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Introduction

Twistor theory goes back to the 1960s, where twistor methods were
introduced by R. Penrose to provide an approach to quantum gravity.
The general idea is to translate a problem on a differentiable manifold
M endowed with a certain geometric structure to a problem on a com-
plex manifold Z, the twistor space. Usually, Z is a fibre bundle over M,
with the fibres over p € M being complex structures on 7,,M which are
compatible with the geometric structure on M. Z carries a canonical
almost complex structure, whose integrability can be derived from the
properties of M.

An important application of twistor theory is the construction of mini-
mal and pluriminimal submanifolds: In 1982, Bryant used the the fibra-
tion CP? — HP* to construct minimal surfaces in HIP* = S* [Bx]. This
has been generalized to the construction of minimal surfaces in various
Grassmannians and symmetric spaces by considering horizontal maps
into certain flag manifolds and flag domains [BRI [BS]. The reinterpre-
tation of Bryant’s work by Lawson [L] using a birational equivalence
CP? ~ F111(C?) :=SU(3)/S(U(1) x U(1) x U(1)) led to the remarkable
observation that the twistor spaces of any two symmetric quaternionic
Kéhler spaces are birationally equivalent [Bul.

The purpose of this work is to transfer some of these methods to para-
complexr geometry:

A para-complex (or hyperbolic complex) manifold is a smooth mani-
fold with a field of involutions J,: T,M — T,M, J* = 1, such that
the +1-eigendistributions are integrable and of the same dimension.
The obvious example is a product of two manifolds M, x M_ of the
same dimension; in fact, every para-complex manifold is locally of this
form. Para-complex and para-quaternionic manifolds have recently
been studied in mathematics as well as in physics, where they are
related to supersymmetric field theories with Euclidean (rather than
Lorentzian) space-times [CMMST], (CMMS2].

Chapter 1: This chapter contains the definitions of para-complex
manifolds, para-Kéahler manifolds and para-quaternionic Kéhler man-
ifolds. We give a proof of the para-complex Dolbeault Lemma, which
states that in a para-complex manifold, the J-operator is locally exact

(Theorem and Corollary [1.2.11)).
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8 0. Introduction

Chapter 2: Twistor theory of para-quaternionic Kéihler
manifolds. Extending earlier results by Blair et al. [BDM], it has been
shown by Alekseevsky and Cortés [AC2], that for any para-quaternionic
Kéahler manifold M there is a twistor bundle 7: Z — M of para-
complex structures (actually there is also a twistor bundle Z— — M of
complex structures, which we neglect here). Z has a canonical para-
Kahler structure, and the horizontal distribution is a para-holomorphic
contact structure. A submanifold N C M such that there exists a par-
allel section of Z|y is called para-complex submanifold. If the pseudo-
Riemannian metric g, is nondegenerate on T'N, then N is a para-
Kahler submanifold, and it follows that N is a minimal submanifold
(i.e. the trace of the shape operator is zero). Any para-complex sub-
manifold can be lifted to a para-holomorphic horizontal submanifold of
Z, in other words, para-complex immersions f: N — M are precisely
the projections of para-holomorphic horizontal immersions F': N — Z.

7
E,
aut

NT>M

It follows that N has at most half the dimension of M, and the para-
complex submanifolds with maximal dimension correspond to the Leg-
endrian submanifolds of Z.

Our aim is to show that these Legendrian submanifolds and therefore
the maximal para-complex submanifolds of M are locally given by a
para-holomorphic function.

The main step will be the proof of the para-complex equivalent of
the Darboux theorem, which states that on each para-complex contact
manifold, there exist local coordinate charts which identify the con-
tact structure with the standard contact structure on C?**!, where C
denotes the algebra of para-complex numbers (Theorem .

Chapter 3: Twistor theory of pseudo-Riemannian symmet-
ric spaces. The notion of twistors can be generalized to the setting
where M a pseudo-Riemannian symmetric space (not necessarily para-
quaternionic Kéhler). There is a twistor construction analogous to the
one in chapter 2, where the role of para-complex immersions is played
by isotropic para-pluriharmonic maps (in fact, in the case of para-
quaternionic Kéhler symmetric spaces, these constructions coincide).
A map f: N — M is called para-pluriharmonic, if it is harmonic along
every para-complex curve in N. Under certain conditions, these maps
have a one-parameter family (fy)ger of deformations, the associated
family. A special case occurs when this family is constant in 6; such
maps f are called isotropic. We prove the following: Each full isotropic
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para-pluriharmonic map f: N — M from a Ké&hler manifold N into
a symmetric space M = G/G° defines a twistor fibration Z — M
and a holomorphic superhorizontal lift F': N — Z; vice versa, given
such a map F), its projection f = wo F is isotropic para-pluriharmonic

(Theorem [3.3.6)).

The twistor space is an open subset of the para-complex coset space
7 = (G/P) x (G/P), where the para-complex structure is just multipli-
cation by +1 on the first factor and by -1 on the second. If G is a real
linear algebraic group, then P is a parabolic subgroup, and thus G/P
a real projective variety. This variety has a cell decomposition (Bruhat
decomposition) with exactly one cell N in the largest dimension, which
is an open (even Zariski-open) and dense subset.

Now, if Z is the twistor space associated to a symmetric para-quatern-
ionic Kéahler space, then it turns out that there is a contact isomor-
phism between the product N x N C Z of the big cells and the para-
complex Heisenberg group. It follows that, given the twistor spaces
of two symmetric para-quaternionic Kahler spaces of the same dimen-
sion, then there is a biholomorphism defined on Zariski-open subsets
preserving the contact distribution; moreover, this biholomorphism ex-
tends to a birational equivalence. This can be used to transfer the
construction of para-pluriharmonic maps from one para-quaternionic
Kéhler symmetric space to another. Among these spaces is the para-
complex Grassmannian Gry(C"*2) with corresponding twistor fibration
F1.,1(C™"?) — Gry(C"*2), where this construction is fairly easy.

Chapter 4: tt*-bundles. (Para-)pluriharmonic maps are closely
related to a geometric structure in topological field theories called
topological-antitopological fusion, or tt*-geometry: There is a bijection
between tt*-bundles and (para-)pluriharmonic maps into the symmet-
ric space GL(p + ¢)/O(p, q) which admit an associated family (called
admissible in [S2]). Here we relate this to the construction of associ-
ated families and give a criterion for the (para-)pluriharmonic map to
be isotropic.

Differences to the complex theory. For those who are famil-
iar with the twistor theory in the complex case, we point out a few
differences to the para-complex case:

e Para-compler manifolds: A para-complex structure defines a
splitting of the tangent bundle into eigenbundles — there is
no need to consider the para-complexified tangent bundle (at
times we do so for convenience, but this yields no new infor-
mation).
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e Regularity: Para-holomorphic and para-pluriharmonic maps

are not necessarily analytic (any pair of differentiable functions
f+ defines a para-holomorphic map f, X f_: RxR — R xR).
Associated families: All pluriharmonic maps into Riemannian
symmetric spaces have associated families, provided that the
symmetric space has nonpositive or nonnegative curvature. In
the para-complex context, this is different: Unless the symmet-
ric space is flat, there exist para-pluriharmonic maps which do
not admit an associated family.

Moreover, the parameter range of the associated family is
R rather than S'. Consequently, in our context the loop group
of G will be defined as the set of smooth curves R — G.
Topology: In contrast to hermitian symmetric spaces, para-
hermitian spaces are not necessarily simply connected, an ex-
ample being the para-complex projective space

CP" = SL(n + 1, R)/S(GL(1,R) x GL(n, R)).

This example also shows that the twistor fibration G/H —
G/K is not defined globally, if G € K C G7 is “too small”
(where H is the centralizer of a canonical element and G°
denotes the fixed-point set of the Cartan involution).



CHAPTER 1

Preliminaries

1.1. Para-complex vector spaces

DEFINITION 1.1.1. Let V' be a finite-dimensional real vector space. A
para-complex structure on V is an involution J: V — V, J? = idy, such
that the eigenspaces V* := ker(id F J) have the same dimension. The
pair (V, J) is then called a para-complex vector space. A homomorphism
between para-complex vector spaces (V, J) and (V' J') is a linear map
¢: V. — V' satisfying ¢ o J = J o ¢.

Just like complex vector spaces (i.e. (V,I) with I? = —1) are vector
spaces over the field C, para-complex vector spaces are free modules
over the algebra of para-complex numbers:

DEFINITION 1.1.2. The algebra C = R & jR of para-compler numbers
(also called split complex or hyperbolic complex numbers) is the real
algebra generated by 1 and j, with the relation j2 = 1 (in fact, C is
the Clifford algebra C1(0,1)).

The conjugation map = : C — C is defined by x + jy = x —jy for x,y €
R. The real numbers = Re(z) := (24%2)/2 and y = Im(z) := (2—2)/2j
are called the real and imaginary part of 2 = x4+ jy, respectively. Note
that zz = 2% — y? € R. Thus, the group of units is C* = {z + jy : v #
t+y} ={2 € C: 2z ¢ (1 £j)R}. It has four connected components; in
fact, each z € C* can be written uniquely as +re?® or +jre’?, where
r € R*, 6 € R, and e/’ = cosh(f) + j sinh(f). This is the para-complex
analogue of the polar decomposition; the unit circle is replaced by the
four hyperbolas {(z,y) € R* : 2% — y? = £1}.

The free module C™ is a para-complex vector space, with the multipli-
cation by j as para-complex structure. Conversely, any para-complex
vector space (V, J) can be regarded as a C-module via (z+jy)v := zv+
yJv. In order to see that this module is free, let {v]", ... v} o7, ... v}
be a basis of V, such that v= € V*. Then the equation Y (z%+jy%) (v} +
vy) = LY (2% y ) ol +5L Y (20 —y*)v, for coefliecients z+jy* € C
shows that {wy, ..., w,}, w, :== v + v, is a free basis of the C-module
V. Homomorphisms between para-complex vector spaces correspond to

C-linear maps.

11



12 1. Preliminaries

REMARK 1.1.3. Since C is not a field, some basic facts from linear
algebra must be treated with caution:

(1) Let ¢: V. — V’ be C-linear. Then the image and the kernel
of ¢ are J-invariant real subspaces of V' and V, respectively.
They are not necessarily para-complex subspaces, because the
dimensions of ¢(V*), resp. ker(¢)* may not be the same. —
Of course, it still holds that

¢ injective <= ker(¢) = {0}.

(2) Let ¢: V — V be a C-linear endomorphism and let z = ajy €
C. Then the eigenspace V, := ker(¢ — z-id) is J-invariant, and
therefore we have V, = V., @ V_~. The V* are eigenspaces of
¢ with real eigenvalue (x £ y). In particular, eigenspaces to
different para-complex eigenvalues need not be disjoint.

(3) The C-span of a single vector v € V' is not necessarily a para-
complex vector space; this motivates the following definition:

DEFINITION 1.1.4. Let (V, J) be a para-complex vector space. A vector
v € V is called regular, if it fulfills the following equivalent conditions:

(H)vgVtandov g V™.

(2) C-wvis a one-dimensional (over C) para-complex vector space.
(3) v and Juv are linearly independent over R.

(4) For z € C it holds that (zv =0 <= 2z =0).

PROOF OF THE EQUIVALENCE. (1) < (2): We writev = vT 40~ €
VT @ V~. Then (C-v)* =R-v%. So C- v is a one-dimensional para-
complex vector space, if and only if v~ # 0 and v™ # 0. (1) = (3):
We may assume that v # 0. If Jv = rv, r € R, then v = J?v = r?v,
sor = =£1. (3) = (1) is trivial. (3) < (4) follows immediately from
(x + jy)v = xv + yJv. O

The following example is fundamental since it illustrates the principle
that para-complex objects can be described either by using para-complex
numbers or by using real numbers:

ExAMPLE 1.1.5. The map

(C"j) = (R"xR",(id)x(-id))
(l,a + jya)azl ..... n = (xa + ya7 ¢ — ya>a:1 ..... n

( 2 Z_|. + 2 Z_)zzzl ..... n (Zia Zg)a:l ..... n
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is an isomorphism of para-complex vector spaces. It induces an iso-
morphism of groups

GL(n,C) = GL(n,R) x GL(n,R)
B+ jC — (B—(})—C BEC)

147 11—y
+JA++ jA_H<A+ O)

0 A_
LEMMA 1.1.6. Let A, A_ € GL(n,R). Then

147 1—75 147 1—9
detc( ;FJA++TJA_) = —Ldet(a) + —Ldet(a).

PROOF. This follows immediately from the Leibniz formula and

mf:lj (1;j)2_1—j 1= _ O

from(2 55 (5 =<

2 7 2 2
COROLLARY 1.1.7.

147 1
detc ( —;—]A++

;jA_) €C" = det(A,) £ 0Adet(A) £0.

COROLLARY 1.1.8.
SL(n,C) = SL(n,R) x SL(n,R)

1.2. Para-complex manifolds

DEFINITION 1.2.1. An almost para-complex structure on a manifold M
is a smooth endomorphism field J on T'M, such that for every p € M, J,
is a para-complex structure on 7M. An almost para-complex structure
is said to be integrable, if the eigendistributions T*M := ker(id F J)
are integrable. In this case, (M, J) is called a para-complex manifold.

As a consequence of the Frobenius theorem — see for example [CMMSI]
Chapter 2.1] — we have

PROPOSITION 1.2.2. Let (M, J) be an almost para-complex manifold.
Then the following conditions are equivalent:

(1) J is integrable
(2) [T*M,T+M] C T*M and [T-M,T~-M] C T-M
(3) Ny =0, where Ny is the Nijenhuis-Tensor
N;(X,Y) =[X,)Y]|+ [JX,JY] - JX,JY]| - J[JX,Y]
(4) For any point p € M, there exist locaj real coordinates
(2, ...z 2h 000 2") U S Up x U- C R X R™ defined on
an open neighbourhood U of p, such that dz§ o J = £dz§.
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(4’) For any point p € M, there exist local para-complez coordinates
(z,...,2") : U = U C C" defined on an open neighbourhood
U of p, such that dz% o J = jdz*.

These coordinates are para-holomorphic in the following sense:

DEFINITION 1.2.3. A smooth map ¢: (M, Jy) — (M, Jyr) between
para-complex manifolds is called para-holomorphic (or just holomor-
phic, if no confusion is possible), if

dp o Jar = Jap o do.

Para-holomorphic maps (M,J) — (C,j) or (M,J) — (RxR, (id) x
(—id)) are called para-holomorphic functions.

DEFINITION 1.2.4. Let M be a para-complex manifold and let 2% =
%zi + %zﬁ, a = 1...n, be a system of local holomorphic coordi-
nates. Then (dz%, dz%),=1..» is local frame of the complexified cotangent

bundle T*M ® C. The dual frame of TM ® C is given by

g  1+35 0 1—j5 0
oz 2 020 2 02
0o  1-5 0 1+5 0
oz 2 020 2 020
PROPOSITION 1.2.5. Let M be a para-complexr manifold and let z* =

145 .a | 1-7 a _ - -
128+, a=1...n, be a system of local holomorphic coordinates.

Then a smooth function f: M — C s para-holomorphic, if and only if
it fulfills the Cauchy-Riemann equations

of
oze 0-

PROOF. We write f = %ﬁr + %f_, where fi := Re(f) £ Im(f).

Then it is easy to see that the Cauchy-Riemann equations are equiva-

lent to
of, _0f _
0z*  0z%
But this in turn is just a rewriting of df o Jy; = Jrxr o df. O

LEMMA 1.2.6. Let U C C be a simply connected domain and let f: U —
C be a para-holomorphic function. Then f has an antiderivative, i. e.
a para-holomorphic function F, such that %—f = f.

PROOF. Since d(fdz) = %dé Adz = 0, the C-valued 1-form fdz
is closed, hence exact, i.e. fdz = dF = %—dez + %—gdi. It follows that
%—f = f and %—g =0. O
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1.2.1. Bigrading of differential forms, Dolbeault sequences.

Real version. Let (M,.J) be an almost para-complex manifold.
The decomposition T*M = (T*M)" @ (T*M)~ into the +1-eigenspaces
of J* induces a bigrading on exterior and differential forms:

NT'M = @ AP I M
p+q=k

QF (M) = @ QUP=D ()
p+a=Fk

DEFINITION 1.2.7. The elements of Q(+P=9 (M) are called differential
forms of degree (+p, —q).

If J is integrable, then we can use holomorphic coordinates to show that
dQUP=a(M) c QPN (A1) @ QUP =+ (M), Hence the exterior
derivative splits as d = 9, + J_, where

Oy QUP=IO(Ar) — QUEEHD—O()r)
o_: QEP=D(N) —  QEP—@E) ()

From d* = 0 we get 03 = 9% = 0;0_ + 0_0; = 0, so for any para-
complex manifold the operators J4 can be used to define real versions
of the Dolbeault sequence. This sequence is locally exact:

THEOREM 1.2.8. Let U = U, x U_ be a para-complex manifold (with
the para-complex structure on TU, x TU_ given by id x —id), such that
both U, and U_ are contractible.

Then any O, -closed form w € QP9I (U)

, p > 1, 4s 0p-exact. Like-
wise, any O0_-closed form w € QEP~)(U), ¢ > 1,

18 0_-exact.

REMARK.

(1) From Proposition it follows that each point in an ar-
bitrary para-complex manifold has a neighbourhood U of this
form.

(2) The condition that U be contractible is not sufficient, as shown
by the following conterexample: Let

U:= (R*xR?)\ ({0} x {0} x Rey x R)

z+d1§;;;u;dz+

smooth nonzero function that vanighes+ on Ryg. Then w is a

smooth (1,0)-form, which is 9, -closed, but not J,-exact.

and w(zy,wy, z_,w_) = f(z_) , where f(z_) is a

PROOF OF THE THEOREM. For the proof of the first statement, let
w € QUEP=I(U), p>1, and O,w = 0. Let the contraction maps on U,
and U_ be denoted by h, and h_ respectively. We can define a para-
holomorphic homotopy map h: [0,1]> x U — U by hs, s )(uy,u_) =
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Eh&r (q+), hs_(ul,)). Then hq 1y = idy and dh) - TTU = 0 and there-
ore, since p > 1,

w—=0 = hjyw-— ?0,1)('{) (1)

g
= —(h} d
/0 ds+( (s+,1)w) S+

In order to compute the integrand, we write h(, 1) = hoW¥,, o1, where
2 is the embedding U — {0}x{1}x U C [0,1]*xU and ¥ is the flow of
the vector field % on [0,1]>xU. Then by Cartan’s formula we have

d

& Mo = TV (La (Ww)
v (et a2
= ur (o, ()
+ 8f+48 (W'w) + 0_ (afth*w))

Because the maps 2, W, , h are para-holomorphic, the respective pull-
back maps commute with 01 and preserve the types of differential
forms. Hence the sum of the terms containing d_ must be zero, since
these terms are of degree (+(p—1), —(¢+1)) and the rest is of degree
(+p, —q). Further, by assumption we have 0, (h*w) = h*0,w = 0 and
thus the expression reduces to

d * T * a *
Kh(&”l)w = 8+ (Z \I}er (85+ Jh w)) .

Inserting this in (1)) yields

! 0
— *qj* *
w=04 (/0 RV (as+_lh w) ds+)

The proof of the second statement is completely analogous. O

Para-complex version. There is also a para-complex version of
the Dolbeault sequence defined on the para-complexified cotangent
bundle T*M¢€ := T*M Qg C : The C-linear extension of J*: T*M —
T*M to an endomorphism field on T* M€ yields a decomposition T*M° =
ALOT*M @ AODT*M into the +j-eigenbundles

ATV = {a+jJa:acT*M}
AODT*M = {a—jJa:aeT M}
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This decomposition extends to a bigrading of C-valued exterior and
differential forms:

AT ME = @ APDT* \f
p+q=k

QM) = @ oo
ptq=k

If J is integrable, then the C-linear extension of the exterior derivative
splits as d® = 0 + 0, where

- Q(IMI)(M) - Q(p+1,q)(M)
d: Q(p,q)(M) N Q(p,qul)(M)

DEFINITION 1.2.9. The elements of Q®? (M) are called para-complex
differential forms of degree (p,q). A O-closed (p,0)-form is called para-
holomorphic.

From d? = 0 we get 0> = 0> = 90 + 00 = 0, so for any para-complex
manifold the operators 0, O can be used to deﬁne para-complex versions
of the Dolbeault sequence. The real and para-complex versions are
related in the following way:

PROPOSITION 1.2.10. For a para-complex manifold M, there is an (R-
linear) isomorphism

ANFP=OT* N A=) 2 AT
147 1—y
/ /
(1) = =5+

such that the following diagram commutes:

®

Q(+P7—Q)(M) x QUEE=P) (M)

oo | |7

QUP =@t (M) x QUHa+D=P) (A)) - QPatD (M)

PROOF. The fact that the image of ¢ is contained in APOT*M is

an easy consequence of (H[]) = %, %17 = 0 and of the equations
1 1+4j 1—j 1-
Slag = et Hhdat = Sl
145 7.0 _ 1+J 5za 1-j 7.0 _ 1-j 5za
—rdzt = =tdz Stdz§ = =tdz

for local holomorphic coordinates (z%)x=1._, and 2* = 1;” 2% + %zﬁ.

The map ¢ is clearly a bijection, with the inverse given by
— (Re(w) + Im(w), Re(w) — Im(w)) .

For the commutativity of the diagram, it is sufficient to consider func-
tions, i.e. the case f,f’ € Q09 Then we calculate I(*3Lf) =
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(FLEa)(H2f) = BL(55Ldf) = H20_ f and in the same way 052 f/ =

Lo f O
COROLLARY 1.2.11. For U = Uy x U_ with Uy and U_ contractible,
any O-closed form w € QWD (U), ¢ > 1, is O-evact. O

1.3. Para-hermitian metrics and para-Kihler manifolds

We recall that a pseudo-Euclidean vector space is a real vector space V'
equipped with a nondegenerate symmetric bilinear form g: V' xV — R.

If W C V is a subspace with orthogonal complement W+ := {v € V :
g(w,v) = 0Vw € W}, then W is called

e nondegenerate, if Wt NW = {0}
o degenerate, if W N W # {0}
e totally degenerate, it W+ D W, i.e. if glwxw = 0.

FACT 1.3.1. A subspace W is totally degenerate if and only if it consists
only of degenerate vectors.

PROOF. This follows from the polarization identity 4g(w,w’) =
gw+w w+w) —glw—w,w—uw). O

DEFINITION 1.3.2. Let (V, J) be a para-complex vector space. A pseudo-
Euclidean scalar product g on V is said to be compatible with J or
para-hermitian, if J is g-skew, i.e. if g(J-,-) + g(-,J-) = 0.

Since J? = 1, this is equivalent to J being an anti-isometry, i.e.
g(J-,J) = —g. In particular, g has real signature (n,n) (where n =
%dimR V), and the subspaces V* are totally degenerate.

On V = C" the standard para-hermitian scalar product is given by

g ((zl, 2", (W 7w")) = Re <Z?wa> .

a

The group of C-linear automorphisms of C™ preserving g is called the
para-unitary group

U™(n) := {A € GL(n,C) : A*A=1,} (where A* := A").
It is easy to see that
U(n) = {¥B+.B": B€ GL(n,R)} (where B := (B™")").
Further by Lemma we have detc($2B +151B71) = B det(B) +
1 det(B)™; this proves
U™(n) GL(n,R)
SU™(n) = SL(n,R)

I



1.4. Para-quaternionic K&hler manifolds 19

Under the identification C™ = R™ x R", the standard para-hermitian
scalar product corresponds to the symmetric bilinear form given by the

matrix
0, 1,
FE = ( 1 0, ) )

The isometry group is {X € GL(2n,R) : X'EX = E} = O(n,n), and
U™(n) is identified with the subgroup

{(éi gﬁt ) :BeGL(mR)}.

PROPOSITION 1.3.3. Every para-hermitian vector space has a unitary
basis, i.e. a free C-basis (€q)a=1..n n which the metric is given by
g(ea, eb) - 6ab-

PROOF. Let V' be a para-hermitian vector space, dimg(V) =n. V
is nondegenerate with respect to g, so there is a vector e;, such that
gler,er) # 0. After multiplying e; by v/g(e,e1) (if g(er,e1) > 0) or
by jv/—g(e1,e1) (if g(er,e1) < 0), we may assume that g(ej,e;) = 1.
It follows that e; ¢ VE, so e is regular and C - e; is a 1-dimensional
para-complex subspace. The orthogonal complement (C - e;)* is an
(n — 1)-dimensional para-complex subspace, which is nondegenerate,
so we can proceed by induction. U

DEFINITION 1.3.4. A para-Kdhler manifold is an almost para-complex
manifold (M, J) equipped with a compatible pseudo-Riemannian met-
ric g, such that DJ = 0, where D denotes the Levi-Civita connection.

Equivalently, a para-Kéahler manifold is a pseudo-Riemannian manifold
with holonomy group GL(n,R) C O(n,n).

From the parallelity of J it follows that N; = 0 (in particular, (M, J)
is a para-complex manifold) and that the (+1, —1)-form w := g(-, J-) is
also parallel, and therefore closed. The converse is also true: If N; =0
and dw = 0, then DJ = 0 (see [CMMSI1, Thm 1]).

1.4. Para-quaternionic Kahler manifolds

DEFINITION 1.4.1. A para-quaternionic structure on a finite-dimensional
vector space V' is a three-dimensional subalgebra @ C gl(V') with a ba-
sis I, J, K that satisfies the para-quaternionic relations

P=-1 7 =K=+1, -1J=JI =K.

REMARK. From —I.J = JI we see that I maps the +1-eigenspace of
J isomorphically to the —1-eigenspace, so these eigenspaces have the

same dimension. In other words, J (as well as K) is a para-complex
structure in the sense of Definition [L.1.1]
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Para-quaternionic vector spaces are identified with free right-modules
over H, where H = R® iR @ jR @ kR, —i2 = j2 = k2 =1, ij =
—ji = k, is the algebra of para-quaternions (also called split quater-
nions) and I, J, K correspond to the multiplication by 4, j, k from the
right. Accordingly, H” is the space of para-quaternionic column vec-
tors with scalar multiplication from the right. Multiplication by para-
quaternionic matrices from the left is H-linear.

The identification H = (R@iR) @ j(R@®iR) = C @ jC shows that any
para-quaternionic vector space is a complex vector space of the double
dimension. A map is H-linear if and only if it is C-linear and commutes
with the right multiplication by j (which is a C-antilinear involution).
In the same way, H = (R @ jR) @ (R @ jR) = C @& iC shows that any
para-quaternionic vector space is a para-complex vector space of the
double dimension. A map is H-linear if and only if it is C-linear and
commutes with the right multiplication by 7 (which is a C-antilinear
complex structure).

DEFINITION 1.4.2. Let (V,Q) be a para-quaternionic vector space. A
pseudo-Euclidean metric g on V is said to be compatible with ) or
para-quaternion hermitian, if the elements of () are g-skew.

The standard para-quaternion hermitian metric on H" is given by

g((ha,- o ), (R, b)) = Re()  hahl,).
The isometry group
Sp™(n) .= {A € GL(n,H) : A"A =1id,}
is called the para-symplectic group.
By the same argument as in Proposition we see that any two

para-quaternion hermitian vector spaces of the same dimension are
isometric.

PROPOSITION 1.4.3. Sp™(n) = Sp(2n, R)

PROOF. Let Q,, = < 10 _01

ture on R?", then H" = (R*", I, J, K, g), where

1_(12n : ) J_< : _12n) K=JI

Qy, 0
g=-ant.1) = (g ).

Thus, Sp™(n) is identified with the endomorphism of R*" that commute
with I and J and preserve w;. This shows that

Sp™(n) = {( o ) A Sp(2n,]R)}.

" ) be the standard symplectic struc-
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g

DEFINITION 1.4.4. A para-quaternionic Kdhler manifold (M, g, Q) is
a pseudo-Riemannian manifold (M, g) endowed with a g-compatible
para-quaternionic structure () C End(T'M) which is parallel with re-
spect to the Levi-Civita connection.

It is not difficult to see (cf. [ACIL Prop. 1], [AC2l Prop. 9]|) that
the normalizer of Qg = RI + RJ + RK in O(2n,2n) is Go U J - Gy,
where Gy = Sp”(1) - Sp™(n) is the subgroup of GL(4n,R) = GLg(H")
generated by left multiplication by elements of Sp”(n) and right mul-
tiplication by elements of Sp” (1) (which is just the group of unit para-
quaternions), and where J denotes the right multiplication by j (which
is an anti-unit, i.e. jj = —1). So we have:

PROPOSITION 1.4.5. A pseudo-Riemannian manifold is para-quater-
nionic Kdhler if and only if

Hol(M) c (Sp™(1) - Sp™(n)) U J - (Sp™(1) - Sp™(n)).

NOTE. In the definition in [ACI], it is also required that M be strongly
oriented, i.e. that Hol(M) C SO*(2n,2n). Of course, this is always
fulfilled, if M is simply connected.

It can be shown [ACI Theorem 3| that any para-quaternionic Kéhler
manifold is Einstein and that its curvature tensor admits a decompo-
sition
scal

~ 4n(n +2)
where Ry is the curvature tensor of HP™ and W is an algebraic curva-
ture tensor of type sp™(n). It follows that, if scal # 0, then sp™(1) C hol
(see [AC1L Corollary 1]).

Ry + W,






CHAPTER 2

Para-Kahler submanifolds of para-quaternionic
Kahler manifolds

2.1. Para-complex symplectic and contact structures

The classical Darboux theorem states that all 2n-dimensional sym-
plectic manifolds are locally isomorphic to T*R" equipped with the
canonical symplectic form dp, A dq®. As shown in this paragraph, the
analogous statement in the para-holomorphic setting also holds.

2.1.1. Para-complex symplectic vector spaces.

DEFINITION 2.1.1. Let (V,J) be a para-complex vector space. A para-
complex symplectic form is an anti-symmetric C-bilinear map w : V' x
V' — C which is nondegenerate, i.e. (w(X,-) =0« X =0).

Equivalently, a para-complex symplectic form is an element w € A0V *,
such that the map w: V9 — ALOV* is an isomorphism.

PROPOSITION 2.1.2. Let (V,J) be a para-complex vector space and w a
para-complex symplectic form. Then there is a basis {Z* Wy }ap=1...n Of
the C-module V' such that w(Z%, W) = 6%, w(Z%, Z°) = 0 = w(W,, W,)
fora,be{l,...,n}.

PROOF. Choose a regular vector Z! € V. We claim that there
exists W, € V such that w(Z,WW;) = 1: Otherwise the image of
W — w(Z', W) would be contained in one of the maximal ideals
(1+ )R C C. But then w((1F5)Z%,-) =0, and therefore (1Fj)Z! =
0 by the nondegeneracy of w, in contradiction to the regularity of
Z'. From w(Z',W;) = 1 it now follows that W is regular and that
Z' and W; are C-linearly independent. Therefore, spang(Z?t, W)
is a para-complex subspace, as well as the symplectic complement
(spang(ZY, W)t == {X € V : w(Z', X) = w(W;,X) = 0}. The
latter is again nondegenerate with respect to w, and the proposition
follows by induction. O

COROLLARY 2.1.3. An antisymmetic C-bilinear 2-form w is nondegen-
erate if and only if w™ € N®"OV* is reqular (where n = dime(V)/2).
PROOF. If wis nondegenerate and {Z%, Wy}, =1, a basis as above,
then w"(ZY, Wy, ..., Z™ W,) = n!, in particular (1 4 j)w™ # 0.
23
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Conversely, suppose that w" is regular. Let {By,..., Ba,} be an arbi-
trary C-basis of V and X = > 2B, € ker(w), 2% € C. We have to
show that X = 0. By the skew-symmetry of w™ we have

0= w”(Bl, c. ,Bafl,X, Ba+1, .. '78271) =a%- w"(Bl, .. .,Bgn).

But by assumption we have w™(By, ..., By,) € C*, so 2* = 0. O

2.1.2. Para-holomorphic symplectic structures on manifolds.

DEFINITION 2.1.4. Let (M, J) be a para-complex manifold. A para-
holomorphic symplectic structure is a nondegenerate closed form w €

Q291

LEMMA 2.1.5. Let (M, J) be a para-complex manifold and wy,w; two
para-holomorphic symplectic forms on M, which coincide in a point p €
M, wo(p) = wi(p). Then there is a para-holomorphic diffeomorphism
& defined on a neighbourhood of p, such that ®(p) = p and ®*w; = wy.

We want to apply Moser’s method of constructing ® as time-1-map of
a para-holomorphic flow, i.e. a flow ®% : (—¢,¢) x U — U of a (time-
dependent) vector field X, such that (®X)*J = J for any s € (—¢,€).
The vector field X then needs to be an infinitesimal automorphism of
the para-complex structure, i.e. Lx J = 0.

REMARK (on notation). If X is a time-dependent vector field, then ®Z
denotes the flow of X starting at time s, i.e. 40X (p) = X(9X,(p)),
DX, (p) = p. Instead of @7, we will also write ®F. The Lie-derivative
of a (possibly also time-dependent) tensor Ty is defined as

d *
EXSTS = % ‘tZO (I)s,s+tTS+t'

For functions, differential forms and vector fields this yields

EXsfs = Xs(fs) + %fs

0
Lx.as = d(Xsuas) + Xsadag + s

A

0
LxY, = [X&Ys]‘ngs

LEMMA 2.1.6. Let (M, J) be a para-complex manifold. Then Lx J =0
if and only if the (1,0)-vector field 3(X, + jJX,) is para-holomorphic.

PROOF. Using para-holomorphic coordinates (2% = 2% + jy®)o=1..n
we write X, = 30, &850 + 30, nigums 5(X 4 JTX) = 2068+ gt ) 52
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The equations J aga = aga and J aia = 8§a yield
0 0 0

— = X, J—] - JX,, —

(£x.T) (5 ) X, T o] = X, o]

on; 0\ 0 0§ oml\ 0
=20 \9pe " 90 ) 30 T \Due 3y ) B
dx¢  Jy* ) Ox Jx®  Jy* ) Oy

The vanishing of this expression is equivalent to the para-Cauchy-
Riemann equations for the function (€2 + jn®). The calculation for
(LxJ)(0y,) is analogous. d

REMARK 2.1.7. LxJ = 0 implies £,;xJ = 0 and [X,JX] = 0. If
X is time-independent, the flows ®X and ®/X commute, so ®* can
be extended to a flow of Z = (X + jJX), depending on a para-
complex parameter s 4 jt € C, by 7 (p) := ®X(®/*(p)), fulfilling
£®Z(p) = Z (2Z(p)).

PROOF OF LEMMA 2.1.5] Let wy = wo+t(w; —wp), 0 <t < 1. We
have wi(p) = wo(p) = wi(p) for all £, so by the compactness of [0, 1]
there is a neighbourhood of p, such that in this neighbourhood w; is
nondegenerate for all ¢t € [0,1]. We will now construct a 1-parameter
family @, of diffeomorphisms (defined on a neighbourhood of p), such
that

(p) = p
@:wt = Wo- (2)
Since W' = %wt = wy — wy is closed by assumption, it locally is the

differential of a 1-form, w’ = da. Further, we may assume that a(p) = 0
(by adding the differential of a function). Since d(a®V) = (w')(*?) =0,
we can apply Corollary and find a (locally defined) function £,
such that (%) = 98. Replacing o with a —df3, we obtain oz € QO A/,
Further, by construction, da = /(") =0, i.e. a is para-holomorphic.
Thus the equation Z;_w; = —« defines a time-dependent vector field Z;,
which is para-holomorphic since a and w; ! are, the latter by Cramer’s
rule. According to Remark the flow of X; = 2Re(Z;) = Z, + Z,
is a 1-parameter family &, of para-holomorphic diffeomorphisms. For
all t € [0,1] we have X;(p) = 0, thus ®,(p) = p, and P, is defined
on a neighbourhood of p. By writing Lx (U + jV) = [X,U + jV] and
extending the definition of the Lie bracket and Lie derivative C-linearly
to the tensor algebra on TCM, we calculate (using Cartan’s formula
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and Z,aw; = 0):

d d
%@:u)t = q): (d(Xt_lwt) + XtJth + Ewt>

d
= CD: (d(ZtJLdt) + O ‘l— %wt)

= ¢ (—da+uw')=0
Integration then yields (2). O

THEOREM 2.1.8. Let (M, J) be a 2n-dimensional para-complex man-
ifold and let w be a para-holomorphic symplectic form. Then in the
neighbourhood of any p € M, there is a para-holomorphic coordinate
system (2%, Wp)ap=1,..n Such that w =7 dz* A dw,.

-----

PROOF. In a sufficiently small neighbourhood of p € M, choose an
arbitrary para-holomorphic coordinate system (2%, ). From propo-
sition it follows that by changing the coordinates by a C-linear
map C" — C", we can arrange that w(p) = > dz%(p) A di,(p). Now
apply the above lemma to wy = w and w; = > dz* A dw,. Then
(2% := 2% 0 ®, wy := W, o D) is the desired coordinate system. O

2.1.3. Para-holomorphic contact forms.

DEFINITION. Let M be a (2n+1)-dimensional para-complex manifold.

A para-holomorphic contact form is a para-holomorphic 1-form a €
QUOY(M), such that (o A (da)™) € QEPHLO(M) is regular.

REMARK. This condition is equivalent to ker(«) being a 2n-dimensional
para-holomorphic distribution in the sense of [AC2|, chapter 2.2 (see
[AC2|, Proposition 3) and do|ker(a) being nondegenerate (cf. Corollary
91.3).

LEMMA 2.1.9. There is a unique vector field R, called Reeb vector
field, such that

R,ida = 0
R, = 1

PROOF. At each p € M, da(p) has rank 2n, so ker(da(p)) is 1-
dimensional. With similar reasoning as in the proof of Proposition
there is a (unique) vector R(p) € ker(da(p)) which normalizes
a(p): Otherwise, either (1 + j)a(p) or (1 — j)a(p) would be zero on
ker(da(p)), and therefore (1 £ j)a A (da)™ = 0. O

LEMMA 2.1.10. Let M be a para-complex manifold and let ag, o1 be two
para-holomorphic contact forms on M. Let p € M and ag(p) = aq(p),
dag(p) = daq(p). Then there is a para-holomorphic diffeomorphism ®
defined on a neighbourhood of p, such that ®(p) = p and P*ay = .
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PROOF. As in the proof of Lemma(2.1.5] let oy = cvg+t(c1—avp), 0 <
t < 1. aq is a contact form for all £ € [0,1] in a neighbourhood of p.
We will construct a 1-parameter familiy ®; of diffeomorphisms, such
that

®(p) = p
Py = ap. (3)

As before, if ®; is defined as the flow of a time-dependent vector field
X; = 2Re(Z;), with Z; a para-holomorphic vectorfield to be specified
below, then (3)) follows from

d

d
0= E@:Oét = Zt_JdOét —+ d(ZtJOét> + %Oét.

We decompose Z; = r;R,, + W; with W, tangential to ker(a;) and
obtain
d

Wiadoy + dry + %at = 0. (4)
Now doy is nondegenerate on ker(ay) and zero on span(R,,), so for
given r; there is a vector field W, which solves , if and only if r,
satisfies

d
Raz—‘(drt -+ Eat) = 0. (5)

This equation can be solved as follows: Let W, . denote the flow of
R,, (see remark 2.1.7) and let N be a 2n-dimensional para-complex
submanifold of M such that p € N and such that NV is transversal to
R,, in a neighbourhood of p (note that R,,(p) = Ra,(p), so we can
take the same N for all t). Then (z,q) — W;,(¢) is an isomorphism
from a neighbourhood of (0,p) in C x N onto a neighbourhood of p in
M, and the equation () reads:

d d

T7(Wea(q) = = Ra, (V1)) o( )

The right hand side is para-holomorphic in z, so a solution for r; exists
by Lemma . Moreover, by construction and because of %at (p) =0,
we have dr,(p) = 0 = r(p), so that Z;(p) = 0, hence ®,(p) = p, and P,
is well defined for all ¢ € [0,1] in a neighbourhood of p. U

THEOREM 2.1.11. Let M be a (2n+1)-dimensional para-complex man-
ifold and let o be a para-holomorphic contact form. Then in the neigh-
bourhood of any p € M, there is a para-holomorphic coordinate system
(wo, 2% Wp)ap=1...n Such that a = dwy — Y w,dz".

PROOF. Let (o, 2%, Wp)qp=1,..n be a coordinate system such that
8%0@) = R,(p) and such that (-2 (p), »2-(p)) is a symplectic basis for

Hza ) a_ﬁ,b
do(p) |ker(a(p))- By adding a constant, we can assume that p is mapped
to zero. Then it follows that a(p) = (dwg — > w.dz*)(p) and da(p) =
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> dz%(p) A diw,(p). Now apply Lemma [2.1.10[ to ap = «, oy = dg —
Y adzZ® and set z = Z o @, v = 0% 0o P, wy, = Wy o P. O

2.2. Para-Kihler submanifolds and Twistor lift

Let (M, @, g) be a para-quaternionic Kéhler manifold.

DEFINITION 2.2.1. The twistor bundle w: Z — M is the bundle of
para-complex structures in @) C End(T'M):

7 = {q S Q . q2 = idT]w}.

The fibres of Z are one-sheeted hyperboloids: If I, J,,, K, is a basis for
Qp as in definition[1.4.1] then Z, = {rl,+sJ,+tK, : =*+s?+t* = 1}.
This can be identified with the homogenous space SO(2,1)/SO(1,1) =
Sp™(1)/U™(1).

The Levi-Civita connection on 7'M induces a splitting of T'Z into a ver-
tical and a horizontal distribution 77 = V & H = ker(dr) & HP. With
respect to this splitting, we can define an almost complex structure
Jz = Jy + Jy, where at each point z € Z, Jy(2) is the para-complex
structure given by z € Q) C End(Tr)M) = End(H.), and where
Jy(z) is a SO(2, 1)-invariant para-complex structure on the homoge-
nous space Z.) (see [AC2, Proposition 6]).

Likewise, we can define a one-parameter family ¢%, = tgy + g, t €
R\ {0}, of para-hermitian metrics, such that the map 7: Z — M is a
pseudo-Riemannian submersion (see [AC2, Proposition 7]), and where
—2gy is the Killing form on so0(2,1).

THEOREM 2.2.2. (JAC2, Theorem 2 and 3|) Let Z be the twistor space
of a para-quaternionic Kdhler manifold with nonzero scalar curvature.
Then

(1) The almost para-complex structure Jy is integrable.
(2) g5 " s g para-Kihler-Einstein metric.
(3) The horizontal distribution H C TZ is a para-holomorphic

contact structure.

DEFINITION 2.2.3. Let (M, @, g) be a para-quaternionic Kéhler mani-
fold. A para-complex submanifold of M is a pair (N, J), where N C M
is a smooth submanifold and J a parallel section of Z|y = {q €
Qly : ¢> = 1}, such that J(TN) = TN, and such that the +1-
eigenspaces T'N* have the same dimension. A para-complex sub-
manifold is called para-Kdhler submanifold, if the induced pseudo-
Riemannian metric gy := g|7y is nondegenerate.

REMARK. It follows that the almost complex structure Jy := J|ry is
integrable, since it is parallel with respect to a torsion-free connection.
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REMARK. Let N C M be a para-Kahler submanifold. Then the map
f:(N,gn) — (M, g) is an isometric immersion which fulfills

df o Jy = J o df, (6)

where J is a parallel section of f*Q C f*End(T'M). Thus, in the
language of section [3.2] the map f is isotropic para-pluriharmonic,
see equation ([10) (with @y := ¢/). Note that in section M is
a symmetric space, but even without that assumption, equation @
implies that f is para-pluriharmonic: Because Jy and J are parallel,

we have (Ddf)Jy = D(df - Jx) = D(J - df) = J(Ddf), and therefore
(Ddf) (X, InY) — (Ddf)(Y, Iy X)
— T ((DdF)(X,Y) — (Ddf)(Y, X)) = 0.

It follows that (Ddf)*5~1) = 0, and that f is para-pluriharmonic by
Proposition [3.1.3

The following theorem by Alekseevsky and Cortés relates the para-
complex submanifolds of a para-quaternionic Kahler manifold to the
horizontal submanifolds of its twistor space:

THEOREM. [AC2, Theorem 4| Let (M,Q,g) be a para-quaternionic
Kdhler manifold with nonzero scalar curvature and let w: Z — M be
its twistor bundle.

(1) If (N, J) is a para-complex submanifold of M, then F': N —
Z, F(p) = J, defines an embedding of N into Z such that
o F = idy. The image N = F(N) is a horizontal para-
complex submanifold of Z (called the canonical lift of N ).

(2) Conversely, if N C Z is a para-complez horizontal submanifold
such that 7: N — W(N) C M s a diffeomorphism, then its
projection (N :=7w(N),J := dro Jzodr™") is a para-complex
submanifold of M.

(3) Moreover, N is a para-Kdahler submanifold, if and only if the
one-parameter family of metrics g%, is nondegenerate on N C

Z.

Because the horizontal distribution H C T'Z is a contact distribution,
it follows that the dimension of N cannot be greater than half the di-
mension of M. The maximal (i. e. of maximal dimension) para-complex
submanifolds of M correspond to Legendrian submanifolds (i.e. sub-
manifolds tangent to the contact distribution with maximal possible
dimension) of Z.

Combining this with the results of the preceding section, we can show
that the maximal para-complex submanifolds are locally given by para-
holomorphic functions:



30 2. Para-Kéahler submanifolds of para-quaternionic K&dhler manifolds

THEOREM 2.2.4. Let M be a para-quaternionic Kdhler manifold of real
dimension 4n, and let m: Z — M be its twistor bundle.

Then at any point q € Z there exist local coordinates
(24, ... 2" wo,...,w,): U S U, x U, C C*"H!

defined on a neighbourhood U of q, such that the horizontal distribution
is H = ker(dwy — > w,dz®).

For any para-holomorphic function h: U, — C, the equations
wo = h(z'...,2")
w, = O0h/0z"

define a horizontal submanifold N C Z (provided that (wy,. .., w,) €
Uy ), and the projection m(N) is a para-complex submanifold of M.

Any mazimal para-complex submanifold N C M s locally of this form
with respect to a locally finite covering of Z by such coordinate domains.

PROOF. Since ‘H is a para-holomorphic contact distribution, the
existence of local coordinates as above follows from Theorem 2.1.111
Since Z is paracompact, it is locally finitely covered by such coordi-
nates. Clearly, with respect to the contact form dwy — > w,dz?, a sec-
tion U, — U, x U, is horizontal, if and only if w, = dwy/0z®. It remains
to show that, given a horizontal n-dimensional submanifold N c U, we
can write it as such a section. Let (2',..., 2™ wy, ..., w,) be a system of
local coordinates as above. We may assume that U, xU,, is a sufficiently
small neighbourhood of 0 € C?"*!, so that the 2n differential forms
dz',...dz", dw,...,dw, are pointwise C-linearly independent on H|y.
In other words, the 2 - 2n real-valued differential forms dz1, ..., dz7,
dwf, ... dw?, are R-linearly independent on H* C TZ*. Therefore
a subset of 2n of these forms (n for each sign) is R-linearly indepen-
dent on TN*. After exchanging some of the z,- and w*-coordinates
(note that dwy — w¥dzy = d(wy — w¥zy) + zpdw®), we can assume

that dzl,...,dz" are linearly independent on TN*, so by the inverse
function theorem, the z-coordinates form a local coordinate system on
N. O

2.2.1. Example: The twistor space CP?"*! — HP".
Let CP" be the space of nondegenerate para-complex lines in C"*1,

n

CP" = {(2,,...,2,) € C"": Ziaza # 0}/C".

a=0

Accordingly, let

HP" = {(ho, ..., h,) € H""' 0> "hh, # 0}/H".

a=0
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In each para-quaternionic line there is a unit element, which can be
completed to a unitary basis of H"*! (see the proof of Proposition
, so Sp™(n+1) acts transitively on HP"; therefore we can identify
the latter with the coset space Sp™(n + 1)/Sp™(n) x Sp™(1).

Consider the identification H*™! = C"*! ¢ iC"*! = C?"*2 and note
that (z +iw)(z + iw) = Zz + ww for z,w € C, so the scalar products
(and the notions of nondegeneracy) on H"*' and C?*'*? agree. In
particular, there is a fibration CP?"*! — HP", which is the fibration
of homogenous spaces
Sp™(n+1) . Sp™(n+1)

Sp™(n) x UT(1)  Sp™(n) x Sp™(1)
We want to give an explicit expression for the contact form: Let w =
Sy dz A dw, be the standard symplectic form on C*"2 and let
Xiad = Yon_o(Zazs + wa%) be the radial vector field. The 1-form
o = Xppqw =Y _,(2%dw, —w,dz") is homogenous of degree one and
vanishes in the radial direction, so it yields a holomorphic form « on
CP?"*! which is well-defined up to multiplication by a non-vanishing
function. The kernel of o/ in C?"*2 is the orthogonal complement
(X1aqi)t of the vertical vector field X, ,qi = Z'ZZZO(E“E)ZH — Ea%),
and thus ker(a) is indeed the horizontal distribution in CP?"+1,
On the subset Uy := {[2% wy, ... 2" w,] : 20 € C*} C CP?"! we intro-
duce affine coordinates [2°,...,w,] — (2°)7Y(wo, 2%, ..., w,), thereby
identifying Uy with the hyperplane {2 = 1} € C?"™2. In these coordi-
nates we have

0=y = dwy + Z(zadwa — wedz®)

a=1

Coordinates (2%, w,) as in Theorem [2.1.11] are given by
Wy = Wy + Z z%w,
2= 2"
Wy = 2W,.

Using these coordinates, we can construct the following horizontal im-
mersions C" D U — CP?"*! .

Oh/2 Oh/2 Oh/2
1 n . E ' a R . R
(- 2") {1'h— ZWZWZWy
where h: U — C is a holomorphic function.

Accordingly, the para-complex immersions U — HP"™ are

_ Oh/2 .0h/2 .0h/2
1 n o a o1 R
(z,...,z)»—>[1+z(h g z—aza).z —1—2—821 Deeeiz —Haznl.







CHAPTER 3

Para-pluriharmonic maps into symmetric spaces

3.1. Para-pluriharmonic maps

3.1.1. Definitions.

DEFINITION 3.1.1. Let (N, gn), (M, gr) be pseudo-Riemannian man-
ifolds. A map f: N — M is called harmonic if it is a critical point of
the energy functional under variations with compact support

1

E(f) = §/NtrgN(f*gM) dvoly.

The first variation of the energy is given by

d 0
—E(f;) = / gM(i,trgN(Ddf)) + divX dvoly,
dt v M o

where D is the connection on End(T'N, f*T'M) induced by the Levi-
Civita connections on T'N and T'M and where X is the vector field on
N defined by gn(X, ) = gM(%,df-). Therefore, f is harmonic if and
only if

trgy (Ddf) =0

If N is 2-dimensional, then the energy functional is invariant under
conformal changes of the metric gy, so the definition depends only on
the conformal class of gy. But in two dimensions, the conformal classes
of definite metrics correspond to the complex structures (up to sign),
and the conformal classes of indefinite metrics correspond to the para-
complex structures (any indefinite scalar product in two dimensions
has two null directions, which we take as the +1-eigenspaces of the
para-complex structure). The former case leads to the definition of
pluriharmonic maps, which have already been studied (see [BR] [ET2]),
the latter case to para-pluriharmonic maps:

DEFINITION 3.1.2. Let (N, J,g) be a para-Kéhler manifold and let
(M, gar) be a pseudo-Riemannian manifold. A smooth map f: N — M
is called para-plurtharmonic if it is harmonic along every 1-dimensional
para-complex submanifold.

ProprOSITION 3.1.3. For a map f: N — M with N, M as above the
following conditions are equivalent:

(1) f is para-pluriharmonic

33
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(2) (Ddf)+1=Y =0, 4. e. Ddf vanishes on T*N @ T™N.
(27) (Ddf)V) =0, i. e. (Ddf)® vanishes on TOON @ TODN,

PROOF. (2) = (1): Let L C N be a para-complex curve and
z+ = x £ y a pair of holomorphic coordinates on L. The Levi Civita
connection on L differs from the one on N only by the (traceless) sec-
ond fundamental form, and at any point p € L the pseudo-Riemannian
metric g|7,r is proportional to dz; V dz_ = dr ® dv — dy ® dy. So we
have tr,(Ddf) ~ (Ddf)(Z, Z) — (Ddf) (£, 2) = (Ddf) (52, 72-) = 0.
(1) = (2): Any pair of vectors Zy € TN is tangent to a para-
complex curve through p. The same calculation as before shows that
(DAf)(Zy,Z_) ~ trg(Ddf) = 0.

(2) & (2') is immediate from VAED(TN) = vIEL="D(TN)®C (cf. Propo-

sition [1.2.10). 0

3.1.2. A remark on complexification. We observe that if [ is
a complex structure on V, then IC is a C-linear complex structure on
V®C, and J¢ = i-IC is a para-complex structure. This leads to the idea
to construct para-pluriharmonic maps in the following way: Start with
a pluriharmonic map f: N — M, extend this to map f¢: N¢ — MC
and then restrict it to an alternate real form N of NC, such that i/
is a para-complex structure of TN. — The problem with this is that
one cannot expect the image f(N) to be contained in a totally real
submanifold M of MC.

To illustrate this, we consider N = R? with the standard complex

structure [ = ? _01 ) and M = R : A function f: R? — R is

harmonic, if and only if
d(df oI) =10

Then the complex analytic continuation f€: C? — C of f is harmonic
and para-harmonic,

d(df® o I®) = d(df® 0 iI) = 0.

Restricting this to (C, j) = (Re; @iRey, iI), we obtain a para-harmonic
function

C . :
f |Re1®iReg~ R@l @ ZRBQ — (C

However, the image of f©(Re; @iRey) is usually not contained in a one-
dimensional real subspace, e.g. if f(x,y) = x + y, then f(z,iy) = C.
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3.1.3. Pseudo-Riemannian symmetric spaces. Recall that a
pseudo-Riemannian symmetric space is a pseudo-Riemannian manifold
M, such that for each point p € M there exists an isometry s,: M — M
(the geodesic reflection) whose differential at p is ds,(p) = —idg, . We
will always assume that M is connected. It follows that the identity
component, of the isometry group G := Isoy(M) acts transitively on
M. Therefore M can be identified with the coset space G/K, where
K ={g € G : g-o = o} is the stabilizer subgroup of a chosen base
point o € M. The conjugation by s, is an involutive automorphism
o: G — G, the Cartan involution. It holds that G§ C K C G?, where
GG denotes the fixed-point set of o. The differential do.: g — g defines
the Adg-invariant Cartan decomposition g = ker(do, —id) & ker(do, +
id) =: £ ® m. In fact, ¢ is the Lie algebra of K, so the differential of
G — M annihilates £ and maps m isomorphically to T, M.

Conversely, let G be a Lie group, ¢ an involution of G, K C G a closed
subgroup such that G§ C K C G“ and suppose that there exists an
Adg-invariant pseudo-Euclidean scalar product on m := ker(do, +id,)
(e.g. the Killing form, if it is nondegenerate) for which do is an isom-
etry. Then M = G/K has the structure of a pseudo-Riemannian
symmetric space with the geodesic reflection given by syx(hK) =
go(g~'hK). The group G acts by isometries.

By saying that M = G/K is a symmetric space, we will implicitly
assume that the image of G — Iso(M) contains Isog(M). (This is
automatically the case if G is semisimple.) Usually, we will also demand
that the kernel of G — Iso(M) be discrete, in other words, that the
G-action on M be almost effective.

The following facts hold (see e.g. [H], [O’N], [El)

FACT 3.1.4. Let G/K be a pseudo-Riemannian symmetric space with
almost effective G-action. Then

(1) [e,¢) C & [, m] Cm, [mm]CE

(2) If g is semisimple then [m, m] = ¢.

(3) [[m,m],m] C m. The isomorphism m = T,M identifies the
Lie triple product on m with the Riemannian curvature tensor
(possibly up to sign, depending on the definition of the latter).

(4) The group gK g acts on T, M by linear isometries preserv-
ing R. Moreover, if G is semisimple then the map gKyg~' —
Auty(Tyx M, g, R) is surjective. The same holds if M is simply
connected and the image of G in Iso(M) contains Isoy(M).
[O’N, Theorem 8.14].
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3.1.4. Existence of associated families. Pluriharmonic maps
into Riemannian symmetric spaces of non-positive or non-negative cur-
vature are characterized by the fact that they have associated families.
In our setting this is slightly different:

THEOREM 3.1.5. Let N be a connected and simply connected para-
complex manifold and M a pseudo-Riemannian symmetric space. The
following conditions for a smooth map f: N — M are equivalent:

(1) f has an associated family, i.e. there exists a 1-parameter
family (fo, ®g)oer of maps fo: N — M and parallel bundle
isomorphisms ®g: fyTM — f*T'M preserving the pseudo-
Riemannian metric g™ and the curvature R, such that

df o e’ = @, o dfy (7)

(2) [ is para-pluriharmonic and
RY(df(T+N), df (T )
RY(df (T N), df (T~ N))

(2°) f is para-pluriharmonic and

RM(df(T™MON), df (TP N)) = 0.

0
0

PROOF. The equivalence (1) < (2) follows from the answer to a
more general question, which is, roughly speaking:

Given a vector bundle £F — N, such that the fibres
are isomorphic to those of T'M, when is a bundle ho-

momorphism F': T'N — FE the differential of a function
f:N— M?

The answer is given in [ETI, Theorem 1]:

THEOREM (Eschenburg, Tribuzy). Let N be a simply connected smooth
manifold and let M be a pseudo-Riemannian symmetric space with
Levi-Civita connection DM and curvature tensor RM. Let E be a vec-
tor bundle over N, equipped with a connection D, a D-parallel fibre
metric g and a D-parallel triple product RE: N> E — End(E), such
that there exists a linear isometry ®y: T,M = E, for some fized points
o€ M, pe N, such that DFRY = R). Let F: TN — E be a vector
bundle homomorphism. Then there exists a smooth map f: N — M
and a parallel bundle isomorphism ®: f*TM = E preserving R and g
such that
F=dodf
if and only if
(DxF)(Y) — (DyF)(X) = 0 (8)
DnyO' - DyDXO' - D[X’y]O' = R(FX, FY)O' (9)
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for all vector fields X,Y € X(N) and sections o of E, where in the
first equation D denotes the connection on Hom(T'N, E) induced by D
and a torsion-free connection on TN.

Applying this Theorem to the bundle E = f*T'M with the pull-back
connection, metric and curvature tensor and to the map Fy = df o e/,
we see that a solution (®y, fy) of the equation Fy = Py o dfy exists if
and only if the conditions and () are fulfilled. We already know
that they are fulfilled for Fy = df. We consider the first equation:
Since DJ = 0, we have DFy = DF - ¢%/. Now, if X and Y are of the
same type, say X,Y € TTN, then ¢’/ is just multiplication by e?, so
equation remains valid for all # € R. Thus, it has only be checked
for vectors of different types; in this case it holds for all § € R, if and
only if both terms are zero — but this is precisely the pluriharmonicity.
A similar consideration can be done for the second equation: This time,
if X,Y are of different types, the factors e? and e~ cancel, so we have
to test equation @ with vectors X, Y of the same type: Then the right
hand side picks up the factor e*??, so equation @ can only be fulfilled
for all # € R if both sides are zero. But for Fy = df, this is precisely
the condition for the images of TN given in (2).

The equivalence (2) < (2') follows immediately from TWON = (1 +
HNTHN @ (1 —§)T-N . O

REMARK 3.1.6. If M is simply connected, then the solution (®y, fp) is
unique up to isometries of M ([ET1], Theorem 1]). Moreover, if f is full
(i.e. if the image of f is not contained in a totally geodesic subspace
of M), then ®y is determined by fp; this follows from |[ETI, Theorem
2].

REMARK 3.1.7. In the Riemannian case, the condition
RM(df(TMON), df (THOIN)) =0

actually follows from the pluriharmonicity, provided that the curva-
ture tensor of M (viewed as a symmetric bilinear form on A(GDT M)
is semi-definite; therefore, if M is a Riemannian symmetric space of
nonpositive or nonnegative curvature, all pluriharmonic maps have as-
sociated families. In our case this is not true, as shown by the following
counterexample:

Let M be any symmetric space with nonzero curvature and
let U C M be an open subset diffeomorphic to R™. Let
N :=UxU, Jy =idpy x (—idpy) and let g be a compatible
metric. The projection on the first factor f: N 2 U — M
is obviously para-pluriharmonic since it depends only on the
+-coordinates. But since RM (df(T+N),df(T*N)) # 0 by
assumption, f does not have an associated family.
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REMARK 3.1.8. If M = G/K is a para-Kdhler symmetric space, then
the conditions for the existence of an associated family (Theorem|3.1.5(2))
can be expressed in a very nice way; this has been discovered recently
by Eschenburg and Quast [EQ):

Suppose that G is semisimple. We consider the standard immersion
J: M — g, which assigns to each point p € M the para-complex struc-
ture J,, which is a derivation of the Lie triple algebra (7,M, R,) and
therefore given by an element of g acting by the adjoint representation.
From the parallelity of the endomorphism field J we conclude that the
image J(M) C g is the adjoint orbit Adg (&), ade := Jei (see the proof
of Proposition [3.2.2). Let g = ¢ ® m be the Cartan decomposition of
g. By definition, ad, is a para-complex structure on m and zero on &.
In particular, £ coincides with the stabilizer subalgebra of £. It follows
that the map M — Adg(§) C g is a G-equivariant covering. The
tangent and normal bundles of J(M) C g are Adg(m) and Adg(®),
respectively. At the point n € Adg(€), the para-complex structure on
T,J(M) is ad,.

Now let f: N — M be a map from a para-Kédhler manifold N into M.
The differential of f: N — M — g can be considered as a g-valued
differential form on N. Let

vi=Jy-df - Iy =adp(df - Jy) € Q' (N;g).

We claim that f has an associated family if and only if v is closed
|EQL Theorem 5.1].

PROOF. A short calculation shows that
dy(X,INY) = [f,VAf(X,Y) = Vdf(JyX,JyY)]
+ [df(X), df (V)] + [df(InX), df (JnY)],

where V denotes the connection on T*N ® g defined by the Levi-Civita
connection on T'N. Since ad; vanishes on the normal bundle, the ex-

pression in the first line takes values in the tangent bundle. It is zero
for all X,V if and only if

0 = (VAf(X,Y) = Vdf(JxX, JxY))"
= Ddf(X,Y) - Ddf(IxX, INY),
which is precisely the definition of f being para-pluriharmonic.

The expression in the second line takes values in the normal bundle. It
is zero for all XY, if and only if

0 = [df(X),df(Y)] +[df(JIxX),df (InY)]
RIMD(f(X), df (V) + R (A (InX), df (INY)),
which is equivalent the condition RM (df (T*N),df(T*N)) = 0. O
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In [EQ)] this is used to generalize the Sym-Bobenko construction of sur-
faces in R?® with prescribed constant mean curvature from their (har-
monic) Gauf map.

3.1.5. The Maurer-Cartan form. If G is a matrix group, i.e.
a closed subgroup of GL(-,R), then there is an alternative approach
to associated families using the Maurer-Cartan form. The following is
completely analogous to the Riemannian case, see [DE| (note that our
®y is ®, ' there).

Let Ny be a contractible open subset of N. Then any map f: Ny —
M = G/K can be lifted to amap F': Ny — G such that f = woF; thisis
called a framing of f. This framing is unique up to right multiplication
by K-valued maps. Without loss of generality, we may assume that
Po € Np is mapped to o = eK € M, and that F(p,) = e.

To the framing F' we assign the g-valued differential form
o= F'dF € Q'(Ny; g),
the Maurer-Cartan form. It holds that da 4+ a A a = 0.

Suppose that f: N — M = G/K fulfills the conditions of Theorem
Let (®g, fo) be the associated family of f. For any p € N, ®y(p)
is a linear isometry Ty, )M — Ty, M which preserves R, therefore
under the requirements of Fact [3.1.4[(4), ®y(p) is given by an element
of G.

We can easily check that
Fy:=d,'F
is a framing of fy with corresponding Maurer-Cartan form
ag = Fy'dFy = a + F ' ®yd®, ' F.

From the parallelity of @, it follows (cf. [DEL Lemma 1]) that the last
term on the right hand side takes values in m C g and that (ap)e =
for any 6 € R (where a@ = ai + ayy, due to the splitting g = € m). By
definition, the component () is the horizontal lift of dfy, up to left
multiplication by elements of GG, therefore from equation we obtain

(g)m = amo e = efalF10) 4 7001,

For fixed p € Ny, the map 6 — Fy(p) can be considered as an element
of the loop group

A :={v: R — G;~ smooth}.

Thus, we have defined a map F: Ny — A, F(p)(0) := Fyp(p) which
satisfies

f‘fldf = ap + eea(Jrl,O) + 67905(0,71);

m m
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this is called an extended framing. By construction, F is unique up to
constant loops with values in K, hence the map F :=1oF: N — A/K
is uniquely determined by f and globally defined on N.

Conversely we can reconstruct the associated family from F: Let Fy =
F(0) and fy = 7o Fy. Then a short calculation shows that

dfg o "’ = (FoFy ") o dfy
and that &y := FOFQ_1 is parallel.

3.2. Isotropic para-pluriharmonic maps

We now want to focus our attention to the case where the family (fp) is
constant in #. Such maps are called isotropic para-pluriharmonic maps.
Equation [7] then reads

df 0 e = By 0 df, (10)

where @y is a parallel bundle automorphism of f*T'M preserving R and
g.

We now assume that f is full, i.e. that the image is not contained in
a totally geodesic subspace of M.

PROPOSITION 3.2.1. Let f: N — M be a full isotropic para-plurihar-
monic map. Then

(1) (®)ger is a one-parameter group of automorphisms of f*T M,
1. €. (139 o (I)g/ = (I)g_,_gz

(2) f*T'M has a decomposition into parallel eigenbundles:
[*TM =@, qq Er, where Og|p, = e

(3) The image of df is contained in E_y & E1, and E_1 & E,
generates f*T'M as Lie triple algebra.

(4) g(Ex,E,) =0 if A\ +pu#0 and dim £y = dim E_.

PROOF. Let E) := (yeg ker(®g — €*). From equation we see
immediately that df(T*N) C E.;. Let E', be the smallest parallel
subbundle of f*T'M containing df (TTN), then E',; C E.;, because ®y
commutes with the parallel translation on f*T'M. Now let £ C f*T'M
be the bundle generated by (E’; @ E' ;) as a Lie triple algebra. By
definition we have [[E), E,], E,] C Exyutr and thus £ C @@, j4q En-
We claim that £ = f*T'M: In fact, because F is parallel and R-
invariant and because f is full, this is the consequence of [ET1, The-
orem 2|. This proves (2) and (3). (1) is an immediate consequence.
Now (4) follows from the fact that @, is an isometry of f*T'M: We
have g|p, x5, = P39lpaxe, = €*g|p, «p,, which obviously implies
the first statement. But then, g is an isomorphism Ey — E*,, which
proves the equality of dimensions. O
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Assume now that G is semisimple or that M is simply connected (and
that the image of G in Iso(M) contains Isoy(M)).

For each p € N, ®y(p) is a one-parameter group of automorphisms of
the Lie triple algebra (T M, R), so by Fact [3.1.4(4), it can be con-
sidered as a one-parameter subgroup of gKg~' (where gK = f(p)). Its
generator L®o(p) is a derivation of the (Tyx M, R) and therefore given
by the adjoint representation of an element of Ad,(¢). This element is
uniquely determined, if the action of G on M is almost effective.

Let p, € N and choose o = f(p,) as the base point in M.

PROPOSITION 3.2.2.
Under the identification ad: Ad,(¢) = Der(T,xM, g, R), the map

d
F=—ly—®
oo,
takes values in the adjoint orbit Adg(€) C g, where ade := F(po).

PROOF. Let p € N and let v: [0,1] — N be a smooth path from
Po to p. Recall that the left invariant distribution gm C T,G yields
a connection on the K-principal bundle G — M which agrees with
the Levi-Civita connection on TM = G x g m. Therefore the parallel
translation along fo~y is given by a horizontal curve ¢(t) in G, such that
gK = fo~,g(0) =eand ¢ € gm. It follows that F(v(t)) = Adywé,
because both sides are parallel endomorphism fields along f o, which
coincide at t = 0. U

From Proposition we see immediately that ade has odd integer
eigenvalues on m = T, M. Therefore, if g is semisimple, ade has even
integer eigenvalues on £ = [m, m|, and the sum of the +1-eigenspaces
generates all of g as Lie algebra. Elements £ € g with this property are
called canonical:

3.3. Canonical elements and twistor spaces

DEFINITION 3.3.1. Let g be a real semisimple Lie algebra. An element
¢ € gis called canonical, if

(1) g is the sum g = @,_, g of ad¢-eigenspaces g, := ker(ade —
Aidy) with integer eigenvalues.
(2) g_1 @ g1 generates g as Lie algebra.

Some authors replace the condition (2) by
(2) the Lie algebra generated by g1 © g1 contains €D, 9x-

To distinguish these notions, we call an element & semi-canonical, if

(1) and (2’) hold.
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LEMMA 3.3.2. If g is simple, then any semi-canonical element of g is
either canonical or zero.

More generally, let g be semisimple and let g = g & g’ & --- be the
decomposition into simple summands. Then a semi-canonical element
E=E+E"+--- is canonical, if and only if all the &',£", ... are nonzero.

PROOF. Let g be simple and ¢ semi-canonical. From (2’) and
(g0, 9+1] C g+1 and the Jacobi identity it follows that the Lie alge-
bra generated by g_; @ g; is an ideal in g and therefore either all of
g or trivial. This proves the first statement. The rest is straightfor-
ward. O

DEFINITION 3.3.3. Let £ € g be semi-canonical. The adjoint orbit
Z(&) := Adg(§) is called the twistor space associated to &.

FACT. Z is the homogenous space G/H, where H = {g€ G : Ad,(§) = ¢}
is the centralizer of & with Lie algebra h = go.

PROPOSITION 3.3.4. Let G be a connected real form of a complex
semusimple Lie group. Let g be the Lie algebra of G and & € g semi-
canonical.

(1) The map o: g — €™ ge ™ (i2 = —1) is an involutive auto-
morphism of G with corresponding Cartan decomposition

g= ¢ Om= (@)\even g)‘) D (®>\Odd g)‘)

(2) It holds that H C G°, and H - G§ is a subgroup of G. Let K be
a subgroup of G such that H - GJ C K C G°. Then there is a
G-equivariant projection map w: Z — M onto the symmetric
space M = G /K, called the twistor fibration.

(3) The G-action on M is almost effective (i.e. the kernel of the
map G — Iso(M) is discrete) if and only if  is canonical.

PROOF. (1): The stated Cartan decomposition follows from the
fact that do = e™¢ is +1 on g, if \ is even, and -1 if X is odd. This
also shows that do(g) = g and do? = id, which implies 0(G) = G and
0% = id, since G is connected.

(2): If g € H, then ™ = ¢™dst = g€~ g0 g € G°. This shows
that H C G°. It now follows that hG§h™' = G for any h € H.
Therefore H - G§ = G - H, which implies that H - G is a subgroup of
G. The rest is straightforward.

(3): Let & be canonical. We have to show that the adjoint action
t — gl(m) is effective. Suppose that X € ¢ and adx|, = 0. Since m D
g_1 P g1 generates g, it follows by the Jacobi identity that adx|y = 0,
hence X = 0. Vice versa, let ¢ be semi-canonical, but not canonical.
Then the orthogonal complement (with respect to the Killing form) of
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the subalgebra generated by g_; @ g; is an ideal contained in gy C €
and therefore in the kernel of ad: ¢ — gl(m). O

At £ € Z, the tangent space of Z is TxZ = ady(§) = @AGZ\{O} gy =:
3. This eigenspace decomposition is Ady-invariant and thus defines a
decomposition of T'Z into Adg-invariant distributions Adg(gy), A €

Z \ {0}.
PROPOSITION 3.3.5. The twistor space Z = Adg(§) has a canonical

para-complex structure which is given by multiplication by sgn(\) on
Adg<g)\) cTZ.

PROOF. The proposition follows from the fact that Z can be writ-
ten as a quotient of para-complex groups (see below). However, there
is a direct proof: From the fact that e*d is an isometry with re-
spect to the (nondegenerate) Killing form it follows that dim(g,) =
dim(g_»), cf. the proof of [3.2.1(4). Moreover, the distributions T+Z =
Adg (€D, 9x) are integrable, because they are tangent to the leaves

Adgn, (§) C Z, where Ny := exp(B,50 95)- O

THEOREM 3.3.6. Let N be a connected para-Kahler manifold and let
G be a connected real form of a semisimple complex Lie group.

(1) Let M = G/ K be a symmetric space with K = G and suppose
that G acts almost effectively. Then any full isotropic para-
pluriharmonic map f: N — M defines a canonical element
¢ € g and a tunstor fibration w: Z — M. The map f has
a para-holomorphic lift F: N — Z, f = wo F, such that the
differential dF takes values in the subbundle Hy := Adg(g1 ®
g-1) C TZ (called superhorizontal bundle)

(2) Let & € g be canonical and let w: Z — M = G/K a twistor
fibration as in Proposition [3.3.4] For any para-holomorphic
superhorizontal map F': N — Z the map f := woF is isotropic
para-plurtharmonic.

PROOF. For the proof of (1), there is only left to show that F' =
d%\gzgcbg is para-holomorphic and superhorizontal, i.e. that dF maps
T*N to Adg(g+1): In the proof of Proposition we have already
seen that [ o y(t) = Adyyé with g7'¢’ € m and therefore dF -
v € Adgm, €] = Ady(P, ,qq9r). The map dn: TZ — TM takes
Adg(gy) to Ey, and from equation it follows that dmrodF(T*N) =
df (T£N) C E44, hence dF(T*N) C Adg(g+1).

In order to prove (2), recall that the para-complex structure on the
subspace Ad,(g_1®g1) C T Z, & = AdyE, is just ad(¢'). From the fact
that F' is holomorphic and the image of dF is contained in Adg(g_1 @
g1), we obtain dF o e’ = e%2dr o dF. Composing this equation with
dn: TZ — TM (which is multiplication by (-1) on Ad,(g»), Aodd), and
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recalling that the isomorphism Der(Ad,(m), [[,],]) = Der(T,x M, g, R)
identifies adp with F, we obtain df oe?’ = e’Fodf, where e =: @y is an
automorphism field of f*T'M, which preserves the curvature tensor and
any Adg-invariant metric. F' and ®4 are parallel, since dF' has values
in the horizontal bundle Adg(m) (see the proof of Proposition [3.2.2)).
Thus, f = 7o F is isotropic para-pluriharmonic by the definition. [

COROLLARY 3.3.7. A necessary condition for the existence of full iso-
tropic para-pluriharmonic maps N — M = G/G? is that o is of the
form o(g) = €™ ge™™ for £ € g.

EXAMPLE 3.3.8. (para-holomorphic maps)

The easiest example of all this is as follows: Assume that M = G/G7 is
a para-Kéhler symmetric space with para-complex structure Jy;. Any
para-holomorphic map f: N — M is isotropic para-pluriharmonic,
since df o e?’¥ = %M o df. The canonical element & € g for this map
is exactly the para-complex structure .J,;; it defines a depth-1 grading
g=9g_1D go D g1. By definition, £ is invariant under G, so G° C H.
We have already seen that H C G, therefore Z = M, and the twistor
fibration is just the identity map.

3.3.1. Para-complex description of the twistor space. We
want to give a description of Z as a quotient of para-complex groups:

DEFINITION 3.3.9. Let G be a (not necessarily semisimple) Lie group.
The para-complexification of G is the product G°¢ := G x G. This is
a para-complex manifold, with the para-complex structure given by
J = idrg X (—idpg). Its Lie algebrais g° = gx g g® C, (X,Y) =
%X + %Y. (cf. Example . We can identify G with the di-
agonal subgroup {(g,9) : ¢ € G}, being the fixed-point set of the
anti-holomorphic involution (g, h) — (h, g) of G°.

Let G be semisimple and £ € g semi-canonical. There is a decom-
position of g° into ad ¢)-eigenspaces with imaginary eigenvalues (see

remark [1.1.3): For A € Z, let g§ := g x g—,. Then g§ is the \j-
eigenspace of ad(¢) (7 equals +1 on g x {0} and -1 on {0} x g), and we
have g = @, ., 95. We define the following subalgebras of g and g° :

ng = @)\209)\ ng =ny X ng

Pr =00 DNy PLi=ps X Ps
The py are parabolic subalgebras (see below) with nilradical (maximal
nilpotent ideal) ny. Let

Ny :=exp(ng), Pr:={geG:Ad,(cl+n}.

These are closed subgroups with respective Lie algebras ny. and p4 (see
[ET2]). Let P§ := Py x P and N§ := Ny x N_.
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PROPOSITION 3.3.10. Z = G/H is an open subset of Z = G¢/P° =
(G/P-) x (G/Py), called the closed twistor space. The para-complez

structure on Z inherited from Z coincides with the one given in propo-
sition [3.3.3

PROOF. The map G & Ge G°/P° has kernel PN P, = H, so
we have a well-defined embedding G/H — G°/P°. The differential of
this map is the isomorphism g/go — g°/p¢ = n, x n_ which sends g,
to gy x {0} or to {0} x g,, depending on the sign of . O

3.3.2. Parabolic subgroups. In order to describe the coset spaces
G/ Pz, we need some facts concerning (real) parabolic subgroups. We
start with some basic definitions from algebraic geometry. (All of the
following can be found in [Ba.)

An affine algebraic variety is a subset V' C C™ which is the set of zeroes
of a family of polynomials. It can be endowed with the Zariski topology,
in which the closed sets are by definition the subvarieties.

Let I(V) C C[C"] be the ideal of polynomials vanishing on V. Then
C[V] := C|[C"]/I(V) is the ring of regular functions. A morphism of
varieties is a map ¢: V' — V', such that ¢*(C[V’]) C C[V]. V is said to
be irreducible, if V' is not the proper union of two nonempty varieties,
which is equivalent to I(V) being a prime ideal. If V is irreducible,
then the quotient field of C[V] is called the field of rational functions,
denoted by C(V).

A variety V is said to be defined over R, or an R-variety, if 1(V) is
generated by polynomials with real coefficients. In this case, the set
V(R) of real points of V (i.e. the points of V' with real coordinates) is
a real variety. A morphism ¢: V — V' of R-varieties is defined over R
(or an R-morphism), if ¢*(R[V']) C R[V].

A group is called linear algebraic, if it is both a subgroup and a sub-
variety of GL,(C) (where GL,(C) is the variety {(g,det(g)™"') : g €
GL,(C)} € C”*1). Tt follows that any linear algebraic group over C
is a complex Lie group. If G is an R-group (i.e. a linear algebraic
group defined over R), then G(R) is a real Lie group and a real form
of GG. Important examples of linear algebraic groups are the classical
(real and complex) matrix groups. In fact, any connected semisimple
complex Lie group is linear algebraic, as well as the adjoint form of any
connected semisimple real Lie group. (In the complex case, the notions
of connectivity in the ordinary (Hausdorff) topology and the Zariski
topology coincide).

Let G be a connected semisimple R-group.

A subgroup P C G is called parabolic, if it contains a Borel subgroup,
i.e. a maximal solvable connected (in fact, the connectivity follows)
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subgroup. In this case, G/P is compact and a projective algebraic
variety (i.e. a subset of CP"™ defined by homogenous polynomials).

We assume that G(R) is non-compact (otherwise the following would
be trivial). Let S be a maximal R-split torus, i.e. a maximal al-
gebraic torus S, such that the adjoint action of S(R) on g has only
real eigenvalues. The dimension r of S is called R-rank of G (this is
well-defined, since all maximal R-split tori are conjugate, [Bo, 20.9]).
Then g is the sum of relative root spaces g = P, cq, 9o (in general
not one-dimensional), where ®r C s* is the relative root system. The
group generated by the orthogonal reflections through the hyperplanes
{at : a € D} is the relative Weyl group Wg = N'(S)/Z(S), which can
be represented by elements of G(R) [Bo, 21.2]. The connected compo-
nents of 5\ J,cq, at are called relative Weyl chambers. The choice of a
relative Weyl chamber determines a partition &g = &) U Py of the set
of roots into positive and negative ones. Let Agx C @5 denote the set of
stmple roots, i.e. the positive roots that are not the sum of two other
positive roots. Clearly, the simple roots («g,..., ), r = rankg(G)
form a basis of s*. Let (£,...,&.) be the basis of s dual to this, i.e.

Qg (gb) - 6ab~

The following proposition relates subsets of Ar to semi-canonical ele-
ments and to parabolic R-subgroups (cf. [Bal, 21.12]):

PROPOSITION 3.3.11. There is a bijection between:

e subsets of Ag,
e conjugacy classes of semi-canonical elements and
e conjugacy classes of parabolic R-subgroups.

More explicitly:

(1) For each subset I C Ag, the element & = 3, ca\j&a 18
semi-canonical.

(2) Each semi-canonical element is G(R)-conjugate to exactly one
of the &;.

(3) If € is semi-canonical, then the connected R-subgroup
Pe={g9 € G:Ady§ € {4 Dye)208a} with Lie algebra
Pe = D)0 8o i parabolic.

(4) For each parabolic R-subgroup P there erists a unique semi-
canonical element &, such that P = Px.

PROOF. (1) By definition, the ad¢-eigenspaces are gy = €D, )=\ a-
Let £ be as described. Then we have a(¢) € {0, 1} for each simple root
a. Since each positive root is the sum of simple ones, it follows that
a(€) € Ny for each positive root a (and of course —a(§) € —Nj for each
negative root —«). Because gy @ g; contains all simple root spaces, it
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generates the subalgebra ,.,gx. From [go,g1] C g1 it then follows
that g, generates @,., g». Analogously for g_;.

(3) By definition, £ is semisimple, so it is contained in a maximal torus
t C go. Choose a Weyl chamber in t* whose closure contains . This
defines a positive direction in t, such that p¢ contains the sum of t
and all positive root spaces. The latter is easily seen to be a Borel
subalgebra, therefore p, is parabolic.

Now (2) and (4) follow from the fact that each parabolic R-group is
G(R)-conjugate to exactly one of the P, |Bo, 21.12|, and that P; =
Py oonly if € = ¢ : This follows from the observation that the ade-
eigenspaces g, (and therefore £, by semisimplicity) are determined by
pe and p_¢: Let ny be the nilradical of pie. Then Dony = Py, 922
(where Dgn := n, D, = [n,D,n]). Because gy L g, for A # —pu
with respect to the Killing form, it follows that gy = p, N nt and
Oia = Doo1ne N (Dynz)* for a € N. dJ

There are two special cases of this construction: For I = Ag we obtain
€ =0and Pn, = G. — For I = () we get the minimal parabolic R-
subgroups, which play the same role in the real Bruhat decomposition
as the Borel subgroups in the complex case:

THEOREM. [Bol 21.15, 21.16] Let G be a connected semisimple R-
group, S a mazximal R-split torus and Py a minimal parabolic R-subgroup.
Then
G(R) = U Py(R)wPy(R)  (disjoint union).
wEWR
More generally, let P D Py be a parabolic R-subgroup of G and let

Wi C Wk be the subgroup generated by the reflections through the
{at:a €I}, then

c® - | ARRE.
wEWR /Wy

Therefore, G(R)/P;(R) is a union of the Bruhat cells

GR)/P(R)= |) RE®RwPI(R)/P(R)
wEWR/Wr

Let w be the element of shortest length in its class w - Wr; then the cell
PywP;/ Py is R-isomorphic to the affine space N, := Ny N wNy_w™,
where Ny, Ny_ are the unipotent radicals of Fy and of its opposite
parabolic subgroup Fy_ := P_¢,, respectively [Bo, 21.20, 21.29]. Note
that exp: n, — N, is an R-isomorphism, because n,, is nilpotent and
the exponential series and its inverse are finite.

There is one big cell in this decomposition, belonging to the element wy
which maps Ag \  to ®g: The image of N, = N;_ is R-Zariski-open
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and -dense in G/P;. Moreover, the map N, — G/P; is a birational
equivalence (meaning that it induces an isomorphism of the ring of
rational functions C(G/P;) = C(N;_)) [Bd, 21.20].

Summarizing this we conclude (back to our original notation, where
the real groups are denoted G, Py, ... rather than G(R), PL(R),... ):

THEOREM 3.3.12. Let G be a noncompact real form of a connected
semusimple linear algebraic group. Let & € g be semi-canonical and
G€/ PC the closed twistor space associated to §. Then the following facts
hold:

(1) The quotient G¢/P° is a product (G/P-) x (G/Py) of real
projective varieties.

(2) (G/P-) x (G/Py) is a disjoint union of affine spaces, namely
the products of the Bruhat cells

U  Bw,P/P)x (Pw_P/Py)
(w4, w_)EWXW

(3) The map ny x n_ = N, x N_ — (G/P_) x (G/Py) is an
embedding onto a Zariski-open and -dense subset (namely the
product of the respective big Bruhat cells) and induces a bira-
tional equivalence n, X n_ ~ (G/P_) x (G/Py).

3.3.3. Twistor fibrations of R-split simple Lie groups. By
Proposition in order to find the twistor fibrations of a given
Lie group G and therefore the isotropic para-pluriharmonic maps into
G-symmetric spaces (Theorem , we have to find the canonical el-
ements in g. A direct consequence of Proposition [3.3.11]is the following

COROLLARY 3.3.13. Let G be a simple Lie group of R-rank r. Then
there exist — up to covering or isomorphism — 2"—1 nontrivial G-twistor
fibrations, each of which corresponds to a proper subset of Ag.

This construction is fairly straightforward, if G has an R-split maximal
torus (i. e. one that is maximal among all tori). These groups are called
R-split.

As an example, we will carry this out for Sp(2n,R) :

The group Sp(2n,R) is defined as the group of automorphisms of
R?" which preserve the standard symplectic form given by s, =

0 -1, . .
( 1, 0 ) . Its Lie algebra is

sp(2n, R) = {( g —it ) : A, B,C € gl(n,R), B,C’symmetric}.
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The group Sp(2n,R) has R-rank n, and a system of simple coroots
spanning the maximal torus is given by

D, (0,
£ = ( —Da)’D“'_( 1n_a>f0r1§a§n—1and

11
gn = (2 " 1
-1,

(o, is the long root of the Dynkin diagram g,
There are two types of canonical elements:

Case 1: o, € I,1.e. £ does not contain the summand &,,. In this case
we have

0 1o,

D 0 L1,

The centralizer of £ is

H = Sp(2my,R) x GL(mg, R) x GL(mg3,R) x ---

(where GL(n,R) = {( ’g (A(_)l)t ) A€ GL(n,R)} C Sp(2n,R)),

and the centralizer of e'™¢ is
GU = Sp(?modd, R) X Sp(2mev, R),
where Modad = Y, oqq Mas Mev = D4 oven Ma-

The resulting twistor fibration G/H — G/K (with K := H-G§ = G)
is
Sp(2n,R) /Sp(2my, R) x GL(mg,R) x GL(m3,R) x ---

!
Sp(2n,R) / Sp(2mey, R) X Sp(2meqq, R).

Case 2: a,, ¢ I, i.e. & contains the summand &,. In this case we have

1
31my

3
(D 0 B 2Lm,
=(5 ) p- o

In order to compute the twistor fibration, it is practical to switch to a
different Weyl chamber and change £ into

1
Elml

, (D 0 , 51,
5-( 0 _D/ 7D_ 1m5

DOt

T
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Then the corresponding twistor fibration G/H — G/K (with K =
H-Gf=G%)1is
Sp(2n,R)/GL(my, R) x GL(mg,R) x - --
Sp(2n,R)}GL(n,R).
(The original £ would lead to a subgroup conjugate to this.)
Note that Sp(2n,R)/GL(n,R) is the adjoint orbit Ads(&,) and there-

fore has a para-complex structure. However, the map Adgy,r)(§') —
Adgp(2n,r) (&) is not holomorphic, except in the trivial case ' = &,.

In the same way we can compute the twistor fibrations G/H — G/(H -
GY) of all classical R-split simple Lie groups:

TABLE 1. Twistor fibrations of classical R-split simple groups

SL(n,R) SL(n,R) /S (GL(m1,R) x GL(mz2,R)---)
An | 6—0.-0—0 !
aq Qn SL(’IZ,R)/S (GL(modd,R) X GL(mevyR))
SO(n + 1,n) / GL(m1,R) x GL(m2,R) x GL(ms3,R) x ---
B, | SO(n+1,n) an ¢ 1 1

SO(n+1,n) / SO(Modd; Modd) X SO(Mey + 1, Mey)

aq Qp—1Qn an € I l

SO(n + 1,n) / SO(modd + 1, modd) X SO(Mevy, Mev)

SO(n+1,n) /SO(m1 + 1,m1) x GL(mz2,R) x GL(ms,R) x ---

Sp(?n, R)/GL(m1,R) X GL(’N’LQ,R) Xoee
C, Sp(2n,R) an ¢ 1 1
Sp(2n,R) / GL(n,R)

OO0 Sp(2n,R) /Sp(2m1,R) x GL(m2,R) x GL(m3,R) x ---
ay Qn—10Qn on €1 !

Sp(2n,R) / Sp(2modd, R) X Sp(2mev, R)

either SO(n,n) / GL(m1,R) x GL(m2,R) x GL(m3,R) x - -
an €l
Dn S()(’I’L7 n) or l
an—1 €1 SO(n,n) / GL(n,R)
QOn—1

o -- both SO(n,n) /SO(m1,m1) x GL(ma, R) x GL(m3,R) x - - -
“ O—O<§n or l

neither SO(n,n) / SO(Modd, Modd) X SO(Mey, Mey)

REMARK. The reader may have observed that SO(n,n) and SO(n+1,n) are
not connected. However, the only place where this assumption was needed,



3.4. Isotropic para-pluriharmonic maps into Grassmannians ol

was the proof of o(G) = G (Proposition [3.3.4]). Since this holds nonetheless,
we stick with these groups rather than use their (non-algebraic) identity
components.

3.4. Isotropic para-pluriharmonic maps into Grassmannians

The fibrations in the first row of this table are in fact the fibrations of
para-complex flag manifolds over para-complex Grassmannians, which
we will now describe more in detail, giving an explicit construction of
para-pluriharmonic maps.

DEFINITION 3.4.1. Let my,...,m; € N and n := > m,. The para-
complex flag manifold ¥,,, ., (C") is the space of nondegenerate
(myq, ..., my)-flags in C"; such a flag is an orthogonal decomposition of
C" into nondegenerate (with respect to the standard para-hermitian
scalar product) subspaces C" = FE; @ --- @ E;, dimg(E,) = my.
Equivalently, a flag is a sequence of nondegenerate subspaces {0} =
Wo ¢ Wy € --- C W, = C" dim(W,) = my + -+ + m,, where
W, = FE; @& --- & E,. (To see the equivalence, we use the fact that
the orthogonal complement of a nondegenerate subspace is again non-
degenerate.)

The flag manifolds F,, ,_n(C") =: Gr,,(C") are called para-complex
Grassmannians.

The standard action of U™(n) on C" induces a transitive (by Proposi-
tion U™(n)-action on Fp,, m, (C™). There is an equivariant pro-
jection map U™(n) — F,,, . m, (C™) which sends a matrix g € U™(n) to
the flag (E1, ..., E;), where E; is the span of the first m; columns of
g, E5 the span of the next msy columns, and so on. In particular, the
identity matrix is mapped to the standard flag C" = C"™ @ --- @ C™.
The restriction of this map to SU™(n) is still surjective, since we can
multiply the first column of a given matrix g € U™(n) by det(g)™! €
{z € C: zz = 1} without changing its span.

This yields the identification
m)(C") = SU™(n) /S (UT(ma) x - x UT(my)).

-----

Now recall that SU™(n) = SL(n,R). So the fibration
SL(n,R) /S (GL(my,R) x --- x GL(m;, R))
!

SL(n,R) /S (GL(1moaq, R) X GL(1ey, R))

(cf. Table 1) is the map F,,, . m,)(C") — Grp, ,,(C"), which sends the
flag (E1,..., E)) to the subspace @, 4q Fa C C". The corresponding
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canonical element is
0-1,,
§= + A1, € sl(n,R)
(=1)1p,
(where \ is the unique real number, such that £ is trace free). By the
identification sl(n,R) = su™(n), X — 21X — =L X* this corresponds
to

0 ] ’ 1m1
§= + Ajl, € u"(n).
(l - 1)] ’ 1mz
LEMMA.

TermnZ = {(Xaw) € @Hom(E,, B) : Xop + X, = 0}
a#b

Tr,..en? = D Hom(E,, By)

a#b

PROOF. The second equation follows immediately from the first. So
let 7, denote the orthogonal projection on E,. From 7, = 7%, 72 = m,
and 7,m, = 0, a # b it follows that a tangent vector to Z at £ = (FE,)

is given by a collection of maps 7, ...m: C" — C" satisfying
/ IES / / / / /
Ty = Moy Tolg+ Ty =Ty, ToTp+ Tam, =0 forab.

Now it is easy to see that that X, := mn, = —mm, € Hom(E,, E})
for a # b satisfies X, + X}, = 0 and that any such collection (X,)
defines maps 7/, with the above properties. Il

By definition, ad¢ has eigenvalue (b—a)j on Hom(C™=, C™), therefore
the superhorizontal bundle is Ad,(g7) = @, Hom(Eq, Eqr1) C T\ Z.
A holomorphic map f: N — Z from a para-Kahler manifold N to
Z = Fny,...m(C™) is superhorizontal, if and only if 9f = df(1? takes
values in @, Hom(E,, E,41), or, equivalently (as follows by induction),
if 0f maps W, = FE1®---® E, to W,,1. Thus we can construct para-
pluriharmonic maps in the following way: Let fi,..., f;,: N — C" be
holomorphic maps such that for n € N the images f,(n) are C-linearly
independent vectors with nondegenerate span. Let W, be the span of
the f,, W5 the span of the f, and their derivatives and possibly further
g1, 92, .. N — C™ and so on, as long as all these maps are (pointwise)
linearly independent and span nondegenerate subspaces. This defines
a superhorizontal map F: N — F(,, . m)(C"), and the composition
f=moF: N — Gr,, (C") is para-pluriharmonic.

A special case of this is the fibration F(,1)(C""?) — Gry(C"*?),
which is the twistor fibration associated to the para-quaternionic Kéh-
ler structure on Gra(C"2) (cf. section [3.6.1). Para-pluriharmonic
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maps f: N — Gry(C"™?), dimg N = n, are obtained by (para-)holo-
morphic functions h: N — C"2 via f = W, @ W3, where W;(n) =
C - h(n) and Wy(n) = spang(h(n), grad(h(n))). In the next section we
will prove that, given two para-quaternionic Kahler symmetric spaces of
the same dimension, there is a biholomorphism between open and dense
subsets (the big Bruhat cells, see above) of their twistor spaces preserv-
ing the horizontal structure. This can be used to transfer the preceding
construction to any para-quaternionic Kahler symmetric space.

3.5. Para-quaternionic Kihler symmetric spaces

In this section, we examine the twistor fibrations Z — M associated
to a para-quaternionic Kéhler structure on M. We will see that these
are the twistor spaces which belong to a depth-two grading g =g_» @
g-1D gD g1 D ge with dim(gys) = 1. The main result is the birational
equivalence between all these twistor spaces of the same dimension.

PROPOSITION 3.5.1. Let M = G/K be a pseudo-Riemannian symmet-
ric space such that G acts effectively on M.

(1) If M is quaternionic Kdhler with nonzero scalar curvature (see
definition M), then there exists a semi-canonical element
& € ¥ which defines a grading g = g_ 2@ g_1B g0 D g1 D g2 Such
that £ € [9-2,02], 0 2D gD g2 =¢ g 1D g1 =m, dim(g o) =
dim(ge) =1 and [,]: g+1 X g+1 — @42 s nondegenerate.

(2) Vice versa, if there exist a semi-canonical & € € which defines
a grading g =g o@D g1 D goD g1 D ge as above and if K C
H - G§ (where H is the centralizer of & in G), then M has a
G-invariant para-quaternionic Kdhler structure.

(3) If K = H -G, the twistor space Adg(§) = G/H is the twistor
space of para-complex structures (Definition .

REMARK. Of course, there may be other twistor bundles over the same
base space M. A simple example is the trivial fibration Gry(C"*?) —
GI‘Q(C”+2>.

PROOF. (1): Suppose M is a para-quaternionic Kahler manifold.
Then ¢ = hol C sp™(1) & sp™(n). If scal(M) # 0 then the curva-
ture decomposition shows that € contains the sp™(1)-factor (see [ACI]
Lemma 1]), so € = sp™(1) @ ¥. The isomorphism 7,M = m identi-
fies the quaternionic structure Q, C End(7,M) with adgyr(1)|m. Now
choose a para complex structure J, € (),. This corresponds to an el-
ement ¢ € sp™(1) C €. By [ACIL Lemma 3 and 4|, g is simple and
¢ corresponds to a long root p with respect to a Cartan subalgebra

a C g° in the sense that Va € a* : a(f) = 22;‘;’3 In particular,

a(§) € {0,+1,£2}, so £ defines a depth two grading of g, and g4 are
the one-dimensional root spaces g,. To see that [,]: g11 X ga1 — gao
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is nondegenerate, we remark that for each root a € a* with a(§) = +1,
we have [go, §—w,(a)] = g+u 7# 0, where w, € W denotes the element of
the Weyl group that is the reflection through the hyperplane {u = 0}.
Of course, the nondegeneracy implies that g.; generates @/\20 gx, S0 &
is semi-canonical.

(2): Let g =g 2Dg_1PgoD g1 Pgo- Then g o BRED o is a subalgebra
isomorphic to sp™(1), and we have gy = RED Zy(sp™(1)). It follows that
tE=sp™(1) @ ¥ with € = Zy(sp™(1)). This implies that Qo := adspr(1)|m
is a para-quaternionic structure on m = T,M, which is invariant under
the adjoint action of £ and therefore under Ky, = G{. By definition,
it is also invariant under H, hence under K C H - (. Therefore )y
extends to a G-invariant para-quaternionic structure on 7M.

(3): The twistor space Z9 of para-complex structures is the G-fibre
bundle G x ;¢ Z%, where Z9 = {q € Q, : ¢*> = 1} is the Sp™(1)-orbit of
¢ in Q,. Since K contains the Sp™ (1) factor, it acts transitively on Z9. It
follows that G acts transitively on Z9, so Z@ is the homogenous space
G/H', where H' = KN H is the centralizer of £ in K. But since H C K
by assumption, we have H' = H and therefore Z¢ = Adg(€). O

Birational equivalence of twistor spaces. Let G be a linear
algebraic group. We have seen that the twistor space Z is an open
subset of Z = G°/P¢, which is a real variety, and that exp(n) =
N§¢ — G°/P¢ is an embedding onto a Zariski-open and -dense subset,
which induces a birational equivalence N§ ~ G°/P°.

If 7 is the twistor space of a para-quaternionic Kéhler symmetric space,
then NS is isomorphic to the (generalized) para-complex Heisenberg
group:

DEFINITION 3.5.2. The (real, complex, para-complex) Heisenberg group
H(n,K) (K =R, C, C) is the group of (n+2) x (n+ 2)-matrices of the
form

1

b1

: : € GL(n + 2,K)
z" 1
wyg wy -+ w, 1

Its Lie algebra is the Heisenberg algebra Hh(n,K) and consists of the
matrices

0
ul 0
: € gl(n +2,K).
u" 0
v v - v, 0

REMARK. Note that H(n, C) = H(n,R) x H(n,R).
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LEMMA 3.5.3. A Lie algebra is isomorphic to the Heisenberg algebra if
and only if it is two-step nilpotent with one-dimensional kernel.

(In the case K = C this condition includes that the kernel is a para-
complex subspace.)

PROOF. Let (uy,...,u,,v", ..., 0") be the obvious basis of h(n, K)
(i.e. the one which is dual to the above coefficients). Then [v*, u,] =
6000 for 1 < a,b < n, and all other brackets are zero, so obviously
h(n,K) is two-step nilpotent with kernel K - v°.

Conversely, let g be a two-step nilpotent Lie algebra and let v° be a
nonzero (resp. regular, if K = C) element of its one-dimensional kernel.
Let g’ a complementary subspace, i.e. g = K-2° @ g’. By assumption
we have [g/,g'] = K- 0%, so the Lie bracket defines a symplectic form

won g via [-,-] = w(-,-)vY. Let (v, up)ap=1..n be a symplectic basis of
(¢/,w) (see Proposition , then [v® 1) = 67 - v°, which defines an
isomorphism g = h(n, K). O

PROPOSITION 3.5.4. H(n, K) has a left-invariant contact form given by

dwg — i wedz®.
a=1
O

Let Z = G°/ P be the closed twistor space associated to a para-quatern-
ionic Kdahler structure. Let N be the unipotent radical of P¢. Then
N§¢ = H(n,C) (as real linear algebraic groups). This isomorphism is
biholomorphic and identifies the contact distribution on H(n,C) with
the horizontal distribution on the orbit of N in Z. Moreover, it extends
to a birational equivalence N§ ~ H(n, C).

PROOF. By Proposition we have nS = gf @ g5, and the Lie
bracket [,]: g7 x gf — g5 is nondegenerate. So n¢ is two-step nilpotent
with one-dimensional kernel gS. This shows that ng = h(n,C), or
equivalently n, x n_ = h(n,R) x h(n,R). Exponentiating this, we get
an isomorphism of the groups N, x N_ = H(n,R) x H(n,R). This
isomorphism is algebraic (i.e. has polynomial components) because
both the exponential and logarithm series are finite. Obviously, it is a
biholomorphism. To show that the contact distribution on N{ obtained
through this isomorphism is mapped to the horizontal distribution by
the map m: N§ — G°/P¢, it suffices to remark that both distributions
are N{-invariant and coincide at the point e € N§, where they are given
by the linear subspace g C nf. The statement about the birational
equivalence has already been made in Theorem [3.3.12] U
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Thus we have shown a refinement of Theorem 2.1.11t The Darboux
coordinates can be constructed explicitly by writing down the isomor-
phism N¢ = H(n,C). They are defined on the open dense subset
7(N¢) N Z of Z.

THEOREM 3.5.5. Let Z be the twistor space of a para-quaternionic
Kahler symmetric space. Then there is an open dense subset U C Z
and para-holomorphic coordinates (21, ..., 2" wo,...,wy,): U — C?>"1
such that the horizontal distribution is given by ker(dwo—Y n_, wadz®).

Now let Z’ be the twistor space of another para-quaternionic Kéhler
symmetric space of the same dimension, then we can put the birational
maps together:

G'/P° — N*= H(n,C) = N{ — G°/P°
This proves:

THEOREM 3.5.6. Let Z = G°/P° and Z' = G'®/P'® be two closed
twistor spaces associated to para-quaternionic Kdhler symmetric spaces
of the same dimension. Then there is a biholomorphic map between
Zariski-open and -dense subsets of Z and Z', which preserves the hor-

izontal distribution. This morphism induces a birational equivalence
Z ~ 7.

This allows us to construct para-pluriharmonic maps into any para-
quaternionic Kéhler symmetric space by transferring the construction
from Gry(C™*2) (see section (3.4)).

3.6. The classical para-quaternionic Kdhler symmetric
spaces

The simply connected para-quaternionic Kahler symmetric spaces have
been classified by Alekseevsky and Cortés [ACI], see also [DJS]:

THEOREM (Alekseevsky, Cortés). Let M = G /K be a simply connected
para-quaternionic Kdahler symmetric space. Then M is one of the fol-
lowing spaces:
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A) SL(n+2,R) SU(p+1,g41)
S(GL*(2R)xGLT (n,R))’ S(U(L,1)xU(p,a))
BD) SO+t (p+2,g+2) SO*(2n+4)
SO1(2,2)xSO (p,q)? SO*(4)xSO*(2n)
C) Sp(2n+2,R)
Sp(2,R)xSp(2n,R)
Eﬁ) Eg(6) Eg(2) Eg(—14)
SL(2Z,R)xSL(6,R) > SU(3,3)xSU(1,1)’SU(5,1)xSU(1,1)
E7) E7(n Er_5) Er(_25)
SL(2,R)xSping(6,6)° SL(2,R)xSO*(12)’ SL(2,R)xSping(10,2)
Es(s) Eg(—24)
Eg) SL(Q,R)XE7(7)7 SL(?,R)XE7(_25)
Fya)
Fy) SL(2,R) xSp(6,R)
Go(2)
G2) SO(2,2)

We want to describe the spaces belonging to the classical groups more
in detail. However, to apply the results of this chapter, it is useful
to consider spaces of the form G/(H - G§) rather than their universal
covers. We will find that these are the following Grassmannians:

(KP? (K = R,C) denotes the vector space KPT? endowed with an
indefinite pseudo-Euclidean or -hermitian scalar product of signature
(p,q). A subspace of signature (p',¢’) is called (p', ¢')-subspace.)

SL(n+2,R ~ n
(1) S(GL(ZEQGL)@L’R)) >~ Gry(C™*?), the set of nondegenerate 2-

dimensional para-complex subspaces of C"*?

SU(p+1,g+1) ~ +1,q4+1
(2) sman=oeg = Gria(Craer),

the set of complex (1,1)-subspaces of CPT1at!

SO 2, 2 ~Y r
(3) SO(QEIZD)JFXS(g(p?q) - Grgﬁ(RpH’qH)’

the set of oriented real (2,2)-subspaces of RPT2:412

SO*(2n44)  ~ n+2,n
(4) SO*(4)E<SS_*()2n) = Grgﬂz(c 2t

the set of those complex (2,2)-subspaces of C""2"*2 which are
invariant under a certain quaternionic structure.
Sp(2n+2,R)  ~u
(5) Sp(2,R)xSp(2n,R) — HPn’
the para-quaternionic projective space.

Following the procedure described in the preceding section, we will
construct Darboux coordinates on their twistor spaces, which in turn
will give us a description of the isotropic para-pluriharmonic maps. (In
the cases (1) and (5) it is natural to use C-valued coordinates, whereas
we will use (RxR)-valued coordinates in the cases (2)—(4).)

3.6.1. SL(n + 2,R) /S (GL(2,R) x GL(n,R)).

Let G = SU™(n + 2) = SL(n + 2,R). The Lie algebra of G is
g={Xegl(n+2,C): X* +X =0, tr(X) = 0}
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In section we have seen that the canonical element

—J
€= 0,
J
leads to the twistor fibration G/H — G/K (with K = G° = H - Gf)
SU™(n + 2) SU™(n + 2)

S(UT(1) x Ur(n) x Ur(1))  S(U%(2) x Ur(n))’

From section [3.4| we also know that the fibration G/H — G/K can be
identified with
Fl,n,1<cn+2> _ Gr2<Cn+2>

where Gry(C™"?) is a para-complex Grassmannian and Z = Fy,, ; (C""?)
the space of nondegenerate (1,n,1)-flags in C"*2.

We have also proven that Z is an open subset of Z = G°/P¢. In the
present case, G = SL(n + 2,C), and P° is the group of upper block
diagonal matrices of the form

[ ] [ ] [ ]
Ole
0[0]e

Thus, Z is the space of all (1,n,1)-flags in C"*2: Such a flag is a
sequence 0 C Wy, C Wy € C™*2, where W, and W, are para-complex
subspaces (possibly with degenerate scalar product) of dimension 1 and
1+n, respectively. The map G/P°¢ = Z is defined as follows: Given
an element of G¢, let W, be the C-span of its first column and W,
the C-span of the first 14+n columns. This map is easily seen to be
surjective and invariant under multiplication by elements of P¢ from
the right.

eSL(1+n+1,C).

The unipotent radical N§ of P{ is the para-complex Heisenberg group
H(n, C). We want to determine the orbit of N in G¢/P¢ : By definition
it consists of those g - P¢, such that g € N - P¢, i.e.

gi1 o Ging2 11010 oo e
: ’ : = e 1,10 |- Ole|e
In+2,1 " Gn+2n+2 oo |1 0/0|e

A necessary condition is that the square blocks on the diagonal of the
right factor are invertible. From this it follows after short calculation
that

giq1 € C* (11)

91,1 91,n+1
det : : e C~. (12)

In+1,1 " Gn+ln+l
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The Gaussian elimination algorithm shows that this condition is also
sufficient:

Since g1,1 is invertible, we can annihilate the rest of the first
column of g by adding multiples of the first row to the other
rows. This is achieved by left multiplication of a suitable
matrix, so we obtain

11010 oo o
o P o
| 0|1 O|le|e

This does not change the determinant of the upper left (n +
1) x (n + 1) submatrix, which is invertible by equation (12)).
It follows that the middle n x n-block on the right hand side
is invertible, so we can eliminate the middle block in the last

row:
11010 oo |0 oo e
01,10 |- Ojeje@ | =] O|e|e
0] e |1 Oje|e 0[0|e

This yields the desired decomposition of g.

From Corollary it follows that the equations (11f) define an R-
3.3.12

Zariki-open subset of Z, as claimed in Theorem

It remains to give a description of the isotropic para-pluriharmonic
maps:

The coordinates on N§,

1
z |1, ,
wo | wh |1
z=(24...,.2") w = (wy,...,w,)", yield holomorphic Darboux co-

ordinates on m(N{) C G°/P°. With respect to these coordinates, a
holomorphic map
F:C">U, — G°/P¢

1

(242" = (2. 2w, . wy)

is horizontal, if there is a holomorphic function h: U, — C, such that
wy = h(z',...,2")
w, = 0h/0z%, a=1...n
This holomorphic horizontal map projects onto the isotropic para-
pluriharmonic map
f=moF:U, — Gry(C"t?
(24...,2") — W@ W5,
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where
1 1 0 0
2t 2! 1 0
Wy, =C- : , W5 = spang : , : ey :
z" " 0 1
h h o o

This is what we have seen in section (neglecting that we can change
this map by a biholomorphism C" > U, = U, C C").

3.6.2. SU(p+1,9q+1)/S(U(1,1) x U(p,q)).
Let G = SU(p + 1,q + 1) be the group of endomorphisms of C"*?2

n = p + ¢, with unit determinant which preserve the hermitian scalar
product given by the matrix

— 1p
E = 1,

1

Its Lie algebra is g = su(p+1, ¢+1) = {X € s[(n+2,C) : X*E4+EX =0}
and counsists of traceless matrices of the form
a -C* D* c

A C .
B u(p, q) D €sl(l1+n+1,C), b,c €iR.

b | —A* B | —a

The canonical element

—1
= 0piq

leads to the twistor fibration
SU(p+1,q+1) . SU(p+1,q+1)
S(U(p,q) xC*)  S(U(p,q) x U(1,1))

(where C* — {( X 1% ) ae CC*} c U, 1)).

The coset space SU(p+1,q+1) /S (U(p,q) x U(1,1)) can be identified
with the Grassmannian Gry ;(CPT41) of 2-dimensional complex sub-
spaces V' C C""2 which have signature (1, 1) with respect to the above
pseudo-hermitian metric; an element of GG is sent to the subspace V
that is spanned by the first and the last column. The twistor fibre over
V C C"*? is the set of compatible para-complex structures on V, i.e.
the set of decompositions V' =V & V™ into complementary complex
(totally) degenerate spaces.
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The subgroups P. and Ni are the groups of lower or upper block
diagonal matrices, where the groups N. have unit matrices on the
diagonal. The homogenous space (G/P_) x (G/Py) is the space Z of all
pairs (V*, V™) of one-dimensional degenerate spaces V+ C CP+hatl,
The map G x G — Z sends a pair (g,,g_) to (V*, V™), where V* is
the span of the first column of g, and V'~ the span of the last column
of g_.

As before, the algebra n, consists of the strictly lower block diagonal
matrices. A Lie algebra isomorphism h(p + ¢, R) = n, is given by

; 0
ul 0 :
u +1v 0,
X = ~ .~ )
ot uU — 10 0,
u 0 2ivy | —u + vt @ + v | 0
Vg Uit Upyq O
where u = (ul,...,uP), @ = (WP, w0 = (vg,...,0,)" 0 =
t
(Vpt1, - - - Upg)

Exponentiating this, we obtain an isomorphism H(p+¢,R) = N, and
Darboux coordinates on N, :

1
Z+-|—’L"Il)+ 1p 0
Zp — iy 0 1,
12z —wiw +2L 2 @i wy) +i2uwi — 2w —ZLwy) | =2l +iw] 2L -l |1
_ (.1 P\t 5 _ (,ptl p+q\t _ + +\t
where z, = (z,...,20), 2, = (&, 20wy = (w), . wy)
5 (ot + ¢
Wy = (W, W)

In the same way for N_:

1| =2zt +iw® 2 —iw’ | S(—zlze—wlw 42 2 4wl w ) +i(Rwy —zLw_ —Z W)
1, 0 zZ_ +i1w_
0 1, Z_ —iw-
1

Therefore, the isotropic para-pluriharmonic maps are of the form
C"=R"xR"DU, — Grpy(Crhath)
(z4,...,2%) — VeV,

where V is the span of the first column of N, and V_ the span of the
last column of N_ (note that these vectors are degenerate):

1
Zy +iwg
ZL — Z'lb+
Lt t St 5 ot on o)t St
(=2 zy —wlw +2L Z 4wl wy) +i(2wy —2fw, —2Lw,)

VJ,_:(C'
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H(—Zlzo—ww +z Z tww_) +i(2wy —zLw_—Z w_)
. Z_ +iw_
V-=C Z_ —iw-
1
and where wi = ha (21, ..., 2%), wE = Oh. /024 for a para-holomorphic

function h=h, xh_:R"xR*" DU — R x R.

3.6.3. SO(p+ 2,9+ 2)/SO(p,q) x SO(2,2).

Let G = SO(p + 2,q + 2) be the group of endomorphism of R4
which preserve the pseudo-Riemannian metric given by the matrix

1,

E= P
1,

The Lie algebra g = so(p + 2,q + 2) consists of the E-skew matrices;
these are of the form

—-Ct D

a c
A C
B | s | 5 [€82+n+2) bceo(2)
b —A" B' | —d
1,
The canonical element § := 0p44 leads to the twistor
1,

fibration G/H — G/(H - GY)

SO(p+ 2,9 + 2) SO(p+2,q+2)
SO(p,q) x GL(Z,R)  SO(p,q) x SO(2,2)’
The space M = SO(p + 2,q + 2)/SO(p,q) x SO(2,2) can be identi-
fied with the Grassmannian Grj,(RPT>92) of oriented 4-dimensional
subspaces of RPT2972 which have signature (2,2) with respect to the
above pseudo-Riemannian metric. The map G — M is defined as fol-

lows: Given an element of G, its first two and last two columns form
an oriented basis of this (2,2)-subspace.

Note that M has a two-fold quotient, the non-oriented Grassman-
nian Groo(RPT2472) = SO(p + 2,9 + 2) / S(O(p,q) x O(2,2)), which
is not para-quaternionic Kéhler (the para-quaternionic structure is not
S(O(p, ¢)xO(2,2))-invariant). M also has a two-fold cover, the strongly
oriented Grassmannian Grjy”" (RPH2412) = SO(p+2,¢+2) / SO(p, q) X
SO™(2,2), which is para-quaternionic Kéhler, but has no twistor fibra-
tion in the sense of Proposition m (in other words, the twistor space
defined in Chapter 2 is no adjoint orbit).
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The twistor space Z = G/ H is the set of pairs (V, V™) of 2-dimensional
totally degenerate subspaces V* of RPF24¥2 guch that the pseudo-
Euclidean metric is nondegenerate on V' @ V= (which is therefore a
subspace of signature (2,2)). The map Z — M maps the pair (V*, V)
to the sum V™ @ V~; note that a canonical orientation on V' @V~ is
obtained through the isomorphism V* = (V7)*.

The closed twistor space Z = (G/P_) x (G/P,) is the space of all pairs
(V*, V™) of 2-dimensional totally degenerate subspaces of RPT2472,
The map G x G — Z sends the pair (g4,g_) to (V,V ™), where V*
is the span of the first two columns of g, and V'~ the span of the
last two columns of g_. This map is P_ x P,-invariant and defines an
isomorphism (G/P_) x (G/P.) = Z.

An isomorphism h(n,R) — n, is given by

0 0 .
ut 0
u —v| 0,
: . = ~ ~ )
ptaq e 0
U 0 0 —ug| —u! @0
Vo Uy -+ VUpyq 0 Vo 0 ’Ut f)t 0
where u = (u!,...,uP), 4 = (WP, w0 = (vy,...,0,)" 0 =
t
(Vpt1, - - - Upg)™-

Thus we obtain Darboux coordinates on N, :

1 0
0 1
z4 —w_ ].p 0
: Z4 . w 0 1q
t St t >t >t
5(—z+z+j ZLZ,) —1w0 +ziwy 4 2wy —z+ z
wg s(—wiw, +whwy) | w 'wﬁr

H—ztz_+z'z) —wy +z w_ +z w_ )

1 0]—2t 2zt
0 1] w' w' wy s(—wlw_ +w
1, 0 zZ_ —w_
0 1, zZ_ w_
1 0
0 1

Therefore, the isotropic para-pluriharmonic maps are given by

R" xR" DU — Grf,(RPF>9+2)
(2L,...,20) —  Vi(zh,...2h) e V(2,2
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where
1 0 )
0 1
z —w
V. = spang ot , ot
4 w4
H(—2lz, +2L2)) —wi + 2L w, + 2L w
\ Wy s(—whiwy +whwy) /)
([ 5(—2tz_+22.) —wy +2tw_ +zZtw_ \ )
wy S(—ww_ 4+ wiw.)
z_ —w_
V_ = span ~ -
palg s ) w._
1 0
. 0 1 J
and where wi = hy (2L, ..., 2}), wE = Ohy /024 for a para-holomorphic

function h=hy xh_:R" xR*" DU — R x R.

3.6.4. SO*(2n + 4) / SO*(4) x SO*(2n).

Let H = R® iR @ jR @ kR, 2 = j2 = —1, k = ij = —ji, be
the algebra of quaternions. We take quaternionic vector spaces to be
right H-modules. Accordingly, H" is the space of column vectors with
scalar multiplication on the right, and left multiplication by quater-
nionic matrices is H-linear. Regarding H" as the complex vector space
H" = C"@jC™ = C*", right multiplication by j becomes a C-antilinear
map r;: C** — C*'. A C-linear map C*" — C*" is H-linear, if and
only if it commutes with 7;.

The group SO*(2n) — sometimes also denoted U*(n,H) — is defined as
the group of endomorphisms of H" preserving the skew-hermitian form
w(h, k) :== h*jk. Writing w =: « + j3, we obtain maps «, 3: C*" x
C?™ — C, where 3 is C-bilinear symmetric and o is skew-hermitian
(whence ia is hermitian). These two are related by a(r;-,-) = 4. It
follows that an endomorphism of C*" is an element of SO*(2n), if and
only if it commutes with r; and preserves the hermitian form ia.. More-
over, we have [Ja = r;-‘_a = —a. It follows that ia =: h has signature
(n,n). Thus we have

SO*(2n) = GL(n,H) N U(n,n).
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Let G = SO*(2n + 4) be the group of endomorphisms of C** which
commute with

-1
1

and preserve the indefinite hermitian scalar product h given by the
matrix

The Lie algebra g = s0*(2n + 4) consists of matrices of the form

a —b | =C* Dr d 0
b a —-Dt (! 0 d
A —-B . C -D .
B A 50" (2n) D C €gl(2n+4,C), ¢, deiR.
¢c 0 —A* B* —a b
0 ¢ —Bt —At —b —a

The canonical element

—1,

1,

leads to the twistor fibration

SO"(2n+4)  SO*(2n+4)
GL(1,H) x SO*(2n)  SO*(4) x SO*(2n)

The coset space SO*(2n + 4)/SO*(4) x SO*(2n) can be identified with
the set of complex subspaces which are r;- invariant and have signature
(2,2) with respect to the above pseudo-hermitian product. (In order
to see that the SO*(2n + 4)-action on this set is transitive, we have
to verify that the orthogonal complement of such a subspace is again
rj-invariant: This follows from r5h = h.) The projection G — G/K
sends an element of G to the span of its first two and last two columns.
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The isomorphism h(2n, R) = n, is given by the coordinates

0
0
u+iv —u— 10 0,
u—10 u—Iiv 0,
210, 0 —ul +ivt at+wt |0
0 —2ivg | —at +ivt —ul — vt 0

Thus, the isotropic para-pluriharmonic maps

RxRDOU — Gry,(C">"*?)

(zi,...,23") = Vi(zh,...,22m e Vo(sL,..., 22"

are given by

1
0
V. — C Zy +iwy
+ %, — i,
Sl zp—wlw+ 2 2 +wl wy) +iQuf — 2wy — 2L wy)
2(—2'z2 — w'w + i(z'w — w'z))
0
1
. c _z, — i,
Z4r — iw+
2(z'2 + w'w +i(z'w — w'z))
%(—ZiZ+—'lUiUJ++£i£++'lIJi'lIJ+> — @(2wJ—Ziw+—2iw+)
H(—zZlz —ww +2 Z +ww_) +i2wy —zLw_ —ZLw.)
20—z z. —ww_ +i(zlw. —w' 2))
B Z_ +iw_
V.. = C zZ_ —iw_
1
0
22z 4w w_+i(zlw- —wh2))
H(—zZlz —ww +2 2 +ww. ) —i(2wy —zLw_—Zlw.)
—Z_ —iw-_
e C Z_ —ilw_
0
1
where zp = (2L,...,2%), 2+ = (2%, ..., 23, we = (wi,.. . wh),
Wy = (0o, ... wy,) with wy = ha(zh,...,2%), wE = Ohy /024 for a

para-holomorphic function h=h, x h_:R" xR" DU — R x R.
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3.6.5. Sp(2n + 2,R) /Sp(2,R) X Sp(2n,R).

Recall that Sp(2n,R) = Sp™(n), therefore Sp(2n + 2,R) / Sp(2,R) x
Sp(2n, R) can be identified with the para-quaternionic projective space
HP" = {(hg, ..., h,) € H""' 3" hoh, # 0}/H*, cf. Example2.2.1]
It is useful to regard H™ as a vector space over C and write Sp™(n) as
a subgroup of GL(2n,C): In fact, H* = C" @ iC" can be identified
with the free C module C?". A C-linear map C?" — C?" is H-linear,
if and only if it commutes with the right multiplication by ¢, which is
a C-antilinear involution. It is easy to see that

GL(n,H) = {( g _AB ) € GL(2n, C)}.

Let h be a para-quaternionic hermitian metric on H". The identi-
fication H = C @ iC yields a decomposition of h = g @ iw into a
para-hermitian scalar product ¢ and a C-bilinear symplectic form w on
C?", which are related by w = ¢(-i,-). Therefore an endomorphism of
C?" preserves h, if and only if it preserves g and w, or equivalently, if
it preserves w and is H-linear. If A is standard, so is w. This shows
that
Sp™(n) = Sp(2n, C) N GL(n, H).

Let G =Sp™(n+1).
The Lie algebra of G is g =sp™(n+ 1) =sp(2n +2,C)Ngl(n + 1,H)
and consists of matrices

a | —A" -D* —b

A - “B |
B sp”™(n) A €gl(2n+2,0), a € jR.
b Bt —A! a

The canonical element
J
£ = 02n
—J

leads to the twistor fibration
Sp'(n 1) Spn+)
Sp™(n) x UT(1)  Sp”(n) x Sp™(1)

(cf. table [1)).

This is, of course, the fibration CP?"*! — HP" of example The
projection map Sp™(n + 1) — CP?"*! sends each matrix to the C-
span of its first column. We have G° = Sp(2n + 2,C). The closed
twistor space Z = G/ P¢ is the space of all (possibly degenerate) one-
dimensional para-complex subspaces in CP?"! (by the proof proposi-
tion [2.1.2] any vector that spans such a subspace can be extended to a
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symplectic basis). The projection G¢ — Z maps a matrix to the span
of its first column.

The isomorphism of the Lie algebras
h(n,C) = nf

0
ut 0 0
. . u |0,
:n v 0,
u 0 200 | V8 —ul |0
Vg U1 v, 0
(where u = (u',...,u")!, v = (v1,...,v,)") yields the isomorphism
H(n,C) = NY
1
2t 1 1
. z 1, O
" w o 1,
z 1 2wy — 2w | wt —2z2' |1
wy wy - w, 1

The holomorphic horizontal maps C* > U — N$ are given by the
equations wy = h(z!,...,2"), w, = Oh/0z® for a holomorphic function
h:C*">U — C.

The projection N, C CP?"*! — HP™ maps this matrix to the H-span
of its first column; in conclusion, the isotropic para-pluriharmonic maps

f:C"o>U — HP"
are given by
1+i(2h — > 2%0h/0z")
21 +i0h/0!

2+ éh/@z”



CHAPTER 4

tt*-bundles and para-pluriharmonic maps

Let (N, J) be a simply connected para-complex manifold. As shown in
[S1] (see also [CS] for the complex case), any para-pluriharmonic map

f~ : N — GL(p + CbR)/O(p? Q) = Sp7q

which fulfills R(df(T*N),df(T*N)) = 0 defines a metric para-tt*-
bundle over N and vice versa. In this paragraph we relate this to
the construction of the associated family (cf. section and give a
criterion for the map f to be isotropic.

DEFINITION 4.0.1. Let (N,J) be a simply connected para-complex
manifold. A metric para-tt*-bundle (E, D, S, g) over N is a real vector
bundle F — N endowed with a connection D, a (possibly indefinite)
D-parallel fibre metric g and a section S of T*N x End(F) which is
g-symmetric (i.e. g(Sx-,-) = g(+, Sx)), such that the tt*-equation

RI=0 VheR

holds, where R is the curvature tensor of the connection V% := Dy +
SQGJX.

We denote by Sym,, ,(R) the space of symmetric (p+ ¢) X (p + ¢) ma-
trices with signature (p,q). This space is identified with S, , via the
map S, 3 g- O(p,q) — (97")' 1,9 " € Sym, (R), where 1,, =
( 10p _01 ) is the standard diagonal matrix of signature (p,q). The
q
geodesic reflection at eO(p,q) € S,, yields the symmetric decompo-
sition gl(p + ¢,R) = o(p,q) ® m, where m = {X € gl(p + ¢,R) :
X"1,, =1,,X}. The tangent space T,xS,, is canonically identified
with Adjm = {X € gl(p+ ¢, R) : X'(¢7'1,,97") = (g7'1,,9" )X} via

the map Ad,m C9): (Ad,m)g = gm = T,xS,, (which is easily seen to
be independent of the choice of g € gK).

THEOREM. [S1, Theorem 3 and 4| Let (N,J) be a simply connected
para-complex manifold and let (E, D, S, g) be a metric para-tt*-bundle
of rank p + q (and signature (p,q)) over N. Choose a family sy(x) :

69
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RPtY — E of VO-flat frames and set
fo: N — SymM(R)
r = 59($)*gx’ = (g (Sg(ﬂf)a, 59(x)b))a,b

.fe: N ﬁ) Symp,q(R) = Spaq

f~9: N % Sp.q
fo
Then fg s a I-parameter family of para-pluriharmonic maps and
dfg(X) = 551 0 S.0sx 0 sp. (13)
Moreover, for each x € N, dfg maps T, N and T, N into abelian
subalgebras of T, ) Spq C gl(p + ¢, R).

Conversely, any para-pluriharmonic map from a simply-connected para-
complex manifold N into S, such that the images of TN are abelian
can be obtained in this way.

REMARK. The condition that the images of df(T*N) are abelian is
equivalent to R(df(T*N),df(T*N)) = 0: Since R is preserved by
parallel translation, it suffices to check this assertion at 75,S,, ~ m,
where R is given by the Lie triple bracket, so we have to show that for
XY em:

[X,Y],Z]=0¥Zem & [X,Y]=0

The diagonal matrices form a maximal abelian subalgebra of gl(p +
q,R), which is contained in m, so there is no nontrivial element of
t = o(p, ¢) that commutes with all Z € m. Since [X,Y] € [m,m] C ¢,
the assertion follows. Il

This 1-parameter family fg of para-pluriharmonic maps is in fact an
associated family in the sense of Theorem [3.1.5}

PROPOSITION 4.0.2. The map
Dy f(;TSpvq - ngSp,q
X — (89_180)71 X (89_180>
is a parallel bundle homomorphism preserving the curvature of S, 4, and

<I>9Odf9 :dfooee‘].

PROOF. The equation ®yodfy = dfyoe?” is immediate from ((13)).
®y(z) is the differential of the isometry of the space S, ,, given by left
multiplication by s,'(x)so(x) € GL(p + ¢,R), hence it preserves the
curvature tensor. In order to verify the parallelity of @y, let ¢: [0,1] —
N be a curve and let o': [0,1] — f;T'S,, be a parallel section of f;T'S,
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along c. Any such section is of the form ¢ — ~(¢)- X, Where X e mand

~ is the horizontal lift of fyoc, i.e. moy = fyoc and y~1% € m. We have
to check that (®g o c) - o is parallel, i.e. that 7 := ((sg0c) " (sgoc))y
is horizontal: By the definition of sy we have Dxsy = —S.0s xSy and
Dxsy = —Sxsg, (here D denotes the connection on £ ® R" induced
by the given connection D on E and the trivial connection on R”) SO
jt(so s9) = De(s9")s0 + s0Disg = 59" Ss_cosesg and 775 = 77 +
o 89 1Sc,eeJC$9 yem. U

—_——

c€Adym

PROPOSITION 4.0.3. [ is isotropic if and only if there exists a family
ay of D-parallel, g-orthogonal sections of End(E), such that

S, =apoSoay’

PROOF. Suppose that f is isotropic, 1.e. f@ = fo and therefore
dfg = dfo for all 6 € R. Define ay := 39551. Then we see that
Seos = apSay’, (Da)sg = D(asp) —aD(sq) = Vs —S.0s59 —aVsy+
aSso =0 and g(so, s0) = g(se, Se) = (ajg) (S0, S0). Conversely, suppose
that there exists a family oy as above. Choose a V°-flat frame s, and
set sg := pso. Then by a similar calculation it follows that sg is V?-flat
and that fy = fo. U

By Corollary [3.3.7] there are no full isotropic para-pluriharmonic maps
into the symmetric space GL(p + ¢,R)/O(p, q), since the Cartan in-
volution o(g) = 1,,9'1,, is not an inner automorphism of GL(p +
q,C). Among the totally geodesic submanifolds is the symmetric space
Sp(2n,R)/GL(n,R) C GL(2n,R)/O(n,n). Isotropic para-pluriharmonic
maps into this space arise from special para-Kéihler manifolds:

Example: special Kihler manifolds. Let (N, J, g) be a para-
Kéhler manifold and let V be a torsion-free flat connection on 7T'N such
that d¥.J = 0 and Vw = 0, where w := g(-, J-) denotes the Kihler form
of N. The quadruple (N, J, g, V) is then called an affine special para-
Kdhler manifold. In [S1] it is shown that (F :=TN, D :=V -5, § :=
$J(VJ), g) is a metric para-tt*-bundle. From the definition of S, one
sees after short calculation that S;xY = —JSxY = SxJY and

Seos = e W27 0 5002 (14)

further DJ = 0, thus e~/?7 is D-parallel and g—orthogonal, and the
para-pluriharmonic map f : N — S,,,, is isotropic by the above Propo-
sition.

Indeed, f is a para-holomorphic map into the para-hermitian symmetric
space Sp(2n,R)/U™(n) C SL(2n,R)/SO(n,n). In [S1] this is proved by
relating f to the dual Gauf map of the canonical immersion N — C2.
A direct argument is as follows:
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The fact that the image of f is contained in Sp(2n,R)/U™(n) =
Sp(2n,R)/(O(n,n) NSp(2n,R)) is a direct consequence of Vw = 0 and
Vs = 0: The matrix-valued map = — s*(z)w, is constant, and by
adjusting the frame s we can assume that its image is the standard
skew-symmetric form €Qs,,. Now observe that v € GL(2n,R) is a repre-
sentative for f(x) if and only if s(x) o~ is an orthonormal basis for g,.
In particular, this is the case if s(x) o~y is an orthonormal basis for the
para-hermitian metric g, + jw, (such bases always exist by Proposition
1.3.3)). For any such 7 we have s, = 7*Qy,, i.e. v € Sp,,R.

For the holomorphicity it is sufficient to consider one point zy € M.
Again, by adjusting the frame s, we may assume f(xg) =e-U"(n). If
gz, and w,, have standard form in the basis s(z¢) then so has J,, i.e.
Joo = 8(20)0J2,05(x9) L. From equation (14)) we get @5 = Ad(s, 'sg) =
Ad(e(®/72n) - Differentiating the equation ®_y o df = df o e?/V yields

ad(Jo/2) 0 df = df o Jy,

which shows that f is holomorphic, because ad(J,,/2) is the standard
para-complex structure of Sp(2n,R)/U™(n): ad(Js,/2) is zero on € =
ul = {X € sp(2n,R) : XJ — JX = 0} and has eigenvalues +1 on
m = {X € sp(2n,R) : XJ + JX = 0}. The twistor bundle is thus

trivial (cf. example [3.3.8).
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