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Introduction. In [C-L-NJ], they dealt systematically the stability of totally
geodesic submanifolds of a compact Riemannian symmetric space as minimal
submanifolds. Using the method, Takeuchi [Tak] and Ohnita [O] studied the
stability of some kinds of totally geodesic submanifolds. The class of closed
subgroups in compact Lie groups with bi-invariant Riemannian metrics is one of
the most typical totally geodesic submanifolds. On their stability, there are
some results by Fomenko [F], Thi [Th] and Brothers [Br].

In [D], the index of a (complex) simple Lie subalgebra in a (complex) simple
Lie algebra was defined and it played an important role. The results men-
tioned above and a result by the second named author (Theorem A) made us get
interested in the problem to find some relationship between the index of a Lie
subgroup and the stability of it as a totally geodesic submanifold.

Let U be a compact connected simple Lie group whose rank is greater than
1 and U, be an analytic subgroup of U associated with the highest root of U.
It is known that U, is isomorphic to SU(2) ([(W]). The second named author
[Tasl] proved the following : U, 7s homologically volume minimizing (especially
it is a stable minimal submanifold) with respect to a bi-invariant Riemaenian
metric on U. By the definition, U, is a subgroup of index 1. On the other
hand, a 3-dimensional connected simple closed subgroup of index 1 in U is con-
jugate to U;. Thus we can restate the above Theorem as follows :

THEOREM A. Let U be a compact connected ssmple Lie group whose rank is
greater than 1. A connected 3-dimensional simple closed subgroup of index 1 in U
is a stable minimal submanifold with respect to a bi-invariant Riemannian metric
on U.

In this paper we generalize the above Theorem. Precisely speaking, we will

* Partly supported by the Grants-in-Aid for Science Research, The Ministry of Educa-
tion, Science and Culture, Japan.

** Partly supported by the Grants-in-Aid for Encouragement of Young Scientists, The
Ministry of Education, Science and Culture, Japan.

Received March 28, 1989; Revised July 31, 1989.

181



182 KATSUYA MASHIMO AND HIROYUKI TASAKI

prove the following :

THEOREM B. Let U be a compact connected simple Lie group with a bi-
imvariant Riemannian metric. A connected simple closed Lie subgroup G of index
1 U is a stable minimal submanifold.

For the case that G is isomorphic to SU(2) the converse to Theorem B is
true. Namely we will prove the following :

THEOREM C. Let G be a a simple Lie subgroup which is isomorphic to SU(2)
in a compact connected simple Lie group U. Then, G is stable if and only if G
is of index 1.

In general, the converse to Theorem B is not true. For the case that G is
isomorphic to SO(3) a necessary and sufficient condition that G is stable in U
will be given in section 4 (Theorem D). Moreover we will determine all stable
3-dimensional connected simple Lie subgroups in each compact connected simple
Lie group (Theorem E). And we get some examples which is stable but not of
index 1.

The authors wish to thank the referee for his useful advice.

1. Stability of totally geodesic submanifolds.

In this section, we give a brief review on basic results on the stability of
totally geodesic submanifolds in compact symmetric spaces after [O].

Let G be a compact connected Lie group with Lie algebra g and M be a
homogeneous space of G. Let o be a point in M and K be the isotropy subgroup
of G ato. Let E be a G-homogeneous complex vector bundle on M. Then the
fiber E, over o is a K-module. The space of smooth sections of £ on M is
denoted by I'(E). Let C*(G; E,) be the space of smooth E,-valued functions
on G and C=(G; E)k={f€CG; E,): fluk)=k'f(u), for ueG and kcK}.
Then G acts on ['(E) and C(G; E,)x in a natural manner. Define a mapping

$s:CG; E)g — I'(E); f —>[g-0 —> gf(9)].

Then s is a G-isomorphism. Each element of the Lie algebra g of left invariant
vector fields on G acts on C=(G; E, as a left invariant (linear) differential
operator. Let U(g) be the universal enveloping algebra of g. Then the action
of g on C=(G; E,) is extended to that of U(g) in a natural manner. An element
L®X of Hom(E,, E,)QRU(g) acts, as a linear differential operator, on C=(G ; E,)
by

(LRXNN)=L(Xf),  feC=(G; E,).

Define an action of K on Hom(E,, E,)QU(g) by k(LQQX)=(ELR " )RQAd(R)X for
keK. Then a K-invariant element D of Hom(E,, E,)QU(g) leaves the subspace
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C>(G; E,)x invariant. Thus D induces a G-invariant linear differential operator
of I'(E). Converesely every G-invariant linear differential operators of I'(E)
can be obtained in the above manner.

Let P be a compact Riemannian symmetric space and U be the identity com-
ponent of the group of isometries of P. We denote by R? the curvature tensor
of P. Let M be a compact totally geodesic submanifold of P. Take an analytic
subgroup G of U which leaves M invariant and is locally isomorphic to the
group of isometries of M. Then the normal bundle N(M) of M in Pis a G-
homogeneous vector bundle. Let {M;} be a smooth variation of M in P and V
be its variational vector field. We denote by V¥ the normal component of V.
Define a section S of End(N(M)) by

<S($)) v>=§ <RP(6U S)eu 77> fOr 8’ nENp(M))

taking an orthonormal basis {e,} of Ty(M). We denote by AV“D the rough
Laplacian of the normal connection on N(M). Then the second variational
formula is given by the following :

d*Vol(M)/d o= <SWV), V¥>dvolu,

where 4 is defined by
F=—AVD 4§,

and is called the Jacob: differential operator. It is easily verified that 4 1sa G-
invariant linear differential operator of I"(N(M)).

We denote by L the isotropy subgroup of U at o€ MCP and put K=GNL.
Let u,l and ¥ be the Lie algebras of U, L and K respectively. Take an Ad(U)-invariant
inner product <,> on u which induces the Riemannian metric on P. Take the
orthogonal complement m [resp. p] of f [resp. [] in g [resp. u]. Let m* [resp.
t+] be the orthogonal complement of m [resp. ] in p [resp. {]. Let g* be the
orthogonal complement of g in u. Then g*=f@m*. The action of g on g* is
extended to that of U(g) on g*. Let C be the Casimir element of U(g) with
respect to the inner product <, >« Since ady(C) leaves m invariant, it is con-
sidered as an element of Hom(m*, m*). Then the Jacobi differential operator &
is identified with a linear differential operator on C(G ; Ny(M))k.

THEOREM 1.1.
F=ad, (C)RI—IRC.

Proof. We refer to [0].
Since the Jacobi differential operator 4 is a strongly elliptic linear differential
operator, it has discrete eigenvalues

11<12< e —> OO0

and all eigenspaces are of finite dimension. We put E;={Vel(NM)): §V)=
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AV}. We call the number {(M)= 3)dim E; the index of M in P, and n(M)=dinE,

A<0
the nullity of M in P. When t?le index #(M)=0, the submanifold M is said to
be stable in P. We call the dimension of the subspace {X" : X is a Killing vector
field on P} of E, the Killing nullity of M in P and denote it by nx(M).

We denote by 9(G) the set of all equivalence classes of the complex ir-
reducible representations of G. Let V(1) be a representation space of an element
A of 9(G). Then A(C) is a scalar operator a;/ on V(2). Let @ be the involutive
automorphism of u defining the symmetric structure of P=U/L. We can take
a direct sum decomposition g* =g, --- Pg,*, where each g,* is §-stable G-invariant
and has no nontrivial #-stable, G-invariant subspace. By Schur’s lemma and 6(C)=
C, we have ad,(C)=a,l on each g,* for some scalar a,. Putf,t=%¥Ng,* and m,*
=m*MNg,*. Then we have g,*=%'Dm,* and each m,* is K-invariant.

THEOREM 1.2. The index, nullity and Killing nullity are given as follows:

(1) z"(M):él ag‘,a dim Homg(V(4), (m,*)¢)dim V(1)

€D (D)

(i) n(M):é (L]Za dim Homg(V(2), (m,*)€)dim V(1)

1=1 =
D)

Gi) ngM)= 3 dimg.-.

1=1,m;L#0

Proof. We refer to [0].

2. Lie subgroups.

In this section we consider the case that Pis a compact connected semisimple
Lie group U with a bi-invariant Riemannian metric {,> and M is a connected
closed semisimple subgroup G. We denote by u and g the Lie algebras of U
and G respectively. The bi-invariant Riemannian metric <{,> on U induces an
Ad(U)-invariant inner product on u, which we also denote by <{,>. Let g* be
the orthogonal complement of g in u. Take the identity element as the point o.
We use the following notation :

U*=UxU,

G*=GXG,

L={(u, wyeU*. uesU},
K={(g, 9)G*: g=G},
p={(X, —X): Xeu},
m={(X, —X): Xeg},
(g)'={X, Y): X, Yeg'},
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={(X, X): Xeg*},
mt={X, —X): X=g*}.

We take the direct sum of <, as an inner product on the Lie algebra uu of U*,
Take a G-irreducible decomposition of g*:

gt=g,*D - Dgr*.

Then it induces a G*-invariant decomposition :
k
@)= Eh, @) ={XT1): X Yeg

Each (g¥)* is #-stable and G*-invariant, where @ is the involutive automorphism
0 : uPu—uPu; (X, Y)—(Y, X). We have a decomposition (g¥)*=%,*Pm,*, where

ftL:{(X; X)— XEQll} .
mt={(X, —X): X€g,*}.

If dimg,*=1, then both of f,* and m,* are #-stable and G*-irreducible. It is
well-known that 9(G*)={(V(4), AV (n), p): 4, p=D(G)}, where [X means the
outer tensor product. Let C* be the Casimir element of U(g*) and let C be the
Casimir element of U(g). Let a; be the eigenvalue of A(C) on V(4) for each
2€9(G). Since (AXp)CH=AC)RQ~I+IQu(C), we have (AKX C*)=(a+au)l.
We simply denote by a, the eigenvalue of ad,(C) on g,*, then ad,.(C*)=a,l
on each (g¥)*. Since m,* is a K-irreducible module, we must decompose each
G*-irreducible module into a direct sum of K-irreducible modules. Since K is
the diagonal subgroup of G*, the problem is to decompose the (inner) tensor
product V(A)QV (g) into a direct sum of G-irreducible modules. We can reagard
each K-module m,* as a G-module g,*. Applying the Theorem 1.2 to our case,
we have the following :

THEOREM 2.1. The index, nullity and Killing nullity arve given as follows:

(i) i(G)=Zf 3 dim Homg(V(DQV (&), (8.4)°) dim (V(ARQV (1))

1=laj+a,>a,

1, 4D (&)
(i) G)=3 3 dimHomoVARV (), 69 dim VARV ()
/Il,peg)(G;'
(ili) nx(G)=#{r:dimg,*=1}+2 X dim(g,*)

dim(841) #1

In order to count dim Homs(V(A)QV (), (g.*)°) we must remember that there
are two possibilities for (g,*)¢:

(i) (g.n)¢ is G-irreducible,

(ii) (g,*)¢ is decomposed into a direct sum of G-irreducible modules V and
V, the conjugate module of V.
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Let T be a maximal torus of G and t be its Lie algebra. Let (V, p) be a
complex representation of G. For each element 4 in t, put

Vi={XEV: p(H)X)=+v=1<, HYX, for any Het}.

If V,#{0}, then A is called a weight and V', is called a weight space. Espe-
cially, if (V, p)=(g%, ad), then a weight is called a root of G and a weight
space is called a root space. We denote by X(G) the set of all non-zero roots
of G. Fix a lexicographic ordering on t.

THEOREM 2.2 (Freudenthal). Let (V, p) be a complex irreducible representa-
tion of G with highest weight A. Then the eigenvalue a, of the Casimir operator
0(C) with respect to <, )lgxy 1S gtven by the following

(2.1 ar=—<A+20, 2>

where 3 is half the sum of positive roots of G.

If we assume that U is a compact simple Lie group, then an Ad(U)-
invariant inner product on u is unique up to a constant. As a normalizing
condition, we assume that the square of the length of the longest root is equal
to 2. We call such an inner product the canonical inner product. We assume
that both of U and G are simple. Let <, >, and <, >, be the canonical inner pro-
ducts on u and g respectively. Since {, >, is also an Ad(G)-invariant inner pro-
duct on g, there exists a real number ; such that

(X, Yy,=jKX, Yy, forany X, Yeg,

which we call the sndex of g in u or the sndex of G in U. In fact it is known
that the index is a positive integer ([A-H-S], [D], [Y]).

THEOREM 2.3 (Dynkin, [D, p.133]). Let U be a compact connected simple
Lie group and G be a closed connected simple Lie subgroup. If the index of G
in U 1s equal to 1, then roots of maximal length, and the corresponding root
vectors in g€ are roots and root vectors in u€ respectively with respect to a maximal
torus of U contarning T.

A complex subalgebra g of a complex semisimple Lie algebra i is said to be
a regular subalgebra, if there exists a basis of g consisting of elements of some
Cartan subalgebra § of @ and root vectors of the Lie algebra & with respect to
§. In our compact case, if g€ is a regular subalgebra of u°, g is said to be a
regular subalgebra of u. Theorem 2.3 asserts that if every roots of G is of the
same length and G is of index 1, then g is a regular subalgebra of u.

We denote by {ai, ---, a,} a fundamental root system of X(G) and by a,

the highest root of Y(G). Let ao=é1m,»a,. Throughout this paper the funda-
=
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mental roots are numbered as in the Table 1 at the end of this section. The
fundamental weights @; are numbered correspondingly.
Let T’ be a maximal torus of U which contains T and 2(U) be the set of

non-zero roots of U with respect to 7. We denote by {8, -

, B+} a funda-

mental root system of 2(U) and by B, the highest root of X(U).

Table 1. Numbering of the simple roots

A,

E,

E,

F,

G

o0—O0——0—---—0——0

1 2 3 r—1 r
O——O0——— O - —O=—=30
1 2 3 r—1 r
O0——O0—0—---—0&—0
1 2 3 r—1 r
r—1
o———o————o——---l—«v
1 2 3 r—2 r
2

O O- O O
1 3 4 5 6

IZ
1 3 4 5 6 7

IZ
O -0 O -0 O —Q
1 3 4 5 6 7 8
o—-O0=—>0—0
1 2 3 4
C==)0
1 2

3. Stability of Lie subgroups of index 1.

Let U be a compact connected simple Lie group with a bi-invariant Rieman-
nian metric and G be a simple connected closed Lie subgroup.
we assume that G is a subgroup of index 1 and study the stability of G in U

In this section
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as a totally geodesic submanifold. The purpose of this section is to prove the
following :

THEOREM B. Let U be a compact connected simple Lie group with a bi-
invariant Riemannian metric. A simple connected closed Lie subgroup G of index
1 U is a stable minimal submanifold.

We will employ the same notation as in section 2. By our assumption,
there are no need to distinguish the canonical inner product on g and u. Thus
we denote them by <,», which will be used to define a bi-invariant Riemannian
metric.

3.1 First we determine the structure of the normal space of g inu. Since
the index of G in U is 1, we may assume that a,=f,, by Theorem 2.3. Let 4
be the highest weight of an irreducible component V of the G-module (u€, ad).
Let m:t'—t be the orthogonal projection. Take B<X(U) such that =(8)=A4.
Then by Schwarz’ inequality, we have {x(B), Bo>=<{B, B> =2, where the equality
holds if and only if 8=p,. If =, then the component V must coincide with
g¢. Thus if V is an irreducible componenet of the G-module ((g*)¢, ad), then
we have <{z(f), B.><2. Since 2 is a dominant integral weight, we have <4, ap)=

244, apy/Lay, apy=0,1. We put A= ZT}I n;@; Then we have {4, )= Zr}l nymia,, a;»/2
7= J=
=0, 1. Since mKa,, a,y/2=mga,, @;)=2{a,, @;>/{as, @) is a positive integer,
<4, @,y is equal to
(1) 0, if and only if all of the n,’s are 0,
(2) 1, if and only if there exists £ such that
ny=mlay, ap/2=1,
n,=0 if j#k.

For each simple Lie algebra, we can calculate the number m,<{a;, a;)/2 (cf. [B]),
and we can pick up all possible k’s with the above property.

PROPOSITION 3.1. Let A be the highest weight of an irreducible component
of the G-module ((g*)¢, ad). Then 2 is one in the following table 2.

Now we inspect the possibility of 2 more carefully.

Case 1. g=38u(r+1), r=1. Let V be an irreducible component of the G-
‘module ((g*)¢, ad) and A be the highest weight of V. The highest weight vector
Y is expressed as follows

Y= 2 CﬁXﬁ,

[SX(%)]
5(ﬁ)=x

where X, is a root vector of u¢ corresponding to 8. Since 4 is the highest
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Table 2.
Type of g°¢ ; A
Ar (7=>=]-) O; (31, oy ar
Br (7’22) 0) a_)l) a?‘
CT (723) 0) a1; '”yar
DT (7’24) 0) @17 57‘—1’ a7’
E6 Ov 6)1’ a6
E7 0, 67
Eq 0
F4 O) @4
Gg ‘ 07 (T)l
weight, we have
3.1 = . = ,
3.1) 0=[Xe,;, Y] o3 cplXay Xp1,

for each /. Take and fix B with ¢s#0. By Theorem 2.3, a,€3(U) and
[Xa,, XgleuS, 5. Thus by 3.1), [ X, Xz]=0, a;+B&£IU). Put

r:{aly cery Uy, —,B} .
Then I satisfies the following property :
(Cy) y—0¢X(U) holds for any 7, 6<l.

If a subset of X2 (U) with the property (C,) is linearly independent, then it cor-
responds uniquely to a Dynkin diagram [He, p. 470]. However even if a subset
of 2(U) is linearly dependent, we associate with it a diagram in an analogous
fashion to the construction of the Dynkin diagram. The subsets of X(U) with
the property (C,) are classified in [He, p. 503]. In our case, the set /" has two
restrictive conditions :

(1) ay, -, a, forms a fundamental root system of du(r-+1),

(ii) —p is joined to only one vertex in {a,, -+, a,}, if A#0 (by Proposition
3.1).
From the classification given in [He], we pick up diagrams which is possible
for our I'. And we get the following :

PROPOSITION 3.2. If g=38u(r+1), r=1, then the highest weight A of an ur-
reducible component of the G-module ()¢, ad) is one of the following :

(1) O, 51, (?)2: (l-)r—l’ a_)T; if 7’_29,
(2) 0’ 517 62) 58} (T)s’ (7)7; 58’ Zf 7’:8,
(3) 0: (T)l: @g, *** » &;T: Zf 1__..<=7’§7.
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Case 2. g=30(2r), r=4. Since each root is long, we can discuss similarly
to the case 1. We get the following :

PROPOSITION 3.3. If g=80(2r), r=4, then the highest weight 2 of an ir-
reducible component of the G-module ((g*)°, ad) is one of the following:

(1) 0) CT)I) l’f 7’29,
(2) O) alr wr—-l: a—)ry lf 4§7’§8

Case 3. g=380(2r+1), r=2. A Lie algebra | which is isomorphic to 8o(2r)
is canonically embedded in g. If »=3, [ is also a simple subalgebra of u of
index 1. We denote by V(@) the complex irreducible g-module with highest
weight @ and by W(p) the complex irreducible I-module with highest weight p.
Let p,, ==+, p, Penote the fundamental weights of I. It is easily verified that

V(@,)=W (o, )BW (0r).

If ((84)°, ad) contains a g-irreducible component V(@,), then ((I*)¢, ad) contains
an [-irreducible component W(p,). Thus by Propositions 3.2 and 3.3, » must be
smaller than or equal to 8 and we get the following :

ProprosiTION 3.4. If g=80(2r+1), r=2, then the highest weight 2 of an
trreducible component of the G-module ((8*)°, ad) s one of the following:

(1) Oy Wy, Zf 7’_2_9,
(2) Oy E)l; E)r, Zf 2§7’§8

Case 4. g=38p(r), r=3. In this case we have the following :

PROPOSITION 3.5. [If g=8p(r),r =3, then the highest weight A of an irreducible
component of the G-module ((g*)°, ad) 1s one of the following :

(1) 0) al; (!—)g, Z’f 7’;5,
(2) 0) al) Tty 67’} Zf 7':3, 4

Proof. If uis of exceptional type, then 8p(r), »=5, cannot be realized as a
subalgebra of index 1 ([D]). So we assume that u is of classical type. If g is
a regular subalgebra of u, then we can argue similarly to the case 1. And we
have one possibility that A=&,. Tasaki classified complex simple Lie subalgebra
of index 1 in classical complex simple Lie algebras (see Remark 3.9(1)). By his
classification, if g is not a regular subalgebra, then there exists a Lie subalgebra
[ of u which satisfies

(i) ! is isomorphic to 8u(2r),

(ii) Y is a regular subalgebra of u of index 1,

(iii) g is a canonically embedded Lie subalgebra of 1.

The orthogonal complement g* is decomposed as g*=g,*@l*, where g,* is the
orthogonal complement of g in [ and [* is the orthogonal complement of [ in u.
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We can easily see that (g,*)¢ is V(@,). Let p,, -+, psr denote the fundamental
weights of I. We denote by W(p) the complex irreducible I-module with highest
weight p. Now we decompose (I*) as a g-module. Take an irreducible com-
ponent W(p) of (I*)° as an [-module. We know the possibility of p by Proposition
3.2. For each possible p, we decompose W(p) as a g-module. We have only to
consider the case p=p1, 02 P2r-2 P2r-1. For the other cases » must be less
than or equal to 4. We can easily see

W(p)=V (@),
W(psr-)=V (@),
W(p2)=V(@:)PV(0),
W(p2r )=V (@,)DV(0).
Thus we have the Proposition. Q.E.D.

3.2 Proof of Theorem B.

Case 1. g=38u(r+1), »r=1.
By Theorem 2.2, we can calculate the eigenvalues of the Casimir operator
with respect to the canonical inner product in g,

g, =—@+2)i(r+i—1)/(r+1).

Remember that ag,=ag,>dagz,=ag, ,> --. By examining the eigenvalues, we
determine the set of pairs (@, @) such that

3.2) aw+aa'>aw]

for each @; given in Proposition 3.2. If j=3 (»<8), »r—2 (r<8) or 4 (»=7),
then the set of pairs (@, &) are

(@1, @), (@1, @), (@, @), (@7, @r),

otherwise such a pair does not exist. On the other hand we have
V(@)QV (@,)=V 2&,)BV (@),
V(@)QV(@-)=V (@, +a, )PV (0),
V(@,)QV(@,)=V 26, )BV(@;-1).

Thus by Theorem 2.1, G is stable as a totally geodesic submanifold in U.

For the other cases we can argue in a similar fashion. So we list

(i) the eigenvalues of the Casimir operator,

(ii) the set of pairs with (3.2),

(iii) the decomposition of the tensor product V(@)QV(@’'), for the pair
(@, &@') given in (ii).
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Case 2. g=380(2r+1), r=2.
(i) ag,=—i@r+1—i), 1<igr—1,

a9, =—rQr+1)/4,
(ii) if j=r=_8, then the set of pairs (@, @) are (@, @,),

otherwise such a pair does not exist.
(i) V(@)QV(@)=V (2&,)DV (@.)BV(0).
Thus by Theorem 2.1, G is stable as a totally geodesic submanifold in U.

Case 3. g=38p(r), r=3.

(1)  ag=—i@2r+2—1), l=<i=r,
(ii) if (7,7)=(3,3), (3,4) or (4,4), then the set of pairs (@, @) are (@i, @),

otherwise such a pair does not exist.
(iii)  V(@)QV(@)=V 2a)DV @)DV (0).
Thus by Theorem 2.1, G is stable as a totally geodesic submanifold in U

Case 4. g=280(2r), r=4.

(1) ag=—w@2—0), 1=i1=r—2,
a5, =0z, =—r2r+1)/4,
(ii) such a pair does not exist.

Thus by Theorem 2.1, G is stable as a totally geodesic submanifold in U.

Case 5. g s of exceptional type.
If g is of exceptional type, then the eigenvalue of the Casimir operator for

A given in Proposition 3.1 is the largest except zero. Thus by Theorem 2.1, G
is stable as a totally geodesic submanifold in U.

3.3 Examples and remarks.
Now we give some examples of simple connected closed Lie subgroups G of
index 1 in compact connected simple Lie groups and give the decomposition of

(8"
Example 3.6. (1) Let U be the special unitary group SU(r+s+1) and G=

{Diagonal (4, I;): AeSU(r+1)}. Then the index of G in U is equal to 1. If
r=2, the G-irreducible decomposition of (g*)¢ is as follows:

(g =(V(@)DV(@)D -+ BV (@)DV(@)DV(0)D - DV(0).

J \
Al VT

s s?

(2) Let U be the special orthogonal group SO(2r+2) and embed G=SU(»+1)
as a subgroup in a standard way. Then the index of G in U is equal to 1. If
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r=4, the G-irreducible decomposition of (g*)¢ is as follows :
(g‘L)C:V(@Z)@V(cB,_I)EBV(O),

(3) Let U be the compact connected simple exceptional Lie group E,. Then
U has G=SU(q)/Z, as a subgroup of index 1. The G-irreducible decomposition
of (g+)¢ is as follows (see [M-P, p. 305]):

(QL)C: V(CBs)@V(@s) .

Remark 3.7. For each dominant integral weight 1 appeared in Proposition
3.2, there exist a compact connected simple Lie group U and its closed connected
subgroup G with the following :

(i) the index of G in U is equal to 1.
(ii) G is locally isomorphic to SU(»+1),
(iii) V() is a G-irreducible component of (g*)°.

We give further examples of pairs of compact connected simple Lie groups
U and their closed connected subgroups G of index 1. We omit the G-irreducible
decompositions of (g*)°.

Example 3.8. (1) SO(N)DSO(n).
2) Sp(N)DSp().

(3) SUN)D(SU@2r)D)Sp().

4) SO@)DSpin(7).

5) SO(T)DG,.

6) F,.DSp@3).

Remark 3.9. (1) Complex simple Lie subalgebras of index 1 in classical
complex simple Lie algebras were classified in [Tas2]. By the classification,
such a subalgebra corresponds to one of the subgroups given in Example 3.6 (1),
(2) and Example 3.8 (1)-(5).

(2) Let A be a dominant integral weight appeared in Proposition 3.3, 3.4 or
3.5 except the cases that A=a; for g=80(17) and A=a, for g=8p(4). There exist
a compact connected simple Lie group U and its closed connected subgroup G
with the following :

(i) the index of G in U is equal to 1,

(ii) the Lie algebra of G is isomorphic to g,

(iii) V() is a G-irreducible component of (g*)°.

It is easily seen that the assumption on G in Theorem B is weakened as
follows :

THEOREM B’. Let U be a compact connected simple Lie group with a bi-
invariant Riemannian metric. A connected semisimple closed Lie subgroup G all
of whose simple factors are of index 1 is a stable minimal submanifold.
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By Theorem B’, we conclude that the subgroup G={Diagonal(A4, B): A<
SO(p), BESO(q)} of SO(p+q), p, g=4, is a stable minimal submanifold.

4. Stability of 3-dimensional simple subgroups.

We shall give a necessary and sufficient condition that a connected 3-dimen-
sional simple Lie subgroup in a compact connected simple Lie group is stable.

A compact connected 3-dimensional simple Lie group is isomorphic to one
of SU(2) and SO(3) and its Lie algebra is always isomorphic to 80(3). We state
our results separately for SU(2) and SO(3).

THEOREM C. Let G be a simple Lie subgroup which is isomorphic to SU(2)
in a compact connected simple Lie group U with a bi-invariant Riemannian metric.
Then, G is stable if and only if G is of index 1. If G is stable, then n(G)=ng(G).

In order to state Theorem for G which is isomorphic to SO(3), we fix some
notation. We choose a basis {H, E, F} for a 3-dimensional compact simple Lie

algebra g with
[H, E]=2F, [H, Fl=—2E, [E, Fl=H.

With respect to the canonical inner product <, on g, {H/+/2, E, F} is an
orthonormal basis of g.

Let G be a 3-dimensional connected simple Lie subgroup in a compact con-
nected simple Lie group U of rank ». Then the Lie algebra g of G is isomorphic
to 80(3), hence we can take a basis {H, E, F} for the Lie algebra g of G as
above. Let <, denote the canonical inner product on the Lie algebra u of U.
Let t be a maximal Abelian subalgebra in u such that Het. With respect to a
suitable ordering, we may assume <{f,, H>=0 for the fundamental root system
{Bs, -+, B+} of Z(U). The Dynkin diagram of {Bi, ---, B,} marked with the
non-negative integer <{f8,, H) at the j-th vertex is called the characteristic diagram
of G. The characteristic diagram determines the conjugacy class of G (see [D,

Theorem 8.2] and [Tas2, Proposition 3.3]). Let ‘Bo=zr}ln,-/9, be the highest root
=
of X(U).

THEOREM D. Let G be a simple Lie subgroup which is isomorphic to SO(3)
in a compact connected simple Lie group U with a bi-invariant Riemannian metric.
Then, G is stable if and only if there exists k, 1<k<r, such that

nkzl, <‘8]’ H>:25jk: 1§]—§7-
If G 1s stable, then n(G)=ng(G).

Let A2 be a weight of a (complex) G-module. Since g is of rank 1, 2 is
determined by its (integral) value <4, H),. On the other hand an integer n
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determines an integral weight nH/2 of G. For the sake of brevity, we simply
denote the weight nH/2 by n. Let V(n) be the irreducible (complex) G-module
with the highest weight n=0. Then the weight space decomposition of V(n)
is as follows:

@D V(=2 V(Wass,  dimV(ma =1,

By (4.1) and counting the multiplicities of weights, we have the well-known
theorem of Clebsh-Gordan.

4.2) V<n>®V<m>=Mi";§’: "V (n—m|+25).

Let j be the index of G in U. By the definition of the index,
4.3) KX, Yy=45<{X, Y, for X, Yeg.

Let Xg be a root vector of u® corresponding to a root SX(U). Then by its
definition [H, Xg]l=+—1(B8, H>Xs. Thus X; is a weight vector of the G-
module u¢ corresponding to the weight <8, H>=<{;8, H),. Therefore the set of
weights of G-module u¢ is given as follows:

(4.4) Wu€)={{B, Hy: BXU)U{0}}.
For an integer k, we put
I'y={BeXU)U{0}: KB, Hy=F}.

Then the weight space of u® corresponding to the weight % is given by the
following :

W= 3 uE.
gerl’y

Since g°=V(2) is an irreducible component of u°, we have 2W (u°) and <B,, H)>
=2, for {B,, H> is the highest weight in W(u®). Define a basis {H, X,, X_} of
g¢ by

X, =(E—+/—1F)/2, X =(E+~—1F)/2.
Then X,€),, X_€u’)_, and we can put

X.,.Z S Xp, Xﬂeug,
Bely

X = X_ 35, X_zeul.
ﬁezrz 5 psusy

Since H=[E, F1=—2+—1[X,, X_], we have
4.5) He S Rg.

Bely

By (2.1), the eigenvalue a, of the Casimir operator on V(n) of g with respect
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to ¢, > is given as follows:
(4.6) a,=—n(n+2)/2.

Since U is a simple Lie group, we have only to show the Theorem C and D
with respect to the invariant Riemannian metric on U induced by <{,>/j. By
(4.3), the induced Riemannian metric on G coincides with the invariant Rieman-
nian metric induced by <,>,. We remember that

DSUR)={V(n): ncZ, n=0}
DSOBN={V(2n): ncZ, n=0}.

Proof of Theorem C. First we prove that if f}z#(Fj)§2, then G is unstable.
=

In fact, under the assumption there exists an n (n=2), such that V(n)C(g*).
By (4.2) and (4.6),

a,+an-,>a,,

ViHRQV(n—D=V(n)P - .

Thus by (i) of Theorem 2.1, we conclude that G is unstable. We can easily
see that the converse is also true.

We consider the case that G is stable. As we remarked before, #([7;)=1.
Thus if G is stable, then #(I",)=1, #(['s)=#(",)= -+ =0, and I, consists of S,.
By Schwarz’ inequality and the definition of index, we have

2:<,Boy H>§\/].<,Bo, ,80><H: H>o:2\/7.

The equality holds, since 8, and H are proportional by (4.5). Namely we have
j=1. Thus, combined with Theorem A, the former half of Theorem C is
proved.

Now we prove the latter half. As we have proved, G is stable if and only
if each irreducible component of (g*)¢ is equivalent to V(1) or V(0). Let m
[resp. n] be the multiplicity of V(1) [resp. V(0)] in (g*)°. Note that m is even:
m=2m’. Then, by (ii) of Theorem 2.1, we have

n(G)=m 3 lzdim Homg(V(AQV (), V(1)) dim (V(DRQV (1))

aj+a,=—3
2, €D (@)

+n, 3 dim Homo(VORV (@), V(O0)dim (VQRV (1)
2, HED(G)

=4dm-+n.
On the other hand, by (iii) of Theorem 2.1, we also have

ng(G)=4dm—+n. Q.E.D.
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The Proof of Theorem D. Remember that each weight of a G-module is an
even integer. By a similar manner to that of the proof of Theorem C, we can

prove that G is unstable if and only if i #[')=1.
=4

We consider the case that G is stable. In this case we have <{B,, H)=2.
Since a weight {8,, H) is equal to 0 or 2, 2=(f,, H)zé1 n,, <8,H implies that
there exists an integer & such that n,=1, and <B,, H>=234;,. Conversely, if
the condition is satisfied we have {8, H>=0, 2 or -2 for any B€X(U). Thus
the former half of Theorem D is proved.

The latter half is proved by a similar manner to the latter half of Theorem
C. Q.E.D.

5. Classification of stable 3-dimensional simple subgroups.

Now we determine all stable 3-dimensional simple subgroups which satisfy
the condition in Theorem D in each compact simple Lie group.

In the case that the ambient group U is of classical type we imbedd u® in
g{(N, C). We denote by &, the complex NX N-matrix of which (¢, 7)-component
is equal to +/—1 and all of the other components are equal to 0. Put

ﬁ:{étiel: LER, t+ - +tN:O}.

Case 1. u=su(n+1), n=1. In this case case §° is a Cartan subalgebra of
gu(n+1)°=8l(n+1, C). Let g be a 3-dimensional simple subalgebra in 8u(n+1).
We may assume

N
sztiezy b2ty o Ztpya-
1=1
Note that {ti, ts, =, tnss} IS the set of all weights of g acting on C™*'. Since
Bi=ei—em, 1=y=n,

is a system of fundamental roots, the characteristic diagram of g is as follows:

L—t, ti—tin la—tnu
o—---—0—---—0

,81 nBJ uB"

By (4.1) t,=—t,42-,, hence the characteristic diagram of g is symmetrical. Since
Bo=pB:+ -+ +Bn, the diagram for n=2p+1, p=1:

0 0 2 0 0
0—--- —O——O0—-O0—---—0

lgl 131' ‘313+1 .Bp+2 /32p+1
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is a unique one satisfying the condition in Theorem D. Thus we get ;= =
tps1=1 and fp4e= -+ =typss=—1. The corresponding subgroup G in SUQ2p+2) is

G={Diagonal(A, -, A); AeSU2)}.
p+1
Since G is isomorphic to SU(2) and its index is p—+1, G is unstable by Theorem

C.
Each Lie group which is locally isomorphic to SU@2p+2) is of the form

SU@2p+2)/D for some subgroup D of the center of SU2p+2). If a subgroup
D of the center of SU(2p+2) contains —1, G=G/{+1}=S0O(3) is stable in U=
SU2p+2)/D.
Case 2. u=3%02n-+1), n=2. We imbedd 80(2n-+1)=50(2xn+1, C) in
8[(2n—+1, C) as follows:
0 a b

80@2n+1,C)= - X Y [Y=-Y,"Z=—-2Z,
—ta Z —'X| X, Y,ZeM,yC), a, besC"

In this case §°N8o(2n+1, C) is a Cartan subalgebra of 80(2n+1, C). Let g
be a 3-dimensional simple subalgebra in 80(2n+1). We may assume

[\

n
H= 21 ti(€es1—Evinsr), b=tz o 2t,20.
=

Then {0, t,, -, ta, —ty, -+, —ta} is the set of all weights of g acting on C*"*1,
‘Bj:(5]+1—'6]+2‘3;+n+1+51+n+2)/\/7’ 1£/sn-1,

.Bn:(en+1“‘52n+1)/\/7

is a system of fundamental roots, the characteristic diagram of g is as follows:

Since Bo=p:+28:+ -+ +28,, the diagram:
2 0 0 0 0
O——O—--- —O—---—O0==0

:81 A82 ﬁ) ﬂn-l ﬁn

is a unique one satisfying the condition in Theorem D. Thus we get ¢,=2 and
ty= -+ =t,=0. The corresponding subgroup G in SO(2n+1) is

G={Diagonal (4, I;a-,); A=SO(3)}.
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Since G is isomorphic to SO(3), it is stable in SO2n+1). The index of G is
equal to 2.

The corresponding subgroup in Spn(2n+1) is isomorphic to SU(2). Thus, by
Theorem C, it is not stable.

Case 3. u=38p(n), n=3. We imbedd &p(n)°=38p(n, C) in 8l(2n, C) as follows:
X Y
8p(n, C)={[ ]: wY=Y,Z=2,X,7, ZeMn(C)}
zZ —tX

In this case H°N8&p(n, C) is a Cartan subalgebra of ap(n, C). Let g be a 3-
dimensional simple subalgebra in 8p(n). We may assume

H=3 ti(e;—¢u4n), L=ty - =t,20.
1=1
Note that {t,, -, t,, —t;, -, —ta} is the set of all weights of g acting on C*.
Since
,8]:(51‘_5]“’_€;+n+3]+n+1)/2: 1<jsn—-1,

ﬁnzsn_azn

is a system of fundamental roots, the characteristic diagram of g is as follows:

t;""tz tj—’tj+1 tn—l”"tn 2l‘n
O— - —O—— - - ——O&=—=0

ﬂl ﬁ] ,Bn-l ﬁn

Since Bo=2f:+ -+ +2B5-1+ B4, the diagram:

0 0 0 2
O— === —O—--- —O&==0
B B, Ba-r Ba

is a unique one satisfying the condition in Theorem D. Thus we get t,= --- =
t,=1. The corresponding subgroup G in Sp(n) is
G={Diagonal(4, -, A): A=Sp1)}.

Since G is isomorphic to SU(2) and its index is n, G is unstable by Theorem C.
The center of Sp(n) is {£1}. The corresponding subgroup G=G/{+1} in
U=Sp(n)/{x1}, which is isonorphic to SO(3), is stable.

Case 4. u=3%0(2n), n=4. We imbedd 80(2n)°=80(2n, C) in 8I2n, C) as
follows :
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X Y
80(2n, C)z{[ ]: Y=-Y,'Z=-27,X,Y, ZEM,L(C)}
zZ —t'X

In this case 5°N\g0(2n, C) is a Cartan subalgebra of 80(2n, C). Let g be a
3-dimensional simple subalgebra in 80(2n). We may assume

n
H:EIti(ei"‘“51+n); tlZMZ "'2tn—lg”n]~
1=

Then {t,, --+, tn, —t1, ==+, —ta} is the set of all weights of g acting on C*".
Since

;BJ:(EJ'—E]+1_s]+n+5j+l+ﬂ)/'\/2>) Igj=n—1,
ﬁn:(sn—l+5n_52n—1—52n)/'\/_2—-

is a system of fundamental roots, the characteristic diagram of g is as follows:

tn-l"‘tn
Br-
tacs—tny| tnoaFin

Bn»z ﬁn

Since Bo=p1+28:+ - +28n_2+ Br-14Bn, the diagrams satisfying the condition
in Theorem D are

0
Br-1
2 0 0 0
o0—0—---
B B Br-z  Bn
2
Ba-1
0 0 0 0
o0—O0—---
B B Br-z B
0
Br-1
0 0 0 2
o——O0—---

,31 .82 .Bn-Z ﬂ”

ThuS t;'——_—z, t2= v =tn=0 or t1= :tn-lzl, tn—:il.
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(i) If ,=2, t,= -+ =t,=0, then the corresponding subgroup in SO(2n) is
{Diagonal (A, I,,-5): A=SO(3)}

and its index is 2. Since the corresponding subgroup G in Spin(2n) is isomorphic
to SU(2), G is unstable. Let Z be the center of Spin(2n). Then GNZ={=+1}.

If n is odd, Z is isomorphic to Z, and the groups which is locally isomorphic
to Spn(2n) are Spin(2n), SO(2n) and Spin(2n)/Z. Since the corresponding sub-
groups in SO(2n) and Spin(2n)/Z are isomorphic to SO(3), they are stable.

If nis even: n=2m, Z is isomorphic to Z,XZ,. The subgroups of Z are
{€0, 0)}, {(0, 0), (1, 0)}, {(0, 0), (0, 1D}, {(0, 0), (1, 1)} and Z. The element (1, 1)
&Z corresponds to —1&Spin(dm). Let U be a Lie group locally isomorphic to
Spin(dm) and D be the subgroup of Z such that U is isomorphic to Spin(dm)/D.
If Dis {(0,0), (1, 1)} or Z, then the subgroup corresponding to Gin U is Niso-
morphic to SO(3) and is stable. Otherwise, the subgroup corresponding to G in
U is isomorphic to SU(2) and is unstable.

i) If t,= - =t,.,=1, t,==1 then n must be even: n=2m and the cor-
responding subgroup in SO(4m) is

{Diagonal(A_,_'_-- , A): AeSpl)},
where we regard Sp(l) as a subgroup of SO(4). The index of it is m. Let G
be the corresponding subgroup in Spin(dm) and Z be the center of Spin(4m).
Let U be a Lie group which is locally isomorphic to Spin(4m) and D be the
subgroup of Z such that U is isomorphic to Spin(4dm)/D. Since G/(GNZ) is
isomorphic to SO(3), if D is (GNZ) or Z, then the subgroup corresponding to
G in U is isomorphic to SO(3) and is stable. Otherwise, the subgroup cor-

~

responding to G in U is isomorphic to SU(2) and is unstable.

Case 5. u=eg, €,, €. Due to Table 18 in [D], there is no subgroup in E;
which satisfies the condition in Theorem D.

Due to Table 19 in [D], there is a subgroup G in E, corresponding to the
following characteristic diagram.

0

B
(6.1)
0 0 OT 0 0 2

o- e o Oo—0
/3: Bs ,34 .85 196 137
It is isomorphic to SU(2) and its index is 3. Thus (é is not stable in E,. The
center Z of E, is isomorphic to Z,. Therefore G=G/Z is isomorphic to SO(3)

and stable in E,/Z=Ad(E,).
There is no coefficient of the highest root of E, which is equal to 1.
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Case 6. u=f,. There is no coefficient of the highest root of F, which is
equal to 1.

Casz 7. u=g,. There is no coefficient of the highest root of G, which is
equal to 1.
Now we summarize the above argument.

THEOREM E. All stable 3-dimensional simple subgroups G isomorphic to SO(3)
n compact connected simple Lie groups with bi-invariant Riemannian metrscs are

as follows. N
(1) Let G={Diagonal(4, -, A): Ae&SU2)}CcSU@2n) and D be a subgroups of

the center of SU(2n) contaz'mng? {£1}. Then Gzé/D is stable in SU(2n)/D.
Its index is equal to n. N
(2) Let G={Diagonal(A4, ---, A): A=Sp(L)}CSp(n). Then G=G/{x1} is
NI

stable in Ad(Sp(n))=Sp(n)/{*+1}. Its index is equal to n.

(3) G=/{Diagonal(A, I,_;): A&SO3)} is stable in SO(n). If n is even:
n=2m, then Ad(G) is also stable in Ad(SO@2m)=PSO@2m). Their indices are
equal to 2. N

(4) Let Z be the center of Spin(dn) and G be the subgroup of Spin(dn)
obtained by pulling back {Diagonal(A4, ---, A): AeSp(l)} in SO(4n), where we

regard Sp(l) as a sNubgroup of SO4) in a natural manner. Then Gzé/éf\Z is
stable in Spin(4n)/GNZ and Spin(dn)/Z=PSO(4n). Their indices are equal to n.

(5) Let G be a subgroup of Ad(E,) corresponding to the characteristic diagram
(5.1). Then it is stable. Its index is equal to 3.
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