arXiv:1204.0223v1 [physics.gen-ph] 3 Feb 2012

Magnetized dark energy and the late time acceleration

Anil Kumar Yadav^∗ Department of Physics, Anand Engineering College, Keetham, Agra 282 007, India

Farook Rahaman^† Department of Mathematics, Jadavpur University, Kolkata 700 032, West Bengal, India

Saibal Ray^‡ Department of Physics, Government College of Engineering & Ceramic Technology, Kolkata 700 010, West Bengal, India

G. K. Goswami Department of Mathematics, Kalyan P. G. College, Bhilai 490 006, India (Dated: April 3, 2012)

In the present work we have searched the existence of the late time acceleration of the Universe. The matter source that is responsible for the late time acceleration of the Universe consists of cosmic fluid with the equation of state parameter ω =^p_ρ and uniform magnetic field of energy density ρB . The study is done here under the framework of spatially homogeneous and anisotropic locally rotationally symmetric (LRS) Bianchi-I cosmological model in the presence of magnetized dark energy. To get the deterministic model of the Universe, we assume that the shear scalar (σ) in the model is proportional to expansion scalar (θ). This condition leads to A = B^n, where A and B are metric functions and n is a positive constant giving the proportionality condition between shear and expansion scalar. It has been found that the isotropic distribution of magnetized dark energy leads to the present accelerated expansion of the Universe and the derived model is in good agreement with the recent astrophysical observations. The physical behavior of the Universe has been discussed in details.

PACS numbers: 04.40.Nr, 04.20.Jb, 98.80.Jk

I. INTRODUCTION

The cosmological observations from type Ia supernovae [1, 2], cosmic microwave background (CMB) and clusters of galaxies [3] etc, all suggest that the expansion of the present Universe is speeding up rather than slowing down. This at once indicates that the baryon matter component is about 4% of the total energy density and about 96% of the energy density in the Universe is invisible which opposes the self attraction of matter and causes the observed expansion of the Universe to accelerate. This acceleration is characterized by the negative pressure and the positive energy density and hence violates the strong energy condition. This violation gives a reverse gravitational effect. Due to this effect, the Universe gets a jerk and the transition from the earlier deceleration phase to the recent acceleration phase takes place [4].

Theorists may debate on the relative merits of various cosmic-acceleration theories but it is, however, at the end of the day depends on the observational outputs to decide which theory is correct. We notice a recent trend in analysis of SN Ia data, which departs from an objective assessment of a theory by observations. Everybody would agree that the first step in fitting the observational data to a theory is to check whether the theory is consistent with the data for viable values of its free parameters. In order to do this, there are two standard ways available in science: (i) the Bayesian approach, which gives a relative rather than an absolute measure of how a theory is good, and (ii) the maximum likelihood approach, under which one minimizes χ^2 and hence measures the deviations of the theoretical predictions from the observations.

In physical cosmology and astrophysics, the simplest candidate for the dark energy (DE) is the cosmological constant (Λ). However, it needs to be extremely fine-tuned to satisfy the current value of the DE density, which is a serious problem. Alternatively, to explain the decay of the density, the different forms of dynamically changing DE with an effective equation of state (EoS), ω = p/ρ < −1/3, were proposed instead of the constant vacuum energy density. Other

∗Electronic address: abanilyadav@yahoo.co.in †Electronic address: rahaman@iucaa.ernet.in ‡Electronic address: saibal@iucaa.ernet.in

possible forms of DE include quintessence (ω > −1) [5], phantom (ω < −1) [6] etc. While the possibility ω << −1 is ruled out by current cosmological data from SN Ia (Supernovae Legacy Survey, Gold sample of Hubble Space Telescope) [7, 8], CMBR (WMAP, BOOMERANG) [9, 10] and large scale structure (Sloan Digital Sky Survey) [11], the dynamically evolving DE crossing the phantom divide line (PDL) (ω = −1) is mildly favored. The latest results in 2009, obtained after a combination of cosmological data-sets coming from CMB anisotropies, luminosity distances of high red-shift type Ia supernovae and galaxy clustering, constrain the dark energy EoS to −1.44 < ω < −0.92 at 68% confidence level [11, 12].

Under the above circumstances, in recent years Bianchi universes have been gaining an increasing interest of observational cosmology, since the WMAP data [12–14] seem to require an addition to the standard cosmological model with positive cosmological constant that resembles the Bianchi morphology [15–18]. According to this, the Universe should achieve a slightly anisotropic special geometry in spite of the inflation, contrary to generic inflationary models and that might be indicating a nontrivial isotropization history of Universe due to the presence of an anisotropic energy source. The anomalies found in the cosmic microwave background (CMB) and large scale structure observations stimulated a growing interest in anisotropic cosmological model of Universe. Here we confine ourselves to model LRS Bianchi-I whose spatial sections are flat but the expansion or contraction rate are direction dependent. For studying the possible effects of anisotropy in the early Universe based on the present day observations many researchers [19–25] have investigated Bianchi type-I models from different point of view. Some Authors [26–32] have studied anisotropic DE models even with constant deceleration parameter (DP).

It is argued that in the early times, the magnetic field had the significant impact on the dynamics of the Universe depending on the direction of the field lines [33, 34]. Several authors have used Bianchi models to investigate the influence of the magnetic field on the evolution of the Universe. Among them, Milaneschi and Fabbri [35] studied the anisotropy and polarization of CMB radiation where as, Jacobs [36] explored the effect of a uniform primordial magnetic field. Both the investigating groups used Bianchi-I model of the Universe. Jacobs [36] argued that in the early stages of the evolution of the Universe, the magnetic field produced large expansion anisotropies during the radiation-dominated phase whereas it has negligible effect during the dust-dominated phase.

Recently Sharif and Zubair [37] studied the dynamics of Bianchi-I universe with magnetized anisotropic dark energy. In the presenr work, however, we present a magnetized dark energy model with time varying DP in LRS Bianchi- I spacetime. The investigation is organized as follows: The metric and field equations are presented in section 2. Section 3 deals with the exact solutions of field equations and physical behavior of the model. The comparison between Hubble’s parameter (H) and distance modulus (μ) of derived model and observational H(z) and μ(z) are presented in section 4 respectively. Finally the results are discussed in section 5.

II. THE METRIC AND FIELD EQUATIONS

We consider the LRS Bianchi type I metric of the form

ds^2 = −dt^2 + A^2dx^2 + B^2 ( dy^2 + dz^2 ) , (1)

where, A and B are functions of t only. This ensures that the model is spatially homogeneous. This spacetime has one transverse direction x and two equivalent longitudinal directions y and z. We assume that the Universe is filled with isotropic fluid in which magnetic field is oriented along z-axis. The scale factor A(t) in the transverse direction, perpendicular to magnetic field while B(t) along the direction of field lines. King and Coles [34] and Jacobs [36] used the magnetized perfect fluid energy-momentum tensor to discuss the effects of magnetic field on the evolution of Universe. Recently Sharif and Zubair [37] have studied Bianchi-I cosmological model in the presence of magnetized anisotropic dark energy.

The Einstein’s field equations, in the units 8πG = c = 1, read as R^i_j − 1 2 g^i_j R = −T^i_j , (2)

where T^i_j is the energy momentum tensor cosmic fluid and it is given by T^i_j = diag[−ρ + ρ_B , −ωρ + ρ_B ; , −ωρ − ρ_B , −ωρ − ρ_B ], (3) where ρ is the energy density of cosmic fluid, ρ_B is the energy density of magnetic field, ω = p/ρ is the EoS parameter of cosmic fluid and p is the pressure of the cosmic fluid. It is important to note here that the EoS parameter (ω) is not necessarily constant [38].

Therefore, the Einstein’s field equations (2) for the line-element (1) reduce to the following system of equations 2 B̈ B + Ḃ2 B^2

= −ωρ + ρ_B , (4)

Ä A + B̈ B + ȦḂ AB = −ωρ − ρ_B , (5)

Ḃ2 B^2 + 2 ȦḂ AB = ρ + ρ_B . (6)

Here, and in what follows, over-dots indicates differentiation with respect to t. The energy conservation equations T^i_{j;i} = 0, related to the two equations for cosmic fluid and magnetic field [34], are as follows ρ̇ + 3(1 + ω)ρH = 0, (7)

ρ_B = β B^4

. (8)

Here β is positive constant and H is the mean Hubble parameter, which for LRS Bianchi-I space-time can be defined as H = ȧ a = 1 3 ( Ȧ A + 2 Ḃ B ) , (9)

with a being the average scale factor of LRS Bianchi type-I model and can be expressed as

a = (AB^2)^{13} . (10) The spatial volume (V) is given by V = a^3 = AB^2. (11) The expansion scalar (θ), the shear scalar (σ) and the mean anisotropy parameter (A_m) are defined as

θ = 3H = Ȧ A + 2 Ḃ B , (12)

σ^2 = 1 2 (_3 ∑ i=1 H^2_i − 1 3 θ^2 ) , (13)

A_m = 1 3 3∑ i=1 ( H_i − H H )_2

. (14)

III. SOLUTIONS TO THE FIELD EQUATIONS

In order to solve the field equations completely, we constrain, the system of equations with proportionality relation of shear (σ) and expansion scalar (θ). This condition leads to the following relation between metric potentials A = B^n, (15) where n is the positive constant.

Eqs. (4), (5) and (15) lead to B̈ B + (n + 1) Ḃ2 B^2 + 2β (n − 1)B^4

= 0. (16)

FIG. 1: Plot of deceleration parameter q versus time T .

FIG. 2: Plot of EoS parameter ω versus time T .

The general solution of the Eq. (16) is given by t = ∫ dB n_1B^{−(n+1)} √_{2ℓ} (k+1) B k+1 n1 + c_1

, (17)

where ℓ =^β_{n1 (1−n)} , k = n_1(n − 2), n_1 =^1_{n+2} and c_1 is the constant of integration.

Hence the spacetime (1) is reduced to

ds^2 = − dB^2 n^2_1B^{−2(n+1)} (_{2ℓ} (k+1) B k+1 n1 + c_1

) + B^{2n}dx^2 + B^2(dy^2 + dz^2). (18)

After using the suitable transformation of coordinates, B = T , the above model (18) transforms to

ds^2 = − dT^2 n^2_1T^{−2(n+1)} (_{2ℓ} (k+1) T k+1 n1 + c_1

) + T^{2n}dx^2 + T^2(dy^2 + dz^2), (19) where dt =^{dT}

n_1B^{−(n+1)} √ 2ℓ (k+1) B k+1 n1 +c_1 . Eq. (15) yields

A = T^n. (20)

The physical parameters such as the directional Hubble’s parameters (H_{x1} , H_{x2} , H_{x3} ), the average Hubble parameter (H), the expansion scalar (θ), the spatial volume (V ) and the scale factor (a) are, respectively given by

H_x = nn_1T^{−(n+2)} √ 2ℓ (k + 1)

T^{(k+1)n}1 + c_1, (21)

H_y = H_z = n_1T^{−(n+1)} √ 2ℓ (k + 1)

T^{(k+1)n1} + c_1, (22)

H = n_1(n + 2) T^{(n+2)} √ 2ℓ (k + 1)

T^{(k+1)n}1 + c_1, (23)

θ = 3H =

3n_1(n + 2) T^{(n+2)} √ 2ℓ (k + 1)

T^{(k+1)n1} + c_1, (24)

V = T^{n+2}, (25)

a = T^{n+23} . (26)

The value of DP (q) is found to be

q = −1 + 1 3 [ ℓ(k + 3) k + 1

T^{k+1n}1 + c_1 ] . (27)

The sign of q indicates whether the model inflates or not. A positive sign of q corresponds to the standard decelerating model whereas the negative sign of q indicates inflation. The recent observations of SN Ia [1, 2, 39] and CMB anisotropies [40] reveal that the expansion of the Universe is accelerating at present and it was decelerating in past. Also the transition redshift from the decelerated expansion to the accelerated expansion is about 0.5. Now for the Universe which was decelerating in the past and accelerating at the present time, the DP must show signature flipping [41]. So, there is no scope of constant DP at the present epoch. Hence, in general DP is not a constant quantity rather a time variable. Recently Saha and Yadav [42] presented an anisotropic DE model with time varying DP. Fig. 1 depicts the variation of DP versus cosmic time as representative case with appropriate choice of constants of integration and other physical parameters.

The shear scalar (σ) and the mean anisotropy parameter (A_m) are given by

σ^2 = ( 2ℓ k + 1

T^{k+1n}1 + c_1 ) [ 2n^2_1 T^{2n+4} + n^2_1(n + 2)^2 T^{2n+4} ( T n + 2 − 1 )_2] , (28)

A_m = 4 3(n + 2)^2 + 2 3 ( T n + 2 − 1 )_2 . (29)

The energy density of the cosmic fluid (ρ), the EoS parameter (ω) and the energy density of magnetic fluid (ρ_B ) are found to be ρ = n^2_1 (_{2ℓ} k+1 T^{k+1n}1 + c_1 ) T^{2n+2} [ 1 + 2n T − β T^4 ] , (30)

6

ω = − [ 2n_1ℓT^{k+1n1 −1} + (3T − 2)T^{2n+1} − βT^{2n−2} ] n^2_1 (_{2ℓ} k+1 T^{k+1n}1 + c_1 ) ( 1 +^{2n}_T −^β_{T 4}

) , (31)

ρ_B = β T^4

. (32)

The parameters H, θ and σ^2 start off with extremely large values and continue to decrease with the expansion of the Universe whereas the spatial volume (V ) grows with the cosmic time. Fig. 2 shows the variation of EoS parameter (ω) versus cosmic time for accelerating phase of the Universe as a representative case with appropriate choice of constants of integration and other physical parameters.

IV. SOME OBSERVATIONAL CONSTRAINTS

The scale factor a and redshift z are connected through the relation a = a_0 (1 + z)

, (33)

where a_0 is the present value of scale factor.

Combining Eqs. (23), (26) and (33), one can easily obtain the expression for the Hubble’s parameter (H) in terms of redshift parameter (z) as follows

H = H_0(1 + z)^{3[2−(k+1)(n+2)]}

2(n+2) . (34)

Here H_0 is the present value of the Hubble’s parameter. Note that this relation is obtained by omitting the constant of integration. By using the differential ages of passively evolving galaxies determined from the Gemini Deep Deep Survey (GDDS) [43] and archival data [44, 45] evaluated nine values of the Hubble’s parameter H(z) in the range 0 ≤ z ≤ 1.8, which have been used to constrain the parameters of various DE models. Later on Gaztanga et al. [46] have obtained two more Hubble parameter data points H(z = 0.24) = 79.69 ± 4.61 and H(z = 0.43) = 86.45 ± 5.96 from observation of BAO peaks. In the present investigation we use 14 observational H(z) data points, reported by Coa et al. [47] to compare with the H(z) parameter of the derived model.

In this case χ^2_H can be defined as

χ^2_H = 14∑ i ( H^{data} − H^{th} )_2

σ^2_i

= 23.43. (35)

Here σ_i is the uncertainty in measurement of observational values. Note that the best fit value of H(z) parameter of the derived model with the observational H(z) is 72.18 at z = 0 with χ^2_H = 23.43 and the reduced χ^2 value is χ^2_H /(degree of freedom) = 1.80.

It is important to note here that the greater value of χ^2 corresponds to bad fit. A more quantitative assessment of the goodness-of-fit is given in terms of the χ^2− probability. If the fitted model provides a typical value of χ^2 as x at n DoF, this probability is given by P (x, n) = 1 Γ(n/2) ∫_∞ x/2 e^{−u}u^{n/2−1}du. (36) The small value of P occurs for normally distribution of measurement errors but in reality they are not. According to Vishwakarma and Narlikar [48] only the model with P > 0.001 are considered acceptable. For model presented in this paper, we find P = 0.024 > 0.001 which in turns imply that the derived model can be considered acceptable due to good agreement with data.

It is necessary for the investigation of type Ia supernovae to explore DE and constraint the models. Since SN Ia behave as excellent standard candles, they can be used to directly measure the expansion rate of the Universe upto high redshift, comparing with the present rate. The SN Ia data gives us the distance modulus (μ) to each supernova as μ = 5log_{10}D_L(z) + μ_0, (37)

FIG. 3: Hubble’s parameter (H(z)) as function of redshift (z) to the derived model compared with observational H(z) data from Coa et al. [47]. The observational 14 H(z) data points are shown with error bars and the solid line corresponds to Hubble’s parameter of derived model.

FIG. 4: The distance modulus μ as function of redshift (z) to the derived model compared with SN Ia data from Amanullah et al. [49]. The observational μ(z) data points are shown with error bars and the solid dots corresponds to distance modulus of derived model.

where D_L =^{H0 dL}_c is the Hubble-free luminosity distance and μ_0 is the zero point offset, defined as

μ_0 = 5log_{10} ( cH^{−1}_0 Mpc ) + 25. (38)

Inserting Eq. (38) into Eq. (37), we obtain μ = 5log_{10} ( d_L Mpc ) + 25. (39)

The luminosity distance (d_{L)} is calculated by

d_L = r_1(1 + z)a_0. (40)

For the determination of r_1, we assume that a photon emitted by a source with co-ordinate r = r_0 and t = t_0 and received at a time t_0 by an observer located at r = 0. Then we determine r_1 from following relation

r_1 = ∫_{t0} t dt a . (41)

By solving the Eqs. (39)−(41) and (26), one can easily obtain the expression for distance modulus (μ) in the term of red shift parameter (z) as

μ = 5log_{10} 3H^{1(n+2)k}

0 (1 + z)^{2n+1n+2} √_{2ℓ} k+1 1 (n+2)k ( (1 + z)^{1−nn+2} − 1 ) + 25, (42)

where H_0 is in the unit of Km s^{−1}Mpc^{−1}.

In the present analysis, we use recently released 38 data set of SN Ia in the range 0.0015 ≤ z < 0.12, as reported by Amanullah et al. [49] (Table 1a & 1b). In this case χ^2_{SN} has been computed according to the following relation

χ^2_{SN} = A −

B^2 C + log_{10} ( C 2π ) = 97.772, (43)

where

A = 38∑ i ( μ^{data} − μ^{th} )_2

σ^2_i ,

B = 38∑ i ( μ^{data} − μ^{th} ) σ^2_i ,

C = 38∑ i 1 σ^2_i . The comparison between distance modulus μ of the derived model and the observational μ(z) SN Ia data as reported by Amanullah et al. [49] can be seen in Fig. 4. The observational μ(z) data points are shown with error bars and the solid dots corresponds to distance modulus of the derived model. It is observed that the derived model is fit well with SN Ia observation (see Fig. 4). Note that the best fit value of distance modulus is μ(z = 0.0365) = 35.18139 with χ^2_{SN} = 97.772 and the reduced χ^2 value is χ^2_{SN} /(degree of freedom)=2.64.

V. RESULTS AND DISCUSSIONS

In this paper, we have investigated magnetized DE model under the assumption that σ ∝ θ in Bianchi-I spacetime. Under some specific choice of the parameters the present consideration yields the time dependent DP and EoS parameters. It is to be noted that our procedure of solving the field equations are altogether different from what Sharif and Zubair [37] have adopted. The derived model starts expanding with Big Bang singularity at T = 0 and this singularity is point type because the directional scale factor A(T ) and B(T ) both simultaneously vanish at T = 0. The dynamics of DP parameter yields two different phases of the Universe. Initially DP is evolving with positive sign that yields the decelerating phase of the Universe whereas in the later times it is evolving with negative sign which describes the present phase of the acceleration of the Universe. Thus the derived model has transition of the Universe from the early deceleration phase to the later acceleration phase which is in good agreement with the recent observations [4].

The H(z) parameter and distance modulus of the derived model fit well with the observational H(z) and μ(z) values (see Fig. 3, Fig. 4 and Table 1-a&b) which in turn imply that the derived model is physically realistic. It is important to note here that in the absence of the magnetic field only the anisotropic distribution of DE leads the present acceleration of the Universe [31] while in the presence of magnetic field along with the isotropic distribution of DE describes the dynamics of the Universe from Big Bang to the present epoch. Thus the magnetic field isotropizes the distribution of DE which signifies the role of magnetic field. Hence from the theoretical perspective, the present model can be a viable model to explain the late time acceleration of the Universe. In other words, the solution presented here can be one of the potential candidates to describe the observed Universe.

Acknowledgements

AKY would like to thank The Institute of Mathematical Science (IMSc), Chennai, India for providing facility and support where part of this work was carried out.

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998). [2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999). [3] A.C. Pope et al., Astrophys. J. 607, 655 (2004).

[4] R.R. Caldwell, W. Komp, L. Parker, D.A.T. Vanzella, Phys. Rev. D 73, 023513 (2006). [5] P.J. Steinhardt, L.M. Wang, I. Zlatev, Phys. Rev. D 59, 123504 (1999). [6] R.R. Caldwell, Phys. Lett. B 545, 23 (2002). [7] A.G. Riess et al., Astron. J. 607, 665 (2004). [8] P. Astier et al., Astron. Astrophys. 447, 31 (2006). [9] D.J. Eisentein et al., Astrophys. J. 633, 560 (2005). [10] C.J. MacTavish et al., Astrophys. J. 647, 799 (2006). [11] E. Komatsu et al., Astrophys. J. Suppl. Ser. 180, 330 (2009). [12] G. Hinshaw et al., Astrophys. J. Suppl. 180, 225 (2009). [13] G. Hinshaw et al., Astrophys. J. Suppl. 148, 135 (2003). [14] J. Jaffe et al., Astrophys. J. 629, L1 (2005). [15] J. Jaffe et al., Astrophys. J. 643, 616 (2006a). [16] J. Jaffe et al., Astron. Astrophys. 460, 393 (2006b).

[17] L. Campanelli, P. Cea, L. Tedesco, Phys. Rev. Lett. 97, 131302 (2006). [18] L. Campanelli, P. Cea, L. Tedesco, Phys. Rev. D 76, 063007 (2007). [19] W. Huang, J. Math. Phys. 31, 1456 (1990).

[20] L.P. Chimento, A.S. Jakubi, W. Mendez, R. Maartens, Class. Quant. Grav. 14, 3363 (1997). [21] J.A.S. Lima, M. Trodden, Phys. Rev. D 53, 4280 (1996). [22] J.A.S. Lima, J.M.F. Maia, Phys. Rev. D 49, 5597 (1994). [23] A. Pradhan, S.K. Singh, Int. J. Mod. Phys. D 13, 503 (2004). [24] B. Saha, Astrophys. Space Sci. 302, 83 (2006a). [25] B. Saha, Int. J. Theor. Phys. 45, 983 (2006b). [26] O. Akarsu, C.B. Kilinc, Gen. Relativ. Gravit. 42, 119 (2010). [27] S. Kumar, A.K. Yadav, Mod. Phys. Lett. A 26, 647 (2011). [28] H. Amirhashchi, A. Pradhan and B. Saha, 333, 295 (2011). [29] A.K. Yadav, L. Yadav, Int. J. Theor. Phys. 50, 218 (2011). [30] A.K. Yadav, F. Rahaman, S. Ray, Int. J. Theor. Phys. 50, 871 (2011). [31] A.K. Yadav, B. Saha, Astrophys. Space Sci. DoI: 10.1007/s10509-011-0861-0 (2011). [32] A.K. Yadav, Astrophys. Space Sci. 335, 565 (2011). [33] M.S. Maden, Mon. Not. R. Astron. Soc. 237, 109 (1989). [34] E.J. King, P. Coles, Class. Quant. Grav. 24, 2061 (2007). [35] E. Milaneschi, R. Fabbri, Astron. Astrophys. 151, 7 (1985). [36] K.C. Jacobs, Astrophys. J. 155, 379 (1969).

[37] M. Sharif, M. Zubair, Astrophys. Space Sci. 330, 399 (2010). [38] S.M. Carroll, M. Hoffman, M. Trodden, Phys. Rev. D 68, 023509 (2003). [39] J.L. Torny et al., Astrophys. J. 594, 1 (2003). [40] C.L. Bennett et al., Astrophys. J. Suppl. Ser. 148, 1 (2003). [41] T. Padmanabhan, T. Roychowdhury, Mon. Not. R. Astron. Soc. 344, 823 (2003). [42] B. Saha, A.K. Yadav, arXiv: 1110.4887 [physics.gen-ph] (2011). [43] R.G. Abraham et al., Astrophys. J. 127, 2455 (2004). [44] T. Treu et al., Astrophys. J. Lett. 564, L13 (2002).

[45] J. Simon, L. Verde, R. Jimenez, Phys. Rev. D 71, 123001 (2005). [46] E. Gaztanaga, A. Cabre, L. Hui, Mon. Not. R. Astron. Soc. 399, 1663 (2009). [47] S. Coa, Z.-H. Zhu, N. Liang, Astron. Astrophys. 529, A61 (2010). [48] R.G. Vishwakarma, J. Narlikar, Research Astron. Astrophys. 10, 1195 (2010). [49] R. Amanullah et al., Astrophys. J. 716, 712 (2010).

Table: 1

Redshift(z) Supernovae Ia(μ^{data}) Our model (μ^{th})^{(μdata −μth )2}_{σ2i}^{(μdata −μth )}_{σ2i} 0.0285 34.61^{+0.23}_{−0.23} 34.64755 0.026665 -0.70997 0.050 35.95^{+0.17}_{−0.17} 35.85906 0.28616 3.14670 0.0529 36.09^{+0.16}_{−0.16} 35.98026 0.47036 4.28645 0.0701 36.71^{+0.16}_{−0.16} 36.58437 0.61648 4.90729 0.0627 36.75^{+0.16}_{−0.16} 36.34521 6.40051 15.81202 0.0876 37.5^{+0.19}_{−0.19} 37.06104 5.33743 12.15941 0.0786 36.76^{+0.16}_{−0.16} 36.82936 0.187929 -2.70942 0.0172 33.93^{+0.2}_{−0.2} 33.555816 3.50032 9.35457 0.0422 35.61^{+0.17}_{−0.17} 35.49406 0.46505 4.01145 0.0453 35.91^{+0.17}_{−0.17} 35.64668 2.39911 9.11121 0.0365 35.18^{+0.17}_{−0.17} 35.18139 0.000067 -0.048085 0.0196 33.86^{+0.18}_{−0.18} 33.83842 0.014367 0.66592 0.1009 37.73^{+0.17}_{−0.17} 37.36251 4.67292 12.71585 0.0135 33.10^{+0.22}_{−0.22} 33.031435 0.09712 1.41661 0.0273 34.35^{+0.18}_{−0.18} 34.55465 1.29275 -6.31664 0.0746 36.86^{+0.16}_{−0.16} 36.71760 0.79205 5.56234 0.0265 34.75^{+0.19}_{−0.19} 34.49041 1.86657 7.19065 0.0499 35.84^{+0.16}_{−0.16} 35.85475 0.00850 -0.57637 0.0306 34.82^{+0.17}_{−0.17} 34.8010 0.01243 0.65590 0.0589 36.35^{+0.17}_{−0.17} 36.21104 0.66813 4.80818 0.0603 36.33^{+0.17}_{−0.17} 36.26146 0.16252 2.37140 0.0461 35.55^{+0.16}_{−0.16} 35.68436 0.70519 -5.24848 0.0139 32.88^{+0.22}_{−0.22} 33.09466 0.95211 -4.435301 0.0324 34.62^{+0.17}_{0.17} 34.92439 3.20610 -10.53269 0.0561 36.17^{+0.15}_{−0.15} 36.10645 0.17945 2.82414 0.0387 35.17^{+0.17}_{−0.17} 35.30754 0.65463 -4.75936 0.0397 35.38^{+0.16}_{−0.16} 35.36251 0.01193 0.68284 0.0163 33.31^{+0.14}_{−0.14} 33.43949 0.85562 -6.60712 0.0154 33.2^{+0.15}_{−0.15} 33.31655 0.60375 -5.18010 0.0144 33.06^{+0.16}_{−0.16} 33.17119 0.482953 -4.34342 0.0305 34.87^{+0.09}_{−0.09} 34.79397 0.71347 9.38529 0.0245 34.33^{+0.1}_{−0.01} 34.32087 0.00832 0.91261 0.024 34.24^{+0.11}_{−0.11} 34.27631 0.10898 -3.00112 0.026 34.63^{+0.11}_{−0.11} 34.44926 2.69949 14.93649 0.0139 33.14^{+0.17}_{−0.17} 33.094668 0.071105 1.568560 0.0104 32.54^{+0.22}_{−0.22} 32.46627 0.11231 1.52334 0.0087 30.35^{+0.26}_{−0.26} 32.07943 44.24470 -25.58334 0.0165 34.03^{+0.15}_{−0.15} 33.46589 14.14284 25.07131