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Abstract

:

Using   f ( T )   gravitational theory, we construct modified cosmological models via the first law of thermodynamics by using the non-extensive thermodynamics framework, the effects of which are captured by the parameter  δ . The resulting cosmological equations are modified compared to the standard Einstein-Hilbert ones, with the modifications coming from the   f ( T )   gravitational theory and from the non-extensive parameter which quantifies the non-extensive thermodynamics effects quantified by the parameter  δ , which when is set equal to unity, one recovers the field equations of   f ( T )   gravity. We study in detail the cosmological evolution of the model in the presence of collisionless non-relativistic matter case, and we derive the exact forms of the dark energy density parameter and of the dark energy equation of state parameter, from which we impose constraints on the non-extensive thermodynamics parameter,  δ , by using the Planck 2018 data on cosmological parameters. Accordingly, we repeat our calculations after including the relativistic matter along with the non-relativistic one, and we derive the new forms of the dark energy density parameter and of the dark energy equation of state parameter. Our study shows that the inclusion of non-extensive thermodynamic effects, quantified by the parameter  δ , for a flat Friedmann-Robertson-Walker Universe, has measurable differences compared with the normal thermodynamics case. We confront our results with Type Ia supernovae observations for   z ≥ 0.4   and we obtain reasonably agreement with the observational data.
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1. Introduction


Historical Review and Introductory Remarks


The focus of this work is on the study of non-extensive thermodynamics effects in   f ( T )   modified gravity. The motivation for examining non-extensive thermodynamics effects is coming mainly from the existence of “universality classes of systems”, for which the probability of each state, contributes equally to the entropy of the microscopic state. The widely known form of entropy is the Boltzmann-Gibbs (BG) entropy for several discrete states W and it reads,


   S  B G   = −  k B   ∑  i = 1  W   P i   l n   P i   ,  



(1)




with   k B   being the Boltzmann constant, and the sum    ∑  i = 1  W   P i  = 1   takes into account all the possible microscopic configurations W, and finally   P i   is the probability of each state i. For the specific case    P i  = 1 / W   and for equal probabilities, Equation (1) can be rewritten in the well-known entropy form [1,2],


   S  B G   =  k B   l n  W  .  



(2)







For a system in thermal equilibrium, the probability is written in terms of the temperature, T as follows [1,2],


   P i  =   e  − β  E i     Z  B G     ,  



(3)




where   E i   is the energy of the   i th   state of the system,   β =  1   k B  T    , and the partition function   Z  B G    is defined as [3],


   Z  B G   =  ∑  i  W   e  − β  E i     .  



(4)







The most remarkable fact in Boltzmann Gibbs statistics is the additive property, according to which, for a system A composed of two subsystems   A 1   and   A 2  , the total entropy can be written as,


   S  B G    ( A )  =  S  B G    (  A 1  )  +  S  B G    (  A 2  )   .  











On the Other hand, Tsallis statistics leads to non-extensive statistics in which the entropy is defined as,


   S q   (  A 1  +  A 2  )  =  S q   (  A 1  )  +  S q   (  A 2  )  +  ( 1 − q )    S q   (  A 1  )    S q   (  A 2  )   .  



(5)







In the limit of (  q → 1  ), the BG thermodynamics is recovered. However in the case that the non-additive property holds, the entropy of Equation (1) can be rewritten as follows [4,5]


   S q  ≡  k B     1 −  ∑  i = 1  W   P  i  q    q − 1    ,    ( q ∈ R )   ,  



(6)




where q is the parameter that quantifies the non-extensive properties effect, the so-called entropic index, which must be a real number. We can recover BG statistics in the limit   q → 1  . The range of values of the parameter q and its properties has been discussed in References [6,7,8,9] (In this work we will rename q as  δ ). Once wedetermine q it is easy to extract the other thermodynamical quantities like the partition function,


   P  i  q  =    [ 1 − β  ( q − 1 )   ε i  ]   1 / ( q − 1 )    Z q    ,  where   Z q  =  ∑  i = 1  W    [ 1 − β  ( q − 1 )   ε i  ]   1 / ( q − 1 )    .  



(7)







The great success of the well-established BG statistics for more than a century ago is the fact that it can be generalized for complex systems [10]. For complex systems, it is not so easy to extract their properties easily, since there are time-dependent interactions among their numerous constituents. Complex systems are not used only in the domain of physics but also in other domains like biology, economics, and so on [11]. For more details about the non-extensive statistics application in various fields in physics and astronomy see References [5,12,13,14,15,16]. Specifically, many systems deviate from the BG statistics, and it was necessary to generalize the original ones. These systems are, for example, systems with long-range interactions, ferromagnetism related systems pure-electron plasma two-dimensional turbulence systems. Complex systems effects can be found in the peculiar velocities of galaxies, black holes, high energy collisions of elementary particles, quantum entanglement, see, for example, Reference [17] and references therein.



In this paper, we are interested to use the generalized BG statistics in the context of cosmology. It is believed that the primordial Universe was very hot and dense, and after that, it began to expand during the inflationary era, and it changed its state from a plasma phase to a matter phase. During such expansion, there were different forms of matter fluids present. The Universe transitioned from being overwhelmed by radiation to a matter-dominated state. Now it is observed that the Universe has entered an era of accelerated expansion [18]. The generating power of such an accelerated expansion era is a sort of an unobserved negative pressure fluid dubbed dark energy. Many observations [19,20,21] have confirmed that (∼70%) of the evolution of the Universe is controlled by dark energy (DE) and (∼25%) is controlled by dark matter, while the rest is controlled the ordinary matter. Regarding all the discussion above, studying the dark energy equation of state (EoS) is a perfect way to parameterize the DE. In the present work we are going to investigate the effect of non-extensive thermodynamics on a specific modified gravity, the   f ( T )   gravitational theory.



In the literature, there are many alternative gravitational theories that can be used instead of general relativity (GR), and the motivation for studying these modifications is mainly the very own existence of dark energy, however astrophysical effects, slowly-by-slowly, also start to compel a modified gravity description [22,23,24,25,26,27]. mong these theories are the teleparallel equivalent of general relativity (TEGR) that was firstly used in (1928) by Einstein to formally unify gravity and electromagnetism [28]. In the TGER theory, the tetrad is used as a dynamical field which is considered as an alternative to the metric of GR. In this theory the affine connection is the non-symmetric Weitzenböck, contrary to GR in which the Live-Civita connection is used as the affine connection. By the use of Weitzenböck connection, one can get a curvature-less spacetime in which the gravitational field is defined in terms of the torsion tensor. The Lagrangian of the TEGR is based on the torsion scalar T that is constructed from the torsion tensor. There are many physical models in the solar system as well as in cosmology in the realm of TEGR theory [29,30,31,32,33,34,35,36,37,38,39].



Like in the case of   f ( R )   gravity, which is a modification of GR, in which the Ricci scalar R in the Lagrangian, is replaced by an arbitrary function [40,41,42,43], there is another modification of TEGR which is called   f ( T )   gravity theory [40,44,45,46,47,48,49,50]. Although TEGR is constructed in the Weitzenböck geometry, GR and TEGR theory are equivalent from the viewpoint of field equations. However, the generic forms of   f ( R )   and   f ( T )  , are inequivalent [51,52,53]. There are many interesting studies in the context of   f ( T )   gravity in order to describe dark energy and dark matter [54,55,56,57,58,59,60,61]. It is the aim of the present paper to study for the first time the effect of non-extensive thermodynamics on the cosmology of   f ( T )   gravity.



This work is organized as follows: In Section 2 we present the essential features of teleparallel gravity and   f ( T )   gravitational theory. Section 3 is devoted to present the mathematical framework of the model including dark energy and radiation contributions. Also, we study a cosmological model that includes dark energy and derive the modified energy density and pressure that contain the effects of the non-extensive thermodynamics. The study of a cosmological model including radiation is presented in Section 3.2 and the modified energy-density and pressure that contains the effect of the non-extensive thermodynamics are derived. Finally, in Section 3.3 we study the effect of the non-extensive thermodynamics on the distance modulus in the frame of   f ( T )   gravity. In Section 4 we analyze the results derived in the study and compare these with the observational data. Finally, the conclusions of our study are presented in Section 5.





2. Essential Features of   f ( T )   Gravity


In this section, we present the basic formalism and field equations of TEGR and its generalization,   f ( T )   gravity theory. It is essential to define the torsion, contortion tensors and superpotential, in order to construct the field equations of TEGR [62,63]. The torsion tensor is defined as,



	
Torsion tensor


   T α     μ ν   =  h a    α    [  ∂ μ   h a    ν  −  ∂ ν   h a    μ  ]   ,  



(8)




where    h a    ν    is the covariant form of the tetrad field in the four dimensional spacetime and its dual, which is the contravariant one, is given by    h a    α   . It is well-known that tetrad fields transform to a locally Lorentz frame, and the standard definition of the torsion is the anti–commutation of the connection coefficients. From the covariant and contravariant tetrads, we can define the orthogonality conditions as follows,


   h a    μ   h a    ν  =  δ μ    ν   ,    h a    μ   h b    μ  =  δ b a   .  



(9)







	
Contortion Tensor


    K  μ ν     α  = −  1 2    T  μ ν     α  −  T  ν μ     α  −  T α     μ ν     .   



(10)







The contortion tensor is skew symmetric in its first pair of indices as it is clear from Equation (10).



	
Superpotential


   S α     μ ν   =  1 2    K  μ ν     α  +  δ  α  μ    T  β ν     β  −  δ  α  ν    T  β μ     β    ,  



(11)




which is a skew symmetric in the last pair of indices.






The space-time indices (Greek ones,  μ ,  ν  and so forth. ⋯) are lowered or raised by the metric    g  μ ν   =  η  a b     h μ a    h ν b   , in which the Greek and Latin indices run from 0 to 3. Here   η  a b    = (−1, +1, +1, +1) is the Minkowski metric spacetime.



In the TEGR theory instead of the Levi-Civita connection of GR, the curvatureless connection is used, which is called the Weitzenböck one which is defined as [64]


   Γ λ     μ ν   ≡  h i    λ    h i     μ , ν    ,   w h e r e    h i     μ , ν   =  ∂ ν   h i    ν   .  



(12)







In TEGR theory, the gravitational field is described by the torsion tensor, unlike GR. In GR the Lagrangian contains the Ricci scalar “R” while in TEGR the Lagrangian contains the torsion scalar “T” which is defined as,


  T ≡  S σ     μ ν     T σ     μ ν    .  



(13)







The relation between the Ricci and torsion scalars is given by [65,66,67],


  R = T − t o t a l   d e r i v a t i v e   t e r m  ,  



(14)




which shows that TEGR and GR are completely equivalent at the field equations level.



The modified gravity theories emerged from the fact that, GR has shortcomings at infrared and ultraviolet scales [68] describing the observed Universe evolution. The acceleration of the Universe has been verified by observing standard candles and specifically the Type Ia supernovae (SNIa) [69,70]. The simplest modification of the Einstein-Hilbert gravity action is   f ( R )   gravity, in the context of which it is also possible to unify inflation with the dark energy era [71,72,73]. In the same line of research, TEGR is modified to   f ( T )   gravitational theory. This theory has many cosmological solutions, which provide an alternative explanation for the late-time acceleration of the Universe [74].



The gravitational action of   f ( T )   gravity has the following form, [46,75,76,77]


  I =  1  16 π G   ∫  d 4  x   | h |    [ f  ( T )  ]  +  L m  +  L R    ,  where  h = d e t  (  h a    μ  )  =   − g    .  



(15)




where, G is the gravitational constant and   L m  ,   L R   refer to the Lagrangians of matter and radiation.



Upon varying the gravitational action of Equation (15) concerning the tetrad field, we get the field equation of   f ( T )   gravity, which is a second-order differentiation equation, and has the form [77].


                           S μ    ρ ν    ∂ ρ  T  f  T T   +   h  − 1      h i   μ   ∂ ρ   h    h i   α     S α    ρ ν    −    T α    λ μ      S α    ν λ     f T  −  f 4   δ μ ν  = − 4 π     T  ( m )    μ    ν  +    T  ( r )    μ    ν   ,     



(16)




where   f : = f ( T )  ,    f T  : =   ∂ f ( T )   ∂ T    ,    f  T T   : =    ∂ 2  f  ( T )    ∂  T 2      and      T  ( m )    μ    ν    and      T  ( r )    μ    ν    are the matter and radiation energy-momentum tensors respectively.




3. Including Non-Extensive Thermodynamics Effects in   f ( T )   Gravity


In this section, we include the non-extensive thermodynamics effects in the theoretical framework of   f ( T )   gravity. The background metric is assumed to be homogeneous and isotropic metric, the Friedmann−Robertson−Walker (FRW) metric with line element [78],


  d  S 2  = − d  t 2  +  a 2   ( t )     d  r 2    1 − k   r 2    +  r 2  d  Ω 2    ,  where  d  Ω 2  = d  θ 2  + s i  n 2  θ  d  ϕ 2   ,  



(17)




where   a ( t )   is the scale factor and   k = ( 0 , + 1 , − 1 )   is a constant denoting the curvature of the (flat, closed and open) spacelike hypersurfaces respectively. The above metric can be represented using the tetrad written in spherical polar coordinate    x 0  ≡ t  ,    x 1  ≡ r  ,    x 2  ≡ θ   and    x 3  ≡ ϕ   as follows:


      h a   μ   =     1   0   0   0     0      L 1  sin θ cos ϕ   4 a ( t )        L 2  cos θ cos ϕ − 4 r  k  sin ϕ   4 r a ( t )      −    L 2  sin ϕ + 4 r  k  cos θ cos ϕ   4 r a ( t ) sin θ        0      L 1  sin θ sin ϕ   4 a ( t )        L 2  cos θ sin ϕ + 4 r  k  cos ϕ   4 r a ( t )        L 2  cos ϕ − 4 r  k  cos θ sin ϕ   4 r a ( t ) sin θ       0      L 1  cos θ   4 a ( t )       −  L 2  sin θ   4 r a ( t )       k   a ( t )       ,  



(18)




where    L 1  = 4 + k  r 2    and    L 2  = 4 − k  r 2   .



Now we are going to present the modified Friedman equations related to the first law of thermodynamics. Then we will demonstrate how the non-extensive thermodynamics, which is linked to the modified gravity   f ( T )   via the entropy, can be included and yield interesting results for the late-time evolution of the Universe.



Let us begin with the quadratic form of   f ( T )   gravity [75,79],


  f  ( T )  = T + β  T 2   ,  



(19)




where  β  is a dimensionful parameter that will be determined later. The torsion scalar of FRW spacetime of Equation (18) takes the form [59,80]


  T =   6 k − 6   a ˙  2    a 2   = − 6   H 2  −  k  a 2    = − 6  H 2   ( 1 +  Ω k  )   ,  



(20)




where   Ω k   is the curvature energy density parameter    Ω k  =   − k    a 2   H 2     . We will define shortly the black hole entropy (Hawking version) and then the non-extensive form, and use this to the modified gravity field equations by using the first thermodynamic law. Using Equations (18) and (20) in the field Equations (16) assuming,      T  ( r )    μ    ν  = 0   we get [35,80],


         3  H 2  + 3  k  a 2   +  f 4  + 3  H 2   f T  = 8 π  ρ m   ,         3  H 2  + 2  H ˙  = − 4 π  [  ρ m  +  ρ  e f f   + 3  (  p m  +  p  e f f   )  ]  ,     



(21)




where,


   ρ  e f f   = −  1  16 π    ( f + 12  H 2   f T  )   ,   p  e f f   =  1  16 π    [ f + 12  H 2   f T  + 4  H ˙   (  f T  − 12  H 2   f  T T   )  −   4 k   a 2    (  f T  + 12  H 2   f  T T   )  ]  ,  



(22)




and   ρ m   and   p m   are the energy density and pressure.



	
The Black Hole entropy



The black hole entropy, namely the Bekenstein−Hawking entropy, is defined as follows [81],


  S =  A  4 G    ,  



(23)




which is also known as the horizon entropy. Equation (23) is totally proportional to the area A of the apparent horizon (  A = 4 π  r  a  2   ), with the radius of the horizon   r a   being defined as    r a  =  1 H   , where H is the Hubble parameter. For the non-flat case the radius of the horizon takes the form [82],


   r a  =  1    H 2  +  k  a 2       .  



(24)







	
Entropy and   f ( T )   Linkage



The black hole entropy can also be defined using different assumptions, see for example References [83,84,85]. The black hole entropy in   f ( T )   gravity is given by [86],


  S =    f T  A   4 G    .  



(25)










Now we are going to generalize the above black hole thermodynamics by taking into account non-extensive effects. The generalization of the entropy in non-extensive statistics [4,5,87,88], is described by the so-called Tsallis entropy [89], which is given by,


  S =   α ˜   4 G    A δ   ,  



(26)




where   α ˜   is a positive constant that has dimension   L  2 ( 1 − δ )   , and  δ  is the non-extensive tuning parameter, which quantifies the non-additive thermodynamics phenomena. The first law of thermodynamics is defined as   − d U =  T h  d S  , with   d U   being the internal energy which can be changed by the transfer of energy as a heat   − d U = δ Q   and the horizon temperature or the Hawking temperature is defined as


   T h  =  1  2 π  r a    .  



(27)







In our work we adopt   f ( T )  -gravity theory Equation (19) and by taking into account the definitions of   r a   and A, the heat flow for an infinitesimal time interval   d t   through the horizon is defined as [90,91],


   T h   d S = − d U = A   (  ρ m  +  P m  )   H   r a  · d t  ,  



(28)




where   ρ m   and   P m   are the matter density and pressure respectively. Using Equations (27), and Equation (28), from the radius definition in Equation (24) we get,


         ( 4 π )   2 − δ    G   α ˜     (   ρ m  +  P m  )      =    − δ    H ˙  −  k  a 2       H 2  +  k  a 2     δ − 1    − 12  β   H ˙     H 2  +  k  a 2     δ − 2               + 12  β  δ     H 2    H ˙  −  k  a 2        H 2  +  k  a 2     δ − 1        



(29)




where the “dot” over H denotes the derivative of the quantity with respect to the cosmic time. We can extract   H ˙   from Equation (29) by using the conservation law of the matter fluid,


    ρ ˙  m  + 3  H   (    ρ m  +  P m   )  = 0  .  



(30)







By substituting Equation (30) into Equation (29) and integrating both sides with respect to the cosmic time, we finally get,


     −    ( 4 π )   2 − δ    3  α ˜    G   ρ m     =     δ  2 ( 2 − δ )      H 2  +  κ  a 2     2 − δ   +   12  β   2  ( 3 − δ )      H 2  +  κ  a 2     3 − δ            + 6  β  δ    H 2  +  κ  a 2     2 − δ       H 2  +  k  a 2     ( δ − 3 )   +   k  a 2    ( 2 − δ )    −   C ˜   3  α ˜    .     



(31)







This is the first appearance of the effect of Tsallis entropy in   f ( T )   gravity, and   C ˜   is a constant of integration.



3.1. Late-Time Evolution of the Universe


Now let us consider the effects of the non-extensive thermodynamics during the late-time era of our Universe. The modified Friedmann Equations (29) and (31) can be rewritten as,


      H 2  =   8 π G  3    ρ m  +  ρ  D E     ,    H ˙  = − 4 π G   ρ m  +  P m  +  ρ  D E   +  P  D E     ,     



(32)




where    ρ  D E   ,  P  D E     are the density and pressure of the dark energy fluid. In the present work and for the flat FRW spacetime, after using    α ˜  ≡ α   ( 4 π )   1 − δ     and    C ˜  ≡ C   ( 4 π )   1 − δ    , we get the dark energy–density,


   ρ  D E   =  3  8 π G     H 2   1 − α   δ  2 − δ      H 2    1 − δ   +   12  β  ( 1 + δ )   ( 3 − δ )      H 2    2 − δ     +  C 3    ,  



(33)




and the pressure of the dark energy,


     P  D E     =      − 1   8 π G    2   H ˙   1 + α  δ   H  3 − 2 δ   + 12  β   H  3 − δ   − 12  β  δ   H  4 − 2 δ                 +   − 3   8 π G     H 2   1 − α   δ  2 − δ      H 2    1 − δ   +   12  β  ( 1 + δ )   ( 3 − δ )      H 2    2 − δ     +  C 3    .     



(34)







Dividing Equation (34) with Equation (33), after some algebra, we get the EoS for the dark energy which takes the form,


   ω  D E   =   P  D E    ρ  D E    = − 1 −  2 3     H ˙   1 + α  δ   H  − 2 δ + 3   + 12  β  α   H  3 − δ   − δ   H  2 ( 2 − δ )        H 2   1 − α   δ  2 − δ      H 2    1 − δ   +   12  β  ( 1 + δ )   ( 3 − δ )      H 2    2 − δ     +  C 3    .  



(35)







The matter and dark energy density parameters are defined as follows, [91],


   Ω m  =   8 π G   3  H 2      ρ m   ,    Ω  D E   =   8 π G   3  H 2      ρ  D E    ,  



(36)






   ρ m  =   ρ  m , 0    a 3     where   ρ  m , 0   =   3  Ω  m , 0    H  0  2    8 π G    ,  and   Ω  m , 0   ∼  Ω m   ( z = 0 )  ∼ 0.3  .  



(37)




where the subscript   ‘ ‘ 0 "   refers to the present value. Let us assume for the moment that the only matter perfect fluid present is non-relativistic matter (   ω m  = 0  ) so upon using Equation (37) in Equation (36) we get,


  H =     Ω  m , 0     H 0      a 3   ( 1 −  Ω  D E   )      .  



(38)







By differentiating Equation (38) we get,


   H ˙  = −   H 2   2 ( 1 −  Ω  D E   )    3  ( 1 −  Ω  D E   )  +  ( 1 + z )   Ω  D E  ′    ,  



(39)




where we used the redshift z from the relation   ( 1 + z =  a 0  / a )   and we have set    a 0  = 1  , with   a 0   being the scale factor at present time. It is important to keep in mind that   Ω  D E    is a function of z. Collecting all the above data and substituting Equation (33) into Equation (36) and with the help of Equation (38), we obtain the final form of dark–energy density of the flat FRW Universe,


   Ω  D E    ( z )  = 1 −    ( 1 − δ )   σ 1   ( z )  +  ( 2 − δ )   σ 2   ( z )     ( 1 − δ )   σ 2   ( z )  − δ   σ 1   ( z )  −  σ 3   ( z )  + 1    ,  



(40)




where,


          σ 1   ( z )  ≡   − α  δ   ( 2 − δ )      Ω  m , 0    H  0  2    ( 1 + z )  3    − δ   ,   σ 2   ( z )  ≡   − 12  α  β   ( 3 − δ )      Ω  m , 0    H  0  2    ( 1 + z )  3    1 − δ    ,          σ 3   ( z )  ≡  C  3   Ω  m , 0    H  0  2    ( 1 + z )  3      .     



(41)







We can evaluate the value of C by putting   z = 0   in Equation (40) and we get,


  C =   3  α  δ   ( 2 − δ )      [  Ω  m , 0    H  0  2  ]   1 − δ   +   36  α  β   ( 3 − δ )      [  Ω  m , 0    H  0  2  ]   2 − δ   + 3  [  Ω  m , 0    H  0  2  ]   .  



(42)







Equation (42) indicates that in the frame of   f ( T )   gravity, the parameter  δ  can take any value except for 2 or 3. Moreover,  β  can be extracted by putting   C = 0   in Equation (42) and study the relation between   β , δ   see Figure 1. In addition, if   δ = 1   we get the standard extensive thermodynamics case, and if   δ > 1   we get the non-extensive thermodynamics effects. Now let us consider some useful statefinder quantities, and the most important statefinder is the deceleration parameter which is defined as,


  q ≡ − 1 −   H ˙   H 2    ,  



(43)




so by substituting Equation (39) in Equation (43), we get   q ( z )   in the form [91],


     q  ( z )  = − 1 +  1  2  1 −  Ω  D E    ( z )      3  1 −  Ω  D E    ( z )   +  ( 1 + z )   Ω  D E  ′   ( z )    .     



(44)







As a first task, let us investigate how the integration constant C behaves as a function of the non-extensive phenomena parameter  δ , with the two being related by Equation (42). In Figure 1a, we plot the non-extensive parameter,  δ , versus the constant of integration C given by using Equation (42) and we can compare our result with the one studied in Reference [91], appearing in red color. The difference in the behavior of the  δ  versus the constant C between our model and the model presented in Reference [91] is due to the contribution of modified higher–order torsion theory.



Moreover, the relation between the non-extensive parameter,  δ , and the dimensional parameter responsible for the higher order torsion,  β , is shown in Figure 1b. This figure shows that in the present   f ( T )  –model, the dimensional parameter  β  can take positive and negative values. From Equation (42) we can extract the value of  β  given the value of the constant C. Figure 1b depicts a rapidly decreasing  β  with increasing  δ  which supports our study.




3.2. Evolution Including Relativistic Matter


Now we, are going to include relativistic matter and repeat the study of the previous subsection. In this case, Equation (32) can be rewritten after including the radiation pressure and density   P r   and   ρ r   as, [91]


      H 2  =   8  π G  3     ρ m  +  ρ  D E   +  ρ r   ,   H ˙  = − 4  π G    ρ m  +  P m  +  ρ  D E   +  P  D E   +  P r    .     



(45)







The matter parameters   Ω i   can be written,


   Ω m  +  Ω  D E   +  Ω r  = 1 ,  








with,


   Ω r  ≡   8  π G   3  H 2      ρ r   .  



(46)







Using, Equation (45) we can get the Hubble parameter and its derivative [91], -4.6cm0cm


  H =     Ω  m , 0      H 0      a 3   ( 1 −  Ω  D E    ( z )  −  Ω r   ( z )  )      ,   H ˙  =   −  H 2   2     3   Ω  m , 0   + 4   Ω  r , 0    ( 1 + z )     Ω  m , 0   +  Ω  r , 0    ( 1 + z )    +    ( 1 + z )   Ω  D E  ′    ( 1 −  Ω  D E    ( z )  )     ,  



(47)




where,


   Ω r   ( z )  =    Ω  r , 0    ( 1 + z )   [ 1 −  Ω  D E    ( z )  ]     Ω  m , 0   +  Ω  r , 0    ( 1 + z )     ,  



(48)




and    Ω r   ( z = 0 )  =  Ω  r , 0   = 0.000092   [91]. Inserting Equation (48) and Equation (33) into Equation (47) and solving for    Ω  D E    ( z )    we get,


      Ω  D E    ( z )     =    1 −    ( 1 − δ )    Σ 1   ( z )  +  ( 2 − δ )    Σ 2   ( z )  +  Σ 3   ( z )  + 1    ( 1 − δ )    Σ 2   ( z )  − δ   Σ 1   ( z )  + 2  Σ 3  + 2    ,     



(49)




where,


      Σ 1   ( z )      =  σ 1   ( z )     Ω  m , 0    H  0  2    ( 1 + z )  3      1 −   Ω  r , 0     Ω  m , 0   +  Ω  r , 0    ( 1 + z )      ( δ − 1 )    ,        Σ 2   ( z )      =  σ 2   ( z )     Ω  m , 0    H  0  2    ( 1 + z )  3      1 −   Ω  r , 0     Ω  m , 0   +  Ω  r , 0    ( 1 + z )      ( δ − 2 )    ,        Σ 3   ( z )      =  σ 3   ( z )    1 −   Ω  r , 0     Ω  m , 0   +  Ω  r , 0    ( 1 + z )      .     



(50)







The above relations will be useful for our numerical analysis to be performed in the forthcoming subsections.




3.3. The Distance Modulus within Non-Extensive   f ( T )  -Gravity


In this subsection, we shall consider some quantities that we will confront with the observational data. Specifically, we shall consider the luminosity distance   d L  , which is the distance from a celestial object in which the flux, F, is determined by [92,93]    d L  =   L / ( 4 π F )     with L being luminosity. Moreover, the fainter stars have large magnitudes while the brightest stars have magnitudes equal to zero. Vega is a star that has approximately zero magnitude. Therefore, the apparent magnitude of m is defined as,


  m =  m  V e g a   − 2.5  l o g  ( F /  F  V e g a   )   ,  



(51)




and the absolute magnitude M is defined as


  μ = m − M = 5  l o g (  d L  / 10 p c )  .  



(52)







Consequently, the absolute magnitude M is equal to the apparent magnitude m if it is   10 p c   away that is approximately the distance to Vega [92]. For   d L   in units of Megaparsecs, the distance modulus is defined as [69,91],


  μ = m − M = 5  l o g (  d L  ) + 25  ,  



(53)




where, the luminosity distance   d L   can be calculated theoretically as,


   d L  =  ( 1 + z )    ∫  0  z    [ H  (  z ′  )  ]   − 1   d  z ′   ,  



(54)




where   H (  z ′  )   can be calculated from Equation (47) with the substitution of Equations (48) and (49) into Equation (47). Accordingly, Equation (54) shall be solved numerically.





4. Results of Our Numerical Analysis and Confrontation with the Observations


In this section, we shall perform a numerical analysis, and we shall investigate the behavior of several quantities of cosmological interest as functions of the redshift. Particularly, we shall be interested in the matter–energy density parameter    Ω m   ( z )   , the dark energy density parameter    Ω  D E    ( z )   , the dark energy EoS parameter    w  D E    ( z )    and the deceleration parameter   q ( z )  . All these quantities are calculated in the absence of relativistic matter and we shall leave as free parameter the non-extensive parameter  δ  which is constrained by the non-extensive statistics [4] and it is believed that it should be greater than unity [94,95].



Finally, we calculate the distance modulus and our theoretical results are confronted with the observations coming from Type Ia supernovae (SNe Ia). It is known that   f ( T )  -gravity violates the first law of thermodynamics [86], and to avoid such a violation it is required that      f  ′ ′    ( 0 )     f ′   ( 0 )    < 0  . In this work, and to avoid the violation of the first law of thermodynamics, we take   β < 0   which is supported by our model for all   δ > 1  .



In Figure 2 we present the evolution of the dark energy and matter density parameters for   δ = 1   (left plot), and for   δ = 1.1   (right plot). As it obvious from Figure 2, the effect of the parameter  δ  is significant.



It is notable that for   δ = 1  , the dark energy density parameter becomes    Ω  D E    ( 0 )  = 0.814   while    Ω m   ( 0 )  = 0.185  , and for   δ = 1.1  ,    Ω  D E    ( 0 )  = 0.48 ,  Ω m   ( 0 )  = 0.51  , which are both compatible with the Planck constraints and on the latest cosmological parameters [96,97].



We used the reduced Planck units in which (  ℏ = c =  k B  = 1  ) then,    M P  ,  ℓ P    = 1. Therefore, all calculations are done in units of   H 0   = 1.



The dark energy EoS parameter is plotted in Figure 3 (left plot) for different values of  δ , that is, at   δ = 1 ,  1.1 ,  1.2  and   1.3  . As it is obvious from the left plot in Figure 3, the EoS increases rapidly as a function of the redshift.



Also in the right plot of Figure 3, we present the deceleration parameter   q ( z )   as a function of the redshift, for   δ = 1   which shows the transition from negative to positive values while at   δ > 1   shows different phases of transition from positive to negative, and then to positive again for the same redshift values. Interestingly enough, the behavior of the redshift for many values of the parameter   δ > 1   shows that the Universe decelerates initially until   z ∼ O ( 1 )  , then decelerates until the present time, and contrary to the   δ = 1   case, the Universe accelerates at a slower rate, until it starts to accelerate again.



Now we are going to introduce the effect of radiation into the dark energy density and the corresponding EoS parameter and repeat all the above studies. The radiation in Equation (48), contributes to the dark energy density of Equation (49). In Figure 4 we present the dark matter density parameter (left plot), and the dark energy EoS parameter (right plot), after including the radiation perfect fluid effects. We can notice that the total density of the universe is still preserved, that is, at   z = 0  , we have  Ω (z)  ∼ 1  .



Finally, the distance modulus is calculated and plotted in Figure 5 using Equation (54) for different values of the non–extensive parameter, namely   δ = 1 , 1.1  . For the sake of comparison we also plot the distance modulus of GR in Figure 5 appearing in blue solid curve. It is clear that, the distance modulus is consistent with the observational data presented in References [98,99,100,101] at   z > 0.4  . According to the Hubble Space Telescope [102], we find that there is an agreement between our results for   z > 0.4   which means that the modified   f ( T )   gravitational theory can describe the fainter stars better than the brighter ones that is, at larger redshifts.




5. Conclusions


In the present work, we have explored the effect of non-extensive thermodynamics that emerge from Tsallis generalized statistics of the apparent horizon, in the context of   f ( T )   gravitational theory. We have applied a polynomial of order two of   f ( T )   (We use the polynomial form of   f ( T )   since it is the one with the best agreement with cosmological data [103,104,105]) which in turn converted to a linear form, the TEGR case, in the lower order. We have obtained analytic expressions of the modified Friedman equations using the first law of thermodynamics and from them, we derived the modified dark energy–density parameter and the EoS parameter of the Universe. The dark energy density of the Universe was studied in the presence or absence of the radiation fluid. We left the non–extensive thermodynamics parameter,  δ , as a free parameter, and the value   δ = 1   recovers the traditional   f ( T )   gravity results, while the values   δ > 1   quantifies the Tsallis generalized statistics effects.



We note that the deceleration parameter shows a phase transition from deceleration to acceleration epoch in the case   δ = 1   which is the case of the most commonly used   f ( T )   gravity [106]. For the case   δ > 1  , the effect of the Tsallis generalized statistics appear and give a good contribution that is consistent with Type Ia-supernovae observations at large redshifts, when the modulus distance is studied. Interestingly enough, for the non-extensive thermodynamics case, the deceleration parameter behavior indicates a future deceleration of the Universe. In this study, we assumed a polynomial form for the   f ( T )   gravity, however, if we change the   f ( T )   from polynomial to another type, a different phenomenology may be obtained.



In conclusion, our study indicates that in the frame of   f ( T )   gravitational theory, the value of the non-extensive parameter  δ  should be in the range   1 < δ ≤ 1.2  , in order for our theoretical predictions to be consistent with observational data, as shown in Figure 5.
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Figure 1. (a) The relation between the non-extensive parameter,  δ , versus the integration constant C given in Equation (42) and also a comparison between these two parameters presented in the study in Reference [91] (red curve) (b) The relation between the non-extensive thermodynamics  δ  and the dimensional parameter  β . 
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Figure 2. The left-panel is the matter density   Ω m   (solid-red) and the dark energy density   Ω  D E    (dot-dashed black), as a function of the redshift z, for which   β = − 0.027  ,    H 0  = 1  ,   α = 1   and  δ  = 1. The right panel is the same densities at  δ  = 1.1, and   β = − 0.103  . 
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Figure 3. Different behaviors of the EoS of dark energy,   ω  D E   , (right-panel) verses the red-shift z, for different values of the non-extensive   δ = 1 , 1.1 , 1.2 , 1.3  . The deceleration parameter   q ( z )   at different values of the non-extensive   δ = 1 , 1.1 , 1.2   is draw in (right-panel). 
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Figure 4. The behavior of the dark-energy and matter content densities given in the left and the right panel calculated for each value of  β , and for    H 0  = 1  ,   α = 1  . 
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Figure 5. The dark energy EoS parameter for different values of  δ  including the relativistic matter perfect fluid effects. 
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