
Luigi (Gigi) Guzzo 
 

Osservatorio Astronomico di Brera, INAF, Merate/Milano 
 
  

Which redshift surveys for cosmology: new data, 
new challenges 



Galaxy redshift surveys: a major pillar of the cosmological model… 

220,000 redshifts 

~year 2000 



…but also of our understanding of how galaxies form and evolve… 

•  SDSS: statistical distribution of galaxy properties for ~106 galaxies  



The clustering power spectrum: a probe of the underlying cosmology 



We need to understand galaxies, to do cosmology… 

Kauffman & Diaferio 1998 
Cattaneo et al. 2011 – halo mass vs stellar mass;  
(toy model on high-resolution simulation DM halos) 



D. Eisenstein 2007 

SDSS 

Baryonic Acoustic Oscillations: a standard ruler to measure H(z)  



Springel et al. 

Z=6 

Z=2 

Z=0 

H(z) measures how the box expands with 
time --> equation of state w(z) 

f(z) traces how structure grows inside the 
box --> gravitation theory 

€ 

˙ ̇ δ + 2H (t) ˙ δ = 4πG ρ δ

€ 

δ+ (x ,t) = ˆ δ (x )D(t)

€ 

f ≡ d lnD
d lna

Linear growth rate 

Not only H(z)… 



Growth produces motions: galaxy peculiar velocities 



2001 

Nature 410, 169 (2001)  

Redshift-Space Distortions: an old way to look at a new thing…  

 
 

Nature 451, 541 (2008)  
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De la Torre, LG et al. 2013 

Redshift-space distortions as a dark energy test 

The function hNgal(m|z,MB)i is shown in Fig. 13 for the di↵erent
values of x probed with VIPERS. We checked the consistency of
this parameterization and verify that the wp(rp) predicted by the
mocks and the that measured are good agreement for all probed
redshift and luminosity thresholds. This is shown in the accom-
panying paper (Marulli et al. 2013).

7. Redshift-space distortions

The main goal of VIPERS is to provide with the final sample
accurate measurements of the growth rate of structure in two
redshift bins between z = 0.5 and z = 1.2. The growth rate of
structure f can be measured from the anisotropies observed in
redshift space in the galaxy correlation function or power spec-
trum. Although this measurement is degenerate with galaxy bias,
the combination f�8 is measurable and still allows a fundamen-
tal test of modifications of gravity since it is a mixture of the
di↵erential and integral growth. In this Section, we present an
initial measurement of f�8 from the VIPERS first data release.

7.1. Method

With the first epoch VIPERS data we can reliably probe scales
below about 35 h�1 Mpc. The use of the smallest non-linear
scales, i.e. typically below 10 h�1 Mpc, is however di�cult be-
cause of the limitations of current redshift-space distortion mod-
els, which cannot describe the non-linear e↵ects that relate the
evolution of density and velocity perturbations. However, with
the recent developments in perturbation theory and non-linear
models for RSD (e.g. Taruya et al. 2010; Reid & White 2011;
Seljak & McDonald 2011), we can push our analysis well into
mildly non-linear scales and obtain unbiased measurements of
f�8 while considering minimum scales of 5� 10 h�1 Mpc (de la
Torre & Guzzo 2012).

With the VIPERS first data release, we perform an initial
redshift-space distortion analysis, considering a single redshift
interval of 0.7 < z < 1.2. We select all galaxies above the mag-
nitude limit of the survey in that interval. The e↵ective pair-
weighted mean redshift of the subsample is z = 0.8. The mea-
sured anisotropic correlation function ⇠(rp, ⇡) is shown in the
top panel of Fig. 14. We have used here a linear binning of
�rp = �⇡ = 1 h�1 Mpc. One can see in this figure the two main
redshift-space distortion e↵ects: the elongation along the line-
of-sight, or Finger-of-God e↵ect, which is due to galaxy ran-
dom motions within virialized objects and the squashing e↵ect
on large scales, or Kaiser e↵ect, which represents the coherent
large-scale motions of galaxies towards overdensities. The lat-
ter e↵ect is the one we are interested in since its amplitude is
directly related to the growth rate of pertubations. Compared to
the previous high-redshift studiy using the VVDS survey, this
signature is detected with impressive signal-to-noise, with the
flattening being apparent to rp > 30 h�1 Mpc.

The two-dimensional anisotropic correlation has been exten-
sively used in the literature to measure the growth-rate param-
eter. However, with the increasing size and statistical power
of redshift surveys, an alternative approach has grown in im-
portance: the use of the multipole moments of the anisotropic
correlation function. This approach has the main advantage of
reducing the number of observables, compressing the cosmolog-
ical information contained in the correlation function. In turn,
this eases the estimation of the covariance matrices associated
with the data. We adopt this methodology in this analysis and fit
for the two first non-null moments ⇠0(s) and ⇠2(s), where most

-40 -20  0  20  40

r
p
  [h

-1
 Mpc]

-40

-20

 0

 20

 40

π
  

[h
-1
 M

p
c]

 0.01

 0.1

 1

 10

-40 -20  0  20  40

r
p
  [h

-1
 Mpc]

-40

-20

 0

 20

 40

π
  

[h
-1
 M

p
c]

 0.01

 0.1

 1

 10

-40 -20  0  20  40

r
p
  [h

-1
 Mpc]

-40

-20

 0

 20

 40

π
  

[h
-1
 M

p
c]

 0.01

 0.1

 1

 10

Fig. 14. Anisotropic correlation function of galaxies at 0.7 < z <
1.2. The top panel shows the results for the VIPERS first data release,
deduced by the Landy-Szalay estimator counting pairs in cells of side
1 h�1 Mpc. The lower two panels show the results of two simulations,
which span the 68% confidence range on the fitted value of the large-
scale flattening (see Section 7.4).
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BOSS: fσ8(z=0.57) = 0.447±0.028 

2013 

VIPERS: fσ8(z=0.8) = 0.47±0.08 

Samushia et al. 2014 



Systematic effects on Redshift-Space Distortions… 

6 Elisabetta Majerotto et al.
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Figure 2. Fisher matrix forecasts of the errors expected on the growth rate (dark-blue error bars), expressed through the bias-free
combination f(z

i

)�
8

(z
i

), obtainable from the Euclid baseline redshift survey through the combination of amplitude and redshift-space
anisotropy of galaxy clustering. The light-blue error bars (shown with a slight o↵set in redshift for visualisation purposes) represent the
case of a galaxy density reduced by a factor of two with respect to that forecasted for the galaxies observed by Euclid (Geach et al.
2008). The solid black line represents the fiducial f �

8

, computed for the cosmology shown in Eq. (5). The dashed green line shows the
growth of a flat DGP model (calculated by numerical integration of the corresponding equation for f(z)). The red dotted line represents
f �

8

of a coupled models with coupling parameter �
c

= 0.2. All models are computed for ⌦
m0

= 0.271 and for the same �
8

(z
CMB

) as for
the fiducial model. In the same plot we also show measurements of f �

8

from past surveys (magenta error bars) and the recent Wiggle-z
survey (pink error bars), see explanation in the text.

survey reference paper z f�
8

VVDS F22 Guzzo et al. (2008) 0.77 0.49± 0.19
wide

2SLAQ Ross et al. (2007) 0.55 0.50± 0.07
galaxy

SDSS LRG Cabre & Gaztanaga (2009) 0.34 0.53± 0.07
Samushia et al. (2011) 0.25 0.35± 0.06
Samushia et al. (2011) 0.37 0.46± 0.04

2dFGRS Hawkins et al. (2003) 0.15 0.39± 0.08

WiggleZ Blake et al. (2011) 0.22 0.49± 0.07
0.41 0.45± 0.04
0.6 0.43± 0.04
0.78 0.78± 0.04

Table 2. Current measurements of f�
8

We notice that we reach accuracies between 1.3% and
4.4% in the measurement of f �

8

depending on the redshift
bin, where the highest precision is reached for redshifts z '
1.0.

5.1 Comparison to other surveys

Together with Euclid, other ongoing and future surveys will
constrain cosmology by measuring f�

8

. Here we compare the
relative errors on f�

8

obtained using di↵erent spectroscopic
galaxy redshift surveys. In particular, we consider the BOSS
survey5 (see Schlegel et al. 2009), the BigBOSS6 Emission
Line Galaxies (ELGs) and Luminous Red Galaxies (LRGs)7

Regarding the fiducial bias, we use the forecasts by Orsi
et al. (2009) for BigBOSS ELGs. We use b = 2G(0)/G(z)
(where G(z) is the standard linear growth rate) for BOSS
and BigBOSS LRGs (see Reid et al. (2010)). Table 3 sum-
marises the main characteristics of these surveys.

The results are shown in Fig. 3. We first notice that Eu-
clid (represented by dark-green circles) will obtain the most
precise measurements of growth, even in the pessimistic situ-
ation of detecting only half the galaxies (light-green circles).
In redshift coverage it will be perfectly complementary to
BOSS. The partial overlap with BigBOSS, whose ELG sam-
ple will reach similar errors up to z ⇠ 1.4, will allow for inter-
esting useful independent measurements and cross-checks.

5 http://cosmology.lbl.gov/BOSS/
6 http://bigboss.lbl.gov/
7 We thank the BigBOSS consortium for providing their latest
estimate of their expected galaxy densities, which we used in cre-
ating this plot.

© 2011 RAS, MNRAS 000, 1–18

(Majerotto, LG, et al. 2012) 

Euclid forecasts 

Need to improve modelling to enter “precision RSD era”  

! e.g. EUCLID: 1-3% precision on  fσ8 
! “Standard” RSD dispersion 
model: up to 10% systematic error  

(also Okumura & Jing, 2011) 

8 D. Bianchi, et al.
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Figure 5. The mean values of β averaged over 27 sub-cubes, as measured in each mass sample (open circles) estimated using the
“standard” linear-exponential model of Eq. (11). The dark- and light-green bands give respectively the 1σ and 3σ confidence intervals
around the mean. The measured values are compared to the expected values βt, computed using Eqs. (16-18). We also give the 1σ and
3σ theoretical uncertainty around βt, due to the uncertainty in the bias estimate ( brown and red bands, respectively).

depending on the linear assumption, from those introduced
by a limited recontruction of the underlying real-space cor-
relation function. In Appendix B we shall therefore discuss
separately the effects of deriving ξ(r) directly from the ob-
servations.

Despite the apparently very good fits (Fig. 4), we find a
systematic discrepancy between the measured and the true
value of β. The systematic error is maximum (≈ 10%) for
low-bias (i.e. low mass) halos and tends to decrease for larger
values (note that here with “low bias” we indicate galaxy-
sized halos with M ≈ 1012 h−1 M⊙). In particular for Mcut

between 7× 1012 and ≈ 1013 h−1 M⊙ the expectation value
of the measurement is very close to the true value βt.

It is interesting, and somewhat surprising, that, al-
though massive halos are intrinsically sparser (and hence
disfavoured from a statistical point of view), the scatter of
β (i.e. the width of the green error corridor in Figure 5) does
not increase in absolute terms, showing little dependence on
the halo mass. Since the value of β is decreasing, however,
the relative error does have a dependence on the bias, as we
shall better discuss in § 5.

4.2 Is a pure Kaiser model preferable for

cluster-sized halos?

Groups and clusters would seem to be natural candidates
to trace large-scale motions based on a purely linear de-

scription, since they essentially trace very large scales and
most non-linear velocities are confined within their struc-
ture. Using clusters as test particles (i.e. ignoring their in-
ternal degrees of freedom) we are probing mostly linear, co-
herent motions. It makes sense therefore to repeat our mea-
surements using the linear model alone, without exponential
damping correction. The results are shown in Figure 6. The
relative error (lower panel) obtained in this case is in gen-
eral smaller than when the exponential damping is included.
Both models yield similar systematic error (central panel),
except for the small mass range where the exponential cor-
rection clearly has a beneficial effect. In the following we
briefly summarize how relative and systematic errors com-
bine. To do this we consider three different mass ranges ar-
bitrarily choosen.

(i) Small masses (Mcut ! 5× 1012 h−1M⊙)
This range corresponds to halos hosting single L∗ galaxies.
Here the linear exponential model, which gives a smaller
systematic error, is still not able to recover the expected
value of β. However, any consideration about these “galactic
halos” may not be fully realistic since our halo catalogues
are lacking in sub-structure (see Section 4.4).

(ii) Intermediate masses

(5 × 1012 ! Mcut ! 2 × 1013 h−1 M⊙)
This range corresponds to halos hosting very massive galax-
ies and groups. The systematic error is small compared to

© 0000 RAS, MNRAS 000, 1–19

(Bianchi, LG et al., 2012) 

! A lot of modelling work ongoing 
(Scoccimarro, Taruya+, Kwan+, Reid+, 
Samushia+, Seljak+, Bianchi+, Kopp+, …   



Galaxy clustering: a primary probe to answer the high-level 
questions… 

•  Nature of Dark Matter ? 

•  Nature of Dark Energy ? 

•  Behaviour of gravity at the largest scales (did Einstein have 
final word)? 

•  Physics of the initial conditions (inflation) ? 

Implications for physics 

" the Standard Model of cosmology (ΛCDM)   

" the Standard Model of particle physics 



…if a galaxy redshift survey is properly designed 

STATISTICAL ERRORS (not an issue nowadays?): 

•  Sample bigger volumes to push down sample variance, but being sufficiently 
dense to stay away from shot noise regime on the scales of interest 

•  Use multiple populations? (seemed more promising) ! survey design 

SYSTEMATIC ERRORS: 

•  How do my galaxy tracers sample dark-matter distribution? DM-baryon 
connection (bias) ! survey design (type of tracers, …) 

•  Minimize impact of non-linear clustering ! survey design (largest possible 
volume) 

•  Accuracy of modelling (e.g. RSD), to match requirements of precision 
cosmology ! technical advances, but also survey design (some tracers may be 
less affected than others) 

•  Use multiple populations, as a cross-check of systematic effects ! survey design 



Enlarge volume using a sparse “special” galaxy population… 

E.g. SDSS-LRG, and BOSS (see also Wigglez – Blake et al.): 
•  BOSS: “CMASS” LRG-like col-col selection, “loosely selecting constant mass galaxies”, z<0.7 

•  Area=8500 deg2 , Volume~6 h-3 Gpc, Ngal = 690,000 ! <n>~10-4 h3 Mpc-3 

•  Optimized for BAO measurement, excellent (a posteriori) for Redshift Space Distortions 

•  See e.g. Samushia et al. (2014) and references therein 



…or push to higher redshift, but aiming at a volume and 
density comparable to 2dFGRS and SDSS, with similarly broad 
selection function 



•  Galaxy clustering at z~1 with comparable precision to 
z~0: 
–  Evolution of ξ(r) and P(k) (Ωm, Ωb at z~1) 
–  Dependence on galaxy properties 
–  Galaxy-DM relations (HOD modeling)  

•  Growth rate from redshift-space distortions at z~1 
•  Evolution and non-linearity of galaxy biasing 
•  Evolution of galaxy colors and environmental effects  
•  Bright/massive/rare galaxies at z~1 and evolution of 

the galaxy luminosity and stellar mass functions 
•  Combined clustering / weak-lensing analysis (photo-z calibr., 

CFHTLenS match) 
•  Multi-wavelength studies (SWIRE, XMM-XXL, UDS, VIDEO,…) 

VIPERS headline science goals 



VIMOS @ VLT fills unique niche in density-area space 

At VIPERS depth:  ~100 gal/quadrant ! 
400/224 gal/arcmin2 ~ 6500 gal/deg2 



•  Want volume and density comparable to a survey like 
2dFGRS, but at z=[0.5-1]: cosmology driven, but with broader 
legacy return 

•  Means Vol~5 x 107 h-3 Mpc3, ~100,000 redshifts, close to 
full sampling 

•  Implies IAB<22.5, ~24 deg2   

•  Improve sampling within redshift range of interest through z>0.5 
robust color-color pre-selection (+star-galaxy separation), with 
also better match to VIMOS multiplexing: >40% sampling 

•  CFHTLS Wide (W1 and W4 fields, ~16 + 8 deg2) provides accurate 
multi-band photometry to support this 

•  VIMOS LR Red grism, 45 min exposure 

•  288 pointings, 440.5 VLT hours (~55 night-equivalent) 

VIPERS strategy 



VIPERS Team 
•  MILANO OAB (Project Office): L. Guzzo (P.I.), B. Granett, J. Bel, A. Iovino, S. 

Rota, U. Abbas (Turin) (+A. Hawken, D. Micheletti, A. Pezzotta) 
•  MILANO IASF (Data Reduction Centre): B. Garilli, M. Scodeggio, A. Fritz, D. 

Bottini, P. Franzetti, D. Maccagni, A. Marchetti, M. Polletta, [L. Paioro] 
•  BOLOGNA: M. Bolzonella, O. Cucciati, Y. Davidzon, A. Cappi, F. Marulli, L. 

Moscardini, D. Vergani, G. Zamorani, A. Zanichelli, E. Branchini (Rome), G. De Lucia 
(Trieste), [C. Di Porto] 

•  EDINBURGH: J. Peacock, M. Wilson 
•  GARCHING MPE: [S. Phleps], [M. Schlagenhaufer] 
•  MARSEILLE: S. de la Torre, O. Le Fevre, C. Adami, V. Le Brun, L. Tasca, C. 

Marinoni, E. Jullo, C. Schimd 
•  PARIS (TERAPIX): H. McCracken, Y. Mellier, J. Coupon (Geneva), [M. Wolk] 
•  PORTSMOUTH: W. Percival, R. Tojeiro (St.Andrews), A. Burden, R. Nichol 
•  WARSAW: A. Pollo, J. Krywult (Kielce), K. Malek, O. Solarz 

(see http://vipers.inaf.it) 



•  On average, 360 spectra 
observed per VIMOS 
pointing, given VIPERS 
target sample surface 
density and clustering 

 
 
•  VIPERS strategy yields 

mean spatial density 
<n>~10-2 h3 Mpc-3 within 
the range of interest 

  

VIPERS single-shot footprint on the sky 



1.  Automatic spectral extraction/calibration + redshift measurement: EasyLife 
pipeline running at INAF- IASF Milano (Garilli et al. 2012, PASP, 124) 

2.  Redshift review and validation: VIPGI (Scodeggio et al. 2005, PASP, 117) & 
EZ (Garilli et al. 2010, PASP, 122) 



Sky coverage today: VIPERS is finished! 

W1 W4 



•  Survey completed in January 2015; all data now reduced and 
validated: internal final (V6.0) catalogue available to team: 

•  Summer 2016: public release of full data set 

VIPERS Status 



53,609 redshifts 

(~63% of total) 

PDR-1 redshift distribution  

(Guzzo et al. 2014) 







De la Torre et al.  2013 

Redshift-space clustering and growth rate of 
structure from the PDR-1 

The function hNgal(m|z,MB)i is shown in Fig. 13 for the di↵erent
values of x probed with VIPERS. We checked the consistency of
this parameterization and verify that the wp(rp) predicted by the
mocks and the that measured are good agreement for all probed
redshift and luminosity thresholds. This is shown in the accom-
panying paper (Marulli et al. 2013).

7. Redshift-space distortions

The main goal of VIPERS is to provide with the final sample
accurate measurements of the growth rate of structure in two
redshift bins between z = 0.5 and z = 1.2. The growth rate of
structure f can be measured from the anisotropies observed in
redshift space in the galaxy correlation function or power spec-
trum. Although this measurement is degenerate with galaxy bias,
the combination f�8 is measurable and still allows a fundamen-
tal test of modifications of gravity since it is a mixture of the
di↵erential and integral growth. In this Section, we present an
initial measurement of f�8 from the VIPERS first data release.

7.1. Method

With the first epoch VIPERS data we can reliably probe scales
below about 35 h�1 Mpc. The use of the smallest non-linear
scales, i.e. typically below 10 h�1 Mpc, is however di�cult be-
cause of the limitations of current redshift-space distortion mod-
els, which cannot describe the non-linear e↵ects that relate the
evolution of density and velocity perturbations. However, with
the recent developments in perturbation theory and non-linear
models for RSD (e.g. Taruya et al. 2010; Reid & White 2011;
Seljak & McDonald 2011), we can push our analysis well into
mildly non-linear scales and obtain unbiased measurements of
f�8 while considering minimum scales of 5� 10 h�1 Mpc (de la
Torre & Guzzo 2012).

With the VIPERS first data release, we perform an initial
redshift-space distortion analysis, considering a single redshift
interval of 0.7 < z < 1.2. We select all galaxies above the mag-
nitude limit of the survey in that interval. The e↵ective pair-
weighted mean redshift of the subsample is z = 0.8. The mea-
sured anisotropic correlation function ⇠(rp, ⇡) is shown in the
top panel of Fig. 14. We have used here a linear binning of
�rp = �⇡ = 1 h�1 Mpc. One can see in this figure the two main
redshift-space distortion e↵ects: the elongation along the line-
of-sight, or Finger-of-God e↵ect, which is due to galaxy ran-
dom motions within virialized objects and the squashing e↵ect
on large scales, or Kaiser e↵ect, which represents the coherent
large-scale motions of galaxies towards overdensities. The lat-
ter e↵ect is the one we are interested in since its amplitude is
directly related to the growth rate of pertubations. Compared to
the previous high-redshift studiy using the VVDS survey, this
signature is detected with impressive signal-to-noise, with the
flattening being apparent to rp > 30 h�1 Mpc.

The two-dimensional anisotropic correlation has been exten-
sively used in the literature to measure the growth-rate param-
eter. However, with the increasing size and statistical power
of redshift surveys, an alternative approach has grown in im-
portance: the use of the multipole moments of the anisotropic
correlation function. This approach has the main advantage of
reducing the number of observables, compressing the cosmolog-
ical information contained in the correlation function. In turn,
this eases the estimation of the covariance matrices associated
with the data. We adopt this methodology in this analysis and fit
for the two first non-null moments ⇠0(s) and ⇠2(s), where most
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Fig. 14. Anisotropic correlation function of galaxies at 0.7 < z <
1.2. The top panel shows the results for the VIPERS first data release,
deduced by the Landy-Szalay estimator counting pairs in cells of side
1 h�1 Mpc. The lower two panels show the results of two simulations,
which span the 68% confidence range on the fitted value of the large-
scale flattening (see Section 7.4).
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The power spectrum of the galaxy distribution at z=0.5-1.1 from 
VIPERS (S. Rota PhD work) 

(Rota, Bel, Granett, LG & VIPERS Team, to be submitted) 
•  4 independent estimates: 2 z bins in 2 
independent fields (W1 and W4) 

•  Very careful treatment of window function 

FKP method – 
W(k) Convolved  

z1 

z2 

W1 W4 

0.6 

0.9 

1.1 



The power spectrum of the galaxy distribution at z=0.5-1.1 from 
VIPERS (S. Rota PhD work) 

(Rota, Bel, Granett, LG & VIPERS Team, to be submitted) 
•  4 independent estimates: 2 z bins in 2 
independent fields (W1 and W4) 

•  Very careful treatment of window function 

FKP method – 
W(k) Convolved  



Comparison to z~0,  
2dFGRS 

Percival et al. (2001)#

Cole et. al. (2005)#

!"



Cole et. al. (2005)#

Tegmark et al. (2004)#

Percival et al. (2001)#

!"

Comparison to z~0,  
2dFGRS vs SDSS 



Percival et al. (2001)#

Cole et. al. (2005)#

!"

Comparison to z~0,  
VIPERS vs 2dFGRS 

(Rota, Bel, Granett, LG & VIPERS Team, to be submitted) 



Relevance of systematic effects: dependence on kmax in the fit 

(Higher-z ! less non-linearity ! push to higher kmax) 
!"



Non-linearity of galaxy bias and its evolution 

Using Sigad, Branchini & Dekel 
(2000) inversion technique  

 
 
 
 
 
 
 
 
(Di Porto, Branchini & VIPERS Team 
2014) 



Reducing systematic effects on galaxy clustering measurements 

6 Elisabetta Majerotto et al.
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Figure 2. Fisher matrix forecasts of the errors expected on the growth rate (dark-blue error bars), expressed through the bias-free
combination f(z

i

)�
8

(z
i

), obtainable from the Euclid baseline redshift survey through the combination of amplitude and redshift-space
anisotropy of galaxy clustering. The light-blue error bars (shown with a slight o↵set in redshift for visualisation purposes) represent the
case of a galaxy density reduced by a factor of two with respect to that forecasted for the galaxies observed by Euclid (Geach et al.
2008). The solid black line represents the fiducial f �

8

, computed for the cosmology shown in Eq. (5). The dashed green line shows the
growth of a flat DGP model (calculated by numerical integration of the corresponding equation for f(z)). The red dotted line represents
f �

8

of a coupled models with coupling parameter �
c

= 0.2. All models are computed for ⌦
m0

= 0.271 and for the same �
8

(z
CMB

) as for
the fiducial model. In the same plot we also show measurements of f �

8

from past surveys (magenta error bars) and the recent Wiggle-z
survey (pink error bars), see explanation in the text.

survey reference paper z f�
8

VVDS F22 Guzzo et al. (2008) 0.77 0.49± 0.19
wide

2SLAQ Ross et al. (2007) 0.55 0.50± 0.07
galaxy

SDSS LRG Cabre & Gaztanaga (2009) 0.34 0.53± 0.07
Samushia et al. (2011) 0.25 0.35± 0.06
Samushia et al. (2011) 0.37 0.46± 0.04

2dFGRS Hawkins et al. (2003) 0.15 0.39± 0.08

WiggleZ Blake et al. (2011) 0.22 0.49± 0.07
0.41 0.45± 0.04
0.6 0.43± 0.04
0.78 0.78± 0.04

Table 2. Current measurements of f�
8

We notice that we reach accuracies between 1.3% and
4.4% in the measurement of f �

8

depending on the redshift
bin, where the highest precision is reached for redshifts z '
1.0.

5.1 Comparison to other surveys

Together with Euclid, other ongoing and future surveys will
constrain cosmology by measuring f�

8

. Here we compare the
relative errors on f�

8

obtained using di↵erent spectroscopic
galaxy redshift surveys. In particular, we consider the BOSS
survey5 (see Schlegel et al. 2009), the BigBOSS6 Emission
Line Galaxies (ELGs) and Luminous Red Galaxies (LRGs)7

Regarding the fiducial bias, we use the forecasts by Orsi
et al. (2009) for BigBOSS ELGs. We use b = 2G(0)/G(z)
(where G(z) is the standard linear growth rate) for BOSS
and BigBOSS LRGs (see Reid et al. (2010)). Table 3 sum-
marises the main characteristics of these surveys.

The results are shown in Fig. 3. We first notice that Eu-
clid (represented by dark-green circles) will obtain the most
precise measurements of growth, even in the pessimistic situ-
ation of detecting only half the galaxies (light-green circles).
In redshift coverage it will be perfectly complementary to
BOSS. The partial overlap with BigBOSS, whose ELG sam-
ple will reach similar errors up to z ⇠ 1.4, will allow for inter-
esting useful independent measurements and cross-checks.

5 http://cosmology.lbl.gov/BOSS/
6 http://bigboss.lbl.gov/
7 We thank the BigBOSS consortium for providing their latest
estimate of their expected galaxy densities, which we used in cre-
ating this plot.

© 2011 RAS, MNRAS 000, 1–18
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Euclid forecasts 

(also Okumura & Jing, 2011) 

8 D. Bianchi, et al.
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Figure 5. The mean values of β averaged over 27 sub-cubes, as measured in each mass sample (open circles) estimated using the
“standard” linear-exponential model of Eq. (11). The dark- and light-green bands give respectively the 1σ and 3σ confidence intervals
around the mean. The measured values are compared to the expected values βt, computed using Eqs. (16-18). We also give the 1σ and
3σ theoretical uncertainty around βt, due to the uncertainty in the bias estimate ( brown and red bands, respectively).

depending on the linear assumption, from those introduced
by a limited recontruction of the underlying real-space cor-
relation function. In Appendix B we shall therefore discuss
separately the effects of deriving ξ(r) directly from the ob-
servations.

Despite the apparently very good fits (Fig. 4), we find a
systematic discrepancy between the measured and the true
value of β. The systematic error is maximum (≈ 10%) for
low-bias (i.e. low mass) halos and tends to decrease for larger
values (note that here with “low bias” we indicate galaxy-
sized halos with M ≈ 1012 h−1 M⊙). In particular for Mcut

between 7× 1012 and ≈ 1013 h−1 M⊙ the expectation value
of the measurement is very close to the true value βt.

It is interesting, and somewhat surprising, that, al-
though massive halos are intrinsically sparser (and hence
disfavoured from a statistical point of view), the scatter of
β (i.e. the width of the green error corridor in Figure 5) does
not increase in absolute terms, showing little dependence on
the halo mass. Since the value of β is decreasing, however,
the relative error does have a dependence on the bias, as we
shall better discuss in § 5.

4.2 Is a pure Kaiser model preferable for

cluster-sized halos?

Groups and clusters would seem to be natural candidates
to trace large-scale motions based on a purely linear de-

scription, since they essentially trace very large scales and
most non-linear velocities are confined within their struc-
ture. Using clusters as test particles (i.e. ignoring their in-
ternal degrees of freedom) we are probing mostly linear, co-
herent motions. It makes sense therefore to repeat our mea-
surements using the linear model alone, without exponential
damping correction. The results are shown in Figure 6. The
relative error (lower panel) obtained in this case is in gen-
eral smaller than when the exponential damping is included.
Both models yield similar systematic error (central panel),
except for the small mass range where the exponential cor-
rection clearly has a beneficial effect. In the following we
briefly summarize how relative and systematic errors com-
bine. To do this we consider three different mass ranges ar-
bitrarily choosen.

(i) Small masses (Mcut ! 5× 1012 h−1M⊙)
This range corresponds to halos hosting single L∗ galaxies.
Here the linear exponential model, which gives a smaller
systematic error, is still not able to recover the expected
value of β. However, any consideration about these “galactic
halos” may not be fully realistic since our halo catalogues
are lacking in sub-structure (see Section 4.4).

(ii) Intermediate masses

(5 × 1012 ! Mcut ! 2 × 1013 h−1 M⊙)
This range corresponds to halos hosting very massive galax-
ies and groups. The systematic error is small compared to

© 0000 RAS, MNRAS 000, 1–19
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(e.g. on RSD) 



Reducing systematics: better RSD models? 

Blake et al. (2011) ! Test of various models on WiggleZ data 



Better RSD models: understand pairwise f(v) 

•  Goal: reduce degrees of freedom on 
description of the pairwise velocity PDF in 
the context of the streaming model 

•  PDF described as weighted sum of 
Gaussians, whose mean and dispersion are 
described in turn by bivariate Gaussian 

 
 

•  Works extremely well: naturally provides 
exponential/Gaussian/skewed PDFs, 
depending on separation 

D. Bianchi (now @ICG Portsmouth) PhD 
work – Bianchi, Chiesa & LG, 2014, MNRAS 
446, 75 



Improving RSD measurements: better tracers of LSS and v 

F. Mohammad PhD project: RSD from the group-galaxy cross-correlation 
(Mohammad, et al., submitted), plus define customized multipole expansion 
(“truncated multipoles”) to reduce weight of nonlinear scales 
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Bel et al. 2014, A&A, 563, 37 

(3) “Optimized” statistics: the “clustering ratio” from counts 
in cells (Bel et al.), an implicit probe of P(k) shape  

where: 
 
•  R=smoothing radius of galaxy field  
•  r=nR (n=3,4,5) i.e. correlated on 

larger scales 
•  Ratio has favourable propertites wrt to 

quasi-linear/mildly nonlinear effects on 
the P(k): most of these  factor out 

•  Essentially a ratio of power in two 
different k bands 

! Reduce the effect on P(k) shape 
of the “Big Three”, i.e. nonlinearity, 
bias and RSD 
 



Identify new cosmological probes: cosmic voids at z~1 

Micheletti, Iovino, 
Hawken, Granett & 
VIPERS team, 2014 



Identify new cosmological probes: cosmic voids at z~1 

Modelling the cross-correlation function: A. Hawken et al., in preparation 

!  How precise and accurate can this method be? 
!  Needs highly-samples surveys like GAMA and VIPERS 



Minimize observational effects (not obvious at 1% level!) 
E.g. detailed correction of masking effects in the VIPERS data on the estimate of two-
point correlations (A. Pezzotta PhD work) 

! This will be very relevant for Euclid slitless spectroscopic mode 



Account for all existing components: neutrinos! 

Carbone et al., DEMNUni simulations 



Improve understanding relation between DM and baryons 
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•  Halo Occupation 
Distribution modelling of 
VIPERS correlation 
function  

(De la Torre & VIPERS team 
2015, in preparation) 



VIPERS provides detailed structure AND galaxy properties 

 Color-density relation: Cucciati et al., in prep. 

 (U-B) rest frame  



I.  Davidzon, Bolzonella et al. 2013, A&A, 
558, 23 

II.  Fritz et al. (CM diagram + LF), 2014, 
A&A, 563, 92 

Galaxy Stellar Mass Function 

MOST PRECISE MEASUREMENT EVER OF THE 
NUMBER DENSITY OF MASSIVE GALAXIES AT Z~1 



Φ Φ+Ψ

Kilbinger+13 
CFHTLens 

de la Torre+13 
VIPERS 

Cosmic shear: 

Percival+10 

BAO: a(τ)  RSD: 

: governs motion of matter 

: governs motion of light 

Φ = Ψ for GR

Combining imaging and spectroscopy: the importance of photometry  

De la Torre, Jullo & VIPERS Team, in preparation 



Summary 
•  Design of redshift surveys for “cosmology” has important implications: 

1.  Either maximize volume with low density tracers (<n>~10-4 Mpc-3): very effective for 
cosmological applications; typically difficult selection function (pre-selection), limited use 
beyond primary cosmological goals (e.g. BOSS, Wigglez). Normally based on fibre-fed 
spectrographs with ~103 fibres over 1-2 degrees radius field.  Forthcoming e-BOSS and 
DESI surveys will be of this kind. 

2.  Or use fully representative galaxy population (<n>~10-2 Mpc-3): important extra 
leverage on the details of the cosmic web (voids, filaments), non-linear small-scale 
structure (groups), galaxy properties and population statistics (LF, MF, colours) and their 
relation to environment (e.g. VIPERS, and, at lower redshift, GAMA). VIMOS has ideal 
combination of area and sensitivity (VLT) to efficiently do such surveys at z~1. 

•  Both types of surveys are important 

•  Nearly fully-sampled redshift surveys with “simple” selection function and good 
spectral coverage are crucial to understand how the tracers we are using relate to the 
underlying DM 

•  Do much more than BAO/RSD, also in cosmological terms: new probes, discovery 
space…  



Remarks 

1.  z~0 and z~1 clustering measurements are getting close to similar 
precision: how to best exploit these snapshots at different epochs, beyond 
the obvious combination of their measurements? 

2.  Combine redshift and angular “parent” larger samples? 

3.  Halo-galaxy connection? 

4.  Alternative statistics? (voids, etc.) 

 

5.  All these points require a high sampling of the population, understanding 
the bias and its evolution and detailed understanding of selection function 

6.  This implies that high-sampling redshift surveys of the “complete” 
population of galaxies, with “simple” selection functions (like VIPERS, 
GAMA, 2dFGRS) will remain fundamental (let alone all the specific galaxy 
evolution implications) 

7.  Allow for “discovery space”! 



Large-scale multi-band imaging surveys 

•  CFHTLS (F): completed, 140 deg2 in 5 bands, (e.g. CFHT-Lens project 
and weak-lensing shear results – basis for VIPERS) 

•  Dark Energy Survey (DES: US/UK/E + Munich LMU, ETH Zurich): 
started, 5000 deg2 in 5 bands 

 
•  VST-KIDS + VISTA-VIKING (NL, I, D, …): started, 1500 deg2 in 9 

bands (from U to K) 

•  LSST (US-led consortium): dedicated 8m telescope, 20000 deg2 

(southern sky), in 6 bands (0.3-1.1 m), with time information 
 
•  SUMIRE-PFS (Japan + others): Subaru 8m prime focus, both imaging 

and spectroscopy, being defined 

•  [Pan-STARRS? (US, UK, D, …)]: started, but unclear future 
developments 

 



Which physics?  
Don’t know, but should explain why  
               as a signature of this physics 
 
Signatures:  
•  expansion rate: SN-Ia, BAO, CMB  
•  evolution of density inhomogeneities: RSD, cosmic 

shear, galaxy clusters, ISW, ...   
Key science driver of all ongoing and future surveys: 
DES, eROSITA, DESI, LSST, Euclid, SKA, WFIRST  

Dark Energy 

Fron%ere	
  dell’Astrofisica	
  Italiana	
  –	
  Accademia	
  dei	
  Lincei	
  –	
  18-­‐19	
  marzo	
  2015	
  

WHY 
Why?  
To explain accelerated expansion 
 
 

  w = −1

 
 

p = wρc2  ;   w < −1/ 3

: Cosmological constant     
  Agrees with all data 

 ρΛ
oss ! 10−120ρΛ

teor

w(z) ≠ −1

Mantz+15 



Euclid	



Objectives: 
•  Build a map of dark and luminous 

matter over 1/3 of the sky and to 
z~2 

•  Unveil the nature of dark matter 
•  Trace the origin of cosmic 

acceleration 
•  Use multiple probes ! max 

control over systematic errors 

GALAXY CLUSTERING 
(BAO + RSD) 

WEAK LENSING 
(GEOMETRY AND 
GROWTH) 

Euclid – THE cosmology experiment 

GALAXY CLUSTERS 
(GEOMETRY AND 
GROWTH) 

•  Visible imaging (1 band) 
•  Infrared imaging (Y,J,H) 
•  Infrared slitless spectroscopy 
•  Launch 2020 

•  15,000 deg2 survey 
•  Images for 2x109 galaxies 
•  Spectra for ~5 x 107 galaxies 

(0.9<z<1.8) 



 SKA – Surveys for Cosmology 

Euclid + SKA: huge synergies 
! Scientific: beat systematics, complementary 
constraints, multi-tracers, etc. 
! Programmatics: e.g. simulations, likelihood 
definitions and coding, etc. 

1.	
  	
  HI	
  Intensity	
  Mapping	
  [BAO,	
  super-­‐horizon,	
  etc.]	
  
All-­‐sky	
  (3π	
  sr);	
  low-­‐res.	
  >30’;	
  0<z<3	
  
	
  

2.	
  	
  HI	
  Threshold:	
  galaxy	
  redshiS	
  survey	
  [BAO,	
  RSD]	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  SKA1:	
  5	
  106	
  gals	
  @	
  z<0.5	
  
	
  	
  	
  	
  	
  SKA2:	
  ~109	
  gals	
  @	
  z<2	
  
	
  	
  
3.	
  	
  Con:nuum	
  [weak	
  lensing,	
  angular	
  clustering,	
  ISW]:	
  

" All-­‐Sky	
  Survey	
  (~	
  1-­‐2”	
  res.)	
  	
  
" Weak	
  Lensing	
  Survey	
  (0.5”	
  res.):	
  	
  
NB:	
  Commensality	
  with	
  HI/Con:nuum	
  surveys	
  for	
  
galaxy	
  evolu:on	
  

	
  
	
  



h=0.67 (Planck) 
 
h=0.72 

!"

Consistency with Planck 



Fixing the baryon fraction to BBN, to compare to Bel et 
al. estimate from counts-in-cells “clustering ratio”: 

Gaussian priors on: 
h=0.738 (HST) 
ΩBh2 (BBN) 
ns,As (Planck)  

Bel et al. 2013#

!"

•  The two methods in Fourier and 
configuration space give equivalent results 

•  Note that value of Ωm =0.272 is in fact 
compatible with Planck if one considers 
h=0.67 used there and thus an 
enhancement factor of (0.738/0.67)2  



Cosmological results#

•  CAMB (ΩM,fB) +                           HALOFIT non-linearities          #

•  bias (b)#
#
#
#
#

•  redshift-space distortions:                                       KAISER +       
DISPERSION MODEL (σv)#

#
•  window function#
#

!"



Nonlinear bias evolution 

Using Sigad, Branchini& Dekel 
(2000) inversion technique  

 
 
 
 
 
 
 
 
(Di Porto, Branchini & VIPERS Team, 
submitted) 



Euclid	
 •  ESA mission + extra contribution 
by national agencies (legacy of 
parent DUNE+SPACE projects) 

•  Euclid Consortium Lead: Yannick 
Mellier (IAP) 

•  1.2 m telescope 
•  Visible imaging (1 band) 
•  Infrared imaging (Y,J,H) 
•  Infrared slitless spectroscopy 
•  Launch 2020 

•  15,000 deg2 survey 
•  Images for 2x109 galaxies 
•  Spectra for ~5 x 107 galaxies 

(0.9<z<1.8) 



Euclid	


OBJECTIVES: 
 
•  Build a map of dark and 

luminous matter over 1/3 of 
the sky and to z~2 

•  Unveil the nature of dark 
matter 

•  Solve the mystery of dark 
energy (cosmic acceleration) 

•  Use multiple probes ! max 
control over systematic errors 

The Euclid “Red Book” 
http://sci.esa.int/science-e/www/object/

index.cfm?fobjectid=48983#  

GALAXY CLUSTERING 
(BAO + RSD) 

WEAK LENSING 
(GEOMETRY AND 
GROWTH) 



Euclid 
Consortium Galaxy density in Euclid redshift survey 

Expected measured 
density from Euclid Red 
Book ! overestimated 
probably by factor ~2-3) 

As a comparison: BOSS CMASS 
(Anderson et al. 2012) 

•  NIR slitless spectroscopy mainly targeting H-alpha emission at 0.9 < z < 1.8, to a line flux of 2 x 
10-16 erg s-1 cm-2) 

•  Euclid will trace sites of strongest star formation 
•  Expected density is not outstanding (but volume is huge and dominate error budget over most of 

the range ! prefer z~1 range over z~2 for cosmology 



Euclid 
Consortium A	
  long	
  way	
  from	
  raw	
  data	
  to	
  cosmology…	
  

COSMIC VOIDS 
in the Euclid survey? 


