ASIAN J. MATH. (© 2020 International Press
Vol. 24, No. 3, pp. 369-416, June 2020 001

RIEMANNIAN AND KAHLERIAN NORMAL COORDINATES*

TILLMANN JENTSCH' AND GREGOR WEINGART#

Abstract. In every point of a Kahler manifold there exist special holomorphic coordinates
well adapted to the underlying geometry. Comparing these Kahler normal coordinates with the
Riemannian normal coordinates defined via the exponential map we prove that their difference is a
universal power series in the curvature tensor and its iterated covariant derivatives and devise an
algorithm to calculate this power series to arbitrary order. As a byproduct we generalize Kahler
normal coordinates to the class of complex affine manifolds with (1, 1)—curvature tensor. Moreover
we describe the Spencer connection on the infinite order Taylor series of the K&hler normal potential
and obtain explicit formulas for the Taylor series of all relevant geometric objects on symmetric
spaces.
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1. Introduction. Situated at the crossroads of differential and algebraic ge-
ometry the geometry of Kéhler manifolds is a very attractive topic of research, in
particular both analytical and algebraic tools and ideas have been brought to bear
on the topic. The main motivation of the article at hand is to understand the in-
terrelationship between the Taylor series of infinite order of several objects relevant
for Kahler geometry. Philosophically our study of K&hler manifolds is thus based
in the jet calculus of differential geometry, a calculus which in contrast to tensor or
exterior calculus tries to avoid taking actual derivatives at all cost. Instead of taking
derivatives jet calculus focuses on the algebraic constraints satisfied by the jets of all
relevant objects, ideally then these algebraic constraints are sufficient to determine all
the jets by multiplication, which at higher orders is much simpler than differentiation.

Not to the least the success of this strategy depends on our ability to isolate the
objects to which it can be applied in the first place. In affine geometry for example the
relevant object turns out to be the backward parallel transport ® ', which encodes
the differential of the exponential map and describes the Taylor series of all covariantly
parallel tensors. The parallel transport equation proved in Lemma 3.1 of this article
is the algebraic constraint

NN+ =23+ NTD )

on the Taylor series of the backward parallel transport, whose solution ®~! is easily
found by multiplication. In passing we remark that in the torsion free case the Tay-
lor series of ®~! was calculated by several authors before using either implicitly or
explicitly properties of iterated covariant derivatives. The novelty in our argument is
that the parallel transport equation appears directly as an integrability condition for
the Jacobi equation.

In order to find the relevant objects for the study of Kahler geometry we recall an
observation originally due to Bochner [Bo]: Riemannian normal coordinates on Kéahler

*Received June 8, 2017; accepted for publication June 27, 2019.

fLehrstuhl fiir Geometrie, Institut fiir Geometrie und Topologie, Fachbereich Mathematik, Uni-
versitat Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Allemagne (tilljentsch@gmail.com).

fUnidad Cuernavaca del Instituto de Matematicas, Universidad Nacional Auténoma de
México, Avenida Universidad s/n, Lomas de Chamilpa, 62210 Cuernavaca, Morelos, Mexique
(gw@matcuer.unam.mx).

369



370 T. JENTSCH AND G. WEINGART

manifolds are not complex coordinates unless the manifold is flat. Bochner found
remedy to this nuisance in singling out complex coordinates centered in an arbitrary
point p of a Kahler manifold M, which are unique up to unitary transformations.
Their lack of uniqueness is easily fixed by thinking of Kéhler normal coordinates as
anchored coordinates, local diffeomorphisms

kne, : T,M — M, X — knc, X

mapping the origin to p with differential (knc,). 0 = idz, s under the usual identifi-
cation To(T,M) = T,M. The difference element K := exp; ' oknc, and its inverse
K~ are “hidden” relevant objects in Kihler geometry, because their Taylor series
relate to commonly considered objects like the Kéahler potential. Inevitably then a
pivotal role in this article is played by the proof of the following statement about the
Taylor series of K and K~ ':

THEOREM 4.6 (Universality of Kéhler Normal Coordinates). Every term in the
Taylor series of the difference element K = exp;1 oknc, and its inverse K—' in the
origin of Kdhler normal coordinates is a universal polynomial, independent of the
manifold and its dimension, in the complex structure I,, the curvature tensor R, and
its iterated covariant derivatives (VR),, (V2R),, ... evaluated at p € M.

Of course the theorem in itself can hardly be called surprising, its validity for
example is implicitly taken for granted without even a fleeting comment in [Hi]. The
rigorous proof in Section 4 however allows us to draw several conclusions about the
nature of Kéhler normal coordinates, for example Kéhler normal coordinates are in-
herited by totally geodesic complex submanifolds according to Corollary 4.9. Moreover
the proof of Theorem 4.6 provides us with a simple recursion formula for the Taylor
series of the difference element K ~'.

Perhaps the most striking insight however to be taken from the proof of Theorem
4.6 is that Kéhler normal coordinates, very much like their Riemannian counterpart,
do only depend on the complex affine geometry and mot on the metric structure,
despite the fact that their characterization apparently involves the metric in form of
the potential. In fact Kéhler normal coordinates generalize to the much more general
class of balanced complex affine manifolds: Complex manifolds M endowed with a
torsion free connection V on their real tangent bundle TM such that the associated
almost complex structure is parallel VI = 0 and the curvature tensor is a (1, 1)—form
in the sense R;x, ;v = Rx,y for all X, Y.

Using the recursion formula for K~! formulated in Remark 4.10 in analogy to the
parallel transport equation we calculate the initial terms of the Taylor series of K1,
of the Kéhler normal potential and the Riemannian distance to the origin. Actually
the recursion formula is simple enough to be readily programmed in a computer
algebra system, the problem is to standardize the numerous terms cropping up in the
process. An interesting conclusion from these calculations is in any case that the total
holomorphic sectional curvature

1 — 5= I *
Stotal(X) = 3 =D g(VE (R)x.ixIX, X) € ISym 227 M)
k>4 :

written as a sum of its bihomogeneous components S, » of degrees x, & > 2 is
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congruent
1
D D N e RS M
2 _ 1
dist, (p, kne, X) = g(X, X) — 2, R DD E=D Se,r(X)  (2)

to the Kahler normal potential # and the Riemannian distance to the origin mod-
ulo terms at least quadratic in the curvature tensor and all its iterated covariant
derivatives. A simple induction based on these congruences implies that the total
holomorphic sectional curvature, the Kéhler normal potential and the Riemannian
distance to the origin all parametrize the underlying Kahler geometry uniquely up to
covering.

For the time being the Kahler normal potential is certainly the most convenient
of these three parameters, because the covariant derivative of the Ké&hler normal
potential considered as a section 6 € T'(Sym T* M) can be calculated using the concept
of holomorphically extended vector fields. More precisely we find in Lemma 4.11 an
explicit formula of the form

VZQ = pr2(272) (Z _ 9free) — pr[l](Z _ ecrit) L] Gfree

where o is a simple bilinear operation, while 87 and ' denote the sums of all
bihomogeneous components of 6 at least or exactly quadratic respectively in the
holomorphic or antiholomorphic coordinates. Note that this result is best thought
of as describing the so called Spencer connection on the parameter vector bundle
a—>(2,2)

Sym T*M.

Specializing from general Kéhler manifolds to concrete examples we study the lo-
cally symmetric Kéhler manifolds, usually called hermitean locally symmetric spaces,
in the second part of this article. In general the Lie theoretic setup [He] [Ber] makes
many calculations like the determination of the Taylor series of the difference ele-
ment K and its inverse K ! feasible for symmetric spaces, making good use this
simplification we obtain the formula:

THEOREM 5.3 (Difference Elements of Hermitean Symmetric Spaces). For every
hermitean locally symmetric space the difference element K := exp];1 okne, measur-
ing the deviation between the Riemannian and Kdahlerian normal coordinates reads:

artanh(1 ad I.X) . tanh(3 ad 1.X)
KX =—7F——7— K 'X=—5""-+—
sad IX 5ad X
Although the arguments and statements in this second part are formulated for her-
mitean locally symmetric spaces, all results except of course Corollary 5.4 hold true
for the locally symmetric among the balanced complex affine spaces, for which Kéhler
normal coordinates are defined. Unfortunately complex symmetric spaces are never
balanced unless they are flat, nevertheless there certainly exist balanced complex affine
manifolds, which are symmetric, but not even pseudo—hermitean symmetric spaces.
In Section 2 we briefly recall several important definitions for Kéhler manifolds
with a view towards the parametrization of Kahler geometry by a single power series
in the parameter bundle SymZ(Q’Q)T*M . In Section 3 we prove the parallel transport
equation and discuss the notion of exponentially extended vector fields. Difference
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elements and their relation with other objects relevant for Kéhler geometry are the
topic of Section 4, in which we prove Theorem 4.6 and describe the Spencer connection
for the potential in Lemma 4.11. In the very rigid context of locally symmetric spaces
the characteristic power series for Kéhler normal coordinates are calculated in the final
Section 5. Appendix A details explicit calculations for the four families of compact
hermitean symmetric spaces undertaken by the authors to vindicate the formula of
Theorem 5.3 and verify Corollaries 4.9 and 5.5.

Acknowledgements. The first author would like to thank the Institute of Math-
ematics at Cuernavaca of the National Autonomous University of Mexico for its hospi-
tality during two prolonged stays. The second author is similarly indebted to U. Sem-
melmann for many fruitful mathematical discussions about Kéhler and quaternionic
Kahler manifolds as well as for his benevolence and generosity in numerous visits to
the University of Stuttgart.

2. Kahler manifolds and Kéhler normal coordinates. Kéhler geometry is a
classical topic of Differential Geometry and blends the metric structure characteristic
for Riemannian geometry with the complex structure making complex analytical tools
available. Every Kéahler manifold is real analytic, hence the infinite order Taylor series
of the metric and the complex structure in an arbitrary point determine the manifold
completely up to coverings. In this section we briefly recall the definition of Kéhler
manifolds and then establish a parametrization of these two Taylor series by a single
power series in the parameter vector bundle %Z(Q’Q)T*M using two independent
arguments. Excellent introductory texts to Kahler geometry are the recent textbooks
[Ba] and [M].

A Kaéhler manifold is a smooth manifold M endowed with a Riemannian met-
ric ¢ and an orthogonal almost complex structure I € I'(End T M) satisfying the
rather strong integrability condition that I is parallel with respect to the Levi-Civita
connection V for g:

Vxl=0 (3)

Pseudo-Kahler manifolds generalize Kéhler manifolds by weakening the positive—
definiteness of the Riemannian metric ¢ in the definition to non—degeneracy. Every
Kahler manifold M is actually a complex manifold, because the integrability condi-
tion implies the vanishing of the Nijenhuis tensor and so the Theorem of Newlander—
Nierenberg applies. A powerful tool to study the topological properties of (pseudo)
Kahler manifolds is the Hodge decomposition

AT*M = P ANTM @ C= P AFT*M

E>0 K, R>0
of complex—valued differential forms on M into the eigenspaces of the derivation
(Derm) (X1, Xa, .., Xi) i=n(I X1, Xoy .., X))+ -+ (X1, Xoy .., IXE)  (4)
extending the complex structure I, more precisely
APFT* :={n € A"**T* @ C | Deryn =i (k — &) n}

is the eigenspace of Der; for the eigenvalue i(x — %). In passing we remark that
Der; = —Ix agrees up to sign with the representation of the Lie algebra bundle
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End TM on forms. Replacing alternating by symmetric forms on 7' we obtain the
analoguous decomposition

SymT*M @z C = €P Sym* T"M @ C= @ Sym™"T*M (5)

k>0 K, R>0

into the eigenspaces of Dery for the eigenvalues i (k—#&) € C on Sym”™ ™" T* M ®gC. The
conjugation of the value of a complex valued symmetric multilinear form clearly com-
mutes with Der; and thus induces isomorphisms Sym™ *T* M — Sym™ "T*M, 1 —
7, for all k, £ > 0. In particular a real valued symmetric form 1 = 77 has conjugated
bihomogeneous components in Sym™ *T*M and Sym"™ “T*M respectively. Bihomo-
geneous real valued symmetric forms n = 7 exist only for k = & and are characterized
by Der;n = 0.

With the complex structure I being parallel on a Kéhler manifold M the curvature
tensor R of the Levi—Civita connection V associated to the Riemannian metric g
commutes with I

RxyIZ=IRxyZ

in addition to the standard symmetries of a Riemannian curvature tensor, namely
!
9(Rx,yZ, W) =—g(Ry,xZ, W) = —g(Rx,yW, Z) = +g(Rz,wX, Y)

and of course the first Bianchi identity Rx v Z + Ry, zX + Rz xY = 0. Combining
these standard identities with the characteristic commutativity of Kéhler geometry
we obtain

9(Rx,yIU, IV) = g(Rx yU, V) = g(Rix,1vU, V) (6)

and conclude that Rx, ry = Ry, rx is symmetric in X, Y. Via polarization the curva-
ture tensor R of a Kahler manifold M is thus completely determined by the biquadratic
polynomial T,M x T,M — R, (X,Y) — —g(Rx,xY, IY), called the biholomor-
phic sectional curvature of M in order to distinguish it from the holomorphic sectional
curvature:

DEFINITION 2.1 (Holomorphic Sectional Curvature Tensor). The holomorphic
sectional curvature tensor of a Kdahler manifold M with Riemannian metric g and
orthogonal complex structure I is the section S € F(Sym4T*M) defined by:

S(X, Y, U, V) = S(Q(Rx)]yIU, V) +g(RX7 IUIV, Y) Jrg(RvafY, U))

The holomorphic sectional curvature is the associated quartic polynomial on T M de-
fined by:

1
§:TM —R, X 55X, X, X, X) =g(Rx,rxIX, X)

In passing we observe that the symmetries (6) of the curvature tensor R of a Kéihler
manifold M imply that S is actually symmetric in all its four arguments, in particular
it is completely determined by the associated quartic polynomial on T'M, this is the
holomorphic sectional curvature. In a similar vein we may deduce Der;S = 0 via
polarization from the identity:

(Der;S)(X, X, X, X) =4S(IX, X, X, X) = 96g(R;x. rxIX, X) =0
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Geometrically Der;.S = 0 is equivalent to the statement that the holomorphic sectional
curvature S is constant along the fibers of the Hopf fibration from the unit sphere
S(T,M) to the set P(T, M) of complex lines in T,M with respect to the complex
structure I),.

LEMMA 2.2 (Description of Curvature Tensor). The curvature tensor R of a
Kahler manifold M is determined by the holomorphic sectional curvature tensor S €
L(Sym?2T*M) and can be reconstructed from S by means of:

1
9(RxyU, V) = o <S(X, 1Y, IU,V) — S(X, IV, U, IV))

The proof of this lemma is completely straightforward: Expanding the definition of S

+8(X,IY,IU, V) = 8¢(Rx.yU, V) — 8¢(Rx IV, IY) — 8g(Rx.;vY, IU)
—S(X,IY,U,IV) = 8¢(Rx.y IU, IV) + 8g(Rx 10V, IY) — 8g(Rx.,/Y, U)

adding and using the first Bianchi identity twice we obtain 4-8 g(Rx y U, V') as claimed.
In particular we can calculate the sectional curvature of a Kéhler manifold M for an
arbitrary plane span{X,Y} C T, M from the holomorphic sectional curvatures:

1
9(RxyY, X) = o (S(X, X,IY,1V) - S(IX, X, 1Y, Y))

1

== (3S(X, X,IY,1Y) - S(X, X, Y, Y))

In the second equality we have replaced S(IX, X, IY,Y) using the argument
—4S(X,X,Y,Y) +4S(X, X, IY,IY) + 8S(IX,X,IV,Y) = 0

which follows directly from Der;S = 0 by expanding (Der?S)(X, X,Y,Y) = 0. Gener-
alizing the holomorphic curvature tensor to higher orders to incorporate information
about the iterated covariant derivatives VR, V2R, ... of the curvature tensor R as
well we arrive at:

DEeFINITION 2.3 (Higher Holomorphic Sectional Curvature Tensors). For all
k > 4 the higher holomorphic sectional curvature Sy € F(Syka*M) is defined by:

~ 1 _
SKX) 2 1 Su(X, 0, X) = o gV R)x, x X, X)

(k—4)

Calculating Der; Sy we observe that the last four summands expected from the defi-
nition of Der; all vanish by the symmetries (6) of curvature tensors of Kéhler type.
In consequence the bihomogeneous components S, z € I'(Sym"™ "T* M ®g C) of the
higher order holomorphic sectional curvature tensor Sy vanish unless —k+4 < k—k <
k — 4, this is to say:

Stotal = @ Sk = @ SN,E € F(SymZ(ZQ)T*M) (7)

k>4 K,k >2

Of course the bihomogeneous components Sy % and S, ., are conjugated, because the
higher holomorphic sectional curvature tensor S, € I'(Sym*T*M) is a real valued
polynomial by definition. In light of Lemma 2.2 we may replace the curvature tensor
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R with S = Sy, similarly we may identify S5 with the covariant derivative VR in the
following way:

COROLLARY 2.4 (Covariant Derivative of Curvature). The first higher holomor-
phic sectional curvature S € F(Sym5T*M) of a Kdhler manifold M describes the
covariant derivative VR of the curvature tensor by means of the formula:

1
9(VxR)y zU, V) = @(Jrsg)(x, Y, 1Z,1U, V) — S5(X,Y, 1Z, U, IV)

+S5(X, IY, Z, U, IV) — Ss(X, IY, Z, IU, V)).

This formula for VR is a direct corollary of the description of R in Lemma 2.2, because
1
75X X X, X) = g(Vy B)x, ixIX, X) +49((Vx R)y, ix X, X)
implies via the second Bianchi identity:

1 1
1155V, X, X, X, X) 4 5 S5(Y, IX, IX, IX, 1X)

=29((VyR)x,ixIX, X)+49((VxR)y, 1xIX, X)+49((VixR)x,vIX, X)
= 69((VYR)X7]XIX, X)

6
- 5 (VYS4)(X, )(7 X, X)

In consequence of Lemma 2.2 and Corollary 2.4 every Kahler geometry can be con-
structed up to covering from the total holomorphic sectional curvature Sy defined
in (7), in particular all iterated covariant derivatives VR, V2R, ... and thus the in-
finite order Taylor series of both g and I in exponential coordinates are determined
by Siotal. For the time being however this reconstruction is a theoretical possibility
based on counting the free parameters in the sequence R, VR, ... using the formal
theory of partial differential equations [BCG]. En nuce the problem addressed in this
article is that we are lacking the explicit formulas needed for this reconstruction to
work in practice. Moreover Siotal is not the only power series with the correct num-
ber of parameters, another interesting candidate parametrizing Kahler geometry by

72(2,2)T*

a section of the parameter bundle Sym M arises from a suitable potential:

DEFINITION 2.5 (Local Potential Functions). A local potential function for a
Kahler manifold M with Riemannian metric g and complex structure I is a smooth
function 6°° : U — R defined on an open subset U C M, which is a preimage of
the Kihler form w(X,Y) = g(IX,Y) in the sense of the 00-Lemma

_z 9 ploc
w—2880

where O and 0 are the (1,0) and (0,1)-components of the exterior derivative d :=
9+ 0. Note that w € T'(A2T*M) is parallel under the Levi-Civita connection and so
is closed.

A local potential function is never unique as it can always be modified §°¢ ~ g'°¢ 4+
Re f by adding the real part of a holomorphic function f: U — C. Instead of the
Kahler form w we may employ the hermitean form h := g+ w associated to a Kahler
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geometry on a manifold M in the equation characterizing a local potential function
Hloc

h(X,Y):=g(X,Y)+iw(X,Y)=(Hess 6°°)(pr*' X, pr'?Y) (8)
where pr'? := 2(id — iI) and pr®' := $(id + iI) are the I-eigenprojections, or
alternatively:

1
g(X,Y) = Z((Hess 0'°°)(X, Y) + (Hess 6°°)(IX, IY)) (9)

In both equations the Hessian D o d can actually be taken with respect to an arbitrary
torsion free connection D on the tangent bundle making I parallel, it is not necessary
to use the Levi-Civita connection V for this purpose. In fact the difference AxY =
DxY — DxY of two such connections is symmetric AxY = Ay X with AxIY =
TAxY and thus automatically satisfies AxY + A;xIY = 0 = A, 0axpr™?Y. The
liberty granted by this observation is very useful in verifying equations (8) and (9)
directly in local holomorphic coordinates (2!, ..., 2™), because we may simply choose
D to be the trivial connection arising from the local trivialization of the complexified
tangent bundle by the Wirtinger vector fields

9 ._1( g fif9> AEL._}< 9 +¢;i)
Ozh " 2\0xn Oyt ozt " 2\0xn - Oym
where (z!, y!, ..., 2", y") are the real and imaginary parts of (2%, ..., 2"). The

Riemannian metric g is completely determined by its mixed components g, 7 :=
9(5%:, 5%) in holomorphic coordinates, because the eigensubbundles 7'M and
T91M of the complexified tangent bundle TM ®g C under the skew symmetric en-
domorphism I are isotropic, so that all pure components g,,, = 0 = gz vanish. In
holomorphic coordinates we thus find the following local expansions of the metric, the

Kahler and the hermitean form:

g:ZgMpdz“-dZ” w:iZgugdz“/\diy thZgug z¥ @ dz"
1732

nv 3%

Comparing the expansion for w with the analoguous local expansion of %85 6'°¢ we
find

82 9100 1 82
T dtNd = v=3
2 gz T = 9 ez

loc

a0 —

and reinserting this relation between #'°¢ and the mixed components of g into the
expansions of the hermitean form h we verify equation (8) and in turn equation (9)
for the Hessian D o d associated to the local trivial connection D % =0=D agy.
The concept of local potentials for Kéahler geometries allows us to single out special
holomorphic coordinates charts (2!, ..., 2™) on a Kihler manifold by requiring that
the local potential, after adding the real part of a holomorphic function, takes as
simple a form as possible. Uniqueness of these holomorphic coordinates is usually
stipulated modulo unitary transformations only, in order to remove this ambiguity
we borrow from the Riemannian exponential map the idea of anchored coordinates
centered in a point p € M. An anchored local coordinate chart is a smooth map
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¢ : T,M — M, which is a diffeomorphism of some neighborhood of 0 € T,M to a
neighborhood of ¢(0) = p such that the differential

Ye 0 T,M =Ty(T,M) — T,M, Z — Z

equals idr,y under the natural identification To(T,M) = T,M. Actually we do
not insist on 7, M to be the domain of ¢, hence it may not be defined outside a
neighborhood of 0.

THEOREM 2.6 (Ké&hler Normal Coordinates and Normal Potentials [Bo]). In
every point p € M of a Kdhler manifold M there exist unique anchored local holo-
morphic coordinates knc,, : T,M — M centered in p and a unique local potential
function 9;,0‘3 such that the infinite order Taylor series 8, of the pull back of 9;,“ along
knc,, is congruent

oc — 72(272) *
0 (kne, X) ~ 0,(X) = g,(X, X) mod Sym ;M

to the norm square function on T, M modulo a power series, which is at least quadratic
in both holomorphic and antiholomorphic coordinates. Due to their uniqueness the
holomorphic coordinates knc, are called Kdhler normal coordinates with normal po-
tential 0)°° = 0),.

The double uniqueness statement in this theorem implies in particular that for given
anchored local holomorphic coordinates ¢ : T,M — M the existence of a power
series potential 0, € %T;M satisfying the normalization congruence is sufficient to
conclude that 6, is the Taylor series of the normal potential 9;)“ and that ¢ = knc,, are
the Kéahler normal coordinates, this argument will be used in explicit examples in Ap-
pendix A. The original account [Bo] of Bochner contains a very readable, elementary
proof of Theorem 2.6, for this reason we will not discuss Theorem 2.6 independently
of Theorem 4.6 below.

3. Affine Exponential Coordinates. In the study of the geometry of Rieman-
nian or more generally affine manifolds the exponential map provides an indispensable
tool in both explicit calculations and theoretic considerations. Classically Jacobi vec-
tor fields are used to describe the differential of the exponential map, alternatively
the forward and backward parallel transport defined in this section can be used for
this purpose. In particular we will use Jacobi vector fields to give an apriori proof of
the parallel transport equation, which describes the Taylor series of parallel tensors,
without calculating its solution first. Moreover we will introduce the concept of ex-
ponentially extended vector fields for general affine manifolds, which generalize the
left invariant vector fields on Lie groups and the transvection Killing vector fields on
symmetric spaces.

Affine linear spaces are characterized by the presence of a distinguished family of
curves, the family of straight lines. The choice of a connection V on the tangent bundle
TM of a manifold M replaces this distinguished family by the family of geodesics,
the solutions v : R — M to the geodesic equation associated to the choice of
connection. According to the Theorem of Picard—Lindel6f a unique solution v to
the geodesic equation %"y = 0 exists for all initial values so that we may define the
exponential map centered in a point

exp,: T,M — M, X — 451
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by sending a tangent vector X to the value ¥ (1) of the unique geodesic v* with
initial values vX (0) = p and 4% (0) = X. Constant reparametrizations of geodesics are
geodesics YA (t) = X (At), hence the image of the ray ¢ — tX under exponential
coordinates is the geodesic t — X (1) = 7% (¢) we started with. The parallel
transport along this ray geodesic PTY (X) := PTXX (1) is by construction a linear
isomorphism of tangent spaces:

PTY(X): T,M — Tuxp xM

This isomorphism allows us to describe the differential of exponential coordinates
exp,, centered in p € M, either by using the forward parallel transport defined as the
composition

-1
(epr)*,X

v ~
o(x): T,M T T, M TXT,M =5 T,M
wherever the exponential map exp,, is a local diffeomorphism, or the backward trans-
port

(exp,,)«,x PTY(X)!

> UX): T,M — TxTpM Top, xM ~ =5 T,M

defined for all X € T, M under the rather mild assumption that A is a complete
affine manifold. The infinite order Taylor series of ®~! in the origin 0 € 7T, M is an
explicitly known power series in the curvature tensor R of M and its iterated covariant
derivatives VR, V2R, ... evaluated at p. More precisely the Taylor series of ®~! in
the origin equals the unique power series solution ®~' € Sym TyM @ End T,M to a
formal differential equation with initial value ®(0) = id involving the number operator
N on power series:

LEMMA 3.1 (Parallel Transport Equation). The infinite order Taylor series of
the backward parallel transport ®=1 : T,M — End T,M in the center 0 € T,M of
exponential coordinates of an affine manifold M is characterized as a formal power
series 71 € %T;M @ End T, M by the formal differential equation

N(N+1)d'=2d"' 4+ N(T o)

in which N denotes the number operator on power series and the power series Z and
T reflect the infinite order Taylor series of the curvature and the torsion respectively:

1 1
R(X)Y = Z %l (V])C(,.A.,XR)X,YX T(X)Y = Z %l (Vl;(,.i.,XT)(Xy Y)
k>0 k>0

Proof. In order to prove the lemma we want to study the standard Jacobi equation
for a vector field J € I'(v*T'M) along a geodesic v in a manifold M with respect to an
affine, not necessarily torsion free connection V on the tangent bundle with curvature
R and torsion T

& v

. .2
JacyJ ::@JJr%T(J, )+ Rysy = 0

Multiplying by #? we obtain for every solution J to this equation the equality:

t%(tdz—l)Jsz,J(m)Jr(t%—1)T(w, J) (10)
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In particular we are interested in the family of solutions to the Jacobi equation,
which arise naturally in exponential coordinates by varying the geodesic rays. More
precisely we consider for a point p € M and an endomorphism A € End T, M of its
tangent space the geodesic variation (s,t) — exp,(t e*4X) for some tangent vector
X € T, M. This geodesic variation induces a Jacobi field J4(t) along the geodesic ray
vt exp,(tX) determined by X:

0

Ja(t) = 5| exp,(t e X) = (exp,)s,1x (L AX) =t PTV (tX) &' (tX) AX

0
Multiplying the Jacobi equation (10) for this Jacobi field by PTY (tX)~! and using the
characteristic property of the parallel transport PTY (tX)~! o % = % oPTV (tX)™!
we obtain

d, d

bt 1)(t<1>‘1(tX)AX) - (PTV(tX)_lR)tXi@_l(tX)AX(tX) (11)

+(t% — 1) (PTY (£X) 7T (£, 1071 (X) AX)
where PTV(tX )"LR for example denotes the parallel transport for the curvature
tensor

(PTV(tX)*lR) W= PTV (tX)"! (RPTV(tX) v.prv (1) vPTY (1X) W)
the analoguous definition of the parallel transport PTY (tX)~T for the torsion tensor
is omitted. In general the derivative of a geodesic like ¢ — exp,,(tX) is given by the
parallel transport of the initial tangent vector ¥(t) = (exp, ). x X = PTV(tX) X,

incidentally this argument directly implies the so called Gaufl Lemma valid for all
X eT,M and t € R:

PIEX) X =X =d(tX) X (12)

Of course the point in defining the parallel transport for the curvature and torsion
tensor is that PTV (tX) 'R and TV (tX)~'T are trilinear and bilinear maps on T, M
respectively with values in 7, M independent of the argument X € T,,M. Hence it
makes sense to talk about their infinite order Taylor series as X approaches 0 € T,,M,
which are given by

Yy -1 1 ok V-1 1
PT"(X) Rxlo Z EVX,.”,XR PT"(X) Txlo Z Hvx,...,xT (13)
k>0 k>0
due to the definition of iterated covariant derivatives, a more detailed derivation
of these asymptotic expansions can be found for example in [W2]. Replacing
PTV (tX)" 'R and PTV (tX)'T as well as the backward parallel transport ®~1(¢X)
by their respective infinite order Taylor series in equation (11) we obtain the following
identity of power series
d  d

t (o~ 1)(@*1(9() A(tX))

= B(X) D LX) A(tX) + (t% - 1)(?@){) 1(tX) A(tX))

in which every occurrence of the argument X € T, M comes along with a factor ¢
and vice versa. In turn we may replace the differential operator t% by the number
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operator N on power series in X and evaluate at ¢ = 1 to reduce this power series
identity to:

N(N 1) (@ HX)AX) = Z(X) P H(X)AX + (N - 1) (T(X)d 1(X) AX)

Recall now that the endomorphism A € End T,,M of the tangent space T,,M can be
chosen arbitrarily in this identity. A fortiori the infinite order Taylor series ® 1 of
the backward parallel transport satisfies the differential equation (N + 1)N®~1 =
R P14+ N(Z @71) in light of the observation that the following homogeneous linear
map of degree +1

Lt Sym*T* @ End T — Hom (End T, Sym*t'T* @ T), ¥ — (A — \I/(~)A(~))

is injective for every finite dimensional vector space T'; the degree +1 homogeneity of
¢ evidently accounts for the shift N ~» N + 1 in the differential equation for ®!.
To justify our observation about the injectivity of ¢ we specify a linear map ¢* in the
opposite direction

/*: Hom (End T, Sym*™'7T* ® T) — Sym®*T”* @ End T, F — 'F
by summing over a pair { £, } and {dE, } of dual bases for T" and T* respectively:

F)(X)Y :=> (B, F(dE, ®Y))(X)

The injectivity of ¢ is then a direct consequence of the following identity for ¢*::

[0 (X)Y = Z( o (dE, (- \I!()Y))(X):[(N+dimT)\I!](X)Y.

O

Perhaps it is a good idea to remind the reader that the parallel transport equation

formulated in Lemma 3.1 is only a formal differential equation for the infinite order

Taylor series ®~! of the backward parallel transport. Its formal solution is easily

expanded to arbitrary order in X, but it is much easier to recall the formal differential

equation than its explicit solution. Expanding the solution to order 4 in X for example
we obtain in the torsion free case:

dHX)Y = Y+6RXyX+ (VXR)xyX

10 (VX xB)x vy X T 150 RX Ry vy XX +O0(X°).
Similarly the parallel transport equation can be solved explicitly for Lie groups. Con-
sider for example the flat connection V* on the tangent bundle T'G of a Lie group G,
which makes all left invariant vector fields parallel. By construction this connection
is flat R® = 0 and its torsion 77 (X,Y) = —[X, Yaigebraic is parallel with respect to
VI so that 71(X) = —ad X. Under the ansatz ®~1(X) = ¢~!(ad X) the parallel
transport equation becomes

d

@+ Da @) = (o @) N0 =1
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with unique solution ¢~ (z) = 67_193_1 , in turn we find the well-known explicit solution:
e 2dX _id —ad X
PN X)= — — P(X)= ——— .
(X) —ad X (X) e—2d X —id

The parallel transport equation for symmetric spaces can be solved using a similar
ansatz.

COROLLARY 3.2 (Taylor Series of Parallel Tensors). The unique power series
solution ®~1 € %T;M ® End T,M to the parallel transport equation N (N +
1@t =20 + N(7 &) determines the Taylor series of every tensor parallel
with respect to V in exponential coordinates. For a purely covariant parallel tensor
1 say the resulting Taylor series reads for X € T,M and A, ..., A, € Tx(T,M) =
T,M:

(taylorg(exp,n))x (A1, ..., A;) = np(@H(X) Ay, ..., DTHX) A,).

Of course the restriction of a tensor 1 parallel with respect to V on all of M is parallel
along every radial geodesic ¢ — exp,,(tX), with this in mind we find the relation

(exp, M) x (A1, ooy Ar) = Nexp, x ((€xPy)x, x A1, ..., (exp,)s, x Ar)
= np(PTY (X) " (exp,)s, x A1, ..., PTV(X) ! (exp,)s, x A7)

and so the definition of ®~! implies the Corollary. For mixed co— and contravariant
tensors the formulas become slightly more complicated, but the argument in itself
remains valid.

A notion closely related to the construction of the forward and backward parallel
transport is the notion of exponentially extended vector fields, which in a sense de-
scribe the covariant derivative of the exponential map. The exponentially extended
vector field associated to a tangent vector Z € T),M is the smooth vector field defined
on the domain of the exponential map exp,, in 7}, M as the derivative of the following
family of diffeomorphisms of T, M

d
Z9P = —
dt

PTY (¢ exp., (¢
(1,0 5O oM S
0

(exp,,) "
—

TpM) e I(T(T,M))

where PTX (t) denotes the parallel transport along a curve 7 representing Z = % ’0 .
The exponentially extended vector field Z**P does not depend on the curve v used in
its definition, moreover its value Z*P(0) = Z in the origin equals the tangent vector
we started with under the identification Ty(T,M) = T,M. Somewhat more general
the infinite order Taylor series of Z**P in 0 € T, M is determined by a power series O
on T, M with values in End T, M via

Z%°(X) ~  O(X)Z © € SymT;M ® End T,M

which has a universal expansion in terms of the curvature and the torsion of the
connection V together with all their covariant derivatives. In the torsion free case
T = 0 for example

70(x)
L 1 1 2 1
=7+ 3 Rx,zX + D) (VxR)x,zX + (@ (Vx,xR)x,zX — 5 RX’RX,ZX‘X)
1 1 1
+(gg0 (VixxrR)xzX = 5 Fx @i axX = 5 (VxR ny 2xX) + O(X%)
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reflects the terms of the power series © up to order 5. A simple algorithm to calculate
the asymptotic expansion of © to arbitrary order is based on the asymptotic expansion

flep, X) ~ S0 (VD) (14)
E>0

of the pull back of functions via the exponential map, which is the analogue for
sections f € C°°M of the trivial line bundle of the expansions (13) used in the proof
of Lemma 3.1. According to the definition of the exponentially extended vector field
Z°*P the equality

eXPay (1) (PTv(t) X) = %

d exp

%O Oepr (X+tZ (X)) € TexprM
of tangent vectors holds true for all X € T}, M and all curves y representing Z = % 0
in turn the asymptotic expansion (14) implies an equality of asymptotic expansions
of the form

d

d v
T ‘0 fexpy iy PTH(0)X)  ~ @l

Z il <VPTV 0 x,...pTv ) x ) (1))

= Y L D)

k>0
d 1, .
Xlo% OIZ:OE(VXHZCXD(X),...,X+thxp(X)f)(p)-

The algorithm to calculate the Taylor series of the exponentially extended vector field
Z%% in 0 € T, M is thus based on calculating the unique power series O~ ! satisfying
the identity

Z k! X+tZ X+th Z k! VIC-"_:E(X ..,Xf

k>0 k>0

of power series in X € T,,M for every function f € C°°M, after formally inverting this
power series we obtain the power series © describing the Taylor series of exponentially
extended vector fields via Z®P(X) ~ ©(X) Z. The details of this algorithm can be
worked out in analogy to the calculation of the backward parallel transport ®~! in
[W1], somewhat hidden in equation (4.8) of the same reference the reader may find
the relatively explicit formula

N(N—l)@:N((id—cb)cb*)+(Nq>—1)<1><1>* (15)

valid in the torsion free case. The power series ®* occurring in this formula is obtained
by expanding the power series ® in terms of the homogeneous components of the
power series Z considered as indeterminates and reverse the order of the factors in all
monomials. Alternatively ®* is the inverse of the unique power series solution ®~*
of the wrong sided parallel transport equation N(N + 1) ®~* = &~* % with initial
value &~*(0) = id.
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4. The Taylor Series of the Difference Element. In jet calculus the key idea
is to find the appropriate difference elements and study the algebraic constraints they
satisfy. Following this strategy we devise in this section an algorithm to calculate
the infinite order Taylor series of the difference element K := exp~!oknc, and its
inverse in terms of the curvature tensor and its iterated covariant derivatives proving
universality of the resulting expression on the way. Using this algorithm we calculate
the lowest order terms of the Taylor series of the Kéhler normal potential and the
Riemannian distance function. Last but not least we define holomorphically extended
vector fields and use them to determine the Spencer connection for the Kahler normal
potential.

DEFINITION 4.1 (Difference Element for K&hler Normal Coordinates). In order
to compare the unique Kdihler normal coordinates knc, : T,M — M centered in a
point p € M of a Kahler manifold M with the exponential map exp, : T,M — M
associated to the Levi—Clivita connection V we consider their difference as a smooth
map:

K:T,M — T,M, X — exp," (kne,X).

The analogue of the backward parallel transport ®~' in Riemannian normal coordi-
nates is the Kdhler backward parallel transport $—1 € C>*(T,M, End T,M) defined
by means of:

X))y =0 1 (KX)DK(X)Y := & 1 (KX) 4

K(X+4+1tY).
| KOy

Recall that the main role of the backward parallel transport ® ! in affine exponential
coordinates is to describe the differential of the exponential map in covariant terms.
In complete analogy the Kihler backward parallel transport W1 describes the differ-
ential of Kahler normal coordinates knc,, : T, M — M as a power series of covariant
tensors. More precisely the implicit form kncp = exp, o K of the definition of the
difference element K implies (kncy). x = (exp,)«, xx © K. x on differentials leading
to the commutative diagram

o (kncp) « PTYV(KX)!
T, M Tx (TpyM) -, Tincpx M ~ T, M
K*Y)\ /;(pp)* KX

T x (Tp M)
DK(X)

P
1%

T, M

which allows us to identify the power series ¥ ! from Definition 4.1 with the compo-
sition:

(kncp) s, x PTY(KX) !

X)) T,M = Tx(T,M) Tine, x M T,M (16)

In particular the pull back of the Riemannian metric g to Kéahler normal coordinates
reads:

(kncyg)x (A, B) = (expy, 9)rx (Kx x A, Ki x B) = g,(¥1(X)A, $7H(X)B)  (17)
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Combined with equation (9) this description of the Riemannian metric g in Kahler
normal coordinates can be used to calculate the Taylor series 6, of the pull back
knc;%oc of the Kahler normal potential (9;,06 to the tangent space T,M via knc,.
According to our discussion of equation (9) we are free to choose the connection D
among the torsion free connections making I parallel in order to evaluate Hess =
D o d. With knc, : T,M — M being holomorphic with respect to the constant
complex structure I, on T, M we may simply use the trivial connection D for this
purpose and so we are lead to consider the consequence

1 (kncig)x (X, X) = 4.g,(81(X) X, U71(X) X)
= (Hess 6,)x (X, X) + (Hess 0,)x(IX, IX)

of equations (9) and (17), which implies that the formal differential equation
[(N? + Derf) 6,](X) = 4 (¥~ (X) X, ¥7H(X) X) (18)

is obeyed by the Taylor series 6, of the pull back knc:,@;‘)c of the normal potential to
the tangent space T,,M; in fact the Hessian with respect to the trivial connection D
satisfies

(Hess ) x (X, X) =[N (N —1)¢](X)
(Hess ¢)x (IX, IX) = [(Der] + N) ¢](X)

for every polynomial ¢ on T, M. Besides determining the pull backs of the Rieman-
nian metric ¢ and the Kihler normal potential 6'°¢ respectively to Kihler normal
coordinates via equations (17) and (18) the difference element K offers a very di-
rect description of the square of the Riemannian distance function in Kéhler normal
coordinates as well:

REMARK 4.2 (Distance Function in Kéhler Normal Coordinates). In Riemannian
geometry the exponential map is a radial isometry in the sense that the Riemannian
distance between p € M and exp, X equals distz(p, exp, X) = g,(X, X) for X suffi-
ciently small. In Kdhler normal coordinates this property of the distance becomes:

.2 c g2
dist, (p, knc,X) = disty (p, exp,(K X)) = g,(KX, KX).

Let us now come to the more difficult task of finding an efficient method to calculate
the Taylor series of the difference elements K and K ~'. For that purpose we recall the
fact that a vector field X € T'(T'M) on a manifold M with integrable almost complex
structure [ is the real part of a holomorphic vector field in the sense that the map
X —iIX : M — T"9M between complex manifolds is actually holomorphic, if and
only if

Qiex.[ =0

compare for example [Ba] and [M]. In order to construct a resolution for the symbolic
differential operator .Z corresponding to this complex Killing equation in the formal
theory of partial differential equations [BCGJ, [W3] we need the concept of special
alternating forms:

DEFINITION 4.3 (Special Alternating Forms). Consider the graded vector space
A°T*RT of alternating forms on a real vector space T with values inT'. The choice of
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a complex structure I € End T on T singles out the graded subspace 3° C A°T* & T
of special alternating forms defined in all degrees k € Ny by:

Yh={ FeA'T*®T | (Der; @ I)F = kF }.
Alternatively a special alternating k—form F : T x ... x T — T is characterized by
IF(Xy,...,Xk)=—-FIXy, Xo, ..., X)

in particular X' C T* @ T 1is simply the subspace of endomorphisms anticommuting
with I :

prsn: TF@T — X F — S(F+IFI).

The link between the complex Killing equation and special alternating forms is es-
tablished directly by rewriting the definition of the Lie derivative Liex I in terms of
a torsion free connection V on the tangent bundle making I parallel VI = 0. On a
Kéahler manifold M we take for example the Levi-Civita connection and find for the
Lie derivative of the orthogonal complex structure I in the direction of a vector field
X eT(TM):

(Ciex])Y = (VX(IY) - VIYX) .y (VXY - VYX)
- I(VyX + IVIyX) =21 pres: (VX) Y.

Hence the real parts of holomorphic vector fields are precisely the sections X € I'(T'M)
in the kernel of the differential operator Zsix defined as the composition of the co-
variant derivative V with the projection prs: to the subbundle !M C End TM

v Pry1

Ly : T(TM) -5 I(T*M o TM) 228 T(S'M), X — —%I,ﬂieXI (19)

of endomorphisms anticommuting with 7. From the definition of Z4g as the com-
position prs o V we read off its principal symbol and in turn the associated symbol
comodule [W3]:

id®pr
At mker( 2 ST X0 2 Syt T e (T o T) O

SymoflT* ® 21)
The symbolic differential operator .Z defining the comodule J# extends to a complete
resolution of the comodule Z by free comodules using an adjoint pair of boundary
operators:

DEFINITION 4.4 (Symbolic Differential Operators). Consider a real vector space
T endowed with a complex structure I € End T. On the bigraded vector space
Sym*T*®3° C Sym*T*QA°T*QT of special alternating forms on T with polynomial
coefficients we define two bigraded boundary operators £* and £ by:

[ L*F\x(Zas..., 2) = Fx(X, Za, ..., Zy)
[ LF x(Zo,...,20) = Z(—l)”((ZH_IF)X(ZO,...,Zr) —s—[([ZHJF)X(ZO,...,Zr))

n=0

1
2

In order to clarify this definition we recall the convention adopted in this article
concerning the identification of a symmetric k- multilinear form F = Sym*T* on T
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with a homogeneous polynomial on T of degree k € Ny: The polynomial corresponding

to F is defined by F(X) := %F(X,...,X) so that the operation Z of inserting

the first argument agrees with the directional derivative % of the polynomial in
direction Z. With this convention in place we may alternatively define the boundary
operators .Z* and .Z in terms of the tensor product decomposition Sym®*T™* ® 3° C

Sym®T* @ A°T* @ T as sums

L

> dE, - ®E, . ®id

1%

2 (Bua @ dB, A @id 4 1B, © dB, A 1)
m

Z

over a dual pair of bases { E,, } and {dFE, } of T and T*. Alternatively we could
complexify the domain Sym®7T* @ A°T* @ T of the boundary operator .Z and choose
a complex basis { F, } of the subspace T1* C T ®gr C with dual basis {dF, } of
TH9* C T* @k C to rewrite

&= Z (FaJ Q@ dFy A @prP' + Fo 0 @ dF oy A ®pr1’0>

with the eigenprojections pr'? := 1(id — iI) and pr®! := Z(id +4I) to T"" and T,
in this alternative formulation the operator £ evidently preserves the subspace of
special alternating forms with polynomial coefficients. The reader is invited to use
this description of the operator . in order to provide a more enlightening proof of
Corollary 4.5 below. Staying in the real domain we calculate the anticommutator
{Z, £*} of the boundary operators .£ and .Z* using the canonical commutation
and anticommutation relations

1
(2. 27y=23 ([EMJ, dE,] ® dE, N\ Eys ®id + dE, - E,o® {dE,A, By} ®id

2
nv

+ [[E,z, dE, | ® dE, NE,2® [ +dE, - IE,o® {dE,A, E, 2} ® I)
1
:§(id®N®id+N®id®id+id®Der1 ® I +Der; ® id ® I)

where N denotes the number operator either on polynomials or on forms depending
on context. The equality of linear maps Der; ® I = N ® id defining the subspace
of special alternating forms 3° C A°T* ® T allows us to write this identity in the
simpler form:

1
A:={Z, .f*}:id@N®id+§(N®id®id+Der1 ® id @ I). (20)

A short inspection reveals that the formal Laplace operator A acts diagonalizable on
the space Sym®T™ ® X° of special alternating forms with polynomial coefficients with
eigenspaces

(Symn,ET* ®AdTO’1*®T1’O) D (Symﬁ, KT* ®AdT1,O* ®TO,1) c (Sym'T* ® Ed) ®]RC

and eigenvalues d + K parametrized by k, & > 0 and d > 0 with e = x + k. With
A being diagonalizable we conclude from Hodge theory that the homology of the Z—
complex equals the homology of the eigensubcomplex ker A, because %‘Z * is a zero
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homotopy for the eigensubcomplexes ker (A — \id) for all eigenvalues A # 0. On the
other hand ker A equals

(Sym®* °T* @ T*%) @ (Sym®*T* @ T%1) = #°* @ C C (Sym*T* @ T) ®g C

and so . = 0 vanishes on ker A for trivial reasons. Summarizing this argument we
conclude:

COROLLARY 4.5 (Free Resolution of Holomorphic Vector Fields). The total pro-
longation comodule F* associated to the principal symbol prs: : T* @ T — X! of
the differential operator ZLag characterizing the real parts of holomorphic vector fields
in complex dimension n 1= %dimT has a resolution by free comodules of the form:

0 — #° S Sym T 920 L Sym*'Trent Lo

L Sym* T T e R —— 0.

An important property of the real parts of holomorphic vector fields needed below
is that they can be reconstructed up to a linear term from their closure, their image
under the map

cl: Sym*T* @ T —» Sym®*"'T*, Z — cZ (21)

from vector fields to polynomials defined by (cl Z)(X) := ¢(Z(X),X). Since the
eigenspaces 710 and T%! of I are isotropic subspaces of T ®g C, the closure of the
real part of a holomorphic vector field lies in the vector space Sym['l}T* = ker((N —
2)? 4 Der?) of polynomials linear in the holomorphic or antiholomorphic coordinates
with complexification:

SymfT* @x C= €  Sym™"T*. (22)

Restricted to the real parts of holomorphic vector fields cl induces in fact an exact
sequence

0 — demr w(T, g, I) -5 2° =5 SymSHT* — 0 (23)
in which u(T, g, I') denotes the vector space of linear vector fields on 7' corresponding
to infinitesimal unitary transformations with respect to the hermitean form h = g+iw.

Coming back to our original aim to derive recursion formulas for the infinite order
Taylor series of the difference elements K and K ! we recall that multilinear maps
on a vector space with values in this vector space can be composed to produce new
multilinear forms

(A oy B)(X1,..., Xatot1)
= A(Xl,. . .,,Xﬂ_l, B(X;L; e leL+b)7 Xﬂ+b+1,. . 7Xa+b+1)

for some position = 1,...,a. We will call a multilinear form arising from a fixed set
of basic multilinear forms by iterated compositions in arbitrary positions a composi-
tion polynomial in the selected set of basic multilinear forms. In particular we will
consider composition polynomials in the complex structure I, the curvature tensor
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R, and its iterated covariant derivatives (VR),, (V2R),, ... on the tangent space
T,M of a Kéahler manifold M in a point p € M. In general multilinear forms on 7, M
are bigraded by degree and weight: The degree of a multilinear form is the number
of arguments it takes minus 1 to make the degree additive under composition, while
its weight is the eigenvalue for the weight operator:

(BA)(X1,...,Xp) = TA(Xy, ..., Xp) — (Ders A)(X, ..., X). (24)

The weight qualifies as a grading, because the weight operator is a derivation for
composition

(Ao, B)=(6A) o, B+ Ao, (B)

as the term A(Xy,..., X1, IB(Xu, ..., Xpgp)s Xptosi,- .- Xator1) appears twice
with different sign in the expansion of the right hand side. The curvature tensor R of
the Kéhler manifold M for example is a degree 2 multilinear form on 7, M of weight 0

(5R)X)YZ e RX’YIZ - RlzX, ]yZ - nyij - RX’YIZ - 0

in consequence its iterated covariant derivatives V'R decompose after complexifica-
tion into a sum of multilinear forms of degree v+ 2 and weight —ri, ..., +7i. As both
degree and weight are additive under composition a quadratic composition polynomial
in the curvature tensor and its iterated covariant derivatives needs to have at least
degree r+4 to decompose similarly into multilinear forms of weight —ri, ..., +ri and
so on. The possible combinations of degree and weight of multilinear forms in gen-
eral and composition polynomials in the curvature tensor and its iterated covariant
derivatives can be read off from the diagram:

y

weight

These considerations play a crucial role in the proof of the following theorem:

THEOREM 4.6 (Universality of Kéhler Normal Coordinates). Every term in the
Taylor series of the difference elements K = exp;1 oknc, and K~' in the origin 0 €
Tp,M is a universal composition polynomial in the complex structure I, the curvature
tensor R and its iterated covariant derivatives VR, V2R, ... evaluated in p € M.

In this context universality refers to the statement that these composition polynomials
can be chosen without taking the Kahler manifold M or its dimension into account.
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Universality does not imply uniqueness of course, and actually uniqueness wouldn’t
make sense anyhow:

REMARK 4.7 (Non—Uniqueness of Composition Polynomials). Composition poly-
nomials in the complex structure, the curvature tensor and its covariant derivatives
I, R, VR, ... are in general not unique due to additional identities arising from Ricci
type constraints. The following identity for example is valid on Kdhler manifolds M

(VX ixR)x.1x = (Vix, xR)x.1x = [Rx 1x, Rx 1x] — RRx 1xX.1x — RX Ry rxIX

= —2RRy ;xX,IX

for all X € TM and implies Rx Rx.1xI1x = 0 on hermitean locally symmelric spaces.

Proof of Theorem 4.6. Both exp,, and knc,, are anchored coordinates for a Kéhler
manifold M, hence the differential of K in 0 € T, M equals the identity. In turn the
decomposition of the infinite order Taylor series of K into homogeneous components
reads

KX =X + Ko X + K3X + ... K, € Sym"T;M @ T,M = 4" & A"

where the complement "+ to #™ = ker A is simply the direct sum of all eigenspaces
of 2A = (N®id+Der;®I) with non—vanishing eigenvalue and thus the proper domain
of:

(N ® id+Der; @ I)7': ™t — ™t (26)

Essentially the proof consists in verifying by induction on the degree n that the
characteristic normalization constraint imposed on the Kéahler normal potential 6 is
actually equivalent to the normalization constraint K,, € ¢ nLofor all n > 2.

In a first step we want to analyse the implications of the holomorphicity of K&hler
normal coordinates knc, on the difference element K = exp, ! oknc,. On a Kahler
manifold the complex structure I is a parallel tensor and so Corollary 3.2 implies for
the infinite order Taylor series for its pull back expj, I to the tangent space under the
exponential map

(expy, I)x <o ®(X) oI, 0o @ HX)
whereas the holomorphicity of knc, is equivalent to the statement (knc;I )x =1,
for all X € T,M. Hence the differential K, x : Tx(T,M) — Txx(T,M), which
becomes DK (X) under the identification of both domain and target with T),M, in-
tertwines I;, with (expy I)xx:

(KX)o I, o ®(KX) ' o DK(X) = DK(X) o I,

Dropping the explicit mention of the point p € M on I = I, we may write this
equation

[I, Y (KX) o DK(X)]=0=[I, DK~'(X) o ®(X)] (27)

where we replaced X by K~ 'X in the second equality. Note that this result
is compatible with the interpretation of the Kahler backward parallel transport
UHX):= 0 KX)o DK(X) as the differential of the Kéhler normal coordinates
knc,,.
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For a moment let us forget that K is a diffeomorphism and think of it as a
vector field with Taylor series K € SymT; M @ T;,M. By construction the symbolic
differential operator . equals ZK = pry: (DK) on vector fields, whereas Z*K = 0.
Applying the anticommutator A = {.£, £*} to the vector field K we thus obtain
the decisive formula

AK = %% pros (DK) = Z* pron ((id [ oK) DK) (28)

where [®~! o K] o DK commutes with I and thus vanishes under pry. according
to (27). The resulting formula is actually a recursion formula, which allows us to
calculate the term K, in the Taylor series of K from the terms Ko, ..., K, _2 up to
addition by an element of ker A, because id — @1 (KX) = —} Rx,. X + O(X?) is at
least quadratic in X.

In the ensuing induction on the degree n > 2 it is more convenient to begin with
the inductive step. By induction hypothesis we may thus assume that for some n > 3
all the terms Ko, ..., K,,_1 are universal composition polynomials in the complex
structure I, the curvature tensor and its iterated covariant derivatives R, VR, ....
Under this assumption the homogeneous term of degree n in X on the right hand
side of the recursion formula (28) is a universal composition polynomial in these
generators and so then is the corresponding term on the left hand side. The formal
Laplace operator 2A = (N ® id + Der; ® I) on the other hand has only finitely
many non—zero eigenvalues for fixed degree N = n so that its partial inverse (26)
can be written as a polynomial in Der; ® I. In consequence the partial inverse maps
composition polynomials in I, R, VR, ... to composition polynomials and so

K, = H,, + composition polynomial in I, R, VR, V>R, ...

for some H,, € #". Incidentally the same conclusion is valid in the special case n = 2
forming the base of our induction, because the right hand side of the recursion formula
(28) is at least cubic in X as .£* raises the degree by 1 and id — @~} (K X) = O(X?).

In order to verify the base of induction and complete the induction step we need
to show H,, = 0 for all n > 2. For this purpose we calculate the term homogeneous
of degree n in X in the K&hler backward parallel transport observing DK (X)X =
(NK) X:

[0™H(X) X], = [07H(KX) DK(X) X],
= n H, X + composition polynomial in I, R, VR, V?R, ...
Inserting this expression into equation (18) we obtain the expansion
[(N% 4+ Der?) 0],41(X) =8ng(H, X, X)+... (29)

for the homogeneous term of degree n+ 1 in X in the K&hler normal potential, where
the ellipsis denotes a finite sum of homogeneous polynomials of degree n + 1 in X of
the form g(A, B) with composition polynomials A and B in the complex structure I,
the curvature tensor R and its iterated covariant derivatives. For every polynomial of
this form we find

Dery [g(A, B)] =g(d A, B) +g(A, JB)

because the two additional terms g(IA,B) + g(A, IB) on the right hand side obtained
upon expanding 0 cancel out by the skew symmetry of I. Of course A and B can not
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be composition polynomials in I only, since we would not get a polynomial of degree
n+1 > 3, hence at least one of A or B is at least linear in R, VR, V2R, .... Diagram
(25) thus tells us the possible combinations of degree and weight of the polynomial
g(A,B), from which we deduce:

g(A,B) = 0  mod Sym=*)7TM

In consequence equation (29) is a congruence modulo SymZ(Q’Q)T;M , which we may
write

[(N? + Der?) 0],,41 = 8n (cl Hy,)

in light of the definition (21) of the closure map. The normalization constraint imposed
on the Kihler normal potential implies on the other hand the congruence [(N? +
Der?)6],,+1 = 0 modulo Sym2(2’2)T5‘M for all n +1 # 2 so that c1H,, = 0 and a
fortiori H,, = 0 due to the exactness of the sequence (23). O

Although the preceeding proof of Theorem 4.6 takes the existence of Kéahler nor-
mal coordinates stipulated in Theorem 2.6 for granted, it is easily rearranged to prove
existence on the fly alongside the induction. In this setup we start with arbitrary
anchored holomorphic coordinates kncg) : TyM — M thought of as a first approx-
imation to the Kéhler normal coordinates we want to construct and use the flow of
the real part Hs of a quadratic holomorphic vector field to modify kncz(,l) to the better

approximation kncf) characterized by Ho = 0. In turn we use the real part Hs of

a cubic holomorphic vector field to find an even better approximation kncl(,s) charac-
terized by Hy = 0 = Hj3 and so on. The advantage of this modified proof is that it
applies verbatim to a wider class of complex affine manifolds:

DEFINITION 4.8 (Balanced Complex Affine Manifolds). A complex affine mani-
fold is a smooth manifold M endowed with a torsion free connection V on its tangent
bundle and an almost complex structure I, which is parallel VI = 0 and thus integrable
by the Theorem of Newlander—Nierenberg. A complex affine manifold M is balanced
provided the curvature tensor R of the connection V is a (1,1)—form in the sense:

R[.’[.:R.’. < 0R=0.

In every point p € M of a balanced complex affine manifold M there thus exist
unique anchored holomorphic coordinates knc, : T, M — M characterized by the
congruence

K = exp;1 okne, = id mod .+

imposed directly on the infinite order Taylor series of the difference element K. In
consequence this Taylor series is given by the very same universal composition power
series in I, R, VR, ... we found in the Kéhler case. Although originally formulated
in terms of the potential and so apparently depending on the metric structure of a
Kéhler manifold, the concept of Kahler normal coordinates turns out to arise from the
underlying complex affine structure! The following corollary about totally geodesic
submanifolds, whose proof is left to the reader, is a nice illustration of this dependence
on the affine structure:

COROLLARY 4.9 (Totally Geodesic Complex Submanifolds). For every totally
geodesic complex submanifold N C M of a Kdhler manifold M the restriction of the
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Kdhler normal coordinates kncy, : T,M — M in a point p € N to the vector subspace
T,N C T,M are the Kdhler normal coordinates for the Kdhler manifold N .

Instead of using the difference element K we may consider using its inverse in the proof
of Theorem 4.6. Lacking an analogue of equation (18) it is more difficult to relate
the normalization constraint imposed on K~! = knc,, o exp,, to the normalization
constraint imposed on the potential §, however the choice of K ! allows us to use the
GauBl Lemma to simplify the analogue of the recursion formula (28). Mimicking the
argument we find

(N @id+Der; @ ) K1 =2{.%, 2"} K™\ = 2.9 pry. (DK* o (id — <1>))

since DK~ o @ still commutes with I according to (27). Inserting the definitions
of the projection pry: and the boundary operator .Z* we find that the right hand
side simplifies due to the Gaul Lemma (12) written in the form (id — ®(X)) X =0,
moreover we may replace the cumbersome notation involving DK ' by the deriva-
tion extension of the endomorphism F := (id — ®(X)) o I using the identity
(Derp K1) (X) = DK Y(X)FX:

REMARK 4.10 (Explicit Version of Recursion Formula). The Taylor series of the
inverse difference element K~ satisfies the recursion formula:

(N ® id + Der; ® I) K‘l} (X) = I[Der(id,q)(x))IK_l (X)

k+1 k 9
=+ E R IX + OR
k>0 k 3)! X, X )X,IX (R7)

where O(R?) signifies composition polynomials at least quadratic in R, VR, V?R, . ...

The relatively simple recursion formula for K ' allows us to calculate the lowest
order terms of the Taylor series for all relevant objects on a Kahler manifold like the
difference element

1 1
KX = X + o RxixIX + oo (3 (VxR)x.rxIX — (VIXR)IX,XX)

550 ( (VX xR)x.ixIX +2(Vix x R)x.x X +2(ViixR)x,ix X

—(VIX,IXR)X,IXIX) — o Bx ry xxIX — RX Rxaxix X +O0(X°)

ﬁ 96

which provides the expansion of K by formal inversion. Equation (18) can be used to

expand

1 1
0(X) =g(X, X)— gg(RXIXIX X) - ﬂg((VXR)XIXIX X)
1

~T6 (5 9(VixR)xixIX,X) = g((Vix xR x,x1X, X))
1
LT 9(Rx,1xX,Rx 1xX) + O(X")

the Kahler normal potential and Remark 4.2 to expand the Riemannian distance
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function:

. 1 1
dist} (p, knc, X) = g(X, X) — 69(RX,IXIX7X) - Eg((vXR)X,IXIXvX)

1

480 (79((v§(’XR)XJXIX7 X) = 9((Vix xR x xIX, X))
23

tgg I Bx1x X, Rx,ix X) + O(X7).

With somewhat more effort one obtains the congruences (1), (2) given in the intro-
duction.

Before closing this section we want to discuss the analogue of the exponentially
extended vector fields Z ~» Z%P defined in relation with the forward and backward
parallel transport in Section 3. Replacing the affine exponential map exp,, : T, M —
M used in this construction with Kahler normal coordinates knc, : T, M — M we
can define for every tangent vector Z € T,M the holomorphically extended vector
field Z¥2¢ on T,,M by choosing a representative curve v :| — ¢, 4+ [— M for Z with
associated parallel transport PTX(t):

Kkne PT,Y (t) knc () (kncp,) ™t
Zkne . (TpM =57 Ty M M el TpM) e T(T (T,M)).

dt |,
By construction Z¥%¢ is actually the real part of a holomorphic vector field on T,M,
because the parallel transport PTX(t) i Ty,M — T, ;)M intertwines the complex
structures I, and I ;) and thus can be thought of as a biholomorphism between T}, M
and T, ;)M considered as complex manifolds, in consequence Z¥e ig the derivative
of a family of biholomorphisms. Expanding the composition defining this family of
biholomorphisms in order to bring the properties of the difference element K to bear
we end up with the alternative formulation

d
anc —
dt

. K, ' o (exp;1 0 exXP. () oPTj(t)) o (PTX(t)f1 o K40 PTX(t))

in which the stipulated derivative in ¢ = 0 leads to the rather simple formula:
ZR(X) = K ey (Ze"p(KX) +(VzK) X) . (30)

The vector field Z57¢ thus reflects the covariant derivative of the difference element

K in the direction of Z € T),M modified by adding the exponentially extended vector

field Z*P. On the other hand Z¥"¢ reflects the covariant derivative of the pull back
0y = GLOC o kney,:

d -
(Z40,)(X) = dt‘ O (kncp ! (kne, () PTY (t)X))
0
d loc loc v d v
-t (910 - ev(t)) (kncw) PTJ(t) X ) + dt‘oeﬂﬂ (PTw (t) X)

= real part of holomorphic function + (Vz6),(X).
Recall at this point that the difference of the two local potentials 0]10“ and HEYO(‘;) is the
real part of a holomorphic function and so then is the derivative % |0 (0° — 9;0(%))
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A little consideration reveals that the only possible candidate for this real part is a
multiple of Z# and hence:

Zkne g, =27% + (V0),. (31)

Decomposing this equation into its bihomogeneous components (5) it can be solved
simultaneously for the vector field Z*"® on T), M and the covariant derivative (V z6),, of
the Kahler normal potential. For this purpose let us decompose the normal potential
into three parts

0, =2g, + 05 = 2, + (05 + 1)

where 9reSt € Sym (3, 3)T “M and the critical part Ggrit comprises all bihomoge-
neous componentb of 6, which are exactly quadratic in the holomorphic or an-
tiholomorphic coordinates. The irritating notation for the quadratic polynomial
(29p)(X) = gp(X, X) is certainly a drawback of our convention relating symmetric
forms with polynomials.

LEMMA 4.11 (Spencer Connection on Kéhler Potential). The directional deriva-
tive Z 10 of the critical part 07 of the Kdhler normal potential 0 in the direction
of a tangent vector Z € T,M in a point p € M decomposes into the sum

ZJacrlt _ pf (Z . acrlt) + pr>(2 2)(2 . ecrlt)

where pr2(272)(240cm) is a power series at least quadratic in both the holomorphic
and antiholomorphic coordinates and prm(ZJﬂcm) € Symy T, M is the closure of
the real part of a holomorphic vector field essentially equal to the holomorphically
extended vector field:

nc 1 — cri
2 =7 — Sl 1<pr[1](ZJt9 t)).

Moreover the covariant derivative of the Kdhler normal potential is given by a projec-
tion

1 .
V20 = proga (2 00%) = 57" (prpy (2 5 051 ) 6

gfree 9crit gfree

of its formal derivative Z and a term depending bilinearly on and

In order to justify Lemma 4.11 let us solve equation (31) with respect the holomor-
phically extended vector field ZX2¢ associated to a tangent vector Z € T),. Equation
(30) together with the explicit expansions of Z®*P and K immediately imply that
Z¥ne(X) = Z + O(X?) has no linear term and thus can be reconstructed without
ambiguity from its closure, which implicitly appears on the left hand side of the equa-
tion considered. In fact the decomposition of power series into their bihomogeneous
components (5) is parallel and hence the right hand side of equation (31) agrees with

V20 = V6t ¢ F(Sym>(2 2)T*M) up to the linear term 2Z%. Decomposing the left

hand side ZX"°f analoguously into a linear term, a term in F(Symz(Q’g)T*M) and a

necessarily vanishing remainder term we find
(Z°0)(X) = 29(Z, X) + (29(2"(X), X) + pryy)(Z 26°)(X) )

+ (Prees (Z 267 (X) + (2 20(X) + (27 67))
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where 2"t = —%clflprm(Z 2671Y) denotes all non—constant components of the
holomorphically extended vector field Zk"¢ = Z 4 Z**s*. Taking on the other hand
a closer look at Definition 2.3 we observe that for all & > 4 the bihomogeneous
component of the higher holomorphic sectional curvature tensor Sj, € Sym” Ty M of
bidegree (k — 2,2) equals:

1
m g((Vprl,oX’ prl,OX_’”_’prl.OXR)X} [XIX7 X)

Sk—2,2(X) =
In turn the congruence (1) implies the following explicit formula for the critical part

cri 1
0 (X) = —g 9(Rx,1xIX, X) = 3
k>4

1
1(k—2)(k—3) (Sk—l 2(X) + 52, k—Q(X))

1 1
= -3 g(Rx, xIX, X) — kz>4 m Re g((vprl,oxy ””prl.oXR)x, xIX, X)

of the Kihler normal potential, from which the closure pry;;(Z 6°rit) of the holomor-

phically extended vector field —2 Z*1¢ associated to a tangent vector Z € T,M is
easily calculated:

COROLLARY 4.12 (Holomorphically Extended Vector Fields). The Taylor series
of the holomorphically extended vector field Z¥*¢ on T,M associated to Z € T,M
depends linearly on the curvature tensor R, and its iterated covariant derivatives:

1
knc _ k—4 .
Z(X) =7+ k§>4 23 (k—2) Re( (VX Zirx, . x—irxB)z4irz, ix(IX + ZX))-

5. Hermitean Symmetric Spaces. In differential geometry locally symmetric
spaces form an important laboratory to test new concepts and ideas for plausibility,
because the characteristic vanishing VR = 0 of the covariant derivative of the cur-
vature tensor R on a symmetric space sets up a Lie theoretic framework for doing
calculations, which are infeasible or even impossible to do on general affine manifolds.
In this section we use this framework to derive formulas for the difference elements,
the normal potential and the holomorphically extended vector fields on hermitean
symmetric spaces, although all results except Corollary 5.4 are valid for all symmetric
among the balanced complex affine spaces. A standard reference for the Lie theoretic
framework, albeit for Riemannian symmetric spaces only, is [He].

The starting point of our discussion of hermitean symmetric spaces is the affine
Killing equation for a vector field on an affine manifold M endowed with a torsion
free connection V on its tangent bundle. In terms of the Lie derivative of connections
this equation reads

0 = (LiexV)yZ:=[X, VyZ] - Vixy|Z — VxlY, Z] = Rx,y Z + V¥ ;X
its solutions X € I'(TM) are called affine Killing fields. The extended affine Killing
field X := X @ X with X := VX associated to a solution satisfies the extended

equation

VyX =XY VyX=-Rxy (32)
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the extended affine Killing field is thus a parallel section Vgimng(% @ X) = 0 of the
vector bundle End TM & T'M with respect to the Killing connection defined by:

Vgi“ing(f © X):=(VyX+Rxy) ® (VyX —XY). (33)

A direct consequence of this construction is that the Lie subalgebra of affine Killing
vector fields aff(M, V) C T'(TM) is a vector space of dimension dim aff(M, V) <
m? +m on every connected manifold M of dimension m with equality only on affine
spaces. Straightforward, but slightly tedious calculations result in an explicit formula
for the curvature

R (x @ X) = ((VxR)y,z — (X*R)y.z) ® 0 £ (SiexR)y,z @ 0

of the Killing connection, the relation with the Lie derivative of the curvature tensor R
in the second equality requires X = V.X. Due to torsion freeness the Lie bracket of two
affine Killing fields X, Y € aff(M, V) can be calculated via [X, Y] =9X — XY from
their associated extended affine Killing fields X***, Y*** € T"(End TM & T'M). Taking
the covariant derivative and using (32) we find that the C°°M-bilinear “algebraic”
bracket

xeox Do Y]alg = (9, X] - Ry,x) ©® (X —XY) (34)
on the vector bundle End TM @& TM reduces to [X®*, Y], = [X, Y]|** for ex-
tended affine Killing fields. In general this algebraic bracket does not satisfy the
Jacobi identity and thus does not define a fiberwise Lie algebra structure on the vec-
tor bundle End TM & T M, the degree of failure of the Jacobi identity is however
measured by the cyclic sum:

XX, QY 3® Zaglag + cyclic permutations
= (@ * Ryv.z+ @ * Rizx + (3« Rx.y) @ 0.

Last but not least we remark that the covariant derivative of [,]a, under VKilling
equals:

(VE"™] ) (X © X, D ©Y) = ((VzR)x,y + (X* R)y,z — (D* R)x,z) & 0.

Let us now specify the preceeding equations to a hermitean locally symmetric space,
this is a Kéhler manifold M with covariantly parallel curvature tensor VR = 0. In
this case the joint stabilizer of the parallel Riemannian metric g, complex structure I
and curvature tensor R defines a subbundle parallel with respect to the Levi-Civita
connection V

gM :=stab(g, I, R) & TM C EndTM & TM (35)

which is moreover parallel under the Killing connection VX!ing defined in equation
(33), because the curvature tensor R takes values in the joint stabilizer stab(g, I, R)
of the parallel sections g, I and R. On the subbundle gM the algebraic bracket [, ]aig
satisfies the Jacobi identity and is parallel with respect to the Killing connection,
thus gM becomes a bundle of Zy—graded Lie algebras endowed with the flat algebra
connection VEi"e moreover the odd subbundle is exactly the tangent bundle 7M.
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In passing we remark that the Lie algebra structure (34) on g, M encodes the Jacobi
operators of the Riemannian metric with

(ad’X)A = 0@ X, [0 X,0® A =0® Rx.aX = Rx.aX  (36)

for all X, A € T,M. Under the ansatz ®~}(X) = p~!(ad X) suggested by this
identity the parallel transport equation of Lemma 3.1 becomes the ordinary differential
equation

L D o ) = 22 ot ~1(0) = 1
z (e + e (2) =279 (2) ¢ (0)
for the unknown power series ¢! (z) € Q[z] with unique solution ¢~1(z) = % or:
sinh ad X ad X
PHX) = — O(X)=——. 37
(X) ad X (%) sinh ad X (37)

For hermitean locally symmetric spaces we will use in addition the following specific
identity:

LEMMA 5.1 (Fundamental Commutator Identity). The Jacobi operator (ad®X) :
T,M — T,M, A — Rx aX, associated to a tangent vector X € T,M commutes
on every hermitean symmetric space M with the Jacobi operator ad*IX associated to
the tangent vector IX € T, M. For general Kdhler manifolds the commutator of these
Jacobi operators is a linear combination of iterated covariant derivatives of R:

3[Ry..X, Rix, . IX]A
= % (Vg( xR — v%X,XR)X, IxA+ (Vg( xR — v%X,XR)A,XIX
+ (Vi xR—=V% aR)x ixIX + (V% xR —Vix aR)x 1xX.

Proof. Although a Lie theoretic argument is significantly shorter we prefer to
prove the general formula for arbitrary Ké&hler manifolds. It is rather difficult to
believe though that such a complicated argument could be made up without knowledge
of the Lie theoretic background. Using the first Bianchi identity three times we obtain
the identity

+Rr, yv,wZ — Rp, vuwZ — Rr, wu,vZ+ RRr, wv,uZ
—Rr, ,uvW + Rr, ,viu W+ Rr, ,w,uV — Rr, ,w,vU
= —Rpy vawZ+ (RawR)u,vZ — [Ra,w, Ru,v]Z
+(Ra,zR)uvW — [Ra, z, Ru,v]W — Ry,vRa, zW
=+(Ru,vR)awZ+ Ra ry ywZ + (RawR)u,vZ
+(Ra, zR)u,vW — Ra, zRy vW
= —Rpy, yw,zA+ (RuvR)awZ + (Ra,wR)u,vZ + (Ra, zR)u,vW
for arbitrary tangent vectors A and U, V, W, Z. Expressing the action of the curvature
on curvature (RyvR)awZ = (V2U,VR — V%/’UR)A,WZ by skew symmetrized iterated
covariant derivatives and specifying U = X =W and V = I X = Z we conclude:
3[Rx..X, Rrx. .IX] A
= —Rpy xx.ixA+ (VX ;xR —Vix xR)a xIX
+(V4. xR = Vi aR)x, 1xIX + (V4 ;xR — Vix aR)x, 1xX.
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In light of Remark 4.7 the latter identity implies the formula in question. O

The most important consequence of Lemma 5.1 is that we may evaluate a doubly
even power series in two variables in the commuting Jacobi operators ad?X and
ad?I X associated to a vector X € T,M tangent to a hermitean symmetric space M.
In particular the technical Lemma 5.2 is formulated in terms of the endomorphisms
F(ad X, adIX) € End T, M associated to tangent vectors X € T,M and a power
series F' € Q[z, Z], which is doubly even in the sense F(—z,T) = F(z,T) = F(z,—T).
More specifically we are interested in doubly even power series F*' € Q[x, T] arising
from even power series F' € Q[z] via:

F™Yz, 7) = %((HE)F(HE) + (x —E)F(x—f)). (38)

With F' being even the expression (z + T) F(x + %) + (¢ — T) F(xr — T) vanishes at

x = 0 so that F*** € Q[z, Z] is indeed a well-defined power series with doubly even
expansion

P, )= ) Py, (a?)F = (@%)" (39)

in terms of the coefficients (Far)r>o of F. Usually it is simpler to calculate F' ext

directly from its definition (38), for the even power series % € Q[z] for example
2
we find:

<tanh %)ext( 7) 1 (ex+§_1 N ea:—f_l)
xr, T — — —
z ’ z\etT 41 e T 41

2
2 (€2 —1)e® _ sinhz er e®
Tz (et 4+ 1) (e* + %) B x (et 4 1) (et 4 €T)

In passing we remark that the power series F'*** € Q[z, 7] satisfies the congruences
d
F*(2,3) = F(x) mod (%)  F*(e,7)= (v +1) F(@) mod («%) (40)

modulo the ideals generated respectively by Z2 and z2. Both congruences can be read
off from expansion (39) or are readily derived from definition (38) using L’Hopital’s
Rule.

LEMMA 5.2 (Technical Lemma). Consider an even formal power series F € Q[z]
in one variable and its associated doubly even extension F' € Q[xz, Z] defined in
equation (38). For every hermitean locally symmetric space M the evaluation of F&<*
at the commuting Jacobi operators ad®>X and ad®’IX associated to X € T,M results
in an endomorphism F°*'(ad X, ad IX) € End T,M of the tangent space in p, which
makes prominent appearance in the directional derivative:

d

D [F(ad IX)X} A=< F(ad I(X + tA)) (X +tA) = F*(ad X, ad I X) A.

0

Moreover the odd endomorphism ad [F(ad IX)X] of the Zy—graded Lie algebra g, M
defined in equation (35) as stab,(g,I,R) & T,M can be written in terms of
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Fe'(ad X, ad [ X):

ad (F(ad IX) X)

=(ad X) o F*™"(ad X, ad I X)
T,M

=F*(ad X, adIX) o (ad X).

ad(F(ad IX) X)
stab,(g,I,R)

In consequence the square of this endomorphism restricted to the tangent space T, M
reads:

a a = (a a , a .
A(F(ad IX) X d® X) F*™*(ad X, ad IX)?

Proof. Recall that the even subalgebra stab,(g, I, R) of the Zy—graded Lie algebra
gpM consists of endomorphisms of T, M commuting with I. In consequence the sym-

metries of the curvature tensor R of Kihler type of M imply [IX, IX] = R,y ,x =
[X, X] and so

[1X, [IX, 9] = [IX, I[X, Q]| = [X, [X, Y]]
forall X, X € T,M and all Q) € stab, (g, I, R). Generalizing this identity we conclude
X g I X, L [XL Y = X (X (XL Y] (41)
forall Xq, ..., X, X,41, ...in T, M provided pis even and Y € T}, M or alternatively
wis odd and Y € stab,(g,I, R). A straightforward induction on r or simply the

binomial formula in the universal enveloping algebra generalizes the Jacobi identity
for g, M to:

ad((adTY) z) =3 (- (;) (ad" 1Y) (ad Z) (ad"Y). (42)

Using this identity together with Zii;l (;) = (u%fl) we calculate for all k£ € Ny:

D((ad%IX) X) A

dt

(ad% I(X + tA)) (X +tA)

0
2k—1
= (ad®™IX) A= > (ad® " 7'IX) [(ad"IX) X, TA]
r=0

2k—1 ok
= (ad™IX)A— > (-1~ (u N 1) (ad®*“#711X) (ad X) (ad"IX) TA.

=0
In order to evaluate this sum we treat the summands differently depending on the
parity of the index p: Identity (41) allows us to remove all I's to the right of ad X
without changing the result provided the index p is odd, in the opposite case with
even index p we employ identity (41) to replace (ad X)(ad IX) by —(ad IX)(ad X)
and then remove all I'’s even further to the right without doing any harm. The net
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result of all these modifications reads

D((ad%lx) X) A

2k
Qk L+1 L+1
= (ad®*IX) A + go <u+ 1) (ad?IX)F=*3" (ad?X)"s" A
pj odd
2k ok
2 k— L 2y &
+ ;) <u+1> (ad’IX)" % (ad®X)% A
,ulcvcn
u 2k 2k
_ 2k o 2 k—v 2 v
= (ad IX)A+;0 (<2V+ 1) + (21/) 5V:0) (ad’IX)F~ (ad®X)” A
2k +1
= Z (2 11) (ad*IX )%~V (ad®’X)” A = (z®)**(ad X, ad [X) A
where v = & or v = “TH depending on the parity of u and the Kronecker delta
d,—0 is needed to cancel the non existent summand with © = —1 after switching to

v = 0. With the directional derivative being linear we deduce the validity of the first
statement of the lemma for all even power series F' € Q[z] from its validity on the
basis (22)ken, -

The argument for the other two statements follows this line of reasoning very
closely, the starting point for both statements is to use identity (42) to expand
ad [(ad**IX) X] into:

2k
ad [(ad® IX) X] = > " (~1)* (if) (ad®1I1X) (ad X) (ad"IX).
pn=0

In this situation making a case distinction on the parity of the index p is not sufficient
to employ identity (41) and so we have to restrict this endomorphism of g, M either to
the tangent space T, M or to stab,(g,I, R). Restriction to T,,M allows us to remove
all I to the left of ad X without changing the result provided p is even, for odd p we
have to replace (ad IX)(ad X) by —(ad X)(ad I X) first using (41) before removing all
I further to the left. In analogy we remove all I to the right of ad X on stab,(g, I, R)
provided p is even, otherwise we replace (ad X)(ad IX) = —(ad IX)(ad X) first and
proceed as before. O

THEOREM 5.3 (Difference Elements of Hermitean Symmetric Spaces). For ev-
ery hermitean locally symmetric space M the difference element K := exp, ! oknc,
measuring the deviation between the Riemannian and Kdahlerian normal coordinates
reads:

artanh (4 ad 1X) 1 tanh(1 ad 1.X)
X K ' X=—%¢is+-———-
TadIX TadlX

KX = X.

Proof. Before verifying the recursion formula (4.10) for K1 let us first use the
technical Lemma 5.2 to show that K and K ! are actually composition inverses of
each other. In order to simplify the exposition of this argument we consider the



RIEMANNIAN AND KAHLERIAN NORMAL COORDINATES 401

general case of two even power series F| F e Q[z] parametrizing power series on
T,M with values in T, M via

F(X):=F(dIX)X = —IF(adX)IX (43)

the second equality rises from equation (41) in the form [IX,[IX,Y]] =
—I[X,[X,IY]] valid for all X, Y € T,M. The technical Lemma 5.2 implies for the
composition:

F(F(X))=—IF <\/ad2[ﬁ(ad1X)X]> IF(ad X)X

—IF <\/(ad2X) Fext(ad X, ad IX)2) F(ad X)IX

= —IF(“adX)F(ad X)") F(ad X)IX = — I (F o F)(ad X) IX

where (F o F)(z) := F(zF(z)) F(z). For the series corresponding to K and K~ we
find
tanh § . artanh £  tanh § (2artanh %) artanh %

= =1
5 5 3 (2artanh %) 5

and conclude K~1(KX) = X, mutatis mutandis we obtain K(K 1X) = X as well.
Recall now that the difference element K ! on a locally symmetric space is a compo-
sition polynomial in the curvature tensor alone as VR = 0 and all iterated covariant
derivatives vanish, thus it has weight 0 in the sense 6K ~! = 0. Rewriting the defini-
tion (24) of the weight operator

§:=id ® I —Der; ®id = (id ® I)(Der; ® I +id)

we conclude (Der; ® I) K—! = —K~! so that the recursion formula of Remark 4.10
becomes:

(N —-1) K‘l} (X)=IDKYX)(id — ®(X)) IX. (44)

tanh 4 ad IX .
2 Q 1
TadIxX X satisfies
this formal differential equation characterizing the difference element let us consider
the power series

In order to verify that the stipulated power series K~'X =

d stanh Z 1 tanh £ tanh £ T
Fa)=o (52 )= —gy — g2 =g 2 (- 2o)
X 3 cosh 3 3 3 sinh x
where we have used the addition theorem L = = tinh.% = = far?h 2 for the
cosh® £ (cosh &) (sinh &) 5 sinhz

hyperbolic sine in the second equality. Conveniently using the swap identity (43) we
conclude

(N-1D)K ')(X)=F(dIX)X = -IF(ad X)IX

B tanh %adX( ad X

- IX
sad X sinh adX)

where the shift from N —1 to x% reflects the fact that x% counts all arguments but
one of the power series K ~!. On the other hand the technical Lemma 5.2 and equation
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37) for the forward parallel transport ®(X) = 24X _ on symmetric spaces allow
sinh ad X

us to write the right hand side of the formal differential equation (44) for K ~'X =

tanh fad IX + .
2R 2922 X in the form

Tad X
tanhﬁ ext adX
IDKY(X)(id - ®(XNIX = I —2 X, adIX)(id — ————— ) IX
(X) (id — &(X)) ( z ) (ad X, ad )(ld sinhadX)
tanh iad X ad X
=J—2 " (id— —— ) IX
%adX ( sinhadX)

tanh § )cxt

where we may reduce (— modulo the ideal (7?) according to the congruences
2

(40), because ad’IX commutes with the power series Sina}?;g < in ad?X and kills its
argument /X. Comparing the results for the left and right hand sides we conclude
that the stipulated power series K ! satisfies in fact the formal differential equation

(44) uniquely characterizing the difference element K~ = knc, lo exp,, as claimed. O

COROLLARY 5.4 (Kéhler Potential on Symmetric Spaces). On every hermitean
locally symmetric space M the normal potential takes the form:

: 1,92
6,(X) = g, (X7 log(ld1 42ad IX) )

Proof. Essentially the proof consists of a calculation of the expression W(X)X
on hermitean locally symmetric spaces using again the key technical Lemma 5.2. In
a prelude to the proof we remark that the power series identity 2 artanh x = log %f—i
is a direct consequence of the differential equation artanh’z = 1_1w2. The second
congruence in (40) thus becomes

(artanh%)ext(x’ . (Ti+1> artanh% B 1 1

dz (3)?

modulo the ideal generated by z2. In consequence the formula (37) for the backward
parallel transport on symmetric spaces and the technical Lemma 5.2 allow us to
expand the definition W=!1(X) = &~ 1(KX) K, x of the Kihler backward parallel
transport to the effect that

x

INIE]]

z
2 2

inh ad KX artanh £ ext
UHX) X = SmadaKX (ar a; 2) (ad X, ad IX) X
-(> o i o ad”* K x) (1~ iad21X>_1X -(1- iad21X>_1X
k>0

because ad?X kills the eventual argument X in the first line and so then does

artanh %

x

ad’K X = (ad®X) o (
2

xt
)e (ad X, ad IX)

in the second. On the other hand we know that the Kéhler normal potential 6 on a
hermitean locally symmetric space is necessarily of weight 0 in the sense Der;0 = 0,
because it is essentially a composition polynomial in the curvature tensor alone. With
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the Jacobi operator ad’IX = Rrx,.IX being a symmetric endomorphism we thus
simplify equation (18) to:

[N20)(X) =4g(T (X)X, U HX)X) =4g(X, (1-Lad’IX)2X)

The corollary now follows from the identity (z-4)%log(l — 2?) = —42? (1 — 22)72,
no additional shift is needed in this argument between the number operator N and
d

Before closing this section we want to verify equation (31) describing the Spencer
connection for the Kéhler normal potential on hermitean locally symmetric spaces. In
light of the explicit formulas for the forward and backward parallel transport (37) it
seems justified to make the ansatz O(X) = §(ad X) for the power series © describing
the exponentially extended vector fields on symmetric spaces with an unknown even
power series 6 € Q[z] as parameter. Under this ansatz the equation (15) for ©
becomes the ordinary differential equation

x% (x% B 1) 0(z) = x% <(1 B sinlilx) sinilx) + (m% Sinql:lx> (sinxhx)2

()
= —Tr—
dz \sinh x
with initial value 6(0) = 1, the simplication in the second line is due to the standard
identity (x% fHrrR= —x% f valid for every invertible, commutative power series
f. Hence
( d 1) 0(x) = (== )2+'t ti tant 6(0) = 1
r— — x)=— integration constan =
dx sinh x &

where the initial value 6(0) = 1 forces the integration constant to vanish. The unique
even power series solving the latter ordinary differential equation equals 0(x) = —=2

tanh
due to tanh'z = hence exponentially extended vector fields on symmetric
spaces read:

1
cosh? 2’

B ad X
" tanh ad X

Incidentally this formula is exactly the formula describing the unique Killing vector
field with vanishing covariant derivative and value Z € T,M in a point p € M in
exponential coordinates [He]. With the difference element K being parallel VK = 0
on locally symmetric spaces formula (30) tells us that the holomorphically extended
vector fields are simply these transvection Killing vector fields written alternatively
in Kéahler normal coordinates:

79%(X) = O(X) Z (45)

COROLLARY 5.5 (Holomorphically Extended Vector Fields). In accordance with
Corollary 4.12 the holomorphically extended vector field Z¥* associated to a tangent
vector Z € T,M of a hermitean symmetric space equals the quadratic vector field

1
Ze(X) =2 - (RzxX = Rz,1xIX)
on the tangent space T,M. In particular all Killing vector fields on a hermitean

symmetric space become at most quadratic vector fields when written in Kdhler normal
coordinates.
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Proof. Recall first of all that the curvature tensor of a locally symmetric space is
covariantly constant VR = 0 and so then is the difference element K. In consequence
equation (30) describing the Taylor series of holomorphically extended vector fields
becomes

ad KX

knc — exp _ —1
Z(X) = K ey Z°P(KX) = DK (KX) e 7 (46)

in light of the formula (45) for exponentially extended vector fields. Using the technical
Lemma 5.2 and the swap identity (43) we may rewrite ad*(KX) and ad?*(IK X) in
the form

tanh Z \ ext
ad?(KX) = (adX)%%) (ad X, adIX)? = F2(ad X, ad IX)

2
ad’(IKX) = —JTo (ad’KX) o[ = F?(adlX, ad X)

defining the power series F' € Q[x, Z] in two variables arising in this way as:

tanh £ \ ext 1 2 T 2 -7
artan 2) ( (10 +J;+a:+10 +x a:)

F(x’j)::x( z g &0 vz %o _arz/)

x, T) ==
5 2

The identity 2artanh § = log 3 2“3 can be used conveniently to arrive at the extension
(38) needed in the second equahty In turn the description (46) of holomorphically
extended vector fields expands with the help of the technical Lemma 5.2 into the
power series

ad KX

knc _ —1 _ 2 2
7°(X) = DENKX) o moe 7= H(ad’X, ad’IX) Z (47)

in ad’X and ad?/ X alone, where the doubly even power series H € Q[z, Z] reads

e, ) = (222) ™ (P, @), P, 2)

2

F(z, T)
tanh F(x, T)
F(z,7)+F(z,x)

e

= 4 cosh F(z, 7) (F@0)+F@,2) | 1) (eF(@3) 1 F@ )

anh

2 )Xt following definition (38) has been used here
in the second line. In order to surnplify the power series F'(z,Z) and F(Z,z) in this

the exemplary calculation of (

formula we change variables from x, T to the new variables a := 9”:” and b := %z
and obtain:
1 1+4+a 1+ 1 1+a 1-5b
F ,*:f(l 1 ) F(z, =7(1 1 )
(@) 6T . T BTy @ @) =g (le 7 Tlog

Inserting these expressions into the power series H simplifies it drastically, namely we

2y a 0 /B T+ JER D)
o (B B V)

(].+a) f‘i‘(l—a) 1-b 1
_ 1-b 1+b71+ b71+

(
1+b 1-b 4
\/ 1i_b + \ 1+

z? — 7?)
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by using the identity # = tJ%l twice. Reinserting this result into our description

of holomorphically extended vector fields (47) on hermitean symmetric spaces we get
eventually

1
Z79(X) = H(ad’X, ad®IX) 2 = Z + ((adZX) Z — (ad?IX) Z)

which converts via equation (36) or (ad®X)Z = —Ryz xX into the first statement
of the Lemma. The second statement follows from the fact that the complementary
Killing vector fields with vanishing value in p are linear vector fields in Kéhler normal
coordinates. O

Having established Corollary 5.5 about holomorphically extended vector fields on
hermitean locally symmetric spaces we can eventually verify the important equation
(31). According to Corollary 5.4 the K&hler normal potential on hermitean locally
symmetric spaces can be written in the form 0(X) = ¢g(X, F(ad IX) X) with the even
power series:

F(zx) := log(1 — (5)%) — 1 (Zy2k

' —(5)? k+12" °
Recall now that the Jacobi operators ad’X = —R. xX and ad’IX are commuting
symmetric endomorphisms and so then is F***(ad X, ad IX). Using the technical
Lemma (5.2) we find

% O(X +t2) = g(z, [Fad IX) + F*(ad X, ad IX) ] X)
0
=2g(Z, (id - ad’Ix)™'X)

for every fixed direction Z € T, M in light of the congruence of power series

d T o1

F(@)+F*(0,7) = (@ +2) F@@) = 2(1 - (%)2) mod (z2)
in the variables x, T modulo the ideal generated by x2, the equality in this congruence
is most easily deduced from the power series expansion of F. In consequence we obtain:

(ance)(X) _ 29(Z+%(ad2X—ad21X)Za (ld— iad2[X)—1X)

=2g9(Z, (id - Lad’IX) (id — L ad’I1X) 7' X) = 2¢(Z, X).

Appendix A. Kahler Normal Coordinates in Examples. In order to illus-
trate the concept of Kéhler normal coordinates we want to describe these coordinates
and the associated normal potentials for a couple of examples in this appendix, namely
the four infinite series of compact hermitean symmetric spaces: The complex Grass-
mannians, which include the complex projective spaces as a special case, the real
Grassmannians of oriented planes and the real and quaternionic twistor spaces. A
classical reference for formulas pertaining to Riemannian symmetric spaces like the
relation between the curvature tensor and the Lie algebra structure on the Lie alge-
bra of Killing vector fields exploited in Section 5 is certainly [He]. From among these
formulas we will use in particular the description of the Riemannian exponential map
in terms of matrix exponentials.
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Probably the most prominent examples of Kédhler manifolds besides flat C™ are the
complex projective spaces, which we will discuss in the context of complex Grassmann
manifolds in the first part of this appendix. The Kéhler metric of choice on the
complex Grassmannian GriV of k-dimensional subspaces of a complex vector space
V' is a generalization of the Fubini-Study metric on the set PV = Gr;V of lines
defined in terms of a positive definite hermitean form h: V x V — C on V and the
associated identification of the vector space

~ d
Hom (P, Pt) — TpGr,V, X +— o imid+tX: P — V)
0
tangent to GriV in a point P € GriV with h-orthogonal complement P+ C V.

Under this identification the complex structure I becomes the multiplication by i in
Hom (P, P*) and

hps: Hom (P, PY) x Hom (P, PY) — C, (X,Y) — trp(X*Y)

defines the hermitean Fubini—-Study metric with Riemann metric gpg := Re hrpg and
Kihler form Im hpg, where X* € Hom (P+, P) denotes the adjoint of X with respect
to h. In order to calculate the exponential map we apply the matrix exponential
exp: End V. — GLYV to the Lie algebra element X — X* € suV corresponding to
the tangent vector X

0o —-X* cosvVX*X x
eXp |\ x 0 = | x sinyX"X

XX
in which the ill-defined square root never materializes, because both cos x and %
are even power series in z. The Riemannian exponential is now covered by the matrix
exponential in the isometry group for symmetric spaces like GriV, see for example
[He], in consequence the exponential map expp : TpGriV — GriV for the Grass-
mannians can be written:

sin v X*X v)
VX*X '

Based on this description we simply make the following guess for K&hler normal
coordinates

expp : Hom (P, P1) — Gr,V, X»—>im(v»—>cos X*Xv+ X

kncp:  Hom (P, Pt) — Gr,V, X +— im(v — v+ X0) (48)

which we will verify in due course by calculating the normal potential. In any case

the image of these Kahler normal coordinates is exactly the big cell consisting of

all subspaces transversal to P, since these big cells form the coordinate charts in

the standard holomorphic atlas for GriV the proposed map kncp : TpGrpyV —

GriV is certainly holomorphic. Whenever the operator norm of the tangent vector

X € Hom (P, P*) satisfies | X | < Z, then the linear map cos VX*X € End P is

invertible and the resulting equality

sin vV X*X tan v X* X )

PR VaA A Vs 2
VX*X X*X

implies the following explicit formulas for the difference element K and its inverse

tan VX" X tan VXX
K-lx=x20Va & . gx-xd9ve 4 (49)
XX XX

im(v»—>cost*Xv+X v):im(vl—>v+X
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because in this way kncp(K 1 X) = expp X. To calculate the pull back of the Fubini—
Study metric grg on GriV to T, M via kncp we embed Gr,V isometrically into the
real vector space of self adjoint endomorphisms of V' with respect to the hermitean
form h

L Gr,V — Endherm‘/a p — PIp (50)

where prp = pr}g is the orthogonal projection onto P, in turn the composition tokncp
reads

(im (v — v X)) = (1;) (d+X*X)"" (id X*)= (XQQ XQQX;*)

with @ := (id+X*X)~!. In passing we observe that the very same calculation implies
that the differential of the embedding ¢ in the chosen, but arbitrary point P € GriV'
is given by

tw,p: Hom (P, P*) — EndpermV, X —s (f( %)

as Q = id + O(X?), hence ¢ is an isometric embedding as claimed provided we choose
the positive definite scalar product G(F, ﬁ‘) = %terﬁ' on End perm V. Using the
standard formula §M = —M (§M 1) M for the variation of inverses we may calculate
the differential

(tokncp),, xA
= (21) Qid X*) - (}?) QUA'X + X*A)Q (id  X*) + (1;) Q0 4)

of the composition ¢ o kncp : TpGryV — End perm V' and find after a rather lengthy
calculation better done separately for the 9 summands and simplifying @ (id+X*X) =
id:

(knchgrs) x (A, B) = ((1oknep)*G)x (A, B)
= %trv((L oknep),, xA (toknep), xB)
— Ltrp(QA" B+ QB*A - QA*XQX*B — QX*AQB*X).

Note that the peculiar arrangement of the factors in the third and fourth summand
make the result real as the trace of sums of hermitean matrices. Having calculated the
pull back of the metric we are in the position to verify that the anchored holomorphic
coordinates kncp : TpGripV — GriV proposed in equation (48) are actually the
unique Kahler normal coordinates in the point P € GryV. For this purpose we define
Op € COO(TpGrkV) by

0p(X) = trp log(id + X*X) = log detp(id + X*X) (51)

and observe that for given tangent vectors A, B € TpGriV = Hom (P, P1)

> 9 . .
moP(X) = 87AU"P(Q (B"X 4+ X"B))

=trp(Q(B*A+A*B) — Q(A*X + X*A)Q (B*X + X*B))
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due to the standard logarithmic derivative 6 log(det M) = tr(M~16M) of the deter-
minant and the definition @ := (id + X*X)~! of Q. Comparing this result with the
formula for the pull back kncpgrg of the Fubini-Study metric from Gr,V to TpGrV
we conclude
. A 1 0? 0 0? 0
(enchges)x (4, B) = 3 (5555 070 + 5155759 (0)

because the troublesome terms with either none or both of A or B starred drop out
in averaging over A, B and I A, IB. In consequence the function fp is some poten-
tial function for the Riemannian metric kncpgrs on TpGriV and since it evidently
satisfies the normalization constraint imposed on the unique normal potential it is
actually equal to this potential, in turn kncp : TpGryV — GriV are Kdhler normal
coordinates as claimed.

Although the formula for the difference element of the complex Grassmannians
obtained in this way is quite explicit, it is more useful to recast it in terms of the cur-
vature of Gri V. According to our discussion of the Lie algebra of Killing vector fields
on symmetric spaces the curvature of the complex Grassmannians can be calculated
from the Lie algebra of Killing vector fields on GrV by means of equation (36), more
precisely we find

RuyW =—[[U—-U*V -V, W =W*| =UV*W - VU*W - WU*V + WV*U

for all U, V, W € Hom (P, P*) with adjoints U*, V*, W* € Hom (P*, P). The com-
plex structure on the Grassmannians GriV is now defined by declaring the isomor-
phism TpGr,V = Hom (P, P1) of real vector spaces to be complex linear IX :=iX

and so the formula for the curvature becomes for the arguments U = IX = W and
V=X (X*X)*

(ad2IX)<X (X*X)k) = Riy. x(x-xr iX = —4 X (X" X)F+1
for all k > 0. In consequence equation (49) can be written in the form:

arctan(— § ad’IX)z2 artanh(3 ad I.X)
KX = X = —— X. (52)
(_Zad IX)2 iadIX

This calculation was the motivation for the authors to look for a proof of Lemma 5.3
describing the difference element for arbitrary hermitean symmetric spaces by exactly
this formula. In the same vein the normal potential for the complex Grassmannians
can be rewritten in terms of the Lie algebra structure in order to reflect Corollary 5.4:

log(id — % ad®7X
og(i 7@ ) X)

!
knch0p)(X) = trplog(id + X*X) = X,
(kncp0p)(X) = trp log(i ) = (X =

(53)

The second family of examples of Kéhler manifolds discussed in this appendix
are the real Grassmannians of oriented planes in a real vector space V', the universal
covering spaces of the standard real Grassmannians GraV of planes in V| elements
of Gr5"V are thus 2-dimensional subspaces P C V endowed with an orientation
determining the sense of counterclockwise rotation. Choosing a positive definite scalar
product g : V x V. — R we may identify the vector space tangent to Gry'V in an
oriented plane P € Gr§"'V with the vector space

o) d
Hom (P, P*) — TpGry'V, X +— o md+tX: P — V)
0
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of linear maps from P to its orthogonal complement P and define the Fubini-Study
metric

grs : Hom (P, P*) x Hom (P, PY) — R, (X,Y) — trp(X*Y)

in complete analogy to the complex Grassmannians, where X* is now the adjoint of
X with respect to the scalar product g. In difference to the complex Grassmannians
however Hom (P, P*) is not a priori a complex vector space so that it is impossible
to define an almost complex structure I on Gry'V simply by multiplication with 4.
Nevertheless every oriented plane P C V carries a unique isometry J € O(P,g)
satisfying J?2 = —idp, namely the rotation by +90°. In turn the tangent space
TpGry'V = Hom (P, P1) to the Grassmannian of oriented planes in V' becomes a
complex vector space by precomposing

I: Hom (P, P*) — Hom (P, P*), X — XJ

with J € O(P, g), moreover this complex structure on Hom (P, P) is orthogonal with
respect to the Fubini-Study metric grs(IX,IY) = trp(J*X*Y J) = grs(X,Y) due to
J* = J~1 = —J. Evidently no similar construction exists for the real Grassmannians
of oriented or unoriented subspaces of V' of dimensions other than 2.

Leaving the question of integrability of the almost complex structure I on Grg"
aside for the moment we recall that the complex bilinear extension of the scalar
product g to the complexification Vg := V ®g C of the real vector space V defines the
complex quadric

Qq(V):={ [pl e PV | v isotropic vector with g(p, p) =0 } < PV

of isotropic lines in Vi, which is a smooth complex submanifold of P V¢ and thus
a Kahler manifold itself endowed with the restriction of the Fubini-Study metric
associated to the positive definite hermitean form h : Vg x Ve — C, (v,w) —
g(T,w), arising from g and the real structure on V.

Evidently the real and imaginary part of every vector p = (Rep) + i(Imp) € V¢
representing an isotropic line [p] € Q4(V') are orthogonal vectors of the same length in
V and vice versa. In this way the Grassmannian Gr§"V of oriented planes in V' embeds
canonically into a complex projective space and becomes the quadric Q4(V) C PVt
of isotropic lines. More precisely the canonical embedding sends an oriented plane
P C V to the isotropic line spanned by the vector p := e; — ies encoding an oriented
orthonormal basis ey, ey for P:

v Gry'V.o— Qu(V) c P, P — [p].

With P being a plane in V' all its oriented orthonormal bases are related by rotations,
thus the representative vector p € V¢ is only defined up to multiplication by an
element of S*. Independent of this S'-ambiguity in the choice of p € V¢ the following
identities hold true

g, Fp) = trpF

54
| g(p, Fp)|? = t1%F —4detpF = 2trp(F?) — triF (54)

for every symmetric endomorphism F' € End P as the reader may easily verify using
the matrix coefficients of F' in the orthonormal basis ey, e5. In terms of the identifica-
tion of the vector space tangent to P V¢ in the point ¢(P) = [p] with the vector space
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of complex linear maps from the line Cp to its orthogonal complement {p }* with
respect to the hermitean form h the differential of ¢ in an oriented plane P € Grg'V
can be written

te,p: Hom (P, PY) — Hom (Cp, {p}™), X — Xlg,

in fact ¢, p: 4 ’0 im(id +tX) %|0 [p + ¢ Xp]. In particular the embedding ¢ is
actually an holomorphic embedding with ¢, p(IX) = X J|¢, = iX|¢, due to Jp =ip
so that the almost complex structure I on Gr3'V is necessarily integrable. However ¢
is not an isometric embedding for the Fubini-Study metric ¢¥ V¢ on the target, to be
precise

h(Xp,Yp) 1 _ 1
P Ve L 9 - - I *

equals half the Fubini-Study metric %gFS on Gry'V. Interestingly this observation
is sufficient to construct the K&ahler normal coordinates for the real Grassmannian
Gr5"V by setting:

tokne,: Hom (P, PY) — Qu(V), X — [p+Xp—19(Xp Xp)p.

The S'-ambiguity of the isotropic vector p € V¢ representing the oriented plane
P € Gr3'V has no bearance on the complex line spanned by the vector p + Xp —
ig(Xp, Xp)p, moreover the image vector is isotropic due to Xp € P+ ®r C and
g(p,p) = 2. Last but not least we observe that the map ¢ o kncp : Hom (P, P+) —
Q4(V) is covered by the complex quadratic polynomial Hom (P, P+) — V¢ \
{0}, X — p+ Xp — %g(Xp7 Xp)p, and in turn is holomorphic, recall that after
all we have (IX)p := X.Jp = i(Xp).

The implicitly defined map kncp : Hom (P, P+) — Gr3'V arising from ¢ o kncp
is thus well-defined and holomorphic, to verify that kncp are the Kéahler normal
coordinates it thus suffices to find a local Kéahler potential for gpg satisfying the
normalization condition of Definition 2.6. For this purpose we pull back the Kéahler
normal potential of P V¢ in the point «(P) = [p] back to Hom (P, P1) and multiply by
2 to account for the homothety (1o kncp)*g¥ Ve = 1 gpg. According to our discussion
(53) of the complex Grassmannians

0 (I + q)) = log (1 + Zg Z;)

is the Kihler normal potential for ¢* ¥ whenever ¢ € {p}+ holds true, in turn we
conclude

2 (coknep) 0"V (X) = 260, (lp+ X p — § 9(Xp, Xp) D))

=2log (1+ 4 9(XP, Xp) + & | 9(Xp, Xp) )
—21og (1 + L trp(X*X) + Ltrp(X7X)? - & tr%,(X*X))

by using h(p, p) = 2 and the identities (54). The result is actually a power series invari-
ant under Dery due to (IX)*(/X) = —J*(X*X)J and thus satisfies the normalization
constraint required by Definition 2.6, in consequence kncp : Hom (P, P1) — Grd"
are the unique Kéhler normal coordinates of Gr5'V in the point P € Grg'V.
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In order to calculate the difference elements K and K ! for the real Grassman-
nians Grg'V we still have to compare the formula for kncp established above with
the analoguous formula for the Riemannian exponential map. The calculations can be
done in complete analogy to the case of the complex Grassmannians, because the Rie-
mannian exponential is still covered by a suitable version of the matrix exponential,
and the final results reads:

sinm
IIX .

texpp X) = {(cos X*X)p+ X %

(55)
Solving the equation expp Y = kncp X with respect to the tangent vector Y = KX for
a given argument vector X € Hom (P, P1) is thus equivalent to solving the equation

[(COS \/YTY)prYSh\l/;Z—*Y?p} = [p+Xp— %g(Xp,Xp)To}

for points in P V¢, which we may decouple into two independent equations

MP) =Xp  (56)

VY*Y

by taking the orthogonal decomposition V' = P @& P+ into account and introducing a
non—zero slack variable 7 € C*. Applying the complex bilinear scalar product g with
P to the first equation and using the identities (54) we find that 7 € RT is actually
positive

T((COS \/W)p) :p—ig(Xp,Xp)f) T(Y

1
T (trpcos VY*Y) = Q(TO, P=y 9(Xp, Xp) ﬁ) =2

and thus:

2 v sin VY*Y
trp(cos VYY) VY'Y
Unluckily we wanted to solve the equation expp Y = kncpX for Y and not for X,

hence we regress to the decoupled equations (56) and read the identities (54) back-
wards to obtain

X _ K71Y — (57)

72 (trpsin VY *Y) = g(T = PV s

sin VY*Y sin \/Y*Y) )
—)p
=g(Xp, Xp)

7 (trpcos® VY *Y) = g(p— L g(Xp, XP) p, p — 1 9(Xp, Xp) D)

=2+ 5[ 9(Xp, Xp) " = 24 3 trp(X"X)* — g trp (X7 X).

With trp(sin? VY *Y +cos? VY *Y) = 2 and g(XP, Xp) = trp(X*X) we can solve for

T:

o=

r=7(X) = (1 + Ltrp (X X) + Ltrp(XX)% — Tlﬁtr%(X*X)) .

Incidentally we observe that this expression is exactly the argument of the logarithm
in the formula (knch0%°5)(X) = 4 log 7(X) for the Kiihler normal potential of the real
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Grassmannian Gr5'V. In any case we conclude by solving the second of the equations
(56) that:

: X=X
X arcsin W
Y =KX = . 58
T(X) X*X (58)
T2(X)

Although this formula has little to no resemblance to the formula of Theorem 5.3, it
can be shown by explicit power series expansion that both formulas actually amount
to the same.

In the last part of this appendix we want to discuss Kahler normal coordinates for
a particularly interesting family of hermitean symmetric spaces: The twistor spaces
of orthogonal complex structures on real vector spaces of even dimension and the
closely related twistor spaces of quaternionic linear orthogonal complex structures on
quaternionic vector spaces. Starting with the former we consider a real vector space V'
of even dimension 2n endowed with a positive definite scalar product g : V xV — R
and define its twistor space as:

T(V, g) :={J € End V | J orthogonal endomorphism with J? = —idy}.

Since an endomorphism squaring to —idy is orthogonal, if and only if it is skew
symmetric with respect to g, the twistor space is actually a submanifold T(V,g) C
50(V, g) of the Lie algebra of skew symmetric endomorphisms of V. In particular we
may identify the tangent space T;%(V,g) C so(V,g) of the twistor space in a point
J € T(V, g) with the vector space

Yhew(J) = {X €50(V, g) | X skew symmetric and X.J + JX = 0}

skew

of skew symmetric endomorphisms X of V' anticommuting with J by differentiation:

~ d .
TJ{S(M g) — 2;kew(‘])7 % Jt — JO'
0
In fact Jy € Bl (J) anticommutes with J = Jy, because JZ = —idy for all t. The
Riemannian metric of choice on T(V,g) C so0(V,g) is simply the restriction of the

standard scalar produce g(X,Y) = —1try(XY) on so(V,g), moreover the almost
complex structure on E(V, g) in a point J € T(V, g) is the right multiplication with J
on the tangent space

I;: X!

skew

(J) — Shew()), X — X J
because X J still is skew and anticommutes with J. Since T(V,g) C so(V,g) is
actually a union of two adjoint orbits the Riemannian exponential is easily seen to be
covered by the matrix exponential for the Lie group SO(V, g), the only subtlety here
is that the Lie algebra element corresponding to the tangent vector X € Z;keW(J ) is

not X itself, but —% X J, due to the identity [-1 X.J, J] = X. In this way we find
the explicit formula

expy i Sho () — TV, g9), X — e X JetaXJ

for the Riemannian exponential of the twistor space T(V,g), and since X anticom-
mutes with J we may simplify this to read exp; X = e~X”/.J = (cosh X)J + (sinh X)
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using the observation (—X.J)? = X2. In order to establish the integrability of the
almost complex structure I and calculate the Kéhler normal coordinates it turns out
to be convenient to identify the twistor space T(V, g) with the Grassmannian of La-
grangian subspaces for the complex bilinear extension of the scalar product g on V'
to Vo = V ®g C, which is a complex submanifold of the Grassmannian Gr, V¢ of
n—dimensional subspaces of V¢ defined by:

LGr, Ve ={L € Gr,V¢ | L isotropic with respect to g}.

Explicitly the diffeomorphism between T(V, g) and LGr, V¢ reads

o

v: %(V,9) — LGr, Vg, J — V0

where VJ1 0« Ve is the eigenspace for the eigenvalue +i of the complex linear exten-
sion of the orthogonal complex structure J € T(V,g) to V. In passing we remark
that LGr, V¢ can also be realized as the quadratic projective variety of pure spinors.

The argument demonstrating the surjectivity of ¢ uses the canonical real structure
on the complexification Ve = V ®@p C in the form of an involution L — L of LGr, V¢
satisfying L N L = {0}, after all g is positive definite on the real subspace V C V.
We may thus associate to every Lagrangian subspace L € LGr, V¢ the endomorphism
J = ipry, —iprp of Vo = L @ L, which commutes by construction with the real
structure and thus comes from a complex structure J € End V' of the underlying
real vector space V. With its eigenspaces L and L being isotropic subspaces .J is
automatically skew symmetric and thus orthogonal with respect to g, moreover we
find VJ1 0 — L so that the orthogonal complex structure J € T(V, g) is a preimage of
the subspace L we started with.

Let us now turn to the calculation of the differential of ¢ in order to show that it
is an holomorphic embedding T(V,g) — Gr,, V. For a curve ¢t — J; of orthogonal

complex structures on V representing a tangent vector X = %’0 Jy € E;keW(J ) in
J = Jy we find
d d . 0.1 0,1 ]. . ~ Z d
* fJ):— (V’HV’ — = fJ):———J
L’J(dtot dt|, "\ " 50 g v =idi) 2 dt|,”

and hence conclude that the differential of ¢« : T(V, g) — Gr,, V¢ reads:

;

b1t Bhew() — Hom (V0 Vi), X e = Xpro,

In particular v, ;(IX) = —% XJ| 10 = ity ;(X) due to J = +i on VJl’O making ¢ a
J

holomorphic embedding as claimed, necessarily then the almost complex structure I

on the twistor space (V] g) is integrable. Moreover the pull back of the Fubini-Study

metric on Gr, V¢ via ¢ equals 1 times the chosen Riemannian metric on T(V,g) C

s50(V, g), because !
(c"grs)s (X, V) = Re tryr0((—5X)"(=3Y)) = — g try(XY) (59)

recall here that X* = —X is skew symmetric and that trv},oF = trV;,IF for every
endomorphism F' € End V of the underlying real vector space V.

For the next step we need to discuss another characterization of symmetric spaces
as manifolds endowed with a binary operation * generalizing in a sense the multipli-
cation of a Lie group, [Ber]| is a very good reference for this point of view. The binary
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operation * : Gr, V¢ x Gr,Ve — Gr, V¢ associated to the complex Grassmannian
Gr, Ve is most easily defined in terms of a suitable modification of the embedding
(50) used previously

inv: Gr,Ve — Endypem Ve, P 2prp —id

which identifies Gr, V¢ with the set of self adjoint involutions of V¢ with zero trace,
to wit

inv(P * P):=inv(P) o inv(P) o inv(P)

where the right hand side is still a self adjoint involution with zero trace. For obvious
reasons the composition invo¢: T(V,g9) — End perm Ve maps J to inV(VJl’O) = —1J
so that ¢ is actually a homomorphism of symmetric spaces in the sense:

() * 1) = e (=0d) (i) (<)) = o] )= (T T,

Like every other homomorphism of symmetric spaces ¢ is thus a totally geodesic
embedding, in turn Corollary 4.9 tells us that the Kahler normal coordinates for the
twistor space T(V,g) are simply the restriction of the Kéhler normal coordinates of
the complex Grassmannian:

tokney: L. (J) — LGr, Ve, X — kney 1o (e, 5 X).

In fact it is easily verified that the image subspace
i s c1 i . 1,0 !
kneyro(—3X) =im(id—$X : V}° — Vo) € LGrle

is actually a Lagrangian subspace of V. It remains to find the orthogonal complex
structure corresponding to this image subspace. For this purpose we recall that the
square X? of the skew symmetric endomorphism X € X1, . (J) is diagonalizable with
non—positive eigenvalues so that the endomorphisms id + %X J are always invertible
due to:

4id+3XJ)((d- LX) =4— (XJ)?=4- X"

Hence we may write the image of id — %X : VJI’0 — V¢ as the image of the endo-
morphism

(id_%X)Ova;ﬁ:%(id—é )(id —iJ)
= L(d—i[(J +1X) (id = LX)™) o (id— L X )
= pry1o o (ld — %X J)

kne y X
of Vi where the orthogonal complex structure knc; X € T(V, g) is given explicitly by:

(J+1X)(id+ 3XJ) _ 4+X2J+ 4X
4 — X2 4 — X2 4— X2

knc; X =4 (60)
The reader may find it amusing to verify the slightly surprising statement knc;X €
T(V, g) directly. Comparing this result with the formula for the exponential map of
the twistor space

P4+ X? 4X

exp;(KX) = (cosh KX)J+ (sinh KX) = 1 X2J+4 X2:kncJX
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we find exp(KX) = cosh KX +sinh KX = % and thus conclude:

24+ X
KX =log 21_7)( = 2artanh(1X) = K7'X =2 tanh(3X). (61)

Last but not least the normal potential of the twistor space equals the restriction of
the Kéhler potential of the complex Grassmannian Gr, V¢ to the Ké&hler submanifold
LGr, Ve = (V. g)

0,(X) =4 try10log (id + (—%X)*(—%X)) =2 try log (id - §X2)

where the factor 4 accounts for the homothety (*gps = % g. Needless to say this
formula for the potential is compatible with the description g;(X, X) = —% try (X?2)
of the Riemannian metric induced on the union T(V,g) C so(V,g) of two adjoint
orbits.

The discussion of the last family of hermitean symmetric spaces considered in this
appendix, the quaternionic twistor spaces, can be kept very short, because we may
interprete a quaternionic vector space endowed with a positive definite quaternionic
hermitean form h as a real vector space V of dimension 4n endowed with a scalar
multiplication H x V' — V' by quaternions and a compatible positive definite scalar
product ¢ = Reh in the sense g(qu,w) = g(v,qw) for all ¢ € H and all v, w € V.
Under this reinterpretation the quaternionic twistor space of all orthogonal complex
structures on V' commuting with H

TH(V, g) == {J € EndyV | J orthogonal endomorphism with J? = —idy }

becomes a symmetric subspace T%(V, g) C T(V, g) of the real twistor space associated
to V, because J = J commutes with the scalar multiplication by H, whenever so do
J, Je ‘IH(V7 g). In consequence the quaternionic twistor space is a totally geodesic
Kéhler submanifold and all the formulas pertaining to T(V,g) apply verbatim to
TV, 9).
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