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RIGIDITY OF PROPER HOLOMORPHIC MAPS
BETWEEN SYMMETRIC DOMAINS

I-HSUN TSAI

In 1973 Mostow [21] proved a strong rigidity theorem to the effect that
for compact Riemannian locally symmetric spaces of negative Ricci cur-
vature the fundamental groups essentially determine the geometry (with
obvious exceptions). Four years later, Margulis’s Superrigidity Theorem
gave as a consequence that for irreducible Riemannian locally symmet-
ric spaces X and Y of negative Ricci curvature and finite volume, any
“nondegenerate” continuous map f: X — Y is homotopic to an isomet-
ric immersion (up to normalizing constants), provided that X is of rank
> 2. In the last decade much work has been done in connection with
the above rigidity theorems of Mostow and Margulis, e.g., [3], [4], [5], [6],
[10], [19], etc. In 1978 Siu studied the strong rigidity of Kahler structures
of compact quotients of bounded symmetric domains and obtained

Theorem 1 [24], [25]). Let M be a compact quotient of an irreducible
bounded symmetric domain of complex dimension > 2. Suppose that X
is a compact Kdhler manifold homotopic to M. Then X is either biholo-
morphic or conjugate-biholomorphic to M .

Siu’s theorem covers the Hermitian case of Mostow’s strong rigidity the-
orem for the reasons that any two compact K(n, 1)-spaces with isomor-
phic 160fundamental groups are homotopic and that any biholomorphism
between Hermitian (locally) symmetric spaces of noncompact type is nec-
essarily an isometry (up to normalizing constants). In connection with
this, it is natural to study the rigidity problem for holomorphic mappings
between Hermitian locally symmetric spaces of noncompact type. Indeed
the following theorem was established by Mok in the compact case and
by Mok and To in the finite-volume case as a consequence of their metric
rigidity theorems.

Theorem 2 [16], [26]. Let (X, g) be a Hermitian locally symmet-
ric space of finite volume uniformized by an irreducible bounded symmet-
ric domain Q of rank > 2. Suppose (Y, h) is any Hermitian locally
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symmetric space of noncompact type. Then any (nonconstant) holomorphic
map is necessarily a totally geodesic isometric immersion (up to normaliz-
ing constants).

In contrast with the consequence of the Superrigidity Theorem of Mar-
gulis as stated previously the result of Mok and To tells us that the holo-
morphic map f is already an (totally geodesic) isometric representative
in its homotopy class.

In this article we are interested in the rigidity problem for holomor-
phic maps between bounded symmetric domains. We prove the following
theorem which resolves a conjecture of Mok [18].

Main Theorem. Let (Q,, g,) and (Q,, g,) be bounded symmetric
domains. Suppose that Q, is irreducible and rank(Q,) > rank(Q,) > 2.
Then any proper holomorphic map f: Q, — Q, is necessarily a totally
geodesic isometric embedding (up to normalizing constants).

When Q, = Q, , our Main Theorem was proved by Henkin and Novikov
[12] by using results of Bell [1], Tumanov and Henkin [28]. Namely any
proper holomorphic self-map f: Q — Q on an irreducible bounded sym-
metric domain of rank > 2 is an automorphism. For further connection
with the subject, proper holomorphic mappings in complex analysis, we
refer readers to recent (survey) articles by Bell [2] and Forstneri¢ [8].

In the Main Theorem the condition that rank(,) > rank(€2,) is in-
dispensible as we can see from the following example. Consider a holo-
morphic map f: DI(2 ,2) — DI(3 , 3) induced by the map which sends
2 x 2 matrices B = (z;;),; ;< t0 3 x 3 matrices B = (Zk)i<k,1<3 10
such a way that 2=z for 1<i,j<2, 23=2;;=0for 1 <i<2
and Z,; = g for a holomorphic function g defined on DI(2, 2) such that
|g] < 1. Then clearly we can choose g so that f is proper but not to-
tally geodesic. The condition excluding rank-one situation is also needed
as there exist proper polynomial maps f: B" — BY for N > 2n - 1,
which are not totally geodesic, e.g., the map f: B" — B! defined by
f(zl, cee Zn)= (zl’ cee, Zn—l’ zlzn’ cee ann).

We remark that in previous rigidity theorems one usually requires the
condition of compactness or finite volume imposed either on domain-
manifolds or on both domain-manifolds and target-manifolds. Our result
throws some light on problem of extending rigidity theorems for holomor-
phic maps to the situation where the finite-volume condition is relaxed. In
this direction Mok conjectured that the statement of Theorem 2 remains
true when the finite-volume condition on X is replaced by the weaker con-
dition that the fundamental group =,(X) acts ergodically on the Shilov
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boundary of Q. The case where rank(X) = rank(Y) has been observed
by Mok, based on the proof of the Main Theorem of the present article.
The idea is to consider the lifted map F between their respective universal
coverings and to consider nontangential limits on the Shilov boundary. It
is, however, not known how to extend this result to the general situation.

In the rest of this introduction we shall present an outline of our proof
of the Main Theorem. Our idea is heavily based on the framework of [16]
and [20]. There are usually two main difficulties for proving this type of
theorem: analytical on the one hand and geometrical on the other. Lack
of boundary regularity usually presents a serious analytical difficulty. In
[20] this problem was overcome by passing to a moduli map ﬂ (which
is defined between moduli spaces of certain Hermitian symmetric sub-
manifolds; see below). In the proof of the Main Theorem, the (partial)
regularity of f can be thus obtained as in [20]. The genuine difficulty
that we encounter here comes from the geometrical side, i.e., the prob-
lem of proving that f is totally geodesic. Our proof contains two main
steps after reduction to the case where Q, = D;V (rankD;V = 2) and
rank(Q,) = 2. The first step is to prove that f cannot be infinitesimally
of rank 1, i.e., to prove that there exists a point p such that df (7}7(01))
is not the tangent space of a totally geodesic three-ball. This step is con-
nected with the work of [31] and [16]. In the second step, given that f is
infinitesimally of rank two (meaning that df( T,(R,)) is the tangent space
of a symmetric submanifold of rank two for generic p), we prove an inte-
grability theorem for some distribution induced by f . This leads us to the
notion of invariantly geodesic submanifolds. We remark that the notion of
such manifolds is already implicitly used in [20]. A new ingredient in the
present article is to exploit the geometrical/algebraic aspect of invariantly
geodesic submanifolds, on which the integrability theorem is based. We
now explain our approach as follows. Fix an irreducible bounded symmet-
ric domain Q = G,,/K of rankr > 2, and denote its compact dual by X .
In Q there are distinguished 1-dimensional totally geodesic submanifolds
called minimal disks A. The compact dual P' of A, embedded in X,
generates H,(X, Z) as a homology class, and is called a minimal rational
curve of X . Denote by .# the set of all those minimal disks containing
the origin o of Q. Each minimal disk A € .# defines an element [7;,(A)]
in PT,(Q), and the union of all such elements is in fact the characteris-
tic variety . (Q) of Q as initially defined by Mok [16]. There are also
distinguished totally geodesic submanifolds M of higher dimension and
rank(M) = r — 1, called maximal characteristic symmetric subspaces by
[20]. To each M containing o there corresponds a minimal disk A such
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that A x M embeds in Q totally geodesically, and the union of all such
A x M ’s exhausts Q. Moreover, for each b € A, b x M is contained in
0Q and is in fact a “boundary component” of Q (cf. [30]). The nullity
of Q is defined to be the dimension of M .

As in [20] we consider radial limits of submanifolds {t} xM CAxM C
Q, as t — 0A, and then use the boundary structure of Q, to show that
each boundary component of Q, is mapped into a boundary component
of Q,. As a consequence of the maximum principle, we obtain a moduli

map ﬂ which is defined from the moduli space .#, for characteristic
symmetric subspaces of Q, to the moduli space .#, for corresponding
characteristic symmetric subspaces of 2,. By an induction argument it
suffices for the proof of the Main Theorem to consider the case where
both Q, and Q, are irreducible and of rank two. Since any irreducible
bounded symmetric domain of rank at least two can be exhausted by totally
geodesic submanifolds isomorphic to a Type-IV domain D of dimension
three (which is biholomorphic to the Siegel upper half-plane for symmet-
ric two-by-two matrices), we need only consider the case 2, = D. Since
both domains are of rank two and D is known to be of nullity one, from
the moduli map f! just defined (#, = {minimal disks}, .#, = {rank-one
characteristic symmetric submanifold}) we conclude that f is character-
istic, namely, df(%,(D)) C 5”f(p)(92) for generic points p.

We remark that minimal disks as introduced previously coincide with
extremal disks in the sense considered by L. Lempert [13] who, in a dif-
ferent context, proved some boundary regularity results of biholomorphic
mappings with extremal disks [14]. In a similar vein the notion of moduli
maps was considered by J. Faran [7] where the linearity of proper holo-
morphic maps between balls in the low codimension case was proved.

To exploit the preceding infinitesimal information we have first of all
that the characteristic subvariety of D is a rational curve of degree two
in PT,(D). Define & to be the set of rational curves of degree two in
F(Q,). Z has two types of curves. Every curve of the first type is
contained in the projectivized tangent space of a totally geodesic rank-one
submanifold B*. If df sends %(D) onto a curve of the first type for

generic points p, then f(D) is tangent to such a B’ at f(p). In this
situation f is said to be infinitesimally of rank one.

When €, is of nullity one, the Main Theorem can be deduced from
the fact that minimal disks of D are mapped to minimal disks of Q, .
Q, is of nullity one exactly when it is a Type-IV domain (i.e., a bounded
symmetric domain dual to the hyperquadric).
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Our proof of the Main Theorem contains two essential steps. First we
show that f is not infinitesimally of rank one, and then that f maps D
into some Type-IV domain to finish the proof.

An evidence eliminating the case where f is infinitesimally of rank
one is suggested by the argument of P. Yang [31] or N. Mok [16], which
says that a polydisk cannot support a complete Kihler metric of curvature
pinched between negative constants. For this approach to work one would
try to prove the boundary regularity of f and to do some curvature es-
timates. The present proof uses a different approach. We first show that
f:Q, — Q, has a rational extension fi X , — X, between respective
compact duals of Q, and €,, and then prove that the condition that f
is infinitesimally of rank one cannot hold at a boundary point of Q, at
which f is regular. The idea of the proof involves the analysis of the
boundary structure for irreducible bounded symmetric domains of rank
two.

To show that f maps D into some type-IV domain Q' we try to prove
an integrability theorem for a distribution induced by f. The present
proof uses the affine structure of the Harish-Chandra realization together
with the fact that characteristic varieties of a bounded symmetric domain
Q are parallel with respect to the Euclidean coordinates of Q, and is
achieved via the notion of invariantly geodesic submanifolds. In order to
exploit the Euclidean coordinates of Q, we will actually show that f(D)
is contained in some distinguished subdomain Q’z which is not only affine-
linear in €2, , but is such that the transform of Q’2 by any automorphism
of Q, remains affine-linear. Such a domain Q) corresponds to the in-
tersection of Q, and some Hermitian symmetric submanifold M of X
(X denoting the compact dual of ,) with the property that M is totally
geodesic with respect to any canonical metric of X . These distinguished
submanifolds M and Q’2 will be called invariantly geodesic submanifolds.
Another characteristic of the subdomain 9'2 is the complex analyticity of
its orbit space under the isotropy subgroup K of Q,. Namely a totally
geodesic subdomain 9'2 is invariantly geodesic if (and only if) the set of its
K-orbits naturally inherits a complex structure. We classify all invariantly
geodesic submanifolds and prove that for any irreducible rank-two Hermi-
tian symmetric manifold there exists an invariantly geodesic submanifold
isomorphic to a hyperquadric. From the fact that f is characteristic and
that f is not infinitesimally of rank one we prove that f(D) is tangent
at generic points p to a unique invariantly geodesic hyperquadric g, to
the second order. Then we show that the preceding results of the order of
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contact and of the uniqueness are sufficient for the distribution p — T'( Qp)
to be integrable. Thus f(D) is contained in an invariantly geodesic hy-
perquadric and hence in its dual domain Q’2 C Q, . Since the special case
where D and Q'z are Type-IV domains has been treated already, the Main
Theorem follows.

1. Preliminaries

We set up notation and review some results of [20].

Let X, = G,/K be an irreducible Hermitian symmetric space of non-
compact type of rank r > 2, and X = G/P = G,/K be its compact
dual. The Lie algebra g, of G, has a Cartan decomposition g, = €+ m,
with respect to ¢. Complexifying m, gives m = mg ~m"eom so
that m* is identified with TI’O(XO). The Harish-Chandra embedding
X, € mt~C" c X, realizes X, as a bounded symmetric domain Q. Set
P~ =exp(m™) and the complex Lie group K € ¢ G to be the complexifi-
cation of K.

In Q (= X,) there are distinguished 1-dimensional totally geodesic

submanifolds called minimal disks A. The compact dual P! of A, which
embeds in X, is homologically a generator of H,(X, Z), and is called
a minimal rational curve of X . By the first canonical embedding of X
into some complex projective space i [22], minimal rational curves are
mapped to projective lines in P N . To each minimal disk A in Q, there
corresponds an irreducible symmetric submanifold Q,  of rankr — 1
such that A x Q,  with canonical metric embeds in Q as a totally
geodesic submamfold Moreover, b x Q, is a boundary component
of Q for every b € dA (cf. [30]). These Q ’s are called maximal
characteristic symmetric subspaces of Q by [20] and all intermediate
characteristic symmetric subspaces Q, of Q, 1 < i < r—2, can be
obtained from Q A, ’s inductively. '

Let f:Q, — Q, be a proper holomorphic map between irreducible
bounded symmetric domains of rank > 2. By regarding f]| axQ, as
a family of bounded holomorphic functions defined on Q, and using

the existence of radial limits for this family we showed the followmg in
Proposition 2.2 and Proposition 2.3 of [20]:
Proposition 1.1. In the notation as above, let Q, be a characteristic

symmetric subspace of Q,. Then f(Q, ) is contamed in some character-
istic symmetric subspace of Q, .
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We assume now that rank(€2,) > rank(Q,) . By Proposition 1.1 and in-
duction any characteristic symmetric subspace of rank 2 must be mapped
into some characteristic symmetric subspace of rank < 2. It is well known
that there is no proper holomorphic map from bounded symmetric do-
mains of higher rank into balls; we have thus shown

Proposition 1.2. Let f:Q, — Q, be a proper holomorphic map be-
tween irreducible bounded symmetric domains with rank(Q,) > rank(Q,) >
2. Then rank(Q,) = rank(Q,).

To state the next result we need to discuss characteristic varieties of
Hermitian symmetric spaces as initially defined by [16]. Let o be the
origin of Q. The characteristic variety at o is a subset of P7, () defined
to be

F(Q) = U [T,(A)] (A’s are minimal disks).
0€EA
Fix [a] of & () and assume that ||a|| = 1. Then one has an orthogonal
decomposition of 7,(€2) with respect to a [16].

T,(Q) =CadZ &/,

such that .

Rasp=73
for any unit vector g € #, and

R__-=0

aayy

for any y € #, . The dimension of .7, is defined to be the nullity of Q.
The point is that #, can be naturally identified with 7;,,(5(Q)) by [16].
Moreover, %, () is a compact Hermitian symmetric space of rank 2, and
the inclusion map &, (Q) — PT,(Q) is identified with the first canonical
embedding of . (Q) except for Q = Dm(n ,n), n>2 (in which case
the inclusion & (Q) — PT, (Q) is identified with the second canonical
embedding). For more detail about &~ (Q) we refer readers to [16], [17]
and [18].

We now restrict ourselves to the case where rank(Q,) = rank(€2,) = 2.
In this situation the only nontrivial characteristic symmetric subspaces
of Q, and Q, are isomorphic to balls. Fix a characteristic symmetric
subspace B" of Q, and a vector a (# 0) € T,(B"). The disk Can
B" = Can Q, is minimal in B", hence minimal in Q,. We thus have
PT(B") c #(Q,). Conversely given [B] € .#(Q,) by the transitivity
of the K-action on 7 (Q), Q, NCA is contained in some characteristic
symmetric subspace B”. As a consequence, by Proposition 1.2 we have

R

aaaa



130 I-HSUN TSAI

Proposition 1.3. In the notation of Proposition 1.2, assume that f has
maximal rank at p € Q, . Then the image of #,(Q,) by the induced map
[dfp]: PT,(,) — ]P‘Tf(p)(Qz) is contained in S”f(p)(Qz).

This proposition motivates the following.

Definition 1.4. Let U be an open subset of Q,,and f: U — Q, a
nondegenerate holomorphic map. Then f is said to be a characteristic
map if, at generic point p, d j;,(a) is a characteristic vector of Q, for any
characteristic vector a € T,(Q)).

2. The case where Q, and €2, are Type-IV domains

In this section we will prove the Main Theorem in the case where €,
and Q, are Type-IV domains; the general case will be reduced to this case
(85).

Recall that a hyperquadric Q" is isomorphic to a hypersurface of P
defined by

n+1

(Zy, Z,, -+ Z,,) P 224+ Z} ... 4+ 22, =0},

n+1

and a Type-IV domain Df,v is the noncompact dual of Q". We are going
to prove the main result of this section.

Proposition 2.1. Suppose f: (D;v , &) — (Div, h), n >3, is a proper
holomorphic map. Then f is a totally geodesic isometric embedding (up
to scaling constants).

Our proof uses the following lemma which says essentially that f is in
fact “algebraic.”

Lemma 2.2. Let f: Q, — Q, be a proper holomorphic map between
irreducible bounded symmetric domains of rank > 2. Suppose that each
minimal disk of Q, is mapped into a minimal disk of Q,. Then f extends
rationally from X, to X,, where X, ’s are compact dualsof Q,’s (i =1, 2)
~ respectively.

Proof of Lemma 2.2. The proof follows Proposition 2.10 of [20]. First
observe that

(%) f)=[)f(&)  (A’sare minimal).

Adp
By using the condition that minimal disks are mapped to minimal disks,
we first arrive at a rational extension f‘ between moduli spaces of min-
imal rational curves (by the pseudoconcavity of moduli spaces). Then
by regarding a point as an intersection of minimal rational curves using
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(x) we get from f ' down to a rational extension f:x , — X, over base
manifolds. For more detail we refer readers to [20]. q.e.d.

We are ready to give a proof of Proposition 2.1.

Proof of Proposition 2.1.  Since nontrivial characteristic symmetric sub-
spaces of D;V are minimal disks, the condition of Proposition 2.2 is sat-
isfied in view of Proposition 1.1. Hence the previous lemma shows that
f: D;V — Df,v is algebraic. Write f: X , — X, for the rational exten-
sion between compact duals of D;V and D;V . We claim that there exists
a minimal rational curve /7 of X,, such that f|, is a biholomorphism
onto its image.

Let D be the indeterminancy of f, which is of codimension > 2,
and R be the subvariety where df is degenerate in X,\D. Choose a
point g € Dflv such that f - (g) consists of finitely many points and that
f ! (g)NR = . Since there are only finitely many minimal rational curves
connecting any two points of f _l(q) , one can find a minimal rational
curve Z such that Z contains just one point of f -1 (q9) and / ﬁD;I,V #Q.
It follows that f] , 1s one-to-one. Since A , 1s still minimal, it is then
a biholomorphism, proving the claim. As a consequence, there exists a
minimal disk D of ng such that f|, is biholomorphic onto its image
for all minimal disks D’s sufficiently close to D.

Now we are going to show that f is actually a totally geodesic isometric
embedding. Fix a minimal disk D, such that f|, is a biholomorphism.
From §1 one knows that there exists a maximal characteristic symmetric
subspace Q, of D;v (which is also a minimal disk in this case) such that
D_xQ, embeds as a totally geodesic submanifold of D;v . Moreover, we
have T (Q,) =.#, (Proposition 1.8 of [20]). By using the Harish-Chandra
embedding we can write

Q =C,nDy, 0#geT,(Q)=14,.

Denote by g and & the canonical, normalized metrics for D;V and D;V
respectively. We know that the induced metrics on minimal disks are
Poincaré metrics. By our assumption on f it follows from the Schwarz
lemma that f|,,, is an isometry for every [D_/] sufficiently close to D, .

Let (z,, zz,az3) stand for the Euclidean coordinates with (0, 0, 0)
being the origin and

0 7]
6_21(0) =a€ TO(Da) and 6_22(0) =d(.

Note that (z,, z,, z;) is also a complex geodesic coordinate system of
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(D5, g) at the origin; i.e.,

08;;

_ i k<s.
aZk(o) 0 for1<i,j, k<3

We assume that df has maximal rank at o. At o computing the holo-
morphic bisectional curvature spanned by a and g with respect to the
locally defined metric f*(k), denoted also by % for simplicity, yields

Oy wwOh; Oh;

"“qq(h)(o) 6228?2 h 822 622

1<u,v<3
Since f],,, is biholomorphic for any D, nearto D_, the first term in the
above expression vanishes as /™ (k)|, , is the (unique) Poincaré metric on
D . Moreover h is seminegatively curved; it follows that
Oh,_
—p)=0 forl<v<3.
0z,
Since we have used complex geodesic coordinates at o, thus

v, hz(0)=0 forl<wv<3,

where V is the covariant differentiation with respect to g . By a polariza-
tion argument as in [16], we have VA = 0 almost everywhere, and hence
h = g upon normalization. This shows that f is indeed an isometric
embedding.

To see that the embedding is totally geodesic we proceed as follows. Let
us retain the same notation for the images of a, ¢ and D;V under f.
From

0> R (DY, h)(f(0))

aaqq

= Rz, hlp)(0) + llo(a, @)

2
= IIG’(a, q)“ ’

where o(a, ¢g) is the second fundamental form for the embedding f, it
follows that o(a, g) = 0. Again by polarization ¢ =0 at f(0). Since o
is arbitrary, o vanishes everywhere. Our proof is then completed.

3. f cannot be infinitesimally of rank 1

Throughout this section we denote by Q, the Type-IV domain D;V of
dimension 3, by Q, an irreducible bounded symmetric domain of rank 2,
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andby g, (resp. g,) canonical metrics of Q; (resp. Q,). By Proposition
2.1 we can furthermore assume that Q, is not a Type-IV domain.

Let f be a proper holomorphic map from Q, to Q, . We have shown
in Proposition 1.3 that f is characteristic; i.e., df(¥(Q,)) C #(Q,). By
[18] one knows that Sff,(D;V) is isomorphic to a rational curve of degree
2 embedded in IPTO(D;V) . To obtain more information about f, we will
examine the set & of all rational curves of degree 2 in #(Q,). In fact
2 consists of two connected components &, and &, . For each rational
curve C in 2, there exists a totally geodesic submanifold B? such that
C c PT,(B’) c PT,(Q,). If it occurs that df(T,(RQ))) € 2, o) for
generic point p, we will say that f is infinitesimally of rank 1. Our task
in this section is to establish the fact that f cannot be infinitesimally of
rank 1.

Let X denote the characteristic variety of Q,, X — PV~ PT (Q,)
the first canonical embedding, and ¢: P — X — P a rational curve of
degree 2 embedded in X . It is well known (cf. [9]) that C = ¢(1P1) is
contained in a projective 2-plane ]Pé (uniquely determined by C), and
i:C— ch is essentially the Veronese map. Define two sets of embedded
rational curves of degree 2 in X as follows:

2,={[Cl: P.Cc X}, 2,={[C): P, ¢ X}.

Since Aut,(X) extends to a subgroup of Aut(]PN) , both I, and Y, are
preserved under Aut,(X)-action. Moreover, we have

Proposition 3.1.  Aut(X) acts transitively on 9, and 9, respectively.

The proof of Proposition 3.1 will be postponed until §6. Before pro-
ceeding further, we have

Lemma 3.2. Let X be a compact Hermitian symmetric space seated in
PN by its first canonical embedding. Suppose that H C & (X) Cc PT (X)
is a projective n-plane. Then H is the projectivized tangent space of a
projective (n + 1)-plane P"*! contained in X .

Proof. Let V be the linear subspace of 7, (X) such that PV = H.
Let Q be the noncompact dual of X and set M = V' N Q. For any
aeV, A, =CanQ is a minimal disk, hence is totally geodesic in Q.
Let o denote the second fundamental form of M in Q. Therefore we
have o(a, a) =0 for any a € V', and this yields 0 = 0. M is then a
totally geodesic submanifold of constant holomorphic sectional curvature;
this clearly implies the lemma. q.e.d.

By the preceding lemma we can state the main result of this section:
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Proposition 3.3. In the notation as before, suppose that f:Q, — Q, is
a proper holomorphic map. Then there exists an open set U of Q, such
that

df( (@) €2, 1
for every p € U, or equivalently f cannot be infinitesimally of rank 1.

The present proof of Proposition 3.3 is achieved via the rational ex-
tension f of f. Recall that in Lemma 2.2, f was obtained in the case
where Q, and Q, are Type-IV domains. Here we are going to generalize
it to the equal rank case. By an induction argument as in §1 it suffices to
do so in the case of rank two.

Recall (§1) that if Q is an irreducible bounded symmetric domain of
rank two, its maximal boundary components and maximal characteristic
symmetric subspaces are isometrically isomorphic to the ball B* with the
Poincaré metric, k denoting the nullity of Q. To prove the existence of
f we use the following lemma.

Lemma 3.4. Let Q be an irreducible bounded symmetric domain of
rank two and nullity k. Let B be a maximal boundary component, and
M a maximal characteristic symmetric subspace of Q. Suppose that b is
a boundary point of Q, which is contained in both M and B. Let H,
and H, be complex affine linear subspaces which contain B and M as
open subsets respectively. Then we have H, N H, = {b}.

Proof. There exists a totally geodesic embedding

AXM<—Q
such that {0} x M is identified with M of Q. Since b € 9M N B and
B is a boundary component, we have

A x {b} C B.
Working with the compact dual P' x 37 (resp. X) of Ax M (resp. Q)

via the Harish-Chandra embedding, we have a totally geodesic embedding
of P! xM in X

AXM — Q
L
PPxM — X

with respect to some canonical metric 2 of X .

We are going to prove the lemma by contradiction. Assume that H,
and H, contain a common nonzero vector £ at b. Let n # 0 be a vector
contained in 7,(Ax {b}) C T,(H,). The compact dual P* of B contains
H, and is totally geodesic in X . Hence

R{Erﬁ(X’ h) >e>0.
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On the other hand, with respect to the product metric g of P' x M one
has

1
Rgz-(P' x M, g)=0.

Since (]P‘l x M, g) is totally geodesic in (X, ), the contradiction is
reached. The proof of the lemma is now completed. q.e.d.

We proceed to prove the existence of the rational extension f .

Lemma 3.5. Let f:Q, — Q, be a proper holomorphic map from the
3-dimensional Type-IV domain Q, to an irreducible bounded symmetric
domain Q, of rank two. Denote by X, and X, the compact Hermitian
symmetric spaces dual to Q, and Q, respectively. Then there exists a
rational map f: X , — X, which extends f via the Harish-Chandra em-
beddings Q, Cc X;, i=1,2.

Proof. The proof uses the moduli map defined as follows. Denote
by .#, the set of all minimal disks of ,, and by A , the set of all
minimal rational curves of X, . One knows that .#, embeds in 71 as an
open subset. For any fixed minimal disk D of Q, (= D;V) we have, by
Proposition 1.1 and the condition rank(Q2,) = 2, that f(D) is contained
in a characteristic symmetric subspace M of rank one. By using the
Harish-Chandra embedding M is an (complex) affine linear subdomain
of Q,, and hence f(D) spans (linearly) an (complex) affine subdomain
M, of M (which is still a totally geodesic submanifold of rank 1). Let
k be the dimension of M/, for a generic minimal disk D of Q, . Let
M, (resp. A ,) denote the set of all those k-dimensional totally geodesic
submanifolds of characteristic symmetric subspaces M (resp. M) in
Q, (resp. X,). Then clearly .#, is a complex homogeneous manifold
and embeds in .4 , as an open subset. Define a (meromorphic) map
1 M, — #, by sending [D] € #, to [M}] € #,. Then f* admits a
rational extension (in the same notation) ﬂ: M L 4 , by the proof of
Proposition 2.6 [20].

For generic points p € £, , the subdomains

5,=M,
D3p

are of the same dimension, say d . Let .# (resp. V3 4) bethesetofall d-
dimensional totally geodesic submanifolds B? (resp. IPd) of characteristic
symmetric subspaces M (resp. compact duals M) in Q, (resp. in X,).
Define a (meromorphic) map VE Q, — .#, by sending p to [S,] € M.
We claim that f has a rational extension from X , to A 4 » Which will
be denoted by the same notation f . Recall that the map which arises
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from the assignment D — M, admits a rational extension - M,
where / denotes minimal rational curves in X, . Therefore, we can define

a rational map f from X, to .#, by

L [ﬂ MI] €Ay,
I3p
which clearly give the desired extension.

To obtain a rational extension of f it suffices to show that d = 0
since 4, = X, in this case. Let A x A be a bidisk in Q, . We have that
f(Ax{0}) and f({t}xA) are contained in maximal characteristic symmet-
ric subspaces M and B, respectively by Proposition 1.1. Using Lemma
3.4 we obtain

B,NM = {b},

for boundary points b € A, where B, is the boundary component con-
taining b. Since ﬂ: 4 L= 72 is rational, without loss of generality we
can assume that ﬂ is regular at {b} x A. Thus, for some t€ A, BN M
is just the point f({t} x {0}) by the continuity of 1. Since those points
t where B,N M is of dimension greater than zero form a subvariety V
of 4, we have proved that V # A. The proof of Lemma 3.5 is now
completed. q.e.d.

We are now ready to give a proof of Proposition 3.3.

Proof of Proposition 3.3. Suppose f is infinitesimally of rank one;
we shall derive a contradiction. By Lemma 3.5, f: Q, — Q, admits a
rational extension f: X , — X, between compact duals of Q, and Q,.
Take a maximal boundary component B and a point b € B at which
f is regular. From the assumption that f is infinitesimally of rank one
it follows that df (T,(X,)) is the tangent space of a totally geodesic P’
at f(b). Let M be a characteristic symmetric subspace of X, , which
contains P*. Since f is regular at b, one sees that M N Q, #J. Take a
bidisk A x A of Q, with b= (1, 0). The complex curve

C = f({1} x &)
is therefore contained in B by the definition of boundary components (cf.
[30]). Now we have
M N B 2df(T,(X,))N B2 Ty, (C).

Since C is regular at f(b), M N B contains a nonzero vector. We have
reached a contradiction by Lemma 3.4. The proof of Proposition 3.3 is
now completed.
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4. Invariantly geodesic submanifolds

An intermediate step in the proof of the Main Theorem is the study of a
class of complex submanifolds, called invariantly geodesic submanifolds,
of a Hermitian symmetric space. In this section we will be interested in
finding all such complex submanifolds. Fix a compact Hermitian symmet-
ric space X = G/P and a canonical metric 4. Let Q be the noncompact
dual of X and Q e m* ~ C" c X be the Harish-Chandra embedding.

Definition 4.1. Let M C X be a complex submanifold of X and S be
a subset of G. M is said to be an S-invariantly geodesic submanifold of
X if ¢(M) is a totally geodesic submanifold of (X, &) for every p € S,
or equivalently M is totally geodesic with respect to canonical metrics
@"(h) forany ¢ € S. For simplicity by invariantly geodesic submanifolds
we mean G-invariantly geodesic submanifolds.

Example 4.2. (i) Minimal rational curves. A rational curve / of X is
minimal if Z is a projective line by the first canonical embedding X —
P . Since all minimal rational curves are totally geodesic in X and G-
action preserves the minimality, minimal rational curves are invariantly
geodesic submanifolds.

(ii) Characteristic symmetric subspaces. These submanifolds are defined
in [20] (cf. §1). By Proposition 1.12 of [20], and Lemma 4.4 below they
are invariantly geodesic submanifolds.

We give first of all a criterion for a complex submanifold to be invari-
antly geodesic. We will use the notation introduced in §1.

Lemma 4.3. Let M be an invariantly geodesic submanifold of X,
which contains the origin o. Then Lie brackets

[(m, T,(M)], T,(M)]

are contained in T, (M). Conversely, suppose that V C m~ is a complex
linear space such that

(m , V], VicV.

Then V is the gangent space of an invariantly geodesic submanifold M .
Proof. Part of the proof in a special case was worked out in Proposition
1.12 of [20]; for the sake of self-containedness we give a complete proof.
Suppose first of all that M is only totally geodesic. By the general theory
of symmetric spaces M Nm"* is complex linear, and can be identified
with T (M). Assume now that M is invariantly geodesic; in particular

@(M) is totally geodesic for every ¢ € exp(m™ ) = P~ . Since the adjoint
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action of P~ is, by using [m™, m*] = ¢, trivial on T (X), one has
that ¢(M) = M by the uniqueness of the totally geodesic submanifold.
We are going to prove the first half of the lemma by making use of the
fact 9(M) = M for the invariantly geodesic submanifold M and every
peEP .

Fix n € T (M). The action of ¢ = exp(¢) on the curve 7(t) =ty C m*
is given by

¢(n(1)) = exp(Ad(p) - tn) - 0.

To prove the first half of the lemma it suffices therefore to show that the
second-order term of ¢(n(t)) is [n, [, n]]. Now one has for ¢ = exp({)

Ad(p) -1 =e*®  n=n+1&, 1+ 3¢, 1€, 1)
by using [BC ,m]=m and [m ,m ]=0. Hence
(*) 9 - (n(1)) =exp(t(n +7, +7,)),

where 7, = [¢, 7] € ¢ and p, = 1[¢, [¢, 7]l € m™ . Expanding (x) out
by using the Hausdorff-Campbell formula [29], we have
2

(*) = exp(tn) - exp (%([n, 7+ sz])) -exp(t(y, +7,)) -0+ o).

Since exp(m™ + )0 = o and [, 7,] = i[n, [£, [, n]l] € €, the
second-order term is given by

£ 3 r
exp (5['1, ?,]) * €Xp (fln, }’2]) *0 = exp (7['1, ¢, n]]) "0,

as claimed. The first half of the lemma is proved.
For the second half of the lemma we note first of all that the condition
that [[m™, V], V] C V a fortiori gives a Lie triple system:

v,v,vicv

(cf. [11]). Hence V is the tangent space of some totally geodesic subman-
ifold M (cf. [11]). Moreover by using the Hausdorff-Campbell formula
and exp(m™ + BC) -0 = 0 as before, one sees that #n(¢) is contained in M
provided that [[m™, V], ¥] C V (since all higher-order terms are con-
tained in either ¥ or m~ + £€). Hence eo(M)=M.

To finish the proof it suffices to show that M is K C-invariantly geodesic.
Fix k € K€. We have

k(M) = exp(Ad(k)-V)-o.
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Now Ad(k)- ¥V c m"; to show that k(M) is totally geodesic we need to
show that Ad(k)-V is a Lie triple system (cf. [11]). We have

() [lad(k)V, ad(K)V], ad(k)V] = ad(k)[[V , ad(k~")ad(k)V], V1.

But
ad(k™ ") adR)V Cc ¢, m 1=m".

The condition [[m™, V], V] C V then yields that (}) is contained in
ad(k)V . The proof of the lemma is now completed. q.e.d.

As a consequence we have

Lemma 4.4. If M is invariant geodesic, then o(M NC")NC" is a
complex affine linear subspace for ¢ € G. Conversely if (M NC")NC"
is complex affine linear for all ¢ € P~ , then M is invariantly geodesic.

Proof. Assume that 0o € M . If M is invariantly geodesic, then as seen
in Lemma 5.3 ¢(M NC") = M for every ¢ € P~ and is complex linear.
Since K€ acts on C" 2 m™" as linear transformations and P* = exp(m")
acts as Euclidean translations, ¢(M N C") is complex affine linear for
9 € P*. K®.P™. The general theory of symmetric spaces ensures that
Pt.K®.P” isan open dense subset of G ; the first assertion follows.

Conversely suppose that ¢(MNC") is complex linear for every ¢ € P ;
in particular M N C" is linear. Since dg(0) = id for every ¢ € P~ , by
linearity one has ¢(M) = M . The proof of Lemma 4.3 then gives

(m , V1, VIcV;

this in turn implies that M is invariantly geodesic by the same lemma.

Using a result of Mok [18] we now prove the following proposition,
which is essential for us to find invariantly geodesic submanifolds.

Proposition 4.5. Let M be an invariantly geodesic submanifold of X .
Then (i) any minimal rational curve of M is also a minimal rational curve
of X, and consequently %, (M) C #(X); (ii) (M) is an invariantly
geodesic submanifold of & (X).

Proof. Let / be a minimal rational curve of M . From the invariant
geodesy of M in X it follows that / is also invariantly geodesic in X,
and we conclude that / is a minimal rational curve of X (cf. Propositon
3.4 of [27]). For the second assertion one knows that T[a](S’;(X )) can be
identified with /# for a fixed [a] € & (X); see §1. Fix a canonical metric
g of X; g induces a Study-Fubini metric g, on PT(X). A result of
Mok (the remark on p. 249 of [18]) tells us that

(*) Rr]'rirfrf('y;)(x) ’ g0|~5’},(X)) = R'lﬁ'ﬁ(x » 8)>
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for n € #, via the identification: T[a](%(X )) = #,. Suppose now that
M is totally geodesic with & (M) c &, (X). Then from

Rrﬁrﬁi(M’ gIM) = R,ﬁ”ﬁ(Xa g)
and (x) we have
Rrﬁnﬁ(‘z)(M) ’ golx(M)) = R,ﬁ,ﬁ(‘?;(x) > 8)>

showing that a(n, n) = 0, where o is the second fundamental form of
& (M) in & (X). Hence ¢ = 0, and & (M) is totally geodesic in
5’;(X ). Assume now that M is invariantly geodesic. Then we conclude
that % (M) is totally geodesic with respect to these canonical metric g;’s
of & (X). Since K€/ center Aut (S (X)), g,’s exhaust all canonical
metrics of 7, (X) ; the second assertion follows.

Next we are going to determine all invariantly geodesic submanifolds.

Proposition 4.6. Let S be an invariantly geodesic submanifold of
S (X). Then there exists an invariantly geodesic submanifold M of X
such that &, (M) =S.

Proof. We shall prove the proposition case by case.

(i) X =G(n, m); #,(X)=2P"' x P""' (assume m >n).

The invariantly geodesic submanifolds of P"~' x P! are embeddings

i xiy: P! xP ! P xp™! s
where i;: P! P! and iy: P! P! are linearly embeddings (cf.
Proposition 3.4 of [27]). Then a natural embedding
j: G(r, s) = G(n, m)

has P! x P! as characteristic variety. Precisely, the embedding is
defined as follows. G(n, m) has Lie algebra m~ and m" consisting of
(m + n) x (m + n) matrices of the following type:

={(e o)} = == {(c 0}

where B (resp. C) isa n x m (resp. m x n) matrix. Consider the
following subspaces of m~ and m*, respectively:

m,_={(co, g)} and m’+={(8 %>}

where B’ (resp. C’') isany nxm (resp. m x n) matrix with last (n—r)
rows and (m—s) columns (resp. (m—s) rows and (n—r) columns) being
zero. Clearly m'" gives rise to a totally geodesic submanifold isomorphic
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to G(r,s). A simple verification shows that [[m™, m], m"] Cc m'*;
hence G(r, s) is also invariantly geodesic in G(n, m) by Lemma 4.3.
All invariantly geodesic submanifolds containing o are thus K-orbits
(isotropy subgroups of isometries of X) of submanifolds j: G(r, s) —
G(n,m), 1<r<n, 1<s<m, as described above.

(il) X =G"(n,n); FX)=G2,n-2).

The invariantly geodesic submanifolds S of G(2, n — 2) are given in
case (i). Hence

S~P,s<n-2, or S=2G(2,s5),2<s<n-2.

In case S = P°, by Lemma 3.2 there exists an invariantly geodesic sub-
manifold P**' such that T,(P**') = P*. In case S G(2, s), a standard
embedding j: Gn(s +2,5+2)— G" (n, n) defined analogously as in case
(i) will do the job. All invariantly geodesic submanifolds containing o are
then K-orbits of the representative described above.

(iti) X = GM(n, n); Z(X)=P"".

As before representatives of invariantly geodesic submanifolds in this
case are the natural embeddings: Gm(m, m) — Gm(n ,h), m<n.

(iv) X =Q"; ) =Q"".

We start with invariantly geodesic submanifolds of Q2 ~ P'xP!. Those
are of the forms P' x {pt} or {pt} x P' and are minimal rational curves
of P' x P'. Thus by using Z(Q") = Q"? [18], induction and Lemma
3.2, all invariantly geodesic submanifolds M of Q" are of rank 1 and are
projective linear by the embedding M — Q" — P"*'.

(v) X 2 E,/spin(1) x S'; Z(X) = G"(5, 5).

By (ii) invariantly geodesic submanifolds of GH(S , 5) are either projec-
tive linear in PT;,(X) or isomorphic to Gn(4, 4) ~ lox (note G“(S ,3)
P’, G"(2, 2) @ P'). By Lemma 3.2 we are left with finding an invariantly
geodesic submanifold M of X such that & (M) = Q6 . An easy way to
see this is the following.

By the classification theory, the maximal boundary components of the
irreducible bounded symmetric domain Q' of exceptional type E, are
isomorphic to Dﬂ; , cf. [30]. One then knows (cf. §1) that maximal char-
acteristic symmetric subspaces N of Q' are isomorphic to D{X. By Ex-
ample 4.2 (ii), characteristic symmetric subspaces are invariantly geodesic,
and hence % (N) = Q8 is invariantly geodesic in 5{,(9') by Proposition
4.5. By the classification of characteristic varieties [18] 5’;(9’) > X =
E,/spin(1) x S' . Thus taking M to be .%,(N) does the job.
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(vi) X = E,/E, x S"; & (X) = E/spin(10) x S" .

From case (V) it follows that invariantly geodesic submanifolds of X are
eithell' 0of rank 1 or maximal characteristic symmetric subspaces isomorphic
to Q.

We have completed the list of all invariantly geodesic submanifolds;
Proposition 4.6 is proved. q.e.d.

Remark. One can see by the construction above that K-orbits (=iso-
tropy subgroup of isometries of X) are the same as P-orbits on the set of
all invariantly geodesic submanifolds containing o.

As a corollary to the proof of Proposition 4.6, together with Proposition
3.1, one has

Corollary 4.7. Let X be an irreducible compact Hermitian symmetric
space of rank 2. Suppose that X ¥ Q" . Then any rational curve / of
degree 2 in PT (X) with [/] € D,(,(X)) is the characteristic variety of a
submanifold N isomoprhic to Q3. N is not invariantly geodesic, while it is
totally geodesic with respect to some canonical metric of X . Moreover N is
contained in an invariantly geodesic submanifold M (uniquely determined
by N) isomoprhic to a hyperquadric.

Proof. 1In fact we have the following list from the proof of Proposition
4.6:

(i) X=G@2,n), M=Q*;
(i) X 2G"(5,5), M~Q°;
(iii) X = E®/Spin(10) x S", M = Q%.

5. Integrability of the distribution y — Ty(Q;' ).
Proof of the Main Theorem

We will derive the Main Theorem from the following proposition.

Proposition 5.1. Let U be an open subset of Q3 and X 3 Q" be an
irreducible compact Hermitian symmetric space of rank 2. Let f: U —» X
be a nondegenerate holomorphic map. Suppose that [ is characteristic
and that f is not infinitesimally of rank 1 (§3). Then f(U) is contained
in some invariantly geodesic submanifold M (of rank 2). In fact M is
isomorphic to a hyperquadric.

Assuming Proposition 5.1 we can prove the Main Theorem.

Proof of the Main Theorem. We first assume that Q, is irreducible.
By the same proof as Proposition 2.1 it suffices to show that f maps
minimal disks of €, to minimal disks of Q,. The isometry group G,
of Q, acts transitively on the set of minimal disks. By Corollary 4.7
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Q, contains a totally geodesic submanifold M isomorphic to D;V with
%(D;V) C & (Q,); thus any minimal disk of Q, is contained in some M
as such. By Proposition 5.1 and Proposition 2.1 it follows that minimal
disks are mapped to minimal disks. The Main Theorem is now proved
under the assumption that €, is irreducible.

To complete the proof of the Main Theorem we are going to show that
Q, cannot be reducible. Suppose otherwise. Without loss of generality we
can assume that Q, = Q) x Q) , where Q|, Q) are irreducible. For such
reducible bounded symmetric domains as £, , the boundary components
(resp. characteristic symmetric subspaces) are of the form: C'xC” (resp.
D'xD"),where C' and C” (resp. D' and D") are boundary components
(resp. characteristic symmetric subspaces) of Q’z and Q’Z' respectively.
One then sees that in the reducible case the analogous results as in §1 can
also be obtained. It follows that f is characteristic. But & (Q,) is a
disjoint union of .%(Q;) and %(Q)). It follows that df(#(Q,)) is
contained in either #(Q)) or F#(Q;), say (Q,). This implies that
f(Q,) c Q. But now rank(Q)) is strictly less than rank(Q,); this is
impossible in view of Proposition 1.2. The proof of the Main Theorem is
now completed. q.e.d.

The remainder of this section will be devoted to the proof of Proposition
5.1.

Throughout this section denote by (A4) the vector space linearly spanned
by a set of vectors 4. Let f and X be as stated in Proposition 5.1. Since
f is characteristic and not infinitesimally of rank 1 by our assumption,
from Proposition 3.3 we have that

[df,(F,(UN)] € Z,(F}, (X))

for every p € U after shrinking U if necessary. By Corollary 4.7 for each
p e U, df(T,(U)) is thus contained in the tangent space at f(p), of
a uniquely determined, invariantly geodesic submanifold A, isomorphic
to a hyperquadric. (M, depends on p a priori.) Our objective in this
section is to show that f(U) lies in one invariantly geodesic submanifold,
i.e., Mp ’s are identical.

To start with, by using the Harish-Chandra embedding we can think of
f as a holomorphic map from a bounded domain U C C? to fU)cc”
with f(0)=o0.Bya KC-transformation of X we can assume without loss
of generality that df(T,(U)) is the tangent space of some totally geodesic
submanifold isomorphic to Q3 (Corollary 4.7), and we will henceforth
identify T, (U) with df(T,(U)). We shall deduce Proposition 5.1 from
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the following lemmas:
Lemma 5.2. In the notation as above, we have

(Im, df(T,(U)], df(T,(U)]) = T, (M,).
Lemma 5.3. In the notation as above, we have
aﬂayf(o) CM, foru,veT,y (U).

Deduction of Proposition 5.1 from Lemma 5.2 and Lemma 5.3. The
idea is first of all to construct a distribution associated to f, and then by
invoking the Frobenius theorem we can conclude the proof of Proposition
5.1 with Lemma 5.2 and Lemma 5.3. We proceed as follows.

Let X = G/P = G,/K be an irreducible compact Hermitian symmetric
space, and M an invariantly geodesic submanifold of X . We know that
the G_-orbit of M is identical with the G-orbit of M (by the remark
after Proposition 4.6). Denote this orbit by .# . Then .# is a compact
complex manifold. Write Gr,(m, T,(X)) for the Grassmannian of m-
planes seated in Tp(X ) and set

Gr(m, T(X)) = | Gr,(m, T,(X)).
PEX
For an m-plane H C Tp(X ) we denote by [H] the point in Grp(m, Tp(X )
it defines. Define a subset Z# of Gr(m, T(X)) associated to M to be

g# = | [T(M)].
Mc#

Z.# is a compact complex submanifold of Gr(m, T(X)). Define a lifting
M for M € # by sending x € M to [T .(M)] € &# . Since M’s are
totally geodesic, M is disjoint from ﬂz if M, # M,, and hence &4
is foliated by M ’s. Write # for this holomorphic foliation. £# can
now be regarded as a “universal family” of M ’s over the orbit-space .# .
Define a lifted map f: U — Z# for f by sending x to [Ty (M)].

To prove Proposition 5.1 is then equivalent to proving that f (U) lies
in one single leaf. Think of the leaves of & as integral manifolds of
a distribution 7'(¥); then by the Frobenius theorem it comes down to
showing that T'(f(U)) constitute a subdistribution of T(¥). By using
the Harish-Chandra embedding M is complex linear in m' 2 C" and we
can identify T(M) C T(¥) with T(M), and therefore with M , too.

To show that T(f(U)) constitute a subdistribution, without loss of
generality, it suffices to show that

8,[T M, )(0) C T, (M,).
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By Lemma 5.2, Tf(x)(Mx) is linearly spanned by

{lm™, 8,7/, 8,/ ()M} cp. v
Hence for w € T_(U),

0, [Ty M,1(0) € (3, [[m™ , 8,1 ()], 8,1 ()]
C (lm™, 8,8,(0)], 8,f(x)) + ([[m™, 8,/(x)1, 8,8, F(x)]).
By Lemma 5.3 we have
9,0,f(0) CT,(M,).
Hence,

0,(T oy M,)(0) S ([Im™, T,(M,)], T,(M,)])
CT,(M,),

where the second inclusion is due to Lemma 4.3 since M, is invariantly
geodesic; Proposition 5.1 follows. q.e.d.

Now we prove Lemma 5.2.

Proof of Lemma 5.2. 1t suffices to prove the following (stronger) state-
ment:

(x)  For Q", fix [a] € #(Q"), and { € A, (see §1 for the def-
inition of .7 ); set V' = Ca®C{. Then ([[m , V], V]) =
T,(Q").

We divide the proof into two steps:

(i) n=4.

We use the identification D:l = DI(2, 2). TO(DI(Z, 2)) is the set of
all 2 x 2 matrices. From the structure of Lie algebra a, one knows that
there are four noncompact positive roots y, ; (1 <1i,j<2) with root
vectors em corresponding to E; ; ’s, 2 x 2 matrices with (i, j) entry 1
and O elsewhere. Let

10 00
°‘=(0 0>=e7n and C=(o 1)=em'

Then a direct verification shows

Clle, -e,1.¢, 1=Ce, , 1<i,j<2,

_y'l b

establishing (x) for n =4.
(i) n>5.
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The proof is based on (i). Write Q" = G./K, and then #(Q") =
K/K, . Recall from §1 that
T(Q")=Ca+%Z, +C{,
since .#, = C{_ in the case of hyperquadrics, and that
T (%(Q") 2 %,

When n > 5, 5’;(Q”) ~ Q"‘2 is Hermitian symmetric and irreducible,
one can consider the characteristic variety of Z(Q") at [a]:

F A F(@") C PT (50",
and the linear span
(Fu(FQ) = Ty (FH(Q") = 7,
by the irreducibility. To prove the lemma it suffices therefore to show
Ca+C+({[m™, al, {) 3.5, (F(@").

Note first of all that there exists a totally geodesic embedding Q4 — Q"
with .#(Q%) c #(Q"). Assume furthermore that 7,(Q*) 2 Ca + CC.

Denote the transform k_ - Q4 by M, for some k, € K,. T, (M,) con-
tains Ca + C{ (since CAd(k,)-a = Ca and k, is an isometry, we have
CAd(k,) - { = C{ as well), and therefore by (i) for n = 4 we are reduced
to showing

U PT,(M,) > #,,(%(@").

kQ GKQ

Now 5’;(Q4) — Z(Q") — PT,(Q") contains a projecting line # which
passes through [a]. More precisely in the notation of (i)

]P’(Ce},“ + Ceyu)
is a projection line contained in 5’;(Q4) since one can easily see that
1 ~ p2
(Cey” +Ceylz) NnD(2,2)=B".

Thus

PT,, (/) € 5, (F(Q").
Since K acts transitively on ;9’{01(5’;(Q”)) and ]P’T[a](/ ) is identified
with [eyn] € JPTO(Q“) , our assertion follows and the lemma is proved.

q.e.d.
We turn now to
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Proofof Lemma 5.3.  f is characteristic; thus [8_f(x)] € SVf(x)(X ) for

[a] € 5’;(Q3) . Note that in the following we have used Harish-Chandra

embeddings so that {‘%(Qs)}pec’ and {&(X)},cc» are parallel in the
sense of Euclidean geometry [16]. Hence we have

930,/(0) € T, (F(X)) for any f € T,(Q").
Suppose furthermore that [B] € %(Q3 ). Then,
8,0,1(0) = 8,8,1(0) € Tyyy(F(X).
By identifying # with TIG](Z(X )) (§1) we have
0,05f(0) € Z, N7

if [a], [B] € Z(Q%). In the case of quadrics Q" it is known that if
[a] € #(Q"), then .# is of dimension 1 and [#] € &Z(Q") [18]. We
assert
Lemma 5.4. In the notation as above, there exists some [a] € 5’;(Q3)
such that
A NH CM

Jor {eA(QY).

Assuming Lemma 5.4, we continue with the proof of Lemma 5.3. Let
a, and {, be the vectors satisfying Lemma 5.4. By using the polarization
[16] it suffices to show

9,0,f(0) € T,(M)
for any [a] € %(Q3) and (€1 (Q3 ). By the previous discussion we are
reduced to showing that
A NH C T, (M)
for a, { as above. Now
df(Z(U)) € Z,(Z(X)),

and therefore f(U) has the same tangent space as a totally geodesic sub-
manifold N (= Q3) does at o (up to KC-transformations; see Corol-
lary 4.7). Since df (&,(U)) = &, (N), one can then find an isometry
k of N fixing o such that k-, = a by using the transitivity. Since
dim/l{l(Q3) = dim./l{lo(Q3) =1, one has also k- {, = {. Therefore,

0=, O =k F, Nk-H Ck-T,(M).
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Now k extends to an isometry of M D N; we have k- M = M. The
assertion follows, and hence Lemma 5.3 is proved. q.e.d.

The remainder of this section will be devoted to the proof of Lemma
5.4.

Proof of Lemma 5.4. We shall prove the lemma case by case. The
problems being local, we can work with the noncompact dual Q of X .

Case (i). Q=D'(2,n); M=Dj.

Let i: D’ = D'(2,2) — D'(2, n) be the embedding such that

I 1 .
T(D(2,2)={B= (b,.j) EM(2,n;C)=T,(D (2, n)): b,.j =0 for j > 3},
and j: D;V < D;’ be the embedding such that
T(D;)={B e T,D'(2,2): 'B=B).

Then i, j are totally geodesic embeddings and are characteristic. Now let

1 0 v
a= (0 0) €S (Dy).

By using the curvature formula [18]:
2 <2
Ryzyy = —I' XTI - 1X'7|
for X, Y € TO(DI(Z, n)), one sees that

c= (g 1) et

1 00O 0
/I{I(D(Z,n))—<0 . ¥ *)m,
1 * 0 = *
weem=(5 g5 ),
where (x) denotes constants. Hence
1 1 0 = 0 0 v
Z,NH CN, nNc=(* 0 0 0)cD4 =M,
as claimed.
Case (ii). D=D"(5,5); M=D[" .
We have

T,(D"(5, 5)) = {B € M(5, 5;C) = T,(D'(5, 5)): ‘B =-B},
and
T,(D"(4,4)) = {B = (b,) € T,(D"(5,9): bs=b5;=0,1<i<5).
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Let 0 —1 6
a=(1 0 )ey;,(p“(s,s));
0
then
0 0 01 0
¢=lo 1 0 o]<¢%
0 0 O
By using the curvature formula as in case (i), one has
0 0 C0 C
_ et U]
%=lo ¢, o -c
G, G 0
and
0 -C, 0 0 -C;
¢, 0 00 -C,
=10 0 00 0 ,
0O 0 00 O
¢ C, 00 O

where C;’s (1 <i<6) are constants. Hence,
Z0H c(M,+4)" cT,D"@4,4).

Case (iii). Q = E®/spin(10) x S'; M= D}’
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To prove the lemma in this case we are going to write down explicitly
an invariantly geodesic submanifold isomorphic to Q8 . The existence of
such a Q8 (or D;v) is guaranteed by the proof of Proposition 4.6. We

shall make use of Lemma 5.2 to do the job.

To start with, the root system associated to E is listed as follows (cf.

[Z]):
simple roots: X=X 1L SES5; X, + X5+ X
positive roots: xi—xj,lsi<j§6;xi+xj+xk,

6
1<i<j<k<6;) x;

i=1

positive noncompact roots: X, —X;, 2<i<6;x, +X;+Xx;,

2<i<j<é6;
maximal strongly orthogonal
noncompact positive roots: X, — Xy X + X, + X5,
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Without loss of generality we assume
A=t L=

By the proof of Lemma 5.2, we have
Ca+C{+(im™(Q), al, {I) = T,(@")

Since Q8 is invariantly geodesic, using Lemma 4.1 we obtain

([im™ (Eg), e, 1) € 7,(Q%).
Now m_(Qs) C m (E;); the above then yields
(*) Ca+Cf + (Im™ (), o, {1 = T,(Q").

We are going to find TO(QB) by using (x). To do this we have to
calculate
[[m (E), al, L.
In the following by V| ~ ¥, we mean CV, = CV,. We have

0

[[e—(xl—xg) ’ exl—le ’ exl+x2+x3] ~ [ex3—x2 ’ ex,+x2+x3] =

since —(x; —x;)+(x;—X,) = x;—X, isarootand (x;—X,)+(X;+Xx,+X;) =
2x, + x, is not a root by the preceding list of roots. Likewise, we have:

4<i<6;
4<i<6;

[[e—(xl -x;)° ex,—xZ] ’ ex, +x2+x3] ~ ex, +x3+x;

[[e—(x|+x3+xi) ’ exl—le > ex,+x2+x3] ~ exl—xi ’
[[r, > exl_le 2 exl+x2+_x3] = 0,

for n being the following vectors:

+x2+xj)(2 <j<6) and e j=5,6).

e—(x,+x5+x6) ’ e—(xl —(x, +x4+xj)(

Hence we conclude that TO(QS) is linearly spanned by the following vec-
tors:
ex, -x,? ex,—x6 ’ exl +x3+x5 2
(*) € -x;0  Cxiaxprx,c Cxprxprxg
exl—x5 ’ ex‘ +X3+X,"
Next we want to show that
Z,0% C T, 0%
or equivalently
T, Q") C A+
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By the classification of boundary components, the maximal boundary com-
ponents of Q = E® /spin(10) xS ! are isomorphic to B’ . Hence dimJ/ =
dim.#, = 5 by Proposition 1.8 of [20]. Now R,z = [[[a, B]|* so that
pes,
if and only if
[a, B1=0.
By a direct verification, we have
(44) A, = (ex, 345, Cxxyrx, » Ex ey txg 0 x4y 4xg 0 Ex, +x2+x3+x4+x5+x6) ’
'/t/é = (ex,—xz ’ exl —Xy° ex,+x4+x5 > exl+x4+x6 > exl+x5+x6>'

In view of (x), (*+) and the root system for E,, we obtain that

8
M+ M =T, Q") + Ce, _, +Ce

b
X+, 4+Xy

proving the desired. The proof of Lemma 5.4 is now completed.

6. Proof of Proposition 3.1

We will prove Proposition 3.1 in this section. Our proof is based on
a case-by-case examination. Let Q % Dflv be an irreducible bounded
symmetric domain of rank2. Then Q is biholomorphic to one of the
following domains:

D'2,n), D"5,5), and DY

where DY corresponds to the exceptional Lie algebra E,. A precise de-
scription of D' and D" domains is given as follows.
I

D(p,q)={ZeMp,q;0)=C":1,-'ZZ >0},
D"(n,n)={ZeD'n,n):'z=-2z).
One has also their characteristic varieties [18]:
Z((D'2,n) =P xP"',
Z(D"(5,5)=G(2, 3),
Z((D")=G"(5,5),
where G(2, 3) and G"(S, 5) are the compact duals of DI(2, 3) and

DH(S , 5) respectively. Moreover, the inclusion map i: . (Q) — PT,(Q)
is identified with the first canonical embedding of % (Q) (this is true for
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all irreducible bounded symmetric domains except Type-III domains) [22],
[18].

Throughout this section set X = .7 (), and fix a bisphere P! x P' of
X, containing the origin 0. Write ¢ for the composite map

P! & P'xP' < X R
where A is the diagonal embedding, and C, for ¢S(P1). The proof for
X = P' x P""! uses the following lemma.
Lemma 6.1. Let ¢ = (p,, ¢,): P! o P! xP"! < P! be an embed-
ded rational curve of degree 2 in P*"'. Then either
(i) ¢, € Aut(]Pl) and ¢, is a projective linear embedding or
(ii) ¢, is a constant map and ¢2(]P’l) is an embedded rational curve
of degree 2 in P"7!.

Proof. Let H denote the hyperplane line bundle on projective spaces.
The map i: #(Q) — PT(Q) is in fact the Segré map given by the com-
plete linear system of the line bundle n; H ® 7, H on P' x P! [18], [9].
By the assumption that ¢(1P’l) is of degree 2, one has

dcg(Hlﬂlw(P.))) + deg(HInz(w,l))) =2.

If d, = deg(H|n,(¢(p'))) =1 and d, = deg(H|n2(¢(l,.))) = 1, then (i)
occurs. If d, =0 and d, = 2, then (ii) occurs. The case where d, = 2
and d, = 0 cannot occur since otherwise ¢ would be ramified. Hence
the proof is completed.

Now each ]PZC C X 2P' x P""! is of the form {pt}x a projective 2-
plane. Clearly Aut,(X) acts transitively on the set of those ch ’s contained
in X; so does Auto(lPZC) C Auty(X) on the set of all rational curves of
degree 2 in ]PZC. The transitivity of the Auty(X)-action on ), follows;
so does it on &, from the lemma. Hence Proposition 3.1 in the case
X =P xP"! is proved.

To prove Proposition 3.1 in the remaining cases we start with

Lemma 6.2. Let X be an irreducible compact Hermitian symmetric
space and C be an embedded rational curve of degree 2 such that [C] €
D,. Then P(T(C))NF(X)=0T.

Proof. Suppose otherwise. Fix [v] € PT (C) N, (X). Then we can
find a minimal rational curve # of X such that 7 (/) = Cv. Since X is
seated in some PV via its first canonical embedding and IPZC is projective
linear in PV , it follows that Z is a projective line in P" and is therefore
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contained in PZC. Since C #1, deg(]PZC NX)>deg(CUZ) > 3. On the
other hand considering C,, we have IPZ NX =C,. Hence deg(]P’ZC nx)=

2. This is a contradiction unless IP’ZC C X . This again violates the choice
of C; the lemma is proved.

Proof of Proposition 3.1 in the case X = G(2, 3) — P°. To facilitate
the proof we work with the noncompact dual

D'(2,3) = G(2, 3).

By the preceding lemma and the polydisk theorem (cf. [30]) we can assume
without loss of generality that

o0 =0, dpO=|g | ¢l

for the rational curve ¢: P' G(2, 3) of degree 2. Suppose

o(t) = [(01(1) 9,(1) ¢5(t)]
¢3(t) ¢4(t) ¢6(t) ’
where the ¢;, 1 <i <6, are rational functions. We claim first of all that
9s =9 =0.
One knows that the first canonical embedding of the Grassmannian
G(n, m) is just its Pliicker embedding. Under the Pliicker embedding
the point
[a” a4, alJ] emt G2, 3)
Q) Gy Ay
is mapped to the point in P° with coordinates given by determinants of
all 2 x 2 submatrices of the following matrix [9]:
[a“ a; a5 1 0] .
a4 Gy 43 01
Let A be the least common denominator of the (inhomogeneous) coordi-
nate-functions of ¢ by the Pliicker embedding. Since C = qz(]P') is of
degree 2 in P , one has that the degree of A must be less than or equal to
two. Since the functions ¢, and ¢, are still coordinate-functions under
Pliicker embedding, by using the condition on ¢(0) and d¢(0) we can
set ) s
at bt

95 =% and P6= 73>

for some a, b € C. We have to show that a = b = 0. Suppose otherwise.
Write ;
0;=3x0, 1<i<4
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Then from the assumption on d¢(0) it follows that

’ i
9 9,
! !
93 94
is not identically zero; hence neither is
P P2
0y 94
Thus, without loss of generality we assume
9y 95
03 Y6
is not identically zero. But
3
o1 05| _ L |9 4|
93 961 A’les b
By the Pliicker embedding
3 /
¢, 95| _t |9 a
* A = —
) 93 951 Algy b

should be a polynomial of degree < 2. From the assumption that ¢(0) =
0, we have
ttA.

Hence ,

L |y @

A q); b
must be a polynomial. This will contradict the condition that (%) is a
polynomial of degree < 2 unless

’
9, a

¢; b =0,
again a contradiction to our choice that

¢, @5 0

?3 9 *

Our claim: ¢, = ¢, = 0 is now proved.
Next we are going to find a g € Aut,(G(2, 3)) such that g(C) = C,.
As before

1<i<a4,
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is one of the coordinate-functions of ¢ by the Pliicker embedding; the
q); ’s can therefore only be linear functions. We claim that

(1 (& ¢’2)—1=1( %, “"%).
¢3 ¢4 t _¢3 —¢1
Assuming the claim (}), write
¢;=C11t+1’ —‘/”3=C21t’
—¢; = C,t, ¢'1 =Cpht+1,
and define g € exp(m ™) to be the element such that

§Z=Z(CZ+1,,)"",

Cll C12
c=(¢, G,
0 0

and Z is any 2 x 3 matrix. Then a direct computation by using ¢, =
9¢ = 0 shows that g(C)=C,

where

1 t 00
(note that C = ¢ (P'), 0,(t) = [0 t 0]) ’

proving the proposition. To see (), note that

2, 1 1 2
AT N L B ) RIS Y
0y 9,4 A 193 941 A
As in the first half of the proof
2
A- ¢ 9, = t_5
9y 9,0 A

is a polynomial of degree < 2. This yields, since ¢ + A as before, that
A = CJ for some constant C. The normalization on ¢(0) and dg¢(0)
gives C = 1. Hence,

(cal (pz)‘lzé(m —%)_
;5 9, 2\-9; o

t
9, = Z(oi
into the right-hand side of the above equality proves the claim (f). The
proof of Proposition 3.1 in the case X = G(2, 3) is now completed.

Substituting
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We turn now to the proof of Propositoin 3.1 in the case X = G"(S ,5).
The proof is analogous to the previous case. We work with the noncompact
dual DH(S , 5). As described in the beginning of this section, Dn( 5,5) is
an open subset of the space of all 5 x 5 antisymmetric matrices over C.
Moreover a typical characteristic vector

0 -1 0
[&H e T,(D"(5, 5))
0 0

is of rank 2. Conversely any rank two, 5 x 5 antisymmetric matrix is a
characteristic vector [18]. Define ¢, : P — G“(S, 5) to be

0 —¢ -

L 0 0.

Normalize ¢: P' — GH(S, 5) in such a way that ¢(0) =0 and dg¢(0) =
de(0). Let ¢,; be coordinate-functions of ¢, 1 <i,j < 5. Clearly
Proposition 3.1 in this case will follow from the following two lemmas.

Lemma 63. ¢, = ¢, =0, 1 < i < 5. Consequently ¢(C) C
G"(4, 4) = @°.

Lemma 6.4. Suppose C, and C, are rational curves of degree 2 in
Q", n > 4, such that Péi ¢ Q" (i=1,2). Then g(C,) = C, for some
g € Aut,(Q").

Proof of Lemma 6.3. Our proof is to make use of the composite map
J:

G"(5,5) = G(5,5 -P", N= (150) ~1,

where the first map is the inclusion and the second map is the Pliicker
embedding. One sees that a minimal rational curve /Z of GH(S, 5) (which
homologically generates HZ(GH(S, 5),Z); cf. §1) is mapped by j to
a rational curve of degree 2 in pY ; j is in fact the second canonical
embedding of GH(S ,5). Thus C = ¢(1P]) is a rational curve of degree 4
in PV. As the proof of the lemma is similar to that in the previous case,
we give only a sketch.

Let A be the least common denominator of inhomogeneous coordinate-
functions of ¢ by j. The normalization condition on ¢(0) and d¢(0)
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gives
2
9;5(5) = tz - a polynomial, 1<i<4.
Suppose that ¢,(¢) # 0 for some i > 4 (¢,5(¢) = 0 always). By using
the normalization on ¢(0) and d¢(0) we can replace some column of
the matrix (¢ij(t))1<i,j<4 by (9,5(2)),<;<4 SO that the determinant of the
resulting matrix (¢;;(£)),, j<4 is Dot identically zero. Now by normal-
ization one has T ,
¢ij(t) = Zy/ij’
where y, ; are polynomials. Thus the determinant of (g, j(t)) is equal to

ZS
I(¢;; ()] = A - P(1),

for some polynomial P(¢) # 0. We are going to deduce a contradiction.
|(@; j)| can be seen to be one of coordinate-functions by j ; thus A-|(g, =

(t5 /A3 ) - P(¢) must be a polynomial of degree less than or equal to four.
From ¢ t A, it follows that

5
or0="(57)
must be a polynomial of degree greater than four if P(¢) # 0. Hence our
assertion that ¢(f) =0, 1 <i <4, follows.

Proof of Lemma 6.4. The lemma is true for n = 4 as shown in the
proof of the case X = G(2, 3). For n > 5 it suffices to find some y €
Auto(Q") such that x(C;) C Q"' for some totally geodesic submanifold

Q"'1 . Then, from Auto(Q"_l) C Auto(Q") and induction the lemma
follows.

Let ¢: P! & Q" be either of the rational curves stated in the lemma,
and C be the curve as before. Q" is isomoprhic to a hypersurface in

P**! defined by )
2200 =3 7
Let Q"' c Q" be defined by
n
ZOZn+1 = ,Z; Ziz‘

One can see that Q"'1 is totally geodesicin Q". Let ¢, (0<i<n+1)
be the coordinate-functions of ¢: P' — Q" — P"*' . Assume that ¢(0) =
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(1,0,---,0). ‘(o(]P’l) being of degree 2, then ¢,’s can be chosen to be
polynomials of degree less than or equal to two. Write

¢)i=ait2+bit, 1<i<n,

by the normalization of ¢(0). We claim that there exist constants e,’s €
C, 1< j < n,such that

n n
(%) Zej(pj(t) =0 and Zef =1.
j=1 j=1

Granting the claim we can then find constants e, j’s eC, 2<i<n,

1 < j < n, together with ¢, = e such that the map x’' defined by
J

sending

n
Z,.——>Zeij2j, 1<i<n,
Jj=1

preserves the quadratic form

Zi+ 722+ + 72

n
Define y € Aut(P"*") by

A(Zy) = Z,,
X(Zn+1) = Zn+1 >
2Z)=4(2z), 1<i<n

Then clearly y € AutO(Q") . By the construction of x’, we have x(C) C

Q"' and the proof is then finished.
We turn now to the proof of the claim (). Actually we will take e;’s

from R. Recall that ¢, = a,.t2 + b;t for 1 <i<n. The condition

n
D e, =0
Jj=1
is equivalent to
n n
Zlejaj =0and Zejbj =0.
j= j=1

If ej’s € R, by separating the real parts and imaginary parts of the above
system we get an equivalent system of four linear equations over R. Since
n > 5, the system has a nontrivial solution ej’s € R. By normalizing e ’s,

the condition
n
2
Z e; =1
j=1
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can also be satisfied. The proof of Lemma 6.4 and the proof of Proposition
3.1 are now completed.

Remark. Lemma 6.4 is also true for » = 3 as can be seen from the
proof in which X = G(2, 3) by using the (totally geodesic) embedding

i: Dy < D'(2,2)~D,’

i(Dy)={Z e D'(2,2):‘Z = Z}.

Then the construction of g such that g(C) = C, shows that g € Aut(Q3)
if ccQ’.
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