
Lecture plan

Part 1: Deep large scale galaxy surveys

Part 2: The Universe on large scales

- Large scale structures observations 

- Measuring clustering: the correlation function (and 
power spectrum)

Part 3: Baryon Acoustic Oscillations and 
Redshift space distortions

Part 4: The Euclid Surveys and galaxy clustering
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Outline

1. Cosmology from LSS

2. Baryon Accoustic Oscillations measurements

3. Redshift space distortions measurements

4. Constraints on cosmology from clustering



2dFGRS, Percival et al. 2001 
SDSS, Tegmark et al. 2002
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Cosmology from LSS

• Constraints from 
galaxy power 
spectrum full 
shape (linear 
scales)

 Sensitive to:
h, Wmh2, Wbh2, ns, (bs8)
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BOSS, Sanchez et al. 2012
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Cosmology from LSS

• Constraints from 
galaxy correlation 
function full 
shape

 Sensitive to: 
h, Wmh2, Wbh2, ns, (bs8)

BOSS survey
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Galaxy anisotropic correlation function Galaxy Power spectrum

Galaxy 
formation 
processes

+ 
massive 

neutrinos

Cosmology from LSS
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Planck Collaboration 2015
Anderson et al. 2014

Baryon Acoustic Oscillations

z
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Clustering: Baryon Accoustic
Oscillations 

 Original hot, dense plasma of 
electrons and baryons
 Short distances for photons as they 

interact via Thomson scattering
 Oscillations from gravity and heat 

pressure of photon-matter 
interactions

 Recombination (z~1000): matter
became neutral, photons 
propagate freely
 Decoupling: pressure oscillations 

leave an imprint in the baryon 
distribution

 A standard ruler
 Search for statistical imprint on 

galaxy distribution

 Compare to SNe: standard candel

Idealized

Statistical



Baryon Acoustic Oscillations

Baryons Photons Mass profile

A single perturbation in an uniform plasma. Uniform except for 
an excess of matter at the origin.    

Eisenstein, Seo, White 2006
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Baryon Acoustic Oscillations

Baryons Photons Mass profile

High pressure drives baryon-photon plasma outward at high 
speed. Baryons and photons move together.

Eisenstein, Seo, White 2006
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Baryon Acoustic Oscillations

Baryons Photons Mass profile

Expansion continues for about 105 years 

Eisenstein, Seo, White 2006

11



Baryon Acoustic Oscillations
Baryons Photons Mass profile

After 105 years, the Universe has cooled enough so that photons 
stop ionizing atoms. Photons decouple from baryons. The 

former quickly streams away. 

Eisenstein, Seo, White 2006
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Baryon Acoustic Oscillations

Baryons Photons Mass profile

Baryons having lost their motive pressure remain in place, the 
baryon peak is stalled.

Eisenstein, Seo, White 2006
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Baryon Acoustic Oscillations

Baryons Photons Mass profile

Photons have become uniform, but baryons stay overdense in a 
shell of 150 Mpc in radius.

Further non-linear processes related to galaxy formation act to 
broaden and shift the peak on scales of 10-20 Mpc/h.   
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What is expected ?



BAO measurements need spectral resolution

BAO scale



What has been found: SDSS

BAO scale



First detection in 2005
 ~46000 luminous red galaxies 

from SDSS-I
 ҧ𝑧~0.3

 Red luminous galaxies have a 
larger bias, hence stronger
correlation, easier to measure CF

Eisenstein et al. 2005

3s

Also from 2DFGRS
Cole et al. 2005



2012: BOSS, 
SDSS-III/DR9

 ~260000 massive 
galaxies

 ҧ𝑧~0.57

7s

Anderson et al. 2012
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Baryon Acoustic Oscillations
 Reconstruction

 To mitigate non-linear effects and sharpen the BAO peak, reconstruction is 
now common practice (based on Zel’dovich approximation): 

21



SDSS-III
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• BAO provides one of 
the most accurate 
geometrical 
constraints

A major probe
Baryon Acoustic Oscillations (BAO)

To#first#approxima- on,#comoving#
BAO#wavelength#is#determined#by#
the#comoving#sound#horizon#at#
recombina- on # ##

comoving#sound#horizon#~110h!1Mpc,##
BAO#wavelength#0.06hMpc!1####

(images from Martin White) 

r s =
1

H0Ω
1/ 2
m

a∗

0

da
cs

(a + aeq)1/ 2

Anderson et al. 2012; arXiv:1203.6594 

SDSS-III
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Anderson et al. 2014
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Cosmological parameters: using BAO + 
Planck

Red: Planck
Blue: Planck + BAO



Outline

1. Cosmology from LSS

2. Baryon Accoustic Oscillations measurements

3. Redshift space distortions measurements

4. Constraints on cosmology from clustering



Λ, Dark 
Energy ?

68%

Ordinary 
Matter

5%

Dark Matter
27%

(e.g. Amanullah et al. 2010)
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Universal content 
today

What is Dark Energy? What is the origin of 
cosmic acceleration?

Concordance ΛCDM
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Add dark energy…or modify gravity theory? 

   

Rmn -
1

2
gmn R= -

8pG

c2
Tmn + Lgmn

We need to look at both sides of the story…

?

To distinguish these two radically different 
options: need to probe the dynamics of the 

Universe

Cosmic acceleration
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Z=6

Z=2

Z=0

The growth rate of 
structure depends on 

the strength of 
gravity

(Credit: V. Springel)

Structure growth rate:

27



The origin of cosmic acceleration is one the most 
important questions in cosmology today:

Dark Energy or a modification of standard gravity theory?

 Growth rate of structure f(z) crucial to 
break the degeneracy between cosmological 

models

Cosmic acceleration
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Redshift-space distortions

X
CNRS-CSIC, Madrid, 14-15 Sept. 2015

Distance in redshift-space:

de la Torre & Guzzo  2012

8 S. delaTorre& L. Guzzo
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Figure6.Measured⇠(r? , rk) andassociatedmodelsfor L > L⇤ galaxies

at z = 1. Ineachpanel thedotted, dot-dashed, andsolidcurvescorrespond

respectivelytomodel A,B,andCwithexponential dampingandlinearbias,

whilethecontourscorrespondtothemeasured⇠(r? , rk) inthegalaxy cat-

alogue. Thetoppanel showsthefiducial predictionof themodelswhilethe

bottompanel showsthebest-fittingmodel whentheparameters(f ,σv ,bL )

areallowed tovary. Wenotethefiducial valuefor σv isfixed to itslinear

value. Inthisfigure, themeasured⇠(r? , rk) issmoothedusingaGaussian

kernel of size0.5h− 1 Mpc.

determined for each galaxy population by minimising the differ-

ence between ⇠gg and b2
L⇠δδ on scales above r = 10h− 1 Mpc.

It isevident fromthisfigurethat non-linearitiesin thegalaxy bias

producevariationsupto40%inthereal-spaceclusteringonscales

1h− 1 Mpc < r < 20h− 1 Mpc, thestrengthof theeffect increas-

ingfor moreluminousgalaxies.

Let uscomeback toour original L > L⇤ cataloguesandre-

peat theanalysis of theprevious section now including thescale

dependenceof galaxy biasshowninFig. 8. Thenewstatistical and

systematicerrorsonf estimatedfromour simulatedcataloguesare

shown in Figs. 9 and 10. In general, one sees that including the

bias scale-dependence information hasonly theeffect of shifting

therecovered f valuesby about −3%at bothz = 1andz = 0.1.

Thissystematiceffect isnot straightforwardtoexplainbut couldbe

duetodegeneraciesinthemodelswhenincludingthisextradegree

of freedom. Accounting for biasscaledependence tendshowever

to reducethedependenceof thesystematic error on theminimum

fitted scalewhen including scales below r? = 10h− 1 Mpc: the

retrieved valueismoreconstant down to rmi n
? = 1h− 1 Mpc for
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Figure7. SameasFig. 6but at z = 0.1.
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Figure8. Thescaledependenceof galaxy biasat z = 0.1 and z = 1.0,

for thedifferent galaxypopulationsconsideredinthiswork (seeinset). It is

definedasbN L (r ) =
⇥
⇠gg(r)/ b2

L ⇠δδ(r )
⇤1/ 2

.

c 2011RAS, MNRAS000, 1–16
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real-space redshift-space

s = r +
vl os
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What is the origin of cosmic acceleration?

Dark Energy or a modification of standard 

gravity ?

Structure'growth,

Structure growth• Large-scale peculiar velocities, gravity-driven 
coherent motions in velocity space

• Galaxy spatial distribution observed in galaxy 
redshift surveys, i.e. in redshift-space:

Growth rate of structure

Redshift-space distortions

29

• Because of peculiar motions, redshift is not strictly a 
distance

• Observed in redshift-space the correlation function is 
“squashed” by structure growth hence sentivite to 
Gravity



 RSD are known for about 30 years... (Kaiser 1987)

 ... but we realised its usefulness for probing                             
gravity only less than 10 years ago!

Peacock et al. (2001), Nature
RSD to measure Ωm: 

 A test of the nature of cosmic acceleration using redshift space distortions 

 

11  

 

Figure 2 Estimates of the growth rate of cosmic structure compared to predictions 
from various theoretical models. Values of f = bbL are plotted as a function of the 

inverse of the cosmic expansion factor 1 + z = a(t)-1
. Our new measurement at z = 0.77 

from the VVDS-Wide survey (red circle) is shown together with that from the 2dFGRS, 

computed from the published
21

 value of b; to do this, we adopted the bias value 

bL = 1.0 ± 0.1 estimated from higher-order clustering in the same survey
20

. We have also 

used very recent measurements from the 2dF-SDSS LRG and QSO (2SLAQ) survey of 

luminous red galaxies
27

 (blue open square) to add one further point at z = 0.55. In this 

case, however, the values of b and bL are not fully independent, because they have been 

obtained by imposing simultaneous consistency with the clustering measured at z = 0. In 

practice, this forces the resulting f towards the flat L model, that is, ~Wm
0.55

. A more 

appropriate treatment would require an independent estimate of the bias for this sample23; 

this uncertainty is accounted for by the error bars, which in all cases correspond to 68% 

confidence intervals. The solid red line gives the growth rate for the standard 

cosmological-constant flat (Wm0 = 0.25, WL0 = 0.75) model, while the dashed red line is 

the corresponding open model with the same matter density but no cosmological constant; 

the blue and green dashed curves describe models in which dark energy is coupled to dark 

matter
5
; the black dot-dashed line is the DGP braneworld model, an extra-dimensional 

VVDS, Guzzo et al. (2008), Nature
RSD to probe gravity :                                     

Redshift-space distortions
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4 Beutler et al.

F igur e 2. T he 2D correlat ion funct ion of 6dFGS using a density

weight ing with P0 = 1600h3 M pc− 3 . For reasons of presentat ion

we binned the correlat ion funct ion in 0.5h− 1 M pc bins, while in

the analysis we use larger bins of 2h− 1 M pc. Both redshift -space

distort ion effects are visible: the “ finger-of-God” effect at small

angular separat ion r p , and the anisot ropic (non-circular) shape

of the correlat ion funct ion at large angular separat ions.

There is a possible bias in the est imat ion of the correla-

t ion funct ion due to the fact that we est imate both the mean

density and the pair counts from the same survey. This leads

to a non-zero difference between the t rue correlat ion func-

t ion est imate of an ensemble of surveys and the ensemble

average of ξ(s) from each survey. This is commonly known

as the integral const raint (e.g. Peebles 1980), which can be

calculated as (see e.g. Roche et al. 2002)

ic =
ξm odel RR

RR
(8)

and enters our correlat ion funct ion est imate as

ξdat a = ξdat a + ic, (9)

where ξdat a is the redshift -space correlat ion funct ion from

eq. 5 and ξm od el is the model for the correlat ion funct ion.

In 6dFGS ic is typically around 6 × 10− 4 and so has no

significant impact on the final result .

In Figure 2 we show the 2D correlat ion funct ion calcu-

lated from the 6dFGS dataset . In this Figure we use bins

of 0.5h− 1 Mpc, while for the analysis later on we use larger

bins of 2h− 1 Mpc (see Figure 6). The figure shows clearly

the two effects of redshift -space distort ions which we will

discuss later in sect ion 5, the “ finger-of-God” effect at small

r p , and the linear infall ef fect at larger r p which gives the

correlat ion funct ion a non-circular shape.

3.1 D ensi t y weight ing

In Fourier space the error in measuring the amplitude of a

mode of the linear power spect rum1 is given by

σP ( k ) = (b+ f µ
2
)

2
P (k) + N , (10)

where b is the linear bias, f is the growth rate, µ is the

cosine of the angle to the line of sight and P(k) is the mat ter

power spect rum. The first term on the right hand side of

this equat ion represents the sample-variance error, while the

second term ( N ) represents the Poisson error.

I f the sample-variance error is dominant we can reduce

the power spect rum error by employing a weight ing scheme

which depends upon the galaxy density n(z), such as the

one suggested by Feldman, Kaiser & Peacock (1994)

wi (z) =
1

1 + n(z)P0
, (11)

where P0 describes the amplitude of the weight ing. A

st ronger weight ing (larger value of P0 ) yields a smaller

sample-variance error since it increases the survey volume

by up-weight ing sparsely sampled regions. However, such a

weight ing scheme also increases the Poisson error because it

shift s the effect ive redshift to larger values with a smaller

galaxy number density. This is illust rated in Figure 3(a)

and 3(b). Such a weight ing scheme is standard for large scale

st ructure analyses.

In a magnitude-limited sample such as 6dFGS, up-

weight ing higher redshift galaxies also has the effect of shift -

ing the galaxy bias to larger values. The sample-variance

error is proport ional to the clustering amplitude, and so a

larger bias result s in a larger error. However, the weight -

ing will st ill ensure that the relat ive error of the power

spect rum, σP ( k ) / P (k), is minimised. The redshift -space dis-

tort ion signal is inversely proport ional to the galaxy bias,

β Ωγ
m (z)/ b. I f weight ing increases the bias b, it also re-

duces the signal we are t rying to measure. We therefore must

invest igat e whether the advantage of the weight ing (the re-

duced relat ive error) outweighs the disadvantage (increasing

galaxy bias).

The situat ion is very different for measuring a signal

that is proport ional to the clustering amplitude, such as the

baryon acoust ic peak. In this case the error and the sig-

nal are proport ional to the bias, and so weight ing will al-

ways be beneficial. We st ress that an increasing bias with

redshift is expected in almost all galaxy redshift surveys.

Therefore redshift -space distort ion studies should first t est

whether galaxy weight ing improves the measurement . The

6dF Galaxy Survey is quitesensit ive to theweight ing scheme

employed because it has a high galaxy density, making the

sample-variance error by far the dominant source of error.

Finally, we have to consider the correlat ion between the

bins in the measured power spect rum or correlat ion func-

t ion. I f the error is sample-variance dominated, the bins will

show large correlat ion (especially in the correlat ion func-

t ion), while in the case of Poisson-noise dominated errors,

the correlat ion is much smaller. Weight ing will always in-

crease the Poisson noise and hence reduce the correlat ion

between bins.

1 As the correlat ion funct ion and power spect rum are related by

a Fourier t ransform, the following discussion also holds t rue for a

correlat ion funct ion measurement .

c 0000 RAS, M NRAS 000, 000–000

6dFGS
Beutler et al. 2012

z=0.06

SDSS-III/BOSS
Samushia et al. 2014

z=0.57

VIPERS
de la Torre et al. 2013

z=0.8

Recent RSD measurements
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 Current constraints in agreement with 
ΛCDM and Einstein gravity

VIPERS, de la Torre et al. 2013

Constraints on growth rate
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Current constraints in agreement with ΛCDM 
and Einstein gravity

Samushia et al. 2014

Constraints on growth rate
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Chuang et al. 2014

RSD

BOSS DR11

Combined BAO and 
RSD constraints on 
Dark Energy EoS

Combined BAO and RSD
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The future of clustering
analysis

 Correlation function: a powerful tool to probe 
galaxy (halo) evolution and cosmology

 CF with BAO and RSD has become a major 
tool to constrain the cosmological world 
model





2.5 
Gpc3

11 Gpc3

eBOSS
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Future Dark Energy surveys
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1-2% 
expected

2-5% 
about 0.5% 

expected

• Massive effort today to prepare massive galaxy/quasar surveys to
solve the problem of Dark Energy and the origin of late cosmic
acceleration: eBOSS, DES, PFS, Euclid, DESI, WFIRST, ...

Essentially, error scales as Volume-1/2
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Future spectroscopic surveys

Spectroscopic
Survey

Instrument redshift Field
# galaxies

Start/end 
dates

eBOSS Sloan 2.5m 0.5-1.5 106 2014-2017

PFS Subaru 8m 0.5-2.7 1400 deg²
3×106

2019-2022

DESI KPNO 4m 0.5-1.5 Gal. 12000 deg²
50×106

2019-2024

EUCLID 1.2m 0.5-2 15000 deg² 
50×106

2021-2027

WFIRST 2.4m 1-3 2200 deg²
16×106

2024-



Lecture plan

Part 1: Deep large scale galaxy surveys

Part 2: The Universe on large scales

- Large scale structures observations 

- Measuring clustering: the correlation function (and 
power spectrum)

Part 3: Baryon Acoustic Oscillations and 
Redshift space distortions

Part 4: The Euclid Surveys and galaxy clustering



THE EUCLID MISSION AND 
CLUSTERING

Part 4

Olivier Le Fèvre – Cosmology Summer School 2016



Outline

1. The Euclid mission and NISP spectrograph
for clustering

2. The NISP spectroscopic survey

3. Forecasts for BAO and RSD



The ESA-Euclid space mission

 A space mission dedicated to dark energy and 
dark matter

 A 1.2m diameter telescope, visible + IR, low
background (Lagrange L2 point)

 2 survey instruments
 VIS: the VISible imager
 NISP: the near Infrared Spectrograph and Photometer

 An integrated survey
 Wide survey: 15000 deg² in imaging (2G galaxies) and 

spectroscopy (50M spectra)
 Deep survey: 40 deg² in imaging and spectroscopy



Euclid « All sky » survey

Galactic Plane

Deep
~40 deg2

Wide Extragalactic
15,000 deg2

All the extragalactic sky (away from the Milky Way)
2 billion galaxy images
50 million galaxy redshifts
To z~2: 10 billion years back



From Y. Mellier, EC-Lead



Measuring clustering with Euclid

From Guzzo Euclid-Marseille 2014



Measuring clustering with Euclid

From Guzzo Euclid-Marseille 2014

Method: galaxy redshift survey over 
wide field



From science goals to experiment

Putting it all 
together Science: Galaxy

clustering

• RSD: Probe 
of structure 
growth

• BAO

Survey 
Parameter

Space

• All sky (15000 deg²)

• R~300

• z~0.7-2

• H selected

Instrument 
Concept

• Slitless
spectroscopy & 
imaging

• Wide field 0.5 
deg²

• 0.9-1.8 microns

Survey 
Implementation



NISP: infrared spectrograph & camera

Technical specifications:

 Field of view: 0.54 deg² (2.7x  the full moon)

 Infrared: 0.8 to 2 microns

 Spectrograph designed to get the H line up to z~2

Build in Marseille, LAM-AMU leadership, with CPPM, under CNES overall agency
responsibility

48
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Euclid-NISP:
in full development

 First design 2010

 Critical Design Review (CDR): Sept. 2016
 Existing models, tested

 Delivered to ESA: 2018

 In flight: 2020

49



 NISP will produce slitless spectroscopy

 This implies superimposition of spectra from different objects (at different redshifts…). 

 The challenge is to get rid of this contamination and ensure a robust redshift
measurement

 Evaluate the reliability of the redshift measurement per object

 Do all this automatically for ~50 million objects

OU-SPE: main issues

NISP IMAGE NISP SPECTRA

Turn the grism in

Measuring clustering with Euclid



Extracting the 
spectra and redshifts

 Extract all galaxy
spectra

 Measure redshifts
automatically

 Find 50M H emitters
0.8<z<2

 Accurately measure
line flux

 Estimate uncertainties

Simulated galaxy at z=1.647

H



Extracting spectra: contamination



Paving the sky

from Scaramella Euclid-Lisbon 2016



Know the background and 
instrument: predict the SNR

For the VIS instrument

from Scaramella Euclid-Lisbon 2016



Understanding the selection function

Target 
Sampling Rate

Spectroscopic
Success Rate



Survey timing

From Scaramella Euclid-Lisbon 2016



Euclid Consortium Meeting          Leiden    14 May 2013              20 

Euclid galaxy clustering predictions 

Euclid Euclid

BAO RSD

Future surveys forecast

Credit: W. Percival
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Euclid: forecast on H(z) 
and growth rate

From Guzzo, Euclid-Lisbon 2016



A word on WFIRST

 New kid on the bloc

 Refurbished 2.4m “star 
wars” telescope

 Wide field + depth 
combination

 Will be very 
competitive 



Euclid

WFIRST



Wait and see !

 Launch 2020

 7 years nominal survey

 Lots of opportunities
for participation



THANK YOU !


