Ann Glob Anal Geom (2017) 52:425-456 @ CrossMark
hitps://doi.org/10.1007/s10455-017-9563-3

A new structural approach to isoparametric
hypersurfaces in spheres

Anna Siffert!

Received: 30 January 2017 / Accepted: 3 June 2017 / Published online: 13 June 2017
© The Author(s) 2017. This article is an open access publication

Abstract In this paper we show that the long-standing problem of classifying all isopara-
metric hypersurfaces in spheres with six different principal curvatures is still not complete.
Moreover, we develop a structural approach that may be helpful for such a classification.
Instead of working with the isoparametric hypersurface family in the sphere, we consider
the associated Lagrangian submanifold of the real Grassmannian of oriented 2-planes in
R"*+2, We obtain new geometric insights into classical invariants and identities in terms of
the geometry of the Lagrangian submanifold.
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Introduction

Originally, isoparametric hypersurfaces were defined to be the level sets of isoparametric
functions, i.e., functions on a real space form whose gradient norm and Laplacian are constant
on the level sets. This condition translates into the equivalent geometric condition that the
principal curvatures of the hypersurfaces are constant. The classifications of isoparametric
hypersurfaces in the cases where the ambient space is Euclidean or hyperbolic space were
settled soon by Somigliana [28], Segre [26], and Cartan [2-5]. In contrast, when the ambient
space is a sphere, the number g of distinct principal curvatures can be greater than two,
which makes a classification much more difficult. In this paper we henceforth consider the
case where the ambient space is a sphere.
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Cartan [2-5] classified isoparametric hypersurfaces with ¢ < 3 and showed that they are
all homogeneous, i.e., orbits of isometric group actions on S"*!. The problem was picked
up again by Miinzner [20,21] who showed that the number of distinct principal curvatures g
can be only 1, 2, 3, 4, or 6 and gave restrictions for the multiplicities as well. The possible
multiplicities of the curvature distributions were classified in [1,21,29] and coincide with
the multiplicities in the known examples. The situation in the case g = 4 is more complex
since there exist infinitely many isoparametric hypersurfaces and infinitely many of them are
inhomogeneous—see Cecil [6] or Thorbergsson [31] for very good recent surveys of this
case. In the case g = 6 all multiplicities m coincide and equal either 1 or 2, and precisely
two homogeneous examples are known. Dorfmeister and Neher [9] conjectured that all
isoparametric hypersurfaces with g = 6 are homogeneous and in the same paper settled
this conjecture in affirmative for m = 1. In the remaining open case m = 2, Miyaoka [17,19]
proposed how to establish homogeneity. However, in Appendix we give a counterexample
to one crucial proposition in [17,19]. Thus, the classification of isoparametric hypersurfaces
with ¢ = 6 and m = 2 is still open.

In the present paper we develop a new structural approach to isoparametric hypersurfaces
in spheres, unifying many of the known geometric properties.

The basic idea is as follows. Instead of working with the family of parallel surfaces
F; : M" — S"*!, with normal field v, € I'(vM"), one considers the associated submanifold
of the real Grassmannian of oriented 2-planes in R"*2

£:M" — Grf (R"?) c cp'!

by sending p € M" to the 2-plane spanned by F;(p) and v,;(p). One easily sees that £
does not depend on ¢, and in [24,25] it was observed that for any submanifold of sl
the associated submanifold £(M) C GrZJr (R"*2) is Lagrangian with respect to the natural
symplectic structure.

We endow the Lagrangian submanifold with a set of invariants which arise naturally: the
metric induced via the canonical Kihler metric gp on Gr;r (R"“), ie., § = £%gg; the
symmetric tensor o

a(X.Y.Z) =g ((VxA)) Y. Z).
where A; denotes the shape operator of F; with respect to v;, X, Y, Z € I'(TM); and
B®B ':=B ®B ",

where B, : T(TM) — I'(TM) ® C is defined via B, = (A; +i1) (A; — i 1)~!. The set of
invariants (g, @, B ® B~") depends only on the isoparametric family it is contained in.

The tensor « is one of the fundamental invariants used in the previous classification
approaches though usually encoded in some much less invariant Maurer—Cartan forms A. The
really interesting factis that & coincides—up to a factor of two—with the second fundamental
form of the Lagrangian submanifold, which gives a new, geometric interpretation for this
important tensor.

Theorem A The tensor a coincides, up to a factor of two, with the second fundamental form
of the Lagrangian submanifold.

The introduction of the set of invariants (g, «, B ® B~!) is justified by the fact that they
allow us to formulate all relevant identities in a compact way.

For the theory of isoparametric hypersurfaces in spheres, the so-called Weyl identities are
of utmost importance. The classical Weyl identities depend on several indices. In terms of
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the invariants described above, these multiple identities unify into one tensor identity, see
Theorem 3.8.

Another set of equations which can easily be formulated in terms of « are the symme-
try identities: The pullback of « under the reflections through each of the focal manifolds
coincides with the negative of «. So far, all these considerations are completely general.

Below we restrict ourselves to the case g = 6, and give several reformulations for homo-
geneity. Here, we just mention the following reformulation, which relates homogeneity to
geometric properties of the Lagrangian submanifold. For other reformulations see Sect. 4.

Theorem B The homogeneity of isoparametric hypersurfaces with g = 6 different principal
curvatures is equivalent to

RmiX, mip3Y, mip3Y, miX)=0,Vie{l,...,6}, VX, Y e ['(TM)
where R is the curvature tensor of the Lagrangian submanifold £(M").

The previous theorem thus reduces the classification of isoparametric hypersurfaces with
g = 6 to a geometric problem for Lagrangian submanifolds of the complex quadric. We
hope that our approach might finally lead to a classification of isoparametric hypersurfaces
with g = 6. Note that up till now, for the classification of isoparametric hypersurfaces with
g = 6, there exists only one approach suggested by Dorfmeister and Neher [9]. However,
for the remaining case m = 2, the underlying algebraic problem turned out to be very hard,
and no one was so far able to carry out their approach for m = 2. Therefore, a new approach
seems to be needed.

Using this structural approach we can reprove many of the classical results. Most proofs
become simpler and render greater geometric insight.

This paper is organized as follows: In Sect. 1 we recall a few preliminary definitions and
give a survey of results needed later on. In Sect. 2 we carry out the translation from the
isoparametric hypersurface family in the sphere to the Lagrangian submanifold of the real
Grassmannian of oriented 2-planes in R"*+2 In particular, we introduce the set (g, o, BB~ 1)
of structural invariants. Sect. 3 deals with the fundamental submanifold equations of the
Lagrangian submanifold. Moreover, we derive the Weyl identities and the symmetry identi-
ties. In Sect. 4 we give several equivalent formulations of homogeneity. Finally, we provide
a counterexample to one crucial proposition in Miyaoka’s [17,19] approach in Appendix.

1 Preliminaries

In this section we gather the definitions and tools which we will need later on. Throughout
this paper, let M be a connected, smooth manifold of dimension #.

Isoparametric hypersurface

We start by recalling the definition of an isoparametric hypersurface in a sphere.

Definition 1.1 An embedding Fy : M — S"t! together with a distinguished unit normal
vector field vg € I'(vM) is called an isoparametric hypersurface in S"*! if and only if the
principal curvature functions are constant.

The data of an isoparametric hypersurface are g, the number of distinct principal curva-
tures, and m; (1 < j < g), the multiplicities of the curvature distributions.
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Below we assume that (Fp, vp) constitutes an isoparametric hypersurface in S"H Let Ao
be the shape operator of Fjy with respect to vy. We denote the g different eigenvalues of Ay,
i.e., the principal curvature functions, by A ;(0). By assumption the A ; (0) are constant on M.
Without loss of generality, we assume A1(0) > - -+ > A4(0) and define 6; € (—%, ) such
that A ;(0) = cot(6;).

We denote the curvature distribution associated with A;(0) by Dj, i.e., we have D; =
Eig(Ao, 2;(0)). Furthermore, we let w; : TM — D; be the orthogonal projection into D;.
Note that we have m ; = dim D;. The following lemma is due to Miinzner [20].

Lemma 1.2 ([20]) The curvature distribution D; is integrable, and the leaves are small
spheres in "t with curvature 1+ cot? (6 ). These spheres are totally geodesic submanifolds
of M.

Parallel surfaces

Isoparametric hypersurfaces always come along as families of isoparametric hypersurfaces;
namely, ‘almost all’ parallel surfaces of a given isoparametric hypersurface are also isopara-
metric hypersurfaces.

In what follows let Fy : M <> S"*! together with a distinguished normal vector field
Vo be a fixed isoparametric hypersurface. By slight abuse of notation we also call the image
Fo(M) an isoparametric hypersurface. We consider the parallel surface F; : M — S't!
with signed distance ¢ to Fp. It is given by

p = Fi(p) == expg () (1vo)p) = cos(?) Fo(p) + sin(®)vo)p,
endowed with the orientation
v (p) = —sin(®) Fo(p) + cos(t)vg) .

The map F; induces the following data on M: the Riemannian metric g; = F;* (-, -)gn+1,
the associated Levi-Civita connection V?, and the shape operator A, of the submanifold
(M, g,) C ("™, (-, -Ygnt1) with respect to v,.

In the next lemma we express A; in terms of A since this will be needed later on.

Lemma 1.3 In terms of Ao the shape operator A, is given by
Ay = (14 cot(r)Ag)(cot() 1 — Ag) ™",
where in the cases t = 0; + €m, L € Zy, the operator A, is defined on T M\ D;.
Proof Since
dv, = —d Fy(sin(¢) 1 + cos(z)Ag),

Eq. (2) implies

dv; = —dF,(1 + cot(t) Ag)(cot ()1 — Ag) ™!, )
whence the claim. O

We will now make sense of the statement that ‘almost all’ parallel surfaces of a given
isoparametric hypersurface are also isoparametric hypersurfaces. Using the identity dvy =
—d FyAp we get
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dF, X = dFy(cos(t)ll —sin(¢)Ap) X 2)

and hence tk(d Fyp) = nif t # 6; mod 7 and rk(d F}|,) = n — m; otherwise.
If + # 0; modr, the parallel surface F;(M) is again an isoparametric hypersurface.
Lemma 1.3 implies that the principal curvatures of F; (M) are given by A () = cot(6; — ).
If t+ = 0; mod r, the m ;-dimensional eigenspace D;(p) is the kernel of d Fy),, for every
p € M.Inother words, the leaf L ; (p) of D; through p is focalized into the point p = Fy, (p).
Hence, M := Fp; (M) is the so-called focal submanifold of dimension (n — m;).
Summarizing the previous considerations we get

isoparametric, if cot(t) ¢ spec(Ap);

Fy isoparametric = F; is . . .
0 1S0p ! submersion onto a focal manifold, otherwise.

Finally, it is important to remark that all the hypersurfaces in a family of parallel isopara-
metric hypersurfaces have the same focal submanifolds. It is easily shown, see, e.g., [20],
that there are exactly two focal submanifolds.

Spectrum of the focal shape operators

Using identity (2), Miinzner [20] proved that for = 6; modn the spectrum of Ay, is
independent of v € vM; and p € M; and is given by

spec(Aypy,) = {cot (( — j)m/g) li € {l,....g}. i # j}. 3)
Thus, for each p € M and each pair of orthonormal vectors vy, v2 € v, M; the family
L(s) = cos(s) Ay, + sin(s)Asju,, s € R,

is isospectral. We will henceforth refer to L(s) as the isospectral family at p € M; , with
respect to (vq, v2) € v, M.

The fact that the spectrum of the focal shape operator of the focal submanifold is inde-
pendent of v € vM; and p € M; implies that the eigenvalues A, (0), k € {1, ..., g}, are of
the form Az (0) = cot(¢p + (k — 1)/g), withO < ¢ < w/g. Thus, O = ¢ + (k — )7 /g
modulo 7.

The parameter ¢ in the formula for 6; encodes the position of F in the isoparametric
family. We shall choose the initial hypersurface such that ¢ = 6; = J-. Thus, the initial
isoparametric hypersurface is the one which lies in the middle of the focal submanifolds
F—rr/2g(M) and Fﬂ/2g(M)-

Using that the spectrum of Ay, is independent of v € vM;, Miinzner proved that the
multiplicities satisfy the equation

m; =miy2,i € ZLg.

Therefore, at most two distinct values for the multiplicities exist. They will henceforth be
referred to as m and my. If all multiplicities coincide, which is, for example, the case if g is
odd, their common value is denoted by m.

Global structure

The global situation is as follows:

S={FM)|t €[-n/2g, 7/2¢8]}
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Fig. 1 Global picture for g = 3 M+

is a singular Riemannian foliation, F;(M) are isoparametric hypersurfaces for all r €
(—m/2g,/28), F_y24(M) and Fy 2o (M) are submanifolds of codimension at least two in
S"*1, Each normal geodesic y intersects the focal submanifolds at times r = (2 4 1)7/2g,
J € Z, alternating between the two focal submanifolds M := F_;,2,(M) and M_ :=
Fr/2¢(M). The regular set R is the set of times ¢ € R such that y (¢) is not a focal point,

R={teR|DjeZwitht = 2j + 1)w/2g}.

Any fixed isoparametric hypersurface Fy,(M) € § coincides with either of the tubes
Tubeg, (M) and Tube,_ (M_) of radius d and d_, respectively, where d+ denotes the
distance of My to F;(M). Thus, each normal geodesic intersects a given isoparametric
hypersurface Fy, (M) exactly 2g times before it closes. Furthermore, the focal set of each
isoparametric hypersurface Fy, (M) is exactly the union of M and M_.

Figure 1 shows the sketch a normal geodesic in the case g = 3. It intersects each isopara-
metric hypersurface exactly six times before it closes. The intersection points with one fixed
isoparametric hypersurface are marked by solid points.

Topology

Each isoparametric hypersurface F; (M) separates the sphere S"*1 into two connected com-
ponents By and B_, i.e., F,;(M) = By N B_ and S"*! = B, U B_, such that these
components are disk bundles over the focal manifolds. Assume without loss of generality
that M has codimension m + 1 and that M_ has codimension m, + 1. Thus, we have the
disk bundles

Di—>B:|:—>M:|:,

where the fibers D4 and D_ have dimensions m + 1 and m, + 1, respectively.
This topological fact was used in the papers [1,21] and [29] to classify the number of
distinct principal curvatures and their possible multiplicities.

Classification results

In Table 1 the known classification results for isoparametric hypersurfaces in spheres with
g different principal curvatures are summarized. Recall that if the multiplicities m and m»
coincide their common value is denoted by m.

The classification of isoparametric hypersurfaces with g < 3 is due to Cartan [2-5].
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Table 1 Classification results of

. : . Isoparametric hypersurfaces in 8"
isoparametric hypersurfaces in

spheres 1 Open subset of a great or small hypersphere in sntl
2 Standard product of two spheres s (r1) x ) (rp) C snt+l
Withrl2 +r% =landn =d; +d>
3 m € {1, 2, 4, 8}; tube of constant radius of a standard

Veronese embedding of a projective plane FIP2 into
§3m+1 where F equals the division algebra R, C, H or
O, form = 1, 2, 4, 8, respectively
4 Multiplicities coincide with those of the examples of FKM
type or the two homogeneous exceptions
(my,mp) = (2,2) and (4,5).If m1,mp) = (2,2) or
(4, 5) they are homogeneous. If my > 2m| — 1 or if
(my,mp) = (3,4), (6,9) or (7, 8) they are of FKM type
6 m € {1, 2}. If m = 1, the hypersurface is homogeneous. For
the remaining case m = 2 the classification is still open

While all isoparametric hypersurfaces with g < 3 are homogeneous, the situation in the

case g = 4 is more complex since there exist infinitely many isoparametric hypersurfaces
and infinitely many of them are inhomogeneous.
Ferus et al. [10] used representations of Clifford algebras to produce a class of isoparametric
families with four principal curvatures, the so-called isoparametric hypersurfaces of FKM
type. Stolz [29] proved that the multiplicities of an isoparametric hypersurface with four
principal curvatures must coincide with those in the known examples of FKM type or two
homogeneous exceptions, namely (m1, m2) = (2,2) or (4,5). Cecil et al. [7] proved that
if the multiplicities (m1, my) satisfy my > 2m; — 1, then the isoparametric hypersurfaces
are necessarily of FKM type. Thus, the cases (m1,m2) = (4,5), (3,4), (6,9), and (7, 8)
were left, which were successively classified by Chi, see [8] and the references therein. For
a detailed exposition to the cases g = 4 we refer the reader to the surveys by Cecil [6] and
Thorbergsson [31].

We postpone a detailed exposition of the case g = 6 to Sect. 4, since in order to do so, we
make use of results presented in Sects. 2 and 3.

2 The Lagrangian submanifold model and its structural invariants

As already discussed in Sect. 1, isoparametric hypersurfaces always come along as families
of isoparametric hypersurfaces. To each family of isoparametric hypersurfaces, we associate
a Lagrangian submanifold of the complex quadric. Thus, instead of working with a family
of hypersurfaces, we can henceforth work with only one submanifold. For this submani-
fold we introduce a set of invariants (g, o, B ® B~!) and endow them with a geometric
meaning.

This section is structured as follows: In the first subsection we recall the definition and
basic properties of the complex quadric. The construction of the Lagrangian submanifold of
the complex quadric is explained in the second subsection. Finally, we introduce the set of
invariants in the third subsection. Throughout this section let X, Y, Z, W € T'(T M).
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2.1 The complex quadric

In this subsection we give a very brief introduction to the complex quadric. We just cover
those definitions and facts needed later on. For a detailed exposition we refer the reader to
the book [11] of Gasqui and Goldschmidt which we use as a reference.

We write (-, -)cn+2 and (-, -);, for the standard complex bilinear and the standard hermitian
inner product of C"*2, respectively.

Definition 2.1 The complex quadric is the complex hypersurface of CP"*! given by
0, ={lz1eCP"™™ |ZF+ - +22,, =0},
where z = (2o, - . . , Zn+1) denote the standard coordinates of cnt2,

Clearly, the complex quadric Q, may also be described by
0n = {7(@)]z€S™ (2, 2)cm2 =0},

where 7 : C"*2\ {0} — CP"*! is the natural projection, where S*'*+3 c C"*2 is endowed
with the Riemannian metric induced by (-, -)g = Re(-, -) on C"*+2.

Another well-known fact is that the complex quadric Q, is diffeomorphic to the real
Grassmannian Gr;r (R"*2) of oriented 2-planes in R"*2. From now on we shall use this
identification whenever convenient.

The remaining part of this subsection aims at describing the curvature tensor of Q. In
order to do so, we first have to introduce some notation.

Let gp denote the Kéhler metric on Q, induced from the Fubini-Study metric grg on
CP"*! (of constant holomorphic curvature 4) by the inclusion map ¢ : Q, — CP"*! ie.,
go = t"grs. The associated Levi-Civita connection of Q,, is denoted by V€. Forboth CP"*!
and Q,, the complex structure shall be called J and the associated Kéhler form w.

It is well known that the projection 77 : §**3 — CP"*! is a Riemannian submersion and
that the map dw : H, — TH(Z)(C]P)”+1 is an isometry, where

H, = {u IS (Cn+2| (2, u)on+2 = 0}.

S2n+3

For a point z € which satisfies (z, z) cn+2 = 0 we get an isometry dr : HZ/ — Tr() O,

where HZ/ is the subspace of H, defined by
H, = {u € C""2| (z,u)gma =0, (z,u), =0}. )

The preceding considerations allow us to identify the tangent space 7, Q" of the complex
quadric at a given point ¢ € Q" with C". Then the complex structure on T, Q" is given
by multiplication by i on C", and the Kéhler metric g corresponds to the real part of the
standard Hermitian inner product on C”. Below we shall use this identification whenever
convenient.

Gathering the preceding information and carrying out a straightforward calculation, one
obtains the following lemma.

Lemma 2.2 ([11]) The Riemann curvature tensor of the quadric Q" is given by
R” =go®go+0@o+q9®7
where g(-, <) = (-, - )ent2zand q(-, -) = (-, - )on+2.

For the convenience of the reader we recall the definition of the Kulkarni—-Nomizu product.
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Definition 2.3 The Kulkarni—-Nomizu product

(1) of two symmetric (2, 0)-tensors & and &> is the (4, 0)-tensor 71 @ hy given by

hh QhX,Y,Z, W)= (hl(X W)ha (Y, Z) + ho(X, W)h (Y, Z)
—hl(x, Z)hy(Y, W) — ha(X, Z)hy (Y, W)).
(ii) of the skew-symmetric form w with itself is given by

(W)X, Y, Z, W) =X, Wol,Z)—-olX, Z)wl, W)
20X, Y)o(Z, W).

2.2 From families of isoparametric hypersurfaces to a Lagrangian submanifold of
the complex quadric

In Palmer [24,25] showed that every oriented, immersed hypersurface in the sphere naturally
leads to a Lagrangian submanifold of the complex quadric. We will apply this construction
to isoparametric hypersurfaces in spheres. In particular, we prove that every isoparametric
hypersurface of a given family of isoparametric hypersurfaces leads to the same Lagrangian
submanifold of the sphere.

We start by recalling the definition of the Stiefel manifold.

Definition 2.4 The Stiefel manifold is given by
S[z(Rn+2) — {(U, w) € SIH—I % Sn-‘rl' <U, 'LU)RnJrQ = 0} s
where (-, -)pn+2 denotes the standard metric of R+Z,

Clearly, the Stiefel manifold can be identified with
[z € "3 (2, 2)onir = 0} € SF3

by the map (v, w) — \%(v—i—iw) € S§?"13. Consequently, 7 (St> (R"2)) = Q, and it follows

easily that the projection 7 : St (R"*2) — Q,, ¢ CP"*! is a Riemannian submersion.

In order to associate a Lagrangian submanifold with an isoparametric hypersurface
(F, vr), we first lift the embeddings F; to the Stiefel manifold Stz(]R”"'z) and then con-
catenate this map with the projection onto the Grassmannian Gr, T(R"™2). For t # 0; we

define the map F, by
Fri M~ 5o (R™2), pe F(p) = ﬁ (Fz(p) +iv,|p).
Furthermore, we introduce the map £ by
L=nok:M— Q, pr[Fop)]

Note that £(p) is by construction the oriented 2-plane in R"+2 which is spanned by F; (p)
and v;|,,. Since we have F, = ™' Fy, the immersion £ does not depend on the parameter ¢.
Thus, we obtain the following lemma (Fig. 2).

Lemma 2.5 Let a family of isoparametric hypersurfaces in a sphere be given. For each
isoparametric hypersurface in this family we obtain the same immersion £.
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Fig. 2 The Lagrangian F
immersion £ M t St (Rn+2)
T
£
Q" C cprt!

As already mentioned above, the next result was first proved by Palmer [24,25]. For
convenience of the reader we reprove this result.

Proposition 2.6 ([24,25]) The map £ := m o I:", M — Q,, p— [I:"o(p)], is a Lagrangian
immersion with normal vector field Nz = i dFyZ, where Z € TM.

Proof Using the identity dv; = —d F; A;, we obtain
dF, = % dF,(1—iA)
for all # € R. Thus, we get
Flo(X.¥) = go(JdFi X, dF,Y) = Relid FyX, dﬁ0Y>h
= 3(20(A0X, Y) + go(X, —AgY)) =0,
which proves our claim. O

Lemma 2.7 I:}(M ) is horizontal with respect to the projection 1 : SR > 0,.
Proof Forany p e M
Im(d Fop) L span {Fo(p), vo|p}
in R"*1. Thus, identities (2) and (1) imply
Im(dFyp) L CFy(p) ® CFi(p)
in C"*. The claim now follows from (4). m]

Remark 2.8 The above construction was used by Ma and Ohnita [22] to classify compact
homogeneous Lagrangian submanifolds in complex hyperquadrics.

2.3 A set of invariants of the Lagrangian submanifold

In this subsection we introduce a set of invariants for the Lagrangian submanifold of the com-
plex quadric. Furthermore, for each of these invariants, we establish some basic properties.

2.3.1 The metric g

We endow the Lagrangian submanifold with the natural metric, i.e., the Riemannian metric
g on M induced from (-, -}, by F;. This metric is given by

& =Re(F (-, )p).
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Lemma 2.7 asserts that the Riemannian metric ¢ is induced from go by £. In particular, the
metric ¢ is independent of ¢.

In the next two lemmas we relate ¢ and the associated Levi-Civita connection to g; and
V!, respectively.

Lemma 2.9 Foreach p € M and all t € R we have
X, Y) =g (X, 5 (1+A2)Y) =g0(X, 5 (14 A¢®)Y) forall X, Y € T(TM).
In particular, g is independent of t.
Proof Since F; = ¢~i' Fy we have
dF, = e "'dFy.
By the definition of ¢ and the preceding identity this gives
4(X,Y) =Re <d13"tX, dﬁtY>h —Re (dﬁox, dﬁgY)h ,
forall X, Y € I'(T M), and therefore

$X.Y) =g (X, 3+ ADY) = go (X, L1 + ADY).

Remark 2.10 The induced metric g is the arithmetic mean of some g;:
Let ¢ € (0, 7/2g) be given and define the arc & for k € N by & = ¢ + km/2g. Then

A ~ 2g—1
=758+ gprn2) and § = 5. 350 ge.

We denote the Levi-Civita connection associated with ¢ by V. The next lemma relates V
and V'.

Lemma 2.11 The connections V and V' are related by
VxY = VLY + A, (1+ A2) 7 (VA Y.

Proof The Koszul formula yields

28(VxY, Z) = (V%8) (Y, Z) + (V}8) (X, Z) — (V58) (X, Y) + 28 (VyY, Z).
By Lemma 2.9 we get

(Vi,8) (X2, X3) = 381 (((Vi, Ar) Ar + Ar (Vi Ar) ) X2, X3).
Consequently, using (Vi A;) X2 = (Vi, A) X1, we have
(V%8) (Y, Z) + (V1 8) (X, Z2) — (V5,8) (X, Y) = g (A (V5 A)) Y, Z).

Hence, we obtain

§(VxY = V¥, 2) = 3 (A (VA ¥, 2) = 2 (A1 + 4D (VA ¥, 2),

where the last equality follows from Lemma 2.9. Since this identity holds for arbitrary
Z € I'(T M), the claim is established. ]
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2.3.2 The tensor o

Throughout this subsection we assume ¢ € [0, 27 ] N'R, see the subsection ‘Global structure’
of Sect. 1 for the definition of the regular set R. The symmetric tensor o, which is given by
the formula

at(X5 Ya Z) =&t ((V%A[) Ya Z)a

is one of the fundamental invariants used in the previous classification approaches though
usually encoded in some much less invariant Maurer—Cartan forms A;. The really interesting
fact is that o coincides—up to a factor of two—with the second fundamental form of the
Lagrangian submanifold, which gives a new, geometric interpretation for this important
tensor. When formulating identities in terms of o’ in Sect. 3, further advantages of working
with o instead of A; will become obvious. In this subsection we establish some basic
properties of .

Definition 2.12 For ¢ € [0, 27] N'R define o : T(TM)? — C®(M, R) by
o' (X, Y, Z) =g ((VkA) Y, Z),
for X, Y, Z e T(TM).

Lemma 2.13 The map o' : [(TM)? - C®(M,R) is symmetric and trilinear. Further-
more, foreach j € {1, ..., g} the restrictiona’ : Dj x Dj x TM — R is zero. In particular,
the map o' is trace free.

Proof The tensor o is obviously trilinear. Since M is a hypersurface in a constant curvature
space, the Codazzi equation states that

(ViA) Y = (Vi A) X.

Hence, o' is symmetric as well.

Next we prove that &’ vanishes when we choose two of its entries to be in the same distribution.
Since o is symmetric we can assume without loss of generality that ¥, Z € D; for a
jefl,...,gltand X € T'(TM). Thus, we get

o (X, Y. 2) = g (Vi) Y. Z) = g (Vi Y. (3 = 4) 2) =0,
which establishes the claim. O

Next we endow o’ with a geometric meaning by proving that o’ is—up to a constant
factor—given by the second fundamental form of £(M) C Q". In particular, o’ is indepen-
dent of r € R. In other words, we associate each isoparametric hypersurface in a family of
isoparametric hypersurface with same tensor.

We denote by A:vM — End(I"(T M)) the shape operator of the submanifold (M, g) of
(Q", g0). Furthermore, let & : T'(T M )3 — C*°(M, R) be the second fundamental form of
the Lagrangian submanifold £(M) C Q",i.e.,

Q(X,Y,Z) = §(Any Y, Z)

for X, Y, Z € I'(T M). Recall that Nx denotes the normal vector field introduced in Propo-
sition 2.6. The next theorem establishes Theorem A of the introduction.
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Theorem 2.14 Foranyt € R, the maps & : T(TM)?> — C®(M,R) and o' : T(TM)> —
C% (M, R) are related by

2a =o',
In particular, the map o' is independent of t € R.

Proof Throughout the proof fix X,Y,Z € I'(TM). Furthermore, we use the convention
Nz = —idFyZ. By definition of A and skew symmetry of J we get

2(An, X, Y) =Re(V Nz, dFY), = —Re(JVE (dF,2), dFY),
—=Re(VE (dF,Z), JAE V).
Moreover, we have
Re(VE dF,Z, JdE,Y), = Re(VydE,Z, JdEY), = Re(dxd E,Z, JAEY),,  (5)

where V5! and d denote the Levi-Civita connection of the Stiefel manifold and Euclidean
space, respectively. Indeed, the first equality holds since the image of ﬁ, is horizontal with
respect to the projection 7 : St(R"™2) — 0, see Lemma 2.7, and 7 is a Riemannian
submersion. The second equality simply follows since St is contained in the Euclidean
space.

Plugging dﬁ, = %dF,(Jl —1iA;) into (5), we obtain

Re(VS dFZ, JdEY ), = Mdx(dF Z), dF,A Y )pnvs — Ldx (dF, A Z), dFY ) oo
Since the Weingarten equation is given by

dx(dF,Z) =dF,VYZ + (AiX, Z)v,

we get
Re(V{'(@F2), Ny)y = —Re(VE'dFiZ, Jdﬁ,y>h
= —38 (VXZ, AY) + J& (Vi(A:2),Y)
=18 ((VkA) Y. 2) = L' (X, Y, 2).
Using the identity

Re(dxdF,Z, JAE,Y), = ReldxdFoZ, JdFyY),
an analogous calculation yields
Re(dyd FoZ, JdFyY), = 1a(X, Y, 2).
Thus, we in particular get o%(X,Y,Z) =o' (X, Y, Z), which proves the claim. ]
Since &' is independent of 1 € R, we will denote this tensor henceforth simply by «.

2.4 The invariant B ® B~!

In this section we assign to each isoparametric hypersurface (M, g;) an operator B; and show
that B; ® B, !is independent of 7.
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Definition 2.15 Lett € [0,27] N'R. Define B, : I'(TM) — I'(TM) ® C via
By = (A, +il) (A, —il)™".

In what follows we denote by g also the complex bilinear extension of g. By the very
definition of B; we get the following lemma.

Lemma 2.16 §(B,;X,Y) = —(F*q)(X,Y).

In other words B; encodes the metric ﬁ,*q and thus arises as a natural invariant of the
Lagrangian submanifold £(M) C Q".

Lemma 2.17 The operators B, are trace free and satisfy the identities
Bf = —¢ "1, B'=—®"Bf!, B,=B;', Bis=e¢ "B VoeR
Proof Every X € Djisaneigenvectorof B, witheigenvalue u; € C givenby u; = e 0;=0),

Using the special form of §;, we obtain Bf = —e™ 28|, The second identity is an immediate
consequence of the first identity. Moreover, the third equation follows from the definition of
B;. Finally, an argument analogous to the proof of Lemma 1.3 gives the identity

Artg = (1 + cot(¢p)Ap) (cot(p) 1 — A"

and hence the fourth identity follows from the very definition of B;. O

At first glance it might appear wrong to work with the operator B; since it depends on
the parameter 7. As it turns out, however, all relevant identities factor through the operator
B; ® B, 1, which is independent of ¢.

Corollary 2.18 The expression B; @ B, Uis independent of t € R.

Proof By the last identity of Lemma 2.17 we get B, = e~2'Bg, which implies B I =

¢®'B; ! Hence, B, ® B;' = By® By . o
The preceding corollary allows us to introduce the tensor B® B~! := B, ® B, ! for some
teR.

In the next lemma we express the projections on the distributions in terms of B;.

Lemma 2.19 The projector wj : M — D; C M is given by
g—1
1 k
T > By
k=0

Proof Let X € D, be given. Using 6, = (2(l — 1)+ 1) % mod 7 we get

g—1 g—1
x = 1 ky _ 1 2i(On—0j)k yr _ .
X = Ber_gE e mTUIEX = 6y i X
k= k=0

m}

From Lemma 2.13 we have that « (X, Y, Z) vanishes if two of its entries lie in the same
distribution, i.e., we have o (7 X, 1 Y, Z) = O foreach k € {1, ..., g}. In the next corollary
we express the latter condition in terms of B ® B~1.
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Corollary 2.20 The condition a(my X, mi Y, Z) = 0, where k € {1, ..., g}, is equivalent to
the identity

g—1
> a(BIX,BY, Z) =0.
j=0

Proof Apply Lemma 2.19 to the identity o (74 X, 7x Y, Z) = 0 and sum over k. O

Summarizing the results of the present section, we assign to each isoparametric hypersur-
face in a given family of isoparametric hypersurfaces a set of invariants

(8,0, B® B,

which depends only on the isoparametric family it is contained in.

3 Weyl and symmetry identities

In the present section we formulate all relevant identities in terms of the invariants g, o and
B ® B~!. We in particular reveal the importance of the Weyl identities and explain how they
enter the existing classification approaches.

In the first subsection we establish the fundamental submanifold equations for the
Lagrangian submanifold of the complex quadric, i.e., the Codazzi, Gauss, and Ricci equa-
tions. In the second and third subsection we deduce the Weyl identities and the symmetry
identities, respectively.

3.1 The Codazzi, Gauss, and Ricci equations

In this subsection we provide the Gauss equation, the Codazzi equation, and the Ricci equation
for the submanifold (M, §) C (Q". gp).Let X, Y, Z, W € T'(T M) throughout.
For ease of notation, we introduce 7 : F(TM)4 — C®°(M, R) by

T(X,Y,Z,W)=2S3(g(ByX, Y)g’(BO_IZ, w)),
and the (2, 0)-tensors b and b by
b(X,Y) :=g(BoX,Y) and b(X,Y):=§(By'X,Y).
Furthermore, recall
(@ @z (X, Y, Z, W) = trace; (a(X, W, Ha(Y, Z, -) —a(X, Z, )a(Y, W, -)).
In terms of this notation, the Codazzi and the Gauss equations take an easy form.

Proposition 3.1 The Codazzi and the Gauss equations of the submanifold (M, g) C
(0", gp) are given by

(1) (Vxa)(Y,Z, W) — (Vya)(X, Z, W) =2[T(X, Z,Y, W)+ T(X, W, Y, Z)], and
(2) RX,Y,ZW)=gD&g+bDb+ %o& Bz )X, Y, Z, W),

respectively.
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Proof We start by proving that the Codazzi equation for (M, §) C (Q", g¢) is given by the
first identity. Recall the Codazzi equation

S((Vx AN, Y, W) — §((VyA)n, X, W) = RC(dF X, dF,Y,dF,W, Nz)
= —R2dF,X,dE,Y,dFE,W, JdF,Z).

Using Theorem 2.14, the left-hand side simplifies to

%((an)(y, Z,W)— (Vya)(X,Z, W)).
Thus, it remains to prove that the right-hand side is given by
2RCAFE X, dFY,dFZ, JdAF,W) = —(T(X, Z, Y, W) + T(X, W, Y, Z)).
By a straightforward calculation we get
(oD go+w@wdEX,dF,Y,dFZ, JAF,W) = 0.
Thus, by Lemma 2.2 we have
RCUE X, dF,Y,dF,Z, JAF,W) = q ® GdE X, dF,Y, dF,Z, JdF,W).
Since
qdFi X1, dFiX2) = —3(X1, B:X2),  q(dFiX1, JdF;X2) = —i§(X1, B X2),
GUE X1, dFiXy) = —3(X1, B, 'X2),  qF X1, JdF,Xy) = ig(X1, B ' X),

for all X1, X, € I'(T M), an easy calculation yields the result.
In order to prove the second identity, recall that the Gauss equation for (M, &) C (Q,, g0)
is given by

R(X,Y,Z,W)=Re(dF,X,dF,Y,dF,Z,dF;W)
+ goII(X, W), II(Y, 2)) — go(TI(X, Z), II(Y, W)),

where IT denotes the second fundamental form of (M, §) C (Q,, go). Furthermore, recall
that we have R¢ = 80D go+o@®w+q@®qby Lemma2.2. A straightforward calculation
yields

gD GUEX,dFY,dF,Z,dFEsW) =b @ b(X, Y, Z, W),
20 ® godF, X, dF,Y,dF, Z,dF,W) = § ® §(X,Y, Z, W).

Furthermore, since (M, &) is a Lagrangian submanifold of (Q,, gg) we get
0@ wdF:X,dF,Y,dF,Z,dE,W) = 0.
Combining these equalities we obtain

RX,Y,ZW)=EP&+bPb)(X,Y,Z, W)
+go(II(X, W), TI(Y, Z)) — go(II(X, Z), TI(Y, W)).

One can naturally assign to every g-orthonormal basis (e;)!_; of T M a g p-orthonormal basis
of v(T M), namely (Jd I:’oe,- '_,- Hence, we arrive at the identity
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RX.Y.ZW)=@ED®&+bOb(X.Y. Z, W)
n
+ ) go((X, W), JdFoe)go(Jd Foei, TI(Y, Z))

i=1

n
— > " 80(N(X. Z), JdFpe;)go(Jd Foer, TI(Y, W)).

i=1

Using go(I1(X, Y), &) = gr(AAEX, Y) for & € v(TM) and Theorem 2.14 we obtain the
desired result. ]

Remark 3.2 The Ricci equation of the Lagrangian submanifold (M, g) C (Qy, g¢) is equiv-
alent to the Gauss equation of (M, g) C (Qx, g0)-

3.2 The Weyl identity

In this subsection we first recall the classical Weyl identities. Afterward, we provide the
invariant Weyl identity. Finally, we will explain the importance of the Weyl identities.

3.2.1 The classical Weyl identities

In Karcher [12] deduced the so-called Weyl identities, which he describes as ‘relations
between the principal curvatures and the covariant derivatives of the shape operator derived
by differentiating the Codazzi equations and combining with the Gauss equations.” These
identities, which are henceforth referred to as the classical Weyl identities, are stated in the
following theorem.

Theorem 3.3 ([12]) Foralli, j € {1,..., g} withi # j we have
(1+ 2i7) go(vi. vi) g0, v)) = 280((Ve Ao)vj, (Ai — Ag) ™" (1) — Ao) ™ (V9 Ao)v)),
where v; € D;, vj € Dj and Ly = Ay (0).

By polarizing the preceding identity twice and expressing the resulting equation in terms
of o we obtain the following corollary.

Corollary 3.4 Foralli, j e {l,..., g} withi # j, the identity

(14 2ixj) go(vi, 07) go(v), 07) = traceg, ((vi, v, ) (B, 07, (ki — Ag) ™' O — Ag) ™" +)
+a @, v, e, 0, (i — A~ (i — A )

is equivalent to the Weyl identity, where v;, V; € Dj, vj, Uj € Dj, Ay = Ay (0) and traceg,

denotes the sum over a go-orthonormal basis of the orthogonal complementin T M to D ;@ D;.

Remark 3.5 The classical Weyl identities depend on several indices. Taking higher covariant
derivatives of these identities would consequently lead to a plethora of different cases. The
importance of the higher covariant derivatives of the Weyl identities is explained in Subsect.
3.2.3.
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3.2.2 Invariant Weyl identity

The classical Weyl identities depend on several indices. In terms of the invariants introduced
in Sect. 2, these multiple identities can be expressed as a single tensor identity, which we
shall call the invariant Weyl identity.

In this subsection we provide the invariant Weyl identity. As preparation we establish the
following two lemmas.

Lemma 3.6 $(VxB))Y,Z) = —5(a(X, B,Y, Z) + a(X. Y, B, Z)).

Proof Due to the last identity of Lemma 2.17 it is sufficient to prove the claim for ¢ = 0. By
definition of By we obtain

(VxBo)Y = —2i(Ag — i) " (VxAg)(Ag —il)~'Y.
Furthermore, using Lemma 2.11 we get
(VxA))Y = (VIA0) Y + Ao (14 A43) " (VS 40) AgY — Ag (VI Ag) Y).
Consequently, we obtain
§((VxBo) Y, Z) = —igo((Ag +il)(VxAg) (Ao — i)"Y, Z)
=—igo ((VYAo) (Ao —il)~'Y, (Ag + i) Z)
—igo <(A0 (1+ Ag)*‘ (V% Ao) (Ao(Ag — i)™ Y)), (Ag + ill)Z)
+igo ((Ao (1+ 42) ™" Ag (V9 Ag) (Ao — il)™' ¥), (Ag + i ) z) .
Expressed in terms of «, this equation reads

2((VxB0) Y, Z) = —ia (X, (Ao — i)~ ¥, (Ao + i) Z)
—ia (X, Ao (Ao — i)' Y, Ag (A9 — i)' Z),

where we make use of
11— AF(M+ A" = M+ A" and (14 AD (Ao +il) = (Ag—il)~".
By definition of By we get
T(Bo— 1) =i(Ag—il)~" and L(By+ 1) = Ag(Ag —il)~".
Hence, we find
8((VxBy)Y, Z) = —5(a(X, BoY, Z) + (X, Y, By2Z)).
Using B; = e~ 2! By the claim is thus established. m]

Lemma 3.7 We have the identity

2T (X, m Y, m; Z, w; W) = — a(m Y, (Vnerrj)Z, TiW) —a(m Y, m;Z, (Vnerrj)W)
+a(m;W, (anznk)X, mY) +a(r; W, mi X, (anzrrk)Y).
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Proof Differentiating the equation a(Y, ; Z, m; W) = 0 we get
Vya)y (Y, m; Z, m; W) +a(Y, (Vyr ) Z, 7w ;W) +aY,n; Z, (Vym ;)W) = 0.
Consequently, we obtain

(VoxOY, w; Z, ;W) = —(a@Y, (V7 )Z, ;W) +a(mY, n; Z, (vﬂkxnj)W)).

T X
Changing the roles of the pairs (77 X, 7 Y) and (77; Z, w; W) we get

(Vo 700 W, i X, i Y) = —(a(@T;jW, Vo, 2T X, 1Y) + (W, mi X, (Vﬂjznk)Y)).
Taking the difference of the two preceding identities the Codazzi equation from Proposi-
tion 3.1 completes the proof. O

In the next theorem we finally provide the invariant Weyl identity.

Theorem 3.8 We have the identity

—4ig’ T(X,Y, Z, W)

g—1 ) j—1 ) )

> g (a(BO“ Y,By' W, ) Y («(BS X, BEY 2, B{T ) + a(BS X, BE Z, BTN )
£, j=0 k=0

+aBy Y, By Z, )Y (wBS X, BET W, BT ) 4 a(BE X, BEW, BT L))

~.

~
Il
o

~

—a(By? W, By Y, ) Y (aB] Z, BEY X, BETFU ) +a(B] 2, BE X, BEF )

~
!
- o

—aBy W, By X, )Y (B Z, B Y, BEF )+ a(B] Z, BE Y, BST -))).
k=

(=]

Proof Take the sum from 1 to g over j and k of the identities just proved in Lemma 3.7, and
use the identity

8 8
Y memn, =1 BleB".
y=I y=I

The claim then follows from Lemma 3.6. ]

In terms of the better invariants (¢, o, B B -1 ), the classical Weyl identities thus condense
into one structural tensor identity. This, in particular, makes it feasible to consider higher
derivatives of the Weyl identity. In the classical approaches this is not possible without
considering a plethora of different cases.

3.2.3 The importance of the Weyl identity

In this subsection we explain the importance of the Weyl identity. First we relate the Weyl
identity to several well-known identities, e.g., the Cartan identity. Afterward, we explain why
an invariant formulation of the Weyl identities is important.

Although in most parts of the literature the Weyl identity does not occur explicitly, it,
however, plays a decisive role in all papers concerned with the classification of isoparametric
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hypersurfaces in spheres. Karcher [12] was the first to prove the classical Weyl identities; in
fact, is the only source mentioning them explicitly. Karcher showed that for g = 3 the Weyl
identities turn each curvature distribution D; into a normed algebra and thus reproved the
results of Cartan in a structural way.

Relation to the Cartan identity. Our first observation is that the Weyl identities imply the
Cartan identity. Before proving this, we recall the Cartan identity

8
14+ Ak
Zm]#, ie{l,...,g},

where we make use of the short-hand notation A; = A;(0). This identity is crucial in Car-
tan’s [2-5] work on isoparametric hypersurfaces in space forms. Using this identity, Cartan
classified isoparametric hypersurfaces of Euclidean spaces and hyperbolic spaces. Cartan in
particular proved that for these cases the number g of distinct principal curvatures is at most
two. However, for the case where the ambient space is a sphere, this identity does not provide
such strong restrictions on g.

Nomizu [23] proved that the Cartan identity is equivalent to the minimality of the focal
submanifolds. Indeed, by (3) we obtain

I Y, A
trace(Ag,|,) = ij cot(¥j — 6;) = Zm, T—
i Aj

j=1
J#i gt

We now prove that the Weyl identities imply the Cartan identity.

Lemma 3.9 The Weyl identities imply the Cartan identity.

Proof Denote by (fi);_; an go-orthonormal frame of 7'M which consists of eigenvector
fields of Ag. Choosing v; = v; = f; and v; = v; = f; in Corollary 3.4, we get

i alfis fis f7)?

I+ AiA; = 2k:l’)\k#)\j’}ti i = ARG — w0
Hence, we obtain
DRIy o afir fi fi)?
=l Ai—Aj ki (i — A — A (hi — Ag)
B Z 14 A
k=1, A £A; Ai = A

where we denote by ik,j the sum over those j, k € {1,..., g} with Ax # A; # X; # Ag.
Consequently, we get

8 n
14+ A 14 A4
mjil J — 71 J :O’
Z = 2 A — A
j=L1j#i ’ J=LAj# ’

i.e., the Cartan identity. O

Clearly, the Cartan identity is weaker than the Weyl identity.
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Relation to the isospectral families L (s). The classification of the isospectral families L (s)
at one focal manifold is the central step for the classification of isoparametric hypersurfaces
in spheres with (g, m) = (6, 1)—also see Sect. 4.1. Next we show that the Weyl identities
encode the isospectrality of L(s).

Letp € M;.Itis well known, see, e.g., [17], that M ; may be identified with @®;; D; (q)
forany g € ng '@). Consequently, the normal space v M ; of M at p is spanned by vy, (p)
and a basis of D (p). Recall that for each choice of pairs of orthogonal vectors vy, v2 € vzM;
one gets a isospectral family L(s) = cos(s)A,, + sin(s)A,,. We observe that the condition
that L(s) is isospectral partially encodes the Weyl identity and higher covariant derivatives
thereof. In the following theorem we shall make this statement more precise in the case
(g, m) = (6, 1) only.

Theorem 3.10 Letr (g, m) = (6,1) and e; € D; be unit vector fields. Furthermore, let
D € Mgand p € Fejl(ﬁ). Denote by Lo and L1 the shape operator of Me at p € Mg with
respect to vy, (p) and ec(p), respectively. The isospectrality of L(s) = cos(s)Lo + sin(s) L1
is equivalent to the classical Weyl identity with (i, j) = (3, 6) and the first four covariant
derivatives with respect to e¢ € Dg thereof.

Proof Weonly give a sketch of the proof. First, we verify Lo = Diag(+/3, %, 0, — % ,—V3)
and
0 \/gotlzﬁ %0{136 \/gaus V2ais6
\/galzs 0 ﬁazw 4“246 \/gazw
L= %alw %a236 0 \%60!346 %0856 , 6)

2 V2 1 2
\/;Ol146 3 %246 50346 0 \/;05456
2 1 2
V2ais6 \/;azss 5 %356 \/;a456 0

where o; jx = ajp(e;,ej,ex) fora p € Fezl(ﬁ). Substitute these results into the minimal
polynomial equation for L(s). A tedious but straightforward calculation shows that the ideal
generated by the resulting equations coincides with the ideal generated by the classical Weyl
identity with (i, j) = (3, 6) and the first four covariant derivatives with respect to eg € Dg
thereof. O

Advantages of the invariant Weyl identity. We shall now describe the advantages of the
invariant Weyl identity deduced in the previous paragraph compared to the classical Weyl
identities.

The discussion above, in particular Theorem 3.10, highlights what important role the
higher covariant derivatives of the Weyl identities play in the classification. Since the classical
Weyl identities depend on several indices, i.e., i and j, taking higher covariant derivatives
of these identities would lead to a plethora of different cases. By contrast, in terms of the
invariants g, -, and B ® B! it is entirely possible to consider higher covariant derivatives
since the Weyl identities are condensed in a single tensor identity.

In order to prove homogeneity of isoparametric hypersurfaces with g = 6, one needs to
analyze the interaction of the isospectral families that show up at different focal subman-
ifolds (on the same normal great circle of M")—see also Sect. 4.1 for more details. The
invariant Weyl identity contains all the information of isospectral families at different focal
submanifolds!
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For g = 3 the Weyl identities turn each curvature distribution D; into a normed algebra
[12]. An interesting question is if, as for g = 3, there exists a geometric structure for g = 6
captured by the Weyl identities. The existing examples suggest a geometry closely related to
Ga. This approach might lead to a viable strategy for completing classification.

Another open question is whether for g = 4 the Weyl identity reflects parts of the Clifford
algebra structure, which is the central underlying structure in this case.

3.3 Symmetry identities

Throughout this section p shall denote a fixed point of the manifold M.
Let? € R and k € N be given. The parallel surface map given by

Fi(p) = Fi0-0(p) = Fag,—1(p)

maps the submanifold F; (M) C S"*! onto itself and flips the sign of v,. Hence, there exist
diffeomorphisms t; : M — M such that

Froty = Fag—r and vyg(p) = —Voge—tp VP € M.

Clearly, the maps tx : M — M are reflections in the focal submanifolds, and in particular
involutions.

Lemma 3.11 For j € {1,..., g}, the map tj : M — M is an isometry of (M, g). Further-
more, the differences 0 j — 0y generate a discrete cyclic subgroup in R/Zm and the involutions
7;,1 < j < g, are the reflections in the dihedral group Dy = (‘L’], ‘L'g> C Diff(M).

Proof The very definition of t; immediately implies e—2i0; I:“O(p) = ﬁgg}. (p) = ﬁo(‘[j(p)).
Consequently, e =% d Fy Y = d Fopr, (»)dj,Y . Thus, we get

8Ip(X,Y) = 8jr;(p (dTjip X, dTj)pY).

]
In the next theorem we prove the identities which we call symmetry identities.
Theorem 3.12 For j € {l,...,gland pe M
ap(X. Y, Z) = —aj; () (dj)p X, dTjp Y. dvj)p 2),
or, for short, (tj)sa = —a. Furthermore, the higher covariant derivatives of a transform

exactly as a does under tj, i.e., Vie = —(tj)*Viotfor alli > 0.

Proof By Theorem 2.14 and Fyotj = Fpp; we have

20;
Ip

20;
= (dF0|r,,~<p>de|pX» dFopz;(pdTip (VY "Aze_,-) Z>S,,+,

26
= 80i7;(p) (dfj\pX’ dtjip (VY '/A20i) Z) :

The identities Fpot; = F29j and vgot; = —V2g; imply

(X, Y, Z) =« , (X,Y, Z)

Aojr;(pdTjipX1 = —dtj)pAzg; p X1
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for all p € M and for all X| € T, M. Moreover, the first identity also implies that 7; :
(M, g29;) = (M, go) is an isometry. Thus, we get

0 20;
80/ (p) (dfjlea dzjip (Vy" (A20,Z) = Asg; V! Z))

0 0
~80/%,(p) (df.an, (Vdrﬂpy (Aodz)ipZ) — Aonr,-lpydf.an))
= —aj;(p) (dTj1pX, dTjjpY, dz))pZ)

and thus the first claim. From this the second claim is immediate. ]

Remark 3.13 (1) Note that the symmetry identities relate «, to g, where p and g are
different points of M. This means that in contrast to the Weyl identities, the symmetry
identities are not pointwise identities.

(2) In Section 4, Lemma 4.1 in [17] Miyaoka states some identities, which she refers to as
‘global symmetry’, and which were deduced by her in [13]. These identities are presum-
ably equivalent to the symmetry identities. However, the author does not understand the
proof of the ‘global identities’ in [13].

4 A geometric interpretation of homogeneity

In this section we prove that homogeneity of isoparametric hypersurfaces with g = 6 is
equivalent to a geometric property of the Lagrangian submanifold in the complex quadric.
We hope that a detailed study of the geometry of the Lagrangian submanifold finally will
lead to a geometric classification of isoparametric hypersurfaces in spheres with g = 6.

This section is structured as follows: In the first subsection we recall what is known for
the case g = 6; in the second subsection we determine « for the homogeneous examples
with g = 6. Finally, in the third subsection, we give several equivalent formulations of
homogeneity of isoparametric hypersurfaces with g = 6.

4.1 Isoparametric hypersurfaces with g = 6

In this subsection we summarize the known results for isoparametric hypersurfaces in spheres
with g = 6.

For the case of isoparametric hypersurfaces in spheres with g = 6, all multiplicities
coincide and are given either by m = 1 or by m = 2 [1]. Furthermore, exactly two examples
with ¢ = 6 are known, both of which are homogeneous. They are given as orbits of the
isotropy representation of G»/SO(4) or as orbits in the unit sphere S'3 of the Lie algebra g,
of the adjoint representation of the Lie group G, and have multiplicities m = 1 and m = 2,
respectively. The following conjecture is due to Dorfmeister and Neher and is believed to be
true.

Conjecture ([9]) Each maximal isoparametric hypersurface with g = 6 principal curvatures
is homogeneous.

Dorfmeister and Neher proved this conjecture in the affirmative for the case m = 1. Since
homogeneous isoparametric hypersurfaces in spheres were classified by Takagi and Taka-
hashi [30], this provides a classification of isoparametric hypersurfaces with (g, m) = (6, 1).
Similarly, proving that isoparametric hypersurfaces with (g, m) = (6, 2) are homogeneous
would yield a classification of such hypersurfaces. Note that the case m = 2 is not classified

@ Springer



448 Ann Glob Anal Geom (2017) 52:425-456

yet, see the appendix of this paper. Therefore, proving the above conjecture still remains the
goal for isoparametric hypersurfaces with (g, m) = (6, 2).

Below we explain the approach by Dorfmeister and Neher for the case m = 1. The starting
point of their work is the following algebraic description of isoparametric hypersurfaces in
spheres which is due to Miinzner.

Theorem 4.1 ([20])

(a) Let M C S"™*! be an isoparametric hypersurface with g distinct eigenvalues. Then there
exists a homogeneous polynomial F : R"72 — R of degree g and positive integers m
and my such that
M is an open submanifold of a level surface

M; =S"T' N FT @)
forat € (—1,1), and the identities

(gradF (x), gradF (x)) = g*(x, x)¢",
AF(x) = 3(my —mp)g?(x, x)¥/27!

and n = §(my 4+ my) are satisfied.
(b) Conversely, for each homogeneous polynomial F of degree g satisfying the three identities
in a), the level surfaces My, t € (—1, 1), are isoparametric.

For the case of isoparametric hypersurfaces with (g, m) = (6, 1), Dorfmeister and Neher
proved that there exists—up to isomorphism—only one isoparametric polynomial in R®. The
central step in their proof is a partial classification of the so-called E-families. Dorfmeister
and Neher provided homogeneity by showing that only one of the explicit examples of E-
families is associated with an isoparametric hypersurface in a sphere.

In [27] the author gave a simplified proof of the theorem of Dorfmeister and Neher. The
central step in [27] consists in classifying the isospectral families at one focal submanifold,
which can be shown to be equivalent to classifying the E-families introduced in [9]. Below
we reformulate the essential insights from [9] and [27] in terms of the isospectral families,
since we use this notation throughout this paper.

The homogeneity of isoparametric hypersurfaces with g = 6 is equivalent to the property
that the kernels of the isospectral families L(s) are independent of s [9,17]. Although requir-
ing the family L(s) have eigenvalues #+/3, +1/+/3, and 0, all with the same multiplicity n,
is a very restrictive condition on the symmetric real 5m x Sm-matrices A,, and A,,, so far no
one has yet succeeded in classifying such matrices for m > 2. Examples of such matrices are
provided by the irreducible representations of SU(2). Among these examples one finds cases
where the kernel of L(s) is not constant when varying s. To prove homogeneity of isopara-
metric hypersurfaces with g = 6, it thus does not suffice to study the properties of just one
isospectral family. One also needs to analyze the interaction of the isospectral families that
show up at different focal submanifolds (on the same normal great circle of M).

Miyaoka also worked on the classification of isoparametric hypersurfaces with g = 6.
Her work on the case (g, m) = (6, 1) is contained in [15] and the corresponding erratum
[18]. However, there is still a crucial gap in the erratum [18]—see [27] for details.

Miyaoka’s work on the case (g, m) = (6, 2) is contained in [17] and the corresponding
erratum [19]. However, there is also a crucial gap in the erratum [19]—see Appendix of the
present paper.
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4.2 Calculation of o for the homogeneous examples with g = 6

In the case g = 6 only two examples are known, both of which are homogeneous. They are
given as orbits of the isotropy representation of G>/SO(4) or the compact real Lie group G»,
respectively. In both cases all six principal curvatures coincide and are given by m = 1 and
m = 2, respectively.

For both of the homogeneous examples Miyaoka [14,16] calculated the Christoffel sym-
bols

Ay =0 (V35 1)

where (fn)gﬁl is a go-orthonormal frame with fiiex € D; fori € {1,---,6} and k =
0,---,m — 1. In what follows we use these results to determine « for the homogeneous
examples.

From Ag f; = A;(0) f; we obtain
(VR A0) fi = (1:(0) — A9)Vy fi,
where X € I'(T M) and the index 7 in A; (0) is interpreted to be cyclic of order 6. Thus, for
Jj # k we get
Af ;= j(0) = O a(fis £ fi)-
Instead of calculating a(f;, fj, fx) we determine a(e;, e;, ex), where (ei)?ﬂl denotes the g-

orthonormal basis with ¢; € D;, which is associated with the gg-orthonormal basis ( f,-)f?zl.
In other words,

ei = v2(1 + (A (0)H 7 fi,

fori € {1,...,6m}.
Substituting the Christoffel symbols [14] into the above equation we obtain the following
lemma.

Lemma 4.2 For the homogeneous isoparametric hypersurfaces with (g, m) = (6, 1) the
components «; j ‘= a(e;, e;, ex) are given by

3 3 3
(123 = 0345 = Q156 =1/ 5, 0246 = —/ 3, 0135 = —24/ 3.

All other o ji withi < j < k vanish.

Next we consider the case (g, m) = (6,2). Following Miyaoka, we use the notation
7:‘ ‘= fe+i, i € {1, ..., 6}. Furthermore, an entry ¢; of o will be denoted by an index i, e.g.,
afey, es, eg) is denoted by g 5. Clearly, f; and ?i constitute an orthonormal basis of the
two-dimensional distribution D;.

Remark 4.3 Note, that the above choice of f; and f; is not canonical. This freedom in the
choice of the basis is one of the reasons why computer computations, which aim to determine

the possible «, fail until today.

Substituting the Christoffel symbols [16] into the above equation we obtain the following
lemma.
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Lemma 4.4 For the homogeneous isoparametric hypersurfaces with (g, m) = (6,2) the
components o; j ‘= a(e;, ej, ex) are given by

_ 3 0 —y - — e — /3 o3 o . g = /3
¥56= "V 2 “156—0‘156—“156—\/; ¥d6 = \fz 46 = %46 = %46 =V 2

o 3 e — _n [3
“135—2\ﬁ’ ¥135 = %35 = 9135~ 2\/;

All other aj ji withi < j < k vanish.

‘We used the above results to guess equivalent formulations for homogeneity. The following
subsection contains our results of this procedure.

4.3 Equivalent formulations of homogeneity

In this subsection we provide several equivalent formulations of homogeneity. Throughout
this subsectionlet X, Y, Z e '(TM) and i € {1, 2, 3}.
For proving an extended version of Theorem B we need two preparatory lemmas.

Lemma 4.5 Let g = 6. Foreachi € {1, ..., 6} the identity
R (mi X, mis3Y, mig3Y, m; X) = § trace (o (m; X, 7wi43Y, %)
holds, the index of the projections is interpreted to be cyclic of order 6.

Proof An easy calculation yields (8 ® & +b @ b)(w; X, wi43Y, mi43Y, m; X) = 0, and thus,
the claim follows from Proposition 3.1. O

Lemma 4.6 Let j € {1, ..., 6}. For each vector field Z € T'(T M) introduce the vector field
Z = T[Dj@D/Jr}Z' The direct sum D © D3 is integrable if and only if

2\ v 2\ v

(VeB3 ) ¥ - (VyB3) X =0 7
holds forall X,Y € T(TM).
Proof By Sect. 2.4 we obtain

_ 1 2 4
nDjGBDj+3 3 (]l T BE)./' + Bo.i) ’

for j € {1, ..., 6}. Hence, using Bg]_ = 1 we get the identity (ng — )Y = 0 and thus

(VB3 ) ¥ = (1-B3) Vgl

By interchanging the roles of X and Y and subtracting the resulting equation from the
preceding equation we obtain

2\y 2\ v 2 v v 2 Y %
(ViB3)Y = (Vi B3)X = (1= B})(V4 ¥ = V%) = (1 - BZ) [X.7].

By definition of B; we get (1 — Bezj)Z = 0ifand only if Z € D; ® D; 3. Combining this
with the previous identity yields the desired result. O

In the next theorem we finally provide several equivalent formulations for homogeneity
of isoparametric hypersurfaces in spheres with g = 6.
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Theorem 4.7 Each of the following statements is equivalent to the homogeneity of isopara-
metric hypersurfaces in spheres with g = 6.

(i) Foreachi € {1,...,6}we have
a(mi X, mip3Y, Z) = 0.
(ii) Fori, j,k e{l,...,6}with j +k +1 % 0 modulo 3 we have
a(@ X, Y, mZ) =0.
(iii) The following identity is satisfied
5
> (—=DaB/X,BY,Z)=0.
j=0
(iv) The following sectional curvatures of (M, &) vanish:
R(]T,'X, 7Tl'+3Y, 7T,'+3Y, JT,'X), i e {l, ey 6} .
(v) For j €{l,...,6}thedirect sum D; @ D3 is integrable.
(vi) The kernel of each linear isospectral family L(s) is independent of s € R.

Proof 1t is well known that the sixth statement is equivalent to the homogeneity of isopara-
metric hypersurfaces in spheres with g = 6 [9,17]. Hence, it is sufficient to prove that the
six statements are equivalent to each other.

e (i) = (ii). Lemma 2.13 implies that a (7 ; X, m; Y, m;Z) # O can only hold if (j, k,[) =
(n,n+2,n+4)or(j,k,1)=m,n+1,n+2),uptoapermutation of n € {1, ..., 6}.
Since in these cases the equation i + j + k = 0 holds modulo 3, the claim is proved.

e (ii) = (i).Choose j =i andk =i + 3 forsomei € {1,...,6}. Then

O{(JT,'X, 7T,‘+3Y, T[[Z) =0
unless [ € {i,i + 3}. For[ € {i, i + 3} the vanishing follows from Lemma 2.13.
e (i) = (iii). Using Lemma 2.19 we get

6 5 5 5 5
ILCRREED 3 L ET IS o) ST
e=1 =0k, j=0 £=0k,j=0

where we made use of the last identity of Lemma 2.17 and 0p3 = 0p + % to obtain the
last equality. By Lemma 2.17 again we obtain

5 5 5 5
1 i pk j 1 j & (j+k)E pk j
w2 2 VB OB =) 2, CVET B @ B,
=0 =0k :

where we introduced & = ¢ 5. Thus, we get

5

5 5
1 i (i4+k)l pk i 1 L .
62 Z Z (=1)/gu™o B /12 ® Bin/lz =5 Z (-1)/B{ ® B,
=0k, j=0

Jj=0
where we made use of Lemma 2.17 to get the last equality. Combined we get

5
Zw@ma - éZ(—l)fo ® B,

=1
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Hence, (i) implies

5 6
N =D aBiX. By Y. 2) =) e/ X, wl,3Y. Z) = 0. (8)
j=0 i=1

e (iii) = (i).Let 1 < k < 6 be given. Substitute X = 7 X and ¥ = mp43Y1, X1, Y1 €
I'(TM),inEq. (8) and use r; o r; = §; j forany i, j € {1, .., 6}.

e (i) < (iv). One direction is immediate from Lemma 4.5 and the other follows from the
fact that « is real.

e (i) = (v). Eq. (7) is equivalent to the statement

8((VgB; )Y — (VyBj)X,Z) =0

forall X, Y, Z € I'(T M). Making use of Lemma 3.6 and the equalities By X =mjX
and By, ;43X = —m ;43X one finds that the preceding equation is equivalent to

(X, By, Y, By, Z) — a(By, X, Y, By, Z) = 0.
This equation is satisfied since
oa((m +7i43) @ (i + i13) ® 1) =0

holds by (ii) and Lemma 2.13.
e (v) = (i). Making again use of the equations BymiX = m;jX and By mwj3X =
—m ;43X one verifies easily that Eq. (7) is equivalent to

a(@iX,mj3Y, Z) —a(mwj3X,m;Y, Z) =0 forall Z e '(TM).

Applying this equation to X = ;X and ¥ = 7;3Y}, for arbitrary Xy, Y1 € ['(T M),
yields the claim.

e (vi) = (i). We firstassume m = 1. In the proof of Theorem 3.10, we described the linear
isospectral family L(s) = cos(s)Lo +sin(s)L1, s € R, of the focal submanifold Fy, for
the case m = 1 in terms of «; j «, see Eq. (6). Clearly, the kernel of L is given by e3 =
(0,0, 1,0, 0)'". Hence, the constancy of the kernel of L(s) implies that the kernel of L is
also given by e3. By (6), this is equivalent to the identity o (73X, 76Y, Z) = 0. Carrying
out analogous considerations for Fyp i jef{l,...,5}), wefinally geta (; X, m;13Y, Z) =
Oforalli € {1,...,6}.

The case m = 2 is proved analogously. Indeed, consider again the linear isospectral family
L(s,t) = cos(s)Lo + sin(s)(cos(t)L| + sin(t)L»), s, t € R, of the focal submanifold
Fy, in terms of «; ; . Here we have
— i 1o 1L _
Lo = Diag(+/3, 7520, =75 V3) @ 1,

02 \/gAlz %AH \/gz‘\u V2Ais

\/gAzl 02 %Aza ‘{TEAM \/gAzs

%AM %@An 02 %A34 %A35

\/gAM §A42 L A4s 02 \/§A4s

NG
V2 As) \/gAsz %Am \/gAM 02

L =
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\/gBlz %313 \/2314 V2 Bis
0z ﬁBB #324 \/2325

B32 02 ﬁBM ﬁlﬁs s

@345
0

2

02
\/2321
LB L
AP %
\/2341 4342 %343 02
V2Bs) \/2352 %353 \/2354

Ly

where

Aij= (afj() ai6> and B;; = (O{f’é alf)
%6 %6 %je %6
As in the case m = 1, the constancy of the kernel of L(s,t) implies the identity
a(m3X, mgY, Z) = 0. Again, the claim is established by carrying out analogous con-
siderations for Fy,, j € {1,...,5}.

e (i) = (vi). Let us first consider the case m = 1. Since «(7; X, 7; 43, Y, Z) = 0 for all

i €{l1,...,6},all entries of the third row (and thus the third column) of L(s) are 0. Thus,
e3 (the third vector of the standard basis in R>) lays in the kernel of L(s) for all s € R.
Since the kernel of L(s) is one-dimensional, the claim is established.
Next, suppose m = 2. Since «(mw; X, wiy3,Y, Z) = O foralli € {1, ..., 6}, all entries
of the fifth and the sixth rows (and thus the fifth and the sixth columns) of L(s, ) are 0.
Thus, es and eg (the fifth and sixth vectors of the standard basis in R19) lay in the kernel
of L(s,t) for all 5,¢t € R. Since the kernel of L(s, t) is two-dimensional, the claim is
established.

[m}

Using the classification of isoparametric hypersurfaces in spheres with g = 6 and m = 1
given by Dorfmeister and Neher [9], we obtain the following corollary.

Corollary 4.8 Assume (g,m) = (6,1). For all i € {1,...,6} the sectional curvatures
R(TL’I‘X, 7T,‘+3Y, 7Ti+3Y, JTiX) =0 Of(M, g) vanish.

Theorem 4.7 establishes a new strategy for proving homogeneity of isoparametric surfaces
in spheres with g = 6: We hope that a detailed study of the geometry of the Lagrangian
submanifold in the complex quadric might be helpful.
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Appendix: A counterexample to Miyaoka’s proof in [17,19]

Let p be a point of a fixed focal submanifold M. Without loss of generality we assume
M, = Mg. Recall from Sect. 3.2.3 that T;M¢ = @?:lDi (p), where p € Fejl(f), and that
the normal space v5Mg of Mg at p is spanned by vy, (p) and a basis of D;(p).

We follow the notation of Miyaoka and let n, = vg,(p) and &, € Dg(p). In Miyaoka
[17] introduced

E(c) = E(p, §p) = span{KerL(z) | t € [0, 27)},

where c(t) = cos(t)n, +sin(?)&, and L(t) = cos(z)A,,p + sin(t)Agp is an isospectral family
of focal shape operators.
In [19] Miyaoka introduced

E = span{E(c) | ¢ geodesic of Le(p)},

where Lg(p) denotes the leaf of Dg through p. Since m = 2, the unit vector &, is of the
form &, = cos(s)es(p) +sin(s)eg, where the vectors eg(p), eg(p) constitute an orthonormal
basis of Dg(p). Consequently, we have

E = span, (KerL(z, ),
where L(t, s) is given by
L(t,s) = cos(t)Anp + sin(t)Acos(s)eﬁ(p)“in(s)eg(p)
= cos(t)A,,p + sin(z)(cos(s) Agg(p) + sin(s)Aeg(p)).

In Proposition 6.2 on page 8 in the erratum [19], Miyaoka claims that if dim E(c) = 4,
then all the shape operators L(z, s) map E onto E=. This statement is not correct, which is
shown by the following counterexample.

Counterexample We give an example of an isoparametric family L(z,s) such that
dim E(¢) = 4 and dim E > 4 but L(z, s) does not map E to E*.

We use the short-hand notation A, = Lo, Aeg(p) = L1 and Ae(p)) = Lo. Furthermore,
let

Lo = diag(v/3,v/3,1/3/3,1/+/3,0,0, =1/3/3, =1/3/3, =v/3, =/3),

0 0 0 0 3v2
0 0 1 0 0
Li=Ll 0o 1T 01 0 |®l,
=%l 0o o1 0 o 2
32 00 0 0
0, 0, 0, 0, —3V2J
1 02 0, —-J 0 0>
L2 = — 0 J 02 —-J 02

NG 02 02 J 02 02
327 0 02 0 02

where J = ((1) Bl ) One verifies easily that L(z,s) = cos(t)Lo + sin(¢)(cos(s)L| +

sin(s)Ly) isisospectral,i.e., the spectrumis given by spec(L(t, s)) = {\/g, 1/\/§, 0, — 1/«/?,
—+/3}, where each eigenvalue occurs with multiplicity 2.
One verifies easily that for given s € R, i.e., a fixed geodesic ¢ in Le(p), the vectors

(0,0, —sin(2s), — cos(2s),0,0,0,1,0,0)",
(0,0, 0,0, sin(s), cos(s), 0,0, 0, 0)"",
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(0,0,0,0, cos(s), —sin(s), 0,0,0,0)",
(0, 0, — cos(2s), sin(2s), 0,0, 1,0, 0, 0)""

constitute a basis of E(c). Hence, we have dim E(c) = 4.
From this we get E = span{es, e4, es, eq, €7, eg}, where ¢; denotes the ith unit vector in
R'0. Furthermore, we obtain L(, s)E ¢ E-L. Note that even LoE ¢ EL.

The preceding counterexample clearly shows that we cannot deduce the identity LoE =
E- as long as we just deal with the linear isospectral family at one fixed focal submanifold.
In order to generate such an identity (which would hold if isoparametric hypersurfaces with
g = 6 and m = 2 are indeed homogeneous) one has to analyze the interaction of the
isospectral families at different focal submanifolds.

Remark 4.9 1In the proof of Proposition 6.2 in [19], Miyaoka considers the linear isospectral
family at one fixed focal submanifold. Furthermore, she brings the ‘global symmetry’ into
play. However, she uses this identity only to prove that a certain subspace W C T5Mg = R10
actually coincides with the orthogonal complement E-+ of E and not to show LoE = E-L.

Finding a successful way to analyze the interaction of the isospectral families at different
focal submanifolds is one of the central problems that have to be solved in order to classify
isoparametric hypersurfaces in spheres with g = 6 and m = 2.
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