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Abstract. There are studied Lie groups considered as almost hypercomplex Hermitian-Norden
manifolds, which are integrable and have the lowest dimension four. It is established a correspon-
dence of the derived types Lie algebras with invariant hypercomplex structures and the explicit
matrix representation of their Lie groups. There are constructed examples of the considered struc-
ture of different types on some known Lie groups.
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1. Introduction

In this work we continue investigation of almost hypercomplex manifolds with
Hermitian-Norden metrics. The manifold under consideration is a 4n-dimensional
manifold equipped with an almost hypercomplex structure H which is a triad of
anticommuting almost complex structures such that each of them is a composition
of the other two structures. Moreover, it is introduced a pseudo-Riemannian metric
on the manifold which is Hermitian with respect to one of the structures of H and
a Norden metric with respect to other two structures of H.

The geometry of almost hypercomplex manifolds with Hermitian-Norden metrics is
studied in [7, 8, 10, 11, 14, 15, 16]. This type of manifolds are the only possible way
to involve Norden-type metrics on almost hypercomplex manifolds.

In [2, 7, 12, 13, 18], there are considered Lie groups as manifolds with similar
structures and metrics. Moreover, in [12], integrable hypercomplex structures with
Hermitian-Norden metrics on Lie groups of dimension 4 are considered. There are
constructed the corresponding five types of invariant hypercomplex structures. The
different cases regarding the signature of the metric are considered.

As it is known from [5], each representation of a Lie algebra corresponds uniquely to
a representation of a simply connected Lie group. This relation is one-to-one. Thus,
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the knowledge of the representation of a certain Lie algebra solves the question of
the representation of its Lie group.

This work establishes a correspondence between the different types Lie algebras from
[12] and an explicit matrix representation of their Lie groups. The last section of
the work is devoted to equipping known Lie groups with integrable hypercomplex
structures and Hermitian-Norden metrics of different types.

2. Preliminaries

2.1. Almost hypercomplex manifolds with Hermitian-Norden metrics

Firstly, let us recall the notion of almost hypercomplex structure H on a 4n-
dimensional manifold M. The considered structure is a triad of anticommuting
almost complex structures such that each of them is a composition of the two other
structures, i.e.for H = (J,) (o = 1,2,3) the following properties are valid for all
cyclic permutations («, 8,7) of (1,2,3) and the identity I [1, 17]:

Jo=JsoJ,=—J,0Js  JP=-L

Then (M, H) is called an almost hypercomplex manifold.
Let us equip H with a metric structure, generated by a pseudo-Riemannian metric
g of neutral signature [7, 8]. In this study, one (resp., the other two) of the almost

complex structures of H acts as an isometry (resp., anti-isometries) with respect to
g in each tangent fibre, i.e.

g(a) :8019(‘]01'7‘]0&')7 (1)
1 =1
where €0 = ’ “ ’
1, a=23.

Here and further, the index a runs over the range {1, 2,3} unless otherwise is stated.
Thus, there exist three (0,2)-tensors associated with H to g —a Kéhler form and two
metrics of Hermitian-Norden type. In the considered case, we obtain a Hermitian
metric g with respect to J; and a Norden metric g regarding J, and Js3. So, we
call the derived metric structure an almost hypercomplex structure with Hermitian-
Norden metrics.

The associated 2-form ¢; and the associated neutral metrics g, and g3 are deter-
mined by

9a(++) = 9(Jar, ) = —€ag(:; Ja*)- (2)
The structure (H,G) = (J1, Ja, J3; 9, g1, 92, g3) on M is called an almost hypercom-
plez structure with Hermitian-Norden metrics and the respective manifold (M, H, G)
is called an almost hypercomplex manifold with Hermitian-Norden metrics ([8]).

In [8], there are introduced the fundamental tensors of a manifold (M, H,G) by the
following three (0, 3)-tensors

Fo(z,y,2) = g((vzja> Y, Z) = (Vzga) (y,2),

where V is the Levi-Civita connection generated by g. These tensors have the basic
properties
Fa(l', Y, Z) - _EaFa(xa Z, y) = _5O¢Fa(xa Jay7 Jaz)
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and the following relations are valid for all cyclic permutations («, 5,7) of (1,2,3)
Fo(z,y,2) = Fg(z, Jyy, 2) — eaFry(x,y, J32).
The corresponding Lee forms 6, are defined by

ea() = glea(ek’v €, ')7

where {e,es,...,€e4,} is an arbitrary basis of T,M, p € M and g“ are the corre-
sponding components of the inverse matrix of g.

In [8], the so-called hyper-Kdahler manifolds with Hermitian-Norden metrics are stud-
ied. They are the almost hypercomplex manifolds with Hermitian-Norden metrics in
the class K, where VJ, =0 for all «. It is proved in [7] that a sufficient condition
for (M, H,G) to be in K is this manifold to be of Kahler-type with respect to two
of the three almost complex structures of H .

Let us remark that according to (1) (M, Ji,g) is an almost Hermitian manifold
whereas (M, Js, g) and (M, Js, g) are almost complex manifolds with Norden metric.
The basic classes of the mentioned two types of manifolds are given in [6] and [4],
respectively. The special class Wy(J,,) : F,, = 0 of the Kéhler-type manifolds belongs
to any other class in the corresponding classification. For the lowest dimension,
dimM = 4, the four basic classes of almost Hermitian manifolds with respect to J;
are restricted to two: Wh(J;), the class of the almost Kahler manifolds, and Wy(J;),
the class of the Hermitian manifolds which, for this dimension 4, are determined by:

Wu(Jh) : Fi(z,y,2) + Fi(y, z,x) + Fi(z,z,y) = 0;
Wi(h) : Fi(z,y,2) = %{g(ﬂs,y)ﬁl(@ — g(z, J1y)01(J12)
—g(z,2)01(y) + g(z, J12)01(J1y) } .

The basic classes of the almost complex manifolds with Norden metric (o = 2 or 3)
are determined for dimension 4 as follows:

1
WiJa) : Fal(w,y,2) = 7{9(2,9)0a(2) + 9(2, Jay)ba(Ju2)
+9(x,2)0.(y) + 9(x, Jaz)ba(Jay) };
WQ(Ja) : Fa(ZL‘, Y, Jaz) + Fa(y7 - Jal') + Fa<27 x, Jay) - 07 004 = O;
Wi(Jo) o Folz,y,2) + Fo(y, z,2) + Fo(z,z,y) = 0.

Let us denote by W° = {W | d (#; o J;) = 0} the class of the (locally) conformally
equivalent /C-manifolds, where W = W, (J;) N Wi (Jo) N Wi(J3) and a conformal
transformation of the metric is given by g = e?“g for a differentiable function u on
the manifold.

It is known that an almost hypercomplex structure H = (J,) is a hypercomplex
structure if the Nijenhuis tensors [J,, J,|, determined by

[Jow Ja]('v ) = [Ja'a Ja'] — Ja [Ja'7 ] — Ja ['7 Ja'] - ['> ] )

vanish on X(M) for each « (e.g. [3]). Moreover, it is known that H is hypercomplex
if and only if two of [J,, J,| vanish.
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Then the class of 4-dimensional hypercomplex manifolds with Hermitian-Norden
metrics is

HC = Wi(J1) N (WL @ W) (J2) N (WL @ Ws) (Js).

Let us denote by HC* = Wy(J1) N (Wr @ Ws) (Jo) N (Wy @ Wh) (J5) the respective
subclass of HC.

3. The main result

Let L be a simply connected 4-dimensional real Lie group admitting an invariant
hypercomplex structure, i.e. left translations by elements of L are holomorphic with
respect to J, for all a. The corresponding Lie algebra of L, its center and its derived
Lie algebra [[,[] are denoted by [, 3 and ', respectively.

In [2], invariant hypercomplex structures H on 4-dimensional real Lie groups are
classified as follows

Theorem 3.1 ([2]). The only 4-dimensional Lie algebras admitting an integrable
hypercomplex structure are the following types:

(hcl) [ ds Abelian;

(hc2) [ZR@s0(3);

(he3) [=aff(C);

(hc4) [ is the solvable Lie algebra corresponding to RH*;
(heb) [ is the solvable Lie algebra corresponding to CH?,

where R ®s0(3) is the Lie algebra of the Lie groups U(2) and S® x S; aff(C) is the
Lie algebra of the affine motion group of C, the unique 4-dimensional Lie algebra
carrying an Abelian hypercomplex structure; RH* is the real hyperbolic space; CH?
is the complex hyperbolic space.

A standard hypercomplex structure on [ with respect to a basis {ej,es, e3,e4} is
defined as in [17]:

Jiep = eq, Jieg = —ey, Jies = —ey, Jieq = es;
Joey = eg, Jaey = ey, Joez = —ey, Joey = —eg; (3)
Jzer = —ey, Jzeg = e3, Jzez = —eq, Jzeq = ey.

A pseudo-Euclidian metric g of neutral signature is introduced by
glw,y) = aty' +a?y® — 2y’ — a2ty (4)

where z(zt, 2%, 23, 2%), y(y', 9% 9% 9y*) € [. The metric g generates an almost
hypercomplex structure with Hermitian-Norden metrics on [, according to (1) and
(2).

In [12], there are considered integrable hypercomplex structures with Hermitian-
Norden metrics on Lie groups of dimension 4. There are constructed and character-
ized different types of hypercomplex structures on Lie algebras following the Bar-
beris classification of invariant hypercomplex structures H on 4-dimensional real Lie
groups, given in Theorem 3.1. Moreover, in [12], a correspondence is found between
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the 4-dimensional real Lie groups for each class in the Barberis classification and the
respective class of hypercomplex manifold with Hermitian-Norden metrics, given in
Table 1. Some of the classes are considered separately because are distinguished the
different cases concerning of the signature of g on [.

(hc1) K

(hc2) HC
(he3.1) | HC”
(he3.2) | WY
(he4.1) | HC
(hc4.2) | WY
(he5.1) | HC
(he5.2) | HC

Table 1

It is known (e.g. [5]) that for a real Lie algebra of finite dimension there is a
corresponding connected simply connected Lie group, determined uniquely up to
isomorphism. It arises the problem for the determination of the explicit matrix
representation of the Lie group which is isomorphic to the Lie group equipped with
an integrable hypercomplex structure corresponding to each class in Table 1.

Theorem 3.2.  Let (L, H,G) be a 4-dimensional hypercomplex manifold with Her-
matian-Norden metrics. Then the compact simply connected Lie group isomorphic to
L, both with one and the same Lie algebra |, has the form

e = F+tA+uA?,
where E is the identity matriz and A is the matriz representation of the corresponding

Lie algebra. The matriz form of A as well as the real parameters t and u for the
different classes of U admitting a structure (H,G) are the following for a,b,c,d € R :

0 0 0O
0 0 0O
he): A= 000 | t=1 u=0
00 0O
0 0 0
) [0 0 d —c .12 2 2
(he2): A= 0 —d 0 b . A= +cA+d
0 ¢ —=b 0
o for (b,¢) # (0,0) t = A~z sin VA,
UIA_1<1—COS\/Z>;

I
—_

e for (b,c) = (0,0) t u=0;
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(he3.1) :

(he3.2) :

(hed 1) :

(hed.2) -

(heb.1) :

(heb.2) :

oo oo
|
S
coc oo

o for a(a2 +c2) #£0

— A

2ac(1 — e“cosa) + (a* — ¢*)esinal,

= A" {a(l —e‘cosa) + ce‘sina};

e for (a, c) (0,
c d
—d ¢
A= —a —b
b —a

0)
0

0
0

e
o O O O

o for d(c? +d*) #0
t=A"1{=2cd(1 — e“cosd) + (d* — ¢*)e‘sind},
u=A"1{d(1 - e“cosd) + ce‘sind} ;

e for (c,d) = (0,
0 b
0 —a
A= 0 0
0 0
e fora # 0
e fora=20
—d 0
0 —d
A= 0 0
a b
e ford # 0
o ford =0
0 b
0 —a
A= 0 %l
0 —3
o for a #
e fora=20
o
— T2
A 0 0
a b
2 2
o for d #0

Y

t=1,

A =

u=0;

d(c* + d?)

0) t=1, u = 0;
c d

0 O
—a 0 ’

0 —a

t=a"", uw=a2e"Y
t=1 u = 0;

0 0

0 0

—d 0 |’

c 0

t=d, u=d 2%
t=1 u = 0;

< d

2 2

0 0

¢ 0 |

0 —¢
t=a"'{e*—4e 2 +3},
u:a*2{26“—46_%+2},
t=1 u = 0;
2

5 0

—d 0 |’

c 0

t—d_l{e_d 4e 2—1—3},
u—d*Q{Qed de 2+2}
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Proof.  Let us consider the case when (L, H, G) is a 4-dimensional hypercomplex

manifold with Hermitian-Norden metrics for which the corresponding 4-dimensional

Lie algebra admitting a hypercomplex structure is of the class (hc¢2). Then, according
o [12], the corresponding Lie algebra of (hc2) is determined by

[627 64] = €3, [647 63] = €2, [637 62] = €4. (6)
Using (6), we have that the nonzero values of the commutation coefficients C’fj are
034 - 023 - C§2 - _Cffz - _C§4 - _0543 =1 (7)

According to [5], the commutation coefficients provide a matrix representation of the
respective Lie algebra. This representation is obtained by the basic matrices M.
Their entries are determined by

(Mk)ls = _Cljl‘ (8)
Using (7) and (8), we obtain

0000 00 0 0

0000 00 0 0
My = 0000 y M= 00 0 1]

0000 00 —1 0

000 0 0 0 00

000 —1 0 0 10
M3_0000’M4_0—100

010 0 0 0 00

Then we have A = aM; + bMs + cMs3 + dM, for a,b,c,d € R.

Let us suppose that (b, c,d) # (0,0,0). The matrix representation of the considered
Lie algebra is the matrix A, given in the respective case of Theorem 3.2. Then, the
characteristic polynomial of A has the form

Py(\) = (A2 + 02 + 2 +d%).
Therefore, the eigenvalues A, (k=1,2,3,4) are
M=X=0, Ay=-N\=iVA,
where 4 is the imaginary unit and A = b?+c?+d?. Hence, the corresponding linearly
independent eigenvectors py (k=1,2,3,4) are
p1(1,0,0,0),  p2(0,b,¢,d),  p3(0,0,8,7), pa(0. @, B,7),

where o = ¢A + ibdvVA, B = —bA + icdVA, v = —i/A(B? + ) and @, B, 7
are the corresponding complex conjugates. The vectors p; determine the following
matrix, having det P = —2iAz (b? + ¢?):

100 0
0 b aa @
P=10ocp 3
0 d~y 7
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Let us consider the first case when det P # 0, i.e. (b,¢) # (0,0). Then we obtain
1 0 0 0

0 bA™L cA™l dATE

0 ad 6 iy

0 dad B0 id

Pl =

for the inverse matrix of P, where § = %A %7_1 . The Jordan matrix is the diagonal
matrix J = diag(\1, A2, A3, Ay). It is well known that e = Pe/P~!. Then, for the
considered Lie algebra, we get the matrix representation of the respective Lie group
as follows

1 0 0 0
A | 0 1—=(F+du beu + dt bdu — ct
““lo beu — dt 1— (B*+d*u cdu + bt ’
0 bdu + ct cdu — bt 1—(*+Au

where ¢ = A~3 sin \/Z and u = A"! (1 — COoS \/Z) . This result can be written as

e = E+tA+uA?

Now, let us consider the second case when det P = 0, i.e. (b,c¢) = (0,0). Then P is
a non-invertible matrix. Therefore A is nilpotent and e can be computed directly
from > 43 =
A
€7E+A+m+3f%“+@—DV
where ¢ stands for the nilpotency index of A. Then, using the form of A in Theorem
3.2, we obtain that ¢ = 2 in the considered case. Therefore, the matrix representation
of the Lie group in this case is e* = E 4+ A. In order to generalize both cases into

the formula e? = E 4+ tA + uA?, we substitute here t = 1 and v = 0.

By similar considerations we obtain the other results in Theorem 3.2 for the rest of
the classes. |

4. Equipping of known Lie groups with hypercomplex structures and
Hermitian-Norden metrics

In [9] the following matrix Lie groups Gg, Gs and Gyo are considered:

1 z 127 y 1l 2y =z
01 z =z 01 w v
=00 1 wl| “ o001 w]| (9)
00 0 1 00 0 1
cosx sinx 0 vy
—sinzx COs T 0 =z
G = zcosr +ysinx zsinx —ycosx 1 w |’ (10)
0 0 0 1

where v, w,x,y,z € R. These matrix groups and their automorphisms represent
some of generalized affine symmetric spaces of infinite order.
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Theorem 4.1.  The matriz Lie groups Gg, Gg and Gy admit a hypercomplex
structure with Hermitian-Norden metrics of types (hcd.l), (he3.2) and (hcb.1),
respectively.

Proof. Substituting x = 2 = w = 0 and y = d in G4, we obtain that G¢ can
be considered as a hypercomplex manifold with Hermitian-Norden metrics of type
(hcd.1), bearing in mind Theorem 3.2 for (hcd.l) (t=1,u=a=b=c=0).

Respectively, using Theorem 3.2 for (he3.2) (t=1,u=a=b=0, c=—-d=—1)
and (10) with y = 2 = w = 0, v = ¥ 4 2kn (k € Z), we have that Gs can
be considered as a hypercomplex manifold with Hermitian-Norden metrics of type
(he3.2).

In a similar way, by means of Theorem 3.2 for (h¢5.1) (t=1, u=a=c=d=0)
and substituting y = 2z = w = v = 0 and x = b in Gy9, we have that Gy can
be considered as a hypercomplex manifold with Hermitian-Norden metrics of type
(hcb.1). ]
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