ANALYSIS ON REAL LIE GROUPS

FELICIEN COMTAT

1. INTRODUCTION AND MOTIVATIONS

This course is about spherical functions on a semisimple real Lie group, and the
spherical transform. The later may be viewed as a non-Abelian version of the Fourier
transform, where the spherical functions play the role of the complex exponential. In
this foreword, we introduce the spherical functions and spherical transform from the
point of view of representation theory, through the motivating example of the trace
formula.

1.1. Basic Fourier theory. The central result in Fourier theory is that under
suitable assumptions, a function can be recovered from its Fourier transform, and the
inversion formula is particularly simple and elegant.

Theorem 1.1 (Fourier inversion theorem). Let f be a continuous, integrable function
on R. For v € R define

(Ffv) = /Rf(a:) exp(—2imzv) dz.

Assume that F f is integrable. Then for all x € R we have

f(x) = /R(gf)(y) exp(2imzy) dv.

Depending on one’s purpose, the assumptions on f may be relaxed or strengthened
in many different ways. A classical result characterises the image of the space of
smooth, compactly supported functions f by the Fourier transform. Although in
previous theorem v was a real variable, in this situation one may define (FF)(v)
for any complex number v by the same formula. A holomorphic function h on C is
Paley-Wiener if there exists R > 0 such that for all N > 0 there exists Cy € R such
that

[h(¥)] < Cx (1 + [p])~NeRR0)
for all v € C.
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Theorem 1.2 (Paley-Wiener). The Fourier transform F is a bijection between the
space of smooth, compactly supported functions on R and the space of Paley-Wiener
functions on C.

These results naturally extend to the Euclidean space R". More generally, there
is a Fourier inversion formula for locally compact Abelian topological groups (this is
the object of Pontryagin duality). However, in the course of history the need arose
for non-Abelian generalisations of the Fourier transform. As a motivating example,
we briefly discuss the trace formula.

1.2. The trace formula. Let G be a locally compact topological group. Assume
that G has a non-trivial Radon measure p that is both left-invariant and right-
invariant under the action of G (that is G is unimodular). For instance one may think
of G = R endowed with the usual measure dz. A less trivial example is G = SLy(R)
endowed with the measure given by du(g) = %}d:vdyd@ if

o=[; ][

Let I' be a discrete subgroup of G. Then the measure p descends to a right-invariant
measure on the quotient space X = I'\G, that we denote by pir\¢. Moreover we may —
and we will — identify functions on I'\G with left-I-invariant functions on G. To keep
things simple, assume that X is compact. Consider the regular right representation R
of G of L*(X), defined for g € G and ¢ € L*(X) by

(R(g)p)(z) = (xg) for p — almost all z € G.

Nl

0 } [ cos 0 sin9:| (x e R,y > 0,0 €0,27)).

y 2 —sin6 cos 0

o

Given a continuous compactly supported function f : G — C define an operator R(f)
on L?(X) by

/ f(g)p(xg)du(g) for p — almost all x € G.

Then by left-invariance of p and by Fubini’s theorem we have

/fx 9)¢(g) dp(g)
_/ Zf( 159)0(09) dura(g) / Ky(z,9)¢(9) dura(9),

where

= f(z"'dg).

6el
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Note that since f has compact support, for any fixed z, g € G the sum above is finite,
and in particular K¢(z,g) is well-defined (and continuous). Thus we have realised
the operator R(f) as an integral operator with kernel Ky. Assume moreover that the
operator R(f) is trace class, and that its trace is given by

(1.1) tr(R(f)) = \ Ky(z, z)dpm ().

NG
By general theory, this is in particular the case if G is a real Lie group and f is smooth.
The trace formula stems from evaluating this trace in two different ways. On the one
hand, given ¢ € T, let {§} be its conjugacy classin T'and let I's = {y € T : v6y~! = §}
be its centraliser in I'. Then we can rewrite the kernel Ky as

K(r,9) =Y Y fla'yv "dvg).
[0} e\

Reporting this in (1.1) and assuming we may swap integration and summation order
we obtain

w(R) =3 [ 3 fa ) o)

{5y /T\G yers\r

=D . Fly™'oy) durs\a ().
{3y /T

Now let G5 be the centraliser of  in (G. Assume that the centralisers Gs are closed,
unimodular subgroups (this is in particular the case if G is a semisimple real Lie
group). Then we may decompose the quotient measure dpr,\g as durasdiics\¢ and
thus we have

fly~'oy) dprpc(y) = Vol(Ts\G5) Is(f)

Is\G

where

Ii(f) = Fly™'oy) dugya(y).

G5\G

The integral I5(f) is called an orbital integral because as y ranges over G5\G, the
integrand y~'dy ranges precisely over the orbit of § by conjugation in G. Thus we
have obtained the so-called geometric side of the trace formula

(1.2) tr(R(f)) = > _ Vol(Ts\Gs)I5(f)-
{9}
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On the other hand, it can be shown that the representation R decomposes as a Hilbert
direct sum of irreducible unitary representations m with finite multiplicity m.,:

R~ @m,ﬂr,

where G is the unitary dual of G, that is, the set of equivalence classes of irreducible
unitary representations of G. Given a closed subspace V' C L?(X) that is invariant by
R, by construction the operator R(f) preserves V. In particular for each 7w € G we
may consider the operator m(f) obtained by restricting R(f) to any closed invariant
subspace V. on which the regular right representation of G is isomorphic to 7. Thus
we obtain the so-called spectral side of the trace formula

(1.3) tr(R(f)) = Zmn tr(w(f))-

Assembling (1.2) and (1.3) we arrive — subject to our running assumptions — at the
following identity, known as the trace formula

> _mate(n(f)) = D Vol(Ts\Ga)Is(f)-

el {o}
Before proceeding any further we give an example that relates the trace formula to
Fourier theory. Take G = R and I' = Z. Since in this case G is commutative the
conjugacy classes are trivial and thus the geometric side is given by

te(R(f)) =D £(5).
S€Z
On the other hand the irreducible unitary representations 7 of G = R are unitary
characters m, : # — exp(2imvzr) where v € R. A subspace of L?*(R/Z) that is
equivalent to , is spanned by a non-zero function ¢, € L?(Z/R) satisfying R(z)¢p, =
exp(2invz)p, for all x € R, that is
(1.4) pu(x +y) = exp(2imva) e, (y)

for all x,y € R. In particular taking x = 1 we see that we must have v € Z, and if this
is the case then (1.4) completely determines ¢,, which is to say the multiplicity m.,
is one. Then by definition we have

R(f)ps = ( | @) expinve) dx) 00 = (F )00

and thus
tr(m, (f)) = (F (V).

Hence in this case the trace formula reduces to the Poisson summation formula.
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Theorem 1.3 (Poisson summation formula). Let f be a smooth, compactly supported
function on R. Then we have

S 16) =S F Hw).

0EZ VEZL

The fact that even in this simple setting the trace formula reduces to a non-
trivial theorem should be seen as a hint about how deep and powerful it is in general.
Selberg developped the trace formula for the group G = GLy(R) (also for non-compact
quotients). Since then many mathematicians have worked on traces formulas for more
general groups, making them a cornerstone tool in the theory of automorphic forms
and in the Langlands programme.

1.3. The spherical transform. Returning now to the general trace formula, cal-
culating the traces tr(w(f)) for arbitrary test functions f can challenging. In the
example of G = R above, however, the space of 7(f) was one-dimensional — and 7(f)
was given on this one-dimensional subspace by the Fourier transform. We will now
see another situation where each operator 7(f) has rank (at most) one. Assume K
is a compact subgroup of GG such that for any irreducible unitary representation m
of G the subspace 7% of 7 consisting of vectors fixed by the action of K is at most
one-dimensional. This assumption might seem ad hoc but in view of the following
theorem it is in fact very natural.

Theorem 1.4. Let G be a semisimple connected real Lie group and let K be a
mazimal compact subgroup. Let m be an irreducible unitary representation of G. Then
for each T € K the multiplicity of T in the restriction mx of m to K is at most dim 7.

In particular taking 7 to be the trivial representation of K, in this setting our
assumption is satisfied. Now assume that f is left-K-invariant. Let 7 € G and let
V, C L*(X) be an invariant subspace isomorphic to 7. Then for all ¢ € V, for all
k € K and almost all x € G we have

(m(f)p)(zk) = /G f(g)p(zkg) du(g)
_ /G (7 9)olg) dulg) = (x( o) ()

and so we see that w(f)p € 7. Moreover it is easy to see that the adjoint of 7(f)
is w(f*), where f* is given by f*(g) = f(g~!) for all ¢ € G. Thus if f is right-K-
invariant then 7(f) vanishes on the orthogonal complement of 7. Henceforth assume
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that f is right K-invariant. If 7% = {0} then tr(7(f)) = 0. Otherwise the space 7%
is spanned by a single vector v,, that we may assume to have norm 1. Then we have

t(n(f)) = (7)o, vs)
</f g)vx dii(g >/f )6x(9) dia(9)

O(g) = (7(9)Vr, Ur).

Since v, € © and since (-,-) is G-invariant, it is to see that ¢, is itself left and
right K-invariant. In this situation ¢, is called a spherical function for 7, and the
map f : 7w tr(7(f)) is called the spherical transform. Here, 7 is the contragredient
representation to 7, and the only reason we have put tr(7(f)) instead of tr(m(f)) is
to have a formula that is formally analogous to the Fourier transform. An irreducible
representation that has a non-trivial K-fixed vector is called spherical, whence the
terminology.

where

K

The spectral decomposition of the space L?(X) (that is, the question of determining
for which 7 € G we have m. # 0) is quite a subtle matter, which involves deeply
the arithmetic and geometric structure of I'. The trace formula provides a valuable
tool to study this question, provided that we can produce enough interesting test
functions f on the spectral side, and that we can understand the geometric side —
which would be the topic of a different course. It is therefore natural to ask the
following questions.

Question 1. What kind of test functions h = f on G can we produce?

Question 2. Given h = f, can we recover f from h?

Before proceeding any further, let us note that using the left- K-invariance of ¢,
we have tr(m(f)) = tr(x(f#)) where f#(g) = WK)IK f(kg)dug (k). Since f# is
manifestly left- K-invariant we may assume without loss of generality that f is both
left and right K-invariant.

1.4. From representation theory to eigenfunctions. Of course, to give a precise
meaning to thg above questions, one should first understand the structure of the
unitary dual G of G — which we will not discuss here. Now Questions 1 and 2
do not depend on the subgroup I' any more, they are purely questions about the
representation theory of GG. In turn, these questions can be translated into questions
of analysis. It should not be surprising that answering Questions 1 and 2 involves
understanding the analytic behaviour of the spherical functions ¢,. These are
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examples of matrixz coefficients. Given a unitary representation w € G and u,v €,
define the matrix coefficient ¢,,,, on G by

Puw(g) = (m(g)u,v).
In particular with earlier notations we have ¢, = ¢, ,,. Observe that the map
T, : u+— ¢y, intertwines m with the regular right representation of G"

T,(m(g)u)(z) = (r(xg)u,v) = T,(u)(zg) for all x,g9 € G.

Thus we obtain a realisation of 7 in some space V. of functions G — C. Now suppose
we can find an operator D, acting on functions on G such that

(1) D preserves the G-invariant subspaces,
(2) D commutes with the regular right representation of K,

Then D¢, € V, and D¢, is right- K-invariant, thus since we are assuming dim(7%) < 1
we must have D¢, = \¢, for some X\ € C. To construct an operator as above, given
g € G define the operator R, by R,f(z) = f(xzg) for all x € G. Then the operators
of the form R, obviously preserves G-invariant subspaces. The operator R, does
not in general commute with the action of K, but one can look for operators that
do in the algebra generated by all the operators of the form R,. In fact, in the
setting of Lie groups, we have a differential structure on G, and we may consider [left-
invariant differential operators, which are in some sense limits of linear combinations
of operators of the form R,, and thus also preserve G-invariant subspaces. Instead of
using the composition law of GG, these have the advantage of involving the Lie algebra
g of G, which to some extent is easier to understand. Denoting by Dx(G) the algebra
of left-invariant differential operators that commute with the action of K, it follows
from the above discussion that the matrix coefficients ¢, are joint eigenfunctions
of every operator D € Dg(G) (there is a technicality here, namely that differential
operators are only defined on smooth functions, but it turns out that ¢, is indeed
smooth). As we will show in this course, in the setting of connected semisimple real
Lie groups with finite centre, spherical functions are completely determined by their
system of eigenvalues for the algebra Dy (G), and moreover we shall be able to extract
enough information about them to give the following answers to Question 1 and 2,
which remarkably parallel Theorems 1.1 and 1.2. For the purpose of the introduction,
we only give rather vague statements, and the more precise statements will be given
at a further point in the course.

Theorem 1.5. Let G be a connected semisimple real Lie group with finite centre, and
let K be the subgroup consisting of the fixed points of the Cartan involution. There
exists an explicit measure g on G satisfying the following property. Given a smooth,
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compactly function f on G that is left and right K-invariant, and given w € 67 define

flr) = /G F(9)9x(g) du(g).

Then for all g € G we have

£(9) = /G F(m)65(9) pg(m).

Instead of considering only unitary representations of G, it is natural to consider
the wider class of irreducible admissible representations of G. The natural notion of
equivalence of admissible representations is called infinitesimal equivalence. We won’t
define these notions here, but we will mention that if 7; and my are two irreducible
spherical admissible representations then we have ¢, = ¢, if and only if 7 and 75 are
infinitesimally equivalent. In general this is a looser condition than being isomorphic,
however for unitary representations the two notions coincide. Let A(G) be the set of
infinitesimal equivalence classes of irreducible spherical admissible representations
of G. The so-called Langlands classification shows (among other things) that there is
an integer r and a finite group Wy called the Weyl group and a “natural” injective
map S : A(G) — C" /W whose image is open and dense. Then we say a function h
on A(G) is Paley-Wiener if the function hg defined on an open, dense subset of C"
by hs(z) = h(S™(Wg - 2)) extends to a Paley-Wiener function on C".

Theorem 1.6. In the above setting, the spherical transform f +— f 1 a bijection
between the space of smooth, left and right K-invariant, compactly functions on G
and the space of Paley-Wiener functions on A(G).

We hope these notes will illustrate how harmonic analysis of Lie groups fruitfully
brings together geometry, algebra, analysis, and representation theory. Although this
introduction was motivated by the later, we will not mention representation theory
any more, working purely from the point of view of eigenfunctions of the algebra of
differential operators. However representations are silently lurking in the background,
and many of the results we shall cover have a natural interpretation in terms of
representation theory. We invite the reader interested in this point of view to consult
Knapp’s book [Kna86].

The content of this course is primarily Harish-Chandra’s work [HC58a, HC58b],
and the results of Chevalley the latter is based on (some of which is unpublished and
some appeared in [Cheb5]). A large part of these notes are taken from Helgason’s
books [Hel01], [Hel62], and particularly [Hel00]. Other excellent sources we have
made use of are [Bum97], [Kna02], [Hum?75], [Gar10] and [Wis01].
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2. REMINDERS FROM DIFFERENTIAL (GEOMETRY

2.1. Smooth manifolds and smooth maps. Let /# be a Hausdorff topological
space. An open chart of dimension n on / is a pair (U, ¢), where U is an open set
of / and ¢ is an homeomorphism of U onto an open set of R™.

A C*°-manifold (or smooth manifold) of dimension n is a Hausdorff topological
space  together with a collection of open charts (U;, ¢;)ies on 4 such that

o M= Uie] Ui
ot
e for each i,j € I the mapping ¢;(U; N Uj)&ﬂpj(Ui NU;) is C™.
Remark 2.1. In the definition of a manifold, further topological assumptions are often
required. However we shall not need those.

If #Z is a real C*°-manifold a map f : # — R is smooth if for each local
chart (U, ¢) the map fo ¢! :R" — R is smooth. The set of smooth maps from .
to R is denoted by C*° (). More generally, if # and // are two manifolds, a map
¢ M — N is smooth if fop e C®(M) for all f € C®(N).
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If # and A are two manifolds of dimensions m and n with open charts (U, ¢;)ier,
(V;,1;) jes respectively, the product manifold  x # is the manifold of dimension
m+mn whose underlying topological space is # x /" with the collection of open charts
(Ui x Vj, i X wj)igg, where ¢; X 1; is the map U; x V; — R (z,y) — (¢i(z), ¥ (y))-

j

2.2. Vector fields and tangeant spaces. If ./ is a real C*°-manifold, a vector
field on A is a linear map X : C°(M) — C* (M) satistying Leibniz’ law

X(fg) = 1X(9) + X(f)g.
The set of all vector fields on . is denoted by D'(.#). If X, Y € DY (M) are two
vector fields, their Lie bracket is

[X,Y]=XoY —YoX.
A tiny calculation shows that [X, Y] satisfies the Leibniz law, and hence [X,Y] is
also a vector field. The Lie bracket satisfies the Jacobi identity

(X, [Y, 2]+ [V, 12, X]] + [Z,[X, Y]] = O
for all X,Y,Z € DN M). If p € M and X € D' (M) let X, be the linear map
C>®(M) — R defined by
Xp(f) = (XF)(p)-

The tangent space to ./ at p is the vector space
T, ={X,: X € D'(M)}.

Example 2.2. Let V be a finite-dimensional vector space over R. In particular V is a real
manifold. For any p € V the tangent space T,V can be identified with V itself by sending
the vector Y € V to the element Y, of T,V defined by

)= 00w - (FHeem)

for all f € C°(V). The map Y — Y is clearly injective. For the surjectivity assume
without loss of generality that V' = R"™ and p = 0. Note that any f € C°°(V') can be written

as
1 d n 1 o
fz) = di;(m)dtZE x/ 89{ (t)dt
0 N ,

Now given any X € D(.) we obtain

n

(Xf)(@) =Y X(wigi)(x) = Y X(w:)(@)gi(w) + 2:X (g;) (),
i=1

=1
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and taking x = 0
of df
81‘2‘ (0) dt

Xof =) Xo(w:) — (1Y),
=1

where Y; = Xo(x;).

So far we have worked with vector fields followed by the evaluation at p, but
an equivalent point of view is given by derivations at p, namely linear maps

6 : C%(M) — R satistying §(fg) = f(p)d(g) +(f)g(p)-

Lemma 2.3. Let # be a smooth manifold and p € M. Then T, M is the space of
derivations at p.

Proof. 1t is clear from the definition of T,/ that its elements are derivations at p. So
it remains to show that every derivation at p is of the form § = X, for some vector
field X. Hence let § be a derivation at p. Let (U, ¢) be a local chart such that p € U.
let h: M — R be a smooth function such that h(p) = 1 and h vanishes outside of U
(the existence of such a function is left as an exercise). Inspired by Example 2.2, let
Y = (6(x; 0¢)); € R™, and let us define for all f € C°(4)

(X1)a) = i) (G5 o7 ola) + 1)

Note that a priori this definition only makes sense for x € U, however the factor
h(z) ensures that the right hand side is zero for x ¢ U. Firstly observe X satisfies
the Leibniz law because 4 does. Thus X € D(). Next we claim that X, = §.
Following the argument of Example 2.2, we have

of = Za 2L o) = XD

as desired. O

t=0

Let ¢ : M — N be a smooth map between two smooth manifolds. Then
¢ induces a pullback map ¢* : C®(N) — C®(M) : f — fo ¢, and a map
dp@ : Tyl — Ty NV, 0 — 0 o ¢*. Note that the fact d,¢ indeed takes values in T,/
follows from Lemma 2.3. When # = R™ and A4 = R" this is the ordinary differential.
Also observe that in the case /" = R then (upon identifying Ty, R with R) d,¢ is
given by the map T, #4 — R : X — X(¢).

Let A be a manifold. An immersed submanifold of / is a manifold & such
that & C A and the inclusion map ¢ty from & to A is smooth and its differential
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dyts : T,8 — T,/ is injective for all p € §. In the sequel by submanifold we shall
always mean an immersed submanifold.

Remark 2.4. This definition is weaker than the definition of an embedded submanifold,
which also requires the inclusion map to be a topological embedding.

Later on we shall need the following technical lemmas.

Lemma 2.5. Let & be a manifold and § be a submanifold of /. Let p € §. Then
there exists a local chart (V, k) near p in N such that k(p) = 0 and such that
U={zx eV :kjx)=0 for dimS < j < dimA'}

endowed with the restriction of (K1, - , Kaims) to U is a local chart on & containing p.

Proof. Fix and let (U, ¢) and (V, 1) be local charts near p in & and ./ respectively, such

that o(p) =¥ (p) =0. Let ' = (F1,- -+, Faim ») be defined in a neighbourhood of 0 in

RIS by F =1 op!. Since dyis is injective the Jacobian matrix <%(0)) | <i<dim &

1<5<dim &

has rank dim &. Hence without loss of generality we may assume that the matrix J =

<6Fj (0)> | is invertible. Thus in a neighbourhood of 0 the map (Fi, -+, Faim s)
1<i,j<dim &

Bz;
has inverse map GG. That is, in a neighbourhood of p in & we have G(¢1, - , ¥gims) =
. Now put

(o8 if1 <j<dimd,
K‘IA - . . .
! wj_E](G(wla 7wdimc5’)) lfj > dim &§.
It remains to see that (K1, -, Kdims) © o ! and ko™t are local diffeomorphisms.

8’[[}3'03071 ( >
Oz 1<i,j<dim &
is invertible. On the other hand the Jacobian matrix of ko ¢~! is of the form
[Ideimé’ *
Idgdim #—dim &

The Jacobian matrix of (ky,- -+, Kdims) © @ © is < = J which

} and hence also invertible. O

Lemma 2.6. Let /' be a manifold and & be a submanifold of V. Let M be a
manifold and let ¢ : M — N be a smooth map such that p(M) C §. If the map
¢ M — S 15 continuous, then it is smooth.

Proof. Let p € M. consider the local chart (V, k) near ¢(p) and the open set U C &
given by Lemma 2.5 Since ¢ is continuous ¢~ '(U) is an open set containing p and
hence we may find a local chart (W, ¢) near p such that W C ¢~'(U). In particular
¢(W) C U. Since ¢ : M — N is smooth, the map ko ¢ : W — RI™Y is also smooth.
But then so is the map (K1, , Kdims) © ¢ : W — RU™S from which it follows that
¢ M — S is smooth. O
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Remark 2.7. The hypothesis that ¢ : ML — & be continuous is not automatic, because
there might be open sets of & that are not the intersection of & with an open set of A'. In
fact, let us construct an example of a smooth map ¢ : M — N such that ¢ : M — § is
not continuous. Fix f : R — R such that f is smooth, f(t) > 0 for t > 0 and f(t) =0 for
t < 0. Consider Ry = {(t, f(t)) : t > 0} C R? and Ry = {(t,0) : t € R} C R?, both endowed
with the subspace topology. Let & = R; U Ry endowed with the disjoint union topology.
& is indeed a submanifold of R?. Finally let ¢ : R — R? : t + (¢, f(t)). Then ¢ : R — R? is
smooth, and has its image contained in &. On the other hand Rs is an open subset of &,
and ¢~ 1(Ry) = [0,00) is not open, hence ¢ : R — & is not continuous.

3. LIE GROUPS AND LIE ALGEBRAS

A (real) Lie group is a group G which is also a C*° manifold such that the maps

GxG—G (r,y)—~2y and G— G oo’

are smooth. In the sequel we shall denote the neutral element of a group G by eg, or
just e if G is clear from the context. A morphism of Lie groups is a morphism of
groups which is also a smooth map.

Example 3.1. The group GLy(R) of 2 x 2 matrices non-zero determinant is an open subset
of R*, which immediately endows it with a structure of C* manifold. The multiplication
and inverse are smooth because they are given by rational functions.

Example 3.2. The group SLy(R) of 2 x 2 matrices with determinant 1 can be viewed as a
subset of R*, and thereby endowed with the subset topology. We can turn it into a smooth
manifold by specifying the local charts

Ur={[2}] €SLa(R) :a#0}, ¢1:U1 =R [28] = (a,b,0),
Up={[25] €SLa(R) :b#0}, @2:Uz —R%[24] > (a,b,d).
The multiplication and inverse are smooth for the same reason as in the case of GLa(R).
Let G be a Lie group and for g € G let ¢, and p, denote the then the left and
right translation of G on itself respectively, that is
ly:G—=G,o—gr and p,:G— G, x— 2 2g.

They in turn induce corresponding actions on smooth functions f : G — 4 is smooth,
where  is any smooth manifold. Namely for all g € G the functions

Lyf:xw— f(gx) and R,f:x+— f(zg)
are themselves smooth. Observe that
LyoL,=L,;, and Ry;oR,=R,.
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In the notations of § 2.2 we have L, = £ and R, = p;, and in particular the map
dty : T.G — T,G is given by x — x o L, (and similarly for R,).

A vector field X on G is called left-invariant if L,0 X = X o L, for all g € G.
Let Z(G) be the vector space of left-invariant vector fields on G. If X|Y € Z(G)
then [X,Y]=XoY —Y o X € Z(G) (we already know that [X, Y] is a vector field,
and the left-invariance is obvious). The vector space £ (G) endowed with the Lie
bracket is called the Lie algebra of G. It is indeed a Lie algebra according to the
following definition.

Definition 3.3. A (real) Lie algebra is a real vector a space endowed with a bilinear
map [-,-] : a X a — a satisfying the following

(1) [X,X]=0for all X € a,

2) [ X, [V, Z]|+[Y,[Z,X]]+[Z,[X,Y]] =0 forall X|Y,Z € a.
Remark 3.4. Axiom (2) is called the Jacobi identity. Using bilinearity and Axiom (1) it is
easy to see that [X,Y] = —[Y, X] for all X,Y € a.

The Lie algebra a is said to be commutative is the Lie bracket [-, -] is identically
zero. A Lie subalgebra is a vector subspace b of a such that [b,b] C b. A
morphism of Lie algebras is a linear map o : a — a’ between Lie algebras such
that [0(X),0(Y)] = o([X,Y]) for all X,Y € a.

Remark 3.5. In general X oY is not a vector field (it does not satisty the Leibniz law).
That is, Z(QG) is a Lie algebra for the Lie bracket given by [X,Y] =X oY —Y o X, but its
is not an algebra for o.

Remark 3.6. If G is a commutative Lie group then g is a commutative Lie algebra,
justifying the terminology. This can already be proved using local charts, or this follows
directly from (3.9) below. More generally, we will see in Proposition 3.7 below that left-
invariant vector fields X may be identified with tangent vectors x to G. Geometrically,
one can think of a tangent vector x at e € G as an infinitesimal variation around eq in
some direction X. Call g, the corresponding element of G. Then ify is another tangent
vector, the elements g.g, and gygx are both given in first approximation by g«4, and thus
9x9y9x Lgy ™1 equals to first order e. Then the bracket [X,Y] gives the second order term
in this approximation. See Example 3.10 below for a more precise discussion.

We now compare Z(G), as a vector space, to the tangent space T.G of G at e,
that we usually denote by g. The following result should not be surprising: a vector
field on G is the smooth choice of a tangent vector at each point z of G. Now for a
left-invariant vector field, this choice of tangent vector at gx is determined (via left
translation) by the choice of tangent vector at x. Since G acts transitively on itself, a
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left-invariant vector field is determined by the choice of a tangent vector at a single
point.

Proposition 3.7. The map 0 : Z(G) — g, X — X, is a vector space isomorphism.

Proof. We construct an inverse map n : g — Z(G) as follows. If x € g = T.G
then 7n(x) is the “right convolution by x”, namely the vector field

O (G) = O%(G)
=[x

where

(f*x)(9) = X(Lgf)'
for all f € C*(G). First, we need to check 7(x) is indeed a left-invariant vector field
for all x € T,G. The Leibniz law is easily checked. For the left-invariance, we need to
check L, on(x) =n(x) o L, for all y € G, that is

Ly(f #x) = (Ly[) *x
for all f € C*(G). We have for all g € G
(Ly(f *x))(9) = (f *x)(yg)
X<Lygf)
X(Lg o Lyf)
x(Lyf)(9),

as desired. Next we prove that o6 = Idy ) and § on = Idy. Indeed, let X € Z(G)
then we have for all f € C*(G) and for all g € G

(o 6(X)(f))(g) = (f *0(X))(g) = Xe(Lyf)
= X(Lgf)(e)
= Ly(X [)(e)
= (X/)(9),
as desired. On the other hand if x € T,(G) we have
(00 n()(F) = (f #x)(e) = x(Lef) = x(f),
and the proof is complete. O

As a result, we can identify the Lie algebra of GG to the vector space g, endowed
with the Lie bracket defined by [0(X),0(Y)] = 6(]X,Y]).

Proposition 3.8. Let ¢ : G — G’ be a morphism of Lie groups. Then d..¢ g — ¢
1s a morphism of Lie algebras.
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Remark 3.9. This says that the assignment G — g is a functor from the category of Lie
groups to the category of Lie algebras.

Proof. We first claim that for all f € C*°(G’) and for all x € g we have
(fod)xx=(f*ded(x))o .
Indeed for all g € G we have by definition
((fod)xx)(g) =x(Ly(f © ¢))
and
((f # de@(x)) © 9)(9) = (deed(x)) (Lo(g).f)
=X((Lo(g) f) © 9),

and the claim follows upon observing that L,(f o ¢) = (L) f) o ¢. Now for x,y € g
let X' = de,#(x) and y' = d.,¢(y). Then we have

XY = (f #y =X (ear) — (f %X = y")(ecr)
=X (fxy) —y(f*X)
=x((f*y) o) —y((fxX) 0 ¢)
=x((f o) xy) —y((f o ¢)*x),
where we have used the claim in the last step. On the other hand
(de %Y (f) = (f 0 &) * [x,y]
= (fxy=*x)(eq) — (f *xx*y)(ec)
=x((f o) xy) —y((f o) *x),
and so we have shown
[de; (%), de, (Y)](f) = dee([x,y])(f)
for all f € C*(G"). O

Example 3.10. Since GLo(R) is an open subset of Mata(R), its Lie algebra is gly, = Mata(R).
More precisely, if x € Mata(R) then (recall Example 2.2) we can view x as the element of
gly defined by

d
o= ()

for all f € C*°(GL2(R)). To calculate the Lie bracket, we can use the map n from the proof
of Proposition 3.7. Namely, the image of x by n is the vector field defined by

(f *2)(g) = x(Ly ) = <df(g ; tgx>)

dt t=0
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So we need to calculate

(n(x) o nly) —nly) en(x)) (f) = fry*x— fxxxy.
It is useful to notice that the Taylor expansion of f around g is given by

t2 [ d?
Halt+19) = Fla) + 5 +2)(0) + 5 (Gasla+199)  +00)
ast — 0. Thus we have
flg(L+ty)(1 +x)) = f(g) +t(f *x)(g) +t(f *y)(9)

+E2(fxy *x)(g)

+ﬁ d—Qf( + tgx) +ﬁ dif( + tgy) +O(t%)
2 \a2? VI TY) T \a! T ) '

Similarly
flg(L+ ) (1 +ty)) = f(g) +t(f *x)(g) +t(f *y)(9)
+2(f #xxy)(g)

+ﬁ dif( + tgx) +ﬁ dif( + tgy) +O(t*)
o \a2? V) T \a! T ) '

Subtracting, we obtain
P(fxyxx—frxxy)(g) = flg(l+ty)(1+1x))

(3.1) 3
—flg(1 +tx)(1 + ty)) + O(t°).
But
(14 tx)(1 4 ty) = (1 +ty)(1 + tx) + t3(xy — yx)
and thus

* (xy — yx))(g(1 + ty) (1 +x)) + O(t")
* (xy = yx))(9) + O(t?)

—

Flo(L+ty) (1 +1x)) = fg(1 + tx)(L + ty)) + 1%(
= fg(1 + 1) (1 +ty)) +t%(
Reporting this in (3.1) we obtain

2(fxyxx— frxxy)(g) =t2(f* (xy —yx)(9) + O("),
from which we deduce f xy*xx — fxxxy = f*(xy — yx) and hence for x,y € gl, the Lie
bracket is simply given by [x,y] = xy — yx.

Example 3.11. The subgroup SLa(R)of GL2(R) is defined by the equation detg = 1.
Taking the differential of this equation at g = e, we deduce that sls is the space of 2 X 2
matrices whose trace equals zero. Let ¢ : SLa(R) — GL2(R) be the inclusion. Then the
map det is just the inclusion of sly in gl,, and in particular the Lie bracket on sly is still
given by [x,y] = xy — yx. Needless to say, the same argument works more generally for Lie
subgroups of GL,(R).

—
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3.1. The exponential map.

Proposition 3.12. Let G be a Lie group and let x € g. Then there exists a unique
morphism of Lie groups 6, : R — G such that 0/,(0) = x.

Proof sketch. We start with the uniqueness. Since 6, is a morphism of groups we have
(3.2) Ou(s + 1) = O,(s)0(t)
for all s,t € R. Differentiating (3.2) at t = 0 and applying the chain rule we obtain

0;(s) = xo Ly for all s € R. Hence 6y is a solution of the system of ordinary
differential equations (satisfying a certain Lipschitz condition) with initial conditions

7'(8) = x0 Ly
(3.3) {7 0.

This proves uniqueness, as well as existence of a solution 6, to (3.3) defined in a
neighbourhood of 0. We use (3.2) to extend this solution to all of R. Thus we
have proved that for all x € g there exists a unique 6, : R — G satisfying (3.3).
It remains to show 6, satisfies (3.2). But for each fixed s € R the curve given by
vt 0(s)7'0(s +t) also satisfies (3.3) and hence v = 6, which was the desired
result. O

Remark 3.13. Geometrically, 6,(t) is given by following the geodesic passing through eg
with tangent vector x up to time t.

Let G be a Lie group. We define the exponential of x € g as exp(x) = 6,(1),
where 6, is given by Proposition 3.12. It satisfies

(3.4) exp((s + t)x) = exp(sx) exp(tx),
which follows from the fact that for all A € R we have 6,(A\t) = 0)(t), as can be
checked by replacing x with Ax in (3.3).

Remark 3.14. If G = GL,(R) (or some Lie subgroup thereof), so that g = Mat,,(R) (or a
subalgebra) then the exponential map is just the usual matrix exponential given by

1
exp(x) = EXk
k=0

In Proposition 3.8 we have already seen that if ¢ : G — G’ is a morphism of Lie
groups then d.,¢ : g — g’ is a morphism of Lie algebras. We supplement this result
with the following.
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Lemma 3.15. Let ¢ : G — G’ be a morphism of Lie groups. Then for all x € g we
have

d(exp(x)) = exp(de, (x)).

Proof. Let x € g. Then the map 6 : R — G’ : t — ¢(exp(tx)) is a morphism of Lie
groups satisfying 6'(0) = d.,¢(x). Thus by Proposition 3.12 and by definition of the
exponential we have exp(d.,¢(x)) = 0(1) = ¢(exp(x)) as claimed. O

Proposition 3.16. Let G be a Lie group. There exists an open neighbourhood Ny
of 0 in g and an open neighbourhood N, of e such that the exponential map induces a
diffeomorphism from Ny to N,.

Proof. Let (U, ) be a local chart around e, such that ¢(e) = 0. Consider the map
W (t,x) — o b,(t), where 6, is the map from Proposition 3.12. Fix ¢t > 0. Then for
all sufficiently small s we have

(3.5) (st x) = (t, ).
Denote by Dq the derivative with respect to the first coordinate, and observe that by
definition we have

(3.6) (Do) (0, x) = de(x).

Fix a basis (by,---,b,) of g and for 1 < i < n = dim(G) denote by x; the i-th
coordinate, and by D; the derivative with respect to x;. Differentiating (3.5) twice
with respect to s we obtain

(3.7) (D) (st,x) = > xix;(DiDjb)(t, sx).

ij=1
Taylor expansion and the mean value theorem imply that there exists ¢* € [0, ] such
that

2

(38) 0(t%) = H(Do)(0.%) + 5 (

Combining (3.6), (3.7) and (3.8), we obtain
060 = tdipls) + 5 3w (D0,0) (1. 5x)

ij=1

D3)(t*, ).

This shows that the map x — (¢, x) is differentiable, and its differential is given
by td.p, which is invertible for ¢ # 0. In particular taking ¢ = 1 establishes the
result. O
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Corollary 3.17. Let G be a connected Abelian Lie group. Then exp is an surjective
morphism of Lie groups between the group (g,+) and G.

Proof. Since G is commutative, it is easy to verify that given x,y € g the map 6 : R —
G : t — exp(tx) exp(ty) is a morphism of Lie groups. One verifies that 6'(0) = x + vy,
and thus by definition of the exponential we have exp(x) exp(y) = (1) = exp(x +)
as claimed. The surjectivity follows from Proposition 3.16 and the fact that if G is a

connected topological group and if H is a subgroup containing a non-empty open
subset of G then H = G. U

3.2. Differential operators. Proposition 3.7 allows us to identify the Lie algebra g
of a Lie group G with left-invariant vector fields. These are given in local charts by

some differential operators, but we can now make things more precise and coordinate-
free. Namely, let X € £(G). By definition we have (4 eXp(tXe))tZO = X, and thus
for any f € C*(G)

(%f(g exp m))to - <%(Lgf)(e><p tX))

= de(Lyf)(Xc)
- Xe(Lgf)
= LQ(Xef)7

t=0

and thus we have obtained the formula

3.9) X0 = (G Haenex))

We let D(G) be the algebra of left-invariant differential operators on C*(G),
that is the algebra over R generated by all the left-invariant vector fields on G as
well as the identity. A classical result is that D(G) is isomorphic to the universal
enveloping algebra of g, but we won’t prove this here (or indeed define the universal
enveloping algebra).

We will however see that there is a linear isomorphism between D(G) (as a
vector space) and the underlying vector space of the so-called symmetric algebra
S(g). If V is a finite-dimensional real vector space, a polynomial function on V' is
a real-valued function on V' given by v — P(¢;(v), -+ , £, (v)) where ¢1,--- ,{,, are
linear forms on V| and P € R[ Xy, -, X,,,] for some integer m. Then the symmetric
algebra S(V') is the commutative algebra of polynomial functions on the dual V* of
V. If X1,---,X,, is a basis of V, then identifying V' with its bidual, the symmetric
algebra may be identified with R[ X7, -+, X,]. Fix a basis X, -+, X, of Z(G). If
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EI (tl,"' ,tn) < Rn, let X(%) = thl -+ - —|—tan and if m = (m1,~~~ ,mn) is a
tuple of non-negative integers let m = my + - - - +m,, and let Xz be the coefficient of
t7 -t in X (8)™.

Lemma 3.18. The elements X, where = (mq, -+ ,my,) is a tuple of non-negative
integers are linearly independent.

Proof. Using (3.4), (3.9) and induction, we have for all X € &£ (G), for all f € C*(G)
and for all integer m > 0

(3.0 X)) = (G ftaenex))

On the other hand if A : R™ — C is any smooth function and F(t) = h(tty,--- ,tt,)
then by induction we have
am m!
(311) PO = >, et (D D)t ),
mi—+-+mp=m
where D; is the derivative with respect to the i-th variable. Now applying the above
with X = X () =t; X1 + -+, X, and h(t) = f(gexptX.) , we obtain

(XO"Ng) = Y et Xeflg) =

mi+-+mnp=m

m! am -
ot (m—f(g exp X(t)e))
m1+-;nnm ml! o mn' ' atl o 8t”mn t1=-=tp,=0
Identifying the coefficients of ¢]" - - - t"» we deduce
m! om -
12 Xm - X t e
1) X)) = s (g e X @)

By Proposition 3.16, this proves that the elements Xz are linearly independent. [
Corollary 3.19. The following are basis of D(G)

(1) the elements X{* -+ X, where ey, -+ , e, are non-negalive integers,

n

(2) the elements Xm, where T = (mq,- -+ ,my,) is a tuple of non-negative integers.

Proof. By definition, D(G) is spanned by expressions of the form
Xem. .. Xen. . Xar . X
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Using the fact that X, X; = [X;, X;]4+X,X; and [X;, X;] € Z(G), each such expression

can be written as a linear combination of elements X{* - -- X with

i=1 j=1
In particular (3.13) implies that Xz € Span{X;'--- X2 1 e; +--- + ¢, < m} and
thus
(3.14) Span{Xm:mq+---+m, <m} C Span{ X' --- X"t e+ -+ e, <m}.
Since

H{X7 o Xrer 4+ te, <mp < HXmimyp 4+ +my, <m}

and the set on the right hand side consists of linearly independent vectors by
Lemma 3.18, the reverse inclusion holds as well in (3.14), which establishes the
corollary. 0

Identifying £ (G) with g, Corollary 3.19 implies that the vector spaces S(g) and
D(G) are isomorphic to each other (but in general not as algebras). A particularly
nice isomorphism between S(g) and D(G) the so-called symmetrisation o, given by
the following result.

Corollary 3.20. There exists a unique linear bijection o : S(g) — D(G) such that
(3.15) o(X™) =o(X)™

for all X € g and for all non-negative integer m. Moreover if P(Xy,---,X,) € S(g)
and f € C®(G) then we have

(3.16) (a(P)f)(g) = P(D1, -, Dp)f(gexp(ti Xy + -+ + £, Xn) )10,

where D; = %.
1

Proof. By induction we see that the requirement (3.15) is equivalent to

m/!

(3.17) (X X = X

mq!---my,!
for all tuple of non-negative integers m. So defining o by (3.17), Corollary 3.19

implies that o sends a basis of S(g) to a basis of D(G) and hence defines a linear
isomorphism. Claim (3.16) then follows directly by (3.12). O

In particular we can define the degree of a differential operator by

deg(o(P)) = deg(P)
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for all P € S(g).

3.3. The subgroup—subalgebra correspondence. We haven’t yet properly defined
the notion of a Lie subgroup. If G is a Lie group then a Lie subgroup of G is a
submanifold of H that is

(1) a subgroup of G,
(2) and a topological group.
Remark 3.21. Recall that by submanifold we mean immersed submanifold. In particular

the topology on H may not be the subspace topology induced from G. For an example, see
Remark 3.23 below.

To check that H is indeed a Lie group, we need to check the inversion H — H and the
multiplication H x H — H are smooth maps. Since H is a topological group, these
maps are continuous. On the other hand, they are the restriction of the inversion and
multiplication on G, which are smooth. By Lemma 2.6 we deduce that the inversion
and multiplication on H are indeed smooth maps.

Theorem 3.22. Let G be a Lie group and g be its Lie algebra. Then given a Lie
subgroup H of G, the Lie algebra by of H is a subalgebra of g. On the other hand,
every subalgebra of g is the Lie algebra of a unique connected Lie subgroup of G.

Proof sketch. Let H be a Lie subgroup of G and let ¢ be the inclusion of H in G.
By Proposition 3.8, di., is a morphism of Lie algebras from b to g. Since H is a
submanifold, di, is injective, and hence we might identify f with its image in g
via dte,. Now let b be any subalgebra of g. Let H be the smallest subgroup of G
containing exp(h). To define a topology on H, we let a basis of open neighbourhoods U
of e in H be defined by U = exp(h N N), where N is a small neighbourhood of 0 in g.
One needs to check that this makes H a Lie subgroup of G. We omit the details, and
we refer the reader to [Hel01, Chapter II, §2, Th. 2.1]. To prove that the Lie algebra
of H is b, observe that if X € b then the map R — H : t — exp(tX) is continuous,
by Lemma 2.6 it is therefore smooth, and differentiating at ¢ = 0 we conclude that
X belongs to the Lie algebra of H. Hence h C £ (H). On the other hand we have
dim H = dim h and thus the equality is proved. Moreover H is connected since it
is generated by exp h which is a connected neighbourhood of e in H. To prove the
uniqueness, observe that if H; is a subgroup of G whose Lie algebra is i then we must
have exp(h) C H; and thus H C H;. Hence assuming moreover that H; is connected,
then H = H; set-theoretically. But since the exponential is a diffeomorphism of a
neighbourhood of 0 in h onto a neighbourhood of e in H and H;, we have H = H; as
Lie groups. U
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Remark 3.23. This theorem is the reason why we have defined submanifolds as immersed
submanifolds rather than embedded submanifolds. Indeed, consider the Lie group G =
(R/Z)?. Its Lie algebra is g = R?, and the exponential map is given by (x,y) — (z mod Z,y
mod Z). The non-trivial Lie algebras of g are the lines ax + by = 0. The corresponding
subgroup in G' is the reduction of this line modulo Z x 7. In particular if b # 0 and 3 is
irrational, this subgroup is dense in G and is in particular not an embedded submanifold.

An important by-product of the proof of Theorem 3.22 is that given a Lie group G
with Lie algebra g and given a Lie subalgebra h C g, the unique connected Lie
subgroup H C G with Lie algebra b is generated by the elements exp(X) where
X € bh. We give a kind of converse.

Proposition 3.24. Let G be a Lie group and let H be a Lie subgroup with respec-
tive Lie algebras g and . Assume that H has at most countably many connected
components. Then

h={X eg:exp(tX) € H forallt € R}.

We omit the proof and we refer to [Hel01, Chapter II, §2, Prop. 2.7]. Furthermore
we have the following.

Theorem 3.25 (Cartan). Let G be a Lie group and let H be an abstract subgroup
of G that is also a closed subset of G. Then H is a Lie subgroup of G.

Remark 3.26. In fact Cartan’s theorem gives a more precise statement, however the above
will be sufficient for us.

Proof idea. We again only give a very rough sketch, and we refer the reader to [Hel01,
Chapter II, §2, Th. 2.3] for the details. On lets

h={X €g:exp(tX) € H for all t € R}.

Using that H is closed, one shows that b is a subalgebra of g. Thus by Theorem 3.22
there is a unique connected subgroup H* of G whose Lie algebra is h. One then
shows that H* equals the connected component of the identity in H (for the relative
topology of G). d

Finally we prove the following.
Lemma 3.27. Let G be a connected Lie group and let ¢ : G — G’ be a morphism of
Lie groups. Then the image ¢(G) is a Lie subgroup of G’ with Lie algebra d.,¢(g) C ¢’

Proof. Since G is connected, it is generated by the elements exp(X), where X € g.
Thus the group ¢(G) is generated by the elements ¢(exp(X)). On the other hand the
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connected subgroup of G’ whose Lie algebra is d.,¢(g) is generated by the elements
exp(de,¢(X)), where X € g. By Lemma 3.15 we have ¢(exp(X)) = exp(de, (X))
and the result is proved. 0

4. STRUCTURE OF SEMISIMPLE LIE GROUPS AND LIE ALGEBRAS

In the sequel we shall need a robust understanding of the structure of semisimple
Lie groups G, and of their algebra of differential operators. We start with (defining
and) studying semisimple Lie algebras, which will allow us to derive information on
semisimple Lie groups using Theorem 3.22.

4.1. Structure of semisimple Lie algebras. Let g be a finite-dimensional Lie
algebra. Given X € g we define an endomorphism ady(X) € End(g) by ady(X)(Y) =
[X,Y]. When the Lie algebra g is clear from the context, we shall omit it from the
notation. Note that for all X,Y, Z € g we have by the Jacobi identity

ad([Y, Z])(X) = [[Y, Z], X]

(4.1) =¥ [Z X[+ 12, [X,Y]]

= (ad(Y) cad(Z) —ad(Z) cad(Y))(X)
Moreover if ¢ is an automorphism of g then for all X,Y € g we have
(4.2) ad(cX)(Y) =[0X,Y] =0[X,07'Y] =coad(X) oo }(Y)
We then define a symmetric bilinear form B on g by B(X,Y) = tr(ad(X) o ad(Y)).
The bilinear form B is called the Killing form of g. We note the following properties
of the Killing form. Using (4.2) and tr(c o ad(X)oad(Y)oo™!) = tr(ad(X) o ad(Y))
we have
(4.3) B(cX,0Y)=B(X,Y).
Moreover using (4.1) and tr(ABC) = tr(BCA) = tr(CAB) we have
A B(X,[Y, Z]) = tr(ad(X) cad(Y) cad(Z) — ad(X) c ad(Z) o ad(Y))
4 — B(Y,[Z,X]) = B(Z[X,Y))
Example 4.1. Consider the case of gl,,. It is a vector space of dimension n?, and a basis is

given by (Ejj)i1<i j<n, where E;; is the matrix whose only non-zero entry is on line i and
column j, and equals 1. Then we have

ad(X) o ad(Y)(EU) = XYEZ‘J' + EinX - XEZ']'Y — YEZ‘J‘X.

The (i, j)-th entry of this matrix is given by (XY )+ (Y X);; — XY, — Vi X; and summing
this over 1 < i,j <mn we obtain B(X,Y) = 2ntr(XY) — 2tr(X) tr(Y).



ANALYSIS ON REAL LIE GROUPS 27

Remark 4.2. Note that in general the Killing form of a Lie subalgebra b might not be the
restriction of the Killing form of g to b. However if b is an ideal (that is to say [b,g] C b)
then for any X € b the matrix of the endomorphism ad(X) is of the form [ad(g( iE ;} from

which follows that in this case, the Killing form of b is indeed given by the restriction of
the Killing form of g. In particular the Lie algebra sl,, consisting of matrices whose trace is
zero is an ideal of gl, and hence its Killing form is given by B(X,Y) = 2ntr(XY).

Recall that a bilinear form B on a finite-dimensional space is degenerate if there
exists a non-zero vector X € V such that B(X,Y) =0 for all Y € X. Otherwise B
is nondegenerate. The Lie algebra g is called semisimple if the Killing form B is
nondegenerate.

Remark 4.3. If Z belongs to the centre of g then by definition ad(Z) = 0 and hence

B(Z,X) =0 for all X € g. Thus semisimple Lie algebras have trivial centre. In particular
gl,, is not semisimple (but sl,, is since B(X, E;;) = 2nXj; for all X € sl,).

An automorphism 6 : g — g such that 6 o § = Id, is called a Cartan involution
of g if the bilinear form given by By(X,Y) = —B(X,0Y") is positive definite on g.

Theorem 4.4. Let g be a semisimple Lie algebra. Then a Cartan involution for g
exists. Moreover any two Cartan involution for g are conjugate to each other by an

element of GL(g).

Proving this theorem would go beyond the scope of this course. For a proof, we
refer the reader to [Wis01].

Example 4.5. In the case of sl,, we claim that §(X) = —*X is a Cartan involution. Indeed,
0 is clearly an involutive automorphism of sl,,, and for all X € gl, \ {0} we have

n n
By(X,X)=2n) Y X} >0.
i=1 j=1

In the remainder of the course we shall only use the existence of a Cartan involution, and
thus if we are willing to restrict ourselves to g = sl, then Theorem 4.4 is not needed.

Now let g be a semisimple Lie algebra, and let 8 be a Cartan involution. Then
by (4.3), 6 is self-adjoint with respect to the Killing form. Hence we have a B-
orthogonal decomposition

(4.5) g=pat,

where p is the —1-eigenspace of 6 and ¢ is the 1-eigenspace of . Note that £ is in
particular a Lie subalgebra of g (but p is not). The decomposition (4.5) is called the



28 FELICIEN COMTAT

Cartan decomposition. Let Z € p. Then by (4.4) we have
By(Y,[2,X]) = B(Y,[Z,0X))
= B(0X,[Y, Z]) = Bo(X,[Z,Y])
and thus the operator ad(Z) is self-adjoint with respect to By. Similarly if Z € ¢
then ad(Z) is an anti-symmetric operator.

Example 4.6. For g = sl,, we have seen that 6(X) is given by —'X. Thus in this cases, p
consists of those matrices in g that are symmetric, and £ is given by the anti-symmetric
matrices.

Now let a C p be a maximal commutative Lie subalgebra. Then the operators
{ad(H) : H € a} commute with each other, as seen from (4.1). Furthermore they are
self-adjoint with respect to By, and in particular they are diagonalisable. We recall
the following theorem from linear algebra.

Theorem 4.7. Let V' be a finite dimensional real vector space endowed with a inner
product and let F be a family of self-adjoint endomorphisms of V' that commute
pairwise. Then V' has an orthonormal basis consisting of vectors that are eigenvectors
of every T € F.

For every A\ € a* let
o={Xeg:[H, X]=\H)X forall H € a}.

Then A is called a root if A # 0 and gy # {0}. If X is a root and v € g,, then v is
called a root vector. Then by Theorem 4.7 we have a By-orthogonal sum

(4.6) =009 @gm
AT
where ¥ is the set of roots.
Remark 4.8. Let a be a root and let X,, € go. Then given H € a we have 0([H, X,])

[0(H),0(Xn)]. Since H € a C p we have §(H) = —H and thus we obtain a(H)6(X,)
—[H,0(X,)], which says that 6(X,) is a root vector for —a.

For each root « the set S, = {H € a: a(H) = 0} is an hyperplane in a. We
say an element H € a is singular if H € S, for some a € ¥, and H is regular
otherwise. Thus the set of regular elements in a is the union of finitely many convex,
open connected components, called Weyl chambers. We fix once and for all a Weyl
chamber a™ C a. In particular given any root o € X we either have a(H) > 0 for all
H e a' or a(H) <0 for all H € at. In the first case we say « is a positive root,
otherwise we say « is negative. A positive root is simple if it is not the sum of two
positive roots. Let us denote by 3T the set of positive roots.
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Theorem 4.9 (Iwasawa decomposition). Let n = @ .5+ 9a. Then n is a subalgebra
of g, and [a,n] C n. Moreover we have

g=ndadt

Proof. Let a, B be any two roots and let X, € g, and X3 € gg. Let H € a. Then by
the Jacobi identity we have

[H> [XavX/D’” = _[Xou [Xﬁﬂ HH - [XB> [H> Xa“
= B(H)[Xa, Xg] — a(H)[Xs, Xo] = (a + B)(H)[Xa, Xs].
Thus
(47) [XOH Xﬁ] € fa+8-

In particular if o, § are positive roots then either o + [ is also a positive root or
ga+s = {0}. Now using bilinearity it is easy to check that [n,n] C n. The fact that
[a,n] C n is obvious from the definition of root spaces. In view of (4.5), to prove the
last statement, it suffices suffices to show that any X € p can be written in a unique
way as

(4.8) X=N+H+7Z
with N € n, H € a and Z € £. From (4.6) and by Remark 4.8 we have
(4.9) g=go®ndb(n).

In particular any X € p can be written as X = Xy + Ny + 6(Ny) with X, € go
and Ny, N, € n. But then we have —X = 0(X) = 0(X,) + 6(N1) + Ny, from which
we deduce Ny = —N, and 6(Xy) = — X, that is Xy € p. On the other hand we
have [a, Xy] = 0 and thus by maximality of a we have Xy € a. Thus we can take
N =2N,, H= Xy and Z = —(N; + 6(V;)) € ¢ in (4.8). To show uniqueness, we
have —X = 6(X) = 6(N) — H + Z from which follows Z = —1(N + 6(N)) and hence
X = H+ ;N — 30(N) and since the sum (4.9) is direct we are done. O

Remark 4.10. Let q be the B-orthogonal complement of a in p. Then as a by-product of
the proof we have shown that the map N — N — 0(N) is an isomorphism between n and q
(recall that a and n are orthogonal to each other).

Example 4.11. Consider g = sl,, with the Cartan involution given by X + —tX. Then it is
easily checked that the set a of diagonal matrices in g is a maximal abelian subspace of p. Now
if H € a has diagonal entries H; and X € g then the (i, j)-th entry of [H,X| = HX — XH
is given by (H; — H;)X;;. Thus we see that the roots are the linear maps oy : H — H; — H;
where ¢ # j, and E;; is a root vector for «;;j. The regular elements in a are those whose
diagonal entries are pairwise distinct, and in particular a choice of a positive Weyl chamber
is given by at = {H € a: Hy > Hy > --- > H,}. Given this choice, the root «j; s positive
if and only if 7 > i. Thus in this case n consists of all the strictly upper triangular matrices.
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Later on we shall need the following.

Proposition 4.12. Any linear form on a is a linear combination of simple roots.

Proof. The Killing form is positive-definite on a C p. Thus for any linear form A
on a there exists Ay € a such that A(H) = B(A,, H) for all H € a. It suffices to
show that a is spanned by the elements A,, where o ranges over the simple roots, or
equivalently, over all the roots. Assume Hj € a is orthogonal to each A,. Then for
any root vector X, we have ad Hy(X,) = 0 and thus ad Hy is identically zero on g.
But then By(Hy, Hy) = —tr(ad Hy o ad Hy) = 0 and hence Hy = 0. O

4.2. The adjoint group. Our aim is to use the structure theory of semisimple Lie
algebra to establish analogous results at the level of Lie groups. However we need a
bit of preparation. While general Lie groups are abstract manifolds, Lie subgroups of
GL,(R) have a concrete realisation as matrix groups, which makes them easier to
study. To any Lie group G we will attach such a matrix group, the adjoint group
of GG. Furthermore for connected Lie groups, we do not lose too much information by
passing from G to its adjoint group — namely we only kill the centre of G.

Let G be any Lie group. For g € G consider the smooth map Ig(g) : G — G :
x> grg~'. Let us denote its differential by Adg(9) = deiIc(9), so Adg(g) € GL(g),
and in fact Adg is a representation of GG on the vector space g. We call Adg(G) the
adjoint group of G. By Lemma 3.15 we have
(4.10) exp(Ada(9)X) = gexp(X)g™
for all g € G and for all X € g.

Remark 4.13. Assume that G is connected. Then G is generated by the elements exp(X)
where X € g. Hence by (4.10) the kernel of Ad is the centre Zg of G.

Furthermore the map Adg is smooth and by differentiation we have
(4.11) dei, Adg = ad,
(for the details see [Hel01, Chap. II §5]). Now GL(g) is a Lie group whose Lie algebra
is End(g), and adg(g) is a subalgebra of End(g).

Remark 4.14. Assume G is connected. Using Lemma 3.27 equation (4.11) implies that
the Lie algebra of Adg(G) is adg(g). We also note that by Lemma 3.15 the identity (4.11)
above implies

(4.12) Adg(exp X) = exp(adg X)
for all X € g.
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Lemma 4.15. Let G be a connected Lie group whose Lie algebra is commutative.
Then G is commutative.

Proof. Let X,Y € g and let g = exp(Y'), h = exp(X). Then by (4.12) we have
Adg(g) = exp(ady Y) = exp(0) = Id,.

Thus by (4.10)
ghg™" = exp(Ada(9)X) = exp(X) = h.

Since G is generated by exp(g) the result follows. O

In between Adg(G) and GL(g) there is the group Aut(g) of automorphisms of g.
It is a closed subgroup of GL(g) and thus by Cartan’s Theorem 3.25 it is also a Lie
subgroup. We now identify its Lie algebra. A derivation of g is an endomorphism
D : g — g satisfying
DIX,Y]|=[DX,Y]+ [X,DY]
for all X, Y € g.

Proposition 4.16. Let g be any finite-dimensional Lie algebra. The Lie algebra of
Aut(g) is the algebra O(g) of derivations on g.

Proof. If D € Z(Aut(g)) then for all ¢ € R we have exp(tD) € Aut(g), that is
exp(tD)[X,Y] = [exp(tD)X,exp(tD)Y] for all X,Y € g. Differentiating with respect
to t we obtain D[X,Y] = [DX,Y] + [X, DY], that is, D is a derivation. Conversely
if D is any derivation then by induction we have

(4.13) DFIX,Y] = Z ﬂ[DiX, D’y

for all X,Y € g and for all natural number k. By Remark 3.14 we have

o

tk
exp(tD) = EDk
k=0
for all ¢t € R, and thus (4.13) implies exp(tD)[X, Y] = [exp(tD)X, exp(tD)Y] for all
X,Y € g, that is exp(tD) € Aut(g) for all ¢ € R. By Proposition 3.24 we conclude

D € 0(g). O

To summarise, we have the following inclusions of Lie groups and Lie algebras.

Adg(G) C Aut(g) < GL(g)
adg(g) C O(g)  C End(g).
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Lemma 4.17. Let g be a semisimple Lie algebra. Then ad(g) = 9(g).

Proof. Since g is semisimple, we have ker(ad) = {0} and thus ad(g) is isomorphic
to g, and in particular semisimple. Next if D € 9(g) then for all X,Y € g we have

ad(DX)(Y) = [DX,Y] = D[X,Y] — [X, DY]
= (Doad X)(Y) — (ad X o D)(Y) = [D, ad X](Y).

This shows that ad(g) is an ideal in 0(g). Let b be its orthogonal complement for the
Killing form B of d(g). By (4.4) if X € b then for all Y € d(g) and for all Z € ad(g)
we have
0= B(Xa [K Z]) = B(Zv [Xv Y])

and thus [X, Y] € b, that is b is also an ideal. By Remark 4.2 b nad(g) is orthogonal
to ad(g) with respect to the Killing form on ad(g). Since ad(g) is semisimple it follows
that b Nad(g) = {0}. Thus if D € b and X € g then we have ad(DX) = [D,ad X] €
bNad(g) = {0}. Using again that g is semisimple we have DX = 0 for all X € g,
that is D = 0. Therefore b = {0}, which implies ad(g) = 9(g). O

Corollary 4.18. Let G be a connected Lie group with Lie algebra g. Assume g is
semisimple. Then Adg(G) is the connected component of the identity in Aut(g).

4.3. Structure of semisimple Lie groups. The Lie group G is semisimple if
its Lie algebra g is semisimple. Let us fix a semisimple Lie group G and let us
retain notations from Section 4.1. By Theorem 3.22 there is a unique connected Lie
subgroup K of GG that has Lie algebra €.

Lemma 4.19. Let G be a connected semisimple Lie group. The group Adg(K) is
compact.

Proof. Let Aut(; g) be the subgroup of Aut(g) that preserve ¢. If 0 € Aut(€;g) then
by (4.3) for all X € p and for all Y € € we have B(X,0Y) = B(c7'X,Y) = 0 and
thus oY € & = p. Thus using (4.3) again we have

Aut(t g) C Op(E) x Op(p),

where Og(t) (respectively Og(p)) is the group of isometries of € (resp. p) with respect
to the Killing form B. Since B is definite both on ¢ and on p the groups Op(¥)
and Op(p) are compact, and so is Op(t) x Op(p). Now Aut(t; g) is a closed subgroup
of GL(g), thus it is also closed in Og(£) x Op(p), and hence compact. Using (4.11)
and Lemma 3.27 the Lie algebra of Adg(K) is ady(€). Let O(¢; g) be the subalgebra
of those derivations D of g that preserve €. We claim that ady(£) = 0(¢;g). The
inclusion ady(€) C J(¢; g) is obvious. Conversely if D € 0(¢; g) then by Lemma 4.17
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we have D = ady(X) for some X € g such that [X,Y] € € for all Y € £. Write
X = X, + X, with X, € p and X, € £. Then we have

X Y]+ [X,. Y] = [X,Y] = 0[X,Y] = [0X,0] = [Xe, Y] — [X;. Y]

from which we deduce [X,,Y] = 0 for all Y € ¢, and hence D = ady(X;). Next
the same argument as in Proposition 4.16 shows that J(¢; g) is the Lie algebra of
Aut (¢ g). Hence Adg(K) is the connected component of the identity in Aut(g;g),
and in particular it is closed in Aut(¢; g). Thus Adg(K) is compact, as claimed. [

Proposition 4.20. Let G be a connected semisimple Lie group with finite centre.
The group K defined above is compact.

Proof. By Remark 4.13 we have Adg(K) ~ K/(Zg N K) and since Zg is finite it
follows by Lemma 4.19 that K is compact. U

Remark 4.21. In fact, under the same assumptions it can be shown that K = Adg'(Adg(K)),
which implies in particular that Zg C K. This follows from the Cartan decomposition
(Theorem 4.25 below), but we will not prove this here.

Example 4.22. Let G = SLy(R). Then g = sly = (e, €2, €3) where e; = [_01 é], ea =[]
and eg = [* _;]|. Then t = Re; and K = SO2(R). Let k = [ %0, 501 ¢ K. Then we have

—sin@ cosé
k(IQ + h€1>k_l = I + heq,
k(IQ-i-heg)kil _ I2+h[ 2cosfsinf c0529—sin29:|,

cosZ @—sin? § —2cosOsin 6

k‘(IQ + heg)k'_l =1+ h[coszefsinQQ 72cosﬁsin0:|7

—2cos0sin 6 sin2 —cos? 0

from which follows that the matrix of Adg(k) in the basis (e1, ez, e3) is given by

1 0 0 1 0 0

0 cos?f —sin?0  2cosfsind | = |0 cos(20) sin(20) | .
0 —2cosfsinf cos?f —sin?0 0 —sin(20) cos(26)

So the restriction of Adg to K may be thought of as the map SOg(R) — SO2(R) : k — k2.

Its kernel is {Iz, —I2} = Zgr,(w)-

4.3.1. The Iwasawa decomposition. In order to deduce the Iwasawa decomposition at
the level of the Lie group from the Iwasawa decomposition of its Lie algebra we first
need to following lemma.

Lemma 4.23. Let G be any Lie group and let g be its Lie algebra. Suppose g =s@® b
where s and b are Lie subalgebras. Let S and H be the connected Lie subgroups of G
with Lie algebras s and by respectively. Then the map

m:SxH—G:(sh)— sh
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15 reqular.

Proof. Given s € S and h € H we have
TS =dlss, ThH =dlyh, TogG = dlsng
Furthermore we may identify
Tiom(S x H) = T,S @& T, H.
Now given X € s and Y € h we have
m(sexp(tX),h) = shexp(t Ad(h™'Y)),
m(s, hexp(tY)) = shexp(tY),
from which follows that
dispym(dels X, de0,Y) = delo(Ad(hH)X +Y).

Now if Ad(h™")X +Y =0 then X + Ad(h)Y = 0 and since Ad(h)Y € b it follows
that X =Y = 0. O

Theorem 4.24 (Iwasawa decomposition). Let G be a connected semisimple Lie group
with finite centre. Let g be the Lie algebra of G and let

g=ndadt

be an Iwasawa decomposition. Let N, A, K be the connected subgroups of G with Lie
algebras n, a, € respectively. The group A normalises N. Moreover the map

NxAxXK—=>G
(n,a, k) — nak
is a diffeomorphism from N x A x K onto G.

Proof sketch. The proof proceeds in two steps: one first proves the theorem for the
adjoint group Adg(G), then one “lifts” the result to the group G. We only present
a sketch of the first step. For more details, we refer the reader to [Hel62, Chap.
VI, § 5, Thm 5.1] or [Kna02, Theorem 6.46]. Let G = Adg(G), N = Adg(N),
A= Adg(A), K = Adg(K). We recall that G is a closed subgroup of GL(g) First,
we argue that A normalises N. To show this, let H € ady(a) and X € ady(n). Let
a =exp(H). By (4.10) we have

a (exp X)a = exp(Adg(a)X).
Now by (4.12) we have
Adg(a)(X) = exp(ady H)(X).
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Now since [ady(a), adg(n)] C ady(n) we have (ady H)*(X) € ady(n) for all integer k
and thus by Remark 3.14 it follows that Adg(a)(X) € ady(n). Hence

a 'exp(X)a € exp(ady(n)) C N

as desired. It particular, it follows that N A is a subgroup of G. Next we argue N A is
a closed subgroup. Pick a basis & of g consisting of root vectors and of elements of g.
Then for H € a the matrix of ady H in the basis 3 is diagonal. By Remark 3.14 it
easily follows that A is a closed subgroup of GL(g) and hence of G. Similarly, using
that

[gom 9,3] C Ya+8

we may order & in such a way that for all X € n the matrix of X is upper triangular
with zeroes on the diagonal. Now letting T" be the Lie algebra of all upper triangular
matrices with zeroes on the diagonal, one can check that exp(7T) is a closed subgroup
of GL(g) (consisting of upper triangular matrices with ones on the diagonal), and
thus N = G Nexp(T) is closed in G. To deduce NA is closed, let g = lim,, ny,a.m,
with a,, € A and n,, € N. Let a be the diagonal matrix with the same diagonal
entries as g. Then lim,, a,, = a and since A being closed, we have a € A. Moreover
ga~' = lim,, n,, € N since N is closed. Since NA is a closed subgroup of G, we
conclude by Cartan’s Theorem 3.25 that N A is a Lie subgroup of G. In particular
the multiplication map

mi:NxA— NA
is smooth and onto. The Lie algebra of NA is n ® a and thus by Lemma 4.23 the
map m; is also regular. It is also one-to-one as one may recover a and n from the
diagonal entries of na. Thus m; is a diffeomorphism. Next the multiplication map

my: NAx K =G
is smooth. Its image is closed because K is compact and NA is closed. Using
Lemma 4.23 again, ms is everywhere regular, and since

dim(G) = dim(n) + dim(a) + dim(¢) = dim(NA) + dim(K),

the image of ms is also open in G. Since G is connected, this shows that ms is
onto. To conclude the first step, it remains to show that ms is one-to-one, that is
K N NA = {1}. To this end, one can for instance use the fact that if g € NA and
g # 1 then the subgroup generated by ¢ is not compact. 0

By Theorem 4.24 each g € GG can be written in a unique way as g = nak with
n € N,a € A and k € K. Moreover Lemma 4.15 the group A is commutative. Hence
we know by Corollary 3.17 that the exponential exp : a — A is a surjective group
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homomorphism. We claim it is also injective. Indeed, assume H € a is such that
exp(H) = eg. Then by (4.12) we have

ead(e) = Adg(exp(H)) = exp(ady H).

Now it follows from Remark 3.14 and the properties of the matrix exponential that
adg H = 0 and since g is semisimple, we must have H = 0 as claimed. Henceforth
given g € G we define A(g) € a as the unique element such that g € N exp(A(g))K.
When g = a € A we may occasionally write loga for A(g).

4.3.2. The Cartan decomposition. In previous subsection we “lifted” the Iwasawa
decomposition at the level of the Lie algebra to deduce the Iwasawa decomposition
at the level of the Lie group. Similarly, we now “lift” the Cartan decomposition (4.5)
at the Lie group level.

Theorem 4.25 (Cartan decomposition, version 1). Let G be a connected semisimple
group with finite centre. Let g be the Lie algebra of G and let
g=pot
be a Cartan decomposition. Let K be the connected subgroup of G with Lie algebra €.
Then the map
px K —G
(X, k) — exp(X)k

1s a diffeomorphism from p x K onto G.

We omit the proof. As in the case of the Iwasawa decomposition, one first proves
it for the adjoint group, for which one can use the matrix structure, then one “lifts”
the theorem to G itself. We defer the reader to [Kna02, Theorem 6.31].

Lemma 4.26. Let g be a semisimple Lie algebra with Cartan decomposition g = p @ €
and let a be a maximal commutative subalgebra of p. Let H € a be a regqular element.

Then we have
Zy(H) ={X €p:[H,X] =0} = go.

Proof. Let X € p such that [H, X] = 0. Write X = Xo+ >, X) with X € go and
X € gy for each A € ¥. Then we have

0= [H, Xo] + Y _ A(H)X,.

Since by assumption A(H) # 0 for each A € ¥, the directness of the sum (4.6) implies
X, =0 for each X\ € ¥, that is X = X, € go. O
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Lemma 4.27. Let G be a connected semisimple group with finite centre. Let g be the
Lie algebra of G, let

g=pdt
be a Cartan decomposition, and let a be a mazimal abelian subalgebra of g. Let K be
the connected subgroup of G with Lie algebra €. Then we have

Adg(K)a =p.

Proof. Let H € a be a regular element (this is possible because X is finite, and for
a € ¥ the kernel ker(«) is an hyperplane in a) and let X € p. Consider the continuous
map

K—-R
k — B(H,Adg(k)X).
By compactness, it admits a minimum in some ky € K. Now let Z € €. Then the
map
R—R
t— B(H,Adg(exptZ) Adg(ko)X).
is smooth and admits a minimum at ¢t = 0. Differentiating with respect to ¢t we obtain

0— (%B(H, Adg(expt2) AdG(kO)X))
= B(H, (ady Z) Ad¢(ko)X)
= B(H,[Z, Adg(ko)X]) = B(Z,[Ada (ko) X, H]).

Using (4.12), (4.2) and the fact that the exponential on adg(g) is given by a power
series, one shows that §(Adg (ko)X ) = Adg(ko)(0X) and thus Adg(ko)X € p. This
implies in particular [Adg(ko) X, H] € €. Since Z € ¢ is arbitrary and B is negative-
definite on ¢, it follows that [Adg(ko)X, H] = 0 and thus by Lemma 4.26 we have
Adg(ko)X € pNgo = a, which establishes the result. O

t=0

Corollary 4.28. Let G be a connected semisimple group with finite centre. Let g be
the Lie algebra of G, let

g=pot
be a Cartan decomposition, and let a be a mazximal abelian subalgebra of g. Let A, K
be the connected subgroups of G with Lie algebra a, € respectively. Then we have

G =KAK.
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Proof. This follows from combining Theorem 4.25 and Lemma 4.27, remembering
that by (4.10) we have

exp(Adg(k)H) = kexp(H)k™*
for all k € K and H € a, and that exp : a — A is surjective by Corollary 3.17. [

In contrast with the Iwasawa decomposition and the statement of Theorem 4.25,
the decomposition g = kyjaks (with ki, ks € K and a € A) is not unique in general.
In order to account for this, we need to introduce the Weyl group.

4.3.3. The Weyl group. The Weyl group is a group of permutation of the roots
generated by certain reflections. It can also be realised as a quotient of certain
subgroups of G. We now start setting up the stage. In this section we fix a connected
semisimple group GG with finite centre, we let g be its Lie algebra and we retain the
notations from Sections 4.1 and 4.3. Since the Killing form B is non-degenerate,
given \ € g* there exists A, € g such that

ANH) = B(A\ H)
for all H € g. In this way, we may define a non-degenerate bilinear form (-,-) on g*
by setting for all A\, u € g*
i) = B(Ax, Ay) = MA,) = (A,

We identify a* as the subspace of g* consisting of those linear forms that vanish on a*,
or equivalently as the subspace consisting of those linear forms A such that A, € a.
The bilinear form (-, ) is in particular positive-definite on a*. Then for a € a* \ {0}
we may define a reflection s, on a* by

Sa(A) =X —2 A @) a.
(@, a)
Note that s,(a) = —a and s,(\) = A for A € at. Similarly we can transfer the

adjoint action of G on g to an action of G on g* by defining for all A € g* and X € g
(Ad&(9)M(X) = MAdg(g71)X).

This is compatible with the assignment A — A, in the sense that the linear form
Adg(g)A is represented by Adg(g)Ax (this can be shown taking the exponential and
using (4.4) and (4.12)). Given a root o we want to show that

e if 3 is a root, then so is s,(f),
e there exists k € K such that Adg (k) = s,.
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Lemma 4.29. Let « € ¥ and let X, € go, normalised so that B(X,,0(X,)) = —1.
Then we have

[Xa,0(Xo)] = —Aa.
Moreover let E, = ==X, and k = exp(F, + 0E,) € K. Then

2({a,a)
Adg(k)a = a.

and

AdZ (k) = sa.

Proof. Recall that 6(X,) is a root vector with root —a. Next we observe that
[Xa,0(X,)] € a. Indeed, it is immediate that [X,,0(X,)] € p, and [X,,0(X,)]
commutes with a since for all H € a we have
[H, [Xa, 0(Xa)]] = =[Xa, [0(Xa), H]] = [0(Xa), [H, Xo]]
= —a(H)([Xa, 0(Xa)] + [0(Xa), Xa]) = 0.
Finally we have
B(H> [XCH Q(Xa)]) = B(XCH [Q(XCY)7 H]) = B(XOM Oé(H)@(Xa)) = _a(H)7
which proves the first claim. Next let H € a such that a(H) = 0. Then ady(E,)(H) =
adg(0E,)(H) = 0 from which, using (4.12) and Remark 3.14 it follows that
Adg(k)H = exp(adg(Eq + 0E,))H

(4.14) - i%(adg(EaJr@Ea))"H:H-

n=0
On the other hand since A, € a we have
adg(Xa)Aa = [Xa, Ao] = —a(A0) Xy = —(a, ) X,
and similarly
adg(0X,)As = (o, )0(X,).
Thus
adg(Xo +0X,)An = (o, ) (0X, — X,).
Applying ady(X, + 6X,) to this identity and using the first part we deduce

ady (X, + 0X,)2 A, = —2(a, a) A,.



40 FELICIEN COMTAT

Thus

(4.15)

Adg(R)Aa =Y %(ad (En+6E,)" A,
- (2;) (ady(Ba + 0E,))"™ Aq + Z %D(ad (B + 0E,)?" 1 A,
:Zﬁ—w )" Ay +m/a0422m+ (=)™ (0X o — Xo)

3
<H:

(@, )

= (cosm)Ay + (sinm)(0X, — Xo) = —Aa.

Combining (4.14) and (4.15) shows that Adg (k) indeed preserves a, and that the
restriction of Adg, (k) to a* agrees with s,. O

Corollary 4.30. Let o, € ¥.. Then s,(5) € X.

Proof. We are to show that g, s # {0}. Let k be as in the statement of Lemma 4.29.
Let H € a and let X € gg. Then we have
[H, Adg(k)X] = Adg(k)[Adg (k) H, X] = Adg (k) (B(Ada (k)" H)X)
— Ada(k) ((Adg (K)3)(H)X)
= Ad (k) (sa(B)(H)X) = sa(8)(H) (Adg(k)X),
and thus Adg (k)X is a root vector for s,(3). O

Definition 4.31. We define the Weyl group W of G as the finite subgroup of
GL(a*) spanned by the reflections s,, where o ranges in X.

Corollary 4.30 implies that the Weyl group permutes the roots. Moreover since
the roots span a*, an element of the Weyl group is completely determined by the
corresponding permutation, hence we may identify the Weyl group with its image in
the group of all permutations of . In particular the Weyl group is finite. Just as we
used the identification of g* to g to transport the adjoint action of G' to an action on
g*, we obtain in the reverse direction an action of the Weyl group on a by setting

s+ Ax = As

for all s € W and A € a*. The second statement of Lemma 4.29 directly extends
in the sense that for any s € W there exists k € K such that Adg(k)a = a and
Adg (k) = s. Since moreover the form s(A) = Adg (k)X is represented by Adg(k)A,,
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this element k satisfies s - H = Adg(k)H for all H € a. Equivalently, given H € a we
may define s - H by
(4.16) B(s- H) = (s—'B)(H)
for all g € a*. To see this let k € K as above and observe that
B(s - H) = B(A, Adg(k)H) = B(Adg (k)™ Ag, H) = (s7'8)(H).

Example 4.32. We have seen in Example 4.11 that the roots of sl,, are the maps «;; :
H — H; — Hj, where H; is the i-th diagonal entry of H € a. Thus the reflections Sa;; acts
on the root ay,, by

Sa; (aém) = Qr(0),r(m)>
where T € &,, is the transposition (ij). Since &, is generated by the transpositions, we
may identify the Weyl group of sl,, with &,,. Given a root o = o the vector A, € a is the
diagonal matrix whose only non-zero entries are the i-th entry and the j-th entry, given
respectively by ﬁ and —%. Hence the action of 0 € W ~ 3, on any H € a is given by
the diagonal matrix o - H whose i-th digonal entry is H,;). On the other hand given a
permutation o € ¥, let P, be the matrix whose i-th row only has zeroes except on column
o(i) where it has a one. Then given H € a the i-th diagonal entry of P, HP; ' is given by
H,;), which says that

P,HP;' =0 - H.

Moreover if o has signature 1 then P, € SO, (R) and hence an element k corresponding to

o can be taken to be P,. On the other hand if o has signature —1 then changing the sign
of a single entry of P, we obtain an element of SO, (R) satisfying the desired property.

We now study in more details the action of the Weyl group. We need the following
lemma.

Proposition 4.33. The Weyl group permutes transitively the set of Weyl chambers.
Moreover for any H € a the orbit W - H intersects the closure @™ of a* in exactly
one point.

Proof. We have seen already that W permutes the roots . Thus (4.16) implies
that W permutes the hyperplanes S, = ker(«), and hence the Weyl chambers. To
see that this action is transitive, let Hy, H lying in two distinct Weyl chambers a(*)
and a® respectively. Then the segment [H,, H,] intersects the hyperplane S, for
some a € 2. Now we claim

| Hi — 8o - H|| < ||Hy — Ha,

where the norm is induced from the Killing form.
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Sa'HQ

Indeed since by definition S, is the orthogonal of A, we may write H; = S+t 4,
and Hy = Sy — ty A, with S1,S; € S, and t1,t5 € R with the same sign. Then
Sq - Hy = S5 + ty Ay and thus by Pythagoras theorem

[H1 = sa - Ho||* = [|Sy — Sa|| + (11 — t2)*[| Aal|?
< |81 = Sa| + (t1 + 1) | Aall* = [[H — Ho.

Now as s varies over the finite group W the distance ||H; — s - Hs|| reaches a
strict minimum for s = sy say. Then the segment [H, s - Ha] does not intersect
any hyperplane S,, thus H; and sy - Hy lie in the same Weyl chamber. Thus
so - a® = a® and thus W acts transitively on the set of Weyl chambers. To prove
the second claim, let Hy, Hy € a*. Then we have seen that for all s € W we have
HH1 — S HQH Z HH1 — H2H7 which 1mphes
(4.17) B(Hy,Hs) > B(Hy, s - Hs).
By continuity this inequality still holds for all H,, H, € a*. Now if so - H, € a* then
replacing Hy with soHy and applying (4.17) with s = s;* we deduce

B(Hl, HQ) = B(Hl, So - Hz)
and hence

B(Hl, H2 — S0 - HQ) =0

for all H, € a*. This implies Hy = sy - Hy and the result is proved. OJ

Theorem 4.34. Let
Ng(a)={k € K : Adg(k)a = a}
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" Zk(a) ={k € K :Adg(k)H = H for all H € a}.
Then there is a group isomorphism
W — Ng(a)/Zk(a)
s+ kg
such that for all s € W we have
(4.18) s-H = Adg(ks)H for all H € a.

Moreover W permutes simply transitively the set of Weyl chambers.

Proof. We have already seen that given s € W there exists k € Ng(a) such that (4.18)
holds for k. Clearly (4.18) holds for £’ too if and only if &' € kZk(a) and so we get an
injective map W — Ng(a)/Zk(a) with the desired property. For the surjectivity, by
Proposition 4.33 it suffices to show that the adjoint action of N (a) permutes the roots
and that if & € Ng(a) is such that Adg(k)a™ = a™ then k € Zi(a); that is the action
of Ng(a)/Zk(a) is simply transitive on the set of Weyl chambers. Indeed, assuming
this is the case, and let k € Ng(a) and let a) = Adg(k)a*. By Proposition 4.33
there exists s € W such that s-a™ = a®"), hence by (4.18) we have aV) = Adg(k,)a*

Now by uniqueness of & we must have k G ksZ(a). For the proof that the action of
Ni(a)/Zk(a) is indeed simply transitive on the set of Weyl chambers, we refer the
reader to [Kna02, Theorem 6.57] or [Hel01, Chap. VII Theorem 2.12]. O

Lemma 4.35. Let H € a and let k € K such that
Adg(k)H € a.
Then there exists s € W such that
Adg(k)H =s- H.

Proof. Fix X € Zy(H) Np and H; € a*. By the same compactness argument as in
the proof of Lemma 4.27 we find z € Zg(H) N K such that

B([Hy, Adg(2)X],T) = 0

for all T' € Zy(H) N¢. As in Lemma 4.27 we have [H;, Adg(2)X] € €. Moreover by
the Jacobi identity

[H,[Hy,Ad¢(2)X]] = —[H:, [Adg(2) X, H]| — [Ada(2)X, [H, Hy]]
—[Hl,AdG(Z)[X Adg(z™ )HH
—[Hy, Adg(2)[X, H]| =



44 FELICIEN COMTAT

thus [Hy,Adg(2)X] € Zy(H) Nt As T is arbitrary we deduce [Hy,Adg(2)X] =0
and since H; is regular by Lemma 4.26 we have
X € Adg(z Y.
Observe that if Hy € a then we have
[Adg(k™Y)Hy, H] = Adg(k™Y)[Hy, Ada(k)H] =0

and in particular by Lemma 4.27 we may take X = Adg(k™!)H,. Thus taking Hy € a
arbitrary we deduce

Adg(k™")a C Adg(z"")a
and since both side have the same dimension, they are equal. Hence k27! € Nk(a)
and by Theorem 4.34 there is s € W such that

s- H = Adg(kz"")H = Adg(k)H.
O

Theorem 4.36 (Cartan decomposition, version 2). Keep the notations as above and
let A+ = exp(at). Then
G = KATK,
and if
k’lal{ig = kia’ké
with ki, ke, K}, kb € K and a,a’ € A" then a = a'.

Proof. For the existence, let ¢ € . By Corollary 4.28 and the surjectivity of
exp : a — A there exist ki, ky € K and H € a such that

g = ki exp(H )ks.
Now by Proposition 4.33 there exists s € W and H* € @ such that H = s- H™.

Moreover as discussed above, there exists k& € K such that s- Ht = Adg(k)H™.
Finally using (4.10) we have

exp(Adg(k)HT) = kexp(HT)k™,
and thus
g = kikexp(H )k ky.
For the uniqueness assume kjaky = @’ where a = exp(H;) and o = exp(Hs) with
Hy,Hy € a". Then kyak;*(kiks) = /. Now by Lemma 4.27 and using (4.10) again,
kiak;' = exp(Adg(k1)H,) € exp(p) and thus by the first version of the Cartan
decomposition Theorem 4.25 we have Adg(k1)H; = Hs. By Lemma 4.35 there is

s € W such that Hy = s - H; and moreover since we are assuming H,, H, € @™,
Proposition 4.33 implies H; = Hs, as desired. 0
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Remark 4.37. We can reformulate the content of this subsection as follows. There is an
algebraically defined Weyl group W (X) and an analytically defined Weyl group W (K, a).
The algebraic Weyl group W (X)) is defined as the group generated by the reflections sq,
where o € ¥, and the analytic Weyl group W (K, a) is defined as the quotient Nk (a)/Zk (a).
We have shown that these two notions coincide, and we have used it to derive the second
version of the Cartan decomposition. The crucial missing ingredient in our exposition is
that the action of the analytic Weyl group W (K, a) on the set of Weyl chambers is simply
transitive.

5. INTEGRATION ON LIE GROUPS

5.1. Integration on manifolds. Recall that if if U C R” is an open set and
¢ : U — R" is smooth, its Jacobian Jacy ¢ at x = (21, -+ ,x,) € U is by definition

Jacyk p = det (dxyp) .

We recall the change of variable formula for R™. Assume ¢ as above is injective and
its Jacobian does not Vanish on U. Then for any continuous function f with compact
support included in ¢(U) we have

(5.1) / £(y) dy = / F((x)) Jacy o] dx.

Let # be a smooth manifold of dimension n. For each p € # let Q, €
Hom(T,.#,R"™). We assume moreover that the map Q : p — 2, is smooth in
the sense that for any vector field X on  the map 4 — R",p — Q,(X,) is smooth.
Then for all p € M and for all £ € Hom(R", T,,.#) we define

wy(0) = det (€2, 0 0).
for all ¢ € Hom(T,.#,R™). A map p — w, as above is called a n-form on /.

Remark 5.1. This definition might appear slightly different from the usual definition of a
n-form, but it is equivalent.

Remark 5.2. Specifying an isomorphism ¢ : R" — T,/ is the same as specifying a basis
of T, Ml . Once a basis of Ty, M is fixed, specifying a homomorphism ), : T, 4 — R™ amounts
to specifying an ordered n-tuple of elements of R™. Finally taking the determinant of n
vectors in R™ gives the (signed) volume of the (oriented) parallelepiped defined by these
vectors.

Let p € A and let (U, ) and (V,1) be two local charts containing p. Recall that
upon identifying R" to T,,;,)R", we have for all p € U a map dpp : T, — R", and
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similarly for ¢». Then using the chain rule as well as the identity dy)¢™' = (dpcp)_1
we have the following identity

(5.2) wp(dppy ") Jacym) (@ 0 1) = wyldyp ™).

We say two local charts (U, ¢) and (V,4) on . have the same orientation if the
mapping 1 o ! has positive Jacobian on (U NV). We say that ./ is orientable if
A can be covered by a collection of local charts which all have the same orientation.
Once we have fixed an orientable manifold . as well as such a collection € of local
charts, we say . is oriented. Given any local chart (U, ¢) on M we say (U, p) is
positively oriented if (U, ) has the same orientation as every local chart in . We
shall denote by C.(.#) the space of continuous, compactly supported functions on ..
We wish to define the integration of f € C.(/) against n-forms on 4. We first
assume there is a positively oriented local chart (U, ) such that Supp(f) C U. Then
given a n-form w on  we define

/ Jw= / (fo 90_1)(Y)W<p‘1(y)(dy90_1) dy.
M o(U)

We claim that this definition is independent of the choice of positively oriented local
chart containing Supp(f). Indeed if (V,%) is another such local chart then by the
change of variables formula (5.1) for R" with G = p o4 ~! and (5.2) with p = ¢ (x)
we have

/ (f o™ )(¥)we1p) (dyp™) dy :/ (f o™ M) (X)wy-100 (dxtp ™) dx
e(U) P(V)

Next, given any f € C.(/) there exists a covering of . by positively oriented
local charts (U;, ¢;)ier and finitely many compactly supported functions f; such that
f =72, f; and for each j we have Supp(f;) C U; for some i (this follows from a
smooth partition of unity, see [Hel01, Chap. I, § 1, Thm 1.3]). We then define

/M—Z/ﬁ

Here again, we need to check that the definition does not depend on the choice of the
decomposition f =" ; /i, but we leave it as an exercise for the reader (or we refer
them to [Hel0O, Chap. I, § 1]).

Let 4 and A be oriented manifolds of dimension n and let ® be a diffeomorphism
from A onto /. We say ® is orientation-preserving if given any positively oriented
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local chart (U, ¢) on 4, the local chart (®(U), o ®1) on J is positively oriented.
Let w be a n-form on /. Then we define the pullback ®*w of w by

(P*w), (£) = wa(py) (dp®P o £)
for all £ € Hom(R", T,,.#). Then we have the following change of variable formula

(5.3) /ﬂf@*w:/m(fo@_l)w

for all f € C.(M). Tt suffices to check it when the support of f is included in some local
chart (U, ¢) on . In this case choosing the local chart (V) = (®(U), po® 1) on N
we have fop™ = (fo® ') oty and given x € p(U) we have (P*w),-1(x)(dxp ™) =
wy-1(x)(dx1~') and thus both sides of (5.3) are the same integral.

5.2. Integration on Lie groups. Now let G be a Lie group of dimension n and
let g be its Lie algebra. A n-form w on G is left-invariant if it satisfies fjw = w for

all g € G.

Lemma 5.3. There exists a non-zero left-invariant n-form w on G. Moreover any
left-invariant n-form on G is of the form Aw for some A € R.

Proof. Fix an isomorphism €2, € Hom(g,R"), and for all g € G define , = Q. o
(det,)~" € Hom(T,G,R"). Let w be the n-form associated to Q. It is clearly non-

zero, and we claim it is left-invariant. Indeed if x, g € G then by definition for all
f € Hom(R"™, T,.GG) we have

(Qw)x (f) = wya(duly o f)
= det (Qe o (aleéggc)*1 odyl, o f)
= det (Qe 0 (dely) " 0 f) = wu(f).

Now since d.f, is an isomorphism for all g € G, any left-invariant n-form «’ is
completely determined by /. But if w! is represented by €, € Hom(g, R") then we
have w!, = Aw,, where A = det(£2, o Q). O

Now fix a local chart (U, ¢) where U is an open connected neighbourhood of e.

Lemma 5.4. The local charts (gU, ¢ o E;l), where g ranges over G, define an
orientation of G.

Proof. Tt suffices to show that if U N gU # & then for all x € (U N g~ 'U) we have
Jack(p o ™!) > 0, where ¢ = @ o ;1. Let . = ¢ ' (x) € UN g 'U. Let w be a
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non-zero left-invariant n-form on G. Then by (5.2) and by left-invariance of w we
have

ng(dw(gx)90_1> JaCx(SO © @Z}_l) = ng(dx¢_1)
= Wz (dely 0 dxﬂpil)

= wx(dxw’l).

But the map U — R : 2 — w,(dy)¢ ") is continuous and doesn’t vanish, hence it
does not change sign. O

By Lemmas 5.3 and 5.4 we may define the integral of any f € C.(G) against
a non-zero left-invariant n-form w. Moreover we may pick w such that fG fw >0
whenever f only takes non-negative values (by left-invariance this is equivalent to
require that for our fixed local chart (U, ) we have det(€2, o dw(e) 1> 0). We call
such a n-form a Haar measure and we denote |, o fw by fG x) dx. We may on
occasion use both notations. By (5.3) we have

/fg:cd:c—/f

We have defined the left-invariant Haar measure, but we might as well have
defined the analogous notion of a right-invariant Haar measure, by requiring it to be
right-invariant instead of left-invariant. The two notions are related as follows.

for all g € G.

Lemma 5.5. Let G be any Lie group and let dg be a left-invariant Haar measure
on G. Then
d"g = det (Ada(9)) dg

s a right-invariant n-form on G.

Proof. Let w be the left-invariant n-form and for g € G let wér) = det (Adg(g9)) w
We need to check that

(5.4) (rrw™), = wg)
for all x, g € G. To this end, it is sufficient to check that
(r*w(’q)) = wér)

for all x € G. Now that Adg(z) = d.Ig(x), where Ig(z) = 7,1 0 {,. Then using the
left-invariance of w we have for all x € G

(r*w™), = det (Adg(z)) (Ig(z™1)*w)
and evaluating both side on any ¢ € Hom(R", g) we obtain (5.4). O
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As a consequence we have the following change of variable formula for all f € C.(G)
and for all g € G

(5.5) / f(zg) dz = /G £(x) |det Ada(g)| de.

To see this write f(zg) = ﬁd’g(x)det Adg(z) and use the right-invariance of
det Adg(z)dx to change variables xg — z. Note that the absolute value is there
because r, might not be orientation-preserving. A Lie group G is called unimodular
if the left-invariant Haar measure is also right-invariant, which by the above discussion

is equivalent to |det Adg(g)| =1 for all g € G.

Lemma 5.6. Let G be a connected semisimple Lie group with Twasawa decomposition
G = NAK. Then the groups G, N, A, K are unimodular.

Proof. The group A is abelian and in particular Ad4 = Id,. We know by Lemma 4.19
that the group Adg(K) is compact. Since the map K — R* : k +— det(Adg(k)) is a
continuous group homomorphism, its image is a compact subgroup of R*. Thus for
all k € K we have |det(Adg(k))| = 1. As discussed in the proof of Theorem 4.24, we
may pick a basis of n for which the matrix of Ady(n) is triangular with ones on the
diagonal for all n € N, and in particular its determinant is 1. Finally Adg(g) leaves
the Killing form invariant for each g € G. Since the Killing form is non-degenerate it
follows (det Adg(g))? = 1. O

Lemma 5.7. Let G be any Lie group and let g be its Lie algebra. Suppose g = @ b
where s and b are Lie subalgebras. Let S and H be the connected Lie subgroups of G
with Lie algebras s and b respectively. Suppose

m:SxH— G:(s,h)— sh
1s a bijection. Then the Haar measures on S, H, G may be normalised so that

B det Ady (h)
/Gf(g)dg = f<3h)cMA—c1G(m dsdh

for all f € C.(G).

Proof. Given s € S and h € H we have

T,S =dlys, TphH =dJlnh, TgG=d.ls,g
and we may identify
(5.6) Tisp(Sx H)=T,Se T,H.
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Furthermore we may identify
TS T,H = T,G
Aol X + dlpY — dlgp (X +Y).
Under these identification we may see a linear map ¢ : R" — Ti,,)(S x H) as an

element of £ € Hom(R", T,,G). If w is the left-invariant on G then the n-form & on
S x H defined by

(5.7)

(D(s,h) (6) = wsh(ﬁ)
is left-invariant. Next, by Lemma 4.23, m is a diffeomorphism, and its differential is
given by
d(&h)m(deésX, deghY) = degsh(Adg(h_l)X -+ Y)
for all X € s and Y € h. Hence by (5.3) we have

/M fhyms - /G F(9)dg.

Now by definition m*w is the n-form on S x H given by
(m*w) sy () = wen(d(s,pym o L)

for all linear map £ : R" — T, (S x H). Using (5.6) and (5.7) to view d;,ym as a
linear map from Ty, G to itself and using the definition of n-forms, we obtain

(m*w)  py (€) = det(d(s pym)wsn(€) = sn ().

Finally
Adg(hHX +Y = Adg(h ™ H)(X + Ady(R)Y)
and thus det Adyy (1)
€ H
det(d, =
etden™) = Gor Adg ()

O

5.3. Integration formula for the Iwasawa decomposition. From now on we fix
a connected semisimple Lie group G with finite centre. We let g be its Lie algebra
and

g=n+a+¢t
be the Iwasawa decomposition of g as in § 4.1. We let N, A, K be the connected
Lie subgroups of G with Lie algebras given respectively by n, a, . We have seen in
Theorem 4.24 that GG has Iwasawa decomposition G = NAK. We fix a positive Weyl
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chamber at and we let X T be the set of positive roots. For any o € X define the
multiplicity m, = dim g,. We define

p:% Zmaoz.
aext

Theorem 5.8. The Haar measures on G, N, A, K can be normalised so that for all
[ € C.(G) we have

/G f(g)dg = /N /A /K e~20008(@) £ (nak) dkdadn.

Proof. We apply Lemma 5.7 twice: once for N x A — N A and once for NAx K — G.
Thus we may normalise the Haar measures so that

B det Ads(a) det Adg (k)
/Gf (9)dg = /N /A /K fnak) 35 Adya(a) det Adg (k) dkdadn.

We have seen in Lemma 5.6 that |det Ads(a)| = |det Adg (k)| = |det Adg (k)| = 1.
To calculate det Adya(a) pick a basis of n + a consisting of elements of a and of
positive root vectors. Now if X € g, for some root o then we have

Ada(@)X = exp(adysa(loga)) X

and thus we obtain det Ady4(a) = e?P(o89), O

Corollary 5.9. Let the Haar measure be normalised as in Theorem 5.8. Then for all
f € C(G) we have

/f(g) dg:/ f(ank) dadndk:/ f(kna) dkdnda.
G AXNxK

KxNxA

Proof. For the identity we change variables na — an and we use formula (5.5) together
with the calculation of det Ady4(a) above. We then apply the first equality to the
function g — f(g™') to deduce the second identity. Note that the change of variable
g+ g~ ! takes the left-invariant Haar measures to right-invariant n-forms, however
by Lemma 5.6 these are the same for G, N, A, K (possibly up to sign). O
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5.4. Harish-Chandra’s integral functional equation. We keep the set-up and
notations as above.

Lemma 5.10. The exponential map n — N 1is surjective.

Proof. We already know by Proposition 3.16 that there are an open neighbourhoods
U of 0in nand V of e in N such that the exponential is a diffeomorphism from U
to V. Now let n € N. We are to show that n € exp(n). Since N is the subgroup
generated by exp(n) there exist an integer m > 1 and Xy, -, X, € n such that
n = exp(Xy) - -exp(X,,). Moreover there exists an open neighbourhood V,,, C V of e
in N such that the product of any m elements of V,,, belongs to V. Let U,, C U be
such that V;,, = exp(U,,). Now fix Hy € a® and given t € R define a; = exp(—tHy).
We claim that for any X € n there exists ty € R such that for all t > t; we have
Ad(a;)X € Uy, Indeed, write X =3 o, with X, € g,. Then

(5.8) Ad(a)X = Y et X,
aeXt

and since a(Hy) > 0 for all & € ¥ the claim follows. In particular there exists t € R
such that Ad(a;) Xy € V,, for 1 < k < m, and hence exp(Ad(a;)X) € U,, Then we
have

ama; b = agexp(Xi)a; - agexp(X,)a;
= exp(Ad(a;)X;) - - -exp(Ad(a;) X,,) € U.
Thus there exists X € V such that a;na; ' = exp(X). But then n = a; ' exp(X)a, =
exp(Ad(a; 1) X). O
Lemma 5.11. Let H € a be a reqular element and let h = exp H. Then the map
& NN
n > h™'nhn~!

1s a surjective diffeomorphism.

Proof. Tt is clear that &, is smooth, and we know that A normalises N thus &, takes
values in IV as claimed. Next we compute its differential. Let n € N and let X € n.
Then for all ¢ € R we have

En(nexptX) = h 'n(exptX)hexp(—tX)n™!
= h7'nhn 't exp(t Ad(nh™!)X) exp(—t Ad(n)tX).
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Differentiating with respect to ¢ we obtain
dnén(delnX) = dely-1npn-1 (Ad(nh™") — Ad(n)) X)
= delp-1ppn—1 (Ad(n)(Ad(h_l) — 1)X).
+ X, with X, € go. Then
Ad(h X = ) eeUDX,
aext

and since H is regular we have Ad(h™!)X # X. Thus d,&, does not vanish on n, and
hence &, is regular. In particular there are open neighbourhoods U and V' of e in N
such that &, is a diffeomorphism from U to V. Moreover we may pick U and V' such
that U = exp(Up) and V' = exp(Vy) where Uy and V; are neighbourhoods of 0 in n.
Now let Hy € at and for ¢ € R define a; = exp(—tHy). Observe that

(5.10) En(ana; ) = an(n)a; "
By (5.8) it is clear that

(5.9)

Now write X = >

aEX

J Ad(a)Vo =,

teR
and hence by Lemma 5.10 we have

U a;Va;' = N.

teR
Since V' = &,(U), equation (5.10) now implies that &,(N) = N. Finally we need to
show &, is injective. So assume &,(n1) = &,(n2). Then using (5.10) we have

Enania; ) = E(amaay ).

As in the proof of Lemma 5.10 we may choose ¢ so large that a;nia; ' and a;nqa;
both belong to U, and since &, is injective on U we obtain a;nia; ' = aznoa; ", which
implies ny = no. O

Corollary 5.12. Let H € a be a regular element and let h = exp(H). Then for all
f € CAN) we have

dn = — ¢ otH)|me h~'nhn') dn.
/Nf(n)n T |/Nf( nhin 1 dn

aext

Proof. We apply the change of variable formula (5.3). Using (5.9) we have
¢*(dn) = det(Ad(n)(Ad(h™") — 1)) dn.
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We have seen in Lemma 5.6 that det Ad(n) = 1. Next the same argument as in proof
of Theorem 5.8 shows that

det(Ad(h") = 1) = [ (e —1)m=.

aext

Note that the absolute values are there because &, might not be orientation-preserving.
O

Let u € Ng(A) = {g € K : gAg~' = A}. For (k,n) € K x N define ¢,(k,n) =

(k1,n1) € K x N such that
uknu™t € kin, A.

The map ¢, is well-defined and smooth by the Iwasawa decomposition. Moreover it
is injective because if ¢, (k,n) = ¢,(k’,n’) then by definition there is a € A such that
uknu=' = uk'n’u"ta, but then kn = k'n'u"'au and since u~'au € A, by uniqueness
of the Iwasawa decomposition we have (k’,n’) = (k,n). Finally it is surjective because
it has a right inverse, given by ¢,-1. Since ¢,-1 is smooth for the same reason, ¢, is
a diffeomorphism.

Lemma 5.13. For all u € Ng(A) we have
& (dkdn) = dkdn.

Proof. For f € C.(G) define f by
flk,n) = /Af(k:na) da.

Since the Iwasawa decomposition is a diffeomorphism, f has compact support. On
the other hand define f“(g) = f(ugu™'). Then we have

F(k,n):[qf(uknaul)da
:/f(uknu_luau_l)da
A

= / fluknu™'a) da = f o ¢, (k,n).
A
On the other hand by Corollary 5.9 we have

| Fm) dian - /G F(9)dg.
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Since G is unimodular by Lemma 5.6 we have

/G f(g)dg = /G [*(g)dg = /K  Tk.m)da,

and thus we obtain

/ f(k,n) dkdn = / f o du(k,n)dkdn.
KXxN

KxN

Now the result follows from (5.3) provided that the map C.(G) — Co(K x N) : f + f
is surjective, which we prove in the next lemma.

Lemma 5.14. Given f € C*(G) define

F(k,n) /fk:na

for all (k,n) € K x N. Then the map C=(G) — CX(K x N) : f + f is surjective.

Proof. Let F' € C°(K x N) with compact support C' C K x N. Assume C # @
otherwise there is nothing to prove. Let C'4 C A be any compact subset of positive
measure. Let C' = {kna : (k,n) € C,a € C4}. Then C is a compact subset of G.
Now let f; € C.(G) be non-negative and such that

C' C Supp(f1).
Then f; is positive on C' and the function f defined by

F(k,n) f1<9>) if g € knA with (k,n) € K x N,

(9) = o .
0 otherwise

is continuous and satisfies f(k,n) = F(k,n) for all (k,n) € K x N. O

Theorem 5.15 (Harish-Chandra). Assume G has finite centre. Fors € W and H € a
denote a = exp(H) and a® = exp(s - H). Let f € C.(G) satisfy f(kgk™) = f(g) for
all k € K and g € G. Then the function defined by

Fy( —eplog“)/fan

satisfies the functional equation Fy(a®) = Fy(a) for all s € W.
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Proof. Normalise the Haar measures as in Theorem 5.8 and so that |, Ak = 1. First
assume H is regular. By Corollary 5.12 we have

Fy(a) :e”(log(“))/Nf(an) dn
~ |D(a) /N f(nan™") dn
|

= [D(a) f(knan k™) dkdn,

KxN
where

D(a) = eos@ T 1= et = T ‘GM _ ey
aext aext
Since the Weyl group permutes the roots, D(a) is invariant under s. So it suffices
to show the integral on the right hand side is also invariant. To this end we wish to
change variables (k,n) — ¢,(k,n), where u = ks € K is as in (4.18). So we must
check that the map

g: K xN—=>R
(k,n) — f(knan'k™')

has compact support. We have (k,n) € Supp(g) if and only if a 'nan™' = ¢,(n) €
ak=! Supp(f)k. Since &, is a diffeomorphism and since ak~! Supp(f)k is compact,
for each k € K the set {n € K : (k,n) € Supp(g)} is compact. Since K is compact
it follows that g has compact support. Thus changing variables (ki,n1) = ¢, (k,n)
with u = ks as above, by Lemma 5.13 we have

/ f(kna*n k™) dkdn, = / f(kn(uau "'k~ dkdn,
KxN

KxN
= / f(ukiniany 'kt ut) dkdn,
KxN

and now changing variables uk; — ki we obtain

/ f(kna*n~'k™Y) dkdn = / f(knyan k) dkdn,
KxN

KxN

as desired. Now since both sides are continuous, the functional equation still holds
when H is not regular. 0
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6. STATEMENTS OF RESULTS

6.1. Notations. We fix the notations for the remainder of the course. We let G
be connected semisimple Lie group with finite centre and g be its Lie algebra. By
Theorem 4.4 there exists a Cartan involution 6 for g. Accordingly we have the Cartan
decomposition (4.5)
g=pot,

where p is the —1-eigenspace of 6 and ¢ is the 1-eigenspace of §. We recall for future
use that ¢ is a Lie subalgebra of g and that the vector space p is stable under Adg(K).
We let a C p be a maximal abelian subalgebra, from which we defined in (4.6) the

root space decomposition
0= 009 P ga,

acd
where ¥ is the set of roots. We fix a Weyl chamber a™ C a and we accordingly define
the set of positive roots X C . Then the direct sum

n=EP g

aext

is a Lie subalgebra of g and we have the the Lie algebra-level Iwasawa decomposition
g=ndadt

By Theorem 3.22 there are connected Lie subgroups N, A, K of G with respective
Lie algebras n,a,€. As discussed in Proposition 4.20 and § 4.3.1, the group K is
compact and A is abelian. Moreover by Theorem 4.24 we have the corresponding Lie
group-level Iwasawa decomposition

G = NAK.
For g € G we let A(g) € a be the unique element of a such that
g € Nexp(A(g))K.

When g = a € A we might alternatively use the notation loga for A(a). In Defini-
tion 4.31 we defined the Weyl group W as the group generated by the reflections
So (a0 € X)) and we saw that it is finite and permutes the roots. Given a root « its
multiplicity is by definition m, = dim g,. We denote by p the half-sum of positive
roots counted with multiplicity

1 *
p:§Zma€a.
aext

For future use, we let q¢ C p be the orthogonal complement of a with respect to the
Killing form.
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In the sequel it shall be more convenient to work with complex-valued functions
so we change our previous notation: from now on from now on C*°(G) shall denote
C*>(G,C) and similarly for C.(G). We let Dr(G) be the algebra of left-invariant
differential operators on G (that we denoted by D(G) in § 3.2), and we accordingly
use the new notation

D(G) = DR(G) ®r C.
The R-linear action of Dg(G) on C*°(G) extends to a C-linear action of D(G).
Similarly we let
gc=9g®rC

and we extend the Lie bracket on g to a C-bilinear map on gc. More generally if v is
any vector subspace of g we let ve = v ®g C, if v is a Lie subalgebra of g then v¢ is
still stable by the complexification of the Lie bracket. It is straightforward to verify
that Corollaries 3.19 and 3.20 still hold upon replacing the ground field R with C.
For instance if X7,---, X, is a basis of the real vector space g then (the image in g¢
of) Xiy,---, X, is a basis of the complex vector space gc, and moreover we have the
isomorphisms of complex vector spaces

D(G) = 5(gc) = CIXy, -+, X,

We recall that for any g € G we have an operator IR, defined for every function f
on G and by

Ryf :x— f(zg).
It is easily verified that if X € g and f € C°°(G) then for all g € G we have

(Ada(9)X)f = Ryo X o R, f,
thus Adg(g) extends to a automorphism of the algebra D(G). Concretely
Adg(g)D = Ryo Do R,!
for all D € D(G). We let
Dw(G) = {D € D(G) : Ads(k)D = D for all k € K},

that is, D (G) consists of those differential operators D € D(G) that commute with
Ry, for all k € K.

6.2. Spherical functions. Let ¢ € C*(G) such that ¢(e) = 1. Then ¢ is a
spherical function if

(1) ¢(kigks) = ¢(g) for all g € G and for all ky, ks € K,
(2) for each D € Dg(G) there exists Ap € C such that D¢ = Apo.
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The theme of this course is that spherical functions on G play the same role in
harmonic analysis of G as the complex exponential plays in Fourier theory. However,
while the complex exponential is completely understood, at this stage we don’t know
anything about spherical functions: Do they exist? Can we somehow parametrise
them? What analytical properties do they have? As overviewed in the introduction,
spherical functions essentially are the spherical matrix coefficients of admissible
representations of G. So the classification of spherical functions has deep ties with
the classification of spherical admissible representations of G' (that was achieved by
Langlands). There is some subtlety here related to the reducibility of certain induced
representations, but we won’t go into it.

For v € ag, define

(6.1) ¢u(g):/ elpriv)(Ak9)) ..
K

Here the Haar measure on K is normalised such that [  dk = 1. The integrand is
continuous and K is compact so the integral (6.1) converges.

Remark 6.1. As we shall see below, the function F,, : g — e(49) is already a right-K-
invariant eigenfunction of each D € Dk (g). So definition (6.1) is natural: to produce a
left-K -invariant eigenfunction, we average F,, over K. That we are using p + iv instead of v
is a purely a normalisation question.

Proposition 6.2. For all v € af the function ¢, is a spherical function.
Proposition 6.3. For all s €¢ W and for all v € af. we have ¢, = ¢,,.

Theorem 6.4 (Harish-Chandra). Every spherical function is of the form ¢, for
some v € ag.. Moreover we have ¢y = ¢, if and only if A\ = sv for some s € W.

We can already prove Proposition 6.3

Proof of Proposition 6.3. To prove ¢, = ¢, it suffices to prove that for all f € C.(G)
we have

/G 6u(9) () dg = /G 60(9) £ (9)dg.

Since moreover ¢, = ¢, are bi- K-invariant, it suffices to prove it for f bi- K-invariant,
which we shall henceforth assume. By the Iwasawa integration formula (Theorem 5.8)
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/G bs(9)f(9) dg = / / (ot (Ak9) £ (g) dkdg

_ / (iAW) £(g) dg

// (isv—p)(log a) (na)da
—/e’s”(bg( Ff( )da—/e UOg(“))Ff(as)da.
A A

where Fy(a) = e?1°e@) [ f(an)dn. Now by Theorem 5.15 we have Fy(a) = Fy(a®),
which finishes the proof.

we have

To prove Proposition 6.1 and Theorem 6.4 we must return to studying the algebra
of differential operators, which will be the object of Section 7.

6.3. The inversion theorem. We shall denote by C'°(G /) K') the subspace of C*(G)
consisting of functions f with compact support and satisfying f(kigks) = f(g) for
all k1, ky € K and for all g € G. If f € C(G /) K), its spherical transform is by
definition the function on af defined by

- /G f(@)o-

It is a non-abelian generalisation of the Fourier transform, where we integrate a given
function against an eigenfunction of the invariant differential operators. The aim of
the following results is to describe the image of the spherical transform and to give
an inversion formula.

Theorem 6.5 (Spherical inversion theorem). There exists a holomorphic function ¢
defined on a W -invariant open subset of at. containing a* such that c is W-invariant
and such that for all f € C*(G )| K) we have

FW)ulg
/ )I
for all g € G. Moreover

[k ds= [ 1w
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An entire function h on af is a Paley-Wiener function if there exists R > 0
such that for all non-negative integer IV there exists a constant Cy such that

[A(V)] < C (1 + [v]) =N

for all v € a.. Here |v| denotes any norm on af. (a different choice of norm amounts
to change the constants R and Cy). We shall denote by 7y (af) the space of
Paley-Wiener functions h on ag which furthermore satisfy the functional equation
h(sv) = h(v) for all s € W.

Theorem 6.6 (Paley-Wiener theorem). The spherical transform is a bijection from

CX(G ) K) to 7y (ag).

The crucial ingredient is Harish-Chandra’s expansion of the spherical functions.
The latter controls the analytical behaviour of ¢,, and Theorems 6.6 and 6.5 may be
deduced from it using techniques of complex analysis. Harish-Chandra’s expansion of
the spherical functions will be the object of Section 8.

7. SPHERICAL FUNCTIONS AND THE ALGEBRA D(G)

We start with fixing some notations. In the following if 2" C D(G) we let 2" D(G)
(respectively D(G)Z") be the right (respectively left) ideal of D(G) generated by 2.
Next, since D(A) is commutative and generated by a, each linear map v : a — C
extends uniquely to a homomorphism of D(A) to C, that we shall denote D — D(v).

Remark 7.1. This notation might seem counter-intuitive: after all if H € a then the value
of v evaluated at H is denoted by v(H), and not H(v). The reason we are using this notation
(besides following [Hel00]) is that we want to emphasise the symmetric algebra structure,
that is, the structure of polynomial functions over a*. Note that if G is commutative then
so are g and D(G). Thus in the case of G = A the isomorphism o from Corollary 3.20 is
not only a vector space isomorphism, but an isomorphism between the algebras S(a) and
D(A). Then given D € D(A), the polynomial v + D(v) is nothing but c~!(D). Lemma 7.3
below offers a new perspective on this isomorphism, namely D(v) is also the eigenvalue of
a — ev(10g(a))

7.1. Existence of spherical functions. The aim of this section we prove Proposi-
tion 6.2. We start with preparatory lemmas.

Lemma 7.2. Let D € D(G). Then there exists a unique element Dy € D(A) such
that

(7.1) D — D, € nD(G) + D(G)e.
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Moreover if F € C*™(QG) satisfies F(ngk) = F(g) for alln € N,g € G,k € K then

we have

(7.2) (DF)ja = Dq(F|a)-

The operator D, is called the radial part of D relative to the Iwasawa
decomposition. This is the central ingredient in the proof of Proposition 6.2

Proof. By the decomposition g = n + a + £ there is a basis X1, -+, X,, of g such that

le e 7Xdim(n) € n, Xdim(n)+17 T 7Xdim(n)+dim(u) € a, Xdim(u)+dim(a)+l; T 7Xn €t
By part (1) of Corollary 3.19 we can express uniquely
(7.3) D= Y dee,X{t o X0

e1, - ,en>0

Letting D, be the sum of terms which only involve basis elements of a, it is clear
that (7.1) holds. The uniqueness amounts to showing that
D(A)N (nD(G) + D(G)¢) = {0}.

This follows from the observation that in the representation (7.3) of a non-zero element
of nD(G) 4+ D(G)¢, each term must non-trivially involve either a basis element of n
or of £ (because n and ¢ are Lie algebras). To prove (7.2) it suffices to show

(DTF)(a) = (XDF)(a) =0

for all D € D(G),T € t and X € n. Since F is right- K-invariant, we immediately
have T'F' = 0. Next,

t—0 t
But aexp(tX)a™' € N and thus by left-invariance of D

(DF)(aexp(tX)) = L(aexp(tX)a™")(DF)(a) = (DF)(a)
whence (XDF)(a) = 0. O

Lemma 7.3. For all v € a} the function g — €"“A9) is an eigenfunction of each
D € Dk (G) with eigenvalue Dqy(v).

Proof. Let F(g) = e’“W) and let D € Dg(G). Let D, be the radial part of D as in
Lemma 7.2. Then by A-invariance we have for all a;,as € A

L(ay) Da(Fja)(az) = Da(L(a1)Fla)(az) = Da(F(a1)Fja)(az) = F(a1) Da(Fla)(az).
In particular taking as = e we obtain

Dq(Fja)(ar) = ApF(a),
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where A\p = Dy(Fja)(e). In fact if D = H € a (so D, = H) then by (3.9) we have

d d
F — [ 2 v(A(exptH)) _ v(tH) _
De(Fla)le) (dte )t =0 (dt >t:0 /)

and so we see that for any D € Dg(G) we have Ap = Dy(v). Thus by Lemma 7.2 we
have
(DF)(a) = ApF(a)
for all a € A. By left- N-invariance and right- K-invariance, we have
(DF)(g) = ApF(g)
for all g € GG, which is the desired result. U

Proof of Proposition 6.2. We have three things to check, namely

(1) ou(e) =
(2) ¢, is bi- K invariant,
3)

(3) ¢, is an elgenfunctlon of each differential operator D € Dg(G).

Item (1) follows from the normalisation of the Haar measure on K since A(k) = 0 for
k € K. Similarly the right- K-invariance of ¢, follows from the right- K-invariance of
g+ A(g). For the left- K-invariance, if ky € K then changing variables k ~ kk;*
in the integral we obtain ¢,(kog) = ¢,(g). Finally for (3) let D € Dg(G). Let
F(g) = elrt)(A0W) | By Lemma 7.3 we have (DF) = Dy(p + iv)F. Then

D()(g) = /K (DF)(kg)dk = Do(p + iv) / Fkg)dk,

K
as desired. The interchange of D with the integral symbol is justified because K is
compact (the details are left as an exercise). U

Remark 7.4. We have proved a bit more than Proposition 6.2, namely the proof shows
that for all D € Dk (G) the eigenvalue Ap associated with ¢, is given by A\p = Dqy(p + iv).

7.2. The algebra Dk (G). The aim of the subsequent sections is to prove Theorem 6.4.
In order to motivate what follows, we give an overview of the strategy of the proof. Let
1 be a spherical function. We want to show ¢ = ¢, for some v € af.. By definition,
for each D € Dg(G) there is a complex number A, (D) such that Dy = Ay (D).
Recall that the eigenvalue of ¢, for D is given by D,(p + iv). We want to show two
facts, namely

(1) there exists v € af such that for all D we have A\, (D) = Dq(p + iv),
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(2) a spherical function is completely determined by its system of eigenval-
ues Ay (D) — and hence we must have ¢ = ¢,,.

Property (2) follows from a regularity theorem for the solutions of certain differential
equations, and we shall not spend too much time on it. On the other hand, the map
D +— A\y(D) is an homomorphism from Dg(G) to C, which furthermore vanishes on
Dk (G) N D(G)t since 1 is right- K-invariant. Thus to establish (1) it suffices to show
that every homomorphisms from Dg(G) to C that vanishes on Dg(G) N D(G)¢t is
of the form D — D,(p + iv) for some v € af. To do so we need a more in-depth
understanding of the algebra D (G). In fact, we proceed in two steps

(1.1) We shall see in Theorem 7.10 below that the quotient D(G)/(Dx(G) N D(G)¥E)
we may be identified with the the subalgebra Dy, (A) of D(A) consisting of V-
invariant operators. In particular we will be reduced to studying commutative
algebras.

(1.2) We will show in Lemma 7.20 below that any homomorphism from Dy, (A) — C
is of the desired form.

The proof of (1.1) makes use of the symmetrisation map that we have seen in
Corollary 3.20, as well as of the Chevalley restriction theorem. The later is a deep
result whose proof involves techniques of commutative algebra as well as Galois theory.
The proof of (1.2) also uses commutative algebra, but is not as involved as the the
Chevalley restriction theorem.

We recall that if V' is a finite dimensional vector space we denote by S(V') the
symmetric algebra of V| and we recall the symmetrisation map o : S(g) — D(G)
from Corollary 3.20. Given a non-negative integer d we let S;(g) be the subspace of
S(g) consisting of polynomials of total degree at most d, and D(G) = o(S4(g)).

Lemma 7.5. We have D(G) = D(G)¢® a(S(p)).

Proof. Given P € S(g) we prove by induction on deg(P) that there exists @ € S(p)
such that o(P—Q) € D(G)¢. Let Xy, -+, Xim(y) be a basis of p and Xgim(py+1, -+ » Xn
be a basis of £ so Xi, -+, X, is a basis of g. If deg(P) < 1 then we take @ to be
the part of P that does not involve the variables Xgimp)+1, -+, Xn. Now we assume
the induction hypothesis is true when deg(P) < d and we prove it for deg(P) = d.
Without loss of generality we may assume P = X' --- X with ey +---+e, =d. If
Cdim(p)+1 + - + €, = 0 we can take ) = P. Otherwise o(P) is a linear combination
of terms of the form X --- X, with X;, € € for at least one 7. We have

D, = le X = le ce in—lX' dein c Ddil(G)

Jd Jit1
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and thus taking D € D?1(G) to be a suitable linear combination of the terms D; we
obtain

o(P)— D € D(G)t.
By the induction hypothesis there is @) € S(p)such that o(Q)— D € D(G)¢ and hence
o(P — Q) € D(G)t as requested. Thus we have shown

D(G) = D(G)t+ a(S(p)).

It remains to show
D(G)tno(S(p)) = {0}.
Let P € S(p) such that P # 0. Then there exists a function & : R¥™® — C such
that
(P(Dh U 7Dd1m(p))h)(0) 7& 07

where D; is the derivative with respect to the i-th variable. By the Cartan decompo-
sition Theorem 4.25, there exists f € C°°(G) such that

flexp(ti X1 + -+ + taimp) Xaimp))k) = h(t1, -+ taim(p))
for all sufficiently small ¢1, - - - , 4im(y) and all k € K. Then by (3.16) we have

o(P)f(e) = (P(D1,- -, Daim))h)(0) # 0,
and thus o(P) € D(G)¢. O

Corollary 7.6. Let Ix(p) C S(p) be the set of Adg(K)-invariants. Then we have
D (G) = (Dk(G) N D(G)E) ® o(Ix(p))-

Proof. By definition Dk (G) consists of Adg(K)-invariant operators in D(G). Since €
is stable under Adg(K), so is D(G)E. Moreover p is also stable under Adg(K),
hence using o(Adg(g9)P) = Adg(g)o(P) we deduce that o(S(p)) is also stable under
Adg(K). The corollary now follows by applying Adg(K) to both side of the direct
sum in Lemma 7.5. O

We let Dy (A) be the subalgebra of D(A) consisting of W-invariant operators.
Since D(A) is commutative, Dy (A) may be identified with the subalgebra Iy, (a)of
S(a) consisting of W-invariant polynomials.

Remark 7.7. Before proceeding any further we discuss some identifications that we shall
make from now on. The Killing form B is non-degenerate, and in particular there is an
isomorphism between p and p* sending X € p to the linear form Y — B(X,Y). This
extends uniquely to an isomorphism between S(p) and S(p*), henceforth we shall identify
these spaces without further comment. Similarly, we identify S(a) with S(a*). In particular
elements P of S(p) may, and will, be considered as polynomial functions on p. It then
makes sense to consider the restriction P of the function P to the subspace a. Equivalently,
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under our identification, P is the unique element of S(a) such that P — P € S(p)q (where g
is the B-orthogonal of a in p).

Note that if P € Ix(p) and if s € W and k = ks € K represents s then we have
P = Ad(k)P € Ad(k)P + S(p)(Ad(k)q)

but since q is the orthogonal of a in p and | since Ad(k) preserves a and p, it also
preserves ¢, and hence by uniqueness Ad(k)P = P, that is P € Iy /(a).

Theorem 7.8 (Chevalley’s restriction theorem). Any W -invariant polynomial in
S(a) can be extended to an element of I (p).

In other terms, Chevalley’s restriction theorem says that the restriction map
P +— P is a surjection from Ik (p) to Iyy(a). We defer the proof to the next section.
However we find it illuminating to give an example.

Example 7.9. Consider G = SLa(R). Then g is given by 2 x 2 matrices whose trace
vanishes, and the Cartan involution is X — —X . Thus p consists of symmetric matrices
X = [, %], and a consists of matrices of the form H = [* _,] and K = SO3(R). The
Weyl group has two elements and the non-trivial one acts on a via [* _,] — [~ ,]. Let P
be a W-invariant polynomial in S(a). We might see as a polynomial in the variable a, and
the W-invariance means P(a) = P(—a). By definition its Adg(K)-invariant extension P
satisfies .
P(Adg(k)(H)) = P(H)

for all H € a and for all k € K. So to determine P(X) we must determine H € a such that
X = Adg(k)H = kHEk™! for some k € K. Now observe

20* = tr(H?) = tr(X?) = 2(2” + ¢?)
and thus
. /a:2+y2
H== |

The choice of sign is irrelevant since P is W-invariant. So we find

P(X) = P(/x2 +¢2).

At first glance, the right hand side does not seem to necessarily define a polynomial in x,y
(or even a smooth function). However since P is even we can write P(a) = Q(a?) for some
polynomial () and thus 3

P(X) = Q(z* +y*)
is indeed a polynomial.

We denote by e” the map C®(A) — C*®(A) defined by (e”f)(a) = e*1°8(®) f(a).
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Theorem 7.10. The map
v:Dw~ e PDjoe’
is a surjective homomorphism from D (G) to Dw(A) with kernel Dk (G) N D(G)E.

Proof. First, we need to see that e=?D, o e” is indeed an element of D(A). It suffices
to check it when D, = H € a. In this case using Leibniz’ law and Lemma 7.3, we
have for all f € C*(A)

¢ PH( f) = (H + p(H))f.
Note that this also implies
(7.4) deg(e™”D, 0 e”) = deg(D,),

a fact that we will use below. Next the map + is clearly linear, so to prove it is an
homomorphism we need to prove v(DMD®) = (DM (D®@) for all DY D@ ¢
Dg(A). Observe that

pDLWDE _ Dc(ll)Dc(F) _ Dc(ll)<D(2) _ D(2)) + (Dc(ll) _ D(l))D(2),

a

and D@ — D DW — DY € nD(G)+ D(G)E. Since D® € Dy (G) we have DT =
TD® for all T € € and hence

(DW — DIYD® € nD(G) + D(G)t.
On the other hand since [n,a] C a we have
DM(D® — D@ e nD(G) + D(G)E,
and thus
(D(l)D(2)>a — Dgl)ch?)’
from which follows v is indeed a homomorphism. To prove the kernel is Dy (G)ND(G)¢E,
we start with the following claims.

Claim 1. For P € S(p) let P be the unique element of S(a) such that P — P € S(p)q,
as in Remark 7.7. Then for each nonconstant P € Ik (p) we have

deg(y(a(P)) — P) < deg(P).
Proof of the claim. Let d be the degree of P. Writing any element X € q as
X=7-0Z=2Z—-(Z+62)
where Z € n, we see that
P —PenS;1(g) + Sa1(g)t.
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Since a is commutative, we have o(P) = P. Moreover observe that if Q; € Sy, (g)
and Qg € Sd2 (g) then

o(Q1Qs) € 0(Q1)0(Qs) + DUHETHG).
Thus
o(P) — P € nD(G) + D(G)t + D" (G).
Taking the radial part and using (7.4), the claim follows. Octaim

Claim 2. For P € Ix(p) and P as above we have deg(P) = deg(P).

Proof of the claim. First observe that if P € S(p) then deg(P) = deg(Adg(k)P) for
all k € K, and in particular if P is Adg(K)-invariant then so are its homogeneous
components. Thus we may without loss of generality assume that P is homogeneous.
Then P is homogeneous and either P = 0 or deg(P) = deg(P). By Lemma 4.27 we
have

Adg(K)a = p,

hence P is determined by its restriction to a, so if P = 0 then P = 0. Uctaim

Now let D € Dg(G) N D(G)t. Since ¢, is right-K-invariant, we have D¢, = 0,
whence (p +iv)(D,) = 0 for all v € af.. This implies D, = 0 and hence D € ker(7),
as requested. For the reverse inclusion, let D € Dg(G) such that v(D) = 0. By
Corollary 7.6 we have D = Dy + o(P) for some Dy € D (G)ND(G)t and P € Ik (p).

Then v(o(P)) = 0 and thus by the Claim 1 if P is nonconstant then deg(P) < deg(P),
which contradicts Claim 2. Thus D € Dg(G) N D(G)t.

Finally we need to prove that the image of 7 is indeed Dy (A). Let Dx € D(G).
Then by Remark 7.4 we have

D¢, = Da(p + iV)gbu = V(D)(Z’V)Cbu-
Now Proposition 6.3 implies that (D), viewed as a polynomial on af, is W-invariant,
that is v(D) € Iy (a) = Dy (A). For the surjectivity, let @ € Iy (a) be a homogeneous
polynomial of degree d. We prove by induction on d that there exists D € Dy (G)
such that v(D) = Q. For d = 0 this is obvious. Let d > 0 and by Chevalley’s
restriction Theorem 7.8 consider P € Ix(p) such that P = Q. By Claim 2 we have
deg(P) = d and thus by Claim 1 we have

deg(v(e(P)) — Q) < d.



ANALYSIS ON REAL LIE GROUPS 69

Since we have just proved v(o(P)) € Iw(a) and since @ € Iy (a) by assumption, we
have

+(o(P)) ~ Q € Tw(a)
and thus by induction hypothesis there exists D; € Dg(G) such that y(D;) =
v(o(P)) — Q. By Corollary 7.6 we have o(P) € Dk(G), thus taking D = o(P) — D,
finishes the proof. 0J

7.3. A proof of Chevalley’s restriction theorem. We give an algebraic proof
of Theorem 7.8, following [Hel62, Chap. X, Theorem 6.10]. An analytic proof can
be found in [Hel00, Chap. II, Theorem 5.8]. The latter works more generally for
smooth functions, and the case of polynomials is derived from the fact that a smooth
homogeneous function is a polynomial.

We start with some algebra prerequisites. Let A be an integral domain and R C A
be a subring. An element x € A is integral over R if there exists a monic polynomial
P € R[X] such that P(x) = 0. If every x € A is integral over R, we say A is integral
over R. Given an integral domain R, we denote by Frac(R) its field of fractions.
Then R is integrally closed if any element of Frac(R) that is integral over R belongs
to R.

Lemma 7.11. Let A be an integral domain and R C A be a subring. Assume x,y € A
are integral over R. Then the ring R[z,y] is integral over R.

Proof. Since x is integral over R we have 2" = a,_12"  + - - - 4+ ao for some integer
n and ag, -+ ,a, 1 € R, and similarly y™ = b,,_12™ ' + - - - + by. Therefore R[x,y] is
generated by R and the elements Y; := 2y with 0 < iy <n—1and 0 < iy < m — 1.
Therefore given p € R[z,y] we can write

pYi = Z a; jY;
J

for some a;; € R, that is AY = 0, where A;; = 0, ;;p — a;j. Multiplying by the
transpose comatrix of A we deduce (det A)Y = 0 and hence det A = 0. But det A is
a monic polynomial in p with coefficients in R, so p is integral over R, as desired. [J

Lemma 7.12. Any unique factorisation domain R is integrally closed.

Proof. Let x € Frac(R) and let P(X) = X" 4+ a, 1 X" '+ -+ a1 X + a9 € R(X)

such that P(z) = 0. Write x = 5 with a, B € R relatively prime. Then we have
—_a" = anilanflﬁ S alaﬁnfl +6n
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If B has a prime factor v then v must divide o™ thus ~ divides «, contradicting the
fact that o and [ are relatively prime. Thus 3 is a unit, hence x € R as desired. [

In particular since the polynomial algebra in n indeterminates C[X1,- -, X,] is a
unique factorisation domain, the symmetric algebra S(p) is integrally closed.

Lemma 7.13. If P, P, € Ix(p) and P, = P,Q with @ € S(p) then Q € Ix(p).

Proof. By Adg(K)-invariance we have

Rz/A%WR%z/NM@@@%z&/A%WQ%

K
and hence

Q:/A%%mﬂx

K

But the right hand side is manifestly Adg(K)-invariant, thus so is Q. O
Lemma 7.14. The ring Ix(p) is integrally closed.

Proof. Let q € Frac(Ix(p)) C Frac(S(p)) be integral over Ix(p). Since Ix(p) is a
subring of S(p), ¢ is in particular integral over S(p) which as we just saw is integrally
closed, thus ¢ € S(p). Now write ¢ = i—; with p, p2 € Ik(p). By Lemma 7.13 we have

q € Ix(p). O

We now let J C Iy (a) be the image of I (p) under the restriction map P+ P.
Proving Chevalley’s restriction theorem amounts to prove that J = Iy (a). By the
argument of Claim 2 in the proof of Theorem 7.10, the map P +— P is injective on
Ik (p), thus J is isomorphic to Ik (p), and in particular by Lemma 7.14 J is integrally
closed.

Lemma 7.15. The ring S(a) is integral over J.

For X € p let T be the restriction of (ad X)? to p. Note that Tx is an endomor-
phism as for all X,Y € p we have

O([X,[X,Y]] = [6X,[6X,0Y]] = —[X, [X,Y]].
In particular we may consider its characteristic polynomial
X(X;A) =det(A — Tx).
Note that for all £k € K we have
Tade(yx = Ada(k) o Tx o Ada(k) ™,
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and in particular x(X;\) is Adg(K)-invariant in the variable X.

Lemma 7.16. Fiz H € a. The roots of the polynomial x(H;\?) are 0 and the
numbers o(H), where a € 3.

Proof. For X € ac we have (ad H)(X) = [H, X] = 0 and hence 0 is in particular
an eigenvalue of (ad H)? with multiplicity dim a. Hence 0 is a root of x(H; \?) with
multiplicity (at least) 2dima. Next let a be a positive root and let X, € g be a
corresponding root vector. Then we have X, — 60X, € p and
(ad H)(X,) = a(H) X,
(ad H)(0X,) = —a(H)0X,,
thus (ad H)*(X, — 0X,) = a(H)*(X, — 0X,). Using Remark 4.10 we deduce that
a(H)* is an elgenvalue of Ty with multiplicity m, = dim g,, and hence a root of
X(H;
X(

2
A) with multiplicity (at least) m,. Thus a(H) and —«(H) are both roots of
: A\?) with multiplicity (at least) m, each. But using Remark 4.10 again we have

deg x(H; A\*) = 2dimp = 2dima + 2dimq = 2dima + 2dimn
= 2dima+2ma,

aEY
and so we have found all the roots of x(H;\?). O

H
H

Proof of Lemma 7.15. Since the characteristic polynomial

X(X5A) =det( A —Tx) =X+ P (X)X H -+ Py(X)
of Tx is Adg(K)-invariant, the coefficients P;(X) are themselves Adg(K )-invariant
polynomial functions on p, that is (under the identification from Remark 7.7) P; €
I (p) for all 7. In particular their restriction to a belongs to J, that is
(7.5) Ve € 1A

Now let a be a positive root. By Lemma 7.16 we get the following identity of functions
on a

0¥ 4+ Po_a® ) 4. 4 Py =0,
which proves that o € S(a) is integral over J. Since by Proposition 4.12 every linear
function on a is a linear combination of positive roots, we have
(7'6) S<a) = J[ala]a62+~
Using Lemma 7.11 the result follows. 0

Lemma 7.17. Let Hy € a and H, € ac such that P(Hy) = P(H,) for all P € J.
Then Hy = sHy for some s € W.
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Proof. By Lemma 7.16 for any H € ac the roots of the polynomial x(H; \?) are 0
and the numbers +a(H), where « is a positive root. On the other hand from our
assumption we have
X(Ho; A?) = x(Hi; A?)

for all A € C. Thus a(H;) = a(Hy) is real for each positive root «, which implies
H, € a. Next we prove there is k € K such that H; = Adg(k)Hy. Using Lemma 4.35
this will finish the proof. Assume for contradiction this is not the case. Since the
orbits Adg(K)Hy and Adg(K)H; are both compact and disjoint from each other,
there exists a real-valued continuous function on p that is identically zero on the orbit
Adg(K)Hy and identically one on the orbit Adg(K)H;. By the Stone-Weierstrass
approximation theorem, there exists P € S(p) such that

|P(H)| < 1 for H € Adg(K)H,,
|P(H)| > 2 for H € Adg(K)H,.

Then the polynomial @ = [, Adg(k)P dk belongs to Ix(p) but takes different values
on Hy and Hy, contradicting our assumption. 0

We now have all the tools in hand to prove Chevalley’s restriction theorem.

Proof of Theorem 7.8. Let K = Frac(J) and L = Frac(S(a)). As previously dis-
cussed, the characteristic polynomial (7.5) it is completely reducible over L and its
roots are 0 and +oy,. By (7.6) we have L = K[oq|aex+. Thus L is the splitting field
of x|« over K, in particular the extension L/K is Galois. Now let o € Gal(L/K).
Then o permutes the roots of x|o(\) and in particular we have o(S(a)) = S(a). Now
fix Hy € a and consider the homomorphism

€:S(a) = C
P+ o(P)(Hy).

In particular its restriction to a is a linear form and thus by duality there exists
H; € a such that

¢(H) = B(H, H,)
for all H € a. Then we have €(P) = P(H;) for all P € S(a). In particular for P € J
we have

P(Hy) = €(P) = o(P)(Ho) = P(Ho)

and hence by Lemma 7.17 we have H,; = sH, for some s € W. Now let Q € Iy (a).
Then we have

o(Q)(Ho) = €(Q) = Q(Hy1) = Q(sHp) = Q(Ho).
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Since Hy € a was arbitrary we deduce o(Q) = @ for all o € Gal(L/K) and for all
Q € Iy (a). By the fundamental theorem of Galois theory we have Iy (a) C K =
Frac(J). By Lemma 7.15 Iy (a) C S(a) is integral over J, and as mentioned above J
is integrally closed. This implies Iy (a) = J and the proof is finished. U

Remark 7.18. As a by-product of the proof we have obtained that Gal(L/K) = W. Indeed,
the inclusion W C Gal(L/K) is immediate by definition of Iy (a). Conversely we have
shown that for any Hy € a and o € Gal(L/K) there exists s € W such that

B(o(H), Hy) = B(H, sHy) = B(sH, Hy)

for all H € a. This implies in particular o(H) = sH for all H € a, and since o is completely
determined by its restriction to a, the reverse inclusion holds as well.

7.4. A proof of Harish-Chandra’s theorem. Theorem 7.10 provides us with
a detailed description of the algebra Dy (G). To complete the strategy outlined
at the beginning of § 7.2, we need to understand the homomorphisms from Iy (a)
to C. We start with another result from commutative algebra. For our purpose, a
commutative algebra over C is a complex vector space A together with a bilinear
map - : A x A — A such that (4,-) is an integral domain. We recall that if A is
a commutative ring, then a maximal ideal of A is an proper ideal .# of A not
contained in any other proper ideal, and that an ideal of A is maximal if and only if

A/7 is a field.

Theorem 7.19. Let B be a finitely generated commutative algebra. Let A C B be
a subalgebra such that B is integral over A. Then every homomorphism x : A — C
extends to a homomorphism x : B — C.

Proof. 1f x = 0 we take y = 0. Assume y # 0. Then A/ ker(x) ~ C thus ker(x) is a
maximal ideal of A.

Claim 3. There exists a maximal ideal .4 of B such that AN .4 = ker(y).

Proof of the claim. Consider the set S of all ideals .# of B satisfying .# N A C ker().
It is partially ordered by inclusion, and every totally ordered subset [ has an upper
bound (J,.;-#. By Zorn’s lemma, S has a maximal element .4". Assume for
contradiction A4 N A C ker(y) and let « € ker(x) \ .#". Then .4+ Bz is an ideal
strictly containing .4", by maximality of .4#” in S we must have (A4 +Bx)NA ¢ ker(x).
So let y € (AN (A + Bx)) \ ker(x). By definition there exists b € B such that

(7.7) y—bre N
Since by assumption B is integral over A, there exist ag, -+ ,a,_1 € A such that

V" + a0+ ap = 0.
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Multiplying by z™ and using (7.7) we deduce
Y+ oy g €N NAC ker(x).

But since x € ker(x) we deduce y" € ker(x) and thus y € ker(x), contradicting our
assumption. Hence 4/ N A = ker(y). Next we prove .4 is a maximal ideal of B.
Assume there is a maximal ideal .# of B such that 4" C .#. Then .# N A is
an ideal of A containing ker(x), and since .4 is a maximal element of S we have
M ¢ S, hence A N A # ker(x). But since ker(x) is a maximal ideal of A, it follows
M NA=A. Nowlet b € B. Since B is integral over A and since A C .#, we have
b"™ € . for some positive integer n. Since .Z is a maximal ideal we deduce b € .
Since b was arbitrary we have B = .#, a contradiction. Thus .4 is a maximal ideal
of B. Dclaim
Now since B is finitely generated let by,--- b, € B such that B = Clby,--- ,b,].
Since A contains C (via the isomorphism z — z-1,4) we have in particular B =
Alby, -+ ,b,]. Now since each b; is integral over A, we have B = Ax; + - -+ + Az,
for some 1, -+ , &y, € B (of the form z; = b - b)), Using A = C + ker(y) and
AN = ker(x) we deduce that the field B/.#" is a finite extension of A/ ker(x) ~ C.
Since C is algebraically closed, we have B/.4" = C. Thus we may extend x via

B — B/ = A/ ker(x) = C,
where the first map is the quotient map. 0J
Lemma 7.20. The homomorphisms Iy (a) — C are of the form
Xv: P P(v),

where v € ai. Furthermore we have x, = x if and only if A = sv for some s € W.

Proof. By Lemma 7.15 and Theorem 7.8, S(a) is integral over J = Iy(a). Let
X : Iw(a) — C be a homomorphism. By Theorem 7.19, y extends to a homomorphism
X : S(a) = C. Now if Xy,---, X, is a basis of a then y is completely determined
by its value on Xi,---,X,, that is, x is given by the evaluation at some v € af
and hence y = x,. Now let v, A € af. such that P(v) = P()) for all P € Iy(a). By
an argument similar as Lemma 7.17 we have A = sv for some s € W, finishing the
proof. O

We admit the following.

Fact 1. Spherical functions are analytic.

We shall not prove it here, but we give an idea, following [Hel00, page 400]. The
Riemannian manifold G/K, has with a G-invariant structure , which is analytic.
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Spherical functions on G may be viewed as functions on G/K which are in particular
eigenfunctions of the Laplace-Beltrami operator. This operator has analytic coef-
ficients, and is elliptic, and thus by a theorem of Bernstein its eigenfunctions are
analytic. Alternatively, we could have included the assumption that ¢ is analytic in
our definition of spherical functions, but the argument sketched above shows that
this is not necessary.

Proof of Theorem 5.15. We follow the strategy outlined at the beginning of § 7.2.
Let ¢ be a spherical function. For all D € Dg(G) let Ay (D) be the eigenvalue of D
associated to . Then the map D +— Ay (D) is a homomorphism of Dy (G) to C. Since
1 is right- K-invariant, this homomorphism vanishes on Dy (G)ND(G)¢E, and thus gives
rise to a homomorphism A, : D (G)/(Dk(G) N D(G)E) — C. Composing with the
inverse of the map 7 from Theorem 7.10, we get a homomorphism Ay o vy~ Dy (A) —
C. Since Dy (A) ~ Iwy(a) by Lemma 7.20 this homomorphism is of the form
D — D(p +iv) for some v € ai. Of course for D € Iy (a) we have D = D, and
hence we have shown that A, (D) coincides with the corresponding eigenvalue for ¢,
for all D € Dg(G). Now let D € D(G). Consider the operator Dy defined by

(Do) = [ [(Ade(B)D)S1(g) dk

K
for all f € C°(G). Then Dy € Dk(G) and moreover since ¢ is right- K-invariant
and D1 is left- K-invariant

Ao(Do) = (Doth)(e) = /K (DY) (k) dk: = (DY)(e).

In particular using (3.10) and Proposition 3.16, since 1) is analytic it is determined
by its eigenvalues and hence equals ¢,. Finally, if ¢, = ¢, then in particular ¢, and
¢, have the same eigenvalues and thus by Lemma 7.20 A = sv for some s € W. [

8. THE SPHERICAL FUNCTION EXPANSION

The aim of this section is to state and prove Harish-Chandra’s expansion of
the spherical function ¢,, which encapsulates some of the analytic properties of ¢,
and introduces the important c-function. To this end, we start with introducing a
differential operator of central importance, the Laplacian 2. The Laplacian is left
and right G-invariant, and in particular it is an element of Dk (G). Thus ¢, satisfies
the differential equation

(8.1) Qo = Qu(p+iv)o,.
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Moreover ¢, is bi-K-invariant, hence by the Cartan decomposition ¢, is completely
determined by its restriction ¢, 4+ to AT. From (8.1) we will deduce that ¢, 4+ in
turn satisfies the differential equation

(8.2) AQ)D, = Qqu(p + iv)D,,
where A(Q) is the radial part of 2 relative to the Cartan decomposition (that we will

introduce in Section 8.1 below). We will make an ansatz on the solutions to (8.2),
namely we will look for solutions ®, given by

@, (exp(H)) = D Y T, (w)e ),

peA+
where H € a™,
A" ={nmoq + -+ npag i ng, - ng € Lo,
and the coefficients I',(v) are unknown. Here a,- - - , oy, are the positive roots. We

will find there exists only one such solution ®,, (up to scaling). Furthermore we will
explicitly determine the coefficients I',(v). In addition we will show that ®, satisfies
not only (8.2), but is also a solution of

(8.3) A(D)®, = Dy(p+iv)®,,

for each D € Dg(G). Next, for each element s of the Weyl group W the function &g,
will also satisfy (8.3), and we will show these functions are linearly independent (at
least when v does not belong to certain hyperplanes). Moreover we will show the
following.

Proposition 8.1. Let x : Dx(G) — C be a homomorphism and let E, be the space
of functions ® on A satisfying

A(D)® = x(D)®
for all D € Dg(G). Then dim(E,) < |W|.

The conclusion of this discussion is that ¢, 4 is given by a suitable linear combi-

nation of the form
Z c(sv) Py,

seW
where ¢(v) is by definition the Harish-Chandra’s c-function. This will provide the
desired expansion for ¢,.

Remark 8.2. In the proof of Proposition 8.1 we will admit that any ¢ € F, is analytic.
This follows from a similar argument as the analyticity of the spherical functions, using an
elliptic regularity theorem. Alternatively, we prove the weaker statement that the space of
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analytic functions in E, has dimension at most |W|. This weaker statement is sufficient for
our later purpose, since ¢4 Is analytic.

8.1. The radial part relative to the Cartan decomposition. In Section 7.1 we
have already seen an example of radial part of an operator, namely the radial part
for the Iwasawa decomposition. We now introduce the radial part relative to the
Cartan decomposition. For a unified definition of “radial parts” from a geometric
perspective, see [Hel00, Chap. II § 3]. Given D € Dg(G), we define an operator
A(Qg) on C*(AT) by
A(D)(fiar) = (Df)a+

for all f € C*(G J/ K). By Theorem 4.36 if fi, fo € C*°(G JJ K) coincide on A then
f1 = f2 thus A(D) is well defined. Moreover the restriction to A is a surjection from
C>®(G J) K) to C*(AT), so A(D) is indeed defined on all of C*°(A™). The operator
A(D) is called the radial part of D relative to the Cartan decomposition.

8.4. The Laplacian. Fix an orthogonal basis X, -+, X4im(g) of g. We define the
Laplacian on G by

dim(g)
X, 0X;
Qg = — ' ¢ D(Q).

Remark 8.11. The Killing form B is not definite on g, thus there is no orthonormal basis.
However we may still diagonalise B, which does ensure the existence of an orthogonal
basis X1, -+, Xgim(g)- Moreover B is non-degenerate, and hence if X1, -+, Xqim(qg) 1 any
orthogonal basis then we have B(X;, X;) # 0 for all i, ensuring that our definition makes
sense.

We first check that this definition does not depend on the choice of an orthonormal
basis. Observe first that the dual basis is given by

B(X;,)
8.7 X'= ——"F.
Recall the symmetrisation map o from Corollary 3.20. Then we have Qg = o (V)

where '
dim(g) Xzz

V=2 prex <50

Now let v € g*. Recall that since the Killing form is non-degenerate, there exists
A, € g (that does not depend on the choice of basis) such that v = B(-, A,). By (8.7)



78 FELICIEN COMTAT

we have (o)
im(g
B(X;, A)
Aﬂ:: )Qu
izl B(X;, X;)
and thus
dim(g) dim(g)
V(Xi)z B(XZ, Al,)2
. N = e ———— =DB(A,,A) = (v,v).

Hence we have showed N does not depend on the choice of orthogonal basis, and a
fortiori Qg = o(N) does not either.

Lemma 8.12. For all g € G we have Adg(9)Q2q = Q¢.

Proof. By definition
dim(g) dim(g)
Y. oY, Y, oY,
Ade(9)Qe¢ = ' = et
5o}l Zl B(X., X) Zl B(Y,Y))’
where Y; = Adg(9)X; and we have used that the Killing form is Adg-invariant. In
particular (Y;); is an orthogonal basis and hence by the discussion above the right
hand side equals g. O

Remark 8.13. Lemma 8.12 states that g is right-invariant under every element of G.
Although we have not talked about universal enveloping algebras, this says that Q¢ is an
element of the centre of the universal enveloping algebra.

The subgroup A is itself a Lie group, and in particular the Laplacian Q4 € D(A)
is defined just the same way.

Theorem 8.18. We have
AQe) =Qa+ > ma(cotha)A,,

aext

where A, € a is such that a(H) = B(Ay, H) for all H € a and we have identified o
with the function a — a(loga).

8.5. The root lattice. In order to study the Harish-Chandra expansion below
(among other things) we need to investigate the root lattice

A={nja;+ - neay:ny, - ,ng €L},

where {ay, -+, a0} = X.
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Proposition 8.19. Let o, 8 € X. Then

{a, )
(8,5)
Moreover if a # 5 and a — B € ¥ then (o, B) < 0.

2 € Z.

Proof. Tt suffices to consider the case when o # 3. Moreover without loss of generality
we may assume «— [ ¢ X, as otherwise we may replace o with « — (n—1)3, where n is
the first non-negative integer such that & —nf ¢ ¥ (such an integer exists considering
¥ is finite). Now let X, € g, and Xp € g be non-zero root vectors. Recall from the
proof of Theorem 4.9 that H = [Xj3,0Xg] € go Np = a. Inductively define ey = X,
and eny1 = [Xp, €n] € gatn+1)s- We prove by induction that for all integer n > 1 we
have

-1
(8.10) 0Xgs,e,] = —n <a(H) + 2 5 5(H)> en—1
For n =1 observe that [0X3, X,| € ga—p = {0} by assumption, and thus
[eXﬁv [XﬁvXa]] = —[Xa, [HX/% Xﬂ” = —a(H)Xa,

as desired. Next using the induction hypothesis we have
65, es] = [0X5. [X5. 4]
= _[Xﬂa [en, eXﬁH — [en, [(9X/5, X/J’”
n—1

= (al) + 580 ) X o] — (ol ) 4 0 (R,

= —(n+1) (a(H) + gB(H)> e,

Now since ¥ is finite, we have ga4m+1)s = {0} for all n large enough. In particular
there is a maximal integer n > 0 such that e, # 0. Thus [# X3, e,+1] = 0 and
using (8.10) we deduce

n—1
2
Now if A € a observe that by (4.4) we have

B(H, A) = B([X3,0X5], A) = B([0 X5, A], X;)
= B(A)B(0X;, X3),
from which we deduce H = B(6 X3, Xg)Ap, and hence
a(H) = B(0X3, X3)B(Aa, Ag) = B(0X3, Xg)(ev, ),
B(H) = B(6X3, X3)B(Ag, Ag) = B(6X3, X3)(8, 5),

(8.11) o(H) + B(H) = 0.
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and reporting this in (8.11) the proposition is proved. O
Corollary 8.20. Assume a,ca € ¥ for some ¢ € R. Then ¢ € {—2,—1, —%, %, 1,2}.
Proof. By Proposition 8.19 we have % € Z and 2c € Z. 0
Proposition 8.21. Let aq,--- ,a,. be the simple roots. Then aq,--- |, are linearly

independent and generate the root lattice A, and r = dim a.

Proof. Consider a linear combination of aq, - -- , «, that vanishes. Upon reordering if
necessary, we may write it as

7/ r
E a; 0 = E ajozj,
i=1

j=r’'+1

where ¢; > 0for 0 <¢<r. Let A = Z:lzl a;co;. Then we have

(8.12) 0< (AN =D > ;o ay).
i=1 j=r/+1

Now since «;, o; are simple roots, we have a; —a; ¢ ¥, and thus the second statement
of Proposition 8.19 implies (a;, o;) < 0 for all 7, 7. Thus the right-hand side of (8.12)
is < 0, from which follows a; = 0 for 0 < ¢ < r, proving that «ay,--- , a, are linearly
independent. It is clear that any root is a Z-linear combination of simple roots, hence
the second claim follows. Finally by Proposition 4.12 any element of a* is a R-linear
combination of simple roots, hence the set of simple root is a linearly independent
generating subset of a*, that is a basis, and thus r = dima* = dim a as claimed. [

8.6. Harish-Chandra’s expansion of the spherical function. We now carry out
the programme sketched at the beginning of this section. For convenience, we recall
the following notations. If f, g : X — C are two functions the notation f(z) < g(x)
means that there exists a constant ¢ > 0 such that |f(z)| < c|g(x)| for all z € X.
Similarly if 2 : X x Y — C the notation f(x) <, ¢g(z,y) means that for each y € Y
there exists a constant ¢, > 0 such that |f(z)| < c¢|g(z,y)|. The notation f(z) =< g(z)
means f(z) < g(z) < f(z).

Proposition 8.22. Assume \ € af is such that 2i(\, u) # (u, p) for all p € AT\ {0}.
Then there exist a unique solution ®y of (8.2) of the form

®, (exp(H)) = eliA—p)(H) Z FM()\)G—M(H)

neAt
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with To(A\) = 1. Moreover the coefficients I',, are holomorphic on
{X€ag:2i(\v) # (v,v) for allv € AT\ {0}}
and satisfy
DL (W] < e
for all € A* and for all X € a* +ia’.

Proposition 8.23. Assume \ € a is such that 2i(\, u) # (u, p) for all p € A\ {0}.
Then the function ®y from Proposition 8.22 satisfies (8.3) for all D € Dk (G).

Proposition 8.24. Assume A € af. is such that

2i(sA, ) 7# (s 1),
i(sA—ou) € A
for all p € AT\ {0} and for all s # 0 € W. Then the function gy (s € W) are
linearly independent.

In accordance with Proposition 8.24, we define
‘af = {\ € af : 2i(sA\, p) # (p, p) and i(sA—op) € A for all s # 0 € W, u € AT\{0}}.

Theorem 8.25 (Harish-Chandra’s expansion). There ezists a function ¢ defined on
‘ai such that for all X € ‘af and for all H € a™ we have

onlexp H) = 3 NI 5 1, (1))
seW HEAT

where each I, is holomorphic on ‘af., I'o(A) =1 and
(8.13) IT,(\)| < e
for all p € A* and for all X € a* +ia’,..

Proof. Let A € ‘af. and define an homomorphism x : Dg(G) — C by x(D) =
Dy(p+iX). Then we have Doy = x(D)o, for all D € Dy (G). Thus by definition of
A(D), we have ¢y 4+ € Ey. Now by Proposition 8.1 we have dim(£,) < [W]. On the
other hand, Propositions 8.23 and 8.24 provide |W| linearly independent elements of
E, (and hence a basis), namely the functions @,y (s € W). It follows that ¢y 4+ can
be written as a linear combination

¢>\‘A+ - Z Cs(/\)q)s)\-
seW

Now using that ¢y = ¢, for all ¢ € W we deduce c.,, (0A) = ¢,(\) and, setting
c(A) = ¢y, (A) the theorem is proved. O
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9. THE ¢c-FUNCTION

The c-function encapsulates much of the analytic behaviour of the spherical
functions. In particular, its asymptotic properties and the localisation of its zeroes
are the main ingredients for the proof of the inversion theorem and the Paley-Wiener
theorem. Although Harish-Chandra’s original article proceeded in a different way,
the most satisfactory account of the properties of the c-function is given by the
Gindikin-Karpelevic formula. Let ¥y be the subset of > consisting of roots that are
not a non-trivial integer multiple of another root, and let X7 = X+ NY,. For a € &,

let ag = <a(fa>.

Theorem 9.1 (Gindikin-Karpelevic formula). For all A € ‘a. we have

T <1+<i;\,ao>) T ((D\éao))
c(A) = ¢ H

14+ 4 (i) Mmoo+ +(iXa0) \ '
aext r ( 2 r 2

where ¢ is such that c(—ip) = 1.

Remark 9.2. The I' function has no zeroes, and has poles at each integer k < 1. Therefore
the Gindikin-Karpelevic formula provides an analytic continuation of c(\) to all A € af
such that (X, ag) & iZ>o.

Remark 9.3. Using that I'(Z) = I'(z) for all z € C, the theorem implies in particular that
c(A\)e(—=X) = |e(N\)|? whenever A € a* \ {0}.

Remark 9.4. Since the Weyl group permutes ¥y, the function A — c(\)c(—=X\) is W-
invariant.

We defer the proof to letter sections. As a consequence of the Gindikin-Karpelevic
formula, we have the following estimate.

Proposition 9.5. There are constants Cy and Cy such that for all X € af. such that
R(iN) € af we have

dim N
2

lc(N)|7H < Oy + CylA

Proof. For any fixed ¢ > 0 and any s € C we have the following estimate as |z| — oo
with |argz| < 7w —€
I'(z+s)
I'(z)
(where the right hand side is defined by 2° = ¢*!°¢* and log is the principal value of
the logarithm). Thus each factor in the Gindikin-Karpelevic formula is

__matmoqy

= <Z>\a Oé()> ?

S
~
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as |A| = oo with #(i)\) € a¥. Using Corollary 8.20 we have
> (ma+maa) = |27 = dimn = dim N

aEEg

and hence the result follows. [l

9.1. Example: SLy(R). In this section we write down explicitly the integral rep-
resentation of the spherical functions for G = SLy(R), the Laplacian, and the
Harish-Chandra expansion.

9.1.1. The lwasawa decomposition. Recall that the Lie algebra of SLy(R) is given
by the set of 2 x 2 matrices whose trace vanishes. From Examples 4.6 and 4.11
we may take £, a n to be the one-dimensional subspaces spanned by [_; '], [* _;]
and [9 3], respectively. Taking the usual matrix exponential, the corresponding
subgroups are K = SO, = {[ %% 0] : 0 € (—m,m)}, A= {[’ 1] 1y >0} and

N = {['%]: z € R}. Then calculating

1 —sinf cos6

1 1 1 1
9.1 1z y2 cos@ sinf] __ | ycosO@—xzy 2sinf y2 sinf+xy” 2 cosb
(9.1) [19] | ; = |
y 2 —y~ 2 sinf Yy~ 2 cosf

we deduce that for g = [ %] € SLy we have A(g) = [? _;;] where
1
(9.2) H= ~3 log(c? + d?).

9.1.2. The roots. Recall from Example 4.11 that the roots are the two linear maps

Q19 [H 7H} — 2H and as; = —aqo. In this case the root aw; is positive and aqs is

negative. Thus p = %0412 : [H 7H} — H.

[N

9.1.3. The integral representation. Now let a = |V _1} € A. Then for k =
y 2
[ o9y s8] we deduce from 9.2 that A(ka) = [7 _;; | where
1
H= —5 log(ysin® @ + 3~ ' cos® 6).

Now given s € C let s € af. given by A, : [H 7H] — sH. Then we have
1+1s
2

(p+iXs)A(ka) = — log(ysin® @ + y~ ' cos? 6),
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To avoid cumbersome notations, let ¢; = ¢,,. Then using previous display we have

o= i/ (ysin® 0 + y~" cos? )2~ % dp
™

—T
jus
2

== / (ysin®6 +y ' cos®6) 2% df.

s

This integral may be expressed in terms of the associated Legendre function of the
first kind (see [GR15, Equation 3.666. 2]). Changing variables § = ¢ + 7 and using
periodicity, we immediately obtain the relation

¢s(a) = ¢s(a™).
On the other hand changing variables § = arctan(y? tan ) we have
ysin® 0+ y~cos? 0 = (y~*sin® p + ycos® o) !

and
dep

do = :
y~1sin? o + gy cos? ¢

thus we obtain
1 % -1 .2 2 _1l,3s —1
¢s(a) == [ (y sin“p+ycos®p) 2 2dp =¢_s(a) = ¢_s(a),

which is Harish-Chandra’s functional equation for the non-trivial element of the Weyl
group.

9.1.4. The Laplacian. Recall from Remark 4.2 that the Killing on g form is given by
B(X,Y)=4tr(XY). Let us pick the orthogonal basis of g given by the three vectors

Z=[%el, @=1015, H=["]
We express the corresponding elements of D(G) in terms of the coordinates (9.1).

Lemma 9.6. We have

0
=0
0 . 0 0
Q=2 cos(QG)% + 2y s1n(20)a—y — 008(29)%,
: 0 a . 9,
H = -2y 8111(29)% + 2y cos(20)8—y + 5111(26)%.
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Proof. Let f be a smooth function on SLy(R). We define a smooth function
F:R*=C
1
siven by Fla,.0) =/ (9) i€ g =[]
Yy
exp(tZ) — [ cost sint].

—sint cost

Thus f(gexp(tZ)) = F(z,y,0 +t) and the first claim follows. Next let

(q(t), yo(t), 6q(t))
be the Iwasawa coordinates of gexp(tQ)). Then by the chain rule we have

0 0 0
@7 = (00055 + 100) 5. + 00 3 ) F

} [ cos% 5% ]. Observe that

Nl

Observe that
exp(tQ) = [eh) st ],
and

(9 3) [ cosf sin@ ] [cosht sinh ¢ ] — cosh t+sinh ¢ sin(26) sinh ¢ cos(20) [ cosf sinf }
: —sinf cos |l sinht cosht sinh ¢ cos(26) cosh t—sinh ¢ sin(26) —sinf cos@ |-

Let (z4(t), ys(t),0s(t)) be the Iwasawa coordinates of

cosh t+sinh ¢ sin(20) sinh ¢ cos(26)
sinh ¢ cos(26) cosh t—sinh ¢sin(26) |’

so that O (t) = 0+05(t), yo(t) = yys(t) and z¢(t) = v +ywz4(t). Thus comparing (9.3)
with (9.1) we have

0o(t) = 0 + arctan (— sinh  cos(26) ) .

cosht — sinh ¢ sin(26)
In particular 05(0) = — cos(26). Similarly we have
_ y
sinh® ¢ cos2(26) + (cosh t — sinh # sin(26))?
and hence yg(t) = 2ysin(26). Finally by differentiating (9.1) and using
(0) =0, y(0) =1, 6,0)=0, 6,(0) = — cos(20)

Yo(l)

we find that

— cos(20) + 2% (0) = cos(26),
and hence 7, (0) = 2y cos(26). The second claim follows. Similar calculations give
the result for H. O
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Corollary 9.7. The Laplacian on G is given by

2 2 2 2

Y 0 0 y 0
Qe=L (L 2 )2 ,
“7 7 <0$2+8y2> 2 0100

ZoZ QoQ HoH
Bz.2) T BQ@ T BEHA

Proof. This follows by calculating ) explicitly. O

To compute 2, note that Z € ¢, H € a, Q = X — Z where X = [J2] € n and
QoQ = (X Z)o (X~ 2)
=XoX+Zo/L—ZoX—-—XoJ
=XoX+ZoZ—-2XoZ+X,7]
—XoX+ZoZ-2X0Z—2H e —2H € D(G)e + nD(G)

and hence we have

1 1
Qo=-H>—-H
“8 4
and in particular for A\ = A\, as above,

Qulp +iN,) = %((p LN () — i(p A (H) = —% (1+5).

9.1.5. The differential equation. Let g € G. By the Cartan decomposition we may

[T

write g = kjaks with ki, ks € K and a = [7“ 74 € A. Moreover the requirement

r 2
that a € A" is equivalent to r > 1 On the other hand we may write ¢ using the
Iwasawa decomposition (9.1). Then we have

1 2 2
Y
Thus if f is any bi-K-invariant function on G' then we have
1+ 2% + 92
(9.4 fo) = (R,
)
where )
F(t) = r(t)2 )
=1 ([ 07 D ’
and
t+Vt2 —4
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Combining Corollary 9.7 and (9.4) we obtain
1
(Qef)@) = (4 ) (rr™) 5= )PF (407

In particular if f is in addition an eigenfunction of the Laplacian Qs with eigenvalue
—5 (1 + 5?) say, then we obtain the differential equation

1 1
5(7" —r Y F (r+r )+ () (r ) + §<1 +sHF(r4+7r71) =0.

Finally changing variable a = [¢" _,] so r = ¢*" and setting G(H) = f(a) =
F(e*! + ¢72H) this becomes

(9.5) G"(H) + 2coth(2H)G'(H) + (1 + s*)G(H) = 0.
Compare with Theorem 8.18.

9.1.6. Harish-Chandra’s expansion. Let us look for a solution G = G of (9.5) of the
form
GS(H) _ 6(isfl)H Z Fn(5)672nH
n>0
with I'g(s) = 1. Using the series expansion

cothH =1 +2Ze‘2kH,
k>1

2n

differentiating (9.5) termwise, and equating the coefficients of e we obtain the

recursion relation

n(n—is)Cu(s) = Y (2m+1—is)Tp(s).

m—+2k=n
k>1

This defines the coefficients I',,(s) uniquely provided that s € C\ 2iZ. Moreover one
checks by induction that for all Hy > 0 and s € C\ 2iZ we have

(9.6) ITn(s)| <o, €70

and thus, conversely, G5(H) is well-defined and satisfies (9.5). Now G _; also satis-
fies (9.5). In addition we have I's(s) = 2(12__’;”5) and ['y(—s) = 2(1;:;5) # I'y(s) for s # 0.
Thus the two solutions G and G_,, which are defined for s € C\ 2iZ, are linearly
independent. By general theory the space of solutions of (9.5) has dimension 2, and
since H +— ¢y (exp [H —HD is also a solution of (9.5) and satisfies ¢_s = ¢ we have

for all s € C\ 2iZ and for all H >0
R (exp [H —HD =c(s)Gs(H) + c(—s)G_s(H),




88 FELICIEN COMTAT

where ¢ is the c-function. To determine the c-function explicitly, note that
e(l_iS)H¢s (exp [H 7H]) = ¢(s) an(s)e—an + C(_S)e—zisH Z Fn(s)e_Q”H
n>0 n>0

Now take s € C\ 2iZ such that R(is) > 0 and let H — oo. Using (9.6) with Hy = 1,
we may take the limit term by term, and deduce

: (1—is)H H —
Jim 0o (exp [Ty ]) = c(s).
On the other hand, using the functional equation ¢s = ¢_, and the integral represen-
tation of ¢_g, by dominated convergence the above limit is
1 g is 1 g -
lim — / (sin?6 4 e~ cos? )25 df = 7 / (sin @)=+ dp.
™ —T

H—o0 2T
The last integral can be evaluated by [GR15, 3.621 1.], yielding

e L)
- ﬁr(l-ﬁ-is)'

2

—T

Compare with Theorem 9.1.

10. THE PALEY-WIENER THEOREM AND THE INVERSION THEOREM
We start preparing the stage for the proofs of Theorems 6.5 and 6.6.

10.1. Some structural features. We start with collecting some simple observations
on the spherical function and the structural features of the spherical transform.

Lemma 10.1. For any A € ai and for any x,y € G we have

/K or(wky) dk = Ga(2)6a(1).

Remark 10.2. In fact, this property is sometimes taken as the definition of spherical
functions.

Proof. By definition we have

/ ox(zky) dk = / / elPHNARITRY) L. .
K K JK

Now write kyx = nexp(A(kiz))ks with n € N, ky € K, and observe that A(kizky) =
A(kyx) + A(koky). Thus changing variables kok +— k we obtain the result. O

Lemma 10.3. For all \ € a}. and for all g € G we have ¢_x(g7') = ¢dr(g).



ANALYSIS ON REAL LIE GROUPS 89

Proof. By definition we have
o-alg7") = / elr=N(AGe™) .
K

Now write the Iwasawa decomposition of kg=! as kg™! = nexp(A(kg™!))k where
n=n(kg ') € N and k = k(kg™') € K. Then using

0= A(k) = A(kg™'g)

= A(mexp(A(kg™"))kg) = A(kg ™) + Alkg)

we deduce

6-r(g™) = / e(-PHN(A(ks)a)
K

thus to conclude it suffices to show that for any continuous function F' on K we have

(10.1) /F(k(kg‘l))dk:/ PAKD) B (k) dE.

K
Henceforth let Fi, F5 be continuous, compactly supported functions on N and A,
respectively such that

/ Fi(n)Fy(a)e %8 dadn # 0.
NxA

Define f(nak) = Fy(N)Fy(a)F (k) for all n € N,a € A,k € K. Then by Theorem 5.8

we have
(10.2) / flz)dx = / Fi(n)Fy(a)F (k)e %8 dkdadn.
G NxAxK

On the other hand by changing variables we have

/G f(@)do = / F(rg™) da

nakg™ = [nana!)[a exp(A(k

Writing

g )k
and changing variable nan(kg=')a™' — n, aexp(A(kg™')) — a we have by Theo-
rem 5.8 again

(10.3) / flzg™Y) de = / Fy(n)Fy(a)F(k(kg™"))e 20o8a+20(Aks™) gL dadn,
G NxAxXK

Comparing (10.2) and (10.3), factoring out [, , Fi(n)Fs(a)e *'*8*dadn, and re-
placing F(k) with 2/(A%k9) (k) equation (10.1) follows. O
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Corollary 10.4. Let g,h € C*(G J) K) and let f = g * h, where g * h denotes the

convolution. Then for all X\ € ai. we have

F) = gMh(),
Moreover let h*(x) = h(z=1). Then for all A\ € a* we have

() = h(\).

Proof. We start with the spherical transform of the convolution. Using Lemma 10.1
and K-invariance we have

FO) = [ g+ @ponta m—// Wy 2)n(z) dyda

/ / / ) (yka) dkdyda

/ / (1) x(x) dydz = GOVR(N).

Next let A € a*. Then using Lemma 10.3 we have
Fr(A) = / W@ Don(x) da
G
— [ W@ do = [ B@jos(a)da,
G G

and the second claim follows upon observing that for A € a* we have ¢_, = ¢,. O

Remark 10.5. Let & be the image of C°(G J/ K) under the map f +— f‘a*. Then
Corollary 10.4 implies that o/ is an algebra (under the usual pointwise multiplication of
functions) that is closed by complex conjugation.

10.2. A localisation property. An entire function h on af is a Paley-Wiener
function of order R > 0 such that for all non-negative integer M there exists a
constant (' such that

(10.4) \h(v)| < Car(1 + |v])~MeRISW

for all v € a.. Here the norm is the one induced by the Killing form. Let us write
the Harish-Chandra expansion of the spherical function as

(10.5) ér(expH) = Y U, (\ H)

pEAT
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for A € ‘af and H € a™, where
U, (\H) = Z C(S)\)I‘M(S)\)e(isA—p—N)(H)
seW
for all 4 € A*. The proofs of inversion theorem and of the Paley-Wiener theorem
both rest on the following localisation property.

Proposition 10.6. Let h be a W-invariant Paley- Wiener function of order R > 0
on a.. Than for every p € At and for every H € a® with |H| > R we have

/ BT, (O, H)|eN)] 2 dA = 0.

Proof. Using Remarks 9.3 and 9.4 we have for all A € a*
U, (A H)|e(N)] 72 =) e(=sA) 7T (sh)elA=rmm ),
seW
Thus by W-invariance of h it suffices to show

(10.6) / RN e(=\) 71T, (V) e ) dx =0

for all H € a™ with |H| > R. To this end, we shall use Cauchy’s residue theorem
and shift the contour of integration. By Theorem 8.25 the possible poles of I',,(\) are
located on the set of those A € af such that
2i(\,v) = (v,v) for some v € AT\ {0}.
By the Gindikin-Karpelevic formula Theorem 9.1, ¢(—\)~! is holomorphic outside
the set of those A € ag such that
(iX, o) € $Z for some o € 7.

In particular since ¥y C A™, the function ¢(—\)~'I",()) is holomorphic outside the
set of those A € af such that

(i\,v) > 0 for some v € AT\ {0}.

In particular if Ay € a’ then one may deform the contour a* to a* + i)\ without
running into poles of ¢(—A)"'T',()). In order to perform this contour shifting, we
need to check that the integrand has sufficient decay as [R(X\)| — oo with J(A) € af.
By Theorem 8.25, in this region we have |I',(\)| <, 1, and by Proposition 9.5 we
have |c(A)|™* < 1+ [A|*2". Thus the integrand in 10.6 is
(10.7) < [ROV](1 + A7 e SV,
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Thus choosing M > 1+ dim(a) + ¥2& in (10.4), the contour shift is justified, hence

/ h()\)c(—)\)—lrﬂ()\)ei)\(H) d\ :/ h()\)c(—)\)_lru()\)ei)‘u{) d\.
o Cl*—‘ri)\o
Then using (10.4) and (10.7) we obtain
/ h()\)c(—)\)*lruo\)ei)\(H) d\ <, o RlIXol=o(H)
a*+idg

Now for H as above being fixed, choose Ao = (tH,-) € a for some ¢t > 0. Then the

right hand side in the above majoration equals e!I(F=1H)  Now letting t — oo we
deduce
/ R\ e(=\) 71T, (A\)e* ) dy = 0,
a*+iXg
as needed. 0J

10.3. Proof of the inversion theorem. We now move on to the proof of Theo-
rem 6.5. Given g € C2°(G) define

) = /K /K F(kywks) iy i,

where as usual the Haar measure on K is normalised so that K has volume 1. Now
consider the linear map 7" : C°(G) — C defined by

7(9) = [ GO i

First we need to justify that the integral in the definition of T" does make sense. Note
that ¢g# obviously belongs to C>°(G J/ K). Next given f € C>°(G J K) and using
Corollary 5.9 we have for all A\ € a*

F) = /G F(2)p_x(x) dz
://f(kx)e(piA)A(kw) dkdx:/f(g)e(piA)A(g) dg
GJK G

://f(an)e(p_i’\)(loga) dnda
AJN
:/Ff<a)ei/\(loga) da,

A

where we have used the notation of Theorem 5.15. Now it is clear that Fy € C°(A).
In fact the map a — C : H — Fy(exp H) belongs to C°(a) and the last integral
above is nothing but its usual Fourier transform. Thus by the usual Paley-Wiener
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Theorem 1.2 it follows that f is Paley-Wiener, and in particular using Proposition 9.5
the integral defining 7'(¢g) does converge.

The first step of the proof of Theorem 6.5 is to show that 71" acts on the subspace
C>*(G J K) as the Dirac measure 6.,. Roughly, the idea is to insert the Harish-
Chandra expansion of the spherical function in the definition of the spherical transform,
and to use Proposition 10.6 after approximating the constant function 1 on a* by a
Paley-Wiener function of arbitrarily small order. Namely, let F' be a Paley-Wiener
function of order 1 on af, such that F'(0) = 1 and such that F is radial (that is
F(\) depends only on (A A\)). The last condition ensures that F' is in particular
W-invariant. The existence of such a function F' is provided by taking the Fourier
transform of a suitable smooth, compactly supported, radial function on a. Then
by the dominated convergence theorem and the Fubini theorem we have for all
g € C(G)

T(g) =lim | F(eX)g#(N]e(N)|? dA

=lim [ F(e\) /G g7 (2)p_x(x) dz|c(N)| 2 dX

e—0 a*
= lim [ ¢%(2)h(z)dz,
=0 Jo

where
mwzﬁﬂm¢mwmﬁw

Now inserting Harish-Chandra’s expansion (10.5) and using (8.13) to justify the
termwise integration, we have for x € Kexp(H)K with H € a;

he(z) =) / * F(eN)W, (A, H)|e(A)|2dA.

But the function A — F'(e\) is Paley-Wiener of order € and thus by Proposition 10.6
and the Cartan decomposition Theorem 4.36, the function A, is supported on %, =
K{exp(H) : H € ay : |H| < ¢} K. In particular observing that if Supp(g) N K = &
then Supp(g#) N K = & too, we have established the following important result.

Fact 2. If Supp(g) N K = @ then T(g) = 0.

Now we extend the operator 1" to all of C.(G). Since C°(G) is dense in C.(G)
endowed with the uniformity norm || - ||« (which may be shown by using local charts
to “lift” the corresponding statement from R™), it suffices to show that there exists a
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constant ¢ such that
(10.8) IT(g9)| < cllgll

for all g € C2°(G). But using the support condition for s, and the obvious majoration
197 loo < [|9]loc We have

(10.9)  |T(g \<hmsup/ 9# ()he(o)] do < limsup |1, HOOHgHOO/]lge(a:)da:.
G

So we need to estimate on the one hand ||h¢||.o and on the other hand the volume
of B.. We start With the estimation of ||h¢||s. Let € < 1. Firstly by continuity of the
map ¢ — e?~*M©) and by compactness we have for all A € a* and for x € %,

|d_x(x )|<ma%xep )< C,
where C' = max,cg, /@) say. Thus using Proposition 9.5 we have

e HOO<C/ [F(eA)e()]| 2 d\ = c—dlma/ (e )2 dA

< Ce —dlmﬂ/ |F(\ 01+C’2|e_1>\ “‘N) A,

and thus

(10.10) [ helloo < €™ dmNA,

To calculate the volume of 9B, we shall use the following.

Lemma 10.7. Let M and N be oriented manifolds endowed with n-forms w? and

w” respectively. Let ® be an orientation-preserving diffeomorphism from M onto N .

Let H C M be compact. Then there exists a constant Cy such that for all measurable
subset B C H we have

/ I[Bw/% S CH/ 1@(3)&)”/
M N

Proof. We use the change of variable formula (5.3) and given p € K and ¢ €
Hom(R"™, T,/ /) we write

(@*w),(€) = wi(€) det(2,) 0 dp® 0 () 71).
By compactness of H the continuous map
P | det(Q¢(p od,® o (Q;”)*lﬂ
is bounded on H. U
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Now we apply the previous lemma to the diffeomorphism ® : G — p x K provided
by Theorem 4.25 with H = %; say and B = %.. We claim that in this case
®(B)={X €p:|X|<e} x K. Indeed, assume

k1 exp(H )ks = exp(X)

where ki1, ko € K, H € aand X € p. Using that k; exp(H)ky = exp(Adg (k1) H)ky ko
and Adg(K)a = p by Lemma 4.27, we must have k; = ky and X = Adg(k)H. But
then by (4.3) we have |X| = |H|. Thus we get

(10.11) l/iﬂﬁxx)dx<<emm@l
a
Since dim(p) = dim(N A), combining (10.9),(10.10) and (10.11) prove ((10.8)).

Thus 7" extends to a continuous linear map C.(G) — C. By the Riesz—Markov—Kakutani
representation theorem, there exists a (complex-valued) Borel measure p on G such
that T'(f) = [, fdp for all f € C.(G). Fact 2 then implies that  is supported on K,
and in particular for all f € C°(G J/ K) we have

T(f) = f(ec) /K an

In addition, we must have [, du > 0 because it is possible to find g € C°(G J/ K)
such that g(A) > 0 for all A € a* (to see this, use Remark 10.4).

Thus we have obtained

(10.12) / GN]eON)[ 2 dA = f(eq).

o
for all f € C°(G /) K), which is the statement of the inversion theorem for g = eg.
Now let g € G be arbitrary and consider the function h € C°(G /) K) defined by

= /Kf(gka:) dk.

Then using Lemmas 10.1 and 10.3 we have

//fgkx x) dzdk
/f gwM—/f /¢ “kx)d

g ) = dalg
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Applying (10.12) to h we obtain the inversion formula. To deduce the second statement
of Theorem 6.5 we apply (10.12) to the function

xH/Gf(:cg)mdg

and we use Corollary 10.4.

10.4. Proof of the Paley-Wiener theorem. We have already justified above the
fact that the spherical transform of an element of C2°(G J/ K) is Paley-Wiener. The
W-invariance follows directly from the W-invariance of the spherical function, and
the injectivity is a consequence of the inversion formula. Thus we need to show the

surjectivity. So let h be a W-invariant Paley-Wiener function on af. of order R, say.
Define

@) = [ nyox()ie| 2 dr

a

Note that the integral is well defined by Proposition 9.5 and the Paley-Wiener
assumption. Now for any D € D(G) the function (D¢, )(x) is bounded by a polynomial
in A, uniformly for x varying in a fixed compact set. Thus by differentiation under
the integral sign, we deduce that f € C*°(G J/ K). Now similarly as in the proof of
Theorem 6.5 we insert the Harish-Chandra (10.5) we use (8.13). Thus the localisation
property Proposition 10.6 implies that f € C°(G J K). It remains to prove that
h = f. By the inversion theorem we have

[ G0~ ol ar=o.

Integrating this against an arbitrary g € C°(G) we deduce

(10.13) [T = BOIe)] ar =0
for all g € C°(G).

Lemma 10.8. Let of be the image of C(G J) K) under the map f — ﬁa*. Then
A 1s an algebra that is closed under complex conjugation, it separates the points on
a*/W, and vanishes at infinity.

Proof. The first statement is a reformulation of Corollary 10.4. To prove that &
separates the points on a*/W, let A\, u € a* and assume that h(\) = h(u) for all
h e C*(G ) K), that is

/G h(g)(é(g) — Bu(g)) dg = 0
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for all h € C*°(G J/ K). Then ¢x(g) = ¢,(g) for all ¢ € G and hence by Harish-
Chandra’s Theorem 6.4 we have A = sp for some s € W, as desired. Finally functions
in &/ vanish at infinity because they are Paley-Wiener. U

Thus by the Stone-Weierstrafl theorem, & is dense (with respect to the uniformity
norm) in the space of all continuous functlons on a*/W that vanish at infinity.

Thus (10.13) implies that f and h coincide on a*, and by holomorphy f h on ag,
finishing the proof and the course.
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