arXiv:astro-ph/0205217 v1 15 May 2002

Scalar field dark energy and Cosmic Microwave Background

C. Baccigalupi^{a ∗}, A. Balbi,^{b †} S. Matarrese^{c ‡} F. Perrotta^{d §} N. Vittorio^{b ¶}

aSISSA/ISAS, Via Beirut 4, 34014, Trieste, Italy and Lawrence Berkeley National Laboratory, 1 Cyclotron Road Mailstop 50-205, Berkeley, CA 94720

bDipartimento di Fisica, Universitá di Roma “Tor Vergata” and INFN, Sezione di Roma II, Via della Ricerca Scientifica 1, 00133 Roma, Italy

cDipartimento di Fisica “Galileo Galilei”, Universitá di Padova and INFN, Sezione di Padova, via Marzolo 8, 35131 Padova, Italy

dLawrence Berkeley National Laboratory, 1 Cyclotron Road Mailstop 50-205, Berkeley, CA 94720 and Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy

A dynamical scalar field represents the simplest generalization of a pure Cosmological Constant as a candidate to explain the recent evidence in favour of the accelerated cosmic expansion. We review the dynamical properties of such a component, and argue that, even if the background expectation value of this field is fixed and the equation of state is the same as a Cosmological Constant, scalar field fluctuations can still be used to distinguish the two components. We compare predicted spectra of Cosmic Microvave Background (CMB) anisotropies in tracking scalar field cosmologies with the present CMB data, in order to get constraints on the amount and equation of state of dark energy. High precision experiments like SNAP, Planck and SNfactory, together with the data on Large Scale Structure, are needed to probe this issue with the necessary accuracy. Here we show the intriguing result that, with a strong prior on the value of the Hubble constant today, the assumption of a flat universe, and consistency relations between amplitude and spectral index of primordial gravitational waves, the present CMB data at 1σ give indication of a dark energy equation of state larger than -1, while the ordinary Cosmological Constant is recovered at 2σ.

1. Introduction

One of the most exciting surprises in modern cosmology is the evidence of an acceleration in the cosmic expansion from type Ia supernovae [1,2]. To explain this result, about 70% of the present cosmological energy density should be some sort of vacuum energy having a negative equation of state, like a Cosmological Constant, already considered by A. Einstein. However, the theoretical difficulties due to the too low value of the vacuum energy today with respect to the early universe allow, if not require, the introduction

∗bacci@sissa.it †balbi@roma2.infn.it ‡matarrese@pd.infn.it §perrotta@materia.lbl.gov ¶vittorio@roma2.infn.it

of a more general concept which is now widely known as “dark energy”. The first proposal in this sense was made well before the evidence of cosmic acceleration, already in 1988, by C. Wetterich, P. Ratra and P.J.E. Peebles [3], replacing a Cosmological Constant into the Einstein equations with a dynamical scalar field ϕ, also known as “Quintessence”. Even if the system gets obviously more complicated, for general forms of the potential V (ϕ) there exist attractor trajectories for the evolution of the background expectation value of ϕ. These trajectories have been proposed to alleviate, at least classically, the fine-tuning required in the early universe, when the typical energy scales were presumably Planckian, 10^{76} GeV^4, to generate a vanishing relic vacuum energy as it is observed today, at the level of 10^{−49}

Figure 1. Effects of scalar field dark energy models on CMB anisotropy: w_Q = −1 corresponds to a cosmological constant; projection and ISW effects are evident for w_Q > −1.

GeV^4 [4]. However, these scenarios do not solve the coincidence problem, merely why we are living in the epoch in which dark energy and matter have roughly the same energy density. Even if some attempts to address this issue exist in scalar field dark energy scenarios [5], it remains largely a mystery.

Quintessence models in scalar tensor cosmologies are widely known as “Extended Quintessence” scenarios [6,7], where the idea is to connect dark energy to Gravity through a non-minimal coupling with the Ricci scalar in the fundamental Lagrangian. These models have been explored under different perspectives in literature [8], including recent important consequences on the structure formation process [9]. Possible couplings with the matter sector of the Lagrangian have been also studied [10]. In addition, intriguing models of dark energy, not based on scalar fields, have been proposed [11].

The evidence in favour of dark energy comes, in addition to type Ia Supernovae, from Cosmic Microwave Background (CMB) and Large Scale Structure (LSS) [12]. Recently several authors tried to constrain the dark energy equation of state w_Q [13–18]. Even if interesting results can be obtained assuming reasonable values of some parameters [16], a true measure of the dark energy equation of state requires the precision of planned experiments like SNAP [19] and SNfactory [20] together with observations of LSS [23] and of the CMB with MAP [21] and Planck [22]. In Section 2 we focus on the role of fluctuations in scalar field dark energy, pointing out that even in the case of a constant background expectation value for the scalar field ϕ, fluctuations can still be present and are ultimately the signature of a dynamical component instead of a pure Cosmological Constant. In Section 3 we show interesting results obtained by comparing CMB spectra predicted in tracking minimally coupled Quintessence scenarios with available data [16].

2. Scalar field dark energy fluctuations

Scalar field dynamics is driven by the Klein Gordon equation. It is possible to define a gauge invariant form for the fluctuations in the expectation value of ϕ [24], which we define as δϕ_{GI}; the form of the Klein Gordon equation for this quantities, in Fourier space at wavenumber k is

δ̈ϕ_{GI} + 2Hδ̇ϕ_{GI} + (k^2 + a^2V_{ϕϕ})δϕ_{GI} =

= ϕ̇(Ψ̇ − 3Φ̇) − 2a^2V_ϕΨ , (1)

where a is the cosmic scale factor, H = ȧ/a is the Hubble parameter, Ψ, Φ are the gauge invariant expressions for the scalar metric fluctuations, ()_ϕ and ˙() mean derivatives with respect to ϕ and conformal time respectively. The background reduces to a Cosmological Constant equivalent case when V_ϕ = 0: in this case ϕ = constant is a solution of the unperturbed Klein Gordon equation, reducing Eq.(1) to

δ̈ϕ_{GI} + 2Hδ̇ϕ_{GI} + (k^2 + a^2V_{ϕϕ})δϕ_{GI} = 0 . (2)

Therefore, even in conditions in which the background expectation value is frozen providing w_Q = −1 like a Cosmological Constant, some mechanism in the early universe [25] and/or some coupling with other fields entering in V_{ϕϕ} [6,10] could excite fluctuations, providing an unique signature on the nature of dark energy.

In addition, it should be noted that if the equation of state is near but different from -1, as one has if ϕ rolls in an almost flat potential, Quintessence fluctuations are dragged to be nonzero by fluctuations in the gravitational potential itself, as the following simple argument shows. In absence of anisotropic stress, the relation Ψ = −Φ holds, and it is possible to show that in a matter or radiation dominate regimes Ψ remain approximately constant [26]. Neglecting the term involving ϕ̇ and in the limit of slow expansion the right hand side of Eq. (1) gets constant and the simple solution is δϕ_{GI} ≃ − 2V_ϕΨ k^2/a^2 + V_{ϕϕ}

, (3)

which means that metric fluctuations drag the corresponding ones in the scalar field. The behavior (3) has been found rather independent on the details of initial conditions [13].

The simple arguments exposed in this Section clarly show as the investigation of the nature of dark energy cannot be reduced to the measure of its equation of state, but deserves a deep understanding of all the possible physical degrees of freedom associated to this component.

3. Constraints from CMB

According to the arguments exposed above, even in the case in which observations indicate w_Q = −1, this would not be a conclusive evidence in favour of a Cosmological Constant. However, the quest for w_Q is a well posed problem, with solid theoretical motivations, already addressed by several authors [13–18]. Due to the large number of cosmological parameters, a conclusive statement is likely to be given by the planned and future experiments like SNAP, SNfactory, MAP, Planck, together with the data from redshift surveys. At the present, the only possible strategy is to fix some of the cosmological parameters at reasonable values. In [16] we assumed flat cosmologies with a fixed Hubble constant within

Figure 2. 1σ and 2σ contours in the (w_Q, Ω_Q) plane. Cosmological Constant is recovered at 2σ.

the allowed range by the Hubble Space Telescope [27]. We allowed variations of baryon abundance, spectral index of scalar fluctuations, cosmological gravitational waves with spectral index and amplitude related by single field inflationary consistency relations; relaxing this hypotesis in particular can largely affect the results [28]. We compared the predicted CMB spectra in tracking scalar field cosmologies with the available data; the effects on the CMB in these scenarios are well known and have high amplitude, resulting mainly in a shift of the acoustic peaks toward small multipoles, as well as an increased Integrated Sachs Wolfe (ISW) effect on low multipoles as w_Q increases from -1 toward larger values, as it is clear from figure 1.

We found dark energy as the dominant cosmological component Ω_Q = 0.71^{+0.05}_{−0.04}, with equation of state w_Q = −0.82^{+0.14}_{−0.11} (68% C.L.); the confidence region is shown in figure 2, which also shows how ordinary Cosmological Constant is recovered at 2σ. We argued that this intriguing result is due to a mild evidence of a projection effect in the available CMB data [16]. The best fit value of the physical baryon density is in good agreement with the primordial nucleosynthesis bound. Also, we find no significant evidence for deviations from scale-invariance, although a scalar spectral index slightly smaller than unity is marginally preferred. Finally, we find that the contribution of cosmological gravitational waves is negligible within our hypothesis.

In conclusion, within our assumptions we found a mild evidence in favour of a dark energy equation of state larger than -1. Incoming data and crosscorrelation with other unbiased observations can help to further check this intriguing result.

REFERENCES

1. S. Perlmutter et al., Astrophys.J. 517, (1999) 565 2. A. Riess et al., Astron.J. 116, (1998) 1009 3. C. Wetterich Nucl.Phys.B 302 (1988) 668;

P.J.E. Peebles and B. Ratra, Astrophys.J. (1988) 325; B. Ratra and P.J.E. Peebles, Phys.Rev.D37 (1988) 3406 4. P. J. Steinhardt, L. Wang, I. Zlatev, Phys.Rev. D59 (1999) 123504; A.R. Liddle, R.J. Scherrer, Phys.Rev. D59 (1999) 023509 5. D. Tocchini-Valentini and L. Amendola, Phys.Rev. D65 (2002) 063508; C. Armendariz-Picon, V. Mukhanov, P.J. Steinhardt, Phys.Rev. D63 (2001) 1035; S. Dodelson, M. Kaplinghat E. Stewart Phys.Rev.Lett. 85 (2000) 5276 6. F. Perrotta, C. Baccigalupi, S. Matarrese, Phys.Rev. D61 (2000) 023507 7. C. Baccigalupi, S. Matarrese, F. Perrotta, Phys.Rev. D62 (2000) 123510 8. D. Torres (2002), astro-ph/0204504; A. Riazuelo, J.P. Uzan (2001) astro-ph/0107386; T. Chiba, Phys.Rev. D64 (2001) 103503; X. Chen, R. J. Scherrer, G. Steigman, Phys.Rev. D63 (2001) 123504; G. Esposito-Farese and D. Polarski, Phys.Rev. D63 (2001) 063504; V. Faraoni, Phys.Rev. D62 (2000) 023504; L. Amendola Phys.Rev. D60 (1999) 043501 9. F. Perrotta and C. Baccigalupi (2002) astroph/0201335, Phys.Rev.D in press 10. L. Amendola, Phys.Rev. D62 (2000) 043511 11. T. Padmanabhan gr-qc/0204020 (2002); B.

Basset, M. Kunz, J. Silk, C. Ungarelli (2002) astro-ph/0203383; V. Sahni and Y. Shtanov (2002), astro-ph/0202346; P.J. Steinhardt and N. Turok (2001) hep-th/0111098; L. Mersini, M. Bastero-Gil, P. Kanti Phys.Rev. D64 (2001) 043508 12. P. De Bernardis et al., Astrophys.J. 564 (2002) 559; A.T. Lee et al., Astrophys.J.Lett. 561 (2001) 1L; N.W. Halverson et al., Astrophys.J. 568 (2002) 38; W.J. Percival et al. MNRAS 327 (2001) 1297; S. Dodelson et al. (2001) astro-ph/0107421 13. P. Brax, J. Martin, A. Riazuelo, Phys.Rev.

D62, (2000) 103505 14. L. Amendola, Phys.Rev.Lett. 86 (2001) 196 15. A. Balbi, C. Baccigalupi, S. Matarrese, F.

Perrotta, N. Vittorio, Astrophys.J.Lett. 547 (2001) L89 16. C. Baccigalupi, A. Balbi, S. Matarrese, F.

Perrotta, N. Vittorio, Phys.Rev. D65 (2002) 063520 17. R. Bean and A. Melchiorri, Phys.Rev. D65 (2002) 041302 18. S. Hannestad, E. Mortsell (2002) astroph/0205096 19. SNAP web site: snap.lbl.gov 20. SNfactory web site: snfactory.lbl.gov 21. MAP website: map.gsfc.nasa.gov/ 22. Planck web site: astro.estec.esa.nl/SAgeneral/Projects/Planck/ 23. SDSS web site: www.sdss.org/ ; 2dF web site:

msowww.anu.edu.au/2dFGRS/ 24. H. Kodama and M. Sasaki Prog. Theor. Phys.

Suppl. 78 (1984) 1 25. F. Perrotta and C. Baccigalupi Phys.Rev.

D59 (1999) 123508 26. W. Hu and N. Sugiyama, Astrophys.J., 444 (1995) 489 27. W.L. Freedman et al. Astrophys.J. 553, (2001) 47 28. G. Efstathiou, MNRAS 332, (2002) 193