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Resembling dark energy and modified gravity with Finsler-Randers cosmology
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In this article we present the cosmological equivalence between the relativistic Finsler-Randers
cosmology and the dark energy and modified gravity constructions at the background level. Starting
from a small deviation from the quadraticity of the Riemannian geometry, through which the local
structure of general relativity is modified and the curvature theory is extended, we extract the modified
Friedmann equation. The corresponding extended Finsler-Randers cosmology is very interesting, and it
can mimic dark energy and modified gravity, describing a large class of scale-factor evolutions, from
inflation to late-time acceleration, including the phantom regime. In this respect, the nontrivial Universe
evolution is not attributed to a new scalar field, or to gravitational modification, but it arises from the

modification of the geometry itself.
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I. INTRODUCTION

Since the discovery of the accelerated expansion of the
Universe (see Ref. [1] and references therein), a lot of
effort has been made in order to understand the physical
mechanism which is responsible for such a cosmological
phenomenon. There are two basic directions one can
follow in order to obtain its explanation. The first is to
introduce the concept of dark energy (hereafter DE) within
the framework of general relativity (for reviews, see
for instance Ref. [2]), while the second is to modify the
gravitational sector itself (see Ref. [3] and references
therein).

From the DE viewpoint, the simplest way to fit the
current cosmological data is to include in the Friedmann
equations the cosmological constant [1]. However, the
disadvantage of the so-called concordance A cosmology
is the fact that it suffers from the cosmological constant
problem itself [4]. This intrinsic problem appears as a
difficult issue which includes many aspects: not only the
problem of understanding the tiny current value of the
vacuum energy density (p, = ¢*A/87G = 10747 GeV*)
[4] in the context of quantum field theory or string theory,
but also the cosmic coincidence problem, namely why the
density of matter is now so close to the vacuum density [5].
Unfortunately, the alternative and more complex DE
scenarios, for instance quintessence [6—8], phantom [9],
quintom [10], etc., are not free from similar fine-tuning and
other problems no less severe (including the presence of
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extremely tiny masses and peculiar forms of the scalar-field
kinetic energy).

The above problems have inspired many authors to pro-
ceed in the alternative direction of modified gravity, such as
the braneworld Dvali, Gabadadze and Porrati (DGP) [11]
model, f(R) gravity [12], f(T) gravity [13,14], scalar-tensor
theories [15], Gauss-Bonnet gravity [16], Horava-Lifshitz
gravity [17], nonlinear massive gravity [18], etc. The under-
lying idea is that the accelerated expansion, either during
inflation or at late times, can be driven by a modification of
the Einstein-Hilbert action, while the matter content of the
Universe remains the same (relativistic and cold dark
matter). However, the majority of modified gravity models
are plagued with no physical basis and/or many parameters.

On the other hand, in the last decade the Finslerian
relativistic extensions have gained a lot of attention,
since Finsler geometry naturally extends the traditional
Riemannian geometry [19]. In this formulation, in general
one starts with the Lorentz symmetry breaking, which is a
common feature within quantum gravity phenomenology.
Such a departure from relativistic symmetries of space-
time leads to the possibility for the underlying physical
manifold to have a broader geometric structure than the
simple pseudo-Riemann geometry. Along these lines,
Finsler geometry is the simplest class of extensions, since it
generalizes Riemann geometry. Note that the Riemannian
geometry itself is a special type of the Finslerian one.

One of the most characteristic features of Finsler
geometry is the dependence of the metric tensor on the
position coordinates of the base manifold and on the
tangent vector of a geodesic congruence, and this velocity
dependence reflects the Lorentz-violating character of
the kinematics. Additionally, Finsler geometry is strongly
connected to the effective geometry within anisotropic

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.88.123510

BASILAKOS et al.

media [20] and naturally enters the analogue gravity program
[21]. These features suggest that Finsler geometry may play
an important role within quantum gravity physics.

From the cosmological viewpoint, in a series of works
[22,23] it was reported that in the osculating Riemannian
limit, the cosmic expansion of the flat Finsler-Randers
(hereafter FR) gravity is identical to that of flat DGP,
despite the fact that the geometrical origin of the two
cosmological models is completely different. This means
that the flat FR model inherits all the advantages and
disadvantages of the flat DGP gravitational construction.
However, the fact that DGP gravity is under observational
pressure [24] implies that the flat FR model faces the same
problems [23].

Therefore, in the present work we are interested in
extending the results of Refs. [22,23] in order to derive
an extended version of the FR model (hereafter EFR), free
from the observational inconsistencies. To achieve this,
instead of using the osculating Riemannian limiting pro-
cesses [22], which is a metric-based approach, we use the
covariant 1 + 3 formalism [25], that under certain condi-
tions can be naturally extended in the Finslerian framework
[26]. In this less restrictive case, we can mimic all non-
interacting DE models and the majority of modified
gravitational constructions, and we are able to describe a
large class of cosmological evolutions.

The plan of the work is as follows: In Sec. II, we present
the metrical extension of Riemannian geometry, and we
discuss the evolution of the kinematical variables and the
Finsler-Randers geometrical structure. In Sec. I1I, we focus
on the isotropic expansion, and we develop the cosmologi-
cal model. We prove the equivalence between the EFR and
DE models, as well as some classes of modified gravity at
the expansion level, and we discuss some particular
examples. Finally, in Sec. IV, we draw our conclusions.

II. RELATIVISTIC FINSLER GEOMETRY

Recently, there is an increasing interest in Finsler geome-
try since it has been reported within different aspects
of quantum gravity. The effective metric depends either
on velocitylike variables or on the tangent vector field of
the observers’ cosmic lines. A representative example of
the first case is the stochastic space-time D foam, where the
effective metric depends on the velocity of D particles that
recoil on the world sheet [27]. Another scenario where
Finsler geometry emerges, and the metric depends on fiber
coordinates, is the covariant Galilean transformations in
curved space-times [28]. On the other hand, dependence
of the metric on the particle’s 4-velocity arises in other
Lorentz-violating theories, such as the Horava-Lifshitz
gravity [29]. Additionally, a Finslerian line element has
been encountered in deformations of Cohen and Glashow’s
very special relativity [30], as well as in holographic fluids
[31]. Moreover, bimetric constructions can be naturally
incorporated in the Finsler framework [32]. Finally, we
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mention that Finsler geometry can be closely related to the
standard model extension [33]. Before proceeding to the
cosmological application of Finsler geometry, in the follow-
ing subsections we briefly present its basic features.

A. Finsler congruences

The main object in Finsler geometry is the fundamental
function F(x, dx) that generalizes the Riemannian notion
of distance (see for example Refs. [34-36]). In Riemann
geometry, the latter is a quadratic function with respect to
the infinitesimal increments dx* between two neighboring
points. Keeping all the postulates of Riemann geometry but
accepting a nonquadratic distance measure, a metric tensor
can be introduced as

92F?

Yy #0 1
2 ayiay? y (1)

gab(x’ )’) =

for a given connecting curve with tangent y* = ‘fji:. Note
that when the generating function F(x, y) is quadratic, the
above definition is still valid and leads to the metric tensor
of Riemann geometry. The dependence of the metric tensor
on the position coordinates x and on the fiber coordinates
y* suggests that the geometry of Finsler spaces is a geome-
try on the tangent bundle 7M. In other words, the Finsler
manifold is a fiber space where tensor fields depend on the
position and on the infinitesimal coordinate increments y“.
Therefore, the position dependence of Riemann geometry
is replaced by the so called element of support, which is the
pair (x4, y).

In relativistic applications of Finsler geometry, the role
of the supporting direction y* must be explicitly given. For
example, it may stand as an internal variable, as an explicit
or implicit violation of Lorentz symmetry, as an aetherlike
direction, or simply as the velocity of the fundamental
observer. In this article, we restrain our analysis to the
latter case, where the supporting direction y“ is the tangent
to the cosmic flow lines. Using only variational arguments,
we can arrive at the deviation equation for the supporting
congruence y“. The deviation equation directly provides
all the information for the internal deformation of the
timelike geodesic flow y“. Following the same procedure
with GR, we can extract the propagation formulas for
the expansion, shear and vorticity of an infinitesimal cross
section of the cosmological flow.

The infinitesimal distance between two neighboring
points on the base manifold (position space) is given by
the small displacement along the connecting curve y(7),
which depends on the position x* and on the coordinate
increments dx*:

dr = F(x, dx), ()

where in Finsler geometry F(x, dx) does not necessarily
depend quadratically on the dx“ increments. The actual
distance traveled on the base manifold along a given
direction is
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1= fF(x, dx/dt)dT, 3)

where the metric function F(x, y) is homogeneous of first
order with respect to the displacement arguments y* =
dx®/d. Applying the least action principle to the previous
integral, we arrive at the geodesic equation for the support-
ing direction:

“ p_ Ay
Y=YV =——+2Gxy) =0, 4)
dr
where G? are the spray coefficients with respect to the

F(x, y) fundamental function, and they are given by

1 92F? 9F?
_ b —
G = Zg“ (axcayb ¥ W) (5)

When y“ stands for the velocity of the fundamental observer,
then the dot operator in Eq. (4) is a direct generalization of
the time propagation of GR relativistic kinematics. In other
words, if the supporting direction y* = % is the observers’
4-velocity, then the affine parameter 7 is the proper time.
Note that we can recast Eq. (4) in the familiar form with
respect to the Christofell symbols, the only difference being
that the metric will depend on the supporting element.

The relative acceleration between two neighboring
observers is given by the second variation of the distance
module. Focusing the analysis along the y* direction, the
second variation leads to the Jacobi equation. The relative
acceleration between nearby geodesics is monitored by
an infinitesimal connecting vector (the deviation vector)
defined as

Xt =x+ &9 (6)

where the tilde stands for the neighboring reference frame.
Then, substituting the previous expression into the Euler-
Lagrange equations (4) and keeping up to first-order terms
with respect to the deviation vector £ leads to the follow-
ing formula:

ga + g{ab(x’ )’)fh = O: (7)

where FH ¢, is a tensor field that incorporates the relative
displacement of nearby geodesics in a Finslerian frame-
work, given by

G 9*°G“

}[ab =2 dxb e aybaxc +26°

9’G* G 9G*
ayPaye  ay¢ ayt’
(®)

The first-order homogeneity of the metric function leads
to the constraint aaiﬁP y¢ = 0. The latter guarantees that for
most connection structures (for example Chern, Cartan or
Berwald), the Jacobi field in Eq. (7) remains the same (see
for example Refs. [34-37]).

The coefficients of the tensor field JH ¢ , are directly

determined by the metric function F(x, y) through the least
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action principle that gives back the spray coefficients
[Eq. (5)]. As in Riemann geometry, expression (8) is
second-order homogeneous with respect to y“, but the
dependence is nonquadratic. Its eigenvalues correspond
to the sectional curvatures in the principal directions and
designate the relative motion between neighboring integral
curves. Equation (8) encloses all the relevant information
for Finslerian tidal effects on the y* congruence. The tensor
field 4{¢, is responsible for the relative acceleration
between nearby observers and will generate expansion
and shear on the timelike y“ congruence. Apparently,
the y“-deformable kinematics will be modified due to the
nonquadratic dependence of H 4, on the velocity of
the fundamental observer.

B. Deformable kinematics

The observers’ timelike congruence introduces a unidir-
ection in the physical manifold. This asymmetry is encoded
in the metric function F(x,y) and induces the 1 + 3
“threading” of space-time [25]. In the covariant 1 + 3
formalism, the metric is not the central object, since we do
not use a particular coordinate system. Instead, we use
the kinematic quantities, the irreducible components of
curvature and conservation arguments, while Einstein’s field
equations enter as simple algebraic relations between cur-
vature and matter [25]. The deviation of geodesics is of
central importance, since it monitors the internal deforma-
tion of the cosmic medium in a covariant way.

From the Finslerian perspective, the space and time
decomposition is directly related to the first-order homo-
geneity of F(x, y). In particular, the fundamental observer’s
velocity y* defines a family of integral curves on the space-
time manifold. With respect to this 4-velocity, we can
decompose tensor fields along y* and on the perpendicular
spatial hypersurface. In fact, we can recast the metric
tensor in Eq. (1) in the following form:

9*F oF OF

=F— 4+ — — 9
8ab 8y”8yb aya ayb ©)

where we have split the space-time metric into two parts by
using the quantities

2
la = g—};r ab = %' (10)
y dy“ay

Using the first-order homogeneity of the metric function
F(x, y), we can prove that [, is the normalized velocity of
the observers’ flow lines, [, = y,/F. In addition, the first-
order homogeneity of the fundamental function implies
that h,,I” =0 and also that the rank is (h,,) = 3.
Therefore, the tensor &, stands for the projection tensor
of relativistic kinematics.

With the space-time split [Eq. (9)] in hand, we can
decompose tensor fields to their irreducible parts, in direct
analogy to the standard gravitational physics, for example
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X, = gabXb = (hab + lbla)Xb =Xl,+ X, (1)

where X = [,X? is the timelike part and X, = h,’X,, is
the spacelike part. Using the 1 + 3 covariant formalism,
we will track the internal motion of the normalized
supporting direction [ (the congruence [ is considered
to be timelike, [,/ = 1 [38]). Restraining the analysis
along the [ timelike flow, the propagation equation of the
deviation vector at first order is given by

&1 =B, ¢, (12)

where it is straightforward to prove that B¢, = V[“—that
is, the tensor field B¢, is the distortion tensor of the time-
like congruence. Following Eq. (10), we can decompose
the distortion tensor to its irreducible parts

1
Vbla = §®hab + Tap + Eabca)c, (13)

where for the 3D spatial derivative D, = h,’V,, the
irreducible components are the expansion ® = D¢/, that
tracks volume changes, the shear o, = D<bla>l that
incorporates shape distortions, and the vorticity w, =
€,,.DP1¢/2 that accounts for changes of the orientation
of the infinitesimal spatial cross section, parallel trans-
ported along [¢.

Taking the time derivative of Eq. (12) and substituting in
Eq. (7), we arrive at the evolution equation for the internal
deformations of the timelike flow:

By + BBy = —H oy (14)

This propagation law reflects the effect of the Finslerian
curvature tensor JH ,, on the deformable kinematics of a
timelike flow. The irreducible parts of Eq. (14) provide the
evolution equation for the expansion (Raychaudhuri’s
equation)

O+ %@2 = —-K - 2(c? — w?), (15)

the propagation of shear (which describes kinematic
anisotropies)

. 2
Owpy = — §®0-ab - UC<aUCb> T W(Wpy — j-[(ab)r (16)

and finally the propagation of vorticity
2
w, = —§®wa + o0”, 17

where K = H ,,h is the scalar flag curvature of the
Finslerian manifold when FH @y = 0[26,34].

The above system of propagation equations is very
similar to the analogous expressions in general relativity.
In particular, they are the same except that in the

1Angle brackets stand for the projective, symmetric and trace-
free part of a second-rank tensor X, = hf(ahdh)X(,d -
1 cd
§Xcdh hab'
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Riemannian limit, the tensor in Eq. (8) depends quadrati-
cally on the observers’ 4-velocity. Thus, the key difference
is the nontrivial dependence of the curvature tensor H
on the velocity of the fundamental observer, which modi-
fies the way that curvature generates deformations on a
timelike medium.

C. Finsler-Randers metric function

In Finsler geometry, the form of the metric function
F(x, y) is of central importance, since it generates all the
other geometric quantities. One of the most simple cases
after the Riemann limit is the Randers norm [39], which is
given by

F=a+ 8, (18)

where a = v a,;,y*y? is a Riemann metric function and
B = b,y* stands for an arbitrary 1-form. The fundamental
function [Eq. (18)] interfaces a Riemann space-time with a
Finslerian one in a simple way, since the Randers metric is
the limiting case of a large number of Finsler space-times,
when we consider small departures from GR. For example,
in a large class of («, B8) metrics where F = a¢(B/a), the
almost Riemannian limit ¢ ~ 1 provides a Randers-type
geometry at first order for 8/a, when ¢ ~ 1 + B/a.

Equation (18) has the important consequence that one
can separate geometric quantities into the purely Riemann
part, with respect to the @ metric function, and the Finsler
contribution. In this case, for specific examples, we can
directly inspect the effect of nonquadraticity on the
space-time medium.

In particular, the geometric entity that accurately incor-
porates the nonquadraticity of the metric function is the
indicatrix F(x, y) = 1, which represents an arbitrary locus
on the tangent bundle [36]. This locus in the Riemann case
defines a quadratic hypersurface. In the case of a Randers-
type geometry [Eq. (18)], the hypersurface is still quadratic
but becomes eccentric [39]. In other words, the Randers
metric function in Eq. (18) assigns at each space-time point
a vector b, that describes the displacement of the center of
the indicatrix. This property translates to a disformal cor-
relation between the Finslerian metric tensor [Eq. (1)] and
the Riemannian a,;, given in Eq. (18). In fact, substitution
of Eq. (18) into Eq. (1) yields

F _
8ab = ;(aab - lalb) + lalb’ (19)

where [, = gy“ is the normalized velocity on the Riemann
sector. The disformal relation [Eq. (19)] introduces an
explicit dependence of the space-time metric on the veloc-
ity of the cosmic flow lines. Note that similar behavior of
the effective geometry is commonly reported in investiga-
tions of anisotropic media [20].

Concerning the signature of the Finsler-Randers space-
time, it is useful to introduce the nonholonomic frame on
TM, namely
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a a -
Yt = J;(éah + ‘/%lalb — l“lb), (20)
and it is straightforward to prove the identity ¥,°Y,? =
8,". Then, using Eq. (20), we can recast the Finslerian
metric tensor in the following form [40]:

8ab = YaCdeacd- (21)

Thus, from the definition in Eq. (20) and the above relation,
we conclude that the Finsler-Randers metric tensor and the
Riemann metric «,;, have the same signature. Taking into
account that the metric tensor [Eq. (19)] must be real, we
deduce that the timelike y* congruence is positive definite,
or equivalently, the signature is (+, —, —, —). This restrains
the y* bundle of geodesics to be timelike [32]; however,
we can define first-order Finslerian tensor fields as spacelike
[U(x, y)*U(x, y), <0], null [U(x,y)*U(x,y), =0], or
timelike [U(x, y)*U(x, y), > 0] [41].

As a first attempt to examine the physical impact of
nonquadraticity, we assume that the Riemann sector of
Eq. (19) represents the “gravitational” geometry, while
the Finsler manifold describes the “‘physical” geometry
[42]. This provides an effective geometric setup to model
possible implications of nonquadraticity on the expansion
dynamics.

We consider a Randers-type («, 8) metric, and we as-
sume that the velocity of the fundamental observer is given
by the normalized vector [ = y*/F. Then, if b, is a closed
form with respect to the Riemann covariant derivative of
the a metric, by,.,) = 0, the spray coefficients [Eq. (5)] for
the normalized velocity /“ take the simplified form [34]

G* =G + %(I)l“, (22)
where bars denote the Riemann parts with respect to the «
metric, and we define ® = b, 1“1’ Substituting Eq. (22)
into the covariant expression [Eq. (8)], the curvature tensor
takes the simplified form

He, = H, + %(3@2 —2W¥)he,, (23)
where the last two scalars are given with respect to the
Riemann covariant derivative of the a metric,

W = by 9, (24)

and we have defined H ,, = F 2R .4y y? for the part of
the curvature coming from the Riemann metric function «
of Eq. (18). The second-rank tensor [Eq. (23)] clearly
incorporates the relation between a part of the Riemann
curvature and a part of the actual curvature of the fore-
ground manifold. As we have already mentioned, the
latter curvature generates deformations in the assumed
“physical” space-time which is of Finsler type, while the
Riemann curvature represents the gravitational sector.
Note that W—that is, the nature of the Finsler-Randers
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contribution to the curvature—is defined on a geometrical
basis, since it directly originates from the curvature of
the Finsler-Randers geometry [Eq. (23)]. Therefore,
from Eq. (23) and the deformable kinematics given in
Egs. (15)-(17), we conclude that the Riemann curvature
of the gravitational sector generates deformations in the
foreground space-time in a modified way.

III. FINSLER-RANDERS COSMOLOGY

In this section, we investigate the conditions under
which the Finsler-Randers cosmology can provide a cos-
mic acceleration equivalent to the traditional scalar-field
DE or classes of modified gravity. We assume that the
“physical” geometry is represented by the nonquadratic
metric function [Eq. (18)], while the gravitational geome-
try is given by its Riemannian part. Thus, in a FRW-like
scenario, the Riemann curvature R, ., is related to the
energy-momentum tensor of a perfect fluid through the
Einstein field equations

_ 1~ - - _
Rap — ERa'ab =Ty = plalb + phabr (25)
where we define the projection tensor of the Riemannian
sector as h,, = a,, — 1,1, the overall energy density as
measured in the /¢ frame as p = T,,[?”, and the total
isotropic pressure as p = T,,h%’/3, while we impose the
usual convenient units, setting 877G = 1. Furthermore, for
our setup it is natural to assume a homogeneous and isotropic
Riemannian sector for the gravitational geometry. Hence,
we can neglect the nonlocal gravitational degrees of freedom,
and the Weyl curvature becomes negligible. In this case, the
Riemann curvature depends only on its local parts:

1 _ _ _ _
Rabcd = E(aacRbd + abdRac - abcRad - aadec)

- _R(a’acabd - aadabc)' (26)

6

We consider shear- and vorticity-free evolution for the
cosmic fluid, which is in agreement with the tight con-
strains of the cosmic microwave background (CMB)
anisotropies (see for instance Ref. [43]). In fact, using
Egs. (23), (25), and (26), we obtain that 5—[<ub> ~ bgbp),
and the source term in the propagation of shear [Eq. (16)] is
negligible if b, tends to be purely timelike. Thus, our
kinematical setup is consistent with a shear- and vorticity-
free bulk flow, since there are no source terms in Eqgs. (16)
and (17). Then, keeping up to first-order terms with respect
to b, in Eq. (23), and using the field equations [Eq. (25)]
and the decomposition [Eq. (26)], Raychaudhuri’s formula
[Eq. (15)] acquires the simplified form

NP _3
O+507=——(1-Blp+3p) -3V @D

where we have used the auxiliary relation H ,,h® = Ix
(1 = B)(p + 3p). Raychaudhuri’s equation [Eq. (27)] is the
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fundamental equation that describes the cosmological
evolution. The crucial point is the sign of its right-hand
side. In particular, negative terms align with the gravitational
pull, while positive terms accelerate the expansion. The
Finsler contribution in the first term of the rhs of Eq. (27)
acts as an effective coupling constant. As an example, if we
neglect this term, then the significant term that incorporates
the effects of nonquadraticity is the last one, and when
¥ <0, it can drive an accelerating phase; while
for ¥ > 0, it increases the gravitational attraction; and for
P =0, the current scenario reduces to the Einstein—de Sitter
model in the matter era. In other words, the adoption of a
nonquadratic measure affects the local structure of space-
time, since the SO(4) symmetry is broken, and hence it
implies new kinematic effects for the bulk flow of matter by
modifying the curvature theory. Apparently, by discarding
the local flatness of general relativity, we acquire long-range
modifications in the Finslerian geometrodynamics.

Let us discuss here the energy conservation in the sce-
nario at hand. The energy density and the isotropic pressure
as measured in the Riemannian frame [* are related to the
“physical” frame [ by the following relations:

F? F
== p=_p" (28)

where we have defined p') =T,I4" and pV) =
T,,h /3 for the total energy density and pressure, respec-
tively, in the Finslerian frame. Hence, taking into account
that at late times F/a = 1 + 8/a ~ 1, we obtain that at
first order in the two frames, the energy density and pres-
sure are the same, namely p ~ p) and p ~ p).? At early
times, our first-order approximation is no longer valid,
since the two frames will start to diverge, having a direct
impact on the effective equation of state. Additionally, in
the presence of pressure, the spatial part of the energy-
momentum conservation 4,°V*T,, = 0 yields

(p + p)lbvhla = _Dap' (29)

However, by construction, the [* congruence is geodesic
[Eq. (4)], and the previous relation implies that D,p = 0.
The latter condition is valid in an isotropic and homogeneous
background, but considering cosmological perturbations,
nongeodesic congruences will be involved in the calculations
(for a 1 + 3 treatment of nongeodesic flows, see Ref. [26]).
Hence, our model is consistent at late times of the cosmo-
logical history (for example, in dust- and radiation-
dominated eras) and for vanishing gradients of pressure.

On the other hand, taking the timelike part of the energy
momentum conservation, [“V?T,, = 0, and decomposing
it to the irreducible parts with respect to the /“ congruence,
we obtain

%In relativistic cosmology, a similar limiting process between
relative frames is used to study ‘‘peculiar” frames and the
Zeldovich approximation (see for example Ref. [44]).
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p=-06(p+p) 30)

for the total energy density. Here we mention that the above
relation is valid for the first-order approximation, where
the energy density is almost the same in the Remannian
frame /% and in the Finslerian one /¢ that represents the
bulk flow of matter. Introducing the characteristic length
scale a (scale factor) of the spatial volume by dV = a°, we
extract that for the expansion we have ® = (dV) /dV =
3a/a. Using this expression, we can recast Raychaudhuri’s
formula [Eq. (27)] in terms of the scale factor for late times
of the cosmological evolution as

i 1 3
fe —Z(p+3p) -2V 1
3a 2(/0 3p) e (3D

where the total matter fluid itself is in general a mixture of
relativistic matter (i.e. radiation, p, with p, = p,/3) and
nonrelativistic matter (i.e. cold matter, p,, with p,, = 0)
components, implying p = p,, + p,and p = p,, + p, =
p,/3. Now, using the continuity equation [Eq. (30)] to-
gether with the Raychaudhuri’s formula [Eq. (31)], we
retrieve the modified Friedmann equation:

H%*(a) = %p —a? fa‘l’(a)da — %. (32)

In the above expression, C; is an integration constant,
which in the FRW limit coincides with the spatial curva-
ture, and thus without loss of generality, in the following
we set it to zero. For the rest of our analysis, we focus on
the matter-dominated era (well after radiation-matter
equality) in which the radiation component is considered
negligible, and thus we use p = p,,.

Equation (32) incorporates the effects of Finsler-Randers
geometry in the expansion of the Universe. We remind the
reader that W(a), which is the nature of the Finsler-Randers
contribution to the curvature, is defined on a geometrical
basis, since it directly originates from the curvature of the
Finsler-Randers geometry [Eq. (23)]. Since from first prin-
ciples the evolution of W remains unconstrained (this could
be achieved by relating the Finsler structure to a particular
quantum gravity scenario, which lies beyond the scope of
the present work), any W(a) profile is possible. Thus, from
Eq. (32), one can deduce that a large class of scale factor
evolution can be realized within the context of Finsler-
Randers geometry.

Let us examine the condition of a local small departure
from quadraticity, in relation to the accelerated cosmologi-
cal expansion. In a first approach, we may write

B
2 b
A

Y = b, 1911 ~ (33)

where Ar is a characteristic length scale related to the
variation of 8. A small value of 8 corresponds to a sort
length scale of the modification. Using the approximation
[, u¥(u)du ~ Va?, together with Eq. (33), the Friedmann
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equation [Eq. (32)] for an accelerated phase leads to the
approximate relation
Ar\2
81~ (52).

N (34)

where A, = H™! is the Hubble horizon. The above rela-
tion is a rough estimation of the B parameter, with respect
to the Hubble horizon, in order to obtain an accelerated
expansion. Thus, the length A r represents a characteristic
scale above which the gravitational physics is affected.
The condition |B| < 1 can be easily fulfilled if Ay is
orders of magnitude below the Hubble horizon. For ex-
ample, if we assume that the gravitational sector is modified
above galactic scales (kpc) and take into account that
Ay ~10'° pc, Eq. (34) leads roughly to |B]|~ 10714,
Hence, interestingly enough, even small departures from
Lorentz invariance can lead the cosmic flow to the accel-
erated phase.

Let us make a comment here on the Lorentz invariance
violation. The effective geometric formulation of the present
work stands for the geometry of space-time as measured
by the comoving observers of the self-gravitating cosmic
medium. Thus, the 3 variable parameterizes possible depar-
tures from Lorentz invariance in the gravitational sector.
The most stringent constraints of Lorentz violation in the
gravitational sector arise from parametrized post-Newtonian
(PPN) analysis using Solar System data [45], and the most
recent results from Gravity Probe B put an upper bound at
1077 [46]. Therefore, the above representative example lies
far inside this window. Note that during the last few years,
PPN analysis in Finsler geometry has been developed in
Ref. [47]; however, to the best of our knowledge the metric
functions that have been used are not of Randers type.
Furthermore, the study of Lorentz violation in the gravity
sector involves possible future detection of gravitational
waves and possible Lorentz violation corrections (see for
example Ref. [48]), constraints on the inverse square law
and gravitomagnetic effects, CMB anisotropies, and black
hole physics [49]. This detailed analysis eventually will also
constrain the “Finslerity” of the gravitational sector but lies
beyond the scope of this work.

A. Analogue to dark energy and modified gravity

In this subsection, we show that the above Finsler-
Randers-modified Friedmann equation [Eq. (32)] can mimic
any dark energy scenario, through a specific reconstruction
of the W(a)—that is, of the Finsler-Randers contribution to
the curvature. For this sake, we write

V(a) = ¥oX(a)/3, V¥,<0, (35)

H(a) = HyEgpg(a), (36)

and using also the fact that p,, = p,,0a >, the Friedmann
equation [Eq. (32)] is written as

PHYSICAL REVIEW D 88, 123510 (2013)

Epp(a) = Quoa™ + Qya0(a).  (37)
In this expression, we have defined
0@ = [ uxtuydn, (38)
0

while the density parameters read as Q,,0 = P .0/ 3H(2) and
Qy, = —V/3H}, with Q0+ Qy, = 1.> We mention
that for mathematical convenience, Q(a) is normalized to
unity at the present time.

Now we can return to the aforementioned basic
question: Under which circumstances can Eq. (37) re-
semble that of dark energy? In order to address this crucial
question, we need to calculate the effective equation of
state parameter (hereafter EoS) w(a) for the EFR cosmol-
ogy introduced above. We proceed as though we would
not know that the original Hubble function is the one given
by Eq. (37), and we assume that it behaves according to the
typical expansion rate of the Universe where the DE is
caused by a scalar field with negative pressure, namely
Pp = w(a)pp(a). Therefore, for homogeneous and iso-
tropic cosmologies, driven by nonrelativistic matter and a
scalar field DE, the first Friedmann equation is given by

Efp(a) = [Qa3 + Qpgofla)] (39)

= [ T2

where Q0 = ppro/3H3 is the DE density parameter at
the present time, which obeys Q,,0 + Qpgy = 1.

The next step is to require the equality of the expansion
rates of the original EFR picture [Eq. (37)] and that of the DE
picture [Eq. (39)], namely Egy(a) = Epg(a) for every scale
factor, and by doing so, we extract the integral equation

0(a) = a’f(a).

Differentiating the above equation, and using Egs. (38) and
(40), we obtain the function X(a) [and thus W(a)] in terms
of the EoS parameter w(a), as

X(a) = —[1 + 3w(a)]f(a).

In this viewpoint, if we know a priori the effective EoS
parameter, then we can obtain via Eq. (42) the Finser-
Randers function X(a) and vice versa. Finally, inverting
Eq. (42) and utilizing again Egs. (38) and (40), we find
after some simple algebra that

with

(40)

(41)

(42)

3Practically, defining €, and , as the standard nonrelativ-
istic and radiation density parameters at the present time, we can
find that the complete Hubble function reads as E%.p(a) =
Q0073 + Q,pa™* + Qy,a?Q(a) in the limit of F/a =1+
B/a ~ 1 (see Sec. II). Note that at the last scattering surface
(zcmp), the Hubble horizon is Ay ~ 2.5 X 10° pc, which implies
that | 8| < 1 [see Eq. (34)]. Finally, as usual, the above density
parameters satisfy the extended sum rule O, + Q,0 + Qy, = 1.
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w(a) = —1 _%[—%eran].

Ta (43)

Equation (43) is one of the basic results of our work. It
provides the relation of any EoS evolution with the neces-
sary form of the Finsler-Randers geometry. In particular,
for a given desired form of w(a), we use Eq. (43) in order
to find the corresponding Q(a). Then, through Egs. (41)
and (42) we calculate X(a), and using Eq. (35) we obtain
W(a). Finally, with the profile of W(a) in hand, we deter-
mine the Friedmann equation of motion [Eq. (32)] that
together with the continuity equation [Eq. (30)] fully de-
termines the cosmological evolution.

We stress here that there is not any restriction at all—
namely, the above procedure can be applied for any w(a),
as long as the corresponding Hubble function is given by
Eq. (39), for instance including the quintessence and phan-
tom regimes, the phantom divide crossing from both sides,
etc. In the following subsection, without loss of generality,
we reconstruct X(a) of the Finsler-Randers metric function
for the most familiar cosmological scenarios.

B. Specific examples

In order to proceed to specific examples, the precise
functional form of X(a) has to be determined. However,
note that this is also the case for any dark energy model, as
far as the equation of state (EoS) parameter is concerned.
Potentially, in the current work we could phenomenolog-
ically treat X(a) [and thus Q(a) and W(a)] either as a
Taylor expansion around a = 1 [X(a) = X, + X,(1 — a)]
or as a power law X(a) « a”. Instead of doing that, we
have decided to mathematically investigate the conditions
under which the Finsler-Randers cosmological model can
produce some of the well-known DE models. Below we
provide some specific examples along the above lines. In
particular, we first consider some literature scalar-field DE
models that emerge from FRW cosmology with general
relativity, and for these models we reconstruct the func-
tional forms of W(a) = ¥y X(a)/3 of the equivalent
Finsler-Randers cosmology.

(1) Cosmological constant:

Inserting wy, = —1 = const into Eq. (43), we obtain
that Q(a) = a?, which leads to f(a) = 1, and thus to
X(a) = 2.

(2) Quintessence and phantom models with constant w:
In these constant-w scenarios [2,7,9], DE is attrib-
uted to a homogeneous scalar field, with a suitable
potential in order to keep the EoS constant, which
requires a form of fine-tuning. Specifically, the DE
models with a canonical kinetic term of the scalar
field lead to —1 = w, while models of phantom DE
(w < —1) require an exotic nature, namely a scalar
field with negative kinetic energy, which could lead
to unstable quantum behavior [50]. Substituting
w(a) = w = const into Eq. (43), we find
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Q(a) = a~ 1+ (44)

and thus
X(a) = —(1 + 3w)a 30+, (45)

In other words, if we desire to construct a quintes-
sence or phantom look-alike Hubble expansion
(frequently used in cosmological studies), we need
to write X(a) as in Eq. (45).
Chevalier-Polarski-Linder DE:

We consider the Chevalier-Polarski-Linder parame-
trization [51], in which the dark energy EoS parameter
is defined as a first-order Taylor expansion around the
present epoch:

w(a) = wy + w(1 — a). (46)
In this case, we straightforwardly obtain
Qa) = a=" 30 exp[=3w (1 — )], (47)
and therefore

_ 3wyla — l)a; (1 + 3wyg) 0(a). (48

Similarly to the previous example, if we want to
build a CPL look-alike Hubble expansion in the
context of Finsler-Randers geometry, then the cor-
responding functional form of X(a) needs to obey
Eq. (48).

Pseudo-Nambu-Goldstone boson scenario:

In the pseudo-Nambu-Goldstone boson model [52],
the dark energy EoS parameter is found with the
aid of the potential V(¢) o< [1 + cos(¢/p)], and it
reads

w(a) = =1+ (1 + wy)a?, (49)

where p is a free parameter of the model. Based on
this parametrization, the basic ERF functions are
given by

o) = @ expl:—31 W0 (g — 1)] (50)
and
xa) = 220 o) s
f(T) gravity:

Let us now give an example of how we can recon-
struct the functional forms of X(a) and Q(a) of the
equivalent Finsler-Randers cosmology in the case of
a modified gravitational model. As a specific case,
we choose the f(T) construction, which is based on
the teleparallel equivalence of general relativity. In
this formulation the gravitational information is in-
cluded in the torsion tensor and the corresponding
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torsion scalar 7, and one extends the Lagrangian
considering arbitrary functions f(T) [13,14]. Within
such a framework, the Hubble function is written as

87G F(T)
=——p, ——— — 2frH?,

3 Pm 6 fT

where T = —6H? is the torsion scalar and f; =
df(T)/dT. Based on the matter epoch, defining
E%;(a) = H*(a)/H} and using p,, = poa >, the
above equation always becomes

H? (52)

E3p(a) = Qa7 + Qpoy(a), (53)

where Qpg = 1 — Q,,0. The function y(a) is scaled
to unity at present time and is given by

__ [ 2

o) = —5-|% AR @] e

Comparing Egs. (53) and (54) with Eq. (37), we find
that

0la) =22 5)
and

7= = 2y(a)
X(a) = . (56)
a

As an example, we use the power-law model of
Bengochea and Ferraro [13] with

_ (erp2yi-b 2o

o = 6H) o1
where b is the free parameter of the model, which
has to be less than unity in order to ensure a cosmic
acceleration. Inserting Eq. (57) into Eq. (54), we
arrive at y(a) = E**(a) = a*Q(a). Obviously, for
b = 0 the power-law f(T) model reduces to the
ACDM model, while for b = 1/2 it reduces to the
DGP one [11], which implies that potentially we
have a cosmological equivalence among the EFR,
DGP, and f(T) power-law gravity models. Note that,
as we said in the Introduction, the equivalence of
DGP with Finsler-Randers cosmology was already
found by some of us in Ref. [23].

In summary, from the above analysis and the specific
examples, it becomes clear that the DE scenarios (includ-
ing some modified gravity models) that satisfy Eq. (39) can
be seen as equivalent to the geometrical EFR cosmological
model.

Finally, in a forthcoming publication, we attempt to
physically derive the precise functional form of X(a), as
well as to provide a full perturbation analysis, which can be
used in order to distinguish the Finsler-Randers scenario
from other DE and modified gravity models [53].

f(T) = a(=T)", (57)
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IV. CONCLUSIONS

In the present work, we investigated an extended form
of Finsler-Randers cosmology, and we showed that it can
mimic any noninteracting dark energy scenario, as well as
modified gravity models, at the background level. In par-
ticular, we started from a small deviation from the quad-
raticity of the Riemannian geometry, and we extracted the
modified Friedmann equation that determines the Universe
evolution.

The effect of the Finsler-Randers modification is to
produce correction terms to the Friedmann equation that
can lead to a large class of scale factor evolution, including
the quintessence and phantom regimes, the phantom divide
crossing from both sides, etc. As we showed, for a given
dark energy equation of state parameter, we can recon-
struct the corresponding functions of the Finsler-Randers
space that indeed give rise to such a behavior, and vice
versa. Therefore, the present work is a completion of the
previous works of some of us [22,23], wherein we showed
the equivalence of Finsler-Randers cosmology with par-
ticular modified gravitational models as the DGP one,
since we now show that the extended Finsler-Randers
cosmology can resemble a large class of cosmological
scenarios.

In this respect, the nontrivial Universe evolution, and
especially its accelerated phase either during inflation or
at late times, is not attributed to a new scalar field, or to
gravitational modification, but it arises from the modifica-
tion of the geometry itself. In particular, even a very small
nonquadraticity of the Finsler-Randers geometry, in which
the local structure of general relativity is modified and
the curvature theory is extended, can lead to significant
implications for the cosmological evolution. One should
still provide an explanation for the origin of the Finsler-
Randers geometry itself, and the small departure from the
Riemann one. Although there are indications that this must
be related to quantum gravity effects [21,27-33], this issue
lies beyond the scope of the present work and is left for a
future investigation.

We close this work by making two comments. The first
is that, as we discussed in the text, our analysis is valid at
intermediate and late times, including the radiation era,
where all the energy conservations hold as usual. The
second is that the above equivalence between Finsler-
Randers geometry and dark energy and modified gravity
models has been obtained at the background level—that is,
demanding the same scale factor evolution. However, a
necessary step is to proceed to a detailed analysis of the
cosmological perturbations and see whether the aforemen-
tioned equivalence breaks, which would allow us to dis-
tinguish between the various scenarios (this was indeed
the case in the equivalence of the simple Finsler-Randers
geometry with the DGP model [23]), or whether it is
maintained, in which case the degeneracy of the above
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constructions would be complete. This complicated and
detailed investigation is in progress [53].
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APPENDIX: THE 1 + 3 COVARIANT FORMALISM

We briefly summarize the 1 + 3 covariant formalism as
developed by J. Ehlers and G. F.R. Ellis [25]. The notation
in this appendix is for the Riemannian limit that will serve
as guidance through our calculations to the Finslerian case.
The covariant approach employs a timelike vector field u*
with u,u® = 1. With respect to this normalized vector
field, we split space-time into time and space. The 1 + 3
split is a particular case of the tetrad formalism, where the
u® congruence represents the frame of comoving observ-
ers. With respect to the 4-velocity u“, we can decompose
all tensors to their irreducible parts. In particular, using the
projection second-rank tensor h,, = g,, — u,u,, We can
covariantly define the time derivative and the spatial gra-
dient of an arbitrary tensor field, namely

Sup. = uV,S,, “, (A1)

a

D,S,, “ = h,h; h,Ph,h, ... VS, 1. (A2)
Instead of writing the metric to a particular coordinate
system, the geometry as measured by the u“ family of
observers is described by the irreducible parts of the
following tensor field:

®hab + Oab + W gp,

Dyu, = (A3)

[OSEIE

PHYSICAL REVIEW D 88, 123510 (2013)

where we define the kinematic quantities as follows: the
expansion ® = D“u,, the shear o,, = Dyu,, and the
vorticity w,, = Dy,u,). The projective symmetric and
trace-free part is defined as

1

Xapy = hc(ahdb)xcd - §Xcdh6dhab’ (A4)

where indices in squared brackets indicate the symme-
trized part.

In case of a shear- and vorticity-free expanding congru-
ence of geodesics, the evolution of the deviation vector that
connects nearby observers is &, = %@fu [25]. Taking the
time derivative of the previous expression, and substituting
into the deviation of geodesics &, + R, pquué? =0,
gives back Raychaudhuri’s equation

-1
0 + 5@2 = _Rabblalxlb. (AS)

The energy-momentum tensor of pressureless matter is
T,, = pu,uy,, and the contracted Einstein’s field equations
along the observers’ 4-velocity give back the auxiliary
expression, R,,u“u’ =1p. Moreover, an important
geometric entity is the characteristic length scale of the
expanding 3D cross section, namely the scale factor a
given by dV « a*. The reader should notice that the scale
factor is covariantly defined, in contrast to the metric-based
approach, where it is introduced through a particular
coordinate system. Thus, for the expansion we obtain
® = (dV)/dV = 3a/a, and therefore we can rewrite
Eq. (AS) in the form

3é=——p. (A6)

a 2

The physical requirement of pressureless matter implies
that for a conservative system, the matter energy density
scales with the volume element—that is, pdV = const.
Furthermore, using the definition for the scale factor, we
acquire (pa’)’ = 0. (Alternatively, one may decompose
the energy momentum conservation law VT, = 0 to its
irreducible parts [25].) The latter, together with Eq. (A6),
fully determines the evolution of the dustlike medium (for
further details, see for example Ref. [43]).

[1] M. Tegmark et al., Astrophys. J. 606, 702 (2004); D.N.
Spergel et al., Astrophys. J. Suppl. Ser. 170, 377 (2007);
T.M. Davis et al., Astrophys. J. 666, 716 (2007); M.
Kowalski et al., Astrophys. J. 686, 749 (2008); G.
Hinshaw et al., Astrophys. J. Suppl. Ser. 180, 225

(2009); J.A.S. Lima and J.S. Alcaniz, Mon. Not. R.
Astron. Soc. 317, 893 (2000); J.F. Jesus and J.V.
Cunha, Astrophys. J. Lett. 690, L85 (2009); S. Basilakos
and M. Plionis, Astrophys. J. Lett. 714, LI185
(2010).

123510-10


http://dx.doi.org/10.1086/382125
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1086/519988
http://dx.doi.org/10.1086/589937
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://dx.doi.org/10.1046/j.1365-8711.2000.03695.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03695.x
http://dx.doi.org/10.1088/0004-637X/690/1/L85
http://dx.doi.org/10.1088/2041-8205/714/2/L185
http://dx.doi.org/10.1088/2041-8205/714/2/L185

RESEMBLING DARK ENERGY AND MODIFIED GRAVITY ...

(2]

(3]

(4]
(5]

(6]
(71

(91

[10]

(11]

(12]

E.J. Copeland, M. Sami, and S. Tsujikawa, Int. J. Mod.
Phys. D 15, 1753 (2006); L. Amendola and S. Tsujikawa,
Dark Energy Theory and Observations (Cambridge
University Press, Cambridge, England, 2010).

S. Capozziello and M. De Laurentis, Phys. Rep. 509, 167
(2011).

S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

P. J. Steinhardt, Critical Problems in Physics, edited by V. L.
Fitch, D.R. Marlow, and M.A.E. Dementi (Princeton
University, Princeton, 1997); P.J. Steinhardt, Phil. Trans.
R. Soc. A 361, 2497 (2003).

R.R. Caldwell, R. Dave, and P.J. Steinhardt, Phys. Rev.
Lett. 80, 1582 (1998).

P.J. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559
(2003).

T. Padmanabhan, Phys. Rep. 380, 235 (2003); J. Simon, L.
Verde, and R. Jiménez, Phys. Rev. D 71, 123001 (2005).
R.R. Caldwell, Phys. Lett. B 545, 23 (2002); S. Nojiri and
S. D. Odintsov, Phys. Lett. B §62, 147 (2003); H. K. Jassal,
J.S. Bagla, and T. Padmanabhan, Phys. Rev. D 72, 103503
(2005); E.N. Saridakis, Nucl. Phys. B819, 116 (2009).
B. Feng, X. L. Wang, and X. M. Zhang, Phys. Lett. B 607,
35 (2005); J.Q. Xia, H. Li, G.B. Zhao, and X. Zhang,
Phys. Rev. D 78, 083524 (2008); Y.-F. Cai, E. N. Saridakis,
M.R. Setare, and J.-Q. Xia, Phys. Rep. 493, 1 (2010).
G. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B 485,
208 (2000).

S. Capozzielo, Int. J. Mod. Phys. D 11, 483 (2002); A.D.
Dolgov and M. Kawasaki, Phys. Lett. B 573, 1 (2003); T.
Chiba, Phys. Lett. B 575, 1 (2003); G. Allemandi, A.
Borowiec, M. Francaviglia, and S. D. Odintsov, Phys. Rev.
D 72, 063505 (2005); L. Amendola, R. Gannouji, D.
Polarski, and S. Tsujikawa, Phys. Rev. D 75, 083504
(2007); W. Hu and 1. Sawicki, Phys. Rev. D 76, 064004
(2007); A.A. Starobinsky, JETP Lett. 86, 157 (2007); J.
Santos, J.S. Alcaniz, F.C. Carvalho, and N. Pires, Phys.
Lett. B 669, 14 (2008); J. Santos and M. J. Reboucas, Phys.
Rev. D 80, 063009 (2009); S. H. Pereira, C. H. G. Bessa, and
J.A.S. Lima, Phys. Lett. B 690, 103 (2010); R. Reyes, R.
Mandelbaum, U. Seljak, T. Baldauf, J.E. Gunn, L.
Lombriser, and R.E. Smith, Nature (London) 464, 256
(2010).

G.R. Bengochea and R. Ferraro, Phys. Rev. D 79, 124019
(2009).

R. Ferraro and F. Fiorini, Phys. Rev. D 75, 084031 (2007);
E. V. Linder, Phys. Rev. D 81, 127301 (2010); S. H. Chen,
J.B. Dent, S. Dutta, and E. N. Saridakis, Phys. Rev. D 83,
023508 (2011).

J.P. Uzan, Phys. Rev. D 59, 123510 (1999); L. Amendola,
Phys. Rev. D 60, 043501 (1999); N. Bartolo and M.
Pietroni, Phys. Rev. D 61, 023518 (1999); B. Boisseau,
G. Esposito-Farese, D. Polarski, and A.A. Starobinsky,
Phys. Rev. Lett. 85, 2236 (2000); D. F. Torres, Phys. Rev.
D 66, 043522 (2002); Y. Fujii and K. Maeda, The Scalar-
Tensor Theory of Gravitation (Cambridge University
Press, Cambridge, England, 2003).

S. Nojiri, S. D. Odintsov, and M. Sasaki, Phys. Rev. D 72,
023003 (2005); T. Koivisto and D. F. Mota, Phys. Lett. B
644, 104 (2007); F. Bauer, J. Sola, and H. gtefanéié,
J. Cosmol. Astropart. Phys. 12 (2010) 029; Phys. Lett. B
688, 269 (2010).

[17]

[18]

[19]

[20]

(21]
[22]
(23]

[24]

[25]

[26]

(27]

(28]

[29]

123510-11

PHYSICAL REVIEW D 88, 123510 (2013)

P. Hofava, Phys. Rev. D 79, 084008 (2009); Phys. Lett. B
694, 172 (2010); E.N. Saridakis, Eur. Phys. J. C 67, 229
(2010).

C. de Rham and G. Gabadadze, Phys. Rev. D 82, 044020
(2010); K. Hinterbichler, Rev. Mod. Phys. 84, 671 (2012);
G. D’Amico, C. de Rham, S. Dubovsky, G. Gabadadze, D.
Pirtskhalava, and A.J. Tolley, Phys. Rev. D 84, 124046
(2011); Y.-F. Cai, C. Gao, and E. N. Saridakis, J. Cosmol.
Astropart. Phys. 10 (2012) 048; E. N. Saridakis, Classical
Quantum Gravity 30, 075003 (2013).

F. Goenner and G. Bogoslovsky, Gen. Relativ. Gravit. 31,
1383 (1999); V. Perlick, Gen. Relativ. Gravit. 38, 365
(2006); G. W. Gibons, J. Gomis, and N. Pope, Phys. Rev.
D 76, 081701 (2007); Z. Chang and X. Li, Phys. Lett. B
663, 103 (2008); A.P. Kouretsis, M. Stathakopoulos, and
P.C. Stavrinos, Phys. Rev. D 79, 104011 (2009); 82,
064035 (2010); J. Skalala and M. Visser, Int. J. Mod.
Phys. D 19, 1119 (2010); N. Mavromatos, S. Sarkar, and
A. Vergou, Phys. Lett. B 696, 300 (2011); N. Mavromatos,
Eur. Phys. J. C 72, 1956 (2012); R. Gallego Torromé, P.
Piccione, and H. Vitério, J. Math. Phys. (N.Y.) 53, 123511
(2012); C. Pfeifer and M. N. R. Wohlfarth, Phys. Rev. D 85,
064009 (2012); S. Vacaru, Gen. Relativ. Gravit. 44, 1015
(2012); Int. J. Mod. Phys. D 21, 1250072 (2012); M.C.
Werener, Gen. Relativ. Gravit. 44, 3047 (2012); Z. Chang,
M.-H. Li, and S. Wang, Phys. Lett. B 723, 257 (2013); P.C.
Stavrinos and S.I. Vacaru, Classical Quantum Gravity 30,
055012 (2013).

M. Born and E. Wolf, Principles of Optics (Cambridge
University Press, Cambridge, England, 1999); V. Perlick,
Ray Optics, Fermat’s Principle, and Applications to
General Relativity (Springer, Heidelberg, 2000).

C. Barcelo, S. Liberati, and M. Visser, Living Rev.
Relativity 8, 12 (2005); 14, 3 (2011).

P.C. Stavrinos, A.P. Kouretsis, and M. Stathakopoulos,
Gen. Relativ. Gravit. 40, 1403 (2008).

S. Basilakos and P. Stavrinos, Phys. Rev. D 87, 043506
(2013).

M. Fairbrain and A. Goobar, Phys. Lett. B 642, 432
(2006); R. Maartens and E. Majerotto, Phys. Rev. D 74,
023004 (2006); U. Alam and V. Sahni, Phys. Rev. D 73,
084024 (2006); Y.S. Song, I. Sawicki, and W. Hu, Phys.
Rev. D 75, 064003 (2007).

G.E.R. Ellis, Gen. Relativ. Gravit. 41, 581 (2009); C.G.
Tsagas, A. Challinor, and R. Maartens, Phys. Rep. 465, 61
(2008).

A.P. Kouretsis, M. Stathakopoulos, and P.C. Stavrinos,
Phys. Rev. D 86, 124025 (2012); arXiv:1301.7652.

T. Li, N. E. Mavromatos, D. V. Nanopoulos, and D. Xie,
Phys. Lett. B 679, 407 (2009); J. Alexandre, K. Farakos,
N. E. Mavromatos, and P. Pasipoularides, Phys. Rev. D 79,
107701 (2009); S.I. Vacaru, Classical Quantum Gravity
28, 215001 (2011); N.E. Mavromatos, Phys. Rev. D 83,
025018 (2011); J. Ellis and N. E. Mavromatos, Phys. Rev.
D 84, 085016 (2011); N. E. Mavromatos, V. A. Mitsou, S.
Sarkar, and A. Vergou, Eur. Phys. J. C 72, 1956 (2012).
C. Germani, L. Martucci, and P. Moyassari, Phys. Rev. D
85, 103501 (2012).

J.M. Romero, V. Cuesta, J. A. Garcia, and J. D. Vergara,
Phys. Rev. D 81, 065013 (2010); S.I. Vacaru, Gen.
Relativ. Gravit. 44, 1015 (2012).


http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1142/S021827180600942X
http://dx.doi.org/10.1016/j.physrep.2011.09.003
http://dx.doi.org/10.1016/j.physrep.2011.09.003
http://dx.doi.org/10.1103/RevModPhys.61.1
http://dx.doi.org/10.1098/rsta.2003.1290
http://dx.doi.org/10.1098/rsta.2003.1290
http://dx.doi.org/10.1103/PhysRevLett.80.1582
http://dx.doi.org/10.1103/PhysRevLett.80.1582
http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1016/S0370-1573(03)00120-0
http://dx.doi.org/10.1103/PhysRevD.71.123001
http://dx.doi.org/10.1016/S0370-2693(02)02589-3
http://dx.doi.org/10.1016/S0370-2693(03)00594-X
http://dx.doi.org/10.1103/PhysRevD.72.103503
http://dx.doi.org/10.1103/PhysRevD.72.103503
http://dx.doi.org/10.1016/j.nuclphysb.2009.04.011
http://dx.doi.org/10.1016/j.physletb.2004.12.071
http://dx.doi.org/10.1016/j.physletb.2004.12.071
http://dx.doi.org/10.1103/PhysRevD.78.083524
http://dx.doi.org/10.1016/j.physrep.2010.04.001
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1142/S0218271802002025
http://dx.doi.org/10.1016/j.physletb.2003.08.039
http://dx.doi.org/10.1016/j.physletb.2003.09.033
http://dx.doi.org/10.1103/PhysRevD.72.063505
http://dx.doi.org/10.1103/PhysRevD.72.063505
http://dx.doi.org/10.1103/PhysRevD.75.083504
http://dx.doi.org/10.1103/PhysRevD.75.083504
http://dx.doi.org/10.1103/PhysRevD.76.064004
http://dx.doi.org/10.1103/PhysRevD.76.064004
http://dx.doi.org/10.1134/S0021364007150027
http://dx.doi.org/10.1016/j.physletb.2008.09.019
http://dx.doi.org/10.1016/j.physletb.2008.09.019
http://dx.doi.org/10.1103/PhysRevD.80.063009
http://dx.doi.org/10.1103/PhysRevD.80.063009
http://dx.doi.org/10.1016/j.physletb.2010.05.027
http://dx.doi.org/10.1038/nature08857
http://dx.doi.org/10.1038/nature08857
http://dx.doi.org/10.1103/PhysRevD.79.124019
http://dx.doi.org/10.1103/PhysRevD.79.124019
http://dx.doi.org/10.1103/PhysRevD.75.084031
http://dx.doi.org/10.1103/PhysRevD.81.127301
http://dx.doi.org/10.1103/PhysRevD.83.023508
http://dx.doi.org/10.1103/PhysRevD.83.023508
http://dx.doi.org/10.1103/PhysRevD.59.123510
http://dx.doi.org/10.1103/PhysRevD.60.043501
http://dx.doi.org/10.1103/PhysRevD.61.023518
http://dx.doi.org/10.1103/PhysRevLett.85.2236
http://dx.doi.org/10.1103/PhysRevD.66.043522
http://dx.doi.org/10.1103/PhysRevD.66.043522
http://dx.doi.org/10.1103/PhysRevD.72.023003
http://dx.doi.org/10.1103/PhysRevD.72.023003
http://dx.doi.org/10.1016/j.physletb.2006.11.048
http://dx.doi.org/10.1016/j.physletb.2006.11.048
http://dx.doi.org/10.1088/1475-7516/2010/12/029
http://dx.doi.org/10.1016/j.physletb.2010.04.029
http://dx.doi.org/10.1016/j.physletb.2010.04.029
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://dx.doi.org/10.1016/j.physletb.2010.09.055
http://dx.doi.org/10.1016/j.physletb.2010.09.055
http://dx.doi.org/10.1140/epjc/s10052-010-1294-6
http://dx.doi.org/10.1140/epjc/s10052-010-1294-6
http://dx.doi.org/10.1103/PhysRevD.82.044020
http://dx.doi.org/10.1103/PhysRevD.82.044020
http://dx.doi.org/10.1103/RevModPhys.84.671
http://dx.doi.org/10.1103/PhysRevD.84.124046
http://dx.doi.org/10.1103/PhysRevD.84.124046
http://dx.doi.org/10.1088/1475-7516/2012/10/048
http://dx.doi.org/10.1088/1475-7516/2012/10/048
http://dx.doi.org/10.1088/0264-9381/30/7/075003
http://dx.doi.org/10.1088/0264-9381/30/7/075003
http://dx.doi.org/10.1023/A:1026789111261
http://dx.doi.org/10.1023/A:1026789111261
http://dx.doi.org/10.1007/s10714-005-0225-6
http://dx.doi.org/10.1007/s10714-005-0225-6
http://dx.doi.org/10.1103/PhysRevD.76.081701
http://dx.doi.org/10.1103/PhysRevD.76.081701
http://dx.doi.org/10.1016/j.physletb.2008.03.045
http://dx.doi.org/10.1016/j.physletb.2008.03.045
http://dx.doi.org/10.1103/PhysRevD.79.104011
http://dx.doi.org/10.1103/PhysRevD.82.064035
http://dx.doi.org/10.1103/PhysRevD.82.064035
http://dx.doi.org/10.1142/S0218271810017172
http://dx.doi.org/10.1142/S0218271810017172
http://dx.doi.org/10.1016/j.physletb.2010.12.045
http://dx.doi.org/10.1140/epjc/s10052-012-1956-7
http://dx.doi.org/10.1063/1.4765066
http://dx.doi.org/10.1063/1.4765066
http://dx.doi.org/10.1103/PhysRevD.85.064009
http://dx.doi.org/10.1103/PhysRevD.85.064009
http://dx.doi.org/10.1007/s10714-011-1324-1
http://dx.doi.org/10.1007/s10714-011-1324-1
http://dx.doi.org/10.1142/S0218271812500721
http://dx.doi.org/10.1007/s10714-012-1458-9
http://dx.doi.org/10.1016/j.physletb.2013.05.020
http://dx.doi.org/10.1088/0264-9381/30/5/055012
http://dx.doi.org/10.1088/0264-9381/30/5/055012
http://dx.doi.org/10.12942/lrr-2005-12
http://dx.doi.org/10.12942/lrr-2005-12
http://dx.doi.org/10.12942/lrr-2011-3
http://dx.doi.org/10.1007/s10714-007-0540-1
http://dx.doi.org/10.1103/PhysRevD.87.043506
http://dx.doi.org/10.1103/PhysRevD.87.043506
http://dx.doi.org/10.1016/j.physletb.2006.07.048
http://dx.doi.org/10.1016/j.physletb.2006.07.048
http://dx.doi.org/10.1103/PhysRevD.74.023004
http://dx.doi.org/10.1103/PhysRevD.74.023004
http://dx.doi.org/10.1103/PhysRevD.73.084024
http://dx.doi.org/10.1103/PhysRevD.73.084024
http://dx.doi.org/10.1103/PhysRevD.75.064003
http://dx.doi.org/10.1103/PhysRevD.75.064003
http://dx.doi.org/10.1007/s10714-009-0760-7
http://dx.doi.org/10.1016/j.physrep.2008.03.003
http://dx.doi.org/10.1016/j.physrep.2008.03.003
http://dx.doi.org/10.1103/PhysRevD.86.124025
http://arXiv.org/abs/1301.7652
http://dx.doi.org/10.1016/j.physletb.2009.07.062
http://dx.doi.org/10.1103/PhysRevD.79.107701
http://dx.doi.org/10.1103/PhysRevD.79.107701
http://dx.doi.org/10.1088/0264-9381/28/21/215001
http://dx.doi.org/10.1088/0264-9381/28/21/215001
http://dx.doi.org/10.1103/PhysRevD.83.025018
http://dx.doi.org/10.1103/PhysRevD.83.025018
http://dx.doi.org/10.1103/PhysRevD.84.085016
http://dx.doi.org/10.1103/PhysRevD.84.085016
http://dx.doi.org/10.1140/epjc/s10052-012-1956-7
http://dx.doi.org/10.1103/PhysRevD.85.103501
http://dx.doi.org/10.1103/PhysRevD.85.103501
http://dx.doi.org/10.1103/PhysRevD.81.065013
http://dx.doi.org/10.1007/s10714-011-1324-1
http://dx.doi.org/10.1007/s10714-011-1324-1

BASILAKOS et al.

(30]

(31]

(32]
(33]

(38]
[39]
[40]

A.G. Cohen and S.L. Glashow, Phys. Rev. Lett. 97,
021601 (2006); G.W. Gibbons, J. Gomis, and C.N.
Pope, Phys. Rev. D 76, 081701 (2007).

R.G. Leigh, A.C. Petkou, and P. M. Petropoulos, Phys.
Rev. D 85, 086010 (2012); J. High Energy Phys. 11 (2012)
121; M. M. Caldarelli, R.G. Leigh, A.C. Petkou, P.M.
Petropoulos, V. Pozzoli, and K. Siampos, Proc. Sci.,
CORFU2011 (2011) 076.

J. Skakala and M. Visser, J. Geom. Phys. 61, 1396 (2011).
S. Sonego and M. Pin, J. Math. Phys. (N.Y.) 50, 042902
(2009); A. V. Kostelecky, Phys. Lett. B 701, 137 (2011);
A. V. Kostelecky, N. Russell, and R. Tso, Phys. Lett. B
716, 470 (2012).

S.S. Chern and Z. Shen, Riemann-Finsler Geometry
(World Scientific, Singapore, 2004).

D. Bao, S.S. Chern, and Z. Shen, An Introduction to
Riemann-Finsler Geometry (Springer, New York, 2000).
H. Rund, The Differential Geometry of Finsler Spaces
(Springer, Berlin, 1959).

R. Miron and M. Anastasiei, The Geometry of Lagrange
Spaces: Theory and Applications (Kluwer Academic,
Dordrecht, 1994); S. Vacaru, P. Stavrinos, E. Gaburov, and
D. Gonta, Clifford and Riemann-Finsler Structures in
Geometric ~ Mechanics and  Gravity, Differential
Geometry—Dynamical Systems, Monograph 7 (Geometry
Balkan Press, Bucharest, 2006).

P.C. Stavrinos, Int. J. Theor. Phys. 44, 245 (2005).

G. Randers, Phys. Rev. 59, 195 (1941).

P.R. Holland, Phys. Lett. 91A, 275 (1982).

[41]
[42]

[43]
[44]

[45]
[46]

[47]

(48]

[49]
[50]

[51]

[52]

123510-12

PHYSICAL REVIEW D 88, 123510 (2013)

J.K. Beem, Can. J. Math. 22, 1035 (1970); H. Ishikawa,
J. Math. Phys. (N.Y.) 22, 995 (1981).

J.D. Bekenstein, Phys. Rev. D 48, 3641 (1993).

G.F.R. Ellis, Pramana J. Phys. 69, 15 (2007).

R. Maartens, Phys. Rev. D 58, 124006 (1998); R. Maartens,
T. Gebbie, and G.FE.R. Ellis, Phys. Rev. D 59, 083506
(1999); G.E.R. Ellis and C.G. Tsagas, Phys. Rev. D 66,
124015 (2002); C. G. Tsagas and M. 1. Kadiltzoglou, Phys.
Rev. D 88, 083501 (2013).

C.M. Will, Living Rev. Relativity 9, 3 (20006).

Q. G. Bailey, R. D. Everett, and J. M. Overduin, Phys. Rev.
D 88, 102001 (2013).

I. W. Roxburgh, Gen. Relativ. Gravit. 24, 419 (1992); C.
Lammerzahl, V. Perlick, and W. Hasse, Phys. Rev. D 86,
104042 (2012); X. Li, M.-H. Li, H.-N. Lin, and Z. Chang,
Mon. Not. R. Astron. Soc. 430, 3359 (2013).

C. Csaki, J. Erlich, and C. Grojean, Nucl. Phys. B604, 312
(2001); P. C. Stavrinos, Gen. Relativ. Gravit. 44, 3029 (2012).
V. A. Kostelecky, Phys. Rev. D 69, 105009 (2004).

J.M. Cline, S. Jeon, and G.D. Moore, Phys. Rev. D 70,
043543 (2004).

M. Chevallier and D. Polarski, Int. J. Mod. Phys. D 10, 213
(2001); E. V. Linder, Phys. Rev. Lett. 90, 091301 (2003).
J. A. Frieman, C.T. Hill, A. Stebbins, and I. Waga, Phys.
Rev. Lett. 75, 2077 (1995); K. Dutta and L. Sorbo, Phys.
Rev. D 75, 063514 (2007); A. Abrahamse, A. Albrecht, M.
Bernard, and B. Bozek, Phys. Rev. D 77, 103504 (2008).
S. Basilakos, A.P. Kouretsis, P.C. Stavrinos, and E.N.
Saridakis (to be published).


http://dx.doi.org/10.1103/PhysRevLett.97.021601
http://dx.doi.org/10.1103/PhysRevLett.97.021601
http://dx.doi.org/10.1103/PhysRevD.76.081701
http://dx.doi.org/10.1103/PhysRevD.85.086010
http://dx.doi.org/10.1103/PhysRevD.85.086010
http://dx.doi.org/10.1007/JHEP11(2012)121
http://dx.doi.org/10.1007/JHEP11(2012)121
http://dx.doi.org/10.1016/j.geomphys.2011.03.003
http://dx.doi.org/10.1063/1.3104065
http://dx.doi.org/10.1063/1.3104065
http://dx.doi.org/10.1016/j.physletb.2011.05.041
http://dx.doi.org/10.1016/j.physletb.2012.09.002
http://dx.doi.org/10.1016/j.physletb.2012.09.002
http://dx.doi.org/10.1007/s10773-005-1518-y
http://dx.doi.org/10.1103/PhysRev.59.195
http://dx.doi.org/10.1016/0375-9601(82)90570-9
http://dx.doi.org/10.4153/CJM-1970-119-7
http://dx.doi.org/10.1063/1.525021
http://dx.doi.org/10.1103/PhysRevD.48.3641
http://dx.doi.org/10.1007/s12043-007-0107-4
http://dx.doi.org/10.1103/PhysRevD.58.124006
http://dx.doi.org/10.1103/PhysRevD.59.083506
http://dx.doi.org/10.1103/PhysRevD.59.083506
http://dx.doi.org/10.1103/PhysRevD.66.124015
http://dx.doi.org/10.1103/PhysRevD.66.124015
http://dx.doi.org/10.1103/PhysRevD.88.083501
http://dx.doi.org/10.1103/PhysRevD.88.083501
http://dx.doi.org/10.12942/lrr-2006-3
http://dx.doi.org/10.1103/PhysRevD.88.102001
http://dx.doi.org/10.1103/PhysRevD.88.102001
http://dx.doi.org/10.1007/BF00760417
http://dx.doi.org/10.1103/PhysRevD.86.104042
http://dx.doi.org/10.1103/PhysRevD.86.104042
http://dx.doi.org/10.1093/mnras/stt133
http://dx.doi.org/10.1016/S0550-3213(01)00175-4
http://dx.doi.org/10.1016/S0550-3213(01)00175-4
http://dx.doi.org/10.1007/s10714-012-1438-0
http://dx.doi.org/10.1103/PhysRevD.69.105009
http://dx.doi.org/10.1103/PhysRevD.70.043543
http://dx.doi.org/10.1103/PhysRevD.70.043543
http://dx.doi.org/10.1142/S0218271801000822
http://dx.doi.org/10.1142/S0218271801000822
http://dx.doi.org/10.1103/PhysRevLett.90.091301
http://dx.doi.org/10.1103/PhysRevLett.75.2077
http://dx.doi.org/10.1103/PhysRevLett.75.2077
http://dx.doi.org/10.1103/PhysRevD.75.063514
http://dx.doi.org/10.1103/PhysRevD.75.063514
http://dx.doi.org/10.1103/PhysRevD.77.103503

