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Galaxy Redshift Surveys

SDSS survey:	


Eisenstein et al. 2004	


2dF survey:	


Percival et al 2004

Anderson et al. 2012	



BOSS



BOSS DR10/11
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Figure 2. The same as Figure 1, but for the LOWZ and CMASS DR11 galaxy samples.

the combination of the LOWZ and CMASS DR11 cluster-
ing wedges with CMB observations from the Planck satel-
lite (Planck Collaboration I 2013) and the CMB polariza-
tion measurements from WMAP (Bennett et al. 2013) as
described in Section 4.1, which provide an excellent descrip-
tion of all our measurements.

2.1.2 Covariance matrix estimation

When comparing our BOSS clustering measurements with
theoretical predictions we assume a Gaussian likelihood
function of the form L ∝ exp(−χ2/2). The calculation of
the χ2 value of a given model requires the knowledge of
the inverse covariance matrix of our measurements, which
we estimate using mock catalogues matching the selec-
tion functions of the LOWZ and CMASS samples. These
mocks were constructed from two sets of PTHalos real-
izations (Scoccimarro & Sheth 2002), corresponding to our
fiducial cosmology, as described in Manera et al. (2013) and

Manera et al. (in preparation)1. Our CMASS mocks are
based on 600 independent simulations with a box size of
Lbox = 2.4 h−1Gpc, while those of the LOWZ sample were
constructed from a separate set of 500 boxes with the same
volume. In the construction of these mocks, the Northern
Galactic Cap (NGC) and Southern Galactic Cap (SGC)
components of the survey were considered as being inde-
pendent, and sampled separately from the same PTHalos
realizations. The volume of the LOWZ sample allowed us to
obtain two separate NGC and SGC mocks per PTHalos re-
alization, leading to 1000 independent combined NGC+SGC
LOWZ mock catalogues. The larger volume of the CMASS
sample makes it more difficult to construct mocks of the
NGC and SGC components from the boxes without over-
lap. This means that the NGC and SGC CMASS mocks
drawn from the same box are not independent. For DR10
the overlap between the NGC and SGC mocks is approxi-

1 http://www.marcmanera.net/mocks/
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Table 5. Marginalized 68% constraints on the most relevant cosmological parameters of the parameter spaces analysed in Sections 4.1
to 4.5, obtained using different combinations of the data sets described in Section 2. A complete list of the constrains obtained in each
case can be found in Appendix A.

ePlanck+BOSS ξ(s) ePlanck+BOSS ξ∆µ(s)
ePlanck + BOSS ξ∆µ(s)

+BAO+SN

The ΛCDM model

h 0.6824+0.0072
−0.0072 0.6863 ± 0.0075 0.6899 ± 0.0070

100Ωm 30.22+0.94
−0.96 29.71+0.97

−0.96 29.24± 0.86

Constant dark energy equation of state

wDE −1.31+0.21
−0.16 −1.051± 0.076 −1.024± 0.052

100Ωm 24.9+3.4
−2.6 28.8± 1.6 29.3± 1.1

Time-dependent dark energy equation of state

w0 −1.29+0.48
−0.46 −0.83+0.38

−0.34 −0.95± 0.14

wa −0.0+1.0
−1.1 −0.61+0.89

−0.96 −0.29± 0.47

100Ωm 25.2+5.7
−6.6 30.9+4.1

−3.6 29.5± 1.3

Non-flat models

100Ωk 0.07± 0.31 0.10± 0.29 0.15± 0.29

100Ωm 30.18± 0.96 29.60+0.99
−0.97 29.11± 0.91

Curvature and dark energy

wDE −1.53+0.24
−0.28 −1.05± 0.11 −1.009+0.062

−0.060

100Ωk −0.38+0.24
−0.28 0.02± 0.43 −0.14± 0.33

100Ωm 22.0+3.2
−4.9 28.9± 2.0 29.4± 1.2

Massive neutrinos
∑

mν < 0.23 eV (95% CL) < 0.24 eV (95% CL) < 0.23 eV (95% CL)
fν < 0.017 (95% CL) < 0.019 (95% CL) < 0.017 (95% CL)

Massive neutrinos and dark energy
∑

mν < 0.49 eV (95% CL) < 0.47 eV (95% CL) < 0.33 eV (95% CL)

wDE −1.49+0.24
−0.30 −1.13± 0.12 −1.046± 0.063

Additional relativistic degrees of freedom

Neff 3.35± 0.27 3.31± 0.27 3.30± 0.27

100Ωm 29.7± 1.0 29.2± 1.1 29.1± 1.0

Deviations from general relativity

γ - 0.69± 0.15 0.69± 0.15

100Ωm - 29.76+0.93
−0.90 29.62± 0.89

Dark energy and modified gravity

γ - 0.88± 0.22 0.75± 0.17

wDE - −1.15± 0.11 −1.055± 0.057

cal constraints derived from different data set combinations,
while Table 5 summarizes the results on the most important
parameters for the various cases we consider.

4.1 The ΛCDM parameter space

The simple ΛCDM model is able to describe an ever in-
creasing amount of precise cosmological observations, with
the CMB measurements from the Planck satellite being per-
haps the most striking example (Planck Collaboration XVI
2013). However, as the statistical uncertainties of these mea-
surements improve, the careful analysis of the consistency of
the results derived from different data sets becomes crucial
as it can be used to detect the presence of systematic errors.
Here we review the constraints on the parameters of the

ΛCDM model obtained by combining our BOSS clustering
measurements with different data sets.

The blue dashed lines in Fig. 4 correspond to the cons-
traints in the Ωm − h plane derived from the Planck (up-
per panel) and WMAP9 (lower panel) CMB measurements.
Both sets of constraints are elongated along the same degen-
eracy, which approximately corresponds to a constant value
of Ωmh3 (Percival et al. 2002; Planck Collaboration XVI
2013), indicated by the dotted lines. Along this degener-
acy, the constraints from WMAP9 extend towards lower
values of Ωm and higher values of h than those derived
from the Planck data. This behaviour leads to different,
but consistent, marginalized constraints on these param-
eters. As shown by the red solid lines in Fig. 4, when
these CMB measurements are combined with the informa-
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Lyα Forest

credit: N. Wright, B. Keel
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Figure 11. One-dimensional flux power spectrum in dimensionless units (�2(k) = PF(k)⇥ k/(2⇡)) for the SDSS (McDonald et al.
2005) and MIKE+HIRES (Viel et al. 2013a) data sets. These data points span z = 2.2� 5.4, a period of about 2Gyrs and about two
decades in wavenumber space. The best fit ⇤CDM model is shown as the blue line, while the orange dashed curves are for a WDM
model with a mw = 2.5 keV which is excluded by the data at very high significance (note that in this case the other parameters have
been kept to their best fit values and only mw is changed).

credible interval) in a pure WDM model. For the mixed
model, they obtained limits on the mass as a function of
the WDM fraction (percentage) to be smaller than 60%
for any value of the WDM particle mass (frequentist
99.7% confidence limit); while the Bayesian joint prob-
ability allows any value of the mass (for mNRP > 5 keV)
at the 95% confidence level, provided that the fraction
of WDM is below 35%, for any value of the WDM par-
ticle mass. This limit can be roughly translated into a
thermal relic mass and implies that fractions of WDM
below 35% can be accommodated only for masses above
mw > 1.1 keV.

In Boyarsky et al. (2009b) a mechanism of resonantly
produced sterile neutrino, that occurs in the framework
of the ⌫MSM (the extension of the Standard Model with
three right-handed neutrinos), is analysed. Here it was
shown that their cosmological signature can be approx-
imated by that of mixed C+WDM and for each mass
greater than or equal to 2 keV, there exists at least one
model of sterile neutrino accounting for the totality of
dark matter, and consistent with Ly↵ and other cos-
mological data. However, the transfer function for such

candidates is quite di↵erent from the one of the thermal
relic and no direct comparison with thermal masses can
be made.

These lower limits seem to be conflicting with the
upper limits obtained on the masses of such particles
coming from the observations of the cosmic X-ray back-
ground and are: ms⌫ < 1.8 keV at 95% confidence (Bo-
yarsky et al. 2006). In fact, in addition to the dominant
decay mode into three active neutrinos, the light ster-
ile neutrino can decay into an active one and a photon
with the energy Es = ms/2. Thus, there exists a possi-
bility of direct detection of neutrino decay emission line
from the sources with big concentration of DM, e.g.
from the galaxy clusters (Abazajian et al. 2001). Sim-
ilarly, the signal from radiative sterile neutrino decays
accumulated over the history of the Universe could be
seen as a feature in the di↵use extragalactic background
light spectrum. However, the constrains above assume
a very simple model for sterile neutrino production and
can be circumvented by considering other models (Bo-
yarsky et al. 2009a).

PASA (2013)
doi:10.1017/pas.2013.xxx

Current: thermal relic WDM m > 3.3keV 



Weak Gravitational Lensing

       Direct measure of  the distribution of mass in the 	


     universe, as opposed to the distribution of light

Theory

Distortion matrix:

Massey et al.  
review: Refregier 2003



COSMOS Dark Matter Map

COSMOS HST  
ACS survey  
2 deg2 

Massey et al. 
2006, Nature



CFHTLenS

TextText

Heymans et al. 2013

154 sq. deg., median z~0.7



Beutler et al. 2014
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Wide-Field Instruments
CMB Planck, SPT,  ACT, BICEP2, Keck

VIS/NIR
Imaging VST, DES, Pann-STARRS, LSST	



Euclid, WFIRST, Subaru	


Boss, Wigglez, DESI, HETDEXSpectro

Radio LOFAR, GBT, Chimes, BINGO,  
BAORadio, ASKAP, MeerKAT, SKA



Impact on Cosmology

Stage IV Surveys will challenge all sectors of the 
cosmological model: 
• Dark Energy: wp and wa with an error of 2% and 

13% respectively (no prior) 
• Dark Matter: test of CDM paradigm, precision of 

0.04eV on sum of neutrino masses (with 
Planck) 

• Initial Conditions: constrain shape of primordial 
power spectrum, primordial non-gaussianity 

• Gravity: test GR by reaching a precision of 2% 
on the growth exponent  (dlnm/dlnam) 

→ Uncover new physics and map LSS at 0<z<2: 
Low redshift counterpart to CMB surveys

 Stage IV

 Stage IV+Planck

 Stage IV+Planck

 Stage IV

Amara et al. 2008



Dark Energy Survey

Blanco 4m at CTIO	


74 2k×4k CCDs, 0.27’’/pix	


2.2 deg2 FOV	


5000 deg2 survey (+SNe survey)	


g,r,i,z,y to mag 24	


200M galaxies	
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DES Early Results
14 Melchior et al.

�2 �1 0 1 2
�RA [arcmin]

�
D

ec

RXJ

300 kpc

-15 -10 -5 0 5 10 15
�RA [arcmin]

2 Mpc

�2 �1 0 1 2 3 4 5
Map/�Map

�2 �1 0 1 2

�
D

ec

Bullet

300 kpc

-15 -10 -5 0 5 10 15

2 Mpc

Figure 8. 1st column: Multi-color image of the inner 5 arcmin. 2nd column: Weak-lensing aperture mass significance map of the inner 30 arcmin (contours, cf.
Equation 19), overlaid with galaxies (black dots) in redMaPPer-detected groups with � > 5 and redshifts of z� = zc

� ± 3�z�. 3rd column: The same redMaPPer
galaxies as in the 2nd column, but for the entire useable field of view of 90 arcmin. All panels are centered on the BCGs, the size of the previous (smaller)
panel is indicated by black boxes in columns 2 and 3. From top to bottom: RXC J2248.7-4431, 1E 0657-56, SCSO J233227-535827, and Abell 3261.
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Figure 8. 1st column: Multi-color image of the inner 5 arcmin. 2nd column: Weak-lensing aperture mass significance map of the inner 30 arcmin (contours, cf.
Equation 19), overlaid with galaxies (black dots) in redMaPPer-detected groups with � > 5 and redshifts of z� = zc

� ± 3�z�. 3rd column: The same redMaPPer
galaxies as in the 2nd column, but for the entire useable field of view of 90 arcmin. All panels are centered on the BCGs, the size of the previous (smaller)
panel is indicated by black boxes in columns 2 and 3. From top to bottom: RXC J2248.7-4431, 1E 0657-56, SCSO J233227-535827, and Abell 3261.
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Conclusions

‣ Concordance LCDM model in good agreement with LSS 
surveys (although some tensions are present)	



‣ Current surveys already place constraints on Dark Energy, 
Neutrinos, Dark Matter and Gravity	



‣ Great prospects for upcoming and future surveys


