Mem. S.A.It. Vol. 85, 143 © SAIt 2014 Memorie della

Constraints on varying alpha with future low-medium redshift probes

M. Martinelli^1, S. Pandolfi^2, E. Calabrese^3, V. F. Cardone^4, C. J. A. P. Martins^5, S. Spiro^4, and P. E. Vielzeuf^{5,6}

1 SISSA, Via Bonomea 265, Trieste, 34136, Italy

e-mail: mmartin@sissa.it 2 Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, DK-2100 Copenhagen, Denmark.

3 Sub-department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, UK 4 I.N.A.F. - Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy 5 Centro de Astrofísica da Universidade do Porto, Rua das Estrelas, 4150-762 Porto, Portugal 6 Faculdade de Ciências, Universidade do Porto, Rua do Campo Alegre 687, 4169-007 Porto, Portugal

Abstract. In several models, alternative to the cosmological constant one, the accelerated expansion of the universe is explained through an additional scalar field. This field could in principle be coupled with other sectors of the underlying theory, such as electromagnetism. This possible coupling drives therefore a time variation of the fine structure constant α. In this work we forecast the constraining power of future low-medium redshifts surveys on this coupling, highlighting the existing degeneracies with the dark energy parameters .

Key words. Cosmology: dark energy Cosmology: observations

1. Introduction

Since the discovery of cosmic acceleration from measurements of luminosity distances of type Ia Supernovae (SNIa) (Perlmutter et al. 1999; Riess et al. 1998), the so-called Dark Energy (DE), has been deeply debated. In the standard cosmological model, the Λ Cold Dark Matter (ΛCDM), the acceleration is produced by the cosmological constant Λ, but even tough this model is favoured by data, its theoretical

Send offprint requests to: M. Martinelli issues brought to the formulation of alternative explanations for cosmic acceleration. Several of these alternative models are characterized by the existence of an additional scalar field which drives the accelerated expansion of the universe. If this is the case, it is expected that this additional component is coupled to the rest of the theory’s fields.

In this paper we study the coupling of dynamical DE models with the electromagnetic field as the presence of a dynamical DE could, in principle, lead to a space-time variation of the fine-structure constant α (Avelino et al. 2006) with respect to the standard local value α_0. This, in turn, would generate distinctive signatures in cosmological data, such as the Cosmic Microwave Background (CMB), see e.g. (Battye et al 2001; Menegoni et al. 2009, 2010; Calabrese et al 2011), but also in low and medium redshift cosmological probes, e. g. in the peak of luminosity in SNIa or in the metal absorption lines of distant quasars (QSO).

The present work is focused on lowmedium redshifts observables, forecasting SN and QSO data, Weak Lensing shear power spectrum measurements (WL) and redshiftdrift (RD) data, to constrain the coupling between the electromagnetic and DE fields. The peculiarity of the above mentioned combination of probes is the coverage of a wide redshift range (0 < z ≲ 5) and thus it is a very powerful way to discriminate between a Λ and a dynamical DE model. We assume only a time varying fine structure constant α, neglecting spatial variation since there is no evidence from recent CMB data (O’Bryan et al. 2013) and at lower redshifts QSO measurements report very controversial results (Webb et al. 2011). We consider a class of models where the scalar field causing the α variation is also responsible for the accelerated expansion of the universe. In other classes of models the variation of α is not necessarily given by the same degrees of freedom driving the acceleration; this kind of models are addressed in (Calabrese et al 2013).

2. Theoretical models

In order not to focus on a specific DE model, we choose a phenomenological generic parametrization of the DE equation of state parameter, the Chevallier-Polarski-Linder (Chevallier & Polarski 2001; Linder 2003) parametrization (CPL) where the DE equation of state (EoS) is written as

w_{CPL}(z) = w_0 + w_a z 1 + z

, (1)

with w_0 and w_a constant parameters. Assuming that this kind of DE is produced by a dynamical scalar field, we expect it to be naturally coupled to the rest of the theory, unless a (still unknown) symmetry suppress this coupling (Carroll 1998).

The coupling between the scalar field, ϕ, and electromagnetism brings to an evolution of α which can be expressed as (Calabrese et al 2011) Δα α (z) = ζ

∫_z 0 √ 3Ω_ϕ(z) [1 + w(z)] dz^′ 1 + z^′

. (2)

In this context, Ω_ϕ(z) is the fraction of energy density given by the scalar field and in the CPL formalism this quantity is given by

Ω_ϕ(z) =

Ω^0_{CPL}

Ω^0_{CPL} + Ω^0_m(1 + z)^{−3(w0+wa)}e^{(3waz/1+z)} (3) where Ω^0_m and Ω^0_{CPL} are, respectively, the present time energy densities of matter and DE. In Eq.(2) we notice that, as expected, in this class of models the magnitude of the α variation is controlled by the strength of the coupling ζ.

3. Observational probes

In order to investigate the coupling between DE and α variations, we need observables able to probe both the variation of α and the DE parameters.

3.1. Supernovae type Ia data

Type Ia Supernovae are, at present, the most effective and mature probe of DE.

Moreover, as the SN peak luminosity (L_{peak}) depends on photon diffusion time, which in turn depends on α through the opacity, the α variation affects L_{peak} (Chiba & Kohri 2003), thus leading to a variation of the absolute magnitude at peak (M) Δα α ∼ 0.98 ΔM (4)

where ΔM = M − M_0 and the subscript 0 indicates quantities where the variation of α is not accounted for. Therefore varying α modifies the distance modulus μ = m − M, with m the apparent magnitude, which depends on cosmological parameters through the luminosity distance

d_L(z) =

1 + z H_0

∫_z 0 dz E(z)

. (5)

The E(z) = H(z)/H_0 expression encodes the chosen DE model

E(z) = √ Ω_m(1 + z)^3 + Ω_ϕ(z)

H^2 H^2_0

. (6)

We build the SN datasets following the procedure presented in (Cardone et al. 2012). We use Euclid expected observations of 1700 SN in a redshift range 0.75 < z < 1.5 (Laureijs et al. 2011; Hook 2012) to forecast our SN survey at low-intermediate z.

3.2. Quasar absorption systems data

The frequencies of narrow metal absorption lines in quasar absorption systems are sensitive to α (Bahcall et al. 1967), and the different transitions have different sensitivities. The comparison of the relative shifts between different transition can be used to obtain measurements of α in these absorption systems.

For representative future datasets we use the baseline (conservative) case discussed in (Amendola et al. 2012). We consider the ELT-HIRES spectrograph, currently under study for the E-ELT telescope, for which the CODEX Phase A study (CODEX 2010) provides a baseline reference. We assume uniformly distributed measurements in the redshift range 0.5 < z < 4.0, with an error σ_α = 10^{−7}.

3.3. Redshift-drift data

QSOs observations can be also used to constrain DE models through the so called redshift-drift of these sources (Sandage 1962; Loeb 1998). The redshift-drift is the change of the redshift due to the expansion of the universe for two different observations of the same source, repeated after a given amount of (terrestrial) years.

This kind of observations allows to probe the expansion of the universe in a model independent way (Pasquini et al. 2005; Corasaniti et al. 2007; Quercellini et al. 2012). As pointed out in Vielzeuf & Martins (2012) snd Martinelli et al. (2012) QSOs are the ideal astrophysical objects to observe the redshift variation Δz between two observations. This Δz can be expressed as a spectroscopic velocity Δv = cΔz/(1 + z) and connected to cosmological quantities through the relation Δv c = H_0Δt [ 1 − E(z) 1 + z ] , (7)

where c is the speed of light and Δt is the time interval between two observations of the same astrophysical source.

The European Extremely Large Telescope (E-ELT) equipped with a high-resolution, ultra-stable spectrograph (ELT-HIRES) such as the COsmic Dynamics Experiment (CODEX 2010) will have the ability to detect the cosmological redshift drift in the Lyman α absorption lines of distant (2 < z < 5) QSOs, even though this is a very small signal. The E-ELT can decisively detect the redshift variation with a 4000 hours of integration in a period of Δt = 20 years (Liske et al. 2008). According to Monte Carlo simulations of the CODEX Phase A study (CODEX 2010), the error on the measured spectroscopic velocity shift Δv can be computed using experimental specifications for E-ELT, i.e. a signal to noise ratio S/N = 3000 and a number of QSO N_{QSO} = 30 assumed to be uniformly distributed among the following redshift bins z_{QSO} = [2.0, 2.8, 3.5, 4.2, 5.0].

3.4. Weak lensing data

Weak gravitational lensing of distant galaxies is a powerful observable to probe the geometry of the universe and to map the matter distribution.

Future surveys will observe billions of galaxies, thus allowing the possibility of a tomographic reconstruction of the matter distribution. We can define the convergence power spectra in each redshift bin following Martinelli et al. (2011)

P_{jk}(ℓ) = H^3_0

∫_∞ 0 dz E(z)

W_i(z)W_j(z)P_{NL}(ℓ, z) (8)

where P_{NL} is the non-linear matter power spectrum at redshift z, obtained correcting the linear one P_L, and W(z) is a weighting function. The observed power spectra are affected mainly by systematic uncertainties arising from the intrinsic ellipticity of galaxies γ^2_{rms}. These uncertainties can be reduced averaging over a large number of sources. The observed convergence power spectra will hence be:

C_{jk} = P_{jk} + δ_{jk}γ^2_{rms}ñ^{−1}_j (9)

where ñ_j is the number of sources per steradian in the j − th bin.

In this paper we forecast a weak lensing dataset, computing the errors on the convergence spectrum following De Bernardis et al. (2011) and Cooray (1999) and using specifications in agreement with what is expected for the Euclid survey (Laureijs et al. 2011): the mission will observe n_g ≃ 30 gal/arcmin^2 over an area Ω = 15000 deg^2. We divide the redshift space in 10 bins, chosen in such away to have the same fraction of the total observed galaxies in each one.

3.5. Atomic clocks bounds

In models where the same dynamical degree of freedom is responsible for the DE and the variation of α at redshift 0, the atomic clock bounds (Rosenband et al. 2008) will always give a constraint on the combination of a fundamental physics parameter (e.g. the coupling of the field, which is obtained by the Equivalence Principle violation) and a cosmological parameter (usually the DE equation of state w_0, although depending on the model other parameters may be involved too). For the models considered, we have √ 3Ω_{ϕ0}(1 + w_0)H_0ζ =

(−1.6 ± 2.3) × 10^{−17}yr^{−1} (10)

and there will be analogous relations for the other models.

4. Analysis & results

The cosmological parameters that we sample can be divided in “standard parameters”, {Ω_bh^2,Ω_ch^2,Ω_Λ,n_s,A_s}, DE parameters, {w_0, w_a}, and the coupling ζ.

We build simulated datasets assuming a fiducial cosmology given by the WMAP9 results (Hinshaw et al. 2012) on the standard parameters: the baryon and cold dark matter densities, Ω_bh^2 = 0.02264 and Ω_ch^2 = 0.1138, the amount of energy density given by DE at the present time Ω_Λ = 0.722, the optical depth to reionization τ = 0.089, the scalar spectral index n_s = 0.972 and the overall normalization of the spectrum A_s = 2.4 × 10^{−9}. We fix the DE parameters reproducing the ΛCDM expansion (i.e. w_0 = −1, w_a = 0) and a vanishing coupling ζ = 0; basically, this fiducial set of parameters represents the standard ΛCDM cosmology. We also assume a flat Universe. We analyze the produced mock datasets, sampling the aforementioned parameters with MCMC technique, using a modified version of the publicly available package cosmomc (Lewis & Bridle 2002) with a convergence diagnostic given by the Gelman and Rubin criteria. We assume flat priors on the sampled parameters. We consider different combinations of the probes introduced in Section 3 and discuss the main features obtained by this analysis, exploring how the main geometrical probes (WL and SN) affects constraints on DE parameters and on the coupling ζ.

As expected, we obtain that the Euclid survey strongly constrains the EoS parameters w_0 and w_a, mainly thanks to the combination of the SN and WL measurements. When all the datasets are considered, we get an estimate for errors on DE parameters Δ(w_0) = 0.007 and Δ(w_a) = 0.03.

The constraints on the coupling parameter are instead puzzling at a first look (see panel 4 in Fig. 1), as the use of the Euclid observations loosens the bounds on ζ. This result is however easily explained considering the chosen fiducial cosmological model. Eq. (2) implies, in fact, that a vanishing Δα/α can be obtained in two ways: either ζ = 0 and/or w(z) = −1. This leads to the fact that when w_0 and w_a are poorly constrained (i.e. when WL and SN are removed from the analysis) the QSO forecasted measurements require a coupling ζ close to 0. On the contrary, when WL and SN impose tight independent constraints on DE parameters and the recovered w(z) is close to −1, a larger range of ζ values is in agreement with the QSO measurements.

This effect is displayed in Fig. 1 where we re-

Fig. 1. Marginalized 1-dimensional posterior distributions for the DE parameters w_0, w_a, Ω_Λ and the coupling ζ, for different combinations of probes. Solid red curves show the combination of all observables; dotted cyan curves are obtained removing SN; blue dot-dashed lines exclude WL; the green dashed distributions show parameters when removing both WL and SN.

port the recoved 1-dimensional posteriors for the coupling and the DE parameters, showing how the most stringent constraints on ζ are achieved when limits on w_0 and w_a are loose. In Fig. 2 we show the 2-dimensional contours at 68% and 95% confidence levels in the ζw_0 and ζ-w_a planes only for the two extreme cases: the combination of all probes and the analysis excluding WL and SN. Again we can see that when DE parameters are constrained thanks to WL and SN the coupling can lie in a large region, it is instead tightly constrained when no bounds on w_0-w_a are obtained.

Fig. 2. Contour plots showing ζ and w_0, w_a confidence levels with and without the effect of Weak Lensing and Supernovae observations.

5. Conclusions

Here we investigated how upcoming surveys probing the low-medium redshift range will constrain the possible coupling between a scalar field driving the accelerated expansion of the Universe and electromagnetism. We showed how the combination of weak lensing, supernovae, redshift-drift and QSO observations highly enhance the constraining power on DE parameters with respect to present-day constraints. We also showed the degeneracy between these parameters and the coupling between DE and electromagnetism ζ: forecasting results with a fiducial ΛCDM universe model, a shrinkage of the allowed parameter space for DE leads to a broadening of ζ constraints and vice versa.

A more detailed analysis, including also different DE models and fiducial cosmologies departing ΛCDM paradigm, can be found in (Calabrese et al 2013).

Acknowledgements. We thank Silvia Galli for useful comments and discussion. CJM is also supported by an FCT Research Professorship, contract reference IF/00064/2012.

References

Amendola, L., et al. 2012, Phys. Rev. D, 86, 063515 Avelino, P. P., et al. 2006, Phys. Rev. D, 74, 083508 Bahcall, J. N. 1967, ApJ, 149, L11 Battye, R. A., et al. 2001, Phys. Rev. D, 63, 043505 Calabrese, E., et al. 2011, Phys. Rev. D, 84, 023518 Calabrese, E., et al. 2013, arXiv:1311.5841 Cardone, V. F., et al. 2012, Phys. Rev. D, 85, 123510 Carroll, S. M. 1998, Phys. Rev. Lett. 81, 3067 Chevallier, M. & Polarski, D. 2001, Int. J.

Mod. Phys. D, 10, 213 Chiba, T. & Kohri, K. 2003, Prog. Theor. Phys.

110, 195 CODEX Phase A Science Case, document E- TRE-IOA-573-0001 Issue 1 (2010) Cooray, A. R. 1999, å, 348, 31

Corasaniti, P. S., et al. 2007, Phys. Rev. D, 75, 062001 De Bernardis, F., et al. 2011, Phys. Rev. D, 84, 023504 Hinshaw, G., et al. [WMAP Collaboration] 2012, arXiv:1212.5226 Hook I. M. 2012, arXiv:1211.6586 Laureijs, R., et al. 2011, arXiv:1110.3193 Lewis, A. & Bridle, S. 2002, Phys. Rev. D, 66, 103511 Linder, E. V. 2003, Phys. Rev. Lett. 90, 091301 Liske, J., et al. 2008, MNRAS, 386, 1192 Loeb, A. 1998, AJ, 499, L111 Martinelli, M., et al. 2011, Phys. Rev. D, 83, 023012 Martinelli, M., et al. 2012, Phys. Rev. D, 86, 123001 Menegoni, E., et al. 2009, Phys. Rev. D, 80, 087302 Menegoni, E., et al. 2010, Int. J. Mod. Phys. D, 04, 507 O’Bryan, J., et al. 2013, arXiv:1306.1232 Pasquini, L., et al. 2005, The Messenger, 122, 10 Perlmutter, S., et al. 1999, ApJ, 517, 565 Quercellini, C., et al. 2012, Phys. Rept., 521, 95 Riess, A. G., et al. 1998, AJ, 116, 1009 Rosenband, T., et al. 2008, Science, 319, 1808 Sandage, A. 1962, AJ, 136, 319 Vielzeuf, P. E. & Martins, C. J. A. P. 2012, Phys. Rev. D, 85, 087301 Webb, J. K., et al. 2011, Phys. Rev. Lett., 107, 191101