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Abstract

Some properties of Lie groups and Lie algebras equipped with a bi-invariant
complex structure and a pair of Killing Norden metrics are studied. An exam-
ple of a Kéhler manifold with Norden metric, illustrating the obtained results,
is constructed on a 2-parametric family of compact Lie algebras. The curvature
properties of the manifold are studied, and the form of the curvature tensor is
obtained.
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1. Introduction. It is a well-known fact that on a smooth manifold equipped
with an almost complex structure there exists a compatible Hermitian metric. In
[!], NORDEN has introduced another kind of compatible metric on such manifolds,
called the B-metric. The action of the almost complex structure on the tangent
bundle of the manifold is an anti-isometry with respect to this metric. Norden
has studied B-metric manifolds endowed with a parallel complex structure with
respect to the Levi-Civita connection of the metric, i.e. Kéahler manifolds with
B-metric.

Almost complex manifolds with Norden metric (B-metric) are originally in-
troduced in [?] under the term generalized B-manifolds. A classification of these
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manifolds with respect to the covariant derivative of the almost complex structure
is obtained in [?], and an equivalent classification is given in [4].

Kéhler manifolds with Norden metric have been recently studied by many
authors, e.g. [>®], and examples of them are given in [>"?]. In [°] these manifolds
are called anti-Kéhlerian, and there it is shown that a compact simply connected
Kahler Hermitian manifold cannot admit Kéahler Norden structure.

The aim of the present paper is to study Kéhler structures with Norden met-
ric on Lie groups and their corresponding Lie algebras. In the first section we
recall some necessary notions. In the second section we consider real Lie groups
endowed with a left-invariant Norden metric and a special kind of left-invariant
almost complex structure, called bi-invariant. We also study Lie groups equipped
with a pair of ad-invariant Norden metrics. In the third section we illustrate the
obtained results by an example of a 6-dimensional Kéhler manifold with Norden
metric. This example is constructed on a 2-parametric family of compact Lie alge-
bras equipped with a bi-invariant complex structure and a pair of Killing Norden
metrics. The Killing form of these Lie algebras is shown to be a linear combina-
tion of the Norden metrics. We study the curvature properties of the manifold,
obtain the form of its curvature tensor and show that it has constant totally real
sectional curvatures. We also prove that the manifold has zero Bochner tensor
and obtain necessary and sufficient conditions for the manifold to be Einstein.

2. Preliminaries. Let (M, J, g) be an almost complex manifold with Norden
metric, i.e. M is a 2n-dimensional smooth manifold equipped with an almost
complex structure J and a pseudo-Riemannian metric g such that

(2.1) Jlr = —z, g(Jx,Jy) = —g(z,y)

for arbitrary z,y in the Lie algebra X(M) of the differentiable vector fields on M.
The tensor field g, defined by

(2.2) g(x,y) = g(z, Jy)

is called the associated metric of g. Because of (2.1), g is also a Norden metric.
Both metrics are necessarily neutral, i.e. of signature (n,n).

Further, x,y, z,u will stand for arbitrary elements of X(M) or vectors in the
tangent space T,M, p € M.

Let V be the Levi-Civita connection of g. The fundamental tensor field F
of type (0,3) is defined by

and has the following properties
(2.4) F(z,y,2) = F(x,z,y) = F(z,Jy, Jz).
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The Nijenhuis tensor field N for J is given by

(25) N(.%',y) - [unJy] - [.’L’,y] —J[J.%',y] —J[{L‘,Jy]
It is known ['°] that the almost complex structure is complex if and only if it is
integrable, i.e. N = 0.

A classification of the almost complex manifolds with Norden metric is in-
troduced in [3]. Eight classes of these manifolds are characterized there according
to the properties of F.

In the present work we focus our attention on the class of the Ké&hler mani-
folds with Norden metric which is present in all of the other classes. This class is
usually denoted by W)y, and its characteristic condition is F' =0 (i.e. V.J =0).

Let R be the curvature tensor of V, i.e.

(2.6) R(x,y)z =V, Vyz =V, Vyz = V|

z,y] %

The corresponding (0,4)-type tensor is defined by

R(z,y,z,u) = g (R(z,y)z,u) .

A tensor of type (0,4) is said to be curvature-like if it has the properties of R.

Let S be a symmetric and hybrid with respect to J tensor of type (0,2), i.e.
S(z,y) = S(y,x) and S(Jzx, Jy) = —S(x,y). The essential curvature-like tensors
on an almost complex manifold with Norden metric are

(27) wQ(S)(xvyv Z,U) = (y7 Jz

T =1(9), w2 =12(9), w=—v1(g) = Ya2(9)

The curvature tensor R is said to be Kéhlerian if
(2.8) R(z,y,Jz,Ju) = —R(x,y, z,u).

Because of VJ = 0 on a Kéhler manifold with Norden metric the curvature tensor
is Kéhlerian. In this case the tensor R*, called the associated tensor of R and
defined by

(2.9) R*(z,y,z,u) = R(z,y, z, Ju)
is also a curvature-like K&hler tensor.
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If « = {z,y} is a non-degenerate 2-plane spanned by the vectors z,y € T,M,
p € M, the sectional curvatures of « are given by

R z,Y,Yy,T * R Z,Y, ,J,CC
(2.10) bap) = Bovvn) o By Jo)
Wl(xayayax) Wl(x,y,y,x)

We consider the following basic sectional curvatures in T, M with respect to
the structures J and g¢: holomorphic sectional curvatures if Ja = «, and totally
real sectional curvatures if Ja L o with respect to g.

Let {e;} (1 =1,2,...,2n) be an arbitrary basis of the tangent space T, M at
a point p of M. The components of the inverse matrix of ¢ are denoted by ¢%
with respect to the basis {e;}.

The Ricci tensor p and the scalar curvatures 7 and 7* are defined by respec-
tively

(2.11)  p(y.2) = g7 Rlei,y,2,¢5),  T=g"pleie;), 7 =g"p(es, Jej).

If R is a Kéhler tensor on an almost complex manifold with Norden metric
(M, J,g), dim M = 2n > 6, the Bochner tensor B(R) is defined by [4]

1 1
2.12 R I — B .
( ) B(R) R Q(n_2){'¢1 wg}(p)+4(n_1)(n_2){7'(7ﬁ 7T2)—|—T 7T3}
Necessary and sufficient conditions for B(R) = 0 on a Ké&hler manifold with

Norden metric are obtained in [3].

3. Lie groups as almost complex manifolds with Killing Norden
metrics. Let G be a 2n-dimensional real connected Lie group, and g be its
corresponding Lie algebra. If {x1,x9,...,2z2,} is a basis of left-invariant vector
fields on G, we define a left-invariant almost complex structure J and a left-
invariant Norden metric g on G as follows:

Jri = Titn, JTipn = =4,
(3'1) g(xi’xi) = _g(xierxiJrn) =1, g(xj’xk) =0, J 7£ k,
i1=1,2,...n; j,k=1,2,...,2n.
Then, (G, J,g) is an almost complex manifold with Norden metric.
Let us recall that an almost complex structure J on a Lie group G is called
bi-invariant (ad-invariant) if it is invariant with respect to both, left and right

translations on G. On the corresponding Lie algebra g of G this condition is
equivalent to ad o J = J o ad, i.e.

(3.2) [x,Jy] = J[z,y], x,y€g.

Property (3.2) implies [Jz, Jy] = —[z,y]. Then, obviously, if J is bi-invariant,
the Nijenhuis tensor (2.5) vanishes, i.e. J is a complex structure, and (G, J, g) is
a complex manifold with Norden metric.
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By the help of the well-known Koszul’s formula for the Levi-Civita connec-
tion of g on G, i.e. the equality

(3.3) 29(Va,xj, 2) = 9([2i, 25, o1) + g([wr, 2], 75) + 92k, 4], 24),
we compute

29((Va, J)xj, vx) = g([xi, Joz] — Jl2i, 25], 21)

(3.4)
+9((Jzk, z3) — [Jok, i), x5) + 9([xg, Jz;] — [Tk, 5], 25).

Then, it is valid

Proposition 3.1. Let (G, J,g) be an almost complex manifold with Nor-
den metric defined by (3.1). Then, if J is bi-invariant, the manifold (G, J,g) is
Kahlerian.

Proof. The proof of the statement follows immediately by applying (3.2)
in (3.4), and by taking into account the definition of F' and the characteristic
condition of the class of the Kahler manifolds with Norden metric. O

Further, let us recall that a left-invariant metric g on a Lie group G is called
ad-invariant if g(adz(y), z) = —g(adz(2),y), i.e.

(3.5) 9([z,y], 2) = —g([z, 2], y)

for arbitrary z,y,z € g. A metric satisfying (3.5) is also called Killing.

Proposition 3.2. Let G be a real connected Lie group equipped with a left-
mvariant almost complex structure J and a pair of left-invariant Norden metrics
g and g, defined by (2.1) and (2.2). Then, any two of the following conditions
imply the third one:

(i) J is bi-invariant;
(ii) g is Killing;
(iii) g is Killing.

Proof. Let us prove that (i) and (ii) imply (iii). Let J be a bi-invariant
complex structure, and g be a Killing Norden metric on G. Then, by combining
(3.2) and (3.5) we get

(3.6) 9(J[z,y], 2) = —g(J[z, 2], y),

which is equivalent to g([z,y],z) = —g([z, z],y). The last equality is a necessary

and sufficient condition for g defined by (2.2) to be Killing. The truthfulness of

the other two statements is proved analogously. O
The Killing form B on a Lie algebra g is defined by

(3.7) B(z,y) = tr(adz o ady).
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According to Cartan’s criterion B is non-degenerate iff g is semi-simple.

If J is a bi-invariant complex structure on g, then by (3.7) and (3.2) it is
easy to see that B(Jz, Jy) = —B(z,y). Hence, we have

Proposition 3.3. Let g be a semi-simple Lie algebra equipped with a bi-
invariant complex structure J. Then, the Killing form B of g is a Killing Norden
metric.

4. A 6-dimensional example. In this section we construct and study an
example of a 6-dimensional Kéahler manifold with Norden metric on a 2-parametric
family of compact Lie algebras admitting a bi-invariant complex structure and a
pair of Killing Norden metrics.

Let g be a 6-dimensional Lie algebra corresponding to a real connected Lie

group G. If {x1,x9,...,26} is a basis of g and [z;,z;] = ijxk, the structural
constants C’Z-"“j satisfy the anti-commutativity condition ij = —Cj’»‘;- and the Jacobi
identity

k il k il k il
(4.1) CijChs + CjsChi + C5iCy; = 0.

We define a left-invariant almost complex structure J and a left-invariant
Norden metric on G analogously to (3.1), i.e.

Jx1 = x4, Jxg = x5, Jx3 = wg,
(4.2)
Jry = —xq, Jxro = —xs5, Jrg = —x3

and

g(w1,71) = g(w2,22) = g(x3,23)
(4-3) = —9(364,364) = —9(905,965) = —9(906,966) =1,
9(zi,25) =0, i#j, 4,7=12,..,6.

Then the associated metric g defined by (2.2) has the non-zero components
(4.4) 9(@1,24) = (w2, x5) = g(ws,26) = —1.
The condition (3.2) for J to be bi-invariant implies

(45) [z, 2;] = —[Tit3, Tj43), (@i, 3] = =[x, Tigs] = Sz, 5],
. (@i, Titn] =0

for i < j; 4,7 =1,2,3. Then (4.5) and the Jacobi identity yield the following
Proposition 4.1. Let (G, J,g) be a 6-dimensional almost complex manifold
with Norden metric defined by (4.2) and (4.3). Then (G, J, g) is a Kdhler manifold
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admitting a bi-invariant complex structure iff the Lie algebra g of G belongs to
the 12-parametric family of Lie algebras with non-zero commutators

(71, 72] = —[74, T5] = M121 + A2w2 + A3w3 + Ay@g + A575 + A6,
[z1, 23] = —[24,26] = A7x1 + AsT2 — Aox3 + Agxa + A1ox5 — As576,
(46) [x1,x5] = —[T2, 4] = —Agx1 — X522 — NgT3 + A\1x4 + Aox5 + A3x6,
[x1,x6] = —[z3, 4] = —Aox1 — A10T2 + A\523 + Arxg + Agz5 — Ao,
(22, 23] = —[x5,76] = AM171 — A7w2 + A3 + A24 — AoT5 + M,
(22, 26] = —[x3,75] = —A1271 + AoTa — M3 + A174 — A7T5 + A1,

where \; e R, 1 =1,2,...,12.

Next, we consider the Kéhler manifold (G, J,g) with corresponding Lie al-
gebra defined by (4.6) and ask for the metric g to be Killing. Conditions (3.5),
(43) and (46) imply )\11 = _)‘8 = )\3, )\12 = —)\10 = )\6, and the rest )\z =0.

We put A = A3 and p = Ag. Then, it is valid

Proposition 4.2. Let (G, J,g) be a 6-dimensional almost complex manifold
with Norden metric defined by (4.2) and (4.3). Then (G, J, g) is a Kdhler manifold
equipped with a bi-invariant complex structure and a Killing Norden metric iff the
Lie algebra g of G belongs to the 2-parametric family of simple Lie algebras with
non-zero commutators

(21, x2] = —[24, 5] = Aw3 + pwe,
[z1, 73] = —[74, 76] = —AT2 — 175,
(47 [z1,75] = —[72, 24] = —px3 + Az,
(21, 26] = —[73, 24] = pr2 — A5,
[x9,x3] = —[z5, 6] = AT1 + p4,
(22, 26] = —[73, 75] = —pw1 + A7y

Let us remark that according to Proposition 3.2 the associated Norden metric
g of g is also Killing.
The Killing form B of the Lie algebras (4.7) is determined by

=22 0 0 20\ 0 0
0 p?-=X 0 0 2\ 0
0 0 =X 0 0 2\
(4.8) B=4 2\ 0 0 XN—pu2 0 0
0 20\ 0 0 A2 — 12 0
0 0 2\ 0 0 A2y

Then, det B = —4096(\? + 12)¢, i.e. the Killing form is negative for all A, u € R,
(A, 1) # (0,0). Hence the Lie algebras defined by (4.7) are compact.
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Furthermore, from (4.3), (4.4) and (4.8) it follows that the Killing form B
can be represented as a linear combination of the Killing Norden metrics g and g
as follows:

(4.9) B =—4{(\ - p?)g+2X\ug}.

Next, we study the curvature properties of the Kéhler manifold (G, J, g),
where the Lie algebra of G is defined by (4.7).

Let us recall that on a Lie algebra equipped with a Killing metric g the
following identities are valid for the components of the Levi—Civita connection V,
the curvature tensor R and the Ricci tensor p of g:

1 1

(110) Vey=le.y) By 2w = —ollesl o). ple.y) =~ Bl.y)

Then by the help of (4.10) we compute the essential non-zero components
Rk = R(xs, x5, 2, ;) of the curvature tensor R

Ri221 = Ri331 = —Ris51 = —Rige1 = Razaz
= —Roya2 = —Rage2 = —R3aa3 = —R3553 = Rass4
= Ryee4 = Rse65 = R1245 = R1346 = Rasse
(4.11) = —Ris01 = —Rigza = —Ragss = (A2 — 1i?),
Ri951 = Ri361 = Ro142 = Rose2 = R3143 = R3253 = —Ry254
= —Ruses = —Rs5145 = —Rsse5 = —Re1a6 = —Reoss = — 5.

Also, by (4.10) and (4.8) we get the following essential non-zero components
pij = p(x;,xj) of the Ricci tensor:

P11 = P22 = P33 = —paa = —Ps5 = —Pe6 = A2 — p2,
(4.12)

P14 = p25 = P36 = —2AL.

According to (2.11) and (4.12) we compute the scalar curvatures of the mani-
fold

(4.13) =60\ —p?), " =-12\u

Let us consider the characteristic 2-planes «;; spanned by the basic vectors
{x;,x;}: totally real 2-planes — a2, 13, a5, (16, (023, 24, (26, 34, L35, 45, (U6, 56

740 M. Teofilova



and holomorphic 2-planes a4, a5, asg. By (2.10) and (4.11) we obtain

k(ai2) = k(ous) = k(as) = k(ais) = k(oas)
= k(agq) = k(age) = k(ass) = k(ass) = k(aus)
= k(aus) = k(ase) = 7 (X — pi?),
(4.14) k*(on2) = k*(ou3) = k™ (ou5) = k™ () = k™ (a3)
= k*(vo4) = k™ (vo6) = k*(asq) = k™ (aus5) = k* (o)
= k™ (oue) = k" (as6) = _%)‘,U'a
k(ona) = k(ags) = k(ase) = k™ (on4) = k™ (azs5) = k" (aze) = 0.

Hence, the manifold is of constant totally real sectional curvatures k and k*.

It has been proved [°] that a Kihler manifold with Norden metric (M, J, )
(dim M > 4) is of pointwise constant totally real sectional curvatures v and v*,
ie. k(o;p) = v(p), k*(a;p) = v*(p) for any non-degenerate 2-plane « in T, M,
pe M, iff

(4.15) R =v{m —m} + vinms.

Both functions v and v* are absolute constants (i.e. they do not depend on the
point p) if the manifold is connected and dim M > 6.

Then, taking into account (4.14), we have

Proposition 4.3. The curvature tensor of the 6-dimensional Kdahler mani-
fold (G, J,g), defined by (4.2), (4.3) and (4.7), has the form (4.15).

It is easy to prove that if R satisfies (4.15), the manifold is Bochner-flat, i.e.
B(R) = 0.

It is known that if p = ag + bg, a,b = const., on an almost complex manifold
with Norden metric, the manifold is called almost Einstein. If p = ag the manifold
is Einstein. Thus, (4.10) and (4.9) yield

Proposition 4.4. The 6-dimensional Kdhler manifold (G, J,g), defined by
(4.2), (4.3) and (4.7), is almost Einstein.

Corollary 4.1. The manifold (G, J,g) is Einstein iff A = 0,u # 0 or p =
0,\ # 0.
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