arXiv:astro-ph/0409629 v1 27 Sep 2004

Frascati Physics Series Vol. VVV (2004) pp.1-1 Frontier Science 2004, Physics and Astrophysics in Space Frascati, 14-19 June, 2004

STRUCTURE FORMATION, CMB AND LSS IN A MIRROR DARK MATTER SCENARIO

Paolo Ciarcelluti^{a,b}

a Dipartimento di Fisica, Università di L’Aquila, 67010 Coppito AQ, Italy

b INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi AQ, Italy

Abstract

In the mirror world hypothesis the mirror baryonic component emerges as a possible dark matter candidate. Here we study the behaviour of the mirror dark matter and the differences from the more familiar CDM candidate for structure formation, cosmic microwave background and large scale structure. We show mirror models for CMB and LSS power spectra and compare them with observations, obtaining bounds on the mirror parameter space.

1

1 Introduction

The idea that there may exist a hidden mirror sector of particles and interactions with exactly the same properties as our visible world was suggested long time ago by Lee and Yang [1], and the model with exact parity symmetry interchanging corresponding fields of two sectors was proposed many years later by Foot at al. [1]. The two sectors communicate with each other only via gravity^1. A discrete symmetry G ↔ G^′ interchanging corresponding fields of G and G^′, so called mirror parity, guarantees that two particle sectors are described by identical Lagrangians, with all coupling constants (gauge, Yukawa, Higgs) having the same pattern. As a consequence the two sectors should have the same microphysics^2. After its first applications to non-baryonic dark matter [4], the mirror matter hypothesis has been invoked in many physical and astrophysical questions: large scale structure of the Universe [5, 6], galactic halo [7], MACHOs [8], gamma ray bursts [9], orthopositronium lifetime [10, 11], neutrino physics [12], interpretation of dark matter detection experiments [13], meteoritic event anomalies [14, 15], close-in extrasolar planets [16], Pioneer spacecraft anomalies [17].

If the mirror (M) sector exists, then the Universe along with the ordinary (O) particles should contain their mirror partners, but their densities are not the same in both sectors. In fact, Berezhiani et al. [18] showed that the BBN bound on the effective number of extra light neutrinos implies that the M sector has a temperature lower than the O one, that can be naturally achieved in certain inflationary models [19]. Then, two sectors have different initial conditions, they do not come into thermal equilibrium at later epoch and they evolve independently, maintaining approximately constant the ratio among their temperatures.

All the differences with respect to the ordinary world can be described in terms of only two free parameters in the model, x ≡ T^′/T and β ≡ Ω^′_b/Ω_b, where T (T^′) and Ω_b (Ω^′_b) are respectively the ordinary (mirror) photon temperature and the ordinary (mirror) baryon density. The bounds on the mirror parameters are x < 0.64 [18] and β > 1, the first one coming from the BBN limit and the second one from the hypothesis that a relevant fraction of dark matter is made of mirror baryons.

In fact, if Ω^′_b ≥ Ω_b, mirror baryons emerge as a possible dark matter candidate (MBDM) [20]; the peculiar properties of mirror dark matter were discussed in ref. [6].

1There could be other interactions, as for example the kinetic mixing between O and M photons [2], but they are negligible for the present study.

2Here we do not consider the possibility that the mirror parity is spontaneously broken, leading to somewhat different particle physics in the mirror sector [3].

2 Relevant length scales

The important moments for the structure formation are related to the matter-radiation equality (MRE) and to the matter-radiation decoupling (MRD) epochs. The MRE occurs at the redshift

1 + z_{eq} =

Ω_m Ω_r

≈ 2.4 · 10^4

Ω_mh^2 1 + x^4

. (1)

Therefore, for x ≪ 1 it is not altered by the additional relativistic component of the M sector. The mirror MRD temperature T^′_{dec} can be calculated following the same lines as in the O one [18], and hence

1 + z^′_{dec} ≃ x^{−1}(1 + z_{dec}) ≃ 1100 x^{−1} , (2)

so that the MRD in the M sector occurs earlier than in the O one. Moreover, for values x < x_{eq} ≃ 0.046 ( Ω_mh^2 )_{−1} , the mirror photons would decouple yet during the radiation dominated period. This critical value plays an important role in our further considerations, where we distinguish between two cases: x > x_{eq} and x < x_{eq}.

The relevant scale for gravitational instabilities is the mirror Jeans mass, defined as the minimum scale at which, in the matter dominated epoch, subhorizon sized perturbations start to grow. In the case x > x_{eq} (where the mirror decoupling happens after the matter-radiation equality) its maximum value is reached just before the mirror decoupling, and is expressed in terms of the O one as

M^′_{J,max} ≈ β^{−1/2} ( x^4 1 + x^4 )_{3/2} · M_{J,max} , (3)

which, for β ≥ 1 and x < 1, means that the Jeans mass for the M baryons is lower than for the O ones, with implications for the structure formation process. If, e.g., x = 0.6 and β = 2, then M^′_J ∼ 0.03 M_J. We can also express the same quantity in terms of Ω_b, x and β, in the case that all the dark matter is in the form of mirror baryons, as

M^′_J(a^′_{dec}) ≈ 3.2 · 10^{14}M_⊙ β^{−1/2}(1 + β)^{−3/2} ( x^4 1 + x^4 )_{3/2} (Ω_bh^2)^{−2} . (4)

For the case x < x_{eq}, the mirror decoupling happens before the matterradiation equality. In this case we obtain for the highest value of the Jeans mass just before decoupling the expression

M^′_J(a^′_{dec}) ≈ 3.2·10^{14}M_⊙ β^{−1/2}(1+β)^{−3/2} ( x x_{eq}

)_{3/2} (

x^4 1 + x^4 )_{3/2} (Ω_bh^2)^{−2} . (5)

In case x = x_{eq}, the expressions (4) and (5), respectively valid for x ≥ x_{eq} and x ≤ x_{eq}, are coincident, as we expect. If we consider the differences between the highest mirror Jeans mass for the particular values x = x_{eq}/2, x = x_{eq} and x = 2x_{eq}, we obtain the following relations:

M^′_{J,max}(x_{eq}/2) ≈ 0.005 M^′_{J,max}(x_{eq}) , (6)

M^′_{J,max}(2x_{eq}) ≈ 64 M^′_{J,max}(x_{eq}) . (7) Density perturbations in MBDM on scales M ≥ M^′_{J,max} which enter the horizon at z ∼ z_{eq} undergo uninterrupted linear growth. Perturbations on scales M ≤ M^′_{J,max} start instead to oscillate after they enter the horizon, thus delaying their growth till the epoch of M photon decoupling.

As occurs for perturbations in the O baryonic sector, also the M baryon density fluctuations should undergo the strong collisional Silk damping around the time of M recombination, so that the smallest perturbations that survive the dissipation will have the mass

M^′_S ∼ [f(x)/2]^3(β Ω_bh^2)^{−5/4}10^{12} M_⊙ , (8)

where f(x) = x^{5/4} for x > x_{eq}, and f(x) = (x/x_{eq})^{3/2}x^{5/4}_{eq} for x < x_{eq}. For x ∼ x_{eq} we obtain M^′_S ∼ 10^{10} M_⊙, a typical galaxy mass.

3 CMB and LSS spectra

In order to obtain quantitative predictions we computed numerically the evolution of scalar adiabatic perturbations in a flat Universe in which is present a significant fraction of mirror dark matter at the expenses of diminishing the CDM contribution and maintaining constant Ω_m. We have chosen a “reference cosmological model” with the following set of parameters [21]: ω_b = 0.023, Ω_m = 0.25, Ω_Λ = 0.75, n_s = 0.97, h = 0.73.

The dependence of the CMB and LSS power spectra on the parameters x and β is shown in fig. 1. The predicted CMB spectrum is quite strongly dependent on the value of x, and it becomes practically indistinguishable from the CDM case for x < x_{eq} ≈ 0.3. However, the effects on the CMB spectrum rather weakly depend on the fraction of mirror baryons. As a result of the oscillations in MBDM perturbation evolution, one observes oscillations in the LSS power spectrum; their position clearly depends on x, while their depth depends on the mirror baryonic density. Superimposed to oscillations one can see the cut-off in the power spectrum due to the aforementioned Silk damping.

In the same figure our predictions can be compared with the observational data in order to obtain some general bound on the mirror parameters space.

Figure 1: CMB (left) and LSS (right) power spectra for different values of x and ω^′_b, as compared with a reference standard model (solid line) and with observations (WMAP [21], ACBAR [22] and 2dF binned data [23]). Models where dark matter is entirely due to MBDM (no CDM) are plotted in top panels for x = 0.3, 0.5, 0.7, while models with mixed CDM+MBDM (β = 1, 2, 3, 4 ; x = 0.7) in bottom panels.

• The present LSS data are not compatible with a scenario where all the dark matter is made of mirror baryons, unless we consider enough small values of x: x ≤ 0.3 ≈ x_{eq}.

• High values of x, x > 0.5, can be excluded even for a relatively small amount of mirror baryons. In fact, we observe relevant effects on LSS and CMB power spectra down to values of M baryon density of the order Ω^′_b ∼ Ω_b.

• Intermediate values of x, 0.3 < x < 0.5, can be allowed if the MBDM is a subdominant component of dark matter, Ω^′_b ≤ Ω_b ≤ Ω_{CDM} .

• For small values of x, x < 0.3, the MBDM and the CDM scenarios are indistinguishable as concerns the CMB and the linear LSS power spectra. In this case, in fact, the mirror Jeans and Silk lengths, which mark region of the spectrum where the effects of mirror baryons are visible, decrease to very low values, which undergo non linear growth from relatively large redshift.

Thus, with the current experimental accuracy, we can exclude only models with high x and high Ω^′_b; however, there can be many possibilities to disentangle the cosmological scenario of two parallel worlds with the future high precision data concerning the large scale structure, CMB anisotropy, structure of the galaxy halos, gravitational microlensing, oscillation of observable particles into their mirror partners, etc.

Acknowledgements

I am grateful to my invaluable collaborators Zurab Berezhiani, Denis Comelli and Francesco Villante. I would like to thank also Silvio Bonometto, Stefano Borgani, Alfonso Cavaliere and Nicola Vittorio for interesting discussions.

References

[1] R. Foot, H Lew and R. R. Volkas, Phys. Lett. B 272, 67 (1991). The idea of mirror particles was earlier discussed in: T. D. Lee and C. N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun and I. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966); M. Pavsic, Int. J. Theor. Phys. 9, 229 (1974). For a review: R. Foot, hep-ph/0207175; R. Foot, Shadowlands, quest for mirror matter in the Universe, Universal Publishers, Parkland FL, 2002; R. Foot, astro-ph/0407623; Z. Berezhiani, hep-ph/0312335.

[2] B. Holdom, Phys. Lett. B 166, 196 (1986); E. Carlson and S. Glashow, Phys. Lett. B193, 168 (1987); R. Foot and X-G. He, Phys. Lett. B 267, 509 (1991); M. Collie and R. Foot, Phys. Lett. B 432, 134 (1998) [hep-ph/9803261]; A. Yu. Ignatiev and R. R. Volkas, Phys. Lett. B 487, 294 (2000) [hep-ph/0005238]; R. Foot, A. Yu. Ignatiev and R. R. Volkas, Phys. Lett. B 503, 355 (2001) [astro-ph/0011156].

[3] Z. Berezhiani, Acta Phys. Polon. B 27 (1996) 1503; R. Foot, H. Lew and R. R. Volkas, JHEP 007, 032 (2000) [hep-ph/0006027]; R. N. Mohapatra, S. Nussinov and V. L. Teplitz, Phys. Rev. D 66, 063002 (2002) [hep-ph/0111381].

[4] S. I. Blinnikov and M. Yu. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982);

S. I. Blinnikov and M. Yu. Khlopov, Sov. Astron. 27, 371 (1983).

[5] A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D 68, 023518 (2003) [hep-ph/0304260].

[6] Z. Berezhiani, P. Ciarcelluti, D. Comelli and F. L. Villante, astro-ph/0312605; P. Ciarcelluti, astro-ph/0312607; P. Ciarcelluti, astro-ph/0409630; P. Ciarcelluti, astro-ph/0409633.

[7] R.N. Mohapatra, V. Teplitz, Astrophys. J. 478, 29 (1997) [astro-ph/9603049]; R.N. Mohapatra, V. Teplitz, Phys. Rev. D 62, 063506 (2000) [astro-ph/0001362]; R. Foot and R. R. Volkas, astro-ph/0407522.

[8] S. Blinnikov, astro-ph/9801015; R. Foot, Phys. Lett. B 452, 83 (1999) [astro-ph/9902065]; R.N. Mohapatra, V. Teplitz, Phys. Lett. B 462, 302 (1999) [astro-ph/9902085].

[9] S. Blinnikov, astro-ph/9902305; R. Volkas, Y. Wong, Astropart. Phys.

13, 21 (2000) [astro-ph/9907161]; R.N. Mohapatra, S. Nussinov and V.L. Teplitz, Astropart. Phys. 13, 295 (2000) [astro-ph/9909376]; S. Blinnikov, Surveys High Energ. Phys. 15, 37 (2000) [astro-ph/9911138]; R. Foot and Z. K. Silagadze, astro-ph/0404515.

[10] S. L. Glashow, Phys. Lett. B 167, 35 (1986); R. Foot and S. N.

Gninenko, Phys. Lett. B 480, 171 (2000) [hep-ph/0003278]; R. Foot, astro-ph/0309330; S.N. Gninenko, Phys. Lett. B 326 (1994) 317.

[11] A. Badertscher et al., hep-ex/0311031.

[12] E. Akhmedov, Z. Berezhiani and G. Senjanović, Phys. Rev. Lett.

69, 3013 (1992); R. Foot, Mod. Phys. Lett. A 9, 169 (1994) [hep-ph/9402241]; R. Foot and R. R. Volkas, Phys. Rev. D 52, 6595 (1995) [hep-ph/9505359]; Z. Berezhiani, R.N. Mohapatra, Phys. Rev. D 52, 6607 (1995) [hep-ph/9505385]; Z. Silagadze, Phys. Atom. Nucl. 60, 272 (1997) [hep-ph/9503481]; R. Foot, R.R. Volkas, Phys. Rev. D 61, 043507 (2000) [hep-ph/9904336]; V. Berezinsky, M. Narayan, F. Vissani, Nucl. Phys. B 658, 254 (2003) [hep-ph/0210204].

[13] R. Foot, Phys. Rev. D 69, 036001 (2004) [hep-ph/0308254]; R.

Foot, astro-ph/0403043; R. Foot, Mod. Phys. Lett. A 19, 1841 (2004) [astro-ph/0405362].

[14] A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D 62, 023508 (2000) [hep-ph/0005125]; Z. K. Silagadze, Acta Phys. Pol. B 32, 99 (2001) [hep-ph/0002255]; R. Foot, Acta Phys. Polon. B 32, 3133 (2001) [hep-ph/0107132]; R. Foot and T. L. Yoon, Acta Phys. Polon. 33, 1979 (2002) [astro-ph/0203152]; R. Foot and S. Mitra, Astropart. Phys. 19, 739 (2003) [astro-ph/0211067]; A. Yu. Ignatiev and R. R. Volkas, hep-ph/0306120; R. Foot and S. Mitra, Phys. Rev. D 68, 071901 (2003) [hep-ph/0306228]; Z. K. Silagadze, astro-ph/0311337.

[15] S. Mitra and R. Foot, Phys. Lett. B 558, 9 (2003) [astro-ph/0301229];

R. Foot and S. Mitra, Phys. Lett. A 315, 178 (2003) [cond-mat/0306561].

[16] R. Foot, Phys. Lett. B 471, 191 (1999) [astro-ph/9908276]; R. Foot, Phys. Lett. B 505, 1 (2001) [astro-ph/0101055]; R. Foot and Z. K. Silagadze, Acta Phys. Pol. B 32, 2271 (2001) [astro-ph/0104251]; R. Foot, A. Yu. Ignatiev and R. R. Volkas, Astropart. Phys. 17, 195 (2002) [astro-ph/0010502]; Z. K. Silagadze, Acta Phys. Pol. B 33, 1325 (2002) [astro-ph/0110161]; R. Foot, astro-ph/0406257.

[17] R. Foot and R. R. Volkas, Phys. Lett. B 517, 13 (2001) [hep-ph/0108051].

[18] Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett. B 503, 362 (2001) [hep-ph/0008105].

[19] E. W. Kolb, D. Seckel and M. S. Turner, Nature 314, 415 (1985); H.

M. Hodges, Phys. Rev. D 47, 456 (1993); Z. G. Berezhiani, A. D. Dolgov and R. N. Mohapatra, Phys. Lett. B 375, 26 (1996) [hep-ph/9511221]; V. Berezinsky and A. Vilenkin, Phys. Rev. D 62, 083512 (2000) [hep-ph/9908257].

[20] L. Bento and Z. Berezhiani, Phys. Rev. Lett. 87, 231304 (2001) [hep-ph/0107281]; L. Bento and Z. Berezhiani, hep-ph/0111116; L. Bento and Z. Berezhiani, Fortsch. Phys. 50 (2002) 489; R. Foot and R. R. Volkas, Phys. Rev. D 68, 021304 (2003) [hep-ph/0304261]; R. Foot and R. R. Volkas, Phys. Rev. D 69, 123510 (2004) [hep-ph/0402267].

[21] D.N. Spergel at al., Astrophys. J. Suppl. 148, 175 (2003) (astro-ph/0302209).

[22] C.L. Kuo et al., Astrophys. J. 600, 32 (2004) [astro-ph/0212289].

[23] M. Tegmark, A.J.S. Hamilton, Y. Xu, MNRAS 335 (2002) 887 [astro-ph/0111575].