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Abstract

All of the homogeneous Lorentzian structures on the oscillator group equipped with
a biinvariant Lorentzian metric, and then the associated reductive pairs, are obtained.
Some of them are solutions of the Einstein-Yang-Mills equations.



|.  INTRODUCTION

The oscillator group has interesting features from the viewpoints of both Differential Ge-
ometry and Physics (see for instance Refs. [1]-[12]). It was introduced by Streater [1], who
named it so because its Lie algebra can be identified to that generated by the differential
operators associated to the harmonic oscillator problem, acting on functions of a variable.
The oscillator group is the only simply connected 4-dimensional nonabelian solvable Lie
group which admits a biinvariant Lorentzian metric [3, 4]. Moreover, it is [8] an example of
homogeneous spacetime, which as causal space satisfies the so-called causal continuity.

Levichev studied in Ref. [5] the oscillator group with the biinvariant Lorentzian metric
also given in Refs. [6] and [8], proving that this group (which geometrically is a Lorentzian
symmetric space and phisically is related to an isotropic electromagnetic field) provides a
solution of the sourceless Einstein-Yang-Mills equations.

On the other hand, generalizing the classical characterization by E. Cartan [13] of Rie-
mannian symmetric spaces as the spaces of parallel curvature, Ambrose and Singer [14] gave a
characterization of Riemannian homogeneous spaces in terms of a (1, 2) tensor field S, called
homogeneous Riemannian structure in Ref. [15], satisfying certain differential equations (see
(1) below). In Refs. [16] and [17], we have extended this concept to the pseudo-Riemannian
case.

In Ref. [12], all of the homogeneous Lorentzian structures corresponding to a family of
left invariant metrics on the general oscillator groups have been obtained, and the reductive
decompositions for the non-biinvariant metrics in that family have been determined.

In this paper we consider the 4-dimensional oscillator group equipped with its usual
Lorentzian biinvariant metric and we determine all the homogeneous Lorentzian structures
on it and all the associated reductive pairs. There appear six types of such pairs, and
we prove that four of them are solutions of the Einstein-Yang-Mills equations. They have
sources except for a particular case, where the symmetric pair appears as a solution of the
sourceless Einstein-Yang-Mills equations.

[l.  PRELIMINARIES

Ambrose and Singer [14] gave a characterization for a connected, simply connected and
complete Riemannian manifold to be homogeneous, in terms of a (1, 2) tensor field S, called
in Ref. [15] a homogeneous Riemannian structure. In Ref. [16] it is defined a homogeneous
pseudo-Riemannian structure on a pseudo-Riemannian manifold (M, g) as a tensor field S
of type (1,2) such that being V the Levi-Civita connection and R its curvature tensor, the

connection V =V — S satisfies the Ambrose-Singer equations
Vg=0, VR=0, VS=0. (1)

In Ref. [16] it is proved that if (M, g) is connected, simply connected and geodesically complete
then it admits a homogeneous pseudo-Riemannian structure if and only if it is a reductive
homogeneous pseudo-Riemannian manifold, which means that M = G/H, where G is a
connected Lie group acting transitively and effectively on M as a group of isometries, H is
the isotropy group at a point o € M, and the Lie algebra g of G may be decomposed into



a vector space direct sum of the Lie algebra h oh H and an Ad(H)-invariant subspace m,
that is g =h ®dm, Ad(H)m C m. (If G is connected and M is simply connected then H is
connected, and the latter condition is equivalent to [h, m] C m.)

Let (M,g) be a connected, simply connected and geodesically complete pseudo-Rie-
mannian manifold, and suppose that S is a homogeneous pseudo-Riemannian structure
on (M, g). We fix a point o € M and put m = T,(M). If R is the curvature tensor of the
connection V = V — S, we can consider the holonomy algebra b of v as the Lie subalgebra of
antisymmetric endomorphisms of (m, g,) generated by the operators RZW, where Z, W € m.
Then, according to the Ambrose-Singer construction [14, 15], a Lie bracket is defined in the
vector space direct sum § = b @ m by

U, V] =UV - VU, U,V eb,
U,2)=U(Z), Ueh, Zem, (2)
(Z,W] = Ryw + S;W — SwZ, ZWem,

and we say that (g, 6) is the reductive pair associated to the homogeneous pseudo-Rieman-
nian structure S. The connected simply connected Lie group G whose Lie algebra is g acts
transitively on M as a group of isometries and M = G/H, where H is the connected Lie
subgroup of G whose Lie algebra is b. The set K of the elements of G which act trivially
on M is a discrete normal subgroup of G and the Lie group G = G /K acts transitively
and effectively on M as a group of isometries, with isotropy group H = H /K. Then M is
(diffeomorphic to) the reductive homogeneous pseudo-Riemannian manifold G/H.

On the other hand, we consider (see e.g., Ref. [18], p. 134) the Einstein-Yang-Mills
equations on a Lorentzian manifold (M, g):

1
r—isg%—Ag:/{T, (3)

where g denotes the metric tensor, r the Ricci tensor and s the scalar curvature of g, A and
k the cosmological and gravitational constants, respectively, and T the stress-energy tensor
of the gauge field with field strength F, given by

T(X,Y) = g™ (ixF,ivF) — 19X V)|IFP?, 8

1 denoting the interior product.
Let g be the Lie algebra with generators P, X, Y, Q), and brackets
[X>Y]:P> [QaX]:Y> [QaY]:_

The corresponding simply connected Lie group G is called the oscillator group.



[Il.  LORENTZIAN HOMOGENEOUS STRUCTURES,
AND REDUCTIVE DECOMPOSITIONS

Consider the biinvariant Lorentzian metric g on the oscillator group G given in the basis
{P7X7Y7Q}7 by

g= 1 : (5)

Let {n,a, 5,£} be the dual basis to { P, X,Y, @ }. The Levi-Civita connection V of ¢ is
determined by 2¢(VwU, V) = g([W, U], V) — g([U, V], W)+ g([V,W],U) for all U, V, W € g.
So, we obtain that V is given by

VwP =0,

VX = —38(W)P + 36(W)Y,
VwY =ta(W)P - (W)X,
VwQ = 38(W)X — Ja(W)Y,

for every W € g. The nonvanishing components of the curvature tensor field, for which we
adopt the convention RyyV = ViV — VwVyV + VgV V, are given by

RoxX = =3P, RoxQ =X, RovY =—3P, RoyvQ=3Y.

1
1
Thus, the only nonvanishing component of the Ricci tensor is r(Q, Q) = 1 and the scalar

2
curvature is s = 0.

In Ref. [12] all the homogeneous Lorentzian structures on the general oscillator group
are determined by solving the Ambrose-Singer equations (1). As a consequence, we have all
the homogeneous Lorentzian structures on the 4-dimensional oscillator group.

Proposition. All the homogeneous Lorentzian structures on (G, g) are given by
S=0@@NB)+p@(anl +o@(BANE), (6)
where p, o and 0 are left invariant 1-forms on G satisfying the conditions
VO=0,

Vo=oA0-Ltawb+icao, (7)
%az—p/\@—%ﬁ@@—%&@p,

with V=V —§.

Proof: The expression (6) follows from the equations Vg = 0 and VR = 0 in (1). The
conditions (7) are equivalent to the equation V.S = 0. (See Theorem 4.1 in Ref. [12].) O



By (6), we can write the following general expression for the homogeneous Lorentzian
structures on (G, g):

S = (a1n + azer + azf + as€) @ (a A S)
+ (6177 + szé + bgﬁ‘l’ 646) (%9 (Oé A\ f)
+ (e1m + o + 38 4+ c4€) @ (BN E), ai,...,c4 €R.

The equations (7) gives us, after some long but straigthforward calculations, the relations to
be satisfied by the coefficients. If a; # 0 (we denote this case as (7)), we get the expression
of S in terms of ay, as, as, ay:

S = (a1m + aza + agf + as€) @ (a A B)

2
aoas as 1) (ag a3a4)
— - - = — _9 _ - - - /\
+ (—azn ot (a1+26+ Sy §) @ (anf)
a2 1 asa asa a
_|_(a277_|_ (—2—|——)Oz—l—ﬁﬁ—l— (ﬂ__z)g)@)(ﬁ/\g)
a2 a a; 24

If a; = 0, some tedious computations lead to another five cases, and the coefficients in the
six cases (i) to (vi) are as follows

(7) (i) () (i) (v)  (vi)
a | #0 0 0 0 0 0
as eR 0 0 0 0 0
as eR 0 0 0 0 0
aq eR % % % 7é % 7é %
bl —as 0 0 0 0 0
by | —2m 0 0 €R 0 0

a2

A e e e
by | g —uu 0 eR €R eR
C1 a9 0 0 0 0 0

a? 2
¢ | 23 # 3 3 3 2;3b-i1 3 a4
C3 %— 0 0 —bg 0 0
G | —aE 42 eR O eR -2 eR 0

In the case (i), making the change * = a; # 0, y = as/a1, 2 = az/a;, w = ag — 1/2, we can



write the family of homogeneous Lorentzian structures as

Stayew) = (@n+zya+zzf+ (w4 3)6) @ (a A )
—(zzn+ayza+ (22" + 3B+ 2wl ® (A AE)
+ (zyn + (2y” + §a+zyz f+ywé) @ (BAE),
x,y,z,w e R, x#0.

In the cases (ii) to (vi) one arrives (after some changes of notations for the coefficients) to
the following families:

(i)

S =38R (aNB) =38 (aNE) + (qa+cl) @ (BAE), qceR, q# 3.
(1)

St =36 @(@NB)+ (=56 +08 @ (aNE) + (5a+c&) @(BAE), bceR.

Sty = 35E@ (@AB) + (ka+ (t—3)B+0E) @ (a AE)
+ ((% - (kz/t))a - kﬁ - (kb/t)g) ® (ﬁ/\ 5)7 k>t>b € ]R> t 7é 0.

Stape) =a§® (@A) + (=38 +b8) @ (0 A& + (za +c&) @ (BAE),
a,b,ceR, a# %
(vi)
Sa=a(@(aNP) =B (@A) +a®(BAE)), a€R, a+i.
Next, we determine V =V — S. We however omit _the expressions of V for the sake of
brevity. Then in each case we calculate the curvature R and so we obtain generators of the
holonomy algebra b of V which will be expressed in terms of the basis {P, X,Y, @} of g.

In the case (i), we have that the only not always null curvature operators are Rxy = wU ,
Rox = xzU and Rgy = —xyU, where

0 2z —y O
0O 0 1 —=z
U= 0O -1 0 y
0O 0 0 O

If y=2=w =0 then R= 0, but if either y, z, or w is not zero then the holonomy algebra
b is 1-dimensional and generated by U.
In the case (i7), the holonomy algebra b is generated by the vector

001 O
000 O
V_OOO—l’
000 O



and the only nonvanishing curvature operator is Roy = (q — 1)V

- 2
In the case (4ii) (and (v)) we deduce R = 0.
In the case (iv), the holonomy algebra b is generated by

0 =t k£ O

0O 00 ¢
U= 0 00 —k|’

0O 00 O

and the curvature of V is determined by RQX = U and Roy = —(k/t)U.
In the case (vi), the holonomy algebra h has two generators

010 0 001 0
000 —1 000 O
U=loo00 ol V=100 0 -1|
000 O 000 0

and the curvature is determined by the operators Rox = (a2 — DU, Roy = (a2 — VIt
a = —3 then R=0andifa # —1, then b is 2-dimensional and abelian.

Through the usual identification of g with the tangent space at the identity of G, we
consider m = g and use (2) in order to obtain the Lie bracket of g = h @ g in each case. In

particular, we will have the reductive pair (g, ) associated to each homogeneous structure.

We next explicitly give those brackets. Some cases are broken in two subcases according
to whether the dimension of the holonomy algebra depends on the particular values of the
coefficients in the corresponding homogeneous structure.

Case (i1) (z,y,z,w € R; x # 0; y,z,w not all null). The reductive decomposition
associated to Sy zw) is with not always null brackets

U, X] = 2P Y, U,Y]=—yP+X, [U,Q=—z2X+yY,
[P, X|=—xzP+zY, [PY|=uzyP—2zX, [P,Q]=1xzX—uayY,
(X,Y] =wU + (z(y* + 2*) + 1) P — 2y X — 22V,
(Q, X] = 22U — 2wP — 2yzX + (w + 2y* + 1Y,
(Q,Y] = —2yU + ywP — (w + 22° + 1) X + xyzY.

Case (i) (v #0;y =2 =w = 0). The reductive decomposition associated to Sz 0,0,0) is
with nonvanishing brackets

PX]—aY, [PY]=-aX, [X,Y]=P, [Q.X]=Y, [Q.Y]=-X.
Case (ii) (¢q,c € R; ¢ # 3). The reductive decomposition associated to S(ge) 18 §(g,e) =
haog=({V,P,X,Y,Q}), with nonvanishing brackets

[V;Y]:P> [VaQ]:_Y> [X>Y]:(Q+%)P>
Q. X]=(q+3)Y, [QY]=(q—3)V+cP—X.



Case (iit) (b,c € R). The reductive decomposition associated to Sy is g = 0D g =
({P, X,Y,Q}), with nonvanishing brackets

X,Y]=P, [Q.X]=0P+Y, [Q.Y]=cP—X.
In this case, one obtains the Lie algebra of the oscillator group. In fact, putting X = X —cP,
Y =Y +bP, we have [X,Y] =P, [Q, X] =Y, [Q,Y]=—-X.
Case (iv) (k,t,b € R; t # 0). The reductive decomposition associated to S p) is
e =@ g={U, P, X,Y,Q}), with Lie brackets given by
[U>X] = _tP> [U>Y] :kP> [U>Q] :tX_kY> [X>Y] = (1_(k2+t2)/t)P>

2
[Q,X]:U+bP+k:X+<1—k?)Y, [Q,Y]:—gU—?P%—(t—l)X—k:Y.

Case (v) (a,b,c € R; a # %). The reductive decomposition associated to S(gp) is
Glape) = 0@ g = ({P,X,Y,Q}), with nonvanishing brackets

(X,Y]=P, [Q,X]=0P+(a+3)Y, [QY]=cP—(a+31)X.

Case (vi1) (a € R; a # 4,—3). The reductive decomposition associated to S, is g, =
hag=({U,V,P,X,Y,Q}), with nonvanishing brackets

In particular, if « = 0, one has S = 0, and the associated reductive pair (g,bh) is a
symmetric pair, which defines the oscillator group as a symmetric Lorentzian space.

Case (viz) (a = —3). The reductive decomposition associated to S1isg1=00g=

({P, X,Y,Q}), with nonvanishing brackets

N

[X> Y] = _P> [QaX] = _Y> [Q,Y] = X>

which also gives the Lie algebra of the oscillator group.

V. CURRENTS, AND EINSTEIN-YANG-MILLS EQUATIONS

We consider the connection form w on §, which is the h-component of the canonical 1-form
on g, and we obtain, in each case, the curvature form F' = dw and then xF', where x denotes



the Hodge operator with respect to the Lorentzian metric g. The following table provides
the values of F' and xF for the cases with non-trivial holonomy.

F=dw *F
(1) | (rwaAf+rzzaNE—ayBAE) QU —(wnANE+xznAB+azynAa)@U
(i) (@—3)BAHV (a—3)nAha)eV
(iv) (anE—= (/)N U —mAB+ (Kt Ae) @ U
(i) | (@ =(an@U+BAYRV) (@®=1)(-AB@U+nAa)@V)

Moreover, as the second Yang-Mills equation is D x ' = J, where J denotes the current,
applying the usual formula [19] one obtains for all the cases

J=DxF
=d*xF+wA*F —xF ANw
=d«F. (8)

Thus, the currents are given, respectively, by

J

(xznANaANE—zyn ANBAE+waNBAE) QU

)

(i1) | (g —5) M ABAE+caNBAE RV
(i) | (pAaNE—(K/OnABNE+D(1+ (K/))aNBAE) QU
(vi1) | 2a(a® = (MA@ AE) QU+ (MABAE QV)

On the other hand, we consider the metric on g which is the direct product of the metric
go on g and the metric on § for which the basic vectors (U and/or V') are unitary.
Now we have || F||> = 2w? in the case (i1) and || F||* = 0 in the remaining cases. We next

compute the stress-energy tensor T, given by (4), and we express it in terms of the basis
{P,X,Y,Q} of g. In the case (i;) we have

1
o 0 0 Ly
- 0 sw? 0 —zyw
0 0 sw? —xzw

—tw? —zyw —zzw 2?(y*+ 2?)

In the cases (i7), (iv) and (viy), the only nonvanishing component is 7'(Q, @), which is,
respectively, (¢ — %)2, 1+ (k/t)? and 2(a? — i)z'

9



It is then a matter of calculation to see that the field equations (3) are satisfied in the
cases (i1), (iv) and (vi), and in the case (i1) if w = 0 and y* + 2z? # 0, and to obtain the
corresponding cosmological and gravitational constants.

Theorem. The Lorentzian reductive pairs (g,h) determined by the homogeneous Lorentz-
ian structures on the 4-dimensional oscillator group, in the cases (i) (with w = 0 and
y? + 22 #£0), (ii), (iv) and (viy) above, are solutions of the Einstein-Yang-Mills equations
for an electromagnetic gauge field with cosmological constant A = 0, and gravitational con-
stant k given, respectively, by

1 1 2 1
2202+ 2 2g—1p0 AR ) A@— 1P

The gauge algebra b is abelian and 2-dimensional in the last case and 1-dimensional in the
other three cases. The currents are given in the table following (8). They are nonvanishing
except in the case (viy) for a = 0.

If @ = 0 in the case (viy), the associated symmetric pair (g,h) appears as a solution
of the Einstein-Yang-Mills equations for a sourceless gauge field with cosmological constant
A =0 and gravitational constant k = 4 (see Levichev [5]).
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