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Abstract The present cosmological model deals with mod-
ified f(R, T') gravity theory with f(R,T) = R + h(T) in
the background of homogeneous and isotropic FLRW space-
time model. Four choices of 4(T) have been studied and
examined from two observational data sets. It is found that
model III, namely, the linear combination of power law and
logarithmic form is more consistent with observed data than
the others. However, all four considered models are a worse
fit than the LCDM model.

1 Introduction

The series of observational evidence [1-5] since 1998 put the
standard cosmology in a dilemma. It is a conflict in the choice
of gravity theory and in the choice of the matter contained.
The standard cosmology with Einstein gravity and normal
matter (matter satisfying strong energy condition) cannot
support the above observational results. So the cosmologists
have been trying the following two options to accommodate
the observational prediction of the present accelerated era of
expansion: (i) Einstein gravity with some exotic matter (hav-
ing large negative pressure known as dark energy) (ii) modi-
fied gravity theory with usual matter. In the present work the
second alternative has been considered to examine the obser-
vational results. Modified gravity theory comes in a natural
way to accommodate the tensions in the present expansion
rate of the universe. Also, this modification of gravity the-
ory is an alternative way of modifying the standard model of
particle physics through dark matter. The most natural and
obvious extension of Einstein-Hilbert action is to replace the
Ricci scalar R by an arbitrary function f(R), the well-known
f(R) gravity theory. This modified gravity theory has been

#e-mail: gopalsardar.87 @ gmail.com
b e-mail: bose.akash13@gmail.com

¢ e-mail: schakraborty.math @gmail.com (corresponding author)

tested to explain the late-time cosmic acceleration [6], and it
supports the local gravitational tests [7—13].

In the recent past, a further modification has been proposed
by Harko et al. [14], considering the Einstein-Hilbert action
as f(R, T) with T, the trace of the energy-momentum ten-
sor. The quantum effect in the form of conformal anomaly is
a possible justification behind the introduction of the matter
part in the gravity Lagrangian. However, this gravity model
depends on the source term due to the coupling in the matter
and gravity and as a consequence, there is a hypothetical force
term perpendicular to the four-velocity and test particles do
not have a geodesic path. Further, the field equations become
very complicated. Subsequently, a simple choice in the form
of f(R, T) has been proposed [15] in an unorthodox man-
ner as f(R,T) = R + h(T), with justification that the test
particles will move along the geodesics. Though the electro-
magnetic field cannot be accommodated with this choice of
f(R, T). However, for perfect fluid this choice shows that
h(T) should be power-law in 7" with power depending on the
constant equation of state parameter. In the present work, the
choice of 11(T) are the followings (i) power-law in T (ii) loga-
rithm of 7 (iii) a linear combination of power-law and /og (T")
and (iv) a product of them. The motivation of the present work
is to examine which of the four choices of 4 (T) supports the
observational data. The plan of the paper is as follows: In
Sect. 2, abrief description of f (R, T') gravity theory has been
presented. Four specific models of f (R, T') gravity have been
proposed in Sect. 3. While Sect. 4 deals with the numerical
investigation of these models with respect to the observa-
tional data. The paper ends with a conclusion in Sect. 5.

2 f(R, T) gravity theory: a brief description

In this gravity theory, the complete action of f (R, T') gravity
can be written as [14]
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where T = T,,g"" is the trace of the energy-momentum
tensor 7}, , obtained from the matter Lagrangian density
as [16]

2 8(/—8Lm)
VTR L

Further, if £,, depends only on g, but not its derivatives,
then the above form for 7},, simplifies to

T/w = - (2)

0Ly,

—2—. 3
T 3)

T;w = guvﬁm

Now the variation of the action (1) with respect to the
metric gives the field equations for f (R, T) gravity as [14]

1
SRRy + (g;wD - vuvv) JrR— Eg;wf(Rv T)

= 87G Ty — (Tyw + Opy) fr @
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ST, 9%L
_ apllep _ p__~ =m
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One should note that the field equations for f(R) gravity
can be recovered from Eq. (4) if f(R,T) is replaced by
f(R). Further, one may recover GR if f(R,T) = R while
ACDM model will berecovered if R+2A (A, acosmological
constant) with matter in the form of dusti.e. L,, = p.

In the present work, a particular choice namely f (R, T) =
R + h(T) is considered so that the field Eq. (4) simplifies
to [15]'

1
Guv =K |:pr - h/(T)(T/w + ®;w) + Eh(T)gp.v:| . (5)

In the context of perfect fluid (which we shall consider
in the following sections), the energy-momentum tensor has
the following form

Ty = (o + pPuyuy — pguy (6)

with matter Lagrangian as £,, = —p. Here p and p are the
energy density and thermodynamic pressure of the perfect
fluid with restrictions on the four velocity u" as

ugut =15 u*Vyu, =0.
The symmetric (0,2) tensor ®,,, simplifies to

Oy = =271y, — pguv- N

I =8rG.
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Now, considering the spatially flat Friedmann—Lemaitre—
Robertson—Walker (FLRW) space-time having metric

ds? = —dt* + a%(1) (d)c2 + dy2 + d12> ) (3)

the modified Friedmann equations can be explicitly written
as

3H? = kpm + k(pm + pm)H' (T) + %th )

) 1
2H +3H? = —kpm + Efch(T) (10

a
where a(t) is the cosmological scale factor, H = — is the

a
Hubble parameter and pm, pm are the energy density and
thermodynamic pressure of the matter respectively. Now the

above field Eqs. (9) and (10) may be written in the form of
the standard FLRW equations as,

3H? = kperr =k (pm + 0f14) (11
2H +3H? = —kpeff = —k (Pm + Pfid) (12)
where
, 1
pria = (pm + pm)h' (T) + Eh(T) (13)
1
Pfid = _Eh(T) (14)

Here pf1q and p g are the energy density and pressure
contributions respectively due to the modified gravity. These
terms can be considered as equivalent contributions from a
dark fluid component. Further, p.rr and p.rr are respectively
the effective energy density and pressure of this f(R, T)
gravity model.

Moreover, the conservation equations of individual com-
ponent can be written as

Pm +3H(pm + pm) =0 (15)
Pria +3H(pria + pria) =0 (16)

Solving Eq. (15), the energy density of the matter compo-
nent can be obtained as

pm = pmo(1 +2)*1+) a7
where we have considered the barotropic equation of state
1
Pm = Wpnm and z = _t) — 1 is the cosmological redshift.
a

Here p,,0 > 0, a constant that represents the current energy
densities of matter. Further, the energy-momentum scalar can
be obtained as T = (1 — 3w) pn,.

3 f(R, T) gravity models

In this section, different models of f (R, T) gravity have
been studied. In particular, we have considered four different
choices of 4 (T), namely, power law form, logarithmic form,
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and their two combination forms as addition and multiplica-
tion.

3.1 Model I: f(R,T) = R+ hoT™
Here we have considered power law form of #(7") where A,
m are arbitrary constants. Substituting the above choice, one

can simplify Egs. (13) and (14) as

prld = %(1 —3w)" ' @m(1 + ») + (1 = 3w)) o (18)

ho
Dfid —7(1 —3w)" py, (19)

Hence, the equation of state for fluid wsy = prd _

Pfld
(1 —3w)

2m(1 + ) + (1 - 3w)
mann equation for this model can be written as

will be a constant. The first Fried-

H(z) = § (omo(1 + 21+
+%(1 — 3w 2m(1 + @) + (1 — 30))

x Lomo(1 4+ 220+ 1) (20)

Now, defining another dimensionless parameter for Hub-

H(z) .
ble parameter by E(z) = , one may write

Ez(z) — (Qmo(l +Z)3(1+w)

ho m—1
+?(1 —3w) 2m(l + o) + (1 —3w))

m
x [ Qo1 + 270+ ") 1)
where Q2,0 = % is the dimensionless density parameter.

0

3.2 ModelI: f(R,T) =R+ 2hoInT

In this model, we choose logarithmic form of #(7T") where h
is an arbitrary constant.

In the background of homogeneous and isotropic FLRW
space-time geometry, the first modified Friedmann equation
can be explicitly expressed as

2 K 3(140) 20+
H(z) = 3 |:)0mO(1 +2) + ho ((1 “3w)
+ln [(1 — 3w) ool +z)3(‘+“’)])] (22)

Further, the energy density and pressure of the fluid are
given by

N G ) _
Prid = ho [(1 " 30) +In[(1 3w)pm]}

(23)

pfia = —hoIn[(1 —3w)pm] (24)

and the equation of state for fluid will be wpy =
In [(1 — 3w)pom]

2455 + In[(1 = 3w)pm]

3.3 Model III: £(R,T) = R + ho (a1 T™ + 20> In T)

In this choice of f(R,T), hg, @1, ap and m are arbitrary
constants. For this choice, the first Friedmann equation is
given by

K
H?() =3 [pmoa +2)He)

+ho (oz](l —3w)" ' 2m + w)

+(1=30) {puo1 + 270+ |

2(1 +w) . 3(14w)
IR {m +1n [(1 3w)pmo(1 + z) ]
(25)

The energy density and the pressure of the fluid are given
by

pria = ho [al(l = 3w)"~ @m(1 + ) + (1 - 300
(1+w)
o (2m +Inf(1 - 3w)pm])] 6)
o1
Pfia = —ho[ 5 (1 = 3w)" pjs + e In [(1 = 3w)pn]
)

3.4 Model IV: f(R,T) = R+ hoT™InT

Here we choose /(T') as the product of the power law and
Logarithmic form. From the first Friedmann equation, one
has

K
H(2) = 5 [ pno(1 4+ 2"+

003wy ot + 22040

x {20 +w)+ (1 — 3w +2m(1 + w))

In[ (1 = 3w)pno1 +2°1+)}] (28)
The energy density and pressure of the fluid are given by

)m—l m

ho
Pfld = 7(1 =3w)" oy
x[Z(l +w) 4+ (1 =3w+2m(1 + w))
In[(1 = 3w)pml]
(29)
ho m m
Pfid = —?(1 —3w)" oy,
X In[(1 —3w)pm]. 30)
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Fig. 1 Posterior distribution for the cosmological parameters of the four models using data sets I (Pantheon + BAO) and PLANCK18 prior has

been considered

and the equation of state for fluid is given by wyy =

(I =3w)In[(d —3w)pm]
2(14+w) + (1 = 3w +2m(1 + w)) In[(1 — 3w)py]
One may note that among these four models, model I coin-
cides with ACDM cosmology for m = 0 while model III
reduces to ACDM cosmology for the choice m = 0 and
oy = 0. Further, it should be mentioned that model II and
IV cannot recover the AC DM model for any choice of the
parameter values.

@ Springer

4 Numerical analysis and observational constraint

In this section, our aim here is to constrain the cosmological
parameters analyzing the observational data sets. In order to
do so, we have modified the public version of the CLASS
Boltzmann code to include the dark energy sector as a fluid.
The MCMC code Montepython3.5 [17] has been used to
estimate the relevant cosmological parameters.
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Table 1 Best fit values of model parameters for the different models using data set I (Pantheon + BAO)

Model 1 Model IT Model I1I Model IV
Param Best-fit Mean £ o Best-fit Mean £ o Best-fit Mean £ o Best-fit Mean £ o
100w, — 2.247 22510077 2.251 2.24610038 2.251 2.248700% 2.246 2.25700%0
Wcdm 0.1176 0.117890023 0.1175  0.117373993  0.1176 0.1176 70053 0.1177 0.117890023
m —0.108 —0.034187008, - — —0.04996  —0.196370735  —0.2281  —0.168710.05%
w0y, —0.03317  —0.012827001%  0.03408  0.028137000%  0.01167 0.01725T000%8  —0.03172  —0.01291700}4
HO 61.06 65.6271¢ 79.9 76.8673) 72.17 7346133 61.34 65.61713
M ~19.65 —19.4910:9¢9 ~19.03  —19.11700% ~19.29 ~19.23%01 ~19.64 —19.510:966
Q044 0.6241 0.66971002¢ 0.7811  0.7627700%, 0.7255 0.738810:02° 0.6274 0.66951002¢
o 0.3758 0.33027905% 0.2188  0.2372700%1 02744 0.26111003, 0.3725 0.33047005%
xZin 1029.742 1035.900 1031.948 1029.766

In order to analyze, we use the cosmological datasets (Pan-
theon [18], BAO (BOSS DR12[19], SMALLZ —2014[20])
and HST [21]) and a PLANCKI18 prior has been imposed.

We have made the choice of flat priors on the base cosmo-
logical parameters as follows: the baryon density 100w, =
[1.9, 2.5]; cold dark matter density w.q,, = [0.0, 0.145];
Hubble parameter H0 = [60, 80]km s~'Mpc~! and a wide
range of flat prior has been chosen for wo, = [—0.33, 0.33]
and m = [—2,2].2

In order to make a comparison among the models, we have
taken (Pantheon + BAO) as data set I and (Pantheon + BAO
+ HST) as dataset II. For the data set I, the posterior distribu-
tions of the cosmological parameters have been shown in Fig.
1 and the corresponding constraints are enlisted in the Table
1. Here from Table 1, one may say that, the best-fit values of
all the cosmological parameters for model III are within the
error bar of the observed data. While for the other three mod-
els, the best-fit values of these cosmological parameters are
not in the error bar of the observed data. This is also reflected
in the posterior distribution of the cosmological parameters
Fig. 1. Further, it may be noted that the estimated values of
all the parameters for model I and model IV are very close to
each other. Also, the value for present time Hubble parameter
i.e. HO is estimated as very low values both for model I and
model IV, while model II estimates it as a very high value,
which do not match with recent observations. On the other
hand, for model III, HO is close to the observational value.
However, from Fig. 1 it can be seen that the distribution of the
parameters for all the models are distorted from the Gaussian
nature.

Similar analysis has also been done for data set II by incor-
porating HST data together with the data set I. The posterior
distribution of the cosmological parameters have been shown

2 For the Model III, w f1a converges very slowly for large values of o
and ap. Therefore, these are kept to be fixed with the value oy = 3.4
and ap = 0.2.

in Fig. 2 and the corresponding constraints have been enlisted
in the Table 2. From Table 2 it is found that the value m = 0
lies inside the 1o region for model I and model III which
implies that model I and model III recover AC DM cosmol-
ogy as mentioned in the previous section. Figure 2 shows
that data set II constrains all the parameters nicely and the
nature of the distribution of the parameters are Gaussian. But
in this case, all four models that have been considered show
almost identical behaviour in respect of parameters i.e., it is
difficult to identify any particular model based on this data
set. In order to compare the models we will analyze Akaike
Information Criterion (AIC) [22]and the Bayesian Informa-
tion Criterion (BIC) [23] in the next section.

Using the best fit value of the cosmological parameters
of the different models inferred from the dataset II, we have
plotted the Hubble parameter H (z) with respect the redshift
z and the deceleration parameter ¢ (z) which is defined as

da H
q(z)=—d—2=— 1+?) (31)

From the Figs. 3 and 4, it may seem that all these four
models are almost identical if one considers z > 0 i.e., ear-
lier time to present days. But the beauty is hidden in z < 0
i.e., in the future prediction. The present value of the decel-
eration parameter g is obtained as —0.485 (model I), —0.35
(model II), —0.484 (model III), —0.487 (model IV). That
means the value of go for model I, IIT and IV matches with
the recent observations. From Fig. 4 it is seen that Model I
asymptotically approaches the quintessence era in the future
(g > —0.85asz — —1). Model Il &IV will enter a deceler-
ating phase again in future. In the case of Model III, the uni-
verse will not only continue its accelerated expanding phase
but also will go beyond the phantom region. Actually, model
III predicts Big Rip in the future (z — —1).

Now using the best fit values of the parameters from Tables
1 and 2, pg and &g can be estimated as follows

@ Springer
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Fig. 2 Posterior distribution for the cosmological parameters of the four models using data set II (Pantheon +BAO + HST) and PLANCK18 prior

has been considered

Dataset I Dataset I1

0p0¢14 ho 0p0¢14 ho
Model 1 2327 12694 3905 4806
Model IT 4987.19 528.42 4170.96 445
Model III 3779.29 1291.46 3884.68 1630
Model IV 2361.03 4095.65 3868.73 1821

5 Information criteria and model comparison

In order to make a comparison among the models, here we
apply the well known Akaike Information Criterion (AIC)

@ Springer

[22]and the Bayesian Information Criterion (BIC) [23]. This
allows us to examine which model best fits the observational
data. Based on the information theory, AIC is an estimator
of the Kullback-Leibler information with the property of
asymptotically unbiasedness. Under the standard Gaussian
error assumptions, the expression of AIC reads as [24-26]

2k(k — 1)
Nigt —k—1"
where L, is the maximum likelihood of the datasets, N;,,

is the total data points and k is the number of parameters of
the model. If the number of data points N;,, is large enough,

AIC = —210(Lyax) + 2k + (32)
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Table 2 Best fit values of model parameters for different models using data set II (Pantheon + BAO + HST)

Model I Model I Model III Model IV
Param Best-fit Mean + o Best-fit Mean + o Best-fit Mean + o Best-fit Mean + o
100w,  2.241 2.24210:0%¢ 2.252 2.24610008 2.25 2.24910:046 2.251 22510048
Ocdm 0.1186 0.117975:0052 0.1173 0.117175:9052 0.1179 0.1177+5:00%3 0.1182 0.117975:905
m 005268  0.0535779032 - - —0.1235  —0.176175%,  —0.0876  —0.0867275%3!
w0y, 0.01486  0.01434700002  0.02382  0.0227710003s  0.01465  0.01694700047  0.01415  0.0142270:003*
HO 72.93 7274118 74.61 74.09113 727 73.23116 72.65 727418
M —19.25  —19.26709% ~19.17  —19.1979038 —19.26 —19.2410:046 —19.26 —19.2610:048
Q014 0.7347 0.73429013 0.7487 0.7453+0:01) 0.7343 0.738279013 0.7334 0.733910013
o 0.2652 0.265775:013 0.2512 0.254610012 0.2657 0.261779012 0.2665 0.2669912
xZin 1032.390 1039.024 1032.190 1032.230

then it reduces to AIC ~ —21In(L,;4x) + 2k. The AIC gives
goodness of fit through the maximum likelihood, however,
the additional term of the AIC acts as a penalty for models
which have a large number of parameters. Whereas, the BIC
is defined as [27,28]

BIC = —21n(Lymax) + kin(Nyor) - (33)

It is clearly seen that the penalty for BIC is higher than
that of AIC. In general, the model having lower values of
AIC and BIC corresponds to the model that best fits the data.

The values of AIC and BIC for all the models have been
reported in Table 3. From the table, it is seen that Model I and
IV have good observational support for Data set I, and for data
set II there is good support for Model [, III, IV according to
AIC analysis. Whereas, from BIC analysis, it can be found
that Model II has observational support for data set I, and
all these four models support observational results for data
set II. Now if one makes AAIC and ABIC analysis i.e.,
one compares these four models with the ACDM model, the
result is the same. One may note an interesting feature that
the AAIC for model I, IIT and IV are negative, that means
the maximum likelihood of these three models is marginally
higher than that of the ACDM. Consequently, one can say
that these three models with data set II are slightly preferred
over the AC DM . Further, among these three models, Model
IIT has the least AAIC and A BIC values. Moreover looking
both at the AIC and BIC values it can be concluded that
Model-I and Model III are best favoured models for dataset
I and dataset II respectively. Since the distribution of the
parameters for Data set I is not Gaussian, hence excluding
the result for data set I, one can conclude that model III has
best observational support with respect to these datasets.

6 Conclusion

A detailed study of the f (R, T') gravity theory has been done
with a widely used form of f(R,T), namely f(R,T) =
R + h(T) and four possible form of 2(7T) namely power-
law form, logarithm form, an additive and product form of
them. Perfect fluid with constant equation of state is cho-
sen as the matter component for the model. However, the
modified field equations are equivalent to field equations in
Einstein gravity with non-interacting two-fluid system. The
other fluid component (known as effective fluid) is also a per-
fect fluid with constant equation of state (depending on the
state parameter of the usual fluid). The parameters involved
in these four models are estimated from the observation data
due to the data set I (Pantheon [18], BAO [19,20]) and data
set IT (Pantheon [18], BAO [19,20] and HST [21]) with prior
from PLANCK18 data set [29].

From the observational analysis, it is found that only
model III for data set I matches with the observational result.
However, the distribution of the parameters for all the models
has a distortion from the Gaussian nature which motivates
us to further study with the data set II. For data set II, we
have found that all the four models show almost identical
behaviour.

Next, the cosmological parameters, namely, the Hub-
ble parameter H and the deceleration parameter g have
been plotted against the redshift parameter z to show their
behaviour with the evolution of the universe. Figure 3 shows
that the Hubble parameter gradually decreases with the evo-
lution of the universe for all the four models. However, some
interesting features are found in Fig. 4 for the deceleration
parameter. For all the four models g evolves almost identi-
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Table 3 The values for the AIC and BIC for the different models

Dataset I Dataset I1
AlIC BIC AAIC ABIC AlIC BIC AAIC ABIC
Model I 1041.742 1071.515 2.772 12.496 1044.39 1074.163 —1.486 8.438
Model IT 1045.9 1070.711 6.930 11.892 1049.024 1073.835 3.148 8.110
Model 11T 1043.948 1073.721 4.978 14.902 1044.19 1073.963 —1.686 8.238
Model IV 1041.766 1071.539 2.796 12.720 1044.23 1074.003 —1.646 8.278
ACDM 1038.9 1058.819 0 1045.876 1065.725 0 0
130 s clude that model III is the best model with respect to these
125] e A datasets.
1201 , Z- 1 Acknowledgements The authors would like to thank Nandan Roy and
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—= 1157 L ] edges UGC-JRF (ID:1207/CSIRNETJUNE2019). G.S. acknowledges
Ho ,x;'_/' Model | UGC for Dr. D.S. Kothari Postdoctoral Fellowship (No.F.4-2/2006
1.10F ‘,';';:" ________ Model Il (BSR)/PH/19-20/0104).
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ookl ] to constrain the models are public data available in their respective
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Fig. 4 It shows the deceleration parameter ¢(z) vs z plot

cally till the present era, making a transition from deceler-
ation to accelerating phase. But model I and model IIT will
continue to be in accelerating era of evolution while model IT
and model IV will make a transition from accelerating phase
to again decelerated era of evolution. Further, the present
time value of the deceleration parameter for model I, III, IV
matches with the recent observations. Moreover, the model
III predicts Big Rip in the future infinity. On the other hand,
from AIC and BIC analysis, model I, III, IV with data set II
are slightly preferred over the ACDM. Finally, it can be con-
cluded that Model-I with data set I and Model III with data
set IT are the best favoured models. Since the distribution of
the parameters for Data set I is not Gaussian, one can con-
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