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0. Introduction.

There seems to be few works on non-compact semi-simple Lie groups acting
on the sphere non-transitively. In the previous papers [7], we have studied
analytic SL(n, R) (resp. SL(n, C)) actions on the standard k-sphere and we
have shown that such an action has been characterized by an analytic R, (resp.
C,) action on a homotopy (k—mn-+1)-sphere (resp. (k—2n-+2)-sphere) satisfying a
certain condition for 5Zn<k=<2n—2 (resp. n=7 and 2n=<k<4n—2). Here R,
(resp. C,) denotes the multiplicative group of all non-zero real (resp. complex)
numbers.

In this paper we study analytic Sp(n, C) actions on integral homology #&-
spheres and we shall show in Section 5 that such an action is characterized by
an analytic C, action on an integral homology (k—4n-+2)-sphere satisfying a
certain condition for n=7 and 4n<k<8n—2. By an integral homology k-sphere
we mean a closed orientable analytic manifold whose homology with integer
coefficients is isomorphic to that of the standard %-sphere.

Our method and result are quite similar to that of the previous papers [7],
[8]. One difference here is the need to show that the fixed point set of the
restricted L(n) action is an analytic submanifold of a given manifold with cer-
tain analytic Sp(n, C) action, where L(n) is a non-compact closed subgroup of
Sp(n, C) defined in Section 1. To show it, we need to study certain analytic
SL(2, C) actions. is a key result.

In the final part of Section 5, we describe transitive Sp(n, C) actions on
(4n—1)-sphere. Finally, we study analytic SO(n, C) actions on (2n—1)-sphere
and on the Brieskorn variety W2"-1(d), and analytic SL(n, R) actions on (2n—1)-
sphere in Section 6.

1. Certain closed subgroups of Sp(n, C).

1.1. Let GL(m, C) and U(m) denote the group of regular matrices of degree
m with complex coefficients and the group of unitary matrices of degree m,
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respectively. Let I, denote the unit matrix of degree n, and we put

0o I,
Define Sp(n, C)={A=GL(2n, C):*AJ,A=],} and Sp(n)=UQ2n)NSp(n, C). Then

Sp(n, C) and Sp(n) are connected closed subgroups of GL(2n, C). Let L(n) and
N(n) denote the subgroups of Sp(n, C) consisting of all matrices of the form

1 % * % x ok ox %
0 Xy * X 0 Xy * Xp
0 0 1 0/ 0 0 * 0
O X21 * XZZ 0 XZI * XZZ

for X;;e M,_,(C), respectively. Notice that N(n) is the normalizer of L(n), in
fact, if N(n) contains gL(n)g~! for some g=Sp(n, C) then g= N(n) ; the standard
Sp(n, C) action on C?*"— {0} is transitive, its isotropy groups are conjugate to
L(n), and each isotropy group of the restricted Sp(n) action is conjugate to
Sp(n—1), where Sp(n—1)=L(n)N\Sp(n). Put Sp(n—1, C)=*L(n)N\L(n), where
tL(n)={*A:Ae L(n)}.

THEOREM 1.1 (Uchida [10], Theorem 1.3). Let G be a closed proper subgroup
of Sp(n, C) which contains Sp(n—1) for n=4. Suppose that each isotropy group
of the restricted Sp(n) action on the homogeneous space Sp(n, C)/G contains a
subgroup conjugate to Sp(n—1). Then L(n)ChGh*CN(n) for an element h of
the centralizer of Sp(n—1, C) in Sp(n, C).

REMARK. Let a, b, ¢, d be complex numbers with ad—bc=1. Put

a O b 0

a by [0 I,., 0 0

M<c d)_ c 0 d 0
0 0 0 I,

Then M(ZZ b) is an element of the centralizer of Sp(n—1, C) in Sp(n, C). In

d

. . . a
fact, the centralizer consists of all matrices of the form iM(C 2)

1.2. Let X be a set with a transformation group G. Denote by F(H, X)
the set of fixed points of the restricted H action for a subgroup H of G.

LEMMA 1.2. Let X be a Hausdorff space with a non-trivial continuous
Sp(n, C) action. Suppose that n=4 and each isotropy group of the restricted
Sp(n) action contains a subgroup conjugate to Sp(n—1). Then

F(Sp(n), X) = F(Sp(n, C), X), F(Sp(n—1), X) = F(Sp(n—1, C), X)
and
FMLQ1)-Sp(n—1, C), X) = F(L(n), X),
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*
where ML(1) consists of all matrices of the form M((l) 1).

ProOF. It is only necessary to show that F(Sp(n), X) (resp. F(Sp(n—1), X),
F(ML1)-Sp(n—1,C), X)) is contained in F(Sp(n, C), X) (resp. F(Sp(n—1,C), X),
F(L(n), X)). Let G denote the isotropy group at xX. Suppose first that G
contains Sp(n) but G is a proper subgroup of Sp(n, C). Then G satisfies the
condition of [Theorem 1.1, and hence AGh-'CN(n) for some h. But N(n) does
not contain any subgroup conjugate to Sp(n), this is a contradiction. Therefore,
if G contains Sp(n), then G coincides with Sp(n, C). This shows that F(Sp(n), X)
is equal to F(Sp(n, C), X). In the following, suppose that G is a proper sub-
group of Sp(n, C). Suppose that G contains Sp(n—1). Then, Sp(n—1, C)C
L(n)ChGh™ for an element A of the centralizer of Sp(n—1, C), and hence G
contains Sp(n—1, C). This shows that F(Sp(n—1), X) is equal to F(Sp(n—1, C), X).
Suppose next that G contains ML(1)-Sp(n—1, C). Then there is an element

a b
h:M(c d
in N(n) Then we see that ¢c=0 by a routine work, and hence he N(n). There-
fore G contains L(n), and hence F(L(n), X) is equal to F(ML(1)-Sp(n—1, C), X).

g.e.d.

such that L(n)ChGh*CN(n). In particular, AML(1)h~! is contained

COROLLARY 1.3. Under the hypotheses of Lemma 1.2, the equality
X = Sp(n, C)-F(L(n), X) = {gx : g&Sp(n, C), xF(L(n), X)}

holds. Moreover if F(Sp(n, C), X) is empty, then there is an equivariant homeo-
morphism

X = (Sp(n, C)xF(L(n), X))/N(n),
where the normalizer N(n) of L(n) acts naturally on F(L(n), X).

1.3. Let X be an analytic manifold with a non-trivial analytic Sp(n, C)
action. Suppose the hypotheses of Lemma 1.2 hold. Then each connected component
of F(Sp(n, C), X) (resp. F(Sp(n—1, C), X)) is an analytic submanifold of X,
because there is an analytic Riemannian metric on X which is invariant under
the restricted Sp(n) action (cf. [7], Remark 3.2). We want to show that each
connected component of F(L(n), X) is an analytic submanifold of X. By the
last equation of Lemma 1.7, it is sufficient to show that for the natural SL(2, C)
action on Y=F(Sp(n—1, C), X), each connected component of F(L(1), Y) is an
analytic submanifold of Y. Let G be an isotropy group of the SL(2, C) action
on Y. Notice that if G=SL(2, C) then L(1)ChGh*CN(Q1) for an element he
SL(2, C).
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2. Infinitesimal transformations.

2.1. Let G be a connected Lie group and g its Lie algebra of left invariant
vector fields. Let ¢p: GXM—M be an analytic G action. Let L(Af) denote the
Lie algebra of analytic vector fields on M. Then we can define a Lie algebra
homomorphism ¢*:g—L(M) as follows

flplexp(—tX), p)—f(p)
t

(X)) = lim

for X=g, p=M and any analytic function f defined on a neighborhood of p
(Palais [6], Chapter I, Theorem II). We shall show the above fact for com-
pleteness.

For each peM, we define ¢?:G—M by ¢?(g)=¢(g™*, p). If X and YV are
analytic vector fields on G and M respectively, then we obtain an analytic vector
field XY on Gx M defined by (XPY ), ,n=XPY,. For Xeg, p=M and an
analytic function f defined on a neighborhood U of p, we see that

(dNXN(f) = Xe(f oY) = (XDO0) e, (fopo (¥ X 1))

for g=U, and hence the function ¢—((d¢9(X,))(f) is analytic on U. Here e is
the identity element of G and v:G—G is defined by v(g)=g!. Therefore the
correspondence p—(d¢?)(X.) is an analytic vector field on M. Put ¢*(X),=
(d¢?)(X,). Then ¢*(X)eL(M). Let peM, heG and let g=¢?(h). Define
L;:G—G by Ly(g)=hg. Then

(PP Lr)(g) = ¢P(hg) = dlg*h™?, p) = ¢P(g™!, @) = P4 g)

and hence
PH(X)y = [dPN(Xe) = (dpP)(dLn)(Xe) = (dPP)(Xn), Xeg.

Therefore X and ¢*(X) are ¢P related. If Y =g then of course ¥ and ¢*(Y)
are also ¢? related, and hence [X, Y] and [¢*(X), ¢*(Y)] are ¢? related
(Chevalley [1], Chapter 1II, § VI, Proposition 2), i.e.

O ([X, YD), = [dPPULX, Y] = [P*(X), ¢*(¥)1p,  PEM.
Since ¢* is obviously linear, this proves that ¢*:g—L(M) is a Lie algebra
homomorphism. By definition, we see that

O X)p(f) = (dPPUXN)=X(f 2¢?)

(f =¢pP)(exp(X))—(f=¢P)(e)

= lim t
= lim f<¢(exp(~t2tf>, PI—f(p)

2.2. Put
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R ]

0 1 0 ¢ 10
Y.= <0 0)’ Y, = (o o)’ Y, = (0_1)'
Then {X,, X,, X5, Y,, Y, Yy}, {Xy, Xo, X5} and {Y, V,} are bases of the Lie
algebras of SL(2, C), SU(2) and L(l) respectively. We have the following
relations :
[XI; X2] = 2X3) [X27 X3] = 2X11 [X37 Xl] == 2X21 [Yly YZ] = 0"
[XI; Yl] - [-Xzy Yz:] =Y,, [Xh Yz:l = [Yly ij - X?n
[Xsy Yl] = [Ysy Yz] — 2Y2y [YZ, Xs] - [Ysy Y1] = 2Y1»
[X,, Y. =2X,—4Y,, [X, Y] =2X,—4Y,, [Xs, Y] =0.

Let {x,, xs, x5} be a canonical coordinates of the second kind at the identity
element of SU(2) with respect to the base {X;, X,, —X,} such that

x((exp(—u, X)) (exp(u, Xo))(exp(u, X)) = u;  for =1, 2, 3.

THEOREM 2.1. Let ¢: SL(2, C)X M—M be an analytic SL(2, C) action on M.
Under the following two conditions:

(1) the restricted SU(2) action is almost free,

(2) each isotropy group contains a subgroup conjugate to L(1),
the fixed point set F(L(1), M) is an analytic submanifold of codimension two.

ProoF. We can find an analytic SU(2) invariant Riemannian metric on M.
Then for each p=M there is an SU(2) equivariant analytic local isomorphism
f?:SUQR2)x D™ M such that f?(e, 0)=p, by the condition (1) and the differen-
tiable slice theorem, where m=dimM—3 and D™ is the unit m-disk. Hence we
can find an analytic coordinate system {x, Xs, X3, ¥1, ***, Ym} at p=M and a
cubic neighborhood V of p» with respect to this system which satisfy the follow-
ing conditions:

@ xp)=y =0 (Sis3 1=j=m),
O o= (r), =,

©  PHXde= B Aulwla), xla), m(q»(%)q =V i=L2),

where 4;;’s are analytic functions of three variables. In terms of these condi-
tions, we see that the equalities

x3(p(exp(tXs), @) = xs5(¢)—t,
(a) x:(p(exp(tXs), ) = x,(q) (=1, 2),
yiplexptXs), @) =3, (=L 2, -, m)
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hold whenever g€V and |t| is sufficiently small. Since the vectors ¢*(X,),,
O (Xog PH(Xs)g, (0/0Y1)g, =+, (/0yn), form a base of the tangent space at gV,
by the condition (1), we can express

8 m 0 )
P, = B Xt B sula(yy), 4=V 1553,
where a;;’s and §;;’s are analytic functions on V.

To simplify the notation, we set Z*=¢*(Z). We obtain the following
equations :

Xilays) = ags—2a,,, Xi(ay) = 2a,—1, Xi(a3) = 2a,3,

3
ﬁ Xi(azs) = 1—2a,,, X5 (ags) = ags+2as,, Xi(ass) = —2ay;.

Since the computation is fairly similar, we shall show only the first equation.
We have
X7, YH] = SX(en) X+ D (X7, X714 DXB0) 50 +Spul X5 0],

J ] % Ve k Ve
where [X{, 0/0y,]1=0 by the condition (c). Since ¢* is a Lie algebra homomor-
phism, we obtain X{(ais)=as;—2a4,.

For an analytic function f on V, we can express

7@ = f*(x:(9), x:(q), x5(@), ¥:(@), -+, yul@)  (gEV),

where f* is an analytic function of m-3 variables. Let us assume p= F(L(1), M)
in the following. We obtain from the equations ()

D(a¥, af, x¥ 211(0)  255(0

' R Gt

because the equalities a,;(p)=a:;(p)=0 hold for 1=;=3. The implicit function

theorem gives the following: there exist two analytic functions h,, h, of m

variables defined on a neighborhood of the origin and there exists a small cubic

neighborhood V, of p contained in V such that £,(0)=h,(0)=0 and if gV, then
d) —1<aulg <1 for 1=1, 2,

and
(€)  x3(q) = aus(g) = ax(g) =0 iff
x3(g) =0 and xiq) = hiyi(q), -+, ymlg) for i=1, 2.

) = 1+ (aw(p)? # 0,

Denote by W the set of points gV, whose coordinates satisfy the conditions:
x(q) = hi(9:(q@), -+, yulg)  for i=1, 2.

The set W is an (m-+1)-dimensional analytic submanifold of V,. By the
equalities (a) and the condition (e), we see that W contains the intersection
V.NF(LQ), M).

We shall show conversely that W is contained in V,NF(L(1), M). Let geW.
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There exists a real number ¢t such that for ¢’=¢(exp(tX,), q¢) the equations
x3(¢")=0, x;(¢")=x4q) for :=1, 2 and y;(¢)=y{(q) for =1, -+, m hold and ¢'EW
from the equalities (a), and hence a,;(¢")=a,s(¢g’)=0 by the condition (e). If
qg'€F(L(1), M) then g=¢(exp(—tXy), ¢/) is also contained in F(L(1), M). So we
can assume a;3(q)=a,3(g)=0 without loss of generality. Let g be the isotropy
algebra at ¢, that is, the Lie algebra of the isotropy group at ¢. By the condi-
tion (2), ¢ contains an abelian subalgebra g, conjugate to the Lie algebra of L(1).
We shall show that g, is equal to the Lie algebra of L(1).
First we assume that g, is generated by Z,, Z, of the form

Zi - Y1+ .z:g)ainj (Z_——l, 2).
j=1

Since g; is abelian, we have [Z,, Z,]=0 and hence we obtain the following
identities : a,5=a,;=0, a,;=a,;. Then, since g, is conjugate to the Lie algebra
of L(1), we obtain

Ay = Qg — 012:a21:0 or 1+011:1+022:0.

Since g, is contained in the isotropy algebra at ¢, we have ¢*(Z,),=0 for /=1, 2
and hence a;;=—a;;(q) for i=1, 2. Hence the second case does not occur by the
condition (d). The first case implies Z,=Y, for 7/=1, 2 and hence g, is equal to
the Lie algebra of L(1).

By the condition (1), it remains only to consider the case that g, is generated
by Z,, Z, of the form

Z,= Y3+01Y1+02Y2+ijxjy Z,= 61Y1+02Y2+4?dej-
7

We have d;=0 by ¢*(Z,),=0 and a,;(¢)=a5;(g)=0. Then by the relation [ Z,, Z,]
=0 we obtain the following identities:

dl - *bgdz, dg = b3d1, 4 = CZbg-“Zdl, Cy = —'Clb3—2d2.

Then we obtin d,=d,=0 and ¢,=c,=0 which implies Z,=0. This is a con-
tradiction.

Consequently, we see that W=V ,N\F(L(1), M) and hence we see that
F(L(1), M) is an analytic submanifold of codimension two. g.e.d.

3. Certain Sp(n) actions.

3.1. In this section, we shall show the following result.

THEOREM 3.1. Let X* be an integral homology k-sphere with a non-trivial
smooth Sp(n) action. Suppose n=7. (i) If k<4n, then b=4n—1 and the Sp(n)
manifold 2X*"~' is equivariantly diffeomorphic to the homogeneous space
Sp(n)/Sp(n—1). (i) If 4n=<k=<8n—2, then there is an equivariant decomposition
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2rt=0(D*"XY) as a smooth Sp(n) manifold, where Y is a compact orientable acyclic
(k—4n-+1)-manifold with a trivial Sp(n) action, and D*™ is the 4n-disk with a
standard Sp(n) action.

In the following, let X be a closed connected manifold with a non-trivial
smooth Sp(n) action. Put

Fu, ={xeX : Sp(n—)CSp(n),CSp(n—1i)XSp@)},
Fly ={xeX : Sp(n)}=Sp(n—i)},
Xy = 8Sp(n)-Fu, Uy = 8Sp(n)-Fy.

Here Sp(n), and Sp(n)! denote the isotropy group at x and its identity com-
ponent, respectively. Here we state the followings.

ProproOSITION 3.2 (Nakanishi-Uchida [5], §1). Suppose n=7 and dim X<8n.
Then X=X H\IX 1, for some 1=0,1, 2; and if X and Xi+ arve both non-
empty, then the codimension of each connected component of Fy in X is equal to
4G+1)(n—1).

PrROPOSITION 3.3 (Wada [11], §1). Suppose X=X,\UX,. Then there is a
compact connected Sp(l) manifold W such that the Sp(l) action is free on the
boundary oW and the Sp(n) manifold X is equivariantly diffeomorphic to

oD xW)/Sp(l). Here Sp(n) acts naturally on D** and trivially on W, and Sp(1)
acts on D*" as right scalar multiplication.

PROPOSITION 3.4. Let T; be a maximal torus of Sp(n—i). If 2i<n, then
F(T;, X4)=FY% and F(T;, X)) is empty for i<j.

LEMMA 3.5 (Hsiang-Hsiang [4], Proposition 2.3). Suppose 2i<n. Let K be
a closed connected subgroup of Sp(i). Let p be a real representation of K and
as(p) be the vector bundle associated with the principal bundle

§ 1 K—> Sp(n)/Sp(n—i) —> Sp(n)/(Sp(n—i)x K).

Then, P,(Sp(n)/(Sp(n—i)xX K))+Pi(a:p))=0 if and only if K consists of the
identity element alone.

ProrosITION 3.6 (Hsiang-Hsiang [4], Theorem 2.3). If Py(X)=0 for the
Sp(n) manifold X, then F,,=F%, and X,,=XY for each i<n/2.

The proof of [Proposition 3.4 is straightforward. The statements of [Lemmal
3.5 and [Proposition 3.6 are simple modifications of the original results of Hsiang
brothers.

3.2. Now we shall prove [Theorem 3.1. In the remaining of this section,
we suppose that n=7, 2<8n—2 and the Sp(n) manifold X is an integral
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homology k-sphere.

(i) Consider the case X=X, UXqy,, such that X, is non-empty. By
IProposition 3.3, there is an equivariant decomposition X=a(D** X W)/Sp(1), where
W is a compact connected orientable Sp(1) manifold such that the Sp(1) action
is free on the non-empty boundary oW. Put B=(S**-'xW)/Sp(l). Since X is
an integral homology sphere, we obtain H.(B;Z)=0 for 0<r<4n—1 by a
standard method. Considering the Serre spectral sequence for the principal
Sp(1) bundle S**-*XW over B, we obtain an isomorphism

f& 1 Ho(Sp(1); Z) = H(W; Z)

for each xW, where f*(g)=gx. Hence we see that the Sp(l) action on W is
free, and we can consider the sphere bundle

Sin-1—» B —» W /Sp(1).

Put Y=W/Sp(1). Then Y is a compact connected orientable manifold with
non-empty boundary and dimY =<4n—1. Considering the Gysin sequence for the
above sphere bundle, we obtain H.(Y ; Z)=0 for 0<r<4n—1, and hence Y is
integrally acyclic. Now we see that the principal Sp(1) bundle W over Y has
a cross-section by the obstruction theory. Hence W is equivariantly diffeomorphic
to Sp(1)xY. Then

X = (D xW)/Sp(l) = o(D*"XY).

(ii) Consider the case X=X, (=1, 2, 3). Then there is an equivariant
decomposition :

X = Xu = (Sp(n)/Sp(n—1i)) X Fy)/Sp().

Since P,(X)=0, we obtain F,=F, and X=X, by [Proposition 3.6, By
IProposition 3.4 and Smith’s theorem, we see that F;, is an integral homology
p-sphere, where p=Fk—4i(n—:). Considering the Serre spectral sequence for
the fibration

Fi —> X —> Sp(n)/(Sp(n—i) X Sp(@)),

we obtain p=3. Then we see that ¢ =1 and k=4n—1, because Sp(7) acts almost
freely on the 3-manifold F;,. Since

H(X;Z)=HyX; Z) =0,

we obtain X=Sp(n)/Sp(n—1).

(iii) Finally we shall show that if X=X ;,UX¢+, (=1, 2) and X;, is non-
empty then X;:,, is empty. The result is obvious for j=2 by the second state-
ment of Proposition 3.2. Now we assume that X=X,\UX and both X, and
X, are non-empty. Since P,(X)=0, we obtain F,=F%, and X=X}, for
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:=1, 2 by [Proposition 3.6, Let T’; denote the standard maximal torus of Sp(n—i).
Then F(T;, X) is an integral homology 7;-sphere (=1, 2) by Smith’s theorem:.
By [Proposition 3.4, we see

F(Th X) = Fu, F(Tz, X) = F(Tz, X(1)>UF(2) .

Put F,=F(T., X)) and F,=F(T,, X). Considering the equivariant decomposi-
tion of X,, we obtain a fibration

F(l) — F, — 5.
By the Serre spectral sequence for this fibration, there is an isomorphism
(@) H¥F;Q)= HXS™mXS5%Q) or HYF;Q) = HXS";Q).

Since codimX,,=4n—4, we obtain an isomorphism H(X; Z)=H (X, ; Z) for
r<4n—>5. Considering the equivariant decomposition of X,, we obtain an
isomorphism

(b)  H(Fuy; Z)= H(Sp2); Z) for r<4n—5.
On the other hand, we see

(c) ny, = n,+8, 3=n, =6 and dimF, = n,+4.
Moreover, we obtain an isomorphism

(d) H¥Fy; Z)= H*(F,, Fo Z) = H(F; Z)

for 0<r<mn,—1, by the Thom isomorphism and the fact that F, is an integral
homology n,-sphere. Combining (a), (b), (¢) and (d), we obtain a contradiction.
Here we complete the proof of [Theorem 3.1

4. Analytic Sp(n, C) actions.

4.1. Let ¢:Sp(n, C)XM—M be a non-trivial analytic action on a connected
paracompact m-manifold. Suppose that (x) each isotropy group of the restricted
Sp(n) action contains a subgroup conjugate to Sp(n—1) and n=4. Put F=
F(Sp(n, C), M) and let p=F.

By a theorem of Guillemin and Sternberg [3], there exists an analytic system
of coordinates (U;uy, -+, un), wWith origin at p, and there exists a;;=8p(n, C)*
such that

(X)) = ——iZ;aij(X)uj(q)—ai' for Xegp(n, C), qU.

Here the correspondence X—(a;;(X)) defines a Lie algebra homomorphism of
gp(n, C) into gi(m, R). Since Sp(n, C) is simply connected, there is an analytic
homomorphism p : Sp(n, C)—GL(m, R) such that (dp)(X)=(a;(X)) for Xeap(n, C).
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Since Sp(n, C) is semi-simple, we see that p is completely reducible. Let V be
a representation space of a non-trivial irreducible factor of p. From the as-
sumption (), we obtain the following decomposition :

—{0} = (8p(n, C)X(F(L(n), V)—{0}))/N(n),

by Then we obtain dimgpV=4n by considering fundamental
groups, and hence V is the representation space of the standard representation
v, by Weyl’s formula. Therefore we see that p=y,P#™*" by the assumption
(¥), where #*® is a trivial real representation of degree ¢t. Consequently, we see
that there exists an analytic system of coordinates (U ; v, -+, vn), With origin
at p, such that

2n
PH(X)g = _1]21{(6&]11: BiVan+s) m— a +(a,,v2n+1+,3¢ﬂ)])a 2n+1.}

for Xe8p(n, C) and gU, where v,=v,(g) and ay;++—18;; is the (i, j)-com-
ponent of X. Let % be an analytic isomorphism of UU onto an open set of R™
defined by k(¢)=(vi(q), >+, vmn(g)). There is a positive real number » such that
Ditx D™-4* is contained in 2(U), where Di={x=R*':|x||<r}. Then we see
that (cf. [7), Lemma 3.1) k~*: Di*»xDr-*"—U is extendable uniquely to an
Sp(n, C) equivariant analytic isomorphism h’ of R!*XD™-*" onto an open set
of M, because the standard Sp(n, C) action on R*—{0} is transitive and its
isotropy group is L(n). Then W=h’(0XD?-*") is an open neighborhood of p»
in F. Define h:C*™XW—M by

h(uy+~—1vy, -, UtV —1vsn, A0, x)) = h'(uy, =+, Usn, Uy, ***, Van, X)

for xeDP**. Then h is an Sp(n, C) equivariant analytic isomorphism of
C** X W onto an open set of M such that 10, g)=¢q for g W.

Consequently, we obtain a family {(W,., h.), a<= A} such that {W,, ac A} is
an open covering of F, and each A, is an Sp(n, C) equivariant analytic iso-
morphism of C*"XW, onto an open set of M such that h,(0, ¢)==¢ for gW,.
Put

N =UhC?*"XW,), E = F(L(n), N—F).
Then N is the smallest Sp(n, C) invariant open neighborhood of F in M, E is
an analytic submanifold of N and the multiplicative group C, of non-zero com-
plex numbers acts analytically on E via the natural isomorphism Cy= N(n)/L(n).

Let £, be a C, equivariant analytic isomorphism of C;XW, onto an open set of
E defined by

ka(A, Q) = ha(Rey, q)  for 2€Cy, geW,,

where e, is the first vector of the standard base of C?*. Define n: E—F by
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mko(4, q)=q for 2€C, and geW,. We see that (cf. [7], Theorem 3.7) = is an
analytic principal C, bundle, and we can define an Sp(n, C) equivariant analytic
isomorphism f of (C*"X E)/C, onto N by

f([u, koA, @)1) = ha(Au, q) for usC*", 1cC,, q=W,.

In particular, we see that f([0, x])==n(x) for x=E.
Summing up the above discussion, we obtain the following.

THEOREM 4.1. Let ¢:8Sp(n, C)XM—-M be a non-trivial analytic action on a
connected paracompact m-manifold. Suppose that each isotropy group of the re-
stricted Sp(n) action contains a subgroup conjugate to Sp(n—1) and n=4. Put
F=F(Sp(n, C), M). Then Fis an (n—4n)-dimensional analytic submanifold of M,
and there exist an analytic left principal C, bundle n: E—F and an Sp(n, C)
equivariant analytic isomorphism f of (C*" X E)/C, onto an open set of M such that
f(0, x1)==n(x) for x€E. In addition, the image of [ is the smallest Sp(n, C)
invariant open neighborhood of F in M.

4.2. Let V be an analytic vector bundle over a connected paracompact
analytic manifold X. Let ¢: X—V be the zero section. Then it follows from a
calculation of transition functions that there is an isomorphism *¢(V)=V&Hr(X)
as analytic vector bundles. Here 7( ) denotes the tangent bundle. Since V is
a connected paracompact analytic manifold, there exists an analytic embedding
f of V into RY such that f(V) is a closed analytic submanifold of R" (Grauert
[2], Theorem 3). It follows that there is an isomorphism =(V)Dv=RYXV as
analytic vector bundles. Here v denotes the normal bundle. Therefore there
is an isomorphism

VPr(X)Pi*y = R¥ X X
as analytic vector bundles. Hence we obtain the following.

LEMMA 4.2. Let V be an analytic vector bundle over a connected paracompact
analytic manifold X. Then V is embedded in a product vector bundle as an
analytic subbundle.

COROLLARY 4.3. Let V be an analytic vector bundle over a connected para-
compact analytic manifold X. If V has a C* cross-section which is everywhere
non-zero, then V has an analytic cross-section which is everywhere non-zero.

Proor. By [Lemma 4.2, there exist an analytic vector bundle V’ over X
and an isomorphism VE@BV’/=RY¥ X X as analytic vector bundles. Let ¢: X—V

be a C= cross-section which is everywhere non-zero. Since C®(X, RY) is dense
in C=(X, R¥) with respect to C=-topology (Whitney [127], Part Ili), we can ap-
proximate ¢ by an analytic cross-section which is everywhere non-zero by a
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standard method. Here C"(X, R¥) denotes the set of C"-mappings from X into
R¥, g.e. d.

5. Analytic Sp(n, C) actions on spheres.

5.1, Let ¢:Sp(n, C)XX¥—2 be an analytic action on a closed orientable
analytic manifold 2 which is an integral homology k-sphere. Suppose that n=4
and there is an Sp(n) equivariant smooth decomposition (x) Y =d(D*"xY), with
respect to the restricted Sp(n) action (see [Theorem 3.1).

Put F=F(Sp(n, C), 2) and denote by N the smallest Sp(n, C) invariant open
neighborhood of F in 2. By [Theorem 41, F is a (k—4n)-dimensional closed
analytic submanifold of 2, and there exist an analytic left principal C, bundle =,:
E—Fand an Sp(n, C) equivariant analytic isomorphism f’ of (C*"X E)/C, onto
N such that f/([0, x])==n,(x) for x=E.

Put U=F(Sp(n—1, C), ¥—F) and U,=F(L(n), X—F). We see that U is
an analytic submanifold of codimension 4n—4 in 2, the identity component
MSL(2, C) of the centralizer of Sp(n—1, C) acts naturally on U and the re-
stricted MSU(2) action on U is free, by and the decomposition ().
Denote by U* the orbit space of the free MSU(2) action on U and =n’:U-U*
the natural projection. By and a discussion in § 1.3, we see that
U, is an analytic submanifold of codimension two in U. By there
is an Sp(n, C) equivariant analytic isomorphism 3 —F=(CxU,)/C,, where
C»=C*"—{0}=Sp(n, C)/L(n).

By [Theorem 1.1, for each x<U there exists g€ MSU(2) such that gxeU,;
if xeU, and gxeU, for some ge=MSU@2) then geMSU2)N\N(n). Put m,=
z’|U,. By the above discussion, we see that =,: U,—U* is a projection of a
principal U(1) bundle, where U(1) acts on U, via the natural isomorphism U(1)
= MSU(2)N\N(n). By the decomposition (x), we see that U* is homotopy equi-
valent to Y which is acyclic, and hence U* is acyclic. Therefore U,=U(1)xXU*
as a smooth U(1) manifold. On the other hand, F(L(n), N—F) is C, equivariantly
analytically isomorphic to E via f’. Since F(L(n), N—F) is an open set of U,,
we see that Ex=U)X(E/U(l)) as a smooth U(1) manifold, and E/U(l) is a
smooth principal C,/U(1) bundle over F. Since C,/U(1) is contractible, we see
that the projection =, has a smooth cross-section, and hence m; has an analytic
cross-section by Therefore E=C,X F as an analytic C, manifold,
and there is an Sp(n, C) equivariant analytic isomorphism f of C*" X F onto N
such that f(0, x)=x for x=F.

Considering the Mayer-Vietoris sequence for the couple {U,, F(L(n), N)},
we see that F(L(n), 2) is an integral homology (k£—4n-+2)-sphere, because F is
diffeomorphic to dY which is an integral homology (k—4n)-sphere.

Summing up the above discussion, we obtain the following.
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THEOREM 5.1. Let ¢:Sp(n, C)X2Z—2 be an analytic action on a closed
orientable analytic manifold 2 which is an integral homology k-sphere. Suppose
that n=4 and there is an Sp(n) equivariant smooth decomposition X =d(D**XY)
with respect to the restricted Sp(n) action. Put F=F(Sp(n, C), 2). Then F is
a (k—4n)-dimensional closed analytic submanifold of X which is an integral homo-
logy sphere, and there is an Sp(n, C) equivariant analytic isomorphism f of
C* X F onto an open set of X such that f(0, x)=x for x€F. Moreover, F(L(n),Z2)
is a (k—4n-+-2)-dimensional closed analytic submanifold of X which is an integral
homology sphere, C, acts on F(L(n), 2) via the natural isomorphism C,=
N(n)/L(n), and there is an Sp(n, C) equivariant analytic decomposition

S = C"XF\J(CEXF(L(n), £—F))/Cy,

where a is an equivariant analytic isomorphism of CE* X F onto an open set of
(C# X F(L(n), 2—F))/C, defined by

a(u, x) = [u, f(e, x)] for usCe, xF.
In addition, the restricted U(l) action on F(L(n), ¥ —F) is free.

5.2. Let p:CyX¥,—2, be an analytic action on a closed orientable analytic
manifold 2, which is an integral homology m-sphere. Put F=F(C,, 2,). We
say that (X, p) satisfies a condition (P) iff F is an (m—2)-dimensional analytic
submanifold which is an integral homology sphere and there exists a C, equi-
variant analytic isomorphism j of CX F onto an open set of %, such that j(0, x)
=x for x€F. Such an action has been studied by Uchida ([8], §6).

Construct an analytic manifold 2 by

S = Czany(anx(Zl—F>)/Co,

where « is an analytic isomorphism of CZ"X F onto an open set of (C&* X (X,—
)/C, defined by a(u, x)=[u, j{1, x)] for usC{", x€F. We see that X is an
integral homology (m-+4n—2)-sphere by the Mayer-Vietoris sequence, because
the restricted U(l) action on 2X,—F is free by the Smith theory and its orbit
manifold is acyclic by the Gysin sequence. Considering the natural Sp(n, C)
action on 2, we see that the induced C, action on F(L(n), 2) is naturally iso-
morphic to the action ¢ on 2,. Combining [Theorem 3.1 and [Theorem 5.1, we
obtain the following.

COROLLARY 5.2. For n=7 and 2=m=4n, each non-trivial analytic Sp(n, C)
action on an integral homology (m~+4n—2)-sphere X is characterized by the in-
duced C, action on F(L(n), X) satisfying the condition (P), where F(L(n), X)is an
integral homology m-sphere.

5.3. For each real number y, we can define an analytic GL(k, C) action
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&, on the unit (2k—1)-sphere S%*-! of C* by
&, (A, u) = ||Aul|-*-vAu for AcGL(k, C), usS**-1,

Considering the restricted Sp(n, C) action for k=2n, we obtain an analytic
transitive Sp(n, C) action X, on (4n—1)-sphere. Denote by G, its isotropy group
at ¢,, Then L(n)CG,CN(n) and the factor group G,/L(n) is isomorphic to the
subgroup {e!**+¥ t= R} of C,=N(n)/L(n). We see that any transitive Sp(n, C)
action on the (4n—1)-sphere is one of the actions X, for some real number jy.

Similarly, if 2>2n, we obtain an analytic Sp(n, C) action ¢% on the (2k—1)-
sphere. We see that the complement of the smallest Sp(n, C) invariant open
neighborhood of the fixed point set of the action ¢% is equivariantly isomorphic
to the homogeneous space Sp(n, C)/G,. Therefore we see that if y+#y’ then
¢% and ¢% are still not equivalent as continuous Sp(n, C) actions, that is, there
is not any equivariant homeomorphism between the actions ¢% and ¢%..

6. Analytic actions of SO(n, C) and SL(n, R) on spheres.

6.1. Denote by SO(n) and SO(n, C) the group of special orthogonal matrices
of degree n, and the group of complex special orthogonal matrices of degree =,
respectively, that is

SO(n) ={A=GL(n, R) : tAA=I,, detA=l1},
SO(n, C) = {AesGL(n, C) : tAA=I,, detA=1}.

By the similar way as the proof of [Theorem 1.1, we can prove the follow-
ing: Let G be a connected closed proper subgroup of SO(n, C) which contains
SO(n—1) for n=6. Then G is one of the following: SO(n—1), SO(n),
SO(n—1, C) or hGL(n, R)Yh-*N\SO(n, C), where h is the diagonal matrix with
diagonal entries 7, 1, ---, 1. Moreover, for each such group G, there exists an
isotropy group of the restricted SO(n) action on the homogeneous space
SO(n, C)/G which does not contain a subgroup conjugate to SO(n—1).

On the other hand, we see that any non-trivial smooth SO(n) action on an
integral homology k-sphere has SO(n—1) as a principal isotropy group for k2=
2n—2 and n=10 (cf. [4], Theorem 3.1; [7], Theorem 4.11). Hence we obtain
the following: If £2<2n—2 and n=10, then SO(n, C) does not act smoothly
and non-trivially on any integral homology k-sphere.

6.2. For each real number y, we can define an analytic SO(n, C) action {,
on the unit (2n—1)-sphere S**-! of C™ by the restriction of the GL(n, C) action
§,. Let ey, -+, e, be the standard base of C". Denote by H, and %, the iso-
tropy group of the action {, at (e;+7e,)/+/ 2 and its Lie algebra, respectively.
By the definition of {,, we see that X&), iff
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X(ey+ie;) = a(X)(1+iy)(e,+ie,)

for certain real number a(X). We see that dimSO(n, C)/H,=2n—3 and each
isotropy group at u is conjugate to SO(n—1, C) if u does not belong to the
orbit of (e,+ie,)/+/ 2. With respect to the natural b, action on C”, the complex
line generated by e,+ie, is only 0, invariant 1-dimensional linear subspace for
n=4. Therefore we see that if y+#y’ then {, and {, are still not equivalent
as continuous SO(n, C) actions for n=4.

6.3. Denote by W,(d) the complex hypersurface of C**'—{0} determined by
the equation z¢+42z2+4 --- +2z2=0 for each positive integer d. Since the natural
action of SO(n, C) on C" leaves invariant the quadratic form z2-- .-+ +2z2%, we
can define naturally an action of SO(n, C) on W,(d).

For each real number y, we can define an analytic one-parameter group v,
on W,(d) by

Uy(t, (20, -, Zn)) — (ezt(lq-iy)zo, edt(1+iy)zl’ -, edt(1+iy)zn)_

Denote by W?%*-!(d) the orbit manifold of the free R action v, on W,(d). We
see that W2*-!(d) is naturally isomorphic to the Brieskorn variety W?*"-(d).
Since the R action v, and the SO(n, C) action on W,(d) are commutative, we
can define naturally an analytic action of SO(n, C) on W%*-'(d). We see that
if y#y’ then the SO(n, C) actions on W2"-*(d) and on WZ%?-(d) are still not
equivalent as continuous actions for n=4.

6.4. We have studied analytic SL(n, R) actions on the k-sphere for k=
2n—2 in the previous papers [7], [9]. Here we study analytic SL(n, R) actions
on the (2n—1)-sphere.

For each real number y, we can define an analytic SL(n, R) action ¢, on
the unit (2n—1)-sphere S**~! of C™ by the restriction of the GL(n, C) action §,.
Let e, -+, ¢, be the standard base of C™ and suppose n=3. Denote by K, and
t, the isotropy group of the action ¢, at (e;+7e.)/+/2 and its Lie algebra,
respectively. By the definition of ¢,, we see that X<f, iff

X(eytie,) = a(X)(1+iy)(e,+ie,)

for certain real number a(X). With respect to the natural f, action on R", the
subspace spanned by {e, ¢,} is only f, invariant 2-dimensional linear subspace.
We see that the orbit of (e,+ie,)/+/ 2 is open and dense in S**-!. Hence we
see that if |y|+#|y’|, then ¢, and ¢, are still not equivalent as continuous
SL(n, R) actions. On the other hand, we see that ¢, and ¢., are equivalent
as analytic SL(n, R) actions, because the equation ¢-,(4, u)=a,(4, @) holds
for A€SL(n, R), usS®* !, where fi={(it,, -+, fin) for u=(u,, -+, u,).
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