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Observational Hubble parameter data constraints on the interactive model
of f(T) gravity with particle creation
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Abstract: In this study, we consider an open system from the thermodynamic perspective for an adiabatic FRW
universe model in which particle creation occurs within the system. In this case, the modified continuity equation is
obtained, and then, we make it correspond to the continuity equation of f(7') gravity. Therefore, we take f(7) grav-
ity with a viscous fluid in the flat-FRW metric, where T is the torsion scalar. We assume the contents of the universe
to be dark matter and dark energy and consider an interaction term between them. An interesting point of this study
is that we make the modified continuity equation resulting from particle creation equivalent to the matter continuity
equation resulting from f(7T') gravity. The result of this evaluation establishes a relationship between the number of
particles and scale factor. In what follows, we write the corresponding cosmological parameters in terms of the num-
ber of particles and also reconstruct the number of particles in terms of the redshift parameter. We then parameterize
the Hubble parameter derived from power-law cosmology with 51 data points from the Hubble observational para-
meter data. Next, we plot the corresponding cosmological parameters for dark energy in terms of the redshift to in-
vestigate the accelerated expansion of the universe. In addition, by using the sound speed parameter, we discuss the
stability and instability analyses of the present model in different eras of the universe. Finally, we plot the density
parameter values for dark energy and dark matter in terms of the redshift parameter.
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I. INTRODUCTION

In the late twentieth century, by measuring cosmic
distances and observing cosmic objects beyond the Milky
Way, we realized that the universe is rapidly expanding,
and this event occurs when there is a force greater than
gravity but in the opposite direction in the universe.
However, the origin of this mysterious force is intro-
duced by an unknown energy called dark energy, which
is supposed to surround the entire space and increase the
expansion rate of the universe. In fact, this energy was
first discovered in type-la supernovae and then recon-
firmed by two approaches to the cosmic microwave back-
ground radiation and the large-scale structure of the uni-
verse [1-4]. The problem of dark energy originates from
a fundamental theoretical framework such as string the-
ory and quantum gravity. However, despite the existence
of evidence for the fact that the universe is accelerating,
these observations do not fit the standard model of cos-
mology within the framework of general relativity. To re-
solve this contradiction, we introduce a factor called neg-

Received 22 June 2022; Accepted 24 August 2022
" E-mail: st.s.ganjizadeh@jiauamol.ac.ir
! E-mail: al.amani@iau.ac.ir
¥ E-mail: m.ramzanpour@iauamol.ac.ir

ative pressure for the dark energy source, which can de-
scribe the observed accelerated expansion of the universe.
Extensive studies of dark energy have been explored with
models such as the cosmological constant, scalar fields,
modified gravity, agegraphic, holography, and teleparal-
lel gravity [5—46].

In addition, another scenario called teleparallel grav-
ity, first proposed by Einstein, was introduced for the uni-
fication of electromagnetism and gravity. In this theory,
space-time is characterized by a linear connection without
curvature by a metric tensor field called the dynamical
tetrad field. Therefore, the geometry of the teleparallel
theory uses the linear Weitzenbdck connection to repres-
ent a torsion connection without curvature. However, the
geometry of general relativity is based on the Levi-Civita
connection to represent a curvature connection without
torsion [47-54].

As mentioned above, current observations with differ-
ent scenarios suggest that the universe is undergoing ac-
celerated expansion, which leads to the crossing of the
phantom divided-line (equation of state (EoS) is less than
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—1). Furthermore, the particle creation mechanism is an
appropriate alternative to describe the current accelera-
tion of the universe, so that it can successfully mimic
standard cosmology. In that case, from the point of view
of the first law of thermodynamics, the creation of a dy-
namical number of particles, N, leads to a modified con-
tinuity equation for a system called the adiabatic uni-
verse [55—63]. Note that the corresponding continuity
equation is also obtained via Einstein's equation in stand-
ard cosmology as p+3H(p+ p) =0, in which p, p, and H
are the energy density, pressure, and Hubble parameter,
respectively. An important point that should be noted in
the mechanism of particle creation is that its continuity
equation, in addition to standard terms, also has the term
of the rate of the number of particles as (N/N)(p+ p). A
number of papers attribute the origin of particle number
rate to the bulk viscosity. In this event, an open thermo-
dynamic system in which the number of fluid particles is
not conserved leads to a modified particle conservation
equation, known as the equilibrium equation for particle
flow. Hence, we consider that the corresponding particle
flow is related to the energy flow between the dark com-
ponents of the universe. Then, the particle flux resulting
from particle creation depends on the energy transfer
between dark energy and dark matter. In that case, we
consider this issue as energy transfer, the so-called inter-
action between the dark components of the universe.

It should be noted that the particle creation in a black
hole and the expanding universe was also studied [64,
65]. For this purpose, in this work, we intend to imple-
ment the mechanism of the particle creation to describe
the accelerated expansion of the universe. This motivated
us to make a correspondence between the particle cre-
ation mechanism and the f(7) gravity model. Therefore,
using this correspondence and a power-law model for the
scale factor, we expect to examine the accelerated expan-
sion of the universe with observational data.

This paper is organized as follows:

In Sec. II, we implement the fundamental formation
of viscous f(T) gravity in the flat-FRW metric. In Sec.
111, we consider that the universe is dominated by a bulk
viscosity fluid, and also obtain the Friedmann equations
and EoS in an interacting model. In Sec. IV, we first ex-
plain the mechanism of particle creation, and then using
the interaction term, we correspond the particle creation
with the viscous f(T) gravity model. In what follows, in
Sec. V, we investigate the present model by observation-
al constraints with Hubble data, and then the cosmologic-
al parameters are plotted in terms of the redshift paramet-
er. In Sec. VI, we explore the stability conditions for the
corresponding model. Finally, in Sec. VII, we present a
conclusion for the present model.

II. FOUNDATION OF f{T) GRAVITY

In this section, we review teleparallel gravity. For this
purpose, we can write the corresponding action for f(T)
gravity in the following form:

S =fe(@ +£m)d4x, (1)

2«2

where «? = 877G, and ¢!, is a vierbein field from which the

"
determinant of the vierbein field is obtained as

e =det (e"ﬂ), and L, is the matter Lagrangian density. For
a more complete explanation, we write the basis of the vi-
erbein field e;(x*) as the tangent vectors at point x* of a
manifold as e;.e; =7;;, in which we consider the corres-
ponding signature of Minkowski space-time as
nij = diag(+1,-1,-1,-1). In this case, by using the rela-
tionship e; = ¢;#0,, we can obtain metric tensor g,, by the
tetrad or vierbein field ¢/, as g,y = 7€', which in turn
leads to the relationships e;#e’, =&, and e;#e/, =6/, It
should be noted that the Greek and Latin letters denote
components of space-time coordinates and tangent space-
time coordinates, respectively.

As we know, we use the Weitzenbock connection in
teleparallel gravity instead of the Levi-Civita connection
in general relativity as

I, =e/'du e, =—¢,dye. )

By using this connection, we can introduce the tor-
sion tensor and the torsion scalar in the following form:

T/lm, = F’LV - I“/i,ﬂ =e,! (0#6% - Gve“#) , 3)
T =S"T,, 4)
where
SH = % (KA + 8, T2 - 6% T3, (5)
K = —% (T, =T - TH), (6)

to be known as the antisymmetric tensor and the contor-
tion tensor, respectively. We can also obtain the Ricci
tensor and the Ricci scalar by the aforesaid relations in
the following form:

R/“’ = —VpSVp# —gﬂVVpT(;o. - SPZK(rpW (7)
R=-T-2V(T},). ®)
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By taking variation of action (1) with respect to the
tetrad field, the field equations are obtained as

e’laﬂ (ee;l va)fT - e’; TflpSl"”fT

1 1
+eS 1" 0uD)frr + geuf = EKzeﬁT/’, 9)

where index T represents the derivative with respect to
torsion scalar, and 7;” is the energy-momentum tensor.
Here, we consider the background manifold as a flat
Friedmann-Robertson-Walker (FRW) metric as

ds? = d? - a*() (do? +dy” +d2?), (10)

where a(r) is the scale factor. Then, one can immediately
obtain the tetrad field as ef =diag(l,a,a,a) or e =
diag(1,a™!,a”!,a"), and the torsion scalar is obtained in
the following form:

T = -6H?, (11)
where H = £ is introduced as the Hubble parameter.
a

. VISCOUS AT) GRAVITY

In this section, we intend to consider that the current
universe is dominated by an anisotropic fluid with the
view that the universe is in a more realistic form. This
means that we would like to describe the corresponding
universe by f(T) gravity in the presence of a bulk vis-
cous fluid. Considering that the fluid viscosity indicates
its resistance to flow as a dissipative phenomenon, the
pressure within the universe becomes negative. Then, the
presence of bulk viscosity causes the accelerated expan-
sion of the universe [66]. In this case, we can write the
energy-momentum tensor in the presence of bulk viscos-
ity as follows:

T7 = (0ot + Prot + Po)uitt’ = (proy + ) 87, (12)

where pwor, prot, and py are introduced as the total energy
density, total pressure, and pressure of bulk viscosity of
fluid within the universe, respectively. We use the 4-ve-
locity u, notation as u' = (+1,0,0,0), which gives rise to
u;u/ = 1. Therefore, we can acquire the non-zero energy-
momentum tensor elements as

7—1_1‘ = diag (0tot» —Ptot — Pb> —Ptot — Pbs —Prot — Pb) » (13)

where by substituting the aforesaid energy-momentum
tensor elements and FRW metric into Eq. (6), the Fried-
mann equations are obtained as

1
K2Ptot = 6H23Tf+ Ef’ (14)

. . 1
& (puov+ o) = =2(H +3H) 0y f + 24H*Hor1 f = 5 f.
(15)

where the dot and index 7T indicate the derivative with re-
spect to time evolution and the torsion scalar, respect-
ively. Note that the Friedmann Eqgs. (14) and (15) are
written in the standard form in general relativity by ap-
plying condition f(T)=T in a perfect fluid (p,=0).
Therefore, we consider that the components of the uni-
verse include matter and dark energy in an anisotropic
fluid (pp # 0). In this case, we write the total energy dens-
ity and total pressure in terms of the components of the
universe in the following form:

Prot = P+ Pde> (16)

Ptot = P+ Dde, (17)

where p and p are the energy density and pressure of mat-
ter, and pge and pqe are the energy density and pressure of
dark energy. However, from Egs. (14), (15) and (16),
(17), we obtain relations pg. and pge in the following
form:

1
Kpge = 6H Or f + 5/ -&p, (18)

K*pae == 2(H +3H?)dr f + 24H* Horr f

1
— 5/ =K'pwn =3K*H, (19)

where w,, = p/p is the matter equation of state (EoS),
which is a constant, and the term 3£H is substituted with
the pressure of bulk viscosity, py, in which the coeffi-
cient ¢ is a positive constant. Afterward, we can intro-
duce the EoS of dark energy as follows:

Pae
Pde

Wde =

L 2HOT f —24H?*HOr7 f +K2p (1 + wy) + 362EH

1
6H207f + Ef—sz
(20)

where the corresponding EoS of dark energy describes
the dynamic of the universe in late time and depends on
the modified gravity, matter, and viscous fluid.

In what follows, we can obtain the total continuity
equation for the total fluid inside the universe as
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Prot +3H (pror + Prot + pv) =0, (21)

which can be written separately in terms of the universe
components in the presence of an interacting term in the
form

0+3H(p+p) =Q (22)
Pde + 3H (pde + Pde + pb) =-Q, (23)

where Q is introduced as an interaction term. Note that
the interaction term appears when the energy flow is
transferred between the dark components of the universe.
It is evident that the quantity Q should be positive, that is,
energy transfer from dark energy to dark matter occurs.
Therefore, the positivity of the interaction term guaran-
tees that the second law of thermodynamics is realized
[67]. In that case, since the unit Q is the inverse of the
time evolution, it is natural to choose this value as the
product of the Hubble parameter and energy density.
Herein, we consider Q = 3b”Hp, in which »? is the coup-
ling parameter or transmission intensity.

In the next section, we discuss the thermodynamic
study of the particle creation in an open system. Then, the
corresponding open system is considered an adiabatic uni-
verse, so we see how the particle creation is related to the
interaction term between the dark parts of the universe.

IV. CORRESPONDENCE BETWEEN MATTER
CREATION AND VISCOUS f{T) GRAVITY

As we know, the first law of thermodynamics, or in
other words, the Gibbs equation, with the dynamic num-
ber of particles N and enthalpy density h=p+p in an
open system is written as follows:

h
dE =dQ~pdV +—d(nV). (24)

E N .
where p = v and n = v are the energy density and dens-

ity of particles, respectively, where £ and V are the in-
ternal energy and volume of the system, respectively.
Now, we consider the open system as an adiabatic
FRW universe model as dQ = 0 with the creation or elim-
ination of the number of particles in the corresponding
system. In order to realize the creation of the particles, we
consider the volume of the universe as a sphere with a ra-
dius of the scale factor a(r) in the form of the relation-

ship V= 43—7Ta3 , so that Eq. (24) yields

p=(p+p)= =0, (25)

By taking the derivative from the relationship N = nV
with respect to time evolution, we can clearly obtain the
following relation:

n N

= — -3H. 26
n N b ( )

where we will immediately have

N
p+3H(p+p) =5 (p+p) =0, 27

and this equation is introduced as the modified continuity
equation by particle creation. In this case, the third sen-
tence provides negative pressure for matter inside the uni-
verse, which causes the present accelerated expansion.
Then, we clearly obtain the solution of Eq. (27) as below:

1+w,,
p= c(—) = Cnltor, 28)

where C is an integral constant.

Now, we can consider that the matter component
within the universe is dominated by the dynamical num-
ber of particles N; therefore, the matter creation is related
to theories of gravity and cosmology. It is interesting to
note that researchers consider the negative pressure for
Eq. (27) by a viscous fluid, but in this study, we tackle
this issue with the interacting model. The existence of in-
teraction between dark energy and dark matter affects the
formation of the structure and evolution of the universe.
Therefore, the coupling between dark energy and dark
matter leads to the evolution of a uniform distribution of
baryons in the formation of the structure of the universe
and instability in the dark parts from the early era to the
dominance of dark energy in the late era [68, 69]. This
means that particle creation is considered as an interac-
tion term between the universe components, that is,
particle creation is expressed by the conditions Q > 0 and
Q <0, for the source and sink of energy flow, respect-
ively. In this case, by applying Q > 0 and comparing Egs.
(22) and (27), we find the interaction term Q@ with particle
creation in the following form

Q= 2ol + o), 29)

where the rate of matter production is immediately ob-
tained as

N 3p
2oy (30)
N 14wy,

where N is given as follows:
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N = et /0%00 op 4= N(l+w,,,)/3b:, (31)

where c is an integral constant, assumed to be equal to 1.
By substituting Eq. (31) into Eq. (28), we obtain the en-
ergy density in terms of the scale factor as follows:

p=Cat=1-w), (32)

which shows that, by applying 5=0 and w, =0, we
reach the dominated universe with dust-like matter. Note
that Eq. (32) satisfies Eq. (22). However, Eq. (32) is dir-
ectly derived from (22), but with the particle creation ap-
proach, we can obtain the number of particles, N, as an
explicit function in the form of Eq. (31). In contrast, we
write the density parameter, €,,, as follows:

Q, =2, (33)

Pe

where p. = 3H?/«? is the critical density. We describe the
present density parameter as

2
K Po

, 34
e (34)

m, —

where Hy=67.4+0.5kms™ Mpc~! is the current Hubble
parameter, and here, we take Q,, =0.315+0.007 [70].
The matter energy density, p, is given by Egs. (32) and
(34) as

3HZQ,, ( a
iy g

)3(bz—1—w,,,)

p= , (35)

K a

where ag = 1 is the current scale factor.

V. OBSERVATIONAL CONSTRAINTS WITH
HUBBLE PARAMETER DATA

As mentioned in the previous section, we considered
an open system from the thermodynamic point of view
for an adiabatic FRW universe model, where there is no
heat exchange with the outside universe but the number
of particles within the system is created. Therefore, the
presence of particles within the universe leads to a modi-
fied continuity equation that is related to the interaction
term compared to the continuity equation of f(T') gravity.
With this perspective, we treat the number of particles N
as a function of the scale factor in the form of Eq. (31).
Therefore, in this work, the perspective of the particle
creation from the point of view of f(T') gravity is con-
sidered.

In what follows, we insert Eq. (32) into Egs. (18),
(19) and then we have

1 >
i pae = OHOr f + 2 f = 3Hg Qup, a*717), (36)

K Pde =— 2(H +3H?)drf + 24H*Horr f

——f 3w, H2Qy, ' 7170) _32¢H.  (37)

In order to solve the aforesaid Friedmann equations,
we need to find the form of the function f(7) in terms of
the torsion scalar. For this purpose, if we compare the
Friedmann Eq. (14) with the standard form of the Fried-
mann equation, we find function f(T) as f(T)=T -« VT.
Since we are dealing with the modified Friedmann equa-
tion (14), the form of function f(7) is expected to be dif-
ferent from the form of function f(T)=T -« \T. For this
purpose, we take the form of function f(7') as follows:

f(T)=T+aT( eﬁTo/T) ,/ﬁT In (ﬁ?’), (38)

where a and f are dimensionless parameters, and T, =
—6H§ is the current amount of the torsion scalar which
arises from Eq. (11). The above particular model is ex-
pected to demonstrate the crossing of the phantom di-
vided-line, which can solve dark energy as a serious chal-
lenge in cosmology. It should be noted that this choice is
mentioned in Refs. [71, 72].

In order to solve the current system, we substitute
Egs. (11), (31), and (38) into Eqgs. (36), (37) and then we
have

_3a 5 o N? SN 362 N?
Pde (2,3]‘1 -0 ﬁ € K2 N2
2 Ho N\ 3H3Qu,
w(as 14 2BNBHO N "N (39)
0 N K2

a N2 1
Pde =K—2[6(36— 2)—2 —2BH} (3 - 3)

N 4B°HyN*( NN
+26— — -
N & N2 N2
2 .
_2BHy NN ooz )
6 N2
_S(a+1)(36-2) N? _3§6N 25+ 1) N
K2 N2 2 N
2 .
_ 3H0w2QO(, N 2aH, ((36 1)_ ﬂ)
K \/_ N
(40)

where the dot symbol demonstrates the derivative with
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respect to time evolution, and we have =5 -1-w,,,
§=(1+wy)/3b*, and o =BH;/6*. Here we can see that
the Friedmann equations depend on the number of
particles, N, and its corresponding derivatives with re-
spect to time evolution.

Now we intend to reconstruct the aforesaid cosmolo-
gical quantities in terms of the redshift parameter, z,
which is written in terms of the scale factor by the rela-
tion a(t) =1/(1+z). We can write down the transforma-
tion between the derivative with respect to z and the de-
rivative with respect to time evolution as d/dr=
—H(1+7)d/dz. Therefore, Eq. (31) is written in terms of
the redshift parameter as

N=(+2", (41)

and we write N and N in terms of the redshift parameter
in the following form

N = -H(1 +2)N’, (42)

N(t) = HH' (1 +2*N’ + H*(1 + )N’ + H*(1 + 2N (2),
(43)

where the prime symbol indicates the derivative with re-
spect to the redshift parameter. We can see the variation
in the number of particles in terms of the redshift para-
meter in  Fig. 1. Figure 1 shows that the value of the
number of particles increases from the early universe to
the late universe.

In what follows, in order to solve the above scenario,
we take a particular model called the power-law cosmo-
logy model as below:

a(t) = (i)m (44)

0]

where #; is the present age of the universe, and m is a di-
mensionless positive coefficient [73, 74]. It should be
noted that if 7 = 7y, we will have a(ty) = ap = 1, which has
already been mentioned. The Hubble parameter yields

H= ? (45)
where the present age of the universe in terms of the
present Hubble parameter, Hy, is written as

th=—, 46
0= T (46)

where the coefficient m is introduced as a correction
factor. In this case, the Hubble parameter is obtained in
terms of the redshift parameter in the following form:

H = Hy(1+2)"/™, (47)

where only one free parameter is included, which in turn
is less complicated and can be easily calculated with ob-
servational constraints.

Since Eq. (47) is acquired by the power-law model in
terms of the redshift parameter, we have to deliberate the
correctness of using it in our model. For this purpose, we
fit the power-law model with 51 supernova data points
from observational Hubble parameter data [75—82], and
then, by using the likelihood analysis (the chi-square
value, x2. ), we obtain the value of m=0.95 for these
data. In this case, by using Eq. (46), the age of the uni-
verse is obtained as #y = 13.78 Gyr (note that the results
presented in this paragraph are the same as those in Ref.
[83], and we will not go into detail in writing).

Now, we can obtain N and N in terms of the pure
redshift parameter in the form

. H
N(l‘) = ?O(l +Z)(1/’”)*(1/5)’ (48)
2 —
N@) = Méz‘s)(l 1 7)@/m=(116), (49)
m

By inserting Eqgs. (48), (49) into Egs. (39), (40) we
have

O’H2 —2/m
pie = 0 (2,3— (1 +Z)2/m)eﬂ(l+z)

K
3(e+ DH? 6a8 \BH?>

+—— ()P %(1 +)l/m

K K

3HZQ

-1+, (50)

K

1.0
0.9
0.84
0.79

N
0.6
0.5
0.4
0.3

0 i 2 3 4 s
z
Fig. 1. Number of particles in terms of redshift parameter

for @ =0.001, 8=0.5, b=0.5, and w,, = 0.01.
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aH?
Pae =—— (=487 (1 +2)72" + Bm—2) (1 +2)*"
K m

—2B(3m— 1))eﬁ<1+zf”"’
2
_ 3H W, (14273 — Hy (
K2 K*m~B
+2a/H0(3m—1))(1 +)lm
GBm-2)(a+ D H}

K2m

m \/,E.f

(1+2)*™,

1)

which shows that p4. and pge are explicit functions of the
redshift parameter. We note that these obtained relation-
ships, i.e., those of the energy density and pressure of
dark energy, depend on a few free parameters that arise
from scenarios of the f(T)gravity, matter, particle num-
ber, and viscous fluid.

The variations of relationships pgq. and pge are plotted
in terms of the redshift parameter as shown in Fig. 2. It
should be noted that free parameters play an important
role in drawing the corresponding graphs. For this pur-
pose, we try to choose them by applying conditions such
as pge > 0 and pge < 0, especially in the late time (z = 0).
However, we consider the values of the free parameters
for the corresponding graphs as «=0.001, B8=0.5,
b=0.5, w,=0.01, and £=126,30,34. Fig. 2 shows that
the energy density decreases from a very high positive
value in the early time to a much lower positive value in
the late time (z=0), and the pressure decreases from a
very large negative value in the early time to a much
lower negative value in the late time (z = 0).

Since the dark energy EoS is one of the most practic-
al cosmic parameters, it can describe the nature of dark
energy and dark matter for different eras of the universe
from the Big Bang to the late time. Now, using pq. and
Pde, We clearly find the dark energy EoS as wge = pge/pde

300000
250000
200000

p de
150000

100000

50000

Fig. 2.
(line), £ =30 (dot), and ¢ = 34 (dash).

by Egs. (50), (51) (we avoid writing the corresponding
EoS because it is long). In that case, we can plot the vari-
ation in the dark energy EoS, wq., in terms of the redshift
parameter as shown in Fig. 3. Figure 3 shows that the
amount of EoS decreases from early time to late time,
i.e., the evolution of the universe changes from the mat-
ter era (wge > —1) to the phantom era or dark energy era
(wge < —1). Interestingly, the amount of EoS depends on
the effect of the viscous fluid; hence, from Fig. 3, we can
see that, when the amount of the viscosity coefficient in-
creases, the dark energy period occurs with more growth.
Therefore, this result indicates that the universe is under-
going an accelerated expansion phase, which is compat-
ible with the obtained results in Ref. [84] for EoS.

VI. STABILITY ANALYSIS

In this section, we study the stability and instability of
the present model from the thermodynamic perspective.
In this case, we employ a useful function called the sound
speed parameter, ¢2. Since the universe is an adiabatic
thermodynamic system, heat energy or mass is not trans-
ferred from the inside to outside of the universe. This
means that the entropy perturbation is zero, and the pres-
sure changes in terms of the energy density. Therefore,
we introduce the pressure-to-density ratio with the below
sound speed parameter:

0
_ zPde ’ (52)
6Zpde

2 apde
=
apde

where symbol 9, represents the derivative with respect to
the redshift parameter. Now, the parameter ¢ helps us
find the range of the redshift parameter wherein the uni-
verse is in a state of stability or instability. It should be
noted that the stability and instability analyses are ex-

-50000
~100000-
Py,

-150000+

=200000

T T T T T
0 1 2 3 4

[—e=26--" £=30 —— =34

Energy density and pressure of dark energy in terms of redshift parameter for @ =0.001, 3=0.5, b=0.5, w, =0.01, £=26
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(0]

[—e=26--" £=30 —— £=34]

Fig. 3. EoS of dark energy in terms of redshift parameter for
a=0.001, =05, b=0.5, wy =001, £=26 (line), & =30 (dot),
and & = 34 (dash).

pressed with conditions ¢ >0 and ¢? <0, respectively.
The variation in the sound speed parameter is plotted in
terms of the redshift parameter as shown in Fig. 4.
Figure 4 shows that the universe is in a phase of instabil-
ity in all eras, even with the existence of viscous fluid.
This instability indicates that the energy density of dark
energy does not exhibit a controllable growth.

Now, for a more complete description of our model,
we attempt to calculate the present values of the density
parameters for dark energy and dark matter. According to
the density parameter for dark matter (33), the density
parameter for dark energy is introduced in the form

Qg = 2%, (53)

C

where p, is the critical density. By inserting Eq. (35) into
Eq. (33), the variation in the density parameter for dark

0.68 1

0.66 1

0.64

de

0.62

0.60 1

0.58

Fig. 5.

-0.65

-0.70 1

—0.754-+

f080;

o ==

[—eg=26--"-- £=30 ——&=34]

Fig. 4. Sound speed parameter in terms of redshift paramet-
er for @ =0.001, 8=0.5, b=0.5, wy =0.01, £=26 (line), £ =30
(dot), and & = 34 (dash).

matter is plotted in terms of the redshift parameter as
shown in Fig. 5(right side). Similarly, we plot the vari-
ation in the density parameter for dark energy in terms of
the redshift parameter by substituting Eq. (51) into Eq.
(53) as shown in Fig. 5(left side). Figure 5 shows that the
value of Q,, decreases from the early universe to the late
universe, eventually reaching the current value of 0.315.
In contrast, the value of Q4. increases from the early time
to the late time, reaching the present value of 0.689.
Therefore, these calculations show that the proportion of
dark energy is increasing, which means that the universe
is under a phase of accelerated expansion.

VII. CONCLUSION

In this study, we explored particle creation from the
perspective of f(T) gravity using the flat-FRW metric in
the universe, which contains a viscous fluid. First, to ob-

0.42

0.40

0.384

0.36

0.344

0.324

Density parameters of dark energy and dark matter in terms of redshift parameter for @ = 0.001, g =0.5, »=0.5, and w,, = 0.01.
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tain the Einstein equation in f(T) gravity, we used the
Weitzenbock connection in teleparallel gravity instead of
the Levi-Civita connection in general relativity. The en-
ergy-momentum tensor was considered in terms of the
total energy density, total pressure, and pressure of bulk
viscosity of fluid within the universe. Next, we acquired
the Friedmann equations and EoS of dark energy in terms
of a function of torsion scalar 7 and its first and second
derivatives. Then, the continuity equations for the uni-
verse components were obtained by considering the inter-
action model. The interaction term Q was considered as
Q =3b>Hp, in which b? is the transfer strength from dark
matter to dark energy.

Another significant aspect of this paper is that the uni-
verse should be considered as an adiabatic system from
the perspective of the first law of thermodynamics. For
this purpose, we considered the creation of the number of
particles in this universe, and thus, we obtained the modi-
fied continuity equation for particle creation. An interest-
ing point is that the obtained continuity equation for mat-
ter creation has a negative pressure, which causes the
present accelerated expansion. Next, we acquired the en-
ergy density of matter in terms of the number of particles,
N, as shown in Eq. (28). Another interesting point is that
Eq. (27) is equivalent to Eq. (22). This means that we
consider particle creation to be equivalent to the ex-
change of energy between the components of the uni-
verse (same as the interaction term Q). The result of this
equivalency leads to obtaining the number of particles
and energy density of matter in terms of the scale factor.

Subsequently, we related the obtained energy density
of matter to Friedmann equations of f(7) gravity with a
specified function f(T) of Eq. (38), which is exponential
and logarithmic. In this case, we obtained the energy
density (39) and pressure (40) of dark energy in terms of
the number of particles N. Then, we reconstructed the
number of particles in terms of the redshift parameter; the
benefit of this reconstruction is that the cosmological
parameters can be evaluated for late time (z=0). For
evaluations in this study, we took the power-law for the
scale factor, and thus, we immediately acquired the
Hubble parameter (47) in terms of the redshift parameter.
After that, we used the result of Ref. [83] to fit the
Hubble parameter by the minimum chi-square value with
51 observational Hubble parameter data points. Then, we
plotted the graphs of the cosmological parameters such as
the energy density, pressure, and EoS of dark energy in
terms of the redshift parameter. These graphs indicated
that the universe is in a phase of accelerated expansion.
Further, stability analysis of the present model was in-
vestigated using sound speed, and the corresponding
graph showed that the universe is in an instability phase
during late time, i.e., the growth of the energy density of
dark energy is not controlled in the present universe. Fi-
nally, in order for the results to be consistent with the ob-
servational data, we calculated the density parameter val-
ues for dark energy and dark matter, which were 0.689
and 0.315, respectively, and also plotted them against the
redshift parameter.
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