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ABSTRACT. In this paper we study tangential degeneracy of the orbits of s-
representations in the sphere. We show that the orbit of an s-representation
is tangentially degenerate if and only if it is through a long root, or a short
root of restricted root system of type G2. Moreover these orbits provide many
new examples of tangentially degenerate submanifolds which satisfy the Ferus
equality.

1. INTRODUCTION

The linear isotropy representation of a Riemannian symmetric pair is called an
s-representation, which was coined by Ozeki-Takeuchi [13]. This representation is
orthogonal, so we regard its orbit of a point as a submanifold of the hypersphere
in the representation space. A submanifold whose Gauss map is degenerate is
said to be tangentially degenerate. The purpose of this paper is to give a Lie-
algebraic characterization of tangentially degenerate orbits of s-representations.
For the purpose we describe the kernels of the differentials of the Gauss maps of
the orbits by the restricted root systems of the Riemannian symmetric pair which
determine s-representations. The description of the kernels of the differentials of the
Gauss maps of the orbits lead us to a Lie-algebraic characterization of tangentially
degenerate orbits and the classification of them. We can obtain the rank of the
Gauss map of them and many examples of orbits satisfying the Ferus equality. We
shall explain the Ferus equality in the next paragraph.

Ferus [5] obtained a remarkable result for tangentially degenerate submanifolds
in the sphere. He showed that for a submanifold, there exists a number, called
the Ferus number, with property that if the rank of the Gauss map is less than
the Ferus number, then the submanifold must be a totally geodesic sphere. If the
rank of the Gauss map is equal to the Ferus number, we call this equality the
Ferus equality. Many examples of submanifolds which satisfy the Ferus equality
have not been found. In their papers [10, 11, 12], Ishikawa, Kimura and Miyaoka
studied submanifolds with degenerate Gauss mappings in the sphere via a method
of isoparametric hypersurfaces. They showed that Cartan hypersurfaces and some
focal submanifolds of homogeneous isoparametric hypersurfaces are tangentially
degenerate. Moreover, some of them satisfy the Ferus equality.

We want to emphasize the importance of the orbits of s-representations. In
fact, every homogeneous hypersurface in a sphere is an orbit of s-representation of
Riemannian symmetric spaces of rank 2, by Hsiang-Lawson [8], and they are all
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isoparametric, by Takagi-Takahashi [15]. We have already studied austere orbits
and weakly reflective orbits of s-representations and classified them in our previous
paper [9]. Ishikawa, Kimura and Miyaoka showed some relationship between tan-
gentially degeneracy and the property ‘austere’ of isoparametric hypersurfaces and
their focal submanifolds. In this paper we study tangentially degenerate orbits of
s-representations via methods of symmetric spaces and obtain that the spaces of
relative nullity of them. The following theorem is the main result of this paper.

Theorem 1.1. Let (G, K) be an irreducible compact symmetric pair. An orbit of
the s-representation is tangentially degenerate in the sphere if and only if either
one of the followings is valid:

(1) The orbit is through a longest root of the restricted root system of (G, K).
(2) The restricted root system of (G, K) is of type Go and the orbit is through
a short root.

In such cases the space of relative nullity of the orbit is equal to the root space of
the root.

It is well known that an s-representation admits a subspace which intersects all
orbits orthogonally. An orthogonal representation of a compact Lie group which
satisfies such a property is called a polar representation. Dadok [4] showed that with
few exceptions s-representations occupy all polar representations of compact Lie
groups and that any orbit of a polar representation is an orbit of an s-representation.
By this result our main theorem gives the classification of tangentially degenerate
orbits of irreducible polar representations in the spheres.

We have showed that the orbit of any root is weakly reflective in [9], so a tangen-
tially degenerate orbit is weakly reflective. After the classification of tangentially
degenerate orbits of s-representations we shall observe that these orbits provide
many new examples of tangentially degenerate submanifolds in the sphere which
satisfy the Ferus equality.

The organization of this paper is as follows:

Introduction

Preliminaries

Proof of Theorem 1.1 (Sufficiency for tangential degeneracy)
Spaces of relative nullity

Proof of Theorem 1.1 (Necessity for tangential degeneracy)
Lemmas on quaternionic symmetric spaces

Ferus equalities

N otE N

In Section 2, we review the definition of the Gauss map of a submanifold in
a sphere and its tangential degeneracy, and results concerning them. We also
review fundamental facts on the orbits of s-representations and obtain a basic
result on tangentially degenerate orbits mentioned in Proposition 2.5, which states
that a tangentially degenerate orbit is always through a restricted root. After this
proposition it is enough to consider only the orbits of restricted roots.

In Section 3, we show that the orbits satisfying one of the conditions (1) and (2)
in Theorem 1.1 are tangentially degenerate.

Section 4 describes the spaces of relative nullity of the orbits of restricted roots.
Proposition 4.1 gives a fundamental description of those spaces and leads Theorem
4.5 which determines the spaces of relative nullity of tangentially degenerate orbits.
Using these we prove the last assertion of Theorem 1.1.
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In Section 5, we show that the orbits which do not satisfy (1) or (2) in The-
orem 1.1 are not tangentially degenerate. At the last of this section we list all
irreducible compact symmetric pair such that the orbits of their s-representations
have degenerate Gauss maps.

In Section 5, we collect some results on restricted root systems of compact quater-
nionic symmetric pairs. The last lemma 6.7 is used in Subsection 5.6.

In Section 7, we review the definition of the Ferus number and collect its prop-
erties we need. Using these we show new examples of tangentially degenerate
submanifolds which satisfy the Ferus equality.

We wish to thank the referee for helpful suggestions on improvement of our
manuscript.

2. PRELIMINARIES

Let f : M — S™ be an immersion of an [-dimensional manifold M into an
n-dimensional sphere S™. The Gauss map « of f is defined as a mapping from M
to a Grassmannian manifold Gy1(R"*!) of all (I 4+ 1)-dimensional subspaces in
R+ by:

v:M — Ga(R™
o Rf(z)® Ty (f(M)).

We denote by r the maximal rank of the Gauss map v of f. If the Gauss map is
degenerate, i.e. r < I, then an immersed submanifold f(M) C S™ is said to be
tangentially degenerate or developable. We note that - is constant, i.e. r = 0, if
and only if f(M) is a part of a totally geodesic sphere.

We denote by h the second fundamental form of f and by A¢ the shape operator
of f with respect to a normal vector £&. Chern and Kuiper [3] introduced the notion
of the index of relative nullity at x € M, that is the dimension of the vector space

Ny = {XeT.(M)|hX,Y)=0, Y € T,(M)}
=[] ker(4g).
£eT;H(M)

It is easy to show ker(dvy), = N, therefore the index of relative nullity is equal to
the degeneracy of the Gauss map at each point.

A linear isotropy representation of a Riemannian symmetric pair is called an
s-representation. In the following section, we will study orbits of s-representations
which are tangentially degenerate. For this purpose, we shall provide some funda-
mental notions of orbits of s-representations in this section.

Let G be a compact, connected Lie group and K a closed subgroup of G. Assume
that 0 is an involutive automorphism of G and GJ C K C Gy, where

Go={9€G|0(g9) =g}

and GY is the identity component of Gy. Then (G, K) is a compact symmetric pair
with respect to 8. We denote the Lie algebras of G and K by g and £, respectively.
The involutive automorphism of g induced from 6 will be also denoted by #. Then
we have

t={Xecg|OX) =X}
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Take an inner product {, ) on g which is invariant under 6 and the adjoint repre-
sentation of G. Set
m={Xeg|0(X)=-X},
then we have a canonical orthogonal direct sum decomposition
g=¢t+m

Fix a maximal abelian subspace a in m and a maximal abelian subalgebra t in g
containing a. For a € t we set

(2.1) o ={X €¢° | [H X] = V-1{a, H)X (H € 1)}
and define the root system R of g by
(2.2) R={act—{0} g, # {0}}.

For )\ € a we set
gy ={X €| [H, X]=V-1(\H)X (H € a)}
and define the restricted root system R of (g, £) by

R={Aea—{0}]gx#{0}}.
Set ) .
Ry=RN¢t

and denote the orthogonal projection from t to a by H — H. Then we have

R:{d|a€f~{—R0}.
We take a basis of t extended from a basis of a and define the lexicographic orderings
> on a and t with respect to these bases. Then for H € t, H > 0 implies H > 0.
We denote by F' the set of simple roots of R with respect to the ordering >. Set

Fy = F N Ry,

then the set of simple roots F' of R with respect to the ordering > is given by

FZ{@‘O(EF—F()}.
We set . 3

Ry ={a€R|a>0} Ry ={Ne€eR|X>0}.
Then we have ~ B
R+:{C_V|QGR+*R0}.
We also set
EO:{-XGE‘ [X,H]:O(HGG)},
and define
By =EN(gx+9-2), my =m0 (gr+ g-»)

for A € Ry. Under these notations, we have the following lemma whose statements
are simple consequences of results of Chapters VI and VII in Helgason’s book [6].

Lemma 2.1. (1) We have orthogonal direct sum decompositions
E=t+ > &, m=at Y my
AER AR

(2) If H € a and (\,H) # 0, then ad(H) gives a linear isomorphism between
my and E)\.
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We define a subset D of a by

D= |J{Hea|(\H) =0}
AER

A connected component of a — D is a Weyl chamber. We set
C={Hea|(MH)>0(\eF)}
Then C'is an open convex subset of a and the closure of C' is given by
C={Heca|(\H)>0(\eF)}.
For a subset A C F', we define
CA={HeC|MH)>0\eA), (i, HY =0 (pe F—A)}.

Lemma 2.2. (1) For Ay C F, the decomposition
chi= |J co
ACA,

is a disjoint union. In particular, C = U C2 is a disjoint union.
ACF
(2) For A;,Ay C F, Ay C Ay if and only if C? C CAz2.

For each A € F', we take Hy € a such that
1 (/’L:)‘)v
Hy,p) = eFr).
(Hx, ) {0 (n#N\) (1 )

Then, for A C F, we have
ty > 0} .

R®*=RN(F—-A)z, RY=R*NR;.

Under these notations, we have the following lemma.

ch = { > taH,

A€EA

We set

Lemma 2.3 ([7]). Fiz a subset A C F. For H € C® we have the following:
(2) RS = {n€ Ry | {u, H) = 0}.

Now we shall study an orbit Ad(K)H of the linear isotropy representation of
(G, K) through H € m. We set

ZH ={k e K| Ad(k)H = H}.

Then Z# is a closed subgroup of K and the orbit Ad(K)H is diffeomorphic to the
coset manifold K/ZH. The Lie algebra 3% of ZH is given by

s ={Xet|[H X]=0}

An orbit Ad(K)H is a submanifold of the hypersphere S of radius ||H|| in m. From
[7], Ad(K)H is connected. Since

m= [ Ad(k)C,

keK
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without loss of generality we may assume H € C. Moreover, from Lemma 2.2,
there exists A C F such that H € C®. From Lemma 2.1 we have the following
lemma.

Lemma 2.4 ([9]). For A C F and H € C*, the tangent space Ty (Ad(K)H) of
the orbit Ad(K)H at H and the normal space T (Ad(K)H) in the hypersphere can
be expressed as

(23)  Tu(AdE)H) = > m,
HnERL—RY
(24)  THAAE)H) = anH "+ Y m,=Ad(Z{)o)(@n HY),
VERﬁ

where (ZH)q is the identity component of the stabilizer Z¥ of H in K.

Proposition 2.5. If the orbit AA(K)H through H € a is tangentially degenerate,
then H is a constant multiple of a restricted root.

Proof. First we note that
Ag = Ad(k)_lAAd(k)EAd(k)

for any ¢ € an Ht and k € (ZH)y. From this we have

ker A = ker A
€ €

E€TH (AA(K)H) £€AA((ZH)o)(anH L)

ﬂ ker AAd(k){

gcanHL
ke(ZzH)o

M ker(Ad(k)AcAd(k)™")

¢canHL
ke(zf)o

[ ker(AcAd(k)™)
¢canHL
ke(zf)o

(| Ad(k)ker A¢

¢canHL

ke(zf)o
= (] Ad(k) [ kerAe.
ke(ZHE)o gcanHL

For £ € an H+ the set of eigenvalues of Ag is given by
A9

(A H)

and the eigenspace associated with eigenvalue —(\,&)/(\, H) is given by

S me

(1,€) __ (N€)

(n, H) = (NH)

Aem—Rﬁ},
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See [9] for details. The space ker A¢ is nothing but the eigenspace associated with
0-eigenvalue. Thus

kerA£: Z m,.

(p,€)=0
Therefore we have
Noes= N X m=Ym
¢canHL ¢€anHL (p,€)=0 w//H

where p // H means that ¢ and H are parallel. Hence

(2.5) N kerAg =[] Ad(k) D m,C Y m,.

§€T; (Ad(K)H) ke(Zi)o w//H n//H

Consequently, if Ad(K)H is tangentially degenerate, then H must be a constant
multiple of a restricted root. O

3. PROOF OF THEOREM 1.1 (SUFFICIENCY FOR TANGENTIAL DEGENERACY)

We retain the notation in Section 2. Let (G,K) be an irreducible compact
symmetric pair. By the conjugacy of a maximal abelian subspace a of m under
the action of K, every Ad(K)-orbit in m intersects with a. The restricted root
system R is the root system of g with respect to a. Since we are concerned with
the tangential degeneracy of Ad(K)-orbit, by Proposition 2.5 we can restrict our
attention to Ad(K)-orbit through roots in R. Since the tangentially degeneracy
of the orbit is invariant under scalar multiples on the vector space m, we do not
discriminate the difference of the length of a vector H. When (G, K) is of rank 1,
K acts on the sphere in m transitively. Therefore we only consider a symmetric
pair whose rank is greater than or equal to 2. In this section we prove that Ad(K)A
is tangentially degenerate, if either one of (1) and (2) in the Theorem 1.1 is valid.

We put H =X € R} and

A={peF|{uA) >0}

Then we have A € C2. If 2\ ¢ R, , then & + £, is a Lie subalgebra of £. We denote
by K(\) the analytic subgroup of K which corresponds to € + €.

Lemma 3.1. If A € R, satisfies

(a) 2A ¢ R+)
M) A+vé¢ Rand \—v ¢ R for allv € RY,
then AA(K)\ is tangentially degenerate.

Proof. Since the tangent space of the orbit Ad(K)A at A is given as in (2.3), the
image of A by the Gauss map 7 is

YN =Rx+ > my,,
HER+—R$
and its orthogonal complement in m is

YWE=anat+ Y m,.
veRY
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From a rule of the bracket product of root spaces and the assumption (b), we have

ko, aN At + Z m,| C Z m,, Eyan At + Z m, | ={0}.

V€R$ VERﬁ VER?
Therefore
b+, and+ > m, | canit+ > m,.
veRL veR%

This yields

AAEN) [anAt+ Y my | =andt+ ) m,.

yeRﬁ VERﬁ
Hence
Ad(K(A)) -y (A) =v(A).
Since v is K-equivariant, we have
Y(Ad(K)A) = Ad(k)y(A) = ~(X)

for any k € K(\). This means that v is constant on Ad(K(A\))A. It is clear that
Ad(K (X)) is not a point, since Ty (Ad(K(A))A) = my. Consequently Ad(K)\ is
tangentially degenerate. (I

We denote by § € R, the highest root of R.
Lemma 3.2 ([16]). For A € R4,

0 (when X L 9),
=<1 (when X =9),
1/2  (otherwise).

(A, 0)
16112

When (X, 6)/||0]|?> = 0, then X — & is not a root. When (\,8)/||6]|> = 1/2, then A\— 3§
18 @ T00t.

Wolf [16] showed this lemma in the case where R is the root system of a simple
Lie algebra. The proof of Lemma 3.2 is similar, so we omit its proof.

The following corollaries 4.3 and 4.4 show that the orbit is tangentially degen-
erate ‘if’ either one of (1) and (2) in Theorem 4.1 is valid.

From Lemmas 3.1 and 3.2 we have the following corollaries.

Corollary 3.3. The orbit Ad(K)X through a longest root A of R is tangentially
degenerate.

Corollary 3.4. The orbit through a short root in a restricted root system of type
G- is tangentially degenerate.

Proof. If @ and B in a restricted root system R of type G5 are orthogonal, then
axf ¢ R. In particular, a short root in R satisfies the condition (b) of Lemma 3.1.
It also satisfies (a) of Lemma 3.1 and its orbit is tangentially degenerate. (]
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4. SPACES OF RELATIVE NULLITY

If the orbit Ad(K)H through H € a is tangentially degenerate, then H is a
constant multiple of a restricted root because of Proposition 2.5. We describe the
spaces of relative nullity of the orbits of restricted roots and prove the last assertion
of Theorem 1.1 in this section. In order to determine the spaces of relative nullity
of these orbits we give the following criterion for an orbit of an s-representation to
be tangentially degenerate.

Proposition 4.1. The orbit AA(K)A through a restricted root X € R is tangentially
degenerate if and only if there exists a non-zero subspace of Zu//A m,, which is

invariant under ad(37%). More precisely, the following equality is valid:
(4.6) ker(dy)y= [ Ad(k) > m,
ke(Zy)o B//A

and ker(dv)x is the mazimal subspace of 3_,, ,/\ w,, which is invariant under ad(3%)-

Proof. From (2.5) we have (4.6) immediately. Thus the orbit Ad(K)A is tangentially
degenerate if and only if the right-hand side of (4.6) is a non-zero vector space.
If there exists a non-zero subspace V of Zu /My which is invariant under

Ad((Z))0), then
() Ad(R)> m,> [ AdR)V =V #{0}.
ke(ZX)o 772 k€(Zx)o

Hence Ad(K)A is tangentially degenerate. Conversely, we assume that Ad(K)A is
tangentially degenerate. Then

() Ad(R) Y m,C > m,
ke(Z)o /2N V72N
is a non-zero subspace, and we denote it by V. Then for any g € (Z ;})0 we have

Ad(g)V = Ad(g) () Ad(k) ) m,

ke(Z3)o w//A

() Adgh) > m, =V

kE(Z)o B//A

Thus V is invariant under Ad((Z%)o). Consequently, the orbit Ad(K)\ is tan-
gentially degenerate if and only if there exists a non-zero subspace of > /2 M

invariant under Ad((Z)o). Since 33 is the Lie algebra of a connected Lie group
(Z)o, we obtain the assertion. O

In particular, for an orbit of the adjoint representation of a compact Lie group
we have the following corollary.

Corollary 4.2. An adjoint orbit of a compact, connected semisimple Lie group
through a root « is tangentially degenerate if and only if there exists a mon-zero
subspace of

9N (ga ® g-a)

which is invariant under ad(3&).
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Lemma 4.3. Let X be a root and V' a non-zero subspace of my. Then 'V is invariant
under ad(3%) if and only if V is invariant under ad(¥y) and satisfies

>k, V| ={o}

VeRﬁ
In addition, if the action of €y on my is irreducible then V = m,.

Proof. Since
ik ={Xet|[[XAN=0=8 > &,
V€R$

V is invariant under ad(3%) if and only if V is invariant under ad(€y) and

> b, V|cVcm,.

A
veERZD

On the other hand,

b, VIic| ) bom|C D (g, @mi,).

VERﬁ uERﬁ VeRﬁ

Hence we have

Z t, V| C|mynN Z (m)\Jﬂ,@m)\,y) = {0}

VER? uERﬁ
[l

Lemma 4.4. The root space my corresponds to a longest root \ is a subspace of
2_pu//) My invariant under ad(37%)-

Proof. We can suppose that A is the highest root § by the action of the Weyl group.
The Lie algebra 39 of Z9 is given by

e ={Xet|[Xd=0l=tcd > t.
(v,6)=0
From Lemma 3.2, we have § £ v ¢ R for any v € R, which is perpendicular to 4.
Hence from Lemma 4.3, m; is invariant under ad(3%). O

From this lemma, we have the following theorem. Four cases in the following
theorem are equivalent with two cases in Theorem 1.1. Hence the following theorem
shows the last assertion of Theorem 1.1.

Theorem 4.5. Let (G, K) be a compact symmetric pair. If X in R is one of the
following list, then ker(dy)y = my.
(1) a long root except in the case where R is of type BC,
(2) any root in the case where R is of type Go,
(3) a longest root in the case where (G, K) is a Hermitian symmetric pair with
restricted root system of type BC, and p > 2,
(4) a long root in the case where (G, K) = (Sp(2p+n), Sp(p) x Sp(p+n)) (p >
2,n>1).
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Proof. We divide the proof into the four cases.
(1) The conclusion follows directly from Proposition 4.1 and Lemma 4.4.
(2) For any root A € R and v € R which satisfies (v, \) = 0, we have A + v ¢ R,
because R is of type G2. Hence ker(dy), = my by Proposition 4.1.

Before treating the cases (3) and (4), we recall the restricted root system of type
BC)},. In this case we can put

R={£2e; |1<i<plU{zxe; |1<i<plU{te;te; |1<i<j<p}
A = 2e;.
We already know that the space of relative nullity Ny of Ad(K)\ satisfies
Mae, C Ny C mye, + Mg,
and invariant under ad(3% ). Since

RS = {ueRy | (=0}
= {2¢;|2<i<plU{e;|2<i<plU{e;xe; |2<i<j<p},

we have

k=to+ > bu=tot+ Y e+ Y b+ Y b

HERS 2<i<p 2<i<p 2<i<j<p
(3) In order to prove the assertion in this case, we recall the following two lemmas.

Lemma 4.6 ([14] Lemma 2.3). For a Hermitian symmetric space, the complex
structure J translates restricted root spaces as following:

P
Jm(irij:(ij = mei:F(ija Jmei = meqya Ja = Z eri .
i=1
We denote the Hopf fibration by 7 : §?"*t! — CP".

Lemma 4.7 ([11] Lemma 2.2). Let M C CP"™ be a complex submanifold of complex
dimension k. Then ©=1(M) is a submanifold of dimension 2k + 1 with degenerate
Gauss map of S?"*t1 . Moreover, if M is compact and not a complex projective
subspace, then the rank of Gauss map is equal to 2k.

Without loss of generality we can put A = 2e;, and we consider the orbit Ad(K)A
through A. The tangent space of Ad(K)A at A is given by

D(AAK)N) = Y my=my, +me, + Y Mo,
wERy —RY 2<i<p
We denote by 7 : S — CP" the Hopf fibration from the hypersphere S in m to

the complex projective space. Then the image 7(Ad(K)N) of the orbit Ad(K)A is
a submanifold of CP", and its tangent space at w(\) is given by

Trony(m(AA(K)A) =me, + > Me ke,
2<i<p

Therefore from Lemma 4.6, 7(Ad(K)\) is a complex submanifold of CP™. Obvi-
ously 7(Ad(K)A) is not a complex projective subspace when p > 2. Thus from
Lemma 4.7 the index of the relative nullity of Ad(K)\ C S is equal to 1. Hence
N)\ = Mg, -
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(4) We shall give the restricted root space decomposition of (G, K) = (Sp(2p +
n), Sp(p) x Sp(p+ n)). We express g as
g=5p(2p+n) ={X € My, ,(H) | "X + X =0}

We define an involutive automorphism 6 on g by

05— mx | T x| ® |
—Iptn —Ipin

where I, denotes the r x r identity matrix. Then the eigenspaces ¢ and m of 6
associated to eigenvalues +1 are given by

X
e = {[F | [xem. yempinf,
X
m = {|: _tX :| ‘ XGMp7p+n(H)}.
We take a maximal abelian subspace a of m by
T
a= =T T:tlEll—f—"'—f—tpEpp, t; € R s

where F;; denotes a matrix whose (¢, j) element is 1 and all other elements are 0.
We define e; € a by

Eii

e = | —Ey

Then the restricted root system of (g, £) is of type BC,. We note that, when n = 0,
the restricted root system is of type C,.

In the case of type BC, the restricted root spaces €., and m., which correspond
to e; are given by

(TjEioprj — TiBapyji) | €H p

n
=1

J

)
o
I
-

I
—

(Ui Epti2pti — Ui Eoptipri) ‘ y; €H
J

In order to prove the assertion in this case, we will show that N, does not contain
m,,-component. We take X € m,, arbitrarily. Then [€.,, X] C M, 4e, + Mey—e,-
Since Ny is invariant under ad(3%), we have that if X € Ny then [t,, X] C Ny C
Mg, + Me,. Therefore, if X € N, then [b.,, X] = {0}. We can express X =
> i1 (@B 2pij — TjE2pij1) € me,. Then

ijH

n n
[eo, X] = ¢ { D295 | Brpra— [ D% | Bpyon
j=1 j=1

This yields X = 0. Thus N does not contain m,,-component. Hence N = m,.
O
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5. PROOF OF THEOREM 1.1 (NECESSITY FOR TANGENTIAL DEGENERACY)

In this section we prove that Ad(K)A\ is tangentially degenerate, “only if” either
one of (1) and (2) in Theorem 1.1 is valid. We divide the proof into six cases which
are treated in the following six subsections. Before beginning the subsections we
prepare the following lemma.

Lemma 5.1. If the restricted root system R is not of type Go, then for any short
root \ there exists a root p which is orthogonal to A and A £ u € R.

Proof. We will follow the notations of root systems in [2].
In the case of type B, the restricted root system is given by

R={te; |1<i<plU{te;te;|1<i<j<p}
If we add +e; to a short root +e; (i # j), then it becomes a root again.
In the case of type C, the restricted root system is given by
R={42e; |1 <i<p}U{xe;te;|1<i<j<p}
Short roots are +e; & e;. By the action of the Weyl group, it suffices to consider a
short root e; 4+ e5. The set of roots which are perpendicular to e; + e is
{£(e1 —e2)} U{£2e; |3 <i<plU{te;+e; |3<i<j<p}
and
(e1 +e2) + (e1 —ex) =2e1 €ER, (e1+e2) — (e1 —e3) = 2es € R.
In the case of type BC, the restricted root system is given by
R={42e;,te; |1 <i<pjU{te;te;|1<i<j<p}

We can see that short roots +e;, £e; & e; satisfy the condition mentioned in the
lemma by a similar way in the case of types B and C.

The root system of F contains a root system of type By as a sub-system. Then
a short root of type F; can be regarded as a short root of type By. Thus in this
case a short root satisfies the condition mentioned in the lemma. O

5.1. The symmetric spaces with R of types G> and A, D, Eg, E7, Es. We
have already proved that in this case Ad(K)A is tangentially degenerate, only if (2)
in Theorem 1.1 is valid, by Proposition 2.5.

5.2. Group manifolds of type B, C, F;. Group manifolds of the other types has
been already treated in the previous subsection. The following proposition shows
that in this case Ad(K)\ is tangentially degenerate, only if (1) in Theorem 1.1 is
valid.

Proposition 5.2. Let G be a compact connected simple Lie group which is not of
type Go. The adjoint orbit of G through a short root is not tangentially degenerate.

Proof. We show that the orbit Ad(G)a through a short root @ € Ry is not tan-
gentially degenerate. Assume that V is a subspace of g N (go @ g—o) invariant
under ad(3%). Then the complexification V€ C g, @ g_o of V is a complex
vector space which is invariant under ad(3%). We take v € VC and express as
v=X,+ X_o (Xia € g10). In this case, from Lemma 5.1, there exists 3 € Ry
which satisfies (3, a) = 0 and e+ € R. We take a non-zero vector Xg € gg. Then

[X5,v] = [Xg, Xa] + [ X5, X_a] € (854 D gs—a) NV = {0}.
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This shows X1, = 0, since [gg, §+a] = gs+a. Thus we obtain V' = {0}. Hence
from Corollary 4.2, Ad(G)« is not tangentially degenerate. O

5.3. Hermitian symmetric spaces.

Proposition 5.3. Let (G, K) be a Hermitian symmetric pair. (Then the restricted
root system of (G, K) is of type C or BC.) The orbit AA(K )\ through a short root
A is not tangentially degenerate.

Proof. Without loss of generality we can put A = e; + eo. It is sufficient to prove
that if X € mg, ., satisfies [E, —c,, X] = {0}, then X = 0. From the assumption,

O = J[EelfezﬂX] = [861*627JX}'
Therefore we have
0= (a, [te; —epr JX]) = ([0, be; e, ], JX) = (Mg, ey, JX).

From Lemma 4.6 we have JX € m,_.,. This implies JX =0, hence X =0. O

5.4. Normal real forms of type B,C, F,. We recall some definitions. A real
form g of a semisimple Lie algebra [ over C is called normal if in each Cartan
decomposition g = €+ m the space m contains a maximal abelian subalgebra of g.
It is known that there exists a normal real form for each semisimple Lie algebra
over C, moreover that is unique up to isomorphism ([6, Ch. IX, Theorem 5.10]).

A compact symmetric pair (G, K) is called a compact symmetric pair correspond-
ing to a normal real form if the dual (g*, €) of the orthogonal symmetric Lie algebra
(g,8) of (G, K) is a normal real form of the complexification g€ of g. Those of type
B are (SO(2p+1),50(p) x SO(p+1)), those of type C are (Sp(p), U(p)), and that
of type Fy is (Fy, SU(2) - Sp(3)).

Proposition 5.4. Let (G, K) be a compact symmetric pair which corresponds to a
normal real form with a restricted root system of type B, C, or Fy. Then the orbit
through a short root is not tangentially degenerate.

Proof. Since (G, K) is a compact symmetric pair which corresponds to a normal
real form, £ and m can be expressed as

t= > RF,, m=t® » RG, t,=RF, m,=RG,,

aER a€ER

where F, = (Eq—E_,)/v2 and Gy = V—1(Eo+E_,)/V?2. Here E, € g, satisfies
that, for o, 0 € R, if a + 8 € R then [E,, Eg] = Ny gEqatp and N, g is non-zero
real number which satisfies N, g = —N_,, _3.

When « is a short root, from Lemma 5.1, there exists § € R4 such that o 1 3
and a £+ 8 € R. Then we have

[Eﬁvma] = R(Noz,ﬁGaJrﬁ - Nfoz,ﬁGafﬁ) 7é {0}

Thus, from Lemma 4.3, the orbit Ad(K )« through « is not tangentially degenerate.
O
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5.5. Real and quaternionic Grassmannians.

Proposition 5.5. In the cases of (G, K) = (SO(2p+n),S(O(p) x O(p+n))) (p >
2,n > 1) and (Sp(2p + n),Sp(p) x Sp(p + n)) (p > 2,n > 0), the orbit through a
root which is not longest are not tangentially degenerate.

Proof. We first consider the case of the real Grassmannians. In this case the re-
stricted root system R of (G,K) is of type By, that is R = {xe; | 1 < i <
pU{*e; £e; | 1 <i < j <p}. Without loss of generality we can put A = ej.
The action of €&, = o(n) on my = R" is irreducible, thus my is the only non-zero
subspace of my invariant under ;. Restricted root spaces m,,, &, (1 < i < p) are
given by

X

me, = X=xo,E;+ - +z,E, JCjER s
tX

Eei = —-X X=x1Eq+ - +x,Em, T eR
tX

Therefore, when i > 2, we have that e; is perpendicular to e; and
—FEy;
[Ee“meJ = R Ez C m6176i @ mel+ei.

Hence, from Lemma 4.3, the orbit Ad(K)A is not tangentially degenerate.

We next consider the quaternionic Grassmannians. Without loss of generality
we can put A = e; + ea. When n > 1, the restricted root system of (G, K) is of
type BCp. And when n = 0, the restricted root system is of type C,. However, we
shall consider both cases uniformly. In order to prove the proposition, it suffices to
show that {0} is the only subspace of me, ;., invariant under ad(3%).

Let V be a subspace of m,, 4., invariant under ad(3% ). We take X € V arbitrar-
ily. Then [, _¢,, X] CV C Mg, 4e,. On the other hand, [t, _c,, X] C Mo, ® moe,.
Therefore we have [E., _.,, X| = {0}.

Under the notation of the proof of Theorem 4.5 (4), restricted root spaces me, 1,
and £, ., are given by

Wete; = {@(Eiprj + Epij) — 8(Eptji + Ejpyi) | © € HY,
bei—e; = {Y(Eij + Eptipts) — Y(Eji + Eptjpri) |y € HE
We put X = z(E1p42 + Ept1,2) — Z(Epya1 + E2 pr1) € V. Then
[te,—eo, X] = {(27 — yT)(E1ps1 + Ept1,1) + (Zy — §2) (B2 pia + Epi22) | y € HE

Therefore « must be zero for the right-hand side to be {0}. Hence V = {0}.
Consequently we have that {0} is the only subspace of me, 4., invariant under
ad(3%)- O

5.6. Quaternionic symmetric spaces EII,EVI,EIX. In this subsection we
shall show when

(G, K) = (Eg,SU(2) - SU(6)), (E7,5U(2)-50(12)), (Es,SU(2)- Ex),
the orbit through a short root A is not tangentially degenerate. In these cases, G/K
is a compact quaternionic symmetric space whose restricted root system is of type
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Fy. See Section 6 in detail. From Lemmas 4.3 and 6.7, it is sufficient to prove that
the condition (B) in Lemma 6.7 holds for the short root A.
We shall prove the above claim for each of the three cases.

Proposition 5.6. In the case of (G, K) = (Eg,SU(2) - SU(6)), the orbit Ad(K)A
through a short root \ is not tangentially degenerate.

Proof. We may put A = w(®(ay)). Then A is a short root, and
(7®)~'(\) = {a € R | n(®(a)) = A} = {n, a6}
We set v = m(®(as + g + a5 + ag)). Then v is a short root perpendicular to A,
and
(7'('(1))71(1/) = {Oég +a4+a5+ag, a1 Faz+ag + 055}.
Now we assume that
Y = xlEOll + ylE—al + xQEOCS + yQE—OtG € Z (ga 52 g—a)
a€R,m(®(a))=A
satisfies the condition [Y,€,] = 0. We note that the set of roots of the form
a3+ ag + as + ag £ a where a € (7®)71()\) is
{(053 + a4 + a5 + aﬁ) + a1, (043 + oy + a5 + 046) — Oée,}.
Therefore we have
[Ea3+(¥4+0¢5+0t57 Y]
= xlNa3+a4+a5+a6,a1Ea1+a3+0¢4+a5+a6 + yQNa3+a4+a5+a6,*aﬁEa3+a4+a5'

This shows that the condition [En,+a,+as+ags Y] = 0 yields 1 = y2 = 0. Similarly
the condition [E_ (4, +a,4as+ag), Y] = 0 yields y1 = z2 = 0. Hence we obtain
Y =0. O

The following two propositions can be proved in a similar way to the proof of
Proposition 5.6. So we write only the essentials of their proofs.

Proposition 5.7. In the case of (G, K) = (E7,SU(2)-SO(12)), the orbit Ad(K)A

through a short root X\ is not tangentially degenerate.
Proof. We may put A = m(®(ay)). Then A is a short root, and
(@) (\) = {a4, as + as, az +ay, az +ag + as}.
We set v = 7(®(a3 + ag)). Then v is a short root perpendicular to A, and
(m®) "' (v) = {as + au, a3+ as+as, az+ a3+ g, ag+az+ s+ as}
We get the assertion from the following: The set of roots of the form a3+ oyt
where a € (7®)71()) is
{(as + as) — ayg, (a3 + ag) + (a2 + a4 + a5)}.

The set of roots of the form asz+ay+as+a where a € (7®)~1(\) —{au, aotas+as}
is
{(053 + oy + a5) — (Oé4 + a5), (Ozg + oy + 045) + (a2 + 044)}.
O

Proposition 5.8. In the case of (G,K) = (FEg,SU(2) - E7), the orbit Ad(K)A
through a short root \ is not tangentially degenerate.
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Proof. We may put A = 7w(®(ay)). Then X is a short root, and

ap, a1 a3, o +az + oy, 01+ oz + a3+ oy,
(@)Y N) =< ai4az+as+as, oy +ay+as+ ag + as,
ag +as + ag + 2a4 + as, a + as + 2as + 2a4 + a5

We set v = m(®(a1 + ag + asg + 204 + 205 + 206 + a7)). Then v is a short root
perpendicular to A, and

a1 + az + a3 + 2a4 + 205 + 206 + a7,
a1 + ag + 2a3 + 204 + 2a5 + 206 + a7,
a1 —+ a9 + 20[3 —+ 3044 —+ 2045 + 20[6 —+ ar,
a1 + 200 4 2a3 + 3ay + 205 + 206 + a7,
a1 + as + 2as + 3ayg + 3as + 206 + ar,
a1 + 2ao 4+ 2a3 + 3ay4 + 3as + 206 + ar,
o1 + 20 + 2a3 + day + 3as 4 206 + gy,
a1 + 209 4 3as + 4oy + 3as + 206 + a7

(m®)~ (v) =

We get the assertion from the following: The set of roots of the form oy + ais +
a3 + 2ay4 + 2a5 + 206 + a7 & a where a € (7®)7L()) is

(1 + ag + as + 2a4 + 2a5 + 206 + a7) — aq,
(1 + ag + as + 2a4 + 2a5 + 206 + a7) + (a1 + ag + 2a3 + 204 + a)

The set of roots of the form oy + as + 2a3 + 24 + 2a5 + 2a6 + @7 £ o where
ac (m®) 7' (\) = {a1, a1 + az + 2a3 + 204 + a5}
is
{ (a1 4 a9 + 2a3 + 204 4 205 + 2066 + a7) — (a1 + ag), }
(o1 4 ag + 203 + 204 + 2005 + 2066 + a7) + (a1 + ag + ag + 204 + @)

The set of roots of the form oy + as + 2a3 + 3as + 2a5 + 206 + a7 &=  where
_ + as + 2a3 + 204 + as
@ 1)\ _ a1, 1 9
a€ (@)= () { a1+ ag, a; +as +asz + 204 + s
is
(a1 4+ a9 + 23 + 3aq + 205 + 2066 + a7) — (a1 + ag + ay),
(al+a2+2a3+3a4+2a5+2a6+a7)+(a1+a2+a3—|—a4+a5)

The set of roots of the form oy + 2o + 23 + 3as + 25 + 206 + a7 £ o where

a1, a1+ az + 2a3 + 2a4 + as,
o€ (7T<I>)_1()\)— ay + as, a; + as + ag + 204 + as,
art+az+ay, o +at+ag+ag+as

is

(a1 + 200 + 203 4+ 3oy + 205 + 20 +Oé7> — (041 + a2 + as —I—Oé4>7
(1 + 202 + 203 + 3aq + 205 + 206 + a7) + (1 + a3 +as+as) [

O

According to the classification of irreducible compact symmetric pairs, we have
proved the ‘only if’ part of Theorem 1.1.
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5.7. List of tangential degeneracy. At the end of this section, we give the list
of all irreducible compact symmetric pairs whose ranks are equal or greater than
2 such that the orbits of their s-representations have degenerate Gauss maps. All
of them are orbits through long roots except the case of type Go. In the case of
type G2 both of orbits through a long root and a short root have degenerate Gauss
maps, and both of them have the same dimension and the same rank of Gauss map.
In Table 1, we denote the dimension of the orbit by [ and the rank of Gauss map

by r. Then tangentially degeneracy is equal to [ — r.

When (G, K) is of rank 2, the results above were studied by Ishikawa, Kimura
and Miyaoka [11].

type | rank | g ¢ l r l—r
A p |su(p+1) so(p+1) 2p—1 2p — 2 1
p |sulp+1)? |su(p+1) 2(2p—1) 2(2p — 2) 2
p |su2(p+1)) |sp(p+1) 42p—1) | 4(2p-2) |4
2 €6 f4 24 16 8
B p |s0(2p+1)? |so(2p+1) 8p— 10 8p — 12 2
p | so(2p+n) |so(p)®so(p+n) dp+2n—T7|4p+2n—-8 |1
C | p |sp» u(p) 2p—1 2p—2 1
p | sp(p)® sp(p) 4p — 2 dp —4 2
p | sp(2p) sp(p) ® sp(p) 8p—5 8p—8 3
p | su(2p) su(p) ®su(p) ®R 4p — 3 4p — 4 1
p | so(4p) u(2p) 8p—7 8p—38 1
3 (24 s PR 33 32 1
D p | s0(2p) so(p) ® so(p) dp -7 4p —8 1
p | s0(2p)? 50(2p) 2(4p — 7) 2(4p — 8) 2
Ee | 6 | e ap(4) 21 20 1
6 eg D eg eg 42 40 2
By | 7 e su(8) 33 32 i
7 er Der e7 66 64 2
FEg 8 es s0(16) 57 56 1
8 egs D eg eg 114 112 2
Fy 4 fa 511(2) ©® 5p(3) 15 14 1
4 | fa®fa fa 30 28 2
4 | e su(2) @ su(6) 21 20 1
4 ey su(2) @ s0(12) 33 32 1
4 eg 511(2) D ey Y 56 1
G2 2 g2 50(4) ) 4 1
2 g2 D g2 g2 10 8 2
BC | p |su(2p+n) |su(p)@su(p+n)®R |4p+2n—-3 |4dp+2n—-4|1
p | so(dp+2) |u(2p+1) 8p—3 8p—4 1
p |sp(2p+n) | sp(p) ®sp(p+n) 8p+4n—5|8p+4n—8 |3
2 e 50(10) & R 21 20 1

TABLE 1
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6. LEMMAS ON QUATERNIONIC SYMMETRIC SPACES

A 4n-dimensional Riemannian manifold is called quaternion-K&hler if its holo-
nomy group is contained in Sp(n) - Sp(1). A quaternion-K&hler manifold is called
quaternionic symmetric if it is a Riemannian symmetric space ([1, p. 396]).

We will review a construction of a quaternionic symmetric space from a compact
simple Lie algebra g whose rank is greater than or equal to 2 (see [16] in detail).
Set G = Int(g), which is a compact connected semisimple Lie group. We denote
by (, ) a biinvariant Riemannian metric on G. Take a maximal torus T in G and
denote its Lie algebra by t. For o € t we set g, as (2.1), and define root system R

by (2.2). We have then
gC =t° + Z ga-

a€R

For o € R we can take E € §o such that
Ea - Efa € g, V —1(Ea + Efa) e g, [Eoz;Efa] — _\/_7104,

e 5

and that if we define N, g by [Ew, Eg] = No,gFo+p, then Ny 3 = —N_, _g where
we put N, g =0if a4+ 3 € R. Let F' be a fundamental system of R and denote by
R, the set of positive roots with respect to F. For a € R+ set

1 v—1

F(x = E(Eoz - E—(x>7 Ga = W(Ea +E—a)a

:]_,

E,+E_,)

then we have

(6.1) g=t+ Y (RF.+RG,), |F.|=|Gal=1, [Fa,Gal=0.

OLER+
For each o € R, we define a subalgebra g(a) of g by
g(a) :Ra+gﬂ(ga+g—a) =Ra+RF, +RG,,

which is isomorphic to su(2). We denote the highest root by § € R,. By Lemma

3.2,
27
s =expad < 5>
16112

is an involutive automorphism of g. The fixed points set £ of s in g is given by

t = t+RF;+RGs+ Y (RF, +RG,)
ald
= g(0)+tnd" + > (RF, +RG.).
ald

The subalgebras g(d) and tN§+ + > | s(RF, + RG,) are ideals of €. The (—1)-
eigenspace m of s is given by

m= Z (RFa +RGQ) where R$ = {OZ € R+ W = B

aER$

(@, 6) 1}.
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Since there exists a subset R (d) in R$ such that

(6.2) m= Y  (RF,+RG,+RF;_o+RGsa),
a€R+(5)

the dimension of m is a multiple of 4.

We also denote by s the involutive automorphism of G induced from s. Since
the fixed point set of s in G is closed and G is compact, the identity component K
of the fixed points set is also compact. The Lie algebra of K coincides with ¢ and
(G, K) is a compact symmetric pair. Hence the coset manifold G/K is a compact
Riemannian symmetric space. Moreover G/K is a quaternionic symmetric space
since (6.2) defines a quaternionic structure. Conversely it is known that every
compact quaternionic symmetric space is obtained in this way. We omit its proof.
See [16] in detail.

Quaternionic symmetric spaces have a similar property with Hermitian symmet-
ric spaces as we shall mention below: Two roots 7,72 € R+(5) are said to be
strongly orthogonal if v, &+ v & R.

Proposition 6.1. Let G/K be a compact quaternionic symmetric space of rank
p. Then there exist R (0) which satisfies (6.2) and a subset {v;}1<i<p of Ry(9)
consisting of strongly orthogonal roots such that

a:Zp:RFi
i=1

is a mazimal abelian subspace of m.

We can prove this proposition in a way similar to the proof of Proposition 7.4
in Helgason’s book [6] (p.385) by using Lemma 6.4.

Lemma 6.2. Ifoz,ﬂER$ and o+ B € R, then o+ 3 = 4.

Proof. Since a,( € lf{ﬁ, we have

1612
Using Lemma 3.2, a + 0 € R implies o + 8 = 6. O

Corollary 6.3. [§4,83] C gs for o, € R$

Proof. If a +f € R, Lemma 6.2 implies (00,88 =85 Ha+ 5 & R, then (80, 03] =
{0}. O

If @ is any subset of Ri‘, let

acQ

Remark that m Ry = mC. For the lowest root v in @, put

Q) ={8eQ—{1}IB+y¢R}
Then B+~ ¢ RU{0} for 8 € Q(v).
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Lemma 6.4. We denote by 3w, (Ey + E_) the centralizer of £, + E_. in mq.
Then

dmo (Ey + E—y) = mq(y) + C(Ey + E_y).
We can prove this lemma in a way similar to the proof of Lemma 7.5 in Helgason’s

book [6] (p.385) by using Corollary 6.3, so we omit it.
Hence m is given by the following:

P
m = a+» (RG, +RF_,, +RGs_,)
i=1
+ > (RF, +RGy +RFs5_o + RG5_4)
a€RL (O)—{y1, 1w}
When the root system of G is not of type Gg, then ||v1]| = --- = ||p]- Set

b=tN{y, %} t =a+b,

then t' is a maximal abelian subalgebra of g containing a. We define the Cayley
transform ® by

= exp T ad Z

and set A; = ||v;||F,, then
D(y) =N, S(H)=H (Heb).

€ Aut(g),
H%II

Hence the Cayley transform ® maps t onto t'. We denote by R the restricted root
system of (G, K) with respect to a. Let 7 : ¥ = a + b — a be the orthogonal
projection, then R = 7(®(R)). Since

P
Eznaﬁg'yl mod b for a€R,
v

we have

; mod b,
pJMQZ

which implies that

(6.3) m(®()) = Z (o, 7) )

In particular

aER}.

o € R) is given by

(AL, A} CR= {Zp: <oz,j|v:2>/\i
The multiplicity m(A) of A = 7(®(a)) €
m(X) = #{8 € R| {a,7) = (B,7)}.

—~ =

By (6.3), we have

Ir@@nt® =3 (o 725 ) <ol
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and the equality holds if and only if o € span{v,---,v,}. Hence ||7(®())[]* =
||| for any o € R if and only if p = rank(G).

Lemma 6.5. RG% Cmy,, Ry; C EM'

Proof. For H =) x;\; € a, we have

[H7 G’Yz] = ij[||7j“F"/j’G’Yi] = xi”’Yi”[F’)’wG"/i]
Vi Vi
= zllnl? = (H, \i) 7,
[l [l
Vi Vi 2
mn] = Saill By ] = —adlie,
[ ||%'|J 2_wilhall |, [l s
= _<H7)‘i>G’Yw
where we used (6.1). O

Lemma 6.6. For any restricted root A € R

ty+my=d > (RF.,+RG.)
a€R,m(®(a))=X

Proof. Since

Bt+my = {XGgl[H7[H7XH:_<)‘7H>2X (HECI)},
RF,+RGy, = gN(8a+0-a)
= {X€g|[H»[H7XH:_<a’H>2X (HEt)}v
we have
o > (RF.+RG.)
a€R,m(®(a))=A
= ¢ > {Xeg|[H[HX]]=—(o,H)’X (He)}

a€R,m(®(a))=A
> AV eg|[@H),[@H), Y] =—(2(a), ®(H))’Y (Het)}
a€R,m(®(a))=A
= > {Yeg|[H[HY]=—(2(a),H)?Y (Het)}
a€R,7(®(a))=A
C > {veq|[H[HY]=—(x(®(),H )Y (Heca)}
a€R,m(®(a))=A
= £ +my.

Here dim(€y + my) = 2m(A). Since ® is a linear isomorphism, we have

dim @ ( > (RF, +RGQ))

a€Rm(®(a))=A

dim Y (RF,+RG,)
a€R,m(®(a))=A

= 2#{a € R|n(®(a)) = A}

= 2m(A).
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Hence we get the assertion. O

Lemma 6.7. Let (g,t) be a compact quaternionic symmetric pair and let \,v € R
with A\ L v. We denote Q2 := Z (gat+9—a). Let us consider the following

a€R,m(®(a))=A
two conditions:

(A) Let X € my. Then [t,, X] =0 implies X = 0.
(B) LetY € Qy. Then [Y,Q,] =0 implies Y = 0.
Then the condition (B) implies (A).
Proof. Let v be in Ry such that v L A. Note that [v,my] = {0}. We take X € m)

arbitrarily. We prove the condition (A) holds. Now we assume that [¢,, X] = 0.
Then, from the Jacobi identity and (2) of Lemma 2.1, we have

0= [v[ty, X]] = [, &.], X] + [t [, X]] = [my, X].

Hence [¢, +m,, X] = 0. Applying the inverse @1 of the Cayley transform to the
equality above, we have

Y (RF,+RG.), 7'(X)| =0.
a€R,7(®(a))=v

Here we used Lemma 6.6. Since

> (RF.+RG.)| =,
a€Rm(®(a))=v

we have [, ®~1(X)] = 0. Using Lemma 6.6 again, we have

P HX) e d H(my) C DLty +my) = > (RF,+RG,) C Q.
a€R,m(®(a))=A
Hence the condition (B) implies ®~1(X) =0 and X = 0. O

7. FERUS EQUALITIES

Let f : M — S™ be an immersion of a compact, connected manifold M of
dimension [. We denote by r the maximal rank of the Gauss map ~ of f. Ferus
[5] showed that there exists a number F'(I), which only depends on the dimension
[ of M, such that the inequality r < F(I) implies » = 0. Then f(M) must be an
l-dimensional great sphere in S™. Here the number F'(!) is called the Ferus number
and defined by

F(l) =min{k | A(k)+k > 1},
where A(k) is the Adams number, that is the maximal number of linearly inde-
pendent vector fields at each point on the (k — 1)-dimensional sphere S*~1. Any
positive integer k can be written as (2s + 1)2¢ by some non-negative integers s and
t. We write t = ¢+ 4d by some 0 < ¢ < 3 and 0 < d. In this situation the Adams
number A(k) can be calculated by

A(k) = 2°+8d — 1.

Regarding the Ferus inequality, Ishikawa, Kimura and Miyaoka posed the fol-
lowing problem:
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Problem 7.1 ([11]). (1) Is the inequality r < F(l) best possible for the impli-
cation v = 0% Do there exist tangentially degenerate immersions M' — S™
with r = F(1)?
(2) If the above problem is true, classify tangentially degenerate immersions
M — S™ with r = F(1).

In the list of Section 5.7, we can find many new orbits which satisfy the equality
r = F(I). In order to observe this we state some properties of the Ferus number.
The definition of the Ferus number immediately implies F (1) <.

Lemma 7.2. F(I) < F(l+1).
Proof. The relation {k | A(k) +k > 1+ 1} C {k| A(k) + k > 1} implies
F(+1) = min{k | Ak) + k> + 1} > min{k | A(k) + &k > I} = F(0).

Lemma 7.3. F(27) =29,

Proof. Tt is sufficient to show A(k)+k < 29 for k < 29. We write k = 27— (2s+1)2!
by some non-negative integers s and ¢, and t = c+4d by some 0 < ¢ < 3 and d > 0.
Then t < g and we get

Ak) = A(21 —21(25s +1)) = A" (277" — (25 + 1)) = 2° + 8d — 1.

Thus
A(k) + k=29 — {2¢714(25 4- 1) — 2¢ — 8d + 1}.
Here
20H4d(25 4 1) =26 —8d +1 > 2°F4d _9¢ _gq 41
2¢(2% — 1) —8d +1
> 2% _8d>1.
Therefore we obtain A(k) + k < 29. O

Proposition 7.4. Assume ¢ > 1 and write ¢ =c+4d (0 < ¢ <3,d >0). Then
F(27 + a) = 29
holds for any 0 < a < 2°48d — 1.

Proof. Since ¢ > 1, we have ¢ > 1 or d > 1. Thus A(2?) =2°+8d —1 > 1. This
shows A(27) + 29 = 29 + 2¢ 4+ 8d — 1. From Lemmas 7.2 and 7.3 we get

21 > F(27 +2°+8d — 1) > F(29) = 2.

The above proposition shows the following equalities:
FEI4+1) =20 (g2 1),
F4+2)=20 (q>2),
FI+3)=2" (q>2),
F(27+4) =21 (q>3).

By the use of the above equalities, we have many new orbits of the s-representations
which satisfy the Ferus equality F'(I) = r in Table 1. For example, the orbits of
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the s-representations of the following symmetric pairs through a long root satisfy
F(l)=rmr:
(su(2971 +2), 502971 +2)) (¢ >1),
(su(2972 4+ 2)%, su(277242)) (¢>2),
(su(2(297° +2)), sp(297° +2)) (¢>3),
(e6, fa),
(so(2p+n), so(p) Bso(p+n)) Ap+2n—-T=274+1,p>2,n>1,q>1),
(sp(2 1 +1), w271+ 1)) (¢>1),
(sp(2772 4+ 1), 5p(2772 + 1)) (¢ > 2),
(sp(2(297° + 1)), sp2T + 1) ®sp(27° + 1)) (¢ 2 3),
(su(2(2972 4+ 1)), su(29 2+ 1) @su(272+1)®R) (¢>2),
(50(4(277° + 1)), u(2(27° + 1)) (¢ > 3),
(e7, .6 ©R),
(50(2(2972 4+ 2)), 50(277 2 +2) @s0(2772+2) (¢>2),
(50(2(277° +2))%, 50(2(27° +2))) (¢>3),
(e6 © 6, ¢6),
(e7, 5u(8)),
(e7 D er, e7),
(es, 50(16)),
(e © eg, eg),
(e7, su(2) @ so0(12)),
(es, su(2) ®e7),
(su(2p+n), sulp)@su(p+n)dR) @p+2n—-3=294+1,p>2n>1,q>1),
(sp(2p+n), sp(p) ®sp(p+n)) Bp+4n—-5=274+3,p>2,n>1,9>2).
Furthermore the orbits of s-representations of symmetric pairs

(92, s0(4)) and (g2 @ g2, 9(2))
through a long root or a short root satisfy the Ferus equality F'(5) = 4 or F(10) = 8.

7
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