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1 Introduction

Reductive symmetric spaces

The purpose of this exposition is to explain the structure of the Plancherel
decomposition for a reductive symmetric space, as well as some of the ideas
involved in its proof.

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 accomodate a certain type of inductive argument that pervades his
papers [56]-[58]. We briefly recall the definition and main properties of this
class in an appendix.

We assume o to be an involution of G, i.e., o € Aut(G) and o2 = I.
Moreover, H is an open subgroup of the group G of fixed points for o.
Equivalently, H is a subgroup with the property

(G%)e CHCG?.



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

The reason for the terminology symmetric space is the following. Let
the derivative of o at the identity element e be denoted by the same symbol.
Then o is an involution of the Lie algebra g, which therefore decomposes as
the direct sum

g=hoq (1.1)

where h, g are the +1 and —1 eigenspaces for . 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 non-degenerate indefinite
inner product . 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
(e to be a suitable extension to q of the Killing form’s restriction to [g, g]Nq.
From T.g(G/H) ~ g/h ~ q and the H-invariance of (. it follows that .
induces a G-invariant pseudo-Riemannian metric on G/H by the formula

Borr = (L) B (9€G).

The natural map ¢ : G/H — G/H, gH — o(g)H can be shown to be the
geodesic reflection in the origin eH for the metric 8. By homogeneity it
follows that the (locally 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 com-
pact subgroup of G and let H = G?. The Killing form’s restriction to
[g,8] N q extends to an H-invariant positive definite inner product on q,
so that X = G/H is a Riemannian symmetric space. In this case the involu-
tion o is called a Cartan involution and it is customary to write K = H and
o = 0. By the work of E. Cartan, it is well known that every Riemannian
symmetric space of the non-compact 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) - © = gixg, *. The stabilizer of



‘e in G equals the diagonal subgroup H = diagonal (‘G x ‘G) of G. Hence,
the map (g1, 92) — 9195 ! induces an isomorphism of G-spaces

G/H ~'G.

Moreover, H = G, where o is the involution of G defined by (g1, 92) —
(92, 91)-

R’ (p=1)

Xpgforp=1

Example 1.3 (The real hyperbolic spaces) Let p,q > 1 be integers, and
put n = p + q. We agree to write z = (2/,2”) according to R ~ RP x RY.
Let (-,-) denote the standard inner products on RP and RY and define the
indefinite inner product 8 on R™ by

Bz, y) = (=) — (=", y").

The real hyperbolic space X,, ; is defined to be the submanifold of R" con-
sisting of points x with §(z,x) = 1, or, written out in coordinates,

2 2 2 2 _
Tyt T, =Ty — - — Xy, =1

Moreover, if p = 1, we impose the additional condition 1 > 0 to ensure that
Xyp,q is connected. In this case we may visualize X, ; as in the picture above.
In case p > 1, we may visualize the space X, , as in the picture below.



(p>1)

Xpgq forp>1

The stabilizer of 8 in SL (n,R) is denoted by SO (p,q). Its identity com-
ponent SO.(p, q) acts transitively on X, ,. Moreover, the stabilizer of e; =
(1,0,...,0) equals SO.(p — 1, ¢q), so that

Xp,q = SOe(p7 Q)/Soe<p -1, Q) .

We define a pseudo-Riemannian structure § on Xpq by

Bx:ﬂ

TEXPaq

Clearly, 3 is SO¢(p, q)-invariant. Moreover, from
T, Xy, = RPT X RY

we read off that § has signature (p — 1,q). Thus, if p = 1 then Xpq 18
Riemannian; if p > 1 then X, , is pesudo-Riemannian, and one can show
that X, 4 lies outside the range of Examples 1.1 and 1.2 in case p = ¢ = 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 e;; the other geodesics are



obtained under the action of SO.(p, ¢). The geodesic reflection in the origin
e1 is given by the restriction to X, , of the map S : z — (21, —x2,..., —zy).

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)xU (p—1, ¢)) and (Sp (p, q), Sp (1) x
Sp (p — 1,q)), respectively.

The Plancherel decomposition

Being reductive, the groups G and H are unimodular. Therefore, the sym-
metric 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 L?(X) = L?*(X,dr). 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 L*(X) by

Lyf(x) = flg~ ), (1.2)

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

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

®
(L, L*(X)) :/@ My dp(m). (1.3)

Here G denotes the set of equivalence classes of irreducible unitary repre-
sentations of GG, equipped with a certain topology. Moreover, du is a Borel
measure on @, called the Plancherel measure. Finally, # — m, is a mea-
surable function on G with values in N U {o0}, describing the multiplicities
by which the reprentations 7 enter the multiplicities. 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 Rie-
mannian symmetric 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 com-
pleteness 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 completeness
result was established through the works by S. Helgason [60] and R. Gangolli
[47] on the Paley-Wiener theorem and independently by Harish-Chandra as
a by-product of the theory of the discrete series, [53].

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 P. 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 continuous 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 classification 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 an-
nounced 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 se-
ries, 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-LefHler Institute
near Stockholm, Sweden, Delorme on the one hand and Van den Ban and
Schlichtkrull on the other, independently announced to have found a proof
for the general Plancherel theorem. At 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.
Delorme’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 information 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 will discuss 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 important
role in the theory. These ideas will be illustrated with the 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, by 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 de-
compostions 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 normal-
ized 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 continuous part of the Plancherel decom-
position is characterized by the help of certain differential operators. At
that point the exposition will have covered the description 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 residual 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 calculus 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 represention
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 chosen for a somewhat naive presentation. Its sole purpose is to
provide motivation for the constructions, 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/27Z, H = {0}, then X = G/H ~



R/27Z. Let dx/2m denote translation invariant measure on X, normalized
by [ g—fr = 1. There is a natural unitary representation L of G on L?(X)
given by Ly f(x) = f(—g +2).

For n € Z, let L?(X),, denote the one-dimensional complex linear space
spanned by the exponential function z + €®. Then

L2<X) = é;nEZ Lz(X)n7

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

R , 2m . dr
fn)={f,e" rzx) = (z)e™™ o
0 T
Here and in the following, complex positive definite inner products will be
denoted by (-, -), and will be assumed to be anti-linear 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 z - (¢, )nez = (67" ¢,)nez. The Plancherel
theorem asserts that the Fourier transform is an isometry from L?(X) onto
?%(Z); whence the Parseval identities. Equivalently, the Fourier transform
is inverted by its adjoint 7, which is given by

(Cn)nEZ — Z Cnem. .

neZ

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 dz on G by requiring
it to be normalized, i.e., fG dx = 1. The left regular representation L and
the right regular representation R of G in the associated space of square
integrable representations are defined by

Lyf(x) = f(g~'x) and Rgf(z) = f(zg), (2.1)

for f € L?(G), g € G and = € 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 repre-
sentations of G. According to the Peter-Weyl theorem the following is a

10



G x G-invariant orthogonal direct sum decomposition,
L2(G) = 6@(%@ LZ(G)(;, (2.2)

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

M;s(T)(x) = tr (6(x) "L o T) (T € End (Vy),z € G).

The map M; intertwines the representation § ® ¢* of G x G in End (Vj) ~
Vs ® Vi with the representation L ® R of G x G in L*(G). The latter is
unitary because dz is bi-G-invariant. We equip End (V) with the Hilbert-
Schmid (or tensor) inner product (-, -)us and denote the associated norm
by || - |las- Then by the Schur orthogonality relations, the map v/dim é M;
is an isometry, for every d € G.

A straightforward calculation shows that the adjoint of My : End (V) —
L?(@) is given by the map L?(G) — End (Vy), f + d(f), where, as usual,

5(f) = /G F()(x) da. (2.3)

It follows that for every § € G the map f — /dim o d(f) is an isometry
L?*(G)s — End (Vj). Accordingly, if f € L?(G), then

11172y = D dim(8) [6(f)] -

5eq

We equip the algebraic direct sum of the spaces End (Vj), for 6 € @, with
the direct sum of the inner products dim(d)(- , - )us. The completion of this
pre-Hilbert space is denoted by

9= By End (V). (2.4)

The direct sum 7 of the representations d ® §* is a unitary representation of
GxGin 9.

For f € L?(G) we define the Fourier transform f € § by f(6) = 6(f) €
End (Vs), for every § € G. Then the Peter-Weyl theorem implies that the
Fourier transform f — f defines an isometry L2(G) ~ §, intertwining the
unitary representations L ® R and m of G x G. This result is called the
Plancherel theorem for the group G. The associated decomposition

LOR~®;. 5 6®0" (2.5)

11



as a representation of G x G is called the Plancherel decomposition. Its
constituents d ® 0* 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 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) = dimé Ms(Ty),

5eG

for T = (T5 | § € G) € §. In particular, the orthogonal projection Py :
L*(G) — L*(G)s is given by

Py(f) = dim & Ms(f(5))- (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, Cx V — 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 1+ (-, 1)y induces an isomorphism from V onto the dual Hilbert
space V*, via which we shall identify. Note that the dual inner product on
V* corresponds with the inner product on V' given by (v, w)y = (w, v)y
for v,w e V.

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

Ms(v ®@n)(z) = (v, 6(x)n)v; , (2.7)

forve Vs, meVsand z € G.

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).

12



Accordingly, the left regular representation Lx of G in L?(X) coincides with
the restriction of L.

Let the matrix coefficient map M; : Vs ® Vs — C™(G) be defined as in
(2.7), and put

MX,6 = MJ‘V(;@V? .

Then by right equivariance of M; it follows that Mx s maps Vs ® V? bijec-
tively onto

L*(X)s := L*(G)s N L2(G).
Moreover, the map Mx ; intertwines the G-representations § @1 and L. The
adjoint of the map Mx s is readily seen to be given by

f e Fx(8) = fO)yu eVsaVy.

Let G g denote the set of § € G with the property that Vs has non-trivial H-
invariant elements. Then it follows from the invariance of the decomposition
(2.2) that

LX(X) = Bseq,, 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) = dim d Mx 5(fx(9))-

Next, let $), 7 be defined as in (2.4) and let $x be the closed subspace of $

consisting of elements that are m(e, h)-invariant for all h € H. Then
~ —H
Hx = @5€é ‘/5 ® V5
Let mx be the representation of G in $x given by nx(g9) = 7(g,e), for
g € G. Thus, mx is the orthogonal direct sum of the representations d ® 1,
for § € G. The above reasoning leads to the following Plancherel theorem
for the compact homogeneous space X.
The Fourier transform f +— fy defines an isometry from L?(X) onto x,
which intertwines the representations Lx and wx of G. Thus, we have the

unitary equivalence
Lx ~ EB&EéH mg 0, (29)

where mgs = dim(V?). Moreover, the inverse transform Jx is the adjoint of
f — fx and given by

Ix(T) = > dimd Mx 5(T)
56@[—[
for T € 9x.

13



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 ¢ of G. Then the asso-
ciated homogeneous space X = G/H is a compact symmetric space. In this
case it is known that

dimVy =1 (2.10)

for § € Gy. Thus, it follows from (2.9) that (Lx, L2(X)) admits the multi-
plicity free decomposition

Lx ~ 5. (2.11)

®5€@H
If G = SO(n), 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),

LO®R~ G55 6® 0" (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 naturally 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 decompo-
sition (2.12). The irreducible representations of G are the representations
of the form ¢ ® p, with § and p irreducible representations of ‘G. Let Vj
and V), be (finite dimensional) Hilbert spaces in which ¢ and p are realized,
respectively. Then

(‘/;5 X Vp>H =~ Hom‘G(Vp*a V;S)a

14



naturally. It follows that the map § — ¢ ® §* induces a bijection
\é >~ @ H-
Moreover, if § € \@, then (Vs ® Vi#)H ~ CI, by Schur’s lemma, which is in

agreement with the more general assertion (2.10). The decomposition (2.11)
is thus seen to coincide with (2.12).

Harmonic analysis on non—compact spaces

If the reductive symmetric space X = G/H is compact, then the Plancherel
decomposition corresponds to the decomposition of L?(X) into invariant
subspaces, which are finite multiples of irreducible representations, see (2.8).

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

Fix a choice of Lebesgue measure dx on R", then there is a Fourier
transform f — f given by

A~

F© =] flx)e da,
Rn

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

(La/)"(&) = me(a)f(§) (£ €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 7.
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

Totw)= [ @, (2.13)

for o € S(i(R™)*). The identity J oF = I combined with (2.13) leads to the
inversion formula

f= [ fOE, wer,

15



for f € S(R™). It exhibits each Schwartz function f as a superposition of the
functions fe : x — f (€)ef, for & € iR™. However, none of the components
fe is contained in L*(R™). For each ¢, let H¢ be the one-dimensional linear
span of the function e® in C°°(R"). Then H; is an invariant subspace for
the left regular representation of G in C°°(R"™). The restriction of the left
regular representation to He is equivalent to m¢. Thus, the Plancherel de-
composition for the Euclidean Fourier transform yields a decomposition of
L into irreducible unitary representations that may be realized on invariant
subspaces Hg of C(RY).

For a general reductive symmetric space X = G/H of the non-compact
type there exist analogues of the components f: € H; mentioned above,
with £ ranging over the irreducible unitary representations of G. However,
due to the fact that these representations generally are infinite dimensional,
we shall only require that the so-called subspaces of smooth vectors of He
are realized as invariant subspaces of C*°(X).

The abstract Plancherel theorem

Let X = G/H be a reductive symmetric space of Harish-Chandra’s class and
let dz 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 maxi-
mal compact subgroup, the Plancherel theorem for G/ K can be derived from
the similar theorem for G, since L?*(G/K) may be identified with the space
of right K-invariant functions in L?(G). Accordingly, the irreducible uni-
tary representations 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 non-compact, such a simple relation
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 7w be a continuous representation of G in a Hilbert space H. A vector
v € H is called smooth if the map G — H, z — m(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

[ llo: v = Uvlln, (U e€U(g))-
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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, - )|nee we obtain a continuous linear embedding

H— H >,

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

<£’ U) = S(v) and <Uv €> = <€7 U>.

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 w. Given such a vector 1 we define
the map m,, : H* — C*°(G/H) by

my, (v)(z) = (v, w(z)n),

for v € H*® and « € G/H. The map m,, belongs to the space Hom ¢ (H*°, C*°(X))
of G-equivariant continuous linear maps H>® — C°°(X). If 7 is irreducible
and 1 # 0, then m,, is an embedding.

Lemma 2.1 Let (7, H) be an irreducible unitary representation of G. Then
the map n — m,, defines a linear isomorphism

(H=>) = Hom g(H>®,C>®(X)).

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

(m(R)nr)(v) = nr(m(h)~'v) = T(x(h)~1v)(e) = (Tv)(hH) = nr(v).

Hence, nr is H-invariant and we see that T' +— nr is a linear map from
Hom ¢(V>°,C®(X)) to (H=>°)". We will show that this map is a two-sided
inverse for the map n — m,,. If 7' = m,,, one readily verifies that n = nr.
Conversely, let 7 = . Then by equivariance of T" we find, for v € H* and
g€aq,

my (v)(9H) = (v, 7(g)n) = (n(9)~'v, 1) = T(n(g9)~"v)(e) = T(v)(gH),

whence m,, =T O
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Let G denote the set of equivalence classes of irreducible unitary rep-
resentations of G. For each m € G we assume H, to be a Hilbert space in
which 7 is unitarily realized.

Lemma 2.2 Let 7 € G. Then dimg (H;%°) < .

Proof. See [3], Lemma 3.3. The idea is to select a non-trivial vector v €
‘H that behaves finitely under the action of a suitable maximal compact
subgroup. The map 7 ~— m,(v) maps the conjugate space of (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. O

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

C®(X)n i= Mo (H @ (H>)H), (2.14)
where M is the matrix coefficient map determined by

My (v @ n)(z) = my(v)(z) = (v, 7(x)n).

The space C*°(X), is called the space of smooth functions of type . It is
the appropriate 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

Gp = {re@| =) £0}.

We wish to specify a locally compact Hausdorff topology on (a subset of) G H,
and a Radon measure dp on (that part of) Gu together with continuous G-
equivariant linear operators C°(G/H) — C*(G/H)x, f — fx, for m € Gy,
such that

f= /éH fr du(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(x) | 7 € Gy) of f by

~ A~

fm) e HF @ (Hz™) ,  Mx(f(7)) = fx, (2.16)

for m € Gp. Since M, is a G-equivariant embedding, the map f — f(Tr)
intertwines the G-representations L and 7 ® 1.
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In addition to (2.15) we now require that f — f be an isometry in
the following sense. For each 7 € G g there should exist a linear subspace
Vi C (H7)H, equipped with a positive definite inner product, such that
F(7) € Hy ® Vg for all f € C°(X) and 7 € G, and such that

ey = [ IF@I dutr). (2.17)

Finally, the image of C'2°(X) under f — f should be a dense subspace o of
the Hilbert space $) consisting of all families (T; € H, ® V. | 7 € Gy) that
are measurable in a suitable sense and satisfy | an 1T 2|12 dp(m) < oo.

By (2.15) and (2.16), the inverse operator J : § — L?*(X) is given by
JT = | M(T,) du(r).
Gg

for T' € 9. Moreover, by unitarity of the Fourier transform it must be the
adjoint of f+ f. Thus, for f € C°(X) we should have

/aH<f, My (T)) g2y i) = /€}H<f<w>, T,) dy(r)

This leads to the insight that the Fourier transform should be given by
(f(r)s Te) = (f » M(Tr)) 12(x) 5

for a given 7 € @H and all T, € H,QV,. f T, = v ®m, then the right-hand
side becomes

/ £(2) T, 7@y da = (x (), v)
X

where we have used the notation

m(f)n = (z)m(x)n dz,
G/H

forn € (H=>°)" and f € C°(G/H), although strictly speaking this notation
is in conflict with (2.3). Note that 7(f)n is a smooth vector in H.

In view of the identification H, ® V,; ~ Hom (V,, H,), it follows from
the above that the Fourier transform f(m) of a function f € C2°(X) is given
by

() = 7(f)ly, = /G L J@n, de.
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The discrete series

An irreducible unitary representation m 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

Hom ¢ (M, L*(X)) # 0. (2.18)
By equivariance, an element T from the space on the left-hand side of the
above inequality 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 H* in H it thus follows that
restriction to the space of smooth vectors maps the space induces an em-
bedding Hom ¢(H,, L?(X)) onto a subspace of Hom ¢(H2°, C°°(X)). Via the
isomorphism of Lemma 2.1 the latter subspace corresponds to a subspace

(H™)i < (H>)". (2.19)

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

H™ @ (H;*°)H has a unique extension to a continuous linear map H, ®
(Hz>°)iL — L*(X). In accordance with (2.14), we define, for m € X/,

LX(G/H), == M, (H,r ® Wﬁi) .

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 . Alternatively, such a function can be characterized by
the condition that its closed G-span in L?(X) is a finite direct sum of copies
of .

Let P, denote the orthogonal projection L?(G/H) — L*(G/H),. If «'
is a second representation of the discrete series, not equivalent to m, then
the the restriction of Py 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

mobn = L*G/H), L L*(G/H).

The discrete part of L?(G/H) is defined to be the closed G-invariant sub-
space

L2(G/H) = cl <@W€XQS L2(G/H)W) . (2.20)
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In the complementary part L3(G/H)L, the discrete series will occur with
du-measure 0 so we may take

Vi = (H;)H (2.21)

The map B
My : Hy @V — L*(G/H), (2.22)

is a continuous linear bijection, intertwining the representations 7 ® 1 and
Ll12(G/m),- It is readily seen that Vp 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 invari-
ant differential operators on X = G/H will play an essential 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), i.e.,

L,Df =DL,f,

for all 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

/Df(x)@ dx:/f(a:)Dg(x) dz, (2.23)
X X

for f,g € C°(X).
An operator D € D(X) with D = D* is called formally self-adjoint. The
following result is due to [3].

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

It follows from the above theorem that every formally self-adjoint op-
erator 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
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generator D, then G and Up commute. Applying the general representa-
tion theory of locally compact groups to G x Up one can show that there
must be a desintegration of L over which the action of D diagonalizes.

Let us see what this means in terms of the decomposition (2.15). If
u € U(g)!, 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 homomor-
phism of algebras. Its kernel equals U(g)" NU(g)bh.

Proof. See [82], Prop. 4.1. O
We denote the induced isomorphism by

r:U(@)"/U(@)" NU@@)h = DX). (2.24)

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

Let m be a unitary representation of G. Then U(g) acts naturally on
H and on ‘H;>°. Moreover, U(g)¥ preserves the subspace (H; ). This
induces the structure of a U(g) /U(g)" N U(g)h-module on (H,>)". Via
the isomorphism 7 we may thus view (H->°)¥ as a D(X)-module. Since
every complex linear endomorphism of (H;°°)¥ is also a complex linear
endomorphism of the conjugate space, we see that (Hx °)H is a D(X)-module
as well.

The following result follows from the definitions given.

Lemma 2.6 Let 7 € Gy. Then, for all D € D(X),
Do M, = Mo (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 commuta-
tivity of D(X), we expect the action of D(X) on V; to allow a simultaneous

diagonalization.

Example 2.7 Let X = ‘G with ‘G be a Lie group, viewed as a symmetric
space for the left times right action of G = ‘G x ‘G. Then D(X) equals
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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)'C. If G is a real reductive group of Harish-Chandra’s
class, then the latter algebra equals the center of the universal algebra. We
recall that in this setting Gy consists of the representations of the form
TR, with m € \G. These representations are naturally realized in E; =
End (H,)gs. Moreover, (E-°°)# = CI;;. and the action of D(X) on this
space is given by the infinitesimal character of .

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 self-adjoint operator from D(X) leaves the space L?(X),
invariant and admits a simultaeous diagonalization on it; see [3] for details.
Since D(X) is a commutative algebra, spanned by its formally self-adjoint
operators, it follows that D(X) leaves L?(X), invariant and admits a simulta-
neous diagonalization on it. Using (2.22) and (2.25) we can now deduce that
D(X) leaves the subspace V; := (H;>®)L of (H;°°)! invariant. Moreover,
the following result is valid.

Lemma 2.8 Let w be a representation from the discrete series of X. Then
the action of D(X) on Vi 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
Harish-Chandra’s class, see Section 15. Moreover, we assume that o is an
involution of G and that H is an open subgroup of G7; thus,

(G9)e < H < G°. (3.1)

Lemma 3.1 There exists a Cartan involution 0 of G that commutes with
o, i.e.,
cgofl=0oc (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 Harish-
Chandra’s class one may proceed as follows. We refer to the Appendix for
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unspecified notation. Being an involution, o leaves the semisimple part g;
and the center ¢ of g. On the level of the group, o preserves the maximal
compact subgroup T of C,. Hence o preserves t and since 02 = I we may
select a o-invariant complementary subspace v of t in ¢. It follows that
o(V) = V. By the result for the semisimple case, G1 has a Cartan involution
01 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
compact 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 € in g and the map (k,X) — kexpX 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 (G7). = (K N G?).exp(p N g7). By looking at
tangent spaces, we see that (K N (G%)e)exp(p N g?) is an open subgroup of
G?. Hence, (K NG7)e = KN (G)e. In view of (3.1) we may now conclude
that

H=(HnNK)exp(hnp). (3.4)

In particular, it follows that H is #-stable.
Since o and 6 commute, it follows that g admits the following joint
eigenspace decomposition for o and 0:

g=¢tNqg @ tNh & png @ pnh. (3.5)

From the fact that o and # commute, it also follows that the composition
o6 is an involution of G, which commutes with 6. Let

g=0+ Do (3.6)

be the associated decomposition of g in +1 and a —1 eigenspaces, respec-
tively. One readily sees that gy = €Np and g = pNg. Since K N H
normalizes p N q it follows by application of the Cartan decomposition that

Gy :=(KNH)exp(pnNyq), (3.7)

is an open subgroup of G?%, hence a reductive group with the Cartan de-
composition given by (3.7).
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Lemma 3.2 The map (k,X,Y) — kexpXexpY is a diffeomorphism from
K x (pngq)x (pNh) onto G. Accordingly,

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

Proof. This result is due to G. Mostow, [73]. For details we refer the reader
o [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, since
pNg=pand pNh=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
(pNq) 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/KNH, with fiber
pNa.

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

In the notation of Example 1.3, let J : R® = RP x R? — R" be defined
by J(z',2") = (—2',2"). Then the inner product § is given in terms of the
standard inner product of R™ by the formula §(z,y) = (Jx,y). From this
it follows that the Lie algebra so(p, q) consists of the real n x n matrices A
satisfying A* = —JAJ. Thus, so(p, q) consists of matrices of the form

B Ct
¢ D )’

with B an anti-symmetric real p X p matrix, D an anti-symmetric real ¢ x ¢
matrix, and with C' a real p x ¢ matrix. Moreover, the involution o of
so(p, q) is given by A — SAS, and a commuting Cartan involution is given
by A — —A! Tt follows that the decomposition (3.5) is indicated by the
following scheme

1 p—-1 ¢

1 0 tENg pnNg
p—1 tNng tNbH pnh |,
q pNg pnb ENDh
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which shows where the non-zero 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; =S x {0},

where SP~! is the unit sphere in RP. The fiber of the vectorbundle (3.8)
over ey corresponds to exp(p N q) - e1; it is given by the equations

Ty =---=x, =0, mlz\/1+x§+1+---+x%.

The projection p : RP 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 (q) and
{I} x SO (q) stabilizes the fiber over e;.

]Rq

]RP

Xp.q as an R%-bundle over SP~!

The polar decomposition

We fix a maximal abelian subspace aq of p N q. From (3.7) we see that any
other choice of a is conjugate to the present one by an element of (K NH)e.
The dimension of a is called the o-split rank of G, or the split rank of the
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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 non-zero weights of aq in g form a possibly non-reduced
root system, denoted 3(g,aq) = 3.

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

Proof. The assertion that 3 is a root system is due to [80]. For the remaining
assertions, details can be found in [5], Lemma 1.2. O

Note that ¥ need not span the dual of ay, since g may have a center. In
fact, the intersection ayxq of all root hyperplanes in a, is easily seen to be
equal to center(g) Np N g.

If G is a non-compact reductive group and H a non-compact closed sub-
group, non-zero constant functions on H do not belong to L?(H). Therefore,
one cannot make the identification L?(G/H) ~ L?(G)" and the Plancherel
theorem for G/H cannot be viewed as contained in that for G. In par-
ticular, the Plancherel theorem for a non-Riemannian reductive symmetric
space G/H cannot be obtained in the above fashion from Harish-Chandra’s
formula for the group.

We define the subgroup Wgxng of W to be the natural image of the
subgroup Ngnm(aq) of Nk (aq).

From the Cartan decomposition (3.3) it follows that exp is a diffeomor-
phism from a4 onto a closed abelian subgroup A, of G. Via this diffeo-
morphism W acts on Ay. In the Riemannian case (¢ = ) we have the
G = KAyK decomposition, where the Aj-part is uniquely determined mod-
ulo W. The generalization of this result to the present context is as follows.

We define Aq® = exp(aq®), where ag™® is the complement of the union
of the root hyperplanes kera, o € ¥. Alternatively, Aq™® 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 =
KAH. If x € G, then x € KaH for an element a € Ay that is uniquely
determined modulo Wgnp. Finally,

Xy = KAH

viewed as a subset of X, is open dense.
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Proof. We consider the reductive group G defined by (3.7). Now aq is
maximal abelian in pNq, and since (3.7) is a Cartan decomposition it follows
that

Gy =(KNH)A(KNH),

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

In the following we will always assume that W C Ng(aq) is a set of
representatives for W/Wgnp. By this we mean that the natural map

W = W/Wknn (3.9)
is a bijection.
Corollary 3.7 Let A} be a chamber in Aq®. Then
Xy =Upew KATvH  (disjoint union). (3.10)

Moreover, if x € Xy then x € KavH for uniquely determined v € W and
a€ Af.
q

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 v1,v2 € W and assume that Kaiv1H =
Kaovo H for ay,as € Az[. Then Kvl_lalle = Kv;lagvgﬂ, hence vl_lalvl
and vy Lagvg are Wgkng-conjugate by Lemma 3.6. This implies that v; and
vy determine the same coset in W/Wkng, hence are equal. O

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

O 0 1

0 0
Y=1": 0

0

1 0 - 0

Then a, = RY is maximal abelian in p N g. One readily checks that

cosht 0 --- 0 sinht
0 0
at = exptY = : 1 :
0 0

sinht 0 --- 0 cosht
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from which it follows that

Aqe1r = {coshte; +sinhte,|t € R}
{zeR"2;,=0,1<i<n,ai—z=1}.

It is now readily seen that KAqe1 = X,4, and we conclude that G =
SOc(p, q) acts transitively on X, ,. We also see that G = KA H. It is now
straightforward to verify the statements of Example 3.4.

In the present situation the root system is given by ¥ = {£ «a}, where
a(Y) = 1. Thus, W = {£1}. Moreover, there is a significant difference
between the cases ¢ = 1 and ¢ > 1. If ¢ = 1, then Wxny = {I}, but if
g > 1 then Wgng = W. See [82], Example 2.2, for details. The difference is
reflected by the fact that X = X, , \ (RP 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 006 =1
on ag, the involution o o @ leaves each root space g., for o € X, invariant.
It follows that the root space decomposes compatibly with (3.6),

go = (8o N g+) B (gaNg-).
Accordingly, m,, := dim g, = mS + m,, where
mE = dim(g N ).

We will also need the following notation. Recall that exp : a; — Aq is a

diffeomorphism. We denote its inverse by log. If u € ag., we put

at =et1os) (g e A). (3.11)
In other words, (exp X)* = e*(X) for X € a,.

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 € LY(X),

/Xf(:c)dx =>

/ f(kavH)J(a)dadk .
vew K A(T

Here J(a) = [[pest (a® — a_o‘)mj;(aa +a~%)™e with X1 the positive system
determined by af .
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The computation of the Jacobian is due to M. Flensted-Jensen, [45],
Thm. 2.6., Eq. (2.14). Note that in the above formula, A is a chamber for
Y., whereas in the mentioned result of [45], the integration is reduced to a
bigger chamber in A, for the smaller root system (g4, 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.

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 Riemannian
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(l) the universal enveloping algebra of its complexification.

Let g4+ and g_ be as in (3.6). Then

g-=8tNh @& pny and g-=%8tNg @& pnNh.
One readily checks that gy is a subalgebra and that [g4,g_] C g—, hence
gl i=gr @ig-

is a real form of the complexification gc of g. A nice feature of this dual real
form is that the roles of # and o become interchanged. More precisely, let
O: and o¢ be the complex linear extensions of § and o to g¢, and define

ed:O'C|gd, O'd:043|gd.

Then ker(6¢ — I) = (6N b) @ i(pNh). It is well known that € @ ip is a
compact real form of gc. Hence, 6¢ 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

t? = ker(#? — I) = h. N g?.
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Let H: be the analytic subgroup with algebra h.. Then X% = Gd/Kd is a
Riemannian real form of the complex symmetric space G¢/Hc.

Example 4.1 Let X = X,,.; = SO¢(p, q)/SO¢(p — 1,¢). As a complexifica-
tion of X we may take SO (n)c/SO (n — 1)¢, where n = p + ¢. Moreover, the
dual Riemannian form becomes X? = SO.(n — 1,1)/SO¢(n — 2,1).

Lemma 4.2 There is a natural isomorphism
D(X) ~ D(X%). (4.1)

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

D(X) =~ U(g)"/U(e)" NU(g)h
= Ule)h/U(9)" NU(a)h
= U@ /U@ U = DX?).
If H is non-connected, 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

Example 4.3 Let X = X, , be real hyperbolic space. 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+ q. Now D(X9) is the polynomial
algebra generated by the Laplace-Beltrami operator O on X?. Under the
isomorphism (4.1), O corresponds to the pseudo-Laplacian O, , on X, ,.
Consequently, D(X) is the polynomial algebra generated by O, ,.

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

v D(XY) = I(ay),

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

variants in S (ag) for the action of the reflection group W (g?, a‘g) of the root
system of ag in g¢. In particular, it follows that ID(X?) is a polynomial algebra

of rank dim ag. Combined with Lemma 4.2, this leads to the following.

Corollary 4.4 ID(X) is a polynomial algebra of rank dim ag. In particular
1t 15 commutative.

Corollary 4.5 The characters of the algebra D(X) are of the form x :
D +— ~(D, \), with A € ag;. Two characters x and X, are equal if and only
if X and pu are conjugate under W (g, ag).
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Cartan subspaces

We shall now discuss, for the symmetric pair (g,h), the analogue of the
notion of a Cartan subalgebra for a real reductive Lie algebra.

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

(a) b is abelian;

(b) b consists of semisimple elements.

By using 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 f-stable, i.e., invariant under the involution 6.

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

For each Cartan subalgebra ‘j C ‘g, the space by := {(X,—X) | X € Y} is
a 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 g; it induces a bijecion from the the finite set of
‘G-conjugacy classes of ‘0-stable subalgebras onto the set of H-conjugacy
classes of Cartan subspaces of q.

A particular Cartan subspace of q is obtained as follows. Let
ag CpNgq (4.2)

be a maximal abelian subspace. Being a subset of p, the space a, consists
of semisimple elements. Let m; be the centralizer of aq in g, then m; Ng C
(miNeNq)®aq. Let t C my NENq be maximal abelian. Then t consists of
semisimple elements, hence so does

b:=tDaq.

Clearly, b is a f-stable Cartan subspace of q. We call it mazimally split, since
g splits maximally for the action of b by ad. Note that the number dim a,
(the rank of the Riemannian pair (g4, pNq)) is independent of the particular
choice of a4. This number is called the split rank of X or the o-split rank
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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 =bnNpdi(bNe
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 I(b) = I(a). Let v : D(X) — I(b)

be the map which makes the following diagram commutative

The vertical isomorphism on the left side of the diagram is the natural iso-
morphism indicated in the proof of Lemma 4.2. Since ¢ is an isomorphism
of algebras, it follows that v is an isomorphism as well. The latter is called
the Harish—Chandra isomorphism for D(X) and b. The well-known descrip-
tion of ¥? in terms of the universal enveloping algebra, see, e.g., [63], Ch.
II, Thm. 5.17, leads to the following similar description of . 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, accordingly, the description
of 7 given below coincides with that of v¢.

Let X" (gc, b) be a choice of positive roots, and let gg be the associated
sum of positive root spaces. Then gc = he @ be & gE complexifies the
Iwasawa decomposition g% = ¢¢ @ ag S5 (gE Ng?) for g?. By application of the
Poincaré-Birkhoff-Witt (or PBW) theorem, we see that the decomposition
induces the following decomposition of the universal enveloping algebra

U(g) = [acU(g) + U(g)he ] @ U(b).

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

u—up € gtU(g) + U(g)hc -
The element (D) € I(b) is now given by (D) = T,,up, where p, =

strc ad (+)|g¢ and where T, denotes the the automorphism of S(b) induced
by the translation x +— x + pp.
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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 G4, 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%) ya for the space of smooth H%finite functions on X¢. The
following result, due to M. Flensted-Jensen [45], establishes an important
duality between functions on X and on X¢. We observe that Aq naturally
embeds into each of the spaces X and X?. Moreover, by Lemma 3.6,

X=KA, and X?=H?A,. (5.1)
The isomorphism D(X) — D(X?) of Lemma 4.2 is denoted by D s D<.

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

Lx fla, = Lx %,

where L denotes the infinitesimal left reqular representation.
The map f — f% is injective. Moreover, for every f € C°(X)x,

(DAY =D, (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 representation 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¢ as another real form. [l

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

Let 7 € Xél\s' 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 i
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decomposes inside the mentioned space as a finite sum of simultaneous eigen-
functions for D(X). Thus, a first step towards the classification of the discrete
series is the determination of all eigenfunctions in C°°(X)NL?(X) g for D(X).
It can be shown that such functions automatically belong to L?(X)gs.

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¥ such that

Df =~(D,A) f (D € D(X)). (5.2)

Applying Theorem 5.1 we see that the associated dual function f¢ € C°X%) ;4
satisfies the system of differential equations

Dft=~YD,A) f¢ (D eDXY). (5.3)

Moreover, the L?-behavior of f can be formulated in terms of growth con-
ditions of f? at infinity. Attached to the system (5.3) is a certain Pois-
son transform P¢, which we shall briefly describe. Let G¢ = K dAgN 4 be
an Iwasawa decomposition, let M? be the centralizer of Ag in K¢ and let
Pl =M dA‘gN 4 be the corresponding minimal parabolic subgroup of G¢9.
Let p? € (af)* be defined by

p() = gtr(ad (-)]a).

In other words, p? = %Ea dim(g¢)a, where the summation extends over the
ag-roots a in n?.

Let Cp denote C equipped with the Ag—action determined by A — p®.
Thus, a € A‘g acts on Cp by the scalar a’=r" . The action of Ag is extended
to an action of P? on Cy, by letting M? and N¢ act trivially. We now define

the G-equivariant line bundle £ on the flag manifold G¢/P? by
Lp = G? X pd Cy.

The space I'(L4) of continuous sections of this bundle is naturally identified
with the space of continuous functions f : G — C transforming according
to the rule

f(aman) = a* 7" f (),

for all z € G¢ and (m,a,n) € M? x Ag x N?. The natural action of G on
sections defines a continuous representation 75 of G% in I'(L£4). Let B(Ly)
denote the space of hyperfunction sections of the line bundle £. This space
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may be identified with the dual of the locally convex space of analytic sec-
tions of the bundle £_4, and thus is a locally convex space. We define the
Poisson transform Py : B(Ly) — C>(X49) by the formula

Papla) = [ plak)dk, (o e G

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

Let £5(X?) denote the space of functions f € £x(X?) for which there
exist constants r € R and C > 0 such that

If] = If(@)] < CaH= (2 e XY, (5.4)

where dist(z,€) denotes the Riemannian distance in X¢ between x and the
origin & = eK%. Note that dist(z, &) = elX! for X € p? and z = exp XK.

It is not hard to show that P, maps the space D'(L,) of distribution
sections of £ continuously into the space £5(X?), 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 af in n’.

Then the Poisson transform Py
(a) is a topological linear isomorphism B(Lp) = Er(X?), and

(b) restricts to a topological linear isomorphism D' (Ly) — E5(X9)

For X% of rank one, part (a) of the theorem is due to S. 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 allowed 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 T. Oshima
and J. Sekiguchi [78]. Later, N. Wallach gave a different proof of (b), [87],
based on the theory of asymptotic behavior of matrix coefficients. Inspired
by this work, E.P. van den Ban and H. Schlichtkrull, [12], gave a proof
of (b) via a theory of asymptotic expansions with distribution coefficients,
which allowed them to define a distributional boundary value inverting the
restricted Poisson transform of (b).
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The system (5.2) remains unchanged if A is replaced by a conjugate under
the Weyl group W (g9, ag). Without loss of generality, Re A may therefore
be assumed to be dominant. It can be shown that for a function f €
C>®(X) N L2(X) satisfying 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 realized as a Poisson transform of a
unique distribution section ¢ € D'(L,), which by equivariance is H%finite.

Theorem 5.3 Assume that vk (G/H) = vk (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 non-trivial function f € C°°(X) N L*(X) g satisfying (5.2), via
its dual f¢. The dual is obtained as a Poisson transform f¢ = Py (y), with
¢ a distribution section of £, with support contained in a closed H%orbit
on G4/ P4

The classification of Oshima and Matsuki

In [77], T. Oshima and T. Matsuki established 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 le( 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)=rk(K/KNH).

Example 5.5 If rk (G/H) = 1 then clearly X/, # @. It is readily seen
that the hyperbolic spaces X, 4, 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 con-
dition, that a function f € C*(X) is in L?*(X) if and only if its dual f¢
is the Poisson transform of a distribution section of £ with support con-
tained in a union of closed H%orbits. Moreover, they obtained the following
information on the infinitesimal character A.
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Theorem 5.6 ([77]) Let m € X)), and let b C q be a 0-stable Cartan sub-
space. Then the eigenvalues of the D(X)-module (H;°°)H are all of the

form
D — ~(D,A),

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

In addition to this, for G connected semisimple, Oshima and Matsuki
gave a list of representations spanning L?Z(X). For a few of these it remained
an open problem whether they are non-zero or irreducible (a priori they
are finite sums of irreducibles). The irreducibility was settled by D. Vogan,
[85]. In [70] T. Matsuki gave necessary conditions for non-triviality, 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 w 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 4 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
indispensible for the proof. This is also true for Delorme’s proof in [40].

6 Parabolic subgroups

The Coxeter complex

In the proof of the Plancherel formula, the asymptotic behavior of K-finite
eigenfunctions of D(X) plays a crucial role. In view of the polar decompo-
sition of Lemma 3.6, for a proper description of this behavior it is neces-
sary to use an appropriate description of asymptotic directions to infinity in
Ay ~ aq. The description of these directions relies on the following notion
of a facet for the root system . The collection of facets will turn out to
be in one-to-one correspondence with the collection of of#-stable parabolic
subgroups of G' containing A.
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Definition 6.1 A facet of (aq,) is defined to be an equivalence class for
the equivalence relation ~ on a4 defined by

X~vYe{aeX|aX)>0={acX|aY)>0}.
The dimension of a facet is defined to be the dimension of its linear span.

Example 6.2 Consider the root system A in R?, consisting of the roots
+a,+0 and £(a + 3)}, where {a, 5} 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 0.

The collection of facets, also called the Coxeter complex of X, is denoted
by P(X). It is equipped with a natural action by the Weyl group W of X. If
X € a4, we denote its class by Cx € P(X). For C € P(X), we put

X(C) = {aeX|a>00nC},
Yo = {a€X|a=0onC}.
Then
Y=-3(C)UZcUZX(C) (disjoint union). (6.1)

Let S be the intersection of the root hyperplanes ker, @ € Y. Then,
clearly, the set D = {X € S | Vpexn() a(X) > 0} contains C, hence is a
non-empty open subset of S and therefor 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) = Ngexn, kera.

We now fix a closed Weyl chamber for ¥, which we call positive and denote
by H;r. The following result is well known, see, e.g., [29].

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

(a) C is W-conjugate to D,
(b) D Cag.
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Let ¥ be a positive system and let A be collection of simple roots in 2
associated with the chamber af. If F' C A, we put

apg = Nacr kero,
ap, = {Xeap [VaeXT a(X)#0= aX)>0}.

Then aJISq € 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 ﬁ;l". Finally, Ha“ 18
the disjoint union of the sets a;Cq, 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 Caf;
(b) C = a;:q for some F' C A.

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

pei=00® P ga, (6.2)

acex

alg>0
where go denotes the centralizer of aq. The algebra p¢ 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 o6 = I on a4 implies that the parabolic subalgebra pc is
of-stable.

Lemma 6.6 The map C +— pc is a bijective correspondence between P(X)
and the set of oc0-stable parabolic subalgebras containing a.

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

Remark 6.7 If o = 0, then a4 is maximal abelian in p. We write ap, = a4 in
this case, and A, = expa,. In the present setting the above result amounts
to the well known fact that the map C' — p¢ is a bijective correspondence
between the Coxeter complex P(X) of ¥ = ¥(g, ay) and the collection of all
parabolic subalgebras of g containing ay.
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If v is a parabolic subalgebra of g, then its normalizer R = Ng(t) in
G is a closed subgroup with algebra v. 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(tr) defines a
bijective correspondence between the collection of all parabolic subalgebras
of g and the collection of all parabolic subgroups of G. If C' € P(X), we put

Pc = Ng(po).

Corollary 6.8 The map C — Pg s a bijective correspondence between
P(X) and the collection P, of all parabolic subgroups of G that are 06-stable
and contain Aq.

Langlands decomposition

If Pe Py, let C =Cp e P(X) be the unique facet with Po = P. We agree
to write

ap,=C, Tp=3%c, %(P)=23%(C). (6.3)
We also agree to write apy := span(a'lf,q); then

apq = Naexpkera,
ap, = {X€apq|VB8eEX(P): B(X)>0}.

Let m;p denote the centralizer of apy in g. Then

mpr=g060 P g (6.4)

a€Yp

Moreover, it follows from (6.2) that
Lie(P) =mpDnp, where np = @an(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 #-stable
Levi component, cf. [84], Sect. IL.6.

Let C' € P(¥), then —C € P(X) as well. Accordingly, for P € P, we
define the opposite parabolic subgroup P by requiring that a}q = —aJISq.
The following lemma is a straightforward consequence of the definitions
given above.

Lemma 6.9 Let P € P,. Then
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We define the following subgroups of G,
Mlp = Zg(apq) and Np =exXpnp.

Proposition 6.10 Let P € P,,.

(a) Np is a closed subgroup of G.
(b) Mip is a group of Harish-Chandra’s class.

(¢) P = MipNp; the multiplication map is a diffeomorphism from Myp X
Np onto P.

Proof. See [84], Sect. IL6. O

As also mentioned in the appendix, assertion (b) of the above proposi-
tion 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, then a, is maximal abelian in p. In the notation
of Remark 6.7, let pg denote the parabolic subalgebra determined by C' :=
ag, let Py = Po denote its normalizer in G and let Ny := No. We recall
that G admits the Iwasawa decomposition G = NyAp K, where the natural
multiplication map Ng x A, 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 induces a diffeomorphim P X gy, K — G.

Proof. This is a rather straightforward consequence of the Iwasawa decom-
position described in Remark 6.11. See [84], Sect. I1.6, for details. O

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

ap = center(mip) Np.

Clearly, apq is contained in this space. On the other hand, if X € pngq
centralizes myp, then X centralizes the maximal abelian subspace a, of pNyq,
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hence belongs to it. Moreover, in view of (6.4), a(X) = 0 for all a € Xp,
from which we deduce that X € apq. Thus,

apg =0apMgq.
This justifies the notation with subscript q in hindsight. The group
Ap :=expap

is called the split component of P, and Apq := exp apq the o-split component.
Define mp := (myp N€) @ ([myp, myp] Np). Then mp is a reductive Lie
algebra with center(mp) Np = 0. Moreover,

mip=mpDap.
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 Harish-Chandra’s class. Moreover,

Myp = MpAp, P =MpApNp.

The multiplication maps induce diffeomorphisms Mp x Ap — Myip and
Mp x Ap X Np — P.

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 Apy, = ApNH,then Ap = ApyApq. Put Mp, = MpApy,.
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 Ap,.
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7 Parabolically induced representations

Induced representations

In this section we assume that G is a real reductive group of Harish-Chandra’s
class, and that P € P,. We shall describe the process of inducing represen-
tations from P to G, and its relation with function theory on G/H. It is
a good idea to keep in mind that, in particular, the Riemannian case with
o = 6 is covered. In that case o6 = I, so that P, consists of all parabolic
subgroups containing A, = Ag, see Remark 6.7.

Let &£ € Mp (the unitary dual of Mp) and let H¢ be a Hilbert space
in which £ is unitarily realized. Let A belong to ap. := Homg(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)

for m € Mp, a € A,, n € Np. This indeed defines a representation of P,
since Mp centralizes Ap, and since M1p = MpAp normalizes Np.
We shall now proceed to define the parabolically induced representation

Tpen = ndB(E @ (A +pp) @ 1). (7.1)

Here pp € ap is defined by

pp@) = gt [d(@),,]

= % Z dim(gqs) o

a€X(P)

The translation over pp will turn out to be needed to ensure that the rep-
resentation wpg \ is unitary for A € ia*Pq. To describe the representation
space for mp¢ \ we first define

C(P:&:)\)

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

forx € G, me Mp,a € Ap, n € Np.
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In C(P : £ : \), the representation mpg y is defined by restricting the
right regular representation, i.e., if f € C(P: £ : \) and z € G then

Trea(@)f(y) = flyz),  (yeG).

Our next goal is to extend mpg ) to a suitable Hilbert space completion
of C(P : & : \). It follows from Lemma 6.12 that a function fin C'(P : & : \)
is completely determined by its restriction f|, to 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 =KnNDMp.

Lemma 7.1 The map f — f|y defines a topological linear isomorphism

from C(P : & : X) onto C(K :§).

Proof. This follows by application of Lemma 6.12. U

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

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

(fr9)0 = g 9lx)rzxme
- /K ), gk b, (7.4)

where dk denotes normalized Haar measure on K. The Hilbert completion
of C(P : &: \) for this structure is denoted by Hpg . It can be shown that
Tpe,n extends uniquely to a continuous representation of G in Hpg .

Alternatively, the Hilbert space Hpg » may also be characterized as the
space of measurable functions f : G — H¢ that transform according to the
rule (7.2) and satisfy f|, € L?(K,Hg), 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).
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Proposition 7.2 Let & € ]/W\p and A € ap .. Then the sesquilinear pairing
Hpgey X HP,g,—X — C defined by

f . g) = /K ) gk b (7.5)

is G-equivariant. In particular, the representation wpg \ 1s unitary for A €
i0pg-

Proof. 1t suffices to prove the equivariance for f and ¢ smooth. In that
case the function (f, g)¢ : @ — (f(z), g(x))#, 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, (mea(2)f, T _5(2)g)¢ equals the
pull-back 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. [

The space of smooth vectors for mp¢ ) equals the space
C®(P:&:N)

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

Hpe 5 (OX(P:€:N) = HpP)
This provides motivation for us to use the notation
C™®(P:&:=X):=(C®(P:£: ).

The sesquilinear pairing of Proposition 7.2 then naturally extends to a
sesquilinear pairing

COP:E:N)xC®°P:¢:-))—C,

also denoted by (-, -).

Similarly, we define C*°(K : £) to be the space of smooth functions
K — Hg° transforming according to the rule (7.3) and C™*°(K : ) for its
continuous antilinear dual. Then the restriction map f — f|, induces topo-
logical linear isomorphisms CT>®(P : £ : \) ~ C*®(K : £). Accordingly,
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the representations 771%’20)\ may then be realized in the A-independent spaces
CTX(K : ).

The Plancherel formula will essentially be built from the representations
from X/, and from the induced representations wp¢ y, where P € P,, P # G,
and where § € Xp ;. and A € iap,.

8 H-fixed generalized vectors

Orbit structure

We assume that P € P,, £ € M, p and A € ap. and will try to describe
sufficiently many H-fixed elements in C~°°(P : £ : \). 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 T. Matsuki, [69], and, independently,
W. Rossmann, [80]; see also [5], App. B.

We agree to write Wp for the centralizer of ap, in W. Equivalently,
Wp is the subgroup of W generated by the reflections in the roots of Xp.
We fix a collection ©W of representatives for Wp\W/Wgnm, 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 bijection from YW onto (P\G/H )open- In particular, the union
Uyerw PvH is an open dense subset of P\G.

On the open H-orbits one expects the elements of C~™°(P : £ : ) to be
just functions, which may be evaluated in points. Let ¢ € C™°(P : £ : \)#
and let v €” W. Then one expects that ¢(v) is a vector in H¢ > which
is fixed for £ ® (A + pp) ® 1| pnypu-1, because of the formal identity, for
pePNnuHv !,

[E® A+ pp) @1](p) e(v) = @(pv) = @(vv~po)
= [mea(v”po)e](v)
= ¢(v),

since v~ !pv € H. This implies that o(v) € (HEOO)MPO”HV1 and (A +
pP)|apny = 0. The latter condition is equivalent to A|qonp = 0, in view of
the following lemma.

Lemma 8.2 pp vanishes on apNbh.
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Proof. Since fo(np) = np, by Lemma 6.9 (b), it follows that pp(foX) =
pp(X) for all X € ap. Hence pp = —pp on ap N bh. O

Writing apy := ap N h, we have the direct sum decomposition
ap = app D apg

via which we may identify ap . with the subspace of a}. consisting of ele-
ments that vanish on ap N . The heuristic argument given above suggests
that it is is reasonable to expect that the induction parameter A should be
restricted to the subspace ap,. of ap,.

We note that, for v € PW, the space
Xpy = Mp/MpNvHv™! (8.1)

is reductive symmetric in the class under consideration. Indeed, Mp is of
Harish-Chandra’s class by Lemma 6.13. Moreover, as Ad (v) oo o Ad (v™!) =
—1I on apg, the map 0¥ : z +— vo (v lav)v~! leaves the group Mp invariant
and defines an involution it, having vG°v~! N Mp as its set of fixed points.
The involution ¢¥ commutes with 6. For later purposes we observe that the
space
apq :=mpNag (8.2)

equals the orthocomplement of apq in aq with respect to any W-invariant
inner product. Moreover, *Ap, = exp(*apq) is the analogue of A, for each
of the spaces (8.1).

We now agree to define the finite dimensional Hilbert space V (P, ¢, v),
forfel\//.TpandUEPW,by

—00 vHv 1 .
V(P,f, U) = (Hg )(Ji\/slpm a 1f£ € X/I;,v,ds

=0 otherwise .

(See (2.19) for the notation used.)

Definition 8.3 Let £ € ]/\4\1:. We define V(P,§) to be the formal direct
Hilbert sum

V(PO =D VP&, (8.3)
vePW
If n € V(P, &), then 7, denotes its component in V (P, &, v).

The idea now is to invert the map ¢ +— (p(v)),ecryy described above. An
element p1 € ap is called strictly P-dominant if

(o, a) >0, forall aeX(P).
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Definition 8.4 Let n € V(£). For A € ap . with —(ReX + pp) strictly
P-dominant we define the function j(P:{:A:n): G — HE_OO by

J(P:€:X:n)(manvh) = a*PPE(m)n, (8.4)

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

Theorem 8.5 Let £ € ]\/Zp and let n € V(P,§). For every A € ap . with
—(Re\ + pp) strictly P-dominant, the function j(P : £ : X : n) defines an
element of C~°(P : & : M),

Moreover, A — j(P : & : XA : n) extends meromorphically to a}‘;qc 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) = ¢, with a € ¥(P) and c € C.

Finally, if X is a regular value, then

J(P:€:X:in)eC (P& N1,

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 : § : \) satisfies a functional equation that allows translation
in the parameter \.

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 meromorphic continuation is absolutely crucial for the development
of the theory, since the set iap, (where the mpg » are unitary) is not con-
tained in the region (Re A + pp, a) <0 (o € X(P)).

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

V(P,&) — C™°(P:£: N,

for regular A. Thus V(P, &) becomes a model for the space Vr, . , defined in
the text above (2.17). The inner product of V(P,{) may be transferred to
an inner product on Ve, .
with V(P, &), since this space is independent of \.

However, it is more convenient to keep working
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Definition 8.7 We define X%, ;. to be the set of £ € Mp for which the
space V (P, &), defined in (8.3), is non-zero.

Remark 8.8 The above condition on & € M p is equivalent to
JefWw: €eXp, -

Remark 8.9 Let P be a minimal element of P, (with respect to inclusion).
Then a}JSq is maximal among the facets of ¥, hence an open Weyl chamber.
Thus, apq = a4 is maximal abelian in p N q. From this one can derive that
Mp/Mp N vHv™! is compact, for v € W = W. Tt follows that X o as
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 : Wgnpg] = 1 this case is discussed in [82].

Example 8.10 (Riemannian case) Let o =6 and let P € P, be minimal.
Then Mp C K, hence X]A%*’ 4s consists of the trivial representation 1. More-
over, one may take VW = {e} and V (P, 1) = C, equipped with the standard
inner product. Then

J(P:1:X:1)(nak) = a e,

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

Definition 8.11 Let P € P,. The series of unitary representations wpg »,
for £ € Xg,*,ds and \ € ia*Pq, is called the generalized o-principal series
associated with P.

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

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) NpNgq = {0}.
We consider the parabolic subgroup P = G. Then Mp/Mp N H ~ G/H
and accordingly one may identify X%, . with XJ.. Moreover, apq = {0}.
For ¢ € X%*’ds we now have Hpg¢ o ~ 77',(5 and mpe 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 introduced 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 — h given
by X — X + o(X) induces a linear isomorphism from np onto h/h N mp.
It follows that g = np @ [m1p + h]. By the Poincaré-Birkhoff-Witt theorem
this implies that

U(g) =npU(g) @ [UmM1p) @y (m,prn) UH)]- (9.1)

Moreover, this decomposition is stable under the adjoint action by Hp :=
Myp N H. Accordingly, for D € U(g)*, we define the element ‘up(D) in the
space U(myp)H? /U (myp)"? N U(myp)hp by

D —‘up(D) € [npU(g) + U(g)b],

where we have abused language in an obvious way. In view of Lemma 2.5,
applied to X and X;p = Myp/Mip N H, it is now readily seen that the map
‘up factors to an algebra homomorphism from D(X) to D(Myp/Mip N H).
We define the character dp : M1p —]0,00[ by

dp(m) = | det(Ad (m)]n,)[.

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

pp(D) :=dp' o'\ up(D)odp € D(X1p).

Let b be a 0-stable maximal abelian subalgebra of g, containing aq. Let
v : ID(X) — I(b) be the Harish-Chandra isomorphism introduced in Section
4 and let ¥%17 : D(X;p) — Ip(b) be the similar isomorphism for the space
X1p; here Ip(b) denotes the subalgebra of W (mjpc, b)-invariants in S(b).
Since X;p depends on P through its o-split component apq, the same holds
for the isomorphism %17,
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Lemma 9.1 The map up is an injective algebra isomorphism from D(X)
into D(X;p) which depends on P through its split component apq. Moreover,

’yXlP olp ="1. (9.2)

Equation (9.2) is proved in the same fashion as the analogous result for
Riemannian symmetric spaces. See [6], Sect. 2, for details. The remaining
assertions readily follow.

The multiplication map Mp, x Apq — Mjp induces a diffeomorphism
Xp x Apq — Xip, which in turn induces an algebra isomorphism

D(X1p) ~ D(XP) & U(Clpq).

Moreover, since ap is abelian, the universal enveloping algebra U (apq) of its
complexification is naturally isomorphic with the symmetric algebra S(apy),
which in turn is naturally isomorphic with the algebra P(ap,) of complex
polynomial functions ap . — C. Accordingly, for every D € D(X), the
associated element pp(D) € D(X;p) may be viewed as a D(Xp)-valued
polynomial function on a*PqC; this polynomial function is denoted by

A /j,p(D : A)

If v € Ng(aq), we denote the analogue of pp for the symmetric pair
(G,vHv™1) by u%. Thus, % is an algebra homomorphism D(G/vHv™t) —
D(Xipy). Conjugation by v in U(g) naturally induces an algebra isomor-
phism D(X) — D(G/vHv™ '), which we denote by Ad (v). We define an
algebra homomorphism pp, : D(X) — D(X;p,) by

Py = ppoAd (v).
Let D € D(X), then by the natural isomorphism D(X;p,) ~ D(Xp,) ®
P(a},), the operator pip, (D) may be viewed as a D(Xp,,)-valued polynomial
function on ap .. As such it is denoted by A — ppy(D @ A).
A

We now recall from the text preceding Lemma 2.8, that for { € Xp ;¢
the finite dimensional space

— M Hv— 1
V§ — (Hg OO)dSpﬁv v

has a natural structure of D(Xp,)-module. The endomorphism by which
the operator pp,(D : A) acts on this module is denoted by pp,(D : & :
A). Finally, the direct sum of these endomorphisms, for v € PW, is an
endomorphism of V' (P, ), denoted by

pp(D €2 A) = @yeryy ppo(D: &1 A).

The following result is a straightforward consequence of Lemma 2.8.
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Lemma 9.2 The space V(P,&) has a basis, subordinate to the decomposi-
tion (8.3), with respect to which every endomorphism up(D : £ : ) diago-
nalizes, for D € D(X) and A € ajp ..

Action on generalized vectors

We can now finally describe the action of the algebra of invariant differen-
tial operators on the H-fixed generalized vectors introduced in the previous
section.

Lemma 9.3 Let P € Py and § € X, .. Then for all n € V(P,§) and
D eU(g)",

Tpea(D)J(P: & Nn=j(P:&: Npp(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 A\ in an open dense subset Q(P,&) of pgc, 1O element j of
C~®(P : ¢ : \)" 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 ©W. 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 in the points of PW.
We conclude that, for A € Q(P,¢), any element j € C™®(P : ¢ : \)#
is 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 € PW, for generic A € Q(P, €). It follows from (8.4) and Theorem 8.5 that
evyj(P : € \)n = n,. Hence, evaluation in v of the right-hand side of (9.3)
yields ppy(D : € X) ony.

On the other hand, combining the equivariance properties of j(P : £ : \)
with the definition of up (&, A\, v) given earlier in this section, we infer, writing
TN\ = TPg s that

evymA(D)j(P:&:N)n = evemy(Adv(D))mx(v)j(P:&: N)n
(

= evem\(‘\ub(Ad (v)D)) mA(v) 5(P: &€ X\)n
= ppy(D:&:N)evema(v)j(P:E&: N
= ppy(D:&:X)on,.



0

Example 9.4 (Riemannian case) In the notation of Example 8.10, the
above formula (9.3) becomes mp; A(D)1y =v(D : A1y, for D € D(G/K).

10 The Plancherel theorem

Normalization of measures

In this section we will formulate the Plancherel theorem 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 measures
that come into play.

First, we equip ia; with a W-invariant positive definite inner product
so that it becomes a Euclidean space. For each P € P, this inner prod-
uct restricts to a positive definite inner product on ia}‘gq. The associated
Euclidean Lebesgue measure is denoted by dup. Similarly, the orthocom-
plement i"a}, , see also (8.2), is equipped with the Euclidean Lebesgue mea-
sure d\p. Accordingly, the product measure dApdup equals the Euclidean
Lebesgue measure on iay.

On each group *Apq, let dmp denote a choice of Haar measure. In
terms of this Haar measure we may define an associated Euclidean Fourier
transform by
f\) = (a)a™ dmp(a).

Apyg
We fix dmp uniquely by the requirement that the associated Fourier trans-
form extends to an isometry from L?(*A pq, dmp(a)) onto L? (C"apy, [WpldAp).

We recall from the text following (8.2) that *Apq is the analogue of Aq
for the symmetric spaces Xp,, = Mp/Mp N vHv™ Y, for v € PW. Finally,
we agree to fix the normalization of the invariant measure dxp, on Xp, so
that dmp is the invariant measure of *Ap, specified in Theorem 3.9 applied
to the data Xp,, K N Mp and *Ap,.

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.
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Definition 10.1 The (unnormalized) Fourier transform “f of a function
f € C(X) is defined by

UF(PE:N) = /G/H fl@)mpex(x)j(P:€:\) da (10.1)

for P € Py, & € X}, 4, and generic A € iap,.

We note that the Fourier transform in (10.1) belongs to the Hilbert space
Hom (V(P,&), Hpe,x) which is canonically identified with V(P,§) ® Hpg z-
The tensor product of the trivial and the principal series representation on
these spaces, respectively, is denoted by 1 ® mpg¢ .

Example 10.2 (Riemannian case) In the notation of Example 8.10, we
find that

P :1: ) (k) = . (x)1x(kx) dz, (k€ 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 P, and £ € Xg,*,ds- For generic X € iap, the map

A~

f i f(Pg N
intertwines the reqular representation L with the representation 1 @ mpe ».

The next result is a straightforward consequence of Definition 10.1 com-
bined with Lemma 9.3.

Lemma 10.4 Let P € Py and § € Xp, 4. Then for all D € D(X) and all
f e c(X),

— ~

YDAEA) ="F(E: N opp(D:E:A)

: *
for generic \ € Upgc-

It follows from the above lemma combined with Lemma 9.2 that the
action of the algebra D(X) of invariant differential operators allows a simul-
taneous diagonalization 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.
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Let P,@Q € P, and assume that Apy = Agq. Then also Mp = Mg and
Ap = Aqg. Let £ € X%* ds = Xé\? wdse WVrite

Y(Q:P)={aeX|gs Cugnnp}.

Then for A € ap . with (Re), ) sufficiently large for each o € X(Q : P),
the following integral converges absolutely, for f € C*°(P : £ : \) and x € G,

AQ:P:€:Nf(z) = / F(na)dn. (10.2)

NQﬁﬁp

Here dn is suitably normalized Haar measure of Ng N Np. Moreover, it
can be shown that A(Q : P : £ : ) defined above is a continuous linear
operator C®(P : £ : \) — C®°(Q : £ : \). It is readily verified to intertwine
the representations mpg y and mg¢ . Finally, A(Q : P : £ : \) can be
meromorphically extended in the parameter A € ap .. For details, we refer
the reader to [66] and [86].

For every P € P, we put

ap,” = {A €apg | (A, @) #0Va € X(P)}.

€

Theorem 10.5 Let € € X%,*,ds' Then for every X\ € ia}rqg, the representa-
tion mpg x 18 1rreducible (unitary).

Proof. For P a minimal element of P, this follows from a result of F. Bruhat,
[30]. For P non-minimal 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 standard intertwining operator has an adjoint

AQ:P:E:=N) 1 0®Q:&:0N) - C (P £:))

which depends meromorphically on A € ap . and is G-equivariant. This
adjoint equals the continuous linear extension of A(P : @ : § : \) and will
therefore denoted by A(P : @ : £ : \) as well. The operator

AP:P:&:=N*0A(P:P:£: ) (10.3)

is a G-intertwining operator from C®°(P : £ : X\) to C°(P : £ : \) for generic
A€ ia};q, hence a scalar by the above theorem. By meromorphy it follows
that (10.3) equals

nP:&: N1 (10.4)
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with n(P : £ +) : ap. — C a meromorphic function. From the fact that
(10.4) equals the composed map in (10.3) it follows that n > 0 on ia},.
Hence n(P : £ : -)~! defines a measurable function on iap, with values in
[0,00[. 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 dnp
of Np has been specified. In the sequel the precise normalization will be of
importance. Let pp : G —]0,00 be the function defined by ¢p(namk) =
a®P for nam € P and k € K. Thus, op € C®°(P : 1 : pp). We fix the
normalization of our measure by requiring that

AP P 1 pe)rl(V) = [ (i) dnp =1

where the integral is known to converge absolutely. We now define the
measure dpupg on iap, by

e = S

where dpp is Lebesgue measure on iaj,, normalized as described in the first
paragraph of the present section.

dpp(A) (10.5)

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: 21y =c(A) 1y, (10.6)

with ¢(A) the well-known scalar c-function for G/ K. In view of the definition
of 7, this leads to

n(P:1:X) =]|c(N)|? (A € iay),

so that the measure dup1()) takes the familiar form |e(\)| =2 times Lebesgue
measure.

The normalizer of apy in the Weyl group W is denoted by Wp; recall
that the centralizer in W of the same set is denoted by Wp. We define the

group
W(apq) = W;S/Wp

Restriction to apq induces a natural isomorphism from this group onto a
subgroup of GL(ap).
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Definition 10.7 Two parabolic subgroups P,Q € P, are said to be (0-)
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 f € C°(X). Then

*

ia
PGPU §6X1A;.7*’ds Pq

200 = S 7wl Y / (P € NI dupe(N) . (10.7)

Example 10.9 (Riemannian case) We use the notation of Example 8.10.
We now need to use the information that the non-compact Riemannian sym-
metric 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 X7, ;. = 0, unless P is a minimal parabolic subgroup con-
taining A, = Aq and ¢ = 1. Moreover, then V(P : 1) equals C, equipped
with the standard inner product, and W = Wp. 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 inte-
gral representation. First, for P € P, and § € X, ,., we define the Hilbert
space o

H(P,€) = V(P,§) ® L*(K : §),

equipped with the tensor product inner product. In addition, we define
u£2(P7§) = LZ(ia};q? H(P %), [W : W;] d/ip}g),

the space of square integrable functions iap, — H(P, &), equipped with
the L?-Hilbert structure associated with the indicated measure. The above
space is equipped with the representation mp¢ of G given by

[mpe(x)el(A) = [1 @ mpea(e)le(v),

for ¢ € “€*(P,¢) and x € G. It can be shown that mp¢ is a continuous
unitary representation of G. In fact, it provides a realization of a direct
integral,

D
Tpge /* 1W®7TP,§,)\ [W : W;] d/Lp,g()\).

iaph,
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We define (wp,“C%(P)) as the Hilbert direct sum of the unitary represen-
tations (mpg, “C%(P,£)), for & € Xp, 4, Finally, we define (r,%C?) as the
unitary direct sum of the representations (mp,“C?(P)), for P € P,. Thus,

T~ ®pep,Beexp, ;. TPE

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

Corollary 10.10 f — “f extends to an isometry “g 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, QQ € P, are related by intertwining
operators, as we shall now explain.

First, assume that apy = agq. Then the standard intertwining operator
A(Q : P : & : )) intertwines the representations mpe \ and mg e\ for § €
XBwds = X x5 and generic \ € iap,.

If Q = 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™ = Mg. Hence

if £ € ]\/Zp, then the representation w - ¢ defined by wé(m) = &(w™tmw)
belongs to Mg (here we have abused notation, w should be replaced by a
representative in Nk (aq)). Now the map L(w) given by

-1
L(w)p(z) = p(w'2)

defines an intertwining operator from Hpg » to Hq,we,wx Which is obviously
unitary.

Finally, if P is a set of representatives for Wp\W/Wxnn in Nk(ay),
then @W = wPW is a set of representatives for Wo\W/Wgng. This implies
that § — w¢ is a bijection from X3, ;. onto X3, 4.

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

We have called Theorem 10.8 a preliminary version of the Plancherel the-
orem, since it does not yet describe the image of “§. In fact, “§ is not onto
ug2? due to the presence of intertwining operators. These intertwining oper-
ators are also the cause of double occurrences of irreducible representations
in the direct integral representation .

99



To be more precise, let w € Wj. Then the operator L(w), introduced in
Remark 10.11, intertwines mpg x With m,py,—1 ¢ oa- Since

w(an) = QyPw1q>

the latter representation is intertwined with 7p ¢ 1 by the standard inter-
twining operator A(P : wPw™! : w¢ : w), see Remark 10.11. The following
result implies that more than this cannot happen.

Proposition 10.12 Forj=1,2,let P; € P,,&; € XP wds Gnd Aj € za*reg
Then the representations mp, ¢, x, and Tp, ¢, \, are equwalent if and only zf
Py = P, and if there exists a w € W (ap,q) such that & = w&i and Ay = w.

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 in-
tertwining operators mentioned above.

Proposition 10.13 Let P € P,, w € Wp and § € XP*ds Then wé €
XP*’dS, and dppape(WA) = dupg(X). Moreover, there exists a unique unitary

isomorphism “Cp.,(&,\) from V(P,€) @ L*(K : £) onto V(P,w¢) @ L*(K :
wf), depending on \ € ia},q in a measurable way, such that

“f(P swé tw) ="Cpy(EN) “f(P € A).

The operator "€p 4, (£, N) intertwines 1 @ mpge x with 1 @ Tp e wr. Moreover,
if u,v € Wp then

Cpun(§s A) = "Cpu(v€,vA) " Cpy(§, A),
for almost every X € iap,.

It follows from the above proposition that for P, w,£ as above we may
define a unitary operator “Cp,, (&) : “C?(P, &) — “C2(P,wé) by

"Epw(€)e(N) = "Cpuw(&w ) p(w ).

The direct sum of these operators, for £ € Xg,*, 45> defines a unitary operator
“Cpyw from

“e*(P,¢)

onto itself, intertwining the representation wp := @5 mpe with itself. More-
over, w — “Cp,, defines a unitary representation of W} in “€?(P). The
direct sum of these, for P € P, defines a unitary representation of W in
ug?  commuting with the representation m of G. Accordingly, the space of
Wi-invariants is a closed invariant subspace of ug?,

UL (P) i= Beexr

P,x,ds
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Proposition 10.14 The image of the map “F, see Corollary 10.10, is given
by
image("§) = (“£2)"7.
The group W (apq) = Wp/Wp acts freely, but in general not transitively,

on the components of a}‘fgg, which are the facets in ag whose spans equal

apy-
q

Let Qp be a fundamental domain for the action of W (apq) on iaggg,
consisting of connected components of ia*l.fgg. Then, for each P € P, and
every £ € X5, 4., we denote by “2?213 (P,€) the closed G-invariant subspace

of functions in “€2(P, £) that vanish almost everywhere outside Qp. Finally,
we define the following closed G-invariant subspace of “£?,

ugs = @Pepaégexg’*ﬁdsuﬂgzp(f’, £)-

The orthogonal projection onto this subspace is denoted by ¢ — ¢g. Af-
ter these preparations we can now describe the Plancherel decomposition
induced by the unnormalized Fourier transform.

Theorem 10.15 (Plancherel theorem) The map f +— (“§f)o defines an
isometry from L*(X) onto “Sg, intertwining L with 7, establishing the Plancherel
decomposition

L~ ®pep, Beexy. . / Lypg @ meen (W Weldupe(N). (108)
2 ¥y QP )

In particular, for all P € Py and & € X, 4., the representation wpge \ occurs

with multiplicity dim V (P, §), for almost every A € iap,.

Proof. The fact that “§ establishes a direct integral decomposition follows
from Theorem 10.8 combined with Corollary 10.10 and Proposition 10.13.
The occurring representations 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 ac-
tion 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 : & : )\) may have singularities
on A € ia*Pq, even for f € C°(X), is no problem from the Hilbert space
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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 : £ : \) replaced by a differently
normalized element of Hom (V (P, &), C~°(P : £ : \)H).

Definition 10.17 Let P € Py, £ € X}, ;.. We define
P EN=AP:P::N)(P:€:))
as a meromorphic Hom (V/(P,§), C™*°(K : {))-valued function of A € ap..
From the fact that up = pup, 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
remarkable property.

Theorem 10.18 (Regularity theorem) The Hom (V(P,§),C™°(K :¢§))-
valued meromorphic function A w— j°(P : & : \) is reqular on ia};q.

The proof Theorem 10.18 is based on similar result, formulated in the
next section, for the so-called normalized Eisenstein integral. For P a min-
imal 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

GO(P & N)(1) = c(N) 11y, (10.9)

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

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

Corollary 10.20 Let P € P, and§ € sz*,ds. Then for every f € C°(X),
the function X — f(P : € : \) is analytic as a V (P, &) ® C®(K : £)- valued
function on ia*Pq.
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A simple calculation leads to the following relation between ”f and f ,
for f e C*(X);

FP:6:N)=[IQAP:P:&: N WY (P:£:N).
From this it readily follows that
IF(P & NP =n(P:&: N YF(P:&: NP, (10.10)

This relation has the effect that normalized Fourier transform induces a
Plancherel decomposition with Plancherel measure equal to ordinary Lebesgue
measure. Indeed, let P € P, and £ € X%,*,dy then, for f € C°(X),

[“F(P: & NP dupe(N) = || £(P: & V)| dup.

It follows that Theorem 10.8 is equivalent to the similar result for the nor-
malized Fourier transform f — f with dup()) in place of du pe(N).

For P € P, and € € Xg,*,ds’ let £2(P,¢) be defined as “€2(P, €), but with
the Lebesgue measure dup(A) in place of dupg(X). Thus,

L3(P,€) := L*(iapy, H(P.€), W : Wil dup). (10.11)

Moreover, let (7, £2) be defined accordingly. Then Corollary 10.10 is equiv-
alent to the similar result involving the unnormalized Fourier transform
and (m,£2). We denote the continuous linear extension of the normalized
Fourier transform by § : L?(X) — £2. Proposition 10.13 is now equivalent
to a normalized version, with different intertwining operators €p,, (€ : A) :
H(P, &) — H(P,wé). In view of (10.10), the connection of these intertwining
operators with their unnormalized analogues is given by

“Cpp( Ao I@AP:P:E:N)]=[1QAP: P:wé:wh)Cpy(€: ).

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 ia}fgg for the action of W (apq),
and define £2 in similar fashion as “€3. Then £2 is a closed G-invariant
subspace of £2 The orthogonal projection onto it is denoted by ¢ — (.
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 Sg, intertwining L
with 7, establishing the Plancherel decomposition

L~ @rer, Beexi,, | Tvig ©mrer Vs Weldur(N).
iQp

P,*,ds
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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 constants [W : Wp|. This is due to a different normalization of mea-
sures. More precisely, Delorme uses the normalization of measures described
in the first paragraph of this section, with the exception of the Lebesgue
measure dAp on 7*ap., which he normalizes by the requirement that the Eu-
clidean Fourier transform of *Ap, extends to an isometry L?(*A pq, dmp) —
L2(i*a*Pq, d\p).

11 The spherical Plancherel theorem

The Eisenstein integral

A main step towards proving the Plancherel theorem consists 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)s be the subspace of C2°(X) consisting
of left K-finite functions of type é. Then it suffices to show that f +— f is an
isometry from C°(X)s, equipped with the inner product of L?(X), to the
space L‘g of K-finite elements of type 6 in £2. The restriction of the Fourier
transform to C2°(X)s naturally leads to the concept of Eisenstein integral,
as we will now explain.
We start by observing that

L*(X)s ~ Hom g(Vs, L*(X)) @ Vs
~ (X))o VH e v;.

Here and in the following, unspecified isomorphisms are assumed to be the
obvious natural ones. Put 7 = 75 := 0* ® 1 and V; = V; := V" ® V§5, then
it follows that

L(X)s =~ (LP(X)@ V)~
L*X:7),

where the latter space is the space of functions ¢ in L?(X,V;) that are
T-spherical, i.e.,

o(kx) = 1(k)p(z), (reX, keK). (11.1)
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Similar considerations lead to analogous definitions for spaces of spherical
functions associated with C°(X), C°°(X), C(X). In the L?-context all the
natural isomorphisms are isometric if we agree to equip Vy* ® Vs ~ End (V)
with dgl 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 : 75) will be called spherical-
ization, and is denoted by
[ 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 £ € X, ;.. Then for
generic \ € a}qc we define the map h

Mp’&)\ : V(P, 6) & COO(K : f) — COO(X) (11.3)

by the following formula, for n ® ¢ € V(P,{) @ C*°(K : ) and z € X,
Mpea(n @ @)(@) = (¢, mpe_5(x)5°(P:&: =X)n).

Here j°(P : & : —)) 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

(f(P:&:2),T)=(f, Mp, _x(T)). (11.4)
We observe that Mp¢ \ intertwines the generalized principal series repre-
sentation mpe y ® I with the left regular representation L. In particular, it
follows that Mp¢ y maps V (P, §) ® C®(K : )5 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 : 75). It becomes a very practical tool if we realize
the parameter space V(P,&) @ C*°(K : )5 in a different fashion.

Let P € P, and ¢ € X}, 4. and let v € PW. If V(P, €, v) is non-trivial,
then ¢ belongs to the discrete series of the space Xp, defined by (8.1). In
any case, we consider the natural matrix coeflicient map V (P, §,v) ® He —
L?*(Xp,) and denote its image by

L*(Xpy)e-

In particular, this space is non-trivial if and only if £ € X} v.ds We put
Kp := K N Mp and define 7p := 75p = 75|kp,. Then L*(Xp, : 7p) =
(L3(Xpy) @ V;)EP. Accordingly, we define

L*(Xpy : 7p)e 1= (L*(Xpy)e ® V)7
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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

V(P,§) @ C¥(K :€)s — @uery L (Xpo: 7o),
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 gp (¢ | Kp). By Frobenius reciprocity we have

Hom ¢ (Vs, L*(K : £)) ~ Hom g, (Vs, He) - (11.5)
Hence,

L*(K :€)s ~ Hom g, (Vs, He) ® Vs
~  (He @ Vi) 5P (11.6)

It is a standard fact from representation theory that each Kp-type occurs

with finite multiplicity in £ € Mp. Therefore, the space in (11.6) is finite

dimensional. It follows that L?(K : £)s is finite dimensional, hence equals

its dense subspace C*°(K : £)s. This establishes the first two assertions.
From (11.5) it follows, for v € YW, that

V(PEv) @ LXK :€)s =~ (V(PEv),, ©He® Vi)tr
~ (L*(Xpw)e ® Vi) K7
by the matrix coefficient map of €. Here, the index (1) on a tensor component

indicates that the action of the group Kp is trivial on that component. The
argument is completed by taking the direct sum over v € PW. O

We denote the isomorphism of Lemma 11.1 by T" +— 17, 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 v € ®,cryy L2(Xpy : 7s,p)¢- Then, for A € pgc, the
normalized Eisenstein integral E°(P : 1 : \) is defined by

E°(P:v¢: )= Msﬁ?ﬁ)\(T) € C™®(X:15),

where T' € V(P, &) @ C°(K : §)s is such that ¢ = ¢p.
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Example 11.3 (Riemannian case) We use the notation of Example 8.10
and consider the case of the trivial K-type 6 = 1, so that V; = C and
C*(G/K : 1) equals the space C*°(K\G/K) of bi-K-invariant smooth func-
tions on G. Then V(P :1) ® C*®°(K : 1)s ~ C. Moreover, YW = {e} and
Y1 = 1. In view of (10.9) it follows that in this setting the normalized Eisen-
stein integral is given by

EO(P:1:)\)(:U):/I<c(5\)—1)1>\(k:v)dk:c()\)_lcp)\(x),

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

The above definition of the Fisenstein integral can be extended to a big-
ger 1-space, by collecting all § € X7, . together. We need some preparation
for this.

Definition 11.4 Let (7,V;) be any finite dimensional unitary representa-
tion of K. Then by A2(X : 7) we denote the space of smooth functions
f € C®(X: 1) satistying the following conditions,

(a) feL¥X:T);

(b) D(X)f is finite dimensional.

Theorem 11.5 The space A2(X : 7) is finite dimensional. Moreover, it
decomposes as the orthogonal direct sum

A(X 2 7) = Deexa. L2(X : 7).
In particular, only finitely many summands in the direct sum are non-zero.

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 §. 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

We define the finite dimensional Hilbert space A p = A3 p(75) by

Az p = ®yeryy A2(Xpy : T5.pP) (11.7)
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where @ denotes the formal orthogonal direct sum of Hilbert spaces. By
Theorem 11.5, applied to Xp, for v € PW, the space Ay p decomposes as
the orthogonal direct sum, for £ € X]AD*’ 45> Of the spaces

A27p7§ = EB’UEPW L2(Xp7v : T&p)g .
Accordingly, given ¢ € Ay p, we write 1¢ for the component determined by

A
‘E S XP,*,ds'

Definition 11.6 For ¢ € Ay p we define the normalized Eisenstein integral
E°(P:4¢:X)eC®X:T) by

E°(P:¢: )\ = Z E°(P:ae: N).

A
EEXD . ds

The regularity theorem

We shall now describe the action of invariant differential operators on the
Eisenstein integral. Let D € D(X). Ifv € PWand ) € Opyes then ppy, (D 1 A)
is an operator in D(Xp,), which naturally acts on the space Az(Xpy,Tp)
by an endomorphism g RU(D, A). The direct sum of these endomorphisms,

for v € W, is an endomorphism of Ay p, denoted by
Bp(D 1 A) = Suew HP,U(D tA). (11.8)

Proposition 11.7 For every ¢ € Ay p, the Eisenstein integral E°(P : ) :
A) is meromorphic as a function of A € ap . with values in C=(X : 7).
Moreover, it behaves finitely under the action of D(X), for generic A € a*ch-
More precisely, for every D € D(X),

DE°(P:9: A) =E°(P:p (D: Ay :A),
as a meromorphic identity in the variable A € ap .

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 : 7)-valued meromor-
phic function X\ — E°(P : 1 : \) is reqular on iapy, for every ¢ € As p.

68



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.

Lemma 11.9 Let F € C°(X : 75), and let f be the corresponding function
in CX(X)s, i.e., F' = fP. Then

<f(P:§:)\),T>—/X(F(x),EO(P:wT:—)\)(x)WTda;,

for every T € V(P,¢) ® L*(K : €) and all \ € i0pg
Proof. Let T be as mentioned. Then using (11.4) we find that

(f(P:&:X),T) = (f, Mp,_x(T))

sph
= (P (D)

_ /X<F(x), E2(P oo s M) (@), da.

The spherical Fourier transform

The relation in Lemma 11.9 provides motivation for the following defi-
nition of the spherical Fourier transform. We write E°(P : \) for the
Hom (A3 p, V;)-valued function on X given by

E°(P: N (@) = E°(P: s \)(a),

Y € Az 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

E*(P:)\:x):=E(P:—\:2)*,
for x € X and generic A € a*ch-

Definition 11.10 Let F € C°(X : 7). The spherical Fourier transform
FpF: z'a*Pq — Apg p is defined by

FpF(\) = /XE*(P A x)F(z)de. (11.9)
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Example 11.11 (Riemannian case) In the setting of Example 11.3 it
follows that Fpf()) equals c(—A)~! times the usual spherical Fourier trans-
form f(A), i.e.,

G/K
for f € C2°(K\G/K) and generic A € aj..
It follows from Definition 11.10 that
(f(P:€:X), T) = (FpF(=)), ¥r) (11.10)

in the notation of Lemma 11.9. The change from A\ to —\ 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.

Proposition 11.12 Let P € P,. The Fourier transform Fp maps C°(X :
T) continuous linearly into the Schwartz space S(iap,) ® 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 as its adjoint the so-called wave packet operator.

Definition 11.13 Let P € P,. The wave packet operator [Jp is the oper-
ator from S(iap,) ® Az p to C*°(X : 7), defined by

JIpp(z) = - E°(P:X:z)p(N)dA.

Here d) is abbreviated notation for the Lebesgue measure dpp(A) on iap,,
normalized as in the beginning of Section 10.

Theorem 10.8 and its normalized version are now equivalent to the fol-
lowing result, which is the major ingredient in the Plancherel theorem for
spherical functions.
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Theorem 11.14 Let f € C°(X : 7). Then

f=>Y [W:WpIpFrf. (11.11)

PcP,

Example 11.15 (Riemannian case) In the setting of Example 11.3, we
have that
Tev@) = | w)e) eale) dr
iay
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,

;K
10y

There is a natural notion of Schwartz function on X, which generalizes
Harish-Chandra’s notion of Schwartz function for the group. Let 7x : X —
[0, 00[ be defined by 7x(kah) = ||logal|. Then the L?-Schwartz space of X
is defined by

CX)={fecC®X) | (1+7x)"Lyf € L*(X) VYucU(g), ncN}.

Here L, denotes the infinitesimal left regular action of u. Alternatively, the
Schwartz space can be characterized in terms of sup-norms of derivatives,
see [6], Sect. 17.

Theorem 11.16 Let P € P,. Then

(a) The Fourier transform Fp extends to a continuous linear operator
from C(X: 7) to S(iap,) ® Az p.

(b) The wave packet operator Jp is a continuous linear operator from
C(X:7) to S(iap,) ® Az p.

The fact that Fp extends continuous linearly to the Schwartz space is
a consequence of uniformly tempered estimates for the Eisenstein integral.
These will be formulated at a later stage, see Theorem 14.1. That the exten-
sion maps into the Euclidean Schwartz space S(iap,,) ® Az 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
estimates 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.
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It can be shown that the operators Fp and Jp extend continuously to
operators from C(X : 7) to S(iap, ) ®Az p, and backwards, respectively. The
natural action of the algebra of invariant differential operators on C*°(X : 1)
leaves the subspace C(X : 7) 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},) ® As,p given by [p, (D :
)el(A) = pp(D : N)p(A), see also (11.8).

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

(a) fPoD :EP(D : ')ofp;

(b) Dojp = jPOHP(D : )
Proof. Property (a) follows from Proposition 11.7 combined with Definition
11.10 and the relation p,(D* : —A)* = p (D : A). For a proof of the latter

relation, see [21], Lemma 14.7. Property (b) follows from the mentioned
Proposition 11.7 combined with Definition 11.10. (|

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,Q € P, are associated, see Definition 10.7, we define

W(agq | apq) = {slap, | 8 € W, s(apq) C agq} -

Theorem 11.18 Let P,Q € P, be associated. There exist uniquely deter-
mined Hom (A3 p, A2 g)-valued meromorphic functions A — C’&P(s :A) on
Opycs for s € W(agq | apq), such that

E°(P: X :mav)y ~ Z a*?=re [Coip(s = M]u(m),
seW (agqlapq)

as a — oo in qu, for all X € ia};q, veEQRW, me X and Y € Az p; here
sA:=Xos L.

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

Proposition 11.19 C}’D‘P(l tA) =1.
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The C-functions allow us to formulate the so-called functional equations
for the Eisenstein integral.

Theorem 11.20 Let P,Q € P, be associated. Then, for alls € W(agqlapy),
E°(P:XAix)=E%(Q:sA:2)oCop(s:A), (11.12)
for every x € X, as a meromorphic identity in the variable A € a*QqC.

This result generalizes Harish-Chandra’s functional equations for the
case of the group, see [55]. For symmetric spaces, and P, () 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 in both sides
of (11.12) are essentially eigenfunctions depending meromorphically on the
parameter A € a*ch- Moreover, they satisfy conditions that allow to conclude
their equality from the equality of the coefficient of a®* @ in the expansion
along Ag Q> for each v € @W. The latter equalities amount to

Capls 1 A) = Cqio(1 : s4) Cgip(s = A),

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

Proposition 11.21 Let P,Q, R € P, be associated, and let s € W (agq|apq)
and t € W(agqlagq). Then

C%‘P(ts : A) = ]OﬂQ(t : S}\)C%‘P(S : )\), (1113)
as a Hom (Ag p, Az r)-valued identity of meromorphic functions in the vari-
able A € ap..

Proof. This follows from (11.12) by comparing the coefficients of a***~P% in
the asymptotic expansions along quv, for v € B, O

The proof of the regularity theorem, Theorem 11.8, is based on an asymp-
totic analysis together with the following important fact.

Theorem 11.22 (The Maass-Selberg relations) Let P,Q € P, be associ-
ated and let s € W(agq | apq). Then

Coip(s : =A)"Cgp(s:A) =1.

In particular, if A € iap, then C’gg‘P(s 2 \) is unitary.
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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 sym-
metric space with P minimal, see Example 11.3, we see that C, p(s:A) =

c(A)7te(sA). Thus, in this case the Maass-Selberg relations with Q = P and
s € W amount to |¢(A)|* = |e(sA)|* for X € i} (imaginary).
The Plancherel theorem for spherical functions

The functional equations for the Eisenstein integral, together with the Maass-
Selberg relations, imply transformation formulas for the associated Fourier
transforms.

Proposition 11.24 Let P,Q € P, be associated. Then, for every f €
C(X:7) and each s € W(agqlapg),

Fof(sA) = CQp(s : N Fpf(N), (A € iapy). (11.14)

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

Cop(s: Ao EX(P:A:a) =E°(Q:sA: 1) (11.15)

The transformation formula for the Fourier transforms is an immediate con-
sequence. O

Proposition 11.25 Let P, Q) € P, be associated. Then JpoFp = JgoFg
on C(X : 7).

74



Proof. Let f € C(X: 7). From (11.14) it follows that, for z € X,

JoFqf(z) = E°(Q:sh:x)Fqof(sA)dA

ia},q

_ / E(Q: s\ a) Cdyp(s : A) Fpf(A) dA
ia}q

= / E°(P:X:x))Fpf(A)dA
ia};q

= JpFrf(x).

The one but last equality follows from Theorem 11.20. O

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

[S(iapg) © Ay p] o0 (11.16)
to be the subspace of S (z’a}q) ® Ay p consisting of the functions ¢ satisfying
p(sA) = Cpip(s : N)e(A),

for all A € iap,, s € W(apq). It follows that Fp maps C(X : 7) 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 s a topological linear isomorphism

C(X:7) = @pep, (Sliap,) @ Agp)iera).
Its inverse is given by
J :=®pep, (W :Wp|JIp.

Moreover, for every f € C(X: 1),

£ 2y = Y W WELI|IFpfll7a-
PeP,
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The set P, contains precisely one minimal o-parabolic subgroup of P,,
since all such are associated. Let us denote it by Fy, and its Langlands
decomposition by

Py = MAN,.

We denote by Cpne(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 H. Schlichtkrull on the most continuous part of the Plancherel
theorem, [16].

Theorem 11.27  There exists a differential operator D, € D(X), depend-
g on T = Ts, such that

(a) D; is injective on C°(X : 1),
(b) DyoJp,0oFp, =D onC(X: 7).

It follow from the above result combined with the spherical Plancherel the-
orem that
D;oJp=0 forall PeP,\{P},

hence also for all non-minimal o-parabolic subgroups P € P,. In particular,
it follows that Cmc(X : 7) equals the orthocomplement of the kernel of D
inC(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 A(J{ be the positive Weyl chamber associated with the choice of Pp;
ie., A(J{ = Aﬁoq. In the notation of (6.3), the associated choice of positive
roots is given by

= S(R).

In the following we shall briefly write E°(\ : x) for the normalized Eisen-
stein integral E°(Py : A : z). The theory of this Eisenstein integral, connected
with the minimal principal series for (G, H), is developed in [5], [6] and [15],
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along the lines sketched in the previous sections. In P. Delorme’s work, par-
tially in collaboration with J. Carmona, the Eisenstein integrals associated
with the non-minimal (or generalized) principal series are introduced in a
similar manner. In my work together with H. Schlichtkrull, the more general
FEisenstein integrals make their appearance in harmonic 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 general-
ized principal series.

Let us return to the Eisenstein integral E°(\ : x) associated with the
minimal o-parabolic subgroup . Put p = p P In view of Proposition 11.7,
the action of the invariant differential operators on the Eisenstein integral
is described by

DE°(A: )= E°(\: Jou(D:)\); (D eDX)), (12.1)

as a meromorphic identity in the variable A € aj.. From this combined
with the fact that it is a (1 ®7)-spherical on X it follows that the Eisenstein
integral E°(\ : 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 decomposition (3.10) in Corollary 3.7. Let Al and W be as in the
mentioned corollary. Then the differential equations (12.1) give rise to so-
called radial differential equations on v_lAa“v, for every v € W. These radial
equations form a cofinite system. Moreover, let A be a basis of a containing

the set A of simple roots in X7, then the functions a — a V% for o € A,
form a system of coordinates at infinity on v_lAglLv, 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 coordinates. 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 = ppy, T :=Ts, TM = TP, = T|knn and

°C(7) == Ag.py(T) = Gpew C°(M/M NvHv ™" : 7yp),

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

Theorem 12.1 Let v € W. There exist meromorphic End (°C(1))-valued
functions A — C°(s: A) on ale, for s € W, and a function ¥, : ag. X DA -
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End (VTMQKMH”_l), meromorphic in the first and holomorphic in the second
variable, with VU, (\,0) = I, such that,

E°(\:av)y = Z a* NP W, (s, (a7Y)) [C°(s = My (e),

seW
for every ¢ € °C(7), all a € AL and generic X € af..

The function ¥, () : -) has a power series expansion on D?, with coef-
ficients )
F/,L(Uy )\) c End (VrMﬂKﬂ’l}H’Ui )’

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

BN rav)y =Y > a0, A) [COs : A)ilu(e).

seW pneNA

Observe that the C-functions defined here, were denoted by C'Iogol Po (s: N
earlier, see Theorem 11.18. In particular,

Co(1:\) =1, (12.2)

and we have the Maass-Selberg relations, for s € W,

Co(s: —M\)*C°(s: A) = 1. (12.3)

In the present setting of a minimal o-parabolic subgroup, the Maass-Selberg
relations 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 of all, we agree to use the notation

(N, a) = a*PUL(N, (™).
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Let f € C*(X : 7). Writing F := Fp, and J := Jp, and ignoring singulari-
ties in the variable A as well as convergence of integrals for the moment, we
see that

JFflav) = /* Z D, (s, a)[C°(s : N)Ff(N)]u(e) dA (12.4)
89 seWw
= 3 [ A e NFFALe) (125)
seWw g
= > [ BN @FF N (126
sew Y%
= Wi/ ) D, (N, a)[Ff(N)]w(e) dX (12.7)
= |W| O, (N, a)[Ff(N)]u(e) dX  + residual integrals
iaz+n

for a generic ) € a that is anti-dominant, i.e., (7, a) < 0 for all a € 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, a) = ¢, (¢ € R), for a € %, of order independent of f and a.
Moreover, none of these hyperplanes meets 1+ tag, if 7 is sufficiently far out
in the anti-dominant direction. The required estimates can be described as
follows. Let w C ag be a bounded subset, then there exists a polynomial
*

function ¢ = ¢, : agc — C, which is a product of factors of the form

(-, a)—c, with a € ¥ and ¢ € R, such that for some N € N,
lgN) @, (A, a)|| = O((1 + ]A)™M),

locally uniformly in a € A;;, for A in the strip w + iag., and such that, for
every n € N,
laFFNI = O+ ADT"),
for A in the same strip.
If D € D(X), then F(Df)(A\) = p(D : N)Ff(N), by Lemma 11.17. In
[16] it is shown that there exists an operator D, € D(X) depending on 7,
such that the zeros of u(D; : -) annihilate all singularities of the integrands
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in (12.4)—(12.7), and such that
det u(D; = -) # 0. (12.8)

It follows that all equalities in the array are valid with D, f instead of f,
for any f € C2°(X : 7) and all n € af anti-dominant; moreover, the residual
integrals vanish. This leads to the equalities

TFDf(@) = [ 0D NFINE B, (129

n+iay

for each v € W and all a € AQIL. In the Riemannian case, where H = K,
W = {1} and 7 = 1, one can show that D, = 1 fulfills the requirements.
Moreover, the procedure just described corresponds to the shift procedure
applied by S. Helgason [60].

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

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

la)F N = O((L+ A el )

in the region of points X € a’. with (ReA, a) < 0 for all a € ¥*. Here
p is any dominant element of ag with the property that 4 < 1 on A, for
AcC cq any subset with Av D Aa“u N supp f. The functions ®, have series
expansions with estimates similar to those obtained by R. Gangolli [47] for
the Riemannian case, see [14] for details. One can now apply a Paley-Wiener
shift argument with n = —tu, t — 0o, to conclude that the smooth function
JFD;f has a support S satisfying p < 1 on log[(S N Aarv)v_l}. Collecting
these observations for v € W, we conclude: if Xo € al and f € C*(X : 7) is
a function with support contained in K exp(conv W Xy)H, then JF D, f is a
smooth function with support contained in the same set. Here conv (W Xj)
denotes the convex hull of the Weyl group orbit WXy in aq.

The operator D, can be chosen formally symmetric, so that JF D, is
symmetric with respect to the L2-type inner product on C°(X : 7), see also
the text following Proposition 11.12. In combination with this symmetry, the
support properties just mentioned imply that JF D, is support preserving.
O
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We can now finish our sketch of the proof of Theorem 11.27. It fol-
lows 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 D(X). The property of support
preservation implies that the operator 7 is related to a differential operator.
More precisely, we define the operator

T C’COO(A(J{,VTMQKOH) — C(X :7)

by T'f(ka) = 7(k)f(a), for k € K and a € A}, and by TTf = 0 outside

q )
K A:{. In the converse direction, we define the operator

Tl . COO(X . 7_) N COO(Ajl_,VTMmeH)

by restriction. Then 774 := T' 6T o T" is a support preserving continuous
linear endomorphism of CZ° (AT, VMMENH) "hence a linear partial differen-
tial operator with coefficients in C°°(AF)®End (VM 5"H). We observe that
for D € D(X),

T'eDoT! = Drad,

the radial part of D along Af. Thus, the fact that 7 commutes with D(X)
implies that
(7724 prad =0, (D e 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 7' is completely determined by
its top order asymptotic behavior at infinity. Let (-, -); denote the L?-
inner product on Cg°(Af, VMMENH) associated with the measure Jda on
AZ. Then it follows from Theorem 3.9 that

(f, ) g =(T'f, T'g)12(x.r). (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

<Tradfn’ gn>J ~ <D§—adfna gn>J, (n - OO)’

for fn,gn sequences of functions in C°(AF, VMOENH) with the property
that T f,, and T'g, have L?>-norm 1 and that the compact sets supp f,, and
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+
q

774 has the same top order behavior as D', The latter operator satisfies
the same commutation relations (12.10) as the operator 74, Therefore,

supp ¢n tend to infinity in AT, for n — oo. From this it can be deduced that

rad __ rad
Tred — prad,

Applying a similar argument involving chambers of the form v_lAa“v, for
v € W, it follows that 7 = D, on functions from C>°(X : 7) supported
by a compact subset of U,cy K Aa“uH . 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 ¥(b) be the
root system of b in g, and let X7 (b) be a positive system for X(b) that
is compatible with agq, i.e., the non-zero restrictions a/q,, for X (b) form a
positive system for Y. Let n, be the sum of the root spaces in g. for the
roots of 37 (b) that vanish on a,. We define the linear functional py, € b3 by

() = 5t (2 (X))

Theorem 12.3 Let D € D(X) and let D* denote its formal adjoint. As-
sume that the polynomial function X\ +— ~v(D* : X+ pun) is non-trivial on ag-
Then D is injective on C°(X : 7).

The proof of this result, due to [13], is based on an application of Holm-
gren’s uniqueness theorem from the theory of linear partial differential equa-
tions with analytic coefficients, see [64], Thm. 5.3.1.

Part (a) of Theorem 11.27 follows because the operator D, can be con-
structed 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 C°(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 € C°(X) in terms of its
most-continuous Fourier transform F f. This is the problem of Fourier in-
Version.
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(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 theorem will be dis-
cussed 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

Xy = Upew KAZvH.

Since X, is left invariant under K, it makes sense to define the space
C*(X4 : 1) of smooth 7-spherical functions f : X1 — V;, by imposing the
rule (11.1) for z € X4 and k € K. Accordingly, via restriction to X4, the
space C*°(X : 7) 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® 7 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 E, (A : -),

for generic A € aj, is defined to be the 1®7-spherical function in C*°(X,)®

Hom (°C(7), V;), given by
Eys(A: kav)y = 7(k)®y (A, a)[C°(s : A)lu(e),
for ¢ € °C(1), k € K, a € A} and v € W.

The partial Eisenstein integral is viewed as a function depending mero-
morphically on the parameter A € ag.. In addition, we agree to write

Ei(A:-)=E{1(A: ).
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In view of (12.2), the partial Eisenstein integral E,  is related to the above
one by
Eifs(A:-)=FEq(sh:-)C%(s: N, (13.1)

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

TFD @ =W| [ EcauDiNFFOV A (132)

n+iad -

valid for f € C2°(X : 7), z € X4 and 7 € af sufficiently anti-dominant.
Given f € C°(X : 7), we now agree to write

T, Ff(x):= W] EL(A:x)Ff(N) dA, (r € Xy), (13.3)

n+iag

for every n € a for which the integrand is regular on 7 + ia;. Then 7, F f
defines an element of C*°(X4; : 7) which is independent of 7, as long as
n + iag varies in a connected open subset of ag. 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

ai(Po,R) ={X€al. | (ReX, @) <R (Va e X™)}

Theorem 13.2 (Fourier inversion) There ezists a constant R € R such
that both functions X\ — E{(X\: -) and A\ — E*(\: -) are holomorphic in
the open set ag(Po, R). If f € C°(X : 7), then, for every n € ag(Fo, R),

f=T,Ff on Xj. (13.4)

Since ag (P, R) is convex, hence connected, 7,F f is independent of the
particular choice of n € afl(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 C°(X : 7). The partial Eisenstein integral is readily seen to satisfy the
differential equations (12.1) on X . It follows from this that

D, T,Ff = Ty((Ds : -)F[) = T,(FD-f),
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on X, hence on X. In view of (13.2) and Theorem 11.27 (b) we now see
that f —7,F f is a function in Cg°(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, me must show that 7, F f
extends smoothly from X to all of X. This will be achieved by a shift of
integration, where 7 — 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 € Vi, we define a polynomial function

e : Ve — C by
ma =[] (€ —€(a)).
cex
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

M(Ve,a,X) i = Unen W(;N(’)a.

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 V.

Definition 13.3 An X-Laurent functional at a € V; is a linear functional
L e M(Vi,a,X)* such that for any N € N there exists a uy € S(V) such
that

EzeVaouNoTrév on WC:NOQ. (135)

The space of all Laurent functionals on V;, relative to X, is defined as the
algebraic direct sum of linear spaces

M(Ve, X)laur == @ M(Ve, X, @) (13.6)
aeVe

For £ in the space (13.6), the finite set of a € V; for which the component
L, is non-zero is called the support of £ and denoted by supp L.
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According to the above definition, any £ € M(V., X

composed as
> .

a€supp L

may be de-

) ikaur ?

Let M(V¢, X) denote the space of meromorphic functions ¢ on V. with the
property that the germ ¢, at any point a € Vi belongs to M(V;, a, X ). Then

we have the natural bilinear map M(Ve, X); . x M(V;, X) — C, given by
(L,p) > Lo= > Lafa
a€supp L

This bilinear map naturally induces an embedding of the linear M (V;, X )}, .,
onto a linear subspace of the dual space M(V;, X)*. For more details con-
cerning 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 a4 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
n [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 aq ~ ag via which we shall identify. Ac-
cordingly it makes sense to speak of the spaces M (ag, ) and M (age, X,
Let H be a locally finite collection of real X-hyperplanes, i.e., hyperplanes
H C ag. given by an equation of the form (agr, -y = cg, with ag € ¥ and
cy € R. We define M(af.,H) to be the space of meromorphic functions ¢
on a;. with singular locus contained in UH. Moreover, we define P(ag., H)
to be the subspace of functions ¢ € M(ag., H) with fast decrease along
strips in the imaginary directions. More precisely, this requirement of fast
decrease means that for every compact subset w C ag, there exists a poly-
nomial function g, : agc — C that is a product of powers of linear factors
of the form (ag, -) — cg, for H € H, such that the function ¢ satisfies the
estimate

sup (14 [A))"|qw(A)e(A)] < oo,
)\ew+ia§§

for every n € N.
By aroot space in a; we mean any finite intersection of root hyperplanes
of the form at, for @ € . The collection of root spaces is denoted by
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R = Ry. It is understood that ag € R. The map P — aj‘Dq is surjective
from P, onto R. For this map, the fiber P,(b) of an element b consists of
all P € Py with app, = b. We agree to equip b with the Euclidean Lebesgue
measure associated with the dual inner product (-, -) of ag. For each n € ag,
the image of this measure under the map v — n+iv, b — n+iv, is denoted
by dp.

If b € R, then bt is called a Levi subspace. This terminology has the
following explanation. If P € P,(b), then bl equals *apy, which is the
analogue of ag for the Levi component Mp of P. We note that

Yo =Y Nbt (13.7)

is a root system in bl. The map P +— X(P) maps the collection PX" of
minimal elements in P, bijectively onto the collection of positive systems
for ¥. If P € P™™ and b € R, then X(P)Nb' is a positive system for (13.7).

If b € R then b™8 is defined to be the intersection of all sets b\ a*, for
a € X\ Xy1. We observe that b™# is the disjoint union of the chambers a*PJg,
for P € P,(b).

For b € R and A € a; we denote by H ) the collection of X-hyperplanes
in af. containing A + be. Clearly, Hyyp = A + Hp. Moreover, if P € P,(b),
then Hp = N{a | a € Xp}.

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

forallbeR,
> tp)=1 (13.8)

PePs(b)

Observe that by Corollary 6.8 and (6.3), the map P +— aJIQq 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 ¢ as a map P(X) — [0, 1] and write t(a?;q) instead of
t(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 ag, then
by &,. we denote the orthogonal projection of ¢ onto b*. The collection of
complexified root hyperplanes o, for a € ¥, is denoted by Hx(0).

Proposition 13.4 Let t be a residue weight on ¥, let P € P™" and let
§ € a;. Then there exist unique Laurent functionals

P,t 1 *
Res§+b € M(bc 2 €pts z:bJ-)laurv
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for b € R, such that the following is valid for n € ag sufficiently »(P)-
dominant. For every ¢ € P(ag:, & + Hx(0)),

/“(p(x) n=3" 3 P / Rest [0+ + )] dpue(v), (13.9)

bER PEP, (b) pt (afF)ib

where pt (a*P"(;) denotes an arbitrary choice of point in a}z, 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 7 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 + b; one obtains a residual integral along a codimension 1
hyperplane of the form n + b, with n € £ + b. Such an integral is shifted in
the manner described above, in order to move 7 inside £ + b to a position
close to ,1. The latter point may be characterized as the central point of
£+, i.e., the point closest to the origin. The shifted integral is distributed
over the chambers £y 1 +aJ}Sq, 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 operators are uniquely determined by the requirement that the for-
mula 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 ¥, P € PMn ¢ ¢ age and
b € R, and assume that
P’
Resg 1, 7 0. (13.10)
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Then &1 is contained in the closed convex cone T~ (X(P) Nb™L).

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 non-trivial contri-
butions to the residual operator in (13.10) come from successively taking
residues in variables transversal to hyperplanes of the form & + o that con-
tain £ + b. Each step involves a residual integral along n + ic, with ¢ € R
and with n € £ + ¢. Moreover, in such a step 7 crosses a hyperplane of the
form & + (¢Na’t), for a € X(P) N Xyr \ B.L. At the moment of crossing, 1
comes from the region (n — &, a) < 0 in £ + ¢. Moreover, the crossing only
needs to take place if {1 is not in the same region in £ + ¢, i.e.,

(er =&, ) 20. (13.11)

The crossing causes a residual integral along 1y + icg to split off, with ¢y =
¢Nat and with No € ¢o.

From (13.10) it follows that a crossing as above occurs with ¢y = b and
with Res?_’:c = 0. Applying induction with respect to codim b we may assume
that

L e (Z(P)Nct). (13.12)

On the other hand, it is clear that £ — £ 1 is perpendicular to the roots from
Y(P) N ¢t. The positive system L(P) N b+ for ¥y1 has precisely one simple
root not perpendicular to ¢. If we combine this with the inequality (13.11)
for a certain root o from X(P)N X1 \ X1, we see that (€. — &, 3) > 0 for
all 3 € ¥(P)Nbt. This implies that & — £ 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 bt), so that

Eor — &L €T (2(P)N L.
Combining this with (13.12) we deduce that

Eor €T (D(P)NBY) + T (B(P)Net) c I (Z(P)Nbh).

Transitivity of residues

We shall now describe a result which ensures that the residue operators be-
have well with respect to parabolic induction. Via the natural isomorphism

89



dq = a we shall view the Coxeter complex P = P(X) as the set of facets in
ag. Accordingly, P — a}‘j('l defines a bijection from P, onto P.

Let b € R; then the map s — s + b is a bijection from the collection
R(ZpL) of root spaces in bt for the root system Y1 onto the collection

R-p:={c€R|cDb}.

If ¢ € R—p, then the associated root space in bt is given by *¢ = ¢ bt. In
particular, it follows from the above considerations that

¢ (FO)E 4 b C .

From this in turn we see that for each open chamber C' in ¢, there exists
a unique open chamber in *¢, relative to the root system X,., such that
C C *C+0b. Let P, 5p 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-p onto the Coxeter complex Py. of the root system (b, X1 ).

Keeping the above in mind we see that any residue weight ¢ on ¥ induces
a residue weight *t on ¥,1 given by

D)= Y tO)

CePHp ,*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 bl is the analogue of ag for My. We denote
by Py(My) the analogue of the set P, for Mp. The map Q — agq defines a
bijection from Py (Mp) onto Pyi. Let P, 5p be the collection of P € P, with
a}‘gq 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 Py(Mp). We note that for all P € P, 5
we have *P = PN My. If P is a minimal element of P, then P € P, 55 and
*P is a minimal element in P,(M;). We note that X(*P) = X(P) N b+.

Lemma 13.6 Let P € P™" t q residue weight on ¥, € € ag and b € R.
Then for every root space ¢ containing b we have

Pt “P %t
Resg_s_c = Resfbﬂr*c.

This result is a rather straightforward consequence of the characteriza-
tion 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.
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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) naturally induces a map

wy : M(bE,%p1) — M(wbt, X ,p1).

It readily follows from the characterization in Proposition 13.4 that the
residual operators transform naturally for the mentioned actions of the Weyl
group. Thus, let P,t,£,b be as in Lemma 13.6, then

P, P,
w*Reng:b = Resz&vzvtb (weW). (13.13)

Here we have written wP for the w-conjugate of P; it is given by wP =
wPw™!, with w € Nk(aq) a representative for w. In addition to this trans-
formation formula we have the following result.

Lemma 13.7 Let P € P™0 t q residue weight on ¥, € € ag and b € R.
Moreover, let w € W be such that w(X(P)NbL) C $(P). Then the operators
in (13.13) equal Resag:_twb.

Proof. The hypothesis implies that w(X(P))N(wb)+ C X(P)N(wb)L. Since
both intersections are positive systems for ¥ .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 col-
lection of real ¥-hyperplanes in ag.. 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 under-
stood to be ag.

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 € ag,

Vae X(P) (n,a) < —M = n¢UH.
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Theorem 13.8 Let P € P™0 and let H be a locally finite collection of real
Y -hyperplanes that is P-bounded from below. Then the collection 11 of pairs
(&,b) € al X R with & € b+, £+ b € L(H) and Resgj:b # 0 is contained in
a finite set only depending on P,’H. Moreover, for every n € ag sufficiently

P-dominant and each collection of €Q € Cl*QJr sufficiently close to O for all
Q € P,, the following holds. For every ¢ € P(ak., H),

qp’

/17+ia* Z Z / Res +b$0( +v) dup(v).

(&,0)€ll QePs(b

For the proof of this result we refer the reader to [18]. The eg are
sufficiently small perturbations of 0 inside aa;; 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.

In the following we fix Py € P and put X7 := %(P,). The associated
set of simple roots is denoted by A. For each subset F' C A we denote by
a}q the intersection of the root hyperplanes a*, for a € F and by a}tl the
positive chamber determined by the remaining simple roots A \ F. Then
there exists a unique Pr € P, whose associated positive chamber equals
a;q. The group Pr is called the standard parabolic subgroup determined
by F. In the rest of this paper we shall adopt the convention to replace an
index Pg by F. In particular, the Langlands decomposition of Pg is denoted
by Pp = MpApNp, and the centralizer of apq in W is denoted by Wp.

Let W denote the set of elements w € W for which w(F) C ©*. Then it
is well known that W consists of the cosets representatives of W/Wp that
are of minimal length. Moreover, the multiplication map W¥ x Wrp — W
is a bijection.

It follows from the standard theory of root systems that for each P &€
Py =~ P there exists a unique F' C A such that P is W-conjugate to Pp.
Moreover, there exists a unique v € W¥ such that P = vPpv~!

Lemma 13.9 Let H be a locally finite collection of real X-hyperplanes that
18 Py-bounded from below. Then for each F C A there exists a finite subset
Ar = Ap(H) of the closed conver cone I'"(F) spanned by 0 and —F, such
that the following holds. For every W -invariant residue weight t on 3 the
collection of elements & € ((:L}}q)l with

Resh!

ghap, 70 and 3w e WF  w(€+af,) € L(H)

is contained in Ap.
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Proof. Forw € W' let XFw denote the set of £ € Ap with the property that
w(§ +ak,) € L(H). For such ¢ it follows from Lemma 13.7 that Res‘igrwb #
0. Hence (w&, wb) is contained in the set IT of Theorem 13.8 with P = F.
It follows that X, is contained in a finite subset Ag,, only depending on
Py, H. Moreover, it follows from Proposition 13.5 that for £ € Xg,, we have
wé € F_(E(Po)ﬂwa*Fé) = wl'~(F), hence £ € I'"(F). Thus, the above holds
with Ap,, a finite subset of I'"(F') only depending on Py and H. Now Ap
may be taken to be the union of the sets Ag,,, for w € W¥, and the lemma
follows. O

In the formulation of the following result, we use the abbreviation dug
for the normalized Lebesgue measure dpuq+ on ia}.. and its translates, for
Fq Fq
each F' C A.

Theorem 13.10 Let t, H and the set Agp be as in Lemma 15.9. Then
for every n € ag sufficiently P-dominant and each collection of ep € a}‘;&
sufficiently close to 0 for all F C A, the following holds. For every ¢ €
P(aZWH),

[ o= S up) [ Refly 3 el +v) duo),

ntiag FCAgeAr eptia, weWF

Proof. The formula can be derived from the formula displayed in Theorem
13.8 as follows. Every @ in the formula is of the form w(Pr) for a unique
F C A and a unique w € W¥. Moreover, (£,Q) € II = w™¢ € Ap.
The desired formula now follows by application of Lemma 13.7 and the
W-invariance of the residue weight. O

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 € C(X : 7), 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].

Proposition 13.11 The union H of the collections of singular hyperplanes
of the functions X — E*(A : -) and X — Ey (X : -) is a locally finite
collection of real X-hyperplanes that is Py-bounded from below.
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From now on we fix H as in Proposition 13.11 above and we fix a finite
set Ap C I'"(F) meeting the requirements of Lemma 13.9. Moreover, we
fix any residue weight ¢t on ¥ that is W-invariant and in addition even, i.e.,
t(P) = t(P) for all P € P,.

Completion of the proof of Theorem 13.2. In view of Definition 11.10 with
P = Py, the singular locus of the meromorphic function Ff is contained in
UH as well. We may therefore apply Theorem 13.10 with () = E4 (X :
x)F f(A), where x € X, and obtain that

T, Ff(x) (13.14)
WY P / RE (S Ey(w(- +v):2) Ffw(- +v))] dur(v),

FcA eptiag,, weWF

where, for each FF C A, we have used the notation R% for the Laurent
functional in M(a}t, Y F)faue 8iven by the formula

Pt
Ripi= > Rese g - (13.15)
EEAFR

For later applications it is of importance to note that the support of this
Laurent functional is contained in the finite set A g 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

Ep(w(- +v):a) Ff(w(- +v))
— Bua(- +v:ia)Ff(- +v)

- /XEw(- Fuia) B (- +vy)f(y) dy.
We now define the kernel function
Kp(:iy:a)=RE[ > Buoi(-+v:z)E (- +v:y)], (13.16)
weWF

for y € X, x € X, and generic v € a*FqC. This kernel depends meromorphi-
cally on the variable v € a}, .. After this, (13.14) becomes

TE) =W R [ [ e )i dydu(o)

FcA €

For fixed generic v € af ., the kernel function Kt (v: - : ) is a smooth
function on X4 x X, with values in End (V;) ~ V. ® V*. Moreover, it is
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spherical for the K x K- representation 7 ® 7*. Finally, it is D(X)-finite in
both variables. It follows that K%(v : - : -) belongs to a tensor product
space of the form 'E, ® 2E,, with 'E, and ?F, finite dimensional linear
subspaces of C*°(Xy : 7) and C* (X} : 7*), respectively. For each j = 1,2,
let 7 E/, denote the subspace of functions in 7 E,, that extend smoothly to all
of X. Then by the symmetry property formulated in the result below, the

kernel function K% (v : - : -) belongs to the intersection of 'E/, ® 2E, and
'E, ® 2E!,, which equals 'E/, ® 2E!,. From this we see that K&(v: - : -)
extends smoothly to all of X x X. Il

Proposition 13.12 Let xz,y € X;. Then
Ki(viz:y) =Ki(-v:y: ), (13.17)
as a meromorphic End (V;)-valued identity in the variable v.

Sketch of proof. The result is proved by induction on dim aq, the split
rank of X. For dim aq = 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 symme-
try of the kernels for the spaces Xp,, for v € FW, 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 Aaq, the vectorial part of the center of
G modulo H, we have K4 (v : ax : by) = a"b VK4 (v : = : y). By factoring
out this part we reduce to the case that a*Aq = {0}. Suppressing the variable
from this space, we put K4 (v : y) = KL (0: z : 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 follows. The kernel K4 (- : y) is annihilated by a cofinite ideal
I of D(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

T = W1H(Pr) | . [ Kev:a ) f) dydurv). (139

£

Then by the residue shift in the proof of Theorem 13.2, g = f—>" o Tk f. Let
D € I. Then Dg = Df — > pcaThf; by application of Proposition 13.12

95



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 X, 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 g = 0,
whence Theorem 13.2. At the same time it follows that T4 f is the smooth
function on X given by

Thf=f— > Thf. (13.19)

FCA

Let sg 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 T}, are adjoint to each other as operators
CX(X :7) — C*°(X : 7). This implies that T4 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 induction of relations, as
developed in [20]. The principle says that relations of a certain type between
partial Eisenstein associated with a symmetric space Xg,, for F C A and
v € FW, induce relations between corresponding partial Eisenstein integrals
for the space X.

Keeping to the convention to replace index Pr by F, we have

Xpy = Mp/MpNvHv !

The space "apq := ai:q is the analogue of a for the reductive pair (Mg, MpN
vHv™1). Moreover, ¥ and W are the associated root system and Weyl
group, respectively, and * Py := MpN P, is the minimal o-parabolic subgroup
of M determined by the positive system ZJIS =YrNET. Let Kp = KNMp
and 7p 1= 7|k, If t € Wp, we denote by

By y(Xp s pim) € Hom (°C(X g, 7), V), (1 € ahpgerm € Xiny),

the analogue for the symmetric pair (Mg, MpNvHgv~!) (and the parabolic
subgroup *F) of the partial Eisenstein integral Ei (X : A : x). Here
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°C(Xp,y : T) denotes the analogue of the space °C(r) for Xf,. Via the bijec-
tion (3.9), the natural action of W on W/Wgknp is transfered to an action
on W. Accordingly, the space °C(Xp, : 7) is the direct sum of the spaces
C®(M/MNwHw™ "' : 1), for w € Wgv, hence may be naturally embedded
into °C(7), which is the similar direct sum for w € Y. The natural inclusion
map is denoted by if,; its transpose, the natural projection map, by prp,.
Theorem 13.13 Let Ly € M("afqcs XF )y ®°C(7) be given Laurent func-

laur
tionals, for each t € W, and assume that, for every v € YW,

> LB (Xpw: - im)oprp,] =0,  (m € Xpyy). (13.20)
teWp

Then, for each s € W, the following meromorphic identity in the variable
V € e is valid,

S LB a(X: - +viz)]=0, (zeXy). (13.21)
teWp

Conversely, if for a fivzed s € W the equality (13.21) holds for all v in a
non-empty open subset of af., then (18.20) 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
fv € C°(X4 : 7) of eigenfunctions for D(X) is completely determined by the
coefficient of a”~#F in its asymptotic expansion towards infinity along A}, U
for each v € F'W. This coefficient is a spherical function on X F,+, depending
meromorphically on v. In particular, if the coefficients, one for each v € FW,
are zero, then f, = 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 coeflicients in the
expansions of f;, along certain codimension one walls should 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 f3, for s € W, 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”~PF in the expansion of f, along AJISqU, for v € FW, is given
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by the expression on the left-hand side of (13.20) with the same v € W By
the vanishing theorem, the vanishing expressed in (13.20), for all v € WF,
implies that f = 0. For each v € FW, the sets of exponents of f$ in the
expansion along A} v are mutually disjoint for distinct s € W and generic
vE a}qc. 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
of all, the asymptotic 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 ¢¥~PF in the asymptotic expansion of f, along Aarv.

Completion of the proof of Proposition 13.12. The Laurent operator 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
{un} C S("a},) as in Definition 13.3, with u real for all N € N. Using these
facts it can be shown that the adjoint kernel in (13.17) can be expressed as

Kp(-v:y o) =RE [ Y E(wv—-:2o)Ef (v--:y)|, (1322
seWF

where the dual partial Eisenstein integral is defined by

EL (A iy) =Eps(=A:y)"

The residue weight ¢ on ¥ induces a residue weight *t on X r. The set F' is
a simple system for Xp. If v € W, we denote the kernel for the space X,
associated with the data *t, F' by K (X, : m : m’). In this notation the
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 v € W,

Kid(Xpy:m:m') = Kd(Xpy :m' :m)*, (m,m’ € Xp,). (13.23)

In view of the first part of the proof, applied to the present dual kernel,
using transitivity of residues, see Lemma 13.6, and taking into account that
(Wp)F = {1}, the equation (13.23) is seen to be equivalent to

R Er(Xpy: - im)E*(Xpy: - :m/)]
= RE[E°Xpp:— :m)Ef(Xpy:—- :m)].
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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 z, and then a second time 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. 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 : 7),

f= Wl [ [ Kpwia) f) dydur). (41)
FcA eptiap, /X

Here we recall that t is any choice of W-invariant and even residue weight
on Y. The leading idea in the proof of the Plancherel theorem is to show
that this formula, initially only valid for ep € a}z sufficiently close to zero
for all F' C A, is actually true with ez = 0 for all F. This in turn is achieved
by showing that the kernel functions K% (v : - :) are regular for imaginary
values of v € aj ..

The regularity of the kernels is established in the course of a long in-
ductive argument 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
Fisenstein integrals. For details we refer to [17].

Let F C A and v € 'W. Using the kernel K&(Xp,, : - : -) defined in
(13.16), we define the following subspace of C°(Xpy : 7F),

.A;{U = A (Xpy i 7r) i=span{ K (Xpy : - :m)u|m' € Xpoyo,u € Vi)

This space is annihilated by a cofinite ideal of D(Xf,), hence finite di-
mensional. For ¥ € A;{v, we define the generalized Kisenstein integral
Eg (v 1 -)Y as a meromorphic C°°(X : 7)-valued function of v € aj, ., as
follows. If

Y=Y KdXpy: - mpu,
i
with m, € Xp, 4+ and u; € V;, then

Ep,(via)yp =Y RE[ Y Eyuv+ )E Xpy: - :mpu], (14.2)
i seWF
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for generic v € a}qc and all z € 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 1, so that the definition is unambiguous.
Finally, we define the space

Al = @yerpy Af, (14.3)

and for ¢ = (1,) € A;} we define the generalized Eisenstein integral

Eyr(v:z)y = Z Ep (v x)thy.

vef'w

In the course [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 self-adjoint
endomorphism ap of .A}t such that

Kh(v:x:y)=Ep(v:x)oapocEn(—v:y)*

The inductive argument

So far, in the proof of the Fourier inversion argument, the theory of the dis-
crete 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 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 t,
the operator TZ defined as in (13.18) with F' = A, is required to be equal
to the restriction to C°(X : 7) of the orthogonal projection Pys : L*(X :
T) — Lz(X : 7). The second space denotes the discrete part, see (2.20).
In particular, it follows from the requirement that T% is independent of
the choice of residue weight. Equivalently, the latter condition means that
K (z : y) is the kernel of the orthogonal projection Pgs. Moreover, the
assumption straightforwardly implies that

ANX 1) = LAX : 7).

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
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D(X)-finite functions. In view of this it also follows that L3(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 Ay, 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 NvHv ') are of
residue type, for v € @W. A subset F' C A is said to be of residue type if
the associated standard parabolic subgroup Pp is of this type.

In the course of the induction step, the induction hypothesis guarantees
that each @ € P, different from G is of residue type. Moreover, if the center
of G is not compact modulo H, then Mg = M 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 the following we
assume that the occurring subset F' C A is of residue type. Let v € FW.
Then the assumption implies that

‘A*Fiv = Li(XF,v : TF) = .AQ(X : 7‘).

Accordingly,
AFt = -A2,F = @,UGFW .AQ(XF’U : TF)

is independent of ¢ and may be equipped with the direct sum of the L?-inner
products. For this choice of inner product it can be shown that apg equals
|Wr|~! times the identity operator. Thus, we obtain

Kt sy) = Wl Bp(v: 2)Ef(v s y),
where the dual generalized Eisenstein integral is defined by
Ep(v:y) = Ep(—v:y)" € Hom (V;, A2 r),

for y € X and generic v € a}}qc. From the induction hypothesis that F' is of

residue type, it follows that the kernels K;t(X Fov i - ¢ ) do not dependent
on t. 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 Aj g as in (11.7). For each ¢ € Ay ¢ we have an associated Eisenstein
integral

E°(Q:v: - )WpeC®X:1),
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which depends meromorphically on the parameter v € ag.. This in turn
allows us to define kernels by the formula

Ko :z:y):=|Wo| 'E°(Q:v:2)E*(Q:v:y). (14.4)

The definitions are such that for £ 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 princi-
pal 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 v € a*Qq[C are inherited from the similar estimates for minimal
Eisenstein integrals, which were established in [6], by using the functional
equation for j(@ : £ : \) mentioned in Remark 8.6. The minimal Eisenstein
integrals are easier to handle as they require no knowledge of the discrete
series of non-compact symmetric spaces of lower o-split rank.

Second, the location of the asymptotic exponents of the general Eisen-
stein integrals 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
satified 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 € iaqu-
For details we refer the reader to [21], Sect. 15. The mentioned technique of
sharpening estimates goes back to N.R. Wallach, [87].

Theorem 14.1 There exist constants € > 0 and s > 0 and a polynomial
function q : ap . — C that is a product of linear factors of the form (o, )=
¢, with o € X(P) and ¢ € R, such that the function f, = q(v)E°(P :v: -)
depends holomorphically on v in the region ap.(e) = {A € ap | [A] <
e} and satisfies the following estimates. For every u € U(g) there exist
constants n € N and C > 0 such that

|Lufu(z)] < C (14 [p)™(1 + Ix(z))" O(x) eIReviix(®),
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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 : &€ : \) is obtained. These yield uniform moderate estimates, which can
be sharpened to uniform tempered 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].

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 fol-
lows readily from the definition of the generalized Eisenstein integral. In
the following subsection we shall indicate how the general Maass-Selberg
relations formulated 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.

(a) Kg(sv:w:y)=Kp(v:z:y), for allz,y € X and generic v € ap .
(b) C&P(s : V)ngu_-,(s i =) = la,,, as an identity of meromorphic
functions in the variable v € a}‘gqc.

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 — oo in qu. Comparing the coefficients of a”~?@b™"~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 CE?IQ(l : su)C‘é'Q(l : —sv), which
in turn equals 14, ,, by Proposition 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. O
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In [17] it is shown that the Weyl group invariance property of the kernel
K 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 re-
lations for the C-functions associated with minimal o-parabolic subgroups
imply those for the C-functions associated with general o-parabolic sub-
groups. 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
constitute the essential step towards the regularity theorem for the Eisen-
stein integrals, Theorem 11.8. This theorem in turn implies that the mero-
morphic C*°(X x X, End (V;)-valued kernel functions v — Kp(v : - : -),
are regular on m*cha 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 ey = 0 for all F* C A that are of residue
type, by regularity of the kernels. Moreover, in view of (14.4) with @ = Pp
it follows that, for every f € C2°(X : 7), and each subset F' C A of residue

type,
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Thf(x) =
— e Wiwel [ /X B3 (v : 2)Ep(v : 9)(y) dydur ()
= t(Pp)[W : WF] jF](-iFf(:c).

In view of Theorem 11.16 it follows that for F' of residue type, the opera-
tor T% maps C°(X : 7) 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 i 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 T4 is defined by
means of point residues, hence maps into a subspace of D(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 ID(X) it is easily seen that
image (Jr) is perpendicular to As(X : 7), for each F* C A. This implies that
T% is the restriction of the orthogonal projection L?(X : 7) — L3(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 of the Eisenstein integral, combined
with the Maass-Selberg relations for the c-function, that JpoFp depends
on P € P, through the conjugacy class of apq for the Weyl group W. Let 24
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 2%/ ~ . Then we have
the following lemma.

Lemma 14.3
> H(Ppr) = [W(apg)| "

F'e[F)

Proof. The proof is basically a counting argument. Let P(apq) be the
set of P € P, with apq = apq. For each parabolic subgroup P € P(apq)
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there exists a unique subset Fp C A such that P is W-conjugate to Pp,.
Clearly, Fp ~ F and the map p : P +— Fp is surjective from P(apq) onto
[F]. For each F' € [F], the natural map W (apq | apq) — Po given by
w — wPpw™! is surjective onto the fiber p~!(Pp). Since the action of
W(apq) on W(apq | apq) by right composition is simply transitive, it follows
that each fiber p~1(Pg) consists of |W (apq)| elements. The disjoint union
of these fibers is P(apq). By W-invariance of the residue weight it follows
that

1= Y 2 Y. UP) =D IW(arg) H(Pr),

PG’P(apq) F| Pep=1(F") F'e[F]
whence the result. U

We now observe that |W||Wg| =YW (arq)|~! = [W : W}]. By application
of the above lemma we may thus rewrite (14.1) as

f= > W:WiIrFef. (14.5)

[F]e28 /~

In particular, this expression is independent of the choice of the residue
weight t. We can now clarify the role of the residue weight in the argumen-
tation leading up to (14.5). The residue weight ¢ determines the weight by
which each F’ from [F] contributes to the term corresponding associated
with [F] in the summation in (14.5).

To get the full statement of Theorem 11.26 it remains to study the oper-
ators Fg o Jp from S(iapy) ® Az p to S(iagy) ® Az,g. The key observation
is that this operator is continuous linear and intertwines the natural D(X)-
module structures of these spaces determined by pp and pug respectively, by
Lemma 11.17. Using Theorems 5.4 and 5.6 on the discrete series it can be
deduced that the composition F¢ o Jp is zero unless P and @) are associated.
Moreover, if P = () then the composition equals

Fpodp =W : Wi "Py(apy)

where Py (q,,) is the orthogonal projection from S(iajp,) ® Az 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 generalized Eisenstein integrals are ob-
tained as residues from Eisenstein integrals associated with the minimal
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o-principal series. To establish the Plancherel theorem in the sense of repre-
sentation theory they 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 princi-
pal series is due to [34]. For the minimal principal series it is due to [6].
The identification of Eisenstein integrals as matrix coefficients, described in
Section 11, is established in the paper [22]. We shall briefly outline the ar-
gument. For § € K we define the representation (75, V) of K as in Section
11. Thus, Vi; = Vs ® V§". Let d. : V;; — C denote the natural contraction
map v ® v* +— v*(v). Let Q € Py, £ € Xg,*,ds' Then for generic v we define

a linear map Jo¢,5: V(Q, &) ® LA(K : €)s — C*°(X)s) by the formula
JQ.evs(T)(x) = 0 [E5(Q = v : 2)yr], (14.6)

for T € V(Q,&) ® L*(K : §)s and z € X. Here the index § on the Eisenstein
integral indicates that we have taken the Eisenstein integral for 7 = 7y.
Moreover, the map T — tr from V(Q, &) ® L*(K : €)s to A is defined
as in the text preceding Definition 11.2. If we compare with the definition
just mentioned, we see that the function Jg ¢, 5(7T") 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(Q,6) @ L*(K : &g — CP(X)k
by taking the direct sum of the Jg¢ .5, for d € K.

Proposition 14.4 The map Jg ¢, is (g, K)-equivariant for the infinitesi-
mal representations associated with 1 @ mg ¢ —,, and L.

This proposition is proved in [22] by studying left derivatives of Eisen-
stein integrals. 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 €

C>(X) g we define f(Q:¢:v) e V(Q,€) ® LA(K : &)k by
(fQ:€:v),T) = /Xf(x)JQ,g,y(T)(x) dz,

for all T € V(Q, &) ® L*(K : €)k. By using Theorem 11.26, the Plancherel
theorem for spherical functions, combined with the relation (11.10), it is then
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shown that the Fourier transform f +— f (Q, &) extends to a G-equivariant
partial isometry from L?(X) to the space £3(Q,¢) defined in (10.11). More-
over, 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
coefficients of the principal series. First, by application of the automatic
continuity theorem due to W. Casselman and N. Wallach, see [89], Thm.
11.6.7, it is shown that the map Jg¢, extends to a continuous linear map
from V(Q:§) ® C*(K : §) to C*(X), intertwining 1 ® 7 ¢, with L.
Therefore,

eveodoey €V(Q,6) @C®(Q: ¢ : v

By an asymptotic analysis based on the known asymptotic behavior of the
Eisenstein integral it is then shown that

eveoJoes(N® @) = (¢, §°(Q : §: D)),

for n® ¢ € V(Q,§) ® C®(K : £). This implies that Jg ¢, = Mge¢ . Com-
bining this with (14.6) we obtain the equality of Definition 11.2, expressing
the Eisenstein integral as a sphericalized generalized matrix coefficient.

15 Appendix: Groups of Harish-Chandra’s class

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

g=cDgi,

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).

(¢) 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
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semisimple groups extend to groups of Harish-Chandra’s 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 Harish-Chandra’s class
that explain how to extend the familiar Cartan decomposition G = K expp
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 H. Moreover, any connected com-
pact 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
¢. Let t be the linear span of the kernel of exp : ¢ — C and let v C ¢ be
a complementary linear subspace. Then T = expt is a maximal compact
subgroup and V = expv 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(a) ker|x|.

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 intersection with V. Taking this into account, the following result is
not surprising.

Lemma 15.2 The group °G belongs to H and G ~ °G x V via the natural
multiplication map.

Corollary 15.3 FEvery compact subgroup of G is contained in °G. More-
over, every mazimal compact subgroup of °G is maximal compact in G.
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Proof. These statements follow from the above lemma since G/°G ~ V has
no compact subgroups but {1}. O

The maximal compact subgroups of °G, hence those of G, can be found
from those of Gy.

Proposition 15.4 Let K be a maximal compact subgroup of °G. Then
°G = KG;. (15.1)

Moreover, K1 := K NGy is a mazimal compact subgroup of G1. Conversely,
let K1 be a maximal compact subgroup of Gy with Lie algebra €. Then
K :=°GNAd~1(Ad(K1)) is a mazimal compact subgroup of °G, hence of
G, with Lie algebra t + €.

Finally, the map K — KNGy sets up a bijective correspondence between
the mazximal compact subgroups of G and those of G.

From the theory of semisimple groups we now recall the fact that G has
a maximal compact subgroup and that all maximal compact subgroups of
(51 are conjugate. Combining this with the above proposition we see that all
maximal compact subgroups of G are conjugate by an element of G1. 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 GG for which
the associated group of fixed points G? is maximal compact in G.

If 4 is a Cartan involution of G, with fixed point group K, then clearly
0 leaves (51 invariant. Moreover, the group of fixed points of the restricted
involution 0; = 6|g, equals K N Gy, which is maximal compact in G, so
that 0, is a Cartan involution of GG7.

Conversely, we will show that every Cartan involution #; 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 8 we proceed as follows.
Let the infinitesimal involution associated with 6; be denoted by the same
symbol. Let

g=tdp

be the associated infinitesimal Cartan decomposition whose summands are
the +1 and —1 eigenspaces of 0 respectively. Then G7 = Kjexp(p1), the
map (k, X) — kexp X being a diffeomorphism K; x p; — gi.
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Let K C °G be the unique maximal compact subgroup of °G with
K NG1 = K. Then it follows from the Cartan decomposition for G; com-
bined with (15.1) that the map K x p; — °G, (k, X) — kexp X is a diffeo-
morphism. Moreover, Ad (K) normalizes p;. It follows that we may extend
01 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 #; to a Cartan involution of
°G.

Finally, using Lemma 15.2, we may extend 6 to a Cartan involution of
G by requiring that §(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+ € 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
p1 onto the set of maximal compact subgroups of G.
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