arXiv:1306.2546v1 [astro-ph.CO] 11 Jun 2013

Principal Component Analysis of Modified Gravity using Weak Lensing and Peculiar Velocity Measurements

Shinsuke Asaba^1, Chiaki Hikage^2, Kazuya Koyama^3, Gong-Bo Zhao^{4,3}, Alireza Hojjati^5, Levon Pogosian^{6,7,3} 1Department of Physics, Graduate School of Science, Nagoya University, Aichi 464-8602, Japan 2Kobayashi Maskawa Institute (KMI), Nagoya University, Aichi 464-8602, Japan 3Institute of Cosmology and Gravitation, University of Portsmouth, Portsmouth, PO1 3FX, UK 4National Astronomy Observatories, Chinese Academy of Science, Beijing, 100012, P.R.China 5Institute for the Early Universe, Ewha Womans University, Seoul, 120-750, Korea 6Department of Physics, Simon Fraser University, Burnaby, British Columbia, V5A 1S6, Canada 7Centre for Theoretical Cosmology, DAMTP, University of Cambridge, CB3 0WA, UK (Dated: June 12, 2013)

We perform a principal component analysis to assess ability of future observations to measure departures from General Relativity in predictions of the Poisson and anisotropy equations on linear scales. In particular, we focus on how the measurements of redshift-space distortions (RSD) observed from spectroscopic galaxy redshift surveys will improve the constraints when combined with lensing tomographic surveys. Assuming a Euclid-like galaxy imaging and redshift survey, we find that adding the 3D information decreases the statistical uncertainty by a factor between 3 and 10 compared to the case when only observables from lensing tomographic surveys are used. We also find that the number of well-constrained modes increases by a factor between 3 and 6. Our study indicates the importance of joint galaxy imaging and redshift surveys such as SuMIRe and Euclid to give more stringent tests of the ΛCDM model and to distinguish between various modified gravity and dark energy models.

I. INTRODUCTION

Finding the origin of the accelerated cosmic expansion discovered by the distance measurements using Type Ia supernovae (SNe) [1, 2] is a major goal in modern cosmology. The current standard model, Λ Cold Dark Matter (ΛCDM), in which dark matter and dark energy (DE) comprise 96% of the total energy in the universe, can explain the cosmic acceleration and is also supported by other observations, such as cosmic microwave background (CMB) [3] and galaxy distribution [4]. Various DE models such as quintessence [5], and K-essence [6], have been proposed; however, we do not have direct evidence of the existence of DE. An alternative way to explain the accelerating expansion is modified gravity (MG) in which general relativity (GR) is modified on cosmological scales, as in the tensor-vector-scalar theory of gravity[7], Dvali-Gabadadze-Porrati model [8], MOND[9], Einstein-Aether theory [10], f (R) model [11, 12], or Galileon gravity [13] (see [14] for a review).

A promising way to distinguish DE from MG models is observing the galaxy distribution and weak lensing in detail in order to track the evolution of matter density fluctuation and the perturbations associated with the metric. Perturbative approaches and numerical simulations have been used to study evolution of cosmological perturbations in MG [15–18]. One can constrain the properties of dark energy and various MG models by comparing predictions of theoretical models with various ongoing and planned galaxy redshift and lensing surveys such as Dark Energy Survey (DES) [19], Baryon Oscillation Spectroscopic Survey (BOSS) [20], Large Synoptic survey Telescope (LSST) [21], Subaru Measurement of Images and Redshift (SuMIRe) [22], BigBOSS [23, 24], Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) [25], and Euclid [26].

One approach to studying MG is to constrain parameters describing each MG model from observations. However, such model-dependent methods only constrain a finite range of possibilities, and cannot anticipate all types of deviations from GR. Another approach is to constrain departures from GR in a model-independent way, i.e. to parametrize the Poisson and anisotropy equations describing the relation between metric perturbations and the stress-energy tensor by two functions μ and γ, respectively, that depend on k and z [27, 28] (this parametrization is equivalent to G̃_{eff} -η in [29] and Q-η in [30]; see Refs. [31–35] for alternative approaches). Such a parametrization can be applied to a broad class of MG models, including the f (R) and DGP models. (Unclustered) DE scenarios based on GR, including the ΛCDM model, satisfy the condition of μ = γ = 1 and thereby any significant detection of the departure from unity would falsify ΛCDM and a broad class of DE models. It is difficult, however, to constrain two arbitrary functions of two variables, μ(k, z) and γ(k, z), although there were several works in which they were partially constrained by current observations after assuming some functional forms [36–38]. Principal Component Analysis (PCA) provides an efficient way to compress the parameter space and forecast the well-constrained independent modes for different types of observations [39–41]. A broad class of MG models can be described by some linear combinations of the eigenmodes, and thus the uncertainties in the eigenmodes can be translated into forecasted constraints on parameters in specific MG models.

We perform a PCA of μ(k, z) and γ(k, z) for lensing tomographic surveys combined with galaxy redshift surveys. Several joint galaxy imaging and redshift surveys, such as SuMIRe and Euclid, are planned. Here we perform a Fisher analysis to compute the eigenmodes of μ and γ in (k, z) space assuming an Euclid-like survey. We study features of the principal component modes and forecast their associated errors. In [39, 40], a PCA was performed for the upcoming lensing surveys, such as DES and LSST, combined with Planck and Type Ia SNe dataset. In this paper, we demonstrate quantitatively and qualitatively the improvement by adding the spectroscopic galaxy redshift survey.

This paper is organized as follows. In Sec. II, we introduce the MG parameters and the PCA. In Sec. III, we explain the observables derived from lensing and redshift-space galaxy clustering and describe the experiments assumed in our forecasts and how to perform the Fisher analysis. In Sec. IV, we show the results of the PCA, focusing specially on how the information of the spectroscopic galaxy redshift survey improves the constraints on the parameters. We discuss our results in Sec. V. Sec. VI is devoted to summary and conclusions.

II. FORMALISM

A. Parametrization of Modified Gravity

We study the linear evolution of the matter density fluctuation and metric perturbations around the flat Friedmann-Robertson- Walker metric in the Newtonian gauge. The line element is given by

ds^2 = a(τ)^2[−(1 + 2Ψ)dτ^2 + (1 − 2Φ)dx^2], (1)

where Ψ and Φ are, respectively, the gravitational potential and curvature perturbation, and τ is the conformal time. In Fourier space, the linearly perturbed energy-momentum conservation equations for matter are given by δ̇ + θ − 3Φ̇ = 0, (2) θ̇ + Hθ − k^2Ψ = 0, (3)

where δ ≡ δρ/ρ is the matter density contrast, θ ≡ ik^av_a is the divergence of the velocity field, the dot indicates differentiation with respect to conformal time τ, and H ≡ a^{−1}da/dτ. We need two additional equations to solve for the behavior of the four perturbation variables: δ, θ, Ψ, and Φ. In GR, Einstein’s equations set the relation between the matter density and the gravitational potential:

k^2Ψ = −4πa^2GρΔ, (4)

where Δ is the comoving density perturbation, Δ = δ + 3aHθ/k, and the relation between the two metric perturbations:

k^2(Φ − Ψ) = 12πa^2G(ρ + P)σ, (5)

where σ is the anisotropic stress. In the ΛCDM model, the anisotropic stress of the matter is negligible during matter dominated era, and thus Φ = Ψ. In MG, the relations among matter density and the two metric perturbations can be different from Eqs. (4) and (5). We characterize MG by modifying these relations as follows:

k^2Ψ = −4πa^2Gμ(k, z)ρΔ, (6) Φ Ψ = γ(k, z), (7)

where μ and γ are unity for all k and z in GR. So, deviations of (μ, γ) from unity would indicate a deviation from ΛCDM. From Eqs. (2), (3) and (6), we get the linear evolution equation of the matter density contrast on sub-horizon scales δ̈ + Hδ̇ − 4πa^2Gμ(k, z)ρδ = 0, (8)

where the contribution of Φ̇ is small enough to ignore when H/ak ≪ 1. In GR (μ = 1), the growing mode solution of Eq. (8) in the matter dominated era is given by D ∝ H a ∫_a 0 da H^3

, (9)

where D is called the linear growth factor and is independent of scale. In MG, D generally has a different dependence of k and z. It follows from our parametrization that the relation between the lensing potential Φ + Ψ and the matter density is given by

k^2(Φ + Ψ) = −8πa^2GΣ(k, z)ρδ, (10)

where Σ = μ(1 + γ)/2.

Lensing tomography is sensitive to the change of lensing potential, which is proportional to Σ. On the other hand, large-scale anisotropy of galaxy clustering due to the bulk motion of galaxies included in the observed galaxy power spectra in the redshiftspace, i.e., redshift-space distortions (RSD) [42] , provides a powerful tool to constrain μ. Hence, combining RSD measurements with the lensing tomography can reduce the degeneracy between μ and γ [43, 44].

B. Principal Component Analysis

The parameter space of μ(k, z) and γ(k, z) is broad, with correlations between their values at different k and z. We perform a PCA to de-correlate the parameters and to extract the independent modes that are well constrained by observations. We do not assume any specific functional forms of μ(k, z) and γ(k, z), and instead pixelise them into a m × n number of pixels in the (k, z) space. Both μ and γ are linearly equally divided into m = 15 bins in k between 0 ≤ k[h/Mpc] ≤ 0.3, where the non-linearity is mildly small^1. For any given k, we have n = 15 bins uniform in redshift in the range of 0 ≤ z ≤ 3, which gives us sufficient resolution to study the degeneracy between μ and γ using a set of experiments considered in this work. We fix μ = γ = 1 if z > 3 simply because the experiments we shall use in the work do not have tomographic information at those redshifts, making it impossible to investigate the variation of μ or γ at such high redshifts. Note, however, a change in the total growth from early universe to z = 3 does have an effect to the low-z growth pattern, and this was studied in details in [39, 40]. We do not consider this effect in this work for simplicity. Given the above mentioned pixelisation for both μ and γ, we then study the 2m × n-dimensional parameter space of μ and γ.

We characterize the cosmic expansion history and initial conditions of the universe based on the ΛCDM model with the standard set of six cosmological parameters with Planck priors. We take Planck’s best-fit model as the fiducial model [45]: the baryon density Ω_bh^2 = 0.022161, the CDM density Ω_ch^2 = 0.11889, Hubble parameter H_0 = 100h = 67.77[km/s/Mpc], the optical depth τ = 0.0952, the scalar spectral index n_s = 0.9611, and the amplitude of scalar perturbation log(10^{10}A_s) = 3.0973 at k_0 = 0.05[Mpc^{−1}]. We assume that the universe is flat, and Ω_Λ = 1 − (Ω_c + Ω_b). The dark energy equation-of-state parameter w is fixed to be −1. We also consider the galaxy linear bias b_i in each tomographic and spectroscopic redshift bin (the binning is described in Sec. III) as free parameters with the fiducial values set as b(z) = √ 1 + z, as used in [46]. The total number of the parameters that we consider is 2mn + 6 + N_b where N_b denotes the number of the galaxy biases of the galaxy number count and the galaxy power spectra.

In order to know the expected constraint on each parameter and the degeneracy among different parameters from future surveys, we calculate the covariance matrix given by

C_{i j} ≡ ⟨(p_i − p̄_i)(p_j − p̄_j)⟩, (11)

where p̄_i are the fiducial value of i-th parameter. Because the MG parameters are correlated with each other, it is difficult to constrain all of the parameters individually. Thus, we perform the PCA to obtain the uncorrelated parameter combinations (i.e. the eigenmodes) of μ(k, z) and γ(k, z). Bounds on these eigenmodes can be used to forecast constraints on all kinds of MG model. The eigenmodes of μ(k, z) and γ(k, z) are obtained by diagonalizing the covariance matrix associated with μ and γ:

C = W^T ΛW, (12) Λ_{i j} = λ_iδ_{i, j}, (13) W = (w_1, w_2, · · · , w_n). (14)

Each eigenmode w_i represents the independent modes in (k, z) space and the expected error σ_i of each eigenmode is given by the square root of the eigenvalue λ_i. The smaller the eigenvalue means that the corresponding eigenmode is better constrained from the assumed survey.

We can also obtain the covariance matrix of Σ from the covariance matrix of μ and γ [40]

C_{ΣiΣ j} = 1 4 [μ_iμ_jC_{γiγ j} + (1 + γ_i)(1 + γ_j)C_{μiμ j} + (1 + γ_i)μ_jC_{μi γ j} + μ_i(1 + γ_j)C_{γiμ j} ]. (15)

We also perform a PCA of Σ in this work.

III. OBSERVABLES

A. Measurements

We forecast the constraints on MG parameters from lensing tomography and galaxy redshift surveys combined with CMB temperature and polarization maps.

1 Note that our binning in k is different from the previous works of [39, 40], where the k-binning is logarithmically uniform on very large scales to test whether CMB can constrain any k-modes. Since our main interest in this work is on sub-horizon scales, we simply set the binning linearly equal on all range of k.

Lensing tomographic surveys provide measurements of the weak lensing shear (WL), the angular galaxy-galaxy autocorrelation or galaxy number counts (GC), and their cross-correlation known as galaxy-galaxy lensing. The auto- and crosscorrelation functions in the angular space can be written as C^{XY} (θ) ≡ ⟨X(n̂_1)Y(n̂_2)⟩, where X and Y denote the lensing, density fluctuation and CMB temperature and polarization fields. The correlation functions can be further be expanded into the Legendre series:

C^{XY} (θ) = ∞∑ ℓ=0 2ℓ + 1 4π C^{XY}_ℓ P_ℓ(cos θ), (16)

where C^{XY}_ℓ is the angular power spectrum, and can be rewritten in the flat universe as

C^{XY}_ℓ = 4π ∫ dk k Δ^2_RI^X_ℓ (k)I^Y_ℓ (k), (17)

where Δ^2_R is the primordial curvature power spectrum, and I_ℓ(k) are the transfer functions defined as

I^X_ℓ (k) =

∫_{z∗} 0 dzW_X (z) j_ℓ[kr(z)]X̃(k, z), (18)

where the redshift z_∗ is high enough so that the standard initial conditions can be applied, W_x(z) is the window function related to the redshift distribution of observables, j_ℓ are the Bessel function, r(z) is the comoving distance, and X̃(k, z) is the Fourier transform of the three-dimensional field X(n̂r(z), z). We bin the galaxies in several photometric redshifts and write the transfer function of GC and WL respectively as,

I^{Gi}_ℓ (k) = b^{2D}_i

∫_{z∗} 0 dzW_{Gi} (z) j_ℓ[kr(z)]δ(k, z), (19)

I^{κi}_ℓ (k) =

∫_{z∗} 0 dzW_{κi} (z) j_ℓ[kr(z)](Ψ + Φ), (20)

where b^{2D}_i is the galaxy linear bias in the i-th tomographic redshift bin, δ(k, z) is the density contrast transfer function, and W_{Gi} (z) is the normalized selection function for the i-th tomographic redshift bin given by

W_{Gi} (z) =

N_{Gi} (z)

N^i

, (21)

N_{Gi} (z) = 1 2 N_G(z) [ erfc ( z_{i−1} − z √ 2σ(z) ) − erfc ( z_i − z √ 2σ(z) )] , (22)

where erfc is the complementary error function, N^i is the total number of galaxies in the i-th tomographic redshift bin, and N_G(z) is the angular number density of galaxies per redshift. We assume a Gaussian distribution of source galaxies around the mean redshift z_i with the photometric redshift scatter of σ(z) = Δz(1 + z). In Eq. (20), W_{κi} (z) denotes the window function for the i-th tomographic redshift bin of sheared galaxies given by

W_{κi(z)} =

∫_∞ z dz^′ r(z^′) − r(z) r(z)

W_{si} (z^′), (23)

where W_{S i} (z) is the normalized redshift distribution. WL depends on both μ and γ, since both of them affect the lensing potential Φ + Ψ. GC probes the growth of structure and thus depends primarily on μ. GC also depends on γ via the magnification bias [47, 48].

Cosmic microwave background (CMB) depends on Σ through the Integrated Sachs-Wolfe (ISW) effect

I^{ISW}_ℓ (k) =

∫_{z∗} 0 dze^{−τ(z)} j_ℓ[kr(z)] ∂ ∂z [Ψ + Φ], (24)

where τ(z) is the opaqueness function. Here we do not take into account the CMB lensing effect.

We consider the cross-power spectra among WL, GC and CMB. The cross correlation of WL with GC, i.e., galaxy-galaxy lensing not only increases the statistical accuracy but is also important to eliminate the systematic uncertainty due to the galaxy bias. We also include the angular cross-power spectra of CMB with WL and GC generated via the ISW effect. If we divide the photometric galaxies into M bins for GC and N bins for WL, the total number of the angular power spectra obtained from CMB, WL, GC and their cross correlations becomes 3 + M(M + 1)/2 + N(N + 1)/2 + M + N + MN. We assume that CMB polarization is not correlated with WL and GC measurements.

Galaxy redshift surveys provide information about the 3-dimensional distribution of galaxies and the peculiar velocities through RSD. We use the information from galaxy power spectra in the redshift-space (3D) observed from the spectroscopic surveys P^{obs}_g (k, c, z) = P_{gg}(k, z) + 2c^2P_{gΘ}(k, z) + c^4P_{ΘΘ}(k, z), (25) where c is the cosine of the angle between k and the line of sight, P_{gg} is the true galaxy power spectrum, and P_{ΘΘ} is the power spectrum of the normalized peculiar velocity Θ ≡ θ/aH, and P_{gΘ} is the galaxy-velocity cross spectrum. We forecast the constraints on MG by calculating the angular power spectra and the matter power spectra using MGCAMB [27, 49, 50].

B. Fisher analysis

In order to estimate the uncertainty in each parameter, we perform the Fisher analysis (see [27, 40] for details). According to the Cramér-Rao inequality, the inverse of the Fisher matrix gives the lower bound on the variance in a given parameter p_i as 1/F_{ii} (other parameters fixed) or F^{−1}_{ii} (other parameters marginalised over),

F^{2D}_{ab} = f_{sky}

ℓ_{max}∑

ℓ=ℓ_{min}

2ℓ + 1 2 Tr ( ∂C_ℓ ∂p_a

C̃^{−1}_ℓ ∂C^ℓ ∂p_b

C̃^{−1}_ℓ ) , (26)

where p_a is the a-th parameter and C̃_ℓ is the covariance matrix of the angular power spectra containing the noise [51]. The range of ℓ is determined as ℓ_{min} ≃ π/(2 f_{sky}), assuming the observed sky is contiguous, and ℓ_{max} = 2000 to exclude the non-linear regime [52]. Varying μ or γ at a certain scale k mainly affects C_ℓ with the corresponding angular scale ℓ = kr(z), where r(z) is the comoving distance. The elements of C̃_ℓ are given by C̃^{XY}_ℓ = C^{XY}_ℓ + N^{XY}_ℓ , (27) where X and Y denote GC or WL at some tomographic redshift bin. Eq. (26) can be rewritten as

F^{2D}_{ab} = f_{sky}

ℓ_{max}∑

ℓ=ℓ_{min}

(2ℓ + 1) ∑ i j ∑ mn ∂C^{XiX j}_ℓ ∂p_a

C^{−1}_ℓ

∂C^{Xm Xn}_ℓ ∂p_b

, (28)

and the elements of the covariance matrix are C^{i j,mn}_ℓ = C̃^{Xi Xm}_ℓ C̃^{X j Xn}_ℓ + C̃^{Xi Xn}_ℓ C̃^{X j Xm}_ℓ . (29) We only consider the statistical errors of the GC and WL auto correlations at same tomographic redshift bins

N^{κiκ j}_ℓ = δ_{i j} γ^2_{rms} n^i_{gal}

, (30)

N^{GiG j}_ℓ = δ_{i j} 1 n^i_{gal}

, (31)

N^{κiG j}_ℓ = 0, (32) where n^i_{gal} is the angular number density per steradian in the i-th tomographic redshift bin and γ_{int} is the intrinsic ellipticity of galaxies. We numerically compute the derivatives ∂C^{XY}_ℓ /∂p_a using MGCAMB by slightly shifting each parameter from its fiducial value. For simplicity, we neglect various observational systematics such as photometric redshift errors and shape measurement error. See Ref. [40] for a study of the influence of these systematics. The fraction of the contiguous sky area f_{sky} depends on the measurement X(n̂) and also on the assumed surveys.

The Fisher matrix for the galaxy power spectra in the redshift-space is given by [53],

F^{3D}_{ab} = ∑ i ∫_{kmax} 0 k^2dk 2(2π)^2

∫_1 −1 dcV_{eff}(k, c, z_i)

∂ ln P^{obs}_g (k, c, z_i) ∂p_a

∂ ln P^{obs}_g (k, c, z_i)

∂p_b

, (33)

where k_{max} is set to be 0.35[h/Mpc] and V_{eff} (k, c, z_i) is the effective volume in each spectroscopic redshift bin given by

V_{eff} (k, c, z_i) = n^i_{3D}P^{obs}_g (k, c, z_i) n^i_{3D}P^{obs}_g (k, c, z_i) + 1 2 V_{survey}(z_i), (34)

V_{survey}(z_i) = 4π 3 f_{sky}[r(z_i + Δz/2)^3 − r(z_i − Δz/2)^3], (35)

Survey BOSS-like Euclid-like z 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 n(z)[10^{−3}(h/Mpc)^3] 0.3 0.3 0.3 1.25 1.92 1.83 1.68 1.51 1.35 1.20 1.00 0.80 0.58 0.38 0.35 0.21 0.11

TABLE I: Redshift survey parameters considered in this paper. Mean redshift of and the average galaxy number densities in each spectroscopic bins assumed for BOSS-like^2 and Euclid-like surveys.

and n^i_{3D} is the number density of the galaxies in each spectroscopic redshift bin. The numbers densities of the galaxies in the spectroscopic redshift bins are listed in Table I. We do not take into account the covariance between different spectroscopic redshift bins. We use a simple Kaiser formula to describe the galaxy power spectra P_{gg}, the peculiar velocity power spectra P_{gΘ}, and the galaxy-velocity cross spectra in the redshift-space P_{ΘΘ}:

P_{gg}(k, z) = (b^{3D}_i )^2P_{δδ}(k, z), (36)

P_{ΘΘ}(k, z) = f^2 P_{δδ}(k, z), (37)

P_{gΘ}(k, z) = √ P_{gg}P_{ΘΘ}, (38)

where b^{3D}_i is the galaxy linear bias in the i-th spectroscopic redshift bin, independent of b^{2D}_i in Eq. (19), f ≡ d ln D/d ln a is the logarithmic derivative of the growth factor, and P_{δδ} is the matter power spectrum. We assume that the effect of γ on the growth of matter is negligibly small, ∂P^{obs}_g /∂γ = 0. Here we treat 2D and 3D measurements independently and simply sum up their Fisher values. Actually, there should be some correlation between the measurements when they cover the same area. As discussed in Subsection 2.5 in [54], such correlation depends on k and decreases as the number of independent modes in the radial direction increases. The correlation can be quantitatively estimated using numerical simulations, however, the detailed analysis is left for future works.

C. Experiments

As in [27], we assumed CMB data from the three lowest frequency HFI channels of Planck with f_{sky} = 0.8. We also assume tomographic galaxy catalogues and WL data from a Euclid-like [46] survey, as well as spectroscopic galaxy catalogues from a Euclid-like (0.65 ≤ z ≤ 2.05) and from BOSS-like (0.35 ≤ z ≤ 0.65) [55] surveys. The redshift distribution of photometric galaxies in the tomography survey is given by

N_G(z) ∝ z^2 exp (−(z/z_0)^{3/2}), (39)

where z_0 = z_{mean}/1.412 is the peak of N_G(z) and we assume that the median redshift is z_{mean} = 0.9, the surface galaxy number density is n_{gal} = 30 per arcmin^2, and the covered region of the sky is 15,000 square degrees for both BOSS-like^2 and the Euclidlike survey [46]. We use the photometric redshift error Δz = 0.05, and the intrinsic galaxy shear γ_{int} = 0.22. We choose to have 8 tomographic redshift bins for WL and GC, with the widths of the bins being wider at higher z as the photometric redshift error increases, i.e. z_i = (0.2, 0.45, 0.75, 1.1, 1.5, 1.95, 2.45, 3.1). Table I lists the galaxy number densities n^i_{3D} for the BOSS-like and Euclid-like galaxy redshift surveys used in our forecast. The number of parameters for bias N_b is 8(2D) + 17(3D).

IV. RESULTS

In this section we show the results of the principal component analysis of μ, γ and Σ from 2D measurements (CMB, WL and GC auto- and cross-spectra) combined with 3D measurements of the galaxy redshift-space power spectra. We particularly focus on how the 3D information improves the constraints on the eigenmodes of μ, γ and Σ.

First we investigate the degeneracy of MG parameters with 6 cosmological parameters and the bias parameters. Table II lists the forecasted uncertainties in the cosmological parameters from the combinations of the various observations.^3 The

2 Note that the parameters we use for BOSS-like survey are different from those used in the actual BOSS survey, where the planed sky coverage is ∼ 10, 000deg^2 and the redshift distribution of CMASS sample is given in Fig.4 in [56]. Our choice of the number density is based on the BOSS project paper [57]. 3 We checked that our forecasts for the constraints on the cosmological parameters from CMB are consistent with the result of [58]. Note that the actual constraints on the cosmological parameters from Planck [45] are worse, because the polarization data has not been included in the Planck analysis yet, but it is included in our forecast.

parameter CMB CMB+WL CMB+GC CMB+WL+GC CMB+3D 2D 2D+3D 2D+3D (MG) Ω_bh^2 1.4 × 10^{−4} 1.0 × 10^{−4} 9.8 × 10^{−5} 9.8 × 10^{−5} 9.1 × 10^{−5} 9.7 × 10^{−5} 8.3 × 10^{−5} 9.0 × 10^{−5} Ω_ch^2 1.4 × 10^{−3} 3.0 × 10^{−4} 4.1 × 10^{−4} 2.9 × 10^{−4} 3.5 × 10^{−4} 2.5 × 10^{−4} 2.0 × 10^{−4} 2.3 × 10^{−4} h 6.4 × 10^{−1} 1.4 × 10^{−1} 1.8 × 10^{−1} 1.3 × 10^{−1} 1.8 × 10^{−1} 1.1 × 10^{−1} 6.2 × 10^{−2} 7.4 × 10^{−2} τ 4.6 × 10^{−3} 4.2 × 10^{−3} 4.3 × 10^{−3} 3.9 × 10^{−3} 2.6 × 10^{−3} 3.2 × 10^{−3} 2.0 × 10^{−3} 2.7 × 10^{−3} n_s 3.7 × 10^{−3} 2.3 × 10^{−3} 2.0 × 10^{−3} 1.5 × 10^{−3} 2.3 × 10^{−3} 1.5 × 10^{−3} 1.2 × 10^{−3} 1.6 × 10^{−3} 10^9 A_s 2.0 × 10^{−2} 1.7 × 10^{−2} 1.8 × 10^{−2} 1.6 × 10^{−2} 1.2 × 10^{−2} 1.3 × 10^{−2} 7.4 × 10^{−3} 1.1 × 10^{−2}

TABLE II: The forecasted 1σ uncertainties in the cosmological parameters expected from CMB (Planck) only and its combined with WL, GC and 3D (Euclid-like) information respectively. 2D means all information obtained by combining CMB, WL, and GC auto- and cross-power spectra. MG means the results after marginalizing over the MG parameters, i.e. μ and γ. Galaxy bias parameters in GC and 3D measurements are marginalized over for all of the results.

FIG. 1: The upper panels show the uncertainties in the amplitudes of the principal components (eigenmodes) of μ (red circles), γ (blue triangles) and Σ (black squares) from 2D+3D information. The number of principal components is ordered from small to large σ. For comparison, the lines shows the corresponding errors obtained from the 2D information only. The lower panel shows the ratio of errors for the eigenmodes with the same order number, which indicates the extent to which the eigenmodes are better constrained by adding the 3D information. Cosmological parameters and the galaxy bias parameters are marginalized over.

cosmological parameters are constrained mainly by CMB data, while LSS measurements significantly improve the accuracy of Ω_ch^2 and h because they are sensitive to Ω_c. When adding μ(k, z) and γ(k, z) as free parameters, the marginalized constraints on cosmological parameters weaken by up to 50% mainly due to the strong degeneracy between the amplitude A_s and the MG parameters: the change of the initial fluctuation amplitude can be compensated by the overall change of μ. We also find that the error on bias parameters in tomographic and spectroscopic bins increases only by about 10% after adding MG parameters. The degeneracy of the galaxy bias with MG parameters is small because we use the linear bias that does not depend on scale and almost all the well-constrained eigenmodes in Fig. 2 are oscillating along k-axis. Degeneracies between the cosmological parameters and different sets of MG parameters have been studied in detail in [59].

The upper panel of Fig. 1 shows the forecasted errors on amplitudes of principal components (eigenmodes) in the ascending order of σ, i.e. the eigenmodes are ordered from best constrained to worst. The lines represent the errors on eigenmodes of μ, γ and Σ from 2D only, while symbols represent the corresponding errors from a combination of 2D with 3D. In all cases, the covariance matrix is estimated by taking the inverse of a (2mn + 6 + N_b) × (2mn + 6 + N_b) Fisher matrix, but the eigenmodes and eigenvalues are estimated by separately diagonalizing the mn × mn covariance submatrices associated with μ and γ. The covariance matrix of Σ is calculated by using Eq. (15). The lower panel of Fig. 1 represents the ratio of the errors of eigenmodes with the same principal component number between 2D and 2D+3D. We find that adding 3D reduces the errors of μ and γ by a factor between 3 and 10.

Note that we used different redshift ranges for 2D only and 2D+3D measurements: 0.8 ≤ z ≤ 3.0 for 2D only and 0.4 ≤ z ≤ 2.8 for 2D+3D. Accordingly, the number of z-bins changes from n = 11 (2D) to n = 12 (2D+3D) with the binning width fixed to be 0.2 in redshift. Even though the maximum redshift for 2D+3D is smaller than that for 2D only, the result is insensitive to the maximum redshift because the number of observed galaxies at high redshift is small. A quantitative study on the effect of varying μ and γ at high-z is left for future work. A significant result of adding the 3D information is that the number of eigenmodes with σ < 1 increases from 40 to 123 for μ, from 11 to 81 for γ and from 110 to 140 for Σ after adding the 3D information. This improvement comes from the additional information in the radial modes provided by the 3D data. For Σ, eigenmodes are primarily constrained from WL observables and thus the improvement from adding the 3D information is relatively small.

Fig. 2 shows the first 16 principal component modes (eigenmodes) with small uncertainties for μ, γ and Σ, from top to bottom, in 2D (left) and 2D+3D (right). Each mini-panel describes w_i (Eq. (14)) in the (k, z) space (colours represent the amplitude). As shown in [40], if only the 2D measurements are used, the best constrained eigenmodes show oscillations in k, while new z-oscillation modes appear after each dozen or so k-oscillation modes. This indicates that the scale dependence of μ and γ is much better constrained than the z-dependence. This is because the departure of μ from unity at a certain z_i affects the clustering at all lower z and thus the degeneracy along z-axis becomes strong. Also, the WL kernel for a given angular moment ℓ receives contributions from k and z over a relatively wide range, and directly probes Σ rather than μ and γ individually. This results in an additional loss of sensitivity to the dependence of μ on z. On the other hand, when the 3D measurements are added, each eigenmode becomes sensitive to μ at a certain k because the departure of μ from unity at a certain scale k affects the 3D galaxy power spectrum only at the corresponding scale in the linear approximation. This is the reason why the eigenmodes of μ after adding the 3D measurements have peaks around a certain k. Some of the eigenmodes of γ (e.g. the 7-th, 9-th and 12-th) are also sensitive to specific scales, but the other eigenmodes still show oscillations in k because γ is constrained by both the angular power spectra and the galaxy power spectra. On the other hand, Σ is mainly determined by the 2D measurements thus their eigenmodes do not change much even if we add the 3D information.

V. DEGENERACIES BETWEEN μ AND γ

In order to understand the cause of the degeneracy between μ and γ, and how the 3D information resolves it, we consider the simplest case where the MG parameters consist of just 2 parameters μ and γ at some specific k and z and neglect the correlation with other k and z. We also ignore the degeneracy with other parameters, such as Ω_M and the bias, here for simplicity.

First we consider the 2D measurements only. From the relation between the lensing potential and the matter perturbation, Eq. (10),

C^{WL}_ℓ ∝ [μ(1 + γ)/2]^2, (40)

and the derivatives of the angular power spectra with respect to μ and γ are given

∂C^{WL} ∂μ ∝ μ(1 + γ)^2/2, (41)

∂C^{WL} ∂γ ∝ μ^2(1 + γ)/2. (42)

Therefore, the response of μ and γ to the angular power spectra of WL has the following relation:

∂C^{WL}_ℓ ∂μ = (1 + γ) μ ∂C^{WL}_ℓ ∂γ = 2 ∂C^{WL}_ℓ ∂γ , (43)

where we used the fiducial values of μ and γ, μ = γ = 1. Thus the Fisher information given by WL has the relation of F^{WL}_{μμ} = 4F^{WL}_{γγ} , and, thereby, the parameters of μ and γ are completely degenerate with each other. Note that the lensing potential has additional μ-dependence through the growth of the density perturbation δ but this additional μ-dependence is weak and also this does not change the fact that μ and γ are completely degenerate in WL measurements. We found that the dominant contribution of the 2D measurements comes from WL auto-correlations and cross-correlations between WL and GC through magnification bias effects and this is the origin of the degeneracy between μ and γ when only the 2D measurements are used.

Assuming that μ and γ are maximally correlated, i.e., F^{2D}_{μγ} = √ F^{2D}_{μμ} F^{2D}_{γγ} ∼ 2F^{2D}_{γγ} , we find that the total Fisher matrix from 2D measurements can be approximated as F = F^{2Dγγ} F^{2Dγμ} F^{2D}_{μγ} F^{2D}_{μμ} = F^{2Dγγ} 2F^{2Dγγ} 2F^{2D}_{γγ} 4F^{2D}_{γγ} + F̃^{2D}_{μμ}

, (44)

FIG. 2: Eigenmodes of μ, γ, and Σ from top to bottom. The left panels show the eigenmodes calculated from the 2D information (WL×GC×CMB) and the right panels are those from the 2D+3D information.

where F̃^{2D}_{μμ} ≡ F^{2D}_{μμ} − 4F^{2D}_{γγ} . As the value of F̃^{2D}_{μμ} is smaller, the degeneracy between μ and γ is larger. The determinant of the Fisher matrix becomes det F = F^{2D}_{γγ} F̃^{2D}_{μμ} , and the covariance matrix is given by

C = F^{−1} = 4( F̃^{2D}_{μμ} )^{−1} + (F^{2D}_{γγ} )^{−1} −2(F̃^{2D}_{μμ} )^{−1} −2(F̃^{2D}_{μμ} )^{−1} (F̃^{2D}_{μμ} )^{−1}

. (45)

FIG. 3: Left and right panels show the values of F̃_{μμ} and F_{γγ} representing the inverse of the variance of μ and Σ (see Eq. (47) and (48)), respectively, at different k and z.

The variances of μ and γ are respectively given in terms of F̃^{2D}_{μμ} and F^{2D}_{γγ} as

C_{γγ} = 4(F̃^{2D}_{μμ} )^{−1} + (F^{2D}_{γγ} )^{−1}, (46) C_{μμ} = (F̃^{2D}_{μμ} )^{−1}, (47)

and, from Eq. (15), the variance of Σ is given by

C_{ΣΣ} = (4F^{2D}_{γγ} )^{−1}. (48)

From Eqs. (47) and (48), F̃^{2D}_{μμ} and F^{2D}_{γγ} represent the inverse of covariance of μ and Σ respectively. From Eq. (46), we find that both the values of F̃^{2D}_{μμ} and F^{2D}_{γγ} have to be larger than unity to constrain γ well.

However, it is difficult to obtain large F̃^{2D}_{μμ} and F^{2D}_{γγ} simultaneously at any redshifts from 2D measurements only. Fig. 3 shows the values of F̃^{2D}_{μμ} and F^{2D}_{γγ} at each k and z. The value of F̃^{2D}_{μμ} is larger at higher redshifts because a change of μ at high z affects the growth of structure at all lower z. On the other hand, F^{2D}_{γγ} has large values at low redshifts (z^<∼ 1) because WL is only sensitive to the change of γ between the source galaxies and the observer. Such differences in redshift ranges where μ and γ can be sensitively probed make it difficult to reduce the degeneracy between μ and γ at all redshifts. Furthermore, the constraints on μ from 2D measurements are much weaker (F̃^{2D}_{μμ} is smaller) compared to the constraints on Σ, and thus the constraints on μ and γ become weak.

Fig. 4 shows the contribution of each 2D measurement, i.e., CMB, WL, and GC to F̃^{2D}_{μμ} (right) and F^{2D}_{γγ} (left). Crosscorrelations among different measurements are not included in this figure. We can see that the main contribution to F̃^{2D}_{μμ} comes from GC, while the main contribution to F^{2D}_{γγ} comes from WL, which is as expected. The ISW effect in CMB affects F^{CMB}_{γγ} at small k and low z. From Fig. 4, we find the contribution of ISW is smaller than other contributions, because the ISW effect appears on large scales where the number of modes, given by 2ℓ + 1, is smaller. Moreover we can assume that F̃^{CMB}_{μμ} is zero. Thus, CMB is not directly constraining the modified gravity parameters. However, it helps to reduce the degeneracies between cosmological parameters and the MG parameters, thus tightening the constraints on MG parameters after marginalizing over cosmological parameters [59]. The contribution of WL to F̃^{WL}_{μμ} is non-zero because the number distribution of source galaxies is changed by μ at high-k. F^{GC}_{γγ} in Fig. 4 comes from the magnification bias effects. The reason that F^{2D}_{γγ} ≫ F^{CMB}_{γγ} + F^{WL}_{γγ} + F^{GC}_{γγ} is that the cross correlations, especially WL × GC (galaxy-galaxy lensing) are powerful tools for deriving information from weak lensing.

Next we see how the situation changes by adding in the 3D information. We denote the Fisher information of μ and γ from 3D as F^{3D}_{μμ} and F^{3D}_{γγ} , respectively, and we assume F^{3D}_{γγ} = 0. The determinant of the Fisher matrix and the variances of μ and γ are given by

det F = (F̃^{2D}_{μμ} + F^{3D}_{μμ} )F^{2D}_{γγ} , (49) C_{γγ} = 4(F̃^{2D}_{μμ} + F^{3D}_{μμ} )^{−1} + (F^{2D}_{γγ} )^{−1}, (50) C_{μμ} = (F̃^{2D}_{μμ} + F^{3D}_{μμ} )^{−1}. (51)

One can see that F^{3D}_{μμ} plays the same role as F̃_{μμ} in reducing the degeneracy between μ and γ because the correlation coefficient

FIG. 4: The contributions of CMB, WL and GC (in the order from top to bottom) auto correlations to F̃^{2D}_{μμ} (left panels) and F^{2D}_{γγ} (right panels).

becomes

C_{γμ} √ C_{γγ}C_{μμ} = − 1 + F̃^{2D}_{μμ}

4F^{2D}_{γγ}

−1/2

(2D only),

= − 1 + F̃^{2D}_{μμ} + F^{3D}_{μμ}

4F^{2D}_{γγ}

−1/2

(2D + 3D). (52)

Fig. 5 shows that F^{3D}_{μμ} is much larger than F̃_{μμ} in the left panel of Fig. 3. Therefore, the 3D information of the galaxy power spectra significantly improves the constraints on the parameters of μ and γ and reduce the degeneracy between μ and γ. Fig. 6 shows the correlation coefficient between μ and γ with and without the 3D information. The correlation coefficient is almost unity at z < 2, meaning that μ and γ have perfect degeneracy. However, the parameter space for the maximal degeneracy gets narrowed down to z ≲ 1.5 when the 3D information is added in. The reason for this degeneracy at z ≲ 1.5 is that the signal of

FIG. 5: Fisher matrix of μ from the 3D galaxy power spectra F^{3D}_{μμ} (Eq. (33)).

FIG. 6: The correlation coefficient Eq. (52) in (k, z) space by using only 2D only (left) and 2D+3D (right)

the weak lensing dominates here. However, we find that the degeneracy between μ and γ becomes weaker by adding the 3D information. Quantitatively, it results in a factor between 3 and 10 reduction of the errors over the redshift range that galaxy spectroscopic survey covers.

Note that, in principle the 3D information is not independent of GC, thus the correlation needs to be taken into account when combining them. But we ignore the correlation here since F^{3D}_{μμ} ≫ F̃^{2D}_{μμ} as seen from Fig. 5 and the left panel of Fig. 3.

VI. SUMMARY AND CONCLUSIONS

We performed a principal component analysis (PCA) to forecast the ability of future observations to measure departures from GR in Poisson, anisotropy and lensing potential equations parametrized by μ(k, z), γ(k, z) and Σ(k, z), respectively, in a model-independent way. We found that the galaxy power spectra in the redshift-space is a powerful tool for constraining μ and γ. Combining galaxy redshift surveys like BOSS and Euclid surveys with weak lensing tomography decreases the error on principal component modes by a factor between 3 and 10, and increases the number of informative modes approximately by a factor of 3 for μ and by 7 for γ. Such a gain in constraining MG parameters mainly comes from the fact that redshift-space distortion measurements from galaxy redshift surveys are a powerful tool to constrain μ and reduce the degeneracy between μ and γ, while lensing only constrains their combinations. Further, as shown in Table II, we find that the constraints on parameters of the modified gravity remain strong even if we take into account the uncertainty of cosmological parameters, because CMB measurements strongly constrain the cosmological parameters.

Our analysis neglects various systematic errors. For lensing, these include possible shifts of the centroids and the dispersion of photo z-bins photometric redshift error, and the shape measurement error (see Appendix in [40] for details). We also adopt a linear Kaiser formula to describe the redshift-space galaxy power spectra. More accurate formulae using P_{δθ} and velocity auto spectrum P_{θθ} are proposed by [60–62]. We neglect various non-linear effects on the galaxy clustering in redshift space.

FIG. 7: The error of the eigenmodes calculated from 2D and 3D. The triangle dots with the lines are the same as Fig. 1. The magenta square dots and the cyan circle dots are the error on the (μ, γ) and (μ, Σ) combined modes respectively. The mini-figure show the results enlarged where the principle component number is smaller.

Nonlinearity in galaxy biasing should be important at small scales and increases the uncertainty in measuring μ. Nonlinear redshift distortion effect, i.e., Finger-of-God effects, generates systematic uncertainties in the measurements of RSD [63]. Crosscorrelation measurements with WL decreases the uncertainty of FoG effect by measuring the off-centering of satellite galaxies [64]. Such improvements in the theoretical modeling are left for future work.

Acknowledgments

SA and CH are supported in part by Grant-in-Aid for Scientific researcher of Japanese Ministry of Education, Culture, Sports, Science and Technology (No. 24740160 for CH). KK is supported by STFC grant ST/H002774/1 and ST/K0090X/1, the European Research Council and the Leverhulme trust. KK thanks the Kobayashi-Maskawa Institute for the Origin of Particles and the Universe for its hospitality during his visit when this work was initiated. GBZ is supported by the 1000 young talents program in China, and by the University of Portsmouth. AH is supported by World Class University grant R32-2009-000-10130- 0 through the National Research Foundation, Ministry of Education, Science and Technology of Korea. LP is supported by an NSERC Discovery grant.

Appendix A: Combined modes

In the main text, we showed the eigenmodes obtained by diagonalizing independently the covariance matrix for μ, γ or Σ. We can instead obtain the eigenmodes in the whole (μ, γ) or (μ, Σ) parameter space. In other words, we can diagonalize the 2mn × 2mn covariance matrix which contains μ, γ(Σ) and cross-covariance of the two parameters. We call the eigenmodes obtained in this way the (μ, γ) or (μ, Σ) combined modes. We also call the part of the combined eigenmode associated with μ (γ or Σ) the μ (γ or Σ) surface.

Adding the information of the galaxy power spectra in the redshift-space increases the numbers of eigenmodes of the (μ, γ) and (μ, Σ) combined modes with σ < 1 from 141 to 237 and from 152 to 265, respectively. In the following, we show the result after adding the 3D information. Fig. 7 shows the error of the (μ, γ) or (μ, Σ) combined modes, and Fig. 8 shows the combined modes.

From Fig. 8, we find that the μ-surfaces and the Σ-surfaces of the (μ, Σ) combined modes are almost independent. In other words, when one of the surfaces has nodes, i.e. the regions that are constrained better, the other surface is hardly constrained. The reason is that μ and Σ are individually constrained from the galaxy distribution and the weak lensing respectively as we expect from Eq. (48) and Eq. (51). Moreover, the best-constrained eigenmode is the eigenmode constraining Σ, because max [4F^{2D}_{γγ} (k.z)] > max [F̃^{2D}_{μμ} (k, z) + F^{3D}_{μμ} (k, z)]. The eigenmode that has a distinct node on the μ-surface appears in the 14th

FIG. 8: The parameter-surfaces of the combined modes. The left panel show the eigenmodes of the (μ, γ) combined modes and the right panel show the eigenmodes of the (μ, Σ) combined mode.

(μ, Σ) combined eigenmode because from Fig. 7 the error on the best-constrained eigenmode of μ is larger than the error on the 13th eigenmode of Σ and smaller than the error on the 14th eigenmodes of Σ.

On the other hand, the μ-surfaces and γ-surfaces of the (μ, γ) combined modes have the same shapes and they have similar shapes to the eigenmodes of Σ up to the 16th eigenmodes. This is because Σ is expressed as a combination of μ and γ, and the constraints from the weak lensing is the strongest. The error on the best-constrained (μ, γ) combined mode is smaller than that of the (μ, Σ) combined modes because there is a degree of freedom in dividing the deviation of weak lensing measurements from ΛCDM into μ and γ, and μ at low-z, where we gain the most information from weak lensing, is constrained only weakly by the galaxy distribution.

Moreover the shape of (μ, γ) combined eigenmodes is a mixture of the μ and Σ eigenmodes. For example, the elongated feature in z-direction at k = 0.2 − 0.3 clearly seen in the 16 or 17th mode comes from the first eigenmode of μ (see the top-right panel in Fig 2). This can be understood from the minipanel of Fig. 7 because the error of the best-constrained mode of μ is nearly equal to the error of the 17th (μ, γ) combined mode.

[1] A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P. M. Garnavich, R. L. Gilliland, C. J. Hogan, S. Jha, R. P. Kirshner, et al., AJ 116, 1009 (1998), arXiv:astro-ph/9805201.

[2] S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, P. Nugent, P. G. Castro, S. Deustua, S. Fabbro, A. Goobar, D. E. Groom, et al., Astrophys. J. 517, 565 (1999), arXiv:astro-ph/9812133.

[3] The Planck Collaboration, ArXiv Astrophysics e-prints (2006), arXiv:astro-ph/0604069. [4] A. G. Sanchez, C. Scoccola, A. Ross, W. Percival, M. Manera, et al. (2012), 1203.6616. [5] C. Wetterich, Nuclear Physics B 302, 668 (1988).

[6] T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000), arXiv:astro-ph/9912463. [7] J. D. Bekenstein, Phys. Rev. D 70, 083509 (2004), arXiv:astro-ph/0403694. [8] G. Dvali, G. Gabadadze, and M. Porrati, Physics Letters B 485, 208 (2000), arXiv:hep-th/0005016. [9] M. Milgrom, Astrophys. J. 270, 371 (1983).

[10] C. Eling, T. Jacobson, and D. Mattingly, ArXiv General Relativity and Quantum Cosmology e-prints (2004), arXiv:gr-qc/0410001. [11] S. Capozziello, S. Carloni, and A. Troisi, Recent Res.Dev.Astron.Astrophys. 1, 625 (2003), astro-ph/0303041. [12] S. M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner, Phys. Rev. D 70, 043528 (2004), arXiv:astro-ph/0306438. [13] A. Nicolis, R. Rattazzi, and E. Trincherini, Phys. Rev. D 79, 064036 (2009), 0811.2197. [14] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Phys.Rept. 513, 1 (2012), 1106.2476. [15] H. Oyaizu, M. Lima, and W. Hu, Phys. Rev. D 78, 123524 (2008), 0807.2462. [16] G.-B. Zhao, B. Li, and K. Koyama, Phys. Rev. D 83, 044007 (2011), 1011.1257. [17] B. Li, G.-B. Zhao, R. Teyssier, and K. Koyama, JCAP 1201, 051 (2012), 1110.1379. [18] E. Puchwein, M. Baldi, and V. Springel, ArXiv e-prints (2013), 1305.2418. [19] http://www.darkenergysurvey.org/ . [20] http://www.sdss3.org/surveys/boss.php . [21] http://www.lsst.org/ . [22] http://sumire.ipmu.jp/en/ .

[23] D. J. Schlegel et al., arXiv:0904.0468 (2009), 0904.0468.

[24] http://bigboss.lbl.gov/ . [25] http://hetdex.org/ . [26] http://www.euclid-ec.org.

[27] G.-B. Zhao, L. Pogosian, A. Silvestri, and J. Zylberberg, Phys. Rev. D 79, 083513 (2009), 0809.3791. [28] L. Pogosian, A. Silvestri, K. Koyama, and G.-B. Zhao, Phys. Rev. D 81, 104023 (2010), 1002.2382. [29] P. Zhang, M. Liguori, R. Bean, and S. Dodelson, Physical Review Letters 99, 141302 (2007), 0704.1932. [30] L. Amendola, M. Kunz, and D. Sapone, JCAP 4, 013 (2008), 0704.2421. [31] W. Hu and I. Sawicki, Phys.Rev. D76, 104043 (2007), 0708.1190.

[32] T. Baker, P. G. Ferreira, C. Skordis, and J. Zuntz, Phys.Rev. D84, 124018 (2011), 1107.0491. [33] J. Zuntz, T. Baker, P. Ferreira, and C. Skordis, JCAP 1206, 032 (2012), 1110.3830. [34] T. Baker, P. G. Ferreira, and C. Skordis, Phys.Rev. D87, 024015 (2013), 1209.2117. [35] R. A. Battye and J. A. Pearson (2013), 1301.5042.

[36] G.-B. Zhao, T. Giannantonio, L. Pogosian, A. Silvestri, D. J. Bacon, K. Koyama, R. C. Nichol, and Y.-S. Song, Phys. Rev. D 81, 103510 (2010), 1003.0001.

[37] L. Samushia, B. A. Reid, M. White, W. J. Percival, A. J. Cuesta, L. Lombriser, M. Manera, R. C. Nichol, D. P. Schneider, D. Bizyaev, et al., Mon. Not. Roy. Astron. Soc. 429, 1514 (2013), 1206.5309.

[38] F. Simpson, C. Heymans, D. Parkinson, C. Blake, M. Kilbinger, J. Benjamin, T. Erben, H. Hildebrandt, H. Hoekstra, T. D. Kitching, et al., Mon. Not. Roy. Astron. Soc. 429, 2249 (2013), 1212.3339.

[39] G.-B. Zhao, L. Pogosian, A. Silvestri, and J. Zylberberg, Phys.Rev.Lett. 103, 241301 (2009), 0905.1326. [40] A. Hojjati, G.-B. Zhao, L. Pogosian, A. Silvestri, R. Crittenden, and K. Koyama, Phys. Rev. D 85, 043508 (2012), 1111.3960. [41] A. Hall, C. Bonvin, and A. Challinor, Phys.Rev. D87, 064026 (2013), 1212.0728. [42] N. Kaiser, Mon. Not. Roy. Astron. Soc. 227, 1 (1987).

[43] J. Guzik, B. Jain, and M. Takada, Phys.Rev. D81, 023503 (2010), 0906.2221.

[44] Y.-S. Song, G.-B. Zhao, D. Bacon, K. Koyama, R. C. Nichol, and L. Pogosian, Phys. Rev. D 84, 083523 (2011), 1011.2106. [45] Planck Collaboration, P. A. R. Ade, N. Aghanim, C. Armitage-Caplan, M. Arnaud, M. Ashdown, F. Atrio-Barandela, J. Aumont, C. Baccigalupi, A. J. Banday, et al., ArXiv e-prints (2013), 1303.5076.

[46] L. Amendola, S. Appleby, D. Bacon, T. Baker, M. Baldi, N. Bartolo, A. Blanchard, C. Bonvin, S. Borgani, E. Branchini, et al., ArXiv e-prints (2012), 1206.1225.

[47] E. L. Turner, J. P. Ostriker, and J. R. Gott, III, Astrophys. J. 284, 1 (1984). [48] J. Verner Villumsen, ArXiv Astrophysics e-prints (1995), arXiv:astro-ph/9512001. [49] http://www.sfu.ca/~aha25/MGCAMB.html.

[50] A. Hojjati, L. Pogosian, and G.-B. Zhao, JCAP 1108, 005 (2011), 1106.4543. [51] M. Tegmark, A. N. Taylor, and A. F. Heavens, Astrophys. J. 480, 22 (1997), arXiv:astro-ph/9603021. [52] T. Kitching and A. Taylor (2010), 1012.3479.

[53] M. Tegmark, Physical Review Letters 79, 3806 (1997), arXiv:astro-ph/9706198.

[54] E. Gaztañaga, M. Eriksen, M. Crocce, F. J. Castander, P. Fosalba, P. Marti, R. Miquel, and A. Cabré, Mon. Not. Roy. Astron. Soc. 422, 2904 (2012), 1109.4852.

[55] K. S. Dawson, D. J. Schlegel, C. P. Ahn, S. F. Anderson, É. Aubourg, S. Bailey, R. H. Barkhouser, J. E. Bautista, A. Beifiori, A. A.

Berlind, et al., AJ 145, 10 (2013), 1208.0022.

[56] L. Anderson, E. Aubourg, S. Bailey, D. Bizyaev, M. Blanton, A. S. Bolton, J. Brinkmann, J. R. Brownstein, A. Burden, A. J. Cuesta, et al., mnras 427, 3435 (2012), 1203.6594.

[57] http://www.sdss3.org/collaboration/description.pdf .

[58] L. P. L. Colombo, E. Pierpaoli, and J. R. Pritchard, Mon. Not. Roy. Astron. Soc. 398, 1621 (2009), 0811.2622. [59] A. Hojjati, JCAP 1301, 009 (2013), 1210.3903.

[60] R. Scoccimarro, Phys. Rev. D 70, 083007 (2004), arXiv:astro-ph/0407214. [61] T. Matsubara, Phys. Rev. D 78, 083519 (2008), 0807.1733.

[62] A. Taruya, T. Nishimichi, and S. Saito, Phys. Rev. D 82, 063522 (2010), 1006.0699. [63] C. Hikage and K. Yamamoto, ArXiv e-prints (2013), 1303.3380.

[64] C. Hikage, M. Takada, and D. N. Spergel, Mon. Not. Roy. Astron. Soc. 419, 3457 (2012), 1106.1640.