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Abstract. We show how it is possible to test general relativity and different models of
gravity via Redshift-Space Distortions using forthcoming cosmological galaxy surveys.
However, the theoretical models currently used to interpret the data often rely on simplifications that make them not accurate enough for precise measurements. We will discuss
improvements to the theoretical modeling at very large scales, including wide-angle and
general relativistic corrections; we then show that for wide and deep surveys those corrections need to be taken into account if we want to measure the growth of structures at a
few percent level, and so perform tests on gravity, without introducing systematic errors.
Finally, we report the results of some recent cosmological model tests carried out using
those precise models.

1 Introduction
The ΛCDM+GR paradigm is at the moment our best explanation for current observations; however,
its explanation for the accelerated expansion of the universe is based on a phenomenological model
with no strong theoretical foundation. This acceleration can be explained introducing a dark energy
component, or with modifications of Einstein’s General Relativity theory of gravitation on cosmological scales (see [1] for a review on different dark energy and modified gravity models).
These two approaches can be easily described by looking at how it is possible to modify Einstein’s
field equations. To explain the accelerated expansion of the universe, one can introduce a dark energy component and so modify the right-hand side of the Einstein’s equations (Eq. 1), or modify the
geometric side of them (Eq. 2):
de
Gµν = T µν + T µν
,

Gµν + GMG
µν

= T µν .

(1)
(2)

These modifications to the Einstein’s equations alter the gravitational growth of large-scale structures that we see traced by the distribution of galaxies. These structures derive from amplifications
of primordial fluctuations through gravitational instability; the rate at which structure grows offers
a key discriminant between cosmological models; different models predict different growth rate of
large-scale structure (e.g. [2–4]). Models with general relativity and a dark energy component predict
different large-scale structure formation compared with modified gravity models with the same background expansion (see e.g. [5–7]). Thus, observations of the large-scale structure of the Universe have
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played an important role in developing our standard cosmological model and will play an essential
role in our investigations on the origin of cosmic acceleration.
In this proceeding we show how we can use measurements of the clustering of galaxies to test
cosmological models and we present corrections to the standard analysis that will need to be introduced when considering galaxies with very large separations. Then we make use of prescriptions
and measurements of SDSS-II data from [8], to constrain two interesting alternatives to the standard
cosmology: a particular class of Unified Dark Matter (UDM) [9, 10] and the normal-branch DvaliGabadadze-Porrati (DGP) [11] models.
Clustering analyses are also complementary to other probes, since they depend on temporal metric perturbations, while e.g. weak lensing depends on the sum of the temporal and spatial metric
perturbations and the Integrated Sachs-Wolfe effect depends on the sum of their derivatives [12].

2 Redshift-Space Distortions
Observations of Redshift Space Distortions (RSD) in spectroscopic galaxy surveys are a promising
way to study the pattern and the evolution of the Large Scale Structure of the Universe [13, 14], as
they provide constraints on the amplitude of peculiar velocities induced by structure growth, thereby
allowing tests of the theory of gravity governing the growth of those perturbations.
RSD arise because we infer galaxy distances from their redshifts using the Hubble law: the radial
component of the peculiar velocity of individual galaxies will contribute to each redshift and be misinterpreted as being cosmological in origin, thus altering our estimate of the distances to them; the
relation between the redshift- and real-space positions is:
s(r) = r + v(r)r̂,

(3)

where s is the redshift space position, r the real space one, and vr the velocity in the radial direction.
Most previous RSD analyses have used the simple plane-parallel approximation (see e.g. [14]). In
this case (in Fourier space), a mode δ̂ s (k) in redshift space is simply equal to the unredshifted mode
δ̂r (k) amplified by a factor 1 + βµ2k :
δ̂ s (k) = (1 + βµ2k ) δ̂r (k),

(4)

where β = f /b and b is the bias relating the luminous matter to the mass; the parameter f :
f =

d ln D
,
d ln a

(5)

is the logarithmic derivative of the linear growth rate, D(a) ∝ δm , with respect to the scale factor a (δm
being the fractional matter density perturbation).
For this reason, measurements of the power spectrum or the 2-point correlation function of galaxies in redshift-space allow us to determine f , and hence to test different cosmological models; in particular, these measurements provide a good discriminant between modified gravity and dark energy
models (see e.g. [15–17]); RSD have been measured in both Fourier- and real-space (e.g. [18–25]).

3 Large scales corrections to Redshift-Space Distortions
Standard clustering analyses have been performed using the formula in Equation 4 [13]; this assumes
linear scales and the distant observer approximation. In this way the range of scales that can be used is
limited, given that non-linear corrections are needed on small scales, and corrections due to the wider
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Figure 1. Large-scale corrections to the correlation function. Left Panel: wide-angle corrections to the angleaveraged correlation function as a function of the separation angle θ (in radians), for a separation scale of 79
h−1 Mpc. Plotted is the ratio of the correlation function including wide-angle corrections to the plane-parallel
model (see [30]); Right Panel: general relativistic corrections to the correlation function along the line of sight,
with z2 =0.1 and θ=0.1 rad. Plotted is the ratio of the correlation function including GR corrections to the newtonian model (see [36]).

angular separation and general relativistic corrections are needed on large scales. Here we focus on
the large scale corrections, given that modifications to GR are more likely to be needed on the largest
scales.
Wide angle corrections arise when one takes in account the angular separation between the galaxies; a formalism including these new terms have been proposed in [26–29], and then tested with
simulations [30] and real data [8].
Analyzing the clustering on scales comparable to the Hubble scale can give better constraints on
dark energy and modified gravity models and test general relativity itself. However, when looking
at those scales with future surveys, such as e.g. the Square Kilometre Array (SKA)1 , the Newtonian
analysis is not anymore a good approximation; General Relativistic effects will become important.
Therefore, we need to improve the theoretical modeling of the clustering on large scales; the Newtonian analysis needs to be modified to include General Relativistic corrections (see e.g. [31–36]).
In Figure 1 we plot the corrections to the correlation function due to wide-angle and general
relativistic effects; for details on those corrections and the models used, see [30, 36].
It is important to note that measurements of the correlation function neglecting wide-angle and
general relativistic corrections can lead to an incorrect estimate of the cosmological parameters. It
has also been shown that modifications due to GR corrections are degenerate with primordial nonGaussianity effects [37, 38]. These errors are usually on the percent level, but given that forthcoming
surveys aim to measure the growth at few percent level, those corrections will need to be included in
future modeling.

4 Model testing and results
In [39] we used the extended analysis tested in [8], which includes a more realistic description of
the geometry of the system, drops the plane-parallel approximation and includes corrections due to
the pair orientation distribution and BAO non-linearities; this allowed us to fit the observed galaxy
correlation function on a larger range of scales, and therefore to be more sensitive to the cosmological
1 http://www.skatelescope.org/
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parameter variations. With it, we test a class of Unified Dark Matter and normal-branch DGP models;
we will now briefly present the two models and then show some results.
4.1 UDM

We refer to a class of Unified Dark Matter (UDM) scalar field models in which a single scalar field is
responsible for both the late time accelerated expansion of the Universe and the growth of structures;
for details about this models see [9, 10, 40].
The parameter that we will constrain using RSD is the speed of sound of the clustering part of the
dark fluid:
ΩΛ0 c2∞
,
(6)
c2s (a) =
ΩΛ0 + (1 − c2∞ )Ωm0 a−3
where ΩΛ0 and Ωm0 indicate the “dark energy” and “dark matter” part of the dark fluid today, a is the
scale factor, and we define the parameter c∞ as the value of the sound speed when a → ∞. For more
details on this model and how we computed the growth factor, see [39].
4.2 DGP

In the Dvali-Gabadadze-Porrati (DGP, [41]) scenario, all matter and radiation are confined in a 4-D
brane in 5-D Minkowski space. The parameter we constrain is the cross-over scale rc , above which
gravity propagates into the extra dimension.
In these models the Friedmann equation is modified as:
H2 ±


H 8πG 
=
ρ̄m + ρde .
rc
3

(7)

The sign on the left-hand-side identifies two models: when the sign is negative we have the so called
accelerating branch, that exhibits an accelerated expansion of the Universe at late times without the
need of dark energy [42]. The case with the positive sign (normal branch) instead, does not yield
acceleration by itself. Given that the accelerating branch is in conflict with observations of the CMB
and Supernovae (e.g., [43]), we consider a normal-branch DGP model including dark energy. For
details on the model and how to compute the growth of structures in this case, see [11, 39].
4.3 Results

In Figure 2 we show the comparison of the correlation function measured from SDSS DR7 with
theoretical predictions for the ΛCDM, UDM and nDGP models, for some values of the speed of sound
c∞ (UDM) and the cross-over scale rc (nDGP). We performed a likelihood analysis, and we obtained
constraints for those parameters; to emphasize the power of RSD as a tool for testing models, it can
be noted that we improved previous constraints of UDM models by two orders of magnitude, and we
put constraints on nDGP for the first time. Full descriptions of the results can be found in [39].

5 Conclusions
We have seen that Redshift-Space Distortions can be used to test cosmological models, and presented
a real data application of that.
Future surveys, such as the Subaru Prime Focus Spectrograph (PFS) [44], BigBOSS [45], Euclid [46] and the SKA, aim to provide high precision measurements; in order to achieve this goal,
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Figure 2. Correlation function as measured from SDSS DR7 LRGs (points), compared with predictions from
ΛCDM (solid line), UDM and nDGP models, for different values of their parameters (c∞ and rc respectively).

however, it will be necessary to support high precision observations with very detailed theoretical
modeling. Here we showed some of the model improvements that will be necessary on very large
scales to allow tests of the ΛCDM+GR paradigm of fundamental importance for our understanding
of the basic laws of nature.
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