INVARIANT EIGENDISTRIBUTIONS
ON A SEMISIMPLE LIE GROUP

BY
HARISH-CHANDRA

1. Introduction. Let G be a connected semisimple Lie group and 3 the algebra
of all differential operators on G which commute with both left and right trans-
lations of G. One of the main objects of this paper is to show that every invariant
eigendistribution T of 3 on G, is actually a locally summable function F which
is analytic on the regular set G’ of G (Theorem 2). In particular, this implies that
the character of an irreducible unitary representation of G is a function.

In the second part we examine the behavior of F around the singular points
of G (see §§19, 20). This is done by applying the results of [4(n), §§8, 9]. The
third part is devoted to the detailed study of an invariant integral on G, which
had been introduced in [4(h), Theorem 2]. Here we have to make use of [4(m),
Theorem 1]. The full significance of Theorem 3 for harmonic analysis on G will
appear only in later papers. Roughly speaking, it is the group analogue of [4(g),
Theorem 3].

Our methods are substantially the same as those introduced in [4(1)] and
[4(n)], although they have now to be applied to the group G instead of its Lie
algebra g. Here Theorem 2 of [4(1)] gets replaced by Lemma 22, which is based
on Theorem 1 and this, in its turn, depends on Theorem 5 of [4(n)]. The results
of §3 enable us to limit ourselves to the semisimple points of G and the reduction
procedure, outlined above, can be applied to any such point a provided
it does not lie in the center Z of G. However, if a € Z, the translation by a™!
reduces the problem to the case a = 1. Then we use the results of §14 to transform
it, by means of the exponential mapping, into an analogous question on g around
zero, which has already been discussed in [4(n)]. This general pattern of proof
applies to most results of this paper (e.g., Theorems 1 and 2). However, some-
times it is more convenient to reduce the problem around a directly to the corre-
sponding question around zero on the centralizer 3 of a in g (see, for example, the
proofs of Lemmas 31, 35, 37 and 40).

Theorem 3 is proved by making use of the elementary solution of a certain
elliptic ‘‘Laplacian” and imitating the argument of [4(g), pp. 208-211]. The
Appendix contains a few simple lemmas which are needed in the proof of this
theorem.
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2. The mapping I',. Let G be a Lie group, g its Lie algebra over R and ® the
universal enveloping algebra of g.. For any X eg., let Ly and Ry, respectively,
denote the endomorphisms g —» Xg and g— gX (ge®) of ®. Fixxe G and de-
fine(*) (cf. [4(e), p. 114])

¢J'x(X) = Lx"X - RX (X egc)'
Note that Ly and Ry, commute and(?)
[LX’LY] = L[x,y], [Rx,Ry] = - R[x,n

for X, Y eg.. Hence it follows immediately that o, is a representation of g.on ®.
It may, therefore, be extended (uniquely) to a representation of & which
we shall again denote by o,. Let I, denote the linear mapping of ® ® ® into
® such that

I(g: ® g,) = 0.(g1)g: (81,82€0).

Let A denote the canonical mapping (see [4(b), p. 192]) of S(g.) onto &. We say
that an element ge® is homogeneous of degree d if ge ®, = A(S,(g.)) in the
notation of [4(k), §6]. Put

d® = Z ®m'

0Osm=d

Then it is obvious that I', defines a linear mapping of ®,, ® ®,, into 4,;4,.
Let x —» x® (x € G) be an automorphism of G. Then it defines an automorphism
of g which can be extended uniquely to an automorphism g — g° (ge ®) of g.

LemMA 1. For any xe G and g,, g,€®,
(g1 ® 8,") =(T'(g: ® £2))"-

Let A denote the automorphism g — g“ of &. Then one verifies from the defi-

nitions that
0.o(X%) = Ag (X)A™*

for X eg. Our assertion is an immediate consequence of this fact.

LEMMA 2. Suppose X; and Y; (1 Si<r, 1 £j<5) are elements in g, Fix
xeGand put X/ =x"'X;,— X,(1Li< 7). Then

IFAX, X, X,)QAY, Y, Y)=MX,X, - X, Y,Y,--Y,) mod (r+s-1)(5-

It follows by an easy induction on r that

(1) As usual xX = X* = Ad(x)X for xeG and X € Q.
(2) [4, B] = AB — BA for two endomorphisms A4 and B of a vector space.
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(X, X; X, %Y, Y)=X,/X,' - X, 11 Y, - Y,mod,+,-1)®,

where all the products are in . Hence our assertion is an immediate consequence
of the following well-known fact (see [4(a), p. 902]).

LEMMA 3. Let Z,,---,Z; be elements of g. and (i,i,,---,i;) a permutation
of (1,2,---,d). Then

2\Z2,24~2,Z;,-Z; € 4-1)0.

As usual we regard elements of ® as left-invariant differential operators on G.
Moreover, for every X €g, let p(X) denote the right-invariant vector-field on G
given by(3)

f(x;p(X)) = (df(exptX - x)/dt) -0  (x€G, feC(G)).

A simple argument shows that [p(X), p(Y)] = — p([X, Y]) and therefore p can be
extended uniquely to an anti-homomorphism of ® into the algebra of all dif-
ferential operators on G. We define

f(gx) = f(x;p(8))
for xe G, ge® and fe C*(G). If X,,---, X, €g, then(4)
JX Xy X, ix) = f(x50(X, X, X)) = f(x;p(X,) -+ p(X2) (X 1))
{0" flexpt, X, ---expt,X, - x)[0ty -+ Ot };, ==t =0
f(X X, X))

since expt; X, --expt,X, - x = x(expt, X, ---expt,X,)* " Therefore

f@x)=f(x;g"") (ge®).

It is obvious that X and p(Y) (X, Y eg) commute (in the algebra of differential
operators on G) and therefore g, and p(g,) (g4, g, € ®) also commute.

Now G operates on itself by means of inner automorphisms so that y™ = xyx~
(x,y € G, see [4(k), §5]). Let Q, and G, be two open sets in G and f a C* -function
on Q=0,%. Put f(x:y) = f(y") (x€ G,, y € Q). The significance of the mapping
T, arises from the following lemma.

1

LeEMMA 4. Let g,,2,€®. Then

J(x:81:9:82) = f(x:;T,(g1 @ £2))
for xe Gy and yeQ,.

(3) We use here the notation of [4(k), §2].
(4) For any x€G, we extend Ad(x) to an automorphism g — g* of  and define
y* =xyx—1 (y € G).
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If X eg, it is clear that

yPX = yexp(tX’ )exp(— tX) (yeG, teR).
On the other hand if x € G, and y € Q,, it is clear that

fxexptX:y) = f(x:y %)

provided |t| is small. Therefore
S X:p) = flx:y; X7 = X) = f(x:y; p(X) — X).
Since p(X) commutes with g,, it follows by differentiation with respect to y that
F(x5X1y;82) = f(x:p;p(X) 0 g2 — 82X)

= f(x:y; X" 'g, — 82X) = f(x:y30,(X)g2)-

Hence if X,,:--,X,€q and g, = X, X, - X,, it follows by induction on r that
J(x;81:9:82) = f(x:y:0,(81)82)-

The statement of the lemma is now obvious.

3. Completely invariant sets. Assume that G is connected. Consider the

polynomial
det(t+1—-Ad(x)) = X tDy(x) (xeG),
0<jsn

where tis an indeterminate and n = dim G. Then D, are analytic functions on G and
D, = 1. Let | be the least integer such that D, # 0. Then I = rank G = rank g and
an element x € G is called singular or regular according as D,(x) = 0 or not. Let
G’ be the set of all regular elements. Then it is obvious that G’ is open and dense
in G and the set of singular elements is of measure zero with respect to the left-
invariant Haar measure of G.

We say that G is reductive if g is reductive. An element x € G is called semi-
simple if the endomorphism Ad(x) of g is semisimple. Let 3, denote the centralizer
of x in g. We assume, from now on, that G is reductive.

LEMMA 5. Let x be an element of G. Then xe€ G’ if and only if 3, is a Cartan
subalgebra of g. Moreover, if x is semisimple then 3, is reductive in g and
rank 3, = rank g. Finally, a regular element is always semisimple.

It is clearly enough to consider the case when ¢ is semisimple. The first and
last statements follow from [4(e), Lemma 5]. Put B(X, Y)=tr(ad Xad Y) (X, Yeg)
and let B, denote the restriction of the bilinear form B on 3,. Now assume that x
is semisimple. An elementary argument (see [2, p. 391]) shows that B, is non-
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degenerate. Hence it follows from [2, Proposition 3.4] and [3] that 3, is reductive
in g. Finally rank 3, = rankg from [2, Proposition 4.6].

COROLLARY. If x is semisimple, it is contained in a Cartan subgroup of G.

Let ) be a Cartan subalgebra of 3, and A the centralizer of ) in G. Since rank
3. = rankg, 4 is a Cartan subgroup of G and x € 4.

Let 4" denote the set of all nilpotent elements (see [4(n), §3]) of g. Put
AN'g =exp # < G. The mapping X — expad X (X € #) is known (see [4(h), §3])
to be univalent on A",

LEMMA 6. Every xe G can be written uniquely in the form x = hn, where h
is a semisimple element of G, ne ¢ and h, n commute with each other. Let
Z. denote the centralizer of x in G. Then h and n lie in the center of Z,.

It is obviously enough to consider the case when g is semisimple and G is the
connected component of 1 in the adjoint group G, of g. Then G, is the set of all
real points of a linear algebraic group defined over R. Therefore the lemma
follows from well-known results on algebraic groups (see, for example, [1, §8]).
h and n, respectively, are called the semisimple and unipotent components of x.

COROLLARY(5). heCI(x%).

Choose X € 4" such that n = exp X and let 3 denote the centralizer of h in g.
Then X e3. We may obviously assume that X # 0. Then by the Jacobson-
Morosow theorem, we can choose H €3 such that [H, X] =2X (see [4(n), §3]).
Put y, = exp( — tH). Then

%" = (hexpX)’*= hexp(e ¥ X) - h

as t —» + oo. This proves the corollary.
Let U be a subset of G. We say that U is completely invariant (cf. [4(n), §3])
if it has the following property. If C is any compact subset of U, then CI(C°) = U.

LeMMA 7. Let U be a completely invariant subset of G and V an invariant
subset of U which is closed in U. Then if V contains no semisimple element
of U, V is empty.

Suppose x € V. Then it follows from the corollary of Lemma 6 that the semi-
simple component of x also lies in V. Hence the lemma.

Now assume that g is semisimple. For any ¢ > 0, let g(c) denote the set of all
X eg such that(6) |Imi|< ¢ for every eigenvalue A of ad X. Clearly g(c) is an
open and completely invariant neighborhood of zero in g and 4" < g(c). More-
over, if X e g(c) then tX e g(c) for 0 < t < 1. Hence g(c) is connected.

(5) Asusual C1X and °X, respectively, denote the closure and the complement of a subset X,
(6) Im A denotes, as usual, the imaginary part of 4.
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LeEMMA 8. Assume that ¢ < n. Then the exponential mapping from g into G
is everywhere regular and univalent on g(c). Moreover, exp g(c) is completely
invariant in G.

The proof of the first part is the same as that of [4(h), Lemma 11]. In order
to obtain the second part we use the notation of [4(h), Lemma 12] and first
prove the following lemma.

LEMMA 9. Assume ¢ <7 and let X, (r 2 1) be a sequence in g(c). Then if
“ exp X, || remains bounded, the same holds for " X, "

We keep to the notation of the proof of [4(h), Lemma 12]. Then X, =Ad(u,)Y,,
Y, = H, + Z, and therefore |Im cx(H,)| < ¢ =« for any a € P. On the other hand
” exp X, “ = " exp Y,” and ad Y, has the same eigenvalues as ad H,. This shows
that """ | remains bounded for every aeP. In view of the above result this
implies that ” H, " itself remains bounded. The rest of the proof now goes through
in the same way as for Lemma 12 of [4(h)].

Now fix a compact set C in ¥V =expg(c). We have to show that Cl(CE V.
Let X, and x, (k = 1) be sequences in g(c) and G respectively such that exp X, e C
and (exp X;)™ converges to some point y in G. We have to verify that yeV.
Let log denote the inverse mapping from V to g(c). Then log C is compact. Hence,
in view of Lemma 9, we can, by choosing suitable subsequences, arrange that
X,— X and x,X,— Y, where XelogC and Y eg. But it is obvious that ad X
and ad Y have the same eigenvalues. Hence Y € g(c) and therefore y =exp Y e V.
This completes the proof of Lemma 8.

4. Some algebraic results(7). We return again to the case when ¢ is reductive.
Fix a semisimple element ae G and let 3 =3(a) denote the centralizer of a in
g and E = E(a) the analytic subgroup of G corresponding to 3. Put

va(y) = det(Ad(ay) ™' —1)g; (¥€BE).

Then v, is an analytic function on E and v,(1) # 0. Let Z' = E’(a) be the set of
all points y € E, where v,(y) # 0. Then E’ is an open neighborhood of 1 in E.

In view of Lemma 5, 3 satisfies the conditions of [4(l), §2]. Define q as in
[4(D), §2] and put Q = S(q,) and Q. = S.,(q,) in the notation of [4(k), §7].

LeMMA 10. Fix yeZE'. Then T,, defines a bijective mapping of Q® &(3,)
onto ®. Moreover,

E ray(edl(qc) ® 6&12(3")) = tl(5 (d g 0)'

dy+d2=d

Put W= X,, +4,244,(0) ® Sy,(3,). Since g is the direct sum of q and 3,
it is clear that dim W, = dim®. Hence it would be sufficient to prove that

(") The results of this section are similar to those of [4(l), §2]. See also [4(e)].
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I,(W,) = /6. We do this by induction on d. It is obvious that I',(W,) < /6.
Hence it would be sufficent to show that

d® < ray("’d) + (d—1)®°

Fix two integers d;, d, = 0 such that d; + d, = d and suppose Y;eq (1 i< d,))
and Z;e3 (1=j=d,). Let q=Y,Y,---Y;,€8(q.) and z=2,Z,---Z;,e S3.).
(Here we have to take g =1 if d; =0 and z =1 if d, =0.) Define 4 as in §2.
Then it would be enough to verify that

).(QZ)EFW(%) + (d-l)@'

If d, = 0, this is obvious since I',,(1 ® A(z)) = A(z). Hence we may assume d, > 0.
Now ay commutes with a and therefore 3 =3 and q* =q (see [4(]), §2]).
Therefore since v,(y) # 0, we can choose Y;'e q such that (Ad(ay)™! — 1)Y= Y,
(1=gi=d)). Putq' =Y/ - Y, 'eS(q.). Then

Iy(Mq) @ A(2)) = A(qz) mod -,
from Lemma 2. This proves the lemma.

COROLLARY 1. Fix ge®. Then for any yeZ’, there exist unique elements
2,(8) €S(3,) and B,(g) ey ® SR, such that

g = a,(8) + T'y(By(2))-
Moreover, if ge ,®, then d°x(g) < d and

Byg) € X L G,00®6,6)

d220 1=5d,sd-d;

This is obvious from Lemma 10.

Let M be an analytic manifold and f a mapping of M into a complex vector
space V. We say that f is analytic if the subspace U of ¥V spanned by the image
f(M) is of finite dimension and f, viewed as a mapping of M into U, is analytic
in the usual sense.

COROLLARY 2. Given ge®, we can choose an integer r 20 such that the
mappings y - v,(y) o,(g) and y = v, () B,(g) (y € E') can be extended to analytic
mappings of E into S(3,) and Q. ® S(3.), respectively.

Let d = d°. If d = 0 our statement is obvious. So we assume that d > 1 and
use induction. We may obviously assume that g = A(qz) in the notation of the
proof of Lemma 10. Let A(y) denote the restriction of (Ad(ay)"* —1) on q (y € E).
Then if ¢ is an indeterminate,

det(t — A(y)) = OSE D, (1",

Here m = dim q, D; (0 < k < m) are analytic functions on &, D,, =1 and



464 HARISH-CHANDRA [September

Do(y) = (— 1)"det A(y) = (= D)"v,(»).
Therefore
vo(y) = B(») A(y) = A(y) B(3),
where

B(y)=(- 1)m+1 z Dy, 1(.V)A(J’)k-
0sk<m

Put Y()=B(»)Y; 1 £i<d,) and ¢(y) =[] 1zi<4, Y(») €S(q.) (¥ €E). Then it
follows from Lemma 2 that

v(y) =T, (A ® 2) — () gz) € a-10.
Therefore
= X a0
1sisr
where a; are analytic functions on Z and d°v; < d. The required result now follows
immediately by applying the induction hypothesis to v; (1 <i=<Zr).

COROLLARY 3. Let Z, denote the centralizer of a in G. Then if xeZ,, yeE'
and ge®, we have

Olyyx - ‘(g x) = (ay(g )) %
This follows immediately from Lemma 1.

5. The mapping J, g;z. We keep to the notation of §4. Let Ug be an open
neighborhood of a in G. Put Uz =E’'N(a"'Ug). Then Uy is an open neigh-
borhood of 1 in E. For any differential operator D on U, we define a differential
operator A(D) on Ujy as follows:

(A(D))y = y(D ny) (y € US)'

Here D,, and (A(D)), denote, as usual, the local expressions (see [4(e), p. 112])
of D at ay and A(D) at y, respectively. Corollary 2 of Lemma 10 insures that there
does exist a differential operator A(D) on Uy satisfying the above relation and it is
analytic if D is analytic. Finally, if we assume that U; and D are invariant under
G (see [4(5), §2]), it follows from Corollary 3 of Lemma 10 that Uz and A(D)
are invariant under Z,. We shall denote the mapping D — A(D) by 4, or, if neces-
sary, by 6, ¢/=-

Let b be an element of Uz which is regular in E and let ) denote the centralizer
of b in 3. Then ) is a Cartan subalgebra of 3 and therefore also of g (see Lemma 5).
Let Ay denote the Cartan subgroup of G corresponding to b (see [4(m), §5]).
Then a, b are in Ay. Let A be the connected component of 1in A4y.

LeEMMA 11. The following two conditions on an element c of A are mutually
equivalent.

(1) ceb™'Ug and det(Ad(bc)™! — 1), # 0.

(2) ce(ab) ™ Ug and det(Ad(abc)™ ' — 1)g5# 0.
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Since Ad(a) =1 on 3, it is clear that
det(Ad(abc)™! — 1)gp = det(Ad(abc)™! — 1)g3det(Ad(be)™ — D3

for ce A. Now suppose (1) holds. Then bce Uz and therefore abce U; and
det(Ad(abc) ! — 1)g3# 0. Therefore (1) implies (2). Conversely, assume that
(2) holds. Then bcea™'Ugz and
v,(bc)det(Ad (bc)™! — 1);5 5 0.
Hence bc e Uz and (1) holds.
COROLLARY. ab is regular in G and }) is the centralizer of ab in g.

Take ¢ =1 in Lemma 11. Then condition (1) obviously holds and therefore
det(Ad(ab)™! — 1)g # 0 by (2). Since Ad(ab) =1 on b, it follows that § is the
centralizer of ab in g. Therefore ab is regular in G by Lemma 5.

Let U, be the set of all ¢ € 4 satisfying the conditions of Lemma 11.

LeMMA 12. Let D be a differential operator on Ug. Then(8)
5ab,G/A(D) = 5b,3/A(5a,G/a(D))-

It follows from Lemma 11 that both sides are differential operators on U,.
Let Ay =0, /2(D), A, =06;,54(A;) and A = J,, 64(D). We have to prove that
A,=A. Let m=[h,3] and p=q+m. Then g=h+p and 3=0+m where
both sums are direct.

Fix he U,. Then

(A — (A € Tpn(S + (M) ® S(D.)).

On the other hand bhe Uy and therefore

(ADsn — Dapn € Tann(S +(a.) @ S(3.))-
Since Ad(a) =1 on 3, it is clear that

oan(2) = 0p(2)  (2€S(3,)
and therefore

(As = Dapn € Topn(6 4 ® S(3.)),
where 6, = S,(g,). But

r abh(e(mc) ® 6([)0)) =TI bh(e(mc) ® 6(I)c)) = 6(30)

from Lemma 10 (applied to (E, b) instead of (G, a)), since det(Ad (bh)™* — 15 # 0.
Hence

Lan(®+ ® S(30) = 0.(©4)SG.)
= 0(©+) 0 (S(M)) S (H.)
= o5(04+)S(®.).
(8) Cf. [4(1), Lemma 11].
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But & = S(p.)S(h,) and since § is abelian, it is clear that
0an(S+(H) S (he) = {0}.

@4. = 6+(pc) + S(Pc)6+ (I)c)’

Therefore since

we conclude that

rabh(® + ® 6(30)) = Fabh(6+(pc) ® 6(bc))
This shows that

(A2)s = Dapn € Tapn(S 4 (p) ® S(D.)
and therefore (A,), = A, from the definition of A.

6. The case when a is regular. Let 3 be the algebra of all differential operators
on G which are invariant under both left and right translations of G. It is obvious
that 3 consists of the center of ® and therefore 3 is abelian.

Let G’ be the set of all regular elements of G. Fix ae G’ and let | denote the
centralizer of a in g and A the analytic subgroup of G corresponding to f). Then
b is a Cartan subalgebra of g and

v,(h) = det(Ad(ah)™* —1)gp  (he A).

Hence A’ = AN (a~'G’) is the set of all points he A where v,(h) # 0. Let W be
the Weyl group of (g., ). Then W operates on S(h,.). Let I(h.) be the algebra
of all invariants of W in &(p.). We have a canonical isomorphism y of 3 onto
I(H,) (see [4(e), Lemma 19]). Thus for every z €3, y(z) is a differential operator
on A which is invariant under the translations of A.

LeMMA 13. 6, 6,4(2) = Iv,,l “12y2) 0 lv,,|”2 on A’ for any ze 3.
This is substantially the same as the first statement of [4(e), Theorem 2, p. 125].

7. Application to invariant distributions(®). Fix a semisimple element a € G and
define E and E’ as in §4.

LEMMA 14. Consider the mapping ¢: (x,y) > (ay)* of G x E into G. Then if
n =dimG, ¢ is everywhere of rank n on G X E’.

We identify the tangent space of G X Z at a point (x, y) with g X 3 in the usual
way. Then a simple calculation shows that

(d9),,(X,Z) = (Z +(Ad(ay) ' - DX)*
for X eg and Z €3. But
3+(Ad(ay) '-Da=3+q=g

if ye E’ and therefore our assertion is obvious.

(9 The results of this section are similar to those of [4(1), §7].
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Let dx denote the Haar measure on G. We orient G and fix a left-invariant
differential form wg >0 of degree n on G, corresponding to the measure dx.
Then the set up of [4(k), §5] is applicable to M =G, if we define y*=xyx~! (x,y e G)
as above.

Let U be an open neighborhood of 1 in E’ which is invariant under E (i.e.,
U’ = U for yeE). Put Q =¢(G x U) = (aU)°. Then by Lemma 14, Qis open in G.
Let dx, dy denote the Haar measures on G and =, respectively. Now take
M=GxU, N=Q, n=¢ in Theorem 1 of [4(k)] and let wy and wy be the
differential forms corresponding to the measures dxdy and dx, respectively. Let
o — f, denote the corresponding mapping of C.° (G x U) onto C.°(Q).

LEMMA 15. Let T be an invariant distribution on Q. Then there exists a
unique distribution &y on U such that T(f,) = o1(B,) (2 € C.%(G x U)), where

B.y) = f ax:y)dx  (yeU).

Moreover, a; is invariant under E and oy = 0 implies that T = 0.

Define T'(a) = T(f,) (¢e C,°(G x U)). Then (see [4(k), Lemma 5]) T’ is a
distribution on G x U. Fix x, € G and let «,, denote the function (x, y) = a(xex: y)
on G x U. We claim that T'(«) = T'(a,,). For if F e C,*(Q), we have

f fuFdx = f (% ) F (ay)") dxdy = f a(x: y) F(ay))dxdy

= ffaF“dx =ff;‘°" Fdx.

Hence f,xo = fa"°" and therefore T'(a,,) = T(f,, ) = T(f) = T'(®). Now fix
BeC.2(U) and put T'(y) = T'(y x B) (y€ C.°(G)). Then T, isadistribution on G
which is invariant under the left translations of G. Hence T;'=c(B), where c(f)
is a constant (see [4(k), Lemmas 6 and 7]). Now select y,€ C.“(G) such that
fyodx = 1. Then

B =Ty @)=T'@oxp (BeC (V).

This shows that the mapping S — ¢(B) is a distribution on U which we denote
by o7. Then

T'(y % B) = 04(B) f ydx  (3eC.%(G), Be C.2(U))

and therefore we conclude from [4(k), Lemma 3] that T'(«) — o4{(B,) =0 for
ae C,”(G). Since B,=p for a =7y, x B, the mapping a— B, of C.°(G x U)
into C,*(U) is surjective. Finally the mapping « — f, of C,°(G x U) into C,*(Q)
is also surjective (see [4(k), Theorem 1]) and so all the statements of the lemma,
except the invariance of g1 under =, are now obvious.
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Fix ¢e€Z and define a¥(x:y) = a(x:)*""). Then we claim that T'(a) = T'(a%)
for a € C,*(G x U). This is seen as follows.

f fusFdx f aCx: Y8 F (ay)7) dxdy = fa(x:y)F«ay)*‘)dxdy

- f a(xE 1 y) F ((ay)") dxdy

for any FeC,®(Q). Hence if a'(x:y)=a(xf "%:y), it is clear that fe=f,..
Therefore

T'(o%) = T'(a') = o7(B,)-
But

B.(y) = f ot Ly)dx=B)  (vel)

by the right-invariance of dx. Hence T’(«%) = a;(B,) = T'(¢). On the other hand

Ba() = f aGe:y Ydx =05 (eD).

Therefore f,: = (8,)°. Now for a given f e C,(U), we can choose e C, (G x U)
such that f = B,. Then

01(B) = T'(@) = T'(e*) = 01(B.e) = 01(B°).
This shows that o7 is invariant under E.

COROLLARY. Let D be an invariant differential operator on Q. Then 6py = Aoy,
where A = 6,(D).

It follows from Corollary 2 of Lemma 10 and the definition of A, that we can
select ¢;€ S,(q.), v;€ S3,.) and a;€ C*(U) (1 £i < 1) such that

Dy=A,+ z a(Nl(q;®v) (yel).

15isr

Moreover, opr(B,) = T(D*f,) for aeC.,“(G x U), where the star denotes the
adjoint as usual. Fix F € C,°(Q). Then

j D*f - Fdx = ff,DFdx = f a(x:y)F ((ay)*; D)dxdy.
Put F(x:u) = F(u®) for any pair (x,u)€ G X G such that u*eQ. Then it is clear
from Lemma 4 that
F((ay)*; D) = F((ay)*;D*) = F(x:ay;D)

F(x:ay;A)+ X a(y)F(x3q::ay;v)
15isr

for xe G and ye U. Put
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%(x:y) = alx:y;A%),

alx; qi*:y;(aivi)*) (1=i=n).

ax:y)
Then

f D*f - Fdx = X f a(x: y) F((ay)*)dxdy

osisr

= X f fo, Fdx.

0sisr
This proves that
D*fa = Z fa,

0sisr

and therefore

T(D*f) = X or(B,)
o<isr
Now B,, = A*B, and if j denotes the distribution on G corresponding to the
constant function 1, it is obvious that ¢;j = 0 since g, ®, . Hence it follows
that B, = 0 (1 £ i < r) and therefore

T(D*fo) = or(A*B)).

This proves that o = Adr.
For any X e g, let 75(X) denote the vector-field on G defined by

6(X)f = @f*%|d)=o (f €C™(G)).

Let V be an open subset of G. Then the local invariance of a differential
operator, a distribution or a C* -function on V is defined as in [4(k), §5]. Since
[z6(X), 16(Y)] = 16([X, Y]) (X, Y €g), 75 can be extended (uniquely) to a homo-
morphism of ® into the algebra of all differential operators on G.

Let G, and U, be open neighborhoods of 1 in G and E’, respectively, and put
Q, = (aU,)®. Define the mapping o — f, of C.(G, x U,) onto C,*(Q,) as above.
Then the following result is proved in the same way as [4(l), Lemma 17] and
[4(k), Theorem 3].

LEMMA 16. Assume that G, is connected and T is a locally invariant
distribution on Q. Then there exists a unique distribution oy on U, such that

T(f,) = o7(B,) (x€ C.(Go X Uy)), where
By = f a(x:y)dx  (yeUy).

Moreover, o is locally invariant (with respect to E) and or =0 implies that
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T.= 0. Finally, opy = 6,(D)oy for any locally invariant differential operator
D on Q,.

8. Some preparation for Theorem 1. Let G, Q, and Q be three open subsets of
G such that Q, < Q. For any f € C*(Q), we write f(x:y) = f(5) (x € Gy, y € Q)
as in §2.

LEMMA 17. Let f € C*(Q). Then
J(x;8:9) = f(x:y;75(g%)
for xe Gy, yeQ, and ge®.
The proof is the same as that of [4(k), Lemma 11].

LeEMMA 18. Let D be a differential operator and f a locally invariant C*®-
Junction on an open subset Q of G. Fix a semisimple element a€Q and define
Qz = a~'QN E’ in the notation of §4. Then

f(ay;D) = f(ay;0,D)) (yeQz).

Fix y,€Qz and choose open neighborhoods G, and Qg of 1 and ay,, re-
spectively, in G such that Q5 ° < Q. Put A = §,(D). Then it follows from the de-
finition of A that

D ayo Aro = Z rayo(g 1 ® v,-),

1=5isr

where g;€ ®, and v; e S(3.). Therefore we conclude from Lemma 4 that
f(@y0; Doy, — A,)) = IES f(L; g ayo3 ).

But
Fgi:x) = f(x;76(gM) =0 (xeQy)

from Lemma 17 since f is locally invariant and g{'€ ® . Therefore f(1;g;: x;v) = 0
for x e Q, and hence

f(ayO;Da}'o - Ayo) = 0'
This proves the lemma.
LEMMA 19. Let D and Q be as above. Then the following two conditions
on D are equivalent.
(1) 6,(D) =0 for every regular element a in Q.

(2) For any open subset Q, of Q and a locally invariant C®-function f on
Q,, Df =0.

Suppose (1) holds and Q, and f are given as in condition (2). Fix a regular
element a € Q. Then it follows from Lemma 18 that

f(a;D) = f(a;8,(D)) =0.
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Therefore Df =0 on Q; = Q, N G'. Since Q,’ is obviously dense in Q,, we con-
clude that Df =0.

Conversely, assume that (2) holds and fix aeQ N G’. Let ) be the centralizer
of ain g and A the analytic subgroup of G corresponding to h.PutQ, =a~'QN A4’
where A’ is the set of all h € A where

v,(h) = det(Ad(ah) ™' — 1)gp # 0.

Then 6,(D) is a differential operator on Q,. Let x— x* denote the natural projection
of G on G* = G/A. Since A is abelian, (ah)* (x€ G, he A) depends only on x*
and so we may denote it by (ah)* . It follows from Lemma 14 that the mapping
Y:(x*, h) - (ah)” of G* x Q, into G is everywhere regular. Fix a point hyeQ,.
Then we can choose open neighborhoods G,*and U of 1* and h, in G* and Q,,
respectively, such that Q, = Y(Gy* x U) = Q and ¢ defines an analytic diffeo-
morphism of Gy* X U onto the open neighborhood Q of ah, in Q. Fix e C(U)
and define fe C¥(Q,) by f(Y(x*,h)) = B(h) (x* € Gy, he U). Then it is obvious
that f is locally invariant and therefore Df = 0 by (2). On the other hand we
know from Lemma 18 that

f(aho;u) = f(aho ;D) =0,

where u is the local expression of §,(D) at h,. Since ueS(h,) and f(ah) = p(h)
(heU), it is obvious that B(hy; u) =0. This being true for every Be C®(U),
we conclude that u = 0. Since h, was an arbitrary point of Q,, this proves that
0,(D) = 0. Therefore (2) implies (1).

9. First part of the proof of Theorem 1. We shall now begin the proof of the
following theorem (cf. [4(n), Theorem 5]).

THEOREM 1. Let Q be a completely invariant open set in G and D an analytic
differential operator on Q. Assume that:

(1) D is invariant under G,

(2) 6/D) = 0 for every regular element a € Q.
Then DT = 0 for every invariant distribution T on Q.

We use induction on dim G. By replacing (U, V) in Lemma 7 with (Q, Supp DT),
it becomes obvious that it would be enough to verify that no semisimple element
of Q lies in Supp DT. Let Z denote the center of G. Fix a semisimple element a in Q
and first assume that a¢Z. Put Qz:=a 'QNE’ in the notation of §.
Then it is obvious that Q; is a completely invariant open neighborhood of 1 in E.
Corresponding to Lemma 15, we get an invariant distribution o7 on Qz. Moreover,
opr = Agy, where A = §,(D) (see the corollary of Lemma 15). Fix an element
beQ: which is regular in E. Then abeQ' =QN G’ (see the corollary of
Lemma 11) and therefore

03,5/4(8) = 0,4(D) =0
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in the notation of Lemma 12. Moreover, as we have seen in §5, A is analytic and
invariant under =. Now dim E < dim G, since a ¢ Z. Therefore we conclude from
the induction hypothesis that Ag; = 0. But then a ¢ Supp DT by Lemma 15.

So now we may assume that ae QN Z. It follows from its definition (see §2)
that the mapping I', depends only on Ad(x) (x € G). Therefore if we apply the
translation by a”! to the whole problem, we are reduced to the case a = 1. So
we may assume that 1 € Q and it remains to show that 1¢ Supp DT.

Let ¢ be the center and g, the derived algebra of g. Choose an open and relatively
compact neighborhood ¢, of zero in ¢ such that the exponential mapping is uni-
valent on ¢,. Moreover, select a number ¢ (0 <c¢ < =) and define g;(c) as in
Lemma 8. Put go = ¢y + g;(c). Then g, is an open and completely invariant
neighborhood of zero in g and the exponential mapping is everywhere regular
on g,. Now suppose exp(C; + X ;) =exp(C, + X,), where C;e ¢, and X;€g;(c)
(i=1,2). Then exp(ad X,) =exp(ad X,) and so it follows from Lemma 8 that
X; =X,. Hence expC, =expC, and therefore C; = C, from the definition
of ¢,. This proves that the exponential mapping defines an analytic diffeomor-
phism of g, onto the open set exp g, in G. Let log denote its inverse and put
U =logQ,, where Q,=expg,NQ. Let ¥V be a compact subset of U. Since
g, is completely invariant, CI(V®) < g,. Moreover,

exp (CI(V %)) = Cl(exp V) = Cl((exp V)¥) = Q

since Q is completely invariant. Hence it follows that CI(V®) < U and this shows
that U is completely invariant.

Now, in order to complete the proof, we need some preparation which will
be undertaken in the next section.

10. Reduction to g. Put
&X) =|det{(e**/* — e7***)Jad X} |'/? (X €g).

Then £ is analytic around every point X,eg, where &(X,) # 0. Moreover, the
exponential mapping of g into G is regular at X, if and only if &(X,) # O (see,
for example, [5, p. 95]).

Let U be an open subset of g such that the exponential mapping is regular and
univalent on U and put Ug = exp U. Then Ug is open in G and the exponential
mapping defines an analytic difftomorphism of U onto Ug. For any function ¢
on U, let f, denote the function on Uy given by

flexpX) =&X) T'(X) (X eU).

Then f is C* or analytic if and only if the same holds for ¢. In particular, f - f,
defines a linear topological mapping of C.®(U) onto C,®(Ug). Moreover, it is
obvious that, for any differential operator D on Uy, there exists a unique dif-
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ferential operator A(D) on U such that Dfy = fyp) for ¢eC*(U). Finally,
D is analytic if and only if A(D) is analytic.

As usual let dX denote the Euclidean measure on g and dx the Haar measure
on G. Then if dX is suitably normalized, we have the relation (see [S, p. 95])

dx =¢X)*dX (x=expX, XeU).
Hence it follows that

f¢1¢2dX = ffmfmdx

for ¢, € C*(U) and ¢, € C, (V).
LEMMA 20. A(D*) = A(D)* for any differential operator D on Ug.
Fix D and write A for A(D). Thenif ¢,, ¢, € C.*(U), we have

j D*f, - fp,dx = jf¢‘ - Dfy, dx = ff¢l fM,zdx
= [ 802ax = [ &g, 4,ax

= ij'¢1 * [, dx.

This shows that D*f,, = fars, and from this our assertion follows immediately.
For any distribution T on Ug, let t; denote the distribution on U given
by t7(¢) = T(f,) (¢ € C.,*(U)). Then it follows from Lemma 20 that 75y = A(D)zr.
Now assume that U is invariant under G. Since exp (X*)=(exp X)* (xe G, X €g),
U is also invariant. Moreover, since £ is obviously invariant under G, it is clear
that (f,)* = f;= and A(D*) =(A(D))* (x€G) for ¢ € C*(U) and any differential
operator D on U. Similarly 10*= (z7)".

11. Completion of the proof of Theorem 1. We are now ready to finish the proof
of Theorem 1. Define U asin §9. Then Ugz = exp U = Q, and, corresponding to T,
we get an invariant distribution 7, on U. Since D is an invariant and analytic
differential operator on Ug;, A = A(D) is also invariant and analytic on U. Let ¢
be any invariant C®-function on U. Then

fA¢ =Df¢ =0

from Lemma 19. Hence A¢ = 0. However, since U is completely invariant (see §9),
we conclude from [4(n), Theorem 5] that 7, = Aty = 0. Obviously this implies
that DT =0 on Uz =Q, and therefore 1¢ SuppDT. This completes the proof
of Theorem 1.

12. Two isomorphisms. Let m be a subalgebra of g such that (1) m is reductive
in g and (2) rank m = rank g. As before, let 3=3(g) be the center of & = S(g,)
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and J(m) the center of S(m,). We shall now define a homomorphism u = g,
of 3 into J(m).

Fix a Cartan subalgebra Iy of m. Then ) is also a Cartan subalgebra of g. Let W
and W(m) denote the Weyl groups of (g,f) and (m,b), respectively. Then W(m)
is a subgroup of W. Let I(§,) and I ,(h.) denote the algebras of invariants of W and
W(m), respectively, in &(f.). Then I, (h) >I(bh.). Let y: 3-I(H,) and y,,:
3(m)—1I,(H.,) denote the canonical isomorphisms (see [4(e), Lemma 19]).
We define u(z) = y;'(y(z)) (ze3). Since any two Cartan subalgebras of m, are
conjugate under the connected complex adjoint group of m,, it follows easily
from [4(e), §6] that u is independent of the choice of h.

LEMMA 21. 3(m) is a free abelian module over pgm(3) of rank [W:W(m)].

It is enough to show that I (h.) is a free abelian module over I(h.) of
rank [W:W(m)]. The proof of this is substantially the same as that of Lemma
8 of [4(1)].

If b is a Cartan subalgebra of g, we can take m = . Then it is clear that pugp=y.
As usual let I(g.) denote the algebra of all invariants of G in S(g.). Then we have
the Chevalley isomorphism j: p— py of I(g.) onto(1°) I(h.) (see [4(D), §9]). For
any ze€3, let p, denote the element j~'(y(z))eI(g.). Then z— p, is an iso-
morphism of 3 onto I(g,). It follows again from the results of [4(e), §6] that
this isomorphism is independent of the choice of ). We shall call it the canonical
isomorphism of 3 onto I(g,).

13. A consequence of Theorem 1. We use the notation of §5.

LEMMA 22. Let Ug be a completely invariant open set in G. Fix a semisimple
element ae Ug and define Us =Z' N (a ' Ug) as in §5. Then Uz is completely
invariant under E. Let o be an invariant distribution on Uz. Then(11)

842)0 = | va| " Pug(2) (| va] V20)
forze3.

It is obvious that U is an open and completely invariant subset of =. Therefore,
in view of Theorem 1 and Lemma 19, it is enough to prove the following resuit.

LEMMA 23. Let V be an open subset of Uz and f a C” -function on V which
is locally invariant under Z. Then

8. = va| P g (|va| V) (z€3).
Let V'’ be the set of those elements of ¥V which are regular in =. Since V' is
(19) Since ) is abelian, we may identify S(§),) with S(}.) under the canonical mapping 4

of S(g,) onto ®.
(11) Cf. [4(1), Theorem 2].
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dense in V, it is enough to verify that the above equation holds on V'. Fix be V'’
and z e 3. Then we have to show that

F(b56,2) = f(b; | va] "2 p(z) 0 ||,

where p = pg/3. Let b be the centralizer of b in 3 and A4 the analytic subgroup of G
corresponding to b. Let 4" denote the set of all points h € A where

det(Ad(bh)™ — 1)y # 0
and put U, =A4'Nnb"'Uz and V,=(b"'V)N U,. Then V, is an open neigh-
borhood of 1 in A’. Moreover,
S(bh;6,(2)) = f(bh;0,514(0u(2)))
= f(bh; 6.(2)) (heV))

from Lemmas 18 and 12. But since ab is regular in G (see the corollary of
Lemma 11), it follows from Lemma 13 that

6ab(z) = l vabl - l/2'}’(2) © | vablll2
on V,. Therefore

f(bh;642)) = |va()| 2 F(h;9(2)),
where
F(h) =|vam)|2f(bh) (e V).

Now put f;(y) = |v.(»)|"*f(y) for ye V. Then
S®h;|va]| " 2u(z) 0 | va| ') = |va(bh)| V2 f1(bh; u(2))
= | vi(bh)| " V?fy(bh; 8y 51a((2)))  (hEV,)

from Lemma 18. On the other hand it follows from Lemma 13 (applied to E) and
the definition of u(z) that

0p,54(1(2)) = IVb,s| “y(2)0 |Vb,s|1/2
on U,, where

Vp,z(h) = det(Ad(bh) ™' — 1) (he A).
Therefore

f1(bh; 8y 2,4 (1(2)) = | vy =(B)| ~V2F (3 7(2)),
where
Fy(h) = | v, 2(h) [ £u(6H) = | vy s(yva(BI) |27 (B) (R V.
But since
Ve, =(R)va(bh) = vyy(h),

we have F = F,. This shows that
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SOh;|ve| T2 u(z) 0 [va]'2) = | va(bh)vs ()| T2 (13 9(2))
= |vas(B)| T2 F(h;9(2)) = f (bh;6.,(2))
for he V,. Putting h = 1, we get the required result.

14. The relation between 3 and d(I(g.)). We now use the notation of §10.
For any open subset V of U and a function ¢ on V, we define, as before, the func-
tion f, on Vg=expV by fylexpX)= EX)"'¢(X) (XeV). Let z— p, denote
the canonical isomorphism of 3 onto I(g.) (see §12).

LeMMA 24. Let ¢ be a locally invariant C* -function on an open subset V
of U. Then
2fp = faware

forze3.

Fix ze 3 and let V' be the set of all regular points in V. Consider the differential
operator A(z) on U corresponding to z (see §12). Then it is enough to prove that
A(z)¢ = 0(p,)¢p on V'. Fix a point Hye V' and let § denote the centralizer of
H,in g. Then b is a Cartan subalgebra of g. Let ), be an open and connected
neighborhood of Hyinh N V', Then it would be sufficient to show that

(H;A(2)) = ¢(H;0(p,))  (HeDo).

Since ¢ is locally invariant, it follows from [4(l), Lemma 14] and [4(f), Theorem 1]
that

G(H;0(p.)) = $(H; 395’ (8(p,))) = n(H) “'¢(H;d(q) o m)  (H ebo).
Here n denotes, as usual, the product of all the positive roots of (g,h) and g = (p,)y
in the notation of [4(l), §8]. Let 4 be the analytic subgroup of G corresponding
toh and put A’=A4N G’ and
v(h) = det(Ad(h)™" — 1)gpp (he A).
Since b, = U, it follows that £(H) # 0 and therefore exp H € A’ for H €}),. More-
over, itis clear that f; is locally invariant with respect to G. Therefore we conclude
from Lemma 17 and [4(e), Theorem 2] that
foexpH;z) = | wexp H) |72 fy(exp H;y(2) o | v [V%)
for Hel,. Butitis obvious that
| v(exp H)|'/? = &(H) | n(H)|

and therefore
| v(exp H)|"/*fy(exp H) = | n(H) | 6(H)  (H €}o).

If r is the number of positive roots of (g,5), we know that det(adH) =(—1)"n(H)?
(H €b). This shows that n(H)? is real. Therefore since b, is connected and = is
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nowhere zero on b, it follows that |n(H)| =en(H)(H €1,), where &= |n(H)|/n(Ho)
Moreover, j(p,) = y(z) in the notation of §12. Hence it is clear that

folexpH;2) = n(H) ' &(H)™ " $(H;d(q) 0 m)

= {H) '¢(H;0(p,))  (He o).
On the other hand

H(X;A(z) = &X)fy(expX;2) (XeV)
from the definition of A(z). Therefore

¢(H;A(z)) = ¢(H;0(p,)  (Hebho)
and this proves the lemma.

COROLLARY. Assume that U is completely invariant. Then if T is an
invariant distribution on Uy,

T,r = 0(p)ir (zeJ).

We know (see §10) that t,; = A(z)t; and it follows from Lemma 24 and [4(n),
Theorem 5] that A(z)t; = d(p,)t7. Hence the corollary.

15. Proof of Theorem 2. We now come to one of the main results of this paper
(cf. [4(j), Theorem 17).

THEOREM 2. Let Q be a completely invariant open setin Gand T a distribution
on Q. We assume that:

(1) T is invariant;

(2) there exists an ideal W in 3 such that dim3/U <o and uT=0 for uell.
Then T is a locally summable function which is analytic on Q' =QN G'.

We shall use induction on dim G. Let Q,be the set of all points a € Q with the
following property. There exists an open neighborhood U of a in Q and a locally
summable function F on U such that F is analyticon UNG'and T =F on U.
Clearly Q, is an open and invariant subset of Q. It would be enough to prove that
Q, = Q. But then, in view of Lemma 7, we have only to verify that Q, contains
all semisimple points of Q.

LeMMA 25. Q' < Q,.

Fix a € Q' and let [ denote the centralizer of a in g. Then} is a Cartan subalgebra
of g. Consider the analytic subgroup A of G corresponding to § and put
Q,=a 'QNA’, where A’ is the set of all h € 4 such that

v,(h) = det(Ad(ah) " — 1)g5 # O.

Let g; denote the distribution on ©, corresponding to T under Lemma 15. Put
o =|v,|"’? 7. Then we conclude from Lemma 13 and the corollary of Lemma 15
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that y(u)e = Ofor u €. Since S(h,) is a finite module over y(3)=I(h.) (Lemma 21),
it follows that B =&(h,)y (U) has finite codimension in S(f),). Fix a base Hy,---, H,
for b over R and put

O=H?+- +H}.

Then if N =dim&(),)/B, it is obvious that we can choose ¢;eC (1=i < N)
such that
v=0"+ X c¢0O" %S
1 <ksSN

Now vis an analytic differential operator on 4 which is obviously elliptic. Therefore
since vo =0, we conclude that ¢ coincides with an analytic function g on Q,. Put
G* = G/A and define the mapping y: G* x Q, — Q as in the proof of Lemma 19.
Then we can choose open neighborhoods G, and V of 1in G and Q,, respectively,
such that y defines an analytic diffeomorphism of G,*X V onto the open subset
U = y(G4* x V) of Q. Define the analytic function F on U by

F((ah)™) = |va(h)| ~*'?g(h) (x*€ Gy, heV).
Then by Lemma 15, we get

T(f) = 0x(8) = f B|va| V2 g dh (2 € C.(Go X V),

where dh is the Haar measure on 4. On the other hand, it follows from the defi-
nition of f, that

j fFdx = f a(x: h) F((ah)*)dx dh

= f ﬁa|va|'l/2g dh.

This shows that T = F on U and therefore a € Q,.

It is clear from the above lemma that there exists an analytic function F on Q'
such that T = F on Q’. Now fix a semisimple element a € Q and let us use the
notation of §4. Z being the center of G, first assume that a ¢ Z so that dim3 <dimg.
Put Qz = a "'Q N E’. Then Q; is an open and completely invariant neighborhood
of 1in E. Let o, denote the distribution on Qg which corresponds to T under
Lemma 15. Then o is invariant under E and it follows from the corollary of
Lemma 15 that §,(u)or = O for u €. But then we conclude from Lemma 22 that

uw)o =0 (uel).

Here 0= |v,|'’orand p = ;. Since 3(3)is a finite module over p(3) (Lemma 21),it
is clear that B =3(3) u (M) has finite codimension in J(3). Let Qz’be the set of those
elements in Qz which are regular in Z. Then it follows by the induction hypothesis
that o = g, where g is a locally summable function on Q; which is analytic on Qg'.
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Let ¢ denote the mapping (x,y) — (ay)* of G xQz into Q. Then U = ¢(G xQ:)
is an open neighborhood of a in Q (Lemma 14). Moreover, it is easy to verify
that (G x Q" )=U",where U'=UNG =UNQ'.Since T = F on Q', we have

100 = [ £F dx = [ats:)F(ayy) dxdy
for ae C,(G x Q') in the notation of Lemma 15. However,

T(f) = o2(B)) = f aCe: )| va0) |2 g(v) dxdy.

This shows that the analytic function

(%,) = F((@y)™) — |va»)| =)

is zero on G X Qg and therefore F o ¢ is locally summable on G X Qz. Hence F
is locally summable on U (see [4(k), Corollary 2 of Theorem 1]) and

Jf;Fdx

f a(x: )F((ay)) dxdy

f a(x: )| va)| Y g(y) dxdy

or(B.) = T(f)

for e C,*(G x Qg). This proves that T = F on U and therefore a € Q,.

It remains to consider the case when aeZ. Then by a translation by a™?!,
we are reduced to the case a = 1. Then, as we have seen in §9, there exists an
open and completely invariant neighborhood U of zero in g such that the ex-
ponential mapping of g into G is univalent and regular on U and Ug =exp U < Q.
Let t; be the distribution on U corresponding to T (see §10). Then we know
from the corollary of Lemma 24 that d(p,)t; =0 for u € Ul. Let B denote the image
of W in I(g.) under the canonical isomorphism z — p, of 3 onto I(g.). Then

dimI(g.)/B = dimJ/U < ©

and so we conclude from [4(n), Theorem 1] that 7, = ®, where ® is a locally
summable function on U. Define the function fq on Ug asin §10. Then it is obvious
that f is locally summable on Ug and T = fg on Ug. Butsince T = F on Ug N Q’,
it follows that fg, = F almost everywhere on Ug. Hence F is locally summable on
Ug and T = F on Ug. This shows that 1eQ, and so the proof of Theorem 2 is
now complete.

The above theorem shows that F is locally summable on Q and T = F on Q.
Fix z e 3. Then the distribution zT also satisfies all the conditions of Theorem 2
and it is obvious that zT = zF on Q’. Hence zF is also locally summable on Q
and zT = zF on Q. Thus we obtain the following corollary (cf. [4(n), Lemma 16]).

I
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COROLLARY. For any z€3, the function zF on Q' is locally summable on Q
and zT = zF. Hence

ff'dex=fz*f~Fdx

for fe C.°(Q).

16. Some elementary facts about reductive groups. As before let ¢ be the center
and g, the derived algebra of g. Fix a Cartan subalgebra ) of g. Then b, =hNg,
is a Cartan subalgebra of the semisimple Lie algebra g,. We can choose a Cartan
involution 6 of g, such that (h,)=bh, [4(e), p. 100]. We extend 6 to an automor-
phism of g by defining 6(C) = C for Cec. Let fand p be the subspaces of g
corresponding to the eigenvalues 1 and — 1 of 6. Then ¢ < f and p < g,. Moreover,
since O(h) =, it is clear that h=h NE+h Np.

Let K be the analytic subgroup of G corresponding to f and Z the center of G.

LEMMA 26. The mapping ¢:(k,X)—k expX (keK, X €p) is an analytic
diffeomorphism of K x p onto G. Moreover, Z = K and K|Z is compact.

It is easy to verify (see [4(d), p. 614]) that ¢ is everywhere regular. Let C, G,
and K, be the analytic subgroups of G corresponding to ¢, g, and f,=¥Ng,,
respectively. Then G = CG, and G, = K, expp (see e.g. [5, pp. 214-215]). There-
fore since CK,; = K, it follows that ¢ is surjective. Now suppose

klepr1=k2 eprz (k;EK,X;Gp, i=1,2).
Put k = k, ~'k,. Then kexp X, = exp X, and therefore
Ad(k)exp(ad X,) = exp(ad X ,).

Since Ad(G) is semisimple, we conclude [5, pp. 214-215] that X,=X,. Hence
k,=k,. This proves that ¢ is univalent and so it is an analytic diffeomorphism.

Let Z, be the center of G,. Then we know that Z, <K, and K,/Z, is compact
[5,p.214].Since K = CK,and Z=C Z,, it follows that Z = K and K/Z is compact.

COROLLARY. 1. 0 can be extended to an automorphism of G such that
O(kexp X) = kexp(— X) (keK, Xep).

First assume that G is simply connected. Then our statement is obvious. More-
over, 0 leaves Z pointwise fixed since Z<= K. Therefore if Z, is any closed sub-
group of Z, it defines an automorphism of G/Z,. From this our assertion follows
immediately in the general case.

COROLLARY 2(12). Let Y’ =Ad(kexpX)Y, where Y, Y'eqg,keK and Xep.
Then if Y and Y’ are both eigenvectors of 0, [X,Y] =0.

(12) This result was pointed out to me by A. Borel.
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Since ‘.
6(Y’) =Ad(kexp( — X))O(Y),
it is clear that

eZOdXY — 8Y,

where ¢= +1. Moreover, it follows from [4(k), Lemma 27] thatad X issemisimple
and all its eigenvalues are real. Therefore it is obvious thate =1 and [X, Y] =0.

COROLLARY 3. Let a be a subset of Y such that a = 6(a) and let E and 3 be the
centralizers of a in G and g, respectively. Then they are both invariant under 6,
3 is reductive in g and

-
.

Exexp(3Np),

-
-— =

where 2y, =E2NK.

For the proof we can obviously replace a by the linear subspace of g spanned
by it. Then a = aN f + aNp. The invariance of E and 3 under 0 is obvious and
therefore (see [4(g), Lemma 10]) 3 is reductive in g. The last statement follows

from Corollary 1.
Let A be the Cartan subgroup of G corresponding to [).

COROLLARY 4. A = AgA,, where Ay = AN Kand A, =exp(hNp). Moreover,
Z c Ag and Ag|Z is compact.

The first statement follows from Corollary 3 if we take a =}. It is obvious
from Lemma 26 that Z < Ag. Moreover, since K/Z is compact and Ag is closed
in K, it follows that Ax/Z is compact.

COROLLARY 5. Suppose every root of (g,b) isimaginary (see [4(m), §4]). Then
A is connected and contained in K.

For then itis obvious that ) N p = {0} and therefore 4 = Ag. Since ¥is reductive
and its derived algebra is compact, the connected component of 1in 4 is maximal
abelian in K. This shows that A is connected.

17. Complex semisimple groups. Let g. be a complex semisimple Lie algebra
and G, a complex analytic group corresponding to it. Fix a Cartan subalgebra
b. of g.. Then we can choose a compact real form u of g, such that h =h. N u
is a Cartan subalgebra of u (see [S, p. 155]). Let n denote the conjugation of
g. with respect to u. Then if we regard g. as a Lie algebra over R,  is a Cartan
involution of g, and g, =u+( — 1)/%uis the corresponding Cartan decomposition.
Let U be the real analytic subgroup of G, corresponding to u. Then U is compact
and by Lemma 26, the mapping

(u, X) > uexp(— 1)2X (ueU, Xeu)

is an analytic diffeomorphism of U X u onto G..
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LEMMA 27. Let a be a subset of §), such that n(a) = a and let 3. and =, denote
the centralizers of a in g, and G, respectively. Then 3 is reductive in g, and = is
connected.

We may obviously replace a by the subspace a, spanned by it over C. It follows
from Corollary 3 of Lemma 26 that 3. is reductive in g, and

5. =Eexp(— 1'%,

—
-

where E=Z2,NU and 3 =3, Nu. It is clear that Z is the centralizer of a,Nu
in U and therefore it is connected (see [5, p. 247]). This proves that = is connected.

COROLLARY. Let A_bethe Cartan subgroup of G, corresponding to b).. Then
A, is connected.

By definition A, is the centralizer of ), in G.. Hence the corollary follows by
taking a = §,.
The following lemma, together with its proof, was pointed out to me by Borel.

LEMMA 28. 3. being as above, put 3,.=[3.,3.] and let ;. be the complex
analytic subgroup of G, corresponding to 3,.. Then if G, is simply connected,
the same holds for 2.

Put bg =(—1)"*(h.Nu) and ag =(-1)"*(a, Nu). Introduce compatible
orders (see [4(g), p. 195]) in the spaces of linear functions on hg and ag. Let P
be the set of all positive roots of (g, f),) under this order. Let & denote the restriction
of « on a, for any root « and let P, denote the set of those « € P for which & = 0.
Consider the set (o;,%,,--,0;) of simple roots in P and assume that o;€ P,
(1£i<m)and o;¢ Py (m <i=<l). We claim that (a;,---,a,) is a set of funda-
mental roots for (3., b.). Fix ae€ Py. Then a = Eléié,riai, where r; are integers
= 0. Hence

Y rg=a=0.
1=isl
Now &; =0 (1 £i < m)and & >0 (m < i< ) by the compatibility of our orders.
So it is obvious that r; = 0 for m < i < L. Since («y, :*+,®,,) are linearly independent,
this proves our assertion.

For any root «, let H, denote, as usual, the element in b, such that

tr(ad Had H,) = o(H) for H €},. Put

Hi = Zai(Ha,)-lHa( (1 Sis l)-

Then it is clear that H; (1 £ i £ m) form a base for ), N3, over C. Now suppose
t, (1 £i £ 1) are complex numbers such that

t:xp(21z(-—1)l/2 z t,-Hi)=1

15igm
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in Z;.. Then since G, is simply connected, we can conclude (see Weyl [8]) that
t; are rational integers. This implies that E, is simply connected.

LeEMMA 29. Assume that G, is simply connected and let A be a linear function
onb,. Then there exists a character &, of A, such that

Ei(exp H) = e*® (Heb,)
if and only if 2A(H,)/«(H,) is a rational integer for every root a. Put

1
p—? Za,

where P is the set of positive roots under some order. Then the above condition
is fulfilled for A = p.

This is well known (see Weyl [8]).

18. Acceptable groups. Let G be a connected Lie group with the Lie algebra
g over R which we assume, as before, to be reductive. Let j be the inclusion mapping
of g into g, and G, a complex analytic group corresponding to g.. We say that
G is a complexification of G if j can be extended to a homomorphism of Ginto G,.

Define ¢ and g, as in §9 and let C and G,, respectively, be the corresponding
analytic subgroups of G. We call G, the semisimple partof G.Similarly let C,
and G, denote the complex analytic subgroups of G, corresponding to ¢, and
1., respectively. We say that G, is quasisimply connected (q. s. ¢.) if C.NG,.={1}
and G, is simply connected. Moreover, G itself is called q. s. c. if it has aq. s. c.
complexification. Assume that G;NC is finite. Then G always has a complexi-
fication. Moreover, since the center of a complex semisimple group is finite, it is
clear that there exists a q. s. c. covering group G which covers G only finitely
many times. :

Let A be the Cartan subgroup of G corresponding to f). Consider a complexi-
fication G, of G and let 4, denote its Cartan subgroup corresponding to}).. Then
A, is connected (corollary of Lemma 27) and it is obvious that j(4)cA,. Let A
be a linear function on f).. Then there exsts at most one complex-analytic homo-
morphism &, of 4 into C such that

Ciexp H) =e*®  (Heb,).

Then &, 0 j is a homomorphism of 4 into C, which is easily seen to be independent
of the particular choice of G, (so long as it can be defined by means of G, at all).
We shall write &, instead of ;0 j.If ais a root of (g,}), it is obvious that &,
always exists.
Let P be the set of all positive roots of (g,h) in some order and put
1
p= _2— aEZP *

If G is g. s. c., we can take G, to be a q. s. ¢. complexification of G. Then it follows
from Lemma 29 that ¢, exists.
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Let W denote the Weyl group of (g, h). Then it is well known (see [8]) that
sp — p (se W) is an integral linear combination of the roots. Therefore the con-
dition that £, should be defined is independent of the order of roots. Moreover,
since any two Cartan subalgebras of g. are conjugate under the (connected)
adjoint group of g, it follows that the above condition also does not depend on
the choice of ). We shall say that G is acceptable if thiscondition is satisfied.
Similarly a complexification G, of G is called acceptable if £, can be defined on 4,.

Let m be the centralizer of h N p in g and M the analytic subgroup of G corre-
sponding to m. Introduce compatible orders (see [4(g), p. 195]) on the spaces
of real linear functions on hnp and h N p + (— 1)*2 h N T respectively. We
assume that P is the set of positive roots under this order. Let Py, denote the set
of those « € P which vanish identically on § N p. Put

1
Pm = 2 2: o.

aePm

LemMA 30. Suppose G is acceptable. Then the same holds for M and in fact
Co(M =2Ep(hy)  (hed N M),
where h=hh, (h; € Ak, h, € A,) in the notation of §16.

Let P, be the complement of P, in P. Then it is easy to verify that if ae P,
the same holds for — 0a. This shows that p — py, =0 on ) NE. Letm, be the set
of all Xem such that tr(ad Had X) = Ofor He hNp. Then O(m,) =m, and
(N p) nm, = {0}. Hence if M, is the analytic subgroup of G corresponding to
my,itisclearthat M = A M, and 4, N M = {1}. Nowmis reductive (Corollary 3
of Lemma 26) and ) Np lies in the center of m. Therefore since p=p,, on hN ¥
and A, is simply connected, the statement of the lemma follows immediately by
considering an acceptable complexification of G.

19. Behavior of F around singular points. From now on we assume that G is

acceptable. Put
Ay(h) = E,(h) Hp(l —&M™)  (heA).

(We shall often drop the subscript A if there is no risk of confusion.) Then
A’ = A NG’ is the set of all points h € A, where A(h) # 0. Put

Ar'() =TI 1=&Mm™H (he 4),

aePr

where Py is the set of allrealroots (see [4(m), §4])in P. Let A’(R) be the set of those
he A where Ag’(h) # 0. We now use the notation of §15.

LemMMA 31(13). Put ®,(h) = A (hW)F(h) (he A’ N\Q). Then ®, can be extended
to an analytic function on A'(R) N Q.

(13) Cf. [4(n), Theorem 2] and [4(e), Theorem 8].



1965] INVARIANT EIGENDISTRIBUTIONS ON A SEMISIMPLE LIE GROUP 485

Fix a point ae A NQ. Then a is semisimple. We now use the notation of §4
and define Q- =a " 'QNE’. Put o = |v,|"?0; as in §15, and let Q. be the set of
all elements in Qz which are regular in Z. We denote by g, as before, the analytic
function on Qz’ such that g is locally summable on Qz and ¢ = g on Q. Since
T is invariant, the same holds for F and, as we have seen during the proof of
Theorem 2,

F(ay) = [v)|""*g(») (reQs).

Now Q: is an open and completely invariant neighborhood of 1 in =E. Hence
(see §9) we can choose an open and completely invariant neighborhood U of zero
in 3 such that the exponential mapping defines an analytic diffeomorphism of U
onto an open subset Uz of Q=. Consider the function ; on 3 (see §10) and, for any
¢ € C.°(U), define f, € C,°(Ug) by

fo(expZ) = $(2) ' $(2) (Ze).

Let © be the distribution on U given by t(¢) = o(f;) (¢ € C,°(U)). Define
B =3@3) - w(), where p = ug;3 (in the notation of §12). Then we know from
Lemmas 21 and 22 that 3(3) is a finite module over u(3) and vo =0 (ve B). Let
z— p, denote the canonical isomorphism of 3(3) onto I(3.) (see §12). Then
d(p,)r =0 (ve B) from the corollary of Lemma 24. Hence Theorem 1 of [4(n)]
is applicable to (3, U, 7). Let 3’ denote the set of all elements of 3 which are regular
in 3 and let Y be the analytic function on U’ = U N3’ such thatt = .

LemMa 32. W(Z) = &(2)|v(expZ)|/*F(aexpZ) (ZeU").
Fix ¢ € C,°(U). Then

f SdZ = 1) =o(f,) = f fogdy

- [ var@sewnaz
Here dy is the Haar measure of Z and dZ the Euclidean measure on 3 and they
are related (see §10) by the equation
dy = §(2)%dZ (y =expZ, ZeU).
Since exp(U’) = Qz’, we have
g(expZ) = |v(expZ)|'/* F(aexp Z) (ZeU)

and so our assertion is now obvious.

Let P; be the set of all roots a€ P such that {(a) =1. Put P; p = P;N Py
and let h’(R) be the set of all points H e}, where [, p; @(H) # 0. Then we know

from [4(n), Theorem 2] that there exists an analytic function 4 on h'(R)n U
such that
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u(H) = ny(H)Y(H) (HehnU),
where 73 = [[oep,x

LemMA 33. Let §), be an open and connected neighborhood of zero in U N}.
Then

T B)E(H) | vilexp H) | /2 = cA(aexp H) (Hebo),

where c is a constant. Let P’ be the complement of P, in P and p the number of
roots in P’. Then p =(dimg — dim3)/2 and

2= (—1)Psignv,(1).
Finally
e= | { 6@ Tt -a@™) .
Put p’ = (1/2) X,.p-0. Then it is clear that
vi(expH) = ag,{(éa(aepo)“ —1)(¢(aexpH) - 1)}

= (=%, @[ ™ [] (- Laespr)™) |
aeP’
for H el. Since v,(exp H) is real and # O for H €}, it is clear that
|vaexp H)| "2 e? ™ T (1 — £ (aexpH)™*)
aeP’

is an analytic function on f, whose fourth power is a constant. Therefore since
b, is connected, we conclude that

|va(exp )| = c,e”"® [] (1 - Su(aexpB)™)  (Heby),
where
er=[v®]"* T1-&@™H ™

A similar argument shows that

t(HEH) = [[ (@2 — &™) (Hep,).

ae Pa
Hence

n(H)S(H) | vo(exp H) | '/ = cA(aexp H) (H €ho),

where ¢ = ¢,¢,(a)"*.
It is obvious that dimg — dim3 = 2p. Since &,(a) =1 for a € P;, it is clear that
&rp(a) = ¢2,(a). Now

& [0 - &@™)* = %] =v(Dsigav(h)
= (= Dsignn (), @) [T (1 - &™)
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This shows that ¢ = ( — 1)"signv,(1).
It follows from Lemmas 32 and 33 that

u(H) = c®,(aexp H) (HebhoNU').

Now put V = aexph, and v(aexp H) = c~'u(H) (H €ho NH’(R)). Then V is an
open neighborhood of @ in 4 NQ, v is an analytic function on ¥ N 4’(R) and
v = ®, on V. This proves Lemma 31.

For any root a, let s, denote the Weyl reflexion corresponding to «. The Weyl
group W of (g,h) operates on by, and therefore also on S(p,).

LeMMA 34. Fix a point ae A NQ and suppose v is an element in S(§,) such
that v™ = — v for every real root o for which £,(a) =1. Then v®, can be ex-
tended to a continuous function around a.

We keep to the above notation. Then by Lemma 19 of [4(n)] d(v)u can(10)
be extended to a continuous function around zero. Since @ (aexp H) = ¢ ~'u(H)
(Hehy N U’), our assertion is now obvious.

For any root a, define H, as in [4(m), §4] and put @ = [[,.p H, € S(h,). Then,
by Lemma 34, w®, can be extended to a continuous function ¥, on A4.

LeMMA 35. Let A and B be two Cartan subgroups of G. Then ¥, = Y¥p on
ANBNQ.

Fix acANBNQ and let a and b be the Cartan subalgebras corresponding
to a and b, respectively. Define 3, U and y as in Lemma 32. Then q, b are Cartan
subalgebras of 3. Put h = a or b and define(14)

w=o = [[ Ho @y =og;= [] H,
aeP3 aeP’
in the notationintroduced above. Then w = w;* wy ;. Since o™= —w, w* = — w,;
for any ae Py, it is clear that wy; is invariant under the Weyl group of (3,h).
Therefore, by Chevalley’s theorem [4(f), Lemma 9], there exists an element
n €1(3,) such that the projection 5, of # in S(a,) = S(a,) (see [4(1), §8]) is my;*.

Let G, be an acceptable complexification of G and =, the analytic subgroup
of G, corresponding to 3.. Then we can choose y € E, such that (a.)” = b.. Thus
we have an isomorphism D — D” of D(a,) onto D(b,) (see [4(1), §3]). Since the
definition of Wy is obviously independent of the order of roots, we may assume
that the positive roots of a are mapped into positive roots of b under this iso-
morphism. Define j as in §18. Then it is obvious that yj(a)y ™" = j(a). Therefore
it follows from Lemma 33 that ¢, = ¢ and 1, = w,;". (Here ¢, and cj are the
constants which correspond to ¢ of Lemma 33 for the cases h=a and h=Db,
respectively.)

(14) We use a similar notation in other cases. For example nab =m, and @° = @.
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Now put
u"(H) = n,"(H)W(H) (HeU’ Nb).

Then it follows from the corollary of Theorem 3 of [4(n)] and [4(f), Theorem 1]
(both applied to 3) that

w3 * nu® = d(w;® - ny)u®

on aNbN U. This proves that d(@®*)u® = d(@®)u® on a Nb N Q. But if U, is an
open convex neighborhood of zero in U, we know that

u*(H)= c,®,(aexpH) (HeU, Nna),
u’(H) = cp®z(aexpH) (HeU, NDb),
where U,"=U, N U’. Therefore since ¢, =cz#0, we conclude that ¥ (a)="¥z(a).
20. The function vzF. We write w = @, for a given Cartan subgroup A.

LEMMA 36. There exists a unique differential operator vz on G’ with the
following properties.

(1) v is invariant under G.

(2) Let A be a Cartan subgroup of G. Then

Jf(h;ve) = f(hsma0 Ay

for feC*(G)and he ANG'.
Moreover, Vg is analytic.

The proof is similar to that of [4(n), Lemma 24]. Since two distinct Cartan
subgroups cannot have a regular element in common, the uniqueness is obvious.
The existence is proved as follows. Fix a Cartan subgroup 4 of G and define
G,= stch'X_l, where A’ = AN G'. Let b be Cartan subalgebra of A, 4 the
normalizer of ) in G and 4, = A NK in the notation of §16. Then by Corollary 2
of Lemma 26, 4 =Z,(Ap and if A, is the center of A, it follows (see §16) that

WA =1/A0 zZK/AO N K

is both compact and discrete and therefore it is finite. Let x — x* denote the
natural projection of G on G* = G/A,. Define h*" = h* (he A, x € G). Then the
mapping ¢: (x*,h) > h* of G* x 4 into G is everywhere regular on G* x 4’.
Hence G, = ¢(G* x A’') is open in G. Now W, operates on G* and A as follows.
Let y be an element in A whose image in W, is s. Then

x*s = (xy)* (xeG), h* = yhy L.
Define

(x*,h)s = (x*s,h°"") (x*eG*, he A).
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In this way W, operates on the right on G* x A’ without fixed points and the
quotient space (G* x A’)/W, may be identified with G, by means of ¢. By making
use of the homomorphism j: G — G, (see §18) one proves without difficulty that
the differential operator w, 0 A, on A is invariant under W,. The rest of the proof
now goes through exactly as in [4(n), §9].

LeEMMA 37. For any z € 3,(V;02)F can be extended to a continuous function on Q.

Since the distribution zT also satisfies all the conditions of Theorem 2, it is
enough to consider the case z = 1. Let Q, be the set of all points x,€Q, for
which there exists an open neighborhood V of x, in Q and a continuous function
v on V such that v = v4F on ¥V N G'. Obviously Q, is an open and invariant
subset of Q. Hence, in view of Lemma 7, it would be enough to prove that every
semisimple element of Q is contained in Q,.

Fix a semisimple element a€Q and let us use the notation of Lemma 32.
Let 3’ be the set of those elements of 3 which are regular in 3. Define the differential
operator V3 on 3’ as in [4(n), §9] and fix an open and convex neighborhood
U, of zeroin U and put Uy’ = U, N U'. Let a be a Cartan subalgebra of 3. Then,
as we have seen in §19, there exists a unique element 5 € I(3,) such that n, = mg,;".
Let ¢ denote the constant of Lemma 33 corresponding to ) = a.

LeMMA 38. F(aexpZ; Vo) = c¥(Z;v;0 8(n)) (Ze Uy").

Fix Hye U,’ and let ) be the centralizer of Hyin 3. Then fy is a Cartan subalgebra
of 3 and therefore also of g. Moreover, a exp Hyoe Q NG’'. Let A be the Cartan
subgroup of G corresponding to f). Then

F(aexpH,; V¢) = F(aexpHo; w 04, ,
from the definition of vg4. Put ho =) n U,. Then we have seen in §19 that
AaexpH)F(aexpH) = cm(H)Y(H)  (Hebhon U’),

where ¢, is a constant. Moreover, by a suitable choice of positive roots of (g,h)
we can arrange (see the proof of Lemma 35) that ¢, =c and my = ws,;’. Then
it follows from [4(f), Theorem 1] and the definition of v, that

Y(H;vz00m) =y(H;d(w)on) (HehonU"),
where w = w,. Therefore it is clear that
F(aexpH,; V) = cy(Ho; V30 0(1)

and this proves our assertion.
It follows from Lemma 38 and [4(n), Lemma 25] that there exists an open
neighborhood ¥z of 1in Q; and a continuous function g, on Vg such that

F(ay; ve) = 8o(») (yeVe' =Van Q')
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in the notation of §19. Let x —» % denote the natural mapping of G on G= G/E.
Select open neighborhoods G, and V, of 1 and 1in G and Vi, respectively. If they
are sufficiently small the following conditions hold. There exists an analytic
mapping ¢ of G, into G such that: (1) ¢(%) = £ for Xe€ G, and (2) the mapping
a:(%,¥)-(ay)*® of G, x V, into G is univalent and regular and V =a(G, x V,) < V=.
Then V isan open neighborhood of ain G and « defines an analytic diffeomorphism
of Gy x V, on V. Define a function F, on V by

FO(a(x‘, )’)) = gO(y) ()EG GO’y € VO)'
Then F, is continuous and since VgF is invariant under G, it is obvious that
Fy = vgF on V A G'. This shows that a e Q, and therefore Lemma 37 is proved.

21. An elementary result. Let ) be a Cartan subalgebra of g and Wthe Weyl
group of (g, b).

LEMMA 39. Let A be a linear function on b,. Then there exists an invariant
analytic function f, on g such that

w(H)f(H) = X &(s)e**™ (Heb).

seWw
Moreover, f, is unique.

Let b’ be the set of all elements H e}, where n(H) # 0. Since (h’)° is an open
subset of g, the uniqueness of f; is obvious. Therefore it remains to prove its
existence. For this we may obviously assume that g is semisimple and G is the
connected adjoint group of g. Now we use the notation of §16. Let G, be the
(connected) complex adjoint group of g. and U the real analytic subgroup of
G, corresponding to the compact real form u= ¥+ (— 1)!"?p of g.. Then U is
compact. Put B(X,Y) =tr(ad Xad Y) (X, Y eg,) as usual and consider

fX: )= f expBuX,Y)du (X,Yeg.),
U
where du is the normalized Haar measure on U. Then f is obviously a holomorphic
function on g, X g, and it is clear that
f(X;1(2):Y)=0 (Zeuw)

in the notation of [4(l), §4]. Since f is holomorphic in X, this implies that
f(xX:Y)=f(X:Y)for xeG,. '

Let H, denote the element in b, such that B(H, H,;) = A(H) for all H €}j.. Then
we know from [4(f), Theorem 2] that

n(HY)n(H)f(H:H) =c X &(s)e**™  (Heb,),
seWwW

where ¢ is a number # 0 independent of H and A. Therefore we can take

[ =cT'nH)f(X:H) (Xeg).
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22. The invariant integral on G. We now return to the notation of §19. Let 4,
denote the center of A and x — x* the natural projection of G on G* = G/4,.
Put &~ =h*(heA,xeG) and let dx* denote the invariant measure on G*.
For any f € C,°(G), put

Fi =aus) [ g0ax (hea)

where A’ = AN G’ and eg(h) = sign Ag'(h). Then F is a C®-function on A’and
if y is the canonical isomorphism of 3 onto I(},) (see §6), we have [4(h), Theorem 3]

sz = y(Z)Ff (Z 63’ f € ch(G))

Let S; denote the set of all positive singular imaginary roots of (g,h) (see
[4(m), §4]). Define
A= TIA =&MW (hed)

GESI

and let A'(T) be the set of those points h € A where A;’(h) # 0.

LEMMA 40. Fix f € C,"(G). Then F; can be extended to a C®-function on
A'(I). Let a be a point in A and v an element in S(b,) such that v™* = — v for
every singular imaginary root a for which £,(a) = 1. Then vF can be extended
to a continuous function around a.

Let 3 and E, denote the centralizers of a in g and G, respectively, and E the
connected component of 1 in E,. Then if Z is the center of G, E,/ZZ= is finite
(see [4(g,), Lemma 15]). Choose an open neighborhood B of 1 in 4 with the
following property (see [4(h), Theorem 17). If he B and x € G vary in such a way
that (ah)” stays inside some compact subset of G, then the coset X = xE, remains
within a compact subset of G = G/Z,. Let x » % denote the natural projection
of G on G. Since 3 is reductive and E,/ZE is finite, it follows that the group E, is
unimodular. Hence we have an invariant measure dx on G. Let dy* denote the
invariant measure on Z,* = 5,/A,. Then if dx and dy* are suitably normalized,
we have

F (ah) = eg(ah)A(ah) f_ dx f(x(ahy" x"')dy* (heB’)
G ER

for f€C,*(G). Here B'=BNa~'4". N(_)_w fix an open and relatively compact
subset G, 9f G and choose a compact set Qin G such that (aBY*N Gy =T (x€G)
unless ¥ € Q. Let dy denote the Haar measure of £, and choose y € C, “(G) such that

f xy)dy =1
EZ

if € Q (xe G). Then if dy is suitably normalized, we have

F ;(ah) = eg(ah)A(ah) fo y(x)dx f . f(x(ak’ " )x “Hdy* (heB’)
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for f € CX(G,). Here E* = E[EN A,. Now fix f e C,(G,) and put

200)) = j S (el (eD).

Then g, e C,.“(B).
We now use the notation of §19. Select an open and connected neighborhood
bo of zero in ) such that exph, = B, £, (aexpH) # 1 (x€ P’) and

(1 — e *®)a(H) # 0 (xePy)

for H ebh,. Then if h,’ is the set of all points H by, where my(H) # 0, it is clear
that exp},’ = B’ and

FaexpH) = sx(aexpH)A@expH) [ go(@xpH)")y*  (Hebo)

A simple argument shows (see §21) that there exists an analytic function D, on
3 such that: (1) D, is invariant under E and (2) A(aexp H)=mny,(H)D,(H) for H €}.
Fix an open and completely invariant neighborhood 3, of zero in 3 such that the
exponential mapping (from 3 to E) is regular and univalent on 3, and select a C*-
function u on 3 such that: (1) u is invariant under Z, (2) Suppuc 3,
and (3) u =1 around zero. This is possible (see §9 and [4(n), Corollary 1 of
Lemma 45]). Now put

g(Z) = u(Z)D (Z)go(exp Z) (Zey).

Then ge C.*(3,). Since B, is connected and £,(aexpH) # 1 for o€ P’ and H eb,,
it is clear that

eg(aexp H) = & g(H)e, (H ehy),
where

&5, r(H) = sign [1 a(H)

aePzn Pr
and ¢, is a constant. Therefore

FiaexpH) = sennBn(H) [ sO*B)dy*  (HeUNDY),

where U is an open neighborhood of zero in 3 such that u =1 on U. The second
assertion of the lemma now follows by applying Theorem 1 of [4(m)] to (3,h)
and g. Moreover, this obviously implies the first assertion.

COROLLARY. @WF can be extended to a continuous function on A.
Since @’ = — wforeveryroota,thisisanimmediate consequence of Lemma 40.

23. Statement of Theorem 3. Define G, as in §20. Since A4, is abelian and
A[A, is finite (see the proof of Lemma 36), the Haar measure dh of A4 is bi-
invariant. We keep to the notation of §22.

LeEMMA 41. There exists a number ¢ > 0 such that
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L f(x)dx=c L |A(h)|2dh L. f(h™)dx*
Jor fe C(G,).
We observe that
det(Ad(R) ™" — 1)gpp =(—1'A()? (ke A),

where r is the number of positive roots of (g,h). From this our assertion follows
in the usual way (see the proof of Lemma 36 and [4(c), p. 508]).

COROLLARY. Let f e C,°(G). Then

L |A(h)F,(h)|dhgc'1fG £ ()] dx.

This is obvious from the above lemma.

We now use the notation of §16. Let m be the centralizer of h Np in g and M
the analytic subgroup of G corresponding to m. Let P,, be the set of all positive
roots of (g,h) which vanish identically on h N p. Then P, is also the set of all
positive imaginary roots of (g,h) or, equivalently, the set of positive roots of
(m,h). Put

Ay(h) = &,(hy) l;[ (=&G™)  (hed),
aeErmMm

where h = hh, (hy € Ak, hy € Ay). Tt follows from [4(h), Theorem 2] that

[ 1sumrmlan<o ¢ ecop.

THEOREM 3. Let v be a seminorm(15) on the complex vector space C,*(G)
and 3, a subalgebra of 3 containing 1. Assume that 3 is a finite module over
30 and
[, 18u@F,mlan <ot ¢ ec.oo).

Then for any ue S(H,), we can choose a finite set of elements z,-,zy€ 3, such
that

sup |[F(hsw)| S X wzf)  (feC.(G)).

heAd’ 15isN

ReMARK. The above form of this theorem suggested itself to me after a con-
versation with R. P. Langlands. My original version was less comprehensive.

Let Z be the center of Gand V asubset of Asuchthat VZ=A4. Put V' =V N4’
We claim that it would be sufficient to prove the following lemma for a con-
veniently chosen V.

LeEMMA 42. For any ue&(h,), we can choose z4,+++,zy in 3¢ such that

(15) Here we ignore completely the topology of C.,°°(G).
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sup [Fp(hsu)) £ X wzf)  (feC2(G)
h'e'V’ 1 N

sis

Put:
vo(f) = L | Ap()F (k)| dh (f € C.2(G)).

Then v, is a seminorm on C,”(G) which satisfies the condition of Theorem 3.
For any yeZ, let f, denote the function x — f(xy) on G. Then it is clear that
E,F (k) = F(hy) (he A") and Ay(hy) = &,(0)Ay(h). Since |&,(0)]=1, it
follows that vo(f,) = vo(f). Therefore if Lemma 42 holds for vy, we can conclude
that

sup|F(hy;u)| = sup |F, (h;u)|
heV’ heV’

= X vo(z:fy) = z vo(zf) (ve2)
15isN i
since z;f, = (z;f),. Now fix a seminorm v as in Theorem 3. Then vy(g) < v(g)
for ge C,”(G). Hence

:ugllFf(hy;u)I < Lwaf)  (veZ, feC.7G)).

Butsince V'Z = A’, the assertion of Theorem 3 now follows immediately.

24. Reduction to ) in a special case. So now it remains to prove Lemma 42.
First assume that every root of (g,h) is imaginary. Then M = G and it follows
from Corollary 5 of Lemma 26 that 4/Z is compact. So we can take V to be
compact. Let & be the set of all seminorms ¢ on(15) C,®(G) with the following
property. We can choose a finite number of elements z,,---,zy in 3, such that

o) X wzf) (f € C.2(G)).
15isN
Then since V is compact, it would obviously be enough to prove the following
result.

LeEMMA 43. Given hye A, we can choose an open neighborhood U of hy in A
with the following property. For any ue&(Y),), there exists an element g,€ &
such that

sup |F(h;w)| S a(f) (feC.*(G).
heA’nU

Let ¢ be the center and g, the derived algebra of g. Then | = ¢ +§,, where
h; =hNg,. Since every root of (g,h) is imaginary, — tr(ad H)?> (Heb,) is a
positive-definite quadratic form on [),. We extend it to a positive-definite quadratic
form Q on §) in such a way that ¢ and }j, are orthogonal under Q and, moreover,
regard | as a real Hilbert space under the norm " H ]|2 =Q(H) (Heb).

Let us now introduce the notation of §19 corresponding to a = h,. Fix a number



1965] INVARIANT EIGENDISTRIBUTIONS ON A SEMISIMPLE LIE GROUP 495

¢ (0 <c<1)and let V be the set of all Hel with | H|| < c. We assume that ¢ is
so small that:

(1) |2 — e =2 (1 ™*)) | 2 (1/2) |1 = Eho™")] for every root « of (g,5)
and He'V.

(2) The exponential mapping of V into A is univalent.

?3) [{(e* ™ — e™*™/2)ja(H)}| 2 1/2 for ae Pyand He V.

Let h’ be the set of all Hel) where ny(H) # 0. Then V' = VN b’ consists of a
finite number of connected components, say V,,---, V. Put

U = hyexp(aV),
where q is a positive number (0 < a < 1). Then it is clear that

unda'= U u

15isq
where U, = hyexp(aV)). Then it would be sufficient to prove the following lemma.
LEMMA 44, Fix i (1 <i=<q). Then we can select a number a (0<a<1)
with the following property. For any ueS(}),) we can choose e & such that
sup |Fy(hoexpH;u)| < o(f) (f €C.2(G)).

HeaV,
Put

¢,(H) = F (hoexp H) (f€C.%G), HeV").

Then it follows from [4(h), Theorem 3] that(10) ¢, =d(y(z))¢, for ze 3. More-
over, it is obvious that Lemma 44 is equivalent to the following.

LEMMA 45. Fix i (1=i<q). Then we can select a (0 <a <1) with the
following property. For any u € S(Y).), we can choose 6 € & such that

up | ¢ (H;0w)| < o(f)

s
HeaV;
for all f € C°(G).
We may assume that i = 1. Let L be the rank of 3, = [3,3]. Then we can choose
L roots a,,---,a; of (3, h) with the following property. If « is a root of (3,h)such
that (— 1)"?«(H) > 0 for He V;, then a = X, ,<; mo;, where m; are rational
integers =0. Put t(H)=(—1)""?q(H) 1<i<L, Heb) and choose a base
H; 12j<l) for hy =hng, such that t(H)=6,; (I<i<L, 15j=<1)).
Let H; (I, <j 1) be an orthonormal base for ¢. Extend (t;,--+,;) to a Cartesian
coordinate system (t,,-:-,#;) on b by defining t(H;)=9,; (1=<i,j=<1). Then
a point He Vliesin V, if and only if #,(H) > 0 (1 £ i < L). Define

min |t(H)| if L>0,
T(H) = { 15i<L

c if L=0 (Heb).
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Clearly |H|?* 2 2|a(H)|* for any root « of (g, ). Hence if HoeV,/2 and
|H—H,| St(Ho)2 (Heb), it is clear that |H| < |Ho| +w(Ho)2<ec.
Therefore H € V. Moreover,

|4(H — Ho)| = |o(H ~ Ho) | < | H~ Ho|| S 3 (H) S 5 t(Ho) (1 SiSL).
Therefore t(H) = 1(Hy)2 (1Si<L) anci so HeV;. This also shows that
1(H) = t©(H,)/2. Thus we have obtained the following result.
LEMMA 46. Fix Hy€ V,/2 and let H be an element in }) such that
| H = H, | < w(Ho)/2.
Then HeV; and 1(H) = ©(Hy)/2.

Fix a function ¥ on R of class C* such that =1 on the interval ( — oo, 0],
¥ = 0 on the interval [1, + o) and 0 £ ¢ < 1 everywhere.

LeMMA 47. For any real number ¢ (0 < ¢ < 1/2) define
Y(H) =y |H| -2 (Hebh).

Then for any element ue S(b,.) of degree < d, we can choose a number b >0
such that
|®(H; 0)| < be ™

for all Hel and 0 <e £ 1/2.

This is an immediate consequence of Lemma 55 of the Appendix (see also
[6, p. 281]). Observe that W,(H) = 0 unless | H | < 3e.

25. Proof of a weaker result, Now first we prove the following weaker form (16)
of Lemma 45.

Lemma 48. Givenu e S(Y,), we can choose an integer ¢ Z0ando € & such that

sup { 1w }“I¢;(H;6(u))|§a(f)

Aevy2 \1gisL
for all f eC2(G).
Let w, € 3 be the Casimir operator (see [4(¢), p. 140]) corresponding to g,. Put
o=0,— X H3.
l1<jsl
Then it is easy to verify (see [4(e), p. 144]) that(17) y(w) + < p, p > is homo-
(16) Cf. [4(g), p. 206].

(7) {p, p> = p(H,), where H, is the unique element in b1, such thattr(adH adH,) = p(H)
forall HED,
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geneous of degree 2 and D = d(y(w)) + < p, p>is an elliptic differential operator
on b

Now 3 being a finite module over 3o, we can choose v, =1, v,,:+-,v, in 3
such that

3= ) o

15isr
Fix an integer m = 1. Then we have an equation of the form

W+ X zjo" P =0,
15jsr
where wy, = w + < p, p>and z;€3,.

For the proof of Lemma 48, we may obviously assume that u # 0. Let d be the
degree of u. Fix a Euclidean measure dH on }) such that dH corresponds, locally,
to the Haar measure dh on A, under the exponential mapping. Then if m is suf-
ficiently large, there exists a function E, on  of class C*"*~")*4 such that

Dm'Eo = 5

in the sense of the theory of distributions on the Euclidean space f) (with respect
to the measure dH). Here J is the Dirac measure on f) concentrated at zero and
E, is of class C® everywhere except at the origin (see Lemma 57, §29). Put
E = 0(u)*E,, where the star denotes adjoint. It follows by applying the homo-
morphism 7y to the relation above that

D™+ X ayz)D" P =o0.
1sjsr

Since D* = D, we find, by taking adjoints, that
D™+ X a(y(z j))*D"""” =0.

1sjsr
PutE;= — D™"")E (1 £j <r). Then E;is a function of class C*"U~") and
durs= X ay(z))*E;.
15jsr
Clearly E; is of class C® everywhere except at zero. Put E; .=V E; foranye
(0 < & £1/3) in the notation of Lemma 47. Then it is clear that
X o(y(z))*E;,. = 0(u)*s + B.,
1gjsr
where B,€C.”(h) and Supp B, = Supp'¥,. Now W(H) =1 if | H|| 2. Hence
B.(H) = 0 unless 2¢ < || H || < 3e.
Therefore
sg!plﬁ,(H)I= sup | B(H)|.

2es||H|| <3¢
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Making use of Lemma 47 and the explicit formula for E, (see §29), we find that
sup| B(H)| < b ™"**|loge| < bye
H

where b;, b, are positive numbers and p an integer =0, all independent of
e (0<e=1/3).
Now fix Hy € V;/2 and put &, = ©(H,)/6, E; y, = E; ., and By, = B, (1 S j = 7).
Then
X o0z V*E; g, = 0(u)*6 + Py,
1<isr

sup | Ba,| < bst(Ho) %

where by = 6°b,. Now Supp E; g, and Supp fy, are both contained in Supp'¥,,.
Moreover, |H| < t(Ho)/2 if HeSupp'¥,,. Hence if H— H,eSupp¥,,, it
follows from Lemma 46 that He V, and t(H) = t©(H,)/2. Let V(H,) be the set
of all H e V such that t(H) = ©(H,)/2. Then it is clear that V(H,) < ¥; and

¢f(Ho; ow) = Xz ) ¢f(H ;a(Y(Zi)))Ei,Ho(H — H,) dH

1g5isr JV(Ho

- ¢ ,(H)py(H — Ho)dH.
V(Ho)

On the other hand it follows from the definition of V (see §24) that we can choose
a number ¢, > 0 such that

|A(HoeXPH)|.201|ﬂa(H)| (HeV).

Let g, be the number of roots in P,. Then it follows from our definition of #;,---,¢,
that

|m(H)| 2 «(H)*  (HeWy.
Therefore
|Athoexp H)| 2 cn(B) (HeV)),

Hence

CHO | [ 8 H: 006 Byl — Ho)dH|
V(Ho) !

< & [ [y (DM hoexp B)| | E.aH ~ HolaB,
V(Ho)
where ¢, = 2%%¢] ! . Moreover, since |¥,| < 1 and E; are continuous functions on
B, it is clear that

sup IEi,Ho(H - Ho)l < sup |Ex(H)| =c¢s,
H e V(Ho) lllls2
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where c; is a positive number independent of H,, or i. Hence
«H™ | [ oAH; 00 EnH ~ HdH | Scxesaf)  (ASisn)
Similarly since suplﬁH°| < byt(Hy)™?, we get

|1.'(H0)|p+q'

[, ottt - Hodt | < cabs.
V(Ho)

Moreover, 1(Hy) = ¢ < 1. Hence

o(Hol |6 Hos 0| S c2bsv(f) + a5 T w(af)

Si

for Hye V,/2 and f € C.”(G). Now
[T t(H) <" 'o(H) (HeVy).

1SisL
This is obvious if L =1 and is also true if L = 0. Therefore the statement of
Lemma 48 follows immediately if we take ¢ = p + q,.

26. Proof of Lemma 45(18). Now we come to the proof of Lemma 45. If
L =0, it is an immediate consequence of Lemma 48. So we may assume that
L=1.

By a monomial T we mean a function on | of the form #,71¢,%2.-- t,%~, where
4,4 are integers = 0. The degree of T is the integer ¢, + g, + -+ + g, and
we denote it by d°T. Since S(b,) is a finite module over I(h,)=y(3) (see [4(f),
Lemma 11]), it is also a finite module over y(3,). Hence we can choose u;
(1 £j £r)in S(h,) such that u; =1 and

S(b.) = x ?(30)“,"

1sjsr

We say that a monomial T has property (P) if there exists a number a = a(T)
(0 <a £1)and o€ & such that

P) sup T(H)|¢,(H;0(u))| < o(f) (I=j=n)

HeaV,

for all f e C,°(G). Now suppose T has property (P) and put
ox(f)= max sup T(H)|$(H;du))| (feC(G)),

1Sjsr HeaV,

where a = a(T). Then it is obvious that o€ & and, for a given u € S(p_), we can
select z;€ 3o (1 S i <r)suchthat u = Zléié,y(z,-)u,-. Hence

¢(H;0(u)) = ? é..4(H;0(u;)) (HeV’, feCA(G)).

(18) Cf. [4(g), pp. 208-211].



500 HARISH-CHANDRA [September

So it is clear that
or,(f) = sup T(H)|¢,(H;0w)| < S_ 01( z;f)

for all f € C,°(G) and therefore o ,€ &.
Hence, in order to prove Lemma 45, it is obviously enough to obtain the fol-
lowing result.

LEMMA 49. The monomial 1 has property (P).

It is clear from Lemma 48 that monomials with property (P) actually do exist.
Let T be a monomial with property (P) of the lowest possible degree. We claim
that T = 1. For otherwise suppose d°T > 0. Then, without loss of generality,
we may assume that T =¢2'¢,7> ... 1,7 and ¢, =1.Put T, =¢,%%..-1,% 50 that
T =t,9'T, and d°T, < d°T. Let a = a(T) and, forany f € C.2(G), put

Yy, (H) = T,(H)$ (H ; 0(uy) (HeaVy, 1Sisr).
We recall that H,,---, H,is a base for ) over R such that t,(H;) =6;; (1 <i,j < I).
Now choose z;;€ 3, (1 =i, j < r) such that

Hu = X 9z (I=sisr).

1sjsr

Then
a'l/f,i/atl = jz 'I/z”f,j

on aV; and therefore

| 8,4@ f0t0) | < ? or(z,,f) (feC.2(6)

on aV;. Here
or(f) = max  sup T(H)| ¢ (H; ()| (feC.M(G)
and it is clear that oy € & since T has property (P). Put
o@= X orzye) (g€ C2 (G)).

1=<i,jsr

Then ¢ also lies in #.

For any b > 0, let W, denote the set of all H el such that |t,(H)| < b(1 S i < D).
Choose al (0 <ay =1) so small that W,, caV and a, (0 <a, < a,) such that
a,V c W,,. Suppose Hea,V;. Then H' H +(a, — t(H))H, e W,, < aV. Since
t(H) > 0 (1<i<L) and f(H)< |H| <a<a,<a,, it follows that
t(H')>0 (1 £i <L) and therefore H' eaV,. But aV, being convex, the whole
line segment joining H to H' liesin aV;. On the other hand, we have seen above that

| @y 40t < 7% a(f) (feC.2(G)
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on aV; . Hence, by integrating on this line segment, we get
ay
|V (H) =Yg (H)| Sa(f)]  s™%ds
t1(H)
since t,(H') = a;. Moreover,
|ty (HY ™ Yy (H")| = TH')| g (H';8(u) | < 01(f).
Therefore
l'/’f,i(H')I < ay"or(f).
This shows that
aj
|¥s(H)| £ a7 * o1(f) + o(f) (H)S"“ds
ty

for Hea,V, and f € C,°(G).
Now first suppose that g, = 2. Then

j Y s = (g — 1) ()0 — i,

t1(H)

Hence if T, = ¢, ! T,, it is clear that

| TI(H)¢f(H;a(ui))l < a;” or(f) + o(f)

for Hea,V,;, f€C,”(G) and 1 £i<r. This shows that T, has property (P).
But since d°T, = d°T — 1 < d°T, this gives a contradiction. So the case g, =2
is impossible.

Hence g, = 1. Then

f " 1ds = log(ay/t,(H)
t1(H)
and therefore

I'/’f,i(H)I S a, 'or(f) + o(N)log(ay/ty(H)) (Sisr)
for Hea,V, and f € C,°(G). Put

o'(g)=0(g) +a; ' o1(g) (geC."(G)).
Then ¢’ € & and
|'/’f,i| < o'(f){1 +log(a,y/t,)}

on a,V;. Put

ox)= X o'(z;8) (g€C.7(G)).
158, &r
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Then 6, € & and since

O 0ty = ? Veiis.d

we conclude that
I (a'ﬁf,i/atl)l < o5(f){1 +1log(ayt, ™)}

on a,V;. Now choose numbers aj,a, (0 <a,=<a;=a,) such that W,, ca,V
and a,V < W,,. For any H e a,V,, define

H'=H + (a3 - tl(Hl))Hl .
Then H” € a,V, and so again by integrating along the line segment joining H and
H”, we conclude that

|V (B =Y, D] < 00 Jw) (1 + log(ays~ 1)) ds

< bay(f)
for Hea,V,;, feC,”(G) and 1 <i <r. Here

as :
b =f (1 +log(ays™"))ds < co.
V]

Now t,(H") = a3 and
t(H") | ¥, (H")| < 01(f)
since T = t,T,. Therefore
Ve S as7 o)+ box(f)  (A=ish)

for Hea,V, and f € C,”(G). This shows that T, has property (P) and therefore
again, since d °T, = d°T — 1 < d°T, we get a contradiction. This proves Lemma 49
and hence also Lemma 45.

27. Proof of Theorem 3 in the general case. Now we come to the general case
and use of the notation of §16. Let (M be the centralizer of ) N\ p in G and M the
connected component of 1in (M. Then A = (M and, by Lemma 30, M is acceptable.

Let G, be a complexification of G and define j as in §18. Put

@, = j(K) N exp(( — 1)'/*() N p)).

LeMMA 50. @, is a finite group. Let ® be a finite subset of G such that
j(®) = ®y. Then A= D®A°Z, where A® is the connected component of 1 in A.

Since h N p = g;, we may obviously assume, for the proof of this lemma,
that g is semisimple and G, is simply connected. Then j(K) is compact and
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D, = j(4) Nj(K) = j(Ag). Extend 0 to a complex-analytic automorphism of G..
Then since 6 = — 1 on p, it is clear that a? = 1 for every a € ®,. Therefore since
Jj(Ag)is a compact abelian group, it follows that ®, is finite.

Now A =AgA, and 4, < A° (see Corollary 4 of Lemma 26). Hence, in order
to prove the second statement, it would be enough to verify that j(4g) = ®oj(4x%),
where A4,° is the analytic subgroup of G corresponding to h NE.

Let A_bethe Cartan subgroup of G, corresponding to .. Put u=¥+(—1)"*pand
and define U and 5 asin §17. Then if a € j(4y), itisclearthat ae UN A =exp(h.Nu).
But h.nu=hNt +(—1)"*(h N p) and therefore a = a,a,, where a, €j(A4")
and a, € ®,. This proves that j(4g) = Bj(4.°).

LEMMA 51. Let ae® and me M. Then a and m commute.

Since M is connected, this follows from the fact that its Lie algebram commutes
with h N p.

Fix an order in the space of (real-valued)linear functions 1 on ) N p and, for any
such A, let g; denote the space of all X eg such that [H,X]| = A(H)X for all
HehNp.Put 1= X,,,g; Then nis a nilpotent subalgebra of g. Let N be the
analytic subgroup of G corresponding to n. It is clear that ;M normalizes 1. Put

d(m) = | det(Ad(m)),|""? (me M),

where the subscript n denotes restriction on n. Put G, =Ad(G) and let K,
denote the image of K in G, under the homomorphism x —Ad(x). Then K, is
compact. For any x € G and y, € G,, define x*° = yxy~! where y is any element
of G such that y, =Ad(y). Put

f) = fx S ko, g/ (m) = d(m) fN fmnydn

for feC.”(G), xe G and me (M. Here dk, and dn are the Haar measures on
K, and N, respectively, and [ dko =1.

Introduce an order on the space of real-valued linear functions on
(- DY ®N H+hNp which is compatible (see [4(g), p. 195]) with the one
already chosen above. We may assume, without loss of generality, thatthe set P
of positive roots of (g,b) is defined with respect to this order. Since every root of
(m,b) is imaginary, it follows from Corollary 5 of Lemma 26 that An M = A°.
Let m — m* denote the natural projection of M on M* = M/A° and define

FM(h) = Ay(h) L g™ )dm* (he AN M),

(@) = [ | [BEMDlan  gecmon),
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where dm* is the invariant measure on M* and M’ is the set of those elements
of M which are regular in M.

Let 9 be the subalgebra of & generated by (1, m,) and 3, the center of M.
Then we have the isomorphism u = pg;, of 3 into 3y (see §12). Moreover,
G = KMN from [4(g), Lemma 11].

LemMMA 52. For any ae®, put
&s,4m) = g (am) (meM, feC.~(G)).
Then g;,,€ C,“(M) and
ng,a=u(z)gf,a (263)'
Moreover, if dm* and dn are suitably normalized, we have the relation

F (ah) = £, (a)F,,, ™(h)

for feC,2(G),he A \(a"'G’) and ac®.

Although the proof of this lemma is not difficult, it is rather long. Hence we
postpone it to another paper.
We can now complete the proof of Theorem 3. It is clear that

Ay(ah) =E,(@Ay(h)  (ac®, heA).

Hence we conclude from Lemma 52 that
(e = [ | AuChF a)| b < ().

We have seen (Lemma 30) that M is acceptable and every root of (m,b) is
imaginary. Moreover, 3,, is a finite module over u(3,) by Lemma 21. Hence
Theorem 3 holds for (M, A°, 4(3), va) in place of (G, 4,3, v). Therefore for any
ueS(h,), we can, in view of Lemma 52, choose a finite set of elements z4,--+,z, € 3,
such that

sup lFf(h§“)| < max X vy(u(z)g S X wzf)
heA’ aecd 1

1Zisr <isr
for f € C.*(G). This proves Theorem 3.

28. The local summability of | D |™'/%, Let / = rank G and put D = D in the
notation of §3. Then D is an analytic function on G and

D(h) = det(1 — Ad(h))gp = ( — 1)?A(h)? (he A),
where p is the number of positive roots of (g,}).

LemMMma 53. IDI ~12 is locally summable on G.
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Let C be a compact subset of G. Then we can choose f e C,*(G) such that
f = 0 everywhere and f = 1 on C. Then it is clear that

j |D|~*2 dx g[ |D|~/ £ dx.
C G
Let A; (1 £ i < r) be a maximal set of Cartan subgroups of G no two of which

are conjugate under G. Put

G, = Ux4a/x1,

xeG

where A, = A;n G’. Then G’ is the disjoint union of G, -, G, (see [4(e), Lemma
5]). Hence it would be enough to verify that

f |D|7*? fdx < 0 asisgn.
Gy

So fix i and put A = A4;. Then G; = G, in the notation of §23 and it follows from
Lemma 41 and [4(h), Theorem 2] that

fGJDl“”zfdx = cL | Fo(h)| dh < oo.

This proves the lemma.

29. Appendix. Put p(x) = (x,% + x,2 + --- + x,))/220 for xeR".

LeMMA 54. Let a be a real number and D = a"/ax,lax,z «++0x;,. Then

Dp* = X pptivH

0sjsk
D(p®logp)= X Pip" " *+(logp) X Qp*7*,
0sjsk 0sjsk

where pj, P; and Q; are homogeneous polynomials in (x,,--,x,) of degree j.
This follows by an easy induction on k.
COROLLARY 1. If > k, then p® and p*logp are functions of class C* on R".
This is obvious from the lemma.
COROLLARY 2. p*~!Dp remains bounded on R".
We know that

p*Dp= X pp,
0sj=sk

where p; is a homogeneous polynomial of degree j in (x4, -, x,). Our assertion
therefore follows from the obvious fact that I D; I p ~/is bounded on R™
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The following lemma is implicitin the paper of Morrey and Nirenberg [6, p. 281].

LEMMA 55. Let h be a function in C®(R) which is constant on the intervals
(— 0,0] and [1, + ). Choose two numbers r, § such that0 <6 < r <1 and put

H, (x) = h(3™ " (p(x) — r)) (xeR").

Then for each integer k = 0, there exists a number c, = 0, independent of r and 9,
such that

|DHr,6| = Ck‘s-k
for D= 3k/3x“ax,2-"axik (1 é il’ "‘,ik _S_ n).

We use induction on k. If k = 0, we can take ¢, = sup | h | So let us assume that
k=1 and put h'(f) = dh/dt (te R). Then h’ also satisfies the conditions of the
lemma and

0H, ;/0x; = 67 'H, ;' - dp|ox; (1=ighn),
where
H, ;'(x) = h' (6" (p(x) = 1) (xeR").
Now H, ;'(x) =0 unless r < p(x) £ r + 6 and therefore

sup|DH, ;| <6~ sup | D'(H, ;' - dp/dx,)|,
x p2o

where D’ = 9*!/dx;, --- 0x;, _,. Hence if we expand

D'(H, ;' - 0p[0x;,)
by means of the Leibniz formula, make use of Corollary 2 of Lemma 54 and apply
the induction hypothesis to H, ;’, we get the required assertion.

Put A= Zlé,é,,(a/ax,)z and let 6 denote the Dirac measure concentrated
at the origin.

LEMMA 56. If nis odd

Al+(n—l)/2 p21—1 — c,5 (lg 1)
and if n is even

AH'n/z(pz'logp) = c,’é (l g 0)'

Here ¢; and c,’ are nonzero numbers and the above relations are meant in the
sense of the theory of distributions.

This is well known (see [7, p. 47]).

LeMMA 57. Fix integers d 20 and r=1. Then we can choose an integer
m = 1 and a function e on R" of class C*™"~ V% such that
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A™e = 4.

Choose m so large that 2m > d + n. First suppose n is odd. Then
I =mr —(n — 1)/2 is an integer and

2l=2mr—-n+1>d+1.
Hence /= 1.Pute=c¢,"'p*~!. Then
Amre= Al+(n'-l)/2e= 5

and 2/ — 1 =2mr — n =2m(r — 1) + 2m—n > 2m(r — 1) + d. Hence e is of class
C*m¢=D*d by Corollary 1 of Lemma 54.

On the other hand if n is even put / = mr — n/2. Then 2/ =2mr — n>d and
therefore [ is positive. Now put

e=(c,)"'p* logp.

Then 2] = 2mr — n > 2m(r — 1) + d and therefore again e is of class C2""~D+4,
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