arXiv:0912.4950v2 [astro-ph.CO] 8 Jan 2010

Crossing the Phantom Divide in Extended

Dvali–Gabadadze–Porrati Gravity

Koichi Hirano^{a,∗}, Zen Komiya^{b,c}

aDepartment of General Education, Ichinoseki National College of Technology, Ichinoseki 021-8511, Japan bDepartment of Physics, Tokyo University of Science, Tokyo 162-8601, Japan cShinjuku College of Information Technology, Tokyo 164-0001, Japan

Abstract We propose a phantom crossing Dvali–Gabadadze–Porrati (DGP) model. In our model, the effective equation of state of the DGP gravity crosses the phantom divide line. We demonstrate crossing of the phantom divide does not occur within the framework of the original DGP model or the DGP model developed by Dvali and Turner. By extending their model, we construct a model that realizes crossing of the phantom divide. We found that the smaller the value of the new introduced parameter β is, the older epoch crossing of the phantom divide occurs in. Our model can account for late-time acceleration of the universe without dark energy. It also has a possibility of solving the cosmic age problem.

Keywords: modified gravity, equation of state, cosmic acceleration, phantom crossing, cosmological model

1. Introduction

Late time accelerated expansion of the universe was indicated by measurements of distant Type Ia supernovae (SNe Ia) [1, 2, 3, 4, 5, 6, 7, 8, 9]. This was confirmed by observations of cosmic microwave background (CMB) anisotropies by the Wilkinson Microwave Anisotropy Probe (WMAP) [10, 11], and the large-scale structure in the distribution of galaxies observed in the Sloan Digital Sky Survey (SDSS) [12, 13].

∗Corresponding author Email address: hirano@ichinoseki.ac.jp (Koichi Hirano)

Preprint submitted to Physics Letters B January 9, 2010

It is not possible to account for this phenomenon within the framework of general relativity containing only matter. Therefore, a number of models containing ”dark energy” have been proposed as the mechanism for the acceleration. There are currently many dark energy models, including cosmological constant, scalar field, quintessence, and phantom models [14, 15, 16, 17, 18, 19, 20, 21]. However, dark energy, the nature of which remains unknown, has not been detected yet. The cosmological constant, which is the standard candidate for dark energy, cannot be explained by current particle physics due to its very small value, and it is plagued with fine-tuning problems and the coincidence problem.

An alternative method for explaining the current accelerated expansion of the universe is to extend general relativity to more general theories on cosmological scales. Instead of adding an exotic component such as a cosmological constant to the right-hand side (i.e., the energy-momentum tensor) of Einstein’s field equation, the left-hand side (i.e., the Einstein tensor, which is represented by pure geometry) can be modified. Typical models based on this modified gravity approach are f(R) models (for reviews, see [22, 23, 24]) and the Dvali–Gabadadze–Porrati (DGP) model [25, 26, 27].

In f(R) models, the scalar curvature R in the standard Einstein–Hilbert gravitational Lagrangian is replaced by a general function f(R). By adopting appropriate function phenomenologically, f(R) models can account for latetime acceleration without postulating dark energy.

The DGP model is an extra dimension scenario. In this model, the universe is considered to be a brane; i.e., a four-dimensional (4D) hypersurface, embedded in a five-dimensional (5D) Minkowski bulk. On large scales, the late-time acceleration is driven by leakage of gravity from the 4D brane into 5D spacetime. Naturally, there is no need to introduce dark energy. On small scales, gravity is bound to the 4D brane and general relativity is recovered to a good approximation.

According to various recent observational data including that of Type Ia supernovae [28, 29, 30, 31], it is possible that the effective equation of state parameter w_{eff} , which is the ratio of the effective pressure p_{eff} to the effective energy density ρ_{eff} , evolves from being larger than −1 (non-phantom phase) to being less than −1 (phantom phase [16, 32]); namely, it has currently crossed −1 (the phantom divide).

f(R) models that realize the crossing of the phantom divide have been studied [33, 34]. On the other hand, in the original DGP model [25, 26, 27] and a phenomenological extension of the DGP model described by the modified Friedmann equation proposed by Dvali and Turner [35], the effective equation of state parameter never crosses the w_{eff} = −1 line.^1 In this Letter, we develop the ”Phantom Crossing DGP model” by further extending the modified Friedmann equation by Dvali and Turner [35]. In our model, the effective equation of state parameter of DGP gravity crosses the phantom divide line, as indicated by recent observations.

This Letter is organized as follows. In the next section, we summarize the original DGP model, and check the behavior of the effective equation of state. In Section 3, we describe the modified Friedmann equation by Dvali and Turner [35], and we also demonstrate that the effective equation of state does not cross the w_{eff} = −1 line in this framework. In Section 4, we construct ”the Phantom Crossing DGP model” by extending the modified Friedmann equation proposed by Dvali and Turner. We show that the effective equation of state parameter of our model crosses the phantom divide line, and investigate the properties of our model. Finally, a summary is given in Section 5. 2. The DGP model

The DGP model [25] assumes that we live on a 4D brane embedded in a 5D Minkowski bulk. Matter is trapped on the 4D brane and only gravity experiences the 5D bulk.

The action is S = 1 16π M^3_{(5)} ∫ bulk d^5x √ −g_{(5)}R_{(5)} + 1 16π M^2_{(4)} ∫ brane d^4x √ −g_{(4)}(R_{(4)} + L_m), (1)

where the subscripts (4) and (5) denote quantities on the brane and in the bulk, respectively. M_{(5)} (M_{(4)}) is the 5D (4D) Planck mass, and L_m represents the matter Lagrangian confined on the brane. The transition from 4D gravity

1Some models realize phantom crossing by adding an exotic component such as the scalar field to the DGP model [36, 37]. In these models, the equation of state of the additional component crosses the phantom divide, but the effective equation of state of DGP gravity itself does not.

to 5D gravity is governed by a crossover scale r_c.

r_c =

M^2_{(4)} 2M^3_{(5)}

. (2)

On scales larger than r_c, gravity appears 5D. On scales smaller than r_c, gravity is effectively bound to the brane and 4D Newtonian dynamics is recovered to a good approximation. r_c is the single parameter in this model.

Assuming spatial homogeneity and isotropy, a Friedmann-like equation on the brane is obtained as [26, 27]

H^2 = 8πG 3 ρ + ϵ H r_c , (3)

where ρ is the total cosmic fluid energy density on the brane. ϵ = ±1 represents the two branches of the DGP model. The solution with ϵ = +1 is known as the self-accelerating branch. In this branch, the expansion of the universe accelerates even without dark energy because the Hubble parameter approaches a constant, H = 1/r_c, at late times. On the other hand, ϵ = −1 corresponds to the normal branch. This branch cannot undergo acceleration without an additional dark energy component. Hence in what follows we consider the self-accelerating branch (ϵ = +1) only.

For the second term on the right-hand side of Eq. (3), which represents the effect of DGP gravity, the effective energy density is ρ_{rc} = 3 8πG H r_c , (4)

and the effective pressure is P_{rc} = − 1 8πG ( Ḣ r_cH + 3 H r_c ) , (5)

where Ḣ = dH/dt, the differential of the Hubble parameter with respect to the cosmological time t. Using Eqs. (4) and (5), the effective equation of state parameter of DGP gravity is given by w_{rc} = P_{rc} ρ_{rc} . (6)

Figure 1: Effective equation of state of the DGP model w_{rc} vs. redshift z. The red (solid), green (dashed), blue (dotted) lines represent the cases for r_cH_0 = 1.04, 1.25, and 2.00, respectively (corresponding to Ω_{m,0} = 0.04, 0.20, and 0.50, respectively).

Fig. 1 shows the behavior of the effective equation of state of DGP gravity w_{rc} versus the redshift z for r_cH_0 = 1.04, 1.25, and 2.00. Assuming that the total cosmic fluid energy density ρ of Eq. (3) contains matter and radiation, from Eq. (7), these values of r_cH_0 correspond to Ω_{m,0} = 0.04, 0.20, and 0.50, respectively.

Ω_{m,0} = 1 − Ω_{r,0} − (r_cH_0)^{−1}, (7)

where Ω_m is the normalized energy density of matter and Ω_r is the radiation on the brane; i.e., Ω_m = (8πG/3H^2)ρ_m and Ω_r = (8πG/3H^2)ρ_r. (ρ_m ∝ a^{−3}, ρ_r ∝ a^{−4}). The subscripts 0 designate the present value.

The effective equation of state of DGP w_{rc} can also be exactly expressed in terms of the energy densities of matter and radiation, Ω_m and Ω_r [38, 39]. w_{rc} = − 1 1 + Ω_m + Ω_r

. (8)

In realistic ranges of the energy density, Ω_m > 0 and Ω_r ≥ 0, the value of the effective equation of state cannot be less than or equal to −1. That is, the effective equation of state never crosses the phantom divide line in the original DGP model.

3. DGP model extended by Dvali and Turner

Dvali and Turner [35] phenomenologically extended the Friedmann-like equation (Eq. (3)) of the DGP model. This model interpolates between the original DGP model and the pure ΛCDM model with an additional parameter α. The modified Friedmann-like equation is [35]

H^2 = 8πG 3 ρ + H^α r_c^{2−α} . (9)

For α = 1, this agrees with the original DGP Friedmann-like equation, while α = 0 leads to an expansion history identical to that of ΛCDM cosmology.

Differentiating both sides of Eq. (9) with respect to the cosmological time t, we obtain the following differential equation.

2Ḣ = −8πG(ρ + P ) + αḢ (r_cH)^{2−α} , (10)

where a dot indicates the derivative respect to the cosmological time. The quantity P is the total cosmic fluid pressure on the brane.

For the second term on the right-hand side of Eq. (9), which represents the effect of DGP gravity, the effective energy density is

ρ_α = 3 8πG H^α r_c^{2−α} , (11)

and from Eq. (10) the effective pressure is

P_α = − 1 8πG [ αḢ (r_cH)^{2−α} + 3 H^α r_c^{2−α} ] . (12)

From Eqs. (11) and (12), the effective equation of state parameter of the DGP model extended by Dvali and Turner is given by

w_α = P_α ρ_α . (13)

Figure 2: Effective equation of state w_α, vs. redshift z of the DGP model extended by Dvali and Turner for α = 1.00, 0.50, 0.00, −0.50, and −1.00 (top to bottom) assuming Ω_{m,0} = 0.20.

Fig. 2 shows a plot of the behavior of the effective equation of state of the DGP model by Dvali and Turner w_α versus the redshift z for α = 1.00, 0.50, 0.00, −0.50, and −1.00 (assuming Ω_{m,0} = 0.20). During the earlier radiation-dominated epoch (z ≫ 10^4), the effective equation of state (Eq. (13)) can also be represented by the following equation with α [35].

w_α = −1 + 2α 3 , (14)

and during the matter-dominated era (10^2 >∼ z≫1),

w_α = −1 + α 2 . (15)

At the present time, w_α is a stationary value close to −1.

However, when α is positive, the effective equation of state w_α will exceed −1 at all times. For negative α, w_α is always less than −1. In the case of α = 0, w_α is −1 constantly. Based on this analysis, crossing of the phantom divide does not occur in the DGP model extended by Dvali and Turner.

4. Phantom crossing DGP model

We propose the ”Phantom Crossing DGP model” that extends the modified Friedmann equation (Eq. (9)) proposed by Dvali and Turner. Our model can realize crossing of the phantom divide line for the effective equation of state of the DGP gravity.

As mentioned in the previous section, the effective equation of state parameter of the DGP model by Dvali and Turner w_α, takes the value of over −1 for positive α, and it is less than −1 for negative α. When α = 0, w_α becomes −1. On the basis of these results, we consider a model in which α varies being positive to being negative. To keep the model as simple as possible, we make the following assumption, α = β − a, (16) where a is the scale factor (normalized such that the present day value is unity). The quantity β is a constant parameter. In the period when the scale factor a is less than the parameter β (α > 0), the effective equation of state exceeds −1. At the point when the scale factor a equals β, (α = 0), the equation of state’s value will be −1. In the period when the scale factor a exceeds the parameter β (α < 0), the equation of state will be less than −1. In this way, crossing of the phantom divide is realized in our model.

Replacing α by β − a in Eq. (9), the Friedmann-like equation in our model is given by H^2 = 8πG 3 ρ + H^{β−a} r_c^{2−(β−a)} . (17)

Differentiating both sides of Eq. (17) with respect to the cosmological time t, the following differential equation is obtained.

2Ḣ = −8πG(ρ + P ) + (β − a)Ḣ − ȧH ln (r_cH) (r_cH)^{2−(β−a)} . (18)

For the second term on the right-hand side of Eq. (17) representing the effect of DGP gravity, the effective energy density is

ρ_β = 3 8πG H^{β−a} r_c^{2−(β−a)} , (19)

and from Eq. (18), the effective pressure is

P_β = − 1 8πG [ (β − a)Ḣ − ȧH ln (r_cH) (r_cH)^{2−(β−a)} + 3 H^{β−a} r_c^{2−(β−a)} ] . (20)

Using Eqs. (19) and (20), the effective equation of state of our model is given by w_β = P_β ρ_β . (21)

Fig. 3 shows a plot of the effective equation of state of our model w_β versus the redshift z (see also Fig. 4 which shows an enlarged view of this diagram). Our model is an extension of the DGP model and realizes crossing of the phantom divide. The effective equation of state w_β of models for β = 0.50, 0.25, and 0.10 (assuming Ω_{m,0} = 0.20) crosses the phantom divide line when the redshift z ∼ 0.25, 1.0, and 2.0, respectively. We find that the smaller the parameter β is, the older epoch crossing of the phantom divide occurs in. β is not necessarily equal to the scale factor at the time of crossing the phantom divide, even though Eq. (16) is assumed.

Fig. 5 shows the effective energy density ρ_β and absolute value of the effective pressure |P_β| (note that P_β < 0) of our model for (β, Ω_{m,0}) = (0.50, 0.20)

Figure 3: Effective equation of state of our model w_β , vs. redshift z. The red (solid), green (dashed), blue (dotted) lines represent the cases of β = 0.50, 0.25, and 0.10, respectively (assuming Ω_{m,0} = 0.20).

Figure 4: Detail of the behavior of w_β depicted in Fig. 3 near recent epochs.

Figure 5: The red (solid) and pink (dotted) lines respectively represent the effective energy density ρ_β and absolute value of the effective pressure |P_β | (note that P_β < 0) of our model vs. redshift z, for (β, Ω_{m,0}) = (0.50, 0.20).

versus the redshift z, normalized such that the effective energy density is unity at the time of phantom crossing. It shows that the absolute value of the effective pressure |P_β| exceeds the effective energy density ρ_β at the time of crossing of the phantom divide.

The recent observational data for Type Ia supernovae [5] show that crossing of the phantom divide line occurs at a redshift z ∼ 0.25 [28, 29, 30].^2 In our model, for β = 0.50 (when Ω_{m,0} = 0.20), crossing of the phantom divide occurs at z ∼ 0.25. We will investigate in detail the allowed parameter region based on recent observational data and the validity of our model in another paper. In a sample model in which the phantom divide is crossed at z ∼ 0.25, (β, Ω_{m,0}) = (0.50, 0.20), the cosmic age is 14.5 Gyr. Our model can account for late-time acceleration of the universe without dark energy. It also has a possibility of solving the cosmic age problem.

5. Summary

• We confirmed that the effective equation of state does not cross the phantom divide line in the original DGP model.

• We also demonstrated that crossing of the phantom divide does not occur in the DGP model by Dvali and Turner.

• We constructed the Phantom Crossing DGP model. This model realizes crossing of the phantom divide. We found that the smaller the value of the new introduced parameter β is, the older epoch crossing of the phantom divide occurs in. The Phantom Crossing DGP model also has a possibility of solving the cosmic age problem.

References

[1] A.G. Riess, et al., Astron. J. 116 (1998) 1009.

[2] S. Perlmutter, et al., Astrophys. J. 517 (1999) 565.

[3] R. Knop, et al., Astrophys. J. 598 (2003) 102.

[4] A.G. Riess, et al., Astrophys. J. 607 (2004) 665.

2This is a model-dependent value. We will search the allowed parameter region in detailed comparison with recent observational data in another paper.

[5] A.G. Riess, et al., Astrophys. J. 659 (2007) 98. [6] P. Astier, et al., Astron. Astrophys. 447 (2006) 31. [7] G. Miknaitis, et al., Astrophys. J. 666 (2007) 674. [8] W.M. Wood-Vasey, Astrophys. J. 666 (2007) 694. [9] J.A. Frieman, et al., Astron. J. 135 (2008) 338. [10] D.N. Spergel, et al., Astrophys. J. Suppl. 148 (2003) 175. [11] E. Komatsu, et al. [WMAP Collaboration], Astrophys. J. Suppl. 180 (2009) 330.

[12] M. Tegmark, et al. [SDSS Collaboration], Astrophys. J. 606 (2004) 702. [13] M. Tegmark, et al., Phys. Rev. D 69 (2004) 103501. [14] B. Ratra, P.J.E. Peebles, Phys. Rev. D 37 (1988) 3406. [15] P.J.E. Peebles, B. Ratra, Astrophys. J. 325 (1988) L17. [16] R.R. Caldwell, Phys. Lett. B 545 (2002) 23.

[17] R.R. Caldwell, M. Kamionkowski, N.N. Weinberg, Phys. Rev. Lett 91 (2003) 071301.

[18] K. Hirano, K. Kawabata, Z. Komiya, Astrophys. Space Sci. 315 (2008) 53. [19] J.G. Hartnett, K. Hirano, Astrophys. Space Sci. 318 (2008) 13. [20] Z. Komiya, K. Kawabata, K. Hirano, H. Bunya, N. Yamamoto, J. Korean Astron. Soc. 38 (2005) 157.

[21] Z. Komiya, K. Kawabata, K. Hirano, H. Bunya, N. Yamamoto, Astron.

Astrophys. 449 (2006) 903.

[22] S. Nojiri, S.D. Odintsov, Int. J. Geom. Meth. Mod. Phys. 4 (2007) 115. [23] S. Nojiri, S.D. Odintsov, arXiv:0801.4843 [astro-ph]. [24] S. Nojiri, S.D. Odintsov, arXiv:0807.0685 [hep-th].

[25] G.R. Dvali, G. Gabadadze, M. Porrati, Phys. Lett. B 485 (2000) 208. [26] C. Deffayet, Phys. Lett. B 502 (2001) 199.

[27] C. Deffayet, G.R. Dvali, G. Gabadadze, Phys. Rev. D 65 (2002) 044023. [28] U. Alam, V. Sahni, A.A. Starobinsky, JCAP 0406 (2004) 008. [29] S. Nesseris, L. Perivolaropoulos, JCAP 0701 (2007) 018. [30] P.U. Wu, H.W. Yu, Phys. Lett. B 643 (2006) 315. [31] H.K. Jassal, J.S. Bagla, T. Padmanabhan, arXiv:astro-ph/0601389. [32] S. Nojiri, S.D. Odintsov, Phys. Lett. B 562 (2003) 147. [33] K. Bamba, C.Q. Geng, Phys. Lett. B 679 (2009) 282. [34] K. Bamba, C.Q. Geng, S. Nojiri, S.D. Odintsov, Phys. Rev. D 79 (2009) 083014.

[35] G. Dvali, M. Turner, astro-ph/0301510. [36] K. Nozari, M. Pourghassemi, JCAP 0810 (2008) 044. [37] K. Nozari, N. Behrouz, T. Azizi, B. Fazlpour, Prog. Theor. Phys. 122 (2009) 735.

[38] A. Lue, R. Scoccimarro, G.D. Starkman, Phys. Rev. D 69 (2004) 124015. [39] A. Lue, Phys. Rep. 423 (2006) 1.