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Abstract This study is purposed to elaborate the problem of energy and momentum distri-
butions of the Hawking wormbholes in general theory of relativity and teleparallel gravity. In
this connection, the energy and momentum for the Hawking wormhole space-time are eval-
uated using Einstein, Bergmann-Thomson, Landau-Lifshitz and Moéller energy-momentum
prescriptions in these approximations. We obtained that some of these energy-momentum
distributions of Hawking wormhole in the form of general relativity (GR) and teleparal-
lel gravity (TG) give the same results. Also, we obtained that in the teleparallel gravity,
Moller energy distributions of the Hawking wormholes give the same results as Einstein en-
ergy distributions. However, Bergmann-Thomson and Landau-Lifshitz energy-momentum
of Hawking wormholes are the different from each others.

Keywords Hawking wormhole - Energy-momentum complexes - General relativity -
Teleparallel gravity

1 Introduction

It is well known that one of the most interesting and challenging problems of general relativ-
ity is the energy and momentum localization. Energy-momentum is an important conserved
quantity in any physical theory whose definition has been under investigation for a long
time from the General Relativity viewpoint. The problem is to find an expression which is
physically meaningful. The point is that the gravitational field can be made locally vanish
and so one is always able to find the frame in which the energy-momentum of gravitational
field is zero while in the other frames, it is not true. Unfortunately, there is still no generally

M. Aygiin - 1. Yilmaz (5<)

Department of Physics, Art and Science Faculty, Canakkale Onsekiz Mart University,
17020 Canakkale, Turkey

e-mail: iyilmaz@comu.edu.tr

M. Aygiin - 1. Yilmaz
Canakkale Onsekiz Mart University, Astrophysics Research Center, 17020 Canakkale, Turkey

@ Springer



708 Int J Theor Phys (2008) 47: 707-721

accepted definition of energy-momentum for gravitational field. The problem arises with the
expression defining the gravitational field energy part.

In the theory of General Relativity, the energy-momentum conservation laws are given
by

T),=0 (a,b=0,1,2,3), 6

where Tab denotes the energy-momentum tensor. In order to change the covariant divergence
into an ordinary divergence so that global energy-momentum conservation, including the
contribution from gravity, can be expressed in the usual manner as in electromagnetism,
Einstein formulated [1] the conservation law in the following form

0
ﬁ(\/_—gmf’ +1))=0. 2

Here t? is not a tensor quantity and is called the gravitational field pseudo-tensor.
Schrodinger showed that the pseudo-tensor can be made vanish outside the Schwarzschild
radius using a suitable choice of coordinates. There have been many attempts in order to
find a more suitable quantity for describing the distribution of energy and momentum due
to matter, non-gravitational and gravitational fields. The proposed quantities which actu-
ally fulfill the conservation law of matter plus gravitational parts are called gravitational
field complexes. The choice of the gravitational field complexes is not unique. Because of
this, quite a few definitions of these complexes have been proposed. The notion of energy-
momentum prescriptions was severely criticized for a number reasons. Firstly, the nature of
symmetric and locally conserved object is non-tensorial one; thus its physical interpretation
appeared obscure [2]. Secondly, different energy-momentum complexes could yield dif-
ferent energy-momentum distributions for the same gravitational background [3]. Finally,
energy-momentum complexes were local objects while it was generally believed that the
suitable energy-momentum of the gravitational field was only total, i.e. it cannot be lo-
calized [4]. There have been several attempts to calculate energy-momentum prescriptions
associated with different space-times [5, 6]. Virbhadra [7] showed that the definitions of
Einstein, Tolman and Landau and Lifshitz give the same energy distribution for the Kerr-
Newman metric. Later, Aguirregabiria et al. [8] proved that definitions of Einstein, Landau
and Lifshitz, Weinberg and Papapetrou give the same result for any metric of Kerr-Schild
class. Later, Virbhadra [9] emphasized that these complexes in fact coincide for space-times
more general than the Kerr-Schild class. He also computed energy distribution for a general
non-static spherically symmetric space-time of Kerr-Schild class and found that all these
definitions give the same result as given by the Penrose quasi-local definition of energy.

In order to obtain a meaningful expression for energy, momentum and angular momen-
tum for a general relativistic system, Einstein himself proposed an expression. After Ein-
stein’s energy-momentum complex [10], many complexes have been found, for instance,
Landau-Lifshitz [11], Tolman [12], Papapetrou [13], Mdller [14, 15], Weinberg [16] and
Bergmann-Thomson [17]. Some of these definitions are coordinate dependent while others
are not. There lies a dispute on the importance of non-tensorial energy-momentum com-
plexes whose physical interpretations have been questioned by a number of physicists, in-
cluding Weyl, Pauli and Eddington. Also, there exists an opinion that the energy-momentum
pseudo-tensors are not useful to find meaningful results in a given geometry. Ever since the
Einstein’s energy-momentum complex [18], used for calculating energy and momentum in
a general relativistic system, many attempts have been made to evaluate the energy distribu-
tion for a given space-time [12]. Except for the one which was defined by Moller, these de-
finitions only give meaningful results if the calculations are performed in “quasi-Cartesian”
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coordinates. Moller constructed an expression which enables one to evaluate energy and
momentum in any coordinate system. Lessner [19] argued that the Moller prescription is a
powerful concept of energy-momentum in general relativity.

Recently, some authors have studied Weinberg energy-momentum complexes for a
stringy black hole [20] and Energy distribution of Schwarzschild-like space-time [21]. Vage-
nas [22] has studied energy distribution of Reissner-Nordstrom Blackhole in Moller pre-
scription. Some authors have studied on the Moller energy associated with black-holes [23]
and Energy of charged wormholes [24] and also, Méller’s energy of charged black-hole [25].
Furthermore, Moller energy distributions of various wormholes have been studied by Aygun
and Yilmaz [26] and energy-momentum of rigidly rotating wormhole space-time in GR have
been studied by Aygun et al. [27].

The wormhole solutions of the Einstein equations started with Einstein himself, since he
was interested in giving a field representation of particles [28]. The idea was further devel-
oped by Ellis [29] and others, where instead of particles, they try to model them as “bridges”
between two regions of the space-time. The idea of considering such solutions a actual con-
nections between two separated regions of the Universe has attracted a lot of attention since
the seminal work of Morris and Thorne [30]. For the Lorentzian wormhole to be traversable,
it requires exotic matter which violates the known energy conditions. In this paper, we calcu-
late the Einstein, Bergmann-Thomson, Landau-Lifshitz and Moller energy-momentum dis-
tributions of the Hawking wormhole space-time in general relativity and teleparallel gravity.

We will proceed according to the following scheme. In Sect. 2, we give simple definitions
of Einstein, Bergmann-Thomson, Landau-Lifshitz and Moller prescriptions in general rela-
tivity and teleparallel gravity. In Sect. 3, we get energy-momentum distributions of Hawking
wormhole in general relativity and teleparallel gravity. Finally, we summarize and discuss
our results.

2 Some Energy-Momentum Prescriptions in the General Relativity
2.1 Bergmann-Thomson Energy-Momentum Prescription in GR

The energy-momentum prescription of Bergmann-Thomson [17] is given by

B éé}UR) = 16%1_[5;/3 A
where
s = ghey,” @)
with
Ve = v = B g (g — g% 5], )

V=g

B?gR) is the energy density, Bé‘GOR) are the‘momentum density components, and B?gR) are
the components of the energy current density. The Bergmann-Thomson energy-momentum
definition satisfies the following local conservation laws

B(B(GR))
axv

(6)
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in any coordinate system. The energy and momentum components are given by

P = / / f By dxdydz. o)

Further Gauss’s theorem furnishes
1%, dS. 8
1671 / / Ko ®)

where k, stands for the 3-components of unit vector over an infinitesimal surface ele-
ment dS. The quantities P! for i = 1,2,3 are the momentum components, while PO is
the energy.

2.2 Einstein Energy-Momentum Prescription in GR

The energy-momentum complex as defined by Einstein [18] is given by

wo L e
Eior = 167 1 ©
where
H = S (g (g™ — g )], (10)
v—E

Ey, is the energy density, E{Jy, are the momentum density components, and E(g, are the
components of energy current density. The Einstein energy and momentum density satisfies
the local conservation laws

3( GR))
axV

and energy and momentum components are given by

P = f / f Elgp dxdydz. (12)

Further Gauss’s theorem furnishes

an

1 O
=E/ H%n,dS. (13)

1, stands for the 3-components of unit vector over an infinitesimal surface element dS. The
quantities P’ for i = 1,2, 3 are the momentum components, while P° is the energy.

2.3 Landau-Lifshitz Energy-Momentum Prescription in GR

Energy-momentum prescription of Landau-Lifshitz [11] is given by

1

po puvaf
Ly = =5 (14)
where
Sl = —g(ghg" — g™, (15)
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L(()gk) is the energy density, L‘(‘GOR) are the momentum density components, and L?SR) are
the components of energy current density. The Landau-Lifshitz energy-momentum complex
satisfies the local conservation laws

D(L™)ar) _

0 1
Py (16)

in any coordinate system. The energy and momentum components are given by

Pt = / / / Ligydxdydz. (17)

Further Gauss’s theorem furnishes

1
PH = T // §4%n.dS (18)

where 7, stands for the 3-components of unit vector over an infinitesimal surface element
dS. The quantities P’ for i = 1,2, 3 are the momentum components, while P is the energy.

2.4 Moller Energy-Momentum Prescription in GR

In general relativity, Moller energy-momentum complex [31] is given by

v 1 Vo
Migr) = g- ¥ (19)
where the antisymmetric superpotential is
o av ag Lo ag vB a0
th = _Q;L =V pa oM 8 ﬁg s (20)
axP  x

M(OC(})R) is the energy density and M(’é)R) are the momentum density components. Also, the
energy-momentum complex M, (‘gR) satisfies the local conservation laws:

ynay
IM G, _

axV

0. 1)

Obviously, the energy and momentum of the physical system in four-dimensional back-
ground is given by

P = / / MG dx'dx*dx’ (22)

where Py and P, denote for the energy and the momentum components, respectively. The
energy component is obtained by using the Gauss theorem

1
P = Q// Q7 n,dS (23)

where 17, is the outward unit normal vector over an infinitesimal surface element d .
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3 Some Energy-Momentum Prescriptions in the Teleparallel Gravity

3.1 Einstein, Bergmann-Thomson and Landau-Lifshitz Energy-Momentum Prescriptions
in TG

The tele-parallel gravity is an alternative approach to gravitation and corresponds to a gauge
theory for the translation group based on Weitzenbock geometry [32]. In the theory of
the tele-parallel gravity, gravitation is attributed to torsion [33], which plays the role of
a force [34], and the curvature tensor vanishes identically. The essential field is acted by
a nontrivial tetrad field, which gives rise to the metric as a by-product. The translational
gauge potentials appear as the nontrivial item of the tetrad field, so induces on space-time a
tele-parallel structure which is directly related to the presence of the gravitational field. The
interesting place of tele-parallel gravity is that, due to its gauge structure, it can reveal a more
appropriate approach to consider some specific problem. This is the situation, for example,
in the energy and momentum problem, which becomes more transparent when considered
from the tele-parallel point of view.

The Einstein (Efg), Bergmann-Thomson (Bf;) and Landau-Lifshitz’s (L) energy-
momentum complexes in tele-parallel gravity [35] are respectively:

1

hE (1, = EBA(U/”A), (24)
1

hBie, = (8" UR"), (25)
1 ).

hLir) = 7—0:(hg" U™ (26)

where U, 5’\ is the Freud’s super-potential, which is given by:
Uy =hSy" 27)
where h = det(hfL) and S*'* is the tensor

) m m v
S = T ST = T+ 2 T — g T (28)

with m, m, and mj the three dimensionless coupling constants of tele-parallel gravity
[36, 37]. For the tele-parallel equivalent of general relativity the specific choice of these
three constants are:
ms =—1. (29
To calculate this tensor, firstly we must calculate Weitzenbock connection:

I, =hgouhy, (30)
and torsion of the Weitzenbdck connection:

Ty =T =T 31)
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The energy-momentum complexes of Einstein, Bergmann-Thomson and Landau-Lifshitz
in the tele-parallel gravity are given by the following equations, respectively,

P = /E hElg dxdydz, (32)
P = /E h B, dxdydz, (33)
PH = /E hL!ve dxdydz, (34)

P, is called the momentum four-vector, P; give momentum components P;, P», P3 and Py
gives the energy and the integration hyper-surface X is described by x° = r = constant.

3.2 Moller Energy-Momentum Prescription in TG

Moller [31] modified general relativity by constructing a new field theory in the tetrad space.
He was able to find a general expression for an energy-momentum complex [14] M (“T”G) that
possesses all the required satisfactory properties and formed its superpotential Y,* using
the method of infinitesimal transformations:

Mizg) =5 (35)
where the expression for the superpotential of Moller’s theory can be written in the form

(—g)'"?
2K

Y, = Py (@7 g, — Aoy ™ — (1= 20) g3, (36)

where A equals to a free dimensionless parameter of teleparallel gravity and « is the Einstein
Vo -

A
constant. Also, Pa,sp is

Paﬁ;m = Saxgﬂp Y+ (Sﬁxgm "= 5pv ap ", (37

£y,"" is the tensor
£y, =8,"8,"—8,"8,°, (38)
®d,, is the basic vector defined by
@y =", (39)
and the central role in Moller’s theory is played by tensor
Yuve = €mu€mv;o (40)

here semicolon denotes covariant differentiation using the Christoffel symbols. ¢, is the
tetrad field and defined uniquely by g"* = ¢;"e,"n"/ where 1;; is the Minkowski metric.
Finally, the energy-momentum in teleparallel gravity are expressed by the surface integral

P — lim / riday g5 @1
r—00

with n, being the unit three-vector normal to surface element dS.
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4 Some Energy and Momentum of the Hawking Wormhole in GR and TG

4.1 Bergmann-Thomson, Einstein, Moller and Landau-Lifshitz’s Energies and
Momentums of the Hawking Wormhole in GR

We can write the Hawking Wormhole metric in spherically symmetric Rindler coordinates
[38] as

b*\?
ds* = (1 - 5—2) (—g2&%cos? Odr* + de* + £2d2?) (42)
the space-time may be obtained from the Hawking wormhole metric written in Cartesian
coordinates [39]

p*\’
ds* = <1 -— > Nuvdx"dx” (43)
X%Xy
by means of the coordinate transformation
x!'=¢Esinfcos ¢, x> =¢&sinfsing,
(44)
x3 =& cosf coshgr, x¥ = & cosf sinh gt

where x* are the Cartesian coordinates, b is the wormhole’s throat radius (which will
be taken of the order of Planck lenght), g is the constant with units of acceleration,
dQ? = de? +sin’ 0de?, Nuy =diag(—1,1,1,1) and x*x, = x> — (x%)2. From (4) and (5), we
have obtained the required components of IT*"# for the line element (43) to get Bergmann-
Thomson energy and momentum of Hawking wormhole

1'[001:—4&, 1-[002:_4&, 1-[003:_4142’
A A A

4
A (45)

A

1-[101 — H202 — 1-[303 —4

2 - N .
where A = (1 — X(’,’Xa) and x, y, z and ¢ indices represent the derivatives according to x, y, z

and ¢, respectively. Using the above component in (3), we obtain Bergmann-Thomson en-
ergy and momentum distributions of Hawking wormhole in GR as follows

A2 + A§ + A2 — A(Ay + Ay +AL)

00 __
Biaw = 47 A2 ’
glo _ Adn —AA
(GR) — 2 ’
4 A (46)
w | AAy—AA,
Bow ="z
g0 _ Adz— A
(©R 47 A2

It is obtained the required components of H,* for the line element (43) to get Einstein
energy and momentum of Hawking wormhole

HY' = —4AA,, H? = —4AA,
H' = H)> = H{® = —4AA,.

H" = —4AA,,

’

47
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Substituting (47) in (9), we obtain Einstein energy and momentum distributions of Hawking
wormhole in GR as follows

AT+ AI+AZHAAG+ A+ AL

EOO — _ ,

©R) 47 A2
plo _ AAnt+ AA,

GR) = 2

47 A (48)

E0 AAy+AA,

N T
g0 _ AActAA

=T

From (15), we get the required components of S***# for the line element (43) to obtain
Landau-Lifshitz energy and momentum of Hawking wormhole

SOIOI — 50303 — S0202 — _A4, SlOOl — S2002 — 53003 — A4. (49)

Using (49) in (14), we obtain Landau-Lifshitz energy and momentum distributions of Hawk-
ing wormhole in GR as follows

A2(BAL +3A5+3A+ A(A + Ay + AL)

Lo _ ’

(R 4r
Lo _ ANAAL+34A)

(CR) 4r ’

(50)

[0 _ ANAAL 34,4))

(R 4r ’
L0 _ AMAALE34,A)

(CR) 4n '

From (20), we get the required components of £2°* for the line element (43) to obtain Moller
energy and momentum of Hawking wormhole

Q' =244, Q2 =24A,, QP =244,
‘ (Sh
Q" =0 =" = —244,.

Using (51) in (19), we obtain Méller energy and momentum distributions of Hawking worm-
hole in GR as follows

AT+ AT AT A(AG + Ay + An)

MGr) =

47 A? ’
AA; + A A,
M(lgm =-— 2; ’
4w A (52)
Mo AA,y+AA,
GR) = 4 A? ’
AA; 4+ AA
30 154 t4lz
Migry == 4 A2
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4.2 Bergmann-Thomson, Einstein, Méller and Landau-Lifshitz’s Energy and Momentum
of the Hawking Wormbhole in TG

If we would like to calculate Einstein, Bergmann-Thomson, Méller and Landau-Lifshitz’s
energy and momentum distributions of the metric in TG, it is needed to calculate tetrad com-
ponents of the line element (43). So, we obtain the tetrad components (h}') of line element
(43) as

A 0 0 O
0 A 0 O
w_
hi = 0 0 A O (53)
0 0 0 A
From (30) and (53), we have obtained the components of Weitzenbock connections as
Flllzrglzrglzrglz ’
F}2=F§2=F§2=F82= ’
(54)

1 2 _ 3 _ 10 _
1-‘13_1—‘23_1—‘33_1—‘03_

r110:F§0:l_‘0—r‘00—

SNSRI S

Using (54) in (31), we have calculated the torsion of the Weitzenbock connections as follows

Ay
T122 = T|33 = Tl% = _T221 = _T331 = _TOOI = Xs
1 3 0 1 3 o _ Ay
hh=Th=Th=-"Ty="Tp=-Tp="—"",
A (55)
Th=Tho=Ty=-T,=-Ts=-Ty= Az’
A,
T()ll = T022 = T033 = _Tll() = —T220 = _T330 = X

Using (27-31) and (53-55), the required components of Freuds’s super-potential are ob-
tained as

Uy' =U5' =0y = —U,> = U3y = —U," = —AA,,
U12 U32 U02 U121 — _U323 — _Ug() — _AAy,

(56)
UP=UF=UP=-U'=-U"=-U" = -AA,,

UO] U02_U03_ Ull()__ 20:_U§0:_AAI.
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Substituting (56) in (24-26), the Einstein, Bergmann-Thomson and Landau-Lifshitz’s en-
ergy and momentum densities are obtained, as follows in TG, respectively:

A2+ A2+ A2+ A(Ag + Ay + A

hEOO - _ i
e 47 A?
AA + AA;
hERg = —S——5—
AA47[AA A 7
-
hEZO _ ty tily ,
(16 4 A2
AA + AA
30 1z 14z
hEe) = — 4z
hBOO _ A)zf + A,% + Ag B A(AXX + Ay,\’ + Azz)
(re) = 4 A2 ’
AA;, — AA,
"Bio =
AA A A (58)
pBR T Ty
e 4m A2
AA,, — AA,
hB30 — 1z 14z ,
o 4 A2
and
WL — _ A(3AT +3AT43A24+ A(An + Ay + A2)
(TG) — A s
hLlO _ AZ(AAtx + 3A1Ax)
(TG) = i )
2 (59)
hLZO _ A (AAt_v + 3AtAy)
(TG) = . ,
hL3O _ AZ(AAtz —+ 3AtAz)
e = 47 '

Furthermore, from (36), we get the required components of Y for the line element (43) to
obtain Moller energy and momentum of Hawking wormhole
2AA, 0 2AA, 244,

THh=-""= Yy =——, TP = . 60
0 P 0 P 0 P ( )

Using (60) in (35), we obtain Moller energy and momentum distributions of Hawking worm-
hole in TG as follows

_ A)zc + A(% + Ag + A(Axx + Ayy + AZZ)

hM?TOG) - 47T A? ’
a0 — A+ A+ A —AAL — A A+ A(A + Ay +AL)
(TG) ST A2 ’ (61)
a2 — _Ag + A2+ AT —AAy - AA +AA+ Ay + AL
(TG) 877 A2 ’
o AT+ AT+ A —AAL - AA + AAL + Ay + AL)
1Te 8w A? '
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Yyly + ¥iyy 0l Yy iy + ¥iyy 0
A __ (D Ak __ (o
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5 Summary and Discussion

The definition of energy-momentum localization in both the general theory of relativity
and teleparallel gravity has been very exciting and interesting and a controversial problem.
Energy-momentum complexes provide the same acceptable energy-momentum distribution
for some systems. However, for some systems [40, 41] these prescriptions disagree.

The object of present paper is to show that it is possible to solve the problem of local-
ization of energy and momentum in general relativity and teleparallel gravity by using the
energy and momentum complexes.

In this study, we have used different energy-momentum complexes, Bergmann-Thomson,
Einstein, Landau-Lifshitz and Moller to calculate energy-momentum of Hawking worm-
hole. From Table 1, it can be seen that the energy-momentum densities are finite and well
defined. We have found that these definitions do not provide the same energy and momen-
tum densities in GR. We were hoping that the theory of teleparallel gravity would solve
this problem. Unfortunately, these definitions do not provide also the same results for the
energy and momentum densities of Hawking wormhole. We have found the same energy
distributions which are different from zero for Hawking wormhole in GR and TG by using
Bergmann-Thomson, Einstein, Landau-Lifshitz and Méller definitions. Furthermore, differ-
ent energy-momentum complexes do not provide the same energy and momentum densities
neither in general relativity nor in teleparallel gravity. We note that both general relativ-
ity and teleparallel gravity are equivalent theories, that is, the Einstein, Bergmann-Thomson
and Landau-Lifshitz energy and momentum densities of Hawking wormhole are the same
and different from zero in both theories. From above results, we have concluded that energy
is localized to the region where the energy-momentum tensor is non-vanishing. Also, our
results support Lessner’s [19] view that Moller energy-momentum complex is the powerful
concept to calculate energy distribution in a given space-times.
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