arXiv:gr-qc/0505020 v3 26 Sep 2005

Holographic dark energy and cosmic coincidence

Diego Pavón^{∗1} and Winfried Zimdahl^{†2} 1Departamento de Física, Universidad Autónoma de Barcelona, 08193 Bellaterra (Barcelona), Spain 2Institut für Theoretische Physik, Universität zu Köln D-50937 Köln, Germany

Abstract

In this Letter we demonstrate that any interaction of pressureless dark matter with holographic dark energy, whose infrared cutoff is set by the Hubble scale, implies a constant ratio of the energy densities of both components thus solving the coincidence problem. The equation of state parameter is obtained as a function of the interaction strength. For a variable degree of saturation of the holographic bound the energy density ratio becomes time dependent which is compatible with a transition from decelerated to accelerated expansion.

∗ E-mail address: diego.pavon@uab.es † E-mail address: zimdahl@thp.uni-koeln.de

Nowadays there is a wide consensus among cosmologists that the Universe has entered a phase of accelerated expansion [1]. The debate is now centered on when the acceleration did actually begin, whether it is to last forever or it is just a transient episode and, above all, which is the agent behind it. Whatever the agent, usually called dark energy, it must possess a negative pressure high enough to violate the strong energy condition. A number of dark energy candidates have been put forward, ranging from an incredibly tiny cosmological constant to a variety of exotic fields (scalar, tachyon, k-essence, etc) with suitably chosen potentials [2]. Most of the candidates, however, suffer from the coincidence problem, namely: Why are the matter and dark energy densities of precisely the same order today? [3].

Recently, a new dark energy candidate, based not in any specific field but on the holographic principle, was proposed [4, 5, 6, 7, 8, 9]. The latter, first formulated by ’t Hooft [10] and Susskind [11], has attracted much attention as a possible short cut to quantum gravity and found interesting applications in cosmology -see e.g. [12]- and black hole growth [13]. According to this principle, the number of degrees of freedom of physical systems scales with their bounding area rather than with their volume. In this context Cohen et al. reasoned that the dark energy should obey the aforesaid principle and be constrained by the infrared (IR) cutoff [14]. In line with this suggestion, Li has argued that the dark energy density should satisfy the bound ρ_X ≤ 3 M^2_p c^2/L^2, where c^2 is a constant and M^2_p = (8π G)^{−1} [7]. He discusses three choices for the length scale L which is supposed to provide an IR cutoff. The first choice is to identify L with the Hubble radius, H^{−1}. Applying arguments from Hsu [6], Li demonstrates that this leads to a wrong equation of state, namely that for dust. The second option is the particle horizon radius. However, this does not work either since it is impossible to obtain an accelerated expansion on this basis. Only the third choice, the identification of L with the radius of the future event horizon gives the desired result, namely a sufficiently negative equation of state to obtain an accelerated universe.

Here, we point out that Li’s conclusions rely on the assumption of an independent evolution of the energy densities of dark energy and matter which, in particular, implies a scaling ρ_M ∝ a^{−3} of the matter energy density ρ_M with the scale factor a(t). Any interaction between both components will change, however, this dependence. The target of this Letter is to demonstrate that as soon as an interaction is taken into account, the first choice, the identification of L with H^{−1}, can simultaneously drive accelerated expansion and solve the coincidence problem. We believe that models of late acceleration that do not solve the coincidence problem cannot be deemed satisfactory (see, however, [15]).

Let us reconsider the argument Li used to discard the identification of the IR cutoff with Hubble’s radius. Setting L = H^{−1} in the above bound and working with the equality (i.e., assuming that the holographic bound is saturated) it becomes ρ_X = 3 c^2M^2_P H^2. Combining the last expression with Friedmann’s equation for a spatially flat universe, 3M^2_P H^2 = ρ_X + ρ_M , results in ρ_M = 3 (1 − c^2) M^2_P H^2. Now, the argument runs as follows: The energy density ρ_M varies as H^2, which coincides with the dependence of ρ_X on H. The energy density of cold matter is known to scale as ρ_M ∝ a^{−3}. This corresponds to an equation of state p_M ≪ ρ_M , i.e., dust. Consequently, this should be the equation of state for the dark energy as well. Thus, the dark energy behaves as pressureless matter. Obviously, pressureless matter cannot generate accelerated expansion, which seems to rule out the choice L = H^{−1}. This is exactly Li’s conclusion. What underlies this reasoning is the assumption that ρ_M and ρ_X evolve independently. However if one realizes that the ratio of the energy densities

r ≡ ρ_M ρ_X = 1 − c^2 c^2

, (1)

should approach a constant, finite value r = r_0 for the coincidence problem to be solved, a different interpretation is possible, which no longer relies on an independent evolution of the components. Given the unknown nature of both dark matter and dark energy there is nothing in principle against their mutual interaction (however, in order not to conflict with “fifth force” experiments [16] we do not consider baryonic matter) to the point that assuming no interaction at all is not less arbitrary than assuming a coupling. In fact, this possibility is receiving growing attention in the literature [17, 18, 19] and appears to be compatible not only with SNIa and CMB data [20] but even favored over non-interacting cosmologies [21]. On the other hand, the coupling should not be seen as an entirely phenomenological approach as different Lagrangians have been proposed in support of the coupling -see [22] and references therein.

As a consequence of their mutual interaction neither component conserves separately,

ρ̇_M + 3Hρ_M = Q , ρ̇_X + 3H(1 + w)ρ_X = −Q , (2) though the total energy density, ρ = ρ_M + ρ_X , does. Here Q denotes the interaction term, and w the equation of state parameter of the dark energy. Without loss of generality we shall describe the interaction as a decay process with Q = Γρ_X where Γ is an arbitrary (generally variable) decay rate. Then we may write

ρ̇_M + 3Hρ_M = Γρ_X (3) and ρ̇_X + 3H(1 + w)ρ_X = −Γρ_X . (4)

Consequently, the evolution of r is governed by

ṙ = 3Hr [ w + 1 + r r Γ 3H ] . (5)

In the non-interacting case (Γ = 0) and for a constant equation of state parameter w this ratio scales as r ∝ a^{3w}. If we now assume ρ_X = 3 c^2M^2_P H^2, this definition implies

ρ̇_X = −9 c^2M^2_P H^3 [ 1 + w 1 + r ] , (6)

where we have employed Einstein’s equation Ḣ = −^3_2 H^2 [ 1 +^w_{1+r} ] . Inserting (6) in the left hand side of the balance equation (4) yields a relation between the equation of state parameter w and the interaction rate Γ, namely,

w = − ( 1 + 1 r ) Γ 3H . (7)

The interaction parameter^Γ_{3H} together with the ratio r determine the equation of state. In the absence of interaction, i.e., for Γ = 0, we have w = 0, i.e., Li’s result is recovered as a special case. For the choice ρ_X = 3 c^2M^2_P H^2 an interaction is the only way to have an equation of state different from that for dust. Any decay of the dark energy component (Γ > 0) into pressureless matter is necessarily accompanied by an equation of state w < 0. The existence of an interaction has another interesting consequence. Using the expression (7) for Γ in (5) provides us with ṙ = 0, i.e., r = r_0 = constant. Therefore, if the dark energy is given by ρ_X = 3 c^2M^2_P H^2 and if an interaction with a pressureless component is admitted, the ratio r = ρ_M /ρ_X is necessarily constant, irrespective of the specific structure of the interaction. Under this condition we have [cf.(1)]

c^2 = 1 1 + r_0

. (8)

At variance with [7, 9], the fact that c^2 is lower than unity does not prompt any conflict with thermodynamics. For the case of a constant interaction parameter^Γ_{3H} ≡ ν = constant, it follows that

ρ, ρ_M , ρ_X ∝ a^{−3m} ( m = 1 + w 1 + r_0

= 1 − ν r ) , (9)

while the scale factor obeys a ∝ t^n with n = 2/(3m). Consequently, the condition for accelerated expansion is w/(1 + r_0) < −1/3, i.e., ν > r_0/3.

Accordingly, the expression for the holographic dark energy with the identification L = H^{−1} fits well into the interacting dark energy concept. The Hubble radius is not only the most obvious but also the simplest choice. It is not only compatible with a constant ratio between the energy densities but requires it. In a sense, the holographic dark energy with L = H^{−1} together with the observational fact of an accelerated expansion almost calls for an interacting model. Note that the interaction is essential to simultaneously solve the coincidence problem and have late acceleration. There is no non-interacting limit, since in the absence of interaction, i.e., Q = Γ = 0, there is no acceleration.

Obviously, a change of r_0 demands a corresponding change of c^2. Within the framework discussed so far, a dynamical evolution of the energy density ratio is impossible. As a way out it has been suggested again to replace the Hubble scale by the future event horizon [23]. Here we shall follow a different strategy to admit a dynamical energy density ratio. Motivated by the relation (8) in the stationary case r = r_0 =const, we retain the expression ρ_X = 3 c^2M^2_P H^2 for the dark energy but allow the so far constant parameter c^2 to vary, i.e., c^2 = c^2(t). Since the precise value of c^2 is unknown, some time dependence of this parameter cannot be excluded. Then this definition of ρ_X implies ρ̇_X = −9 c^2M^2_P H^3 [ 1 + w 1 + r ] + (c^2)· c^2 ρ_X , (10)

which generalizes Eq. (6). Using now the expression (10) for ρ̇_X on the left hand side of the balance equation (4), leads to

(c^2)· c^2 = −3H r 1 + r [ w + 1 + r r Γ 3H ] . (11)

A vanishing left hand side, i.e., c^2 =constant, consistently reproduces (7). Comparing the right hand sides of equations (11) and (5) yields (c^2)· /c^2 = −ṙ/(1 + r), whose solution is

c^2 (1 + r) = 1 . (12)

The constant has been chosen to have the correct behavior (8) for the limit r = r_0 = constant. We conclude that if the dark energy is given by ρ_X = 3 c^2M^2_P H^2 and c^2 is allowed to be time dependent, this time dependence must necessarily preserve the quantity c^2 (1 + r). The time dependence of c^2 thus fixes the dynamics of r (and vice versa). Since r is expected to decrease in the course of cosmic expansion, ṙ < 0, this is accompanied by an increase in c^2, i.e., (c^2)· > 0.

Solving (11) for the equation of state parameter w we find

w = − ( 1 + 1 r ) [ Γ 3H + (c^2)· 3Hc^2 ] . (13)

For (c^2)· = 0 one recovers expression (7). It is obvious, that both a decreasing r and an increasing c^2 in (13) tend to make w more negative compared with w = − ( 1 +^1_r

)_Γ 3H from (7). A variation of the c^2 parameter can be responsible for a change in the equation of state parameter w. Such a change to (more) negative values is required for the transition from decelerated to accelerated expansion. For a specific dynamic model assumptions about the interaction have to be introduced. This may be done, e.g., along the lines of [18, 19]. However, as is well known, the holographic energy must fulfill the dominant energy condition [24] whereby it is not compatible with a phantom equation of state (w < −1). This automatically sets a constraint on Γ and c^2.

It is noteworthy that in allowing c^2 to vary, contrary to what one may think, the infrared cutoff does not necessarily change. This may be be seen as follows. The holographic bound can be written as ρ_X ≤ 3c^2M^2_p /L^2 with L = H^{−1}. Now, Li and Huang [7, 8, 9] -as well as ourselves- assume that the holographic bound is saturated (i.e., the equality sign is assumed in the above expression). Since the saturation of the bound is not at all compelling, and the “constant” c^2(t) increases with expansion (as r decreases) up to reaching the constant value (1 + r_0)^{−1}, the expression ρ_X = 3c^2(t)M^2_p H^2, in reality, does not imply a modification of the infrared cutoff, which is still L = H^{−1}. What happens is that, as c^2(t) grows, the bound gets progressively saturated up to full saturation when, asymptotically, c^2 becomes a constant. In other words, the infrared cutoff always remains L = H^{−1}, what changes is the degree of saturation of the holographic bound.

In this letter we have shown that any interaction of a dark energy component with density ρ_X = 3 c^2M^2_P H^2 (and c^2 = constant) with a pressureless dark matter component necessarily implies a constant ratio of the energy densities of both components. The equation of state parameter w is determined by the interaction strength. A time evolution of the energy density ratio is uniquely related to a time variation of the c^2 parameter. Under this condition a decreasing ratio ρ_M /ρ_X sends w to lower values.

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998); S. Perlmutter et al., Astrophys. J. 517, 565 (1999); S. Perlmutter et al., Proceedings of the of the IVth Marseille Cosmology Conference Where Cosmology and Particle Physics Meet, 2003, edited by V. Lebrun, S. Basa and A. Mazure (Frontier Groupe, Paris, 2004); A.G. Riess et al., Astrophys. J. 607, 665 (2004).

[2] S. Carroll, in Measuring and Modelling the Universe, Carnegie Observatory, Astrophysics Series, Vol. 2, edited by W.L. Freedman (Cambridge University Press, Cambridge); T. Padmanbhan, Phys. Reports, 380, 235 (2003); J.A.S. Lima, Braz. J. Phys. 34, 194 (2004); V. Sahni, astro-ph/0403324; Proceedings of the I.A.P. Conference On the Nature of Dark Energy, edited by P. Brax et al. (Frontier Group, Paris, 2002).

[3] P.J. Steinhardt, in Critical Problems in Physics, edited by V.L. Fitch and D.R. Marlow

(Princeton University Press, Princeton, NJ, 1997).

[4] P. Hořava and D. Minic, Phys. Rev. Lett. 85, 1610 (2000). 509, 138 (2001). [5] K. Enqvist and M.S. Sloth, Phys. Rev. Lett. 93, 221302 (2004). [6] S.D.H. Hsu, Phys. Lett B, 594, 13 (2004). [7] M. Li, Phys. Lett. B 603, 1 (2004). [8] Q-G. Huang, and Y. Gong, JCAP 08(2004)006. [9] Q-G. Huang and M. Li, JCAP 08(2004)013. [10] G. ’t Hooft, gr-qc/9310026.

[11] L. Susskind, J. Math. Phys. (N.Y.) 36, 6377 (1995).

[12] B. Wang, E. Abdalla, and T. Osada, Phys. Rev. Lett. 85, 5507 (2000); M. Cataldo, N. Cruz, S. del Campo and S. Lepe, Phys. Lett. B 509, 138 (2001); R. Horvat, Phys. Rev. D 70, 087301 (2004); G. Geshnizjani, D.J.H. Chung and N. Afshordi, Phys. Rev. D 72, 023517 (2005).

[13] P.S. Custodio and J.E. Horvath, Gen. Rel. Grav. 35, 1337 (2003). [14] A. G. Cohen, D.B. Kaplan and A.E. Nelson, Phys. Rev. Lett. 82, 4971 (1999). [15] B. McInnes, astro-ph/0210321; R.J. Scherrer, Phys. Rev. D 71, 063519 (2005). [16] B. Ratra and P.J.E. Peebles, Phys. Rev. D 37, 3406 (1988); K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002).

[17] L. Amendola, Phys. Rev. D 62, 043511 (2000); G. Mangano, G. Miele and V. Pettorino, Modern. Phys. Lett. A 18, 831 (2003); S. del Campo, R. Herrera, and D. Pavón, Phys. Rev. D 70, 043540 (2004); G. Farrar and P.J.E. Peebles, Astrophys. J. 604, 1 (2004); Zong- Kuan Guo, Rong-Gen Cai, and Yuan-Zhong Zhang, JCAP 0505(2005)002; Zong-Kuan Guo and Yuan-Zhong Zhang, Phys. Rev. D 71, 023501 (2005); R-G. Cai and A. Wang, JCAP 0503(2005)002; B. Gumjudpai, T. Naskar, M. Sami, and S. Tsujikawa, JCAP 06(2005)007; R. Curbelo, T. Gonzáles, and I. Quirós, astro-ph/0502141.

[18] W. Zimdahl, D. Pavón and L.P. Chimento, Phys. Lett. B 521, 133 (2001). [19] L.P. Chimento, A.S. Jakubi, D. Pavón, and W. Zimdahl, Phys. Rev. D 67, 083513 (2003). [20] G. Olivares, F. Atrio and D. Pavón, Phys. Rev. D 71, 063523 (2005). [21] M. Szydłlowski, astro-ph/0502034.

[22] S. Tsujikawa and M. Sami, Phys. Lett. B 603, 113 (2004). [23] B. Wang, Y. Gong, and E. Abdalla, Phys. Lett. B 624, 141 (2005).

[24] D. Bak and S-J. Rey, Class. Quantum Grav. 17, L83 (2000); E.E. Flanagan, D. Marolf and

R.M. Wald, Phys. Rev. D 62, 084035 (2000).