arXiv:1103.3554v2 [gr-qc] 8 Jun 2011

The universe dynamics in the tachyon cosmology with non-minimal coupling to matter

H. Farajollahi,^∗ A. Ravanpak,^† and G. F. Fadakar^‡ Department of Physics, University of Guilan, Rasht, Iran (Dated: June 9, 2011)

Abstract

Recently, the tachyon cosmology has been represented as dark energy model to support the current acceleration of the universe without phantom crossing. In this paper, we study the dynamics of the tachyon cosmology in which the field plays the role of tachyon field and also non–minimally coupled to the matter lagrangian. The model shows current universe acceleration and also phantom crossing in the future. Two cosmological tests are also performed to validate the model; the difference in the distance modulus and the model independent Cosmological Redshift Drift (CRD) test.

PACS numbers: 04.50.h; 04.50.Kd Keywords: non–minimal coupling; tachyon; phantom crossing; distance modulus; CPL parametrization; drift velocity

∗Electronic address: hosseinf@guilan.ac.ir †Electronic address: aravanpak@guilan.ac.ir ‡Electronic address: gfadakar@guilan.ac.ir

1. INTRODUCTION

The recent astrophysical data indicate that there is a dark energy (DE) providing approximately two third of the current universe energy density which explain the current cosmic acceleration [1]–[6]. The most obvious candidate to explain DE is the cosmological constant which can fit observations well. However it is so small ( of order 10^{−33}eV ), in comparison with the Planck scale (10^{19}GeV ?) that suffer from fine-tuning and the coincidence problems [7]. Numerous other DE models are produced by some exotic matter like phantom field with negative energy or some other matter scalar fields to explain the universe acceleration [8]–[21]. Unfortunately, such scalar fields are usually very light and their coupling to matter should be tuned to extremely small values in order not to be conflict with the equivalence principle. In a sense, the cosmological evolution of the scalar fields contradict with the solar system tests [22]. It is most often the case that such fields interact with matter, i) directly due to a lagrangian coupling, ii) indirectly through a coupling to the Ricci scalar or as the result of quantum loop corrections [23, 24].

Among scalar field theories, the non-minimal coupling of the field to matter lagrangian and tachyonic models, separately, have been widely investigated in last few years [25]–[30]. In particular, relevant works in both interacting and non interacting cases can be found in [31]–[35]. In the frame of tachyon cosmology the late time acceleration of the universe is described whereas the phantom crossing does not occur in these models. Here, we extend the previous works by integrating both models in which the scalar field in the formalism plays two roles; as a tachyon field plays the role of DE, and as a scalar field coupled to the matter lagrangian interacts with the matter in the universe and intermediate between matter and DE. The model is fully capable to represent the current acceleration in the universe and phantom crossing.

To validate the model we require various observational probes in different redshift ranges to understand the expansion history of the universe [36]. Moreover, to understand the true nature of the driving force of the accelerating universe, mapping of the cosmic expansion is very crucial [37]. Here, we examine two observational tests in different redshift ranges to explain the expansion of the universe and current acceleration [38]–[40]. The first probe is the observations of the luminosity distance - redshift relation for the observational data on Type Ia supernovae (Sne Ia) that verifies the late-time accelerated expansion of the universe.

The second probe we investigate is “Cosmological Redshift Drift” (CRD) test which maps the expansion of the universe [41]–[50] and measures the dynamics of the universe directly via the Hubble expansion factor.

The paper is organized as follows: In Section two, the model is presented with a discussion on the condition for phantom crossing behavior and acceleration expansion. Two cosmological tests are performed in section three to validate the model with experimental data. In Section four, we present the summary and remarks.

2. THE MODEL AND ITS PHANTOM CROSSING CONDITION

We consider the tachyon cosmology with non-minimal coupling to matter given by the action: S = ∫ [ R 16πG − V (ϕ) √ 1 − ϕ̇^2 + f(ϕ)L_m] √ −gd^4x, (1) where R is Ricci scalar, G is the newtonian constant gravity and the second term in the action contains the tachyon potential V (ϕ). Unlike the usual Einstein-Hilbert action, the matter lagrangian L_m is modified as f(ϕ)L_m, where f(ϕ) is an analytic function of ϕ. This last term in lagrangian brings about the non–minimal coupled interaction between the matter and the scalar field. The variation of action (1) with respect to the metric tensor components in a spatially flat FRW cosmology yields the field equations,

3H^2 = ρ_mf(ϕ) + V (ϕ) √ 1 − ϕ̇^2

, (2)

2Ḣ + 3H^2 = −γρ_mf(ϕ) + V (ϕ) √ 1 − ϕ̇^2, (3)

where we put 8πG = c = ℏ = 1 and H =^ȧ with a as the scale factor of the universe. We assume a perfect fluid with p_m = γρ_m. Also variation of the action (1) with respect to the scalar field ϕ leads to the equation, ϕ̈ + (1 − ϕ̇^2)(3Hϕ̇ + V ′ (ϕ) V (ϕ) ) = ϵf^′ (ϕ) V (ϕ) (1 − ϕ̇^2)^{32} ρ_m, (4)

where prime “^′ ” indicates differentiation with respect to the scalar field ϕ and have ϵ = 1−3γ. From equations (2)–(4), one can easily arrive at the generalized conservation equation, ˙ (ρ_mf(ϕ)) + 3Hρ_m(1 + γ)f(ϕ) = −ϵρ_mḟ(ϕ), (5) which readily integrates to yield ρ_mf(ϕ) = f^{−ϵ}(ϕ) a^{3(1+γ)}

. (6)

From equations (2) and (3) and in comparison with the standard friedmann equations we identify the effective energy density and pressure, ρ_{eff} and p_{eff} as ρ_{eff} ≡ ρ_mf(ϕ) + V (ϕ) √ 1 − ϕ̇^2

, (7)

p_{eff} ≡ γρ_mf(ϕ) − V (ϕ) √ 1 − ϕ̇^2, (8)

with the effective equation of state (EoS) for the model as p_{eff} = ω_{eff} ρ_{eff} . From equation (8) in order for the model to exhibit phantom crossing and universe acceleration we must at least require that p_{eff} < 0. From equations (7) and (8), we yield, ω_{eff} ρ_mf(ϕ) + ω_{eff} V (ϕ) √ 1 − ϕ̇^2 = γρ_mf(ϕ) − V (ϕ) √ 1 − ϕ̇^2. (9)

The equation (9), in terms of redshift, z, and for ω_{eff} = −1 at the redshift z = z_{cross}, becomes, ρ_mf(ϕ) + V (ϕ) √ 1 − ϕ^{′2}H^2(1 + z_{cross})^2

= V (ϕ) √ 1 − ϕ^{′2}H^2(1 + z_{cross})^2 − γρ_mf(ϕ), (10)

where, from now on, the prime “^′ ” means derivative with respect to the redshift z. From equation (10), for γ > −1, phantom crossing can be achieved if the potential V (ϕ) and the scalar function f(ϕ) have opposite signs.

An analytical discussion of the phantom crossing and current universe acceleration in more details for the model is as follows. With the standard cosmological model, we assume that the matter present in the universe, coupled to the scalar field, is cold dark matter (CDM) (γ = 0). In order to close the above system of equations, we also assume an exponential form of the scalar field ϕ for the potential, V (ϕ) = V_0e^{bϕ}, and power law form for f(ϕ) as f(ϕ) = f_0ϕ^n where n, b, V_0 and f_0 are arbitrary constants. The runaway behavior considered for these functions satisfies equation (10). For γ = 0 and from the effective pressure, equation (8), in order to observe phantom crossing and also universe acceleration, we first need to have V (ϕ) > 0 (for p_{eff} < 0). From equation (10), this implies that f(ϕ) has opposite sign, f(ϕ) < 0. Alternatively, if V (ϕ) > 0 and f(ϕ) > 0, the phantom crossing never occurs since equation (10) is not valid, though the universe may undergo acceleration expansion as p_{eff} < 0. Finally, by considering ρ_{eff} > 0, in case of V (ϕ) < 0 irrespective of the sign of f(ϕ), we have p_{eff} > 0 and thus both phantom crossing and universe acceleration do not occur.

In the following a numerical calculation has been performed to study the phantom crossing in our model. Figure 1)a,c,e) show that for the same sign of V (ϕ) and f(ϕ) and different values of model parameters n, b, V_0 and f_0, equation (10) is not valid and therefore the phantom crossing never occurs. Alternatively, in figure 1)b,d,f), for V (ϕ) and f(ϕ) having opposite signs and again different values for model parameters, crossing the phantom line occurs twice in the future.

Fig.1: Plots of ω_{eff} (z), ρ_mf(ϕ) +^{V (ϕ)}√_{1−ϕ′2H2(1+z)2} and V (ϕ) √ 1 − ϕ^{′2}H^2(1 + z)^2 − γρ_mf(ϕ) with V (ϕ) = V_0 e^{bϕ} and f(ϕ) = f_0ϕ^n.

a) b = 1, n = 1, f_0 = 3.5, V_0 = 0.5, b) b = 1, n = 1, f_0 = −3.5, V_0 = 0.5. c) b = 2, n = −7, f_0 = 5, V_0 = 0.08, d) b = 2, n = −7, f_0 = −5, V_0 = 0.08.

e) b = 10, n = 1, f_0 = 0.05, V_0 = 0.001, f) b = 10, n = 1, f_0 = −0.05, V_0 = 0.001. I.C.sϕ(0) = 1, ϕ̇(0) = −0.8 and H(0) = 1.

The model dependency on the initial conditions shown in Figure 2). The graphs are plotted for the case of phantom crossing for two different initial conditions. From the plots, one can see that if we further change the initial conditions, we still have the crossing behavior, but has to be magnified in a smaller proportion to be observable as in the left plot.

Fig.2: Plots of ω_{eff} (z), ρ_mf(ϕ) +^{V (ϕ)}√_{1−ϕ′2H2(1+z)2} and V (ϕ) √ 1 − ϕ^{′2}H^2(1 + z)^2 − γρ_mf(ϕ) with V (ϕ) = V_0 e^{bϕ} and f(ϕ) = f_0ϕ^n. b = 1, n = 1, f_0 = −3.5, V_0 = 0.5 and H(0) = 1 I.C.s: left) ϕ(0) = 1, ϕ̇(0) = −0.8 , right) ϕ(0) = 0.5, ϕ̇(0) = −0.6 In the next section, in order to validate the model and support phantom crossing and current universe acceleration, we check it against observational data by performing two cosmological tests. First, our model is fitted with the distance modulus data obtained from Sne Ia data. Second, we compare our model as well as CPL (Chevallier-Polarski-Linder) parameterization model [51, 52] with the velocity drift obtained from observational data.

3. COSMOLOGICAL TESTS

There are limits from supernovae and large-scale structure data on the EoS parameter, dominated by matter and DE with the favored value near −1 [41]. In this section, before we address the cosmological tests for our model, let us look more closely at the phantom crossing case and its sensitivity on the model parameters. By using a =^{a0}_{1+z} , its derivative as, dH(t) dt = −(1 + z)H(z) dH(z) dz , (11)

and from friedmann equations (2) and (3), we obtain the following expression for the effective EoS parameter, ω_{eff} = −1 + (1 + z)r^′ 3r , (12)

where r =^{H2}_{H20} . In figure 3), it can be seen that for different values of V_0 and f_0, and also the model parameters n and b, the EoS parameter crosses −1 at two redshift z in the future, since V (ϕ) and f(ϕ) have opposite sign.

Fig.3: Plot of the EoS parameter, ω_{eff} (z), with V (ϕ) = V_0 e^{bϕ} and f(ϕ) = f_0ϕ^n for b = 1 ,n = 1. I.C.s: ϕ(0) = 1, ϕ̇(0) = −0.8 and H(0)=1.

The graph shows that for larger values of the redshift z in the past, and for the given V_0 and f_0, all the effective EoS parameters approach zero as expected in matter dominated universe at high redshifts. The graph also indicates that today at z = 0, the effective EoS parameter is about −0.4. Moreover, ω_{eff} will decrease before the first crossing in the future along with the decrease of the redshift z. The EoS dynamics implies that the behavior of DE is different in different slices of the redshifts, and inspires us to separate redshifts into several pieces and to investigate each piecewise separately. As in the previous section, the occurrence of the phantom crossing is independent of the model parameters and only depends on the sign of V (ϕ) and f(ϕ) to validate equation (10), plus p_{eff} < 0. In high redshifts, all the trajectories approach zero and thus are independent of the values of the model parameters. However, different model parametrization can be distinguished from each other in their future behavior at redshift crossing.

3.1. Distance modulus

Luminosity distance quantity, d_L(z), given by

d_L(z) = (1 + z) ∫_z 0 dz^′ H(z^′) , (13)

determines DE density from observations. The difference between the absolute and apparent luminosity of a distance object called distance modulus, μ(z), and is given by, μ(z) = 25 + 5 log_{10} d_L(z). In our model by the H(z) obtained from numeric we calculate the luminosity distance and then the distance modulus. In Fig. 4, we compare our model for the distance modulus with the most recent observational data at high redshift including the Sne Ia observational data which consists of 557 data points [53].

Fig. 4: Plot of the distance modulus, μ(z), with respect to z for different values of f_0 and V_0. I.C.s ϕ(0) = 1, ϕ̇(0) = −0.8 and H(0) = 1.

The graph shows that the model with f_0 = −1.8 and V_0 = 2.6 slightly better fits the observational data in comparison with the other cases.

3.2. Cosmological Redshift-Drift Test(CRD)

Following [45]–[49], the velocity drift is given by,

v̇ = cH_0 1 + z

[1 + z − H(z) H_0

], (14)

where v̇ =^{Δv}_{Δtobs} and H_0 = 100hKm/sec/Mpc. In the standard cosmological model (ΛCDM), the change in redshift for a time interval of Δt_{obs} = 10yr is Δz ≃ 10^{−9}. For a source at redshift z = 3, the corresponding velocity shift is of the order of Δv ≃ 7.5cm/s. To measure this weak signal, the author in [43] pointed out the detection of signal of such a tiny magnitude might be possible by observation of the LY α forest in the QSO spectrum for a decade [50].

To observe such a tiny signals, a new generation of Extremely Large Telescope (ELT), equipped with a high resolution, extremely stable and ultra high precision spectrograph is needed. Using the Cosmic Dynamics Experiment (CODEX) operation and performing Monte Carlo simulations of quasars absorption spectra [54, 55] one obtains the ż measurements.

In the following, we use three sets of data (8 points) for redshift drift velocity generated by performed Monte Carlo [56, 57]. The data points are all for the redshift from z = 1.8 to z = 5 and can not validate the model with the late time acceleration of the universe. However, they can be used to support the model in comparison with the observational data for the given range. In the following we also discuss the CPL paramterization model and compare the observational data with both CPL and our cosmological model [54]–[57].

CPL parametrization model A popular parametrization which explains evolution of DE is the CPL model [51, 52] in which in a flat universe the time varying EoS parameter is parameterized by,

ω_{CP L}(z) = ω_0 + ω_1( z 1 + z

). (15)

The Hubble parameter in the model is given by, [H(z) H_0

]_2 = Ω_m(1 + z)^3 + (1 − Ω_m)(1 + z)^{3(1+ω0 +ω1)} × exp [ − 3ω_1( z 1 + z ) ] . (16)

The CPL model is fitted for different values of ω_0 and ω_1 in correspondence with our model parametrization.

Our model From numerical computation, one obtains H(z). Then, using equation (14), one leads to the velocity drift. Figure 5) shows the velocity drift against redshift z for various V_0 and f_0 in both our model and CPL parametrization model. It can be seen that for 1.8 < z ≤ 2.5 the black curve with f_0 = −0.5 and V_0 = 3.2, for 2.5 < z ≤ 4 the red curve with f_0 = −1.8 and V_0 = 2.6; and for 4 < z < 5 the green curve with f_0 = −3.5 and V_0 = 1.8 better fit the observational data. Furthermore, in comparison with the CPL parametrization, our model in general is in a better agreement with the data.

Fig. 5 : The velocity drift, ν̇, for both our model and CPL parametrization. V (ϕ) = V_0 e^{bϕ}and f(ϕ) = f_0ϕ^n for different values of f_0 and V_0.(b = 1 ,n = 1). I.C.s: ϕ(0) = 1, ϕ̇(0) = −0.8 and H(0)=1.

4. CONCLUSION

In this paper, we study the dynamical evolution in a cosmological model in which the scalar field non–minimally coupled to the matter lagrangian and as a tachyon field plays the role of DE. Although in tachyon cosmology, the tachyon field cannot realize the EoS parameter crossing −1, in our model where the scalar field is coupled to the matter lagrangian, the phantom crossing can occur with the condition that from equation (10) the tachyon potential V (ϕ) and the scalar function f(ϕ) in the model have opposite sign. To implement this requirement, we assume an exponential behavior for the potential function and a power law form for the scalar function. For further observational tests, we also assume that the universe is filled with CDM. The model can predict the current universe acceleration and phantom crossing. The effective EoS parameter of the model, ω_{eff} , transit from zero in high redshift in the past to about −0.4 at the present and will cross phantom divide line twice in the near future. It has been shown that the behavior of the effective EoS parameter is independent of the model parameters and only depends on the sign of the potential and scalar functions. The behavior of the parameter in the model is also independent of the initial conditions. Any changes in the initial conditions still gives us the crossing behavior if the above condition is satisfied.

We then validate the model using the observational data for the cosmological distance modulus. From the figure 4) we see that although all the trajectories with different V_0 and f_0 fit the data up to the range z ≃ 0.2, the trajectory with the parameter values f_0 = −1.8 and V_0 = 2.6 better fit the data in higher redshifts. We also analyze the model with the CRD test. The variation of velocity drift for different values of V_0 and f_0 with redshift z is shown in figure 5). A comparison between our model with the corresponding CPL parametrization shows that our model is in better agreement with the experimental data for different V (ϕ) and f(ϕ).

[1] A. G. Reiss et al., Astron. J. 116, 1009 (1998). [2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999). [3] J. L. Tonry et al., Astrophys. J. 594, 1-24 (2003). [4] C. I. Bennet et al., Astrophys. J. Suppl. 148, 1 (2003). [5] C. B. Netterfield et al., Astrophys. J. 571, 604 (2002). [6] N. W. Halverson et al., Astrophys. J. 568, 38 (2002).

[7] R. N. Mohapatra, A. Prez-Lorenzana and C. A. de S. Pires, Phys. Rev. D. 62, 105030 (2000). [8] R. R. Caldwell, Phys. Lett. B. 545, 23 (2002).

[9] T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D. 62, 023511 (2000). [10] A. E. Schulz and M. White, Phys. Rev. D. 64, 043514 (2001). [11] V. Faraoni, Int. J. Mod. Phys. D. 64, 043514 (2002).

[12] S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D. 68, 023509 (2003). [13] S. Nojiri and S. D. Odintsov, Phys. Lett. B. 565, 1-9 (2003). [14] S. Nojiri and S. D. Odintsov, Phys. Lett. B. 562, 147, 1 (2003).

[15] A. Feinstein and S. Jhingan, Mod. Phys. Lett. A. 19, 457-466 (2004). [16] L. P. Chimento and R. Lazkoz: Phys. Rev. Lett. 91, 211301 (2003). [17] P. Singh, M. Sami and N. Dadhich, Phys. Rev. D. 68, 023522 (2003). [18] M. Dabrowski, T. Stachowiak and M. Szydlowski, Phys. Rev. D. 68, 103519 (2003). [19] J. Hao and X. Li, Astro-Phys. Rev. D. 70, 043529 (2004). [20] E. Elizalde and J. Quiroga, Mod. Phys. Lett. A. 19, 29-36 (2004). [21] Y. Piao and E. Zhou, Phys. Rev. D. 68, 083515 (2003). [22] S. Nojiri, Sergei D. Odintsov, Mod. Phys. Lett. A. 19, 1273 (2004).

[23] T. Biswas, R. Brandenberger, A. Mazumdar and T. Multamaki. Phys. Rev. D. 74, 063501 (2006).

[24] H. Farajollahi and A. Salehi, Int. J. Mod. Phys. D. 19, 621 (2010). [25] H. Mohseni Sadjadi and M. Honardoost, Phys. Lett. B. 647, 231 (2007). [26] Q. Wu, Y. Gong, A. Wang and J. S. Alcaniz, Phys. Lett. B. 659, 34 (2008). [27] P. Brax, C. V. Bruck, D. F. Mota, N. J. Nunes and H. A. Winther. Phys. Rev. D. 82, 083503 (2010).

[28] A. C. Davis, C. A. O. Schelpe and D. J. Shaw. Phys. Rev. D. 80, 064016 (2009). [29] Y. Ito and S. Nojiri. Phys. Rev. D. 79, 103008 (2009). [30] W. H. Huang. Phys. Lett. B. 561, 153 (2003).

[31] J. S. Bagla, H. K. Jassal and T. Padmanabhan, Phys. Rev. D. 67, 063504 (2003). [32] E. J. Copeland, M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Rev. D.71, 043003 (2005). [33] M. R. Setare and M. Jamil, Phys. Lett. B. 690, 4 (2010).

[34] K. Karami, M. S. Khaledian, F. Felegary and Z. Azarmi. Phys. Lett. B. 686, 216 (2010). [35] M. R. Setare, J. Sadeghi and A. R. Amani. Phys. Lett. B. 673, 241 (2009). [36] A. E. Romano. JCAP, 01 (2010).

[37] E. V. Linder, Rep. Prog. Phys. 71, 056901 (2008). [38] J. Nordin, A. Goobar, A. Jonsson, JCAP, 0802, 008 (2008). [39] D. Huterer and M. S. Turner, Phys. Rev. D. 64, 123527 (2001). [40] E. V. Linder and R. N. Cahn, Astropart. Phys. 28, 481 (2007). [41] J. Liske et al., Mon. Not. Roy. Astron. Soc. 386, 1192-1218 (2008). [42] S. Cristiani, et al., Nuovo Cim. B. 122, 1159 (2007). [43] A. Loeb, Astrophys. J. 499, L111 (1998).

[44] A. Sandage, Astrophys. J. 136, 319 (1962). [45] G. C. McVittie, Astrophys. J. 136, 334 (1962). [46] R. Rudiger, Astrophys. J. 240, 384 (1980). [47] K. Lake, Astrophys. J. 247, 17 (1981). [48] R. Rudiger, Astrophys. J. 260, 33 (1982). [49] K. Lake, Phys. Rev. D. 76, 063508 (2007). [50] D. Jain and S. Jhingan, accepted in phys. lett. B. (2010). [51] M. Chevalier and D. Polarski, Int. J. Mod. Phys. D. 10, 213 (2001). [52] E. V. Linder, Phys. Rev. Lett. 90, 091301 (2003). [53] R. Amanullah et al., Astrophy. J. 716, 712 (2010).

[54] L. Pasquini et al., IAU symposium, ed. P. White- lock, M. Dennefeld B. Leibundgut, 232, 193 (2006).

[55] L. Pasquini et al., The Messenger, 122, 10 (2005). [56] J. Liske et al., Mon. Not. R. Astron. Soc. 000, 127 (2007). [57] S. Sur and S. Das, JCAP, 0901, 007 (2009).