arXiv:1206.0179v1 [gr-qc] 1 Jun 2012

Holographic dark energy linearly interacting with dark matter

Luis P. Chimento,^{1, a)} Mónica I. Forte,^{1, b)} and Martín G. Richarte^{1, c)} Departamento de Física, Facultad de ciencias Exactas y Naturales, Universidad de Buenos Aires, 1428 Buenos Aires, Argentina

(Dated: 4 June 2012)

We investigate a spatially flat Friedmann-Robertson-Walker (FRW) cosmological model with cold dark matter coupled to a modified holographic Ricci dark energy through a general interaction term linear in the energy densities of dark matter and dark energy, the total energy density and its derivative^1. Using the statistical method of χ^2-function for the Hubble data, we obtain H_0 = 73.6km/sMpc, ω_s = −0.842 for the asymptotic equation of state and z_{acc} = 0.89. The estimated values of Ω_{c0} which fulfill the current observational bounds corresponds to a dark energy density varying in the range 0.25R < ρ_x < 0.27R.

PACS numbers: 04.

I. INTRODUCTION

Many different observational sources such as the Supernovae Ia^2-^3, the large scale structure from the Sloan Digital Sky survey^4 and the cosmic microwave background anisotropies^5 have corroborated that our universe is currently undergoing an accelerated phase. The cause of this behavior has been attributed to a mysterious component called dark energy and several candidates have been proposed to fulfill this role. For example, a positive cosmological constant Λ, explains very well the accelerated behavior but it has a deep mismatch with the theoretical value predicted by the quantum field theory. Another issue of debate refers to the coincidence problem, namely: why the dark energy and dark matter energy densities happen to be of the same order precisely today. In order to overcome both problems, it has proposed a dynamical framework in which the dark energy varies with the cosmic time. This proposal has led to a great variety of dark energy models such as quintessence^6, exotic quintessence^7, N–quintom^8 and the holographic dark energy (HDE) models^9 based in an application of the holographic principle to the cosmology. According to this principle, the entropy of a system does not scale with its volume but with its surface area and so in cosmological context will set an upper bound on the entropy of the universe^{10}. It has been suggested^{11} that in quantum field theory a short distance cut-off is related to a long distance cut-off (infra-red cut-off L) due to the limit set by the formation of a black hole. Further, if the quantum zero-point energy density caused by a short distance cut-off is taken as the dark energy density in a region of size L, it should not exceed black hole mass of the same size, so ρ_Λ = 3c^2M^2_P L^{−2}, where c is a numerical factor. In the cosmological context, the size L is usually taken as the large scale of the universe, thus Hubble horizon, particle horizon, event horizon or generalized IR cutoff.

a)chimento@df.uba.ar b)monicaforte@fibertel.com.ar c)martin@df.uba.ar

Among all the interesting holographic dark energy models proposed so far, here we focus our attention on a modified version of the well known Ricci scalar cutoff^{12}. Besides, there could be a hidden non-gravitational coupling between the dark matter and dark energy without violating current observational constraints and thus it is interesting to develop ways of testing an interaction in the dark sector. Interaction within the dark sector has been studied mainly as a mechanism to solve the coincidence problem. We will consider an exchange of energy or interaction between dark matter and dark energy which is a linear combination of the dark energy density ρ_x, total energy density ρ, dark matter energy density ρ_c, and the first derivate of the total energy density ρ^′.^{13}

II. THE INTERACTING MODEL

In a FRW background, the Einstein equation for a model of cold dark matter of energy density ρ_c and modified holographic Ricci dark energy having energy density ρ_x = ( 2Ḣ + 3αH^2 ) /Δ, reads

3H^2 = ρ = ρ_c + ρ_x, (1)

where α, β are constants and Δ = α − β.

In terms of the variable η = 3 ln(a/a_0), the compatibility between the global conservation equation

ρ^′ = dρ/dη = −ρ_c − (1 + ω_x)ρ_x, (2)

and the equation deduced from the expression of the modified holographic Ricci dark energy ρ^′ = −αρ_c − βρ_x, (3) namely, (ρ_c + γ_xρ_x) = (αρ_c + βρ_x), gives a relation between the equation of state of the dark energy component ω_x = γ_x − 1 and the ratio r = ρ_c/ρ_x

ω_x = (α − 1)r + β − 1. (4)

Solving the system of equations (1) and (3) we get ρ_c and ρ_x in terms of ρ and ρ^′ as

ρ_c = −(βρ + ρ^′)/Δ, ρ_x = (αρ + ρ^′)/Δ. (5)

The interaction between both dark components is introduced through the term Q by splitting the Eq.(3) into ρ^′_c + αρ_c = −Q and ρ^′_x + βρ_x = Q. Then, differentiating ρ_c or ρ_x in (5) and using the expression of Q we obtain a second order differential equation for the total energy density ρ^{13}

ρ^{′′} + (α + β)ρ^′ + αβρ = QΔ. (6)

For a given interaction Q, solving Eq. (6) gives us the total energy density ρ and the energy densities ρ_c and ρ_x after using Eq. (5).

The general linear interaction Q^{13}, linear in ρ_c, ρ_x, ρ, and ρ^′, can be written as

Q = c_1 (γ_s − α)(γ_s − β) Δ ρ + c_2(γ_s − α)ρ_c (7)

−c_3(γ_s − β)ρ_x − c_4 (γ_s − α)(γ_s − β) γ_sΔ ρ^′, where γ_s is constant and the coefficients c_i fulfill the condition c_1 + c_2 + c_3 + c_4 = 1^{13}.

Now, using Eqs. (5) we rewrite the interaction (7) as a linear combination of ρ and ρ^′,

Q = uρ + γ^{−1}_s [u − (γ_s − α)(γ_s − β)]ρ^′ Δ , (8)

where u = c_1(γ_s − α)(γ_s − β) − c_2β(γ_s − α) − c_3α(γ_s − β). Replacing the interaction (8) into the source equation (6), we obtain

ρ^{′′} + (γ_s + γ^+)ρ^′ + γ_sγ^+ρ = 0. (9)

where the roots of the characteristic polynomial associated with the second order linear differential equation (9) are γ_s and γ^+ = (βα − u)/γ_s. In what follows, we adopt γ^+ = 1 for mimicking the dust-like behavior of the universe at early times. In that case, the general solution of (9) is ρ = b_1a^{−3γs} + b_2a^{−3} from which we obtain

ρ_c =

(γ_s − β)b_1a^{−3γs} + (1 − β)b_2a^{−3} Δ , (10a)

ρ_x =

(α − γ_s)b_1a^{−3γs} + (α − 1)b_2a^{−3} Δ . (10b)

Interestingly, Eqs. (10) tell us that the interaction (8) seems to be a good candidate for alleviating the cosmic coincidence problem because the ratio Ω_c/Ω_x becomes bounded for all times.

Q = (1 − α)ρc Let us consider the particular case in which the interaction Q is proportional to the energy density of the dark matter ρ_c in such a way that ρ^′_c +ρ_c = ρ^′_x+(1+ω_x)ρ_x = 0. That is, each fluid separately, satisfies an equation of conservation. Here the constants u and γ_s defined above, correspond to u = β(α − 1) and γ_s = β with which the expressions (10) for the energy densities of the dark matter and dark energy are written as functions of the redshift as

ρ_c =

(1 − β)b_2(1 + z)^3 Δ , (11a)

ρ_x =

(α − β)b_1(1 + z)^{3β} + (α − 1)b_2(1 + z)^3 Δ . (11b)

The ratio between both components r = ρ_c/ρ_x turns out to be

r = b_2(1 − β)(1 + z)^{3(1−β)} b_1Δ + b_2(α − 1)(1 + z)^{3(1−β)}

, (12)

and shows that in the early universe, both components behave as dust. In the final stages the ratio tends to zero and therefore it does not solve the problem of the coincidence. This example of interaction, between nonrelativistic dark matter and the modified holographic Ricci dark energy, is important because allows to show that the holographic forms of the dark energy are always interacting with the non-holographic component. This behavior can be observed in the equation (11b) and is due to the functional dependence of the holographic equation of state with the ratio r of the energy densities,

ω_x =

(β − 1)b_1Δ b_1Δ + b_2(α − 1)(1 + z)^{3(1−β)}

. (13)

each time α is different from 1.

III. OBSERVATIONAL CONSTRAINTS

The transition redshift z_{acc} that satisfies the equation Ḣ + H 2 = 0 and the actual Hubble factor H_0 allow us to express the coefficients b_i in equations (10) as b_1 = 3H^2_0 −b_2 and b_2 = 3H^2_0 (2−3γ_s)/[2−3γ_s+(1+z_{acc})^{3(1−γs)}] so that the Hubble function, reads

H(z) = H_0(1 + z_{acc})^{3/2} √ 2 − 3γ_s + (1 + z_{acc})^{3(1−γs)}

× (14) √ (1 + z)^{3γs} (1 + z_{acc})^{3γs}

+ (2 − 3γ_s)

(1 + z)^3 (1 + z_{acc})^3

FIG. 1. Left panel: Three-dimensional regions of confidence 1σ and 2σ for H0, γs = 1 + ωs and zacc parameters. Right panel: Parametric curve of cosmological time t(z) drawn in units of H^{−1}_0 for the best values zacc = 0.89, H0 = 73.6km/sMpc and γs = 0.158 from (17).

We apply the χ^2–statistical method to the Hubble data^{14} for constraining the cosmological parameters of the Hubble function (14). The three-dimensional confidence regions 1σ and 2σ are shown in the left panel of Fig.1 where the sphere indicates the best fit values z_{acc} = 0.89, H_0 = 73.6km/sMpc and γ_s = 0.158 with a minimum value of the χ^2 function per degree of freedom χ^2_{dof} = 0.846.

Interesting in the sense that we now know the values z_{acc} and H_0 of the current Hubble parameter predicted by our model, nevertheless this information does not allow to determine the values of α and β best fitted to the observational data. We must bear in mind that a feasible model of the dark sector has dark components with positive definite energy densities, accelerated expansion and non phantom dark energy. These requirements are fulfilled when b_1 and b_2 are positive constants, which correspond to α ≥ 1 and 0 ≤ β < 2/3. To determine the most acceptable ranges of the parameters α and β we note that this constants are involved in the expressions of the partial energy densities ρ_c and ρ_x and so, we apply the χ^2–statistical method as above but now using the expressions

H^2(z) = H^2_0

(ω_s − ω_0)(1 + z)^3 + ω_0(1 + z)^{3γs} ω_s (15)

ω_0 = αΩ_{c0} + βΩ_{x0} − 1, Ω_{i0} = ρ_{i0} 3H^2_0

, Ω_{c0} + Ω_{x0} = 1.

The results of this procedure, included in Table I, show that the holographic case α = 4/3 and β = 1 has a very poor statistical adjustment χ^2_{dof} = 22.23, whereas inversely, the models with α = 4/3 and β < 0.1, that is 0.25R < ρ_x < 0.27R, behave reasonably well leading to χ^2_{dof} = 0.761 < 1. The constants b_1 and b_2 have two sets

[α, β] Ωc0 ωs χ^2_{dof} [1.15, 0.01] 0.30 -0.84 0.761 [1.3, 0.01] 0.27 -0.84 0.761 [1.3, 0.1] 0.21 -0.84 0.761 [1.3, 0.2] 0.14 -0.84 0.761 [1.3, 0.3] 0.05 -0.84 0.761 [4/3, 0.01] 0.26 -0.84 0.761 [4/3, 0.1] 0.21 -0.84 0.761 [4/3, 0.2] 0.14 -0.84 0.761 [4/3, 0.3] 0.06 -0.84 0.761 [4/3, 1] 2.3 × 10^{−9} -0.80 22.23 [1.4, 0.01] 0.25 -0.84 0.761 [1.4, 0.1] 0.19 -0.84 0.761 [1.4, 0.2] 0.13 -0.84 0.761 [1.4, 0.3] 0.05 -0.84 0.761

TABLE I. Best fit values of Ωc0 and ωs for a given pair of (α, β).

of expressions, as they are written in terms of z_{acc} and H_0, used in (14), or in terms of the current parameters of density Ω_{c0} and Ω_{x0}, as used in (15). These sets allow to express the constant ω_0 as

ω_0 = ω_s 1 − (1 + 3ω_s)(1 + z_{acc})^{3ωs}

, (16)

and verify that the first line of the Table I gives the correct values of α and β. In the next subsections, we will used these values α = 1.15, β = 0.01 and Ω_{c0} = 0.3 in the figures and expressions for the partial densities and their ratio.

A. The crisis of the age

The age of the universe in units of H^{−1}_0 can be obtained as a function of the redshift z with the expression t(z) = ∫_∞ z dν (1 + ν)H(ν)

(17)

We depict this age-redshift relation in the right panel of Fig.1. The parametric curve of cosmological time t(z) is drawn from (17) in units of H^{−1}_0 for the best values z_{acc} = 0.89, H_0 = 73.6km/sMpc and γ_s = 0.158. Because the cosmological constraints with the Hubble data only cover redshifts over the range 0 ≤ z < 2, the comparison with cosmic milestones will be trustworthy in this range only, and for that reason we consider only two old stellar sources such as the 4 Gyr old galaxy LBDS 53W069 at redshift z = 1.43^{15} and the 3.5 Gyr old galaxy LBDS 53W091 at redshift z = 1.55^{16}. We find that at low redshift z < 2, the Ricci-like holographic dark energy model seems to be free from the cosmic-age problem, namely, the universe cannot be younger than its constituents.

B. The magnitude-redshift relation

It is well known that observations of type Ia supernova(SNe Ia) have predicted and confirmed that our universe is passing through an accelerated phase of expansion. Since then, the observational data coming from these standard candles have been taken seriously. It is commonly believed that measuring both, their redshifts and apparent peak flux, gives a direct measurement of their luminosity distances and thus SNe Ia data provides the strongest constraint on the cosmological parameters. The theoretical distance modulus is defined as

μ(z) = 5 log_{10} D_L + μ_0 (18)

where μ_0 = 43.028, and D_L is the Hubble-free luminosity distance, which for a spatially flat universe can be recast as

D_L(z) = (1 + z)H_0 ∫_z 0 dz^′ H(z^′) (19)

Using the best fit values of ω_s and z_{acc} in Eqs.(14)- (19) we get the theoretical distance modulus μ(z) that we draw in the left panel of Fig.2 together with the observational data μ_{obs}(z_i)^{18} and their error bars. The theoretical distance modulus (18) will strongly depend on the model used so taking into account a particular cosmology and comparing its μ(z) with μ_{obs}(z_i) one can judge the plausibility of the cosmological model. As we see from Fig.2 our model shares an excellent agreement with the observational data in the zones corresponding to small redshift [z ≤ 0.1] and large redshift [0.1 ≤ z ≤ 1.5].

C. The deceleration parameter, equations of states and density parameters

There are magnitudes that do not depend explicitly on the pair of constants (α, β) which selects one particular form for the energy density of the dark energy ρ_x = (2Ḣ + 3αH^2)/(α − β), but on the linear combination ω_0 defined in (15). These are: the total energy ρ, the deceleration parameter q and the global equation of state ω, whose explicit expressions can be written in terms of the transition redshift z_{acc} and the asymptotic equation of state ω_s, by (14) and the functions

q(z) = −1 + 3 2 (ω_s − ω_0) + ω_0(1 + ω_s)(1 + z)^{3ωs} (ω_s − ω_0) + ω_0(1 + z)^{3ωs}

, (20)

ω(z) = 2q(z) − 1 3 (21)

with ω_0 given by (16). In the right panel of Fig.2 the deceleration parameters for all our like-holographic models with ω_0 = −0.65 and ω_s = −0.84, q(z) (solid line), are compared with the deceleration parameter of the ΛCDM model q_{ΛCDM} (z) (dashed line) that holds Ω_c = 0.3. There we can see that the deceleration parameter of our models vanishes near z_{acc} = 0.84, so these universes enter in the accelerated phase more earlier than the ΛCDM model with actual density parameters Ω_{c0} = 0.3 and Ω_{x0} = 0.7. The effective equation of state ω, is plotted in the right panel of Fig.3 and looking there, we conclude that our models have −1 < ω(z) < 0 in the interval z ≥ 0. More precisely, ω(z) begins like non-relativistic matter, decreases rapidly around z = 2 and ends with the asymptotic value ω_s = −0.84.

Instead, the density parameters Ω_c = ρ_c/3H^2 and Ω_x = ρ_x/3H^2, their ratio r = Ω_c/Ω_x, the equation of state for the dark energy ω_x of Eq.(4) and also the interaction used Q of Eq.(8), are described explicitly in terms of α and β by the expressions

Ω_c(z) =

(1 − β)(ω_s − ω_0) + ω_0(ω_s + 1 − β)(1 + z)^{3ωs} Δ[(ω_s − ω_0) + ω_0(1 + z)^{3ωs} ] (22)

Ω_x(z) =

(α − 1)(ω_s − ω_0) + ω_0(α − 1 − ω_s)(1 + z)^{3ωs} Δ[(ω_s − ω_0) + ω_0(1 + z)^{3ωs} ] (23) r = ω_0(β − ω_s − 1)(1 + z)^{3ωs} + (1 − β)(ω_0 − ω_s) ω_0(ω_s + 1 − α)(1 + z)^{3ωs} + (α − 1)(ω_0 − ω_s)

, (24)

ω_x(z) = (α − 1)r(z) + β − 1, (25)

Q = (αβ − 1 − ω_s)ρ + (α + β − 2 − ω_s)ρ^′ α − β (26)

FIG. 2. Left panel: The predicted distance modulus (solid line) is plotted against the redshift for the interacting model. The observational data

(circled point) was taken from Riess^{18} . Right panel: The deceleration parameters q(z) (solid line) and q_{ΛCDM} (z) (dashed line) are compared for models with Ω_c = 0.3, ω_0 = −0.65 and ω_s = −0.84.

FIG. 3. Left panel: Density parameters Ωc and Ωx and ratio r(z). Right panel: Equations of state for dark matter ωc, dark energy ωx and global

fluid ω. All the curves are drawn for the best values α = 1.15, β = 0.01, ω_0 = −0.65 and ω_s = −0.84.

The density parameters Ω_c and Ω_x and their ratio r(z) are plotted in the left panel of Fig.3 for the best values α = 1.15, β = 0.01, ω_0 = −0.65 and ω_s = −0.84, where we can see that the general linear interaction Q helps to alleviate the coincidence problem. The later is drawn in the right panel of Fig.3 together with the dark energy equation of state ω_x which has −1 < ω_x(z) < 0 for z ≥ 0. The linear interaction Q of Eq.(26) corresponds to the choice u = αβ − 1 − ω_s in the Eq.(8) and its curve is always negative satisfying the second law of thermodynamics that requires the energy flow goes from dark energy to dark matter^{17}.

IV. CONCLUSIONS

We have examined a modified holographic Ricci dark energy coupled with cold dark matter and found that this scenario describes satisfactorily the behavior of the energy densities of both dark components alleviating the problem of the cosmic coincidence. We have shown that the compatibility between the modified and the global conservation equations restricts the equation of state of the dark energy component relating it to the ratio of energy densities. This constrain makes the holographic density always interacts with the non-holographic component except in the unlikely event that α = 1, which is forbidden for positive energy densities. From the observational point of view we have obtained the best fit values of the cosmological parameters z_{acc} = 0.89, H_0 = 73.6km/sMpc and γ_s = 0.158 with a χ^2_{dof} = 0.761 < 1 per degree of freedom. The H_0 value is in agreement with the reported in the literature^{18} and the critical redshift z_{acc} = 0.89 is consistent with BAO and CMB data^{19}. We have found that in the redshift interval where is trustworthy compared with old stellar sources the model is free from the cosmic-age problem.

ACKNOWLEDGMENTS

The authors are grateful to the I CosmoSul’ organizers for their kindness and good organization. LPC thanks the University of Buenos Aires under Project No. X044 and the Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET) under Project PIP 114-200801- 00328 for the partial support of this work during their different stages. MGR is partially supported by CON- ICET.

1L. P. Chimento, M. I. Forte and M. G. Richarte, arXiv:1106.0781 [astro-ph.CO].

2A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998).

3S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517 (1999) 565.

4J. K. Adelman-McCarthy et al. [SDSS Collaboration], Astrophys. J. Suppl. 175, 297 (2008).

5E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011).

6I. Zlatev, L. -M. Wang and P. J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999).

7L. Chimento and M. I. Forte, Phys. Lett. B 666, 205 (2008). 8L. P. Chimento, M. I. Forte, R. Lazkoz and M. G. Richarte, Phys. Rev. D 79, 043502 (2009). 9M. Li, Phys. Lett. B 603, 1 (2004). 10W. Fischler and L. Susskind, 11A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Rev. Lett.

82, 4971 (1999).

12L. N. Granda and A. Oliveros, Phys. Lett. B 671, 199 (2009). 13L. P. Chimento, Phys. Rev. D 81, 043525 (2010). 14D. Stern, R. Jimenez, L. Verde, M. Kamionkowski and S. A. Stanford, JCAP 1002 008 (2010).

15J. Dunlop, “The Most Distant Radio Galaxies”, edited by J.J.A.Rottgering, P.Best and M.D.Lehnert, Kluwer, Dordrecht(1999), page 71.

16J. Dunlop et al., Nature 381, 581 (1996). 17D. Pavon and B. Wang, Gen. Rel. Grav. 41, 1 (2009). 18A. G. Riess et al., Astrophys. J. 699, 539 (2009). 19Z. Li, P. Wu and H. Yu, Phys. Lett. B 695, 1 (2011).