PHYSICAL REVIEW D 97, 024011 (2018)

Cosmic acceleration in a dust only universe via energy-momentum

powered gravity
C)zgiir Akarsu,l‘:k Nihan Kalt1r01,1’T and Suresh Kumar™*

'Department of Physics, Istanbul Technical University, Maslak 34469 Istanbul, Turkey
2Department of Mathematics, BITS Pilani, Pilani Campus, Rajasthan 333031, India

® (Received 19 September 2017; published 8 January 2018)

We propose a modified theory of gravitation constructed by the addition of the term f(7,,7**) to the
Einstein-Hilbert action, and elaborate a particular case f(7,,7") = a(T,,T**)", where a and 7 are real
constants, dubbed energy-momentum powered gravity (EMPG). We search for viable cosmologies arising
from EMPG, especially in the context of the late-time accelerated expansion of the Universe. We investigate
the ranges of the EMPG parameters (a, ) on theoretical as well as observational grounds leading to the late-
time acceleration of the Universe with pressureless matter only, while keeping the successes of standard
general relativity at early times. We find that 7 = 0 corresponds to the ACDM model, whereas  # 0 leads to
a wCDM-type model. However, the underlying physics of the EMPG model is entirely different in the sense
that the energy in the EMPG Universe is sourced by pressureless matter only. Moreover, the energy of the
pressureless matter is not conserved, namely, in general it does not dilute as p o a~> with the expansion of the
Universe. Finally, we constrain the parameters of an EMPG-based cosmology with a recent compilation of 28
Hubble parameter measurements, and find that this model describes an evolution of the Universe similar to
that in the ACDM model. We briefly discuss that EMPG can be unified with Starobinsky gravity to describe
the complete history of the Universe including the inflationary era.
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I. INTRODUCTION

Inflation is a theory of exponential expansion of space
in the early Universe corresponding to energy scales
~10'° GeV [1-7]. Besides, today it is confirmed by means
of several independent observations that the Universe again
started to expand at an accelerated rate approximately 5 Gyr
ago, and it has happened at low energy scales ~107* eV
[8-10]. The totally different energy scales show that the
physics behind these two phenomena should be different.
Inflation requires a modification of gravitation that plays a
role at high energy densities such as the Starobinsky model
[1], while the late-time acceleration of the Universe would
be related with a similar mechanism but working at very
low energy scales or a modification to the general theory of
relativity (GR) that plays a role at sufficiently low energies.
The approaches accommodating the current accelerated
expansion of the Universe are classified into two main
categories, subject to imminent observational discrimina-
tion. First is the introduction of a source in GR with a large
negative pressure, which is called “dark energy” (DE) and
is described most frequently by a scalar field or conven-
tional vacuum energy which is mathematically equivalent
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to the cosmological constant A [11-14]. The most suc-
cessful cosmological model capable of predicting the
observed pattern of the expansion of the Universe so far
is the six-parameter base ACDM model that is simple and
in reasonably good agreement with the currently available
high-precision data [§—10]. On the other hand, this model
suffers from profound theoretical difficulties, such as the
cosmological constant and coincidence problems [11,12,
15-18]. There are also observations suggesting small
deviations from ACDM in order to describe the current
Universe [9,10,19]. On the other hand, we do not have a
promising and concrete fundamental theory giving rise to
dark energy models more general than the ACDM model
that would account for small deviations from ACDM. The
second approach is the modification of gravity at large
distances, rather than imposing an unknown kind of source,
such as in f(R), scalar-tensor theories, Brans-Dicke the-
ories of gravity, etc. [20-23]. The essence of this approach
is to modify the form of the coupling between the source
described by the energy-momentum tensor (EMT) T,
and the spacetime geometry described by the metric tensor
9w~ Depending on the modifications in the action, this
approach can lead to modifications on either the left- or
right-hand side of FEinstein’s field equations (EFE),
R, — %gWR = «T,,, where the terms have the usual mean-
ing. In this approach where one avoids introducing a new
kind of source, it may be possible to define the corrections

© 2018 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.024011&domain=pdf&date_stamp=2018-01-08
https://doi.org/10.1103/PhysRevD.97.024011
https://doi.org/10.1103/PhysRevD.97.024011
https://doi.org/10.1103/PhysRevD.97.024011
https://doi.org/10.1103/PhysRevD.97.024011

AKARSU, KAT1RC1, and KUMAR

PHYS. REV. D 97, 024011 (2018)

that appear on the left-hand side of the EFE, as in the f(R)
theories [24], as a separate effective source by moving them
to the right-hand side of the EFE. However, this might not
always be trivial or possible, as in, for example, the
generalization of f(R) theories via an explicit coupling of
an arbitrary function of the Ricci scalar R with the matter
Lagrangian density £, given in Ref. [25]. Tests of the
modified gravity models including nonminimal coupling
between matter and geometry, using direct astronomical and
astrophysical observations at the galactic or extragalactic
scale, are also possible [26]. The modifications in the action
that lead to the modifications on the left-hand side of the EFE
are much more commonly studied in the literature compared
to the ones that lead to the modification on the right-hand
side of the EFE, namely, in the form of how T, appears in
the field equations. Of course, it could be possible to find a
corresponding modification on the left-hand side of the EFE
for a modification appearing on the right-hand side of the
EFE, though this also might not be trivial or possible. Hence,
confining ourselves to the modifications in the action leading
to modifications on the left-hand side of the EFE may result
in missing a large class of successful modified gravity laws
that can be obtained from the EMT-type modifications.

In the following, we briefly describe the EMT type of
modifications considered/studied in the literature. In most
of the works, each side—both R and T (the trace of the
EMT)—were modified and the resulting cosmological
implications were studied with the motivation to explain
problems or shortcomings of the standard big bang model
and Einstein’s standard GR, such as inflation, late-time
acceleration, etc. A(T') gravity relates cosmic acceleration
via the most general form of the EMT, and yields a
relativistically covariant model of interacting DE, based
on the principle of least action [27], where A in the
gravitational Lagrangian is a function of the trace of the
EMT. The f(R,T) model was proposed and studied in
Ref. [28] with some specific choices of the function
f(R,T). The authors of Ref. [29] discussed a complete
cosmological scenario from f(R,T?) gravity theory pro-
posed in Ref. [28]. In Refs. [30-32], more generalized
modified theories of gravity with f(R,T,R,, T") gravity
were studied. One of us has proposed a Lorentz invariant
and covariant generalization of GR in Ref. [33] consid-
ering f(R, T, T"). The last two studies are different in the
sense that T, T**- or R, T"*-like terms still survive for the
T = 0 case, and do not simply reduce to f(R) theories. For
instance, for the electromagnetic field, f(R,T,R,,T")
and f(R, T, T") theories differ, whereas the predictions
of f(R,T) and f(R) theories may be the same. Rather than
GR, f(7T) gravity—called the teleparallel equivalent of
GR—was extended via a nonminimal torsion-matter
coupling in the action in Ref. [34]. Going one step further,
the coupling of the torsion scalar with the trace of the
EMT was studied in f(7,T) gravity [35].

As stated above, the self-contraction of the EMT was
first proposed in Ref. [33]. Here we extend it to a more
general form f(R,T,T") = a(T,T")", whereas in
Ref. [33] particular values of its power n were studied.
For instance, it was found that the relation between the
Hubble parameter and energy density is of a form
familiar from the Cardassian expansion studied in the
context of late-time cosmic acceleration, or that # :%
leads to a slight deviation from the standard pressureless
matter and radiation behavior, violating energy conser-
vation. The higher-order matter terms are reminiscent of
the terms (corrections) that arise naturally in loop
quantum gravity [36,37], and those in the brane world
models [38]. In Ref. [39], the model was analyzed with
the 7 = 1 case, which corresponds to the EMT squared
contribution, dubbed energy-momentum squared gravity
(EMSG). For this power of the EMT, the correction
terms are important only at sufficiently early times, and
therefore this model does not give accelerated expansion
without any contribution from other extra fields such as
scalar fields which can enter the matter Lagrangian.
Since the difference appears in the high energy density
regime, the charged black hole solution in energy-
momentum squared gravity is different from the stan-
dard Reissner-Nordstrom spacetime [39]. Here, we
present a detailed theoretical and observational analysis
of energy-momentum powered gravity (EMPG) pro-
vided by the general case f(R,T,,T")= a(T,T")"
in the context of the late-time accelerated expansion
of the Universe. We investigate the ranges of the EMPG
model parameters (a,#n) for viable cosmologies leading
to the late-time acceleration of the Universe with
pressureless matter only, while keeping the successes
of standard general relativity at early times. We dem-
onstrate that only the dust content is sufficient to explain
the observed cosmic acceleration. Moreover, the
sequence of the matter-dominated phase, deceleration-
acceleration transition, and acceleration is obtained
similar to the ACDM model in the presence of dust
alone. After the first appearance of our study on the
arXiv, the (T, T")"-type modification to GR was also
studied in Ref. [40], where the authors presented a range
of exact solutions for isotropic universes, and discussed
their behaviors with reference to the early- and late-time
evolution, accelerated expansion, and the occurrence or
avoidance of singularities.

The paper is structured as follows. In the following
section, we present the detailed framework of EMPG.
In Sec. III, we demonstrate the viable cosmologies arising
from EMPG that lead to the late-time acceleration of the
Universe. In Sec. IV, we constrain the EMPG model
parameters with a recent compilation of 28 Hubble
parameter measurements, and discuss the evolution of
the EMPG model in contrast with the ACDM model.
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In Sec. V, we give our concluding remarks and discuss
some future perspectives of the study.

II. ENERGY-MOMENTUM
POWERED GRAVITY

We start with the action constructed by the addition of
the term f(7,T7") [33] to the Einstein-Hilbert (EH)
action' as follows:

S = / (2—1KR + f(TWT””)) V—gd*x + / Lo/—gd*x,
(1)

where k is Newton’s constant, R is the Ricci scalar, g is the
determinant of the metric, and £, is the Lagrangian density
corresponding to the source that would be described by the
energy-momentum tensor 7,,. We vary the action with
respect to the inverse metric as

1 aof  8(T,.T1°)
_ 4 —al— SR o€ v
oS /d X/ 9[2](5 +8(T,,,,T’“’) 5 ogt

1 1 5(\/ _g‘cm)
- R T TO'€ 5 v I St
29;41/( +f( oe )) g; +\/_—g 5g/4u ’
(2)
and, as usual, we define the EMT as
2 8(y=9Lm) OLn
TﬂU:_——y:gﬂD m_2 ks (3)
V=9 ¢ dg

which depends only on the metric tensor components, and
not on its derivatives. Consequently, the field equations
read as follows:

of
Glll/ = K'T,w +K <fgﬂ,, -2 Wgﬂy> s (4)

where G, = R, — %Rgm, is the Einstein tensor and 6, is
the new tensor defined as

ST, 8T
0, =T 2+ T

sgv T sg
1
=-2L, (TW -3 g,wT> -TT,,
0Ly,
dg™ o™’

We note that the EMT given in Eq. (3) does not include the
second variation of £, and hence the last term of Eq. (5) is

+2T}T,, — 4T (5)

'According to Lovelock’s theorem, the cosmological constant
A arises as a constant of nature, which we have set to zero in
Eq. (1) for the reasons discussed in detail in Sec. IIT A.

null. As the definition of the matter Lagrangian that gives
the perfect-fluid EMT is not unique, one could choose
either £, = p or L, = —p, which provide the same EMT
(see [41,42] for a detailed discussion). In the present study,
we consider £, = p.

We proceed with a particular form of the model as

F(T, 1) = a(T,, )", (6)

which we shall refer to as the EMPG model. The action
now reads as

S = / B{R +a(T,, T + Em] J=gd'x, ()

where 7 is the power of the self-contraction of the EMT, and «
is a constant that would take part in determining the coupling
strength of the EMT-powered modification to gravity. The
Einstein field equations (4) for this action become

O ] .8

Tg'e TO'€

G,y = kT, + ka(T,.T7)" {gﬂy -2

Using Eq. (8), the covariant divergence of the EMT reads as
vﬂT;w = _agyyvﬂ(TaeTge)n

+ 2anVH <L> . 9)

(T, 17

We notice that, in our model, the EMT is not conserved in
general since the right-hand side of this equation vanishes only
for some particular values of the constants.

In this paper, we shall study the gravity model under
consideration in the context of cosmology. Therefore, we
proceed by considering the spatially maximally symmetric
spacetime metric, i.e., the Robertson-Walker metric, with
flat space-like sections

ds* = —dt* + a*(dx® + dy? + dz?), (10)

where the scale factor a = a(¢) is a function of cosmic time
t only, and the perfect fluid form of the EMT is given by

T/w = (,0 + p)u,uuv + P9 (11)

where p is the energy density, p is the thermodynamic
pressure, and u, is the four-velocity satisfying the con-
ditions u,u* = —1 and V, u*u, = 0. We assume a baro-
tropic equation of state (EoS),

Poy= const, (12)
p

to describe the physical ingredient of the Universe. Using
Egs. (11) and (12), we find 6, given in Eq. (5) and the
self-contraction of the EMT as
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0, = —p*Bw+ 1) (w+ Duu,, (13)
T, T% = p*(3w? + 1), (14)

respectively. Then, using Eqgs. (13) and (14) as well as the
metric (10) in the field equations (8), we obtain the
following set of two linearly independent differential
equations in two unknown functions H and p:

AN
3H? = kp + K'py <—> , (15)
Po
. / 2n
~2H ~3H = xwp + —— L <ﬁ> . (16)
2’1 -1 +3w2+1 Po

where H = a/a is the Hubble parameter and the subscript 0
refers to the present-day values of the parameters.
The constant ' is the gravitational coupling of the
EMT-powered modification, and is given by

8
K = ok = akpy" (3w + 1)1 {2}7 -1+ 3w2wZ 1] (17)

We note that the source (i.e., T#¥) that we considered in
the EMT-powered term is the same as the one obtained
from L, but the terms that appear in the field equations
due to the EMT-powered term in the action couple to
gravity with a different strength as ¥’ = o'k, where o is the
ratio of this coupling with respect to the conventional
Newtonian coupling x. We further note that o =
o (a,n, py, w), namely, o' depends not only on a but also
on the current energy density p,, and the type of source
described by the EoS parameter w provided that # # 0. This
implies that the EMT-powered term would lead to a
violation of the equivalence principle, which is intimately
connected with some of the basic aspects of the unification
of gravity with particle physics such as string theories (see
Ref. [43] and references therein). We will not elaborate the
implications of this property of our model in this paper,
since here we shall discuss the dynamics of the Universe in
the presence of only a pressureless fluid, i.e., a monofluid
Universe, with the purpose of describing the late-time
acceleration of the Universe (where the radiation is neg-
ligible) without invoking a cosmological constant or any
dark energy source.

Next, we note that the first Friedmann equation (15) is in
the form of the well-known Cardassian expansion
(H> = Ap + Bp", with A, B, and n being constants)
[44], which was motivated by the fact that the term of
the form p" can generically appear as a consequence of
embedding the observable Universe as a brane in extra
dimensions [44,45]. On the other hand, in the second
Friedmann equation (16), we see that the additional
pressure term (the latter term that appears due to the
EMPQG) is in the form of the pressure of the generalized

Chaplygin gas (p = —A/p®, where A is a positive constant)
[46,47]. Also, for the special case 7 = 1, the total pressure
[the whole right-hand side of Eq. (16)] is similar to the
quadratic equation of state (p = po + ap + fp?, where py,
a, and f are constants) of dark energy [48]. However, one
may check that our model in fact does not correspond to
any of them, namely, the modified Friedmann equations of
our model (15) and (16) do not simultaneously match the
Friedmann equations of each of these models. The main
reason behind this is the violation of the local/covariant
energy-momentum conservation in our model. The corre-
sponding energy conservation equation (9) is

p+3H(1+w)p

4w
1+ 3w+l

2 3 AN 8
— 22an|p+3Hp[— L V(2T g
anlpram(s )| () 0w

3w +1

Here we can see that the local/covariant energy-momentum
conservation V# TW = 0, which would lead to p a‘3(1+w>,
is not satisfied for & # 0 in general. Some particular cases in
which the right-hand side of the equation vanishes are as
follows: (i) the case n = 0, which is trivial; (ii) the case

w = —1, i.e., the conventional vacuum energy; and (iii) the
case n = %, which gives 7 = 1 for w = 0 (dust)

andn = % forw = % (radiation). One may also check that the
standard energy conservation is not satisfied for the range

24-9/6
48-20v6
violation of energy conservation is not uncommon in the
literature [49,50].

<n< % In the context of late-time acceleration, the

III. LATE-TIME ACCELERATION IN
A DUST-ONLY UNIVERSE

The late-time acceleration of the Universe takes place at
relatively low energies, and hence it would be wise to
search for suitable ranges of the model parameters o and 5
in which our modification is effective at sufficiently low
energy densities, but negligible at high energy densities,
namely, at energies higher than that of recombination. In
this way, the successes of the standard cosmology would be
untouched, and we would be able to derive accelerated
expansion. Knowing that the energy density of the matter
source p should be positive, we would like to ensure that the
EMT-powered contribution to the Hubble parameter [the
latter term in Eq. (15)] is positive as well. So we set ¥’ > 0,
implying that @ > 0. In the @' = 0 case, the EMT-powered
modification vanishes, and our model reduces to the
standard Friedmann model as the standard EH action is
recovered. In this case, we get a matter (e.g., dust)
dominated Universe in GR, and to get accelerated expan-
sion of the Universe we need a cosmological constant or
DE source. Therefore, in what follows, we consider & > 0,
and focus our attention on the free parameter 7.
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A. ACDM-type behavior (7=0) without A

Let us start with the special case 7 = 0. In this case, in the
presence of pressureless matter p,,, with w = w,, = 0, from
Egs. (15) and (18) we obtain 3H? = &kppo(3£) ™ + K pmo-
Hence, the model yields the same mathematical structure
as the ACDM model 3H? = kpu (L)~ +kp,, Where
pa = const. But we stress that the underlying physics of
these two models are completely different. Namely, the
only source in our model is pressureless matter, which is
not the case in the ACDM model. For instance, if we consider
an empty Universe (p, o =0), we find H =0 (a static
Universe) in our model, whereas we find H =
const (the de Sitter solution) in the ACDM model. On the
other hand, we can make use of this correspondence to
estimate the value of «'. Setting @ = a in both models, we
obtain 3H3 = (k + «')pymo for our model, and 3H3 =
k(pmo + pa) for the ACDM model. Then, using these we
obtain the following correspondence between the parameters
of these two models: @ = p,/pm . Hence, from the recent
Planck results [10] giving Qg =-—22—~0.69 for the

Pm0TPA
current Universe, we estimate that o ~ 2.2 . Knowing that
ACDM is very successful in describing the observed
Universe, it would not be wrong to conclude from this
simple investigation that our model with 7 ~0 and o ~ 2
would successfully describe the background dynamics of the
observed Universe. We note that the role of the cosmological
constantin ACDM has been taken over by the energy density
of the pressureless matter itself due to its new form of
coupling to gravity, which is about 2 times stronger than that
of the conventional coupling. On the other hand, we could
also obtain accelerated expansion by including a cosmologi-
cal constant in our model from the beginning (which is
obvious), or by considering vacuum energy for the EMT.
In the latter case—namely, when we consider the conven-
tional vacuum energy described by the EoS parameter
w = w,,. = —l—irrespective of the value of 7, our model
gives de Sitter expansion, as in standard GR, but with an

P —
3

enhanced Hubble parameter H = /% py,c o(k 4 k') = const

due to the coupling x’ of the EMT-powered modification.
However, obtaining accelerated expansion without invoking
a cosmological constant or vacuum energy—in contrast to
ACDM—would render our model immune to the well-
known cosmological constant problem, namely, the extreme
fine-tuning of the value of A. Although we know of no special
symmetry that could enforce a vanishing vacuum energy
while remaining consistent with the known laws of physics, it
is usually thought to be easier to imagine an unknown
mechanism that would set A precisely to zero than one that
would suppress it by just the right amount pf{)bsmamn) /

pxheory) ~ 107120 to yield an observationally accessible

cosmological constant (see Refs. [11,12,15-18] and refer-
ences therein). In our model, on the other hand, in the

presence of only a pressureless fluid the observations would
favor k” ~ 2k, which means that the coupling strength of the
corresponding energy density of the EMT-powered modifi-
cation to gravity has the same order of magnitude as the
conventional coupling of the energy density to gravity.

It may be noted that we have avoided the introduction of
a nonzero cosmological constant in the action (1), though
according to Lovelock’s theorem® the cosmological con-
stant A arises as a constant of nature like Newton’s
gravitational constant G = ¢-. Indeed, if we stick to the
usual interpretation of A as the term representing the
vacuum energy py.., one then gets R = 4A = 4kp,,. in
GR. However, then the fine-tuning problem arises, as we
discussed above, as well as some other problems as
well inherited from the standard ACDM model due to
the presence of A (see Ref. [18] for a recent review).
Similarly, in our model, as mentioned above, in the
presence of only pure vacuum w,,, = —1, we obtain
R = 4(k + K')pyae. Therefore, considering a dust-only
(w = 0) Universe implies that a constant of nature, which
would correspond to A = (k + k’)pyac, 18 set to zero in the
construction of our model. On the other hand, as discussed
in the previous paragraph, setting A to zero (i.e., consid-
ering only dust without vacuum energy) alleviates the fine-
tuning problem in our model. However, there are several
other reasons for such a setting within the scope of the
current study. If we consider a nonzero A, then we can see
from the field equations (15) and (16) that, for the case
n = 0, the constant contribution from dust itself, i.e., «/p,,
and A would be degenerate at least at the background level.
In addition, it is conceivable that such a degeneracy would
also appear for the case 5 ~ 0. Besides, for the case 5 > 1,
the new terms that arise due to EMPG with respect to GR
would be suppressed at relatively low energy densities, and
then one can recover the ACDM model in the late Universe
and let EMPG alter the early Universe. For instance, in [39]
the Universe filled with dust approached the ACDM model
at late times in EMSG, i.e., the special case EMPG,FI of
our model. Indeed, in Ref. [54], the parameter a was well
constrained from neutron stars and it was found that EMPG
can lead to a significant modification in the dynamics of the
Universe only when the age of the Universe is ¢ < 10™%s,
long before the physical processes relevant to big bang
nucleosynthesis that take place when t ~ 1072-107 s, and
leaves the standard cosmology unaltered [54]. It is clear
from these studies that our model in the presence of A
would create a degeneracy between the cases # ~ 0 and

"Lovelock’s theorem [51,52] states that the only possible
second-order Euler-Lagrange expression obtainable in a four-
dimensional space from a scalar density of the form £ = L(g,,)
is E,, = /=9(A41G,y + A29,,), where 4; and 1, are constants,
leading to Newton’s gravitational constant G and cosmological
constant A in Einstein’s field equations G, + Ag,, = kT, (see
Refs. [18,20,53] for further reading).
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n >% when subjected to the data from cosmological
observations. Moreover, when we carry out our observa-
tional analysis, the case with n~0, o ~2.2, and A ~0

would be degenerate with the case 7 > 1, pA’j;";’ -~0.7 fora

range of o depending on the value of n. However, it is
possible to overcome some of the above-mentioned degen-
eracies, e.g., by considering compact astrophysical objects
such as neutron stars for the case n > % (e.g., in Ref. [54]
EMSG, ie., EMPG,_;, was studied), although such an
analysis is beyond the scope of the current study. Finally,
we would like to mention that the inclusion of A in the
action (1) may provide a much richer theory, and we
postpone this idea to future work.

B. Viable cosmologies more general than
ACDM without A

In the above, we have demonstrated that our model for
the case n = 0 provides not only the same background
dynamics as the ACDM model, but also some additional
promising features. Let us now elaborate our discussion by
considering the 7 # 0 cases. We first explore the range for
the value of # to get accelerated expansion in the relatively
late Universe. We note from Eq. (15) that the parameter 7
determines whether the EMPG modification would come
into play at large or small values of p. In the case n = %, the
terms from the standard EH and the EMT-powered modi-
fication in Eq. (15) have the same power, and they track
each other, i.e., their relative contributions to H do not
depend on the value of the energy density, but only on «'. In
the case of 7 > %, the EMT-powered term manifests itself at
larger values of p, namely, in the relatively early Universe,
say, at a time before big bang nucleosynthesis (BBN)
processes took place; in this case, one could discuss
alternative scenarios for the beginning of Universe. For
instance, in the model introduced in Ref. [39], which
corresponds to the case # = 1 of our model in the presence
of A, the Universe may not reach an initial singularity and
bounce when p increases to a certain value in the early
Universe, and at sufficiently low values of p the model
becomes indistinguishable from GR and hence it is A that
leads to a late-time accelerated expansion. In the case 7 < 1,
the EMT-powered term manifests itself at lower values of p
(say, in the present Universe /meo ~ 1), where it may play a
role in the accelerated expansion of the Universe, thereby
providing an alternative to A or dark energy sources while
keeping the successes of the standard cosmology based on
GR at earlier times of the Universe. For instance, the
particular case n = i of our model may lead to a late-time
accelerated expansion, as discussed in Ref. [33].

1. Accelerated expansion at low energies

In light of the above discussion, we see that we should
consider the case @ > 0 with < % for the EMT-powered

term to be effective at lower values of the energy density.
As a further step, we write the deceleration parameter

qg=-1- Hi to check whether the EMT-powered modifi-
cation would give rise to the accelerated expansion,

L 3w+ o (2)2t |1+ ]
2+2d (/%)2'7_1

3241

q= (19)

As we discussed above, the EMPG modification becomes
negligible at larger values of p for n < 1. It is possible to set
the values of « and 7 such that at energy scales larger than
that of recombination, our model would be indistinguishable
from GR, i.e., the terms with @’ in Egs. (19) and (18) would be
negligible and lead to ¢ =155 and p + 3H(1 4+ w)p = 0,
respectively. Hence, the standard cosmology would be left
unaltered for times before recombination that took place at
7~ 1100. Because the Universe should always be matter
dominated (hence w = 0, implying ¢ = %) at recombination
[55], and we introduce no sources (such as A or DE) that
would dominate over pressureless matter after recombina-
tion, we can assume that the Universe is only filled with
pressureless matter p,,. Hence, we use the deceleration
parameter

12 () o o)

24 20/ (Z2)]

q:

obtained by substituting w = 0 in Eq. (19), to investigate the
evolution the Universe at z < 1100 as well as the late-time
accelerated expansion, which starts at z ~ 0.6. Because the
condition @ > 0 makes the denominator always positive, g
can take negative values if

1
-1 -, 21
<n<s3 (21)

due to the term 2”;—_11 in the numerator. We note that the upper

limit coincides with the one we obtained in order for the
EMPG modification to be effective at lower energy density
values. Thus, the condition (21) guarantees standard GR at
earlier times, and cosmic acceleration at later times by means
of the EMPG modification. Finally, we get accelerated
expansion in the present Universe at z = 0, implying
Pm = Pmo»> provided that

!
2 9

-1+ <n< (22)

200 +2

which is a stronger condition than the one given in Eq. (21)
for all positive values of &’. We next see from Eq. (20) that

NrH—l
%51

for Pm K Pmo> (23)
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provided that p,, can decrease to sufficiently small values
under the condition (21). (We shall discuss the minimum p,,
values that can be achieved at the end of this section.)
According to this, the Universe evolves toward -1 < g < 0
for—1 <75 < 0, toward g=—1 fory=0, and toward ¢ < —1
for 0 < < 1. These are in line with the effective energy

density and pressure P = pmo(Le )21 and p' = 2’;’“"1 (£ O)2’7

from the EMPG modification in the modified Friedmann
equations (15)—(16), respectively. In the presence of only
pressureless matter, we find that the effective EoS parameter

of the EMPG modification is w' = P = 2;; o

a quintessence-like EoS parameter -1<w < - 1 for
—1 <5 <0, a vacuum-like EoS parameter w = —1 for
n=0, and a phantom-like EoS parameter w < —1
for 0 <y < % These signal that our model would lead to
a Universe that exhibits a similar (but not the same, since
covariant energy-momentum conservation is not always
satisfied in our model) evolution as that of the well-known
wCDM model, which is the simplest (phenomenological)
and most widely considered extension of the ACDM model
in observational cosmology. Based on GR, in the wCDM
model (where w represents the EoS of the DE source as
wpg = const) the energy densities of pressureless matter and
DE evolve as p,, « a=> and ppp o a=3(17") | respectively,
due to the covariant conservation of the EMT tensors of these

sources. These imply that ppg o p$+WDE>, which leads to

the following deceleration parameter for the spatially flat
wCDM model:

which gives

Qo / p
+ Bwpg +1) g 22 ()" (24)
2_|_219m0( m)wDE ’

m 0 Pm,0

4wCcbM —

Its mathematical form is very similar to our model’s
deceleration parameter (20) Indeed under the transforma-

tions wpg — 27 — 1 and Q — o, this can be recast as

'm0

follows:

1 + 2&’(31’] _ 1)(/)m )21’]—1

Pm,0
2 +2d ( )2’7 !

(25)

4wCDM —

However, we note that the coefficients in front of the latter
terms in the numerators in Egs. (20) and (25) are not the same,
except for the cases # = 0 corresponding to w' = wpg = —1
(A/conventional vacuum) and n =1 corresponding to
w =wpg =1, ie., a stiff fluid that does not lead to
accelerated expansion and hence cannot be a DE candidate.
In Fig. 1, we show that the EMPG [Eq. (20)] and wCDM
[Eq. (24)] models differ only slightly by depicting the
deceleration parameter versus the energy density of the
pressureless matter, using Q,, o = 0.305 £ 0.010 and wpg =
—0.97 +0.05, corresponding to « =228 +0.11 and
n = 0.015 £ 0.025 according to the above transformations,

0.5
0.4
0.3
0.2
0.1
0.0
—0.14
—0.27
—0.31
049 —— EMPG
—0.57
0.6 — wCDM
—0.7 T T T
10° 10t 102 103 104
p/po

FIG. 1. ¢ versus ’fm curve of the wCDM and EMPG models.
The figure is plotted by using Q= 0.305+0.010 and
wpg = —0.97 £ 0.05, corresponding to o =228 £0.11 and
n = 0.015£0.025 according to the transformations between
the two models, from the constraints for the wCDM model from
Planck + BAO + SN data presented in Ref. [9].

from the constraints for the wCDM model from Planck +
BAO + SN data presented in Ref. [9]. We see that our model
would lead to exactly the same behavior as in ACDM model
when n = 0, though the physics is different, and would also
lead to a behavior similar to that in the wCDM model when
n # 0. The DE source of the wCDM model is phenomeno-
logical rather than derived from a fundamental theory, and
may be described by a scalar field yielding a suitable
potential, e.g., as it was reconstructed analytically to give
ppE & a>(F¥e) in two-fluid cosmological models in
Ref. [56]. The case wpg < —1 for the wCDM model
corresponds to phantom DE, which would be described
by a noncanonical scalar field with a negative kinetic term,
which would eventually lead to ¢ < —1, i.e., the Universe
would end in a big rip [57,58]. On the other hand, the
behavior we would getin therange 0 < 5 < %in the presence
of ordinary matter only does the job of the scalar field with a
negative kinetic term, namely, the phantom field. We know
that models with a negative kinetic term suffer from the
problem of quantum instability due to an unbounded vacuum
state from below in the matter sector, and hence they are
problematic [59,60]. It is interesting that we obtained a
wCDM-like behavior without invoking a scalar field with a
particular kind of potential that is not from a fundamental
theory, but rather reconstructed and requires a negative
kinetic term for the case wpg < —1.

2. Evolution of the energy density

The energy conservation equation (18) for p = p,, with
w = 0 reads as

. . 3Hpu1( pm 2!
Pm + 3Hpm = _20"/’7 |:pm + P :| (p—> ’ (26)
21— 1] \Pmo
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and it gives the time rate of change of the matter energy
density as

(27)

Taking the derivative of Eq. (15) with respect to time ¢, and
then using the result together with Eq. (27), we find

+ Im . 28
2n =1 \pmpo (28)

Among many other features that are required for a
successful cosmological model, a viable cosmological
model would be expected to satisfy the conditions
H>0, H<O0, p, >0, and p,, <0 when Pm > Pmo» at
least since after the matter-radiation equality that took place
about z ~ 3600 until the present time z ~ 0 (py, ~ P ), In
line with the standard cosmological model. Accordingly,
using Eqgs. (15), (27), and (28), we find that these
conditions imply the following relations between ' and #:

. K
H=—--p,|1
on|

1
ad<—— for —-1<p<0,
2n
1 1
a <-1+4- for O<n<§. (29)
n

These are in addition to the condition (21) that guarantees
that EMPG gravity approaches GR at high energy densities,
and leads to accelerated expansion at sufficiently low
energy densities in the presence of only pressureless matter.

We next show that under the above conditions (29), the
matter energy density p,, cannot decrease to zero as the
Universe expands, but it can decrease to a nonzero
minimum value which in turn also determines the minimum
value of the deceleration parameter that the Universe could
achieve from Eq. (20). We see from Eq. (15) that H would
never become null in the case —1 <5 < 0 and o' > 0, and
we also see from Eq. (27) that in an expanding Universe,
i.e., H > 0, the matter energy density decreases with time,

Pm < 0, for p,, > pm_o(—Za’n)#f and increases with time,
Pm > 0, for p, < pmﬁo(—Za’n)'%v. It follows that

1

g 1<n<0. (30)
iy or n .

pm,mm Pm.,0 (

Substituting this into Eq. (20), we find the minimum value
of the deceleration parameter as

20> =2 —1
(2n—1)

Next, we see from Eq. (15) that H would become null for
0<n< %and a > 0if p,, could be null. However, we see

for —-1<n<0. (31)

Gmin =

from Egs. (27) and (28) that as the Universe expands
(H > 0),inthecase 0 < 5 < %and a > 0 the matter energy

density decreases with time as long as p,, < pm’0(§a217 )2n—',

and eventually p,, = 0 and H -0 as Pm = Pm,o(zain)z” 1

These signal that the matter energy density asymptotically
approaches its minimum value

1-2y

1
-1 1
fi 0 =, 32
S > or <n<s3 (32)

Pmmin = Pm,0 (

which gives [when substituted into Eq. (20)] the minimum
value of the deceleration parameter that the Universe
asymptotically approaches, as

Gmin = —1 for 0<11<%. (33)
According to this, although the EMPG modification would
effectively behave like a phantom field w' < —1 for
0<pny < , it would not lead to a big rip since the matter
energy dens1ty does not diverge during the evolution of the
Universe but asymptotically approaches a positive constant,
which implies that the Hubble parameter also asymptoti-
cally approaches a positive constant, namely, the Universe
would asymptotically approach exponential expansion with
gmin = —1 as given in the above equation. Finally, the fact

P )2»1 Tin Eq. (34) [which is the

solution we give below for a(pm)] confirms our conclu-
sions on the asymptotic behavior of our model for the
case 0 <n <1

In this paper, we do not intend to investigate all possible
solutions of the model, but rather those that satisfy the
conditions we have discussed in this section for obtaining a
viable cosmology. One may note that each different value
of the parameter 7—which determines the power of the
self-contraction of the energy-momentum tensor—would
correspond to different theories of gravity, and hence a full
mathematical analysis of the model for arbitrary values of 5
or even for some particular values (such as that done, e.g.,
in Ref. [39] that corresponds to the case 7 = 1 of our model
in the presence of A) is beyond the scope of this paper.
Here, our main purpose is to study whether viable cosmol-
ogies can be obtained from our model for certain ranges of
the parameters o' (as well as a) and 5 estimated from
observational data. Therefore, we continue here with the
following solution for a(p,,), satisfying the conditions
given in Egs. (29) and (21) and valid for py, > pimin
given in Egs. (30) and (32):

2 w1125
1 1 Pm \2n -1
+2,,_ (p 0) — g3

1_'_2r]0/

that a — oo as p,, —>pm0(

Pm_
Pm,0

(34)

It should be noted here that we are not able to give an
explicit solution for p,,(a) since it is not possible to isolate
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Pm except for a couple of particular cases of # in this
equation, which stands as one of the difficulties in the
investigation of the model for arbitrary values of #.
However, it might be immediately seen from this equation
that pressureless matter in our model does not evolve as a~>

1
except for 7 = 0, 1, and that @ — oo as p,, — pm,o(;,z: )T

for 0 <n < % in line with our expectation that the model
would asymptotically approach exponential expansion in
this case, in accordance with our discussion regard-
ing Eq. (33).

IV. OBSERVATIONAL CONSTRAINTS

In the previous section, we discussed in detail under
what conditions our model could give viable cosmologies;
we showed that, in the presence of only a matter source, our
model can not only mimic the evolution of the Universe
precisely as in the ACDM model at # = 0, but it can also
lead to an evolution similar to wCDM-like cosmology for
n ~ 0. However, in both cases the underlying physics of the
EMPG model is entirely different than what we have in the
ACDM and wCDM models. In this section, we investigate
the observational constraints on the parameters o’ (as well
as a) and # by writing an approximated function for a(p,,)
[given in Eq. (34)] for a < 1 (or z 2 0) that would allow us
to isolate p,,, which we can then substitute into H(p,,)
[given in Eq. (15)] to obtain H(z) for the purpose of
observational data analysis. In order to investigate the
observational constraints on the parameters of the EMPG
model, first we need to determine the matter energy density
pm of the model explicitly in terms of the cosmological
redshift z = -1+ i However, p, cannot be isolated
explicitly in terms of z from Eq. (34) except for a limited
number of particular values of #. On the other hand, we find
that the following explicit expression for the matter energy
density p,, in terms of z is a very good approximation to
Eq. (34) for pn/pmo = 1 and n ~ 0 (see Appendix A for
details):

Pm = PmolB(1 +2)° +1 -4, (35)

where = (1 + 22,;7—11/1)% Finally, substituting Eq. (35) and

the Hubble constant H =% (1 4 &')py, o into Eq. (15), the
approximated modified Friedmann equation in terms of
redshift z is

H? 1
H—é:m[ﬁ(l+z)3+l—ﬂ}
1 T B +2)* + 1= pJ™, (36)

subject to the conditions py, 2 Pm.o > Pmmin (OF 2 2 0) and
the ones given in Egs. (21) and (29).

TABLE I. Hubble parameter versus redshift data.

z H(z) (kms™'Mpc™") oy (kms™' Mpc~!) Reference
0.070 69 19.6 [64]
0.090 69 12 [65]
0.120 68.6 26.2 [64]
0.170 83 8 [65]
0.179 75 4 [66]
0.199 75 5 [66]
0.200 72.9 29.6 [64]
0.270 77 14 [65]
0.280 88.8 36.6 [64]
0.350 76.3 5.6 [67]
0.352 83 14 [66]
0.400 95 17 [65]
0.440 82.6 7.8 [68]
0.480 97 62 [69]
0.593 104 13 [66]
0.600 87.9 6.1 [68]
0.680 92 8 [66]
0.730 97.3 7.0 [68]
0.781 105 12 [66]
0.875 125 17 [66]
0.880 90 40 [69]
0.900 117 23 [65]
1.037 154 20 [66]
1.300 168 17 [65]
1.430 177 18 [65]
1.530 140 14 [65]
1.750 202 40 [65]
2.300 224 8 [70]

Having determined the evolution of the Hubble param-
eter in terms of z in Eq. (36), now we can constrain the
EMPG model parameters 5, o and H, with the observa-
tional data. For this purpose, we use the compilation of
28 Hubble parameter measurements spanning the redshift
range 0.07 < z < 2.3, as displayed in Table I. The 28 H(z)
data points were compiled in Ref. [61] to determine
constraints on the parameters of various dark energy
models. In a very recent paper [62], the compilation of
the 28 H(z) points was utilized to determine the Hubble
constant Hy in four different cosmological models, includ-
ing the ACDM and wCDM models. Following the same
methodology, here we constrain the parameters (Hy, @, 1)
of the EMPG model by minimizing

28 thy. . / obs 2
[H (Zi»HO’a’W) - H (Zi)]
ay(Hy.dl ) = 7

i=1 JH,i

(37)

for 28 measured H°*(z;)’s with variance o3, ; at redshift z;
(as displayed in Table I), whereas H" is the predicted value
of H(z) in the EMPG model. The parameter space
(Hy, o ,n) of the model is explored by using the Markov
chain Monte Carlo method coded in the publicly available
package CosMoMC [63].
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TABLE II. Mean values of EMPG model parameters are
displayed with 68% and 95% confidence levels (C.L.). We find

;(rznin =17.

Parameter Mean 68% C.L. 95% C.L.
H, 68.7 [66.5, 70.9] [64.2, 73.2]
o 2.80 [2.54, 3.05] [2.42, 3.17]
n —-0.003 [-0.014,0.009] [-0.026, 0.020]

Our results are presented in Table II and Fig. 2. We find
that the values of the EMPG model parameters are
Hy = 68.7157")2 kms™' Mpc™!, o =2.801052703, and
n = —0.003 1901240923 'where the error limits are at 16 and
20 confidence levels with y2. = 17. We first note that the
values of o and 5 satisfy all of the conditions (21), (22),
and (29) as described in the previous section for a viable
cosmology. We note that the mean value of 7 is almost
equal to zero, signaling that our model—in light of
observational data—predicts a ACDM-type background
evolution at least up to the present time. The constraints
on the ACDM model parameters read as Hjy=
68.31 3427 kms™ Mpc™! and Qo = 0.2761 )03 s,
with error limits at the lo and 20 confidence levels
and )(rznin = 17 (see Table 1 of Ref. [62]). Recalling that
the case n =0 corresponds to ACDM-type expansion
with the transformation & = p,/pn in our model, it is
easy to deduce H,=68313/22kms™'Mpc™!, o =
2.623 102964 1085 for y = 0 (fixed). It is noteworthy that

33} 1
3.0f [ g
3
27} 1
24} ! S
0.02} \ 4 ' X
0.00} 1
=
-0.02| ( g 1
-0.04 1
60 65 70 75 24 27 30 3.3 -0.04-0.020.00 0.02
!
H, e} n
FIG. 2. 10 and 20 confidence contours of the EMPG model

parameters. Marginalized probability distributions of the indi-
vidual parameters are also displayed.

the errors of o become larger when 7 is fixed to zero,
which may be interpreted as the data suggesting that
fixing 5 to zero is not preferable. On the other hand, we
see that the observational data of the Hubble parameter
measurements fit equally well to the approximated EMPG
model, in contrast with the ACDM model, and predict a
similar value of H in both models.

In Fig. 3, we show the mean value H(z)/(1 + z) curves
with the 1o error region of the EMPG and ACDM models
in the redshift range 0 <z <2.5 along with the data
points from Table 1. We see that the H(z)/(1 + z) curves
of the two models overlap, indicating a similar evolution
of the Universe in the two models. The mean value

evolution trajectories of the deceleration parameter g =
-1+(1 +z)% and jerk parameter j = 1-2(1 + z)%+
(1+ z)z(g—f—i—%ﬁ) with lo error regions of the EMPG
model and ACDM model (yielding a constant jerk
parameter equal to unity, jy,cpm = 1) in the redshift
range 0 < z < 1100 (log scale on the z axis), are shown
in Figs. 4 and 5, respectively. Again, we observe a similar
evolution of the Universe in the two models in the
whole redshift range 0 <z < 1100. Thus, the EMPG
and ACDM models provide similar descriptions of
the dynamics and kinematics of the Universe up to the
present time, in light of observational data from Hubble
parameter measurements, despite the fact that the under-
lying physics of the EMPG model is completely different
from that of the ACDM model. Thus, the observed
Hubble data supports the new physics employed in this
work to develop the EMPG model, which would deviate
in various ways from the ACDM model depending on the
sign of 5 (as the data allow both negative and positive
values of 7). However, we do not discuss the future
dynamics of the Universe in the EMPG model in
this paper.

Finally, to find the constraints on the parameter a—
which, like 7, is a true constant of the model that appears in

1104
1004
90
W osodT
_l’_
= 704
S~
~ 601
T 509
40
30
20 . e , . . . ———r
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
z
FIG. 3. H(z)/(l 4+ z) curves of the EMPG and ACDM models

are plotted with the mean values and 16 error regions of the model
parameters. The 28 H(z) data points of Table I are also displayed.
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102 103

FIG. 4. The mean value deceleration parameter curves with 1o
error regions of the EMPG and ACDM models are plotted in the
redshift range (0, 1100) (log scale on the z axis) with the mean
values of the model parameters.

15 ] —— EMPG
---- ACDM
1.10 4
1.05 4
~en 1,00 [ e e e e =
0.95 A
0.90 A
0.85 A
0.80 T T T T T
1072 107t 10° 10* 102 103
z
FIG. 5. The mean value jerk parameter curves with 1o error

regions of the EMPG and ACDM models are plotted in the
redshift range (0, 1100) (log scale on the z axis) with the mean
values of the model parameters.

the action of the EMPG model—we first obtain the
equation

/ 31¥2 1-2n
- 0 (38)
2n—1 |k(d +1)

in the presence of only a matter source upon using Eq. (16)
with Eq. (17) by substituting w = 0. Hence, using the
constraints on the parameters given in Table II in Eq. (38),
we obtain the constraint on the parameter  as

a = —0.60"020 x 1078 (erg/cm®)!=1 (95% C.L.). (39)

One may note that the units of @ depend on 7, which
indicates that each different value of 7 should be considered
as another gravity theory. In Fig. 6 we present the three-
dimensional constraints in the 7 — a plane from H(z) data,
where the samples are colored by the parameter «. It may be

x10~8

0.0
3.1

—0.41
r3.0

—0.81
r2.9

3 —1.21 2.8 R

_1.61 r2.7
2.6

—2.01
2.5

—2.41

—0.045 —0.030 —0.015 0.000 0.015 0.030

n

FIG. 6. Constraints in the 7-a plane with 16 and 26 confidence
level contours from H(z) data in the EMPG model where the
samples are coloured by the parameter «’.

noted that we did not take the parameter « into account in
the cosmological model that we studied in the presence
of only pressureless matter, but rather the more useful
parameter « [defined in Eq. (17)], particularly for a
monofluid cosmological solution of the model. However,
the true constants of the EMPG model are the parameters o
and  that appear in the action of the EMPG model. In other
words, the constraints we give on H, 1, and o above
constitute the constraints on the cosmological model in the
presence of only a pressureless source, while the con-
straints on # and « constitute the constraints on the
parameters of the EMPG model by means of the cosmo-
logical model under consideration. One may try to obtain
constraints on # and « from noncosmological physics, e.g.,
neutron stars, parametrized post-Newtonian parameters,
etc. In this case it might not be possible to properly define
a parameter o corresponding to the one we defined in this
paper. On the other hand, one may try to obtain constraints
on 7 and a from, for instance, big bang nucleosynthesis,
during which the Universe would be considered to be filled
with only radiation (w = 1/3). In this case one can properly
use the @ given in Eq. (17) by substituting w = 1/3.
However, even in this case, one cannot compare the
constraint that would be found for « for radiation with
the one we give here for pressureless fluid in Table II;
rather, one should deduce the constraint on a and then
compare that with the one we give in Eq. (39). A good
demonstration of this point can be given by the following
example. We know from Eq. (17) that it is not necessary for
@ to be the same for different fluids since it depends on the
EoS parameter w of the considered fluid. We found here

024011-11



AKARSU, KAT1RC1, and KUMAR

PHYS. REV. D 97, 024011 (2018)

that & > 0 for pressureless matter (w =0) and then
deduced that a < 0. However, if we use the above con-
straints we obtained for n and a, we see from Eq. (17) that
a' < 0 for radiation (w = 1/3). Hence, the constraints we
obtained on 7 and «a using data obtained from the late
Universe predict that the EMPG modification would
lower the value of the Hubble parameter in the radia-
tion-dominated Universe—for instance, when BBN took
place—though the EMPG modification would be com-
pletely negligible at the energy scales of BBN.

V. CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

In this study, we have proposed a modified theory of
gravitation constructed by the addition of the term
f(T,,T") to the EH action of GR, and elaborated a
particular case f(7,,T") = a(T,,T")" (where a and #
are real constants) dubbed EMPG. We have further inves-
tigated the EMPG model on theoretical and observational
grounds by considering the cosmological evolution that it
predicts. We have discussed the conditions under which it
leads to viable cosmologies, and showed that there are
ranges of the parameters of the EMPG model in which it
approaches standard GR at high energy densities and
accelerated expansion at sufficiently low energy densities
(namely, in the present Universe), without invoking a
cosmological constant or any other dark energy source.
We have shown that, in the presence of only a matter
source, EMPG can give rise to not only precisely the same
background evolution as the ACDM model when 1 = 0,
but also an evolution similar to that of the wCDM model
when 7 ~ 0. However, in both cases the underlying physics
of the EMPG-driven cosmologies are entirely different than
what we have in the ACDM and wCDM models. For
instance, we introduced neither A nor a dark energy source
to drive the late-time acceleration of the Universe. Our
model alleviates the cosmological constant problem that
arises when a cosmological constant is introduced as in the
ACDM model, and the issue of introducing an ad hoc scalar
field that can lead to quintessence and/or phantom (leading
to additional severe problems) dark energy source with a
constant or slightly varying equation-of-state parameter as
in the wCDM-like models. The constraints on the EMPG
model parameters from the recent compilation of 28
Hubble parameter measurements reveal that the EMPG
model describes an evolution of the Universe similar to that
in the ACDM model.

We have shown that our modification of the EH action
that leads to the EMPG action becomes negligible at
sufficiently high energy densities, leaving the standard
cosmology based on GR untouched for times earlier than
the time of onset of the late-time acceleration of the
Universe. This means that if we had added the term
f(T,T")=a(T,T")" to the Starobinsky action [1]
rather than the EH action, then this term would be even

more negligible at inflationary energy scales and hence the
Starobinsky inflation model [1] (which is the leading infla-
tionary model supported by the most recent cosmological
observations [7]) would also be left untouched. Hence, a
modified gravity model such as the Starobinsky action +
a(T,T")" with n~0 and a~2.5 would be able to
successfully describe the complete history of the Universe
(see Appendix B for more details).

Our findings in this paper are promising enough to
justify further study of EMPG, as it is apparently a very rich
topic. In our detailed discussions here we have mainly
considered a pressureless matter source and its evolution
throughout the history of Universe, and discussed the late-
time acceleration of the Universe. Hence, one direction may
be to extend our analysis by considering effects of other
known cosmological fluids on the evolution of the
Universe. For instance, radiation could be studied in order
to obtain constraints on the parameters of the EMPG from
BBN processes that took place when the Universe was
radiation dominated. Of course, the inclusion of a positive
A in our model is also of further interest to us since in this
case the model would provide much richer dynamics (e.g.,
Ref. [40]). In particular, if we consider the case n > % then
EMPG would alter the dynamics of the early Universe, but
lead to an evolution of the Universe like that in the ACDM
model after a certain amount of time (see Refs. [39,54] for
EMSG, i.e., EMPG,_ ). In this case, one may need to study
not only the cosmological dynamics but also the physical
processes/astrophysical objects relevant to high energy
densities such as BBN/neutron stars, which in turn can
be used jointly to constrain the parameters of the model
without suffering from degeneracy issues. Another direc-
tion may be to consider functions other than f(7,,7") =
a(T,, T*)" that lead to the EMPG we studied here; for
instance, f(T,,T") = alog(T,,T*) would give log(p?)-
type modifications to Einstein’s field equations, as in
Ref. [71]. The essence of constructing modified gravity
models is to redefine the coupling of the energy-momentum
tensor to the spacetime geometry. However, this is usually
done by modifying the action that leads to modifications on
the left-hand side of Einstein’s field equations, in contrast
to what we have done here. Manipulating the introduction
of the energy-momentum tensor into the action would lead
to modified Einstein’s field equations that might not be
possible to obtain or to easily find from the Einstein’s field
equations with a modification on the left-hand side, while
the energy density and pressure of a fluid appear on the
right-hand side of the equations as usual. Hence, it would
be interesting to investigate the f(R) correspondence of
T, T"-type modifications in the metric and Palatini
formalisms similarly to, for instance, how the Ricci-
tensor-powered gravity was studied in the Palatini varia-
tional approach regarding the powered form of the Ricci
tensor contraction in Ref. [72]. Finally, the geometrical
counterpart of T7,,7"-type modifications can also be
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studied, such as the powered G,,G" term, and even the
geometry and source can be mixed by considering terms
like G, T. For instance, if the scalar field EMT is
considered as the source, the model should correspond
to a very popular subclass of Horndeski scalar-tensor
theories [73], where the scalar field is nonminimally
coupled with gravity through the Einstein tensor such that
G,,0"pd" .
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APPENDIX A: APPROXIMATION PROCEDURE

The matter energy density p,, appears implicitly in
Eq. (34),

2na’ ¢ pm \2p—-17 3,1
_|_2 [ () ) " 21
A =(1+27  (AD)
Pm,0 1+2’;1—_1

and it cannot be isolated in terms of redshift z. Therefore, it
is not possible to explicitly write the exact function for the
Hubble parameter H(z) by substituting p,,(z) in Eq. (15),
but a good approximation can be found. To do so, we first
note that Eq. (A1) can be written as

2a'n \
21
<1 + > Pm zpm,O(1 + Z)3 for Pm > Pm o>

2n—1
(A2)

provided that n < % in accordance with the conditions given
in Eq. (29). Of course, this approximation is not good in the
vicinity of z = 0, and we need to improve it. To do so, we
first note that the approximation error (the deviation from

. Iy~ .
the true value) at z = 0is (1 + %) 2P0 — Pm.o- Notice

that, in this case, we do not get p,, = p, o at z =0, but
, 22

Pm = (1 + 22:—_”1)_23_*',%,0. Therefore, subtracting this
approximation error from the left-hand side of Eq. (A2)
would not only give the actual value of p,, when z = 0, but
also decrease the approximation error when p, ~ pp. ¢, ViZ.,
when z ~ 0. Accordingly, compensating the approximation
error at z = 0 in Eq. (A2), we reach the following improved
approximation:

0.00020
0.00015
3p,
5~ 0.00010
m

0.00005 -

P, 0

FIG. 7. The relative error p,/py, versus pu/pmo from
Pm/Pmo =1 (z2=0) 10 pp/pmo = 10° (z ~ 1100) for the mean
values o = 2.8, n = —0.003 given in Table II.

2a'n \ 3
1
( - 1) o

2n-2

2a'n \ "zt
- |:<1 + 2]/] _ 1> Pm.0 _pm,0:| Npm,()(l + Z>3’

(A3)

which is an approximation both for p, > p,o and
Pm ~ Pmo- In addition, it allows us to isolate p,, in terms
of z as

20y \ 25
Pm ® Pmapprox = Pm.0 I-({1+ =1

2an \ 3
- )zn 1+

(A4)

1
+pm,0< +2’7_1

InFig. 7, we depict the relative error between the true value of
the matter energy density p,,, from Eq. (34) [or Eq. (A2)] and

the approximated value of the matter energy density p, approx

from Eq. (A4)—namely, ‘;”J = M Versus P/ pPm.o

from pm/pmo = 1(z=0) t0 pr/pmo = 10°(z ~ 1100)—
while using the mean values o = 2.8, 7 = —0.003 from
Table II. We see that the relative error is indeed negligible,
as the maximum relative error is only 0.01 percent while it
is much smaller for p,;, ~ py, o and p > py, .

APPENDIX B: THE COMPLETE HISTORY OF
THE UNIVERSE VIA THE STAROBINSKY
ACTION EXTENSION

EMPG is studied on theoretical as well as observational
grounds, leading to the late-time acceleration of the
Universe with only pressureless matter while keeping the
successes of standard general relativity at earlier times;
however, inflation is not considered. For completeness, we
may consider the modification that gives EMPG in the
Starobinsky gravity action [1] instead of that in the
Einstein-Hilbert action (1) as follows:
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1 R?

= —(R+— T, 1) —gd*x.

S / LK( +6M%> +a(T,T") +£m]\/ gd*x
(B1)
The field equations become
R R

1—|——>G .+ (g, 0-V Vl,)<1 +—>

< 3mz) w T =T 3M2
O

= kT, + ka(T 5 T°)" [gﬂy -2 T,;:T‘“} (B2)

Then, using Egs. (13) and (14) as well as the metric (10) in
the field equations (B2), we get the following set of two
independent differential equations:

3<1+ R >H2+HR K K (’))2”
Y] S = a=kp+Kp| )
M2 M2 12M3 0
(B3)

. R HR+R R?
—2H -3H*) (1 -
( )( +3M,§) 3M; +12M,2,

K 2n
= 1+575\P

We note that the terms that appear in the field equations
given in Eqgs. (B3) and (B4) due to the R? term in the action
(B1) become effective for large values of H, namely, in

the very early Universe at very high energy densities where
the terms that appear in the field equations due to the
modification a(T,,T*)" in the action are completely
negligible for 5 < % It is easy to see in this case that,
for n ~0 and @ ~ —1073(erg/cm3)'=?" (or ¥’ ~ 2.5k in the
presence of only dust) as found in this study, at inflationary
energy scales the terms that appear in the field equations
due to R? and the usual matter Lagrangian £, in the action
would be effective, while the terms due to R and the EMPG
modification would be negligible, so that R? inflation—
which is the preferred model in light of the latest obser-
vational data by the Planck Collaboration [7]—would take
place during the early Universe in our model. Then, at
intermediate energy scales (at the time of BBN, recombi-
nation, etc.), the terms that appear in the field equations due
to the terms R and £, in the action would be effective, but
the terms due to the terms R* and a(T,,T**)" would be
negligible so that the standard cosmology would work.
Finally, at sufficiently low energy density scales the terms
that appear in the field equations due to R and a(T,, T)"
in addition to £, in the action would be effective, while the
terms in the field equations due to R? in the action would be
negligible so that the Universe would start to accelerate at
later times. Thus, the unification of EMPG with
Starobinsky gravity would provide us with a complete
history of the Universe. For instance, the Starobinsky
model within the f(R,7) formalism was studied in
Ref. [74], where the radiation-, matter-, and dark energy-
dominated eras as well as the transition between these
phases was studied.
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