decomposition. In the next section we will describe the meaning of the above
formula in more detail. It amounts to a far reaching generalization of the Plancherel
theorems for both Fourier series and Fourier transform in Euclidean space.

From Examples 3.1 and 3.2 one sees that the Plancherel theorem for reductive
symmetric spaces includes both the Plancherel theorem for Riemannian symmet-
ric spaces and the Plancherel theorem for real reductive groups. In the Riemannian
case the Plancherel theorem was established by Harish-Chandra [50], [51] up to two
conjectures, the first one concerning a property of the Plancherel measure and the
second involving a certain completeness result (injectivity of the associated Fourier
transform). The first of these conjectures was established by S. G. Gindikin and S.
Karpelevic¢ [48], who in fact explicitly determined the Plancherel measure. The com-
pleteness result was established by Harish-Chandra as a byproduct of the theory of
the discrete series, [53]. Later, the completeness was obtained differently in connec-
tion with the Paley—Wiener theorem, [60] and [47].

In the case of the group, see Example 1.2, the Plancherel theorem was established
by Harish-Chandra, in a monumental series of papers, including those on the discrete
series, [53] and [54], and culminating in [56]-[58].

For the hyperbolic spaces, see Example 1.3, the Plancherel formula was obtained
by several authors, of whom we mention V. Molchanov [72], W. Rossmann [81] and
J. Faraut [43]. In other special cases the Plancherel formula was obtained by G. van
Dijk and M. Poel [79] and by N. Bopp and P. Harinck [27]. For the general class of
symmetric spaces of type G¢ /G the Plancherel theorem was established by Harinck
[49].

The theory of harmonic analysis on general symmetric spaces, in terms of their
general structure theory, gained momentum in the beginning of the 1980°s with the
appearance of the wonderful papers [78], by T. Oshima and J. Sekiguchi on the con-
tinuous spectrum for a general class of symmetric spaces, and [45], by M. Flensted-
Jensen on the discrete series for symmetric spaces. The ideas of the latter paper
inspired the fundamental paper [77] by T. Oshima and T. Matsuki on the classifi-
cation of the discrete series. At that point it became clear that the determination of
the full Plancherel decomposition was a reasonable goal to strive for. Such a result
was announced by Oshima in the 1980’s, see [75], p. 608, but the details have not
appeared.

Starting from the papers [5] and [6] on the so-called minimal principal series,
E.P. van den Ban and H. Schlichtkrull determined the most-continuous part of the
Plancherel decomposition in the early 1990’s, see [16]. A survey of this work can be
found in [82]. In the meantime, P. Delorme, partly in collaboration with J. Carmona,
developed the theory of the generalized principal series, see [34], [38], [35], [39]. In
all papers mentioned in this paragraph the influence of Harish-Chandra’s work in the
case of the group is very strong.

In the fall of 1995, during the special year at the Mittag-Leffler Institute near
Stockholm, Sweden, Delorme on the one hand and van den Ban and Schlichtkrull on
the other, independently announced a proof for the general Plancherel theorem. At
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the same time van den Ban and Schlichtkrull announced a proof of the Paley—Wiener
theorem as well. It should be mentioned that in their original proof of the Plancherel
theorem they needed Delorme’s results from [39] and [38] on the so-called Maass—
Selberg relations. In the meantime they have found an independent proof of these
relations.

The two now existing proofs of the Plancherel theorem are very different. De-
lorme’s proof, which has appeared in [40], builds on the above mentioned theory of
the representations of the generalized principal series, in turn based on the theory
of the discrete series, and on a detailed study of the associated Eisenstein integrals.
In Delorme’s work, the Maass—Selberg relations are obtained through a technique
called truncation of inner products, see [39], which in turn is inspired by work of J.
Arthur [2]. The completeness part of the proof relies on an idea of J. Bernstein [25].
We refer the reader to Delorme’s exposition, elsewhere in this volume, for more in-
formation on his strategy of proof.

The proofs of the Plancherel and Paley—Wiener theorem by van den Ban and
Schlichtkrull are based on a Fourier inversion theorem, published in [17]. The proofs
have now appeared in [21], [22] and [23]. In the present exposition the strategy of
their proof of the Plancherel theorem will be explained. Elsewhere in this volume,
Schlichtkrull discusses the Paley—Wiener theorem.

For other surveys of the general theory we refer the reader to the papers [11],
[19], [9] and [41].

Outline of the Exposition In the next section we will first give a description of the
general idea of what a Plancherel decomposition amounts to. In particular we shall
indicate the interaction with invariant differential operators that plays such an im-
portant role in the theory. These ideas will be illustrated with the classical examples
of Fourier series, the Peter—Weyl theorem for compact groups and the Plancherel
decomposition for compact symmetric spaces.

We then proceed, in Section 3, to discussing the structure theory for reductive
symmetric spaces in terms of the structure theory of reductive algebras. In Section 4
we discuss the structure of the algebra of invariant operators and its interaction with
the discrete series of reductive symmetric spaces. The necessary preparations for the
description of the Plancherel decompositions are continued with the description in
Section 6 of the structure of the so-called o -parabolic subgroups of G. These are of
importance for the definition of the generalized principal series of representations in
Section 7. Finally, in Sections 8 and 9, the preparations are finished with the descrip-
tion of the H-fixed generalized vectors of the principal series and the action of the
algebra of invariant differential operators on them.

In Section 10 we give the precise formulation of the Plancherel theorem in the
sense of representation theory, both in unnormalized and normalized form. In the
subsequent Section 11 we show that reduction to K-finite functions leads to the
equivalent Plancherel theorem for spherical Schwartz functions. In particular we
motivate and give the definition of Eisenstein integrals. In Section 12 the most con-
tinuous part of the Plancherel decomposition is characterized by the help of certain
differential operators. At that point the exposition will have covered the description
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of the Plancherel decomposition in an order that is transparent from the point of view
of exposition. In contrast, the logical order of the proof is very different.

In the final three sections we give a sketch of the main arguments in the proof.
First, in Section 13, we sketch the proof of the most continuous part of the Plancherel
decomposition, based on a Paley—Wiener shift argument. In this shift, certain resid-
ual contributions are cancelled out by the action of invariant differential operators.
However, it turns out that the residues can be controlled by means of a residue cal-
culus for root systems that we briefly explain in the next section. This leads to a
full Fourier inversion theorem. In the final section we explain how the Plancherel
theorem can be deduced from this Fourier inversion theorem. At the very end, the
associated Fourier transforms that enter the analysis through the residue calculus are
related to representation theory.

2 Direct Integral Decomposition

Introduction In this section we will discuss direct integral decompositions of the
type mentioned in (1.3). We will avoid the machinery of the general representation
theory of locally compact groups or C*-algebras in which this notion is defined in a
precise way, see, e.g., [42] and [89]. To avoid these technicalities we have opted for
a somewhat naive presentation. Its sole purpose is to provide motivation for the con-
structions, definitions and results that will be presented later in the particular setting
of reductive symmetric spaces. Let us first consider some motivating examples.

Fourier Series From the representation theoretic point of view the theory of
Fourier series may be described as follows. Let G = R/2xZ, H = {0}; then
X = G/H ~ R/2n7Z. Let dx/2m denote translation invariant measure on X, nor-
malized by fX g—;‘ = 1. There is a natural unitary representation L of G on L*(X)
givenby Lg f(x) = f(—g + x).

For n € 7Z, let L*>(X), denote the one-dimensional complex linear space spanned
by the exponential function x > ¢/"*. Then

L*(X) = @pez L* X0,

the sum being orthogonal and G-invariant. The projection operator onto L%*(X), is
given by f — f(n)e'" , wherein f + f, the Fourier transform, is given by

A , 27 . dx
n) = {f,e" = x)e " — .

fn) (f. )Ll(x) 0 S ) 7
Here and in the following, complex positive definite inner products will be denoted
by (-, -), and will be assumed to be antilinear in the second variable.

The Fourier transform maps L?(X) into the space C% of functions Z — C and

intertwines the G-action on the first of these spaces with the G-action on the second
given by x - (¢y)nez = (7" cp)nez.- The Plancherel theorem asserts that the Fourier
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transform is an isometry from L?(X) onto £2(Z), whence the Parseval identities.
Equivalently, the Fourier transform is inverted by its adjoint .7, which is given by

(Cnnez = Z cne'.

ne’

The Peter—Weyl Theorem This theorem generalizes the theory of Fourier series
to the case of a compact group G. We fix a choice of bi-invariant Haar measure dx
on G by requiring it to be normalized, i.e., |, i dx = 1. The left regular representa-
tion L and the right regular representation R of G in the associated space of square
integrable representations are defined by

Lof(x)=f(g'x) and Rgf(x) = f(xg), @2.1)

for f € L>(G), g € G andx € G. These representations are unitary, by bi-invariance
of the measure. Accordingly, the exterior tensor product L ® R defines a unitary
representation of G x G in L%(G).

Let G be the set of (equivalence classes of) irreducible unitary representations of
G. According to the Peter—Weyl theorem the following is a G x G-invariant orthog-
onal direct sum decomposition,

L*(G) = ®5.¢ L*(G)s, 2.2)

where each space L?(G)s can be described as follows. Let V; be a finite-dimensional
Hilbert space in which § is unitarily realized. Then L?(G); is the image of the map
M; : End(Vs) — C°°(G) given by

M;(T)(x) =tr (5(x)"' o T) (T € End(Vs),x € G).

The map M; intertwines the representation § ® §* of G x G in End(Vs) >~ V5 ® Va*
with the representation L ® R of G x G in L>(G). The latter is unitary because dx is
bi-G-invariant. We equip End(Vs) with the Hilbert—Schmid (or tensor) inner product
(-, - )us and denote the associated norm by || - ||ns. Then by the Schur orthogonality
relations, the map +/dim § M; is an isometry, for every § € G.

A straightforward calculation shows that the adjoint of Mg : End(Vs) — L%(G)
is given by the map LZ(G) — End(Vj), f — 8(f), where, as usual,

3(f) ::/Gf(x)é(x)dx. 2.3)
It follows that for every § € G the map f — +/dim§ §(f) is an isometry L*(G)s —
End(Vjs). Accordingly, if f € L%(G), then
11726y = D dim@) 18 liss.

seG

We equip the algebraic direct sum of the spaces End(Vj), for § € G, with the direct
sum of the inner products dim(8)( -, - )gs. The completion of this pre-Hilbert space
is denoted by
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9 1= ®gcg End(Vy). 24)

The direct sum 7 of the representations § ® §* is a unitary representation of G x G
in $).

For f € L?(G) we define the Fourier transform f € 9 by f((S) = 4(f) €
End(V;), for every § € G. Then the Peter—Weyl theorem implies that the Fourier
transform f +— f defines an isometry L>(G) =~ §), intertwining the unitary repre-
sentations L ® R and w of G x G. This result is called the Plancherel theorem for
the group G. The associated decomposition

LR~ g §®5* 2.5)

as a representation of G x G is called the Plancherel decomposition. Its constituents
3 ®4§* are mutually inequivalent irreducible representations of G x G. For this reason,
the decomposition (2.5) is said to be multiplicity free with respect to the action of
G x G. We thus see that it is very natural to view the group G as equipped with the
left times right action of G x G. This amounts to viewing the group as a symmetric
space for G x G, as explained in Example 1.2.

By the Plancherel theorem, the inverse J of the Fourier transform equals its
transpose, hence is given by the formula

J(T) =) dimd Ms(T).

5eG

forT =(T5 |6 € 6) € $. In particular, the orthogonal projection Ps : L>(G) —
L*(G); is given by

Ps(f) = dim 8 M5 (£ (8)). (2.6)

We end this discussion with a slightly different description of the map Ms. If
V is a complex linear space, then by V we denote its conjugate. Thus, as a real
linear space V equals V, but the complex multiplication is given by (z, v) + Zv,
CxV V.

A sesquilinear inner product (-, -)y on V may now be viewed as a complex
bilinear map V x V — C.If V is a Hilbert space for (-, -), then the map n
(-, n)y induces an isomorphism from V onto the dual Hilbert space V*, via which
we shall identify these spaces. Note that the dual inner product on V* corresponds
with the inner product on V given by (v, w)y = (w, v)y forv, w € V.

The map Ms may now also be described as the matrix coefficient map Vs@ Vs —
C*(G) given by

Ms(v ® n)(x) = (v, §(x)n)v; , 2.7

forve Vs,ne Vsandx € G.
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Compact Homogeneous Spaces Let G be a compact Lie group and H a closed
subgroup. Put X = G/H and let dx be normalized invariant measure of X. Then
we may identify L?(X) with the subspace L?(G)" of right- H-invariant functions in
L%(G). Accordingly, the left regular representation Lx of G in L2(X) coincides with
the restriction of L. .

Let the matrix coefficient map My : Vs ® V5 — C°°(G) be defined as in (2.7),
and put

Mx s := MS'W@V?'
Then by right equivariance of Mj it follows that Mx s maps Vs ®V§I bijectively onto
L*(X)s := L>(G)s N L2(G)" .

Moreover, the map Mx s intertwines the G-representations § ® 1 and L. The adjoint
of the map My s is readily seen to be given by

f fx®) = f®)lyn e VsoVy

Let G # denote the set of § € G with the property that V5 has nontrivial H-invariant
elements. Then it follows from the invariance of the decomposition (2.2) that

L*(X) = B3, L*X)s. (2.8)

Moreover, the orthogonal projection Ps from L*(X) onto L>(X)s is now given by
the formula )
Ps(f) = dimd Mx s(fx(9)).

Next, let $), 7 be defined as in (2.4) and let $)x be the closed subspace of ) consist-
ing of elements that are (e, h)-invariant for all # € H. Then

~ —H
Hx =5 Vs® Vs -

Let rx be the representation of G in )x given by x(g) = 7 (g, e), for g € G. Thus,
mx is the orthogonal direct sum of the representations § ® 1, for § € G. The above
reasoning leads to the following Plancherel theorem for the compact homogeneous
space X.

The Fourier transform f f x defines an isometry from LZ(X) onto $Hx, which
intertwines the representations Lx and wx of G. Thus, we have the unitary equiva-
lence

Lx >~ @5, ms 6. 2.9

where ms = dim(Vg{). Moreover, the inverse transform 7x is the adjoint of f fx
and given by
Ix(T) =Y dims Mx s(T5)
§ 66 H
for T € $Hx.
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Compact Symmetric Spaces We retain the notation of the previous subsection,
and assume in addition that G is a compact connected semisimple Lie group and
that the subgroup H is the group G of fixed points for an involution o of G. Then
the associated homogeneous space X = G/H is a compact symmetric space. In this
case it is known that

dimV} =1 (2.10)

fors € G . Thus, it follows from (2.9) that (Lx, L%(X)) admits the multiplicity free
decomposition

Lx ~ @55, 8- @2.11)

If G =S0O (@), H=SO(n — 1), then X = S" and the decomposition corresponds
to the one known from the theory of spherical harmonics.

The Compact Group as a Symmetric Space We now assume that ‘G is a compact
Lie group. Then by the Peter—Weyl theorem for the group ‘G we have the Plancherel
decomposition (2.5) which now becomes the following decomposition of the exterior
tensor product representation L ® R of ‘G x ‘G in L*(\G),

L®R>®s.5 8 ® 5" (2.12)

As said earlier, this shows that it is very natural to view ‘G as a homogeneous space
for G := ‘G x ‘G via the left times right action. As in Example 1.2 this viewpoint
leads to the natural identification of the G-space ‘G with the symmetric G-space
X := G/H, where H is the diagonal subgroup of ‘G x ‘G. The identification natu-
rally induces an isometry L>(‘\G) ~ L?(X), via which L ® R corresponds with the
left regular representation Lx of G in L?(X). Thus, (2.12) amounts to the Plancherel
decomposition for the space X.

On the other hand, since X is a compact symmetric space for G, the Plancherel
decomposition (2.11) can be obtained as a consequence of the Peter—Weyl theorem
for G. We will proceed to identify it with the decomposition (2.12). The irreducible
representations of G are the representations of the form § ® p, with § and p irre-
ducible representations of ‘G. Let Vs and V), be (finite dimensional) Hilbert spaces
in which § and p are realized, respectively. Then

(Vs ® V) = Homg (V,5, Vi),
naturally. It follows that the map § — § ® §* induces a bijection
\G ~Gp.
Moreover, if § € ‘6, then (Vs ® V;‘)H ~ CI, by Schur’s lemma, which is in agree-

ment with the more general assertion (2.10). The decomposition (2.11) is thus seen
to coincide with (2.12).
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Harmonic Analysis on Noncompact Spaces If the reductive symmetric space
X = G/H is compact, then the Plancherel decomposition corresponds to the decom-
position of L2(X) into invariant subspaces, which are finite multiples of irreducible
representations, see (2.8).

In contrast, this cannot be expected when X is noncompact. This is already ap-
parent from the classical example G = R”, H = {0}, X = R”". The irreducible
unitary representations of G are all 1-dimensional and given by 7z : G x C — C,
(x,2) > e @z with & € iR™ = i (R")*.

Fix a choice of Lebesgue measure dx on R”. Then there is a Fourier transform
f— f given by

f@© =[ f(x)eE® dx
]Rn

for functions f in C*°(R") with sufficiently rapid decay at infinity. Let L be the
natural unitary representation of G on LZ(R") given by L, f (x) = f(—a+x). Then
the Fourier transform has the intertwining property

(La ) &) =me(@ f(E)  (E €iR™ aeR").

The Plancherel theorem asserts that there exists a (unique) normalization d§ of
Lebesgue measure on i (R")* ~ G such that f= f extends to an isometry

L*(R", dx) ~ L?>(iR™, d§) .

In particular, the inverse of the Fourier transform is given by its adjoint J. In view
of the fact that the Fourier transform is a continuous linear map from the Schwartz
space S(R") to the Schwartz space S(iR"*) it readily follows that

Tpx) = / p(&) W d (2.13)
i(Rm)*

for ¢ € SER™)*). The identity J o § = I combined with (2.13) leads to the
inversion formula

Fo) = / FEEDdE, (xeRY,
i (R

for f € S(R"). It exhibits each Schwartz function f as a superposition of the func-
tions fr : x — f (£)éf, for & € iR™. However, none of the components fe is
contained in L?(R"). For each £, let ‘He be the one-dimensional linear span of the
function e in C*°(R"). Then He is an invariant subspace for the left regular repre-
sentation of G in C*°(R"). The restriction of the left regular representation to Hg
is equivalent to mg. Thus, the Plancherel decomposition for the Euclidean Fourier
transform yields a decomposition of L into irreducible unitary representations that
may be realized on invariant subspaces Hg of C RN,

For a general reductive symmetric space X = G/H of the noncompact type there
exist analogues of the components fz € Hg mentioned above, with & ranging over
the irreducible unitary representations of G. However, due to the fact that these repre-
sentations generally are infinite dimensional, we shall only require that the so-called
subspaces of smooth vectors of H are realized as invariant subspaces of C*°(X).
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The Abstract Plancherel Theorem LetX = G/H be areductive symmetric space
of the Harish-Chandra class and let dx be a choice of invariant measure on X :=
G/H. In this subsection we shall give a naive description of the ‘abstract’ Plancherel
theorem.

We begin by observing that in the Riemannian case, with H = K a maximal
compact subgroup, the Plancherel decomposition for G/K can be derived from the
similar decomposition for G, since L>(G/K) may be identified with the space of
right K -invariant functions in L?(G). Accordingly, the irreducible unitary represen-
tations entering the decomposition of L>(G/K) must possess a K -fixed vector. Thus,
in this case the situation is similar to that of the compact symmetric spaces.

In the general situation, where H is noncompact, such a simple relation between
the Plancherel decompositions for G and G/H does not exist. Nevertheless, H-fixed
vectors do play an important role. They do not exist as vectors in Hilbert space, but
rather as distribution, or generalized vectors.

Let 7 be a continuous representation of G in a Hilbert space H. A vector v € 'H
is called smooth if the map G — H, x — 7 (x)v is C*. The space of smooth vectors
is denoted by H. It is a natural representation space for G and g, hence for U (g),
the universal enveloping algebra of gc. The space H™ is equipped with a Fréchet
topology by means of the seminorms

I-llg:ve Uvlly, (U eUg).

The continuous linear dual of the conjugate Fréchet space H is denoted by
H~°°. This space, called the space of generalized vectors of 'H, is equipped with the
strong dual topology. It naturally carries the structure of a G- and a g-module. Let
(-, -) denote the inner product of H. Then via the map v — (v, - )|y~ We obtain a
continuous linear embedding

H—H >,

via which we shall identify elements. If 7 is unitary, this embedding is equivariant.
Finally, for v € H* and § € H~°° we agree to write

(§,v):=&@) and (v,§) = (£ v).

Then (-, ) : H™® x H*® — C is a continuous sesquilinear pairing which is anti-
linear in the second variable.

Let (7, H) be a unitary representation of G. We denote by (H ) the space
of H-fixed generalized vectors for 7. Given such a vector n we define the map m,, :
H>® — C*(G/H) by

my (v)(x) = (v, T(xX)n),

for v € H* and x € G/H. The map m, belongs to the space Homg (H*°, C*° (X))
of G-equivariant continuous linear maps H>* — C*(X). If x is irreducible and
n # 0, then m,, is an embedding.

Lemma 2.1 Let (r, H) be an irreducible unitary representation of G. Then the map
n + m,, defines a linear isomorphism
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(H=°)" = Homg(H>®, C®(X)).

Proof. If T € Homg(H™, C* (X)), we define ny € H~° by nr(v) = (Tv)(e).
Then by equivariance of 7 it follows that, for h € H,

(@ (h)nT)(v) = nr (T (h) ') = T(w(h)~w)(e) = (Tv)(hH) = nr(v).

Hence, nr is H-invariant and we see that 7 + nr is a linear map from the space
Homg (V>®, C*®(X)) to (H~°°)". We will show that this map is a two-sided inverse
for the map n — m,,. If T = m,, one readily verifies that n = n7. Conversely, let
n = nr. Then by equivariance of T we find, for v € H* and g € G, that

m, (v)(gH) = (v, 7()n) = (7(g) v, n) = T(w(g) 'v)(e) = T(v)(gH),
whence m, =T. [l

Let G denote the set of equivalence classes of irreducible unitary representations
of G. For each m € G we assume H to be a Hilbert space in which r is unitarily
realized.

Lemma 2.2 Let v € G. Then dimg (H;®)H < oo,

Proof. See [3], Lemma 3.3. The idea is to select a nontrivial vector v € Hj that
behaves finitely under the action of a suitable maximal compact subgroup. The map
n +— my,(v) maps the conjugate space of (H; o)H injectively and linearly into a
space of functions on X that satisfy a certain system of differential equations. The
solution space of the system is seen to be finite dimensional by a method that goes
back to Harish-Chandra. g

In view of the two preceding lemmas, it is reasonable to define, for 7 € 6, a
space of smooth functions on X by

COX)r 1= Mz (HY ® (Hz™)"), (2.14)
where M, is the matrix coefficient map determined by
Mz (v ® n)(x) :=my,(v)(x) = (v, T(x)n).

The space C*°(X) is called the space of smooth functions of type 7. It is the ap-
propriate generalization of the space L*(X)s in (2.8).

We can now describe our goal of obtaining a Plancherel decomposition for G/ H.
Let

~ ~ H
Gy :={reG|MH:™) #0}.

We wish to specify a locally compact Hausdorff topology on (a subset of) G H,and
a Radon measure dy on (that part of) G together with continuous G-equivariant
linear operators C°(G/H) — C*(G/H)y, f +> fr,form € Gy, such that
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b Zfa Sfrdu(r). (2.15)

The integral should converge as an integral with values in the Fréchet space C*°(X).
It amounts to the decomposition part of the Plancherel theorem. To formulate the
unitary nature of the decomposition, we define the Fourier transform ( f (m) | T e
Gp) of f by

. H .
fm) e HY @ (Hz™) My (f () = fr (2.16)

formr e G H- Since M is a G-equivariant embedding, the map f f () inter-
twines the G-representations L and 7 @ 1.

In addition to (2.15) we now require that f* f be an isometry in the follow-
ing sense. For each 7 € Gy there should exist a linear subspace V,; C (H;*°),

equipped with a positive definite inner product, such that f (1) € Hx ® Vy for all
f e CX¥(X)and 7 € Gy, and such that

1122 = /A 17O dutr). @.17)
Gy

Finally, the image of C2°(X) under f +— f should be a dense subspace §)o of the
Hilbert space $) consisting of all families (7, € H; ® V; | m € Gp) that are
measurable in a suitable sense and satisfy f G 1T |12 diu () < o0.

By (2.15) and (2.16), the inverse operator J : ) — LX) is given by
jT == - Mn(Tn) d/,L(JZ)
Gy

for T € $)0. Moreover, by unitarity of the Fourier transform it must be the adjoint of
f+— f.Thus, for f € CX°(X) we should have

5 (fs Mz (Tx)) 2(x) d () :/6 (f(), Tr) du(r) .

This leads to the insight that the Fourier transform should be given by
(). Ta) = (f. Mz (T2)) 12x) -

foragivenm € G gandall Ty € Hy @ V7. If Ty = v ® n, then the right-hand side
becomes

/Xf(X) (v, w(x)n) dx = (7 (fHn, v),

where we have used the notation
n(fn= / fx)m(x)n dx,
G/H

for n € (H;*)# and f € C°(G/H), although strictly speaking this notation is in
conflict with (2.3). Note that ()7 is a smooth vector in H.
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In view of the identification H; ® V, =~ Hom(Vy, Hy), it follows from the
above that the Fourier transform f (;r) of a function f € C2°(X) is given by

fory=x(fly, = / FET@ly, dx
G/H

The Discrete Series An irreducible unitary representation 7 of G is said to belong
to the discrete series of X = G/H if it can be realized on a closed subspace of
L*(X), i.e., if

Homg (Hyx, L>(X)) #0. (2.18)

By equivariance, an element 7" from the space on the left-hand side of the above in-
equality restricts to a continuous linear G-equivariant map from H>° to L*(X)™. By
the local Sobolev inequalities it follows that the latter space is contained in C*°(X).
By density of HJ° in Hy it thus follows that restriction to the space of smooth vec-
tors induces an embedding from the space Homg (H, L?(X)) onto a subspace of
Homg (H5°, C*°(X)). Via the isomorphism of Lemma 2.1 the latter subspace corre-
sponds to a subspace

(H;2)H ¢ (H;>)H. (2.19)

The collection of (equivalence classes of) discrete series representations of X is de-
noted by X/.. It is at most countable, since L*(X) is separable.
It follows from these definitions that the restriction of the map Mﬂ to H® ®

(Hz* )ds has a unique extension to a continuous linear map H, ® (Hz>° )ds
L?(X). In accordance with (2.14), we define, for 7 € XQS,

L*(G/H)y := My (H,, ® (Hx )ds) .

In view of Lemma 2.2 this space equals a finite direct sum of copies of 7, hence is
closed. Its elements are called the square integrable functions of discrete series type
7. Alternatively, such a function can be characterized by the condition that its closed
G-span in L2(X) is a finite direct sum of copies of .

Let P, denote the orthogonal projection L2(G/H) — L*(G/H);.If 7’ is a
second representation of the discrete series, not equivalent to 7, then the restriction of
P, to L>(G/H), is a continuous linear intertwining operator from a finite multiple
of 7’ to a finite multiple of 7, hence must be zero. It follows that

7 Aa = L*(G/H)y L L*(G/H),.

The discrete part of L2(G/H) is defined to be the closed G-invariant subspace

L3(G/H) =l (eaﬂex& LZ(G/H),,) . (2.20)
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In the complementary part L(zi(G/ H)L, the discrete series will occur with d -
measure 0 so we may take

Ve 1= (H;)A. (221
The map
My : Hy @ Vy — L*(G/H)x, (2.22)

is a continuous linear bijection, intertwining the representations 7@l and L|; 2y, -
It is readily seen that V; carries a unique finite-dimensional Hilbert structure such
that M, is an isometry.

Invariant Differential Operators In the process of finding the Plancherel formula,
the interaction with invariant differential operators on X = G/H will play an essen-
tial role.

Definition 2.3 An invariant differential operator on X is a linear partial differential
operator D with C*°-coefficients that commutes with the left action of G on C*°(X),
ie.,

LyDf = DL, f,

forall f € C*(X) and g € G. The algebra of these operators is denoted by D(G/H)
or D(X).

If D € D(X), we define its formal adjoint to be the operator D* € D(X) given
by the formula

/X D* f(x)g(x) dx = /X f(x)Dg(x) dx, (2.23)

for f, g € CZ°(X). Moreover, the conjugate of D is defined by the formula Df =
D f and the transpose by D' = D*.

An operator D € ID(X) with D = D* is called formally selfadjoint. The follow-
ing result is due to [3].

Theorem 2.4 Let D € D(X) be formally selfadjoint. Then D, viewed as an opera-
tor in L*(X) with domain C (X)), is essentially selfadjoint, i.e., it has a symmetric
closure.

It follows from the above theorem that every formally selfadjoint operator D €
D(X) allows a spectral decomposition that commutes with the unitary action of G on
L%(X). Let Up be the unitary group with infinitesimal generator i D; then G and Up
commute. Applying the general representation theory of locally compact groups to
G x Up one can show that there must be a disintegration of L over which the action
of D diagonalizes.
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Let us see what this means in terms of the decomposition (2.15). If u € U (g)H ,
then R, : C®(G) — C™(G) leaves the subspace C*®(G) of right- H-invariant
functions invariant. Via the identification C*°(G)" ~ C*°(X), we may view R, as
a smooth differential operator on X which obviously commutes with the G-action.
Hence u — R, defines an algebra homomorphism U (g)” — D(X).

Lemma 2.5 The map u — Ry, U(g)" — D(X) is a surjective homomorphism of
algebras. Its kernel equals U (g)" N U (g)bh.

Proof. See [82], Prop. 4.1. O

We denote the induced isomorphism by
rU@" /U@ nU@h — DX). (2.24)

In the next section we will use this isomorphism to show that D(X) is a polynomial
algebra, as in the Riemannian case. In particular, D(X) is commutative.

Let 7 be a unitary representation of G. Then the action of U (g) on H;° naturally
extends to an action on H;°°. Moreover, U (g)H preserves the subspace (H; ) H
This induces the structure of a U (g)" / U (g) N U (g)h-module on (H;OO)H. Via the
isomorphism r we may thus view (H;,*)# as a D(X)-module. Finally, the conjugate
space (H;°)H is a D(X)-module for the multiplication map (D, n) — Dn.

The following result follows from the definitions given.

Lemma 2.6 Let 7 € G . Then, for all D € D(X),
DoM; =M, o(I® D). (2.25)

By the discussion leading up to (2.16), we expect the subspaces V; C (H;*)#
to be D(X)-invariant. Moreover, by Theorem 2.4 and commutativity of ID(X), we
expect the action of D(X) on V;; to allow a simultaneous diagonalization.

Example 2.7 Let X = ‘G with ‘G a Lie group, viewed as a symmetric space for
the left times right action of G = ‘G x ‘G. Then ID(X) equals the algebra of bi-
invariant differential operators on ‘G. Using the canonical identification of U (‘g)
with the left-invariant differential operators on ‘G, we see that D(X) ~ U (g)\G. IfG
is a real reductive group of the Harish-Chandra class, then the latter algebra equals
the center of the universal algebra. We recall that in this setting G consists of the
representations of the form 7 ® 7*, with 7 € ‘G. These representations are naturally
realized in E; = End(H;)us. Moreover, (E yH — Clyy, and the action of D(X)
on this space is given by the infinitesimal character of 7.

For a representation 7 from the discrete series of X it can be shown a priori that
the algebra D(X) has a simultaneous diagonalization on the subspace V; given by
(2.21). In fact, from Theorem 2.4 it can be deduced that each formally selfadjoint
operator from D(X) leaves the space L%(X),, invariant and admits a simultaeous di-
agonalization on it; see [3] for details. Since D(X) is a commutative algebra, spanned
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by its formally selfadjoint operators, it follows that D(X) leaves L%(X),, invariant
and admits a simultaneous diagonalization on it. Using (2.22) and (2.25) we can
now deduce that D(X) leaves the subspace V, := (H*°) gg of (H;**)! invariant.
Moreover, the following result is valid.

Lemma 2.8 Let  be a representation from the discrete series of X. Then the action
of D(X) on Vy admits a simultaneous diagonalization.

3 Basic Structure Theory

A Suitable Cartan Involution From now on we will always assume that G is a real
reductive group of the Harish-Chandra class, see Section 15. Moreover, we assume
that o is an involution of G and that H is an open subgroup of G ; thus,

(G%), < H < G°. 3.1)

Lemma 3.1 There exists a Cartan involution 6 of G that commutes with o, i.e.,
cof=0oo. 3.2)

Proof. For G connected semisimple this result can be found in M. Berger’s paper
[24], where also the classification of all semisimple symmetric spaces is obtained.
We refer to [83], Prop. 7.1.1, for details. For G of the Harish-Chandra class one
may proceed as follows. We refer to the appendix for unspecified notation. Being an
involution, o leaves the semisimple part g; and the center ¢ of g invariant. On the
level of the group, o preserves the maximal compact subgroup 7' of C,. Hence o
preserves t and since 2 = I we may select a o-invariant complementary subspace
v of tin c. It follows that o (V) = V. By the result for the semisimple case, G| has a
Cartan involution ¢; commuting with o |g,. We may extend 6; to a Cartan involution
6 of G in the manner explained in the appendix. It is readily verified that 6 commutes
with o. g

From now on we assume 6 to be as in (3.2). Then the associated maximal com-
pact subgroup K = G? of G is o-stable. The involution @ determines the Cartan
decomposition

G = Kexpp. (3.3)

Here p is the —1 eigenspace of 6 in g and the map (k, X) — kexp X is an analytic
diffeomorphism from K x p onto G. By (3.2), both K and p are invariant under o,
hence from the uniqueness of the Cartan decomposition it follows that

G°=(KNG%)exp(pNg’).

This in turn implies that (G%), = (K N G%).exp(p N g7). By looking at tangent
spaces, we see that (K N (G?),) exp(p N g?) is an open subgroup of G°. Hence,
(KNG%) = KN(G?),. Inview of (3.1) we may now conclude that
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H=(HNK)exp(hnNp). (3.4)

In particular, it follows that H is 6-stable.
Since o and 6 commute, it follows that g admits the following joint eigenspace
decomposition for o and 6:

g=tNg d tNh & pNg & pnNph. 3.5

From the fact that o and 6 commute, it also follows that the composition ¢ 6 is
an involution of G, which commutes with 6. Let

g=g+ Do (3.6)

be the associated decomposition of g in +1 and a —1 eigenspaces, respectively. One
readily sees that gy = tNhdpNgand g_ = tNgPpNh. Since K N H normalizes
p N g it follows by application of the Cartan decomposition that

Gi:=(KNH)exp(pnNq), 3.7

is an open subgroup of G, hence a reductive group with the Cartan decomposition
given by (3.7).

Lemma 3.2 The map (k, X,Y) — kexpXexpY is a diffeomorphism from K x (pN
q) X (p N ) onto G. Accordingly,

G = K exp(pNq) exp(pNh).

Proof. This result is due to G. Mostow, [73]. For details we refer the reader to [44],
Thm. 4.1, [83], Prop. 7.1.2, or [82], Prop. 2.2. O

For any given result for reductive symmetric spaces, it is good practice to check
what it means for the Riemannian case, which arises for o = 6. In that case the
above lemma gives the usual Cartan decomposition, sincepNg=pandpNh =0.

The above lemma has the following immediate corollary.

Corollary 3.3 The map (k, X) — kexp X H is a submersion from K x (p N q) onto
G/H. It factors to a diffeomorphism

K xgnm (pNa) =~ G/H, (3.8)
exhibiting G/H as a K -homogeneous vector bundle over K /K N H, with fiber pNgq.

Example 3.4 (The real hyperbolic space) Here X = X, , ~ G/H, with G =
SO.(p,q) and H = SO.(p — 1, g); see Example 1.3. The Cartan involution 6 :
A+ (A")~! commutes with 0. Thus, K = SO (p) x SO (¢).

In the notation of Example 1.3, let J : R? = R? x R — R” be defined by
J(x',x") = (=x’, x”). Then the inner product B is given in terms of the standard
inner product of R” by the formula B(x, y) = (Jx, y). From this it follows that the
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Lie algebra so(p, q) consists of the real n x n matrices A satisfying A" = —JAJ.
Thus, so(p, g) consists of matrices of the form

B C!

cC D)’
with B an antisymmetric real p x p matrix, D an antisymmetric real g x ¢ matrix,
and with C areal p x g matrix. Moreover, the involution o of so(p, q) is given by

A +— SAS, and a commuting Cartan involution is given by A — —A”. It follows
that the decomposition (3.5) is indicated by the following scheme:

1 p—1 g¢g
1 0 tNngpng
p—1|tngEtnhpnbh |,
g \pnapnpeny

which shows where the nonzero entries of the matrices in the mentioned intersections
are located.
In the geometric realization of X, , the map (3.8) means the following:

K/KNH~K-e; =8P x {0},

where SP~! is the unit sphere in R”. The fiber of the vector bundle (3.8) over ¢
corresponds to exp(p N q) - ey; it is given by the equations

Xp=---=xp =0, x1=\/1+x127+1+--~+x,%.

The projection p : R? x R? — R? restricts to a diffeomorphism of this fiber onto
R?. The other fibers of the vector bundle are readily obtained by applying the action
of SO (p) x {I}, since K = SO (p) x SO(g) and {I} x SO (g) stabilizes the fiber
over e (see Fig. 3).

The Polar Decomposition We fix a maximal abelian subspace aq of p N q. From
(3.7) we see that any other choice of aq is conjugate to the present one by an element
of (K N H),. The dimension of agq is called the o -split rank of G, or the split rank of
the symmetric space X. The following lemma specializes to a well-known result in
the Riemannian case with o = 6, where a4 is a maximal abelian subspace of p.

Lemma 3.5 The nonzero weights of aq in g form a possibly nonreduced root system,
denoted ¥.(g, aq) = X.

The natural map N (aq) — GL(aq) factors to an isomorphism from the quotient
group Nk (aq)/Zk (aq) onto the reflection group W of Z.

Proof. The assertion that X is a root system is due to [80]. For the remaining asser-
tions, details can be found in [5], Lemma 1.2. O
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]R.q

]RP

Figure 3. X, ; as an R?-bundle over §7~!

Note that X need not span the dual of ag, since g may have a center. In fact, the
intersection axq of all root hyperplanes in aq is easily seen to be equal to center(g) N
pNgq.

We define the subgroup Wxnpy of W to be the natural image of the subgroup
Ngnm(ag) of Nk (ag).

From the Cartan decomposition (3.3) it follows that exp is a diffeomorphism
from aq onto a closed abelian subgroup Aq of G. Via this diffeomorphism W acts on
Aq. In the Riemannian case (o0 = 0) we have the G = K AqK decomposition, where
the Ag-part is uniquely determined modulo W. The generalization of this result to
the present context is as follows.

We define Aq® = exp(aq®), where aq* is the complement of the union of the
root hyperplanes kero, @ € X. Alternatively, Ageg is the subset of points in Aq not
fixed by any element from W \ {1}. The following result can be found in [44], Thm.
4.1.

Lemma 3.6 (Polar decomposition) The group G decomposes as G = KAqH. If
x € G, then x € KaH for an element a € Aq that is uniquely determined modulo
Wkng. Finally,

Xy :=KAq"H,

viewed as a subset of X, is open dense.

Proof. We consider the reductive group G defined by (3.7). Now aq is maximal
abelian in p N g, and since (3.7) is a Cartan decomposition it follows that
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G, =(KNH)AKNH),

where the Ag-part is unique modulo Wiy . We finish the proof by combining this
with the decomposition of Lemma 3.2 and (3.4). O

In the following we will always assume that VW C Nk (aq) is a set of representa-
tives for W/ Wknp. By this we mean that the natural map

W — W/Wgan (3.9)
is a bijection.
Corollary 3.7 Let Al be a chamber in Aq®. Then
X4 = Upew KA:{UH (disjoint union). (3.10)

Moreover, if x € X4, then x € KavH for uniquely determined v € YV and a € A;l".

Proof. Since W(K N H) contains a full set of representatives for W, the equality
(3.10) follows from the polar decomposition of Lemma 3.6.

To establish uniqueness, let vy, v € W and assume that KajviH = Kayvo H
for ay,ap € A(T. Then Kvl_lalle = sz_lazvzH, hence vl_lalvl and vz_lazvz
are Wxnp-conjugate by Lemma 3.6. This implies that vy and v, determine the same
coset in W/ Wgknpy, hence are equal. O

Example 3.8 Let X = X, , be a real hyperbolic space. Let

0. 01
0 0
Y=1: 0
0
10 - 0

Then aq = RY is maximal abelian in p N q. One readily checks that

cosht O ---0 sinht
0 0

a; =exptY = : I :
0 0
sinh# O --- 0 cosht

from which it follows that

Agqer = {cosht e1 + sinht e,,| t e R}

={xeR“|x,~=O, l<i<n,x12—x3=1}_
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It is now readily seen that K Aqe; = X, 4, and we conclude that G = SO, (p, q)
acts transitively on X, ,. We also see that G = K AqH. It is now straightforward to
verify the statements of Example 3.4.

In the present situation the root system is given by ¥ = {£ «}, where o (Y) = 1.
Thus, W = {£I}. Moreover, there is a significant difference between the cases
g=1landqg > 1.If ¢ = 1, then Wxny = {I},butif ¢ > 1, then Wxny = W.
See [82], Example 2.2, for details. The difference is reflected by the fact that X, =
Xp.g \ (R? x {0}) consists of two connected components for ¢ = 1 and of one
connected component for g > 1.

The decomposition (3.10) gives rise to an integral decomposition for X. If o €
¥ = X(g, aq), let g, be the associated root space in g. Since o 0 8 = [ on agq, the
involution o o 6 leaves each root space gy, for @ € X, invariant. It follows that the
root space decomposes compatibly with (3.6),

o = (8 Ng+) B (g Ng-).
Accordingly, my := dimgy = mJ + m_, where
my = dim(gy N ga) -

We will also need the following notation. Recall that exp : ag — Agq is a diffeomor-
phism. We denote its inverse by log. If u € aZ(C’ we put

at =10t (g e Ay). (3.11)
X
In other words, (exp X)* = e*X) for X € aq-

Theorem 3.9 Let dx be a choice of invariant measure on X and let dk be normalized

Haar measure. There exists a unique choice of Haar measure da on Aq such that,
for f € L'(X),

/Xf(x)dxzv;v fK/A; f(kavH)J(a)dadk .

Here J(a) = [ ex+(@* — a=®)Ma (@ 4+ a~%)™« with T the positive system de-
termined by af.

The computation of the Jacobian is due to M. Flensted-Jensen, [45], Thm. 2.6.,
Eq. (2.14). Note that in the above formula, Aq+ is a chamber for X, whereas in the
mentioned result of [45], the integration is reduced to a bigger chamber in A for the
smaller root system X (g, aq). In particular, no summation over W is needed. The
computation of the Jacobian can also be found in [83], proof of Thm. 8.1.1.

Example 3.10 For the example X, , the above result is treated in detail in [82],
Example 2.3.
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4 Invariant Differential Operators

A Dual Riemannian Space In this section we will explain the structure of the
algebra D(X) of invariant differential operators on X. The key idea is to relate this
algebra to the algebra of invariant differential operators on a suitable dual Rieman-
nian symmetric space. The structure of the latter algebra is well known.

If v is a finite-dimensional real linear space, we agree to denote the symmetric
algebra of its complexification by S(v). If [ is a Lie algebra, we denote by U (I) the
universal enveloping algebra of its complexification.

Let g+ and g_ be as in (3.6). Then

gr=EtNHh & pNngq and g-=tNg @ pNyh.
One readily checks that g is a subalgebra and that [g, g—] C g—, hence
gd =gy Dig_
is a real form of the complexification gc of g. A nice feature of this dual real form is

that the roles of 8 and o become interchanged. More precisely, let ¢ and o¢ be the
complex linear extensions of # and o to gc, and define

d d
0 ZU(C|g"’ o =9(C|gd.

Then ker(8? — I) = (¢N ) @ i(p N h). It is well known that ¢ @ ip is a compact
real form of gc. Hence, #¢ is a Cartan involution for the dual real form g¢, which
explains the notation. Clearly, o< is an involution of g that commutes with 6.

Fix a complex linear algebraic group G¢ with algebra gc and let G, K¢ be the
analytic subgroups with Lie algebras g¢ and

¢ =ker@! — ) =phcNg?.
Let H be the analytic subgroup with algebra hc. Then X¢ = G¢/K? is a Rieman-

nian real form of the complex symmetric space G¢/Hc.

Example 4.1 Let X = X, ;, = SO.(p, q)/SO.(p — 1, q). As a complexification
of X we may take SO (n)c/SO (n — 1)c, where n = p + q. Moreover, the dual
Riemannian form becomes X¢ = SO, (n — 1, 1)/SO,(n — 2, 1).
Lemma 4.2 There is a natural isomorphism

DX) ~ DXY). @.1)

Proof. If H is connected, the proof is straightforward, involving the isomorphism
(2.24) for both X and X¢,

DX) ~ U@ /U@" nU@H
= U(@h/U@" NU@g)h
= U@ U@ nU@He ~Dx?).

If H is nonconnected, the second identity is not completely obvious, but can be
proved, using information on the structure of H/H,. See [6], Lemma 2.1, for details.
O
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Example 4.3 We consider the real hyperbolic space X = X, ;. In Example 4.1
we saw that the dual space X¢ equals the Riemannian hyperbolic space SO,(n —
1,1)/SO.(n — 2, 1), where n = p + g. Now ID(X9) is the polynomial algebra gen-
erated by the Laplace-Beltrami operator O on X¢. Under the isomorphism (4.1), O
corresponds to the pseudo-Laplacian 0, , on X, ;. Consequently, D(X) is the poly-
nomial algebra generated by O, ,.

From the theory of Riemannian symmetric spaces, we recall the existence of a
canonical isomorphism

y? DX = 1),

where ag is maximal abelian in p, and where (ag) is the collection of invariants in

S (adp) for the action of the reflection group W (g¢, ag) of the root system of ag in g¢.

In particular, it follows that D(X¢) is a polynomial algebra of rank dim ag. Combined
with Lemma 4.2, this leads to the following.

Corollary 4.4 D(X) is a polynomial algebra of rank dim ag. In particular it is com-
mutative.

Corollary 4.5 The characters of the algebra D(X) are of the form x) : D
y(D, A), with . € agé. Two characters x; and x, are equal if and only if A and

w are conjugate under W (g, ag).

Cartan Subspaces We shall now discuss, for the symmetric pair (g, f), the ana-
logue of the notion of a Cartan subalgebra for a real reductive Lie algebra.

Definition 4.6 By a Cartan subspace of g we mean a subspace b C ¢ that is maximal
subject to the following two conditions:

(a) bis abelian;
(b) b consists of semisimple elements.

By using the method of complexification of the previous subsection, it can be
shown that dim b is independent of b, though in general there are several, but finitely
many, H-conjugacy classes of Cartan subspaces. The number dim b is called the
rank of X. It can be shown that every Cartan subspace is H,-conjugate to one that is
@-stable, i.e., invariant under the involution 6.

Example 4.7 In the case of the group, see Example 1.2,
q=1{(X,—X)| X €'g}.

For each Cartan subalgebra Yj C ‘g, the space by := {(X,—X) | X € Yj}isa
Cartan subspace of q. Moreover, the map ‘j > by; establishes a bijection between
the collection of all Cartan subalgebras of ‘g onto the collection of Cartan subspaces
of q; it induces a bijection from the finite set of ‘G-conjugacy classes of Cartan
subalgebras of g onto the set of H-conjugacy classes of Cartan subspaces of q.
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A particular Cartan subspace of ¢ is obtained as follows. Let
agCpng 4.2)

be a maximal abelian subspace. Being a subset of p, the space aq consists of semi-
simple elements. Let m; be the centralizer of aq in g; thenm;Ngq C (m;NENq) D ag.
Let t C m;NENq be maximal abelian. Then t consists of semisimple elements, hence
so does
b:=t®aq.

Clearly, b is a 6-stable Cartan subspace of q. We call it maximally split, since g
splits maximally for the action of b by ad. Note that the number dim aq (the rank of
the Riemannian pair (g, p N q)) is independent of the particular choice of aq. This
number is called the split rank of X or the o-split rank of G. It can be shown that
every maximally split 6-stable subspace of q is K N H,-conjugate to b.

To the #-stable Cartan subspace b we associate ag = bNpdi(bN ¢ which
is maximal abelian in p¢. Let X(gc, b) be the root system of b in gc, W(b) the
associated Weyl group and I (b) the associated collection of W (b)-invariants in S(b).
Then obviously 1(b) = I (adp). Let y : D(X) — I(b) be the map which makes the
following diagram commutative:

DX) —2 1(b)
~ O =

d
Dxd) L I(ad) .

The vertical isomorphism on the left side of the diagram is the natural isomorphism
indicated in the proof of Lemma 4.2. Since y? is an isomorphism of algebras, it
follows that y is an isomorphism as well. The latter is called the Harish-Chandra
isomorphism for D(X) and b. The well-known description of ¢ in terms of the uni-
versal enveloping algebra, see, e.g., [63], Ch. II, Thm. 5.17, leads to the following
similar description of y. The reader may keep in mind that in the Riemannian case,
which arises for o = 6, the algebra g coincides with its dual form g¢ and, accord-
ingly, the description of ¥ given below coincides with that of y¢.

Let X% (g, b) be a choice of positive roots, and let gjé be the associated sum of
positive root spaces. Then gc = hc B bc @ gg complexifies the Iwasawa decomposi-
tion g? = ¢4 @ ag &) (gE Ng?) for g¢. By application of the Poincaré-Birkhoff—Witt
(or PBW) theorem, we see that the decomposition induces the following decompo-
sition of the universal enveloping algebra:

Ug) =[gU(g) + U(@)bc 1@ U(b).

Let D € D(X). Then D = R, forau € U(g)". There is a unique uo € U (b), only
depending on u through its image D, such that

u—uo € glU(@ +U@bc.

The element y (D) € I(b) isnow givenby y (D) = T,,uo, where pp = Ltre ad(-)|gg
and where T,  denotes the automorphism of S(b) induced by the map x
x + pp(x), b — S(b).
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5 The Discrete Series

Flensted-Jensen’s Duality The idea of passing to the dual Riemannian form X¢
plays an important role in the theory of the discrete series of X. We shall restrict
ourselves to giving a short account of some of the main ideas involved. For simplicity
of the exposition we make the mild assumption in this section that G is the analytic
subgroup with Lie algebra g of a complex Lie group G¢ with Lie algebra gc. Let
G?, K¢ and H? be the analytic subgroups of G¢ with Lie algebras g¢, ¢/ and h?,
respectively. We put X¢ = G?/K¢ and agree to write C>(X?) 4 for the space of
smooth H9-finite functions on X¢. The following result, due to Flensted-Jensen [45],
establishes an important duality between functions on X and on X¢. We observe that
Agq naturally embeds into each of the spaces X and X4. Moreover, by Lemma 3.6,

X=KAq and X! =HIA,. (5.1
The isomorphism D(X) — D(X?) of Lemma 4.2 is denoted by D — D4,

Theorem 5.1 There exists a unique linear map f > ¢ from C®(X) g to C*°(X%) ya
with the property that, for all f, and all X € U(¢) = U (§?),

Lxflay, = Lxf%aq.

where L denotes the infinitesimal left regular representation.
The map f + < is injective. Moreover, for every f € C®(X)g,

DA =DIfd, (D eDX)).

Proof. 1t suffices to prove the result for functions with a fixed K-type. One then
combines the decompositions (5.1) with the fact that each finite-dimensional repre-
sentation of K extends to a holomorphic representation of the analytic group K¢
with Lie algebra £, which has K as a compact real form, and H d a5 another real
form. O

We now turn to the application of the above idea to the study of the collection
X, of discrete series representations for X. Given a continuous representation of G
in a locally convex space V, we denote by Vg the set of K -finite vectorsin V.

Letw € ng. Then it follows from Lemma 2.8, combined with the fact that the
map M, in (2.22) is bijective, that every function in the space L*(X) x decomposes
inside the mentioned space as a finite sum of simultaneous eigenfunctions for ID(X).
Thus, a first step towards the classification of the discrete series is the determina-
tion of all eigenfunctions in C*°(X) N L?(X)g for D(X). It can be shown that such
functions automatically belong to Lé(X).

Let a function f of the mentioned type be given. Thus, f € C*®(X) N L>(X)k
and in the notation of Section 4, there exists a A € b(*c such that

Df=yD.N) f (D eDX)). (5.2)
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Applying Theorem 5.1 we see that the associated dual function f¢ € C®X?) Hd
satisfies the system of differential equations

Df*=y4D, A f* (D eDX). (5.3)

Moreover, the L?-behavior of f can be formulated in terms of growth conditions of
£ at infinity. Attached to the system (5.3) is a certain Poisson transform P¢, which
we shall briefly describe. Let G¢ = K¢ AgN 4 be an Iwasawa decomposition, let M?
be the centralizer of Adp in K?andlet P4 = M dAgN 4 be the corresponding minimal
parabolic subgroup of G¥. Let p? € (ag )* be defined by

d 1
p7(+) = Str @d(- ).

In other words, p¢ = %Ea dim(gg)a, where the summation extends over the ag-

roots & in n?.

Let Cp denote C equipped with the Ag—action determined by —A + p?. Thus,
ac Ag acts on C, by the scalar a=7+7"_ The action of Ag is extended to an action

of P4 on Cj, by letting M¢ and N act trivially. We now define the G-equivariant
line bundle £, on the flag manifold G/ P¢ by

ﬁA = Gd X pd (CA.

The space I'(L ) of continuous sections of this bundle is naturally identified with
the space of continuous functions f : G — C transforming according to the rule

feman) = a® " f(x),

forall x € G and (m, a, n) € M9 x Ag x N9. The natural action of G¥ on sections
defines a continuous representation w5 of G4 inT(LA). Let B(L ) denote the space
of hyperfunction sections of the line bundle £, . This space may be identified with
the dual of the locally convex space of analytic sections of the bundle £_ 5, and thus
is a locally convex space. We define the Poisson transform Py : B(Lp) — C®(X%)
by the formula

Pao(®) = / gk, (e G,
K

where dk denotes normalized Haar measure of K. From the definition it readily
follows that the Poisson transform intertwines the representation w with the left
regular representation L. Moreover, it maps into the space Ex (X4) of smooth func-
tions f € C®(X?) satisfying the system (5.3).

Let £ (X?) denote the space of functions f € & (X4) for which there exist
constants 7 € R and C > 0 such that

£l = f(x)] < Cer Bt D (x e X9, (5.4)
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where dist(x, ¢) denotes the Riemannian distance in X4 between x and the origin
¢ = eK“. Note that dist(x, &) = |X| for X € p? and x = exp XK“.

It is not hard to show that P, maps the space D’(L ) of distribution sections of
L continuously into the space £ (X4), equipped with the locally convex topology
suggested by the estimates (5.4).

Theorem 5.2 Let Re(A) be dominant with respect to the roots of adp inn?. Then the
Poisson transform Py

() is a topological linear isomorphism B(L ) S ¢ A (XD, and
(b) restricts to a topological linear isomorphism D' (L) — & (Xd).

For X4 of rank one, part (a) of the theorem is due to Helgason [61]. In [62] he
conjectured part (a) to be true in general, and established it on the level of K“-finite
functions. Part (a) was established in generality by M. Kashiwara, A. Kowata, K.
Minemura, K. Okamoto, T. Oshima and T. Tanaka, [65], by means of the microlocal
machinary developed by the school around M. Sato. In particular, this machinary al-
lowed one to define a boundary value inverting the Poisson transform, generalizing
the classical boundary value for harmonic functions on the disk. Part (b) is due to Os-
hima and Sekiguchi [78]. Later, Wallach gave a different proof of (b), [87], based on
the theory of asymptotic behavior of matrix coefficients. Inspired by this work, van
den Ban and Schlichtkrull, [12], gave a proof of (b) via a theory of asymptotic ex-
pansions with distribution coefficients, which allowed them to define a distributional
boundary value inverting the restricted Poisson transform of (b).

The system (5.2) remains unchanged if A is replaced by a conjugate under the
Weyl group W (g9, ag). Without loss of generality, ReA may therefore be assumed

to be dominant. It can be shown that for a function f € C®(X) N LX) g satisfy-
ing the system (5.2), the function f¢ satisfies a growth condition which in particular
implies (5.4). Therefore, for such a function f, the dual function f¢ may be real-
ized as a Poisson transform of a unique distribution section ¢ € D’(L,), which by
equivariance is H?-finite.

Theorem 5.3 Assume that 1tk (G/H) = tk (K/K N H). Then there exist infinitely
many discrete series representations for X.

For the case of the group this result is due to Harish-Chandra [53], [54], who also
established the necessity of the above rank condition, and gave the full classification
of the discrete series via character theory.

The generalization to symmetric spaces is due to Flensted-Jensen [45]. The idea
of his proof is to construct, for infinitely many dominant values of A € (ag)*, a
nontrivial function f € C*®(X) N LZ(X) k satisfying (5.2), via its dual f 4 The dual
is obtained as a Poisson transform f¢ = P, (¢), with ¢ a distribution section of £,
with support contained in a closed H?-orbit on G¢/ P4,
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The Classification of Oshima and Matsuki In [77], Oshima and Matsuki estab-
lished the necessity of the rank condition of Theorem 5.3 for the existence of discrete
series. They used the mentioned theory of boundary values to show that the growth
condition on f¢ can be translated into a condition on the support of PXI (f%), which
by equivariance is a union of H¢ orbits on G¢/P¢. Moreover, this condition can
only be met if the rank condition is fulfilled. This leads to the following.

Theorem 5.4 X) # @ <= 1k(G/H) =1k (K/K N H).

Example 5.5 If rk (G/H) = 1, then clearly the theorem implies that X}, # @. It is
readily seen that the hyperbolic spaces X, ;, see Example 3.4, have rank 1; therefore,
each of these has infinitely many representations in the discrete series.

In addition, in [77], Oshima and Matsuki proved, under the rank condition, that
a function f € C®(X) is in L2(X) if and only if its dual f 4 is the Poisson transform
of a distribution section of £ 4 with support contained in a union of closed H?-orbits.
Moreover, they obtained the following information about the infinitesimal character
A.

Theorem 5.6 ([77]) Let w € XQS and let b C q be a 0-stable Cartan subspace.
Then the eigenvalues of the D(X)-module (H;°°) gs are all of the form

D y(D,A),
with A € by, real and regular i.e.,
(A, ) e R\ {0}, forall «a € X(gc,b).

In addition to this, for G connected semisimple, Oshima and Matsuki gave a list
of representations spanning L(zj(X). For a few of these it remained an open problem
whether they are nonzero or irreducible (a priori they are finite sums of irreducibles).
The irreducibility was settled by D. Vogan, [85]. In [70] Matsuki gave necessary
conditions for nontriviality, which he announced to be sufficient. The final problem
is whether the list contains double occurrences. The answer is believed to be no
under the mentioned assumption on G, implying that for a representation 7 from the
discrete series, dim(H;°)gs = 1, or equivalently, 7 occurs with multiplicity one
in the Plancherel formula. This fact has been established by F. Bien [26], except for
spaces that have as a factor one of four exceptional symmetric spaces.

In the proof of the Plancherel theorem that we will describe, we do not need the
full description of X/.. The formulation of the Plancherel theorem is put in a form
that avoids precise description of the discrete series. As a consequence, Theorems
5.4 and 5.6 are sufficient for the proof. At the same time, it should be emphasized
that the mentioned theorems are absolutely indispensable for the proof. This is also
true for Delorme’s proof in [40].
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6 Parabolic Subgroups

The Coxeter Complex In the proof of the Plancherel formula, the asymptotic be-
havior of K-finite eigenfunctions of I(X) plays a crucial role. In view of the polar
decomposition of Lemma 3.6, for a proper description of this behavior it is necessary
to use an appropriate description of asymptotic directions to infinity in Aq 2 aq. The
description of these directions relies on the following notion of a facet for the root
system X. The collection of facets will turn out to be in one-to-one correspondence
with the collection of o6-stable parabolic subgroups of G containing Ag.

Definition 6.1 A facet of (aq, X) is defined to be an equivalence class for the equiv-
alence relation ~ on aq defined by

X~Ys{aeX|aX)>0={aeeX|a(Y) > 0}.
The dimension of a facet is defined to be the dimension of its linear span.

Example 6.2 Consider the root system Aj in R2, consisting of the roots o, =
and (o + B), where {«, B} is a fundamental system. The 6 open Weyl chambers are
the facets of dimension 2, the 6 open ended halflines that border them (the ‘walls’)
are those of dimension 1. Finally, {0} is the unique facet of dimension O.

The collection of facets, also called the Coxeter complex of %, is denoted by
P(X). It is equipped with a natural action by the Weyl group W of X. If X € aq, we
denote its class by Cx € P(X). For C € P(X), we put

YCO)={aoeX|a>0o0nC},
Yc={aeX|a=0onC}.

Then
¥ =—-3(C)UXcUZX(C) (disjointunion). 6.1)

Let S be the intersection of the root hyperplanes ker«, « € Xc. Then, clearly, the
set D ={X € §| Vaex(c) @(X) > 0} contains C, hence is a nonempty open subset
of § and therefore spans S. On the other hand, from (6.1) it follows that D € P(X).
Hence C = D and we conclude that the linear span of the facet C is given by

span(C) = Ngex,. kera.

We now fix a closed Weyl chamber for X, which we call positive and denote by ﬁ:f.
The following result is well known, see, e.g., [29].

Lemma 6.3 Let C € P(X). Then there exists a unique D € P(X) such that

(a) C is W-conjugate to D,
(b) D Cay.
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Let =T be a positive system and let A be the collection of simple roots in X
associated with the chamber ﬁjl‘. If F C A, weput

arq = NaeF kera ,
a;qz Xeapg | Yae 2T a(X) #0= a(X) > 0}.

Then a,tq € P(X). Moreover, the following result is well known, see, e.g., [29].

Lemma 6.4 F — a';q is a bijection from the collection of all subsets of A onto the
collection of all facets C € P(X) contained in Eg‘. Finally, Ejl' is the disjoint union
of the sets a;q, for F C A.

Definition 6.5 A standard facet (relative to £ 7) is a facet C satisfying one of the
following equivalent conditions:

(a) C Cag;
() C = anq for some F C A.

To each facet C € P(X) we associate the following subalgebra of g:

pc=000 P 0o (6.2)

a€X

alc=0
where g denotes the centralizer of aq. The algebra pc is readily checked to be a
parabolic subalgebra of g, i.e., it is a subalgebra that is its own normalizer in g. The
fact that 06 = I on aq implies that the parabolic subalgebra pc is o6-stable.

Lemma 6.6 The map C +— pc is a bijective correspondence between P(X) and the
set of o 0-stable parabolic subalgebras containing aq.

Proof. The proof is not difficult, see [20], Sect. 2. O

Remark 6.7 If 0 = 6, then aq is maximal abelian in p. We write ap = aq in this
case, and Ap = exp ap. In the present setting the above result amounts to the well-
known fact that the map C +— pc is a bijective correspondence between the Coxeter
complex P(X) of X = X (g, ap) and the collection of all parabolic subalgebras of g
containing ay.

If v is a parabolic subalgebra of g, then its normalizer R = Ng(v) in G is a closed
subgroup with algebra t. Thus, R is a subgroup of G that equals the normalizer of
its Lie algebra. A subgroup with this property is called a parabolic subgroup of G.
Clearly, the map v — Ng(r) defines a bijective correspondence between the collec-
tion of all parabolic subalgebras of g and the collection of all parabolic subgroups of
G.If C e P(¥),weput Pc = Ng(pc).

Corollary 6.8 The map C — Pc is a bijective correspondence between P(X) and
the collection Py of all parabolic subgroups of G that are o 0-stable and contain Ag.
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Langlands Decomposition If P € P,,let C = Cp € P(X) be the unique facet
with Pc = P. We agree to write

ap,=C, Tp=Tc, E(P)=Z(0). (6.3)
We also agree to write apq := span(a;q); then

apq = Neexp kera,
an Xeapq|VBeX(P): BX) > 0}.

Let my p denote the centralizer of apq in g. Then

mipr=0g06 P oo (6.4)

aeXp

Moreover, it follows from (6.2) that
Lie(P) =mip ®&np, where np = @ues(p) Jo - (6.5)

It is readily checked that mp is a reductive Lie algebra and that np is the nilpotent
radical of Lie(P); therefore, the decomposition in (6.5) is a Levi decomposition. In
fact, it is the unique Levi decomposition with a 6-stable Levi component, cf. [84],
Sect. 11.6.

Let C € P(X); then —C € P(X) as well. Accordlngly, for P € P, we define
the opposite parabolic subgroup P by requiring that a® Fq = —a}, Pq- The following

lemma is a straightforward consequence of the definitions given above.

Lemma 6.9 Let P € P,. Then

(a) P=6(P)=0(P),

(b) np =6np =onp;

() mp =0mp =omp =myp,
(d) g=ns ®mip up.

We define the following subgroups of G:
Mip :=Zg(apg) and Np =expnp.

Proposition 6.10 Let P € P,,.

(a) Np is a closed subgroup of G.

(b) M p is a group of the Harish-Chandra class.

(c) P = MipNp; the multiplication map is a diffeomorphism from M1p x Np onto
P.

Proof. See [84], Sect. 11.6. O
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As also mentioned in the appendix, assertion (b) of the above proposition is of
particular importance, since it allows induction with respect to dimension within
Harish-Chandra’s class of real reductive groups.

Remark 6.11 If 0 = 6, then a4 is maximal abelian in p. In the notation of Remark
6.7, let po denote the parabolic subalgebra determined by C := ag', let Pp = Pc
denote its normalizer in G and let Ny := N¢. We recall that G admits the Iwasawa
decomposition G = NoAp K, where the natural multiplication map No x Ap X K —
G is an analytic diffeomorphism. In particular, it follows that G = PyK.

Lemma 6.12 Let P € P,. Then G = PK. Moreover, the multiplication map in-
duces a diffeomorphim P xknm,p, K — G.

Proof. This is a rather straightforward consequence of the Iwasawa decomposition
described in Remark 6.11. See [84], Sect. 11.6, for details. O

We can now describe the so-called Langlands decomposition of a parabolic sub-
group P € P,. Let us first do this on the level of Lie algebras. Let P € P,. Then
mj p is f-invariant, by Lemma 6.9, hence mjp = (m;p N &) & (m;p Np). We define

ap = center(mpp) Np.

Clearly, apq is contained in this space. On the other hand, if X € p N q centralizes
my p, then X centralizes the maximal abelian subspace aq of p N g, hence belongs to
it. Moreover, in view of (6.4), «(X) = 0 for all « € X p, from which we deduce that
X € apq. Thus,

apg=apNgq.
This justifies the notation with subscript q in hindsight. The group

Ap :=expap

is called the split component of P, and A pq := exp apq the o-split component.
Definemp := (mipNE) @ ([mip, mp]Np) . Then mp is a reductive Lie algebra
with center(mp) N p = 0. Moreover,

mip=mp®dap.

It follows that
Lie(P) =mp @ ap ® np.
This is called the infinitesimal Langlands decomposition. Define Mp = (Mip N

K) exp(mp Np). Then the following result describes the Langlands decomposition
of the parabolic subgroup P.

Lemma 6.13 (Langlands decomposition) Let P € P,. Then Mp is a group of the
Harish-Chandra class. Moreover,

Mip = MpAp, P =MpApNp.

The multiplication maps induce diffeomorphisms Mp x Ap — Mip and Mp x Ap X
NP —> P.
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Proof. For a proof the reader is referred to [84], Sect. IL.6. O

Remark 6.14 In his work on the Plancherel decomposition, P. Delorme reserves
the above notation for the so-called o -Langlands decomposition. More precisely, let
Aph =ApNH;then Ap = APhAPq- Put Mp, = MpApp. Then

P =MpsApqNp

is called the o-Langlands decomposition of the parabolic subgroup. Delorme uses
the notation Mp instead of Mp, and Ap instead of Apg.

7 Parabolically Induced Representations

Induced Representations In this section we assume that G is a real reductive
group of the Harish-Chandra class, and that P € P,. We shall describe the process
of inducing representations from P to G, and its relation with function theory on
G/H.Itis a good idea to keep in mind that, in particular, the Riemannian case with
o = 6 is covered. In this case 00 = I, so that P, consists of all parabolic subgroups
containing Ay = Ag, see Remark 6.7.

Let& € M p (the unitary dual of Mp) and let H¢ be a Hilbert space in which &
is unitarily realized. Let A belong to ajg(c := Homp (ap, C), the complexified linear
dual of ap. We define the representation§ @ A ® 1 of P = MpApNp in Hg by

(¢ ® A ® 1)(man) = a*&(m),

form € Mp,a € Ap,n € Np. This indeed defines a representation of P, since Mp
centralizes A p, and since M{p = MpAp normalizes Np.
We shall now proceed to define the parabolically induced representation

wpgs = indE(E @ (A +pp) ® 1) (7.1)
Here pp € a} is defined by

1
pp(x) = Str [ad(0)| ]

1
=3 Z dim(gy) a .

aeX(P)

[\

The translation over pp will turn out to be needed to ensure that the representation
7p,g,) 1s unitary for A € iaj;q. To describe the representation space for mwp g ; we
first define

C(P:&:2)

to be the space of continuous functions f : G — H transforming according to the
rule
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f(man x) = a**PPE(m) f (x), (7.2)

forx e G,m e Mp,ae Ap,n € Np.
In C(P : & : X), the representation 7p ¢, is defined by restricting the right
regular representation, i.e., if f € C(P : & : 1) and x € G, then

mpen(X)f(y) = f(yx), (y€G).

Our next goal is to extend mwp ¢, to a suitable Hilbert space completion of
C(P : & : A). It follows from Lemma 6.12 that a function f in C(P : & : A) is
completely determined by its restriction f | x ©0 K. Let C(K : &) denote the space of
continuous functions ¢ : K — H¢ transforming according to the rule

p(mk) = §m)p(k) , (7.3)
forke Kandme KNP =KNMp.

Lemma 7.1 The map f +— f | x defines a topological linear isomorphism from
C(P:&:))ontoC(K :§).

Proof. This follows by application of Lemma 6.12. d

Via the above isomorphism, 7p ¢ , may be viewed as a (A-dependent) represen-
tation of G on the (A-independent) space C(K : &). This realization of mp ¢, is
sometimes called the compact picture of the induced representation.

According to the above, we may equip C (P : & : A) with the pre-Hilbert structure
defined by

(f:8) = {[flk. glk) 2k 1)

= /K<f(k), g(k))p, dk (1.4)

where dk denotes normalized Haar measure on K. The Hilbert completion of
C(P : & : A) for this structure is denoted by Hp g ;. It can be shown that 7p ¢ 3
extends uniquely to a continuous representation of G in Hp ¢ ;.

Alternatively, the Hilbert space H p ¢ ; may also be characterized as the space of
measurable functions f : G — H¢ that transform according to the rule (7.2) and
satisfy f ] g € L*(K, ‘He ), equipped with the inner product given by (7.4).

Generalized Vectors We now come to the result that motivated the introduction of
the shift by pp in (7.1).

Proposition 7.2 Let & € Mp and ). € a’;qc. Then the sesquilinear pairing Hp ¢ ;. x
Hp g5z — Cdefined by

(f.8) = /K(f(k),g(kmﬂg dk (1.5)

is G-equivariant. In particular, the representation mwp g 5 is unitary for A € [@py-
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Proof. Tt suffices to prove the equivariance for f and g smooth. In that case the
function (f, g)e : x > (f(x), g(x))p, belongs to C®°(P : 1 : 1), which may
be identified with the space of smooth sections of the density bundle over P\G. Its
naturally defined integral over P\G is readily shown to equal the integral on the
right-hand side of (7.5). To see that the pairing is equivariant, we note that, for x €
G, (me 0 (x) f, e _5(x)g)e equals the pullback of (f, g)¢ under the diffeomorphism
Pg +— Pgx. The integration of densities is invariant under diffeomorphisms. For
more details concerning this proof in terms of densities, we refer the reader to [7],
Lemma 2.1. 0

The space of smooth vectors for 7 p ¢ 3 equals the space
C®(P:E:))

of smooth functions G — Hgo transforming according to the rule (7.2), see [28],
Sect. II1.7. for details. The sesquilinear pairing of the above proposition induces a
G-equivariant linear embedding

Hpe 7> (CX(P:E:2) =Hp%, .
This provides motivation for us to use the notation
C™®(P:£:—1):=(C®(P:£:1).

The sesquilinear pairing of Proposition 7.2 then naturally extends to a sesquilinear
pairing B
C®P E:M)XC®P:E:-))—C,

also denoted by (-, -).

Similarly, we define C*°(K : &) to be the space of smooth functions K — Hgo
transforming according to the rule (7.3) and C~°°(K : &) for its continuous antilinear
dual. Then the restriction map f +— f | x induces topological linear isomorphisms
Ct®(P : & : 1) >~ CT®(K : £). Accordingly, the representations nf’ga may then
be realized in the A-independent spaces C* (K : £).

The Plancherel formula will essentially be built from the representations of X}
and from the induced representations 7wp ¢ 3, where P € P,, P # G, and where &
belongs to the discrete series of Mp/Mp N vHv~! for some v € W, and A € ia’}q.

8 H-Fixed Generalized Vectors

Orbit Structure We assume that P € P,, & € M pand A € a}ic and will try to
describe sufficiently many H-fixed elements in C~°°(P : & : 1). With this in mind
it is important to have knowledge of the H-orbits on P \ G. The following result is a
direct consequence of results of Matsuki, [69], and, independently, Rossmann, [80];
see also [5], App. B.
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We agree to write Wp for the centralizer of apq in W. Equivalently, Wp is the
subgroup of W generated by the reflections in the roots of Xp. We fix a collec-
tion YW of representatives for Wp\W/Wgnp, contained in Nk (aq). We denote by
P\G/H the collection of H-orbits on P\G and by (P\G/H )open the subset of open
orbits.

Proposition 8.1 The set P\G/H is finite. Moreover, the map v — PvH is a bijec-
tion from PW onto (P\G/H)open- In particular, the union U,cryy) PvH is an open
dense subset of P\G.

On the open H-orbits one expects the elements of C™>°(P : & : M to be
just functions, which may be evaluated in points. Let ¢ € C™°(P : £ : A)¥ and
let v € W. Then one expects that ¢(v) is a vector in Hg * which is fixed for

EQA+pp)® 1|vaHv,1 , because of the formal identity, for p € P N vHv !,

[£ ® (L + pp) ® 11(p) 9(v) = 9(pv) = p(vv™" puv)
= [, (0™ po)g] )
= ¢(v),
since v~ pv € H. This implies that ¢(v) € (7—[5_00)1""”m”H‘f1 and (A + pp)lapny =
0. The latter condition is equivalent to A|q,np = 0, in view of the following lemma.

Lemma 8.2 pp vanishes on ap N .
Proof. Since 6o (np) = np, by Lemma 6.9 (b), it follows that pp (8o X) = pp(X)

forall X € ap. Hence pp = —pp onap Nh. O

Writing app := ap N b, we have the direct sum decomposition
ap = apn @ apgq

via which we may identify a7, o« with the subspace of a7, consisting of elements that
vanish on ap N §. The heuristic argument given above suggests that it is reasonable
to expect that the induction parameter A should be restricted to the subspace a7, C of
*
Ope-
We note that, for v € W, the space

Xp.y:i=Mp/MpNvHv ! 8.1)

is reductive symmetric in the class under consideration. Indeed, M p is of the Harish-
Chandra class by Lemma 6.13. Moreover, as Ad(v) o o o Ad(wv™YH = —I on apgs
the map oV : x — vo (v~ 'xv)v~! leaves the group Mp invariant and defines an
involution on it, having vG®v~! N Mp as its set of fixed points. The involution '
commutes with 8. For later purposes we observe that the space

fapq :=mp Nag 8.2)
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equals the orthocomplement of apq in aq with respect to any W-invariant inner prod-
uct. Moreover, *A pq = exp(*apq) is the analogue of Aq for each of the spaces (8.1).
R We now agree to define the finite-dimensional Hilbert space V (P, &, v), for & €
Mp and v € PW, by

-1
V(P Ev) = (M) ifE e XD, 4
=0 otherwise .

(See (2.19) for the notation used.)

Definition 8.3 Let & € M p. We define V (P, &) to be the formal direct Hilbert sum

ViP5 = @ VP&, (8.3)
vePW

Ifn e V(P, &), then n, denotes its component in V (P, &, v).

The idea now is to invert the map ¢ — (¢(v)),cryy described above. An element
n e ap o is called strictly P-dominant if

(,a) >0, forall @ € Z(P).

Definition 8.4 Let n € V(P,£&). For A € aj;q(c with —(ReX + pp) strictly P-
dominant we define the function j(P : & :1:n): G — Hgoo by

(P :&:x:n)(manvh) = a*TPPEm)n, (8.4)

for v € PW, man € P, h € H and by 0 outside U, _ry,, PvH (the union of the
open P x H-orbits).

Theorem 8.5 Let £ € Mp and let n € V(P,&). For every A € a’;,q(c with
—(ReX + pp) strictly P-dominant, the function j(P : & : A : n) defines an ele-
ment of C™°(P : £ : M)H.

Moreover, A +— j(P : & : X : n) extends meromorphically to a’;q(c as a function
with values in C~°°(K : §). The singular locus of this extended function is the union
of a locally finite collection of hyperplanes of the form (A, a) = c, with « € L(P)
and c € C.

Finally, if ) is a regular value, then

JPE: A eC (P & ).

Remark 8.6 For the case of minimal P € P, Theorem 8.5 is due to [5], where a
proof based on the meromorphic continuation of intertwining operators is given and
to [74], where a proof based on Bernstein’s result on the meromorphic continuation
of a complex power of a polynomial is given. In the same setting of a minimal o -
parabolic subgroup, in [6], Sect. 9, it is shown that j (P : & : 1) satisfies a functional
equation that allows for translation in the parameter X.

For general P € P,, Theorem 8.5 is due to [31]. Later, in [34] a proof based on
a generalization of the mentioned functional equation was given.



The Plancherel Theorem for a Reductive Symmetric Space 41

The meromorphic continuation is absolutely crucial for the development of the
theory, since the set ia’},, (where the 7 p ¢ ; are unitary) is not contained in the region
(Red 4+ pp,a) < 0 (¢ € Z(P)).

By meromorphic continuation one still has that j(P : & : X : n)(v) = ny,
showing that j(P : &£ : A) = j(P : £ : A : -) defines an injective homomorphism

V(P, &) — C™®(P:£: MY,

for regular A. Thus V (P, §) becomes a model for the space Vr Ex defined in the text
above (2.17). The inner product of V (P, &) may be transferred to an inner product
on Vy P However, it is more convenient to keep working with V (P, &), since this
space is independent of A.

Definition 8.7 We define X5 , ;. to be the set of £ € Mp for which the space
V(P, &), defined in (8.3), is nonzero.

Remark 8.8 The above condition on & € M p is equivalent to

WeW: £eXp, -

Remark 8.9 Let P be a minimal element of P, (with respect to inclusion). Then

aj.f q is maximal among the facets of X, hence an open Weyl chamber. Thus, apq = a4

is maximal abelian in p N . From this one can derive that Mp /Mp NvHv ™! is com-
pact, for v € W = W. It follows that X?,’*’ gs consists of finite-dimensional unitary
representations of M. This makes the nature of the functional analysis involved in
Theorem 5 considerably simpler. Under the assumption [W : Wxnag] = 1 this case
is discussed in [82].

Example 8.10 (Riemannian case) Let 0 = 0 and let P € P, be minimal. Then
Mp C K, hence X5 , ;. consists of the trivial representation 1. Moreover, one may

take YW = {e} and V (P, 1) = C, equipped with the standard inner product. Then
J(P:1:a: ) (nak) =a**rr,

Thus, j(P : 1 : A : 1) equals 1,, the unique K-fixed vector in C(P : 1 : A)
determined by 1, (e) = 1.

Definition 8.11 Let P € P,. The series of unitary representations wp ¢ ;, for § €
X qsand A €i a]’;q, is called the generalized o -principal series associated with P.

The Plancherel measure will turn out to be supported by the generalized o-
principal series associated with the finite set of parabolic subgroups P € P,.

In order to work in a uniform way, we understand the above definitions to include
the discrete series for G/H. More precisely, assume that G/H satisfies the rank
condition of Theorem 5.4, so that center(g) Np N g = {0}. We consider the parabolic
subgroup P = G. Then Mp/Mp N H >~ G/H and accordingly one may identify
Xj[\,’*’dS with X/.. Moreover, apq = {0}. For £ € X?,)*’ds we now have Hp ¢ o =~ He
and wp g o ~ &. Thus, the discrete series may be thought of as the generalized o-
principal series associated with the o -parabolic subgroup G.
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9 The Action of Invariant Differential Operators

A Canonical Homomorphism In this section we describe the action of the algebra
U(g)! of invariant differential operators on the H-fixed generalized vectors intro-
duced in the previous section. This action factors to an action of the algebra D(X) of
invariant differential operators on these vectors.

Let P € P,. Then from Lemma 6.9 we infer that the map np — b given by
X +— X 4 o(X) induces a linear isomorphism from np onto §/fH N myp. It follows
that g = np @ [myp + h]. By the Poincaré-Birkhoff—Witt theorem this implies that

U(g) =npU(g) ® [UMip) ®um,pnt) UM (CHY)

Moreover, this decomposition is stable under the adjoint action by Hp := Mjp N
H. Accordingly, for D € U (g)H , we define the element ‘1 p(D) in the space
Umip)r /U myp)P N U mip)hp by

D —‘up(D) € [npU(g) + U(g)bhl,

where we have abused language in an obvious way. In view of Lemma 2.5, applied
toX and X1p = M p/MpNH, itis now readily seen that the map ‘i p factors to an
algebra homomorphism from D(X) to D(M;p/Mip N H). We define the character
dp : Mip —10, oo[ by

dp(m) = | det(Ad(m)|n,)|"/2.

Using the duality of Section 4 it is seen that the function dp is right Hp-invariant.
Moreover, dp = 1 on Mp and dp = eP? on Ap. Multiplication by the function
dp induces a topological linear isomorphism from C°°(X;p) onto itself; moreover,
if m € Mip, then L;l odp oL, = dp(m)dp. It follows that conjugation by dp
induces a linear automorphism of D(X;p). Accordingly, for D € D(X) we define
the differential operator

up(D):=dp' o \up(D)odp € D(Xip).

Let b be a 0-stable maximal abelian subalgebra of g, containing aq. Let y : D(X) —
1(b) be the Harish-Chandra isomorphism introduced in Section 4 and let yX17 :
D(X1p) — Ip(b) be the similar isomorphism for the space X p; here Ip (b) denotes
the subalgebra of W (m;pc, b)-invariants in S(b). Since X p depends on P through
its o'-split component apg, the same holds for the isomorphism yXie,

Lemma 9.1 The map pp is an injective algebra isomorphism from D(X) into
D(X1p) which depends on P through its split component apq. Moreover,

yX1Poup =y. 9.2)

Equation (9.2) is proved in the same fashion as the analogous result for Rieman-
nian symmetric spaces. See [6], Sect. 2, for details. The remaining assertions readily
follow.
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The multiplication map Mp, x Apq — Mjp induces a diffeomorphism Xp x
Apq — Xip, which in turn induces an algebra isomorphism

DXip) 2 DXp) ® U(apg).

Moreover, since apq is abelian, the universal enveloping algebra U (apq) of its com-
plexification is naturally isomorphic with the symmetric algebra S(apq), which
in turn is naturally isomorphic with the algebra P(a’;,q) of complex polynomial
functions a7, « C. Accordingly, for every D € D(X), the associated element
up(D) € D(X;p) may be viewed as a D(X p)-valued polynomial function on a7, oC>
this polynomial function is denoted by

At up(D:A).

If v € Nk (aq), we denote the analogue of 1 p for the symmetric pair (G, vHv ™)
by w}. Thus, u% is an algebra homomorphism D(G/vHv™") — DXip.o).
Conjugation by v in U(g) naturally induces an algebra isomorphism D(X) —
D(G/vHv™"), which we denote by Ad(v). We define an algebra homomorphism
e DX) — D(Xjp,y) by

wpo = i 0 Ad(V).

Let D € D(X); then by the natural isomorphism D(X;p ,) =~ D(Xp,) ® P(a’;q),
the operator i p (D) may be viewed as a D(Xp_,)-valued polynomial function on
a’;,q(c. As such it is denoted by A = pp (D : 1).

We now recall from the text preceding Lemma 2.8 that for & € X?)’v’ gs the finite
dimensional space

_ -1
Véj — (Hé: OO)QZPOUHU

has a natural structure of D(X p ,)-module. The endomorphism by which the operator
up.v(D : A) acts on this module is denoted by wp (D : & : A). Finally, the direct
sum of these endomorphisms, for v € Py isan endomorphism of V (P, &), denoted
by

up(D &1 0) = @yeryy wpo(D i€

The following result is a straightforward consequence of Lemma 2.8.

Lemma 9.2 The space V (P, &) has a basis, subordinate to the decomposition (8.3),
with respect to which every endomorphism wp(D : & : )\) diagonalizes, for D €
D(X) and ) € a’;q(c.

Action on Generalized Vectors We can now finally describe the action of the alge-
bra of invariant differential operators on the H-fixed generalized vectors introduced
in the previous section.
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Lemma 9.3 Let P € P, and & € X} 4. Then foralln € V(P,&) and D €
U(e)”,

mpea(D)j(P & = jP:§: Mup(D:§: M, 9.3)
as a meromorphic C~°°(K : &)-valued identity in the variable ).

We give a sketch of the proof. For the case that P is minimal, details can be found
in [5] and [6], Section 4. For general P, details can be found in [38], Proof of Prop.
3.

By a technique going back to F. Bruhat, [30], see also [34], it can be shown that
for X in an open dense subset Q2 (P, &) of a”;,q(c, no element j of C™°(P : £ : M) is
supported by lower dimensional P x H double cosets. Therefore, such an element is
completely determined by its restriction to the open P x H double cosets. According
to Proposition 8.1, the latter are parametrized by ©WW. On every open orbit, j has
equivariance properties for the transitive action by P x H and is therefore a genuine
function with values in Hgoo; in particular it may be evaluated at the points of ©W.

We conclude that, for A € Q(P, &), any element j € C™>°(P : & : MH s completely
determined by the values ev,j := j(v), for v € PW. Thus, by meromorphy, it
suffices to check the identity (9.3) when evaluated in v € P, for generic A €
Q(P, &). It follows from (8.4) and Theorem 8.5 thatev, j (P : £ : A)n = n,. Hence,
evaluation in v of the right-hand side of (9.3) yields pp (D : & : 1)n,.

On the other hand, combining the equivariance properties of j(P : & : A) with
the definition of pp , (D : & : A) given earlier in this section, we infer, writing 7, :=
TTP.E s that

evy (D) j(P : & : M)n = eve my(Adv(D)) my (v) j(P : & : M)n
=ev, . (\up (Ad(v) D)) m (v) j (P 2 & 2 M)y
=pupy(D:§:0)evem(v) j(P:§: M)y
=upy(D:§ )0y, U

Example 9.4 (Riemannian case) In the notation of Example 8.10, the above for-
mula (9.3) becomes 7p 1 (D)1, = y(D : M1y, for D € D(G/K).

10 The Plancherel Theorem

Normalization of Measures In this section we will formulate the Plancherel the-
orem for the symmetric space X = G/H in the sense of representation theory. We
first need to describe the precise relations between the normalizations of the mea-
sures that come into play.

First, we equip iaf; with a W-invariant positive definite inner product so that it
becomes a Euclidean space. For each P € P, this inner product restricts to a positive
definite inner product on ia’;q. The associated Euclidean Lebesgue measure is de-

noted by d 1 p. Similarly, the orthocomplement i *a’, q See also (8.2), is equipped with
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the Euclidean Lebesgue measure dA p. Accordingly, the product measure dApdup
equals the Euclidean Lebesgue measure on i az.

On each group *A pq, let dm p denote a choice of Haar measure. In terms of this
Haar measure we may define an associated Euclidean Fourier transform by

foy = f@a= dmp(a).

Apq

We fix dm p uniquely by the requirement that the associated Fourier transform ex-
tends to an isometry from L2(*qu, dmp(a)) onto L2(i*a’;q, [Wp|dAp).

We recall from the text following (8.2) that *A pq is the analogue of Aq for the
symmetric spaces Xp, = Mp/Mp N vHv !, forv e P, Finally, we agree to fix
the normalization of the invariant measure dxp , on Xp , so that dm p is the invariant
measure of *A pq specified in Theorem 3.9 applied to the data Xp ,, K N Mp and
*Apq.

Fourier Transform The first step towards the Plancherel decomposition is the
introduction of a suitable Fourier transform. This is done in terms of the H-fixed
generalized vectors introduced in Section 8.

Definition 10.1 The (unnormalized) Fourier transform f of a function f € C2°(X)
is defined by

“FPE ) =/ J@)mpen(x)j(P:§:2)dx (10.1)
G/H

A : ;oK
for P € Py, & € XP,*’C[S and generic A € i0pg

We note that the Fourier transform in (10.1) belongs to the Hilbert space
Hom(V (P, &), Hp ) which is canonically identified with V(P, &) ® Hp g,).. The
tensor product of the trivial and the principal series representation on these spaces,
respectively, is denoted by 1 ® p ¢ 5.

Example 10.2 (Riemannian case) In the notation of Example 8.10, we find that
”f(P 1 :k)(k):/ f)1(kx) dx, (k € K),
G/K
the usual formula for the Fourier transform of G/K.
The following result is an immediate consequence of Definition 10.1.
Lemma 10.3 Let P € Py and & € Xy .. For generic ) € iaj,‘,q, the map

fUf(P:E: M)

intertwines the regular representation L with the representation 1 ® wp g ;.
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The next result is a straightforward consequence of Definition 10.1 combined
with Lemma 9.3.

Lemma 104 Let P € Py, and & € X?,’*,ds. Then for all D € D(X) and all | €
C(X),

“DfP:E:2)="fE M) oupD £: 1)

: *
for generic A € Opyc

It follows from the above lemma combined with Lemma 9.2 that the action of
the algebra ID(X) of invariant differential operators allows for a simultaneous diago-
nalization on the Fourier transform side.

The Fourier transform defined above is one of the ingredients of the Plancherel
decomposition. To define the Plancherel measure, we need to introduce the so-called
standard intertwining operators.

Let P, O € P, and assume that Apg = Apq. Then also Mp = Mp and Ap =
Ag.Let € Xy, 4o = X[ 4 g5 Write
Y(Q:P)={aeX]|gy CugNnp}.

Then for A € aj}q(c with (ReA, «) sufficiently large for each « € X(Q : P), the
following integral converges absolutely, for f € C*°(P : & : 1) and x € G,

AQ:P:&E:0)f(x) :/ _ f(nx)dn. (10.2)

NoNNp

Here dn is a suitably normalized Haar measure of Ny N N p. Moreover, it can
be shown that A(Q : P : & : A) defined above is a continuous linear operator
C®(P : & :2) — C®(Q : & : )\), intertwining the representations 7p ¢ ; and
0., Finally, A(Q : P : & : 1) can be meromorphically extended in the parameter
A E u;qc. For details, we refer the reader to [66] and [86].

For every P € P, we put

a’;.rgg ={r €ap, | (L, @) #0Va € T(P)}.

Theorem 10.5 Let & € XIAJ’*’dS. Then for every A € ia}k)r;g, the representation mp ¢ ),

is irreducible (unitary).

Proof. If P is a minimal element of P, this follows from a result of Bruhat, [30]. For
P nonminimal it follows from a result of Harish-Chandra, see [67]. The application
of Harish-Chandra’s result requires the information on & provided by Theorems 5.4
and 5.6, see [22], Thm. 10.7. O

We retain the notation introduced in the text preceding Theorem 10.5. The stan-
dard intertwining operator has an adjoint

A(QQ:P:E:=N)":1C®(Q:6:1) = C ®P:E:1)
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which depends meromorphically on A € aj}q(c and is G-equivariant. This adjoint

equals the continuous linear extension of A(P : Q : & : L) and will therefore be
denoted by A(P : Q : & : 1) as well. The operator

AP:P:&:=0)*0AP:P:E:2) (10.3)

is a G-intertwining operator from C°(P : & : A) to C*°(P : & : 1) for generic
A € ia},, hence a scalar by the above theorem. By meromorphy it follows that
(10.3) equals

nP &)1 (10.4)

with n(P : & : ) : aj;q(c — (C a meromorphic function. From the fact that
(10.4) equals the composed map in (10.3) it follows that n > 0 on i a’;q. Hence
n(P:&: )~ 1 defines a measurable function on ia};q with values in [0, oo[. At this
point the function n(P : &) is only defined up to a positive scalar, due to the fact
that no precise normalization of the Haar measure dn p of Np has been specified. In
what follows the precise normalization will be of importance. Let pp : G —]0, 0o [
be the function defined by ¢p(namk) = a?f? | for nam € P and k € K. Thus,
@p € C°(P : 1: pp). We fix the normalization of our measure by requiring that

[ACP: P:1:pp)opl(l) =fN pp(i) ditp = 1,

where the integral is known to converge absolutely. We now define the measure
dUp ¢ on ia’}‘,q by

1
d AN)i=——d A, 10.5
Hpe(h) i= s i () (10.5)

where d i p is Lebesgue measure on ia’, 4 normalized as described in the first para-
graph of the present section.

Example 10.6 (Riemannian case) We use the notation of Example 8.10 and recall
from the theory of Riemannian symmetric spaces that

AP :P:1: 01, =c) 1y, (10.6)

with ¢()) the well-known scalar c-function for G/K. In view of the definition of 7,
this leads to
n(P:1:2)=|cW* (Aeiap),

so that the measure dup 1 (A) takes the familiar form |c(A) |_2 times Lebesgue mea-
sure.
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The normalizer of apq in the Weyl group W is denoted by W} ; recall that the
centralizer in W of the same set is denoted by Wp. We define the group

W(apg) = Wh/Wp .

Restriction to apq induces a natural isomorphism from this group onto a subgroup
of GL(apq).

Definition 10.7 Two parabolic subgroups P, Q € P, are said to be (c-) associated
if their o-split components apq and agq are conjugate under the Weyl group W. The
equivalence relation of being associated is denoted by ~.

Let P, be a set of representatives in P, for the classes of ~. Thus, P, is in
one-to-one correspondence with P;/ ~. The following result is a first version of the
Plancherel theorem.

Theorem 10.8 Let [ € C2°(X). Then

£ 17200 = D IW:WEL Y / I“F(P:& M7 dup (V). (10.7)

A ia}
PeP, §€Xp 4 as Pq

Example 10.9 (Riemannian case) We use the notation of Example 8.10. We now
need to use the information that noncompact Riemannian symmetric spaces have no
discrete series, which follows from Harish-Chandra’s work on the discrete series,
but also from Theorem 5.4. This allows us to conclude that Xf,)*) ds = @, unless P
is a minimal parabolic subgroup containing A, = Aq and & = 1. Moreover, then
V (P, 1) equals C, equipped with the standard inner product, and W = Wj. In view
of Example 10.6 we see that (10.7) takes the usual form of the Plancherel formula
for G/K.

Theorem 10.8 motivates the following definition of a unitary direct integral rep-
resentation. First, for P € P, and & € X?, . ds» WE define the Hilbert space

H(P.§) =V(P.§5)® L (K : §),
equipped with the tensor product inner product. In addition, we define
“EA(P,E) 1= L (idpy, H(P, &), [W: Wpldup ),

the space of square integrable functions i a’;,q — H(P, &), equipped with the L2-
Hilbert structure associated with the indicated measure. The above space is equipped
with the representation 7 p ¢ of G given by

[rpe()el(A) = [1 @ mpes(x)]@v),

for ¢ € ug2(p, &) and x € G. It can be shown that wp ¢ is a continuous unitary
representation of G. In fact, it provides a realization of a direct integral,
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®
Tpe = / . IW(@T[P,&,A (W W;;] dup,f()\') .
i

Clpq

We define (mp,“£*(P)) as the Hilbert direct sum of the unitary representations
(Tp.e, MSZ(P, £)), for & € XIAJ’ w.ds- Finally, we define (7, ”22) as the unitary direct
sum of the representations (p, “C?(P)), for P € P,. Thus,

T = ®preP,Peexy,  TPE

The following result is now a straightforward consequence of Theorem 10.8.

Corollary 10.10 f — “ f extends to an isometry “§ from L*(X) into the Hilbert
space "$2, intertwining the representation L with the representation .

Remark 10.11 The reason for the summation over P, rather than P, is that the
principal series for associated P, Q € P, are related by intertwining operators, as
we shall now explain.

First, assume that apq = agq. Then the standard intertwining operator A(Q : P :
& : A) intertwines the representations wp ¢ ) and g ¢ ) for § € XI,A,’*’ds = X@,*,ds
and generic A € ia*;,q.

If 0 = wPw™! for some Weyl group element w € W, then there also exists
an intertwining operator between principal series representations for P and Q. It is
defined as follows. We observe that wMpw~! = M 0. Hence if g\ € Mp, then the
representation w - £ defined by w&(m) = & (w=lmw) belongs to M (here we have
abused notation, w should be replaced by a representative in Nk (aq)). Now the map
L(w) given by

Lw)p(x) = ¢w™'x)

defines an intertwining operator from Hp ¢ ) to H g we wa Which is obviously uni-
tary.

Finally, if PW is a set of representatives for Wp\W/Wgng in Nk (aq), then
2W = wPW is a set of representatives for Wo\W/Wgknn. This implies that & +—
wé is a bijection from X} _ 4 onto X@,*,dy

In general, if Q ~ P, then there exists a P’ € P, with apq = apqand Q =
wP’w for some w € W. From the above two cases we see that the principal series
for P and for Q are related by intertwining operators.

We have called Theorem 10.8 a preliminary version of the Plancherel theorem,
since it does not yet describe the image of “F. In fact, “§ is not onto “£2, due to the
presence of intertwining operators. These intertwining operators are also the cause of
double occurrences of irreducible representations in the direct integral representation
.

To be more precise, let w € W;;. Then the operator L(w), introduced in Remark
10.11, intertwines 7 p ¢  With 77, p,,—1 )z 45 Since

W(apg) =y pyiq-
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the latter representation is intertwined with 7w p ¢ ) by the standard intertwining
operator A(P : wPw™! : w& : wA), see Remark 10.11. The following result implies
that more than this cannot happen.

Proposition 10.12 For j = 1,2, let Pj € P, §j € X}, 4 and & € iaj, ¢ Then
the representations wp, g, 5, and 7wp, ¢, 5., are equivalent if and only if Py = P, and
if there exists a w € W(ap,q) such that &, = w& and Ay = wA;.

Proof. This result, which is closely related to Theorem 10.5, is due to Harish-
Chandra, see [67] and [22], Prop. 10.8, for details. O

The next result describes the effect on the Fourier transform of the intertwining
operators mentioned above.

Proposition 10.13 Let P € Py, w € Wy and & € X}, . Then wE € X3, 4
and d\p e (WA) = dlLp ¢ (X). Moreover, there exists a unique unitary isomorphism

“Cp (&, L) from V(P,E) ® L*(K : &) onto V(P, wE) ® L>(K : wé), depending
onie iaj‘oq in a measurable way, such that

UF(P :wE s wh) ="Cp (&, 2) "f(P:E:2).

The operator “Cp (&, A) intertwines 1 @ wp g with 1 @ wp we wi. Moreover, if
u,v € W;, then

“Cpuv€, 1) ="CpuE, v1)Cp (&, 1),

for almost every A € ia’;q.

It follows from the above proposition that for P, w, £ as above we may define a
unitary operator “€p ,, (&) : “C?(P, &) — "C£2(P, wé) by

“CpuwE)p) ="CpyE w V).

The direct sum of these operators, for & € XQ,’ «.ds» defines a unitary operator “Cp oy
from
“B(P) = Beexy S (P.E)

onto itself, intertwining the representation wp := @g mp,¢ with itself. Moreover,
w +— “Cp,, defines a unitary representation of W;‘, in “€%(P). The direct sum of
these representations, for P € P, defines a unitary representation of W;; in “¢2,
commuting with the representation 7 of G. Accordingly, the space of W} -invariants
is a closed invariant subspace of “£?.

Proposition 10.14 The image of the map “§, see Corollary 10.10, is given by

image("3) = (“€%)"?.
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The group W(apq) = Wy /Wp acts freely, but in general not transitively, on the
components of aggg , which are the facets in ag whose spans equal a}, ¢

Let ©2p be a fundamental domain for the action of W (apq) on i a;rgg , consisting
of connected components of ia;rgg. Then, for each P € P, and every & € ng’ wds?
we denote by ”Eép (P, £) the closed G-invariant subspace of functions in “£?(P, &)

that vanish almost everywhere outside 2 p. Finally, we define the following closed
G-invariant subspace of “£?,

"L = ®pep, Brexyy "S5, (P ).

The orthogonal projection onto this subspace is denoted by ¢ +— ¢q. After these
preparations we can now describe the Plancherel decomposition induced by the un-
normalized Fourier transform.

Theorem 10.15 (Plancherel theorem) The map f +— (“3f)o defines an isometry
from L*(X) onto ”2%, intertwining L with w, establishing the Plancherel decompo-
sition

L~ ®pep, Beex; /Q g ®Tres (Wi Wpldupe(). (108)
P

P.x.ds

In particular, for all P € Py and & € XIA, «.dg the representation wp g ;. occurs with
multiplicity dim V (P, &), for almost every A € ia’;q.

Proof. The fact that “§ establishes a direct integral decomposition follows from The-
orem 10.8 combined with Corollary 10.10 and Proposition 10.13. The occurring rep-
resentations are almost all irreducible by Theorem 10.5, and almost all inequivalent
by Proposition 10.12. O

Remark 10.16 It follows from Lemma 10.4 and Lemma 9.2 that the action of the
algebra D(X) on C°(X) transfers via “§ to an action on the space on the right-
hand side of (10.8), which respects the direct integral decomposition and allows a
compatible simultaneous diagonalization.

The fact that the functions A — “ f (P : & : 1) may have singularities on ia}‘,q,
even for f € C2°(X), is no problem from the Hilbert space direct integral point of
view. However, in the proofs that will be described later, it will turn out to be crucial
to have a different normalization of the Fourier transform available. The normalized
Fourier transform is going to be defined as in Definition 10.1, but with j(P : £ : A)
replaced by a differently normalized element of Hom(V (P, &), C™°(P : & : Y,

Definition 10.17 Let P € P, & € XIAD’ «.ds- We define
JOPEN=AP P E NP EN

as a meromorphic Hom(V (P, &), C~°(K : &))-valued function of A € a’;q(c.
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From the fact that up = 5, see Lemma 9.1, it is readily seen that Lemma 9.3
is valid with j° in place of j.

The normalization of j in Definition 10.17 is motivated by the following remark-
able property.

Theorem 10.18 (Regularity theorem) The Hom(V (P, &), C~ (K : &))-valued
meromorphic function . — j°(P : & : X) is regular on ia*;,q.

The proof Theorem 10.18 is based on a similar result, formulated in the next sec-
tion, for the so-called normalized Eisenstein integral. For P a minimal o -parabolic
subgroup the result is due to [15]. For general P it is due to [35].

Example 10.19 (Riemannian case) We use the notation of Example 8.10. In view
of (10.6), it follows that

JOP g D) =), (10.9)

Thus, in this case the regularity theorem amounts to the well-known fact that the
c-function has no zeros on iay,.

We now define the normalized Fourier transform f of a function f € C°(X)
as f , but with everywhere j(P : & : 1) replaced by j°(P : £ : A). Then Theorem
10.18 has the following immediate consequence.

Corollary 10.20 Let P € Py and & € X?,’*’ds. Then for every f € C°(X), the

function A +— f(P 2 & M) isanalyticasa V(P,&) @ C®°(K : &)-valued function
on iaji,q.

A simple calculation leads to the following relation between “ f and f ,for f €
CX(X):
fPE:N)=[IQAP:P:£: ) “f(P:&:N).

From this it readily follows that
1P MIP=nP g0 “F(P:g: I (10.10)

This relation has the effect that the normalized Fourier transform induces a Planch-
erel decomposition with Plancherel measure equal to ordinary Lebesgue measure.
Indeed, let P € Py and & € X} then, for f € C°(X),

Lk, ds?

1“F(P & 1P dup (W) = 1 £ (P& D) dup.

It follows that Theorem 10.8 is equivalent to a similar result for the normalized
Fourier transform f +— f with djup(2) in place of dup £ (2).

For P € Py and § € X} _ 4, let £2(P, §) be defined as “C*(P, &), but with the
Lebesgue measure dup(A) in place of dlip,g (A). Thus,
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SX(P.§) 1= LA(iapy. H(P. &), [W: Whldup). (10.11)

Moreover, let (r, £%) be defined accordingly. Then Corollary 10.10 is equivalent
to the similar result involving the unnormalized Fourier transform and (, £2).
We denote the continuous linear extension of the normalized Fourier transform by
g LZ(X) - £2, Proposition 10.13 is now equivalent to a normalized version,
with different intertwining operators €p ,(§ : 1) : H(P, &) — H(P, w&). In view
of (10.10), the connection of these intertwining operators with their unnormalized
analogues is given by

“CpENO[IQAMP P :E: )] =[1Q®AP: P:wé:wh)]Cpy(€: 1)

As before we define a unitary representation of W(apq) in £? commuting with 7,
so that Proposition 10.14 is equivalent to its normalized analogue. Finally, we fix
fundamental domains Qp C i a’;,rgg for the action of W (apq), and define Sg in a sim-

ilar fashion as ”£(2). Then )3(2) is a closed G-invariant subspace of £2. The orthogonal
projection onto it is denoted by ¢ + ¢o. Theorem 10.15 is now equivalent to the
following normalized analogue.

Theorem 10.21 (Normalized version of the Plancherel theorem) The map f +—
(Ff)o defines an isometry from L*(X) onto £2, intertwining L with 7, establishing
the Plancherel decomposition

L ~ @pep, égeXA /Q lm@)ﬂp,g‘k [W:Wpldup).
iQp

Px.ds

Remark 10.22 Since Lemma 9.3 is valid with j° in place of j, it follows that
Lemma 10.4 is valid with f +— f in place of f — “f. Therefore, the obvious
analogue of Remark 10.16 is valid for §.

Remark 10.23 In Delorme’s paper [40] the above formula occurs without the con-
stants [W : Wp]. This is due to a different normalization of measures. More pre-
cisely, Delorme uses the normalization of measures described in the first paragraph
of this section, with the exception of the Lebesgue measure dAp on i *a*;, ¢ which he
normalizes by the requirement that the Euclidean Fourier transform of *A pq extend
to an isometry Lz(*qu, dmp) — L2(i*a’;,q, dip).

11 The Spherical Plancherel Theorem

The Eisenstein Integral A main step towards proving the Plancherel theorem con-
sists of proving the analogue of Theorem 10.8 for the normalized Fourier transform
f f . It suffices to do this on the subspace of functions of a specific left K -type.
To be more precise, let § € K and let C2°(X); be the subspace of C2°(X) consist-
ing of left K -finite functions of type §. Then it suffices to show that f +— f is an
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isometry from C2°(X)s, equipped with the inner product of L?(X), to the space Sg of
K -finite elements of type & in £2. The restriction of the Fourier transform to C 2 (X)s
naturally leads to the concept of Eisenstein integral, as we will now explain.

We start by observing that

L*(X)s ~ Homg (Vs, L*(X)) ® Vs
~ (L*X) @ ViHK @ V.

Here and in what follows, unspecified isomorphisms are assumed to be the obvious
natural ones. Put 7 = 75 := 6" ® 1 and V; = Vy; := V® ® Vj; then it follows that

L*(X)s = (L*(X) ® V)X
=L*X:1),

where the latter space is the space of functions ¢ in L2(X, V;) that are t-spherical,
ie.,

plkx) = t(k)e(x), xeX,keKk). (11.1)

Similar considerations lead to analogous definitions for spaces of spherical functions
associated with C2°(X), C*°(X), C(X). In the L2-context all the natural isomor-
phisms are isometric if we agree to equip V5" ® Vs >~ End(Vs) with dj ! times the
Hilbert—Schmid inner product. Note that so far we have used nothing special about
X; the whole construction applies to a manifold X equipped with a smooth K -action
and a K -invariant density.

The natural isomorphism L?(X)s — L*(X : 5) will be called sphericalization,
and is denoted by

f > foPh (11.2)
We recall from the general considerations in Section 2 that the Fourier transform

f f (P : & : A) may also be given by testing with a matrix coefficient. In the

present context, let P € P, and £ € XIAJ’*, 4s- Then for generic A € aj;q(c we define

the map
Mpgs: V(P.E) ®CP(K :§) — C¥(X) (11.3)
by the following formula, for n ® ¢ € V(P, &) @ C®(K : &) and x € X,
Mp g 1(1® @)(X) = (@, Tp, 7(x) j°(P & =M)n).
Here jo(P : & : —2) is as in Definition 10.17. From the definition of the normalized

Fourier transform, we now obtain, for f € C°(X)and T € V(P, &) @ C®(K : &),
that

A

(F(PiE:1).T) = (f. Mp _5(T)). (11.4)
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We observe that Mp ¢ ; intertwines the generalized principal series representation
7p ¢, ® I with the left regular representation L. In particular, it follows that Mp ¢ 5,
maps V(P,£) ® C®°(K : &)s into C*®°(X)s >~ C*°(X : 75). An Eisenstein integral is
essentially an element in the image of Mp ¢ ;, viewed as an element of C*°(X : ).
It becomes a very practical tool if we realize the parameter space V(P,&) ®
C°(K : &); in a different fashion.

Let P € Py and & € X}, 4 andletv € PW_.If V(P, &, v) is nontrivial, then
& belongs to the discrete series of the space Xp , defined by (8.1). In any case, we
consider the natural matrix coefficient map V (P, §, v)@He — L%(X p.v) and denote
its image by

L*(Xpo)e.

In particular, this space is nontrivial if and only if & € XIA,’U’ gs- Weput Kp := KNMp
and define tp = 15.p = T5|g,. Then L2(Xp, : tp) = (L*(Xp) ® Vp)Kr.
Accordingly, we define

L*(Xp,y : p)e 1= (L*(Xp,)e ® Vo)K7

Lemma 11.1 The space V(P,&) @ C°(K : &)s is finite dimensional and equals
the Hilbert space V(P,&) ® L*(K : &)s. Moreover, there is a natural isometrical
isomorphism

VP.E)®C®(K : &) —> Dyeryy LXXpy:tsp),
where @ denotes the formal direct sum of Hilbert spaces.

Proof. First, we note that L2(K : &) is the representation space for the induced
representation ind ’I§P (¢ | Kp). By Frobenius reciprocity we have

Homg (Vs, L*(K : £)) =~ Homg, (Vs, He) . (11.5)
Hence,

L*(K : £)5 =~ Homg, (Vs, He) ® Vs
~ (He ® Vi)57 . (11.6)

It is a standard fact from representation theory that each K p-type occurs with finite
multiplicity in & € Mp. Therefore, the space in (11.6) is finite dimensional. It follows
that L2(K : &) is finite dimensional, hence equals its dense subspace C®(K : £)s.
This establishes the first two assertions.

From (11.5) it follows, for v € Py that

V(P &E,v) @ L*(K : £)5 = (V(P, &, ), ® He @ Vip)K?
~ (L*(Xp.y)e ® Viy)K?

by the matrix coefficient map of £. Here, the index (1) on a tensor component indi-
cates that the action of the group K p is trivial on that component. The argument is
completed by taking the direct sum over v € PW. O
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We denote the isomorphism of Lemma 11.1 by T +— 7, a notation that is
compatible with Harish-Chandra’s notation in the case of the group, see [58], §7,
Lemma 1.

Definition 11.2 Let §/ € ®,cryy L*(Xp,v : w,p)g. Then, for & € aj ¢, the nor-
malized Eisenstein integral E°(P : i : ) is defined by

E°(P:y i) =MP, ,(T) e C¥(X:15),

where T € V(P,&) ® C°(K : &)s is such that v = ¢r.

Example 11.3 (Riemannian case) We use the notation of Example 8.10 and con-
sider the case of the trivial K-type § = 1, so that V; = C and C*(G/K : 1)
equals the space C*°(K\G/K) of bi-K-invariant smooth functions on G. Then
V(P,1)® C®(K : 1) ~ C. Moreover, YW = {e} and /1 = 1. In view of (10.9) it
follows that in this setting the normalized Eisenstein integral is given by

E°(P:1:2)(x) =/ c()~D1; (kx) dk = () gr(x),
K

where ¢, is the zonal spherical function in C*°(K\G/K), determined by the param-
eter A.

The above definition of the Eisenstein integral can be extended to a bigger -
space, by collecting all £ € X/, . together. We need some preparation for this.

Definition 11.4 Let (t, V;) be any finite-dimensional unitary representation of K.
Then by A>(X : 1) we denote the space of smooth functions f € C®X : 1)
satisfying the following conditions:

(@) feL*X:1);
(b) D(X) f is finite dimensional.

Theorem 11.5 The space Ay (X : ) is finite dimensional. Moreover, it decomposes
as the orthogonal direct sum

Ar(X : 7) = Bgexy L*(X: 1)e .
In particular, only finitely many summands in the direct sum are nonzero.

Proof. This is a deep result, which is equivalent to the assertion that for a given § € K
only finitely many representations from the discrete series of X contain the K -type 8.
It follows from the classification of the discrete series by Oshima and Matsuki [77].
We will see that it also follows from our proof of the Plancherel formula, if one uses
the information on the discrete series given in Theorems 5.4 and 5.6. Of course, the
latter results are due to [77] as well. O
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We define the finite-dimensional Hilbert space Ay p = Az p(1s) by
Ao p = @ycryy AoXpw : T5.pP) (11.7)

where @ denotes the formal orthogonal direct sum of Hilbert spaces. By Theorem
11.5, applied to Xp , for v € PW, the space A, p decomposes as the orthogonal
direct sum, for & € X/F\, . ds? of the spaces

Az pe = ®peryy LZ(XP,U 1T5,P)E -

Accordingly, given ¥ € A p, we write ¢ for the component determined by & €

A
XP,*,ds‘

Definition 11.6 For v € A, p we define the normalized Eisenstein integral
E°(P:v¢ 1) e C®(X:1)by

E(P:y:a)= Y E°(P:ye:h).
Eex?’,*,ds

The Regularity Theorem We shall now describe the action of invariant differen-
tial operators on the Eisenstein integral. Let D € D(X). If v € W and A € a’;,q(c,
then wp (D : X) is an operator in D(Xp ,), which naturally acts on the space
A2(Xp .y, Tp) by an endomorphism Hp U(D, )). The direct sum of these endomor-

phisms, for v € W, is an endomorphisni of Az, p, denoted by
EP(D TA) = @yew EP,U(D TA). (11.8)

Proposition 11.7 For every v € A p, the Eisenstein integral E°(P : ¥ : 1) is
meromorphic as a function of A € a’l‘,q(c with values in C®°(X : t). Moreover, it
behaves finitely under the action of D(X), for generic A € aj;q(c. More precisely, for
every D € D(X),

DE°(P:vy : 1) = E°(P SR (DY R,
as a meromorphic identity in the variable ). € a}, o«

The regularity theorem for j°, Theorem 10.18, is essentially equivalent to the
following regularity theorem for the Eisenstein integral.

Theorem 11.8 (Regularity theorem) The C*°(X : t)-valued meromorphic function
A > E°(P iy 2 &) is regular on iap, for every Y € Az p.

This result is proved by a careful asymptotic analysis combined with the Maass—
Selberg relations presented in Theorem 11.22 below. For P a minimal o -parabolic
subgroup it is due to [15]. For general P it is due to [35], which in turn makes use of
[10].

The Fourier transform defined in the text below Theorem 10.18 can be expressed
in terms of the normalized Eisenstein integral.
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Lemma 11.9 Let F € C°(X : t13), and let f be the corresponding function in
CX(X)s, i.e., F = . Then

(f(P:E:0),T)= /X(F(x), E°(P iyt =1)(0)y, dx,

foreveryT € V(P,E)® L*(K : €) and all 1 € ia’;,q.
Proof. Let T be as mentioned. Then using (11.4) we find that
(f(P:&:2),T)=(f, Mp, 3(T))

h
= (F.M}L (1)

=/X(F(x),E°(P SYr A (X)), dx. O

The Spherical Fourier Transform The relation in Lemma 11.9 provides mo-
tivation for the following definition of the spherical Fourier transform. We write
E°(P : ) for the Hom(A», p, V;)-valued function on X given by

E°(P: M)y = E°(P: ¢y : M) (x),

¥ € Ay p, x € X. Moreover, we define the so-called dual Eisenstein integral to be
the Hom(V;, Az _p)-valued function on X given by

EX¥(P:A:x):=E(P:—Xx:x)*,

H *
for x € X and generic A € OpyC

Definition 11.10 Let F € C°(X : t). The spherical Fourier transform FpF :
ia’;,q — Aj p is defined by

pr(A):/ E*(P:A:x)F(x)dx. (11.9)
X

Example 11.11 (Riemannian case) In the setting of Example 11.3 it follows that
Fp f (1) equals ¢c(—A)~! times the usual spherical Fourier transform f (1), i.e.,

Fr(HQA) = (=) F) =e(=n)7! fG /K FX)p-i(x) dx,

for f € C°(K\G/K) and generic A € a;‘)(c.
It follows from Definition 11.10 that
(f(P:E:2),T) = (FpF(=1), ¥r) (11.10)

in the notation of Lemma 11.9. The change from A to —A is somewhat awkward,
but nevertheless incorporated here to guarantee a traditional form for the asymptotic
approximations of the Eisenstein integral as the space variable tends to infinity. Given
a finite-dimensional real linear space V we shall use the notation S(V) for the usual
space of rapidly decreasing or Schwartz functions V. — C.
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Proposition 11.12 Let P € P,. The Fourier transform Fp maps C°(X : ©) con-
tinuous linearly into the Schwartz space S (i a*;,q) ® Az p.

This result is a consequence of uniformly tempered estimates for the Eisenstein
integral combined with partial integration. More comments on the proof are given in
the text following Theorem 11.16.

The operator Fp has the so-called wave packet operator as its adjoint.

Definition 11.13 Let P € P,. The wave packet operator Jp is the operator from
S(ia’;)q) ® Az p to C®(X : 1), defined by

Tpp(x) = / E°(P:):x)p(A)dA.

Pk
tCqu

Here d is abbreviated notation for the Lebesgue measure dj.p (1) onia}, ¢ normal-
ized as in the beginning of Section 10.

Theorem 10.8 and its normalized version are now equivalent to the following re-
sult, which is the major ingredient in the Plancherel theorem for spherical functions.

Theorem 11.14 Let f € CX°(X : 7). Then

f=) IW:WilJIpFrf. (11.11)

PeP,

Example 11.15 (Riemannian case) In the setting of Example 11.3, we have that
Tpy(x) = / Y0 pr(x) .
iaj

If we combine this with Example 11.11 and use the remarks of Example 10.9, we
see that (11.11) takes the form of the inversion formula for Riemannian symmetric
spaces,

dx

Fx) = / R

There is a natural notion of Schwartz function on X, which generalizes Harish-
Chandra’s notion of Schwartz function for the group. Let Ix : X — [0, oo[ be
defined by /x (kah) = | loga||. Then the L2-Schwartz space of X is defined by

CX)={feC®X) | (1 +1x)"Luf € LAX) Yu e U(g), neN}.

Here L, denotes the infinitesimal left regular action of u. Alternatively, the Schwartz
space can be characterized in terms of sup-norms of derivatives. Let ® : G/H —
10, oo[ be defined by ©(x) = E(xo (x)~!)!/2, where E denotes Harish-Chandra’s
elementary spherical function for G/K with spectral parameter 0. Then a function
f € C*®(X) belongs to C(X) if and only if for every u € U(g) and all n € N,
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sup (1 +Ix(x)" ©(x) 'Ly £ (x)| < oo.

xeX

For more details we refer the reader to [6], Sect. 17.

Theorem 11.16 Let P € P,. Then

(a) The Fourier transform Fp extends to a continuous linear operator from C(X : 1)
to S(ia’;q) ® Az p.

(b) The wave packet operator Jp is a continuous linear operator from C(X : t) to
S(ia’}q) ® Az p.

The fact that Fp extends continuous linearly to the Schwartz space is a conse-
quence of uniformly tempered estimates for the Eisenstein integral. These will be
formulated at a later stage, see Theorem 14.1. That the extension maps into the Eu-
clidean Schwartz space S(ia, q) ® A», p is a consequence of the tempered estimates
combined with partial integration, involving an application of Proposition 11.7.

Assertion (b) of the theorem is a consequence of the mentioned tempered esti-
mates and an application of the theory of the constant term of [33]. The proof is due
to [15] for P minimal and to [10] for P general.

The natural action of the algebra of invariant differential operators on C*°(X : 1)
leaves the subspace C(X : t) invariant. Moreover, it behaves well with respect to the
Fourier and wave packet transforms. For D € D(X) we denote by P(D : -) the
endomorphism of S(ia’;,q) ® Ay p given by [kp(D 2 )elR) = p, (D : M),
see also (11.8).

Lemma 11.17 Let P € P, and D € D(X). Then

(a) fPOD ,LL (D )Ofp,
(b)DojP—jPOM (D: ).

Proof. Property (a) follows from Proposition 11.7 combined with Definition 11.10
and the relation Hp (D* : —N)* = Hp (D : X). For a proof of the latter relation,
see [21], Lemma 14 7. Property (b) follows from the mentioned Proposition 11.7
combined with Definition 11.13. O

C-Functions and Maass—Selberg Relations For the full Plancherel theorem, we

need to give a description of the image of (Fp)pep, . This description involves so-

called C-functions, which occur in the asymptotic behavior of the Eisenstein integral.
If P, QO € P, are associated, see Definition 10.7, we define

W(agq | apg) = {slap, | 5 € W, s(apq) C agq).

Theorem 11.18 Let P, Q € P, be associated. There exist uniquely determined
Hom(A, p., Az, g)-valued meromorphic functions A + COQIP(S tA) on aj;q(c, for
s € W(agg | apqg), such that
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E°(P:h:mav)y ~ @™ PR[Cy p(s : MY y(m),

seW(agqlapq)

asa — oo in AJQ“q, forall » € iap, v € oW, m € Xgand ¢ € Az p; here
shi=Xios L

The motivation for the particular normalization in the definition of j°, see Defi-
nition 10.17, is ultimately given by the following result.

Proposition 11.19 C;,IP(I A =1
The C-functions allow us to formulate the so-called functional equations for the

Eisenstein integral.

Theorem 11.20 Let P, Q € Py be associated. Then, for all s € W (agqlapq),
E°(P:d:x)=E°(Q:sA:x)oCpp(s:h), (11.12)
for every x € X, as a meromorphic identity in the variable A € a*Q o

This result generalizes Harish-Chandra’s functional equations for the case of the
group, see [55]. For symmetric spaces, and P, Q minimal, the result is due to [6].
The general result is due to [35]. Later, in [21] a different proof has been given,
based on the principle of induction of relations developed in [20]. It involves the idea
that the functions on both sides of (11.12) are essentially eigenfunctions depending
meromorphically on the parameter A € a;qc. Moreover, they satisfy conditions that

allow one to conclude their equality from the equality of the coefficient of a**~°¢ in
the expansion along AE qv> for each v € €. The latter equalities amount to

Clep(s A = OQlQ(l D SA) C°Q|P(s 1A,

which is valid in view of Proposition 11.19.
The functional equations for the Eisenstein integral imply transformation formu-
las for the normalized C-functions.

Proposition 11.21 Let P, O, R € P, be associated, and let s € W (agqlapq) and
t € W(agqlagq). Then

Ciip(ts 1 1) = Ciyo(t 1 SMCH p(s 1 A), (11.13)

as a Hom( Az, p, Az r)-valued identity of meromorphic functions in the variable A €
*
CpqC

Proof. This follows from (11.12) by comparing the coefficients of a’**~P in the
asymptotic expansions along A;qv, for v e W, O
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The proof of the regularity theorem, Theorem 11.8, is based on an asymptotic
analysis together with the following important fact.

Theorem 11.22 (Maass—Selberg relations) Let P, Q € P, be associated and let
s € W(agq | apq). Then

Copls : =M Copls 1) =1.
In particular, if . € ia’;q, then COQIP(S 1 A) is unitary.

In the case of the group, the above result is due to Harish-Chandra, [58]. He
introduced the name Maass—Selberg relations to emphasize remarkable analogies
with the theory of automorphic forms.

For symmetric spaces and P minimal, Theorem 11.22 (Maass—Selberg) is due to
E.P. van den Ban, [6]. For general P it is due to J. Carmona and P. Delorme, [35].
The latter paper depends in an essential way on Delorme’s paper [39].

Later, in [21], van den Ban and Schlichtkrull managed to obtain the Maass—
Selberg relations for general o -parabolic subgroups from those for the minimal ones.
We will give more details at a later stage, see Theorem 14.2.

Example 11.23 (Riemannian case) In the setting of a Riemannian symmetric space
with P minimal, see Example 11.3, we see that C}’,lp(s 1) = c(A)"le(sA). Thus, in

this case the Maass—Selberg relations with 0 = P and s € W amount to lc(V)]? =
lc(sA)|? for A € ia; (imaginary).

The Plancherel Theorem for Spherical Functions The functional equations for
the Eisenstein integral, together with the Maass—Selberg relations, imply transforma-
tion formulas for the associated Fourier transforms.

Proposition 11.24 Let P, Q € P, be associated. Then, for every f € C(X : t) and
each s € W(agqlapq),

Fof(sh)=Chp(s : NFpf(R),  (heidp,). (11.14)

Proof. Taking adjoints on both sides of (11.12), with —5~!'A in place of A, and using
the Maass—Selberg relations (Theorem 11.22), we obtain the following functional
equation for the dual Eisenstein integral

Cé“p(s:)»)oE*(P:)\:)c):E*(Q:s)»:x). (11.15)

The transformation formula for the Fourier transforms is an immediate consequence.
O

Proposition 11.25 Let P, Q € P, be associated. Then Jp o Fp = Jg o Fg on
CX:1).
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Proof. Let f € C(X: 7). From (11.14) it follows that, for x € X,
JoFofx) =/ E°(Q :sh:x)Fo f(sh)dx
iahy
:/ EO(Q:sk:x)CCélP(s:A)}"pf()\)dA
za}‘,q

=/ E°(P:x:x))Fpf(h)da
ia’;q

= TpFpf(0).
The next to last equality follows from Theorem 11.20. g

The above result implies that the summation in Theorem 11.14 essentially ranges
over equivalence classes of associated parabolic subgroups.
Motivated by the transformation formula (11.14) with P = Q, we define

[S(iapy) ® Ay, p]™ @ (11.16)

to be the subspace of S (ia}‘)q) ® A p consisting of the functions ¢ satisfying

P(s1) = Chyp(s : M) .

for all A € iaj‘;q, s € W(apg). It follows that Fp maps C(X : 1) into the space
(11.16) introduced above.

Proposition 10.14 and its normalized version are consequences of the following
Plancherel theorem for spherical Schwartz functions.

Theorem 11.26 (The Plancherel formula for spherical functions) The map F :=
@ pep, Fp is a topological linear isomorphism

CX:1) — @pep, (Sliapy)®Arp)" .

Its inverse is given by
J = ®pep, [W: Wi Tp.
Moreover, for every f € C(X : 1),
1 1 2ey = D W WRLIFp £

PeP,

The set P, contains precisely one minimal o -parabolic subgroup of P,, since all
such are associated. Let us denote it by Py, and its Langlands decomposition by

Py = MAN,.

We denote by Cie(X : 7) the image of Jp, and call it the most continuous part
of the Schwartz space. The following results were proved in my earlier work with
Schlichtkrull on the most continuous part of the Plancherel theorem, [16].
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Theorem 11.27 There exists a differential operator D, € D(X), depending on v =
Ts, such that

(a) D isinjective on CX°(X : 1),
(b) Dy o Jp, 0 Fp, = DronC(X: 7).

It follows from the above result combined with the spherical Plancherel theorem that
D;oJp =0 forall P eP,\{Py},

hence also for all nonminimal o -parabolic subgroups P € P,. In particular, it fol-
lows that Ciy (X : ) equals the orthocomplement of the kernel of D; in C(X : 7).

In the final sections of our exposition, we shall give a sketch of the proof of
Theorem 11.27, and derive the full Plancherel theorem from it by application of a
residue calculus.

12 The Most Continuous Part

Expansions for Eisenstein Integrals In this section we shall give a sketch of the
proof of Theorem 11.27, which serves as the starting point for our further derivations.
Let Ac‘]“ be the positive Weyl chamber associated with the choice of Py;i.e., Ac‘]“ =

A;O ¢ In the notation of (6.3), the associated choice of positive roots is given by
Tt i= B(P).

In this section we shall briefly write E°(A : x) for the normalized Eisenstein
integral E°(Py : A : x). The theory of this Eisenstein integral, connected with the
minimal principal series for (G, H), is developed in [5], [6] and [15], along the lines
sketched in the previous sections. In Delorme’s work, partially in collaboration with
J. Carmona, the Eisenstein integrals associated with the nonminimal (or generalized)
principal series are introduced in a similar manner. In my work together with H.
Schlichtkrull, the more general Eisenstein integrals make their appearance in har-
monic analysis through a residue calculus in a way we shall explain in the sequel. It
is only at the end of the analysis that they are identified as matrix coefficients of the
generalized principal series.

Let us return to the Eisenstein integral E°(A : x) associated with the minimal
o -parabolic subgroup Fy. Put u = p Py’ In view of Proposition 11.7, the action of

the invariant differential operators on the Eisenstein integral is described by
DE°(L:-)=E°(A: -)ou(D:)), (D € D(X)), (12.1)

as a meromorphic identity in the variable A € a;‘l(c. From this combined with the
fact that it is a (1 ® 7)-spherical function on X it follows that the Eisenstein inte-
gral E°(A : x) has a particular asymptotic behavior as x tends to infinity in X. The
structure of directions to infinity in X is best understood in terms of the decomposi-
tion (3.10) in Corollary 3.7. Let A(‘f and WV be as in the mentioned corollary. Then
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the differential equations (12.1) give rise to so-called radial differential equations on
v_lA(‘]"v, for every v € W. These radial equations form a cofinite system. Moreover,
let A be a basis of ag containing the set A of simple roots in £ 7. Then the functions

-1 . . . — .
a > a "’ “fora € A, form a system of coordinates at infinity on v 1Aa“v, with

respect to which the system of radial differential equations becomes of the regular
singular type at zero. As a consequence it follows that the Eisenstein integrals have
an asymptotic behavior that can be described in terms of power series in these coordi-
nates. More precisely, let D be the unit disk in C. Then we have the following result
from [14], Thm. 11.1. For the case of the group the result is due to Harish-Chandra
[52], see also [37] and [4] for the relation of the system (12.1) with the theory of
regular singularities. We agree to write p := pp,, T := 75, Ty := Tp, = T|knm and

°C(1) 1= Ap.py(T) = @veyy CO(M/M NvHV™ : 7y),

see (11.7). Note that M/M NvHv~! is compact, for v € W, by minimality of Py in
Ps.

Theorem 12.1 Let v € W. There exist meromorphic End(°C(t))-valued functions
A= C°s @ X)) on a;(c, for s € W, and a function ¥V, : aZC x DA —

End(VTM NKNvHv™! ), meromorphic in the first and holomorphic in the second vari-
able, with WV, (A, 0) = I, such that

E°Gavyy =y a7 Wy(sh, (@) [C°(s - Yl (e).

seW

for every € °C(t), all a € A(‘f and generic ) € a:;(C‘
The function W, (1 : -) has a power series expansion on D?, with coefficients
I (v, ) € End(VMNKWHV™Y)

for © € NA, which depend meromorphically on X; moreover, the constant term is
given by I'p(v, A) = I. Accordingly, the Eisenstein integral E°(A : av) has the
following series expansion which describes its asymptotic behavior as a tends to
infinity in the chamber A7,

E°Qiav)y =) D @™ P T, W) [COs - MY ().

seW peNA

Observe that the C-functions defined here were denoted by C ;ol P (s : ) earlier, see
Theorem 11.18. In particular,

c°d:a) =1, (12.2)
and we have the Maass—Selberg relations, for s € W,

C°(s : =)*C°(s : 2 = 1. (12.3)
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In the present setting of a minimal o -parabolic subgroup, the Maass—Selberg rela-
tions are due to [6]. The proof given in [6] depends on a careful study, [5], [8], of the
action of the standard intertwining operators, introduced in (10.2), on the H-fixed
generalized vectors of the minimal principal series, introduced in Section 8. See the
remarks following Theorem 11.22 for further comments on the history.

Proof of Theorem 11.27 The proof of Theorem 11.27, which amounts to the most
continuous part of the Plancherel decomposition, is given in [16]. We sketch some
of the main ideas occurring in that proof.

First, we agree to use the notation

Dy(h, a) = a*PW, (L, (a™%)).

Let f € C°(X : 7). Writing F := Fp, and J := Jp, and ignoring singularities in
the variable X as well as convergence of integrals for the moment, we see that

JF f(av) = / Z Dy(sh,a)[C°(s : MF fF(M)]u(e) dr (12.4)
ias seWw
= Z/ Dy (sh,a)[C(s : M)F fF(M)]y(e) dr (12.5)
sew Jiag
= Z/ O, (sh, a)[F f(sM)]v(e) dr (12.6)
seW iﬂa‘
=Wl | Q0 OlFfM]u(e) dr (12.7)
zaa
= |W| Dy(A, )[Ff(A)]y(e) dr  + residual integrals
iag+n

for a generic n € az that is antidominant, i.e., (n,«) < O for all « € A. There
are two major problems with this procedure. The first is that the integrands may have
singularities as a function of A. The second is that the integrands need to be estimated
in order to justify the passage from (12.4) to (12.5) and to apply Cauchy’s theorem
to the integral in (12.7). Both of these problems are dealt with in [6]. Both factors
of the integrand in (12.7) are shown to have singularities along a locally finite union
of hyperplanes of the form (A, «) = ¢, (c € R), for @« € %, of order independent
of f and a. Moreover, none of these hyperplanes meets 1 + ia(’;, if n is sufficiently
far out in the antidominant direction. The required estimates can be described as
follows. Let w C az be a bounded subset. Then there exists a polynomial function
q=4qu: a(’;(c — C, which is a product of factors of the form (-, o) —c, witha € ¥
and ¢ € R, such that for some N € N,

lg(M)@y(r, @)l = O((1 + [ADN),

locally uniformly in a € A(‘]*, for A in the strip w + ia;(c, and such that, for every
neN,
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lgF fM)II = O +[AD™™),

for X in the same strip.

If D € D(X), then F(Df)(X) = w(D : A)F f(1), by Lemma 11.17. In [16] it is
shown that there exists an operator D; € ID(X) depending on 7, such that the zeros
of ® (D¢ : -) annihilate all singularities of the integrands in (12.4)—(12.7), and such
that

detu(Dr : -) #0. (12.8)

It follows that all equalities in the array are valid with D f instead of f, for any
feC¥(X:r)andally € az antidominant; moreover, the residual integrals vanish.
This leads to the equalities

JFD: f(av) = / @y (A, a)[u(Dr - MF fF(M)]u(e) da, (12.9)

n+iag

foreachv € Wand all a € Aj]‘. In the Riemannian case, where H = K, W = {1}
and t = 1, one can show that D, = 1 fulfills the requirements. Moreover, the
procedure just described corresponds to the shift procedure applied by Helgason
[60].

Proposition 12.2 The operator JF D is a support preserving continuous linear
endomorphism of C2°(X : 7).

Sketch of proof. From estimates for the Eisenstein integral it can be shown that there
exists a polynomial function ¢ : a’~ — C, which is a product of factors of the form
(-,a) —c,witha € ¥ and ¢ € R, such that

lg)F F| = O + ||A]) "eRer1)y

in the region of points A € aZ(C with (Rei, @) < O for all @ € =T, Here u is any
dominant element of ag with the property that 4« < 1 on A, for A C af{ any subset
with Av D Aa“ v N supp f. The functions @, have series expansions with estimates
similar to those obtained by Gangolli [47] for the Riemannian case, see [14] for
details. One can now apply a Paley—Wiener shift argument with n = —tu, t — oo,
to conclude that the smooth function JF D- f has a support S satisfying © < 1 on
log[(S N A(J{v)v’l]. Collecting these observations for v € W, we conclude: if Xg €
a:l“ and f € C2°(X : 1) is a function with support contained in K exp(conv W Xo)H,
then JF D; f is a smooth function with support contained in the same set. Here
conv (W X¢) denotes the convex hull of the Weyl group orbit W Xy in aq.

The operator D, can be chosen formally symmetric, so that 7 F D is symmetric
with respect to the L2-type inner product on C°(X : 1), see also the text following
Proposition 11.12. In combination with this symmetry, the support properties just
mentioned imply that 7 F D; is support preserving. 0
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We can now finish our sketch of the proof of Theorem 11.27. It follows from
the above proposition, combined with the commutativity of the algebra D(X) and
Lemma 11.17, that 7 := JF D is a support preserving endomorphism commuting
with the algebra ID(X). The property of support preservation implies that the operator
T is related to a differential operator. More precisely, we define the operator

TT: C(AT, yMOKNHY 02X : 1)

by T1 f(ka) = t(k) f(a),fork € K and a € A(‘l", and by 71 f = 0 outside KA(‘]".
In the converse direction, we define the operator

TV: C®¥(X:1) — CO(AF, yMOROH)

by restriction. Then 77 := TV o 7 o T is a support preserving continuous linear
endomorphism of CCOO(A+, VTM NKNH ), hence a linear partial differential operator

with coefficients in C* (A7) ® End(VMNKNH) We observe that for D € D(X),
TVoDoT! = D™,

the radial part of D along Aa“. Thus, the fact that 7 commutes with D(X) implies
that

(774, prady — . (D € D(X)). (12.10)

These commutation relations form a cofinite system of differential equations for the
coefficients of the differential operator 7™, with regular singularities at infinity.
Moreover, the associated system of indicial equations has only the trivial exponent
as solution, so that 779 is completely determined by its top order asymptotic be-
havior at infinity. Let (-, -); denote the L>-inner product on CX(AL, Yy MOKNH

associated with the measure Jda on Aa‘. Then it follows from Theorem 3.9 that

(f. &) s = (TN £, T8 120 (12.11)

Using the asymptotic behavior of the Eisenstein integral, as described in Theorem
12.1, combined with the Maass—Selberg relations (12.3), it can be shown that

(T o, ) s ~ (D™ f g0y, (n— 00),

for f,, gn sequences of functions in CZ° (A(J{, VTM NKNHY with the property that 771 £,

and T1g, have L?-norm 1 and that the compact sets supp f, and supp g, tend to
infinity in Ajl‘, for n — oo. From this it can be deduced that 779 has the same top

order behavior as D4, The latter operator satisfies the same commutation relations
(12.10) as the operator 7", Therefore,

rad __ pyrad
774 = prd,

Applying a similar argument involving chambers of the form v~ A;fv, forv e W, it
follows that 7 = D, on functions from C°(X : ) supported by a compact subset of
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Uyew K A;l“vH . Since the latter union is open and dense in X it follows that 7 = D;.
This completes the proof of part (b) of Theorem 11.27.

The proof of part (a) is now based on the following result from [13]. Let b be
a f-invariant Cartan subspace of g, containing aq. Let X (b) be the root system of b
in gc, and let ©1(b) be a positive system for £ (b) that is compatible with ag, i.e.,
the nonzero restrictions «/| aqe for £ (b) form a positive system for X. Let nyy, be the
sum of the root spaces in g¢ for the roots of £ (b) that vanish on ay. We define the
linear functional pm € by, by

1
pm(X) = Su (@d(X)|n)-

Theorem 12.3 Let D € D(X) and let D* denote its formal adjoint. Assume that the

polynomial function . + y(D* : A+ pn) is nontrivial on a;. Then D is injective on
CX(X).

The proof of this result, due to [13], is based on an application of Holmgren’s
uniqueness theorem from the theory of linear partial differential equations with ana-
lytic coefficients, see [64], Thm. 5.3.1.

Part (a) of Theorem 11.27 follows because the operator D, can be constructed in
such a way that it satisfies the condition of Theorem 12.3.

The following is an immediate consequence of Theorem 11.27.

Corollary 12.4 The Fourier transform F = Fp, is injective on CZ°(X : 7).

Two Problems In view of Corollary 12.4, it is natural to consider the following
two problems.

(a) Find an inversion formula expressing f € CZ°(X) in terms of its most-
continuous Fourier transform F f. This is the problem of Fourier inversion.

(b) Give a characterization of the image of C°(X : 7) under the most-
continuous Fourier transform F. The solution of this problem would amount to a
Paley—Wiener theorem.

The solution to the first of these problems will be presented in the next section.
It is an important step towards both the Plancherel and the Paley—Wiener theorem.
The application to the Paley—Wiener theorems will be discussed elsewhere in this
volume, by H. Schlichtkrull.

13 Fourier Inversion

Partial Eisenstein Integrals We retain the notation of the previous section. For the
formulation of the Fourier inversion theorem it will be convenient to introduce the
concept of the so-called partial Eisenstein integral. First, we recall from Corollary
3.7, that the open dense subset X of X can be written as the disjoint union
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Xy = KAJvH.
veW

Since X is left invariant under K, it makes sense to define the space C*°(Xy : t) of
smooth t-spherical functions f : X4 — V¢, by imposing the rule (11.1) for x € X
and k € K. Accordingly, via restriction to X, the space C*°(X : ) may be viewed
as the subspace of functions in C*°(X. : 7) that have a smooth extension to all of
X.

In the following definition, we transfer the tensor product representation 1 ®
of K in °C(7)* ® V; to a representation of K in Hom(°C(7), V), via the obvious
natural isomorphism.

Definition 13.1 Let s € W. The partial Eisenstein integral E4 s(A : -), for generic
AE az;c, is defined to be the 1 ® t-spherical function in C*° (X)) ® Hom(°C(7), V;),
given by

Ey s kav)y = (k) Dy(sh, a)[C(s : MY lu(e),

forl//eOC(r),keK,aeAarandveW.

The partial Eisenstein integral is viewed as a function depending meromorphic-
ally on the parameter A € a;(c. In addition, we agree to write

Ef(h: ) =Ef1(A: ).
In view of (12.2), the partial Eisenstein integral E  is related to the one above by
Eifs(A:-)=E;(sr: -)C%s: A), (13.1)

foreachs € W.
With this notation, the equalities (12.9), for v € W, can be rephrased as the
single equality

JFD: f(x) =|W| / EL (A x)pu(De, MF f(A) da, (13.2)
r/+iaaF

valid for f € C°(X : 1), x € X4 and n € ag sufficiently antidominant. Given

f e CX(X: 1), we now agree to write

T,F f(x) = |W| EL(L:x)Ff()dxr, x € X4), (13.3)
n+i a;
for every n € ag for which the integrand is regular on n + iag. Then 7, F f defines
an element of C°° (X : ) which is independent of 5, as long as  + ia(’; varies in a
connected open subset of aZC on which the integrand is regular, in view of Cauchy’s
theorem.
The Fourier inversion theorem asserts that the formula (13.2) is actually valid
with D replaced by 1. For R € R we define

ag(Po, R) = {» € ajc | (Rer,a) < R (Yo € =)
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Theorem 13.2 (Fourier inversion) There exists a constant R € R such that both
functions . +— E (A : -)and A — E*(A : -) are holomorphic in the open set
aa(Po, R). If f € C°(X : 1), then, for every n € aé(Po, R),

f=TFf on Xi. (13.4)

Since afl(Po, R) is convex, hence connected, 7, F f is independent of the particu-
lar choice of € a;(Po, R). We will first establish the theorem under the assumption
that 7, F f extends smoothly to all of X. Assume this to be true. Then by the Paley—
Wiener shift technique discussed in the previous section, it can be shown that 7, F f
is compactly supported, hence belongs to C2°(X : 7). The partial Eisenstein integral
is readily seen to satisfy the differential equations (12.1) on X;.. It follows from this
that

DT, Ff =T, (u(Dy - )F[) = T(FD: f).

on X4, hence on X. In view of (13.2) and Theorem 11.27 (b) we now see that f —
T,F f is a function in C°(X : 7), annihilated by D.. Hence, (13.4) follows by
application of Theorem 11.27 (a).

Thus, to complete the proof of Theorem 13.2, we must show that 7, F f extends
smoothly from X to all of X. This will be achieved by a shift of integration, where
n — 0. The shift will give rise to residual integrals that are to be shifted again
according to a certain rule.

We shall describe some ideas of this residue calculus, which is developed in the
paper [18]. The notion of residue will be defined in terms of the notion of Laurent
functional, which generalizes the idea of taking linear combinations of coefficients
in Laurent series in one variable theory.

Laurent Functionals Let V be a finite-dimensional real linear space and let X C
V*\ {0} be a finite subset. For any point a € V¢, we define a polynomial function
7w, Vo — Cby

0= [ - §@).

EeX

The ring of germs of meromorphic functions at a is denoted by M(V¢, a), and the
subring of germs of holomorphic functions by O,. In terms of this subring we define
the subring

MV, a, X) := Uyen na_NOa.

We use the notation ev, for the linear functional on O, that assigns to any f € O,
its value f(a) at a. We agree to write S(V) for the symmetric algebra of V¢, and
identify it with the algebra of constant coefficient complex differential operators on
Ve.

Definition 13.3 An X-Laurent functional at a € Vg is a linear functional £ €
MV, a, X)* such that for any N € N there exists a uy € S(V) such that

L=evsouy onaN on JTa_NOa. (13.5)
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The space of all Laurent functionals on V, relative to X, is defined as the algebraic
direct sum of linear spaces

MV, X = P M(Ve. X, @)y (13.6)

aeVe

For £ in the space (13.6), the finite set of a € V¢ for which the component £, is
nonzero is called the support of £ and is denoted by supp L.

According to the above definition, any £ € M(V¢, X)},,.» may be decomposed

L= Y L.

aesupp L

as

Let M (V¢, X) denote the space of meromorphic functions ¢ on V¢ with the property
that the germ ¢, at any point a € V¢ belongs to M (V¢, a, X). Then we have the
natural bilinear map M(V¢, X);; . x M(V¢, X) — C, given by

(L,9) > Lo= Y Laa.

aesupp L

This bilinear map naturally induces an embedding of the space M (V¢, X);,,. onto
a linear subspace of the dual space M (V¢, X)*. For more details concerning these
definitions, we refer the reader to [20], Sect. 12.

A Residue Calculus for Root Systems We consider the non-restricted root system
X of aq in g. In this subsection we shall describe a residue calculus entirely in terms
of the given root system, without reference to the harmonic analysis on X. More
details can be found in [18]. At the end of Section 13 we shall discuss the application
of the residue calculus to harmonic analysis on the symmetric space.

We equip aq with a W-invariant positive definite inner product (-, -). It induces
a real linear isomorphism a4 =~ ag via which we shall identify these spaces. Ac-
cordingly it makes sense to speak of the spaces ./\/l(a;(c, ¥) and M(a:(c, ) Let
‘H be a locally finite collection of real X-hyperplanes, i.e., hyperplanes H C az(c
given by an equation of the form (ay, -) = cy, withay € ¥ and cy € R. We
define M(aZ(C’ 'H) to be the space of meromorphic functions ¢ on az(c with singular
locus contained in UH. Moreover, we define P(aZC’ ‘H) to be the subspace of func-
tions ¢ € M(a(’;(c, ‘H) with fast decrease along strips in the imaginary directions.
More precisely, this requirement of fast decrease means that for every compact sub-
set w C a?i, there exists a polynomial function ¢, : C‘ZC — C that is a product of
powers of linear factors of the form (@g, - ) —cy, for H € H, such that the function
@ satisfies the estimate

sup (14 |AD"|goMe()] < oo,

rew+i ag

foreveryn € N.
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*
q

form at, for @ € X. The collection of root spaces is denoted by R = Ry. It is
understood that aj € R. The map P +— a]’;q is surjective from P, onto R. For this
map, the fiber P, (b) of an element b consists of all P € P, with aj;q = b. We
agree to equip b with the Euclidean Lebesgue measure associated with the dual inner
product (-, -) of a:. For each n € az, the image of this measure under the map
v n+iv,b— n+ib,isdenoted by dup.

If b € R, then b is called a Levi subspace. This terminology has the following
explanation. If P € P, (b), then b' equals *a’}‘,q, which is the analogue of a for the
Levi component Mp of P. We note that

By aroot space in a} we mean any finite intersection of root hyperplanes of the

Tpl =T Nbt (13.7)

is a root system in b+. The map P — X (P) maps the collection Pgﬁn of minimal
elements in Py, bijectively onto the collection of positive systems for . If P € Pf,ni“
and b € R, then £(P) N bt is a positive system for (13.7).

If b € R, then b™2 is defined to be the intersection of all sets b \ o, fora € =\
L. We observe that b™8 is the disjoint union of the chambers a’;z, for P € P, (b).

Forb € R and A € az we denote by H, p the collection of X-hyperplanes in
aZC containing A + b¢. Clearly, H; 1y = A + Hy. Moreover, if P € P, (b), then
Hp = {ag | @ € Tp}.

By a residue weight on ¥ we mean a function ¢ : P, — [0, 1] such that for all
beR,

Z 1(P)=1. (13.8)
PePs(b)

Observe that by Corollary 6.8 and (6.3), the map P +— a‘; q is a bijection from P,
onto the Coxeter complex P(X), so that the residue weight is a notion completely
defined in terms of the root system. Accordingly, we shall sometimes view 7 as a map
P(X) — [0, 1] and write t(a;iq) instead of # (P).

We now have the following result, which characterizes residual Laurent operators
in terms of a collection of integral shifts governed by a particular choice of residue
weight. If £ is a point and b a root space in az, then by &,1 we denote the orthogonal
projection of £ onto b. The collection of complexified root hyperplanes ozfc-, for
o € X, is denoted by Hx (0).

Proposition 13.4 Let t be a residue weight on X, let P € P;ni“, andlet& € aa. Then
there exist unique Laurent functionals

P,
Reséjrb € M(OE, Epty T s

for b € R, such that the following is valid for n € a; sufficiently ¥ (P)-dominant.
For every ¢ € P(agc. § + Mz (0)),
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/' e dr=Y " > t(P) f Resp | pl@(- +v)] dpp(v),  (13.9)
n+za§

beR PeP,(b) pt(a’,‘,fl)Jrih

where pt (a’;)'g) denotes an arbitrary choice of point in a’;):, for each P € P,.

For the proof of this proposition we refer the reader to [18], Thm. 1.13 and Sect.
3. The idea is that the integral on the left-hand side of (13.9) is shifted to a similar
integral with n close to zero; the latter integral is distributed over the open Weyl
chambers according to the residue weights. The shift is along a path that intersects the
singular hyperplanes for the integrand one at a time. By applying the classical residue
calculus with respect to a one-dimensional variable transversal to an encountered
singular hyperplane n 4 bc one obtains a residual integral along a codimension 1
hyperplane of the form 7 + ib, with n € & + b. Such an integral is shifted in the
manner described above, in order to move 1 inside £ +b to a position close to §,.. The
latter point may be characterized as the central point of & 4 b, i.e., the point closest
to the origin. The shifted integral is distributed over the chambers &, + aJ}Eq, for
P € P, (b), with weights determined by the residue weight #; this explains condition
(13.8). In the process of shifting, residual integrals split off. These are treated in a
similar fashion, leading to residual integrals over affine spaces of lower and lower
dimension. As a result one ends up with the sum on the right of (13.9). This idea
of shifting is present in the work of R.P. Langlands [68] on automorphic forms, see
also [71], and in that of J. Arthur [1] on the Paley—Wiener theorem for real reductive
groups.

Another key idea needed in the proof of Proposition 13.4 is that the residue op-
erators are uniquely determined by the requirement that the formula be valid on the
large indicated space of test functions. This idea goes back to G.J. Heckman and
E.M. Opdam, [59]. It is this idea that allows one to develop the residue calculus in
terms of the root system only, without reference to the harmonic analysis on X.

If S is a finite subset of a linear space V, then by I'"(S§) we denote the closed
convex cone spanned by 0 and the points of —S. In particular, '™ (¥) = {0}.

Proposition 13.5 Let t be a residue weight on 3, P € 73(’,“1“, IS a;(c and b € R,
and assume that

Resyy, # 0. (13.10)

Then &y is contained in the closed convex cone ' (X (P) N bL).

Proof. We explain the idea of the proof, referring to [18] for details.

In the proof of Proposition 13.4 it is seen that the nontrivial contributions to
the residual operator in (13.10) come from successively taking residues in variables
transversal to hyperplanes of the form & + a(JC- that contain £ 4 b. Each step involves
a residual integral along n + i¢, with ¢ € R and with € £ + ¢. Moreover, in such a
step 1 crosses a hyperplane of the form & + (¢cNat), fora € (P)N YpL \ XL At
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the moment of crossing, n comes from the region (n — &, o) < 0 in & + ¢. Moreover,
the crossing only needs to take place if & 1 is not in the same region in & + ¢, i.e.,

(§ct —&,0) = 0. (13.11)

The crossing causes a residual integral along 79 + i to split off, with ¢g = ¢ N
and ng € cp.

From (13.10) it follows that a crossing as above occurs with ¢g = b and with
Resgi . 7 0. Applying induction with respect to codim b we may assume that

gL e (S(P)Nch). (13.12)

On the other hand, it is clear that £ —&_. is perpendicular to the roots from X (P)N ot
The positive system X(P) N b+ for gL has precisely one simple root not perpen-
dicular to c. If we combine this with the inequality (13.11) for a certain root o from
Y(P)NXpL\ X, weseethat (6.0 —&, B) > Oforall B € Z(P)N bL. This implies
that £ — &1 lies in the negative chamber in bt associated with the positive system
¥ (P) N bL. The chamber in turn is contained in '~ (X (P) N bL), so that

EpL —E.L € T (Z(P)NbL).
Combining this with (13.12) we deduce that

g eT(Z(P)NBYH +T(Z(P)Nch) c T (Z(P)NbL). O

Transitivity of Residues We shall now describe a result which ensures that the
residue operators behave well with respect to parabolic induction. Via the natural

isomorphism aq =~ az we shall view the Coxeter complex P = P(X) as the set of

facets in a;. Accordingly, P — a’;f(; defines a bijection from P, onto P.
Let b € R; then the map s — s + b is a bijection from the collection R(Xy.) of
root spaces in b for the root system XL onto the collection

Rop:={ceR|cD b}

If ¢ € Ry, then the associated root space in b is given by *c = c¢Nb. In particular,
it follows from the above considerations that

e c (o +bCe.

From this in turn we see that for each open chamber C in c, there exists a unique
open chamber in *c, relative to the root system X1, such that C C *C + b. Let P~y
denote the collection of facets in P whose linear span is a root space containing b.
Then C +— *C defines a surjective map from P~y onto the Coxeter complex P,1 of
the root system (bL, YpL).

Keeping the above in mind we see that any residue weight # on X induces a
residue weight *# on X1 given by
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*1(D) = Z t(C).

CeP-yp ,"C=D

If b € R, then the group Mg is independent of the particular choice of Q € P, (b);
we denote it by Mp. It is invariant under both the involutions 6 and o; moreover,
the space b is the analogue of az for My,. We denote by P, (My) the analogue of
the set P, for My. The map Q > apq defines a bijection from Py (Mp) onto Py..
Let P, 5p be the collection of P € P, with a}‘,q D b. Then the map P — a";,q
is a bijection from P, 5p onto P-p. Via the mentioned bijections, we transfer the
map C +— *C described above to a surjection P = *P from P, ~p onto P, (Mp).
We note that for all P € P, - we have *P = P N My. If P is a minimal element
of Py, then P € P, ~p and *P is a minimal element in Py (My). We note that
T(*P)=X(P)Nbt.

Lemma 13.6 Let P € Pg‘in, t a residue weight on X, & € a(’; and b € R. Then for
every root space ¢ containing b we have
Pt _ *P,*t
ResgJrc = Resgbbwc.
This result is a rather straightforward consequence of the characterization of the
residual operators in Proposition 13.4. We refer to [18] for details. Taking ¢ = b

we see that each residual operator may be viewed as a point residual operator in a
suitable Levi subspace.

Action by the Weyl Group Another crucial aspect of the residual calculus is that it
behaves well under the action of the Weyl group. The Weyl group W acts naturally on
the set of root spaces R, on the Coxeter complex P and on the collection of residue
weights WT(X). Moreover, if w € W and b € R, then the map w : bt — w(b)L
naturally induces a map

Wit ML, By ) — MWOE, Tyyp0)

It readily follows from the characterization in Proposition 13.4 that the residual op-
erators transform naturally for the mentioned actions of the Weyl group. Thus, let
P,t, &, bbeasin Lemma 13.6; then
P P
w*Ressib = Resgsfvtb (w e W). (13.13)
Here we have written w P for the w-conjugate of P; it is given by wP = wPw ™!,

with w € Nk (aq) a representative for w. In addition to this transformation formula
we have the following result.

Lemma 13.7 Let P € Pg‘i“, t a residue weight on X, & € aé and b € R. Moreover,

letw € W be such that w(E(P)NbL) C S(P). Then the operators in (13.13) equal

P,wt
Resws wh
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Proof. The hypothesis implies that w(X(P)) N (wb)+ c T(P)N (wb)™. Since both
intersections are positive systems for 2,1 and are nested, they are equal. Hence,
*P =*(wP). Now apply Lemma 13.6 with wb in place of b. O

We now come to a result which makes the residue calculus introduced above
available in many situations. We assume that H is a locally finite collection of real
¥ -hyperplanes in aZC' We denote by £ = L(H) the intersection lattice of H, i.e.,
the collection of all finite intersections of hyperplanes from H, ordered by inclusion.
The intersection of the empty collection is understood to be aZC.

The configuration H is said to be P-bounded from below if there exists a constant
R > 0 such that for any hyperplane of the form («, A) = s contained in H we have
s > —R. If H is P-bounded from below, then there exists a constant M > 0 such
that for every n € uz,

Vo e X(P) (n,a) < —M — n¢UH.

Theorem 13.8 Let P € P(;“i“ and let 'H be a locally finite collection of real X-
hyperplanes that is P-bounded from below. Then the collection I1 of pairs (€, b) €
af; X Rwith& € b*, &£ +b e L(H) and Resgib # 0 is contained in a finite set only

depending on P, H. Moreover, for every n € a:; sufficiently P-dominant and each

collection of eg € a*QJa sufficiently close to O for all Q € Py, the following holds.
For every ¢ € P(ag(c, H),

f, pydi= Y Y 1@ Reso(- +v) dup(v).
n+za§ (&,b)ell QeP,(b) €Q+lb

For the proof of this result we refer the reader to [18]. The ¢ are sufficiently
small perturbations of 0 inside a*;; they make sure that each of the integrations is
performed over an affine space that is disjoint from UH, hence also from the singular
locus of the integrand.

We now fix Py € P;mn and put =T := X (Py). The associated set of simple roots
is denoted by A. For each subset /' C A we denote by a’;q the intersection of the

root hyperplanes o+, for @ € F and by a*fg the positive chamber determined by the
remaining simple roots A \ F. Then there exists a unique Pr € P, whose associated
positive chamber equals a’;'g. The group Pr is called the standard parabolic subgroup
determined by F. In the rest of this chapter we shall adopt the convention to replace
an index Pr by F. In particular, the Langlands decomposition of Pr is denoted by
Pr = MpAFNF, and the centralizer of arq in W is denoted by Wp.

Let W¥ denote the set of elements w € W for which w(F) c V. Then it is
well known that W¥ consists of the cosets representatives of W/ Wy which are of
minimal length. Moreover, the multiplication map W¥ x Wr — W is a bijection.

It follows from the standard theory of root systems that for each P € P, ~ P
there exists a unique F C A such that P is W-conjugate to Pr. Moreover, there
exists a unique v € W such that P = vPpv~!.
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Lemma 13.9 Let 'H be a locally finite collection of real X-hyperplanes that is Py-
bounded from below. Then for each F C A there exists a finite subset A\r = Ar(H)
of the closed convex cone I'™(F) spanned by 0 and —F, such that the following
holds. For every W-invariant residue weight t on X the collection of elements & €
(af) " with

Resgia;q #0 and 3w e WF : w( + al’éq) € L(H)

is contained in Af.

Proof. Forw € WF, let X F.w denote the set of & € Ap with the property that
w(é + aj}q) € L(H). For such & it follows from Lemma 13.7 that Ressv’g +wb 7 0
Hence (wé&, wb) is contained in the set IT of Theorem 13.8 with P = Py. It follows
that X r ,, is contained in a finite subset A r ,, only depending on Py, H. Moreover,
it follows from Proposition 13.5 that for £ € Xr,, we have w§ € ' (2(Py) N
wa}t) = wl'™(F), hence § € I'" (F). Thus, the above holds with Ar,, a finite
subset of ' (F) depending only on Py and H. Now Ar may be taken to be the
union of the sets A f ,,, for w € W, and the lemma follows. ]

In the formulation of the following result, we use the abbreviation du g for the
normalized Lebesgue measure d M, . oni a’;q and its translates, for each F C A.

Theorem 13.10 Let t, H and the set AF be as in Lemma 13.9. Then for every n € az

sufficiently P-dominant and each collection of e € a’}z sufficiently close to 0 for
all F C A, the following holds. For every ¢ € P(ag(c, H),

/ gy dh= )" > 1(Pp) / Resylp D ¢(W(: +v)) dur(v).

nia FCA§eAr ertiap, weWF
Proof. The formula can be derived from the formula displayed in Theorem 13.8
as follows. Every Q in the formula is of the form w(Pf) for a unique F C A
and a unique w € WF. Moreover, (5, Q) € [T = w™'é € Ap. The desired
formula now follows by application of Lemma 13.7 and the W-invariance of the
residue weight. 0

We come to the completion of the proof of the Fourier inversion theorem, which
depends on the above result in a crucial way.

Residues and Fourier Inversion As said, to complete the proof of Theorem 13.2,
it suffices to show that, for f € C2°(X : 1), the function 7, F f, defined by (13.3),
extends smoothly from X to all of X. In [17] this is proved by using the residue
calculus described above. For the application of the residue calculus we need the
following result, for which we refer the reader to [17].
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Proposition 13.11 The union H of the collections of singular hyperplanes of the
Sfunctions » — E*(A: ) and A — E1+(\ : -) is a locally finite collection of real
Y. -hyperplanes that is Py-bounded from below.

From now on we fix H as in Proposition 13.11 above and we fix a finite set
Afr C I'"(F) meeting the requirements of Lemma 13.9. Moreover, we fix any
residue weight ¢ on X that is W-invariant and in addition even, i.e., t(P) = t(P)
forall P € P,.

Completion of the proof of Theorem 13.2. In view of Definition 11.10 with P = P,
the singular locus of the meromorphic function F f is contained in UH as well. We
may therefore apply Theorem 13.10 with ¢(A) = E4 (A : x)F f (1), where x € X,
and obtain that

T,F f(x) (13.14)
=|W| ) t(Pr) / R [y Exw(- +v):x) Ffw(- +v)]1dur),
FCA - weWwF
8F+1apq

where, for each F C A, we have used the notation R} for the Laurent functional in
M(a’}t, Pl given by the formula

t . Pt
Rip= > ResHu;q. (13.15)
§eAF

For later applications it is important to note that the support of this Laurent functional
is contained in the finite set A r, which in turn is contained in the closed convex cone
I'"(F) spanned by 0 and — F'.

Using (13.14), (13.1) and (11.14) with P = Q = Py, we obtain that

Ei(w(-+v):x)Ffw(-+v)=Ep+(-+v:x)Ff(-+v)

_ /XEw,+(- FvinE - 4v: ) f () dy.

‘We now define the kernel function
K%(u Ty ix) = R’F |: Z Ep+(-+v:x)E*(-+v: y):| , (13.16)
weWfF

fory € X, x € X and generic v € a*Fq(C. This kernel depends meromorphically on
the variable v € cf;q(c. After this (13.14) becomes

LEf =W Y oen [ [ Kewixsnfordydiro.
FCA 8F+iu7;q X

For fixed generic v € a}q(c, the kernel function K ’F(v : - 1 -)is a smooth function
on X x X, with values in End(V;) ~ V; ® V;*. Moreover, it is spherical for the
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K x K- representation t ® t*. Finally, it is D(X)-finite in both variables. It follows
that K7.(v : - : -) belongs to a tensor product space of the form 'E, ® 2E,, with
'E, and %E, finite dimensional linear subspaces of C®°(X,. : 7) and C® (X, : 7%),
respectively. For each j = 1,2, let / E/, denote the subspace of functions in / E,, that
extend smoothly to all of X. Then by the symmetry property formulated in the result

below, the kernel function K }(v : - 1 -) belongs to the intersection of ]E; ® 2E,
and 'E, ® 2E|, which equals 'E/, ® 2E]. From this we see that K&t (v : - : -)
extends smoothly to all of X x X. 0

Proposition 13.12 Let x, y € X4. Then
Kr(wix:y)=Kp(—v:y:x)", (13.17)
as a meromorphic End(V;)-valued identity in the variable v.

Sketch of proof. The result is proved by induction on dim a4, the split rank of X.
For dim ay = 0, the symmetric space X is compact and the result is obvious. Thus,
assume that the result has already been established for spaces of lower split rank.

We first assume that ' C A. Then the equality follows from the symmetry of the
kernels for the spaces X ,, for v € ©'W, which are of lower split rank. The proof
of this part of the induction step is based on the principle of induction of relations,
which we shall explain in the next subsection. For now we assume that the symmetry
holds for F C A and we will show how to derive it for F = A.

We first observe that for a, b in A g, the vectorial part of the center of G modulo
H, we have K\ (v : ax : by) = a’b~"K' (v : x : y). By factoring out this part we
reduce to the case that an = {0}. Suppressing the variable from this space, we put
Ki(x:y) =K 0:x:y).

The argument in the proof of Theorem 13.2 can now be modified in such a way
that the symmetry (13.17) is only needed for proper subsets F of A. This goes as fol-
lows. The kernel K\ (- : y) is annihilated by a cofinite ideal / of ID(X), independent
of y.

The function g := f — 7, f is smooth on X and has support that is bounded in
X. Given F C A we write

TLf = W] t(Pp) /X Kr@:x:nf0)dydur®).  (1318)

Pt
51:+1an

Then by the residue shift in the proof of Theorem 13.2, ¢ = f— T} f.Let D € I.
Then Dg = Df — ZFgA T}, f; by application of Proposition 13.12 for F C A, as
in the final part of the proof of Theorem 13.2, the function Dg is seen to extend to
a smooth function on all of X. Its support is compact, as said above. Let now D, be
the differential operator of Theorem 11.27 with P = Py. Then D Dg = DD, g = 0.
It follows that Dg = 0 on X4, for each D € I. This implies that the function g is
real analytic on X, with a support that is bounded in X. By analytic continuation it
follows that ¢ = 0, whence Theorem 13.2. At the same time it follows that T} f is
the smooth function on X given by
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TAf=f— ) TLf. (13.19)
FCA
Let sp be the longest element of W. Then for each set F C A, the set F' := —so(F)

is properly contained in A. Moreover, from the symmetry of the kernels, (13.17),
combined with their definition, (13.16), the W-equivariance of the residue calculus
and the fact that the weight ¢ is W-invariant and even, it follows that T} and Tf,, are
adjoint to each other as operators C2°(X : ) — C°(X : 7). This implies that Ti is
symmetric, from which in turn it follows that (13.17) is valid for F = A. O

Induction of Relations In this subsection we shall describe the principle of induc-
tion of relations, as developed in [20]. The principle says that relations of a certain
type between partial Eisenstein associated with a symmetric space X ,, for F C A
and v € ©'W, induce relations between corresponding partial Eisenstein integrals for
the space X.

Keeping to the convention of replacing index Pg by F, we have

Xryv=Mp/Mp NvHv L

The space *apq = aJI;q is the analogue of aq for the reductive pair (Mg, Mg N
vHv™!). Moreover, ¥ and W are the associated root system and Weyl group,
respectively, and *Py := Mp N Py is the minimal o-parabolic subgroup of Mg
determined by the positive system Z; = X NXt. Let K = KN Mg and
tr = T|k,. If t € Wr, we denote by

Et (Xpy:p:m) € Hom(°C(XF y, 7), V1), (1 € "apgc.m € XF ),

the analogue for the symmetric pair (Mr, Mp N vH, pv’l) (and the parabolic sub-
group *Pp) of the partial Eisenstein integral E; ;(X : A : x). Here °C(XFy : T)
denotes the analogue of the space °C(t) for X ,. Via the bijection (3.9), the nat-
ural action of W on W/ Wgknp is transferred to an action on W. Accordingly, the
space °C(XF,, : T) is the direct sum of the spaces C*°(M/M N wHw™! : 7y), for
w € Wgv, hence may be naturally embedded into °C(t), which is a similar direct
sum for w € W. The natural inclusion map is denoted by i ,; its transpose, the
natural projection map, by prg ,,.

Theorem 13.13 Let L; € M(*a’;q(c, ZF) e ® °C(7) be given Laurent functionals,
for each t € W, and assume that, for every v € W,

Z LAE4 (Xpy: - :m)oprp,] =0, (m € Xp.yy). (13.20)

teWp

Then, for each s € W, the following meromorphic identity in the variable v € a]’;q(c
is valid:
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Y LIE;«(X: - +v:in]=0,  (xeXy). (13.21)

teWp

Conversely, if for a fixed s € W¥ the equality (13.21) holds for all v in a nonempty
open subset of a’;qc, then (13.20) holds for each v € FW.

This result is proved in [20], Thm. 16.1. The proof in turn is based on a more
general vanishing theorem, see [20], Thm. 12.10. The vanishing theorem asserts that
a suitably restricted meromorphic family a’;q(c Sv > fy € C®(X4 : 1) of eigen-
functions for D(X) is completely determined by the coefficient of " ~*F in its asymp-
totic expansion towards infinity along A;qv, for each v € F'W. This coefficient is a
spherical function on X ,, 4, depending meromorphically on v. In particular, if the
coefficients, one for each v € YW, are zero, then fv = 0 for all v. This explains
the name vanishing theorem. Part of the mentioned restriction on families is the so-
called asymptotic globality condition. It requires that certain asymptotic coefficients
in the expansions of f, along certain codimension one walls have smooth behavior
as functions in the variables transversal to these walls. The precise condition is given
in [20], Def. 9.5.

We shall now indicate how the vanishing theorem is applied to prove Theorem
13.13. Let f;, fors € WF, denote the expression on the left-hand side of (13.21).
The sum f, = Y yr f; defines a family for which the vanishing theorem holds;
the summation over W is needed for the family to satisfy the asymptotic globality
condition mentioned above. The coefficient of a”~#F in the expansion of f, along
A;qv, for v € £, is given by the expression on the left-hand side of (13.20) with

the same v € WF. By the vanishing theorem, the vanishing expressed in (13.20),
for all v € WF, implies that f = 0. For each v € FWW, the sets of exponents
of f; in the expansion along A;Eqv are mutually disjoint for distinct s € W and
generic v € a}, oC* Thus, the vanishing of f, implies the vanishing of each individual
function f; and (13.21) follows.

The converse statement of Theorem 13.13 is proved as follows. First, the asymp-
totic globality condition connects the vanishing of distinct sets of exponents, from
which it follows that the vanishing of an individual term f implies that of f,. The
validity of (13.20) then follows by taking the coefficient of a"~#F in the asymptotic
expansion of f, along Alv.

Completion of the proof of Proposition 13.12. The Laurent functional R/, has real
support; moreover, it is scalar, and can be shown to be real in the sense that at each
point of its support it can be represented by a string {uy} C S (*a’;q) as in Definition
13.3, with uy real for all N € N. Using these facts it can be shown that the adjoint
kernel in (13.17) can be expressed as

KL(—D:y:x)* =Rl ( Y Ew— - ix)E} (v— - y)> : (13.22)

seWF

where the dual partial Eisenstein integral is defined by
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Ef (A:y)=Eq (—h:y)"

The residue weight r on X induces a residue weight *f on X r. The set F is a simple
system for L. If v € FW, we denote the kernel for the space XF,, associated with
the data *t, F by K ;’ (XF.p : m : m'). In this notation the spectral parameter v has
been suppressed, as it is zero-dimensional. The inductive hypothesis, which asserts
the symmetry of the kernels for spaces of lower split rank, implies that, for each
vefw,

Kl Xpyim:m') = K7 Xpy:m' 2 m)*, (m,m’ € Xp.y). (13.23)

In view of the first part of the proof, applied to the present dual kernel, using transi-
tivity of residues, see Lemma 13.6, and taking into account that (Wp)f = {1}, the
equation (13.23) is seen to be equivalent to

RplE+(Xpp: - tmE*Xpy: - :m')]
=RY[E°XFp:— -mELXpy:—:m)].

In view of (13.16) and (13.22) the equality (13.17) can now be deduced by applying
induction of relations, Theorem 13.13, first with respect to the variable x, and then
with respect to the variable y. More details can be found in [17], Sect. 8.

14 The Proof of the Plancherel Theorem

The Generalized Eisenstein Integral We shall now give a sketch of the proof of
the spherical Plancherel theorem, Theorem 11.26, as given in [21], indicating some
of the main ideas. The starting point of the proof is the following formula, obtained
in the proof of the inversion theorem in the previous section, for f € C°(X : 1),

FcA

F=renwt [ [ K fordydise). a4
sp+za’;q

Here we recall that ¢ is any choice of W-invariant and even residue weight on X.
The leading idea in the proof of the Plancherel theorem is to show that this formula,
initially only valid for e € a’;a sufficiently close to zero for all F C A, is actually
true with er = 0 for all F. This in turn is achieved by showing that the kernel
functions K. (v : - :) are regular for imaginary values of v € a*FqC.

The regularity of the kernels is established in the course of a long inductive ar-
gument in [21]. The nature of this inductive argument will be explained in the next
subsection. To prepare for it, we first indicate how the symmetry of the kernels leads
to the introduction of the so-called generalized Eisenstein integrals. For details we
refer to [17].

Let F C A and v € FW. Using the kernel K}(XF,U : - : ) defined in (13.16),
we define the following subspace of C°(XFr,, : TF):

A?’U = A" Xpy ) = span{K;’(XF,U ceomDu | m' € Xpy 4 u € Vi)
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This space is annihilated by a cofinite ideal of D(XF ,), hence is finite dimensional.
For ¢ € A? »» We define the generalized Eisenstein integral E. (v : -)y¥ as a
meromorphic C*°(X : 7)-valued function of v € a7, oC> 3 follows. If

V= K/ Xpo: - muj,
i

with m; € Xp 1 and u; € V¢, then

Ep,v:x)y =) Rel Y Eqs+ VE*Xpy: - imuil,  (142)

seWF

for generic v € a}q(c and all x € X;. It follows by application of Theorem 13.13
that the expression on the right-hand side of (14.2) is independent of the particular
representation of ¥, so that the definition is unambiguous.

Finally, we define the space

Af = ®yeryy AL, (14.3)
and for ¥ = (Y) € A}’ we define the generalized Eisenstein integral

Ep:x)y = Y Ep,(v:x)p.
vefW

In the course of [17] it is shown that for any choice of inner product on A;’, for
which the decomposition (14.3) is orthogonal, the symmetry of the kernel K., see
Proposition 13.12, implies the existence of a unique selfadjoint endomorphism o
of A;t such that

Kp(w:ix:y)=E%@W:x)oapoEp(—v:y)*

The Inductive Argument So far, in the proof of the Fourier inversion argument, the
theory of the discrete series has played no role. However, in the inductive argument
leading up to the regularity of the kernels, this changes fundamentally, as we shall
now explain.

A reductive symmetric pair (G, H) of the Harish-Chandra class is said to be of
residue type if G has compact center modulo H and if in addition the following holds.
For any choice of W-invariant and even residue weight ¢, the operator T defined as
in (13.18) with F = A, is required to be equal to the restriction to C2°(X : 7) of
the orthogonal projection Py : L’X:1) > L(zi(X : 7). The second space denotes
the discrete part, see (2.20). In particular, it follows from the requirement that 7§
is independent of the choice of residue weight. Equivalently, the latter condition
means that K (x : y) is the kernel of the orthogonal projection Pys. Moreover, the
assumption straightforwardly implies that

WX 1) =LiX: 7).
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In particular it follows that the space on the left-hand side is independent of the
choice of residue weight, and that the space on the right-hand side is a finite-
dimensional space which can be realized by means of point residues of Eisenstein
integrals from the minimal principal series for X. Its elements are ID(X)-finite func-
tions. In view of this it also follows that Lﬁ(X : 7) equals Ay(X : 1), the space of
D(X)-finite spherical Schwartz functions on X; see [4], Thm. 6.4, for details.

The inductive argument proceeds by induction on dim Ag, the o-split rank of G.
Its purpose is to establish that every pair (G, H) is of residue type as soon as G has
compact center modulo H. A parabolic subgroup Q € P, is said to be of residue
type if all pairs (Mg, Mg N vHv ™) are of residue type, for v € 2W. A subset
F C A is said to be of residue type if the associated standard parabolic subgroup Pr
is of this type.

In the course of the induction step, the induction hypothesis guarantees that each
Q € P, different from G is of residue type. Moreover, if the center of G is not
compact modulo H, then Mg = My is of strictly smaller o-split rank than G, so
that G, viewed as a parabolic subgroup, is of residue type as well.

We will now proceed to describe the induction step. In what follows we assume
that the occurring subset F C A is of residue type. Let v € WW. Then the assump-
tion implies that

Ay = L3Xp:tp) = A (X 1 ).

Accordingly,
Af =Ay 5 =B yeryy A2 Xpw @ TF)
is independent of 7 and may be equipped with the direct sum of the L2-inner products.

For this choice of inner product it can be shown that o equals |Wg|~! times the
identity operator. Thus, we obtain

Ki:x:y)=|Wr| " EZQ:0)EEW : y),
where the dual generalized Eisenstein integral is defined by
E}(v:y)=Ep(—v:y)* € Hom(V;, Az ),

for y € X and generic v € a’;q(c. From the induction hypothesis that F is of residue

type, it follows that the kernels K ;’ (XFp @ - @ ) donot depend on ¢. In view of
their construction in (14.2) it follows that the generalized Eisenstein integrals do not
depend on the choice of ¢ either.

Each parabolic subgroup from P, is a standard one for a particular choice of
positive roots. It follows that the notion of generalized Eisenstein integral can be
defined for every Q € P, of residue type. More precisely, we define A3 ¢ as in
(11.7). For each € A, ¢ we have an associated Eisenstein integral

E°(Q:v: W eC®X:1),

which depends meromorphically on the parameter v € a*Q o This in turn allows us
to define kernels by the formula
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Ko(w:x:y):= |WQ|_1E°(Q VI X)E*(Qviy). (14.4)

The definitions are such that for F C A all objects with parameter Pr coincide with
their analogues with index F.

Tempered Estimates We emphasize the observation that the Eisenstein integrals
just introduced do not enter harmonic analysis as matrix coefficients of generalized
principal series representations for X; in fact, the connection with representation
theory is only made in the final stage of the development of the theory. Instead,
the general Eisenstein integrals enter the analysis as residues of Eisenstein integrals
connected with the minimal principal series for X. This has a two-fold advantage.

First, certain moderate estimates that are uniform with respect to the parameter
Ve a*Q c are inherited from the similar estimates for minimal Eisenstein integrals,
which were established in [6], by using the functional equation for j(Q : & : A)
mentioned in Remark 8.6. The minimal Eisenstein integrals are easier to handle as
they require no knowledge of the discrete series of noncompact symmetric spaces of
lower o -split rank.

Second, the location of the asymptotic exponents of the general Eisenstein in-
tegrals is determined by the supports of the residual operators. By application of
the text following (13.15) it can be shown that the Eisenstein integrals are tempered
functions for imaginary v.

Combining these two facts with the structure of the differential equations satisfied
by the Eisenstein integrals, see Proposition 11.7, the initial moderate estimates for
the Eisenstein integrals E°(Q : v : x) can be sharpened to tempered estimates that
are of a uniform nature in the parameter v € ia¥, . For details we refer the reader
to [21], Sect. 15. The mentioned technique of sharpening estimates goes back to
Wallach, [87]. In the formulation of the following result we use notation introduced
in the text preceding Theorem 11.16.

Theorem 14.1 There exist constants ¢ > 0 and s > 0 and a polynomial function
q : aj;q(c — C that is a product of linear factors of the form {(«, -) — ¢, with
o € X(P) and c € R, such that the function f, = q(V)E°(P : v : -) depends
holomorphically on v in the region a”;,q(c (&) ={1 € aj‘aq(c | IA] < €} and satisfies
the following estimates. For every u € U (g) there exist constants n € Nand C > 0
such that

ILy fo(0)] < C (1 + )" (1 +Ix(x)" ©(x) e RevIx®),

For minimal o-parabolic subgroups this result is due to [6]; for general o-
parabolic subgroups it was first established by [38]. Both papers rely on the same
idea, described above. First, a functional equation for the j(Q : £ : X) is obtained.
These yield uniform moderate estimates, which can be sharpened to uniform tem-
pered estimates. As said, the case of general parabolics is harder, since it involves
the discrete series of spaces of lower o -split rank. The reduction of the general case
to the minimal one by means of the residue calculus is due to [21].
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The above result is absolutely crucial for the further development of the theory, as
it admits application of the theory of the constant term, developed by Harish-Chandra
[56] for the case of the group and by J. Carmona [33] for reductive symmetric spaces.
Theorems 5.4 and 5.6 on the discrete series are also indispensable ingredients of this
theory. By the mentioned theory of the constant term, one deduces that the leading
part of the asymptotic expansion of the Eisenstein integral has the form given in
Theorem 11.18. The C-functions entering this description satisfy Proposition 11.19;
this follows readily from the definition of the generalized Eisenstein integral. In the
following subsection we shall indicate how the general Maass—Selberg relations for-
mulated in Theorem 11.22 follow from those for the C-functions associated with
minimal o -parabolic subgroups.

The Maass—Selberg Relations It is an important observation that the Maass—
Selberg relations of Theorem 11.22 can be reformulated as an invariance property
of the kernel functions.

Theorem 14.2 Let P, Q € P, be associated parabolic subgroups and let s €
W(agq | apq). Then the following two assertions are equivalent.

(@ Ko(sv:x:y)=Kp(:x:y) forallx,y € X and generic v € aj;q(c.
(b) Ccé‘P(s : U)COQ|P(S P —D)* = IAz,Q’ as an identity of meromorphic functions in
the variable v € a*;,q(c.

Sketch of proof. Assume (a) and express the kernels in terms of Eisenstein integrals
according to (14.4). Next, substitute x = mav and y = m’bv and let a,b — 00
in qu. Comparing the coefficients of a"~?2b~V~P2 on both sides of the equation,

for every v € €W, we infer that the expression on the left-hand side of the equality
in (b) equals COQ‘Q(I : sv)CleQ(l : —sv)*, which in turn equals IAZ,Q’ by Propo-
sition 11.19. Thus, (b) follows. The converse reasoning is also valid, in view of the
vanishing theorem of [20], described in the text following Theorem 13.13. d

In [17] it is shown that the Weyl group invariance property of the kernel Kr
follows from the similar invariance of the kernel Ky because the residue operators
behave well with respect to the action of the Weyl group, see Lemma 13.7. In view of
Theorem 14.2 it follows that the Maass—Selberg relations for the C-functions associ-
ated with minimal o -parabolic subgroups imply those for the C-functions associated
with general o -parabolic subgroups. For historical comments on the proofs of these
relations, see the remarks following Theorem 11.22 as well as those following (12.3).

As said in the text preceding Theorem 11.22, the Maass—Selberg relations con-
stitute the essential step towards the regularity theorem for the Eisenstein inte-
grals, Theorem 11.8. This theorem in turn implies that the meromorphic C*° (X x
X, End(V7))-valued kernel functions v > Kp(v : - : -), are regular on ia}, oC’ for
all P € P, of residue type.

Conclusion of the induction We now come to the end of the induction argument.
In (13.18) one may take e = O for all F C A that are of residue type, by regularity
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of the kernels. Moreover, in view of (14.4) with QO = Pp it follows that, for every
f € CX(X : 1), and each subset F C A of residue type,

TLf(r) = 1(P) [W : Wr] /X ES( : 0 ESW : ) f(3) dydpr(v)

ia}q
=t(Pp)[W : Wg] JrFF f(x).

In view of Theorem 11.16 it follows that for F of residue type, the operator 7}. maps
C2°(X : 1) into the Schwartz space C(X : 7). The induction hypothesis implies that
each subset F C A is of residue type, so that by application of (13.19) we see that
T maps into the Schwartz space as well.

The induction step is now finished as follows. If the center of G is not compact
modulo H, nothing remains to be done. Therefore, let us assume that G has compact
center modulo H. Then it follows that 7\ is defined by means of point residues,
hence maps into a subspace of ID(X)-finite functions. In the above we established
that it maps into the Schwartz space, hence it maps into A(X : 7). By using the
action of D(X) it is easily seen that the image of JF is perpendicular to A>(X : 1),
for each F C A. This implies that 7’5 is the restriction of the orthogonal projection
L*X : 1) > L?j(X : 7). Hence, (G, H) is of residue type and the induction is
finished. O

Now that the inductive argument has been completed, it follows that all parabolic
subgroups are of residue type, so that the results obtained under this assumption are
valid in full generality.

Completion of the Proof the Plancherel Theorem It follows from the functional
equation for the Eisenstein integral, combined with the Maass—Selberg relations for
the c-function, that Jp o Fp depends on P € P, through the conjugacy class of
apq for the Weyl group W. Let 22 denote the collection of subsets of A and let ~
be the equivalence relation on 22 defined by F ~ F' if and only if arq and ap/q are
conjugate under W. Let F C A and let [F] denote the associated class in 24/ ~.
Then we have the following lemma.

Lemma 14.3
> t(Pr) = Wiapg)| ™"

F’e[F]

Proof. The proof is basically a counting argument. Let P (arq) be the set of P € P,
with apq = apq. For each parabolic subgroup P € P(arq) there exists a unique
subset F/p C A such that P is W-conjugate to Pr,. Clearly, Fp ~ F and the map
p : P — Fp is surjective from P(arq) onto [F]. For each F’ € [F], the natural
map W(apq | apq) — Py given by w wPrw~! is surjective onto the fiber
p~1(Pg). Since the action of W(arq) on W(agpq | arq) by right composition is
simply transitive, it follows that each fiber p~1(Pg) consists of |W (a Fq)| elements.
The disjoint union of these fibers is P(arq). By W-invariance of the residue weight
it follows that
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I= Y up)y= 3y > uP)= Y Wkl t(Pr),

PeP(arq) F'e[F] Pep~1(F") F'e[F]

whence the result. g

We now observe that |W||Wg|~!| W(a;:q)|_l = [W : W}]. By application of the
above lemma we may thus rewrite (14.1) as

f= > IW:WiJIrFrf. (14.5)

[Fle28 /~

In particular, this expression is independent of the choice of the residue weight .
We can now clarify the role of the residue weight in the argumentation leading up
to (14.5). The residue weight ¢ determines the weight by which each F’ from [F]
contributes to the term corresponding to [ F'] in the summation in (14.5).

To get the full statement of Theorem 11.26 it remains to study the operators
Fo o Jp from S(iapq) ® Az p to S(iagq) ® Az o. The key observation is that
this operator is continuous linear and intertwines the natural ID(X)-module structures
of these spaces determined by Up and W, respectively, by Lemma 11.17. Using
Theorems 5.4 and 5.6 on the discrete series it can be deduced that the composition
Fo o Jp is zero unless P and Q are associated. Moreover, if P = Q, then the
composition equals

FroJp =I[W: Wil 'Pwiapy:

where Py (ap,) is the orthogonal projection from S(ia’p,) ® Ay, p onto the subspace
of W(apq)-invariants, see (11.16). If we combine this with the inversion formula
(14.5), the remaining assertion of Theorem 11.26 follows.

The Relation with Representation Theory In the theory exposed above, the gen-
eralized Eisenstein integrals are obtained as residues from Eisenstein integrals as-
sociated with the minimal o-principal series. To establish the Plancherel theorem
in the sense of representation theory the generalized Einstein integrals must still be
identified with matrix coefficients of the generalized principal series representations
defined in Section 7; we recall that the definition of these matrix coefficients for
the generalized principal series is due to [34]. For the minimal principal series it
is due to [6]. The identification of Eisenstein integrals as matrix coefficients, de-
scribed in Section 11, is established in the paper [22]. We shall briefly outline the
argument. For § € K we define the representation (zs, Vi;) of K as in Section
11. Thus, V;; = Vé* ® Vs. Let 8, : V; — C denote the natural contraction map
V@V > v*(v).Let Q € Py, & € X/é’*’ds. Then for generic v we define a linear

map Joevs: V(Q,8)® LZ(K 1 &)s = C°(X)s) by the formula
Jo.gws(T)(x) = 8 [ES(Q : v :x)Yr], (14.6)

forT € V(Q,E)QL?*(K : £)s and x € X. Here the index § on the Eisenstein integral
indicates that we have taken the Eisenstein integral for t = t5. Moreover, the map
T — yr from V(Q,&) ® L>(K : £)s to Ay o is defined as in the text preceding
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Definition 11.2. If we compare this with the definition just mentioned, we see that
the function Jg ¢ 5(T) is our candidate for the matrix coefficient (11.3).
It is readily seen that the map Jg ¢, 5 is K-equivariant. We define the map

Joew: V(0 E)® LXK : §)x — C®(X)k

by taking the direct sum of the Jg ¢, s, for § € K.

Proposition 14.4 The map Jo ¢ . is (9, K)-equivariant for the infinitesimal repre-
sentations associated with 1 @ mg ¢ —, and L.

This proposition is proved in [22] by studying left derivatives of Eisenstein inte-
grals. These can be identified with Eisenstein integrals for different K-types by an
asympotic analysis involving the use of the vanishing theorem from [20].

Keeping (11.4) in mind, we see that Proposition 14.4 allows us to define a (g, K)-
equivariant Fourier transform by transposition as follows. For f € CX(X)x we

define f(Q:&:v) € V(Q,&) @ LA2(K : €)g by
(FQ:E:0).T) = /X FO Tz M@ dx.

forall T € V(Q,8)®L*(K : &)g. By using Theorem 11.26, the Plancherel theorem
for spherical functions, combined with the relation (11.10), it is then shown that the
Fourier transform f — f (0, &) extends to a G-equivariant partial isometry from
L?(X) to the space £2(Q, &) defined in (10.11). Moreover, Theorem 10.21 can be
derived from Theorem 11.26 along the lines indicated in Section 11.

Finally, at the end of [22], the Eisenstein integrals are identified as matrix coef-
ficients of the principal series. First, by application of the automatic continuity theo-
rem due to Casselman and Wallach, see [89], Thm. 11.6.7, it is shown that the map
Jo,,» extends to a continuous linear map from V(Q, &) ® C®(K : &) to C*(X),
intertwining 1 ® wg ¢ —, with L. Therefore,

eveo oy € V(Q,E) @ C™®(Q:&: ).

By asymptotic analysis based on the known asymptotic behavior of the Eisenstein
integral it is then shown that

eveo Jo e (N @ @) = (9, j°(Q 1 & : D)),

forn®¢ € V(Q, &) ®C®(K : £). This implies that Jg ¢, = Mg ¢, —,. Combining
this with (14.6) we obtain the equality of Definition 11.2, expressing the Eisenstein
integral as a spherical generalized matrix coefficient.

15 Appendix: Harish-Chandra’s Class of Groups

A Lie group G is said to be real reductive if its Lie algebra g is a real reductive Lie
algebra. This in turn means that g; := [g, g] is a semisimple real Lie algebra and that
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g=cDdgil,

with ¢ the center of g.

Definition 15.1 A Lie group G is said to belong to Harish-Chandra’s class if it is
real reductive and satisfies the following conditions.

(a) G has finitely many connected components.

(b) The image of G under the adjoint representation Ad : G — GL(gc) is contained
in the identity component of Aut(gc).

(c) The analytic subgroup G with Lie algebra g; has finite center.

We shall use the abbreviation H for this class of groups. Clearly, a connected
semisimple Lie group belongs to the class H if and only if it has finite center. The
class ‘H was introduced by Harish-Chandra [58] for a two-fold reason. First, all main
facts from the structure theory of connected semisimple groups extend to groups
of the Harish-Chandra class, as we shall indicate below. Second, Harish-Chandra’s
class behaves well with respect to a certain type of induction, see the text following
Proposition 6.10.

We shall describe those properties of groups of the Harish-Chandra class that
explain how to extend the familiar Cartan decomposition G = K exp p for connected
semisimple groups with finite center to all groups from H.

We start with some general observations, the proofs of which are not difficult.
It is readily seen that any Lie group with finitely many connected components and
abelian Lie algebra is in . Moreover, any connected compact Lie group belongs
to H. The product of two groups from H belongs to H again. If p : G — G is a
surjective homomorphism of Lie groups with finite kernel, one readily sees that G
belongs to H if and only if G does.

The following facts are somewhat more difficult to establish. We shall not give
proofs here, referring to [84], pp. 192-201, instead. We assume that G belongs to H.

The first important fact is that G is a closed subgroup of G. We note that G is
connected semisimple with finite center, hence belongs to H. Let C = ker Ad. Then
C,. is a closed central subgroup of G, with Lie algebra c. Let t be the linear span of
the kernel of exp : ¢ — C and let v C ¢ be a complementary linear subspace. Then
T = exptis a maximal compact subgroup and V = exp v a maximal closed vector
subgroup of C,, and C, >~ T x V via the natural multiplication map. One readily
sees that T is the unique maximal compact subgroup of C,. A maximal closed vector
subgroup of C, is called a split component for G. It is readily verified that every split
component of G arises as above for some choice of v. From now on we assume a
split component V of G to be fixed.

We define X (G) to be the group of continuous multiplicative characters G — R*
and put

°G = Nyex) ker|xl.

The idea behind this definition is that °G contains any compact subgroup of G, as
well as any closed connected semisimple subgroup. Moreover, it has trivial intersec-
tion with V. Taking this into account, the following result is not surprising.
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Lemma 15.2 The group °G belongs to H and G >~ °G x V via the natural multi-
plication map.

Corollary 15.3 Every compact subgroup of G is contained in °G. Moreover; every
maximal compact subgroup of °G is maximal compact in G.

Proof. These statements follow from the above lemma since G/°G ~ V has no
compact subgroups but {1}. 0

The maximal compact subgroups of °G, hence those of G, can be found from
those of G;.

Proposition 15.4 Let K be a maximal compact subgroup of °G. Then
°G = KG;. (15.1)

Moreover, K1 := K N G is a maximal compact subgroup of G1. Conversely, let
K1 be a maximal compact subgroup of G| with Lie algebra ¥|. Then K := °G N
Ad~Y(Ad(K1)) is a maximal compact subgroup of °G, hence of G, with Lie algebra
t4 €.

Finally, the map K — K N G sets up a bijective correspondence between the
maximal compact subgroups of G and those of G1.

From the theory of semisimple groups we now recall the fact that G has a maxi-
mal compact subgroup and that all maximal compact subgroups of G| are conjugate.
Combining this with the above proposition we see that all maximal compact sub-
groups of G are conjugate by an element of G. In fact, this statement can be refined
by using the notion of a Cartan involution.

Definition 15.5 A Cartan involution of G is an involution 6 of G for which the
associated group of fixed points G? is maximal compact in G.

If 6 is a Cartan involution of G, with fixed point group K, then clearly 6
leaves G invariant. Moreover, the group of fixed points of the restricted involution
01 = 0|, equals K N G, which is maximal compact in G, so that 6; is a Cartan
involution of G.

Conversely, we will show that every Cartan involution 8; of G, with fixed point
group K, extends to a Cartan involution 6 of G. In view of Proposition 15.4, its
group of fixed points must then be the unique maximal compact subgroup of G
containing K. To find & we proceed as follows. Let the infinitesimal involution
associated with 81 be denoted by the same symbol. Let

g =@M

be the associated infinitesimal Cartan decomposition whose summands are the +1
and —1 eigenspaces of 01, respectively. Then G| = K exp(p1), the map (k, X) +—
k exp X being a diffeomorphism Ky x p; — g;.
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Let K C °G be the unique maximal compact subgroup of °G with KNG = K.
Then it follows from the Cartan decomposition for G| combined with (15.1) that
the map K x p; — °G, (k, X) — kexp X is a diffeomorphism. Moreover, Ad(K)
normalizes p;. It follows that we may extend 6; to an involution  of °G by requiring
it to be the identity on K. It is now readily seen that 6 is the unique extension of 6;
to a Cartan involution of °G.

Finally, using Lemma 15.2, we may extend 0 to a Cartan involution of G by
requiring that 8(a) = a~! for a € V. This extension is not unique, since it depends
on the choice of V. There is a resulting infinitesimal Cartan decomposition g = £+ p
with € = t 4 € and p = p; @ v. Moreover, on the level of the group we find that

G = Kexpp,

the map (k, X) — kexp X, K x p — G being a diffeomorphism. Finally, given K
as above, the map X — exp X K exp(—X) defines a bijection from p; onto the set of
maximal compact subgroups of G.

References

1. J. Arthur, A Paley—Wiener theorem for real reductive groups, Acta Math. 150 (1983),
1-89.

2. J. Arthur, A local trace formula, Publ. Math. L. H.E.S. No. 73 (1991), 5-96.

3. E.P. van den Ban, Invariant differential operators on a semisimple symmetric space and
finite multiplicities in a Plancherel formula, Ark. Mat. 25 (1987), 175-187.

4. E.P. van den Ban, Asymptotic behaviour of matrix coefficients related to reductive sym-
metric spaces, Nederl. Akad. Wetensch. Indag. Math. 49 (1987), 225-249.

5. E. P. van den Ban, The principal series for a reductive symmetric space, I. H-fixed dis-
tribution vectors, Ann. Scient. Ec. Norm. Sup. 21 (1988), 359-412.

6. E. P. van den Ban, The principal series for a reductive symmetric space II. Eisenstein
integrals, J. Funct. Anal. 109 (1992), 331-441.

7. E.P. van den Ban, Induced Representations and the Langlands classification, Proc. Ed-
inburgh ’96. Symposia in Pure Math. AMS.

8. E.P. van den Ban, The action of intertwining operators on spherical vectors in the mini-
mal principal series of a reductive symmetric space, Indag. Math. 145 (1997), 317-347.

9. E. P. van den Ban, Eisenstein integrals and induction of relations, pp. 487-509 in: Non-
commutative Harmonic Analysis, In Honor of Jacques Carmona, P. Delorme & M.
Vergne, eds., Progress in Math. 220, Birkhéuser, Boston, 2004.

10. E. P. van den Ban, J. Carmona, P. Delorme, Paquets d’ondes dans 1’espace de Schwartz
d’un espace symétrique réductif, J. Funct. Anal. 139 (1996), 225-243.

11. E.P. van den Ban, M. Flensted-Jensen, H. Schlichtkrull, Harmonic analysis on semisim-
ple symmetric spaces: a survey of some general results, in Representation Theory and
Automorphic Forms (Edinburgh, 1996), 191-217, Proc. Sympos. Pure Math., 61, Amer.
Math. Soc., Providence, RI, 1997.

12. E. P. van den Ban, H. Schlichtkrull, Asymptotic expansions and boundary values of
eigenfunctions on Riemannian symmetric spaces, J. Reine Angew. Math. 380 (1987),
108-165.



94

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

E. P. van den Ban

. E. P. van den Ban, H. Schlichtkrull, Convexity for invariant differential operators on a
semisimple symmetric space, Compos. Math. 89 (1993), 301-313.

E. P. van den Ban, H. Schlichtkrull, Expansions for Eisenstein integrals on semisimple
symmetric spaces, Ark. Mat. 35 (1997), 59-86.

E. P. van den Ban, H. Schlichtkrull, Fourier transforms on a semisimple symmetric space,
Invent. Math. 130 (1997), 517-574.

E. P. van den Ban, H. Schlichtkrull, The most continuous part of the Plancherel decom-
position for a reductive symmetric space, Annals Math. 145 (1997), 267-364.

E. P. van den Ban, H. Schlichtkrull, Fourier inversion on a reductive symmetric space,
Acta Math. 182 (1999), 25-85.

E. P. van den Ban, H. Schlichtkrull, A residue calculus for root systems, Compositio
Math. 123 (2000), 27-72.

E. P. van den Ban, H. Schlichtkrull, Harmonic Analysis on reductive symmetric spaces,
Proc. Third European Congress of Mathematics, 2000.

E. P. van den Ban, H. Schlichtkrull, Analytic families of eigenfunctions on a reductive
symmetric space, Represent. Theory 5 (2001), 615-712.

E. P. van den Ban, H. Schlichtkrull, The Plancherel decomposition for a reductive sym-
metric space, I. Spherical functions, arXiv.math.RT/0107063.

E. P. van den Ban, H. Schlichtkrull, The Plancherel decomposition for a reductive sym-
metric space, II. Representation theory, arXiv.math.RT/0111304.

E. P. van den Ban, H. Schlichtkrull, A Paley—Wiener theorem for reductive symmetric
spaces, arXiv.math.RT/0302232.

M. Berger, Les espaces symétriques non compacts, Ann. Sci. Ecole Norm. Sup. (3) 74
(1957), 85-177.

J. N. Bernstein, On the support of Plancherel measure, J. Geom. Phys. 5 (1988), 663—
710.

F. V. Bien, D-modules and spherical representations. Mathematical Notes, 39. Princeton
University Press, Princeton, NJ, 1990.

N. Bopp, P. Harinck, Formule de Plancherel pour GL(n, C)/U(p, q), J. Reine Angew.
Math. 428 (1992), 45-95.

A. Borel, N. Wallach, Continuous cohomology, discrete subgroups, and representations
of reductive groups. Second edition, Mathematical Surveys and Monographs, 67. Amer-
ican Mathematical Society, Providence, RI, 2000.

N. Bourbaki, Lie groups and Lie algebras. Chapters 4—6; Translated from the 1968
French original by Andrew Pressley. Elements of Mathematics (Berlin). Springer-Verlag,
Berlin, 2002.

F. Bruhat, Sur les représentations induites des groupes de Lie, Bull. Soc. Math. France
84 (1956), 97-205.

J.-L. Brylinski, P. Delorme, Vecteurs distributions H-invariants pour les séries prin-
cipales généralisées d’espaces symétriques réductifs et prolongement méromorphe
d’intégrales d’Eisenstein, Invent. Math. 109 (1992), 619-664.

0. A. Campoli, Paley—Wiener type theorems for rank-1 semisimple Lie groups, Rev.
Union Mat. Argent. 29 (1980), 197-221.

J. Carmona, Terme constant des fonctions tempérées sur un espace symétrique réductif,
J. Reine Angew. Math. 491 (1997), 17-63.

J. Carmona, P. Delorme, Base méromorphe de vecteurs distributions H-invariants pour
les séries principales généralisées d’espaces symétriques réductifs: Equation fonc-
tionelle, J. Funct. Anal. 122 (1994), 152-221.

J. Carmona, P. Delorme, Transformation de Fourier sur I’espace de Schwartz d’un espace
symétrique réductif, Invent. Math. 134 (1998), 59-99.



36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

The Plancherel Theorem for a Reductive Symmetric Space 95

W. Casselman, Canonical extensions of Harish-Chandra modules to representations of
G, Canad. J. Math. 41 (1989), 385-438.

W. Casselman, D. Mili¢i¢, Asymptotic behavior of matrix coefficients of admissible
representations, Duke Math. J. 49 (1982), 869-930.

P. Delorme, Intégrales d’Eisenstein pour les espaces symétriques réductifs: tempérance,
majorations. Petite matrice B, J. Funct. Anal. 136 (1994), 422-500.

P. Delorme, Troncature pour les espaces symétriques réductifs, Acta Math. 179 (1997),
41-77.

P. Delorme, Formule de Plancherel pour les espaces symétriques réductifs, Annals Math.
147 (1998), 417-452.

P. Delorme, Harmonic analysis on real reductive symmetric spaces, Proceedings of the
International Congress of Mathematicians, Vol. II (Beijing, 2002), 545-554. Higher Ed.
Press, Beijing, 2002.

J. Dixmier, Les C*-algébres et leurs représentations. Reprint of the second (1969) edi-
tion, Les Grands Classiques Gauthier-Villars. Editions Jacques Gabay, Paris, 1996.

J. Faraut, Distributions sphériques sur les espaces hyperboliques, J. Math. Pures Appl.
(9) 58 (1979), 369-444.

M. Flensted-Jensen, Spherical functions of a real semisimple Lie group. A method of
reduction to the complex case, J. Funct. Anal. 30 (1978), no. 1, 106-146.

M. Flensted-Jensen, Discrete series for semisimple symmetric spaces, Annals Math. 111
(1980), 253-311.

M. Flensted-Jensen, Analysis on non-Riemannian symmetric spaces. CBMS Regional
Conference Series in Mathematics, 61, AMS, Providence, RI, 1986.

R. Gangolli, On the Plancherel formula and the Paley—Wiener theorem for spherical
functions on semisimple Lie groups, Ann. of Math. 93 (1971), 150-165.

S.G. Gindikin, F.I. Karpelevi¢, Plancherel measure for symmetric Riemannian spaces of
non-positive curvature, (Russian) Dokl. Akad. Nauk SSSR 145 (1962), 252-255.

P. Harinck, Fonctions orbitales sur G¢ / Gr. Formule d’inversion des intégrales orbitales
et formule de Plancherel, J. Funct. Anal. 153 (1998), 52—-107.

Harish-Chandra, Spherical functions on a semisimple Lie group. I, Amer. J. Math. 80
(1958), 241-310.

Harish-Chandra, Spherical functions on a semisimple Lie group. II, Amer. J. Math. 80
(1958), 553-613.

Harish-Chandra, Differential equations and semisimple Lie groups. Unpublished
manuscript (1960), in: Collected Papers Vol. 3, Springer-Verlag, New York, 1984.
Harish-Chandra, Discrete series for semisimple Lie groups. I. Construction of invariant
eigendistributions, Acta Math. 113 (1965), 241-318.

Harish-Chandra, Discrete series for semisimple Lie groups. II. Explicit determination of
the characters, Acta Math. 116 (1966), 1-111.

Harish-Chandra, On the theory of the Eisenstein integral, Lecture Notes in Math. Vol.
266, 123-149, Springer-Verlag, New York, 1972.

Harish-Chandra, Harmonic analysis on real reductive groups 1. The theory of the con-
stant term, J. Funct. Anal. 19 (1975), 104-204.

Harish-Chandra, Harmonic analysis on real reductive groups II. Wave packets in the
Schwartz space, Invent. Math. 36 (1976), 1-55.

Harish-Chandra, Harmonic analysis on real reductive groups III. The Maass—Selberg
relations and the Plancherel formula, Annals of Math. 104 (1976), 117-201.

G.J. Heckman, E.M. Opdam, Yang’s system of particles and Hecke algebras, Ann. of
Math. 145 (1997), 139-173. Erratum: Ann. of Math. 146 (1997), 749-750.



96

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.
78.
79.
80.
81.

82.

83.

E. P. van den Ban

S. Helgason, An analogue of the Paley—Wiener theorem for the Fourier transform on
certain symmetric spaces, Math. Ann. 165 (1966), 297-308.

S. Helgason, A duality for symmetric spaces with applications to group representations,
Advances in Math. 5 (1970), 1-154.

S. Helgason, A duality for symmetric spaces with applications to group representations.
II. Differential equations and eigenspace representations, Advances in Math. 22 (1976),
no. 2, 187-219.

S. Helgason, Groups and Geometric Analysis, Academic Press, Orlando, FL, 1984.

L. Hormander, Linear Partial Differential Operators, Springer Verlag, Berlin, 1963.

M. Kashiwara, A. Kowata, K. Minemura, K. Okamoto, T. Oshima, T. Tanaka, Eigen-
functions of invariant differential operators on a symmetric space, Ann. of Math. 107
(1978), 1-39.

A. W. Knapp, E. M. Stein, Intertwining operators for semisimple groups. II, Invent.
Math. 60 (1980), 9-84.

J. A. C. Kolk, V.S. Varadarajan, On the transverse symbol of vectorial distributions and
some applications to harmonic analysis, Indag. Math. (N.S.) 7 (1996), 67-96.

R. P. Langlands, On the functional equations satisfied by Eisenstein series, Springer
Lecture Notes, Vol. 544, Springer-Verlag, Berlin, 1976.

T. Matsuki, The orbits of affine symmetric spaces under the action of minimal parabolic
subgroups, J. Math. Soc. Japan 31 (1979), 331-357.

T. Matsuki, A description of discrete series for semisimple symmetric spaces. II, Repre-
sentations of Lie groups, Kyoto, Hiroshima, 1986, 531-540, Adv. Stud. Pure Math., 14,
Academic Press, Boston, MA, 1988.

C. Moeglin, J.-L. Waldspurger, Spectral Decomposition and Eisenstein Series, Cam-
bridge Tracts in Mathematics, 113. Cambridge University Press, Cambridge, 1995.

V. F. Mol¢anov, An analog of Plancherel’s formula for hyperboloids, (Russian) Dokl.
Akad. Nauk SSSR 183 (1968), 288-291.

G.D. Mostow, Some new decomposition theorems for semi-simple groups, Mem. Amer:
Math. Soc. no. 14, (1955), 31-54.

G. Olafsson, Fourier and Poisson transformation associated to a semisimple symmetric
space, Invent. Math. 90 (1987), 605-629.

T. Oshima, A realization of semisimple symmetric spaces and construction of boundary
value maps, Adv. Studies in Pure Math. 14 (1988), 603—650.

T. Oshima, A calculation of c-functions for semisimple symmetric spaces, in Lie Groups
and Symmetric Spaces, 307-330, Amer. Math. Soc. Transl. Ser. 2, 210, Amer. Math.
Soc., Providence, RI, 2003.

T. Oshima, T. Matsuki, A description of discrete series for semisimple symmetric spaces,
Adv. Stud. Pure Math. 4 (1984), 331-390.

T. Oshima, J. Sekiguchi, Eigenspaces of invariant differential operators on an affine sym-
metric space, Invent. Math. 57 (1980), 1-81.

M. Poel, G. van Dijk, The Plancherel formula for the pseudo-Riemannian space
SL(n, R)/GL(n — 1, R), Compositio Math. 58 (1986), 371-397.

W. Rossmann, The structure of semisimple symmetric spaces, Canad. J. Math. 31
(1979), 157-180.

W. Rossmann, Analysis on real hyperbolic spaces, J. Funct. Anal. 30 (1978), 448-477.
H. Schlichtkrull, Harmonic Analysis on semisimple symmetric spaces. Part II in: G.
Heckman, H. Schlichtkrull, Harmonic Analysis and Special Functions on Symmetric
Spaces; Persp. in Math., Vol. 16, Acad. Press, San Diego, 1994.

H. Schlichtkrull, Hyperfunctions and Harmonic Analysis on Symmetric Spaces, Progress
in Mathematics, Vol. 49. Birkhauser Boston, Inc., Boston, MA, 1984.



84.

85.

86.

87.

88
89

The Plancherel Theorem for a Reductive Symmetric Space 97

V.S. Varadarajan, Harmonic Analysis on Real Reductive Groups. Lecture Notes in Math-
ematics, Vol. 576. Springer-Verlag, New York, 1977.

D.A. Vogan, Irreducibility of discrete series representations for semisimple symmetric
spaces, in Representations of Lie Groups, Kyoto, Hiroshima, 1986, 191-221, Adv. Stud.
Pure Math., Vol. 14, Academic Press, Boston, MA, 1988.

D. A. Vogan, N. R. Wallach, Intertwining operators for real reductive groups, Adv. Math.
82 (1990), 203-243.

N. R. Wallach, Asymptotic expansions of generalized matrix entries of representations of
real reductive groups, in Lie Group Representations, I (College Park, Md., 1982/1983),
287-369, Lecture Notes in Math., Vol. 1024, Springer, Berlin, 1983.

. N. R. Wallach, Real Reductive Groups I. Academic Press, Inc., San Diego, 1988.

. N. R. Wallach, Real Reductive Groups II. Academic Press, Inc., San Diego, 1992.



The Paley—Wiener Theorem
for a Reductive Symmetric Space

Henrik Schlichtkrull

Department of Mathematics, University of Copenhagen, Universitetsparken 5,
2100 Copenhagen @, Denmark; schlicht@math.ku.dk

1 Introduction

This chapter contains an exposition of a Paley—Wiener theorem for reductive sym-
metric spaces, which has been proved in the joint paper [16] with Erik van den Ban.!

There are six sections. The first section is introductory, the following two deal
with Riemannian symmetric spaces, and in the final three the general case of reduc-
tive symmetric spaces is treated. For the sections on the general case certain parts
of the preceding chapter by van den Ban are used as a prerequisite, in particular
Sections 3—4 and 6-7. The chapter by van den Ban will be referred to as [B]; other
references are numbered in alphabetical order according to the list at the end of the
chapter.

1. Some of the fundamental notions and results of harmonic analysis on R” are:

The Fourier transform f +— f , where f € L'(R") and

f()\):/ F@)e?Mdx, aei@®)* ~iR". (1-1)
Rn

The inversion formula
o= [ e, (1-2)
i(R")*

valid for suitably nice functions f on R”. Here d2 is the measure on i (R")* >~ jR"
given by (2r) ™" times Lebesgue measure on R”.

! The text of this chapter is based on notes that were used in a graduate course for the
European School of Group Theory in July 2001 in Luminy, France. The course consisted
of a series of six lectures, each corresponding to one section of the chapter. It is my great
pleasure to thank Jean-Philippe Anker, Pierre Torasso and Bent @rsted for inviting me to
give the lectures and for arranging publication.
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The Schwartz isomorphism theorem, that f +— f is a linear isomorphism of the
Schwartz spaces S(R") — S(i(R")*), with its inverse given by (1-2).

The Plancherel theorem, that f +— f extends to a unitary isomorphism of
L?(R", dx) onto L2(i (R")*, d1).

The Paley—Wiener theorem, through which the image { f | fecCx (RM)} is
described (see details below).

The aim of this work is to discuss the generalization of these results to semisimple
symmetric spaces.

2. Let G be aLie group, H a closed subgroup. Assume o : G — G is an involution,
and that
(G%), C HCG°

where G° = {g € G | 0g = g} and (- ). =identity component.

If, in addition, G is connected semisimple, we call G/ H a semisimple symmetric
space. More generally, if G is reductive, we call G/H a reductive symmetric space.

The definition of a reductive Lie group is not universal. The Lie algebra g of G
should be reductive, that is, g = [g, g] @ ¢ where [g, g] is semisimple (or zero) and
¢ is central in g, but the precise conditions on G, in case it is not connected, can
vary. Here we will only be dealing with groups of class H (Harish-Chandra class),
as defined in [B], Appendix.

The reason behind the term “symmetric space” is explained in [B], Section 1.

3. The Plancherel theorem for G/H (including a Schwartz inversion theorem for
K -finite functions) was established by Patrick Delorme, and simultaneously by Erik
van den Ban and myself. However, our proof depended (at that time) on one of the
steps of Delorme’s proof, called the Maass—Selberg relations. Apart from this the
methods of proof are different, and we (that is, van den Ban and I) derive a Paley—
Wiener theorem together with the Plancherel theorem. Delorme’s proof has appeared
in [21] (see the historical notes and references in [B], Section 1).

4. Examples of reductive symmetric spaces (see [B], Section 1, for more details).

4.1 Riemannian symmetric spaces. Let 6 be a Cartan involution of G with cor-
responding maximal compact subgroup K. Assume that o = 6. Then H = K and
G/H = G/K is a Riemannian symmetric space. In this case the Euclidean harmonic
analysis, as outlined above, is generalized through the work of Harish-Chandra, Hel-
gason and others. See [30] and [31]. Notice that in this case we may as well assume
G to be connected, since the nonconnectedness is captured in the division by K.

4.2 Reductive groups. Let ‘G € H;then G = ‘G x ‘G € H as well. Let
o (g1, 82) = (g2, g1); then H is the diagonal subgroup of ‘G x ‘G and G/H ~ ‘G.
In this case the Plancherel theorem was obtained by Harish-Chandra, and a Paley—
Wiener theorem was obtained by Arthur. See [32], [36] and [3].

4.3 Real hyperbolic spaces. Let p > 1, g > 0 be integers. Then

2 2 2 2
{xeRP""q|x1+...xp_xp+l_...—xp+q:l}
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is a reductive symmetric space, with G = SO(p, g), H = SO(p — 1, g).

5. The wave packet transform. Consider again R”. For a function ¢ on i (R")* of
suitable decay such that ¢ is integrable w.r.t. dA, we define

Jgo(x):/ e dx, (x e RM).
i(R")*

The function J¢ on R” is called a wave packet, because it may be viewed as a
superposition of plane waves x — ) with amplitudes ¢(1). Accordingly, the
operator 7 is called the wave packet transform.

Let F denote the Fourier transform f +— f given by (1-1). With this notation
the inversion formula (1-2) simply reads f = JF f, and the Schwartz isomorphism
theorem asserts that 7 maps S(IR") bijectively onto S(i (R")*) with J as its inverse.

Note that (by Fubini) 7 and F are symmetric w.r.t. the L>-inner products on R”
and i (R™)*:

(f.Te)=(Ff 9 (1-3)

for functions f on R” and ¢ on i (R")* of suitable decay. Thus, with domains defined
properly, 7 = F*. The fact that F is inverted by its adjoint is also expressed in the
Plancherel theorem.

6. The Paley—Wiener theorem for R”. It follows easily from the definition of f :
iR" — C that if f has compact support, then f extends to a (obviously unique)
holomorphic function C* — C, given by the same expression (1-1). This extension
is also denoted by f .

For each M > 0 let PW;(R") denote the space of holomorphic functions ¢ on
C" that satisfy

sup (1 + [A)Fe ™R o) < 00 (1-4)
reCn

for each k € N. Let PW(R") = Ups-.oPW r (R™).
The Paley—Wiener theorem asserts that

F(CZ(R") =PWR").

Moreover, if f € C°(R"), then F f € PWy(R") if and only if f is supported in
the closed ball By, of radius M, centered at the origin.
The space PW(R") is therefore called the Paley—Wiener space for R".

7. Remark. The original version (by Paley and Wiener) of the theorem was essen-
tially as follows. Let n = 1. The image F (L*([—M, M))) is the set of holomorphic
functions ¢ on C such that ¢|;r € L>(iR) and Sup; cc e MR | p(L) < oo. This
can be derived (by means of an approximate identity) from the “modern” version for
C2°(R). The latter is sometimes called the Paley—Wiener—-Schwartz theorem.

8. There is a topological Paley—Wiener theorem. We equip the space Cj7(R") of
smooth functions supported in By with its standard Fréchet topology, and PW 5, (R")
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with the topology given by the family of seminorms (1-4), k € N, by which it also
becomes a Fréchet space. Then the Fourier transform F is a topological isomorphism
of C{; (R") onto PWy(R"), for all M > 0. It follows that it is also a topological
isomorphism of CZ°(IR") onto PW(R"), when these spaces are given the inductive
limit topologies corresponding to the unions over M (this gives the standard topology
on the former space).

9. We end this introduction by recalling the proof of the Paley—Wiener theorem for
R", as a preparation for the discussion of the generalization to G/H.
The fact that 7 maps C§; (R") into PW ), (IR") is seen from the estimate

Fol < f ()R gy < CoMIReA
By

Recall that 8/0‘7 r) =21% f (4) for all multiindices «, and apply the estimate to this
function.
The more difficult part of the proof is surjectivity. This is based on the following

Support theorem. ¢ € PWy,(R") = suppJ¢ C By.

Proof Let ¢ € PW(R") and n € R”. By the rapid decrease of ¢ at infinity and by
the Cauchy integral theorem, the shifted integral

/ pM)er* dr = e™* / o(n + 1™ di
n+iR”" n

iR

is independent of 1, hence equal to J¢(x) for all . Hence by (1-4)

[Te(x)| < e'“‘/ Ci(1 + 1)) KeMinl gy < cer=+Minl
iR"

(choose k sufficiently large). Fix |x| > M and let n = —tx. Then n - x + M|n| =

—t|x|(Jx] — M) — —oo for t — 00, so it follows that J¢(x) = 0. O

In order to finish the proof of the surjectivity of F it remains only to establish the
identity F 7 ¢ = ¢ for ¢ € PW(R"). If we knew already that the restriction of ¢ to
iR" is a Schwartz function, this would of course be an immediate consequence of the
Schwartz isomorphism theorem. Indeed, the Schwartz estimates for the derivatives
of ¢|;rn can be seen from (1-4) by means of the Cauchy formula, but we can also
proceed as follows: For the function J¢ € C°(R") the inversion formula JF f =
freads JFJT¢ = J¢. Thus, in order to establish that 7 7 ¢ = ¢ we need just prove
that 7 is injective on the space PW(R"). This follows easily from the surjectivity of
F on Schwartz space by means of the symmetry (1-3).

Notice that in the Euclidean case there is a symmetry between the variables x
and A, and that as a result 7 and J are identical transformations (up to a sign). This
is not typical for the general case (just as it is not typical in the theory of locally
compact abelian groups).
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2 The Spherical Transform on a Riemannian Symmetric Space

Let X = G/K where G is connected semisimple and K maximal compact (cf. §1,
Ex. 4.1). Then X is a Riemannian symmetric space of noncompact type. A brief
review of the harmonic analysis on X is given in this and the following section.

Formally neither the harmonic analysis for G/K nor that for G is used in the
proof of the generalization to G/H. But naturally both cases are indispensable as
examples. The Riemannian case G/K has the advantage over the group case G that
results are much easier described, basically because there is only one series of repre-
sentations in the Plancherel decomposition (for example, there is no discrete series).
This of course is also a disadvantage from the point of view of providing good ex-
amples. Another advantage of G/K is that it is not a group, so we are not tempted to
use such a structure of the space which does not generalize to G/H.

1. The first issue is the definition of the Fourier transform. We need to generalize
the exponential functions x +— €™ A e i (R")*. These functions on R” are char-
acterized in two ways, which are both relevant for the harmonic analysis. They are
unitary characters on the abelian group R”, and they are joint eigenfunctions for the
differential operators d/dx;, i = 1,...,n. As we shall see, the proper generaliza-
tions to G/K carry similar properties; they are related to representations of G, and
they are joint eigenfunctions for some fundamental differential operators.

2. Notation. To fix notation we recall some well-known decomposition theorems
for G and its Lie algebra g (see for example [33]). Let 8 denote the Cartan involu-
tion of G associated with G/K, as well as the derived involution of g. The Cartan
decompositions read as

g=t®p and G = Kexpp,

where ¢ = Lie(K) ={Y |0Y = Y}andp = {Y | Y = —Y}. The map (k,Y) €
K xpr— kexpY € G is a diffeomorphism.

Let ag be a maximal abelian subspace of p, let o = X (g, ag) be the associated
system of restricted roots and E[)" a choice of positive roots. The Iwasawa decompo-
sitions read as

g=t®ap®ny and G = KAoNy

where ny = EBaeEJg“ and Ag = expag, No = expng. The map (k,a,n) € K x
Ag X Ng — kan € G is a diffeomorphism.

Let ag be the positive chamber in ag and % its closure. The polar decomposition
of G is -
G=KAJK

where A(J)r = exp a(J)r. Thus every element x € X can be written x = kaK with

ke Kanda € AS‘ . The element a of this decomposition is unique; if we required
justa € A, it would be unique up to conjugation by the Weyl group Wy. Moreover,
the map (kM,a) € K/My x Ag > kaK is a diffeomorphism onto an open dense
subset X4 of X. Here M( denotes the centralizer in K of Ay.
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3. The spherical transform. We will first study the Fourier transform of functions
on X that are K-invariant, i.e., functions that satisfy f(kx) = f(x) forall k € K,
x € X. Obviously such a function can be identified with a K-biinvariant function
on G. We denote by C(X : 1) the space of continuous K -invariant functions on X.
Other functions spaces, e.g., C2°(X : 1), LZ(X : 1) are defined similarly.

Here the number 1 indicates the trivial representation of K. The spaces C(X :
7) etc. are defined for any finite-dimensional representation (z, V;) of K, and they
consist of functions f : X — V; that are t-spherical, i.e., which satisfy f(kx) =
(k) f (x).

In the context of K-invariant functions on X, the proper generalization of x
e*®) is Harish-Chandra’s (elementary) spherical function ¢; € C*(X : 1), the
definition of which we recall. Let

1
p=5 Z dim(g*)e € af

aEEJ
as usual. For A in the complex dual afj~ we denote by 1, the function

A+po (A+po)(loga)

nak — a =e

on G, defined by means of the Iwasawa decomposition. In other words, if H : G
ap denotes the Iwasawa projection kan +— loga, then

L. (x) = e~ PO HGT),

Obviously, 1, is right K -invariant, hence may be viewed as a function on X. Now

Pa(x) = f 1, (kx) dk = / e~ AP HETN) g (2-1)
K K

forx € X.
By definition the spherical transform of a K-invariant function f on X is the
function

Froy = /X FOOP(x) dx 2-2)

on the imaginary dual iaj of ag. The integral converges if f € L'(X : 1) since ¢y, is
bounded for A € iay (as can be seen from (2-1)). Moreover, if f has compact support
the definition extends to A € agc.

See Helgason’s book [30] and/or [24] for the details about this transform. Here
we will just review the main results. The notation used in these notes differs from
that used in [30], in the respect that the latter uses Harish-Chandra’s parametrization
of the spherical functions, in which (2-1) is replaced by

$Cw = [ eI g = g 0
K
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4. Representation theory. The above definition of the spherical transform is moti-
vated by representation theory. Let A € ag~ and let 7 ; denote the representation of
the spherical principal series with this parameter. That is, its representation space is
the completion of the space of continuous functions f : G — C which satisfy

f(manx) = a**™ f(x)

forall m € My, a € Ag,n € Ng, x € G, with norm

I£11% =f | f () |* dk
K

and G-action

T, f(x) = f(xg).

It is easily seen that 7y j is unitary if A is imaginary. This construction of the repre-
sentation m ; is a special case of a more general construction of induced representa-
tions ¢ ; to which we will return (see [32], Ch. 7, or [B], Sect. 7).

The representation sy is irreducible if (A, @) # O for all @ € X (Bruhat’s
theorem, see [32], Thm. 7.2. See also [31], p. 531-532).

Notice that the function 1, belongs to the representation space for 7y ;. More-
over, it is a K-fixed vector for this representation, and in fact, it is uniquely de-
termined (up to scalar multiples) by this property. The spherical function ¢, is the
matrix coefficient

O (x) = (1 ()1, | 1), (2-3)

The relevance of such matrix coefficients for harmonic analysis on groups is well
known (see for example [23], Thm. 3.20). The harmonic analysis on homogeneous
spaces is discussed from an abstract point of view in [B], Sect. 2. Here we will just
notice that (2-3) corresponds to the following relation for the function ™ on R”,
A € (RME. Let 7, denote the one-dimensional representation x > ¢*) of R" on
C, which is unitary if A is imaginary. Then e*®) = (1; (x)1 | 1).

5. Invariant differential operators. The definition of the spherical functions is also
motivated by the following considerations. Let ID(X) denote the space of invariant
differential operators on X = G /K (cf. [B], Def. 2.3). This is known to be a commu-
tative algebra, which is isomorphic to the algebra I (ag) = S(a) Wo of Wy-invariants
in the symmetric algebra S(a). Here Wy is the Weyl group associated with X¢. The
isomorphism

Yo : D(X) — I(ao),

called the Harish-Chandra isomorphism, is constructed as follows (see [28], Thm.
4.2). Let
r U@ U@ nu@te - D)

denote the isomorphism described in [B], Lemma 2.5. By the Iwasawa decomposi-
tion of g and the Poincaré-Birkhoff—Witt theorem we have
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U(g) = (nocld(g) + U(g)tc) & U(ao).

For D = r(u) € D(X) let ug € U(ag) be the projection of u according to this
decomposition. Then yo(D) € S(ap) > P(ag) is given by yo(D, v) = uo(v + po).

It follows from this description of yy that the function 1, on X satisfies the
eigenequation

D1, = yo(D, M1, (2-4)

for all D € D(X). Indeed, the identity D1, (aK) = yo(D, A)1,(aK) for a € Ay
follows easily, and this is sufficient since each side of (2-4) is Np-invariant from the
left by the G-invariance of D.

It follows immediately from (2-1) and (2-4) that

Doy = yo(D, M), (2-5)

for all D € ID(X). Thus, the spherical functions are joint eigenfunctions for the
invariant differential operators. In fact, they are uniquely characterized in C*°(X : 1)
by this property, together with the normalization given by ¢, (e) = 1, cf. [30], p. 402,
Cor. 2.3.

The analog of I(X) for R” is the algebra of all constant coefficient differential
operators, which is generated by d/dx;,i = 1, ..., n. Therefore (2-5) confirms that
the spherical functions are reasonable analogs of the exponential functions on R”.

6. Functional equation. It is important to notice that the spherical functions satisfy
the equation

s = Py (2-6)

forall s € W)y. By the statement above that (2-5) determines ¢; uniquely, this follows
immediately from the fact that (D) is Wp-invariant. However, the latter fact is
traditionally proved exactly by means of the functional equation (2-6), so another
proof must be given. See [30], p. 303, Thm. 5.16 or [32], Prop. 7.15 (in [24], Thm.
2.6.7, there is an independent proof of the Weyl invariance of yy(D)).

It follows that the spherical transform of any function f will satisfy F f(sA) =
F f(X). Obviously this relation has to be taken into account when we want to de-
scribe image spaces for the Fourier transform.

7. Asymptotics. In order to proceed with our description of the K-invariant har-
monic analysis on G/K we need to introduce Harish-Chandra’s c-function. It is
defined by the equation

(V) = / o~ HG) ga
N

for A € aj with strictly dominant real part, under which assumption the integral can
be shown to converge, and by meromorphic continuation for general A. In fact, there
is an explicit formula for c(A) known as the Gindikin—Karpelevi¢ formula (see [30],
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p. 447, Thm. 6.14). The important property of the c-function is that it is related to
the asymptotic behavior of the spherical function ¢, . The relevant formula is Harish-
Chandra’s asymptotic expansion

gr(@) =) clsM)Psu(a), (a € AY), -7

seWy

where &, (a) is given by a series expansion

@, (a) = a0 Z a ", ()
MENEJ

with coefficients I'; (A) that are rational functions of A given by a recursive rela-
tion (see [30], p. 430, Thm. 5.5). Moreover, ['g(A) = 1. The expression @, (a) is
meromorphic as a function of A, and its singular set is contained in the union of all
hyperplanes of the form

(€ age | 24— p, ) =0)
where u € NZJ \ {0}. In particular, it is regular for all A that belong to

ag(0) == {X € ajc | Re(r, ) < Oforalle € Tj}.

8. Maass—Selberg relations. It can be seen from the Gindikin—Karpelevi¢ product
formula that the c-function satisfies the following important transformation property
for the Weyl group

c(sA)c(—=sr) = c(M)c(—=A) (2-8)

for all A € a&c, s € Wp. Indeed, the product formula allows reduction to rank one,
in which case the statement is trivial since sA = £A.

In particular, since c(1) = ¢(&) it follows that |c(sA)| = |c(1)| for A € iag. From
(2-7) it is seen that asymptotically

@i (a) ~a " Z c(sh)a*,

seWy

for A € iagj. The consequence of (2-8) is thus that the terms in this sum (the “constant
term” of ¢, ) are uniformly weighted.

The generalizations of (2-8) to G/H are the so-called Maass—Selberg relations
(see [B], Thm. 11.22).

9. Gangolli’s estimate. The following estimate of the function @, on Aa’ can be
shown to hold (it follows from [30], p. 430, Lemma 5.6). Fix ¢ > 0. There exist a
constant C > 0 such that

|®5.(a)] < CaRe4=r

forall A € aj(0) and all a € Aa’ with a(loga) > € foreach o € ESL.
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10. The inversion formula for the spherical transform reads

di

—, 29
le)I? @

rw=c [ Frome
lao

for f € C°(X : 1). Here dA is Lebesgue measure on i aj, and c is a positive constant
that depends on the normalization of the involved measures. In what follows we
assume that ¢ = 1 (see [30], pp. 488, 589, for the explicit determination of ¢ with
some given normalizations). The integral in (2-9) converges absolutely.

The proof will be discussed below, see 16.

11. The Plancherel theorem. The spherical transform f +— F f extends to a uni-
tary isomorphism

L*(X : 1) — L%(ia}, yWo,

le(M)[?
12. The Paley—Wiener theorem. For M > 0 let PW,;(X : 1) denote the space of
holomorphic functions ¢ on aj that satisfy

(a) sup; eqz (1 + [A)ke=MIReA ()| < oo for each k € N.
®) p(sr) = (1) for s € Wy.
Let PW(X : 1) = UpooPW (X : 1).

The Paley—Wiener theorem asserts that
FCI(X:1)=PW(X:1)
and that if f € C°(X : 1), then f is supported in the ball
By={xeX||x| <M}

of radius M if and only if Ff € PWy (X : 1). Here |x| is defined for elements
x =kaK € X by
|x| = |logal,

which is exactly the Riemannian distance between x and the origin.

13. The Schwartz space C(X). In order to discuss the isomorphism theorem for
the Schwartz space on X we first have to introduce this space. By definition C(X) is
the space of functions f € C°°(X) for which

Yueld(g) Vne NIC >0Vx e G:
ILu f()] < CA+]xD"Po(x).
This definition is of course motivated by analogy with the Euclidean Schwartz space,
and only the presence of the spherical function ¢ has to be explained. Here we have

to recall the formula for the polar decomposition of the invariant measure on X (see
[30], p. 186, Thm. 5.8)
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/F(x)dx:// F(kaK)J(a)dadk
X K JA}

where J(a) = Haez‘(‘)*' (a® — a=*)4mg" Since the order of magnitude of J(a) is

a*”, the function f (a) has to decay more than ¢~ in order to be square integrable.
This is essentially the decay rate of ¢, which satisfies the estimates

a=? < ¢o(a) < C(1 +|a))@a=r0

for suitable constants C and d (see [30], p. 483, exercise B1). In fact, it was shown by
Harish-Chandra that if f € C*°(X), then f € C(X)ifandonlyif (14| - |)"L,f €
L%(X) for all u, n as above (see [5], Section 17).

The space of K -invariant functions in C(X) is denoted by C(X : 1) in accordance
with previous conventions.

14. Wave packets. In analogy with §0, 5, and with a glance at (2-9) we define wave
packets on X as follows:

dx

— 2-10
le(W)[? @10

Tekx) = / RAWLIACY
lClO

for amplitude functions ¢ on iag of suitable decay.
It follows from the Gindikin—Karpelevi¢ formula that the c-function satisfies the
estimate

lec)|™! < C + AP (2-11)

for all A € af~ with Re(A, ) > 0 for @ € 7. Here p = (1/2) dim Ny (see [30],
p. 450, Prop. 7.2). Hence the integral in (2-10) converges for all functions ¢ on iaj
with f(l + [AD2P @A) | dA < oo, in particular for ¢ € PW(X : 1) and ¢ € S(iay).
Moreover, J¢ € C*(X).

As in §1.5 it follows from the Fubini theorem that .7 is adjoint to F, with respect
to dx on X and dA/|c(1)|? on iag.

15. The Schwartz isomorphism theorem can now be stated. It asserts that the
spherical transform f +— F f is a linear isomorphism

C(X : 1) — S(ias)"o

with inverse 7. Here S(i ag) denotes the classical Schwartz space on Euclidean i af‘),
and superscript Wy indicates the subspace of Wy-invariants.

16. About proofs. Theorems 10, 11, 15 are due to Harish-Chandra. Most of his
proof is in [25], but two conjectures remained (see the end of the second article). One
of these was settled by the Gindikin—Karpelevi¢ formula, the other is the injectivity
of the Fourier transform f +— F f on C(X : 1). This injectivity was established by
Harish-Chandra’s theory of the discrete series [26], see the second article, §21.
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Theorem 12 is due to Helgason and Gangolli. The original proof relied on Harish-
Chandra’s theory, but it was observed by Rosenberg [34] that Theorems 10-12 can
be proved simultaneously. A brief sketch is presented below; details can be found in
[30], Ch. IV,7 or [24], §6.6. Finally, Anker [2] has given a simple proof of Theorem
15.

17. The support theorem. Pseudo-wave packets. The first step in the Helgason—
Rosenberg proof consists of establishing the support theorem:

@ €PWy(X:1) = suppJe C By.

The proof of this statement is entirely similar to the classical proof in §1.9, once the
following formula (2-12) has been established.
If we insert the expansion (2-7) in (2-10) and pass the integral under the sum, it
follows that
Je@ =Y f P51 Dy ()~

seWp

| (/\)Iz’

Assume that ¢ is Wy-invariant. Then by invoking (2-8) and the Wy invariance of dA
we obtain fora € A(J)r the following formula for the wave packet

Je(a) = |W0|f*€0()\)q>k(a) (2-12)
zao

c(=1)’
The expression on the right resembles a wave packet, but the functions &, are not
true “waves”. Therefore, it is called a pseudo-wave packet.

For the proof of the support theorem, the integral in the pseudo-wave packet is
shifted in the direction of the negative chamber, in which we have control of ®, (a)

by means of Gangolli’s estimate. Thus one obtains that J¢(a) = O forall a € Ag
with |a| > M.

18. The main step of Rosenberg’s argument consists of proving the inversion for-
mula (2-9) that 7F = 1 on C2°(X : 1). It is done by a stunningly simple argument,
which exploits the idea of a classical proof of the Plancherel theorem for R”, the
dilation ¥ (e1) of an auxiliary function (1) on iag. The support theorem is used to
estimate J[¥ (e -)]. Invoked is also a delicate use of the estimate (2-11)—the fact
that p = (1/2) dim Ny is crucial. See [34] or [30], p. 455-457.

19. The Paley—Wiener theorem can now be proved. It is not difficult to see that F
maps C2°(X : 1) into PW(X : 1), hence the surjectivity remains, or equivalently, the
identity #J = 1 on PW(X : 1). The proof (due to Helgason) invokes the convolu-
tion structure of CZ°(X : 1), by which F(C2°(X : 1)) becomes an algebra to which
Stone—Weierstrass can be applied. The inversion formula is used in the argument.

20. The Plancherel theorem now follows easily. The identity ||F f|| = || f]| is seen
as follows for f € C2°(X : 1), using the inversion formula JF = 1 and the fact
that 7 is adjoint to F:

LFI1P = (f ) = (£ TFF) = (FLFf) = IFfIP.
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Hence F extends to an isometry of L*(X : 1) into L2(ia(>‘;). The surjectivity onto
L2(i CLS)WO follows easily from Paley—Wiener surjectivity.

21. Finally the Schwartz isomorphism theorem can be proved by Anker’s argument.
It is not difficult to see that 7 maps C(X : 1) continuously into S(i a(’;)WO, or that
J maps S(i ag)WO continuously into C*°(X : 1). Thus the identity JF = 1 on
C(X : 1) follows from C°(X : 1) by continuity. The main difficulty is that J
maps S (iaS)WO into C(X : 1). Anker proves this by establishing the continuity of
J : PW(X : 1) = C(X : 1) in the Schwartz topologies. The Paley—Wiener
theorem is used in the argument.

3 Other Fourier Transforms on Riemannian Symmetric Spaces

The Plancherel theorem for K -invariant functions on X = G/K is sufficiently rich
that it implies the decomposition of the regular representation of G on the full L>-
space on X. This is closely related to the fact that (G, K) is a Gel’fand pair, that is,
the convolution algebra C.(G/K : 1) is commutative. For details, see [24], §1.6.

However, with the generalization to symmetric pairs (G, H) that are not Gel’fand
pairs in mind, it is instructive to see how the theory of the previous section can be
generalized to functions on G/ K that are not necessarily K -invariant. Several aspects
of the general theory, which are not present in the K -invariant setting, are revealed
when we consider more general functions on G/K . For example, the Maass—Selberg
relations for the c-functions are much closer to the form they will have in general.

We will give two definitions of Fourier transforms, one which is most convenient
for K -finite functions, and another one for general functions. The main reference for
both is Helgason’s book [31], Ch. III. In order to distinguish the two transforms, we
denote them differently, by f > F f and f f , respectively.

1. Eisenstein integrals. The t-spherical transform. The definition (2-1) of the
spherical function ¢, is generalized as follows. Let (z, V;) be a finite-dimensional
unitary representation of K, and let V,M" be the space of My-fixed vectors in V. For
LeEaje, e VM0 and x € X we define

E@W:x:ix)= /;( 1, (kx) T (k™YY dk (3-1)
= / e~ CHPHGTIO L (o ik
K
Then E (i : A) maps X — V7, and it is seen that
EW: A kx)=1tR)E({ : A:X),
so that E(¢¥ : &) € C*°(X : ) (see §2.3). Obviously the map

ELA:x): Y= EW:X:Xx)
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is linear VTMO — V;. The Hom(VTMO, V;)-valued function E()) on X is called a
generalized spherical function, or an Eisenstein integral on X (see [31], p. 233).

It is worthwhile to notice that Kostant has shown that if G/K has rank one, then
(K, M) is a Gel’fand pair (see [31], p. 192). It follows that dim V,MO = 1 (for t
irreducible). However, for general Riemannian symmetric spaces the dimension can
be higher.

The corresponding integral transform F, called the t-spherical transform, can

be defined as follows. It maps t-spherical functions on X to VTMO—Valued functions
oniagj. Let f : X — V; be t-spherical (see §2.3). Then

Ff) :/ E(—k:x)*f(x)dx e VMo (3-2)
X

where

E(:x)*:V, —» VMo
denotes the adjoint of E (X : x) with respect to the Hilbert space structure of V; and
its subspace VTMO. It follows immediately from (3-1) that

IE®W : D)) < ¢res () [ V]|

for all 2, hence it is a bounded function on X for all A € iaj. Thus definition (3-2)

makes sense for f € L'(X : 1), A € iag. If f has compact support, we define F f (1)
for all A € a&c also by (3-2). It is then a holomorphic function of A.

If (z, V) is the trivial representation then V; = VIMO = C and
E(, x) = ¢r(x).

Since ¢ (x) = ¢7(x) we have E(—A : x)* = ¢_;(x), and hence (3-2) generalizes
the spherical transform.

2. K-finite functions. The principal reason for introducing the notion of 7-spherical
functions is that it is a convenient framework for the analysis of K-finite functions.
The relation between t-spherical functions and K -finite functions will now be de-
scribed.

Lets € K , and let C(X); denote the space of functions f on X that are K -finite
of type ¢ (i.e., the span of the K -translates of f is finite dimensional and equivalent
tod@d---D3J.)

Put V; =V ® V5 = Hom(Vs, Vs) and T = 6* ® 1, thatis, t(k)a = a o sk
for a € Hom(Vj, V). By applying the contraction Vi ® Vs — C (or the trace on
Hom(Vj, Vs)) to functions in C(X : ) we obtain a linear map

CX:1)—> C(X);.

It is not difficult to show that this map is an isomorphism, the inverse of which is the
sphericalization given by f +— f?" e C(X : ) where
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P (x) = dim(5) / f(kx)8(k) dk € Hom(Vs, Vs)
K

(compare [30], p. 397). Similar considerations hold for C*°(X), CZ°(X), L23(X), etc.
Therefore, the study of t-spherical functions on X, where T = §* ® 1, is essentially
equivalent with the study of K-finite functions of type &.

On the other hand, for a general (finite dimensional) K -representation T we can
map t-spherical functions to K-finite ones by taking inner products with a fixed
element v € V;.

Note: The §-spherical transform defined on C2°(X)s+ in [31], p. 284, essentially
agrees with our t-spherical transform (3-2) by the isomorphism described above, §
replaced by 8*.

3. The Fourier transform. A Fourier transform for (scalar) functions on X, which
are not necessarily K-finite, has been introduced by Helgason. It is defined as fol-
lows, say for f € C°(X),

FO) =711y = /X FOOT1_n (01, dx (3-3)

for A € a&c. The integral has values in the Hilbert space Hj ;, the representation
space for 7y ). Thus £(3) is the function given by

fog = / F1 5 (gx) dx = f FO0)ePmpHOTE™ gy
x X

and it satisfies f (A, mang) = a~**” f(i, g). Moreover, the map f +— Ffisa
G-homomorphism

Lyf() = /X SO 1 dx =11 () ) (3-4)

for y € G. In this respect the Fourier transform f + f is superior to the spherical
transforms, simply because G does not act on C(X : 7).

As all functions in Hj ;, the function g +— f (A, g) is uniquely determined by its
restriction to K. For k € k we have

f()\.,k) :/ f(x)e(l—ﬂo)H(x_]k‘])dx
X

which is Helgason’s definition (cf. [31], p. 223), except that he has i A instead of A
and k instead of k1. We view k — f (A, k) as a function on left cosets Mok € B =
Mo\K.

In particular, if f is K-invariant, then f (X, k) does not depend on k, and using
Fubini it is easily seen that

fOL k) =FfR),
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so that f — f reduces to the spherical transform. By a similar argument it can be
seen that if f € C.(X : t) for some K -representation (7, V;), and F(x) = (f(x), v)
where v € V;, then

F(, k) = (Ff), t(k)v). (3-5)

Here F is the t-spherical transform.

4. Fourier inversion formula. Let f € C2°(X). Then

= P, ke PG g 3-6

/@ /ia;;/Kf( e Feare (3-6)
. d

=/ia;<f()»),ﬂl,—x(x)1—x>m- (3-7)

The proof is a rather simple reduction to the spherical case, (2-9). It is based on
the observation that it follows from (3-4) and the unitarity of 71 ;, A € i ag, that (3-7)
is equivariant for the left action of G on x, so that we may assume x = e. At this
point the formula reads as

= F(L), 1) ———.
f@) /mé<f<) ST

Since

FO 1) = (1 (g 1) = /X FOOD1 () dx

by (2-3), the formula then follows from the spherical inversion formula for x

[y fkx) dk.

5. t-spherical wave packets are defined as follows. Let ¢ : iaj — VTMO (of suitable
decay) and put

Jex) = / EGix)e()

0

for x € X —recall that E(A : x) € Hom(VtMO, Vi). Then J¢ is a t-spherical
function on X. Note that (by Fubini) J and F are symmetric with respect to dx on
X and dA/|c(W)|* onia:

e

[ s geenas = [ (Froseon o

X iag lc(M)]

where f is t-spherical (and both ¢ and f are of suitable decay). The inner products
are those on V; and VTMO, respectively.

6. Inversion of the t-spherical transform. For f € C°(X : t) the following
inversion formula is now easily deduced by applying (3-6) to F(x) = (f(x), v) for
each v € Vi, cf. (3-5),
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f=JFf.

Notice the roundabout way to this result. It was first proved for K -invariant functions,
but in order to generalize to T-spherical functions we needed the inversion formula
without the assumption of K -finiteness. The reason was that the G-equivariance can-
not be employed on functions of a fixed K -type.

Of course, alternatively we might have attempted to prove the r-spherical in-
version formula immediately from the outset; the general formula (3-6) would then
follow by density of the K-finite functions. This is the road that will be taken for
G/H.

7. The Plancherel theorem. Let §) denote the Hilbert space of L2(B) = L*(Mo\K)-
valued functions on iag, which are square integrable with respect to the measure
dr/lc(W)?,
dxr
§=L> (ia*, L%*(B), —) )
° e
The Fourier transform f + f extends to an isometry from L?(G/K) into $, inter-
twining L with the representation 7t on $) given by

(X)) = 71— (x)p(A) € L*(B)

for almost all A.

Indeed, the L? identity | f|| = ||f|| is easily seen for f € CZ°(X) by insertion
of (3-7) in place of the first appearance of f(x) on the right-hand side of || f||*> =
[y f(x) f(x)dx (use Fubini).

8. The functional equation for the Eisenstein integrals is more complicated than
that for the spherical functions, (2-6). It involves the c-functions, which are deter-
mined through the following statement.

There exist unique meromorphic functions

agc 3 A > C(s : 1) € Hom(V} o, v Mo)
for s € Wy such that for A € iaf and ¢ € VIM":

EQ:a)yy~ Y a’ MC(s: MY,

seWy

asymptotically as ¢ — oo in Aar (see [31], p. 240, Thm. 2.7 for a more precise
statement, analogous to (2-7)). In particular (see [31], p. 245, (51))

C(1:A) =c)I

where c(A) is the c-function of the previous section, and 7 is the identity operator on
My
.
The functional equation now reads (see [31], p. 247; in the relation stated there
replace A by s~ ! and change s to s~ 1):



116 H. Schlichtkrull
E(sA) oC(s:A) =c(sMNEQ).

A reasonable argument for this relation comes from the observation that the coef-
ficient to a**~#0 in the asymptotic expansion is the same on both sides. The proof,
however, is more complicated and involves the standard intertwining operators.

The following relation follows immediately:

C(s : =R Ff(sh) = c(—sA)Ff () (3-8)

for T-spherical functions f.

9. Maass—Selberg relations. These were derived by Harish-Chandra in the general
case of functions on G that are K-spherical on both sides (these are the t-spherical
functions in the group case), [27]. With the trivial K-type on the right side one ob-
tains the Maass—Selberg relations for K -spherical functions on G/K. For this case
the relations are established in [29], see [31], p. 273.

The statement is that the operator C(s : A) o C(s : —A)* is the same for all
s € Wy, hence equal to its value for s = e,

C(s: M) oC(s: =N)* =c(W)e(=1).

The proof is by reduction to rank one, in which case everything is simplified because
dim VMo = 1.
Using these relations we can rewrite (3-8) as

Ff(sh) =cs)IC6 : FF). (3-9)

10. The z-spherical Plancherel theorem. The t-spherical transform extends to
an isometry of L>(X : t) onto the subspace of L2(i ap) ® VrM0 consisting of the
functions ¢ : iaj — VIM0 that satisfy

@(sA) = c(sA)~1CGs - M) (3-10)

foreach s € W .
11. The z-spherical Paley—Wiener theorem. For each M > 0 let PWy, (X : 1)
denote the space of holomorphic functions ¢ : aj~ — VfM0 that satisfy

() sup;qp (1 + [A)Kke=MIReM || (1) || < oo for each k € N.

(b) (3-10) for each s € Wj.
LetPW(X : 7) = Uy~ oPWy (X : 7).

Then

FCX(X:1))=PW(X :71)

and if f € C°(X : 1), then f is supported in the ball

By ={x € X||x| = M}
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if and only if 7 f € PW (X : t) (see [31], Thm. 5.11, p. 285).

12. We refer to [31] for the statements of the corresponding results describing the
image of L?*(X) and C2°(X) under the Fourier transform f f (resp. Thm. 1.5, p.
227, and Thm. 5.1, p. 270). Basically these statements are analogous to those above,
once the proper functional equation relating f (sA) to f (1) has been described. This
equation is given in terms of the standard intertwining operator between m; _ and
71, —s2 (see also [35]).

The generalization to G/H of the description of the non-K -finite Paley—Wiener
image _

(f1fecEw)

is an open problem. See [17] and [1] for special cases.

13. The Schwartz space isomorphism theorem has a generalization for the t-
spherical Fourier transform f +— F f by the method of Anker, but the method seems
to fail for the transform f — f of not necessarily K -finite functions. A Schwartz
space isomorphism theorem for f — f is stated in [22].

4 Eisenstein Integrals for Reductive Symmetric Spaces

The notation and theory described in [B] Section 3 will be used from now on. The
reader is encouraged to study that material first. The main references for the material
of this section are [4] and [5].

1. Decompositions. In order to generalize the results of the previous sections to
G/ H we first need to see how the decompositions described in §2.2 generalize. The
Cartan decomposition and the polar decomposition of G/H are described in [B]
Corollary 3.3 and Lemma 3.6, respectively.

The direct generalization of the Iwasawa decomposition, which would be G =
H AN, fails to hold for all cases in which H is not compact. In fact, in general it fails
already on the infinitesimal level; if a C g is a Cartan subspace (maximal abelian
and consisting of semisimple elements), then in general g does not split over R for
a, so there is no “n”C g. In order to obtain an analog we choose a smaller subspace,
namely a, which is maximal abelian in p N q (see [B] Lemma 3.5). Then g splits as

g=ndm en=n0dm, Sa, Hn

where m; = g% n = Yogex+g¥andn =) s g~ for a choice %+ of positive
roots for the root system X = X(g, a,). Moreover, my = mj N aj. The correspond-
ing generalized Iwasawa decomposition of g follows easily:

g=h®m, N ®a; ®&n 4-1)

(see [28], p. 118). In order to describe the associated decomposition for G, we will
first discuss the parabolic subgroup P whose Lie algebra is m; @ n.
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2. The minimal o6-stable parabolic subgroup. Let A; = expa,, N = expn and
M) = G%. Then P = M\ N is a parabolic subgroup of G (see [33] for the notion
of parabolic subgroups). We write P = M AN for its Langlands decomposition (see
[33], p. 418); then M = M A. It follows from the construction of P that 66 P = P,
and in fact it is minimal (w.r.t. inclusion) among all parabolic subgroups with this
property. For the Plancherel decomposition it is important to consider general ¢ 6-
stable parabolic subgroups (see [B], Sect. 6), but in order to describe the Paley—
Wiener theorem we need only the minimal ones (there are several, but they are all
conjugate). Notice thatm; = m@ a and a = a;, @ a, where a;, = aN g, the maximal
abelian subspace of p N q, and a; = a N . Moreover, my = m @ ay,.

Since P is uniquely associated to the choice of positive roots, and vice-versa, we
will denote the set £ of those roots by % (P) from now on.

Examples. For a Riemannian symmetric space G/K we have o = 6, so the require-
ment that P be o6-stable is empty. Thus P is just the minimal parabolic subgroup
Py = MyAgNy of §2.

In the group case (§1, 4.2), a o0-stable parabolic subgroup is a parabolic sub-
group of ‘G x ‘G of the form ‘P x ‘P, where ‘P is a parabolic subgroup of ‘G. It
is minimal if and only if ‘P is minimal in ‘G.

3. The Iwasawa decomposition for X = G/H (due to Rossmann and Matsuki)
can now be stated. We prefer to state it as a decomposition theorem for X rather than
for G, but it amounts to the same thing. For more details, see [28], Thm. 3.3.
The union
Upew PwH

is disjoint, open and dense in X (for the definition of W, see [B] eq. (3.9)). Moreover,
each of the subsets PwH is open in X, and

(m,a,n) — manwH

gives a diffeomeorphism of M/ (M N wHw™") x A4 x N onto it.
The complement of Uy,c)y PwH in X is a finite union of P-orbits.

3.1 Assumption. From now on we will make the assumption that YV has only one
element, or equivalently, that there is only one open P-orbit on G/H. This is not so
in general, but it makes the exposition considerably simpler. The assumption holds
in both cases G/H = G/K and G/H = \G.

Examples. In the Riemannian case G/K the decomposition of G/K, defined above,
reduces to the ordinary Iwasawa decomposition, written as G = PyK = NoAoK.

In the group case, G/H = ‘G, the Bruhat decomposition of ‘G (See [33], Thm.
7.40) describes the double cosets of ‘Py in ‘G, or equivalently, the ‘Py x ‘P
cosets (multiply on the right by the long element wgy of the Weyl group). Ex-
actly one of these cosets is open; this is ‘Powo‘Py = ‘Py‘Py. The generalized
Iwasawa decomposition for G/H = ‘G is the decomposition of this open set as
\Py\Py = ‘Mo Ay Ny Ny.
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4. The space °C. Let (t, V;) be a finite-dimensional unitary representation of K.
We need the analog of VTM0 (cf. §3.1). It is the space VTM NKOH byt it will be more
convenient to work with the following model for this space:

C=CM/MNH:1):={¢: M/MNH — V| ¥kx) = 1(k)¥(x))

wherek e MNK,x e M/M N H.
It can be shown (see [28], Lemma 3.2) that

M= (MNK)YMnN H) (4-2)

so that a function ¢ € °C is uniquely determined by its value at the origin. In fact,
we see that the evaluation ¢ — ¥ (e) is a linear isomorphism °C — VTM NKNH

The identity (4-2) shows that M/M N H is a compact symmetric space. In this
sense the minimal o 6-stable parabolic subgroup resembles the minimal parabolic
subgroup Py in the group, for which the M-part M is compact.

5. Eisenstein integrals. We can now generalize definitions (2-1) and (3-1). Let
(t, V¢) be as in the previous paragraph. The Eisenstein integral will depend linearly
on an element ¥ € °C and meromorphically on a parameter A € a;c. Given ¥ and

A we define the following V;-valued function 1/~/;L on X. Set
Vi(x) = a*Prrmyy
if x = man H belongs to the open dense set M AN H, and
i) =0

otherwise. Here pp € a; is as usual half the sum of the roots of £, counted with

multiplicitieg. Obviously 1/~/A is analogous to the function 1, defined in §2. It can be
shown that v, is continuous G/H — V7 if A belongs to

{* € ajc | Re(h + pp,a) < Oforalla € ERY (4-3)

We define the Eisenstein integral
E@ A :x) :/ (k) (k~x) dk € V, (4-4)
K

for x € X. Then E( : X) is a T-spherical function on G/H.

In fact, the integral in (4-4) only converges for A in the region (4-3) of a;(c, and
to give a proper definition one must allow analytic continuation to the rest of C‘Z(C'
The existence of the analytic continuation is a nontrivial theorem, for which we refer
to the fundamental papers [4]-[S] (especially [5], §3. See also [10], Remark 5.1).

Outside the region (4-3) the Eisenstein integral is a meromorphic function of A,
but with a very special structure of the singular set. It can be shown (see [12], Prop.
3.1) that the singular locus is a locally finite union of affine hyperplanes of the form
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{L] (A, @) = c} witha € ¥ and ¢ € R. The set of hyperplanes is independent of x,
and when X is outside these hyperplanes we have

E@W:2)eC®X:1)

for all ¥ € °C. The function ¥, is not smooth on G /H (except in the Riemannian
case), but the integration over K causes E (Y : A) to become smooth.

These Eisenstein integrals are matrix coefficients of principal series represen-
tations, induced from finite-dimensional representations of the minimal o 6-stable
parabolic subgroup P. More general Eisenstein integrals are defined for the non-
minimal o 8-stable parabolic subgroups as well, where the principal series is induced
from infinite-dimensional representations. In [B], Defn. 11.2, such a general defi-
nition is given, which at the same time exhibits the Eisenstein integral as a matrix
coefficient. For our purposes the definition given above suffices.

For a Riemannian symmetric space, definition (4-4) agrees with that of §3, and
the analytic continuation is not necessary. In the group case, definition (4-4) does
not agree with that of Harish-Chandra, which does not involve analytic continua-
tion. However, in that case the Eisenstein integrals defined here are multiples of
Harish-Chandra’s Eisenstein integrals, with factors that depend meromorphically on
A. However, these factors are not so interesting, because, as will be explained below,
in any case we are going to normalize the Eisenstein integrals E(y : A) by some
factors that also depend meromorphically on A.

6. The c-functions. The Eisenstein integrals allow asymptotic expansions that are
entirely analogous to those of §2.7. This is due to the fact that they are (generalized)
eigenfunctions for the invariant differential operators on G/H. More precisely, for
each D € D(G/H) there exists an Hom(°C, °C)-valued polynomial (D) in A such
that

DE(Y : 1) = E(u(D, M)V : A) 4-5)
(compare (2-5)). The map D + p(D) is a homomorphism, that is,
u(D1 D2, &) = u(Dy, A) o (D2, 1)

for all A. As a result of the asymptotic expansions we can define c-functions as fol-
lows (compare §2.7-8).
There exist unique meromorphic functions

aZC 5 A+ C(s:A) €e Hom(°C, °C)

for s € W such that for A € ia;‘;,w e€°Candm € M:

EW :h:ma)~ Y a™ PP[C(s : MYI(m), (4-6)

seW

asymptotically as a — oo in A;r (recall that C(s : L)y is an element of °C which
consists of 7-spherical functions on M). The proof is given in [5], §14. The endo-
morphisms C(s : A) € Hom(°C, °C) are invertible for generic A.



The Paley—Wiener Theorem for a Reductive Symmetric Space 121

7. Normalized Eisenstein integrals. There is a serious problem associated with
the application of the Eisenstein integrals to the harmonic analysis. The problem
does not exist in any of the cases G/K and G. The Eisenstein integrals are con-
structed as meromorphic functions in A € aZC, but they will be used eventually for
A€ iaZ. These are the values of A for which the associated principal series repre-
sentations 7¢ ; are unitary, and it is only these representations that contribute in the
Plancherel decomposition. However, the meromorphic function A — E(A : x) may
have (and in general, has) singularities on i aZ. This problem is handled in [9] where
the normalized Eisenstein integrals

E°(L:x):=EMX:x)oC(: 0"}

are introduced; here we view the Eisenstein integrals as functions having their val-
ues in Hom(°C, V;). In this fashion the Eisenstein integrals are normalized by their
behaviour at infinity, in contrast to the spherical functions on G/K which carry the
normalization ¢, (e¢) = 1.

The main result of [9] (Thm. 2) is then that the normalized Eisenstein integrals
are regular on i a;. The result is generalized in [7] to Eisenstein integrals associated
with non-minimal o 8-stable parabolic subgroups.

For the case of a Riemannian symmetric space, the normalizing factor is exactly
the reciprocal of the c-function (since C(1 : A) = c()), see §2.8). Notice that from
the point of view of harmonic analysis it is natural to normalize in this fashion, since
the Plancherel measure has ¢(A) in its denominator. In fact, if we normalize both the
¢_, that occurs in the definition of the spherical transform, and the ¢, that occurs in
the wave packets, then the measure d/ |c(1)]? in the inversion formula is replaced
by ordinary Lebesgue measure d, since |c(A) 12 = c(A)e(—=1) for A imaginary.

The general case of a reductive symmetric space behaves similarly: When the
Fourier transform and wave packets are defined by means of normalized Eisenstein
integrals, there will be no c-functions in the Plancherel formula.

8. The functional equation. There is a functional equation for the Eisenstein in-
tegrals, generalizing that of §3.8. It reads as follows for the normalized Eisenstein
integrals:

E°(sh:x)oC°(s:A) = E°(A:x), 4-7)
where C°(s : ) is the normalized c-function defined through
C(s:A) =C(s:2)oC(1: )7L,

See [5], Prop. 16.4. Note that by definition C°(1 : ) = 1.

9. The Maass—Selberg relations. Finally we cite the Maass—Selberg relations,
which play a remarkable role in the theory (as in Harish-Chandra’s treatment of
the group case). For the normalized c-functions they simply assert that C°(s : A) is
a unitary operator on °C for A € ia}, s € W. This is equivalent to the following
assertion for A € az(c:
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CGs: M)C°(s: —N)* = 1.

The proof of the regularity of the normalized Eisenstein integral for imaginary
A is based on this result, which shows that at least there are no singularities in the
leading term of the asymptotic expansion of E°(A : x) (if there were, C°(s : A)
would be singular and not unitary).

The Maass—Selberg relations are established in [5], Thm. 16.3, for the Eisenstein
integrals related to the minimal o 6-stable parabolic subgroups (see also the rectifica-
tion in [6]). The proof proceeds by reduction to split rank one (i.e., dima, = 1), by
means of the standard intertwining operators. They were generalized by Delorme to
arbitrary o 6-stable parabolic subgroups (see [19]). In [15] a different proof (found
later) is given for the general case, by reduction to the above case of minimal ¢ 6-
stable parabolic subgroups (see [B] Theorems 11.22 and 14.2).

5 The 7-Spherical Fourier Transform and Its Inversion

The Eisenstein integrals are used to define a Fourier transform for r-spherical func-
tions on G/H, as in §3.1. The main goal in this section is to establish the injectivity
of this transform on C°(X : t), and to write down an inversion formula for func-
tions in this space. The inversion formula will be given by means of pseudo-wave
packets. The main references are the joint papers with Erik van den Ban [9], [10] and
[12].

1. Definition. The t-spherical Fourier transform F f of f € C2°(X : ) is the
meromorphic function aZC — °C defined by

Ff) =/ E*(L:x)f(x)dx € °C (5-1)
b's
for A € a;(c. Here, by definition
E*(A:x) = E°(—1:x)* € Hom(V;, °C)

where the asterisk on the right indicates the adjoint operator with respect to the
Hilbert space structures of V; and °C. When H = K definition (5-1) is identical
to (3-2), except that we have normalized E°(X : x) by dividing with ¢() = ¢(A), so
that F f (1) becomes divided with c(—A).

The functional equation (4-7) together with the Maass—Selberg relations 3.9 im-
ply that

FfsA)=C(s: MNFf)

fors e W.
2. Wave packets are constructed as before through the adjoint of the operator F.
Let ¢ : iay — °C be a function of suitable decay (for example ¢ € S(iay) ® °C,

where S(i a(’;) is the ordinary, Euclidean Schwartz space). We define the following
7-spherical function of x € X:
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Je(x) =/ E°(h:x)pA) dA. (5-2)

q

The fact that this integral converges and produces a smooth function of x is non-
trivial; estimates that are locally uniform in x are required for all the functions

A= L, E°(A:x), uelU(g).

These estimates are given in [5], Thm. 19.2 (see also [10], Lemma 9.1). With these
estimates at hand, it is easy to check by Fubini that

/X (F (), Tpo) dx = / (FF (0, () di

i
lClq

so that again, J is adjoint to F.
Notice the importance of the regularity theorem explained in §4.7. Without that
J ¢ could not have been defined.

3. The Schwartz space C(G/H : t) plays no direct role in the Paley—Wiener the-
orem, which is only concerned with CZ°. But behind the scene it is an indispensable
tool, and it is also of crucial importance in the closely connected Plancherel theory.
Its definition is similar to that for G/K in §2.13:

For x € G/H let x = kaH be its polar decomposition (see [B] Lemma 3.6) and
put |x| = | logal. Then C(X) is the space of smooth functions on X that satisfy

1Ly f(0)] < C(1 + x)Fgoxo(x)™H!/2
for all u € U(g) and all k € N, or equivalently (see [5], §17)
(L+1] - DLy f € LA(X)

for all u € U(g), k € N. Here ¢y is the spherical function on G/K, as defined in §2.
The space C(X : t) is then defined as the space of 7-spherical functions in
C(X) ® V;. The mentioned estimates of [5] §19, together with the regularity the-
orem, show that
F:C(X:1)— Sliay) ®°C

and that this map is continuous in the natural topologies. On the other hand, in [7],
Thm. 1, further estimates are given which show that

J:S(iay) ®°C— C(X : 1)
is continuous.

4. The most continuous part, L2 .(X : 1), of L>(X : 1) is by definition the closed
span of all wave packets J¢, ¢ € S(iay) ® °C. It is so called because the spectral
parameter A € iay enters in a continuous way through the integral (in contrast to
a discrete decomposition given by a sum), and because the other components of
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L?(X : 1), which correspond to principal series representations coming from non-
minimal o6-stable parabolic subgroups, have a continuous parameter in a space of
smaller dimension.

In particular, it follows from §3.6 that L2 (G/K : t) = L>(G/K : 7).

The Plancherel theorem for L%nC(X : 7) is the main result of [10]. It asserts the
following. The proof will be discussed below, in subsections 6-7.

Theorem The Fourier transform J extends to a continuous linear map
L*(X : 1) > L*(ia}) ® °C,

whose kernel is L2,.(X : ) and whose restriction to L2, .(X : T) is an isometry.
The image is the space (L (i aé) ® °C)W of all functions ¢ € Lz(iaZ) ® °C which
satisty

p(sh) = C°(s : Mp(A) (5-3)

foralls e W.
Moreover, the transform J extends to a continuous linear map

L*(ia}) ®°C — Lp.(X : 1)

whose kernel is (L (i a;) ® °C)W L and whose restriction to (L2(i a;‘;) ® °C)% is an
onto isometry.
Finally, the inversion formulas

f=JFf ¢=FJ¢ (5-4)

hold for all f € L3 (X : t) and all g € (L*(ia}) ® °C)V. In other words, J F is
the orthogonal projection onto L%lC(X : 1) and F J is the orthogonal projection onto
(L*(ia}) @ °O)".

5. The singular set for the normalized Eisenstein integral as a function of A can be
shown to have the following property (cf. [12], Prop. 3.1). Fix R € R and put

0} (R) = {A € a’c | Re(r, @) < R,Ver € B(P)}. (5-5)

Then there exist finitely many roots «q, ..., &, and constants cq, ..., c, € R such
that for all ¥ € °C the singular set for A — E°(¥ : —A) in aZ(R) is contained in

Ui A | (A, i) = ¢}
Hence there exists a polynomial of the form p(X) = H?zl ({A, aj) — ¢;) such that
A= p(ME°(Y - —A)

is regular on aj (R) (the polynomial depends on R). The «; and the ¢; need not be
distinct. In particular, we see that if we take R sufficiently negative, then E°(y : —A)
is regular on a; (R).
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We also conclude the following. There exists a polynomial 7 of the form above,
for which A +— 7 (L)F f(A) is regular on a; (¢) forsome € > Oforall f € C°(X :
7), and which is minimal (fewest factors) with this property. This polynomial is
unique, up to a constant factor.

6. A central step in the proof of Theorem 4 consists of showing the following. There
exists an element Dy € D(X) (in general depending on ), such that

Dof =JFDof = DoJFf (5-6)

forall f € C°(X : 7), such that Dy : C°(X : t) — C°(X : 1) is injective, and
such that det u(Dg, 1) is not the zero polynomial in A. The second identity in (5-6)
holds for all elements Dy € ID(X) because of the identities

FDf = u(D)Ff, DJg =J(u(D)e).

The difficult identity in (5-6) is the first one, which may be seen as a Fourier
inversion formula for functions in the image of Dgy. The proof is quite long, but the
main idea is the following. As in Helgason’s argument for the support theorem for
G/K, we want to imitate the shift of the wave packet integral described in §1.9.
There are, however, some serious difficulties associated with this, and they will be
described now.

The analysis leading to (2-12) can be carried out here too. The asymptotic expan-
sion formula (2-7) for the spherical functions can be generalized to G/ H; it looks as
follows (see [10], Thm. 7.5, compare also (4-6)):

E°(Y 1k ima) = ) [®u(@)C(s : Dy lm) (5-7)

seWw

where @, (a) € Hom(°C, °C) is defined by a series expansion similar to that in the
Riemannian case.

The direct analog of (2-12), obtained in the similar fashion by insertion of (5-7)
in the definition (5-2) of J ¢, and making use of the Weyl invariance of d to get rid
of the sum, would be

Te(ma) = |W| / [, (@)p ()] (m) dA (5-8)
la;;

for ¢ : “Z(C — °C of suitable decay in the imaginary directions, and satisfying (5-3).
Unfortunately the right-hand side of this equation does not make sense, in general,
since the meromorphic function A +— &, (a) may have singularities on ia;; which
need not be cancelled by zeroes of ¢ (an example of this phenomenon can be found
in [18]). However, for the sake of simplicity of exposition, let us assume that ®; is
regular on { az, so that (5-8) holds as stated.

Consider the expression

W] [P (@) (R)](m) dAr (5-9)

n+i az;
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where 7 is in the negative chamber of a;;. It can be shown that the singularities of
A @, (a) are of a similar nature as those of A — JF f, that is, it has a finite
number of singular hyperplanes on a7 (R) for each R € R. In particular it is regular
for A sufficiently antidomiant.

The point is to choose Dy such that the polynomial A + u(Dg, A) vanishes to
a sufficiently high order on all the singular hyperplanes on the antidominant side of
i a;, for F f (1) as well as for @, (a). This can be done, with the mentioned injectivity
properties of Dy. The shift of the integral (5-8) can then be carried through so that the
wave packet J o for ¢ = FDof = u(Do)F f agrees with (5-9) for all antidominant
n. By following Helgason’s argument it is then shown that JF Dy f has compact
support. The proof of (5-6) then continues by exploitation of the fact that the operator
CXX:1)> fr>TJFDof € C°(X : 1) is in the commutant of D(X), and finally
it is shown that this operator equals Dy.

7. The proof of the second identity in (5-4) follows Harish-Chandra’s original
argument in [25], by which it is shown that there exists a function 8 : i a; —
Hom(°C, °C) such that FJ is multiplication by B. The identity 8 = 1, through
which the Plancherel measure is essentially determined, then follows from (5-6), by
application of F on both sides of this identity. This concludes the sketch of the proof
of Theorem 4.

8. Inmjectivity. The following important corollary is immediately obtained from (5-
6) and the injectivity of Dy:
Let f e CX(X : 7). If Ff =0, then f =0.

9. Pseudo-wave packets. We return to the analysis in Subsection 6. Let us assume
that A — ¢(X), which is supposed to model a function of the form A +— Ff,
has the singularity structure as such a function (with the proof of the Paley—Wiener
theorem in mind, we avoid the direct assumption that ¢ = F f). It follows that (5-9)
is undefined only when 7 belongs to a finite number of hyperplanes in the negative
chamber, and that outside of these it is locally independent of 1 (use the Cauchy
theorem). In particular, it is defined and independent of 1 provided this element is
sufficiently antidominant.

Definition. Assume that the meromorphic function ¢: a:;(c — °C has singularities
as described above, and assume that it decays rapidly (faster than any polynomial)
along each set n+i a; where it is defined. Then the expression (5-9), for n sufficiently
antidominant as described above, is called the pseudo-wave packet formed by ¢. It
is denoted by

To(ma) = |W| [P (@)p(W)](m) dA. (5-10)
n+ia;
The pseudo-wave packet 7 ¢ is extended to a t-spherical function on X =
K A H by posing
TotkaH) = t(k)T ¢(a).

Notice that in the Riemannian case, both ®, and ¢(A) will be holomorphic for
ReA antidominant (see §2.9 and (2-11), and recall that ¢ is supposed to have the
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same singularity structure as a holomorphic function divided by c(—21)). Hence we
can take n = 0 in the definition of the pseudo-wave packet (cf. §2.17).

In general, however, the expression (5-8) for the wave packet 7 ¢ differs from the
pseudo-wave packet 7 ¢ given by (5-10). If the dimension of a, is one, the residue
theorem tells us that the difference is a sum of residues. In higher rank, the difference
is a more complicated object.

Notice that from the way the operator Dy was chosen it follows that

DoJ¢(x) = DoT ¢(x) (5-11)

forx € X;.

10. Definition. The pre-Paley—Wiener space. Here is a formal definition of a space
of functions ¢ for which the analysis of the preceding subsections can be done.

Let M > 0. The space My (X : t) is defined as the space of meromorphic
functions ¢ : aZC — °C having the following properties, where 7 is the polynomial
defined in 5:

@) @(sA) = C°(s : M)p(A) fors € W, A € aZC,

(b) ¢ is holomorphic on a neighborhood of the closure as (0) of a; 0),
(c) Foreach k € N,

sup (1 + [A)Fe ™R |17 ()| < oo.
)Leu,j(O)

It is a theorem that M /(X : ) contains F f for all f € CZ°(X : t) supported
in By = {x € X | |x|] < M}. We have already discussed the functional equation in
(a), and (b) holds for ¢ = F f by definition of 7. The estimate in (c) is somewhat
more difficult, see [10], Thm. 8.11.

We call M(X : ) = Mpy(X : 1) the pre-Paley—Wiener space, because
F(CZ°(X : 1)) in general is a proper subspace. Some extra conditions, which will be
described in the next section, are needed in order to characterize the Paley—Wiener
space.

Example. The Riemannian case H = K and t = 1. Since in this case C°(s : A) =
c(sX)/c(A) condition (a) is equivalent to the Weyl invariance of A +— ¢(X)/c(A),
which by multiplication with the W-invariant function c(X)c(—A) is equivalent to
the Weyl invariance of A +— c¢(—X)@(A). In this case w = 1, and it is then easily
seen from (2-11) that ¢ belongs to M /(X : 7) if and only if c¢(—A)@()) belongs to
PWy/(G/K : 1) as it was defined in §2.12. Thus for this case no extra conditions are
needed to characterize the Paley—Wiener image. The same statement holds for the
7-spherical case of §3.11.

11. Lemma (support theorem) If ¢ € My (X : 1), then
Te(x)=0

for all x € X with |x| > M.
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The proof is similar to what was discussed in Subsection 6 for ¢ = w(Dg)F f.

12. Inversion formula. It was observed above that F is an injective operator on
C2°(X : 1). Hence it is reasonable to try to retrieve f from F f. The following is the
main result of [12]:

Let f € C°(X : 7). Then

f) =TFf(x) (5-12)

forallx € X,.
Since X is dense in X this is the desired inversion formula.

13. The proof of (5-12) is by induction on dima,. Here is the argument for
dima, = 1.

Letp € M(X : 7). It was noted in 9 that 7 ¢ and J ¢ differ from each other by
a finite sum of residues:

n
To(ma) = Je(ma) + Z 2miRes; =, [Pi(a)p(A)](m) (5-13)
i=1
where A1, ..., A, € a; with (A;, ) < 0 (as in 6 we disregard A = 0 as a possible
singularity).
Let

I={DeDX)|DT¢—-Tp)=0, ¢eMX:1)}

that is, 7 is the annihilator of the sum of residues in (5-13). In particular, if (D)
vanishes at X; to sufficiently high order for each i, then D € I. This implies that /
has finite codimension in D(X).

Let f € C°(X : 7) and assume suppf C Bpy. Then Ff € My (X : 1).
We want to establish the identity (5-12), i.e., that the t-spherical function g on X
defined by

g=f—TFf

vanishes identically. It follows from the support theorem that g(x) = O for x| > M,
and it follows from (5-6) together with (5-10) that Dopg = O on X ..
Let D € I. Then

Dg=D(f—TFf)=D(f—-ITFf) (5-14)

on X4, and since both f and JF f belong to C*°(X : t) we conclude that Dg
has a smooth extension in this space, hence belongs to C°(X : 7). Now DoDg =
DDog = 0, so by the injectivity of Dy on C>°(X : 7) it follows that Dg = 0. Thus
g is annihilated by the cofinite ideal /. It is a theorem that a K-finite, ID(X)-finite
function on X is analytic, so g is analytic. Because g = O for |x| > M it follows
that g = 0 everywhere.

14. When dima, > 1, the expression (5-13) is replaced by an expression of the
form
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To= ) Tr. (5-15)

FcA

where A is the set of simple roots for X (P), and 7r¢ € C*®°(X4 : t) is a sum of gen-
eralized residues on a# , where apy is the split part of a standard o §-stable parabolic
subgroup P associated with F (see [B], Section 6). The generalized residues in 7Tr¢
involve | F'| many consecutive 1-variable residues and an integral over ia¥, . All this
is controlled by means of theory developed in [11]. In particular, 7y = J ¢, which
involves only integration.

The rank one proof is generalized by replacing the condition in the definition of
the ideal / by

DTrp =0,
so that (5-14) becomes replaced by

Dg=D(f -TFf)=D(f - Y TeFf).

FCA

The key to the proof consists of showing that the terms 7rF f for F C A all have
a smooth extension to X. This is done by an asymptotic analysis (based on [14]) by
means of which the integral kernel of 7pF : f + TpF f is related to the kernel on
Mp/Mp N H corresponding to 7a F for that space. The induction hypothesis is then
applied.

15. Corollary. Let f € C2°(X : 7). Then

f=) TrFf (5-16)

FCA
where each term 75 F f belongs to C*°(X : 7).

16. This corollary is the starting point for the derivation of the Plancherel formula
in [15]. By means of the Maass—Selberg relations it is shown that for each class of as-
sociated parabolic subgroups, the map f +— Y 7rpF f, where the sum is over those
F for which Pr belongs to the class, extends to a projection operator on L*(X : 7).
Moreover, the function 7 F f is identified as a wave packet of Eisenstein integrals
related to Pr. In particular, 7o F f is the projection of f on the discrete series. Fi-
nally, the Plancherel formula for X (see [B] Section 10) is obtained by summation
over all K-types.

6 The t-Spherical Paley—Wiener Theorem

As mentioned in §5.11, the pre-Paley—Wiener space M (X : 7) is in general bigger
than F(CZ°(X : t)). The extra conditions needed are described by means of so-
called Arthur—Campoli relations. The idea is that certain relations among the Eisen-
stein integrals for different A’s should be reflected in similar relations for F f ().
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For example, we have seen that the functional equation ¢, = ¢; forces the rela-
tion F f(si) = F f()) for Fourier transforms. For G/K these functional equations
are the only relations of the relevant nature, that exist between the spherical func-
tions. In the general case of t-spherical functions on G/H this is not the case. For
example, in the group case ‘G = SL(2, C), there exist nontrivial intertwining op-
erators between the principal series 7, , and 7, , if m = v and n = p, and this
gives rise to a relation between matrix coefficients of the two representations and to
a relation between the Eisenstein integrals. As long as X is purely imaginary there
are no such relations, except those given by the action of the Weyl group; hence for
Schwartz functions we do not see any other relations among the Fourier transforms.
But for the Paley—Wiener theorem for C°(X : v) we want to extend X in a:;(c, and
then these relations appear in the description of the image.

There is no general explicit description of all existing relations (of the relevant
nature) among the Eisenstein integrals, hence the Paley—Wiener theorem will not be
very explicit. In special cases the explicit relations are known, hence better theorems
exist. See for example [20] and [1].

1. Laurent functionals. We will first describe the kind of relations that is relevant.
This can be conveniently done by means of the notion of Laurent functionals, which
will be introduced now.

By definition, a X-hyperplane in a;(c is a set of the form {A € aZC | (A, @) =c}
for some « € ¥ and ¢ € C. We know that all singularities of Eisenstein integrals
have this form.

For A € aZC let M (A, X) denote the ring of germs of meromorphic functions at
A, whose singular locus at A is a (necessarily finite) union of X-hyperplanes through
A. This space can be characterized as follows. For eachmap d : ¥ — Nlet

T0.d (V) = Mges (v — A, a)?@,

Then |
M()\, Y) = Ud:E—)N_OA
TT,d

where O, denotes the ring of germs of holomorphic functions at A. A Laurent func-
tional at X is a linear form

L: M@, E)—C

such that for every d : ¥ — N there exists an element uy € S(a,) such that

Lo = ugq(my,ap)(X)

for all ¢ € (1/m,,4)O,. Here uy acts as a constant coefficient differential operator
on functions on aZC in the usual fashion.

Example. Assume dim a, = 1, and identify aZC with C. Then M (A, X) is the ring
of germs at A of all meromorphic functions, and a Laurent functional at A maps ¢ to a
linear combination of coefficients from its Laurent expansion ¢(z) = Z,fi_n cx(z—
1)K For example, ¢ > c_1 is given by
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_ ! n—1 o\
(n_l)!(az) [(z = 2)"0(2)]lz=1-

The space of Laurent functionals at A is denoted by M (A, ) .. The space of
all formal finite combinations )  £; with £; € M(%;, ), for some A; € a(’; cis
denoted by

M (aZ(C ’ z:)ikaur'

Its elements can be viewed as linear forms on the space M(a;c, ¥) of all meromor-
phic functions whose germ at each A € a(’;(c belongs to M (X, X).

2. Definition, Arthur—-Campoli functionals. A Laurent functional
Le M(a(’;c, ) ur @ °C*
is called an Arthur—Campoli functional if
LE*(- :x)v) =0 (6-1)
for all v € Vi, x € X (the definition of E*(A : x) is given in §5.1). The space of

these functionals is denoted AC(X : 7).

3. The Paley—Wiener space for X, with respect to (t, V;) is defined as follows.
Let M > 0. Then

PWyX 1) ={peMyX:1t)|Lp=0,VL € ACX : 1)},
where M /(X : 7) is the pre-Paley—Wiener space defined in §5.10. We also define

PW(X : 1) =Uy-oPWy(X : 7).

4. The following lemma and §5.10 show that F f belongs to PW /(X : t) for all
f € C°(X : 1) supported by Byy. It also shows that the Arthur—Campoli relations
are the only “relations” satisfied by all Fourier transforms F f.

Lemma

AC(X 1 7) = {£ € M(&¢, D) ®°C* | LFf =0, Vf € CX(X : 7).

The fact that LF f = 0 for L € AC(X : 7) can be seen from (6-1) and the
definition (5-1). The estimates which show that A — F f()) is meromorphic justify
the passing of £ under the integral sign. Conversely, if £ € M(aZC, ) ® °CF
does not satisfy (6-1) for some x € X, v € V¢, then by choosing f properly (in
particular, of small support near x) it can be arranged that L(F f) # 0.

5. The Paley—Wiener theorem. The 7-spherical transform F is a bijection of
CX(X : t)yonto PW(X : 7). If f € CX(X : 7), then suppf C By if and only
if Ff e PWy(X : 7).
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In the group case the content of this theorem is equivalent to Arthur’s Paley—
Wiener theorem (which is stated for the normalized Eisenstein integrals), see [3].
For groups of real rank one, the result was proved earlier by Campoli, cf. [18]. In the
present generality, the result has been obtained jointly with van den Ban [16].

Only the surjectivity remains to be proved. This will be discussed below.

6. Lemma. (Campoli’s trick) Let ¢ € PW(X : t) andlet V C M(u(’;(c, E)ur ®°C*
be a finite-dimensional subspace. Then there exists f € C°(X : t) such that Lo =
LFfforall LeV.

The proof is just elementary linear algebra. Define the map

A:PWX:7)—> V*
by A@(L) = L(¢). The claim of the lemma is exactly that
AF(CE(X : 1)) = APW(X : 1)).

If this were not the case, these spaces could be separated by an element £ € V, that
is, A(Ff)(£) =0forall f € CX(X : t) but A(p)(L) # 0 for some ¢ € PW(X :
7). By Lemma 4 the former means that £ is Arthur—Campoli, but that contradicts
that A(p)(L) = L(¢) # 0.

7. Proof of the Paley—Wiener theorem, sketch. Let ¢ € PW(X : ) and consider
the pseudo-wave packet 7¢ € C(X4 : 7). If it can be shown that this function has
a smooth extension f € C*®(X : t), then this extension has compact support by
§5.11, and by (5-11) the following holds:

Do f = DoT o = DoJ .
Applying F on both sides and making use of (5-4) it follows that

w(Do)F f = u(Do)e.

Since the determinant of 1« (Dg) does not vanish identically, we conclude that F f =
@. Thus we need just prove the smooth extension of 7 ¢. By (5-15) it suffices to prove
that 7r ¢ is smooth for each F C A. For F = ( this is clear, because 7y9p = J¢.

Assume dima, = 1. Then the only other term above is Ta@, which is the sum
of the residues, as in (5-13). These residues can be expressed by means of Laurent
functionals (see the example above). Hence by Campoli’s trick there exists a function
f € CX(X : 7) such that Tap = TaoF f, and hence this function is smooth by
Corollary 4.15.

If dima, > 1, the proof just described handles 75 ¢. For the remaining, inter-
mediate parts 7r where ¥ C F C A one can exhibit each of these expressions as
a wave packet of generalized Eisenstein integrals for Pr. The asymptotic results of
[14] are used. They replace the use in [3] of Casselman’s theorem, the proof of which
has not appeared.
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Introduction

Let G be a real reductive group in the Harish-Chandra class, ¢ an involution of G,
6 a Cartan involution of G commuting with o, K the subgroup of fixed points of 6,
and H an open subgroup of the subgroup of fixed points of o. The goal is:

(a) to decompose the left regular representation of G in L?(G/H) into an Hilbert
integral of irreducible unitary representations,

(b) to decompose the Dirac measure at e H, where e is the neutral element of G, into
an integral of H-fixed distribution vectors,

(c) to make simultaneously the spectral decomposition of the elements of the algebra
D(G/H) of left invariant differential operators under G on G/H.

In other words, one wants to write the elements of L>(G/H) with the help of joint
eigenfunctions under D(G/H).

These problems were solved for the “group case” (i.e., the group viewed as a
symmetric space : G = G x G1,0(x,y) = (v, x), H is the diagonal of G| x G1)
by Harish-Chandra in the 1970s (see [HC75], [HC76a], [HC76b], the Riemannian
case (H maximal compact) had been treated before (see [He] [GV88]). Later, there
were deep results by T. Oshima [Osh81]. Then, T. Oshima and T. Matsuki [OM84]
succeeded in describing the discrete series using the Flensted-Jensen duality [FJ80].
When G is a complex group and H is a real form, the Problems (a), (b), (c) were
solved by P. Harinck, together with an inversion formula for orbital integrals ([H98],
see also [Del97a] for the link of her work with the work of A. Bouaziz on real reduc-
tive groups).

Then, E. van den Ban and H. Schlichtkrull, on the one hand, and I on the other,
obtained simultaneous and different solutions to problems (a), (b), (c). Moreover,
van den Ban and Schlichtkrull obtained a Paley—Wiener theorem (see their chapters
in this volume and [BSO1]).

I present here my point of view. It includes several joint works, mainly with J.
Carmona, and also with E. van den Ban and J. L. Brylinski.
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Severals works of T. Oshima, including the description of discrete series, linked
to the the Flensted-Jensen duality, alone and with T. Matsuki are very important in
my proof, as well as earlier results of van den Ban, van den Ban and Schlichtkrull.

Also results and ideas of N. Wallach play a very important role, especially on
asymptotic expansions (cf. [Wal83], [Wal88], Chapter 4), on the functional equation
for intertwining integrals (joint work with D. Vogan: this was the first occurrence of
a functional equation for H-fixed distribution vectors, cf. [VW90], [Wal92], Chapter
10), and on properties of Plancherel factors (cf. [Wal92], Chapter 10).

I have to acknowledge the deep influence of Harish-Chandra’s work.

The crucial role played by the work [Ber88] of J. Bernstein on the support of
the Plancherel measure, and Arthur’s article, [Art91], on the local trace formula,
especially the part dealing with truncated inner products, will be apparent in the
main body of the survey. See [Del02] for a summary.

The point of view of van den Ban and Schlichtkrull and our point of view are
spectral in nature, i.e., we try to make the spectral decomposition for elements in
D(G/H) directly by constructing eigenfunctions (see also the treatment of the Rie-
mannian case, H = K, by Harish-Chandra, cf. [GV88]).

P. Harinck’s point of view is that of invariant harmonic analysis: one tries to
disintegrate the Dirac measure at e H (or more generally orbital integrals) in terms of
left H-invariant, eigendistributions under D(G/H) on G/H.

Harish-Chandra’s point of view mixes the spectral point of view with invariant
harmonic analysis.

Apart the work of Harish-Chandra and Bouaziz for the group case and the work
of Harinck for G(C)/G(R) (see [Del97a] for a survey), the invariant harmonic anal-
ysis on reductive symmetric spaces is a widely open subject.

We would like to mention further results.

K. Ankabout [AnkO1] was able to prove generalized Schur orthogonality rela-
tions for tempered eigenfunctions on G/ H.

S. Souaifi [Sou] studied the K -finite and D(G/H)-finite functions on G/H. He
proved that they are linear combinations of derivatives, along the complex parameter,
of Eisenstein integrals.

Along the lines of this chapter, using results of E. Opdam, I studied the hyper-
geometric Fourier transform of a natural Schwartz space [Del99].

1 Basic Structural Results

If S is a Lie group, s will denote its Lie algebra, and ds will denote a left Haar
measure. If 7 is a closed subgroup of S, and S/7T admits a nonzero left invariant
measure du, we will denote simply by L?(S/T) the space L>(S/T,du). If E is a
vector space (resp. topological vector space), E* (resp. E’) will denote its dual (resp.
topological dual). If A is a continuous linear operator between two topological vector
spaces, ' A will denote its transpose. If 7 is a representation of S by continuous linear
operators in E, 7’ will denote the contragredient representation.
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Definition 1 A Lie group G is a reductive group in the Harish-Chandra’s class if:

(i) the Lie algebra g of G is reductive,
(i1) G has finitely many connected components,
(iii) the derived group [G, G1] has finite center,
(iv) Adg, for g € G, is an inner automorphism of the complexified Lie algebra of
G.

In particular, a connected semisimple Lie group with finite center is in the Harish-
Chandra class. This class of reductive groups was introduced by Harish-Chandra
[HC75].

We fix a reductive group G in the Harish-Chandra class. Let o an involutive
automorphism of G, and H an open subgroup of the fixed point set G of . Then
G/H is areductive symmetric space in the Harish-Chandra class.

Let 6 be a Cartan involution of G commuting with o, which always exists (cf.
[Ber57], [Ban87a]). Let K be the fixed point set of 6, which is, from the properties
of Cartan involutions, a maximal compact subgroup of G.

Let s (resp. q) be the eigenspace of the differential of 6 (resp. o) corresponding
to the eigenvalue —1. Let ay be a maximal abelian subspace of s N q.

We fix a bilinear form B on g such that:

B is Ad G-invariant, o and 0-invariant, (1.0
and coincides with the Killing form on [g, gl, '

X — || X|? := —B(X, 0X) is a positive definite quadratic form on g. (1.2)

Let 3(g) be the center of g and let Ag = exp(3(g) N ag), which is a vector subgroup
of G. Let Mg be the subgroup generated by K and the analytic subgroup of G
whose Lie algebra is the orthogonal of ag for B. Then Mg contains H and the map
(g,a) — ga from Mg x Ag to G is a diffeomorphism. In particular one has

G = MgAg. (1.3)

It is a basic fact that the set A(g, ag) of nonzero weights of ay in g is a root system
([Ros78], see also [0S84]).

We fix once and for all a set of positive roots in A(g, ag), AT (g, ag). We will
denote by Ly the centralizer for ag in G. Then Ly is stable by o. We set Ay =
exp ag. Analogously, the decomposition (1.3) for Ly is written Ly = MyAg. Then
My/My N H is compact.

Let us denote by ny the sum of the weight spaces of ay in g, relative to the
elements of A" (g, ag), and by Ny the corresponding analytic subgroup of G with
Lie algebra nyg. Then Py := MyAyNy is a o9-stable parabolic subgroup. Moreover,
it is minimal among the o 8-stable parabolic subgroups of G. All minimal o 6-stable
parabolic subgroups are of this type, up to the choice of Ay and A™ (g, ag).

Definition 2 Let P be a o0-stable parabolic subgroup of G containing Ag. Let Np
be the unipotent radical of P,and Lp = P NO(P).
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Then (Lp, 0|1,, 0| Lp) satisfies the same hypothesis as (G, o, 8). One sets Lp =
Mp Ap to be the decomposition (1.3) for Lp. One has Ap C Agy. Then the decom-
position P = MpApNp is called the o-Langlands decomposition of P. One defines

pp(X) :=1/2tr(ad X)|p,, X €ap.

Let Xp be the set of roots of ap in np and let NX p be the linear combinations of
elements of X p with coefficients in N.

We will make the following simplifying hypothesis:
H Py is dense in G. (1.4)

Notice that H Py is always open. This assumption makes the exposition simpler, but
all the ideas are essentially contained in this particular case. Notice that the “group
case” (G = G x G1,0(x,y) = (v, x)) satisfies this hypothesis.

We set ag ={X € qgla(X) >0, a € At(g, ay)} and A;{ = exp ag. One has
(see e.g., [Ban87a])

KAE;H is open dense in G, G =KAgH. (1.5)

We fix a nonzero left invariant measure on G/H, on My/Myg N H, and on Ag. Then
one has the following important integral formula for a suitable (explicit) function
Dp, on A;{ (see [FJ80], or [Del98] for the statement):

G/H

f(x)dx:// f(kaH)Dp,(a)dkda. (1.6)
K JAS

Definition 3 One defines s¢ := i(ENq) @ (s N q) C gc, and we fix a? to be a
maximal abelian subspace of s¢ with ay C a“. Then, the nonzero roots of a? in g¢
form a root system, whose Weyl group is denoted by W (a?). Then there exists a
canonical isomorphism of algebras, called the Harish-Chandra homomorphism (see
[GV88] for the Riemannian case, [Ban88] in general),

vt - D(G/H) — S(ah)W @,
For A € (ad)(*c, one defines a character x; of D(G/H) by
X0.(D) = (v (D) (A), D e D(G/H).
A smooth function on G/H, f, such that
Df = x,.(D)f,

is called an eigenfunction for D(G/H), for the eigenvalue ;.
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2 Schwartz Space: Definition and First Properties

Let ag be a maximal abelian subspace in s containing ay and set Ag = exp ap. We
fix a subset A1 (ag) of positive roots in the set of roots of ag in g. Let ng be the
sum of the weight spaces of ag in g relative to weights in A™ (ag) and let Ny be the
corresponding analytic subgroup of G. Then, one has the Iwasawa decomposition
G = K AgNy. For g = koagno, with kg € K, ag € Ag, ng € No, we set ag(g) := agp.
Let us define

po(X) = 1/2tr(ad X)|n,, X € ap,

and
E(g) == f ePoog@@) g ¢ e G. 2.1)
K

This is the E-function of Harish-Chandra (cf. [GV88]).

This is a K-biinvariant function. It is also a coefficient of a spherical principal
series of G.

Then the ®-function has a simple definition:

OG(gH) = (E(ga(g % geG.
The important properties of ®¢ are
®g is left K-invariant, right H -invariant. 2.2)

There exists C > 0 and d € N such that:

a™ < Og(a) < Ca "MNy(a),  ac A},

(2.3)

where

ppy(X) = 1/2tr(ad X) |, X € ay, 2.4

Na(gH) = (1 + IXI)? ifg = k(expX)h, ke K, heH, X cag. (2.5)

In [Ban87a], van den Ban gave a definition of an L?> Schwartz space. Later in
[Ban92], he proved that his definition is equivalent to the following.

Definition 4 Let C(G/H) be the space of smooth functions f on G/H such that,
for any D in the enveloping algebra U (g) of gc and any n € N, one has

pup(f) = sup Og(x)"'N,(x)|Lpf(x)| < +oo,
xeG/H

where L denotes the differential of the left regular representation of G on C*°(G/H).
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Then (see [Ban92], Theorem 17.1 and [Ban87a], Lemma 7.2), one has:

Theorem 1 The algebra D(G/H) of differential operators on G/H, which are left
invariant under G, acts continuously on C(G /H) when it is endowed with the topol-
ogy given by the seminorms py p as n and D vary.

The group G acts smoothly on C(G/H).

The proof uses radial part of elements of D(G/H) and the comparison of the two
definitions of the Schwartz space.

Definition 5 Let A(G/H) be the space of K -finite and D(G/H )-finite functions on
G/H (which are automatically smooth).

Let Asemp(G/H) be the subspace of ¢ € A(G/H) for which, for all D € U(g),
there exists C and m € N such that

ILpp(x)] < CNpy(x)Og (x), xeG/H.
Such a function will be called H-tempered, or, most of the time, simply tempered.

The following lemma is an easy consequence of the integral formula (1.6) and
the inequalities (2.3).

Lemma 1 There exists m € N such that
N, '©? e L' (G/H).

If D is a differential operator on G/H, there is a differential operator, D*, on
G/ H such that

/ (DO T dx = / FOD @ dx,  fi fi € C(G/H).
G/H G/H

D* is called the formal adjoint of D. If D € D(G/H), then D* € D(G/H).
For the next theorem, see [Del97b], which uses the results of [Ban87b].

Theorem 2

(i) D(G/H) acts on Asemp(G/H).
(ii) There is a natural invariant sesquilinear pairing between C(G/H) and
Atemp(G/H), given by

(i) = / FP0) dx.
G/H

(iii) If D € D(G/H),

(Df,9) = (f, D*p), f €C(G/H), ¢ € Aemp(G/H).
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Now, we will state a theorem, essentially contained in the work of J. Bernstein,
[Ber88] (see also [CD94], Appendix C).

Theorem 3 Ford € N large enough, the injection of L*>(G/H, Nydx) in L*(G/H, dx)
is an Hilbert—Schmidt operator.

The importance of this theorem will be seen later. As a Corollary of Lemma 1,
one has:

C(G/H) is a subspace of L*(G/H, dx), the embedding,
which is continuous, factors through the embedding (2.6)
of L>(G/H, Nydx) into L>*(G/H, dx).

3 Method of Gelfand—Kostyuchenko

In this section, G will be a locally compact, separable group.

First, we discuss the notion of direct integral, or Hilbert integral of representa-
tions [Dix81].
Definition 6 A Hilbert integral of representations corresponds to the following data:

(1) A measurable set Z with a Borel measure w,

(2) a partition of Z, in measurable subsets, |, cnuoo) Zns

(3) for all n € N U {00}, H, is a given Hilbert space with an orthonormal basis of
cardinal n (for co, we take a separable Hilbert space),

(4) for all z € Z,, m, is a continuous unitary representation of Z, in H; := H,, such
that, for all v € H,, g € G, z — m,(g)v is a measurable function.

Then, we define

®
/ H.du@) = @ L (Zn. W®H,. 3.
z neNU{oo}

where ® is the Hilbert tensor product. The Hilbert integral of the 7.

(5]
T :/ . du(z)
Z

is acting on measurable L>-sections, z — 7, (€ H.), by the formula
(7 (@)mz = 7z (g)Mz- (3.2)

The L>-sections are denoted by /. Z@ N, du(z).
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From the general theory ([Dix81]), one has:

Every continuous unitary representation of G in a separable
Hilbert space admits a desintegration in an Hilbert integral (3.3)
of irreducible unitary representations.

No, assume we have a Hilbert integral of continuous unitary representations of G,
(m, H), and also a continuous representation of G (not necessarily unitary), in a
separable Hilbert space, (A, L), and an intertwining operator, «, between A and 7,
from L to H.

The following is due to Gelfand—Kostyuchenko (see [Ber88]).

Theorem 4 Assume that « is a Hilbert-Schmidt operator i.e., ) _; la(ei)]? < +o0
for an orthonormal basis (¢;) of L. Then there exists for p-almost all 7 € Z, a
continuous intertwining operator, o; : L — H, between A and m,, such that, for all
pEeL,

®
a(¢)=/Z oz (@) du(z). 34

Moreover, if a(L) is dense, for pu-almost all 7 € Z, o, is nonzero.

Sketch of proof. One chooses an orthonormal basis (¢;) of L, and set & = a(¢;).
One chooses a desintegration of &;, f Z@ & . du(z). As « is a Hilbert—Schmidt opera-
tor, one has

M@) =) l&° < +oo.

But, one has

Z &1 = Z/Z & 12 d e (2).

From the Fubini theorem for positive measurable functions, one has
M) = f M. dp(z),  where M; =) |I& .
Z i

The set Z, := {z € Z| M; = 400} is of measure zero. Then, it is easy to see that,
forall z € Z — Z/, one can define a unique continuous linear operator o, : L — H,
such that

oz (pi) =& ;.

Then this family of (c;) satisfies (3.4). One has to make some other operations, and
thus to reduce Z — Z/, to ensure that the «, are intertwining operators (use the
separability of G). The last part of the theorem is obvious.
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Assume H is a closed subgroup of G, and that there exists a left invariant measure
under G on G/H, dx.

Actually, a very important fact for us is, in the case where 7 is equal to left
regular representation in L?(G/H, dx) and the 7, are irreducible, that o, dualizes
and gives an intertwining operator 8, between m and the adjoint representation to A.

With the notations of the previous paragraphs 1, 2, i.e., G is reductive, ... , and
going through C* vectors, one has the following Corollary of Theorems 3 and 4.

Theorem 5 For p-almost all 7 € Z, one has nonzero continuous intertwining oper-
ators

B: : (H)oo — L*(G/H, N_qdx)co. (3.5)

When B; is followed by the evaluation in e H, this gives a continuous linear form j
on (H;)wo, i.e., a distribution vector on H;, which is H-invariant and

B: (@) (gH) = (72(8) jz, ¢), ¢ € (H)oo. (3.6)

This theorem is important because (3.5) together with (3.6) is a restrictive condi-
tion for the 7, occurring (see below).

4 Asymptotic Expansions, Converging Expansions

The asymptotic expansions were developed in the group case by N. Wallach [Wal83]
(cf. also [Wal88]).

Using Wallach’s ideas, these expansions were generalized to symmetric spaces
(cf. [Ban92] and [BS87)).

Definition 7 Let us denote Mod(G/H) (Mod for moderate growth) the space of
C® functions f on G/H with (uniform) moderate growth, i.e., for which there exists
r, such that, for all u € U(g), there exists C,, > 0 satisfying:

I(Luf)kaH)| < Cue' M2 k € K, a € Ag.
This is a G-module (see [Ban88]).
For X € (ad)?é, one defines
L(P, 1) :={wh|qp —v|w e W(a9), v e NEp}.
For the following theorem, see [Ban92].
Theorem 6 Let f € Mod(G/H) an eigenfunction under D(G/H) for the eigen-
value x5, A € (ad)(’(‘:. For every & € L(P, 1), there exists a C*° map on G x ap,

(g, X) — pe(P, f, g, X), which is polynomial in X, of degree bounded indepen-
dently of &, such that, for all g € G, and X € ap, strictly ¥ p-dominant:

f(g(exptX)H) is asymptotic to Z pe(P, f, g, tX)e’(S(X)_pP(X))
g€L(P,))

when t goes to +00. The functions are uniquely characterized by this property.
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Let us explain what asymptotic means.

Forevery N € R, theset L(P, M)y x :={§ € L(P, )| &(X)—pp(X) > N}
is finite and

f(gexptXH) — Z pe(P, f. g, tX)eE—PP)IX)
EeL(P,M)N,x

is bounded above by a function of the type Ce™ =" for r > 0.

Idea of the proof. We fix g € G, X € ap, strictly X p-dominant, and N € R. The
idea is to build a function, ¢ +— F (), with values in some finite-dimensional space,
whose first component is just f — f(g(exptX)H), and which satisfies a differential
equation

d
EFO) = ByF(t) + Rn(2), “.n

where By is a matrix, and there is a certain control of the eigenvalues of By (among
the (§ — pp)(X), & € L(P, M)y x) and of the function Ry. This is for the control
of Ry for which we make the hypothesis “f € Mod(G/H)”. Then, one uses the
theory of first order linear differential systems.

As we said already, this theory was developed by N. Wallach [Wal83] (see also
[Wal88]) for the group case, and requires important algebraic preliminaries. For the
Riemannian case, van den Ban and Schlichtkrull developed a theory for families
of eigenfunctions depending holomorphically on a parameter ([BS87], and for the
general reductive symmetric spaces, see [Ban92] and also [Wal92], Chapter 12).

An important property of the coefficients in the asymptotic expansion:

If X € ap and & € L(P, ) are given, the map

= pe(P. f. . X)

is G-equivariant for the left regular representations on functions on G/H

and G.

Definition 8 £ € (a})c is called an asymptotic exponent along P for f, if &
L(P, ) and pg(P, f, -, ) is not identically zero. A leading asymptotic exponent is
an asymptotic exponent & such that there is no exponent of the form & + u, u €
NXp — {0}

Theorem 7 Let f be a K-finite eigenfunction under D(G/H), on G/H for the
eigenvalue x,. Then f € Mod(G/H) and, for X € a;}“

flkexpXH)= > pe(Py. f.k, X)e& P, (4.2)
§€L(Py,2)
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The study of K-finite eigenfunctions for the group case goes back to Harish-
Chandra. The work of W. Casselman and D. Mili¢i¢ [CM82] turns out to be very
enlightening (cf. [Ban87a] for the generalization to the symmetric spaces).

The theory of converging expansions provides an equivalence between the con-
trol of the & (called the exponents of f along Py) which actually contributes to (4.2)
and of the growth of f. Also, L? conditions on f are equivalent to conditions on
the exponents ([CM82] and [Ban87a]). Moreover, there are links between leading
exponents and intertwining maps with principal series ((CM82], and [Del87] for the
symmetric spaces).

Definition 9 Let (;r, H;) be an irreducible unitary representation of G and & an H-
fixed distribution vector.
Let B¢ be the map from H° into C°°(G/H) defined by

(B ) (gH) = (7' (9)&, ), g€G.

Then £ is said to be H-tempered if B¢ (v) is H-tempered (see Definition 5) for all
K -finite vectors v.

Theorem 8 Let f Z@ 7, du(z) be a decomposition into irreducible representations of
the left regular representation of G in L*(G/H). For u-almost z, let B; and j, as in
Theorem 5. Then, for u-almost all z, j, is H-tempered.

Sketch of proof. By using Theorems 3 and 5, for u-almost all z in Z, one has a
nonzero map from (H,)so into L>(G/H, N_udx). Together with the property of
converging expansions, one sees that this map defines a (g, K)-module map from
the space (H;)) of K-finite vectors in H, into a space of tempered functions on
G/H (see [CD9%4], Appendix C).

Notice that they are not necessarily eigenfunctions under D(G/H), but they are
D(G/H)-finite and there is a theory of converging expansions for such functions.

The links between leading exponents and intertwining operators with principal
series (see [Del87]) allow one to prove:

Theorem 9 Let (;r, Hy) be an irreducible unitary representation of G with a nonzero
H -tempered distribution vector. Then there exists a o0-stable parabolic subgroup,
containing Py, P, an irreducible subrepresentation (8, Vs) of the representation of
Mp in L2(Mp/Mp N H), called a discrete series for Mp/Mp N H, v € iaP, and
an embedding of (7w, H;) in the unitarily induced representation %TP , from the rep-
resentation of P, which is trivial on Np, equal to § on M p and for whlch Ap acts by
the character with differential v. Moreover there exists a nonzero H-fixed distribu-
tion vector & for %1317 » Which is H-tempered.
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5 Discrete Series

5.1 Flensted-Jensen’s Duality As we already said, a discrete series for G/H is
an irreducible subrepresentation of L(G/H). Roughly speaking, the determination
of discrete series can be reduced to the case where G is connected, semisimple, with
finite center. So, we will assume G to be semisimple. To simplify the matter, we will
even assume that G is the analytic subgroup, with Lie algebra g, of the connected,
simply connected Lie group, G, with Lie algebra gc.

One introduces

=0pno@ihns),
sl=i@@n® @ (@@ns),
h'=Enp @itnq),
gd =t @5l

Then g¢ (resp. h?) is a real form of the Lie algebra g¢ (resp. £c).

Let G¢ (resp. K%, H?, K¢) be the analytic subgroup of G¢ with Lie algebra g?
(resp. £, h<, £c). The group K¢ is a maximal compact subgroup of G¢.

Any K -finite function on K, ¢, admits a holomorphic extension to K¢, and we
denote by ¢ its restriction to H¢, which is H?-finite.

If f is an element of the space C*°(G/H) ) of smooth K-finite functions on
G/H,fora € Ay, let T¢(a) be the K-finite map on K defined by

(Tr(a)) (k) = f(kaH).

Taking into account the decomposition Gi=H dAyJ K4, for G4 /H 4 where we have
changed g in g~!, (see (1.5)), one can define a function ¢ on G¢/K< by

flhak?) = (Tp(a))? (h), h € HY, a € Ag.

The preceding definition and the following theorem are due to M. Flensted-Jensen,
[FI80].

Theorem 10 The map f — f< is a bijective gc-morphism from C*(G/H)k) onto
the space C®(G¢/K d)( Hd) of smooth functions on the Riemannian symmetric space
G/K“.

Idea of the proof. The proof reduces to a statement on analytic functions. For an an-
alytic function f, locally f and f¢ are the restriction to G and G¢ of a holomorphic
function on G¢. This allows one to conclude the following.

5.2 Results of T. Oshima and T. Matsuki By an argument involving the es-
sential self-adjointness of formally self-adjoint operators in D(G/H), one proves,
[Ban87b], that the subspace of L2(G/H), generated by the discrete series, is a sum
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of irreducible subrepresentations for which the space of K-finite vectors are smooth
eigenfunctions under D(G/H).

Recall that the characters of D(G/H) are of the form x;, A € (ad)(*c.

We fix a minimal parabolic subgroup P? of G? containing A? = exp a?, with
unipotent radical N¢ and Langlands decomposition P¢ = M?AIN?. Let © pd the
roots of a in n?. As Xr = Xwa, forw € W(ud), we can always assume that Re A is
¥ pa-dominant. Let ppa(X) = 1/2tr(ad X)| e, X € ad.

The following theorem is due to T. Oshima and T. Matsuki, [OM84].

Theorem 11 Let A € (ad)z'é, and let us define:

A2(G/H, L) :=={f € C*(G/H)k)| f is an eigenfunction under D(G/H)
for the character x;, f € L>(G/H)).

Assume that Re ) is X pa-dominant. If A2(G/H, }) is not reduced to zero, then A is
real and regular with respect to the roots of a® in g¢, i.e., the stabilizer of A in W (a)
is trivial.

Now the theory of asymptotics applies to the Riemannian symmetric space
G?/K?.If f € Mod(G?/K?) transforms under x;, 1 € (a?)}. with Re A strictly
2 pa-dominant, the map

BN = pu(P!, f.8,X),  g€G’ Xeal, (5.1)
does not depend on X and one has

(Br(f)(gman) = a*Pr (B(f))(g),  g€G? meM? aeA? neN.
(5.2)

This is called the boundary value of f. The map f +— B, (f) is injective with inverse
given, up to a constant, by an integral transformation (see below), the Poisson trans-
formation (cf. [BS87] in the context of distributions, see [KKM™78] for the earlier
work involving hyperfunctions).

If fisan H 4 _finite function, ID)(G“' /K d )-eigenfunction for yx;, f will not be, in
general, an element of Mod(G%/K?). It is nevertheless possible to define a bound-
ary value map. The construction of this map can be done for general eigenfunctions
([KKM™78]) but the resulting object is an hyperfunction. For our particular choice
of f, it can be defined as a distribution, on Gd, using the fact that, for ¢ € C fo(Gd),
o f € Mod(G?/K?) (cf. [BS87], §14). One sets

(Br(PN@) = (Bu(@ * 1)) (e) with §(g) = (g™ ").

The inverse map to 3, is given, up to a constant c(A) # 0, by the Poisson transform.
It is defined on the space D’(Gd, P, A) of distributions on Gd, Y, satisfying the
covariance condition in (5.2), by

P (gK?) = K1w<gk>dk, ge Gl
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The following theorem is due to T. Oshima and T. Matsuki (cf. [OM84], and also
[Mat88]). The earlier work of M. Flensted-Jensen , [FJ80], proved part of it and gave
conjectures.

Theorem 12 Let A be real, regular and ¥ pa-dominant. Assume Ax(G/H, L) is
nonzero. Then:

(1) There exists a maximal abelian subspace af of iq (or s¢) contained in i (€N q).
(ii) A lies in a certain lattice in (a®)*.
(iii)) The map

A2(G/H,») — D'(G, K9, ))
[ Bu(f9)

is an isomorphism onto the sum of the spaces D;(Gd, K4, A) ey of H-finite
distributions elements in D'(G¢, P4, 1), supported on the closed (H?, P%)-
double cosets, de,- Pl i=1,... , -

The proof uses various boundary values, for f d attached, by T. Oshima ([Osh84)),
to hyperfunction solutions of systems of partial differential equations with regular
singularities and the study of the relations of their support. The growth of f is re-
lated to the boundary values with support having a nonempty interior. The control of
this support requires geometric lemmas.

Notice that the (H 4 pd)_double cosets where determined by T. Matsuki ([Mat79],
[Mat82]).

As a consequence of this theorem, the inverse of the Flensted-Jensen duality,
followed by the Poisson transform, applied to H¢-finite elements in D'(G?, P?, 1)
supported on closed orbits, produces elements of A>(G/H, 1). This fact was first, in
a particular case, observed by Flensted-Jensen ([FJ80]).

As gﬁic = gc and h% = £, DE(Gd, K4, 1) gy has a structure of (g, K)-module.
Moreover, it is either irreducible or zero as a g-module (D. Vogan [Vog88]).

6 H-Fixed Distribution Vectors for Generalized Principal Series:
Meromorphic Continuation, Temperedness

6.1 H-Fixed Distribution Vectors for Generalized Principal Series.
Preliminary Data:

Let P be a o0-stable parabolic subgroup, containing Ag, P = MAN its o-
Langlands decomposition, and L = M A, (8, V) an irreducible unitary representa-
tion of M.

Let V(8) be the space of M N H-fixed distribution vectors of § (it is finite dimen-
sional, cf. [Ban87b]). We fix n € V(). For v € ag,, one has the generalized principal
series. Namely, one has

If, :=1{p: G — V5| ¢ smooth, p(gman) = a="~*s(m™"e(g),
geG, meM,ac A, ne N},
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the representation of G, by left regular representation, on I P , being denoted by 715 b
One has the compact realization. The restriction of functlons to K induces an
isomorphism between ) and

={f: K — V5| f smooth, f(km):é(m_l)f(k), ke K, me MNK},

the representation of G, given by “transport de structure”, on 5 being denoted by
P

7-[8 v

Fact:

Notice that H P is open in G, and due to our hypothesis (1.4), it is dense in G.

Theorem 13 Letv € ol(’"C such that Rev — pp is strictly ¥ p-dominant. There exists
a unique continuous function j(P, 8, v, n) from G to Vg *° := (V) such that:

() its value in e is equal to n,
(ii) it is left H-invariant,
(iii) it is zero outside H P,
(iv) j(P,8,v,n)(gman) = a* =P8 (m)~ ' j(P,8,v,n)(g), g € G,m e M, a € A,
n e N.

Then, j(P, 6, v, n) is an H-fixed distribution vector on 15],)1;- Moreover, it is an eigen-

vector under the algebra U (g)! of elements in the enveloping algebra of g, invariant
by H, if  is an eigenvector under U (m)MNH

The proof was given independently by van den Ban [Ban88] and G. Olafsson
[Ola87], for the case P minimal; see [BD92] for the general case.

For the general case, one uses properties of finite-dimensional representations of
G with nonzero H-fixed vector (see Lemma 2 below), to understand what happens
when a sequence in H P converges towards an element of the complementary set.
Fact:

There is a natural G-invariant pairing between
151,31; and 151/3,7\) given by

V) = [ lek), ¥ (k) dk. (6.1)

More generally, (I 6’? )~ can be realized as a subspace
of the topological dual, D'(G, V5¥), of C°(G, Vi),

with some covariance properties under P.

6.2 Meromorphic Continuation of j(P, §, v, n). Statement and First Step
Lemma 2 There exists 51, RN ;37, a basis of the orthogonal in &}, of the central part
of ap, such that:

@) 8~1, R 5~[ are X p-dominant. _
(i) Forn; e N, i=1,...,p, u= Zle n;é; is strictly ¥ p-dominant.
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(iii) There exists a finite-dimensional representation (rr,,, V), with a nonzero vector
vy, such that

T (man)v, = a*vy,.
(iv) There exists &, € Vlj‘, H-invariant, with (§,,, v,) # 0.

The proof rests on the following remark. If (77, F) is a finite dimensional repre-
sentation, 7 ® 7* has a nonzero vector fixed under G (the identity in F ® F* =
End F). Similarly, 7 ® (7* o o) has a nonzero vector fixed under H.

The meromorphic continuation of j (P, §, v, ) in v has been proved for P min-
imal independently by van den Ban [Ban88] and G. Olafsson [Ola87] (see also the
earlier work of T. Oshima and J. Sekiguchi for the spaces of type G/K. [0S80]).
J.-L. Brylinski and the author treated the general case by D-module arguments
([BD92)).

We describe below a proof (see [CD94]), which extends certain techniques due
to van den Ban in the case of P minimal (see [Ban88], [Ban92]), in particular, which
prove a functional equation. Note the work of D. Vogan and N. Wallach, [VW90],
for intertwining integrals (see [Wal92], Chapter 10), which proves also a functional
equation for intertwining integrals. These intertwining operators can be viewed as
distribution vectors for generalized principal series for G x G, invariant under the
diagonal (see [BD92]).

Theorem 14
(1) As a function of v, the map

v j(P,68,v,1n),

for fixed n € V(8), admits a meromorphic extension to v € ag.

(ii) Fix p as in the lemma. There exists a polynomial map, by, (resp. Ry, D), on ag,
with values in C (resp. EndV(8), resp. in the algebra of differential operators
on G with coefficients in End V), with b,, not identically zero and such that

bu()j(P,8,v,m) = D) j(P,8, v+, Ru(v)n) (6.2)

as an identity of meromorphic functions.

(iii) For R € R, we set a*(P, R) :={v € ai:|(Rev,a) > R, o € Xp}. Then there
exists a product pr of nonzero affine linear forms of the type o + ¢, where a is a
root of ap, ¢ € C, such that pr(v)j (P, 8, v, ) is holomorphic on a*(P, R).

First step. The proof reduces to show the functional equation (6.2) for Rev — pp
strictly X p-dominant.

In fact, when it is done, this allows the meromorphic continuation by standard
arguments (think for example to the function I'), and the rest of the theorem follows
relatively easily.

The first step is to prove that, if we have a functional equation (6.2), which is
valid for the restriction of the distributions to H P, then it is valid on G, at least for
v generic, i.e., outside a certain locally finite family of hyperplanes.
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To achieve this goal, one studies the H-fixed distribution vectors of I 5P ,- They
appear as vector-valued distributions on G with covariance properties, and some
results of Bruhat’s thesis allow one to prove that:

for generic v, every such distribution, which is
zero on HP, i.e., is supported on the complementary 6.3)
of the dense open set H P, is zero.

This achieves the proof of the first step.
Before finishing describing the proof of Theorem 14, we will give the statement
we used.

6.3 A Result of Bruhat

For the results quoted here, see [War72].

Let I be a Lie group acting smoothly on a smooth manifold X, with a finite
number of orbits. Let (7, V) be a smooth representation of I' in a Fréchet space.
Then I is acting on CS°(X, V) by its action on V. This action is denoted by 7. Also
I" is acting by left regular representation L.

Let F be the complementary subset of the open I'-orbits in X. We define 7 as
the space of T € D' (X, V) (= C°(X, V)') such that:

The order of the distribution T is less or equal to k and L;, T=7"(y)T, y €T.
The support of Tis contained in F.

If Q is a I'-orbit in X, and x9 € Q, the stabilizer Iy, of x¢ in I" acts on the tangent
space Ty, X (resp. Ty, Q) to X (resp. Q), and these actions define an action of I'y,
on Ey; := T, X/ Ty, Q. Forany n € N, let S be the n-th symmetric power of this
action on Ey, ,, the n-th symmetric power, S" E,, of Ey,. If dr (resp. ero) is the
modular function of I" (resp. I'y,), one defines the character Pry, = O 1)‘ Ty ero
and the representation §;‘0 = 'Ol:xt SQO, in Ey, »,0f I'y,. We denote alsoby i (V, O, n)
the dimension of the space of continuous intertwining operators between the repre-
sentations 7|, and SY of I'y,.

Theorem 15

dmZ, < Y Y i(V.0.n).

QCF, n<k

OT-orbit
The case where F is a single closed orbit is enlightening: one can use the local
description of distributions supported on a closed submanifold, involving transverse
derivatives.
In our application, ' = H x P actson X = G by

(h,p)-g=hgp™".
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6.4 Tensoring by Finite-Dimensional Representations and Projection Along In-
finitesimal Characters. End of the Meromorphic Continuation of j(P, §, v, n)
Let Z(g) denote the center of the universal enveloping algebra U (g) of gc.

If V is a g-module (or a smooth G-module) which is Z(g)-finite (i.e., for all
v e V,dimZ(g)v < +00), V is the direct sum of g (or G)-submodules V,, where
X is a character of Z(g) and

Vy i ={veVI(Z—-x(Z2)"v=0, forsomen € N*, Z € Z(g)} (6.4)

is the generalized eigenspace of Z(g) for the eigenvalue x. The projection on V,
parallel to the other generalized eigenspaces, py, is called the projection along the
infinitesimal character .

If V is Z(g)-finite, then V ® F is Z(g)-finite (see [Kos75]).

Now, we define:

Definition 10 (Data for tensoring by finite-dimensional representations)

(1) Let (8, Vs, n) be a triple such that (8, V) is an irreducible unitary representation
of M, and n is an M N H-fixed distribution vector of &.

(2) Let (8, Vs, 7) be another triple satisfying the same properties.

(3) Let (7, E) be a finite-dimensional representation of G, with a nonzero H -fixed
vector e}, in E*.

(4) Let E; be the M-module of N-invariants, E"V, and let p be the projection along
the infinitesimal character of §. We assume that

P(Vgoo ®E)) = Véoo

as M-modules, and we assume that this isomorphism transforms the restriction
of  ® e}, to the image of p into 7.

Proposition 1 Ler v, € a* be the differential of the action of A on EV.

(1) For v generic in a}, one has
8 C
pv(l({)v ®FE) = 18,v+v1

as G-modules, where p, denotes the projection along the infinitesimal character
of Is, vy,

(ii) This isomorphism transforms the restriction, to the image of py, of j(P, 8, v, 7)®
ey in j(P,8,v+vy,n).

(iii) The projection p, is given by the action of an element of the enveloping algebra.
Moreover, if M acts trivially on FV (hence § = 8), there is a nonzero polynomial
q on ag, and a polynomial map on ag. with values in Z(g), v — Z,, expressed
in terms of polynomials in the Casimir element such that q(v) p, is given by the
action of Z,,.
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Idea of the proof of Proposition 1. One uses the fact that the tensor product by a
finite-dimensional representation commutes with induction.

On the other hand, there is a filtration of V as a representation of M AN, with sub-
module EV. Combining all information it is easy to build a nonzero G-equivariant
map from the left-hand side of (i) into the right-hand side. A more careful study of
the induced filtration allows one to conclude the following.

For (ii), one uses similar arguments for the contragredient representations, but
reversing the arrows.

(iii). The first part of (iii) is easy. The second part is proved by looking at the
action of the Casimir on the induced filtration. End of the proof of the functional

equation (6.2). One takes E = E;, as in Lemma 2. Then EV is one-dimensional,
and the action of M is trivial, § = 5, n = 7. The statement of (ii) with the help of
(iii) allows one to prove the functional equation (6.2) on H P. Together with the first
step, this allows us to finish the proof of (6.2).

7 Temperedness of H-Fixed Distribution Vectors

The following theorem is due to Flensted-Jensen, Oshima, Schlichkrull. Its proof
uses properties of boundary values.

Theorem 16 Let (7w, Hy;) be an irreducible unitary representation of G and & an
H -fixed distribution vector.
Let B¢ be the map from HZ° into C*°(G/H) defined by

(B ) (gH) = (' (9)&, v), g€G.

With the notation as above, the fact that 7 is irreducible and unitary implies that
B (v) is bounded on G/H, for all K -finite vectors v.

We define V(8)4isc as the space of M N H-fixed distribution vectors, 1, of Vs such
that the map f,), from Vi into C*°(M/M N H), takes its values in L*(M/M N H).

Definition 11 For all ¢ € (Is)k), n € V(8), v € aé such that j (P, §, v, n) is well
defined, we define the “Eisenstein integral,” as a function on G/H, by

E(P.8,v.n.9)(gH) = ((t{,)) (9)j(P.8.v.m). ),  g€QG,

where ¢, is the element of / 8{) , Whose restriction to K is ¢. These are K-finite,
D(G/ H)-finite functions.

It follows from Theorem 14(iii) that there exists a nonzero polynomial, p, on a(”é,
product of affine forms « + ¢, where « is a root of a, ¢ is an element of C, such that
pW)j(P,8,v,n) and p(vV)E(P,§, v, n, ¢) are holomorphic around ia*.

The following theorem is due to van den Ban for the case P minimal ([Ban92]).
We will sketch below our proof of the general case (see [Del96]).
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Theorem 17 (Temperedness of “Eisenstein integrals” on the imaginary axis) Let
the notation be as in the preceding definition. For all 1 € V(8)gisc, v € ia¥,
p(W)j(P,8,v,n) is tempered, i.e., for all ¢ € (Is)k), pW)E(P,8,v,1n,¢) is a
tempered function on G/ H.

Idea of the proof. The proof reduces easily to the case where g, (V) is contained
in an eigenspace of C*°(M/M N H) for D(M/M N H). Let b be a maximal abelian
subspace of m N q containing ag N m. Using the Harish-Chandra isomorphism, the
character of D(M/M N H) by which this algebra acts on 8, (V) is attached to some
As € b(*C' The theorem of Flensted-Jensen, Oshima, Schlichtkrull (Theorem 16),
implies that, in the asymptotic expansions or converging expansions (see Theorem
6 and Theorem 7) of “Eisenstein integrals,” certain exponents do not occur. If you
assume a certain technical condition (see below), say As is good, then it is easy to
prove that the theorem holds for §.

Definition 12 We say that A; is good if and only if, for any element, w, of the Weyl
group of (b @ a)¢ in g¢, such that the linear form on ag, wAs|a, — pp, is negative
or zero on the Weyl chamber a;ﬂ, then wAs| o, is also negative or zero on a;Em.

Remark Even if As is not good, nA; is good for n € N*, large enough.

This allows one to find data for tensoring by finite-dimensional representations
(see Definition 10) with (5, Vs, ) satisfying the same properties as for (8, Vs, 1),
with Az good. This choice is made possible by the preceding remark and by the
study, due to D. Vogan ([Vog88]), of the behaviour under translation functors (ten-
soring by a finite-dimensional representation followed by the projection along an
infinitesimal character) of the discrete series, based on their descriptions (see Theo-
rem 12). Moreover, one has to deal with the disconnectedness of G, M, M N H.

One defines, for v € a(*c

E, = {E(P,5,v,7,9) | € U5 )},
Evry, ={E(P,8,v+v1,n,0) | ¢ € Is)(k)}-

These are g and K-submodules of C*®°(G/H), with an infinitesimal character x,

resp. x. _ o
Let E ={¢e € C*°(G/H)|e € E}, where E(gH) == (m*(g)e};. e). LetE, - E be

the linear span of the products of one element of E with an element of E.ltis also
a Z(g)-finite (g, K)-submodule of C*°(G/H), as a quotient ofIE ® E.
Proposition 2 For v generic in ag., py (EV . E) =E 4.,

Proof of Proposition 2. 1t is a consequence of Proposition 1.

) Now, there is a criteria for the temperedness of a function due to Oshima (see
[Osh88]), similar to the theory of the discrete series (see Theorem 12).
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Theorem 18 (Oshima’s Criterion) For a smooth function f on G/H, which is a
K -finite eigenfunction under D(G/H), for the eigenvalue x;, » € (a%)*, regular
and X pa-dominant, the temperedness (i.e., f € Aiemp(G/H), see Definition 5) is
equivalent to a support property of the boundary value B, (f?) (see Definition 9, §5.2
for notations). The real part of ) enter in this support property.

Remark In a recent work, J. Carmona obtained a proof of this criteria as well as
Oshima—Matsuki’s results, quoted above, on the discrete series which avoids the use
of hyperfunctions, but uses their geometric lemmas.

Applied to elements in IE,, (Aj is good, hence Theorem 17 is true for 8), this
criteria implies a support property of the boundary values of f4, f € ]E,, with v
imaginary. This support property extends, by holomorphy, to generic v in ag.. Then,
one has to study the behaviour of boundary values under translation functors. One
sees that the support property is preserved, due to the fact that the projection along an
infinitesimal character is given by the action of an element of Z(g), hence is given by
a differential operator. Let the notations be as in Theorem 14. Let n € V(8). Taking
into account Proposition 2, with some analytic continuation and the reciprocal part
of Oshima’s criterion, one gets the temperedness for elements of E,,, v € ia*.

8 Rough and Sharp Estimates for ‘“Eisenstein Integrals”

The following rough estimates were proved by E. van den Ban for P minimal (cf.
[Ban92], see [CD94] for the general case).

Theorem 19 (Rough Estimates) Let the notations be as in Theorem 14. Let n €
V(5). Let R € R, and pr be as in Theorem 14(iii). Then, there exists r > 0, such
that, for all D € U(g), there exists n € N, C > 0 such that:

ILopr(WE(P,8,v,1,9)(kexp XH)| < CN,(v)e" TIReVIDIXI
pels, ke K, X €ag, vea*(P,R).

The theorem follows from the estimate of the operator norm of 7?81? 5 (a) for vari-
ous norms on Is, and from the functional equation 6.2.

Now Theorem 17 and the preceding one, allow one to prove sharp estimates.
For the next theorem, see [Del96] for the general case. For P minimal, it is due to
van den Ban [Ban92]. Our proof uses his technique of successive improvement of
estimates, together with Theorem 17. Notice a similar technique was already used
by N. Wallach (cf. [Wal88], §4.3.5). It rests on a careful study of the differential
equations (4.1).

Theorem 20 (Sharp estimates) Let R > 0 and ¢ > 0 such that

a; :={v € ag| [Rev| < &} C a*(P, R).
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Let ¢ € (Is)(xy and F\, = pr(V)E(P, 8, v,n, @). There exists s > 0 such that, for
all D € U(yg), there existsn € N, C > 0 such that, for all v € a}

IPROVLDF, (0| < CNy(WN,(0)OG(x)e XM e G/H,
where Ny (x) has been defined in (2.5) and N, (v) = (1 + |[v])".

9 Intertwining Integrals and H-Fixed Distribution Vectors

One has the theory of intertwining integrals (see A. Knapp and E. Stein [KS80], and
also [Kna86] and [Wal88]).

Theorem 21 Let Q be another o 0-stable parabolic subgroup with ag = a.

(1) There exists a constant cg > 0 such that, for all v € a*(P, cs) and all ¢ € 1 6’? b
g € G, the following integral converges:

(A(Q, P,5,v)(p)(g) = / p(gv)dv,
NoNO(Np)

where dv is a Haar measure on Ng N 0(Np). Then, A(Q, P,6,v)(¢) is an

element of 1 st

(ii) The operator A(Q, P, 8,v) is a continuous intertwining operator between ”spu

and 7'[5 This operator, in the compact realization, is holomorphic in v €
a*(P, cs).

(iii) This family A(Q, P, §, v) admits a meromorphic continuation in v, holomorphic
and invertible outside a locally finite family of hyperplanes of ag.

Proposition 3 There exists a meromorphic family of endomorphisms, B (P, Q,6,v),
of V(8), such that, denoting by A'(Q, P, 8, v) the transposed map of A(Q, P, 8, v),
one has

A'(Q, P,8,v)j(Q,8,v,n) = j(P,8,v, B(P, 0,8, v)n),
as an identity of meromorphic functions of v € ag.

Proof. The left-hand side is an H-fixed distribution vector of 77 5.0+ The significance
of (6.4) is that, for generic v, this left-hand side is of type j(P 8, v, n) for some
n € V(8). One defines B(P, Q, 8, v)n := i and one verifies that this B-matrix has
the required property. E. van den Ban introduced this B-matrix for P = Py. Earlier,
in an important announcement, [Osh81], T. Oshima introduced C-functions which
seem related to the B-matrix.

As a consequence of Theorem 21, one has (see [Del96]):

Theorem 22 For generic v € ia* or a B(P Q, 8,v) preserves V(8)4isc and its
restriction to V(8) isc is denoted by B(P Q, 6, v) (small B-matrix).
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10 z-Spherical Functions and K-Finite Functions: A Dictionary

Let f be a K-finite smooth function on G. Its left translates by K generate a finite-
dimensional representation (71, V,) of K. For simplicity, we assume 1y irreducible.
Every K -finite function is a sum of such functions.
Let V; := Vt’1 QVyandt: =7/ ®1.Ifv € V,’l, v € Vg, we define

cov (k) = (] (k)V', v), keK.

The linear map from V; to C*°(K), defined by v’ ® v > ¢, ,, allows one to identify

V: as a subspace of C*°(K), the representation t corresponding to the action of K by

right translations. It is unitary when C*°(K) is endowed with the L? scalar product.
Now, we define ® : G — C*°(K) by

(P (k) = f(kg), keK, geG. (10.1)
Then
& takes its values in V; and
(10.2)
Q(kg) = t(k)P(g), kekK,gegG.
One recovers f from & by the formula
f(g) = (P(g))(e), g€G. (10.3)
The proof is left as an exercise.
Then
D is called the t-spherical version of f and is denoted f;. (10.4)

It is sometimes technically easier, and in particular for notations, to use t-spherical
functions. Especially, a T spherical function on G/H is determined by its restriction
to Ag because G = K AgH (see (1.5)).

Roughly speaking, Eisenstein integrals are the t-spherical version of “Eisenstein
integrals”. For the rest of the chapter, we will essentially need only this statement
(see below).

The spaces A(G/H), Atemp(G/H), A2(G/H) ... have obvious t-spherical
analogues A(G/H, ©), Atemp(G/H, 1), A2(G/H, 1) ...

The following theorem (see [Del97b]) is deduced from the theory of discrete
series (Theorem 12), from the behaviour, already mentionned, of discrete series un-
der certain translation functors (see [Vog88]), and a result of H. Schlichtkrull on the
minimal K -types of discrete series, [Sch83].

Theorem 23 The space Ay(G/H, t) is finite dimensional.

We come back to the induced representation.
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Definition 13 For each ¢ € (Is)(kx) and n € V(8)4isc, assume that ¢ transforms
under K by the irreducible representation of K, t;. Then ¢, which is a smooth map
from K to V§°, admits a z-spherical version ¢, from K to V° ® V. Then one
defines

Vp.n(m) = (8 (m)n, g(e)).

Then ¥y, @y is an element of A>(M/M N H, t) and every element of Ay(M/M N
H, 7) is a linear combination of functions of this type, as § and 5 vary.

The following definition is not the usual definition of Eisenstein integrals. But it
is the most useful point of view for us (see [CD9S]).

Definition 14 (Eisenstein integrals) Let v € Ay(M/M N H, ty7) (where t)y =
71 kM) of the type ¥, @y as above. Then the Eisenstein integral E(P, ¥, v) is de-
fined by the relation

E(P’ ‘(//1 U) = (E(P,(S, U’ 77, (p))l’

11 Constant Term of t-Spherical Tempered Functions

The following theorem is due to Harish-Chandra for the group case [HC75] and to J.
Carmona, [Car97], in general.

Theorem 24 There exists a map

-Atemp(G/H’ T) — -Atemp(L/L NH, TM)
b +— Op

where Ty = 1) Mnk, characterized by the following property:

For all X € a, which is strictly X p-dominant, one has, for alll € L,

t 1ir+n (det(AdI(exp1X))jnp)/?®U(exptX)H) — @p(l(expt X)L N H) = 0.
—> 400

@ p is called the constant term of ® along P.

Idea of the proof. The asymptotic expansions along P (see Theorem 6) are valid also
for T-spherical functions. The idea is to select the terms pg for which £ is an element
of ia*. There are finitely many such terms. Then, one takes their sum, with X = 0,
with g =1 € L. This is just ®p(I).



The Plancherel Formula on Reductive Symmetric Spaces 159

12 11 ;l ,,-Families. Wave Packets in the Schwartz Space

12.1 11} ,(G, L, t) 1 will introduce families of functions depending on v € ac,
11, ,-families (see [BCD96]). These are families very similar to Eisenstein integrals
but “more regular”.

Space I, (G, L, 7).

An element of II,’ml(G, L, 7) involves

(1) A family, v —~ F(v), holomorphic in a tube around ia*, of D(G/H )-finite, -
spherical functions, tempered for v € ia*.

(2) For Q a o6-stable parabolic subgroup of G, and v € ia*, the constant term
Fo(v) (:= F(v)() is well defined and admits a decomposition

Fov)y= Y Fg,(v). (12.1)

seW(ag,a)

Here W(ap, a) is the set of linear maps from ag to a, induced by elements in
the complex adjoint group of g¢, and

(Fo.s(v))(maMg N H) =a" (Fo.;(v))mMg N H),

12.2
me Mg, acAg, ( )

with v¥ = vos.
(3) The Fg s satisfy 1), 2) withrespect to Lg/Lg N H.

The complete definition requires also control of the action of D(G/H) and uniform
estimates (as in Theorem 20). Similar families were introduced by Harish-Chandra,
[HC76a], but without the holomorphic property. He called them II’. This explains
our terminology. The use of holomorphic families was suggested by the work of van
den Ban(see [Ban92]).

The theory of the constant term for families, as developed in [Car97], and the
Theorem 20 allow one to prove the following theorem (see [BCD96], see also
[HC76a] for the group case). Eisenstein integrals usually are not I, ,, but we have
(see [BCDY6)).

ol’

Theorem 25 There exists a nonzero polynomial on ag., p, such that, for all § €
A(M/M N H, t),vi> pOWE(P, ¥, v)isII; (G, L, 7).

So the results for 17; ,-functions apply to Eisenstein integrals.

12.2 Wave Packets in the Schwartz Space

Theorem 26 Let F be an element of 1I; ,(G, L, ). For any element, a, of the
Schwartz space S(ia*), the integral

Waer(gH) := /

ia

*a(V)(F(v))(gH)dv

converges absolutely. Moreover; the function W,gF is an element of C(G/H, 7).
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Idea of the proof. (see [BCD96]) For every X in the closure of the intersection of
the unit sphere with the Weyl chamber, a‘; , one defines a o 0-parabolic subgroup,
0, containing Py, for which L ¢ is equal to the centralizer of X. Then, for ¢t > 0 and
Y in a neighbourhood of X in the unit sphere, one approximates F(v)(exptY) by
(Fo(v))(exptY). The estimate of the difference is possible, because of the theory of

the constant term for families of functions (see [Car97]).

13 Truncation

13.1 Truncated Inner Products Hypothesis to simplify notations in this para-
graph:
The intersection of ag with the center of g is reduced to zero.

Let T € ay, regular. Let W(ay) := W(ay, ag), which is also the Weyl group of the
system of roots of ay in g. We define a subset St of G/H :

St :={k(expX)H | k € K, X is in the convex hull of W (ag)T}. (13.1)
We denote by
u(-, T) the characteristic function of St. (13.2)

Now, we fix P, P/, o0-stable parabolic subgroups of G, containing Py, and let P =
MAN, P’ = M'A’N’ their o-Langlands decompositions.

The following theorem (see [Del97b]) is very important for our proof of the
Plancherel formula. Except for a point mentioned below (see Lemma 4), the proof is
borrowed from the work of J. Arthur on the local trace formula, [Art91].

Theorem 27 Let F € II; ,(G, L, 1), F' e II; ,(G, L, 7).

(1) When T goes to infinity far from the walls, i.e., T is contained in some closed
convex cone contained in an open Weyl chamber, there exists C, ¢ > 0, and
k € N such that

1QT(F, F',v,v) — " (F, F',v,V)|

< C+ DA+ keIl (V) eia* x ia™,
where
QT (F, F',v,V) = / ulx, TY(F()(x), F'(V))(x)) dx, (13.3)
G/H

ol (F, F',v,V)

= Z Z (FQ,s (v)’ F/Q,s/(v/))e(us,ws )(TQ)QQ(VS _ v/y),l'

QeP(a,a) s€Wlag.ay).
s/EW(aQ,aM/)

Here:
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(1) P(a, a') denotes the set of o 0-stable parabolic subgroups of G, Q, contain-
ing Py and such that ag is conjugate under K to a and o'.

(2) (Fg,s(v), F’Q,S/(v/)) is equal to the L? scalar product of the restriction to
Mo /Mg N H of these functions (the hypothesis on ag implies that they are
square integrable).

(3) Tg is the orthogonal projection on ag of a suitable W (ag)-conjugate of T.

@) 6p()) = d;l ]—[aeA (A, ), A € a’é, where dp is a certain constant and
A is the set ofsimp?e roots of ag inng.

(i) Moreover, oT (F, F', v,V"), which is a sum of terms that do have singularities,
is analytic on ia* x ia’™.

Idea of the Proof. One proceeds by induction on the dimension of [g, g]. One sets
AT, v) = QT(F, F',v,v') — ol (F, F’, v, V') which is only defined for (v, v")
element of the complementary H¢ of a finite set of hyperplanes in ia* x ia*. One
proves, by induction on the dimension of [g, g],

Lemma 3 Forr > 0, T as in the theorem, and S in the same Weyl chamber as T
such that ||S|| < r||T||, there exists C > 0 such that

AT — AT <+ IvDFA + v pke=ITh V) e HE. (13.4)

The idea is to divide the intersection with the Weyl chamber aJISM of the differ-
ence of the closed convex hull of W(ay)(T + S) with the closed convex hull of
W (ag)T into some family of subsets, Cp, depending on a o6-stable parabolic sub-
group containing Py, Q, such that F(v)(exp XH), X € Cg, is well approximated by
Fo(v)((exp X)L N H). Then one uses the induction hypothesis.

Corollary 1 For any compact subset U of ia* x ia'*, there exists a uniform limit for
AT (v, V), on U NHE, A®(v, V'), when T goes to infinity as in the theorem, and

1A%, v) = AT (v, V)| < C'(1 + v + v/ keI,
for some C’, &' > 0.

Thus, if one is able to prove that A®° is identically zero, this will prove the first
part of the theorem. Using the continuity of A, it suffices to prove that it is zero on
a dense open subset U of H°.

For this purpose, one studies

o* ::/ a(w)a' W)YA*(v, V) dvdV',
U

where * = T oroo and a ® a’ € C°(U).

Our problem is reduced to prove «® = 0. But ® = limy_a! and
AT, v) = QT(F, F',v,v) —w! (F, F’, v, V). One studies each term separately.
The limit of the term involving w’, when T goes to infinity, is zero: it is a con-
sequence of the fact that the Fourier transform of a smooth compactly supported
function is rapidly decreasing.
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For the term involving Q7 the limit is also zero. This is a consequence of the
following lemma on wave packets. This argument replaces the use of the Plancherel
formula by J. Arthur, in the group case.

Lemma 4 Fora € C2°(ia*), the wave packet F, == W,gF (see Theorem 26) is an
element of C(G/H, t). Forv' € id’*, one defines

Ty (a) =/ (Fa(x), F'(V)(x)) dx.
G/H

The integral converges, because F' (V') is tempered. Then T, is a distribution on i a*,
and its support is contained in a finite set, depending in a simple manner on F, F’
and V.

The proof (see [Del97b]) uses the action of D(G/H) on C(G/H, t) (Theorem
1), Atemp(G/H, 7) and the pairing between these two spaces (see Theorem 2).

End of the proof of Theorem 27. One sees that the limit of the term in o

QT (F, F',v,v'), when T goes to infinity, is precisely

involving

/ a (W)Ty(a)dv'.
ia*

Thus, one understands why support properties of a ® a’ allow one to prove that this
contribution is zero. This finishes the proof of the first part of the theorem.

Asitis clear that Q7 (F, F’, v, ') is locally bounded for (v, v') around i a* xia’*,
the inequality of the theorem shows that a)T(F , F’,v,v") is also locally bounded
around ia* x ia’*. Then, (ii) is an easy consequence of this and the explicit form of

ol.

13.2 Maass-Selberg Relations for Functions I7} ,

Theorem 28 Let F € I, (G, L, 7). Let P, Q be o0-stable parabolic subgroups
containing Ag with Lp = Lo = L. Then, one has

IFp s = [Fo.y W, 5, s" € W(a), v € ia*.

Here, ||Fp,x(v)||2 is the L?>-norm of the restriction to M/M N H of the function
Fp ¢ (v) introduced in the definition ofll;wl(G, L,7) (see§i12.1).

Proof. As ||FQ,S(1))||2 is equal to ||FQs,1(v)||2, due to “transport de structure”, one
is reduced to prove the equality for s = s’ = 1. There is also a reduction to the
case where P and Q are adjacent, i.e., when the roots of a in 6(np) N ng are all
proportional. Using hereditary properties of the constant term, one can reduce the
proof to the case where Q = 0(P) and dima = 1. Then, due to its definition (see
Theorem 27), o’ (F, F', v,V is a sum of the product of an analytic function of
(v, v) by (v—v")~! and of the product of an analytic function of (v, v’) by (v4+v")~1.
Due to the analyticity, the term in front of (v — v’)~! has to be zero when v = 1.
When this is written explicitly, it leads to the Maass—Selberg relations. For this, one
has to distinguish the cases where W (a) has one or two elements.
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13.3 “Fourier Transform” of Wave Packets The holomorphy of w” (F, F’, v, V')
around ia* x ia”™ allows one to express, for fixed V', its restriction to i a* as a sum of
distributions involving Fourier transform of characteristic functions of cones. For A
real in a*,

ol (F, F',v,V) =1lim o (F, F',v+tA,V).
t—0

For a suitable A, each term in the definition of @’ (F, F',v+tA, V') is a well-defined
analytic functionon t A +ia*, t > 0, because Op(v+1A) = d;l ]—[aeAQ (w+tA, a).
Thus, it is just the question of seeing what happens when ¢ goes to 0. When dim a =
1, distributions like 1/(x % i0) occur. It is more pleasant for applications to state the
result with Fourier transform of characteristic functions of cones.

Notations:

Let Q be a o0-stable parabolic subgroup of G containing Ay, with ap = a.
Recall that A is the set of simple roots of ag in ng. We denote by {wy| o € Ap}
the dual basis of Ag in a* (we identify a and a* with the help of the bilinear form
B).

Let ,83 be equal to the number of elements of {& € Ag| (A, o) < 0}. We set
CQ = {X € a|{we, X){(A,a) > 0, « € Ap} and Ty is the projection on a of
a conjugate of 7, under W(ap), T’, such that T’ is Py/j-dominant, where PQ’j isa
minimal o 6-stable parabolic subgroup, which contains Ay and is contained in Q.

Now, W( 7 is the characteristic function of the translate of Cg by —To,
C 3 — Tp, and QS,TQ is its Fourier transform. Then the following theorem is an
easy corollary of Theorem 27.

Theorem 29 With these notations, as a distribution of v, for fixed V',

ol (F, F',v,V)
A= =1
= Z Z (Fo.s(v), F ’S,(v’))(—l)ﬁQS\I/AS’TQS (=,
QeP(a,a) seWlag.ap),
s/eW(aQ,aM/)

where Q° = sQs ™.

This theorem has an immediate application to the “Fourier transform” of wave
packets (see [Del97b]).

Theorem 30 Let F, F' be as above. Let a be an element of S(ia*). It follows from
Theorem 26 and Theorem 2 that, for v € ia’™, the integral

(Fa, F'V)) = / (Fa(), F'(v)(x)) dx

G/H

is converging.
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If a and o' are not conjugate under K, this integral is zero. On the other hand, if
P = P/, itis equal to

> a@W ) (Fpa ('), Fp (V).
xeW(a)

Proof. One writes, using the Lebesgue dominated convergence theorem,
/ (F,(x), FF(VY(x))dx = lim / aW)QT(F, F',v,v)dv. (13.5)
G/H T—o00 Jig*

Then, using the fact that Q7 is asymptotic to w’, when T goes to infinity, one can
replace Q7 by w’ in (13.5). Then one uses the preceding theorem together with the
following remark on cones:

If C is an open cone in a and S an element in a, let 1c—_;5 be the character-
istic function of the translate of C by —tS.
Then

ifSeC, lim_ 00 lo—ys = 1inS'(@)if S ¢ C, limy—s 100 lo_rs = 0in S'(a).

This translates to the Fourier transform.

14 First Application to Eisenstein Integrals. Regularity Theorem
for Eisenstein Integrals

Theorem 26 and the Definition of /I; ,-functions imply easily:

Theorem 31 Let P = MAN be as above and Q a o6-stable parabolic subgroup
such that ag = a. There exists unigue meromorphic functions on a(’[“:, Coip(s,v),
with values in End Ay(M /M N H, tyy) such that, for all v in an open dense subset
ofia*, and ¥ € Ay(M/M N H, typ),

E(P.y,v)omaM N H) = > (Cop(s, v)¥)(mM N H)a*".
seW(a)

Actually, the C-functions can be described precisely in terms of intertwining
integrals (see below §15). This allows one to show that they are invertible endomor-
phisms of Ay (M/M N H, ty), for generic v.

The following definition and the following theorems are due to Harish-Chandra,
[HC76a], [HC76b], in the group case, and to van den Ban and Schlichtkrull for P
minimal (see [BS97a]).

Definition 15 The normalized Eisenstein integrals are defined by
E%(P,y,v) := E(P, Cpip(1,v) "'y, 1),

as a meromorphic function of v.
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Replacing E by E? in the preceding theorem, one can introduce C°-functions for
E°.

Recall that, for some nonzero polynomial py, on a(*c, V> py(WE(P, ¥, v) is
an element of II; (G, M, 7).

Together with Theorem 28, it leads immediately to the first part of the following
theorem (see [CD98]). The second part is an easy corollary of the first part.

Theorem 32 (Maass—Selberg relations for Eisenstein integrals)

(i) For Q, Q' 00-stable parabolic subgroups with ag = agr = aands, s’ € W(a),
one has

ICip (s, VVIP = ICop(s', VI,

veiat, ¥ € ALhL(M/M N H, ty).
(ii) C%‘P(s, v) is an unitary endomorphism of Ay(M/M N H, tyr), for v € ia*.

The second part of this theorem shows that the C-functions, for normalized
Eisenstein integrals, are locally bounded for v € ia*. This implies that they are
holomorphic around the imaginary axis. These properties of the constant term of
normalized Eisenstein integral together with a result on intertwining integrals (see
Theorem 34 below), due to Wallach (see [Wal92], Chapter 10, when § is a discrete
series for G, this result is due to Harish-Chandra, [HC76b]), lead to the following
theorem (see [CD98]). Harish-Chandra treated the group case ([HC76a]), van den
Ban, Schlichtkrull treated the case where P is minimal ([BS97a))).

Theorem 33 (Regularity Theorem for normalized integrals)

(1) The normalized Eisenstein integrals are holomorphic for v in a neighbourhood
of ia*.
(i) The normalized Eisenstein integrals are elements of II}’wl(G, L,7).

Notice that this theorem plays an important role in my proof as well in the proof
of van den Ban and Schlichtkrull of the Plancherel formula. First, they had to use our
result with J. Carmona. More recently, they obtained independent proof.

Here is the theorem on intertwining integrals mentioned above (see [Wal92]).

Theorem 34 Let P = 6(P). Then,
A(P,P,8,V)A(P, P,8,v)=pup(8,v) '1d,

where j1p (8, v) is a meromorphic function on ag., holomorphic in a neighbourhood
of ia*, positive or zero on ia*, and bounded on ia* by a polynomial in ||v||.
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15 Expression of C-Functions

For s € W(ap), because of the simplifying hypothesis (1.4), we can select § €
K N H, normalizing ay and inducing s on ap. Hence § normalizes M N H.
We define an endomorphism R(5) of Ay(M/M N H, t)y) by setting

(REY)mM N H) =t& V@~ 'msM N H),

v e Ao(M/MNH, ty), me M. (15.1)

The operator R(5) does not depend on the choice of §, and will be denoted R(s).
Also

5P5 ! does not depend on § and is denoted by P*. (15.2)

The following theorem (see [CD98] for the general case, [HC76b] for the group case,
[BS97a] for P minimal) describes the properties of C-functions.

Theorem 35 We keep the notations of §14. In the theorem, all equalities are equali-
ties of meromorphic functions in v € ag.

(i) CQp(s,v) = Coip(s,v) o Cpip(l,v)~".
(ii) The following relations, valid for C* equals to C or C°, allow one to reduce the

computation of the C*-functions to CﬁQ‘P(l, V).
Lets, t € W(a). One has

Chp(t.v) = E(S)CuQx_l (5710, v), € ps(ts™1, 1) 0 R(s) = Chyyp (1. v).

|P
(iii) With the notations as in Definition 13, let ¢ € I5 of type T, n € V(8)disc»

CQIP(lv V)‘/fwr®n = w(A(Q,P,S,V)W)T®B(Q,P,8,v)n’
0
Corp(, Vo1 = ¥(a(0.P.6.v)0):@B(P.0.5.v)~ 11"

(iv) Functional equation:

E%Q, Coip(s, v)¥,v) = EX(P, ¥, v).

Proof. Part (i) and (ii) are essentially formal properties. The proof of (iii) reduces
to the case where P = Q. This case is treated separately. For v with Rev — pp
strictly X p-dominant and X € a strictly X 5-dominant, it is possible (see [Del96]) to
compute
lim PP EP Y, o, v)(gexptX)H). (15.3)
t—+00

This is a generalization of a classical and important lemma due to Langlands (cf.
e.g., [BW80]). This allows one to determine the C-functions for v in an open subset
of ag.. One finishes the proof by meromorphic continuation.

The functional equation follows from the definition of Eisenstein integrals and
the properties of the C-functions quoted above.
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16 Normalized Fourier Transform of the Schwartz Space and
Normalized Fourier Inversion Formula for t-Spherical
Functions

The following theorem is a consequence of the fact that normalized Eisenstein inte-
grals are II; ; (see [CD98], originally due to van den Ban and Schlichtkrull for P
minimal).

Theorem 36 (Definition of the normalized Fourier transform) Let P be as above.
For f € C(G/H, t), there exists a unique element f?,f e S@ia*) @ Ap(M/M N
H, tpy) such that

(FpH W), ¥) =/G/H(f(X),EO(P, ¥, v)(x)) dx,

veia, ¥ € Ao(M/M N H, ty).
The image of]-'g is contained in the space Sg (1) of elements ¥ of S(ia*) ®
Ao(M/M N H, ty) such that

W(sv) = Cpip(s, V)W (v), v €ia”. (16.1)
As a corollary of Theorem 26 and Theorem 32, one has

Theorem 37 If W is an element of S(ia*) @ Ao(M/M N H, tyy), the wave packet

(TOW)(x) = /

ia

E%(P, W), v)(x)dx, x € G/H,

is well defined and I?,\IJ is an element of the Schwartz space C(G/H, 7).

Definition 16 We choose a set, F, of o6-stable parabolic subgroups containing Ag,
such that, for all o0-stable parabolic subgroup, Q, there exists a unique P € IF, such
that ap and ag are conjugate under K. Notice that IF' is unique.

Now Theorem 30 allows one to compute fglg. One has easily that,if P, P’ € F
and P # P/, .7-'103,29, = 0. Moreover, .7-"21(}), is a multiple of the identity. One deduces
from this the following theorem (see [CD98]).

Theorem 38 Let

P =Y #W(ap)| ' TpFp.

PeF
It is an orthogonal projection in C(G/H, T), endowed with the L* scalar product.

The following theorem achieves the goal of writing elements in C(G/H, t) in
terms of D(G/H)-eigenfunctions (i.e., as sums of wave packets of Eisenstein inte-
grals). This is our first form of the Plancherel formula (see [Del98]).
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Theorem 39 The projection Py is the identity operator on C(G/H, 7). In other
words, for f € C(G/H,t)andx € G/H,

ro =Y wwan ™ [ e e @
ia*

PeF
Moreover the image Of@Pe[Ff?) is equal to @pEFS(I), (7).

Remark Notice that the contribution of P minimal, in the above formula, was de-
termined earlier by van den Ban and Schlichtkrull in [BS97b] by different methods,
which led them to the proof of the Plancherel formula and of the Paley—Wiener the-
orem (see the introduction).

Sketch of the proof. If P, were not the identity, going back to the K -finite functions,
one would find, with the help of the disintegration of Theorem 8 and of standard ar-
guments, a nonzero element ® of Ay, (G/H, T), which is orthogonal to the image
of P;. Then, one can generalize Theorem 27, on truncated inner products, by replac-
ing F’(v') by ®. The statement is different because the constant term of @ does not
necessarily have a decomposition as that of F’(v’) (cf. (12.1)). Then, using an ex-
tension of Theorem 30, this orthogonality of @ to the image of P; can be explicitly
described. As a result, ® has to be zero, a contradiction which proves the theorem.

17 Plancherel Formula and Fourier Transform of the Schwartz
Space of K-Finite Functions

With data as in §6.1, one defines the normalized H -fixed distribution vectors :
JOP 8. v, ) = (AP, P8, v)" ) j (P8, v,m),

where P = 6(P).

One defines the “normalized Eisenstein integrals” EO(P ,0,v,n,90), ¢ € I, by
changing j in j° in the definition of “Eisenstein integrals” (see Definition 11).

Let f be an element of C(G/H)x) and let v be an element of ia*. There exists
a unique element, (]—"gf)(é, ), of (Is)(k) ® V(8)aisc such that

(F2H)E,v), 0 @)

= G/H f(X)EO(P, 6’ v, n, (p)(-x) d-xv (p € (18)(1()7 n € V((S)diSC'
7.1

One defines the space
(Shix) = Sia) @ (D8 € MUs)x) ® VBlaise )

on which K acts by left regular representation on (Is)(x). One denotes by H}, the
Hilbert completion of (S }))( k) for the natural scalar product.
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One defines a representation p of g in (S 113)( k) by setting

mp(X)(a® ¢ @ n)v) = a()(@ ,(X)p) @ n.
X eg, veia*, aeS3ia%), seM,p e (s)k), 1€V s

Then (S}D)(K) is a (g, K)-module. One defines similarly a unitary representation of
GinH }D. One remarks that this representation of G is unitarily equivalent to

—_ (&)

_p
@/ T ® ldveg,, dv-
sem "

Here & means the Hilbert sum.

One denotes by f?, the linear map from C(G/H) ) in (8},)(1() whose §-
component is just the map f +— (fgf)(é, -). This is a (g, K)-module map (see
[CDIS)).

The following result is the K -finite version of Theorem 37.

There exists a unique linear map, I?,, from (S},)(K) into C(G/H) k) such that,
forall § € M, ace S(@ia*), ¢ € (Is)(k) and n € V(8)disc, one has

Ip@®¢9®n) = f a(W)E*(P, 8, v, 1, ¢)dv.
ia*

Now we will describe symmetry conditions satisfied by the normalized Fourier
transform which is just the transcription for K-finite functions of (16.1). They are
obtained by using the explicit description of C°-functions (see Theorem 35). These
conditions are a little bit more technical. We give them for sake of completeness.

Let s € W(a). As remarked before (15.1), our hypothesis (1.4) implies that one
can select s in the normalizer on K N H of ag, inducing s on a.

One defines a morphism ?(8, §) from Is @ V(8)gisc into Iz @ V(Sg)discdeﬁned
by

RG.5@®n =REp @1, @ €ls, 1 €V(disc- 17.2)

Here R is the right regular representation of G. One has used that, as s is in K N H
and normalizes M, V(8)disc = V(8% )disc-
One defines an operator in (S},)(K), Up(5), by

(Up(5)W¥(,v)

_ sl g 57! -1 -1 p psil —1 -1 7L 1
_R((S 7S)(A(P ,P,(S,S ,S U)®B(P1P 3S U) )\Il((S 7S V),
(17.3)

forall W € (Sh) k), 8 € M, v € ia*.

Actually Up(5) does not depend on the choice of § and is denoted by Up(s).
Then Up is a representation of W(a) by isometries. One denotes by (Sg)(K) the
subspace of invariant elements in (S }))( k) by this action of W (a).
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Let H(}, be the closure of (S?,)( K) in H}D. By continuity, one has a unitary repre-
sentation U p of W (a) in H}D and one has

HY = (HLV@,

One sets S'K) = ®per(Sp) (k) and H* = @ pcrH ), where o stands for O or 1. For
f € C(G/H)k), one defines

FOf == (W (ap) ™ Fp fper € Sik)- (17.4)

1

(k) to C(G/H) ) whose restriction to (811,)(1() is

Let Z° be the linear map from S
(#W (ap)) =T},

The following theorem is the K -finite version of Theorem 38 ( see [Del98]).

Theorem 40

(1) FOis an isometric isomorphism from C(G/H ) k), endowed with the L? scalar
product, onto the orthogonal sum S?K) of the (S?,)(K). Its inverse is the restric-
tion of I° to S?K)'

(ii) The map F° has a continuous extension, F , which is a unitary operator be-
tween L>(G/H) and HC, intertwining the represenattions of G.
Let T be the continuous extension of I°. Its restriction to HC is just the inverse
. —0
mapping to F .
(iii) Let .y be the Dirac measure in eH on G/H. One has the equality of distribu-

tion vectors
dim(V(‘S)disz:) /@

Sert ooy =) ) . *jO(P"S’ v i) @ ni dv.
PeF seprp i=1 1ap

Here (n;) is an orthonormal basis of V(8) gisc-

Remark If one selects, for all P € IF, a fundamental domain for the action of W (ap)
on ia},, that we denote by ia}, / W (ap), taking into account the symmetry conditions

(17.3), Theorem 40(ii) shows that the left regular representation of G in LX(G /H)
is unitarily equivalent to the representation

®
P
P P / 75, ® Idys) . dv.
iap/W(ap)

PeF semp

If (m, Hy) is a continuous unitary representation of G, the space of distribution
vectors H * is just the topological dual of the space of C*°-vectors H:°. Using the
scalar product, H, can be embedded antilinearly in H_°°. Now one has

() € HY ifo € C°(G) and & € H ™
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orifp € C2°(G/H) and & e(Hn_OO)H. (17.5)

IfPeF,8ec Mp,ne V)i, and v € ia%, one defines a distribution 2®§,’3 on
G/H by

pOTT(f) = (s ) (£ %P, 8. v, ). j°(P. 8. v ),  feCX(G/H).

(17.6)

One defines also p@?"j by replacing jO by j in the preceding definition.
Corollary of Theorem 40

(i) For f € C°(G/H),

dim(v(‘s)disc) .
ety = Y wwen [ el
PeF,seMp i=l1 1ap
where (n;) is an orthonormal basis of V(8)gisc-
(ii) For f € C°(G/H),
dim(V()aise) .
ey = Y ewan [ el e ma.
PeF,5eMp i=l1 1ap

where wp (8, v) is defined in Theorem 34.
(iii) These formulas are also true for f € C(G/H).

Remark The “Plancherel factors” pp (8, v) have not been completely computed.
The group case was done by Harish-Chandra, [HC76b] (see also A. Knapp and G.
Zuckermann, [KZ82], for another approach). As these Plancherel factors are coming
from intertwining integrals, their computations are in principle reduced to:

(a) the determination of embedding of discrete series into principal series attached
to Py (see [Osh88] and [Car)),
(b) their determinations for P = Py.

Notice that the computations of Harish-Chandra in the group case were done by
totally different methods, i.e., methods of invariant harmonic.

Acknowledgement. 1 thank very much S. Souaifi for his help and useful comments during the
preparation of this survey.
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