arXiv:astro-ph/0505163 v1 9 May 2005

Spherical Collapse Model And Dark Energy(I)

Ding-fang Zeng and Yi-hong Gao^{1, ∗} 1Institute of Theoretical Physics, Chinese Academy of Science.

In existing literatures about the top-hat spherical collapse model of galaxy clusters formation in cosmology containing dark energies, dark energies are usually assumed not to cluster on this scale. But all these literatures ignored the current describing the flowing of dark energies outside the clusters which should exist under this assumption, so the conclusions of these literatures are worth further explorations. In this paper we study this model in QCDM or Phantom-CDM cosmologies(flat) by assuming that dark energies will cluster synchronously with ordinary matters on the scale of galaxy clusters so the dark energy current flowing outside the clusters does not exist at all and find that in this case, the key parameters of the model exhibit rather non-trivial and remarkable dependence on the equation of state coefficients of dark energies. We then apply the results in Press-Scheter theory and calculate the number density of galaxy clusters and its evolutions. We find that this two quantities are both affected exponentially by the equation of state coefficients of dark energies. We leave the study of this model with the assumption that dark energies do not cluster on the scale of galaxy clusters at all as the topic of another paper where similar conclusions will be obtained also.

I. INTRODUCTION

When Press-Schechter theory is used to study the number density of galaxy clusters and its evolutions, there are two key parameters [2], [3] needing to be extracted from the spherical collapse models. [15, 16] are two early works studying this model. They considered it in a background universe without dark energies. [19, 21, 23, 25, 26, 27] are some recent works containing discussions about this model in ΛCDM or QCDM cosmologies. In these existing works, when dark energy is included, it is assumed that it does not cluster on the scale of galaxy clusters.

However, if dark energy does not cluster on this scale, then when we write down the Einstein equations to describe the evolution of an over-dense region which will develop into the future galaxy clusters, we should include a dark energy current in the energy momentum tensor to describe the dark energy component flowing outside the over-dense region. But, in all these existing literatures, such a current was ignored. To see the effects of such a current, there are two methods. The first is, adding it in the energy momentum tensor and solving the resulting Einstein equations. The second is, assuming that such a current does not exist at all and solving the appropriate Einstein equations to see the effects of dark energy’s clustering on the scale of galaxy clusters.

The purpose of this paper is to study this problem by the second method. We leave the study of the first way as the topic of another paper [28], in that paper we will get similar results as in this paper. After a simple introduction to Press-Scheter theory in section II, we study the spherical collapse model in section III in details. Our study shows that when dark energy is assumed to cluster synchronously with the ordinary matters so the

∗Electronic address: dfzeng@itp.ac.cn; Electronic address: gaoyh@itp.ac.cn

dark energy current does not exist on the scale of galaxy clusters, the key parameters of the model exhibit rather non-trivial and remarkable dependence on the equation of state coefficients of dark energies. We then apply the results obtained in this section in Press-Scheter theory and calculate the number density of galaxy clusters and its evolutions in section IV. We find that, under this assumptions, the number density of galaxy clusters as well as its evolutions are both affected exponentially by the equation of state coefficients of dark energies. We then study the possibility of determining the equation of coefficients of dark energies by measuring the number density of galaxy clusters. We end the paper in section V which contains the main conclusions of this paper and some discussions.

Our study is performed for time-independent equation of state coefficients of dark energies w which ranges in −∞ ∼ 0. But in some cases we will use terminology Quintessence or Phantoms regardless how much w is.

II. PRESS-SCHECHTER THEORY

Press-Schechter Theory [14] predicts that the fraction of volume which has collapsed at a certain red-shift z is f_{coll} (M (R), z) = 2 √ 2πσ(R, z) ∫_∞ δ_c dδe^{−δ2/2σ2(R,z)}. (1) Here, R is the radius over which the density field has been smoothed, σ(R, z) is the rms of the smoothed density field [3]. δ_c is the threshold of density contrast at time z (count stopping time) beyond which objects collapse.

By the notations of [3], chapter 7,

σ^2(R, z) =

σ^2_8 · [∫ k^{ns+2}T^2(k)W^2(k · R)dk ] D^2_1([1 + z]^{−1}) [∫ k^{ns+2}T^2(k)W^2(k · 8h^{−1}Mpc)dk ] D^2_1(1) (2) where n_s is the spectral index of perturbation powers, n_s = 1 corresponds to scale invariant power; T (k) is the transfer function, in this paper we will use the BBKS fitting formulaes for it [12, 13, 23]; W (k · R) is the smoothing window function, we will use the top hat window in this paper; D_1([1 + z]^{−1}) is the growth function of linear perturbation theory,

D_1(a) =

5Ω_{m0}H^2_0 2 H(a) ∫_a 0 da^′[a^′H(a^′)]^{−3}. (3)

Operationally [21], δ_c is defined as the extrapolation of primordial perturbations to the collapse epoch using the growth law of linear perturbation theory, i. e.,

δ_c = [ ( ρ_{mc}(a) ρ_{mb}(a) − 1) 1 D_1(a) ] a→0 D_1(a_c), (4)

where ρ_{mc} and ρ_{mb} are the matter densities of cluster and background respectively. It can be shown that D_1(a)_{a→0} → a. Using the method of [16] we can show that [a_p a ] a→0 = (1 − α · a), (5)

where a_p is the scale factor of the cluster, we use the normalization for a_p so that when a → 0, a_p ≈ a, see section III A. Substituting eq(5) into eq(4) we get

δ_c = 3α · D_1(a_c). (6)

By studying spherical collapse model we will give an analytical formulae for the calculation of α.

We comment here that, because D_1(a)_{a→0} → a, as long as the definition eq(4) is to be of any sense, we must have [^{ρmc}_{ρmb} − 1]_{a→0} ∼ a. So eq(5) holds regardless whatever the background cosmology model is. Physically, this is because, any realistic cosmological model behaves like a flat matter dominated cosmology at early times, so they have the same limit behavior as a → 0. Mathematically, eq(5) is only derived out explicitly in the OCDM cosmologies [16] and ΛCDM cosmologies [25] and [26].

It should be noted besides the partition of the cosmological components and the observational epoch, the value of δ_c is also quite dependent on the choice of smoothing window used to obtain the dispersion σ(R, z) [16]. We will not consider this effect in this paper.

III. SPHERICAL COLLAPSE MODEL IN QCDM COSMOLOGIES

A. Einstein Equations and Energy Conservation

In [23] and [27], it is stated that the energy hold by the dark energy-Quintessence inside the the over-dense region varies independently of the region’s radius, and the curvature parameter of the over-dense region is time dependent, so we have no Friedman-like equation, with a constant curvature parameter to describe the evolution of the over-dense region. However, if this is the case, then when we write down the Einstein equation G_{μν} = −8πGT_{μν} , we should include a dark energy current -Q current- in the energy momentum tensor to describe the flowing of dark energy outside the over-dense region. But [23] and [27] did not do so.

To see the effects of such a current, we have two choices. The first is directly including such a current in the energy momentum tensor and solving the resulting Einstein equations, we will do this way in [28]. The second is assuming that such a Q-current does not exist and solving the resulting Einstein equations to see the effects of Quintessence’s clustering on the properties of galaxy clusters. In this method, Quintessence will cluster or expand synchronously with matters in the over-dense region, just as we usually do in the case of universes. This is an indirect but easier method. We will take this way in this paper.

Considering an uniform over-dense region in the back ground of a flat cosmology containing general Quintenssence component, the background satisfies ( ȧ a )^2 = 8πG 3 (ρ_{mb} + ρ_{Qb}). (7)

For the over-dense region, starting from the metric ansaltz

ds^2 = −dt^2 + U (t, r)dr^2 + V (t, r)(dθ^2 + sin^2θdϕ^2), (8)

using Einstein equations, we can prove that U (t, r) = a^2_p(t) 1 − kr^2 , V (r) = a^2_p(t)r^2, (9)

where k is a constant independent of time while a_p satisfy:

a_pä_p = − 4πG 3 [ρ_{mc} + ρ_{Qc} + 3p_{Qc}]a^2_p, (10)

a_pä_p + 2ȧ^2_p + 2k = 4πG[ρ_{mc} + ρ_{Qc} − p_{Qc}]a^2_p. (11)

The difference of eqs(10) and (11) yields [ ȧ_p a_p ]^2 + k a^2_p = 8πG 3 ρ(t). (12)

In eq(7), a denotes the scale factor of the background universe, ρ_{mb} and ρ_{Qb} denote the density of matter and Quintessence in it respectively. While in eq(9)-(12), a_p denotes the scale factor of the over-dense region, the future galaxy clusters. ρ_{mc}, ρ_{Qc} denote the density of matter and quintessence inside the over-dense region respectively, while p_{Qc} denotes the pressure produced by the Quintessence. By the statement of [23] and [27], the curvature parameter k of the over-dense region is timedependent. This is equivalent to say, the metric function U (t, r) cannot be factorized as eq(9). If this is the case, then not only Freidmann equation (12), but also Raychaudhuri-equation (10), or eq(A2) of [23] will follow the usual way.

In practice, we need taking a normalization for the definition of scale factor a_p of the over-dense region. We choose the convention so that a_p ≈ a when a → 0. Under this convention, the value of k in eq(9) is not 1 definitively, its value depends on the total energy density inside the over-dense region. But, it is a constant independent of time.

Using the metric ansaltz eq(8) and (9), the energy conservation equation T^μ_{ν;μ} = 0 can be integrated to give

ρ_ma^3_p + ρ_Qa^{3(1+w)}_p = a constant, (13)

where w is the equation of state coefficients of the Quintessence(−1 < w < 0) or phantoms(w < −1). In this paper, we only consider Quintessence/phantoms with time-independent w models. During the formation of galaxy clusters, the mass of the system is conserved at least approximately. This directly leads to the conclusion that, the density of Quintessence inside the overdense region does not vary independently of the radius of the region. If the equation of state coefficients satisfy −1 < w < 0, then as a_p decreases, ρ_{Qc} increases, Quintessence clusters. If w < −1, then as a_p decreases, ρ_{Qc} also decreases, i.e., phantom is repulsed outside the over-dense region, it anti-clusters. Contrary to our reasonings here, in [27], the energy held by Quintessence in the over-dense region does not conserve, see eq(14) of it.

In [29, 30, 31], it is pointed out that on cosmological scales, a smoothly distributed, time-varying component violates equivalence principle, so is un-physical. Here, on the scale of galaxy clusters, we see that to preserve Einstein equations, we should either include a Qcurrent in the energy momentum tensor, or assume that Quintessence (or phantom, even time independent vaccum energy) clusters (anti-clusters) just like matters. As is well known, when the total universe is looked as a cluster of size Hubble scale, such a current which describes Q-component flowing outside the Hubble horizon is usually assumed not exist. Galaxy clusters are a class of objects whose formation and evolution is still in the linear perturbation theory applicable area and in the energy composition of these objects, dark energy occupies a rather big part, just like our biggest cluster - our total universe. So the assumption that Quintessence will cluster on the scale of galaxy clusters like ordinary matters is at least partly the case. We will also see in [28] that, if dark energy is assumed not to cluster on the this scale, then all the effects displayed in this paper will be enforced instead of weakened.

B. The Key Parameters of the Spherical Collapse Model of Galaxy Clusters Formation

In the ideal model, if there is an over-dense region in a flat background universe, then at very early times, this region will expand as the background universe expands; but because this region’s over-dense, its expanding rate will decrease and stop doing so at some middle times; then it starts to shrink because of self-gravitating, the final fate of this over-dense region is a singular point. But in practice, when this region shrinks to some degree, the pressures originate from the random moving of particles inside the over-dense region will balance the selfgravitation and the system enters the virialization period. In theoretical studies, it is usually assumed that the virialization point is coincident with the collapse point of the ideal model on the time axis.

According to Press-Shceter theory eq(1), if an overdense region is to be virializated at some time a_c, its density-contrast should be no less than δ_c(w, Ω_{m0}, a_c). While to relate the mass of a galaxy cluster with its characteristic X-ray temperature, the ratio of cluster/background matter densities at the virialization point is a very important parameter,

Δ_c(w, Ω_{m0}, a_c) = ρ_{mc,c} ρ_{mb,c} . (14)

To see the effects of Quintessence/Phantom’s clustering/anti-clustering on the formation and properties of the galaxy clusters, we would like to calculate this two important parameters in this section. To calculate δ_c(w, Ω_{m0}, a_c), starting from eq(7) and (12), let ζ = ρ_{mc,ta} ρ_{mb,ta} (15) x = a a_{ta} , y = a_p a_{p,ta} , ν = ρ_{Qb,ta} ρ_{mb,ta} (16)

and using the fact that [ȧ_p]_{ta} = 0 we can get ( dy dx )^2 = ζy^{−1} + νζ^{1+w}y^{−1−3w} − (ζ + νζ^{1+w}) x^{−1} + νx^{−1−3w} . (17)

Then using eq(5) and the approximate mass conserving condition we can prove [ y x ]_{x→0} = [ a_pa^{−1}_{p,ta} aa^{−1}_{ta} ]_{a→0} = 1_− · ζ^{13} (18) and d dx [y_{x→0,x≠0}] = ζ^{13} (1 − 2α · a_{ta}x). (19)

Substituting eqs(5), (16) and (19) into eq(17), taking limit x → 0 and preserving only the first order small quantities in x, we can get α = 1 5 a^{−1}_{ta} [ζ^{13} + ν · ζ^{13 +w} ] (20)

Substituting this result into eq(6) we can get

δ_c(w, Ω_{m0}, a_c) = 3 5 a^{−1}_{ta} [ζ^{13} + ν · ζ^{13 +w}]D_1(a_c) (21)

Now let us come to Δ^′_cs calculation. According to the definition eq(14),

Δ_c(w, Ω_{m0}, a_c) = ρ_{mc,c} ρ_{mb,c} = ρ_{mc,ta}a^3_{p,ta}a^{−3}_{p,c} ρ_{mb,ta}a^3_{ta}a^{−3}_c = ζ a^3_{p,ta} a^3_{p,c} a^3_c a^3_{ta} (22) To calculate the second factor of the above equations’ right-most part, we can use energy conserving condition and virial theorem. Assuming that at the collapse point, the system virialized fully, then we have the following relations: E_{kinetic,c} = − 1 2 U_{mm,c} + U_{mQ,c} − 1 2 U_{QQ,c} (23) 1 2 U_{mm,c} + 2U_{mQ,c} + 1 2 U_{QQ,c} = U_{mm,ta} + U_{mQ,ta} + U_{QQ,ta} (24) where U_{mm}, U_{mQ} and U_{QQ} denote the matter-matter, matter-Quintessence and Quintessence-Quintessence gravitation potentials respectively. The subscripts_{,c} and_{,ta} mean that the quantities carrying them take values at the collapse and turn around time respectively. Explicitly, eq(24) can be written out as: (ρ^2_{mc,c} + 4ρ_{mc,c}ρ_{Qc,c} + ρ^2_{Qc,c})a^5_{p,c} = 2(ρ^2_{mc,ta} + ρ_{mc,ta}ρ_{Qc,ta} + ρ^2_{Qc,ta})a^5_{p,ta} (25) dividing each side of this equation by the relation ρ^2_{mc,c}a^6_{p,c} = ρ^2_{mc,ta}a^6_{p,ta} and making a little deformation we get: [ a_{p,ta} a_{p,c} ](1 + 4 ρ_{Qc,c} ρ_{mc,c} + ρ^2_{Qc,c} ρ^2_{mc,c} ) = 2(1 + ρ_{Qc,ta} ρ_{mc,ta} + ρ^2_{Qc,ta} ρ^2_{mc,ta} ) (26) Using energy conservation law and the approximate mass conserving condition, we can change eq(26) into the following form: [ a_{p,ta} a_{p,c} ](1 + 4ξ[ a_{p,ta} a_{p,c} ]^{3w} + ξ^2[ a_{p,ta} a_{p,c} ]^{6w}) = 2(1 + ξ + ξ^2)

(27) where ξ = νζ^w (28) Numerical studying shows that the third term on both sides of eq(27) can be neglected, just as [23] did. But, for a general valued w, even neglecting this two terms, this equation cannot be solved analytically. So we preserve this two terms in the equation and resort to numerical methods to calculate^{ap,ta}_{ap,c} .

From eqs(21) and (22),(27) we see that, given w, Ω_{m0} and a_c, to calculate δ_c and Δ_c, we need to express a_{ta}, ν and ζ as functions of w, Ω_{m0} and a_c. For ν ν = 1 − Ω_{mb,ta} Ω_{mb,ta} (29) Ω_{mb,ta} = 1 1 + ν_0a^{−3w}_{ta}

, ν_0 =

1 − Ω_{m0} Ω_{m0}

(30)

While for a_{ta}, we can use the fact that t_c = 2t_{ta} and eq(7) to set up an integration equation ∫_{ac} 0 da^′ √ a^′ 1 + ν_0a^{′−3w} = 2 ∫_{ata} 0 da^′ √ a^′ 1 + ν_0a^{′−3w} (31)

In the case of w = −1, eq(31) can be solved analytically:

a_{ta} = [ √ 1 + ν_0a^3_c − 1

2ν_0 ]_{1/3} (32)

While in the case of general valued w, eq(31) should be solved numerically to get the function a_{ta}(a_c).

For ζ’s calculation, there is two method. The simplest is directly integrate eq(17) to set up an equation:

∫_1 0 dx[ x 1 + νx^{−3w} ]^{12} = ∫_1 0 dy[ y ζ + νζ^{1+w}y^{−3w} − (ζ + νζ^{1+w})y

]^{12} (33)

Solving this equation will tell us ζ’s dependence on w and ν. Combining the results with eq(29) will gives us ζ’s dependence on w, Ω_{m0} and a_c. The second method is to use eqs(7), (10) and the notations in eq(15)-(16) to set up an eigen-value problem [ y x ]_{x→0} = 1_− · ζ^{13}

y|_{x=1} = 1, y^′|_{x=1} = 0. (34) d^2y dx^2 − dy dx 1 2 [ 1 x + dΩ_{mb} dx 1 Ω_{mb} ] + 1 2 [(1 + 3w)[ y x ]^{−3(1+w)}ζ^{1+w} y(1 − Ω_{mb}) x^2 + ζxΩ_{mb} y^2

] = 0

(35)

Solving this eigen-value problem can also tell us ζ’s dependence on w and ν [4]. For a given value of w, we can get ζ’s dependence on Ω_{mb,ta} by solving eq(33) or (34)-(35) and fitting the results as ζ = ζ(Ω_{mb,ta}). For example, in the case of w = −1,

ζ = [ 3π 4 ]^2Ω^{−0.7384+0.2451Ωmb,ta} mb,ta (36) But for the general cases when Ω_{mb,ta} and w both vary, we cannot fit the results into a simple function, see Fig.1. It should be noted that this kind of fitting formula eq(36) only coincide with numerical result when Ω_{mb,ta} is not too small, for example, Ω_{mb,ta} > 0.05.

C. Numerical Results, Effects of w on the Key Parameters of the Model

We provide our numerical results in FIG.1-3. From FIG.1 we see that, when the dark energy’s clustering is

FIG. 1: ζ’s dependence on Ωmb,ta and w. Left panel, considering Quintessence’s clustering effects. It is solved from eq(33) or (35). Right panel, the results of assuming Quintessence does not cluster on the scale of galaxy clusters but neglect the Q-current flowing outside the clusters, solved from eq(A9) of [23].

FIG. 2: Δc’s dependence on Ωm0, w and ac . The upper right part is solved from eq(5)-(6) of [23] where Quintessence is assumed not to cluster on the scale of galaxy clusters but neglect the Q-current flowing outside the over-dense region. The others are solved from eq(33) or (35) of this paper.

considered, ζ depends on the value of w remarkably. For a fixed Ω_{mb,ta}, ζ first increases then decreases as w decreases in the range [−1.7, −0.4], this forms a strong contrast with the result of [23], which is also depicted in the figure. In FIG.2, besides similar dependence of Δ_c on w and Ω_{m0}, we can still see that for a given Ω_{m0} and w, Δ_c decreases as a_c decreases, i.e. the early an over-dense region virialized, the less is its matter density over that of the background. This is easy to understand, because the earlier an over-dense region virializes, the less dark energy is contained in the background cosmology, so the weaker the anti-cluster effects will be and the less dense a region is required to keep balance by self-gravitations.

In FIG.3, we display δ_c’s dependence on w, Ω_{m0} and a_c. Unlike in FIG.2, we did not compare δ_c’s dependence on w, Ω_{m0} in this figure between the cases where Quintessence is assumed to cluster and the contrary. By

FIG. 3: δc’s dependence on w, Ωm0 and ac . Quintessence’s clustering effects are considered.

the method of [23], eq(A12)-(A13), it is difficult to get the precise value of δ_c(w, Ω_{m0}, a_c). Since this method needs to take the value of [^x_y ] at some point x = x_0 → 0, x_0 ≠ 0, while the coefficients of the differential equation which is used to solve ζ has singularities near this region, the quantity δ_c(x) calculated by this method depends on the selection of x_0 rather artificially. By the way, we note that eq(A12) may missed a term ζ on the right hand side. By the statement of [23], δ_c ≈ 1.6 − 1.686, where −1 < w < 0. Here, in our FIG.3, we see that, if a_c = 1, δ_c may be as large as 2.1 when w ≈ −1.7. As a_c decreases, δ_c also decreases and goes to the limit value 1.686, what ever value w and Ω_{m0} takes. This is trivial, because the earlier an over-dense region virializes, the more likely is the back ground universe a totaly matter dominated one.

IV. THE NUMBER DENSITY OF GALAXY CLUSTERS AND ITS EVOLUTIONS

A. Theoretical Formulaes

According to Press-Schechter theory, the comoving number density of clusters which have collapsed (i.e., virialized) at certain red-shift z and have masses in the range M ∼ M + dM could be calculated: n(M, z)dM = − √ 2 π ρ_{tot} M δ_c σ^2 R 3M dσ dR exp[− δ^2_c 2σ^2

]dM(37)

in this equation: ρ_{tot} is the energy density of background universe, M =^{4π}_3 R^3ρ_{tot}, so the factor^{ρtot}_M denotes the average number density of clusters with mass M . The other factors in this equations are just obtained by differentiating eq(1) with respect to M . In the original paper of Press and Schechter [14], the quantity ρ and M appearing in eq(37) only refer to density and mass of matters. But under our assumptions, Quintessence and matters cluster synchronously so we have to understand them as the total density and mass.

To relate the mass of a cluster with its characteristic X-ray temperature, consider a virialized over-dense spherical region in the background universe containing quintessences, according to virial theorem, we have

Ekinetic,vir = [ − 1 2 U_{mm} + U_{mQ} − 1 2 U_{QQ} ] ,vir (38)

i. e. (ρ_{mc} + ρ_{Qc})_{,vir}V̄^2_{vir} = 4πG 5 [ a^2_p(ρ_{mc} − ρ_{Qc})^2 ] ,vir where V̄^2_{vir} is the mean square velocity of particles in the cluster when the system is fully virialized and a_p is the physical radius of the cluster. From this equation, we have

V̄^2_{vir} = 3 5 [ (GM H)^{23} [ 1 2 ρ_{mc} + ρ_{Qc} ρ_{mb} + ρ_{Qb} ]^{13} (1 − 2ρ_{Qc} ρ_{mc} + ρ_{Qc} )^2 ] ,vir Using relation: k_BT = μm_p β V̄^2_{vir} 3 (39)

where k_B is the Boltzmann constant, m_p is the mass of proton, while μm_p is the average mass of particles, β is the ratio of kinetic energy to temperature. So we have mass-temperature relation:

M = 1 GH(z) [ 5βk_BT μm_p 1 f(z) ] 3_2 (40) or

R = [ 2GM H^2

] 1_3 = 1 H(z) [ 5 · 2^{23} βk_B T μm_p 1 f(z) ] 1_2 (41)

with

f(z) = [ 1 2 (Ω_{mb,c} + Ω_{Qb,c}Δ^w_c )Δ_c]^{13} ×

(1 − 2Ω_{Qb,c}Δ^w_c Ω_{mb,c} + Ω_{Qb,c}Δ^w_c )^2

H(z) = H_0[Ω_{m0}(1 + z)^3 + (1 − Ω_{m0})(1 + z)^{3(1+w)})]^{12} (42)

and Δ_c given by eq(22).

Just as [23] pointed out, since the mass-temperature relation is red-shift dependent, simply substituting eq(41) into eq(37) cannot give us correct number density of clusters in a given temperature range today. Instead,

FIG. 4: Effects of w on the number density v.s. temperature function of galaxy clusters when z = 0. The larger is σ8 or μ β , the larger the function value will be. All four figures have Ωm0 = 0.27, h = 0.71 and ns = 1.0.

we should first find out the virialization rate and multiply it by the mass-temperature relation then integrate over red-shift n(T, z)dT = − 1 √ 2π ∫_∞ z ρ_{tot} M T dlnσ dlnR dlnσ dz δ_c σ ( δ^2_c σ^2

− 1)exp[− δ^2_c 2σ^2 ]dzdT (43)

From eqs(43), (41), (21) and (2) we can see that besides the constant^μ_β , n(T, z) will also depend on the cosmological parameters w, Ω_{m0}, h, n_s and the normalization σ_8 of the cosmic density fluctuations. In principle, if we can measure the number density v.s. temperature relation precisely enough, by numerical fittings, we can determine all these parameters or some of their special combinations simultaneously from observations.

B. Numerical Results, Effects of w on the Number Density of Galaxy Clusters and Its Evolutions

In FIG.4, we display the effects of w on the galaxy clusters number density v.s. temperature relation when z = 0 for two values of^μ_β . From this figure we can see that the value of w affects the number density of galaxies exponentially. Just as we explained in section III A, since the author of [23] and [27] did not include the Q-current in their energy moment tensor at the right hand side of Einstein equations, which should appear under their assumptions, the conclusions there about the effects of w on the number density v.s. temperature relation is worth

FIG. 5: Effects of w on the evolution of number density of massive galaxy clusters. The larger is σ8, the more remarkable the effects of w on the evolution will be. Both figures have Ωm0 = 0.27, h = 0.71 and ns = 1.0.

further explorations. Although we do not directly correct their analysis by including such a current, we only assume that Quintessence will cluster on the scale of galaxy clusters so that such a current do not exist at all, our results here may from the contrary tell us the importance of such a current on the scale of galaxy clusters.

Comparing the number density v.s. temperature relations between the two values of^μ_β case, we can see that this parameter also affects the relation strongly. This parameter^μ_β has physical meaning of efficiency of energy transformation from thermal-dynamic to x-ray. So the lower is this efficiency, the less possibly a galaxy cluster will be observed if its mass is not big enough. While the larger is the clusters, the less the number density of them will be. In [21] and [22], the authors fit the number density v.s. temperature relations to numerical simulations to normalize this parameter and get that μ β ≈ 1.3 ∼ 1.4. By the notations of these works, the symbol f_β is used to denote the same relevant quantity as our^μ_β , our f_u = 1, see the notations under eq(4) of [23]. Considering the time dependence of mass-temperature relation explained by [23], the value of this parameter is about 0.944 according to [23]. Since we assume that Quintessence clusters synchronously with ordinary matters, while the Q-component could not make contributions to the x-ray emission processes. We should expect an even lower value of^μ_β than 0.944. In the numerical analysis in the next subsection, we will set^μ_β = 0.75, but will point out qualitatively the way a larger or smaller value of^μ_β affects our conclusions.

In FIG.5 we displayed the effects of w on the evolution of number density of massive galaxy clusters for one value of M_0. Note that n_{M>M0} = ∫_∞ M_0

n(M^′, z)dM^′ (44)

From the figure we can also see that the clustering of Quintessence affects the evolution of the number density of massive galaxy clusters exponentially, and that the larger is σ_8, the more remarkable the effects will be.

In this figure, what should interests us mostly may be, if w is too greater than −1 , the number density of galaxy clusters would increase as we look back to the past, while if w is too less than −1, the contrary is the trend. And, the larger is σ_8, the strong this trend will be. Physically, this trend can be easily to understand. Because, the more w → 0, the more weakly Quintessence anticlusters, so the more usually emerging of galaxy clusters could take place which will lead to the decreasing of number of galaxy clusters. On the contrary, if w < −1, then the more w → −∞, the more strongly Quintessence anticlusters, so the more often splitting of massive galaxy clusters will take place which will lead to the increasing of the number of galaxy clusters. According to the current observations [9]: as we look back to past, we see smaller and smaller number density of galaxy clusters. This may implies that the equation of state coefficients of dark energies should not be greater than −1 too much.

Note that, we do not directly consider the emerging and splitting of galaxy clusters. However, our explanations about the two contrary evolution trends of the number density of massive clusters above is still valid. Because, there are such configurations where initially ”two” clusters are closely located, if w < −1, then as time goes on, this two clusters go far and far and finally really become two clusters. However, if −1 < w, then as time goes on, these ”two” clusters will not separate until today and have to be counted as one. This difference of ”2”→2 and ”2”→1 processes can be sensed by Press- Scheter theory itself through the effects of w on the key parameter δ_c displayed in FIG.3 with no use of direct consideration of galaxy clusters emerging and splitting processes [16, 17, 18].

C. Constraints From Observational Results

Although the clustering of dark energy on the scale of galaxy clusters is only a logically possible assumption. Since this assumption predicts that the number density of galaxy clusters and its evolutions are affected exponentially by the equation of state coefficient w of dark energy. If theoretical predictions are to be coincide with observations, we should have constraints on w, Ω_{m0} and σ_8 which may be rather different from that comes from other observation such as CMB [10] or large scale matter power spectrum [11]. Does these observation leave spaces for our assumption?

Motivated by this fact, we try our best to fit the observation results of [6] (with a factor of 2 corrected by [7]) and [9] into theoretical formulaes to find constrains on w, Ω_{m0} and σ_8. Our fitting method is minimizing χ^2, for details please refer to [4]. However, constrained by our computation powers, we do not vary all the parameters involved in this problem and look for the best composition. Instead, we choose to fit the measurements into theoretical formulaes in three cases. In the first case, we focus our attentions on σ_8 and Ω_{m0} but fix the other parameters. In the second case we focus our attention on σ_8 and w, while in the third case we focus our attentions on Ω_{m0} and w. We also tried best to fit the four parameters μ β , w, Ω_{m0} and σ_8 simultaneously, but the convergence of the fitting result is so poor that we can not get any meaningful conclusions so we will not provide numerical results in this case.

In the data source we used in this paper, [6] is the observed number density v.s. temperature relation at z ≈ 0.05. The data from this source only gives errors in the y(number density v.s. temperature function values) axis. We will fit it with our theoretical formula eq(43). [9] is the observed number density v.s. red-shift relation of galaxy clusters whose comoving 1.5h^{−1}Mpc radius inside mass is greater than 8 × 10^{14}h^{−1}M_⊙. The data from this source have large errors in both the x(red-shift) and y(number density) axis. We will neglect its errors on the x axis although it is very large. We also neglecte the fact that the number density provided by this source is only that of the clusters whose comoving 1.5h^{−1}Mpc radius inside mass is greater than 8 × 10^{14}h^{−1}M_⊙ and think that is the number density of clusters whose total mass is greater than 8 × 10^{14}h^{−1}M_⊙. This approximation will make our fitted σ_8 greater than the real value. For other observational results in this area, please refer to [8] and the references therein.

For reasons explained in the above two paragraphs, we should not look at the numerical results of this subsection too seriously. What should be emphasized is the consistency between our assumption that dark energy will cluster synchronously with ordinary matters and the observational results of WMAP and SDSS.

We display our confidence level analysis of the best fitting in the first case in FIG.6 where except σ_8 and Ω_{m0}, the other parameters are fixed as w = −1, h = 0.71, n_s = 1.0 and^μ_β = 0.75. In this figure there are two points which is worth noticing or could be criticized by peoples. The first is, even use only the observed number density v.s. temperature relation of [6], we determined the cosmological parameters σ_8 and Ω_{m0} to some degree. This forms a strong contrast with the conclusion of [21] and [23], which says that only using this observational data we cannot determine any one of this two parameters but only a special composition of them. We find if we neglect the normalization factor of the growth factor D_1(1) in eq(2), we will qualitatively reproduce the results of [21] and [23], please see our FIG.7. We also find that to get the results of [21], Figure 1, we need to artificially set the initial value of either of the two parameters δ_0 or κ, eq(A16) and (A21) of [21]. The second important point which could be criticized by peoples is, our results indicate that σ_8 ≈ 0.5, which is exceptional low comparing with the results of WMAP[10] and SDSS[11]. We think this is because when WMAP or SDSS make their best fittings, they did not consider the perturbation of dark energies. If the perturbation of dark energies are considered, we expect WMAP and SDSS would also predict a lower σ_8 than their current reported value. We note that the current version (V4.5.1) of the program CMBFast

FIG. 6: ΛCDM cosmology best fitting of galaxy clusters’ observation. The black boxed region denote the 68.3% confidence region of best fitting the number density v.s. temperature relation reported by [6], the +ed region denote the 99% confidence region of the same fitting. The blank boxed denote the 68.3% confidence region of best fitting the number density v.s. red-shift relation reported by [9], while ×ed region, the 99% confidence. If^μ_β takes values greater than 0.75, the black boxed and +ed region moves down left.

have been able to calculate the Cosmological Microwave Background Anisotropy (CMBA) spectrums when dark energies are perturbed , but WMAP and SDSS did not use this version of CMBFast to fit their results.

As is well known, an exceptional low σ_8 implies a strongly biased universe, while σ_8 = 1 implies a non biased universe, which has been observed by the galaxy astronomers. So our result indicate that, on the scale of galaxy clusters, the mass distribution is rather different from that on the scale of galaxies. This is just what we should expect, because we assume that on the scale of galaxy clusters, Quintessence clusters like ordinary matters, while on the scale of galaxies, the clustering effects of Quintessence are usually neglected by peoples. Physically this is because on the scale of galaxy clusters, Quintessence contribute a rather large part to the total energy of our studying objects, while on the scale of galaxies, the contributions of Quintessence to the total energy of the studying objects is really negligible. It should be noted that our conclusion σ_8 ≈ 0.5 is obtained by fitting the observational result of the number density v.s. red-shift relation into theoretical formulaes and has no dependence on our choice of^μ_β = 0.5.

In FIG.8, we display the confidence level analysis of our best fitting in the second case where except σ_8 and w all the other parameters are fixed as Ω_{m0} = 0.27, h = 0.71, n_s = 1.0 and^μ_β = 0.75. About this figure we would like give two comments. The first is, our results give an exceptional low value of σ_8, the physical reason of which we have explained in the previous paragraph. The second point is, although w affects the number density v.s.

FIG. 7: Still ΛCDM cosmology best fitting of galaxy clusters’ observation, but ignored the normalization denominator D1(1) of the growth factor appearing in eq(2). The meaning of different symbols appearing in the figure is the same as that of FIG.6.

FIG. 8: QCDM cosmology best fitting of the galaxy clusters’ observation, except w and σ8, all the other parameters are fixed as Ωm0 = 0.27,^μ_β = 0.75, h = 0.71 and ns = 1.0. The +ed region denote the 68.3% confidence region of best fitting the number density v.s. temperature relation reported by [6], the blank boxed region denote the 68.3% confidence region of best fitting the number density v.s. red-shift relation reported by [9].

temperature functions and the number density v.s. redshift relations of massive galaxy clusters exponentially, see FIG.4 and 5, requiring theoretical predictions to coincide with observations does not give constraining on w. This is because, the effects of increasing w and decreasing σ_8 on the number density of galaxy clusters counted each other so this two parameters degenerate.

In FIG.9, we display our confidence level analysis of the best fitting in the third case where except w and Ω_{m0},

FIG. 9: QCDM cosmology best fitting of the galaxy clusters’ observation, except w and Ωm0, all the other parameters are fixed as σ8 = 0.5,^μ_β = 0.75, h = 0.71 and ns = 1.0. The black boxed region denote the 68.3% confidence region of best fitting the number density v.s. temperature relation reported by [6], the +ed region denote the 99% confidence region of the same fitting. The blank boxed region denote the 68.3% confidence region of best fitting the number density v.s. redshift relation reported by [9], while the ×ed region, the 99% confidence. If^μ_β takes values greater than 0.75, the black boxed and +ed region moves down left.

all the other parameters are fixed as σ_8 = 0.5, h = 0.71, n_s = 1.0 and^μ_β = 0.75. On the basis of these priors, we get w = −1.08 ± 0.09, Ω_{m0} = 0.27 ± 0.09 to 99% confidence level. For reasons explained in the first two paragraph of this subsection, we should not look at this numerical results too seriously.

V. CONCLUSIONS

We studied the top-hat spherical collapse model of galaxy clusters formation in the flat QCDM or Phantom-CDM cosmologies under the assumption that Quintessence or Phantom clusters or anti-clusters like ordinary matters. We found that under this assumption, the key parameters of the model exhibit rather nontrivial and remarkable dependence on the equation of state coefficients w of Quintessence or Phantoms. We then applied the results in Press-Scheter theory and calculated the number density v.s. temperature function and the evolution of the number density of massive galaxy clusters and found that these two Quantities are both affected by w exponentially.

For the number density v.s. temperature function of galaxy clusters, we found that the nearer w → 0, the larger the function value will be, the more w → −∞, the smaller the function value. While for the evolution of the number density of massive galaxy clusters, we found that if w is too less than −1, the number density decreases as we look back to the past. On the contrary, if w is too greater than −1, the number density of massive galaxy clusters increases as we look back. Using this fact, we studied the possibility of determining w by the observational results of galaxy clusters. Constrained by our computation powers and the big errors of the observational data, we cannot determine all the parameters involved in this problem independently. However, on the basis some priors, we get that to 99% confidence level, w = −1.08 ± 0.09. On the other hand, if we fix w = −1 as priors, we find that σ_8 ≈ 0.5 which is exceptional low comparing with the reported value of WMAP and SDSS. This is because WMAP and SDSS both did not consider the perturbation of dark energies.

Since from the beginning, we assume that dark energy will cluster synchronously with ordinary matters, we have no dark energy current flowing outside over-dense region galaxy clusters. Although this is too strong an assumption, this assumption simplifies our discussions and makes it a self-consistent one. As a comparison, we point out that the discussions in the previous literatures which assume that Quintessence does not cluster on the scale of galaxy clusters but neglect the Q-current flowing outside the over-dense region is not self-consistent and the conclusions of these literatures are worth further explorations. Our studies do not correct this problem directly, but may from the contrary indicate the importance of such a current’s effects on the number density of galaxy clusters and its evolutions.

In [28], we will dispose the assumption that dark energy cluster synchronously with ordinary matters and will find that, in that case, the equation of state coefficients of dark energy affects the number-density of galaxy cluster even more strongly!

As a discussion, we would like to point out that the actual case should be, dark energy should cluster on the scale of galaxy clusters but not do so synchronously with ordinary matters. So that is a case lies between the synchronous clustering with ordinary matter and not clustering on the scale of galaxy clusters at all. What ever the actual way is, the equation of state coefficients should affect the number density of galaxy clusters remarkably. So measuring the number density of galaxy clusters and its evolutions is a potential effective way to determine the equation of state coefficients.

VI. ACKNOWLEDGEMENTS

Part of the numerical computations are performed on the parallel computers of the Inter-discipline Center of Theoretical Studies of ITP, CAS, Beijing, China.

[1] Steven Weinberg, 1972, Gravitations and Cosmology, John Wiley press.

[2] P. J. E. Peebles, 1993, Principles of Physical Cosmology, Princeton University Press.

[3] Scott Dodelson, 2003, Modern Cosmology, Academic Press.

[4] Press, W. H. et al. 1992, Numerical Recipes, Cambridge University Press.

[5] Edge A. C., Stewart G. C., Fabian A. C., Arnaud K. A., 1990, MNRAS, 245, 559.

[6] Henry J. P., Arnaud K. A., 1991, ApJ, 372, 410. [7] Henry J. P., 1997, APJ, 489, L1.

[8] N. A. Bahcall, X.H. Fan, R. Y. Cen, Astrophys. J. 485:

L53, 1997 [9] N. A. Bahcall, P. Bode, 2003, APJ, 588: L1-L4. [10] C. L. Bennet et al, Astrophys. J. Suppl. 148: 1, 2003; L.

Verde et al, Astrophys. J. Suppl. 148: 195, 2003. [11] Max Tegmark et al, Phys. Rev. D69: 103501, 2004. [12] Bardeen J. M., Bond J. R., Kaiser N., Szalay A. S., 1986, ApJ, 304, 15.

[13] Sugiyama N., 1995, ApJS, 100, 281. [14] Press W. H., Schechter P., 1974, ApJ, 187, 425 [15] J. E. Gunn, J. R. Gott, APJ 176, 1, 1972. [16] C. Lacey and S. Cole, Mon. Not. Roy. Astro. Soc., 262, 627.

[17] C. Lacey and S. Cole, Mon. Not. Roy. Astro. Soc., 271, 676.

[18] Sasaki, S., PASJ, 46, 427.

[19] J. D. Barrow, Paul Saich, Mon. Not. Roy. Astro. Soc., 262, 717.

[20] White S. D. M., Navarro J. F., Evrard A. E., Frenk C.

S., Nature 366, 429.

[21] Vincent R. Eke, Shaun Cole and Carlos S. Frenk, Mon.

Not. Roy. Astro. Soc., 282, 263. [22] Pen, U.-L. 1997, astro-ph/9610147.

[23] Li-Min Wang, Paul J. Steinhardt, Astrophys. J. 508:483- 490, 1998. astro-ph/9804015 [24] Pedro T. P. Viana and Andrew R. Liddle, Mon. Not. Roy.

Astro. Soc., 281, 323.

[25] E. L. Lokas and Y. Hoffman, astro-ph/0011295, astro-ph/0108283 [26] W. J. Percival, L. Miller, J. A. Peacock, Mon. Not. Roy.

Astron. Soc. 318:273, 2000. astro-ph/0002328 [27] Nevin N. Weinberg and Marc Kamiokowski, Mon. Not.

R. Astron. Soc. 000, 1-13(2002).

[28] D. F. Zeng and Y. H. Gao, Spherical Collapse Model and Dark Energy(II), astro-ph/0505164.

[29] R. R. Caldwell, Rahul Dave, and Paul J. Steinhardt, Phys. Rev. Lett, 1582-1585(1998).

[30] Rahul Dave, R. R. Caldwell, and Paul J. Steinhardt, Phys. Rev. D66: 023516(2002).

[31] R.R. Caldwell, Rahul Dave, P.J. Steinhardt, Astrophys.

Space Sci. 261: 303-310(1998).