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1. Introduction

Homogeneous spaces are a central topic of geometry. Because of their uniform struc-
ture, investigations of the homogeneous spaces are very common. A pseudo-Riemannian
manifold (M, g) is said to be homogeneous if for any points p, g € M, there exists an isometry
which maps p to g. In other words, the full group of isometries acts transitively on M.
As the geometry of the manifold is the same around each point, analytic objects on M can
be investigated algebraically.

A tensorial approach for the study of reductive homogeneous manifolds is given by
homogeneous structures. This concept was first introduced on Riemannian manifolds by
Ambrose and Singer in [1] and then developed in the pioneering book [2]. Gadea and
Oubifia [3] extended homogeneous structures to pseudo-Riemannian settings. For recent
developments in pseudo-Riemannian homogeneous structures, refer to [4].

Homogeneous structures allow several relevant geometric properties of homogeneous
manifolds to be characterized. In particular, they can be used to characterize naturally
reductive homogeneous manifolds, i.e., the ones for which the Levi-Civita connection of
(M = G/H,g) (where G and H denote a group of isometries acting transitively on M
and the isotropy subgroup, respectively) and the canonical connection of the reductive split
g = m @ b of the Lie algebra g of G have exactly the same geodesics.

All geodesics of a naturally reductive space are homogeneous. Homogeneous geodesics
are the most natural geodesics of a homogeneous manifold. Given a homogeneous pseudo-
Riemannian manifold (M = G/H, g), a geodesic <y passing through a point p € M is called
homogeneous if it is the orbit of some one-parameter subgroup. In general, the group G
is not uniquely determined. However, if 7y is homogeneous with respect to an isometry
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group, then it is so with respect to the connected maximal group of isometries. We may
refer to [5] for a survey on homogeneous geodesics.

Semi-direct extensions of the Heisenberg group were introduced in arbitrary dimen-
sion in [6], as a natural generalization of the well-known oscillator groups. A detailed
study of the geometry of four-dimensional examples, equipped with metrics that naturally
extend to this class the Lorentzian metrics of the oscillator group, started in [7] and con-
cerned several relevant geometric properties: Ricci solitons [7], critical metrics of quadratic
curvature functionals [8], and conformal geometry [9]. The four-dimensional oscillator
group, equipped with these left-invariant Lorentzian metrics, is a well-known example of a
naturally reductive homogeneous Lorentzian manifold (see [10]). It is, then, natural to ask
whether such results extend to other semi-direct extensions of the Heisenberg group.

Following ref. [7], there are three models of these semi-direct extensions having
non-isomorphic Lie algebras. Besides the oscillator group, the remaining models are the
hyperbolic oscillator group and a nilpotent group (see Proposition 5).

The hyperbolic oscillator group is also known in literature as the Boidol group or the split
oscillator group. Recently, lattices of the hyperbolic oscillator group were classified in [11].
The purpose of this paper is to investigate the homogeneity properties of the hyperbolic
oscillator group. Differently from the case of the oscillator group, not all the corresponding
metrics are naturally reductive on the hyperbolic oscillator group. This leads in a natural
way to consider the homogeneous geodesics of the remaining cases, which we completely
determine. Finally, we also describe the corresponding results for the remaining model of
semi-direct extensions of the Heisenberg group.

The paper is organized in the following way. In Section 2, we report some general
definitions and results concerning homogeneous pseudo-Riemannian manifolds, pseudo-
Riemannian homogeneous structures, and homogeneous geodesics. In Section 3, we
introduce some needed information concerning semi-direct extensions of the Heisenberg
group, with particular regard to the geometry of the hyperbolic oscillator group equipped
with the one-parameter family of metrics corresponding to the ones of the oscillator group.
In Section 4, we first investigate the homogeneous structures of these examples and estab-
lish which of them are naturally reductive. We then provide a complete classification of
homogeneous geodesics for the cases which are not naturally reductive. Finally, in Section 5,
we give the corresponding results for the nilpotent group, which provides the remaining
model of semi-direct extensions of the Heisenberg group. Calculations were checked using
the Maple 16© software.

2. Preliminaries

In this section, we briefly report the basic definitions and results that we use through-
out the paper.

2.1. Homogeneous Pseudo-Riemannian Manifolds

As we already recalled in the Introduction, a pseudo-Riemannian manifold (M, g) is
called homogeneous if for any pair (p, ) of points of M, there exists an isometry f of (M, g)
such that f(p) = q. In other words, the full group of isometries acts transitively on M.

Given a homogeneous pseudo-Riemannian manifold (M, g), a coset representation of
M is given by M = G/ H, where G is a group of isometries acting transitively on M and
H and the isotropy subgroup. The Lie algebra g of G then splits as g = m @ b. It is well
known that the same homogeneous pseudo-Riemannian manifold can admit different
coset representations.

A homogeneous pseudo-Riemannian manifold (M, g) is said to be reductive when
it admits a coset representation M = G/H such that, in the corresponding Lie algebra
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decomposition g = h & m, m is an Ad(H)-invariant subspace of g. If H is connected, this
condition is equivalent to the algebraic condition [h, m] C m. While all homogeneous Rie-
mannian manifolds are reductive, in dimension four and higher, there exist homogeneous
pseudo-Riemannian manifolds that do not admit any reductive decomposition.

A homogeneous pseudo-Riemannian manifold (M, g) is naturally reductive if it admits
a reductive coset representation M = G/ H, such that the reductive split g = m @ h and the
G-invariant metric g satisfy the equation

S[XYm, 2)+g([X, Z]m,Y) =0, forallX,Y,Z € m. 1)

This equation is equivalent to requiring that the Levi-Civita connection of (M, g)
and the canonical connection of the reductive split g = m @ h have the same geodesics.
In particular, this implies that a naturally reductive manifold is a g.0. space (i.e., a “geodesic
orbit space”), that is, all of its geodesics are homogeneous.

2.2. Pseudo-Riemannian Homogeneous Structures

We start with the following definition and result.

Definition 1. Let (M, g) denote a connected pseudo-Riemannian manifold, and V and R denote
the Levi-Civita connection and curvature tensor of (M, g) respectively. A (pseudo-Riemannian)
homogeneous structure on (M, g) is a tensor field S of type (1,2) on M, such that the connection
V =V — S satisfies

<
oq

Il
L
<
=

Il
e
<1

()

Theorem 1 ([1,12]). Let (M, g) be a connected, simply connected, and complete pseudo-Rieman-
nian manifold. Then, (M, §) admits a pseudo-Riemannian homogeneous structure if and only if it
is a reductive homogeneous pseudo-Riemannian manifold.

In fact, such a homogeneous structure S defines a reductive decomposition of a
suitable coset description of (M, g), and visa versa. As different notions of completeness
are not equivalent in pseudo-Riemannian settings, we specify that in the above Theorem 1,

“complete” refers to geodesic completeness (see for example [4]).

Now let S be a homogeneous structure on an n-dimensional pseudo-Riemannian
manifold (M, g). We will denote by S both the (1,2)-tensor field and its metric equivalent
(0, 3)-tensor field, defined by Sxyz = g(SxY, Z).

By fixing a point x € M and an orthonormal basis of Ty M, we consider the vector space
V = R" endowed with the standard symmetric bilinear form (, ) of signature (p,q) as a
model of (TyM, gx). We take the space of tensors S(V) C ®@3V* with the same symmetries
as the homogeneous structure S, that is, defined by

S(V) ={S € &®V*/ Sxyz + Sxzvy = 0}.

As a vector space, S(V) is isomorphic to V* ® A?V* and carries a non-degenerate
symmetric bilinear form, defined by

n
Z elele Sgle]gk eieiers
i,j,k=1

where {ey, ..., e,} is any orthonormal basis of (V, (, )) and & = (e;, ¢;).
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In order to classify homogeneous structures, one decomposes the O(p, g4)-module
S(V) into irreducible submodules. If n =dim M > 3, then the space S(V) decomposes
into irreducible and mutually orthogonal O(p, q)-submodules as

S(V)=8&(V)aS(V)e S3(V),
where
Si={se8/Sxz =X )0(2) ~5(X, 2)9(¥), g € V'],
S = {5 €S8/Sxyz+Syzx +Szxy =0, c12(5) := ifjseiei~ = 0},
S = {5 €S8/ Sxyz +Syxz = 0}-

In particular, Equation (1) holds if and only if S € S3, so that a homogeneous (reductive)
pseudo-Riemannian manifold (M, g) is naturally reductive if and only if it admits a homogeneous
structure belonging to Ss.

2.3. Homogeneous Geodesics

We first recall the more general and accurate definition of homogeneous geodesics in
pseudo-Riemannian settings.

Definition 2. Let (M = G/H, g) be a homogeneous pseudo-Riemannian manifold and p a point
of M. A geodesic y(s) through p, defined in an open interval | (where s is an affine parameter) is
said to be homogeneous if there exists the following:

(1) A diffeomorphism s = @(t) between the real line R and the open interval J;
(2)  Awvector V € g, such that y(¢(t))) = exp(tV)(p) forall t € R.

The vector V is then called a geodesic vector.

In the case of reductive homogeneous pseudo-Riemannian manifolds, the Geodesic
Lemma [13] provides the following simple algebraic characterization: given a vector V € g,
the curve y(t) = exp(tV)(p) is geodesic if and only if

([V,Z]m, Vi) = k(Vm, Z) forall Z € m, 3)

where k is a real constant. In particular, if k = 0, then t is an affine parameter for this
geodesic. If k # 0, then s = ¢~ is an affine parameter for the geodesic, and this case can
occur only if y(t) is a light-like curve in a (properly) pseudo-Riemannian space.

On the other hand, the approach developed in [14] permits to investigate homogeneous
geodesics in the more general framework of homogeneous affine manifolds.

Let V denote an affine connection on a manifold M. A smooth vector field X on M is
said to be affine Killing if its integral curves are geodesics with respect to V.

The pair (M, V) is said to be a homogeneous affine manifold if for any two points p,q € M,
there exists an affine transformation of M, mapping p into 4. In a homogeneous affine
manifold (M, V), a homogeneous geodesic is a geodesic that is an orbit of a one-parameter
group of affine diffeomorphisms. (Here, the canonical parameter of the group need not be
the affine parameter of the geodesic.)

The following results of [14] show how to determine the homogeneous geodesics in
a homogeneous affine manifold. In particular, these results apply to any homogeneous
pseudo-Riemannian manifold, whether reductive or not.
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Proposition 1 ([14]). A homogeneous affine manifold (M, V') admits n = dim M affine Killing
vector fields Ky, . . ., Ky, which are linearly independent at each point of some neighborhood U of p.

It is well known that a geodesic through p € M is uniquely determined locally
by its tangent vector X at p. Consider now n = dim M affine Killing vector fields
Ky, ..., Ky, linearly independent in a neighborhood U of p, as in the above Proposition 1. Let
B = {Ki(p),...,Ku(p)} denote the corresponding basis of the tangent space T, M. Each tan-
gent vector X € T, M is uniquely determined by its coordinates (cy, ..., c,) with respect to
the basis B, and it determines the corresponding Killing vector field X = ¢1 Ky + ... 4 ¢4Ky
and the integral curve yx of X through p.

The following results and definitions clarify the relationship between affine Killing
vector fields and homogeneous geodesics of (M, V).

Proposition 2 ([14]). Let (M = G/H, V) (where G acts transitively and effectively on M) be
a homogeneous affine space. Then, each curve <y that is a reqular (/' (t) # 0 for all t) orbit of a
1-parameter subgroup g C G on M is an integral curve of an affine Killing vector field on M.

Definition 3. A nonvanishing smooth vector field V on M is said to be geodesic along its regular
integral curve vy if y(t) is a geodesic, up to a possible reparametrization. If all reqular integral
curves of V are geodesics up to a reparametrization, then V is called a geodesic vector field.

Proposition 3 ([14]). Let (M, V) be a homogeneous affine manifold and V a nonvanishing Killing
vector field on M.

(1) V is geodesic along its integral curve <y if and only if
VvV =k Yy 4)

holds along -y, where k., is a real constant. If k., = O, then t is the affine parameter of geodesic y.
Ifky % O, then the affine parameter is s = ekrt;

(2) V is a geodesic Killing vector field if and only if
VvV =k-V, ®)
where k is a smooth function on M, constant along the integral curves of V.

Note that if (4) holds for ¢ = 0, then it holds for the same k., for all sufficiently small
values of t, and y(t) is a local geodesic. Moreover, such a local geodesic y can be uniquely
prolonged to a global homogeneous geodesic [15].

The Levi-Civita connection V of a homogeneous pseudo-Riemannian manifold (M, )
is an invariant affine connection. Hence, the above results can be applied to the study
of homogeneous geodesics and geodesic vector fields of (M, g), determining homoge-
neous geodesics through a chosen point p € M as the geodesic integral curves of Killing
vector fields.

3. The Geometry of Semi-Direct Extensions of the Heisenberg Group

Denote by H the three-dimensional Heisenberg group and by h = span{X, Y, U} its
Lie algebra, described by [X, Y] = U. Following the argument introduced in [6], each real
matrix § € sp(1,R) (the Lie algebra of the symplectic group Sp(1,R) on R?), that is, of

the form
s_<“ p ) ®)
v -«
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determines a corresponding derivation

[S, (z,u)] = (Sz,0)

of h and so, a one-dimensional semi-direct extension g = h x (RS) of . The corresponding
connected, simply connected Lie group is then givenby G = Gg = HxgR=C xR x R.

This construction includes as a special case of the well-known four-dimensional
oscillator algebra (and the corresponding oscillator group), obtained by taking

5 0 U
S_<—P‘ 0)' u #0.

The four-dimensional oscillator group has been investigated from several different
points of view. We may refer to [12,16] and references within for several results on this
relevant example. The study of semi-direct extensions Gg = H x ¢ R was undertaken in [7],
generalizing to G ¢ the well-known family of left-invariant metrics of the oscilllator group.
These metrics g,, defined for any real value of a with a2 # 1, have the form

galer,e1) = gales,ea) =a, gu(ez,e2) = gales, e3) = galer, ea) = gales, 1) =1, (7)

where U =¢1, X =€, Y = e3,and S = e4. The following explicit description was obtained
in [7].

Proposition 4 ([7]). Given S € sp(1,R), described as in (6), the semi-direct extension G =
H xR can be realized as the four-dimensional subgroup of GL(4,R):

GS = {Mg(x1,x2,x3, X4) S GL(4,R) | X1,X2,X3,X4 € R},
whose group elements have the form

1 xow(xg) —x3u(xg) x2z(xg) —x30(xg) 2x;

0 u(xy) v(xg) X2
Mg (x;) = ’
0 w(xy) z(x4) X3
0 0 0 1
where, depending on whether A = — det(S) = a® + By is positive, null, or negative, we have

cosh(v/Axy) + ﬁ sinh(v/Axy) ifA>0,
u(xg) = ¢ 14axy ifA=0, (8)
cos(v/—Axy) + \/%—A sin(v/—Axg) ifA <O,

%sinh(\/gx@ ifA>0,
o(xg) = Pxa ifA=0, ©)
Lsin(vV=Axy) A<,

* sinh(vVAxy)  if A >0,

w(xy) = X4 ifA=0, (10)
A sin(v—-Axy) if A <0,
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cosh(v/Axy) — % sinh(v/Axy) ifA>0,
z(xg) =< 1—axy ifA=0, (11)
cos(v/ —Axy) — \/% sin(v—Axg) ifA <O,

As proved in [7], in coordinates (x1, X2, x3, x4), the metric g, is explicitly given by

g = adx?+ (§23 4 w?(xq) + 2% (x4))dx3
+ (4§23 + u?(xq) + 0*(x4) ) dx3 + adxj
Faxzdx1dxy — axpdx1dxs + 2dx1dxy (12)
— % (axax3 + 4u(xs)w(xg) + 4v(x4)z(x4) ) dxodxs

+X3dX2dX4 — deX3dX4.

The description of the Lie algebra h x (RS) up to isomorphisms is given in the
following result.

Proposition 5 ([7]). Consider an arbitrary S € sp(1,R) and the corresponding derivation S of
the Heisenberg Lie algebra by. Depending on whether A = — det(S) = a® + By is (A) positive,
(B) null, or (C) negative, the one-dimensional extension b x (RS) is isomorphic to the Lie algebra
g =span{ey, ey, e3, e4 }, completely described by [ep, es] = e and

(A): [es e0] = pea, [es,e3] = —pes, p>0;
(B): les,er] = pes, [eg,e3] =0, u>0;
(C) : [64, 62] = Hes, [64,63} = —pey, u>0.

Case (C) in Proposition 5 is the oscillator Lie algebra. The four-dimensional oscillator
group, equipped with any left-invariant Lorentzian metric g,, is a well-known example of
naturally reductive homogeneous manifold (see [10]). In particular, all of its geodesics are
homogeneous. Case (A) is known in the literature as the hyperbolic oscillator group or Boidol
group [11]. Case (B) is a nilpotent group.

We now focus on the case of the hyperbolic oscillator group and describe the calcula-
tions that we use in the following sections.

According to the description given in the Proposition 5, we consider the case & = y > 0
and B = v = 0. Functions u(x4), v(x4), w(x4), and z(x4) of Proposition 4 then reduce to

u(xg) = e, ov(xg) =0, w(xg) =0, z(xg) =e FH4. (13)

We now put 9; = %,i =1, -4 and determine the Levi-Civita connection V of g,
with respect to {9;}. Using the Koszul formula, we find that the possibly nonvanishing
components of V are given by

Valaz = —%xzefz?’x“al _ %672”“83,

Vo 93 = — 2329y + Se20s,,

Vazaz = _4(u21_1)e*2ux4(a3x2x3 —axpxs +4u)o; — %x3e*2ﬂx433 n a2u_1 #672W484,
Va,03 = _%(3%32]4364 — x%e—ZMm)al + %x362yx4az n %xze_zﬂx4a3, 1

Va,04 = (—jxpe 2% + Lazp)o) — po, — Je= 214405,
1
va383 = 4(0271)62}”(4 (LISXQX3 — axpx3 +4p)d1 — %ngzﬂx4a3 _ ﬁy82yx4a4,

Va,04 = (x4 — §x36%%4)0 + 52740, + 103,
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The curvature tensor is determined by R(X,Y)Z = [Vx,Vy|Z — V|xy)Z and
the Riemann curvature tensor is the (0,4)-curvature tensor given by R(X,Y,Z, W) =
—g(R(X,Y)Z,W). Starting from (14) and taking into account its symmetries, we obtain
that the Riemann curvature tensor is completely determined by the following possibly
nonvanishing components Rjj;, = R(9;,9j, 9, 9p):

ISVIbES 7(123;2”4, Rigpz = 7”267211“2,

Rizy = —w, Ripzs = %,

Rizi3 = @/ Rygs = LE041,

Rizos = %, Rizzq = *“e%#,
a((a3x3—ax3)e %4+ (aPx3 —ax3) e 4 —12a% + 1642 +12)

R2323 = 16(“2—1) 7

a(xpe =2 —2x3)

__a(xzea—2xyp)
Rozpy = — 3 , Rozzs = — e

—2px4 (4421

e

Rogpq = —# Rogzs = — 1,
21Xy 4 271
e 1L

Ragpy = — =1,

In particular, the Ricci tensor is then described by

0= %dx% + %(ax% — 4e_2f”‘4)dx§ + %(ax% — 4e2f’x4)dx§
—(2u® — %)dxﬁ + %xgdxldxz — %xzdxldx_g + adx1dxy (15)

2
— T xox3dxodx3 + §x3dxpdxy — Sxpdx3dxy.

4. Homogeneous Structures and Geodesics of the Hyperbolic
Oscillator Group

We consider the hyperbolic oscillator group, equipped with the family of left-invariant
metrics g, described by Equations (12) and (13) of Case (A).

Set S = Tijkdxi ® dx/ @ dx¥ as an arbitrary homogeneous structure on G &, Where the
coefficients Tjj; are arbitrary smooth functions on Gg. Note that V¢ = 0 necessarily yields
Tjjx = —Ti;, so that we only need to determine the components T;j with j < k. Observe
thatif S € S3, then we have the additional symmetry T = —Tj;x. We separately consider
two cases, depending on whether a = 0.

The first case: a # 0.
In this case, applying Equations (2), we obtain a complete description of all homoge-
neous structures. In fact, one has

(Va,R)(91,02)0y = tqe 24Tp403, i=1,--- 4, (16)

where Tj14 = 0 for all indices i = 1,...,4. The Ricci tensor is determined by (15), and using
a direct calculation, we find

(V,0)(91,92) = —aTya, (V3,0)(91,93) = —aTyys,
(Va,0)(91,02) = —aTy, (Va,0)(91,93) = —5(2T13 +a),
(Va,0)(01,02) = §(a —2T312), (Va,0)(01,03) = —aTs3,
(Va,0)(01,92) = —aTyn, (Va,0)(01,03) = —aTus
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Since we necessarily have Vo = 0, the above equations immediately yield
Tio = Tz = Torp = T313 = Typ = Tz = 0 and T3 = —T312p = —35. Using these

conditions, from (16) we obtain

(Va,R)(91,92)91 = 4(u2 1>T12431, (Va,R)(01,02)94 = %(ﬂ +2T123)02
(Va,R)(01,93)91 = i 1>T13431, (Va,R)(01,02)91 = i )(W 2134 — Tpy4)01,
(Va,R)(91,02)04 = Tﬂ(ﬂxs +2T3)0, (Va,R)(91,03)01 = — 5= (2T234 = 1)9y,
(Va,R)(91,02)91 = 8(u2 17 (2T324 +1)01, (Va,R)(01,02)04 = —F (axz — 2T3p3)02,
(Va,R)(91,03)91 = *m(ﬂe %+ Tagg)dr,  (Va,R)(91,92)01 = ﬁ”ﬂmah
(Va,R)(01,02)0s = % (2Tup3 + 1)y, (Va,R)(91,03)01 = 4(,1‘572_1)313431,

where as VR = 0, we conclude that the non-zero components Tijk,j < k of an arbitrary
homogeneous structure S are given by

_ 1 _ 1 _ 1 _ 2

T3 = —5a, Tr13 = —54a, Tro3 = —5ax3, Ty = pe M4,
1 1 1 _ 1

Tozs = 3, T312 = 34, T3p3 = 3ax2, T304 = —3, (17)
_ 2 _ 1

T334 = —pet™ Tyz = —5.

It is easy to check that VS = 0 is now satisfied. Therefore, Equation (17) describes all
homogeneous structures of the hyperbolic oscillator group equipped with a left-invariant
metric g;,4 # 0. Indeed, just one homogeneous structure exists, for any initial data
corresponding to a # 0 and p > 0. This is coherent with the fact that, as we shall see in
Equation (19), the Lie algebra of Killing vector fields is four-dimensional. Correspondingly,
for a # 0 and p > 0, there is only one group acting transitively on the hyperbolic oscillator
group manifold, that is, the group itself.

Clearly, in this case, homogeneous structures of class Sz do not exist, since the corre-
sponding symmetry T;jx = —Tjx does not hold (for example, T4 = pe =21 £ ().

The second case: a = 0.

In this case, a full classification of homogeneous structures is a much more difficult
computational problem, corresponding to the fact that the full isometry group is larger.
However, as long as the additional symmetry condition Tjj, = —Tjj is satisfied, it is
easy to check that tensor S = Tijkdxi ® dx/ ® dx¥, completely determined by the non-zero

components Tijk/ j <k,
1

To34= —Tso4 = Tipz = —5, (18)
satisfies Equation (2) and is a homogeneous structure belonging to class S3. Therefore, we
proved the following.

Theorem 2. The hyperbolic oscillator group, corresponding to the semi-direct extension of the
three-dimensional Heisenberg group with Lie algebra (A) described in Proposition 5, equipped
with the family of metrics g, given by (12), is naturally reductive if and only if a = 0. For a = 0,
Equation (18) describes a pseudo-Riemannian homogeneous structure S € S3.

For a # 0, Equation (17) describes the unique homogeneous structure of g, (which is not of
type S3).

We now focus on the hyperbolic oscillator group equipped with left-invariant metrics
Sa, With a # 0,41, as g is naturally reductive. We shall calculate the homogeneous
geodesics passing through the base point p = (0,0,0,0).
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Consider an arbitrary smooth vector field V = Z;-l:l Xi(x1,- - ,x4)0; on (Gg, &a)-
With a direct calculation using (14), we find that V' is a Killing vector field if and only if the
following system of equations is satisfied:

(Eq) 201Xy — ax001 X3 + ax3d1 Xy + 2a01 X7 =0,

(Ez) 02Xo(ax3 + de 21%4) — duXye 2% + x3(2a02 Xy — ax20,X3 + aX3 +202X4) =0,
(E3) 03X3(ax3 + 4e2%4) + AuX e — x5(2a03X1 + aX303Xa — aXp +203X4) = 0,
(E4) 2004 X4 — X204 X3 + x304 X2 + 204 X1 = 0,

(Es) ax304Xp — ax04 X3 + 2a(94Xq + 01 Xy) — %201 X3 + 1301 Xp + 204, X4 + 201 X7 =0,
(Ee) 01Xa(ax3 + de 214 — axpx301 X3 + 2ax3(91 X1 + 02X2) — 2ax202 X3

+4a0, X1 + 2aX3 + 2x301 Xy +49,X4 =0,

(E7) 95Xa(ax3 + 4e21%4) + 9, X3 (ax3 + 4e2*4) — 2ax00, Xy + 2ax303 X3
—axpx3(02 X2 + 03X3) — 2x202 Xy + 2x303 Xy — a(x2 X3 + x3X2) =0,

(Eg) 04X> (ax% + 4(372]”4) — axpx304 X3 + 2ax30, X1 + 400, Xy + 2x3(02Xp + 94Xy)
—2x207X3 +409,X1 +2X3 =0,

(Eg) 01 X3 (ax% + 462ﬂx4) — axyx301 Xy — 2ax,(91 X1 + 83X3) + 2ax393 X, + 4ad3 X,
—2aXy — 2x201 Xy +493X4 =0,

(Elo) 04 X3 (ux% + 462}“{4) — axyx304 Xy — 2x2(a3X3 + 84X4) — 2ax704 X7 + 4a03Xy
+2x303 X5 + 403X —2X; = 0.

In order to solve the above system of equations, we first obtain some simpler conditions
by differentiating some of them and taking the appropriate linear combinations. So,

we obtain:
04E; — a01Ey : 2(1—a%)0%,Xy =0,
adyE; — d1Ey : (ﬂz - 1)3%4()(29(3 — X3x2 + 2X1) =0,
84E5 — mElz — %84]34 - z(lafuZ)Ell . (1 - az)aﬁ4X4 =0.

Integration of the three above equations yields

Xy = f1(x2,x3)x4 + fo(x1, %2, X3),
Xz = fa(x1, X2, %3) + fa(x2, %3, %4) + £ (x3X2 +2X1),

where f1(x2,x3), f2(x1, x2,x3), f3(x1, X2, x3), and fa(x, x3,x4) are arbitrary functions. We
substitute the above expressions of X3 and X4 into (E;). Integrating, we have

2
f3(x1,x2,%3) = Efz(xlfxz, x3) + f5(x2,x3),
where f5(xp, x3) is arbitrary. (E4) then reads 2afi(x2, x3) — X204 f4(x2, X3, x4) = 0, where
2axy
fa(x2,x3,%4) = Tzfl(le x3) + fe(x2,x3),

for an arbitrary function f¢(x, x3). (Es5) now reduces to afy(xp, x3) — 01 f2(x1,x2,x3) =0
and by integrating, we obtain

fa(x1,x2,x3) = axy f1(x2,x3) + f7(x2,%3),
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where f7(x2, x3) is an arbitrary function. Then, one can calculate X; from (E¢) as follows:

X1 = £ (2a%x2x402 1 (x2, x3) — 4a2x4 f1(x2, x3) + ax3 (32 f5(x2, x3) + 02f6(x2, x3))
—axy (f5(X2, Xg) + f6(X2, X3)) — 4lelf1 (xz, X3) —2ax3 Xy — ZXZ31X2€_2VX4
—2x2x402 f1(x2, x3) — 4f7(x2,x3)).

We now substitute the above expressions into (Eg). By integrating, we find

Xy = sin(axy) fo(xp, x3, x4) + cos(axy) fg(x2, x3, x4)
27 (204(1 — )93 f1 (%2, %3) — ax2(93 e (x2, X3) + 03 f5(x2,%3))),

where fg(x2, x3,x4) and fo(xy, x3, x4) are arbitrary functions. Next, we substitute the above
expressions into (E;) and obtain

—2aye‘2”x4f1 (x0, x3)x1 + H(x2, x3, x4) cos(axy) + K(xp, x3, x4)sin(axy) + T(x2, x3,x4) =0,

for some appropriate functions H, K and T. The above can be read as a null linear combi-
nation of the linearly independent functions x1, cos(axy), sin(ax;), and 1 = x?, where xq
only appears in the first term. Therefore, it yields at once f(x, x3) = 0. Applying a similar
argument, from (Eg), we find

e 2Hxs (a4f8(x2, X3, X4) - f9(x2/ X3, x4)) COS(ﬂX1)

e 2%y fo (x, X3, x4) + f3 (X2, X3, x4)) sin(axy) + C18, f7(x2,x3) = 0

a

for all values of x1, where

94 fg(x2,x3,x4) — fo(x2,x3,x4) =0, dafo(xp, x3,x4) + fa(x2,x3,x4) =0, 9pf7(x2,x3) = 0.
By integrating, we obtain
f7(x2,x3) = fr(x3),

fe(x2,x3,x4) = fio(x2, x3) sin(x4) + f11(x2, x3) cos(xy),

fo(x2,x3,x4) = fro(x2,x3) cos(xg) — f11(x2, x3) sin(xy).

Now, (Ejp) reads

2]/1 (fm(Xz, X3) COS(X4) — f]] (Xz, X3) sin(x4)) COS(LIX]) ,
—Zy(fl() (Xz, X3) Sin(X4) + fn(Xz, X3) COS(X4)) Sil‘l(ﬂX1) + %f;(?@,) =0,
for all values of xq. In particular, f7(x3) is a real constant; so, we set f7(x3) = %,
and fio(x2,x3) = f11(x2, x3) = 0. At this point, (Ep) and (Ey), respectively, give
(9356 (x2,x3) + 033 f5(x2, x3)) X2 + 93 f6 (X2, X3) + 93 f5(x2, x3) + 2c1 = O,
(93, f6(x2, x3) + 03, f5(x2, x3))x2 + 202 fo (X2, X3) + 202 f5(x2, x3) ) €24

B (a%3f6 (X2, X3) + a%ng (XZ, X3) )xze_zP‘x4 =0.

Direct integration of the coefficients depending only on (xp, x3) in the above equations,
gives the following solution:

fo(x2,x3) = —f5(x2,x3) + 3 (—2¢1%3 + k3)x2 + ko3 + ky),
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where ky, k3, k4 are arbitrary real coefficients. Finally, setting ko = —2c3, k3 = —2¢p and

ky = %2_1) — 2¢4, we conclude that for a # 0, Killing vector fields form a four-parameter

family, given by
V=0 (*%31 + Xpdy — x3d3 + 534) + Cz(%al — 83) + C3(%3a1 + 82) + C401. (19)

where here and throughout the paper, by c;, we denote some real constants.

Let V denote the arbitrary Killing vector field described by Equation (19). The flow
y(t) = (71(t), v2(t), v3(t), v1(t)) of this family of vector fields through p is given by

m(t) = ﬁ (cacap(er! — ") —2ct(p(cacs — crca) +acd)),
— t
() = He 1), ()= 21, w0 =4,

for some ¢; # 0. We now calculate VV V at the origin p = (0,0,0,0) (i.e., for t = 0) and
we find

2 —¢c2 a%cy) — ey — €p)c1 — AUCHC

V|H):;4(22 3)31+( 2 — Jic3 — C2)Cq Hota s
at —1 H
. (a%c3 — pcy — c3)c1 — apicscy 35— W(;% -q) 9.
U ac—1
On the other hand,
2acq1 — 2uc c
Vv(t)|t:0 = —1T#431 +c302 — €203 + ﬁlaél

and so, Equation (4) yields

12(c3 = c3) +ky(acy —eap)(a® = 1) =0,

(acacy + kyc3 +cic3)p —c1ca(a> —1) =0
(acscy — kyca + c102)p — c1c3(a®> — 1) =0,
(1—a?)kyc1 + (3 — c3)p?a = 0.

We observe that the above equations also hold in the case c; = 0. Solving this system,
we find the following sets of solutions:

ky =0,c3 =¢ecy,c4 = %ﬁ,s = +1 (forall a # 0),
ky =0,c0 =c3 =0 (foralla # 0),

2_
k, = arbitrary,cy = —k,,cp =0,c3 = :I:%\/ 171[12](7,64 = —k”(fw ) (a<—-lor0<a<l),
_ a2
ky=c1=¢eu a2C2,C3—0C4—£\/1aa

where we excluded the solutions giving rise to vector fields vanishing at p. We substitute the
first solution of the above set in (19) and we obtain that the integral curve through the origin

e=xl(a< —-lor0<a<1),

p, of the Killing vector field V corresponding to Wy = —Cl(ifi;ﬂ)% + c307 — ec303 + %84,
is homogeneous. Observe that we can rewrite Wj in a simpler way by setting w; = <

H
and w3 = c3. By applying similar arguments to the other above solutions, we prove

the following.
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Theorem 3. Let Gg = H x5 R be the hyperbolic oscillator group, corresponding to the semi-
direct extension of the three-dimensional Heisenberg group with Lie algebra (A) described in
Proposition 5, equipped with the family of metrics g, (a # 0) given by (12). With respect to
coordinates (x1, X2, X3, x4) described in Proposition 4, homogeneous geodesics through the base
point p(0,0,0,0) are the integral curves of Killing vector fields, determined by the tangent vectors
W; € TpM listed below:

a

Wy = (w,wg,ewg, w1>, forall a #0,+1,

Wy = (w1,0,0,wy), foralla #0,+1,
W3 = wq (1,j:\/a(1 —a2),0, —a), foreithera < —lor0<a<1,
Wy = wq (1,0,j:\/a(l —a?), —a), foreithera < —lor0<a<1,

where w; denotes some real constants.

We now determine geodesic Killing vector fields. We first calculate V'V for the Killing
vector fields determined above and apply Equation (5). So, for a Killing vector field as
described by (19), we find that V is a geodesic Killing vector field (i.e., VyV = k.V) if and
only if

((2c1x2 + 2c3)p® + axp(a® — 1) (c1x2x3 + €22 + c3%3 + ca)pt — c1x2(a% — 1)) (122 + c3)e 2%
—((2c1x3 + 2c2) pu? 4 ax3(a® — 1) (c1x2x3 + coxp + €333 + ca) it — c1x3(a% — 1)%) (1353 + )2
+(((cax2 + cax3 + 2c4)p — 2acy )k + pey (c2x2 — €3x3)) (a* — 1) = 0,

(c1x3 + c2) (—a(cixpx3 + coxp + c3x3 + cg)pt 4 c1(a® — 1))e?* ¥ — p(cixp +c3)(k+c1) =0,
(c122 + c3)(—a(crxax3 + coxp + c3x3 + g ) + c1(a? — 1))e 2% 4 p(crxs + cp) (k—¢1) = 0,
ap®(c1xp + c3)%e 2% — ap?(cyx3 + cp)?e?#¥ + ¢y (1 — a®)k = 0.

Solving the above system, we find k = O and ¢; = ¢; = ¢3 = 0, thatis, V = c40;.
Hence, we proved the following.

Theorem 4. The only geodesic Killing vector fields V of the hyperbolic oscillator group (Gg, ga)
(a # 0) are given by V = c401.

5. The Remaining Model of Semi-Direct Extensions of H

We now consider the semi-direct extension (Gg, §4) of the Heisenberg group as de-
scribed in Case (B) of Proposition 5, i.e., the remaining model with non-isomorphic Lie
algebras for the semi-direct extension of the Heisenberg group. In this case, functions
described in Proposition 4 become

u(xg) =1, ov(xg) =0, w(xg) =pxy, z(x4)=1. (20)

From now on, we shall exclude the case where = 0 (i.e., S = 0), as in this case, the
manifold is locally symmetric ([7], Theorem 3.4) and so, it is naturally reductive.

The arguments follow the same ideas we illustrated in detail for the hyperbolic oscilla-
tor group. In this case, the Levi-Civita connection, Riemann curvature, and Ricci tensor are,
respectively, described as follows:
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Vo, 02 = —§ (xa(u?x] +1) — px3xg)dy — §uxadsz — §(p?x5 +1)03,
V3,03 = §(pxaxy — x3)01 + 302 + 51x403,
2 2_1\_ 2.2 2 2
vazaz _ apxzxy(a”—1) axzicgagy7;c§+l)(u 1)+4pxy 31 . %yx3x482
—5x3(pPxf + 1) 25 12 X404,
_ (A48 —xF) (a3 —a)—4u
va283 - 4 8%a2 31) a (21)
+ 4 (uxoxs + x3)02 + (pt x2x4 1X3X4 + X2)03 + a 2 1);184,
V01 = (02 (n = 1)x] — p — 1)xa — pxaxa(p — 1))y + gpxa(p —1)92
%(ﬂ xz +1- .u x4 + F)a&
Va,03 = —gx2(pxaxy — X3)01 — 5202 — 5HX2X403,
Vay0s = — 1 (uxaxs — x3) (4 — 1)31 + 3 (1 — p)d2 — spxa(p — 1)33.

Riop3 =

Ripzg = —gpuxa(p — 1),

2
Rz = = (px2xs — x3),

2

Ripi = G (0?23 +1),
a2
8

2
— a
Ri213 = — T pxy,

(2 (x5 +1) — pxaxy), Rigpa = §(x3p(p—1) —p—1),
Rizi3 = 7,

Rizog = —gpxa(p — 1),

Rizzs = §(p —1),

Rozps = m(;’Tl)(((ﬂ xq+1)x3 — 2puxax3xp + 23) (a% — a) — 12(a% — 1) +4p?),
Rozps = §((1° — pP)x0xf + (1 — 1) x3xg — pixa — x2),
Ry = —g(n —1)(pxaxs —x3),  Rowpa = g(p = 1)((1° — p?)xf = 3p = 1),
Rogzs = —guxa(p —1)%, Ragzs = 3 (1 —1)%,

0= "z—zdx% + §X3dx1dx2 — %xzdxldx3 + adxidxy

+m((4y2xi —ax3 +4)(1 —a?) + 4p*x?

— 4p?)dx;

—m((axzxg — 4pxy) (a® — 1) + 4pBxy)dxodxs + §xzdxadxy
+m((ax§ —4)(a® — 1) + 4p?)dx2 — Sxodxzdxy — L(4? — 1)dx2.

The analogue of Theorem 2 is the following result.

Theorem 5. The nilpotent semi-direct extension of the three-dimensional Heisenberg group with

Lie algebra (B) described in Proposition 5 (with u # 0), equipped with the family of metrics g, given

by (12), is naturally reductive if and only if a = 0. In fact, the non-zero components Tij,j < k

given by

1
T3y = —T3p4 = Typ3 = —5(1 —u),

describe a homogeneous structure belonging to class Sz in the case where a = 0. On the other hand,

for a # 0, the following non-zero components describe the unique homogeneous structure of g,

(which does not belong to class S3):
Tsip=—Tnz=-Tiz =5, Tz =-5, Txnz="52,
Tz =Toa=—31—p), Tos=—p?xs, Tozu=3(1+p)
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We now focus on the remaining metrics g, with a # 0. Killing vector fields again form
a four-parameter family, given by

V= Cl(%a1 + 82) + Cz(%al — X903 — 584) + C3(x7231 — 83) + c4(07). (22)

The descriptions of Vy, , V|i—o and V. ;) |i=o are now given by

_ Haie ((a® +p —1)cp +apcy)cs
VVW“)V“:O _az — 181 - 7 a2
a (a%cy + apcy — c2) 5. _ aHc1Cs o
u 3 21 4,

1 C
Vao)li=0 :ﬁ(“Q + peg)01 + €102 — €303 — ;284.

Applying Equation (4) and VyV = k.V, we then obtain the following analogues of
Theorems 3 and 4.

Theorem 6. Let Gg = H x ¢ R be the nilpotent semi-direct extension of the three-dimensional
Heisenberg group with Lie algebra (B) described in Proposition 5 (u # 0), equipped with the family
of metrics g, given by (12). With respect to coordinates (x1, X, X3, x4) described in Proposition 4,
homogeneous geodesics through the base point p(0,0,0,0) are the integral curves of Killing vector
fields, determined by the tangent vectors W; € TPM listed below:

Wl = (wl,0,0,ZU4), Wz = (wl,ZU2,0,—uZU1), W3 = (ZU],O,ZU3,%).
Theorem 7. Consider Gg¢ = H x5 R to be the nilpotent semi-direct extension of the three-
dimensional Heisenberg group with Lie algebra (B) described in Proposition 5 (i # 0), equipped
with the family of metrics g, given by (12). The geodesic Killing vector fields V of (Gg,ga) (a # 0)
are given by

V =404,

where cy is a real constant.

6. Final Remarks and Comments

This paper is a contribution to the general problem of understanding which of the
known properties of the oscillator group extend to other relevant semi-direct extensions
of the Heisenberg group. The present study focuses on homogeneity properties, namely,
pseudo-Riemannian homogeneous structures (and the geometry determined by them:
in particular, natural reductivity) and homogeneous geodesics. Compared with the results
in [10] for the oscillator group, our study shows that some properties are really specific for
the case of the Lorentzian oscillator group and are not shared by other semi-direct exten-
sions. Moreover, the obtained classification and explicit description of the homogeneous
geodesics and geodesic vector fields for models (A) and (B) could also be useful for further
investigations and applications of these models in the framework of Theoretical Physics.
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