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Chapter 0

Introduction and Preliminaries

0.1 Abstract

The complex hypersurfaces of a complex projective space IP™ which are of least complexity
(apart from the projective subspaces, whose geometry is known completely) are those which are
determined by a non-degenerate quadratic equation, the complex quadrics. From the algebraic
point of view, all complex quadrics are equivalent. However, if one regards IP" as a Riemannian
manifold (with the Fubini-Study metric), it turns out that only certain complex quadrics are
adapted to the Riemannian metric of IP™ in the sense that they are symmetric submanifolds
of IP". These quadrics are also singled out by the fact that they are (again apart from the
projective subspaces) the only complex hypersurfaces in IP" which are Einstein manifolds (see
SMYTH, [Smy67]). In the sequel the term “complex quadric” always refers to these adapted

complex quadrics.

While the algebraic behaviour of complex quadrics @ is well-known, there still remains a lot
to be said about their intrinsic and extrinsic Riemannian geometry; the present dissertation
provides a contribution to this subject. Specifically, the following results are obtained:

— The classification of the totally geodesic submanifolds of @ .

— The investigation of certain congruence families of totally geodesic submanifolds in @ ;
these families are equipped with the structure of a naturally reductive homogeneous space
in a general setting, and it is investigated in which cases this structure is induced by a

symmetric structure.

— It is shown that the set of the k-dimensional “subquadrics” contained in @ (which are
all isometric to one another) is composed of a one-parameter-series of congruence classes;

moreover the extrinsic geometry of these subquadrics is studied.

— It is well known that the following isomorphies hold between complex quadrics of low

dimension and members of other series of Riemannian symmetric spaces:
Q'=s? Q*=P'xP', @ =Sp(2)/U(2), Q'=Gy(C!) and Q°=SO(8)/U(4).

These isomorphisms are constructed explicitly in a rather geometric way.

9



10 Chapter 0. Introduction and Preliminaries

In what follows I describe the strategies involved in obtaining these results, and discuss the
results in more detail.

In the study of the geometry of any Riemannian manifold its curvature tensor plays a significant
role. This is, for example, apparent from the fact that, at least in the case of the curvature tensor
being parallel, it already contains all information about the local structure of the Riemannian
manifold concerned (as the local version of the theorem of Cartan/Ambrose/Hicks shows). An-
other reason is that the curvature tensor induces an additional structure on the tangent spaces
of the manifold, which is of interest in particular for the submanifold geometry of the manifold.
For this reason, the algebraic structure of the curvature tensor is of importance for the study of
the geometry of the manifold.

This idea is carried out for the complex quadric in the paper [Rec95] by Prof. H. RECKZIEGEL,
which was the starting point for the present dissertation. The chapters 1-3 are (with the
exception of Section 3.4) an extended, more detailed exposition of the cited paper.

The following concept, which was introduced in [Rec95], is fundamental throughout the disser-
tation: Let V be a unitary space and A a conjugation! on V. Following [Rec95], we then
call the “circle of conjugations” A := {AA|)X € S'} a CQ-structure and the pair (V,2) a
CQ-space.

There are two causes for the great importance of the concept of a CQ-structure for the study
of complex quadrics. One cause is that the set of CQ-structures on a unitary space V is in
one-to-one correspondence with the set of complex quadrics in IP(V) which are adapted to the
metric of IP(V) (in the sense explained above).

The second, even more fundamental cause is derived from the following result, which is already
of central importance in [Rec95]: For a complex quadric @ C IP(V) and p € Q we denote by
J_})Q the set of unit normal vectors to () at p, and for 7 EJ_;Q by A, the shape operator
of @ with respect to n. Then the set 2(Q,p) := {4, |n GL})Q} is a CQ-structure on the
tangent space T,(). As the Gauss equation of second order shows, the curvature tensor of @
at p can be described via this CQ-structure 2(Q,p) (and the Riemannian metric and complex
structure of Q). Therefore the CQ-spaces (T,Q,A(Q,p))pcq describe the local information on
the complex quadric in totality, and thus it appears to be reasonable to regard the Riemannian
metric of @, the complex structure of () and the family (A(Q,p))peq of CQ-structures as the
“fundamental geometric objects” of the complex quadric (). This point of view had a formative
influence on the present dissertation.

Two CQ-spaces of the same dimension are isomorphic to each other. For this reason much
information about the two situations described above can be obtained by the abstract study
of CQ-spaces. Such studies are carried out in Chapter 2 of the dissertation. Two of the facts
obtained there are of particular importance for the further use of CQ-spaces:

!Suppose that V is a unitary space, whose complex structure we denote by J : V — V, v — i-v and whose
complex inner product we denote by (-,-)¢. Then an IR-linear map A :V — V is called a conjugation on V, if
it is self-adjoint and orthogonal with respect to the real inner product Re((,-)¢), and moreover Ao J = —Jo A
holds.
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(1) The group Aut(2) of the CQ-automorphisms of V (i.e. of those unitary transformations
B :V — V for which Bo Ao B~! € 2 holds for every A € 2) does not act transitively on
the unit sphere S(V) (thus we see that in a CQ-space, unlike in a unitary space, not all unit
vectors are geometrically equivalent). More specifically, there exists a surjective, continuous
function g : S(V) — [0, %], which is submersive on ¢y'(]0, Z[), so that the orbits of the
action of Aut(2) on S(V) are exactly the niveau surfaces of pg(. This fact is already found in
[Rec95], however the simple description of ¢y via the equation 2 cos(pg(v)) = (v, Av)q| with

an arbitrary A € A (see Theorem 2.28(a)) is new.

(2) As it has already been said above, the curvature tensor of a complex quadric @ at p € @
can be described via the quantities of the CQ-space (T,,Q,20(Q,p)) alone. For this reason, one
can introduce a tensor which corresponds to the curvature tensor of @) on any CQ-space (V,2);
we call this tensor the curvature tensor R of the CQ-space. We describe the eigenspaces and
eigenvalues of the Jacobi operator R(-,w)w : V — V and the R-flat subspaces of V. These
data, which are already found in [Rec95], are of great importance for the study of the complex
quadric as a symmetric space.

In Chapter 3, the results about CQ-spaces are applied to complex quadrics. Section 3.1 shows
in what way CQ-(anti-)isomorphisms of a CQ-space (V,2) give rise to (anti-)holomorphic
isometries of the complex quadric Q(2A) C IP(V) defined by the CQ-structure 2. The ba-
sic result already found in [Rec95] is here enhanced by a description of the “mobility” of
bases in 7,Q in terms of the CQ-theory (Theorem 3.5). Therefrom also the well-known
fact that an m-dimensional complex quadric is a Hermitian symmetric space isomorphic to
SO(m 4+ 2)/(SO(2) x SO(m)) follows; moreover the splitting o(m + 2) = €@ m induced by the
symmetric structure is described explicitly. The information concerning the curvature tensor
from Sections 2.7 and 2.8 can now be interpreted as a description of the Cartan subalgebras,
the roots and the root spaces of the symmetric space @ ; this viewpoint is here used in a much
stronger way than in [Rec95]. Whereas the structure of the root system of @ is of course well-
known, the present explicit description of the Cartan subalgebras and the root spaces in terms
of the CQ-space (T,Q,2A(Q,p)) alone (without use of any “artificial coordinates”) cannot be
found elsewhere, and is fundamental for the following investigations.

The results described up to this point constitute the fundament of the present investigation of
the geometry of complex quadrics.

As a first application, the isometries of the complex quadric ) are classified in Section 3.3.
Although the main result on this topic, that (a) every (anti-)holomorphic isometry f:Q — @
is induced by a CQ-(anti-)automorphism, and that (b) for dim @ # 2, every isometry f:Q — @
is either holomorphic or anti-holomorphic (Theorem 3.23), is already found in [Rec95], I can here
provide a far shorter proof based on the fact that for every isometry f:Q — @ and every p € Q
we have @gq, f(p)) © (f«[S(TpQ)) = ¢aq,p) (as follows from the equivariance of the curvature
operator under f, ).

The subject of the Chapters 4 and 5 is the classification of the totally geodesic submanifolds of
the complex quadric @ .
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Already CHEN and NAGANO were concerned with the classification of the totally geodesic sub-
manifolds in symmetric spaces in their papers [CN77] and [CN78]. The paper [CN77| gives a
classification of the totally geodesic submanifolds of the complex quadric by “ad hoc methods”.
However, it contains several faults, which cause two types of totally geodesic submanifolds to be
missed. Also in other regards, not all arguments in [CN77] are convincing. — While the paper
[CNT77] studied the complex quadric exclusively, the (M., M_)-method introduced in [CNT78]
pertains to finding totally geodesic submanifolds in general Riemannian symmetric spaces of
compact type. However, it is only a necessary criterion for the existence of totally geodesic
embeddings of one symmetric space into another. Thus the (M, M_)-method provides neither
proofs for the existence of totally geodesic submanifolds in a symmetric space nor information
about their position. Therefore the cited papers do not give a satisfactory investigation of the
totally geodesic submanifolds of the complex quadric, and I also do not know of a treatment of
the problem elsewhere.

For a more detailed discussion of the papers [CN77] and [CN78], and of the older paper [CL75]
by CHEN and LUE concerning the real-2-dimensional totally geodesic submanifolds of @, refer
to Remark 4.13.

In the classification of the totally geodesic submanifolds of ) performed in this dissertation, I
use neither the methods of [CN77] nor the (M4, M_)-method. Rather I proceed as follows: As
is well-known, the connected, complete, totally geodesic submanifolds of the symmetric space
() are exactly its symmetric subspaces, and the symmetric subspaces of ) running through
some point p € () are in bijective correspondence with the curvature-invariant subspaces of the
tangent space T, . Therefore, the problem of classifying the totally geodesic submanifolds of
@ decomposes into two subproblems: (1) The classification of the curvature-invariant subspaces
of T,Q and (2) The description of the global isometry type and of the position in @ of the
totally geodesic submanifolds of () corresponding to the curvature-invariant subspaces found in
the solution of the first subproblem.

The solution of subproblem (1) is based on the combination of the root space theory of symmetric
spaces with the specific description of the roots and root spaces of the complex quadric obtained
via the theory of CQ-spaces. First, in Section 4.2 I derive relations between the roots resp. root
spaces of a general symmetric space M of compact type and the roots resp. root spaces of
its symmetric subspaces. Via the explicit description of the roots and root spaces of ) one
obtains conditions for the possible position of curvature-invariant subspaces in 7,() from these
relations. These conditions permit a classification of the curvature-invariant subspaces, which
is carried out in Sections 4.3 and 4.4. The proof of the classification is simplified and structured
by the use of symmetry properties of the root systems; the use of these symmetry properties
has been suggested by Prof. J.-H. ESCHENBURG (Augsburg).

Subproblem (2) is tackled in Chapter 5: For every curvature-invariant subspace U C T}, found
in Chapter 4 (with exception of one specific congruence type of 2-dimensional subspaces), a
totally geodesic, injective, isometric immersion into () is described whose image runs tangential
to U. This completes the classification of the totally geodesic submanifolds of Q.
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In particular, we obtain the following totally geodesic submanifolds in an m-dimensional complex
quadric @ C IP(V) (for a complete list, see Theorem 5.1): (1) For every k < m there exist
totally geodesic submanifolds @’ of @ which are isometric to a k-dimensional complex quadric.
They are “subquadrics” of @ in the sense that for each such @’ there exists a complex-(k + 1)-
dimensional projective subspace A C IP(V) so that Q' is a complex quadric in A in the previous
sense. (2) For every k < % there exist complex-k-dimensional projective subspaces of IP(V)
which are entirely contained in @ and therefore totally geodesic submanifolds of @. (3) For
m > 3 there are totally geodesic submanifolds of ) which are isometric to a 2-sphere of radius
T

%\/ 10; these submanifolds are neither complex nor totally real. Their diameter 510 is strictly

larger than the diameter - of the ambient quadric Q.

V2

The question arises whether there are other k-dimensional subquadrics of ) besides the totally
geodesic ones mentioned in (1). As I show in Chapter 6, this question is to be answered in
the positive for k¥ < 7+ — 1. For these k£ there exist infinitely many congruence classes of k-
dimensional subquadrics of @), the set of these congruence classes is parametrized by an “angle”
t € [0, %] (which is related strongly to the function g : S(V) — [0,%]), and a subquadric @’
of @ is a totally geodesic submanifold if and only if it belongs to the congruence class with
t = 0. I also show that the inclusion Q" — @ has parallel second fundamental form if and only
if Q" belongs either to the congruence class with ¢t =0 or to the congruence class with ¢t = F .
The members of the latter congruence class are exactly those subquadrics of () whose ambient

projective space A C IP(V) is entirely contained in Q.

If Q" is a subquadric of @ belonging to the congruence class with the parameter ¢ € [0, §], then
this entire congruence class is by definition given by { f(Q})|f € I(Q) }, where I(Q) denotes
the isometry group of . In the general setting, where M is any Riemannian symmetric space
and Ny a submanifold of M, I call the set F(No, M) := { f(No)|f € I(M)} the “family of
congruent submanifolds” or the “congruence family” induced by Ny in M . I carried out the
study of such congruence families, here found in Chapter 7, after Prof. M. RAPOPORT (Bonn)
indicated the investigation of the projective subspaces in a complex quadric found in [GHT7S],
p. 735f. to me. However, [GH78] is not concerned with the metric point of view, on which the
present study is focused. My results on this subject have now been published as [KR05].

In Section 7.1 I first show in a general setting how to equip congruence families with the structure
of a Riemannian manifold in such a way that it becomes a naturally reductive Riemannian
homogeneous space. The remainder of Chapter 7 is concerned with the study of specific examples
of congruence families. In Section 7.2 I study two examples in the complex projective space
IP(V): the congruence family induced by a projective subspace and the congruence family
induced by a k-dimensional complex quadric. In Section 7.3 I study two examples in a complex
quadric @ C IP(V): the congruence family induced by a totally geodesic subquadric, and
the congruence family induced by a projective subspace of dimension < 3 contained entirely
in Q. (The latter congruence family is the one considered in [GH78].) It turns out that in
some, but not all of the cases considered the reductive structure of the congruence family is
induced by a symmetric structure. For example, in the case of the congruence family § (IPk, Q)
induced by a k-dimensional projective subspace (with k < %) contained in the quadric @) the

following result holds true (see Theorem 7.11): If 2k = m holds, then F(IP*,Q) has exactly
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two connected components, which can be equipped with the structure of a Hermitian symmetric
space isomorphic to SO(m + 2)/U(k + 1) in such a way that the symmetric structure induces
the original naturally reductive structure. On the other hand, if 2k < m holds, then F(IP k. Q)
is connected, and the naturally reductive structure of § (IPk ,Q) is not induced by a symmetric
structure.

As was first noted by E. CARTAN and as is well-known, the complex quadrics Q™ of dimension
m € {1,2,3,4,6} (and no others) are as Riemannian symmetric spaces isomorphic to members
of other series of Riemannian symmetric spaces (see also [Hel78], p. 519f.). It can be read off the
Dynkin diagrams of the irreducible symmetric spaces (see [Loo69], Theorem VII.3.9(a), p. 145
and Table 4 on p. 119) that the following isomorphies hold:

Q'=§*, Q=P xP', Q*=Sp(2)/U(2), Q'=G(C") and Q°=SO(8)/U(4).

(It follows from the fact that all the mentioned spaces are simply connected that the isomorphies
given are indeed global.) This consideration does not provide a method for the construction of
isomorphisms between the respective spaces. However, in the dissertation (Section 3.4 and Chap-
ter 8), I am successful in constructing these isomorphisms explicitly in a rather geometric way:
The Segre embedding gives rise to an isomorphism between @2 and IP! x IP!; in particular Q2
is (unlike the complex quadrics of every other dimension) reducible. — The Pliicker embedding
provides an isomorphism between the complex Grassmannian G(C?) and a 4-dimensional com-
plex quadric Q(x) € IP(A2C4); here the quadric Q(x) is described by the Hodge star operator
% : A2C* — AC*. — By restricting the mentioned isomorphism Go(C%) — Q(*) to a suitable,
totally geodesic Sp(2)-orbit in Ga(C*), one obtains an isomorphism between the Hermitian
symmetric space Sp(2)/U(2) and a 3-dimensional, totally geodesic subquadric of Q(x). — Via
the theory of spin groups, their representations and the principle of triality I can construct an
isomorphism between Q° and the Hermitian symmetric space SO(8)/U(4). The latter space
has several geometric realizations. For example, it is isomorphic to each of the two connected
components of the congruence family F(IP3, Q%) of the 3-dimensional projective subspaces con-
tained in @Q°; this fact is used in the construction of the isomorphism Q¢ — SO(8)/U(4). A
more well-known geometric realization of SO(8)/U(4) is as the space of orthogonal complex
structures on IR® with a fixed orientation, and this realization can be used to establish the
mentioned isomorphism between SO(8)/U(4) and the connected components of F(IP3,Q°).

~

It should be mentioned that we were first pointed to the existence of the isomorphy Q* =2
G2(C*) by Prof. M. GUEST (Metropolitan University of Tokyo). The insights gained during the
construction of this isomorphy were very fruitful also for the general understanding of complex
quadrics.

The appendices contain mostly reproductive expositions of certain subjects which are of im-
portance in the dissertation. The sources on which they are based are mentioned here and in
the introduction of the respective appendix. Where appropriate we also give sources in the
individual theorems and proofs.

Appendix A describes the aspects of the theory of symmetric spaces which are of importance
here. For the point of view on the theory of symmetric spaces taken in Sections A.1, A.2 and
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A.3, a non-published script by Prof. H. RECKZIEGEL has furthered my understanding greatly;
for the description of the root space theory for symmetric spaces in Section A.4, the script of a
lecture by Prof. G. THORBERGSSON has been of help.

The subject of Appendix B is the theory of Clifford algebras, spin groups, their representations
and the principle of triality. These subjects play an important role in the construction of
the isomorphism between Q¢ and the connected components of F(IP? Q%). The principal
sources here were the book [LM89] by LawsoN/MICHELSOHN (for Clifford algebras, spin groups
and their representations), and the book [Che54] by CHEVALLEY (for the principle of triality).

Moreover, the discussions with Prof. H. RECKZIEGEL on these subjects, which also gave rise to

the script [Rec04], were very helpful.

0.2 Conventions and Notations

We describe the notations and conventions which are used throughout the dissertation.

Elementary objects.

symbol meaning
N {1,2,3,...} (natural numbers)
INo NuU {0}
/A ring of integers
Ore (ke Z) Oge =1 for k=1{; dre =0 for k # ¢ (Kronecker symbol)
S, permutation group of {1,...,n}
sign(o) (o € 6,) the signum of o
Q field of rational numbers
R field of real numbers
C field of complex numbers
Q*, R, C* @\ {0}, R\ {0}, €\ {0} (the multiplicative groups of these fields)
Ry, R- {teR|t>0}, {teR|t<0}

i
Rez, Imz (z € Q)

= (0,1) € € (the imaginary unit of C)
the real resp. imaginary part of z

M < M (M C M)

zZ (z€0) =Rez — i Imz (the complex conjugate of z)
lz| (z€C) absolute value of z
st ={z€C||z| =1} (the unit circle)
idy (M a set) the identity map M — M, p—p

the inclusion map M’ — M, p+—p

gof (f:L—M,g: M — N) the composition map L — N, p+— g(f(p))
Fix(f) (f: M — M) ={pe M| f(p)=p} (the fixed point set of f)
Fix(§) (3 aset of maps M — M) | =), Fix(f)
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Linear spaces. We will consider finite-dimensional linear spaces over the fields IR and C.
Let V,W be linear spaces over IK € {IR, C}; let n be the dimension of V. In the case IK = C
we call an IR-linear map B :V — V anti-linear, if it satisfies B(\v) = X - Bv for every v € V
and A € C.

symbol meaning
dimk V, dim V' the dimension of V
spang M, span M (M C V a subset) the span of M in V
Vi@ Ve (Vi,Va CV linear subspaces) the direct sum of Vi and Va2
L"(V,W) (r €IN) the space of r-linear maps V x...xV — W
L(V, W) = LY(V,W) (space of linear maps V — W)
\ = L(V,IK) (dual space of V')
End(V) = L(V,V) (space of endomorphisms of V')
det(B) (B € End(V)) the determinant of B
tr(B) (B € End(V)) the trace of B
GL(V) ={B € End(V)| det(B) # 0} (general linear group)
SL(V) ={B € End(V)| det(B) =1} (special linear group)
ker(B) (B € L(V,W)) the kernel of B
Eig(B,\) (B € End(V), X € K) = ker(B — Xidy) (if # {0}, this is an eigenspace of B)
n(B,\) (B € End(V), A € K) = dim Eig(B, A) (the multiplicity of X)
Spec(B) (B € End(V)) ={AeK|n(B,\) >0} (the spectrum of B)
AF(V) (kK <n) the space of alternating k-forms on V'
v] (veV\{0}) the 1-dimensional subspace IKv of V
KP(V) ={[v]|]v eV \{0}} (the projective space over V)
P(V) = CP(V) in the case K=C
B (B:V — W linear isomorphism) the (in the case IK = € holomorphic) diffeomorphism
B : IKP(V) — IKP(W) characterized by B([v]) = [Bv]
for all v #0
A (K=C, A:V — W anti-linear isomorphism) | the anti-holomorphic diffeomorphism A : CP(V) —
CP(W) characterized by A([v]) = [Av] for all v #0
Gr(V) (k<mn) the k-Grassmannian of V', i.e. the set of k-dimensional
linear subspaces of V/

For w € Alt™(V)\ {0} we call the equivalence class [w] := R4 -w C Alt"(V)\ {0} an orientation
on V; we call V' an oriented linear space if an orientation is fixed on V. If V is an oriented
linear space, we call a basis (by,...,b,) of V' positively oriented if w(by,...,b,) € R4 holds
for some (and then for every) representative volume form w of the orientation of V. It should
be noted that we use this terminology even in the case where V is a complex linear space (in
extension of the usual conventions).

We now suppose that V' is a euclidean (for IK = IR ) or unitary (for IK = C) space; we denote
its real resp. complex inner product by (-,-).

symbol meaning

Vi"V, V& (Vi C V linear subspace) | ortho-complement of V; in V
VieVy (Vi,Va CV linear subspaces) | orthogonal direct sum of Vi and Vs

o) (K=1R) ={B e GL(V)|VYv,w € V : (Bv, Bw) = (v,w) } (orthogonal group)
SO(V) (K=1) = O(V) N SL(V) (special orthogonal group)

O(n), SO(n) O(R™), SO(IR™)
Uuv) IK=0) ={B e GL(V)|VYv,w € V : (Bv, Bw) = (v,w) } (unitary group)

SU(V) (K=C) = SU(V)NSL(V) (special unitary group)
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symbol

meaning

T(V) (K= 0)

U(n), SU(n),U(n)

the set of maps B : V — V which are anti-unitary, i.e. which are anti-
linear and orthogonal with respect to the real inner product Re((,-))

u(c™), su(cm), u(cr)

End4 (V) ={B € End(V)|Vv,w € V : (Bv,w) = (v, Bw) }
End_ (V) ={B € End(V)|VYv,w € V : (Bv,w) = —(v, Bw) }
Il (veV) = /{v,v) (the norm of v)
S;(V) (reRy) ={v e V||| =r} (the sphere of radius r in V')
S(V) = S1(V) (the unit sphere in V)
7, 8" S.(R™+), S(R™1)
AP AeVr) the Riesz vector of A; A\* € V is characterized by \ = (-, )\ﬁ)

6% (B e LAV, K)) the Riesz endomorphism of 3; 8% : V — V is characterized by

B(,w) = (-,ﬁﬁ(w)> for all we V.

Topological spaces. If X is a topological space, we denote the topology of X (i.e. the set
of all open sets of X ) by Top(X). For p € X we call an open set U € Top(X) with p € U
an open neighbourhood of p in X; U°(p,X) :={U € Top(X)|p € U} is the set of all open

neighbourhoods of p in X .

Manifolds.
without boundary; the term differentiable always means C>°. We suppose all objects defined on

All manifolds considered here are differentiable, Hausdorff, paracompact and

manifolds (maps, tensor fields, etc.) to be differentiable, unless noted otherwise. Let M be a
manifold. Then a subset N C M , which is equipped with the structure of a manifold in such a
way that the inclusion map N < M is an immersion, is called a submanifold of M | see [Var74],
p. 18. If additionally the intrinsic topology of N coincides with the topology inherited from
M, we call N a regular submanifold of M . Differentiable maps a:J — M, where J C IR is
an interval, are called curves.

If M is a manifold and p € M, we denote the tangent space of M in p by T,M. If N is
another manifold and f : M — N a differentiable map, we denote by T),f : T,M — Ty, N
or by fi:Tp,M — TN the tangential of f in p. If a:J — M is a curve, we denote by
&(t) € ToyM the tangent vector of a in t € J.

If V is a (real or complex) linear space, which we here also regard as a manifold, and p € V',

there is a canonical linear isomorphism 7,V — V, u 0 characterized by
VueT,V : (t—p+t-uw)0)=u,

called the arrow map. We denote by O the canonical vector field of IR, it is characterized by
Y
Oy =1 forevery teR. If a:J — IR is a curve, we have &(t) = a.0; for any t € J.

Let M and N be manifolds, f: M — N be a map, and denote the tangent bundle of N by
m: TN — N . Then we call the maps X : M — TN with X ow = f wvector fields along f, and
denote the space of such fields by X;(N). We also put X(NNV) := Xiq, (V) , this is the space of
usual vector fields on N . If a covariant derivative V on N is given, we consider V,X also for
vector fields X € X¢(N) and v € TM in the way described in [Poo81]. The application of the
covariant derivative to vector fields along f, which greatly extends the flexibility in handling
vector fields on manifolds, is due to P. DOMBROWSKI.
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Lie groups and Lie algebras. Let G and G’ be Lie groups.

symbol meaning
ec the neutral element of G
Go the neutral component of G
g the Lie algebra corresponding to G
fo (f:G— G aLie group homomorphism) | the linearization fr, :g — g’ of f
L, (g€@) the left translation G — G, z+— gz
I, (9€@G) the inner automorphism G — G, z+—g-2-g~*
Ada(g), Ad(g) (g9 € G) = (Iy)r € GL(g) (the adjoint representation of G')

Let V be a (real or complex) linear space. Then GL(V) is a Lie group, whose Lie algebra
gl(V) is isomorphic to End(V') via the map

gl(V) — End(V), X — Xia,

(where the Lie algebra structure on End(V) is given by the commutator [A,B] — Ao B —
Bo A). In the sequel we identify gl(V) with End(V') via this isomorphism. We also use this
identification for the classical Lie subgroups of GL(V); thereby we obtain the following Lie

algebras:
Lie algebra requirement on V' corresponding Lie group explicit description of the Lie algebra
s[(V) V a IK-linear space SL(V) {X €End(V)|tr(X)=0}
o(V) V' a euclidean space | O(V) or SO(V)=0(V)o End_ (V)
u(V) V' a unitary space u(v) End_ (V)
su(V) V' a unitary space SU(V) {X €End_(V)| tr(X)=0}

Riemannian and Hermitian manifolds. If M is a Riemannian manifold, we denote the
Lie group of isometries M — M by I(M). If M is a Hermitian manifold, we denote the
Lie subgroup of holomorphic isometries M — M by I,(M). Also, we then denote the set of
anti-holomorphic isometries M — M by I, (M); in the case I,,(M) # @, this is a coset in
I(M).

If M and M’ are Riemannian manifolds, f : M — M’ a differentiable map and p € M , we
call

Lpf == {v € Ty M'|Vw € T,M : (v, fow)ar = 0}

the normal space of f at p, also we call Lll,f := S(L,f) the sphere of unit normal vectors
of f at p. If f is an immersion, then f gives rise to a subbundle of the tangent bundle of
M’ along f in this way, which we call the normal bundle of f and denote by L f. We then
also consider the sphere bundle L'f of unit spheresin Lf. If N is a submanifold of M , we
define the normal spaces and the normal bundle of N in terms of the inclusion map N — M :
For p € N we put L,N :=1,(N — M), LIN :=1}(N < M), LN :=1(N — M) and
1IN :=1YN — M).



Chapter 1

Complex quadrics

In this chapter the intrinsic and extrinsic geometry of complex quadrics as complex hypersurfaces
of the complex projective space is studied.

At first, we take the viewpoint of algebraic geometry, where complex quadrics are defined as the
zero locus of a non-degenerate quadratic equation in a complex projective space IP™ (without
any binding to a Riemannian metric on IP™). But then it turns out that among the complex
quadrics of algebraic geometry there are certain ones which are particularly well-adapted to the
Fubini-Study metric of the complex projective space IP"™. From that point on, we will only
consider complex quadrics of the latter kind, and we will call these simply complex quadrics.
In Sections 1.3 and 1.4 we calculate the shape operator of such a quadric @ (as a complex
hypersurface of IP") and the curvature tensor and the Ricci tensor of @ . In particular we find
that the structure of the shape operator in a point p € ) is very simple — it is that of a “circle of
conjugations” on the unitary space 7, . This observation is fundamental for all the subsequent

studies of complex quadrics.

As was already mentioned in the Introduction, the methods developed in [Rec95] for the study
of the complex quadric had a very strong influence on the present dissertation. The approach
to the complex quadric taken here in the first three chapters are modeled on [Rec95]. In the
present chapter, in particular the calculations of the shape operator and the curvature tensor of
the complex quadric closely follow [Rec95].

1.1 Complex quadrics in algebraic geometry

Let m € IN and a complex linear space V of dimension n :=m 4+ 2 be given. We consider the

complex projective space IP(V) of V, this is an (m + 1)-dimensional projective variety.

In the context of algebraic geometry, one calls any subvariety Q(3) of IP(V) which is defined
via a non-degenerate symmetric bilinear form 8:V xV — C by

Q(B) = {2l e P(V) |2 € VA {0}, B(z,2) =0}

19
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a complex quadric. To emphasize the absence of reference to any metric structure, we will call
such quadrics algebraic complex quadrics. For any such quadric, we also consider the corres-
ponding quadratic cone

Q(B) :=={z€V\{0}|B(z,2) =0} .

Example. Consider the non-degenerate symmetric bilinear form 3 : €2 x ¢™*2 — (,
(v,w) — kajlz v, wg, . Then we call the algebraic complex quadric

Q™= Q(B) = { [zt 2mya) € P | S22 = 0

the standard complex quadric of dimension m .

Proposition. Let §:V xV — C be a non-degenerate symmetric bilinear form.

(a) Q(B) is a reqular complex hypersurface* of P(V).

(b) @(ﬁ) s a reqular complex hypersurface of V with

—_—

¥z e Q(B) : T-Q(B) = {veV|Bv,2) =0} .

Proof. (b) is a direct consequence of the complex version of the theorem on equation-defined
manifolds (see for example [Nar68], Corollary 2.5.5, p. 81). For (a), we note that the map
7:V\ {0} — IP(V), z — [2] is a surjective holomorphic submersion and that Q(f) is saturated
with respect to 7. Therefore @ = %(@(/B)) is a complex hypersurface of IP(V) and the
codimension of Q(f) in IP(V) is equal to the codimension of @(ﬁ) in V. O

Proposition. Let 3,5 be two non-degenerate symmetric bilinear forms on V. Then we have

QB =Q(F) = Irel* : f=X-5.

Proof. The implication “<=" is obvious. Conversely, let non-degenerate symmetric bilinear
forms 3, B on V be given so that Q(8) = Q(f’) holds. The relation B(v,w) = 0 can be
characterized geometrically by properties of the set @(ﬁ) alone, see [Wal85], Satz 6.2.F, p. 189
and the remark following it. Therefore Q(3) = Q(5’) implies

Vo,w eV : (Bv,w) =0 < B'(v,w) =0). (1.1)
[Wal85], Lemma 6.2.G, p. 190 shows that (1.1) implies the existence of A € € so that ' =X
holds; because [’ is non-zero, we have X\ # 0. U
Proposition. Let 3 be a non-degenerate symmetric bilinear form on V. Then there exists a
basis (b1,...,by) of V so that
Vo,w €V Blu,w) =Y Ae(v) - Ap(w) (1.2)
k

holds, where (A1,...,\,) denotes the basis of V* which is dual to (b1,...,b,). We call any
such basis (b1,...,b,) an adapted basis for 3.

2A complex hypersurface is a submanifold of complex codimension 1.
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Proof. A basis (by,...,b,) satisfies (1.2) if and only if it is an orthonormal basis with respect
to the non-degenerate, symmetric complex-bilinear form (. For the existence of such bases, see
for example [Bri85], Satz 12.44, p. 420. O

Proposition. Let 3 be a non-degenerate symmetric bilinear form on 'V, and let V' be another
n-dimensional complex linear space.

(a) Let B:V — V' be a linear isomorphism. Then
gV xV =€, (v,w)— BB v, B~ w) (1.3)

is a non-degenerate symmetric bilinear form on V' and we have @(/B') = B(@(,@)) . More-
over, with the biholomorphic map B :TP(V) — IP(V’) induced by B (in the way described
in Section 0.2) we have Q(f') = B(Q(0)) .

(b) If B’ is any non-degenerate symmetric bilinear form on V', then there erists a linear
isomorphism B :V — V' so that ' is described by (1.3).

This proposition shows in particular that any two m-dimensional algebraic complex quadrics
are biholomorphically equivalent.

Proof. (a) is obvious. For (b), choose adapted bases (b1, ...,b,) for 8 and (b),...,b),) for §',
and consider the linear map B :V — V' characterized by Bby = b} for k€ {1,...,n}. Then
we have

VYo,w eV : F(Bv, Bw) = (v,w) ,
therefore (' is described by (1.3) with this choice of B. O

1.2 Symmetric complex quadrics

In the situation of the previous section, we now suppose that V is a unitary space. We denote
its inner product by (-,-)¢. We will also consider V as an euclidean space via the real inner
product (-,-)r = Re((-,)¢); this euclidean space additionally carries the orthogonal complex
structure J :V — V, v — i-v. In the sequel, the orthogonal complement W= of an IR-linear
subspace W C V is always constructed with respect to the real inner product (-,-)r . The map

m:S(V) - P(V), z+— [z]
is called the Hopf fibration of V.

As is well-known, we have for any z € S(V)
J i
T.S(V) = (R 2) (1.4)

and the vertical space V, :=kerT,m of 7w at z satisfies

V. = Riz . (1.5)
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Consequently, the complex linear subspace H, := (Vz)l’ng(V) of T,V is described by
H, = (Cz)t. (1.6)

(H.).es(vy is an Ehresmann connection for 7. The group G := { A -idgwy)|A € S'} acts on
S(V) and g.|H. : H. — Hgy(.) is a C-linear isometry for every g € G and z € S(V). Because
the orbits of the action of G on S(V) are exactly the fibres of 7, it follows that there is one
and only one Riemannian metric on IP(V) so that IP(V) becomes a Hermitian manifold and «

becomes a Hermitian submersion, meaning that the map
Te|H, : H — Tr () IP(V)

is a C-linear isometry for every z € S(V). This Riemannian metric on IP(V) is called the
Fubini-Study metric. In this way, IP(V) becomes an irreducible Hermitian symmetric space of
rank 1, which has constant holomorphic sectional curvature 4 (see [KN69], Example XI.10.5,
p. 273). In the sequel we always regard IP(V) in this way.

Let V' be another n-dimensional unitary space and B : V — V'’ be a C-linear isometry. Then
the induced map B : IP(V) — IP(V’) satisfies mo (B|S(V)) = B o, and because B preserves
the inner product and the complex structure on (H.).cs(v), B is a biholomorphic isometry.
Similarly, any anti-unitary map B :V — V (i.e. B is anti-linear and orthogonal with respect
to (-,-)m ) induces an anti-holomorphic isometry B : IP(V) — IP(V’). It can be shown that any
isometry f : IP(V) — IP(V’) is either holomorphic or anti-holomorphic, and can be described
as f = B with a suitable C-linear resp. anti-linear isometry B :V — V’.

Any algebraic complex quadric in IP(V) is a complex hypersurface and as such inherits the
structure of a Hermitian manifold from IP(V). However, not every algebraic complex quadric
is equally well-adapted to the metric structure of IP(V). We will now describe a subset of the
set of algebraic complex quadrics, whose members we will call symmetric complex quadrics, and
which are particularly well-behaved with respect to the Fubini-Study metric of IP(V).

For any non-degenerate, symmetric bilinear map 3 : V xV — €, the Riesz endomorphism

A:=p":V =V of 3 is characterized by
Vo,w eV @ Bv,w) = (v, Aw)q .

A is anti-linear and satisfies (Av,w)¢ = (v, Aw)¢ for v,w € V (by virtue of the symmetry
of ), in particular it is IR-linear and self-adjoint with respect to (-,-)r . Of course, A contains
all information of 3, so we can define Q(A) := Q(f8) and Q(A) := Q(H) without ambiguity.

1.6 Definition. We call an anti-linear endomorphism of YV which is self-adjoint with respect to
(-, )m a conjugation on V, if it is also orthogonal with respect to (-, )R .
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Proposition. Let § be a non-degenerate, symmetric bilinear map on V and put A = p* :
V — V. Then the following statements are equivalent:

(a) B has an adapted basis which is a unitary basis of V.

(b) A is a conjugation on V.
If these statements hold, we call Q(3) a symmetric complex quadric.

Proof. For (a) = (b). Let (b1,...,b,) be an adapted basis for 3 which is also a unitary basis
of V and denote by (A1,...,),) the dual basis of V*. By Proposition 1.4, we have for any
v,weVY

(v, Aw)e = B(v,w) = 34 Ak(v) - Ak(w) = Dk o Ak(v) - Ae(w) - (br, be)o
=( 3 M), Yo Ae(w)be) e =(v, 32 Ae(w)by)

and consequently

VweV : Aw:Z)\g(w)-bg.
4

It follows that Ao A = idy and hence
Vo,w eV @ (Av, Aw)r = (v, A(Aw))r = (v, )R
holds. Thus A is orthogonal with respect to (-,-)r and therefore a conjugation on V.

For (b) = (a). A is self-adjoint with respect to (-,-)r and therefore real diagonalizable; as a
conjugation, A is also orthogonal with respect to (-,-)r , and therefore 1 and —1 are the only
possible eigenvalues, whence we have V = Eig(A, 1) @ Eig(A, —1) . Because A is anti-linear, we
have AoJ = —Jo A and therefore Eig(A, —1) = J(Eig(A4,1)). It follows that

V = Eig(4,1) @ J(Eig(A4,1)) (1.7)
holds; in particular, Eig(A4,1) and Eig(A, —1) are totally real® subspaces of V.

Equation (1.7) shows that any orthonormal basis (by,...,b,) of Eig(A,1) is a unitary basis of
V and we have for v,w € V

ﬁ( ) UAw(D—Z)\k bk,Abg @—Z)\k (U)),

showing that (by,...,b,) is an adapted basis for (. O

Example. The standard complex quadric Q™ of Example 1.1 is a symmetric quadric; it cor-
responds to the usual conjugation z +— Z on C™*2 which also is a conjugation in the sense of
Definition 1.6.

3We call an IR-linear subspace W C V totally real, if JW C W+ holds.
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The algebraic properties of conjugations will be further studied in Chapter 2; for the purposes
of the present chapter, we only extract the facts which were proved during the proof of Propo-
sition 1.7, (b) = (a):

Proposition. Let A : V. — V be a conjugation. Then A (seen as an IR-linear map) is
real diagonalizable, its spectrum is {1,—1}, the corresponding eigenspaces V(A) := Eig(A4,1)
and Eig(A,—1) = JV(A) are totally-real subspaces of V of real dimension n and we have
V=V(A) e JV(A).

Proposition. Let A, A’ be two conjugations on V. Then we have

Q(A)=Q(A) < Fres' : A/ =)-4.

Proof. For any anti-linear map A:V —V and A € C, both A and AA can be conjugations
only if A € S' holds. Using this fact, this proposition follows from Proposition 1.3. U

Proposition. Let A:V — V be a conjugation on 'V and V' be another n-dimensional unitary
space.

(a) Let B:V — V' be a C-linear isometry. Then A':= Bo Ao B~! is a conjugation on V'
and we have Q(A’) = B(Q(A)) and Q(A") = B(Q(A)).

(b) If A’ is any conjugation on V', then there exists a C-linear isometry B :V — V' so that
A"'=BoAoB™! holds.

Proof. For (a). Obvious. For (b). We consider the bilinear forms
B:VXxV—=C, (vyw)— (v,Aw)g and S :V xV' — C, (v,w) — (v, A'w)¢ .

Let (b1,...,b,) and (b},...,b)) be adapted bases of 3 resp. 3’ which are also unitary bases of
V resp. V' (see Proposition 1.7). Then the linear map B :V — V' characterized by B(by) = b,
for k€ {1,...,n} is a linear isometry and satisfies A’ = Bo Ao B~1. O

Remarks. (a) Istated above that the symmetric complex quadrics are better-adapted to the
Fubini-Study metric of IP(V) than algebraic complex quadrics in general. This claim is
justified by the following observations:

(i) As Proposition 1.11 shows, the set Q(V) of symmetric quadrics in IP(V) is a holo-
morphic congruence class of submanifolds of IP(V), this means: Q(V) is one orbit
of the canonical action of the group I (IP(V)) of holomorphic isometries of IP(V) on
the set of all algebraic quadrics in IP(V).

(i) Among the algebraic complex quadrics, the symmetric quadrics are exactly those
which are extrinsically symmetric submanifolds of P(V) (see [NT89], p. 171),
i.e. which are invariant with respect to the reflections in their normal spaces in IP(V).
This is the reason for naming these quadrics “symmetric”’. It is a consequence that
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the shape operator of the inclusion @ < IP(V), where @ is a symmetric quadric, is
parallel (see [Nai86], Corollary 1.4, p. 218). We will give a direct proof of the latter
fact in Section 1.3 below.

(iii) Symmetric complex quadrics are also distinguished among the algebraic complex
quadrics by the fact that they are Einstein manifolds (see Proposition 1.23 below).

(b) Let V be a “bare” complex linear space and @ = Q(/3) an algebraic complex quadric of
V. If we choose any adapted basis of § and denote by (-, )¢ the inner product on V for

which this basis is a unitary basis, then @ is a symmetric complex quadric with respect
to (-,-)¢ (see Proposition 1.7).

We fix a conjugation A :V — V and consider the corresponding bilinear form
B:VxV—C, (vw)— (v, Aw)g

and the corresponding quadric Q(A). We also consider the pre-image of Q(A) under the Hopf
fibration 7 : S(V) — IP(V)

Q(A) = Q(B) :=={z €S(V) | B(2,2) =0} = Q(B) NS(V) .

By applying the theorem on equation-defined manifolds, we see that @(A) is a submanifold of
S(V) of real codimension 2.

Proposition. For z € Q(A), we have

(a) T.Q(A) = {v € V|{v,Ax)g = 0, (v, 2)r = 0}

(b) If we denote the horizontal lift of T,Q(A) with respect to m at z by H.Q(A) :=
(T H2) "N (T, Q(A)) , we have H,Q(A) = H,NT,Q(A) and

H.Q(A) ={veV|{v,2)¢g =(v,Az)¢ =0}. (1.8)

Proof. For (a). This is easily verified using the theorem on equation-defined manifolds. For
(b). The equality H,Q(A) = H,NT,Q(A) follows easily from the fact that Q(A) = 7~ 1(Q(A))
holds, and Equation (1.8) then follows from (a) and Equation (1.6). O

The symmetric complex quadrics are the central object of study in this work. For this reason,
we shall henceforth adopt the following terminology:

Throughout the entire dissertation, the term complex quadric always refers to a symmetric
complex quadric, unless noted otherwise by the use of the attribute “algebraic”.
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1.3 The shape operator of Q — IP(V)

In this section we calculate the shape operator of the inclusion map @ — IP(V). As was already
mentioned, these calculations closely follow those of [Rec95].

In the situation of the previous section, let us fix a conjugation A : V — V and abbreviate
Q :=Q(4), Q= @(A) and @ = @(A) In the sequel, we will take the liberty of denoting
by (-,-) the real inner product (-,-)ir of V, the induced Riemannian metric on the manifold
V and the Fubini-Study metric of IP(V); similarly, we will denote by J the complex structure
of the euclidean space V and the complex structure of the Hermitian manifold IP(V).

We denote for any p € Q and ¢ €1,(Q — IP(V)) the shape operator of the inclusion map
Q — P(V) with respect to ¢ by A? (1,Q — T,Q.

1.14 Proposition. The map L,(Q — IP(V)) — Endr(7,Q), ¢ — ACQ is C-linear for any p € Q.

Proof. [KN69], Proposition IX.9.1, p. 175 shows that this statement holds because P(V) is a
Kéhler manifold (see [KN69], Example 1X.6.3, p. 159f.) and @ is a complex submanifold of
IP(V). O

To obtain further information on A€, we introduce the following objects:

e The vector field 1 € Xgry)—,v(V) characterized by
VzeSV) : =z

as Equation (1.4) shows, 1 is a unit normal field to S(V), and by Equation (1.5) the
vector field Jon is tangential to S(V) and vertical with respect to .

e The tensor field C' of type (1,1) on V characterized by
VueTV : C—%;:A(W);

by Proposition 1.13(b), the conjugation C, on the unitary space T,V leaves H.(Q) invari-

ant for every z € ). Also note that we have

(Cnzmz)e =0 (1.9)
and therefore Cn, € ‘H, by Equation (1.6); in particular Cn, is tangential to S(V).

e The vector field € := —Con|Q along Q — V; by Equation (1.6) and Proposition 1.13(b),
¢ is a unit vector field tangential to S(V), horizontal with respect to 7 and normal to
@ . Consequently, £ := 7, is a unit vector field of IP(V) along 7|Q, which is normal to

Q.

1.15 Proposition. For any z € Q and X € S, we have E(\z2) = X\72-&(2) . It follows that for any
pE€Q, &(2) runs through J_Il)Q ,if z runs through the fibre 7=*({p}).
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Proof. For any A € S', we consider the map Ry : S(V) — S(V), z +— Az. Because R, is an
isometry which leaves the fibres of 7 invariant, we have

Yz € S(V) 1 (Ry)vHs = Hys - (1.10)

We now prove
Ywy € H,, we € Hyy (w*w2:7r*w1 — 172’:)\471) . (1.11)
Let w1 € H, and wy € H), be given. We have 7o R;l = 7 and therefore
Tewy = Te(R))3 tws (1.12)

By Equation (1.10), we further have w1, (Ry); 'ws € H, and thus

(1.12) .
TRWy = TRW1 <— W*(RA)* Wo = TyxW1

<~ (R)\);l’wQ = w1

= (R\)y'wa = w1 <= w3 =\-w; ,
completing the proof of (1.11).

For any z € @ and A € S', we have

—

EA\z2) = —A(Nz) = A1 Az = A (=A7242) = A - A2 (2)

By (1.11) we conclude £(\z) = A72¢(2). O

Theorem. Let z € é be given and put p:=7(z) € Q. Then the following diagrams commute:

H.Q - 1.Q H.0——H.Q
TpQ Q TpQ TPQ Q > TpQ 9
£(2) A&(z)

where the map ® : H.Q — T,Q occurring in the second diagram is characterized by O(V) = T

for all v e H,Q.

In particular, A?(Z) is a conjugation on the unitary space T),Q) .

As Proposition 1.15 shows, this theorem fully describes the shape operator A? .

Proof. We denote the Levi-Civita covariant derivatives of V, S(V), Q, IP(V) and Q by VV,
VS, V¥, VP and V9, respectively. Further, we denote the covariant derivative of the normal
bundle of Q — IP(V) by V+%. For v € TIP(V), we denote by v the horizontal lift of v with
respect to m. Also, for w € T,V we denote by H(w) and V(w) the orthogonal projection of
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w onto H, resp. onto V.. We will use the analogous notations when a vector field takes the
place of the vector v resp. w.

The fundamental instrument for the proof of the theorem is the formula of O’NEILL for the
horizontal lift of a covariant derivative (see [O’N83|, Lemma 7.45, p. 212). In the situation
where N is a manifold, g : N — S(V) is a differentiable map, Y € X4(S(V)) is a horizontal

vector field, p € N and v € T, N is such a vector that g.v € Hgy,) holds, it states

H(VEY) = VPr,Y . (1.14)
On the other hand, Jn,,) spans Vg, , therefore we have
V(VEY) = (VY. Tng)) - Iigp) - (1.15)
Because Y is horizontal and Jn is vertical, we have (Y, Jno g) =0 and therefore
(VoY Ing) = =Y, Vi(Jn0.9)) = =¥, Vi, J1) = =Yy, Jgov) = (guv, JYy) 1 (L.16)

note that VS .Jn = Jw holds for any w € Hgyp)- By plugging Equation (1.16) into Equa-
tion (1.15), we obtain
V(VEY) = (g2, JYp) - Inyp) - (1.17)

Equations (1.14) and (1.17) together show

VY = VY + (guv, JY,) - Jng) - (1.18)

After these preparations, we show that the first diagram of (1.13) commutes. Let w € H.Q be
given. Because C' and VV commute, we get via the Gauss equation and (1.9)
Cw=C(Vin) =ViCn=VCn—(w,Cn.)-n.
= Vil + (w,&) n. = —V5E,
=0

and therefore by means of Equation (1.18)

VEE = V5E— (w, JE) . = Vi = —Cuw € H.Q. (1.19)
=0
The Weingarten equation vgg = —A?(Z)W*w + Vng therefore shows
A?(Z)W*w =m.Cw and V3% =0. (1.20)

In particular, the commutativity of the first diagram of (1.13) is proved, and the commutativity
of the second diagram of (1.13) is an immediate consequence. |

We read the following lemma off the second part of (1.20):

1.17 Lemma. £ is a parallel unit normal field along 7T|é
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1.18 Theorem. The shape operator AC of Q — IP(V) is parallel with respect to V.

Proof. As we already noted in Remark 1.12, this theorem is a consequence of the fact (not yet
proven here) that @ is an extrinsically symmetric submanifold of IP(V). But now we wish to
give an elementary proof.

We continue to use the notations of the proof of Theorem 1.16 and note that an analogous
argument as that leading to Equation (1.18) in the proof of Theorem 1.16 shows that if g : N —

Q is a differentiable map, Y € X,(Q) is a horizontal vector field, p € N and v € T, N is such
a vector that g.v € Hy(,)@ holds, then we have

——~—

VOY = VMY + (9.0, JY,) - Ing) - (1.21)

Because of Lemma 1.17, it suffices to show that for any curve ¢ : I — @, any horizontal
lift ¢: I — @ of ¢ with respect to m and any parallel field X € X.(Q) the vector field
t— A?og(t)X(t) along c is parallel.

In this situation, let ¢ € I be given. Then Equation (1.21) shows

~——

VoX =VEX+(c,JX) Jnoe
——

€ Vg(t) (1.22)
t

=0

and also, because we have A?OEX = W*(C)? ) by Theorem 1.16,

o~ —

VeCX = Vg AL X + (¢, JCX) - Jno? (1.23)

t

In order to combine Equations (1.22) and (1.23), it would be nice if C' and v would commute;

but they do not. Therefore we must go back to V: By Equation (1.22), we have Vgt)? 1 Hzh @,
and therefore the Gauss equation shows

VEX =VEX +19°VEX)| L Hap@,

t

where h@—V denotes the second fundamental form of @ — V. It follows that
V5CX =C(VHX) L Hey@Q (1.24)

holds. On the other hand, we get via the Gauss equation and Equation (1.23):

vy CX = VICOX 4 h@Y (6 CX)

t
=VEAZ X + (¢ JCX) - Jno zt + hV(E CX) - (1.25)

L Hz4)Q
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By combining Equations (1.24) and (1.25), we see that Vg A?OCX 1 Hz)@ holds, whereas on
the other hand, we have by definition Vg A?O~X € Hz@ - It follows that Vg A?OZX =0 and
hence V¥ AY X =0 holds. 0

O §oc

Proposition. We consider the Hermitian metric (-,-)¢ on IP(V) induced by ((-,-),J) :
Vo, w € TIP(V) xpyy TIP(V) : (v,w)e = (v,w) +i- (v, Jw) . (1.26)

Let M be a complex hypersurface of IP(V). Then the second fundamental form h™ of M is
related to the shape operator AM of M by the equation

Vpe M, v,w e T,M, ¢ GJ_;(M — P(V)) : hM(v,w) = <U,A2/Iw>@ -C. (1.27)
Of course, this fact is applicable in particular for M = Q.

Proof. The crucial point here is the fact that
V¢ LM —P(V)) : At =JoAY (1.28)
holds. Indeed, if we let a section s in the unit normal bundle 11(M — IP(V)) and v € TM
be given, we have because of the parallelity of J
VP Js=JVFs

(where V¥ again denotes the covariant derivative of IP(V)). From this equation, (1.28) follows
via the Weingarten equation.

For given p € M and ¢ e L) (M — IP(V)), (¢, J¢) is an orthonormal basis of L,(M — IP(V)),
and therefore we obtain for any v, w € T, M
W (v,w) = (W (v, w), ¢+ (M (v, w), JC) I
(v, A w)¢ + (v, Alfw)J¢

e AC w)C + (v, JAMw).J¢

" v
< Jw)e - ¢ O

(1.26)

1.4 The curvature of a complex quadric

Proposition. Let M be a complex hypersurface of IP(V), p € M, w,v,w € TpM and
¢ €L)(M —1P(V)). Denoting the complex inner product on TyIP(V) (see Equation (1.26)) by
(-,)e , the curvature tensor of M by RM and the shape operator of M — IP(V) by AM | we
have
RM (u, v)w = (w,v)¢u — (w,u)¢ v — 2 (Ju,v) Jw + (v,Aéwwm Aé\/[u - <u,A2/Iw>@ Aé\/[v
= (v, w)u — (u, w)v + (Jv,w)yJu — (Ju,w)Jv — 2 - (Ju,v)Jw
+ <U,Aé\/[w>Aé\4u — (u,A w>AC v+ (v,JAéV[w>JA2/Iu — (u, JA%w)JAé\(/[v |
1.29
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Proof. We denote the second fundamental form of the inclusion M < IP(V) by hM and the
curvature tensor of IP(V) by RT: as it is well-known, we have

RY (u,v)w = (v, w)u — (u,w)v + (Juv,w)Ju — (Ju,w)Jv — 2 - (Ju,v)Jw
= (w,v)gu— (w,u)gv — 2 (Ju,v)Jw . (1.30)

Now let u,v,w,x € T,M be given. The Gauss equation of second order states in the present
situation:

(RM (u,v)w, z) = (RY (u, v)w, z) + (WM (u, ), WM (v,w)) — (™ (u, w), WM (v, z)) . (1.31)
Using Proposition 1.19, we obtain:
<hM(u,a:) , hM(v,w)> = <(u, Aéwgy)@ ¢, (v,A%w)e C>
= (¢, (A u, )¢ (v, A w)e €)
= (¢ (v, A w)e A u, w)e €)
= Re(((v,Ag/Iw>@AéV[u,x>@)
= <(U,A24w>@A24u, x> (1.32)
and analogously
(WM (u,w), KM (v,2)) = <<u,A2/Iw>@A2/IU, ). (1.33)

We now obtain the first equals sign in (1.29) by plugging Equations (1.30), (1.32) and (1.33) into
Equation (1.31), noting that RM (u,v)w € T,M holds because of (1.30), and varying x € T,M ;
the second equals sign then follows from Equation (1.26). ([

We now return to the specific situation of the previous section, where ) is a complex quadric
in IP(V) (described by some conjugation on V).

Proposition. (a) The curvature tensor R? of @Q is described by Equation (1.29) (if one
replaces M by @ throughout).

(b) Q is a locally symmetric space.

Remark. In Chapter 3 we will see that () is in fact a Hermitian globally symmetric space.

Proof of Proposition 1.21. For (a). This is an immediate consequence of Proposition 1.20.

For (b). We only have to show that the curvature tensor R? is parallel. Let a curve c¢: I — Q
and parallel vector fields X,Y,Z € X.(Q) along ¢ be given. It then suffices to show that the
vector field R?(X,Y)Z along c is again parallel.

For this we let @: I — @ be a horizontal lift of ¢ with respect to 7. Then we have by (a)
RUX,Y)Z =(Y,Z)X — (X, 2)Y
+(JY, Z)JX —(JX,Z)JY —2-(JX,Y)JZ
Q Q Q Q
+ (Y, AL Z)AfeX — (X AL Z) ALY
+ (Y, JAZZ)JAZ X — (X, JAL Z)JAZY .
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Because A€ is parallel by Theorem 1.18, £ o¢ is a parallel vector field along ¢ by Lemma 1.17,
and J and (-,-) are parallel tensor fields, it follows that R?(X,Y)Z is parallel. O

1.23 Proposition. The Ricci tensor field ric® of Q of type (0,2) is given by
Vpe @, v,weT,Q : ric Qv,w) =2m - (v,w) .
In particular, Q is an Einstein manifold.
Proof. Let p € Q and v,w € T,Q be given. Fix ( EL})Q and put A := ACQ. By Propo-
sition 1.15 there exists z € 7 1({p}) with ¢ = £(2) and therefore Theorem 1.16 shows that
A is a conjugation on the unitary space T,(). Choose an orthonormal basis (a1,...,am,) of

V(A) = Eig(A,1), then Proposition 1.9 shows that (ai,...,am,Jai,...,Jay) is an orthonor-
mal basis of (T,Q, (-,-)). Therefore, we have

ric? (v, w) = tr(u — R?(u,v)w)

Z (R%(eg, v)w, ex) + (R9(Jep,v)w, Jeg) ) . (1.34)
k=1

We now calculate the summands via Equation (1.29): A and JA are self-adjoint, whereas J
is skew-adjoint. Therefore, we obtain for any k € {1,...,m}:

<RQ(6kav)w76k> = <’U,U}> ’ <6k2’6k> _<€kaw> ’ <U,6k>
=1
+ (Ju,w) - (Jeg, ex) —(Jeg,w) - (Jv,ex) =2 (Jeg,v) - (Jw, ex)
——— ——— —_————

=0 =—(v,Jeg) =—(w,Jek)
+ (v, Aw) - (Aeg, er) — (ex, Aw) - (Av, e)
—_—— —— N——
=1 =(wer)  =(viex)
+ (v, JAw) - (JAey, er) — (ex, JAw) - (JAv, ey)
~~ ——
=0 =(w,Jeg)  =(v,Jeg)
= <U7w> -2 <U, €k> ’ <U), €k> +2- <U7 J6k> ’ <U), J6k> + <U3Aw> ) (135)

and by an analogous calculation
(RP(Jeg,v)w, Jex) = (v,w) +2- (v,er) - (w,ep) —2- (v, Jeg) - (w, Jex) — (v, Aw) . (1.36)

Plugging Equations (1.35) and (1.36) into Equation (1.34) gives the stated result. O
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1.24 Remarks.

(a) Proposition 1.23 has interesting consequences:

MYERS’s theorem (see [Mye35], Theorem 2, p. 42) shows that the diameter of the
compact manifold @ is < 4/1 — ﬁ -m. As we will see in Proposition 5.20, the
diameter of @ is in fact 7/v/2.

By a result of KoBAYASHI ([Kob61], Theorem A), any compact Kédhler manifold with
positive definite Ricci tensor, and hence @, is simply connected.

It should also be mentioned that it is possible to retrieve some results of this chapter
from Proposition 1.23 by using results of SMYTH’s paper [Smy67]: Proposition 6
of [Smy67] shows that (ACQ)2 = id7,q holds for any ¢ EJ_},Q, and Theorem 2 of

the same paper shows that any complex hypersurface of IP(V) which is an Einstein
manifold, hence in particular @), is a Riemannian locally symmetric space.

(b) SMYTH has classified those complete complex hypersurfaces of the complex space forms
which are Einstein manifolds ([Smy67], Theorem 3); for m > 2, the (symmetric) complex

quad

rics are the only such hypersurfaces of IP(V) aside from the projective hyperplanes.
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Chapter 2

CQ-spaces

In two places of the previous chapter, “circles of conjugations” {AA|X € S} (where A is a
conjugation) occur: First, Proposition 1.10 shows that there is an one-to-one correspondence
between the set of such circles of conjugations on a unitary space V and the set of symmetric
complex quadrics in IP(V). Second, we saw in Theorem 1.16 that if @ is a complex quadric,
then for any p € @, the set A(Q,p) := {ACQ | ¢ GJ_},(Q — IP(V)) } of shape operators is a circle
of conjugations on the unitary space 7,Q) .

Because of these two applications, circles of conjugations (which we will call CQ-structures from
here on) play a fundamental role in the present approach to the study of complex quadrics.
Indeed the structure of the curvature tensor of ) in some p € @) is completely described by
the inner product of T,@Q, its complex structure, and the CQ-structure A(Q,p) induced by the
shape operator. Therefore it seems reasonable to call these data the “fundamental geometric
entities” of T,Q) .

The concept of a CQ-space was introduced by H. RECKZIEGEL in the article [Rec95]; also in
this article, the importance of CQ-structures for the study of complex quadrics is first realized.
[Rec95] is an important source for the present chapter; in particular the most important concepts
involved in the study of CQ-spaces, namely those of the space V(A) = Eig(A, 1) corresponding
to a conjugation A : V — V  of CQ-automorphisms, principal vectors and adapted bases, of
isotropic vectors, of the characteristic angle introduced in Section 2.5, of the corresponding orbits
M, of the action of the group of CQ-automorphisms on S(V), and of the curvature tensor of a
CQ-space have already been introduced and discussed there.

In the present chapter, we explore the algebraic properties of CQ-structures on a general unitary

space V.

Let V be an n-dimensional unitary space, whose (complex) inner product we denote by (-, -)q .
We also regard V as a 2n-dimensional euclidean space via the real inner product (-, )g :=
Re({-,)¢) . In the latter regard, V is equipped with the orthogonal complex structure J:V —
V, v—i-v. As was already mentioned in the Introduction, (-,-)¢ can be reconstructed from

35
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(,)Jm and J by the equation
Yo,w eV : (v,w)e = (v,w)R +i- (v, Jw)R . (2.1)

This equation also shows that for any totally-real linear subspace W C V, the restriction of
(-,)¢ to W x W attains only real values and is equal to (-,-)g on that space.

2.1 Conjugations

First, we call Definition 1.6 in mind again:

2.1 Definition. A conjugation on V is an anti-linear map A :V — V which is self-adjoint and
orthogonal with respect to (-, )r . If A is a conjugation on V, we put V(A) := Eig(A,1) and
forany vevV

Reav:i=1(Av+v) and Imgv:=1J(Av—0).

We denote the set of conjugations on V by Con(V).

2.2 Remarks. (a) An IR-linear map A :V — V is both orthogonal and self-adjoint with respect
to (-,-)mr if and only if A is a reflection in the linear subspace Eig(A,1) of V. If this
is the case, then the additional hypothesis that A is anti-linear causes Eig(A,1) to be a
maximal totally real subspace of V.

(b) A conjugation A on V is already uniquely determined by the specification of the maximal
totally real subspace V(A) of V. Occasionally, a maximal totally real subspace of V is
called a real structure on V; we see that the theory of unitary spaces equipped with a
conjugation A is equivalent to the theory of unitary spaces equipped with a real structure

V(A).

2.3 Proposition. Let A:V — V be a conjugation, v,w € V and \ € St.

(a) V(A) and Eig(A,—1) = JV(A) are n-dimensional totally real subspaces of V and we
have V=V (A)& JV(A).

(b) A% =idy.
(c) (v, Aw)¢ = (Av,w)¢ = (w, Av)q .
(d) (Av, Aw)¢ = (v,w)q .

(e) Reqv,Imgqv € V(A) and v = Regqv + JImyv; the maps Rea,Imy : V — V(A) are
IR-linear and satisfy Rea(Jv) = —Imagv, Imy(Jv) = Regv, Rea(Av) = Reaqv and
Img(Av) = —Imy(v) .

(f) (veV(A) <= Imgqv=0) and (veJV(A) <= Reqv=0).
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(9) N2A is another conjugation on V and we have V(A?A) = AV(A), Reyqv =
ARes(\v) and Tmy24 v = AIm4(Av).

(h) For an R-linear map AV =V, any two of the following properties imply the third: (i) A
orthogonal with respect to (-, YR , (i) A self-adjoint with respect to (-,-)wr , (iii) A? = idy .

Proof. For (a). This has already been shown in Proposition 1.9. For (b). This is an immediate
consequence of the fact that A is real diagonalizable and its only eigenvalues are 1 and —1
(see Proposition 1.9). For (c¢). The second equality sign is obvious; for the first, we have by
Equation (2.1):

(v, Aw)¢ = (v, Aw)r+i(v, JAw)r = (v, Aw)r —i(v, AJw)r = (Av, w)R—i(Av, Jw)r = (Av,w)¢ .
For (d). This is an immediate consequence of (b) and (c). For (e). Obvious. For (f). We have
Ima(v) =0 <= 3J(Av—v) =0 < Av=0v <= v € Eig(4,1) = V(4);
the second equivalence is shown the same way. For (g). A2A € Con(V) is obvious. We have

veV(NVA) & NAv=v & MQOw)=v & AQw) =l & WweV(A) & veAV(A)
and
Reyoqv = 2(AN2Av+v) = X 3(AAv + M) = X 3(AWw) + dv) = A - Rea(Mv) ;

the equality for Imy24 v is shown analogously. For (h). If A satisfies (i) and (i), it is real
diagonalizable and 1 and —1 are the only possible eigenvalues of A, which shows (iii). If (i)
and (iii) holds, then we have for any v,w € V: (Av,w)r = (A%v, Aw)r = (v, Aw)R , which
shows (ii). If (ii) and (iii) holds, we have (Av, Aw)r = (v, A2w)R = (v, w)R , which shows the
validity of (). O

Proposition. Let A:V — V be a conjugation, v,v' € V and X\ € S, represented as \ = a+bi
with a,b € IR. Abbreviate x := Reqv, y :=Imyv, 2’ := Rea v, v/ :=Imy .

(a) The inner products (-,-)¢ and (-,-)r coincide on V(A) x V(A).

(b) (i) (w,v")e = (x,2")\r+ W, ¥ )R+ ((y,2")r — (z,¥)R)
(ii) (v, Jv )¢ = (y,2")r — (z,¥)r — i - ((z,2")r + (¥, ¥ )R)
(iii) |olI* = llz[* + [ly|I*

(c) (i) (v, A )¢ = (z,2")r — (¥, ¥ )m + 1 (2,0 )r + (¥, 2")R)
(ii) (v, JAV )¢ = (z,¥)m + (v, 2" ) — - ({2, ) — (W, ¥ )R)
(iii) (v, Av)e = 2> = yl* + 2 - (@, y)m
(iv) (v, JAv)e = 2z, y)r —i - (2> = [ly[*)
Proof. For (a). As V(A) is totally real in V, we have (z, Jy)g =0 for any =,y € V(A). The

statement therefore follows from Equation (2.1). For (b) and (c¢). These equations are shown

by elementary calculations. O
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2.2 CQ-spaces and their isomorphisms

2.5 Definition. Let V be a unitary space and A :' V — V be a conjugation. Then we call the
“circle of conjugations” S'-A:={XA|X € S'} a CQ-structure on V. If A is a CQ-structure
on V, we call (V,20) or (when there is no doubt about the intended CQ-structure) simply V a
CQ-space.

2.6 Example. The usual conjugation Ag: C" — C", v — v on C™ also is is a conjugation in the

sense of Definition 2.1 on this unitary space. Therefore g :=S!- A4j is a CQ-structure on C" .
We call Ay the standard conjugation and 2y the standard CQ-structure of C™.

2.7 Definition. Let (V,2() be a CQ-space.

(a) A vector v €V is called A-principal if there exists A € A so that v € V(A) holds.

(b) An n-tuple (by,...,b,) of vectors of V is called an 2A-adapted basis of V , if there exists
an A €A so that (by,...,by,) is an orthonormal basis of V(A).

2.8 Remark. In the case dimV =1 all vectors of V are 2-principal.

2.9 Proposition. (a) v € V is A-principal if and only if for some (and then for every) A € A
there exists A € S' so that Av = Av holds.

(b) An n-tuple (by,...,b,) of vectors of V is an A-adapted basis of V if and only if it is a
unitary basis of V and there exists A € A so that by, € V(A) holds for all k € {1,...,n}.

Proof. For (a). Let v € V and A € A be given. Then, we have

v is Y-principal <= INe St : v e V(AA)
«— Jres! : NMv=v <= I es' : Av=D .
For (b). Proposition 2.4(a) shows that (-,-)¢ and (,-) coincide on V(A) x V(A) for every

A € A; we also have V = V(A) @ JV(A). Via these two observations, the statement follows
from Definition 2.7(b). O

2.10 Definition. Suppose (V,21) and (V',A") are CQ-spaces.

(a) We call a C-linear isometry B :V — V' a CQ-isomorphism, if
VAeA : BoAoB el

holds. In the case (V' ") = (V,2), we speak of a CQ-automorphism. We denote the set
of CQ-automorphisms of (V,2A) by Aut(A).



2.11

2.12

2.13

2.2. CQ-spaces and their isomorphisms 39

(b) We call a C-linear isometry B:V — V a strict CQ-automorphism, if
VAeA : BoA=AoB
holds. We denote the set of strict CQ-automorphisms of (V,20) by Auts() .

(¢c) An anti-linear map B :V — V' is called a CQ-anti-isomorphism, if for every A" € A,
the C-linear map A’ o B is a CQ-isomorphism. In the case (V' ") = (V,2), we speak
of a CQ-anti-automorphism. We denote the set of CQ-anti-automorphisms of (V,20) by
Aut(2) .

(d) A complex linear subspace U C V is called a CQ-subspace of (V,21) if U is invariant
under some (and then, under every) A € . In this case U canonically becomes a CQ-
space with the CQ-structure { A|U|A € A}, which we call the induced CQ-structure of
U.

(e) For any subset M of V, we call the smallest CQ-subspace of V which contains M the
CQ-subspace generated by M or the CQ-span of M . We denote this space by spang M .

(f) Aninjective C-linear map ¢ :V — V' is called a CQ-embedding if (V) is a CQ-subspace
of V' and ¢ :V — (V) is a CQ-isomorphism.

Examples. Let (V,2) be a CQ-space. Then the map V — V, v — A-v is a CQ-automorphism
for any A € St it is a strict CQ-automorphism if and only if A € {£1} holds. The conjugations
A € A are CQ-anti-automorphisms. In the case dimV = 1 we have Aut(A) = U(V) and
Aut(2) = U(V).

Remarks. (a) To verify that some C-linear isometry B : V — V' is a CQ-isomorphism of
the CQ-spaces (V,21) and (V/,2'), it suffices to check Bo Ao B~! € ' for a single
A € 2. Similarly, to verify that B € U(V) is a strict CQ-automorphism, it suffices to
check Bo A= AoB for asingle Ae€2l.

(b) Aut(2) U Aut(A) is a subgroup of the (abstract) group of IR-linear transformations of V.
Aut(2() is a normal subgroup of Aut() U Aut(2) and contained in U(V); in Proposi-
tion 2.17, we will see that Aut(2l) is in fact a Lie subgroup of U(V). Aut(2) is a coset
of Aut(R) in Aut() U Aut(2).

Proposition. A linear subspace U of a CQ-space (V,2l) is a complex-k-dimensional CQ-
subspace if and only if there exists A € A and a real-k-dimensional subspace W C V(A) so
that U =W & JW holds. If U is a CQ-subspace, then this representation can be achieved for
every A e .

Proof. Suppose that U is a k-dimensional CQ-subspace of V, let A € A be given and put
W :=UNV(A). We will show that U = W & JW holds with this choice of W'; it then follows

that W is of real dimension k.

W e JW C U holds simply because of W C U and U is a complex linear subspace. For the
converse inclusion, let v € U be given. Because U is a CQ-subspace of V|, we have © := Regv €
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UNV(A) =W and y:=Imyv € UNV(A) = W. This shows that v =z + Jy e Wa JW
holds.

Conversely, if U is a linear subspace of V so that U = W & JW holds, where W is a linear
subspace of V(A) for some A € 2, then U is clearly A-invariant and therefore also invariant
under every A’ € 2. Hence, U is a CQ-subspace of V. U

Proposition. Suppose (V,20) and (V',2") are n-dimensional CQ-spaces. For a C-linear map
B:V — YV the following statements are equivalent:

(a) B is a CQ-isomorphism.

(b) B maps every A-adapted basis onto an A'-adapted basis.

(c) There exists an A-adapted basis which is mapped by B onto an 2'-adapted basis.
Proof. For (a) = (b). Obvious. For (b) = (c). Trivial. For (¢) = (a). The hypothesis (c)
means that there exist A € 2, A’ € 2’ and an orthonormal basis (by,...,b,) of V(A) so that
(Bby,...,Bb,) is an orthonormal basis of V(A’). In particular, we have B(V(A)) = V(A')

and therefore also B(JV(A)) = JV(A’). It follows that Bo A = A’ o B holds. Now, if \A € 2

is an arbitrary element of 2 (A € S!), we have

Bo(M)oB '=X-BoAoB '=)X-Ac
and therefore B is a CQ-isomorphism. U
Proposition. Let (V,20) and (V',2") be CQ-spaces, Ac A, A €A and L:V(A) — V(A

an R-linear map. Then there exists one and only one C-linear map LY .V =V and one and
only one anti-linear map LY :V — V' so that

LYV (A) = LYV (A) =L (2.2)
holds, and these maps satisfy
LCoA=A0oL% and LCoA=A oL, (2.3)

Furthermore, we have detg(LY) = detr (L) and the following relationships between “qualities”
of L and LT, LT :

If L is ..., then LT is ... and LT s ... .
an R-linear isomorphism | a C-linear isomorphism | an anti-linear isomorphism
an IR-linear isometry a CQ-isomorphism a CQ-anti-isomorphism
self-adjoint Hermitian —
skew-adjoint skew-Hermitian —

We call LE resp. LC the complexification resp. the anti-complexification of L .
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Proof. Because we have V = V(A)& JV(A), there can be at most one map LY resp. L% which
satisfies (2.2). To prove their existence, we define LY and LY by

YoeV : (LG(’U) = L(Reav) +JL(Imav) and Lg(v) = L(Reav) — JL(Imyv)) . (2.4)

It is obvious that the maps LY and LT 5o defined are IR-linear, and that they satisfy Equa-
tion (2.2). Furthermore, for every v € V we have (see Proposition 2.3(e))

LE(Jv) = L(Rea(Jv)) + JL(Imy(Jv)) = —L(Img v) + JL(Reqv) = J(LE(v)) ,

hence LT is in fact C-linear; an analogous calculation shows that LT is anti-linear. We also
have

L®(Av) = L(Rea(Av)) + JL(Ima(Av)) = L(Reg v) — JL(Imgv) = A'(L€(v)) ,
whence the equation for LU in (2.3) follows; the equation for LT is shown the same way.

To show detg(L%) = detr (L), we fix orthonormal bases B := (by,...,b,) of V(A) and B’ :=
(b),...,b,) of V(A"). Then B and B’ are also unitary bases of V resp. V', and the same
matrix which represents the IR-linear map L with respect to the orthonormal bases B and B’

also represents the C-linear map L% with respect to the unitary bases B and B’. Consequently,
detg(LY) = detr (L) holds.

We now suppose that L is an IR-linear isomorphism and show that then LY is a C-linear
isomorphism; the proof that LT is an anti-linear isomorphism runs analogously. The fact
that L is a linear isomorphism implies in particular that dimV(A) = dim V(A’) and hence
dimV = dimV’ holds. Therefore, it suffices to show that the kernel of LY is trivial. Let v € V
be given so that
0= L%®w) = L(Regv) + JL(Im 4 v)

holds. Because we have V(A") L JV(A’) this equation implies L(Reqv) = L(Imav) =0 and
thus, because L is injective, Reqv =Imygv =0, hence v =0.

If L is an IR-linear isometry, then L® transforms any orthonormal basis of V(A) into an
orthonormal basis of V(A’) and therefore is a CQ-isomorphism by Proposition 2.14, (c) = (a).
Also, L® = A’ o L® is then a CQ-anti-isomorphism.

The statement that L being self-adjoint (skew-adjoint) causes L% to be Hermitian (skew-
Hermitian) is proved by a direct calculation via Equations (2.4) and Proposition 2.4(b)(i).
O

Corollary. Let (V,2) and (V',2") be CQ-spaces of dimension n resp. n'. Then there exists
a CQ-isomorphism B :V — V' if and only if n=n' holds.

Proof. Because any CQ-isomorphism is in particular an isomorphism of linear spaces, n = n’
is a necessary condition for the existence of a CQ-isomorphism B : V — V’. Conversely, we
suppose that n = n’ holds and fix A € 2 and A" € A'; then V(A) and V(A’) are both
n-dimensional euclidean spaces. Therefore there exists a linear isometry L : V(A4) — V(A').
Proposition 2.15 shows that the complexification of L is a CQ-isomorphism V — V', O
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2.17 Proposition. Let (V,2A) be an n-dimensional CQ-space and A € A.

(a) Auts(A) is a compact Lie subgroup of U(V) and
U, : O(V(A)) — Auty (), L+— L°

is an isomorphism of Lie groups with V;1(B) = B|V(A) for every B € Auts(). Con-

sequently, the dimension of Autg(A) is "(nQ_l) and Autg(21) has exactly two connected

components. For B € Autgs(2(), we have detg(B) = detr(B|V(A)) € {1} and

B € Auts(A)o <= det (B)=1.
The Lie algebra auts(2A) C u(V) of Auts(A) is given by*

aut,(A) = { B €End_(V)|BoA=AoB}  (with Ac)
={LY|Leco(V(A)}. (2.5)

In the case n > 2, let us denote by (-,-))y(a) resp. {-,-)v the usual inner product® on
End(V(A)) resp. on End(V); then the Killing form s of auts() is given by

VXY € auty() (X, Y) = —(n—2)- (X[V(A), YIV(A)y = —(n—2) (X,Y)v .
(2.6)

(b) Aut(A) is a compact Lie subgroup of U(V) and
WS x O(V(A)) — Aut(A), (A, L) — X- LY

is a two-fold covering map of Lie groups with ker W = {£(1,idy(4))} . Consequently, the

dimension of Aut(A) is 1+ % . Moreover, Aut() is connected if n is odd, whereas

if m is even Aut() has exactly two connected components. In both cases Aut(A)y =

U(S! x SO(V(A)) holds. The Lie algebra aut(2) of Aut(R) is given by

at(A) ={aJ+X|aeR, X € auty(A) }. (2.7)

Proof. For (a). Consider the differentiable map
f:UWV)—=UYV), B»BoAoB loA™,

We have Auts() = f~1({idy}) and therefore the abstract group Auts(2A) is a closed subset
of the compact Lie group U(V) and hence a compact Lie subgroup of U(V) (see [Var74],
Theorem 2.12.6, p. 99).

“Here, as always, we identify u(V) and o(V(A)) with the Lie algebra of skew-Hermitian endomorphisms on
V resp. of skew-adjoint endomorphisms on V(A); see the Introduction.

SWith respect to any orthonormal basis (b1,...,bs) of V(A), the inner product on End(V(A)) is given by
(B1,B2)va) = > p_1(Bibk, Baby)r for any Bi, Bz € End(V(A)). Analogously, with respect to any unitary
basis (b1,...,bn) of V, the inner product on V is given by (B, Bz2))v = > ;_,(Bibk, B2by)c for any B, B €
End(V).
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U, in fact maps into Auts(2) by Proposition 2.15 and it obviously is a homomorphism of
abstract groups. For every L € O(V(A)) we have (LY)|V(A) = L; conversely for every
B € Aut,(A) we have B|V(A) € O(V(A)) and therefore the uniqueness statement for LY in
Proposition 2.15 shows that (B|V(A))® = B holds. Therefore ¥, is bijective and ¥ ! is as
given in the proposition.

U, is differentiable, as the following argument shows: We fix an orthonormal basis B :=
(b1,...,by) of V(A), then B also is a unitary basis of V. If we represent a given L € O(V(A))
as a matrix with respect to the orthonormal basis B of V(A), then the same matrix represents
LU € Auty(A) with respect to the unitary basis B of V. Therefore the homomorphism ¥, is
represented as a map of matrices with respect to the basis B simply by the inclusion map. It
follows that W, is differentiable, hence an isomorphism of Lie groups, and we also see that its
linearization is given by

(Us)r 1 0(V(A)) — auty(RA), X — X
In particular, we have auts(A) = (V) (0(V(A))), whence Equation (2.5) follows.

It also follows from the above matrix consideration that detq(L®) = detr (L) € {£1} holds for
every L € O(V(A)).

For Equation (2.6): Let us denote the Killing form of o(V(A)) by s, ; as is well-known,
VLl,LQ S O(V(A)) : %O(Ll,LQ) = —(n — 2) . <<L17L2>>V(A)

holds (see for example [IT91], Example 11.2.4, p. 60). Because (¥ );' : auty(A) —
0o(V(4)), X — X|V(A) is an isomorphism of Lie algebras, it preserves the Killing forms of
the Lie algebras involved, whence the first equals sign in (2.6) follows. Moreover, if we again
consider an orthonormal basis B := (b1,...,b,) of V(A), we have for any X,Y € auts(2):
(Xbi, Ybr)o = (Xbg,Ybe)r € IR because X and Y leave the totally real subspace V(A)
of V invariant. Because B also is a unitary basis of V, we therefore have (X,Y)y =

(X|V(A),Y|V(A))v(ay, whence the second equals sign in (2.6) follows.

The remaining statements about Auts(2) follow from the corresponding well-known facts about
OV (4)) .

For (b). We have Aut() = f~1({X-idy | A € S'}), therefore the abstract subgroup Aut(2) is
a closed subset and hence a Lie subgroup of the compact Lie group U(V).

For any (), L) € S'xO(V(A)) we have U(\, L) = (Aidy)oL® € Aut(2) by Proposition 2.15 and
Example 2.11. Therefore the homomorphism of abstract groups ¥ in fact maps into Aut(%);
its differentiability follows from the differentiability of ¥,. To show that W is surjective, let
B € Aut(2) be given. Then we have A’ := Bo Ao B~! € A, and therefore, there exists A € S!
so that A’ = A2- A holds. We have BoA = A?A0B and therefore (AB)oA = Ao(AB), whence
AB € Auty () follows. We thus have (AB)|V(A4) € O(V(A)) and ¥()\, (AB)|V(A)) = B.

Next we show

ker W = {£(1,idy(a))} ; (2.8)
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it follows that ¥ is a two-fold covering map of Lie groups. The inclusion “D” of Equation (2.8)
is obvious. Conversely, let (\,L) € S! x O(V(A)) be given so that idy = W(\, L) = \- LY
holds. Then we have in particular AV(A) = V(A) and thus (note that V(A) # {0} is totally
real) A € {1,—1}, whence LY = Xidy follows. Thus we have shown (X, L) = +(1,idy(4)),
completing the proof of Equation (2.8).

It follows that we have

dim Aut(2) = dim(S! x O(V/(A4))) = 1 4 21

To investigate the connectedness of Aut(2), we note that G := S x O(V(A)) has exactly two
connected components, namely Gy = S! x SO(V(A)) and S!x{L € O(V(A))|detL = -1} =:

G1. Also, we have as a trivial consequence of Equation (2.8):
V()\l,Ll), ()\Q,LQ) cd : ( \I/(/\l,Ll) = \I/()\Q,LQ) <~ ()\Q,LQ) = i()\l,Ll) ) . (2.9)

In the case of odd n, we have det(—L) = —det L for L € O(V(A)), therefore Equation (2.9)
shows that every given B € Aut(2) has pre-images under ¥ in both connected components
of G. It follows that V|G : Go — Aut(2) is an isomorphism of Lie groups and therefore
Aut(2) is connected. On the other hand, in the case of even n, we have det(—L) = det L for
L € O(V(A)), therefore Equation (2.9) shows that both pre-images of a given B € Aut(2) are
contained in the same connected component of G. Therefore, Gy and G; are mapped by ¥
onto disjoint, non-empty, connected, open subsets of Aut(2() which together cover all of Aut(2l) .
This shows that Aut(2) has exactly two connected components, namely W(G() = Aut(2)y and

Finally, if we identify the Lie algebra of the Lie group S! € € with its “arrowed” tangent space
—
T1S' = iIR, the linearization of ¥ is given by

Uy iR @ o(V(A)) — aut(RA), (i, X) — aJ+ XY

Because ¥ is a covering map of Lie groups, we have aut(2) = ¥ (R @ o(V(A)), and therefore
Equation (2.7) follows. 0

Proposition. Let (V,20) be a CQ-space, A €A, and
B:VxV—C, (v,w)— (v, Aw)g
the non-degenerate, symmetric bilinear form induced by A. We consider the subgroups

O(V,pB) :={B e GL(V) |VYv,w € V: f(Bv, Bw) = (v,w) }
and SOV,3):={BecO(V,3)]| det(B) =1}

of GL(V). Then we have

(a) Auts(>A) =U(V)NO(V,[5).

(b) Auty(2)o = U(V) NSOV, 3).
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Proof. For (a). Let B € U(V) be given. Then we have for every v,w € V

B(Bv, Bw) — B(v,w) = (Bv, ABw)¢ — (v, Aw)g¢ = (Bv, ABw)¢ — (Bv, BAw)
— (Bv,(Ao B — Bo Auwg .

This shows that B € O(V, ) holds if and only if we have AoB = BoA and thus B € Aut4(2)y .

For (b). This is a consequence of (a) and Proposition 2.17(a). O

2.3 Isotropic subspaces

Let (V,2) be an n-dimensional CQ-space.

2.19 Definition. (a) The elements of Q(A)U {0} (with A € U ) are called isotropic vectors of
the CQ-space (V,2). In other words, v € V is called isotropic if (v, Av)g =0 holds for
some (and then, for every) A € 2.

(b) A (real or complex) linear subspace W C V is called an isotropic subspace of the CQ-space
(V,20) if every w € W is isotropic in (V,2).

2.20 Proposition. Let W CV be an isotropic subspace, A € A and v,w € W . Then we have:

(a) (v, Aw)g =0.
(b) (Regqv,Reqw)r = (Imyg v, Imy w)Rr = %(v,w}R.
(c) (Reav,Imgw)r = —(Imy v,Req w)r ; in particular (Reav,Imqv)r =0.

(d) The “complex closure” W =W+ JW also is an isotropic subspace of V .

(e) The R-linear maps Reg |W : W — V(A) and Imy |W : W — V(A) are injective, and
the map 7 := (Img o(Rea |W)™ 1) : Rea(W) — Ima(W) is an IR-linear isometry so that

W ={z+ Jrx|xz € Rea(W)} (2.10)
holds.

(f) In the situation of (e), W is a complex subspace if and only if Rea(W) =Ima(W) =Y
holds and T :' Y — Y s a complex structure on Y . W s totally real if and only if
Resa(W) L Ima(W) holds.

(9) For every w € W, we have w+ Aw € V(A), and if dimg W = dimg¢ 'V holds, then every
x € V(A) can be obtained in this way.
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Proof. For (a). p: W xW — C, (v,w) — (v, Aw)g is a symmetric bilinear form. The
quadratic form corresponding to [ vanishes because W is isotropic, and therefore we have for
any v,w € W: fv,w) = %(ﬁ(v—i—w,v—i—w) - B(v,v) — B(w,w)) =0.

For (b) and (c). From Proposition 2.4(b)(i), we get

(v,w)r = (Reav,Req w)r + (Ima v,Img w)R , (2.11)
and from (a) we obtain by Proposition 2.4(c)(i)
0= (v, Aw)g = (Reav,Reqw)r — Imyg v,Img w)r +i- ((Reav,Img w)r + (Imyg v, Reg w)R)
and consequently

(Reav,Reqw)r = (Ima v, Img w)r , (2.12)

(Reg v,Imy w)r = —(Img v, Regq w)R . (2.13)
By combining Equations (2.11) and (2.12) we obtain (b), whereas Equation (2.13) proves (c).
For (d). Let v € W be given, say U = v1 + Juy with vi,v9 € W . Then we have

(i}\, A@\>@ = <U1 + JUQ,AUl — JAU2>(D = <U1,AU1>@ — <U1, JAU2>(D + <JU2,AU1>@ — <JU2, JAU2>(D
= ('Ul,A’Ul>(]j — <7)1, JA'U2>(D — (1)2, JA7)1>@ — (vg,Av2>@ . (2.14)

The first and the fourth summand in (2.14) vanish because v; and v are isotropic; the second
and the third summand vanish by (a), note that Jo A =14 A € 2 holds. Thus we have shown
(v, Av)¢ = 0, and hence W is isotropic.

For (e). (b) shows that for v € W either of the conditions Reqv =0 and Imgv = 0 implies
v = 0. Therefore the surjective IR-linear maps

R:=Rea|W): W — Rea(W) and Z:= (Ima|W): W — Ima(W)

are linear isomorphisms, and consequently the linear map 7 = ZoR ™! : Rea(W) — Ima (W)
also is a linear isomorphism. 7 satisfies Equation (2.10) and (b) shows that 7 is a linear
isometry.

For (f). Let 7 : Rea(W) — Imu(W) be the linear isometry from (e). Suppose that W is a
complex subspace and let x € Re4 (W) be given. Then we have v :=x + J(rx) € W and thus
also Juv € W. Juv can be calculated in two different ways:

Jv=Jx+ J(tx)) = -t + Jx
= Rea(Jv) + JT(Rea(Jv)) ;
thus, we obtain
Rea(Jv) = =tz and 7(Rea(Jv)) ==, (2.15)

hence, we see that z = 7(Rea(Jv)) € Ima(W) holds. By varying =, we obtain Rexs(W) C
Ima(W); because Rea(W) and Imy(W) have the same dimension (7 is an isomorphism
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between them), it follows that we have Res(W) = Imy (W) =: Y. Equation (2.15) also shows
that 7(rx) = —7(Rea(Jv)) = —z holds for € Y and therefore 7 is a complex structure on
Y.

Conversely, we now suppose that 7 is a complex structure on Res (W) =Imy(W) =:Y and let
v €W begiven, say v=x+ J(7z) with z € Rea(W). Then, we also have 7z € Imsq(W) =Y
and therefore

W s re+Jr(te) =10 — Jex=—J(@@+ J(tz)) = —Jv,

hence Jv € W . This shows that W is a complex subspace of V.

To prove the characterization of totally-real isotropic subspaces, we calculate (v, Jw)p for
v,w € W. By Proposition 2.4(b)(ii) and part (c) of the present proposition, we obtain

(v, Jw)r = (Imyg v,Reg W)R — (Reg v, Imy wW)R = (—2) - (Reav,Img W)R .

This equality shows that W is totally-real (meaning that (v, Jw)r = 0 holds for all v,w € W)
if and only if Req(W) L Ims(W) holds (meaning that (Reqv,Imyw)r = 0 holds for all
v,we W).

For (g). Let w € W be given, then we have A(w+Aw) = Aw+w and therefore w+Aw € V(A).
By (a), we have A(W) L W, and therefore the IR-linear map W — V(A), w — w + Aw is
injective; in the case dimp W = dimgV = dimp V(A4) it is therefore also surjective. O

Proposition. Let A € A, Y1,Ys be linear subspaces of V(A) and 7 :Y1 — Yy be a linear
isometry, and put

W:={z+Jrx)|zeY}.

Furthermore, suppose that either of the following two cases holds:

(i) Yi=Yo=Y and 7:Y —Y is a complex structure on Y .

(i) Y1 LY,

Then W s an isotropic subspace of V ; it is a complex subspace in case (i) and a totally real
subspace in case (ii).

Proof. Let v € W be given, say v =x + J(7z) with x € Y7 . Both in case (i) and in case (ii)
we have (z,7z)r = 0 and therefore by Proposition 2.4(c)(iii)
(v, Av)g = ||z||* — ||[72|* + 2 (z, T2)r = 0.
2
=|l=

This shows that W is isotropic. The statements about W being complex resp. totally real were
already shown in Proposition 2.20(f). O
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Corollary. If W is an isotropic subspace of V , we have

. n for n even
dimp W < , (2.16)
n—1 forn odd
and equality can be attained. If W is a complex isotropic subspace, we have dimg W < [%] ,

and equality can be attained.

Proof. Let an isotropic subspace W of V be given. Proposition 2.20(e) shows that dimp W =
dimp (Rea(W)) < dimV(A) = n holds.

To complete the proof of the inequality (2.16), we have to show that dimp W = n is possible only
if n is even. We suppose that there exists an isotropic subspace W of V with dimg W = n.
By Pr0p081t10n 2.20(d), W= W+ JW also is an isotropic subspace of V. On the one hand we
have W - W and therefore dimy 1% > dlmlR W =mn, on the other hand, we have dimp W <n
because W is isotropic. Therefore dimp W =n holds. Because W is a complex linear space,
we see that n is even.

The inequality in the complex case is an immediate consequence of (2.16).

To show that equality can be attained in both inequalities, we fix A € 2 and put Y := V(A)
in the case of even n, whereas we fix an (n — 1)-dimensional subspace Y of V(A) in the case
of odd m. In either case, Y is of even real dimension, so there exists an orthogonal complex
structure 7 : Y — Y. Proposition 2.21 shows that W := {x + J(7z)|z € Y } is a complex
isotropic subspace of V. We have 2 dimg W = dimpg W = dimp Y, and therefore for this W
equality is attained in both inequalities of the proposition. ]

2.4 Complex quadrics and CQ-spaces

Using the language of CQ-spaces, we can rephrase central results of Chapter 1 more succinctly.

Let V be a unitary space. Proposition 1.10 shows that there is a one-to-one correspondence
between CQ-structures on V and complex quadrics in IP(V). If 2 is a CQ-structure on V,

we therefore call the quadric Q(2A) characterized by Q() = Q(A) for all A € A the complex
quadric belonging to the CQ-structure 2. Similarly, we define @(Ql) and Q).

Proposition. Let (V,20) be a CQ-space and A € A. Then we have

(a) Q) = {z+ Jy|z,y € V(A), |lz| = |yl #0, x Ly}
(b) Q) = {z+ Jy|z,y € V(A), HxH—HZ/H——7 z Ly}

Proof. For (a). Let v € V\ {0} be given, say v =z + Jy with z,y € V(A). Then we have by
Proposition 2.4(c)(iii):

~ v#0
veQ@) & (v, Av)e =0 & |z® —[lyl* +2i(z,y) =0 & ([lz]* = ly|* # Oanda Ly).

For (b). Because we have Q(2) = Q() N'S(V), this follows from (a). O
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Remark. Proposition 2.23(b) shows that Q(2) is homothetic to the Stiefel manifold of or-

thonormal 2-frames in V(A). Consequently, Q(2) is homothetic to the Grassmann manifold

).
).

of oriented 2-planes in V(A

Theorem. Let (V,2() be a CQ-space and p € Q := Q).

(a) The set of shape operators

A(Q,p) == { AT |¢ €LXQ — P(V))}

is a CQ-structure on the unitary space T,Q . In the sequel, we will always regard T,Q as
a CQ-space in this way.

(b) Let z € 7= *({p}) (where 7 : S(V) — IP(V) is the Hopf fibration) and A’ € A(Q,p) be

given. Then there exists one and only one A € A so that the following diagram commutes:

.0 —=H.Q

% l‘b

TPQ 7> TPQ .

. . . -
Here the map ® : H.Q — T,Q is characterized by ®(v') = mwv for all v e H,Q .
We call A the lift of A’ at z.

Proof. For (a). We fix A € 2 and consider the fields £ and C' constructed in Section 1.3 with
respect to this A. Then we have by Proposition 1.15

AQ,p) ={AZ, |z ex " ({Ph)}.

Fixing some zy € 7~ '({p}), we further have by Propositions 1.15 and 1.14

AQ,p) = { A, ., |A €S } ={AY, ., | €S}
—{\248, [reS'}={r4Ag [resS'}.

Theorem 1.16 shows that A?(zo) is a conjugation on T, and therefore we see that A(Q,p) is
a CQ-structure on the unitary space 7,Q .

For (b). We let z € 7= 1({p}) and A’ € A(Q,p) be given. As we saw in the proof of (a),
there exists A € S! so that A’ = )\A?(z) holds. If we replace A by AA € 2, then with this
conjugation the assertion (b) is fulfilled, see Diagrams (1.13) in Theorem 1.16. O

Theorem. Let (V,2) be a CQ-space. We put Q := Q(), denote by w : S(V) — IP(V) the
Hopf fibration, and for z € Q(A) by H.Q C T,V the horizontal lift of Ty ,)Q with respect to

T at z.
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Then H.Q is a CQ-subspace of the CQ-space (T,V,S!-C,), where C is the endomorphism
field from Section 1.8. Moreover, we have

H.Q = spang{z}+ (2.17)
={veV|Reqv,Imgv L Regz,Imyz} (2.18)

(where A € A is arbitrary), and m|H.Q : H.Q — Tr(»)Q is a CQ-isomorphism.

Proof. Let A € 2 be given. We have spang{z} = Cz @ C(Az), therefore (2.17) follows from
Proposition 1.13(b). It follows that @ is a CQ-subspace of V and hence, H,Q is a CQ-
subspace of (T,V,S!.C.). To prove Equation (2.18), let v € V be given. We abbreviate
r:=Reaz, y:=Imygz, vy := Reqv and vy := Imyv. Then we have by Proposition 1.13(b)
and Proposition 2.4(b)(i),(c)(i):

NS @ — (v,2)¢ = (v,Az)¢ =0
— <Uz7x>IR + <’Uy,y>]R, = <Uy,:E>]R, - <’Uz,y>]R, = <vz7x>IR - <’Uy,y>]R, = <’Uz,y>]R, + <Uy,:E>]R, =0

= (Vg )R = (U, Y)R = (Vy, T)R = (U2, Y)m =0 .

This proves Equation (2.18). Finally, the fact that m.|H.Q : H.Q — T,)Q is a CQ-
isomorphism follows from Theorem 1.16. ]

Proposition. Let (V,21) be a CQ-space of dimension n > 2. Then @(Ql) (and therefore also
Q) ) is not contained in a proper R-linear subspace of V .

Proof. 1t suffices to give an IR-basis of V which consists entirely of elements of QV(QL) For
this purpose, let us fix A € 2 and an orthonormal basis (by,...,b,) of V(A). We put vy :=

%(bk + Jbgyq) for 1<k <n-1 and v, := %(bn—i—Jbl). Then (vi,...,vpn,Jv1,...,Juy,) is

an IR-basis of V, which consists of elements of Q(2) by Proposition 2.23(b). O

2.5 The A-angle

In a unitary space V, all unit vectors are geometrically equivalent in the sense that the unitary
group of V acts transitively on S(V). However, if we equip V with a CQ-structure, this
additional structure provides a differentiation of the “geometric quality” of unit vectors; this is
to say that Aut(2) does not act transitively on S(V). As we will see, the orbit space of the latter
action can be parameterized by a number ¢ € [0, ]; the explicit parametrization of the orbit
space in this way is due to H. RECKZIEGEL (see [Rec95], Proposition 3 and Proposition 4(g)).
We call the parameter ¢ corresponding to such an orbit the 2A-angle of that orbit, or of its

elements.

Let (V,2) be an n-dimensional CQ-space with n > 2.
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2.28 Theorem. Let v € V\ {0} be given.

(a) There is one and only one number p(v) € [0, %] so that

VAeA : (v, Av)g| = cos(20(v)) - ||v||? (2.19)
holds. We call p(v) the A-angle or characteristic angle of v .

(b) There exists A € 2 so that
(v, Av)q@ s real and >0 . (2.20)

For o(v) # %, A is determined uniquely by (2.20); for ¢(v) = T, (2.20) holds for every
AeA. If (2.20) holds for A€, we call A adapted to v .

(c) If A€ is adapted to v, then we have
IReav|| = cosp(v) - ||v||, [[Imav] =sinp(v)-|jv]] and Regv LImyv. (2.21)

Therefore, there exists a representation

{v = ||v]| (cos p(v) - x 4 sinp(v) - Jy) (2.22)

where z,y € S(V(A)) and x Ly holds.

We call any representation of v as in (2.22) a canonical representation of v ; it is uniquely
determined by v for 0 < p(v) < 7.

Proof. Without loss of generality, we may suppose |[v||=1.

For (a). First, we note

VAe A AeS! i (v, \v)g = X (v, Av)g . (2.23)

This shows that |(v, Av)¢| is independent of the choice of A € A. Let us fix A € 2. Then
Cauchy/Schwarz’s inequality for a unitary space shows

(v, Av)e| <[]l - [[Av]| =1

Therefore it follows that there is one and only one ¢(v) € [0, 7] so that Equation (2.19) holds.

For (b). If o(v) = % holds, then we have (v, Av)¢ = 0 for every A € 2 by Equation (2.19),
and therefore Equation (2.20) is satisfied for every A € 2.

Thus, we now suppose ¢(v) # 5. We fix Ag € A, then we have (v, Agv)g # 0 by Equa-

tion (2.19). Put X := % € S! and A := A4 € 2. Then Equation (2.23) shows

N (v, Agv) - (v, Agv) e
v, Avyg = X - (v, Agv)g¢ =
< >(D < 0 >(D ‘(’U,A(ﬂ)>(}j‘

Equation (2.23) also shows that A is the only element of 2 for which (2.20) holds.

= (v, Agv)¢| >0 .
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For (¢). We have by Proposition 2.4(b)(iii)
IReav]? + || Tmavf|* = o] = 1.
If Ae 2 is adapted to v, we also have by Proposition 2.4(c)(iii)
(2.19)

cos(2¢p(v)) =" (v, Av)¢| (v, Av)q
= ||Reav||? = || ITma v||> + 2i (Req v, Ima )R ,

(2.20)

and hence
IReav]|? || Tma vf|* = cos 2(v)
(Regqv,Imyv)g =0.
Adding Equations (2.24) and (2.25) gives
2(Reqav,Reqv)r = 1+ cos(2p(v)) = 2 (cos ¢(v))?

and therefore

| Reav|| = cosp(v) .
By subtracting Equation (2.25) from Equation (2.24), one similarly obtains
|| Tm 4 v|| = sinp(v) .

Equations (2.26), (2.27) and (2.28) prove (2.21).

(2.24)

(2.27)

(2.28)

For ¢(v) # 0, Equations (2.27) and (2.28) show that Resv,Imqv # 0 holds, and therefore
we see that (2.22) holds for z := Reqv/||Reav| and y := Imgv/||Im4 |, and for no other
choice of x,y € V(A). For 0 < ¢(v) < 7 there is only one A € 2 which is adapted to v and
therefore v then already determines the canonical representation uniquely. On the other hand,
if p(v) = 0 holds, then we have Im4v = 0 by Equation (2.28), and thus v = Regqv € V(4)
holds. Therefore (2.22) then is satisfied with z :=v € S(V(A)) and any y € S(V(A)) which is

orthogonal to x.

Proposition. Let v € V\ {0} be given.

(a) v principal <= (v)=0.

(b) v isotropic <= ¢(v) =T.

g

Proof. For (a). If v is principal, there exists A € 2 so that v € V(A) holds. We have
(v, Av)g = (v,v)¢ > 0, so A is adapted to v. We have Imgqv = 0 and therefore Theo-
rem 2.28(c) shows that sinp(v) = || Imav||/||v]] = 0 holds. Consequently we have ¢(v) = 0.
Conversely, suppose that ¢(v) = 0 holds and let A € 2 be adapted to v. Then Theorem 2.28(c)
shows || Ima v|| =sing(v) - ||v]| =0 and therefore v = Reqv € V(A). Hence v is principal.

For (b). Let A € 2 be fixed. Theorem 2.28(a) shows that we have

v isotropic <= (v, Av)g =0 <= cos(2¢p(v)) =0 <= p(v) =
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2.30 Proposition. The map ¢ : V\ {0} — [0, ], v @(v) is continuous; its restriction to the set

2.31

2.32

N:={veV\{0}0<p) <T}

is differentiable. @|(N NS(V)) (and therefore also ¢|N ) is a submersion.

Proof. We fix A € 2. Then Theorem 2.28(a) shows that we have

CEUEN

Vo e V\ {0} : p(v) = % arccos < o] 12

All the maps composing ¢ in this representation are continuous, therefore ¢ also is. Fur-
thermore, the map V\ {0} — IR, v — [(v, Av)q| is differentiable at those v € V \ {0} with
(v, Av)g # 0, i.e. p(v) # §, and arccos : [0,1] — [0, 5] is differentiable on [0,1[. It follows
that |N is differentiable.

To show that the restriction of ¢ to N N S(V) is a submersion, let v € N NS(V) be given
and A € 2 be adapted to v, put ty := ¢(v) € ]0, %[, = := Rea(v)/cos(ty) € S(V(A)) and
y :=Imu(v)/sin(ty) € S(V(A)), and consider the differentiable curve

7 :]0, F[= (N NS(V)), t — cos(t)x + sin(t)Jy

with ~y(t9) = v. An easy calculation using Theorem 2.28(a) shows that ¢ o~y (t) = ¢ holds for

s
14
submersive at v . g

every t € ]0,Z[, and therefore we have T,o(3(to)) = (¢ o) (to) = 1. This shows ¢ to be

We now introduce a somewhat relaxed version of the concept of adapted-ness. Its main purpose
is to simplify the formulation of some statements in Section 2.7 (concerning the eigenspaces of
the Jacobi operator corresponding to the curvature tensor of the complex quadric), Section 4.4
(in the classification of totally geodesic submanifolds of the complex quadric) and Section 5.4
(concerning geodesics in the complex quadric).

Definition. A € A is called weakly adapted to v € V\ {0} if (v, Av)g € R holds.

It is clear that if A is adapted to v, then it is also weakly adapted to v.

Proposition. Let v € V\ {0} be given.

(a) For A €2, the following statements are equivalent:

(i) A is weakly adapted to v .
(i) Either A or —A is adapted to v .

(iii) Reav L Imagv holds.
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(b) If A€ is weakly adapted to v, there exists a representation

{v = [|v]| (cos(t) - @ + sin(t) - Jy) (2.29)

where t € R, z,y € S(V(A)) and = Ly holds.

We call any representation of v as in (2.29) a weak canonical representation of v .

Proof. For (a). For A € A we have

A is weakly adapted to v <= (v, Av)¢ € R
< Jee{£l} : (v,e Av)g >0
<= Jee {£1} : A is adapted to v,

9

and therefore the equivalence “(i) < (ii)” is shown. For the equivalence “(i) < (iii)” we note

that Proposition 2.4(c)(iii) shows that (v, Av)q¢ € IR is equivalent to (Reqv,Imgv)r =0.

For (b). By (a), either A or —A is adapted to v. If A is adapted to v, then any canonical
representation of v with respect to A satisfies (2.29). On the other hand, if —A is adapted to
v, we consider a canonical representation of v with respect to —A:

v = [|v[f (cos p(v) - 2’ + sinp(v) - Jy)
where 2/,y € S(V(—A)) and 2’ Ly holds.

Abbreviating ¢ := ¢(v), we thus have
v=|vf| - (cos(p = F) - Jy' +sin(p — §)J (J2')) .

We therefore see that (2.29) is satisfied with ¢t := ¢ — T, x:= Jy' € JV(-A) = V(A) and
y:=Ji' e V(A). O

2.33 Remark. The 2-angle of a vector w € S(V) can be read off any weak canonical representation
of w by the following fact: If A € 2 and an orthonormal system (z,y) in V(A) are given,

then the function

s

, 51, t = @(cos(t)x + sin(t)Jy )

(p(Ly) . ]R — [0

¥
is §-periodic and satisfies ¢, ) () = [t| for [t| < 7.
Proof. This is an immediate consequence of the fact that we have by Theorem 2.28(a)

€08(2¢ (5,4 (1)) = [(cos(t)x + sin(t)Jy, cos(t)x — sin(t) Jy)c| = | cos(t)® — sin(t)?| = | cos(2t)| . u

2.34 Proposition. Let (V') be another CQ-space, B : V — V' be a CQ-isomorphism or a
CQ-anti-isomorphism and v € V \ {0} .

(a) p(Bv) = p(v).

(b) If A€ is (weakly) adapted to v, then Bo Ao B~' € A is (weakly) adapted to Bv .
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(c) If B is a CQ-isomorphism and v = |[v|| (cos(t) - x + sin(t) - Jy) is a (weak) canonical
representation for v, then Bv = |[v|| (cos(t) - Bx + sin(t) - JBy) is a (weak) canonical
representation for Buv.

Proof. The statements are obvious for the case where B is a CQ-isomorphism.

To show (a),(b) for the case where B is a CQ-anti-isomorphism, it therefore suffices to consider
the case where B equals some element Ay € 2 because of the fact that the map B +— Bo Ay
is a bijection from the set of CQ-isomorphisms V — V’ onto the set of CQ-anti-isomorphisms
V — V’. In this case we have for any v € V\ {0}

(Bv, Ag(Bv))¢ = (Agv,v)¢ = (v, Agv)¢ -

This equation shows that ¢(Bv) = ¢(v) holds, and also that if Ag is (weakly) adapted to v,
then Bo Ago B! = Ay is (weakly) adapted to Buv. O

Corollary. Suppose v € V\ {0} and A € S' are given. Then o(M) = @(v) holds, and if
A € is (weakly) adapted to v, then \2A is (weakly) adapted to v .

Proof. Apply Proposition 2.34(a),(b) to the CQ-automorphism B :V — V, v — \v. O

2.6 The action of Aut(2A) on S(V)

Let (V,20) be an n-dimensional CQ-space. As Aut(2) consists of unitary maps of V| this
group acts via isometries on S(V). In the present section, we determine the orbits of this action
and show that the action is irreducible.

Proposition. (a) For n > 2, the orbits of the action of Aut(A) on S(V) are the sets
My :={veS(V)|pv) =1},
where t runs through [0, ] .

(b) For n> 2, already Aut(A)o acts transitively on M, .
Example. M, = @(Ql) .

Proof of Proposition 2.36. For (a). Let v € S(V) be given, denote by O C S(V) the orbit
through v of the action of Aut() on S(V) and put ¢ := ¢(v) € [0, 7]. Then we have to
show O = M, . Proposition 2.34(a) already gives O C M;. Conversely, let v' € M; be given.
Then there exist conjugations A, A’ € 2 which are adapted to v resp. to v’ and canonical
representations

v =cos(t)x +sin(t)Jy and v = cos(t)z’ + sin(t)Jy' (2.30)
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with x,y € S(V(A)), 2,y € S(V(A"), Ly and 2/ L 3. Hence, there exists a linear isome-
try L:V(A) - V(A') with Lz = 2’ and Ly = y'. By Proposition 2.15, the complexification
LY : V — V is a CQ-automorphism, and Equations (2.30) show that v/ = L% € O holds.
Thus we have proved M; C O.

For (b). For odd n we have Aut()o = Aut(A) by Proposition 2.17(b), and therefore the
statement then was already shown in (a).

If n >4 iseven, let v,v" € M; be given. We have to show that there exists B € Aut(2l)( so that
Bv =’ holds. By (a), there exists B € Aut(2) so that Bv = v’ holds; by Proposition 2.17(b)
B can be represented as B = ALY with A € S! and L € O(V(A)). If L € SO(V(A)) holds,
we have B := B € Aut()y (again, see Proposition 2.17(b)) and Bv = v/. Otherwise, we
represent v as in (2.30), choose z € S(V(A)) orthogonal to z and y and consider the orthogonal
transformation S : V(A) — V(A) characterized by Sz = —z and S|(IRz)* = id(rz)s . We
have detS = —1 and therefore L := Lo S € SO(V(A)), hence B := AL® € Aut(A)y. Also,
the construction of B shows that Bv = Bv = v’ holds. ]

Proposition. For 0 <t < %, M; is a hypersurface of S(V). For any v € M;, we have
Ty M = ker(Typ) .

Proof. Because ¢|{v € S(V)[0 < ¢(v) < T} is a submersion (Proposition 2.30), this proposi-
tion is an immediate consequence of the theorem on equation-defined manifolds. O

Proposition. (a) Aut(2A) acts irreducibly on V.

(b) For n> 2, already Aut(A)o acts irreducibly on V.

Proof. Put G := Aut()p in the case n > 2, G := Aut(2) in the case n = 2. It suffices to
show that G acts irreducibly on V. Let a G-invariant subspace U # {0} of V be given. We
fix vo € S(U) and put ¢ := p(vg) € [0,%]. By Proposition 2.36, G acts transitively on M;,
and therefore the G-invariance of U implies

M;CU. (2.31)

We also fix A € 2. In the case t =0, (2.31) shows that V(A) C R- My C U holds. Because
U is a complex subspace, this implies U =V .

Hence, we may now suppose t > 0. Let w € U+ be given; we will show w = 0. (2.31) shows
that we have in particular
Voe M, : (w,v)r =0. (2.32)

Let (x,y) be any orthonormal system in V(A). Then we have v := cos(t)z + sin(t)Jy € M,
and therefore by Equation (2.32):

0= (w,v)r = (Reaw + JImy w, cos(t)r + sin(t)Jy)r
= cos(t) - (Regqw,z)Rr + sin(t) - (Img w, y)R - (2.33)
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We also have cos(t)z — sin(t)Jy € M; and therefore by an analogous calculation

0=cos(t) - (Regqw,z)r —sin(t) - Img w,y)R - (2.34)

Because of t # 0, we have cos(t), sin(t) # 0, and therefore Equations (2.33) and (2.34) together

imply
(Reqaw,z)r = (Img w,y)r = 0. (2.35)

Because we have n > 2, any given z € S(V(A)) can be extended to an orthonormal system
(z,y) in V(A), and therefore Equation (2.35) shows that we have (Resw,z)r = 0 for every
x € S(V(A)), hence Req w = 0. Analogously, we see that Im4 w = 0 holds, and therefore we
have w =20.

Thus, we conclude U+ = {0} and therefore U = V. O

Remark. In the case n = 2, the action of Aut(2)y on V is in fact reducible, as the following
consideration shows:

For n = 2, there are exactly two 1-dimensional complex, isotropic subspaces Ui, Us of V, and
V =U; & Uy holds. If we fix A € 2 and an orthogonal complex structure j : V(A) — V(A)

(7 is unique up to a choice of sign), then these subspaces are given by
Up={z+J(z) |z eV(A)} and Uy={xz—J(z)|lz eV (A)}.

Uk (with k € {1,2}) is invariant under the action of Aut()g: For any B € Aut()o, B(Ug)
is a complex 1-dimensional, isotropic subspace of V, and therefore we have B(Uy) € {Uy,Us}.
Because Aut(2l)g is connected, it follows that in fact B(Uy) = Uy holds.

As we will see in Section 5.5, the decomposition V = U; & Us gives rise to two totally geodesic
foliations of the 2-dimensional complex quadric Q2 , whose leaves are isometric to IP! and which
intersect orthogonally in every point of Q2.

Remark. Because the hypersurfaces M; (0 <t < 7 ) are orbits of an action on the sphere via
isometries, (M)o<t<r/s is a family of isoparametric hypersurfaces in S(V); its focal sets are
MO and Mﬂ,/4.

The general situation of a homogeneous (and hence isoparametric) hypersurface in a sphere has
been investigated by HSIANG /LAWSON ([HL71], Section II.1) and TAKAGI/ TAKAHASHI ([TT72]).
Hsiang and Lawson classified in [HL71] those compact subgroups G C O(r + 1) for which the
principal orbits of the action of G on S" are hypersurfaces in S”. It follows from the tables
given in [HL71], Theorem 5, p. 16 that any (closed, connected) homogeneous hypersurface in
S" is as a homogeneous space isomorphic to a principal orbit of the isotropy representation of a
symmetric space of rank 2.

As we will see in Chapter 3, complex quadrics ) of dimension n > 2 are Riemannian symmetric
spaces of rank 2, and the action of Aut(2(Q,p))o on T,Q is isomorphic to the action of the
isotropy representation of @) at p. Because of Proposition 2.36(b), it follows for a CQ-space
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(V,20) of dimension n > 3 that the isoparametric hypersurfaces M; (0 <t < T ) in S(V)
are as homogeneous Aut(2l)o-spaces isomorphic to principal orbits of the isotropy action of an

n-dimensional complex quadric.

In [TT72], Takagi and Takahashi studied homogeneous hypersurfaces in a sphere from the view-
point of isoparametric hypersurfaces. Because of the result of Hsiang/Lawson cited above, it
is sufficient to consider the orbits under the isotropy representation of symmetric spaces M of
rank 2. Among other things, Takagi and Takahashi show how the root system of the symmetric
space M can be used to calculate the (constant) principal curvatures of a principal orbit of the
isotropy representation and their multiplicities (see [TT72], Theorem (3), p. 470 and Table II,
p. 480).

Via the cited results from [TT72] and the information on the roots and the root spaces of a
complex quadric given in Section 3.2, one can obtain the following facts on the family (M;) of
isoparametric hypersurfaces in S(V), where (V,2() is again a CQ-space of dimension n > 3:
M; (with 0 < ¢t < §) has g = 4 principal curvatures. (In the case n = 2, the number
of principal curvatures is reduced to 2.) For A € 2 and an orthonormal system (x,y) in
V(A), we have v := cos(t)x + sin(t)Jy € M;, the unit vector u € T,S(V) characterized by
U = —sin(t)z + cos(t)Jy is normal to M, , and with respect to this unit normal vector, the
principal curvatures of M; and their multiplicities are

principal curvature || —cot(t) | tan(t) ig:ggt:ﬁgg - 22281228
multiplicity n—2 n—2 1 1

2.7 The curvature tensor of a CQ-space

In Proposition 1.21 we calculated the curvature tensor of a complex quadric ). As that propo-
sition shows, the curvature tensor of ) at some point p € ) can be described in terms of the
inner product on 7,Q, its complex structure and the CQ-structure A(Q, p) alone, and therefore
a corresponding tensor can be defined on any CQ-space (V,2l). We now turn to the study of
the algebraic properties of this tensor, which we will call the curvature tensor of the CQ-space

(V,20).

Definition. For A € 2 we call the R-trilinear map R:VXxVxV =V, (u,v,w) — R(u,v)w
defined by

Vu,v,w €V @ R(u,v)w = (w,v)gu — (w,uygv — 2 - (Ju, v)rJw
+ (v, Aw)gAu — (u, Aw)gAv ,

the curvature tensor of the CQ-space (V,21). R is independent of the choice of A € 2.

Proof for the independence of R from A € 2. For any X € S' we have (v, \MAw)cAAu — (u, \MAw)g Av =
(v, Aw)cAu — (u, Aw)cAv . O
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Let @ be a complex quadric and p € . Then the curvature tensor of the CQ-space
(T,Q,2(Q,p)) in the sense of the present section is equal to the curvature tensor of the quadric
Q@ at p (see Proposition 1.21). Of course, this fact is the motivation for Definition 2.42. Con-
sequently, the results we obtain on the curvature tensor of a CQ-space imply results on the
curvature tensor of a complex quadric.

2.43 Proposition. Let R be the curvature tensor of the CQ-space (V,2).

(a) R is C-linear in w and skew-symmetric in (u,v) .
(b) For u,v,w € V, we have

R(u, v)w =(v,w)ru — (u, w)RV
+ (Ju,w)rJu — (Ju,w)rJv — 2 - (Ju,v)RJw
+ (v, Aw)r Au — (u, Aw) g Av
+ (v, JAw)r J Au — (u, JAw)r JAv .

(c) If A€ and u,v,w € V(A) holds, we have
R(U, v)w =2 ((’U, U))]Ru - <U, w>]RU) :
Thus R|V(A)3 is the curvature tensor of a space of constant sectional curvature 2.

(d) If W is an isotropic subspace of V and u,v,w € W holds, we have
R(u,v)w = (v,w)ru — (u,w)rv + (Jv,w)rJu — (Ju,w)yrJv — 2 - (Ju,vV)RJw .

Thus if W is a complex isotropic subspace, then R|W?3 is the curvature tensor of a space
of constant holomorphic sectional curvature 4. If W is a totally real isotropic subspace,
then R|W? is the curvature tensor of a space of constant sectional curvature 1.

Proof. Obvious. (For (b), use Equation (2.1).) O

Let @ be a complex quadric, p € @ and A € 2A(Q,p). Then Proposition 2.43(c) shows
in particular that the subspace V(A) of T,Q is curvature-invariant (i.e. Yu,v,w € V(A) :
R(u,v)w € V(A) holds). Because () is a symmetric space (see Chapter 3), it follows that
there exists a totally geodesic, complete, connected submanifold M of ) with p € M and
T,M = V(A). Because the restriction of the curvature tensor to V(A) is the curvature tensor
of a sphere of radius 1/v/2, M is locally isometric to such a sphere. In Section 5.3 we will
explicitly construct an embedding onto M ; it will turn out that M is in fact globally isometric

to the sphere.

Similarly Proposition 2.43(d) shows that any isotropic subspace W of (T,Q,20(Q,p)) which is
either complex or totally real, is curvature-invariant and therefore gives rise to a totally geodesic,
complete, connected submanifold M of @ with p € M and T),M = W . If W is complex,
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then R|W?3 is the curvature tensor of a complex projective space equipped with the Fubini-
Study metric, and consequently M is locally isometric to such a space; in fact we will see in
Section 5.5 that this also is a global isometry. On the other hand, if W is totally real, then
R|W?3 is the curvature tensor of a sphere of radius 1 and therefore M is locally isometric to
such a sphere; in this case it turns out however that M is not globally isometric to the sphere,

but rather to a real projective space.

Definition. Let (V,21) and (V',20") be CQ-spaces, denote by R and R’ their respective curva-
ture tensors and let an R-linear map B :V — V' be given. We call B curvature-equivariant,
if

Vu,v,w €V : B(R(u,v)w) = R'(Bu, Bv) Bw
holds.

Proposition. CQ-isomorphisms and CQ-anti-isomorphisms are curvature-equivariant.

Proof. Let (V,2) and (V',2') be CQ-spaces and denote their respective curvature tensors by
R and R'.

Let B :V — V' be a CQ-isomorphism. Let us fix A € 2, then there exists A’ € ' with
Bo A= Ao B. Using this equation and the fact that B is a C-linear isometry, the curvature-
equivariance of B can be read off Definition 2.42.

Any CQ-anti-isomorphism B :V — V' can be represented as B = Bo A, where A € 2 holds
and B :V — V' is a CQ-isomorphism. Because of the previous result, it therefore suffices to
show that A is curvature-equivariant, and this is easily done via Proposition 2.43(b). O

Remark. As we will see in Section 3.3, any curvature-equivariant C-linear or anti-linear map
already is a CQ-isomorphism resp. a CQ-anti-isomorphism. Moreover, for n > 3 any curvature-
equivariant IR-linear map is already either C-linear or anti-linear, and hence a CQ-isomorphism

or a CQ-anti-isomorphism.
We now give another representation for the curvature tensor of (V,2() which is frequently useful.
We consider for any u,v € V the skew-Hermitian linear map

uANv: VoV wi— (wv)eu— (w,u)gv. (2.36)

It should be noted that if u,v € V/(A) holds for some A € 2, then uAwv is the complexification
of the skew-adjoint linear map

V(A) - V(A)a L= <:E7U>]Ru - <.’£,U>]R’U )
whence it follows that in this case u A v € auts(A) holds.

Proposition. Denote by R the curvature tensor of (V,21) and fix A € 2. Then we have for
any u,v,w €V

R(u,v)w = p(u,v) - Jw + C(u,v)w (2.37)
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with the functions

p:VxV-oTR, (u,0) — 2 (u, Ju)r
and C:V xV — auty(A), (u,v) —uAv+ Au A Av
=2-(Rea(u) ARea(v) +Ima(u) Almy(v)) .

C does not depend on the choice of A € 2.

Proof. Let A € A and u,v € V be given. Because both sides of Equation (2.37) are C-linear
in w and C also is C-linear, it suffices to consider w € V(A). In this case, we have

R(u,v)w — p(u,v) - Jw
= (w,v)eu — (w,u)ev + (v, Aw)gAu — (u, Aw)gAv = (uAv+ Au A Av)w
= (w,v)gu + (v, w)gAu — ((w,u)gv + (u, w)gAv)
(w,v)gu + A({w, v)eu) — ((w, uygv + A((u, w)gv))
- (Rea({w, v)gu) — Rea({w, u)gv))
- (Re((w,v)¢) - Reqgu — Im((w, v)¢) - Img u — Re({w, u)¢) - Rea v + Im({(w, u)¢) - Imy v)
(w,v)r - Reau — (w, Ju)r - Img u — (w,u)r - Rea v + (w, Ju)r - Imy v)
(w,Reqgv)Rr - Regu — (w,Req u)g - Reqgv + (w,Imyg v)r - Img u — (w,Im g4 u)g - Im4 v)
- (Rea(u) ARea(v) + Ima(u) Almy(v))w .

This calculation shows that the equals sign in the definition of C' indeed holds, and that Equa-
tion (2.37) holds. Because R(u,v)w and p(u,v)Jw are independent of the choice of A € A,
we see from Equation (2.37) that C(u,v)w also is independent of this choice. Via the second
presentation of C(u,v) given in its definition we see that C' indeed maps into aut, (). O

Corollary. Let U be an IR-linear subspace of V which is curvature-invariant, meaning that
Vu,v,w e U : R(u,v)w e U

holds. If there exist A € A and z,y € V(A)\ {0} so that Jx,y € U and (z,y)r # 0 holds,
then U is in fact a complex subspace of V.

Proof. If p and C denote the functions from Proposition 2.47, we have p(Jzx,y) =
2(Jz,Jyym = 2(z,y)m # 0 and C(Jz,y) =2(0 ANy +x A0) =0, and therefore R(Jz,y) =
p(Jx,y) - J. Because U is curvature-invariant and Jz,y € U holds, U is invariant under
R(Jx,y) and hence also under J . O

We now suppose n > 2 and consider for any vector w € V the Jacobi operator
Ry:V—=V v Rv,w)w

corresponding to w.
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Because the eigenvalues and eigenspaces of the Jacobi operators corresponding to the curvature
tensor of a symmetric space are related to the roots and root spaces of this symmetric space
(we will investigate this relationship in Section 3.2), it is of interest for the study of the complex
quadric to give an explicit description of the eigenvalues and eigenspaces of the operators R, .

This is done in the following theorem, which closely follows the description already given in

[Rec95].
Theorem. Let w € S(V) be given, and suppose that
w = cos(t)x + sin(t)Jy (2.38)

is a weak canonical representation of w in the sense of Proposition 2.32(b), i.e. we have t € R,

Aecd and z,y € S(V(A)) with z L y.

Then the Jacobi operator R, has the following eigenvalues ki (t), eigenspaces Ey and multi-

plicities:
‘ k ‘ ki(t) € Spec(Ry) ‘ Ey = Eig(Ry, ki(t)) ‘ n(Ry, ki(t)) ‘
0 0 Rz & R(Jy) 2
1 1 — cos(2t) J(Rz © Ry)™t) n—2
2 1+ cos(2t) (Rx © Ry)*+ n—2
3| 2(1—sin(2t)) R(Jz + y) 1
4 2(1 + sin(2t)) R(Jz —y) 1

1
Here and in the sequel, denotes the ortho-complement in V(A). For n =2, the eigenvalues
1+ cos(2t) do not exist (their multiplicity is zero). Also, if some of the eigenvalues given in the
table coincide — in the interval [0, Z] this happens for t € {0,arctan(1), 2} — then one has to
add the corresponding eigenspaces and multiplicities. The eigenfunctions ki (t) are m-periodic
and satisfy the following symmetry equations for any t € IR :

pi(5 — 1) = re(t) =m(t+3), ro(§ —t)=m(t) =ra(t+3), (2:39)
r3(§ — 1) = ra(t) = ka(t +5) and ka(§ —t) = ra(t) = m3(t + 5) . (240)

Therefore the following graph of the functions rk(t) for t € [0,%] conveys all information on
them:

ki (t)
41 -4
K4

2 K9
K3 L1
K

0 : | t

0 arctan(3) o



2.50

2.51

2.7. The curvature tensor of a CQ-space 63

Warning. It follows from Equations (2.39) and (2.40) that in the setting of the theorem, the
Jacobi operators corresponding to w = cos(t)x + sin(t)Jy, to w’ := cos(§ —t)x +sin(§ —t)Jy
and to w” := cos(t + §)x + sin(t + 5)Jy have the same eigenvalues. However, this does not
mean that these Jacobi operators are equal, because the corresponding eigenspaces differ.

Proof of Theorem 2.49. One easily verifies via Proposition 2.47 that the elements of E} are in
fact eigenvectors of R, corresponding to the eigenvalue kg (t). For example, let us check this
for k=1. Let v=Jz with z € V(A4), z L x,y be given. Then we have

p(v,w) = 2(v, Jw)r = 2(Jz, J(cos(t)x + sin(t)Jy))m = 2cos(t) - (z,z)r = 0
and
C(v,w) =2(RegavAReqw+Img v Almyw) =2sin(t) -z Ay ;
consequently, we obtain
Ry (v) = R(v,w)w = p(v,w)Jw + C(v,w)w
= 2sin(t) - (z A y)(cos(t)x + sin(t) Jy)
= 2sin(t) cos(t) - (z Ay)x + 2sin(t)? - J((z A y)y)
= 2sin(t)%Jz = (1 — cos(2t))v .
Therefore v is in fact an eigenvector of R,, belonging to the eigenvalue 1 — cos(2t).

Because the spaces Ej together span V| it is clear that the table is complete. The symmetry
relations (2.39) and (2.40) follow from the well-known properties of sin and cos. O

Corollary. Let w € S(V) be given, let A € A be adapted to w and let w = cos(p(w) )r +
sin( p(w) )Jy be a canonical representation of w with respect to A. Then we have

Rz © J((Rz)*) = Rw @ J((IRw)™*) for p(w) =0
ker Ry, = { Rz & RJy = Rw & RAw for 0 < p(w) < 7§
Rz o RJy o R(Jr +y) = Rwo CAw  for p(w) = §

Proof. The statement is an immediate consequence of Theorem 2.49. O

Corollary. Let w € S(V) be given. Then the A-angle p(w) of w is determined by Spec(Ry) ;
more precisely, we have

2 (1 +sin(2¢(w))) = max Spec(Ry,) .

Proof. Apply Theorem 2.49 with a canonical representation of w . ]
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2.8 Flat subspaces

As previously, we suppose that (V,2() is an n-dimensional CQ-space with n > 2; we denote
its curvature tensor by R.

Definition. An IR-linear subspace a C'V is called flat if
Vu,v,w€a : Rlu,v)w =20

holds. A k-dimensional flat subspace is also called a k-flat.

Example. Every real-1-dimensional linear subspace of V is flat.

Theorem. If a C V is a flat subspace, then we have dimp(a) < 2. The 2-flats of V are
exactly the spaces
a=RxaRJy

with Ae®A, z,y € S(V(A)) and = L y.
Proof. First, let a space a = Rx @ IRJy with A€, z,y € S(V(A)) and = L y be given. To

prove that a is flat, it suffices to show p(z,Jy) =0 and C(x,Jy) = 0, where p and C are
the functions of Proposition 2.47, and this is easily done.

Now, let a flat subspace a C m with dimp(a) > 2 be given. Because a is flat, we have
Vwea : aCkerR,, (2.41)
where R, denotes the Jacobi operator corresponding to w as in Section 2.7.

We first prove
a is not an isotropic subspace of (W, %) (2.42)

by contradiction: Assume that a is isotropic and fix w € S(a). Then any A € 2 is adapted to
w, and therefore (2.41) and Corollary 2.50 show
aCRwo CAw . (2.43)

Now, let v € a be given; because of (2.43), there exist s € IR and A € € so that v = s-w+A-Aw
holds. By assumption, a is isotropic, therefore v,w € a implies via Proposition 2.20(a)

0= (v,Aw)g = (s-w+ X\ Aw, Aw)g = s - (w, Aw) ¢ +A- (Aw, Aw) ¢ =\

and hence v € IRw. Thus, we have shown a = IRw, in contradiction to dimpg(a) > 2. This
proves (2.42).

Because of (2.42), there exists w € S(a) with p(w) # §. Let A € 2 be adapted to w and let
z,y € S(V(A)) be such that w = cos(p(w)) z + sin(¢(w)) Jy is a canonical representation of
w. In the case 0 < ¢(w) < %, we have ker R,, = IRz © IRJy by Corollary 2.50 and therefore
(2.41) shows that a = IRz & IRJy holds (remember dimp(a) > 2).
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In the case ¢(w) = 0, we have w = z and therefore (2.41) and Corollary 2.50 show that we
have
Rz C a € Rz @ J((IRx)HY W)

Therefore we have a = Rz @’ with some o/ C J((Rz)-Y W) C JV(A). Because R|(JV(A))>
is the curvature tensor of a space of constant curvature 2 (see Proposition 2.43(c)), we have
dimp(a’) = 1, and therefore there exists y’ € S(V(A4)) with ¢’ L = and o' = IRJy'; whence
a=IRz®RJy follows. O

Corollary. FEvery vector of V is contained in a 2-dimensional flat subspace of V .

Proof. This follows from Theorem 2.54 because of the existence of canonical representations for
all v eV (Theorem 2.28(c)). O
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Chapter 3

Isometries of the complex quadric

In this chapter we study the group of isometries of a complex quadric. In Section 3.1 we will
see that any CQ-automorphism of a CQ-space (V,2l) gives rise to a holomorphic isometry of
the corresponding quadric @ := Q(2(). As a consequence, we see that there is “free mobility of
CQ-frames” in ) in the sense that any CQ-isomorphism between tangent spaces of @ can be
realized as the tangent map of a suitable holomorphic isometry of @ .

In Section 3.2, we study @ as a symmetric space. In particular, we explicitly describe the
symmetric structure of @ (in the sense of the “Lie-theoretical approach” to symmetric spaces
described in Appendix A.2) and the canonical decomposition g = ¢ @ m it induces. Following
the philosophy that the CQ-structure together with the Riemannian metric and the complex
structure of ) are the “fundamental geometric entities” of ), we derive from the results of
Sections 2.7 and 2.8 descriptions of the Cartan subalgebras, the roots and the corresponding
root spaces of the symmetric space ) in terms of these fundamental entities.

As an application, we give in Section 3.3 a proof of the fact that (1) there are no holomorphic
isometries on () besides those that were already described in Section 3.1 and that (2) if the
dimension of @ is # 2, then any isometry of ) is either holomorphic or anti-holomorphic.
These facts are already found in [Rec95] (as Corollary 2 there). However, by making use of our
terminology of complex quadrics with respect to an arbitrary conjugation, a much shorter proof
than that from [Rec95] can be given for fact (1). Also the proof of fact (2) given here is different
from that of [Rec95] (although it is based on a similar idea).

Finally, we consider 2-dimensional complex quadrics specifically, which play an exceptional role
in several respects. For example, on a 2-dimensional complex quadric there exist isometries
which are neither holomorphic nor anti-holomorphic. These exceptionalities can be traced to
the fact that a 2-dimensional complex quadric is as a Hermitian symmetric space isomorphic to
P! x P! and is therefore, unlike the complex quadrics of other dimension, not irreducible. In
Section 3.4 we explicitly describe an isomorphism P! x P! — Q? via the Segre embedding.

Throughout the chapter we make extensive use of the theory of symmetric spaces, including the
theory of root systems. An exposition of the aspects of the theory which are of relevance here,
and which also fixes the notations we shall use, is given in Appendix A.

67
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3.1 Holomorphic and anti-holomorphic isometries of Q

We let a CQ-space (V,2() of dimension n > 3 be given and consider the corresponding complex
quadric @ := Q(2) of dimension m := n — 2 along with the quadratic cone @ := Q(2) and
the set @ := Q).

As before, we denote for any unitary or anti-unitary map B : V. — V by B : IP(V) —
IP(V), [z] — [Bz] the corresponding holomorphic resp. anti-holomorphic map of IP(V). We
will also make extensive use of the Lie group (@) of isometries of @, of its subgroup I,(Q) of
holomorphic isometries and of the coset I,;(Q) of anti-holomorphic isometries. We will use the
Lie subgroups Aut(2), Auts(A) C U(V) of CQ-automorphisms resp. strict CQ-automorphisms
of (V,2) and the coset Aut(A) of CQ-anti-automorphisms (see Definition 2.10(a),(b),(c)).
Aut(2) is contained in the set U(V) of anti-unitary transformations of V.

At first, we recapitulate well-known facts about isometries of IP(V) already mentioned in Sec-
tion 1.2.

Proposition. (a) For every B € U(V) we have B € I,(IP(V)). In particular, T,B :
T,IP(V) — T IP(V) is a C-linear isometry for any p € P(V).

(b) For every B € U(V) we have B € Io,(IP(V)) . In particular, T,B : T,IP(V) — Tg,)IP(V)

is an anti-linear isometry for any p € P(V).

(¢) If B e U(V) satisfies B =idp(y), then there exists A € S with B = \idy .

We now show that isometries of ) can be obtained in an analogous way:

Proposition. (a) For every B € Aut(2A) we have B|Q € Ix(Q) and for any p € Q,
T,(BIQ) : T,Q — T Q is a CQ-isomorphism.

(b) For every B € Aut(A) we have B|Q € I.;,(Q) and for any p € Q, T,(B|Q) : T,Q —
Ty @ is a CQ-anti-isomorphism.

Remark. Proposition 3.2(b) shows in particular that A|Q is an anti-holomorphic isometry
on Q for A € . This isometry does not depend on the choice of A € 2, and is therefore
“canonical” in the sense that it is derived exclusively from the geometric objects which define
@ . As we will see in Section 5.4, the only point of @ of maximal distance from some p € @ is
the point A(p). For this reason, we call A|Q the antipode map of Q.

Proof of Proposition 3.2. For (a). Let B € Aut(2() be given. As a CQ-isomorphism of (V,2),
B leaves Q = M4 invariant (see Proposition 2.34(a)), and therefore we have B(Q) = Q. By
Proposition 3.1(a) we have B € I,(IP(V)); because @ is a complex, regular submanifold of
IP(V), we conclude B|Q € I5(Q).

Now, let p € @ and ¢ GJ_})(Q — IP(V)) be given. T),(B|Q) =T,B|T,(Q is a C-linear isometry
by Proposition 3.1(a). Moreover, Proposition 3.1(a) shows that B is an isometry of the ambient
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space IP(V), and therefore B(Q) = @ implies B, (1}(Q — P(V))) = Lg(p)(Q — IP(V)). Via
the Weingarten equation, we conclude

AR o (T,BIT,Q) = (T,BIT,Q) o AZ

where A? denotes the shape operator of @ < IP(V). This shows T,(B|Q) = T,B|T,Q to be
a CQ-isomorphism.

For (b). The proof is analogous to the proof of (a). O

Corollary. The Lie group action ¥ : Auts(A)g x Q@ — Q, (B,p) — B(p) is transitive; in
this way @Q 1is a Riemannian homogeneous Auts(A)g-space. In particular, @ is connected and
complete.

Proof. To prove the transitivity of the action ¥ let pi,p2 € @ be given. Then we have to show
that there exists B € Auty4(20)p so that B(p1) = p2 holds.

We choose z; € Q = My,y so that pp = [z;] holds for k € {1,2}. By Proposition 2.36
there exists B € Aut(2) so that Bz; = 29 and therefore B(p1) = p2 holds. Because we have
AB = B for every A € S', we may suppose without loss of generality that B € Auty(?) holds.
In the case that we have B € Auts()o, we are finished.

Thus, we now consider the case B € Autg(2A) \ Auts(A)o. Let us fix A € 2. Then Proposi-
tion 2.17(a) shows that there exists L € O(V(A)) with det L = —1 so that B = LY holds.
Because of n > 3 there exists x € S(V(A)) with « L Reazi,Img 2. The orthogonal map
S:V(A) — V(A) with

Sz =—z and S|(Rz)t = id(Ra)t

satisfies det S = —1. Thus we have (L o S)¥ € Auty()g, also (Lo S)®(p1) = B(p1) = p2
holds.

Proposition 3.2(a) shows that ¥ acts via isometries on @ and therefore, @} is a Riemannian
homogeneous Auts(2()g-space. Because Auts(A)o is connected, we see that ) is connected. As
a Riemannian homogeneous space, @ is complete (see [O’N83], Remark 9.37, p. 257). O

Theorem. (Mobility in the quadric.) Let p1,p2 € Q and a map L : T, Q — T,,Q be
given.
(a) If L is a CQ-isomorphism, there exists one and only one f € Iy(Q) with
f(p1)=p2 and T, f=1L,
and we have f = B|Q for some B € Auts().
(b) If L is a CQ-anti-isomorphism, there exists one and only one f € I;(Q) with
f(p1) =p2 and Ty f=1L,

and we have f = B|Q for some B € Aut(%).
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Remark. As we will see in Section 3.3, any holomorphic or anti-holomorphic isometry of @Q
is obtained in the way described in Theorem 3.5. Moreover, for m # 2, any isometry of @ is
either holomorphic or anti-holomorphic.

Proof of Theorem 3.5. For (a). Because @ is connected (Corollary 3.4), the uniqueness of f
follows from the rigidity of isometries.

For the existence proof, we fix A € 2 and denote by A? the shape operator of Q — IP(V),
by 7 :S(V) — IP(V) the Hopf fibration, by ¢ the unit normal field along 7T|QV introduced in
Section 1.3 and by C' the endomorphism field on the manifold V induced by A in the way also
described in Section 1.3.

We fix z; € 77 1({p1}), then A?(ZI) € 2A(Q,p1) holds, and therefore we have L o AgQ(zl) oL e
A(Q,p2) because L is a CQ-isomorphism. By Proposition 1.15 it follows that there exists
2o € 7 1({p2}) so that

Q -1 _ 4Q
Lo Ag.yo L™ =Ag,,

holds. Theorem 1.16 therefore shows that the C-linear isometry Bg : H,,Q — H.,Q determined
by

(7.l H:,Q) 0 By = Lo (m.|H,Q) (3.1)
satisfies

By o (021 ‘HQQ) - (022‘7_‘22@) o By . (3'2)

We now consider the C-linear map B :V — V characterized by
_ —_—
Bzy =29, B(Az)= Az and YveH,Q : B(V)=Byv; (3.3)

B is well-defined and a C-linear isometry because (zg, Azi) is a unitary basis of (77>,€Q)l’V
for k € {1,2}. Equations (3.3) and (3.2) show that B is a strict CQ-automorphism of (V,2).
Therefore we have f := B|Q € I,(Q) by Proposition 3.2(a). We have f(p1) = n(Bz1) =
7(22) = p2. Moreover, if we abbreviate g = 77@ and Bg = B@, we have fomg =mgoBg
and therefore

Tplf © (7['*|H21Q) = T, (f © 7[-Q)”—(ZlQ =T (WQ o BQ)|H21Q = (77*|H22Q) o (TleQ|H21Q)

Y (M@)o Bo Lo (mH.,Q)

hence T, f = L.

For (b). The uniqueness of f once again follows from the rigidity of isometries. For the
existence proof, we fix A € 2 and consider the antipode map A|Q , which is an anti-holomorphic
isometry of ) as we already noted in Remark 3.3. Moreover, Proposition 3.2(b) shows that
Ty, (AlQ) : Ty, Q — Ty @ s a CQ-anti-isomorphism. Hence

Ty, (AlQ) o L: T, Q — TA(pz)Q

is a CQ-isomorphism. It follows by (a) that there exists B € Auty(2) so that f := B|Q € I5(Q)
satisfies

F(p1) = A(ps) and Ty, f =Tp,(A|Q) o L.
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Put B:= Ao B € Aut(2) and f:= B|Q = (A|Q)o f € I1(Q). A|Q is involutive along with
A, and therefore we have

f(p1) = A(f(p1)) = A(A(p2)) = p2

and

Tpr f = Taa)(AlQ) 0 Ty f = Ty (AIQ) 0 T, (AIQ) o L = T, (AlQ) 0 (A|Q)) o L = L .
O

Remark. Another proof of the existence of isometries of @ corresponding to CQ-
(anti)-isomorphisms of tangent spaces of () can be given via the Theorem of CAR-
TAN/AMBROSE/HICKS (see [KN63], Theorem VI.7.4, p. 261f.), if one uses the fact that @ is a
locally Riemannian symmetric space which is simply connected (Remark 1.24(a)) and complete
(Corollary 3.4): If L : T, Q — T,,Q is a CQ-isomorphism or a CQ-anti-isomorphism, then L is
curvature-equivariant by Proposition 2.45, and therefore the Theorem of Cartan/Ambrose/Hicks
shows that there is an affine diffeomorphism f: Q — @ with f(p1) =p2 and T, f = L. Be-
cause the Riemannian metric and the complex structure of ) are parallel, the invariance of L
with respect to (-,-)r causes f to be an isometry, and the complex (anti-)linearity of L causes
f to be (anti-)holomorphic.

Proposition. The kernel of the Lie group homomorphism ® : Aut() — I,(Q), B — B|Q is
{Xidy | A €S},

Proof. Tt is clear that {\idy |\ € S'} C ker(®) holds. Conversely, let B € Aut(A) be given
with B|Q =idg. Let us fix p € @, then we have

Tp,B|T,Q = T,(B|Q) = idz,q - (3.4)

Let us also fix ¢ € L1(Q < IP(V)) and denote by AQ the shape operator of Q < IP(V). Asin
the proof of Proposition 3.2 we get

AQ (34)

(3.4)
B =AY o (L,BITQ) = (T,BIT,Q) 0 AZ "=

A2 (3.5)

The C-linear map 1,(Q — P(V)) — End(7,Q), n — Ag is injective, and therefore Equa-
tion (3.5) implies B,¢ = ¢. This fact together with Equation (3.4) shows that T,,B = idr,p(v)
holds, whence B = idp(y) follows by the rigidity of isometries. Thus Proposition 3.1(c) shows
that B = \-idy holds for some X\ € S!. O

3.2 (@ as a Hermitian symmetric Auts(2)e-space

In the following proposition we explain in what way the complex quadric @ is a Hermitian
symmetric Autg(2)g-space (Q,V,pg, o) (compare Appendix A.2, where the view of symmetric
spaces as such a “datum” is described under the heading “Lie theoretical approach”).

We denote by 7 :S(V) — IP(V) the Hopf fibration and abbreviate
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G = AutS(Ql)o ;

then we have for any A € A:

G={BeUWV)|BoA=AoB, det(B)=1}.

Moreover, we denote by g := auts(2) the Lie algebra of G and consider its Killing form

»:gxg— IR. » has been described explicitly in Proposition 2.17(a), see Equation (2.6). G

acts on @ via the Lie group action ¥ : G x Q — @ described in Corollary 3.4.

3.9 Proposition. Let py € Q be given, say po = m(z9) with zy € Q.

(a)

(b)

(c)

W :=spang{z0} is a 2-dimensional CQ-subspace of V which depends only on pg, not on
the choice of zg € 7 *({po}). We denote the induced CQ-structure of the CQ-subspaces
W and WL by Aw and Ay, o, respectively. The isotropy group K of U at po is then
given by

K :{ Bed@G | B‘W S Auts(ﬂw)o } . (3.6)

Moreover, the map
F: K — Auty(Uy)o X Auts(Uyys)o, B — (B|W, B]W)
s an isomorphism of Lie groups, consequently K is connected.

The image of the isotropy representation
6 K — U(T),Q), B — T (BIQ)

is Aut(2(Q,po))o. © is injective for m odd, whereas its kernel is {xidy} for m even.
It follows that © : K — Aut(A(Q,po))o s an isomorphism of Lie groups for m odd,
a two-fold covering map of Lie groups for m even. Moreover, the action ¥ is almost
effective.

Let S:V —V be the linear involution characterized by
SIW =idw and S|Wt = —idy. .
Then we have —S € G, and the involutive Lie group automorphism
0:G—G, B—SoBoS™!

satisfies Fix(o)g = K .

Consequently (Q,V,pg,0) is a Hermitian symmetric G-space in the sense of the “Lie
theoretical approach” of Appendixz A.2; its canonical covariant derivative is identical to
the Levi-Civita covariant derivative of Q). This symmetric space is of compact type; it is
irreducible for m # 2.
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(d) The canonical decomposition g = €& m with respect to o is given by

t={XecglXW)cw, X(Wt)cwt},
m={Xecg|X(W)cWwt, X(WhH)ycw}.

Proof. For (a). Let us fix A € 2. Clearly, W = Czp @ CAz is a 2-dimensional CQ-subspace
of Vand Y :=V(A|W) =W NV(A) is a real-2-dimensional subspace of V(A4). Immediately
we will show

K={BeG | B|YeSOY) }; (3.9)

Equation (3.6) follows therefrom by Proposition 2.17(a).

To prove Equation (3.9), we first note that with z := v/2 Rea 29 and y := v/2 Imy 29, (z,9)
is an orthonormal basis of Y by Proposition 2.23(b). For given B € G we have:

BeK < B(py) =po <= 3IreS! : By =Mz
<~ 3J(a+ib) €S' : Bx+ JBy = (a+ib)(z+ Jy) = (ax — by) + J(bx + ay)
<~ 3(a+ib)eS' : (Bx=axr—by and By=bzr+ay);
this calculation shows that B € K holds if and only if B(Y) = Y holds and there exist
a,b € IR with a®?+b? =1 so that B|Y is represented by the matrix (_“b 3) with respect to the

orthonormal basis (x,y) of Y. But this is the case if and only if B|Y € SO(Y) holds. Thus
we have shown Equation (3.9).

For any B € G, we have B|V(A) € SO(V(A)) by Proposition 2.17(a). Therefore, we have for
any B € K besides B|Y € SO(Y) also B|Y LY € SO(Y V(W) | It follows that

K — SO(Y) x SO(Y V™), B — (B|Y, B[y -")
is an isomorphism of Lie groups, whence the statement on F follows via Proposition 2.17(a).

For (b). Tt is clear that © is a homomorphism of Lie groups. Let B € K be given, then we
have

B cker(0) <= Ty (BIQ) =idr, 0 <2 BlQ=idg <% Be{)idy|reS'}na.

Here the equivalence marked (%) is a consequence of the rigidity of isometries, and the equiva-
lence marked (1) is justified by Proposition 3.8. We have { Aidy | A € St} N Aut, () = {Fidy},
and Proposition 2.17(a) shows that —idy € G holds if and only if m is even. This shows that

© is injective for m odd and has kernel {£idy} for m even.

Proposition 3.2(a) shows that O(K) C Aut(2(Q,po)) holds; because K is connected, we in
fact have O(K) C Aut(A(Q, po))o . Because the kernel of © is discrete and

dim K = dim(Aut, () x Auts(Apyr2)o) = 1+ 221 — dim Aut(A(Q, po))o

holds (see (a) and Proposition 2.17), it follows that ©(K) = Aut(A(Q,po))o holds. The state-
ment about © : K — Aut(A(Q,po))o being an isomorphism or a two-fold covering map of Lie

group now follows immediately.
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For B € G we have
Up :idQ e (B € K and @(B) :idTpQ) <— Be€e {:l:idv}ﬂG

because of the rigidity of isometries and the preceding result on ker(©). This shows that ¥ is

almost effective.

For (¢). S is the complexification of the linear map S’ : V(A) — V(A) characterized by
S'|Y =idy and S'|Y VA = —idy i vy . We have —S’ € SO(V(A)) and therefore —S € G
by Proposition 2.17(a). Because we have o(B) = (—=S)o Bo (—S)~! for every B € G and —S
is involutive, we see that ¢ : G — G is an involutive Lie group automorphism of G. We will

now show

Fix(o) = { B € G| B|W € Auty(2y) } . (3.10)

First, let B € Fix(o) be given. Then we have S o B = B o S and therefore B leaves the
eigenspace Eig(S,1) =W invariant. Because of B € Aut4(2) it follows that B|W € Auts(Aw)
holds. Conversely, let B € G be given such that B|W € Auts(2y) holds. Then the unitary
transformation B leaves the spaces W = Eig(S,1) and W+ = Eig($, —1) invariant. Because
we have V = Eig(S,1) @ Eig(S, —1), it follows that BoS = S o B and therefore B € Fix(o)
holds. This completes the proof of Equation (3.10).

It follows from Equation (3.10) that Fix(o)o = {B € G| B|W € Auts(2Aw)o } “ K holds and
thus we have
K C Fix(o) and dimK = dimFix(o) .

Because G acts by W transitively and via holomorphic isometries on @, and ¥ is almost
effective by (b), it follows that (Q,¥,po,0) is a Hermitian symmetric G-space. The claim
that the canonical covariant derivative of this symmetric space is identical to the Levi-Civita
covariant derivative of @) is just a rephrasing for @ of the fact that any Riemannian symmetric
space is naturally reductive with its canonical reductive structure, see Appendix A.3. It follows
from Equation (2.6) in Proposition 2.17 that the Killing form s of g is negative definite, and
therefore the Hermitian symmetric G-space @ is of compact type. Moreover, for m # 2,
O(K) = Aut(A(Q,po))o acts irreducibly on Tp,Q by Proposition 2.39(b), and therefore @ is
then irreducible.

For (d). The linearization of the Lie group automorphism o is given by
or:g—g X—SoXoSt,

For X € g we therefore have X € ¢ = Eig(o,1) if and only if X and S commute, which is
the case if and only if X leaves the spaces Eig(S,1) = W and Eig(S,—1) = W+ invariant.
Similarly, we have X € m = Eig(or,—1) if and only if X (Eig(S,+1)) C Eig(S,F1) holds. O

3.10 Remarks. (a) Proposition 3.9(a) shows that @ is as a homogeneous space isomorphic to
the quotient space G/K . For fixed A € A, G is (via B +— B|V(A)) isomor-
phic to SO(V(A)) = SO(m + 2) (see Proposition 2.17(a)), and similarly, K is iso-
morphic to SO(2) x SO(m). Thus we obtain the conventional quotient representation

SO(m +2)/(SO(2) x SO(m)) of Q.
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(b) In the case m =2, @ is indeed reducible. In fact, as we will see in Section 3.4, Q? is as
a Hermitian symmetric space isomorphic to IP! x IP!.

3.11 Proposition. @ is an extrinsically symmetric submanifold of TP(V) ; this means that for every
p € Q there exists an isometry s, € I(IP(V)) with 5,(p) = p and 5,(Q) = Q so that Tps) :
T,IP(V) — T,IP(V) is the reflection in the normal space of Q) at p (see for example [NT89),
p. 157). Note that 5,|Q is the geodesic symmetry of QQ at p (see the “geometric approach” in
Appendiz A.2).

Proof. Let p € Q be given, fix z € 77 1({p}), put W := spang{z} and consider the linear
involution S :V — V characterized by

S|W =idy and S|W = —idy. ;

note that we already used S for p = pg to describe the Lie group automorphism ¢ : G — G in
Proposition 3.9. We have S € Auty(2(), and therefore s, := S € I,(IP(V)) leaves @ invariant
by Proposition 3.2(a); moreover we have s,(p) = p and 7,5, is the reflection in the normal
space of Q at p. O

Let us fix pg € @ and consider the Hermitian symmetric G-space (Q, ¥, pg, o) and the canonical
decomposition g =¥ @ m as in Proposition 3.9. We have the canonical isomorphism

T:m—T,0Q, X — % tzo((EXp(tX»(PO)) )

where Exp : g — G is the exponential map of G. Remember that for every B € K (where K
is the isotropy group of the action ¥ at pg), the diagram

Ad(B)|m
m——-m

TpoQ m) TpoQ

commutes, and that if we denote by R the curvature tensor of @,
VX, Y, Z em : R(r(X),7Y)7(Z) =—-7([[X,Y], Z]) (3.11)
holds (see Equations (A.11) and (A.12)).

In the sequel, we equip m with the complex structure J™, the complex inner product (-,-)¢
(which induces the real inner product (-,-)|; = Re((,-)¢) ) and the CQ-structure 2A™ such that
the linear isomorphism 7 :m — T}, Q) becomes a CQ-isomorphism.

It is the objective of the following proposition to provide explicit descriptions of 7 and of the
structures we equipped m with. It shows in particular that the real inner product (-,-)f} is a
negative multiple of the Killing form ¢ of g; this fact enables us to apply the root theory as
described in Appendix A.4 to the present situation.
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We note that for any zg € 77! ({po}) and every X € m, we have X (z9) € W+ = H,,Q (where
W is as in Proposition 3.9(a); note Proposition 3.9(d) and Theorem 2.26), therefore there exists
one and only one map 2y : m — H,,Q characterized by

—

VX em : Z(X) = X(20) . (3.12)

It is clear that Zzy is C-linear. Moreover, every given X € m commutes with A € 2, is skew-
Hermitian and satisfies besides X(W) ¢ W+ also X(W+) C W (again see Proposition 3.9(d));
because of these properties X is already uniquely determined by X(zg) =: v, namely via the

equations
VweW : X(w) = (w,z)cv+ (w, Azp)¢ Av (3.13)

and
Vo' e W o X(w') = —((w,v)g 20 + (W', Av)g Az) . (3.14)

Consequently, Zy is an isomorphism of C-linear spaces. As the following proposition shows, this

isomorphism is closely related to the isomorphism 7 we wish to describe.

We call in mind that H,,@ is a CQ-subspace of T,,V by Theorem 2.26, and that the map
H.,Q — W, vis ¥ is a CQ-isomorphism.

3.12 Proposition. We fiz zo € 71 ({po}) and put W := spang{zo} as in Proposition 3.9.

(a) We have
T=m02. (3.15)

It follows by means of Theorem 2.26 that zy : m — H,,Q is an isomorphism of CQ-
spaces, and we obtain the following commutative diagram, where all arrows represent CQ-

\ lwmon (3.16)

Ty, @ -

isomorphisms:

(b) For every X,Y € m, we have
(X, V)R = —5 - #(X,Y), (3.17)
where s is the Killing form of g. Moreover, we have for every X € m
(J"X)(20) = J(X20) (3.18)
and A" ={ A™| A € A}, where for every A € A the conjugation A™ :m — m satisfies
(A™X)(29) = A(X20) . (3.19)

Note that because of Equations (3.13) and (3.14), Equations (3.18) and (3.19) characterize
J™ resp. A™ uniquely.
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(c) Let us denote by R™ the curvature tensor of the CQ-space m in the sense of Section 2.7.

Then we have
VX, Y, Zem : R"X,Y)Z =—[[X,Y],Z].

3.13 Remark. The information from Propositions 3.9(d) and 3.12(a) can be used to obtain an ex-
plicit description of the geodesics of @) : For any v € T), @, the maximal geodesic 7, : IR — @ of
Q with 7,(0) = pg and #,(0) = v is given by 7,(t) = U(Exp(tX),po) , where X :=7"1(v) €m
and Exp: g — G is the exponential map of G.

In Section 5.4, we will instead describe the geodesics of ) via an explicit description of the
maximal tori of the symmetric space Q.

Proof of Proposition 3.12. For (a). We let X € m be given. Again denoting by Exp:g — G

the exponential map of G, we then have

W(X) = X(20) = 5| Exp(tX)z0
and hence .
d
2 (X) = —‘ Exp(tX)z .
w(X) dt lt=0 xp(tX)20

Therefrom we obtain

Exp(tX)z) = d—‘ (w0 Bxp(tX)z) = %(tzo (Exp(tX)(po)) = 7(X)

* 20(X) =
e © Z0(X) dt lt=0

T 3t li—o

and therefore Equation (3.15).

Because (m4|H.,Q) : H.Q — Tp,Q and 7 : m — T), @ are CQ-isomorphisms, it follows from
Equation (3.15) that also Zp : m — H,,Q is a CQ-isomorphism.

=)

For (b). zp:m — H,,Q is a CQ-isomorphism by (a), and therefore (...)ozp :m — H, @, X —
X(z9) also is a CQ-isomorphism. Equations (3.18) and (3.19) are obvious consequences of this
fact.

For the proof of Equation (3.17), we fix A € 2. Any X € m is a skew-Hermitian map
X :V — V which interchanges the spaces W and W' by Proposition 3.9(d), and therefore we

have

(X|WH) = —(xXw) - wt - w, (3.20)
where we denote for any C-linear map Z: W — W+ by Z*: W+ — W the adjoint map of Z.

For unitary spaces V1, V2 we now denote the usual inner product on L(V1,Va) by (-, ) nvi,vs) -
It should be noted that with respect to an arbitrary basis (b1,...,b,) of V;

T

VXY € LA, Va) + (X, Y ) we) = D _(Xbk, Yii)o (3.21)
k=1

holds, and that we have

VX,Y € L(V1,V2) : (X", Y Do) = (X, Y D Lo wa) - (3.22)
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We now obtain for any X,Y € m via Equation (2.6) in Proposition 2.17(a):

(X, y) 2

(3.20)

m) - (X, Y )y = (=m) - (XIWY W) pww sy + (XIS Y IWS) o)
m) - ((X[W, Y|W>> wwL) T (=X W), =Y IW) ) Low-wy)

(

(
(3.22) (%)
( 2m) «X‘W Y’W» LW,Wi)y = (—2m) . (<XZO,YZQ>(D + <XAZO,YAZ0>@)
(=2m) - ({(Xz0,Y20)¢ + (AX 20, AY 20)@) = (=2m) - ({(X 20, Y 20)c + (X 20, Y20)c)
(—

4m) - Re({(X 20, Y 20)¢) = (—4m) - (Xz0, Y z0)m 2 (—4m) - (X, V) |

where for (*) we used Equation (3.21) and the fact that (zg, Azp) is a unitary basis of W, and
(1) follows from the fact that m — WL, X + X(29) is a linear isometry.

For (c). This follows immediately from Equation (3.11) and the fact that 7 : m — T, @ is a
CQ-isomorphism. O

3.14 Remark. The curvature tensor of the CQ-space m (which is conjugate to the curvature tensor
of @ under the CQ-isomorphism 7 : m — T}, @) can be described, as Proposition 2.47 shows,
by the functions p and C' defined in that proposition. Because of Proposition 3.12(c) we
therefore have a relationship between these functions and the “double Lie bracket” mxmxm —
m, (X,Y,Z) — [[X,Y],Z]. It is interesting, however, to note that p = p™ and C = C™ can
already be expressed by a single Lie bracket, i.e. via the map m xm — ¢, (X,Y) — [X,Y], as
it is now described.

We let X,Y € m be given. Then we have Z := [X,Y] € ¢, and this element is determined
uniquely by Z(z0) and Z|W+ (because Z € auts(2) holds and we have V = spang{zo}®&W).
Abbreviating u := X(z9) € W+ and v:=Y(z) € W, we obtain

Z(z0)) = (XY —-YX)zp=Xv—Yu

(3.14) — (v, u)gzo — (v, Au)g Az + (u, v) ez + (u, Av)g Az

= ((u,v)g — (v,u)g) z0 = 2i - Im({u, v)¢) 20 = 2(u, Jv)r J20
= 22X, J"VR - Jz0=p"(X,Y)  Jzo ,
and also for every w € W+ (where A has the same meaning as in Equation (2.36))

Z(w) = (XY -YX)w

(3;4) X( — (<’LU,’U>(DZ() + <w,A'U>(DAZO)) - Y( — (<’LU,U>(DZO + <U},AU>(DAZ(]))

= —(w,v)gu — (w, Av)gAu + (w,u)gv + (w, Au)g Av
= —(uAv+ Au N Av)w = —CWL(u,v)w ,
where C"™" is the function defined in Proposition 2.47 for the CQ-space W . By pull back
—
with the CQ-isomorphism v := (...)oZy : m — W', X — X(2y), we obtain from the preceding

equation
Vv loZoy=-C™X,Y).

This provides the promised representations of p™ and C™ in terms of Z = [X,Y].
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We now study @ from the point of view of the root theory for symmetric spaces. In particular,
we describe the Cartan subalgebras, the roots and the root spaces of m explicitly in terms of
the CQ-space structure of m.

An exposition of the root theory is given in Appendix A.4, where the terms and notations
involved in the following are also introduced. For the applicability of that theory, it is of
importance that @ is a Riemannian symmetric space of compact type (see Proposition 3.9(c))
and that the inner product we consider on m here is a negative multiple of the Killing form of
g (see Proposition 3.12(b)).

We now suppose m > 2 and continue to regard m as a CQ-space.

3.15 Theorem. (a) The flat subspaces of m in the usual sense (see Proposition A.6) coincide with
the flat subspaces of the CQ-space m in the sense of Definition 2.52. Therefore it follows
from Theorem 2.54:

The Hermitian symmetric space Q is of rank 2, and the Cartan subalgebras (i.e. the
2-dimensional flat subspaces) a of m are exactly the spaces

a=RX e RJ™Y
with AeA™, X, Y e S(V(A)), (X,Y)R =0.

(b) Let a = RX & IRJ™Y be a Cartan subalgebra of m as in (a). Then the following table
gives besides \g := 0 € a* a system of positive roots N\ of m with respect to a (via their
Riesz vectors )‘i ), together with the corresponding root spaces my, and their multiplicities

ny, *
| k| Xoea | my, Y
0 0 RX © RJ™Y 2
1 V2 JmY JY((RX o RY)) | m—2
2 V2 X (RXoRY)+ | m-2
3 1V2-(X—JmY) R(J™X +Y) 1
4 [ V2 (X +JmY) R(J™X —Y) 1

Here + denotes the ortho-complement in V(A). In the case m =2 the roots A1 and Ao
do not exist: their multiplicity is zero.

(c) Let Z € m be given. Then there exists a Cartan algebra a C m with Z € a.

3.16 Remark. As was already mentioned in Theorem A.8(b), assertion (c) of the above theorem is
true for Riemannian symmetric spaces of compact type in general. But for the present specific

situation, we can give an elementary proof by use of the CQ-structure on m.

Proof of Theorem 3.15. We derive the theorem from the results of Sections 2.7 and 2.8 via
Proposition 3.12(c). In particular we see from the latter proposition that the flat subspaces of
m in the usual sense (see Proposition A.6) coincide with the flat subspaces of the CQ-space m
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in the sense of Definition 2.52. Therefore (a) follows from Theorem 2.54, and (c) follows from
Corollary 2.55.

It remains to prove (b). For this, we denote for any Z € m the Jacobi operator corresponding
to Z by R} :=R™(-,Z)Z :m — m, and put for t € R

Z(t) := cos(t) X +sin(t)J"Y € a;

note that S(a) = {Z(t)|t € R} holds.

To derive the data on the root system and the root spaces of m, we use Proposition A.11. As
we did there, we define for any function u:a — IR

E, = ﬂ Eig(Rz, 1(Z2))
Z€a

and
Si={p:a—R|E, #{0}}

Theorem 2.49 shows that in the present setting we have ¥ = {ug,..., s}, where the functions
pi - a — IR are characterized by

Vt,s € R pp(s Z(t)) = s° - s4(t) (3.23)

via the eigenfunctions s, from Theorem 2.49; note that o = 0 holds. We also have E,, = E},
where the spaces E} are also those of Theorem 2.49.

By Equation (A.29) in Proposition A.11(a) we now have
A={x\,...,£\}
where the linear forms A € a* \ {0} are up to sign characterized by
o=, . (3.24)

This equation and the information from Theorem 2.49 permits to calculate the Riesz vectors of
the roots A explicitly; for example one has for every t € R

M(Z(t)? = k1 (t) = 1 — cos(2t) = 2sin(t)? = ((Z(t), V2 J"Y)R)?;

therefrom /\g = 42 J™Y follows. By an appropriate choice of sign one sees that the vectors
given as /\f,ig in the table indeed form a positive root system for m.

Finally we have for k£ € {1,...,4} by Equation (A.30)

m)\k:E)\%:E“k:Ek. [
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3.3 Curvature-equivariant maps and the classification of isometries of Q

We now prove that there do not exist holomorphic or anti-holomorphic isometries on a complex
quadric besides those described in Theorem 3.5. Also, if the dimension of the quadric is # 2,
then any of its isometries is either holomorphic or anti-holomorphic.

The crucial point in the proof is to show that any curvature-equivariant C-linear isometry
between CQ-spaces already is a CQ-isomorphism, and that any curvature-equivariant IR-linear
isometry between CQ-spaces of dimension # 2 is either C-linear or anti-linear, and thus either
a CQ-isomorphism or a CQ-anti-isomorphism (Theorem 3.18).

Proposition. Suppose m > 2; let (W, ) and (W',20") be two m-dimensional CQ-spaces and
B :W — W be a curvature-equivariant IR-linear isometry. Here and in the following, we
denote the objects derived from W' (for example, its curvature tensor) by appending a ' to the
symbol for the corresponding object of W .

(a) If a is a 2-flat of W, then B(a) is a 2-flat of W'.

(b) For any w € W, we have B o R, = Rl, o B; in particular, we have Spec(Rg,) =
Spec(Ry) and for any ¢ € R we have Eig(R'g, ,c) = B(Eig(Ruw,c)) .

(c) For any w € w \ {0} weAhave ¢'(Bw) = ¢(w), and therefore M, = B(M;) for every
t€[0,§] and Q') = B(Q()).

Proof. (a) and (b) are obvious consequences of B being a curvature-equivariant IR-linear
isomorphism. Because of Corollary 2.51, (b) also implies that ¢’(Bw) = ¢(w) holds for any
w e W\ {0}, and M/ = B(M,;) follows for any t € [0,%] because B is a linear isometry.
Finally, we have Q') = R; - M;r/4 =Ry - B(My/4) = B(Q(2)), see Example 2.37. O

Theorem. Let (W, ) and (W, ') be two m-dimensional CQ-spaces and B : W — W' be a
curvature-equivariant IR-linear isometry.

(a) If B is C-linear, then B is a CQ-isomorphism.
(b) If B is anti-linear, then B is a CQ-anti-isomorphism.

(c) If m #2 holds, then B is either C-linear or anti-linear.

Proof. For (a). In the case m = 1, any C-linear isometry B : W — W’ is a CQ-isomorphism
(such an isometry is then automatically curvature-equivariant), see Example 2.11. Thus, we
may now suppose m > 2. Let A € 24 be given. Because B is a C-linear isometry, the
map A’ := Bo Ao B~! is a conjugation on W’ and we have by Proposition 1.11(a) and
Proposition 3.17(c)

Q(A) = B@Q(A) = Q@) .

By Proposition 1.10, it follows that A’ € 2" holds and therefore B is a CQ-isomorphism.
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For (b). Let A’ € 2 be given. Because B is anti-linear, A’ o B is C-linear, and A’ o B is a
curvature-equivariant linear isometry along with A’ and B (for the curvature-equivariance of
A’ see Proposition 2.45). By (a), we see that A’ o B is a CQ-isomorphism, and hence B is a
CQ-anti-isomorphism.

We prepare the proof of (¢) with a technical lemma:

Lemma. Suppose m > 2, let B: W — W’ be a curvature-equivariant IR-linear isometry, and
let A€ and an orthonormal system (x,y) in V(A) be given. Then there exists A’ € A’ and

an orthonormal system (a',y") in V(A’) so that
Bx =21 and B(Jy)=JYy (3.25)

holds. Moreover, there exists € € {1} so that one of the following distinctive cases holds:

(1) B(Jzx)=¢-J'2’ € JV(A") and By=c-y € V(A)
(2) B(Jx)=¢-y € V(A) and By=¢-J'2' € JV(A4')

Remark. As we will see in the proof of Theorem 3.18(c) below, case (2) can in fact only occur

for m=2.

Proof of Lemma 3.19. Theorem 2.54 shows that a := IRx ® IRJy is a 2-flat of W, a’ := B(a)
therefore is a 2-flat of W’ by Proposition 3.17(a), and by a further application of Theorem 2.54
it follows that there exists A’ € ' and an orthonormal system (z’,y’) in V(A’) with o =
Rz’ @ RJ'y. We have an My = {£z,£Jy} and o N M) = {£2/,£J'y'} and therefore
Proposition 3.17(c) shows

{£Bz,+B(Jy)} = Blan M) = o N M} = {2/, £J'y'} . (3.26)
In particular, we have Bx € {£z/,£J'y'}.

o« =Ra”" ®RJ'y" with 2" :=Jy € JV(A) =V (-A") and ¢’ .= J'2' € JV(A) =V (-4
is another representation of a’ of the kind of Theorem 2.54. Therefore we can ensure Bx €
{+2'} by replacing (A, 2',y') with (—=A’,2”,y") if necessary. Then Equation (3.26) shows that
B(Jy) € {J'y'} holds, because B(Jy) is orthogonal to Bx . By adjusting the signs of z’ and
y' where necessary, we can therefore arrange

Bz =2 and B(Jy)=JY . (3.27)

Now, put ¢ := § and w := cos(t)x + sin(t)Jy ; by Equations (3.27), we have Bw = cos(t)z’ +
sin(t)J'y’ . By combining Theorem 2.49 with Proposition 3.17(b), we see

R(J'2" +y') = Eig(Rp,,, r3(t)) = B(Eig(Ru, 3(t)))
R(J'z" —y') = Eig(R}p,,, #4(t)) = B(Eig(Ruw, ra(t)))

R(B(Jx) + By) and
(B(Jz) — By) .

I
=
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Because B is an IR-linear isometry, it follows that there exist €1,e2 € {£1} so that
B(Jx)+By=¢1-(J'2 +y') and B(Jz)— By=c¢q- (J'2' — ) (3.28)
holds.
In the case £; = ey =: ¢, Equations (3.28) show that we have
B(Jz)=¢e¢J'2’ € JV(A") and By=cy € V(A
and therefore case (1) of the lemma holds.
In the case € := &1 = —e9, we analogously see that we have
B(Jx)=¢e¢y € V(A) and By=elJ'2' € JV(A)

and hence, case (2) of the lemma holds. O

Proof of Theorem 8.18(c). If m =1 holds, let us fix z € S(W) and put 2’ := Bz € S(W').
In this setting, we either have B(Jz) = J'z’, and then B is C-linear, or else B(Jz) = —J'z’,
and then B is anti-linear.

Therefore, we may now suppose m > 3. Let A € 2 and z € S(V(A)) be given. We extend z
to an orthonormal system (x,y,z) in V(A).

By applying Lemma 3.19 to the orthonormal system (z,y), we see that there exists A’ € A
and an orthonormal system (2/,y') in V(A4’) with Bz =2’ and B(Jy) =J'y .

We now show by contradiction that case (2) of the lemma cannot occur in the present situation.
Assuming that case (2) holds, we have B(Jz) € V(A’). We apply the lemma to the orthonormal
system (z,z) of V(A). Thus, there exists A’ € 2 and an orthonormal system (#',%') in
V(A') with Bz = ¥ and B(Jz) = J'Z. We have ¥ = Bz = ' and therefore 0 # Bz €
V(A) N V(A"), whence A" = A’ follows. Because we have B(Jz) € V(A) = V(A') by
assumption, we see that case (2) of the lemma also holds with respect to (z,z).

Because case (2) of the lemma thus holds both with respect to (z,y) and to (z,z), there exist
g,€ € {£1} so that £-2' = B(Jx) = ¢ -y’ and therefore 2z’ = ez -y’ holds. We have

7 =cgy = J7 =ty (g) B(Jz)=eeB(Jy) = Jz=ecJy = z=c¢cy,

which is a contradiction to y and z being orthogonal to each other.

Therefore, with regard to the orthonormal system (x,y) case (1) of the lemma holds. Hence,
there exists € € {1} so that

B(Jz)=¢-J'2' =¢-J(Bx)
holds. Thus, we have shown

VA €U x € S(V(A) Je(x) € {+1} : B(Jz) =¢(x)  J'(Bz).
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Because My = UAEQ[S(V(A)) is connected, the continuous map My — {*1}, z — e(z) is
constant; in other words, there exists ¢ € {+1} so that (B o J)|My = ¢ (J' o B)|My holds.
Because spanp (My) = W holds, we conclude BoJ =¢-J o B. Therefore, B is C-linear for
e =1 and anti-linear for ¢ = —1. O

Corollary. Let W be a 2m-dimensional euclidean space and R be a curvature-like tensor on
W.

(a) If W is in fact an m-dimensional unitary space, then there exists at most one CQ-structure
A on W so that R is the curvature tensor of the CQ-space (W, 2() .

(b) For m # 2 there exist at most two orthogonal complex structures J and —J on W and
at most one CQ-structure on (W, +J) so that R is the curvature tensor of the CQ-space
(W, £J,) .

Proof. This is an immediate consequence of Theorem 3.18. U

Lemma. Let M be a connected, affine, complex manifold so that the complex structure J of
M is parallel. Moreover, let an affine map f: M — M be given.

If there exists po € M so that Ty, f : TpoM — Typy)M is C-linear or anti-linear, then f is
holomorphic resp. anti-holomorphic.

Proof. We suppose that T, f is C-linear; the anti-linear case is handled analogously. Let p € M
be given; we have to show that Tj,foJ, = Jy)oT,f holds. Let v € T, M be given. Because M
is connected, there exists a curve v : [0,1] — M with v(0) = pp and ~(1) = p. Let us denote
by X € X, (M) the parallel vector field along v with X; = v. Because f is affine and J is a
parallel endomorphism field, both Tf o Jo X and JoT fo X are parallel vector fields along
fo~; they coincide in 0 because T), f is C-linear, and therefore they are equal. In particular,
we have T),f o Jyv = Jyp) 0 T f(v). O

Theorem. Let (V,2) be an (n = m + 2)-dimensional CQ-space and Q := Q) the corres-
ponding complex quadric.

(a) In(Q) ={B|Q|B € Auty() } .

(b) In(Q) = {BIQ| B € Aut(%) }.

(c) If m # 2 holds, then we have 1(Q) = I(Q)UI4(Q) .

Remark. As we will see in Section 3.4, @2 is holomorphically isometric to IP! x IP'. This
fact shows that there are indeed isometries on Q2 which are neither holomorphic nor anti-

holomorphic.
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Proof of Theorem 3.23. For (a). We already proved { B|Q|B € Auts(2) } C I,(Q) in Proposi-
tion 3.2(a). Conversely, let f € I,(Q) be given and fix p € Q. Then, L:=T,f : T,Q — T}3;)Q
is a curvature-equivariant C-linear isometry and consequently a CQ-isomorphism by Theo-
rem 3.18(a). By Theorem 3.5(a), it follows that there exists B € Aut4(2) so that B|Q € I(Q)
satisfies

B(p) = f(p) and T,(B|Q)=L.
By the rigidity of isometries, it follows that f = B|Q holds.
For (b). The proof is analogous to (a).

For (c). Let f € I(Q) be given. Once again, we fix p € @, then L :=T,f : T,Q — Ty;,)Q
is a curvature-equivariant IR-linear isometry. By Theorem 3.18(c) we thus see that L is either
C-linear or anti-linear. By Lemma 3.22, it follows that f is holomorphic resp. anti-holomorphic.

O

Corollary. Any (anti-)holomorphic isometry of @ can be extended to an (anti-)holomorphic
isometry of IP(V).

Proof. Let an (anti-)holomorphic isometry f of @ be given. By Theorem 3.23(a),(b) there
exists B € Autg(A) resp. B € Aut() with f = B|Q. Proposition 3.1(a),(b) then shows that
B is an (anti-)holomorphic isometry of IP(V). O

3.4 @Q? is isomorphic to IP' x IP' and therefore reducible

The two series Q™ and P™~! x IP"2~! of Hermitian symmetric spaces intersect at one point,
namely Q2 is as Hermitian symmetric space isomorphic to IP! x IP!. As has already been
noted, it is a consequence of this fact that the symmetric space Q? is not irreducible (unlike

complex quadrics of every other dimension, see Proposition 3.9(c)).

In the present section, we will construct the isomorphism Q2 = P! x IP! explicitly using the
Segre embedding, which is a holomorphic isometric embedding IP"1~1 x P72~1 — [prinz—1 1t
will turn out that in the case n; = ng = 2, its image is a 2-dimensional complex quadric in
IP3 . Tt should be mentioned that the coordinate-free description of the Segre embedding given
here is based on a discussion with Prof. H. RECKZIEGEL.

The complex quadrics of dimension 1, 3, 4 and 6 are also isomorphic to members of other series
of Hermitian symmetric spaces. We will construct the corresponding isomorphisms explicitly in
Chapter 8.

At first, we let W1 and W5 be unitary spaces of arbitrary complex dimension np resp. ny. We
further suppose that Wi is equipped with a conjugation W; — Wi, w+— w.
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We regard the complex projective spaces IP(W;) and IP(WW3) as Hermitian manifolds via the
Fubini/Study metric as usual. Then the Hermitian manifold IP(W;) x IP(W3) becomes a Her-
mitian homogeneous (SU(W7) x SU(W3))-space via the Lie group action

(SU(Wl) X SU(WQ)) X (IP(Wl) X ]P(WQ)) — IP(Wl) X ]P(WQ) s

((B1, B2) ; (p1,p2)) —  (Bip1,Bapo) .
Moreover, if we fix (p1,p2) € P(W7) x IP(W3) and denote for k € {1,2} by Sy : W), — Wy the
C-linear transformation described by Si|px = idp, and Sk|pé = —idp L then the involutive Lie

group automorphism
o : SUW,) x SUW,) — SU(W;) x SU(Wa), (By, Ba) +— (S1 By S;t, S2 B S5 1)

describes a Hermitian symmetric structure on IP(W;) x IP(Ws); in the sequel we will regard
IP(W7) x IP(W3) as a Hermitian symmetric (SU(W7) x SU(W3))-space in this way.

We now consider the C-linear space V := L(W7,W3) of C-linear maps W7 — Wy as a unitary
space with its canonical inner product, which we also denote by (-,-) and which can via an

arbitrary unitary basis (ai,...,an,) of Wi be characterized by
n1
VT,S € L(Wy,Wa) : (T,S) => (Tay, Say) . (3.29)
k=1

Note that V has complex dimension m1 ng, and therefore the complex projective space IP(V),
which we regard as a Hermitian symmetric SU(V)-space as usual, has complex dimension

ning — 1.
In the sequel, we denote by
m i S(W) = P(WL), o S(Wa) — P(W3) and 7 : S(V) — P(V)
the Hopf fibrations of the respective unitary spaces.
Proposition. The map
b: Wy x Wy =V, (wy,wsy) — (-, w71) ws (3.30)

is C-bilinear and satisfies

Vwy € Wi, wp € Wa ¢ [[b(wy, wa)|| = [lwi - [lwe] (3.31)
in particular b(S(W7) x S(W3)) C S(V).

Therefore, there exists one and only one map f : IP(W1) x IP(Wy) — IP(V) so that the following

diagram commutes:
b

S(Wl) X S(Wg) S(V)

7T1><7T2l/ lw

(W) x P(Ws) ——P(V).

f is a holomorphic isometric embedding. f is called the Segre embedding.
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Proof. Tt is clear that b is C-bilinear. For the verification of Equation (3.31), let w; € W; and

wy € Wy be given, and let (ai,...,a,,) be a unitary basis of Wj. Then we have
ni
[b(wn, wa)[|* = (b(wy, w2), b(wn, wa)) = > ( (ak, W) ws , (ag, Wi)ws )
k=1
ni
= Har, 1) [Jw2]|* = [fwa|* - [lwe*
k=1

whence Equation (3.31) follows. The statement on the existence and uniqueness of f is an

immediate consequence.

Next, we show that f is injective. For this purpose, we let (w1, ws), (w},w)) € S(W7) x S(Ws)
be given so that

f(mi(wy), ma(ws)) = f(mi(wy), ma(ws))
holds. Then there exists A € S! so that

b(wy, wa) = A - b(wy, wy)

and therefore
Yo € Wy @ (v, w1) wy = A - (v, w)) wh

holds. If we plug v :=wy € W into the latter equation, we obtain

(w1, 1) wy = \ - (W, w}) wh . (3.32)
=1 =i

Because both ws and w) are of unit length, we have |u| = 1; because we also have |A\| =1, it
follows from the definition of g that

1= (w1, wh)] = [{wr,wi)| = [(wi, w))]

holds, see Proposition 2.3(d). Because we also have |Jwi|| = ||w]|| =1, we see that with respect
to w; and w], equality holds in the complex Cauchy/Schwarz inequality. Hence there exists
v € C with

wy =v-w; (3.33)

because both w; and w) are of unit length, we have |v| = 1. By Equations (3.33) and (3.32),
we have (w1, ws) = (vw], pwh) and thus (m(w1),m2(wsz)) = (w1 (w)), ma(wh)) . This completes
the proof of the injectivity of f.

Immediately, we will show that f is a holomorphic isometric immersion. Because its domain of

definition is compact, it then also follows that f is an embedding.

For the proof that f is a holomorphic isometric immersion, we let (wq,ws) € S(W7) x S(Ws)
be given. We denote by Hu, C Ty, S(Wi) (k € {1,2}) 1esp. Hyw,ws) € Thiwr,we)S(V) the
horizontal space of the Riemannian submersion m; resp. m at the point wj resp. b(wq,ws).
By Equation (1.6) we have

—

Hy, = (Cwp) "% and Hip(wws) = (C blwy, wy)) bV . (3.34)
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Also, if we identify the tangent space T, w,) (S(W1) x S(Wa)) with Ty, S(W1) @ Ty, S(Wa) , we
have

Y (€1,62) € TunSIV1) @ Ty SWa) = (Tiuy aom ) €1+ €2) = b(ET s wp) + b(wr, &) . (3.35)

To prove that f is isometrically immersive at the point (wi,ws), it suffices to show that
b* (le @ HU)Q) C Hb(wl,wg) (336)

and
v(§17£2) € Hw1 EBHU& : <b*(§1=£2)7b*(§17§2)> = <(€1=£2)7 (51752» (3'37>

holds. From the fact that T\, ,,)b is C-linear (as can be seen from Equation (3.35)), together
with (3.36), it then also follows that f is holomorphic at (wq,ws).

For the proof of (3.36), let (£1,&2) € Huw, ®Hw, be given. Then we have <g,w1> = <g,w2> =0
by Equations (3.34). Letting (ai,...,an,) be a unitary basis of Wi, we therefore have by
Equation (3.35)

(T o)D) (€1, €2), bwn, w)) = (B(E7,wa) + blwy, &) , blwr, wn))
=S (< (ap, B s + {a, TV » (an, W) >)

(05, &) {@nvim) (o, wa) +{ag, B7) apmn) <§,wz>)
—— —— —_———

* =1 =0
@ (wt,ak)

=<Z W1, ay ak7§1 > = (w_1,§> . <w1=g>:0
k

(for the equals signs marked (x), see Proposition 2.3(d)), whence (T, wy)0)(§1,£2) € Hi(w, ws)
follows by Equations (3.34).

For the proof of Equation (3.37), we let (£1,&2) € Huw, © Huw, be given. We first note that we
have by Equation (3.31):

(b(Er,wa), (&L, wa)) = [|&1 1% - lwal® = [1€a]I?
and  (b(wr, &), b(wr, &)) = [[wi |- & = [|&]f? ; (3.38)
we also have

(b(€1,w2),b(wr, &) => (ak, &) wa , (g, 1) & )= Z(ak7§> (1) (w2, &) = 0.

k k 5

Thus we obtain:

< (T(w1, z)b)(€17§2) ) (T(wl,wz)b)(€17§2) >
O3 (&) wa) + bwn, &) , b(EL,wa) + b(wy, &) )

2
= (B(E1,w2), b(Er,wa)) + (B(ET ,wa), b(wi, &) + (b(wy, &), b(Er ,wa)) + (b(wr, &), b(wi, &)

N~ N~ N~

(3.38) (329)0 (329)0 (3.38)

€112 ll€2112
€112 + I€2l® = (€1, &), (61, &2)) - O
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From now on, we suppose that also W5 is equipped with a conjugation, which we also denote
by w +— w. We will use the following notations: For any 7" € L(W1,W5), we denote by T* €
L(W5,W7) the adjoint endomorphism of T ; we also consider the endomorphism T € L(W71, W)
characterized by

Vwe W, : T(w)=Tw . (3.40)

It should be noted that T = T* holds; with respect to unitary bases of W; and W5 which are
adapted to the respective conjugations on these spaces (see Definition 2.7(b)), this endomorphism
is represented by the transpose of the matrix representing 7. Also, if W3 is another unitary
space equipped with a conjugation, we have

VT € L(Wy,Wa), S € LW, W3) : ((SoT)*=T"0S* and SoT=50T), (341
where the notations S* and S are used analogously for S € L(Ws, W3).

Applying the notations T* and T also to endomorphisms of Wy (k € {1,2}), we moreover
note that we have
VB e SUWy) : B*,E e SU(Wy) . (3.42)

Proof of (3.42). Let B € SU(Wj) be given. Then we obviously have B* = B~ € SU(W}). Moreover, if we fix
a unitary basis (ai,...,an,) of Wi which is adapted to the conjugation on this space, then B transforms this
basis into another unitary basis of Wy, and therefore B € U(Wj) holds. Again using the basis (ax) and the
Leibniz formula for the determinant, one easily sees

VT € End(Wy) : det(T) = det(T) ,

whence B € SU(Wy) follows. O
Proposition. For every By € SU(W1) and By € SU(W3) the map

F(B1,By):V—V, T+ ByoToB;

is an element of SU(V), the map F : SU(W;) x SU(W32) — SU(V), (By,B2) — F(Bi, Bs)
is a homomorphism of Lie groups, and (f,F) is a homomorphism of homogeneous spaces (see
Appendiz A.1) from the (SU(W7p) x SU(Ws))-space IP(W7) x IP(W3) into the SU(V)-space
P(V).

Proof. Let By € SU(W;) and By € SU(W3) be given and fix a unitary basis (ai,...,a,,) of
W1 which is adapted to the conjugation of this space. Then we have for every T,5 € V

ni
(F(B1,By)T, F(By,B;)S) = (ByoToBy ,ByoSoBy ) =Y (ByTBi ag,BySB1 ay)
k=1
ni
- Z(TE* akﬂsE* ak> - <T7 S) )
k=1

where the last equals sign is justified by the fact that (B_l* ax)r is another unitary basis of Wj
(note that we have By € SU(W1) by (3.42)). This shows that F(B1, By) € U(V) holds.
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To show that F' in fact maps into SU(V), we consider the Lie group homomorphism
g :=detoF : SU(W;) x SU(W,) — St .

Then we have to show g = 1. Because of the connectedness of SU(W7) x SU(W3) this is already
implied by
d
VX € 5u(W1), X5 € 5u(W2) : E g('yXl (lf),”)/)(2 (t)) =0, (3.43)
t=0

where vx, : IR — SU(W) denotes the 1-parameter subgroup of SU(W}) induced by Xj .

For the proof of Equation (3.43), we let X € su(Wy) (k € {1,2}) be given; then

Xi € End_ (W) and tr(Xg) =0 (3.44)
holds, and we have
d d *
Tl 90 (Oe®) = 5|t det(T = yx,(t) o Tovx () )
t=0 t=0
=tr(T+— Xp0T+ToX; )
=tr(T +— XooT) +tr(T +— ToX; ). (3.45)
To calculate these traces, we fix besides the basis (aj) also a unitary basis (by,...,b,,) of W

adapted to the conjugation of this space and consider for j € {1,...,n1}, k € {1,...,na} the
linear maps

Tk := b(aj,by) : W1 — Wa, w— (w,a;) by, . (3.46)

Then (T}x);k is a unitary basis of V, and therefore we have

(346
(T — X0T) = (Xp0T, ZZ X Tji ag, Ty, ag) 2 Z X by, by
— - tr(Xe) 2 0 (3.47)
and
_ (3.46
tI‘(Ti—)TOXl*):Z<T']kOX1 s ]k ZZ ]le Ay, ]kag )Z X1 Qj,Qj bk,bk>
j?k
= Z(Yf aj,a;) = Z(aj,)ﬁ aj) = Z<a_j’ Xia5) = Z<X1 aj,a;)
7k 7k Ik Jk
=y tr(X;) P2V 0. (3.48)

By plugging Equations (3.47) and (3.48) into Equation (3.45), we obtain the desired result
(3.43).

It is now clear that F' is a Lie group homomorphism. To prove that (f, F') is a homomorphism
of homogeneous spaces, it suffices to show
V(Bl,Bg) S SU(Wl) X SU(WQ), (wl,wg) e Wy x Wy
b(Bl wl,BQ UJQ) = F(Bl,BQ)(b(wl,wQ)) s (3.49)
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because the Hopf fibrations 7 and 7 are SU(Wj)-equivariant resp. SU(V)-equivariant.

Let (B1,Bsz) € SU(W;) x SU(W3) and (wq,ws) € Wi x Wy be given. Then we have for every
w e Wy

b(By w1, Bowe)w = (w, By w1) By wy = (w, Biwr) Bows = Bs( (B, w,wr) wy)

== (BQ o b(wl,wg) OB_l*)’u) = F(Bl, Bg)(b(wl,wg) )UJ .

This proves Equation (3.49). O

We now specialize to the situation where W1 = Wy =: W is a unitary space of even complex
dimension 2m equipped with a conjugation W — W, w + w; we put W := V(0) = {w €
Wlw=w}. As before we regard the space End(W) = L(W, W) =:V as a unitary space; it is
easily verified that the map V — V, T+ T (see Equation (3.40)) is anti-linear, involutive and
orthogonal with respect to Re((-,-)), and hence a conjugation on V.

We will now construct a CQ-structure 20 on V (not induced by the conjugation T + T')
so that the Segre embedding f : IP(W) x IP(W) — IP(V) (as described in Proposition 3.26)
maps into the complex quadric Q(2(). For this purpose, we fix an orthogonal complex structure
7 : Wr — Wgr on the euclidean space W and denote the complexification of 7 again by
7: W — W . It should be noted that

= —idy and T=7 (3.50)
holds.

Proposition. (a) The map
A: VoV, T—roTor !

is a conjugation on V with the “eigenspace” V(A) = {T € V|TroT =Tor7}, and we
have
VT,SeV(A) : ToSeV(A). (3.51)

In the sequel, we regard V as a CQ-space via the CQ-structure A :=S' - A.
(b) The Segre embedding f : IP(W) x P(W) — IP(V) maps into the complex quadric Q).

Proof. For (a). Using Equations (3.50), it is easily verified that A is anti-linear and involutive.
Moreover, if we denote by (-, -)r := Re((,-)) the real inner product on V induced by its complex

inner product, and fix a unitary basis (ai,...,ay,) of W, then we have for any 7,5 € V
2m 2m
MﬂmAw»R:E:ﬁTf4%J§f4%ﬁp:z}Tf4%5%4awR@Cﬁ@R:Cﬂﬂm,
k=1 k=1

where the equals sign marked (x) is justified by the fact that (771(ag))r=1....2m is another unitary

-----

basis of V. Thus we see that A is orthogonal with respect to (-,-)r . By Proposition 2.3(h)
we conclude that A is a conjugation on V. (3.51) follows from the equation

VT,S €V : AT oS)=A(T)oA(S),

which is easily verified using Equations (3.41) and (3.50).
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For (b). Tt is sufficient to show that b(w;,ws) is A-isotropic for every wi,we € W, where
b: W x W — V is the bilinear map from Equation (3.30). For this, we fix an orthonormal basis
(a1,...,a2y) of W so that

Vi e{l,...,m} : (7(ax) = amyr and therefore also T(amr) = —ay ) (3.52)

holds. Then (aq,...,a2y,) also is a unitary basis of W . If we now let wi,wy € W be given
and abbreviate T := b(wy,ws), we have

A(M)ap = (toTor Nag=7(T7 Lay) = 7(T 7 Lay) (3.53)

(for the last equals sign, note that we have 771 a, € W because of (3.52)) and therefore

2m 2m
(TAT) = S (Tap AT ap) “2 S (T ap, 7T T ap))

k=1 k=1
2m

= Z< (a, w1)we , ({171 ag, wr)ws) >
k=1
2m

= Z<ak‘7w_1> : <7-71 ak7w_1> : <w277w—2>
k=1

= (wo,7W2) - Y ({a,W1) - (77" @, WT) + (e, W) - (7" Oy, WT) )

k=1
(3.52) = _ _ _ _
= (wa, 7mg) - > (= {0k, BT) + (G WT) + (@, 0T) - (g, D7) ) =0,
k=1
showing that b(wi,wsq) is A-isotropic. O

Theorem. We now suppose that m = 1 holds. Then W is a 2-dimensional unitary space,
IP(W) is a 1-dimensional complex projective space, and Q) is a 2-dimensional complex
quadric. We consider the Segre embedding f : TP(W) x IP(W) — IP(V) (see Proposition 3.26)
and the Lie group homomorphism F : SU(W) x SU(W) — SU(V) from Proposition 3.27. In
this situation, we have:

(a) f:TP(W)xIP(W)— Q) is a holomorphic isometry.

(b) We have F(SUW) x SUW)) = Auts(A)o and F : SUW) x SU(W) — Auts(A)o is a
two-fold covering map of Lie groups with kernel {£(idw,idw)}. Herein we recognize the
well-known isomorphy of Lie groups

Spin(4) = SU(2)xSU(2) |.

(c) (f,F) is an almost-isomorphism of Hermitian symmetric spaces from the (SU(W) x
SU(W))-space P(W) x IP(W) onto the Auts(A)o-space Q(A) .
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Thus, we have shown the following isomorphy in the category of Hermitian symmetric spaces:

Q2g]P1X]P1

Proof. For (a). By Proposition 3.26 and Proposition 3.28(b), f : IP(W) x P(W) — Q(2)
is a holomorphic isometric embedding. From the facts that dimg(IP(W) x IP(W)) = 2 =
dimg Q) holds, IP(W) x IP(W) is compact and Q(2) is connected, it follows that we have
f@PW) x P(W)) = Q(A), and thus f : P(W) x P(W) — Q) is in fact a holomorphic

isometry.

For (b). We first show that ker(F') = {£(idw,idw )} holds. The inclusion “D>” is obvious. For
the converse inclusion, let By, By € SU(W) be given with F(Bj, Bs) = idy. We thus have

VT eV : BQOTOE*:T.
We have By € SU(W) by (3.42), and therefore the preceding equation implies
VT €V : BpoT=ToB. (3.54)

By specializing T = idy € V in this equation, we obtain By = By =: B € SU(W). Now
Equation (3.54) shows that B lies in the center of V = End(WW), whence it follows that
B = X\-idy holds for some A € C. Because of B € SU(W) we have (remember, dim W = 2)

1 = det(B) = det(Midyy) = A?

and thus A € {£1}. Thus we have shown (B, B2) € {£(idw,idw)}. It follows that F is a

two-fold covering map of Lie groups onto its image.

Below, we will show

SUW) Cc V(A) . (3.55)
Combining Equation (3.51) with (3.55) and (3.42), we then find

V (B, B2) € SUW) x SUW) : F(B1,B2)(V(A)) C V(A);

because we have F(SU(W) x SU(W)) C SU(V) by Proposition 3.27, we therefrom conclude
(see also Proposition 2.17(a))

F(SU(W) x SU(W)) C Auty (), -

Because F' is a covering map of Lie groups over its image and we have dim(SU(W')x SU(W)) =
6 = dim(Auts()p) , we in fact have

F(SU(W) x SU(W)) = Aut4(2)g .

It only remains to show (3.55). For this, we let B € SU(W) be given. We fix a; € S(WR)
and put ag := 7(a1). Then (a1,a2) is an orthogonal basis of W and a unitary basis of W,
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and there exist o, 3 € € with |a|? +|3|> = 1, so that B is with respect to this unitary basis
represented by the matrix B
— (a8
M= (57) .

The endomorphisms B and 7 are represented with respect to the same basis by the matrices
) . o (0-1
Mz = (E a) resp. M, := (1 0 ) .
Now, one easily calculates

a —f
whence 7o B = Bort, hence A(B)=70Bor ! =B and therefore B € V(A) follows.

My Mg=(725) = Mp- M, ,

For (c). Tt follows from (a), (b) and Proposition 3.27 that (f, F') is an almost-isomorphism of
homogeneous spaces. By Proposition A.5, (f,F) is an almost-isomorphism of affine symmetric
spaces; in fact it is an almost-isomorphism of Hermitian symmetric spaces because f is a
holomorphic isometry by (a). O



Chapter 4

The classification of curvature-invariant subspaces

One of the central results of this dissertation is the classification of the totally geodesic submani-
folds of the complex quadric (). By a well-known theorem, the connected, complete, totally
geodesic submanifolds of the Riemannian symmetric space () passing through a point p € @ are
in one-to-one correspondence with the curvature-invariant subspaces of T},Q (see for example
[KN69], Theorem XI.4.3, p. 237). Therefore, the task of classifying the (connected, complete)
totally geodesic submanifolds of ) splits into the following two problems:

(a) Classify the curvature-invariant subspaces of T),Q , or equivalently, of a CQ-space (V,2).

(b) For each of the curvature-invariant subspaces U of T},@ found in the solution of problem
(a), construct a totally geodesic, connected, complete submanifold My of Q with p € My
and T,My =U.

In the present chapter, we will solve problem (a). In Section 4.1 we state the classification result
(Theorem 4.2) and prove some facts about the various types of curvature-invariant subspaces.

For the proof of the classification we proceed as follows: We suppose Q@ = Q(Ug), then @ is a
Hermitian symmetric (G := Auts(Ug)o)-space as we saw in Section 3.2; moreover with respect to
a fixed py € Q we have the canonical decomposition g = €& m and the canonical isomorphism
T:m — T,Q. A subspace U C Tp,,Q is curvature-invariant if and only if 771(U) C m
is a Lie triple system in m (see Equation (3.11)). Therefore it is sufficient to classify the
Lie triple systems m’ C m. In doing so, we will use the canonical CQ-space structure on m
described in Section 3.2. But it will also be of importance that m carries further structure
beyond the CQ-space structure because of its embedding into the Lie algebra g. In particular,
because of this further structure we are able to apply the theory of roots and root spaces (see
Appendix A.4) in this situation; this theory is the central tool in showing that the classification
given in Theorem 4.2 is complete.

In Section 4.2 we prepare the completeness proof by studying a more general situation: We let
M be a general Riemannian symmetric G-space of compact type with canonical decomposition
g = £ m, we also suppose that a Lie triple system m’ C m is given. Then we develop a root

95
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theory for m’; in particular we describe relations between the roots and root spaces of m’ and
the roots resp. root spaces of the ambient symmetric space M .

In Sections 4.3 and 4.4 we return to the specific situation of a complex quadric @ to attain the
classification of Lie triple systems m’ C m. For this purpose we combine the relations between
the roots and root spaces of m’ and @ derived in Section 4.2 with the explicit description of
the roots and root spaces of @) via the CQ-structure of m given in Theorem 3.15.

It should be mentioned that it is also possible to prove the classification of curvature-invariant
subspaces in a CQ-space V without use of the root theory by directly investigating the eigen-
values and eigenspaces of the Jacobi operator corresponding to the curvature tensor of V (see
Theorem 2.49). However, the use of the root theory permits to give a more systematic proof;
moreover it seems probable that the results of Section 4.2 would be of use also for the classifi-
cation of totally geodesic submanifolds in other symmetric spaces than complex quadrics.

4.1 The classification theorem
4.1 Definition. Let (V,2d) be a CQ-space with curvature tensor R.

(a) A (real) linear subspace U C 'V is called curvature-invariant, if
Vu,v,w € U : R(u,v)w € U
holds.

(b) A curvature-invariant subspace U # V of V is called maximal, if there exists no
curvature-invariant subspace U’ of V with U C U C V.

(c) Let U C 'V be a curvature-invariant subspace. We call the mazimal dimension of an R-
flat subspace of V which is contained in U the rank of U and denote this number by
rk(U) .5

The aim of the present chapter is to prove the following theorem:

4.2 Theorem. Let (V,2) be an m-dimensional CQ-space with m > 2. Then, a real linear subspace
{0} # U C V s curvature-invariant if and only if it is of one of the types described in the
following list:

(Geo,t) U =1IRv holds for some v € S(V) with ¢(v) =t ; here we have t € [0, 7] .

(GLl,k) U is a k-dimensional CQ-subspace of V (see Proposition 2.13); here we have 2 < k <
m—1.

6See Definition 2.52. Because of Theorem 2.54, we necessarily have rk(U) € {1,2}.
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(G2, k1, k2)

(G3)

(P1, k)

(P2)

(I1, k)

(12, k)

There exist A € A and linear subspaces W1, Wo C V(A) of real dimension ki resp. ks
so that W1 L Wy and U = W7 & JWs holds; here we have ki,ko > 1 and ki + ko <m.

There exists A € 2 and an orthonormal system (x,y) in V(A) so that U = C(z—Jy) &
R(x + Jy) holds.

There exists A € A so that U is a k-dimensional IR-linear subspace of V(A); here we
have 1 <k <m.

There exists A €A and x € S(V(A)) so that U = Czx holds.

There exists A € A and an orthonormal system (z,y,z) in V(A) so that
U=TR(2z+ Jy) © Ry + Ja + V3J2)

holds; this type exists only for m > 3.

U is a complex k-dimensional isotropic subspace of V (see Propositions 2.20(e),(f) and
Proposition 2.21); here we have 1 <k < 7.

U is a totally real, real-k-dimensional isotropic subspace of V ; here we have 1 <k < 3.

By the type of a curvature-invariant subspace, we mean the full specification (Geo,t), (G1,k)

ete., including the numbers t, k etc. where relevant. We identify the types (G2,kq,ks) with

(G2, kg, k1), the type (P1,1) with (Geo,0), and the type (12,1) with (Geo, %) .

Then no

curvature-invariant subspace is of more than one type.

If U and U’ are curvature-invariant subspace of V, U can be transformed into U’ by an
element of Aut(2() if and only if U and U’ are of the same type.

Moreover, the various types of curvature-invariant spaces have the following properties:

‘ type of U ‘ dimg U ‘

U complex or
totally real?

‘rk(U) ‘ o(S(U)) ‘ U mazimal?

(Geo, t) 1 totally real 1 {t} no
(G1, k) 2k complex 2 [0, %] for k=m—12>2
(G2,k1,ke) | k1 + ko | totally real 2 [0, %1 for ki+ko=m>3
(G3) 3 neither 2 [0, 7] only for m = 2
(P1,k) k totally real 1 {0} for k=m
(P2) 2 complex 1 {0} only for m =2
(A) 2 neither 1 {arctan(3)} only for m =3
(I1, k) 2k complex 1 {3} for 2k =m >4
(12, k) k totally real 1 {3} no
4.3 Remarks. (a) If V is a l-dimensional CQ-space, then every IR-linear subspace of V is

curvature-invariant.

(b) The letters “G”, “P”, “A” and “I” in the type specifications for curvature-invariant sub-

b

spaces stand for the words “generic”, “principal”, “arctan(%) and “isotropic”, respec-

tively. Indeed, as the table in Theorem 4.2 shows, the curvature-invariant subspaces of
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type (P1,k) and of type (P2) consist of principal vectors only (see Definition 2.7(a)),
the spaces of type (A) consist of vectors with 2-angle arctan(3) only, and the spaces of
type (I1,k) and (I2,k) are isotropic (see Definition 2.19). The spaces of type (G1,k),
(G2, k1, ky) and (G3) are “generic” in the sense that they contain vectors of every 2-angle
t € [0, §]. In the type specification (Geo,t), the abbreviation “Geo” obviously stands for
“geodesic”, as the totally geodesic submanifolds of ) corresponding to curvature-invariant
subspaces of this type are the traces of geodesics in Q.

(c) The 2-flats of V are exactly the curvature-invariant subspaces of type (G2,1,1) (compare
Theorem 2.54).

(d) The curvature-invariant subspaces of type (P2) are exactly the 1l-dimensional CQ-
subspaces of V. These spaces consist of principal vectors only (unlike the spaces of type
(Gl,k) with k& > 2), and therefore we do not call this type (G1,1) in order to remain
consistent with the meaning of the letters P and G described in Remark (b).

Proof of Theorem 4.2. First we verify that the spaces of the types given in the theorem are
in fact curvature-invariant: For (Geo,t) this is obvious, for (G1,k), (G2,ki,k2) and (P2)
it follows easily by inspection of the representation of the curvature tensor of (V,2() given in
Proposition 2.43(b) (note that spaces of these types are invariant with respect to at least one
A e), for (G3) it is checked by an straightforward explicit calculation, for (P1,k) it follows
from Proposition 2.43(c), and for (I1,k) and (I2,k) it follows from Proposition 2.43(d). For
(A): Let U be of type (A); then there exists A € 2 and an orthonormal system (z,y,z) in
V(A) so that with a := %(Qx + Jy) and b:= %(y + Jr ++/3J2), (a,b) is an orthonormal
basis of U . Via Proposition 2.43(b), one now calculates

R(a,b)a = —% b and R(a,b)b=

(SN}

(4.1)

It follows that U is curvature-invariant.

It is easily seen that the information in the table on the dimension of the curvature-invariant
spaces and on them being complex or totally real subspaces is correct.

For the data on the rank of U : In any case, we have rk(U) € {1,2} because of Theorem 2.54. If
U is of any of the types (G1,k), (G2,k1,ks) or (G3), it is easily seen that U contains a 2-flat
of V (again, see Theorem 2.54), and therefore the rank of U then has to be 2. It is clear that
the spaces of type (Geo,t) are of rank 1. Proposition 2.43(c) shows that if U of type (P1,k),
the restriction of R to U is the curvature tensor of a sphere of radius 1/4/2, and therefore
U is then of rank 1. If U is of type (P2), then one easily calculates that the restriction of
R to U is the curvature tensor of a 2-sphere of radius 1/v/2, and if U is of type (A), then
Equations (4.1) show that the restriction of R to U is the curvature tensor of a 2-sphere of
radius v/10/2. Therefore, also in these cases, U is of rank 1. Finally, if U is of type (I1,k) or
(I2,k), then Proposition 2.43(d) shows that the restriction of R to U is the curvature tensor
of a complex projective space of constant holomorphic sectional curvature 4 resp. a sphere of
radius 1, and thus also in these cases U is of rank 1.
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For the data on ¢(S(U)): If U is of type (Geo,t), it is clear that ¢(S(U)) = {¢} holds. If U
is of any of the types (G1,k), (G2,k1,ke) or (G3), U contains a 2-flat a = Rz ®RJy, where
(x,y) is a suitable orthonormal system in V(A). Thus, we have v; := cos(t)z + sin(t)Jy € U
for every t € [0, §]; because of ¢(vi) =1, ¢(S(U)) = [0, §] follows. It is clear that the spaces
of type (P1,k) and (P2) contain principal vectors only and therefore satisfy ¢(S(U)) = {0},
an explicit calculation via Theorem 2.28(a) shows that spaces of type (A) contain only vectors
of 2A-angle arctan(%), and because the spaces of type (I1,k) and (I2,k) are isotropic, they
satisfy ¢(S(U)) = {5} by Proposition 2.29(b).

To prove the statements on the maximality of curvature-invariant subspaces, we presume that
the list of curvature-invariant subspaces given in the theorem is complete; this fact will be proved
in the remainder of the chapter. We now consider the various types individually:

(Geo,t) If U is of type (Geo,t), then U is contained in a 2-flat, i.e. in a space of type (G2,1,1)
(see Corollary 2.55) and therefore cannot be maximal.

(G1l,k) This type exists only for m > 3. If U is of type (Gl,k) with k¥ < m — 2, then U is
contained in a space of type (G1,m — 1) and therefore cannot be maximal. On the other
hand, the spaces of type (G1l,m — 1) are of real codimension 2 in V. There exist no
curvature-invariant subspaces of V of real codimension 1 because of m > 3, and therefore
the spaces of type (G1,m — 1) are then maximal.

(G2,k1,ke) If U is of type (G2,k1,ks) with ky + ko < m, then U is contained in a space of type
(G2, k1, m — k1) and is therefore not maximal. Moreover, any space U of type (G2,1,1)
is contained in a space of type (G3) and is therefore not maximal in the case m =2. On
the other hand, if U is of type (G2,k1,ke) with k1 + ke = m > 3, then U is maximal:
Assume to the contrary that there exists a curvature-invariant subspace U’ of V with
U C U C V. Then we have dimg U’ > dimgr U = m, and therefore U’ is of type
(G1l,k) for some k (see the table in the theorem) and hence complex. Thus we have
U > U@ JU =V, which is a contradiction.

(G3) For m = 2, the spaces of type (G3) have real codimension 1 in V and are therefore
maximal. On the other hand, for m > 3, the space U of type (G3) described in the
theorem is contained in the space C(x — Jy)® C(x + Jy) = Cz & Cy of type (G1,2), and
therefore cannot be maximal.

(P1,k) If U is of type (P1,k) with kK <m, then U is contained in a space of type (P1,m) and
therefore cannot be maximal. On the other hand, if U is of type (P1,m), then we have
U =V(A) for some A € 2. An inspection of the table in the theorem shows that there
exists no curvature-invariant subspace U’ of V with V(A4) CU' C V.

(P2) Let U be a curvature-invariant subspace of type (P2). In the case m =2, U is maximal:
Assume to the contrary that there exists a curvature-invariant subspace U’ of V with U C
U C V. Then U’ is of real dimension 3 and therefore of type (G3), so that there exists
an orthonormal system (x,y) in some V(A), A€ with U' = C(z — Jy) © R(x + Jy).
U is complex, and therefore we have U =U NJU C U' N JU' = C(z — Jy), which is a
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(I1, k)

(12, k)

contradiction because all elements of U are principal, whereas C(x — Jy) is an isotropic
subspace of V.

On the other hand, in the case m > 3, U is contained in a space of type (G1,2) and
therefore cannot be maximal.

Let U be a curvature-invariant subspace of type (A); then we necessarily have m > 3.
Using the notation in the definition of this type in the theorem, we see that the CQ-span
(see Definition 2.10(e)) of U is given by U:==Cza Cy @ Cz; this space is of complex
dimension 3. Thus, in the case m > 4, U is contained in the space U of type (G1,3)
and therefore cannot be maximal.

In the case m = 3, we again show the maximality of U by contradiction: Assume
that U’ is a curvature-invariant subspace of V with U C U’ C V. Then we have
arctan(1) € p(S(U’)) and therefore U’ is of one of the types (G1,k), (G2,k1,ks) and
(G3). If U’ is of type (Gl,k), then U’ is a CQ-subspace of V and therefore contains
U ; because we have dim@ﬁ = 3 = dimgV, U = V follows, a contradiction. If U’
is of type (G2,ki,ks), then U’ is totally real in V, and hence U is totally real, also
a contradiction. Finally, if U’ is of type (G3), then the CQ-span of U’ is complex-2-
dimensional, in contradiction to dimg U=3.

Let U be a curvature-invariant subspace of type (I1,%). Proposition 2.20(e),(f) shows
that the CQ-span U of U is of complex dimension 2k . In the case 2k < m U is therefore
a curvature-invariant subspace of V of type (G1,2k); because we have U 2 U it follows
that U is not maximal. In the case 2k = m = 2, U is contained in a space of type
(G3) and therefore not maximal either. In the case 2k = m > 4, we once again prove the
maximality of U by contradiction: Assume that U’ is a curvature-invariant subspace of
V with U C U’ € V. Then we have dimg U’ > dimg U = 2k = m, and therefore U’ is
of type (G1,k') for some k', and hence a CQ-space. Thus we have UcC U’ ; because of
dim@(ﬁ) = 2k =m, we have U =V and therefore U’ =V follows, a contradiction.

If U is of type (I2,k), then U is contained in the space U @ JU of type (I1,k) and
therefore cannot be maximal.

To prove that no curvature-invariant subspace of V is of more than one type (observing the

identifications of types given in the theorem) and the statement on the action of Aut(2) on the

set of curvature-invariant subspaces of V, we give for each type of curvature-invariant subspaces

a set of properties which characterizes the curvature-invariant subspaces of that type among all

curvature-invariant subspaces of V:

‘ type ‘ characterizing properties of the spaces U of that type
(Geo,t) | o(S(U)) ={t}, dimprU =1

(G1,k) U is a CQ-subspace, dimg U = k
(G2 ki k ) There exist A € 2 and linear subspaces W1, Wa C V(A) of real dimension kq
P ML R2) Lesp. kg so that Wi L Wa and U = Wy & JWs holds.

(G3) U is neither complex nor totally real, dimp U = 3
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‘ type ‘ characterizing properties of the spaces U of that type
(P1,k) U is totally real, o(S(U)) = {0}, dimr U =k
(P2) U is complex, ¢(S(U)) = {0}

(A) U
(11, k") U is a complex, isotropic subspace, dimg U = &’
(12, k") U

is neither complex nor totally real, dimg U = 2

is a totally real, isotropic subspace, dimg U = k’

From this table, we draw the following conclusions:

(a) The properties given for different types (again, note the identifications given in the the-
orem) are mutually exclusive, therefore no curvature-invariant subspace can be of more
than one type.

(b) The properties in the table are all invariant under replacement of U by B(U) (where
B € Aut(2)), therefore for any curvature-invariant subspace U, U and B(U) are of the
same type.

Next, we prove that two curvature-invariant subspaces U and U’ can be transformed into each
other by an element of Aut(2) if and only if they are of the same type. One implication has
already been shown as (b) above. For the other implication, we let curvature-invariant subspaces
U, U of V of the same type be given. If they are of type (Geo,t), then Proposition 2.36(a)
shows that there exists B € Aut(2) with U’ = B(U). If they are of another type, then it is
easy to construct a CQ-automorphism B € Aut(2l) which transports the data described in the
definition of the respective type for U into the data for U’ and therefore U into U’. As an
example, we describe the construction of B more explicitly for the type (I1,k):

Suppose that U, U’ are of type (I1,k), therefore U, U’ are complex k-dimensional 2-isotropic
subspaces of V. We fix A € . By Proposition 2.20(e),(f) there exist 2k-dimensional linear
subspaces Y, Y’ C V(A) and orthogonal complex structures 7: Y — Y and 7/ : Y — Y’ so
that

U={xz+Jrzx|lzeY} and U ={x+Jr'z|zeY'}

holds. Let Lo : (Y,7) — (Y',7') be a C-linear isometry between the complex-k-dimensional
unitary spaces (Y,7) and (Y’,7'); that means Ly : Y — Y’ is an IR-linear isometry and
7'0Ly = Loo7 holds. Ly can be extended to an orthogonal transformation L : V(A) — V(A),
and its complexification B := L% is a (strict) CQ-automorphism by Proposition 2.15. It is now
easily seen that B(U) = U’ holds.

It remains to prove that every curvature-invariant subspace of V is of one of the types given in
the theorem, and this is the objective of the remainder of the present chapter.
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4.2 The root space decomposition of a Lie triple system

As was explained in the introduction of the present chapter, the (connected, complete) totally
geodesic submanifolds of a complex quadric ) passing through the “origin point” pg € @
are in one-to-one correspondence with the Lie triple systems m’ contained in the space m of
the canonical decomposition g = t @ m corresponding to the symmetric space @) as described
in Propositions 3.9(d) and 3.12. The classification of these Lie triple systems m’ given in
Sections 4.3 and 4.4 makes fundamental use of a root space decomposition for m’ analogous to
the one described for m in Appendix A.4.

In the present section, we describe such a root space decomposition for Lie triple systems in
a general setting: We let (M, p,po,o) be a symmetric G-space of compact type and consider
the linearization o of the involutive Lie group automorphism ¢ : G — G and the canonical
decomposition g = €@ m of the Lie algebra g of G it induces. The Killing form 3¢ of g is
negative definite; as in Section A.4 we regard g as an euclidean space via the inner product
() := —c- s with some c€ R .

4.4 Definition. A linear subspace m’ C m is called a Lie triple system if [[m’,m], m'] C m’ holds.

Let m" C m be a Lie triple system; we wish to derive a root space decomposition for m’.
As is well-known, there exists a Riemannian symmetric subspace M’ of M with py € M’
and 7 HTp,M') = m’ ([KN69], Theorem X1.4.3, p. 237; 7 : m — T, M is the canonical
isomorphism). However, we cannot apply the root theory of Appendix A.4 to M’ directly, as
M’ need not be of compact type. Rather, we derive a root space decomposition of m’ from the
root space decomposition of m described in Appendix A.4.

For any given Cartan subalgebra a of m, we consider the corresponding root system of m,
which we now denote by A(m,a) C a*; also we put for any \ € a*

my:={Xem|VZca:ad(2)’X = -\N2)’°X}.
Then we have the root space decomposition of m as in Proposition A.10(c).

4.5 Definition. Let m’ C m be a Lie triple system.

(a) We call the mazimal dimension of a flat subspace (see Proposition A.6) of m lying in m’
the rank of m’, denoted by rk(m’). Obviously rk(m’) < rk(M) holds.

(b) We call any flat subspace @' of m’ with dim(a’) = rk(m’) a Cartan subalgebra of m’.

(c) Suppose that a is a Cartan subalgebra of m so that a' ;== anm’ is a Cartan subalgebra
of m' .7

"Such an a does not necessarily exist for every configuration of (m,m’). However, its existence is guaranteed
for rk(m’) = rk(m) (then a can be chosen as a Cartan subalgebra of m’), and for rk(m’) = 1 (by [Hel78],
Theorem V.6.2(ii), p. 246).
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In this situation we define for any o € (a')*
m, ={Xem'|VZecd ad(2)’X = —a(Z2)* X} (4.2)

and
A, a) := {a € (a)"\ {0} |mg # {0} } . (4.3)
We call A(w',d") the root system of m’ with respect to o', and the space m!, the root

space of m’ corresponding to the root o € A(m’, a’). Like in Proposition A.10(b) we call
a subset A', C A(w',d’) a system of positive roots if

AL U(A) =A@ d) and AL N(-AL) =0

holds.

For a € A(m',d") we denote by R, : a — da the orthogonal reflection in the hyper-
plane a~1({0}). Then we call the group of orthogonal transformations of a’ generated
by { R, |a€ A(m',;d")} the Weyl group W(m',a’) of m’ (with respect to o' ). W (m’, a’)
also acts on (a/)* wia the action (g,a) — aog™!.
4.6 Proposition. Let m’ C m be a Lie triple system and suppose that a is a Cartan subalgebra of
m so that @ :=anm’ is a Cartan subalgebra of m’.

(a) We have for any system of positive roots A’ C A(m',a)

m=d o H m,; (4.4)
agA!,
moreover:
my=a, (4.5)
Am',d)yc{ Nd | Xe A(m,a),\a #0}, (4.6)
Va e A(m',d) : m), = <€B)\€A(m76) m,\> nm. (4.7)
Ad'=a

(b) We have rk(m') =rk(m) if and only if o' = a holds. If this is the case, then we have

Am' d)Cc A(m,a), VYaecAm, d):m,=m,Nm' and W' d)cC W(m,a).
(4.8)
Moreover, the Weyl group W (m',da’) then leaves A(m/,a’) invariant.®

Proof. Let us abbreviate A := A(m,a) and A’ := A(m/,d’).

Because M is a Riemannian symmetric G-space of compact type, the Killing form s : gxg — IR
is negative definite, and therefore (-,-) := —s¢ is a positive definite inner product on g. We
regard g and especially the subspace m as euclidean spaces in this way.

8If the symmetric subspace M’ of M which corresponds to m’ is of compact type, then W(m’,a') leaves
A(m',a’) invariant by Proposition A.15(b) without regard to rk(m’).
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For (a). We first prove Equation (4.5). We have [a’,d'] = {0} by Proposition A.6(b) and
therefore o/ C m{. Conversely, let X € m{ be given. Then we have for every Z € a:
ad(Z)?X =0 and therefore

0= (ad(2)*X, X) = —(ad(2)X,ad(Z)X) ,

whence ad(Z)X = 0 follows by the positive definity of (-,-). From this fact and [a’,a’] = {0},
we see that [0’ + RX,d’ + IRX] = {0} holds, and therefore a’ + IRX is flat by a further
application of Proposition A.6. Because of the maximality of a’, we conclude X € a’.

We now consider the endomorphisms Rz : m — m, X +— —ad(Z)?X with Z € a. (Ry is
equivalent to a Jacobi operator, see Equation (A.13)). As was shown in Proposition A.11, there

exists a finite set X of functions a — IR so that

m=@O E, and VYueX : E, # {0} (4.9)
pEX

holds, where we define for every function p:a — IR:°

By = (| Big(Rz,1(2)) . (4.10)
Zeca
We have
S={p:a—R|E, #{0}}. (4.11)

For every Z € a’ the endomorphism Ry leaves m’ invariant because m’ is a Lie triple system.
The endomorphisms Rz|m’:m’ — m’ (with Z € a’) are self-adjoint with respect to the inner
product (-,-), and any two such endomorphisms commute with each other. Therefore the family
of endomorphisms (Rz|m')zcy is jointly orthogonally diagonalizable; via this fact we obtain a
decomposition for m’ analogous to the decomposition of m from Equation (4.9): There exists
a finite set X’ of functions @’ — IR so that

m'= @ F, and YveX¥ : F,+#{0} (4.12)
vey!

holds, where we define for every function v :a’ — IR

F) = () Eig(Rz|m',v(Z)) . (4.13)
Zed
We have
Y={v:d -R|F,#{0}}. (4.14)

To study the relationship between X’ and X resp. between F;, and E,, we put for every

function v : a' — R

S():={peS|pud=v} and F,:= () EigRzv(2)). (4.15)
Zedo

9For Equation (4.10) remember that we use the notation Eig(B,\) := ker(B — \id) even when A is not an
eigenvalue of B, compare Section 0.2.
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Then we have by Equations (4.13) and (4.15)

F' =F,Nm . (4.16)

We now prove the following equation, which is of central importance in the present consideration:

F,= @ E,. (4.17)
neX(v)
Indeed, in this equation the inclusion “2” follows immediately from Equations (4.10) and (4.15).
For the converse inclusion, we let X € F}, be given. In particular X € m holds; by Equa-
tion (4.9) it follows that we have X =3 _ X, with suitable X,, € E,,. For every Z € a’ we
now have

peEY

S u(2) X, =v(2) X "2 Ry(X) = 3 Ra(X) " S w(2) X,

> > HEX

This calculation shows that for any p € ¥ with X, # 0, we have v(Z) = u(Z) for every
Z € o, and therefore p € ¥(v). Thus we see that X = > ) X, is a member of the
right-hand side of Equation (4.17).

By combining Equation (4.17) with Equation (4.16) we obtain

e : F = ( oD Eu> nm' (4.18)
neX(v)
and therefore also
weY : S(v)#£ 0. (4.19)

To obtain the desired results we now describe relations between the objects involved in the
diagonalizations we studied and the roots and root spaces of m resp. m’:

Vie€a : my=FEy and Vace (¢) : m,=F,; (4.20)
Y={ N |AcA}U{0} and X' ={ca*|ac A'}U{0}. (4.21)

The first equation in (4.20) resp. (4.21) is just Equation (A.30) resp. Equation (A.28) from
Proposition A.11(a). The second equation in (4.20) follows from the fact that we have for any
a € (a)*
/ (4_2) : / 2
m, = (] Eig(Rzm',a(2)?)
Zed
and Equation (4.13).

For the proof of the second equation in (4.21): Let v € ¥/ with v # 0 be given. By (4.19) there
exists some g € ¥ so that pla’ = v holds. By the first equation in (4.21) there exists A\ € A
with = A?2. We have o := \d’ € (¢/)*\ {0} and v = a?, hence m/, (20 F!, = F, # {0}.
Therefrom « € A’ follows by Equation (4.3), and therefore v is a member of the right-hand

side of the equation to be shown. For the converse inclusion: We have F| (4.20 m;, = a# {0}
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and therefore 0 € ¥’ by (4.14); also we have for any o € A": F/, (4.20)

a? € Y again by (4.14).

m,, # {0} and therefore

We now show Equations (4.6) and (4.7). Let « € A’ be given. Then we have

m, (4.20) F, (4.18) e E,| Nnuw (4.2 P Epl|nw (4.20) P my| Nm
HES(a?) AEAL AEA
AZex(a?) Ad'=a

(where A, C A is a positive root system); for the last equals sign notice that (A|a’)? = o2
implies Ala’ = +a. This shows Equation (4.7). Because of m/, # {0} it follows in particular
that there exists A € A with Ao’ = a # 0, whence (4.6) follows.

Finally, Equation (4.4) is derived in the following way:

4.21 4.5
e Fr2Re & F." e & w,Yde @ w,.

vey! agl’, aeA; aeA;

w (4 -1 2) (4 io)

For (b). Because @' and a are Cartan subalgebras of a’ and a respectively, we have rk(m’) =
dima’ and rk(m) = dima. From these facts and @' C a it follows that rk(m’) = rk(m) is
equivalent to a’ = a.

We now suppose that a’ = a holds. Then the first two parts of (4.8) follow from Equations (4.6)
and (4.7); from o’ = a and A’ C A it also follows that the Weyl group W(m', a') is a subgroup
of W(m,a).

It remains to show that W(m’,a’) leaves A’ invariant.

For this, we let A € A’ be given and fix X € S(m}). By (4.8), we have X € my, and we
let X € &\ {0} be the element related to X (see Definition A.12 and Proposition A.13(a)).
Because of A # 0 there exists some Zy € a with A(Zy) = 1, and then Definition A.12 shows
that we have

~

X =[Z0, X]. (4.22)

Furthermore we put

g:=Exp(tyX) € K with tp:= ﬁ ,
where K is the isotropy group of the G-action on M at the “origin point” py and Exp: ¢ — K
is the exponential map of K. Then we have by Proposition A.15(a)

Ad(§)a = Ry . (4.23)

Below, we will show
Ad(@m' =m’ . (4.24)
We then obtain via Proposition A.15(b) for every p € A’

(4.8) (A.37) . (4.24) N (4.8) N
mLO(RA)_l =" myogy)-1 MW =" Ad(g)m, Nm’ =" Ad(g)(m, Nm') "= Ad(g)mL#{O}
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and therefore po(Ry)~! € A’. This shows that A’ is invariant under the Weyl group W (m/, a’).

For the proof of Equation (4.24), we let Y € m’ be given and consider the function
f:R—m, t — Ad(Exp(t X))Y = exp(t ad(X))Y ,

where exp : End(g) — GL(g) is the usual exponential map of endomorphisms. f solves the

differential equation
y =ad(X)y . (4.25)

Because m'’ is a Lie triple system, it follows from Equation (4.22) that the endomorphism ad(X)
leaves m’ invariant. Because we also have f(0) =Y € m/, the solution f of the differential
equation (4.25) runs entirely in m’. In particular we have Ad(9)Y = f(t9) € m’. Thus we have
shown Ad(g)m’ C m’; because Ad(g) is a linear isomorphism, we conclude (4.24). O

Definition. Let m’ C m be a Lie triple system and a a Cartan subalgebra of m so that
o :=anmw is a Cartan subalgebra of m’'. Let o € A(w',a’) be given. Remember that by

Proposition 4.6(a) there exists at least one root A € A(m,a) with A\a' =a. We call «

(a) elementary, if there is only one root A € A(m,a) with Ma' = «;

(b) composite, if there are at least two different roots A\, € A(m,a) with Ma' = pld’ = «.

In the situation described in Definition 4.7, elementary roots play a special role: If o € A(m’,a’)
is elementary, then the root space m/, is contained in the root space my, where A € A(m,a) is
the unique root with Ala’ = « (see Proposition 4.6(a)). As we will see in Proposition 4.9 and

its corollary below, this property causes restrictions for the possible positions (in relation to a’)

of \.

It should be mentioned that in the case rk(m’) = rk(M) we have o’ = a, and therefore in that
case

every a € A(m’,d’) is elementary

(see Proposition 4.6(b)).
Lemma. Let a be a Cartan subalgebra of m. Then we have

YAe A(m,a), X emy, Z€a : ad(X)?Z = —||X]||?-AMZ) - A

Proof. Let A € A(m,a) and X € m, be given. By Proposition A.13(a), there is exactly one
X € £, which is related to X € m, in the sense of Definition A.12, meaning in particular that

we have for given Z € a

(Z,X]=\Z)- X . (4.26)

By Proposition A.13(b) we also have

(X, X] = || X AF. (4.27)
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Using these equations, we calculate:

(4.26)

ad(X)2Z = [X, [X, Z]] = —[X, [2, X]] AZ) XX ) x a0

Proposition. Let m’ C m be a Lie triple system, and a a Cartan subalgebra of m so that
o :=anm’ is a Cartan subalgebra of m'. If o € A(w',d’) is an elementary root and X € A(m, a)
is the unique root with Aa' = a, then we have

Ned.
If, on the other hand, X € A(m,a) satisfies Aa’' =0, then we obviously have

Aod .

Proof. Let a € A(m/,d’) be an elementary root and A € A(m,a) be the root with Ao’ = «.
Then we fix Z € d’ so that AM(Z) = a(Z) = —1 holds and X € S(m}) arbitrarily. We have
X € m/, € my by Proposition 4.6(a) and the fact that « is elementary, and therefore by
Lemma 4.8

*)
m S ad(X)?Z = | X|?-MZ) - N = M,
where (%) follows from the fact that m’ is a Lie triple system. Therefore we have A € m'Na = d’.

The statement on the case A € A(m,a) with Ala’ =0 is obvious. O

Corollary. Let m’ C m be a Lie triple system with rk(m’) =1, and let X € m’\ {0} be given.
Then o' := IRX is a Cartan subalgebra of m' and there exists a Cartan subalgebra a of m so
that o/ =anm’ holds.

If o € A(w',d’) is an elementary root of m’ and X\ € A(m,a) the unique root with o' = «,
then A is parallel to X .

Proof. The existence of a follows from Theorem A.8(b) and the remainder is an immediate
consequence of Proposition 4.9. [l

Remark. Investigating root systems of Lie algebras, ESCHENBURG used similar concepts as
our elementary /composite roots, see [Esc84], Abschnitt 91, p. 131ff.. That situation is different
from ours, because in contrary to symmetric spaces, the root spaces of Lie algebras are always
1-dimensional.

4.3 The classification of the rank 2 Lie triple systems

We now start with the proof that the list of curvature-invariant subspaces of the CQ-space
(V,2() given in Theorem 4.2 is in fact complete. We put m := dimg(V), let (V,) be an
arbitrary (m-+2)-dimensional CQ-space, let @ := Q(2() be the m-dimensional complex quadric
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induced thereby and put G := Auts(A)p. We regard @ as a Hermitian symmetric G-space
(Q,¥,po,0) as in Section 3.2 and consider the canonical decomposition g = ¢ @ m of the
Lie algebra g of G with respect to o. Then m is an m-dimensional CQ-space in the way
described in Proposition 3.12. As CQ-space, it is isomorphic to (V,2() by Corollary 2.16, and
thus we may suppose without loss of generality that (V,2l) is equal to the CQ-space m. In the
sequel, we denote the complex inner product given on m by (-,-)q¢ , the real inner product by
(-, = Re({-,")¢) , the complex structure of m by J: m — m, X — i X and the CQ-structure
of m by .

We let a curvature-invariant subspace m’ # {0} of the CQ-space m be given. Then Propo-
sition 3.12(c) shows that m’ is a Lie triple system in m. We have rk(m’) < rk(Q) = 2 and
therefore rk(m’) € {1,2}. The two resulting cases rk(m’) =2 and rk(m’) =1 divide the proof
of the classification theorem into two main parts. We treat the case rk(m’) = 2 in the present
section, and the case rk(m’) =1 in the next section.

Thus we now suppose rk(m’) = 2. We fix a Cartan subalgebra a of m’; because of rk(m’) =
2 =r1k(Q), a also is a Cartan subalgebra of m. In the sequel, we denote by A := A(m,a) and
A" := A(m/,a) the root systems of m resp. of m’ with respect to a. In this relation, we use
the notations introduced in Section 4.2. Then we have by Proposition 4.6(b)

ANCcA and VaceA' :m,=m,Nm' Cm,. (4.28)

Therefore A/, := AL N A’ is a system of positive roots of A’, where Ay = {Ay,..., \q} is
the system of positive roots of A described in Theorem 3.15(b). Further, we have by Proposi-
tion 4.6(a)

m'=a® P m. (4.29)
ozeAfF

Moreover, the root system A’ is invariant under the Weyl group W(m',a’) by Proposi-
tion 4.6(b), and this fact imposes restrictions on the subsets of A, = {A;,..., Ay} which
can occur as A/, . For example A/ = {\;,\s} is impossible, because then A" = A/, U(—A/,)
would not be invariant under the reflection in the line orthogonal to A;. (For the calculation of
the action of the Weyl group on the A, note the relationship between its action on A and on
)\ﬁk given by Equation (A.36) and the explicit description of the )\ﬁk in Theorem 3.15(b).)

By this consideration we see that A/, must be one of the following eight sets:

g, {)‘1} ) {)‘2} ) {)‘3} ) {)‘4} ) {>‘1’>‘2} ) {)‘3’)‘4} ) {>‘1’>‘2a)‘3,>‘4} .

We now inspect the eight cases of possible A/, individually to verify that the corresponding
Lie triple systems m’ are all of of one of the types (G1,k), (G2,k1,ko) and (G3) as they are
described in Theorem 4.2.

For this purpose, we note that by Theorem 3.15(a), there exist A € 2 and an orthonormal
system (X,Y) in V(A) so that a = IRX @& RJY holds. Also, we put n, := dim(m])) for
a € A’ and continually use the data on the root system A, = {A{,..., A4} and the root
spaces my, given in Theorem 3.15(b).
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The case A, = @ . By Equation (4.29) we have m’ = a = RX @ RJY, and therefore, m’ is of
type (G2,1,1) with W, := RX, Wy := RY .

The case Aly = {\1}. By Equation (4.29) we have m’ = a©m, ; by (4.28) and Theorem 3.15(b)
we have m) Cmy, = J((IRX @IRY) LV | Tt follows that m’ is of type (G2,1,1 +nl\, ) with
W1 :=IRX and W :=IRY © Jm’)\1 )

The case A!, = {A\2}. Analogously as in the case A/, = {\} we see that m’ is of type
(G2,1+n),,1) with W, :=RX & m/ and Wy :=RY.

The case Al = {\3} . By Equation (4.29) we have m’ = a® m/ . We have {0} #m Cm,,;
because m,, is 1-dimensional, therefrom already m) = my; = R(JX +Y) follows. Thus we
have

m =a@m, = RX®RJY @ R(JX +Y)
—R(X+JY)ORX - JY)®R(UJX +Y) =R(X + JY) ® C(X — JY),

and therefore m’ is of type (G3).

The case A’y = {\s}. Analogously as in the case A/, = {A3} we obtain m’ =R(X — JY) &
C(X + JY). By replacing Y with —Y , we see that also in this case m’ is of type (G3).

The case A, = {\i, 2} . By Equation (4.29) we have
m =adm), dm), =W & J(Ws) (4.30)

with Wy := RX @ m)_ and Wy := RY @ J(m) ). Together with Equation (4.28), the table
in Theorem 3.15(b) shows that m) ,m) C (RX @ RY)LV(A) € V(A) holds, and therefore we
have Wi, Wy C V(A).

We now show Wy L Wy: Let u € Wy and v € Wj be given, and assume that (u,v) # 0
holds. We have Ju,v € m’ by Equation (4.30), and therefore Corollary 2.48 shows that m’ is a
complex-linear subspace of m. Because we have X +JY € a C m’, it follows that we also have
-Y 4+ JX =J(X+JY)em'. Hence we have my, = IR(JX —Y) C m’ (see Theorem 3.15(b))
and therefore m), = my, Nm’' =m,, (see Proposition 4.6(b)), whence Ay € A/, follows. But
this is a contradiction to the hypothesis A/, = {1, A2} defining the present case.

Therefore m’ is of type (G2,1+n) ,1+n) ) with the present choice of Wy and Ws.

The case A!, = {A3,M\s}. For k € {3,4} we have dimm,, = 1, and therefore the same
argument as in the treatment of the case A/, = {A3} shows that m’)\k = m,, holds. Thus we
have by Equation (4.29)

m=adm), dm), =(RXEGRJY)eR(JX+Y)dR(JX -Y)
=RX®RJY $RJX oRY =CX & CY .

Thus we have m’ = W@ JW with W :=IRX &Y C V(A). Therefore m’ is a 2-dimensional
CQ-subspace and hence of type (G1,2).
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The case A, = {\1, A2, A3, A1} . By Equation (4.29) we have
m' =a®m), &m), dmy, &m), , (4.31)
and by an analogous argument as for the case A/, = {3, A4}, we see that

(4.31)
m D adm) em), =CXaCY (4.32)

holds. In particular we have X,JX € m’, whence it follows by Corollary 2.48 that m’ is a
complex-linear subspace of m. Therefrom m’A1 =J (m’)Q) follows, and thus we obtain from
Equations (4.31) and (4.32):

m =CX®CY aJm),)em), =WaeJW

with W := RX O RY & m), C V(A). Therefore m" is a (2 4 n/,,)-dimensional CQ-subspace
and hence of type (G1,2+n) ).

This completes the classification of the rank 2 Lie triple systems in m.

4.4 The classification of the rank 1 Lie triple systems

We continue to use the general notations of the previous section, but now suppose that {0} # m’
is a Lie triple system of m of rank 1. For H € m\ {0} we denote by ¢(H) the 2-angle of H
as in Section 2.5.

Lemma. If dimm’ > 2 holds, then all Z € m'\ {0} have one and the same A-angle @q €

{0,arctan(3), 3} . In the case @y = arctan(3), m’ has no elementary roots (see Definition 4.7).

Proof. The crucial point here is to show
vZ em'\ {0} : ¢(Z) €{0,arctan(5), 5} . (4.33)

For this, we let Z € m’\ {0} be given; without loss of generality we may suppose ||Z] = 1.
Then we have the canonical decomposition

Z =cos(p(Z)) - X +sin(p(2)) - JY (4.34)
with suitable A € 2l and X,Y € S(V(4)).

Because m’ is of rank 1, a’ := IRZ is a Cartan subalgebra of m’; also a:= RX @ IRJY is a
Cartan subalgebra of m such that @' = anm’ holds. Because of dim(m’) > rk(m’), we have
A d') # @. Now let some o € A(m’,a’) be given.

Let us first suppose that « is elementary. Then there exists one and only one A € A(m,a) with
Ao’ = «, and Corollary 4.10 shows that Z is parallel to A*, hence we have ¢(Z) = o(\F).
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From the explicit representation of the root vectors )\2‘ in Theorem 3.15(b) and Theorem 2.28(a)
one easily calculates

PEN) = (M) =0 and o(£N}) = () = § .
Because of A\ € A(m,a) = {£\q,...,+\4} we therefrom see that ¢(Z) = (p(/\ﬁ) € {0, 7} holds.

Now we suppose that « is composite. Then there exist A, u € A(m,a) with
pla’ = a = \d (4.35)

and p # \; we also have p # —\ (because otherwise we would have o = 0 ¢ A(m’,a’)).
Therefore there exist r,s € {1,...,4} with r # s so that A € {£\,}, p € {£As} holds (where
the Ap form the positive root system of m described in Theorem 3.15(b)), and thus we have
for every t € IR

Mcos(t)X +sin(t)JY)? = s,.(t) and p(cos(t)X + sin(t)JY)? = »,(t)

(where the s are the eigenfunctions of the Jacobi operator as in Theorem 2.49; compare
Equations (3.24) and (3.23) in the proof of Theorem 3.15). By plugging t = ¢(Z) in these
equations, we obtain via Equation (4.34)

NZ)? = s (p(Z)) and  p(Z)? = »i(p(Z)) (4.36)

and therefore

(4.36) (435) o (4.36)

. (p(2)) AZ)? w(Z) #s(p(2)) .

The diagram of the graphs of the functions s in Theorem 2.49 thus shows that ¢(Z) €
{0,arctan(3), 2} holds.

This completes the proof of (4.33). We also saw that if Z € m’\ {0} is such that A(m’,IRZ)
contains an elementary root, then ¢(Z) # arctan(%) holds.

Equation (4.33) shows that the function m’\ {0} — IR, Z — ¢(Z) attains only discrete values;
because this function is continuous by Proposition 2.30, it follows that it is constant. It also
follows from (4.33) that the constant value g of that function is a member of {0,arctan(3),Z}.
Finally, in the case ¢y = arctan(%) we have for any Cartan subalgebra a’ of m’, say o =
IRZ with some Z € S(m’), p(Z) = arctan(i) and therefore A(m’,a’) does not contain any

2
elementary roots. O

We now classify the Lie triple systems m’ of rank 1 in m. For this purpose we fix Z € S(m’) and
use the notation concerning the Cartan algebras a’ = IRZ and a introduced at the beginning
of the proof of Lemma 4.12. In particular we have the canonical decomposition of Z given in
Equation (4.34). We abbreviate A’ := A(m/,a’) and A := A(m,a) and fix a system of positive
roots A/, in A’. Then we have by Proposition 4.6(a)

A c{Nd|NeA NZ)#0} (4.37)
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and
m=RZ & G m, (4.38)
agl!,
with
Vae Al : m), = B m|Nnm. (4.39)
AEA
A(Z)=a(Z)

In the case dimm’ =1, m’ =1RZ is of type (Geo,p(Z)). Thus we suppose in the sequel that
dimm’ > 2 holds. Then Equation (4.38) shows that we have

AN+£z, (4.40)

and on m’\ {0} the U-angle function ¢ is equal to some constant ¢y € {0,arctan(3), T}
by Lemma 4.12. To complete the classification, we now treat the three possible values for g

individually.
The case @p = 0. Then we have Z = X by Equation (4.34). By Theorem 3.15(b) we have
MX)=0 and (X)) = A3(X) = \(X) =V2;
therefrom we conclude by (4.37) and (4.40)
A'={+a} with «(tZ)=V2 -tfor te R
and by (4.38) and (4.39)

m' = RX &m/, with {0} #m/ Cmy, ®my, Bm,, . (4.41)

Immediately, we will show that
cither mw/, ¢ (RX)*V™ or m/ =R-JX (4.42)

holds. Then we conclude: In the case m/, C (RX)“V) we have m’ = o @ m), C V(A),
therefore m’ is of type (P1,14dimm/). On the other hand, in the case m,, = IR-JX we have
m' =d @m, = CX, therefore m’ is of type (P2).

We now prove (4.42): Let H € m/, be given. Then we have by (4.41) and Theorem 3.15(b)
Hemy, ®my, &my, = R-JX & (RX)HVA

and therefore there exist t € R and X' € V(A) with X’ L X so that H =¢-JX + X’ holds.
Via Proposition 2.47 we calculate (with the functions p and C' defined there)

p(X,H)=-2t and C(X,H)=2XAX'

and therefore

H:=LiRX HH=(X"|*+) X —2t-JX . (4.43)
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Because m’ is curvature-invariant, we have H € m’. As m’ is orthogonal to RJY ®m,, =
(IRJX)-7V(4) by Equation (4.41) and hence in particular to JX', we therefore have

0= (H,JX")\r = (~20) - (JX', JX ") = (~20) - | X'

Therefore we have either ¢ = 0, implying H = X' € (RX)-V(): or else || X’|| = 0, implying
H=t-JX € RJX . Thus, we have shown

m, c (RX)"V™ U R-JX .
Because m/, is a linear space, we in fact have
either m/, ¢ (RX)YY™W or m/, cR-JX;

if the second case holds, then we actually have m/, = IR-JX because of m/, # {0}. Thus (4.42)
is shown.

The case ¢y = arctan(3) . By Equation (4.34) we then have

Z=2X+JY, (4.44)

and from Theorem 3.15(b) we thus obtain

M(Z) =L, M(2)=2%, N(Z2)=% and M(2)=3%. (4.45)
Because of g = arctan(%) Lemma 4.12 shows that there do not exist any elementary roots in
A'; therefore we conclude from Equations (4.45) by (4.37) and (4.40)

A'={+a} with a(tZ)=Y2 tfor teR
and by (4.38) and (4.39)

m'=RZ®ml, with {0} #m, Cmy &my, . (4.46)

We now show
VH eS(my)3U €S(V(A) : (H=+7(Y +JX +V3JU) and ULX)Y). (447
Let H € S(m},) be given. Then we have by (4.46) and Theorem 3.15(b)
Hemy ®my, = JRX o RY)LVA g RIX +Y).
Consequently there exist U’ € V(A) with U’ L X,Y and t € IR so that
H=JU +t- (JX+Y)=tY + J{U +tX) (4.48)

and therefore
ReaH=1tY and ImyuH=U"+1tX, (4.49)

hence
|Rea H|? =t and ||[Tmy H|> = [|U'||*> + > (4.50)
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holds. Equations (4.49) show that Re4 H is orthogonal to Im4 H , and therefore either A or
—A is adapted to H by Proposition 2.32(a).

In fact —A is adapted to H: If A were adapted to H , then we would have by Theorem 2.28(c)

IRea H||* = (cos p(H))* = (coso)? = 5 and ||Tma H|* = (sinp(H))* = (sinpo)® = 3
and thus ||Rea H||? = 4| Ima H|/?. This equation implies via Equations (4.50) —3t2 = 4||U’||?
and therefore t = ||U’|| = 0. Because of Equation (4.48) H = 0 follows, which is a contradiction.

Because —A is adapted to H , we have by Theorem 2.28(c)

| Re_a H|[2 = (cos o(H))> = (cos po)* = 4 and || Tm_4 H|[* = (sin(H))* = (sinp0)? = 1

By Proposition 2.3(e),(g) we have ReaH = Imy(JH) = JIm_4s(H) and ImsqH =
—Rea(JH) = —=JIm_4(H), and therefore it follows

HReAHHQ :% and HImAI{H2 = %

From Equations (4.50) we thus obtain ¢ = 1 and [|U’||> + t* = %, and hence there exists

5
e € {£1} so that

tzs% and ||U']| = %

holds. Consequently, we have U :=¢+/5/3-U’" € S(V(A)) . Equation (4.48) shows that we have

H=c¢ %(Y +JX ++/3JU), and therefore (4.47) is satisfied with this choice of U .

Next we prove dimm/, = 1: Let Hy, Hy € S(m])) be given; we will show He = +£H; . By (4.47),
there exist €1,e2 € {£1} and U;,Us € S(V(A)) so that

Hy =< (Y + JX + V3JUy)

holds for k € {1,2}. Under the assumption Hs # +H; we could suppose without loss of
generality that €1 = &9 =1 holds, and then H; — Hy = \/3/—5 J(U; — Us) would be a non-zero
A-principal vector contained in m/, C m’. But this is a contradiction to VH € m’\ {0} : p(H) =
arctan(1).

Thus, m/, is l-dimensional, and therefore we have m’ = o' @ m, = RZ & IRH with any

H € S(m],)). Equations (4.44) and (4.47) therefore show that m’ is a space of type (A).

a

s

The case pg = §. w'

is an A-isotropic subspace of m (see Proposition 2.29(b)); therefore
the “complex closure” m' :=m’'+ Jm’ C m of m’ also is an A-isotropic subspace by Proposi-
tion 2.20(d), and hence a curvature-invariant subspace of m of type (I1,k) with k:= dimgm’.
Proposition 2.43(d) shows that the restriction of the curvature tensor of the CQ-space m to
m’ is the curvature tensor of a complex projective space of constant holomorphic sectional
curvature 4.

If m’ is a complex subspace of V, we have m’ = m’; therefore m’ then is of type (I1,k).
Otherwise, m’ is a curvature-invariant subspace of m’; by the well-known classification of totally
geodesic submanifolds in a complex projective space, it follows that m’ is a totally real subspace
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of m’, and therefore a k-dimensional totally real, isotropic subspace of V. Consequently, m’ is
of type (I12,k).

This completes the proof of Theorem 4.2. O

Remark. CHEN and NAGANO gave in their paper [CN77] (1977) a classification of the totally
geodesic submanifolds of the complex quadric using a different approach. We briefly describe
their strategy. They study the complex quadric Q™ in two different ways: On the one hand,
they investigate the oriented real Grassmannian G (IR™*2) (which is homothetic to Q™ , as
we noted in Remark 2.24) as a submanifold of A?IR™*2; it should be noted that AZR™*t?
can be canonically identified with aut,(C™2) =2 o(m + 2). On the other hand, they regard
Q™ as a Riemannian symmetric space isomorphic to SO(m + 2)/(SO(2) x SO(m)) (see Re-
mark 3.10(a)). Now they make the following approach: If M is a connected, complete, totally
geodesic submanifold of @, then M can be regarded as a symmetric subspace G'/K’ of Q,
where G’ is a subgroup of SO(m +2) (see [KN69], Theorem XI1.4.2, p. 235). In the usual way,
the symmetric structure of M gives rise to a splitting g’ = ¢ & m’ of the Lie algebra of G, we
have ¥ C 0(2) ®o(m), m’ is a Lie triple system canonically isomorphic to the tangent space of
M and ¢ acts on m’ by the adjoint representation. Chen/Nagano now distinguish three cases:
(1) ¢ acts irreducibly on m’ and ¢ C o(m) holds (Lemmata 3.1-3.3), (2) ¢ acts irreducibly
on m' and ¢ ¢ o(m) holds (Lemma 3.4), (3) ¢ acts reducibly on m’ (Lemma 3.5). In the
treatment of these cases, ¥ and m’ are regarded as subsystems of o(m+2) = /\ZIRer2 ; explicit
calculations of the Lie bracket of such elements play an important role.

Some of the arguments of [CN77] appear to be faulty, mainly in the proof of case (2) as described
above; because case (3) is treated by reduction to the cases (1) and (2), this gap also concerns
case (3). The fact that the spaces of our type (A) are missing from the paper seems to stem
from an oversight in the proof of its Lemma 3.4. Also, there is an unfounded assumption in the
proof of Lemma 3.5, which causes the totally geodesic submanifolds of type (G3) to be missed.
Moreover, it is incorrectly stated that the totally geodesic submanifolds corresponding to our
case (I1,k’) are neither complex nor totally real submanifolds of Q.

We should also mention the older paper [CL75] by CHEN and LUE (1975), where the real-2-
dimensional curvature-invariant subspaces of T},() are classified. Chen and Lue find eight types
of such subspaces, which they denote by I, ..., VIII; the correspondence between their types
and the types of curvature-invariant subspaces in our notation is as follows:

Type of [CLT75] I II | o1 | 1v % VI VII VIII
Type of Thm. 4.2 || (12,2) | (A) | (P2) | (11,1) | (P1,2) | (G2,1,1) | (G2,1,1) | (G2,1,1)

Interestingly the spaces of type (A), which are missing from [CN77], can be found here. Also
note that our type (G2,1,1) is divided in [CL75] into the three types VI, VII and VIII; this
division is necessary because Chen/Lue do not have the concept of a conjugation adapted to a
vector (or to a 2-flat) available.
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In 1978, CHEN and NAGANO introduced their famous (M, M_)-method for determining totally
geodesic submanifolds of symmetric spaces, see [CN78]. This method is based on the following
idea: Suppose M is a symmetric space of compact type and p € M . To every closed geodesic
c:[0,0] = M with ¢(0) = ¢(d) = p, it is associated a pair (M4 (c), M_(c)) of totally geodesic
submanifolds of M ; we denote the set of isometry classes of such pairs by P(M). It can
be shown that P(M) is finite. Now, let a totally geodesic embedding f : B — M of another
symmetric space B of compact type be given. Then it can be shown that for every pair (B4, B_)
of B there exists a pair (M, M_) of M so that f(B4) is a totally geodesic submanifold of
M . If one now tabulates P(M) for the finitely many isometry classes of irreducible symmetric
spaces M of compact type (this is done in [CN78]), one can use this information to exclude
symmetric spaces which cannot occur as totally geodesic submanifolds of M . Frequently, among
the finitely many types of symmetric spaces of compact type and rank < rk(M), only a few
candidates B for totally geodesic submanifolds of M remain. However, not necessarily all these
candidates occur as totally geodesic submanifolds of M . To complete the classification of the
totally geodesic submanifolds of M , one therefore must for every candidate B either construct
a totally geodesic embedding of B into M explicitly (thereby showing that B indeed occurs
as a totally geodesic submanifold of M ), or show by other means that B cannot occur as a

totally geodesic submanifold of M .

As an application, Chen and Nagano give in [CN78] the maximal totally geodesic submanifolds
of the irreducible symmetric spaces of compact type and rank 2. The manifolds of type (G3),
which are maximal totally geodesic submanifolds of @?, and the manifolds of type (A), which

are maximal totally geodesic submanifolds of @2, are again missing.
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5.1

Chapter 5

Totally geodesic submanifolds

In the previous chapter, we classified the curvature-invariant subspaces of the tangent space
T,Q of an m-dimensional complex quadric ). These subspaces of T}, are in bijective corres-
pondence with the connected, complete, totally geodesic submanifolds of @ through p.

We now wish to find out which (connected, complete) totally geodesic submanifolds My of @
correspond to the various curvature-invariant subspaces U C T}, . The isometry type of the
universal covering manifold My of My (and therefore the local isometry type of My ) is easily
determined via the theorem of CARTAN/AMBROSE/HICKS by computing the restriction of the
curvature tensor R of () to U ; in this way one obtains the results of the following table. In
this table we denote the universal cover of the sphere SF (with & € IN and r € IRy ) by SF;
we have gﬁzSﬁ for k> 2 and g’ﬁ:IR for k=1.

type of U with ... isometry class of My
(Geo, t) tel0, 7] R
(G1,k) 2<k<m-—1 QF
(G2, k1, ks) | kika =1, ki+ ke <m S’f}ﬁxs’fjﬁ
(G3) CP' xR
k
(P1,k) 1<k<m S1/\/§
(P2) Q'
2
(4) S\/ﬁ 2
(I1,%) 1<k<?% Cp*
(12, k) 1<k<m Sk

However, we want to know more: namely the exact global structure of My and how My lies in
Q@ . For that we need to construct totally geodesic isometric embeddings of suitable Riemannian
manifolds onto My explicitly; we will be successful for all types of curvature invariant subspaces
U except for the type (A). Thereby we will prove in particular:

Theorem. Let p € Q and U C T,Q be a curvature-invariant subspace. Then the global
isometry class of the connected, complete, totally geodesic submanifold My of QQ with p € My
and T,My = U is given in the following table in dependence of the type of U .

119
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type of U with ... isometry class of My | My <meie e
(Geo, t) t e [0, ], tan(t) € Q Si/%, see 10 totally real
(Geo, t) te[0,7%], tan(t) e R\ Q R totally real
(G1, k) 2<k<m-1 QF complex

(G2,k1, ko) | ki ko >1, ki +ky<m (S’f} /s X S’fj so i} | totally real

(G3) CP! x RP! neither
(P1,k) 1<k<m Slf/ﬁ totally real
(P2) Q! complex
(A) S%/ﬁ ) neither
(I1, k) 1<k< T CP* complex
(12, k) 1<k< 3 IRP¥ totally real

Here CP* is equipped with the Fubini-Study metric of constant holomorphic sectional curvature
4 as usual, and RP¥ is equipped with a Riemannian metric of constant sectional curvature 1.

From the construction of the embeddings we will also obtain some further results: In Section 5.4,
an investigation of the geodesics of ) will show which of them are closed and what their minimal
period is. Tt follows from this investigation that the diameter of any complex quadric is 7/v/2.
In Section 5.5 we will obtain two foliations on the 2-dimensional quadric Q?, one perpendicular
to the other, by a natural construction. It will turn out that these foliations correspond via the
Segre embedding P! x IP* — Q? (see Section 3.4) to the canonical foliations of the Riemannian
product manifold IP' x IP'. Finally, in Section 5.8 we will derive from Theorem 5.1 the result
that any two (connected, complete) totally geodesic submanifolds of real dimension > 3 which
are isometric to each other are already holomorphically congruent in @ and therefore of the
same type.

As before, we suppose that (V,2() is an (m + 2)-dimensional CQ-space and consider the m-
dimensional complex quadric @ := Q(2). We will see in Section 8.1 that in the case m =1,
Q@ is isometric to a 2-dimensional sphere S, and therefore the totally geodesic submanifolds of
@ then correspond to great circles on S. Thus we now suppose m > 2.

As in Chapter 1, we put Q := @(Ql) , we denote by 7 : S(V) — IP(V) the Hopf fibration and by
H. and H.Q the horizontal lift at z € S(V) of the tangent space Ty(;)IP(V) resp. Ty (,)@. As
usual, we will take the liberty of denoting by (-,-) the inner product resp. the Riemannian metric
of any of the euclidean spaces resp. Riemannian manifolds involved in the following constructions;
also we will denote by J the complex structure of any unitary space or Hermitian manifold.

5.1 Preparations

As a preparation we establish that we can assign a type (in the sense of Theorem 4.2) not
only to curvature-invariant subspaces of T,Q), but also to the corresponding totally geodesic

submanifolds:

"Here L is the minimal period of the geodesic 7, : R — Q with 4,(0) = p, 4,(0) = v, see Proposition 5.18.



5.2

5.3

5.4

5.1. Preparations 121

Proposition. Let M be a connected, complete, totally geodesic submanifold of Q. Then all
curvature-invariant subspaces TyM (where p € M ) are of one and the same type in the sense
of Theorem 4.2.

In the sequel, we assign this type also to the totally geodesic submanifold M .

Proof. M is in particular a homogeneous subspace of the symmetric Aut4(2)o-space Q (see
[KN69], Theorem XI.4.2, p. 235), meaning that there exists a Lie subgroup G of Auts(2)g
whose elements leave M invariant and which acts transitively on M . Hence there exists for
any given pi,pe € M some B € G C Aut() with B(M) =M and ps = B(p1), and therefore
also Tp,M = B, T, M . Because B,|T), Q :T, Q — T,,Q is a CQ-isomorphism, it follows that
T,,M and T,,M are of the same type, see Theorem 4.2. O

Corollary. The subbundles {v € S(IT'M)|p(v) = po} (with po € [0,%]) of the unit sphere
bundle S(TM) are invariant under the geodesic flow of Q. This means more explicitly: For
every non-stationary geodesic v : IR — Q and every t € IR, we have p(¥(t)) = ¢(7(0)) .

Proof. Let v: IR — @ be a non-stationary geodesic, then M := v(IR) is a real-1-dimensional
totally geodesic submanifold of @, and for each ¢ € IR, the curvature-invariant subspace 7' M
is of type (Geo,(%(t))). Therefore the statement follows from Proposition 5.2. O

We now show some very simple lemmas which will be of general use in the following constructions.

Lemma. Let M be a Kdihler manifold and N be a connected, totally geodesic submanifold of
M . If there exists pg € N so that T,,N is a totally real subspace of Ty, M , then N already is
a totally real submanifold of M (meaning that T,N is totally real in T,M for every p € N ).

Proof. We denote the complex structure of M by J. Let p € N and v,w € T,N be given.
We have to show (v, Jw) =0.

N being connected, there exists a curve 7 : [0,1] — N with v(0) = pg and (1) = p. Moreover,
there exist vector fields X,Y € X, (/N) which are parallel with respect to the covariant derivative
of N with X; =v and Y7 =w. We have Xy, Y, € T}, N, and therefore by the hypothesis

(Xo,JYy) = 0. (5.1)

Because N is a totally geodesic submanifold of M, X and Y are also parallel with respect to
the covariant derivative of M ; because the endomorphism field J of M is parallel, it follows
that J oY is another parallel field of M . Because also the Riemannian metric (-,-) of M
is parallel, it follows that the function ¢ — (X3, JY;) is constant. We therefore conclude from
Equation (5.1)

<1),Jw> = <X1,JY1> = <X0,JYb> =0.
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Lemma. Let M be a Riemannian manifold, M a (quasi-)reqular submanifold of M and N
a totally geodesic submanifold of M. If N C M holds, then N is also a totally geodesic
submanifold of M .

Proof. N is a submanifold of M because M is a (quasi-)regular submanifold of M . We denote
by RN=M pM—=M and BN—=M the second fundamental forms of the respective inclusion maps.

Because N is a totally geodesic submanifold of M , we have for any p € N and v,w € T,N

0= hmV "My, w) = WMo, w) + WM M (v, w) |

-~ -~

€T,M 1p(M—M)

whence hV =M (v, w) =0 follows. This shows that N is a totally geodesic submanifold of M .
Moreover, we see that hM =M vanishes on T,N xT,N . O

Lemma. Let N, M and M be Riemannian manifolds, m : M — M a Riemannian sub-
mersion and f : N — M a horizontal'! isometric immersion; we also consider the map
fi=mof: N — M. In this situation we have:

(a) f also is an isometric immersion. If we denote the second fundamental forms of the
isometric immersions f and f by h and h respectively, we have h =m,oh.

(b) If f s totally geodesic, then f also is totally geodesic.

Proof. For (a). Because m.|H, : Hy — Tr(yM is a linear isometry for every p € M (where
H, = (ker pr)l denotes the horizontal space of the Riemannian submersion 7 at p), we see
that f is an isometric immersion.

Now let vector fields X,Y € X(N) be given. Denoting by Vv, VM and VM the Levi-Civita
covariant derivatives of the respective Riemannian manifolds, we then have

AVYY 4 nx, V)Y vy =¥ fy Qr v fy

Y o (LYY +h(X,Y))

= £ VYY + mA(X,Y);

here the equals signs marked (x) follow from the Gauss equation, and the equals sign marked
(1) is a consequence of the fact that f is horizontal, see [O’'N83], Lemma 7.45(3), p. 212. Thus
we have shown

WX, Y) =mh(X,Y) .

For (b). If f is totally geodesic, we have h = 0, wherefrom h = 0 follows by (a). Therefore f
is then also totally geodesic. ([

"The attribute “horizontal” here means that ﬁTqN is a subspace of the horizontal space (ker T5 q)w)L for
every ¢ € N.
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5.7 Remark. In the situation of Lemma 5.6, in fact more can be said about the relation between

5.8

5.9

]7 and f. In particular, it can be shown that h takes its values in the m-horizontal subbundle
of TM , and therefore f is actually totally geodesic if and only if f is totally geodesic; see
[Rec85], Theorem 1 and Corollary 1, p. 266f.

5.2 Types (Gl,k) and (P2)

Lemma. Let U be a (k4 2)-dimensional CQ-subspace of V, 1 <k <m. Then Q' :=QnN [ﬁ]
is a k-dimensional complex quadric in IP(E') = [(7] C IP(V), and a totally geodesic, connected,
compact Hermitian submanifold of Q. For any p € Q' and z € n1({p}) we have T,Q" =
m('HzQﬂTzf]) ; this curvature-invariant subspace of T,Q is of type (G1,k) for k> 2 resp. of

type (P2) for k=1.

Example. Let us denote by Q¥ and Q™ the standard complex quadrics of the respective
dimensions, see Example 1.1. The k-dimensional complex quadric

{[zl,...,zk+2,0,...,0] GQm|[Zl,...,Zk+2] EQk}

is a totally geodesic submanifold of Q™.

Proof of Lemma 5.8. Let 5 be the induced CQ-structure of U. Then we have Q' = Q(Qlﬁ)

and therefore @’ is a k-dimensional complex quadric in IP(U). It follows from results of

Chapters 1 and 3 that the quadric @’ (with its intrinsic Hermitian structure) is a connected,
compact manifold.

Since Q' is a Hermitian submanifold of IP(E' ), and U is a complex linear subspace of V

and therefore IP(U) = [U] a Hermitian submanifold of IP(V), we see that Q' is a Hermitian
submanifold of IP(V). Because @ is moreover contained in the Hermitian submanifold @ of
IP(V), we see that @’ is a Hermitian submanifold of Q.

To show that @’ is a totally geodesic submanifold of ) we use the well-known theorem that
the connected components of the fixed point set of an isometry on a Riemannian manifold are
regular, totally geodesic submanifolds (see [Kob72], Theorem II.5.1, p. 59).

Let B :V — V be the CQ-automorphism characterized by B|U = idz and B U+ = —idg.
By Proposition 3.2(a), ¢ := B|Q : @ — @ is a holomorphic isometry. If p € @ is given, say
p=m(z) with z € @, we decompose z as z = z1 + zo with z1 € U and Z9 € UL. We also fix
A €2, then we have

glp)=p <= 3IreS' : Bz=\z
<:>E|)\€Slzz1—z2:)\(zl—|—z2)
<:>(22:O or 21:0)
<:>(z€ﬁﬂ@ or ZG(NJLOQ)
= (peQIU) or peQA|U")).
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This shows that the connected components of Fix(g) are exactly the disjoint subsets Q(A] U ) =
Q' and Q(A|U™). Therefore @' is a totally geodesic submanifold of Q.

Now let p € Q" and z € 7~ *({p}) be given. Then we have

T,Q ={veT,Qlgv=0}
=m{w e H.Q|Bw = w }
—m{weH.Q|WeU} =m(H.QNT.U) . (5.2)

T.U and H.Q are CQ-subspaces of the CQ-space T,V (see Theorem 2.26). Therefore H,.Q N
T.U is a CQ-subspace of the CQ-space H.Q. Because m,|H.Q : H.Q — T,Q is a CQ-
isomorphism, we thus see from Equation (5.2) that 7;,Q’ is a CQ-subspace of T,,Q, and hence
a curvature-invariant subspace of type (G1,k) resp. (P2). O

Proposition. Let p € Q and a curvature-invariant subspace U C T,Q of type (G1,k) or of
type (P2) be given; in the latter case, we put k:=1.

~ _
Fiz z € n=1({p}) arbitrarily. Then'? U := spang{z} © (m«|H.) 1 (U) is a (k+ 2)-dimensional
CQ-subspace of (V,2A). The complex quadric Q' := Q N [U] in P(U) is a totally geodesic,
connected, compact Hermitian submanifold of Q with p € Q" and T,Q' =U .

Proof. By Theorems 1.16 and 2.26, (m.|H.) '(U) is a k-dimensional CQ-subspace of V which
is orthogonal to spang{z}. Also, for a fixed A € A, we have (z,Az)¢ = 0 and therefore
spang{z} = spang{z, Az} is a 2-dimensional CQ-subspace of V. It follows that U is a (k+2)-
dimensional CQ-subspace of V.

Lemma 5.8 now shows that Q' is a k-dimensional complex quadric, and a totally geodesic,
connected, compact Hermitian submanifold of Q. We have p € Q. Also, we have @ N
U = (spang{z})* NU = (m|H.) L (U) (see Equation (2.17)) and thus by Lemma 5.8 T,Q =
m(H.QNT.U)=U. O

5.3 Types (G2,k;,k2) and (P1,k)

In this section, we abbreviate r := 1/1/2 and consider the sphere S,(W), where {0} # W C V
is any real linear subspace. Remember that S, (W) is connected for dimg W > 2, whereas it
consists of exactly two points in the case dimg W = 1. In the following constructions, sphere
products S,(W7) x S,(W2) play an important role.

Proposition. Let p € Q and a curvature-invariant subspace U C T,Q of type (G2,k1,k2) be
given. Thus there exists A" € A(Q,p) and linear subspaces W1, Wy C V(A") of dimension ky
resp. ko with W1 L Wy so that U = W1 & JWy holds.

2Concerning the definition of U remember that spang {z} = spang{z, Az} holds (with A € ), compare
Definition 2.10(e).
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Let z € 71 ({p}) be given and let A € A be the lift of A’ at z (meaning that the conjugation
AH.Q : H.Q — H.Q is conjugate to A" under the CQ-isomorphism m,|H.Q : H.Q — T,Q,
see Theorem 2.25(b)). Then

Vi i=R(Reaz) & (m|H.) ' (W1) and Vai=R(maz)& (m|H.)"'(W2)  (5.3)
are orthogonal subspaces of V(A) of real dimension ki + 1 resp. ko +1 and the map
fo:8: (Vi) x 8,(V2) = Q, (z,y) — m(x + Jy)
s a two-fold isometric covering map onto its image M with
V(@) (@ y) €S,(Vi) xS, (V) : (fu(a',y) = fulz.y) <= (@, ¢)) = £(x,y) ) . (5.4)

M is a totally geodesic, totally real, connected, compact submanifold of Q with p € M and
TyM = U . Because of (5.4), fu gives rise to an isometry [ : (S;(V1) xS, (V2))/{=£id} — M .

Proposition. Let p € Q and a curvature-invariant subspace U C T,Q of type (P1,k) be
given. Thus there exists A’ € A(Q,p) so that U is a k-dimensional subspace of V(A’).

Let z € 7 1({p}) be given and let A € A be the lift of A’ at z (as above). Then
V= R(Reaz) © (m|H2) () (5.5)
is a linear subspace of V(A) of real dimension k+ 1 and the map
fr:S(V)=Q, z— m(z+J Imy 2)

is an isometric embedding; its image M s a totally geodesic, totally real, connected, compact
submanifold of @ with p e M and T,M =U .

Example. For ki, ks € INg with 1 < ki + k9 < m, the map
S5 x 82 = 7,
((oy s Thy)y Y0y Yks)) 2 [T0y ooy Thys @ Y0y - -yl Ykys 0y, 0]
is an isometric immersion and a two-fold covering map onto its image. The latter is a totally

geodesic submanifold of Q™ ; it is of type (G2,ki,ks) (for ki,ko # 0) resp. of type (P1, k)
(for ko =0).

Proof of Propositions 5.11 and 5.12. Let p € @) and a curvature-invariant subspace U C T),Q
of type (G2, ki, ks) or of type (P1,k) be given; in the latter case, we put k1 :=k and ko :=0.
Then in either case there exist A’ € 2A(Q,p) and linear subspaces W1, Wy C V(A’) of dimension
ki resp. ko so that U = Wy & JWs and Wy L Ws holds. Let z € 7='({p}) be given and let
A € 2 be the lift of A’ at z (Theorem 2.25(b)). Then we define the linear subspaces V; and
Vo of V(A) by Equations (5.3).

Because z € @ is isotropic, we have by Proposition 2.20(b),(c)

|Reaz|| =||Imaz|| =7 and Resz Ll Imgz. (5.6)
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— —_—
For ¢ € {1,2}, we put Wy := (m.|H,) "1 (W), then we have

e —
We C H.Q (5.7)
and consequently by Theorem 2.26
Regz,Imaz L Wl,WQ, (5.8)

and because of Theorem 2.25(b), W, C V(A’) implies
W, C V(A). (5.9)

Because of W7 L W5 we also have
Wi L Wy . (5.10)

(5.8) shows that the sums in the definition (5.3) of V, are indeed orthogonally direct, therefore
we have dimpg V; = k;+ 1. (5.8) and (5.10) show

Vi1V, (5.11)

and (5.9) shows
ViCcV(A). (5.12)

We now consider the map
F:80 (V1) % 8,(12) = @, (2,y) = o+ Ty ;

f indeed maps into Q: For any (z,y) € S,(V1) x S,(Va) =: N, we have ||z|| = ||y|| = r and
x Ly, whence f(z,y) € Q follows by Proposition 2.23(b).

It should be kept in mind that we have

fu=mo f in the case of Proposition 5.11 (5.13)

and Vz e S(V): fu(z) =n(f(z,Imy z)) in the case of Proposition 5.12. (5.14)

We next show that f is an isometric embedding. Let (z,y) € N and u 2 (v,w) € ToyyN be

~

given; here = denotes the canonical isomorphy T(, ., N = T,S,(V1) @ T,S;(V2). Then we have

_

Tay) f(u) =0 +JW (5.15)

and consequently

Tz f (W), Tig gy f(u)) = (v + Jw,v + Jw) = (v,v) + (w,w) = (u,u) .

The latter equation shows that ]7 is an isometric immersion into the regular submanifold @ of
V. Furthermore (5.15) implies f.u € H}*;(m y)Q, see Equation (2.18) in Theorem 2.26, thus the

map f is horizontal.
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Note that we have (Reg z,Imyz2) € N by (5.6) and f(Rea z,Imy 2z) = z, also we have

e 5.15 ~ ~
FeTren ~ama N "2 {0+ Jw| v € The, Vi, w € Tiny Vs, ¥ LRz @ LImyz}
= Wi JWy = (m|H.)H(U) . (5.16)
Because f is a horizontal isometric immersion, f := mwo f is an isometric immersion by

Lemma 5.6(a); moreover, we have for any (z,y), (z’,y') € N

f@y) = flr,y) = 3IresS' 1 2+ Ty =X (x+ Jy)
=2+ Jy = +(z + Jy) (note that x,y,z’,y" € V(A) holds)
— (2',y) = £(z,y) . (5.17)

This shows that the fibres of f are exactly the fibres of the two-fold covering map 7 : ST(YZ) X
Sr(Va) — (Sp(V1) x S, (V3))/{#id} . Therefore f gives rise to an injective isometric immersion
I (Sp(V1) x S;(Va))/{=£id} — Q so that for = f holds. Because (Sr (V1) x Sp(Va))/{=id} is
compact, f isin fact an isometric embedding, and therefore M := i((ST(TN/l) xS, (Va))/{zid}) =
F(Sr(V1) x S,(V3)) is a compact, and hence regular, submanifold of Q. It also follows that f
is a two-fold covering map onto M. M is connected along with (S,(Vi) x S,(Va))/{=id}.

Because of z € f(N) and Equation (5.16), we have

peM and T,M=U.

In order to show that M is a totally geodesic submanifold of @, it suffices to show that the
isometric immersion f is totally geodesic; because of Lemma 5.6(b), for this it is in turn sufficient
to show that f is totally geodesic.

Because f is an injective immersion and N is compact, f is an embedding, and hence M =
f(N ) is a regular submanifold of @. To prove that the isometric immersion f is totally
geodesic, it suffices to show that the submanifold M is totally geodesic, and for the proof of
this fact we again use the theorem that the connected components of the common fixed point
set of a set of isometries are totally geodesic submanifolds ([Kob72], Theorem II1.5.1, p. 59):

Y, := V@ JV, is a CQ-subspace of V for £ € {1,2}. Let By : V — V be the CQ-automorphism
characterized by

Bl’(Yl S Yg) = id}?l@?z and Bl’(Yl S YQ)J_ = _id(?l@?g)L
and let By : V — V be the CQ-anti-automorphism characterized by
BQ‘?l = A’}A}l and BQ’}A}lL = —A’}A}lL .
Then g1 := Bl@ and g9 := BQ@ are isometries of é

Let ZINE @N be given; we represent z’ in the form 2’ = 2y + 2/ with z{, € Vi &Y, and
2 € (Y1 ©Ys)t. Then we have

g(Z)=7 = - =4+ &= /=0 Serio,
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and if g1(2') = 2’ holds, say for z' = 2| + z, with 2, € Y;, we have
@) =2 = A@R|—z)=2+z < (2 € V(A)NY, =V, and 2, € JV(A)NY; = J%) .
Therefore we have

FIX({glagQ}):{Zi—i_Zé’Zi 6‘717 ZéGJ%, Zi—i-Zé Gé}
={z+JylzeVi, yelh, 2+ JycQ}
={z+Jy|lzeS,(V), yeS,(Va)} = M .

It follows by [Kob72], Theorem IL.5.1, p. 59 that M is a totally geodesic submanifold of @,
and therefore M is a totally geodesic submanifold of @ .

Because T,M = U is a totally real subspace of T,Q, Lemma 5.4 shows that M is a totally
real submanifold of Q.

In the situation of Proposition 5.11 we have by (5.13) fy = f and iU = f; therefore all
statements of Proposition 5.11 have been shown above.

In the situation of Proposition 5.12, we have Sr(%) = {+Imy z}, therefore N has exactly two

connected components, and we have fiy = f ot with the isometric embedding

t:S(V) = N, x> (x,Imy 2)

onto one of the connected components of N . Because of (5.17), we now see that the images of
fu and f coincide, therefore all statements of Proposition 5.12 have been shown above, with
the exception of the fact that the isometric immersion fy is an embedding. For the proof of this
fact, we note that (5.17) also shows that fy is injective. Because fi is therefore an injective

immersion defined on the compact manifold S,(V'), it is indeed an embedding. U

Among the totally geodesic submanifolds of a symmetric space, the maximal tori (i.e. the totally
geodesic submanifolds whose tangent spaces are maximal flat subspaces) are of particular inter-
est, for example because every geodesic runs in a maximal torus. In a CQ-space, the maximal flat
subspaces are exactly the curvature-invariant subspaces of type (G2,1,1) (see Theorem 2.54),
and therefore the maximal tori of a complex quadric are the totally geodesic submanifolds of
type (G2,1,1).

In the following proposition, we give a closer description of the geometry of these maximal tori.
In particular, we describe a lattice T' C € (i.e. a discrete subgroup I' of the group (C,+)) so
that the maximal tori of @) are isometric to C/I".

Proposition. Let p € Q and a curvature-invariant subspace U C T,Q of type (G2,1,1) be
given; we let M be the mazimal torus of @ with pe M and T,M =U .

There exists A" € A(Q,p) and an orthonormal system (vg,vy) in V(A') so that U = Ru, &
RJv, holds. We fix z € = 1({p}), denote by A € A the lift of A’ at z (see Theorem 2.25(b))
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_
and put x = \/5 Reaz, y = \/EImAZ; Uy 1= (7T*|Hz)_1(vm)’ 53/ = (7T*|Hz)_1(vy)z roi=
1/\/5 Then we consider the normal geodesics
Y :IR— Sp(V), t—r cos(£) -z~ r sin(

% )'596
and 2 : IR — S, (V), t — r cos() -y +r sin(

)+ Uy

Sl S+

and the map
f:C—Q, t+is— m(71(t) + Jy2(s)) .

f is an isometric covering map onto M ; its deck transformation group is given by the transla-
tions in C by the elements of the lattice

I’::Z%(l%—i)@Z%(l—i). (5.18)
It follows that M is isometric to the torus C/T = Si/z X S%/Q .
Moreover, we have f(0) =p and (identifying ToC with C)

Vr,o e R - Tof(r+i0) =7Tv, + 0 Juy . (5.19)
Proof. We put N N

Vi:=Rz®Rv, and V;:=IRy® Ry,
and consider, as in Proposition 5.11, the isometric embedding

fu :8:(V1) x $:(Va) = Q. (&'9/) = 2’ + Ty
onto M := fi 7(S(V1) x S,(Va)) and the two-fold isometric covering map
fu=mo fu:Sp(V1) x S,(12) — Q

onto M also described in Proposition 5.11.

The normal geodesic 7 : IR — Sr(%) is periodic with period 2rm and an isometric covering

map of the circle S, (V%) , and hence
x:C—S(V) xS, (Va), t+is— (F1(t),32(s))

is an isometric covering map whose deck transformation group is given by the translations in €
by the elements of the lattice
F'=Z2rn ®Z2rmi .

Therefore also
f=fuox:C—Q

is an isometric covering map onto M with the same deck transformation group.

Because both f and 7r|M : M — M are isometric covering maps (as (5.4) shows, the latter
is a two-fold covering map whose fibres are of the form {+z'} with 2’ € M), we see that also
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f= (W]M ) o f is an isometric covering map € — M. We obviously have f (0) = p, and
Equation (5.19) follows easily from the facts 7](0) = v, and 75(0) = v, .

It remains to show that the deck transformation group of f isindeed as given in Equation (5.18).

For this we note that we have

F7HEpY) = ((@IM) o )7 {p}) = FH((xM) T ({p)) = F ({2 U F 1 ({-2))
=T U (U}l—{—f) =14

with wq := rw(1+14); for the last equals sign note that f(0) =z and f(rm+rmi) = —z holds.

In the following diagram we depict the lattices [ and Ty , there the elements of ' are marked

by O and the elements of I'y are marked by o :
® ® ® ® ®
® ® ® ® ®
©® ® 0 ® © with wg := wy — 2rmi = ro(l —1).
® ® ® ® ®

® ® ® ® ®

This diagram shows that 'y = Zw; & Zws = I' holds, and therefore the deck transformation
group of f is indeed given by the translations by the elements of I'. O

5.4 Types (Geo,t): Geodesics in Q

The totally geodesic submanifolds of @ of type (Geo,t) are exactly the images of normal
geodesics v : IR — ) whose tangent vector (s) has the 20(Q,~(s))-angle ¢ for some (and then
for every) s € IR. To describe these submanifolds of @ it therefore suffices to give a description
of the geodesics of @ .

Because every geodesic of ) runs in a maximal torus, we can combine the well-known facts
about geodesics on a flat, 2-dimensional torus with Proposition 5.14 to obtain information on
the geodesics of Q.

Proposition. Let p€ Q, v € S(T,Q) and z € 7~ *({p}) be given.

Let A" € A(Q,p) be adapted to v in the sense of Theorem 2.28. Then we have the canonical
representation

{v = cos(¢) - vz + sin(yp) - Juy (5.20)

with ¢ == p(v) € [0, F], vz,vy € S(V(A")) and v, L vy .
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We let A € be the lift of A’ at z (Theorem 2.25(b)) and put x:=Reqz, y:=Imyz, U, :=
- -

(me|H2) "1 (vz) and ¥y == (m|H.) " (vy) . We consider the isometric covering map f: C — Q
onto a mazximal torus of Q from Proposition 5.14 in this situation.

Then the curve
Y R —C, tHf(ew't)

is the mazimal geodesic of @ with ~,(0) =p and ,(0) =v.
Proof. Let M = f(C) be the maximal torus of @ with p € M and T,M = IRv, & RJv,. It

is clear that
§:IR—C, t— €%t

is a geodesic of C; because f: C — M is an isometric covering map onto the totally geodesic
submanifold M of @, it follows that ~, = f o d is a geodesic of Q.

Moreover we have 7,(0) = f(0) = p and by Equation (5.19)

A(0) = £2(6(0)) = f.(e¥) = cos(¢)v, + sin(y)Jv, (5.20) v

in this calculation we again identified ToC with C. U

Remark. If we have v € S(T,Q) with ¢(v) = 7, then the geodesic 7 : IR — IP(V) of IP(V)
with 7(0) = v satisfies ¥(IR) C @, and therefore 7 also is a geodesic of Q.

Proof of Remark 5.16. Fix z € 77 1({p}) and A € A, and let w € H.Q be the 7-horizontal

lift of v at z. Because of z € Q and ¢(v) = § we have

(z,Az)¢ = (W, AW)¢ =0 (5.21)
and because of W,Aw € @ we have by Proposition 1.13(b)
W, AW L 2z, Az . (5.22)
For t € IR we have 7(t) = 7(7(t)) with
Y(t) = cos(t) z +sin(t) W .
By Equations (5.22) and (5.21),
(1), AF(1))e = cos(t)? - (2, Az)e +sin(t) - (W, Ad)¢ = 0

holds; this shows that we have F(IR) C @ and therefore F(R) C Q. O

Our next aim is to calculate the length of closed geodesics in Q). Let us first recapitulate the
corresponding well-known result for 2-dimensional tori corresponding to an orthogonal lattice:
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5.17 Proposition. Let (wi,wy) be an orthonormal basis of the real-2-dimensional euclidean
space C, L € Ry and ' := Z bw B Z bws be the lattice in C generated by fwy and fwy . Then
we consider the flat torus T := C/T" along with the canonical projection ¥ : C — T, z+— z+T".
The diameter of T is £/+/2.

Further let z € C be given and put p := 9(z) € T. We identify T,T with T,C via the linear
isomorphism T, , so that v € C is well-defined for v € T,T.

Now let v € S(T,T) be given and let v: IR — T be the mazimal geodesic of T with v(0) = p
and %(0) = v. We denote by a € [0,7] the (non-oriented) angle between v and wi and
suppose that o < 5 holds.'

(a) If o« =0 holds, then 7 is closed and its minimal period is £ .
(b) If o # 0 holds and tan(«) is rational, say tan(a) = i—; where ki,ky € IN are relatively

prime, then ~y is also closed and its minimal period is £- \/k? + k3 .

(c¢) If tan(«) is irrational, then -~y is injective and ~(IR) is dense in T.

5.18 Proposition. Let p € Q and v € S(T,Q) be given. As in Proposition 5.15, we denote by
Y : IR — @Q the mazimal geodesic of @ with v,(0) =p and 4,(0) =v.

(a) If tanp(v) is rational, then ~y, is periodic.

(i) If p(v) =0 holds, then the minimal period of v, is L :=+/2 1.

0 pv) >0 and tanp(v) = 7= holds with ki,ko € relatively prime, and k1 an
If 0 and lz; hold h ki,ky € IN rel l d k d
ko are both odd, then the minimal period of ~, is

" 22
L'_\/i \ kK3

i) If o(v) >0 and tano(v) = B holds with ki, ks € IN relatively prime, and one o
2 ¥ k2
the numbers ki1 and ko is even, then the minimal period of -y, is

L::\/i-ﬂ'-\/k%—l—k%.

(b) If tan(v) is irrational, then v, is injective. Let us denote by U a 2-flat of T,Q con-
taining v, and by M the mazimal torus of Q with p € M and T,M =U . Then v,(IR)
is dense in M .

5.19 Remark. In the cases of Proposition 5.18 where =, is periodic, say with minimal period L,

we know from the general theory of symmetric spaces that +,|[0, L[ is injective.

BThe case a = % can be reduced to the case a =0 by replacing (w1, w2) with (fwsa,w1). The case a > %

can be reduced to the case a < % by replacing w; with —w; .
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Proof of Proposition 5.18. We let A € 20(Q,p) be adapted to v (see Theorem 2.28) and consider
a canonical representation
v = cos(p) - vy +sin(p) - Ju,

of v, ie. we have ¢ := ¢(v) and (vg,vy) is an orthonormal system in V(A). Then U :=
Rv, ®IRJv, is a 2-flat of T,,() with v € U. Let us denote by M the maximal torus of @ with
p € M and T,M = U . Then the geodesic v := v, runs entirely in M . Therefore the desired
results can be obtained by application of Proposition 5.17.

As we saw in Proposition 5.14, M is isometric to the flat torus €/T", where the lattice T' :=

Z lwy @ Z lws is given by £ := 7 and the orthonormal IR-basis (wq,ws) of C with wy := 144

, V2
and wy = I—\E . More specifically, the isometric covering map f : C/I' — M described in that

proposition gives rise to an isometry f:C/I' — M so that the following diagram commutes:

7

C/T

As a consequence of Equation (5.19), f satisfies

i*(wl) = % (vg + JUy) ;
here we again identify Tp(C/T") = TpC = C.

As Proposition 5.17 shows, the behaviour of the geodesic ~ is controlled by the non-oriented
angle « between v := (i*)_l(v) and wy. As f is an isometry, the angle between v and f w;
is also equal to «, and therefore we have o = 7 — ¢, see the following diagram:

Juy
£ (w1)
v
/ v
Because of this relation, we have
1—¢
tan(a) = L= tan(@) (5.23)
1+ tan(yp)

For (a). If tan(p) is rational, then Equation (5.23) shows that tan(«) is also rational and
therefore Proposition 5.17 shows that the geodesic  is closed.

For (a)(i). If ¢ =0 and hence tan(a) = 0 holds, then we have tan(a) =1 by Equation (5.23),
and therefore the minimal period of 7 is ¢-v12 412 = /2.7 by Proposition 5.17.

For (a)(ii), (7). Suppose that ¢ > 0 holds and that tan(y) is rational, say tan(y) = 2—; , where
k1, ke € IN are relatively prime and k; < ko holds. In the case k1 = k2 = 1 we have tan(a) =0
by Equation (5.23) and therefore the minimal period of 7 is 7 by Proposition 5.17(a). Otherwise
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we have ki < ko and we obtain from Equation (5.23)

]’C —]’C
ko 2 1
tan(a) = = . .24
an(a) N :; T F k1 (5.24)

Because ki1 and ko are relatively prime, the greatest common divisor of ko — k1 and ko + Ky
is at most 2. (Any common divisor of ke — k1 and ko + k1 also divides 2k, and 2k .)

Thus we see that if both k1 and ko are odd (hence ko+ky is even), the greatest common divisor
of ko —k1 and ka+kp is 2, and therefore we obtain by Proposition 5.17(b) and Equation (5.24)
for the minimal period of

() s () - i

On the other hand, if either k; or ks is even (then the other of these two numbers is necessarily

odd, and hence ks £ ky is odd), then ko — ky and ko + k1 are relatively prime, and therefore
we obtain by Proposition 5.17(b) and Equation (5.24) for the minimal period of ~

C-/(ky —Kk1)2 + (ko + k1)2 = V27 - (/K2 + k2.

For (b). Suppose that tan(y) is irrational. Then tan(«) also is irrational. (It follows from

Equation (5.23) that also tan(p) = 11232533

imply the rationality of tan(y).) Therefore the statement follows from Proposition 5.17(c). O

holds, and therefore the rationality of tan(a) would

Proposition. We denote by d : Q x Q — IR the geodesic distance function of @ and by
A:Q — Q the antipode map of Q, see Remark 3.3. For any p,q € Q@ we have

(a) dp,q) < 75 -
(b) dp,q) = J5 <= a=Alp) -

In particular, the diameter of Q is equal to VR The preceding statements also justify the name
“antipode map” for A.

Proof. For (a). Let p,q € Q be given. By the Theorem of Hopr/RINOW (see [Lan99],
Theorem VIIIL.6.6, p. 225) there exists a normal geodesic 7 : IR — @ of @ with «(0) = p and
~v(to) = q, where ty := d(p,q). - runs in a maximal torus M of @, and therefore we have
to < diam(M). By Proposition 5.14, M is isometric to S!, x S!

1/2 % P12
diam(M) = % holds. Thus, we have shown d(p, q) < %

For (b). In the situation discussed in the proof of (a), we now suppose that d(p,q) = % holds.

Note that we have p,q € M. We consider the isometry f:C/I' — M induced by the isometric
covering map f : € — M from Proposition 5.14(b); here IT" is defined as in that proposition, and

whence it follows that



5.5. Types (I1,k) and (12,k) 135

we use the point p also for the construction of Proposition 5.14, so that we have f(0+T) =p.
™

The only point in €/I" which has distance 7 to 0+T = ifl(p) is % +TI'; because f is an

isometry, it follows that ¢ = f (% +T') = A(p) holds.

Conversely, if we have ¢ = A(p) in the situation of the proof of (a), then i_l(p) =0+41T and

i_l(q) = % + I' have distance % in M and therefore also in Q. O

5.5 Types (I1,k) and (I2,k)

5.21 Proposition. Let p € Q, a curvature-invariant subspace U C T,Q and z € n~1({p}) be
glven.

(a) If U is of type (11, k), then V := Cz & (m|H.) " (U) is a (k + 1)-dimensional complex
isotropic subspace of V. The k-dimensional complex projective subspace M := [17] of
IP(V) (equipped with a Hermitian metric of constant holomorphic sectional curvature 4 ) is
contained in Q and therefore a totally geodesic, connected, compact Hermitian submanifold
of Q. Also pe M and T,M =U holds.

(b) If U is of type (12,k), then V := Rz& (m,[H.) "1 (U) is a (k+1)-dimensional totally real

isotropic subspace of V. M = [V]:={m(v)|v € S(V)} is a totally geodesic, totally real
submanifold of TP(V) which is isometric to IRP* (equipped with a Riemannian metric
of constant sectional curvature 1) and which is contained in @Q ; hence it is a totally
geodesic, connected, compact totally real Riemannian submanifold of Q. Also p € M and
T,M = U holds.

5.22 Example. Let k£ € IN with k& < 3 be given. We regard C™*? as a CQ-space in the usual way
(Example 2.6) and denote the standard basis of €2 by (e, ..., emi2).

(a) The complex (k + 1)-dimensional linear subspace
Vi :=spang{es + Jea,e3 + Jea, . .., eapi1 + Jeapia}

of €C™*2 is isotropic; therefore [171] is a totally geodesic Hermitian submanifold of the

standard complex quadric Q™ .

(b) The totally real (k + 1)-dimensional linear subspace
V1= spang{e1 + Jez, e + Jeu, ... o1 + Jeapio}

of €2 is isotropic; therefore [‘72] is a totally geodesic, totally real submanifold of Q™.
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Proof of Proposition 5.21. We fix A €.

_—
For (a). By Proposition 1.13(b), Cz is orthogonal to (m.|H,) *(U), therefore the sum in the
definition of V is indeed orthogonally direct and we have dimV = k+ 1. For any v € V|, say
s
v=MAz+u with A € C and u € (7.|H.)"}(U), we have

<U’Av>@ = >‘2<Z’A2>(D + 2)‘<Z7Au>@ + <U7AU>CD .

We have (z, Az)¢ = 0 because of z € Q, (z, Au)¢ = 0 by Proposition 1.13(b), and (u, Au)g = 0
—

because U and therefore also (m.|H,)~!(U) is an isotropic subspace. Thus, we see (v, Av)¢ = 0.

This shows that V' is an 2-isotropic subspace of V, and therefore we have M :=[V] C Q.

Obviously M is a connected, compact (and hence regular), totally geodesic submanifold of
IP(V); because of M C @ it follows from Lemma 5.5 that M is a totally geodesic submanifold
of Q. Because the Riemannian metric and the complex structure of both @ and M are
inherited from IP(V), we see that M is a Hermitian submanifold of @ . Finally, we have
zev,hence p € M, and

T,M = m,.T.S(V) = m((m|H.) " (U)) = U .

For (b). U’ := U @ JU is a complex-k-dimensional subspace of T,Q, which is isotropic
by Proposition 2.20(d) and therefore a curvature-invariant subspace of type (I1,k). By (a),
V' i=Czo (me|H.)"Y(U) is a (k + 1)-dimensional complex isotropic subspace of V., and the
k-dimensional complex projective subspace M’ := [TN/’] is a totally geodesic, Hermitian sub-

manifold of Q.

V is a maximal totally real subspace of % , therefore M = [‘N/] is a totally real, totally geodesic
submanifold of the complex projective space [V'], and hence of Q. Clearly, M is connected
and compact, and we have p € M and T,M =U . ([l

In the case m = 2, there exists a pair of foliations of @) by totally geodesic submanifolds of type
(I1,1), which intersect orthogonally at every point of @, see also [Rec95], Remark 3. These
foliations are the image under the Segre embedding f : IP* x P! — @Q (see Section 3.4) of the
two foliations of P! x IP! induced by the product structure. However, the foliations on @ can
also be constructed without use of the Segre embedding via the following theorem.

Theorem. Let (M, p,po,0) be a Riemannian symmetric G-space and Gp, the isotropy group
of the action ¢ : G x M — M at po. Suppose that a linear subspace U C Tp, M with

Vg e Gy & (pg)U=U (5.25)
is given. Then there exists one and only one vector subbundle E C TM so that
Epy=U and VgeG,peM : E, ) = (¢g):Ep (5.26)

holds. E is a parallel subbundle of T M and therefore induces a foliation of M .
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The proof of this theorem is given below. — To obtain the mentioned foliations on the 2-
dimensional quadric @, we fix pg € Q. The CQ-space T,,() contains exactly two complex
1-dimensional, isotropic subspaces U; and Us, as was noted in Remark 2.40. As we already
saw there, U; and U are invariant under Aut(2A(Q,po))o and therefore under the isotropy
action (1(Q)o0)py X Tp,@ — TpoQ, (f,v) — fiv (see Proposition 3.9(b)). By Theorem 5.23, U
and Us therefore induce two parallel subbundles F; and Fy of T'Q); because the Riemannian
metric of @) is parallel, T),,Q = U; © Uy implies T'QQ = E1 © Eo. Hence the foliations induced
by E1 and E5 intersect orthogonally at every point of @ .

We also note that because @ is simply connected and complete, the de Rham decomposition
theorem shows anew that there exists an isometry f: P! x P! — @Q such that the leaves of the
foliations induced by F; and E, are (f({p} x IPl))peIP1 resp. (f(IP! x {P})pep -

Proof of Theorem 5.23. For any g1,92 € G with ¢4, (po) = ¢g,(po) =: p, we have 92_1 g1 € G,

and hence (5.25)
(0g1)+U = (9gs 0 9y=1.0 ):U = (0g5) (91,0 )U =" (g, )-U -
Therefore E can be consistently defined by
Vg € G By py) = (0g):U . (5.27)

With this choice of E, (5.26) is satisfied: We have E,, = (¢¢)«U = U (where e denotes
the neutral element of G ); also if ¢ € G and p € M are given, there exists gop € G with
©go(Po) = p, whence we obtain

(5.27) (5.27)

E ) — Egog»go(po) = (909-90)*(] = (Wg)*(@go)*U = (‘Pg)*Egogo(po) = (‘Pg)*Ep .

©q(p
E is determined uniquely by (5.26) because G acts transitively on M .

Let us now consider the canonical splitting g = €& m of the Lie algebra g of G induced by
the symmetric structure of M and the canonical isomorphism 7 :m — Tp, M, X — ("), X, .

We fix a basis (v1,...,v;) of E,, =U, and consider for j € {1,...,k} the left-invariant vector
field X; := 77!(v;) € m and the vector field

Y; ::(9 = (Sppo)*(Xj)g) € Xyro (M) .
Let us denote for any g € G by Ly : G — G the left translation with g. Then we have
@ o Lg = pg 0™ (5.28)

and therefore
(5.28)

(Yj)g = (¢7)(Xj)g = (¢")x(Lg)x(Xj)e =" (0g)s(¢)x(Xj)e = (0g)7(X;) = (pg)svj -
Because of Equation (5.26) it follows that ((Y1i)g,...,(Y%)y) is a basis of E%(m)
g € G. Thus, for every local section ¢ of the fibre bundle p? : G — M, (Y1 0p,...,Y;0p) is
a local basis field of E. Therefore E is a differentiable vector subbundle of T'M .

for every

Next, we prove that FE is parallel. For this we first note that the Levi-Civita covariant derivative
V of the Riemannian symmetric space M coincides with the canonical covariant derivative of
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the second kind in the sense of NOMIZU of M regarded as a naturally reductive homogeneous
space (see Appendices A.1 and A.2) and therefore satisfies

VX, Zem : Vz((¢").X)=0. (5.29)

Also, it can be shown that the horizontal structure H on the principal fibre bundle ¢P° : G — M
characterized by

VgeG : Hog={X,| X em}

is a Gp,-invariant connection in the sense of EHRESMANN, meaning that every curve in M can
be globally lifted horizontally with respect to H .

Now, let a curve « : I — M Dbe given, and let a : I — G be an H-horizontal lift of « in the
bundle ¢P° : G — M . Then we have for every j € {1,...,k}: Yjoa € X,(M) and

Va(Yjoa)=Vg,0Y; =Va,a():X; =0,

where the last equality is justified by Equation (5.29) and the H-horizontality of & . Because
(Y1oa,...,Yy0a) is a basis field of E along «, this shows that E is invariant under parallel
displacement along o .

Now let X,Y € I'(E) be given. Because V is torsion-free, we have
[X.Y]=VxY - VyX;

because E is parallel, it follows that [X,Y] € I'(E) holds. Thus, E is involutive. By the
global version of the theorem of Frobenius, there exists a foliation of M whose leaves are
integral manifolds of E . O

5.6 Type (G3)

Proposition. Let p € Q and a curvature-invariant subspace U C TpQ of type (G3) be given.
Then U is contained in a 2-dimensional CQ-subspace U' C T,Q ; except for the case (m =2,
U' =T,Q), the subspace U’ of T,Q is curvature-invariant of type (G1,2). We let Q' be the
connected, complete, totally geodesic submanifold of Q with p € Q" and T,Q' =U"; Q' is a
2-dimensional complex quadric (see Proposition 5.10).

Then there exists a holomorphic isometry f: P! x P — Q' such that the connected, compact,
totally geodesic Riemannian submanifold M := f(IP' x RPY) of Q satisfies p € M and
T,M=U.

More specifically, if W is a 2-dimensional unitary space, then f can be chosen conjugate to
the Segre embedding (W) x IP(W) — Q(Ugnqw)) described in Section 3.4 under suitable
holomorphic isometries TP x PY — P(W) x P(W) and Q' — QAgnaw)) -

Proof. By definition of the type (G3) there exist A € A(Q,p) and an orthonormal system
(z,y) in V(A) so that
U=C(z—Jy) s R(z+ Jy)
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holds. U is contained in the 2-dimensional CQ-subspace U’ := Cz & Cy of T,Q. U’ contains
exactly two complex-1-dimensional, isotropic subspaces, namely

C(x+Jy) and C(z— Jy)

(see Remark 2.40). We let @' be the connected, complete, totally geodesic submanifold of @
with p e Q" and T,Q' =U’; @' is a 2-dimensional complex quadric by Proposition 5.10.

We now let W be a 2-dimensional unitary space. We regard End(W) as a CQ-space with the
CQ-structure which was denoted by 2l in Section 3.4 and which we now denote by Ag,qw),
and consider the Segre embedding fy : IP(W) x P(W) — IP(End(W)) also described in
Section 3.4, which in fact is an isometry onto Q(™Ugnawy). We fix ¢ € IP(W). Then
N := fo(IP(W) x {q}) is a totally geodesic, complex-1-dimensional submanifold of Q(Agnaqw))
of constant holomorphic sectional curvature 4 with pg := fo(q,q) € N. It follows that
Y1 = (f0)«T(q,q) P(W) x {q}) = Tp,N is a complex-1-dimensional, curvature-invariant sub-
space of the CQ-space TpoQ(QlEnd(W)). By Theorem 4.2 it follows that Y;j is either of type
(P2) or of type (I1,1). However, Y; cannot be of type (P2), because then N would be
isometric to Q! and therefore of constant curvature 2.'* Therefore Y; is of type (I1,1)
and hence an isotropic subspace of TPOQ(QlEnd(W)) . By the same arguments one sees that also
Y2 := (f0)«T(q,q)({q} X IP(W)) is a complex-1-dimensional isotropic subspace of T}, Q(™Ugnawy) ;
and obviously T, Q(Agnaw)) = Y1 © Y2 holds.

Both Q(QlEnd(W)) and @’ are 2-dimensional complex quadrics, therefore there exists a holo-
morphic isometry g : Qgnawy) — Q with g(po) = p. Tpog : TpQRpnaw)) — TpQ" is
an isomorphism of CQ-spaces, and therefore maps isotropic subspaces onto isotropic subspaces,
hence {Y1,Ys} onto {C(x — Jy), C(z+ Jy)}. ¢ can be chosen such that

9:Y1 = C(x — Jy) and ¢.Yo=C(z+ Jy)
holds.

Further we fix an arbitrary holomorphic isometry h; : P! — IP(WW). Moreover, we regard IRP!
as a submanifold of P! (then IRP! is a geodesic circle in P!) and consider the geodesic circle
C CIP(W) so that ¢ € C' and (go fo)«(T(4,q({q} x C)) = R(x + Jy) holds. Then there exists
a holomorphic isometry hy : P — IP(W) with hy(IRPY) = C.

fi=gofyo(hy x hy): Pl xP! — @ is a holomorphic isometry, and it follows from the
construction of g and hj that f has the properties stated in the proposition. O

14 As will be shown in Proposition 8.1, @' is isometric to Sf/ﬂ.
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5.7 Type (A)

In this section we suppose m > 3.

Proposition. Let p € Q and a curvature-invariant subspace U C TpQ of type (A) be given.
Then the connected, complete, totally geodesic submanifold M of @ with p € M and T,)M =U

is isometric to the sphere Sr:\/ﬁ/Q .

Proof. By definition of the type (A) there exist A € (Q,p) and an orthonormal system
(z,y,2) in V(A) so that with

a = %(21‘—%(]3/) and b:= %(y*-JlWL\/gJZ)»

(a,b) is an orthonormal basis of U. As was already mentioned in the proof of Theorem 4.2
(see Equation (4.1)), we have
(R(a,b)b, a) =32

where R denotes the curvature tensor of ). Because the curvature tensor of the Riemannian

symmetric space M is parallel, it follows that M is a space of constant curvature % = %2 with

r= @ , and therefore M is locally isometric to the sphere S?. Hence M is isometric either
to the sphere S?, or to the real projective space IRP? equipped with a Riemannian metric of
constant sectional curvature % . To decide between these two cases, we calculate the length of
closed geodesics in M : Let v € S(T, M) be given. Because M is a complete, totally geodesic
submanifold of @, the maximal geodesic 7, : R — @Q of @ with 7,(0) = p and #,(0) = v
runs completely in M and also is a geodesic of M. We have ¢(v) = arctan(%), therefore it
follows from Proposition 5.18(a)(iii) that -, is periodic and that its minimal period is

V10 -7 = 27r .

This shows that M is isometric to S2. (]

Remarks. (a) In the situation of Proposition 5.25 one would like to construct a totally

geodesic, isometric embedding f : 83/1_ — (@ onto M explicitly, as we did for the

other types of totally geodesic submanifooﬁs. Such an embedding can be constructed via
the fact that M = exp(U) holds, where exp : T,QQ — @ denotes the exponential map
of the complete Riemannian manifold Q. However, this construction results in a very
complicated formula for f, which does not provide any insight into the geometry of M .

At the moment, I am unable to give a clearer, more informative description of M .

(b) In the situation described in Proposition 5.25 there does not exist a horizontal submanifold
M of @ with n(M)= M, because U is not totally real. This follows by combination of
several results from [Rec85]: Theorem 5, Theorem 6 and Theorem 4(a).

(c) Note that the diameter of M is 7 -+/10/2, which is strictly larger than the diameter
7/v/2 of Q (see Proposition 5.20).
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5.8 Isometric totally geodesic submanifolds

Theorem 5.1 follows from Propositions 5.10, 5.11, 5.12, 5.18, 5.21, 5.24 and 5.25. It has the
following corollary:

Corollary. Let My, My be two connected, complete, totally geodesic submanifolds of @ .

(a) My and My are holomorphically congruent in Q if and only if they are of the same type
(see Proposition 5.2, also note the identifications of types stated in Theorem 4.2).

(b) If My and My are of real dimension > 3, then they are of the same type if and only if
they are isometric to each other.'®

Proof. For (a). If there exists f € I,(Q) so that My = f(M;) holds, we fix p € M;.
Then we have f.T,M; = Tty Ma. Because Tp,f : T,QQ — Ty;,)Q is a CQ-isomorphism by
Proposition 3.2(a), it follows by Theorem 4.2 that T,M; and Tf(p) M5 , hence My and M, are
of the same type.

Conversely, if M; and My are of the same type, we fix p, € M, for k € {1,2}. Because T}, M
and T}, M> are curvature-invariant subspaces of T}, @ resp. T},,Q of the same type, Theorem 4.2
shows that there exists a CQ-isomorphism L : T}, Q — Tp,Q with L(T, M;) = T,,M>. By
Theorem 3.5(a) there exists a holomorphic isometry f:Q — @ with f(p1) =ps and T, f = L.
We thus have f,T), My = T,,M>, and therefore f(M;) = My because of the rigidity of totally
geodesic submanifolds. Hence M; and Ms are holomorphically congruent in (.

For (b). We now suppose that M; and M, are of real dimension > 3. If they are of the
same type, it has already been shown in (a) that they are holomorphically congruent in @ ; in
particular they are isometric to each other. Conversely, if M; and My are isometric to each
other, then an inspection of the table of isometry classes in Theorem 5.1 shows that M; and
M have to be of the same type. O

5Note that this statement is false if M; and Ms are of dimension 1 or 2. For the case of dimension 1,
the totally geodesic submanifolds of type (Geo,t) are isometric to IR for all ¢ € [0, §] with tan(t) € R\ Q.
For the case of dimension 2: We will see in Section 8.1 that Q! is isometric to Sf/\/ﬁ and therefore both the

submanifolds of type (P1,2) and of type (P2) are isometric to Sf/ﬂ.
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Chapter 6

Subquadrics

Let @ C IP(V) be an m-dimensional complex quadric. Then for every k < m, () contains
k-dimensional, complex submanifolds @’ which are complex quadrics in the following sense:
For each @' there exists a (k + 1)-dimensional complex projective subspace A of IP(V) such
that @ is a complex quadric in A in the sense of Chapter 1. We call such submanifolds of @
subquadrics of (), and they are the subject of study of the present chapter.

The totally geodesic submanifolds of @ of type (G1,k) are subquadrics of (). However, for
k <% —1, not every k-dimensional subquadric of @ is a totally geodesic submanifold. In fact,
it will turn out that then there exists an infinite multitude of congruence classes of k-dimensional
subquadrics of @), and that the set of these congruence classes can be parameterized by an angle
t € [0, %], where the totally geodesic subquadrics constitute the congruence class with ¢t = 0.
The subquadrics corresponding to the angle ¢ are obtained from the totally geodesic ones by
a “rotation” by this angle, compare Theorem 6.13(c) and Remark 6.14. — On the other hand,
for k > & — 1 all k-dimensional subquadrics of @ are totally geodesic submanifolds of type
(GL,k).

In Section 6.1 we prove a classification of the subquadrics in a given complex quadric @ C IP(V).
In particular, we characterize those complex subspaces U of V for which there exists a complex
quadric in [U] = IP(U) which is a subquadric of Q. We call the complex subspaces of V with

s
» 4
class of subquadrics as described above. The objective of Section 6.2 is to further study the

this property complezx t-subspaces; here the parameter ¢ € [0, Z] corresponds to a congruence
properties of t-subspaces, in particular see Theorem 6.13. In Section 6.3 we study the extrinsic
geometry of subquadrics @’ regarded as submanifolds of @ ; it will turn out that the geometry
depends strongly on the parameter t.

As before, we fix m € IN, let (V,2d) be a CQ-space of dimension n := m + 2 and consider
the m-dimensional complex quadric @ := Q(2). For any unitary space U we denote the set
of conjugations on U by Con(U).

143
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6.1 Complex subquadrics of a complex quadric

Definition. Suppose ke {1,...,m —1}.

(a) We call Q" C IP(V) a k-dimensional complex quadric if there exists a (k+1)-dimensional
complex projective subspace A of P(V) such that Q' is a (symmetric) complex quadric
in A in the sense of Chapter 1.

(b) We call a k-dimensional complex quadric Q' a (complex) subquadric of @ if Q' C Q
holds.

Examples. (a) For k& < m, the totally geodesic submanifolds of @ of type (Gl,k) are
k-dimensional complex subquadrics of @ .

(b) Suppose £ < % —1 and let A be a totally geodesic submanifold of @ of type (I1,k+1).
Then A is a (k + 1)-dimensional complex projective subspace of IP(V) contained in @
(see Proposition 5.21(a)), and every complex quadric @’ in A is a k-dimensional complex
subquadric of @ . However, @’ is not totally geodesic in @ (because otherwise it would

also be totally geodesic in A, which is impossible).

The aim of the present section is to classify all complex subquadrics of Q. As we already men-
tioned in the introduction of the chapter, it will turn out that there are many more congruence

classes of subquadrics of dimension < % — 1 besides the two described in Example 6.2.

In the sequel, we denote for any complex linear subspace U C V by Py : V — V the orthogonal
projection of V onto U . It should be noted that Py is C-linear and that

VueU, veV : (u,v)¢ = (u, Pyv)e (6.1)
holds.

Definition. Let a complex linear subspace U C V, t € [0, %] and A € A be given. We then

call U a complex t-subspace of V if
Vue U\ {0} : <(Au,U) =2t

holds. Here we denote for v € V\ {0} by <(v,U) € [0,F] the angle between v and U,
i.e. <(v,U) :=min,egqy<Uv,u); this angle is also given by cos(<(v,U)) = [Py (v)||/||v] -

It is clear that the definition of a complex t-subspace does not depend on the choice of A € 2.

6.4 Examples. Let U C V be a complex subspace.

(a) U is a complex 0-subspace of V if and only if it is a CQ-subspace.

Proof. A complex subspace U C V is a CQ-subspace if and only if A(U) =U holds for A € 2, and this
is equivalent to Yu € U : Py(Au) = Au, which is in turn equivalent to U being a complex 0-subspace. [
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(b) U is a complex F-subspace if and only if it is A-isotropic.

Proof. U being -isotropic means that A(U) C U™ holds (see Proposition 2.20(a)), and this is equivalent
to Py|A(U) =0, which is in turn equivalent to U being a Z-subspace. O

6.5 Remark. Not every complex subspace U C V of dimension > 2 is a complex t-subspace for

some t € [0, 7].

For example, let A € 2 and (x1,x2,73) be an orthonormal system in V(A) (remember that
dimp V(A) = dim¢ V = n > 3 holds). Further fix some ¢ €]0, F] and consider

vy = cos(p)x1 +sin(p)Jre and vy :=z3.

Then U := Cv;®&Cuvy is a complex-2-dimensional subspace of V. We have <((Av;,U) =29 # 0,
but <((Avp,U) = 0, and therefore U is not a complex t-subspace of V for any t € [0, §].

6.6 Theorem. (a) Let U be a complex t-subspace of V of dimension >3 with t € [0, §[. Then

Q' = QNIU] is a complex subquadric of Q (like in the case of totally geodesic subquadrics
studied in Section 5.3), and for any A €U

1
A= —— (Pyo AU 6.2
Cos(2t)( vod) (6.2)
is a conjugation on the unitary space U with Q" = Q(A"). We call a conjugation A’
obtained from some A € 2 in this way an adapted conjugation on U (corresponding to

A).

(b) Let U be a complex T -subspace of V of dimension > 3. Then we have [U] C Q, and
therefore every complex quadric in the complex projective space [U] = IP(U) is a subquadric
of Q. In this situation we call every conjugation A’ on U an adapted conjugation on U
(corresponding to every A € 2).

(c) Let Q" be a k-dimensional subquadric of Q. Then there exists a unique t € [0, F] and
a unique complex t-subspace U of V of dimension k+2 > 3 so that Q' is obtained by
the construction of (a) (for t < %) or (b) (for t = § ) with these data. In this setting, we

call Q' a (complex) t-subquadric of @ .

6.7 Definition. If U is a complex t-subspace of V (t € [0,%]) and A" € Con(U) is an adapted

6.8

conjugation on U , then we call the CQ-structure A’ := S'- A" an adapted CQ-structure on U .
Note that then every element of A’ is an adapted conjugation on U and that for t < %, A s
UNIQUE.

For the proof of Theorem 6.6 we shall need the following lemma:

Lemma. Let U C V be a complex linear subspace and t € [0,%]. Then U is a complex
t-subspace if and only if

VAeAIA €Con(U) : cos(2t)- A" = (Pyo A)|U (6.3)

holds. In this case, Equation (6.3) is satisfied for a pair (A, A") if and only if A’ is an adapted
conjugation on U corresponding to A.
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Proof of Lemma 6.8. Let us first suppose that (6.3) holds. We fix A € 2 and choose A’ €
Con(U) as in (6.3). Then we have for every u € U \ {0}

cos(<(Au, U)) = WPl (€2 o (op) [474] “) cos(2t)

(where the equality marked (x) follows from the fact that both A and A’ are conjugations, and
therefore ||A'u|| = ||u|| = ||Au|| holds), whence <t((Au,U) = 2t follows. Thus we have shown
that U is a complex t-subspace.

Let us now suppose conversely that U is a complex t-subspace. If ¢ = 7 holds, then we have
cos(2t) =0 and (Pyo A)[U =0 (U is A-isotropic by Example 6.4(b), and therefore we have
A(U) c Ut), which shows that (6.3) is satisfied with arbitrary A’ € Con(U) in this case. Thus
we may now suppose that ¢ < 7 holds. We let A € 2 be given and put

1

I Pp—
A= cos(2t)

(Pyo AU .

We will show immediately that A" € Con(U) holds; then it is obvious that (6.3) holds with this
choice of A’.

It is clear that A’ is anti-linear. We have for every u € U

A ul| = |Pu(Au)|| = gy cos((Au,U)) || Aul| = [|ul ,
——— —~—

1
cos(2t) | cos(2t)

=2t =llull
which shows that A’ is orthogonal with respect to (-,-)r , and for every uw,v € U

6.1
<AIU,U>IR =1 <PU(AU)?U>IR (:) cos%Qt)

cos(2t) <Au? v>]R
(u, Py(Av))r = (u, Av)R ,

(6.1)

= e (W AVR =

1
cos(2t) cos(2t)

which shows that A’ is self-adjoint with respect to (-,-)r . Therefore A’ is a conjugation on U .

The statement that Equation (6.3) is satisfied for a pair (A4, A’) if and only if A" is an adapted
conjugation on U corresponding to A is obvious from the definition of adaptedness in Theo-
rem 6.6(a),(b). O

Proof of Theorem 6.6. For (a). Let A € 2 be given. Then Lemma 6.3 shows that the
endomorphism A’ defined by Equation (6.2) is a conjugation on U, therefore Q(A’) is a k-

dimensional complex quadric in IP(V). We will show immediately that
Q(A) =QnU] (6.4)
holds; then it also follows that @ N [U] is a subquadric of Q.

For the proof of (6.4) it should first be noted that both the left-hand side and the right-hand
side of that equation are contained in [U]. Moreover, we have for every u € S(U)

ueQ(A) = (u,Alu)g =0 < m (u, Py Auyg =0

@ (u, Au)g =0 < ueQ,

whence (6.4) follows.
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For (b). If U is a complex F-subspace of V, then it is an 2-isotropic subspace by Exam-
ple 6.4(b), and therefore we have [U] C Q. Consequently every complex quadric in [U] is a
subquadric of Q.

For (¢). Let Q" be a subquadric of @ ; this means that there exists a complex subspace U C V
and a conjugation A’ € Con(U) so that Q' = Q(A") C @ holds.

We tentatively choose an arbitrary A € 2 and consider the symmetric C-bilinear forms on U :

B:UxU—C, (v,w)— (v, Aw)q
and [ :UxU — C, (v,w) — (v, Aw)g .
We have
B =ProAlU and (B)=A4", (6.5)
where the Riesz endomorphisms are constructed in the unitary space U . We see from (6.5) that

3 is non-degenerate. However, it should be noted that it is possible for 3 to be degenerate.

Because of the hypothesis Q' C Q, we get

VoeU : (B (v,v) =0 = B(v,v) =0) . (6.6)

Let us first consider the case where [ is non-degenerate. Then Q' = Q(f') and Q(3) are
algebraic complex quadrics in the sense of Chapter 1 in the complex projective space IP(U),
and because of (6.6) we have Q' C Q(3). Because Q' is compact, Q(3) is connected, and
these two manifolds are of the same dimension, we in fact have Q' = Q(). By Proposition 1.3,
it follows that 5 = A - 3 holds for some A € C*. By appropriately modifying the tentative
choice of A € 20 made above, we can ensure A € IR, . From Equations (6.5) it follows that

A =)\ Pyo(AU) (6.7)

holds. Choosing some v € S(U) we see that

(6.7)
1= |jvf| = [[A] =" A Py(Av)| = A-[|[Py(Av)| < A-[[Av] = A,
and hence A > 1 holds. Therefore, there exists ¢ € [0, §[ with A = m Now Lemma 6.8

shows that U is a complex t-subspace, and (a) shows that the quadric Q' = Q(A’) coincides
with @ N[U].

Let us now consider the case where 3 is degenerate. We will show that then 3 =0 holds; from
this it follows that Py o A|U = 0 holds and therefore U is 2-isotropic and hence a complex
T-subspace by Example 6.4(b). Thus @’ is obtained by the construction of (b).

To show (3 =0 we first note that because [ is degenerate, there is some vy € U \ {0} so that
VoeU : B(v,u9) =0 (6.8)

holds.
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Now consider the complex hyperplane L :={v € U |5’ (v,v9) =0} of U andlet v € U\ L be
given. If we define wy := Avg +v for XA € C, we have

B (wx,wy) = B (vo, v0) - A2+ 28/ (v,v0) - X+ 8/ (v,v) (6.9)

and by Equation (6.8)
B(wx, wyr) = B(v,v) . (6.10)

Because of v ¢ L we have (3'(v,v9) # 0. Therefore Equation (6.9) implies the existence of some
Ao € C with f'(wy,,wy,) = 0. By Equations (6.6) and (6.10) it follows that ((v,v) = 0 holds.
Thus, we have shown

YoeU\L : B(v,v)=0. (6.11)

Because L is a proper linear subspace of U, U\ L is dense in U . Therefore (6.11) implies
VoeU : B(v,v) =0.

Because [ is symmetric, we conclude 8 =0. O

6.2 Properties of complex t-subspaces

We saw in Theorem 6.6 that for any complex t-subspace U C V with ¢t < §, QN [U] is a
subquadric of @), and besides the subquadrics of ) which are contained in a complex projective
subspace A C IP(V) contained entirely in @, all subquadrics of @ are obtained in this way.
For this reason it is of interest to study the properties of complex t-subspaces, which we do in

the present section.

The complex 0-subspaces and the complex Z-subspaces of V are exactly the CQ-subspaces
resp. the complex isotropic subspaces of V| as we already noted in Example 6.4; the properties
of these spaces have been studied extensively in Sections 2.2 and 2.3. Thus we will restrict the
following investigations to complex t-subspaces with 0 <t < 7. Where analogous statements
for the cases t =0 or t = 7 give additional insight, we take note of this fact in a remark.

We continue to use the notations of the previous section. In particular (V,2() is an n-
dimensional CQ-space and @ := Q(2() is the corresponding, (m = n — 2)-dimensional complex
quadric.

Proposition. Suppose 0 <t < 7.

(a) Any complex t-subspace U of V is of complex dimension <

I3

(b) Any complex t-subquadric Q" of Q is of complex dimension < % —1.

s

Remark. Note that the statement of Proposition 6.9 is also true for ¢t = % (see Corollary 2.22),
but not for ¢t =0.
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Proof of Proposition 6.9. For (a). Let a a complex t-subspace U be given and fix A € 2.
Then we have for every u € U\ {0}: <(Au,U) = 2t and therefore Au ¢ U. This shows that
A(U)NU = {0} holds, and therefore we have 2dim U = dim A(U)+dim U = dim(A(U) @ U) <
dimV =mn.

For (b). Let Q" be a complex t-subquadric of . By Theorem 6.6, Q' is contained in [U],
where U is some complex t-subspace of V. Therefore we have by (a): dim@Q’' = dimU — 2 <
1. O
2

In the sequel, we will consider the characteristic angle (in the sense of Section 2.5) of vectors

with respect to varied CQ-structures. Wherever (@', 5[) is a CQ-space and v € V, we now
denote the A-angle of v by ¢5(v) for this reason.

Proposition. Let U C V be a complex t-subspace with 0 <t < T and A" the adapted CQ-
structure for U (see Definition 6.7). Then we have

Vo e U\ {0} : cos(2pg(v)) = cos(2t) - cos(2¢pqr (v)) . (6.12)

Proof. Without loss of generality, we may suppose v € S(U). Fix A € 2 and let A’ € A
be the adapted conjugation on U corresponding to A. We then have by Theorem 2.28(a) and
Lemma 6.8

cos(2¢a(v)) = I(v, Av)e| 2 [(v, P Avic]
= (v, cos(2t) A'v)¢| = cos(2t) - | (v, Av)¢| = cos(2t) - cos(2¢pqr (v)) .

O

Corollary. Let U C V be a complex t-subspace with 0 < t < § and A" the adapted CQ-
structure for U . Then we have for every v € U \ {0}

pa(v) =t (6.13)

and
pa(v) =t < pw(v) =0, 6.14
pa(v) =7 = ow() =1 6.15)

Proof. Let v € U\ {0} be given. By Proposition 6.11 we have
cos(2pg(v)) = cos(2t) - cos(2pgr (v)) < cos(2t) ,

therefrom (6.13) follows. Because of cos(2t) # 0, also (6.14) and (6.15) are obvious consequences
of Proposition 6.11. U
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6.13 Theorem. Let k € IN with k< 5§ and 0 <t < 7 be given. Then the following statements are
equivalent for any k-dimensional complex subspace U C V :

(a) U is a complexr t-subspace of V.

(b) t = min,egqr) pau(v) and there exists a totally real k-dimensional subspace W of U with
S(W) c M; .16 (Note that U =W © JW holds in this situation.)

(c) There exist A € A, a 2k-dimensional linear subspace W C V(A), an orthogonal complex
structure T: W — W and a k-dimensional, totally real subspace Y of the unitary space

(W, T) so that U = g,(Y & JY) holds with the C-linear map
g Y ®JY -V 2 cos(t)z +sin(t)Jr% ;

here, 7C : W @ JW — W @& JW denotes the complezification of the IR-linear endo-
morphism T : W — W with respect to the orthogonal complex structure J|(W @ JW).
Regarded as a map onto U, g; is a C-linear isometry.

Moreover, we have:

(i) U is tangential to My along My NU , meaning that for any v € My NU we have T, U C
T, M; .

(ii) The map g, :Y @ JY — U from (c) is a CQ-isomorphism; here we regard Y & JY as a
CQ-subspace of V, and the complex t-subspace U as a CQ-space with its (unique) adapted
CQ-structure A’ .

6.14 Remark. The equivalence (a) < (b) < (c) in Theorem 6.13 is also true for ¢ =0 and ¢ = 7.
Proof for t = 0. Note that the complex 0-subspaces are exactly the CQ-subspaces of V, see Example 6.4(a).
For (a) => (b), choose W :=UNV(A) with any A € . For (b) = (a): We show that under the hypothesis
of (b), U is invariant under any given A € 2 and thus a CQ-subspace. Let v € U = W & JW be given, say
v =11+ Jr2 with z1,z2 € W. Because of S(W) C My there exists A\ € S* with 2, € V(A A) for £ € {1,2}.
We have Ax1 =M A\ Azy =Mz € WO JW = U and analogously AJzs € U, therefrom Av € U follows. For
(a) = (c), choose A € 2 arbitrarily, put Y :=V(A)NU, let Y’ be another k-dimensional subspace of V(A)
with Y/ LY (remember dimV(A) =n>2k),put W:=Y®Y' andlet 7: W — W be an orthogonal complex
structure on W with 7(Y) = Y’. In the setting of (c) we then have Y & JY = U and gi=0 = idu, hence
gi=o(Y @ JY) =U. For (¢c) => (a): In this situation we have U =Y @ JY and therefore U is a CQ-subspace
of V.

Proof for t = % . Note that U is a complex ZF-subspace if and only if it is an 2-isotropic subspace (Exam-
ple 6.4(b)), which is in turn the case if and only if @s(v) = & holds for every v € U \ {0} (Proposition 2.29(b)).
Therefrom the equivalence (a) <= (b) follows (for (a) = (b), W can be chosen as any maximal totally real
subspace of U). (a) <= (c) follows from Proposition 2.20(e),(f). O

Therefore every selection of data (A, W, 7,Y) as in Theorem 6.13(c) gives rise to a series (U; :=
a(Y®JY)) 1€(0,%] of k-dimensional complex t-subspaces, where g; is defined as in the theorem.

Here M; denotes the orbit of the action of Aut() on S(V) consisting of the unit vectors of 2-angle t, see
Proposition 2.36.
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Moreover every k-dimensional complex t-subspace U C V is a member of such a series (by virtue
of the implication (a) = (c)).

A similar statement holds on the level of complex subquadrics of @: If & > 3 holds in the
previous situation, then Qf := QN [Uy] is a (k — 2)-dimensional complex 0-subquadric of @,

and via the linear isometry g; we obtain the series (Q} := g:(Qyp)) | of (k —2)-dimensional

tel0,
complex t-subquadrics of Q. Note that the subquadrics Q} with ¢ < Z can also be described
as @, = Q N [U;] without explicit reference to g;, however Q;r /4 cannot be obtained in this
way. Moreover every (k — 2)-dimensional subquadric of @ is a member of such a series.

Proof of the last statement. Let a (k — 2)-dimensional subquadric Q' of @ be given; by Theorem 6.6(c) there
exists to € [0, 2] and a k-dimensional complex to-subspace U C V so that Q' is a complex quadric in [U]. In
the case to < I we have Q' = QN [U] by Theorem 6.6(a). It follows that if we define the data (A, W,7,Y) such

that the corresponding series (U,g)te[O =, of complex t-subspaces satisfies Uy, = U, then the series (Q;)te[o b
1 1

]
of complex ¢-subquadrics satisfies Qj, = Q.

It remains to consider the case to = §. Then U is -isotropic (Example 6.4(b)) and by Theorem 6.6(b) there
exists a conjugation A’ € Con(U) so that Q' = Q(A’) holds. V(A’) is a totally real, k-dimensional, 2-isotropic
subspace of V; it follows by Proposition 2.20(e),(f) that after a choice of some A € 2 there exist orthogonal,
k-dimensional subspaces Y,Y’ C V(A) and an IR-linear isometry 7:Y — Y’ so that

VA)={z+Jrz|z €Y} (6.16)

holds. We put W :=Y @Y’ and denote the unique extension of 7 to an orthogonal complex structure on W
also by 7: W — W . If we now define the functions g; from Theorem 6.13(c) relative to this situation, we have
gz (Y) =V(A") by Equation (6.16), therefrom 9z Y®JY)=U and gz o (Al(Yo® JY)) = A'og% follows. This
shows that if we define the series (Q})

110,21 with respect to the data (A, W,7,Y), we have Q% = Q(A4") = Q’.
’ 4

g
For the proof of Theorem 6.13 we will need the following lemma:
Lemma. Let a k-dimensional complex subspace U C'V and 0 <t < 7 be given. Then U 1is
a complez t-subspace of V if and only if there exists a unitary basis (vi,...,vx) of U so that

Ve pu(ve) =t and VE#L 1 {vg, Avp)g =0 (6.17)
holds for some (and then for every) A € 2.

If this is the case, the vy can be chosen such that a fited A € A is adapted to all vy in the
Rea vy
cost

Im g vy
sint

sense of Theorem 2.28(b), and then (x1,...,Tk,Y1,...,Yk) with x; = and yp :=

is an orthonormal system in V(A).

Proof of Lemma 6.15. First, let us suppose that U is a complex t-space; we denote its adapted
CQ-structure by 2. We let A € 2 be fixed, let A’ € ' be the adapted conjugation on U
corresponding to A, and let (v1,...,v5) be an orthonormal basis of V(A’). Then (vy,...,vx)
also is a unitary basis of U, and we will show that it satisfies (6.17).

We have @gr(vg) = 0 (where ¢ € {1,...,k}) and therefore pg(vy) = t by Corollary 6.12.
Moreover, for £ # ¢/ we have by Lemma 6.8

6.
(Ug,AW/>@ (: (’Ug,PU A’Ug/>(]j = COS(Qt) . (vg, A/Ug/>@

—_
~

1€V (A
v €L cos(2t) - (vg,vp)g =0 .

This shows that (6.17) holds.
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Conversely, we suppose that (vi,...,v;) is a unitary basis of U so that (6.17) holds. We fix
A € 2, then we have for every j € {1,...,k}

k

6.17 2.19
1Pu(Avp)|2 = 3 [(Avs, vdel® 27 [(Av, 0500l = [(vg, Av)ol2 2 cos(26)2 (6.18)
(=1
and for every j,j7' € {1,...,k} with j # j
k k
<PU(AUj),PU(A1)j/)>@ = < Z(A’l)j,?}g>(]j?}g, Z<Avj/,’l)g/>(]ﬂ)g/ >
/=1 /=1
k # -
= Y (Avj,ve)e - (Avy,vp)e - (e, ve)e 'E 0. (6.19)
L0=1 g . -~ ’
’ =0for £ #j =0 for ¢ #j' :5Z,Z/

We now let v € U\ {0} be given, say v = 2;?21 Ajvj with Aj:= (v,v;)¢ . Then we have

k
Z Py (Avy)

and therefore
(6.19) K
1Py (Av)[I> 7=" x| Po(A )||2 Z A7 = cos(2t)* - [|v]|?
j=1

whence <((Av,U) = 2t follows. This shows that U is a complex t-subspace, see Definition 6.3.

Next we note that if some A € 2 is adapted to some v € V\{0} and p € S! is given, then u? A
is adapted to pwv by Corollary 2.35. From this fact it follows that for every fixed A € 21 and any
unitary basis (vq,...,vx) of U there exist Ai,...,\; € S! so that A is adapted to all Ayvy.
Moreover, if the basis (vi,...,v) satisfies (6.17), then (Ajvi,...,A\pvg) also satisfies (6.17).
Thus we see that if U is a complex t-subspace, then the unitary basis (v1,...,v;) satisfying
(6.17) can be chosen such that A is adapted to all v,. In the following we suppose that this
situation is present.

We put z, := % and yy : h;ﬁ At then we get with Proposition 2.3(e)
vp = cos(t)xe + sin(t)Jyy ; (6.20)

moreover from (6.17) and Theorem 2.28(c) we obtain
el = llyell =1 (6.21)
and (where we abbreviate (-,-) := (-, )R )
(e, y¢) = 0. (6.22)

This shows that Equation (6.20) is a canonical representation for v in the sense of Theo-
rem 2.28(c).
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Now let £, with ¢’ # ¢ be given. Because (v1,...,vx) is a unitary basis, we have
0 = (vg,vp )¢ = cos(t)*(zg, zp) +sin(t)*(ye, yor) + i - cos(t)sin(t) ((ye, ze) — (zo, yer)) ,
and thus (note cos(t)sin(t) # 0)
cos(t)* (zg, zer) + sin(t)*(ye, yer) = 0, (6.23)
(Yo, ver) — (o ypr) = 0. (6.24)
From (6.17) we further obtain

0 = (vg, Avp)¢ = cos(t)* (ze, z) — sin(t)*(ye, yor) + - cos(t)sin(t) ((ye, zer) + (Te, yer)) |

and this equation implies

cos(t)*(xg, xp) — sin(t)*(ye, yor) = 0, (6.25)
(Yo, me) + (@e,yp) = 0. 6.26)
From Equations (6.23) and (6.25) we see
(Te, 2er) = (Yo, yrr) =0, (6.27)
whereas from Equations (6.24) and (6.26) we conclude
(o, y0) = 0. (6.28)

Equations (6.21), (6.22), (6.27) and (6.28) exactly state the fact that (zi,...,zx, y1,...,y%) is
an orthonormal system in V(A4). O

Proof of Theorem 6.13. We prove the theorem in the following order: (a) = (c), (ii), (c) = (b),

(1), (b) = (a).

For (a) = (c). Let U be a complex t-subspace and fix A € 2. By Lemma 6.15 there exists a
unitary basis (vi,...,v;) of U which satisfies (6.17) and such that A is adapted to all v,. We

put xy := Rcec;‘;;"f , Yo = I?iﬁz" . Again by Lemma 6.15, (z1,...,2k, Y1,...,Yx) is an orthonormal

system in V(A), and hence
W :=spang{z1,..., Tk, Y1, -, Yk}
is a 2k-dimensional linear subspace of V(A). The linear map 7: W — W defined by
VO T(xe) =y, T(ye) = —x¢
is an orthogonal complex structure on W and
Y :=spang{zi,..., x5}

is a k-dimensional, totally real subspace of the unitary space (W, 7). Using these data, we
define ¢; as in the theorem. It is clear that g¢; is C-linear. Moreover, it transforms the
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unitary basis (x1,...,z;) of Y@ JY into the unitary basis (v1,...,vg) of U. This shows that
g(Y ®JY) =U holds and that ¢, : Y @ JY — U is a C-linear isometry.

For (). Remaining in the situation of the proof of (c), it suffices to show that A’ := g;oAog; !
U — U is an adapted conjugation for the complex t-space U corresponding to A € 2, meaning
that

Vo e U : cos(2t) - A'v = Py(Av) (6.29)

holds, see Lemma 6.8. Because both sides of this equation are anti-linear, it suffices to verify it
for v=wv;, je{l,...,k}. We have v; = g;(x;) and therefore

Alvj = gi(Axj) = gi(xj) = vy ;
on the other hand we have

k
Py(Av;) = ) (Avj, vp)q vg 20 (Mg v5) v 2 cos(2t) vy,
/=1

for the equals sign marked (*) we use the canonical representation (6.20) of v;. This shows that
Equation (6.29) holds.

For (¢) = (b). We suppose that the situation of (c) is present. Then we have for every
z€S(Y & JY) by Theorem 2.28(a)

cos(20a(g:(2))) = [{g:(2), A(g:(2))) | = |{cos(t)z + sin(t)J7C2 | cos(t)Az — sin(t)Jr¥ Az)¢|
= | cos(t)? (z, Az) ¢ + cos(t) sin(t) - (—(z, JTCAz)¢ + (J1C%, A2)g)

=0

—sin(t)? (Jr8%, JrPAz) ¢ |
=(z,Az)c
= |(cos(t)? — sin(t)?) - (z, Az)¢| = cos(2t) - |(z, Az)¢| = cos(2t) - cos(2pn(2)) -

It follows from this calculation that we have on one hand
VzeSY @ JY) : cos(2pu(gi(z)) < cos(2t)
and therefore because ¢; is a linear isometry onto U :
Vo eSWU) : pu(v) >t; (6.30)

on the other hand, for every z € S(Y) we have ¢g(z) = 0 and therefore by the same calculation
wa(gt(z)) = t. This shows that the k-dimensional totally real subspace ¢:(Y) of U has the
property S(g;(Y')) C M;. This fact, together with (6.30), also implies min,egr) pa(v) =t.

For (i). Suppose that the situation of (b) holds. Let v € M;NU and w € T,U be given.
Then the line parametrization v : IR — U, t + v +t- W satisfies v(0) = v and 4(0) = w.
Furthermore, the function f := pgo~y:]—e¢,e[— [0, 7] satisfies f(0) =t and is differentiable in
0 by Proposition 2.30. Because of t = min,egy) pa(v) = min,ern oy pau(v), f attains a local

minimum in 0 and therefore we have

0= f"(0) = Topa($(0)) = Typa(w)

and hence w € ker(T,pg) = T, M; (see Proposition 2.38).
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For (b) = (a). We now suppose that ¢ = min,cg) pa(v) holds and that there exists a k-
dimensional totally real subspace W of U with S(W) C M;. Consequently, we have

Vo e U\ {0} : pyu(v) >t,

whence it follows that
Vo e U\ {0} : cos(2py(v)) < cos(2t) (6.31)

holds.

Let us fix an orthonormal basis (v1,...,vg) of W, then (vi,...,vg) also is a unitary basis of
U . We will show that this unitary basis satisfies (6.17); thus U is a complex t-subspace of V

according to Lemma 6.15.

Because of S(W) C M; we have
Ve p(ve) =t . (6.32)

Now suppose /,¢' are given with £ # ¢’ and choose A, € S' so that some A € 2 is adapted
to both Avy and pvy . Then we have because of Theorem 2.28(b)

(Mg, Advg)e = (e, Apvp )@ = cos(2t) . (6.33)
Furthermore, we choose € € {£1} so that
e+ (g, Apvg)r > 0 (6.34)

holds. Then the vector w := v, +¢euvy € U satisfies ||w||? =2 and by means of Theorem 2.28
we have (for () note that the C-bilinear form (-, A-)q is symmetric)

(w, AIU)(D (;) <)\Ug, A)\Ug>@ + 2. <)\’Ug, €Au7)gl>@ + g2 <,ng/, A,ng/>(|j

(6.:33) 2:( cos(2t) + e - (Avg, Apvp) @)

= 2:( cos(2t) + & - (Avg, Apvp)r + ie - (Avg, JApvp )R ) - (6.35)

Consequently, we obtain (again using Theorem 2.28 and the fact that cos(2t) > 0 holds)

) 5 (631) ) 2 _ 2
(2-cos(2t))® > (2 cos(2pg(w))) {(w, Aw) |

(6.35) 4-] cos(2t) + € (Avg, Apvp)r + ie(My, JA/wg/hRf

= 4-((cos(2t) + & (Avg, Apvp)wr)? + (€ (Avg, JA,LLW>]R)2)

> 0 >0
(6.34)

> 4-cos(2t)? = (2 cos(2t))? .

Therefore all inequalities in the above chain of inequalities are in fact equalities. It follows that
(Mg, Apvp)r = (Mg, JApve g =0
and thus
A (vg, Avgr )@ = (Mg, Apvg )@ = (Mg, Apvg ) ) + - (\vg, JApvg )r = 0 (6.36)

holds. Equations (6.32) and (6.36) show that the unitary basis (vq,...,vg) satisfies (6.17). O
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In the following proposition we see that for fixed 0 <t < 7 and k < 5, the set of k-dimensional
complex t-subspaces of V is an orbit of the canonical action of the group Aut(2A)UAut(2) (see
Definition 2.10(a),(c) and Remark 2.12(b)) on the complex Grassmannian G (V); here Aut()
is the subgroup of CQ-isomorphisms of V and Aut(2) is the coset of CQ-anti-isomorphisms of
V. Note that Aut(2) = { Ao B|B € Aut()} holds for A € 2. In fact already Aut(2) acts

transitively on the mentioned orbit.

Also, we will see in Corollary 6.17 that for m # 2 the set of (k — 2)-dimensional complex
t-subquadrics of @ is an orbit of the canonical action of the isometry group I(Q) on the set of
all subquadrics of @, and already I,(Q) acts transitively on this orbit.

Proposition. Suppose 0 <t <% and k< 5.

(a) Let a k-dimensional complex t-subspace U of V and B € Aut(A) U Aut() be given.
Then B(U) is another complex t-subspace of V, and if A’ € Con(U) is an adapted
conjugation for U corresponding to A € A, then BA'B~!|B(U) € Con(B(U)) is an
adapted conjugation for B(U) corresponding to BAB™! € 2.

(b) If Uy and Uy are two k-dimensional complex t-subspaces of V, then there exists B €
Aut() so that Us = B(Uy) holds. If A} and Al are adapted conjugations for Uy and
Us respectively, B can be chosen so that Al = BA|B~|Uy holds.

Proof. For (a). Let A € 2 be given and let A’ be the adapted conjugation for U corresponding
to A, then we have
cos(2t) - A" = (Py o A)|U (6.37)

(see Lemma 6.8). We also let B € Aut(?) U Aut(2) be given and put A” := BA'B~YB(U).
Then we have A” € Con(B(U)) (this is true even for B € Aut(2)), and for every v € B(U):

(6:37)

cos(2t) - A" (v) = B( cos(2t) - A'(a_,l_g)) B(Pyo A(B_lv)) = Ppu) (BAB™'(v)) .

eU

We now show BAB~! € ; from Lemma 6.8 it follows that B(U) is a complex t-subspace and
A" is an adapted conjugation corresponding to BAB™!. In the case B € Aut(2), BAB~! ¢
2 follows from the definition of a CQ-isomorphism. In the case B € Aut(2A), there exists
B’ € Aut(2) so that B = AB’ holds. Because of B’A(B’)~! € 2 there exists A € S! so that
B'A(B)~! = M holds, and then we have

BAB ' = (ABYA(AB)™' = AB'A(B) A= ADNA)A=XAc .
For (b). Let two k-dimensional complex t-subspaces U; and Us be given, and let A} and Af
be adapted conjugations for Uy resp. Us. Thus there exist A, Ay € 2 so that
cos(2t) - Ay = (Py, o Ag)|Us (6.38)

holds for ¢ € {1,2}.
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Now we fix orthonormal bases (u1,...,u;) of V(A}) and (uf,...,u},) of V(A4}), and we put
for ¢ € {1,...,k}
Rea, uy Imy, up Rea, u/ Im g4, v/
Te = coslt Y= sinlt ’ :L‘Z = 005225 “ and yz = sirft -
By Lemma 6.15 we see that (x1,...,ok,y1,...,y%) and (2],...,2),v],...,y;) are orthonormal

systems in V(A1) resp. V(Az). We choose an IR-linear isometry L : V(A;) — V(Aa) with
L(zg) =2y and  L(ye) =y

for every ¢, then the complexification B := LY : V — V of L is a CQ-automorphism with

B(ug) = uj, consequently B(U;) = U and BA|{B~!|U; = B} holds. O

Corollary. Suppose 0 <t < 7 and k <

I3

(a) For any complex t-subquadric Q" of Q and any f € In(Q) U Ip(Q), f(Q) is another
complex t-subquadric of Q.17

(b) If Q) and QY are two (k—2)-dimensional complez t-subquadrics of Q , then there exists
feIn(@Q) with Q5 = f(Q4)-

Proof. For (a). By Theorem 6.6(c),(a) there exists a complex ¢-subspace U C V so that Q' =
QN[U] holds. For any given f € I;,(Q)UI,(Q) there exists B € Aut(2A)UAut(A) with f = B|Q
by Theorem 3.23(a),(b). Then B(U) is another complex t-subspace by Proposition 6.16(a), and
therefore Theorem 6.6(a) shows that f(Q') = B(Q') = B(Q N [U]) = Q N [B(U)] is another
complex t-subquadric of Q.

For (b). Again by Theorem 6.6(c),(a) there exist k-dimensional complex t-subspaces Uy, Us; C V
so that Q) = QN[Uy| holds for £ € {1,2} . By Proposition 6.16(b) there exists B € Aut() with
Uy = B(Uy) , then we have f := B|Q € I;,(Q) by Proposition 3.2(a) and f(Q}) = B(QN[U1]) =

QN[BUL) =QN[U:] = Q5. 0
Remark. The statements of Proposition 6.16 and Corollary 6.17 are also true for ¢ = 0 and
t=1

1-

6.3 Extrinsic geometry of subquadrics

As before, we suppose that (V,2) is an (n = m + 2)-dimensional CQ-space. Moreover, we let

a k-dimensional subquadric Q" of the m-dimensional complex quadric @ := Q(2() be given.
s
a1

that there exists a (k+ 2)-dimensional complex t-subspace U C V so that Q' is a (symmetric)

Then Theorem 6.6(c) shows that @’ is a complex t-subquadric for some 0 < ¢ < meaning

complex quadric in IP(U) in the sense of Chapter 1.

For t € {0,5} we already have a complete overview of the extrinsic geometry of Q' as a
submanifold of Q:

"Note that for m # 2, I(Q) U I.x(Q) = I(Q) holds by Theorem 3.23(c).
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(a) In the case t = 0, U is a CQ-subspace of V and Q' = Q N [U] is a totally geodesic
submanifold of @ of type (G1,k) by Lemma 5.8.

(b) In the case t = 7, U is U-isotropic, and therefore the complex projective space [U] is a
totally geodesic submanifold of @ of type (I1,k+ 1). Therefore the embedding Q' — Q
is equal to the composition of the embedding Q" — IP(U) = [U] which has been studied in
Chapter 1 and the totally geodesic embedding [U] < @ . In this way we see in particular
that the submanifold @’ of @ has parallel second fundamental form, but is not totally
geodesic.

For this reason we again restrict the following investigations to the case

0<t< g

Then we have Q' = Q N [U] by Theorem 6.6(a).

In the sequel, we denote for any Riemannian manifold M by VM its Levi-Civita covariant
derivative. Also, if N is another Riemannian manifold and f: M — N an isometric immersion,
we denote the shape operator of f by A/ and the second fundamental form of f by h'.

@’ is a complex quadric in IP(U) in the sense of Chapter 1, therefore the results of that chapter
concerning the extrinsic geometry of complex quadrics are applicable to ' as a submanifold of
IP(U) = [U]. Because [U] is a totally geodesic submanifold of IP(V) we thereby also understand
the geometry of @’ as a submanifold of IP(V). In particular we have

B _ @ P(Y) (6.39)

But now, we wish to study the geometry of Q' regarded as a submanifold of Q.

For this purpose we fix some A € 2 and consider the adapted conjugation A’ of the complex
t-subspace U corresponding to A (see Theorem 6.6(a)); then we have Q = Q(A) and Q' =
Q(A’). Furthermore, we consider the following objects (see also Sections 1.2 and 1.3):

e The manifolds @ := Q(A) and Q' := Q(4').

e The Hopf fibration 7 : S(V) — IP(V ), z — [z], its horizontal space H, at z € S(V) and
the horizontal lift H.Q = (7['*|H )~ ( =(»@) for z € Q. Analogously, we consider the
horizontal lift H,Q' = (m|H.) (T Q') for z € Q.

e The tensor field C' of type (1,1) on V characterized by
VueTV : Cu=A(W)
and the analogous tensor field C' on U defined by

—
YueTU : C'u=A(W).
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Note that for any z € @, C, is a conjugation on T,V and in the sequel we will view
T,V as a CQ-space with the CQ-structure induced by C,. In this regard, H.Q is a
CQ-subspace of T,V . Moreover, for any z € @' , T,U is a complex t-subspace of T,V
and C’ is the adapted conjugation on T.U corresponding to C, .

e The unit vector fields 7, 5 and ¢ defined (via C') in Section 1.3. C’ gives rise to
analogous unit vector fields & := —C’ on|@Q" and ¢ := 1. . The latter is a unit vector
field in the normal bundle of the inclusion Q' < [U] — IP(V).

6.19 Proposition. Let p € Q' and z € 7 ({p}) be given. Then T,Q" is a complex t-subspace
of T,Q and the shape operator AS(Z[U] : T,Q" — T,Q is an adapted conjugation for T,Q'
corresponding to A?(Z]P(V) € A(Q,p) .

Proof. As we saw above, T,U is a complex t-subspace of T,V , and C?, is an adapted conjugation
for T,U corresponding to C, . Because H.Q' is a Cl-invariant subspace of T,U and H.Q is a
C.-invariant subspace of T,V (see Theorem 2.26) which contains H,Q’, it follows that H,Q’ is
a complex t-subspace of H.Q and C.|H,Q’ is an adapted conjugation for H,Q’ corresponding

to C,|H.Q.

By Theorem 1.16, C,|H,Q is conjugate to A?((:)]P(V) under the C-linear isometry m.|H,Q :
H.Q — T,Q, and C.|H.Q  is conjugate to AS/(‘Z_)’[U] under the C-linear isometry m,|H,Q’ :
H.Q — T,Q". Thus it follows that T,Q" is a complex t-subspace of T),() and that A?(?)[U] is
an adapted conjugation for 7,Q" corresponding to A?(ZIP(V) . O

In the next proposition we calculate the shape operator of the inclusion map Q' — Q.

For p € Q' we denote by P, Pt : T,Q — T,Q the unitary projections of T, onto T,Q’
resp. onto (7,Q’ )+ . Also, we denote by V+ the covariant derivative of the normal bundle of

Q—Q.

6.20 Proposition. (a) The vector field ( along 71']65’ Q' — Q' obtained by orthogonally projecting
& onto TQ satisfies

¢ =¢ —cos(2t) - (€1Q) (6.40)
and is therefore a normal field with respect to Q' — Q. It satisfies ||C|| = sin(2t) and for
any v € H,Q'

V(¢ = cos(2t) - PlAgZP(V)W*ﬁ, (6.41)
V3¢l = gsin(4) - [0 (6.42)

In particular, ¢ is not a parallel field with respect to V= .
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(b) Via ¢ the fundamental geometric entities of the isometric embedding Q' — @Q can be
expressed. More specifically, we have for any v,w € T,Q" and v € L,(Q" — Q)

hQ/(—)Q(U? w) = <Ua Ag(Z[U]w>@ e (643)
AY =% = (v, o - Ag (6.44)

i particular
A?(I;TQU = sin(2t)% - A?,I(:)[U]v . (6.45)

Proof. For (a). For every z € Q' we have

(6.1)

<£;a£z>(ﬁ = <_7T*Cl77za _7[-*0772>(D = <é/fz/’ AZ)(D = <A/ZaPU AZ>(D
eU
© cos(2t) - (A'z, A'2)¢ = cos(2t) ; (6.46)

here we used for the equals sign marked () Lemma 6.8 for the complex t-subspace U of V.
Because (Tw(z)Q)L’TﬂZ)IP(V) is C-spanned by the unit vector &, the orthogonal projection of
£, onto Tr(y@Q is given by

6.46)

G=€ (e )& 2 e —cos(2t) - €. |

whence Equation (6.40) follows. It is clear by definition that ¢ is tangential to @ ; moreover
Equation (6.40) shows that ¢ is normal to @’. We also obtain from Equation (6.40) for every

zeqQ
IG:1I* = (€2, €)e —cos(2t) - (€L, EDe + (6, EL)e ) +cos(26)? - (€, E:)e
—_—— —— —— —_———
=1 = cos(2t) = cos(2t) =1
(6.46) (6.46)
=1 — cos(2t)? = sin(2t)?
and therefore ||, || = sin(2t).
As a consequence of Equation (1.19) in the proof of Theorem 1.16 we have for v € H,Q’
Ve — —r.c
and also, because [U] is a totally geodesic submanifold of IP(V),
vPWe -yl — .05
It follows via Equation (6.40) that
V%P(V)C = —m.C"0 + cos(2t) - 7. CT (6.47)

holds. We have C'v € H.Q' C H.Q and Cv € H.Q, and therefore Equation (6.47) shows that
V%P (V)C € T,@ holds. Therefore, the Gauss equation implies

V%?C = —m.C'0 + cos(2t) - T, CV
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and hence we obtain via the Weingarten equation Vg ¢ = —ACQZ(/Z(TQW*'?? + V%C

Vi¢ =Pty
= — Pt 1, C' 4 cos(2t) - P, Cv
N——
ETQ’

= cos(2t) - PlAﬁzp(V)ﬂ*ﬁ ,

completing the proof of Equation (6.41). We now abbreviate w := A?(ZIP(V)W*:J and w' =

A?,/(:)[U]ﬂ'*fﬁ. With Proposition 6.19 and Lemma 6.8 we get
cos(2t) - w' = Pw (6.48)
and therefore
7¢I 27 cos(20)? - [Pl = cos(20)? - (Juwl® - || Pu?)
(6.45)

cos(2t) - (|[w]|* — cos(2t)? - [[w'[|*) = cos(2t)* - (|[]|* — cos(2t)* - [[7]*)

= (gsin(4t))* - [[7]*
which proves Equation (6.42). Because of sin(4t) # 0 it also follows that ¢ is not a parallel
field.

For (b). Let v,w € T,Q" be given. Because [U] is a totally geodesic submanifold of IP(V), we
then have

hQ' =W (v, w) = K9PV (v, w) = K9 (v, w) + h2=TPV) (v, w) . (6.49)
€T,Q LEQ

Denoting by Pr,q : 1,IP(V) — T,IP(V) the orthogonal projection onto 7,(Q, we now obtain

(6.49)

K990, w) 2 Pro (9 1 (w,w) € (o, AL ") - Pryo(el) = (0, A " Pu)e - .

where () follows from Proposition 1.19. Thus we have shown Equation (6.43).

For the proof of Equation (6.44) we abbreviate h := hQ Q@ and A := A9 9. By definition

of the shape operator A we have
Vu,v € T,Q", v €L,(Q' — Q) : (u, Ayv)r = (h(u,v), V)R - (6.50)

Because of the parallelity of the complex structure J of @Q and the fact that Q' is a complex
submanifold of @, h is C-linear in both entries (see [KN69], Proposition 1X.9.1, p. 175); from
this fact and Equation (6.50) one obtains by use of Equation (2.1)

Vu,v € T,Q', v €L,(Q" — Q) : (u,Av)¢ = (h(u,v),V)q . (6.51)
Now, let u,v € T,Q" and v €L1,(Q" — Q) be given. Then we have

6.51 6.43 Ty (SN
(w, Ay)e 2 (hu,v),vye E ((u, AZ T )0 v ) = (n AS S e - (Gve
= <u’ <V7CZ>(D A?//(Z[U]/U> s

whence Equation (6.44) follows by variation of u. Equation (6.45) is an immediate consequence
of (6.44) because of ||| = sin(2t). O
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Corollary. The submanifold Q' of Q does not have parallel second fundamental form. In
particular, it is not totally geodesic.

Proof. Let X,Y € X.(Q') be parallel vector fields along some curve ¢: I — Q' and ¢: I — Q'

be a horizontal lift of ¢ with respect to . Then Theorem 1.18 (applied to Q') shows that
AQ/‘—’[U]
&oc
the function s +— <XS,A§
Proposition 6.20(b) that

oY is another parallel vector field; because @’ is a Kéhler manifold, it follows that
/((;(S[S]Ysm is constant. Denoting this constant by a € C, we see by

Vzh? 79X, Y) =a- V¢ (6.52)
holds.

We now fix sp € I, suppose ¢(sg) # 0 and choose X =Y € X.(Q') so that X, €

l‘_) U
S(V(A?,(E(S[O)]))) holds. Then we have

l‘_) U
o] = [(Xep, A o) Xag)a] = 1

and by Equation (6.42): va(s )CH = 1sin(4¢) - |€(s0)|| # 0. From Equation (6.52) we thus see
0
that hQ —~%(X, X) is not parallel at sg. O

We now wish to study how far @’ is from being a totally geodesic submanifold of @ . For this
purpose we study the behaviour of geodesics of ) which start tangential to Q.

Proposition. Let p € Q' and v € S(T,Q) be given, moreover we let v, : IR — Q be the
mazximal geodesic of Q with v,(0) =p and 4,(0) =v.

Then we have:

(a) For ¢agrpy(®) £ %, %(IR) N Q' = {p} holds.

(b) For waq p(v) =% we have v,(R) C Q" and therefore v, is also a geodesic of Q' .

In fact, the following lemma describes the situation in more detail:

Lemma. Let T be a mazimal torus of @Q (i.e. a totally geodesic submanifold of Q of type
(G2,1,1), see Section 5.3) with TN Q' # @. Welet p € TNQ' be given. Then we have
dim(T,TNT,Q") <1 (in particular, T is not tangential to Q" ), and in the case dim(7T,T N
T,Q/) =1:

(a) If T,TNT,Q" is not A(Q’,p)-isotropic, then we have TN Q" = {p}.

b) If T,TNT,Q is A(Q',p)-isotropic, then TNQ' is a circle of radius + ; more precisely we
p P 2
have TN Q' = v, (R) for any v € (I,TNT,Q") \ {0}. (Here v, : R — Q again denotes
the mazimal geodesic of Q with v(0) =p and ¥(0) =v.)
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Proof of Proposition 6.22. For (a). We base the proof of Proposition 6.22(a) on Lemma 6.23(a),
which is proven below. — It follows from Theorem 3.15(c) that there exists a maximal torus T
of @ with pe€ T and v € T,,T. Because T is a complete, totally geodesic submanifold of @,
we then have v,(IR) C T, and because of g ) (v) # T, Lemma 6.23(a) shows

{pt Cw@®)NQ CTNQ = {p}
and hence v,(R)N Q" = {p}.

For (b). We have g p)(v) = 7 and therefore by Corollary 6.12 also woqp)(v) = 7. By
Remark 5.16 (applied to the quadric @ C IP(V)) it follows that 7, : R — @ is also a geodesic
in IP(V). Because v is tangential to the totally geodesic submanifold [U] of IP(V), we see
that -, runs completely in and is a geodesic of [U]; moreover Remark 5.16 (this time applied
to Q' C [U]) shows that v, is a geodesic of @’. In particular we have ~,(IR) C Q. O

Proof of Lemma 6.23. We first note that because U and 7T, are complex t-subspaces of V
resp. of T,Q (see Proposition 6.19), we have by Corollary 6.12

Yoe U\ {0} : og(v) >t>0, (6.53)
Vo € T,Q \ {0} : wogp(v) >t>0. (6.54)

We consider the maximal flat subspace a := T,T of T,Q; then it follows from (6.54) that
dim(aN7,Q") <1 holds: Because of dim(a) =2, we would otherwise have a C T),Q’; because
a contains vectors of 2A(Q,p)-angle 0, this would be a contradiction to (6.54).

We now suppose that dim(a N7,Q") =1 holds and fix v € S(aNT,Q’).

Then we introduce the data necessary for an explicit description of T. From Theorem 2.54 it
follows that there exists A; € A(Q,p) and an orthonormal system (v1,v2) in V(A7) so that
a = Rv; ® RJvy holds. By reversing the signs of v1, vy and A; where necessary (if the sign
of Ay is reversed, one also have to replace v; by Jve and ve by Juv; ), one can ensure that A;
is adapted to v and v = cos(pa(qp)(v)) v1 + sin(psqp)(v)) Jva is a canonical representation
of v in the sense of Theorem 2.28(c).

Q=P (V)

We choose z € 771({p}) so that Ag(z)

= A; holds (see Proposition 1.15) and put

U= (mH) T (W), = (m M) TH(vy), and Ty = (m ML) (vg) .

Then (01,72) is an orthonormal system in V(A), and if we denote by 2’ the adapted CQ-
structure for the complex t-subspace U C V, we have

Par (V) = pauqr p) (V) (6.55)
(because my|H.Q' : (H.Q',A') — (T,Q',A(Q’,p)) is a CQ-isomorphism).

Further, we put
Vi = R(Res z) ® Rv; and Va 1= R(Imy z) © Rvg
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and consider the map
f : Sr(m) X ST‘(VQ) — Q, (.Z',y) —x+Jy,

where we abbreviate r := 1/v/2. By Proposition 5.11, f is an isometric embedding onto
T := f(S(V1) x S(V3)), and «|T: T — T is a two-fold covering map onto the maximal torus T
with

Y (z,y), (@,y) €S,(V1) xS, (Va) : (n(f(z,y)) = n(f(2',y)) < (x,y) = £(2,y)) . (6.56)

We further put

W=V J(%) = spanp{Req z, JImy 2,01, JUs } , (6.57)

note that T C W holds. We have spanp{Rea z,JImy 2} = spany{z, Az} and
spanp {v1, Jua} = spanp{v, Av} (because of py(z),pu(v) # 0, see (6.53)) and therefore

W = spang{z, Az, 7, AT} . (6.58)

‘We now show

WNU=Rz®RD. (6.59)

By Equation (6.58) z,v € w holds, and we have z € Q' C U and 7 € 7?@' C U. This
shows “D” in Equation (6.59). Conversely, let u € WNU be given. Equation (6.58) shows
that there exist a,b,c,d € IR so that u = az + bAz + cv + dAv holds. By the inclusion “D” of
Equation (6.59) we also have

Ul :=az+cv e WnuU

and consequently
WNU > uy :=u—u; =bAz+dAv .

Also by the inclusion “D” of Equation (6.59) we have Aug = bz + dv € W NU and therefore
uz = ug + Aug cWNU and Ug = Uy — Aug cWnu.

We have Aus = us and thus us € V(A). If ug # 0 were the case, we would therefore have
wa(usz) = 0 in contradiction to (6.53). Hence we have uz = 0 and by the analogous argument
also u4 = 0. But ug = ug = 0 implies us = 0 and therefore b = d = 0. This shows
u=az+ cv € Rz ® IRv. Thus Equation (6.59) is shown.

We have T C S(W) and Q' C S(U); therefore it follows from Equation (6.59) that
TNQ CcS(WNU)=SRz® RY) (6.60)
holds.

For (a). We suppose that aN7,Q’ is not A(Q’, p)-isotropic. Because this space is of dimension
1 and we have v € aNT,Q", we then have @y ) (v) # § and therefore by Equation (6.55)
also gr (0) # % . We will now show

TNQ = {+z}; (6.61)

because of (6.56), TN Q" = {p} then follows immediately.
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For the proof of (6.61): It is clear that +z € TN @’ holds. Conversely, we suppose that
u € TNQ' is given. Because of (6.60) there then exist a,b € IR with a? +b> = 1 so that
u = az + bv holds. Because of u € ', we have

0= (u, A'u)g = a® (2, A'2)¢ + 2ab (T, A'2)¢ + b2 (T, AD)¢ .

~ —_—
We have (z,A’z)¢ = 0 because of z € Q' and (v,A’2)¢ = 0 because of v € H.,Q =
(spangy{z})1Y | also we have (0, A'0)¢ # 0 because of @gr (V) # Z. Thus we obtain b =0,
and hence u = £z. This completes the proof of Equation (6.61).

For (b). We now suppose that aN7,Q" is an 2A(Q’, p)-isotropic subspace of T,Q"; in particular
v is A(Q', p)-isotropic, and therefore v is 2A’-isotropic. We now show

TNQ' =SRz & IRY) . (6.62)

Indeed, the inclusion “C” of this equality has already been shown as (6.60). Conversely, we let
u € S(IRz @ IRY) be given, say u = az + bv with a,b € R and a? + b* = 1. Then we have

(u, A'u)g = a® (z, A'2)¢ + 2ab (T, A'2)¢ + b* (7, A0 .

As in the case (a), we have (z,A’z)¢ = (v,A’z)¢ = 0, but now we also have (v, A'V)¢ =0
because v is A'-isotropic. Therefore we have (u, A’u)g =0 and hence u € Q'.

In particular we have u € @, and therefore the vectors

x :=Rea(u) = a Rea(z) + b% eVi and y:=Imu(u) =alma(z) + b% eV
are of length 7 = 1/4/2 by Proposition 2.23(b). Hence we have v = z + Jy = f(z,y) € T,
completing the proof of Equation (6.62).

From Equation (6.62) we obtain
TNQ =nT)Nn(Q) =n(TNQ") =n(S(IRz ® RY)) (6.63)
(note that @’ is saturated with respect to 7). We now show
m(S(IRz ® RY)) = v, (R) . (6.64)
Indeed, by application of (6.15) to the complex t-subspace T,Q" of T,Q we have
aQp(v) =7 - (6.65)
Proposition 5.15 thus shows
Vs €R : v,(s) =m(cos(s)z +sin(s)v) , (6.66)
whence Equation (6.64) follows.

From Equations (6.63) and (6.64) we obtain TN Q" = ~,(IR). Also because of Equation (6.65),
Proposition 5.18 shows that the unit speed geodesic 7, is closed and of minimal period 7 =

3.14... , and hence TN Q' is a circle of radius % . O



166 Chapter 6. Subquadrics




Chapter 7

Families of congruent submanifolds

Among the totally geodesic submanifolds of an m-dimensional complex quadric @ (which we
classified in Chapters 4 and 5), there are two series of families of congruent submanifolds which
are of particular interest: the family of k-dimensional projective subspaces (k < %) contained
in @ (corresponding to the type (I1,k)) and the family of k-dimensional complex quadrics
(k < m) which are totally geodesic in @ (corresponding to the type (G1,k)).

The primary subject of the present chapter is to give these families the structure of a Riemannian
manifold and to study them, in particular as submanifolds of the families of all k-dimensional
projective subspaces resp. complex quadrics contained in the ambient projective space P!,
A large part of these studies is focused on questions from the theory of reductive homogeneous
spaces and of symmetric spaces, see Appendix A.1. In particular, we show in a general setting
that a family of congruent manifolds can be seen as a naturally reductive homogeneous space.
In the specific cases mentioned above, we investigate whether the reductive structure of the
families is induced by a symmetric structure, and whether the families in () are naturally
reductive homogeneous subspaces of the corresponding families in IP™*! .

In Section 7.1, fundamental facts on families of congruent homogeneous subspaces in Riemannian
homogeneous spaces in general are presented. Section 7.2 is concerned with results on congruence
families of projective subspaces and of quadrics in a projective space, and Section 7.3 finally
discusses the corresponding families of projective subspaces and of quadrics which are contained

in a fixed quadric Q.

The following notation should be kept in mind: If My, My, M are sets, f: My x My — M is
a map and pg € My, qo € My holds, we consider the maps f,, : Mo — M, ¢ — f(po,q) and

feo My — M, p— f(p,qo) -

167
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7.1 Families of submanifolds in general

Let M be a connected Riemannian homogeneous space and G be a Lie group which acts on M
transitively and via isometries by the differentiable action ¢ : GXx M — M . Moreover, let N be
a connected, closed homogeneous subspace of M, i.e. the group K :={g € G|p4(Ny) = No }
acts transitively on No. In this situation, K equals the intersection (), (" )~H(Ng) and is
therefore closed in G, hence a Lie subgroup of G (see [Var74|, Theorem 2.12.6, p. 99). Because
Ny is closed in M, it follows therefrom that Ny is a regular submanifold of M ([Var74],
Theorem 2.9.7, p. 80).

In this situation we call the set
§7(No, M) := {pg(No) |g € G }

of submanifolds of M the @-family of submanifolds induced by Ny. In the case where G is
the isometry group of M and ¢ its canonical action on M , we also speak of the congruence
family §(No, M) of submanifolds induced by Ny .

Proposition. There is a unique differentiable structure on §¥(No, M) which is for any N €
F9(No, M) characterized by the fact that YN : G — F¥(No, M) is a surjective submersion.
With respect to this differentiable structure, also the transitive action ¥ : G X F?(No, M) —
§¥(No, M), (g, N) — @4(N) is differentiable.

Proof. Because K is closed in G, the quotient G/K carries the structure of a differen-
tiable manifold ([Var74], Theorem 2.9.4, p. 77), which we transfer onto §¥(Np, M) by the
G-equivariant bijection G/K — F¥(No, M), g- K — ¢No(g). With respect to this differen-
tiable structure, v is differentiable and ¢™o : G — F¥(Ny, M) is a surjective submersion (see
[Var74], Lemma 2.9.2, p. 76).

If now N € §(No, M) is given, there exists go € G so that N = (go, No) holds; we then
have 9N = ¢Noo Ry, with the diffeomorphism Ry, : G — G, g — g - go, and therefore also
YN G — FP(Ng, M) is a surjective submersion.

It is clear that there can be only one differentiable structure on §¥(Ng, M) so that ¢V : G —
§%(No, M) is a surjective submersion for some given N € F¥(Ny, M). O

Proposition 7.1 shows that §¥(Np, M) is a homogeneous G-space. We now wish to construct
the structure of a naturally reductive homogeneous space (see Section A.1) on F¥(Ny, M) . For
this purpose, let us denote the Lie algebras of G and K by g and £, respectively.

We consider the more special situation that the Lie group homomorphism 7: G — I(M), g —
g is a covering map onto an open subgroup of I(M) (meaning that its linearization 77, : g —
i(M) is an isomorphism of Lie algebras) and that M is a Riemannian symmetric G-space of
compact type (see Section A.3 and Definition A.4), meaning in particular that the Killing form

w:gxg— R, (X,Y) tr(ad(X) cad(Y))

of g is negative definite.
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7.2 Proposition. With m = ¢ = {X € g|VY € ¢ : »(X,Y) = 0}, (No,m) is a reduc-
tive datum for the homogeneous G-space §¥(No, M) (see Appendix A.1) and —3 induces a
G-invariant Riemannian metric on F9(No, M) . In this way F¥(No, M) becomes a naturally
reductive homogeneous G-space.

Proof. As s is Ad(G)-invariant and ¢ is Ad(K)-invariant, m is an Ad(K)-invariant subspace
of g satisfying g = €@ m, therefore (Np,m) is a reductive datum for F¥(Ny, M) . The positive
definite bilinear form —|(m x m) induces a G-invariant metric on F¥(No, M) because it is

Ad(K)-invariant; thereby §¥(Ng, M) becomes a Riemannian homogeneous G-space.

Because ad(X) : g — g is skew-symmetric with respect to s for any X € g, we have
VX, Y, Z em : »([Z,X],Y)+ »(X,[Z,Y]) =0;

because £ and m are orthogonal with respect to s,
VXY, Z em : »#([Z, X]m,Y)+ 2(X,[Z,Y]m) =0

follows, where Xy, denotes the projection of X € g onto m along £. The latter formula shows
that §¥(No, M) is naturally reductive; see [KN69], Theorem X.3.3(2), p. 201. O

7.3 Remark. (a) In general, §¥(Np, M) does not become a symmetric space in this way, as the
examples of Theorems 7.5 and 7.11 will show.

(b) Put G’ := 7(G), by hypothesis this is an open subgroup of I(M) which still acts transi-
tively on M , and denote by ¢’ : G’ x M — M the canonical action. Then the previous
constructions can also be applied to (G’,¢’) in the place of (G, ), giving rise to a natu-
rally reductive space §¢ (N, M) .

In this setting, §¥(No, M) and S‘P/(NO, M) coincide as Riemannian manifolds. Denoting
this manifold by §, (idg,7) is an almost-isomorphism of naturally reductive homogeneous
spaces from the G-space F¥(Ny, M) onto the G'-space {E“’/(No, M) (see Section A.1).

Proof. 1t is clear that §¥(No, M) and Swl(No,M) coincide as sets, and that (idg,7) is an almost-
isomorphism of homogeneous spaces from the G-space §¥(No, M) onto the G’-space S‘”/ (No, M) . Because
of Proposition A.1(b), the latter fact shows in particular that §¥(No, M) and L 1d (No, M) coincide as
differentiable manifolds. Denoting the objects belonging to (G’,¢’) by appending a prime (’) to the symbol
for the corresponding object belonging to (G, ), we now have 7 '(K’) = K , therefore 7|K : K — K’ is
a covering map of Lie groups, and hence

T1,(8) = ¢ (7.1)

holds. Because the Lie algebra isomorphism 77, : g — i(M) satisfies
VX,Y €g : ' (m(X), 70 (Y)) = #(X,Y), (7.2)

it follows from (7.1) that also 7r(m) = m’ holds, and therefore (idz,7) is an almost-isomorphism of
reductive homogeneous spaces. Now Equation (7.2) also shows that the Riemannian metrics on §%(No, M)
and on S"P/(NO,M ) are equal, and therefore (idz,7) is an almost-isomorphism of naturally reductive
homogeneous spaces. O
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7.2 Congruence families in the complex projective space

From the point of view of algebraic geometry, the simplest submanifolds of the complex projective
space are those defined by linear equations, namely the projective subspaces, and those defined
by quadratic equations, namely the complex quadrics. In the present section we investigate
the congruence families induced in a complex projective space by these submanifolds. It will
turn out that the congruence families induced by complex projective spaces are isomorphic to
complex Grassmannians and therefore not very interesting. However, the congruence families
induced by complex quadrics provide more interesting examples.

We introduce some notations:

Let V be a unitary vector space of complex dimension n > 2. As usual, we denote the complex
structure v — i-v of V by J, and the complex inner product of V by (-, )@ . The latter
induces the real inner product (-, -)r := Re({-, -)¢) and thereby the norm |jv||. We also
consider the Hopf fibration 7 :S(V) — IP(V), this is a Hermitian submersion.

For every k € {1,...,n — 1}, let G(V) denote the Grassmannian manifold of k-dimensional
complex subspaces of V, which is known to be a Hermitian symmetric space of type Alll (see
[Hel78], p. 518). For every V € G¢(V), we put [V]:={m(v)|v € S(V)}, this being a (k—1)-
dimensional projective subspace in IP(V). If, on the other hand, A is a (k — 1)-dimensional
projective subspace of IP(V), then A:={X-v|A€R, ven L(A)} is an element of G4(V).

As before, we use the notation B € I;,(IP(V)) for the holomorphic isometry corresponding to
B e U(V) by Bom =mo (B|S(V)). Every holomorphic isometry of IP(V) is obtained in this
way. If G is a subgroup of U(V), we put G := { B| B € G }; this is a subgroup of the group
I,(IP(V)) of all holomorphic isometries of IP(V).

We note that SU(V) acts transitively and via holomorphic isometries on IP(V) by the action
¢ :SUV) xP(V) = IP(V), (B,p) — B(p); moreover IP(V) is a Hermitian symmetric SU(V)-
space of compact type and 7 : SU(V) — I(IP(V)), B — ¢p is a covering map onto I,(IP(V)) =
I(IP(V))p = SU(V). It will turn out that already SU(V) acts transitively on the congruence

families we consider in the sequel, and we can therefore consider these congruence families as

naturally reductive homogeneous SU(V)-spaces in the way described in Section 7.1.

Projective subspaces in IP(V). Wefix k € {1,...,n—1}. The set of k-dimensional projec-
tive subspaces of IP(V) forms a congruence family in IP(V), which we denote by F(IP*,IP(V)).
Because SU(V) acts transitively and by holomorphic isometries on F(IP*,1P(V)) via the action
Y : (B,A) — B(A), we consider §(IP*,IP(V)) as a naturally reductive homogeneous SU(V)-
space in the way explained above.

As the following theorem shows, the congruence family F(IP¥,IP(V)) is isomorphic to the com-
plex Grassmannian Gj11(V); of course this fact completely describes the geometry of this
family.
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7.4 Theorem. The map
0 : Grp1(V) = F(IPE IP(V)), V — [V] (7.3)

is an isomorphism of naturally reductive homogeneous SU(V)-spaces.

Thus we see that by transferring the Hermitian symmetric structure of Gry1(V) onto
F(P* IP(V)) wia 0, F(AP*,P(V)) becomes a Hermitian symmetric SU(V)-space (of type Alll
as in [Hel78], p. 518 and of complex dimension (k+ 1)(n —k — 1) ) whose symmetric structure
is compatible with its original reductive structure.

Proof. 1t is clear that 6 is SU(V)-equivariant, and therefore an isomorphism of homogeneous
SU(V)-spaces; in particular the isotropy groups of the SU(V)-actions on Gj41(V) and on
F(IP* IP(V)) at corresponding points coincide. Because for both Gy, 1(V) and F(IP* IP(V)),
the reductive structure at some point is the orthocomplement of the Lie algebra of the isotropy
group at that point with respect to the Killing form, it follows that 6 is an isomorphism of re-
ductive homogeneous SU(V)-spaces. Because also the Riemannian metric of both spaces is the
one induced by the Killing form, we see that 6 is in fact an isomorphism of naturally reductive
homogeneous SU(V) spaces. The remaining statements are obvious. O

Complex quadrics in IP(V). We wish to study the set of k-dimensional (symmetric) com-
plex quadrics (in the sense of Definition 6.1(a)) contained in IP(V); it will turn out that this
set is a congruence family in P(V).

7.5 Theorem. Let k€ {1,...,n—2}.

(a) The set of k-dimensional complex quadrics in IP(V) is a congruence family, which we

denote by F(QF, TP(V)). Already SU(V) acts transitively on F(QF P(V)).

(b) In the way described in Section 7.1, F(QF P(V)) is a naturally reductive homogeneous
SU(V)-space. Its dimension is 2(n —1)(k +2) — 2(3k + 4)(k +1)..

(c) (i) In the case k < n — 2, the naturally reductive structure on F(QF,IP(V)) is not
mnduced by a symmetric structure.

(ii) In the case k =n—2, we now regard F(Q" 2, IP(V)) as a naturally reductive homo-
geneous I (IP(V))-space via the construction of Section 7.1. This naturally reductive
homogeneous structure on F(Q" 2, IP(V)) is induced by a symmetric structure and
in this way F(Q"2,1P(V)) is an irreducible Riemannian symmetric space of type Al;
this means that its universal cover is isomorphic to SU(n)/SO(n), see also [Hel78],
p. 518.

The naturally reductive homogeneous structures induced on F(Q" 2, P(V)) by
In(IP(V)) and by SU(V) are “isomorphic” in the way described in Remark 7.3(b).

7.6 Remark. The Riemannian symmetric space F(Q" 2, 1P(V)) of (c)(ii) cannot be equipped with
a complex structure so that it becomes a Hermitian symmetric space, see [Hel78], p. 518.
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For the proof of Theorem 7.5 we will use a more efficient way to describe k-dimensional complex
quadrics in IP(V) than the one provided by Definition 6.1(a). For this purpose we introduce
the concept of a partial conjugation:

Definition. A partial conjugation on V is an anti-linear map A :V — V which is self-adjoint
with respect to {(-,-Yr and which satisfies A3 = A. If A is a partial conjugation on V , we put
V(A) := Eig(A4,1).

Proposition. (a) Let A be a partial conjugation on V. Then the real rank of A is necessarily
even, A(V) =: U and ker(A) are complex, A-invariant subspaces of V, we have V =
ker(A) & U, and A|U : U — U is a conjugation on U in the sense of Section 2.1.

(b) An anti-linear map A : V — V which is self-adjoint with respect to (-,-)mr 1is a partial
conjugation on V if and only if A|A(V): A(V) — A(V) is a conjugation on A(V) in the

sense of Section 2.1.

In the sequel, we denote the set of partial conjugations on V which are of real rank 2k by
Cong(V); we have Con, (V) = Con(V) by Proposition 7.8(b). When we wish to emphasize the
difference between the more general concept of the partial conjugations of Definition 7.7 and
the concept of the conjugations of Section 2.1, we call the latter full conjugations.

Proof of Proposition 7.8. For (a). Because A is self-adjoint with respect to (-,-)m, A is real diagonalizable and

the eigenspaces of A are pairwise orthogonal; because of the equation A% the only possible eigenvalues of

A are —1,0,1. Therefore we have
V = Eig(4,0) © Eig(4, 1) © Big(4, —1) . (7.4)
Moreover, because A is anti-linear, we have

VA €IR : Eig(A4,—)\) = J(Eig(4,))) . (7.5)

It follows from Equation (7.5) that ker(A) = Eig(A,0) is a complex subspace of V; clearly this space is A-
invariant. From Equation (7.4) it follows that

U := A(V) = Big(4,1) © Eig(4, —1) (7.6)

and V = ker(A) & U holds. We see from Equation (7.6) that U is A-invariant; U is complex because of
Equation (7.5). Finally, (7.6) also shows that A|U is an anti-linear isomorphism on U, hence the equation
A% = A implies (A|U)? =idy , whence it follows by application of Proposition 2.3(h) to A|U that this map is a
full conjugation on U .

For (b). Let A:V — V be an anti-linear map which is self-adjoint with respect to (-,-)m . It has already been
shown in (a) that if A is a partial conjugation on V, then A|A(V) is a full conjugation on U := A(V).

Conversely, we now suppose that A|U is a full conjugation on U. Then we have to prove that A is a partial
conjugation on V, and for this it only remains to show that A% = A holds. Because A is anti-linear and self-
adjoint, ker(A) and U are complex, A-invariant subspaces of V and we have V = ker(A) & U . For any given
v € V there thus exist unique vker € ker(A) and vy € U so that v = vker + vy holds, and we have

A% = A (Aves + Avw) = A%(Avg) © Avy = Avier + Avy = Av
ceU

here the equals sign marked (*) follows from the fact that AU : U — U is a full conjugation. Thus we have
shown A* = A. O



7.9

7.2. Congruence families in the complex projective space 173

In generalization of the corresponding definitions from Sections 1.1 and 1.2 we define for any
A € Cong4o(V) (where k> 1):

QA) == {z € A\ {0} {2, Az)g =0}, Q(4) = Q(A)NS(V) and Q(A) = (Q(A)) .

Q(A) is a k-dimensional complex quadric of IP(V) (in the sense of Definition 6.1(a)) and
obviously, every k-dimensional complex quadric in IP(V) is obtained in this way.

By generalization of Propositions 1.10 and 1.11 we have:

Proposition. (a) Let A € CA()nk+2(V) and B € UV YUU(V) be given.'® Then we have A’ :=
BAB™! € Congy(V), Q(A) = B(Q(A)), Q(A") = B(Q(A)) and Q(A') = B(Q(A)).
Moreover,

Cony42(V) = {BAB™'|B € U(V)} (7.7)
holds.

(b) For A, Ay € Congi2(V), we have

Q(A]) =Q(A;) «— 3IreSt:Ay=)-4,.

Proof. For (a). Let A € Congi2(V) and B € U(V)UU(V) be given. Then A’ := BAB™! is anti-linear, self-
adjoint with respect to (-,-)r and of real rank 2(k + 2). Moreover, we have (A’)> = (BAB™')* = BA*B~! =
BAB™' = A’ and therefore A’ € Cong12(V). The statements on Q(A’), Q(A’) and Q(A’) are now obvious.

For Equation (7.7): The inclusion “2” has already been shown. For the converse inclusion, let A, A’ € Cong42(V)
be given. We choose orthonormal bases (a1, ..., ar+2) of V(A) and (ay,...,a) ) of V(A'), as well as unitary
bases (@kt1,...,an) of ker(A) and (ajyq,...,ay,) of ker(A’). Then B := (ai,...,a,) and B’ := (ai,...,a;)
are unitary bases of V, and if B € U(V) denotes the unitary map which transforms B into B’, we have
A'=BAB™'.

For (b). The implication “<=” is obvious. For the opposite implication, let A1, A2 € Cong42(V) be given so that
Q(A1) = Q(As2) and therefore Q(A1) = Q(Az2) holds. By Proposition 2.27 there exist bases of A1(V) resp. of
As(V) which consist of elements of Q(A;) resp. of Q(As), and therefore the hypothesis Q(A1) = Q(Asz) implies
A1(V) = A2(V) =2 U. Q(A1|U) = Q(A2|U) is a (symmetric) complex quadric in IP(U) in the sense of Chapter 1
and therefore Proposition 1.10 shows that there exists A € S* so that Aa|U = \- A1|U holds. We also have
AU = 0= A2)U* and therefore A> = \- A; follows. O

Proof of Theorem 7.5. For (a). We denote the set of k-dimensional complex quadrics in IP(V)
by 9 and let @ € Qp be given. Then there exists A € Cong,2(V) so that @ = Q(A) holds.
We will now show

{f(Q)[feIP(V)} CcQr C{B(Q)|BeSUV)}. (7.8)

Because of SU(V) = I},(IP(V)) C I(IP(V)) it then follows that both inclusions in (7.8) are in fact
equalities. Thus we see that I(IP(V)

) acts transitively on £j, therefore £, is a congruence
family, and that already SU(V) acts (via B+ B) transitively on this family.

For the proof of the first inclusion in (7.8), we let f € I(IP(V)) be given. f is either holomorphic
or anti-holomorphic, moreover there exists a unitary or anti-unitary transformation B :V — V

8Remember that U(V) denotes the set of anti-unitary transformations of V.
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so that f = B holds. Then we have BAB~! € Cony2(V) by Proposition 7.9(a) and therefore
f(Q)=B(Q)=Q(BAB™") € Q.

For the proof of the second inclusion in (7.8), we let Q' € Q be given. Then there exists
another partial conjugation A’ € Cong42(V) so that Q" = Q(A’) holds. By Equation (7.7)
in Proposition 7.9 it follows that there exists B € U(V) with A’ = BAB~!. If we choose
A € S! so that det(AB) = 1 and therefore AB € SU(V) holds, we have AB(Q) = B(Q) =
Q(BAB™1) = Q(A4’) = @', and therefore Q' is a member of the right-hand set in (7.8).

Henceforth, we will denote the congruence family £, by F(Q*,IP(V)).

For (b). It follows from the introductory remarks of the present section and the fact that already
SU(V) acts transitively on F(Q*,IP(V)) (see (a)) that F(QF,IP(V)) can be equipped with the
structure of a naturally reductive homogeneous SU(V)-space in the way described in Section 7.1.

Again we fix Q € F(Q*,IP(V)), say Q = Q(A) with A € Cony,2(V). Then the isotropy group
K of the action of SU(V) on F(QF,IP(V)) is in block matrix notation with respect to the
decomposition V= U & ker(A) with U := A(V) given by

K:{ (AB%J 0) By € O(V(A)), Bs € U(ker(A)), AeSl} |
0 By

7.9
)\k+2 det(Bl) det(Bg = ( )
Indeed, suppose that B € K is given. Then we have B € SU(V

)
) and Q(BAB™') = B(Q) =
Q = Q(A); by Proposition 7.9(b) it follows that there exists A € S! so that BAB™! = )\2 4
holds. We then have

B(V(A) =V(BAB™) =V(\2A) = \V(A),

whence it follows that By := (A™! B)|V(A) € O(V(A)) holds. Moreover, it follows that B
leaves U and therefore also U+ = ker(A) invariant; thus we have By := B|ker(A) € U(ker(A))

and clearly B = (B T 9 holds. Finally, because of B € SU(V) we have
0 B

1 = det(B) = A2 . det(BY) - det(By) = N2 . det(B)) - det(Bs) .
Thus, the inclusion “C” of Equation (7.9) is shown; the inclusion “D” is obvious.
It should be noted that in the right-hand side of Equation (7.9), A € S can attain only discrete
values for each pair (B, Bz). Therefore we have

dim K = dim O(V(A)) + dim U(ker(A)) = 1(k +2)(k + 1) + (n — k — 2)*
and hence
dim §(Q*, IP(V)) = dim SU(V) —dim K =(n* — 1) = (3 (k + 2)(k + 1) + (n — k — 2)?)
=2(n—1)(k+2)— 3k +4)(k+1) .

For (c)(i). We first show that the Lie algebra ¢ of K is (again in block matrix notation with
respect to the decomposition V = U & ker(A) ) given by

. XCra)JIU 0o
B 0 Y

X €o(V(A), Y € u(ker(A))} (7.10)
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with the IR-linear form « : u(ker(4)) — R, Y —
anti-Hermitian and therefore we have trg Y € ilR).

rratreY (note that Y € u(ker(4)) is

For the proof of Equation (7.10) we first note that the right-hand side £ of Equation (7.10) is a
linear subspace of su(V) whose dimension equals dim(K); therefore it suffices to show ¢ C ¢,
and for this it is in turn sufficient to prove exp(¥) C K, where exp is the usual exponential

map. For this we let Z € € be given, say Z = (XCJFO‘(()Y)JWS) with X € o(V(A)) and
Y € u(ker(A)), and put B :=exp(Z). Along with Z, B leaves U and ker(A) invariant. We
have

exp(a(Y) J|U) = > o) (J|U)
k=0

g

2k idy + Z (2k+1)| Oé 2k+1 (J|U)

— cos(a¥ ) dy + sin(alY ) (1) = ¢ idg

and therefore
B|U = exp(Z|U) = exp(XE +a(Y)J|U) € exp(XT) - exp(a(Y)J|U) = ) . exp(X)® = A- BE

with X := ) € S! and B; := exp(X) € O(V(A)); here the equals sign marked () follows
from the fact that the endomorphisms X® and a(Y)J|U of U commute. Moreover, we have

Bj|(ker A) = exp(Z| ker A) = exp(Y) =: By € U(ker A)

and

)\k+2 det(Bl) det(Bg) — e(k+2)io¢(Y) etr(X) 6tr(Y) -1
by the definition of the linear form « and the fact that we have tr(X) = 0 because of X €
o(V(A)). It follows that exp(Z) € K holds, compare Equation (7.9).

Let now m = £ be the reductive structure of F(Q*,IP(V)) at the point @ as described in
Proposition 7.2(a). Then we have m = m; & my with

- )

C
and mgy = { (J OOX 8) ‘ X € End(V(A)),tr X = 0} .

Z:U — ker A complex—linear} (7.11)

For the proof of this statement, we first note that my Nmy = {0}, m; & me C su(V) and
dim(€) + dim(m;) + dim(my) = dim(su(V)) holds; therefore it suffices to show that m; and ms
are orthogonal to € with respect to the Killing form 3¢ of su(V). For this purpose we choose
an orthonormal basis (ay,...,ar+2) of V(A). Then (ay,...,ar+2) also is a unitary basis of
U, which we expand to a unitary basis (ay,...,a,) of V. We have (see [IT91], p. 60)
n
V71,25 € su(V) : (21, Z2) = (—2n) - Y (Ziay, Zoay)m (7.12)
v=1
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Because the elements of ¢ leave the perpendicular, complementary spaces U and ker A in-
variant, whereas the elements of m; interchange these spaces, it immediately follows from
Equation (7.12) that m; is sc-orthogonal to £. Now let Z; = (Xc+aéY)J|U3) € t (with
X~€ o(V(A4)) and Y € u(ker(A))) and Zy = (Jogfc 8) € my (with X € End;(V(A)) and
tr X = 0) be given. Then we have by Equation (7.12):

n

—5 - #(Z1, %) = Z(Zmu, Zaay )R
v=1
k42 N ~ .
= Z((Xa,, ,IXay)r + (a(Y) Jay, JXa)r) = oY) -trX = 0.
—~ N——

=1 ev(a) esv(a
This completes the proof that ms is sz-orthogonal to €.
We now consider the endomorphisms D, E:V — V given by
Day = Jai, Das = —Jas, Daj =0 for j >3
and F =a; Aages, ie.
Eay = —apts3, Eagys = a1, Ea; =0for j € {2,...,n}\{k+3},

respectively. We have D € my C m and F € m; C m. However, a simple calculation shows
[D, Ela; = Jagys and therefore [D, E] ¢ €. Thus, we have [m,m] ¢ £, showing that the reduc-
tive structure of F(Q¥,IP(V)) can not be induced by a symmetric structure on F(QF,IP(V)).

For (c)(ii). In the case k =mn — 2, we have ker A = {0} and hence A is a full conjugation on
V. From Equation (7.9) and Proposition 2.17(a) we see that

K ={AB e SU(V)|B € Auty(A), A € S', \" =det(B)} (7.13)

holds, where 2 := S!- A is the CQ-structure induced by A ; therefrom it follows that we have
K() = Auts(Ql)o .

We now regard F(Q" 2, IP(V)) as an I,(IP(V))-space. To justify this claim, we note that
because of I;(IP(V)) = SU(V), I,(IP(V)) acts transitively on F(Q" 2,IP(V)); the isotropy
group of this action at the point @ is K = Auts(2A). Moreover 7 : SU(V) — I,(IP(V)) =
I(IP(V))g, B+ B is a covering map of Lie groups, and therefore the actions of the Lie groups
SU(V) and of I,(IP(V)) on F(Q" 2,IP(V)) induce “isomorphic” naturally reductive structures
on F(Q" 2, IP(V)) as was explained in Remark 7.3(b) (K’ = K).

Let us now consider the anti-holomorphic isometry A : IP(V) — IP(V) and the involutive Lie
group automorphism

o: L(IP(V)) = I,(IP(V)), f— Ao foA™l. (7.14)

It is easily seen that Fix(c) = Auts(A) = K holds, and therefore o gives rise to a

symmetric space structure on the Ij,(IP(V))-space F(Q" 2,IP(V)). The reductive structure
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m? = Eig(or,—1) induced by this symmetric structure is orthogonal to the Lie algebra

t = Eig(or,1) of K with respect to the Killing form 3 of I,(IP(V)) = SU(V) (indeed,
or, is a Lie algebra automorphism, and therefore we have for every X € m? and Y € ¢:
#©(X,)Y) = x(op(X),0.(Y)) = 2(—X,Y) = —x(X,Y) and hence x2(X,Y) = 0), whence
m? = ¢ follows. Therefore the symmetric structure on F(Q" 2, 1P(V)) defined by ¢ induces

the original reductive structure on this space.

It remains to show the statement on the universal cover of F(Q"~2,IP(V)). For this, we consider
the homogeneous SU(V)-space SU(V)/K( and the involutive Lie group automorphism

o :SU(V) = SU(V), B AoBo A™!; (7.15)

we have Fix(c) = Auts(A)g = Ko, and therefore o induces a symmetric structure on

SU(V) /Ky .

Because SU(V) is simply connected and K is connected, SU(V)/Kj is simply connected, as
can be read off the exact homotopy sequence for the fibre bundle SU(V) — SU(V)/K(,. Moreover
Ky = Auts(20)o is isomorphic to SO(n) (see Proposition 2.17(a)), and therefore SU(V)/Ky is
isomorphic to SU(n)/SO(n).

We now consider the covering map ¢ : SU(V)/Ky — SU(V)/K (whose number of leaves equals
the number of connected components of K ) and note that the group covering map 7 : SU(V) —
I,(IP(V)) gives rise to a map 7 : SU(V)/K — I,(IP(V))/K so that the following diagram

commutes:
idsu(v)

SU(V) SU(V) ——— L(IP(V))

l | l

SU(V)/Eo —~SU(V)/K —— I,(IP(V)) /K ;

here the vertical arrows represent the canonical projections. Both SU(V)/K and I,(IP(V))/K
are isomorphic to F(Q"2,1P(V)), and Remark 7.3(b) shows that 7 corresponds to the identity
map on F(Q"2,IP(V)) under these isomorphisms. In particular, 7 is a diffeomorphism.

From the commutativity of the diagram it follows that (7 0, 7) is a homomorphism of homo-
geneous spaces; moreover from (7.14) and (7.15) it is seen that 700 = o o7 holds, and therefore
(£ o, 7) is in fact a homomorphism of symmetric spaces from the SU(V)-space SU(V)/K)
onto the I, (IP(V))-space I,(IP(V))/K ; moreover T o1 is a covering map.

Because the I;(IP(V))-spaces I,(IP(V))/K and F(Q" 2 IP(V)) are isomorphic as symmetric
spaces, we therefore see that 7 o1 gives rise to a covering map of symmetric spaces from
SU(V)/Kq onto F(Q"2,1P(V)); remember that SU(V)/Kjy is isomorphic to SU(n)/SO(n). O

7.3 Congruence families in the complex quadric

Continuing to use the notations of Section 7.2, we now suppose that (V,2) is a CQ-space and
consider the complex quadric @ := Q) in IP(V). @ now plays the role of the ambient
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space, in which we will study congruence families induced by projective subspaces or complex
quadrics contained in Q. These families will turn out to be nice submanifolds of F(IP* IP(V))
and F(QF,IP(V)), respectively. We put m := dim¢ Q = n — 2 and suppose m > 3 (so that
every isometry of @) is either holomorphic or anti-holomorphic, see Theorem 3.23(c)).

We note that Autg(2A)o acts transitively and via holomorphic isometries on @ by the action
¢ Auts(A)g x Q@ — Q, (B,p) — B(p) (see Proposition 3.9); moreover ) is a Hermitian
symmetric Auty(2A)o-space of compact type and 7 : Auts(A)g — I(Q), B — ¢p is a covering
map onto I(Q)o = I(Q)o, see Theorem 3.23(a). It will turn out that Auts()o acts transitively
on the connected components of the congruence families we consider, and thus we will regard
them as naturally reductive Aut,(2l)o-spaces in the way described in Section 7.1.

Totally geodesic complex subquadrics in Q. We fix k € {1,...,m — 1}. As we saw
in Chapter 6, the set of k-dimensional complex subquadrics contained in ) does not form

a single congruence family, but rather an infinite multitude of such families parametrized by
' q
congruence family given by ¢ = 0, i.e. the congruence family of those k-dimensional complex
subquadrics of @) which are totally geodesic submanifolds of @ (of type (G1,k)). We denote

this congruence family by g(Qfg, Q).

the characteristic angle ¢ € [0, %], see Theorem 6.6 and Corollary 6.17. Here we study the

Theorem. (a) Already Auts(2)o acts transitively on S(Qfg, Q) via T, and therefore we con-
sider %’(Qfg, Q) as a naturally reductive homogeneous Auts()o-space as described in Sec-
tion 7.1. As such, F(QF,,Q) is isomorphic to the real Grassmannian Gji2(V (A)) (where
A € ). In particular, the reductive structure of S(Q%,Q) is induced by a symmetric
structure. We have dimp 3(@{39, Q)=(k+2)(m—k).

(b) S(Q,’fg,Q) is a compact, connected submanifold of F(QF,IP(V)). As a reductive homoge-
neous space, it is a subspace of F(QF,P(V)), and therefore, it is a totally geodesic submani-
fold of F(QF,P(V)); moreover the Riemannian metric of S(Qfg, Q) is the %—fald of
the Riemannian metric induced by F(Q*,P(V)).

Proof. In the following, we fix A € 2. For (a). For every V' € Gp2(V(A)), V'@ JV' is a
(k + 2)-dimensional CQ-subspace of V and therefore we have Q N [V' & JV'] € S’(Qfg, Q) by

Lemma 5.8. We now consider the map
I Gra(V(4) = 3(Q1, Q), V= QN [V @ IV

f is surjective because of Proposition 5.10. f is also injective: Suppose that V{,Vj €
Gri2(V(A)) are given with f(V]) = f(V4). For ¢ € {1,2} we consider the partial conjugation
Ay € Conyyo(V) characterized by Ay|(V) @ JV)) = A|(V/ @ JV]) and A,|(V] & JV))* = 0;
then we have Ay(V) =V/® JV/ and Q(A¢) = f(V}/). By hypothesis we have Q(A;) = Q(A2),
hence there exists A € S! with A; = X\ Ay by Proposition 7.9(b). Therefrom A;(V) = A3(V)

follows. We now obtain
Vi=(V/eJV))NV(A) =4 (V)NV(A) = A(V)NV(A) =(ViaeJVy) NV(A) =V,

completing the proof of the injectivity of f.



7.3. Congruence families in the complex quadric 179

The Lie group SO(V(A)) acts transitively on Ggi2(V(A)), and the Lie group Auts()o acts
transitively on §(QF,,Q) via 7 (see Corollary 6.17(b)). Moreover, with the isomorphism of
Lie groups SO(V(A)) — Auty(A)g, L — LU (see Proposition 2.17(a)), (f,F) is an isomor-
phism of homogeneous spaces from the SO(V (A))-space Gi2(V(A)) onto the Auty(2A)o-space
§(Qf, Q).

Because on both Gjiy2(V(A)) and on F(QF,, Q) , the reductive structure is given by m = g+
via the Lie algebra £ of the respective isotropy group and the Killing form s of the acting
group, and because on both spaces the Riemannian metric is induced by the Killing form,
(f,F) is in fact an isomorphism of naturally reductive homogeneous spaces. In particular, we
have dim S(Qfg, Q) = dim G, 2(V(A)), which gives the formula for the dimension.

For (b). The Lie group G := SU(V) acts (transitively) on §(Q¥,IP(V)), hence the Lie subgroup
G’ := Auty(A)o of G also acts on F(QF,IP(V)), and the set F(QF,, Q) is an orbit of the latter
action. Considering S’(Qfg, Q) in this way, it is a differentiable submanifold of F(Q*,1P(V));
its differentiable structure is characterized by the fact that for fixed Q' € S(Qfg, Q) , the map
G — §(Qf,,Q), B B(Q') is a surjective submersion. Therefore this differentiable structure
coincides with the original differentiable structure on the family B’(Qfg, Q) defined in Proposi-
tion 7.1. Because G’ is compact and connected, g(QfQ,Q) is a compact, and hence regular,
connected submanifold of F(QF, P(V)), also see [Var74], Theorem 2.9.7, p. 80. The inclusion
map S(Qfg, Q) — F(QF,IP(V)) is equivariant with respect to the action of G’, and hence it fol-
lows that the homogeneous G’-space § (Q,’fg, @) is a homogeneous subspace of the homogeneous

G-space F(QF, IP(V)).

The reductive structure of the SO(V(A))-space G12(V(A)) at V' € Gr12(V(A)) is in block
matrix notation with respect to the decomposition V(A4) = V' @ (V/)-V(4) given by

)

Under the isomorphism (f, F') of reductive homogeneous spaces, this space is transformed into
the reductive structure of the G’-space S(Qfg,Q) at the “point” Q' := f(V') € S(Q%,Q),

which is therefore given by

I 0 _(ZC)*
mEylze o

where A’ € Congyo(V) is the partial conjugation characterized by A'|(V' & JV') = A|(V' &
JV') and A'|(V' @ JV')+ = 0, and where the block matrix is to be read with respect to the
decomposition V = A'(V) @ ker A’; note that V(A’) = V’ holds. If we denote the reductive
structure of the G-space F(QF,P(V)) at Q' € S(Q,’fg, @) by m = m; ® my as in the proof of
Theorem 7.5(c)(i), we now see by comparison with Equation (7.11) that m’ C m;y C m holds.
Thus F(QF,, Q) is a reductive homogeneous subspace of F(Q*, IP(V)).

Z:V — (V)EVA linear} .

Z:V(A) — (ker A NV(A)) linear} ,

Moreover, if we denote the usual scalar product of endomorphisms by ((,-)) , the Killing forms of
g’ and of g are given by (X,Y) — —m-(X,Y)) and (X,Y) — —2(m+2)-(X,Y)), respectively
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(see Proposition 2.17(a) and [IT91], p. 60). It follows from this fact that the Riemannian metric

of F(QF,, Q) is the 5may-fold of the Riemannian metric induced by § (QF,IP(V)). O

Projective subspaces in Q. We now suppose k < . As we saw in Section 5.5, there

exist k-dimensional complex-projective subspaces of IP(V) which are contained in @ ; they are
exactly the totally geodesic submanifolds of @ of type (I1,k).

We now characterize the position of these subspaces in the following way: Put @ = @(Ql) and
denote by

Gi+1(V, Q) ={U € G111 (V) [S(U) Cc @}
the set of complex-(k + 1)-dimensional, isotropic subspaces of V. Note that G1(V, @) =Q
holds. Denoting for any A € F(IP*, IP(V)) by A € Gy1(V) the linear space characterized by
[A] = A, we therefore have

VA € F(PF,IP(V)) : (ACQ <= A€Gr(V,Q)). (7.16)

For each U € Gj11(V, QV) and any A € 2 there exists a partial complex structure j: V(A) —
V(A) (i.e. a skew-adjoint endomorphism with j3 = —j) of rank 2(k + 1) so that

U={z+Jjz|zei(V(A)} (7.17)

holds; note that j|j(V(A)) is an orthogonal complex structure on j(V(A)). Conversely, for ev-
ery partial complex structure 5 on V(A), the corresponding space U defined by Equation (7.17)
is a member of Gi1(V,Q).

Proof of the last statements. Let U € Gr4+1(V, @) be given. By Proposition 2.20(e),(f) there exist a 2(k + 1)-
dimensional subspace Y C V(A4) and an orthogonal complex structure 7: Y — Y sothat U = {z+Jrz|z €Y }
holds. Let j: V(A) — V(A) be the linear map characterized by j|Y = 7 and j|Y* = 0. Then j is a partial
complex structure of rank 2(k + 1) so that Equation (7.17) holds.

Conversely, if a partial complex structure j : V(A) — V(A) is given, we have (z + Jjz, A(z + Jjz))e =
(x + Jjz,x — Jjz)e = (z,z)c — (jz, jr)c = 0 for every = € j(V(A)) and therefore the space U corresponding
to j is indeed isotropic. O

7.11 Theorem. (a) I(Q) acts transitively on the set of k-dimensional projective subspaces con-
tained in @Q, and therefore this set forms a congruence family, which we denote by
F(P*, Q). In fact, already Auty(A) acts transitively on F(IP* Q) wia the two-fold
covering map Autg(A) — In(Q), B — B|Q.

(b) FAP*,Q) is a complex, compact submanifold of FAP*,IP(V)). It is of complex dimension
3 (k+1)(2m — 3k) and thus of complex codimension - (k+1)(k+2) in F(IPF,P(V)).

(c) If 2k < m, the manifold F(AP*,Q) is connected; if 2k = m , it consists of exactly two
connected components. In either case, Auts()o acts transitively on the connected com-
ponents of 3’(IPk, Q) , and they will therefore be considered as naturally reductive homoge-
neous Auts(A)o-spaces in the way described in Section 7.1. Furthermore:

19 %(IP*, Q) is isomorphic to the typical fibre of a twistor bundle, see [Raw84] Proposition 2.1 (p. 88) and p. 102.
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(i) If 2k = m, the reductive structures of the connected components of F(IP* Q) are
induced by symmetric structures, and in this regard they are isomorphic to the irre-
ducible Hermitian symmetric space of compact type SO(2(k+1))/U(k + 1) of type
DIll, see [Hel78], p. 518. Moreover, they are symmetric subspaces and therefore to-
tally geodesic submanifolds of the symmetric space g(IPk,IP(V)) ; their Riemannian

metric is the -fold of the Riemannian metric induced by F(IP*, P(V)).

_m
2(m—+2)
(i) If 1 < 2k < m, the reductive structure of F(IP* Q) is not induced by a symmet-
ric structure. Therefore, S(IPk, Q) (equipped with the reductive structure mentioned
above) is also not a reductive homogeneous subspace of F(IP* P(V)) (although it is
a homogeneous subspace). Moreover, g(IPk, Q) is not a totally geodesic submanifold

of F(IP* IP(V)).

Proof. Throughout the proof we fix A € 20. For (a). It is easily seen from the representation of
the members of Gp11(V, @) via partial complex structures as in Equation (7.17) that the action
of Aut(2)UAut(2) leaves Gyi1(V,Q) invariant, and that already Aut,(2) acts transitively on
this space. Because the Aut(2l)UAut(A)-equivariant map 6 : Gpy1(V) — FAPF, P(V)), U —
[U] maps Gi41(V,Q) bijectively onto the set 9, of k-dimensional projective subspaces of IP(V)
which are contained in @ (see (7.16)), it follows that Aut(2)UAut(2) = I,(Q)Ul(Q) = I(Q)
leaves Py invariant, and that already Auts(2) = I(Q) acts transitively on By . Therefore Py
is indeed a congruence family, which is in the sequel denoted by g(IPk , Q).

For (b). The Lie group SU(V) acts (transitively) on F(IP*,IP(V)), hence the Lie subgroup
Auty(2) of SU(V) also acts on F(IP*, IP(V)), and the set F(IP*, Q) is an orbit of the latter
action. Considering F(IP*, Q) in this way, it is a differentiable submanifold of F(IP*,IP(V));
its differentiable structure is characterized by the fact that for fixed A € S(Pk ,Q), the map
Auty(A) — F(IP*,Q), f+— f(A) is a surjective submersion. Therefore this differentiable struc-

ture coincides with the original differentiable structure on the family § (IPk, Q) defined in Propo-

sition 7.1. Because Auts(2) is compact, § (IPk , Q) is a compact, and hence regular submanifold
of F(IP*,1P(V)), also see [Var74], Theorem 2.9.7, p. 80.

However, a more explicit proof is needed to show that {§(IP’!C ,Q) is a complex submanifold of

F(IP* IP(V)).

Because of (7.16), the biholomorphic map 67! : F(P*, IP(V)) — Grs1(V), A — A (see Theo-
rem 7.4) maps F(IP*,Q) onto Gjy1(V,Q). Therefore it is sufficient to show that Gyi1(V, Q)
is a complex submanifold of Gy1(V). We abbreviate r:=k+1.

We now consider the Stiefel manifold St (V) := {u € L(C",V) | u is injective } ; this is a com-
plex manifold, and the canonical projection 9 : St,(V) — G,(V), u — u(C") is a holomorphic
submersion. Moreover, we fix A € 2 and consider the non-degenerate, symmetric C-bilinear
form f:VxV —C, (v,w) — (v, Aw)¢ and the holomorphic map

g: St (V) = ¢roth/2 gy, = (B, ) )

1<u<v<r

here we put u, = u(e,) for v € L(C",V) D St.(V) and p € {1,...,r}, where (eq,...,e,) is
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the canonical basis of €". Note that because of Proposition 2.20(a), ¢~1({0}) = 5~ 1(G,(V,Q))
holds.

Immediately, we will show that g is a submersion; it then follows that ¢~({0}) = (G, (V,Q))
is a regular, complex submanifold of St, (V) (see [Nar68], Corollary 2.5.5, p. 81). Thus we may
then conclude that G, (V, Q) is a complex submanifold of G,(V). (Local trivializations of g give
rise to local parameterizations of G,(V, @) .) Moreover, we see that the complex codimension
of 571(G,(V,Q)) in St (V) is equal to sr(r+1) = 3(k+1)(k+2), and therefore the complex
codimension of G, (V,Q) in G,(V) also is $(k +1)(k +2). Therefrom follow the formulas for
the codimension and (together with Theorem 7.4) the dimension of F(IP*, Q).

_

For the proof of the submersivity of ¢ let u € St,(V) be given. Then we have T,St,(V) =
L(C",V) and

V¢ € TSt (V) & Tugl(€) =(B(E ) ) + Bty (€)0) ) gy € T2

To show that Tyg : TuSAtT(V) — T,€""+t1/2 is surjective, it is therefore sufficient to prove that
the linear forms (A, )u<, with

A L(C", V) = C, a Blay,u)+ B(uu, a)
are linear independent. For this we first note that because of the non-degeneracy of 3 we have

VzeC" 3weV : (B(w,w)) =z. (7.18)

1<v<r =

Now let (au)u<y € Cr+1/2 be given so that ZHSV Ay Ay = 0 holds. Further, let pg < 1y
be given and put £ := 1 in the case pg < vy, £:=2 in the case pg = . By (7.18) there exists
a € L(C",V) so that

Vv €{1,...,1} + Blaw,w) = 3 Supo * Svg

holds. Then we have for every p <wv: Ay (a) =0y, - v, and therefore

0= Z Ay M (@) = Qg g -
u<v

This shows the linear independence of (A,,) .

For (c). We fix an arbitrary subspace Ag € F(IP¥, Q). Then we have Wy := Ao e G,(V,Q) by
(7.16); therefore, there exists a partial complex structure jo on V(A) of rank 2(k + 1) such
that Wy = {z + Jjox |z € jo(V(A)) } holds.

Because the group Auty(2) = O(V(A)), which acts transitively on F(IP¥, Q) has exactly two
connected components (Proposition 2.17(a)), F(IP*,Q) has at most two connected components,
and G := Auts(2)p acts transitively on each of them, so they are homogeneous G-spaces,
and become naturally reductive homogeneous G-spaces by the construction described in Sec-
tion 7.1. Moreover, G is a subgroup of SU(V), so the connected components of F(IP¥, Q) are
homogeneous subspaces of the homogeneous SU(V)-space F(IP¥,IP(V)).
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To investigate whether § (IPk , Q) is connected, we consider the isotropy group K of the action
of Auty(2) on F(IP* Q) at Ag; K is also given by {B € Aut,(A)|Bj¢ = j¥B}. As we
will now see, the connectedness of § (]Pk ,Q) depends on whether K is contained in the neutral
component G of Autg(2).

In the case 2k < m there exists a 1-codimensional subspace of V(A) which contains jo(V(A4)),
and if L € O(V(A)) is the reflection in such a subspace, we have LY € K and detL = —1.
Because of Autg(A) = GU{Bo LY|B € G}, we see that in this case already the connected
group G acts transitively on g(IPk7 @), and therefore %’(IP’“, Q) is connected.

On the other hand, in the case 2k = m the unitary group U(V(A),jo) is (via complexification
with respect to the complex structure of V) isomorphic to K, hence K is connected and
therefore contained in G. It follows that { B(Ag)|B € G} and {B(Ag)|B € Auts(2A) \ G}
are disjoint, open subsets of &(IP]“ ,Q) which together constitute all of g(IPk ,Q) . Therefore
these two sets are the two connected components of § (]Pk ,Q) in this case.

For (c)(i). We suppose 2k = m and denote the connected component of F(IP*,Q) which
contains Ag by F(IP*,Q)'. As we saw above, G acts transitively on F(IP*,Q)’, and therefore
F(IP*, Q) is a (¢|(G x Q))-family of submanifolds in the sense of Section 7.1, and we regard
this family as a naturally reductive space in the way described there.

We next describe how the reductive structure of § (IPk, @)’ is induced by a symmetric structure.
For this we consider the reflection S : V — V in Wy and the involutive Lie group automorphism

& :SU(V) — SU(V), B— SBS™.

We have jg = —J o S (this equation is easily checked on W, and on VVOL ={x— Jjox|z €
V(A) }) and consequently

VBeG : 5B)=i¥BGH e @ (7.19)

Thus we see that o := |G is an involutive Lie group automorphism on G. It also follows
from (7.19) that Fix(c) = K holds (remember that we have K C G in the present situation),
and therefore o gives rise to a symmetric structure on F(IP¥,Q)’. The reductive structure
m? = Eig(or, —1) induced by this symmetric structure is orthogonal to ¢ = Eig(o,1) with
respect to the Killing form s of g (by the same argument that was already used in the proof
of Theorem 7.5(c)(ii)), whence it follows that the symmetric structure on F(IP*, Q)" defined by

/

o induces the original reductive structure on this space. Note that 13"(1[3/1{“', @)’ is isomorphic to

G/K =~ SO(2(k+1))/U(k +1).

Now we show that equipped with this symmetric structure, § (IPk ,Q) is a symmetric subspace
of F(IP¥,IP(V)). For this purpose we note that the isotropy group of the action of SU(V) on
FIPF IP(V)) is K := {B € SU(V)|B(Wy) = Wy}, that Fix(¢) = K holds, that therefore &
gives rise to a symmetric structure on F(IP*,IP(V)), and that this symmetric structure is the
one described in Theorem 7.4 which induces the original reductive structure on F(IP*,IP(V)).
Because o is the restriction of o to G, it follows that S(IPk, @)’ is a symmetric subspace, and
therefore a totally geodesic submanifold, of F(IP* 1P(V)).
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By the same argument as in the proof of Theorem 7.10(b) we see that the Riemannian metric
of F(IP*, Q)" is the sty -fold of the Riemannian metric induced by § (QF,P(V)).

For (c¢)(ii). We now suppose 2k < m and once again abbreviate r := k + 1, then we have 4 <
2r < m+ 2. In this setting G acts transitively on F(IP¥,Q), which therefore is a (](G x Q))-
family of submanifolds in the sense of Section 7.1; we regard this family as a naturally reductive
space in the way described there.

We derive an explicit description of the reductive structure m := my, of F(IP¥, Q) at Ay €
F(P*,Q): Now, the isotropy group of G at Ag is KNG = {B € G|B;jf¥ = j¥B}; hence
its Lie algebra is € := {X € g|Xj¥ = j®X 1 = kerad(j¥), note j& € g = auts(2) (see
Proposition 2.17(a)). Because ad(j¥) is skew-adjoint with respect to the Killing form of g, it
follows that the reductive structure of F(IP*,Q) is given by m = ad(5¥)(g) .

There exists an orthonormal basis (ay,...,amt2) of V(A) so that

Qytr for 1<v<r
Vve{l,....m+2} : joa, =X —a,_, for r+1<v<2r
0 for 2r+1<v<m-+2

holds. We consider the endomorphisms X :=aj; Aa, € g and Y := a9, Aagr-y1 € ¢, ie.

Xay; = —a,, Xa, = a1, Xa, =0 otherwise

and Yao, = —agrt1, Yagr+1 = agr, Ya, =0 otherwise.

Then we have X' := ad(j&)X, Y’ := ad(j¥)Y € m. We further put Z := [X',Y’]. Then
a simple calculation shows (ad(jo)Z)a1 = —agr+1, and therefore Z ¢ kerad(jo) = €. Thus
we have [m,m] ¢ €, and therefore the reductive structure of F(IP¥, Q) cannot come from a
symmetric structure. Furthermore, because § (IPk, IP(V)) is a symmetric space, the submanifold
F(IP* Q) cannot be a reductive homogeneous subspace (because it would then be a totally
geodesic submanifold and hence a symmetric subspace).

Finally, assume that §(IP¥ Q) were a totally geodesic submanifold of F(IP¥,1P(V)). Be-
cause F(IP¥, Q) is connected and complete (as a Riemannian naturally reductive homogeneous
space), §(IP¥,Q) would then be a Riemannian symmetric G|-subspace of the SU(V)-space
F(IP* IP(V)), where

G':={B e SUV)|BEP" Q) =§P* Q) }

([KN69], Theorem XI.4.2, p. 235). We will show that G} = G holds. Then F(IP*,Q) would
be a Riemannian symmetric G-space; its symmetric structure would induce the original natu-
rally reductive structure of S’(IPk, @) because of the same argument as in the proof of Theo-

rem 7.5(c)(ii), but this is impossible by our previous result.

To prove G}, = G, we first show

G' = { By € SUV) | By € Auty (), pe S, ™2 =det(By) } . (7.20)
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If B is taken from the right-hand side of Equation (7.20), then we have B € Aut(2) and
therefore B(Q) = Q. It follows that we have B(F(IP*,Q)) = F(IP*,Q) and thus B € G'.
Conversely, let B € G’ be given. We have

B@Q)=Q. (7.21)

In fact, let p € Q be given. Then there exists A € F(IP*,Q) with p € A. Because of B € G
we then also have B(A) € F(IP*,Q), in particular B(p) € Q. Thus we have shown B(Q) C Q.
Analogously we obtain B~}(Q) C @ and therefore Q@ C B(Q). Therefrom Equation (7.21)
follows.

Now let us fix A € 2. From Equation (7.21) we see Q(BAB~!) = Q(A); by Proposition 1.10
it follows that there exists A € S! so that BAB™! = AA holds. If we choose p € S' with
p? = X, we therefore have (ZB)A(fB)~! = A and hence By :=iB € Auty (). We have

1 = det(B) = det(uBy) = p™ 2 det(By)
———’
e{£1}

and therefore det(By) = u™2. This shows that B = uBy is a member of the right-hand side
of Equation (7.20).

We now show G{ = G. Because G = Auts(2)y is a connected group which is contained in
G’ by Equation (7.20), we have G C G{. For the converse direction, we fix A € A and
vo € S(V(A)). For every B € G', say B = uBj with

By € Auty(A) and pe S, ™2 =det(By) € {£1},

we have
Bug, AB = u? - (Byvy, A(B =12 ||Bowol]? = 1% .
(Bvo, ABvo)e = p~ - (Bovo, A(Bovg ))e = p~ - || Bovo || = p
€V (A)

Because we have p™2 =1, we thus see that the continuous map
f:G —S' B (Bvg, ABvo) ¢

attains only discrete values and is therefore on Gf, identically equal to f(idy) = 1. Conse-
quently, we have

Go C f71({1}) = {nBo| By € Aut (), p* =1, p™** = det(By) }
C {pBo|Bo € Autg(A), pe {£1}} = Auts(A)

and therefore G, C Auts(™A)p =G. O
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Chapter 8

The geometry of Q!', Q3?, Q* and Q°

As was first noted by E. CARTAN in [Carl4], there are some “intersection points” between the
seven infinite series of classical irreducible Riemannian symmetric spaces. To determine which
they are, one can use the well-known fact that two simply connected Riemannian symmetric
spaces of compact type are isomorphic if and only if their Lie triple systems have the same
“extended Dynkin diagram”, i.e. if they have isomorphic configurations of simple roots and if
the multiplicities of corresponding simple roots are equal ([Loo69], Theorem VII.3.9(a), p. 145).

As an inspection of the table of Dynkin diagrams of irreducible Lie triple systems (see [Loo69],
Table 4 on p. 119 and Table 8 on p. 146) shows, the following isomorphies and no other exist
between complex quadrics of specific dimension and members of other Riemannian symmetric

spaces:
QI Es?=P, Q*=P' xP', Q°=5p(2)/U(2)
Q' = Gy(CY) and Q%= SO(8)/U(4).

The subject of the present chapter is the explicit construction of these isomorphisms (except for
Q? = P! x IP!, which has already been described in Section 3.4).

It should be noted that the concept of an isomorphism between the mentioned spaces can be
understood with respect to several categories: First, the isomorphisms can be understood as

isomorphisms of complex manifolds, as one would do in complex analysis.

But the viewpoint most natural in the present situation is that of the theory of symmetric spaces,
the spaces involved being irreducible symmetric spaces. Then, an isomorphism is an isomorphism
of symmetric spaces as defined in Sections A.2, A.3. (Are we speaking of isomorphisms of affine
symmetric spaces, of Riemannian symmetric spaces or of Hermitian symmetric spaces? This
distinction does not play an important role here: Q™ is irreducible for m # 2, and therefore
an isomorphism of affine symmetric spaces from Q™ (m € {1,3,4,6}) to another Riemannian
(Hermitian) symmetric space already is an isomorphism of Riemannian (Hermitian) symmetric
spaces.)

One might also take the viewpoint of Riemannian geometry and ask for isometries. However,
then one first has to answer the question which Riemannian metric one should use on the spaces

187
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Sp(2)/U(2), Go(C*) and SO(8)/U(4) occurring in the isomorphies for Q3, Q* resp. Q.
They are symmetric spaces, so one will naturally use such a metric that the acting group acts
via isometries. Because the spaces are irreducible, two such metrics differ only by a positive, real
factor. However, no member of this IR -family of metrics is singled out in a geometric way.2’
Thus we see that the geometrically relevant concept here is not that of an isometry, but that of
a homothety.

Finally, the complex Grassmannian Go(C*) can be equipped with the structure of a quater-
nionic Kihler manifold, see Section 8.3, therefore the isomorphy to Q* shows that Q* can
also be equipped with such a structure, such that the isomorphy holds also as an isomorphy of
quaternionic-K#hler manifolds. In that situation we will find a relation between the quaternionic
Kihler structure and the CQ-structure on Q*.

In the construction of the specific isomorphisms, we will employ the following strategies:

(a) Q' = PL. (SO(3)/SO(2) = SU(2)/S(U(1) x U(1)).) In Section 8.1 we will describe an

isomorphism between Q! and Siz V3 (note that both these spaces are represented by

the quotient SO(3)/SO(2)); it is well-known that the oriented euclidean sphere Sf: i

is isomorphic to IP!.

(b) Q% =TP! xPL. (SO(4)/(SO(2) x SO(2)) = (SU(2) x SU(2))/(S(U(1) x U(1)) x S(U(1) x
U(1))).) This isomorphism has already been constructed in Section 3.4; it is based on the
Segre embedding P! x P! — Q2 c IP3.

(c) Q* = G2(C*). (SO(6)/(SO(2) x SO(4)) = SU(4)/S(U(2) x U(2)).) This isomorphism
will be constructed in Section 8.2 via the Pliicker embedding. In Section 8.3, we will
see in what way G2(C™) carries the structure of a quaternionic K#hler manifold; the
isomorphy Q* = G5(C*) therefore shows that @Q* (unlike the complex quadrics of every
other dimension) also carries the structure of a quaternionic Kéhler manifold. Moreover,
we will find a relation between this quaternionic Kéhler structure and the CQ-structure

on Q*.

(d) @ = Sp(2)/U(2). We will construct this isomorphism by realizing Sp(2)/U(2) as a
Sp(2)-orbit in G(C*) and then restricting the isomorphism described in (c) to this orbit.

(e) Q%= SO(8)/U(4). We will use the theory of spinors and the Principle of Triality (which
are described in Appendix B) to construct an isomorphism between Q° and a connected
component of the congruence family §(IP3,Q%). The latter is isomorphic to SO(8)/U(4)
by Theorem 7.11(c)(i).

During the construction of the isomorphisms, we will also obtain the following isomorphisms of
Lie groups:

20 Actually, this is not quite true for G2(®4). Here the construction of the quaternionic Ké&hler structure
provides a “canonical” Riemannian metric, see Section 8.3.
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=1/2

(a) Spin(5) = Sp(2) (in connection with Q3 = Sp(2)/U(2))
(b) Spin(6) =2 SU(4) (in connection with Q* = G5(C?)).

2

1 . . .
8.1 @' is isomorphic to Sr:1/\/§

Let (V,2() be a 3-dimensional CQ-space. Then @ := Q(2l) is a 1-dimensional complex quadric,
and we also consider its pre-image under the Hopf fibration @ = @(Ql) Moreover, we fix
A € . Then the 2-sphere S := S,(V(A)) of radius r := 1/4/2 is a Riemannian symmetric
SO(V(A))-space in the usual way.

We fix an orientation on V(A). Then there exists one and only one skew-symmetric bilinear
map X : V(A) x V(A) — V(A), (z,y) — x x y so that for every orthonormal system (z,y) in
V(A), (x,y,x x y) is a positively oriented orthonormal basis of V(A). X is called the cross
product on V(A).

We equip S with the complex structure J°: TS — TS given by

—

VgeS,vel,S : Jf(v):(\/iq)xﬁ. (8.1)
In this way, S becomes a Hermitian symmetric space.
We also consider the Hopf fibration 7 :S(V) — IP(V).
Proposition. There is one and only one map f1:Q — S so that
VzeQ : filn(z)) = V2 Rea(z) x Ima(z)
holds and f1 is a holomorphic isometry. Moreover, with the isomorphism of Lie groups
Fy : Autg(>A)g — SO(V(A)), B+— B|V(A)

(f1, F1) is an isomorphism of Hermitian symmetric spaces from the Autgs(A)o-space Q to the
SO(V(A))-space S. Thus, we have shown the following isomorphy in the category of Hermitian
symmetric spaces:

Proof. For z € Q, (V2 Rea(2),v2 Imy(z)) is an orthonormal system in V(A) by Proposi-
tion 2.23(b), and hence

( V2 Rea(z), V2 Ima(z), 2(Rea(z) x Imy(z2)) )

is a positively oriented orthonormal basis of V(A). It follows that ||Rea(z) x Ima(2)|| = 3
holds, and therefore the map

fi:Q—S, z— V2 (Rea(z) x Ima(2)) (8.2)
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in fact maps into S. We also see that
(Rea(z) x Ima(2)) x Ima(z) = —3 - Rea(2)
and Rea(z) x (Rea(z) x Ima(2)) = —1 - Ima(2) (8.3)
holds.

For z,2 € Q we have

f1(z) = fi(2') <= Rea(z) x Ima(z) = Rea(2') x Im(2')

(Rea(z),Ima(z)) and (Rea(z’),Ima(2’)) are orthonormal bases
of the same 2-dimensional subspace of V(A) with the same orientation.

. Rea(z)=cos(t) Rea(z’)—sin(¢) Im 4 (2’)
= dtelR: { Im 4 (z)=sin(t) Rea (z’)+cos(t) Im 4 (")

—

—3JteR : z=¢".7
— 7(z) =7(2).
This equivalence shows the existence and injectivity of fy. f1 is also surjective: If ¢ € S is

given, choose z,y € V(A) with ||z| = |yl = % so that (v2x,v2y,v/2q) is a positively

oriented orthonormal basis of V(A). Then we have p:=n(z+ Jy) € Q and fi(p) =¢.

fl is differentiable; because 7 is a surjective submersion, it follows that fi is also differentiable.

We next show that f; is a holomorphic isometry. It suffices to show that for any given z € é
Tzfl‘HzQ tH.Q — T]’;l(z)S

is a C-linear isometry.

We have by Theorem 2.26:
—
H.Q =C- (Rea(z) x Ima(2)) .

Thus any given v € H.Q can be represented as v = c- (Rea(z) x Ima(z)) with a suitable
c=a+1b € C. Then we have

T. fi(v) = V2 (Rea(T) xIma(2) + Rea(z) xIma (7)) = ~L(aRea() +bIma(z)) (8.4)

and therefore

T @I = - @ | Rea@)|? + 8 [ Tma2)[2) = - @+ )
= (a®> 4+ b%) - || Rea(z) x Ima(2)|? = ||v|)? .

Hence T, f1|H.Q is an IR-linear isometry. Moreover, we have Jo = (—=b+ia)-(Rea(z) xIma(z))
and therefore

FAw) " (V2A() x TA @)
(8.2)
(854)

(2 Rea(z) x Imy(z)) x (—% (aRea(z) + bImy(2)))

®3) —% (=bRea(z) + alma(2)) =" T.fi1(Jv) .
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Thus Tzfl\’HzQ is a C-linear isometry.

F is an isomorphism of Lie groups by Proposition 2.17(a). For any B € Auts(2)p and z € @
we have B|V(A) € SO(V(A)), and therefore

Fi(B)f1(z) = B(vV2(Reaz x Ima 2)) = V2 (B(Re4 z) x B(Imy 2))
= V2 (Rea(Bz) x Imx(Bz)) = f1(B2)

holds. Hence (f1,F1) is an isomorphism of homogeneous spaces. Because the Lie groups
Auts()g and SO(V(A)) acting on the symmetric space @ resp. S are of compact type,
(f1, F1) is in fact an isomorphism of affine symmetric spaces by Proposition A.5. Because f;
is a holomorphic isometry, it follows that (f1,F7) is an isomorphism of Hermitian symmetric
spaces. OJ

8.2 Q% is isomorphic to G5(C*)

In the present section, we first describe a specific embedding P : Go(€") — IP(A*C™) from the
complex Grassmannian Ga(C™), called the Pliicker embedding. Then we show how G2(C") can
be equipped with the structure of a Hermitian symmetric space. In the case n = 4, it will turn
out that the image ) of the Pliicker embedding is a 4-dimensional symmetric complex quadric
in IP(A\’C?), and that P gives rise to an isomorphism of Hermitian symmetric spaces from

G2(®4) to Q.

At first, we let W be a complex linear space of arbitrary dimension n. To W we associate the
linear space A?W of bivectors of W (see Section B.1), the complex projective space IP(A*W)
and the holomorphic fibre bundle 7 : AW \ {0} — IP(A*W), & — C¢. We also consider the
Stiefel manifold

Sto(W) := {u € L(C%, W) | u is injective }

of 2-frames in W , which is an open subset and hence a complex submanifold of the C-linear space
L(C2, W), the Grassmannian G(W) and the projection 6 : Sto(W) — Go(W), u — u(C2).

As is well-known, there is exactly one way to equip Ga2(W) with the structure of a complex

submanifold so that  becomes a holomorphic submersion.?!

The following fact is well-known:
Proposition. & € A\°W is decomposable (i.e. € =v Aw ) if and only if € ANE =0 holds.
Proof. See [Carbl], p. 11. O

In the sequel, we put u, = u(e,) for u € L(C*, W) and u € {1,2}; here (ey,ez) is the
canonical basis of 2.

21The construction of the manifold structure of the real Grassmannian G (IR™), to which the construction
of the complex manifold structure of the complex Grassmannian G (C™) is entirely analogous, is for example
described in [Boo86], p. 63f.
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Proposition. There exists a holomorphic embedding P : Go(W) — IP(A*W) characterized by
Vu € Sto(W) : P(u(C?)) = 7(ug Aug) . (8.5)
Its image in P(AN*W) is the complex submanifold

{7 €€ N°WN\{0}, Ené=0}.

P is called the Pliicker embedding.

Proof. Let us consider the holomorphic map P : §52(W) — A*W, u — uy Aug. One sees that

Vu,u' € Sta(W) : (F(P(w) =7(P')) < 8(u) =08(u))
holds. Therefore, there exists exactly one map P : Go(W) — IP(A*W) so that Equation (8.5)
holds, and it is injective. Moreover, P is holomorphic along with P because 0 is a holomorphic
surjective submersion. The image of P is as stated in the proposition because of Proposition 8.2.
GL(W) acts transitively on Ga2(W) via (B,U) +— B(U) and it acts transitively on P(G2(W))
via?? (B,¢) — B®) (). P is equivariant with respect to these actions and therefore Propo-
sition A.1(b) shows P : Go(W) — P(G2(W)) to be a diffecomorphism. Because Gao(W) is
compact, it follows that P : Go(W) — IP(A’W) is an embedding. O

We now suppose that W is a unitary space. Then the inner product on W gives rise to the
inner product (-,-)¢ on A?W characterized by

Vo, v, wi,we € Wt (v1 A v, wi Awa)g = (v1,wr)¢ - (v2, w2)¢ — (v, w2)e - (v2, w1)e  (8.6)

(also see Appendix B.2), and the latter inner product in turn induces the Fubini/Study metric
on the projective space IP(A*W). In this way IP(A*IW) becomes a Kihler manifold and the
Hopf fibration 7 : S(A\*W) — IP(A’W) becomes a Riemannian submersion.

We will equip the complex manifold Go(W) with a Riemannian metric so that it becomes a
Kihler manifold and the Pliicker embedding P : Go(W) — P(A’W) becomes an isometric
embedding. It should be noted that the construction of this Riemannian metric is entirely
analogous to the construction of the Fubini/Study metric on a complex projective space via the
Hopf fibration.

The restriction R := R|(Sta(W) x GL(C?)) : Sta(W) x GL(C?) — Sto(W) of the map
R: L(C*, W) x End(C?) — L(C*, W), (u,A) — uo A (8.7)

is a Lie group action of GL(C?) on §52(W) from the right. The orbits of this action are the
fibres of 6, and on them, the action is simply transitive. Therefore # becomes a principal fibre
bundle with structure group GL(C?) via R.

We will now first construct a Hermitian metric on §t2(W), then reduce the principal fibre
bundle § with structure group GL(C?) to a principal bundle 6 : Sto(W) — Go(W) with

22For the meaning of B® see Section B.1.
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structure group U(2) (where Sty(W) is a Riemannian submanifold of Sto(W)) and use 6 to
project the Riemannian metric of Sto(W) onto Go(W), thereby obtaining the desired metric
on Go(W).

The complex inner product (-,-)¢ on W gives rise to the complex inner product (-,-)& on

L(C?,W) given by
Vu,u' € L(C?, W)« (u, ))& = (uy, u)) g + (ug, ub) e - (8.8)

As an open subset of L(C2, W), the Sticfel manifold Sty(W) becomes a Hermitian manifold with
the Hermitian metric induced by this inner product. Besides the vertical bundle VO = ker(Té\)
of , we thus also have the horizontal bundle H? := (Ve)l’TStQ(W) . The following proposition
gives an explicit description of these subbundles of T° §52(W) :

Proposition. Let u € §52(W) be given. Then we have:

~

(a) 1731: {uoX|X € End(C?)} = {ve L(C},W)|v(C?) CO(u)}.

~

(b) HO = {v e LIC2, W) |v(C?) Lou)}.

— —
It follows from this proposition that the linear subspaces Vg and Hg of L(C?,W) do not
depend on the choice of u within any given fibre of 9. We also note that part (b) of the
proposition shows that every space H? , and therefore also the Grassmann manifold Go(W), is
of complex dimension 2 - (n —2).

Proof of Proposition 8.4. For (a). Because the fibres of 0 are equal to the orbits of the GL(C?)-
action R, we have

V0 — ker T8 = T (01 ({0(w)})) = Tl R(u, A) | A € GL(C?)} .

Because R(u,-) : GL(C?) — Sto(W) is the restriction of the linear map R(u,-) : End(C?) —
L(C%, W) to the open subset GL(C?) of End(C?), the previous equation implies

17?[: {R(u,X)| X € End(C?)},

whence the first equals sign in (a) follows. The second equals sign is a consequence of the fact
that u : C? — @(u) is an isomorphism of linear spaces.

~

For (b). Let us abbreviate U := 6(u). Then the orthogonal decomposition W = U @ U+W
induces an orthogonal decomposition

L(C2,W) = L(C%U) & L(C?, UY) (8.9)
(where we interpret linear maps into U or into U"W also as linear maps into W , and therefore
L(C?,U) and L(C?,U+") as linear subspaces of L(C? W)). Indeed, it follows from Equa-
tion (8.8) that the sum on the right-hand side of (8.9) is orthogonally direct, and the inclusion

“D” in (8.9) is obvious. For the opposite inclusion, we denote by

Py: W —>U and QU:W—>UL’W
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the orthogonal projection onto U resp. onto U : these maps are C-linear and Py + Qp =
idyy holds. Now let v € L(C? W) be given, then we have v¥ := Pyowv € L(C? U) and
WU = Quov e L(C2,ULW), and vV + 0V = (Py + Qu) ov = v holds.

—

The statement of (b) follows from Equation (8.9) because we have Vg =L(C%,U) by (a). O

We now reduce the structure group of the principal fibre bundle 9 to U(2) . Thereby we obtain
the principal fibre bundle 6 := 0|Sto(W) : Sto(W) — Go(W) with structure group U(2), where
we have

Sto(W) 1= {u € Sto(W) | u: €C*> — W is a (linear) isometric immersion }

and U(2) acts on Sta(W) from the right by the action R := R|(St(W) x U(2)). In the sequel,
we regard the (non-complex) submanifold Sto(W) of Ste(W) as a Riemannian submanifold,
and in this regard, the elements of U(2) act on Sta2(W) by isometries. It should also be noted
that Sta(W) is contained in the sphere S 5(L(C* W)).

Let us denote by V? := ker(T9) and H? := (V) LT5t2(W) the vertical resp. horizontal subbundle
of T'Sta(W) induced by the fibre bundle 6. Then we have for any u € Sto(W)

VO = VI N T,Sto(W) and HY = HO (8.10)

the latter equality holds because 6 and 6 are fibre bundles over the same manifold Ga(W).
We note that because the horizontal structure H? is U(2)-invariant, it is in fact a connection
in the sense of EHRESMANN (meaning that curves in G2(W) have a global H%-horizontal lift).

For any u € Sto(W), the map 6,|H? : HO — Ty(u)G2(W) is an IR-linear isomorphism, and
therefore there exists one and only one real inner product on the linear space Tg(u)GQ(W) so that
that map becomes a linear isometry. Because U(2) acts via R transitively and via isometries
on the fibres of 6, the real inner product on Tp(,)G2(W) obtained in this way does not depend
on the choice of u within any given fibre of 6. It follows that these inner products constitute a
Riemannian metric on Go(W) (that it is indeed differentiable follows from the usual argument
involving local sections of 6) which is characterized by the fact that 0 : Sto(W) — Go(W)

becomes a Riemannian submersion.

Moreover, for any u € Sto(W), HY = ’Hg is a complex linear subspace of T, L(C? W), and
because 6 is a holomorphic submersion, the complex structure Jy,) of G2 (W) at the point
6(u) is conjugate under the linear isomorphism ((/9\*]7'[5) = (0./HE) : HE — Ty G2(W) to the
multiplication with 7. Therefore Jg(,) is orthogonal and skew-adjoint with respect to the inner
product on Ty, G2(W) . It follows that G2(W) becomes a Hermitian manifold with its original
complex structure and the Riemannian metric just introduced. We regard it as such from now
on.

Proposition. Go(W) is a Kdihler manifold.

Proof. The proposition follows from the fact that G2(W) is a Hermitian symmetric space (which
we will show below), but can also be shown directly using the fact that ,|H% : H? — TGy (W)
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behaves essentially like the differential of an affine map, as is exemplified by the O’Neill equations
([O’N83|, Lemma 7.45, p. 212).

To state the proof in detail, let us denote by V&, V5 and V! the Levi-Civita covariant
derivatives of Go(W), Sto(W) resp. L(C2?, W), and by J¢ and J' the complex structures of
Go(W) resp. L(C2,W).

Let a curve c¢: I — Go(W) and a vector field X € X.(G2(W)) be given. Then we have to show
VgJGX = JGVgX. Because H? is a connection in the sense of EHRESMANN, there exists a
global H?-horizontal lift &: I — Sto(W) of ¢. We let X € X5(Sta(W)) be the H’-horizontal
lift of X along c.

Because 6 is the restriction of the holomorphic map 6 and we have HY = Hg for every
u € Sto(W), we see that

H’ is JE-invariant and JE|H? is conjugate to J¢ under 6,|H’. (8.11)
It follows that JLX is the H%-horizontal lift of JEX .

Because of the H%-horizontality of ¢.0, the O’Neill equation ([O’N83], Lemma 7.45, p. 212)
shows that the H’-component of V%t)z equals the H%-horizontal lift of VgX along ¢, and
therefore we have

0,.V3X =V§X . (8.12)

Analogously, we have

0.V JEX = V§ICX . (8.13)

Furthermore, let us denote by A the second fundamental form of Sto(W) < L(C2 W) . Because
of the Gauss equation of first order and the fact that J~ is VZ-parallel, we then have

VEJEX = VEIEX — n(JFX,¢)
= JEVEX —h(JFX,¢)
= JEVSEX + JE (X, 0) - h(JFX,0) . (8.14)

N~

(*) (1)

h(X,¢) is orthogonal to T'Sty(W) , in particular to H? ; because H? is JE-invariant (see (8.11)),
it follows that the term marked (%) above is orthogonal to H?. Also, the vector field .J LX is
HO-valued, hence tangent to Sto(1/), and therefore the term marked () above is also orthogonal
to H?. Thus we obtain from (8.14):

0.V JEX = 0,J" VX . (8.15)

Putting these results together, we get

VgJGX (8;3) H*V(%tJL)? (8;5) H*JL v%t v (8;1) JGe*vgth (SéQ) JGVgX ) |:|23

21t is also possible to state the proof using global vector fields, rather than vector fields along curves. The
approach involving curves was chosen here because it can be applied analogously to prove that the quaternionic
structure we will construct on G2(W') in Section 8.3 is parallel.
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8.6 Proposition. The Pliicker embedding P : Go(W) — IP(A*W) is an isometric embedding.

Proof. Because P is an embedding by Proposition 8.3, it suffices to show that P is an isometric
immersion. Because the map P : Sto(W) — A?W, u — u1 A ug satisfies

7300:%073,

and 0 and 7 are Riemannian submersions, it suffices to show that for every given u € Sto(W),

we have

PoHY CcHE  and Ve eH? (P Pae = En)e . (8.16)

P(u)

Here, H% and HZ . denote the horizontal spaces of the Riemannian submersions 6 and 7 at

P(u)
the points u and P(u) , respectively; by Equation (8.10), Proposition 8.4(b), and Equation (1.6),

we have
= (€ € T,L(C2, W) | € (€?) Lu(C?)}, (8.17)
H’f( ={C € Ty W (¢, Plu))e =0} . (8.18)
We also note that N . _
VE € TySta(W) : Puf = (€)1 Aug+ug A ()2 (8.19)

holds. For the proof of the first part of (8.16), let ¢ € HY be given. Then we have

= (8.19)

(P&, P(u))
(8.6

()1 Az +ur A (€)a,ur Aus)a

N w)e - (us,un)e — (€)1, ua)e - (us, ur)e

+ (ur,un)e - ((€)2,ude — (ur, uz)e - (€2 un)e

®17 o

whence ﬁ*g € HX

5w follows by Equation (8.18).

For the proof of the second part of (8.16), we let &,n7 € H? be given. Then we have

(P.E, Pun)e &2 ()1 Aug +ur A (€)a, ()1 Az + 11 A (T)2)e
€ {

(
— (€)1 Aug, (T Augdo+ ()1 Aug,us A (7))o

— —

= (()1.(M1)e &P

l

+ (ur A (&), (77 )1/\u2>c+<ul/\( )2,U1/\( )2)¢

& =€ o (T ))e

= (O (M) + (€)ay (Mo = (€, 7

here the equals signs marked (x) follow by a straightforward calculation from Equation (8.6)
—

the fact that (ui,us) is a unitary system in W and the fact that we have (( &), w)c =

(7 )y uv)e = 0 for p,v =1,2 (which is a consequence of Equation (8.17)). O
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Go(W) is a homogeneous SU(W)-space via the transitive Lie group action
0 : SUW) x Go(W) — Go(W), (B,U) — B(U) .

This homogeneous space can be regarded as a Hermitian symmetric space in the following way:
We fix an origin point Uy € Go(W) and consider the linear involution S : W — W with
S|Uy = —idy, , S|Us" = idyy . Then og,w) : SU(W) — SU(W), B+ SBS~! is an involutive
Lie group automorphism, whose fixed point group Fix(oq,w)) = { B € SUW)|B(Up) = Uy }
coincides with the isotropy group of ¢ at Up. Thus, (SUW),p,Us,0q,mw)) is an affine
symmetric Go(W)-space, which turns out to be irreducible, of compact type, and Hermitian
symmetric with respect to the Hermitian metric described above.

We now specialize to the situation where W is a 4-dimensional oriented?* unitary space. Then
the restriction of the Hodge operator of AW (see Section B.2) to A*W is an anti-linear map
x: A2W — A?W . In fact, Proposition B.2(c),(e) shows % to be a conjugation on A?W , so
AW becomes a CQ-space via the CQ-structure 2 := { \-%|A e S }.

8.7 Theorem. (a) The image of the Plicker embedding P : Go(W) — P(A*W) s the 4-
dimensional complex quadric Q(x) and fq := (P : Go(W) — Q(*)) is a biholomorphic
isometry. Q(x) will be called the Pliicker quadric.

(b) For any B € SUW) we have B® € Aut,(A)g and
& : SUW) — Auty(2)o, B +— B

is a two-fold covering map of Lie groups with kernel {xidw }. Consequently we have the
following isomorphy of Lie groups:

SU(4) = Spin(6) |- (8.20)

(c) (fs,®) is an almost-isomorphism of Hermitian symmetric spaces (as defined in Sec-
tion A.3) from the SU(W)-space Go(W) to the Auts(A)g-space Q(x). Thus we have

shown the following almost-isomorphy of Hermitian symmetric spaces:

Q4 o~ G2(®4)

Proof. For (a). Let us denote by w € A*W the positive unit 4-vector of W (see Section B.2).
Then we have for any ¢ € AW \ {0} by Proposition 8.3:

F(E) € P(Go(W)) <= EAE=04=EN(x%£) =0
= (5w =0+ (e =0 £ € Q%)

(also see Proposition B.2(a)). This shows that P(G2(WW)) = Q(*) holds. It is also a consequence
of Propositions 8.3 and 8.6 that f4 is a biholomorphic isometry.

24 As was explained in the Introduction, we apply the concept of an orientation also to complex linear spaces.
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For (b). Let B € SU(W) be given, then we have B® e U(A*W). Let (wy,...,ws) be
any positively oriented unitary basis of W, then (Bwji,...,Bwy) is another positively oriented
unitary basis of W and with help of Proposition B.2(b) we get

B (s(wy A wy)) = BP (w3 A wy) = Bws A Bwy = +(Bw; A Bwsy) = B (w; Aw,) .

Because /\2W possesses a basis (§;) where each &; is of the form w; A wy with a unitary

2-frame (wq,ws), and any such 2-frame can be extended to a positively oriented unitary basis
(w1, ..., wg) of Wit follows that B® ox = %o B? and thus B® € Auty(2) holds.

Therefore, we can define the Lie group homomorphism & as in the proposition as a map into
Auty(2() . Because SU(W) is connected ® in fact maps into Auty(2)g. The theorem of BEEZ
(Proposition B.1) shows that the kernel of ® is {£idy }, and therefore ® is a two-fold covering
map of Lie groups onto its image. Auts(2)o is isomorphic to SO(V (%)) = SO(6) , and therefore
we have dim Autg(2)g = 15 = dim SU(W), whence it follows that the image of ® is Aut(2A)p .
It now also follows that the two-fold covering map & induces an isomorphism SU(W') — Spin(6)
“over” @.

For (c). From the definitions of f4 and ® one sees immediately that (f4,®) is an almost-
isomorphism of homogeneous spaces from the SU(W)-space G2(W) onto the Auts(2l)o-space
Q(x). Because the Lie groups SU(W) and Auty(2A)y are of compact type, Proposition A.5
shows that (f4, ®) is an almost-isomorphisms of affine symmetric spaces; because fy is also a
holomorphic isometry, (f4, ®) is in fact an almost-isomorphism of Hermitian symmetric spaces.

O

8.3 G2(C™) and Q* as quaternionic Kihler manifolds

The complex 2-Grassmannians G2(C™) can be equipped with a quaternionic Kéhler structure
which is compatible with the complex structure of these spaces. A construction of this quater-
nionic K&hler structure has been given by J. BERNDT in [Ber97]. In the present section, I present
this construction in a simplified way, which is based on a discussion with Prof. H. RECKZIEGEL.

As we saw in Section 8.2, the complex quadric Q* is as a Hermitian symmetric space isomorphic
to Go(C*), and therefore it follows that also Q% can be equipped with a quaternionic Kihler
structure compatible with its complex structure. It will be proven that this quaternionic Ké&hler

structure on Q? is also compatible with its CQ-structure.

8.8 Definition. (a) Let V be a euclidean space. Then a 3-dimensional linear subspace J C
End_ (V) is called a quaternionic structure on V' if there is a basis (J1,J2,J3) of J
which satisfies

Vk € {1,2,3} : ( Jk o Jk = —idv and Jk o Jk—f—l = _Jk-i-l o Jk = Jk+2 ) (8.21)

(where the indices are to be read modulo 3 ). Any such basis of J is called a canonical
basis of J. If V is equipped with a fized quaternionic structure, we call (V,J) or simply
V' a quaternionic euclidean space.
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(b) Let M be a Riemannian manifold. Then a quaternionic Ké&hler structure on M is a

rank 3 subbundle J of the bundle End_(T'M) of skew-adjoint endomorphisms with the
following properties:

(i) For every p € M, J, is a quaternionic structure on the euclidean space T,M .

(i) J is parallel with respect to the Levi-Civita covariant derivative NV of M , i.e.
VJel(J), X e X(M) : VxJeTI(3).

If M is equipped with a fized quaternionic Kdhler structure J, we call (M,J) (or shortly
M ) a quaternionic Kédhler manifold.

(c) We call a Kihler manifold M o C&IH-Kéhler manifold if it is additionally equipped with a

quaternionic Kdhler structure J in such a way that the transformations in J, are C-linear
for every pe M .

8.9 Remarks. (a) Suppose that (V,J) is a quaternionic euclidean space, let us fix a canonical

basis (Jy,J2,J3) of J, and equip the IR-linear space J with the inner product and the
orientation so that (Jp,J2,J3) becomes a positively oriented, orthonormal basis of J.
Then it can be shown that another basis (J1,J3, J4) of J is a canonical basis if and only
if it is a positively oriented, orthonormal basis. In particular, the inner product and the
orientation with which we equipped J does not depend on the choice of the canonical

basis (J1, J2,J3) .

Quaternionic euclidean spaces (V,J) can be interpreted as left-modules over the skew-field
of quaternions in the following way: We regard the 3-dimensional, IR-linear space J as
an oriented, euclidean space as in (a), and denote by J x J — J, (J1,J2) — J1 x Jo the
cross product map thereby induced; this map is characterized by being bilinear and skew-
symmetric and having the following property: for any orthonormal system (J1,J2) in J,
(J1,J2,J1 x Ja) is a positively oriented, orthonormal basis of J, and hence a canonical

basis by (a).

Now consider the 4-dimensional linear space 3 := Ridy & J. Then the composition of
elements of J is explicitly described by the equation

Ve,d €R, J,J €3 ¢ (cidy +J)o(didy +J) = (¢ —(J,J)3)-idy +ecJ + T+ T x J;

this equation is shown by representing J and J’ in components with respect to a canonical

basis of J.

It follows that (J,+,0) is a skew-field which is isomorphic to the skew-field of quaternions,
and V' becomes a J-left-module by the definition

vieJ,veV : J-v=J®).

It is a consequence of this interpretation of V' that we necessarily have dimy V = 4r,
r € IN. The number r is called the quaternionic dimension of V.
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We will now construct a quaternionic Kéhler structure on G3(C") so that G2(C™) becomes
a C&IH-Kéhler manifold. For this purpose, we return to the general situation of the previous
section, where W is a unitary space of arbitrary dimension n.

We denote by IH the model of the skew-field of quaternions as a real subalgebra of End(C?).
Specifically, we have

H={ (%2)]abec}, (8.22)

where we identify complex (2 x 2)-matrices with the endomorphisms on €2 they describe with
respect to the canonical basis of €?. The addition on IH is given by the addition of End(C?) and
the multiplication on IH is given by composition of linear maps (see [BtD85], p. 5f.). Moreover,
the real part map Re: H — IR, ¢ — Re(q) and the conjugation map IH — IH, ¢ +— @ are given
by

Vge H : <q:(_‘%g) — Re(q)zRe(a),ﬁz(%j)) . (8.23)

Note that g is the adjoint matrix of ¢; for this reason we have in particular

Vg, €eH : q¢-¢=¢ 7. (8.24)

The subfield {¢ € H|g = g} of H is isomorphic to IR, and we regard IR as a subfield
of H in this way. Im(IH) := {¢ € H| Re(q) = 0} is a 3-dimensional linear subspace of H
complementary to IR C IH. The members of IR C IH and Im(IH) are called real resp. imaginary
quaternions. We call a basis (7, j,k) of Im(IH) a canonical basis of Im(IH) if

2= =k =ijk=-1 (8.25)

holds; then we also have

ij=—ji=k, jk=—kj=1i and ki=—ik=7j. (8.26)
For any orthonormal system (i,7) in Im(H), (4,7,7j) is a canonical basis of Im(IH).
It should also be noted that IH becomes a euclidean space via the inner product given by

Vg,¢' € H : (q,¢') :=Re(q-¢') .
Then S(IH) = SU(2) holds.
In what follows, the action
x : U(2) x End(C?) — End(C?), (4,X)— AoXoA™!

will be of importance. For A € SU(2) = S(H), x(A4,-) leaves H invariant (remember that
the multiplication of TH is given by the composition of endomorphisms of €2); moreover,
as it is well-known, x(A,-)|lH is an orthogonal transformation on IH which leaves Im(IH)
invariant, and the map SU(2) — SO(Im(IH)), A — x(A4,-)|Im(IH) is “the” universal covering
of SO(Im(IH)) = SO(3). Furthermore, we have for any A € SU(2) = S(H) A~! = A and
therefore for any ¢ € H

X(Aq) = Aogo AT =AogoA 2Y AogoA™ = \(4,7) .



8.10

8.3. Go(C™) and Q* as quaternionic Kéihler manifolds 201

We also have
VAeU@2), AeS' 1 x(AA,-) =x(4,). (8.27)

For any given A € U(2) we have A A € SU(2), where A € S! is chosen such that A~2 = det(A)
holds. By application of the preceding results to A A and use of Equation (8.27), it therefore
follows that even for every A € U(2), x(A4,-)|HH is an orthogonal transformation on IH leaving
Im(IH) invariant and that

VAeU(2), ¢eH : x(4,q9) = x(4,7) (8.28)
holds.

We now turn L(C?, W) into a left-IH-linear space by the definition

Vge M, u e L(C*, W) : ¢ -u:=R(u,q) =uoq, (8.29)

where R is defined in (8.7). Thereby every ¢ € IH gives rise to a complex vector bundle
endomorphism J : TL(C?, W) — TL(C?,W) characterized by

_ SN

VEETL(C?, W) : JEE©) =q- €. (8.30)

In the case u € Sto(W), JqL leaves the horizontal space M of the fibre bundle 6 : Sto(W) —
Go(W), u+ u(C?) (see Proposition 8.4(b) and Equation (8.10)) invariant, and therefore there
exists one and only one C-linear transformation Jy, : Tp()G2(W) — Tp(,)G2(W) such that

(0:1H0) 0 (Jy [HY) = Jgu o (0:Hy) (8.31)

holds; moreover

Ju = {Jgulq € Im(H) }

is a quaternionic structure on the euclidean space Tg(u)GQ(W). To show that the quater-
nionic structures defined in this way give rise uniquely to a rank-3-subbundle of the bundle
End_(TG2(W)), we need to show that J, does not depend on the representant u chosen
within a fibre of #. For this purpose, we describe the transformation behaviour of the maps
Jou:

Proposition. Let u,u’ € Sto(W) with 6(u) = 0(u') and q € Im(IH) be given. Then there
exists a unique ¢’ € Im(IH) so that
Jou = Jg

holds; this ¢’ 1is given by
¢ =AogqoA™",

if W =wuoA holds with some A€ U(2).

For the proof of this proposition see below.

Proposition 8.10 shows that J, does not depend on the choice of u within any fibre of 6. There-

fore there exists a family J := (Ju)yeag,w) of 3-dimensional linear subspaces so that Jg(,) = Ju
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holds for every u € Sto(W). To show that J is in fact a differentiable vector subbundle of
End_(TG2(W)) we let a local section o : D — End_(TGy(W)) (where D C Go(W) is an
open subset) be given, fix ¢ € Im(IH) and consider the map S : D — End_(TG2(W)), U — Sy
characterized by

VU €D :(Sy€End (TyGa(W)) and (0.0 J))HE ) = (Suob)|Howy ) . (8:32)

It is clear that S maps into J|p, and we will show below that S is differentiable and therefore
a local section in the bundle End_(T'G2(W)) — Go(W). By letting ¢ run through a basis of
Im(IH) , one then obtains a local basis field of J over D, and this shows that J is indeed a
differentiable vector subbundle of End_(T'Ge(W)).

To show that S is differentiable, we let a vector field X € X(D) be given, and let X be the
HO-horizontal lift of X with respect to @, i.e. the vector field X € T'(H? ) characterized

|0=1(D)
by
Xo07'(D) =6.0X. (8.33)
Then we have for every U € D

8.33) ~ 8.32 ~
Su(X0) = Su(Xowwy) 2 (Su 0 0.)(Xawy) "2 (0s 0 JH X 1) -

We see from this calculation that D — TGo(W), U — Sy (Xy) is a differentiable vector field,
and it follows that S is differentiable.

Remark. Proposition 8.10 also shows that the bundle J is associated with the principal fibre
bundle 6 : Sto(W) — G2(W) with structure group U(2) via the association map

p:Sto(W) x Im(H) — 3, (u,q) — Jgu; (8.34)
its typical fibre is Im(IH), which we consider with the action x|(U(2) x Im(IH)) from the left

(see [Bou67], Section 6.5.1).

Proof of Proposition 8.10. Because U(2) acts via R simply transitively on the fibres of 6, there
exists a unique A € U(2) so that v/ = R4(u) = uo A holds, and it follows from the preceding
consideration that ¢’ := x(A,¢) € Im(IH) holds.

Now, we have (R4),HY = H? and for every ¢ € HY

whence

(TuRAML) ™ o (J7 M) o (TuRAHy) = (7 |H) (8.35)
follows.
By linearization of the equation § = 6 o (R4)~!, we obtain

(T 0HS) = (Tu0HE) o (T, RAHE) ™,
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and the definition of J,,/ together with this equation yields

Jgut = (TwbIHY) o (J71HY) o (Tw8|Hy) ™!
= (Tu0Hy) o (TuRAHG) ™" o (Jy [HYy) o (TuRAHG) o (TLO[HE) ™. (8.36)

The result is now obtained by plugging Equation (8.35) into Equation (8.36). O

Proposition. J is a quaternionic Kdihler structure, and by equipping Go(W) with the Kdihler
structure from Section 8.2 and the mentioned quaternionic Kdhler structure, it becomes a C&IH-
Kdhler manifold.

Proof. It only remains to show that the subbundle J of End_(T'G(W)) is parallel with respect
to the Levi-Civita covariant derivative V& of Go(W). For this, it suffices to show that for any
curve ¢ : I — Go(W), any H?-horizontal lift ¢ : I — Sto(W) of ¢ and any ¢ € Im(IH), the
endomorphism field J(t) := Jgzy) is V&-parallel, and this is done analogously as in the proof
of Proposition 8.5. U

Remark. There are two ways to construct a covariant derivative on the vector bundle J: First,
the U(2)-invariant connection (H?) of the principal fibre bundle 6 induces a connection (H7)
on J via the association map p of Equation (8.34) (see Remark 8.11). (H7) is induced by a
covariant derivative on J; this is a consequence of the fact that Ve € IR, J € J : H‘;’ =T hc('Hg)
holds with h. : §J — J, J — ¢J (see [Poo81], Definition 2.26, p. 54 and Theorem 2.52,
p. 74). Second, one can consider the Levi-Civita covariant derivative on G2(W), which induces
a covariant derivative V¥4 on the endomorphism bundle End(TGo(W)) — G2(W); J is a
VErd_parallel subbundle of the latter bundle by Proposition 8.12, and therefore the restriction

of VFd gives a covariant derivative on J.

The proof of Proposition 8.12 shows that these two constructions in fact give rise to the same
covariant derivative on J.

Remark. As has been shown by BERNDT (see [Ber97], Section 10, Theorem 2), the curvature
tensor Rg,mw) of Go(W) can be described via the Riemannian metric (-,-), the complex

~

structure J and the quaternionic structure J of this Grassmannian: For any U € Go(W) and
any canonical basis (Jp,J2,J3) of Jy, we have

Vu,v,w € TyGa(W) : Rayw)(u, v)w =(v, w)u — (u,w)v
+ (Ju,w)Ju — (Ju,w)Jv — 2{Ju, v) Jw

3
+ Z ((Juv, w)Jpu — (Jyu, w)J,v — 2(J,u, v}JHw>
pn=1

3
+) <<J#Jv, w)J,Ju — (J,Ju, w)J#Jv> :
pn=1
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As we did in the previous section, we now specialize to the situation where dim W = 4 holds, and
W is additionally equipped with a complex orientation. Then we have the Hodge operator * :
A*W — A?W which is a conjugation on A?W , the Pliicker quadric Q(*) and the holomorphic
isometry f4 : Go(W) — Q(*) from Theorem 8.7. We now use f; to transfer the quaternionic
Kahler structure J of Go(W) onto Q(x), thereby obtaining the quaternionic Kéhler structure
39 on Q(x) given by

YU € Go(W) : 3?4@ ={TyfioJo(Tuf)) | Jeul.
In this way also Q(x) becomes a C&IH-Kéhler manifold.

Proposition. The quaternionic Kdihler structure J9 is compatible with the CQ-structures on
TQ(x) in the sense that we have

Vp e Q(x), A€ AQ(*),p), JEIY : JoA=AolJ. (8.37)

Proof. Let p € Q(x) and A € 2A(Q(x),p) be given, and choose z € 7~ 1({p}) so that

Vo € HTQ(x) : ((m|HTQ(¥)) o Aom)v =70 (8.38)
holds (see Theorem 1.16 and Proposition 1.15).

We consider the surjective map jz : Sto(W) — @(*), u — uq A ue which we already used in
the proof of Proposition 8.6, and choose u € Sto(W) so that fy(u) = z holds. The map f4
satisfies mo fy = fy 06 and

—

VE € TuSta(W) : (F)ub = (€)1 Aug +ut A (€ )a (8.39)
(see Equation (8.19)), moreover (T, fa|H’) : H® — HTQ(*) is a C-linear isometry (see (8.16)).

In the sequel three isomorphic spaces are of importance: First, the horizontal space HZQ (%)
belonging to 7. Second, the horizontal space H? belonging to @, which is related to HTQ(*)
by the C-linear isometry (T, fa|H?) : H? — HTQ(x). Third, the C-linear space End(C2),
which is isomorphic to H? in the following way: Let us extend the unitary system (u1,us) to
a positively oriented unitary basis (u1,us,us,us) of W and consider the element u’ € Sto(WW)
characterized by (u'); = uz and (ul)z = ug. Then ut : €? — §(u)t is a C-linear isometry,
and the map Lg : End(C?) — H? determined by

2 1
VX € End(C?) : Ly(X)=uoX
is an isomorphism of C-linear spaces (see Equation (8.10) and Proposition 8.4(b)).

We now use the linear isomorphisms Ly and Lr := (T fa/H?) o Lg : End(C?) — HTQ(x) to
transfer the relevant transformations onto End(C?). Specifically, we define for ¢ € Im(TH) the
C-linear map J, : End(C?) — End(C?) by

VX € End(C?) : Lo(Jy(X)) = JE(Le(X)) ;
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we also define the anti-linear map A : End(C?) — End(C?) by
= —_—
VX € End(C?) : Lp(A(X)) =% L.(X). (8.40)

For the proof of Equation (8.37), it then suffices to show

-~

JgoA=AolJ, (8.41)
because of Equation (8.38).
To prove Equation (8.41), we derive explicit representations of j; and of A. We have
VX € End(C?) : J(X)=Xoq (8.42)
because of the definition of JqL (see Equations (8.30) and (8.29)), and we will show below that
VX € End(C?) : A(X)=aoDoXoDoa (8.43)

holds, where a : €2 — C? is the canonical conjugation of C?, and D : C? — C€? is the C-linear
map characterized by De; = es and Des = —e; . From Equations (8.42) and (8.43) we then
obtain for arbitrary X € End(C?)

~ -~

(JgoA)(X)=aoDoXoDowog and (A\oj;)(X):aoDoquoDoa.
For the verification of Equation (8.41), it therefore suffices to show
Doaog=goDoa«.

Because both sides of the latter equation are anti-linear, it only has to be checked for e; and
ey, and this is easily done via a direct calculation involving the definitions of D and «, and
Equation (8.23).

Thus, it only remains to prove Equation (8.43). For this purpose let X € End(C?) be given;

suppose that X is represented by the matrix (¢i! ci2) with respect to the canonical basis of
C?. Then ¢ := Ly(X) € HY is given by

— —
(Ehr=cnus+carug and (§)2 =cipus+caoug,

and hence, v := L(X) € HTQ(x) is given by

P OR—

9)
=" (c11u3 + €21 uq) A ug + ui A (c12 ug + c22 uq)

= —cCiiug ANug— ca1u2 Aug + craug AN ug + caoug Aug .

By Example B.3, we now obtain

(F)s Lo(A(X)) = Lo(A(X)) 2 w0

= —Cr1u1 Aug + Co1 u1 N ug — €12 u2 A ug + Cag U2 N\ ug

(8.39) T~

= (—Coug +Crzus) ANug +ur A (Cotug — it ua) = (fa)e s (8.44)
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where n € T,,Sto(W) is characterized by
(M =—Cuz+czus and (7)) =Cruz — it ua

and therefore by
W =ultoaoDoXoDoa. (8.45)

The latter representation shows that 1 € H? holds, and from (8.44) we see

~

Lo(A(X)) =n. (8.46)

Equation (8.43) now follows from (8.46) and (8.45) by the definition of Ly . O

8.4 @? is isomorphic to Sp(2)/U(2)

The subject of this section is the series of Hermitian symmetric spaces Sp(r)/U(r) and the
fact that this series intersects with the series of complex quadrics at Sp(2)/U(2) = Q3. First,
we show how the Hermitian symmetric space Sp(r)/U(r) can be realized as a Sp(r)-orbit M
in G,(C?); M is a Hermitian symmetric subspace of that complex Grassmannian. Then we
specialize to the case r = 2. In this case, M is contained in the Grassmannian Ga(C%), which
is mapped holomorphic isometrically onto the Pliicker quadric Q(*) by the Pliicker embedding
P Go(CY) — IP(AC?Y), as we saw in Section 8.2. We will show that 7 maps the orbit
M = Sp(2)/U(2) onto a 3-dimensional, totally geodesic complex subquadric of Q(x).

For the first part of the section, we return to the general situation of Section 8.2, where W is a
unitary space of arbitrary dimension. But now we suppose dimW =n = 2r to be even. We fix
some symplectic (i.e. non-degenerate, alternating, C-bilinear) form w on W which is coupled
to the inner product of W in the following way: The anti-linear map 7: W — W characterized
by

Vw,w' e W : w(w,w') = (w,7(w"))¢ (8.47)
is orthogonal with respect to the real inner product (-,-)r := Re((:,-)¢) on W and therefore
satisfies

Vw,w' € W (r(w), 7(w))¢ = (w,w')¢ . (8.48)
Then 7 also satisfies 72 = —idyy , because we have for every w,w’ € W
8.47 8.47 8.48
(w, 2 (w@)he "= wlw, 7)) = —w(r(w).w) "= @), rw)e = T w)e = ~(w,w)e

In order to establish that such a symplectic form w exists, we choose a unitary basis
(w1, ..., wo.) of W, define an anti-linear bijection 7: W — W by

Vpe{l,....r} : (t(wy) =wrgy and  T(wpgp) = —7(wy) )
and a C-bilinear form w by

w:WxW —C, (w,w) — (w,7(w))g .
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Then 7 satisfies 72 = —idy and Equation (8.48), and therefore we have for any w,w’ € W

ww, w') = (w,7(W))c = (r(w), 7?(W))c = —(1(w),w)c = —(w', 7(w))c = —w(w' w),
whence it follows that w is a symplectic form on W with the desired property.

Through the symplectic form w, W becomes a right-linear space over the skew-field of quater-
nions in the following way: As in Section 8.3, we denote by IH the model of the skew-field of
quaternions as a subalgebra of End(C?), see Equation (8.22). We regard € as a subfield of IH
by identifying z € € with (§2) € IH. Then, with

i=(6%), 7=_(%¢) and k=i j=(9§),
(4,7,k) is a canonical basis of Im(IH), and we have
H={z+2-j|z7€C}

and
VzeeC: j-z=%Z-7.

W becomes an IH-right-linear space by the definition
YVweW, 2,2/ €C : w-(z+727) =zw+ 2 7(w) . (8.49)

Note that this multiplication extends the multiplication of the C-linear space W and that
multiplication with j is equivalent to the application of 7. Regarded in this way, the dimension
of W over H is r.

Furthermore, we introduce a symplectic inner product (-,-);r on W by

Vw,w' e H : (w,w)y = (w,w )¢ — w(w,w') - j . (8.50)

It should be noted that (-,-)yy is IH-linear in its second entry (as is customary for symplectic
inner products), whereas with regard to the first entry it is additive and satisfies

Vw,w' e W, ge H : (wq,wm =7 (w,w )y
A basis (wi,...,w,) of the HH-linear space W is called a symplectic basis of (W, (-, )m) if
Vi ve{l,...,r} ¢+ (wp, w)H = O

holds (where §,, is the Kronecker symbol). Such bases of W do indeed exist, see [Art57],
p. 136f.

The symplectic inner product (-,-)y gives rise to the symplectic group
Sp(W):={B:W — W | B is H-linear and Yw,w' € W : (Bw, Buw' )y = (w,w' )y };

as is well-known, this is a connected Lie group of dimension r(2r + 1) (see [Che46], Chap. I,
§ VIII, Proposition 2, p. 23 and Chap. II, § V, Proposition 3, p. 37).
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Proposition. Sp(W)={B e SUW)|Bor=70B}={BeUW)|Bor=70B};
moreover, every B € Sp(W) leaves w invariant.

Proof. For the first part of the proposition, it suffices to show
Sp(W) ¢ {BeSUW)|Bor=70B} (8.51)
and

{BeU(W)|Bor=70B} C Sp(W). (8.52)

For the proof of (8.51), let B € Sp(IW) be given. Because of the H-linearity of B, we have for
every w € W
B(tw) = B(w - j) = (Bw) - j = 7(Bw)

and therefore BoT =70B.

Moreover, with the projection P :IH — C, z + 2z’ j — z we have for any w,w’ € W

<Bw,Bw’>@ (Séo) P((Bw, Buw')m) = P({(w, w')m) (820)

<w7 w/>@
and therefore B € U(W).

We now see that B leaves w invariant:
w(Bw, Bw') = (Bw, 7(Bw'))¢ = (Bw, B(tw'))¢ = (w, 7(w'))¢ = w(w,w') .

Therefore B also leaves the 2r-form 9 :=w A ... Aw (7 factors) on W invariant. Because 1
is a volume form?® on W, B € SU(W) follows. Thus it is shown that B lies in the right-hand
side set of (8.51).

For the proof of (8.52), let B € U(W) with Bo7 = 70 B be given. Then we have for every
weW and g€ H,say q =2+ 2'j with 2,2’ € C

B(w - q) (8.49) B(zw+ 2 7(w)) = 2 Bw + 2 B(t(w)) = 2z Bw + 2/ 7(Bw) 629 (Bw) - q;

therefore B is IH-linear. Moreover, we have for every w,w’ € W:

(Bw, Bw')p (8:20) (Bw, Bw')¢ — w(Bw, Bw') - j
= (w,w)¢ — (Bw,7(Bw))¢-j = (w,w)¢— (Bw,B(tw))¢-j
. (8.50)

. /
= (w,w)g — (w,7w)¢-j = (w,w)e—ww,w)-j =" (w,w)y .

Ergo, B € Sp(W) holds. O

For the proof that ¢ is a volume form, we fix a symplectic basis (u1,...,ur) of W. Then

(u1y...,upr,7(u1),...,7(ur)) is a unitary basis of W, and if we denote by (au,...,a2,) the dual basis of W*,

we have w = —37" | au Aautr. From this representation, it follows that ¢ = £r!- (a1 A~ Aazr) is a volume

form on W .
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8.17 Remark. The symplectic structure on W singles out a complex orientation on W : There is

exactly one complex orientation on W such that for every symplectic basis (wq,...,w,) of W,
the unitary basis (wi,...,w,,7(w1),...,7(w,)) of W is positively oriented.
Indeed, if 1 is a complex volume form on W, and (wi,...,w,) and (w},...,w.) are two

symplectic bases of W, then there exists B € Sp(W) with B(wy) = w) ; we have BoT =70 B
and det(B) =1 by Proposition 8.16, whence

Y, ... w.,Twy,. .., Tw.) =Y(Bw,..., Bw,, 7(Bw),...,7(Bw,))

= ¢(Bws,...,Bw,, B(tw),...,B(tw,)) =¢¥(wi,...,wp, Twy,...,Tw,)

follows. Thus, the unitary bases (wiq,...,wy,7(w1),...,7(w;)) and (wi,...,w,

/

1)) of W are of the same orientation.

T(wy), ..., 7(w

8.18 Proposition. (a) The set
M ={YeGW)|r(Y)LY}

is an orbit of the canonical action of Sp(W) on G,.(W).

(b) M is a complex submanifold of the complex Grassmannian G,(W). We have dimg(M) =
1
sr(r+1).

(c) Let Y € M be given and denote by K the isotropy group of the action of Sp(W) on
G.(W) at Y. Then
V:K—-UY), B— B|Y

is an isomorphism of Lie groups.

(d) M is a Hermitian symmetric subspace of the Hermitian symmetric space G.(W), and
therefore a connected, complete, totally geodesic submanifold of G,.(W). As Hermitian
symmetric space, M is isomorphic to the symmetric space Sp(r)/U(r) of type Cl, see
[Hel78], p. 518.

Proof. Throughout the proof, it should be kept in mind that because of dim W = 2r, we have
for any Y € G, (W)

T(Y)LY <= 7(Y)=Y! «—= W=Yor(Y).
For (a). Let us consider the Stiefel manifold St,(W) C L(C",W) of unitary r-frames in W,
the canonical projection 6 : St,.(W) — G,(W), u — u(C") and
M = {weSt,(W)| (u1,...,u,) is a symplectic basis of (W, (-, )m) } # @,

where we put u, = u(e,) for any u € L(C",W) and p € {1,...,r}; (e1,...,e,) is the
canonical basis of C". Immediately, we will show

6~ (M) =M. (8.53)
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Because M is an orbit of the Lie group action
Sp(W) x St,. (W) — St,. (W), (B,u) — Bou

and 6 : St (W) — G,(W) is Sp(W)-equivariant, it then follows from Equation (8.53) that M
is an orbit of the action of Sp(W) on G,(W).

For the proof of Equation (8.53): First, let u € §~1(M) be given. With Y := 0(u) € M, we
then have 7(Y) = Y and therefore for any p,v € {1,...,7}

(8.50) , '
Uy y Uy = Uy, Uy —w(Uy,Uy) -] = (Uy, Uy —{uy, (U . :511,
<u JH <u )o (u )] <u ) <\£L_/()><DJ w

:6;Lu ew GWJ‘

whence u € M follows. Conversely, let u € M be given and put Y := O(u). Then we have
for every p,v € {1,...,r}: (uy,u)m = 6 € IR and therefore by Equation (8.50): 0 =
w(up, uy) = (up, 7(uy))e . It follows that ¥ L 7(Y) and therefore Y € M, hence u € ~1(M)
holds.

For (b). We remark that M is a regular submanifold of G, (W), because it is an orbit of the
action of a compact Lie group. However, a more explicit proof is required to show that M is a
complex submanifold of G, ().

For this purpose, we first note that we have M # @ because of (a). We now consider the Stiefel
manifold St,(W) C L(C",W) of complex r-frames in W ; this is a complex manifold, and the
canonical projection g SAtr(W) — G (W), u+ u(C") is a holomorphic submersion. Moreover,
we consider the holomorphic map

g: é\tr(W) - (Dr(r—l)/27 u H(w(ulﬂuy) )1§u<u§r ’

Note that because of Equation (8.47), g~ *({0}) = é\_l(M) holds.

Immediately, we will show that g is a submersion; it then follows that ¢~1({0}) = 8~1(M) is
a regular, complex submanifold of St,(W) (see [Nar68], Corollary 2.5.5, p. 81). Thus we may
then conclude that M is a complex submanifold of G,.(W). (Local trivializations of 9 give rise
to local parameterizations of M .) Moreover, we see that the complex dimension of /9\*1(M ) is
equal to r-2r—1r(r—1) = 2 7(3r+1). Because GL(C") acts simply transitively on the fibres of
é\, the fibre dimension of 8 is r2 , and thus the dimension of M is % r(3r+1)—r? = % r(r+1).
~ —
For the proof of the submersivity of ¢,%0 let u € St,.(W) be given. Then we have T,St.(W) =
L(C",W) and

——

VE € TSt (W) : Tug(€) =(w(()un) + 0t (€1) )y, - (8.54)

26The proof of the submersivity of g is to a large extent analogous to the proof of Theorem 7.11(b). It should,
however, be noted that in Theorem 7.11 the function ¢ is defined with respect to a symmetric bilinear form,
whereas here it is defined with respect to a skew-symmetric bilinear form. This difference necessitates some
changes in the details of the proof.
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To show that Tyg : TuSAtr(W) — T,0""=1/2 g surjective, it is therefore sufficient to prove that
the linear forms (A, )u<, Wwith

A L(C", W) = C, a— w(ay,u,) +w(uy,a,) (b <v)
are linear independent. For this we first note that because of the non-degeneracy of w we have

VzeC JweW : (w(w,u)) =z. (8.55)

1<v<r =
Now let (o )u<y € C7("=1/2 be given so that Zu<v @ A = 0 holds. Further, let 1o < 1y
be given. By (8.55) there exists a € L(C", W) so that

Vv e {1,...,r}  wlau,u) = 6 - S

holds. Then we have for any pu < v: A, (a) =6y - O, and therefore

0= Z A M (@) = g g -

p<v
This shows the linear independence of (A,,) .

For (¢). We have K C Sp(W) C U(W), and by definition for any B € K: B(Y) =Y and thus
B|Y € U(Y). This shows that ¥ indeed maps into U(Y"); it is clear that ¥ is a homomorphism
of Lie groups.

For the injectivity of U: Let B € K be given with ¥(B) = idy . Because of B € Sp(W), we
have BoT =70 B by Proposition 8.16 and therefore
BIr(Y) = (7]Y) o (BIY) orl¥) ™ = idy,
~——
=idy
Because of W =Y & 7(Y), we conclude B =idyy .

For the surjectivity of W: Let D € U(Y) be given and define a C-linear map B : W — W by
BlY =D and B|r(Y)=(r[Y)oDo (r|Y)™! (8.56)

Note that B leaves Y and 7(Y) invariant, and that besides B|Y € U(Y) we also have
B|r(Y) € U(r(Y)) because of Equation (8.48). Therefrom B € U(W) follows. Moreover,
(8.56) implies BoT = 70 B, and thus we have B € Sp(IW) by Proposition 8.16. Clearly, we
have B(Y) =Y ,hence Be€ K, and ¥(B)=B|Y =D.

For (d). We regard G,(W) as a Hermitian symmetric SU(WW)-space; if we fix Y € M and
denote by S : W — W the linear map characterized by S|Y = idy and S|7(Y) = —id,(y),
then the symmetric structure of G, (W) is with respect to the “origin point” Y described by
the involutive Lie group automorphism

o :SU(W) — SUW), B— SBS~!.
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By (a) and (b), M is a complex submanifold and an orbit of the Lie group Sp(W) C SU(W)
acting on G,(W). To prove that M is a Hermitian symmetric subspace of G, (W), it therefore
suffices to show that Sp(W) is invariant under o (see [KN69], Theorem XI1.4.1, p. 234).

To show this, we first note that S € U(W) and 70S = —So7 holds. Now, let B € Sp(W) be
given. Then we have B € U(W) by Proposition 8.16 and therefore o(B) = SBS~! € U(W);
from the equations 7o B = B o1 (again see Proposition 8.16) and 705 = —S o7 we get
To0(B) = o(B) o7 and therefore o(B) € Sp(W) by Proposition 8.16. Thus we have shown
o(Sp(W)) € Sp(W). Because o is involutive, o(Sp(W)) = Sp(W) follows.

It follows from (b) and (c) that M is isomorphic to the quotient space Sp(r)/U(r).

Finally, we note that M is connected along with Sp(WW) and that as a symmetric subspace, it
is a complete, totally geodesic submanifold of G, (W), see [KN69], Theorem XI.4.1, p. 234. O

We now specialize to the situation of Theorem 8.7, where W is a 4-dimensional unitary space
(i.e. r =2 holds), and W is equipped with a complex orientation. Again, we denote the Hodge
operator corresponding to this situation by s : /\2W — /\2W and regard /\2W as a CQ-space
via the CQ-structure A :=S! - x.

8.19 Theorem. (a) Let &: /\2W — C be the linear form uniquely characterized by

Vwy,we € W i O(wy A we) = w(wy,ws) .

Then U := ker@ is a 5-dimensional CQ-subspace of (/\QW,Ql) ; we denote its induced
CQ-structure by A’ .

The vector & € /\2W characterized by
vEE N B(E) = (650
s given by
OF = —(ug A(ur) +Fug AT(ug)), (8.57)
where (uy,us) is any symplectic basis of W . Note that U = (@%)* holds.
(b) fo(M) is the 3-dimensional, totally geodesic subquadric Q' := Q(A") = Q(x) N [U] of the
Pliicker quadric Q(x) and
fs=falM M — Q'
is a holomorphic isometry.
(c) For every B € Sp(W), we have
BA|U € Aut, (%) and BP @Y =o*, (8.58)

and

F3 : Sp(W) — Auty (U)o, B— BA|U

is a two-fold covering map of Lie groups with kernel {£idw}. Herein we recognize the
well-known isomorphy of Lie groups

Sp(2) = Spin(5)
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(d) (fs, F3) is an almost-isomorphism of Hermitian symmetric spaces from the Sp(W)-space
M onto the Auts()g-space Q. In particular, via F5 Q' can be regarded as a Hermitian
symmetric Sp(W)-space, and we have shown the following almost-isomorphy of Hermitian
symmetric spaces:

Q° = Sp(2)/U(2)

Proof. For (a). The existence and uniqueness of & follows from the universal property char-

acterizing the exterior product /\2W, and the existence and uniqueness of @' is then clear.

Because w is non-degenerate, we have @ # 0, and therefore U is a 5-dimensional, complex
2

subspace of A\“WW .

Next, we verify Equation (8.57). For this purpose, we let a symplectic basis (u1,u2) of W be
given, then (u1,ug2,us,us) with ug := 7(u1) and uy := 7(u2) is a unitary basis of W, and
(uy A uy)u<y is a unitary basis of A’W . For the proof of Equation (8.57), it suffices to show
the equality

W(€) = —(&, w1 ANug +u2 Aug )

for the elements & of the latter basis, and this means because of Equation (8.47)
Vi <vo: (up, T(u))e = —(up Ay, up Ausz + us Aug )
the latter equation is easily verified by direct calculation.

It only remains to show that U is a CQ-subspace of /\QW. For this purpose, we let ¢ be the
complex orientation on W so that the above unitary basis (w1, ue,7(u1),7(uz2)) is positively
oriented (Remark 8.17 shows that ¢ does not depend on the choice of (u1,u2)) and *, be
the Hodge operator on /\2W corresponding to the orientation 1 ; then we have *, € 2.
Example B.3 shows that
g\ (857 8.57)

£ (OF) @50 _ sy (ur AT(ur) +ug AT(u2)) = ug AT(uz) +ur A7(ur) G20
holds; because *y, transforms unitary bases of /\2W into unitary bases of /\QVV7 it follows that
U = (©%)* is #y-invariant and hence a CQ-subspace of AW .

For (b). We consider the canonical projections g Sto(W) — Go(W), u — u(C?) and 7 :
AW\ {0} — IP(/\2W) — [v], and the holomorphic map f3 : Sto(W) — Q(%), u— u1 Aug;
then f4o0 f=7%o f4 holds. As we saw in the proof of Proposition 8.18(b), we

61 (M) = g1 ({0}) (8.59)

with the holomorphic submersion g : Sta(W) — €, u — w(uy,ug). We have g = & o fi, and
therefore Equation (8.59) shows that ﬁ; maps é\_l(M) into kerw = U . Thus f4 maps M into
Q(x)N[U] = Q. Because M is compact, Q" is connected, and we have dimg M = 3 = dimg Q’
(see Proposition 8.18(b)), it follows that in fact f4(M) = Q" holds.

have

For (c). Let B € Sp(W) be given. Then B leaves w invariant by Proposition 8.16, and
therefore we have @ o B® = &. Because we also have B® e U(A*W), it follows that
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B® (&%) = &F holds. It also follows that B®) leaves kerd = U invariant. Because we have
B® ¢ Aut () by Theorem 8.7(b), we conclude that F3 : Sp(W) — Auty(2), B — B®|U
is a homomorphism of Lie groups, which because of the connectedness of Sp(W) in fact maps
into Auts(A')g. Thus we have shown (8.58).

For B € Sp(W), B@|U =idy already implies B?) = id 2y, because of (8.58), and therefore
we have ker F5 = ker Fy N Sp(W) = {zidw} by Theorem 8.7(b). Thus, F3 is a two-fold
covering map of Lie groups over its image, which is indeed all of Auts(2)y because we have
dim Sp(W) = 10 = dim Auts(A)o .

For (d). Tt is now clear that (fs, F3) is an almost-isomorphism of homogeneous spaces from the
Sp(W)-space M onto the Auts(A')o-space Q. Because the Lie groups Sp(W) and Autg(2)g
are of compact type, Proposition A.5 shows that (fs, F3) is an almost-isomorphisms of affine
symmetric spaces; because f3 is also a holomorphic isometry, (fs, F3) is in fact an almost-
isomorphism of Hermitian symmetric spaces. O

8.5 Q¢ is isomorphic to SO(8)/U(4)

The two series of Hermitian symmetric spaces Q™ and SO(2n)/U(n) intersect for m = 6, n =
4. In the present section, we construct the corresponding isomorphism Q% = SO(8)/U(4)
explicitly.

There are several geometric realizations for the Hermitian symmetric space SO(2n)/U(n):

e The two connected components of the congruence family F(IP"~!, Q?*~2) studied in The-
orem 7.11 are as Hermitian symmetric spaces isomorphic to SO(2n)/U(n) (see Theo-
rem 7.11(c)(i)).

e If V is a 2n-dimensional complex linear space, the submanifold of the complex Grass-
mannian G, (V) constituted by those U € G, (V) which are isotropic with respect to
some non-degenerate, symmetric bilinear form S on V has two connected components,
both of which are isomorphic to SO(2n)/U(n) .

e The manifold of orthogonal complex structures on the Euclidean space IR?*" has two
connected components, both of which are isomorphic to SO(2n)/U(n) .

~

We will base our construction of the isomorphism Q° = SO(8)/U(4) on the realization
F(IP3,Q%) of SO(8)/U(4) . In the construction, we will extensively use the theory of CQ-spaces,
as we did throughout the present dissertation.?” Also, we will use the theory of Clifford alge-

"t should be noted, however, that both SO(8)/U(4) and Q° can be described without use of CQ-structures:
the former space as a connected component of the manifold of orthogonal complex structures on IR®, and the
latter as a 6-dimensional algebraic complex quadric (which can then be regarded as a symmetric complex quadric
via a suitable Hermitian inner product on the underlying complex linear space, see Remark 1.12(b)). Therefore,
it should be possible in principle to describe the isomorphism without reference to the theory of CQ-spaces.
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bras, spin groups and its representations as described in Appendix B. The principle of triality
(Section B.6) will play an important role.

The strategy is as follows: Let (V,2) be an 8-dimensional CQ-space and fix A € 2. Then
A gives rise to a symmetric bilinear form ( on V, thereby to the Clifford algebra C(V, )
and to the spaces Sy and S_ of positive resp. negative half-spinors, which are in the present
situation again 8-dimensional. It will turn out that S+ can be equipped with a CQ-structure
2. in a canonical way. 24 defines the 6-dimensional complex quadric Q1 := Q). We will
construct isomorphisms of Hermitian symmetric spaces from @+ to the connected components
of the congruence family F(IP3, Q).

For the construction of these isomorphisms, we note that for any spinor s # 0, Z(s) :={v €
V|p(v)s = 0} (where p: C(V,3) — End(S) denotes the spin representation of the Clifford
algebra C'(V,(3)) is an isotropic subspace of V. As it is described in Subsection 8.5.2, Z(s) is
of the maximal dimension 4 if and only if s € @(22(+)U@(2l_) holds. In this way, with every
element of @(Qli) there is associated a 4-dimensional isotropic subspace of V and therefore
an element of F(IP?,Q). It turns out in Subsection 8.5.3 that this association descends to
isomorphisms of Hermitian symmetric spaces h; and h_ from @4 resp. Q_ to one resp. the
other connected component of F(IP3,Q).

As preparation for this construction, we investigate in Subsection 8.5.1 the relationship be-
tween the vector representation x resp. the spin representations py of Spin(V,3) and the
CQ-structures on the spaces V and Sy. In particular, we construct a subgroup G of
Spin(V, 3) (isomorphic to the real spin group Spin(8)) so that x|G : G — Auts(™A)o and
p+|G : G — Autg(Uy)p are two-fold covering maps of Lie groups. Via these covering maps, the
quadrics @ and @+ can be regarded as Hermitian symmetric G-spaces.

The fundamental facts on Clifford algebras, the spin group and spin representations which are
needed here are gathered in Appendix B.

8.5.1 The vector and spin representations of Spin(8)

Let (V,2() be an 8-dimensional CQ-space. We fix A € 2 and consider the non-degenerate,
symmetric bilinear form

ﬁ VYV xV—=C s (1)1,?)2) — <7)1,A’U2>@

induced by A, the quadratic form ¢: V — C, v — %ﬁ (v,v) and the complex Clifford algebra
C(V,3) (see Section B.3). We also have the vector representation x : I'(V, 5) — O(V, 3) of the
Clifford group I'(V, ).

We now exhibit a connection between this complex situation and the situation of a real Clifford
algebra. The space V' := JV(A) = V(—A) is a real-8-dimensional, totally real subspace of V,
which we regard in the sequel as an euclidean space, and

VoeV, zeV : Bv,x)=—{(v,z)¢ (8.60)



8.20

216 Chapter 8. The geometry of Q', Q3, Q* and Q°

holds. It follows that ' := B|(V'xV’) is a symmetric, negative definite, real bilinear form on V',
and we also consider the real Clifford algebra C(V’,3'); we denote by x' : T'(V',3") — SO(V’)
the vector representation of T'(V’,3'). It should be noted that with ¢’ := ¢|V’, (¢/)"1({-1})
is the sphere of radius v/2 in V.

The IR-linear map ¢ : V' — C(V,3) is a Clifford map for the Clifford algebra C(V’,3’), and
therefore there exists one and only one algebra homomorphism ¢ : C(V’ 3") — C(V,3) so that
(z) = = holds for every z € V.

Proposition. (a) ¢ is injective.

(b) Put
Gi={m1 - |k <4, 21,z € (¢) T ({~1})} € Spin(V, ),
where the multiplication is carried out in C(V,3). G is a compact, simply connected Lie
subgroup of Spin(V,3), and ¥ := (¢|Spin(V’,5")) : Spin(V', 3') — G is an isomorphism

of Lie groups. Moreover, we have
vg' € Spin(V', 8) + X'(¢') = x(¥(g")IV". (8.61)

(c) We have
G ={geSpin(V,5)|x(g) € Auty(2)o}

and x|G : G — Aut4(2)o is a two-fold covering map of Lie groups with ker(x|G) = {£1}.

Proof. For (a). Let (x1,...,23) be an IR-basis of V'. Then the same list of vectors is a C-
basis of V, and ¢ maps the induced R-basis (z5)gcq1,....53 of C(V', ') (see Theorem B.7(b))
onto the C-basis (75)scq1,..sy of C(V,3), which is in particular linear independent over IR .
Therefore 1 is injective.

For (b). Proposition B.15(c)(ii) shows that ¢ maps Spin(V’, ) onto G. Clearly ¥ is a
homomorphism of abstract groups. As restriction of an injective linear map to a compact
submanifold, ¥ (regarded as a map into Spin(V,[)) also is an embedding, and its image
G = ¥(Spin(V’, 7)) is a compact submanifold of Spin(V,3). It follows that G is a Lie
subgroup of Spin(V, ) (see [Var74], Theorem 2.12.6, p. 99) and that ¥ is an isomorphism of
Lie groups onto G. Consequently G is simply connected along with Spin(V’, 3').

For Equation (8.61): Let us denote the canonical involutions of C(V,3) and C(V',3') (see
Proposition B.10(a)) by « and o, respectively. « leaves (C(V’,)) invariant; this fact
together with the unique characterization of o’ in Proposition B.10(a) shows that ¢ oa’ = ao1)
holds. We thus have for any ¢’ € Spin(V’,3') and z € V’

X'z =v(X'(¢)z) = (¢) -z (¢)h)
= (' (¢) (@) - (g) " = a(@(g) -z p(g) = x(T(g)) .
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For (¢). We put G :={g € Spin(V, 8)| x(g) € Aut(A)o }.

First, we show G C G . For this, let g € G be given. Then x(g) is a C-linear transformation
of V, and with ¢ := U~=l(g) € Spin(V/,#) we have x(9)|[V' = x'(¢') € SO(V') by (b)
and Proposition B.15(e), whence x(g) € Auts(2)o follows by Proposition 2.17(a) because of
V' = V(—A). Thus we have g € G.

We now consider the Lie group isomorphism = : SO(V’) — Autg(A)g, L — LT (see Proposi-
tion 2.17(a)) and the following commutative diagram:

Spin(V’, 3 L GC© Spin(V, 3)

'

SO(V) Auty () SOV, 3) .

From the commutativity of the left-hand half of the diagram, we see that x|G : G — Aut4(2)o
is a two-fold covering of Lie groups with ker(x|G) = {£1}, see Proposition B.15(d),(e).

Finally, we prove G C G. For this, let g€ G be given. Then we have B := x(g) € Auts(2A)o .
Because both x|G : G — Auts(A)g and x : Spin(V,3) — SO(V, ) are two-fold covering
maps of Lie groups, the commutativity of the right-hand side of the diagram shows that both

pre-images of B under y are contained in G . In particular, we have g € G. O

Our next aim is to obtain an analogous result as that of Proposition 8.20(c) for the half-spin

representations py belonging to C(V, ).

To obtain the explicit description of the spin representation given in Section B.5, we fix a
complex-4-dimensional, -isotropic subspace W of V (see Corollary 2.22). Then W' := A(W)
is another complex-4-dimensional, 2-isotropic subspace of V, W and W' are also [-isotropic,
and we have V. = W & W’. Moreover, we fix a complex orientation on W and denote by
w e N*W the positive unit 4-vector of W corresponding to this orientation (see Section B.2).
Note that the Hermitian inner product of W induces a Hermitian inner product on AW in the
way described in Section B.2. We denote this product also by (-, )@

We apply the construction of Section B.5 in this situation. Thereby we obtain the spinor
space S = AW, the spaces Sy = AW and S_ = A°YW of even resp. of odd half-
spinors, the non-degenerate bilinear form (g : S x S — € of Proposition B.30 which is
here symmetric (Proposition B.30(b)(v)), their restrictions [+ := (g|(S+ x Si), the spin
representation p : C(V,8) — End(S) (Theorem B.26), and the half-spin representations
p+ : Spin(V, 3) — SO(S4, By) .

Proposition. The anti-linear map Ag: S — S characterized by
Vs1,82 €S 1 (s1,As(s2))e = Bs(s1, 52) (8.62)

s a conjugation on S . In the sequel, we regard S as a CQ-space via the CQ-structure Ag =

Sl. Ag.
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Proof. 1t is obvious that Ag is anti-linear, and because (g is symmetric, Ag is self-adjoint with
respect to the real inner product (-,-)r := Re({:,")¢) on S = AW . It thus only remains to
show that Ag is also orthogonal with respect to (-,-) i (see Definition 2.1), and for this purpose,
we derive an explicit description of Ag involving the Hodge operator (see Appendix B.2).

Let k€ {0,...,4} and s € A"W be given. For 5§ € A‘W with ¢ € {0,...,4}, 0 44—k, we
have by the definition of (g (Proposition B.30(a))

(8.62)

(s, As(s))e Bs(5,s) = p(r(s) Ns) =0,

where £ is the main anti-automorphism of C(V, /) and ¢ is as in Proposition B.30. Therefore,
As(s) € /\47kW holds. Now let us denote by * the Hodge operator on S = AW with respect
to the chosen orientation on W . Then we have for any 5 € A* "W by Proposition B.30(d)

3, As(s))e *2 Bs(3, 5)
= (—1)t-
= (—D)H

) (—1)URERED/2 g Ag(s)) e
(k= 1/2 <§7AS(S)>(D

Thus, we have shown
ke {0,.... 4} ¢ AS|AW = (=D)FEDEL AW

From this representation of Ag and Proposition B.2(e) we see that Ag is orthogonal with
respect to (-, )R . O

Because the spaces S; and S_ are the [g-ortho-complement of each other (Proposi-
tion B.30(c)), they are Ag-invariant, and therefore CQ-subspaces of S. Ay := Ag|Sy : Sy —
Sy is a conjugation on Sy, and A4 :=S'- AL is the CQ-structure on Sy induced by g .

To gain insight into the behaviour of the half-spin representations py, we take advantage of
the fact that they are “intertwined” with the vector representation y in the way described by
the principle of triality, see Section B.6. We denote by T=V@® S =V @ S, & S_ the triality
algebra which was described there. But now we also equip ¥ with the complex inner product
characterized by the following properties: (1) The restriction of this inner product to VxV and
to S x S equals the inner product on V resp. on S we considered before. (2) The subspaces
V and S of T are orthogonal to each other. We denote also this inner product by (-, )¢

Moreover, we consider the anti-linear map Ag: % — ¥ characterized by
A5|V =A and A§|S = AS .

Then Ag is a conjugation on ¥, therefore g := S'- Ax is a CQ-structure on T, and we regard
T as a CQ-space in this way in the sequel. It should be noted that (V,2), (S,2s), (S+,2A;)
and (S_,A_) are CQ-subspaces of (%,2z), and that

VX,Y €T : (X,AzY)¢ = Bz(X,Y)
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holds, where (z is the non-degenerate, symmetric bilinear form on ¥ from Section B.6 induced
by (6 and (g.

We now fix wy; € S(W) and put w) := Aw; € S(W’), note that B(wy,w]) =1 holds. Then
we consider the triality automorphism 7 : ¥ — ¥ corresponding to this choice of (wq,w})
as described in Theorem B.34 and by ¢ : Spin(V, ) — Spin(V, 3) the corresponding triality
automorphism of Spin(V, ), see Theorem B.35. We summarize the fundamental properties of
T and ¢:

7% =idg, 9°=idgpinw,g)
T(V)=S8,, T(S.)=5_ and T(S_)=V,
VX, Y €T : p(T(X), T(Y)) = Bz(X,Y) ,
Vg € Spin(V, B) : pu(d(g)) o T =T o u(g) -

In the last equation, p : Spin(V,3) — SO(%, (%) is the representation of Spin(V,3) on T
induced by x and p as described in Section B.6.

As was emphasized at the end of Section B.6, it is in some regards more natural to consider
restrictions of T':

Tyy =TV:V—->S,, T, :=T|S+:5—S5_ and T_y:T|S_:5_—>V.

From Equation (8.66) and the definition of p, we see that the following equations hold for any
g € Spin(V, B)

p+(9(g)) o Ty+ = Ty+ o x(9) , (8.67)
p—(9(g)) o Ty =T}~ 0 pi(g) , (8.68)
and  x(¥(g)) o T-v =T_vop_(g) (8.69)

The following proposition clarifies the relationship between T and the CQ-space structure of

T
Proposition. (a) T € Auty(Az)o .

(b) Tyy, Ty— and T_y are CQ-isomorphisms between the respective CQ-subspaces of ¥ .

Proof. For (a). We extend w; into a positively oriented unitary basis (wi,...,ws) of W, then
(wl,...,wy) with w) = Awy, is a unitary basis of W’ so that B(wy,w)) = dg¢ holds. The 24

elements of ¥

/ / / /
w1, W2, W3, Wy, Wy, Wy, W3, Wy € V?
1, w1 A we, w1 Aws, wy Awy, wy Aws Aws A wy, —wg A wyg, wWo AWy, —wo ANws € S+,

wo A wg A wy, —Wsy, —W3, —Wyq, Wi, W1 Aw3zAwy, —wy Awe Awyg, wy ANwy Awg € S_

constitute a unitary basis of ¥, which is mapped by T onto the same basis in a different
ordering, as Theorem B.34 shows. Therefore T' is a unitary map.
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Also we have T € O(%, <) by Equation (8.65), and therefore detg(7) € {£1}. Moreover, we
have

(det ¢(T))? = det ¢(T3) (8.63)

and therefore detq(7) =1, hence T € SO(%, Bx) .

det @(idg) =1

Thus we have shown T € U(%) N SO(%, Bz) = Auts(z)o , see Proposition 2.18(b).

For (b). This follows from (a) and the fact that V', S} and S_ are CQ-subspaces of ¥ which
are permuted cyclically by T'. O

Proposition. (a) For any g € G, we have p+(g) € Auts(UAr)o, and the maps
p+|G: G — Auts(Ay)o and p_|G: G — Auts(™A_)o
are two-fold covering maps of Lie groups.

(b) 9(G)=G. Thus V|G : G — G is a Lie group automorphism of order 3.

Proof. Let g € G be given. Below, we show p(g) € Auts(2s); because Sy is a CQ-subspace
of S, pi(g) € Auts(UAs) follows; because G is connected and pi|G : G — Autgs(Ay) is
continuous, we then see that in fact, pi(g) € Auts(24)o holds.

For the proof of p(g) € Auts(2g): We have Auts(As) = U(S)NO(S, Bs) by Proposition 2.18(a)
and p(g) € O(S,Bs) by Proposition B.30(b)(iii). Thus, it remains to show p(g) € U(S). For
this we note that by the definition of G, there exist k < 4 and w1,...,29; € (¢')"1({—1}) such
that g = x1 -+ z9r and hence p(g) = p(z1)o...0p(x9x) holds. It is therefore sufficient to show

plw) € U(S) for any x € ()1 ({~1}).

For this purpose, let = € (¢/)~1({—1}) C V' be given. By Proposition 2.20(g) there exists
a; € W so that @ = a3 — Aay holds, and ¢'(z) = —1 implies |la1]] = 1. We extend a1 to a

positively oriented, unitary basis (ai,...,a4) of W.
By Theorem B.26, we have for any s € §
p(r)s = pla1)s — p(Aar)s = a1 NS — Vg(. A4q;)5 = A1 A S = V(. a1)¢S - (8.70)

Using this equation, we calculate

seS 1 a1 N a2 a1 N\ as a1 N\ aa a2 N\ as az N\ aq az N\ as a1 ANaz Nas A\ aa

p(z)s || a1 —as —as —ag a1 Naz Naz | aiANazNas | a1 ANaz A as —a2 A az A aq

In the Clifford algebra C(V, (), we have z = —x~! and therefore p(z) = —p(x)~!. Thus, we
obtain from the previous table also the following values:

se S ai az as a4 airNaz ANa3z | a1 Naz ANasg | a1 ANas N\ as a2 N a3 N\ aa

p(z)s —1 | aiANaz | a1 ANas | a1 A as —as A as —as N ay —asz N aq ai Naz A\ as A aq

These two tables show that p(z) transforms the unitary basis (wn)ycqi,...4p of S (see (B.21))

-----

into another unitary basis of S. Therefore, we have p(x) € U(S).
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Next, we show ¥(G) = G. Let g € G be given. Then Equation (8.69) shows that we have

X(@(g)) =T-vop_(9) 0T .

As we saw above, we have p_(g) € Auts(2_)¢; because T_y : S— — V is a CQ-isomorphism by
Proposition 8.22(b), it follows that x(9¥(g)) € Auts(2A)g holds. This fact implies ¥(g) € G by
Proposition 8.20(c). Thus we have shown 9(G) C G. We then also have G = 93(GQ) C ¥3(G) C
Y(G), see Equation (8.63).

It remains to show that pi|G : G — Auts(Ay)o is a two-fold covering map of Lie groups. For
this, we note that J|G : G — G and Ty, : Autg(A)g — Autg(A4)o, B+— TyyoBo Tgﬁ are
isomorphisms of Lie groups, that the diagram

9|G
G G
xGl lp+|G’ (871)
Autg(A)g — Auts (A4 )o
TV+

commutes by Equation (8.67), and that x|G : G — Auts(2)g is a two-fold covering of Lie groups
by Proposition 8.20(c).

A repetition of this argument with the isomorphism of Lie groups TVJF, s Auts(UA4 ) —
Auts(A_)g, B— T4_oBo T_:i then shows that p_|G is a two-fold covering of Lie groups,
too. U

Remark. It also follows from the commutativity of Diagram (8.71) that ker(pi|G) =
{1,9(-1)} and likewise ker(p_|G) = {1,9%(—1)} holds. The elements 9¥(—1),9%(-1) € G
are described explicitly in Proposition B.36(e).

8.5.2 Pure spinors

To establish the isomorphy between the complex quadrics Q(24) and the connected compo-
nents of F(IP?,Q) which we advertised above, we need a correspondence between the set of
4-dimensional isotropic subspaces of V and a certain subset of S, the set of pure spinors. We
describe the results concerning pure spinors following the exposition of LAWSON/MICHELSOHN,
see [LMS9], §IV.9, p. 335ff. Theorem 8.31, which states that the set of pure spinors is the union
of two quadratic cones in our situation, can be found in CHEVALLEY, [Cheb4], IV.1.1, p. 113.

At first, we consider the general situation of Section B.5, where V is a complex linear space of
even dimension n = 2r equipped with some symmetric, non-degenerate bilinear form 3. Then
we have the Clifford algebra C := C(V, 3) and the vector representation x : I'(V, 5) — O(V, 3)
of the Clifford group. As in Section B.5, we fix a decomposition V = W & W' of V into
isotropic, r-dimensional subspaces and a “unit volume” w € A"W \ {0}. Then we consider
the space S = AW of spinors, the spin representation p : C(V,3) — End(S), the spaces
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Sy o= AW and S_ = AW of even resp. odd half-spinors, and their representations
p+ : Spin(V, B) — GL(S%).

Moreover, we denote by J C G,(V) the set of complex r-dimensional [-isotropic subspaces
of V. T'(V,5) acts on J via x : I'(V,8) x T — T, (9,U) — x(g9)U. We regard J as a
I'(V, B)-space in this way.

Proposition. Y is transitive.

Proof. By Lemma B.21 there exists a complex inner product (-,-) on V and a conjugation A on (V,(,-)) so
that the elements of J are precisely the complex-r-dimensional, 2-isotropic subspaces of V', and

BI(V(A) x V(A)) = (-, )[(V(A) x V(A4)) (8.72)

holds. Therefore, Proposition 2.20(e),(f) shows that for any given Ui,Us € T, there exist orthogonal complex
structures 71,72 : V(A) — V(A) such that Uy = {z + Jrmpz |z € V(A)} for k € {1,2}. Then there exists L €
O(V(A)) with 72 = Lo7; 0 L™ and therefore Uz = LE(U;); we have LT € O(V, 3) because of Equation (8.72).
Proposition B.12(e) shows that there exists g € I'(V, 8) with x(g) = LY and therefore Us = %(g,U1). O

We now associate with every s € S a linear map
Js: V=85, v p(v)s.

For a “generic” choice of s € S, js is injective. However, there exist particular s € S for which

js has a non-trivial kernel, and these spinors will play an important role in the following.

Proposition. For s € S\ {0}, kerjs is an isotropic subspace of V .

Proof. Let v,w € ker js be given. Then we have p(v)s = p(w)s =0 and therefore

0= p(W)p(w)s + p(w)p(v)s = p(v - w + w-v)s = p(B(v,w) - 1c)s = Blv,w) -5 |

hence B(v,w)=0. O

Definition. s € S\ {0} is called pure if kerjs € T holds. We denote the set of pure spinors
by B(S). For U €T, we call any s € P(S) with ker jo = U a representative spinor of U .

Example. We have kerj;, = W’ and kerj, = W, consequently lg,w € P(S) holds.
Proposition. The p-action of T'(V,3) on S leaves B(S) invariant and the action

p: TV, 3) x PB(S) = P(5), (9,5) = plg)s

is transitive; we regard B(S) as a homogeneous T'(V, B)-space in this way. The map Z : P(S) —
J, s+ ker js is equivariant with respect to the actions of T'(V,3) on B(S) and on T, and we
have for s,s" € PB(S)

C*-sCP(S) and (Z(s)=2(s") <= INeC :s=A5"). (8.73)
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Proof. We first show
Vg eT(V,8), s € B(S) : kerjiyg)s = x(g)(kerjs) . (8.74)

Let g e I'(V,3) and s € P(S) be given, then we have for any v € ker j

Jotars(x(9)v) = p(x(9)v) p(9) s = pla(g)vg™'g) s = p(a(g)) p(v) s = p(e(g)) js(v) =0,

and therefore

x(9)(ker js) C ker j(g)s (8.75)
holds. We have
) ) ) NGO ' ()
r = dim(ker j;) = dim( x(g)(kerjs)) < dim(kerj,gs) < 7,
where the inequality marked (x) follows from the fact that ker j,(4)s is isotropic, see Proposition 8.26. This chain

of inequalities implies dim(x(g)(kerjs)) = dim(kerj,(4ys), and therefore in fact equality holds in (8.75). This
completes the proof of Equation (8.74).

Equation (8.74) shows that 93(S) is invariant under the p-action of I'(V,3) on S and that the map Z is
equivariant with respect to p and x.

We next show (8.73). Let s € PB(S) and A € C* be given. Then we have jrs = - js and therefore s € PB(S)
and Z(\s) = kerjas = kerjs = Z(s). Conversely, we suppose that s,s’ € B(S) are given with Z(s) = Z(s).
Because J is a homogeneous I'(V, 8)-space (see Proposition 8.25) and Z is equivariant (by Equation (8.74)), we
may suppose without loss of generality that Z(s) = Z(s') = W' and s’ = 1s holds (see Example 8.28). Because
of kerjs = W' we have

vw' € W pw')s=0. (8.76)
Let us fix a basis (w1,...,w,) of W and consider the basis (wi,...,w;,) of W’ so that B(wg,w;) = dxe holds
(see Proposition B.23). We use the notation wy from (B.21) with respect to the basis (ws,...,w,) and denote
by I the power set of {1,...,7}. Then (wn)ner is a basis of S, therefore there exist numbers ¢y € C with
s = ZNE] cn - wn . We will now show by induction on k£ that

Vke{0,....,r—1}, NeI : (#N=r—k = ex=0) (8.77)

holds; it follows that s = cg - wg = ¢y - 1s holds. Because we have s # 0, we then conclude s € C* - 1.

For the proof of (8.77): First, suppose k = 0. The only N € I with #N =r—01is N ={1,...,r} and then
we have cny = p(wy,) -+ - p(wy)s = 0 by Equation (8.76).

Now, let k& < r — 1 be given and suppose that (8.77) holds for all k¥’ < k. Then let N € I be given with
#N=r—k,say N={l1,...,0r—i} with {1 <...<{l_). With £ := w}rik ---le € C the following equations
hold:

ey’ =0 forevery N' €1 with #N' >r—k , (8.78)
p(wn =0 for every N' € I with #N' <r—k and N’ # N | (8.79)
p(wn =1g . (8.80)

In fact, Equation (8.78) is simply the induction hypothesis and Equation (8.80) follows from the definition of
p. For the proof of Equation (8.79) we handle the cases #N’ < r —k and #N’ = r — k separately. First, let
N’ €I be given with #N’ <r—k. Then p(§)wy, = 0 follows from the definition of ¢ and the fact that for any
w' € W', p(w') is an anti-derivation of degree (—1). Now let N’ € I be given with #N’ =r —k and N’ # N .
Then there exists £ € N\ N'. We have p(wj)wys = 0 by the definition of p and therefore also p(&)wny =0.

From Equations (8.78), (8.79) and (8.80) we see that p(§)s = ¢y 15 holds. But on the other hand Equation (8.76)
shows that we have p(£)s = 0. From these two equalities, ¢y = 0 follows, and this completes the proof of (8.77).

Finally, we show that g is transitive. Let s,s’ € P(S) be given. Then we have Z(s),Z(s") € 3. By Propo-
sition 8.25 there exists go € T'(V,3) with Z(s') = x(g90)Z(s) = Z(p(go)s) , and therefore by (8.73) there exists
A€ C* sothat s' = Ap(go)s holds. Thus we have s’ = j(g,s) with g:=Ago € I'(V, ). O
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Corollary. P(S) Cc Sy US_.

Proof. Let s € P(S) be given. Because I'(V,3) acts transitively on PB(S) (Proposition 8.29) and we have
1s € Ps (Example 8.28), there exists g € I'(V, 3) so that s = p(g)ls holds. By Proposition B.12(f), we have
either g € C*T(V, ) and then s = p(g)ls € Sy, or else g € C~(V,) and then s = p(g)ls € S—. O

We put P(S;) := P(S) N Sy and P(S-) := P(S) N S_; on these spaces I'"(V,3) acts
transitively via p, and we have B(S) = P(S;)UPB(S-) by Corollary 8.30.

Theorem. (Chevalley, [Che54|, IV.1.1, p. 113.) In the situation of Subsection 8.5.1,
where YV is an 8-dimensional CQ-space and the corresponding half-spinor spaces S+ are re-
garded as CQ-spaces (S+,21) in the way described there, we have

P(S1) = Q(A) .

Proof. 1t suffices to show that

B(S) = {s € (S+ US-)\{0}|gs(s) =0} =P
holds with the quadratic form ¢s: S — C, s +— %ﬁs (s,8).

We first note that both 9(S) and P are invariant under p(I'(V,3)). For $B(S) this was shown in Proposi-
tion 8.29. For s € P and g € I'(V,8), we have either p(g)s € S+ \ {0} or p(g)s € S—\ {0}, and we have by
Proposition B.30(b)(ii): ¢s(p(g)s) =e(g)A(g) - gs(s) = 0. Thus we have shown p(g)s € P .

Because P3(.9) is the orbit through 1s of the action of p(I'(V,3)) on S (see Proposition 8.29 and Example 8.28)
and we have 1g € P, the p(I'(V, B))-invariance of P already implies P(S) C P.

For the converse inclusion, let s € ‘,]~3 be given. We will show that there exists g € I'(V, 3) so that
Ja,beC : s :=p(g)s=a-ls+b-w (8.81)
holds. Then s € ‘ﬁ implies s’ € ‘i, whence we see
O:qs(s') = % ‘Bs(a-ls+b-w, a-lg+b-w)=ab .

Therefore, either @ = 0 and then s’ € C*-w, or else b =0 and then s’ € C*-1s holds. In either case, we have
s' €P(S) (see Example 8.28) and therefore also s = p(g~")s’ € P(S).

It remains to prove the existence of g € I'(V, 3) so that (8.81) holds. We have s € Sy US_ . Let us first consider
the case s € S;. We choose a basis (wi,...,ws) of W and denote by (w],...,w}) the basis of W’ so that
B(w;,w;) = 6 holds, see Proposition B.23. Then {ls,w}U{wr Aw,|k < £} is a basis of St . Therefore there
exist a,d € C and cpe € C for kK < ¥ sothat s=alg+ Ekd cke wi AN we + dw holds, and because of s # 0 at
least one of these coefficients is non-zero. In fact, we may suppose without loss of generality that a = 1 holds,
as the following argument shows: If a # 0 holds, then the homogeneous component of degree 0 of p(g’)s is 1s,
where ¢’ := % -lc € T(V,B). If cke # 0 holds for some k < £, then the homogeneous component of degree 0
of p(g’)s is 1s, where g’ := ﬁ(wz + wyp) - (wg +wy) € T(V,B) (see Proposition B.25(a)). If d # 0, then the
homogeneous component of degree 0 of p(g')s is 1g, where g’ = %(w4 +awh) - (wr +wl) €T(V,B) (again, see
Proposition B.25(a)). Because of the p(I'(V, 3))-invariance of 93, we may replace s by p(g')s in any of these
cases.

For every k < £ we now put gre := 1—ckewr-we € T(V, §) (see Proposition B.25(b)) and g :=[], ., gre € T(V, )
(where the factors are ordered lexicographically). Let k < ¢ be given and denote by k < { the two elements of
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{1,...,4} \ {k, ¢} . We then have
p(gre)s = p(1 — crewr - we)s = s — crewi ANwe A (1 + Z Crro Wy AN wer + d - w)
K <o
= 8§ — Cke Wk N\ W¢ — Cke Cij W N\ we N Wi, N\ wj
—_—
=tdw

=s—crpwr ANwe +d -w
with a suitable d’ € C. It follows that

p(g)s =s— chzwk ANwe+d" - w
k<t

holds with some d” € €. Therefore the homogeneous component of degree 2 of p(g)s is zero, and hence p(g)s
is of the form of (8.81). This completes the proof of (8.81) for the case s € Sy .

If on the other hand s € S_ holds, we fix v € V with g(v) = 1, then we have v € I'(V,3) and hence
p(v)s € PN S1 . By the preceding arguments there exists g’ € I'(V, 8) so that p(g')(p(v)s) = p(g’ - v)s is of the
form of (8.81). Hence (8.81) is satisfied with g :=g¢"-v € I'(V,3). O

8.5.3 The construction of the isomorphism

In the situation of Subsection 8.5.1, we now consider the 6-dimensional complex quadrics @ :=
QM) C IP(V) and Q4 := Q(4) C IP(Sy). We will construct isomorphisms of Hermitian
symmetric spaces from Q1 and @)_ to one and the other of the two connected components of
the congruence family F(IP3,Q) which was studied in Theorem 7.11.

At first, we consider the spaces involved only as homogeneous spaces, not as symmetric spaces.
Originally, the quadric @ is a Hermitian homogeneous Aut,(2A)p-space (see Corollary 3.4),
likewise Q4 is a Hermitian homogeneous Aut,(204)g-space, and the connected components of
F(IP3,Q) are Hermitian homogeneous Aut,(2)o-spaces (see Theorem 7.11(c)). But now, we
regard all these spaces as Hermitian homogeneous G-spaces via the actions

X:GxQ—Q, (9,p) — x(g)(p) ,

P+ G x Qx — Qx, (g,[s]) = px(9)([s])
and Yg:G x F(P3, Q) — F(IP,Q), (9.A) — x(9)(A) .

(Here, we again used the notation B for the holomorphic isometry on IP(V') induced by some
unitary transformation B of a unitary space V'.) The actions Y and pi are indeed transitive,
and the orbits of Yz are indeed the connected components of F(IP3,Q) because x|G : G —
Auts(A)p and pi|G: G — Auts(U1)p are surjective, see Propositions 8.20(c) and 8.23(b).

In the following constructions, we will also use the quadratic cones Q+ := Q(Asx) = P(S+) (see
Theorem 8.31) and the manifolds Qx := Q(Ax) = Q+NS(S<). Moreover, we consider the Hopf
fibrations 7 :S(V) — IP(V), v +— [v] and 74 : S(St) — IP(Sy), s — [s].
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Proposition. There exists a map h4 : Q+ — 3(1133, Q) characterized by
Vse Qi : hi([s) =[{veV]|p)s=0}]. (8.82)

h+ is a holomorphic embedding. The images F(IP?, Q)4 := hy(Q4) and FAP?,Q)_ := h_(Q_)
are the two connected components of F(IP3 Q). With the transitive G-action Xgz+ = Xg|(G ¥
F(P3,Q)1) on F(IP3,Q)+, ht is (p+, Xzt )-equivariant, meaning that (hs,idg) is an isomor-
phism of homogeneous spaces from Q+ onto S(IP?’,Q)jE .

Proof. We use the concept of pure spinors and the corresponding notations introduced in Sub-
section 8.5.2. By Theorem 8.31, we have Qi = P(S1), and hence, Z(s) is a 4-dimensional
isotropic subspace of V for every s € Q4+ by Definition 8.27. Therefore, the maps

hi: Qs — FMP3,Q), s+ [Z(s)]

indeed have values in F(IP3, Q). Because éi is connected, 7& in fact maps into a connected
component of F(IP?,Q), which we denote by F(IP?, Q)+ . No 4-dimensional isotropic subspace
of V has representative spinors in both Sy and S_ (by (8.73) in Proposition 8.29), whence
F(IP3,Q) 4 # F(P3,Q)_ follows. Because F(IP3,Q) has exactly two connected components, we
see that these are F(IP3, Q). and F(IP3,Q)_.

From (8.73) we see that there exists a map h4 : Q+ — F(IP3,Q)+ with hyomy = Ei and that
this map is injective. hy obviously satisfies Equation (8.82), and Proposition 8.29 shows that
it is (p+, X3+ )-equivariant. Proposition A.1 thus shows that hy is a diffeomorphism.

It remains to show the holomorphy of hy. We consider the holomorphic bundle map 7 :
Q+ — Q4, s+ [s], the trivial complex vector bundles

T:Q\iXVHQ\i, (s,v) — s and T/Z@iXSH@i, (5,8) s,
and the holomorphic vector bundle morphism
§:Qe xV = Qs xS, (s,0) = (s,7:(v) = (5,p(v)s)

between 7 and 7' over @i- For every s € @i, the kernel of j(s,:) : v — j(s,v) is the
complex 4-dimensional linear subspace Z(s), and therefore kerj is a complex subbundle of 7
of complex fibre dimension 4.

Now let p € @+ be given and choose an open neighbourhood U € Ul°(p,Q+) such that there
exists a holomorphic local section f:U — @i of 74+ . By reducing the size of U if necessary,
we can further arrange that there exists an open neighborhood U of f (U) in Q+ on which
there exists a holomorphic frame field (by,...,bs) of the complex vector bundle kerj. If we
then denote by §c4(V) the Stiefel manifold of complex 4-frames in V, by G4(V) the complex
4-Grassmannian over V , and consider the holomorphic projection

pr:kerj —V, (s,v) —uv,
the holomorphic map

g: §c4(V) — G4(V), (v1,...,v4) — spang{v,...,v4}
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and the holomorphic map 6 : G4(V) — §(IP?,IP(V)) from Theorem 7.4, then h|U is equal to
the following composition of holomorphic maps
(P! &

cxa o (kerj) P Sta(V) L Gu(V) -L 3P, P(V))

ULU(bl’ 2 )(ker]) o4

Q:I:

and therefore holomorphic. O

Now we wish to regard @, Q+ and F(IP3, Q)+ also as Hermitian symmetric G-spaces. Origi-
nally, @ is a Hermitian symmetric Aut4(2)o-space (Proposition 3.9(c)), likewise Q4 is a Her-
mitian symmetric Aut, (A )o-space, and F(IP?, Q)+ is a Hermitian symmetric Aut,(2A)o-space
(Theorem 7.11(c)(i)). To regard these spaces as symmetric G-spaces, we apply Proposition A.2
to the situations given by the following table:

‘ Proposition A.2 H M ‘ ® ‘ G ‘ G ‘ ® ‘ T ‘
here Q (B,p) — B(p) | Auts(2A)9 | G| X x|G
here Q (B,p) = B(p) | Auts(As)o | G | px | p+|G
here 3(P*, Q)+ | (B,A) — B(A) | Auty(%)o | G | Xgx | XIG

Regarding the hypotheses of Proposition A.2, we note that G is simply connected (Proposi-
tion 8.20(b)) and that x|G : G — Auts(A)p and pi|G: G — Auts(Ar) are covering maps of
Lie groups (Propositions 8.20(c) and 8.23(b)). It remains to show:

Proposition. The isotropy groups of the G-actions on @, Q+ and F(IP3,Q)+ are connected.

Proof. For X . Let p € Q be given, and let K, C Auts(2)o be the isotropy group of the action
of Auts(A)g on @ at p. Then IN(p = X_l(Kp) C G is the isotropy group of the action Y at p.
Because K, is connected (Proposition 3.9(a)) and x|G : G — Auts()o is a two-fold covering
map (Proposition 8.20(c)), it suffices for the proof of the connectedness of IN(p to show that the
two pre-images 1 and —1 of idy € K, under x can be connected in IN(p.

For this purpose, remember that V' = V(—A) and the subgroup G were constructed with
respect to a fixed A € A. We now consider the CQ-subspace U := spang{z} = spang{z, Az}
(with z € 77 1({p})) of V; we denote its induced CQ-structure by ;. Then we have by
Proposition 3.9(a)

K, ={B € Aut,(%)o | BIU € Auts(Ay)o } . (8.83)

U+VB is a 6-dimensional CQ-subspace of V, and V' is a maximal, totally real subspace of
V. Consequently, V' NU+V:# is a real-6-dimensional, totally real subspace of V; moreover the
restriction of § to this space is a negative definite, symmetric, real bilinear form. Therefore,
there exist x1,20 € V' NULYP with g(x1) = ¢(z2) = —1 and B(x1,22) = 0. Then we have

T1-T1 =9 -2To=—1 and x1-T9=—29 27 . (8.84)
We consider the curve

c:IR— C(V,[), t —cos(t)-1—sin(t) xy - x2 .
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We have ¢(0) = 1 and ¢(n) = —1, and by a calculation involving Equations (8.84) one sees
that for any ¢t € IR,

c(t) =v_(t)-vy(t) holds with vy (t) :=sin(L)zs £ cos(L)zy ;

because we have ¢'(vi(t)) = —1, the definition of G shows that the curve ¢ runs entirely
in G.2% Moreover, any u € U is B-orthogonal to v, (t) and v_(t); because x(v+(t)) is the
-orthogonal reflection in the hyperplane (Cwv4(t))>"Y# by Proposition B.12(c), we see that
X(v+(t))u = w and therefore also x(c(t))u = x(v—(t)) x(v+(t))u = u holds. Thus we have
shown x(c(t))|U = idy € Auty(Ay)o . It follows by Equation (8.83) that ¢ runs entirely in K, .

For py . Let [s] € Q4 be given and denote by K (s) the isotropy group of py at [s]. Because
Tys : V— S, is a CQ-isomorphism (Proposition 8.22(b)), Ty+|Q : Q@ — Q4+ is a holomorphic
isometry. If we put p:= (Tys ) !([s]) € Q, we have by Equation (8.67)

Vge G : py(9(g),ls]) = Ty (X(9,p) -
It follows that K (5] = 29(I~(p) holds, and is therefore connected by the previous result.

For p_. Let [s] € Q_ be given. A similar argument as that for p; shows that the isotropy
group Kg of p_ at [s] satisfies K =9?(K,) with p:= (Tya_ o Tyy) !([s]) =T 2([s]) € Q
and is therefore also connected.

For Xz+. Let A € F(IP3,Q)+ be given and denote by K, the isotropy group of xz+ at A. We

have [s] := hZ'(A) € Q4 , and because of the (4, Xz+)-equivariance of the diffeomorphism At

(Proposition 8.32), we have K = K| (s] - Therefore K is connected by the preceding results.
O

We now regard @, Q+ and F(IP3, Q)+ as Hermitian symmetric G-spaces in the way described
above.

Theorem. (hy,idg) is an isomorphism of Hermitian symmetric spaces from the 6-dimensional
complex quadric Q+ onto F(IP, Q)+ . Because the latter space is isomorphic to SO(8)/U(4),
we therefore have the following isomorphy of Hermitian symmetric spaces:

Q° = 50(8)/U(4)

Proof. (h,idg) is an isomorphism of homogeneous G-spaces from Qi to F(IP3, Q)+ by
Proposition 8.32. Because the Lie group G is of compact type, Proposition A.5 shows that
(hy,idg) is an isomorphism of affine symmetric spaces. Because the symmetric spaces involved
are irreducible Hermitian symmetric spaces, (hi,idg) is in fact an isomorphism of Hermitian
symmetric spaces.

The isomorphy F(IP3,Q)+ = SO(8)/U(4) has been shown in Theorem 7.11(c)(i). O

281n fact, ¢ is a 1-parameter subgroup of G. — We also mention that the curve —c is used in [LMB89] to prove
the connectedness of the spin group, see [LM89], the proof of Theorem 2.10, p. 20.
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~

8.35 Remark. The preceding construction of the isomorphism Q% = F(IP3, Q%)L is not totally
pleasing because different models of the 6-dimensional complex quadric are involved on the
left-hand side and on the right-hand side of the isomorphy (namely Q4+ and @, respectively).
However, it is easy to remedy this shortcoming by use of the triality automorphisms.

Indeed, consider the holomorphic isometries

TyilQ:Q—Qy, T4 [Q+:Q+— Q- and Ty[Q-:Q-—Q.

Then Equations (8.67)—(8.69) show that (Ty4+|Q,9), (T4_|Q+,9) and (T_vy,d) are isomor-
phisms of Hermitian homogeneous G-spaces between the respective quadrics; they are in fact
isomorphisms of Hermitian symmetric spaces because of Proposition A.5.

We now put

fe=hio(Tyi|Q): Q = F(P% Q)¢ and fi :=h o(Ty|Q ) ':Q—FIP*Q)_,
also Fy" := 9 and F; := 9! = 9?. Then Theorem 8.34 shows that (fi, F;") is an isomorphism
of Hermitian symmetric G-spaces from @ to F(IP?,Q), as we desired.

Moreover, with

g:=h_o(T4_|Q) o hi' : F(IP*, Q)4 — F(P°,Q)-,
(g,9) is an isomorphism of Hermitian symmetric G-spaces from F(IP3, Q), to F(IP3,Q)_,
and because of Equations (8.63), the following diagram commutes (in which we abbreviate

Fr =3P, Q)+ ):

GxQ

Gx3Fys GxgF_.

8.36 Remark. It is possible to reconstruct the Pliicker embedding and the corresponding two-fold
covering map of Lie groups SU(4) — Aut(A%)g, B — B®) | which we used in Section 8.2 to
establish the isomorphism Q* = G5(C*), from the objects of the present section by a suitable
reduction of dimension.

For this purpose, we note that the subspace A’W of Sy = A®W is invariant under
AN W = (=)|\*W and therefore a CQ-subspace of the CQ-space S, ; we denote its in-
duced CQ-structure by 2. It gives rise to the 4-dimensional complex quadric Q' := Q') C
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P(A*W). @' is the Pliicker quadric { [uy A us]|u € Sto(W)}, which was denoted by Q(*) in
Section 8.2. Moreover, we consider the Lie subgroup

G':=9({g € Glx(g)ws =w1})

of G, where w; is the vector which was used to define the triality automorphisms in Subsec-

tion 8.5.1. In this setting, I can prove the following facts:

~

(a) For any s € Q' := Q(2), say s =uj Aug, we have
Z(s)NW = Cuy & Cug € Gao(W).
Consequently, the map f: Q" — Go(W) uniquely characterized by
vse Q' ¢ f(s]) = Z(s)NW
is the inverse of the Pliicker embedding.
(b) For any ¢’ € G', we have x(¢')|[W € SU(W) and the map
X'+ G = SUW), ¢ = x(gHIW

is an isomorphism of Lie groups.

Also, for any ¢’ € G', we have p4(¢')|\°W € Auts(2)o and the map
p G — Aut (Ao, g pi(9)IN*W
is a two-fold covering map of Lie groups.
(c) @ :=p' o (x')7! is the two-fold covering map of Lie groups
® : SU(W) — Auty(A')g, B— B? .

Therefore (f~1,®) is the almost-isomorphism of Hermitian symmetric spaces from Gz(W) to
Q' described in Theorem 8.7(c).
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Perspectives

The results on the complex quadric presented in this dissertation give rise to various questions
which are still open. Among them are the following:

o [s it possible to apply the methods used to classify the totally geodesic submanifolds of the
complex quadric to other symmetric spaces?

The classification of totally geodesic submanifolds of the complex quadric is essentially
equivalent to the classification of the curvature-invariant subspaces of its tangent spaces,
and the solution for the latter problem was based on the combination of two important
results: First, the general relations between the roots of a symmetric spaces and the roots of
a Lie triple system in it (Section 4.2), and second, the “geometric” description of the roots
and root spaces of the complex quadric via the theory of CQ-structures (Theorem 3.15).

Let us first discuss the extension of these methods to other irreducible Riemannian sym-
metric spaces of rank 2. Then the results of Section 4.2 will still give full insight into the
relationship between the root spaces of the symmetric space studied and the root spaces
of its symmetric subspaces. Therefore, the main problem in the case of rank 2 is to find
a replacement for the theory of CQ-structures which is suited to give a description of the
roots and root spaces for the symmetric space.

The geometry of the complex 2-Grassmannians Go(C™), which are irreducible Hermitian
symmetric spaces of rank 2, has been studied by J. BERNDT, see [Ber97]. The cited paper
gives in particular the eigenvalues and eigenspaces of the Jacobi operator of Go(C") in
terms of the complex structure and the quaternionic structure of the Kéahler-quaternionic-
Kéhler manifold G2(C™) (see also Section 8.3). It seems reasonable to hope that this
description might make it possible to expand the method here applied to Q" also to
Go(C™).

But for the quaternionic 2-Grassmannians Ga(IH") I know of no similar approach; the
same is true of the irreducible symmetric spaces of rank 2 and compact type not yet
mentioned, namely those locally isometric to SU(3)/SO(3), SU(6)/Sp(3), SO(10)/SU(5),
Elll, EIV or G (see [Hel78], p. 518).
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Chapter 9. Perspectives

For symmetric spaces of rank > 3, the problem of the classification of totally geodesic
submanifolds becomes much more difficult. It seems likely to me that for this case, a more
powerful description of the relations betweens the roots and root spaces of the ambient
space and of the subspace than that of Section 4.2 is needed. Some similar investigations
for the case of Lie algebras have been carried out by ESCHENBURG, see [Esc84].

What can be said about the equipment of congruence families with symmetric structures

and complex structures?

In Chapter 7 we were concerned with congruence families §(Ng, M) induced by a homo-
geneous subspace Ny of a Riemannian symmetric space M of compact type. We saw
that such families are always naturally reductive Riemannian homogeneous spaces. On
the other hand, among the specific examples of congruence families we studied, there are
some which are in fact Riemannian symmetric spaces, while others can not be equipped
with such a structure. Also some of the families can be equipped with a complex structure,
while others can not be (even though the ambient space M is Hermitian symmetric).

These observations raise the following questions: Are there (necessary or sufficient) criteria
— formulated in terms of properties of M and Ny — for the existence of a Riemannian
symmetric space structure on §F(Ng, M) which induces the original naturally reductive
structure? Are there criteria for the possibility to equip §F(Ng, M) with a complex struc-

ture?

It would of course also be of interest to study further examples of congruence families,
for example those induced in the complex quadric by the other types of totally geodesic

submanifolds.

Which hypersurfaces of other Hermitian manifolds than IP™ are analogous to complex

quadrics?
One possible way to generalize the concept of a complex quadric is as follows:

Let M be a Hermitian manifold and N be a complex hypersurface of M with parallel
second fundamental form. We call N a CQ-hypersurface of M if the shape operator

AnN‘_’M is a conjugation on the unitary space T, N for every p € N and 7 GJ_Il)(N — M).

If V is a unitary space, then any complex quadric in IP(V) is a CQ-hypersurface of IP(V),
as Theorem 1.16 shows. Conversely, because of the rigidity of submanifolds with parallel
second fundamental form (see [Rec99], Abschnitt 17.15, Theorem 1) one can show that
any CQ-hypersurface of IP(V) is a complex quadric in IP(V).

One can now ask the following questions: What are the CQ-hypersurfaces in other Hermi-
tian manifolds? In what ways is their behavior analogous to that of the complex quadrics
in IP(V), in what ways is it different?

In my opinion, these questions are of some interest and invite further investigation.



Appendix A

Reductive homogeneous spaces and symmetric spaces

In this appendix, fundamental aspects of the theory of homogeneous and symmetric spaces are
described.

The viewpoint taken here on the theory of symmetric spaces has been strongly influenced by an
unpublished exposition by H. RECKZIEGEL. For the description of the root theory for symmetric
spaces given in Section A.4, an unpublished lecture script by G. THORBERGSSON was of help,
as were the books [Hel78] and [Loo69].

The following notation should be kept in mind: If My, My, M are sets, f: My x My — M is
a map and pg € My, qo € My holds, we consider the maps f,, : Mo — M, ¢ — f(po,q) and

fo: My — M, p— f(p,qo) .

A.1 Reductive homogeneous spaces

Homogeneous spaces. Let M be a manifold and G be a Lie group acting on M via
the action ¢ : G x M — M. In this setting (M, p) is called a G-space. (M, ) is called
homogeneous if the action of ¢ on M is transitive. Let (M, ) be a homogeneous G-space.
Then we denote for every p € M by G}, the isotropy group of M at p. G, is closed in G,
on the quotient space G/G), there exists one and only one differentiable structure so that the
canonical action

VG x(G/Gp) — (G/Gyp), (91,92 Gp) > (9192) - Gp

is differentiable, and then the map G/G, — M, g -G, — ¢(g,p) becomes a G-equivariant
diffeomorphism (see [Var74], Theorem 2.9.4, p. 77).

Homomorphisms of homogeneous spaces. Suppose that (M, ) is a homogeneous G-
space and (M’', ') is a homogeneous G’'-space. Let p € M and p’ € M’ be given, and suppose
that F': G — G’ is a homomorphism of Lie groups such that F(G,) C G}, holds. Then there
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exists one and only one map f: M — M’ with f(p) =p’ so that the diagram

Gx M-—2— M

FXfJ/ lf (A1)
G/ X Ml /—>M/
(]

commutes. Conversely, if F': G — G’ is a homomorphism of Lie groups and f: M — M’ is a
map (which we do not suppose a priori to be differentiable) so that diagram (A.1) commutes, then
we have F(Gp) C G}(p) for any p € M ; also f is necessarily differentiable as Proposition A.1(a)
below shows.

In this spirit, we call a pair (f, F)) consisting of a map f: M — M’ and a homomorphism of Lie
groups F : G — G’ a homomorphism of homogeneous spaces if Diagram (A.1) commutes. We
call (f,F) an almost-isomorphism of homogeneous spaces if f is injective and F' is a covering
map of Lie groups, then f necessarily is a diffeomorphism (see Proposition A.1(b) below). We
call (f,F) an isomorphism of homogeneous spaces if moreover F' is in fact an isomorphism
of Lie groups. In the case G’ = G, F = idg, we also call simply f (instead of (f,idg)) a
homomorphism (isomorphism) of homogeneous spaces.

A homogeneous G’-space (M', ') is called a homogeneous subspace of the homogeneous G-space
(M, ), if M’ is a submanifold of M, G’ is a Lie subgroup of G and (M’ — M,G' — G) is
a homomorphism of homogeneous spaces.

It is occasionally useful also to speak of homomorphisms of non-homogeneous spaces: If (M, p)
is a G-space and (M’,¢') is a G'-space, we call a pair (f, F') consisting of a map f: M — M’
and a homomorphism of Lie groups F : G — G’ a homomorphism of spaces, if diagram (A.1)
commutes. Again, we do not require f to be differentiable; it should be noted that in this
setting the differentiability of f does not necessarily follow from the differentiability of F'.

Proposition. Let (M, ) be a homogeneous G-space, (M’ ¢') a G'-space and (f,F) a ho-
momorphism from (M,p) to (M',¢).

(a) f is differentiable and of constant rank.

(b) If also (M’ ') is homogeneous, f is injective and F : G — G’ is a surjective submer-
sion®, then f is a diffeomorphism onto M'.

Proof. For (a). Fix p € M. Then we have fo P = (¢')/®? o F and therefore f o P is differentiable.
Because (M, ) is a homogeneous space, ¢? : G — M is a surjective submersion ([Var74], Lemma 2.9.2, p. 76),
whence it follows that f is differentiable. For any g € G, the maps ¢4 : M — M and cp/F(g) M — M’ are
diffeomorphisms and cp/F(g) o f = foyg holds; the constancy of the rank of f follows by differentiation of the
latter equation.

1If G has countable topology, then the submersivity of the Lie group homomorphism F is already implied by
its surjectivity because of the theorem of SARD.
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For (b). f is differentiable by (a) and surjective because of the equation f o P = (¢')7P) o F. Tt also follows
V@) o F = ¢P is differentiable; because (¢')f® o F: G — M’ is a surjective
1

from that equation that f~'o (¢
[~ is differentiable. O

submersion, we conclude that

Riemannian homogeneous spaces. A (homogeneous) G-space (M, ) is called a Riemann-
ian (homogeneous) G-space if M is a Riemannian manifold and ¢4 : M — M is an isometry
for every g € G.

If (M,p) and (M’ ,¢') are Riemannian homogeneous spaces, we call a homomorphism
(almost-isomorphism, isomorphism) (f, F') of homogeneous spaces an homomorphism (almost-
isomorphism, isomorphism) of Riemannian homogeneous spaces, if f is a homothetic immersion,
ie. if

Jee Ry Vpe M, v,weT,M : (fw, frw)yr = c¢- (v, w)m
holds.?? Because of the homogeneity of M it suffices to verify this equation for a fixed p € M .

A Riemannian homogeneous G’-space (M’,¢') is called a Riemannian homogeneous subspace
of the Riemannian homogeneous G-space (M, ), if M’ is a submanifold of M, G’ is a Lie
subgroup of G and (M’ — M,G — @) is a homomorphism of Riemannian homogeneous
spaces.

Reductive homogeneous spaces. Suppose that (M, ) is a homogeneous G-space and
denote by g the Lie algebra of G, by €, the Lie algebra of the isotropy group G, at p € M.
A reductive structure on (M, p) is a family (mp)peprs of linear subspaces of g so that

VpeM,geG : (g=8dm, and Ad(g)mp,=m (A.2)

»(g,p) )

holds. In this situation, we call (M, ¢, (m,)) or simply M a reductive homogeneous G-space.

If (my) is a reductive structure and py € M, then (m,) is already determined by the datum
(po,my,) via (A.2). Conversely, if po € M and an Ad(G,,)-invariant linear subspace m C g
with g = ¢, ®m is given, there exists one and only one reductive structure (m,) on (M, )
with my,, = m. Therefore, we call such a pair (pp,m) a reductive datum for the homogeneous
space (M, ).

If (M,¢,(mp)) and (M’,¢',(m;)) are reductive homogeneous spaces, we call a homomorphism
(almost-isomorphism, isomorphism) (f, F)) of homogeneous spaces a homomorphism (almost-
isomorphism, isomorphism) of reductive homogeneous spaces, if

Vp eM : FL(mp) C m/f(p)

holds. (M’,¢',(m})) is called a reductive homogeneous subspace of (M, e, (my)) if (M',¢') is

a homogeneous subspace of (M,p) and (M’ — M,G’ — @) is a homomorphism of reductive
homogeneous spaces.

30We do not require f to be an isometry, because the case ¢ # 1 occurs necessarily for example in Theorem 7.10.
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Suppose (M, ¢, (my)) is a reductive homogeneous G-space. Then 7, : m, — T,M, X —
(¢P)«Xe is an isomorphism of linear spaces; here we interpret the elements of g D m, as
left-invariant vector fields on G, and e denotes the neutral element of G.

As was seen by NoMIzU, (m,) induces two covariant derivatives on M of particular importance:
the torsion-free canonical covariant derivative of the first kind V (see [Nomb4], Theorem 10.1),

characterized by

Vpe M, X,Y €m, : Vx oY = 1. ol[X,Y] (A.3)

and the canonical covariant derivative of the second kind V° (see [Nomb4], Theorem 10.2),

characterized by

Vpe M, X,Y €m, : Vi’V =0. (A.4)

For every X € m, we denote by vy : IR — G the l-parameter-subgroup of G induced by
X . Then ¢Povx : IR — M is a geodesic with respect to VY, and every V°-geodesic ~ of
M with «(0) = p can be obtained in this way (see [KN69], Corollary X.2.5, p. 192). Because
the difference tensor V — VO is skew-symmetric, the V°-geodesics and the V-geodesics in M

coincide.

If (M',¢',(m})) is a reductive homogeneous subspace of (M, ¢, (m,)), then M’ is an affine
submanifold of M (where M and M’ are either both equipped with the canonical derivative
of the first kind or are both equipped with the canonical derivative of the second kind). Indeed,
for any p € M it follows from Equation (A.3) resp. (A.4) that the second fundamental form of

the inclusion M’ < M vanishes at p.

Naturally reductive homogeneous spaces. (M, g, (my)) is called a naturally reductive
homogeneous space if (M, ) is a Riemannian homogeneous space, (M, ¢, (m,)) is a reductive
homogeneous space, and the canonical covariant derivative of the first kind of (M, ¢, (m,))
coincides with the Levi-Civita derivative induced by the Riemannian metric on M .

If M and M’ are naturally reductive homogeneous spaces, we call a pair (f,F) a homomor-
phism (almost-isomorphism, isomorphism) of naturally reductive homogeneous spaces if it is
both a homomorphism (almost-isomorphism, isomorphism) of Riemannian homogeneous spaces
and a homomorphism (almost-isomorphism, isomorphism) of reductive homogeneous spaces
from M to M’. The G’-space M’ is called a naturally reductive homogeneous subspace, if
(M"— M,G" — G) is a homomorphism of naturally reductive homogeneous spaces.

A.2 Affine symmetric spaces

There are two different ways to look at symmetric spaces, a geometric one and a more Lie
theoretical one. Let us call these in mind:
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The geometric approach. (see [KN69], Section XI.1, p. 223.) A connected affine manifold
(M,V) is called an affine-symmetric space, if for every p € M there exists an affine diffeomor-
phism s, : M — M with 312) = idps so that p is an isolated fixed point of s,. It follows that

Tysp = —idrg,n holds, therefore s, is — if it exists — uniquely determined by these conditions.
For every geodesic 7 :] —e,e[— M one has
V€] =gl sy0)0(t) = (1) ; (A.5)

because of this fact, s, is called the geodesic symmetry at p. As a consequence of Equa-

tion (A.5), M is geodesically complete.

Every tensor field of type (1,2r) or (0,2r+1) which is invariant under all geodesic symmetries
sp vanishes identically. In particular, (M, V) is torsion-free and its curvature tensor is parallel.

The group 2A(M) of affine transformations f : M — M is a Lie group (see [Kob72], Theo-
rem I1.1.3, p. 41). Because M is complete and connected, already 2A(M)( acts transitively on
M , thus (M, ) is a homogeneous A(M )o-space with ¢ : A(M)o x M — M, (f,p) — f(p). If
we fix pp € M and denote the isotropy group of the action of 2A(M )y on M at pg by K, then

o :AM)g — A(M)o, fr— sp, 0 f 08y, (A.6)
is an involutive automorphism of the Lie group (M) and
K C Fix(o) :=={ge€UM)o|o(g9) =g} and dimK = dimFix(o)

holds (see [KN69], Theorem XI.1.5, p. 224). As we will see in the Lie theoretical approach below,
the geometry of (M,V) can be recovered completely from the “datum” (M, ¢, pg,0).

The Lie theoretical approach. (see [KN69], Section XI.2, p. 225.) We now start with the
situation we obtained in the geometric approach above. We suppose that a “datum” (M, ¢, pg, o)
is given, where ¢ : G x M — M, (g,p) — gp is an action of a connected Lie group G on
a manifold M, (M,p) is a homogeneous G-space, pg € M is called the origin point and
o0 : G — G is an involutive Lie group automorphism with

K CFix(o) ={ge€Glo(g9) =9} and dimK = dimFix(o),
where K denote the isotropy group of ¢ at pg.
Then there exists one and only one differentiable map s: M x M — M characterized by

Vg1,92 € M : s(g1p0, g2po) = 910 (97 ' 92)Po - (A7)
For every p € M, the map
sp=s(p,-): M —M
is a diffeomorphism of M satisfying
(Sp)2 =idys , Sp(p) =p and Tpsp = _idTpM .

We call s, the symmetry of M at p. The following diagram commutes for any g € G':
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Mx M-—=— M

ygxwgl l@g

As NoMizu has shown (see [Nomb54], Theorem 15.3, p. 54), there exists one and only one
covariant derivative V on M with regard to which the maps s, are affine for every p € M .
Then (M,V) is an affine-symmetric space in the sense of the geometric approach. V is called
the canonical covariant derivative of the symmetric space M . Furthermore, the diffeomorphisms
@g : M — M are all affine.

If M was already equipped with a covariant derivative so that it is an affine-symmetric space
in the sense of the geometric approach, and we perform the construction of the Lie theoretic
approach with G = A(M)g, an arbitrary origin point py € M and o given by (A.6), then
the canonical covariant derivative of M obtained thereby is identical to the original covariant
derivative on M . For this reason we call in the “Lie theoretic” situation (M, p,pg, o) (or simply
M , when the other components can be inferred) a symmetric G-space; remember that in this
situation we did not require G = A(M)y .

Symmetric spaces as reductive homogeneous spaces; canonical decomposition. Let
(M, p,po,0) be a symmetric G-space, K the isotropy group of G at pg, and g and ¢ the
Lie algebras of G and K, respectively. Then the linearization of the involutive Lie group
automorphism ¢ : G — G is an involutive Lie algebra automorphism oy : g — g with ¢ =
Eig(or,1). If we put m := Eig(o,—1), we have g = € @ m; this decomposition is called the
canonical decomposition of g with respect to o. It should be noted that generally, m is not a

Lie subalgebra of g; however we have
Adg(K)mCm and [m,m]C ¢, (A.8)

and therefore in particular

([m,m},m] Cm. (A.9)

Equation (A.8) shows that (pg,m) is a reductive datum for M , and therefore the affine sym-
metric space M can be regarded as a reductive homogeneous space in a canonical way. In
this situation, the two canonical covariant derivatives of the reductive homogeneous space M
are equal and they coincide with the canonical covariant derivative of the symmetric space M

described above via the symmetries s, .

The map
Tim— T, M, X — (7). X (A.10)

is an isomorphism of linear spaces (here, we interpret the elements of m C g as left-invariant
vector fields on G; e denotes the neutral element of G'). We have

Vge K, X em : 7(Adg(9)X) = (¢g)«7(X) ; (A.11)
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also if we denote the curvature tensor of M by R and for w € T,,M by R, := R(-,w)w
TpoM — Ty, M the Jacobi operator corresponding to w, we have

VXY, Zem : R(rX,7Y')7Z = —7([[X,Y], Z]), (A.12)

in particular

VX, Zcm : Rz(7X)=—ad(Z)* X (A.13)

(see [KN69], Theorem XI.3.2(1), p. 231). 7 is called the canonical isomorphism between m and
T, M.

We call the symmetric space M irreducible, if the isotropy representation K — GL(Tp, M), g —
Tpo g is irreducible (or equivalently, if the adjoint representation K — GL(m), g — Adg(g)|m
is irreducible).

Homomorphisms of symmetric spaces. Let (M, p,pg,0) be a symmetric G-space and
(M', ¢, py,0') be a symmetric G'-space. If (f, F) is a homomorphism from the homogeneous
G-space (M, p) to the homogeneous G’-space (M’,¢') so that

fpo)=py, and o'oF=Foo

holds, then (f, F') is in fact a homomorphism of reductive homogeneous spaces and f is affine
with respect to the canonical covariant derivatives of the symmetric spaces. Therefore, it is rea-
sonable to call the pair (f, F') a homomorphism of symmetric spaces. If in this setting (f, F') isin
fact an (almost-)isomorphism of homogeneous spaces, we call (f, F) an (almost-)isomorphism
of symmetric spaces. In the case G = G', F = idg we also call simply f (in the place of

(f,idg) ) @ homomorphism resp. isomorphism of symmetric spaces.

Replacing the group G by its universal cover. Under a condition a symmetric G-space
can also be interpreted as a symmetric G- space, where G is the universal covering Lie group of

G.

Proposition. Let (M, p,po,0) be a symmetric G-space, T : G — G be a universal Lie group
covering of the Lie group G (thus G is simply connected; remember that G was supposed
to be connected) and K C G the isotropy group of the G-action ¢ at po. We require that
7 YK) C G is connected.

Then @ := po (1 xidys) is a transitive Lie group action of G on M | there exists one and only
one involutive Lie group automorphism o : G— G with Tod =00 T, and (M,p,po,0) is a
symmetric G-space.

(M, p,p0,0) and (M,p,po,0) induce the same canonical covariant derivative on M .

Proof. (M, @) is a homogeneous é—space because ¢ is transitive and 7 : G— G is surjective.

Because G is simply connected, there exists one and only one Lie group homomorphism & : G — G with
Toog=0co71. Wehave Togo0 = 00007 =7, and therefore the Lie group homomorphisms oo, idg: G — G
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are both lifts of the Lie group homomorphism 7 : G — G with respect to the Lie group covering 7 : G—-G. It
follows that ¢ o¢ =idgs holds, hence ¢ is an involutive automorphism.

It is clear that K := 771(K) is the isotropy group of @ at po. We now show
K C Fix(5) and dim K = dim Fix(5) . (A.14)

For K C Fix(5). For every g € K we have 7(g) € K C Fix(c), hence 7(5(g)) = o(7(g)) = 7(g) and therefore

5(g)-g~" € ker(r). Because K is connected and ker(7) is discrete, we therefore have &(g)-g~*

g € K. Thus, K C Fix(5) holds.

= eg for every

For dim K = dim Fix(5). We have K C Fix(5) and therefore dim K < dim Fix(5). On the other hand, we have
7(Fix(0)o) C Fix(0)o C K and therefore Fix(c)o C K, hence dimFix(¢) = dimFix(c)o < dim K .

From (A.14) it follows that (M, @, po,o) is a symmetric G’—space. The symmetries of the symmetric spaces
(M, ¢,p0,0) and (M, @, po,0) are equal at every p € M as Equation (A.7) shows, and therefore these spaces
induce the same canonical covariant derivative on M . O

A.3 Riemannian and Hermitian symmetric spaces

We continue to use the notations of the preceding sections with respect to a symmetric G-space
(M, p,po,0). We now further suppose that (M, ) is almost effective, meaning that the Lie
subgroup {g € G|¢y, =idpr } of G is discrete.

Ezxamples for almost effective actions. If M is a Riemannian homogeneous space only, G C
I(M) a Lie subgroup which still acts transitively on M and 7:G — G a covering map of Lie
groups, then the action ¢ : G x M — M, (g,p) — 7(g)p is transitive and almost effective. The
actions considered in Chapter 7 for the construction of congruence families are all constructed
in this way.

Riemannian symmetric spaces. We call a Riemannian metric on the symmetric G-space M
G-invariant if ¢4 : M — M is an isometry with respect to this metric for every g € G'; in this
case (M, ) is in particular a Riemannian homogeneous space.

As Equation (A.11) shows, any G-invariant Riemannian metric on M gives rise to a Adg(K)-
invariant inner product on m, which is characterized by the fact that 7 :m — T}, M is a linear
isometry. Conversely, any Adg(K)-invariant inner product ((-,-) on m defines via

Vu,we TpoM’ geG : <<909)*Uv ((pg)*w> = <<T_1U7T_1w>>

a G-invariant Riemannian metric on M . The G-invariant Riemannian metrics on M and the
Adg(K)-invariant inner products on m are in an one-to-one correspondence in this way.

There exist Adg(K)-invariant inner products on m and therefore G-invariant Riemannian
metrics on M if and only if the Lie group Adg(K) C GL(g) is compact (see [Hel78], Proposition
IV.3.4, p. 209).

If the symmetric space M is irreducible in this situation, two G-invariant Riemannian metrics
on M differ only by a constant factor ¢ € IR, .
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We call (M, p,po,0) a Riemannian symmetric G-space if (M, ) is almost effective and M
is equipped with a fixed G-invariant Riemannian metric. We call a homomorphism (almost-
isomorphism, isomorphism) of symmetric spaces between two Riemannian symmetric spaces a
homomorphism (almost-isomorphism, isomorphism) of Riemannian symmetric spaces, if it also
is a homomorphism of the underlying Riemannian homogeneous spaces.

If M and M’ are Riemannian symmetric spaces, either of M and M’ is irreducible and (f, F)
is an almost-isomorphism of affine symmetric spaces from M to M’, then both M and M’
are irreducible and (f, F') already is an almost-isomorphism of Riemannian symmetric spaces.

Let (M, p,po,o) be a Riemannian symmetric G-space. Regarded as a reductive homogeneous
space in the canonical way, M is then naturally reductive (see [KN69], Theorem XI.3.3, p. 232).
Recall that this means that the canonical covariant derivative of the symmetric space M is
identical to the Levi-Civita derivative corresponding to the Riemannian metric of M .

Hermitian symmetric spaces. Suppose that M is a Riemannian symmetric space. We call
a complex structure J on M (i.e. J is an endomorphism field on TM so that J? = —idry,
holds) adapted to (-,-), if J, : T,M — T,M is orthogonal for every p € M; we call J G-
invariant, if the isometry ¢4 : M — M is J-holomorphic for every g € G. If M is irreducible,
two G-invariant complex structures on M which are adapted to (-,-) differ only in sign. A
Hermitian symmetric space is a Riemannian symmetric space M which is simultaneously a
complex manifold in such a way that its complex structure J is adapted to (-,-) and G-invariant.

If M and M’ are Hermitian symmetric spaces, we call a homomorphism (almost-isomorphism,
isomorphism) of Riemannian symmetric spaces (f, F') between them a homomorphism (almost-
isomorphism, isomorphism) of Hermitian symmetric spaces, if f is either holomorphic or anti-
holomorphic. If M or M’ is irreducible, any almost-isomorphism of affine symmetric spaces
already is an almost-isomorphism of Hermitian symmetric spaces.

Proposition. If (M, p,po,0) is a Riemannian (Hermitian) symmetric G-space in the situation
of Proposition A.2, then (M,p,po,0) also is a Riemannian (Hermitian) symmetric G-space.

Proof. A G-invariant Riemannian metric (Hermitian structure) on M clearly also is G-invariant. ]

A.4 The root space decomposition of a symmetric space of compact type

The principal sources for this section are an unpublished lecture script by G. THORBERGSSON,
and [Loo69], Section VI.1.

Let (M, p,po,0) be a Riemannian symmetric G-space; remember that this means in particular
that (M, ¢) is almost effective. We consider the isotropy group K of ¢ at pg, the canonical
decomposition g =t ® m of the Lie algebra g of G with respect to o and the Killing form

x:gxg— R, (X,Y)r tr(ad(X) ocad(Y)) .
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It can be shown that s is a symmetric bilinear form, that we have for any Lie algebra auto-
morphism L:g—g
VX, Y eg : »(L(X), L(Y)) = »(X,Y), (A.15)

and that the almost-effectivity of (M, ¢) causes »|(€ x €) to be negative definite.

Riemannian symmetric spaces of compact type.

Definition. The Riemannian symmetric G-space (M, p,po,0) is said to be of compact type
if the Killing form »:g x g — IR is negative definite.

The importance of the concept of a symmetric space of compact type is exemplified by the
following proposition:

Proposition. Let (M,¢,pg,0) and (M',¢',p},0’) be Riemannian symmetric spaces of com-
pact type over the group G resp. G'. (Remember that this means in particular that G is
connected.) Moreover, suppose that (f, F) is an (almost-)isomorphism of the underlying homo-
geneous spaces with f(po) = py . Then (f,F) already is an (almost-)isomorphism of symmetric
spaces. (However, note that f does not need to be a homothety.)

Proof. We have to show that ¢’ o F'= F oo holds, and because G is connected this equality is already implied
by its linearization
VX e€g : op(FL(X)) = Fr(on(X)), (A.16)

where g denotes the Lie algebra of G.

Let us consider the canonical decomposition g =@ m of g with respect to ¢ and the canonical decomposition
g =¥ @m' of the Lie algebra g’ of G’ with respect to o’ . It clearly suffices to show Equation (A.16) for X € ¢
and for X € m.

Because (f, F) is an almost-isomorphism of homogeneous spaces, F maps the isotropy group K of ¢ at po
onto the isotropy group K’ of ¢’ at p{,. £ and ¥ are the Lie algebras of K and K’ respectively, and therefore
it follows that Fr (&) =€ holds; because of ¢ = Eig(o,1) and ¥ = Eig(o7,,1) we conclude that Equation (A.16)
holds for X € ¢.

We now denote the Killing forms of g and g’ by s resp. s ; these bilinear forms are negative definite. o,
is an orthogonal involution of (g,s) by Equation (A.15), and therefore m = Eig(or,—1) is the sc-orthogonal
complement of ¢ = Eig(or,1). Similarly, m’ is the »’-orthogonal complement of ¢ . Because Fr :g — g’ is an
isomorphism of Lie algebras, it is a linear isometry with respect to s and »’', and thus we have

Fr(m) = Fp(t=") = ()" =m’.

This equality shows that Equation (A.16) holds for X € m. O
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Cartan subalgebras. From here on, we suppose (M, ¢, pg, o) to be a Riemannian symmetric
G-space of compact type.

A.6 Proposition. Let a Cm be a linear subspace. Then the following statements are equivalent:

(a) VX,Y,Z€a : [X,Y],Z]=0.
(b) VX, Y €a : [X,Y]=0.

(c) VX, Y €a : ad(X)oad(Y) =ad(Y)ocad(X).
If these statements hold, we call a o flat subspace of m.

Characterization (a) of this proposition reveals the geometric significance of flat subspaces: If
a C m is a flat subspace and 7 : m — T}, M is the canonical isomorphism (see (A.10)),
then the curvature tensor of M vanishes on 7(a) C T},)M by Equation (A.12). Consequently
there exists a (connected, complete) totally geodesic submanifold N of M with pg € N and
TpoN =7(a),and N is flat, meaning that the curvature tensor of N vanishes identically. Such
flat submanifolds of M are called tori in M .

As will become apparent below, property (c) in the proposition is the reason why flat subspaces
play a fundamental role in the theory of root systems.

Proof of Proposition A.6. For (a) = (b). Let X,Y € a be given. Then we have
0=1>([[X,Y],X],Y)=—x(ad(X)([X,Y]), V) = 5([X,Y], ad(X)Y) = »([X, Y], [X,Y]),

whence [X,Y] =0 follows by the negative definity of s». For (b) = (c). This is an immediate consequence of
the fact that ad : g — End(g) is an homomorphism of Lie algebras. For (¢) = (a). Let X,Y,Z € a be given.
Then we have

[X,Y],Z] = ad([X,Y])Z = (ad(X) cad(Y) — ad(Y) c ad(X))Z 9.

A.7 Definition. (a) The mazimal dimension of flat subspaces of m is called the rank of M and
is denoted by rk(M) .

(b) A flat subspace a C m with dima =rk(M) is called a Cartan subalgebra of m.

A.8 Theorem. (a) Let a,a’ be two Cartan subalgebras of m. Then there exists g € K (where
K is the isotropy group of the G-action ¢ on M at pg) with o = Ad(g)a.

(b) Let X € m be given. Then there exists a Cartan subalgebra a C m with X € a.

Proof. See [Hel78], Theorem V.6.2, p. 246. O
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Roots and the root space decomposition. Because of Theorem A.8(a), any two Cartan
subalgebras in m are geometrically equivalent. Keeping this in mind, we now fix a Cartan
subalgebra a C m.

The central point of the root theory is to derive direct sum decompositions
m=myP...06mg resp. E= D... DY
such that there exist linear forms Aq,...,Ar : a — IR so that we have
m;, ¢ C Eig(—ad(2)% X;(2)?)

for all Z € a and every j € {1,...,k}. In this context the linear forms A; are called roots,
and the m; resp. ¢; are called roots spaces of m resp. £. The endomorphisms —ad(Z)?m
are of importance because under the canonical isomorphism 7 : m — T}, M they are conjugate
to the Jacobi operators of M , see Equation (A.13). In the sequel we will show how to obtain
decompositions with the desired property.

Because M is of compact type, (-,-) := —c is a positive definite inner product on g for any

31

fixed ¢ € R4, and we regard g as a euclidean space in this way.®* Then the endomorphism

ad(X) : g — g is skew-adjoint for every X € g.

We now apply the eigenspace theory to the family (ad(Z))zecq of pairwise commuting (see
Proposition A.6(c)), skew-adjoint endomorphisms of g. For this purpose we have to take an
excursion into the complex. We consider the complexification g& = g @ ig of the linear space
g and denote for any X € g¥ by Re(X),Im(X) € g the elements uniquely characterized by
X = Re(X) + i Im(X). By extending the Lie bracket of g to a C-bilinear map (which we
again denote by [-,-]), g¥ becomes a complex Lie algebra. We also use the notation ad(X) :=
(X, -]: g% — g for X € g¥. It should be noted that the complexification of the involutive Lie
algebra automorphism o7 of g is an involutive Lie algebra automorphism Ug g% — g with
Eig(o¥, 1) =t@it =¥ and Eig(c¥,—1) =m@im = m¥. Herewith g¥ =t & m¥ holds.

Moreover, we define a Hermitian inner product (-,-)¢ on g¥ by putting for every X,Y € g%,
say X =X1+4+1X9 and Y =Y1 +iYs with X3, Y, € g,

(X,Y)e = (X1, Y1) + (X2, Ys) +i ((X2, Y1) — (X1,Y2)) .
Then ad(X) is skew-Hermitian for every X € g%.

The family (ad(Z))zeq consists of pairwise commuting, skew-Hermitian endomorphisms of g .
Consequently, these endomorphisms are jointly diagonalizable in g, and their eigenvalues are
purely imaginary. It follows that if we put for every IR-linear form X € a* := L(a,IR)

g ={Xegl|VZea:ad(2)X =iN2)X },

31The choice of the factor ¢ is of no geometric relevance for any of the following constructions. We permit such
a factor only because it occurs naturally in the construction of the CQ-space structure on the space m in the
case where M is a complex quadric, compare Equation (3.17) in Proposition 3.12(b).
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in particular
g = {X g% [X,a] = {0}},
and

A= {xea"\{0}]gl # {0} }, (A.17)

we uniquely obtain the decomposition of g% into a direct sum of linear spaces
C C C
=af & P Y. (A.18)
AEA

A is called the root system of g¥ (or of g) with respect to a; its elements are called the roots
of g® (or of g) with respect to a.

In the sequel, two different involutions on g are of importance: (1) the involutive, C-linear
Lie algebra automorphism a% : g¥ — g%, and (2) the conjugation g® — g% X — X :=
Re(X) —i Im(X); this is an anti-linear Lie algebra automorphism of g®. These two involutions
commute with each other.

Proposition. (a) For every X\ € a* we have @ = g‘EA = Jg(gf) , in particular

-AeA = NeA.

(b) We have g§ = 3ec(a) @ a¥, where jec(a) is the centralizer of a in €€, i.e.
sre(a) = {X € ¢¥|[X,a] = {0} },
and a® :=a@ia.

(c) For every A\, u € a* we have [g“j,gff] - 9‘)1\:+“-

Proof. For (a). Let X € g% be given, say X = X; +i X2 with X1, X2 € g. Then we have for every Z € a
ad(Z2)X1 +iad(Z2) X2 =ad(2)X =iAN(2)X = -AN2) X2 +iAZ2) X1
and therefore
ad(Z)X1 = _)\(Z)XQ and ad(Z)Xg = )\(Z)Xl .

Via these equations we see that

ad(2)X = ad(2)X1 — i ad(2) X2 = ~NZ)X2 — i MZ) X1 = —i N2)X
and hence X € g%, holds. For Z € a C m® we also have 0¥ (Z) = —Z and therefore
2d(Z)(0E(X)) = —ad(0%(2)) (0¥ (X)) = 0¥ (ad(2)X ) = —aE(iX(Z) X ) = —iN(Z) 08 (X) |
hence oZ(X) € g%, . Thus we have shown E7 o¥(g%) c g%, . We also have E7 o¥(g%,) c g¥ and therefore
by the involutivity of O and ¢¥: g%, C E, af@d).

For (b). Tt is clear from the definition of 3,c(a) and the flatness of a that 3.c(a) ® a C g& holds. For the
converse direction, let X € g§ be given. Then there exist X; € €€ and X € m® with X = Xy + X , and we
have for every Z € a

0=ad(2)X =[Z, X¢] +[Z, Xu],

em® ce®
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hence [Z, X¢] =0 and [Z, Xm] = 0. The first equality shows that X € 3,c(a) holds. From the second equality
we derive
0 =12, Xn] = [Z,Re(Xn)] +i[Z, Im(Xn)]

and therefore
[Z,Re(Xn)] = [Z,Im(Xwn)] =0.

Because of Re(Xn),Im(Xm) € m and the fact that a is a mazimal flat subspace of m, Re(Xm),Im(Xn) € a
and hence Xm € a® holds. Hence we have shown X = X + Xu € jec(a) ® a®.

For (c). Let X € g and Y € g¥ be given. Then we have for every Z € a:

ad(Z)([X?Y]) = [Zv [Xv Y” = _[X7 [Y7 Z” - [Y7 [Z7 X]] = [X7 ad(Z)Y] - [Y,ad(Z)X}
— [X,in(2)Y] ~ [Y,iNZ)X] = iA(Z) + w(Z)[X, Y]

Thus we see that [X,Y] € g%, holds. O

From the preceding results we now derive the promised root space decompositions for the real

linear spaces £ and m. For this purpose, we put for every A\ € a*
b= (Y + g% )Nt and my = (¥ +g% ) Nm; (A.19)
obviously the sum of linear spaces gg\j +g® ) is direct for A # 0.

A.10 Proposition. (a) We have £y = 3¢(a) and my =a. Here
se(a) = { X € t|[X,a] = {0} }
is the centralizer of a in €.
(b) There exist subsets Ay C A so that
ALU(AL)=A and ArnN(-Ay) =2
holds. We call any such set AL a set of positive roots of m.

(c) Let Ay C A be a set of positive roots. Then we have

E=3e(0) ® D €& and m=a d O m,y. (A.20)
AEA L AEAL

The decomposition in (A.20) is called the root space decomposition of € resp. m with
respect to a; the elements of A are also called roots of € resp. m with respect to a.

(d) For X\ € a* we have

th={Xct|VZeca:ad(2)’X =-\N2)?X} (A.21)
and my={Xem|VZca:ad(2)’X = -\N2)*°X}. (A.22)

(¢) A={Aca"\{0}|my#{0}}.
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Proof. For (a). By Equation (A.19) and Proposition A.9(b) we have £, = gg? Nt = (3pc(a) ® aC) Nt =3e(a) and
mo=g5 Nm = Gec(a) ®a®) Nm=a.

For (b). This is simply a consequence of the fact that we have (A € A & —X € A) for every A € a*, see
Proposition A.9(a).

For (c). We prove the decomposition for ¢; the decomposition for m is verified analogously. Because of (a), the
decomposition equation to be proved for ¢ is equivalent to
b= b e (A.23)
xeAau{o}
It is clear from the definition of €\ that the sum in (A.23) is indeed direct and that the inclusion “2” holds. For
the converse inclusion, we let X € ¢ be given. By the decomposition equation (A.18) there exist X € g% for
A € AU{0} so that
X=Xo+ ) Xi
AeA
holds. Because of X € ¢, we have X = X = oL (X) and therefore

4X =X+ X + oL (X)+ 0 (X)

= Xo+ Xo + 0L (Xo) + 0L (Xo)+ D (Xa + Xy +0L(Xn) + 0L (Xn))
AEA

=:Z

=Zo+ Y (X+0l(X)+X A+0L(X ) )+ > (Xn+ol(Xa)+ X a+0L(X5))
AEA AEA,

=Yy =Y_,

=Zo+ Z (YA+Y7A)~
AEAL

By Proposition A.9(a) we have Zy € g?)j and Y, € gqf for A € A. Moreover we see that Zg = Zy = Uf (Zo),
hence Zy € ¢, and Yy = Y_, = U?(Y)\) holds. It follows by Equation (A.19) that we have Zo € € and
Zx:=Yx+Y_, €ty for A€ AL . Because we have

xX=% > 2z,

AeA L u{0}

this completes the proof of Equation (A.23).

For (d). We prove Equation (A.21); Equation (A.22) is again shown analogously. In Equation (A.21), the inclusion
“C” is obvious. For the converse inclusion, we let A € a* and X € £ be given so that

VZea: ad(Z)’X = -A2)° X (A.24)
holds. We fix a system of positive roots A4 C A, then by (c) there exist X, € ¢, for p € Ay U {0} so that

X = Z X, (A.25)
peALU{0}

holds. We now calculate ad(Z)?>X for Z € a in two different ways:

a2 Y X)= Y wd@PXu=- 3 w#)’X.

peALU{0} neALU{0} peALU{0}
Mz x 2 ST N2 X
neALU{0}

ad(Z2)°X (a2)

Because of the directness of the sum in (A.20), this calculation shows that whenever X, # 0 holds for some
p € Ay U{0}, we have u(Z)? = X\(Z)? for every Z € a and therefore it is easy to prove that yu = £X. Thus
Equation (A.25) shows that X € £, holds.

For (e). Let A € a” \ {0} be given. If {0} # m, = (6¥ @ g%,) Nm holds, then we have g% @ g%, # {0} and
therefore (because of g¥, = g¥, see Proposition A.9(a)) g& # {0} . Therefrom A € A follows by Equation (A.17).
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Conversely, we suppose that A € A holds, then we have g¥ # {0} by Equation (A.17). We fix X € g¥\ {0} and
consider the elements

Vi=X+X-0f(X)—0p(X) and Yo:=i (X =X —of(X)+or(X)).

Y; and Y. are O-invariant and therefore members of g; they also satisfy or(Yx) = —Yi, and therefore we
have Y1,Y> € m. By Proposition A.9(a) we moreover have Y7,Ys € g% @ g%, and therefore Y1,Y> € my by
Equation (A.19). We will now show that Y1 and Y2 cannot simultaneously be zero; therefrom it follows that
my # {0} holds.

Assume to the contrary that Y1 = Y2 = 0 holds. We thus have
X+X —of(X) — 0¥ (X) = 0= — (X - X - 0f(X) + o£ (X))
and therefore X = o¥(X), whence X € g¥ n g%, = {0} follows because of Proposition A.9(a). This is a

contradiction to X # 0. O

At the beginning of the present subsection, we motivated our investigation of the roots and
root spaces by the relationship of these objects to the eigenvalues and eigenspaces of the Jacobi
operators. We now make this relationship explicit:

A.11 Proposition. For any Z € a we put Ry = —ad(Z)?lm : m — m (under the canonical
isomorphism T : m — T, M this endomorphism is conjugate to a Jacobi operator of M , see
Equation (A.13)), and for any function p:a— R we define3?

By = () Big(Rz, (%)) = { X e m|VZ € a:ad(Z)’X = —pu(Z) X } (A.26)
Zeca

and
Y={p:a—R|E,#{0}}. (A.27)
(a) ¥ is related to the root system A by
¥ ={ N eAu{o} (A.28)

and conversely
A={xeca" \{0}|NeXx}. (A.29)

The spaces E,, are related to the root spaces of m by

Viea® : my=FE), (A.30)
in particular Eg = a # {0} .
(b) ¥ is a finite set and we have
m=O L, . (A.31)
pEX

32For Equation (A.26) remember that we use the notation Eig(B,\) := ker(B — \id) even when X is not an
eigenvalue of B, compare Section 0.2.
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Proof. The family (Rz)zea consists of pairwise commuting, self-adjoint endomorphisms of m, and therefore the
spaces E,, are pairwise orthogonal. Therefrom it follows that ¥ is finite and that the sum in Equation (A.31) is
indeed orthogonally direct.

By Proposition A.10(d) we have for every X € a*

my = m Eig(Rz,)\(Z)2) ;

Zea
therefore Equation (A.26) implies Equation (A.30). From Equation (A.30) we derive that the inclusion “D” in
Equation (A.28) holds, and therefore we have

* A.
m(:)aEB P ma (A20) Ecd @ Exv2C @QE, Cm
AEA AEA L Hes

(where A4 C A is a positive root system; for the equals sign marked (*) see Proposition A.10(c)). Therefrom it
follows that Equation (A.31) holds.

From Equation (A.31) we see in the following way that also the inclusion “C” in Equation (A.28) holds: Assume
that there existed some o € £\ ({A?*|X € A}uU{0}). Then E,, C m is perpendicular to E, for every
p€{X|xe AYU{0} and therefore to

A.30
Eod P EA2(:)G® P my=m.
AEA AeAL

Therefore E,, = {0} holds, in contradiction to uo € .
Finally, we show Equation (A.29). Its inclusion “C” is an immediate consequence of Equation (A.28). Conversely,

we let A € a*\ {0} be given such that A> € ¥ holds. Then we have my = E,2 # {0} and therefore A € A by
Proposition A.10(e). O

Related vectors.

Definition. For A € A, elements X € my and X € €\ are called related to each other if
VZea: (ad(Z)X =MNZ)-X and ad(Z2)X =-AZ)-X)
holds.

Proposition. We fir A € A.

(a) For every X € my there exists one and only one X e €\ which is related to X , and the
map Py :my — &\, X — X is an isomorphism of linear spaces. In particular we have
dim(€y) = dim(my) ; this number is called the multiplicity of the root A and is denoted by

ny -

(b) We have
VX emy : [X,B(X)] = (X, X) -\,

where N € a is the Riesz vector of X, i.e. the vector uniquely characterized by (-, \!)|a =

A
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Proof. For (a). Let us consider the anti-linear involution 7 : g& — g%, H — oT(H) (see Proposition A.9(a)).
Putting g3 := Eig(r,+1), we then have

g% =gl @9y and gy =ig) .
‘We now show

VX, Xeg: ({,, Semmifen e Ay Riixeq] ). (A.32)

and X and X are related to each other

For the proof of (A.32), we first suppose that X € m, and Xe £, are related to each other. Then we have for
every Z € a

ad(Z)(X +iX) =ad(2)X +i ad(2)X = -AZ2) X +iM2Z) X = iAN2Z) (X +iX)

and therefore X +iX € g% . Moreover, we have (because of X, Xe g) X=X, X=X and (because of X € m,

Xet) on(X)=—-X, 0(X) = X, whence we obtain
(X +iX)=0P(X) —io%(X) = X +iX
and therefore X +iX € a7 .
For the converse direction, we let )?, X € g be given so that H := X+iX e g;L holds. Then we have
X+iX=H=7H)=0t(H)=0r(X) —ior(X)

and therefore O'L()?) =X, or(X) = —X . This shows that X €t and X € m holds. Moreover, because of
H e g; C g¢ we have for every Z € a

ad(2)X +i ad(2)X =ad(Z)H =i MNZ)H =i MNZ) (X +iX) = -AMZ) X +i\2) X

and therefore
ad(Z)X = —-A(Z)X and ad(Z)X =X2)X. (A.33)
Equations (A.33) show that
ad(Z2)*X = —A\(2)?X and ad(Z2)’X = -\(2)°X
holds, whence X €ty and X € m, follows by Proposition A.10(d). Equations (A.33) now show that X and X
are related to each other. This completes the proof of (A.32).

(A.32) shows in particular that for every H € gf we have Re(H) € ¢y and Im(H) € my, so that we may
consider the IR-linear maps

R:=(Relg{ : g5 — &) and T:=(Im|gy g} —m).

Immediately, we will show that R and Z are linear isomorphisms. Therefrom follows the existence and uniqueness
statement of (a) because of (A.32) ; moreover it follows that ®y = RoZ ! : my — £, is a linear isomorphism
and hence dim(¢y) = dim(my) holds.

We now show that R is a linear isomorphism; analogously one shows that also Z is a linear isomorphism. For the
proof of the injectivity of R, suppose that H € gi is given such that R(H) = 0 holds. Thus we have H =X
with some X € g. By (A.32) we have X € my and X is related to 0 € €. Therefore we have for every Z € a

Because of A\ # 0, therefrom X =0 and thus H = 0 follows.

For the proof of the surjectivity of R, let X ety be given. By definition of &, there exist )?+ € g% and
X_ € g%, sothat X = X, + X_ holds. We have X = X (because of X e g); because the involution O
interchanges the spaces g& and g€, (Proposition A.9(a)) and we have g¥ ng®, = {0}, it follows that
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-~

holds. Also, because of X €& we have UGL:()?) = X, whence we deduce similarly
ol (Xs) = X< . (A.35)

We now put

Then we have

T(H) = 27(X4) = 208(X,) A2V

and therefore H € g;L. Clearly, R(H) = X holds.

For (b). Let X € my be given and put X = Dy (X) € tx. We have [X,)?] €m. Also we have H:= X +iX €
gl C g% by (A.32) and therefore H = X —i X € g%, by Proposition A.9(a), hence we have [H,H] € g§ by
Proposition A.9(c). Because we have

[HH = [X +iX,X —iX] =2i[X, X]

it follows that we have [X, X] € g&. Thus we have shown [X, X] € g¥ Nm = a (see Proposition A.9(b)). Now
we have for every Z € a (because (-,-) is defined via the Killing form »)

([X,X),2) = —~(X,[Z,X]) = —(X,-\2) X) = ((X,X)\*, Z) .

Therefrom the statement follows. (]

The Weyl group.

Definition. For A € A we denote by Ry : a — a the orthogonal reflection in the hyperplane
A"Y({0}). Then the group of orthogonal transformations of a generated by { Ry|\ € A} is
called the Weyl group W . Its elements are called Weyl transformations. The Weyl group also

acts on a* via the action W x a* — a*, (g,\) — Aog™!.

We note that we have
Viea, geW : (Aog)f =g\, (A.36)

and therefore the actions of the Weyl group W on a* and a correspond to each other under

the map a* — a, A — A,

Proposition. (a) Let us denote the isotropy group of the action of G on M at the origin
point pog by K. Then for every g € W there exists g € K so that g = Ad(g)|a holds.
For g = Ry with A € A such a g € K can be given in the following way: Let X € S(m})
be given and let X € €y \ {0} be related to X . Then

/g\::EXp(m-)?)EK (m=3.14...)

has the property Ad(g)la = Ry, where Exp : € — K is the exponential map of K .
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(b) For any g € W we have
VAea" 1 (Aogle A= AeEA and my,,-1 = Ad(G)my ) ; (A.37)

here g € K is chosen so that g = Ad(g)|a holds (see (a)).

Therefore W leaves A invariant.

Proof. For (a). (See [Loo69]: Proposition VI.2.2, p. 67 and the definition of the Weyl group on p. 64; for the
following proof, also see Lemma VI.1.5(¢c), p. 62.)

It suffices to prove the second part of (a). For this we let A, X and X be as in the proposition. Then we
consider the 1-parameter subgroup t — Exp(t)A( ) of K tangential to X and the induced 1-parameter subgroup
t — Ad(Exp(tX))|m of O(m). We study the action of the latter 1-parameter subgroup on the linear space a;
specifically we will show

vt e R : Ad(Exp(tX))A = cos(t|A*]|) - A* + sin(¢]| A ) ||IA¥)] - X (A.38)
and
Vt € IR : Ad(Exp(tX))|(ker \) = idyer x - (A.39)
By plugging ¢ : ﬁ into these equations, Ad(g)|la = Rx follows.

For the proof of Equations (A.38) and (A.39): Let Z € a be given. Then we have by Definition A.12

ad(X)Z = —ad(2)X = M(Z) - X (A.40)
and by Proposition A.13(b)
ad(X)22 “29 \(2) - [X, X] = —A(Z) -\ (A.41)
In particular we have
ad(X)A = A2 X and  ad(X)2AF = —||AF|2 - AF. (A.42)
We therefore have for n > 1
ad(X)2"Z = ad(X)* 2 ad(X)?Z P2V _\(2) - ad(X)> 20 2P (C1ym a2) AP A (A.43)

and
ad(X)?" 7 = ad(X) ad(X)*"Z 2Y (1) A2) NP2 ad()AF A2 (M A@2) NPT X (Add)
by comparison with (A.40) we see that Equation (A.44) is also true for n =0.

If we now denote by exp : End(g) — GL(g) the usual exponential map of endomorphisms, we have for any t € IR
Ad( Exp(t)?) VZ = exp(ad( tX Z L ad "Z Z tn—
n=0

2n G 2n+1 2n+1
= <Z+Z @y @ Z) + <Z G ad Z)

X% X2 (2n+1)!

n=

(A.43) oo
(A.44) <Z+ A (2) = 1)"(<t|\)xﬁ||>2" Au) N <>\(Z) (=)™ @ AR E X) (A.45)
n=1

In the case Z € ker A, Equation (A.45) shows that we have Ad(Exp(tX))Z = Z, and therefore Equation (A.39)
holds. Moreover, we have A(A) = ||A*||> and thus we obtain Equation (A.38) by plugging Z = \* into (A.45).
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For (b). We have Ad(g)a = a, and we have Ad(g)m = m by (A.8). For any X\ € a* we therefore have by
Proposition A.10(d)
Ad(@my = {Ad@X | X €m, VZ €a:ad(2)’X = -N2)° X }
={XeAd@m|VZ€a: ad(Z) (Ad@)~" ) —AM2)* (Ad(g) ' X) }
={Xem|VZeca:Ad@G) '(ad(Ad©)2)’X ) =Ad@) '( —\2)’X )}
={Xem|VZ¢€ a:ad(Ad( 92X = -\2)°X}
={X em|VZc Ad(G)a:ad(2)’X = —(Ao Ad(G) ") (2)*X }
={Xem|VZea:ad(Z2)’X = —-(Aog ) (2)’X } =m,,y1

This also shows that A € A is equivalent to Ao g~ € A, and therefore A is invariant under W . |
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Appendix B

The Spin group, its representations and the Principle
of Triality

For n > 3, the fundamental group of SO(n) is isomorphic to Z/2Z . Consequently, there
exists a two-fold Lie group covering map x : Spin(n) — SO(n); the universal covering group
Spin(n) is called the spin group of IR™. x is a linear representation of Spin(n) on IR", it is
called the vector representation of Spin(n). It is clear that any representation of SO(n) gives
rise to an representation of Spin(n) on the same space via x. However, as was first noted by
E. CARTAN, there is a representation p of Spin(n) on a linear space S which does not arise
in this way, and which Cartan called the spin representation of Spin(n); in this context S is
called the spinor space. Analogous considerations can be made in the complex case, leading to
the complex spin group Spin(n,C) and its vector and spin representations. These objects will
be constructed in Sections B.4 and B.5 of the present appendix.

In the theory of the spin groups, the case n = 8 plays a special role. As will be described in
Section B.6, there exists an automorphism of Spin(8, €) of order 3 which does not descend to
an automorphism of SO(8,C) and which describes an “isomorphy” between the vector repre-
sentation and the spin representation of Spin(8,T) in this case.?®> This phenomenon is called
the principle of triality.

Together with the correspondence between certain spinors and maximal isotropic subspaces
described in Section 8.5.2, the principle of triality provides the fundament of the construction
of the isomorphism between Q% and SO(8)/U(4) in Chapter 8.

The basis for the mentioned constructions are the Clifford algebras, which are introduced in
Section B.3.

The principal sources on which this appendix is based are [LM89], [Cheb4] and [Rec04].

33Such an automorphism can also be constructed in the real case. For a treatment of the real case, see [Har90],
Chapter 14, p. 271fF. or [Por95], Chapter 24, p. 256 (the former reference also treats the case where IR? is equipped
with an inner product of signature (4,4) ). Both references make use of the octonions (Cayley octaves) to describe
the triality automorphism. For the positive definite real case, I know of no treatment of triality avoiding them.
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Throughout this appendix, we presume all algebras to be associative IK-algebras with a unit
element non-equal to zero, unless noted otherwise (for example, by the specification “Lie alge-
bra”).3* If A is such an algebra, it contains a subalgebra isomorphic to the field IK in such a
way that 1 € IK corresponds to the unit element of A. Therefore it is reasonable to denote
the unit of A by 14 or simply by 1. We also require that any homomorphism ¢ : A — A’
between algebras maps 14 onto 1,4/, and when we speak of a subalgebra Ajy; of A generated
by some set M C A, we require 14 € Ayy.

B.1 The tensor algebra and the exterior algebra

As a preparation for the introduction of Clifford algebras, we briefly remember fundamental
facts about the tensor algebra and the exterior algebra of a linear space V.

The tensor algebra. (See [Lan93], §XVI.7, p. 632ff.) There exists an algebra T which
contains IK® V' as a linear subspace in such a way that 1 € IK is the unit of T and which has
the following universal property:

For every linear map f:V — A into another algebra A there exists one and only one algebra
homomorphism ¢ : T'— A with |V = f.

If T,T are two such algebras, there exists an algebra isomorphism ® : 7' — T with ®|(IK®V) =
idkgy . Any such algebra is called (a model of) the tensor algebra of V. In the sequel, we
denote by @V a model of the tensor algebra of V', and we denote the product of z,y € @V
by x®y. As algebra @V is generated by V. @V is infinite-dimensional if V' # {0} ; in fact,
if (b1,...,by) is a basis of V' then

{bj1®...®bjk“€€]No, jl,...,jkE{l,...,n}}

is a basis of the linear space @V (here we define the “empty product” b;, ®...®bj, :=1 RV )-

The exterior algebra. There exists an algebra S which contains IK@®V as a linear subspace
in such a way that 1 € IK is the unit of S and that v-v =0 holds for any v € V C §, and
which has the following universal property:

For every linear map f : V — A into another algebra A which satisfies f(v) - f(v) = 0 for
every v € V', there exists one and only one algebra homomorphism ¢ : S — A with ¢|S = f.

If S, S are two such algebras, there exists an algebra isomorphism ® : § — S with ®|(IK®V) =
idkey . Any such algebra is called (a model of) the exterior algebra of V. In the sequel, we
denote by AV a model of the exterior algebra of V', and we denote the product of z,y € AV

34In Section B.6, we will study the triality algebra (¥,¢) which is not associative and does not have a unit
element.
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by zAy. As algebra AV is generated by V. If dimV = n holds, then we have dim AV = 2";
in fact if (by,...,b,) is a basis of V' then

{bjy Neo oA, [0<k<n, 1<ji<...<jr<n}
is a basis of the linear space AV (here we define the “empty product” b;, A...Abj, =1 AV ).35
For r > 0, the linear subspace
NV :=span{vi A...Av|v,...,v. €V}

of AV is called (a model of) the r-fold exterior product of V. The elements of A"V are called
r-vectors; the elements of A?V are also called bivectors. Note that A’V =IK and A'V =V
holds, and also that for 2 < r < n — 1 not every r-vector is of the form vy A ... A v, (the
latter are called decomposable r-vectors). We have dim A"V = (7), in particular A"V = {0}
for » > n. To simplify the notation, we put A~V := {0}. We have AV = @7_, A"V,
and if a given & € AV is decomposed as £ = > (& with & € A"V, then & is called the
homogeneous component of degree r of £. We note that the product A of AV observes the
following permutation law:

VEENV,ne NV : EAn=(—1)"nAE. (B.1)

We also define the linear subspace AV := Drefor—1|ren,2m—1<n} NV and the subalgebra
/\evenv = ®r€{2r/ |r"€N, 2r'<n} /\Tv of /\V :

As a consequence of the universal property of AV, we see that for any linear endomorphism
B 'V — V there exists one and only one algebra endomorphism B : AV — AV with
B|V = B; it satisfies B(\"V) € A"V for all » > 0. We put B := BNV : A"V — \'V;
the linear map B(") is characterized by

Yoi,...,vp €V : BD(u A Av)=BuA...ABu, .

Proposition. (Theorem of Beez) For any By, By € End(V) with rk(By) > 3, B§2) = Béz)
already implies B1 = £Bsy .

B.2 The Hodge operator

In this section only, V is an n-dimensional oriented® euclidean resp. unitary space. Its inner
product (-,-) induces an inner product on AV, which we also denote by (-,-) and which is
characterized by the following two properties:

(i) Yoi,...,0n, Wi, .. ,wy €V 2 (Ui AL AUg w1 AL Awy) = det((vy, W) ) k=1, -

(i) A"V and AV are orthogonal to each other for k # €.

35 As we will see in Section B.3, AV is a Clifford algebra for V equipped with the quadratic form which
vanishes identically on V. This observation provides an elegant way to derive the existence and uniqueness of
the exterior algebra of V', as well as the preceding statements about AV from results of Section B.3.

36For the concept of an orientation on a complex linear space, see the Introduction.
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For any positively oriented orthonormal resp. unitary basis (ai,...,a,) of V
wi=a1N...\Nay

is a unit vector in the one-dimensional space A"V, which does not depend on the choice of
(a1,...,a,). w is called the positive unit n-vector of V.

B.2 Proposition. Let w be the positive unit n-vector of V .

(a) For every k € {0,...,n} and ne \*V there is one and only one xne NV so that

VEE NV L Enmm=(En) w (B.2)

holds. The map * : NV — AV so defined is bijective. It is linear in the case IK = IR,
anti-linear®™ in the case IK = C. * is called the Hodge operator of AV .

(b) If (a1,...,an) is a positively oriented orthonormal resp. unitary basis of V , we have for
any ke {l,...,n—1}
x(ap Ao Nag) =agp1 Ao Aay, . (B.3)

Additionally, *1 =w and *w =1 holds.
(c) Yk €{0,...,n} : (xox)|A\*V = (=1)k(n=F) Cidpny -

(d) Vke{0,...,n}, € NV, ne AV : (n,%€) = (—1)FO=F) . (¢ n) .

(e) V&,m e NV o (%€, xn) = (£,m) . (The conjugation bar is void in the case IK = 1R.) In
particular, if IK = 1R holds, the Hodge operator is an orthogonal map, whereas if IK = C
holds, the Hodge operator seen as an IR-linear map is orthogonal with respect to the real

linear product Re(-,-) on AV regarded as an IR-linear space.

Proof. For (a). Consider the bilinear form

B: NV XN TV = K, (€,¢) — (EAC W) . (B.4)
[ is non-degenerate, therefore the map gt /\”_kV — /\kV characterized by
VEENV, CENTIV 1 (€ 5HO) = BEQ) (B.5)

which is IR-linear for IK = IR, anti-linear for IK = €, is injective; it is in fact bijective because of dim /\kV =
dim /\"_kV . It follows that for any given n € /\kV there exists one and only one *n € /\"_kV so that B%(xn) =7
holds. For any & € A"V we have £ Asnpe A"V =IK -w and thus

EAn = (€A m,w) - w BV BE ) - w T (6 B m)) w = (Em) - w .

Because we have *|\*V = (8%)7!, it follows that * is a bijective and IR-linear resp. anti-linear map.

3TThere are two ways to define the Hodge operator on a complex linear space V , namely such that it becomes
C-linear or such that it becomes anti-linear. In both cases it is the extension of the real Hodge operator on a
maximal totally-real subspace of V. For our purposes, the anti-linear extension is preferable. For the (C-linear
extension, see for example [Wei58], p. 18 or [Wel80], p. 155.
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For (b). The equations *1 =w and *w =1 follow immediately from (B.2). For the proof of Equation (B.3), we

fix a positively oriented orthonormal resp. unitary basis (a1,...,a,) of V and k € {1,...

shows that (B.3) follows from the equation

VEE NV i Ehar A ANan=(Ea AL ANag) - w.

,n—1}. Equation (B.2)

(B.6)

Because both sides of Equation (B.6) are linear in &, it suffices to show (B.6) for { = aj, A ... Aaj, with

1<j1<...<jr <n. Ifany j, is greater than k, then both sides of (B.6) vanish. Therefore, only the case

& =a1 A...Aay remains, and then both sides of (B.6) are equal to w.

For (c). It suffices now to show that #(x£) = (—1)*"®¢ holds for & = a1 A ... Aap with 1 <
k < n —1, where (ai,...,an) is any positively oriented orthonormal resp. unitary basis of V. Then
(ak+1s---5Qn, (—1)’“(”_"’)1117 asz,...,ax) is another positively oriented orthonormal resp. unitary basis of V' and

we have by twofold application of (b)

«(+6) = x(x(a1 A ... Aar)) = #(@rp1 A Aan) = (=DFPar AL Aay = (—1D)FTR e

For (d). Let & € /\kV and 7 € AV be given. Because the homogeneous components of 1 of degree unequal
to (n — k) do not contribute to either side of the equation (d), we may suppose without loss of generality that
n € A" "V holds. Then we have

%€ - w E A (5 8) LA ((F1)FO ) = (1) PR A g

and therefore (n,x&) = (—Ukm*k) (&, %) .

—~

D (xxm) A€

(B.1)

(=D EEA (k2 )

(B.2)

(=DM ) - w

For (e). Because both sides of the equation in (e) are IR-linear resp. anti-linear in &, we may suppose without

loss of generality that £ € /\kV holds for some k € {0, ...

)

(e, xm) L (—1)P iy sxe) D gy = TEmy

The remaining statements of (e) are an obvious consequence.

,n}. Then we have

O

B.3 Example. We tabulate values of *£ for the case dimV = 4. Let (a1,a2,a3,a4) be a pos-

itively oriented orthonormal resp. unitary basis of V. Then, we have as a consequence of

Proposition B.2(b):

§ 1 a az az a4

x€ || ar Nag NagNag | aaNagNag | —ar ANagANag | a1 ANag ANag | —ag A as Aas
E |larNas | agtNag | a1 ANag | agNag | asNag | az A ay

x€ || agNag | —agNag | aoNag | a1 Nag | —a1 ANag | a1 A as

& arNagNasg | agy Nag Nag | agt NagNag | aa Nag Nag | a1 Naz Nag N\ aq
>I<§ ay —as as —aq 1

B.3 Clifford Algebras

Let V be an n-dimensional linear space over the field IK and 8 :V x V — IK a symmetric

bilinear form; (§ gives rise to the quadratic form

q:V—>]K,1)'—>%ﬁ(’U,U).



260 Appendix B. The Spin group, its representations and the Principle of Triality

B.4 Definition. A Clifford algebra for (V, () is an algebra C with the following properties:
(a) C contains IK @&V as a linear subspace in such a way that 1 € IK is the unit of C and
YVoeV CcC :v-v=gq)-lc (B.7)
holds.

(b) C has the following universal property: Any linear map f :V — A into another algebra
A which satisfies

VoeV : f(v)- f(v) =q(v) 1a (B.8)

(we call such a map a Clifford map) can be uniquely extended to an algebra homomorphism
p:C— A.

B.5 Remark. The details of the definition of a Clifford algebra vary somewhat from author to
author. In particular, Equation (B.7) is often replaced by the condition

YVoeV tv-v=1xq)-lc,

where » =2 is common (then, v-v = (v,v)-1 holds for v € V'), but s € {—1,—2} can also
be found. In these cases, also (B.8) has to be modified accordingly. The convention we follow
here is that of CHEVALLEY, see [Che54], p. 39; with this choice, the least number of factors is
required in the treatment of triality in Section B.6

Also, some authors (but not Chevalley) replace the universal property of Definition B.4(b) by
the weaker requirement that V' generates C as algebra (see Theorem B.7 below). In this case,
a Clifford algebra in our sense is called a universal Clifford algebra. For this use of terminology,
and for results on non-universal Clifford algebras, see for example [Por95], Chapter 15, p. 123ff.

B.6 Proposition. If C is a Clifford algebra for (V,[3), we have

(a) Vo,w eV CC :v-w+w-v=pww)-lc,

(b) Denoting by C* the multiplicative group of invertible elements of C', we have C* NV =

g HIK*) and Vv € ¢ HIK*) : vt = le) ‘v,

Proof. For (a). For v,w € C', we have

vewtw-v = (vtw) vtw)—v-v—w-w
(

w

7)

%(ﬁ(v +w,v +’LU) - ﬁ(vvv) - B(wvw)) e = ﬁ(vvw) “le .

For (b). This follows simply from the equation v-v =¢q(v)-1. d

B.7 Theorem. (a) There exists a Clifford algebra for (V,[3), and if C', C' are two such algebras,
there exists an isomorphism of algebras ® : C' — C’ with ®|(IK & V) = idkgy . In the
sequel, C(V, ) always denotes a Clifford algebra for (V,[3).



B.3. Clifford Algebras 261

(b) If (b1,...,by) is a basis of V, then C(V,[3) is as algebra generated by {b1,...,b,}.

For o #S C{l,....,n}, say S={ly,..., 0.} with 1</{;<...<t, <n, we put
bs :=by, -+ by, ; we also put by :=1¢ .

Then (bs)sc{i,..ny 1 a basis of the linear space C(V,B); in particular we have
dimC(V,3) =2".

Proof. The uniqueness of C(V, () follows from the universal property by the canonical argument: Suppose C
and C’ are two Clifford algebras for (V,3). By the universal property, there exist algebra homomorphisms
&:C—C and & :C' — C with ®|V =@'|[V =idv .

(I)l

c ol

P

\%

Both ®'o® and id¢ are extensions of idy to algebra endomorphisms of C'; the universal property of C' therefore
implies ® 0® = idc . An analogous argument shows ®o®’ = id¢ , and therefore ® (and & = ®~') are algebra
automorphisms. Remember, we have ®|V = idyv by the construction of @; also we have ®(1¢) = 1¢r, and
therefore (because of 1¢ =1r =1 € IK) ?|K =idxk .

We only sketch the existence proof for C'(V, 3) here, following the exposition [Rec04] by H. RECKZIEGEL: Consider
the tensor algebra @V of V| the two-sided ideal a of @V generated by the set {v®@v —q(v)-1|v € V},
the algebra C := (®V)/a and the canonical projection 7 : @V — C. Because we interpreted V as a linear
subspace of @V, we also have the linear map j := 7|V : V — C (note that it is not a priori clear that j is
injective). j satisfies

YoeV : jw)?=q@)- lc. (B.9)

We also note that if (b1,...,bn) is a basis of V', {bi,...,bn} generates @V as algebra, and therefore
{j(b1),...,7(bn)} generates C as algebra.

Also, C solves the following universal problem:

Whenever another algebra A and a Clifford map f:V — A are given, there exists one and (B.10)
only one algebra homomorphism ¢ : C — A with poj=f. '
For if f is as in (B.10), then the universal property of the tensor algebra @V shows that there exists one and
only one algebra homomorphism ¢ : @V — A extending f and because f is a Clifford map, we see that a is
contained in the kernel of v, whence there exists an algebra homomorphism ¢ : C' — A which satisfies ) = pow
and therefore f = ¢ oj. The uniqueness of ¢ follows from the uniqueness of .

In the sequel, we will call a pair (C,j) consisting of an algebra C' and a linear map j : V — C a pre-Clifford
algebra for (V, ), if it satisfies Equation (B.9) and solves the universal problem (B.10). By an argument analogous
to the proof of the uniqueness of the Clifford algebra, one sees that the pre-Clifford algebra for (V,3) is unique
in the following sense: If (C,j) and (C’,j’) are two pre-Clifford algebras for (V, (), there exists an algebra
isomorphism @ : C' — C’ with j'=®oj.

For any v € V, we abbreviate ¢ := j(v) € C, and for any @ # S C {1,...,n}, say S = {¢1,...,¢-} with
1<t <...< ¥t <n, we put
i)s = Bgl---lng; we also put Bg =1c .
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One can show by induction on #S that for any S C {1,...,n}, the linear subspace C(S) := span{bg/|S’ C S}
of C in fact is a subalgebra of C'. Because C is as algebra generated by {b1,...,bn}, it follows that C =
C({1,...,n}) holds, and therefore, we see that C is as a linear space spanned by (IA)S)SC{I,M,H} .

Then, one shows by induction on n = dimV that dim C = 2" holds. In the case n = 1, consider the polynomial
ring IK[X], the principal ideal b C IK[X] generated by the polynomial X2 — ¢(b) with a fixed b € V' \ {0},
the algebra C := IK[X]/b and the injective linear map j : V — C given by j(b) = X +b. Then (C,j) is a
pre-Clifford algebra for (V,3) and dim C = 2 holds.

For the induction step, let an n-dimensional linear space V (with n > 2) and a bilinear form 3:V x V — K
be given. Then it can be shown that there exists an (n — 1)-dimensional subspace U C V and ¢ € IK so that
with V := U @ IK and the bilinear form

B:VxV =K, ((vi,t1), (v2,t2)) = B(vr,02) +etata

there exists an isomorphism of linear spaces ¥ : V — V with B(\I/(v),lll(w)) = B(v,w) for v,w € V. One can
further show that if (Cy,ju) is a pre-Clifford algebra for (U, Bv) (with By := B|(U x U)), then C := Cy ¢ Cy
becomes an algebra with unit 1¢ = (1¢,,,0) via the multiplication

V(&,m), (§2,m2) € C : (§1,m) - (€2,m2) i= (§1&2 +eau(m)nz, av(§)n2 +m&2) ;

here ay : Cuv — Cuy denotes the involutive algebra homomorphism uniquely determined by au o ju = —ju
(which exists because of the universal property (B.10)). And the pair (C,j) with

j:V—=C, (v,t) = (u),t-1oy)

is a pre-Clifford algebra for (I~/7ﬂ~)7 whence the pair (C,j o ¥) is a pre-Clifford algebra for (V,3). We have
dim Cy = 2”71 by the induction hypothesis and therefore dim C = 2". This completes the induction proof.

Because the system of generators (BS)SC{l,M,n} of the linear space C' consists of 2" elements, it follows that
it is a basis of C', and as a consequence of this fact, one sees that j : V' — C is injective. Therefore, we can
identify V' with the subset j(V') C C, then C becomes a Clifford algebra in the sense of Definition B.4, and the
remaining statements of the theorem hold. |

B.8 Example. Let C be a Clifford algebra of V' corresponding to the zero bilinear form on V.
Then we see that v-v =0 holds in C' for any v € V', and the Clifford maps corresponding to
C' are exactly those linear maps f:V — A into another algebra A for which f(v)? =0 holds
for every v € V. Therefore C' is a model of the exterior algebra of V. It follows that with
Theorem B.7 we have also proved the existence and uniqueness of the exterior algebra, and the
statements made in Section B.1 about the bases and dimension of AV .

B.9 Proposition. Let U C V be a linear subspace. Then the subalgebra C' of C(V,[3) generated
by U is a Clifford algebra for (U, By) with By := BlU x U .

Proof. The inclusion map U — C" is a Clifford map for the “abstract” Clifford algebra C(U, Bv) and consequently
can be extended to an algebra homomorphism ¢ : C(U,By) — C'. If (b1,...,bs) is a basis of U then ¢
maps bj, ---b;, € C(U,Br) onto b;, ---bj, € C' and is therefore surjective. Because we have dimC’ = 2% =
dim C(U, Bv), it follows that ¢ is an algebra isomorphism with ¢|(IK & U) = idkgu . Therefore C’ also is a
Clifford algebra for (U, fu) . a

B.10 Proposition. (a) There is one and only one algebra homomorphism « : C(V,[3) — C(V,3)
with a(v) = —v for every v € V. «a is an involutive algebra automorphism; it is called
the canonical involution of C(V, ().
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(b) C*(V,3) := Eig(a, 1) is a subalgebra of C(V,[3) called the even subalgebra of C(V,f);
if (b1,...,by) is a basis of V', then CT(V,3) is as algebra generated by the set

{bgl-bg2|1§€1<f2§n}.

On the other hand, C~(V,[) := Eig(a,—1) only is a linear subspace of C(V,[(3) called
the odd subspace of C(V,[3) ; it is spanned by the set

{bs|S C{1,...,n}, #S odd}

(for the notation bs see Theorem B.7). If we abbreviate C* = C*(V,), we have
C(V,8)=CTa®C~ and

ct.ctcct, ¢ct.cccCc, C-CtcC and C-C”CCt. (Bll)

Proof. For (a). V — C(V,f), v — —uv is a Clifford map, therefore the existence and uniqueness of « follows
from the universal property of C(V, (). Both o a and idg(v,s) are algebra homomorphisms which extend the
Clifford map V' — C(V, (), v — v, and therefore a o a = ide(v,g) holds. This shows a to be an involutive
algebra automorphism.

For (b). Because « is an involutive linear map, C(V,3) = Ct @©C~ holds, and the inclusions (B.11) follow from
the fact that o is an algebra homomorphism. In particular, we see that C* is a subalgebra of C(V,3). The
remaining statements now follow from Theorem B.7(b). O

Proposition. There is one and only one algebra anti-homomorphism ~ : C(V,3) — C(V,[3)
with v(v) = —v for every v € V. ~ is an involutive algebra anti-automorphism and aoy = you
holds. ~ is called the conjugation of C(V,3).%®

Proof. We abbreviate C := C(V,3) and denote by u: C x C — C the multiplication map of this algebra; we
also consider the algebra C°P? which as linear space is identical to C' but whose multiplication is given by

ut CP x CP — CP, (&,m) — p(n,§) .
Note that 1cor = 1¢ holds.

f:V —=C° v+ —v is a Clifford map. By virtue of the universal property of C', there is one and only one
algebra homomorphism ~ : C — C°P which extends f. If we now regard v as a map into C, it is an algebra
anti-homomorphism. Both 7o~ :C — C and id¢ are algebra homomorphisms which extend the Clifford map
V — C, v+— v. By the universal property of C', vovy = id¢ follows; in particular, = is an algebra automorphism.
It remains to show a oy = v o «. For this, we note that yoa o~y oa and idc are algebra homomorphisms
C' — C which both extend the Clifford map V — C, v +— v. Consequently, the universal property of C' shows
that 7o a o~y oa =idc holds, and therefore we have oo~ = vy o a because o and ~ are involutions. d

38 y(€) is often also denoted by €. We do not use this notation here to prevent confusion with the complex
conjugate A of a complex number \.
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B.4 The Clifford and Spin groups, and their representations

In the situation of the previous section we now suppose that n = dimV > 2 holds and that
is non-degenerate. We consider the orthogonal group

O(V,pB) :={B e GL(V) |Vv,w € V : 8(Bv, Bw) = B(v,w) }
={BeGL(V)|goB=gq}

and the special orthogonal group
SO(V,B3) :=={B € O(V, )| det(B) =1}

with respect to 3. Because [ is non-degenerate, O(V, 3) is a subgroup of GL(V'), and SO(V, )
is a subgroup of O(V,3). We have det(O(V,3)) = {£1}, and therefore SO(V, 3) is a subgroup
of O(V, () of index 2.

Proof for det(O(V,3)) = {£1}. It is clear that {1} C det(O(V,3)) holds. Now, let A € O(V, ) be given. We
fix an B-orthonormal basis (b1,...,bn) of V', so B(bj,bx) = €; - §;x holds with ¢; € {£1}. Then there exist
ajr € K so that Abx =77, a;ixb; holds. We then have for any j,k € {1,...,n}

€5+ Ok = B(bs, br) = B(Abs, Abk) = B(32,, avibu, 3, aukbu) = 3, Evavjauk . (B.12)

If we now denote by M := (a;x); the matrix corresponding to A with respect to the basis (b1,...,bn), by MT
its transpose and put M := (¢; - a;k); x , we obtain by (B.12):

[1,e5 = det(M™ - M) = det(M7) - det(M) = det(M) - [], ; - det(M)

and thus det(M)? =1, hence det(A) = det(M) € {#1}. O

In the sequel, we denote by

Cv,8)" :={eC(V.p)|TneC(V.B) : én=ns =1c}

the multiplicative group of invertible elements of C(V,3); for any £ € C(V,3)*, we denote by
¢ e C(V,5)* the inverse of €.

The group
L(V,3):={g€C(V.p)" Vv eV :algg ' €V}

is called the Clifford group of C(V,[3) and the map
X :T(V,3) = End(V), g — (v~ a(g)vg ™)

is called the vector representation of T'(V,f3) .

B.12 Proposition. (a) I'(V,3) is a subgroup of C(V,3)* and x : T'(V,3) — GL(V) is a linear
representation of T'(V, ) .

(b) For any g € T(V,(3) and t e IK*, tg €e T(V,3) and x(tg) = x(g) holds.
a(I'(V,8)) =T(V,B) , and for any g € I'(V,B), x(a(g)) = x(g9) holds.
V(L(V,B)) =T(V,8), and for any g € T(V, ), x(7(9)) = x(9~")



B.4. The Clifford and Spin groups, and their representations 265

(c) We have T'(V,3) NV = q }(IK*) and
Vwe ¢ 'IK*), veV : x(wv=v-2""—% w.

For w € ¢ Y(IK*), x(w) € O(V,3) holds. More precisely, x(w) : V — V s the (-
orthogonal reflection in the hyperplane (IKw)=? .

(d) K* Cc I'(V,3) and ker x = IK*.

(e) x(T(V,3)) = O(V, 3).

(f) F(V,,B) - {W1wr‘1 S r S na wla"'va‘ € q*I(H{X)}}g
in particular T(V,8) c CH(V,8) U C~(V,3),
and for any g € T(V,8) we have €(g) := a(g) - g~' € {£1}.

Proof. For (a). Let us abbreviate C' := C(V,3) and consider the map
X:C* = End(C), g (£~ alg)ég™) -
Then elementary calculations show for any g1,g2 € C*:
X(g1-95") =X(91) o X(92)"" and X(lo) =idc .

Consequently, we see that 1¢ € I'(V,8) holds, that g1,92 € T'(V,3) implies ¢1 - g;* € T'(V,3) and that
x : T'(V,8) — GL(V) is a group homomorphism.

For (b). The statement on tg (with g € I'(V, 3), ¢ € IK* ) is obvious and the statement on « can be straight-
forwardly checked by a direct calculation. For the statement on v one first verifies for g € T'(V, 3)

X(7(9)) = 7o x(alg™ ")) o -
By use of (a) and the previous result on «, one sees that v(g) € T'(V, 8) and x(v(g)) = x(g™*) holds.

For (c). For any w € T'(V,3) NV we have ¢q(w) # 0 by Proposition B.6(b). Conversely, let w € ¢~ '(IK*) be

given. Then w € C(V,6)* and w™' = ﬁw) -w holds by Proposition B.6(b), and therefore we have for any
veV
%(w)v:a(w)-v-uf1 :*ﬁ Swe v w
=~y (—v - w A+ B(w,v)) - w
=1 y.oweow= 8w,
T gty VW Ny W
—p— 2BLw gy e v,

B(w,w)
This shows that w € I'(V, 8) holds and that x(w) is as given in the proposition. We have

a(x(w)v) = 38 (v — L8, v — Ly ) = g(v)

and therefore x(w) € O(V,3). We have y(w)w = —w and x(w)v =v for any v € V with B(w,v) = 0. Hence,
x(w) is the G-orthogonal reflection in the hyperplane (IKw)-#.

For (d). See [LM89], Proposition 1.2.4, p. 14.

For (e) and (f). (a) and (c) show that T := {wi---w,|1 <7 <mn, wi,...,w, € ¢ '(K*)} c T'(V,5) and
x(T') € O(V,3) holds. Conversely, any given B € O(V,3) can by the Theorem of CARTAN/DIEUDONNE (see

391n particular, the elements of IK* C I'(V, 3) can be represented as such a product, namely we have ¢t = (tw)-w
for any ¢ € IK* and w € ¢~ ({1}) . Note that the hypothesis n > 2 is of importance here.
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[Art57], Theorem III.3.20, p. 129) be written in the form B = x(wi)o... o x(w,) = x(w1 - -w,), where r <n
and wi,...,w, € ¢~ ({£1}) are suitably chosen. This shows that O(V,3) C x(T') holds.

We now prove I'(V,3) C T'. Let g € T'(V, 8) be given. By (a) and (b), we have x(a(g)-g~!) =idy and therefore
by (d) e(g) = a(g) - g~ € IK*. Hence, g # 0 is an eigenvector of « for the eigenvalue £(g). Because « is
involutive, we have £(g)? = 1 (whence e(g) € {#1} and g € CT(V,8)UC~(V, ) follows) and therefore for any
veV:

1 1

a(x(g)v) = (x(g9)v)*> = alg)vg™" - alg)vg ™" = e(g)* - gvg™" - gug

=g-v’ g =q(v) 997" =qv).

—1

This shows x(g) € O(V, 3) C x(I') (see above). Therefore there exists § € I' with x(§) = x(g), say § = w1 -- - w,

with w1, ..., w, € ¢7'(IK*). By (d), we have t := g- ¢~ ' € IK* and therefore g = t§g = (tw1) -w2---w, € T. O

We briefly mention the special Clifford group

I (V.8) =T(V.f)nC* (V. 5),

-1

which is the kernel of the surjective group homomorphism I'(V, 3) — {£1}, g — a(g)-¢g~ " and

therefore a subgroup of index 2 of T'(V, ).

Remark. Some authors, for example CHEVALLEY (see [Cheb4], p. 49), rather define the Clifford
group as {g € C(V,3)* |Yv € V : gug~! € V'} and the vector representation by x(g) = (v —
gvg~1). In that terminology, our Y is called the twisted vector representation. However, because
we have a(¢) = ¢ for £ € CT(V,3), the special Clifford group induced by Chevalley’s definition
is identical to our special Clifford group, and Chevalley’s vector representation coincides on the

special Clifford group with our vector representation.

Because ker x = IK* is not a discrete subgroup of I'(V, ), the Clifford group is too large to

be a covering group over O(V, (). To reduce the size of I'(V, 3), we now introduce the norm

function®

A C(V,B) = C(V, ), £ &-7(6) -
Proposition.  (a) A(lewg) = los and Vt€IK, £ € C(V,8) : A(t) = t2- A(€).
(b) Yo,w eV : (Av) = —q(v) and Av-w) = A(v)-A(w) ).
(¢) AT(V,B)) CIK* and AT(V,B) : T(V, 8) — K* is a group homomorphism.

Proof. (a) and the first part of (b) are obvious. For the second part of (b), let v,w € V' be given. Then we have

Mow) =y ow) = vw3(w) () = v Mw) o) = y(0) Aw) = Aw) - Aw)
€K

For (c). Let g € T'(V,) be given. Then we have for every v € V' by Proposition B.12(a),(b)

X(A\(9)v = x(g-7(9))v = x(9)(x(9) "'v) =v

40Tt should be noted that in spite of the name “norm function”, X is not a norm in the usual sense. In particular,
for ¢t € K it does not satisfy A(t€) = |t - A(€), but rather A(¢£) =t - A(€), see Proposition B.14(a).
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and therefore A(g) € kery = IK*, see Proposition B.12(d). An analogous calculation as in the proof of (b)
therefore shows that A|T'(V,3) : I'(V, 8) — IK* is a group homomorphism. O

In the sequel, we restrict our considerations to the following situation:

In the case IK = IR we suppose [ to be negative definite, so that —f is
a positive definite inner product on V. (In the case IK = € we impose no (B.13)
further restriction on f3.)

Then we define the Pin group (also called the reduced Clifford group) of (V,[) by

Pin(V, ) = {g € IV, 8)| Ag) = 1} (B.14)

and the Spin group (also called the special reduced Clifford group) of (V, () by
Spin(V; §) := {g € Pin(V, 8) [ x(9) € SO(V,3) } . (B.15)
Proposition. (a) Pin(V,3) and Spin(V, ) are subgroups of T'(V, ).
(b) Pin(V,8) NV =q 1 ({-1}).

(c) (i) Pin(V,3) ={wy---w, |1 <r<n, wy,...,w, € ¢ {-1})}

(ii) Spin(V,B8) = {wy---w, |2 <7 <n, v even, wi,...,w, € ¢ ' ({-1})}
=Pin(V,3) nT*(V, 8)

(d) ker(x|Pin(V, 8)) = ker(x|Spin(V, 8)) = {+1}.

(¢) x(Pin(V;,8)) = O(V,3) and x(Spin(V,03)) = SO(V, ).

Proof. For (a) and (b). (a) is an immediate consequence from the definitions of Pin(V,3) and Spin(V, 3) because
A:T(V,8) —» K™ and x : I'(V,3) — O(V,3) are group homomorphisms. (b) follows from Proposition B.12(c)
and Proposition B.14(b).

For (c)(i). First, suppose that g = wi---w, with wi,...,w, € ¢ '({-1}) and 7 < n is given. We then
have w; € Pin(V,3) by (b) and therefore g € Pin(V,3) by (a). Conversely, let g € Pin(V,3) be given.
Proposition B.12(f) shows that there exist 1 < r < n and wi,...,w. € ¢ *(IK*) so that g = w] ---w, holds.
In the case IK = IR, we have for each j € {1,...,r}: A(w}) = —¢(wj) > 0 by (B.13); therefore both in the case
K =R and K = C there exist t1,...,t € IK* with t; = A(w}). We then have by Proposition B.14(b)

2
(I,t) = T1 8 =TI, Aw)) = Ag) = 1
and therefore [[;t; € {£1}. By replacing ¢; with —t; if necessary we can ensure [[;t; = 1. Now put
w; = wj/t; for each j; we then have —q(w;) = A(w;) = A(w})/t; =1 and therefore w; € ¢~ ({—1}), and also
wy-wp = (/] t5) - wi-w. =g
For (c)(ii). Let g € Pin(V,8) be given; by (c)(i) there exist wi,...,w,. € ¢~ ({=1}) with r < n so that
g = w1 -+ wy holds. Then we have
x(9) = x(wi) o...ox(wr) ;

because each x(wj) is a reflection in a hyperplane by Proposition B.12(c), we have det x(w;) = —1 and therefore

det x(9) = (~1)" .



268 Appendix B. The Spin group, its representations and the Principle of Triality

It follows that g € Spin(V,3) holds if and only if r is even, which proves the first equality sign in (c)(ii). The
second equality sign now follows from (i) and the definition of T't(V, ).

For (d). By Proposition B.12(d), we have ker(x|Pin(V,3)) = ker(x) N Pin(V,8) = IK* N Pin(V,8) = {t €
IK*|t? =1} = {£1}. Because we have {£1} C Spin(V,8) by (c)(ii), ker(x|Spin(V,8)) = {£1} follows.

For (e). We have x(Pin(V,)) C O(V,3) by Proposition B.12(e). For the converse direction, let B € O(V, )
be given. By Proposition B.12(e) there exists g € I'(V, 8) with x(g) = B. In the case IK = R, (B.13) together
with Proposition B.12(f) shows that A(g) > 0 holds, and therefore both for IK = IR and IK = C there exists
t € K with t* = A(g). We then have g:= 1 -g € Pin(V,8) and x(g9) = x(3) = B.

We have x(Spin(V,3)) C SO(V,3) by definition. Conversely, let B € SO(V,3) be given. By the previous

argument there exists g € Pin(V,3) with x(g) = B and the proof of (c)(ii) shows that g € C*(V,3) holds.
Consequently, we have g € Pin(V, 8) N C*(V, 3) = Spin(V, 3) . O

B.16 Proposition. There is one and only one structure of a Lie group on Spin(V, ) so that T :=
x|Spin(V, ) : Spin(V, 3) — SO(V, 3) becomes a two-fold Lie group covering map. Regarded in
this way, Spin(V,3) is connected. For IK = IR it is compact, and for IK = IR, n > 3 it is
simply connected, so that Spin(V, 3) is the universal covering Lie group of SO(V,3) .4

Proof. See [Rec04], Satz 3 and Satz 4. O

Besides the vector representation x of I'(V, ), there are different linear representations p of
['(V,3) on some linear space S, which are not induced via x by a representation of O(V,[3).
It turns out that they stem from algebra representations of C(V,(3) on S; they are called spin
representations.

To prepare the introduction of spin representations, we review some definitions and facts on
representations of algebras.

B.17 Definition. Let A be an algebra and V be a linear space.

(a) A subalgebra a of A is called a (two-sided) ideal of A if zy,yx € a holds for every x € a
and y € A.

(b) A is called simple, if it contains no two-sided ideals besides {0} and A itself.

(c) A representation of A on V is a homomorphism of algebras p: A — End(V). Here, we
regard End(V) as algebra via the multiplication (X1, X2) — X1 0 Xs.

Let p: A —End(V) and p': A — End(V') be representations of A.
(d) A linear subspace U C 'V is called p-invariant if p(z)U C U holds for every z € A.

(e) p#0 is called irreducible if {0} and V are the only p-invariant subspaces of V .

“'One can find in [Tit67] that for IK = €, n € {5} UIN>; Spin(V, ) also is the universal covering Lie group
of SO(V,3). (See the following locations in [Tit67]: p. 30 for n > 5 odd, p. 35 for n > 8 even.)
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(f) p and p' are called similar if there is an isomorphism of linear spaces ® : V. — V' so
that
Vee A : p(x)=dop(x)od !

holds.

Proposition. Let V' be a linear space.

(a) End(V) is a simple algebra.

(b) The trivial representation idgnqcvy of End(V) on Vs irreducible.

Proof. For (a). See [Jac64], Proposition I11.2.2, p. 40. For (b). This follows from the fact that for any vi,vs €
V' \ {0}, there exists A € End(V) with Avy = vs. O

Proposition. Let A be a simple algebra. Then any two irreducible representations of A on

non-zero linear spaces are similar.

Proof. See [Jac43], Theorem 5.1, p. 93. O

Definition. An irreducible representation p : C(V,3) — End(S) of the Clifford algebra C(V,3)
on some linear space S # {0} is called a spin representation of C(V, (). In this context, S is
called the spinor space of p and its elements are called spinors of p.

In any case there are at most two spin representations of C(V,3) which are not similar to each
other (see [LM89], Section 1.5, p. 30ff.), but whether there are one or two such representations
depends on the base field IK, the dimension of V' and the index of (. In the following section,

we will study one specific case.

B.5 Spin representations for complex linear spaces of even dimension

Let IK = €, V be a C-linear space of even dimension n = 2r, and 8 : V xV — € be a
non-degenerate symmetric bilinear form on V. It is the object of the present section to show
that there is (up to similarity) only one spin representation of the Clifford algebra C := C(V,3)
and to give an explicit description of this spin representation.

In generalization of Definition 2.19 we call v € V isotropic if g(v) = 0 holds; we call a
linear subspace W C V' isotropic if every v € W is isotropic; in this case we already have
Bl(W x W) = 0. All maximal isotropic subspaces of V have the same dimension ([Che54],
1.4.3, p. 17); following the terminology of Chevalley, we call their dimension the indez of 3.

The following relationship between the concept of isotropy defined here and the concept of
isotropy in a CQ-space (see Section 2.3) should be noted:
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Lemma. There exists a complex inner product (-,-) on V and a conjugation A on (V,(:,-))
so that a linear subspace W C V' is isotropic in the sense of the previous definition if and only
it is (S' - A)-isotropic in the sense of Definition 2.19. Moreover, A can be chosen so that 3
and (-,-) coincide on V(A) x V(A).

Proof. Let (b1,...,bn) be an adapted basis for 3 (see Proposition 1.4). Then the statement of the lemma is
fulfilled with the inner product (-,-) characterized by (b1,...,bn) being a unitary basis and the anti-linear map
A :V — V characterized by

Yu,v €V @ B(u,v) = (u, Av) ,

which is a conjugation on (V,(:,-)) by Proposition 1.7. a

Proposition. In the present situation, (8 is necessarily of index T .

Proof. We regard V' as a CQ-space in the way described in Lemma B.21. Then Corollary 2.22 shows that there
exist isotropic subspaces of V' of any complex dimension < 7, but none of dimension > r. Hence the index of
Bis r. O

In the present situation the structure of the bilinear form 3 is known completely, as is shown
by the following proposition:

Proposition. For every r-dimensional isotropic subspace W of V , there exists an 7-
dimensional isotropic subspace W' of V so that W & W' =V holds. Moreover, for every
such subspace W' and every basis (w1,...,w,) of W there exists a basis (wi,...,wl.) of W’
so that

Vil e {l,...,r} : Blw;,wy) = ;¢ (B.16)

holds, and in this situation, we have the following analogue to the Fourier representation:

YweW : w= Zﬁ(w,wg)wj and Yw' e W' : w' = Zﬁ(w',wj)w; . (B.17)
i=1 =1

Proof. For the existence of W' and (wi,...,w;.), see [Cheb4], 1.3.2, p. 13. (When reading that proof, note that
Chevalley’s notions of totally isotropic subspaces and of singular subspaces coincide in fields of characteristic # 2
(see [Cheb4], 1.2.1, p. 11), and they correspond to our notion of isotropic subspaces.) Equations (B.17) are an
obvious consequence of the isotropy of W and W', and Equation (B.16). O

Proposition. Let W be an isotropic subspace of V. Then the subalgebra CW of C generated
by W is a model of the exterior algebra over W .

Proof. We have B|(W x W) = 0, and hence C" is a Clifford algebra for W equipped with the zero bilinear
form by Proposition B.9. Therefore Example B.8 shows that C" is a model of the exterior algebra over W . O

We now fix an r-dimensional isotropic subspace W of V — the existence of such a subspace
follows from Proposition B.22 — and choose via Proposition B.23 another r-dimensional isotropic
subspace W' of V which is complementary to W . Moreover, we fix a “unit volume” w €
AW\ {0}. By Proposition B.24, the subalgebra of C' generated by W is a model of the
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exterior algebra of W; for this reason we denote this subalgebra by AW in the sequel and
define A\*W for k € Z as in Section B.1. In particular we have w - @ = —@ - w for any
w,w € W ; to remind of this rule, we will denote the product w-w also by w A w. We apply
analogous conventions to the subalgebra AW’ of C generated by W’. It should be noted that
the elements of W do not generally anti-commute with the elements of W’ rather we have the
equation

VweW, w' eW' : w-w =Bw,w)—w - w.

The following proposition gives a first example how the fixation of W and W' gives insight into
the structure of the Clifford algebra C(V, ). It provides two methods to construct elements of
I'(V,3) explicitly.

Proposition. (a) For every pair (w,w’) € W x W', we have q(w + w') = p(w,w’). If
Blw,w') # 0 holds, we have w+w' € T(V,3) and (w+w')~! = ﬁ(wlw’) (w+w').

(b) For any w,w € W we have (1+w-w), (1—w-w) € T'(V,5), and these two elements are
inverse to each other.

Proof. For (a). We have g(w+w') = 3 B(w+w', w+w') =
In the case SB(w,w’) # 0, this equation implies w + w’
(w+w')~" follows from Proposition B.6(b).

(ﬁ(wv w)+ﬁ(wv w/)+ﬂ(wl7 w)+ﬁ(w/7 wl)) = ﬁ(wv w/) .
I

1
2
€ T'(V,8) by Proposition B.12(c). The statement on

For (b). We have
l+w-w)-l-ww=1l-w-w-ww=l+w - ww-w=1

——w@ =0

and therefore (1 +w-w) and (1 —w-w) are invertible and inverse to each other. Moreover, for any v € V' we

have
w-wvw-w=w-w-(B,w) —w-v)wv=0www- v W— w-w-w v-w=0 (B.18)
=0 =—w-w-w=0

and therefore g := (1 + w - w) satisfies

alg) - v-g ' =1 +wd) v (1 —wd)
~ ~ ~  ~(B.18) ~ ~
=V — VWW + WWU — WwWIww = U — 7WW + wwv

=v — (B(v,w) —wv)w + w(B(w,v) —vw) =v — Bv,w) W+ B(w,v)w € V,

whence g € T'(V, 8) follows. Then we also have (1 —w-@) =g ' € T(V,5). O

A linear map v : AW — AW is called an anti-derivation of degree —1, if v(N*W) c AF7'w
and

VEe N"W, e AW = w(EAn) =v(&) An+ (=D)FEnv(n) (B.19)
holds for k € {0,...,r}. If v is an anti-derivation of degree —1, then we have vov =0, as

an induction argument based on Equation (B.19) shows.

If a linear form § € W* is given, there is one and only one anti-derivation vs: AW — AW of

degree —1 which extends . vs is the linear map characterized by

k
Vk e N, wy,...,wp € W : V(;(wl/\...Awk):Z(—l)”l-5(wi)-w1/\...@\i.../\wk, (B.20)
i=1
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where w; denotes the omission of w; from the product. Moreover, every anti-derivation v of
degree —1 on AW is obtained in this way: we have v = vs with 6 = v|IW : W — K. In this
way, the space of anti-derivations on AW is isomorphic to W*.

We are now ready to describe the spin representation of C':

Theorem. Let us put S := AW and consider the linear map f:V — End(S) given by
YweW : flw)=(E—wAf) and Yo' e W : f(w') =vsiw),

where vg(. .y s defined as in Equation (B.20).

Then f is a Clifford map and the algebra homomorphism p : C(V,3) — End(S) uniquely
determined by p|V = f is in fact an algebra isomorphism. p is a spin representation of
C(V, ), and any other spin representation of C(V,[3) is similar to p.

For the proof of this theorem, we introduce the following notation, which will also be used on
several other occasions: Whenever (wi,...,w,) is abasisof W and @ # N C {1,...,r} holds,
say N ={j1,...,Jk} with 1 <j; <...<jp <7, we put

wy = wjy A Awy, ;5 we also put wg = 1aw - (B.21)

Then (wN)ncq,..r} 18 a basis of AW, see Section B.1.
Proof of Theorem B.26. To prove that f is a Clifford map, one has to show for any w € W, w’ € W':
flwyo fw)=0, f(w)of(w)=0 (B.22)
and
fw)o f(w') + f(w') o f(w) = Bw,w') -ids . (B.23)
The first equation of (B.22) is obvious and the second equation of (B.22) follows from the fact that vov =0

holds for any anti-derivation v. For (B.23): Let £ € S be given. Using the fact that f(w’) is an anti-derivation
of degree —1 on S, we obtain

(fw)o f(w) + fw')o f(w) e = wA (f(w)E)+ f(w)(wAE)
ELD 0 A (F@E) + (FW)w) A& —w A (f(w)E) = Blw',w) - €

and therefore Equation (B.23). This shows that f is a Clifford map and therefore the existence and uniqueness
of the algebra homomorphism p.

We next show that p is in fact an isomorphism of algebras. For this purpose, we fix a basis (w1,...,w,) of W
and use the notation wy of (B.21) with respect to this basis. Below, we will show

wyr if M =N

. (B.24)
0 ifM#N

VN,N' C{l,...,r}3€€C(V,B)VM C {1,....7} : p(€)wa = {
Because (wn)ncqi,...,r} 18 a basis of S, (B.24) shows that when N and N’ run through all subsets of {1,...,7},

the corresponding endomorphisms p(¢) run through a basis of End(S). Therefore p : C(V,3) — End(S) is
surjective. Because we have dimEnd(S) = (27)? = 2" = dimC(V, 8), p is an isomorphism of algebras.

For the proof of (B.24): By Proposition B.23 there exists a basis (w],...,w,) of W’ so that B(wk,wp) = dxe
holds for any k,£. Now let N, N’ C {1,...,r} be given, say N = {j1,...,jk} with 1 <j1 <...<jr <r and
analogously N’ = {ji,...,ji,} with 1 <ji <...<ji, <r. (k=0 or ¥ =0 is permitted, then N resp. N’



B.27

B.5. Spin representations for complex linear spaces of even dimension 273

Is empty.) We also consider 1< }1 <-ee < }T*’“ <7 so that {}17 e 7‘/7Tr7k} ={1,...,7}\ N holds. Then we put
£:=¢6366 € C(V,8) with

/ / / /
€= Wi+ Wiy s 2= (w;'rfk: .wjr—k) o (wﬁ 'wfl) and & 1= Wi '”wj;,c/ ’

Now let M C {1,...,r} be given. Then we have

1 if N=M
pl)wm =S tupny if NCM
0 it N¢ M
therefore
1 f N=M
ple2 Eauns = {0 if N#M
and hence

wy if N=M

p(§)wn = p(€3 €2 61)wn = {0 it N#M A

Thus, Equation (B.24) is shown with this choice of &.

The representation p is irreducible because p(C) = End(S) acts irreducibly on S by Proposition B.18(b), and
therefore p is a spin representation. Because C is via p isomorphic to the algebra End(S), it is simple by
Proposition B.18(a), and therefore Proposition B.19 shows that any other spin representation of C is similar to
p- 0

As Theorem B.26 shows, any two spin representations of C are similar. From here on, we
therefore denote by p: C'— End(S) always the spin representation described in Theorem B.26,
and by S = AW the corresponding spinor space.

We note some elementary properties of p:

Proposition. (a) T'(V,5) xS — S, (g,5) — p(g)s is a linear Lie group action.
(b) (i) For any k € N and w € W we have p(w)\*W < N¥'W | also for w' € W' we
have p(w )N*W c AF'w .
(ii) For any v eV, p(v) maps N\“"W into N\°YW and conversely.
(iii) For any & € CH(V,B), p(&) leaves \W and N\°W invariant.

(c) For any s € S, we have p(s)lg = s; for any £ € A\W', we have p(§)1g =0.

Proof. (a) is obvious. For (b). For (i), we have for any k € N and any w € W, w’ € W’ and s € \*W
pw)s=wAs€ANT'W and p(w')s = vgewns € NI

For (i), let v € V be given, say v = w +w’ with w € W and w’ € W’. Then we have for any s € A*W by

(b) ()
p(v)s = p(w)s + p(w')s € \"TW o AW

whence (ii) follows. As a consequence, we see that for any £ € IN, v1,...v2¢ € V and 5 :=v1---v2e € CT(V, ),
p(n) leaves A™"W and A°W invariant. Because C*(V,3) is spanned by the elements of the form of 7, (iii)
follows.

For (c). Because of the linearity of p it suffices to prove the first part of (c) for the case where s = wiA...Aw, € S
is a decomposable spinor, and then we have

p(s$)ls = p(wr - wi)ls = plwr -~ wi—)we = ... = p()(wi1 A ... Awg) = s .

The second part of (c) follows from (b)(i). d
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The restriction of p to CT(V,3) is no longer irreducible, because it leaves the spaces S :=
ATW and S_ := A°YW invariant by Proposition B.27(b)(iii). S, resp. S_ is called the
space of even resp. odd half-spinors. It can be shown that the representations py : C1(V,3) —
End(Sy), g — p(g)|S+ are irreducible, and that py := py|Spin(V, ) is an irreducible linear
Lie group action of the Lie group Spin(V,3) on St (see [LM89], Proposition 1.5.15, p. 36).

Proposition. There ezists no group representation o4 : SO(V,3) — GL(S+) so that py =
oy o (x|Spin(V,3)) holds. In particular, neither py nor p_ is similar to x|Spin(V, ) .

Proof. If such a representation o+ existed, we would have ker(x|Spin(V,8)) C ker(p+). But we have
ker(x|Spin(V, 8)) = {£1} by Proposition B.15(d), whereas p(—1) = —ids and therefore —1 ¢ ker(p+) holds. O

Proposition. dimS =2" and dimS; =dimS_=2""1.

Proof. We note that dim A*W = (}) holds. If we set @ = 1 in the binomial equation (1+z)" = >"5_ (;)2*, we

obtain 2" = 3°r_ dim A*W = dim S. If weset = —1 in the binomial equation, we obtain 0 = 35 _,(—1)* ()

and hence dim S+ =dimS_ . 0

As we saw in Section B.4, the action of Spin(V,3) on V via the vector representation y leaves
the bilinear form ( invariant. We now introduce a bilinear form (g on S which is invariant
under the action of Spin(V, ) on S via the spin representation p. For the study of the spinor
space S, Bg will play a similar role as § does for the study of V.

For this, we consider the involutive algebra anti-automorphism k := covy =vyoa:C — C,
where « is the canonical involution of C' (see Proposition B.10) and ~ is the conjugation of
C' (see Proposition B.11). « is called the main anti-automorphism of C'. We have x|V =idy
and therefore

Yor,...,o €V 0 K(vr-vg) = vk U1 (B.25)

as a consequence of this equation we see that x leaves AW = S and AW’ invariant. It also
follows that we have

Vke{0,....r}, € NWUNW’ : k(g) = (—D)FED/2¢ (B.26)
Proposition. Via the fized “unit volume” w € \"W \ {0} we define a linear form ¢ :S — C
by
ow)=1 and Vk<r : o[ N*W =0.
(a) The map

Bs: Sx 8 — C, (s1,52) — p(k(s1) A s2)
1s bilinear and non-degenerate.

(b) For g € T(V,3), we put £(g) := a(g) g~ € {£1} (see Proposition B.12(f)). For sy,s3 €
S and v €V, we then have

(i) Bs(p(v)s1, p(v)s2) = q(v) - Bs(s1, 52)
(ii) Bs(p(g9)s1,p(g)s2) = e(g) - AMg) - Bs(s1, s2)
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(i) Bs(p(g)s1,p(g)s2) = Bs(s1,52) for g € Spin(V, )
(iv) Bs(p(v)s1,s2) = Bs(s1, p(v)s2)
(v) Bs(s2,51) = (=1)"/2 . Bg(s1, 59)

(¢c) For s; € N"W and sy € N\*W, we have Bs(si,s2) = 0 whenever ki + ko # 7.
Consequently:

If r is even, we have [g|(Sy+ x S-) =0 and Bs|(S- x Sy)=0;
if T is odd, we have Bs|(S+ x S4+) =0 and Bs|(S— x S_)=0.

(d) Suppose that W is endowed with the structure of an oriented unitary space so that w is
the positive unit r-vector of W (see Section B.2). Then we have

Vs € NW,sa € NTFW 1 Bs(s1,52) = (—1)™ - (=1)FFFD2 (51 wsy)

Here, x denotes the Hodge operator of AW , see Proposition B.2.

Proof. For (a). It is obvious that (g is bilinear. For the proof of the non-degeneracy of Bs, we let s € S be
given so that ((s,-) = 0 holds. We fix a basis (wi,...,w,) of W and use the notation wxy of (B.21) with
respect to this basis. Because (wn)ncqi,...,r} i a basis of S, there exist numbers ¢y € € so that s =3 ey wn
holds. Let N C {1,...,r} be given, then we have
0= Bs(s,wi1,....n\~) =cn Bs(wn, wyir,... . p\w) = Een o(wye,..rp)
£0

and therefore ¢y = 0. Thus we have shown s =0.

For (b). (See also [Cheb4], p. 77f.) There exists a basis (wi,...,w,) of W so that w =w; A... Aw, holds, and
a basis (wi,...,w;) of W’ so that
Vi ok <r i Blwj,wy) =6 (B.27)
holds (see Proposition B.23). By Proposition B.6(a) we have w-w’ = f(w,w’) —w'-w for any w € W, v’ € W'
and therefore
Vi k<7 : wj-wp =0k — W w; - (B.28)

We put ' :=wi A... Aw,. € N"W’ and note that we have by Equation (B.26)

kW) =cw with e:=(—1)"""D/2, (B.29)

The most important objects of the present situation can be expressed using the multiplication of the Clifford
algebra C' and its main anti-automorphism «, as the following equations show.

Vs€S : p(s) - w =cw s o (B.30)

Vs1,82 €S 1 Bs(s1,82) w =ew - k(s1)-s2-w (B.31)
YweV,s€S : (p(v)s) w =v-5-w (B.32)
YoeV,s€8 : W -kip)s) =w -k(s) v. (B.33)

For (B.30): Because both sides of Equation (B.30) are linear in s, it suffices to prove that equation for s = wn
with N C {1,...,r}. In the case k < r there exists j € {1,...,7} \ N, and (B.28) shows that we have

w

%+ s=(—1)"s-wj. From this fact we obtain

Wwsew = (_1)(r—j)+k+(j—1) (

WA AW AW A AW s (WAL AW Aw) Aw) AW AL A )
——
=0

=0=cp(s) w.
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On the other hand, in the case k = r we have s = w and therefore p(s) = 1. Hence we have to show the equality

w/ W - w/ _ (_1)r(r—1)/2 W ,

which is verified by a direct calculation using Equation (B.28).
For (B.31): For given s1,s2 € S we have by Equation (B.30): Bs(s1,52) -w’ = ¢(k(s1)-52) -w' = ew’-k(s1)-s2-w" .

For (B.32): Both sides of Equation (B.32) are linear in v, therefore it suffices to show that equation for the
elements of the basis (wi,...,w,,wi,...,w,.) of V. If we have v = w; € W, we have for any s € S by the
definition of p: (p(wr)s) -w’ = (wk - 5) -w’. Let us now consider the case v =wj. Because both sides of (B.32)
are also linear in s, we may restrict our considerations to s = wy with N C {1,...,r}. We further distinguish
the cases j € N and j &€ N. Inthecase j € N we put £:=#{j € N|j' < £}, then we have

sew = wiwn W = (=D W w; B
v-S-w = U)J WN W = ’U)J Wy ’U)N\{J} w

(B.28) ¢
=7 (=) (1 —wy - wh) - wn gy - W

= (-1)* wh\ () W — (—1)F#N =Ly, cwn gy Wi w' = p(w))s W'
——
=0
On the other hand, if 7 ¢ N holds, we have

1 (B:28) ’

ves W =wiwyw (—1)#NwN-w;-w/:0:uﬁ(,7w;)w1\r-w':p(v)s~w .

For (B.33): We first note that we have for any s € S

W' K(s) (29 er(w) - K(s) =er(s-w). (B.34)

Now we obtain

W' k(p(v)s) (P24 ek(p(v)s-w) (B3 k(v s W) =er(W) k(s) k) =wK(s) v
®:29) , =v
For (b)(i). We have
(B.32)
Bs(p(v)s1, p(v)s2) - ' P20 k(p(v)s1) - p(v)s2 - w' B2 K(s1)- v v 52w
=q(v)-1c

B.31
= q)ew - k(s1) - s2-w P2V q(v) Bs(s1,82) -

whence (b)(i) follows.

For (b)(ii). Let g € T'(V,3) be given. By Proposition B.12(f), there exist v1,...,vx € V with g =v1---vx . By
(b)(i) and Proposition B.14(b), we have
Bs(p(g)s1, p(g)s2) = Bs(p(v1) - - p(vk)st, p(vr) - - - p(vr)s2)
= q(v1) -+ q(ve) - Bs(s1,52) = (=A(v1)) -+ (=A(ve)) - Bs(s1, 52)
=¢(g) - Mg) - Bs(s1,52) -

For (b)(ii). This is an immediate consequence of (b)(ii) and Proposition B.15(c)(ii).

For (b)(iv). We have

, (B.33) , (B.32) , (B.31)

Bs(p(v)s1,s2)-w’ (P20 ew -k(p(v)s1)-s2w’ = ew'k(s1)vsew = ew'k(s1)p(v)sew = Bs(s1,p(v)s2)w .
For (b)(v). We have
Bs(s2,51) - w' B3V K(s2) - s1-w' (529 k(W) - k(s2) - K(K(s1)) - K(K(W)) = K(KW) - K(s1) - 52 - W)
(B.29) (B.29)

wew - w(s1) - s2- ') "2V K(Bs(s1,2) -0) = Bs(s1,52) - m(w) =Y € Bs(s1,52) W
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For (c). This is a direct consequence of the definition of (s .

For (d). Let s1 € A*W and s2 € A" "W be given. We have

R(s1) = (=)D (B.35)
and from Proposition B.2(c) we see that
so = (—1)TTF L (s x s9) (B.36)
holds. Using these equations, we obtain
Bs(s1,82) = p(r(s1) Asa) P27 (~1)FETD2 (50 A sy)
P2 (C)HETE ()R sy A (50 52)
= (FDPEEIE (D) (1, %82) - w)
= ( DFEFD/Z (C)™F (s ks) O

B.6 The Principle of Triality

Triality is a specific phenomenon occurring in the case dimV = 8 which exhibits a relationship
between the vector representation x|Spin(V, ) on V and the spin representations py on the
spaces S+ of even resp. odd half-spinors. The present description of triality closely follows the
approach of [Che54], Chapter IV.42

We now suppose in the situation of Section B.5 that n = dimV = 8 and hence r = 4 holds.
We consider the non-degenerate bilinear form Gg :.S x S — C of Proposition B.30, which here
is symmetric by Proposition B.30(b)(v). It therefore induces a quadratic form

gs:S— €, 50— Lfs(s,s) .

We put (4 := Bs](S+ x S4+) and [ := Bg|(S- x S_); these symmetric bilinear forms are still
non-degenerate because Sy and S_ are f[g-orthogonal to each other by Proposition B.30(c).
Their corresponding quadratic forms are ¢4 := qg|S+ resp. q— := gqs|S— .

Proposition B.29 shows that
dimS; =dimS_ =8 =dimV

holds. As we will show in the present section, the representations x, p+ and p_ on the
spaces V', Sy resp. S_ are in fact “intertwined” in the following way: There exists a Lie
group automorphism ¥ : Spin(V, 3) — Spin(V, 3) with 93 = idgpin(v,g) and C-linear isometries
Tyy = (ViB) — (S+,64), The = (S4,B4) — (5-,6-) and Ty : (S-,6-) — (V,3) with
T yvoly_oTyy =idy, so that the following diagram commutes:

Spin(V, 8) x V 258 pin(V, 8) x 84 255 Spin(V, 8) x S— 2= Spin(V, 8) x V

% p% ”l lx (B.37)

%4 Tor St T S_ T V.

“?However, when applying information from [Che54] it should be noted that [Che54] uses the “non-twisted”
vector representation, see Remark B.13.
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Here, we denote by x and p+ also the maps

X : Spin(V, B8) x V=V, (g,v) — x(g)v resp. px:Spin(V,3) x Sy — Sy, (g9,5) — p+(g)s .

The fact of the existence of maps ¥ and T so that Diagram (B.37) commutes is called the
“principle of triality”. This name reflects the relationship between the three representations x ,
p+ and p_ described by the diagram.

For the construction of the isomorphisms, we consider the “composite” 24-dimensional linear
space ¥ =V @S, @& S_. We will define a composition map ¢ : T x T — ¥ so that (F,0)
becomes a non-associative algebra. It will then turn out that the maps T of Diagram (B.37)
can be defined as restrictions of an automorphism 7' of the algebra (¥,¢). In this regard, the
algebra (¥,¢) carries the information of triality.

First, we note that the Clifford group I'(V, ) acts on ¥ via the “composite” linear represen-

tation p: I'(V,3) — GL(%) given by
VgeT(V.B), veV, sy €54, s— €S- ¢ u(g)(vtss+s-) == x(g)v+p(g)s++p(g)s— . (B.38)

u is injective because we have ker u = ker y Nker(p|T'(V, 3)) = {1} .
Let B : % x T — C be the “composite” bilinear form characterized by

BT(U +ts4+s-, v’ + Si{- + S,—) = ﬁ(v7vl) + 5—!—(34-73,4-) + ﬁ—(s—asl—)

for every v,v' €V, sy,s, € S; and s_,s’ € S_. Because §, f and [_ are non-degenerate
and symmetric, so is Oz . With respect to (s, the spaces V', Sy and S_ are pairwise ortho-
gonal to each other.

The map F : ¥ — C defined by
VoeV, sy €8¢, s €5 1 Flut sy +s-)=0-(pv)s4,5-) = By (s4,p(v)s-)

(for the second equality sign see Proposition B.30(b)(iv)) is a cubic form on ¥, meaning that
F(tX)=t}F(X) holds for every X € T and t € C. Therefore there exists one and only one
symmetric, trilinear form? v : T x T x T — C so that

VX EeT: 1 v(X, X, X)=F(X)

holds; v can be explicitly described in the following way: Let X1, Xo, X3 € T be given, say
Xp=vr +s4,+5s_p with v, €V and sy € Si for k€ {1,2,3}. Then we have

Y( X1, X2, X3) = Z F(vo1) + S4,002) T 85—0(3)) - (B.39)
ceB3

We now define the composition map ¢: T x T — T. Let X,Y € ¥ be given. Then (X,Y,")
is a linear form on ¥. Because [z is non-degenerate, there exists one and only one element
X oY €% sothat

(X, Y, ) = Bz(X oY) (B.40)

43This trilinear form should not be confused with the conjugation of the Clifford algebra C(V,3), which we
previously also denoted by .
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holds. The composition map ¢ so defined turns ¥ into a C-algebra, which is commutative
(because 7 is in particular symmetric in its first two entries) but not associative and which does
not have a unit element (see Remark B.32 below). We call (T,¢) the triality algebra.

B.31 Proposition. (a) (i) VvoeV, sy €Sy, s_ €S : y(v,54,5-)=F(v+sy+s5_).
(ii) We have v(X,Y,Z) =0 in either of the following two situations:

(1) all of X,Y,Z are from one and the same of the spaces V& Sy, V& S_ or
Syt dS_,
(2) two of X,Y,Z are from one and the same of the spaces V, Sy or S_.

(b) Let v,v' € V and sy,s'. € Sy be given. Then the composition < is described by the
following composition table:

o ||V | s s’

v || 0| p(v)sy p(v)s”

S+ 0 | (v B(p(v)sy,sL))!
S_ 0

Here, for every o € V* let of € V be the vector uniquely characterized by B(af,-) = a.
Note that ¢ is commutative, and therefore completely specified by the above table. In
particular, we have the following relations:

VOSJFCSL,VOSLCSJF and SJFOSLCV. (B41)

(c) For any v,vi,v9 € V', 8,581,580 € S we have

(i) vo(veos)=qv)-s
(it) Bs(vosi,vosz) =q(v)- Bs(s1,s2)
(iii) Bg(vi©os,v908)=qgs(s)- B(vi,v2) .

(d) If 0 : ¥ — T is a linear map which leaves both the bilinear form [z and the cubic form
F invariant, then o is an algebra automorphism of (%,0).

(e) Let g € T(V,B) be given and put €(g) := a(g) g~ € {£1} (see Proposition B.12(f)). If
Ag) = e(g) holds, then €(g) - u(g) is an automorphism of (%,o) which leaves [z and
F invariant. It leaves V invariant; for €(g) = 1 it also leaves S; and S_ invariant,
whereas for €(g) = —1 it exchanges Sy and S_ .

As a consequence of Proposition B.31(e), we see that u(g) leaves the symmetric bilinear form

B invariant for every g € I'(V,[). Consequently, p is in fact a group representation g :

(V. 8) — SO(%, Bs) .

Proof of Proposition B.31. For (a). Notice Equation (B.39) and the fact that
VXe(VaeS)u(SyaesS)Uu(S—aV) : F(X)=0 (B.42)

holds.
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For (b). First, we show the correctness of the three zeros on the main diagonal of the table. Let v,v’ € V be
given. Then we have for every X € T: Bz(vov’,X) = y(v,v’, X) = 0 by (a)(ii)(2), and therefore vov =0
because of the non-degeneracy of Bz . Analogously, one shows s ¢s’. =0 for any sy4,s’. € S and s_os” =0
for any s_,s_ € S_.

Now, let v € V and s’. € S1 be given. Then we have for every X € V&S, C T: Bz (vost, X) =7(v,s4,X) =0
by (a)(ii)(1), and therefore v ¢ s4 lies in the Bz-ortho-complement of V & S; in ¥, i.e. in S—. Now, we have
for any s_ € S_

B-(vos,s_)=PBs(vosy,s_)=~(v,s\,s) (2 Flo+ s +5-)=pB_(pv)s,s-).

By the non-degeneracy of B—, vos’y = p(v)s’y follows. Analogously, one shows vo s’ = p(v)s_ for every v € V
and s € 5_.

Finally, let sy € S; and s € S_ be given. By an analogous argument as before, we see that s; ¢s_ € V
holds. For any v € V' we have

Blss os-,v) = Bs(s+ 05, v) = 1(s4,5-,0) "L Flo+ ss +5-) = B-(p(v)s+,s-) |

whence sy 05 = (v G- (p(v)s4,s_))* follows.
For (¢)(i). By (b) we have vo (vos) = p(v)(p(v)s) = p(v-v)s =q(v)-s.
For (¢)(ii). We have Bs(v o s1,vos2) = Bs(p(v)s1, p(v)s2) = q(v) - Bs(s1, s2) by (b) and Proposition B.30(b)(i).

For (c)(iii). Because both sides of the equation (c¢)(iii) are bilinear and symmetric in (v1,v2), it suffices to show
the equation for the case v1 = v2 =: v, and in that case, it follows from (c)(ii).

For (d). Let alinear map o : ¥ — ¥ which leaves Sz and F invariant be given. Because o leaves (< invariant,
it is a linear isomorphism, and because it leaves F' invariant, it also leaves « invariant. For any X,Y,Z € T we
now have

Bz(cXooY,0Z)=~(cX,0Y,0Z) =~(X,Y,Z)=Bz(X oY, Z) =Pz (c(X oY), 07).

Because o is a linear isomorphism and (s is non-degenerate, it follows that ¢ X ¢ oY = o(X ¢Y’) holds.

For (e). 1t is clear that the linear map o :=¢(g) - u(g) : € — < leaves V invariant. By Proposition B.27(b)(ii),
o leaves Sy and S_ invariant for e(g) = 1, whereas it exchanges S; and S_ for e(g) = —1. To prove that o
is an algebra automorphism of (%,¢), it suffices to show that it leaves Sz and F invariant because of (d). We
have for any Xy =vp + s, €T (k€ {1,2}, v €V, s, € S)
Bz (0(X1),0(X2)) = B(x(9)v1, x(9)v2) + Bs(p(g)s1, p(g)s2) = Blvr,v2) +£(g) - Alg) -Bs (s1,52) = Pz (X1, X2)
=1

by Proposition B.15(e) and Proposition B.30(b)(ii).

For the proof of the F-invariance of o,let X =v+s; +s- € T with v € V and s+ € S+ be given. We have

x(g)v = a(g)vg™" =e(g) - gug™"
p(x(9)v) = p(e(g) gvg™") = <(9) - p(g) 0 p(v) 0 p(g) ™" . (B.43)

We have either (g) = 1 and then p(g)s+ € St , or else £(g) = —1 and then p(g)s+ € Sz . In either case, we
obtain

and therefore

F(o(X)) = F(elg)  (x(gv+p(g)s++plg)s-) ) =e(g) - F(x(g)v+ p(g)s+ + p(g)s-)
= &(9)- Bs(p(x(g)v)p(g)s+, plg)s-)
T2 35 (p(9)p(w)pl9) " p(g)s+ , plg)s—)
= Bs(p(g)p(v)s+, p(g)s—) =e(g) - Mg) - Bs(p(v)s+,s-) = F(X),

see also Proposition B.30(b)(ii). O
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Remark. The algebra (%,¢) is not associative. For example, for vi,vy € V and s; € Sy, we
have by Proposition B.31(b) (viowvy)osy =0, but vy o(va0s4) = p(vy -v2)s4 , where the latter
expression is generally non-zero.

Also, (%,¢) does not have a unit element, as the following argument shows: Assuming to the
contrary that X =v+ s, +s_ € T satisfies X o X’ = X’ for every X’ € T, we have

Voasv=Xov=pou+syovts_ov
M~ o~ ——
=0 es_ SO

(see Proposition B.31(b)) and therefore v = 0. Similarly, one sees s; =0 and s_ = 0, hence
X =0, which is a contradiction to the assumption X ¢ X' = X’ for every X' € .

Theorem. Let us denote by Aut’ (%) the group of algebra automorphisms of (T,o) which leave
the spaces V', Sy and S_ invariant. Then p' := pu|Spin(V,3) : Spin(V,3) — Aut’'(%) is a
group isomorphism.

Proof. For any g € Spin(V, 3), we have £(g) = 1, and therefore Proposition B.31(e) shows that u(g) € Aut’(%)
holds. Hence g’ in fact maps into Aut’(%). It is clear that u' is an injective group homomorphism along with
.

It remains to show the surjectivity of p’. For this, let o € Aut’(T) be given. Because p : C(V,3) — End(S) is
an isomorphism of algebras (see Theorem B.26), there exists g € C(V,3) with
p(g) = o|S € End(S) ; (B.44)

because o|S is invertible, we have g € C(V,3)* . Next, we show g € C*(V, ). For this, we write g = g+ + g—
with g+ € C*(V, 8); then we have for any s € Sy

Sy 3 0(s4) = p(g)s+ = plg+)s+ +p(g-)s+
—_—— N———
€54 €s_
(see Proposition B.27(b)(iii)) and therefore p(g—)|S+ = 0. Analogously one shows p(g—)|S— = 0, and thus we

have p(g—) = 0. Because p : C(V,3) — End(S) is injective, we conclude g— = 0 and therefore g = g+ €
CH(V.B).

For v € V and s € S we now have by Proposition B.31(b) and the fact that (V) C V', ¢(S) C S holds

plg-v)s = pl9)(p(v)s) "= o (p(v)s) = o (v o s)

— 5(v) © a(s) = pla(v))a(s) T2V p(a(v))plg)s = pla(v) - g)s

and therefore p(g-v) = p(o(v) - g). Because p is injective, we obtain ¢g-v = o(v) - g and therefore o(v) =

gvg~! = a(g)vg™'. Because we have o (V) C V, this equation implies g € T'(V, 3) and
oV =x(9) - (B.45)

Because of g € C*(V,3), we in fact have g € I'"(V,8), and Equations (B.44) and (B.45) show that pu(g) = o
holds.

Thus, it only remains to prove A(g) = 1. For this, we put ¢’ := % -g € TH(V,B), where t € C* is chosen such
that t> = A(g) holds. Then we have A(g’) = 1, hence ¢’ € Spin(V, 3), and therefore u(g’) also is an algebra
automorphism of (T,¢) by Proposition B.31(e). Note that we have u(g)|V = u(g’)|V by Proposition B.12(b)
and u(g)|S+ =t u(g')|S+ by Theorem B.26. For sy € Sy and s— € S_ we therefore have

1(g) (540 5-) = p(g)st o u(g)s— = (tu(g')s+) o (tulg')s-) = Ag) - (u(g")s+ o ulg')s-)
= Xg) - u(g') (s+05-) = Mg) - p(g) (54 05-) -
———

ev
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This equality implies A(g) = 1, provided that there exist some s € S, s— € S_ with sy ¢s_ # 0. To show
that this is indeed the case, fix v € V' with ¢(v) =1 and s— € S_ with ¢_(s—) # 0, and put s4 := p(v)s— € S.
Then we have p(v)sy = p(v?)s— = p(q(v) 1¢)s— = q(v) s— = s and therefore by Proposition B.31(b)

B(syos—,v) = P-(p(v)s4+,5-) = B-(s—,5-) =2q—(s-) #0,

whence s4 ¢ s— # 0 follows. O

Theorem. (Triality on T.) Let w; € W and w); € W' be given so that ((wy,w)) =1
holds.**

We put vo :=w1 +w) €V and so:=1+w € Sy . The linear map 7" :V — S_, v— s90v is
an isomorphism of linear spaces. Let us consider the linear map 7 :%T — ¥ characterized by

V=1, Vs;p€S8,:7(sy)=0B4s(51,50)50 — 54 and 7|S_ = (1)1,

Then T := —p(vg) o1 leaves Pz and F invariant and therefore is an algebra automorphism of
(%,0). Moreover,

T3 =idy, T(V)=8,, T(S))=S_ and T(S_ )=V (B.46)

holds. We call any automorphism of T obtained by this construction a triality automorphism

of (%,0).

T is described explicitly in the following way: Let (w1,...,ws) be an extension of wi to a basis
of W such that wy A ... ANwy =w holds and denote by (w),...,w}y) the basis of W' uniquely
determined by

vk, K e {1, R ,4} : B(wk‘,w;{:/) = 5k,k’ (B.47)

(see Proposition B.23). Then T, T? and T3 act on the basis (w1,...,wq,w,...,wy) of V
in the following way:

veV Tve St T?v e S_ T3 eV
w1 —1g wo N\ w3 N wy w1
() AN —wg ()
w3 —w1 N\ w3 —wg w3
Wy —w1 N\ Wy —wf Wy
w) | —wi Awg Awsg A wy wy w)
wh w3 A wy wy A wsz A wy wh
wh —wg A Wy —wy A wa A wy wh
wh wy A w3 wy A we A ws wh

Here, we denote wy by w,f when we regard it as an element of /\1W C S_ (rather than as an
element of V).

“For any w1 € W\ {0} there exist vectors wj € W \ {0} so that B(wi,w]) = 1 holds because of the
non-degeneracy of (3.
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Proof. We have vo € I'(V,3) by Proposition B.12(c), £(vo) = —1, and A(vg) = —¢q(vo) = —1 by Proposi-
tion B.14(b). Therefore Proposition B.31(e) shows that —pu(vo) is an automorphism of (%,¢) which leaves Sz
and F' invariant, and which satisfies

—p(wo)V =V, —plv)Sy=5- and — p(vo)S—=5+. (B.48)

Furthermore, we have ¢4 (so) =1 and therefore for any vi,v2 € V' by Proposition B.31(c)(iii)
B (7' (v1), 7' (v2)) = B-(s0 0 v1, 50 0 v2) = g4-(50) - B(v1,v2) = B(v1,v2) . (B.49)

Because of the non-degeneracy of 3, this equation shows 7’ : V — S_ to be injective; because we have dim S_ =
8 =dimV, 7’ is in fact an isomorphism of linear spaces.

We will now show that the linear map 7: % — ¥ leaves Bt and F' invariant and therefore is an isomorphism of
the algebra (%,¢) by Proposition B.31(d).

For the (z-invariance of 7: Because 7 permutes the (z-orthogonal spaces V', S+ and S_ | it suffices to show that
the restrictions of 7 to these spaces are SBg-invariant. Equation (B.49) shows that 7|V =7’ and 7|S- = (v/)~!
leave (z invariant. Now, let s+ € S+ be given. Then we have

4+(7(5+)) = 58+(B+(5+,50)s0 — 5+, B+ (5+,50)s0 — 5+ )
5 (B (s4,50)%B4(50,50) — 284 (s+,50)B4 (50, 5+) + B (54, 54+) ) = g+ (54)

and therefore 7|5y also leaves [z invariant.

For the F-invariance of 7: Let X =v+s4+s_- € T with v €V, s+ € St be given. We put v’ :=71(s_) € V,
then p(v')so = so ©v" = 7(v') = s— holds (see Proposition B.31(b)). For the following calculations, keep
Propositions B.30(b) and B.31(b),(c) in mind. We have

~—"
€S_ €Sy eV

B-(p()(7(s4)), T(v) ) = Be(7(s4) , p()(T(v)))
= B+( B+ (s4,50)s0 — s+, p(v")p(v)so )
= B4 (s4,50) - B+ (50, p(v")p(v)s0) — B (54, p(v")p(v)s0) - (B.50)

F(r(X)) = F(;(Q+ T(s1)+ )

Now, we have

B (50, p(v')p(v)s0) = B (p(v')s0, p(v)50) = By (v © 50,00 50) = g1 (s0) - B(v',v) = B(v,v) .

Therefore, we can continue the calculation of (B.50) in the following way:

F(1(X)) = B+(s+,50) - B(v,0") = B+ (54, p(v")p(v)50)

= B+( s+, Bv, )SO*P( Np(v)so)

= B+( s+, p(B(v,0") 1c =" -v)s0)

= ﬁ+( S+, P(U v )50 ) =B+ (54, pv)(p(v')s0) ) = Br( 54, p(v)s—)
B-(p(v)s4,s-) = F(X) .

Thus we have proved that 7:% — ¥ is an algebra automorphism. Also, we have

T(V)=5_, 7(54)=S4 and 7(S_)=V. (B.51)

Therefore T'= —pu(vo) o T also is an algebra automorphism, and from Equations (B.48) and (B.51) we see that
TV)=58+, T(S+)=8- and T(S-)=V

holds.
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Now, let an extension of w1 to a basis (w1,...,ws) of W so that w = w1 A... Aws holds be given, and denote
by (wi,...,w}) the basis of W’ uniquely characterized by (B.47) (see Proposition B.23). One can then verify
the table of values of T' given in the theorem by explicitly calculating T(X) for the elements X € ¥ mentioned
in that table. For example, one has for k € {1,...,4}

7(wi) = s0 o wg = plwg)(1+w) = wi A (14 w) = wy
and consequently

T(wy) = —pu(vo)(7(wk)) = —p(vo)wy = —(p(wi)wi + p(wi)wi) = — (w1 A wk + V(. )W)
—1g for k=1

= —w1 N\ Wk —ﬂ(wk,w/l) -lg =
—wi Awg  for k> 2

It also follows from the table that 7° = ids holds.*® O

Theorem. (Triality on Spin(V,3).) Let T : ¥ — T be a triality automorphism. Then there
exists one and only one automorphism 9 : Spin(V,3) — Spin(V,3) of Lie groups of order 3
(i.e. which satisfies 93 = idgpin(v,8) ) so that

Vg € Spin(V,8) : Topu(g) = pu((g)oT (B.52)

holds. We call 9 the triality automorphism of Spin(V, ) corresponding to T .

Proof. Let g € Spin(V, 3) be given. By Proposition B.31(e), u(g), and thus also Tou(g)oT ™! is an automorphism
of the algebra (%,¢) which leaves the spaces V', S; and S_ invariant. Theorem B.33 therefore shows that
there exists one and only one element 9(g) € Spin(V,8) so that u(9¥(g)) = T o u(g) o T~' and therefore
Equation (B.52) holds. We have 9 = (u|Spin(V,3))™" o f o (u|Spin(V, 3)) with the group automorphism f :
Aut’ (%) — Aut’(%), A ToAoT™'; because u|Spin(V,3) : Spin(V,8) — Aut’(%) also is an isomorphism
of groups, we see that ¢ is an automorphism of the group Spin(V,3). Moreover, we have for g € Spin(V,3):
w(93(g)) = T2 o u(g) o T = u(g) and thus because p is injective ¥3(g) = g.

For the differentiability of ¥: Aut’(%) is a closed subgroup of the Lie group GL(%) and therefore inherits a Lie
group structure in a canonical way (see [Var74], Theorem 2.12.6, p. 99). In this regard, f is differentiable (note
that T is a linear isomorphism), and also p|Spin(V, 3) : Spin(V, 8) — Aut’(%) is differentiable. It follows that ¥
is an automorphism of Lie groups.

Note that the only property of T" we used in the proof is the fact that it is an algebra automorphism of (%, <)
which satisfies (B.46). O

Let T : ¥ — T be a triality automorphism of (%,¢) and 9 : Spin(V,3) — Spin(V,3) be the
corresponding triality automorphism of Spin(V, ). Considering the way the representation p
is composed of the representations x and p (see Equation (B.38)), we see that Equation (B.52)
implies that we have for any ¢ € Spin(V, () :

(T|V)ox(g)
(T|S+) o p1(9) =
and (T[S-) o p_(g)

p+(0(g)) o (TIV) ,
p-(9(g)) o (T[54) , (B.53)

x(9(g)) o (T]5-) -

For a different proof for 7% = ids which does not involve calculations using the bases (wi,...,ws) and
(wh,...,wy) see [Cheb4], p. 119f.
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Thus we have attained the objective of “intertwining” the representations x, p4+ and p_, as
was described at the beginning of the section. Indeed, the preceding equations show that with
the linear isometries Ty :=T|V : (V, ) — (S+,0+), T4— :=T|S4+ : (S4+,6+) — (S—,[-) and
T_ v :=T|S_:(S_,6-) — (V,3) Diagram (B.37) commutes.

From Equations (B.53) we also see that in the present situation, the representations py :
Spin(V,3) — GL(Sy) and p_ : Spin(V,3) — GL(S_) are irreducible, a fact that holds
in the general situation of Section B.5 but was not proved there. Indeed, from the first
equation of (B.53) it follows that py o9 = (g — (T|V) o x(g9) o (T|V)~!) holds. Because
x|Spin(V, ) : Spin(V,3) — GL(V) is irreducible (remember that x(Spin(V,j3)) = SO(V, ()
holds by Proposition B.15(e)), ¥ is an automorphism of Spin(V,3) and T|V : V — S, is
a linear isomorphism, it follows that p, is irreducible. An analogous argument involving the
equation p_ o = (g (T|S1)opy(g) o (T|S+)~!) shows that the irreducibility of p, implies
the irreducibility of p_ .

It is of interest to describe the kernels of the actions pi and p_ explicitly, analogously to the
description of the kernel of x|Spin(V, ) in Proposition B.15(d). Besides the elements of these
kernels, the elements of (x|Spin(V,3))~1({—idv}), pll({—id5+}) and p~'({—ids_}) play a

special role. The following proposition is concerned with the mentioned elements.

B.36 Proposition. (a) There exist elements gy,g— € Spin(V, 3) so that besides the already known
equation ker(x|Spin(V, 3)) = {1,—1} (see Proposition B.15(d)) we also have

keerr = {]-ang} and kerp, = {]-ag*} :

(b) The elements 1,—1,g4,9- are pairwise unequal, and they are multiplied in the following
way:

Therefore G :={1,—1,g4+,9-} is a subgroup of Spin(V,3) isomorphic to the Klein four-
group. Also, we have g_ = —g4 .

(c) The elements of G act via x and py in the following way:

geG | xlg) | p+(9) | p-(9)

1 idv ids7L idS,
—1 idy | —idg, | —ids_
g+ —idV id5+ —idS_

g- || —idy | —idg, | ids
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(d) Let 9 : Spin(V,3) — Spin(V,3) be any triality automorphism of Spin(V,3). Then 9
maps in the following way:

—1bi>g+ri>g,bi>—1.

In particular, the subgroup G is invariant under .

(e) Let (wq,...,wq) be any basis of W, and let (w),...,w)) be the basis of W' characterized
by B(wy,w)) = 0ke . Then we have

gy = (w1 +wh) - (w1 —wy) - - (wy +wy) - (wg — wh)

= (W] -wy —wy - wh) - (W) - wy —wy - wh) (B.54)

Proof. Let ¢ be any triality automorphism of Spin(V,3). Equations (B.53) show that we have kerpy =
?(ker x|Spin(V, 8)) = ¥({1, —1}) = {1,9(—1)} and similarly kerp_ = {1,9%(—1)}. Therefore (a) is fulfilled with
g+ = 9(—1) and g- :=9¥%(—1), and there is no other way to define g+ and g—. Then (d) also holds; note that
we have 9° = idspin(v,5) -

We next verify the table in (c). The line for g = 1 is obvious, and the line for ¢ = —1 follows from Proposi-
tion B.15(d) and Theorem B.26. The line for g = g+ follows from the line for ¢ = —1 via Equations (B.53) in
the following way:

pr(g+) = (TIV) o x(=1) o (T|V) ! =ids, ,
p-(9+) = (T1S4) 0 p+(=1) o (T[S1) ™" = —ids_ and
X(9+) = (T15-) 0 p—(=1) o (T|S-) ™" = —idv .

The line for g = g— follows from the line for ¢ = g+ in an analogous way.

For (b), we first note that the table in (c) shows that the elements 1, —1, g, g— are pairwise unequal. By (c) and
the fact that p: C(V, ) — End(S) is an algebra isomorphism (Theorem B.26), we have

p(g+ - g+) = plg- - g-) =ids = p(1) and p(g4 - g-) = p(g- - g+) = —ids = p(-1) ,
whence by the injectivity of p we obtain
g+ 9+=9--9g-=1 and g4 g-=g--g+=-1. (B.55)

Via calculations in the Clifford algebra C(V,3) in which G is contained, we deduce from (B.55) first g;' = g4,
then g— = —g4, and then the correctness of the table in (b).

For the proof of (e), let us put g := (w1 +wi) - (w1 — wy) - (ws + wy) - (wa — w}). Below, we show
p+(g) =ids, and p_(g)=—ids_ . (B.56)

By comparison with the table in (c), we see from Equations (B.56) that p(g) = p(g+) holds, whence the first
equality g = g+ in (B.54) follows because of the injectivity of p.

For the proof of (B.56): For k € {1,...,4}, the elements vy := wr, — wj, and vy =i (wx + wy,) satisfy q(vg) =
q(vx) = —1 by Proposition B.25(a), and therefore we have gy := vy - v, € Spin(V, 8) by Proposition B.15(c)(ii).
We have

gk = i (wi, +wy) - (W — wi) = i (wy - Wi, —Wk - Wi + Wh, - Wk — W, - wg) =i (1 — 2wy, - wy) - (B.57)

=0 :17wk.wk =0
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We now use the notation wy of (B.21) with respect to the given basis (w1,...,ws) of W,andlet N C {1,...,4}
be given. In order to calculate p(gi)wn , we put £:= #{k" € N|k' <k}. Then we have

(B.57)

plgr)wn =" p(i (1 = 2wk - w))wn =i (wy — 2 p(w) p(wi)wn) = i (WN — 2wk A V(. wr) (WN))
B i(wy —2(=1) wi Awniy) =i (wn —2wn) = —(iwy) for k€N (B.58)
iwn for k¢ N '
Hence we see that g = i*g = g1-+- g4 € Spin(V, 8) holds and that we have
B.58) .
plgywn = plgr) - plga) wy "= it (—1)FN wy = (1) wy
whence Equations (B.56) follow.
The second equals sign in (B.54) now follows from the fact that we have for any k € {1,...,4}
(Wi + wh) - (We — W) = Wk Wk — Wk W, + W, Wk — W), Wy, = Wy Wi — Wk W
O

Corollary. ¢ does not descend to an automorphism of SO(V,[3), more precisely: There exists
no Lie group automorphism © : SO(V,3) — SO(V,3) so that

(xISpin(V;, B)) 0 = © o (x[Spin(V; 3))

holds.

Proof. If such a Lie group automorphism O existed, ker(x|Spin(V,3)) = {£1} would be invariant under 9,
which is a contradiction to Proposition B.36. |

Remark. The non-associative complex division algebra of octonions with complex coefficients
O% can be obtained from the triality algebra by the following construction: Fix vy € V and
sp € S+ with g(vo) = g+(sp) =1 and put s, := vg o sp € S_. Then it can be shown that V
becomes an 8-dimensional complex division algebra isomorphic to O% via the composition map

x:VxV =V (z,y)—xxy:=(xosy) o(yosy);

its unit element is vy . (See [Cheb4], Section IV.5, p. 123ff.) We remark that the automorphism
group of (V,*) is isomorphic to the exceptional simple Lie group G5 .

If wy €W and w)| € W’ are given with S(wi,w]) = 1, T is the triality automorphism of
(%,0) corresponding to this choice of wi,w| and if we perform the above construction of the
composition * with vg = wy + w] and sy = 1+ w, then the triality automorphism ¥ of
Spin(V, B) corresponding to T' can be characterized by

Vg € Spin(V, 8), z,y € V : x(9)(Z *7) = x(V?g)x * x(Vg)y , (B.59)

see [Cheb4], p. 125. Here, T denotes the conjugation of (V,x), i.e. the linear map characterized
by Tg =wvg and T = —x for any x € V with f(x,v9) =0.

It is possible to base the theory of triality on Equation (B.59); for an example of this approach,
see [Por95], Chapter 24, in particular Theorem 24.13, p. 278.
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Zusammenfassung in deutscher Sprache

Die komplexen Hyperflichen eines komplex-projektiven Raums IP", die (abgesehen von den
projektiven Unterrdumen, deren Geometrie vollsténdig bekannt ist) die geringste Komplexitét
aufweisen, sind diejenigen, die durch eine nicht-entartete quadratische Gleichung bestimmt wer-
den, die komplexen Quadriken. Diese sind vom algebraischen Standpunkt alle gleichwertig. Be-
trachtet man den IP" jedoch als Riemannsche Mannigfaltigkeit (mit der Fubini-Study-Metrik),
so zeigt sich, dass bestimmte komplexe Quadriken besonders gut an diese Metrik angepasst sind,
insbesondere handelt es sich bei ihnen um symmetrische Untermannigfaltigkeiten des Riemann-
symmetrischen Raums IP". Diese Quadriken zeichnen sich auch dadurch aus, dass sie (abge-
sehen von den projektiven Unterrdumen) die einzigen komplexen Hyperflichen im IP" sind,
die Einstein-Mannigfaltigkeiten sind (siche SMYTH, [Smy67]). Ist im Folgenden von komplexen
Quadriken die Rede, so sind stets diejenigen Quadriken gemeint, die in der beschriebenen Weise
an die Metrik von IP™ angepasst sind.

Waéhrend das algebraische Verhalten der komplexen Quadrik ) gut bekannt ist, ist iiber die
innere und duflere Riemannsche Geometrie der komplexen Quadrik noch einiges zu sagen; die
vorliegende Dissertation liefert einen Beitrag hierzu. Im Einzelnen werden die folgenden Unter-
suchungen durchgefiihrt bzw. die folgenden Hauptergebnisse erzielt:

— Die Klassifikation der totalgeodétischen Untermannigfaltigkeiten der komplexen Quadrik.

— Die Untersuchung bestimmter Kongruenz-Familien von totalgeodétischen Untermannigfal-
tigkeiten in @ ; diese werden in einem allgemeinen Kontext mit der Struktur eines natiirlich
reduktiven homogenen Raums versehen, und es wird untersucht, in welchen Fillen diese
Struktur von der Struktur eines symmetrischen Raums herkommt.

— Es wird gezeigt, dass sich die Menge der in einer Quadrik enthaltenen k-dimensionalen
, Unterquadriken® (diese sind alle zueinander isometrisch) aus einer Ein-Parameter-Schar
von Kongruenzklassen zusammensetzt; aulerdem wird die extrinsische Geometrie dieser

Unterquadriken untersucht.

— Bekanntlich bestehen die folgenden Isomorphien zwischen komplexen Quadriken niederer
Dimension und Gliedern anderer Serien Riemann-symmetrischer Raume:

Q'=S% Q*=P'xP', Q’=Sp2)/U(2), Q'=Gy(C") und Q°=SO(8)/U(4).

Hierzu werden auf einem recht geometrischen Weg Isomorphismen explizit konstruiert.
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Im Folgenden schildere ich mein Vorgehen zur Erzielung dieser Ergebnisse, und diskutiere diese
genauer.

Fiir das Studium der Geometrie einer Riemannschen Mannigfaltigkeit spielt ihr Kriimmungs-
tensor eine wesentliche Rolle. Dies zeigt sich beispielsweise daran, dass zumindest falls der
Kriimmungstensor parallel ist, er schon alle Informationen iiber die lokale Struktur der be-
treffenden Riemannschen Mannigfaltigkeit enthélt (wie die lokale Version des Theorems von
Cartan/Ambrose/Hicks zeigt). Ein weiterer Grund liegt darin, dass die Tangentialrdume der
Mannigfaltigkeit durch den Kriimmungstensor mit einer zusétzlichen Struktur versehen werden,
die insbesondere fiir die Untermannigfaltigkeitsgeometrie der Mannigfaltigkeit von Bedeutung
ist. Daher ist die algebraischen Struktur des Kriimmungstensors fiir das Verstéindnis der Geo-

metrie der Mannigfaltigkeit von groflem Interesse.

In der Arbeit [Rec95] von Prof. H. RECKZIEGEL, die den Ausgangspunkt fiir die Dissertation
bildete, wird dieser Gedanke fiir die komplexe Quadrik durchgefiihrt. Die Kapitel 1-3 der Dis-
sertation (mit Ausnahme von Abschnitt 3.4) stellen eine erweiterte, ausfiihrliche Ausarbeitung
der Arbeit von Reckziegel dar.

Der folgende in [Rec95] eingefiihrte Begriff spielt fiir die gesamte Dissertation eine entscheidende
Rolle: Ist V ein unitéirer Vektorraum und A eine Konjugation?6 auf V, so nennen wir, [Rec95]
folgend, den ,Kreis von Konjugationen“ 2 := { X A|X € S'} eine CQ-Struktur und das Paar
(V,2() einen CQ-Raum.

Die grofle Bedeutung des Begriffs der CQ-Struktur fiir die Untersuchung komplexer Quadriken
hat zwei Ursachen: Die eine ist, dass die Menge der CQ-Strukturen auf einem unitédren Vek-
torraum V in eineindeutiger Beziehung zu der Menge der (im oben erlduterten Sinne) an die
Metrik von IP(V) angepassten komplexen Quadriken in IP(V) steht.

Die zweite, noch wesentlichere Ursache fiir die Bedeutung von CQ-Strukturen fiir die Unter-
suchung der komplexen Quadrik ergibt sich aus dem folgenden Ergebnis, das schon in [Rec95]
zentral ist: Ist @ C IP(V) eine komplexe Quadrik und bezeichnen wir fiir p € @ mit L})Q
die Menge der Einheitsnormalenvektoren an @ in p, und fir 75 ELII,Q mit A, den Form-
operator von ) beziiglich 7, so ist die Menge A(Q,p) == { A, |n EL},Q} eine CQ-Struktur
auf dem Tangentialraum 7,Q . Weil es aufgrund der Gaufischen Ableitungsgleichung zweiter
Ordnung moglich ist, den Kriitmmungstensor von @ in p mit Hilfe dieser CQ-Struktur 2(Q, p)
(sowie der Riemannschen Metrik und der komplexen Struktur von () auszudriicken, werden
durch die CQ-Réume (7,Q,A(Q,p))peq die lokalen Informationen iiber die komplexe Quadrik
in Génze widergegeben. In diesem Sinne erscheint es sinnvoll, die Riemannsche Metrik von @,
die komplexe Struktur von @, und die durch den Formoperator induzierte Familie (2(Q,p))peq
von CQ-Strukturen als die ,,fundamentalen geometrischen Objekte“ der komplexen Quadrik @
anzusehen; die Dissertation ist von dieser Sichtweise geprégt.

16Sei V ein unitirer Raum, dessen komplexe Struktur wir mit J : V — V, v — - v und dessen komplexes
Skalarprodukt wir mit (-, )¢ bezeichnen. Dann heifit eine IR-lineare Abbildung A :V — V eine Konjugation auf
V', wenn sie beziiglich des reellen Skalarprodukts Re((:,-)@) selbstadjungiert und orthogonal ist, und auerdem
AoJ=—-Jo A gilt.
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Man beachte, dass zwei CQ-Réume gleicher Dimension zueinander isomorph sind. Aus diesem
Grunde kann man viele Informationen iiber die beiden beschriebenen Situationen schon durch
das abstrakte Studium von CQ-R&dumen erhalten. Dies geschieht in Kapitel 2 der Dissertation.
Zwei der dort hergeleiteten Tatsachen sind fiir die weitere Arbeit mit CQ-R&umen von besonders
grofler Bedeutung:

(1) Die Gruppe Aut(2) der CQ-Automorphismen von (V,2() (d.h. derjenigen unitéren Trans-
formationen B :V — V| fiir die Bo Ao B! € 2 fiir alle A € 2 gilt) operiert nicht transitiv
auf der Einheitssphire S(V) (und somit sind in einem CQ-Raum, anders als in einem unitéren
Raum, nicht alle Einheitsvektoren ,, gleichwertig®), und zwar gibt es eine surjektive, stetige Funk-
tion g : S(V) — [0, Z], die auf ¢y'(J0,%[) submersiv ist, so dass die Orbits der Operation
von Aut(A) auf S(V) gerade die Niveauflichen von g sind. Dieser Tatbestand ist schon
in [Rec95] zu finden; neu ist jedoch die einfache Beschreibung von g durch die Gleichung

2 cos(pg(v)) = |(v, Av)¢| mit einem beliebigen A € 2 (siche Theorem 2.28(a)).

(2) Wie oben schon gesagt wurde, ld8t sich der Kriimmungstensor einer komplexen Quadrik
Q in p € @Q allein durch die GréBlen des CQ-Raums (7,Q,2(Q,p)) beschreiben. Aus diesem
Grunde 148t sich ein diesem Kriimmungstensor entsprechender Tensor auf einem beliebigen CQ-
Raum (V,2() einfithren, wir nennen ihn den Kriimmungstensor R des CQ-Raums. Es werden die
(schon in [Rec95] zu findenden) Eigenwerte und -réume des Jacobi-Operators R(-,w)w : V — V
(Abschnitt 2.7) sowie die beziiglich R flachen Unterrdume von V (Abschnitt 2.8) angegeben.
Diese Informationen sind fiir das Folgende von entscheidendem Nutzen.

Die Erkenntnisse iiber CQ-Ridume werden in Kapitel 3 auf komplexe Quadriken angewandt.
Abschnitt 3.1 zeigt, auf welche Weise CQ-(Anti-)Automorphismen eines CQ-Raums (V,2)
(anti-)holomorphe Isometrien der durch die CQ-Struktur 2 bestimmten komplexen Quadrik
Q) C IP(V) induzieren. Der grundsétzliche Tatbestand, der im Wesentlichen schon in [Rec95]
zu finden ist, wird hier ergénzt durch eine Beschreibung der ,,Beweglichkeit* von Basen in
T,Q in der Sprache der CQ-Theorie (Theorem 3.5). Daraus folgt auch die wohlbekannte Tat-
sache, dass eine m-dimensionale komplexe Quadrik @ ein zu SO(m + 2)/(SO(2) x SO(m))
isomorpher Hermitesch-symmetrischer Raum ist; die durch die symmetrische Struktur indu-
zierte Spaltung o(m + 2) = € ® m wird explizit beschrieben. Die Informationen aus den Ab-
schnitten 2.7 und 2.8 iiber den Kriimmungstensor kann man nun als Beschreibung der Cartan-
Unteralgebren, der Wurzeln und der Wurzelrdume des symmetrischen Raums @ deuten; die-
se Sichtweise wird hier bedeutend stérker als in [Rec95] genutzt. Wihrend die Struktur des
Wurzelsystems von () natiirlich wohlbekannt ist, ist die hier vorliegende explizite Beschrei-
bung der Cartan-Unteralgebren und der Wurzelrdume, die allein die Gréflen des CQ-Raums
(T,Q,2(Q,p)) verwendet (und die insbesondere ohne , kiinstliche“ Koordinaten auskommt) an
anderer Stelle nicht zu finden, und fiir die folgenden Untersuchungen wesentlich.

Die bisher beschriebenen Ergebnisse bilden das Fundament der vorliegenden Untersuchung der
Geometrie komplexer Quadriken.

Als erste Anwendung werden in Abschnitt 3.3 die Isometrien der komplexen Quadrik @ klas-

sifiziert. Das wesentliche Ergebnis, dass namlich (a) jede (anti-)holomorphe Isometrie @ — @
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von einem CQ-(Anti-)Automorphismus herriihrt, und dass (b) fiir dim@ # 2 jede Isometrie
f Q@ — Q entweder holomorph oder anti-holomorph ist (Theorem 3.23), ist zwar schon in
[Rec95] zu finden; mir ist jedoch ein wesentlich kiirzerer Beweis moglich, bei dem ich ausnutze,

dass fiir jede Isometrie f : Q — @ und jedes p € Q gilt: Yo, ) © (f«IS(THQ)) = Y,
(wie sich aus der Aquivarianz des Kriimmungsoperators unter f, ergibt).

Inhalt der Kapitel 4 und 5 ist die Klassifikation der totalgeod&tischen Untermannigfaltigkeiten
der komplexen Quadrik Q.

Schon CHEN und NAGANO haben sich in ihren Arbeiten [CN77] und [CN78] mit der Klassifikation
totalgeodétischer Untermannigfaltigkeiten in symmetrischen Rdumen befasst. Die Arbeit [CN77]
gibt eine Klassifikation der totalgeodétischen Untermannigfaltigkeiten komplexer Quadriken mit
Hilfe von ,,ad-hoc-Methoden* an. Allerdings enthilt diese mehrere Liicken, die dazu fithren, dass
zwei Typen von totalgeoditischen Untermannigfaltigkeiten iibersehen werden. Auch sind die in
[CN77] benutzten Argumente nicht immer stichhaltig. — War [CN77] noch ausschliefllich mit der
Untersuchung der komplexen Quadrik befasst, so ist die in der AnschluBlarbeit [CN78] eingefiihrte
(M4, M_)-Methode ein Hilfsmittel zur Bestimmung totalgeodétischer Untermannigfaltigkeiten
in allgemeinen symmetrischen Rdumen von kompaktem Typ. Jedoch handelt es sich nur um ein
notwendiges Kriterium fiir die Existenz einer totalgeodétischen Einbettung von einem symme-
trischen Raum in einen anderen. Man erhélt durch die (M4, M_)-Methode also weder Beweise
fiir die Existenz totalgeodétischer Untermannigfaltigkeiten in einem symmetrischen Raum, noch
Informationen iiber deren Lage. Deshalb ergeben die zitierten Arbeiten keine zufriedenstellende
Untersuchung der totalgeodédtischen Untermannigfaltigkeiten der komplexen Quadrik, und auch
sonst ist mir eine solche Untersuchung nicht bekannt.

Fiir die detailliertere Diskussion der Arbeiten [CN77] und [CN78], sowie der #lteren Arbeit
[CL75] von CHEN und LUE, in der die reell-2-dimensionalen totalgeodétischen Untermannigfal-
tigkeiten von @ untersucht werden, verweise ich auf Bemerkung 4.13.

Bei der von mir durchgefiihrten Klassifikation der totalgeod&tischen Untermannigfaltigkeiten
von () verwende ich weder die in [CN77] benutzten Mittel noch die (M4, M_)-Methode. Statt-
dessen gehe ich wie folgt vor: Bekanntlich sind die zusammenhéngenden, vollstéindigen, total-
geodétischen Untermannigfaltigkeiten des symmetrischen Raums () genau dessen symmetrische
Unterrdume, und die durch einen Punkt p € @ verlaufenden symmetrischen Unterrdume stehen
in bijektiver Beziehung zu den kriimmungsinvarianten Unterrdumen des Tangentialraums 7,Q) .
Das Problem der Klassifikation der totalgeodétischen Untermannigfaltigkeiten von @Q zerfillt
also in zwei Teile: (1) Die Klassifikation der kriimmungsinvarianten Unterrdume von 7,Q und
(2) Die Beschreibung des globalen Isometrietyps und der Lage in @ der zu den im ersten Teil
gefundenen kriimmungsinvarianten Unterriumen gehoérenden totalgeodétischen Untermannig-
faltigkeiten.

Die Losung des ersten Teilproblems beruht auf der Verbindung der allgemeinen Wurzelraumtheo-
rie symmetrischer Rdume mit den durch die Theorie der CQ-Raume erhaltenen und beschrie-
benen konkreten Resultaten fiir die komplexe Quadrik. Zunéchst leite ich in Abschnitt 4.2 fiir
einen allgemeinen symmetrischen Raum M von kompaktem Typ Beziehungen zwischen den
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Wurzeln bzw. Wurzelrdumen von M und den Wurzeln bzw. Wurzelrdumen seiner symmetri-
schen Unterrdume her. Dank der expliziten Darstellung der Wurzeln und Wurzelriume von @
in Abschnitt 3.2 erhélt man durch die Anwendung der Beziehungen auf M = () Bedingungen
fiir die mogliche Lage von kriimmungsinvarianten Unterrdumen in 7,@Q, welche eine Klassi-
fikation dieser Unterrdume ermoglichen; dies ist in den Abschnitten 4.3 und 4.4 ausgefiihrt.
Der Klassifikationsbeweis wird durch Symmetrieeigenschaften der Wurzelsysteme vereinfacht
und strukturiert; zur Nutzung dieser Symmetrieeigenschaften bin ich durch einen Hinweis von
Prof. J.-H. ESCHENBURG (Augsburg) angeregt worden.

Das zweite Teilproblem wird in Kapitel 5 angegangen: Hier werden fiir die zuvor gefundenen
kriimmungsinvarianten Unterrdume U von 7,@ (mit Ausnahme eines bestimmten Kongruenz-
typs von 2-dimensionalen Unterrdumen) totalgeodétische, injektive isometrische Immersionen
in () angegeben, deren Bild jeweils tangential zu U verlduft. Damit ist die Klassifikation der
totalgeodétischen Untermannigfaltigkeiten der komplexen Quadrik abgeschlossen.

Unter den totalgeoddtischen Untermannigfaltigkeiten einer m-dimensionalen komplexen Qua-
drik @ C IP(V) verdienen gewisse Typen besondere Erwihnung (eine vollstéindige Liste ist in
Theorem 5.1 zu finden): (1) Fiir jedes k& < m gibt es totalgeodétische Untermannigfaltigkei-
ten Q' von @, die isometrisch zu einer k-dimensionalen komplexen Quadrik sind. Diese sind
,» Unterquadriken“ von @, das soll heiflen: Es existiert jeweils ein komplex-(k 4 1)-dimensionaler
projektiver Unterraum A C IP(V), so dass Q' eine komplexe Quadrik in A im bisherigen Sinne
ist. (2) Fiir jedes k < 3 gibt es komplex-k-dimensionale projektive Unterrdume von IP(V),
die ganz in @ enthalten und daher totalgeoditische Untermannigfaltigkeiten von @ sind. (3)
Ist m > 3, so gibt es in @ totalgeoditische Untermannigfaltigkeiten, die isometrisch zu ei-
ner 2-Sphére vom Radius %\/E sind; diese Untermannigfaltigkeiten sind weder komplex noch

total-reell. Ihr Durchmesser Z+/10 ist grofler als der Durchmesser = der Quadrik Q.

2 V2

Es stellt sich die Frage, ob es neben den in (1) genannten, totalgeoditischen k-dimensionalen
Unterquadriken von @ noch weitere (nicht totalgeoditische) gibt. Wie ich in Kapitel 6 zeige,
ist diese Frage fiir & < 4t — 1 positiv zu beantworten. Fiir diese k gibt es unendlich viele Kon-
gruenzklassen von k-dimensionalen Unterquadriken von @, die Menge dieser Kongruenzklassen
wird durch einen , Winkel“ ¢ € [0, §] parametrisiert (der in enger Beziehung zu der Funktion
@ - S(V) — [0, §] steht), und eine Unterquadrik @’ ist genau dann eine totalgeodétische Un-
termannigfaltigkeit von @, wenn sie zur Kongruenzklasse mit ¢ = 0 gehort. Ich zeige auch, dass
die zweite Fundamentalform der Inklusion Q' — @ genau dann parallel ist, wenn @’ entweder
zur Kongruenzklasse mit ¢ = 0 oder zur Kongruenzklasse mit ¢ = 7 gehort. Die Elemente
der letzteren Kongruenzklasse sind genau diejenigen Unterquadriken von @, deren umgebender

projektiver Unterraum A C IP(V) ganz in @ enthalten ist.

Ist fiir t € [0, %] @} eine Unterquadrik von @, die zur Kongruenzklasse mit dem Parameter ¢
gehort, so ist die gesamte Kongruenzklasse von Unterquadriken zu diesem Parameter definitions-
gemiB durch { f(Q})|f € I(Q) } gegeben, wobei I(Q) die Isometriegruppe von @ bezeichnet.
In der allgemeinen Situation, wo M ein beliebiger Riemann-symmetrischer Raum und Ng ei-
ne Untermannigfaltigkeit von M ist, nenne ich die Menge F(No, M) := { f(No)|f € I(M)}
die von Ny induzierte ,,Familie von kongruenten Untermannigfaltigkeiten“ oder ,, Kongruenzfa-
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milie“. Die in Kapitel 7 durchgefiihrte Untersuchung solcher Kongruenzfamilien stellte ich an,
nachdem mich Prof. M. RAPOPORT (Bonn) auf die Untersuchung der in einer m-dimensionalen
komplexen Quadrik enthaltenen projektiven Unterrdume in [GH78], S. 735f hinwies, dort wer-
den jedoch keine metrischen Gesichtspunkte beriicksichtigt. Die Ergebnisse sind mittlerweile als
[KRO5] verdffentlicht worden.

In Abschnitt 7.1 wird zunéchst in einer allgemeinen Situation gezeigt, wie man eine Kongru-
enzfamilie mit der Struktur einer Riemannschen Mannigfaltigkeit versehen kann, und dass sie
dadurch zu einem natiirlich reduktiven Riemannsch homogenen Raum wird. Anschlieflend un-
tersuche ich spezielle Beispiele von Kongruenzfamilien. Zum einen (in Abschnitt 7.2) zwei Bei-
spiele im komplex-projektiven Raum IP(V): die von einem projektiven Unterraum erzeugte und
die von einer k-dimensionalen komplexen Quadrik erzeugte Kongruenzfamilie; zum anderen (in
Abschnitt 7.3) zwei Beispiele in einer komplexen Quadrik @ C IP(V): die von einer totalgeod #ti-
schen Unterquadrik von @ erzeugte und die von einem in ) enthaltenen projektiven Unterraum
der Dimension < 7 erzeugte Kongruenzfamilie. (Die zuletzt genannte Kongruenzfamilie ist die
in [GH78] behandelte.) Es zeigt sich, dass fiir gewisse, aber nicht alle der betrachteten Beispiele
die reduktive Struktur der Kongruenzfamilie von einer symmetrischen Struktur erzeugt wird.
Beispielsweise gilt fiir die von einem k-dimensionalen, in der m-dimensionalen Quadrik ) ent-
haltenen projektiven Unterraum erzeugte Kongruenzfamilie §(IP*, Q) (siche Theorem 7.11): Ist
2k = m, so besitzt &(IP’“, Q) genau zwei Zusammenhangskomponenten und diese lassen sich
derart mit der Struktur eines zu SO(m + 2)/U(k + 1) isomorphen Hermitesch-symmetrischen
R#&umen versehen, dass die symmetrische Struktur die urspriingliche natiirlich reduktive Struktur
erzeugt. Ist hingegen 2k < m, so ist § (IPk, Q@) zusammenhingend, und die natiirlich reduktive
Struktur von § (IPk, () wird nicht von einer symmetrischen Struktur erzeugt.

Wie zuerst von E. CARTAN bemerkt wurde und wohlbekannt ist, sind die komplexen Quadri-
ken Q™ von Dimension m € {1,2,3,4,6} (und keine weiteren) als Riemann-symmetrische
Raume isomorph zu Mitgliedern anderer Reihen von Riemann-symmetrischen Réumen (siehe
auch [Hel78], S. 519f.). An den Dynkin-Diagrammen der irreduziblen symmetrischen Raume
kann man ablesen (siehe [Loo69], Theorem VII.3.9(a), S. 145 und Tabelle 4 auf S. 119), dass die
folgenden Isomorphien gelten:

Q'=S’ Q*=P'xP!, Q=5p(2)/U2), Q'=Gy(C") und Q°=SO(8)/U4) .

(Dass es sich nicht nur um lokale Isomorphien handelt, ergibt sich daraus, dass alle genannten
Raume einfach zusammenhingend sind.) Diese Betrachtung liefert jedoch kein Verfahren zur
Konstruktion von Isomorphismen zwischen den jeweiligen Raumen. Es gelingt aber in der Arbeit
(Abschnitt 3.4 und Kapitel 8), auf recht geometrische Weise Konstruktionen der Isomorphismen
anzugeben: Die Segre-Einbettung fiihrt zu einem Isomorphismus zwischen Q2 und IP' xIP'; ins-
besondere ist @2 (im Unterschied zu den komplexen Quadriken anderer Dimension) reduzibel.
— Die Pliicker-Einbettung fiihrt zu einem Isomorphismus zwischen der komplexen Grafimann-
Mannigfaltigkeit G2(C?*) und einer 4-dimensionalen komplexen Quadrik Q(x) ¢ P(A*CY);
hierbei wird die Quadrik Q(x) durch den Hodge-Operator * : A’C* — A*C* beschrieben.
— Schrinkt man den genannten Isomorphismus Go(C*) — Q(*) auf einen geeigneten, total-
geoditischen Sp(2)-Orbit in Go(C*) ein, so erhilt man einen Isomorphismus zwischen dem
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Hermitesch-symmetrischen Raum Sp(2)/U(2) und einer 3-dimensionalen, totalgeoditischen
Unterquadrik von Q(x).— Mit Hilfe der Theorie der Spingruppen, ihrer Darstellungen und des
Prinzips der Trialitét 148t sich zeigen, dass Q° isomorph zum Hermitesch-symmetrischen Raum
SO(8)/U(4) ist. Der letztere Raum besitzt mehrere geometrische Realisierungen. Beispielsweise
ist er isomorph zu den Zusammenhangskomponenten der Kongruenzfamilie F(IP3, Q%) der 3-
dimensionalen projektiven Unterriume, die in Q% enthalten sind; diese Tatsache wird auch bei
der Konstruktion des Isomorphismus Q% — SO(8)/U(4) ausgenutzt. Eine andere geometrische
Realisierung von SO(8)/U(4) ist der Raum der orthogonalen komplexen Strukturen auf IR® mit
fester Orientierung; mit Hilfe dieser Realisierung kann der Isomorphismus zwischen SO(8)/U(4)
und den Zusammenhangskomponenten von F(IP3, Q%) konstruiert werden.

Es soll gesagt werden, dass wir auf die Existenz der Isomorphie Q* =2 Go(C*) erstmals durch
Prof. M. GUEST (Metropolitan University of Tokyo) aufmerksam gemacht wurden. Die Ein-
sichten, die sich bei der Konstruktion dieser Isomorphie ergeben haben, waren auch fiir das
allgemeine Verstdndnis komplexer Quadriken sehr fruchtbar.

Die Anhinge enthalten iiberwiegend reproduktive Darstellungen zu bestimmten Themen, so-
weit sie fiir die vorliegende Arbeit von Bedeutung sind. Die zugrundeliegenden Quellen sind im
Folgenden und in der Einleitung des jeweiligen Anhangs, ggfs. auch bei einzelnen Séitzen und
Beweisen angegeben.

In Anhang A werden die fiir die vorliegende Arbeit relevanten Aspekte der Theorie symme-
trischer Rdume dargestellt. Bei der in den Abschnitten A.1, A.2 und A.3 dargelegten Be-
trachtungsweise symmetrischer Rdume habe ich von einer unverdsffentlichten Ausarbeitung von
Prof. H. RECKZIEGEL profitiert; bei der in Abschnitt A.4 dargestellten Wurzelraumtheorie fiir
symmetrische Rdume war mir das Skriptum einer Vorlesung von Prof. G. THORBERGSSON von
Nutzen.

Der Gegenstand von Anhang B ist die Theorie der Clifford-Algebren, Spingruppen, ihrer Darstel-
lungen, und des Prinzips der Trialitét. Sie spielt bei der Konstruktion der Isomorphie zwischen
Q% und den Zusammenhangskomponenten von F(IP3, Q%) eine wesentliche Rolle. Hier sind als
Quellen das Buch [LM89] von LAwSON/MICHELSOHN (fiir Clifford-Algebren, Spingruppen und
ihre Darstellungen) und das Buch [Che54] von CHEVALLEY (fiir das Prinzip der Trialitdt) zu
nennen. Auflerdem waren mir die Diskussionen mit Prof. H. RECKZIEGEL zu diesen Themen,
aus denen auch die Ausarbeitung [Rec04] entstanden ist, hilfreich.

299



300



Ich versichere, dass ich die von mir vorgelegte Dissertation selbstéindig angefertigt, die benutz-
ten Quellen und Hilfsmittel vollstéindig angegeben und die Stellen der Arbeit — einschliefilich
Tabellen, Karten und Abbildungen — die anderen Werken im Wortlaut oder dem Sinn nach ent-
nommen sind, in jedem Einzelfall als Entlehnung kenntlich gemacht habe; dass diese Dissertation
noch keiner anderen Fakultét oder Universitét zur Priifung vorgelegen hat; dass sie — abgesehen
von unten angegebenen Teilpublikationen — noch nicht veréffentlicht worden ist sowie, dass ich
eine solche Veroffentlichung vor Abschluss des Promotionsverfahrens nicht vornehmen werde.

Die Bestimmungen der Promotionsordnung sind mir bekannt. Die von mir vorgelegte Disserta-
tion ist von Professor Dr. H. Reckziegel betreut worden.

Teilpublikation:

S. Klein, H. Reckziegel, “Families of congruent submanifolds”, Banach Center Publications,
Band 69, 2005, 119-132.

Koéln, den 30. September 2004

SeletZ ) 7a






Lebenslauf

Name

geboren am
Staatsangehorigkeit
Familienstand
Eltern

Geschwister

Schulbildung

Studium

Berufstitigkeit

Sebastian Klein

1. August 1978 in Kéln

deutsch

ledig

Dr. Peter Klein und Dr. Renate Klein, geb. Szczodrowski

mein Bruder Dominik

1984-1988
1988-1995

19. Juni 1995
10.1995-04.2001
18. Oktober 1997
24. April 2001
seit 04.2001
10.1997-04.2001

05.2001-09.2001

seit 10.2001

Grundschule Freiligrathstrafie, Ko6ln-Lindenthal
Schiller-Gymnasium, Koln-Siilz
Abitur

Studium der Mathematik an der Universitit zu
Koln mit Nebenfach Physik

FErlangung des Vordiploms in Mathematik
Erlangung des Diploms in Mathematik
Promotionsstudium der Mathematik an der Uni-
versitat zu Koln

studentische Hilfskraft am Mathematischen In-
stitut der Universitit zu Koln

wissenschaftliche Hilfskraft am Mathematischen
Institut der Universitit zu Koln
wissenschaftlicher Mitarbeiter am Mathemati-

schen Institut der Universitiat zu Koln

&Wa‘a Lzr






