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INTRODUCTION

Almost hypercomplex structure H on a 4n-dimensional manifold M is a triad of
anticommuting almost complex structures such that each of them is a composition
of the other two structures. In [6, 7], this structure H is equipped with a metric
structure of Hermitian-Norden type, generated by a pseudo-Riemannian metric g
of neutral signature. In this case, one (resp., the other two) of the almost complex
structures of H acts as an isometry (resp., act as anti-isometries) with respect to
g in each tangent fibre. The metric ¢ is Hermitian with respect to one of almost
complex structures of H and g is a Norden metric regarding the other two almost
complex structures of H. Then, there exist three (0,2)-tensors associated by H to
the metric g — a Kéhler form and two metrics of Hermitian-Norden type.

The derived manifold is called an almost hypercomplex manifold with Hermit-
ian-Norden metrics. Its geometry is investigated in [6, 7, 10, 11, 13, 14, 17]. Let us
remark that this type of manifolds are the only possible way to involve Norden-type
metrics on almost hypercomplex manifolds. Similar structures and metrics on Lie
groups considered as manifolds are studied in [1, 2, 8, 15, 18, 21].

The present paper is organized as follows. In Sect. 1, we present some definitions
and facts about the almost hypercomplex manifold with Hermitian-Norden metrics.
In the next Sect. 2, we construct almost hypercomplex structures with Hermitian-
Norden metrics on 4-dimensional Lie groups considered as smooth manifolds. More-
over, we determine the belonging of the constructed almost hypercomplex manifolds
with Hermitian-Norden metrics to the certain classes of the respective classifica-
tions. The last Sect. 3 is devoted to the study of some geometric characteristics of
the considered manifolds.

1. PRELIMINARIES

1.1. Almost hypercomplex manifolds with Hermitian-Norden metrics. A
4n-dimensional differentiable manifold M is called an almost hypercomplex manifold
if it is equipped with an almost hypercomplex structure H = (J1, Ja, J3) with the
following properties:

Jo=Jdgoldy=—Jyolds,  J2=-I,

for all cyclic permutations (a, 8,7) of (1,2,3) and the identity I.
Let g be a neutral metric on (M, H) having the properties

(11) g('v') :Eag(Joc'vja')a

where
1, a=1;
o =
-1, a=2;3.

The associated 2-form g; and the associated neutral metrics g, and g3 are de-
termined by

(12) ga('a') :g(‘]a'a') = _Eocg('aJoc')'

Let us remark that here and further, o runs over the range {1, 2,3} unless oth-
erwise is stated.

The obtained structure (H, G) = (J1, J2, J3; 9, 91, 92, g3) on M is called an almost

hypercomplex structure with Hermitian-Norden metrics and manifold (M, H, G) is
called an almost hypercomplex manifold with Hermitian-Norden metrics ([7]).
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According to [7], the fundamental tensors of such a manifold are the following
three (0, 3)-tensors

(1.3) Fo(z,y,2) = g((vxja) Y, Z) = (Vﬂcga) (y,2),

where V is the Levi-Civita connection generated by g. These tensors have the
following basic properties caused by the structures

(1.4) Fo(z,y,2) = —eaFa(x, 2,y) = —eaFo(x, Joy, Jo2).
The following relations between the tensors F, are valid
Fi(z,y,2) = Fa(z, J3y, 2) + F3(2,y, J22),
Fy(z,y,2) = Fs3(z, 1y, 2) + Fi(x,y, J32),
Fs(z,y,2) = Fi(x, oy, 2) — Fa(x,y, J12).
The corresponding Lee forms 6, are determined by
(1.5) 0a(-) = "' Faler,er,)

where {ej,€,...,€4,} is an arbitrary basis of T, M, p € M and g% are the corre-
sponding components of the inverse matrix of g.

Let us note that, according to (1.1), (M, Ji, g) is an almost Hermitian manifold
whereas the manifolds (M, Ja, g) and (M, Js, g) are almost complex manifolds with
Norden metric. The basic classes of these two types of manifolds are given in [5] and
[3], respectively. In the case of the lowest dimension, dim M = 4, the four basic
classes of almost Hermitian manifolds with respect to J; are restricted to two:
the class of the almost Kéhler manifolds W, (J1) and the class of the Hermitian
manifolds Wy(J1), determined by:

WZ(Jl) : z(‘jz{Fl(x,yyz)} = 0;

6 W) Fie0,2) = 5 {00, 0)61(2) — g, T (r2)
gl )01 () + 9l 120 (1)}

where G is the cyclic sum by three arguments. The basic classes of the 4-dimensional
almost Norden manifolds (o = 2 or 3) are determined as follows:

Wila) £ Fale,:2) = 3 {9(2,9)6a(2) + (2, Ja)ba o)
+9(x,2)00(y) + 9(z, Jaz)0a(Jay) };
Wa(Ja) : z?z{Fa(xvya Jaz)} =0, 0o = 0;

Ws(Ja): & {Fa(%y,z)} =0.

T,Y,z

(1.7)

The Nijenhuis tensor in terms of the covariant derivatives of J, and the corre-
sponding (0,3)-tensor for J, are defined by

No(z,y) = (Vada) Jay = (VyJa) Jaw + (Vseada) ¥ = (ViayJa) 2,
No(2,y,2) = g (Na(,9), 2) -
Moreover, the following properties of N, are valid ([12]):
(1.9)  Nu(z,y,2) = No(x, Joy, Joz) = No(Ja, y, Joz) = —No(Jaz, Joy, 2).

(1.8)
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Let R = [V,V] — V| be the curvature (1,3)-tensor of V and let the corre-
sponding curvature (0, 4)-tensor with respect to g be denoted by the same letter:
(1.10) R(z,y,z,w) = g(R(z,y)z, w).

The following properties of R are well-known:
(1.11) R(z,y,z,w) = —R(y,x, z,w) = —R(x,y,w, z),
R(z,y,z,w) + R(y, z,z,w) + R(z,z,y,w) = 0.

The Ricci tensor p and the scalar curvature 7 for R as well as their associated
quantities p*, 7* and 7** are defined by:

p(ya Z) = gin(eiv Y, 2, ej)’ p* (y’ Z) = gin(eiv Y, %, Jaej)v
T=g"pleiej),  TE=g"p"(eiey), T = gYp*(eis Jae)).
Every non-degenerate 2-plane p with a basis {z,y} with respect to g in T, M,
p € M, has the following sectional curvature
R(z,y,y,z)
9(x,z)g(y,y) — g(z,y)

A 2-plane p is said to be holomorphic (resp., totally real) if u = J,p (resp., pu L
Japt # 1 with respect to g) holds.

k(psp) =

2. FOUR-DIMENSIONAL INDECOMPOSABLE REAL LIE ALGEBRAS AND ALMOST
HYPERCOMPLEX STRUCTURES WITH HERMITIAN-NORDEN METRICS

Let L be a simply connected 4-dimensional real Lie group with corresponding
Lie algebra [. A standard hypercomplex structure on [ is defined as in [20]:

Jiep = eo, Jiea = —eyq, Jies = —ey, Jiey = es;
(2.1) Jaep = e3, Jaez = ey, Jaez = —ey, Jaeq = —es;
Jzer = —eyq, Jzex = e3, J3ez = —ea, J3eq = e1,

where {e1, ea, e3,e4} is a basis of [.

We introduce a pseudo-Euclidian metric g of neutral signature for x(x!, 22, 23, 2%),

yy' y?ytyt) et

gz, y) = iyt + 22y? — o3P — 2yt
According to (1.1) and (1.2), the metric g generates an almost hypercomplex struc-
ture with Hermitian-Norden metrics on [. Then, (L, H,G) is an almost hypercom-
plex manifold with Hermitian-Norden metrics.

A classification of real 4-dimensional indecomposable Lie algebras is given for
instance in [16] and it can be found easily in [19] and [4]. The twelve basic classes
are described by the non-zero Lie brackets with respect to {ej,eq, e3,e4}. Five of
the basic classes are determined by real parameters — two classes use two parameters
and three classes use one parameter. Our purpose is to investigate how the basic
geometrical properties of the manifolds under study depend on these parameters.

In [9], we study both the basic classes of the considered classification depending
on two parameters. Now, we focus our investigations on the following basic classes
94,2, 94,9 and g4 11 which depend on one real parameter:

(2.2) 042 [e1,e4] =aey, [ez,eq] =€z, [e3,eq] =ea+es, (aF#0);
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(2.3) ga9: le1,eq] = (b+ 1eq, lea, e3] = ey,
. [62,64] = €2, [63764] = b€3, (_1 < b S 1)7
(2.4) 94,11 le1, eq] = 2ceq, [e2, e3] = ex,
) [e2,e4] = cea — e3, [es, e4] = ea + ces, (¢ >0).

Let us note that further, the indices 4, j, k, [ run over the range {1,2,3,4}.

2.1. The class g4 3. Let us consider a manifold (L, G, H) with corresponding Lie
algebra from ga .
Using (1.1), (1.3), (2.1), (2.2) and the Koszul equality for the considered basis

2g (Veiej’ ek) =g ([eiv ej]aek) +g ([ek7 ei]>ej) +g ([ek’ ej]’ ei) ,

we obtain the basic components (Fy);jr = Fa(es, €;,ex) of F,. The non-zero of
them are determined by the following ones and properties (1.4)

(Fi)1z = (F2)112 = _%(FB)lll =a,
(F1)223 = 2(F1)323 = 2(F1)a13 = (F2)314 = (F2)322
= 3(F2)a22 = 2(F2)223 = —2(F2)a12 = (F3)234
= (F3)313 = —(F3)a22 = 2(F3)334 = —2(F3)213 = 1.

(2.5)

Using (1.5) and (2.5), we establish that the only non-zero basic components (6,); =
(0.)(e;) of the corresponding Lee forms are

Il
—

<
no
N

3=—(03)s =1,

(2.6) )
(01)s =—3(03)1 =a+1, (62)2=0a+3.

2.2. The class g49. In this subsection we focus our investigations on a manifold
(L, G, H) with corresponding Lie algebra from g4 .

By similar way as in the previous subsection, we obtain the following results for
(L,G, H) in this case:

(F1)113 = (Fo)s14 = (F3)313 = b+ 3,
(Fo)iz =b+ 3, (Fs)in=—2(b+1),
(F3)212 = —3(F1)223 = —3(F2)211 = — 1 (F)a22 = — 5 (F3)122 = — 3,
(01)s =b+2, (02)2=2(b+2), (03)1=-30b+1),

(2.7)

and we calculate the rest nonzero components of (Fy);;x using (1.4).

2.3. The class g411. Now, we focus our investigations on a manifold (L, G, H)
with corresponding Lie algebra from g4 11.
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By similar way as in the previous two subsections, we obtain the following results
for (L, G, H) in the present case:
(F1)223 = (F2)314 = (F3)313 =c+ %, (F1)113 =2c— %
(Fo)i2=2c+ 3, (F3)asa=c—3%, (F3)111 = —2(F2)202 = —4c
(F1)323 = (F2)211 = (F3)122 = (F3)334 = 1,
(F2)214 = —5(F2)322 = (F3)213 = —1,
(61)2 = (02)3 = —%(63)4 = 1,
(61)s =3¢, (B2)a =5c+1, (03)1 = —6c,

and we calculate the rest nonzero components of (Fy);jx using (1.4).
We generalize the obtained results in the three relevant classes by the following

Theorem 2.1. Let (L,H,G) be a j-dimensional almost hypercomplex manifold
with Hermitian-Norden metrics. Then, the manifold (L, H,G), corresponding to
the different classes of 4-dimensional Lie algebras g4,2, 94,9 and ga.11, belongs to a
certain class regarding J, given in the following table:

Lie algebra | Parameter J1 Ja J3
a=1 Wy Wi dWe & Ws | Wy & W b Ws
842 aF 0, aF1 | WG W, | W, & Wo & Ws | Wi & W, & Wy
b=1 Wy Wi & Ws Wi & Wy
84,9 —-1<b<1l [ Wy ®dW,y Wi & Ws Wi @ Wse @& Ws
94,11 c>0 Wo @ Wy | Wi & Wo G W3 Wi & Wy

Moreover, we have:

e for each a #0, (L, H,G) does not belong to neither of Wy, Wa for Ji; W,
Wi, Wa, Wa, Wi & Wa, W1 & W3, Wa & W3 for Ja; Wo, Wi, Wa, Ws,
W1 & Ws, Wy & W5, W & Ws for Js;

e for each —1 < b <1, (L,H,G) does not belong to neither of Wy, Wa for
J1; Wo, Wi, Wa for Jo; Wy, Wi, Wa, W3, Wi & W3, Wo & W3 for Js;

e for each ¢ >0, (L, H,G) does not belong to neither of Wy, Wa, Wy for Ji;
Wo, Wi, Wa, Wz, Wy & Wa, Wi & W3, Wa & Ws for Jo; Wy, Wi, Wa for
Js3.

Proof. Using the results in (2.5), (2.6), (2.7), (2.8) and the classification conditions
(1.6), (1.7) for dimension 4, we establish the truthfulness of the assertion in each
case. g

3. SOME GEOMETRIC CHARACTERISTICS OF THE CONSIDERED MANIFOLDS

In this section we determine some geometric characteristics of the manifolds
(L,G, H) considered in the previous section and we investigate the corresponding
geometric properties in relation with the real parameters of the considered three
classes of Lie algebras.

Firstly, we consider a manifold (L, G, H) with corresponding Lie algebra from
g4,2. Using (1.1), (1.8), (2.1) and (2.2), we obtain the basic components (Ng )ik =
No(e;,ej,ex) of No. The non-zero of them are determined by the following ones
and properties (1.9)

(3.1) (N1)132 = (N2)123 =a—1, (Nz)i22 = (N3)122 = 1.
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We calculate the basic components R;x = R(e;, e, ek, e;) of R, using (1.1),
(1.10), (2.1) and (2.2). The non-zero of them are determined by the following ones
and properties (1.11)

_ _ _ _ 2

(3.2) Ri212 = —Raz13 = —a, Rio13 = —35, Riaa=a%,
’ 5 1
Rosas = Rogoa = 3, Roaza =1, Ragza = —7.

We obtain the basic components pji = p(e;, ex), (pk)ix = pl(e;, ex), as well as
the values of 7, 755, 72* and k;; = k(e;, e;) as follows:

pii=ala+2), po=a+3, py=pp=9%+1,
psz=—(a+3), pu=—(a®+3)
(P1)12 = —(p1)21 = (p3)13 = (p3)31 = (P3)11 = a,

*

(P1)1s = —(p1)a1 = —(p3)12 = —(p3)21 = 5,

(3.3) 2
(p)lk)34 = _(pf)43 = ia (P;)M = (,02)42 = (p§)23 = (p§)32 = %7
)

(P5)1a = (p5)ar = —a®,  (p5)aa = —2,

T =2a%+4a+ 1L

5, T1=73=0, 73 =a+2

*k 1 *k 5 ok 2 5
T =2a+3, T =2a+3, T3 =2a"+3,
2 5 1
k‘lg—km—a, k;14—a s k23—k24—1 k34—1.

Theorem 3.1. Let (L, H,G) be an almost hypercomplex manifold with Hermitian-
Norden metrics and Lie algebra from the class ga2. The following characteristics
of the manifold are valid:

(1) (L, H,G) is integrable for Jy if and only if a = 1;

Every (L, H,G) is non-flat;

Every (L, H,G) has a positive scalar curvature;

Every (L, H,G) is x-scalar flat w.r.t. Jy and Jo;

(L,H,QG) is x-scalar flat w.r.t. Js if and only if a = —2;

(L,H,QG) is xx-scalar flat w.r.t. Jy if and only if a = —%;

(L, H, Q) is xx-scalar flat w.r.t. Jo if and only if a = —g;

Every (L, H,G) has a positive xx-scalar curvature w.r.t. Js;

(L,H,G) has a positive basic holomorphic sectional curvatures w.r.t. Ji

and Js if and only if a > 0;

(10) Every (L, H,G) has a positive basic holomorphic sectional curvatures w.r.t.
J3,'

(11) (L, H,G) has a positive basic totally real sectional curvatures if and only if
a > 0.

(
(
(
(
(
(
(
(

N — N

2
3
4
5
6
7
8
9

Proof. By virtue of (3.1), (3.2) and (3.3), we establish the truthfullness of the
statements. O

Now we focus our study on a manifold (L, G, H) with corresponding Lie algebra
from g4,9. By similar way as for g4 2, we obtain the following results for (L, G, H)
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in this case:

(N1)132 = (N3)132 = b — 1,

Riso1 = Rogos =b+ 3, Riggs = —3,
Rizi3=b>+b—%, Rizgoa=13, Rua=(b+1)2%
Risos = 5(b+1), Rosoa =1, Raus =07,
p11=20> +4b+3, poy=2b+3,
p3z = —2b> —2b— L1 pyg =202 —2b -2,

(P2 =30 +3), (pDaa=bb+3), (p3)iza=b"+2b+ 7,
(P3)2a =b+35, (P3ha=—O*+3b+3), (P52 =300+ ),
T=6b04+10b+ 2, T =15 =15=0,
=Tt =200 +b+2), T =200"+3b+ 1),
kip=kos=b+3, kiz=b"+b— 1,
kia=0b+1)2% koy=1, kzg=0

(3.4)

and we calculate the rest nonzero components of (Ng);jr and R;j;p; using (1.9) and
(1.11), respectively.

Theorem 3.2. Let (L, H,G) be an almost hypercomplex manifold with Hermitian-
Norden metrics and Lie algebra from the class ga9. The following characteristics
of the manifold are valid:

(1) Ewvery (L, H, Q) is integrable for Jo;

(2) (L, H, Q) is non-flat;

(3) (L, H,G) has a positive scalar curvature;
(4) Every (L, H,QG) is *-scalar flat;

()

(6)

(7)

)

) )

Every (L, H,G) has a positive xx-scalar curvature w.r.t. J; and Jo;
(L, H,G) is xx-scalar flat w.r.t. J3 if and only if b= ‘/52*3 :

J

(L, H,G) has positive basic holomorphic sectional curvatures w.r.t. J; and
Js if and only if b € (—3;0) U (0;1];

(8) (L,H,Q) has positive basic holomorphic sectional curvatures w.r.t. Jy if
and only if b € (‘/52_1' 1} :

(9) (L, H,G) has positive basic totally real sectional curvatures w.r.t. J; and
Js if and only if b € (‘/52_1; 1};
(10) (L, H,G) has positive basic totally real sectional curvatures w.r.t. Jo if and
only if be (—32;0) U (0;1].

Proof. By virtue of (3.4), we establish the truthfulness of the statements. O

Herein, we continue our study on a manifold (L, G, H) with corresponding Lie
algebra from g4 11. By similar way as previous ones, we obtain the following results
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for (L,G, H) in this case:
(N1)132 = (N2)123 =c—1, (Na2)1aa =3¢, (Ni)izz = —(No)1z2 = —1,
Roszs = —Ri213 = 2R1493 = —4R1234 = 4R1324 = 2c,
Rigo1 = Rizis = 2¢ — §,  Rosos = —Rayzy = — 1,
Rigia =4¢%, Rosos=c®+ %, Risas = Rizza = 3,
p11 =82 -1, paa=-—ps3 =4t +3, pz=4c, pu=—6c*+2,
(Piz=22+§— 4. (paa=c+5-1, (pi)iz = (p3)sa = 2c— 3,
(Phs =22 +% -5, (phau=cE+% -1,
(P1)2a = (P3)12 = —(2c+ 3), (p5)as =+ ]
(p3)1r = —(p3)as = 4dc,  (p3)22 = (p5)33 = —1,

_ 2 3 * ok *
T=18c" -5, 7T =7=0, 75 =238c

(3.5)

kk L kk 2 5 *k 2 7
=T =6c"—3, 73" =10c"+ 3,
_ _o92 1 42 _ 2.7 _ _ 2
kig =kig =2¢" — 7, kwa=4c", koz=c"+ 3, ka=ksa=c"—1

and we calculate the rest nonzero components of (N, )i;x and R;jk using (1.9) and
(1.11), respectively.

Theorem 3.3. Let (L, H,G) be an almost hypercomplex manifold with Hermitian-
Norden metrics and Lie algebra from the class g4,11. The following characteristics
of the manifold are valid:
(1) Ewvery (L, H,G) is integrable for Js;
2) Every (L, H,QG) is non-flat;
) (L, H,G) is scalar flat if and only if ¢ = ?;
) Every (L, H,G) is x-scalar flat w.r.t. Jy and Jo;
) Every (L, H,G) has a positive x-scalar curvature w.r.t. Js;
)
)
)

(L, H,G) is **-scalar flat w.r.t. J; and Jo if and only if c = @;

~N O Ol W

Every (L, H,G) has a positive xx-scalar curvature w.r.t. Js;

(L, H,G) has positive (resp., negative) basic holomorphic sectional curva-

tures w.r.t. Ji and Jo if and only if ¢ > 1 (resp., 0 < c < 1);

(9) Every (L,H,G) has positive basic holomorphic sectional curvatures w.r.t.

J3;

(10) (L, H,G) has positive basic totally real sectional curvatures w.r.t. J; and
Jo if and only if ¢ > 1;

(11) (L, H, G) has positive (resp., negative) basic totally real sectional curvatures

w.r.t. J3 if and only if ¢ > 1 (resp., 0 <a <1).

(
(
(
(
(
(
(

8

Proof. By virtue of (3.5), we establish the truthfulness of the statements. O
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