arXiv:0907.3518v3 [astro-ph.CO] 27 Mar 2010

Preprint typeset in JHEP style - HYPER VERSION

Cosmological Perturbations and the Running Cosmological Constant Model

A.M. Velasquez-Toribio^{1∗}

1Departamento de Fisica - ICE, Universidade Federal de Juiz de Fora CEP: 36036-330, MG, Brazil E-mail: alan@fisica.ufjf.br

Abstract: We study the matter density fluctuations in the running cosmological constant (RCC) model using linear perturbations in the longitudinal gauge. Using this observable we calculate the growth rate of structures and the matter power spectrum, and compare them with the SDSS data and other available data of the linear growth rate. The distribution of collapsed structures may also constraints models of dark energy. It is shown that RCC model enhances departures from the ΛCDM model for both cluster number and cumulative cluster number predicted. In general increasing the characteristic parameter ν leads to significant growth of the cluster number. In general, we found that the theory of perturbations provides a good tool to distinguish the new model RCC of the standard cosmological model ΛCDM.

Keywords: Cosmology, dark energy, perturbation theory, number counts.

∗Corresponding author.

Contents

1. Introduction 1

2. Running Cosmological Constant 3

3. The Linear Perturbations Equations 6 3.1 The Linear Growth Rate 9 3.2 The Matter Power Spectrum 10

4. The Number Counts 12 4.1 Cosmological Sensitivity on Ω_{m0} and h 16

5. Summary and Discussions 18

A. Equations used to model DGP and Scalar-Tensor Theory 19 A.1 DGP Model 20 A.2 Scalar-Tensor Theory 20

1. Introduction

Recent results from supernova Ia [1] and Wilkison Microwave Anisotropy Probe (W MAP ), especially the five-year data [2] indicate that the present Universe is accelerating and that has negligible space curvature.

In this context, the non-relativistic matter contributes about 30% (dark matter plus baryonic matter) of the critical density of the Universe and 70% of the energy density is not known and is called of dark energy. The dark energy is generally attributed to a cosmological constant (CC) and is physically equivalent to vacuum energy. This component breaks the strong energy condition, but is the simplest model that one can build. This model although satisfactory from an observational point of view, is anyway theoretically disfavored, since there is a huge different between the predicted and observed values of CC [3]. Other posibilities have been considered, among these the most popular are based on scalar fields, known as quintessence models [4] and models based on scalar fields with non-canonical kinetic energy, called of k-essence models [5]. Unfortunately, these models are difficult of to distinguish from a CC, because the change of the scalar field may be extremely slow and there are an degeneration of the potential of quintessence. We may also mention other models of dark energy as are: alternative gravity scalar-tensor type [6], F (R) theories [7], and models that introduce extra-dimensions as the DGP model [8], among other. For a recent review of models of dark energy see [9].

– 1 –

In practice the dark energy can be seen into of the Friedmann equations through its effective energy density and pressure. The ratio of the energy density to pressure, known as the equation of state (EOS), ratio w(z) = P (z)/ρ(z), has important within the equations regardless of its physical origin. The function w(z), where z is the redshift, is key to understanding the dynamics of the cosmological expansion. Another quantity important in the background cosmological is the deceleration parameter q(z). Both are the major functions used in studies of constraints of parameters using background data. In particular, the deceleration parameter can be used to investigate the kinematics of the accelerated expansion using luminosity distances data (and other data, see [10] and [11]).

The next step, in the study of a cosmological model, is to use first order cosmological perturbations. In fact, the behaviour of linear perturbations in a scalar field and its effect on large scale structure formation has been investigated by a number of authors, see [12]. Also the behaviour of the nonlinear gravitational collapse has been investigated [13]. These studies are fundamentals to understanding and discrimination between competing models.

In this paper, we investigate the cosmological consequences of an model motivated in quantum field theory QF T , more specifically from the renormalization group method. The idea to study the renormalization group effects as a way to solve the CC (energy of vacuum) has been explored in the papers [14, 15, 16, 17, 18, 19, 20]. In particular, a consistent model was presented in [21, 22] and is called of Running Cosmological Constant (RCC), where the CC is an evolving parameter. In general, in this approach the energy density of the vacuum ρ_Λ(z) can be deduced as a quadratic function of the expansion rate (see equation 2.3 in section II), which allows unambiguously resolve the equation of conservation of energy and determine the hubble parameter H(z) as function of the redshift. This model is equivalent to models of dark energy in the fluid approximation (as are, parameterizations of the EOS and quintessence models [23]). The background cosmology of this model has been well investigated together with data from supernovae Ia, restricting the values of the parameter ν, that represents the ”run” of the CC in the RCC model. Also, in [25] was determined the matter power spectrum in the synchronous gauge.

In this paper we focus the analyze of the matter density perturbations using the longitudinal gauge, in which Bardeen gauge-invariant variables are identical to the remaining metric variables. This approach was pioneered in references [26, 27]. The formalism is applied to our RCC model to determine the linear growth rate and the matter power spectrum as functions of the ν parameter. We compared the results with observational data from the SDSS (Sloan Digital Sky Survey).

On the other hand, has long been recognized in various theoretical work [28] and in simulations that the evolution of the clusters number (or number counts) can determine properties of the dark energy. Therefore, we use our results of linear density perturbations and the Press-Schechter formalism for determining the mass function, the number counts and the cumulative number counts as function of redshift, and study the sensitivity on the parameter ν. We use the ΛCDM model to compare our predictions. Also we investigate how the number counts and cumulative number counts, depends on the parameters Ω_{m0} and h when the value of ν is fixed.

Our paper is organised as follows. In section II we introduce the RCC model and

– 2 – discuss the behaviour of the comoving energy density and deceleration parameter. In section III we discuss the linear perturbations of matter. Section IV is devoted to the computation of the number counts in the Press-Schechter formalism. In section V we present our conclusion. In the appendix we display results for the DGP model and scalartensor theory, which are useful to calculate the linear growth rate.

2. Running Cosmological Constant

In this section we shall introduce our cosmological model by considering a F LRW metric and a Universe consists of matter (baryonic + dark) and a dark energy component or vacuum energy; thus the cosmological evolution is governed by the following equation of Friedmann H^2 = 8πG 3 (ρ_m + ρ_Λ) − k a^2

, (2.1)

where ρ_m and ρ_Λ are densities of matter and vacuum energies respectively, a is the scale factor, H =^ȧ is the Hubble parameter and k is a constant, which can be chosen to have the value +1, 0, −1. In this investigation we only restrict us to the flat case. Using the Bianchi identity, the densities of energies have the conservation law dρ_m dz + dρ_Λ dz = 3 ρ_m 1 + z

. (2.2)

Of the above equations we can see that there is an exchange of energy between the two components of the universe, so both are completely tied. However, we assume that the baryonic component no energy exchange with the variable CC, since that it would not be compatible with constraints of particle physics, but otherwise the dark matter component can in principle be subject to an energy exchange resulting in a time-dependent mass for the dark matter particles and a modification in its equation of state. Therefore, in this model, the dynamic of the Universe is dominated by the evolution of the CC and its interaction with dark matter.

On the other hand, an important question to be noted is that the equations (2.1- 2.2) do not form a complete set of equations, since that there are three free variables, ρ_m(z), ρ_Λ(z), H(z) and two equations. We need a third equation to have a complete system. In this paper, we introduce an additional equation by considering the effects of applying the renormalization group to the CC. In this framework the energy density of RCC is [22, 21] dρ_Λ d ln H = σH^2M^2 (4π)^2

, (2.3)

The above equation was proposed assuming that the renormalization group scale is identified with the square root of the curvature scalar √ R, which in the F LRW cosmological context is equivalent to identify it with the H(z) at any given redshift (or cosmological time). M is an effective mass parameter representing the average mass of the heavy particles of the Grand Unified Theory (GUT) near the Planck scale, after taking into account their multiplicities. The coefficient σ can be positive or negative, this sign dependece on whether bosons (σ = +1) or fermions (σ = −1) dominate in the loop contributon, this is,

– 3 –

Figure 1: Comoving background matter density as a function of redshift for the RCC model. We can see that the decrease of density is a characteristic signature of the coupling between dark matter and vaccum energy. Notice that in this plot ΛCDM corespond to a constant line equal to one. From bottom to top: ν = 0.25 (orange), = 0.065 (red), = 10^{−3} (blue). In all model we used Ω_{m0} = 0.24 and h = 0.72.

depending on whether the fermions or bosons dominate at the highest energies. Whithout going into the detalis on the model, let us recall that the equation (2.3) is interpreted in the renormalization group framework as a ”β-function” of QF T in curve-space time, which determines the running of the CC, for other details see [24]. Therefore, for background (cosmology of the zeroth order) these above three equations us allow a full description of the evolution of the RCC cosmological model. Now using the equation (2.3) we can obtain one explicit solution for ρ_Λ

ρ_Λ = ρ_{Λ0} + 3ν 8π M^2_p ( H^2 − H^2_0 ) , (2.4)

where ρ_{Λ0} and H_0 are the current values of these parameters and, additionally, in this model appears a parameter new ν (dimensionless) that is given by ν ≡ σ 12π M^2 M^2_p

, (2.5)

thus, as we can see, from the equation (2.4), if ν is zero then the effects of a running are canceled and recover the standard model ΛCDM. For the case of the Planck mass, that is, M = M_P , the parameter ν takes the value (positive or negative, depending on σ),

ν_0 = 1 12π = ±2.6 × 10^{−2}. (2.6)

– 4 –

Figure 2: The deceleration parameter q(z) in the RCC model. For higher values of ν faster we move away from a universe dominated by matter in the past. We used Ω_{m0} = 0.24 and h = 0.72. For ν = 10^{−3} (blue line) the RCC model is indistiguishable of ΛCDM( red line)

Based on the above equations the equation (2.1) now can be written as

H^2 H^2_0

= 1 + ( Ω_{m0} −

2νΩ_{k0} 1 − 3ν ) ( (1 + z)^{3−3ν} − 1 1 − ν ) + Ω_{k0}(z^2 + 2z) 1 − 3ν , (2.7)

where H^2_0 Ω_{k0}(1 + z)^2 = −^k_{a2} and Ω_{m0} = Ω_{MD} + Ω_{B0}, being Ω_{DM} dark matter and Ω_{B0} baryonic matter. This expression for the Hubble parameter is valid for Universes with positive or negative curvature. Therefore, the equations (2.1), (2.4) and (2.7) define our cosmological model. One of the first quantities that we can calculate is the matter density. Thus we defined the comoving matter density function as Π(z) =^{ρm(z)}_{(1+z)3} . In the figure 1, we displayed it. There is a decrease of the density due to the coupling between dark matter and dark energy. Increasing the coupling leads to faster decreasing of the density. In the figure the line constant correspond to ΛCDM (ν = 0). Note that this behavior is similar to coupled quintessence models [29] and we use only positive values of the parameter ν. To negative values the density Π is greater than one.

Another important parameter in cosmology of background is the deceleration parameter q(z) = −1 − H(1 + z)^d_{dz} (^1_H ). In Figure 2 we show this parameter for our RCC model. Here we observe that if ν takes large values (positive) then it is not phenomenologically compatible with a matter dominated phase in the past, that is, necessary for the formation of structures. In this sense, numerically, when ν ≤ 10^{−3} (M ≈ 0.38M_p) we can see that the value of q(z) tends rapidly to 1/2 and is indistinguishable from ΛCDM. For the negative case q(z) is indistinguishable from ΛCDM for values around ν > −10^{−3} in other

– 5 – cases the value of q(z) is greater than 1/2 in the past. In what follows we consider linear perturbations and structures formation.

3. The Linear Perturbations Equations

The theory of the cosmological perturbations is based on the expansion of Einstein’s equations to linear order about the background metric. The first step in the analysis of the metric fluctuations is to classify it according to their transformations properties under spatial rotations. There are, scalar, vector and tensor, perturbations. In this paper, we only study scalar perturbations, specifically density perturbations in the RCC model, since that we are interested in the matter power spectrum. Other fundamental question is the choice of gauge or choice of a coordinate system. The General Relativity leads to the issue of gauge freedom. This is, metric and matter fluctuations take on different values in different coordinate system. A way to deal with the gauge problem is to eliminate the gauge dependence entirely. This approach is called of gauge-invariant variables and was pioneered by Bardeen [30]. However, in the literature, many other gauges have been used [33]. The more commonly used is the synchronous gauge. For example, in this gauge, the dynamics of density perturbations for the RCC model was investigated in [25]. In the present work we extending the analysis of [25] by compute the matter power spectrum in the longitudinal gauge and to investigate the cluster number counts.

The longitudinal gauge is from the physical point of view much more intuitive, because the metric perturbations are similar to the Newtonian perturbations. This gauge is commonly chosen for work in CMB and gravitational lensing. On the other hand, conceptually this gauge fixed all freedom degree and the two scalar potentials Ψ and Φ that appear in the line element correspond to the variable of Bardeen gauge-invariant [27, 30], this is not the case of the synchronous gauge where exist a residual transformations and leads to the appearance of unphysical gauge. However its use is justified, since these spurious modes are canceled of some manner when calculating a physical observable, which by definition can not depend of a given system of coordinates. The metric in the longitudinal gauge is given by[26]

ds^2 = −(1 + 2Ψ(⃗x, t))dt^2 + (1 + 2Φ(⃗x, t))dx_j dx^j . (3.1)

It should be said that the longitudinal gauge is restricted for scalar modes; nonetheless, it can be easily generalized to include the vector and tensor degrees of freedom [31]. Further, in the absence of anisotropic stress one of the Einstein’s equations gives Ψ = −Φ; the two gravitational potentials are equal and opposite [32]. Therefore, there remains only one free metric perturbations variable which is a generalization of the Newtonian gravitational potential. This justifies the name of Newtonian gauge.

In order to derive the equations for the density perturbations we follow the standard formalism [31, 33, 32]. We consider the entropy perturbation as negligible and a energy-momentum tensor free of anisotropic stresses. Thus, in these conditions the energy-

– 6 – momentum tensor have the form of a perfect fluid

T^μ_ν = pg^μ_ν + (ρ + p) U^μU_ν , (3.2)

where U^μ = dx^μ/(−ds^2)^{1/2} is the four-velocity of fluid, p is the pressure and ρ is the energy density of a perfect fluid. For a fluid moving with a small velocity v^i ≡ dx^i/dτ(peculiar velocity), where v^i can be treated as a perturbation of the same order as δρ = ρ − ρ̄ or δp = p − p̄. The quantities ρ̄ and p̄ are with respect at the background. In linear order the perturbations of the energy-momentum tensor that we used are given by

T^0_0 = −(ρ̄ + δρ), T^0_i = (ρ̄ + p̄)v_i = −T^i_0, (3.3) T^i_j = (p̄ + δp̄)δ^i_j ,

the perturbated four-velocity is

U^α = ((1 − Ψ), v^i), (3.4)

while one can directly work with the Einstein’s equations, it turns out to be convenient to use the equations of motion for the matter variables, since that, we are eventually interested in the matter perturbations. We consider the conservation of the energy-momentum tensor as T^α_{β;α} = ∂Γ^α_β ∂x^α + Γ^α_{δα}T^δ_α + Γ^δ_{αβ}T^α_δ = 0, (3.5)

this expression gives us two equations a for β = 0 and other for β = i. To determine these equations we consider the perturbations for the two densities and the metric

ρ_m → ρ_m (1 + δ_m) , ρ_Λ → ρ_Λ(1 + δ_Λ), (3.6) g_{μν} → g_{μν} + h_{μν} . Indeed, in order to simplify our work we want to make full use of the symmetry under translations in space, which can best be exploited by working with the Fourier components of perturbations. Our convention, for all quantities, will be f(⃗x) = ∫ d^3k (2π)^3 e^{i⃗k.⃗x}F (⃗k), (3.7) with these considerations, we use the line element (equation 3.1), the equations (3.3) and (3.6) into equation (3.5) and we get δ̇ρ_m + δ̇ρ_Λ + ρ_m (θ + 3Ψ_{,0}) + 3Hδρ_m = 0, (3.8) ρ̇_mθ + ρ_mθ̇ − k^2Ψ 2 + 3Hρ_mθ = −( k a )^2δρ_Λ, (3.9)

– 7 – where the dot is the derivative with respect to cosmic time and θ = ∂_iv_i. The energy density of the variable CC, ρ_Λ, can be written as [25]

ρ_Λ = A + B(∇_μU^μ)^2, (3.10)

where we have used the fact that ∇_μU^μ = 3H and defined that A = ρ_{Λ0} −^{3ν}_{8π} M^2_p H^2_0 and B =^{νM 2p}_{24π} . Now using the perturbated four-velocity, equation (3.4), the Christoffel symbols perturbed and keeping only the linear order term, we find

δ_Λ =

2Hν[θ − 3(Ψ̇ + HΨ)] ρ_Λ(z)

. (3.11)

On the other hand, the Einstein’s equations in the longitudinal gauge are

k^2Ψ + 3H(z)(Ψ̇ + H(z)Ψ) = −4πGa^2(δ_mρ_m(z) + δ_Λρ_Λ(z)), (3.12) Ψ̇ + H(z)Ψ = −4πGaρ_mθ, (3.13)

substituting the equation (3.13) in (3.12) we obtain an new equation for the scalar potential in term of variables of matter

k^2Ψ = 3Hρ_mθ 2k^2(1 + z)^3 − (δ_mρ_m + δ_Λρ_Λ) 2(1 + z)^2

. (3.14)

It is convenient for our numerical calculations to write the equations (3.8), (3.9), (3.11) and (3.14) in terms of the redshift, i.e., using dt =^{dz}_{H(1+z)} , and also is advantageous to use the following two ratios [25]

f_1(z) = ρ_m ρ_t = (1 + z)2H(H^′) − 2H^2_0 Ω_{k0}(1 + z)^2

3(H^2 − H^2_0 Ω_{k0}(1 + z)^2) , (3.15)

f_2(z) = ρ_Λ ρ_t = 3H^2 − 2H(1 + z)H^′ − H^2_0 Ω_{k0}(1 + z)^2

3(H^2 − H^2_0 Ω_{k0}(1 + z)^2) ,

and also

Ψ̇ − HΨ = ρ^tv 2k^2(1 + z)

, (3.16)

θ − 3Ψ̇ = v f_1

+ 3H ( Ψ + ρ_tv 2(1 + z)Hk^2 ) , (3.17)

– 8 – where ρ_t(z) = 3H^2(z) − 3H^2_0 Ω_{k0}(1 + z)^2. Using the equations (3.15-3.17), the equations system for the perturbations can be written as

δ_Λ(z) = νvH ρ_tf_2 [ 1 f_1 − 3ρ_t 2k^2(1 + z)

] , (3.18a)

δ^′_m(z) + δ_m(z) [ f^′_1 f_1 + 3f_1 1 + z − 3 (1 + z) ] + 3f_2 (1 + z) δ_Λ + 3Ψ (1 + z) + v H(1 + z) ( 1 f_1 + 3ρ_t k^2(1 + z) ) (3.18b) + 2ν f_1 ( vf^′_2 + f_2v^′ ) (K(z) + M(z) 2 ) + 2νf_2v f_1 ( K^′(z) +

M^′(z) 2 ) = 0 ,

v^′(z) +

3(f_1 − 1)v 1 + z = k^2(1 + z) H ( δ_Λf_2 − Ψ 9H^2 ) , (3.18c)

k^2Ψ = ρ_t 2(1 + z)^2 [ 3v k^2(1 + z)

− (δ_m(z)f_1 + δ_Λ(z)f_2) ] , (3.18d)

where the prime is derivative with respect to redshift, v = f_1θ and the terms of the equation (3.18b) M(z) and K(z) are given by M(z) = 1 f_2k^2(1 + z)

, (3.19)

K(z) = 1 3Hf_2f_1

, (3.20)

in these equations ν is the parameter defined in (2.5) and is of great importance to us, since when ν = 0 we can see that the perturbation on the vacuum energy is canceled. In this way, we recaptured the scenario ΛCDM as a particular case.

3.1 The Linear Growth Rate The solution of the system (3.18) allows us to determine the density contrast of matter, δ_m, which is necessary to determine the growth factor, defined as D(a) = δ_m(a) δ_m(a = 1)

. (3.21)

In the figure 3 (left) we show the growth factor for the RCC model for different values of ν and we can see that for ν = 10^{−4} there is concordance with a ΛCDM model. However, observationally is more important the linear growth rate that measures how rapidly structure is beging assembled in the Universe as a function of cosmic time (scale factor or redshift) and is defined by g(a) = d ln D(a) d ln a , (3.22)

this quantity has been measured using different catalogs. In general, the redshift maps of galaxies are distorted by the peculiar velocities of galaxies along the line of sight. For

– 9 –

Figure 3: The left figure is the growth factor and in the right figure we show the linear growth rate for the RCC model. In all case we use Ω_{m0} = 0.24 and h = 0.72.

large scale such distortion can be expressed through the redshift distortion parameter β and may be show to be related to the linear growth rate as [34] β = g(z) b_L , (3.23)

where b_L is the linear bias value (b_L = σ^{gal}_R /σ^{mass}_R ), that is, the ratio between the rootmean-squared (rms) density contrasts in the galaxy and mass distributions on scale R where linear theory applies. Therefore, a measure of g(z) can be obtained by these two parameters. The β parameter may be measured from redshift surveys by measuring the power spectrum of the galaxies [34] and the b_L can be obtined from the skewness induced in the bispectrum of a given survey. Using this technique a value of β and b_L has been measured using the 2dFGRS sample of 220 000 galaxies [35]. Recently, another measure was made using the spectroscopic data from the VIMOS-LT Deep Survey [36]; and finally there is another measure of growth rate using the 2dF-SDSS LRG and QSO survey [37]; However, in this last case the value of β and b_L are not fully independent, because they have been obtained by imposing simultaneous consistency with the clustering measured at z = 0. All these data are compiled in the table 1. In figure 3 (right) we show this estimates of the growth rate compared to predictions from various theoretical models. For plotting the linear growth rate for the DGP and scalar-tensor models, we use the results shown in the appendix. Despite the large error bars, the measurements indicate the need of a small value of the parameter ν, and hence very close to the ΛCDM model.

3.2 The Matter Power Spectrum

Other important amount that we can determine from the set of equations (3.18) is the

– 10 –

Table 1: In this table we compile the different values of the linear growth rate that there are in the literature. Survey β ± δβ b_L ± δb_L g ± δg z 2dFGRS [35] 0.49 ± 0.09 1.04 ± 0.10 0.49 ± 0.14 0.15 2dF-SDSS LRG and QSO [37] 0.45 ± 0.05 1.66 ± 0.35 0.75 ± 0.35 0.55 VVDS [36] 0.70 ± 0.26 1.30 ± 0.10 0.91 ± 0.36 0.80

matter power spectrum defined as

P (k, z) = δ^2(k, z). (3.24)

To set the initial conditions we shall use the BBKS approximation for the transfer function [38]

T (k) = ln(1 + 2.34q(k)) (2.34q^2)[1 + 3.89q + (16.1q)^2 + (5.46q)^3 + (6.71q)^4]^{1/4}

, (3.25)

in the presence of CC, we have that q = k/(ΣhMpc^{−1}), where the shape parameter is Σ = Ω_{m0}he^{−Ωb0} and h = H_0/100. Since observable wavenumbers are in units hMpc^{−1}. We assume than only 4% of the cosmic density is provided by convencional baryonic matter. For the present time a = 1, then the matter power spectrum is usually written using the transfer function in the form P (k) = Ak^nT^2(k), (3.26)

where n measures the slope of the primordial power spectrum (we will assume n = 1 [2, 47]) and A is a normalization constant. In order to obtain power spectra for the our RCC model we evolved equations (3.18) from z = 500 to z = 0. A value of 500 ensures that at that time the matter is dominant. In normalizing the power spectrum followed the methodology presented in [25].

In Figure 4 we present the matter power spectrum of our model and the power spectrum estimated by Percival et al., using data of the SDSS Project for Ω_{m0} = 0.24 [39]. The impact that has the RCC model on linear power spectrum is dominated by equation (3.18a), which depends of the value of the parameter ν. Thus, if the parameter ν is zero, then, we recover the ΛCDM model, since that, δ_Λ = 0. Consequently, a value large ν entails a more damping of the power spectrum for the case of ν positive. Meanwhile, for ν negative the deviation of the power spectrum with respect at the observational data is even stronger. In principle, this feature also can be seen from the inspection of the figure 4. Theoretically we can understand this behavior, because in the equation (3.9) we can observe that the parameter ν, appears as a factor of the term k^2 proportional which is derived from the pressure gradient. When ν is negative this terms change of sign. Thus, it is expected that for small scales (k > 0.15) and ν < 0, the pressure terms become important. In general, for large scales k < 0.06 (for example) the k^2 terms may be negligible.

We can determine the mass in terms of the Planck mass for a ν ≈ 10^{−5} as M ≈ 0.6 × 10^{−2}M_p, that is, corresponding approximately to the GUT particle spectrum. Therefore, the RCC model is viable for smaller masses than the Planck mass.

– 11 –

Figure 4: (left) The matter power spectrum for the RCC model. The curve blue is the ΛCDM and is very close from the RCC model with the best fit ν = (1.29 ± 2.39) × 10^{−5}. We used Ω_{m0} = 0.24 and h = 0.72.

To get a more accurate value of ν and without using the rigorous theory of parameter estimation, we use the χ^2 statistic, that is, a quantity that qualifies the fitting of the observational data for a given theoretical model, and is defined as: χ^2 = Σ_i^{(Pob−Pthe)2}_{σ2ob} , where and P_{ob} is the observational value for the power spectrum, P_{the} is the corresponding theoretical result and σ_{ob} denotes the error bar. The index i refers to a measurement corresponding to given wavenumber. Thus, the probability distribution function can be defined as P (ν) = F_0e^{−χ2/2}, where F_0 is a normalization constant. Minimizing χ^2 we can determine the most probable value for the parameter ν. This value is ν = (1.29 ± 2.39) × 10^{−5}, where we have assumed a Ω_{m0} = 0.24 and h = 0.72.

Finally, in the next section we consider only ν > 0, and we leave for future work a detailed study for values ν < 0, since that in the present paper our aim is to understand the overall behavior of the RCC model, rather than determine observational constraints, which requires a rigorous application of the theory of estimation of parameters [40].

4. The Number Counts

It has long been recognized that cluster of galaxies provide a useful probe of the fundamental cosmological parameters. The total abundance of cluster N and their distribution in redshift^{dN}_{dz} should be determined by geometry of the universe and the power spectrum of initial density fluctuations. One of the first cosmological parameters to be constrainted

– 12 –

Figure 5: In the left figure show the evolution of the comoving volume element with redshift for values different of ν. In the right figure we show the volume element with respect of the de-Sitter volume.

was σ_8, the amplitude of mass density fluctuations on a scale of 8 h^{−1}Mpc. For example, recently Komatsu et al., have determined a value of σ_8 = 0.812 ± 0.026 using the data WMAP for the ΛCDM model. However, in general, the value of σ_8 is even inaccurate, since there is the implicit uncertainty on the value of σ_8 as a function of w (see [41]).

Our objective in the present section is to determine the clusters number and its evolution with the redshift and investigate whether these quantities depend significantly from ν parameter and what value should be used for have a concordance with the ΛCDM model. For this we used the Press-Schechter (P S) [42, 43] formalism that gave a prescription for estimating the mass function for a hierarchical gaussian density field.

In the P S model the comoving number density of collapsed dark mater haloes of mass M in the interval dM, is given by dn dM = − √ 2 π δ_cΠ σ(M, z)M d ln(σ (M, z)) dM Exp(− δ^2_c 2 (σ(M, z))^2

), (4.1)

where Π is the comoving matter mean density of the universe and δ_c is the linearly extrapolated density threshold above which structures collapse, i.e. δ_c = δ_L(z = z_{col}). In an Einstein-de Sitter (EdS) model, an overdensity region collapses with a linear contrast δ_c = 1.686 and is the value that we adopt for our calculations. As a first approximation, we use this value of EdS, and we postponed for future work the use of spherical collapse model to calculate δ_c = δ_L(z_{col}). In principle, this election is not far from reality because for homogeneus quintessence models coupled δ_c does not separate too far from the EdS value (see [54]). Let us recall that the RCC model is equivalent with quintessence models [23]. The quantity σ(M, z) = D(z)σ_M are the rms linear fluctuations of density in spheres of radius R containing a mass M and D(z) is the growth factor. In our analysis the rms

– 13 –

Figure 6: The left figure shows the evolution of number counts with redshift and the effect of change the value of the parameter ν for objects with mass within the range 10^{13} < M/(h^{−1}M_⊙) < 10^{14}. The right figure show the evolution of number counts for objects with mass within the range 10^{14} < M/(h^{−1}M_⊙) < 10^{15}. In the both case the curve with ν = 10^{−5} is indistinguishable from the ΛCDM(red dashed) model. We used a fixed value of Ω_{m0} = 0.24 for all curves.

of the smoothed overdensity is given by

σ_M = σ_8( M M_8

)^{−γ/3}, (4.2)

where M_8 = 6 × 10^{14}Ω_mh^{−1}M_⊙, the mass inside a sphere of radius R_8 = 8h^{−1}Mpc, M_⊙ is the solar mass, and σ_8 is the mentioned above variance of the overdensity field smoothed on a scale of size R_8. The index γ is a function of the mass scale and shape parameter Γ [46]

γ = (0.3Γ + 0.2)[2.92 + 1 3 log( M M_8

)]. (4.3)

we use Γ = 0.167 [47] and we associate galaxy clusters with dark matter haloes of the same mass. Our analysis of the effect of a running cosmological constant on the number of dark matter haloes is done by computing two quantities. The first is the number of haloes per unit of redshift in a given intervale of mass dN dz = ∫ 4π dΩ ∫_{MSup} M_{inf} dn dM dV dzdΩ dM , (4.4)

where^{dV}_{dzdΩ} is the comoving volume element and is given by r^2(z)/H(z), beging r(z) = ∫_z 0 dz/H(z). In the figure 5 (left panel) we display the comoving volume element evolution with redshift for the RCC model. We can see that there is a strong dependence on the value ν. Thus, large values of ν comoving volume element increases. The concordance ΛCDM model is plotted for comparison. In the right panel we plot the comoving volume compared to Einstein-de Sitter volume for all case.

– 14 –

Figure 7: The figure shows the integrated number counts up to redshift z for objects with mass M > 10^{13}h^{−1}M_⊙(left) and M > 10^{14}h^{−1}M_⊙(right). For both case solid line represent ν = 10^{−5} and represents ΛCDM.

The other quantity that we compute is the all sky integrated number counts above a given mass threshold, M_{inf} , and up to redshift z N(z, M > M_{inf} ) = ∫ 4π dΩ ∫_∞ M_{inf} ∫_z 0 dn dM dV dzdΩ dzdΩ, (4.5) this result is also called cumulative mass function. To compute the two quantities, we must choose a normalization for the number density of haloes n(M). This is commonly expressed by σ_8. We choose to normalize all models by fixing the number density of haloes at redshift zero. This is at redshift zero all models have the same comoving background density Π and growth factor D. Our model fiducial is ΛCDM (Ω_{m0} = 0.24, h = 0.72) with σ_8 = 0.9 [47].

Now we can determine the dependence of these quantities when the value ν changes. In the figure 6, we displayed the number counts as function of the redshift, obtained from equation (4.4) for which there is a strong dependence on the value assumed by the parameter ν. An increase in the value of ν produces an increase in the value of^{dN}_{dz} . Comparing the left panel to the right, we can see that there is a larger variation for greater values of mass. The results for the total number of collapsed structures above a given mass are displayed in the figura 7. In the left panel we plot the integration in the mass range M > 10^{13}M_⊙ and in the right panel for M > 10^{14}M_⊙, in both case M_{sup} = 10^{15}. We do not use strictly infinite, since N(z, M > M_{inf} ) is dominated by the contribution of the lower bound of the mass integration range.

The parameter ν can be viewed as the coupling between dark energy (vacuum energy) and dark matter. Models with more coupling have higher values of dN/dz. This can be understood by the behavior of other observables. Seeing the expressions (4.4) and (4.5) we note that number counts have a dependece on the growth factor D(z), comoving energy

– 15 – density and the comoving volume element. An increase in the comoving volume translates into an increase in the number counts. This effect is compensates for the decrease in average density and D(z). Both effects produce the observed results in the figures 6 and 7. This behavior is similar to models of quintessence homogeneous [54].

Figure 8: The figures show the evolution of number counts with redshift and the Integrated number counts, when changing the value of the parameter Ω_{mO}, for objects with mass within the range 10^{13} < M/(h^{−1}M_⊙) < 10^{14} (top) and for objects with mass within the range 10^{14} < M/(h^{−1}M_⊙) < 10^{15} (bottom).

4.1 Cosmological Sensitivity on Ω_{m0} and h

In present section, we describe how variations of the parameters Ω_{m0} and h, affecting the cluster abundance. The dependence of the number counts on the cosmological parmeters as Ω_{m0} and h (and also ν in our case) is because the equations (4.1),(4.4) and (4.5) depend on these parameters through ρ, the factor growth and comoving volumen. The dependence cosmological is implicit, but is very strong. For example: increasing in the value of the matter parameter directly translates into decreased of the comoving volume, this can be seen in the reference [49]. On the other hand, a decrease of the latter amount, leads to a decrease in cluster number counts, and of the studied quantity dN/dz that is directly proportional to the comoving volume.

– 16 –

Figure 9: The figures show the evolution of number counts with redshift and the integrated number counts, when changing the value of the parameter h, for objects with mass within the range 10^{13} < M/(h^{−1}M_⊙) < 10^{14} (top) and for objects with mass within the range 10^{14} < M/(h^{−1}M_⊙) < 10^{15} (bottom). For both case solid line represent ΛCDM and is indistinguishable from ν = 10^{−5}.

First we consider the effects of changing Ω_{m0}, which are displayed in figure 8. In left panel are showed results for dN/dz for mass between 10^{13} < M/(h^{−1}M_⊙) < 10^{14} (top left) and 10^{14} < M/(h^{−1}M_⊙) < 10^{15}(bottom left). The curves correspond to a flat RCC universe with h = 0.7, ν = 10^{−5} for all case, and Ω_{m0} = 0.20 (light blue solid), Ω_{m0} = 0.24 (dark blue dashed) and Ω_{m0} = 0.30 (red solid). In right panel shows the total number of clusters N(z) for the same values of parameters. Several conclusions can be drawn from figure 8. Overall, for a decrease in Ω_{m0} increases the number of cluster at all redshift (and vice versa). The curve closest to ΛCDM is the central curve. Note that the dependence on Ω_{m0} is strong, for instance, a 16, 7% decrease in Ω_{m0} increase the total number of cluster N(z) by 21% for more massive structures (the bottom right panel).

The figura 9 also demonstrates the effects of changing h. Comparing the figures 8 and 9, the quantitative behavior of the observables (N(z) and dN/dz) under changes in h and Ω_{m0} are similar: decreasing h increases the total number of clusters, but does not considerably change their redshift distribution for objects with mass within the range 10^{13} < M/(h^{−1}M_⊙) < 10^{14}, but for mass between 10^{14} < M/(h^{−1}M_⊙) < 10^{15} the change

– 17 – is greater.

5. Summary and Discussions

In this paper we have determinated the cosmological implications of the RCC model using linear perturbations. We use the longitudinal gauge to determine the density perturbations of matter. In analysing these perturbations we have found, similarly as in the reference [25], that the perturbation of vacuum energy density is proportional at the ν parameter (equation 3.18a); thus when ν is zero, then is recovered the standard scenario ΛCDM.

The linear perturbations theory allows us to calculate the linear growth rate g(z) and compare our result with other models frequently studied in the literature and with data of growth rate. In left figure 3 we have seen that for values of ν ≤ 10^{−4} our model predicts a overdensity similar to other models (ΛCDM, DGP and scalar-tensor theory). In right figure 3 we observed that for large values of ν the predicted g(z) is well off the data. These three data of g(z) are not sufficient to rule out a given model. In Figure 4, we compared the matter power spectrum with the SDSS data obtained by Percival et al. [39] and showed that a RCC model with ν ≈ 10^{−5} is compatible with ΛCDM. The best-fit for our free parameter is ν = (1.29 ± 2.39) × 10^{−5}.

We investigated the expected evolution of galaxy cluster abundance in the RCC cosmology. The number counts of collapsed structures are frequently proposed as a tool to probe dark energy models. In the present paper we have investigated, using the P S mass function, the modifications introduced by a running cosmological constant. Our model predicts a excess of sources when compared with the ΛCDM model. This difference is greater for more massive structures. The number counts predicted by our model is very close from ΛCDM for ν ≤ 10^{−5}.

Therefore, we have shown that there is a dependence significant of clusters number counts in the RCC model through of the amount dark matter coupled to vacuum energy. Increasing the coupling between dark matter to vacuum energy, that is, increasing the value of ν (see figures 6 and 7) increase the clusters number counts. This feature is compatible with the clustering properties of dark energy models of quintessence [29]. In our model, this effect is due to the decrease of comoving matter density and increase of comoving volume element when ν increases.

In general our results on power spectrum and the linear growth rate are compatible with a large amount of other models. For example, for the coupled quintessence model presented in reference [48] the interaction must be very weak in the order of 10^{−3} to be compatible with data from 2dFGRS. Recently in reference [50] has been studied the perturbations of the called model ΛXCDM, which includes two free parameters, the parameter ν that has the same meaning as our case, and a equation of state parameter w_X , the cosmon component. Both components can interact. In reference [51] was done an analysis of linear perturbations of these model, which includes perturbations of the dark component and the results were consistent with data from the 2dFGRS.

In the reference [52] is considered a model of holographic dark energy with infrared decay in CDM. They use three types of cut-off (Hubble, particle and future event horizons)

– 18 – and for all cases is displayed that there are modes of growth for the density contrast, when the effective equation of state is in the range −1 < w_{eff} < −1/3. The authors, have used a Newtonian approximation, and the dark component is not perturbated, being only for the cut-off of the Hubble horizon that the model implies a dark energy density proportional to the square of the Hubble parameter, similar to our case. We expect that a full relativistic approach of density contrast, whatever in the synchronous or longitudinal gauge, determine results that should deviate little from the cosmological constant.

In reference [53] is considered a model with a cosmological term that decays linearly with the Hubble parameter. In that paper, the authors, consider a relativistic treatment of perturbations in the synchronous gauge and the dark component is also perturbed. They calculate the matter power spectrum and show that their results are inconsistent with 2dFGRS data, since the matter parameter resulting is very large (Ω_m ≈ 0.7).

On the other hand, the references [54, 55] explores changes in the number counts predicted for models of homogeneous and inhomogeneous dark energy, that is, two extreme limits for the evolution of dark energy in the overdensity region. In the case of the homogeneous dark energy density the value of overdensity inside is the same as in the background. In the inhomogeneous dark energy there is a collapse with dark matter. The authors show that there is a deviation of up to 15% with respect to ΛCDM in the inhomogeneous case and for both types of models the largest deviations are observed for massive structures M > 10^{16}. These results are consistent with our calculations.

Finally, in the near future, we plan to further investigate other astrophysical implications of the RCC model. It would be interesting to consider a modification for spherical collapse, where the δ_c is function of the redshift of collapse. Also can be evaluate the profile of density contrast around the cluster, and supercluster of voids matter, using as first approximation a NF W (Navarro, Fenk and While) profile [56]. Another important point is to study the concentration of haloes. For example, following the prescription given in reference [57] we can investigate whether the concentration of haloes in the RCC model decrease with increasing of the mass as in the case of the ΛCDM model. In principle, this also could provide limits on the model.

A. Equations used to model DGP and Scalar-Tensor Theory

In this appendix we write the equations used to determine the growth factor in the DGP model and the scalar-tensor theory. The growth factor is defined in equation (30) and obeys the equation [58, 59] D^{′′}(k, a) + ( 3 a + H^′(a) H(a) )D^′(k, a) − 3Ω_{m0} 2a^5H^2(a) f(k, a)D(k, a) = 0, (A.1) with the initial condition D(a) ≈ a for a ≈ 0 (in the matter-dominated era). This equation does not take into account perturbations of dark energy and the anisotropic stress. The function f(k, a) expresses the connection between the metric perturbations with the matter density perturbations. It therefore depends on the particular gravity theory.

– 19 –

A.1 DGP Model

In the DGP model for the case of flatness and when we only have matter on the brane the H(z) is given by [8] H^2_{DGP} = √ Ω_{rc} + √ Ω_{m0}a^{−3} + Ω_{rc} , (A.2)

where Ω_{rc} =^1_4 (1 − Ω_{m0})^2 and for this theory the f(k, a) function is given by [58] f(k, a) = ( 1 + 1 3β ) , (A.3)

with β = 1 − H_{DGP} (a) H_0 √ Ω_{rc} (1 + aH^′_{DGP} (a) 3H_{DGP} (a) ). (A.4)

A.2 Scalar-Tensor Theory

Scalar-tensor theory is simplest generalization of the General Relativity where the fundamental constants can be variable. The function f(k, a) in this case is given by [58] f(k, a) = G_{eff} (a) G_{eff} (a = 1) ( 1 + 1 1 + (k/ma) ) , (A.5)

where G_{eff} is the effective Newton’s constant when the scalar factor is a and a = 1 is the present value, while m is the mass of the scalar field Φ inducing a Yukawa cut-off to the gravitational field. We used a simple ansatz [59] G_{eff} (a) G_{eff} (a = 1)

= 1 + ξ(1 − a)^2. (A.6)

In the case of the DGP model and scalar-tensor theory the detection of an f(k, a) ≠ 1 would be a signature of alternative theories of gravity. For the numerical calculations we used ξ = −0.2.

Acknowledgement

I wish to thank I. Shapiro for discussions. I also wish to thank at W. Nesseris of The Niels Bohr International Academy for sending some mathematica files. This research is a tribute to Luis Masperi. The work was supported by the agency FAPEMIG (Minas Gerais, Brazil).

References

[1] A. G. Riess, et al., Observational evidence from supernovae for an accelerating universe and a cosmological constant, Astrophys. J. 116 (1998) 1009 [arXiv:astro-ph/9805201]; Perlmutter, S, et al., Measurements of omega and lambda from 42 high-redshift supernovae, Astrophys. J. 517 (1999) 565 [arXiv:astro-ph/9812133]

– 20 –

[2] E. Komatsu et al., Five-year Wilkinson Microwave Anisotropy Probe (WMAP) observations:

cosmological interpretation, Astrophys. J. Suppl. 180 (2009) 330, WMAP collaboration [arXiv:astro-ph/0803.0547]; J. Dunkley et al., Five-year Wilkinson Microwave Anisotropy Probe (WMAP) observations: likelihoods and parameters from the WMAP data, ibid. 180 (2009) 306, WMAP collaboration [arXiv:0803.0586]

[3] S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1; P. J. E.

Peebles and B. Ratra, The cosmological constant and dark energy, Rev. Mod. Phys. 75 (2003) 559 [arXiv:astro-ph/0207347]

[4] R. R. Caldwell, R. Dave and P. J. Steinhardt, Cosmological imprint of an energy component with general equation of state, Phys. Rev. Lett. 80 (1998) 1582 [arXiv:astro-ph/9708069].

[5] C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, Dynamical solution to the problem of a small cosmological constant and late-time cosmic acceleration, Phys. Rev. Lett. 85 (2000) 4438 [arXiv:astro-ph/0004134]

[6] G. Esposito-Farse and D. Polarski, Scalar-tensor gravity in an accelerating universe, Phys.

Rev. D 63 (2001) 063504 [arXiv:gr-qc/0009034]

[7] S. M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner, Is cosmic speed-up due to new gravitational physics? Phys. Rev. D 70 (2004) 043528 [arXiv:astro-ph/0306438]

[8] G. R. Dvali, G. Gabadadze and M. Porrati, 4D gravity on a brane in 5D minkowski space, Phys. Lett. B 485 (2000) 208 [arXiv:hep-th/0005016]; L. Lombriser, W. Hu, W. Fang, U. Seljak, Cosmological constraints on DGP braneworld gravity with brane tension, Phys. Rev. D 78 (2008) 103509 [arXiv:0905.1112]

[9] A. Silvestri and M. Trodden, Approaches to understanding cosmic acceleration [arXiv:0904.0024]; R. Caldwell and M. Kamionkowski, The Physics of cosmic acceleration [arXiv:0903.0866]

[10] R. A. Daly, S. G. Djorgovski, K. A. Freeman, M. P. Mory, C. P. O’Dea, P. Kharb, and S.

Baum, Improved constraints on the acceleration history of the universe and the properties of the dark energy, Astrophys. J. 677 (2008) 1 [arXiv:0710.5345]

[11] E. O. Ishida, R. R. R. Reis, A. M. V. Toribio and I. Waga, When did cosmic acceleration start? How fast was the transition? Astropart. J. 28 (2008) 547 [arXiv:0706.0546]

[12] P. Ferreira and J. Joyce, Structure formation with a self-tuning scalar field, Phys. Rev. D 58 (1998) 023503 [ arXiv:astro-ph/9711102]

[13] I. Maor and O. Lahav, On virialization with dark energy, JCAP 0507 (2003) 003 [astro-ph/0505308]; D. F. Mota and C. Van de Bruck, On the spherical collapse model in dark energy cosmologies , A & A 421 (2004) 71 [arXiv:astro-ph/0401504]

[14] A. M. Polyakov, Phase transitions and the universe, Sov. Phys. Usp. 25 (1982) 187; see also further development in A. M. Polyakov, String theory as a universal language, Int. J. Mod. Phys. 16 (2001) 4511 [arXiv:hep-th/0006132]

[15] T. R. Taylor and G. Veneziano, Quantum gravity at large distances and the cosmological constant, Nucl. Phys. B 345 (1990) 210.

[16] I. Antoniadis and E. Mottola, Four-dimensional quantum gravity in the conformal sector, Phys. Rev. D 45 (1992) 2013

– 21 –

[17] I. L. Shapiro, Asymptotically finite theories and the screening of cosmological constant by quantum effects, Phys. Lett. B 329 (1994) 181 [arXiv:hep-th/9402150]

[18] R. Jackiw, C. Nuñez and S.-Y. Pi, Quantum relaxation of the cosmological constant, Phys.

Lett. A 347 (2005) 47 [arXiv:hep-th/0502215]

[19] E. Bentivegna, A. Bonanno and M. Reuter, Confronting the IR fixed point cosmology with high redshift observations, JCAP 01 (2004) 001 [arXiv:astro-ph/0303150]; M. Reuter and H. Weyer, On the possibility of quantum gravity effects at astrophysical scales, Int. J. Mod. Phys, D 15 (2006) 2011 [arXiv:hep-th/0702051]; M. Reuter and A. Bonanno, Entropy signature of the running cosmological constant, JCAP 0708 (2007) 024 [arXiv:0706.0174]

[20] C. Wetterich, Average action and the renormalization group equations, Nucl. Phys. B 352 (1991) 529; Phys. Lett. B 301 (1993) 90; M. Reuter, and C. Wetterich, Average action for the Higgs model with abelian gauge symmetry, Nucl. Phys. B 417 (1994) 181; J. Berges, N. Tetradis and C. Wetterich, Non-perturbative renormalization flow in quantum field theory and statistical physics, Phys. Rept. 363 (2002) 223 [arXiv:hep-ph/0005122]

[21] I. L. Shapiro, J. Solà, C. España-Bonet and P. Ruiz-Lapuente, Variable Cosmological Constant as a Planck Scale Effect, Phys. Lett. B 574 (2003) 149 [astro-ph/0303306]; Testing the running of the cosmological constant with Type Ia Supernovae at high z, JCAP 0402 (2004) 006; I. L. Shapiro, J. Solà, Cosmological constant, renormalization group and Planck scale physics, Nucl. Phys. Proc. Suppl. 127 (2004) 71

[22] I. L. Shapiro, J. Solà, H. Stefancic, Running G and Λ at low energies from physics at M_X :

possible cosmological and astrophysical implications, JCAP 0501 (2005) 012 [arXiv:hep-ph/0410095]

[23] J. Solà and H. Stefancic, Effective equation of state for dark energy: mimicking quintessence and phantom energy through a variable lambda, Phys. Lett. B 624 (2005) 147 [arXiv:astro-ph/0505133]

[24] S. Basilakos, M. P. Lionis, J. Solà, Hubble expansion and Structure Formation in Time Varying Vacuum Models, Phys. Rev. D 80 (2009) 083511 [arXiv:0907.4555]

[25] J. C. Fabris, I. L. Shapiro and J. Solà, Density perturbations for running cosmological constant, JCAP 0702 (2007) 016 [arXiv:gr-qc/0609017]

[26] G. Chibisov and V. Mukhanov, Theory of relativistic potential: cosmological perturbations, Preprint 154, P.N. Lebedev Physical Institute (1983);

[27] I. V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Theory of cosmological perturbation, Phys. Rept. 215 (1992) 203

[28] A. E. Evrard, Large-scale clustering of galaxies with massive dark halos. I - General structure, two-point correlations, and binaries, Astrophys. J. 341 (1989) L71; C. S. Frenk, S. D. M. White, G. Efstathiou and M. Davis, Galaxy clusters and the amplitude of primordial fluctuations, ibid. 351 (1990) 10; J. P. Henry and M. Arnaud, A measurement of the mass fluctuation spectrum from the cluster X-ray temperature function, ibid. 372 (1991) 410; P. B. Lilje, Abundance of rich clusters of galaxies - A test for cosmological parameters, ibid. 386 (1992) L33; N. A. Bahcall and R. Y. Cen, Galaxy clusters and cold dark matter-A low-density unbiased universe? ibid. 565 (1992) L5

[29] M. Manera and D. F. Mota, Cluster number counts dependence on dark energy inhomogeneities and coupling to dark matter, Mon. Not. Roy. Astron. Soc. 371 (2006) 1373 [arXiv:astro-ph/0504519]

– 22 –

[30] J. M. Bardeen, Gauge-invariant cosmological perturbations, Phys. Rev. D 22 (1980) 1882

[31] E. Bertschinger, Cosmological Dynamics, at Les Houches in August (1993) [astro-ph/9503125]

[32] S. Dodelson, Modern Cosmology, Academic Press (2003).

[33] S. Weinberg, Cosmology, Jhon Wiley and Som (2005).

[34] A. J. S. Hamilton, The Evolving Universe, Edited by D. Hamilton, Kluwer Academic, (1998) 185 [arXiv:astro-ph/9708102]

[35] L. Verde et al., The 2dF Galaxy Redshift Survey: the bias of galaxies and the density of the Universe, Mon. Not. Roy. Astron. Soc. 335 (2002) 432 [arXiv:astro-ph/0112161]

[36] L. Guzzo, et al., A test of the nature of cosmic acceleration using galaxy redshift distoirtions, Nature 415 (2008) 541 [arXiv:0802.1944]

[37] N. P. Ross, et al., 2dF-SDSS LRG and QSO Survey: the 2-point correlation function and redshift-space distortions, Mon. Not. Roy. Astron. Soc. 381 (2007) 573 [arXiv:astro-ph/0612400]

[38] J. M. Bardeen, J. R. Bond, N. Kaiser and A. S. Szalay, The statistics of peaks of Gaussian random fields, Astrophys. J. 304 (1986) 15.

[39] W. J. Percival, et al., The Shape of the Sloan Digital Sky Survey Data Release 5 Galaxy Power Spectrum, Astrophys. J. 657 (2007) 645 [arXiv:astro-ph/0608636]

[40] W.H. Press, S.A. Teukolsky, W.T. Vetterling, B.P. Flannery, Numerical Recipes in Fortran 90: The Art of Parallel Scientific Computing, Volume 2 of Fortran Numerical Recipes, Second Edition, New York: Cambridge University Press, 1996.

[41] M. Kuhlen, L. E. Strigari, A. R. Zentner, J.S. Bullock and J. R. Primack, Dark energy and dark matter halos, Mon. Not. Roy. Astron. Soc. 357 2005, 387, [astro-ph/0402210]; M. Kuhlen, C. R. Keeton and P. Madau, Gravitational Lensing Statistics in Universes Dominated by Dark Energy, Astrophys. J. 601, 104 (2004). [astro-ph/0310013]

[42] W. H. Press and P. Schechter, Formation of Galaxies and Clusters of Galaxies by Self-Similar Gravitational Condensation, Astrophys. J. 193 (1974) 437

[43] J. R. Bond, S. Cole, G. Efstathiou and N. Kaiser, Excursion set mass functions for hierarchical Gaussian fluctuations, Astrophys. J. 379 (1991) 440B

[44] R. K. Sheth and G. Tormen, Large-scale bias and the peak background split, Mon. Not. Roy.

Astron. Soc. 308 (1999) 119 [arXiv:astro-ph/9901122]

[45] A. Jenkins, et al., The mass function of dark matter haloes, Mon. Not. Roy. Astron. Soc. 321 (2001) 372 [astro-ph/0005260]

[46] P. T. P. Viana and A. R. Liddle, The Cluster Abundance in Flat and Open Cosmologies, Mon. Not. Roy. Astron. Soc. 281 (1996) 32 [arXiv:astro-ph/9511007]

[47] D. Spergel, First Year Wilkinson Microwave Anisotropy Probe (WMAP) observations:

determination of cosmological parameters, WMAP colaborations, Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209]

[48] G. Olivares, F. Atrio-Barandela and D. Pavon, Matter density perturbations in interacting quintessence models, Phys. Rev. D 74 (2006) 043521 [arXiv:astro-ph/0607604]

[49] David W. Hogg, [astro-ph/9905116]

– 23 –

[50] J. Grande, R. Opher, A. Pelinson and J. Solà, Effective growth of matter density fluctuations in the running LCDM and LXCDM models, JCAP 0712 (2007) 007 [arXiv:0709.2130]

[51] J. Grande, A. Pelinson and J. Solà, Dark energy perturbations and cosmic coincidence, Phys.

Rev. D 79 (2009) 043006 [arXiv:0809.3462]

[52] K. Y. Kim, H. W. Lee and Y. S. Myung, Density perturbations in decaying holographic dark energy models [arXiv:0805.3941]; M. Li, A Model of Holographic Dark Energy, Phys. Lett. B 603 (2004) 1 [arXiv:hep-th/0403127]

[53] H. A. Borges, S. Carneiro and J. C. Fabris, Evolution of density perturbations in decaying vacuum cosmology: The case of non-zero perturbations in the cosmological term, Phys. Rev D 78 (2008) 123522 [arXiv:0809.4939]

[54] N. J. Nunes, A. C. da Silva and N. Aghanim, Number counts in homogeneous and inhomogenmeous dark energy models, A & A 450 (2006) 899 [astr-ph/0506043v2]

[55] N. J. Nunes and D. F. Mota, Structure formation in inhomogeneous dark energy models, Mon. Not. Roy. Astron. Soc. 368 (2006) 751

[56] J. F. Navarro, C. S. Frenk and S. D. M. White, The Structure of Cold Dark Matter Halos, Astrophys. J. 463 (1996) 563 [astro-ph/9508025]

[57] V. R. Eke, J. F. Navarro and M. Steinmetz, The power spectrum dependence of dark matter halo concentrations, Astrophys. J. 554 (2001) 114 [arXiv:astro-ph/0012337]; D. J. Mota, Probing dark energy at galactic and cluster scales, JCAP 09 (2008) 006 [arXiv:0812.4493]

[58] J. P. Uzan, The acceleration of the universe and the physics behind it, Gen. Rel. Grav. 39 (2007) 309 [astro-ph/0605313]

[59] S. Nesseris and L. Perivolaropoulos, Crossing the photom divide: theoretical implications and observational status, JCAP 0701 (2007) 018 [astro-ph/0610092]

– 24 –