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Teleparallel Gravity with Non-Vanishing Curvature
M. I. Wanas'? , Samah. A. Ammar®*® and Shymaa. A. Refaey®’

Abstract

Guided by the rules of Einstein’s geometrization philosophy, a pure
geometric field theory is constructed. The Lagrangian used to derive
the field equations of the theory is a curvature scalar of a version
of absolute parallelism (AP-)geometry known in the literature as the
parameterized absolute parallelism (PAP-)geometry. The linear con-
nection of this version has simultaneously non-vanishing curvature and
torsion. Analysis of the theory obtained shows clearly that it is a pure
gravity theory. The theory is a teleparallel one, since the building
blocks of both PAP and AP geometries are the same. It is shown
analytically that the theory has a trivial version in the AP-geometry,
if gravity is attributed to curvature not to torsion. In the case of
spherical symmetry, solutions of the field equations give rise to the
Schwarzchild exterior field. The theory depends on two principles:
covariance and unification. The weak equivalence principle (WEP)
is satisfied under a certain condition. The work preserves Einstein’s
main idea that gravity is just space-time curvature, although it is not
a metric theory. It is shown that the theory reduces to vacuum general
relativity upon taking the parameter of the geometry b = 0.

keywords:Field theory; Geometric material distribution; General
relativity; Geometric Poisson equation; PAP-Geometry

0— Motivation:

In the context of Einstein’s principal ideas, gravity is just a geomet-
ric property of the space-time. He has constructed a successful theory for
gravity, the general theory of relativity (GR), by attributing gravity to the
curvature of Levi-Civita linear connection.

Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

L Astronomy Department, Faculty of Science, Cairo University, Giza, Eqypt.
E-mail:wanas@scu.eq ; miwanas@sci.cu. edu. eq

2 Mathematics Department, Faculty of Girls, Ain Shams University, Cairo, Eqypt.
E-mail:samah.ammar@uwomen.asu. edu. eg;samahammar@eun. eg
E-mail:Shymaa- Refaey@women. asu. edu. eg

3 Egyptian Relativity Group(ERG). URL:www.erg.eg.net.



Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

GR has many advantages and successful applications. The theory still treated
as the standard theory for gravity, so far, although it has difficulties in some
applications.

On the other hand, the teleparallel equivalent of general relativity (TEGR) is
an alternative theory of gravity. It is constructed in the context of teleparallel
geometry, the absolute parallelism (AP) geometry. The Lagrangian function,
used to derive the field equations of this theory, is a torsion scalar T'. Tor-
sion of the AP-geometry is the skew symmetric part of the Weitzenbock linear
connection. It is well known (cf.[1],[2]) that the curvature of this connection
vanishes identically. So, in the context of TEGR, gravity is attributed to
torsion not to curvature. This represents one of the differences between GR
and TEGR.

As it is well known the geometric structure used to construct GR has a
non-vanishing curvature and a vanishing torsion. On the other hand TEGR
is constructed in the AP-geometry having a vanishing curvature and a non-
vanishing torsion. However, a version of the AP-geometry, known in the
literature as the parameterized absolute parallelism (PAP) geometry, has
simultaneously non-vanishing curvature and torsion. This motivates us to
explore the consequence of writing a gravity theory using the curvature of the
parameterized Weitzenbock linear connection. This may help in reattributing
gravity to the curvature of a linear connection, preserving Einstein’s principal
ideas. In general, the resulting theory is not a metric one but a teleparallel
theory. In other words the gravitational potential is defined in terms of the
building blocks (BB) of the PAP-geometry, the teleparallel vector fields. It
can be reduced to GR under certain condition.

1 Introduction

One of the big achievements of the twentieth century is the successful theory
of gravity, the General Theory of Relativity(GR) suggested by A. Einstein in
1915 [3]. This theory has been applied successfully in the context of pseudo-
Riemannian geometry. The field equations of the theory can be written in
the form

1
R, — ng,R = —kT,,, (1)

where R, is Ricci tensor and R is Ricci scalar, both defined in the above
mentioned geometry, while 7}, is a phenomenological 2" order symmetric
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tensor giving the material distribution. The equation of motion of a free
massive (massless) particle in GR is the time like (null) geodesic equation.
This geodesic is represented by the equation,

au“
as

where U is the unit tangent at each point along the geodesic curve, S is
a parameter varying along this curve and {f,} is Christoffel symbol giving
the coefficients of the Levi-Civita linear connection. The theory has been
constructed depending on two principles: the general covariance and the
equivalence principles. It has many successful applications in the domain of
Solar and stellar systems. Predictions of GR, giving rise to new phenomenae,
are still considerable, so far. For example, gravitational waves (cf. [4]), which
has been predicted through a linear version of the theory very early in the
20" century [5], are detected recently in the present century [6].

At the end of the 20" century, it seems that large scale (cosmological)
observation contradict some of the predictions of orthodox GR. The most
famous of these observation are the SN type Ia [7], [8] . Authors have tried to
interpret these observation by modifying GR or using some exotic expressions
like ”Dark Energy”, and ”Dark Matter”. Some authors started to modify
GR by reinserting the cosmological constant in its structure (cf. [9]), or by
assuming a material distribution with certain unusual properties (cf. [10],[11,
12]). Another group of authors attempted to construct other theories of
gravity, alternative to GR.

To review these attempts from the point of view of constructing their
field equations, let us recall first the methods used to construct the field
equations of GR. The first method is the most famous one. It depends on an
action principle with certain Lagrangian function, Hilbert method (cf.[13]), to
construct the field equations of the theory. The Lagrangian function usually
used, in the context of geometry, is the Ricci scalar R. The second method
is less famous. It uses differential identities, as representing conservation, to
write the field equation. Einstein [3] has used Bianchi identities, to write his
field equations. Although the two methods seem to be equivalent, we prefer
the use of the second one.

Nowadays, there are two main streams, for choosing the lagrangian, to
derive the field equations of gravity theories, alternative to GR. The first one
is known in the literature as f(R) theories (cf.[14],[15],[16]). This stream is
running in the context of the same geometry of GR. In place of using Ricci

+{L U =0, (2)
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scalar R as a Lagrangian function, authors use a general function of R to
construct alternative theories. The main problem with this stream is that
the resulting differential equations, in application, are of 4* order which are
difficult to solve and have unstable solutions [15, 17]. The second stream
is treated by using the torsion of the AP-geometry. Many authors thought
that the (AP) geometry has vanishing curvature but non-vanishing torsion
(cf. [1]). This property is attributed to the connection used not to the whole
geometry. This point will be discussed in Section 2. GR can be constructed
in the AP-geometry by using a certain torsion scalar T, as stated above, in
place of the Ricci scalar R. The second stream is known in the literature
as f(T) theories (cf.[18], [19], [20]). Both streams use the first method, for
deriving the field equations of alternative theories, the Hilbert method.

However, there is a third less known stream running in the context of the
AP-geometry or one of its versions, e.g. PAP-geometry. This stream started
early in the seventies of the past century [21, 22]. It can be shown that the
AP-geometry and PAP-geometry each has more than one curvature and W-
tensors [23, 24]. Using scalars of such tensors as Lagrangian functions, one
can construct different theories, alternative to GR, (e.g. [22, 25, 26, 27, 28,
29]) with successful applications (e.g. [30, 31, 32, 33, 34, 35]).

As will be shown in Section 2, the PAP-geometry has the following pa-
rameterized linear connection, V¢, :

o def (o a
V wy ,uzz}—’_b’y [222) (3>

where b is a dimensionless parameter, v*,, is the contortion. Taking b = 0,
(3) covers the domain of Riemannian geometry with its Levi-Civita linear
connection. Also, if we take b = 1, (3) will reduce to the Weitzenbock linear
connection, the case of AP-geometry. As stated above, Weitzenbock connec-
tion has a vanishing curvature, but its parameterized connection (3) has a
simultaneously non-vanishing curvature and torsion. Due to the importance
of curvature in describing gravity, it would be of interest to explore the con-
sequences of constructing a field theory depending on the curvature of (3).
The resulting theory would have a trivial AP-limit, as will be shown in the
following Sections.

In constructing the theory, we confine ourselves only, to geometrization
philosophy. In particular we confine ourselves to two principles:

e (i) The general covariance principle.
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e (ii) The unification principle, which is the main important part of this
philosophy.

The later principle obliges one to write every object in the theory using
only the building blocks (BB) of the geometry used, and preventing the
use of any other object from outside. Such theories are termed ” Pure
Geometric” field theories. For example GR with field equations (1) is not
a pure geometric theory because of the use of a phenomenological T}, from
outside the geometry used. For the same reason, TEGR, f(7) and f(R)
theories are not pure geometric. On the other hand, GR in free space (
from which most of the advantages of the theory are obtained), is a pure
geometric field theory. Physical contents of such pure geometric theories are
not known before analyzing the theory. In the present article we give three
different methods for analyzing the theory. In such theories we are not going
to impose any restrictions from old theories or laboratory physics on a pure
geometric theory unless when dealing with special cases. Also we do not
assume that terrestrial laboratory physics is the physics running, especially
in stellar interiors or generally in the cosmos. Our goal is to explore physics
resulting from geometry, providing that it reduces to laboratory physics under
certain conditions.

The article is arranged as follows, a brief account on the PAP-geometry
is given in Section 2 . In Section 3 we select a Lagrangian density using a
commutation relation and apply a variational method to construct the field
equation of the theory. The physical meanings of the geometric objects,
emerged from the equations, are extracted in Section 4, using three different
methods. Solutions with spherical symmetry are given in Section 5. The
work is discussed and some concluding remarks are given in Section 6.

2 A Brief Review of PAP-(GGeometry

A PAP-space (M, )) is an n dimensional smooth manifold M, and at each
point we define n globaley independent vectors \ (i = 0,1,....,n—1) 1. Since

these vectors are linearly independent, the n® matrix \* is non-degenerate

lin the present article we use Greek indices to characterize coordinate components and
Latin indices for vector numbers. For more details about PAP-geometry the reader is
refered to [36] and [37].
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i.e det(\*) = X\ # 0. Consequently, the covariant components of the above

mentioried vectors, \q, can be defined such that:
AN =0y : NN = 05 (4)
) 7

Note that Einstein summation convention is carried out over repeated latin
indices wherever they appear in each term.

In order to facilitate comparison with metric theories of gravity, specially
GR, using the above vectors, one can define the following symmetric tensors:

Guv = Nij )\u )\V ) gMV = Nij )\M )\Va (5>
1] )

where n;;(= diag(+1,—1,—1,—1)). Due to the above mentioned properties
of the vector fields )\, the tensors defined by (5) satisfy the relation

9" Gua = 55 (6)

It can be shown that these tensors possess the same properties of a metric
tensor and can be used to define a pseudo-Riemannian structure (M, ¢g) with
its Levi-Civita linear connection preserving metricity, given by,

o def 1 oo
,ul/} = 59 (g;w,u + Gov,u — g,w,a)- (7)

In addition to the Levi-Civita linear connection (7), one can define another
linear connection, the Weitzenbock connection, by

T A A ®)

= /O,:l/} + 7auu
where commaf(,) is used for ordinary partial differentiation, v, ( o A Naw)
(2 (2

is the contortion and the semi-colon is an infix covariant differential operator

carried out using (7). It has been shown that the connection (8) preserves

metricity (gagly = 0) and parallelism (A3 = 0 = \qj3) (cf.[2]). Since the
+ i+ o+

def

Weitzenbock connection (8) is non-symmetric, its dual T, ( = T',,) and
its symmetric part,
a def 1 «a «a
I (wv) — §(F ,UJ/—"_F VH,)7 (9>
6
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are both linear connections.

So far, we have four natural 2 linear connections, {fju}, ', f‘o‘m, and
['*(,y. Combining these four connections linearly and imposing some condi-
tions, one can get the result [36]

Vo = {07, (10)

where b is a dimensionless parameter. It is easy to show that the object given
by (10) is a metric linear connection [37]. This connection will be called pa-
rameterized canonical connection or parameterized Weitzenbock connection.

It is clearly non-symmetric, so its dual @O‘W( = V%,.) and its symmetric
part

Vo L v, v 11

(wv) = 5( po + w)v (11)

are linear connections. This adds three linear connections, V¢,,, ﬁo‘u,, and
V(uw), to the above mentioned four connections.

Now we have the following important notes.
Note 1: The parameterized linear connection (10), characterizing the PAP-
geometry, has the following properties:

- If b = 0, (10) reduces to (7) covering the domain of pseudo-Riemannian
geometry.

- While b = 1, (10) reduces to the Weitzenbéck connection (8) characterizing
the (AP)geometry.

So, the pseudo-Riemannian and the AP-structures are just special cases of
the PAP-geometry.

Note 2: It is worth of mention that the PAP-geometry has the same BB as
the AP-geometry.

In what follows, we are going to use the semicolon (;), stroke (|) and double
stroke (||) as infix operators for tensor derivatives using the connections (7),
(8) and (10), respectively. As the connections (8), (10) are non-symmetric,
each will be associated with three tensor derivatives. We are going to charac-
terize the last two infix operators by a(+) sign, a (-) sign and without signs
to distinguish between tensor derivatives using the connection (8), (or (10))

2natural here is used to characterize objects constructed only from the building
blocks(BB) of the geometry. In the present case the BB are the vector fields ).
1
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its dual and its symmetric part, respectively.
For example, if A, is an arbitrary covariant vector field defined in the PAP-

space, one can write

def e
Alj”y = A,u,u — AV pv e (12)

Again since (8) is non-symmetric, torsion A%, contortion v*,, and the basic
vector C), of the AP-space can be written, in the AP-space as (cf. [1]),

« - (e} (07 _ (07 «
A% =T =T =7 — 7o

a def a a «a
j Mcyi f: %(A /“/_AHV_AV u)' (13)
OM = fyaua = Aa,ua
It can be easily shown that 3

A, €A,
*o o def b~ (14)
Yovp = 07
c, b,

which are the torsion, contortion and the basic vector of the PAP-space,
respectively. It is obvious that(14) reduces to (13) upon taking b = 1.
Now consider the following commutation relations

Au\ua - A,u|0y = AaMa,uzla - A}L|a Aal/0'7 (15>
+ + +

*

AHHVO' - A/t||0'1/ = AocMauuU - AMHoz Aaua- (16>
+ + +

The tensors M, ]\j[ represent the curvature tensors of the AP and PAP linear
connections (8),(10), respectively.

Note 3: It can be easily shown that ]\*4 — M as b — 1. Also it is well known
that M®,,, is identically vanishing because of (8) (cf. [1]). So, a field theory

constructed using M“ ., would have a trivial limit in the AP-geometry. This
is the cornerstone of the present work, and will be discussed in Section 6 .

3From now on, we are going to decorate tensors by a star if the parameter b generally
appears in its structure.
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3 A Suggested field theory

In what follows, we are going to construct a field theory in the context of
the PAP-geometry which is briefly reviewed in Section 2. In general, we are
going to relay on two important principles:

1. General covariance principle,

2. Unification principle [29] which means that all physical entities related
to the theory are to be defined from the BB of the PAP-geometry, \.

This will be discussed in Section 6. Z

This principle can be considered as an explicit statement of geometriza-
tion philosophy [38] which can be summarized as follows [2] ”"To understand
Nature, one should start with Geometry, end with Physics”.

In the context of the above mentioned philosophy, we have three impor-
tant rules to be followed:
rule 1: Physical quantities are represented by geometric objects.
rule 2: Physical conservation laws are just differential identities in the ge-
ometry chosen.
rule 3: Physical trajectories of test particles are geodesics of connections.

3.1 The Field Equations

In the present Subsection, we construct the field equations of the theory using
the second method mentioned in the introduction, the differential identity
method. So, it is important to find such identities in the PAP-geometry.
Fortunately, Dolan and McCrea in 1963 [39] have suggested a variational
method to look for identities in Riemannian geometry. This method has
been modified to suite the AP-geometry [21], [22]. The result is the general
differential identity of the AP-geometry,

"
E l/|/—L

0, (17)

where E*, is a non-symmetric tensor defined in terms of the BB of the AP-

geometry as
1 0L
pr, 22 18
J
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and % is the Hamiltonian derivative of the Lagrangian density £ defined

by
oL def oL 0 oL

e ONe 8aza(a)w,a
J J J

)- (19)

The Lagrangian density £ is defined using a Lagrangian function L as

£ L (20)

L = L0y Ao (21)

The differential identity (17) is a general identity. It can be considered as
a generalization of Bianchi differential identity. In the case of the PAP-
geometry, it can be easily shown [40] that(17) holds. The proof is easy if we
consider note 2, which states that the BB of the AP and the PAP geometries
are the same 4. The difference is that we decorate the objects E*,, £, L
appearing in expressions (18), (19), (20), (21) using a star. Then the identity
(17) can be written in the PAP-geometry as

Following rule 2 mentioned above, we consider the differential identity (22)

as conservation of the entities represented by E*,. Immediately, the field
equations of the theory can be written, in general, as

Now, for the present work, we are going to use the curvature, of the param-
eterized linear connection (10), defined from the commutation relation (16).
This can be defined in terms of (10) as,

def

Mauucr = Va;m',u - va,uu,o' + veuavaeu - Veuuvaeo ) (24>

which we use to construct our Lagrangian function. Substituting from (10)
into (24) and contracting this tensor twice, we get after some reductions

]\*4 - R ‘I‘ (5656 - :;/Owe :;/61/04) + 2bCa;O¢7 (25)

4This has also been proved using theorem-1 of [40].

10
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where R is Ricci scalar defined completely from Levi-Civita connection (7).
The scalar curvature (25) can be considered as the Lagrangian function for
the present work. The corresponding Lagrangian density can be written as

M =AM,
=\ R+ A (666*15 - ;aue ;euo) (26)
+2b )\ O

As it is well known, the last term gives no contribution to the variation
results. Then (26) can be written in the equivalent form,

* * *
€

M=XAR+A(CCe—T"c Vra)- (27)

It can be easily shown that the Lagrangian density (27) vanishes identically
in the AP-geometry. This will be discussed in Section 6. Considering (27)
as the Lagrangian density for the theory and using the following derivatives
necessary to evaluate the Hamiltonian derivative (19), we have

I J(\R)
= = + A PNCHC, — 2 XCPC, + 2 \“CHAP o 4+ NPy o
OXg  ONs j j j f
J J
+2 29" 1 e = 2 X9 o e, (28)
J J
* I(\R)
oM
_ +2)\b2 )\a VBC'V o /\5 VaOV . )\e v aue . 29
Thoe Do [jg X' XA ] (29)
J J

Then substituting from (28), (29) into (19), we get

5/\*4 J(\R) 9 J\R)

5 \s = Dxs  01% O \ga
J J J

)+)\62[ABCMCN_2 )\acﬁca+2 )\acuAﬂaM+)\ﬁ76ua7aeu
j J J j

0
+2 )\Eguyvﬁuaﬁyaue_Q )\Ggﬂyﬁyﬁua’yaeu] __(2 )\bQ[)\aguﬁcy_)\ﬁguacy_/\eguﬁfyaye})’
j j Oz~ j j j

11
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where the first term in the above relation represent a Hamiltonian derivative
of Ricci tensor R with respect to )\,. For the Ricci scalar R, it is easy to
J

show that,

S(\R) 5(/=3R)

N — 9V

i 0N\ 0
J

)

where ) is replaced by y/—g according to (5) and it is well known that (cf.
[4])
1 5(\/ _gR) = _Qm,
vV —4 5g;w

Then we can write (23), after some rearrangements, as °

]\}VO' déf - 2GV0’ + b2 [gua((l - Qb)CuCM + ’Veuo/yaeu + ZCMHM) + 2(b - 1)70[60'761/04
+

+2(1 = 2)Cevse = 20, + 207 007" 0 + 27 ool (30)

*
It is to be noted that the tensor M, is subject to the differential identity (22)
so, according to the scheme outlined above we can write the field equations
(23) of the present theory as,

*

Myo = 0. (31)

It is worth of mention that the tensor vo, given by (30), is in general non-
symmetric and is formed completely from the BB of the PAP-geometry. So
the field equations of the theory (31) satisfy the two principles mentioned at
the beginning of the present Section.

3.2 The Equations of Motion

According to rule 3, modified geodesic resulting from the parameterized
connection (10) can be used to study trajectories of test particles moving
in the field given by the field equations. These curves are governed by the
equation [36, 37]

d*z> dzt dz¥ o Azt dx”

R A W et 2
dr? + ‘“’} dr dr b A dr dr’ (32)

5 M, is used in the place of E,. for the present work.

12
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where 7 is a parameter varying along the curve. The R.H.S of this equation
represents torsion effect on the curve and b is the same parameter of (10).
Also, equation (32) satisfies the above mentioned two principles. Note that
the curve (32) reduces to the geodesic (2) upon taking b = 0, as expected.

4 Extraction of Physics from (Geometry

So far, all objects appeared in the treatment are pure geometric objects
constructed from the BB of the PAP-geometry. In the present section, we are
going to consider rule 1 given in Section 3. It is of importance to attribute
physical meaning to the geometric quantities admitted in the theory. In
order to do so, we are going to use three different schemes usually used in
such theories (e.g. [27, 29]).

In particular, the aim of the present section is threefold. First, is to
get physical meaning for the pure geometric objects of the suggested theory,
which is done in subsection 4.1. The second is to get the relation between the
values of any geometric quantity when written in geometric units and when
written in physical units. This is done in subsection 4.2 which facilitates
conversion between units. The third (subsection 4.3) is a covariant scheme
suggested to classify geometric structures, physically, in the context of the
theory.

4.1 Comparison with Non-linear Theories
The symmetric part of the field equations (31) can be written as

* def 1, *

M) & 5(Muo + Ma) = 0. (33)

Using the definition of ]\*4 vo given by (30) and the second order tensors defined
in Table A.1, equation (33) can be written in the form

1 *
sza - §guch = Tl/(77 (34>

where,

x qef L1
Tua d:f (§)b2{gvo{_a —w+ ‘9] + wuo - 01/0 - ¢Z/O' + QWVU}‘ <35>

13
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Note that the L.H.S. of equation (34) can be obtained using Christoffel sym-
bols alone. This is not the situation with the R.H.S. of (34) given by (35).
This is an important point which will be discussed in Section 6. The sym-
metric part of the field equations is written in the form (34) in order to
facilitate comparison with the corresponding equation of GR (1). From this
comparison we can extract the following physical meanings:

e (i) The tensor g,, is the gravitational potential.

e (ii) The tensor T,, is a geometric energy-momentum tensor for the
present theory, defined from the BB of the geometry used.

e (iii) The tensor 7*7,,0 is the source of the gravitational field described by
Einstein tensor, the L.H.S of (34).

e (iv) Due to (22), the tensor T,, satisfies a differential identity and
consequently conservation. This can be shown as follows. As a conse-
quence of theorem-2 of [40], the identity for the symmetric part of the
field equations takes the form,

From the symmetric field equations (34) we can write,
]\*4(1/0) déf Gve — j‘:,z/o = 0.

Using theorem-2 of [40] we can rewrite the identity for the above equa-
tion as

GVU;V _ jkvl/a;y 0.
Consequently,
T, =0, (35.a)

)

which has been proved in detailed in [40], and shows that the 7"
satisfies conservation.

Similarly, the skew part of the field equations (31) can be defined by

* def 1 * *
Mivo] = 5(Mvs = Mov) = 0. (36)

14
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Again, using the skew tensors defined in Table A.1, we can write (36),
after some reductions as

* def
M[z/a] = (62 - 1)(5110' + Nve — XVO') =0. (37)

But, we have the algebraic identity (cf.[1])

Evo + Nve — Xve = 07

then the skew part of the field equation is satisfied identically and the
suggested theory represents pure gravity. This point will be discussed
in Section 6.

4.2 Linearization Scheme

In order to gain more clear physical information about the present theory,

one has to compare it with linear field theories. Since the present theory is

highly non-linear in the general potential ),, one has to linearize its equations.
7

This can be done using the following linearization scheme [21], [41]. Let the
generalized potential be written as

7

Au = Oip + € hy, (38)

where '€’ is a small parameter compared to unity and h, are functions of the

coordinates. Using the definitions of the geometric objects given in Section 2
and the form (38), we can expand all such objects in terms of the parameter
‘e’ as follows
0@ @

Q:€Q+6Q+€Q+ ......... , (39)
where Q is any geometric object defined from the BB of geometry used. A
list of geometric objects expanded as (39), is tabulated in Table A.2 in the
appendix. Consequently, the metric tensor g, (cf.[41]) will take the form

G = Ny + Yy + €035 I ]}m (40)
where et
Yuv = Niv }ilu + Uy élu' (41)
15
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Also, the linearized form of the determinant ) (cf.[29]) can be written as:
A=1+e(ho+ h1+ ha+ hs)- (42)
o 1 2 3

The linearized form of the symmetric part (34) may be written as:

1
(1) 1 @ (*)

Rus — 5771/O'R = Tvo, (43>

the superscript (1) above tensors is used to indicate linearity.
Equation (43) may be written in another equivalent form as:

(1) 1)
(1) * 1 *
Ruo =Tvs — 577V0'T7 (44)
where,
(1) (1)
T % ¢ T (45)

For the material energy tensor which is defined in (35), we can write it,
to the first order (using Table A.2), as

qk) b2 1) (@ (1)

Tz/a' — 5(7’]1/0' 6 - 6110’ + wyo')' (46>

Consequently the scalar 7*’ (45) has the form

(i) B2 o )
T:E(SG + ). (47)

Note that ¢ = —0 (cf.[29]), then (47) can be written as,

Yoo
T = -y =14 (48)

Substitute from (46), (48) in the R.H.S. of (44) we get,

(1) (1)
X 1 * 2 M (1)
Tve = Mol = & (?ﬁw— QVU)' (49>
2 2
16
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The L.H.S. of (44) can be written as (cf.[4]) ;

(D) 1

Rya — 5(:%/0,0104 + yaaﬂ/()' - yI/CM,O'CM - yo'a,l’a)'

Substitute from (50), (49) into (44), we obtain

yua,aa + yocoz,ua - yua,aa - yaa,ua = b2(¢yo’ - 8 1/0)-
For v = 0 = 0, the above equation reduces to

1 (1)
Yoo,aa = b2(¢00 — 0 OO)a

i.e.
(1) (1)
Dyoo = b*(Y g9 — 0 00),
where,
2 &f _o? 0? 02 92
T 092 a@=h)? 0(=2)? (=3P

Taking into consideration the assumption of a static field

Yoo

010 0,

and recalling that [1],

O @ W
0ve = C’1/|jtr + Ca\i — Qoo = 07

then equation (52) reduces to

) 2(1)
V=Yoo = 0" g,

where,

(50)

(51)

(52)
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But the classical Poisson equation (cf.[4]) for gravitational potential ¢ within
a fluid of density p is given by :

Vi = dmyp, (54)

where v is Newton’s gravitational constant. By comparing the two equations
(53), (54) we can conclude that: ygo is the classical gravitational potential
and gy represents the fluid density in certain units. Consequently, we can
assume that g is a geometric representation of fluid density in the linearized
scheme. In case of ¥y9 = 0 or b = 0 equation (53) will reduce to;

VQyOO =0, (55)

which is similar to Laplace equation (cf.[4]) describing the gravitational field
in empty space, (again, with yo representing Newtonian potential ).
Equation (53) shows that the component vy, has the correct geometric
units of matter (energy) density. On one hand the L.H.S. of this equation
has the geometric units cm ™2 ( note that the potential ygo is dimensionless).
So, 19 would have the same geometric units. On the other hand the density
(-2i2-) has physical units gm em ™3, so its geometric units would be em =2, as
mass is measured geometrically in ¢m units. Therefore, 1y has the correct
units of density. Furthermore, the matching between the pure geometric
relation (53) and the physical relation (54) gives a conversion between the

two systems of units.

4.3 Type Analysis

This method was first suggested in 1981 [41] in order to physically classify
AP-geometric structures. It has been reformulated for different geometric
field theories (cf. [27, 28, 29]). Now, we are going to reformulate this method
to suite the present field theory. Let us define the tensor,

Soo & 22wy — Buy — b2guela + wl. (56)

The expansion formula for this tensor starts with 2" order terms in ’e’. In

other words ,(56) has neither zero nor 1% order terms in ’e’ (see Table A.2).
So, we can rewrite (35) in the form,

* e 1 *
T%ihywﬁw+ﬁmfw%w+&g. (57)

18
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Then from (30), (56) and (57) we can write the type analysis of (34) in the
following table (G is a code for gravitation). The importance of this method
appears clearly in applications ( e.g. see Section 5).

19
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Table 1: Type Analysis

Tensors Physical Meaning Code

M e =0 No gravitational field GO

* *

Mo #0,Tye =0  Gravitational field in empty space ~ GT

]\*4 Yo # 0, 7*”,,0 #0, Gravitational field within
§w =0 a material distribution GII
]\*4 Yo # 0, 7*”,,0 # 0, Strong gravitational field GIII
§w # 0 within a material distribution

The procedure of type analysis depends on Table A.2 in the Appendix.

5 Spherical Symmetric Solution

In the case of n = 4, the standard tetrad (BB of AP or PAP) having spherical

symmetry has been constructed by Robertson [42]. It can be written in the

matrix

A Dr 0 0
0 Bsinfcosp Zcosbcosy _fs isrilne“’

i\“ “ | 0 Bsingsing Bosfsing Bese |0 (58)
0 Bcosb ’TB sin 6 0

(the coordinate system used: 2° = t, 2! = r, 22 = 0,23 = ¢).
The unknowns A, B, and D are functions of the coordinate () only.

6Rows in the matrix are characterized by i =0, 1,2, 3.

20
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Using (5) and (58), the metric tensor of the pseudo-Riemannian space asso-

ciated with (58) can written in the form

Br g 00
Juv = 0 0 ;_22 0 (59)
0 0 0 —ri

Using the tetrad components (58), to evaluate the tensor defined in Table
A1 and write the field equation (31), we get the following set of differential
equations:

Mo : 2(0? — 1) E2) [ _4BB/(B? — 2D%2) + 2BB'DD'r® — 3B2Dr

—2B?DD'r* — B”*r(—=3B? + 5D?*r?) + 2BB"r(—B?* + D?*r?)] = 0,

Moy : 2(0* — 1) 52 [ABB'(B? — 2D**) — 2BB'DD'r® + 3B*D*r
+2B?DD'r* — B”*r(3B* — 5D*?) + 2BB"r(B? — D*r?)] = 0,

My @ 2(0° — 1) [2AB3 B + 3AB>D*r + 2AB>DD'r?> — 8ABB' D*?
+2A'B* — 2ABB'DD'r?* + 5AB?D?*® — AB?B"™r (60)
—2ABB"D** — 2A'B'B| = 0,

Mas 1 2(0° — 1) o [AB°E 4 A2B3B" + A2B2(3D? + 6D D'r + D)
—8A2BB'D?*r — A’B?B? — 5A2BB'DD'r* — 2A BB’ D*r? + 5A2B? D>
FANBL 4 AA'BD?r + 3A'B'ABD** — 3A'AB*DD'r?

+(B% — D*2)(A"AB? — 2A”B?) + A2B2DD"r? = 0

M33 = SiIl2 0 M22.

Vs

The above set of equations has many solutions, let us review and study some
of these solutions:
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(1) Equation ]\*401 = 0 of the set (60) is satisfied if D(r) = 0. Consequently,
substituting D(r) = 0, in the set (60), then it will be reduced to,

(61.a)
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« B/ A/ B/Q A/B/

P 2— 42— —— =2 =0 61.0

Mus 2 e~ ~ g (61.5)

% B/T B”7"2 B/27,2 A,T A”?“Q A/27“2
: — — —2 =0 61.

Ma: gt =g =g Tt a — 0 (69

Mas = Maasin0. (61.d)

Note that the above set holds for any value of b except b = 1. Equation
(61.a) can be written in the form,

d(B'B~2r?)
—=0. 62
= (62)
After double integration, we get,
c _
B= (§+c2) 2 (63)

where ¢; and ¢y are arbitrary constants of integration. Substituting
from (63) into (61.b) and integrating we get,

_|_C_1
A:cg<c2—g;>, (64)
CQ_Z

where c3 is an arbitrary constant of integration.

In order to compare the results obtained with those of GR, under sim-
ilar conditions, we have to write the metric of the pseudo-Riemannian
space associated with the structure (58). Using (59), (63), (64) and
(5), we can write the metric of pseudo- Riemannian space, associated
with the structure (58), as

cy — & c

dr? = (es(—22)) 72 dt2—(2—1 +eo) ! (dr +72d6% +-1* sin” 0 dg”). (65)
Co — 5 r
Choosing ¢; = —m, ¢3 = 1,¢3 = 1 then (65) will reduces to
dr® = (——2)2 @ — (14 o) (dr® + %d6° + 1* sin® 0 dg?),  (66)
1+ o 2r

where 7 is the proper time. The expression (66) is identical with the
metric of Schwarzchild exterior field, in isotropic coordinates, in the
case of GR.

"Note that Lorentz signature (+2) corresponds to the affine parameter (s), while (-2)
corresponds to the proper time (7). The relation between them is ds = icdr.
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(2) If we assume that A = a3, B = ag,D # 0, where ay, ay are non-

vanishing constants, then the set (60) will reduce to

2% — 1)(2242) (=3D% — 2DD'r?) = 0,

20> = 1)(:25)(=3D%* — 2DD'r?) = 0, .
2(0* — 1)(=2-)(=3D* — 2DD'r?) = 0, (67)
2(0° —1)(L&)(—=3D* = 6DD'r — D"r* — DD"r?) = 0.

As (0> —1) # 0 ,D # 0 and r # 0, then the second equation of set of
equations (67) reduced to

3D +2D'r =0,

which has a solution D? = %, that satisfy all equations in the set (67),
where ¢4 is a constant of integration.
Again using (59) and D* = % we get,

1 2 1 2 2 (in2
dr? = (— ——2 Y —— [ Ddtdr——dr?— o - )
T

a?  aq?adr a3 a3 a3 0%
(68)
To remove the cross term, we use the coordinate transformation (cf.
[43])
- o
t=t+ h(r), R =2, where h(r) o f @dr,
2 5 )

(31
then the metric(68) will reduce to

dr® = ! c

)dt* — dR*— R*d0* — R? sin® 0 d¢*. (69)

a2 a2a3R (1-— acg4R)

By substituting a3 = 1, ag = 1 and ¢4 = 2m in (69), we get

2m
drr=(1- "y -
7= r) (1 2m)

T

dr® — r*df* — r*sin® 0 d¢?, (70)

by omitting the hat () in (70) then the above metric will become,

2m
drr=(1-yarr - ——
= T) (1 2m)

T

dr® — r*df* — r®sin® 0 d¢?*, (71)

which gives rise, again, to the Schwarzchild exterior field of GR, in its
standard form.

The above results imply that the present theory is reduced to GR in the
special cases given above. This point is further discussed in Section 6.
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6 Discussion and Concluding Remarks
1- The theory suggested in this article has the following properties:

e (i) It is a teleparallel theory since the BB of the geometry used (see
note 2 of Section 2) are the vectors )\, subject to the condition

).\,U\l/ = 07
7+

giving rise to the linear connection(8), which implies teleparallelism.

e (ii) It is a pure gravity theory as shown from the analysis carried out
in Section 4. This point is further supported by the solutions, obtained
so far, for its field equations in the case of spherical symmetry (see the
metrics (66), (71)).

e (iii) The theory re-attributes gravity to curvature, which in the present
case the non-vanishing curvature (24) of the parameterized Weitzenbock
connection (10). This preserves Einstein’s main idea that gravity is just
space-time curvature.

2- The theory is valid for any value of the parameter ’b’ except for b = 1 (the
case of conventional AP-geometry). For example, as mentioned in Note 3
Section 2 the curvature (24) reduces to zero as b = 1, and consequently the
Lagrangian (27) vanishes identically. As a conclusion, the theory is trivial in
absolute parallelism geometry, although it is teleparallel as shown in point
1, above.

3- For b = 0 we get the following results:

e (i) The parameterized Weitzenbock connection (10) reduces to Levi-
Civita connection.

e (ii) The identity (22) reduces to Bianchi identity, (theorem 2 in [40]).
e (iii) The Lagrangian function of the theory (25), reduces to Ricci scalar.

e (iv) The equations of motion (32) reduce to the geodesic equation (2),
preserving the WEP.
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e (v) The field equations (34) reduces to the Einstein field equations in
free space
R,, =0.

4- The field equations of any theory written in the AP-geometry or one of
its versions in four dimensions, are solved for sixteen field variable, ),. The
(2

field equations of the present theory (31) are sixteen in number. Six of these
equations (37), are satisfied identically. So, we are left with the ten equations,
(34), but with a geometric energy-momentum tensor (35).

5- The absence of any interaction other than gravity, in the present theory,
is due to the identical vanishing of the skew part (37) of the field equations.
This is a direct consequence of the algebraic identity between some skew
tensors of Table A.1. .

6- The tensors on the R.H.S. of (35), and consequently 7,,, can not be
defined using Levi-Civita connection only. They are defined using torsion (or
contortion) as clear from their definitions (see Table A.1). For this reason
they are attributed to physical meaning different from these of the L.H.S. of
the field equations (34). In other words, the tensors in (35) represent the
material distribution responsible for the gravitational field on the L.H.S. of
(34).

7- Considering the ” Unification Principle” mentioned at the end of Section 2,
it is necessary but not sufficient principle for the goal of unifying fundamental
interactions. This principle means simply that all physical entities are to be
constructed using BB of the geometry used. In particular, in the present
work, this principle gives the possibility of writing the material energy tensor
(35) in terms of the BB of the PAP-geometry. As an important result, a
geometric form of Poisson’s equation (53) is derived in the Linearized regime
of the theory.

8- The following table gives a brief comparison between GR, TEGR ( cf. [44],
[45]) and the theory suggested in the present work.
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Table 2: Comparison between GR, TEGR and the present work.

H Criteria H GR ‘ TEGR ‘ Present work H
Geometry pseudo-Riemannian AP PAP
BB mz %u /z,\u
Linear connection Levi-Civita Weitzenbock parameterized
Weitzenbock
Curvature v X v
Torsion X v v
Momentum-energy || phenomenological | phenomenological geometric
Effect of torsion no effect force spin-torsion
on motion interaction
v :nonvanishing, X:vanishing

9- In view of the structure of the theory suggested in this article, it is easy to
conclude that flat space tetrad represents neither fields nor matter (energy).
This is clear from equation (3 .8). The second term, on its R.H.S. represents
deviation of the tetrad from its flat space values ( € is a small parameter).
Taking € = 0 we get the components of the flat space tetrad ( diagonal case).
Substituting these components into the linear connection (10) leads to the
identical vanishing of all components of this connection. Consequently, all
components of its curvature and torsion identically vanish. It is easy to show,
in this case, that all components of tensors listed in Table A.1 will identically
vanish as they all depend on torsion ( or contortion). This gives the above
mentioned conclusion.

Finally, let us stress on two important points, that are usually taken into
account in pure geometric field theories. The first point is that, in general,
geometry has no physical meanings without a field theory. Physics is at-
tributed to geometric objects, through the theory, satisfying certain relations
or conditions. In the situation of seeking solutions for some problems using
a theory, we are not obliged to get theoretical relations identical with those
obtained from local laboratory physics. All what we need, in general, is that
such relations reduce to local laboratory relations under certain conditions.
We do not assume, a priori, that laws of nature are identical with laws of
laboratory physics, laws that emerged in a narrow region of space-time. We
consider the geometrization philosophy as a possible avenue for physics to be
more near to nature. The second important point is that, for pure geometric
field theories, field equations are just mathematical restrictions on the field
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variables (the BB of the geometry used). In addition we consider physical
quantities to be just definitions in terms of the field variables.

Appendix A

Table A.1: Second Order World Tensors [1]

Skew-Symmetric Tensors Symmetric Tensors
b
v a
" pur |+
def o
CMV = COé IYMV
def def
Nw = Ca Aa,uz/ ¢,u1/ = Ca Aa,uu
def def
== AOC [ = AO( [
Xpaw |+ Vv |+
def def
g =C ., -C u 0 =C . -+ C H
nv pl+ v|+ e pl+ v|+

def def
Ruy = Va#ﬁeay - Val/e’yeau Wuy = fya,ue’yﬁaz/ + fyal/e’yeau
def . o
Wy = Y pa ve
def a
ap e

O = 7
a, = C,C,

€

def

where,
def

A% = Y 7%
This Table has been extracted from reference [1]. It contains all 2"¢ order
tensors associated with any AP structure or PAP structure apart from the
parameter b. These tensors are of special importance in applications.
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Table A.2: Expansion of the geometric objects [21].

Geometric
Objects

Terms
of 0-order

Terms

of first order

Terms
of second order

Terms
of third and higher orders

Au

v

v

X

X

Xpv
Epv

v
ymy
K

I J]}:X XXX :XX X ™I X XK (XX XXX XX NN NS

R NN R NN N N N N N NN YN NN

N N N N N N N N N N N N N N NN N NN

AN N N N N N N N N N N N N N N NN NN

This Table has been extracted from reference [21]. Tt lists the results of
using the expansion formula (39) for different geometric objects. The Table
is theory independent.

28



Page 29 of 32

Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

References

1]

2]

[11]

[12]

F. I. Mikhail, ” Tetrad vector fields and generalizing the theory of rela-
tivity,” Ain Shams Bull. 6, 87-111, (1962).

M. 1. Wanas, ” Absolute parallelism geometry: Developments, applica-
tions and problems,” Stud. Cercet. Stiin. Ser. Mat. 10, 297-309, (2001),
arXiv:0209050[gr-qc].

A. Einstein, " The field equations of general relativity,” Sitz. Preuss.
Akad. Wiss., 844-847, (1915).

R. Adler, M. Bazin, and M. Schiffer, "Introduction to General Rela-
tivity,” McGraw-Hill, NewYork, NY, USA, 2nd edition, (1975).

R. C. Tolman, ”Relativity Thermodynamics and Cosmology” Oxford
University Press, (1934).

B. P. Abbott, and R. Abbott et. al, ” Observation of Gravitational Waves
from Binary Black Hole Merger,” Phys. Rev. Lett. 116, 061102, (2016).

S. Perlmutter, ” Supernovae, Dark Energy, and the Accelerating Uni-
verse,” Physics Today, April 2003, 53-60, (2003).

A. G. Riess, A. V. Filippenko, and P. Challis et. al, ” Observational
evidence from supernovae for an acceleratingu universe and a cosmolog-
ical constant,” Astrophys. J. 116 , 1009-1038, (1998).

S. M. Carroll, ” The cosmological constant,” Living Rev. Relativity, 4,
p.1, (2001).

J. Cepa, ” Constraints on the cosmic equation of state: Age conflict ver-
sus phantom energy,” Astron. Astrophys. 422, 831-839, (2004).

ZK. Guo, YZ. Zhang, ” Cosmology with a variable Chaplgyin gas,” Phys.
Lett. B, 645, 326-329, (2007).

G. G. L. Nashed, ” Gravitational collapse with standard and dark energy
in the teleparallel equivalent of general relativity,” Chin. Phys. B. 21,
No. 6, 060401-060407, (2012).

29



Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

R. M. Wald, ” General Relativity,” The University of Chicago Press,.
Chicago, (1998).

G. J. Olmo, " Limit to general relativity in f(R) theories of gravity,”
Phys. Rev. D, 75, no.2, Article ID 023511, (2007).

T. P. Sotiriou and V. Faraoni, ” f(R) theories of gravity ”, Rev. Mod.
Phys. 82 no.1, 451-497, (2010).

A. de Felice and S. Tsujikawa, " f(R) theories,” Living Reviews in
Relativity, 13, n0.3, (2010).

M. Ostrogradksi,” Memoires sur les equations differentielle relatives
au problemedes isoperimetres”, Mem. Ac. St. Petersbourg VI 4, 385,
(1850).

Y. Zhanga, H. Lic, Y. Gongb, and Z. Zhua, ” Notes on f(T) theories,”
Journal of Cosmology and Astroparticle Physics, 7, article 015, (2011).

G. G. L. Nashed, " A special exact spherically symmetric solution in
f(T) gravity theories,” General Relativity and Gravitation, 45, no.10,
1887-1899, (2013).

G. G. L. Nashed, ” Spherically symmetric charged dS solution in f(T)
gravity theory,” Phys. Rev. D, 88, Article ID 104034, (2013).

M. I. Wanas, " A generalized field theory and its applications in cosmol-
ogy,” Ph. D. Thesis, Cairo University, (1975).

F. I. Mikhail, and M. I. Wanas, " A generalized field theory, I: field
equations,” Roy. Soc. London Proc. Ser. A, 356, 471-481, (1977).

N. L. Youssef and A. M. Sid-Ahmed, ” Linear connections and curvature
tensors in the geometry of parallelizable manifolds,” Rep. Math. Phys.
60, 39-52, (2007).

N. L. Youssef, W. A. Elsayed, " A Global Approach to Absolute Paral-
lelism Geometry, Rep. Math. Phys.72, 1-23, (2013).

M. I. Wanas, and S. A. Ammar, ”Spacetime structure and electro-
magnetism,” Mod. Phys. Lett. A, 25, 1705-1721, (2010), arXiv: gr-
qc/0505092.

30

Page 30 of 32



Page 31 of 32

Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

M. I. Wanas, N. L. Youssef, and A. M. Sid-Ahmed, ” Teleparallel La-
grange geometry and a generalized unified field theory,” Class. Quantum
Grav. 27, Article ID 045005 (29 pp), (2010).

M. I. Wanas and Mona M. Kamal, ” A Field Theory with Curvature and
Anticurvature,” Advances in High Energy Physics, 2014, Article ID
687103, (2014).

M. I. Wanas, N. L Youssef, and W. E1 Hanafy, "A pure geometric
theory of gravity and a material distribution,” Grav. Cosmol., 23, no.2,
105-118, (2017), arXiv:1404.2485v3 [gr-qc].

M. I. Wanas, Samah N. Osman, and Reham I. E1-Kholy, " Unification
Principle and a Geometric Field Theory,” Open Phys, 13, 247-262,
(2015).

M. 1. Wanas,” Ageneralized field theory: charged spherical symmetric so-
lution,” International Journal of Theoretical Physics, 24, no.6, 639-651,
(1985).

F. I. Mikhail, M. I. Wanas, and A. M. Eid, ” Theoritical interpretation
of cosmic magnetic fields,” Astrophys. Space Sci. 228, 221-237, (1995).

A. A. Sousa, and J. M. Maluf, ” Gravitomagnetic effect and spin-
torsion coupling,” General Relativity and Gravitation, 36, no. 5, 967-
982, (2004).

R. S. Souza, and R. Opher, ” Origin of 10> — 10'% G magnetic fields
in the central engine of gamma ray bursts,” JCAP, 2010, 22, (2010),
aXriv:astro-ph/0910.5258.

R. S. Souza, and R. Opher, ” Origin of intense magnetic fields near black
holes due to non-minimal gravitational-electromagnetic coupling,” Phys.
Lett. B, 705, 292-293, (2011), aXriv:astro-ph/0804.4895.

M. I. Wanas, and S. A. Ammar, " A pure geometric approach to stellar
structure,” Central European Journal of Physics, 11, no. 7, 936-948,
(2013).

M. I. Wanas, "Motion Of Spinning Particles In Gravitational Fields 7,
Astrophys. Space Sci.258 : | (1998).

31



Can. J. Phys. Downloaded from www.nrcresearchpress.com by CERN on 05/04/18

For personal use only. This Just-IN manuscript is the aCcepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

M. I. Wanas, 7 Parameterized Absolute Parallelism: A Geometry for
Physical application,” Turk. J. Phy. 24, 473-488, (2000).

A. Einstein,” The Meaning of Relativity” Princeton U. P., (1955).

P. Dolan, and W. McCrea, ” Fundamental identities in electrodynamics
and general relativity,” (1963), Private Communication to M. I. Wanas,

(1973).

M. I. Wanas, N. L Youssef, W. E1 Hanafy, and Samah N. Osman,
" Finstein Geometrization philosophy and Differential Identities in PAP-
Geometry,” Advances in Math. Phys., 2016, Article ID 1037849, (2016).

F. I. Mikhail, and M. 1. Wanas, " A Generalized Field Theory. II. Lin-
earized Field Equations” Int. J. Theor. Phys. 20, no. 9, 671-680, (1981).

H. P. Robertson, ” Groups of motion in spaces admitting absolute paral-
lelism,” Ann. Math. 33, 496-520, (1932).

M. I. Wanas, ” Notes on applications of General Relativity in free space,”
Astron. Nachr. 311, 4, 253-256, (1990).

J. Garecki, 7 Teleparallel equivalent of general relativity :a critical re-
view,” arXiv: 1010.2654 v3, gr-qc (2010).

R. Ferraro and M. Guzman ” Hamiltonian formulasion of teleparallel
gravity,” phys. Rev. D. 94, 104045, (2016).

32

Page 32 of 32



