arXiv:1201.0880v2 [gr-qc] 7 Feb 2012

Evolution of cosmological event horizons in anisotropic universes

Hyeong-Chan Kim^{1, ∗} 1School of Liberal Arts and Sciences, Chungju National University, Chungju, 380-702, Korea

We study the evolution of cosmological event horizons in anisotropic Kasner universes in the presence of a positive cosmological constant by analyzing null geodesics. At later times, the asymptotic form of cosmological horizons is the same spherical surface as the de Sitter horizon. At the early times, however, it has non-spherical shape with its eccentricity decreases with time. The horizon area increases with time respecting the second law of thermodynamics. The initial shape of the cosmological horizon takes the form of a needle or pancake surface depending on the nature of the background spacetimes. We also discuss that the presence of the holographic dark energy will modify significantly the initial evolution of the anisotropic universes.

PACS numbers: 98.80.Bp,98.80.Jk

Following the Copernican principle [1], the physical properties of the universe are spatially homogeneous viewed on a sufficiently large scale. This is consistent with nowadays experiments up to of order 10^{−5}. Based on the principle, the Robertson-Walker spacetime with inflation at early stage, on which small perturbations evolve to give cosmological structures, is widely used to describe the present universe. However, there is no reason to believe that our universe was initially homogenous and isotropic. Generically, it could be highly inhomogeneous and anisotropic. The cosmic no-hair theorem [2] shows that in the presence of inflation most of the initially anisotropic cosmological spacetimes become isotropic rapidly if the matter fields residing in the universe satisfy the dominant energy condition. The theorem also implies that it is inevitable to have a highly anisotropic pre-inflationary universe if any small anisotropy remains after inflation. Since the anisotropy will be exponentially enhanced if we observe the universe backward in time and we cannot make that process stop by adding ordinary matters or radiations. The vestige of the pre-inflationary anisotropies can be seen through the large scale anomalies in the WMAP power spectra if the e-folding of inflation is not larger than 64 for GUT scale inflation. [3, 4]. In fact, there is possibility that the effect of pre-inflationary anisotropies has been already detected in the Cosmic Microwave Background (CMB) temperature anisotropies, as an apparent alignment of the CMB multipoles on very large scales, so-called “Axis of Evil” [5–10] and giant rings [11].

The standard cosmological model is the Λ-CDM model where most part of the universe is composed of the cosmological constant and cold dark matters. The spacetime has a future event horizon located at a distance R_h = a(τ) ∫_∞ τ dτ^′ a(τ^′) , where a(τ) is the scale factor of the Robertson-Walker metric and τ is the comoving time. In the presence of asymptotically accelerating expansion of the universe, any observers will be surrounded by the future event horizon, which restricts the observers access to the information of the universe. This lack of information is represented by a kind of entropy proportional to the area of the cosmological horizon divided by the Planck area similar to the black hole entropy. The generalized second law of thermodynamics for the Robertson-Walker spacetime was proved by Daives [12] and Pollock and Singh [13] showing that the total entropy of gravity+matter does not decrease through physical processes. It would be interesting to find the cosmological horizon of anisotropic universes whose geometry are not isotropic and investigate the possibility to generalize the second law of thermodynamics to such spacetimes. At the present universe, the cosmological horizon is deeply related to dark energy which dominates the later accelerating expansion of the universe. It is well known that the portion of the dark energy is increased during the matter dominated regime and is negligible at the radiation dominated regime. This is why one usually neglect the dark energy contribution during inflationary and pre-inflationary regimes of the universe. However, in the case of an holographic dark energy, one cannot neglect the dark energy portion at the pre-inflationary regime. If we observe the universe backward in time during the inflation, we may see that the portion of the holographic dark energy density will be exponential increased until it is comparable to the inflaton energy density at the pre-inflationary universe as shown in Refs. [14, 15]. Therefore, it is reasonable to introduce the holographic dark energy on the anisotropic inflation models and ask the possibility that the behavior of anisotropy in Kasner models is modified by its presence. In fact, this gives a possibility to cure the pathological initial condition problem of the gravitational wave perturbation [16], which happens because of the initial anisotropic singularity of Kasner models.

We are interested in the homogeneous anisotropic cosmological solutions of Einstein gravity with a positive cosmological constant, Λ(= 3H^2), in the absence of matter fields. The spacetime solutions are known as the Bianchi universes, which are divided into nine classes. In this paper, we study the simplest case: the Kasner spacetimes with

∗Electronic address: hckim@cjnu.ac.kr

two dimensional plane symmetry with metric,

ds^2 = −dτ^2 + a^2(τ) (dx^2 + dy^2) + c^2(τ)dz^2, (1)

where a(τ) and c(τ) are independent scale factors of the planes and of the direction orthogonal to the plane, respectively. The space-time model is a good testing ground in analyzing the properties of anisotropic universes since it is simple and has various important features of the whole anisotropic universes.

There are two different solutions of distinct features. One is given by ds^2 := ds^2_r with scale factors

a(τ) := a_r(τ) = a_0 sinh^{13} (3Hτ) tanh^{− 13} ( 3Hτ 2 ) , c(τ) := c_r(τ) = c_0 sinh^{13} (3Hτ) tanh^{23} ( 3Hτ 2 ) . (2)

The spacetime has a Rindler-like event horizon at τ = 0 since a_r approaches to a finite value and c_r goes to zero linearly. The spacetime is connected to the region with negative τ through the horizon where a timelike singularity is located. As shown in Ref. [17], the geometry is closely connected with the anti-de Sitter black brane solution discovered by Lemos [18]. The other solution, ds^2 := ds^2_s , has an initial singularity and their scale factors are given by a(τ) := a_s(τ) = a_0 sinh^{13} (3Hτ) tanh^{13} ( 3Hτ 2 ) , c(τ) := c_s(τ) = c_0 sinh^{13} (3Hτ) tanh^{− 23} ( 3Hτ 2 ) . (3)

The metric component a_s goes to zero and c_s diverges as τ → 0. As a result, there appears a spacelike singularity, which is present in most Bianchi spacetimes other than ds^2_r style. The solutions behave initially as Kasner spacetimes in the absence of cosmological constant followed by a de Sitter phase, as discussed in [16, 19]. In this paper, we set a_0 = 1 = c_0, which can always be done by an appropriate rescaling of the spatial coordinates x^i (i = 1, 2, 3).

Now we consider the null geodesics on this spacetime. Consider a flash of light with conserved comoving momentum p_i := |⃗p|(sin θ cos ϕ, sin θ sin ϕ, cos θ) which departed from the origin at time τ, where θ denotes the angle of the comoving momentum with respect to the z direction. At time τ_0 > τ, the light will arrive at the point,

r^i = (x, y, z); x(τ, τ_0) = sin θ cos ϕ f(θ, τ_0, τ), y(τ, τ_0) = sin θ sin ϕ f(θ, τ_0, τ), z(τ, τ_0) = cos θ g(θ, τ_0, τ) (4)

where

f(θ, τ_0, τ) := ∫_{τ0} τ dτ^′ c(τ^′)

a(τ^′) √ sin^2 θ c^2(τ^′) + cos^2 θ a^2(τ^′)

, g(θ, τ_0, τ) := ∫_{τ0} τ dτ^′ a(τ^′)

c(τ^′) √ sin^2 θ c^2(τ^′) + cos^2 θ a^2(τ^′)

. (5)

The angle θ does not directly related to the physical zenith angle of the points (x, y, z) but is related to the conserved momenta.

Note that, for large τ, the two scale factors will eventually evolve exponentially and become the same as that of the de Sitter spacetime. In this sense, the existence of the cosmological event horizon is guaranteed. As τ_0 → ∞, the light will arrive at the spacial coordinate r^i_h(τ, θ, ϕ) = lim_{τ0→∞} r^i(τ, τ_0). Conversely, a flash of light with comoving spatial momentum −p_i which departed from the event (τ, x_h, y_h, z_h) will arrive at the origin as τ_0 → ∞. This clearly implies that the surface, H(τ) ≡ {(τ, x_h, y_h, z_h), 0 ≤ θ ≤ π, 0 ≤ ϕ < 2π, τ > 0}, (6) forms the cosmological event horizon of the universe at the comoving time τ. If a = c, the formula reproduce the distance to the cosmological event horizon in the Robertson-Walker spacetime.

Apparently, the horizon surface satisfies

x^2 + y^2 f^2(θ, ∞, τ) + z^2 g^2(θ, ∞, τ) = 1,

with f and g dependent on time and angle θ. If the two functions f and g are independent of the angle, the surface forms an ellipse. This case happens only asymptotically as τ → ∞. Explicitly, the distance to the cosmological event horizon is dependent on the polar angle θ and is given by R_h(τ, θ) = √ R^2_‖ + R^2_⊥, (7) where the distance along the parallel and orthogonal directions to the x-y plane are given by R_‖(τ, θ) = a(τ) √ x^2_h(τ) + y^2_h(τ) = sin θ a(τ)f(θ, ∞, τ), R_⊥(τ, θ) = cos θ c(τ)g(θ, ∞, τ).

In this paper, we explicitly calculate the distances to cosmological event horizons for the two metrics (2) and (3). Let us first study the initially regular spacetime, ds^2_r , case. Considering the perturbation around the Kasner spacetime with positive cosmological constant, the gravitational wave modes rapidly grow and have instability at the initial Kasner regime, generically. Only for the present solution, the instability can be suppressed to give a well defined initial condition for the gravitational perturbations [4]. Eq. (5) is integrable to give a closed form and the spatial HR^r_⊥

HR^r_‖

FIG. 1: Shape of the event horizon (HR^r_‖, HR^r_⊥). Here, 3Hτ /2 = 2.5, 1.5, .5, .1, and .001, respectively from small eccentricity. We choose H = 2/3.

distance to the event horizon for a given angle θ becomes

R^r_h(τ, θ) = 1 H sin^2 θ [ f_r( cosh(^{3Hτ}_2 ) sin θ ) ]_2

+ cos^2 θ [ g_r(sin θ, cosh ( 3Hτ 2 ) ) ]_2 1/2 , (8)

where

f_r(x) = 2 3 x^{2/3} ∫_∞ x dx^′ 1 x^{′2/3} √ x^{′2} − 1 = 2 3 x^{2/3} [ √ π Γ(1/3) 2Γ(5/6) − √ x^2 − 1_2F_1(1/2, 5/6, 3/2, 1 − x^2) ] (9) is a monotonically decreasing function of x (≥ 1) with f_r(1) =^{√πΓ(1/3)}_{3Γ(5/6)} and lim_{x→∞} f_r(x) = 1. The function,

g_r(s, y) = √ y^2 − 1 3 y^13 ∫_∞ y^2−1 dy^′ (y^′ + 1)^{1/6} y^′ √ y^′ + 1 − s^2 = √ y^2 − 1 3 y^13 ∞∑ n=0 Γ(n − 1/2) Γ(1/2)Γ(n + 1) s^{2n} × B_y−2 (1/3 + n, 0) monotonically increases from zero to one as y (≥ 1) increases.

For the limit τ → ∞, the distance to the horizon approaches to that of the de Sitter space as R^r_h → 1/H, and the cosmological horizon forms a spherical surface. On the other hand, around the time τ → 0, the z-direction distance to the horizon goes to zero as

R^r_⊥ → τ log 2 3Hτ . Note that this distance is independent of the angle θ. As τ → 0, the distance to the horizon parallel to the plane approaches to a finite number,

R^r_‖ → √ π| sin^{1/3} θ| 3H Γ(1/3) Γ(5/6) . Therefore, the horizon take the form of a pancake surface of infinitesimal thickness as shown in the case of 3Hτ/2 = 0.001 in Fig. 1. The area of the initial event horizon,

A = 2π(R^r_‖)^2 =

2π^2 9H^2

Γ^2(1/3) Γ^2(5/6) ≃ 12.3535 H^2 , is slightly smaller than that of the final de Sitter horizon 4π/H^2 ≃ 12.5664/H^2. The horizon area are increased through the evolution.

We next consider the spacetimes with initial spacelike singularity. Even though, the metric ds^2_s is a specific example of general Kasner spacetimes, it still has most important features of the initially singular anisotropic spacetimes. With metric (3), Eq. (5) is integrable to give a closed form and the spatial distance to the event horizon for a given angle θ becomes

R^s_h(τ, θ) = 1 H sin^2 θ [ f_s( sinh(^{3Hτ}_2 )

sin θ ) ]_2

+ cos^2 θ [ g_s(cos θ, sinh^2 ( 3Hτ 2 ) ) ]_2 1/2 , (10)

where

f_s(x) =

2x^{2/3} 3 ∫_∞ x dx^′ x^{′2/3} √ 1 + x^{′2}

=_2F_1( 1 3 , 1 2 ; 4 3 ; − 1 x^2

), (11)

monotonically increases from zero to one as x increases from zero to infinity. The function

g_s(c, y) =

(y + 1)^{1/2} 3y^{1/6} ∫_∞ y dy^′ y^{′1/6} (y^′ + 1)^{3/2} ( 1 − c^2 y^′ + 1 )_{−1/2}

= (y + 1)^{1/2} 3y^{1/6} ∞∑ n=0 Γ(n + 1/2) Γ(1/2)Γ(n + 1) c^{2n}(−)^{5/3+n}B_{−y}−1 (1/3 + n, −1/2 − n), (12)

monotonically decreases from infinity to one as y (> 0) increases. As a result, the distance to the horizon asymptotically approaches to that of the de Sitter space as R^s_h → 1/H.

On the other hand, around the initial singularity, the z-direction distance to the horizon diverges as R^s_⊥ → Γ(4/3)Γ(1/6) √ πH cos θ_2F_1(1/3, 1/2, 3/2, cos^2 θ) 3 sinh^{1/3} (_{3Hτ} 2 ) . The distance to the horizon parallel to the plane approaches to zero as R^s_‖ → Γ(4/3)Γ(1/6) √ πH sin^{1/3} θ sinh^{2/3} ( 3Hτ 2 ) . Therefore, the initial horizon take the form of a needle surface of infinitesimal thickness and infinite length as shown in Fig. 2. The area of the initial cosmological horizon goes to zero as A ∼ 2πR^s_‖R^s_⊥ ∝ sinh^{1/3} (_{3Hτ} 2 ) H^2 .

HR^s_⊥

HR^s_‖

FIG. 2: Shape of the event horizon (HR^s_‖, HR^s_⊥). Here, 3Hτ /2 = 1.5, 1, .5, .1 and .01, respectively from small eccentricity.

The horizon area is increased through the evolution. We plot the event horizons at several cosmological times in Fig. 2. The whole form of the event horizon can be obtained by rotating the graph around the z-axis (the horizontal axis). For Hτ ≫ 1 the event horizon becomes a spherical surface. The eccentricity is very high initially even though its shape is not an exact ellipsoid.

Let us summarize the results in this paper. At the future infinity, the cosmological event horizon has spherical shape and is located at 1/H. For times other than the future infinity, it is non-spherical and has non-zero eccentricity, which is maximized at the initial time. In the case of the initially singular Kasner spacetimes, it was shown that the initial cosmological horizon takes the form of a needle surface with infinite length and infinitesimal thickness. The initial surface area goes to zero since the thickness decreases faster than the increase of the length if we observe the universe backward in time around the initial singularity. In the case of the initially regular Kasner spacetime, the initial cosmological horizon takes the form of a pancake surface on the symmetric plane with infinitesimal thickness. For both cases, the surface areas of the cosmological event horizons increase with time. Therefore, the 2^{nd} law of thermodynamics holds in the anisotropic universe allowing the entropy interpretation of the horizon area.

Calculating surface gravity on the horizon is a challengeable task since the Killing vector generating the horizon is not known. The vector following the horizon for a given value of θ and ϕ, are given by

v^a = dx^a_h dτ = (1, − c a sin θ cos ϕ √ cos^2 θ a^2 + sin^2 θ c^2 , − c sin θ sin ϕ a √ cos^2 θ a^2 + sin^2 θ c^2 , − a cos θ c √ cos^2 θ a^2 + sin^2 θ c^2 ). One can easily show that this is null v^av_a = 0 but not a Killing vector. The horizon generating Killing vector χ_a will be proportional to v_a at the horizon. We defer this subject of finding the vector to later work. Rather, we roughly estimate the surface gravity near τ ∼ 0 by using analogy to the de Sitter spacetime. Near the cosmological horizon located at x = H^{−1}e^{−Hτ} with y = 0 = z, the metric of the de Sitter spacetime becomes

ds^2 ≃ −2a(τ)dτdξ + a^2(τ)(dξ^2 + dy^2 + dz^2),

where ξ ≡ x − H^{−1}a^{−1} and a(τ) = e^{Hτ} . The surface ξ = 0 define the cosmological horizon. The surface gravity in this spacetime is given by the derivative of the logarithm of scale factor, a^{−1}(da/dτ). In this calculation, the direction y and z are irrelevant.

In the anisotropic Kasner spacetimes, we may proceed in a similar manner to estimate the surface gravity of the cosmological horizons at early times. For the case of the initially singular metric ds^2_s , most part of the horizon is almost parallel to the z-axis initially since the horizon has needle-like shape. Therefore, we may assume rough translational symmetry along z. We estimate the surface gravity at the event (τ ≪ H^{−1}, x_h, y_h = 0, z_h ∼ 0) on the horizon. Since the geometry is almost needle-like, we may simply calculate the surface gravity at θ = π/2. Similar calculation as above leads to κ_s ∼ H_a = ȧ/a ∝ 1/τ at the early times. For the case of the initially regular metric ds^2_r , the horizon is almost pancake shape located on the x-y plane initially. We may estimate the surface gravity at the point θ = 0. Similar calculation leads to κ_r ∼ H_c = ċ/c ∝ 1/τ.

The surface gravity does the role of a Hawking temperature for the geometry. Usually, a kind of thermal energy can be related to the horizon and at the present case one usually relate it to the holographic dark energy [20, 21] which explains the cosmic expansion of our universe. It was also pointed out that the second law of thermodynamics holds, dA_{EH} dt ≥ 0, for the case of a Robertson-Walker cosmology with holographic dark energy. In addition, the second law can be used to determine when the dark energy dominated era begins in the universe [22].

Let us assume that there present small amount of holographic dark energy and matter in the later (but before inflation) evolution on the background of Kasner spacetime. Then, let us see how does the energy densities behave as we go backward in time. The holographic dark energy density at earlier times behaves as ρ_H ∼ T_H S V_{in} ∼ κA R^2_‖ (τ, π/2)R_⊥(τ, 0) , where T_H , S, and V_{in} denote the Hawking temperature, entropy, and volume of the universe inside the horizon, respectively. Therefore, the holographic dark energy density in the initially regular or singular spacetimes become ρ_{H,r} ∼ H^2 (Hτ)^3 ( log 2 3Hτ )_{−2} , ρ_{H,s} ∼ H^2 (Hτ)^{7/3} . The energy density of matter field behaves as ρ_{m,r} ∼ ρ_0/(a^2(τ)c(τ)) ∼ ρ_0/(Hτ) and ρ_{m,s} ∼ ρ_0/(Hτ)^{2/3}, respectively. As time goes back, the holographic dark energy density increases much faster than that of the matter. Therefore, the holographic dark energy eventually dominates the universe at some early times. If one consider the reaction of the holographic dark energy to background geometry, which is not taken care of in this paper, the evolution of the Kasner universe should be modified.

Acknowledgement

HCK was supported in part by the Korea Science and Engineering Foundation (KOSEF) grant funded by the Korea government (MEST) (No.2010-0011308) and the APCTP Topical Research Program (2011-T-01).

[1] J. A. Peacock, Cosmological Physics, Cambridge University Press (1998). [2] R. M. Wald, Phys. Rev. D 28 2118 (1983).

[3] H. C. Kim and Masato Minamitsuji, Phys. Rev. D 81, 083517 (2010); Erratum-ibid. D 82,109904 (2010). [4] H. C. Kim and Masato Minamitsuji, JCAP 1103, 038 (2011).

[5] C. L. Bennett et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 1 (2003) [arXiv:astro-ph/0302207]. [6] A. de Oliveira-Costa, M. Tegmark, M. Zaldarriaga and A. Hamilton, Phys. Rev. D 69, 063516 (2004) [arXiv:astro-ph/0307282] [7] D. J. Schwarz, G. D. Starkman, D. Huterer, and G. J. Copi, Phys. Rev. Lett. 93, 221301 (2004) [arXiv:astro-ph/0403353];

C. J. Copi, D. Huterer and G. D. Starkman, Phys. Rev. D 70, 043515 (2004) [arXiv:astro-ph/0310511]. [8] P. Vielva, E. Martinez-Gonzalez, R. B. Barreiro, J. L. Sanz and L. Cayon, Astrophys. J. 609, 22 (2004) [arXiv:astro-ph/0310273]; M. Cruz, M. Tucci, E. Martinez-Gonzalez and P. Vielva, Mon. Not. Roy. Astron. Soc. 369, 57 (2006) [arXiv:astro-ph/0601427]; M. Cruz, L. Cayon, E. Martinez-Gonzalez, P. Vielva and J. Jin, Astrophys. J. 655, 11 (2007) [arXiv:astro-ph/0603859].

[9] H. K. Eriksen, F. K. Hansen, A. J. Banday, K. M. Gorski and P. B. Lilje, Astrophys. J. 605, 14 (2004) [Erratum-ibid. 609, 1198 (2004)] [arXiv:astro-ph/0307507]; A. Bernui, Phys. Rev. D 78, 063531 (2008) [arXiv:0809.0934 [astro-ph]]; J. Hoftuft, H. K. Eriksen, A. J. Banday, K. M. Gorski, F. K. Hansen and P. B. Lilje, Astrophys. J. 699, 985 (2009) [arXiv:0903.1229 [astro-ph.CO]].

[10] C. Armendariz-Picon and L. Pekowsky, Phys. Rev. Lett. 102, 031301 (2009) [arXiv:0807.2687 [astro-ph]]; T. S. Pereira and L. R. Abramo, Phys. Rev. D 80, 063525 (2009) [arXiv:0907.2340 [astro-ph]];

[11] E. D. Kovetz, A. Ben-David, and N. Itzhaki, Astrophys. J. 724, 374 (2010), arXiv:1005.3923. [12] P.C.W. Davies, Class. Quantum Grav. 5, 1349 (1988); Class. Quantum Grav. 4, L225 (1987). [13] M.D. Pollock and T.P. Singh, Class. Quantum Grav. 65, 901 (1989). [14] B. Chen, M. Li, and Y. Wang, Nucl. Phys. B 774, 256 (2007). [15] H.-C. Kim, J.-W. Lee and J. Lee, Phys. Lett. B 661, 67 (2008).

[16] C. Pitrou, T. S. Pereira and J. P. Uzan, JCAP 0804, 004 (2008) [arXiv:0801.3596 [astro-ph]]. [17] Y. Lee, G. Kang, H.-C. Kim, and J. Lee, to appear in Phys. Rev. D, “String or brane-like solutions in four-dimensional Einstein gravity in the presence of positive cosmological constant,” [arXiv:1108.3031[gr-qc]].

[18] J. P. S. lemos, Phys. lett. B 353, 46 (1995) [arXiv:gr-qc/9404041].

[19] A. E. Gümrükçüoğlu, L. Kofman and M. Peloso, Phys. Rev. D 78, 103525 (2008) [arXiv:0807.1335 [astro-ph]]. [20] M. Li, Phys. Lett. B 603, 1 (2004).

[21] J.-W. Lee, J. Lee, and H.-C. Kim, JCAP 08, 005 (2007) [hep-th/0701199]. [22] H.-C. Kim, J.-W. Lee, and J. Lee, JCAP 0808, 035 (2008).