arXiv:1202.0069v1 [gr-qc] 1 Feb 2012

Universe acceleration and fine structure constant variation in BSBM theory

H. Farajollahi^{1,2∗} and A. Salehi^{1†} 1Department of Physics, University of Guilan, Rasht, Iran and 2 School of Physics, University of New South Wales, Sydney, NSW, 2052, Australia (Dated: February 2, 2012)

Abstract

In this work we investigate the utility of using SNe Ia observations in constraining the cosmological parameters in BSBM theory where a scalar field is responsible for both fine structure constant variation and late time universe acceleration. The model is discussed in the presence of an exponential self potential for the scalar field. Stability and phase space analysis of the solutions are studied. The model is tested against observational data for Hubble parameter and quasar absorption spectra. With the best fitted model parameters, the theory predicts a good match with the experimental results and exhibits fine structure constant variation. The analysis also shows that for the equation of state parameter, recent universe acceleration and possible phantom crossing in future is forecasted.

PACS numbers: 98.80.Es; 98.80.Bp; 98.80.Cq Keywords: fine structure constant; BSBM; quasar; stability; phantom crossing

∗Electronic address: hosseinf@guilan.ac.ir †Electronic address: a.salehi@guilan.ac.ir

1. INTRODUCTION

Possible variations of fundamental constants which has been the subject of intense speculation and research is pioneered by the work of Dirac in 1937 [1]. Among fundamental constants the most observationally sensitive constants is the electromagnetic fine structure constant, α = e^2/ℏc. Due to the first observational evidence from the quasar absorption spectra the fine structure constant might change with cosmological time; smaller than its present value by^{Δα}_α ≡^{α−α0}_{α0} ∼ 10^{−5} at redshifts in the range z ∼ 1 − 3 [2]-[6]. A varying α might be due to the variation of speed of light c [7]-[9], while breaks Lorentz invariance, or a varying electron charge e originally proposed by Bekenstein [10] which preserves local gauge and Lorentz invariance, and is generally covariant. The Bekenstein model has been revived and generalized after the first observational evidence of varying α from the quasar absorption spectra. The so called BSBM model [30] is one example of this type of models where a dilaton field coupled to the electromagnetic part of the Lagrangian is responsible for the variation of fine structure constant.

On the other hand, mostly an scalar field introduced into the standard general relativity [11]-[14], coupled to the curvature (for example in Brans-Dick theory [15]-[17]) or matter field (such as in chameleon cosmology [18]-[20]) represents dark energy (DE) and thus accounts for universe acceleration. Theoretically such a cosmological scalar field could also be coupled to the electromagnetic field, and hence could drive both the variation of cosmological constants( such as α) and universe acceleration. So, one can generalize the BSBM theory and propose a scalar field that plays the role of dark energy for universe acceleration and by its coupling to the electromagnetic field is responsible for fine structure constant variation. So far, the varying α models driven by a quintessence scalar field or by phantom filed with negative model parameter ω, as in the BSBM model have been extensively investigated in the literature [21]-[34] .

From observational point of view, any cosmological model, promising to explain the universe acceleration, has to be fitted with the recent observational data from Type Ia Supernovae (SNe Ia) for distance modulus. In addition, for the model, to illustrate fine structure constant variation, it has to be verified by the observational evidence from quasar absorption spectra. To integrate these two disciplines, in this manuscript we begin with the BSBM theory and drive the solutions to the field equations by best fitting the model parameters with the observational data from SNe Ia for distance modulus using chi-squared method. Stability analysis is also performed to determine the best fitted dynamical state of the universe. Finally, we examine the model against the observational data for hubble parameter and also the quasar absorption spectra to verify both α variation and universe acceleration. We also reconstruct the equation of state (EoS) parameter and the scalar field responsible for fine structure constant variation with the best fitted model parameters to reproduce the current universe acceleration.

2. THE MODEL AND OBSERVATIONAL COSNTRAINTS

In the BSBM theory, the action describing the dynamics of the Universe with a varying-α takes the form S = ∫ d^4x √ −g( −1 16πG R + ω 2 g_{μν} ∂^μϕ∂^ν ϕ + V (ϕ) + L_{matter} + L_{em}e^{−2εϕ}) (1) where R is Ricci scalar, G is the newtonian constant gravity and ω =^{ℏc}_{l2} is a coupling constant determines the strength of coupling between scalar field ϕ and photons. The characteristic length scale, l, is introduced for dimensional reasons and gives the scale down to which the electric field around a point charge accurately obeys Coulomb force law. From the present experimental constraints, the corresponding energy scale,^{ℏc}_l , has to lie between a few tens of MeV and the Planck scale ∼ 10^{19} GeV to avoid conflict with experiment. While in the conventional BSBM theory the coupling scalar function is e^{−2ϕ}, in this work for the purpose of best fitting and testing analysis of the model we introduce e^{−2εϕ} with the parameter ε as a free parameter. The sign of second term in the action to be positive or negative represents the quintessence or phantom models respectively. The electromagnetic lagrangian is L_{em} = −^1_4 f_{μν} f^{μν} where f_{μν} is the electromagnetic field tensor. The variation of action (1) with respect to the metric tensor components in a spatially flat FRW cosmology yields the field equations:

H^2 = 8πG 3 (ρ_m(1 + |ζ|e^{−2εϕ}) + ρ_re^{−2εϕ} + ω 2 ϕ̇^2 + V (ϕ)), (2)

2Ḣ + 3H^2 = 8πG(− 1 3 ρ_re^{−2εϕ} − ω 2 ϕ̇^2 + V (ϕ)), (3)

where in what follows we put 8πG = c = ℏ = 1. To derive the field equations, we assumed a perfect fluid with p_m = γρ_m. The energy density ρ_m stands for the contribution from cold dark matter (CDM) to the energy density, so, we can neglect ρ_r. In addition, variation of the action (1) with respect to scalar field ϕ provides the wave equation for the scalar field as ϕ̈ + 3Hϕ̇ + V^′ = 2ε|ζ| ω ρ_me^{−2εϕ} (4)

where^′ indicates differentiation with respect to ϕ. From equations (2), (3) and (4), one can easily arrive at the relation

ρ̇_m + 3Hρ_m = 0. (5)

Now, in the following we constrain the model with the recent observational data of Sne Ia. For the purpose of stability analysis and phase space presentation of the solutions, we first represent the model in terms of new dynamical variables χ = √ ρ_m √ 3H , ξ = ϕ̇ H , η = √ V √ 3H , θ = √ ρ_m √ 3H e^{−εϕ} (6) Motivated by stability analysis and cosmological consideration, we shall assume an exponential potential for the scalar field, V = V_0e^{βϕ}, in which β is a dimensionless constants and V_0 is a constant with dimensions [mass]^4 [35]. The system of coupled second order differential equations (3)-(4) in terms of new variables now reduces to the following first order equations,

χ^′ = ωχξ^2 4 − 3 2 χη^2 (7)

ξ^′ = −βη^2 + ωξ^3 4 + 2 ε|ζ| ω θ^2 − 3 2 ξη^2 (8)

η^′ = βξχ 2 + 3 2 η + ηξ^2 4 − 3 2 ξ^3 (9)

θ^′ = θξ^2 4 − 3θ 2 η^2 − εξθ (10)

where ”^′” from now on means derivative with respect to N = ln(a). Also, the Friedmann constraint equation (2) in terms of the new dynamical variables becomes

χ^2 + ε|ζ|θ^2 + η^2 + ωξ^2 6 = 1 (11)

With the constraint (11) we only solve the system of equations (7)-(9). To best fit the model for the parameter^{ε|ζ|}_ω and β, and the initial conditions χ(0) and ξ(0), η(0) with the most recent observational data, SNe Ia, we employ the χ^2 method. Table I shows the best best-fitted model parameters.

TABLE I: Best-fitted model parameters and initial conditions. ε|ζ| ω β χ(0) ξ(0) η(0) h_0 χ^2_{min}

0.82 × 10^{−4} 1.42 0.1 0.6 1 0.702 547.0858941

Figure 1, show the constraints on the parameters^{ε|ζ|}_ω , β and at the 68.3%, 95.4% and 99.7% confidence level.

Fig. 1: The 68.3%, 95.4% and 99.7% confidence level for parameters^{ε|ζ|}_ω and β. In the next section we study the phase space analysis of the model with the best fitted model parameters and initial conditions.

3. PHASE SPACE

The phase space analysis of the model exhibits thirteen critical points. In Table II, the first five of the critical points are unstable and the rest are conditionally stable.

Substituting linear perturbations χ^′ → χ^′ + δχ^′, ξ^′ → ξ^′ + δξ^′ and η^′ → η^′ + δη^′ about the critical points into the first three independent equations, to the first orders in the perturbations, yields three eigenvalues λ_i(i = 1..3) shown in the following. Unstable points content positive or zero eigenvalues (ev) as can be seen explicitly in the first five critical points with

TABLE II: Critical Points coordinates CP (ξ, η, θ)

P 1 (0, 0, 0) P 2_{A,B} (± √ 6, 0, 0) P 3_{A,B} (4ε, 0, ± √ 8ε^3−3ε

3α ) P 4_{A,B} (−β, ± √_{6−β2} 6 , 0) P 5_{A,B} (^{−3}_β , ± √ 6 2β , 0) P 6_{A,B,C,D} (^{−3}_{β+2ε} ,^± √_{16ε2+8βε+6}

2β+4ε , ± √_{−αβ2ε−2αβε2+3ε} αβ+2αε ) the eigenvalues as:

ev1 = 0 3 2 −^3_2 , ev2 = 3 +^{√6}_2 β 3 2 − √ 6ε 3 , ev3 = −^3_2 + 4ε^2 8ε^2 3 2 + 2βε + 4ε^2

. (12)

The eigenvalues for the conditional stable critical point have to be negative and are given respectively by

ev4 = β^2

2 − 3 −3 + β^2 −^3_2 + βε +^{β2}_2 , stable for ε <^{3−β2}_{2β} , 0 < β < √ 3 ε >^{3−β2}_{2β} , − √ 3 < β < 0 ε β = 0

(13)

ev5 = −3β+3 √_{−7β2+24} 4β −3β−3 √_{−7β2+24} 4β 3ε β , stable for ε < 0, β > √ 3 ε > 0, β < − √ 3 (14)

ev6 = −^{6ε}_{β+2ε} −3β−12ε+ √_{−63β2+216βε+720ε2 −96β3ε−384β2ε2−384βε3+216} 4β+8ε −3β−12ε− √_{−63β2+216βε+720ε2 −96β3ε−384β2ε2−384βε3+216} 4β+8ε (15)

For the critical points P 4 and P 5, Fig. 2 shows the stability region for the parameters ε and β.

Fig. 2: The stability region for critical points P 4 and P 5 Figs. 3 and 4 are two examples of the phase space illustrating the behavior of the critical points around which represent the state of universe in our model. The trajectories leaving unstable states P 2_A and P 2_B may either move towards the stable states P 5_A, P 5_B or P 6_A, P 6_B, P 6_C , P 6_D, depending on the values of the parameters and initial conditions.

Fig. 3: The phase space graph shows the trajectories leave the unstable critical point P 2_A, entering the stable critical points P 5_{AB} .

Fig. 4: The phase space graph shows the trajectories leave the unstable critical point P 2_{AB}, entering the stable critical points P 6_{ABCD}.

In Fig. 5 we show the trajectories begins from unstable states P 2_A or P 2_B, and approaches the stable states P 4_A or P 4_B. The experimentally favored one is also depicted with red color.

Fig. 5: The phase space graph shows the trajectories leave the unstable critical point P 2_{AB}, entering the stable critical points P 4_{AB}. The best fitted trajectory is also depicted with red color.

In the next section we shall discuss the strengths and limits of the model explicitly by directly or indirectly testing it against other observational data and physical parameters.

4. COSMOLOGICAL TESTS

In this section, for the model under consideration, three cosmological tests are performed to verify the model’s validity. One of the most popular tests is the dynamic of the reconstructed effective EoS parameter of the model with regards to the constrained parameters. The reconstructed effective EoS parameter in terms of new dynamical variables is given by ω_{eff} =^{ωξ2}_6 − η^2. From numerical calculation, in Fig.6, the effective EoS parameter for both best fitted and arbitrary parameters are plotted. From the graph, all the trajectories begins from unstable critical point P 2_A in the past and approaches the stable critical point P 4_A in future. All display phantom crossing behavior in the past or future. The current best fitted effective EoS parameter is about ω_{eff} = −0.9 which is within the limit of our observations [36].

Fig. 6: The EoS parameter as a function of redshift

In direct touch with observation, we test the dynamics of the Hubble parameter derived from numerical calculation in our model against its observational data [37]. Fig. 7 reveals that only for the best fitted Hubble parameter obtained from numerical calculation is relatively in good agreement with the observational data.

Fig. 7: The graph of hubble parameter H(z) in comparison with the observational data.

Further, we examine the behavior of the time shift density parameter, Δα/α, against observational data [42]. The Fig. 8 shows that again only the best fitted trajectory passes is in good agreement with the observation.

Though the best fitted model is not very sensitive to α variation in 10^{−5} scale, but it passes through the datapoints. From the graph, the model extrapolates that at very high resdshifts about z ∼ 1000, the α variation is less than 10^{−2} which is consistent with the observational data from the power spectrum of anisotropy in the cosmic microwave background (CMB) [38]-[41].

Fig. 8: The time shift density parameter, Δα/α, plotted for the model against quasar absorption spectra observations

From Fig. 9, the temporal drift in the value of α, i.e. α̇/α, obtained from numerical calculation is compared with the observational data for the corresponding redshifts of virialisation, z_v [43]. The result again for the best fitted model parameters seems reasonably supported by the data.

Fig. 9: The temporal drift in the value of α, α̇/α, plotted for the model against observational data for the corresponding redshifts of virialisation, z_v. Finally, we reconstruct the scalar field responsible for both α variation and universe acceleration using the best fitted model parameters. Fig 10 shows that the best fitted scalar field variation within the range of redshift 0.1 < z < 10000 is of order 10^{−5} as expected.

Fig. 10: The reconstructed scalar field ϕ as a function of the redshift

5. DISCUSSION AND SUMMARY

In this paper we have introduced a criterion that can be used to probe both the cosmological viability of α variation theories and universe acceleration with the scalar field in BSBM theory is responsible for both of them. To implement the idea, the model has to simultaneously satisfy both observational evidence from SNe Ia and quasar absorption spectra. The first direct evidence for cosmic acceleration comes from SNe Ia dataset that provides the strongest constraints on the equation of stat parameter. Therefore, we first best fit the model with these data for distance modulus and find constraints on the model parameters and initial conditions. We also investigate the phase space of the model. Stability analysis reveals that the best fitted model begins from an unstable state in the past and moves towards a stable state in future. We then perform quantitative and qualitative analysis to validate the theory and the constraints on its parameters by experiment. Two quantitative tests are performed, the observational hubble parameter test and α variation. The best fitted model is verified by these two tests. The result shows that with the best fitted parameters the universe never underwent phantom era in the past, while crossing occurs twice in near future. It is notable that best fitting the model parameters with the observational data of SNe Ia and testing the model with high redshift quasar absorption spectra in our scenario seems compatible with our results. Obviously, an improved measurements of the redshift dependence of α variation will discover a better explanation to both late time universe acceleration and fundamental constants variation in relation to dark energy.

[1] P. A. M. Dirac, Nature 139, 323 (1937) [2] J. K. Webb et al., Phys. Rev. Lett. 82, 884 (1999) [astro-ph/9803165] [3] J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001) [astro-ph/0012539] [4] M. T. Murphy et al., Mon. Not. Roy. Astron. Soc. 327, 1208 (2001) [astro-ph/0012419] [5] J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001), [astro-ph/0012539] [6] M. T. Murphy, J. K. Webb, and V. V. Flambaum (2003), [astro-ph/0306483] [7] J. W. Moffat, Int. J. Mod. Phys. D 2, 351 (1993) [gr-qc/9211020] [8] A. J. Albrecht and J. Magueijo, Phys. Rev. D 59, 043516 (1999) [astro-ph/9811018] [9] J. D. Barrow, Phys. Rev. D 59, 043515 (1999) [10] J. D. Bekenstein, Phys. Rev. D 25, 1527 (1982) [11] R. Mainini, L. P.L. Colombo, S. A. Bonometto, Astrophys.J. 632 (2005) 691-705 [12] M. Li, B. Feng, X. Zhang, JCAP 0512 002(2005) [13] C. Li, D. E. Holz , A. Cooray, Phys.Rev.D75:103503,(2007)

[14] L.N. Granda, A. Oliveros, Phys.Lett.B671:199-202,(2009) [15] O. Arias, T. Gonzalez, Y. Leyva, I. Quiros, Class.Quant.Grav.20:2563-2578,(2003) [16] H. Kim, Mon.Not.Roy.Astron.Soc. 364 813-822 (2005) [17] M. R. Setare, M. Jamil, Phys.Lett.B690:1-4,(2010) [18] P. Brax, C. V. de Bruck, A. C. Davis, J. Khoury, A. Weltman, Phys.Rev.D70:123518,(2004) [19] J. H. Steffen, PoS ICHEP2010:446,(2010) [20] H. Farajollahi, A. Ravanpak, G. F. Fadakar, will be published in Astrophys. Space Sci [21] P. P. Avelino, Phys. Rev. D 78, 043516 (2008) [arXiv:0804.3394] [22] E. J. Copeland, N. J. Nunes and M. Pospelov, Phys. Rev. D 69, 023501 (2004) [hep-ph/0307299] [23] L. Anchordoqui and H. Goldberg, Phys. Rev. D 68, 083513 (2003) [hep-ph/0306084] [24] S. Lee, K. A. Olive and M. Pospelov, Phys. Rev. D 70, 083503 (2004) [astro-ph/0406039] [25] G. R. Dvali and M. Zaldarriaga, Phys. Rev. Lett. 88, 091303 (2002) [hep-ph/0108217] [26] T. Chiba and K. Kohri, Prog. Theor. Phys. 107, 631 (2002) [hep-ph/0111086] [27] C. Wetterich, Phys. Lett. B 561, 10 (2003) [hep-ph/0301261] [28] M. d. C. Bento, O. Bertolami and N. M. C. Santos, Phys. Rev. D 70, 107304 (2004) [astro-ph/0402159] [29] K. A. Olive and M. Pospelov, Phys. Rev. D 65, 085044 (2002) [hep-ph/0110377] [30] J H. B. Sandvik, J. D. Barrow and J. Magueijo, Phys. Rev. Lett. 88, 031302 (2002) [astro-ph/0107512] [31] D. F. Mota and J. D. Barrow, Mon. Not. Roy. Astron. Soc. 349, 291 (2004) [astro-ph/0309273] [32] D. F. Mota and J. D. Barrow, Phys. Lett. B 581, 141 (2004) [astro-ph/0306047] [33] J. D. Barrow, D. Kimberly and J. Magueijo, Class. Quant. Grav. 21, 4289 (2004) [astro-ph/0406369] [34] J. D. Barrow and B. Li, Phys. Rev. D 78, 083536 (2008) [arXiv:0808.1580] [35] J. D. Barrow, B. Li, Phys. Rev. D78:083536, (2008) [36] D. Rapetti, S. W. Allen, M. A. Amin and R. D. Blandford, Mon. Not. Roy. Astron. Soc. 375, 1510 (2007) [37] S. Cao, Z. H. Zhu and N. Liang, Astronomy and Astro- physics. 529, A61 (2011) [38] P. P. Avelino et al., Phys. Rev. D 64, 103505 (2001) [astro-ph/0102144] [39] C. J. A. Martins et al., Phys. Lett. B 585, 29 (2004) [astro-ph/0302295]

[40] H. Wei, X. P. Ma, and H. Y. Qi, Phys. Lett. B703:74-80 (2011) [41] K. M. Nollett and R. E. Lopez, Phys. Rev. D 66, 063507 (2002) [astro-ph/0204325] [42] M. T. Murphy et al., Mon. Not. R. Astron. Soc. 000, 117 (2000) [astro-ph/0012419v5] [43] D. F. Mota, Dissertation submitted for the degree of Doctor of Philosophy”, University of Cambridge, (2003)