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1. Introduction

One of the most significant scientific discoveries of recent years is that, not only is our Universe
expanding, it is doing so at an increasing rate [1, 2]. Understanding is the origin of the current
phase of accelerated expansion is one of the most important unsolved problems in physics today,
as it may have far reaching implications for our knowledge of the fundamental laws of nature.
Within the context of homogeneous and isotropic solutions to Einstein’s general relativity, the
attractive force of gravity due to all know constituents of the Universe should lead to a deceleration
of the expansion. Then, the observed acceleration implies that the total energy-density of the
Universe is dominated by an exotic component, dubbed dark energy, whose repulsive effect drives
the acceleration of cosmic expansion. Although current observations allow us to detect the presence
of this component, its true nature still eludes our understanding. A key property that can be used to
characterize it is the dark energy equation of state,wDE = pDE/ρDE, wherepDE andρDE correspond
to the pressure and density of dark energy, respectively. Current observations are consistent with the
so-calledΛCDM cosmological model, in which the dark energy component can be characterized
by a constant equation of statewDE =−1 which can be associated with the quantum energy of the
vacuum or Einstein’s cosmological constant. A detection of a deviation fromwDE =−1, at any time
in cosmic history, would have strong implications on our understanding of cosmic acceleration.

The first step into solving the mystery of cosmic acceleration is to obtain accurate measure-
ments of the expansion history of the Universe. Observations of the large-scale galaxy clustering
can provide us with such measurements. Galaxies form a variety of structures which encode valu-
able information about our Universe. Observations of this clustering pattern have played a central
role in establishing the current standard cosmological model [3 – 6], and itis expected that they will
continue to do so in the coming years. The information provided by observations of the large-scale
structure (LSS) of the Universe is highly complementary to that of cosmic microwave background
(CMB) measurements, as it helps to break degeneracies between certain parameter combinations
which are inherent to this dataset [7]. The combination of CMB and LSS datasets has been used to
place tight constraints on the basic set of cosmological parameters, restricting the range of possible
deviations from the of theΛCDM model [8, 10, 11, 9, 12 – 15].

Over the past decades the size and quality of galaxy redshift surveys has increased dramat-
ically. The pioneering efforts of the CfA Redshift Survey [16] and the Las Campanas Redshift
Survey (LCRS) [17], which provided the first clear three-dimensionalview of the galaxy distri-
bution in the local Universe, were followed by several other surveys covering different volumes.
Among them the two-degree Field Galaxy Redshift Survey (2dFGRS) [18]and the Sloan Digital
Sky Survey (SDSS) [19] have played a pivotal role at mapping the large-scale galaxy distribution,
providing the first accurate large-scale galaxy clustering measurements and marking the start of a
data-rich era in cosmology.

Driven by the potential of LSS observations for shedding light on the nature of dark energy,
the tendency to construct increasingly larger surveys will continue in the coming years. A new
generation of galaxy surveys is currently being constructed or designed. Examples of these new
surveys include the completed WiggleZ [20], the ongoing Baryon Oscillation Spectroscopic Sur-
vey (BOSS) [21], and future surveys like the ESA space mission Euclid [22]. By probing larger
volumes, these surveys can provide more accurate views of the large-scale galaxy clustering pattern
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than ever before, offering an opportunity to obtain new constraints not only on dark energy, but also
neutrino masses, the curvature of the Universe or inflationary physics.

This revolution in the observational data poses a challenge for our theoretical understanding
and modelling of LSS observations, which is in danger of lagging behind these new advances.
The increase in the amount and quality of the observational data in the coming years will lead
to a drastic reduction of the statistical errors of LSS measurements. In this context, the control of
the systematic errors introduced by our analysis techniques becomes crucial as these might become
dominant in the final error budget. LSS observations are affected by scale-dependent effects which,
if not taken into account correctly, might jeopardise their use as precisioncosmological probes.
Fortunately, new theoretical tools have been developed over the past few years that might hold the
key to extracting unbiased cosmological information from LSS datasets. In view of these rapid
improvements in the observational side, it is timely to review these recent advances.

Here we review the basic aspects of the statistical analysis of large-scale structure observa-
tions, and the results that present day galaxy samples can provide. In Section 2 we describe the
most commonly used statistical tools to analyse galaxy surveys, the two-point correlation function
and the power spectrum. In Section 3 we analyse the potential systematics thatcould affect LSS
measurements as well as the models that can be used to describe them or to minimisetheir impact.
In Section 4 we use recent results from BOSS to illustrate the cosmological constraints achievable
with present day galaxy catalogues. Finally, Section 5 contains our main conclusions.

2. Statistical analysis of large-scale structure observations

The most commonly used tools to extract cosmological information out of galaxyredshift
surveys are two-point statistics such as the correlation function,ξ (s), and the power spectrum,
P(k). These are defined in terms of the fluctuations in the density field

δ (x) =
n(x)− n̄

n̄
, (2.1)

wheren(x) represents the density at a given locationx andn̄ corresponds to the mean density field.
The two-point correlation function is given by

ξ (r) = 〈δ (x)δ (x+ r)〉 , (2.2)

where the brackets represent an ensemble average. The hypothesis of homogeneity and isotropy
of the density field imply that the correlation function must depend only on the modulus of the
separation vectorr = |r |

Another commonly used tool is the galaxy power spectrum,P(k), defined in an analogous
way as the two-point correlation function, but in terms of the Fourier transform of the density
fluctuations,δ̃ (k), as

〈

˜δ (k) ˜δ (k′)
〉

= (2π)3δD(k −k′)P(k), (2.3)

whereδD(k) is the usual Dirac delta function. It is easy to show that the power spectrumand the
two-point correlation function are a Fourier transform pair, with

ξ (r) =
1

2π2

∫

P(k) j0(kr)k2dk, (2.4)
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Figure 1: Left: the large-scale correlation function of the LRG sample from SDSS DR3 []. The BAO signal
appears as a broad peak on large-scales which can be seen moreclearly in the inset. Figure from Eisenstein
et al. [6]. Right: the upper panel shows the power spectrum ofthe final 2dFGRS. The BAO signal can be
seen more clearly in the lower panel, which shows the ratio ofthis measurement to a reference function with
the same overall shape but no oscillations. Figure from Coleet al. [5].

where j0(x) is the spherical Bessel function of order zero.

The left-had panel of Fig. 1 shows the measurement of the large-scale correlation function of
the Luminous Red Galaxy (LRG) sample from the SDSS data release 3 (DR3) [6]. The right-hand
panel of the same figure shows the power spectrum of the final 2dFGRS [5]. The full shape of these
functions encode useful cosmological information. Measurements of these statistics from various
galaxy samples have been used, in combination with other datasets, to obtain constraints on the
values of the basic cosmological parameters [5, 6, 8 – 15].

A special feature of the large-scale galaxy clustering provides a powerful method to probe the
expansion history of the Universe: the signature of the baryon acousticoscillations (BAO). These
are fluctuations in the density field caused by acoustic waves which propagated through the photon-
baryon fluid prior to recombination. The signature of the BAO appears as abroad peak in the large
scale correlation function [23], which can be clearly seen in the inset plotof the left-hand side of
Fig. 1. In the power spectrum, the BAO signal appears as a small oscillatoryamplitude modulation
which can be seen more clearly in the lower panel of the right-hand side of Fig. 1, which shows the
ratio of the 2dFGRSP(k) to a reference function with the same overall shape as the measurement,
but no oscillations. The measurements shown in this figure correspond to thefirst detections of the
BAO feature in the large-scale galaxy clustering. Since then, the BAO signal has been confirmed
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with increasing precision using a variety of datasets and techniques [24, 13, 15].
The mere detection of the BAO signal in the large-scale galaxy clustering is significant, as

it confirms a clear prediction of the current paradigm of the growth of structure by gravitational
collapse from the small density fluctuations that can be seen in the CMB. Besides this, the BAO
signal is important for more practical reasons. The position of the acousticpeak in the two-point
correlation function and the wavelength of the oscillations in the power spectrum are closely related
to the size of the sound horizon at the drag redshift,rs(zd). As this scale, of about 150 Mpc
(comoving), can be measured with high accuracy from CMB observations [25], the BAO signal
inferred from galaxy clustering measurements can be used as a standardruler. The apparent size
of the BAO ruler in the directions parallel and perpendicular to the line-of-sight can be used to
measure the redshift evolution of the Hubble parameter,H(z), and the angular diameter distance,
DA(z) [26]. However, when dealing with angle-averaged measurements such as those shown in
Fig. 1, the BAO signal is only sensitive to an average distance,DV(z), given by [6]

DV(z) =

(

(1+z)2DA(z)
2 cz
H(z)

)1/3

. (2.5)

In this way, BAO measurements from galaxy samples at different redshiftscan be used to probe the
redshift-distance relation. Without including the CMB information onrs(zd), BAO measurements
can constrain distances relative to the size of the ruler, that is,DV(z)/rs(zd). Thanks to the BAO
signal LSS observations offer one of the most promising routes to obtain accurate constraints on
wDE and its possible evolution with time.

3. Modelling large-scale structure observations

The quality of current and future galaxy surveys demands the use of accurate models to extract
unbiased cosmological constraints. In this section we review the potential systematic effects that
affect LSS observations (Section 3.1), the way in which they can be takeninto account in our
models (Section 3.2), as well as a technique that can reduce their impact (Section 3.3).

3.1 Potential systematics of clustering measurements

In order to establish the link between LSS observations and cosmological models, simplify-
ing assumptions were usually made in which galaxy clustering was expected to closely follow the
predictions of linear perturbation theory for the matter. However, thanks tonew developments in
perturbation theory and the analysis of large N-body simulations, it has become clear that this sim-
ple picture is not sufficiently accurate to describe current datasets [27 –29]. Even on large scales,
the clustering of galaxies is distorted by the non-linear growth of density fluctuations, redshift-
space distortions and a possible non-trivial relation between the distributionof galaxies and the
underlying dark matter density field. We will now see how each of these effects change the shape
of the large-scale clustering measurements.

The effect of non-linear evolution on large-scale clustering measurements can be seen in the
blue circles in the left-hand panel of Fig. 2, which correspond to the meanξ (s) of an ensemble of
large-volume N-Body simulations [30, 29]. The shaded region indicates thevariance between the
different realizations. The shape of the BAO peak strongly deviates from the predictions of linear

5



P
o
S
(
D
S
U
 
2
0
1
2
)
0
6
1

Precision Cosmology from large-scale structure observations Ariel Sánchez

Figure 2: Left: mean large-scale matter correlation function from anensemble of large-volume large-
volume N-Body simulations [30, 29] in real- (circles) and redshift-space (squares). Right: equivalent to
the left panel but for a sample of dark matter halos in the sameset of simulations. The Non-linear evolution
of density fluctuations and redshift-space distortions affect the shape of the BAO peak.

perturbation theory, which are shown by the dashed line. Non-linear evolution damps the acoustic
peak and shifts its centroid towards smaller scales. If unaccounted for, these distortions can bias
the constraints obtained from large-scale clustering measurements.

A further complication of the analysis of galaxy clustering measurements is dueto the fact
that the distances to individual objects are inferred from their observedredshifts,zobs. Besides the
component due to the universal expansion, these contain an extra contribution due to the peculiar
velocities of the galaxies along the line of sight,v‖, as

1+zobs= (1+zcos)(1+zpec) , (3.1)

with zpec= v‖/c. This means that the inferred radial distances deviate from the true ones,distort-
ing the observed clustering pattern. However, as the galaxy peculiar velocity field is induced by
the underlying matter distribution, it is possible to model the distortions that will arise in a given
cosmological model. This is a simple problem in the linear regime, where redshift-space distor-
tions lead to a scale-independent boost of the amplitude of the power spectrum and the correlation
function by a factor [31]

S≡ ξs(r)
ξ (r)

=

(

1+
2
3

f +
1
5

f 2
)

, (3.2)

where f = dlnD/dlna andD(a) is the growth factor of density fluctuations.
The red squares in the left-hand panel of Fig. 2 correspond to the mean correlation function of

the same ensemble of simulations, but measured using the redshift-space position of the particles.
Here, the measurements have been rescaled by the inverse of the boost factor of equation (3.2),
which correctly accounts for the change in the overall amplitude of the correlation function. There
is, however, a more subtle effect of redshift-space distortions on the shape ofξs(r), as they lead to

6



P
o
S
(
D
S
U
 
2
0
1
2
)
0
6
1

Precision Cosmology from large-scale structure observations Ariel Sánchez

an extra damping of the BAO peak, which can be associated with the smearing of the velocity field
along the line of sight due to large-scale random motions, such as the fingers-of-God effect [32].

Additionally, our observations probe the galaxy density field, which could be a modified ver-
sion of the underlying matter distribution. According to the current understanding of galaxy for-
mation, galaxies are hosted within dark matter halos. Hence, the analysis of theclustering of dark
mater halos from N-body simulations can give us a first order description of galaxy clustering. On
large scales, a simple linear relation is expected to hold between the fluctuationsin the density of
halos of a given massm, δh(r |m), and the matter density field, that is [33, 34]

δh(r |m) = b(m)δ (r). (3.3)

This implies that the correlation function of dark matter halos,ξh(r), will be related to the matter
correlation function by a scale-independent effective bias factor,b2

eff = ξh(r)/ξ (r), which can be
computed by taking the weighted average of the biasb(m) over the selected halo sample as

beff =

∫ ∞
0 φ(m)b(m)n(m)dm
∫ ∞

0 φ(m)n(m)dm
, (3.4)

wheren(m) is the mass function of dark matter halos [34], andφ(m) represents the mass selection
function applied to construct the halo sample. Additionally, the halo correlationfunction is affected
by redshift-space distortions which, in the linear regime, lead to a rescaling of the amplitude of
ξh(r) by a factor analogous to that of equation (3.2), wheref is replaced by the parameterβ =

f/beff.
The right-hand panel of Fig. 2 shows the meanξh(r) of a sample of halos from the same

simulations in real- (blue circles) and redshift-space (red squares). The real-space halo correlation
function has been rescaled to match the amplitude of the matterξ (r) using its effective bias factor.
The redshift-space results have also been rescaled by the Kaiser boost factor for the same effective
bias. These measurements show that the scale-dependent effects caused by non-linear evolution
and redshift-space distortions depend on the particular halo sample being analysed and do not
correspond exactly to those of the matter distribution, adding an extra complication to the modelling
of LSS observations.

Although this discussion has been based on the two-point correlation function, the power
spectrum is also affected by these scale-dependent effects in a similar way [30]. These distortions
cannot be ignored when modelling LSS observations as they could lead to a significant bias in the
obtained cosmological constraints.

3.2 Modelling large-scale structure observations

Improving our theoretical understanding of galaxy clustering has been the main focus of sub-
stantial work over recent years. The modelling of the non-linear evolutionof density fluctuations
has been revitalized by several new approaches to perturbation theory[35 – 38], which provide
a better understanding of the physical processes that shape clusteringmeasurements such as the
power spectrum or the correlation function.

Within the theoretical framework of Renormalized Perturbation Theory (RPT), Crocce &
Scoccimarro [35] showed that the series expansion describing the non-linear power spectrum,
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PNL(k,z), in standard perturbation theory can be reorganized as the sum of two contributions con-
taining different physical information, of the form

PNL(k,z) = PL(k,z)G
2(k,z)+PMC(k,z), (3.5)

where the redshift evolution of the linear-theory power spectrum,PL(k,z), is given by the linear
theory growth factorD(z). The functionG(k,z), dubbednon-linear propagator, weights how much
power can be directly linked to the linear epoch, whilePMC represents the power arising from the
coupling of different Fourier modes. To a good approximation, the non-linear propagator is of
Gaussian form,

G(k,z)≃ exp

(

−
(

k√
2k⋆

)2
)

, (3.6)

with a damping scale,k⋆, is given by

k⋆(z) =

[

1
6π2

∫

dkPL(k,z)

]−1/2

. (3.7)

The mode coupling power spectrum is given by the sum of an infinite number of terms ordered by
the number of initial modes coupled. At the lowest order,PMC(k) is generated by the coupling of
two modes, which at low-k can be approximated by

P1loop(k) =
1

2π2

∫

d3q|F2(k −q,q)|2PL(|k −q|)PL(q), (3.8)

whereF2(k,q) is the second-order kernel of standard perturbation theory. A more detailed descrip-
tion of these functions is presented in Crocce et al. [39].

In configuration space, equation (3.5) implies that the non-linear correlation function will be
given by an analogous decomposition

ξNL(r,z) = ξL(r,z)⊗ G̃2(r,z)+ξMC(r,z), (3.9)

whereG̃(r,z) is the Fourier transform of the non-linear propagator and the symbol⊗ denotes a
convolution. The first term in this equation corresponds to the convolution of the linear theory
correlation function with a nearly Gaussian kernel, which is responsible for the damping of the
acoustic peak. In turn, the contribution of the mode-coupling term at large pair separations can be
computed to leading order using equation (3.8), yieldingξMC(r) ∝ ξ ′

L(r)ξ (1)
L (r) [28], whereξ ′

L(r)

is the derivative of the linear theory correlation function andξ (1)
L (r) is given by

ξ (1)
L (r)≡ r̂ ·∇−1ξL(r) = 4π

∫

PL(k) j1(kr)kdk, (3.10)

with j1(y) denoting the spherical Bessel function of order one.
Based on these results, Crocce & Scoccimarro [28] proposed to model the shape of the galaxy

correlation function on large scales using the following parametrization

ξNL(r) = b2{ξL(r)⊗e−(k⋆r)2
+AMC ξ ′

L(r)ξ (1)
L (r)}, (3.11)

whereb, k⋆ andAMC are treated as free parameters. An analogous parametrization can be defined
for the power spectrum [41]. These parametrizations give an accuratedescription of the results of
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Figure 3: Mean redshift-space two-point correlation function of a set of 600 mock catalogues of the BOSS-
DR9 CMASS sample [40]. The shaded region corresponds to the variance between the different realizations.
The shape of the measured correlation function deviates from the prediction of linear perturbation theory,
shown by the dashed line. The solid line corresponds to the parametrization of the galaxy correlation function
of equation (3.11), which gives an excellent description ofthe result obtained from the mock catalogues.

N-body simulations at various redshifts for both real- and redshift-space information [29, 41], and
have been used in the analysis of real galaxy clustering measurements [11, 24, 13, 14, 12].

An illustration of how accurately the parametrization of equation (3.11) can reproduce the
spatial clustering of true galaxy samples can be seen in Fig. 3. The points correspond to the mean
correlation function from an ensemble of 600 mock catalogues of the CMASSsample from BOSS
DR9 (see Section 4). To highlight the shape of the acoustic peak, this measurement has been
rescaled by(r/rs)

2.5, wherers = 153.2Mpc corresponds to the sound horizon at the drag redshift
for the underlying cosmological model of the mock catalogues. The shadedregion corresponds
to the variance between the different realizations. This measurement is affected by the same po-
tential problems as real observations: non-linear evolution of density fluctuations, redshift-space
distortions, galaxy bias of a sample including both central and satellites, and anon-trivial geometry.
Even in this case, the model of equation (3.11), shown by the red solid line, can give an excellent
description of the full shape ofξ (s).

3.3 Reconstruction

Although the effects of non-linear evolution can be modelled and included in the theoretical
description of a given measurement, the damping of the BAO signal leads to a degradation of
the achievable accuracy. A complementary approach is to apply corrections to the galaxy positions
prior to the estimation of the two-point correlation function or power spectrumto reduce the impact
of these systematics. This is the general idea behind the “reconstruction” technique [43].

The dominant source of the damping of the BAO feature is the coherent flows that arise from
the clustering pattern itself. This means that the same galaxy sample used to detect the BAO feature
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Figure 4: The unreconstructed (left) and reconstructed (right) angle-averaged correlation functions of the
LRG sample of SDSS DR7. Reconstruction sharpens the acoustic peak inξ (r), increasing the significance
of its detection. Figure from Padmanabhan et al. [42].

can also map the cosmic structure responsible for its degradation. One can therefore use these data
to infer the large-scale flow field and partially undo the damping of the BAO feature.

In practice, reconstruction is performed by computing a displacement field,Ψ, based on the
Zel’dovich approximation and the description of redshift-space distortionsin the linear regime [42].
Assuming a curl-free displacement field, such thatΨ = −∇φ , this displacement can be estimated
from the measured redshift-space galaxy density field,δg, by solving the equation

∇2φ + f ∇·((∇φ · ŝ)ŝ) = δg

b
, (3.12)

whereŝ corresponds to the line-of-sight direction. Once the displacement field has been obtained,
it is used to move the galaxies closer to their initial positions. An illustration of the results of
this procedure can be seen in Fig. 4, which shows the unreconstructed (left) and reconstructed
(right) angle-averaged correlation functions of the LRG sample of SDSS DR7 from Padmanabhan
et al. [42]. Reconstruction significantly sharpens the acoustic peak, leading to and increasing the
significance of its detection from 3.3σ in the unreconstructed case to 4.2σ after reconstruction.

Although Gaussian density fluctuations can be completely characterized by their two-point
statistics, non-linear evolution transfers information to higher orders. Reconstruction partially re-
stores this information back to the two-point statistics of the density field. In this way, this tech-
nique makes it possible to extract more information from two-point clustering measurements than
what is obtained through their accurate modelling in the non-linear regime. In general however,
reconstruction will not be perfect and residual non-linearities must be taken into account by means
of accurate models.

4. Current constraints from LSS observations: The Baryon Oscillation
Spectroscopic Survey

In this section we review the constraints on cosmological parameters attainableusing present-
day LSS datasets. For this, we use recent results based on the Baryon Oscillation Spectroscopic
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Figure 5: Center: average number density as a function of redshift forthe SDSS-II (dash-dotted), LOWZ
(dotted), and CMASS DR9 galaxies from BOSS. Figure from Dawson et al. [21].

Survey (BOSS) [21] as an example. BOSS is one of the four components of SDSS–III [44], de-
signed to provide high-precision BAO measurements at intermediate redshifts(z≃ 0.5) from large-
scale galaxy clustering, and at high redshift (z≃ 2.5) from the Lyα forest signal inferred from a
quasar sample. Fig. 5 shows the number density of BOSS galaxies as a function of redshift. BOSS
contains two separate galaxy samples, dubbed LOWZ and CMASS, covering different redshift
ranges whit a roughly constant number density ofn≃ 3×10−4h3Mpc−3.

The data corresponding to the first two years of observations of BOSS has been publicly re-
leased as a part of the SDSS Data Release 9 (DR9) [45]. Even though thissample corresponds to
about one third of the final survey, it is already the largest galaxy catalogue available, making it
ideally suited for large-scale structure analyses. The first galaxy clustering measurements based
on this dataset have shown clear detections of the BAO feature [15]. Thecircles in the left hand
panel of Fig. 6 correspond to the measurement of the correlation functionof the CMASS galaxy
sample of BOSS-DR9 obtained by Sánchez et al. [12]. The acoustic peakcan be clearly seen as a
broad bump on large scales. The squares in the same figure correspondto the correlation function
of the LRG sample of SDSS-DR3 from Eisenstein et al. [6]. The left-hand side of Fig. 6 shows a
similar comparison between the BAO signal in the CMASS power spectrum fromAnderson et al.
[15] (lower panel) and that of the final LRG sample of SDSS-DR7 [9]. The comparison of these
measurements clearly illustrates the improvement in the accuracy of the LSS observations asso-
ciated with new galaxy surveys like BOSS. Despite the differences in the statistical errors, mean
redshifts, and galaxy populations, these measurements show a completely consistent picture of the
BAO features inξ (r) andP(k), indicating the robustness of the results.

The galaxy clustering measurements from BOSS have been used to constrain cosmological pa-
rameters [12, 15, 46, 47]. In particular, Sánchez et al. [12] explored the cosmological implications
of the full shape of the angle-averaged correlation function using the parametrization described in
Section 3.2, combining this information with recent CMB, Type Ia supernova (SN), and additional
BAO measurements from other surveys. An example of the obtained constraints can be seen in
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Figure 6: Left-hand sidel: spherically averaged two-point correlation function of the BOSS CMASS sample
(circles), compared to the LRG correlation function from Eisenstein et al. [6]. The dashed line corresponds
to the best-fittingΛCDM model to the BOSS data. Right-hand side: BAO signal in thepower spectrum of
the CMASS sample from BOSS-DR9 (lower panel) compared with that of the final LRG sample of SDSS-II.
Figure from Anderson et al. [15].

Fig. 7, which shows the two-dimensional constraints in theΩDE−wDE plane obtained from differ-
ent dataset combinations. The CMB-only results (blue dashed lines) exhibita strong degeneracy
which covers a wide range of values ofwDE. The solid lines show the effect of including the in-
formation of the CMASS two-point correlation function in the analysis. Thesedata alleviate the
degeneracy obtained from the CMB observations, substantially tightening the constraints on the
dark energy equation of state. Including also additional BAO and SN data inthe analysis leads to
a final constraint ofwDE = 1.03± 0.07, in excellent agreement with the standardΛCDM model
value ofwDE = 1, indicated by a dotted line.

All galaxy clustering measurements from BOSS are in complete agreement with the standard
ΛCDM model. This can be seen in Fig.6, where the dashed line corresponds tothe prediction for the
correlation function in this cosmological model, which gives an excellent matchto both the location
of the BAO peak and the full shape of the correlation function. This agreement is reinforced when
several LSS observations are combined. As discussed in Section 2, BAOobservations can be used
to measure the combinationDV(z)/rs. The left panel of Fig. 8 shows the distances inferred from
BAO measurements on various spectroscopic data sets [15, 24, 42, 13],rescaled by a fiducial value
r f
s = 153.19 to express the results in Mpc. The grey region corresponds to the 1σ prediction from

WMAP assuming a flatΛCDM model. The agreement between these prediction and the various
BAO measurements is excellent. A more detailed view of these measurements can be seen in the
right panel of Fig. 8, which shows the BAO distance measurements dividedby the WMAPΛCDM
prediction. The BAO results agree with the best-fitting WMAP model at the few per cent level.
The dashed line corresponds to the best-fittingΛCDM model to the combination of WMAP with
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Figure 7: Two-dimensional joint constraints in theΩDE −wDE plane. The contours show the 68 and 95
per cent confidence levels obtained using CMB data alone (blue dashed lines) and CMB plus the CMASS
two-point correlation function (red solid lines). The CMB only constraints show degeneracies which can be
reduced by the extra information contained in the shape of the CMASS two-point correlation function. The
green dot-dashed lines correspond to the results obtained when the additional BAO and SN information is
added to the CMB+CMASS combination. These results are in good agreement with the standardΛCDM
value ofwDE =−1, indicated by the dotted lines.

the BAO measurements shown in the figure, which gives an excellent description to all data sets.

5. conclusions

Current galaxy clustering measurements offer more accurate views of thegalaxy clustering
pattern than ever before. These observations can play a major role at understanding the origin of
cosmic acceleration, but they demand the use of accurate models to avoid introducing systematic
errors or biases in the obtained constraints. Although more work needs to be done, the recent
developments in the modelling of non-linear evolution of density fluctuations, redshift-space dis-
tortions and galaxy bias, as well as the methods to minimize these distortions, provide us with
powerful tools to extract cosmological information out of these observations, helping to reach their
maximum potential.

Current galaxy clustering measurements can place strong cosmological constraints. These
are completely consistent with the standardΛCDM model, which is able to accurately describe
a variety of observations, ranging from SN Type Ia to the CMB. Future galaxy surveys such as
Euclid will provide even more accurate views of the large-scale clustering pattern in the Universe.
These new surveys will be accompanied by the release of the CMB measurements from the ESA
Planck satellite in early 2013. The combination of these datasets will undoubtedly provide new,
more stringent constraints on cosmological parameters, putting theΛCDM model to a much more
rigorous test.
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Figure 8: Left-hand side: distances inferred from BAO measurements on various spectroscopic surveys [15,
24, 42, 13]. The grey region corresponds to the 1σ prediction from WMAP assuming a flatΛCDM model,
which shows a good agreement with the BAO measurements. Right-hand side: BAO distance measurements
divided by the WMAPΛCDM prediction. The dashed line corresponds to the best-fitting ΛCDM model to
the combination of WMAP with the BAO datasets shown in the figure. Figures from Anderson et al. [15]
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