arXiv:1103.5331v3 [astro-ph.CO] 25 Sep 2011

What do we really know about Dark Energy?

Ruth Durrer^∗ CEA, Institut de Physique Théorique, 91191 Gif-sur-Yvette, France CNRS, URA-2306, 91191 Gif-sur-Yvette, France and Université de Genève, DPT and CAP, 1211 Genève, Suisse

September 27, 2011

Abstract

In this paper we discuss what we truly know about dark energy. I shall argue that up to date our single indication for the existence of dark energy comes from distance measurements and their relation to redshift. Supernovae, cosmic microwave background anisotropies and observations of baryon acoustic oscillations, they all simply tell us that the observed distance to a given redshift z is larger than the one expected from a Friedmann Lemître universe with matter only and the locally measured Hubble parameter.

1 Introduction

Nearly thirteen years ago, measurements of the luminosity of type Ia supernovae (SN1a) as function of their redshift [1] have led to the interpretation that the expansion our Universe is presently accelerated and therefore the energy density of the Universe is presently dominated by a component with strongly negative pressure, P < −ρ/3, like during inflation. This was an entirely unexpected result but it has been confirmed with many more observations from SN1a data [2], from observations of cosmic microwave background (CMB) anisotropies and polarization [3], from weak lensing [4], from baryon acoustic oscillations (BAO) [5], from galaxy surveys [6] and from cluster data [7]. All this data is consistent with the so called concordance model, a Friedmann Lemaître (FL) universe with a nearly scale invariant spectrum of Gaussian initial fluctuations as predicted by inflation.

In the concordance model, the energy content of the Universe is dominated by a cosmological constant Λ ≃ 1.7 × 10^{−66}(eV)^2 such that Ω_Λ = Λ/(3H^2_0 ) ≃ 0.73. Here H_0 denotes the Hubble constant that we parameterize as H_0 = 100hkm s^{−1}Mpc^{−1} = 2.1332h × 10^{−33}eV. The second component of the concordance model is pressureless matter with Ω_m = ρ_m/ρ_c = ρ_m/(3H^2_0 /8πG) ≃ 0.13/h^2. Here G is Newton’s constant. About 83% of this matter is ’dark matter’, i.e. an unknown non-baryonic component (termed CDM for ’cold dark matter’) and only about 17% is in the form of baryons (mainly hydrogen and helium), Ω_bh^2 ≃ 0.022. The energy densities of

∗ruth.durrer@physics.unige.ch

photons and neutrinos are subdominant, Ω_γ h^2 = 2.48×10^{−5}, 0.002 < Ω_ν h^2 < 0.01, and curvature is compatible with zero.

This situation is disturbing for two main reasons:

1. The two most abundant components of the Universe have only been inferred by their gravitational interaction on cosmological scales. Dark matter: on the scale of galaxies, clusters and the Hubble scale. Dark energy: only on the Hubble scale.

2. Including particle physics into the picture, we realize that the cosmological constant is in no way distinguishable from vacuum energy. The latter has not only also the form T^{vac}_{μν} = ρ^{vac}g_{μν} , but it also couples only to gravity. Hence there is no experiment that can ever distinguish between a cosmological constant Λ and a vacuum energy density^1 ρ_{vac} = Λ/(8πG). My conclusion is, that we therefore should not distinguish between the two. We then find that cosmology determines the present vacuum energy density to be ρ_{vac} ≃ (2.7×10^{−3}eV)^4h^2. On the other hand, ’natural values’ for the vacuum energy are, e.g. the supersymmetry breaking scale that must be larger than about 1TeV or, if there is no supersymmetry at this scale, the string scale or the Planck scale. The resulting estimates for ρ_{vac} are by 60 respectively 120 orders of magnitude too large. Probably the worst estimate ever in physics! Of course, we can introduce a counter term to compensate the ’bare vacuum energy’ in order to obtain the true, observed value. But, unlike, e.g. the electric charge, vacuum energy density is not protected in quantum theory. Corrections to it run like E^4_{max} where E_{max} is the cutoff of the theory. Hence the tiny value of ρ_{vac} has to be readjusted at each order in perturbation theory by a corresponding, much larger counter term. A truly unsatisfactory situation. Even if we are ready to accept this and say that this is an UV problem with quantum field theory that should not be mixed up with the IR problem of the cosmological constant, in principle, we also have to introduce a time dependent IR cutoff to the vacuum energy we expect to run like H(t)^4, where H(t) is the Hubble parameter at time t. Such a contribution that at present has to be of the order of 3H^2_0 /(8πG) was much larger in the past and is clearly in contradiction with cosmological observations. See [8] for the opposite point of view on the dark energy problem.

Dark matter cannot be any particle of the standard model since all stable standard model particles except the neutrino and the graviton, either emit photons or would have left their imprint on nucleosynthesis (baryons). Neutrinos, on the other hand, have too small masses, too large free-streaming scales, to account for the dark matter seen e.g. in dwarf galaxies [9] and for other aspects of clustering on small scales (e.g Ly-α [10]). This is even more true for the graviton which is massless. But we know from particle physics that there have to be modifications to the standard model at energies not much larger than 1TeV. Most of the popular proposals of such modifications, like e.g. supersymmetry, do predict massive stable particles with weak interaction cross sections and the correct abundance so that they could play the role of dark matter. Hence there is no shortage of very reasonable candidates

1Differences of vacuum energies are of course very well measurable e.g. via the Casimir force or the Lamb shift in atomic spectra.

which we have not been able to detect so far. Furthermore, if e.g. the simplest supersymmetric models are realized, and the dark matter particle is the neutralino, there is justified hope to detect it soon, either at LHC (Large Hadron Collider at CERN) [11] or via direct dark matter detection experiments [12].

Dark energy, however, is very disturbing. On the one hand, the fact that such an unexpected result has been found by observations shows that present cosmology is truly data driven and not dominated by ideas which can be made to fit sparse observations. Present cosmological data are too good to be brought into agreement with vague ideas. On the other hand, a small cosmological constant is so unexpected and so difficult to bring into agreement with our ideas about fundamental physics, that people have started to look into other possibilities.

One idea is that the cosmological constant should be replaced by some other form of ’dark energy’, maybe an ordinary or a tachyonic scalar field [13]. Another possibility is to modify the left hand side of Einstein’s equation, i.e. to modify gravity. For a review see [14]. Models where the Einstein-Hilbert action is modified by R → f(R) have been investigated [15]. Another direction are theories with extra dimensions (for reviews/introductions see e.g. [16]) which, when reduced to four dimensions contain terms which deviate from Einstein gravity, the simplest and best studied example is the DGP model [17].

All these models are quite speculative and one has to test in each case that they do not contain dangerous ’ghosts’ or other instabilities, that are expected from generic higher derivative terms [18, 19]. Furthermore, even if one of these models is realized in nature, the question, why we do not measure a cosmological constant gravitationally remains. However, there may by more satisfactory ways to address this question, like de-gravitation [20] or emerging gravity [21, 22].

Another, more conservative possibility is to take into account the fact that the true Universe is inhomogeneous at least on small scales. The question then is wether the clumpiness could mimic the presence of a cosmological constant [23, 24, 25]. Another, more extreme attempt is to assume that the background universe is not homogeneous but only isotropic, a Lemaître-Tolman-Bondi model [26]. Interestingly, these questions are still open. I shall come back to this point later.

In the present paper I do not want to discuss or judge these possibilities, but I want to investigate what present data really has measured. As always when our interpretation of the data leads us to a very unexpected, unnatural ’corner’ in the space of physical theories, it may be useful to take a step back and reflect on what the measurements really tell us and how much of what we conclude is actually an interpretation of the data that might be doubted.

In the next section I shall go over the main physical observations one by one and address this question. In section 3 we discuss what this means for dark energy and in section 4 I conclude.

Notation: We use t as conformal time such that ds^2 = a^2(t)(−dt^2 + γ_{ij} dx^idx^j ). The scale factor is normalized to one today, a_0 = a(t_0) = 1 but spatial curvature K is arbitrary. Ω_X = ρ_X (t_0)/ρ_c(t_0) = 8πGρ_X (t_0)/(3H_0)^2 is the (present) density parameter of the component X.

2 What do we really measure?

2.1 Supernovae Ia

Let us start with the first data that gave strong indication of an accelerating universe, the supernovae type Ia observations. SN1a observations measure the light curve and the spectrum of supernovae. The latter is not only used to determine the redshift, but also indicative for the type of the supernovae while the light curve can be translated into a luminosity distance, D_L(z) to the supernova. For this, correlations between the light curve maximum and its width are used to reduce the scatter and derive the intrinsic luminosity. SN1a are so called modified standard candles [2]. By this correction, the intrinsic scatter of SNIa luminosities of about 1.5mag can be reduced to 0.2mag [27]. It is very likely that in the near future this error can be reduced by at least a factor of two [28]. Astronomical magnitudes are related to the luminosity distance by

m(z_1) − m(z_2) = 5 log_{10} (D_L(z_1)/D_L(z_2)) . (1)

Hence an error in the magnitude translates to an error in the luminosity distance via δD_L(z) D_L(z) = log(10) 5 δm(z) = 0.46δm(z). (2) Or, an error of 0.2 in the magnitude corresponds to an error of nearly 10% in the luminosity distance. This is the optical precision we can reach at this time, not including systematic errors like e.g. evolution.

If we now assume that the geometry of the Universe is Friedmann Lemaître (FL), we can relate the luminosity to the energy content of the universe via the standard formula

D_L(z) = (1 + z)χ_K (∫_z 0 dz^′ H(z^′) ) where χ_K (r) = 1 √ K sin(r √ K) , and

H(z) = H_0 √ Ω_m(1 + z)^3 + Ω_K (1 + z)^2 + Ω_r(1 + z)^4 + Ω_{DE} (z) . (3)

Here K is spatial curvature and χ_K (r) → r for K → 0. For negative values of K the square roots become imaginary and sin(r √ K)/ √ K = sinh(r √ |K|)/ √ |K|. Ω_K = −K/H^2_0 and Ω_{m,r} are the matter respectively radiation density parameter. Ω_{DE} (z) = ρ_{DE} (z)/ρ_c(z = 0) is the contribution from dark energy. For a cosmological constant Ω_{DE} (z) = Λ/(3H^2_0 ) is constant.

In Fig. 1 we show the relative difference in the luminosity distance of a Universe with the density parameters between a pure CDM model with (Ω_Λ, Ω_m, Ω_K ) = (0, 1, 0) and a concordance model(Ω_Λ, Ω_m, Ω_K ) = (0.7, 0.3, 0) as well as between pure CDM and an open model, (Ω_Λ, Ω_m, Ω_K ) = (0, 0, 1) . The first difference is larger than 10% already for redshifts z > 0.2 and should therefore easily be visible in present supernova data. The second never gets larger than 0.1, but observations of many supernovae should still easily distinguish a Λ-dominated universe from a negative curvature dominated one. This is what SN1a observers claim they can do. Most of the data comes from redshifts below and up to z ≃ 1. In this regime, observers therefore detect a luminosity distance which is significantly larger than

Figure 1: The relative differences (D_L − D_L(0.7, 0.3, 0))/D_L) (blue, solid) and (D_L − D_L(0, 0, 1))/D_L) (red, dashed)are shown as function of the redshift z, where D_L is the luminosity distance for a pure CDM model (Ω_Λ, Ω_m, Ω_K ) = (0, 1, 0).

the one of a flat matter dominated or a curvature dominated Universe with the same Hubble constant.

Hence, if the error estimates of SN1a observers can be trusted, these data indicate either that the geometry of the Universe be not Friedmann, or that the luminosity distance is dominated at low redshift by an accelerating component which behaves similar to a cosmological constant.

2.2 Baryon acoustic oscillations

Another way to measure distances is to compare angles subtended by objects of a given size when placing them at different redshifts. For any metric theory, this angular diameter distance is simply related to the luminosity distance by

D_A = D_L/(1 + z)^2 .

Baryon acoustic oscillations are the relics in the matter power spectrum of the oscillations in the baryon-photon plasma prior to decoupling. Once hydrogen recombines and the photons decouple from the electrons, the baryon perturbations evolve like the pressure-less dark matter. Matching this evolution to the oscillations prior to decoupling, one obtains for the positions of the peaks and troughs in the baryon spectrum

k_{nthrough} = (n + 1/2) π/s and k_{npeak} = (n + 3/2) π/s , (4)

where s is the comoving sound horizon at decoupling, s = ∫_{tdec} 0 c_sdt . (5) More precise values are obtained by numerical codes like CAMBcode [29] and by analytical fits [30, 31]. The angular diameter distance measures a scale subtended at a right angle to the line of sight. If we can measure the difference in redshift

Δz between the ’point’ and the ’tail’ of an object aligned with the line of sight, the corresponding comoving distance is given by

Δt(z) = Δz H = Δz 1 + z

D_H (z) , D_H = z + 1 H(z) . (6)

With present data on large scale structure we have just measured the 3-dimensional power spectrum in different redshift bins. We cannot yet distinguish between transverse and longitudinal directions. This measures a (comoving) geometrical mean D_V(z) = (D_H (z)D_A(z)^2)^{1/3}. Results for this scale at redshifts z=0.275 and the ratio D_V(z_2)/D_V(z_1) for z_2 = 0.3 and z_1 = 0.2 have been published [5].

The observational results from the luminous red galaxy sample of the Sloan Digital Sky Survey (SDSS) catalog [5] are in good agreement with the cosmological concordance model ΛCDM cosmology with Ω_Λ ≃ 0.7, Ω_m ≃ 0.3 and no appreciable curvature. Of course, this experiment measures in principle the same quantity as SN1a observations since for all metric theories of gravity D_A = D_L/(1 + z)^2, but BAO observations have very different systematics and the fact that they agree well with SN1a is highly non-trivial. There are however objections to the significance of the BAO measurements, see e.g. Refs [32, 33].

Again, these data support a measurement of distance which is significantly larger than the distance to the same redshift with the same Hubble parameter in a Ω_m = 1 Universe.

2.3 CMB

Our most precise cosmological measurements are the CMB observations that have determined the CMB anisotropies and polarization to high precision [3]. These measurements will even be improved substantially by the Planck satellite presently taking data [34]. The CMB data is doubly precious since they are not only very accurate but also relatively simple to calculate in a perturbed FL universe which allows for very precise parameter estimation. For an overview of the physics of the CMB, see [35]. The positions of the acoustic peaks, the relics of the baryon-photon oscillations in the CMB power spectrum, allow for a very precise determination of the angular diameter distance to the last scattering surface. If this distance is changed, keeping all other cosmological parameters fixed, the CMB power spectrum, changes in a very simple way, as shown in Fig. 2.

The angle θ subtended by a given scale L simply changes to θ^′ = θ · (D_A/D^′_A). Assuming that the signal comes entirely from the last scattering surface and is not influenced otherwise by the change of its distance from us (this neglects the integrated Sachs Wolfe effect relevant for low harmonics ℓ), we can assume that the correlation function of the CMB sky at distance D^′_A at angle θ^′ is equal to that of the CMB sky at distance D_A at angle θ, C^′(θ^′) = C(θ). Translating this to the power spectrum one obtains for ℓ^>∼ 20, see Ref. [36],

C_ℓ = ( D^′_A D_A )_2 C^′_D′_{AD} A ℓ . (7)

In addition to this distance which is very well measured by CMB experiments, also the matter and baryon density at the last scattering surface as well as the spectral

Figure 2: The change of the angle subtended by the CMB acoustic peaks when changing only the distance to the last scattering surface.

index n and the fluctuation amplitude A are well determined by the CMB. Assuming that dark matter and baryons are neither destroyed nor generated between the time of last scattering and today, this leads to the well known value of their present density parameters.

Present CMB data can be fit equally well by the concordance ΛCDMmodel as by a flat matter dominated model with nearly the same values for Ω_mh^2, Ω_bh^2, and n where the angular diameter distance is scaled to a value which is in good agreement with D_A from the concordance model, D_A(z_∗) ≃ 12.9Mpc. (Note that this is the distance as measured at decoupling, today its value is (z_∗ + 1)D_A(z_∗).) More details on these results can be found in Ref. [36].

We have discussed this here not because with think that the true model is actually the CDM model with Ω_m = 1, but to make clear what aspect of dark energy the CMB data really measure: it is again a distance, the distance to the last scattering surface, i.e. to z_∗ ≃ 1090.

2.4 Weak lensing

Weak lensing measurements determine the weak distortion of galaxy shapes by gravitational lensing from the matter distribution in the foreground of the imaged galaxies. The advantage is that this signal is sensitive only to the total clustered mass in front of the galaxy. The disadvantage is that the signal is small, the ellipticity due to lensing is only about 1% of the typical intrinsic ellipticity of galaxies, and only statistical results can be obtained. For a review see [4]. So far, because of limitations on the knowledge of the redshift distribution of foreground galaxies and other statistical problems, weak lensing has mainly been used to determine the combination σ_8 √ Ω_m ≃ 0.6, which leads to ’bananas’ in the σ_8 – Ω_m plane. But future surveys like DES (Dark Energy Survey) or Euclid are expected to lead to significant improvements, see Ref. [37] for forecasts. Here σ_8 is the amplitude of matter fluctuations in spheres of radius 8h^{−1}Mpc. It is determined by the amplitude A of CMB anisotropies and the spectral index n.

This measurement by itself may not be so interesting for dark energy, but in combination with CMB anisotropies it is consistent with the same amplitude, spectral index and, especially matter density as the CMB and therefore can be regarded as independent support of the CMB result. It is also interesting that this provides a measurement of Ω_mh^2 at low redshift, z < 1 which is consistent with the CMB result at z = z_∗ ≃ 1090.

2.5 Large scale structure

One of the oldest cosmological measurements are determinations of the correlation function and the power spectrum of the galaxy distribution. At present, the biggest galaxy survey is the Sloan Digital Sky Survey, SDSS [6] which has mapped the galaxy distribution on the northern hemisphere out to redshift z ≃ 0.2 and the luminous red galaxies to z ≃ 0.5. This led to a determination of the galaxy power spectrum down to k ≃ 0.02h/Mpc [38].

The main problem here is that we compare this measured galaxy power spectrum with the calculated matter power spectrum. The latter can be calculated very accurately on large scales by relativistic cosmological perturbation theory and quite accurately on small scales by Newtonian N-body simulation. However, the relation between this matter distribution and the distribution of galaxies is still to some extend an unsolved debate which goes under the name of ’biasing’. On small scales, it is clear that the galaxy formation process is highly non-linear and may depend on other parameters than the matter density alone (e.g. the metallicity which would favor the formation of galaxies in the vicinity of already existing galaxies).

On large scales, most workers in the field assume that bias is linear and close to one, however, simple investigations of a toy model biasing scheme show that contrary to the matter distribution, the galaxy distribution may very well acquire a white noise component which would dominate on very large scales [39, 40].

If we disregard these problems and assume that in the measured range, or at least where linear perturbation theory applies, bias is linear, we can also use the galaxy power spectrum to get a handle on σ_8, n and Ω_mh^2, with different systematics than from other probes. Interestingly, the power spectrum bends from ∝ k behavior to ∝ k^{−3} ln^2(kt_{eq}) behavior at the equality scale, k_{eq} ≃ π/t_{eq} ∝ Ω_mh in units of h/Mpc, since t_{eq} ∝ 1/(Ω_mh^2). The position of this turnover (which is very badly constrained with present data), together with the amplitude which is proportional to Ω_mh^2 would allow us to infer both, the Hubble parameter and the matter density parameter, from the matter power spectrum.

Features in the galaxy power spectrum, like the BAO’s or redshift space distortions might actually be less affected by biasing and therefore provide more promising cosmological probes. However, since they contain less information than the full power spectrum, measuring the latter will always have an advantage.

Finally, in future surveys which go out to very large scales, z ≃ 2, it will be very important to clearly relate the observed galaxy distribution to relativistic linear perturbation variables, i.e. to take into account relativistic effects in the matter power spectrum [41, 42, 43]. This actually does not only represent an additional difficulty but even more a new opportunity.

2.6 Cluster abundance and evolution

The earliest data favoring a low density Universe probably comes from the observation of cluster abundance and evolution [44]. Clusters are the largest bound structures in the Universe and as such very sensitive the amplitude of density fluctuations on large scales ∝ σ_8Ω_m. Actually, clusters usually form at fixed velocity dispersion. Therefore, the cluster density strongly constrains the velocity power spectrum, P_V ∝ Ω^{1.2}_m σ^2_8 (see, e.g. [35]). Comparing observations with numerical simulations gives [45]

Ω^{0.6}_m σ_8 = 0.495 ±

0.034 0.037 .

If we insert σ_8 ≃ 0.8, this is in rough agreement with Ω_m ≃ 0.3, but certainly requires Ω_m < 1.

3 What do we know about ’dark energy’ ?

What do these observations really tell us about dark energy? I think it is clear, even though I did not enter into any details about observational problems, that each observation taken by itself is not conclusive. There are always many things that can go wrong for any one cosmological probe. We have assumed that systematics are reasonably well under control and we can trust our results. This is supported by the fact that many different probes with independent systematics give the same result: A value of Ω_mh^2 ∼ 0.13 and a distance to redshift relation at z^<∼ 1 that is not in agreement with flat matter dominated universe but with a ΛCDM universe.

However, we do not measure Λ with any cosmological probe. We only infer it from distance measurements by assuming that the formula (3) can be applied which only holds for homogeneous and isotropic FL models. On the other hand, we know that the true Universe is at least perturbed. Naively, one may argue that the gravitational potential is small Ψ ∼ 10^{−5} and therefore corrections coming from clustering will be small. But even if Ψ is small, we know that curvature perturbations which are second derivatives, ∂_i∂_j Ψ ∼ 4πGδρ^>∼ 4πGρ are not small. On galactic scales they are many orders of magnitude larger than the background term, |∂_i∂_j Ψ| ≫ H^2. Since such terms may well enter into the perturbed expansion law H(z), it is not clear that they cannot affect the distance for redshifts where clustering has become relevant. This is the point of view of workers on back reaction and clearly, before we have not examined it in detail, we cannot exclude this possibility. Unfortunately, this is a relativistic effect of non linear clustering and our understanding of these effects is still rather poor.

Dyer & Roeder, ’72 [46] have argued that the photons which end up in our telescope go preferentially through empty or at least under-dense space and therefore the distance formula should be corrected to the one of an open universe. But as we have seen, this is not sufficient and actually Weinberg, ’76 [47] has shown that the shear term which is present if matter is clustered in the case of simple ’Schwarzschild clumps’ exactly corrects for the missing Ricci term and reproduces the FL universe formula. In a generic, clumpy spacetime the Sachs equation yields

d^2D_A dv^2 = − ( 1 2 R_{μν} k^μk^ν + |σ|^2 ) D_A

Hence the presence of shear always leads to deceleration, like matter density. But the measured quantity is not D_A(v) but D_A(z) so we have to study how the redshift is affected by clumping due to the motion of observers, u^μ. dz dv = u_{a;b}k^ak^b If the expansion of matter (observers) is substantially reduced in a clumping universe this can reduce the redshift at fixed v and therefore lead to seemingly larger distance. Similar ideas have been put forward by Wiltshire [48], but of course we need to study this quantitatively. A quantitative study the effects of structure formation on the distance-redshift relation has been attempted by Räsänen [24, 49] Another possibility may be that the Universe is also statistically not homogeneous. From CMB observations we infer that it is very isotropic and this leaves us with spherically symmetric Lemaître-Tolman-Bondi (LTB) models. Clearly, this possibility which violates the cosmological principle is not very attractive. It is therefore important to investigate whether we can test it observationally, and the answer is fortunately affirmative: The relation between the speed of expansion, H(z), and the distance D_L(z) in an FL universe is given by Eq. (3). In an LTB model this relation no longer holds. Therefore independent measurements of both H(z) and D_L(z) (or D_A(z)) which test relation (3), can check whether distances are really given by the FL expressions. This at the same time also checks whether clustering modifies distances in an important way. At present we do have relatively good distance measures out to z ∼ 0.5 but no independent measurements of H(z). These may be obtained in the future from large galaxy surveys like DES or Euclid, which will allow us to measure separately the radial and the transverse matter power spectrum.

Other tests whether ’dark energy’ is truly a new component in the stress energy tensor or simply a misinterpretation of the observed distance can come from measurements of the growth factor of linear perturbations which we can determine with future weak lensing surveys like Euclid or via correlations of large scale structure and the integrated Sachs Wolfe effect. In a Λ-dominated universe the linear growth of clustering is modified in a very specific way and we would not expect a simple misinterpretation of observed distances to mimic also this behavior.

4 Conclusions

In this work I have pointed out that all present claims about the existence of dark energy have not measured Ω_Λ or even less Ω_{DE} and w directly, but just the distance redshift relation D_L(z). They then have inferred the existence of dark energy by assuming the form (3) for this relation, which holds in a FL universe. Even though many of you (especially the observers, I guess) may regard this point as trivial, I find it important to be aware of it before one is ready to postulate unobserved scalar fields with most unusual properties, or violations of General Relativity on large scales.

I have not discussed the many possible pitfalls of the observations, which weaken any one observation, but my confidence relies on the fact that independent observations with different systematics find the same result. I hope they are not too strongly influenced by ’sociology’, i.e.: if your finding disagrees with the results of others it must be wrong and therefore you do not publish it, however, if it agrees well it must be right and therefore you do not have to investigate every possible systematics which would increase your error bars and make your result less ”competitive”.

The beauty of research in cosmology is that data come in fast and there is justified hope that the question whether relation (3) holds for the real Universe, will be answered in the not very far future.

Acknowledgement: I thank the organisors of the meeting for inviting me. I enjoyed many interesting and insightful discussions with many of the participants, especially with Roy Maartens. I am also grateful for discussions with Syksy Räsänen and with Enea Di Dio who pointed out an error in a first version. This work is supported by the Swiss National Science Foundation and by the British Royal Society.

References

[1] A.G. Riess et al. 1998 Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant. Astron. J. 116, 1009-1038 [arXiv:astro-ph/9805201];

S. Perlmutter et al. 1999 Measurements of Omega and Lambda from 42 High- Redshift Supernovae. Astrophys. J. 517, 565-586 [arXiv:astro-ph/9812133].

[2] R. Kessler et al. 2009 First-year Sloan Digital Sky Survey-II (SDSS-II) Supernova Results: Hubble Diagram and Cosmological Parameters. Astrophys. J. Suppl. 185, 32 [ arXiv:0908.4274].

[3] D. Larson et al. 2011 Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Power Spectra and WMAP-Derived Parameters. Astrophys. J. Suppl. 192, 16 [arXiv:1001.4635] (and references therein).

[4] P. Schneider 2007 Weak Gravitational Lensing, in Gravitational Lensing:

Strong, Weak & Micro. Lecture Notes of the 33rd Saas-Fee Advanced Course, G. Meylan, P. Jetzer & P. North (eds.), Springer-Verlag: Berlin, 273 [arXiv:astro-ph/0509252].

[5] W. Percival et al. 2010 Baryon Acoustic Oscillations in the Sloan Digital Sky Survey Data Release 7 Galaxy Sample. MNRAS 401, 2148-2168 (and references therein).

[6] K. Abazajian et al. 2009 The Seventh Data Release of the Sloan Digital Sky Survey. Astrophys. J. Suppl., 182, 543 [arXiv:0812.0649].

[7] R. Bielby 2010 The VLT LBG Redshift Survey I: Clustering and Dynamics of ∼ 1000 Galaxies at z ∼ 3. [arXiv:1005.3028], Heng Yu, Zong-Hong Zhu 2010 Combining Optical and X-ray Observations of Galaxy Clusters to Constrain Cosmological Parameters. [arXiv:1011.6060].

[8] E. Bianchi and C. Rovelli 2010 Why all these prejudices against a constant?

[arXiv:1002.3966]

[9] A. Boyarsky, O. Ruchayskiy and D. Iakubovskyi, 2009 A lower bound on the mass of Dark Matter particles. JCAP 0903, 005 [arXiv:0808.3902].

[10] M. Viel, M. G. Haehnelt and V. Springel 2010 The effect of neutrinos on the matter distribution as probed by the Intergalactic Medium. JCAP06(2010)015 [arXiv:1003.2422].

[11] J. Ellis 2010 New Light on Dark Matter from the LHC. [arXiv:1011.0077].

[12] J. Billard, F. Mayet, J. F. Macias-Perez, D. Santos, C. Grignon and O. Guillaudin 2010 Directional detection of Dark Matter. Proc. of the 45th Rencontres De Moriond: Electroweak Interactions And Unified Theories, 6-13 Mar 2010, La Thuile, Italy [arXiv:1004.2365] R. Foot 2010 A comprehensive analysis of the dark matter direct detection experiments in the mirror dark matter framework. Phys. Rev. D82, 095001 [arXiv:1008.0685].

[13] E. Linder 2008 The Dynamics of Quintessence, The Quintessence of Dynamics.

Gen. Rel. Grav. 40, 329-356

[14] R. Durrer and R. Maartens 2008 Dark Energy and Modified Gravity. Gen. Rel.

Grav. 40, 301-328;

R. Maartens and R. Durrer, 2010, Dark Energy and Modified Gravity, in ”Dark Energy: Observational & Theoretical Approaches”, ed. Ruiz-Lapuente, P., Cambrige University Press, pp48-91.

[15] S. Capozziello and M. Francaviglia 2008 Extended Theories of Gravity and their Cosmological and Astrophysical Applications. Gen. Rel. Grav. 40, 357-420.

[16] R. Maartens 2004 Brane-world gravity. Living Rev. Rel. 7, 7 [arXiv:grqc/0312059];

V. Sahni, 2005 Cosmological surprises from braneworld models of dark energy. [arXiv:astro-ph/0502032];

R. Durrer, 2005 Braneworlds. AIP Conf. Proc. 782, 202 [arXiv:hepth/0507006].

[17] G. R. Dvali, G. Gabadadze and M. Porrati 2000 Metastable gravitons and infinite volume extra dimensions. Phys. Lett. B 484, 112 G. R. Dvali, G. Gabadadze and M. Porrati, 2000 4D gravity on a brane in 5D Minkowski space., Phys. Lett. B 485, 208.

[18] M. Ostrogradski 1850 Memoire de l’Academie St. Petersbourg. Ser. VI 4, 385.

[19] R. P. Woodard 2006 Avoiding Dark Energy with 1/R Modifications of Gravity.

[arXiv:astro-ph/0601672].

[20] C. de Rham 2009 An Introduction to Cascading Gravity and Degravitation.

Can. J. Phys. 87, 201-220 [arXiv:0810.0269].

[21] T. Jacobson 1995 Thermodynamics of Spacetime: The Einstein Equation of State. Phys. Rev. Lett. 75, 1260 [arXiv:astro-ph/9504004].

[22] T. Padmanabhan 2010 Thermodynamical Aspects of Gravity: New insights.

Rep. Prog. Phys. 73, 046901 [arXiv:0911.5004].

[23] T. Buchert 2008 Dark Energy from structure: a status report. Gen. Rel. Grav.

40, 467-527.

[24] S. Räsänen 2008 The effect of structure formation on the expansion of the universe, Int. J. Mod. Phys. D17, 2543-2548 [arXiv:0805.2670].

[25] C. Clarkson and R. Maartens 2010 Inhomogeneity and the foundations of concordance cosmology. Class. Quantum Grav. 27, 124008 [arXiv:1005.2165].

[26] K. Enqvist 2008 Lemaitre-Tolman-Bondi model and accelerating expansion .

Gen. Rel. Grav. 40, 451-466.

[27] A. Kim et al. 1997 Implications For The Hubble Constant from the First Seven Supernovae at z ≥ 0.35. Astrophys. J. 476, L63-L67 [astro-ph/9701188].

[28] B. Nicols 2011, private communication.

[29] A. Lewis, A. Challinor, and A. Lasenby 2000 Efficient computation of CMB anisotropies in closed FRW models. Astrophys. J. 538, 473-476 [arXiv:astroph/9911177].

[30] D. Eisenstein and W. Hu 1998 Baryonic features in the matter transfer function. Astrophys. J. 496, 605 [arXiv:astro-ph/9709112].

[31] F. Montanari and R. Durrer 2011 An analytic approach to baryon acoustic oscillations. Phys. Rev D84, 023522.

[32] F. Sylos Labini 2010 Breaking of self-averaging properties and selection effects in the Luminous Red Galaxies sample. [arXiv:1011.4855].

[33] A. Cabre, E. Gaztanaga 2010 Have Baryonic Acoustic Oscillations in the galaxy distribution really been measured? Mon. Not. Roy. Ast. Soc. Lett. 412, L98-L102 [arXiv:1011.2729].

[34] see website http://www.esa.int/esaSC/120398 index 0 m.html.

[35] R. Durrer 2008 The Cosmic Microwave Background. 401p, Cambridge University Press.

[36] M. Vonlanthen, S. Räsänen and R. Durrer 2010 Model-independent cosmological constraints from the CMB. JCAP 08, 023 (DOI: 10.1088/1475-7516/2010/08/023).

[37] B. Joachimi and S.L. Bridle 2010 Simultaneous measurement of cosmology and intrinsic alignments using joint cosmic shear and galaxy number density correlations. Astron. Astrophys. 523, A1.

[38] B.A. Reid et al. 2010 Cosmological Constraints from the Clustering of the Sloan Digital Sky Survey DR7 Luminous Red Galaxies. Mon. Not. Roy. Astron.Soc. 404, 60-85 (DOI: 10.1111/j.1365-2966.2010.16276.x) [arXiv:0907.1659v2].

[39] R. Durrer, A. Gabrielli, M. Joyce and F. Sylos Labini 2003 Bias and the power spectrum beyond the turn-over. Astrophys.J. 585, L1-L4

[40] J. Béltran and R. Durrer 2010 Effects of biasing on the matter power spectrum at large scales. [arXiv:1006.2343].

[41] J. Yoo, M. Zaldarriaga, and L. Hernquist 2009 New Perspective on Galaxy Clustering as a Cosmological Probe: General Relativistic Effects. Phys. Rev. D80, 083514.

[42] J. Yoo 2010 General Relativistic Description of the Observed Galaxy Power Spectrum: Do We Understand What We Measure?, Phys. Rev. D82, 083508.

[43] C. Bonvin and R. Durrer 2011 What galaxy surveys really measure. in Phys.

Rev. D84, 063505 [arXiv:1105.5280].

[44] N. Bahcall and R. Cen 1992 Galaxy clusters and cold dark matter - A lowdensity unbiased universe? Astrophys. J. 398, L81-L84.

[45] Pierpaoli, E., Scott, D. and White, M. 2001 Power spectrum normalization from the local abundance of rich clusters of galaxies. Mon. Not. Roy. Astron. Soc. 325, 77.

[46] C. Dyer and R. Roeder 1972 The Distance-Redshift Relation for Universes with no Intergalactic Medium. Astrophys. J. Lett. 174, L115.

[47] S. Weinberg 1976 Apparent luminosities in a locally inhomogeneous universe.

Astrophys. J. 208, L1.

[48] D. Wiltshire 2007 Exact solution to the averaging problem in cosmology. Phys.

Rev. Lett. 99, 251101 [arXiv:0709.0732];

D. Wiltshire 2008 Dark energy without dark energy. In ”Dark Matter in Astroparticle and Particle Physics: Proceedings of the 6th International Heidelberg Conference”, eds H.V. Klapdor-Kleingrothaus and G.F. Lewis, (World Scientific, Singapore), 565-596 [arXiv:0712.3984], D. Wiltshire 2008 Cosmological equivalence principle and the weak-field limit. Phys. Rev. D78, 084032 [arXiv:0809.1183].

[49] S. Räsänen 2006 Accelerated expansion from structure formation.

JCAP0611:003 [arXiv:astro-ph/0607626], S. Räsänen 2006 Evaluating backreaction with the peak model of structure formation. JCAP0804:026, [arXiv:0801.2692].