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On the classification theorems of
almost-Hermitian or homogeneous
Kahler structures *

P. ForTUuNYy & P.M. GADEA

Abstract

A proof by Young tableaux and symmetrizers is given of the classifica-
tion theorems by Gray and Hervella of almost-Hermitian structures and
by Abbena and Garbiero of homogeneous Kéhler structures.

1 Introduction

As it is well known, representation theory has been applied to the classification
of several geometric structures on differentiable manifolds, beginning with the
almost-Hermitian structures [10].

An interesting case is that of homogeneous Kéhler structures [1, 4, 6], both
because of the importance of the manifolds under study and also as it gives
some specific examples of representations of the unitary group U(n). Moreover,
Abbena-Garbiero’s classification [1] has found an application [8] to spaces of
negative constant holomorphic sectional curvature: The characterization of the
complex hyperbolic space as the only connected simply-connected irreducible
homogeneous Kahler manifold admitting a nonvanishing homogeneous Kéahler
structure in Abbena-Garbiero’s class Ko @ Ky (see [1] and §2 below). On the
other hand, the almost-Hermitian case also has much interest (see [5] amongst
many others).

The aim of the present paper is to give a proof of Gray-Hervella’s [10] and
Abbena-Garbiero’s [1] theorems, by using Young tableaux and symmetrizers.
Although other demonstrations have been given [5, 4, 6], we think that one more
proof is in order due to the importance of both theorems and because the present
proof can perhaps aid to a better understanding of the involved decompositions,
and to solve some related questions: For instance, the expression of the tensors
in the classes in the homogeneous quaternionic Kéhler case, with relevant group
Sp(n)Sp(1) (see Fino [6]), and thus the corresponding geometric properties.
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2 The classification theorems

2.1 Gray-Hervella’s and Abbena-Garbiero’s theorems

Let V be a 2n-dimensional real vector space endowed with a complex structure
J and a Hermitian inner product ( , ); that is, J? = —I, (JX,JY) = (X,Y),
for any X,Y € V, where I denotes the identity isomorphism of V. Let F' denote
the Kéhler 2-form F(X,Y) = (X, JY).

From the geometric viewpoint, V' is the model of the tangent space at any
point of a differentiable manifold equipped with either an almost-Hermitian or
a homogeneous Kahler structure.

In order to classify almost-Hermitian structures, in [10] it is considered the
space

(2.1) S(V)- ={Se®*V*:Sxyz=—Sxzv = —Sxsviz}

of tensors satisfying the same symmetries as the covariant derivative VF' of
the Kahler form F with respect to the Levi-Civita connection of an almost-
Hermitian manifold (M, g, J). By using, among other results and techniques,
quadratic invariants, the authors obtain the following classification theorem

Theorem 2.1. (Gray & Hervella) If dimV > 6, S(V')_ decomposes into the
direct sum of the following subspaces invariant and irreducible under the action
of the group U(n):

Wy ={SeS8(V)_:Sxxz =0},

WQ - {S S S(V)f . 6 SXYZ = O},

XYZ
Wy ={SeSV)_:Sixsvz=Sxvz, c2(S) =0},
Wy ={SeSV)_:Sxyz= —ﬁ(@ﬁ Y)e12(S)(Z) — (X, Z)er2(S)(Y)

— <X, JY>012(S)(JZ) + <X, JZ>012(S)(JY))},

XY, Z € V, where c12 is defined by c12(S)(X) = 272«21 Se,e,x, X €V, and
{e1,...,ea,} denotes an arbitrary orthonormal basis of V.

If dimV =4, then S(V)— =Wy @ Wy. If dimV = 2, then S(V')_ = {0}.

In turn, in order to classify homogeneous Kéhler structures, in [1] it is con-
sidered the space

(2.2) S(V)y ={Se€®V*: Sxyz =—Sxzy = Sxuvsz}

of tensors fulfilling the same symmetries as a homogeneous almost-Hermitian
structure S on a connected homogeneous Kéhler manifold (M = G/H, g, J);

that is, a (1,2) tensor on M satisfying the Ambrose-Singer-Sekigawa equations
3, 12]

Vg=0, VR=0, VS=0, VJ=0,



where V =V — § , V denotes the Levi-Civita connection, and R its curvature
tensor. By using, among other results and techniques, quadratic invariants, the
authors obtain the following classification theorem

Theorem 2.2. (Abbena & Garbiero) If dimV > 6, S(V)1 decomposes into
the direct sum of the following subspaces invariant and irreducible under the
action of the group U(n):
Ki={Se€S8(V)y:Sxyz=35(Svzx +Szxy + Sivizx + Sizxiv),
012(8) = 0 },
Ky = {S S S(V)+ :Sxyvz = <X, Y>Oz(Z) — <X, Z>Oz(Y) + <X, JY>O[(JZ)
— (X, JZ2Ya(JY) = 2(JY, Z)a(JX), o€ V*},
Ks={Se€S8(V)y:Sxyz=—5(Svzx +Szxy + Ssvizx + Sszxsy),
012(8) = 0},
Ka={S€S8(V)4: Sxyvz = (X,Y)B(Z) = (X, Z)B(Y) + (X, JY)B(J Z)
— (X, JZ)B(JY) +2(JY, Z)B(JX), BeV"},

XY, Z €V, where c12 is defined as in the previous theorem, and

1 1
2(n — 1)012(8)()()’ AX) = mcw(s)(){), X eV

If dimV =4, then (V)1 =Ko @ K3 & Ky. If dimV =2, then S(V)4 = Ka.

a(X) =

Denoting complexifications by a superscript ¢, we now consider the decompo-
sitions in (&)-eigenspaces V¢ = V0@ V01 and V*¢ = A\LO g \0L | with respect
to the complex structure J¢. In Salamon’s notation [11], let AP*? denote the
space of forms of type (p,q). One has an isomorphism \P'9 ~ APALO @ AINO-L,
We can decompose the space

S(V)={S€@V*: Sxyz =—Sxzv},
X,Y,Z € V¢, into subspaces invariant under the action of U(n), as follows:
V@ A2V = (A0 @ AZAL0) & (AL @ ATALO @ ATAOL) @ (AL0 @ AZAO1)
(2.3) ® (A% @ A2AL0) @ (A% @ ALALO @ AT @ (A0 @ A200)
(2.4) ~ [V (A0 a ")) o (Ve Abh).
Now, since J¢X = iX if X € V1.0 and J¢X = —iX if X € V(©1)_ the space
(2.5) S(V)e ={S€e®V*:Sxyz=—Sxzv = —SxJeviez},

X,Y,Z € V¢, complexified of Gray-Hervella’s space S(V)_ in (2.1), is the first
summand in (2.4):

(2.6) S(V)e =V (A0 o \%?).



Similarly, the space
S(V). ={S€®@V*: Sxyz=—Sxzy = Sxseysez},

X,Y,Z € V¢, complexified of Abbena-Garbiero’s space S(V)4 in (2.2), is the
second summand in (2.4), (V)% = V** @ ALt The further decompositions
of either S(V)¢ or S(V)9 into subspaces invariant and irreducible under the
action of U(n), have a somewhat different treatment, as we shall see.

2.2 The primitive classes Wy, ..., W, of
almost-Hermitian structures

As usual in the theory of Young diagrams [9], let us denote our basic vector
space by a box, that is, 0 = V*¢. Then

2.1) SV)E € SV =[] ® H - @ @

In the almost-Hermitian case, only ordinary Young tableaux do appear. Those
“standard with respect to the order 231”7 and having 23-skew-symmetry, that

is, and , have respective invariant and irreducible subspaces of tensors
[9, Th. 9.3.9] given by

1
(2.2) {SE®3V*C:SXYZ:— 6 Sxvz, X,Y,ZEVC},
3XYZ
(2.3) {(Se@’V*: & Sxyz=0, X,Y,ZecVel.
XYZ

By virtue of (2.5) (see also (2.3)) we can write
S(V)e = (A @ A2 o (A0 @ APXO)
o) ()\0,1 ® AQ)\I,O) o) ()\0,1 ®A2)\0,1)

)\1,0
ALO )\1’0‘ 1,0 0,1 0,1
= ALOGB/\IO B AT RATANY)
)\1,0

)\0,1
0,1 1,0 1,0 A0 )\0’1‘
S A A ANTY e [N @ 01
)\0,1 A™

)\170 )\071 1,0]1,0 0,1(y0,1
(24) = {Re < A0 @ ()01 ) @ Re < ADTIAD ‘@ ADHAY ‘)
)\1,0 )\071
)\1,0 )\0,1

© Re[(W @A) ANM) @ (A" @AM AALY)]
o Re [0 4P A (00 6 200




where we have ordered the four primitive classes as in Gray-Hervella’s theorem
2.1, and where (A1?® A%1)%L denotes the orthogonal complement, with respect
to the induced Hermitian metric, of the space of tris-traceless tensors, denoted
in turn by a zero superscript. It is immediate that the tensors in the two first
classes satisfy

(2.5) Sixjvz =—-Sxvz

and the tensors in the two last classes fulfil S;x vz = Sxyz-

The class Wy corresponds to the first summand in (2.4); that is, to the
representation of U(n) with highest weight (1,1,1,0,...,0). According to |9,
Th. 5.2.1] and [7, Prop. 26.24], this representation (note the different notation
for highest weights in [7]) is complex. Then, by (2.2), we have that

1
Sxyz = o1 Re G (SX_isxy—isviz—isz+ SXsisxy 1isy.z4iiz)
Xvz
1
== O (Sxvz—Sixivz);
6 xvz

that is, Gray-Hervella’s formula in [10, p. 42]. Thus, from (2.5) we obtain that
Sxyvz = %6 xvzSxyz, which is equivalent to the property characterizing the
tensors in the class W;.

The second subspace in (2.4) corresponds to the irreducible representation of
U(n) with highest weight (2,1,0,...,0). As the one above, this representation
is complex. By (2.2), it consists (see (2.3)) of tensors S satisfying

Re & (SXx_isxy-isviz—isz +SXyisxyisv.z4isz) =0
XYz
Thus, on account of (2.5), we deduce that G xyzSxyz = 0; that is, the condi-
tion for Wa. The third summand in (2.4) clearly corresponds to the class W
and the fourth summand in (2.4) to the class W.

2.3 The primitive classes £4,..., 4 of
homogeneous Kahler structures

C

In order to study the further decomposition of the other subspace, S(V')S, we
follow Salamon’s notations [11] (but denoting by Re the “real part”) as follows:
Wedging with the Kihler form F = —i Y _, 6% A 0% on V, where {#*} stands
for a basis of A1'?, determines a U (n)-equivariant map L: \P~1:¢471 — \P:4_ The
orthogonal complement of the image of L with respect to the induced Hermitian
metric is denoted by Aj'?. The complex U(n)-modules \j'? are irreducible. In
particular, the Kahler form is a member of Re A™! and its orthogonal comple-
ment in Re Ab?! is denoted by (Re A1)y, Let F¢ denote the complexified Kihler
form. One has the orthogonal decomposition ALt = \j"" @ (F¢).

Consider the first summand A3(AL0 & \01) = @ at the right-hand side in
(2.1). Denoting by (A3(AMY @ \%1))’ the subspace of A3(AMY & A%1) of tensors



satisfying moreover Sxyz = Sxjey jez, we have
(As()\l,o ® )\0,1))/
_ {(A3A1,0> & (A2A10 @ AN @ (A0 @ AZX0Y) @ (A3)\0,1)}’
221 g \12

=X @ (W (F) e nTe A e (F9)

‘)\0,1 A\LO 201 )\1,0‘ e .
o] @ hon ® (Vo (F9).

In the last line:

(1) We have used composite Young tableaux (see for instance [2, pp. 157,
160]), corresponding to mixed tensors which are traceless with respect to the
second and third component, and we have drawn the double vertical rule for
the sake of visualization of those tableaux;

(2) We have used the commutativity of the tensor product, that is, that
AL2Z ~ AL ATALO in order to write the second summand as the “conjugate”
of the first one.

Since

(A2()\1’0 @ )\0,1))’ — {(AQ)\I’O) @ (Al)\l,O ®A1)\0’1) @ (A2)\0,1)}/ _ )\(1),1 e <FC>,

the second summand in (2.1) can be written as

‘)\0,1 H)\I,O‘)\I,O‘ o ‘)\0,1 ‘)\0,1 H)\l,o‘ & (V¥ ® (F°)).

Consequently,
0,1]] 31,0 0,1][ 31,0
S(V)s = {Re(‘)\ iw ® im A ‘) e (Ve ()
(2.1) ® Re ( ‘)\0,1“)\1,0‘)\1,0‘ e ‘)\0,1‘)\0,1“)\1,0‘)@ (V*® <F>)}C

The first summand in (2.1) corresponds to the irreducible representation of
U(n) with highest weight (1,1, 0,...,0,—1) and consists of tensors satisfying
two conditions:

(1) The tensors are skew-symmetric in the two first indices and the block of
the two first indices is symmetric with respect to the last index. Notice that
this condition guarantees the final 23-skew-symmetry.

(2) The two first slots in each of the four summands corresponding to the
tensors following rule (1) corresponding to the first (resp. second) composite
Young tableau in (2.1) belong to V(10 (resp. V(1)) and the last slot belongs
to V(O (resp. V(1.0)),



That is, the tensors corresponding to the first summand are given by

1
C C
Sxvz = 6 Re (SX_isx,y—isv,z+i02 = SY—iJv.X—iJX,Z+i)Z

C C

+ 8 12 X—iIX,Y4idY — SX—iJX,Z—iJZ,Y +iJY
C C

+ SN iIX Y 4idY.Z—idZ — OV +idY, X+ X, Z—iJZ
C C

+ 8% igz X4iI XY —idy — SXHJX,ZHJZ,Yﬂ'JY)

(2.2) = %(SYZX + Szxy +Sivizx +Sizxiv),
which is the expression of the tensors in the class K1 @ K. If we moreover take
zero trace one obtains the tensors in the first class.

Similarly, the space of tensors corresponding to the irreducible representation
of U(n) with highest weight (2,0,...,0, —1), is (the real part of) that of tensors
which are symmetric in the two first indices and such that the block of the
two first indices is skew-symmetric with respect to the last index, satisfying
moreover the second condition above. A computation similar to the one in (2.2)
gives us the space of tensors

1
(2.3) Sxyz = —§(SYZX +Szxy +Ssvizx +Sizxiv),

that is, the expression of the tensors in the class K3 @ K4. If we moreover take
zero trace one obtains the tensors in the third class. One has the

Proposition 2.3.

1
i@y ={Se€S(V)y:Sxvz= Z( S Sxyz+ & Sxiviz)l},
Xvz XJYJz
Ks@®Ks={5€S(V);: S Sxyz= 0}.
Xyz

Proof. The expression for K1 @ Ky is immediate from (2.2). As for K3 @ Ky, if
S satisfies Abbena-Garbiero’s expression (2.3), then it satisfies & xy zSxyz +
SxsvizSxiviz =0, from which we obtain that

0= G (6 Sxyvz+ G Sxsviz)=40 Sxvz.
XYz XYZ XJIYJZ Xvz

The converse is immediate. O
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