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It is known that the Cardassian universe is successful in describing the accelerated expansion of the
universe, but its dynamic equations are hard to get from the action principle. In this paper, we establish
the connection between the Cardassian universe and f(7, 7') gravity, where T is the torsion scalar and 7 is
the trace of the matter energy-momentum tensor. For dust matter, we find that the modified Friedmann
equations from f(7,7) gravity can correspond to those of Cardassian models, and thus, a possible origin
of Cardassian universe is given. We obtain the original Cardassian model, the modified polytropic
Cardassian model, and the exponential Cardassian model from the Lagrangians of f(7,7) theory.
Furthermore, by adding an additional term to the corresponding Lagrangians, we give three generalized
Cardassian models from f(7,7) theory. Using the observation data of type Ia supernovae, cosmic
microwave background radiation, and baryon acoustic oscillations, we get the fitting results of the
cosmological parameters and give constraints of model parameters for all of these models.

DOI: 10.1103/PhysRevD.95.104030

I. INTRODUCTION

The Cardassian universe [1-4] has been known to
describe the accelerating expansion of the universe with
remarkable agreement with observations, whereas it lacked
a solid theoretical foundation up until now. In Cardassian
models, the Friedmann equation is modified by the intro-
duction of an additional nonlinear term of energy density
while without the introduction of a cosmological constant
or any dynamic dark energy component. In these models,
the universe can be flat and yet consist of only matter
and radiation and still be compatible with observations.
Matter can be sufficient to provide a flat geometry.
The possible origin for Cardassian models is from the
consideration of braneworld scenarios, where our observ-
able universe is a three dimensional membrane embedded
in extra dimensions [5]. The modified Friedmann equation
may result from the existence of extra dimensions, but it
is difficult to find a simple higher dimensional theory, i.e.,
a higher-dimensional momentum tensor that produces
the Cardassian cosmology [6]. Inspired by the study on
the correspondence between thermodynamic behavior and
gravitational equations, a couple of us have studied the
thermodynamic origin of the Cardassian universe [7].
However, it is still hard to get the dynamic equations of
this model from the action principle.

To explain the accelerated expansion of the universe,
besides adding Cardassian terms or unknown fields such as
quintessence [8,9] and phantom [10,11], there is another
kind of theory known as modified gravity, which uses an
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alternative gravity theory instead of Einstein’s theory, such
as f(R) theory [12,13], MOND cosmology [14], Poincaré
gauge theory [15—-17], and de Sitter gauge theory [18]. On
the other hand, Finstein constructed the “Teleparallel
Equivalence of General Relativity” (TEGR) which is
equivalent to the general relativity (GR) from the
Einstein-Hilbert action [19-23]. In TEGR, the curvature-
less Weitzenbock connection takes the place of the torsion-
less Levi-Civita one, and the vierbein is used as the
fundamental field instead of the metric. In the
Lagrangian of TEGR, the torsion scalar 7', from contrac-
tions of the torsion tensor, takes the place of the curvature
scalar R. The simplest approach in TEGR to modify gravity
is f(T) theory [24,25], whose important advantage is that
the field equations are second order and not fourth order as
in f(R) theory. Recently, we established two concrete f(T')
models that do not change the successful aspects of the
Lambda cold dark matter scenario under the error band of
fitting values, as describing the evolution history of the
universe including the radiation-dominated era, the matter-
dominated era, and the present accelerating expansion [26].
We also considered the spherical collapse and virialization
in f(T) gravities [27]. Furthermore, extensions of f(7,7T)
theory [28] where 7 is the trace of the matter energy-
momentum tensor 7, were constructed, whose cosmo-
logical implications are rich and varied.

Recently, it was shown [29] that modified gravity models
may lead to a Cardassian-like expansion. In this paper, we
try to find the relation between Cardassian models and
f(T,T) theory. Under the reconsidered scheme of f(7,7)
theory, we obtain the original Cardassian model, the
modified polytropic Cardassian model, and the exponential
Cardassian model through the action principle and
thus give a possible origin of the Cardassian universe.

© 2017 American Physical Society
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Furthermore, by adding an additional term to the
corresponding Lagrangians, we give three generalized
Cardassian models from f(T,7T) theory. Using the obser-
vation data of type la supernovae (SNela), cosmic micro-
wave background radiation (CMB), and baryon acoustic
oscillations (BAO), we get the fitting results of the
cosmological parameters and give constraints of model
parameters for all of these models.

The paper is organized as follows: in Sec. II, with the
discussion of the self-consistent form of the Lagrangian of
barotropic perfect fluid, we give a new derivation of f(7,7)
theory. In Sec. II1, the actions of the three Cardassian models
from f(T,7T) theory are given explicitly and generalized
Cardassian models from f(7,7) theory are further
given. We also examine the observational constraints of
each model in this section. Finally, Sec. IV is devoted to the
conclusion and discussion. We use the signature convention
(+,—,—,—) in this paper.

IL f(T,7) THEORY WITH BAROTROPIC
PERFECT FLUID

A. The Lagrangian of barotropic perfect fluid

There exist two types of Lagrangian £,, for the perfect
fluid in modified gravity theories, so we have to define
one or the other of these two. Harko has pointed out that
L, = ¢€(p) is a more reasonable choice [30] in modified
gravity theories, where €(p) is the total energy density of
the fluid and p is the rest mass density.

In the work of Brown [31], it is shown that the on shell
perfect-fluid Lagrangian in GR can be L, =p or
L,, = —p, where p is the rest mass density and p is the
pressure. Both Lagrangians lead to the same perfect fluid
stress-energy tensor concordant with the laws of thermo-
dynamics and hence, the same equations of motion. In past
years, some authors have adopted some specific form of
L, = —p from the work of Brown for their alternative
theories of gravity [29,32-37]. However, according to
Refs. [30,38], we have to reconsider how to take the form
of L,, for the perfect fluid in modified gravity theories,
including f(7,7T) theory.

The usual form of the stress tensor of a barotropic perfect
fluid is

T = —[e(p) + p(p)luu” + p(p)g", (1)

where €(p) and p(p) are the total energy density and the
pressure of the fluid, respectively, which both depend on
the rest mass density p. On the other hand, if the Lagrangian
of a barotropic perfect fluid £,, does not depend on the
derivatives of the metric, the usual definition of the stress-
energy tensor 7

oL,

Tw = — 2
'Cmg/w + agm, ’

)
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where £,, can be assumed to depend on p only. Considering
the conservation of the matter current V,(pu®) = 0, one
can prove that [30,39]

1
op = Ep(gm/ - uu”v)égjw’ (3)

where the four velocity of the fluid u* satisfies the
conditions u“u, = 1. Substituting these results into
Eq. (2), one can obtain [30,40]

From a comparison of Eq. (1) and Eq. (4), we have

L, =elp)=p {02 + / p(p)/pzdp] (5)
and

de(p) _€(p) + p(p) ()

dp P ’

where c is the speed of light, and the unit ¢ = 1 is taken
hereinafter. In other words, £,, = e(p) is a direct and
reasonable generalization from £,, = p in GR to f(T,7T)
theory, because Brown’s argument becomes invalid
in modified gravity theories. When compared with it,
L,, = —p is only a direct employment from GR.

Furthermore, we can verify the conservation of the total
energy. Actually, one can easily obtain the divergence of
the energy density current

v, (eu”) = (1 ¥ / ;dp+£> Y, (pu) — pVou.  (7)

Under the conservation of matter current V (pu) =0,
Eq. (7) is the conservation of the total energy. For example,
under the Friedmann-Walker-Robertson (FRW) metric it
becomes

¢+ 3H(e+p) =0, 8)

which is the usual form of energy conservation in
cosmology.

B. The field equations in f(7,7") Theory

We can find a set of smooth basis vector fields e, in
different patches of the manifold M and make sure things
are well-behaved on the overlaps as usual, where Greek
indices run over the coordinates of spacetime. The set of
vectors e,, comprising an orthonormal basis, is known as a
tetrad or vierbein, where Latin indices run over the tangent
space T, at each point p in M. A natural basis of T, is
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given by &, = J/ Ox”. Any vector can be expressed as
linear combinations of the basis vector, so we have

2(a) = €a"8(u), ©)

where the components e¢4# form a 4 x 4 invertible matrix.
We will also refer to e, as the vierbein in accordance with
the usual practice of blurring the distinction between

objects and their components. The vectors €, in terms of
é(A) are
2 = €",2(a). (10)
where the inverse vierbeins e u satisfy
et ept = 54, eylet, =48, (11)
Therefore, the metric is obtained from e? u
g;w = nABeA,ueBzw (12)
or equivalently
Na = Gueaep”, (13)

and the root of the metric determinant is given by
le| = /=g = det(e?,).

In TEGR, one uses the standard Weitzenbock’s con-
nection defined as

Iy, = eA“G,,eAM = —eAﬂaueA"’, (14)

and the covariant derivative D, satisfies the equation

D”eAy = a,,eAy - FﬂﬂeAa =0. (15)

Then the components of the torsion and contorsion tensors
are given by

1%, =T¢ —T%, =e,*(9,e*, — 0,e,),  (16)
Koty = =3 (T =T, ~T,). (17
By introducing another tensor
1
S = 3 (KM o + SuTP 5 — 55T ), (18)
we can define the torsion scalar as
T=T%,8". (19)

The action for f(7,7) gravity takes the following
form [28]
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! /ef(T, T)d4x+/e£md4x, (20)

S p—
162G

where f(T,7T) is an arbitrary function of the torsion scalar
T and the trace 7 of the matter stress-energy tensor. On the
variation with respect to the vierbein that leads to the field
equations, a question that should be noted is how to deal
with the variation of the trace of the energy-momentum
tensor 67 . This question has been met in theories with 7°
included in the action, including f(R,7") theory [29,32]
and f(T,7) theory [28]. With the discussion in the last
subsection, we can reexamine this question now.

From Eq. (3) and Eq. (6), the variation of € is

1

oe = _§(€+p)(gaﬁ_uauﬁ)6gaﬂ' (21)

Using (1), (6), and (21), one can express the variation
of 7 as

8T =6(3p —¢)

d
— <3—p p —1)56
dpe+p

d
e )(T; +edp)hsel.  (22)
The field equations then read as

dpe+p

4
fea® + EfT6ﬂ<esaaﬂeAa) +48,%e,°05f 1

dp p
AF S, 2TP e P 134 a
+4f7S,%T" s5e0 +fT< dp€+p>€eA

dp p "
= (f7<3%€+p_ 1> + 16ﬂG>T seal,

where fr and f7 denote derivatives with respect to torsion
scalar T and the trace of 7", respectively.

In contrast to f(7,7) theory in previous papers [28,41—
43], this is the new derivation of f(7,7) theory with 67
reconsidered, since we have taken L,, = e(p) but not
L,, = —p. The crucial difference lies in the different choice
of the matter Lagrangian £,,. The derivation of the field
equations in the references mentioned above depends on
the assumption that £,, = —p. And the same assumption
is used in works on f(R,7T) gravity (see [32]). However,
from the discussion in Sec. ITA and also in Refs. [30,40],
L,, = €(p) would be a more reasonable choice. This is
what leads to the difference between the field equations (23)
that we got and the ones in the literature.

Since f(T') theories are known to violate local Lorentz
invariance [44,45], particular choices of tetrad are impor-
tant to get viable models in f(7') cosmology, as has been
noticed in Ref. [46]. For a flat FRW metric in Cartesian
coordinates,

(23)
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ds* = di* — a(1)*(dx')?, (24)

where a(r) is the scale factor, the diagonal tetrad eff =
diag(1, a, a, a) is a good choice to get viable models [46].
The torsion scalar is T = —6H?, where H = a/a is the
Hubble parameter. Then the equations of motion (23) give
rise to the modified Friedmann equations

4 1
H? = ——71Ge — — 25
Sr 3” € 12f ( )

and

4Hfp = {ff (32—’6’— 1> + 16;:(;} (e+p)=3Hfr.  (26)

which are consequently different from those in previous
references for f(7,7) theory. It is easy to confirm the
energy conservation (8) from Eq. (25) and Eq. (26).

III. CARDASSIAN UNIVERSE
FROM f(T,7) THEORY

A. The action of Cardassian models from f(7',7") theory

In Ref. [26], we studied the cosmology of gravity with
the Lagrangian in the forms of £ o —T + av/-T +
f(T.L,) and Lo =T + T~ + f(T,L,,). In the first
form, the square root term is easy to prove as null, so
is actually a free parameter, and hence the correction of this
term will not affect the local gravity tests. Similar to
Ref. [26], here we choose

f(T,T)=~T+aV-T+g¢(T). (27)

For dust matter, the pressure is p = 0. Then from (5) we
have ¢(p) = p, and Eq. (25) reduces to

86 L, (28)

H2
3 6

where 7 = —p for dust matter, and p «x a3 from Eq. (8).
Itis obvious that Eq. (28) is the very equation for Cardassian
models and it is easy to find the forms of f(7,7)
corresponding to specific Cardassian models. Here,
we examine three Cardassian models. The units 8zG = 1
is used hereinafter. For the original Cardassian model

(OC) [1],
=4 [1 + <”) H}, (29)

where p.. is the critical energy density at which the two terms
of Eq. (29) are equal and we have

o(T) =2 (ﬁ) A

c p c
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For the modified polytropic Cardassian model (MPC) [6]

q(n=1)71/q
H =" [1 + <ﬁ> ] , 31
3 o (31)

we have

io-s{[ ()]
e[ (T}

and for the exponential Cardassian model (EC) [47]

H? = gexp [(pﬁ) _n] : (33)

i -sfon ()]
(@)

Therefore, we claim that we find the possible origin of
Cardassian models from f(7,7) theory.

we have

B. f(T, T )-generalized Cardassian models

Alternatively, inspired by the Lagrangian with the term
BT~! considered in Ref. [26], if we replace the av/—T term
in Eq. (27) with

32H
T 9

(35)

we can obtain the f(7, 7 )-generalized Cardassian models.
For generalized OC (Model I), the modified FRW equation
reads

2
E? —%E‘Z =Qy(1+2)°+Q.(1+2)0. (36)

Here E(z) = %ﬁ) H, is the Hubble parameter, Q;=

3”7“3 =Q,,0 + Qp9, Where Q,,, and Q, correspond to dark

matter and baryons respectively, and

AZ
Q =1-7-% (37)

For the generalized MPC (Model II), the modified FRW
equation reads
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/12
E2 _ _E—2
4
= {Q)(1 +2)% + [(Qy + Q)7 = Q] (1 +2)*"}V/1,

(38)

and for the generalized EC (Model III), the modified FRW
equation reads

/12
E2 _ _E—2
4
Q. +Q
= Qo(l + Z)3 exp |:(1 + Z)_3n In <Q—00>:| . (39)

In all the cases, the modified FRW equations can be
expressed unifiably as

E? :% {gb(z) +1/¢%(2) +/12},

where ¢(z) is the right hand side of Egs. (36), (38), or (39).

(40)

C. Observational Constraints

In this subsection, using the observational data of SNela,
CMB, and BAO, we give constraints and the best fit
parameters of each model. For SNela data, we use the
joint light-curve analysis (JLA) sample, which contains 740
spectroscopically confirmed type Ia supernovae with high
quality light curves. The distance estimator in this analysis
assumes that supernovae with identical colors, shapes, and
galactic environments have, on average, the same intrinsic

TABLE I. Best fitting parameters for all the models.
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luminosity for all redshifts. This hypothesis is quantified by
a linear model, yielding a standardized distance modulus
[48,49]

Hops =Mmp — (Mg —A-s+B-C+P-Ay), (41)
where my is the observed peak magnitude in rest-frame B
band, and Mgy, s, C are the absolute magnitude, stretch,
and color measures, which are specific to the light-curve
fitter employed, and P(M, > 10'° M) is the probability
that the supernova occurred in a high-stellar-mass host
galaxy. The stretch, color, and host-mass coefficients
(A, B, Ay, respectively) are nuisance parameters that
should be constrained along with other cosmological
parameters.

The CMB temperature power spectrum is sensitive to
the matter density, and it also precisely measures the
angular diameter distance 6, at the last-scattering surface.
We use the Planck measurement of the CMB temperature
fluctuations and the WMAP measurement of the large-
scale fluctuations of the CMB polarization. This CMB
data are often denoted by “Planck + WP”. The geomet-
rical constraints inferred from this data set are the present
values of baryon density Q,42, dark matter Q,,,42, and 6,
[26], where h is given by H, = 100h kms~' Mpc~..

The BAO measurement provides a standard ruler to
probe the angular diameter distance versus the redshift
relation by performing a spherical average of their scale
measurements, see Ref. [S0]. We use the measurement of
the BAO scale from Refs. [51-53].

In Table I, we present the best-fit parameters by using the
data of CMB + BAO + JLA, and also quote their lo

Cosmological Models

Parameters OoC Model 1 MPC Model 11 EC Model III ACDM
Q0 0.25510:9% 0.25570010 0.2561 050 0.2567 001 0.25470010 0.25170939 0.257105%
n 00221085 00145002 01660 0377IR 0720500 063970 -

- - LT 176 - - -

- 02832023 - 091532 - L2374 -
Ho 684611757 68461355 6855LF  68.551[35  68.025% 6877155 67.98157%
Qoh? 0.0221 4 0.0003 0.0221 4 0.0003 0.0220 =+ 0.0003 0.0220 = 0.0003 0.0222 + 0.0003 0.0221 + 0.0003 0.0221 + 0.0002
A 0.14170 507 0.14170 507 0.1407050° 0.14173%07 0.1427 9006 0.14200%" 0.14170 607
B CRTERF £ S RUCAL S RTINS RUEAL N R U i1 SR R UM
My —19.10509%0  =19.109%)  —19.0990557  —19.0970%8  —19.14700%  —19.111095 —19.11730%¢
AM —-0.07070%2  —0.0701 00 —0.07070%7  —0.07070%;  —0.069700;  —0.0697005%  —0.070§0:%
22 /dof. 683.908/738  683.907/737  683.616/737  683.590/736  688.767/738  685.693/737  684.131/739
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FIG. 1. Constraints on €,y and n from the lo to the 3o
confidence levels by using JLA SNe Ia+ CMB + BAO for
model I, while other parameters take their best fitting values.

bounds from the approximate Fisher information matrix.
We also examine the constraints on parameters from the 1o
to the 30 confidence levels for each model and Figs. 1-3 are
the illustrations of the constraints on Q,,; and n for Models
I, II, and III, respectively.

0.6 .

0.2

-1\\\\\||||||1|\\\\\llnnllll\\\\llllnl

022 023 024 025 026 027 028 029
Qm0

FIG. 2. Constraints on €,, and n from the lo to the 3o

confidence levels by using JLA SNe la+ CMB + BAO for
model II, while other parameters take their best fitting values.
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c
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0.22 0.23 024 025 0.26 0.27 0.28 0.29
QmO
FIG. 3. Constraints on ,,, and n from the lo to the 3o

confidence levels by using JLA SNe Ia+ CMB + BAO for
model III, while other parameters take their best fitting values.

IV. CONCLUSION AND DISCUSSION

Using the result of the Lagrangian of a barotropic fluid
given in Ref. [40], we rederive f (T, 7) gravity, obtaining the
modified Friedmann equations. We find the connection
between f(7,7) gravity and the Cardassian universe. For
dust matter, the modified Friedmann equations from (7', T')
theory can correspond to those of the Cardassian models, and
thus, a possible origin of the Cardassian universe is given. We
present the Lagrangians of the original Cardassian model, the
modified polytropic Cardassian model, and the exponential
Cardassian model from f (7, 7°) theory. Furthermore, we get
generalized Cardassian models by adding an additional term
to the corresponding Lagrangians of (7', 7') theory that lead
to the three Cardassian models mentioned above. Using the
data of CMB + BAO + JLA, we get the fitting results of the
cosmological parameters and give constraints of model
parameters for all of these models.

As one of the candidates for explaining the acceleration
of the universe, Cardassian models have advantages in that
the universe can be flat and yet consist of only matter and
radiation, both of which satisfy the conservation laws.
However, there is not a satisfactory answer in the literature
for the origin of the Cardassian models. In our new
derivation of f(7,7) theory, the usual energy conservation
still holds, which is necessary for Cardassian models. The
conclusion that we have given a possible origin of the
Cardassian universe from f(7,7) gravity is thus consis-
tent. The connection we have found between the two
theories is interesting and will be good in seeking the
explanation of the accelerated expansion of the universe.

104030-6



ACTION FUNCTIONAL OF THE CARDASSIAN UNIVERSE

PHYSICAL REVIEW D 95, 104030 (2017)

ACKNOWLEDGMENTS

This work is supported by the National Science Foundation of China, Grants No. 10671128, No. 11105091, and
No. 11047138, and the Key Project of Chinese Ministry of Education, Grant No. 211059.

[1] K. Freese and M. Lewis, Phys. Lett. B 540, 1 (2002).

[2] Y. Wang, K. Freese, P. Gondolo, and M. Lewis, Astrophys.
J. 594, 25 (2003).

[3] K. Freese, Nucl. Phys. (Proc. Suppl.) B124, 50 (2003).

[4] P. Gondolo and K. Freese, Phys. Rev. D 68, 063509 (2003).

[5]1 D.J.H. Chung and K. Freese, Phys. Rev. D 61, 023511
(1999).

[6] K. Freese, New Astron. Rev. 49, 103 (2005).

[7]1 C.J. Feng, X.Z. Li, and X.Y. Shen, Phys. Rev. D 83,
123527 (2011).

[8] P. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003).

[9] X.Z. Li, J.G. Hao, and D.J. Liu, Classical Quantum
Gravity 19, 6049 (2002).

[10] R. Caldwell, Phys. Lett. B 545, 23 (2002).

[11] X.Z. Li and J. G. Hao, Phys. Rev. D 69, 107303 (2004).

[12] S. Nojiri and S.D. Odintsov, Phys. Rep. 505, 59 (2011).

[13] Y. Du, H. Zhang, and X.Z. Li, Eur. Phys. J. C 71, 1660
(2011).

[14] H. Zhang and X.Z. Li, Phys. Lett. B 715, 15 (2012).

[15] X.Z. Li, C.B. Sun, and P. Xi, Phys. Rev. D 79, 027301
(2009).

[16] X.C. Ao, X.Z. Li, and P. Xi, Phys. Lett. B 694, 186 (2010).

[17] X.C. Ao and X. Z.Li, J. Cosmol. Astropart. Phys. 02 (2012)
003.

[18] X.C. Aoand X.Z. Li, J. Cosmol. Astropart. Phys. 10 (2011)
039.

[19] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. Phys.-Math.
KI1. 1928, 217 (1928); 1928, 224 (1928).

[20] A. Unzicker and T. Case, arXiv:physics/0503046.

[21] C. Mgller, Mat.-Fys. Skr. Danske Vid. Selsk. 1, 1 (1961).

[22] C. Pellegrini and J. Plebanski, Mat.-Fys. Skr. 2, 1 (1963);
K. Hayashi and T. Shirafuji, Phys. Rev. D 19, 3524 (1979);
J. W. Maluf, Ann. Phys. (Berlin) 525, 339 (2013).

[23] R. Aldrovandi and J. G. Pereira, Teleparallel Gravity: An
Introduction (Springer, Dordrecht, Netherlands, 2013); J. G.
Pereira, Teleparallelism: A New Insight into Gravitation, in
Springer Handbook of Spacetime, edited by A. Ashtekar
and V. Petkov (Springer, Dordrecht, Netherlands, 2014).

[24] R. Ferraro and F. Fiorini, Phys. Rev. D 75, 084031 (2007);
G.R. Bengochea and R. Ferraro, Phys. Rev. D 79, 124019
(2009).

[25] E. V. Linder, Phys. Rev. D 81, 127301 (2010).

[26] C.J. Feng, F.F. Ge, X.Z. Li, R. H. Lin, and X. H. Zhai,
Phys. Rev. D 92, 104038 (2015).

[27] R. H. Lin, X. H. Zhai, and X.Z. Li, J. Cosmol. Astropart.
Phys. 03 (2017) 040.

[28] T. Harko, F. S.N. Lobo, G. Otalora, and E. N. Saridakis,
J. Cosmol. Astropart. Phys. 12 (2014) 021.

[29] N. Katirci and M. Kavuk, Eur. Phys. J. Plus 129, 163 (2014).

[30] T. Harko, Phys. Rev. D 81, 044021 (2010).

[31] J. D. Brown, Classical Quantum Gravity 10, 1579 (1993).

[32] T. Harko, F. S. N. Lobo, S. Nojiri, and S. D. Odintsov, Phys.
Rev. D 84, 024020 (2011).

[33] O. Bertolami, F. S. N. Lobo, and J. Paramos, Phys. Rev. D
78, 064036 (2008).

[34] T.P. Sotiriou and V. Faraoni, Classical Quantum Gravity 25,
205002 (2008).

[35] V. Faraoni, Phys. Rev. D 80, 124040 (2009).

[36] H. Farajollahi, A. Ravanpak, and G. F. Fadakar, Phys. Lett.
B 711, 225 (2012).

[37] T. Harko, E. S.N. Lobo, G. Otalora, and E. N. Saridakis,
Phys. Rev. D 89, 124036 (2014).

[38] O. Bertolami, J. Paramos, T. Harko, and F. S. N. Lobo, in
The Problems of Modern Cosmology-A volume in Honor of
Professor S. D. Odintsov, edited by P. M. Lavrov (Tomsk
State Pedagogical University Press, Tomsk, Russia, 2009).

[39] V. A. Fock, The Theory of Space, time, and Gravitation
(Pergamon, New York, 1959).

[40] O. Minazzoli and T. Harko, Phys. Rev. D 86, 087502
(2012).

[41] D.Saez-Gémez, C. Sofia Carvalho, F. S.N. Lobo, and 1.
Tereno, Phys. Rev. D 94, 024034 (2016).

[42] G. Farrugia and J.L. Said, Phys. Rev. D 94, 124004
(2016).

[43] M. Pace and J. L. Said, Eur. Phys. J. C 77, 62 (2017).

[44] B. Li, T.P. Sotiriou, and J. D. Barrow, Phys. Rev. D 83,
064035 (2011).

[45] T.P. Sotiriou, B. Li, and J. D. Barrow, Phys. Rev. D 83,
104030 (2011).

[46] N. Tamanini and C. G. Bohmer, Phys. Rev. D 86, 044009
(2012).

[47] D.J. Liu, C.B. Sun, and X.Z. Li, Phys. Lett. B 634, 442
(2006).

[48] M. Betoule et al. (SDSS Collaboration), Astron. Astrophys.
568, A22 (2014).

[49] D.L. Shafer, Phys. Rev. D 91, 103516 (2015).

[50] D.J. Eisenstein and W. Hu, Astrophys. J. 496, 605
(1998).

[51] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-
Smith, L. Campbell, Q. Parker, W. Saunders, and F. Watson,
Mon. Not. R. Astron. Soc. 416, 3017 (2011).

[52] N. Padmanabhan, X. Xu, D.J. Eisenstein, R. Scalzo, A.]J.
Cuesta, K. T. Mehta, and E. Kazin, Mon. Not. R. Astron.
Soc. 427, 2132 (2012).

[53] L. Anderson et al., Mon. Not. R. Astron. Soc. 427, 3435
(2012).

104030-7


https://doi.org/10.1016/S0370-2693(02)02122-6
https://doi.org/10.1086/376899
https://doi.org/10.1086/376899
https://doi.org/10.1103/PhysRevD.68.063509
https://doi.org/10.1103/PhysRevD.61.023511
https://doi.org/10.1103/PhysRevD.61.023511
https://doi.org/10.1016/j.newar.2005.01.007
https://doi.org/10.1103/PhysRevD.83.123527
https://doi.org/10.1103/PhysRevD.83.123527
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1088/0264-9381/19/23/311
https://doi.org/10.1088/0264-9381/19/23/311
https://doi.org/10.1016/S0370-2693(02)02589-3
https://doi.org/10.1103/PhysRevD.69.107303
https://doi.org/10.1016/j.physrep.2011.04.001
https://doi.org/10.1140/epjc/s10052-011-1660-z
https://doi.org/10.1140/epjc/s10052-011-1660-z
https://doi.org/10.1016/j.physletb.2012.07.014
https://doi.org/10.1103/PhysRevD.79.027301
https://doi.org/10.1103/PhysRevD.79.027301
https://doi.org/10.1016/j.physletb.2010.09.060
https://doi.org/10.1088/1475-7516/2012/02/003
https://doi.org/10.1088/1475-7516/2012/02/003
https://doi.org/10.1088/1475-7516/2011/10/039
https://doi.org/10.1088/1475-7516/2011/10/039
https://doi.org/
http://arXiv.org/abs/physics/0503046
https://doi.org/10.1103/PhysRevD.19.3524
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.81.127301
https://doi.org/10.1103/PhysRevD.92.104038
https://doi.org/10.1088/1475-7516/2017/03/040
https://doi.org/10.1088/1475-7516/2017/03/040
https://doi.org/10.1088/1475-7516/2014/12/021
https://doi.org/10.1140/epjp/i2014-14163-6
https://doi.org/10.1103/PhysRevD.81.044021
https://doi.org/10.1088/0264-9381/10/8/017
https://doi.org/10.1103/PhysRevD.84.024020
https://doi.org/10.1103/PhysRevD.84.024020
https://doi.org/10.1103/PhysRevD.78.064036
https://doi.org/10.1103/PhysRevD.78.064036
https://doi.org/10.1088/0264-9381/25/20/205002
https://doi.org/10.1088/0264-9381/25/20/205002
https://doi.org/10.1103/PhysRevD.80.124040
https://doi.org/10.1016/j.physletb.2012.04.001
https://doi.org/10.1016/j.physletb.2012.04.001
https://doi.org/10.1103/PhysRevD.89.124036
https://doi.org/10.1103/PhysRevD.86.087502
https://doi.org/10.1103/PhysRevD.86.087502
https://doi.org/10.1103/PhysRevD.94.024034
https://doi.org/10.1103/PhysRevD.94.124004
https://doi.org/10.1103/PhysRevD.94.124004
https://doi.org/10.1140/epjc/s10052-017-4637-8
https://doi.org/10.1103/PhysRevD.83.064035
https://doi.org/10.1103/PhysRevD.83.064035
https://doi.org/10.1103/PhysRevD.83.104030
https://doi.org/10.1103/PhysRevD.83.104030
https://doi.org/10.1103/PhysRevD.86.044009
https://doi.org/10.1103/PhysRevD.86.044009
https://doi.org/10.1016/j.physletb.2006.01.074
https://doi.org/10.1016/j.physletb.2006.01.074
https://doi.org/10.1051/0004-6361/201423413
https://doi.org/10.1051/0004-6361/201423413
https://doi.org/10.1103/PhysRevD.91.103516
https://doi.org/10.1086/305424
https://doi.org/10.1086/305424
https://doi.org/10.1111/j.1365-2966.2011.19250.x
https://doi.org/10.1111/j.1365-2966.2012.21888.x
https://doi.org/10.1111/j.1365-2966.2012.21888.x
https://doi.org/10.1111/j.1365-2966.2012.22066.x
https://doi.org/10.1111/j.1365-2966.2012.22066.x

