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Introduction

In his paper [2] Bredon has classified compact connected transformation groups on
spheres with codimension two principal orbit and only one type of singular orbit. In this
paper we shall consider compact connected differentiable transformation groups on sph-
eres with codimension two principal orbit and only one isolated singular orbit.

We shall prove the following two results;

THEOREM A. Letf ¢: GXS"—>S" (n=3) be a differentiable action of a compact con-
nected Lie group G on sphere S™ with codimension two principal orbit and only one isolated
singular orbit. Then ¢ has the same orbit structure as one of the following actions, unless
n=11, 23,

I) Consider the group U(2). Let ¢, be the homomorphism U(2)—>SO(3) with the center
of U(2) as kernel and ¢, the action of U(2) on R3 obtained from the standard action of SO(3)
on R3by ¢1. Let ¢y be the canonical action of U(2) on Rt=C2  Thus we obtain an action
¢, 0f U(2) on SSC R3*x R4 defined by ¢y X .

II) Consider the group Sp(2) x Sp(1). Let ¢, be the action of Sp(2)x Sp(1) on H? defined by
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and ¢ the action of Sp(2) x Sp(1) on RS defined by the natural homomorphism Sp(2) x Sp(l)f:‘i
Sp(Z)gSO(S). Thus we obtain an action ¢,: Sp(2) x Sp(1) x S12——S12,  Note that the action
obtained by restriction of Sp(2) x Sp(1) to Sp(2) x T or Sp(2) has the same orbit structure as
©2. We denote these actions by the same notation ¢,.

III) Consider the group Spin (9). Let 4: Spin (9)—>SO(16) be the spin representation and
7. Spin (9)—>S(9) the canonical double covering. Then we obtain an action ¢3: Spin (9)
X S ——SA,

THEOREM B. The action of a compact connected Lie group G on S™ with the same orbit
structure as ¢, or ¢, is continuously equivalent to ¢, or ¢., respectively.
In this paper, we shall consider only differentiable actions and use the following
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notations;
Z ; the ring of integers
Q ; the field of rational numbers
R; the field of real numbers
C ; the field of complex numbers
H ; the field of quaternions
An, By, Cy, Dy; the classical groups of rank »
Gy, Fy4, Eg, E;, Eg; the exceptional groups
G~G'; two groups Gand G’ are locally isomorphic
G’; the identity component of the group G
K-L; the essentially direct product of K and L.

1. Preliminary results

Let ¢: GxS"—>S” be an action of a compact connected Lie group G on S* with codi-
mension two principal orbit G/H and with two types (L) and (K) of singular isotropy
subgroups. Let G/L be non-isolated singular orbit and G/K the only one isolated singular
orbit. It is well known that the orbit space is 2-dimensional disk and dim G/K is strictly
smaller than dim G/L ([1], chap. IV section 8). It is®asy to see that S” is equivariantly
diffeomorphic to a G-manifold M;UM,, where M, is a G-equivariant /-disk bundle over
G/L, M, is a G-equivariant k-disk tfundle over G/K and f: bM;—>bM, is an equivariant
diffeomorphism (bM; is the boundary of M;). Note that bM, (respectively bM,) is a
sphere bundle over G/L (resp. over G/K). Since 2</<k, we see that the simply connec-
tedness of S” implies that G/K and G/L are both simply connected. In particular K and
L are both connected.

We identify bM; and dM, by f and put My=bM,=bM,. From Mayer-Vietoris exact
sequence, it follows that Hi(M,; Z) is isomorphic to Hi(G/L; Z)YDH(G/K; Z) for 0<i<
n—1. In particular, the projections px; My——>G/K and p,;: My—>G/L induce isomor-
phisms p*k and p*;. Hence we have Mo'Zv G/Kx Sk1 and Mof; G/LxS'-1, where X '; Y
means that spaces X and Y have the same graded cohomology modules.

We have the following

ProrosiTON 1. The Poincare polynomials of G/K and G/L are given by
N
P(G/K) =(1+t1—1)z(:)ti(k+z—z)
sy

P(G/L):(1+tk—1)§oﬁ<k+1—2), where n—1=(N+1) (k-+1—2).

Proor. We have already noted that
1) H{G/K; @DH(G/L; Q=Hi(M,; Q) for 0<i<n—1
and
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2 G/Kx Sk_lZM"Z G/LxS!—1,
Thus we have

3) P(Mp)=PG/L)+P(G/K)+t"1—1

=P(G/KX1+t-—1)=P(G/LY1+#-1).

It follows from (1) and (3) that P (G/K)tk—1 =P(G/L)+t"*1—1and P(G/L)#—1=P(G/K)+
t"-1—-1 and hence we have

@ P(G/K) QA—t:t1=H=1+#"1)(1—1""1)
and

(6) P(G/LY1—tht1=2)=(1+4tk=1)(1—¢"-1),
Multiply both hand sides of (4) by % titk+1-2), Then we have n—1=0 or /—1 (mod k4!
—2)and n+I/—2=0 or /—1 (mod kilj? —2), because every terms of the left hand side is of
positive degree mod #N'+D&k+1-2)  Assume n—1=/—1 and n+{—2=0 (mod &+ [ —2).
Then 2(/~1)=0 (mod &+ [ —2), which is impossible, because 2< /< k<n. Hence we have
n—1=0 (mod k+/—2). Thus we have shown that there is an integer N such that n—1=
(N+1)k+1—2) and P(G/K)=(1+#"D ,-%0 titk+1—2 and P(G/L)=(1+tk—1)iév% pik+1=2)_ This
completes the proof of the proposition.

The following propositions are useful for determination of the pair (G, K) of compact

Lie groups with given Poincare polynomial P(G/K).

PROPOSITION 2. Let U=U; X --- x U be the product of compact simple Lie groups and V
a semi-simple closed connected subgroup of U such that rank V=rank U—1. Then we have
) V=ViX:-XV¢, where Vi is a subgroup of U;
or
(2) V=(VixX--X VeV, where ViC Ui, rank V=1, rank Vi+rank pi{Vy)=rank U; for
every i and the number of i such that pi(Vo)#1 is just two and pi is the projection U—>
U.. '

Proor. We may assume that there is a simple normal factor V,of V such that the
number z of i such that pi(Vy)#1 is greater than 1. In fact, if there is no such V,, then
the case (1) must occur. Put V=V’-V, Since V is semi-simple, we see that p:(V)=
pi(V")epi(Vy) for any i. Putting Vi=p: (V’), we have

(i) rank Vi+rank pi(Ve)=<rank U; for every i

and hence

(i) rank (Vix-::xVs)+n rank Vi<rank U.
Since

(iii) rank V'<rank (V;x-.-x V)
and

(iv) rank U=rank V+1= rankV’+rank V,+1,
we have (n—1) rank V=<1 and hence #=2 and rank V,<1. Thus we have rank V'=
rank (Vix--xVdand V'=V, x V¢, where V=V, because Vi=pi(V’). This completes
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the proof of the proposition.
By the same method, we can prove the following

ProposITION 3. Let U=U,;x---x U be as in Proposition 2 and V=V"'-T1 be a closed
connected subgroup of U, where V' is semi-simple and T! is a one-dimensional torus. As-
sume rank U=rank V+1. Then we have
1) V=Vix- XV, where ViCU; for everyi
Q) V=(ViX--X V)T, where Vi is semi-simple, the number of i such that p; (TH)+#1 is
just 2 and rank Vi+rank pi{(TY)=rank U; for every i,

or
B) V=(Vix--xVeeS, where ViCU; S is locally isomophic to Sp(l), the number of i
such that pi (S)#1 is just 2 and rank Vi+rank pi(S)=rank U; for everyi. ’

Consider the action of K on S¥~1 induced by the slice representation. Since G/K is
the isolated singular orbit, this action has codimension one principal orbit K/H and two
singular orbits K/L and K/L’, where L and L’ are conjugate each other in G. Let W be
the identity component of the ineffective kernel of the action of K on S*—1,

From results in [5] ((6.2), (7.4) (11.9)), it follows that there are following cases;

Case 1. [ is even.

Subcase 1. K/L=K/L'=S*!, K/ H~K/LxK/L' and H=LnL'.

Subcase 2. K/W is a simple proup of rank 2, L/ W~A; x T*and H/ W~T'x T, where

~means “locally isomorphic”

Subcase 3. K/W~GC;, L/W~C,x Cyand H/ W~C, x C, x C,.

Subcase 4. K/W~F,, L/ W~Bsand H/ W~D,.

Case II. [ is odd.

Subcase 1. K/L=K/L'=Sk!, K|[H~K|/LxK/L' and H=LnL'.

Subcase 2. /=3. PK/H)=QA+8)(1+¢t), P(K/L)y=1+1¢3, P(K/L')=1+t¢ and K/L' is

non-orientable.

Subcase 3. /=3, P(K/H)=1+8, P(K/L")=P(K/L)=1 and K/L, K/L' are non-orien-

table.

Subcase 4. /=3, P(K/H)=(1+#) and P(K/L')=P(K/L’)=1+¢* and K/L, K/L' are

non-orientable.

Since K and L are connected, K/L and K/L’ are orintable. Hence subcaces 2, 3 and
4 of case II cannot occur.

2. The case n even

In this section and in next section we assume that G acts almost effectively on S*.
Note that the ineffective kernel of the action is precisely (center G)nH, where H is a prin-
cipal isotropy subgroup.

For the case # even we shall prove the following
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ProrosiTiON 4. G/L=Sk1, G/K=S'"! and n+1=k+1.

Proor. It is clear that X(S")=X(G/L)+ X(G/K), where X( ) is the Euler character-
istic. Since L& K, we see that X(G/K)=2 and X(G/L)=0. Hence we have G/K~S"—k

z
and G/L»;S”*l from Proposition 1. Since G/L and G/K are simply connected, G/L and

G/ K are standard spheres (see [3]). This completes the proof of Proposition.
It is clear that / is odd and % is even. Hence the action of K on S*—1 induced by the
slice representation has the following orbit structure;
(i) K/L and K/L’ are (k—I)-spheres
(i) K/H=K/LxK/L'
and
(iii) H=LnQL'.
Put /=2r+1. Then we have k=4r and n=67.
Let V be the identity component of the ineffective kernel of the action of G on G/L
by the left translation. Note that V is a normal subgroup of G and is contained in L.
Since L’ is conjugate to L, V is contained in L’ and hence contained in H=LnL’. Thus
V acts on G/H trivially by the left translation, which means that V=1, since the action
of Gon G/H by the left translation is almost effective. Thus we have obtained the
following

ProOPOSITION 5.  The natural action of Gon G/L by the left translation is almost effec-
tive.

REMARK. If the action of G on S” is assumed to be effective, then the action of Gon
G/L by the left translation is also effective.

Since G/L=S%-1, G is one of the following; Dsr, Agr—1 X T, Cy, Co X T, Cr X Cy, By(r=
4) and By(r=2). Moreover, since G acts transitively on S?7, G must be one of 1he follow-
ings;

Casel. G=A4, r=1

Case2. G=A; x4, r=1

Case3. G=A;xT! r=1

Cased. G=C;xC;, Cox T C, r=2

Case 5. G=B; r=4.

We shall consider the above five cases separately.

Case 1. In this case, we have dim L=0 and dim H=0, which contradicts (ii).

Case 2. In this case, we have K=T'x A;. Since K/L=S!' and T! is the only Lie group
which acts on S! transitively and effectively, L must be a normal subgroup of G, which
contradicts to the almost effectivity of the action of G on G/L. Thus this case does not
occur.

Case 3. In this case we have G/L=S3, G/K=S? and K/L=L/H=S' It is clear that
K=T1xT!, L=T! and H°=1. Suppose the action of G on S® be effective and G=U(2).
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Then K=U1)xU(1) and L=U(1)x1. It is easy to see that LnL'=1 for any subgroups
L’ of K such that L’ is conjugate to L and dim LnL’'=dim H=0, which implies that H=1.

Now we shall examine more precisely the action ¢; in Theorem in Introduction. The
action ¢; on R3 is transitive on S? with isotropy subgroup a maximal torus U(1)x U(1) of
U(2). The action ¢, is transitive on S® with isotropy subgroup U(1)=U(1)x1. Since
Gz, y)=Gxn Gy, we see that this is either finite or equal S! when x#0. However G is
transitive on {0} x S3CS® with isotropy subgroup U(1) x U(1). Since some conjugate of
U(1) can be seen to have trivial intersection with U(1)x U(1) we see that the principal
isotropy subgroup is trivial (This is due to the arguments in [1]). Thus we have shown
that in case 2 the action has the same orbit structure as ¢;.

Case 4. In this case we have G/L=S7, G/K=S* and K/L=L/H=S3. Suppose G=
Sp(2)x Sp(1). Then we have K=Sp(1)x Sp(1) x Sp(1), L=Sp(1)Sp(1) and H=Sp(1). As-
sume Gact on S12 effectively. It follows from the remark below Proposition 5 that G
must be Sp(2) x Sp(1)/ Z,, where Z, is the subgroup generated by (—Id., —1).

Now we shall examine the action ¢; in Theorem in Introduction more precisely.
It is easily seen that there are points x©H? and y& R5 such that Gy= {l:(g (b) , b ] y a,

bESp(l)} ~Sp(1)x Sp(1) and Gy={|:( : g , c]; a, b, cESp(l)} = Sp(1) x Sp(1) x Sp (1).

For the element g= 1/15( % - % )x 1=G, we have G, y»)=Ggx Gy=5Sp(1). We show
that ¢, has codimension two principal orbit G/Sp(1), non-isolated singular orbit G/Gx and
only one isolated singular orbit G/G,. In fact, it is clear that G/Sp(1) is a principal orbit.
Since this action has no fixed point, we see that G/Gy is the only isolated singular orbit.

Consider the case G=Sp(2)x T* or Sp(2). It is not difficult to see that for this case
the action has the same orbit structure as the action obtained from the restriction of
Sp(2)x Sp(1) to the Sp(2) x T* or Sp(2).

Thus we have shown that the case 3 the action has the same orbit structure as ¢, of
Theorem in Introduction.

Case 5. In this case we have G=Spin(9), L=Spin(7), K=Spin(8) and H=G, (G, denotes
the exceptional simple Lie group of rank 2). It is clear that Spin(9) must act on S** effec-
tively.

Now we shall examine the action ¢; of Theorem in Introduction more precisely. Note
that there are points x& R16 and y& R® such that Gx=Spin(7)CSpin(8)=Gy. Assume the
representation Spin(7)—>Spin(8)—>SO(8) has a one dimensional trivial summand. Then
Spin(9)/ Gx="Vs 3, which contradicts to the fact G/L=S!"5, Hence we have seen that the
representation Spin(7)=L—>Spin(9)—>SN9) is 4,01, where 4; is the spin representa-
tion of Spin(7) and 6! is one dimensional trivial representation. By a result in [6] (see

section 1), we have the following equation

(do+7)/Spin(T)=(Ads pinco) | SPin(T)— Adspinn)) D v,

where v is the slice representation at (x, 5). From this equation, it follows that »v=4,@6".
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Thus there is a point z& RI6P R? such that Spin(9).=G,. It is easy to see that ¢4 has codi-
mension two principal orbit Spin(9)/ G, and two types Spin(9)/Spin(7) and Spin(9)/Spin(8)
of singular orbits. Clearly ¢; is effective. Thus we have shown that the case 4 the
action has the same orbit structure as ¢s.

3. The case n odd

In this section, we shall show that there is no cbmpact connected differentiable trans-
formation group of odd dimensional sphere with codimension two principal orbit and
only one isolated singular orbit, unless n=11, 23.

We shall use the notations as in section 1. First we shall consider the case in which
! is greater than 3. Let G, K and L be semi-simple parts of G, K and L respectively, G=
GX Ta, K=K-Tb and L=L-Tc. We may assume that G is simply connected.

We have the following |

LEMMA 6. The restricted G-action has codimension 2 principal orbit and only one iso-
lated singular orbit.

Proor. We consider the following commutative diagram;

0
\

ﬂl(—G-PL)@)Q —m (E)%@Q=0
(LD = (O
m(ALHYDQ — ﬂl(Ta)éf)Q#
0
where the vertical sequences are exact and p denotes the projection G——T"%. It follows
from this diagram that a=c and (G L)=L. Since G/L—>G/L is a finite covering, we
have G/L=G/L and GnL=L, because G/L is simply connected. Since L/H=S'-2 and
/=4, we have also L/HnL=L/H and hence G=GL=GH. By the same arguments as
above, we have Gn K=K and G/K=G/K. This completes the proof of Lemma.
It follows immeadiately from the Borel’s formula that rank G=rank K+1. Let G=
G X Gy XX Gt be the decomposition into the product of simply connected simple Lie
groups. It follows from Proposition 2 that
(i) K=K;x---x K, where KiC G;
or
(i) K=(K;X X Ki)°K,, where K:C G;, Ky~A;, the number of i such that pi(Kp)#1
is 2 and rank K;+rank pi(Ko)=rank G:. |
We shall consider the cases I and II in section 1 separately.
Case I (7; even). In this case, we have rank K=rank L. Hence we have

L=L,x - x Lt where L; C K; and rank Li=rank K;
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or

L=(L;x--xL¢)Ly where LiCK; and rank L;=rank K; and Ly=K,

correspondingly to the decomposition of K.

Note that all K;, except one Kj; acts trivially on S®. In fact this is clear for subcases
(ii), (iii) and (iv) and proved as follows for the subcase (i). Since L and L’ are conjugate
in G, there is an element g=g; X --- X gt&G such that I'=gLg-.. If K:CL, then giKigi—!
CgLg1=I'CK. Since pj(giKigi—)=1 for j+i, we have giKigi~1CK; and hence KiC
LAL'=H. Thus we may assume that K;i=L:CH for every i (2<i<¢). This implies that
the restricted action of G; on S has a unique orbit type Gi/K; for 2<i<¢. We shall show

that this is impossible. It is well known that S”=Gi/K}-_' x F(Ki, S™*), where I'g;=N
K;
(Ki, Gi)/K;i. Assume rank K;=rank G;. Since [I'k; is a finite group and =; (S")=1, we

have S"=G;/Ki x F, where F is a connected component of F(K;, S*). This is a contradic-
tion, because dim G;/Ki<n and dim F<n. Next assume rank K;=rank G;—1. Then
I'k; is finite or of rank 1. If this is finite, then the same argument as above concludes a
contradiction. If I'k; is of rank 1, then we see that S*=Gi/K; I%’ F, where W is the iden-

tity component of I'k; and F is a connected component of F(K;, S»). Since W is a rational
homology sphere of dimension 1 or 3, we have an isomorphism H7(Gi/Ki x F; Q=Hr(W x
S7; Q) and hence H7(Gi/Kix F; Q=0 for 2 <r<n or H7 (Gi/Kix F; =0 for 4<r<n
according to dim W=1 or 3 respectively. This implies that dim G:/K; <3 and dim F<3
and hence #<6—dim W<J5, which is impossible, because it follows from the facts that
n—1=(N+1) (k+/—2) and 2<I<k<n that n=6.

Thus we have proved that G is simple. It follows from the Poincare polynomial of
G/L=G]/L that L is also simple.

Subcase 1. Since L is simple, K is also simple and possible pairs of (K, L) are (B:, Dy)
or (G,, A;) (I=8), where G, is the exceptional group of rank 2. On the other hand we
have L/HnL=L/H=S'-2, which is impossible for L=D;, or A,.

Subcase 2. Since K and L are semi-simple we have H%K/L; Q)=0, which contra-
dicts to the fact that L/ W~A; x T

Subcase 3. This case cannot occur, because L is simple.

Subcase 4. This case cannot occur, because there is no simple group of rank 5 which
contains Fy as proper subgroup.

Thus we have shown that the case I does not occur.
Next we shall consider the case II. We divide this case into two subcases; subcase

1 in which / is greatar that 3 and subcase 2 in which / is 3.
Subcase 1. /=5.
We note the following facts.
(1) k=2I—2. This follows from that K/H=K/Lx K/L'.
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(2) Let ¢, s and u be the number of simple factors of G, K and L respectively. Then
we have f=u and s=¢ or ¢t+1. In fact, since 7(G/LYRQ=ry(G/L)YRQ=r3(G/LYRXRQ=
4G/ LYRRQ=0, we have t=u. It is not difficult to see that s=¢ (/=7) and s=¢+1 (/=5).

(3 All simple factors but one simple factor or Sp(r)-Sp(1) act on K/L trivially.
This follows immeadiately from that K is semi-simple and K/L=5/-2

From (3) and the same arguments as in case I, it may be assumed that ¢ is at most 2.
Thus the subcase 1 is divided into the following five cases.

a) Gis simple.

a.1) Casei. K and L are simple.
a.2) L is simple and K=K;-K;’ (K;, K;'; simple)

Case ii. L=Ky', K;=Sp(1)

Case iii. K,=K;’, L=Sp(1)

b) G=G; X G; (Gi; simple)

b.1) Caseiv. K=K, x K, (KiCGi), K; acts on K/L non-trivially.
b.2) Casev. K=(K;xK,) K(KiCG)), K; acts on K/L non-trivially.

Case i. It follows from K/L=S'-2 that possible pair of (K, L) is (A-, Ar—y),
(Dr41, By), (Cr, Cr—y), (Bs, Bs) or (B3, G3). Since L/LnH=S'-2, all pairs except (D;, B;3) are
inadequate. Consider the case (K, L)=(D,, By). Since D, cannot be subgroup of As and
Cs, Gmust be B; or D; and K——G is the standard inclusion up to automorphism of K.
Compairing the Poincare polynomials of G/K and Bs/D, or Ds/D,, we conclude a contradic-
tion. This implies the case i does not occur.

Case ii. In this case we see that K=Sp(1)-L and /=5, k=8. Since K/L=
S3=L/LnH, we have L=Sp(1) and rank G=3. It follows from p(G/K)=1+tH)A+#1+---)
that G=B; or C;. In this case we see #=23 and (G, K, L)=(Bs, C;x C;, B)) or (Cs, C;x C,,
Cy.

Case iii. By the same arguments as in case ii, we have K=C;-C;, L~C, and
rank G=3. Consulting the Poincare polynomial of G/K, we have G=B; or C; and hence
n=23.

Case iv. In this case we have G=G, x G, (Gi; simple), K=C,x C;, L~Cr_y X
C,, where C,C G, C, (=factor of K)C G, and the factor C, of L is monomorphically mapp-
ed in both C, and C,. Since SI-2=K/L=C,/C,—,=S%-1, we have / =4r+1, k=8 and
HG/K)=(1+t)1+ #12r-14-...), Assume G,=C,. Then rank G;=7r+1 and Hi(G; Q)=
Hi(Cy; Q) for i <4r—2. It follows that G is one of Br+1, Cr41, Dry1, G(r=1) and Ax(r=1).
By dimensional arguments we can show a contracdiction. Next assume G,=C, and rank
G,=2. It is not difficult to see that this case does not occur. Thus we have proved that
the case (iv) does not occur.

Case v. In this case G=G;X G;, K~(C;x C)°C;, L~(1x Cy)-C,, rank Gi=2
(=1, 2) and the second factor C; of L is monomorphically mapped in both the first and
second factor of K. It is clear that Gi=C, or G, and /=5 and k=8, Consider the princi-
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pal fibre bundle:
Ci—>G/K—> X=G,/(C1°C)) x G2/(C1°C),
where G;/(C:-C,) is CZ/(CI°C1)’;S4 or G/(C,°C,). It follows from the spectral-sequence

of the fibre bundle and the Poincare polynomial of G/K that H4 X; Q) =H¥X; Q) =2Q and
hence XZS“X G»/SO(4), in other words G=C,X G, and hence dim G/K=15, which implies
also G/ Kf;S“ x S11,

Thus we have shown that possibilities of (G, K, L) in case II are (Cy X Gz, (Cyx Cy)-C;,
Ax C)eCy), (Bs, C;x Cy, Cpor (Cs, G x Gy, C,). Note that in these cases n=23.

Subcase 2. /=3 and k=4.

In this case P(G/K)=(1+1¢) 1+#+---) and P(G/L)=14+8) A+5+---).

Let G=Gx Ta, where G is semi-simple. We may assume 7,(G)=1. Put K=KnG,
L=LnG I'=L'nGand H=HnQG. By the same argument as in page 9, we see that L and
L’ are semi-simple, connected and G/L=G/L, G/L’'=G/L’.

From the commutative diagram;

K/Z—*@/f——»@il_{’

l

K/L—G/L—G/K,

it follows that G/ K=G/K and K/L=K/L. In particular K is connected. Since K/L=
K/L'=S!, we have K=LoT1=L"oT* and hence L=L'=H. Let G=G;x G;X -Gt be the
decomposition into the product of simple groups. It follows from Prop. 3 that K is given
by

1) K=K x--xK: KiCG;

(2) K=(Kx--xKp)T, KiCGi, Ki; semi-simple
or

B) K=K x-xKpeS, KiCGi, S~C,.

Since K=H-T1, H=L is semi-simple and K/H=S!, we may assume 1Xx K,X ---x K:C
H. By the same argument as in page 10, we can clonclude that G is simple. It follows
easily from the spectral sequence of the fibration K—>G—>G/K that K=T"! and hence
L=1, which implies G/L=G. Since rank G=2, G must be A, because P(G/L)=P(G)=
A+8)(A+6+---). Itisclear n=11. Thus we have shown that the possibility of (G, K,
L) in subcase 2 is (SU (3), T4, 1). ‘

Thus we have proved the statement in Introduction of this section. Summing up
the arguments in sections 2 and 3 we have proved the Theorem A.
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4. Classification of actions

In this section we shall complete the proof of the Theorem B in Introduction; in other
words, we shall prove that an effective action of a compact connected Lie group G on
sphere with codimension two principal orbit and two types of singular orbit is continu-
ously eqgivalent to one of the actions ¢; and ¢, unless dimension of the sphere is 11, 23 or
the orbit structure is the same as ¢;.

Let ¢: GxS*"—>S" be an effective action of a compact connected Lie group on S»
with codimension two principal orbit G/H and two types G/L and G/K of singular orbit,
G/L is non-isolated and G/K is isolated. We have shown that possibilities of pair (G, H,
L, K) are one of the followings

Casel. (UQ2),L, Ul)x1, UL)xUQ))

Case 2. (5p(2), 1, Sp(1) x 1, Sp(1) x Sp(1))

Case 3. (Sp(2)xS/Z,, S, Sp(1) x Sx Sp(1)), where S or Sp(1) x S denotes subgroup

{([82]’ “)} or {([32 , b)} of Gresp.

Case 4. (Spin (9), Gy, Spin (7), Spin (8))
unless =11, 23, where S=T" or Sp (1).

We shall show that if ¢: Gx S*——S” has the same orbit structure as case 1, case 2
and case 3, then ¢ is continuously equivalent to the action ¢; or ¢, in Introduction.

First we consider the cases 1 and 2. We shall omit the case 2, since the proof for this
case is completely analogus to the case 1. Put G=U(2) and M=S6. We identify the
orbit space M* with the unit disk in the complex plane. Let M*, and M*_ be the subset
of M>* consisting respectively of points with non-negative and non-positive imaginary
part and let M*,qnM*_=A% We can construct cross section ¢4: M*,——>M and ¢_:
M%*_——M such that

{H | x [<1
G¢+(x)=
L | x| =1

and
H |x|<1
Gy-(xy=y L | x | =1, Re x+#0
K |2 ]1=1 Rex=0
In fact let V be the slice of G/K such that the action of K on V has codimension 1
principal orbit. By a result in [1] (Lemma 6. 1, Chap II), we see that the orbit map
V—V /K has a cross section and hence there is a cross section on M*_ which is assumed
to have the above property. The same arguments show the existence of a cross section
on M*,. Note that ¢+(—1) and ¢_(—1) belong to the same orbit. For x&A*, |x|<1,
there is a unique element f(x) EN(H)/H=G such that f(x)o_(x)= ¢4+(x). Thus we have
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a function f:(—1, 1) =G, which is easily seen to be continuous. Now there is a homo-
topy 4:: U(2)—>U(2) such that Ay=id. and %, (a neighborhood of N;)=N, where N, is the
normalizer of L in G). In fact let U be closed tubular neighborhood of N; in G. Then
there is a homotopy %:: U—>(2) such that Ay=the inclusion and A (U)=N,. Since the
pair (U(2), U) has the absolute homotopy extension property, there is a homotopy 4: of
required property. Since f(x)—>N, as x—>+1and f is continuous, f maps (—1, —1
+¢) and (1—¢, 1) into a nbhd. of N,, where ¢ is a small positive real number. Thus f is
homotopic through homotopy g: with g (1) &N, to the restriction of a function f’ on
[—1, 1] to Gsuch that f’ (x1)EN,;. We call f’ the comparison function of cross section
(¢—, ¢+). We have the following

LemMma 7. Any two maps fo, f1: [—1, 11—>G with fi (£1)&EN, (i =0, 1) are homo-
topic through homotopy f: with ft (£1)CN;.

ProOF. fiinduces a map fi: [—1, 1]—>G——>G/N,=5? and it is easy to see that f,

is homotopic to f; if and only if f, is homotopic to f; rel. { * }. This completes the proof
of the Lemma.

Lemma 8. Let fo, f1: [—1, 11—>G be maps with fi (£)EN,. If fo and f, are homo-
topic through homotopy f: with ft (£1)EN,, then foof171: [—1, 11— G; x—> fo(x) f1(x)~!
is homotophic to the constant map through homotopy g: with g(+1)&N;.

Proor. By assumption we have a map F: [—1, 1] xI—>G such that F(¢, i) =r1:i(®
for i=0,1and F(x1, )&N;. Define map H: [—1, 11xI—>G by H (x, )=F(x, t) F(x,
1)~ This map H gives a homotopy between f,f;~! and the constant map 1. This com-
pletes the proof of the Lemma.
Let (¢49 -9 and (¢+1, ¢—-1) be two cross sections with the comparison functions f,
and f, respectively. Assume f,is homotopic to f; through homotopy f: with f{(£1)&
N;. We can show that there is a map ¢: M*,—> G such that ¢ (M*,nB¥)CN,, where
B* is the orbit space of union of all singular orbits. In fact, since fof; 1=1 rel. {+1},
there is a map H: [—1, 1] x I—> G with H(x, 0)=fo(x)f1(x)"}, H(x, 1)=1 and H(*1, HE
N;. Let@: M*,—[—1, 1] x I be a homeomorphism such that
H([x=EM*,; |x] =1, —1<Re x=—1/2])={—1}xT
O([x&M*.; |x]=1,1/2<Re x=<1])= {1} x[
O([xCM*,; Im 2=0])=[—1, 1] x {0}

and _
O([xeM*,; |x]| =1, —1/2<Re 2<1/2])=[—1, 11 x {1}.

Then ¢=H-0 is the required map. Clearly the map ¢*;: M*,—> M defined by
oL (x)=(x)p1+ (%) is a cross section and the comparison function of (¢'_, ¢ly)is fo. In
fact we have oL (£)=@)¢!+(2)=¢(%) f1(x)p'— (%)= fo(x)p' (%) on A%,

Let Co=Im ¢°.UIm ¢°_ and C,=Im¢!'_UIm ¢'+. Then we have GCo=GC;=M.
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Define a map ¢: Co—>C; by ¢(¢°—x))=¢'_(x) and ¢(¢°+(x)=¢'+(x). We have ¢(fo(x)e"-
(N =@+ () =¢11()=F o(X)p1—(5) = f o(X)p(@°—(0)).

It follows from the following Lemma and Lemma 7 that any action of U(2) on S¢
with the property of Theorem in Introduction is continuously equivalent to the action ¢;.

LEMMA 9. Let G be a compact connected Lie group and let X; and X, be Hausdorff
spaces on which G acts as a topological transformation group. Let C;CX; (i=1, 2) be closed

" subsets such that GC;=X; and let ¢: C;—>C, be a map such that for every g=G and xC C;

such that gx= C; we have ¢(gx)=g(¢(x)). Then ¢ can be extended uniquely to an equivari-
ant map from X, to X.

See [2]. Thus we have proved the Theorem B for the case G=U(2).

Next we shall consider the case 3. We may assume that G=Sp(2)xS. Then we see
that K=SpxSpxS, L={[(§ 9), b JcSe@x s} and H={(§2), ¢ Jesp@x s}
~S. It is easy to see that Nu®=H when S=Sp(1). By the same arguments as case 1 and
2, we can show that there are cross sections ¢4 and ¢— from M*, and M*_ to M res-
pectively.

We have a continuous function f:(—1, 1)—G such that f(x)¢+(x)=¢_(x) and hence
f(®)ENu/H, which is assumed to be in Ngo/H={1}. Then we can take the constant
map 1: [—1, 1]—> G as the comparison function of cross sections (¢+, ¢—), which shows
that two actions of G are continuously equivalent each other. When S=T1, we see that
Nue/H=T? Since NuCN,, it is not difficult to see that Theorem B holds in this case.
Thus we have completed the proof of the Theorem B.
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