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Using nonlinear electrodynamics coupled to teleparallel theory of gravity, regular charged spherically symmetric

solutions are obtained. The nonlinear theory is reduced to the Maxwell one in the weak limit and the solutions

correspond to charged spacetimes. One of the obtained solutions contains an arbitrary function which we call general

solution since we can generate from it the other solutions. The metric associated with these spacetimes is the same, i.e.,

regular charged static spherically symmetric black hole. In calculating the energy content of the general solution using

the gravitational energy—momentum within the framework of the teleparallel geometry, we find that the resulting form

depends on the arbitrary function. Using the regularized expression of the gravitational energy—momentum we obtain

the value of energy.
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1. Introduction

Energy-momentum, angular momentum and
electric charge play central roles in modern physics.
The conservations of the first two are related to the
homogeneity and the isotropy of spacetime respec-
tively while the charge conservation is related to the
invariance of the action integral under internal U(1)
transformation. Local quantities such as energy—
momentum, angular momentum and charge densities
are well defined if gravitational field is not present in
the system. However, in general relativity theory well-
behaved energy—momentum and angular momentum
densities have not yet been defined, although total
energy—momentum and total angular momentum can
be defined for an asymptotically flat spacetime sur-
rounding an isolated finite system. The equality of the
gravitational mass and the inertial mass holds within
the framework of general relativity.[! =3 However, such
an equality is not satisfied for the Schwarzschild met-
ric when it is expressed in a certain coordinate sys-
tem, i.e., spherical coordinate!*® using the energy—
momentum complex like Landau-Lifschitz. 6]

In the last years an increasing revival of nonlin-
ear electrodynamic (NLE) theories is observed.l”=*
Nonlinear electrodynamics was proposed first by Born
and Infeld!*%1 in the 30’s in order to obtain a finite-

energy-electron model; they succeeded in determining
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an electron of finite radius. After these first achieve-
ments had been obtained, Plebanski mentioned in
1970 in the introduction of his monograph:!*? “If in
recent times the interest in NLE cannot be said to
be very popular, it is not due to the fact that one
could rise some serious objections against this the-
ory. It is simply rather difficult in its mathematical
formulation. What causes that it is very unlikely to
derive some concrete results in closed form.” It is the
aim of the present paper to find asymptotical flat solu-
tions with spherical symmetry which are different from
Schwarzschild solution in the teleparallel theory of

[13] coupled to nonlinear electrodynamics.!”=*]

gravity
This can be achieved by inducing the teleparallel ge-
ometry in nonlinear electrodynamics. Using this phi-
losophy, we obtain three different exact analytic solu-
tions. We also use the superpotential given by Mikhail

et al.[14]

to calculate the energy.

In Section 2, we briefly review the teleparallel
theory of gravitation coupled to nonlinear electrody-
The tetrad field with three unknown func-

tions of the radial coordinate in spherical polar co-

namics.

ordinates is applied to the field equations and three
different exact asymptotically flat solutions are ob-
tained in Section 3. The energy of the gravitation
source is calculated using the superpotential method
in Section 4. In Section 5 the energy is recalculated
using the regularized expression of the gravitational

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

020402-1



Chin. Phys. B Vol. 20, No. 2 (2011) 020402

energy-momentum. Discussion and conclusion of the
obtained results are given in Section 6.

2. Tetrad theory of gravitation

In a spacetime with absolute parallelism the par-
allel vector fields e;* define the nonsymmetric affine
connection?

def. ;
FAW/ = ei)\elu,ua (1)

where €', , = d,e',. The curvature tensor defined
by FAW is identically vanishing. However, the tor-
sion tensor is defined by

T, def. e‘l)\T”\W = 0ue, — 0ye’y. (2)

Mgller constructed a gravitational theory based

on this spacetime. In this theory the field variables

are 16 tetrad components e;*, from which the metric
tensor is defined by

e e, (3)
where 1/ is the contravariant Minkowski metric of 7;;
which is defined as

Mij d;f. dlag(+1 7_1 7_1 7_1)

We note that for any tetrad field e;* there is a
metric field defined uniquely by Eq. (3), while a given
metric g*¥ does not determine the tetrad field com-
pletely; for any local Lorentz transformation of the
tetrads, e;* leads to a new set of tetrads which also
satisfy Eq. (3). The Lagrangian L is an invariant com-
posed of 7,,, and g"”, where 7,,, is the contorsion
tensor given by

def.
Yuvp = €i nCiv; py (4)

where the semicolon denotes covariant differentiation
with respect to Christoffel symbol. The most general
Lagrangian density invariant under the parity opera-

tion is given in the following form!?!
Ze(€ipsip, v) def. V=9(a1 P* &, + a0,
+ a3y Youp), (5)
where
9" det(gn), (6)

and @, is the basic vector field defined as

def.
QSH = /yppp' (7)

Here ai,a9, and a3 are constants determined by
Mpgller such that the theory coincides with general rel-
ativity in a weak field:

A

Q] = ——, Qg = —,

- S a= -2, )

where x is the Einstein constant, and A is a free di-

3) The same choice of the pa-

mensionless parameter.
rameters was also made by Hayashi and Nakano.!!?]

The NLE Lagrangian has the form!"—*

H(P) <L —iPWPW (9)
with
0.4 (F
P = ) B 2(57), = 22,
L(F) = iFH,,F’“’ (10)

and F),, being given by F,, = 0,4, — 0, A,, where
A, is the vector potential. We recall that there is
more general Lagrangian depending also on the sec-
ond invariant, F;, F** (the asterix denotes the Hodge
duality), but for the objective of this work it is enough
to consider only an action as that given in Eq. (9) to
find a regular spherically symmetric solution. The dy-

namics of the theory is governed by
7= /dv (Lt (eip e ) + H(P)).

From the above action the following field equations
are obtained by taking the variation with respect to
the parallel vector fields and the anti-symmetric ten-

. [7-9,13
sor PW.[ ]

GHV + HHV - _K:z-ju,l/ 9
Ku =0, 0,(V=gP") =0, (11)

where G, is the Einstein tensor, H,, and K,, are
defined as

def.
H,, =\ {'ypgw""u + Yoou V" + Yoo Vu”

TO 1 oT
“1‘9/41/ ('Vpa'r’V - 5'7;707’7/) ) :|7 (12)

1) Computer algebra system Maple 6 is used to check some computations.

2)In this paper Latin indices (i, j, . .

.) represent the vector numbers, and Greek indices (y, v, . .

.) represent the vector components.

All indices run from 0 to 3. The spatial parts of Latin indices are denoted by (a,b,...), while those of Greek indices by («, 3,...).

3)

Throughout this paper we use the relativistic units, c = G = 1 and xk = 8.
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and ory. Therefore, we define the energy—momentum ten-
def. sor TH as
Ky = ANy — Pvp— P (VPW - ’VPW) ot
T (13) T L 2 Hp(P) PP

— 0" 2PAP(P) = A (P)]),  (14)
and they are symmetric and skew symmetric tensors,
respectively. When the two tensors H,, and K, are  where

vanishing, then the symmetric part of Eq. (11) coin- 1 o(P
P= Z(PWPW) and Jp(P) = 73;’ )

We should point out that the usual electromagnetic

cides with the Einstein field equations in teleparallel

equivalent of general relativity.[16:17]

The energy—momentum tensor of the electromag- .
. strength tensor is defined as
netic field depends on the parallel vector field e

only through the metric tensor, g,, which is de- F def. Py, (15)
fined in Eq. (6) and hence it is locally Lorentz-

invariant. Thus, the energy—momentum tensor of . .
matter is locally invariant and therefore, the gravita- 3. Spherlcally Symmetrlc solu-

tional field equations of Eq. (11) are invariant under tions
local Lorentz transformation.'8] Thus in this partic-
ular case, the energy—momentum tensor is identical We begin with the tetrad having a spherical
with the energy—momentum of general relativity the- symmetry!*
|
A Dr 0 0
B Bsin
0 Bsinflcos¢p —cosfcos¢p —— 4
r rsin 6

B B
0 Bsinfsing — cosfsing C_OS¢
r rsinf
B
0 Bcost —?sine 0

where A, D, and B, are unknown functions of the redial coordinate r. Applying Eq. (16) to the field equation
(11) we obtain a system of nonlinear differential equations in Ref. [20]. Now we are interested in solving these
system of differential equations.

First solution

A first non-trivial solution can be obtained by taking D(r) = 0, and solving A(r) and B(r), we obtain

2
2m {1 — tanh (q

' sz)]’ B:/]{z(l_\/p?g[1—tanh(2§jR>DdR, (17)

where R is a new radial coordinate defined as R = r/B.

A=1\|1—

The ansatz of the electromagnetic potential A,,, the anti-symmetric fields F},,, P, the nonlinear electro-
dynamics source used to derive this solution and the energy—momentum tensor have the following forms:

qzeq2/MR —3MR (qu/MR + 1)

Ay(R) = —
t( ) qR(eqz/MR+1)2 )
e?’/MR <4MR {eq2/MR + 1} —¢? {eq2/MR - 1})
MR3 (ea®/MFR 4.1)
2.¢2/MR 2.(¢%/mR)
P=2daindr, #=-—2—1° S T =T = ze -,
R R* (/MR 4 1) 27 R4 (1 + e(a*/mR))
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2e(@/mR) (q2(e(q2/mR> 1)~ 2mR(1 + e(qz/mm))

2 _m3_
=1 = T B (1 1 el )i (18)
Using expression (17), the tetrad (16) turns into the following form:
1
= 0 0 0
\/1 2m [1 — tanh (2372)}
R
_ —
0 g 9cos¢\/1 2m |1 — tanh (2%71{) cosfcosep  sing
in — - - —
(e") = R R Rsing | (19)
_ ——
_ I .
0 sin@singb\/l— 2m |1 tanh(2mR)_ cosfsing  cos¢
R R Rsind
2
2m [1 — tanh (23@7}%)] §ind
0 ‘9\/1 — - 0
cos 7 7
with the relevant Riemannian metric
2m [1 — tanh (¢?/2mR 2 2
d82:—771dt2+dR2/7’]1+R2dQ27 m= ll— m[ aHR(q / m )] gl_fm+%7 (20)

where df2? = d#? +sin?0d¢?. Equation (20) represents a static spherically symmetric regular black hole
solution.["=9 Using Eq. (2), the non-vanishing components of the torsion tensor of solution (17) are given
by
2q26q2/JWR — MR (eqz/JﬂR 4 1)
R? (e®®/ME 4 1) {R (e®®/ME 4 1) —4M}’
Red’/MR _ \/Eeqz/4MR\/eq2/MR ¥ 1\/Req2/2MR 4 e—¢?/2MR (R—4M)+ R —4M
R (Reqz/MR + R - 4M)

0
T"10 =

T221 — T331 — . (21)
Second solution
A second non-trivial solution can be obtained by taking the unknown functions A(r) = 1, B(r) = 1 and
solving the unknown function D(r). In this case the resulting field equations?) can be integrated directly to

give

D) = \/2m [1 — tanh (¢%/2mr)] ' (22)

3

Substituting D(r) given in Eq. (22) into Eq. (16), we obtain

2m [1 — tanh (¢*/2mr)]
0 0
r
0 sin 0 cos o cos 6 cos ¢ _ Sll'l ¢9
(ei") = " e (23)
0 sin Osin ¢ cos fsin ¢ co's 1)
r rsin 6
0 cos 6 _sinf 0
T

with the relevant metric

. 2m [1 — tanh (¢*/2mR)]

ds? = —

2m[1 — tanh (¢2/2
dt22\/ m (1= tanh (¢22mR)] |0y g,z 42402 (24
T
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It should be noted that m and ¢ appearing in met- Mr (GQQ/M?" + 1) _ q2eq2/M7"
rics (20) and (24) are constants of integr.ation that w%ll T'n = VTSI (o /017 1)3/2
play the role of mass and charge producing the field in
the calculations of energy. Also the ansatz of the elec- T2 — T3, —9 VM
) i ) i 20 = 4730 = 2 5
tromagnetic potential A,, the anti-symmetric fields ro/yved +1
F,,, P,, the nonlinear electrodynamics source used T2, = T313 _ 4M ) (27)
. . @?/Mr 11V — 4M
to derive solution (22) and the energy—momentum ten- r(r{e +1} —4M)
sor have the form shown in Eq. (18) with R =r.
Using the coordinate transformation Third solution
4T — dt + Dr d (25) It is our purpose to find a general solution for
= —_— T’
1—D2?r? tetrad (16) when the stress-energy momentum tensor

we can eliminate the cross terms of Eq. (24) to obtain  is not vanishing and has the form given by!?!

d 2
ds? = —mdT? + bl +r2d0?, (26)
m T’ =T", T,*=T5" (28)
where 77 is defined in Eq. (20) with R = r. Using
Eq. (2), the non-vanishing components of the torsion

where all the other mixed spatial components are

t f th d soluti i b
ehsor of the second sotution are given by equal to zero.2!l We can find solutions of unknown

70 ) e?’/Mr {Mr (e‘f/M” + 1) — q2} functions D and A of unknown function B in the
10T T (e /M L 1) {AM — 1 (/M7 1 1)} form[2%)

! ky B3 > BB (1B k
D= (1TB/)\/ 7"3 {1—tanh(2mr "‘T ?—2 5 A<1_TB/)’ (29)

B B
where k1 and ko are constants of integration. ‘coordinate R =r/B, we finally obtain
The line-element squared of the tetrad field given ) ,  dR? o

by Eq. (16) takes the form ds7 = —mdI™+ e + R (33)

B? — D?r? 2D

a2 = B D) e 2Dy, where
1 A*B AB (R) . k1 [1 — tanh (qQ/ZmR)]
2 = -
+ ﬁ(dr2 +r2d0?). (30) R

We assume B(r) to be nonvanishing so that the ~ 1 2 T ﬁ (34)

5
surface area of the sphere of a constant r is fi- R R

nite. We also assume that A(r) and B(r) satisfy the Then, equation (33) coincides with the charged reg-

asymptotic conditions, lim, . A(r)=lim, . B(r) = ular black hole solution given in Refs. [10] and [11]

1 and lim,_orB’ = 0. Then, we can show with the mass, m = k1/2, hence the general solution

from Egs. (29) and (30) that ks = 1, B(r) > 0 in the case of the spherically symmetric tetrad when

lim, oo 7D(r) = 0, and if B — rB’ vanishes at some the stress-energy momentum tensor is nonvanishing,

B(r)k [1 _ tanh ( ¢ /2m7“)] gives no more than the regular charged black hole so-
point, then |1 — <0

” lution when 1 — rB’/B has no zero and R is mono-

at that point. tonically increasing function of r. If 1 — rB’/B has

Using the coordinate transformation zeroes, the line-element (30) is singular at these zeroes
ADr which lie inside the event horizon as seen from prop-

dT' =dt + mdh (31) erty (4) mentioned above. We shall study in the future

hether this singularity at zero-points of (1 — rB’/B
we can eliminate the cross terms of Eq. (30) to obtain v & y ab zeremb ( /B)

is physically acceptable or not.
2 2
ds? = —ndT? + 1 ACZT S+ %dQQ (32) Using the above transformation given by Eq. (31)
n2 A*B B and also using the new redial coordinate, the tetrad
with 1y = (B? — D?r?)/A2B2. Taking the new radial ~ (16) turns into the following form:
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% PR(1 — R#') 0 0
7521{? };(;C]’;f (1 - RA') cos b - S]i; o 0
Here o/ and Z are given in terms of the unknown function B(R) as
A (R) = 1_;5{%,, PR = - _;%,\/2”‘ [ _ta;}; (@/2mr)] % (RZ' —2), (36)

where B’ = dB(#)/dR. Tt is of interest to note that general solution (36) satisfies the field equation (11) when
the anastz of the electromagnetic potential A,,, the anti-symmetric fields F},,, P, , the nonlinear electrodynamics
source and the energy-momentum tensor are in the forms of Eq. (18). The two tensors H,,, and F),, related to
solutions (17), (22) and (36) are vanishing identically. Therefore, Mgller tetrad theory of gravitation coincides
with teleparallel theory equivalent to general relativity. Using Eq. (2), the non-vanishing components of the
torsion tensor of the third solution are given by

o??/MR {MR (eq2/MR+ 1) _qz}

Tlor =255 (e®/MR 1 1) {4M — R (e®/ME 1 1)}’
) e—q2/4MR
Po= - R5/2 (e*/MR 1 1)%? | [P PME (4N + R3B? — 2R2F) + o /?ME (R3B™ — 2R°B')
x {6MR*% — R*# —2MR — R*®" + AMR3%" + 7 /MR (2¢> — 2R*%' — 2M R — 2R*#"
—2¢°R#' + 6MR>#' +AMR*%B") — 20 /MR (R3 %' + R'B")},
T220 _ T330 _ eq2/4MR\/e_‘12/2MR (4M + R332 — QRQ%’) + e??/2MR (R?’%’Q _ 2R2<@’)’
R3/2\/ea®/ME 4]
) ; 0?/2MR (efqz/ZMR (4M . R%@’) _ R2@16q2/2MR>
T?y = T35 = (37)

R (R {e®?®/ME 41} —4M)
The previously obtained solutions can be verified as special cases of the general solution (36). The choice
B(Z) =1, (38)

reproduces solution (22). On the other hand, the choice

B) = / 1 . \/1 B 2m(1 — tanh (¢*/2mR)) dR, (39)

R R

reproduces solution (17). It is of interest to note that if ¢ = 0 then the general solution (36) reduces to that
obtained before by Mikhail et al.?? and the two choices (38) and (39) will give the Schwarzschild solution in
its standard form.

4. Energy associated with the third solution

To make the consequence of computations clearer, we calculate the energy associated with solution (36).

The superpotential is given by!*4

123 (_9)1/2 TUNT P 40X Xpo Tpx
62/;1 = 2% Pxpa [¢ 9 “Gur — )\g'ruly - (1 - 2>‘)g‘ru'7 ]7 (40)
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where g,,, (—g)*/2, 77°X and ®” are the metric ten-
sor defined by Eq. (3), the determinate of the metric
tensor defined by Eq. (6), the contorsion tensor de-
fined by Eq. (4), the basic vector defined by Eq. (7)
respectively; PXMT”)‘ is a tensor defined as

7w def. 5T

=5, gpa_l/k =+ (Sp‘rgo_xllx\ _ 6UTgXpl/k (41)

Pypo
with gpg’”‘ being a tensor defined as
9o L6, 6,0 — 5,78, (42)

where 5p” is the Kronecker delta

I p=v,

4, =
. 0 p#v.

The energy is expressed by the surface integral?3!

%ooanadS,

r=constant

F = lim

7—00

(43)

where n, is the unit 3-vector normal to the surface
element dS.

Now we are in a position to calculate the energy
associated with solution (36) using the superpotential
(40). It is clear from Eq. (43) that only component
which makes contribution to the energy is %,"*. Thus
substituting solution (36) into Eq. (40) yields the fol-
lowing non-vanishing value:

Substituting Eq. (44) into Eq. (43) we have

q2

mR

E(R) =2m {1 — tanh (2 )] —R*B(%), (45)

which depends on the arbitrary function %A(%).

5. Regularized expression for

gravitational energy—momentum

An important property of the tetrad field that
satisfies the condition

€ip = Mip + 1/2hy(1/7), (46)

is that in the flat space-time limit e’ (t, z,y, 2) = &',
and therefore the torsion tensor defined by Eq. (2) is
vanishing, i.e., T7%,, = 0. Hence for the flat space-
time normally a set of tetrad fields is considered such
that 72 v = 0 in any coordinate system. However, in
general an arbitrary set of tetrad fields, which yields
the metric tensor for the asymptotically flat space—
time, does not satisfy the asymptotic condition given
by Eq. (46). Moreover for such tetrad fields the tor-
sion T, # 0 for the flat space-time.[?4~27) Tt might
be argued, therefore, that the expression for the en-
ergy given by Eq. (43) is restricted to a particular class
of tetrad fields, namely, the class of frames such that
UK uv = 0 if €', represents the flat space-time tetrad

2X°e q? , field.[?5] To explain this, we calculate the flat space—
U = 2m — 2m tanh ~R°B(%)') . ’
0 T kR® < o amtan <2mR) ( )) time tetrad field of Eq. (35) using Eq. (36) which is
(44)  given by
|
(1— R%) VR2%?Z _2RF 0 0
0 .
VR2%'? —2R%A' sinfcosd (1 — RA')sinbcos ¢ cosfcos¢ o ¢
(B R Rsinf (47)
VRZZ? —2RP sinfsing (1 — RA)sinfsing — H;m ¢ };:je
in 6
VR?HA'? — 2RHB' cos b (1—R%')cosb s1]1; 0

Expression (47) yields the following non-vanishing torsion components:

Toor = %', Tira = —rcos() cos oA,

T113 = SIH(Q) sin (}5:@/,

sin(8) cos pv/' A (1 — A')
VR2%' — 2R

Tia = —

)

Ti24 = cosfcos p\/ R2B'2 —2RB', Tizs = —sin(0)sin o/ R2AB'2 —2RAB’', Ta12 = —Rcos(0)sin ¢ &',

sin 0 sin pv/ B’ (1 — A#')

To13 = —Rsin(0) cos B, Torg = —

VR2% — 2R
T34 = sin(f) cos p\/ R2A'? — 2RAB', Tz12 = Rsin(0) %,

. Thoq = cos(f) sin p\/ R2#'> — 2RA',

cos(O)VH' (1 — A
VR?%' — 2R

T314

)
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T304 = —sin(0)\/ R2%'2 — 2RAB'.

(48)

The tetrad field (47) when written in the Cartesian coordinate has the following form:

1—R#

n*vR2% — 2R%'

(Ei#(tv T, Y, Z)) =

no/ R2%'%2 — 2RAB'
(49)
00" — ngn*RAB’

In view of the geometric structure of Eq. (49), we see that equation (35) obtained using Eq. (36) does not

display the asymptotic behaviour required by Eq. (46). Moreover, in general the tetrad field (49) is adapted to

accelerated observers.[?4=27] To explain this, we consider a boost in the x direction of Eq. (49). We find

vev/RBZ—2%B+VR(1—RAB') 2V RBZ2—2% +vVR(1—RB') yVRB?—2%B /RB?2—2%
+3/2\/R ~3/2v/R R R
2V RB'2—2RAB" +vVR(R—z>RB') xvV/RB2—2RPB +\/R(R—xz>B") _ay% _x2B
. (YR)3/2 (vR)3/2 R R
(El,u(taxay,z)): ) (50)
R%2—2R%Z —vzVR%B' vWRABZ?—2RPB —xV/RA') -y’ % _yz#
Y (R Y CIORE R R
Z\/R@&f?R@’fq)x\/ﬁg@' Zv\/R@’272R:%’7w\/E33/ _zy@' 1—2%2%'
(YR)3/2 (YR)®/2 R R

where v is the speed of the observer and v = v/1 — v2. It can be shown that along an observer trajectory whose

velocity is determined by

vevVRAB? — 2% +VR(1 — R#') xvRAB? — 2% +vVR(1 — RA)

— no_
W= = ( V/2VR
yWRBZ _ 2% JRB? — 2%/)

R ’ R

the quantities gi)ab =u® (EbgaaEaﬁ) , are non vanish-
ing. This fact indicates that along the observer path
the spatial axis F;* rotates.?4=27] In spite of the above
problems discussed for the tetrad field of Eq. (35) us-
ing (36) a satisfactory value for the total gravitational
energy—momentum is yielded as will be discussed be-
low.

Maluf et al.24~27] discussed the above problems in
the framework of TEGR and constructed a regularized
expression for the gravitational energy—momentum in
this frame. They checked this expression for a tetrad
field that suffers the above problems and obtained a

(5] In this section we will fol-

very satisfactory result.
low the same procedure to derive a regularized expres-
sion for the gravitational energy—momentum defined
by Eq. (43). It can be shown that the gravitational
energy—momentum contained within an arbitrary vol-
ume V of the three-dimensional space-like hypersur-

face has the form[13:14]

P, = / 20,2, ", (52)
\%4

where %NV)‘ is given by Eq. (40).
(52) bears no relationship to the ADM energy—

Expression

) ’}/3/2@ )

(51)

momentum. 20l P, transforms as a vector under the
global SO(3,1) group. It describes the gravitational
energy—momentum with respect to observers adapted
to e’,,. These observers are characterized by the ve-
locity field u* = eg* and the acceleration f* given
by[25,26]
Du®  Deg
ds  ds
Our assumption is that the space-time is asymp-
totically flat.
energy—momentum is given by

P/L = f dS, %toa-
S—o00

The field quantities are evaluated on a surface S in

= = uVeoh. (53)

In this case the total gravitational

(54)

the limit r — oo.

In Egs. (52) and (54) it is implicitly assumed that
the reference space is determined by a set of tetrad
fields eiu for flat space-time such that the condition
T*,, = 0 is satisfied. However, in general there ex-
ist flat space-time tetrad fields for which 7¢,, # 0.
In this case equation (52) may be generalized!?>:26] by
adding a suitable reference space subtraction term,
exactly like in the Brown-York formalism.[28—30]
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We will denote 7%, (F) = 0,E*, — 0,E*, and
%,°*(E) as the expression of %,"* constructed out
of the flat tetrad E7,.

gravitational energy-momentum P, is determined by

The regularized form of the

P, — / Pady [2,°(c) - 2 (B)] . (55)
1%

This condition guarantees that the energy—momentum
The refer-

ence space-time is determined by tetrad fields E,,

of the flat space—time always vanishes.

obtained from e’, by requiring the vanishing of the
physical parameters like mass, angular momentum,

etc. Assuming that the space—time is asymptotically

flat then equation (55) can have the form

P, = 74 a5, [2,9(e) - 2,9 (E)],  (56)
S—o0

where the surface S is established at space-like infin-
ity. Equation (56) transforms as a vector under the
global SO(3,1) group.['®l Now we are in a position to
prove that the tetrad field (35) obtained using Eq. (36)
yields a satisfactory value for the total gravitational
energy—momentum.

We integrate Eq. (56) over a surface of constant
radius 2! = R and requires R — oco. Therefore, the
index « in Eq. (56) takes the value @ = 1. We need
to calculate the quantity %" which has the form

% (€)= — L Rsin(0) |22 L1 — tanh C N _ g 4 g2 (57)
0 4r R 2mR ’
and the expression of %" (E) is obtained by just making m = 0 in Eq. (57), and it is given by
1
U (E) = —ZRsin(G)(RQ%”Q — RA). (58)
T
Thus the gravitational energy contained within a sphere of radius R; is given by
Py = / a0do- sin(0) L=k (22 [1 — tanh (22| = R + 222 + (R2” — B2
¢
=2 1 — tanh .
m [ an <2mR1 ﬂ (59)

6. Main results and discussion

We have studied the nonlinear electrodynamics
coupled to the teleparallel theory of gravitation. We
show that it is possible to find a regular charged so-
lution within the tetrad theory of gravitation by cou-
pling to Mgller’s field equations an appropriate nonlin-
ear electrodynamics, which in the weak field approxi-
mation becomes the usual Maxwell theory. The extra
tensors of Mgller’s field equations, i.e., H,, and K,
of these solutions are identically vanishing and the the-
ory is reduced to the teleparallel equivalent of general
relativity coupled to nonlinear electrodynamics. It is
well known that the only nonlinear electrodynamics
that was experimentally successful is the Heisenberg—
Euler electrodynamics.!3!) However, the solutions ob-
tained in this paper are not satisfied for the nonlinear
Heisenberg—FEuler electrodynamics.

Three different exact analytic solutions of the field
equations are obtained for the case of spherical sym-
metry. These solutions give rise to the same Rieman-

nian metric spacetime, i.e., “regular charged space-
time spherically symmetric spacetime”. The exact so-
lutions (17), (22) and (36) represent a regular charged
which contain the Reissner—Nordstrém black hole. So-
lution (36) is a general solution, and we can generate
from it other solutions (17) and (22) by giving the
arbitrary function #(r) the values (38) and (39).

It was shown by Mgller®? that a tetrad descrip-
tion of a gravitational field equation allowed a more
satisfactory treatment of the energy—momentum com-
plex than general relativity. Therefore, we have used
the superpotential method given by Mikhail et al.['4
to calculate the energy of the central gravitating body.
Calculating the energy associated with solution (36),
we obtain formula (45) which depends on the arbi-
trary function %(R). This formula is not accepted in
physics because it depends on the arbitrary function.

Maluf et al.25=27 derived a simple expression for
the energy—momentum flux of the gravitational field.

This expression was obtained on the assumption that
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equation (52) represented the energy-momentum of
the gravitational field in a volume V of the three-
dimensional space-like hypersurface. They[25:26] gave
this definition for the gravitational energy—momentum
tensor in the framework of TEGR, which required
T ,,(E) = 0 for the flat space-time. They extended
this definition to the case where the flat space—time
tetrad fields E%, yielded T*,,(FE) # 0. They showed
that[2%] in the context of the regularized gravitational
energy—momentum definition it is not strictly neces-
sary to stipulate asymptotic boundary conditions for
tetrad fields that describe asymptotically flat space—
times.

Following the same procedure as that given by

Maluf et al.24=26] to derive a regularized expression
for the gravitational energy—momentum in the frame-
work of TEGR, we derive a similar expression of the
regularized energy-momentum in the framework of
tetrad theory of gravitation. Then we use definition
(2) of the torsion tensor and apply it to the tetrad
field (35) obtained using Eq. (36). We have shown
that the flat space-time associated with this tetrad
field has non-vanishing torsion components shown in
Eq. (48) and it is adapted to an accelerated observer
(49). However, using Eq. (56) and calculating all the
necessary components we finally obtained Eq. (59)
which shows that the total gravitational mass does
not depend on the arbitrary function.
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