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Abstract. In this paper we first classify left-invariant generalized Ricci solitons on some
solvable extensions of the Heisenberg group in both Riemannian and Lorentzian cases. Then
we obtain the exact form of all left-invariant unit time-like vector fields which are spatially
harmonic. We also calculate the energy of an arbitrary left-invariant vector field X on
these spaces and obtain all vector fields which are critical points for the energy functional
restricted to vector fields of the same length. Furthermore, we determine all homogeneous
Lorentzian structures and their types on these spaces and give a complete and explicit
description of all parallel and totally geodesic hypersurfaces of these spaces. The non-
existence of harmonic maps in the non-abelian case is proved and it is shown that the
existence of Einstein, Einstein-like metrics and some equations in the Riemannian case can
not be extended to their Lorentzian analogues.

Keywords: generalized Ricci soliton; harmonicity of vector field; homogeneous Lorentzian
structure; parallel hypersurfaces
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1. INTRODUCTION

Heisenberg groups play an important role in geometric analysis, physics and
quantum mechanics. Among Heisenberg groups, the three-dimensional Heisenberg
group Hjs has attracted a special attention of geometers. For example, in the Rie-
mannian case we refer to [19], [4] and in the Lorentzian case we refer to [17], [3].
Also recently the existence of major differences on the three-dimensional Heisenberg
group in Riemannian and Lorentzian cases has been shown in [18]. These differences
motivate us to obtain a comparison between Riemannian results and their Lorentz-
ian analogues on some solvable extensions of the Heisenberg group, developing our
understanding of which properties are strictly related to the metric signature and
which ones are more general. We prove that among five geometric properties, i.e.,
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parallel and totally geodesic hypersurfaces, harmonicity of invariant vector fields,
left-invariant generalized Ricci solitons, Einstein-like metrics and homogeneous Lo-
rentzian structures, which we shall investigate on these spaces, four of them have
different behaviours in Riemannian and Lorentzian cases. Moreover, we show that
the existence of Einstein, Einstein-like metrics, the special Einstein-Weyl equation
(E-W) and the vacuum near-horizon geometry equation (VN-H) on these spaces in
the Riemannian case cannot be extended to the Lorentzian case.

The structure of the paper is as follows. In Section 2 we report Riemannian
curvature properties of some solvable extensions of the Heisenberg group which are
given in [2]. We also obtain the Levi-Civita connection and the Ricci tensor in the
Lorentzian case on these spaces. In Section 3 we classify the left-invariant generalized
Ricci solitons on these spaces in both Riemannian and Lorentzian cases. These
were recently introduced in [16] and left-invariant examples in dimension three were
classified in [7]. We also show that these spaces cannot even admit a nontrivial left-
invariant Ricci soliton, although in the Riemannian case by putting some additional
conditions they are Einstein manifolds. Besides, we investigate Einstein-like metrics
on these spaces and show that the existence of some results in the Riemannian case
cannot extend to their Lorentzian analogues. In Section 4, following the method
developed in [5] and [6], we calculate the energy of an arbitrary left-invariant vector
field X on these spaces and obtain all the vector fields which are critical points for the
energy functional restricted to vector fields of the same length. We also determine all
left-invariant unit time-like vector fields which are spatially harmonic and show that
critical points for the space-like energy are never harmonic maps. In Section 5 we
obtain all of the descriptions of homogeneous Lorentzian structures on these spaces
and determine their types, obtaining the Lorentzian result corresponding to the
classification of Riemannian structures proved in [2]. Totally geodesic and parallel
hypersurfaces of a given manifold enrich our knowledge and understanding of its
geometry (see for example [9]). In Section 6 we obtain the complete classification of
parallel and totally geodesic hypersurfaces of these spaces in both Riemannian and
Lorentzian cases. Throughout this paper we use Maple software for checking the
computations.

2. CURVATURE OF SOME SOLVABLE EXTENSIONS OF THE HEISENBERG GROUP

In this section, we provide the information needed for the study of the geometry of
some solvable extensions of the Heisenberg group in both Riemannian and Lorentzian
cases.

One-dimensional extensions of the Heisenberg group: These spaces are
four-dimensional and denoted by A4 (A, 1), where A and p are positive real numbers.
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In [2], the left-invariant Riemannian metric gy, on A4(A, 1) is given by

)\2 )\2
I = 674’””4{<e2““ + ng) da? + (e2‘“”4 + me) da2 + dx%
2
— 5 %122 dzy dae + Mze dzy dos — 21 das dxg)} + dxi.

Thus the Lie algebra a4(A, 1) of the Lie group A4(A, 1) with respect to the Rieman-
nian metric gy , has an orthonormal basis

(2.1) e1 = eM®s (&m — %mgam), ey = el (8;52 + %mlam),

2px
ez =e M0, eq4 =0y,

Considering the above left-invariant vector fields, we can equip these spaces with the

following left-invariant Lorentzian metric:

_ A2 A2

Doy = e KT { (eQWc4 + Zx%) dx% + (eQ’“”‘L + Zx%) dx% + dx§
/\2

- ?1'1252 dzq dzg + M(x2 dzy dog — 21 das dxg)} - dxi,

where e, e, e are space-like and ey is time-like. Also, by using (2.1), the nonzero Lie
brackets are given by [e1, e2] = Aes, [ea, e1] = per, [eq, e2] = pes and [eq, e3] = 2ues.

Riemannian case: By [2], the nonzero components of the Levi-Civita connection
are given by

1
(2'2) Ve,e1 = Ve,e0 = Eve:se?) = peq, Ve, eq = —peq,
1 A
V61€2 = —V62€1 = 5)\63, V6362 — v32€3 — Eel’

A
vegel = veleS = -3

262, Vesea = —2pue3, Ve,e4 = —pea,

and the nonzero components of the Ricci tensor are given by
1 1
011 = 022 = —(§>\2 + 4ﬂ2)7 033 = 5>\2 —8u® and sy = —6°.
Lorentzian case: Using Koszul’s formula

2<v6iejvek> = <[eiaej]aek> - <[€j,6k],€i> + <[6k,€i],€j>
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for all e;, e;, ex in the Lie algebra as(A, u) of A4(A, p), the nonzero components of
the Levi-Civita connection are given by

1
(2.3) Ve, e1 = Ve,e0 = §Ve363 = —peq, Ve 4= —peq,
1 1
Ve, 62 = =Ve,e1 = §>\63, Vese2 = Ve,e3 = 5/\617

1
Vese1 = Ve, €3 = —5/\62, Veses = —2pue3, Ve,e4 = —pes.

4
Also, by using the Ricci tensor formula g;; = > e:g(R(es, er)ej, er), where g =
t=1

(et,er) = +1 and R(e;,e;) = Vi, ;] — [Ve,s Ve, ], the nonzero components of the

Ricci tensor are given by 011 = 022 = —A\2/2+4p?, 033 = 8u?+21%/2 and g4 = —64.

Two-dimensional extensions of the Heisenberg group. These spaces are
five-dimensional and denoted by As(\, u,v), where A, u,v € R and A\, u > 0. In [2],
the left-invariant Riemannian metric gy ., on As(A, i, v) is given by

A2 A2
Doy = e*4’“’4{<e2“z4 + zx%) dx% + (e2’“”4 + zx%) dx%
)\2
+ dx% - 72511[}2 dzq dzg + Mo day dog — 21 das dxg)}

+ da? 4 e" 2" da?,

Thus the Lie algebra as(\, 1, v) of As(A, pu, v) with respect to the Riemannian met-
ric gx,u,» has an orthonormal basis

(2.4) e1 = o (azl - %$28x3), ey = /T4 (am + %xlam),

€3 = eux4awgv €4 = am4a €5 = eyx4al’5'

Now we can equip these spaces with the following left-invariant Lorentzian metric:

_— A2 A2
Doy = e*4’“’4{<e2“z4 + zx%) dx% + (e2’“”4 + zx%) dx%
)\2
+ dx% - 72511[}2 dzq dzg + Mo day dog — 21 das dxg)}

— dx?1 + e 2va dx%,
where e1, e, €3, e5 are space-like and ey is time-like. Also, by using (2.4), the nonzero

brackets are given by [e1, e2] = Aes, [eq, e1] = pe1, [eq, e2] = pea, [eq, €3] = 2ues and
[es, e5] = ves.
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Riemannian case: By [2], the nonzero components of the Levi-Civita connection
are given by equations (2.2) and V., eqs = —ves, Ve e5 = vey. Also, the nonzero
components of the Ricci tensor can be described by g11 = 022 = —()\2/2 + 442 + uv),
033 = A?/2 — 8® — 2uv, 044 = —6p% — v? and g55 = —4pv — V2.

Lorentzian case: The nonzero components of the Levi-Civita connection are
given by equations (2.3) and V..eqs = —ves, V.5 = —veq. Also, the nonzero
components of the Ricci tensor are given by 011 = 022 = —\?/2 + 4u? + pv, 033 =
812 + A2/2 + 2uv, p44 = —6p2 — v? and g5 = 4uv + V2.

3. LEFT-INVARIANT GENERALIZED RICCI SOLITONS AND EINSTEIN-LIKE METRICS
ON SOME SOLVABLE EXTENSIONS OF THE HEISENBERG GROUP

As it is introduced in [16], a generalized Ricci soliton is a pseudo-Riemannian
manifold (M, g) admitting a smooth vector field X such that

(3.1) Lxg+2aX®® X" — 280 =24y,

where «, (8, § are real constants, Lx is the Lie derivative in the direction of X, X?
is a 1-form which is defined by X®(Y) = ¢g(X,Y) and p is the Ricci tensor. In the
special case that M = G is a Lie group, ¢ is a left-invariant metric on G and the
equation (3.1) holds with respect to a left-invariant vector field X, we say that (G, g)
is a left-invariant generalized Ricci soliton. Recently, left-invariant generalized Ricci
solitons in two- and three-dimensional Lie groups have been determined, respectively,
in [16] and [7]. These are helpful to obtain the following result.

Theorem 3.1.
(I) Consider the Lie algebra as(A, p) of Aq(\, ) with respect to the orthonormal
basis {e1,...,es}. Then the nontrivial left-invariant generalized Ricci solitons
on ay(A, 1) are the following:

(1) B#0, §=66u> X=2u, X =0 foralla,

302 3 01 BN — 4%)
2 - §=2BN A#£2%u X =- .
( ) 6 # 07 & 2,6(A2 _4M2) # Oa 25 ) # 122 1 €4
(IT) Consider the Lie algebra as(,p) of A4(A, p) with respect to the pseudo-
orthonormal basis {e1,...,es}, with e4 time-like. Then the nontrivial left-

invariant generalized Ricci solitons on a4(\, 1) are the following:

2

U ar0=8 o=-E x=Llete,
_ 3p? _3 )
(2) 5¢0¢a*—m, 5*5/”\27 X——Tezy
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(III) Consider the Lie algebra as(A, u,v) of As(A, u, v) with respect to the orthonor-
mal basis {e1,...,e5}. Then the nontrivial left-invariant generalized Ricci soli-
tons on as(\, u, v) are the following:

(1) a=p0=0=v=0, X =kses,

(2) B #0, )\:ﬂu, V:gu, 5:§6u2, X =0 foralla,
_ 3 3 V22 3.,
(3) /57507504—m7 V=G /\757% 5—5/5/\7
2 11,2
PRSI

1 65> 2
(4) 0¢6¢_%7 0#04: k2 (5:66,”; )\:2,&, VZO; X:k565,
5

11 3(208a + 448202 + 3)u2 3u(1 + 2Ba)
= 5= ]t Sl M A
(5) 0787 2’ 4a’ 4(4Ba+ 1)« v (4Ba+1) ’
8a(dapf +1) 0
A=t t?= X =) ke,

’ 92008 + 44022 + 3)i2f ; ¢
2 _ 9(1 + 2Ba)?u? B2 _3u2(20a6 +440?%6% + 3)
T 4(4Ba +1)2a27 P 402(4af +1)?

k

(IV) Consider the Lie algebra as(\, pu,v) of As(\, u,v) with respect to the pseudo-
orthonormal basis {e1,...,e5}, with e4 time-like. Then the nontrivial left-

invariant generalized Ricci solitons on as(\, p, v) are the following:

(1) a=0=0=v=0, X = kses,

3u° 3 3 2 Bl p? +X?)
2 = - = — = — X:—i
2) B#0#a B2 +2x) U T ek § = 5PN, . e,
-~ @ B o
(3) CY#O—B, 5—-;, V=W, X = 5(64:&63).

Proof. Assume that X = kje; + ... + kses is an arbitrary left-invariant vector
field on As (A, p, v). Then with respect to the pseudo-Riemannian basis {eq,...,e5}
with e4 time-like we have

—2Mk4 0 )\kg /.Lkl 0
0 —2uky  —Ak1 pks 0
Lxm = )\kQ —>\]€1 —4/L1€4 2/L1€3 0
Mkl /Lkg 2‘LL]€3 0 I/k5
0 0 0 vks —2vky
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Therefore, by equation (3.1), where X° ® X°(e;, e;) = e;e;kik; we obtain

ks + 20k — 25( - %V 4+ w/) =25, 2uks — 2aksks =0,
2aki1ke =0,  Ako 4+ 2aki1ks = 0, uky — 2ak1ky =0, 2akiks =0,

—2pks + 20k3 — 2,8( - %)\2 +4p® + ,uu) =26, 20oksks =0,

=Mk + 2akoks =0,  pko — 2akokys =0, 2akoks =0, vks —2aksks =0,
20k3 — 28(—6u? —v?) = =26, —2vky + 20k — 28(4puv + v?) = 24,

1
—4pks + 20k3 — 28 (S,uQ + 5)\2 + 2/11/) = 20.

Solving the above system of equations we obtain case (IV) of the theorem. The

remaining cases have similar proofs. (]

Recall that equation (3.1) has a general form of several important equations. In
fact by considering special values of «, 3,0 in equation (3.1) we obtain one of the
following cases: (K) the Killing vector field equation, if « = 8 = § = 0; (H) the
homothetic vector field equation, if @« = § = 0; (RS) the Ricci soliton equation, if
a =0 and § = 1; (E-W) a special case of the Einstein-Weyl equation in conformal
geometry, if « = 1 and 8 = —1/(n—2), n > 2; (PS) the equation for a metric
projective structure with a skew-symmetric Ricci tensor representative in the pro-
jective class, if « =1, 8 = —1/(n — 1) and ¢ = 0; (VN-H) the vacuum near-horizon
geometry equation of a space-time, if « = 1, 8 = 1/2 and J plays the role of the
cosmological constant (see [7], [16]). Thus we obtain the following result.

Theorem 3.2.

(i) The Riemannian Lie group (Aa(A, i), gx,.) gives left-invariant solutions to the
special Einstein-Weyl equation (E-W) and to the vacuum near-horizon geometry
equation (VN-H). However, the Lorentzian Lie group (A4(\, 11), gx.,.) never gives
any left-invariant solution to these equations.

(ii) The Riemannian Lie group (As(\, i, V), gx,u,v) gives left-invariant solutions to
the Killing vector field equation (K), to the homothetic vector field equation (H),
to the special Einstein-Weyl equation (E-W) and to the vacuum near-horizon ge-
ometry equation (VN-H). However, the Lorentzian Lie group (As (X, i, v), Gx.pv)
only gives left-invariant solutions to the Killing and homothetic vector field
equations (K) and (H).

Proof. To prove (i) we notice that by Theorem 3.1 part (I) for the Riemannian
Lie group (A4(\, 1), gxu) we have two cases. The first case gives us the trivial
solution X = 0. Thus we consider the second case which implies that for o = 1,
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B=1/2and a =1, 8 = —1/2 we have A\ = 7u? and \? = 2, respectively. Thus
A # 2p and the left-invariant solutions are compatible with (E-W) and (VN-H). Now
we consider the Lorentzian Lie group (A4 (A, i), gx ). Thus by Theorem 3.1 part (II)
we obtain the following result. Since we have a # 0, the solutions are not compatible
with (K), (H) and (RS). Also, since o = 1 and 8 # 0 give us —3u? = 28(4u2+\?), the
solutions are not compatible with (E-W) and (VN-H). Also, since a =1, 8 = —1/3
and 6 = 0 give us the contradiction A = 0 or u = 0, the solutions are never compatible
with (PS). These complete case (i) of theorem. Case (ii) can be proved by a similar
argument. O

Thus by Theorem 3.2 we have the following result.

Corollary 3.3. The Riemannian and the Lorentzian Lie groups (Aa(\, 1), gx.u),
(AsO 1), Gan)s (As(N\, i, v), gx ) and (As(X, i, 1), gx p) do not admit any non-
trivial left-invariant Ricci soliton.

Ricci solitons are natural generalizations of Einstein manifolds. In the Rie-
mannian case it is proved in [2] that the metric Lie groups (As(A, 1), gx,,) and
(As(A\, 1, V), gx,u,v) by putting some additional conditions are Einstein. In the Lo-
rentzian case by using the Einstein equation ¢ = Ag and the nonzero Ricci tensor
components, which are given in Section 2, on these spaces we obtain a contradiction
and hence the following result.

Theorem 3.4. The Riemannian Lie groups (As(v/22u/2, 11, 31/2), gu\/ﬁ/luﬁu/?)
and (A4(2ft, 1), g2u,) are Einstein while the Lorentzian Lie groups (As(\, 1), ga,.)
and (As(\, p1,), g ) are never Einstein manifolds.

Einstein-like metrics, which were introduced by Gray in [13], are generaliza-
tions of Einstein metrics. Thus the above result makes it interesting to investi-
gate Einstein-like metrics on these spaces. Recall that Einstein-like metrics on
a pseudo-Riemannian manifold (M, g) are defined through conditions on the Ricci
tensor. In fact a pseudo-Riemannian manifold (M, g) belongs to the classes A, B,
and P = AN B, respectively, if and only if its Ricci tensor is cyclic-parallel, i.e.,
Viojk +V; ok +Vioi; =0, is Codazzi tensor, that is, V01 = V0, and is parallel,
which means V,;p;x = 0, where V,0j5 = — > (€;Bijt 0tk + €xBiktot;), such that the

t

components B;;, can be obtained by the relation V.,e; = > ¢;Bj;rer (for more
k
details see [15]). Thus we can obtain the following result.

Theorem 3.5. Among all four- or five-dimensional solvable Riemannian and
Lorentzian Lie groups (A4(>‘7M)ag)\,u)a (A5(>‘7Mﬂ V)vg)\,p,,l/)a (A5(>\a sy V)am) and
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(As(A, 1), Gxp), Lie groups which are equipped with Einstein-like metrics are

(As(211, 18,0), 92,00 (Aa(201s 1), gopu) and (As(V220/2, 11, 31/2), 9 /33, /9 130 )2)
whose Ricci tensors are parallel.

Theorems 3.2, 3.4 and 3.5 give us the following result.
Corollary 3.6. Einstein, Einstein-like metrics, the special Einstein-Weyl equa-
tion (E-W) and the vacuum near-horizon geometry equation (VN-H) exist on

the Riemannian Lie groups (As(A, u),gxu) and (As(\, p,v),gx,0). However,
none of these properties exist on Lorentzian Lie groups (As(\, p1),gxun) and

(A5(>\,,LL,V),Q/)\7;).

4. HARMONICITY OF INVARIANT VECTOR FIELDS ON SOME SOLVABLE EXTENSIONS
OF THE HEISENBERG GROUP

Let (M, g) be a compact connected and oriented n-dimensional pseudo-Riemannian
manifold and (7'M, g°) be its tangent bundle with the Sasakian metric g°. Then the
energy of the smooth vector field X: (M, g) — (T'M, g°) is defined by

(4.1) E(X) = —Vol M,g) / VX2 dv.

In the non-compact case, one works over relatively compact domains (for more details
see [1], [6]). Thus we obtain the following result.

Proposition 4.1. Let (G, g) be one of two families of four- or five-dimensional
solvable Lie groups A4(A, p) and As(A\, pu,v) and X = Y k;e; be a left-invariant

vector field on G. Also let D be a relatively compact domain of G and Ep(X) be
the energy of X|p.

3
() 19(G.g) s (Aa(0 ). gn) then Ep(X) = {2+ B X[+ 43° 3 2+ 320+
5M2k§)}vol(p).
(i) If(G,g)is (Aa(A, 1), Gx. ), then Ep(X) = {2—1u2||X|| +1x2 E k2+3(5u2ki—
3u2k§)}vol(D).
1 142 ¢
() 1 (Gug) 3 (450 ) )y them Ep(X) = {3+ St X2 4 12 342+
S1%k3 + 2 (5p? + vk + (V2 - ,uQ)k;?)}vol(D).
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(iv) If (G,g) is (A5(A\, 1, V), Grpov), then Ep(X)

31%k3 + L(5p? + vk — (% - ,uQ)kig}vol(D).

3
{3 - dxi 4 2 22 -
1=

Proof. For (As(\, i, V), gx u0) We have

5
||VXH2 = 25i<V6iX7 Ve, X)

i=1

= 3u°k5 — 1| X + 5 AQZk‘Q + (5p” + A + (0” — )RS,
i=1

where | X||? = k% + k3 + k2 — k7 + k2. Considering (4.1) gives us case (iv) of the
proposition. The remaining cases can be obtained by similar calculations. O

The critical points for the energy functional are harmonic maps. These vector
fields are characterized by Euler-Lagrange equations. In fact, a vector field X
defines a nonzero harmonic map from a pseudo-Riemannian manifold (M,g) to
its tangent bundle (T'M, g®) if and only if X satisfies conditions V*VX = 0 and
tr[R(V. X, X).] =0, where V*VX = Zez(VeIV X = Vv, ¢, X), t1[R(V X, X).] =

> eiR(Ve, X, X)e; and €; = (e;,€;) = :l:l Moreover by denoting x2(M) = {W €
i

X(M): ||W]|*> = 0*}, where g # 0 is a real constant, one can consider vector fields
X € x2(M) which are critical points for the energy functional restricted to vector
fields of the same length E|yc(a). The Euler-Lagrange equations of this variational
condition given by V*V X is collinear to X (see [6]). Thus we can prove the following
result.

Theorem 4.2.

(a) A left-invariant vector field X = E kie; on the Riemannian and Lorentzian

Lie groups (Aa(A, i), ga,) and (Ag ()\ W), gxp) s a critical point for the energy
functional restricted to vector fields of the same length if and only if X =

> kie;, X = kses or X = kqeq. However, no vector field is a harmonic map.

(b) A left-invariant vector field X = i kie; on the Riemannian and Lorentzian
Lie groups (As(X\, p, V), gx,pu,v) and z(/ig)()\, s V), Grpw) 1S a critical point for the
energy functional restricted to vector fields of the same length if and only if
X = kqeq, X = k1e1 + koes + kses or X = kses + kses. However, the only
nontrivial harmonic map is X = kses, where v = 0 (i.e., when As(\, p,v) is
abelian).
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Proof. For the Lorentzian Lie group (As(\, ft, ), Gx.up) We obtain V*VX =
2
(U2 =X2/2) 3" ke + (42 — N2 /2)kses + (6u% +v?)kges + v2kses. Thus V*VX = 6X
i=1
if and only if we have (u? — A\2/2)k; = 0k;, (4p> — N2 /2)ks = ks, (61> + 12 )ky = kg
and v2ks = k56, where i = 1,2. Solutions of these equations give us the first part

of (b). To prove the second part we notice that V*VX = 0 if and only if we have
one of the cases

(i) X = kses + kses, where A = 2/2u, v = 0 and k3 # 0;

(il) X = kie1 + kaea + kses, where A = V2u, v =0 and ki, ko # 0;
(iii) X = kses, where k5 # 0 and v = 0.
Checking whether vector fields listed in the cases (i)—(iii) satisfy the condition
tr[R(V.X, X).] = 0, we obtain the result. The case (a) can be obtained in a similar

manner. O

Suppose that (M,g) is a Lorentzian manifold and X is a unit time-like vector
field on M (i.e., || X|| = —1). Then by the Euler-Lagrange equations X is spatially
harmonic if and only if Xy = §X, where § € R and for divX = > ¢,9(Ve, X, €;) and

i

(VX)'VxX =Y eig(Vx X, Ve, X)ei, Xx is defined by Xx = —~V*VX-VxVxX—

divX - VxX + (VX)'VxX. Thus we can obtain the exact form of all left-invariant
unit-time like vector fields as follows.

Proposition 4.3.
4
(a) A left-invariant unit time-like vector field X = Y k;e; on the Lorentzian Lie

i=1
group (As(\, 1), gx,p) is spatially harmonic if and only if X has one of the
following forms:

(al) X = i64.
4 2 _ )\2
(a2) X = kyes + kses, with k2= “mT k2= k24 1.
A 3N 4 12pt
(ag) X = k;e; + kzesz + kqeq, with kig = + Pt L

T 2(10A202 — Tt 4 A1)

2 2 2
o (10X +217) s o s o
k4710/\2/¢2—7u4+)\4’ ki =ki—ks—1,1=12

5
(b) A left-invariant unit time-like vector field X = 3 k;e; on the Lorentzian
i=1

Lie group (As(\, i, v),gxu0) is spatially harmonic if and only if X has one

733



of the following forms:

(b1) X = kses + kaeq + kses,
—24p* + 283y + 8u?v? — duvd — 2t — \%?
A(v + 3p)(—v +2p)p

with ki =

Y

N
Y ap@p—-v)
(bg) X = i64.

k2 = k3 — k2 —1.

=2+ 4p® + dpv — 202
1642 '

(bg) X = ksez + kqeq, with k?i = kig +1, kig =

p(2v — 3p)

v? ’

(bs) X = kyeq + kses, with k2=

2 5
(bs) X = kiei+ > kies,
i=1 i=a

, 2 A2 46 — 308y + 4P 4 2t 18yt
with Zki - _ 3 _ 3,22 3, — 4
P 6urs — 3pcv? + 243y — 15u

k3 = k2 +1.

Y

202 + A2 — 22
ki=" T k2 =k3— (14+ k4 ED).
4 6/1(/1—V) 5 4 ( 1 2)
—4p® 4 2uv — N2 — 212

(bg) X = kieq + kpes + kaeq, with k? + k2 = 2 ’
n

k3 =1+ki+ k3.
5
(br) X = kie;, with Kk} +kj =
i=1
o T(=171p% + \?)

_ 2_12_(1 2 2 2y
kz T6(1502 — 402) k3 =Fki — (14 ki + k5 +k;)

1232 + 8\ o TAZ 472042
4(4502 —4X2)7 T 16(45u2 — 402)’

4
(bs) X =) kie;, with kj =

i=1

12 (9p* — 34)0%)
9ut + 1022 + A2’
A —132uf + 41202

2(9pt + 10p2A2 + A4’

K2+ k3= k2 = —1— k2 — k2 + k3.

2 5
1672 2
(by) X = kiei+ ) ks, with k3 +ki = 16A” + 3307

2 )
=1 1=4 225‘”
30A2 + 9002 ;
kﬁ:W, k2 =k3—1—k? — k2.
AN2 + 4442
(b1o) X = krer + kea + kaes,  with K2+ k3 = —— 1
I

and ki =1+k}+k.
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In cases (bs), ..., (b1o) we have either k1 # 0 and ko # 0 or k1 = 0 # ko or
ko =0 # k.

Proof. To prove case (b) we notice that since X is a unit time-like vector field,
we have k? + k3 + k% — k3 + k2 = —1, and hence k4 # 0. Thus, by using the condition
Xx = X and doing some calculations we obtain that X is spatially harmonic if and
only if there is a real constant ¢ such that
(1) A%k1k3 + (4 + Av)kaksks — (3p® + pv)kik3 + (327 — p?)ky = 6ky,

(i) A%kok3 — (4hpu+ Av)krksks — (3p® + pv)kak? + (322 — p?)ky = Sko,
(i)  2(2A%kF + 2023 — 8p?k] — 4uvki + N? — 8p?)ks = ks,

()
i=1
(v)  (4uk3 + v)vks = —5ks.
To solve the above system of equations, we consider four cases:
(a) kl = kJQ = O,
(b) k1 and ko are nonzero,
(¢) 0=k, k2 # 0 and
(d) 0 # k1, ko =0.
Thus we obtain the result. Conversely, assume that X has one of the forms given

K (5p® + pw) + 2(60% + pv)k3 + 2(2uv + p?)kS + 6p° + v = =4,

M

-
I

in case (b) of the theorem. Then we get Xx = 0, X, where
v(—8u% + 2uv + A2 + 1?)

6b1 = V—Q/J, ’ 6b2 :_6,”2_1/2;
=243 — 28vp% + 6uN? + 203 + A2 12p% — 8pv — 4pv? — 13
6b3 = 8/_}, Y 6b4 = v Y
—v(3uv + v + 202 — 42) —6vp? + 5ur? + 4pv? + vA? + 203 — 4pd
6b5 = Y 6b6 = Y
3(u—v) 4p
TIN2 2 (3922 + 211 %) A2 2 8\2 A2 9
657:ﬁa bs — — 2 o 1 00 by = T 510:__11,U"
45p2 — 4\ 2(10A2p2 + 9ut + A4) 15 4

Thus each X which is given in case (b) of the theorem is a spatially harmonic vector
field. Case (a) can be proved in a similar manner. O

The space-like energy of a unit time-like vector field X on a Lorentzian manifold
(M, g) is the integral of the square norm of the restriction of VX to the space-like
distribution X*. By [12], a unit time-like vector field X is said to be spatially
harmonic if it is a critical point of the space-like energy. Thus as an immediate
consequence of Theorems 4.2 and 4.3 we obtain the following result.

Corollary 4.4. A critical point of the space-like energy for the Lorentzian Lie
groups (As(\, 1), gx.n) and (As(X, i1, v), Gx ) is never a harmonic map.
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5. HOMOGENEOUS LORENTZIAN STRUCTURES ON SOME SOLVABLE EXTENSIONS
OF THE HEISENBERG GROUP

A homogeneous pseudo-Riemannian structure on a pseudo-Riemannian manifold
(M, g) is a tensor field S of type (1,2) such that the connection V =V — § satisfies
Vg =0, VR =0 and VS = 0, where the condition VR = 0 is equivalent to

(5.1) (VrR)(X,Y,Z, W)= — R(SrX,Y,Z, W) — R(X, SrY,Z, W)
—R(X,Y,SrZ,W) - R(X,Y,Z, St W).
If g is a Lorentzian metric, then we say that S is a homogeneous Lorentzian structure.

Here we obtain the following result which extends the study of all homogeneous

Riemannian structures on these spaces in [2].

Theorem 5.1.

(i) All homogeneous Lorentzian structures on the Lorentzian Lie group (A4(X, 1), gx.p)

are given by

A
(52) S=0® (' Ae?)+ 5(61 @2 ned)—e?@ (el Aed)) +u((e! @ (er Aet)
+e2@ (2 Nnet)) +2ued @ (3 Net),
where ) = ae®+be?, with a,b € R and {e!,...,e*} is dual to the basis {e1,...,e4}.

(ii) If v # 0, all homogeneous Lorentzian structures on the Lorentzian Lie group
(As(\, 11, ), G ) are given by

(53) S=0® (' Ne?) —ve’ @ (e Ned) + %(e1 ® (e Ned) —e? @ (el Ned)

+ule! @ (e Aet) +e? @ (2 Aet)) +2ued @ (e3 Aet),

where 6 = ae® +be* + ce®, such that a,b,c € R and {e!, ..., e} is dual to the basis
{e1,...,es}. If v =0, all the homogeneous Lorentzian structures on the Lorentzian
Lie group (As(\, it,v), gx.u0) are given by (5.2), where 6 = ae® + be* + ce®, with
a,b,ceR.

Proof. To prove (i) we replace (X,Y,Z, W) in (5.1) by (e1,es,e1,e3),
(e1,€2,€2,€4), (e1,e2,€e1,€4), (€1,e2,e9,e3) and (e1,es,e1,eq). Then by some

computations we get Sze,e, = He3(Z), Szeres = —Ae2(2)/2, Szere, = pet(2),
SZeres = Ael(Z)/2 and Szeqe, = 2ue(Z). Thus by using V.S = 0 we obtain case (i)
of the theorem. Case (ii) can be proved by a similar argument. O
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In [11], a classification for the homogeneous pseudo-Riemannian structures is
given and it is proved that if V' is a real vector space of dimension n endowed
with an inner product (,) of signature (k,n — k), S(V) = {S € ®’V*: Sxyz =
—Sxzy, X, Y, Z €V} and dimV > 3, then

S(V) = S1(V) D SQ(V) D Sg(V),

where for Sxyz = (SxY,Z), c12(5)(Z) = i €iSe;e; 7, {€i,€;) = €; and the cyclic
i=1

sum & we have

XYZ

1) ={Se€SV): Sxyz=(X,YYw(Z) - (X, Z2)w(Y), weV*}

5 (V) = {S S S( )Z X%ZSXYZ = 0, 012(5) = 0},

={SeSV): Sxyz+ Syxz =0},

@SQ( ) = {S S S(V): ngsxyz = 0},

So(V @33( ) = {S S S(V) 612(3) = O},

S1(V @33( ) = {S S S(V) Sxyz +Syxz = 2<X, Y>w(Z) — <X, Z>w(Y)

— Y, Z)w(X), we V*}

)=
)=
)=
)
)
)

Homogeneous structures belonging to S; @ So are as different as possible from the
naturally reductive ones. The study of this kind of structures was recently undertaken
in [10] and [8].

Corollary 5.2.

(i) The homogeneous Lorentzian structures on (A4(\, 1), gx.p.) given in (5.2) are of
the type S1 @ So if for them we have a = —\ and b = 0. Also they are not of
the types So & S3 or S1 & Ss.

(i) The homogeneous Lorentzian structures on (As(\, p,v),gx0) given in (5.3)
are of the type S, @ Ss, but not of the type S1 ® S3. Also they are of the type
S1 @ Sy if for them we have a = —\ and b = ¢ = 0.

Proof. To prove part (ii), by equation (5.3) in Theorem 5.1 we have c12(S)(es4) =

4p + v = 0, which implies that for v = —4u the homogeneous Lorentzian structures
are of type S2®S3. Alsoifa = —Aand b = ¢ =0, then wehave & Sc,c e, = 0 which
e;eje

implies that they are of types S; @& Sz and S;. Moreover, they are not of types Si
and S; @ Ss (if they were, then Se e;e, = (€1,€1)w(es) and Seyeze, = (€3, €3)w(e4)
give us the contradiction p = 0). Also the relation Se,e,e, + Sesezes = 210 # 0 shows
that they are not of type S3. A similar proof will be used for case (i). O
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6. PARALLEL AND TOTALLY GEODESIC HYPERSURFACES OF SOME
SOLVABLE EXTENSIONS OF THE HEISENBERG GROUP

In this section we show that Riemannian and Lorentzian left-invariant metrics of
our examples have a similar behaviour with regard to totally geodesic and parallel
hypersurfaces. The study of these hypersurfaces is a natural problem and enriches
our understanding of the geometry of a given manifold (see for example [9]). We
use a similar argument as the one given in Lemma 3.1 in [14]. Thus we obtain the

following result

Lemma 6.1.

(i) Let F: M — (As(\, 1), gap) (F: M — (As(X, 1), gx.n)) be a non-degenerate
hypersurface of the Riemannian (or Lorentzian) Lie group (As(A, ), gx )
(or (As(X, 1), gx.p), respectively). Then the second fundamental form of this
immersion is not a Codazzi tensor.

(ii) Let F: M — (As(\, 1, v), gr ) (B2 M = (A5(N\, 1, V), Grpow)), be a parallel
hypersurface of the Riemannian (Lorentzian) Lie group (As(\, u,v), ga )
((As(A\, 1, v), Grpw)). If € is a e-unit normal vector field on M, then & =
+es, where {e1,...,e5} is a (pseudo-)orthonormal basis of the Lie algebra

a’5(>‘7 1y V)'

Using Lemma 6.1, we can prove the following classification result.

Theorem 6.2.

(i) There are no non-degenerate parallel hypersurfaces in the Riemannian (or
Lorentzian) Lie group (As(\, 1), gx,u) (or (Asa(A, ), gx..), respectively).

(ii) Let F: M — (As(\, i1, 1), gx ) (F: M — (As(X\, 11,v),9x.40)), be a parallel
hypersurface of the Riemannian (Lorentzian) Lie group (As(\, u,v), g puw)
((A5(\, 14, v), Gx.pw))- Then there exist local coordinates (w1, w2, w3, ws) on M
such that this immersion with respect to these coordinates, up to isometries,

is given by
(6.1) F(wy,...,wy) = (e"wy, e wy, e ws, wy, 0).

Conversely, this hypersurface is parallel.

Proof. Case (i) is an immediate consequence of Lemma 6.1. For case (ii) we
assume that M is a parallel hypersurface of (A5(\, f1,v), gx..v)- Then by Lemma 6.1
we have £ = te5. Thus the vectors Y1 = e, Yo = es, Y3 = e3, Y, = e4 span the tan-
gent space to M at each point. Using the formula of Gauss VxY = VMY +h(X,Y)¢,
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we find out that the Levi-Civita connection of M and the second fundamental
form of the immersion are determined by V% Y; = 0 and h(Y;,Y;) = 0, respec-
tively (where 4,7 € {1,...,4}). Now we put 9y, = Y1, ..., O, = Y1 and denote
F: M — (As(O\ 1, v), 0pw): (Wiy. .o yws) = (Fi(wi, ... wy), ..., Fs(wr, ..., wy))
as the immersion of the hypersurface. Then by using (2.4), we obtain

Ow, F1y .oy Oy Fs

( etFs 0, — e 15 /2,0,0),
(D Fiy - - ., Ouy Fs

(

(

0,e# Ne#F4Fy/2,0,0),
07 0)62uF470’0)7
0,0,0,1,0).

(
(0,
Ouy i Ousy F

)=
)
)=
OuwaFry o, 00, Fr) =

These equations give us the immersion which is isometric to the immersion given in

the theorem. We can verify the converse by a straightforward computation. O

Considering the proof of Theorem 6.2 we obtain the following result.

Corollary 6.3.
(i) There are no totally geodesic hypersurfaces in the Riemannian (Lorentzian) Lie

group (A4(>‘7M)a g)\,u) ((A4(>‘7M)a g/)\,\u))
(ii) The only totally geodesic hypersurface of the Riemannian (Lorentzian) Lie

group (As(\, 1, ), gx ) ((As( N, 11,v), Gx.p00)) is given by (6.1) and conversely
this hypersurface is totally geodesic.

Acknowledgement. The authors are deeply grateful to the referee for valuable
comments and helpful suggestions.
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