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Weyl-Cartan-Weitzenbock gravity through Lagrange multiplier
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We consider an extension of the Weyl-Cartan-Weitzenbock (WCW) and teleparallel gravity in which
the Weitzenbock condition of the exact cancellation of curvature and torsion in a Weyl-Cartan geometry is
inserted into the gravitational action via a Lagrange multiplier. In the standard metric formulation of the
WCW model, the flatness of the space-time is removed by imposing the Weitzenbock condition in
the Weyl-Cartan geometry, where the dynamical variables are the space-time metric, the Weyl vector and
the torsion tensor, respectively. However, once the Weitzenbdck condition is imposed on the Weyl-Cartan
space-time, the metric is not dynamical, and the gravitational dynamics and evolution are completely
determined by the torsion tensor. We show how to resolve this difficulty and generalize the WCW model
by imposing the Weitzenbock condition on the action of the gravitational field through a Lagrange
multiplier. The gravitational field equations are obtained which explicitly depend on the Lagrange
multiplier. As a particular model we consider the case of the Riemann-Cartan space-times with zero
nonmetricity which mimics the teleparallel theory. The Newtonian limit of the model is investigated and a
generalized Poisson equation is obtained, with the weak field gravitational potential explicitly depending
on the Lagrange multiplier and on the Weyl vector. The cosmological implications of the theory are also

studied, and three classes of exact cosmological models are considered.
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I. INTRODUCTION

General relativity (GR) is considered to be the most
successful theory of gravity ever proposed. Its classic
predictions on the perihelion advance of Mercury, on the
deflection of light by the Sun, gravitational redshift, or
radar echo delay have been confirmed at an unprecedented
level of observational accuracy. Moreover, predictions
such as the orbital decay of the Hulse-Taylor binary pulsar,
due to gravitational-wave damping, have also fully
confirmed the observationally weak-field validity of the
theory. The detection of the gravitational waves will allow
the testing of the predictions of GR in the strong gravita-
tional field limit, such as, for example, the final stage of
binary black hole coalescence (for a recent review on the
experimental tests of GR see [1]).

Despite these important achievements, recent observa-
tions of supernovae [2] and of the cosmic microwave
background radiation [3] have suggested that on cosmo-
logical scales GR may not be the ultimate theory to
describe the Universe. If GR is correct, in order to explain
the accelerating expansion of the Universe, we require that
the Universe be filled with some component of unknown
nature, called dark energy, having some unusual physical
properties. To find an alternative to dark energy to explain
cosmological observations, in the past decade many modi-
fied theories of gravity, which deviate from the standard

* z_haghani @sbu.ac.ir
t.harko @ucl.ac.uk
*hr-sepangi @sbu.ac.ir
%s_shahidi @sbu.ac.ir

1550-7998/2013 /88(4)/044024(12)

044024-1

PACS numbers: 04.20.Cv, 04.50.Kd, 98.80.Es, 98.80.Jk

GR on cosmological scales have been proposed (see [4] for
a recent review on modified gravity and cosmology). On
the other hand, because of its prediction of space-time
singularities in the big bang and inside black holes GR
could be considered as an incomplete physical model.
In order to solve the singularity problem it is generally
believed that a consistent extension of GR into the
quantum domain is needed.

Since GR is essentially a geometric theory, formulated
in the Riemann space, looking for more general geometric
structures adapted for the description of the gravitational
field may be one of the most promising ways for the
explanation of the behavior at large cosmological scales
of the matter in the Universe, whose structure and dynam-
ics may be described by more general geometries than the
Riemannian one, valid at the Solar System level.

The first attempt to create a more general geometry is
due to Weyl [5], who proposed a geometrized unification of
gravitation and electromagnetism. Weyl abandoned the
metric-compatible Levi-Civita connection as a fundamen-
tal concept, since it allowed the distant comparison of
lengths. Substituting the metric field by the class of all
conformally equivalent metrics, Weyl introduced a con-
nection that would not carry any information about the
length of a vector on parallel transport. Instead the latter
task was assigned to an extra connection, a so-called length
connection that would, in turn, not carry any information
about the direction of a vector on parallel transport, but
that would only fix, or gauge, the conformal factor.
Weyl identified the length connection with the electromag-
netic potential. A generalization of Weyl’s theory was
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introduced by Dirac [6], who proposed the existence of two
metrics, one unmeasurable metric dsg, affected by trans-
formations in the standards of length, and a second mea-
surable one, the conformally invariant atomic metric dsy.

In the development of the generalized geometric theo-
ries of gravity a very different evolution took place due to
the work of Cartan [7], who proposed an extension of
general relativity, which is known today as the Einstein-
Cartan theory [8]. The new geometric element of the
theory, the torsion field, is usually associated from a physi-
cal point of view to a spin density [8]. The Weyl geometry
can be immediately generalized to include the torsion. This
geometry is called the Weyl-Cartan space-time, and it was
extensively studied from both mathematical and physical
points of view [9]. To build up an action integral from
which one can obtain a gauge covariant (in the Weyl sense)
general relativistic massive electrodynamics, torsion was
included in the geometric framework of the Weyl-Dirac
theory in [10]. For a recent review of the geometric
properties and of the physical applications of the
Riemann-Cartan and Weyl-Cartan space-times see [11].

A third independent mathematical development took
place in the work of Weitzenbock [12], who introduced
the so-called Weitzenbock spaces. A Weitzenbdck mani-
fold has the properties V,g,, = 0, T2, # 0, and R}, |, =
0, where g, T, and R?' | are the metric, the torsion, and
the curvature tensors of the manifold, respectively. When
Tf,‘ ) = 0, the manifold is reduced to a Euclidean manifold.
The torsion tensor possesses different values on different
parts of the Weitzenbock manifold. Therefore, since their
Riemann curvature tensor is zero, Weitzenbdck spaces
possess the property of distant parallelism, also known as
absolute, or teleparallelism. Weitzenbdck type geometries
were first used in physics by Einstein, who proposed a
unified teleparallel theory of gravity and electromagnetism
[13]. The basic idea of the teleparallel approach is to
substitute, as a basic physical variable, the metric g, of
the space-time by a set of tetrad vectors eit. In this
approach the torsion, generated by the tetrad fields, can
be used to describe general relativity entirely, with the
curvature eliminated in favor of torsion. This is the
so-called teleparallel equivalent of general relativity,
which was introduced in [14], and is also known as the
f(T) gravity model. Therefore, in teleparallel, or f(T)
gravity, torsion exactly compensates curvature, and the
space-time becomes flat. Unlike in f(R) gravity, which in
the metric approach is a fourth order theory, in the f(7)
gravity models the field equations are of second order.
f(T) gravity models have been extensively applied to
cosmology, and in particular to explain the late-time accel-
erating expansion of the Universe, without the need of dark
energy [15].

An extension of the teleparallel gravity models, called
Weyl-Cartan-Weitzenbock (WCW) gravity, was intro-
duced recently in [16]. In this approach, the Weitzenbock
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condition of the vanishing of the sum of the curvature and
torsion scalar is imposed in a background Weyl-Cartan
type space-time. In contrast to the standard teleparallel
theories, the model is formulated in a four-dimensional
curved space-time, and not in a flat Euclidean geometry.
The properties of the gravitational field are described by
the torsion tensor and the Weyl vector fields, defined in a
four-dimensional curved space-time manifold. In the
gravitational action a kinetic term for the torsion is also
included. The field equations of the model, obtained from
a Hilbert-Einstein type variational principle, allow a com-
plete description of the gravitational field in terms of two
vector fields, the Weyl vector and torsion, respectively,
defined in a curved background. The Newtonian limit of
the model was also considered, and it was shown that in the
weak gravitational field approximation the standard
Poisson equation can be recovered. For a particular choice
of the free parameters, in which the torsion vector is
proportional to the Weyl vector, the cosmological applica-
tions of the model were investigated. A large variety of
dynamical evolutions can be obtained in the WCW gravity
model, ranging from inflationary/accelerated expansions to
noninflationary behaviors. The nature of the cosmological
evolution is determined by the numerical values of the
parameters of the cosmological model. In particular a de
Sitter type late-time evolution can be naturally obtained
from the field equations of the model. Therefore the WCW
gravity model leads to the possibility of a purely geomet-
rical description of dark energy where the late-time accel-
eration of the Universe is determined by the intrinsic nature
of the space-time.

Recently, the use of Lagrange multipliers in the formu-
lation of dynamical gravity models has attracted consid-
erable attention. The method of Lagrange multipliers is a
strategy for finding the local maxima and minima of a
function subject to equality nonholonomic constraints,
which are capable of reducing the dynamics [17]. The
extension of f(R) gravity models via the addition of a
Lagrange multiplier constraint has been proposed in [18].
This model can be considered as a new version of f(R)
modified gravity since dynamics, and the cosmological
solutions, are different from the standard version of f(R)
gravity without such constraint. Cosmological models with
Lagrange multipliers have been considered from different
points of view in [19].

It is the purpose of the present paper to investigate a
class of generalized WCW type gravity models, in which
the Weitzenbock condition of the exact compensation of
torsion and curvature is introduced into the gravitational
action via a Lagrange multiplier approach. We start our
analysis by considering the general action for a gravita-
tional field in a Weyl-Cartan space-time, and we explicitly
introduce the Weitzenbock condition into the action via a
Lagrange multiplier. By taking the Weyl vector as being
identically zero, we obtain the field equations of this
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gravity model in a Riemann-Cartan space time, with the
Weitzenbock condition being described by a proportional-
ity relation between the scalar curvature and torsion scalar,
included in the gravitational action via a Lagrange multi-
plier method which mimics the teleparallel gravity. The
weak field limit of the general theory is also investigated,
and a generalized Poisson equation, explicitly depending
on the Lagrange multiplier and the Weyl vector is obtained.

The cosmological implications of the model are investi-
gated for three classes of models. The solutions obtained
describe both accelerating and decelerating expansionary
phases of the Universe, and they may prove useful for mod-
eling the early and late phases of cosmological evolution.

The paper is organized as follows. The gravitational
action of the WCW theory with Lagrange multiplier is
introduced in Sec. II. The gravitational field equations
are derived in Sec. III. Some particular cases are also
considered in detail. The field equations for the case of
the zero Weyl vector are presented in Sec. IV. The weak
field limit of the theory is investigated in Sec. V, and the
generalized Poisson equation is obtained. The cosmologi-
cal implications of the theory are investigated in Sec. VI,
and several cosmological models are presented. We discuss
and conclude our results in Sec. VII. Some aspects of the
Weyl invariance of the theory are considered in the
Appendix.

II. WCW GRAVITY MODEL WITH
LAGRANGE MULTIPLIER

In this section we formulate the action of the gravita-
tional field in the WCW gravity with a Lagrange multiplier.
A Weyl-Cartan space CW, is a four-dimensional con-
nected, oriented, and differentiable manifold, having a
metric with a Lorentzian signature chosen as (— + + +),
curvature, torsion, and a connection which can be deter-
mined from the Weyl nonmetricity condition. Hence the
Weyl-Cartan geometry has the properties that the connec-
tion is no longer symmetric, and the metric compatibility
condition does not hold. The Weyl nonmetricity condition
is defined as

v/\gpu/ = 2W)\g;u/’ (1)

where w, is the Weyl vector. Expanding the covariant
derivative, we obtain the connection in the Weyl-Cartan
geometry

A
r,, = {,UJ/} + Chy 8wt — 84w, — 8w, (2)

where the first term in the lhs is the Christoffel symbol
constructed out of the metric and the contorsion tensor
C*,, is defined as

CA,U,V = TA/.LV - gA'Bgrr,u.Ta—IBV - g/\ﬁgtrngIB,u/ (3)

with torsion tensor 74 uv given by
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1

T)‘/,LV = E(FAMV - TAVM)‘ (4)
One can then obtain the curvature tensor of the

Weyl-Cartan space-time as

K* vo FAMO',V - FA,U,V,U' + I r/\av -« 1_‘/\ozo"

)

Using Eq. (2) and contracting the curvature tensor with
the metric, we obtain the curvature scalar

7 uo wy

K=K",,
=R+ 6V, w" —4V,T” — 6w, w” + 8w,T"
+ THavT, ,, + 2THVT,,  — 4T, TH, ©6)

where R is the curvature scalar constructed from the
Christoffel symbols and we have defined Tz = T%g,.
Also all covariant derivatives are with respect to the
Riemannian connection described by the Christoffel sym-
bols constructed out of the metric g,,,. We also introduce
two tensor fields W,,, and T, constructed from the Weyl
vector and the torsion vector, respectively:

W, =V,w,—V,w, @)

T

uv = VVT \Y% Tw (8)

wo v
where T =T, TH.

The most general action for a gravitational theory in the
Weyl-Cartan space-time can then be formulated as

1 1 .
S = '/d“x« /_—g<?K = W WH + BV, TVET
+aT,, T+ + Lm), ©)

where L, is the matter Lagrangian which depends only on
the matter fields and the metric, and is independent on the
torsion tensor and the Weyl vector. We have also added
a kinetic term for the Weyl vector and two possible kinetic
terms for the torsion tensor. In Eq. (9), & and ,@ are
arbitrary  numerical constants, and k%> = 167G.
Substituting definition of the curvature scalar from
Eq. (6), the action for the gravitational field becomes

1
- / d4x\/—_g<R + TFT oy + 2TH' T,

2
K
— AT, T = 6w, w" + 8w, T" =~ W, W

+ BV, TVAT + aT,, TH + Ksz), (10)

where we have defined @ = x2& and B = k2J3.
The Weitzenbdck condition

W =R+THT, ,, +2THT,,, — 4T, TH =0,  (11)
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requires that the sum of the scalar curvature and torsion be
zero. In order to impose this condition on the gravitational
field equations of the theory, we add it to the action by
using a Lagrange multiplier A. The gravitational action
then becomes

1 K2

= pe fd4x\/—_g[—IWMVW“” - 6w,w” + 8w, T”
+ (1 + A)(R + THOVT,, + 2THAVT,,  — 4T, TH)
+ ,BVMTV'“T + aTM,,T"“’ + K2Lm]. (12)

We note that for A = —1 one gets the original WCW
action [16].

ITII. THE GRAVITATIONAL FIELD EQUATIONS
OF THE WCW GRAVITY MODEL
WITH A LAGRANGE MULTIPLIER

Let us now derive the field equations of the WCW
gravity with the Lagrange multiplier. By considering the
irreducible decomposition of the torsion tensor and impos-
ing a condition on the terms of the decomposition,

we obtain an explicit representation of the Weitzenbock
|
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condition. The field equations of a simplified model in
which the constant & = 0 are also obtained explicitly.

A. The gravitational field equations and the effective
energy-momentum tensor

Variation of the action (12) with respect to the Weyl
vector and the torsion tensor results in the equations of
motion

2
~ %vyww — 6wk + 4Tk = 0, (13)
and
awle §8) + 208V TPl — 2Tl 58T
+ (14 AT, PP+ TPe, + 70 B — 4Tlr 55 =,
(14)
respectively. Variation of the action with respect to the
Lagrange multiplier A gives the Weitzenbdck condition
(11). Now, varying the action with respect to the metric

and using the condition (11), we obtain the dynamical
equation for the metric as

2
K
(1+ DR, == T0, + V, V0 = g, 00 = (1 + DQRT, Top, — TP Tyup + 2Tpa(u T ) — 4T, T,)

2"
K2 @ 1 af @ 1 af 1 @
+7 WiaW, ~ 1 apWrguy | — 20\ Ty T, 1 apTF gy +6 W”W”_EW Wa&uy
1 1
- ,B(V#TVVT - Eg#,,vaTV T - ZTMT,,DT) - S(T(Mw,,) W Tagw,), (15)
where T}, is the energy-momentum of the ordinary matter. The generalized Einstein field equation (15) can be written as
Guy =T, (16)

where we have defined the effective energy-momentum tensor as

2

s
TS = (1+2) '[7 Ty, + Vu VoA = g, 00 = (1+ DT Top, — Ty *PTyap + 2Tpa ,T*F ) — 4T, T,)

K2

2

1
+ —(WWW,,“ - Zwaﬂwaﬁgw) — 2a(T,mTVa —

1 B L,
ZTQBT uv | T O Wuw, = Zwiw,g,,

2

1 1
—~ B(V#TVVT =58 VaTVT = 2TMT,,EIT) - S(T(#w,,) —~ fw“TagM,,)

1
o0+ M(TYBET 5, + 2T7PT g, — 4T Ta)gw,:l,

and use has been made of Eq. (11).

B. The decomposition of the torsion tensor

The torsion tensor can be decomposed irreducibly into

2 1
T,uvp = 7(1‘/1.1/;) - tp.pv) + g(ng,up - ng,uv) + e,uvp(rS ’

3
(18)

2
(17)

[

where O, and S” are two vectors, and the tensor 7,,, is
symmetric under the change of the first two indices, and
satisfies the following conditions:

t

+1t +t =0, (19)

wvp vpu

gty = 0= gHP1,,,. (20)
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By contracting Eq. (18) over w and p we obtain @, = T,.
Assuming that 7,,, =0 [16], one may formulate the
Weitzenbdck condition as

8
R = —65,5" +T. 1)

Now in Egs. (14) and (15) the terms with coefficient
(1 + A) can be simplified to

8
T, PP +TPr, +T0 B — 4Tl 55 = -1 88— €, rhos,,

(22)
and

2T Tapy = Tu*PTrap + 2Tpa(u T, — 4T,,T,

24
= — ST#T,, + 2(8,598 s — S,S,), (23)

respectively. Taking the trace of Eq. (14) over indices 8
and u, we have

4
aV, TP = BTPOT = (1 + T = 2ws. (24)

Now, substituting the lhs of the above equation into (14) we
obtain

(1+ Ae,PoS, = 0. (25)

If one assumes A # —1 then §,, = 0. We note that from
Eq. (21) one has R = 8/3T which implies that the vector
T* should be space-like for the accelerating Universe with
R = 6(H + 2H?), where H is the Hubble parameter.

C. The case a = 0

In order to further simplify the gravitational field
equations of the WCW model with a Lagrange multiplier,
let us assume that @ = 0, as in [16]. In this case from
Eq. (24) we find

4 2
=——(1+AN)+—w,T°
or 3,8(1 A) w, TP, (26)

BT *
provided that 7 # 0. Substituting (24) into (14) we obtain
TOT (w8 — wP8h) = woT, (TP 8 — TFSL),  (27)

which implies that T, = Aw w where A is a constant. In
order to obtain the value of the constant A, we take the
covariant divergence of Eq. (13), with the result

V,(6wk — 4TH) = 0, (28)

The above equation implies that A = 3/2, so we conclude
that

~
Il
(SN
=

» (29)

PHYSICAL REVIEW D 88, 044024 (2013)

Substituting the above equation into (13) we obtain the
dynamical field equation of the Weyl vector

Ow, =V, V,w” —=w"R,,, = 0. (30)
Now, using (29), we write Eq. (14) as
4
LT = ——A, 31
38 (3D
which implies
27
A= —"""[0Ow? 32
T (32)

where w? = w,w®. Substituting T* and A from Egs. (29)
and (32) into the metric field equation we obtain the
effective energy-momentum tensor of the WCW model
with the Lagrange multiplier, Eq. (17), as

278 -1
Tt — (1 - —DWZ)

16
K2 27

X [7 T, — l—éB(VMV,,Dw2 - Pw?g,,)

K2 a 1 af
+ 7(W,u,awv - Z aBW g,uv)

81
+ 3—28(2W2|:|W2gl“, — 2V, w2V, w?
+ gMVVaw2V“w2)]. (33)

In summary, one may obtain the Weyl vector from
Eq. (30) and then the Lagrange multiplier A from
Eq. (32). The field equation (16), together with Eq. (33)
can then be used to obtain the evolution of the metric.
Hence a complete solution of the gravitational field equa-
tions in the WCW model with a Lagrange multiplier can be
constructed, once the thermodynamic parameters of the
matter (energy density and pressure) are known.

It is worth mentioning that because of the general
covariance, the matter energy-momentum tensor should
be conserved due to the Bianchi identity. One can easily
prove this statement in the case & = 0. Using Eq. (33), one
may write Eq. (16) as

_ 21k 2)
(1 16Dw G

nv

K> 27
_ [7 ™, — 176‘3(v#vymw2 — Pw?g,,)

K2 1
+ — “ =

2 (W"“WV 4
816
32

+ gM,,VQWZV”‘wz):I. (34)

aBWaBg,uv)

+ @w?0Ow?g,, — 2V, w?V, w?

Taking the divergence of the above equation one obtains
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278
- WV’U“DWZGMV

2 27
= %VMT;';V _ 2B (v, 0w’ - V,0Pw?)

16
+ % w2V, Ow?. (35)

Now, using the identity
VEV,A, —V,VFA, = RJA,, (36)

and considering the Weitzenbock condition which reads
R = 6w?, where R is the Ricci scalar, one easily finds
very, = 0.

IV. THE LIMITING CASE w* = 0 AND THE
TELEPARALLEL GRAVITY

In this section we consider the limiting case in which the
Weyl vector becomes zero. We also assume « = 0 for
simplicity. The action of the theory becomes

1
S = pe '[d4x1 /=8lBV , IV T + k’L,,
+ (1 + A)(R + TFT, ,, + 2TFT,,,  — 4T, TH)].

(37)

vau

One may then obtain the field equations for the torsion
tensor and the metric as

8]
(1 + AT, P + TP, +Tr P — 4TlP ST
— 281880 = 0, (38)
and

Teff

Guv =T

(39)
with
ff [
TS =(1+2) [7T3V+VMVVA—gWDA
—(1+ )T, Top, —T,"PT,0p
+2Tgo(u T, —4T,T,)

1
- B(VMTV,,T—EgWVaTV“T— ZT#TVDT)

1
(L ATV T g + 21780, = 4TaTa)gW].
(40)

The variation of the action with respect to the Lagrange
multiplier gives the Weitzenbdck condition (11). Now
consider the decomposition of the torsion tensor, given
by Eq. (18), with 7,,,, = 0. One can again obtain §,, = 0
by the same trick as in Sec. IIIl. We then obtain the
Weitzenbock condition in the form

PHYSICAL REVIEW D 88, 044024 (2013)

8
R=-T. 41
3 (41)
From Eq. (38) one can isolate the Lagrange multiplier
3
/\=—T'8DT—1. (42)

By substituting Eq. (42) one can check that Eq. (38) is
automatically satisfied. The metric equations then become

2 2
O7G,, = - %T{fv +V,V,07 — g, 02T

4 2 4
+§VMTV,,T—§gW,VaTV T_ggMVTDT
(43)

A. The case g =0

For B = 0 the torsion has no kinetic term. Putting 8 = 0
in Eq. (38) and using Eq. (22), we obtain 7”7 = 0. The trace
of Eq. (38) then gives §, = 0. Therefore, from the field
equations we obtain 7# ,, = 0 and the theory reduces to a
Brans-Dicke type theory, with equations of motion

2
G =(+ A)*l[%TﬂV +V,V, A~ gﬂym], (44)

and

K2

OA=—T", (45)

6
respectively, where 7™ is the trace of the energy-
momentum tensor. We have used the Weitzenbock

condition R = 0 to obtain Eq. (45).

V. THE NEWTONIAN LIMIT AND THE
GENERALIZED POISSON EQUATION

In this section, we will obtain the generalized Poisson
equation describing the weak field limit of the WCW
theory with Lagrange multiplier. Taking the trace of
Eq. (15), using the Weitzenbock condition (21), and noting
that S, = 0 in our setup, we obtain

1
EKQTm — 30X — 6w? + 8THw,
+ B(V, TVeT +21dT) = 0. (46)

Now, using Eq. (24) to eliminate the L7 term, we find
1
(I+ )R = EKZT’" —30A — 6w?
+ BV, TV*T + 12w, TH + 2aT,V,TH.
(47)

In the limit of the weak gravitational fields the (00)
component of the metric tensor takes the form ggzy =
—(1 + 2¢), where ¢ is the Newtonian potential. In this
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limit we have R = —V?¢, and obtain the generalized
Poisson equation as

1
Vip=(1+ /\)_II:Zsz + %D)\ + 3w? — 6w, T+
— aT#V,,T"“’jI. (48)

In obtaining the above equation we have assumed that the
matter content of the Universe is pressureless dust, and we
have used the Weitzenbock equation to keep terms up to
first order in ¢.

In the particular case @ = 0, from Eq. (32) we find that
the Lagrange multiplier is of the order of ¢. Using Eq. (29)
we obtain the generalized Poisson equation as

1 81
2 = _ 429 — 2 2_|_ 2
V¢ 1P 32,8D w* + 6w (49)

For w = 0, we recover the standard Poisson equation of
Newtonian gravity.

VI. COSMOLOGICAL SOLUTIONS

In this section we consider the cosmological solutions
and implications of the WCW model with Lagrange
multiplier. We assume that the metric of the space-time
has the form of the flat Friedmann-Robertson-Walker
(FRW) metric,

ds?> = —d* + a*(1)(dx* + dy* + dz?).  (50)

Also in the following we suppose that the tensor ?,,,
vanishes, 7, = 0. As we have mentioned in the previous
section, S, = 0 and T, should be space-like in order to
obtain an accelerating solution. We consider only models
in which the Universe is filled with a perfect fluid, with the

energy-momentum tensor given in a comoving frame by

TY = diag(—p, p, p, ) (5D

where p and p are the thermodynamic energy density and
pressure, respectively. The Hubble parameter is defined as
H = a/a. As an indicator of the accelerated expansion we
will consider the deceleration parameter g, defined as

g=———1. (52)

If ¢ <0, the Universe experiences an accelerated expan-
sion while ¢ > 0 corresponds to a decelerating dynamics.

A. The case o = 0

In this case the cosmological dynamics is described by
Eq. (30) which represents the dynamical equation for the
Weyl vector together with Egs. (32) and (16) which
determine the Lagrange multiplier and the scale factor,
respectively. The Weitzenbock condition is

R = 6w?. (53)
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Let us assume that the Weyl vector is of the form

w, = a0, 1, 1,1). (54)
The Weitzenbock equation reduces to
H+2H?> - 3y4*=0, (55)

and the Lagrange multiplier can be obtained as

A= %(z«yz + ¥+ 3VH)y?, (56)

where we have defined W = ¢s/¢. The dynamical
equation for the Weyl vector is

¥+ A+ W2 +2H?+3VH = 0. (57)

The off diagonal elements of the metric field equation
gives

v+ H=0. (58)

One can then check that the Weyl equation (57) is
automatically satisfied. By substituting H from (58) to
the diagonal metric equations one obtains

%,B\P\'I" + 23(3 P2 — W)W — %ﬁ(wz — P2)y2
1 —21Jy2 1 2.0.-2 0 —
57 0V kYT = 0, (59)

and
1ﬁi1%—lﬁ(2\1f+9¢2+\1ﬂ)\1f—3¢—2~1f
8 8 81
3 1 1
_ = \If4+_ —2\P2+_ 202 — .
P 7Y Y P=0 (60)

We note that in this case we have four equations, (55) and
(58)—-(60), for four unknowns a, i, p and p. The Lagrange
multiplier can then be obtained from Eq. (56).
Equation (58) can be immediately integrated to give

a(t) ¥ (r) = constant = C, # 0, (61)

where C, is an arbitrary constant of integration. With the
use of (1) = Cy/a(t), the Weitzenbock condition,
Eq. (55), becomes

ai +a*>—3C3 =0, (62)

or equivalently
d .
E(aa) = 3C}, (63)
which immediately leads to
a’(t) = 3C32 + Cit + G, (64)

where C; and C, are arbitrary constants of integration. By
assuming the initial conditions a(0) = a, and H(0) = H,,
respectively, we obtain C, = a3, and C; = 2a3H,. Thus
for the Hubble parameter we obtain
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a%HO + 6C(2)t
a} + 2a3Hyt + 6C312

H(@) =

(65)

The energy density of the Universe can be obtained from Eq. (60) as

4374C3* 110 2916a3CL°B(5H,t + 2) 6a02H2(2H0t + 1)*
(2a3Hot + a3 + 3C32)°  (2a3Hot + a3 +3C31%)°  (2a3Hqt + a} + 3C312)8
N 36a’C3Hot(2Hyt + 1)3(4Hot + 1) | 54a§C3*(2Hot + 1)2(26H3> + 12Ht + 1)
(2a3Hyt + a} + 3C31%)° (2a3Hyt + a3 + 3C32)°
648a8C6t4(2H0t + 1)(11H0t2 + THot + 1) | 486a3C315(41H31*> + 32Hyt + 6) 243

(2a3Hyt + a} + 3C31%)° (2a3Hot + a3 + 3C312)° 4(2aiHyt + aj + 3C31)°
X {2430a3C°Hot* + 324a3C81* (8agHi — 9C3) + 3alCir*lalHy + 6a3C3HE(84H) — 1)
+ C§(9 — 972H,)] + a§C3[alH{(48H, + 1) — 6a3C3H3(24H, + 1) + 9CH(6H, + 1)]
+ 2aC3laSHy + 6a3CEH(36H, — 1) + 9a3CH(1 — 60H,)H,y + 81C§] + 1458C}* ). (66)

K2p(1) =

The thermodynamic pressure is found in the form

_ 2[aH} — 6ajC3Ht — 6a3C} — 9C§*]
(2a3Hyt + a3 + 3C31%)? 4(2a3Hot + a3 + 3C31%)°
X [=35a8HY + 135a§C3H3 — 63a3Cy + 324a3CSHor? + 1(558aCiH,y — 150a§C3H})
+ 12(837a3CS — 117a§CyH3) + 243C51*]. (67)

81C28

For t = 0 we obtain the initial values of the density and pressure as

243BC3(48atH) + atHY — 144612C2H3 6a CZH + 54C4H + 9C4)

p(0) = py = 6H + BCo(48agHy + agHy 0~0% 0“0 0 (68)
4ag

and 81a} BCY(aFH} — 3C3

M) = S0P Cila ) (71)
=w B. The case @ # 0

% We assume that the Weyl vector is space-like, mimick-
_ 81BC;(35a3Hy — 135a5CiHG + 63C) ing the proportionality of the torsion and the Weyl vector as

, (69
4a0 ©9)

respectively. Once the initial conditions (ao, Hy, po, po) are
known, from Egs. (68) and (69) the values of the integra-

tion constants can be determined. The deceleration pa-
rameter can be obtained as

H 2
a(0) = a3 20 o (70)

(a3Hy + 3C31)*

If the initial values of the scale factor and Hubble parame-
ter satisfy the condition agHy < +/3Cy, ¢ < 0 for all times
then the Universe is in an accelerated expansionary phase.
If agHy = \/§C0, q(t) = 0 then the Universe is in a mar-
ginally inflating state. Finally, the Lagrange multiplier for
this model can be obtained as

in the case @ = 0. Let us assume that

Wi = ((’))(o, LLD. (72

By substituting these forms of the torsion and Weyl vector
into Eq. (14) we obtain, after some algebra, the Lagrange
multiplier

T,=a)¢()(0,1,1,1),

—a)d - §aH + 25¢2(2q> +3H)®

3¢
2 ¢

~ 2 (689?

- —oz(<I>2 +2H? + 3HD) + -1, (73)

where we have defined
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b == (74)

By using Eq. (73), the field equation (13) becomes

J+3HY + (H+2H? + 1272y — 8k 2 = 0. (75)

9H(6BP? — a)® + 6[(a — 682 (2% — 6H? — 3HD) + 363H2HD|D — 3&(;@{0 +2k*Hy — 65)

PHYSICAL REVIEW D 88, 044024 (2013)

The Weitzenbock equation takes the form

. 4
H = —2H" + 2 ¢ (76)

Substituting Egs. (73) and (76) into (15), one obtains

¢

+8¢*2a — 9BD?) + 21682 HD(D + 2H) + 642 D(4ad — 27BH?) + 244 ¢ + 9aH>*P(3H — )

— 3y (k*H? + 12) + 18H%(H — @) =2«%p,

(77)

—9(a — 6Bp2)pD — 9p[a(5H + 2®) — 68H%(5H + 8D)]d + 184 + 18(18B¢2 — a)pd?
+ 9[40B¢5 + 6(24BD? + 30BHD — TBH? — 2a)d> + aH(TH — 4D)p — 241D + 3k2 ¢ >
+ 8(1178P2 — 81BHP — 2a) > + 18[1282D + SH)D? — 2(4a + 21BHY)D? + (27BH? — 2a)HD] P>
+ 724 p% + [6&%p + Y9aH>* P2 + 3k2H? % — 81aH>® — 3642 + 6(6H — 6@ + k>pH ) + 18y D?

—36yH® — 18y H? =0,

and
K2y (P + 24 H) + p2(k*H? — 12)
+ 4a¢2<cb —H*+ HD + %(ﬁz) + 8y =0. (79)

Equations (75)—(79) form a closed system of differential
equations for five unknowns ¢, ¢, H, p and p.
Equation (73) can then be used to determine the
Lagrange multiplier.

In the following we will look only for a de Sitter type
solution of the field equations (75)—(79) with H = Hy =
constant and a = exp (Hyt), respectively. Then the
Weitzenbock condition (76) immediately gives

3
¢* = EH% = constant, (80)
and @ = 0, respectively. Equation (75) takes the form
§ + 3Ho + QH} — 1272 = —4Joxk2H2,  (81)

with the general solution given by

2\/6[_12 kg JH2K2 483 H 2 N
l/’([) = 76 H202 +ce 22 "+ e 22 Y
— H}k
(82)

where ¢, and c, are arbitrary constants of integration. The
simplest case corresponds to the choice ¢; =0, ¢, = 0,
giving

2\/6H3

w:6—H(%K2

= constant. (83)

(78)

By substituting this form of ¢ into Eq. (79) we obtain the
value of a as

122
= —. 84
T 6 - H ) (&
For the energy density of the Universe we obtain
T2H}(2k*H? + 3)
2, — 0 0

= , 85
P76 - HIP? (83)
’ T2H3(2K*H3 — 3) 6)

6 — H2x?)

One can see that the energy density and the pressure is
positive if Hy = 1/k%/3/2.

C. Cosmological models with w* = (

Finally, we consider the cosmological implications of
the WCW model with Lagrange multiplier with w#* = 0.
Assuming the following form for the torsion,

T, =a(e@®[0,1,1,1], (87)
the Weitzenbock condition is formulated as
R —8¢>=0. (88)

The Lagrange multiplier can be obtained in the form
9 .
A+1= Eﬁd’z@ +2®% + 3HD), (89)

where we have defined ® = ¢/¢. The metric field
equations take the form

044024-9



HAGHANI et al.

.. . 4 % .
CI)+2(I>(2H+3CI>)—§ﬁ(CD + ®% + 3HD)
K p

+ ®(4P? + 3H? + 8HD + 3H) — =
( . 8 3H) 278 HD?

0,

(90)
and
b + O(5H + 8D) + 3DH — 4¢2(D + 3D? + 3HD)
+ 8D + 4H(2D + 42 + 3HD) + OH D(H + 2D)
+ 20HD? + 3D(10HD + 8D? + 3H? + 2d)
K -2 _
+ 93 ¢ “p=0 91

respectively.
Let us consider the case a(f) = ¢*. In this case one
obtains

b(1) = 7“3“(2:_1) 92)

and the energy density and pressure take the form

81s2(3s% + 8s — 10)(2s — 1) B
4k 1%’

p(t) = (93)

81(3s + 25 — 265 + 20)2s — 1)s B
P == 4K? ©

In order to have a consistent solution, ¢ should be real and
p and p must be positive. This restricts the range of s to

(94)

1
g(JE—4)<s<2. (95)
For the deceleration parameter we obtain
1 1
qg=--—1, ——-<g<0.078. (96)
s 2
In the case a(t) = e’ we have
3
P(1)* = EH‘%’ o7

with the matter energy density and the pressure becoming
exactly zero

p=p=0. (98)

VII. CONCLUSION

In this paper we have considered an extension of the
Weitzenbock type gravity models formulated in a Weyl-
Cartan space time. The basic difference between the
present and the previous investigations is the way in which
the Weitzenbock condition, which in a Riemann-Cartan
space-time requires the exact cancellation of the Ricci
scalar and the torsion scalar, is implemented. By starting
with a general geometric framework, corresponding to a

PHYSICAL REVIEW D 88, 044024 (2013)

CW, space-time described by a metric tensor, torsion
tensor and Weyl vector, we formulated the action of the
gravitational field by including the Weitzenbock condition
via a scalar Lagrange multiplier. With the use of this action
the gravitational field equations have been explicitly
obtained. They show the explicit presence in the field
equations of a new degree of freedom, represented by the
Lagrange multiplier A. The field equations must be con-
sistently solved together with the Weitzenbock condition
which allows the unique determination of the Lagrange
multiplier A. The weak field limit of the model was also
investigated and it was shown that the Newtonian approxi-
mation leads to a generalization of the Poisson equation
where besides the matter energy-density, the weak field
gravitational potential also explicitly depends on the
Lagrange multiplier and the square of the Weyl vector.

An interesting particular case is represented by the zero
Weyl vector case. For this choice of the geometry the
covariant divergence of the metric tensor is zero and the
Weitzenbock condition takes the form of a proportionality
relation between the Ricci scalar and the torsion scalar,
respectively. When one neglects the kinetic term associated
to the torsion, the model reduces to a Brans-Dicke type
theory where the role of the scalar field is played by the
Lagrange multiplier.

The cosmological implications of the theory have also
been investigated by considering a flat FRW background
type cosmological metric. We have considered three par-
ticular models, corresponding to the zero and nonzero
values of the coupling constant «, and to the zero Weyl
vector respectively. For o = 0 the field equations can be

solved exactly, leading to a scale factor of the form a(r) =

\/3c(2)t2 + 2Hya} + a3. The energy density and the pres-
sure are monotonically decreasing functions of time and
are both nonsingular at the beginning of the cosmological
evolution. The nature of the cosmological expansion—
acceleration or deceleration—is determined by the values
of the constants (Cy, ag, Hy) and three regimes are pos-
sible: accelerating, decelerating, or marginally inflating. In
the case a # 0, we have considered only a de Sitter type
solution of the field equations. Such a solution does exist if
the matter energy density and pressure are constants, or,
more exactly, the decrease in the matter energy density and
pressure due to the expansion of the Universe is exactly
compensated by the variation in the energy and pressure
due to the geometric terms in the energy-momentum
tensor.

In the case of the cosmological models with vanishing
Weyl vector we have investigated two particular models
corresponding to a power law and exponential expansion,
respectively. In the case of the power law expansion, the
energy density and pressure satisfy a barotropic equation of
state, so that p ~ p where both the energy and pressure
decay as t~%. Depending on the value of the parameter s,
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both decelerating and accelerating models can be obtained.
On the other hand, for a vanishing Weyl vector, the de
Sitter type solutions require a vanishing matter energy
density and pressure and hence the accelerated expansion
of the Universe is determined by the geometric terms
associated with torsion which play the role of an effective
cosmological constant.

In the present paper we have introduced a theoretical
model for gravity, defined in a Weyl-Cartan space-time, in
which the Weitzenbock geometric condition has been
included in the action via a Lagrange multiplier method.
The field equations of the model have been derived by
using variational methods, and some cosmological impli-
cations of the model have been explored. Further astro-
physical and cosmological implications of this theory will
be considered elsewhere.

APPENDIX: NOTE ON WEYL
GAUGE INVARIANCE

Suppose that length of a vector at point x is /. In the Weyl
geometry, the length of the vector under parallel transpor-
tation to the nearby point x’ is I/ = £I. On the other hand,
the change in the length of the vector can be written as

81 = Iwkbx,,. (A1)
So, the change in the Weyl vector is
w, = w, =w, +d,logé. (A2)

From the above relations, one obtains the change in the
metric tensor

PHYSICAL REVIEW D 88, 044024 (2013)

8ur = &hv = E8 (A3)

ghr — gy = £ 2gh, (A4)
The torsion tensor is invariant under the above gauge
transformation, i.e.,

TH,, = T, =TF,,. (AS)
We note that the curvature tensor (6) is covariant with the
power —2, which means

K' = £2K. (A6)
and the metric determinant has power 4. Naturally, one
demands to make the Lagrangian (9) gauge-invariant. In
order to do so one can add a scalar field 8 or a Dirac field
with power —1 and write the first term in Eq. (9) as
J—gPB’K to make it gauge-invariant. However, the
Weitzenbock condition (11) is neither gauge invariant nor
covariant. In fact, one may write

W' = 2W —6(V, k" + k'k,), (A7)
where V is the metric covariant derivative and we have
defined k, = 9, log &. In order to make the Weitzenbock
condition gauge-covariant, one should add to W some
terms containing the torsion tensor and the Weyl vector.
This generalization of the Weitzenbock condition by add-
ing torsion and Weyl tensors will be considered in our
future work [20].
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