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Abstract

It is known that an isometric action of a Lie group on a compact symmetric space
gives rise to a proper Fredholm action of a path group on a path space via the gauge
transformations. In this paper, supposing that the isometric action is a Hermann
action (i.e., an isometric action of a symmetric subgroup of the isometry group), we
give an explicit formula for the principal curvatures of orbits of the path group action
and study the condition for those orbits to be austere, that is, the set of principal cur-
vatures in the direction of each normal vector is invariant under the multiplication
by —1. To prove the results, we essentially use the facts that Hermann actions are
hyperpolar and all orbits of Hermann actions are curvature-adapted submanifolds.
The results greatly extend the author’s previous result in the case of the standard
sphere and show that there exist a larger number of infinite dimensional austere
submanifolds in Hilbert spaces.

Keywords Hermann action - Hyperpolar action - Proper Fredholm action -
Principal curvature - Austere submanifold - Proper Fredholm submanifold
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1 Introduction

In [24] and [29], Palais and Terng introduced a class of proper Fredholm (PF) sub-
manifolds in Hilbert spaces. These are submanifolds in Hilbert spaces which have
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finite codimensions and generalize properly immersed submanifolds in Euclidean
spaces. By definition, the shape operators of PF submanifolds are compact self-
adjoint operators. Moreover, the infinite dimensional differential topology and Morse
theory [23, 26, 27] can be applied to PF submanifolds. Typical examples of PF
submanifolds are orbits of the gauge transformations. More precisely, let G be a con-
nected compact Lie group with a bi-invariant Riemannian metric, g its Lie algebra,
and P the trivial principal G-bundle over the circle S!. The loop group H'(S', G) of
Sobolev H !-loops is the gauge group of P and it acts on the Hilbert space L2(S', g)
of L?-connections by the gauge transformations:

1 1

gxu=gug —g'g".
They showed that this action is isometric, proper and Fredholm (PF) [24]. Thus,
every orbit of this action is a PF submanifold of L?(S!, g). Moreover, they essentially
considered an equivariant map ® : L?*(S!, g) — G, which is nowadays called the
parallel transport map, and showed that the above gauge group action is hyperpolar
and the principal orbits are isoparametric PF submanifolds. Here, the action is called
hyperpolar if there exists a closed affine subspace = of L>(S!, g) which meets every
orbit orthogonally.

The above examples were extended by Pinkall and Thorbergsson [25] and eventu-
ally reformulated by Terng [30] as follows. Let G := H L([0, 11, G) denote the path
group of all H!'-paths from [0, 1] to G and Vg = L%([0, 1], g) the Hilbert space of
all L>-paths from [0, 1] to g. For any closed subgroup L of G x G, the subgroup

P(G,L):={g €G] (g(0),g() €L}

acts on V isometrically by the gauge transformations. If L is the diagonal AG, then
the P (G, L)-action is identified with the action given by Palais and Terng above. If
L = K x K for a symmetric subgroup K of G, then it is just the one given by Pinkall
and Thorbergsson [25]. Terng [30] generally proved that the P (G, L)-action is PF
and showed that the parallel transport map @ : Vg — G is equivariant with respect
to the L- and P (G, L)-actions where L acts on G by (b,c) - a := bac~!, and each
P (G, L)-orbit is expressed as the inverse image of an L-orbit under ®. Using these
results, she showed that if the L-action is hyperpolar then the P (G, L)-action is also
hyperpolar and the principal orbits are isoparametric. Here, the L-action (or more
generally, a proper isometric action on a Riemannian manifold) is called hyperpolar
if there exists a closed connected totally geodesic submanifold ¥ which is flat in the
induced metric and meets every orbit orthogonally [6]. In this way, the structure of
the P(G, L)-action is understood through the parallel transport map.

Terng and Thorbergsson [31] investigated the parallel transport map ® : Vy — G
and showed that it is a Riemannian submersion. Moreover, they gave an interesting
application to the submanifold geometry in symmetric spaces. Let G/K be a sym-
metric space of compact type with projection 7 : G — G/K. They considered the
composition ®g := 7o ® : Vg — G — G/K and proved that if N is a closed
submanifold of G/K then the inverse image <I>,_<1(N ) is a PF submanifold of V.
Moreover, they showed that if N is an equifocal submanifold of G/K then each
component of <I>}1 (N) is an isoparametric PF submanifold of V;; and the converse

is also true. Although CD}l(N ) is infinite dimensional, many techniques and results
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in the finite dimensional Euclidean case are still valid in the case of Hilbert space
V4. Applying techniques for isoparametric submanifolds to @EI(N ), they studied
equifocal submanifolds in G/K . In this way, the parallel transport map is also known
as a tool to study the submanifold geometry in symmetric spaces. It is a fundamental
problem to show the geometrical relation between N and CD;(l (N).

Afterwards, Koike [13] gave a formula for the principal curvatures of dJ}l(N )
under the assumption that N is curvature-adapted, that is, for each normal vector v
at each p € N the Jacobi operator R, leaves the tangent space T, N invariant and
the restriction Ry|7,y commutes with the shape operator A,. Recently, the author
[18] corrected inaccuracies in that formula and studied the relation between two
conditions:

(A) N is an austere submanifold of G/K,
B) CID}1 (N) is an austere PF submanifold of V.

Here, a submanifold is called austere [4] if the set of principal curvatures with mul-
tiplicities in the direction of each normal vector is invariant under the multiplication
by (—1). The author showed [18, Theorem 4.1]:

Theorem [18] If G/K is the standard sphere then (A) and (B) are equivalent.

The purpose of this paper is to extend this theorem to the case that G/K is not
necessarily the standard sphere. However there are two difficulties to do this. The first
one is that N must be curvature-adapted in order to use the formula for the principal
curvatures of <I>;<1 (N), otherwise there is no way to compute those curvatures. The
second one is that even if N is curvature-adapted the principal curvatures of <I>I}l (N)
and their multiplicities are complicated in general and it is not clear whether the
austere properties of N and CDEI (N) are equivalent or not.

In this paper, we let G/K be a symmetric space of compact type and suppose
that N is an orbit of a Hermann action [7], that is, an isometric action of a sym-
metric subgroup H of G on G/K. We know that all orbits of Hermann actions are
curvature-adapted submanifolds [2]. Moreover, we can explicitly describe the princi-
pal curvatures of orbits of Hermann actions [22]. Furthermore, CIJI_{1 (N) is expressed
as an orbit of the P(G, H x K)-action and the conditions (A) and (B) are restated as
follows:

(A) The orbit H - (exp w)K through (exp w)K is an austere submanifold of G/K,
(B) The orbit P(G, H x K) * w through w is an austere PF submanifold of Vg,

where w € g and w denotes the constant path with value w. Note that since the
Hermann action is hyperpolar [8], the P(G, H x K)-action is also hyperpolar. This
implies that we only have to consider normal vectors which are tangent to a fixed ¥
when studying the above conditions (see Lemma 7.2).

In this paper, we first derive an explicit formula for the principal curvatures of
P(G, H x K)-orbits (Theorem 6.1), which unifies and generalizes some results by
Terng [29], Pinkall-Thorbergsson [25], and Koike [14] (see Remark 6.4). Then, using
this explicit formula, we study the relation between (A) and (B). To explain the
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results, we write o and t for the involutions of G associated to the symmetric sub-
groups K and H respectively. We denote by g = € @ m (resp. g = h @ p) the
decomposition into the (£1)-eigenspaces of the differential of o (resp. 7). Take a
maximal abelian subspace t in m N p and denote by A = A(o, 1) the associated root
system of t. We will prove the following theorem (Theorem 7.1):

Theorem I If A is a reduced root system, then (A) and (B) are equivalent.

Then, without supposing that A is a reduced root system, we will prove the
following theorem (Theorems 8.2, 8.5, and 8.8):

Theorem II (i) Suppose that o = t. Then (A) and (B) are equivalent.
(i) Suppose that o and T commute. Then (A) implies (B).
(iii) Suppose that G is simple. Then (A) implies (B).

Note that (B) does not imply (A) in the cases (ii) and (iii). In fact, we will show
a counterexample of a minimal H-orbit which is not austere but the corresponding
P(G, H x K)-orbit is austere (cf. Section 9). Without the assumption of (ii) or (iii),
we do not know whether (A) implies (B) or not because in the non-simple case there
exist many non-commutative pairs of involutive automorphisms of G [17]. However,
the above theorems greatly extend the previous theorem in the spherical case and
cover all known examples of austere orbits of Hermann actions [9, 22]. Applying
the above theorems to those examples, we obtain a larger number of infinite dimen-
sional austere PF submanifolds in Hilbert spaces. Notice that so obtained austere PF
submanifolds are not totally geodesic due to [19].

This paper is organized as follows. In Section 2, we review basic knowledge
on P(G, H x K)-actions and the parallel transport map. In Section 3, we review
fundamental results on the submanifold geometry of orbits of Hermann actions. In
Section 4, we introduce a hierarchy of curvature-adapted submanifolds in symmetric
spaces and formulate the curvature-adapted property of orbits of Hermann actions.
In Section 5, we refine the formula for the principal curvatures of CIDI_(1 (N) [13, 18]
so that it can be applied to orbits of Hermann actions. In Section 6, by applying the
refined formula to orbits of Hermann actions, we derive an explicit formula for the
principal curvatures of P(G, H x K)-orbits. In Section 7, using this explicit formula,
we formulate the conditions (A) and (B) in terms of roots in A and prove Theorem
I. In Section 8, we show an inequality between the multiplicities of roots @ and 2«
in A and prove Theorem II. Finally, in Section 9, we show a counterexample to the
converse of (ii) and (iii) of Theorem II and mention further remarks on the converse.

2 Preliminaries
Let G be a connected compact semisimple Lie group and K a closed subgroup of

G. Suppose that K is a symmetric subgroup of G, that is, there exists an involutive
automorphism o of G satisfying the condition G§ C K C G°, where G° denotes
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the fixed point subgroup of G and G§ its identity component. We denote by g and
¢ the Lie algebras of G and K respectively. The differential of o induces an involu-
tive automorphism of g, which is still denoted by o. The direct sum decomposition
g = t @ minto the (1)-eigenspaces of o is called the canonical decomposition. We
fix an Ad(G)-invariant inner product (-, -) of g which is a negative multiple of the
Killing form of g. Then, it is invariant under all automorphisms of g and the canon-
ical decomposition is orthogonal. We equip G with the corresponding bi-invariant
Riemannian metric and the homogeneous space G/K with the corresponding G-
invariant metric. Then M := G/K is a symmetric space of compact type and the
projection 7 : G — M is a Riemannian submersion with totally geodesic fiber.

We denote by G := H'([0, 1], G) the path group of all Sobolev H'-paths from
[0,1] to G and by Vy := L2([0, 1], g) the path space of all Lz—paths from [0, 1] to
g. Then G is a Hilbert Lie group and V, a separable Hilbert space. We consider the
isometric action of G on Vj given by the gauge transformations

gxu=gug ' —g'g7",

where g € G and u € V. We know that this action is proper and Fredholm [24,
Theorem 5.8.1], [29, Section 4]. For any closed subgroup L of G x G the subgroup

P(G,L):={g G| (g0),g() €L}

acts on Vg by the same formula. It follows that the P (G, L)-action is also proper and
Fredholm [30, p. 132]. Thus every orbit of the P(G, L)-action is a proper Fredholm
(PF) submanifold of Vj [24, Theorem 7.1.6]. We know that the P (G, {e} x G)-action
on Vj is simply transitive [31, Corollary 4.2] and that the P(G, G x {e})-action on
Vg is also simply transitive [19, Section 5].

The parallel transport map 30, 31] ® : Vg — G is defined by

D (u) = gu(1),
where g, € G is the unique solution to the linear ordinary differential equation
8 8y = U,
gu(0) =e.

We know that & is a Riemannian submersion and a principal €2,(G)-bundle, where
Q.(G) = P(G, {e} x {e}) denotes the based loop group [31, Corollary 4.4, Theorem
4.5]. The normal space of the fiber ®~!(e) at 0e Vy is identified with the subspace
g = {X | x € g} of Vg, where & denotes the constant path with value x. It follows
that @ (x) = exp x. The composition

P i=m10®:Vg—>G—>M

is a Riemannian submersion which is also called the parallel transport map.
We consider the isometric action of G on M defined by

b-(aK):= (ba)K,
where b € G and aK € M, and the isometric action of G x G on G defined by

(b,c)-a:= bac_l,
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where (b,c) € G x G and @ € G. Then w and ® have the following equivariant
properties [30, Proposition 1.1 (i)]:
m((b,c)-a) =>b-m(a) for (b,c) e G x K and a € G, 2.1
D(gxu) =(g(0),g(l)) - D) forg e Gandu € V. 2.2)
From these, we have
DPi(gxu)=g0)dgu) forg € P(G,G x K)and u € Vj. (2.3)

Let H be a closed subgroup of G; in later sections, we will suppose that it is a
symmetric subgroup of G. We denote by f the Lie algebra of H and g = h @ p the
orthogonal direct sum decomposition. Then H acts on M, the subgroup H x K acts
on G and the subgroup P(G, H x K) acts on Vy. We know the following relations
for orbits [30, Proposition 1.1 (ii)]:

(HxK)-a=n""(H-aK) and P(G,H x K)xu=®"'((H x K)- ®(1)).

Thus, we have
P(G,H x K)xu=®' (H - O (). (2.4)

Then, we obtain the commutative diagram

G DPGHxK)~ Vg DPG HxK)xu

& Y(H x K) -a)

v v ¢ ¢ ¢
GxGD H x K ~ G DO (HxK)-a = nY(H-akK)
P P 7 T

G D H N M D H-aK (®(u) = a),

where p denotes the projection onto the first component and i the submersion
defined by ¥ (g) := (g(0), g(1)) for g € G. We know that the following conditions
are equivalent: the orbit H -aK is a minimal submanifold of M, the orbit (H x K)-a
is a minimal submanifold of G, and the orbit P(G, H x K) * u through u € @1 (a)
is a minimal PF submanifold of V [12, Theorem, 4.12], [5, Lemma 5.2].

Recall that an isometric action of a compact Lie group A on a Riemannian mani-
fold X is called polar if there exists a closed connected submanifold ¥ of X which
meets every A-orbit and is orthogonal to the A-orbits at every point of intersection.
Such a X is called a section, which is automatically totally geodesic in X. If ¥ is flat
in the induced metric, then the action is called hyperpolar [6]. For a proper Fredholm
action on a Hilbert space, we can define it to be hyperpolar in the similar way. We
know that the following conditions are equivalent [6, Proposition 2.11], [30, Theorem
1.2], [3, Lemma 4]:

(i) The H-action on M is hyperpolar,
(ii)) The H x K-action on G is hyperpolar,
(iii) The P(G, H x K)-action on Vy is hyperpolar.

Since we fixed a bi-invariant Riemannian metric on G induced by a negative mul-
tiple of the Killing form of g, the condition (ii) is equivalent to the existence of
a c-dimensional abelian subspace t in m N p where c is the cohomogeneity of the
H x K-action [6, Theorem 2.1]. Then m(expt), expt, and t = {x | x € t} are sec-
tions of the H-action, the H x K-action, and the P(G, H x K)-action respectively.
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If the actions are hyperpolar then the following conditions are equivalent [30, Theo-
rem 1.2]: aK € M is aregular point of the H-action, a € G is a regular point of the
H x K-action, and u € ®(a) is a regular point of the P(G, H x K)-action. Here,
a point is called regular if the orbit though it is principal.

3 Submanifold Geometry of Orbits of Hermann Actions

In this section, we review fundamental results on the submanifold geometry of orbits
of Hermann actions. For details, see Ohno [22] (see also Goertsches-Thorbergsson
[2] and Ikawa [9]). Throughout this section, M = G/K denotes a symmetric space
of compact type and H a symmetric subgroup of G. We denote by o and t the
involutions of G associated to K and H respectively andby g = t@mandg =hdp
the canonical decompositions. We choose and fix a maximal abelian subspace t in
m N p sothat ¥ := w(expt) is a section of the Hermann action.
Consider the root space decomposition of g€ with respect to t:

o“ =000 ® P,
aeA

where
9(0) = {z € g° | ad(n)z = 0 forall n € 4},
a(a) = {z € g° | ad(n)z = V—1{a, n)z forall n € t}.

Here A = {a € t\{0} | g(e) # {0}} is a root system of t [9, Lemma 4.12]. Since
g(o) = g(—a), where the bar denotes the complex conjugation, the real form is

0=00® P 0.
aEAT
where
go=9(0) Ny, 9o = (g(a) +g(—)) N g.

Note that

go = {x €eglad(n)x =0 forall n € t},

g = {x € g|ad(n)’x = —(a, n)*x forally € t}.
Since o commutes with ad(n)? for all 5 € t, we have

E:Eo@@éa, m:mo@@ma,
aeAt aeAt

where
th=goNE mp=goNm,
£y =g NE my =ge Nm.

We define a linear orthogonal transformation ¥, of gy by

Yo l(x) :=

( ] ) ad(a)x for x € gq. 3.1
o, o
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An equivalent definition is that
Yo(z+2)=~v—1(z—12) for z € g(a).
Since o o Yy = — (Y 0 o), we have a linear isometry v, : my, — £,. Set

m(a) := dim¢, = dimm,.

m(a)

iz of mgy

By setting x := 1 (y¥), we can take bases {xl"‘}fnj) of & and {y?}
satisfying

[n.x7] = —(@.n)yy and [n,y]] = (@ n)x (3.2)

forany n € t.
The root space decompositions above are refined by combining a decomposition
derived from the involutions o and 7. More precisely, we consider the composition

coT:g—g
and the eigenspace decomposition
"= P g,
ecU(1)
where

30 =z | Gon@ =€z

Here, the eigenvalues belong to U (1) = {€ € C | |e| = 1}. Foreach € € U(1), we
denote by arg € its argument satisfying —m < arge < m. Since o o T commutes with
ad(n) for all n € t, we have

“= P s0.ooP P s,
ecU(1) aeAeclU(])
where
9(0,€) = g(0) N g(e), g(a, €) = g(a) N g(e).

Since g(o, €) = g(—a, €~ 1) the real form is

g= @ 90, @D @ @ Ja.es

ceU(1)=o aeA+ ecU(1)
where
U)o ={e € U(1) | Im(e) = 0},
go.c = (900, €) + g(0, e HNg,
Joe = (9, €) +o(—a, e 7)) Ng.
Setting p" =0 ot +T00and p” =0 o7 — T 00 We can write

g0,c = {x € go | pT(x) = 2Re(e)x},
Gue = (X € 9o | pT(X) = 2Re(€)x, p~ (x) = 2Im(e) Y (%)},
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where Re(e) and Im(e) denote the real and imaginary parts of € respectively. Since
g0,e and g ¢ are invariant under o, we have

€= @ EO,G@ @ @ EOZ,€5

ecU(1)>o acAtecU(])
m= P m.eP P mae
ecU(1)>o acAt ecU(1)

where
E0,6 = go,e N g, Eoz,e = ga,e N g,
mMoe = 00,e NM, My e = PggelN M.

Since gq.¢ 1s invariant under ¥, we have a linear isometry ¥, : My — €.¢. Set
m(a, €) :=dim#é, . = dimmg .
Then, similarly, we can take bases {x?’e}?;(‘f’e) of £ and {yf"e};":(?"e) of my. .
satisfying
[, ] = =l and [, 3] = (o, x> (3.3)

forany n € t.

We now take w € t, set a := exp w and consider the orbit N := H - aK through
aK. Denote by L, the isometry of M defined by L,(bK) := (ab)K. Identifying
T.x M with m, we can describe the tangent space and the normal space of N as
follows [22, p. 12]:

TukN =dLoC P moco @ P mee), G4

ecU(1)>o aEAT ecU(1)
e#1 (a,w)+%arge¢nZ
TxN=dL,. t & @ B  mue) 3.5)
aeAt ecU(D)

(a,w>+% argeen’Z

Moreover, the decomposition (3.4) is just the common eigenspace decomposition of
the family of shape operators {AZJ\ILa(g)}éGt' In fact [22, p. 17]:

dL,(mp¢) : the eigenspace associated with the eigenvalue 0,
dLs(mgy,) :  the eigenspace associated with

1
the eigenvalue — (o, &) cot <(oz, w) + 3 arg e)
for each & € {. If 0 and 7 commute then € = £1 and thus we get [2, Theorem 5.3]:

TaxN =dL( monh® P menped P menbh). (36

acAt aeAT
(o, w)¢nZ (o, w)+m/2¢n 7
TAN=dLs( t & @ menp® @ manbh) G
aeAt acAt
(o, wyenZ (a,w)+m/2enZ
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where

dL,(mpNbh): the eigenspace associated with the eigenvalue 0,
dL,(my Np): the eigenspace associated with the eigenvalue — (o, &) cot(a, w),

dL,(my NB): the eigenspace associated with the eigenvalue (o, &) tan(c, w).

In particular if o = 7 then we have [28, p. 122]

T.xN =dL( P ma ). (3.8)
aeAt
(a,w)¢nZ
TAN =dL,( t & P my), (3.9)
acAT
(a,wyenZ

where

dL,(my) : the eigenspace associated with the eigenvalue — («, &) cot(c, w).

4 The Curvature-Adapted Property

In this section, we formulate the curvature-adapted property of orbits of Hermann
actions.

First, we recall the concept of curvature-adapted submanifolds [1]. Let N be a
submanifold of a Riemannian manifold M. For each v € TplN ateach p € N, the
Jacobi operator R, is a symmetric linear transformation of 7), M defined by

R,(x) = RM(x, V)V forx € TyM,
where RM denotes the curvature tensor of M. Then N is called curvature-adapted if

for every v € T[}N at each p € N the Jacobi operator R, leaves T}, N invariant and

the restriction Ry |7,y commutes with the shape operator A{)V of N.
We now make the following definition:

Definition 4.1. Let M = G/K be a symmetric space of compact type and N a
submanifold of M. For an integer c satisfying 1 < ¢ < codim N, we say that N is
c-curvature-adapted if for each aK € N the following two conditions are satisfied:

(i) Foreveryv € TalKN , the Jacobi operator R, leaves T, g N invariant,
(i1) For each v € TaJk N, there exists a c-dimensional abelian subspace t in m
satisfying v € dL,(t) C TaJkN such that the union
{RarL @ |T.xNleet U {AszLa@)}set

is a commuting family of endomorphisms of T,k N.
Note that 1-curvature-adapted submanifolds are just curvature-adapted submani-

folds in the original sense. Note also that if aK = eK then R, is identified with
—ad(v)? since M is a symmetric space. Typical examples of c-curvature-adapted
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submanifolds are given by the following proposition, which was essentially shown
by Goertsches and Thorbergsson [2, Corollaries 3.3 and 3.4]:

Proposition 4.2 (Goertsches-Thorbergsson [2]) All orbits of Hermann actions of
cohomogeneity c are c-curvature-adapted submanifolds.

Proof Let N be an orbit of a Hermann action H ~ M of cohomogeneity c. Take
aK € N.Since L;'N = (a™'Ka) - eK we can assume aK = eK without loss of
generality. Take v € TL)J;( N. Choose a maximal abelian subspace tinmNp = TeJI-(N
containing v. Since m(exp t) is a section of the Hermann action, we have dimt = c.
Then it follows from the decomposition (3.4) that the Jacobi operator R, = — ad(v)?
leaves T,k N invariant and

RyoRy=RyoR,, RylrgnoAY =AY o Rz, N, AN oAN = AN o AN
hold for any v, w € t. Thus, N is a c-curvature-adapted submanifold of M. O

Remark 4.3 We do not know whether all orbits of hyperpolar actions of cohomogene-
ity c are c-curvature-adapted submanifolds or not. We know that any indecomposable
hyperpolar action of cohomogeneity at least two on M is orbit equivalent to a
Hermann action [16]. We also know that any cohomogeneity one action on M is
automatically hyperpolar [6, Corollary 2.13]. There exist examples of cohomogene-
ity one actions on the standard sphere which are different from Hermann actions [6,
15]. Since the standard sphere is of constant sectional curvature, all orbits of such
cohomogeneity one actions are 1-curvature-adapted submanifolds.

Let N be a c-curvature-adapted submanifold of a symmetric space M = G/K
of compact type. Take a K € N. Choose and fix an arbitrary c-dimensional abelian
subspace t in m satisfying the condition (ii) of Definition 4.1 for some v € TalKN .
Consider the root space decomposition

t=%t o e}) £y, m=my&d EE}‘na’

acAt aEAT

where

to = {x € €| ad(n)x =0 forall n € },
b, = {x € t|ad(n)’x = —(a, n)*x forally € t},
mop = {yem|ad(n)y =0 forall n € t},
my = {y e m|ad(n)?y = —(a, )’y foralln € ).

These are just the common eigenspace decompositions of the commuting opera-

tors {ad(E)z} et On the other hand, the following lemma concerns the common

eigenspace decomposition of the commuting operators [ AZiVL @) ]S v
a €
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Lemma 4.4 There exists a unique finite subset A of t such that
Tk N = P 1.
A€l

where S, is a nonzero subspace of T,x N defined by

S) = {x € Tuk N | Al () (0) = (. n)x forall g € t}.

Proof By left translation, we can assume a K = eK without loss of generality. It is
easy to see that such a subset A is unique. To see the existence, we take a basis {1; }{_,
of t. We denote by {A(n;)1, -+, A(ni)m()} the set of all distinct eigenvalues of the
shape operator A% and by Wi )15+ » Wagm)ng their eigenspaces. Since {A%}f:l
is a commuting family, we have the common eigenspace decomposition

m(1) m(c)

TeKN — @ . @ (W)»(m)j] N---N W)\(nf)j(;> .

=l =l

Define a linear functional Aj;...;. : t — R by

Ajjlaim + - +aene) = ari(m)j, +--- +acr(ne)j., whereay,...,ac € R.

Then foreachn = ayn; +---+acne € tand x € W)‘("IM Nn---N Wk(nc)_;c we have
AN ) = (@AY 4 @AY ) () = Ay (D

Set A == {Ajjhi<ji=m(l), . 1<jesm(e) and Sy; o = Wiy, N0 Wi, -

Identifying t with the dual space t* we obtain the desired subset A C t and the
decomposition To,g N = EBAG A Si. This proves the lemma. O]

The following proposition concerns the common eigenspace decomposition of the

union of commuting operators {Rgy &) }ect U {AQVL @) }S .
a et

Proposition 4.5 Let A be as in Lemma 4.4. Then the tangent space and the normal
space of N are decomposed as follows:

ToxN = @ Lm0 N S) @& P P @Lama) NS), (1)

reAQ acAt AeA,
TxN = dLa(mo) N T3 N & P (dLa(ma) N TiKN) 42)
acAt

where Ag i={h € A | dLa(mp) N S5, # {0}} and Ag = {A € A | dLa(mg) N Sy, #
{0}}.

Proof By left translation, we can assume a K = eK without loss of generality. Since
the tangent space is invariant under {Rg}¢<¢ the normal space is also invariant under
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{Rz )t and we have the decompositions

T,xkN = moN T,k N & @) (my N Tk N,

aeAT

TN =myNTxNe P (maﬂT )

aeAT

By the curvature-adapted property, mo N T,x N and m, N T, x N are invariant under
{AéV }eet. Thus, by similar arguments as in the proof of Lemma 4.4, we obtain the
common eigenspace decompositions

moN Tk N = @ mons,)., myNTxkN =5 m,NS,)
relAo AEAy

and the assertion follows. O
Example 4.6 Let H ~ M be a Hermann action of cohomogeneity c¢. Choose a max-
imal abelian subspace t in m N p. Take w € t, set a := exp w and consider the orbit
N = H - aK through aK. From the decomposition (3.4), it is clear that t is a c-
dimensional abelian subspace in m satisfying the condition (ii) of Definition 4.1 for
any v € {dLy(§)}ect. Weset U(1)g :={e € U(1)>0 | mp,e # {0}} and
U(l)y :=={e € U(l)g | € #1}.
We alsoset U(1)q :={e € U(1) | my, # {0}} and
1
U, = {e €U | {o, w) + S arge ¢ nZ} ,
i 1
Uy :=1€e €Uy | (o, w) + Earge enty.

Then, we can rewrite the decompositions (3.4) and (3.5) as follows:

TxN = P dLamoo)® P P dLi(meo). (4.3)
ecU ()] aeAt eeU ()]
TAN = dL,() & P P dLimyo). (4.4)

aeAt ecU(F

Foreacha € AT ande € U(1)], we set

1
Ma, €) := —cot ((a, w) + 3 arge) a et
Then, Ag and A, in Proposition 4.5 are

= {0} (if U1)] #9) B .
Ao { = ¢ (Gf U(1)2T =) Ao = {r(a,€) € €U(1), }
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Note that the correspondence U (1); > € > Ao, €) € A, is one-to-one because
cotx is strictly decreasing on R/ Z. Thus, we have
@ dLy(mg,e) = dLs(mp) N Sp, dLgs(mge) =dLa(Mge) N Si,e)
ecU(){
dL,(t) =dLg(mg) N TN, @ dLi(mye) =dLs(my) NTHN
ecU()}

and therefore the decompositions (4.3) and (4.4) are expressed as

TN = dLy(mop) NS0 ® €D P (@La(me) N S)), (4.5)
OtGA+ )LEAa
TN = dL.(mo) N Tz N & @ (dLa(ma) N TC}KN) . (4.6)
acAt

5 Principal Curvatures via the Parallel Transport Map

Let M = G/K be a symmetric space of compact type and ®g : Vg — M the
parallel transport map. In [13] and [18], an explicit formula for the principal curva-
tures of the PF submanifold CD}] (N) of V4 was given under the assumption that N
is a curvature-adapted submanifold of M. In this section, we refine that formula to
the case of c-curvature-adapted submanifolds so that it can be applied to orbits of
Hermann actions.

Let N be a c-curvature-adapted submanifold of M. To consider the PF submani-
fold @}1 (N) of Vg, we can assume eK € N without loss of generality due to the
equivariant property (2.3) of ®x. Choose and fix an arbitrary c-dimensional abelian
subspace tin TeJI-(N satisfying the condition (ii) of Definition 4.1 for some v € TeJkN .
Recall the decompositions given in Proposition 4.5:

TxN = Pmnsye @ P mansy, (5.1)
AEA acAt AEAy
TN = moNTEN © @ (me N THN). (5.2)
aeAt
Set
m(0, 1) := dim(mg N Sy), m(cx, A) :=dim(my N S;),

m(0, 1) := dim(mg N T;x N), m(e, L) :=dim (my N T4 N).

Take bases

m(0,1) m(a,\)
iy?’k}. | of mpN Sy, {y,?')\} of mg N S,
j= =
m(0,L) m(a, L)
{oPH" 7 ofmonThn, [t} ofme nTEN.
= r=

Then we obtain a basis

0.1 m(0,A) 0.1 m(0,L1)
U [yj }':1 Y {y, }1=1

A€o J
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of mg and a basis

a m(a,A) al m(a, L)
U {yk }k=1 Y {y, }=1

reAy g
of my. Via an isometry ¥, : my, — £, defined by (3.1) we take a basis
m(o,A) m(a, L)
U el e
k=1 r=I1
reAy

of ¢,. Finally we choose a basis {x?}?i:ni b0 of £o. Then the relations

[.x0] =0, €, y;)’}‘ = [g, yzO’L] =0,
E,x;?’}‘ = —{o, §) y,‘f’l, £, y,‘é"A = (e, é)x,‘:’)‘,
E"x;’x’L = _<aaé) y;’l’J—a %‘1 y;x’l == (Ol,é)x;x’J'.

hold for any & € t.
We write V (g) for the Hilbert space V; = Lz([O, 1], g) and decompose
V(g) = V(k) ® V(moN TxkN) & V(mo N T,z N)
& P (V(t) ® Vimg N Tk N) & V(my N T N)).

aEAt

We equip a suitable basis with each term above. Recall that in addition to

[e.¢]

{1, V2 cos 2nit, V2 cos Znnt}

n=

there are two other kinds of orthonormal bases of L2([O, 1], R), namely

0 o0
[l, ﬁcosZnnt} ] and {ﬁsinnnt} ]
n= n=
We consider bases
i’ si
X; smnnt}iyn of V(¥y),
{y(.)”\} U {y(.)”\cosnm} of VimgNT,xN),
J i J A, jont
{ylo’l]l U [ylo’l cosnnt}l of V(mgnN TeJkN),
\n
{x,‘:”\ sin nnt} U {x;“‘ sinnnt} of V(ty),
Ak,n rn
oA oA
’ u{ * r} £V (mg N Tox N),
{yk }A k T cosn Aonk of V(ma ek N)
y}“‘} U {y;x’lcosnnt} of V(my NTHN).
r n,r
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Then all these bases form a basis of V(g) = V3 = TyVy. Since ® : Vg — Gisa
Riemannian submersion with the orthogonal direct sum decomposition [31, p. 686]

TVe=T:d @3  X=X~— [, X0d)® [, X(t)dt,
we have the orthogonal direct sum decomposition
TyVg = T30 (N) @ Tik X =(X - (fy X(dnh) & (fy X (0dn)t,

where L denotes the projection from g = ¢ @ T,x N @ Tj(N onto Tﬁ( N. Thus, we
obtain a basis

[x? sinnm} U {y?’)‘}A U [yﬁ”cosnm] U {y?’Lcosnrrt}
2 J

i,n A, j.n

U [ ‘“‘smnm‘} U[ ‘M} U{ a’)‘cosnnt}
U ( " Mkon Tk Ak Yk Ak.n
U U ({ O‘lsmnm} U{yf"J‘cosnm] )

rn rn

aeAT

r,n

of Tydg' (N).
—l
For each £ € t, we denote by A, £ Pk ) the shape operator of @}I(N ) in the

direction of E. Similarly to [18, Lemma 3.1], the following lemma holds.

Lemma 5 1

g J
(ii) Aé _I(N) (yj cosnm) = ASEI(N) (ylo’l cosnm) 0,
(iii) AA K (N)(x, sinnmwt) = —<Z’f>yf"l cosnmt,
AA K (N)(yfl’l cosnmt) = — <‘;‘lf>x, L sinnnt,
() ATEY (37) = (i + el i L (s sinnre)
ne
) AA K ) ( ,‘(“ smnnt) <mf>yk (=1 +cosnmt),
(vi) AA K (y,‘:”\ cos nnt) =- <‘Z;f>x,':’)‘ sinnmt.

The following theorem describes the principal curvatures of the PF submanifold
CD,_(l (N) of V4. This theorem refines [18, Theorem 3.2] (see also [13, Theorem 3.3]).
In fact, if ¢ = 1 then it is equivalent to the original one. It can be proven by the
similar arguments using Lemma 5.1.

Theorem 5.2 Let M = G /K be a symmetric space of compact type, g : Vg — M
the parallel transport map, N a c-curvature-adapted submanifold of M through eK,
and t an arbitrary c-dimensional abelian subspace in m satisfying the condition (ii)
of Definition 4.1. Then for each & € t the principal curvatures of the PF submanifold
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@}1 (N) in the direction ofg‘ are given by
{0y U{(A,8) A e AoV UﬁeAgAB}
(o, §)

U
arctan (“ 5) + mm

@€ AT\AL, &€ Ag, meZ}

U { <O:,f) ‘ a e AN\AT, my NTAN # {0}, n e Z\{0}

[

where we set A+ {Be AT | (B, &) =0} and arctan g g; =T if (A, &) =0.The
eigenfunctions and the multiplicities are given in Table 1.

6 Principal Curvatures of P(G, H x K)-Orbits

In this section, from Theorem 5.2, we derive an explicit formula for the principal
curvatures of orbits of P(G, H x K)-actions induced by Hermann actions.

Let M = G/K be a symmetric space of compact type and H a symmetric sub-
group of G. Choose and fix a maximal abelian subspace t in m N p. Then 7 (exp t)
is a section of the Hermann action H ~ M and t = {% | x € t} is a section of the
hyperpolar P(G, H x K)-action on V. We take arbitrary w, § € t and consider the
principal curvatures of P(G, H x K) * W in the direction of E.

Recall that the tangent space and the normal space of the orbit N = H -aK where
a := exp w are decomposed as follows (cf. Section 3 and Example 4.6):

T.xN = P dLumode @ P dLameo),

ecU(){ acAt ecU(1)]

TEXN = dL) o @ P dLimo.

aeAt ecU(1)E

Table 1 Eigenfunctions and multiplicities

Eigenvalue Basis of the eigenspace Multiplicity

. A 1
{xfJ sinnmt, y(-)‘ cosnmt, y]O, cosnnt}
J reNo, n€L>1, 1, j,1

B B.x }
u {x sinnrwt, cosnmt
0 k Tk BeAe, AeAp, n€Zsi, k e
U {x?’l sinnmwt, y?‘L cosnmt
BeAg, n€Z=y,r
m(0, A) +
0,1 B.A
: pos
(A, &) Y }/ {)k Beae, k Zﬁzm(ﬁ’k)
arctan {&:£) +i
% % (x,‘: »sinnmt + y,f‘A cos nm) m(a, A)
arctan gy +mw ez, retan +(m+n)7r X
% { Xy oL sinnmt — o L cos nm} m(a, L)
r
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where we set U(1)q := {e € U(1) | mgy, # {0}} and

U(l)g = {6 € U(Mq | (o, w) + %arge ¢ nZ},

U); = {e e Uy | (o, w) + %arge € nz}.

Here, dL,(mp,) and dL,(mg, ) are the eigenspaces of the shape operator Ailv La(€)

associated with the eigenvalues 0 and —(«, &) cot ((oe, w) + % arg 6) respectively.

Using the above information, we can describe the principal curvatures of orbits of
P(G, H x K)-actions induced by Hermann actions:

Theorem 6.1 Let M = G/K be a symmetric space of compact type and H a sym-
metric subgroup of G. Take a maximal abelian subspace tin m Np and w € t. Then
for each & € t the principal curvatures of P(G, H x K) x W in the direction of § are
given by

(0} U (o, §)
—(a, w) — %arge +mm

ae AN\AS, ecU@)], meZ}

U { (‘Z»ﬂ@ ‘ o€ A*‘\Aé|r satisfying U(l)jl‘ #@, ne Z\{O}} .

0, )
Taking bases { } of £, {xk } of y.e, {yj f}j of moe, {m}; of t and {yzl f}k of
My ¢ with the relation (3.3) we can describe the eigenfunctions and the multiplicities
as in Table 2. Here, we are identifying Ty Vg with Ty Vg via the gauge transformation
gx: Vg — Vg for aunique g € P(G,G x {e}) satisfying gx0=w.

E)

In particular, if w € tis a regular point then the term vanishes.

Table2 Eigenfunctions and multiplicities

Eigenvalue Basis of the eigenspace Multiplicity

0. 0,6 .
{Xi sinmwt, y] sinnmwt, T]ICOS}’HTZ‘}

ecU(1)] . n€Zxy,i, j,1

B.e . B.e . }

U {x sinnmt, sinnmt
0 k Yk Beaf. ccU(], nelx1, k o0

U {x?'e sinnmwt, yP’E cosnnt}

Bea] . eeU(Dg, n€lzr, v
w1 argetmn { @ w>+ argé+(m+n)” (xg € sinne + yg€ cosnmt) m(a, €)
2 nez 2 ‘

(Zf) {x, sinnmt — yp© cosnr[t}eeu(l)é’r >om(a, €)
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Proof Take a unique g € P(G, G x {e}) satisfying g * 0 = . By (2.2) we have
g(0) = expw = a. From (2.3) the diagram

Vy — v,

(I)Kl @Kl

Mt m

commutes. Thus setting N := L' (N) we have gx® ' (N) = &' (N) = P(G, H x
K) * W by (2.4). Moreover since w € t it follows from g 0 = o that g(t) eexpt
for all # € [0, 1]. Thus we have d(g*)é = gé‘g‘1 = é Hence it suffices to compute
the principal curvatures of <I>}l (N) in the direction of £. Since t is a c-dimensional
abelian subspace in m satisfying the condition (ii) of Definition 4.1 we can apply
Theorem 5.2 to N. From (4.3) and (4.4), the tangent space and the normal space of
N are

TeKN @ mp.e @O @ @ My e,

ecU()y] aeAt ecU ()]

TxN t o P P mu

aeAT ecU (1)t

From (4.5) and (4.6), the above decompositions are rewritten as

Tk N =moN S @ P P me NS,
aeAt AEAy
TN =mon TN © @ (ma N TkN),

aceAt

where Sy := dL;'(Sp) and Sy := dL;(S5). Since (B, &) = 0implies (A(B, €), &) =
0 the eigenvalue (A, &) in the theorem is equal to 0. Moreover taking a unique m’ € Z
satisfying —m/2 < (o, w) + %arge +m'm < /2 we have

(a,8) /
arctan ——— = — (o, w) — - arge —m'7m.
(Ma, €),§)
Since m € Z in the theorem is arbitrary, the assertion follows. O

Applying Theorem 6.1 to (3.6) and (3.7), we obtain the following corollary.
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Corollary 6.2 Suppose thato ot = T oo. Then the principal curvatures of the orbit
P(G, H x K) % W in the direction of & are given by

{0}

{% a € AN\AL, mg Np (0}, <a,w>¢nZ,mez}
U{L
T

U{ §)

a € AN\AT, mg N £ {0}, (a,w)+%¢ﬂZ,m€Z}

—

o€ A+\A;, me Np #£ {0}, (o, w) € nZ, n € Z\{0}

or a € ANAL, my N b # (0}, (@ w) +% cenZ ne Z\{O}}.

The multiplicities are respectively given by

0, dim(mg N p), dim(my, N B), dim(my N p) + dim(m, N B).

. , , ; (@,8) ;
In particular, if w € tis a regular point then the term <>+ vanishes.

Applying Theorem 6.1 to (4.5) and (4.6), we obtain the following corollary.

Corollary 6.3 Suppose that o = t. Then the principal curvatures of the orbit
P(G, H x K) % w in the direction of & are given by

o, &)

+ +
m aeA\Ag,(a,w)gér[Z,meZ}

{0}u{

U { <(:f) ‘ ae ANAL, (0, w) enZ, ne Z\{O}}'

The multiplicities are respectively given by

00, dimmy, dimmg.
. . . . (@,8) ;
In particular, if w € tis a regular point then the term >+ vanishes.

Remark 6.4 Terng [29] showed that any principal orbit of the P(G, AG)-action,
where AG is the diagonal of G x G, is an isoparametric PF submanifold of V and
computed its principal curvatures. This result was extended by Pinkall and Thor-
bergsson [25] to the case of P(G, K x K)-action, where K is a symmetric subgroup
of G. (Note that in the equation (28) of [25] the term «(Y) should be —«(Y).) More
generally, Koike [14] computed the principal curvatures of principal orbits of the
P(G, H x K)-action induced by a Hermann action with the assumption that the
involutions o and 7 commute [14, p. 114]. Theorem 6.1 above does not require such
assumptions at all.
m e Z} .

Remark 6.5 Foreacha € At and e € U(1)/ itis clear that

ez |-
(o, w) + 5 arge +mm

(a,8)
—(a, w) — %arge + mm

@ Springer



Curvatures and austere property of orbits of path group actions...

We will alternatively use the latter expression to describe the principal curvatures.

7 The Austere Property: Reduced Case

In this section, we study the relation between the austere properties of H- and
P(G, H x K)-orbits under the assumption that the root system A is reduced; the
non-reduced case will be dealt with in the next section. Notice that this assumption is
independent of the choice of a maximal abelian subspace t in m N p. The main result
of this section is the following theorem (Theorem I in Introduction):

Theorem 7.1 Let M = G/K be a symmetric space of compact type and H a sym-
metric subgroup of G. Suppose that the root system A of a maximal abelian subspace
tin mNyp is reduced. Then for w € g the following conditions are equivalent:

(i) The orbit H - (exp w)K through (exp w)K is an austere submanifold of M,
(i) The orbit P(G, H x K) % W through W is an austere PF submanifold of V.

To prove this theorem, we need the following lemma. The statement (i) was essen-
tially shown by Ohno [22, Proposition 13]. Note that this lemma is still valid in the
non-reduced case.

Lemma 7.2 Let t be a maximal abelian subspace in m N p and w € t. Set
N 1 b4
U, ={e €U | (o, w) + 5 arge ¢ EZ}’

which is a subset ofU(l);—. Then

(1) (Ohno [22]) The orbit H - (exp w)K through (exp w)K is an austere submani-
fold of M if and only if the set

{cot <(a, w) + % arg e) o

with multiplicities is invariant under the multiplication by (—1), where the
multiplicity of cot({a, w) + % arg €)« is defined to be m(«, €),

(i) The orbit P(G, H x K) % w through W is an austere PF submanifold of Vy if
and only if the set

aeAT, ec U(1);‘;}

1
{ (o, w)+%arge+mn

o

ae At ec U, meZ}

with multiplicities is invariant under the multiplication by (—1), where the
multiplicity of ( o is defined to be m(a, €).

o, w)-}—% arg e+mm

In connection with the proof of (ii), we reprove (i) here.
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Proof (i) Seta :=expw and N := H - aK. From the straightforward computa-

(i)

tions [22, pp. 15-16], the normal space of N is expressed as

TN =dL,(mnNAd(a)"'p) = dL4( U Ad(b)t ). (7.1)
beKNa—'Ha

Thus for each v € TaLKN there exist £ € tand b € K Na~'Ha such that
v = dL,(Ad(b)&). Since b belongs to a 'Ha the isometry Lj leaves the
submanifold N := L' N invariant. Moreover since b belongs to K the differ-
ential dLj, of the isometry Lj at eK is identified with Ad(b). Thus, the shape

operators satisfy Agd(b)s =dLpo Aév o dL;l. From this, we obtain
AY ey =dLaodLyodL, o Al odL,odL," odLy".

This shows that the eigenvalues with multiplicities of the shape operators Af)V
and AfivLa ®) coincide. Thus, to consider the austere property, it suffices to
consider normal vectors {dL,(§)}sc¢ of N. Thus, it follows from the com-
mon eigenspace decomposition (3.4) that the orbit H - (exp w)K is an austere
submanifold of M if and only if the set

{ (o, &) cot ((a, w) + %arg e)

ae AT, ec U(1)J}

with multiplicities is invariant under the multiplication by (—1) for each & € t.
Notice that this condition is equivalent to the condition that the set

{cot ((a, w) + % arg e) o

with multiplicities is invariant under the multiplication by (—1) cf. [11, p. 459].
Hence, the assertion follows from the fact cot (% + JTZ) = {0}.

aeAT, ec U(I)Z}

Choose a unique g € P(G, G x {e}) satisfying g * 0 = . Then we have
a = g(0) and the commutative diagram

Ve —2 v,

ol o

Mt M (1.2)

Since @k is a Riemannian submersion it follows from (7.1) and (7.2) that each
normal vector of @}1 (N) is expressed as (dgx*) Ad(b)é‘ for some &€ € tand b €
K Na~!'Ha. Denote by b € G the constant path with value b. Then by (2.3) we have
the commutative diagram

Vg —2 v,

—

L
M—h>M,
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where b is identified with Ad(b) acting on Vj by pointwise operation. Since L
leaves N invariant, it follows that bx leaves CIDE1 (1\7 ) invariant. Thus, we have
@' (V)

A A
Ad(b)(§)

A~ 71 N A~
— (db%) o Ag’K N5 (@b~
This together with the equality g CD}I(N ) = @}I(N ) implies
o' (V)
(dg») (Ad(B)E)

o (V)

ro—1 -1
den®) o (dgx) o (dbx)”" o (dg*)".

= (dgx) o (db) x o(dgx)"' 0 A

Thus, similarly, it suffices to consider normal vectors {d (g*)é}get of CDF(N ). Note
that g % 0=w implies d (g*)é = é as mentioned in the proof of Theorem 6.1. Thus,
from Theorem 6.1 and Remark 6.5, it follows that the orbit P(G, H x K) * w is an
austere PF submanifold of Vj if and only if the set

1

(o, w) + %arge + mm

o @

aeAt, ecU)] meZ}

with multiplicities is invariant under the multiplication by (—1). Hence, the assertion

follows from the fact that the set { (x} ’ with multiplicities is invari-
me

1
w/24+mm
ant under the multiplication by (—1) due to the equality Ww = (—1) x

1
T2 —m—Dr % 0

We are now in position to prove Theorem 7.1.
Proof of Theorem 7.1 Take a maximal abelian subspace tin m N p. Since w(exp t) is
a section of the H-action, we can assume w € t without loss of generality.

“(i) = (i))" : Leta € AT and € € U(1)%. Since the orbit H - (exp w)K is austere,
it follows from Lemma 7.2 (i) that there exist o’ € AT and €’ € U (1)}, such that

cot ((a, w) + %arg e) a=(—1) x cot <(o/, w) + %arge’) o (7.3)

Since cot ((a, w) + %arg e) # 0 and cot ((o/, w) + %arg e’) # 0, it follows from

the reduced property of A that &’ = o. Moreover since the map € — cot({c, w) +
% arg €) is injective we have m(a, €) = m(a, €'). Then we have

cot ((a, w) + %arge) = (—1) x cot ((a, w) + %arge’) .

Since cot x is strictly decreasing on R/ Z, there exists a unique n € Z such that

1 1
(o, w) + 5 arge = (=1 x ((Ot, w) + Earge’> +nr.

For each m € Z we set m’ := —n — m. Then we obtain
1 1
a=(—1)x I o.
(o, w) + 5 arge’ +m'w

(o, w) + %arge—kmn
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Thus, by Lemma 7.2 (ii) the orbit P(G, H x K) * w is an austere PF submanifold of
Vg.

“(ii) = (i)”: Since the orbit P(G, H x K) % w is austere, it follows from Lemma
7.2 (ii) that foreach« € AT, e € U(1)} andm € Zthereexista’ € A™, €’ € U(1)?,
and m’ € Z such that

1 1 ,
a=(—1)x 1 o,
(o, w) + 5 arge’ + m'n

(o, w) + %arge +mm

Since A is reduced, we have @« = «'. Moreover since the map (¢,m) >

m is injective we have m(«, €) = m(a, €’). Then we have

1 1
=(=1) x

(o, w)—}—%arge—i—mn (a,w)—i—%arge/—}—m/n’

that is,
1 1 , ,
(a, w)+§arg6+mn =(—1)x (oz,w)—i—iarge +mm).
Hence, we have
1 1
cot ((a, w) + 3 arge) a=(—1) x cot <(a, w) + 7 g e’) a.
Thus by Lemma 7.2 (i) the orbit H - (exp w)K is an austere submanifold of M. [

Remark 7.3 In the above proof, we essentially showed that the following conditions
are equivalent when A is reduced:

(1) The orbit H - (exp w)K through (exp w)K is an austere submanifold of M,
(ii) Foreach o € AT the set

{cot <(a, w) + % arg e) o

with multiplicities is invariant under the multiplication by (—1),
(iii) Foreach o € A™ the set

eeng}

1
: a|ecU),, meZ
(o, w) + 5 arge +mm

with multiplicities is invariant under the multiplication by (—1).
(iv) The orbit P(G, H x K) * w through w is an austere PF submanifold of Vj,

8 The Austere Property: General Case
In this section, without supposing that the root system A is reduced, we study the
relation between the austere properties of H- and P(G, H x K)-orbits.

As a preliminary, we prove the following lemma, which generalizes Lemma 4.32
in [9]. In fact, if o = 7 then it is just the original one.
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Lemma 8.1 Let M = G /K be a symmetric space of compact type, H a symmetric
subgroup of G and t a maximal abelian subspace in m N p. Suppose that there exists
o € A satisfying 2a € A. Then the multiplicities satisfy m(a) > m2a).

Proof We extend the inner product of g to the complex symmetric bi-linear form
on g(c which is still denoted by (-, -). Choose € € U(1) satisfying g(c, €) # {0}.
Since g(a, €) = o (g(a, €)) = g(—a, €~ 1) the involution z — o (Z) leaves g(«, €)
invariant. Thus we have the (+1)-eigenspace decomposition

gla,€) =g, &) @ gla, €)™
Take zo € g(a, €)™\{0}. Then by definition we have
0(z0) =20, 0(Z0) =z0, T(20) =€Zo, 7(Z0) =€ 'zo. 8.1

Since [g(a), g(@)] C g(2a) we have the linear map ad(zp) : g(o) — g(Ra). We
restrict this map to the subspace

(Cz0)" := {z € g(@) | (z.Z0) = O}.
It suffices to show that the restriction ad(zg) : (Czo)™ — g(2a) is surjective. Take

arbitrary y € g(2a). We define x € (Czo)™ by

—1
= [Z,yl, where |zol* = (20, Z0).
2l 2llzo 12

Then, by the Jacobi identity, we have
ad(zo0)[zo, y] = —[Zo, [y, zol] — L. [z0, Zo]] = [[z0. Zol, ¥1. (8.2)

where the last equality follows from [y, zo] € [g(2w), g(o)] C g(3x) = {0}. Notice
that [zg, zo] € [g(a), g(—a)] C g(0). Moreover, from (8.1), we have [z, Z0] €
mtn p(c. Hence, we have [zg, z9] € {C by maximality. Since

(20, 201, 1) = (Zo» [, z01) = (Z0, v —L{et, m)z0) = v/— 1l zoll* (@, 1)
for all n € t we get [z9, Zo] = v —1 ||z()||2oz. Applying (8.2) to this, we obtain
ad(z0)[Zo, y1 = V=1l zolI* [, y] = =2l zolI* eI y.

Therefore, we have ad(zg) (x) = y. This proves the lemma. O]

Using this lemma, we study the relation between the austere properties of H- and
P(G, H x K)-orbits in the rest of this section. First we consider the case 0 = 1
(Theorem II (i) in “Introduction’):

Theorem 8.2 Let M = G /K be a symmetric space of compact type and H a sym-
metric subgroup of G. Suppose that o = t. Then for w € g the following conditions
are equivalent:

(i) The orbit H - (expw)K through (exp w)K is an austere submanifold of M,
(i) The orbit P(G, H x K) % W through W is an austere PF submanifold of Vy.
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Remark 8.3 The above conditions (i) and (ii) are also equivalent to the following
conditions (see [9, Proposition 4.27, Theorem 4.31] and [19, Theorem 8]. See also
[20, Theorem 1] for the irreducible case):

(iii) The orbit H - (exp w)K through (exp w)K is a totally geodesic submanifold of
M3

(iv) The orbit H - (exp w)K through (exp w)K is a reflective submanifold of M,

(v) The orbit P(G, H x K) % w through w is a weakly reflective PF submanifold
of Vg.

Note that the orbit P(G, H x K) * w is not totally geodesic [19, Corollary 2] and
thus not reflective.

Proof of Theorem 8.2 Take a maximal abelian subspace t in m = p. Since 7 (exp t)
is a section of the H-action we can assume w € t without loss of generality.

“i) = (ii)”: Let @ € A™ satisfy (o, w) ¢ mwZ. Suppose that (o, w) ¢ Z 7. Then
from Lemma 7.2 (i) there exists o’ € AT satisfying (o', w) ¢ 5Z such that

acot{a, w) = (—1) x o' cot{ar’, w). (8.3)

Since (o, w) ¢ 77 we have o’ # «. Then by the property of root systems o’ is either

20 or %a. Suppose that o’ = 2a. Then the multiplicities of left and right terms of
(8.3) are m(«) and m(2x) respectively. However m(«) > m(2«) holds by Lemma
8.1. Thus o’ # 2«. Similarly o’ # %(x. This is a contradiction. Thus, (o, w) € 77Z
holds for all @« € A™ satisfying (o, w) ¢ wZ. (Thus, N is totally geodesic.) Hence
from Lemma 7.2 (ii) the orbit P(G, H x K) * i is an austere PF submanifold of V.

“(ii) = (i)”: Let o € AT satisfy (o, w) ¢ wZ. Suppose that (o, w) ¢ %Z. Take
m € Z. Then it follows from Lemma 7.2 (ii) that there exist @’ € A™T satisfying
(&', w) ¢ ZZ and m’ € Z such that

1
—a=(-1)x ———a. 8.4)
(o, w) + mm (o/, w) + m'm
Since (o, w) ¢ F7 we have o' # «. Then o' is either 2« or %a. Suppose that
o’ = 2a. Then the multiplicity of the left term is m () + m(2a) due to the equality

@ w)1+mn o= w)1+2mﬂ 2a. However, that of the right term is m (2a) since o’ # a.

Thus, we have @’ # 2a. Similarly, we have o' # %a. This is a contradiction. Thus
(o, w) € %Z holds for all @ € AT satisfying (o, w) ¢ 7w Z. This shows that the orbit
H - (expw)K is totally geodesic and therefore austere. [

To generalize Theorem 8.2, we recall an equivalence relation for involutions: For
two involutive automorphisms 7 and t’ of G, we write T ~ t’ if there exists ¢ € G
such that 7/ = Ad(c) o 7 o Ad(¢)"'. If t ~ ¢/ and H a symmetric subgroup of G
with respect to t then H' := Ad(c)H is a symmetric subgroup of G with respect to
7’. Moreover, the actions of H and H' on M are conjugate, that is, there exists an
isomorphism ¢ : H — H’ and an isometry ¥ : M — M such that ¥ (b - p) =
o) - y(p)forb € Hand p € M. In fact ¢ := Ad(c) and v := L. satisfy the
property. Thus, we can identify H’-orbits with H-orbits via ¥ and the theorem is
generalized as follows:
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Corollary 8.4 Let M, H be as in Theorem 8.2. Suppose that o ~ t. Then for w € g
the following conditions are equivalent:

(i) The orbit H - (exp w)K through (exp w)K is an austere submanifold of M,
(i) The orbit P(G, H x K) % W through W is an austere PF submanifold of V.

Proof Letc € G satisfy 0 = Ad(c)otoAd(c)~!. Take g € P(G, G x {e}) satisfying
g(0) = c. Then from (2.3) the diagram

Ve — v,

ol o

Le
M — M

commutes. Since each P(G, H x K)-orbit is the inverse image of an H-orbit under
® g the assertion follows from Theorem 8.2. ]

Next we consider the case o o T = 7 o 0 (Theorem II (ii) in “Introduction”):

Theorem 8.5 Let M = G/K be a symmetric space of compact type and H a sym-
metric subgroup of G. Suppose that the involutions o and t commute. Then if the
orbit H - (exp w)K through (exp w)K where w € g is an austere submanifold of M,
the orbit P(G, H x K) % W through w is an austere PF submanifold of V.

Remark 8.6 The converse of Theorem 8.5 does not hold in general. In the next
section, we will show a counterexample of a minimal H-orbit which is not austere
but the corresponding minimal P (G, H x K)-orbit is austere.

Proof of Theorem 8.5 Take a maximal abelian subspace t in m N p. We can assume
w € t without loss of generality. Let @ € AT, If the set Re N AT consists of only «
then it follows by the same argument as in the proof of Theorem 7.1 that the set

1
; a|eecU),, meZ
(o, w) + 5 arge + mw

with multiplicities is invariant under the multiplication by (—1). Let us consider the
other cases Ro N AT = {«, 2a} or {a, %O{}. It suffices to consider the former case.
By Lemma 7.2 the union X U Y of two sets

X = {cot <(a, w) + %arge)cx

€€ U(l);",} and

1
Y = {cot ((201, w) + 5 arg8> 20

S e U(1)§a}
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with multiplicities is invariant under the multiplication by (—1), and it suffices to
show that the union Z U W of two sets

1
Z = 1 o
(o, w) + 5 arge +mm
1
W= 1 20
(2a, w) + 5 argd + mmw

ecU):, me Z} and

§eU);,, me Z}

with multiplicities is invariant under the multiplication by (—1).

Since o and T commute, we have €, § € {#1}. Thus if (o, w) € %Z then the sets
X, Y, Z,and W are empty. Suppose that (o, w) ¢ 5Z. Then (a, w) + %arge ¢ 57
for all € € U(l)y. Thus, U(1)} = U(1)y. Hence m(a) = ZeeU(l); m(a, €). This
implies that there exists €, €’ € U (1)}, such that

cot <(a, w) + %arge) o= (—1) x cot ((a, w) + %arge’) o. (8.5)

In fact, if this does not hold then for each € € U(1)} there exists a unique §(¢) €
U (1)3, satisfying

cot ((a, w) + %arge) o= (—1) x cot ((20:, w) + %arg 8(6)) 2.

The multiplicity of the left term is m(a, €), or m(a, €) + m(2a, §’) if there exists
8" e U(1)3, satisfying cot ((a, w) + %arg e) a = cot ((Za, w) + %arg (Y) 2a.
That of the right term is m(2w, §(¢)); due to negation of (8.5), we have
cot ((20:, w) + %arg&(e)) # cot ((a, w) + %arge’) for any €’ € U(1)} and thus it
is not m(2e, 8(¢)) + m(a, €') but m(2a, §(¢)). Thus, we get m(a, €) < m2a, §(¢)).
Hence, we obtain

m)= Y me) < Y mQa ) <mQa),

ecU ()% ecU (D)%

where the last inequality is due to the injective property of the map € — §(€). This
contradicts the fact m(a) > m(2a) of Lemma 8.1. Thus, from (8.5), we have

1 1
(o, w) + Earge =(-1) x ((a, w) + 5arge’> , mod wZ.

Thus, (a, w) = —4—1‘ arge — iarg €’ mod 7 Z. Since €, €’ € {£1}, we obtain (o, w) €
77Z and (2a, w) € 5Z. Thus

1 b4 7 ) 1 5 b4 7
(a,w)+2argee4 , (a,w)+2arg 62 .
for any € € U(1)y, and § € U(1)24. Thus, the sets ¥ and W are empty. Hence, the
set X with multiplicities is invariant under the multiplication by (—1). Therefore, by
the same argument as in the proof of Theorem 7.1, the set Z with multiplicities is
invariant under the multiplication by (—1). This proves the theorem. O
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To generalize Theorem 8.5, we recall an equivalence relation for pairs of involu-
tions introduced by Matsuki [17]. Let (o, ) and (¢’, ") be two pairs of involutive
automorphisms of G. We write (o, t) ~ (0’, T’) if there exist an automorphism o of
G and an element ¢ € G such that

o' =pocop !, ' =Ad(c)opotop loAd() .

If K and H are symmetric subgroups of G then K’ := p(K) and H' := Ad(c)op(H)
are symmetric subgroups of G. Moreover, the H-action on G/K and the H’-action
on G/K’ are conjugate. In fact, these actions are conjugate under the isomorphism
¢ = Ad(c) op : H — H’ and the isometry ¥ : G/K — G/K’' defined by
¥ (aK) := cp(a)K’. Then the theorem is generalized as follows:

Corollary 8.7 Let M, H be as in Theorem 8.5. Suppose that there exists a pair of
commuting involutions (o', t’) of G satisfying (o,t) ~ (0’,7'). Then if the orbit
H - (expw)K through (exp w)K where w € g is an austere submanifold of M, the
orbit P(G, H x K) % W through w is an austere PF submanifold of Vy.

Proof Let p € Aut(G) and ¢ € G be as above. Since we equipped an Aut(G)-
invariant inner product with g the automorphism p is an isometry of G. Thus, it
induces an isometry from G/K to G/K’, which is still denoted by p. The differential
dp : g — ginduces a linear orthogonal transformation of Vj; by pointwise operation,
which is still denoted by dp. Note that dp(g * 6) =(pog)x* 0 holds for all geq.
Take h € P(G, G x {e}) satisfying £(0) = c. Then from (2.3) the diagram

dp hx
VQ VQ Vg

@Kl <1>,(,l q)’('l
G/K —— G/k' —Xs G/K’

commutes. Since each P(G, H x K)-orbit is the inverse image of an H -orbit under
® g the assertion follows from Theorem 8.5. O]

Finally, as far as possible, we consider the general case that o and 7 do not nec-
essarily commute. In view of Corollary 8.7, it suffices to consider non-commutative
pairs of involutions which are not equivalent to commutative ones. According to
the classification result [17] if G is simple then there are three kinds of such non-
commutative pairs, and if G is not simple then there are many such non-commutative
pairs. For a technical reason, here we focus on the case that G is simple. In this case
if (o, T) is one of those three pairs then the order of the composition o ot is 3 or 4 see
also [22, Section 5]. We will use this fact to prove the following theorem (Theorem
II (iii) in “Introduction”):

Theorem 8.8 Let M = G /K be a symmetric space of compact type and H a symmet-
ric subgroup of G. Suppose that G is simple. Then if the orbit H - (exp w)K through
(expw)K where w € g is an austere submanifold of M, the orbit P(G, H x K) x W
through W is an austere PF submanifold of V.
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Proof From the above discussion, it suffices to consider a pair of involutions (o, 7)
where the order / of o o t is 3 or 4. Take a maximal abelian subspace tin m N p. We
can assume w € t without loss of generality. Let @ € A™. By the same argument as
in the proof of Theorem 8.5, it suffices to consider the case Ro N AT = {o, 20} and
to show that the austere property of X U Y implies that of Z U W.

First we show that (o, w) € %Z. If U(1): € U(1)q then there exists € € U(1)q
satisfying (o, w) + %arge € 5Z. This shows (&, w) € Z;Z. If U(1)}, = U(1), then
m@) =) . U m(a, €). Thus, by the same argument as in the proof of Theorem
8.5, there exists €, €’ € U(1)} such that

1 1
cot ((a, w) + 3 arg e) o = (—1) x cot <(a, w) + 3 arg e’) o.
From this, we have
1 1
(o, w) + Jage = (—=1) x ((a, w) + 5arge’> , mod nZ.

Hence, (o, w) = _4]'1 arge — }Targ €’ mod 7 Z. Therefore, (o, w) € %Z as claimed.
Since (o, w) € 5;7Z we have

( ) 1 b4 o ) 1 5 T
o, w —i—ZageeZlZ, o, W +2ag elZ
forany € € U(1), and 8 € U(1)34. Thus if [ = 3 then

t{( ) L —:f:\/g + ! t| (2 ) ! 8 ==
—_ — _ — ar — _
cot| (o, w) + —arge , «/_’ co o, w) + — arg

and if [ = 4 then
1 1
cmcmw+§my)=iLiW5im w%@mw+5m@>=ﬂ

fore € U(1); and § € U(1)3,. Therefore

cot ((a, w) + %arg E) o # (—1) x cot ((2a, w) + %arg8) 2a.

forany € € U(1); and 6 € U(1)3,. This shows that the sets X and Y with multiplic-
ities are respectively invariant under the multiplication by (—1). Thus, by the similar
arguments as in the proof of Theorem 7.1, the sets Z and W with multiplicities are
respectively invariant under the multiplication by (—1). This proves the theorem. [

Remark 8.9 By the same arguments, we can generalize Theorem 8.8 to the case that
G is not simple but the order of o o 7 is 3 or 4.

Remark 8.10 In the proofs of Theorems 8.5 and 8.8, we essentially showed that the
orbit H - (exp w) is an austere submanifold of M if and only if the set

{cot ((oz, w) + % arg 6) o

with multiplicities is invariant under the multiplication by (—1) for eacha € A™.

eeuag}

@ Springer



Curvatures and austere property of orbits of path group actions...

Example 8.11 Tkawa [9] classified austere orbits of Hermann actions under the
assumptions that G is simple and that o and v commute. This result was extended
by Ohno [22] to the non-commutative case. Thus, applying Theorems 8.5 and 8.8 to
those results, we can obtain many examples of homogeneous austere PF submani-
folds in Hilbert spaces. Note that so obtained austere PF submanifolds are not totally
geodesic due to Corollary 2 in [19].

9 A Counterexample to the Converse

In this section, we show a counterexample to the converse of Theorems 8.5 and 8.8;
we show an example of a minimal H-orbit which is not austere but the corresponding
minimal P(G, H x K)-orbit is austere. Note that from Theorem 7.1 the root system
A must be non-reduced. We give such an example by the triple

(G.K,H)=SU(p+q).SU(p) xU(q)),SO(p + q)).

We shall suppose that p > q.
The involutions o and t of G corresponding to K and H respectively are

—E, 0

o = Ad(Ipq) where Iy, =|: o E
q

i| and t : complex conjugation,

where E, denote the unit matrix of order p. Clearly o and  commute. The canonical
decomposition of g = su(p+¢g) with respect to o is given by £ = s(u(p)+u(g)) and

0 0 Zz
m= 0 0 W || Zegllq,0), Wegllp—q,q,0)
—17Z —'W 0

The canonical decomposition of g with respect to 7 is given by h = so(p + ¢) and
p={/=1X | X € Sym(p +¢.R), r X =0}
Thus, we can write
0 0
mNp=4~—1{ 0 0 X egllg,R), Y egllp—q,9,R)

We define a maximal abelian subspace t in m N p by

00X X1
t=13+/-1]1 000 X = , X1, xg €R
X00 X4 |
Note that t is maximal also in m. Foreachi =1, --- , g we set
0 0E; ]
e =+—-1] 0 0 0
Ei;iO0 O |
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where E;; denote the square matrix of order ¢ having 1 in the i-th row and j-th
column and zeros elsewhere. We set

0 0x®
My, = 0 00 XD =xE;, xeRy,
—'x® 0 0
0 0 0 0 Wi, 0
m,, = 0 q ' w® w® — 0 0l Wi, Wp—qi €C
0w 0 0 wp_g,i O
0 02z@D
Me,te; = 0 0 0 zW) = zE;; FZEji, 7€ Cy,
_t7G) o 0
where
dimmy,, =1, dimm,, =2(p — q), dimmy, ¢, = dimmg, ., = 2.

Then, we obtain the root space decomposition

= t@@mzel @@mel (&) @ Me;te; D @ Me;—e; -

I<i<j=<q 1<i<j<q

By commutativity of involutions, this decomposition is refined as follows:

q
mnp=te P, e P e, P& @ (Mg, Np).

i=1 I<i<j=<q I=i<j=q
q q
mNh=Pme, ® P, & P i, NS P (M-, ND),
i=1 i=1 I<i<j<q I<i<j=q

We now consider the orbit N := H - (exp w)K, where w € tis defined by

Set a := exp w. Then, from (3.6) and (3.7), the tangent space and the normal space
of N are

q q
Tk N = dLo (P, np @ @ Mo, NP)) @ dLo(Pma,

i=1 1<i<j=<q i=1

q
+ P, e P M, NS P My, Nh)),

i=1 I<i<j=q l<i<j=q

N =dLyte P me—;Np)),

I<i<j=q
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and for each & € t the principal curvatures of N in the direction of dL,(§) are
expressed as the inner product of & with vectors

—(V2+ Dei, —(ei+ep), 2e, (N2—De, ei+ej, 0,
whose multiplicities are respectively

p—q, 1, 1, p—q, 1, 1

Since the set {—(«/5 + De;, 2e;, («/5 — 1)e;} can not be invariant under the multipli-
cation by (—1), the orbit N is not an austere submanifold of M. Note thatif p—g =1
then it is a minimal submanifold of M but still not austere.

On the other hand, from Corollary 6.2 (see also Remark 6.5), the principal curva-
tures of the orbit P(G, H x K) * w in the direction of é are expressed as the inner
product of £ with vectors

1 1
{O}v {_—ei} ) {_—(el+ej)} )
%+mn meZ %+mn meZ

1 1 1
e T B L
T +mm meZ U +mm meZ I +mm meZ

1 1
——(ei—ej)} , {—(ei—ej)} ,
{ 5 +mm mez, T neZ\ (0}

whose multiplicities are respectively

o, p—¢q, L, L p—q, 1L 1, L
Note that

1 1 1
e +mn mez 87 +mn mez g?‘l’ +mm mez

Note also that the sets {—mwi —€j)}mez and {%(ei — ej)}nez\(0y With mul-
tiplicities are respectively invariant under the multiplication by (—1). Thus, from the
equalities

1 1
—e¢; = (—1) x e,
E+mr It (=m—1n "

1 1

s——e = (D) x5 ei,
g +mm §n+(—m— 19k 4

1
%n +(—m — )m

(ei +ej) = (—1) x (ei +e;)
T

T
the orbit P(G, H x K) % w is austere if and only if p — g = 1. Therefore, we have
shown that if p — g = 1 then the orbit H - (exp w)K is not austere but the orbit
P(G, H x K) * w is austere. This is the desired counterexample. In this case, the

orbit H - (exp w)K is a minimal submanifold of M as mentioned above; and thus, the
orbit P(G, H x K) * w is minimal PF submanifold of Vg [5, 12].
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Finally, we mention further remarks on the converse. As we have seen above, if
the root system A is non-reduced then there exists a counterexample to the converse
of Theorems 8.5 and 8.8. However, even if A is non-reduced, the converse holds in
some cases. In fact, Theorem 8.2 and Corollary 8.4 are valid in the non-reduced case.
Moreover, consider the case 0 o T = 7 o o and set

AT :={a e AT |myNp#{0}} and AT :={ae AT |megNh+£{0}.

Suppose that A is of type BC and write A™ = {e;, 2¢;}; U{e; £ e;}i ;. Suppose also
that dim t > 2 and ATHAJ_F | = {ei}i. Then, it follows by straightforward calculations
that the converse holds (cf. [21]). Note that the counterexample shown in this section
satisfies AT N AT, = {e;}; U{e; £ ej}i; if dimt > 2, and A] N AT, = {e} if
dimt = 1. For the investigation of the triple (A, A1, A_1) and the corresponding
commutative Hermann actions, see Ikawa’s papers [9] and [10].
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