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THE DEPENDENCE ON PARAMETERS OF THE
INVERSE FUNCTOR TO THE K-FINITE FUNCTOR

NOLAN R. WALLACH

ABSTRACT. An interpretation of the Casselman-Wallach Theorem is that the
K-finite functor is an isomorphism of categories from the category of finitely
generated, admissible smooth Fréchet modules of moderate growth to the cat-
egory of Harish-Chandra modules for a real reductive group, G (here K is a
maximal compact subgroup of G). In this paper we study the dependence of
the inverse functor to the K-finite functor on parameters. Our main result
implies that holomorphic dependence implies holomorphic dependence. The
work uses results from the excellent thesis of van der Noort. Also a remarkable
family of universal Harish-Chandra modules, developed in this paper, plays a
key role.

INTRODUCTION

The Casselman-Wallach (C-W) Theorem implies that the K-finite functor is
an isomorphism of categories from the category of finitely generated, admissible
smooth Fréchet modules of moderate growth to the category of Harish-Chandra
modules for a real reductive group, G (here K is a maximal compact subgroup of G).
This variant will be explained in detail in Section [Z]since the usual interpretation is
that the C-W theorem is an equivalence of categories. A description of the inverse
functor, V. — V, to the K-finite functor is described therein. In this paper we
study the dependence of this functor on parameters. Our main result implies that
holomorphic dependence implies holomorphic dependence (see Theorem and
Appendices D] and [ for the pertinent definitions). This work rests on the excellent
thesis of Vincent van der Noort [VAN| which contains several remarkable theorems
including his finiteness theorem that is given a slightly simplified proof in Appendix
[El In his thesis van der Noort proved a version of the main theorem of this paper
for one complex dimensional parameter spaces (see [VANl, Chapter 6]). In the final
section (6.5) he laid out a scheme to prove that two holomorphic families of Fréchet
completions of moderate growth yielding the same holomorphic family of Harish-
Chandra modules are equal. This equality is a consequence of our main theorem.
In addition to van der Noort’s results our technique involves the study of a class
of standard modules in the Harish-Chandra category with remarkable properties.
Which for lack of a name we call J-modules. In particular, they are free modules
for the universal enveloping algebra of a maximal unipotent subgroup of G. Also,
every Harish-Chandra module has a resolution by these modules.

The technical general results not specific to the main results of this paper are
the content of the many appendices which take up more space than the body of
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the paper. Hopefully this separation will help the reader see the flow of the proof
of the main theorem which is quite intricate (we give a brief sketch of it in the next
paragraph). For example, the reader could, on first reading, skip the proofs in the
appendices. Among the appendices there are results that are of interest beyond
this paper. For example, Appendix [Al gives a proof that the C* vectors relative
to G of a finitely generated, admissible Hilbert representation are the same as the
C® vectors relative to K (see Proposition [A2)).

0.1. The organization of the paper and a sketch of the proof of the main
theorem. The first section sets up the notation and the class of groups that will
be studied in this paper. The second gives a natural description of the so-called
Casselman-Wallach globalization of a Harish-Chandra module, V', for a real re-
ductive group (see Sections [Il and [ for pertinent definitions). This construction
defines T : V' — V a functor from the category of Harish-Chandra modules to the
category of admissible, smooth Fréchet representations of moderate growth which
is inverse to the K-finite functor (see Theorem and the paragraph following its
statement). The aim of the paper is to show that applying 7' to a holomorphic
family of Harish-Chandra modules yields a holomorphic family of smooth Fréchet
representations of moderate growth. To implement the goal I first construct and
study the analytic and algebraic properties of the class of Harish-Chandra modules,
alluded to above as J-modules. This occupies the next 5 sections of the paper. I
show that if one has an analytic family of Harish-Chandra modules (see Appendix
D) and if U is an open set with compact closure in the parameter space there is a
family of J-modules over U mapping surjectively onto the restriction of the family
to U. The next step is to locally (in the parameter) globalize a continuous family of
J-modules to a continuous family of Hilbert representations satisfying a technical
condition (smoothable) that implies that the corresponding family of C'*°-vectors
defines a continuous family of smooth Fréchet representations of locally uniform (in
the parameter) moderate growth . This introduction of families of Hilbert modules
is basically because of the functorial properties of continuous Hilbert families in
Appendix [Gl that I could not prove directly for Fréchet families. The last stage is
to start with a holomorphic family of Harish—Chandra modules and use the Hilbert
modules corresponding to the resolving J-modules and the results of Appendix [G]
to find an open covering of the parameter space and a Hilbert globalization of the
family satisfying the smoothability condition over each element of the covering.
This yields a family of Fréchet globalizations of local uniform moderate growth on
each element of the covering. Proposition implies that on each of these sets
T applied to the family gives a locally continuous family of smooth Fréchet rep-
resentations. Theorem implies that this family is locally holomorphic. Our
construction of T implies that the corresponding local families of smooth Fréchet
representations agree on the intersection of their parameters and thus applying T
yields a holomorphic family which completes the proof.

1. NOTATION

Throughout this paper G will denote a real reductive group in the sense of
[RRG 2.1.1] or [BW], 0.3.1] (that is, a finite covering group of an open subgroup
of the real points, Gg, of a reductive algebraic group, G, defined over R). For the
main theorem we will need G to be of inner type (that is Ad(G) C Ad(GZ) where
G is the identity component of G¢) . Let K be a maximal compact subgroup
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of G. Throughout the paper, if H is a Lie group over R then its (real) Lie algebra
will be denoted b, (i.e. lower case fractur h sub-o) and its complexification denoted
h. Let 6 denote the Cartan involution of G (and of g,) corresponding to K. Set
t, = Lie(K), t=t,® C and p, = {X € g|#X = —X}. Fix a symmetric Ad(G)-
invariant bilinear form, B, on g, such that B is negative definite and By, is
positive definite. Let uq,...,u, be a basis of g and let vy,...,v, be defined by
B(u;,v;) = 6;; and set C = Y " | u;v; (the corresponding Casimir operator). Let
Ck be the Casimir operator for £ corresponding to Bjg.

Let, as usual, K denote the set of equivalence classes of irreducible continuous
representations of K. If V is a K-module then set V() equal to the sum of all
irreducible K-subrepresentations of V' in the class of v € K. Asis usual, we say
that a K-module is admissible if

V=PV

'yef(

and dim V'(v) < oo for all v € K.

We denote by H(g, K) the category of Harish-Chandra modules, that is, the
finitely generated, admissible, (g, K)-modules. We also denote by HF(G) the cat-
egory of admissible finitely generated smooth Fréchet representations of moderate
growth. This means that an object in HF(G) is a pair (7,V) with V' a Fréchet
space and 7w a homomorphism of G into the group of continuous bijections of V'
such that the following 3 conditions are satisfied

(1) The map G x V — V given by g,v — m(g)v is continuous and is C* in G.

(2) Let ||...| be a norm on G (see Appendix [C]). If p is a continuous seminorm
on V then there exists ¢ a continuous seminorm on V' and r such that p(mw(g)v) <
llgll” q(v) for all v € V.

(3) The representation of g , dr, on the K-finite vectors of V', Vi, defines an
object in H(g, K).

2. THE ISOMORPHISM OF CATEGORIES

One version of the C-W Theorem (see [RRGl Theorem 11.6.7]) is

Theorem 2.1. If (7, V), (u, W) € HF(G) and L : (dm,Vk) — (do,Wk) is a
morphism in H(g, K) then L extends to a morphism in HF(G) with closed image
that is a topological summand.

Let (m, V)€ H(g, K); then a K-invariant Hermitian inner product on V, (..., ...},
will be called G-integrable if there exists a strongly continuous action, o, of G on
the Hilbert space completion of V', Hy, relative to (-..,...), such that the (g, K)-
module of K-finite C'*° vectors, (do, (Hm);{o ) = (m, V). The subquotient theorem
implies that there exists at least one G-integrable inner product on V. Let Z(m, V)

be the set of integrable K-invariant inner products on V. If (...,...) € Z(m, V)
then (H, )~ € HF(G).
Theorem 2Tl implies that if (...,...), € Z(V),i = 1,2 then

In particular this implies that the norm v — ||v||2 is continuous on (H< >1)Oo.
Proposition [A.2] implies that there exists constants B and [ such that

loll, < B [ldor (1 + Cic),
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Note that if (...,...) € Z(V) then the K-invariant inner product (v,w), =
(r(1+ Cy)lv,w) is also in Z(V). This allows us to define an inverse to the K-
finite functor. Set

V={{v,} e [T VI (wy.v,)° <00,V (..,...) eZ(V)}.

'yGIA( »yef(
Noting (as above) that this space is equal to (Hm)oo for any (...,...) € Z(V) the
space V endowed with the topology given by the norms 1 ||. .. || ( >} is
s JL ez v)

an object in HF (V') with Vk=V.
Since V =Vk =&,V (7) C L,z V(7) we have

Theorem 2.2. The functor V.— Vi from HF(G) to H(g, K) is an isomorphism
of categories with inverse functor Z — Z.

The key aspect of this result for the purposes of this paper is that if Z € HF(G)
and if for each v € K the ~-isotypic component of Z is denoted Z(7) then Z is a
subspace of [ .z Z(7) asis Zx = @, gV (7) and (Zg) = Z.

In [BK] they introduced the notion of “F-space”, which is a Fréchet space that
has a continuous norm. Using the argument in the proof of Lemma 2.A.2.1 in
[RRG] one sees that a strongly continuous representation of a real reductive group
on an F-space is of moderate growth. Also the results above imply that if V' is an
admissible, smooth Fréchet module of moderate growth then V' is an F—space.

The rest of this paper will be devoted to the study of the dependence of this
functor on parameters. For this we will use a class of universal modules with
remarkable properties related to ones in [RRG| Section 11.3] and in [HOW].

3. THE SUBALGEBRA D OF Z(g)

Throughout the rest of this paper G will be a real reductive group of inner type
(see Section [I)). We keep the notation of the previous section. Also fix a symmetric
Ad(G)-invariant bilinear form on g, such that if 6 is the Cartan involution relative
to K then (X,Y) = —B(0X,Y) defines an inner product on g,. Let p be the
projection of g onto p = p, ® C corresponding to g, = &, ® p,. Extend p to a
homomorphism of S(g) onto S(p). Then p is the projection corresponding to

S(g) = S(p) @ S(g)t.

In [HOW,, Theorem 2.3] we found homogeneous elements wy, . .., w; of S(g)¥, with
w1 = C, satisfying the following two properties:

(1) p(wy),...,p(w;) are algebraically independent.

(2) There exists a finite dimensional homogeneous subspace E of S(p)¥X such
that the map C[p(w:),...,p(w;)] ® E — S(p)X given by multiplication is an iso-
morphism.

In [H] Helgason proved that the only simple Lie algebras over R for which E # C1
are of type E. Here is the list and the dimensions of the corresponding spaces E (cf.
Proposition 2.1 in [HOW]): the two real rank two real forms of Eg with dim F = 2,
the real rank 3 real form of E; where dim F = 2 and the real rank 4 real form of
Eg where dim F = 4.
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Let H denote the space of harmonic elements of S(p), that is, the orthogonal

complement to the ideal S(p) (S(p)p)™ in S(p) relative to the Hermitian extension
of B, . Then the Kostant-Rallis theorem [KR] implies that the map

H@Sp)" — Sp)
given by multiplication is a linear bijection. This and (2) easily imply
Lemma 3.1. The map
H®EQClw,...,w]®S() — S(g)

giwven by multiplication is a linear bijection.

Let a, be a maximal abelian subspace of p, and let (as usual)

W =W(a) = {s € GL(a)|[s = Ad(k)|s, k € K}.
Let h € a, be such that a, = {X € p,|[h, X] = 0}. If A € R then set g) = {X €
Gol[h, X] = AX}. Set n,= ©x0gy and fp= On,= ®r>0g, * Then
p=pn)Sa

and p(n) is the orthogonal complement to a in p relative to B. Let g be the

projection of p onto a corresponding to this decomposition. Then the Chevalley
restriction theorem implies that

q:S(p)" = S@)"
is an isomorphism of algebras. Also, as above, if H is the orthogonal complement
to (S(a)a)" S(a) in S(a). Then the map

S(@" @ H— S(a)
given by multiplication is a linear bijection. Putting these observations together
the map

SmeS(@)" @ H® S(t) — S(g)
given by multiplication is a linear bijection. We also note that the map
(C[wl,. . .,wl] QFE — S(U.)W

given by

w® e q(p(w))g(e)
is a linear bijection. This in turn implies
Lemma 3.2. The map

S(M@Clwy,...,w]| @ E® H® S(t) — S(g)

given by multiplication is a linear bijection.

Let symm denote the symmetrization map from S(g) to U(g); then symm is a
linear bijection and symm o Ad(g) = Ad(g) o symm if g € G. Let Z(g) = U(g)“
denote the center of U(g). Set z; = symm(w;) and

D =Clz,..., 4]
Note that if S;(g) = 3", 57(g) and if U7(g) C U7*!(g) is the standard filtration
of U(gc) then _
symm(S;(g)) = U’ (g)-
The above and standard arguments ([HOW| Theorem 2.5 and Lemma 5.2]) imply
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Theorem 3.3. Let the notation be as above. Then

(1) The map

HRERD®UE) — U(g)
given by
h®e® D ® k +— symm(h)symm(e) Dk

is a linear bijection.

(2) The map

UmMeFEeHDeUFE) - Ulg)
given by
n®e®h®D®k— nsymm(e)symm(h)DEk

is a linear bijection.

4. A CLASS OF ADMISSIBLE FINITELY GENERATED (g, K )-MODULES

Retain the notation in the preceding section. Note that Theorem [B.3] implies
that the subalgebra DU () of U(g) is isomorphic with the tensor product algebra
D®U(¢) and that U(g) is free as a right DU (£)-module under multiplication. If R
is a DU ()-module then set

J(R) = U(g) ®pu(e) R

Recall that #H(g, K) denotes the Harish—Chandra category of admissible finitely
generated (g, K)-modules. Let R be a finite dimensional continuous K-module that
is also a D-module such that the actions commute; then K acts on J(R) as follows:

k-(gor)=Adk)g@kr ke K,geU(g),r € R.
As a K-module
JRZHRIEQR

with K acting trivially on E. Note that J(R) € H(g, K) since the multiplicities
of K-types in H are finite and J(R) is clearly finitely generated as a U(g)-module.
Let W(D,K) be the category of finite dimensional (D, K)-modules with K acting
continuously and such that the action of D and K commute.

Lemma 4.1. R— J(R) defines an ezact faithful functor from the category W (D, K)
to H(g, K).

Proof. This is a consequence of the freeness of U(g) as a module for DU (¢) under
right multiplication. O

If V e H(g, K) then V() is invariant under the action of Z(g) hence under the
action of D. )
By definition, if V' € H(g, K) there is a finite subset F' C K such that

U(g) Y V().
YEF
Set R =3 cpV(y) € W(D,K). One has a canonical (g, K)-module surjection

J(R) — V given by g ® r — gr. A submodule of an element of H(g, K) is in
H(g, K) so

Proposition 4.2. If V € H(g, K) then there exists a sequence of elements R; €
W (g, K) and an ezxact sequence in H(g, K)

o> J(Rg) = ... > J(R2) = J(R1) = J(Ro) = V — 0.
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Notice that this exact sequence is a free resolution of V' as a U(n)-module.

Let 5 : D — C be an algebra homomorphism. Let #H(g, K)s be the full subcat-
egory of H(g, K) consisting of modules V such that if z € D then it acts by 8(z)I.
The next result is an aside that will not be used in the rest of this paper and is a
simple consequence of the definition of projective object.

Lemma 4.3. Let R be a finite dimensional continuous K-module and let D act
on F by z — B(z)I with 8 € Homp (D, C) yielding an object R € W (D, K). Then
J(R) is projective in H(g, K)g.

5. THE OBJECTS IN W(D, K)

If R € W(D, K) then R has a K-isotypic decomposition R = &_ g R(7). Only
a finite number of the R(v) are non-zero. If D € D then DR(y) C R(vy) for all
v e K. If y: D — C is an algebra homomorphism then we set R, = {v €
R|(D — x(D))*v = 0, for some k > 0}. Then setting ch(D) equal to the set of all
algebra homomorphisms of D to C we have the decomposition

R= @ Ry (7).

~eK,x€ech(D)
Fix a K-module (7, Fy) € 7. Then R, () is isomorphic with
Homg (V,, Ry) @ F,

with K acting on F,, and D acting on Homg (V5, R).

If R is an irreducible object in W (D, K) then Schur’s lemma implies that D acts
by a homomorphism x : D — C and R is irreducible as a K-module. Set V.,
equal to the module with D acting by x and K acting by an element of .

Let x be such a homomorphism then x(z;) = A\; € C. Thus it is parametrized
by (A1....,\;) € C'. We will use the notation 3y for the homomorphism such that
Ba(zi) = Ai.

Definition 5.1. Let X be an analytic manifold. An analytic family in W (D, K)
over X is a pair (u,V) of a finite dimensional continuous K-module, V, and a
@i X x D — End(V) such that D — pu(x, D) is a representation of D on V and
2+ p(x, D) is analytic for all D € D.

6. PARABOLICALLY INDUCED FAMILIES

Let A and N be the connected subgroups of G with Lie(A) = a, and Lie(N) =
n,. Let M be the centralizer of a in K. Set Q = MAN; then @ is a minimal
parabolic subgroup of G.

Definition 6.1. An analytic family of finite dimensional @)-modules over a real
analytic manifold X is a pair (o,S) with S a finite dimensional continuous M-
module and a real analytic map o : X x @ — GL(S) such that z — o(x,q) is
analytic and o(z, ) = 0, is a representation of Q.

Let (0,S) be a continuous finite dimensional representation of Q. Set I°°(c/|ys)
equal to the space of all smooth functions f : K — S satisfying f(mk) = o(m) f(k)
form € M,k € K. Define an action 7, of G on I°°(0|y,) as follows: if f € I1°°(o|)
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then extend f to G by f,(¢k) = o(q)f(k); then, since K NQ = M and QK = G,
fo is C® on G. Set 7,(g)f(k) = fg(kg) Also set

To(Y)f (k) = — fo(kexptY)—o

for Y € go and k € K, f € I*°(o(u). Let I(o|a) be the space of all right K finite
elements of 1°°(o|s).
Put an M-invariant inner product, (...,...) on S. If f,h € I°°(o5s) then set

(f.h) = /K (F(R), h(k)) di

with dk normalized invariant measure on K. The following observation is standard.

Proposition 6.2. Let (0, S) be an analytic family of finite dimensional representa-
tions of Q over the analytic manifold X. Set AN(z,y) = 7o, (y) forz € X,y € U(ge).
If p is the common value of .|, then (A, I(w)) is an analytic family (see Appendiz
D)) of objects in H(g, K) over X.

Proposition 6.3. Let (0,5) be an analytic family of Q-modules based on Z. Set
o(m) equal to the common value of o,(m) form € M and H equal to the unitarily
induced representation of o from M to K. Then z — (7, ,H) is a continuous
family of Hilbert representations over Z (see Definition [B1l) that is smoothable in
the sense of Definition [ELal

Proof. Let f € I°°(o) that is

f(mk) =o(m)f(k),m e M,k € K.
Recall that

fox (g) = fox (namk) = Ux(nam)f(k)
for g = namk,n € N,a € A;m € M,k € K. Let {ny.no,....},{a1,a9,...} be
respectively bases of U(n) and U(a) compatible with the standard filtration of
Ul(g). Le_t Yi,...,Y, be a basis of £, such that B(Y;,Y;) = —d;;. The monomials
Y!I= Y/ . Vi form a basis of U(t). If u € U(g) and if f € H>* then

dry (u) f (k) = L(Ad(k™")u") f5. (k)
with L the left action of U(g) on C*(G,S) and u ~ ul is the standard anti-
involution of U(g) defined by 1 — 1 and X — —X for X € g. Also

T = Z ai,jﬁj(k)nianl
i, 1
finite sum with the set of indices such that a; ; 7 (k) # 0 depending only on the level
of u in the standard filtration of U(g). Thus

dﬂ-az Z Qi,j, I do'z nzaj) (L(Yl)f> (k)
- Zaw, k)do, (nia;) (Ad(k;)*l (vH" f) (k).

Writing
Adk)~ (Y = 3 b)Yy,
JI<1|
we have
dro_(u = > bys(k)aiji(k)do(nia;)Y” f(k).

i,5,1,J
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Since the sum is finite, all of the indices are bounded. Let w be a compact subset
of Z then for each fixed J

Y bar(R)as (k)] ldoz(nia;)l| < Cy gk € K2 € w.
05,1
Thus
Hdﬂ—ff f” <Z qu YLf>YJf>

< Oy ||<1+0K)lf||2

with [ the maximum of the |J| for the multi-indices that appear in the formulas
above. 0

7. ANALYTIC FAMILIES OF J-MODULES

Notation will be as in the previous section. Throughout this section analytic
will mean complex analytic in the context of a complex analytic manifold and real
analytic in the context of a real analytic manifold.

Proposition 7.1. Let X be a real analytic or complex manifold. Let (A, R) be a
family of objects in W (D, K) over X and define R, € W(D, K) to be the module
with action \(x,-). Let

V=HRFE®R

(K acts by the tensor product action with its action on E trivial) and let Ty, : V —
J(R;) be given by T, (h®e®71) = o (symm(h)e)(1®r) with o the action of U(ge)
on J(Rg). If Mx,y) = T, Lo (y) Ty then (A, V) is an analytic family of objects in
H(g, K) based on X.

Proof. Let {h;} be a basis of H such that for each i there exists v € K such that
hi € H(7), let {e;} be a basis of E, let {r,,} be a basis of R and let {Y7,...,Y,}
be a basis of ¢&. If y € U(gc) then

ysymm(h;)e; 2"V = Z biyju Ly g L (y)symm(hy, ej, 221 Y7L
i1,71,J1,L1
Thus
Tglaw(y)Tx(hz ®e;® Tk) = ZbillelleijOO(y)hil ® e ® ()\x(le)YJlTk) :
The proposition follows. O
Theorem [3.3] implies

Lemma 7.2. Let R € W(D, K); then
J(R) /0"t J(R) = (U(n)/m* U ()) ® E® H ® Ry

as an (n, M)-module with n acting by left multiplication on U(n)/n*1U(n) and triv-
ially R, M acting trivially on EQ H, and m € M acting by Ad(m) on U(n)/nkT1U(n)
and by the restriction of the action of K on R .

Let (1, R) be an analytic family of objects in W(D, K) over X. Let R;,z € X
be the object in W (D, K) with K acting only on R and D acting by p, = p(z,-).



HOLOMORPHIC DEPENDENCE OF THE CW COMPLETION 103

Proposition 7.3. Let py i : J(Ry) — (U(n)/m*TU(n)) @ E® H ® Ry be given
by the projection of J(R,) onto J(R)/nk*1J(R) composed with the canonical iso-
morphism of J(R)/a*T1J(R) with (U(n)/n**1Un)) ® E@ H® R. If v € J(Ry)
and u € U(gc) then the map
T > Dy k(uv)
is analytic from X to (U(n)/n***U(n)) ® E® H ® Rja. In particular, if py is the
canonical projection of U(n) @ E® H ® Ry onto
(Um)/m* U M) @ E® H® Ry,

then define o, (q)pr(v) = P2k (qu), q € Lie(Q) since (U(n)/m* U n))® EQ HOR
is finite dimensional and AN is simply connected; this action integrates to a Q-
module structure so

(ok, (Um)/m*U)) ® E® H® R)
is an analytic family of finite dimensional Q-modules.

Proof. Let x1,x2,...,2, be a linearly independent set in U(n) that projects to a
basis in U(n)/n*T1U(n) and let x,,1,... be a basis of n**1U(n). Theorem [(.3] im-
plies that if Y7, ...,Y,, is a basis of ¢ and hq, ..., h, is a basis for symm(E)symm(H)
then if J is a multi-index of size n and I is a multi-index of size then the set of
elements
:ClzlhmYJ
is a basis of U(gc)( 2! = 2} -+ z'). This implies that if u € U(gc) then
wrs 2 WY = " as g n,sres (W)X 2 Y
s1,01.t1,J1
If we take a basis vq,...,vq of R then the elements X h; ®v; form a basis of J(V;,).
Thus, if u € U(gc) then

_ I J
uzshy Qv = E :a3111t1J173707t70(u)I312 1ht1Y ! & Vju

= Z a5111t1J175s0yt70(u)x5ht ® MI(ZII)YJIUJ'
Now apply pk . getting the image of

Z a8111t1J118,07t,0(u)x5ht ® (Mm(ZII)YJl’Uj) .

s1<r

The proposition follows from this formula. O

Let (as above) ps denote the natural surjection
ps: J(R) = J(R)/n* T I(R).
Let 05 g denote the family o, defined above. If k € K, v € J(R), define Sy g(v)(k

) pr—
Ps,r(kv); then S, r(v) € I(0s r|a) and it is easily seen that Ss r € Homyy g k) (J(R),
(o, p»L(0s,r|ar)). Combining the above results we have

Theorem 7.4. Let (u, R) be an analytic (resp. continuous) family in W(D, K)
based on the manifold X. Let (A, V) be the analytic family (as in Proposition
[[1) corresponding to @ — J((tz, R)). Then recalling that V. = HRFE ® R define
T(x)(h®e®r) = Ss,p, (symm(h)e ® ). Then Ty defines a homomorphism of
the analytic family (N, V') to (§,1(os r,,|Mm)) (in the sense of Definition [D.3) with
§(w,y) = T, n, (y) and o, g, is defined as above.
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We will use the notation J(R) for the analytic family associated with z —
I ((pas ).

8. IMBEDDINGS OF J-MODULES AND THEIR HILBERT FAMILY COMPLETIONS

Let X be a connected real or complex analytic manifold and let (i, R) be an
analytic family of objects in W(D, K) based on X. We maintain the notation of
the previous section. The purpose of this section is to prove

Theorem 8.1. Let the representation of QQ, 0 4, on
Wi = (Um)/n**'U(n) @ E® H @ Rjn

be as in Proposition [[3] and let Ty (x) be the analytic family as in Theorem [[4l. If
w is a compact subset of X then there exists k., such that if © € w then Ty(x) is
injective for k > k.

Proof. This is a slight extension of a result in [HOW]|. Given k, then (o 4, W)
as a composition series Wy, , = V[/’klm D W,fw > DWE, D W,:ng = {0} and
each W,zx/W,zzl is isomorphic with the representation (X\;,;, Hx;) with (A;, Hy)
an irreducible representation of M and v; € af and \;,(man) = a”*P\;(m) with
m € M,a € A and n € N. Also note that there is a natural )-module exact
sequence

0 (n’““U(n)/nk“U(n)) ®E®H® Ry — Wit1.0 = Wie — 0.

We may assume that the composition series is consistent with this exact sequence.
This implies that the v; that appear in Wi /Wi1 are of the form p+a; +- - -+ agy1
with ; a restricted positive root (i.e. a weight of a on n).

Now consider the corresponding exact sequence of (g, K)-modules.

(#)0 = I(k,2) = I(Okt1,0) = I(ok,2) — 0.

The (g, K)-modules I(o0,) with o an irreducible representation of M with Harish-
Chandra parameter A, (for Lie(M)c) and v € af have infinitesimal character with
Harish-Chandra parameter A, + . We are finally ready to prove the theorem with
notation as in Appendix [

Let C,, be the compact set Uge,ch(J(Ry)). Let C, = Uf;l(/\i + D;) with D;
compact in af and k, < oco. Assume that the result is false for w. Then for
each j there exists k > j and z such that ker Ty (x) # 0 but ker Tpyq1(x) = 0.
Label the Harish -Chandra parameters that appear in I(0, ), A1 +v1,..., As + Vs
with A; € Lie(T)* and v; € af (recall that we have fixed a maximal torus of
M). The above observations imply that ch(J(R;)) contains an element of the form
A+v;, + B with B, a sum of k positive roots, A € Lie(T)* and 1 < i, < s. We now
have our contradiction v;, + f; € UD; which is compact. But the set of v;, + B is
unbounded. (]

Theorem 8.2. Let U C Z be open with compact closure. There exists a contin-
uous family (m,H) of Hilbert representations of G (see Definition [B1l) based on
U such that the continuous family of (g, K)-modules (dm, HY) is isomorphic with
the analytic family z — J(L,) of objects in H(g, K) based on U (thought of as a
continuous family). Furthermore, the family (7, H) is smoothable (see Definition

[E3)).
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Proof. Let v € K then Theorem B3l(2) implies
dim J(L,)(y) = dim F dim v dim Homg (V,,H ® L)

for every z € Z. In particular it is independent of z. Theorem B implies that
there exists k such that for each u € U the map

Tk,Lu, : J(Lu) — I(Uk,Lu)
is injective. Note that the space of K-finite vectors in I(o, 1, ) is the K-finite in-

duced representation Ind}; (o, 1, ) and hence independent of u. Let (Hy, (...,...))

be the Hilbert space completion of Ind% (o L . ) corresponding to unitary induc-
tion from M to K. This gives a smoothable analytic family of Hilbert representa-
tions of G (Proposition [63)), p.. Proposition now implies the result. O

9. THE MAIN THEOREM
Recall that G is a real reductive group of inner type.

Theorem 9.1. Let (w, V) be an analytic family of objects in H(g, K) based on the
analytic manifold X. Let x, € X; then there exists U, an open neighborhood of
Zo in X, and a smoothable, continuous family of Hilbert representations (uy, Hy)
such that the family (dpy, (Hy)y) is isomorphic with (my,V) (as a continuous

family).

Proof. Let Uy be an open neighborhood of x, in X with compact closure. Then
Theorem implies that there exists Fy) C K a finite subset such that

m(U(ge) Y V(N =V.
YEF]
Let RO = >omery V() RV is invariant under the action 7, (D) for all z € X. This
implies that ((77|U) |p, R°) defines an analytic family of objects in W (D, K) based
on U;. Let J(R?) be the corresponding J-family. Then we have the surjective
analytic homomorphism of families

To
JR) — Vg — 0
with To(z) mapping J(RY) onto V for all z € U;. Let (o, (H% (...,...))) be the

smoothable, continuous family of Hilbert representations based on U; corresponding
to J(R) as in Theorem 82l Let U be an open neighborhood of z, contained in U;
such that U is contractible. The theorem now follows from Proposition (Il

The main result is

Theorem 9.2. Let T denote the inverse functor to the K-finite functor and let
(m, V) be a holomorphic family of objects in H(g, K) based on the connected complex
manifold X. Then if x,y € X, T(my,V) = T(my, V) as subspaces of [,z V(7)
and if T(m, V) = (A, W) then (\, W) is a holomorphic family of smooth Fréchet
representations based on X.

Proof. The above theorem implies that there is an open covering, {U,}, of X
and for each a a continuous family of smoothable, admissible Hilbert represen-
tations based on U,, (04, Ha), such that ((doa)s, (Ha)g) = (12, V), € U,.
Proposition combined with Theorem implies that (o4, HS®) (here HY is
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the space of C'™ vectors with respect to K) is a holomorphic family of smooth
Fréchet representations of G based on U,. The isomorphism of categories immedi-
ately implies that if x € U, N Us then HZ® = HE° as subsets of [[ .z V(v) and
(0a), (9| = (08(9)), |Hz for all g € G. Thus we can define W = HZ® the
common value for all a (since X is connected) and if € X then 0,(9) = (04), (9)
for a such that x € U,,.

This (and its proof) can be interpreted in the following way:

Corollary 9.3. Let T be the inverse functor to the K-finite functor HF(G) —
H(g,K) and let (w,V) be a holomorphic family of objects in H(g, K) over the
connected complex manifold X. If T((7x,V)) = (A, Vi) then

(1) For all z,y € X,V, =V, as subspaces of Hvef{ V() and as Fréchet spaces.

Set V' equal to the common value. o
(2) The map x,g,v — A\y(g)v is continuous from X x G x V to V, linear in v
and C*° in g and holomorphic in x.

Using the results in Appendix [G] and the observation that if V' is an admissible
smooth, Fréchet module of moderate growth then the topology of V is given by
norms corresponding to continuous inner products one has

Corollary 9.4. If (w, V) and (o, W) are holomorphic families of admissible, smooth
Fréchet modules over the complex manifold X and if T : (w,V) — (o,W) is a
holomorphic family of homomorphisms of families (see Definition [D.3]) then image
of T (i.e.

= (0211,(v), Te(V)))
and the kernel of T (i.e.
T = (Ty|ker 7, > Ker 1))

is a holomorphic family of admissible, smooth Fréchet modules over X.

APPENDIX A. G-C* VECTORS AND K-C° VECTORS

Let G be a real reductive group with a fixed maximal compact subgroup K
and let 6 be the corresponding Cartan involution. Fix a symmetric bilinear form
B on Lie(G) such that (X,Y) = —B(0X,Y) is positive definite. Let C' and Cx
be the Casimir operators of G and K respectively corresponding to B and we set
A =(C—-2Ck. We observe that A =) XZ-2 for X1, ..., X, an orthonormal basis of
Lie(G) relative to (...,...). As a left invariant operator on G, A is an elliptic and
invariant under K. Let (7, H) be a Hilbert representation of G and set V' = (H*) .
Let Z be the completion of V relative to the seminorms ¢;(v) = HAZU 1=0,1, 2
.... Then since gy = ||...||, Z can be looked upon as a subspace of H. Also H*
is the completion of V' using the seminorms s,(v) = ||lzv| with € U(g). Thus
Z D> H™.

Lemma A.1. Z = H*. Furthermore, the topology on H* is given by the semi-
norms q.

Proof. We note that the second assertion is a direct consequence of the closed graph
theorem (cf. [I]) and the first assertion. We will now prove the first assertion. Let
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v € Z C H. We must prove that v € H*°. Let v; € V be a sequence converging to
v in the topology of Z. Let w € H; then for all j

A (m(g)vs, w) = (m(g)AFv;, w).

Set pi(v) = Z?;o qr(v). Noting that p;(A*v) 4 pr_1(v) = prrx(v) and pi(v) <
pi+1(v), we see that for fixed k the sequence {A*v;}, converges to uy in Z.

We assert that the function g — (7(g)v,w) is C*°. Since w € H is arbitrary
this would imply that the map g — 7(g)v is weakly C°°. But a weakly C'* map of
a finite dimensional manifold into a Hilbert space is strongly C*°(cf. [G2]). This
is exactly the statement that v is a C* vector. We now prove the assertion. We
first show that if we look upon the continuous function h(g) = (7(g)v,w) as a
distribution on G (using the Haar measure on G) then in the distribution sense

A*h(g) = (m(g)ux, w).
Indeed, let f € C°(G); then

/G h(g)A* f(g)dg = lim | (w(g)v;, w)AF f(g)dg

J]— 0 el

lim [ A*(w(g)vj, w)f(g)dg = lim [ (m(g)AFvj,w)f(g)dg =

/ (m(g)ur, w) f(g)dg
G

as asserted. Since A is elliptic, local Sobolev theory (cf. [T, Chapter 6]) implies
that h € C*(G). O

Proposition A.2. If (w, H) is an admissible Hilbert representation of G such that
there exists a polynomial
m—1
_ Z ¢’
j=0

with f(C) =0 on H*® then the topology of H™ is given by the semi-norms p;(v) =
H(I—|— Cx) . That is, the K — C'* vectors, H*¥ are the same
as the G — C'*° wvectors, H*.

Proof. This result will be proved by induction on m. If m = 1 then C acts by
c=coon H*. Note that A =C —2Ck. Soif v € H*®

k
[AF = z; ( )c’f icho| <
Jz:(g)j (I;.)IC’” Hc;'{q} gjz:(z)a‘ (’;)|ij 11+ Cr Yo

Now assume the result if the degree is m — 1 > 1. Let H“ denote the space
of analytic vectors in H*°. The K-finite vectors V = Hg are contained in HY
since H is admissible. If ¢ € C and V. = {v € V|Cv = cv} # 0 then let H;
be the Hilbert space completion of V; then H; is G-invariant, (H;), = V. and
(H/H1)y = Hk/V.. Fix ¢ such that V, # 0. The first part of the proof implies
that the seminorms p; define the topology on H{°. The correspondence U — U is
an exact functor from the category of strongly continuous Hilbert representations
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of G to the category of smooth Fréchet modules [W] Proposition 4.4.1.11, p. 260].
Setting
f(x)

9(z) =",

we have g(C) is zero on (H/H;)™ (since it is 0 on V/V.). Thus we have the
commutative diagram

0 - H® — H>*® — (H/H)>® — 0
\ \
0 — HX — H*< — (H/H)™" — 0

with the right-most and left-most vertical arrows isomorphisms. This implies that
the middle vertical arrow is also an isomorphism completing the induction. O

Corollary A.3. If (m, H) is an admissible finitely generated Hilbert representation
of G then the K-C*° wvectors are the same as the G-C* vectors.

Proof. There exists a finite subset F C K such that Ul(g) > erH(Y) = Hk.
Clearly, C> . cp H(v) C > cpH(y). Let p(z) be the minimal polynomial of
Cis. pH(y)- Then p(C) =0 on Hg and hence on H. O

APPENDIX B. HILBERT FAMILIES

Let G be a locally compact topological group and let X be a locally compact
metric space. All Hilbert spaces in this appendix (indeed, in this paper) will be
separable.

Definition B.1. A continuous family of Hilbert representations of G over X is
a pair (0, H) with H a Hilbert space and ¢ : X x G — GL(H) (the continuous
invertible operators on H with the strong operator topology) a continuous map
such that 0, (g) = o(z, g) defines a representation of G for every = € G.

Lemma[B2lis Lemma 1.1.3 in [RRG] taking into account dependence on param-
eters. The proof is essentially the same using the local compactness of X.

Lemma B.2. Let X be a locally compact metric space and let H be a Hilbert space.
Assume that for each x € X, 7, : G — GL(H) (bounded invertible operators) such
that

(1) If w C X and Q C G are compact subsets of X and of G respectively then
there exists a constant C,, o such that ||1;(g)|| < Cuq forz € w,g € Q.
(2) The map x,g9 — (mx(g)v, w) is continuous for all v,w € H.

Then (w,H) is a continuous family of representations of G based on X and
conversely if (w, H) is a continuous family of Hilbert representations then (1) and
(2) are satisfied.

An immediate corollary is

Corollary B.3. Let (w, H) be an admissible, continuous family of Hilbert repre-
sentations of G based on the locally compact metric space X. Set for each x € X,
7:(g) = mo(g™1)*; then (&, H) is a continuous, admissible family of Hilbert repre-
sentations of G based on X.
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APPENDIX C. NORMS

Let ||g|| be a norm on G, that is, a continuous function from G to R (the
positive real numbers) such that

(1) [[k1gkall = llgll , k1. k2 € K, g € G,

@) oyl < ol Iyl 2,y € G,

(3) The sets ||g|| < r < oo are compact.

(4) If X € p then if ¢ > 0 then log||exptX|| = tlog|exp X||.

If (0, V) is a finite dimensional representation of G with compact kernel. Assume
that (...,...) is an inner product on V that is K-invariant and is such that the
elements o(exp(X)) are self adjoint for X € p,. If ||o(g)|/is the operator norm of
o(g) then ||g|| = |lo(g)| is a norm on G. Taking the representation on V @V given
by

PN

a(9)
alg™)" |’
then we may (and will) assume in addition
(5) llgll = llg~ "I
Note that (5) implies that ||g|| > 1.
Using the same proof as Lemma 2.A.2.1 in [RRG| (which we give for the sake of
completeness) one can prove

Lemma C.1. If (m,H) is a continuous family of Hilbert representations over w a
compact metric space then there exist constants C,,,r, such that

79Il < Co llgll™ -

Proof. Let
Bi={g€Gllgl <1}

If v € H and (x,9) € w x By then sup ||7,(g)v]| < oo by strong continuity. The
principle of uniform boundedness (cf. [RS, II1.9, p. 81]) implies that there exists a
constant, R, such that ||7(g)|| < R for (z,g) € wx By. Let r = log R. In particular
if k € K then

72 (kg) || < llma(R) [ |72 (9)]] < R [[7a ()]l -
Also,

172 (9)l| = ||ma (k™ )ma (k) || < Rllma (ko).
Thus for all ke K,g e G

R me(9)ll < llme(kg)|l < R [I7a(9)]l -
Let X € p, X # 0 and let j be such that
j<logllexp X|| <j—+1,

then
X Jj+1
7 (exp(——) <r(j+1)<r+rlogl|expX| .

lo zexp X)| <lo
g7 (exp X) | < log —

Thus
17 (exp X)|| < Rlexp X", X € p.
If g€ G then g =kexp X with k € K and X € p so
172 (9)]| = llma(kexp X)|| < R [lexp X[|” = R* |lg||"
Take C, = R? and r, = 7. O



110 NOLAN R. WALLACH

APPENDIX D. CONTINUOUS AND ANALYTIC FAMILIES OF (g, K) MODULES

Let G be a reductive group with fixed maximal compact subgroup, K. In this
section X will denote a connected, paracompact real analytic or complex manifold.

Definition D.1. If V is a vector space over C then a continuous, real analytic
or holomorphic function from X to V is a map f : X — V such that for each
x € X there exists U, an open neighborhood of = in X such that the following two
conditions are satisfied:

(1) dimspanc{f(z)lz € U} < co.
(2) f : U — spanc{f(z)|x € U} is respectively continuous, real analytic or
holomorphic.

Definition D.2. A holomorphic, analytic or continuous family of admissible (g, K)-
modules over X is a pair, (i, V'), of an admissible (¢, K )-module, V', and

p: X xU(g) = End(V)

such that @ — p(z,y)v is respectively holomorphic, analytic or continuous for all
y € U(g), v € V and if we set pu,(y) = p(z,y) for y € U(g) then (uy,V) is an
admissible (g, K)-module. It will be called a family of objects in H(g, K) over X if
each (g, V) is finitely generated.

Definition D.3. If (A, V) and (u, W) are analytic or continuous families of objects
in H(g, K) over X then a homomorphism of the family (A, V') to (u, W) is a map

T:X — Home(V, W)
such that

(1) &+ T(x)v is an analytic or continuous map of X to W for all v € V.
(2) T(z) € Homyy (g x)(Va, W) with Vo, = (A, V), Wo = (e, W).

Lemma D.4. Let (w, H) be a continuous family of admissible Hilbert representa-
tions of G over X and denote by dm, the action of g on HY (the K-finite C*-
vectors). Then (dm, Hi) is a continuous family of admissible (g, K)-modules based
on X.

Proof. If v € K then we will use the notation C2°(v; G) for the space of all f €
C2°(G) such that

d(y) /K yo (R)F (k" g)dk = f(g),9 € G

with x~ the character of 7. Then
H(7) = m(C(7: @) H.

We also note that if Y € g, f € C°(v; G) and v € H then
dr (Y ) e (f)v = 7 (Y f)v

with Y f the usual action of Y € g on C*°(G) as a left invariant vector field (that
is differentiate on the right). Thus, if v € Hx and y € U(gc) then the map

x +— dmg(y)v

is continuous. O
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APPENDIX E. SOME RESULTS OF VINCENT VAN DER NOORT

Throughout this section Z will denote a connected real or complex analytic
manifold. We will use the terminology analytic to mean complex analytic or real
analytic depending on the context.

We continue the notation of the previous sections. In particular G is a real
reductive group of inner type.

We denote (as is usual) the standard filtration of U(g) by

e CUlg) c U (g) C ...

Let V be an admissible (Lie(K), K) module. We note that if E C V is a finite
dimensional K-invariant subspace of V' then there exists a finite subset F} g C K
such that
Ullg) @ B = Z My 5V
YEF; B
If v € V we denote by E, the span of Kv in V.

The purpose of this section is to prove a theorem of van der Noort which first
appeared in his thesis [VAN]. We include the details only because he is not expected
to publish it. In his thesis he studied the holomorphic case. Our exposition follows
his original line.

Fix a maximal torus, T', of M; then b, = Lie(T)®a is a Cartan subalgebra of g,.
As usual, set h equal to the complexification of h,. We parametrize the homomor-
phisms of Z(g) to C by xa for A € h* using the Harish-Chandra parametrization.
Since M is compact we endow M with the discrete topology. Note that if C'is a
compact subset (sorry of the over use of C, the Casimir operator will not appear in
this section) of M x ag then there exist a finite number of elements &;,...,&, € M
and compact subsets, Dj, of ag such that

C = nglgj X Dj.

If¢eMandve af then set o¢, (man) = E(m)a” ™ (p(H) = tr(adH|p;e(n)));
H € a), a¥ = exp(v(H)) a = exp(H), £ is taken to be a representative of the
class . HS" is I(o¢.,) which equals as a K-module H® = Ind%(¢). If f € H® set
fu(nak) =a”*tPf(k),n € N,a € A,k € K. Ap(v) is the corresponding Kunze-Stein

intertwining operator (cf. [W1l 8.10.18. p. 241]).

Proposition E.1. Let € € M and let Q C ag be compact. There exists a finite set
F C K such that e (U(9)) (nyeF Hf(’y)) = H¢ for all v € Q.

The proof of this result will use the following

Lemma E.2. Ifv, € ag,§ € M then there exists an open neighborhood of v,, U, ,
and a finite subset F'=F,,, of K such that e (U(9)) (Z'yeF Hf(’y)) = H* for all
veU,.

Proof. If v € K fix W, € 7. If Re(v,a) > 0 for all @« € ®T and if v € K and
Ap(v)HS(y) # 0 then m¢,, (U(g)) (H*(7)) = H* (cf. [RRG) Theorem 5.4.1 (1)]).
Fix such a v, (which always exists since the operator A5(v) # 0); take F), = {7, }
and U, an open neighborhood of v such that Ax(u)H(y,) # 0 for p € U. Let
v € af be arbitrary. There exists a positive integer, k, such that Re(v + kp, ) > 0
for all @« € ®* and such that kp is the highest weight of a finite dimensional spherical
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representation, V*?, of G relative to a. The lowest weight of V*? relative to a is
—kp and M acts trivially on that weight space; thus Hy" ™ @ V* has H5" as
a quotient representation (see [W1l 8.5.14,15]). Take F, to be the set of K-types
that occur in both W. ® V*P and HS and U, = vtkp — Kp. O

Yv+kp

We now prove the proposition. By the lemma above for each v € ) there exist
F, and U, as in the statement of the lemma. The U, form an open covering of
which is assumed to be compact. Thus there exist a finite number vy,...,v,. € Q
such that

QcuU_U,.
Take F' = U;_, F,,. This proves the proposition.
Lemma E.3. Let x¢,, denote the infinitesimal character of m¢ . If C' is a compact
subset of h* then

{(&v) e {M x ag|xe,r = xa, A € C}

is compact.
Proof. Fix a system of positive roots for (MY T) (M° the identity component of
M). If A¢ is the highest weight of £ relative to this system of positive roots and if

pa is the half sum of these positive roots then x¢,, = xa with A = A¢ + ppr + 1.
This implies the lemma. O

The following result is the reason for the assumption of analyticity.

Lemma E.4. Let (w,V) be an analytic family of admissible (g, K) modules over Z.
Assume that there exists zo € Z such that (7,,,V) is finitely generated. If T € Z(g)
then there exist analytic functions agr,...,an—1,7 on Z such that if

n—1
fr(z,x) =a" + Z ajr(z)z’
j=0

for z € Z then fr(z,m,(T)) =0 for all z € Z.

Proof. Let F be a finite subset of K such that ., (U(g)) doer V() =V. Let L=
> er V(7). Then we define the functions a; the by the formula

n—1
f(z,2) = det (zf —m.(T)) = 2" + Z a;j(z)x.
§=0

The Cayley-Hamilton theorem implies that h(z) = T™ + Z?;Ol aj(2)T7 € Z(g)
vanishes on L. Let v € K; then there exist z1,...,z, € U(g) and v1,...,v, € L
such that {m,,(z;)v;}]_; is a basis of V(). Let P, be the projection onto the
~-isotypic component of V. Thus

(PWWZ(xl)Ul) A (PVT"Z(xQ)U?) ARERNA (PVWZ(xT)UT) eNV(y)

(a one dimensional space) is non—zero for z = zg. This implies that there exists an
open neighborhood, U, of zg in ) such that

Pym(x1)v, Pym.(x2)ve, . .., Pyma (2, )vy
is a basis of V(v) for z € U. Since
h(z)Pym.(x;)v; = Pym.(x;)h(2)v; =0,
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we have h(z)V(y) =0 for z € U. The connectedness of Z and the analyticity imply
that h(z)V(y) =0 for z € Z. Thus since - is arbitrary h(z) = 0 for all z € Z. This
proves the Lemma. ([l

If V is a (g, K)-module then set ch(V') equal to the set of A € h* such that there
exists v € V with Tv = xa(T)v for all T € Z(g).

Corollary E.5. Keep the notation and assumptions of the previous lemma, If w C
Z is compact then there exists a compact subset C,, of b* such that ch(rn,,V) C C,,
forall z € w.

Proof. Let Ty,...,T,, be a generating set for Z(g) and let f;(z,2) = fr,(z,7) be
the function in the previous lemma corresponding to 75. Then

njfl

filza) =2 + > a;i(2)a?
1=0

with a;; analytic in Z. If xa € ch(m,,V) then
N < .
ATl < max aji()] +1

(cf. [RRG] 7.A.1.3]). If L C Z is compact then there exists a constant r < oo such
that |a;(2)| < r for all 4,5 and z € L. This implies the corollary. O

Theorem E.6. Let (7,V) be an analytic family of admissible (g, K) modules over
Z. Assume that there exists zg € Z such that (7, V') is finitely generated. If w is
a compact subset of Z then there exists S, C K a finite subset such that if y € w
then

m(Ue) | DV | =V.

YESw
Proof. Let C,, as in the above corollary for w. Let
X ={(&,v) € M x aX|xew = xa, A € Cu}.

X is compact so there exist &1,...,&, € M and Dy, ..., D,, compact subsets of af,
such that X = U;&; x D;. Let S; C K be the finite set corresponding to &; x D;
in Proposition[EJl Set S, = US;. Let L1 C Ly C --- C Lj C ... be an exhaustion
of the K-types of V with each L; finite.

We will use the notation V,, for the (g, K)-module (m,,V). Let y € C. Set
W, = m,(U(g)) (EWE% V(y)); then W; C W4, and UW, = V. Bach W is
finitely generated and admissible, hence of finite length. Therefore V;, has a finite
composition series

_ 10 1 N
0=V, CcV,C---CV,
or a countably infinite composition series
0=V)cV,c--cVpcyrtc..
with Vyi / Vyi_1 irreducible. Thus by the dual form of the subrepresentation theorem
there exists for each 4,& € M and v; € ag so that V;/V;fl is a quotient of
(e, v,s HE7%). Observe that (&;,1;) € X. Thus V,//V,i~*(7;) # 0 for some 7; € S,
Let L be a quotient module of Vj,. Then L = V, /U with U a submodule of V.
There must be an ¢ such that V;/ (Vyi_l N U) # 0. Let ¢ be minimal subject to this
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condition. Then V;/~! € U. Thus V,//V,/~" is a submodule of L. Hence L(7) # 0
for some v € S,,. This implies that

my(U(9)) <Z VO\)) =V.

AESw

Indeed, we have shown that

<Vy/7fy(U(9)) ( > V(M)) (v) = 0,7 € Se.

AESy,
(]

Corollary E.7. (To the proof) Let (7, V) be an analytic family of finitely generated
admissible (g, K) modules over Z . Let W C Z be compact . Let for each z € W,
U. be a (g, K)-submodule of V,. Then there exists a finite subset Fyy C K such
that

m.(U(g)) Z U.(v) | =U..

yEFw

Proof. In the proof of the theorem above all that was used was that the set of
possible infinitesimal characters is compact. |

APPENDIX F. CONTINUOUS AND HOLOMORPHIC FAMILIES
OF SMOOTH FRECHET REPRESENTATIONS

Let G be a reductive group with fixed maximal compact subgroup, K. Let
F(G) denote the category of smooth Fréchet representations (here, as usual, smooth
means that the map g — w(g)v is C*).

Definition F.1. A continuous family of objects in F(G) over a metric space X is
a pair (m, V) of a Fréchet space V' and a continuous map

m: X xG— End(V)

(here End(V) is the algebra of continuous operators on V with the strong topology)
such that for each z € X, if m,(g) = 7(x, g) then (75, V) € F(G). We will say that
the family has local uniform moderate growth if for each w a compact subset of X
and each continuous seminorm on V), p, there exists a continuous seminorm ¢, on
V and r,, such that if v € V then

p(ma(9)v) < qu(v) g™ -

Proposition F.2. If (7, H) is a continuous family of Hilbert representations over
the analytic manifold X such that the representations m, k are the same for all
x € X (we denote this common value by m(k)) and the representations (dmy, HY)
form an analytic family of objects in H(g, K), then

(1) The space of C™ wvectors in H with respect to 7, is equal to the space of C™°
vectors of the representation (w, H). of K.

(2) Assume that for each, w C X, compact, and v € U(g) there exist constants
Covs Ny Such that

[ldmy (u)v]] < Coou [ldm (1 + Cr )™ |
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forve H*®. Then x — (7., H®) is a continuous family of smooth Fréchet repre-
sentations of local uniform moderate growth.

Proof. (1) follows from Lemma [E-4] and Proposition [A22l
We now prove (2) To prove the continuity assertion we need to show that if [ > 0
and z, € X then

Jim ldr (14 Cx)! (7 (9) — 70, (9)0]| = 0.

Let A, be the eigenvalue of Cx on V(7). Recall that if v € H>* = 3 v, with
vy € H() and for each r there exists a constant C,., such that
oyl < Copr(T+29)7"

As is well known

Z (I4+X2)"<o0
veK
ifr > C“%T with T is a maximal torus of K. Fix [ > 0 and z, in X. Let F' C I?; if
u€ H>® set u(F) =3 cpu,. IfF°= K — F, then u = u(F) + u(F°). If u € H®
then
dr (1 + Ck)'ma(g)u = mz(g)dma(Ad(g) "' (1 + Ck)')u.
Let z1,..., 24, be a basis of U?(g). Then

Ad(g) " 1+ Cx) =" ailg)

with a; real analytic on G. Thus

dr(1+ i)l (g)o = 7a(9) 3 aslg)dma ().

Note that there exists C1, m such that |a;(g)| < Cy ||g||™ for all i. Now fix z, € X
and fix U a neighborhood of x, with compact closure. Then (Lemma [C1])

Ime(g)ull < C2 g™ llull,z € U,u € H.

Let v € H*®. Let for N > 0, Fy = {y € I?|)W < N}; then Fy is a finite set. Let
r= % + 1. Set n = max; ny, ., with w the closure of U and C3 = maxCy, . If
relU

2
|dm(1+ Cx)! (ma(g) — 7a, (9))0(FR)|
< 2d7C3CECH [lgl ™™ D (14 A2 oy |7
YEFN
Also
oyl < Com(1+Ay)"™

SO

DA oy P < Cum Y (1422
’YQFN '\/iFN
Choose m = 2] +r + 2n + s with s > 1. Then

D AN oy P S N7 Con Y (14 A) 7T S N Cogn 3 (14 A))77

YEFN Y¢FN vg¢ K
We therefore have (Cy = Com 3- 4z (14+Ay)7")

2 m-+my —s
|dr(1+ Cr)! (72 (g) = 7, (9))W(FR)||” < 2d7C3CTC3 || g™ CaN >,
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Let € > 0 be and let w; be a compact subset of G. Choose N so that

23 C3C2C3 gl ™™ CaN <
for g € wy. Now if z € U then
|dr (1 + C) (m2(g) — 72, (9))0]|
< |dr(1+Crx) (e (9) = T, (9))0(FN) || + || dr (14 Cc) (w2 (9) — 70, (9))0(FR)||

€
< [ldr(1 + Cr)' (ma(g) = 7o, (9D 0 (FN)[| + 5-
The function of z, ||dr(1 4+ Ck)'(74(9) — 7, (9))v(Fn) ||2 is by our assumption real

analytic in z, ¢ and equal to 0 at x = x,. Hence there exists a neighborhood, W,
of z, in U such that if g € wy and x € W then

2
(1 + Ce) () — e, ()0 (EW)|* < 5

4
This completes the proof of continuity. We leave the condition of uniform moderated
growth to the reader (what is needed is in the above argument). O

Definition F.3. A continuous family of Hilbert representations of G, (m, H), over
X will be called smoothable if for each compact subset w C X,u € U(g) there
exists Cy, y, N,y Such that

[ldmy (w)v|| < Cou [ldm(1 4 Ck )" v]|
fory e w, v e H*®.
Definition F.4. A holomorphic family of objects in F(G) over the complex mani-

fold X is a continuous family (7, V') such that the map z — 7, (g)v is holomorphic
from X toV forallge G,v e V.

Theorem F.5. If (7,V) is a continuous family of smooth Fréchet representations
over the complex manifold X such that (dm,Vk) is a holomorphic family of objects
in H(g, K) then (w,V) is a holomorphic family of objects in F(G) over X.

We will use Lemma in the proof.

Lemma F.6. Let X be a complex n-manifold, G be connected and let
f: XxG—=C

be continuous and real analytic in G. If zf(x,e) is holomorphic in x € X for all
z € U(g) (here z is acting as left invariant differential operators on the G the second
factor) then f is holomorphic in X.

Proof. Let x € X and let 21, ..., z, be local coordinates on an open neighborhood,
U, of z in X such that if ¥ = (z1,...,2,) then ¢(z) = 0 and ¢¥(U) D D" with D
(resp. D) the (resp. closed) unit disk in C. For simplicity we may assume that
X = ¢(U). Define for z € D

1 f(u,9)
(271'1)” (sHn H(UZ - Zi)

Then h(z,g) is holomorphic in z on D. By our assumption uh(z,e) = uf(z,e) for
u € U(g),z € D. Since f is analytic in G and G is connected h = f on D. |

h(z,9) = duy -+ - dup,.
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We will now prove the theorem. Let A € V'. If v € Vi then the function
f(.9) = Mmalg)o)
on X x G is continuous and real analytic in G. Now
uf(z,e) = Admg(u)v)
which is holomorphic in z. Thus if v € Vi then
# > A (9)0)

is holomorphic in . Let x € X and U, 1, etc. be as in the previous lemma. Set

1 Almu(g)v)
h(z,v) = - duy - - - duy,
2mi)™ Jesye TT(wi — 2i)
for v € V,z € D™. Then h(z,v) is holomorphlc in z and continuous in v. Further-
more, the first part of this proof showed that h(z,v) = A(w.(g)v) if v € V. Since
Vi is dense in V' this implies that

z = M. (g)v)

is holomorphic in z. Grothendieck [G1] has shown that a weakly holomorphic map
of a complex manifold to a Fréchet space is strongly holomorphic thus completing
the proof.

APPENDIX G. FUNCTORIAL PROPERTIES OF HILBERT FAMILIES

In this section we will analyze Hilbert globalizations of subfamilies and quotient
families of Harish-Chandra modules.

Lemma G.1. Let (7,V) be a finite dimensional continuous representation of K
and let X be a metric space. If u € X let (...,...), be an inner product on V
such that 7(k) acts unitarily with respect to (...,...), for k € K and such that
the map u — (v,w), is continuous (resp. real analytic) for all v,w € V. Then
there exists, for each u an ordered orthonormal basis of V', e1(u),...,e,(u) such
that the map u — e;(u) is continuous (resp. real analytic) and the matriz of
T(k) with respect to e1(u),...,en(u) is independent of u. Furthermore, if X is a
compact, contractible metric space and (0.W) is a finite dimensional continuous
representation of K and u — B(u) € Hompg (V, W) is continuous and surjective
foru € X then e (u),..., e (u) withr =dimV — dim W can be taken in ker B(u).

Proof. Fix an inner product, (...,...), on V such that 7 is unitary. Then there
exists a positive definite Hermitian operator (with respect to (...,...)), A(u), such
that (v, w), = (A(u)v,w),v,w € V and A(u) is continuous (resp. real analytic) in
u and satisfying

(k) P A(u)T(k) = A(u),u € X,k € K.
Set S(u) = A(u)?; then (v,w), = (S(u)v,S(u)w). Thus if T(u) = S(u)~2 then
T(k)T(u) = T(u)7(k), k € K,u — T(u) is continuous (resp. real analytic) and

(T (u)v, T(w)w), = (v,w),v,w € V.

Let e1,...,e, be an (ordered) orthonormal basis of V' with respect to (...,...);
then ey (u) = T'(u)ey, ..., en(u) = T(u)e, is an orthonormal basis of V' with respect
to (...,...),. f 7(k)e; = kj;ej then

T(k)ei(u) = 7(k)T (u)e; = T(u Z ki T (u
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To prove the second assertion note that v — ker B(u) is a K-vector bundle over
X (see Lemma [G2). Since X is compact and contractible the bundle is a trivial
K-vector bundle [Al Lemma 1.6.4]. Thus there is a representation (u, Z) of K and a
continuous map u — L(u) € Homg (Z,V) such that L(u)Z = ker B(u) and L(u)
is injective. Notice that B(u) : (ker B(u))t — W is a K-module isomorphism.
Now pull back the inner product (. . ), to Z using L(u) getting a K-invariant
inner product, (...,,,,)u, on Z and push the restriction of the inner product to
W using B(u) getting a K-invariant inner product (...,...)L on W. Now apply
the first part of the lemma to get an orthonormal basis fi(u),..., f.(u) of Z with
respect to (...,...), and an orthonormal basis fryi(u),..., fn(u) (n = dimV)
with respect to (...,...)L such that the matrices of the action of K with respect
to each of these bases is constant. Take e;(u) = L(u)f;(u) for ¢ = 1,...,r and

-1
ei(u) = (B(u)\kerB(u)L) fi(u) fori=r+1,...,n. O

Lemma G.2. Let V and W be finite dimensional, continuous K-modules and
assume that for x € X, B(x) € Homg (V, W) is surjective and the map x — B(z)
is continuous. Then x — ker B(z) is a K-vector bundle over X.

Proof. Let z, € X; we must show that there is a neighborhood U; of z, and for
all v € Uy a K-module isomorphism T'(u) of ker B(z,) onto ker B(u) such that the
map u — T(u) is continuous from U; to Homp (ker B(x,), V). To that end, let
M C V be a K-invariant subspace of V' such that B(z,) is a K-isomorphism of M
onto W. Then there exists U C X an open neighborhood of z, such that B(u)y is
invertible for uw € U. Set S(u) = (B(u)|M)71 on Blu)yM =W = B(u)V foru € U.
If v € ker B(x) and if u € U then

B(u)v = B(u)S(u)B(u)v
B(u)(I — S(u)B(u))v = 0.

Thus I — S(u)B(u) maps ker B(x,) to ker B(u) for w € U. This map is the identity
for u = z,, so it is a K-isomorphism for uw € U; C U with U; open in U. O

Proposition G.3. If (0,V) is a continuous family of admissible (g, K)-modules
over a metric space X, if (p, H) is a smoothable (see Definition [F23]) continuous
family of admissible Hilbert representations of G based on X and if

T (Ua V) - (dﬂvHK)

is a continuous family of injective (g, K)-module homomorphisms then there exists
(M W) a smoothable continuous family of Hilbert representations of G based on
X such that (d\,W5°) and (0,V) are isomorphic as continuous families and a
continuous family of injections of (A, W) into (u, H).

Proof. If x € X then set (...,...), = Ts(...,...) (where (...,...) is the inner
product on H). If vy € K,z € X let e](x),...,e} (z) be the orthonormal basis
as in Lemma corresponding to the restriction of (...,...), to V(y) . Then

{e] (©)}; 1er, with Ky = {y € K|V(v) # 0} is an orthonormal basis of V. Set
fi(@) = Tu(e] (),
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then {f](x)} is an orthonormal basis of T,V for € X. If v € H then set
Py(z)o =Y (v, f](2)) f] ().
i=1
Note that the map
x+— Py(x)
is strongly continuous from X to Hompg (H, H(7y)) (the continuous K homomor-
phisms). Define

P(x)v = ZPW(I)U.
Then P(z) is the orthogonal projection of H onto the closure of T,V in H. Thus
in particular |[P(z)|| = 1. We assert that

x — P(x)
is strongly continuous from X to the bounded operators on H. To this end, let

v € H be a unit vector and z, € X. Let € > 0 be given and let F' C K be such
that

> v <1

vEF

P(x) Y o(y) =Y Py(a)o(y),
yEF YEF
there exists an open neighborhood, U, of z, in X such that

then since

(P(x) = P()) Y_ v()| < 5.

yeF
Thus

I(P(x) = P(o)) o]l < ||(P(2) = P(xo) Y v()|| + || (P(2) = P(x)) Y v()

YEF vEF

< |(P@) = Plzo) 3 v(m)|| +2|| 32 vim)|| < =

VEF vEF
Let v,(g) be the action of G on P(z)H. Define L(z,y) : P(y)H — P(x)H

L(z,y) fi (y) = fi ().
Then L(z,y) is a unitary operator and a K-module equivalence. Furthermore,
z,y = Lz, y)P(y)

is strongly continuous (use a slight modification of the argument for the strong
continuity of P(x)). Fix z, € X and set W = P(x,)H and

Ae(g) = Llwo, x)vz(g) Lz, o).
To complete the proof we need to show that (u, W) is smoothable. Let w be a

compact subset of X and u € U(g); then there exist C, and n, such that if
v € H* then the definition of smoothable says

[dpa (wv]| < C lldpe (1 + Crc )™ 0]l -
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Now, if v € W then v = P, w with w € H*. So
[z (w)vl| = || L(zo, 2)dve (u) L(z, zo) Py w|
= ||dvy (u)L(z, z0) Pryw|| < Cy ||dvy (1 + Ck )™ Lz, x5) Py, w]|
= Cy || L(0, x)dvy (1 + Cx )™ L(x, ) Pyow|
= Cy [|dAs(1 + Cg )" Pyyw|| .

Using similar methods we have

Proposition G.4. If (0,V) is a continuous family of admissible (g, K)-modules
over a compact contractible metric space X, if (u, H) is a continuous, smoothable
family of admissible Hilbert representations of G based on X and if

T:(du,Hg) = (0,V)

is a continuous family of surjective (g, K)-module homomorphisms then there exists
(M W) a smoothable, continuous family of Hilbert representations of G based on
X such that (dX\,W52) and (0,V) are isomorphic as continuous families and a
continuous family of surjections of (u, H) onto (A\,W). Furthermore, if (u, H) is
smoothable then so is (A, W).

Proof. The proof follows the same lines as the previous theorem. Let for each
re X,

Bw(x) = Tw‘H('y)
Let r, = dim V(v), my = dim H (7). Then Lemma [GJ]implies that for each z € X
there exists an orthonormal basis of H(v), {e] (z)} with respect to the inner product,

(-.vy...) on H such that {e](z)}isr, is a basis of ker B,(z) and x — ¢! (z) is

continuous. Let f;(z) = By(z)e](x) and for each € X define an inner product,
(...,...), on V by declaring that {f; (z)} is an orthonormal basis. Set
Py(v) =) (v,e](x)) €] (x)
i=1

and P(z) = ) Py(x). Essentially the same argument as in the proof of the pre-
ceding theorem shows that map x — P(x) is strongly continuous. Also, T :
P(x)Hg — V is unitary relative to (...,...), and an equivalence of representa-
tions of K. Let H; , be the closure in H of kerT, for x € X. Then, as a Hilbert
space, under T, H/H; , = P(x)H. Since ker T, consists of analytic vectors Hy , is
G-invariant. This defines a Hilbert representation, 7,, on P(z)H. Which in turn
defines a Hilbert representation, v,, of G on the Hilbert space completion of V,
Zy,. Let L(z,y) : Z, — Z, be defined by L(z,y)f](y) = f!(x). Then L(z,y)
defines a unitary K-isomorphism of (vy|x, Z,) with (v4|x,Z;). Fix z, in X and
let W = Z,, and A\;(9) = L(zo, x)vy(g)L(x,z,). As in the preceding theorem, we
have defined a Hilbert family globalizing (c.V).
We now assume that (u, H) is smoothable. If v € P, H* then

dptg (w)v = dryz (w)v + (I — Py)dp, (u)v.
Thus, if w is a compact subset of X then
[ldya (W)l < [|dps (u)vl|
< Cuw [|dpa(1 + Cx) || = Cu ||dva(1+ Cr)'o]] -
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Let M(x,y) : P(x)H — P(y)H be given by

M(z,y)e] (y) = €] (x).
Fix 2, € X. Then the family can be defined as d,(g9) = M (o, )V (9) M (z, z,)v
for v € P(z,)H. Setting W = P(z,)H then (4,U) is an isomorphic continuous

family to (A, W). We show that this family is smoothable; let w € U(g). Then if
v € U and w is a compact subset of X then

[ dos(u)v|l = | M(xo, x)dye (u) M (z, 2o)v|| = [|dya (w) M (x, 20)v|
< Cyw Hd%(l + CK)IM(x, xo)vH =Cuw HM(J&O, x)dy, (1 + CK)IM(m,xO)vH
= Cu ||doa((1+ Ck)'|| -
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