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Abstract This paper explores the possibility of treating the
exotic Chaplygin-gas (CG) fluid model as some manifesta-
tion of an f(T) gravitation. To this end, we use the dif-
ferent cosmological CG equations of state, compare them
with the equation of state for the modified teleparallel grav-
ity and reconstruct the corresponding Lagrangian densi-
ties. We then explicitly derive the equation of state param-
eter of the torsion fluid wr and study its evolution for
vacuum-torsion, radiation-torsion, dust-torsion, stiff fluid-
torsion and radiation-dust-torsion multi-fluid systems. The
obtained Lagrangians have, in general, matter dependence
due to the matter-torsion coupling appearing in the energy
density and pressure terms of the modified teleparallel grav-
ity theory. For the simplest CG models, however, it is possibly
to reconstruct f(7) Lagrangians that depend explicitly on
the torsion scalar T only. The preliminary results show that,
in addition to providing Chaplygin-gas-like solutions to the
modified teleparallel gravitation, which naturally behave like
dark matter and dark energy at early and late times respec-
tively, the technique can be used to overcome some of the
challenges attributed to the CG cosmological alternative.

1 Introduction

The discovery of the accelerated expansion of the Universe
has posed one of the biggest challenges for observational
and theoretical cosmology and, two decades on, remains an
open problem. Several suggestions have been put forward as
the possible causes behind this cosmic acceleration, includ-
ing the dark energy (DE) hypothesis and modified gravity
theories. Dark energy is a hypothetical form of energy with
negative pressure, acting against gravity, and believed to per-
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meate all of space, accounting for about 68% of the entire
energy content of the Universe [1]. Among the most well
known natural candidates for dark energy are: a cosmolog-
ical constant [2], a self-interacting scalar field [3] and the
cosmological CG as a non-interacting fluid [4]. In the modi-
fied gravity approach, several theories have been constructed
by modifying the Einstein—Hilbert action such as f(T) - T
being the torsion scalar, f(R) - R being the Ricci scalar, a
combination of the two named f(R,T); f(G) - G being
Gauss-Bonnet term, etc. Among the earliest such attempts
was by Einstein himself, when he used the teleparallel grav-
ity (TG) theory [5] to unify the theory of electromagnetism
with gravity theory [6].

In the general relativity (GR) approach, T is assumed to
vanish and in TG theory, R is assumed to vanish [7]. Fortu-
nately, the two basic theories of gravity describe the gravi-
tational interaction equivalently. So, torsion is an alternative
direction of describing the gravitational field interaction. The
energy-momentum tensor (EMT) is the source of curvature
in GR and torsion in TG theory [6—15]. More recently, gener-
alizations to the TG theory have been introduced in the form
of f(T) gravity, where the action is now a generic function
of T, rather than T itself. It is a second-order modified gravity
theory and understanding its cosmological implications is an
active area of research [6,16-21].

The Chaplygin gas (CG), first introduced by Chaply-
gin [22], had a non-cosmological origin but has recently
gained new attention in cosmology due to its negative
pressure. Together with a Friedman—Lemaitre—Robertson—
Walker (FLRW) background in the GR framework, this
model can explain the cosmic expansion history for a Uni-
verse filled with an exotic background fluid [23-29], but has
recently been studied in the context of modified gravity the-
ories as well [27,28,30]. Although the model mimics early-
and late-time cosmic evolution scenarios in the asymptotic

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-7226-1&domain=pdf
mailto:shambel.sahlu@wku.edu.et

749 Page 2 of 31

Eur. Phys. J. C (2019) 79:749

limits, certain technical issues remain unresolved for it to
be the final candidate for a dark fluid, such as the issues of
large-scale structure formation and the violation of causality
due to a negative speed of sound associated with the fluid.

In this work, our aim is to reconstruct f (7') gravity models
from the different variants of the CG model, namely the origi-
nal CG (OCG), the Generalized CG (GCG) and the modified
generalized CG (MGCG) models. The idea is that, in that
way, we will be able to mimic the same expansion behavior
(as the CG) with a theory of gravity, in this case f(7'), but
without having to worry about the exoticity of the fluid with
the above-mentioned problems. To do this, we assume the
usual torsion fluid description with effective pressure pr
and energy density pr related via the CG equation of state.
After obtaining the reconstructed f(7') gravity models, we
study the expansion dynamics of the Universe by calculating
the energy density, pressure and equation of state parame-
ter for the torsion fluid in the non-interacting fluid systems
such as vacuum-torsion, radiation-torsion, dust-torsion and
radiation-dust-torsion systems for the three variants of the
CG model.

The layout of the manuscript is as follows: in the following
section, we review the cosmology of f(7) gravity together
with the simplest CG cosmological models and relate the two
through some sort of a master equation, which we then solve
in Sect. (2.1) for different cases. In Sects. (2.2) and (2.3), we
go a step or two further and reconstruct different f (7') gravity
models from the GCG and MGCG models, respectively. In
Sect. 3, we use an alternative approach by considering the
simplest CG models to obtain Lagrangian densities f(7)
that depend explicitly as functions of the torsion scalar T’
only. We then devote Sect. (4) for discussions of our results
and the conclusions.

2 The Chaplygin gas as a model of modified teleparallel
gravitation

The modified Einstein field equations of f(7) gravity with
a clear analogy to GR equations are given by [31-33]

1
F'Gap+ S8alf = F'T1 = f"S Vel = Ty (D)

where f' = df/dT, f" = d*f/dT?, F;, denotes the usual
EMT of the matter fluid expressed as
7= 1 S(eme)
e de)

@

and the coupling constant k> = 8?—46 The above field equa-
tions can be re-written in a more compact form as

Gab = Ty + T, 3)

@ Springer

where we have defined the EMT of the torsion (7") fluid as
[31]

1 1
Tub = ~op Sl — 1) — F(f//salflvdT)
1 m
—F (= D7 4)

In the limiting case of f(T) = T (cf. [31,32]) the field
equations reduce to those of GR.! From this generalized form
of the gravitational field equations of motionin f (7') gravity,
we obtain the modified Friedmann and Raychaudhuri equa-
tions in f(7T) for FLRW spacetimes as follows?:

2_Pm Lo
=37 " gp T )
i S| 4f"HT
2B 32 =" oy LD 6
w1+ = ©)

where H(t) is the Hubble (expansion) parameter defined
from the scale factor a(¢) and the cosmic time t as H = %
One can compute the torsion contributions of the thermody-
namical quantities such as energy density pr and pressure
pr from the EMT of the torsion fluid as follows:

1 1
PT==" [(f/—l)pm+§(f—Tf/)], (N
1 , 1 , .
pr = —? (f" = Dpm — E(f_ Tf) +2H7T,
(®)
where p,, is the energy density, p,, is the pressure of the
matter fluid, torsion scalar T = —6H?2. Here we assume

a slowly changing torsion fluid i.e., 7 ~ 0 such that the
pressure of the torsion fluid is given by

1

pr = 7
f

1
[(f/—l)Pm—E(f—Tf/)]. €))

Since the effective energy density of the fluid pers is the
sum of the two non-interacting fluid components (matter and
torsion), we have the effective (total) energy density

Peff = Pm + PT, (10)

and the effective pressure of the total fluid is

Peff = Pm + PT- (1D

Then, the corresponding conservation equation of the fluid is

p = —=3H (perf + perf)- 12)

! Here we assume geometric units where ¥k = 1 = 87G = ¢, where ¢
is the speed of light and we use the (+, —, —, —) metric convention for
this manuscript.

2 Overhead dots denote differentiation w.r.t. cosmic time.
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From the modified Friedmann equation (5), the effective
energy density of the total fluid is

m 1 /
PEffZ%—z—f,(f—Tf), (13)

and the corresponding effective pressure takes the form

mﬁ=%§+§%u—Tf> (14)
In the special case f(T) = T, Egs. (1)—~(14) all reduce to the
GR limit, which in turn describes similar cosmic dynamics
as GR. A cosmological fluid of particular interest in recent
years is the so-called CG. It is a fluid model proposed as a
candidate for a unified description of dark matter and dark
energy [4,29,34], and its cosmological scenarios are widely
presented in the literature. In this work, we consider the tor-
sion fluid as an exotic fluid with equations of state similar to
the ones for three variants of the CG model and we recon-
struct f(T') gravity toy models corresponding to the original,
generalized and modified generalized models. The character-
istic equation of state for the CG model is given by [4,35]

p=——, (15)
P

where 0 < o < 1, A is a positive constant and the energy
density p > 0.

Now, if we consider the possibility of the torsion fluid
mimicking the CG with the characteristic equation of state
given by

PT=""%: (16)

and substitute the energy density p7 and pressure pr of the
torsion fluid from Eqgs. (7) and (9) into Eq. (16), we obtain
the master equation

1 / 1 /!
7 |:(f —Dpm — z(f -Tf ):|
1 / 1 / “ .
|:— Iz ((f = Dpm + E(f -Tf ))] =-A, 17

from which our solution process starts. This is a general
expression of the equation of state to reconstruct different
f(T) gravity models from the given two paradigmatic mod-
els of CG (original and generalized) and in the following two
sections we reconstruct different f(7') gravity models based
on Eq. (17). As a consequence of field equation (1) and the
EMT of the torsion fluid Eq. (4), the Lagrangian density of
f(T) gravity for different systems may depend on the torsion
and matter fluids. A similar way of f(7') representation is
done in [36].

Let us discuss the scheme that we follow in the original
and generalized CG models. We first reconstruct the f(7T)
gravity model for five different cases: vacuum, radiation-
torsion, dust-torsion, stiff matter-torsion and radiation-dust-
torsion systems for both CG models. Then, secondly, we
substitute the reconstructed f(7") gravity models into Egs.
(7) and (9) and compute the corresponding energy density,
pressure and the equation of state parameter of the torsion
fluid for each case in these CG models. The energy density
of each fluid apart from that of CG is expressed as

3

Pd = pdoa ",
or = proa*, and
Ps = Psoa_6,

where pg, pr and pg are the energy density for dust, radi-
ation and stiff matter fluids respectively and p;o denotes
the present-day value of the energy density of fluid type
i = {d,r s}.> Consequently, we compute the effective
energy density and pressure of the effective fluid as well,
the equation of state parameter for torsion fluid wr and we
present the numerical plots of the effective equation state
parameters w.ry ;) for all total fluids as

pr+p

7 -, (18)
pr + o'

Weff(j) =

where the indice j = {1, 2, 3, ... N} depends on the number
of reconstructed f(7) gravity solutions, because we have
more than one reconstructed f(7) gravity models for each
CG model. Thirdly, we define the parameter &; to represent
the growth factor of the energy densities of the torsion fluid
as

£ = —, 19)

where pro represents the energy density of the torsion in the
present day. We also define another dimensionless parameter
X, to represent the fraction of the effective energy densities
of the total fluid from Eq. (10) as

Ol (i
= effi) (20)
Peff0(j)

where p. 1o denotes the energy density of the total fluid in the
present day for radiation-torsion, dust-torsion and radiation-

3 For illustrative purpose we use:

1. pro = 3H§.Q,‘0, where Hy = 67.66 km/s/Mpc [37] and £2,0 =
8.48 x 1079 [38],

2. pa,0 = 3HZ$24,0 where 24,0 = 0.321 [37] and

3. ps0 = 3HZ 2,0 where £259 = 1075 [38].

@ Springer
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dust-torsion systems in each CG model. Then, we present
the numerical plots of & and x versus the scale factor a
for radiation-torsion, dust-torsion and radiation-dust-torsion
systems. This is the set of procedures we follow to recon-
struct different f(7') gravity models and the corresponding
thermodynamic quantities accordingly. Similar procedures
apply for the MGCG model, the only difference being the
modified equation of state Eq. (168) we will use instead of
Eq. (17). Finally, we have put a generalized discuss for all
evolution of the equation of state parameters and the frac-
tional energy densities in Sect. (4).

2.1 Reconstructing modified teleparallel gravity from the
OCG model

In the OCG model, the equation of state Eq. (15) has o = 1
[24,39], and with the torsion fluid acting as the exotic CG
fluid, we will have

A
PT=—"—" 2D
oT
In the following, different f(T)-gravity models will be
reconstructed for vacuum, radiation-torsion, dust-torsion,
stiff matter-torsion and radiation-dust-torsion systems in the
OCG model.

2.1.1 Vacuum system
In this case we assume the energy density and the pressure of

the matter fluid are negligible, p,, = p;,, = 0 and that torsion
manifests itself as a CG. From the general expression of Eq.

where ¢ # 0 and it is an integration constant. By substituting
f1(T) and f>(T)into Eq. (7), the energy density of the torsion
fluid becomes

or = £VA. (25)

As we indicated earlier in Eq. (15), the energy density of this
exotic fluid is always positive and different from zero. Then,
we take only the positive term of Eq. (25) pr = +/A, resulting
in a negative pressure. This energy density agrees with the
result in [34]. Consequently, we only take the negative term
from the reconstructed f(T') gravity, f(T) = c¢T — 2¢/A,
such that py = —+/A, and the equation of state parameter
of the torsion fluid wr = pr/pr = —1. In the case of
f(T) = T,the f(T) gravity theory coincides with GR. Here,
we observe that the obtained equation of state parameter of
torsion asymptotically approaches the DE phase w = —1.
This indicates that the torsion fluid acts as an exotic fluid
and it is an alternative approach to describe the accelerated
expansion of the Universe.

2.1.2 Radiation-torsion system
Here we reconstruct torsion-radiation coupling by consid-

ering a non-interacting two-component fluid system of the
Universe such that Eq. (17) is given as

1 , 11 1 T
- |:(f - )gpr—z(f— f)i|

(17), we obtain f!
1 ( 1
—— | =Dor+5(f - Tf’))} =—-A. (20
<T2—4A) 2 _2fTf + f2 =0, (22) [ f! T2
From this equation we obtain four different f(7) gravity
models as follows:
FI(T) =Tc—2/3p,c+2/3p +2/3v/4¢2p2 +9 Ac> —8c p. > + 4,2, 27)
H(TY=Tc—2/3p,¢—2/3,pr +2/3/432p2 +9A2 —8,cp2 +4p,2, (28)
(2 Tp +3A+/—9ATZ + 12ATp, + 12 Ap,2 + 36 A2) o
[B(T) =2 5 ; (29)
4p,-+9 A
(2 Tpr +3A—/—9AT2 + 12ATpr + 12 Ap,2 + 36 A2> o
fa(T) =2 . (30)

4p,2+9A

thus obtaining two possible f(7) gravity models as solu-
tions:

fill)=c (T - 2«/2) , (23)
f2(T) = ¢ (T n 2\/2) : (24)

@ Springer

In some limiting cases, where p, = 0, f1(T) and f>(T)
in Eqgs. (27) and (28) are reduced to the vacuum system in
Egs. (23) and (24) respectively, while other f(T) gravity
models such as f3(T) and f4(7T) in Egs. (29) and (30) go
to zero. By substituting Egs. (27)—(30) into Eq. (7),we bring
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in the corresponding energy density of the torsion fluid as
follows:
1 —2prc+2pr +\/4 (c— 1)2,0r2 +9Ac?
pr= 5 , (31)
C
—2prc+ 20 — /4 (€= D2 p2 +9 Ac2
,O% — 173 Pr Pr \/ C( )~ or ’ (32)
. (Borm=4n2—24)V3+ JA(312 445, T +4p2 +124)) 4 .
pr = — ,
3VIAT =2/3p) = 2pr \JA(=3T2 440, T + 4,2 + 12A)
A ((—2/3,0, T +4/3 p,2 +2A) ﬁ+\/A (—3T2+4p, T +4p2 + 12A))
pF =3 . (34)
2,0,\/A (=3T2+4p, T +4p2+12A) +33A(T —2/3py)
In a similar manner, we present the corresponding pressure
of the torsion fluid in the era of radiation by substituting Egs.
(27)—(30) into Eq. (9). So, the reconstructed pressures of the
torsion fluid are given as follows:
L —dpret4p —V4(c—1D)?p2+9Ac?
Pr = ; (35)
3¢
—4 4 4 (c—1)2p2+9Ac2
p%:l/:’) prc+ ;Or+\/c(c ) o+ C’ (36)
. A(—\/A(—3T2+4prT+4pr2+12A)+\/§(2/3prT—{-A))
P} =6 : (37)
2,0,\/A(—3T2+4prT+4,0,2+ 124) +3V3A (T —2/3 p,)
\ A<\/A(—3T2+4prT+4pr2+12A)+\/§(2/3,0,T+A))
pr =—6 . (38)
—2,or\/A (=3T2+4p, T +4p,2+12A) +33A(T —2/3 p,)
Therefore from Egs. (31)—(34) and Eqs. (35)—(38) we also
present the equation of state parameters of the torsion fluid
accordingly:
Wl Thpretdp — VA (-1 p2 + 94 39)
2pret2p +VE - DZp2+9 A2
w%:mc—m (c=1D’p2+9A% —4p, “0)
2prc4+ V4 (c—1D2p2+9A2 —2p,
. 6\/A(—3T2+4p,T+4p,2+12A)+(—4prT—6A)J§ "
wT == 5
3JA(S3T2 440, T +4p2 +124) + (<29, T +4p2 +64) V3
—6\/A (=3T2+4p, T +4p2+12A4) + (—4p, T —6A) /3
wr (42)

- —3\/A(—3T2+4,o,T+4,0,2+12A)+(—2,0,T+4,0,2+6A)\/§.

We apply the definition of Eq. (18) and we represent the
numerical plots of the equation of state parameter for the

@ Springer
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Fig. 1 Both panels show the plots of weyr(1,2,3,4) versus a in the case of a radiation-torsion system for OCG atc =2.5and A = 1

radiation-torsion system in the following figure for OCG
Fig. 1.4

Then, the growth factor of the energy density of the torsion
fluid in the radiation dominated era from the above thermo-
dynamic quantities become:

1 2 3 4
p p p p
=1, &=—F., &=-"L, &=-L.
P, Pt Pty Pty
(43)

And from Eqgs. (31)—(34), we obtain the growth factor of the
energy density for effective fluid as follows:

; —2prc+2p V4 (= D2 p2 +9 A2
1= ,
~2p00¢+2pr0 /4 (¢ = D? pr0? +9 A
: —2pc4+2p =4 (c— 122 +9A2
2 = ,
—2proc+2pr0— \/4 (¢ = 1?02 +9Ac2
((2/3 or T—4/3 0,2 =2 A)3++/A(=3T2+4 p; T+4 p,2+12 A))A
3V3AT—2/3 p:)=2 pr o/ A(=3 T2 +4 p, T+4 p,2+12 A)
((2/3 Pro T—4/3 02 A)V3+/A(S3T7+4 pr0 T+4 p,07 +124) ) A ’
3V3A(T=2/3 pr.0) =2 pr.o /A(=3T2+4 pro T+4 pro2+12 A)

(44)

(45)

(46)

((2/3 pr T—4/3p,2 =2 A)v/3—/A(3T2+4p, T+4p,°+124) ) A
3V3AT=2/3 p)+2 pr o/ A(=3T2+4 o T+4 p, 2412 A)
((2/3 Pro T—4/3 02 A)V3—/A(3T7+4 pr0 T+4 07 +124) ) A ’
3V3A(T=2/3 pr.0)+2 pr.o /A(=3T2+4 o T+4 pro2+12 A)

(47)

Here we also present the other dimensionless parameter x to
represent the fraction of the effective energy density of the
radiation-torsion fluid:

4 In this paper, we consider that 0 < c in all models for each cases.

@ Springer

1 2
Pets Pers
X1=—7" X2= 5 >
Petfo Peffo 48)
3 4
Pers Pers
Xl == 3 bl X4 = 4 bl
Petfo Peffo
the explicit values of which are given by:
o 3o, + —2prc+2p +/4 (€ — 1) p,2 +9 A2 49)
3¢0r0+ =200 +2pr0 + /4 (¢ = D? 0% +9 A
3cpr + —2prc+2pr — V4 (c = D2 p2 +9 A2 50
X2 = . (50)
3epro+ —2pr0c+2pro— \/4 (c = 1)? pro? +9 Ac?
((2/3 PT—4/3p =2 A3+ /A(=3T7+4p, T+4p, +124) ) A
or = 3VBA(T=2/30,)—2 pr A/A(=3T?+4 p, T+4p,>+12 A)
3= .
X ((2/3 00 T—4/3 pr.02 =2 A)V3++/A(=3 T2 +4 pyo T+4 pr02+12 A))A
Pro = 3VBA(T=2/3pr0) =2 pr.o /A(=3 T2 +4 pr0 T+4 o2 +12 A)
(51)
((2/3 pr T—4/3 p2 =2 A)V3—/A(=3T2+4 p, T+4 p, 2 +12 A))A
_ br— 3V3A(T=2/3 p)+2 pr /A(=3T%+4 p, T+4p,2+12 A)
= ((2/3 21,0 T—4/3 01,02 =2 A)V3—/A(=3 T +4 po T+4 pro2+12 A))A ’
Pr,0 —

33A(T=2/3 pr0)+2 pr0 /A(=3T2+4 pro T+4 p 02 +12 A)

(52)

All the above thermodynamic quantities namely pr, pr, wr
and p.sr are depend on the energy density of the radiation
fluid p, and p, is proportional to the cosmological scale fac-
tor. Consequently, the energy density parameters such as &
and x also depend the scale factor of the Universe. One can
obtain the growth factor of the energy densities of the fluids
& and y; here we present numerical results in Fig. 2.

2.1.3 Dust-torsion system

After the era of radiation, the Universe was predominantly
filled by pressureless matter ( dust) fluid. Thus, in a dust-
dominated Universe, p; = 0, and the equation of state
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Fig. 2 For the plots: in the upper-left panel, §; associated with x; versus a, in the upper-right panel, &>, x2 versus a, in the lower-left panel, &3, x3
versus a and in the lower-right panel, &4, x4 versus a for radiation- torsion system in OCG. We use ¢ = 0.9 and A = 0.7 for the numerical plotting

parameter is wy & 0. In our current model, we consider
the non-interacting dust-torsion system and briefly discuss
its implications for cosmic expansion. The general expres-
sion of Eq. (17) in the dust-torsion system becomes

1

! 1
77 [Z(f — T + z(f’ —)(f - Tf/)pd} —A.

(53)

and this equation admits four different f(7") gravity models
as solutions:

AT = (1= pa+eT +\[(@=20p] +434, (54)
FaT) = (1= ) +¢T = \[(c> = 2000} + 4c3A (55)
Pd
T) = T +4A —2/—AT? +2AT 4A2] |
f(T) p5+4A[Pd + v + Pa + ]
(56)
pd
T)= T +4A 42/ —AT? +2AT, 4A2|.
fa(T) p§+4A|:Pd +4A +2V/=AT? £ 24T pg + 442

(57

For p; = 0, two of the solutions, Egs. (54) and (55), reduce
to the vacuum case, Eqgs. (23) and (24) respectively, whereas
the other two solutions, Egs. (56) and (57), vanish. Let us

now substitute f1(7), f2(T), f3(T) and f4(T) into Eqgs. (7)
and (9) to obtain the energy densities of the torsion

—pac+ pa++/(c—1)?pa®+4Ac?

I = 58
Pr 2 (58)
—pac+pa—+c—1)%ps® +4Ac2
= e , (59)
. A(—pdT+2,od2+4A+2\/4A2—T(T—Zpd)A>
oy = ,
! paEAT T (T —2p) A+2A(T — pg)
(60)
\ A(—Tpd+2,od2+2A—\/A(—T2 +4,0d2+4A))
Pr = s
AT+pd\/A(—T2+4pd2+4A)
(61)
and the corresponding isotropic pressures
—3pac+3ps—vc—1D2p2+4Ac?
pr = e , (62)
2 —3cpd+3pd+\/(c—l)zpd2+4Ac2
Py = e , (63)
. A(—3pdT+2pd2+6\/4A2—T(T—2pd)A4A)
Pr =

QT —=2pa) A+ pay/4AA2 =T (T —2pa) A
(64)

@ Springer



749 Page 8 of 31

Eur. Phys. J. C (2019) 79:749

0.0002

0.0001 1

W effl
Ve

-0.0001

01 02 03 04 05 06 07 08 09 10
a

0.0007 -
0.0006 A

0.0005

0.0004

— Y4

0.0003 1

””wejﬂ

0.0002 1

0.0001 1

T

01 02 03 04 05 06 07 08 09 10

Q

Fig. 3 All plots show w,sr(1,2,3.4) versus a for dust-torsion system for OCG for ¢ = 2 and A = 0.98

A(T,od—i-Z,odz—i-ZA—\/A(—T2+4,0d2+4A))

pp=-

AT + pa \/A (—T2 +4p,2 +4A)
(65)

The reconstructed EoS parameters of the torsion fluid during
the dust-dominated phase wr = pr/pr are then given by:

| =3pac+3ps— V(=17 pi+4Ac?

wh = , (66)
—pac+pa+(c—1)7?ps2+4Ac

»3cpd == 1?pl2 +4 A2 =3 pg 67

wy = ,
cpa+(c—1?pa® +4A2 - pg

= —3pq T +2ps*+6/4A2 —T (T —2py) A4A 7
—pa T +2p2+4A+2J4A2 —T (T —2py) A

(68)

—T,od—2pd2—2A+\/A(—T2+4pd2+4A)

wT:

Tpa+2p +2A +\/A (-T2 +4p,2 + 4 A)
(69)

We use Eq. (18) and represent the numerical plots of the
equation of state parameter for the dust-torsion system in
Fig. 3 figure for OCG.

Moreover, the fractional energy densities of torsion in the
dust-torsion system give as follows:

—pac+ pa+ v (c—1)7pg? +4 Ac?

& = . (70)
—pd,0c+ pao+ \/(C — 1% pgo? +4Ac2
— — — 1202 +4 A2
£ = pac+ps—+/(c—D?ps?+4Ac L an
—pd,0C + pa,0 — \/(C — 1) pao2 + 4 Ac?
A(—p T+2p2+4A+2«/4A2—T(T—2p)A)
2_ _ —
£y = 0 /4 A2—T(T—2 p)A+2 A(T—p) 72)

A (7,;‘1,0 T+2 pg.02+4 A+2 /4 AZ—T (T—2 pd_O)A) ’

Pa,0 A/4 A2=T (T =2 p4,0) A+2 A(T=pa,0)

@ Springer

A(—Tp+2 P22 A—m)
AT+p /A(-T?+4 p2+4 A)
A(=Tpa0+2 pa.02+2 A= /A(-T T+ pg 0744 4))
AT+pd,0 /A(—=T*+4 pg 02 +4 A)

4=

(73)

and for the effective fluid, these become:

c+pa+Ve—12p2 +4Ac?
o= pa ¢+ pa+/( )" pd ’ 74)

Pd,0C+ pdo+ \/(C — 1% pao? +4Ac?
X pac+ps—(c—1)? p® +4Ac
2= ,
PdoC+ pio— \/(C — 12 pao? +4Ac?

A(=pT+20*+4 442 /EAT-T(T=2)A)
0 /4 A2—T(T =2 p)A+2 A(T—p)
A(—pd,o T42 pg.02+4 A+2 Jm) ’
0d.0 /4 A2=T (T2 p4,0) A+2 A(T—pa,0)
(76)

(75)

Pa +

0d.0 +

A(=Tp+2p242 A—JA(-T?+4 9744 4) )
AT+p /A(=T?+4 p2+4 A)

A (—Tpd,o+2 Pa.02+2 A= JA(=T2+4 04,07 +4 A)) '

AT+pa,0 /A(=T2+4 pa,02+4 A)

od +

0£d.0 +
(77

In Fig. 4, we present the growth of the fractional energy den-
sities for torsion and effective fluids versus the scale factor.

2.1.4 Stiff matter-torsion system

Here, we consider a Universe composed of stiff matter ( p; =
ps with w = 1) and torsion. The general expression of Eq.
(17) for such a system is given as

1

VL
1 ’ 1 / _

[—7<(f —1)ps+§(f—Tf)>]— A (78)

[(f’ ~ Dy — %(f - Tf’)}
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From this expression we reconstruct four different f(7)
gravity models as follows:

AT =Tc—2Jp2+ A2 —2cpl+p2. (19
H(T)=Tc+2yc2p2+ A2 —2cp2 +p% ., (80)
(Tps v JCATZ v 4Ap2+ 4 A2) ps

f(T) = A . 8D
(=Tos + V=ATT + 4497 +447) p,
o=+ A
(82)

Here also we see that setting p; = 0 reduces two of the f(T)
gravity models, Egs. (79) and (80), to the vacuum cases,
Egs. (23) and (24) we studied earlier, whereas the other two
solutions, Egs. (81) and (82), both vanish. By substituting
the above f(7T') solutions into Eq. (7), we obtain the cor-
responding energy densities and isotropic pressures of the
torsion fluid in the era of stiff matter as follows:

_ — 1202+ Ac?

ph = Ps €+ ps + (i )" ps” + Ac 7 (83)
— 0. —Je=1D%02+ Ac?

,0%‘ — 103 c + Ps (C ) ps + c , (84)

Cc

A(—Tps+2,052+2A—\/A(—T2+4ps2+4A))

Py = ,
AT—pS\/A(—T2+4ps2+4A)
(85)
\ A(—Tps+2p$2+2A+\/A(—T2+4;052+4A))
Pr = ,
AT~|—,0S\/A(—T2+4pS2—|—4A)
(86)
_ el Al
p;;: psc+ps (Z 1) P +AC ) (87)
_ _ 12,2 2
p%: cps+ ps+ (z 1)7 ps* + Ac ’ 88)
3 A(T,Os+2/052+2A+\/A(—T2+4p52+4A))
Pr =— ,
AT—pS\/A(—T2+4p32—|—4A)
(89)
. A(Tps+2ps2+2A—\/A(—T2+4psz+4A))
pPr=—

AT + ps \/A (-T2 +4p,2 +4A)
(90

We also compute the equation of state parameter of the tor-
sion fluid in the stiff fluid-torsion system as follows:
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1 —PsC + ps — \/(C - 1)2 Ps2 + Ac?

e —psctps+v(c— D p2+ A oD
wh = ¢ ps — v (c — 1)% p 4+ Ac? — p; ’ ©2)
cps + /(e — 1)? p? + Ac? — p

3 —Tps—2ps2—2A—\/A(—T2+4p52+4A)

o —Tps+2ps2+2A—\/A(—T2+4p52+4A)’
93)

p —T,os—2p52—2A+\/A(—T2+4pS2+4A)

T

~Tps +2p2 +2A+ JA(-T2 +4p,2 +44)
94

2.1.5 Radiation-dust-torsion system

Here, we consider a non-interacting multi-fluid system,
namely radiation and dust with torsion, and those fluids acts
as an exotic fluid for cosmic expansion. In this context, all
thermodynamical quantities are the mixture of the individ-
ual species. For instance, the pressure of the effective fluid
is given as p.rf = pm + pr. The general form of Eq. (17)
for radiation-dust-torsion system is given as

1

f/
1 1

[—7((f’—1)p+§(f—Tf')>}=—A, (95)

1
[(f/ —Dp=35( - Tf/)}

where the energy density of matter p = p, + pg. We recon-
struct four different f(7") gravity models through this system
as follows:

J1(T)=—cpa+Tc—2/3cpr+ pa+2/3pr

~1/3 [9 pa*c? +24¢%pg pr + 16,2

+1/3 [9 pa*c +24¢%pg pr + 16 ¢ p,>
+36 Ac® — 18 pg’c — 48 ¢ pg pr — 32¢ pr?

49 pa” + 24 pa pr + 16 pﬂ} : (97)
1

90T
904>+ 24 pa pr + 16/0r2+36A{ pd
+24 papr T + 16 p. T + 36 Apg + 24 Ap,

(1) =

-2 [162 Ap>T + 108 Apspr — 81 Apg*T?

+540 Apg®Tp, + 396 Apap,> — 216 Apg T? p,
+576 Apy T pr> + 480 Apy pr> — 144 AT? p,?
+192 AT p,> + 192 Ap,* + 324 A%p,?

1
2
+864 A%py pr + 576 A%,Z} } , (98)

1

9 pa°T
9,0d2+24,0d,0r+16,0,2+36A{ pd
+24 pa pr T + 16 0T 436 Apg + 24 Ap,

Ja(T) =

+2 [162 Ap’T + 108 Api3p, — 81 Apg°T?

+540 Apa>Tpyr + 396 Apg*p,> — 216 Apg T pr
+576 Apg T pr> + 480 Apg pr> — 144 AT? p,>
+192 AT p,> + 192 Ap,* + 324 A ps?

>

1864 A%py pr + 576 Azpr2:| } (99)
If pg = pr = 0, the above to f(T) gravity models Egs.
(96) and (97) reduce to the vacuum case Eq. (23) and (24)
respectively. The other two solutions Egs. (98) and (99) go to
zero in the vacuum limiting case. We substitute f1(7T'), f>(T),
f3(T) and f4(T) into Eq. (7). Then, the energy density of
the torsion fluid in radiation-dust-torsion system:

— —3p4 —4 3 4
o= @ + (=3 pa 6fr)c+ Pd + pr’ (100)
—3pg—4 3p4+4
P2 = @+ (—=3ps—4p)c+3ps+ pr’ (101)
6¢
. A(6(Pd+4/3pr)(2/3pr2+(—T/3+7/6pd),0,—1/4pdT+1/2pd2+A)\/§+JV>
P =2 , (102)
(Pa+4/30) (6 AT = py =2/3p) Y3+ )
A (=6 (0a+4/300) (2/3 9% + (=T/3+7/6p0) pr = 1/4pa T +1/2p4> + A) V3 + )
pr =2 : (103)

(Pa+4/30) (6 AT = py =2/3p) Y3+ )

+36 Ac® — 18pd26 — 48 ¢ pg pr — 32c,0r2
+9 pg* + 24 pg pr + 16 pf} : (96)

2(T)=—cpa+Tc—2/3cpr+pa+2/3pr

@ Springer

where

w = \/9 (c =12 pg2 +24pr (¢ = 1% pg +16 (c — )% py2 +36 Ac?

N = B pa+4 0P A6pa T+4papr —3T2+4p, T +4p,% + 124).
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plotting

And we also substitute f1(7), f>(T), f3(T) and f4(T) into
Eq. (9), and reconstruct the correspond pressure of the fluid
given as follows:

@+ (—9pa —8pr)c+9pis+8pr

We present the numerical plots of the evolution of effective
equation of state parameter in Fig. 5 for non-interacting flu-
ids (radiation-dust-torsion systems). Here we reconstruct the
fraction of energy densities for torsion fluid in radiation-dust-

prT = 6o , (104)  torsion system as follows:
—9p4 —8 9 8
pTz_w+( pa —8pr)c+9pa+ pr (105)
6¢
2
o A= (2000 + 10 (BT = par2) o+ 30T = 17202 + A)V3+1/94 O pa +80,)) )
Pr = ) (106)
6 (pa +4/3 pr)° (—6A(T—p - %pr)ﬁ+ﬂ)
2
. AR+ 30 (BT = pa/2) e +30aT = 1/204 + A) N3+ 1/94 O pi+8p,)) o
Pr = . 7
6 (pa+4/3 9% (~6 A (T = py = % pr) V3+ 1)
And the corresponding equation of state parameter of the £ = —w + (=3p4 —4pr)c+3ps+4pr
torsion fluid express as follows: b= —w + (—3 Pd.0 — 4,0,’0) c+3pa0+4pr0 '
(108)
wh — Opas+8p)c+m—9ps—8p;
T Gpatdp)c—o —3pa—4p
w2 — Ops+8p)c—m—9ps—8p;
" Geatapetom —3pa—4p
o —108 (pa +4/3p:)* (2/3T = pa/2) pr +3/4pa T —1/2 pa* + A) 3+ 6.4
T — 5
18 (pa +4/3 pr) (6 (pa +4/301) (2/3 0,2+ (=T/3+7/6pa) pr — 1/4pa T +1/2 pa® + A) /3 + W)
Wt 108 (pa +4/3 0)* (2/3T = pa/2) pr +3/4pa T = 1/2ps> + A) V3 + 6.4
T =

18 (pa +4/3 py) (6 (pa +4/3 ) (2/3 0,2+ (=T/3+7/6pa) pr — 1/4pa T +1/2 pa® + A) /3 + w)
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V9 (¢ = 12 pi2 4+ 24pr (¢ — 1) pa +16 (c — )2 p,2 +36 A2+ (=3 pg — 4 pr)c +3pa+4p;

& = |
\/9 (¢ = 1? pa,0> + 24 pro (¢ = D pa.o + 16 (¢ — 1)% pr0> + 36 A2 + (=3 pa,0 — 4 pr0) ¢ + 3 pa.0 + 4 pro
(109)
A(60a+4/3p) (/3 0 2+(=T/3+7/6 p)pr—1/4 pa T+1/2 p>+A)V3+.4)
S (pa+4/3pr) (6 A(T=pa=2/3 pr) 3+ ) (110)
3= ’
2 A(ﬁ (Pa,044/3 01,0)(2/3 01,024+ (=T/3+7/6 pa,0) pr,0—1/4 pa,0 T+1/2 Pd.02+A)‘/§+°/V)
(0473 00) (6 ACT—pa0-2/3 pro)/3+.7 )
A(=6oa+4/3 p)(2/3 p2+(=T3+7/6 pa) pr—1/4 pa T+1/2 P+ A3+ )
: (pu+4/3 1) (=6 A(T—pa=2/3 pr)V3+) (111)
4 = 7
2 A(=6 (p1.0+4/3 10) (/3 pr0>+(=T/3+7/6 pa.0) pro=1/4 p10 T+1/2 pa,0>+A) 3+ )
(pa.0+4/3 910) (=6 A(T—p40-2/3 pr0) Y3+ )
X1 = S —o +(=3pa—4p)c+3pa+4pr (112)
S —o+(=3pa0—4pro)c+3pao+4po’
I +ad+(3ps—4p)c+3ps+4pr
. | (113)
S @+ (=3pa0—4pr0)c+3pa0+4pr0
A(6oa+4/3p0) (213 02 +(=T/3+7/6 p)pr—1/4 pa T+1/2 pi>+A)V3+.4)
od+pr+2
(Pa+4/3 1) (6 ACT—pa=2/3 p)V/3+.1) (114)
X = ’
+ pro +2 A(6 (0a.0+4/3 pr0) (2/3 pr0+(=T/3+7/6 p1,0)prio=1/4 0 T+1/2 pa.0>+A) 3+ )
Pd.0 + Pro
r (pa,0+4/3 pr0) (6 A(T—pa,0—2/3 p’-o)ﬁJ“/V)
A<_6 (Pa+4/3 pr)(2/3 pr2+(=T /3+7/6 pa)pr—1/4 pag T+1/2 Pd2+A)*/§+JV)
Pd+ pr+2
(0a+4/3 p0) (<6 AT—p—2/3 pr) 3+ ) (115)
X4 = |
+ pr.02 A(=6 (pa,0+4/3 010) (/3 pro>+(=T/3+7/6 4.0)r0—1/4 pa.o T+1/2 pa, >+ A3+ )
d,0 ,0
P Pr (pa.0+4/3 pr0) (6 A(T=pa,0=2/3 pro)V3+.4)
where Pm = pm = 0. The general expression of Eq. (17) in vacuum

F = 6cpq + 6¢p;.

We present the behavior of the fractional energy densities in
Fig. 6.

2.2 Reconstructing modified teleparallel gravity from the
GCG model

The frame-work of the GCG in the modified theory of gravity
was first proposed by Rastall [40]. Here, we consider the gen-
eral model of CG model to reconstruct f(7) gravity model
and the corresponding thermodynamical quantities of the tor-
sion fluid. Similar to our previous discussions for the OCG
model, we consider five cases, namely vacuum, radiation-
torsion, dust-torsion, stiff matter-torsion and radiation-dust-
torsion systems.

2.2.1 Vacuum case

Here we assume that the vacuum Universe and the energy
density and pressure of the matter fluid are negligible, i,e.,

@ Springer

system is given as
1 1+o 1 1+o
- ——(f =Tf =—A,
7] [e-m)
and we can reconstruct the f(7) gravity model from this
expression and it is given by

(116)

£(T) =c[T —2(—A)ﬁ]. (117)

In most cases, we have « as a positive constant, with a value
between O to 1. However, in the literature [41-46], the value
of «a can be a free parameter and larger than —1. If, in our
case, « = 1/2, the reconstructed f(7") gravity model in Eq.
(117) becomes imaginary, f(T) = c¢T — 2ic+/A; on the
other hand, if « = —1/2, then f(T) = cT — 2c\/z and this
solution is exactly the same as the selected solution in the
OCG model, Eq. (23). This is our motivation to account for
the parameter « as being either positive or negative. Based
on the claim of [41,43—-46] and the above motivation, « can
be a negative number « > —1. Then, we choose the param-
eter « = —1/2, the reconstructed f(7) function in GCG
in Eq. (117) is reduced to OCG in Eq. (23). Based on this
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suggestion, we have set the value of « = —1/2 in this paper
for further investigation of different f(7') gravity models, to
manifest the cosmological implication of the corresponding
thermodynamical quantities. Therefore, this f(7') which is
presented in Eq. (117) is the general of the Eq. (23). By substi-
tuting Eq. (117) into Egs. (7) and (9), it could be reconstruct
the energy density, pressure and the corresponding equation
of state for torsion fluid in the vacuum system.

2.2.2 Radiation-torsion system

Here we consider the radiation-torsion system in GCG
model, and radiation with torsion component is considered
as an exotic fluid to lead the cosmic expansion. The energy
density and pressure of the fluid has been involving from the
early to late Universe as a constant and which are presented
in Egs. (7) and (9). The general expression of Eq. (17) for
radiation-torsion system is given by

1

7
1 !/ 1 / *

7 (f —I)Pr-l-z(f—Tf) =—A. (118)

Then, by applying the same reasoning as vacuum case, we

set the value of @ = —1/2, to reconstruct different f(7')
gravity models in the below:

! Pr 1 !
[(f -3 s -1 )]

1
fi (T)=CT+§ 2e0r + A’ [ 3 A

3A2¢ — 16 16

(119)
C
1 2
fz(T)=CT+§ 2¢cpr +Ac" |3 A
3A2c—16 16
TV e anil b L) B P (120)

Cc

By substituting f1(7) and f>(T) into Eq. (7), we obtain the
energy density of the torsion fluid p} and p%. These the
energy density of the torsion fluid express as follows:

1 3A2-16 + 16
b= L (a3 /@A 160)c 160

+(3A2—8pr>c+8pr : (121)
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1 3A2—-16p,)c+ 16
p%=§ AV3 ( ,(C))c Pr

+ (34280 )c+8p,). (122)
In the limiting case of p, = 0, the function f;(T)inEq. (119)
and the energy density of the torsion fluid ,olT in Eq. (121)
are reduced to vacuum case while, the function f>(7) in Eq.
(120) and the energy density of the torsion fluid ,02T in Eq.
(122) go to zero. Here, we also reconstruct the corresponding
pressure of the torsion fluid during radiation-torsion system
by substituting f1(7) and f>(T) into Eq. (9) and we have

o & A«/—\/ (342 — 16p,)c+16p,

+ (=342 —4p)c+4p,). (123)
p%=é A3 (3A2—16/Zr)c+16,0r

+ (—3 A% — 4pr) ¢ +4:0r) , (124)

and the equation of state parameter wr of the torsion fluid is
given as

2_
A3y CAZIOPIRIO | (342 _4p,)c+4p,

1
wy = ,
— A3 w_i_@AZ_gpr)c_'_gpr
(125)
) —A\/§ (3A2—16?,)c+16prc+ (_3 A2 _4,0r)C+4,0r
wy = .

AV3

2_
G600 | (342 _8p, )¢+ 8 p,

(126)

We use the definition of Eq. (18) and the numerical plots
of the equation of state parameter for the radiation-torsion
system is presented in Fig. 7 for GCG.

_0'1.
_0_2.
_0_3.
_0.4.
_0.5.
Yeffl| -0.6
wqfﬁ ~0.71
_0.8_
_0.9.

...1.

03 04 05 06 07 08 09 10
a

01 02

Fig. 7 weyr(1,2) versus a for radiation-torsion system for GCG. We
use ¢ = 2.5 and A = 1 for all numerical plotting
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In the similar mathematical manipulation as OCG in GCG
we also obtain the growth factor parameters by taking the
ratio of the energy density of torsion fluid & and effective fluid
x - These the growth factor parameters are given as follows:

3 (3A2—16,:,-)€+16,0,- o+ (3 A2 _ Spr)c+8pr

— ,
,Aﬁ wc+(3A2*80r,0)c+80n0
(127)
) AV3y B0t I60 . 4 (342 —8p,)c+8p,
2 = s
_Aﬁ (SMLWC+(3A2_SPAO)C+8PAO
(128)
—A«/> /(3A2 16p,)c+l6p, 3A2—2pr C+8,Dy
X = - :
Pro — A3 wc + (3 A? — 2,0,,0) c+8pr0
(129)
pr+ A3y BT8O0 L (342 00 )c 48,

2 pr,O) c+8pro
(130)

X2 =
2_
oro — A3 /Ww“r (342 -

The Eqgs. (127) and (129) are presented on the left side of
Fig. 8, and Eqgs. (128) and (130) are presented on the right
side of Fig. 8.

2.2.3 Dust-torsion system

In this section, we also consider that dust-torsion system in
GCG model and dust and torsion component are considering
as an exotic fluids to reconstruct f (7)) gravity model. Then,
Eq. (17) is given as

=17 | =)ot 5 (=71 ]
—2(=nyFe (p) T g = (131)

By setting the « = —1/2, the solutions of Eq. (131) are given
as follows:

A(T) = —c A2+A\/(A2_4pd)c+4pd—T :
c
(132)
() =¢ A\/(A2_4pi)c+4pd—A2+T
(133)

Based on the above reconstructed functions f1(7) and f,(T),
we also reconstruct the energy density of the torsion fluid as
follows
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1 1
Pr = E [(=2 pag

A \/(A2—4Pd)6+4pd

p + A c+2pq| ,
(134)
and
= l2
pT_ZC Pd
A2 —dp e+ 4
A \/( pa) Pd_ Al e+2pa
C
(135)

By substituting f1(7) and f>(T) in Eq. (9) we reconstruct
the pressure of the torsion fluid as follows:

| 1
pr = 5;[0—2pd

A \/(A2—4Pd)6+4pd

" +A) ) c+2p0q ] ,
(136)
= -2
pT_ZC Pd
A? — 4 c+4
+A \/( pa)etdpoa _, ¢ +2p4
C
(137)

From the reconstructed energy density and pressure of the
fluid we have to obtain the following equation of state param-
eters of torsion fluid in dust dominated case

2_
204 — A /w_fw_zm
2_ 9
2p4— A /M—Ac—zpd

1 _
wWp = —

(138)

0.00025+

0.000207

0.000157

w effl
w off2

0.000107

0.00005+

02 03 04 05 06 07 08 09 10
a

Fig. 9 weyrr(1,2) versus a for dust-torsion system for GCG. We use
¢ =2and A = 0.98 for all numerical plotting

2 _
wT—

|:2,0d—A( /m_fQ]c_zpd
|:2,0d+A( /m_fQ]c_zpd

(139)

We use the definition of Eq. (18) and the numerical plots of
the equation of state parameter for the dust-torsion system is
presented in Fig. 9 for GCG.

By applying the same reason as radiation dominated case,
the growth factor parameters of the fluid are given as follows:

/ 2_ .
1= 9
2_
<A /(A 4pd,£)C+4ﬂd,0 + A2 - 2/0d,0) ¢+ 2 pao

(140)

2_
Ac w+(142—2pd)c+2,0d
2_ . ’
(A (Aw—o)+4pdo + A2 _zpd,o)c+2pd,o

(141)

&=
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Fig. 10

/ 2_
= — ,
Ac ( /M‘FA)‘FZMLO

2_ .
A2 AcJ et P g p)
— .
Ac < /(A 4pd,£)0+4pd.o +A) 2 pa0

(142)

X2 =

(143)

If pg = 0, all thermodynamical quantities are reduced to the
vacuum case. The Eqgs. (140) and (142) are presented on the
left side of Fig. 10, and Eqs. (141) and (143) are presented
on the right side of Fig. 8.

2.2.4 Stiff matter-torsion system

Here, we consider the stiff matter component is considered
behind the exotic fluid and the energy density p, = ps has
been involving from the early to late Universe as a constant
and which are presented in Egs. (7)—(9). Then, Eq. (17) is
given as which gives

_1
f
1 ’ 1 ’ “

[ —<(f—1),0s+§(f—Tf)>:| = —A.

1
[(f’ = Doy =2 (f = Tf’)}
—
(144)

It can be reconstructed different f(7°) gravity models by
setting o = —% and we have

2 _
AT = _\/(A 8ps)c+8)OsA

c

— A2+ T +2p | c—20ps, (145)

@ Springer

504

40

30
=&

20

10

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
a

All plots show &1 2 with x1 2 versus a for dust-torsion system for GCG. We use ¢ = 3 and A = 0.8 for all numerical plotting

2 _
f(T) = \/(A 8,0s)c+8psA

c

— AP+ T +2p | c=2ps, (146)

and also by substituting Egs. (145) and (146) into Eq. (7)
we reconstruct the corresponding energy density of torsion.
Then we have

- + A c+4ps ],
(147)
p%=2—lc — 4 ps
. \/(Az—Sps)c—i-pr_A ctdp,
&
(148)

By substituting Eqgs. (145) and (146) into Eq. (9) we can
reconstruct the corresponding pressure of torsion. Then we
have

A A2 —8 +8

pr=-2 A—\/( pletSo) )
2 c
A A2 _8 +8

p%}:_? A—}—\/( p;)c L I (150)
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and we also obtain the equation of state parameters as fol-
lows:

cA (A _ a8 pﬁ)c+8 p:)

wp == A2_g 8 '
((—4px +A (\/% + A)) c +4,05>
(151)
) —Ac /(A2—8p::)c+8px 1A
YT = [(A2—g 8 '
(—4ps+A( W‘FA))C‘F‘U?S
(152)

2.2.5 Radiation-dust-torsion system

In this section we consider the three non interacting fluid,
namely dust, radiation and torsion fluid fluid are the cause
behind as an exotic fluid for cosmic expansion. The general
expression from Eq. (17)

1
f/
L ! )| = —a
[ (0w b ) =

(153)

1
[(f’ —Dpm =5 = Tf’)]

From this equation we reconstruct two basic f(7T) gravity
models and these models are given by

fi(T) =Tc+2cp+ A?

AZc—4pc—4pc+4p+4p
_ —2p, 154
\/ . )—2p (154)
fH(T)=Tc+2cp+ A?
A2c—4pc—4pc+4p+4
+\/ b cp PTEPY _2p.  (155)

where as, based on these constructed f1(7) and f>(T) gravity
model in Egs. (154) and (155) we can reconstruct the energy
density of the torsion fluid in the non-interacting fluid. By
substituting f1(7) and f>(T) into Eq. (7), we obtain

1
p}=26((—20—2p
A2 —4p—4dp)c+4p+4
A(\/( po4p)etdptdp c+2p+2p]| .
C

(156)

-0.9999990
-0.9999991
-0.9999992+
-0.9999993+
-0.9999994
-0.9999995
-0.9999996
-0.9999997+
-0.9999998 1

IR Ut

S8

—

01 02 03 04 05 06 07 08 09 10
a

Fig. 11 weyy(1,2) versus a for radiation- dust-torsion system for GCG.
We use ¢ = 1.3 and A = 1 for all numerical plotting

1
pr=—|(2p-2p
= 2

A2 —4p—4dp)c+4p+4
+A(\/( P ‘:_) PP al)ev2p+20] .

(157)

Here also we substitute f1(7") and f>(7T) gravity model in
Egs. (154) and (155) into Eq. (9) to reconstruct the pressure
of the torsion fluid in radiation-dust case. Then we have

A (A2—4p—4p)c+4p+4,0
PT—_E A— ,
c
(158)
, A (A2—4p—dp)c+dp+4dp
rr=—5|A+
2 c
(159)

The EoS parameters for torsion are given as follows:

—Ac( /(A2—4p—4f)r+4p+4p _ A)

1
wyp = - ,
[<2p+2p+A(y/Ww—A))c—Zp—Zp]
(160)
and
el )
wh =

— .
[( /WMAMz_zp_zp)Hszp}

(161)

Here, we present the numerical plots of the evolution of effec-
tive equation of state parameter in Fig. 11 for radiation-dust-
torsion systems.

The effective quantities such as &1 > and x; 2 in the fol-
lowing accordingly:
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Fig. 12 In both panels, we present &1 > and x> versus a and use ¢ = 0.9 and A = 0.95 for these plots

2_ —
(_cAﬁ\/(3A 12 04 16,;),)c+12/7d+16p, +(3A2—6pd—8pr)c+6pd+8,0r)

= 162
&1 ( . A«/§\/G A2—12pd,0—16prc,0)c+l2pd,0+16;Or,O + (3 Az —6p40— 8 ,or,o) c+6p40+8 ,or,o) ’ e
(CA\/g\/GA2712pmflG,gr)chlmeJrlﬁpr n (3 A2 6y — 8pr) ¢+ 6 pm+ S,Or) o
& = (_ CAﬁ\/@A2—12pd,o—lépzo)c+12pd,0+16p,,0 - (3AZ =600 — 8 pro) ¢+ 6 pao+ Spr,()) . (163)
(,Od t o — CAﬁ\/(?)A2—12pd—lf)/clr)c+12pd+l6pr +(3A2—6ps—8p,)c+6p4 +8,0r) »
" Pd.0 + ,Or,o( —c Ax/§\/(3 A2 000 100r0)H 120001000 | (342 — 6 py o — 8 pr0) ¢ + 6 pa0 + 8pr,0) -
(Pd n p,cAﬁ\/(3 A2712pnzflﬁﬁr)c'+12pm+16pr +(3 A2 —6p, —8 pr)c+6pm+8 ,o,) 165)

X2 =

3 A2=12 pg.0—16 pr.o)c-+12 pa.o+16 oy '
Pd.0 + ,Or,o( —c Aﬁ\/( e pL’.O)C PLOTOPED 1+ (3 A% — 6. pa,0 — 8 0r,0) € + 6 pa0 + 8 ,Or,o)

Equations (162) and (164) are presented on the left side of
Fig. 12, and Egs. (163) and (165) are presented on the right
side of Fig. 12.

2.3 Reconstructing modified teleparallel gravity from the
MGCG model

In this section, we consider the generalization of the GCG
[27,47-50] in the form:

A
p=ﬂp—(1+ﬂ)p—a, B#—-1&0. (166)

In analogy with previous sections, the pressure of the torsion
fluid in MGCQG is given by

A
pr =,3,0T—(1+ﬂ)p—a. (167)

T

@ Springer

We substitute pr and pr from Egs. (9) and (7) into Eq. (167),
obtaining

1 / 1 /
(_f,m [(f — Dpm — z(f =Tf )]

1 o
I:(f/ - l)pm + E(f - Tf/)i|

1 1 1+(¥
/ /
=p [—7 <(f = Dpom + E(f -Tf ))}
—(1+BA. (168)
Then, this equation is the general expression of Eq. (17); it

reduces to Eq. (17) by eliminating the parameter . We now
reconstruct different f(7) gravity models in the following
cases.
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2.3.1 Vacuum case

In vacuum case, the energy density and pressure of the matter
fluid are neglected, p,, = pm = 0, and Eq. (168) yields:

1 1 NIE NE
S L EURE
1 1 , I+a
=p [—7 <5(f -Tf ))} —a+pa, (169

the solutions of which are

fI(T)==2A%+Tc
c(=B2+2B—1)T ¢ (2422 +4 A28 +24%)

T) = —
H(T) B_1)? B -1

(170)

For g = 0, the above function f>(T) is equal f1(T") and it
also coincide with the selected solution of vacuum case in
Eq. (23). In order to obtain the energy density of the torsion
fluid for this model we substitute Egs. (170) and (170) into
Eq. (7) and it is given by

and the corresponding pressures can be found by substitute
Egs. (170) and (170) into Eq. (9) as:

A% (B +1)?
617

It can be shown that the EoS parameter of the fluid asymp-
totically approaches that of DE.

ph=—A%  pi= (172)

2.3.2 Radiation-torsion system

In radiation-torsion system in MGCG model, the general
expression of the Eq. (168) is

1
(— f7) I+
1 o
[(f/ —Dpr+2(f = Tf/)}
1 l 14
=p [—— <(f/ —Dor+5(f = TJ”))}

f/
—(1+pA.

/ 110" 1 T/
[(f— )?_E(f_ f)}

(173)

A2( + 1)2
ph=a?, 2= (a7 | o
B-D By applying the same reasoning as in Sect. 2.2, we set the
value of « = —1/2 to reconstruct the f(7) gravity models.
Then, we obtain
1
T)=cT — ——— (3 A? 3A%+6 —2prc—6 2
JiM) =e¢ 3(1+5)( cB+3A%c+6cBp —2pc—6Bp +2p
—V3/A% (14 8) (3A% B +3 A% — 16p, ¢+ 16 p,)), (174)
AT T 3A%cB>+6A%cB+6cBp +3A%—4cBp —6B%p —2prc+4Bp +2pr
= C _
’ 3B —2B+1)
\/§\/A2c 1+ p)? (3A%2cB2+6A%cB+3A%+16cBpr —16p,c— 16 B pr + 16 p;)
+ . (175)

3(B2—2B8+1)

By substituting f1(7) and f>(7T') gravity models into Eq. (7)
we calculate the energy density of the torsion fluid in MGCG
as follows:

—3\/0 (A+B)A2—16/3p;) c+16/3p,) (1 + B) A2+ (3A?B+3 A% —8p.)c+8p,

1 _
Pr= 6c (1+ B) ’ (170
. -3 \/A2 ((A2B2 + (2A2+16/3p,) B+ A2 = 16/3p,) c — 16/3 p, (B — 1)) (1 + B)*¢c
! 6(8—12c
202 2 2 _ _ —
+(3A,3 +(6A*+8p,)B+3A*—8p,)c—8pr (B 1)' a7

6(8—1)7>c
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In the same manner, by substituting f1(7") and f>(T) gravity
models into Eq. (9) we calculate the pressure of the torsion

fluid in MGCQG as follows:
ol = 12 (=D (B+1/3)p, —3A%cB —3A%
g 6(1+8)c
3 \/c (((1+ ) A2 = 16/3 p,) ¢ + 16/3 p,) (1 + B) A2
+ ) 178
6(1+p8)c (178)
» 12 =DB-DB—-1/3)p —3A%cp?—6A%p —3 A%
Pr 68— 1)’c
3 \/AZ ((A2B2 + (2A2+16/3p,) B+ A2 —16/3p:) c — 16/3 p, (B — 1)) (1 + B)*c 70
+ . 7
6(—1)%c a7
From the above energy density and the pressure terms of the
fluid we obtain the equation of state parameter of the torsion
fluid in MGCG model as follows:
1 3\/c (((1 4+ B) A2 = 16/3 p,) ¢ + 16/3 p,) (1 + B) A2
wp =
—3\/6 (A +B) A2 —16/3p;) c+16/3p,) (1 + B) A2+ (3A2B+3 A% —8p.)c+8p,
—128-4p =31 +BAY)c+(128+4
n (=128 —4) p, (1+B)A%)c+ (128 +4) p, ’ (180)
—3\/c ((1+pB)A2—=16/3p:)c+16/3p,) (1 + B) A2+ (3A2B+3 A2 —8p,)c+8p,
5 3\/A2 ((A2B2+ (2A2+16/3p,) B+ A2 —16/3p;) c — 16/3 p, (B — 1) (1 + B)*¢c
1
+((—3A2 —12p,) B>+ (-6 A%+ 16p,) B—3 A% —4p.)c+ 12p (B—1)(B—1/3) (sh)
My ’
where
M, = —3\/A2 ((A2B%2+ (2A2+16/3p,) B+ A2 —16/3p:)c — 16/3 p (B— 1)) (1 + B)’c
+(34282+ (647 +8p,) B+347=8p,)c—8p, (B—1). (182)
The plots in Fig. 13 show the effective equation of state
parameter for radiation-torsion system for MGCG model.
Then the fractional energy density of the torsion fluid express
as follows:
—3\/c (((1 +B) A2 —16/3p;)c+16/3 p,) (1 + B) A2 + ((3+3/3)A2—8pr)c+8,or
§ = , (183)

M,
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Fig. 13 weyy(1,2) versus a for radiation-torsion system for MGCG for
B=10,c=12and A =1

where

where

Ms = (=347 = 6.0) =342 +2pr0) c = 8 pro

+3/(1+ By A2 (((1+ B) A2 — 16/3 pro) ¢ + 16/3 pr0)) (B =177

The Eqgs. (183) and (185) are presented on the left side of
Fig. 14, and Eqgs. (184) and (186) are presented on the right
side of Fig. 14.

2.3.3 Dust-torsion system

As we indicated in the earlier in dust dominated Universe,
the energy density of the pressure less fluid acts as a constant
behind the exotic fluid from the early to late Universe [46].
In this limit, Eq. (168) will look like

My = =3,/ A% (14 B) (1 + ) A2 — 16/3 pro) ¢ + 16/3 pr0)

+((3+3ﬁ)A2—8p,,0)c+8p,.

(_3A26132+((_6A2_8pr)c+8pr):6+(_3A2+8:0r)c_8:0r) 1+58

&= M;
+3 \/AZ ((A2B2 + (2A2+16/3p,) B+ A2 —16/3p) c — 16/3 p, (B — 1) (1 + B)*c
W , (184)
where
My = (8= 1 (3,/(1+B)c A2 (1 + ) A2 16/3 pro) ¢ + 16/3 pr0)
—8p,0-34% B+ (=34 +8p0)c).
and the ratio of effect energy density of the fluid
_3\/C (((1 + B) A% — 16/3:0r)c+ 16/3:0r) (1 +ﬂ)A2+((3A2+6pr),3+3A2 _2;0r)C+8,0r
X1 = 7 , (185)
where
M3 = -3 \/Azc (1+B) (((1+ B) A2 = 16/3 p,0) ¢ 4+ 16/3 pr0)
+((34%+6p0) B+342=2p.0) c +8pr.
(-3¢ (A%+2p,) B2+ ((—6A%+4p,)c+8p,) B+ (-3A%+2p,)c—8p,) (1 + )
X2 = Ms
+3 \/AZ ((A2B2+ (2A2+16/3p,) B+ A2 —16/3 p;) c — 16/3 p, (B — 1) (1 + B)*¢c
n , (186)

Ms
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Fig. 14 All plots shows, &1 2,34 and x1 2,3 4 versus a for radiation-torsion for MGCG model. We use 8 = 3, ¢ = 0.9 and A = 0.8 for all numerical
plotting

1 1 1 .
[_E(f - Tf’)} [(f’ = Dpa+ 5(f = Tf’)]

1 1 14«a
= [—7 ((f’ ~Dpa+5(f - Tf’))] — 1+ p)A,
(187)
Fora = —%, the solutions as
1
ATy =¢T — m(A2cﬁ+A2c+2cﬂpd —2Bpa— A% (1 +B) (A% B +A2c—4pdc+4pd)), (188)
1
F(T) =T — (ﬂ_—l)z[Azc,Bz—i—ZAzcﬂ 120820+ A% —2¢B pa—2B%0a+2B pa
— A% (14 B)2 (A% B2 +2 4% B+ A2 +4¢ B pa— 4 pac — 4P pa+4pa) ] (189)

and the energy density of the fluid

(—2pd+(1+ﬂ)A2)c—\/(1+ﬁ)c (14 B) A2 — 4 pg) c + 4 pa) A2 + 2 pg

1 _
Pr = 20+ B)e , (190)
L e (B (A% + (242 +400) f+ A2 — 4 pg)c — 4 pa (B — 1) A2
or= 2(8—1)%¢
242 2 2 _ —
+(A B>+ (2A%+2ps) B+ A 22Pd)c 2Bpa+2pa (191)
2(B—1)c
And the pressure of the fluid
' \/(1+,3)C(((1+,3)A2—4,0d)6‘+4pd)A2+((—A2—4,0d)/3—AZ—ZPd)C+2,0d(1+2,3) (192)
Pr = ’

2¢ (14 B)
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00984 where
04999 My =[ = /(1 + e A2 {[(1 + B)A2 = 16/3 pao] e +16/3 puo)
050001 + (A% + A2 = 8/3 pa) e +8/3 pao| (B = D2
_— ::,m rpeenl The ratio of the effective energy density of the fluid expressed
o= as follows
05002+
050031

01 02 03 04 05 06 07 08 09 10
a

Fig. 15 weyy(1,2) versus a for dust-torsion system for MGCG for g =
4, c=12and A =1

—4(B—1/2)(B—1)(c—1)pa — A’c B> —2A%c B — A’c

2 _
Pr= 28— 1)2c
Je (187 ((A282 + (242 +4p4) p+ A2~ 4 pg) e — 4 pg (B — 1) A2
4 . 193
2(8—1)2c (193)
The corresponding equation of state parameters are give as
follows:
\/(1 +B)c ((1+B) A2 —4pg) c+4pg) A2+ (=4 B —2) pa — A2B — A2) c + (4 B +2) pa
wh = : (194)
—J W+ Bre (1 +B) A2 =4 pg) e +4 pa) A2 + (A28 + A2 =2 pg) ¢ +2 pa
2 AB=1/)B—-D(c—1)ps+ A2cp>+2A% B+ A’c
wy = —
Mg
Je (1482 ((A22 + (242 +4p4) B+ A2 —dpa) e — 4 py (B — 1)) A2
) (195)
Mg
where
Mg=-2(B—-1)(c—1)ps—A%cp>—2A% B — A%
+e (1 B2 (A28 + (242 +4pg) B+ A2 —d pg) ¢ — 4 pg (B — 1)) A2
Figure 15 shows the effective equation of state parameter
for dust-torsion system for MGCG model. The ratio of the
energy density in torsion fluid expressed as follows:
=3 /A +B)c [+ ) A2 —4pa]c+4pa} A+ BB +3) A%~ 6 pa] e+ 6 p4
&1 = , (196)
—3/A% (L4 ) {[(1+ A% — Lpao]c+ L pao} + [ +3)A2 ~ 8 puole +8ps
[— e (1482 (4282 + (2A2+4p0) B+ A2 —4py) c —4pg (B — D)) A2
& = M
(4282 + (242 +2p0) B+ A> = 2p2) e =204 B=D | (1 + )
+ , (197)

Mg
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Fig. 16 £ 234 and x1.23.4 versus a for dust-torsion for MGCG model. We use 8 = 2, ¢ = 1.9 and A = 0.8 for all numerical plotting

—3\/(1+,3)c {[A+B) A2 —4pglc+4pa} A2+ ((3A%+6p4) B+3A%) c+6py

= , 198
X1 M (198)

where

My = =3\[4% (14 §) {[(1+B) A2 = 16/3 pao] + 16/3 pao} + (342 +6 p00) f +3 A2 = 2 pu) ¢ +8 puo

_ 3 2 2 2 2
XZ_E{[_<A +2'0d)C:3 +(<—2A +2pd)c+2,0d>/3—AC
e 1+ B2 ((A2B2+ (2A2+ 4 pg) B+ A2 —4pg) c — 4 pqg (ﬂ—l))Az—ZPd] (1+ﬁ)}’ (199)
where

My = (8~ 1?[ ((~34% = 6040) B ~3 42 +2p40)

+3 \/(1 +B)c A2 (((1 + B) A2 — 16/3 pg,0) ¢ + 16/3 pa0) — 8 pd,o].

The Eqgs. (196) and (198) are presented on the left side of 1
Fig. 16, and Eqgs. (197) and (199) are presented on the right (_f,m

1
[(f/ — Dwpy = 2(f = Tf/)]
side of Fig. 16. ; o
[(f’ — Dpa+5(f = Tf’)]

2.3.4 Stiff matter-torsion system 1
1 1 +a
=8 [—— ((f’ = Do+ 50 - Tf’))]

Here also we consider the stiff fluid as an exotic fluid in f
MGCG and the general expression of Eq. (168) and we obtain —(1+ B)A, (200)

@ Springer



Eur. Phys. J. C (2019) 79:749

Page 25 of 31 749

with the solutions of

Azcﬂ—l—Azc—}—Zc,B,os—2psc—2/3ps—\/A2c (1+B) (A%2c B+ A%c — 8 psc + 8 p5) + 2 py

fi(T)=cT — ) (201)
2 2 _ _
AT =cT - A“cB+A c—+-2;ﬂ_pA1Y 2ps¢c—2pB ps
—\/Azc (A2c B2 +2A%c B+ A2c+8cBps —8psc— 8B ps +8ps) +2ps
51 . (202)
We reconstruct the energy density by substituting f1(7") and
f2(T) into Eq. (7) and we obtain
((1+,3)A2—4,os)c—\/(((1+,B)A2—8,os)c+8ps)A2c (1+B) +4py
pl = 5 : (203)
1+8)c
- A2 B2+ ((2A% +4p5)c—4ps) B+ (A2 —4ps) c +4ps
or = 2(8—1)%c
(=B —1)\Je A2 (c 1+ B A2 +8p, (B~ 1) (c— 1)
+ . (204)

2(B—1)72c

Here also we calculate the pressure of the torsion fluid by
substituting f1(7T) and f>(T) into Eq. (9) and we obtain

1 __psle=Dro, 2 _ _ _ a2 2 2. _
Ph= Sy (AP A% 2e B0 200 —28 5y — A% (1 +B) (A2 p + Ae —Bep +8p) +2 1]
2 (l-l-ﬂ)\/c (c(1+P*A2+8p (B—1)(c— D) A2+ ((—A2 —4p)c+4p) B>+ ((—2A% +4p)c—4p) B — A’c
T — .

2(B—1?%c

2.3.5 Radiation-dust-torsion system

Here is the general expression of radiation-dust-torsion sys-
tem as an exotic fluid in MGCG model

1 / 1 /
(_f,m [(f = Dpm — z(f -Tf )]

1 o
[(f’ — Dom+5(f = Tf’)}

1 ) 1 RV
=8 [—7 ((f —Dpom + E(f —-Tf ))}
—(1+ B)A, (205)

with solutions given as

AT =cT [Azc,Bz—i—ZAzc,B—i—Zcﬂzp

N
(B —1)?

+A2c+2c,3p—20,3,0

—2pB*—2cp—2Bp+2Bp

—<A2c (14 B2 (A% B2 +2 A% B + A%

+4cBp+4cBp—4cp—4cp—4B8p
1

—4,3p+4p+4,0))2 +2p],

H(T)=cT — ﬁ[Azc,B + A%

+2cBp—2cp—-28p
—(Azc 1+p8) <A20ﬁ+Azc—4cp

1
—dcp Jr4p+4p))2 +2p].

(206)

(207)
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From this constructed f1(7) and f>(T) gravity model we The numerical results of these equation state parameters
can reconstruct the energy density of the torsion fluid in the  is presented in Fig. 17 for MGCG model in radiation-dust-
non-interacting fluid. By substituting f1(7) and f>(7T') into  torsion system. The the growth factor parameter of energy

Eq. (7), we obtain density of torsion fluid

1
2(B—1D%¢
1

—4B-D(p+p)(+p)?) + (A2 + (247 +2p+2p) B+ A2 =2p —2p)c
+(—2p—2p)ﬁ+2p+2p]

L
2c (1+B)
—2p+(1+ﬂ)A2—2p)c+2p+2p],

ok = [—(CA2(<A2/32+(2A2+4p+4p)ﬂ+A2—4p—4p>c

p2 = [—\/C{[(1+,3)A2—4p—4,0]c+4p+4,0}A2(1+ﬁ)

+

N

(208)

(209)

and by substituting f1(7) and f>(T) into Eq. (9), we obtain
pressure of the fluid as follows:

b
28— 1D2c
+\/cA2((A2/32+(2A2+4p+4,0),3+A2—4p—4/0)0—4(,3—1)(194-,0))(14‘,3)2],
R S
"= 2c(+p)
+(<—A2—2p—2p)c+2p+2p),3—Azc].

pr = [—Azc A+ =28 B-D(p+p)c+2B (B—1p+2pp>—28p

P [Je [[+p A2 —4p—dple+ap+apl A2 +p)

(210)

@211)

The equation of state parameter for torsion fluid become as
follows:

\/cAz((Azﬂz—i—(2A2+4p+4p),3+A2—4p—4p)c—4(,3—1)(p+,0))(1+ﬂ)2
Mo
(-A*=2p—2p)c+2p+2p) B>+ ((—24%+2p+2p)c—2p—2p) p — A%c
Mo

I
w%:M—“[\/C ([A+PA2—dp—aplc+dp+4ap)A2(1+p)

+((—Az—2p—2p)ﬂ—A2)C+(2,0+2P)/3]v

1 _
wr =

+

3

212)

where Mlo:Azcﬂ2+<<2A2+2p+2p>c—2p—2p>/3+<A2—2p—2p>c+2p+2p

e A {[A2B2 + (242 + 4 p+4p) B+ A2 —dp—dplc—4 (B—1)(p+pl} (1 +B)

and M11=<A2,3+A2—2p—2,0)c+2p+2p—\/c {[A+B) A2 —dp—dplc+ap+4p} A2(1+p).
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Fig. 17 werr1,2) versus a for radiation-dust-torsion system for
MGCG forB =4,c=12and A =1

where M5 = —3

J+ B e A2{[(1+B) A2 = 16/3 po] c + 16/3 po}

+ ((3A2 +6p9) B+3 A% —2pg) c + 8 po. The Egs. (213)
and (215) are presented on the left side of Fig. 18, and Eqgs.
(214) and (216) are presented on the right side of Fig. 18.

3 Reconstructing f(7') gravity models: the special case

In Sect. 2, we reconstructed Lagrangian densities of mod-
ified teleparallel gravity models which depend on both
the torsion and matter fluids that resulted in the general

1
£ = (IV’IL—’%[(A%M(2A2+2p+2p)ﬂ+A2—2p—2p)c—2 B-1D(p+p)
12 (213)
—\/cAZ{[A2ﬁ2+(2A2 +4p+4p)p+A2—dp—dplc—4(B— 1)(p+p)}(1+/3)2],
where M1y = (8 — 1) [—\/(1 +B)c A2 (((1+ B) A2 — 16/3 po) ¢ + 16/3 ,oo)+(A2,3 +A2_8/3 ,0()) c+8/3 ,0()]
and
& = MLM[_3\/C {[A+pa2—4p—aplc+ap+aplA2(+B)+(BF+3A>=6p—6p)c+6p+6p] 214)

where M4 = =3
\/(1 +Byc A2 {[(1+ B) A2 — 16/3 po] ¢ + 16/3 po} +(3

B+3)A% -8 po) ¢ + 8 po. And the growth factor parame-
ters for effective fluid become:

expression (17). Here, we reconstruct some Lagrangian den-
sities of f(T') gravity models with only torsion dependence
based on some assumption applied to the modified Raychaud-
huri equation (6)

_ 3 2 2 2 2

Xl_M—B[(—<A +2p)c,3 +(<—2A —2p+2p)c+2p+2p)ﬂ+(—A +2p>c
+Jc A {[A262 4 (2A2 +4p +4p) B+ A2 —dp—dplc—4 (B— 1) (p+p)(+) @15
—2p=2p)1+p)]

where Mz = (8 — 1) | (=3 4% = 6.p0) B — 34> +2 )

5 5 T 5 Pm 1 . Af'HT
c4+3,/(1+ B) e A2 (((1+ B) A2 = 16/3 po) ¢ + 16/3 po) - o I =T AU T e
8p0],and

_ ! 3c ([ +pAa2—4p—4 4p+4p)A2(l
X2—M—15[— c{[A+P)A2Z—4p—dplc+dp+4p} A2(1+p) o6

+((3A2+6p),3+3A2—6P>C+6P+6P]s
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Fig. 18 £;2.3.4 and x1,2,3.4 versus a for radiation-dust-torsion for MGCG model. We use 8 = 10, ¢ = 1.9 and A = 0.8 for these plots

Assuming as in the previous case 7' & 0, we can re-write the
Friedmann equation as

WO 1 ,
—(f=Tf").
TR

By substituting Eq. (5) into Eq. (218), we obtain the matter
energy density as

pm=f_—Tf/, w# 1.

1—w

3H? ~

(218)

(219)

Here we observe that, the above definition cannot accommo-
date the stiff fluid.’ Then, the corresponding energy density
of the torsion fluid reads

fF=Tf 12f —1—w
=— , 220
PT 7| 20=w (220)
and the pressure of the torsion fluid as
—Tf' [2wf —w—1
pr = S ; f / . (221)
oL 20 -w)

From the characteristic equation of state for CG and the
expression of the thermodynamic quantities Egs. (220) and
(221), we have

f=Tf (2wf —w—1
[ I < 2(1 —w) )]

[f—Tf’ (2f’—1—w>:|°‘_ A
1 2(1 —w) ‘
We present the reconstructed different Lagrangian density
of f(T) gravity models from Eq. (222) for OCG and GCG
models as we did in the previous sections. Unfortunately,
the result of MGCG model from this equation seems non-

physical solutions. Because of this, we only present the
results of OCG and GCG in the subsections.

(222)

5 The results for vacuum case is the same as with the previous sections.

@ Springer

3.1 For OCG model

The reconstructed Lagrangian density of f(7") gravity mod-
els from Eq. (222) for radiation-torsion system are given as:

2V4Ac —3Ac?

4Ac — 3Ac?

2V4Ac —3Ac2
4Ac —3Ac?

fi(T) =cT + , (223)

(T) = —cT — (224)

f3(T) = RootOf (2724 —108Z°3T + (144T?* + 72A) Z>

+(240AT — 64T3)Z — 16AT? + 48A2). (225)
and for dust-torsion system reads as
23AC — 2Ac
fi(T)=cT + ———~—, (226)
2c—3
2/3AC —2A
fo(T) = —eT — 22— 208 (227)
2¢—13
| B 1 4 2
f (1) = 2GBT? = 4) + 5 [A (729T 270 AT
1
3
- 2A2+3«/§,/(27T2—4A)3T>] . (228)

3.2 For GCG model

Here, we also reconstruct the Lagrangian density of f(7)
gravity for radiation-torsion

6c — 8
F(T)=cT —A2X"2 and (229)
C
for dust-torsion system as
f(T) =cT +2cA”. (230)

for the GCG model. Therefore, we show another possibility
to reconstruct Lagrangian density of f(7) gravity models
which depends only on the torsion scalar by defining the
energy density of the matter fluid p,, as Eq. (219).
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4 Discussion and conclusions

In this manuscript, we have looked at a Chaplygin-gas-
inspired reconstruction of f(7) gravity Lagrangians and
their possible implications to cosmological evolution. We
considered the most common toy models of the cosmologi-
cal CG: original, generalized and modified generalized. For
each toy model, five cases are taken into account, namely
the vacuum, radiation, dust, stiff and radiation-dust systems.
We report that for the vacuum case, with the original CG
model, the f(7) Lagrangian has the form similar to that of
GR. For radiation-torsion and dust-torsion systems, the f(7)
Lagrangian possesses a degeneracy of solutions. The system
composed of radiation, dust and torsion all together has four
f(T) solutions. However, the effect of the mixture cannot
easily be seen directly from the solutions. But for the first
two f(T) solutions, one has the linear behavior of the tor-
sion T. For the other two solutions, the presence of quadratic
terms is manifested.

The consideration of stiff fluid together with torsion brings
f(T) Lagrangians where the first two f(7") solutions are lin-
ear but the next two possess quadratic terms together with stiff
density at the denominator. The implication for this behavior
is that once the stiff fluid is small, the two solutions grow in
opposite directions based on the presence of a negative sign
on the last solution.

The consideration of the generalized CG brings the f(T)
Lagrangian with a couple of features. For instance, the vac-
uum universe has the f(7) Lagrangian with a dependence
on «, a parameter that constrains the behavior of the cos-
mological constant if one is interested in the reduction of
this Lagrangian to that of GR. Both radiation-torsion and
dust-torsion systems possess f(7') Lagrangians spanned by
two solutions and there is no presence of the quadratic terms
in those solutions. However, using these Lagrangians, the
obtained pr and pr are independent of the torsion 7. The
stiff torsion-fluid system also has two f(7T) solutions with
features that are similar to those of the radiation and dust
systems. The consideration of the system that has all compo-
nents (radiation, dust, and torsion), has f(7") solutions that
have a dependence on the total pressure of standard matter.

For the third type of the CG, the modified generalized
one, the vacuum case is considered where the f(7') solution
comes with no presence of quadratic terms in 7. Both radi-
ation and dust systems have two f(7) two solutions, and
the same story is manifested for both stiff and the system
that has radiation, dust and torsion as components. However,
when the consideration of both generalized Chaplygin and
modified Chaplygin models is done, we followed the sug-
gestion presented in the literature that the value of « has to
be negative in favour of the observations. We consequently
selected @ = —% for our purpose. The choice of other values

of « in the suggested range is needed to constrain the f(7T)
Lagrangians.

We obtained the expressions for the equation of state
parameter for the considered f(7") solutions and the corre-
sponding effective equation of state parameters for all cases
in each CG model and plotted the results. From the plots, we
observed that our reconstructed f(7') gravity models replac-
ing exotic Chaplygin-gas (CG) fluid models can, in principle,
explain the currently observed cosmic evolutionary dynam-
ics. For instance, in Fig. 1 for radiation-torsion for OCG, in
Fig. 5 for radiation-dust-torsion system for OCG, in Fig. 7
a radiation-torsion system for GCG models (in the limits of
1 > a > 0.2), in Fig. 11 for a radiation-dust-torsion sys-
tem for GCG, in Fig. 13 for a radiation-torsion system for
MGCQG, in Fig. 15 for a dust-torsion system for GCG and in
(17) for a radiation-dust-torsion system for MGCG models,
the evolution equation of state parameters is less than nega-
tive one-third (werr(1,2) < —%) and asymptotically behaves
like that of the equation of state parameter of the cosmo-
logical constant fluid w = —1. This indicates that torsion
fluid replacing the Chaplygin fluid can explain the accelerat-
ing expansion of the Universe without cosmological constant
scenario. On the other hand, wef(1,2,3,4) in Fig. 3 for a dust-
torsion system for OCG, in Fig. 9 for a dust-torsion system
for GCG, werf(3,4) in Fig. 1 for aradiation-torsion system for
OCG, in Fig. 5 for a radiation-dust-torsion system for OCG,
in Fig. 9 for dust-torsion system for GCG, the effective evo-
lution equation of state parameters found in the intervals of
—% < wesy show that the Universe undergoes a decelerated
cosmic expansion such as is the case in the early expansion
phases of a Chaplygin-gas-dominated universe.

A key assumption made in this work in order to obtain the
exact solutions presented is that the torsion scalar T changes
slowly over time. The general case of a time-dependent
torsion requires more rigorous computational solving tech-
niques, with carefully selected initial conditions. This task
and the constraining of the free parameters appearing in our
models with existing and future observational data is left for
a forthcoming investigation.
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