arXiv:1302.2038v1 [astro-ph.CO] 8 Feb 2013

The spectrum of gravitational waves in an f (R) model with a bounce.

Mariam Bouhmadi-López, João Morais and Alfredo B. Henriques

Abstract We present an inflationary model preceded by a bounce in a metric f (R) theory. In this model, modified gravity affects only the early stages of the universe. We analyse the predicted spectrum of the gravitational waves in this scenario using the method of the Bogoliubov coefficients. We show that there are distinctive (oscillatory) signals on the spectrum for very low frequencies; i.e., corresponding to modes that are currently entering the horizon.

1 Introduction

We propose a bouncing scenario [1] within the context of a metric f (R) theory [2]: S = 1 2κ^2 ∫ d^4x √ −g f (R) + S^{(m)}. (1)

The bounce we will consider in our model is followed by an inflationary era which is asymptotically de Sitter where, in addition, the gravitational action approaches the Hilbert-Einstein action on that regime, such that the modification to Einstein’s General Relativity (GR) affects exclusively the very early universe, around the bounce and a few e-folds after that. We will constrain the model obtaining the spectrum of the stochastic gravitational fossil as would be measured today.

Mariam Bouhmadi-López Instituto de Estructura de la Materia, IEM-CSIC, Serrano 121, 28006 Madrid, Spain e-mail:

mariam.bouhmadi@iem.cfmac.csic.es

João Morais CENTRA, Dept. de Física, Instituto Superior Técnico, Av. Rovisco Pais 1, 1049 Lisboa, Portugal e-mail: joao.morais@ist.utl.pt

Alfredo B. Henriques CENTRA, Dept. de Física, Instituto Superior Técnico, Av. Rovisco Pais 1, 1049 Lisboa, Portugal e-mail: alfredo.henriques@fisica.ist.utl.pt

1

2 Model for the early universe

Inspired on the de Sitter solution for a closed space-time, we define the scale factor around the bounce as:

a(t) = a_b cosh(H_{inf}t), (2)

where a(t) is the scale factor, a_b is a constant quantifying the size of the universe at the bounce. The parameter H_{inf} is related to the energy scale of inflation just after the bounce.

In a Friedmann-Lemaître-Robertson-Walker (FLRW) universe with a spatially flat metric and the scale factor defined as in Eq. (2), the minimization of the f (R) action (1) leads to a second order differential equation for the function f . Solving this equation in conjunction with appropriate physical constraints gives [3]:

f (r) = 2H^2_{inf} √ r − 3cos [ √ 3 2 ( π − arccos

9 − r 3 ) − arccos √ 3 2 r − 6 r − 3 ] . (3)

In the above equation r ≡ R/H^2_{inf}.

Fig. 1 These plots show: (left) the behaviour of f (R) as a function of R/H^2_{inf} (see the blue curve) and linear approximation R − 6H^2_{inf}, well during inflation (see the red curve); (right) the behaviour of f_R (see the continuous curve) and f_{RR} (see the dashed curve) as functions of R/H^2_{inf}.

3 Energy spectrum of the gravitational waves

The spectrum of the gravitational waves is determined using the method of the continuous Bogoliubov coefficients α and β , as in Ref. [4]. The graviton density of the universe is given by |β |^2, while the dimensionless logarithmic energy spectrum of the gravitational waves (GW) of angular frequency ω is defined at the present time η_0 as [5]:

Ω_{GW} (ω,η_0) = h̄κ^2 3π^2c^5H^2(η_0) ω^4|β (η_0)|^2 (4)

The spectrum of gravitational waves in an f (R) model with a bounce. 3

Fig. 2 These plots show the spectra of the energy density of GW at present time: (top left) Obtained with an f (R) treatment for the perturbations (blue continuous curve) and a GR treatment for the perturbations (red dashed curve). E_{inf} = 1.5×10^{16}GeV. t_{ini} = −arccosh(10)H^{−1}_{inf} . a_b = 2×10^3. (top right) Otained in an f (R) treatment for different values of a_b. The value of a_b increases from the red curve to the blue curve as: a_b = 2 × 10^2; a_b = 2 × 10^3; a_b = 2 × 10^4; a_b = 10 × 10^5. a_b = 10 × 10^6. E_{inf} = 1.5 × 10^{16}GeV. t_{ini} = −arccosh(10)H^{−1}_{inf} . (bottom left) Obtained in an f (R) treatment for different values of t_{ini}. The value of t_{ini} increases in absolute value from the red curve to the blue curve as: t_{ini} = −arccosh(10)H^{−1}_{inf} ; t_{ini} = −arccosh(20)H^{−1}_{inf} ; t_{ini} = −arccosh(50)H^{−1}_{inf} ; t_{ini} = −arccosh(100)H^{−1}_{inf} . E_{inf} = 1.5×10^{16}GeV. a_b = 2×10^3. (bottom right) Obtained in an f (R) treatment for different values of E_{inf}. A comparison is made between the results obtained with a fixed value of a_b (continuous curves) and a fixed value of a_bH_{ini} (discontinuous curves). The value of E_{inf} increases from the red curve to the blue curve: E_{inf} = 1.5×10^{14}GeV; E_{inf} = 0.5×10^{15}GeV; E_{inf} = 1.5 × 10^{15}GeV; E_{inf} = 0.5 × 10^{16}GeV; E_{inf} = 1.5 × 10^{16}GeV. (a_{ini} = 10a_b. a_b = 2 × 10^3).

To calculate the evolution of the gravitational waves, we express the the continuous Bogoliubov coefficients in terms of the variables X and Y , see Refs. [6, 7], which obey the set of differential equations:

X^{′′} = ( k^2 − z^{′′} z ) X, and X^′ = −ikX. (5)

Here, k is the wave-number, a prime indicates a derivative with respect to the conformal time η (a = dt/dη) and z ≡ a √ f_R. The differential equations (5) are integrated from an initial time t_{ini}, set before the bounce, until the present time. We describe the late time evolution of the universe in a GR setup, using the ΛCDM model [8] complemented with a radiation phase and making the connection between the f (R) driven early inflation and the radiation phase with a model of a modified Generalized Chaplygin Gas suitable for the early universe [7]. The results obtained for the GW spectra are shown in Fig. 2.

4 Conclusions

The existence of the bounce in the early universe affects the spectrum of GWs only in the low frequency range, ≲ 10^{−12}Hz, where various peaks appear whose position and intensity depend on the parameters of the mode. The fact that the oscillatory structure appears in the spectra of (i) the GR treatment and (ii) the f (R) treatment suggests it is not a consequence of the effects of f (R)-gravity. Similar oscillations have been obtained in works of loop quantum cosmology first pointed out by Afonso et al [9]. Due to the low energy density of the cosmological GW’s, the results obtained in this work are hard to be detected in the near future (see Fig. 2 of Ref. [10] and Fig. 6 of Ref. [11]). The detection of the B-mode polarization of the CMB radiation seems to be the best candidate to obtain information about the cosmological GW’s. [12]

Acknowledgements M.B.L. is supported by the Spanish Agency “Consejo Superior de Investigaciones Científicas” through JAEDOC064. This work was supported by the Portuguese Agency “Fundção para a Ciência e Tecnologia” through PTDC/FIS/111032/2009.

References

1. M. Novello and S. E. P. Bergliaffa, Phys. Rept. 463, 127 (2008) arXiv:0802.1634v1 [astro-ph]; S. Carloni, P. K. S. Dunsby and D. M. Solomons, Class. Quant. Grav. 23, 1913 (2006) arXiv:gr-qc/0510130v1; C. Barragan, G. J. Olmo and H. Sanchis-Alepuz, Phys. Rev. D 80, 024016 (2009) arXiv:0907.0318v2 [gr-qc].

2. S. Capozziello and M. De Laurentis, Phys. Rept. 509, 167 (2011) arXiv:1108.6266 [gr-qc];

T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82, 451 (2010) arXiv:0805.1726v4 [gr-qc]. 3. M. Bouhmadi-Lopez, J. Morais and A. B. Henriques, arXiv:1210.1761 [astro-ph.CO]. 4. L. Parker, Phys. Rev. 183, 1057 (1969). 5. B. Allen, Phys. Rev. D 37, 2078 (1988).

6. P. M. Sá and A. B. Henriques, Phys. Rev. D 77, 064002 (2008) arXiv:0712.2697 [astro-ph];

P. M. Sá and A. B. Henriques, Gen. Rel. Grav. 41, 2345 (2009) arXiv:0804.3278v2 [astro-ph]. 7. M. Bouhmadi-López, P. Frazão and A. B. Henriques, Phys. Rev. D 81, 063504 (2010) arXiv:0910.5134v2 [astro-ph.CO].

8. E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011) arXiv:1001.4538v3 [astro-ph.CO].

9. C. M. Afonso, A. B. Henriques and P. V. Moniz, arXiv:1005.3666v1 [gr-qc]; P. M. Sá and A. B. Henriques, Phys. Rev. D 85, 024034 (2012) arXiv:1108.0079v1 [gr-qc].

10. T. L. Smith, M. Kamionkowski and A. Cooray, Phys. Rev. D 73, 023504 (2006) arXiv:astro-ph/0506422v2.

11. M. Kawasaki, K. ’i. Saikawa and N. Takeda, arXiv:1208.4160 [astro-ph.CO]. 12. H. Bourhrous, A. de la Cruz-Dombriz and P. Dunsby, AIP Conf. Proc. 1458, 343 (2011) arXiv:1202.3862 [gr-qc]; G. Efstathiou and S. Gratton, JCAP 0906, 011 (2009); A. Bonaldi and S. Ricciardi, arXiv:1101.4876 [astro-ph.CO].