arXiv:1212.6488v1 [astro-ph.CO] 28 Dec 2012

A new mechanism for dark matter generation from an interacting cosmological constant

Murli Manohar Verma^∗ Department of Physics, Lucknow University, Lucknow 226007, India E-mail: sunilmmv@yahoo.com

We propose an alternative scenario for the dark matter generation from an evolving cosmological constant which interacts with the dominant background in certain intermediate phase of the universe, and relaxes to the observed small value at present. In this way, it is shown that the interaction of the cosmological constant with the radiation or matter might generate the dark matter densities with a varied mass spectrum in the universe with their characteristic arc-like frozen signatures on the Cosmic Microwave Background Radiation (CMBR). This approach also suggests a possible solution to the long standing cosmological constant problem.

25th Texas Symposium on Relativistic Astrophysics - TEXAS 2010 December 06-10, 2010 Heidelberg, Germany

∗The author is thankful to Frank Rieger and Alexey Bogomazov for their helpful comments and acknowledges the financial support F. No. 37-431/2009 (SR) received from UGC, New Delhi towards this work.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

Dark energy has emerged as a major component of the universe following the observations of type Ia supernovae (SNe Ia) [1, 2] and the acoustic peak at the Legendre multipole lpeak ∼ 197 in the Cosmic Microwave Background Radiation (CMBR) power spectrum [3]. While the SNe Ia luminosity-redshift data called for a component with negative pressure that could generate required acceleration not explained by the conventional model, the CMBR data required just to plug in the gap with positive energy density. These two diverse sets of observations together needed a specific equation of state (EOS) connected through the EOS parameter w. The cosmological constant with w_λ = −1 in λ CDM model seems to be the most viable candidate for this unknown component [4]. However, this λ component has been mostly taken by researchers [5 – 9] to be non-interacting with the background so that it maintains a constant energy density and yields an exponential expansion via the Friedmann equations as inflation in the early universe.

Against this backdrop, we have considered a different possibility of its interaction, since it seems hard to be convinced that a presently dominant component with density parameter ≈ 0.73 that drives the dynamics of early inflation and the present acceleration in the universe must only stay sleepy with no interaction with the co-existing components of radiation or matter.

Thus we have shown previously [10] that in a three-phase universe λ must vary due to interaction (then we call it a parameter) in the intermediate phase II known as Q phase. In phase I and III, however, it remains a constant and does not interact, where it causes the required acceleration. Thus in Q phase we have T^{ik}_{(n);k} = −T^{ik}_{(λ );k} = Q^i and only the combined stress energy tensor is conserved. The interaction pulls down the energy density of the cosmological constant ρ_λ quite fast, while the fall of matter ρ_n occurs much more slowly than without interaction.

In the following Section 2 we mention the background results for the λ -matter interaction and the evolution of their relative energy densities in Q phase. In Section 3 we discuss a scenario where in this phase of the universe the energy transfer from the decaying cosmological constant would generate the dark matter particles with wide mass spectrum whose signatures must be observed in form of the mass dependent arcs on the CMBR power spectrum among other observable influences on structure formation.

2. Decay of cosmological constant through interaction in Q phase

The model for interacting cosmological constant is in part motivated by the simple consideration of the effective curvature parameter keff = k − λ a^2/3 in the Friedmann equations (with c = 1)

2ä a + ȧ^2 + keff a^2

= 8πGT^μ_μ (2.1)

ȧ^2 + keff a^2 = 8πG 3 T^0_0 (2.2)

The CMBR observations suggest keff = 0 that yields a^{−2} dependence of λ . With the time dependence λ ∝ H^{4/3} in matter dominated (MD) and λ ∝ H radiation dominated (RD) universe. Several authors have discussed forms of λ dependent on H [11, 12]. With L_λ /L_P ∼ 10^{61} ( where L_λ and L_P are the λ - and the Planck length scales respectively), a plausible way to remove the inconsistency of λ L^2_P ∼ 10^{−123} would be to find a physical mechanism that allows a swift decline of λ . We have attempted to achieve this by means of the interaction between λ and matter components.

We mention in passing that our local observations, by virtue of their nature, would always indicate a spatially flat universe, and it is not clear how we relate it to the global geometry [13, 14]. Any motivation to "solve the flatness problem" as claimed by inflationary theories appear to be actually silent, contrary to the common opinion, on the curvature parameter per se since the entire k/a^2 term is thrown out like "baby with the water" from (2.1) and (2.2) because of inflating scale factor, and not because one gets k = 0.(This term might haunt again in the contracting phase of a closed universe !)

In the phase I of the 3-phase model, the universe can undergo transition from RD to λ dominated universe or remain in the λ throughout this phase, depending on the initial constant value of ρ_λ . However, in the next Q phase, we have energy conservation as

ρ̇_n + 3Hρ_n(1 + w_n) = −ρ̇_ϕ − 3Hρ_ϕ (1 + w_ϕ ) = Q (2.3)

with ρ_n, w_n standing for dominant background and ρ_ϕ , w_ϕ for the dark energy scalar field. The scalar fields with or without interaction have been discussed by several authors e.g. [15 – 17] and their limits have also been noted [18]. However, we consider here an interacting cosmological constant. In λCDM model w_ϕ = w_λ = −1. Three alternative courses exist here. One, w_λ = −1 is held fixed throughout the evolution of the universe with ρ_λ = −Q̇, as we consider in this paper. Then it is found that interaction of λ will reduce its energy density with the consequence of change in any one or more parameters of λ ,c or G. Two, if all these (λ ,c,G) are truly constants of time, w_λ = −Q/3Hρ_λ − 1 and Q = 0. Three, both w_λ and ρ_λ may vary like dynamical quintessence.

The scalar field dynamics is given as

ϕ̈ + 3Hϕ̇ +V^′(ϕ) = −Q ϕ̇ (2.4)

The solutions of (2.3) provide ρ_n ∝ f a^{−3(1+wn)} with f (λ /M_P) = a^{Q/Hρn} as the coupling function (M_P = (8πG)^{−1/2} is the reduced Planck mass) and keeping Q/Hρ_n constant, while ρ_λ ∝ a^{−Q/Hρλ} . The interaction parameter clearly depends on the variation of the coupling function as

Q ∝ ḟ /a^{3(1+wn)} (2.5)

In the absence of interaction f = 1 and ρ_n declines as a^{−3(1+wn)} as expected. Regardless of the background being matter or radiation dominated, f ∝ Qt^3 for constant Q. The fast increase of coupling function with time during Q phase is mainly responsible for conversion of energy of dark cosmological constant into dark matter particles.as also for slowing down the rate of fall of ρ_n in the concave-like manner. Thus with a non-zero Q we have higher matter density at the end of Q phase than without interaction.

For a spatially flat universe with Ω^0_n + Ω^0_λ = 1 we then have Q ϕ̇ ∼ H^{20} M^{2P}(1 + z)^{3(1+wn)} f^′(ϕ) (2.6)

V^′(ϕ) = − Q ϕ̇ (2.7)

It is found that for the observed range of w_ϕ ≃ −1, (w = −0.969 ± 0.061 (stat)±0.065 (sys)) [4] ϕ̇ ≈ 0 and thus the right hand side of the (2.4) and (2.7) will be too high even for small value of Q. This shows the important role played by the interaction even if there is no cosmological constant proper with w_λ = −1, but instead, a set of quintessence fields having w_ϕ ≈ −1. Thus the range of present observational uncertainties in determining EOS of dark energy is consistent with the concept of interaction presented in this work.

The coupling function shows the time dependence of the ratio of energy densities r = ρ_λ /ρ_n as r f^{1+1/r} ∝ a^4 (2.8)

in RD and ∝ a^3 in MD universe. This gives

ρ_λ ∝ f^{−1/r} (2.9) . It is seen that the effects of interaction for fixed w_λ are masked with those of varying w_λ eff with no interaction. Thus

w_λ eff = −1 + 1 3r ( ln f ln a ) . (2.10)

3. Diagnostic for coupling and dark matter generation

It was shown earlier that the third derivatives, and not the second derivatives, of scale factor of the universe provide effective statefinders [19] for pinning down the interaction among the components u = α̈ aH^3

(3.1)

s = u − 1 3(q − 1/2)

(3.2)

where α = ȧ = aH. In our case of cosmological constant this set becomes

u = 1 − 9 2 ( Q 3H(ρ_n + ρ_λ ) ) (3.3)

s = Q 3Hρ_λ (3.4)

In terms of (3.4) we have the coupling function as

f = a^{3rs} (3.5)

In non-interacting phases (initial phase I and the presently ongoing phase III) no mechanism to generate dark matter can operate and so s = 0. However, such mechanism can clearly work in Q phase with s ≠ 0 (though not constant). In this way the universe has greater matter density ρ_n at the end of Q phase, thus alleviating the problem of producing light nuclei like deuterium-2 and lithium-7 in the standard Friedmann-Robertson-Walker (FRW) model. In addition to it, the part of the decaying λ energy is used up in generation of dark matter. These processes must have a deep influence on the structure formation in the subsequent course of evolution.

We envisage a scenario to generate particles of dark matter (with Lorentz factor γ) each with energy ξ = ∫ Θ^{00}dτ = γmc^2 (3.6)

where Θ^{00} is contributed by the T^{00} of λ field. For the same given ξ the more massive particles would travel more slowly than the lighter particles. Thus more massive particles would settle further away from the light cone envelopes, while the lighter particles traveling with relativistic speeds remain closer to the particle horizon. This particle mass distribution would in effect generate a multiple arc-like pattern on the Last Scattering Surface (LSS) around the recombination epoch (z ≈ 1000) frozen on the CMBR,(and other observations [21]), each arc identifiable with a characteristic mass of definite dark matter particle (or its decay product releasing nett energy ξ̃ ). Equation (2.5) shows the decay rate depends on the strength of interaction and as coupling grows with time as ∝ t^3 during Q phase greater is the amount of λ energy used up to create the dark matter particles of broad mass spectrum.

It is therefore expected to have an isotropic streaming of particles, produced simultaneously (the vertex of the light cone lies at this epoch ) but leaving their signatures in form of multiple arcs at LSS. For a vertex at a given epoch prior to the LSS, the arcs of smaller radii correspond to more massive particles and those of large radius towards the horizon R_H (horizon size ≈ 0.18 Mpc at t_{recombination} now blown to ≈ 200 Mpc) correspond to the lighter particles. The size of an arc L ∼ R_H v/c for a typical particle having streaming velocity v can be related to its mass as

m = ξ (1 − L^2/R^2_H )^{−1/2} (3.7)

Thus the mass density may be estimated from the vacuum considerations [20] with a suitable cutoff as Π = h̄ 4π^2

∫_{km} 0 ω_kk^2dk(1 − L^2/R^2_H )^{−1/2} (3.8)

Putting present energy scales ∼ 10^{−52}GeV^4, ρ^0_λ ≃ 4 GeV. this must include the uncertainty in mass given as

△m ≥ h̄/△L (3.9)

where putting the maximum value of the present horizon R^0_H ≈ 3000 Mpc, we get △m ∼ 10^{−32} eV.

We expect the intensive dark matter search experiments, like XENON100, DAMA/LIBRA, CDMS II, as well as future LUX or XMASS etc. would look for the lighter dark matter particles below ∼ 10 GeV as the decay products of more massive particles, and at the same time for the signatures of decay energy ξ̃ released in form of γ radiation.

However, the particle production being a continuous process throughout Q phase, an overlapping of orders seems inevitable for different sets of particles produced at different epochs. In this scenario it seems that the more massive particles would be the most suitable sites for the star formation in proto-galaxies due to stronger self-gravity, and so would yield age for the youngest stars. The above conclusions of the interacting cosmological constant would be accepted only at the touchstone of such future observations.

References

[1] S. Perlmutter, et al., Measurements of Omega and Lambda from 42 High-Redshift Supernovae, Ap. J.

517 (1999) 565.

[2] A. G. Reiss, et al., Type Ia Supernovae Discoveries at z > 1 from Hubble Space Telescope: Evidence for Past Deceleration and Constraints on Dark Energy Evolution, Ap. J. 607 (2004) 665.

[3] P. de Bernardis, et al., A Flat Universe from High-resolution Maps of the Cosmic Microwave Background Radiation, Nature 404 (2000) 955.

[4] M. Kowalski, et al., Improved Cosmological Constraints from New, Old and Combined Supernova Datasets, Ap. J. 686 (2008) 749 [arxiv : 0804.4142].

[5] P. J. E. Peebles and B. Ratra, The Cosmlological Constant and Dark Energy, Rev. Mod. Phys. 75 (2003) 559.

[6] S. M. Carroll, The Cosmological Constant, Living Rev. Rel. 4 (2001) 1 [arxiv : astro-ph/0004075]. [7] 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.

[8] S. Weinberg, The Cosmological Constant Problem, Rev. Mod. Phys. 61 (1989) 1. [9] T. Padmanabhan, Cosmological Constant - The Weight of the Vacuum, Phys. Rept. 380 (2003) 235. [10] M. M. Verma, Dark Energy as a Manifestation of the Non-constant Cosmological Constant, Astrophys Space Sci. 330 (2010) 101.

[11] S. Carneiro, From de Sitter to de Sitter: A Non-singular Inflationary Universe Driven by Vacuum, Int.

J. Mod. Phys. D 15 (2006) 2241.

[12] F. R. Klinkhamer and G. E. Volovik, Gluonic Vacuum, q-theory and the Cosmological Constant, Phys.

Rev. D 79 (2009) 063527.

[13] M. Vardanyan, R. Trotta and J. Silk, How Flat Can You Get ? A Model Comparison Perspective on the Curvature of the Universe, Mon. Not. R. Astron. Soc. 397 (2009) 431 [arxiv : 0901.3354].

[14] V. Springel, et al., The Large-scale Structure of the Universe, Nature 440 (2006) 1137. [15] W. Zimdahl, D. Pavon and L. P. Chimento, Interacting Quintessence, Phys. Lett. B 521 (2001) 133. [16] B. Ratra and P. J. E. Peebles, Cosmological Consequences of a Rolling Homogeneous Scalar Field, Phys. Rev. D 37 (1988) 3406.

[17] P. J. E. Peebles and A. Vilenkin, Quintessential Inflation, Phys. Rev., D 59 (1999) 063505. [18] R. R. Caldwell and E. Linder, The Limits of Quintessence, Phys. Rev. Lett. 95 (2005) 141301.

[19] V. Sahni, T. D. Saini, A. A. Starobinski and U. Alam, Statefinder - A New Geometrical Diagnostic of Dark Energy , JETP Lett. 77 (2003) 201.

[20] Ya. B. Zel’dovich, The Cosmological Constant and the Theory of Elementary Particles, Soviet Phys.

Uspekhi 11 (1968) 381.

[21] J. Aguirre, et al., Observing the Evolution of the Universe, [arxiv : 0903.0902].