arXiv:gr-qc/0405097 v1 18 May 2004

A unified Scenario for modeling the Galactic and Cosmological Dark Matter Components

José A. González^∗ and Daniel Sudarsky^† Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, A.P. 70-543, México D.F. 04510, México. (Dated: May 18, 2004)

In this work we analyze the viability of use a particular models of scalar fields in the context of the galactic dark matter problem.These models are based on a single scalar field, minimally coupled to the gravity in a asymptotically flat or asymptotically de Sitter spacetime. We discuss the opening possibility of constructing a unified model for both the cosmological and the galactic dark matter.

PACS numbers: 04.20.-q 04.70.Bw 95.35.+d

I. INTRODUCTION

The problem of the galactic dark matter lies in the fact that the rotational curves of the spiral galaxies (away from the galactic center) are flat while the expected behavior is a keplerian decay, and that the total gravitational pull inferred, indicates an amount of gravitating matter which exceeds by almost an order of magnitude the luminous matter within the galaxy. A second dark matter problem is the cosmological dark matter problem, the fact that the data about the cosmological evolution seems to require the mean density of the universe to be quite close to the critical density while ordinary matter can only account for a small fraction thereof [1]. The evidence in this regard comes from recent observation of distant type Ia supernovas [2], and from the latest data about the CMB anisotropies [3], all of which is in accordance with the standard inflationary prediction that Ω_{total} = 1 [4]. The latter problem has been considered as a completely separated issue and has lead even to its remaining as the dark energy problem. The approach to this has centered in the introduction of a new type of scalar field dubbed the“Quintessence”.

We will briefly consider the possibility of connecting the two problems through scenarios that hope to treat both simultaneously. Regarding the galactic dark matter problem two kinds of models are usually considered: The first one consists in exotic dark matter in the form of very weakly interacting particles, while the second one consists in classical field configurations. The former enjoy a widespread popularity, specially amongst astronomers who are used to regard particles as the natural constituents of almost all kinds of matter, while many physicist are more attracted by the second type due to the fact that the particle concept is regarded as secondary, and available only under certain conditions [5]. However we know that both the classical field and the particle models have a fundamental underlying quantum field model, and whether the field or the particle descriptions are the most appropriate depends on the circumstances. In fact particles and classical fields represent two distinct classical limits of a quantum field.

It is well known that the two descriptions are rather analogous to the momentum and position descriptions of elementary quantum mechanics as the two relevant operators do not commute. In fact if we consider a scalar field ϕ̂(x) = ∑_s {a_se−ik·x + a†_seik·x} and N̂ = ∑_r a†_ra_r the total number operator for the corresponding particles, we

easily see that they do not commute: [N̂ , ϕ̂(x)] = ∑ r { a^†_re^{ik·x} − a_re^{−ik·x} } ≠ 0. Thus when considering the first types of models, astronomers have to introduce not only the explicit –and not quite self evident– hypothesis regarding the evolution of the gas of dark matter particles, but also, implicitly a series of assumptions that are often inadvertently made regarding the mechanisms by which the dark matter field underlying the dark mater came to be in the type of incoherent configuration that justifies the particle description.

Regarding the second type of models, we must point out that a major difficulty that has to be overcame is the increasing evidence regarding the presence, in most galaxies, of large central black holes. A model based on fields must therefore, be able to represent a static stable configuration of the fields, with no sources (to avoid even more assumptions about additional new types of matter that would represent such sources, given the fact that there are very stringent limits –associated with test of the equivalence principle– on ordinary matter couplings to long range fields [6]) and it must admit black holes at the center of the galaxies in order to be a viable model of the galactic dark matter.

In the single scalar field arena, it had not been considered possible to obtain models with black holes and static

∗Electronic address: cervera@nuclecu.unam.mx †Electronic address: sudarsky@nuclecu.unam.mx

FIG. 1: Potential 2.2 with V0 = a = β = 1 and s = −^{1+} √_{1+aβ2} β .

stable configurations of scalar fields, due the no-hair theorems that ensure the no existence of such configurations [7]. Even the so called boson star configurations cease to exits when black holes are introduced [8].

Recently, however scalar hairy solutions in asymptotically Anti de-Sitter spacetimes have been found [9]. In a recent analysis [10] we proposed the existence of solutions of this kind in asymptotically flat regime, which where latter found in [11]. Such solutions escape the no-hair theorems due the fact the energy conditions considered in the theorems do not hold in the corresponding models. In this essay we consider the question of whether such type of models could be a good candidate for the unified treatment of the clustered dark matter and the cosmological dark energy problems. At this point we should mention previous attempts to construct such unifying scenarios, which are generically dubbed “Quartessence” models [12]. The first kind is based in a purely phenomenological fluid model known as the “Chaplygin Gas” which is capable of exhibiting under different conditions the types of equations of state associated with both the dark energy and dark matter. The second approach exemplified by the works [13] deals with a string inspired tachyonic field, again capable of exhibiting the two different types of equations of state required, but which as far as we know, have not dealt at all with the serious issue that a black hole at the galactic centers would posse for the existence of standard scalar field configurations as mentioned above.

In II we describe the model and in III we discuss it’s viability as well as some of the aspects that need to be further explored.

II. THE MODEL

We will consider a model of a scalar field minimally coupled to gravity and with a potential having the generic features shown in Fig. 1. The model is thus based on the following Lagrangian:

L = √ −g [ 1 16π R − 1 2 ∇_αϕ∇^αϕ − V (ϕ) ] . (2.1)

An example of the kind of potential requires is given by:

V (ϕ) = V_0((ϕ − s)^2 − a)e^{−βϕ} , (2.2)

where V_0, a, s and β are constants.

The gravitational and scalar field equations following from the Lagrangian (2.1) can be written as

G_{μν} = 8πT_{μν} , □ϕ = ∂V (ϕ) ∂ϕ , (2.3)

where

T_{μν} = ∇_μϕ∇_νϕ − g_{μν} [ 1 2 ∇_αϕ∇^αϕ + V (ϕ) ] (2.4)

When considering the galactic dark matter we focus on the static spherically symmetric metric parametrized as

ds^2 = −e^{2δ}μdt^2 + μ^{−1}dr^2 + r^2dΩ^2 , (2.5)

Where μ(r) = 1 −^{2m(r)}_r . Thus Einstein’s equations take the form:

∂_rm = 4πr^2 [ μ(∂_r ϕ)^2 2 + V (ϕ) ] , ∂_r δ = 4πr(∂_r ϕ)^2 , (2.6)

and the scalar field equation can be written as

∂^2_{rr} ϕ = − [ 2 r + 2 μ { m r^2 − 4πrV (ϕ) }] ∂_r ϕ + 1 μ ∂V (ϕ) ∂ϕ , (2.7)

this type of potentials are known to lead, as all ready mentioned to non trivial field configurations containing central black holes in the asymptotically flat and asymptotically Anti de Sitter case and our heuristic analysis indicates that the solutions should also exist in the asymptotically de Sitter case (when the asymptotic value of the potential is positive). Moreover a similar solution can be expected when the scalar field at infinity is not exactly in the false vacuum but is close enough, including a situation where in the asymptotic region it is slowly rolling down towards that value!.

In the cosmological case one focus on a k = 0 Robertson Walker 4 spacetime

ds^2 = −dt^2 + a^2(dr^2 + r^2dΩ^2) , (2.8)

that Einstein’s equations take the well known form ( ∂_ta a )_2 = 4π 3 [ (∂_tϕ)^2 + 2V (ϕ) ] , ∂^2_t a a = − 8π 3 [(∂_tϕ)^2 − V (ϕ)] . (2.9)

Thus in this regard we could be essentially in the so called quintessence models based on a scalar field slowly rolling down to a minima of a potential (the one corresponding to ϕ = +∞) . Recall that in these schemes the scalar field is spatially homogeneous and it is evolving in time, rolling down ever slowly under the combined influence of the cosmic expansion and its self interaction potential because the potential can considered as an exponentially decaying one such as V_{Quintessence} = V_0e^{−ϕ}. The unifying scenario we are proposing is then the following: At early enough times in cosmic history, when the universe was hot enough, the scalar field would be in its false vacuum ϕ = 0 (as in the scenarios of spontaneous symmetry breaking) and as the universe cools the scalar field will start to move to the minima of the potential. In those regions where the field started to move towards the negative values we would have formation of solitons and eventually black holes [14] that would account for the early structure formation leading to the attraction of barionic matter after its decoupling from radiation, and to the present day galaxies, while those regions where the field started to move towards the positive values would evolve into the intergalactic regions where the cosmic expansion of the quintessence type would take place. The equality in the order of magnitude of the contributions to the total energy density of the universe in the form of clumped “dark matter”, and the essentially homogeneously distributed “dark energy”, would be a result of the approximate symmetry between positive and negative valued fluctuations of the scalar field about its initial mean value ϕ = 0.

III. DISCUSSION

We have considered the possible use of single scalar field model for the galactic dark matter which are consistent with the existence of large black holes in the center of the galaxies, as well as the cosmological dark energy components of the universe. The reluctance of considering field models in the first context should be tempered by the observation that magnetic fields are unquestionable components (of relative small quantitative value) of the galactic matter content, and the only fundamental reason behind the difference in the way they are considered seems to be related to familiarity, a criteria that can hardly be justified when dealing with the nature of the dark matter. We have argued that in fact the field models should be considered superior from the point of view of number of hypothesis involved (in the spirit of Occam’s razor), to the standard models base on gases of very weakly interacting particles, due to the large number of unmentioned underlying assumptions that are involved in the latter. We have seen that single scalar field models open the possibility of regarding the dark matter (the clumped component) and the dark energy (the cosmological component) within a unified context. Most astronomers tend to regard this two problem as completely different issues, and even to apply very different criteria of naturalness when considering the two. However we must also point out the estimates of the contribution of both types of matter to the total cosmic mean density are of the same order of magnitude, making a unified approach all the more desirable. Moreover we would have at the same time a new approach to understanding the origin of the super massive black hole at the galactic centers. There are of course further issues to investigate, such as the precise form of the potential of the model that would account for the different rotation curves in the different galaxies, the correlations between the rotation curves and the central black holes [15], (we must mention that the introduction of a non minimal coupling for the scalar field holds some promise regarding these last two issues as has been argued in a study of such questions in a different approach [16]) the interaction between the configurations associated with different galaxies, the behavior of these solutions under the effects general cosmic expansion, and in fact their cosmic evolution starting from the primordial density perturbations. In many of these regards the scenario looks very promising at this very early point, however it is clear that all of them should be the foccus of further research.

[1] “The early universe”. E.W. Kolb and M.S. Turner. Westview Press (1994) [2] A.G. Riess et al. AJ, 116 1009 (1998).

[3] C.L. Bennett et al., ApJS 148, 1 (2003). [astro-ph/0302207]. [4] A.H. Guth, Phys. Rev. D. 23 347-356 (1981).

[5] “Quantum fields in curved spacetime and black hole thermodynamics”. R.M. Wald. University of Chicago Press (1994). [6] “Theory and experiment in gravitational physics”. C.M. Will. Cambridge University Press. (1993). [7] J.D. Bekenstein. Ann. Phys. (NY), 82:535, (1974); M. Heusler, J. Math. Phys. 33, 3497, (1992); D. Sudarsky,Class.

Quantum Grav., 12, 579 (1995); B. C. Xanthopoulos and T. Zannias J.Math.Phys.32,1875,(1991); D. Sudarsky and T. Zannias. Phys. Rev. D 58, 087502-1 (1998); T. Zannias J. Math. Phys. 36, 6970 (1995); A. Saa.J. Math. Phys., 37, 2346,(1996);A. E. Mayo and J. D. Bekenstein, Phys. Rev. D 54, 5059 (1996); I. Peña and D. Sudarsky Class. Quantum Gravity,18, 1461, (2001).

[8] I. Peña and D. Sudarsky. Class. Quantum Gravity, 14, 3131(1997) [9] T. Torii, K. Narita and M. Narita,Phys. Rev. D 64, 044007 (2001). [10] J.A. Gonzalez and D. Sudarsky,Phys. Rev. D 67, 024038 (2003). [arXiv:gr-qc/0207069]. [11] U. Nucamendi and M. Salgado,Phys. Rev. D 68, 044026, (2003). [arXiv:gr-qc/0301062].

[12] A. Kamenshchik, U. Moschella and V. Pasquier, Phys.Lett. B511, 265 (2001); N. Bilić, G. B. Tupper, and R.D. Viollier, Phys. Lett. B535, 17 (2002); M. Makler, S. Q. Oliveira, I. Waga, Phys. Lett. B 535, 1(2003): Phys. Rev . D 68, 123521 (2003).

[13] A. Sen, J. High Energy Phys 04, 048 (2002); G. W. Gibbons, Phys Lette B 537 , 1 (2002);T. Padmanabahan and T.R.

Choudhury, Phys Rev D 67 , 023515 (2003).

[14] M. Alcubierre, J.A. González and M. Salgado. [gr-qc/0403035].

[15] This can be seen for instance in the Tully Fisher relation taken togheter with the correlation betwen the mass of the central black hole and the luminos mass of the host galaxie discussed in D.O Richstone in IAU Symposium 184, “The central region of the galaxy and galaxies”, ed. Y. Sofue (1998).

[16] U. Nucamendi, M. Salgadoand D. Sudarsky, Physical Review Letters, 84, 3037(2000); Physical Review D, 63, 125016 (2001).