arXiv:1302.6111v1 [gr-qc] 25 Feb 2013

Towards degeneracy problem breaking by large scale structures methods

Álvaro de la Cruz Dombriz

Abstract An arguable aspect of the modified gravity theories is that many of them present the so-called degeneracy problem. For instance, the cosmological evolution, gravitational collapse and the main features of standard black-hole configurations, can be mimicked by many of those theories. In this communication we revise briefly the appropriate observable quantities to be measured in order to discard alternative theories to ΛCDM, such as the observed growth of scalar perturbations with Sloan data and the CMB tensor perturbations evolution.

1 Introduction

Modified gravity [1] has been shown to be able to mimic both the dark energy (DE) and the inflationary eras [2]. However the use of large scale observations, such as Ia type supernova, baryon acoustic oscillations, or the cosmic microwave background (CMB), which only depend upon the expansion history of the Universe is not enough to determine uniquely the nature and the origin of DE. Let us rephrase the argument: identical cosmological background evolutions can be explained by a pleiad of theories. This is the so-called degeneracy problem, whose breaking requires measurements not only sensitive to the cosmological expansion but, for instance, the evolution of scalar perturbations [3], the stability of cosmological solutions when subjected to small perturbations [6] and the existence of General Relativity (GR)- predicted astrophysical objects such as black holes [7]. Finally, the study of CMB tensor perturbations may also shed some light about the viability of modified gravity theories [8, 9, 10, 11, 12, 13].

In this realm, the simplest and in fact the most studied modification of the Hilbert- Einstein action is generalized to a general function of the Ricci scalar R, dubbed

Astronomy, Cosmology and Gravity Center (ACGC) and Department of Mathematics - Applied Mathematics, University of Cape Town, Rondebosch 7700, South Africa. e-mail: alvaro.delacruzdombriz@uct.ac.za

1

f (R) gravity theories [14]-[15] whose action can be written as ¿ A = 1 16πG ∫ d^4x √ −g(R + f (R) + 2L_m) , (1)

where the symbols hold their usual meanings. In addition to reproducing the entire cosmological history [16] and despite some shortcomings [15], these theories may behave quite well on local scales, where the GR limit must be recovered [18]. As for any alternative theory of gravity, in f (R) theories, the density contrast evolution, the CMB perturbations and the backreaction mechanism [17], if the latter is assumed to be true, need to be studied in order to unveil the potential distinct features of these scenarios. In the present investigation we sketch the main features and steps to study the two first issues in f (R) theories.

2 Scalar perturbations in f (R) theories

The density contrast evolution for f (R) theories obeys a fourth-order differential equation [4]. The resulting equation for the density contrast δ can be written as follows:

β_{4, f} δ^{iv} + β_{3, f} δ^{′′′} + (α_{2,EH} + β_{2, f} )δ^{′′} + (α_{1,EH} + β_{1, f} )δ^′ + (α_{0,EH} + β_{0, f} )δ = 0 (2) where the coefficients β_{i, f} (i = 1,...,4) involve terms that disappear for f (R) functions linear in R (i.e., GR) whereas α_{i,EH} (i = 0,1,2) involve the linear part in R of f (R). Thus, the quasi-static limit (k >> H ) of (2) becomes [4]

δ^{′′} + H δ^′ +

(1 + f_R)^5H^2(−1 + κ_1)(2κ_1 − κ_2) −^{16}_{a8} f^4_{RR}(κ_2 − 2)k^88πGρ_0a^2 (1 + f_R)^5(−1 + κ_1) +^{24}_{a8} f^4_{RR}(1 + f_R)(κ_2 − 2)k^8 δ = 0 (3) Contrarily to its counterpart for ΛCDM, the coefficients in (2) depend both upon the model under consideration and the wavenumber k. This fact gives rise to kdependent transfer functions that may alter dramatically the matter power spectra [4, 5, 19]. Available data [20] using luminous red galaxies in the Sloan Digital Sky Survey (SDSS) were able to measure the large-scale real-space power spectrum. These measurements were used to sharpen the constraints on cosmological parameters [21] and may be straightforwardly compared with the predictions made by gravity theories [5, 22]. Very recently a full study for the R^n models [19] have stressed the importance of the initial conditions in the perturbed equations which determine the evolution of the transfer function. Consequently, this method provides an excellent arena to impose tight constraints for modified gravity models that are claimed to be valid once compared with existing and future data [23].

Towards degeneracy problem breaking by large scale structures methods 3

3 CMB perturbations in f (R) theories

The study of the CMB tensor perturbations in modified gravity theories has not received much interest in comparison with the scalar counterpart. This fact has laid in the difficulty of obtaining the required tensor perturbed equations which are in general of higher order. An alternative route in order to circumvent this difficulty consists of tackling the problem by using the simulations performed by several codes available such as CAMB [24] based upon modifications of CMBFast [25].

Different attempts were made for several modified gravity scenarios [10] but most of the attention was devoted to the study of the tensor perturbations evolution in the brane-world theories context [11, 12]. Finally, with regard to f (R) fourth order gravity theories, the only attempts to encapsulate the main features of tensor perturbation were made in [13] and more recently in [8, 9]. The authors of the first investigation analyzed the tensor perturbations of flat thick domain wall branes in f (R) gravity. They showed that under the transverse and traceless gauge, the metric perturbations decouple from the perturbation of the background scalar field which generates the brane. Authors in [8, 9] addressed for the first time in literature the tensor perturbations full calculations for the f (R) gravity theories in the metric formalism and Jordan frame. These general results were applied to R^n models for different values of n describing the features that may distinguish those models from Concordance model predictions. This implementation proved the importance of considering the correct background when alternative theories of gravity are subjected to this kind of analyses since a relevant contribution to the c^{TT}_l and c^{EE}_l CMB coefficients comes from the background implementation.

Thus, exclusions tests for f (R) models can be performed since data for c^{TT}_l are already available from WMAP [26] once the scalar contribution are also included. With respect to c^{EE}_l once Planck [27] measurements are ready, some data may be compared with theoretical predictions.

Acknowledgements The author acknowledges financial support from URC and NRF (South Africa), MICINN (Spain) project numbers FIS2011-23000, FPA2011-27853-C02-01 and Consolider - Ingenio MULTIDARK CSD2009-00064.

References

1. S. Nojiri and S. D. Odintsov, Int. J. Geom. Meth. Mod. Phys. 4, 115 (2007); T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82 451 (2010); F. S. N. Lobo, arXiv:0807.1640 [gr-qc]; S. Capozziello and V. Faraoni, Beyond Einstein Gravity, Springer Ed., Dordrecht (2011). A. Dobado and A. L. Maroto Phys. Rev. D 52 1895 (1995). G. Dvali, G. Gabadadze and M. Porrati Phys. Lett. B 485 208 (2000). J. Beltrán and A. L. Maroto Phys. Rev. D 78 063005 (2008); JCAP 0903 016 (2009) ; Phys. Rev. D 80 063512 (2009); Int. J. Mod. Phys. D 18 2243-2248 (2009).

2. S. Nojiri and S. D. Odintsov, Phys. Rev. D 74 086005 (2006); E. Elizalde and D. Sáez-Gómez, Phys. Rev. D 80, 044030 (2009); S. Nojiri, S. D. Odintsov and D. Sáez-Gómez, Phys. Lett. B

681, 74 (2009); S. A. Appleby, R. A. Battye and A. A. Starobinsky, JCAP 1006, 005 (2010); 3. J. M. Bardeen, Phys. Rev. D22 1882 (1980); S. M. Carroll, I. Sawicki, A. Silvestri and M.

Trodden, New J. Phys. 8 323, (2006); Y. S. Song, W. Hu and I. Sawicki, Phys. Rev. D 75 044004, (2007); A. A. Starobinsky, JETP Lett. 86, 157 (2007); S. Carloni, P. K. S. Dunsby and A. Troisi, Phys. Rev. D 77 024024, (2008); A. Abebe, M. Abdelwahab, A. de la Cruz- Dombriz and P. K. S. Dunsby, Class. Quant. Grav. 29 135011 (2012).

4. A. de la Cruz-Dombriz, A. Dobado and A. L. Maroto, Phys. Rev. D 77 123515 (2008). 5. A. de la Cruz-Dombriz, A. Dobado and A. L. Maroto, Phys. Rev. Lett. D 103, 179001 (2009). 6. A. de la Cruz-Dombriz and D. Sáez-Gómez, Class. Quant. Grav., 29 245014, 2012. 7. G. J. Olmo, Phys. Rev. D 75, 023511 (2007); A. M. Nzioki, S. Carloni, R. Goswami and P.

K. S. Dunsby, Phys. Rev. D81 084028 (2010); A. de la Cruz-Dombriz, A. Dobado and A. L. Maroto, Phys. Rev. D 80, 124011 (2009) [Erratum: Phys. Rev. D 83, 029903(E) (2011)]; J. Phys. Conf. Ser. 229 (2010) 012033; J. A. R. Cembranos, A. de la Cruz-Dombriz and P. Jimeno Romero, e-Print: arXiv:1109.4519 [gr-qc]; AIP Conf. Proc. 1458, 439 (2012).

8. H. Bourhrous, A. de la Cruz-Dombriz, and P. K. S. Dunsby, AIP Conf. Proc. 1458, 343 (2012). 9. M. Abdelwahab, H. Bourhrous, A. de la Cruz-Dombriz, and P. K. S. Dunsby, in preparation. 10. N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, Phys. Rev. D 75, 065015 (2007); S. Foreman, A. Moss and D. Scott, Phys. Rev. D 84, 043522 (2011); J. Urrestilla, N. Bevis, M. Hindmarsh and M. Kunz, JCAP 1112, 021 (2011); Phys. Rev. D 82, 065004 (2010); C. Ringeval, Adv. Astron. 2010, 380507 (2010); C. Ringeval and F. R. Bouchet, Phys. Rev. D 86, 023513 (2012).

11. R. A. Battye, C. Van de Bruck and A. Mennim, Phys. Rev. D 69 064040 (2004); R. Easther, D. Langlois, R. Maartens and D. Wands, JCAP 0310 014 (2003).

12. B. Leong, A. Challinor, R. Maartens and A. Lasenby, Phys. Rev. D 66 104010 (2002). 13. Y. Zhong, Y. -X. Liu and K. Yang, Phys. Lett. B 699, 398 (2011) 14. A. A. Starobinsky Phys. Lett. 91B 99 (1980); S. Nojiri and S. Odintsov Phys. Rev. D 68 123512 (2003); Gen. Rel. Grav. 36 1765 (2004); S. M. Carroll et al, Phys. Rev. D71 063513 (2005); S. Carloni, P. K. S. Dunsby, S. Capozziello and A. Troisi Class. Quant. Grav. 22 4839 (2005). J. A. R. Cembranos Phys. Rev. D 73 064029 (2006); Phys. Rev. Lett. 102 141301 (2009); T. Clifton and J. D. Barrow Phys. Rev. D 72 103005 (2005); D. Sáez-Gómez, Gen. Rel. Grav. 41, 1527 (2009); P. K. S. Dunsby it et al., Phys. Rev. D 82, 023519 (2010).

15. T. Clifton et al., Phys. Rept. 513, 1 (2012).

16. A. de la Cruz-Dombriz and A. Dobado, Phys. Rev. D 74, 087501 (2006) 17. A. de la Cruz-Dombriz, in preparation.

18. W. Hu and I. Sawicki, Phys. Rev. D 76, 064004 (2007); L. Pogosian and A. Silvestri, Phys.

Rev. D 77, 023503 (2008); S. Capozziello and S. Tsujikawa, Phys. Rev. D 77, 107501 (2008). 19. A. Abebe, M. Abdelwahab, A. de la Cruz-Dombriz and P. K. S. Dunsby, Class., in preparation.

20. http://space.mit.edu/home/tegmark/sdss.html 21. M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D 74, 123507 (2006). 22. H. Okada, T. Totani, S. Tsujikawa, arXiv:1208.4681 [astro-ph.CO].

23. G. -B. Zhao, H. Li, E. V. Linder, K. Koyama, D. J. Bacon and X. Zhang, Phys. Rev.

D 85, 123546 (2012); A. J. Ross et al., arXiv:1208.1491 [astro-ph.CO]; S. E. Nuza et al., arXiv:1202.6057 [astro-ph.CO]; L. Anderson et al., arXiv:1203.6594 [astro-ph.CO]; A. J. Ross et al., arXiv:1203.6499 [astro-ph.CO]. C. G. Scoccola et al., arXiv:1209.1394 [astro-ph.CO].

24. A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J. 538, 473 (2000); A. Lewis, PhD Thesis, University of Cambridge (2000).

25. U. Seljak and M. Zaldarriaga, 1996 ApJ, 469, 437; M. Zaldarriaga, U. Seljak and E.

Bertschinger, 1998 ApJ, 494, 491; M. Zaldarriaga and U. Seljak, 2000 ApJS, 129, pp 431- 434.

26. N. Jarosik, C. L. Bennett, J. Dunkley, B. Gold, M. R. Greason, M. Halpern, R. S. Hill and G. Hinshaw et al., Astrophys. J. Suppl. 192, 14 (2011); E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011).

27. Planck Collaboration, ESA-SCI-2005-1, arXiv: astro-ph/0604069.