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Abstract. Some models of the gauge theory for the gravitational interaction are presented and a
comparison with the General Relativity is made. The Poincaré and deSitter groups are used as gauge
groups and the space-time is chosen to be a Minkowski (flat) one endowed with spherical symmetry.
It is shown that these gauge groups can be considered as a “passive” gauge symmetry groups for
gravitation. This means that the space-time coordinates are not affected by group transformations.
Only the fields change under the action of the symmetry group. It is concluded that the gravitation
can be described by gauge potentials defined on a Minkowski space-time and we have not to use
Riemann or Riemann-Cartan theories.
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1. INTRODUCTION

The gauge theories are fundamental in the field theory and, in particular, in
the elementary particle physics. The three non-gravitational interactions (electro-
magnetic, weak, strong) are completely described by means of gauge theories in
the framework of the Standard Model (SM).

First of all, the gauge theory of the unitary groups SU (N) is of fundamental
importance in elementary particle physics. The SM of strong and electroweak
interactions is based on the gauge theory of SU(3)xSU(2)xU (1) group. In
addition, the “Grand Unification” is described by the gauging of SU(5) group [1].

Secondly, the Poincaré group is also of a fundamental importance in any field
theory. After pioneering works of Utiyama [2], Sciama [3, 4], and Kibble [5] it was
recognized that gravitation also can be formulated as a gauge theory. It is believed
that the formulation of gravity as a gauge theory on a Minkowski space-time could
lead to a consistent quantum theory of gravity.

In this Report we present some models of gauge theory for the gravitational
interaction and give also a comparison of the corresponding results to those
obtained in the framework of the General Relativity (GR).
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The gauge theory are usually formulated in terms of potentials Af(x),

where a =1, 2, ..., m (m is the dimension of the gauge group) and n=0, 1, 2, 3.
In the Lagrangian formalism the equations of the gauge fields Af(x) are of

second order. In order to simplify the search for solutions of the field equations it
is useful to solve equations of first order and this can be done using self-dual
($D) models. The self-duality equations are differential equations of the first
order and it is easier to investigate the solutions for different particular
configurations of the gauge fields and of space-times. We remember that one of
the most important property of the self-duality equations is that they imply the
Yang-Mills (Y — M) field equations [6, 7].

In Section 2 we develope a gauge theory of the Poincaré group P following
a model given by MacDowell and Mansouri [8]. This model considers that the
gauge group is the de-Sitter group and it enables the construction of ordinary
Einstein gravity with or without a cosmological term in four-dimensional
space-time. Unlike these authors, we work with the Poincaré group as gauge
group on the space-time Minkowski (flat) endowed with spherical symmetry [9,

10]. In this case we have ten potentials, denoted in general form by h;j‘. We give

a gauge theory for gravitation with P as structural group and obtain its structure
constants, whose generators are chosen in tensorial notation. Then, we construct
a model with spherical symmetry for potentials which has four independent
functions, each depending only the 3D radius r. For these potentials we obtain
the self-duality equations. The Y-M equations are written and it is proven that
the SD equations imply Y-M equations. We find also an analytical solution of
the model.

Recently, many works have been given with intention to develop a gauge
theory of gravitation [11]. Some authors consider the Poincaré group or deSitter
group as “active” symmetry groups, i.e. acting on the space-time coordinates [12].
Other authors adopt the “passive” point of view when the space-time coordinates
are not affected by group transformations [13, 14]. Only the fields change under
the action of the symmetry group.

In Section 3 we adopt the second point of view to develop a deSitter (DS)
gauge theory of gravitation over a spherical symmetric Minkowski space-time.
Therefore we restrict ourselves to recast DS symmetry and its consequences in the
form of an inner symmetry. The coordinate system used to specify the space-time
events is not affected anymore by DS transformations.

The deSitter gauge model is formulated on a spherical symmetric Minkowski

space-time. The general expressions for the components FJ}, of the strength tensor

of the gauge fields are obtained. A particular ansatz for the gauge fields is chosen
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and the corresponding components F}ﬁ, are calculated. The case of null torsion is

also considered and an analytical solution of Scwarzschild-deSitter type is given.
The conclusion is that the deSitter group can be considered as a “passive” gauge
symmetry group for gravitation. Therefore the gravitation can be described by
gauge potentials defined on a Minkowski space-time and we have not to use
Riemann or Riemann-Cartan theories.

One fundamental problem in gauge theory of gravitation as well as in GR is
that of the singularities appearing in different solutions of field equations. In
Section 4 we describe a method that enables the obtaining of solutions without
singularities for gauge field equations. We use DS as gauge group in order to
obtain a model with cosmological constant for the gravitational field. The Poincaré
gauge theory is obtained as a limit of DS model when the cosmological constant
vanishes.

First of all, we introduce the gauge fields e (x) (tetrad fields) and @@’ (x)

(spin connection). They are used to construct the field strengths F, and FJ’j’ and

the invariants of the theory. Then the integral of the action is written and the
constraints for non-singular solutions are introduced in its expression by means of
two Lagrange-multiplier fields ¢, (¢) and ¢, (). The field equations are obtained

for a particular form of spherically symmetric gauge fields. They contain the
cosmological constant A introduced into the model by using the DS group as gauge
symmetry.

An example of solution without singularities is also presented. This solution
is a time-periodic one with frequency of the gravitational field depending on the
cosmological constant. It corresponds to a negative value of the cosmological
constant (A <0). The case with positive cosmological constant (A >0) can be
studied choosing the anti-de-Sitter group as gauge group.

In Section 5 we develop a gauge theory for gravitation with DS group as
structural group and having a spherically symmetric Minkowski space-time as base
manifold. We suppose that the gravitational field is created by a point-like source
of mass m which has also an electrical charge Q. The gravitational field is
described by the gauge potentials associated to the DS group and the effect of the
electrical charge Q is included in model by energy-momentum tensor of the
corresponding electromagnetic field [30, 32]. We construct the integrals of action
S, and S, of the gravitational and respectively electromagnetic field. The field

equations are obtained by imposing the variational principle 8S =0 on the total
integral of action §=S, +S5,,, associated to the system composed of the two fields.
As an example, a model with spherical symmetry is constructed. It is shown that

one of the solutions of field equations includes simultaneously the Schwarzschild,
Reissner-Nordstrom and de-Sitter ones.
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2. SELF-DUAL POINCARE GAUGE THEORY

2.1. THE GAUGE THEORY OF GRAVITATION

We will present a model for a self-dual gauge theory of the Poincaré group P
in the 4-dimensional space-time Minkowski, endowed with spherical symmetry:

ds? =dr?> —dr? —r2d6? —r? sin? 0 do? 2.1

The group P is 10-dimensional. For the infinitesimal generators of the group
P we use the tensorial notation P,, M, =-M,,, a=0, 1, 2, 3, where P, generate
the 4-dimensional group of the space-time translations and M, generate the
Lorentz algebra. Then, the structure equations of Poincaré group P are [8]:

[Pa’PbJZO’ (22&)
[P My ]=i(Mup P =M Py ) (2.2b)
[Mab’ Mcd} = i(nadec _nachd + nbcMad _nbdMac ) (220)

In order to give a general formulation of the gauge theory for the Poincaré
group, we will denote the ten generators P, and M, by X4, A=1, 2, ...10. Then,
the equations of structure (2.2) can be written in the general form:

(X4, X |=ifGXes (2.3)

where f{ are the constants of structure whose concrete expressions will be given

below (see egs. (2.6)).
We suppose now that the Poincaré group P is a gauge group for gravitation

and we introduce 10 gauge fields hf x), A=1,2,...,10, u=0, 1, 2, 3. Then, we

construct the tensor of the gauge fields F, = FJ\‘,X 4> which have the values in the

Lie algebra of Poincaré group. The components of this tensor are given by [9, 10]:
FJ}, = ﬁuhVA —6vhﬁ‘ + fé“chfh\?. 2.4)

In order to write the structure constants f{;, we use the following notation for the
index A:

a=0,1,2,3;
= (2.5)

[bc]=[01],[02],[03],[12],[13],[23]
This means that we have X[bc] =M, and X, =P, in the relations (2.2). From the

relations (2.2), (2.3) and (2.5) we find the following expressions of the structure
constants:
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Joe = fc[[LZbe] Tibelrde = f[ab]—O, (2.6a)
fjeay =~ Tieap = (%5 —Mpad), (2.6b)

f[ab][éd (nbcaaS M 858) + Mg 853! — 184! ) —eo> f. (2.6¢)

Here n,, =diag(l, -1, -1, —1) is the Minkowski metric used on the Poincaré group
manifold and 6 is the usual Kronecker symbol.

Now, in order to give a geometrical significance of the gauge field tensor, we
make the following notational changes for the gauge fields:

hi=el and K=ol o =-ob. (2.7)

The ei gauge fields will be interpreted as usual vierbein (or tetrads) and (;)ﬁb as

the spin connection (Ricci rotation coefficients) [8]. Inserting the relation (2.6) and
(2.7) into the definition (2.4), we find the expressions of the stress-tensor
components:

Fg, =0,e% - 0,8 +(feS — o®e |y, (2.8)

V
and
F;’\f’ - auwab 8, (Dab +( ac b _ gy ydb )T]cd = Rﬁi’ (2.9)
For the gauge-covariant derivative we have used the form:
D, =8, =il h,.-]. (2.10)
The quantity Fj, is the torsion tensor and can written as:
Fi =T4 =Dyey —Dyey (2.11)
with
Dyey =0,e7 + (’)u eMpes (2.12)

and the quantity FJ’Vb is the curvature tensor.

2.2. GAUGE POTENTIALS AND SELF-DUALITY EQUATIONS

We consider a particular form of spherically gauge fields of the Poincaré
group given by the following ansatz:
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el =(A,0,0,0), ¢ =(0,#, 0, 0), (2.13a)
2 =(0,0,7C,0), ¢} =(0,0,0,rCsin®), (2.13b)
and
o' =(U,0,0,0), of? =of =0 =0 =(0,0,0,0),  (2.14a)
®X =(iV, 0,0, cos), (2.14b)

where A, C, U and V are functions only of the 3D radius r. We use the above
expressions to compute the components of the tensors £, and Ffvb . The non-null

components £, and, respectively, F;j’ are:

2 ' ’
Fy = —’Aﬁ—A*U, F& =—irCVsin®, F3=C+rC, (2.15a)
r
F3, =irCV,  F3=(C+rC')sin®, (2.15b)
Fl=-U', FF=-iV, FZ =-sin6, (2.15¢)

where A', C', U’, V' denote the derivatives with respect to the variable r.
In order to obtain a self-dual model, first of all, we define the dual tensor
*Fuv by [6, 11]:

*F}J,V :%V_gepvchp(T, (216)

where “*” is the Hodge dual map and ¢ is the Levi-Civita symbol of rank four,

nvpc
with ;53 =1. In our case, the components of the dual tensor *F,,, are:

iy =g and =i P )

We obtain the following non-null components of the dual tensor * F% , respectively

v
* rab .
va :

2 ! '
R R =T AR T UGing, RL =(C+rC)sinG, *F3=irCV,  (2.18a)

A
*Fy, =—C—rC',  *F3=irCVsin, (2.18b)
*FO =r2U'sin®,  *FF = _LZ, *FE =ir?V'sin6.  (2.18¢)
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The Y-M field equations are solved by any gauge fields, which satisfy the self-
duality condition [6, 11]:

TFy =ik, (2.19)
From the relation (2.19) it follows:

YRS =iRg, (2.20)

"R =ik, 2.21)

Now, we introduce the expressions (2.15) and (2.18) in the expressions (2.20)
and (2.21) and then we write the self-duality equations. For the first set of
equations (2.20), we obtain only two independent equations:

U
A+, 2.22a
) ( )
rC'+(1-rV)C =0. (2.22b)

The second set of equations (2.21) reduces too only to the following two
independent equations:

U'=0, (2.232)
vi=-L1. (2.23b)
r

The equations (2.22) and (2.23) are self-duality equations on the Minkowski
space-time endowed with spherical symmetry and with the Poincaré group as
gauge group. We remark that these equations are of the first order unlike the Y-M
equations which are of the second order. From this reason, the search of solutions
is easier. We remember that, for the Minkowski space-time, the solutions of self-
duality equations are automatically solutions for the Y-M equations [9].

2.3. THE YANG-MILLS EQUATIONS

In this subsection we obtain the Y-M equations for the gauge fields hﬁ‘ and

we prove that these can be obtained starting from the self-duality equations. The
field equations for the gauge fields hﬁ‘ can be written in the form [7]:

0, (Vg P )+ fehEFOR =0, (2.24)

T

In our case, using the notation (2.5) for index A and the structure constants (2.6) we
obtain two sets, denoted by E?Y and E“®, for the Y-M equations:
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E® =10, (V=g F™ )+ fi yieb FEU + £ ol FA =0 (225)
V-8

o =L (FgFenw )+ flebl gl P =0, (2.26)

\/_g [

From here, we find only four independent equations, which are:

n 24" 20" UA" _
YR ye il (2.27a)
r2C"+2rC'+(1-r2V2)C =0, (2.27b)
U2
AU'-UA'- 2= =0, (2.27¢)
rA
V" 42V =0. (2.27d)

It is easy to verify that from the equations (2.27) it results the following equivalent
field equation for the gauge potential U:

rU"+2U0'=0. (2.28)

The equations (2.27) are the Y-M equations for the our ansatz. These equations can
be obtained from the self-duality equations if we derive the first equation from (22)
after r, respectively the second equation, and using the equations (23). By
consequence, we proved that the solutions of the self-duality equations are and
solutions for the Y-M equations.

2.4. EXACT SOLUTIONS
We are going now to find the exact solutions with spherical symmetry for the

field equations (2.22) and (2.23). From the equations (2.23) we obtain, by
integration, the following solutions for U and V:

U=a, V()= % +B, (2.29)

where o and [ are two arbitrary constants of integration. Inserting the expressions
of functions U and V in the equations (2.21) we obtain:

A(r)=.|a +270‘, C(r)=beb, (2.30)

a and b being other two integration constants.
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The gauge potentials ¢ and mﬁlj, which describe the gravitational field,

become:

o_[ [, 20 1ol — 1 231
€y [ a+ " ,0,0,0j, € O,FZM,O,O , (2.31a)

e2 =(0,0,breP",0), €3 =(0,0,0,bre? sin0), (2.31b)

and, respectively,

o =(2.0.0.0). o ~of ~of ~of -(0.0.0.0). 232
w2 = (i(%+ [3), 0,0, cos 9). (2.32b)

If we define, as usually, a new metric g by the formula:
Buv =€ Map (2.33)

then we obtain, in our case, the following non-null metric coefficients:

Zoo = a+270t, = T =22, gy = b2 sin? 6. (2.34)
{

rta+ 2—“)
-
The corresponding expression for the square of the line element is:

do? = (a + Z—Q)dﬂ 2 522627 (407 +sin? 0de? ). (2.35)
r r (a + 2—0‘)
-
In particular, if we choose the constants of integration a., 3, @ and b equal to:
a=-m, B=0, a=1, b=],
then the line element (2.35) becomes:
do? = (1 —2—’”)dz2 a2 - r2(d0? +sin20de?).  (2.36)
r 74 (1 _ 2ﬂ)
r

This expression can be considered as an interior solution for the gravitational field,
that means it is valid only in the region 0 <r <2m.

Considering the metric g and the torsion Fj, given by the formula (2.11),

we can develop a Riemann-Cartan theory of the gravitational field.
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3.DE-SITTER GAUGE THEQORY

We will generalize now the Poincaré gauge theory to the case when the
structural group is DS group. In this case we obtain a gauge theory of gravitation with
the cosmological constant A appearing in the field equations and their solutions.
Therefore, the corresponding theory is adequate to describe cosmological models.

3.1. MODEL WITH DESITTER GAUGE GROUP

We develop a gauge theory of the deSitter group DS in a 4-dimensional
Minkowski space-time, endowed with the spherical symmetry (2.1) The DS group
is also 10-dimensional and its infinitesimal generators are denoted by P, and

My,=-M,,, a, b=0, 1, 2, 3 [7, 15, 16]. We denote these generators by X4,
A=1,2,...10. Then, the equations of structure for the DS group can be written
under the general form (2.3), where f$; =—f%; are the constants of structure of
DS group and they have expressions that differ from those of the Poincaré group
[see eq. (3.1)].

Let us suppose now that the deSitter group DS is a gauge group for
gravitation; corresponding, we introduce 10 gauge fields hﬁ‘ (x), A=1,2, ..., 10,
p=0, 1, 2, 3. Then, we construct the tensor of the gauge fields (strength tensor)
F, =F] A X, which takes its values in the Lie algebra of the deSitter group DS

(Lie algebra-valued tensor). The components of this tensor are given by the same
general formula (2.4) as in the case of Poincaré group. In order to write the

constants of structure f{; for DS group, we also use the notation (2.5) for the
index A. This means that we have X,=F,, X, =M. For the constant of

structure we find now the following expressions:

fbac - fc[de] f[bc][de] O
FU0V = 402 (385G —525h ) = —£3,
a a 1 a a (3.1)
Totear = —eaw = —(nmﬁd —Mpad? ),
f[[aeb]][cd] (nbcae 8} ~Mued58] +Mag53L 185! ) —e<— f,

where A is a deformation parameter. When A — 0, we obtain the Poincaré Lie
algebra.

We still denote the gauge fields h{f (x) by eﬁ (x) (tetrad fields) if A =a and

by off(x)=-wl*(x) (spin connection) if A=[ab]. Then, introducing the
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relations (3.1) into the definition (2.4), we find the following expressions of the
strength tensor components:

FS, = 0,68 —0,¢8 + (el — el In,, = T4, (3.2)

b _ b b db db 2 b b\ _ b
Fb =0,08 —0,0% +(ofo® 0%l Jn, —412 (elel - elel)= R (3.3)

The quantity F{ =T{ is interpreted as the torsion tensor and Flfvb = RS\’j as the

curvature tensor of a Riemann-Cartan space-time defined by the gravitational

a

gauge fields ¢

ab
and Qg

3.2. THE STRENGTH TENSOR OF THE GAUGE FIELDS

We consider a particular form of spherically gauge fields of the deSitter
group DS given by the following ansatz:

0 (04 0.0},

“ e“ ( A (3.4)
3=(0, 0,rC, O), ea =(0, 0,0, rCsinG)

op' =(U,0,0,0), of=(0,0,W,0), of=(0,0,0,Zsin0),

op’ =(V,0,0,c086), o) =)’ =(0,0,0,0),

(3.5)

where A, C, U, V, W, and Z are functions only of the 3D radius r. We use the above
expressions to compute the components of the tensors £, and F;‘Vb . The non-null

components of F, and FJ{f’ are:

EO :_AA:U, F} =-rCVsin®, F3 =C+rC'—%, 46
F) =rcv, F} :(C+rC'—%)sin6, |
respectively
Fl=-U'"-4\%, F¥=-V', F3=(Z-W)cos,
F2 =-WU -4)\rCA, F}5=VW,
R =—(ZU +432rCA)sin®, K =w'- 412 €, 3.7)

Fl2 =-VZsine, F3= (z'—4x2r%)sm 0,

FE =—(1-ZW +4)*r>C?)sin6.
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3.3. THE CASE OF NULL TORSION

We will develop an Einstein model for gravitation, i.e., we will suppose that
the torsion vanishes. First of all, we calculate the Riemann tensor of the model,
defined by the formula [18]:

RRS = Flebey; (3.8)

the corresponding non-null components are:

RO =—U'-42, =V
ol o1 r2C?sin®
502 _ WU 4502 p13 _ _AVW
Roy == ca 9%, Rox =2 Cin0’
503 __ZU 452 512 AVZsin©
Ryy = CA 407, Ry3 —C (3.9)
510 AW a0 513 _ AZ' _ 452
RiF =28 -2, R} =24 -2,
- Z-W)Acos® _
13 _( 23 _ZW-1_,92
Ry = rCsin® Ry r2C2 4rs.

Then, we calculate the components of the Ricci tensor, defined as:

RY = Rébevef = RYP, (3.10)

where the sum over the index p =0, 1, 2, 3 is understand in the last equality. Using
(3.10) we obtain the following non-null components:

H rCA rCA ’
1 v AW AZ 2
R = U+_rC+ C 127,
~ Z—-W)Acos6
_(
Ry = rCsin® °’ @3.11)

520 WU WA 1-ZW 1542
Ry==¢cat7¢c ez 1

jé3 __ZU +Z'A_1—ZW_12;\‘2‘

37 rCA rC 22

In order to write the equations of Einstein, we calculate the curvature scalar
R= Rﬁ (sum over =0, 1, 2, 3). The expression of R in our model is:

5 WU AW’ 1-ZW ZU ZA 2
R= 2[U +rCA C + 2 +rCA rC+24k ] (3.12)
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The equations of Einstein for the vacuum can be written in the form:

sy lsvp
Ry-Loyk=o. (3.13)

For the above considered model, these equations become:

_AW' 1-ZW _ AZ' 2 _
C + 02 C +121° =0,

WU  1-ZW | ZU 2 _
C + oy +rc+12k 0,

2 ZU _A_ZI 2:
U+ L8 -2 11212 =0, (3.13)

WU AW 2 _
U+_rCA ol +12A° =0,

(W-Z)A=0.

If we consider the case of the model with null torsion, then, from (3.6) we
obtain the following constraints:

U=-AA', V=0, W=Z=A(C+rC). (3.14)

For these constraints, and imposing the supplementary condition C =1, we
obtain only two independent equations:

/ 2
—2&+%+12k2 =0,

oo (3.15)
-2 ua2 =0,

3.4. SOLUTION OF SCWARZSCHILD-DESITTER TYPE

The equations (3.15) are compatible if we chose the function A(r) so that:

2
v =147 (3.16)

Tacking into account first condition (3.14), the equation (3.16) becomes:

(A =124 (3.17)

or, equivalently
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r2(42) —24% +2=0. (3.18)
The solution of the equation (3.18) is the following:
A2=1+%+Br2, (3.19)

where o and [ are two arbitrary constants. This solution verifies also the equations
of Einstein (3.15) if and only if Pp=4A%. But, according to the result of
MacDowell-Mansouri [7], the cosmological constant of the model is identified as
A =—12)2. Then, the solution (24) have the form:

2_1,0 Ao
AT =142 -2, (3.20)

In particular, if we chose o =-2M, then we obtain the Scwarzschild-deSitter

solution:

A2=1-_2M _A.> (3.21)
r 3

In the limit A — 0, we obtain the Schwarzschild solution:

ar=1-21, (3.22)

and for o = O the solution (3.21) is that of deSitter.
The solution (3.20) corresponds to a metric

uv = €fieiM (3.23)
of the form
2 _[1_2M _A 24,2 _ dr? (02 1 win? Aden2
ds _[1 g ]dz M A r?(do? +sin? 0de?|.  (3.24)
r 3

Therefore, the gauge fields ej can be interpreted as the tetrad fields of the

gravitational field. The spin connection components are determined by tetrads ey

(i.e. they are not independent fields):

1/2
__M_A 7 _[1_2M _A 2J
U=—S+3n, W=2Z [1 A2 (3.25)

The previous results show that the model presented in this paper can be
considered as a gauge theory for the “active” deSitter symmetry group.
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4. SOLUTIONS WITHOUT SINGULARITIES

4.1. GAUGE MODEL OF GRAVITATION

We consider a gauge theory of gravitation having DS group as local
symmetry. Let X,, A=1,2,...,10, be a basis of DS Lie algebra with the

corresponding equations of structure given by [17, 18]. We envision the space-time
as a four-dimensional manifold M,; at each point of M, we have a copy of DS

group (i.e., a fibre, in fibre-bundle terminology). Introduce, as usually, the gauge
potentials A (x), A=1,2,...,10, u=0,1,2,3, where (x) denotes the local
coordinates on M. Then, we calculate the field-strengths £, = F“/f, X4, which take
values in Lie algebra of DS group (Lie-algebra valued).

The integral of action associated to the gravitational gauge fields, quadratic in

the components FJL, is written in the form [7, 24]:

Sg = Id4xguvch;ﬁ/Fp%QAB> (41)

where €"VPS is the Levi-Civita symbol of rank four, with £°1?* =1. This action is

independent of any specific metric on M,; indeed, the property of general
covariance for action imposes the volume element /—gd*x [with g =det(g,y) |

and the tensor Levi-Civita has the form Lza“"p", so that the g,,,-dependence of
-8
S, cancels.
The quantities Q45 are constants symmetric with respect to the indices A, B:

Qup = Opa- If we chose [7]

€, ., for A=|ab|, B=|cd]|,
O ={ 0 [av], B =led] “2)
otherwise,

then we obtain the action integral of GR. It is possible also to obtain the integral
action of Teleparallel Gravity (TG) by an appropriate choice [20, 21] of Q4p.

Now, we use the form given in Eq. (4.2) in order to obtain solutions without
singularities of DS-gauge theory of gravitation. Namely, we impose some
restrictions [22] on two invariants /; and I, of the theory. Introducing the
Lagrange-multiplier ¢, (¢) and ¢, (), and using the choice (4.2), the integral of
action (4.1) can be rewritten as:

S, = 1oz [axe[ Fro () A1)+ 02 (D (1) +V(0n02)]. (43)
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where
F=Fdeley, e=det(ef). 4.4)

and e, — the inverse of ¢ defined by Eq. (4.14) below. The quantities fl»(Il-),

i=1,2 are functions which must be chosen in an appropriate form in order to
obtain solutions without singularities of the corresponding field equations. Thus,

the potential V((pl, (pz) have to satisfy the constraint equations [22, 24]:

filly)= —g—(:)/l, hH(lL)= _a%vz’ (4.5)

The model can be simplified further if we assume:
V(o 92)=Vi(@1)+ V2 (02), (4.6)

and chose the invariants I, I, in the form

1/2
I, =F-B(4FeFf - F?) ", 47
respectively
I, =4FF} — F?. (4.8)
In these expressions, the quantities F' are defined by
R = Fdey. 4.9)

As an example, we chose the functions f; and f, in the simple form
[22, 24]:

fill)=1, f2(12)=—\/g. (4.10)

Then, the action S, in Eq. (4.3) becomes:

S, =—ﬁj~d4xe[F+(plll—(pZ\/E+Vl((P1)+V2((Pz)} .11

Now, all we have to do is to write the variational field equations which
follow from (4.11) and search their solutions without singularities.

4.2. FIELD EQUATIONS

We develop the DS gauge theory in a space-time Minkowski M, endowed
with spherical symmetry, having the metric given in (2.1). In addition, we choose a

particular form of spherically gauge fields ef(x) and @ (x) given by the

following ansatz:
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= - a t)

eV N(1),0,0,0), el _[0’(—’0, 0} (4.12a)
" ( ) 8 V1 —kr?

eﬁ —(0» 0, ra(t),O), eﬁ = (0, 0,0, ra(t)sine), (4.12b)

respectively

o _|n_ a(t) 02 _ _”a(t)
@l _{0, —N(t)m,o,o} ! _[0,0, V) @1

1(1)sin® )
@83:[0,050,—%]’ (,OLZZ(O,O, l—krz,()), (413b)

ol? =(0, 0,0,1-kr? sinf), w2 =(0,0,0, cos0) (4.13¢)

where N(r) and a(t) are functions only of the time variable, k is a constant, and

da(t
a(r)= Czi(t ) The choice (4.13) of gauge fields @ (x) assures that all

components of the strength tensor FJ|, vanish. If we remind the Riemann-Cartan
theory of gravitation, then this result implies the vanishing of the torsion tensor
T, =el Ky, in accord with GR theory. Here, ef denotes the inverse of e with
the properties:

ele) =8, eley =3 (4.14)

Using the Eqgs. (4.12) and (4.13), we obtain the following expressions of the
invariants F, I and I, above defined:

F — _aiN —aaN + kN* + a*N +8).%a>N*

AN , (4.15)
_ 1~ kN? + % +4)2a>*N?
I, =-12 e , (4.16)
and respectively
N2
(kN3 + 2N — aiN + aaN )
I,=12 . (4.17)

a*N®
Introducing these expressions into Eq. (4.11) and imposing the variational principle

8S, =0 with respect to N(r), @;(r) and ¢,(r), we obtain the corresponding

field equations. We write now these equations for the particular case N(7)=1
which is of interest in our model:
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L +vy)+3H2(1-29)) 43K (1420,)-2A =
a

2
p (4.18)
3| ¢, +3Hp, ———
\/ [(Pz 1) Ha2 %)
k 2 AV i _dV a
_+H -5 =T=, V:—, H:—’ 4.19
a2 37127 71T deg, a (+19)
o k__ Y o _dv o dH _ da-a?
H——:——’ :—, H:—: s 4.20
@ 23 7 do, e @ #20

where A =—12)2 is interpreted as cosmological constant [19, 28].

If we consider the limit A — 0, or equivalently A =0, we obtain the results
in Ref. [24]; but, for A#0 we can study in addition the dependence on the
cosmological constant of the solutions (without singularities) obtained by solving
the Egs. (4.19)—(4.21). We make also the mention that the Egs. (4.19) and (4.20)
are identically with the constraints (4.5) introduced into the integral of action S, by

means of the Lagrange-multiplier fields ¢, () and @, ().

We can also add matter to the previous model considering the integral of
action:

S, = jd4xeLm, 4.21)

where L,, is the matter density of Lagrangian. In this paper we restrict ourselves to
the case without matter. In subsection 4.2 we will obtain a particular solution with
fixed cosmological constant A = const. Of course, there are possible also solutions
with variable cosmological “constant” depending on time. The solution presented
below is inspired from the results of Ref. [22] and we show that our cosmological
constant A is related with the constant H, in that work and which is expected to be

Planck scale.
It is important to emphasize that in our gauge model of gravitation we do not

use a metric, but only the gauge fields (potentials) ef(x) and of’(x) of the

gravitational field.

4.3. EXAMPLE OF SOLUTION WITHOUT SINGULARITIES

The solution of Egs. (4.18)-(4.20) includes a dependence on the
cosmological constant A. We suppose that the Lagrange-multiplier function o, (7)
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is absent, and consider the case when k=0. Then, denoting ¢, (¢)=¢(7) and
Vs (9,)=V(9), the Egs. (4.18)—(4.20) become:

: 1 ’
He—l yr (4.222)
23
. 1 2A

=3Ho+\BH-—=——V -0 (4.22b)

? ? 23H  \3H

We consider the potential V() of the simple form:
2
V(p)=2302| 224\ 4.23

(0)=2v3 (1 PRV (423)

where A is the real parameter that determines the cosmological constant A. This
parameter coincides with the constant H, in Ref. [22] that has been interpreted as a

Planck scale of the model. Therefore, in our example the Planck scale is related to

the cosmological constant A. For small values of H and ¢, the Eqgs. (4.22) can be
written as:

H =-2)2¢, (4.24a)

2 22,42
(P(f):—\/gH Hl P (4.24b)

These equations have the periodic solution

o(1)=¢@gsin(ot), H(r)= [cos((m)—l} (4.25)

®Po
23
where (@ is an integration constant and @ =2x 34} is the frequency of oscillation

of the corresponding gravitational field described by the gauge potentials ey (x)
and coﬁb (x). This solution has no singularities and it is valid if the cosmological

constant is negative (A < 0). The case with positive cosmological constant (A > 0)
can be studied choosing the anti-de-Sitter group as gauge group. But, the
deformation parameter A will be then pure imaginary. We emphasize that there are
possible also periodic solutions if we suppose a time-dependent cosmological
“constant”. In particular, we can consider a cosmological “constant” which is itself
a periodic function on time. It will be also of interest to apply the previous method
in obtaining non-singular solutions of the gauge theories with internal groups of
symmetry.



642 G. Zet 20

5. GAUGE FIELD IN INTERACTION
WITH ELECTROMAGNETIC FIELD

5.1. ACTION AND FIELD EQUATIONS

Let us suppose now that DS is a gauge group for gravitation. As in previous
Section, we introduce 10 gauge fields (the gravitational potentials) hlf (x), A=1,
2, ..., 10, p=0, 1, 2, 3, where (x) denotes the local coordinates on M,, with
=z xl=r x2=0, ¥ = ¢. Then we can construct the 2-form F associated to
the potentials h;f‘ (x) [18]:

F =Ry det dr, (5.1)

where F,, = FH@X 4 are its components which take values in Lie algebra of DS
group (Lie-algebra valued). The infinitesimal generators X, of the DS group are
interpreted as: X, =11, (the de-Sitter translation operators) and X[, =M, (the
Lorentz transformation operators) with the property M, =—M,,. The constants of
structures f{ have the expressions given in Eq. (3.1). In fact, the constants (3.1)
correspond to a deformation of de-Sitter Lie algebra having A as parameter [23]. If
we consider the contraction A — 0 then the generators I1, become the generators
P, of space-time translations and the group DS contracts therefore to the Poincaré
group P.

We denote the gravitational gauge fields /' (x) by ef(x), if A=a, and

respectively @@’ (x) =-w}*(x) if A=[ab]. The integral of action associated to the

gravitational gauge fields e (x) and (oﬁb (x) will be chosen as [24]:

_ 1 4
Sg_16ndo xeF, (5.2)
where e = det(eﬁ) and
F=Fgeley. (5.3)

Here, ¢}'(x) denotes the inverse of eﬁ (x) satisfying the usual properties (4.15).

We suppose that the source of the gravitation creates also an electromagnetic
field A, (x). The corresponding integral of the action will be chosen in the form [25]:
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o = 4Kg2 xeASA}l‘, 5.4
with A? and A} defined as:
Al =Aved, Al =eyefn™A,, (5.5)
and respectively:
Al = AVeY, (5.6)

a na

and where K is a constant that will be chosen in a convenient form to simplify the
solutions of the field equations. Here, A, denotes the electromagnetic field tensor:

Ay =0,A, —0,A,. 5.7)

The quantity g is the gauge coupling constant [25, 32]. Then, the total integral of
action associated to the system composed of the two fields is given by the sum of
the expression (5.2) and (5.4):

4 1 4azn
s=[d LMG T }e (5.8)

The field equations for the gravitational potentials ejj(x) can be obtained by

imposing the variational principle 8,5 =0 with respect to ¢{(x). They are [26]:

Fi =% F et =87GTy, (5.9)
where F{ is defined by:
Fo=Fiey, (5.10)

and T is the energy-momentum tensor of the electromagnetic field [27]:

[Ab A%gy —Lab ay egj. 5.11)

a1
g 4

3] Kg
The field equations for the other gravitational gauge fields (oﬁb (x) are

equivalent with [7, 24]:

E4, =0. (5.12)

In the subsection 5.3 we will obtain solution of the gravitational field equations
(5.9) and (5.12) supposing that the gravitational fields has spherical symmetry and
is created by a point mass m (the source). In the same time, we will admit that the
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electromagnetic field A, (x) is due to a constant electric charge Q of the same
source, i.e. we will consider that the point mass m is also electrical charged.

The field equations for the electromagnetic field A, (x) can be obtained also
by imposing the variational principle 8,5 =0. We will be not write these
equations because the expression of the A, (x) are well defined for a fixed point

with charge Q.

5.2. MODEL WITH SPHERICAL SYMMETRY

We consider a particular form of spherically gravitational gauge field given
by the following ansatz:

) =(4,0,0,0), ¢ =(0,%,0,0). ¢ =(0.0.1,0), 1 =(0,0,0,rsin0),  (5.13)
and

o' =(U,0,0,0), o =off =0, o2 =(0,0,4,0),

13 : 23 (5.14)
o’ =(0,0,0,Asin0), oF’ =(0,0,0,)cos0),

where A and U are functions only of the 3D radius . We use the above expressions
to compute the components of the tensors £, and F;‘Vb defined by the Eqgs. (3.2)

and (3.3). We obtain the following non-null components of these tensors [32, 30]:

Fy=AA+U (5.15)
and respectively:
R =U'+42,  ER=A(U+4\%),  FY =Asin0(U+41%r),
F2 = _AA’Z‘M’ o (—AA'+1x2r)sine’
FZ =(1- A% + 4322 sin®,

(5.16)

where A" and U’ denote the derivatives with respect to variables r.
Using these expressions, we obtain the following expressions for F defined in

(5.3) and F{ (only non-null components) given by (5.10):

277! ' 2

72

and respectively:
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’ 2
0 _A(rU'+2U +1227) Rl o _rU' =2AA"+12)%r
0 _

r > Al rA ’
' 2 2
Fv22 =_rU—rAA +1r_A +12}\4 r’ (518)
F33 _ _rU—rAA'+1r— A2 +120\%r -y

The non-null components of the energy-momentum tensor 77 for the

electromagnetic field created by the constant charged Q are:

1 AQ? 11 0?
T)=— "< T = 5.19a
0 Kg? 32n%edrt : Kg? 32An%e}rt ( )
1 Q2 s__ 1 Q2
T =- T = ———5sin6. 5.19b
2 ng 32n%ed 3 ng 32n%e} ( )

Introducing all these results in Eq. (5.9), we obtain the following field equations

for e (x):
2
244" _1-A% A 1202 + Q4 -0, (5.20a)
r r? r
Q2
U—-AA"+rU'+ 120 + = =0, (5.20b)
r
QZ
—2AA'+rU'+12k2r+—4=O. (5.20¢)
r

Here we chosen the constant K in (5.4) so that:

G
——=1. 5.21
4nKg’e} G20
Now, if we use the field equations (5.12) for mﬁb , then we obtain the
following constraint on the component U:
U=-AA" (5.22)

Then, the Egs. (5.20b) and (5.20c) are identically, and these remain two field
equations for one unknown function A(r):

2
24T 1A% 152 Q (5.23a)

r r?



646 G. Zet 24

, 2
_2AA° o2 =_Q_4, (5.23b)
r r

These Eqgs. are compatible if we impose the condition:

2
1A 207 (5.24)
r r

The solution of this equation can be easy obtained if we use the constraint
(5.22) that can be written as:

U =—(ATZ). (5.25)

Introducing (5.25) into the Eq. (5.24) and denoting A% =y, we obtain the
following differential equation for the new unknown function y(r):
2
2y 2y 42=30" (5.26)

74

The solution of the differential equation (5.26), of second order in the
derivatives of the function y(r) with respect to the variable r, is:

2
y=A2=1+2 2 2 (5.27)
ror
where o and [ are constants of integration. It is known [27, 31] that the constant o
is determined by the mass m of the point source that creates the gravitational field:

o =-2m. (5.28)

The other constant 3 is determined by condition that the solution (5.27) verify the
Egs. (5.23a)—(5.23b) that now coincide as a consequence of the constraint (5.22).
Introducing the solution (5.27) in Eq. (5.23a) we obtain:

B=aa2=-2  A=_1222, (5.29)

Finally, the solutions of the field equations (5.9) and (5.12) is:

2 2y

2_1.2m, Q" A __(4?)
A° =1 V+r2 37 U= > (5.30)
Here A is the cosmological constant of the model [28, 29]. If we consider the
contraction A — 0, then the de-Sitter group becomes the Poincaré group, and the

solution (5.30) is known as the Reissner-Nordstrom.
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