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Programme
• Rappels cosmologiques

★ Histoire de l’expansion, distances et paramètres cosmologiques
★ Résultats sur l’Énergie sombre
★ Oscillations acoustiques de baryons

• BOSS : Baryon Oscillations Spectroscopic Survey
★ L’héritage de SDSS I et II
★ SDSSIII / BOSS

• La corrélation spatiale des LRG avec DR9
★ Sélection de l’échantillon, complétude
★ Fonction de corrélation à deux points, Spectre de puissance

• Contraintes cosmologiques
★ Principe des analyses
★ Résultats

• Perspectives
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Modèle FLRW
• Relativité Générale

★  

• Principe Cosmologique
★ L’univers est homogène et isotrope aux grandes échelles

➡ Métrique de Friedman-Lemaître-Robertson-Walker

★  

➡ Équations de Friedman pour a(t)
➡ L’évolution de a(t) dépend des densités des différentes espèces:

➡ Matière relativiste
➡ Matière non relativiste
➡ Constante cosmologique (ou énergie sombre ...)
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−1 → Ouvert

ds2 = dt2 − a2(t)

[

dr2

1 − kr2
+ r2dθ2 + r2 sin2 θdφ2

]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Caractéristiques de FLRW
• Univers en expansion

★ Taux d’expansion: Paramètre de Hubble.  Aujourd’hui : H0~72 km.s-1.Mpc-1

• Redshift: boost entre réferentiels locaux et distants

• Distances: non triviales
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Distances en cosmologie
• Différence de coordonnées: 

• Dépendent de:
★ Manière de les mesurer
- différence de coordonnées x paramètre d’échelle (non mesurable): 

- distance propre (comobile)

- luminosité apparente sachant la luminosité absolue : 
- distance de luminosité

- Taille angulaire apparente sachant la taille physique: 
- distance angulaire

- Profondeur en redshift sachant la taille physique: 
- Distance radiale

★ des paramètres cosmologiques via H(z)

r(z) =

∫ r

0

dr
√

1 − kr′2
=

∫ t0

t

dt′

a(t′)
=

1

a0

∫
dz′

H(z′)

H(z) = H0

�
Ω0

k × (1 + z)2 + Ω0
m × (1 + z)3 + ΩX(z)

Dp(z) = a0r(z) =

∫ z

0

dz′

H(z′)

Da(z) = Dp(z)/(1 + z)

dz = a0

da

a2
=

a0ȧ
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Distance(s) : fct de la cosmologie
• En pratique:

★ Da = Dp = Dl = Dt pour z petit
★ Da < Dp < Dl

• Une galaxie à z=2:
★ est à une distance comobile de 

5.3 Gpc/h
★ a le diamètre angulaire de la 

même galaxie située à 1.8 Gpc/h
★ a la luminosité apparente de la 

même galaxie située à 16 Gpc/h

• Énergie noire:
★ dans un Univers avec énergie noire, 

tout semble plus lointain à cause de 
l’accélération de l’expansion
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Diagrammes de Hubble
• Mesurer l’une des distances en fonction de z

★ Chandelle standard (SNIa)
★ Étalon de distance standard (BAO)
★ Horloge standard (?)
★ ...

• Mesure des paramètres cosmologiques
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Diagrammes de Hubble
• Mesurer l’une des distances en fonction de z

★ Chandelle standard (SNIa)
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Union Sample from [Kowalski et al., 2008]
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• Ex/ SNIa
★ Distance de luminosité
★ Découverte de l’accélération 

de l’expansion
★ Energie sombre ?  Constante 

cosmologique ?
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Contraintes sur 
• CMB: 

★ distance angulaire à z=1100

• Mesure de H0 
★ (~locale)

• SNIa: 
★ distance de luminosité

• BAO SDSSII: 
★ ~ distance angulaire

• Questions:
★ Nature de 
- valeur de 

- équation d’état de  : 

- -1 : ~ Constante cosmologique [gravité]
- autre : Dark Energy [contenu matériel]
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Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc [Eisenstein et al., 2005]

[N. Busca]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc [Eisenstein et al., 2005]

[N. Busca]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc [Eisenstein et al., 2005]

[N. Busca][N. Busca]
Simulation Gaussienne

(r)

[Eisenstein et al., 2005]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc [Eisenstein et al., 2005]

[N. Busca][N. Busca]
Simulation Gaussienne

(r)

[Eisenstein et al., 2005]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc [Eisenstein et al., 2005]

[N. Busca][N. Busca]
Simulation Gaussienne

(r)

[Eisenstein et al., 2005]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Oscillations acoustiques de baryons
• Univers jeune: ionisé

★ Photons et baryons couplés
★ Propagation d’ondes de pression 

• Découplage matière-rayonnement: 
Univers neutre
★ Les photons s’échappent (CMB)
★ Baryons: excès à l’horizon sonore (150 Mpc)
★ Matière noire restée au centre
★ Un excès demeure à 150 Mpc

échelle BAO = cs.tdec ~ 150 Mpc

zdec ~1100 (T << 13.6 eV)

[Eisenstein et al., 2005]

[N. Busca][N. Busca]
Simulation Gaussienne

(r)

[Eisenstein et al., 2005]
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Observations des BAO
• CMB

• Galaxies

The SDSS has yielded one of  the first detections of  the BAO signal outside of the CMB, as illustrated in 
Fig. 1. The other detection was made by the 2dF survey (Cole et al. 2005). The identification of  the hori-
zon scale as a transverse angle determines the distance ratio DA(z)/rs (modulo the curvature contribu-
tion), while its determination along the line of sight determines H(z) rs. The simultaneous measurement of 

the two quantities allows also one to make an Alcock-Paczy!ski test, which yields a robust determination 
of cosmological parameters. The BAO approach appears to have the smallest systematic error while 
preserving a good statistical prevision (see the DETF report). The original Einsenstein et al. 2005 meas-
urement uses full 3D information, yielding a measurement of the acoustic scale with an accuracy of  4 % 
up to z = 0.35. The Padmanabhan et al. 2006 analysis uses 
more galaxies, up to z = 0.5, yielding a 6 % measurement: it 
uses photometric redshifts, so the line of sight signal is 
smeared out and the redshift is only used to bin the data 
and avoid smearing out also the transverse information 
through projection effects. A 2D measurement typically 
needs to include ten times as many galaxies to achieve the 
same accuracy as a 3D measurement.

The Dark Energy Task Force has examined four techniques 
to probe the characteristics of  Dark Energy (leaving out 
CMB foregrounds like the ISW effect or the two SZ effects): 
weak lensing, supernovae, clusters and baryon oscillations. 
Some of these techniques probe the growth of structures 
(suppressed by dark energy), others are testing the geome-
try of  the Universe and its expansion rate. Since both the 
degeneracies and the systematic effects associated with 
these techniques are different, the DETF recommends tack-
ling the problem though several approaches.

APO post-SDSS opportunities

The SDSS-II survey will end in 2008. The ARC has allocated time to four new  projects for the 2008-
2014 period, with most of the dark and grey time going to this BOSS project targeting both LRG and 
QSO. The three other selected projects of  the “After Sloan 2” period are SSS (study of  the assembly 
and chemical enrichment of the outer parts of  the Milky Way through a survey of 250,000 high galactic 
latitude stars, dark-grey time 2008-spring 2009), ASEPS (radial-velocity search for extrasolar planets 
through a survey of 100,000 stars expected to yield 1000 planets, bright time 2008-2014) and APO-
GEE (H-band spectrography of low galactic latitudes stars, 2011-).

Luminous red galaxies

SDSS-I used its multi-color imaging data to select a small sample of  luminous red galaxies at 
0.2 <  z < 0.47 to supplement the larger flux-limited main galaxy sample. The LRG sample was de-
signed to have sufficient number density to sample well the peak of  the CDM power spectrum, while 
using a minimum of  fibers. Indeed, despite the fact that the LRG sample uses only 15 % of  the SDSS-I 
galaxy fiber budget, it produces about four times more leverage on 100 Mpc scale structure than the 
rest of the galaxies.

This project will improve the original SDSS measurement in two ways :
— the density of  the SDSS-I LRG sample is low  enough that the higher harmonics of  the acoustic os-
cillations are partially compromised by shot noise, and the main peak measurement is limited by shot 
noise. Eisenstein et al. 2006 have shown that it is possible to reconstruct the linear density field from 
the quasi-linear regime so as to restore the higher harmonics of the acoustic oscillations. Increasing 
the density of observed LRG by a factor 4 in the z < 0.5 range would allow  us both to reconstruct the 
large-scale flows and restore the linear-theory width of  the acoustic feature (Eisenstein et al. 2006), 
and to overcome the shot noise that dominates the errors in the current SDSS LRG measurement.
— we will extend the LRG sample up to z = 0.8, with somewhat more shot noise.

The current SDSS survey measured the acoustic peak with 4 % accuracy. The legacy SDSS-II survey 
should provide a measurement with 3 % accuracy, at z ~ 0.35. Our proposal would yield a transverse 
distance (DA) measurement of 1.1 % and a radial distance (H[z]) measurement of 1.9 % in each of  two 
redshift bins, centered at z = 0.36 and z = 0.61.

16

Fig. 1: Detection of  the BAO in the correlation 
function of  spectroscopic LRG’s from SDDS-I  
Data Release 3 (Eisenstein et al. 2005). The cor-
relation function showns a peak at 100h–1 Mpc ~ 
140 Mpc.

We present the large-scale correlation function measured from a

spectroscopic sample of 46,748 luminous red galaxies from the Sloan

Digital Sky Survey, covering 3816 square degrees and 0.16 < z < 0.47.

We find a well-detected peak in the correlation function at 100h-1 Mpc

separation that is an excellent match to the predicted shape and locat-

ion of the imprint of the recombination-epoch acoustic oscillations.

This detection demonstrates the linear growth of structure by

gravitational instability between z = 1000 at the present and confirms a

firm prediction of the standard cosmological theory.  The acoustic peak

provides a standard ruler by which we can measure the absolute

distance to z = 0.35 to 5% accuracy and the ratio of the distances to

z!=!0.35 and z!=!1089 to 4% accuracy.  This provides a measurement of

cosmological distance and an argument for dark energy based on a

geometric method with the same simple physics as the cosmic

microwave background (CMB) anisotropies.

From the overall shape of the correlation function, we measure

!mh2!=!0.130(n/0.98)1.2 ± 0.011 (8%).  This result is independent from,

but agrees with, the value from the anisotropies of the CMB.

We find !m = 0.273 ± 0.025 + 0.123(1+w0) + 0.137!K, where w0 is

the dark energy equation of state at z < 0.35, but where the constraint is

otherwise independent of w(z).

Including the CMB acoustic scale, we find !K = –0.010 ± 0.009 if

the dark energy is a cosmological constant.

The SDSS LRG Sample

  The SDSS has two spectroscopic galaxy

samples.  The Main sample is a flux-

limited sample (r < 17.77, 90 deg-2) of

normal galaxies.  The LRG sample uses

a color and flux cut to select 15 luminous

early-type galaxies per deg2 out to z!~!0.5

and down to a flux limit of r!=!19.5.

  In this analysis, we use a spectroscopic

sample of 47,000 LRGs over 3816 deg2

in the redshift range 0.16!<!z!<!0.47.  The

volume surveyed is 0.72h–3 Gpc3.  The

LRG number density of 0.3–1x10–4h–3

Mpc3 is close to optimal for the study of

structure on the largest scales.

The comoving number density n(z) of the LRG sample,

in units of 10–4h–3 Mpc3.  The sample is close to constant

n(z), i.e. volume-limited, out to z ~ 0.36.   The red line is

our model of n(z), used to create random catalogs for the

correlation analyses.

A pie diagram of the LRG sample,

running from z!=!0.16 to z = 0.47.

The red bullseye has a radius of 100h-1

Mpc, the scale of the acoustic peak.
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The Intermediate-Scale Clustering

of Luminous Red Galaxies

I. Zehavi, D. Eisenstein, R. Nichol, M. Blanton, D. Hogg, et al.

(Astrophysical Journal, in press; astro-ph/0411557)

We measure the auto-correlation function

of the LRG sample on scales from 300h–1

kpc to 30h–1!Mpc.  We use projected corre-

lation functions to eliminate the effects of

redshift distortions and study three different

luminosity subsets.

As expected, luminous red galaxies are

highly clustered, with a correlation length of

~10h–1!Mpc.  We find $8=1.80 ± 0.03 for

the –23.2!<!Mg!<!–21.2 volume-limited sub-

set and a bias of 1.84 ± 0.11 relative to L*

The real-space correlation function of LRGs in three

absolute magnitude bins (rest-frame g band, passively

evolved to z = 0.3).   The samples are highly biased, and

there is a mild luminosity dependence of the amplitude.

The projected correlation function wp(rp) divided by a

fiducial r–0.9 power-law.  The luminosity-dependent bias

is now more clear, as is the fact that the correlation

functions are not pure power laws (which would be a

straight line on this log-log plot).

The Small-Scale Clustering of Luminous Red Galaxies

via Cross-Correlation Techniques

D. Eisenstein, M. Blanton, I. Zehavi, et al.

(Astrophysical Journal, in press; astro-ph/0411559)

We cross-correlate the spectroscopic LRG

sample with a sample of 16 million galaxies

from SDSS imaging to probe the clustering

around LRGs on scales from 200h–1 kpc to 7h–1

Mpc as a detailed function of scale and LRG

luminosity.  By using a cross-correlation

method, we can avoid the shot noise of the

sparse LRG sample and obtain very high signal-

to-noise ratio results.

Even with angular methods, the only physical

correlations (other than lensing) occur when the

two objects are at nearly the same redshift.

Therefore, we can use the spectroscopic redshift

of the LRG to transform angles into transverse

physical distances and the fluxes of the imaging

galaxies into luminosities.  In particular, we use

this property to restrict the imaging sample to a

constant passively evolving luminosity cut; in

the figures here, we use M*–0.6 to M*+1.0.

The cross-correlation is performed using the

The cross-correlation between LRGs and L* galaxies as

a function of scale.  Three different LRG luminosity

bins are shown (Mg* is -20.35).  The bottom panel

shows the results divided by a r–2 power-law.  The

luminosity dependence in the results is obvious, as is

the deviation from a pure power-law.

The cross-correlation between LRGs and L* galaxies as a function of

LRG luminosity (in bins of 0.1 mag).  The physical scale is about 200h–1

kpc proper.  The horizontal axis has been warped to L1.5 as this provides

a very nearly linear fit (solid line).  The vertical axis is a count of the

average number of L* galaxies near each LRG, weighting the count by a

function W(r) [see paper].   There are 4 times more L* galaxies around

LRGs of 8L* than around those of 2L*.  The short and long dashed lines

show the fits for 1.6h–1 and 7h– 1 Mpc, respectively.   There is clear

evidence that the luminosity dependence is also scale dependent.

method of Eisenstein (2003, ApJ, 586, 718) in

which weighting as a function of transverse

separation is used to synthesize a spherical

integral of the real-space cross-correlation

function.  This has a simple interpretation as

the average number of L* galaxies around the

LRG, as weighted by the function W(r).  The

method has also extremely convenient comput-

ational properties.

    We find very strong luminosity dependence

in the clustering.  On 200h-1 kpc scales, we find

a factor of 4 variation in the average number of

L* galaxies around LRGs as one changes the

LRG luminosity from 2L* to 8L*.   However,

this luminosity dependence is weaker at larger

scales; in other words, galaxy clustering bias is

both scale and luminosity dependence.  We

show that the cross-correlation function is not a

power-law in scale, but instead has a dip at 1

Mpc scale relative to smaller and larger scales.

Detection of the Baryon Acoustic Peak in the Large-Scale

Correlation Function of SDSS Luminous Red Galaxies

Daniel Eisenstein, I. Zehavi (Arizona), D. Hogg, R. Scoccimarro, M. Blanton (NYU), R. Nichol

(Portsmouth), R. Scranton (Pittsburgh), H. Seo (Arizona), M. Tegmark (Penn/MIT), Z. Zheng (IAS), et al.

(Astrophysical Journal, submitted)

An Acoustic Peak Primer

   Before recombination at z~1000, the universe was ionized,

and in this plasma the cosmic microwave background photons

are well coupled to the baryons and electrons.  The photons

have such enormous pressure that the sound speed in the

plasma is relativistic.

   The initial perturbations are equal in the dark matter and

baryons.  However, an overdensity in the baryons also

implies a large overpressure, with the result that a spherical

pressure wave is driven into the plasma.  By the time of

recombination, this wave has reached a comoving radius of

150 Mpc, the sound horizon.

  The dark matter overdensity on the other hand remains

centrally concentrated.  After recombination, perturbations

grow gravitationally in response to the sum of the dark matter

and baryons.   The central concentration dominates, but there

is a small (1%) imprint at 150 Mpc scale that generates a

single acoustic peak in the matter correlation function.

An illustration of the baryonic pressure wave expanding

from a central overdensity, where the dark matter pert-

urbation remains.  The amplitude of the wave has been

exaggerated; it should be only 1% of the central peak.

The Universe is a superposition of many such structures.

The redshift-space correlation function of  LRGs.   Note the acoustic peak

at 100h-1 Mpc.  The data points are correlated; including this, the best-fit

model with !bh
2 = 0.024 has %2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has %2 = 27.8 and is rejected at 3.4 $.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (!bh
2) to set the

sound speed and the matter and radiation

densities (!mh2 and !rh
2) to set the propa-

gation time.  Measuring these densities, e.g.,

from the acoustic peaks of the CMB, allows

one to calibrate this standard ruler.

  We compute the redshift-space correlation function of

the LRGs on scales between 10h-1 and 180h-1 Mpc.  The

covariance matrix is derived from 1247 mock catalogs

constructed using PTHalos and a model of the halo

occupation of LRGs.

   The correlation function reveals a well-detected peak at

100h-1 Mpc separation.  Associating this with the acoustic

peak sets the distance to z = 0.35, the typical redshift of

the sample.  More generally, the correlation function is a

good fit to models with the baryon density found by

WMAP and big bang nucleosynthesis.

   From the shape of the correlation function, we can infer

the matter density !mh2, although this is mildly degene-

rate with the spectral tilt n.

   Our best measurement of distance comes from compar-

ing the acoustic scale in the LRG sample to that measured

in the CMB.  This constrains the distance to z!=!0.35 to

that to z!=!1089 to be 0.0979 ± 0.0036 (4%).  This ratio is

highly robust, not only against changes within the stan-

dard modeling but also against certain exotic alterations.

   With this ratio, we get precise geometric constraints on

dark energy and curvature, given in the Table to the right.

   Focusing on the local distance scale, we can use our

standard ruler to measure !m with only mild effects from

w(z) or curvature.  We find !m = 0.273 + 0.123(1+w0) +

0.137!K ± 0.025, where w0 is the dark energy equation of

state at z < 0.35.

The correlation function times r2 to flatten out the curve.  The acoustic peak

is now clearly visible.   Three different cosmological models with!bh
2 =

0.024 are shown, along with one pure CDM model.  The horizontal scale was

computed assuming a particular distance to z = 0.35; we introduce this as a

parameter in the model fits so as to measure the cosmological distance scale.

galaxies.  The LRG sample shows 4$

evidence for luminosity-dependent bias.

  The correlation functions are close to

power laws (with slope r–1.9) but do show

statistically significant deviations.  These

deviations are similar to those found in

the SDSS Main sample. These are natur-

ally explained by contemporary models

of galaxy clustering as the transition

from intra-halo to inter-halo clustering.
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Abstract

Constraints in the parameter space of !mh2 and the distance to z =

0.35.  We have assumed !bh
2 = 0.024 and n = 0.98.  Changing the tilt

alters the value of !mh2 but does not change the ratio of the distances

to z = 0.35 and to z = 1089 because the acoustic scale is well detected.

0.963 ± 0.0220.983 ± 0.0350.973 ± 0.030n

0.692 ± 0.0210.648 ± 0.0450.669 ± 0.028h

0.298 ± 0.0250.326 ± 0.0370.306 ± 0.027!m

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008!mh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009!K

Flat, &Flat, constant wCurved, &

Cosmological constraints from a Markov chain analysis combining

WMAP and SDSS Main P(k) (Tegmark et al. 2004, PRD, 69, 103501)

with the LRG correlation function measurements of the acoustic scale.

The improvement is typically a factor of 2.

[Eisenstein et al., 2005]

[WMAP]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Observations des BAO
• CMB

• Galaxies

The SDSS has yielded one of  the first detections of  the BAO signal outside of the CMB, as illustrated in 
Fig. 1. The other detection was made by the 2dF survey (Cole et al. 2005). The identification of  the hori-
zon scale as a transverse angle determines the distance ratio DA(z)/rs (modulo the curvature contribu-
tion), while its determination along the line of sight determines H(z) rs. The simultaneous measurement of 

the two quantities allows also one to make an Alcock-Paczy!ski test, which yields a robust determination 
of cosmological parameters. The BAO approach appears to have the smallest systematic error while 
preserving a good statistical prevision (see the DETF report). The original Einsenstein et al. 2005 meas-
urement uses full 3D information, yielding a measurement of the acoustic scale with an accuracy of  4 % 
up to z = 0.35. The Padmanabhan et al. 2006 analysis uses 
more galaxies, up to z = 0.5, yielding a 6 % measurement: it 
uses photometric redshifts, so the line of sight signal is 
smeared out and the redshift is only used to bin the data 
and avoid smearing out also the transverse information 
through projection effects. A 2D measurement typically 
needs to include ten times as many galaxies to achieve the 
same accuracy as a 3D measurement.

The Dark Energy Task Force has examined four techniques 
to probe the characteristics of  Dark Energy (leaving out 
CMB foregrounds like the ISW effect or the two SZ effects): 
weak lensing, supernovae, clusters and baryon oscillations. 
Some of these techniques probe the growth of structures 
(suppressed by dark energy), others are testing the geome-
try of  the Universe and its expansion rate. Since both the 
degeneracies and the systematic effects associated with 
these techniques are different, the DETF recommends tack-
ling the problem though several approaches.

APO post-SDSS opportunities

The SDSS-II survey will end in 2008. The ARC has allocated time to four new  projects for the 2008-
2014 period, with most of the dark and grey time going to this BOSS project targeting both LRG and 
QSO. The three other selected projects of  the “After Sloan 2” period are SSS (study of  the assembly 
and chemical enrichment of the outer parts of  the Milky Way through a survey of 250,000 high galactic 
latitude stars, dark-grey time 2008-spring 2009), ASEPS (radial-velocity search for extrasolar planets 
through a survey of 100,000 stars expected to yield 1000 planets, bright time 2008-2014) and APO-
GEE (H-band spectrography of low galactic latitudes stars, 2011-).

Luminous red galaxies

SDSS-I used its multi-color imaging data to select a small sample of  luminous red galaxies at 
0.2 <  z < 0.47 to supplement the larger flux-limited main galaxy sample. The LRG sample was de-
signed to have sufficient number density to sample well the peak of  the CDM power spectrum, while 
using a minimum of  fibers. Indeed, despite the fact that the LRG sample uses only 15 % of  the SDSS-I 
galaxy fiber budget, it produces about four times more leverage on 100 Mpc scale structure than the 
rest of the galaxies.

This project will improve the original SDSS measurement in two ways :
— the density of  the SDSS-I LRG sample is low  enough that the higher harmonics of  the acoustic os-
cillations are partially compromised by shot noise, and the main peak measurement is limited by shot 
noise. Eisenstein et al. 2006 have shown that it is possible to reconstruct the linear density field from 
the quasi-linear regime so as to restore the higher harmonics of the acoustic oscillations. Increasing 
the density of observed LRG by a factor 4 in the z < 0.5 range would allow  us both to reconstruct the 
large-scale flows and restore the linear-theory width of  the acoustic feature (Eisenstein et al. 2006), 
and to overcome the shot noise that dominates the errors in the current SDSS LRG measurement.
— we will extend the LRG sample up to z = 0.8, with somewhat more shot noise.

The current SDSS survey measured the acoustic peak with 4 % accuracy. The legacy SDSS-II survey 
should provide a measurement with 3 % accuracy, at z ~ 0.35. Our proposal would yield a transverse 
distance (DA) measurement of 1.1 % and a radial distance (H[z]) measurement of 1.9 % in each of  two 
redshift bins, centered at z = 0.36 and z = 0.61.
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Fig. 1: Detection of  the BAO in the correlation 
function of  spectroscopic LRG’s from SDDS-I  
Data Release 3 (Eisenstein et al. 2005). The cor-
relation function showns a peak at 100h–1 Mpc ~ 
140 Mpc.

We present the large-scale correlation function measured from a

spectroscopic sample of 46,748 luminous red galaxies from the Sloan

Digital Sky Survey, covering 3816 square degrees and 0.16 < z < 0.47.

We find a well-detected peak in the correlation function at 100h-1 Mpc

separation that is an excellent match to the predicted shape and locat-

ion of the imprint of the recombination-epoch acoustic oscillations.

This detection demonstrates the linear growth of structure by

gravitational instability between z = 1000 at the present and confirms a

firm prediction of the standard cosmological theory.  The acoustic peak

provides a standard ruler by which we can measure the absolute

distance to z = 0.35 to 5% accuracy and the ratio of the distances to

z!=!0.35 and z!=!1089 to 4% accuracy.  This provides a measurement of

cosmological distance and an argument for dark energy based on a

geometric method with the same simple physics as the cosmic

microwave background (CMB) anisotropies.

From the overall shape of the correlation function, we measure

!mh2!=!0.130(n/0.98)1.2 ± 0.011 (8%).  This result is independent from,

but agrees with, the value from the anisotropies of the CMB.

We find !m = 0.273 ± 0.025 + 0.123(1+w0) + 0.137!K, where w0 is

the dark energy equation of state at z < 0.35, but where the constraint is

otherwise independent of w(z).

Including the CMB acoustic scale, we find !K = –0.010 ± 0.009 if

the dark energy is a cosmological constant.

The SDSS LRG Sample

  The SDSS has two spectroscopic galaxy

samples.  The Main sample is a flux-

limited sample (r < 17.77, 90 deg-2) of

normal galaxies.  The LRG sample uses

a color and flux cut to select 15 luminous

early-type galaxies per deg2 out to z!~!0.5

and down to a flux limit of r!=!19.5.

  In this analysis, we use a spectroscopic

sample of 47,000 LRGs over 3816 deg2

in the redshift range 0.16!<!z!<!0.47.  The

volume surveyed is 0.72h–3 Gpc3.  The

LRG number density of 0.3–1x10–4h–3

Mpc3 is close to optimal for the study of

structure on the largest scales.

The comoving number density n(z) of the LRG sample,

in units of 10–4h–3 Mpc3.  The sample is close to constant

n(z), i.e. volume-limited, out to z ~ 0.36.   The red line is

our model of n(z), used to create random catalogs for the

correlation analyses.

A pie diagram of the LRG sample,

running from z!=!0.16 to z = 0.47.

The red bullseye has a radius of 100h-1

Mpc, the scale of the acoustic peak.

Acoustic series in

P(k) becomes a
single peak in "(r)!
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has no peak.
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The Intermediate-Scale Clustering

of Luminous Red Galaxies

I. Zehavi, D. Eisenstein, R. Nichol, M. Blanton, D. Hogg, et al.

(Astrophysical Journal, in press; astro-ph/0411557)

We measure the auto-correlation function

of the LRG sample on scales from 300h–1

kpc to 30h–1!Mpc.  We use projected corre-

lation functions to eliminate the effects of

redshift distortions and study three different

luminosity subsets.

As expected, luminous red galaxies are

highly clustered, with a correlation length of

~10h–1!Mpc.  We find $8=1.80 ± 0.03 for

the –23.2!<!Mg!<!–21.2 volume-limited sub-

set and a bias of 1.84 ± 0.11 relative to L*

The real-space correlation function of LRGs in three

absolute magnitude bins (rest-frame g band, passively

evolved to z = 0.3).   The samples are highly biased, and

there is a mild luminosity dependence of the amplitude.

The projected correlation function wp(rp) divided by a

fiducial r–0.9 power-law.  The luminosity-dependent bias

is now more clear, as is the fact that the correlation

functions are not pure power laws (which would be a

straight line on this log-log plot).

The Small-Scale Clustering of Luminous Red Galaxies

via Cross-Correlation Techniques

D. Eisenstein, M. Blanton, I. Zehavi, et al.

(Astrophysical Journal, in press; astro-ph/0411559)

We cross-correlate the spectroscopic LRG

sample with a sample of 16 million galaxies

from SDSS imaging to probe the clustering

around LRGs on scales from 200h–1 kpc to 7h–1

Mpc as a detailed function of scale and LRG

luminosity.  By using a cross-correlation

method, we can avoid the shot noise of the

sparse LRG sample and obtain very high signal-

to-noise ratio results.

Even with angular methods, the only physical

correlations (other than lensing) occur when the

two objects are at nearly the same redshift.

Therefore, we can use the spectroscopic redshift

of the LRG to transform angles into transverse

physical distances and the fluxes of the imaging

galaxies into luminosities.  In particular, we use

this property to restrict the imaging sample to a

constant passively evolving luminosity cut; in

the figures here, we use M*–0.6 to M*+1.0.

The cross-correlation is performed using the

The cross-correlation between LRGs and L* galaxies as

a function of scale.  Three different LRG luminosity

bins are shown (Mg* is -20.35).  The bottom panel

shows the results divided by a r–2 power-law.  The

luminosity dependence in the results is obvious, as is

the deviation from a pure power-law.

The cross-correlation between LRGs and L* galaxies as a function of

LRG luminosity (in bins of 0.1 mag).  The physical scale is about 200h–1

kpc proper.  The horizontal axis has been warped to L1.5 as this provides

a very nearly linear fit (solid line).  The vertical axis is a count of the

average number of L* galaxies near each LRG, weighting the count by a

function W(r) [see paper].   There are 4 times more L* galaxies around

LRGs of 8L* than around those of 2L*.  The short and long dashed lines

show the fits for 1.6h–1 and 7h– 1 Mpc, respectively.   There is clear

evidence that the luminosity dependence is also scale dependent.

method of Eisenstein (2003, ApJ, 586, 718) in

which weighting as a function of transverse

separation is used to synthesize a spherical

integral of the real-space cross-correlation

function.  This has a simple interpretation as

the average number of L* galaxies around the

LRG, as weighted by the function W(r).  The

method has also extremely convenient comput-

ational properties.

    We find very strong luminosity dependence

in the clustering.  On 200h-1 kpc scales, we find

a factor of 4 variation in the average number of

L* galaxies around LRGs as one changes the

LRG luminosity from 2L* to 8L*.   However,

this luminosity dependence is weaker at larger

scales; in other words, galaxy clustering bias is

both scale and luminosity dependence.  We

show that the cross-correlation function is not a

power-law in scale, but instead has a dip at 1

Mpc scale relative to smaller and larger scales.

Detection of the Baryon Acoustic Peak in the Large-Scale

Correlation Function of SDSS Luminous Red Galaxies

Daniel Eisenstein, I. Zehavi (Arizona), D. Hogg, R. Scoccimarro, M. Blanton (NYU), R. Nichol

(Portsmouth), R. Scranton (Pittsburgh), H. Seo (Arizona), M. Tegmark (Penn/MIT), Z. Zheng (IAS), et al.

(Astrophysical Journal, submitted)

An Acoustic Peak Primer

   Before recombination at z~1000, the universe was ionized,

and in this plasma the cosmic microwave background photons

are well coupled to the baryons and electrons.  The photons

have such enormous pressure that the sound speed in the

plasma is relativistic.

   The initial perturbations are equal in the dark matter and

baryons.  However, an overdensity in the baryons also

implies a large overpressure, with the result that a spherical

pressure wave is driven into the plasma.  By the time of

recombination, this wave has reached a comoving radius of

150 Mpc, the sound horizon.

  The dark matter overdensity on the other hand remains

centrally concentrated.  After recombination, perturbations

grow gravitationally in response to the sum of the dark matter

and baryons.   The central concentration dominates, but there

is a small (1%) imprint at 150 Mpc scale that generates a

single acoustic peak in the matter correlation function.

An illustration of the baryonic pressure wave expanding

from a central overdensity, where the dark matter pert-

urbation remains.  The amplitude of the wave has been

exaggerated; it should be only 1% of the central peak.

The Universe is a superposition of many such structures.

The redshift-space correlation function of  LRGs.   Note the acoustic peak

at 100h-1 Mpc.  The data points are correlated; including this, the best-fit

model with !bh
2 = 0.024 has %2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has %2 = 27.8 and is rejected at 3.4 $.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (!bh
2) to set the

sound speed and the matter and radiation

densities (!mh2 and !rh
2) to set the propa-

gation time.  Measuring these densities, e.g.,

from the acoustic peaks of the CMB, allows

one to calibrate this standard ruler.

  We compute the redshift-space correlation function of

the LRGs on scales between 10h-1 and 180h-1 Mpc.  The

covariance matrix is derived from 1247 mock catalogs

constructed using PTHalos and a model of the halo

occupation of LRGs.

   The correlation function reveals a well-detected peak at

100h-1 Mpc separation.  Associating this with the acoustic

peak sets the distance to z = 0.35, the typical redshift of

the sample.  More generally, the correlation function is a

good fit to models with the baryon density found by

WMAP and big bang nucleosynthesis.

   From the shape of the correlation function, we can infer

the matter density !mh2, although this is mildly degene-

rate with the spectral tilt n.

   Our best measurement of distance comes from compar-

ing the acoustic scale in the LRG sample to that measured

in the CMB.  This constrains the distance to z!=!0.35 to

that to z!=!1089 to be 0.0979 ± 0.0036 (4%).  This ratio is

highly robust, not only against changes within the stan-

dard modeling but also against certain exotic alterations.

   With this ratio, we get precise geometric constraints on

dark energy and curvature, given in the Table to the right.

   Focusing on the local distance scale, we can use our

standard ruler to measure !m with only mild effects from

w(z) or curvature.  We find !m = 0.273 + 0.123(1+w0) +

0.137!K ± 0.025, where w0 is the dark energy equation of

state at z < 0.35.

The correlation function times r2 to flatten out the curve.  The acoustic peak

is now clearly visible.   Three different cosmological models with!bh
2 =

0.024 are shown, along with one pure CDM model.  The horizontal scale was

computed assuming a particular distance to z = 0.35; we introduce this as a

parameter in the model fits so as to measure the cosmological distance scale.

galaxies.  The LRG sample shows 4$

evidence for luminosity-dependent bias.

  The correlation functions are close to

power laws (with slope r–1.9) but do show

statistically significant deviations.  These

deviations are similar to those found in

the SDSS Main sample. These are natur-

ally explained by contemporary models

of galaxy clustering as the transition

from intra-halo to inter-halo clustering.
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Abstract

Constraints in the parameter space of !mh2 and the distance to z =

0.35.  We have assumed !bh
2 = 0.024 and n = 0.98.  Changing the tilt

alters the value of !mh2 but does not change the ratio of the distances

to z = 0.35 and to z = 1089 because the acoustic scale is well detected.

0.963 ± 0.0220.983 ± 0.0350.973 ± 0.030n

0.692 ± 0.0210.648 ± 0.0450.669 ± 0.028h

0.298 ± 0.0250.326 ± 0.0370.306 ± 0.027!m

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008!mh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009!K

Flat, &Flat, constant wCurved, &

Cosmological constraints from a Markov chain analysis combining

WMAP and SDSS Main P(k) (Tegmark et al. 2004, PRD, 69, 103501)

with the LRG correlation function measurements of the acoustic scale.

The improvement is typically a factor of 2.

[Eisenstein et al., 2005]

[WMAP]

[Percival et al., 2006]
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BAO et matière noire

CDM
No Dark Matter

Avec matière 
noire (CDM)

Sans matière 
noire

The SDSS has yielded one of  the first detections of  the BAO signal outside of the CMB, as illustrated in 
Fig. 1. The other detection was made by the 2dF survey (Cole et al. 2005). The identification of  the hori-
zon scale as a transverse angle determines the distance ratio DA(z)/rs (modulo the curvature contribu-
tion), while its determination along the line of sight determines H(z) rs. The simultaneous measurement of 

the two quantities allows also one to make an Alcock-Paczy!ski test, which yields a robust determination 
of cosmological parameters. The BAO approach appears to have the smallest systematic error while 
preserving a good statistical prevision (see the DETF report). The original Einsenstein et al. 2005 meas-
urement uses full 3D information, yielding a measurement of the acoustic scale with an accuracy of  4 % 
up to z = 0.35. The Padmanabhan et al. 2006 analysis uses 
more galaxies, up to z = 0.5, yielding a 6 % measurement: it 
uses photometric redshifts, so the line of sight signal is 
smeared out and the redshift is only used to bin the data 
and avoid smearing out also the transverse information 
through projection effects. A 2D measurement typically 
needs to include ten times as many galaxies to achieve the 
same accuracy as a 3D measurement.

The Dark Energy Task Force has examined four techniques 
to probe the characteristics of  Dark Energy (leaving out 
CMB foregrounds like the ISW effect or the two SZ effects): 
weak lensing, supernovae, clusters and baryon oscillations. 
Some of these techniques probe the growth of structures 
(suppressed by dark energy), others are testing the geome-
try of  the Universe and its expansion rate. Since both the 
degeneracies and the systematic effects associated with 
these techniques are different, the DETF recommends tack-
ling the problem though several approaches.

APO post-SDSS opportunities

The SDSS-II survey will end in 2008. The ARC has allocated time to four new  projects for the 2008-
2014 period, with most of the dark and grey time going to this BOSS project targeting both LRG and 
QSO. The three other selected projects of  the “After Sloan 2” period are SSS (study of  the assembly 
and chemical enrichment of the outer parts of  the Milky Way through a survey of 250,000 high galactic 
latitude stars, dark-grey time 2008-spring 2009), ASEPS (radial-velocity search for extrasolar planets 
through a survey of 100,000 stars expected to yield 1000 planets, bright time 2008-2014) and APO-
GEE (H-band spectrography of low galactic latitudes stars, 2011-).

Luminous red galaxies

SDSS-I used its multi-color imaging data to select a small sample of  luminous red galaxies at 
0.2 <  z < 0.47 to supplement the larger flux-limited main galaxy sample. The LRG sample was de-
signed to have sufficient number density to sample well the peak of  the CDM power spectrum, while 
using a minimum of  fibers. Indeed, despite the fact that the LRG sample uses only 15 % of  the SDSS-I 
galaxy fiber budget, it produces about four times more leverage on 100 Mpc scale structure than the 
rest of the galaxies.

This project will improve the original SDSS measurement in two ways :
— the density of  the SDSS-I LRG sample is low  enough that the higher harmonics of  the acoustic os-
cillations are partially compromised by shot noise, and the main peak measurement is limited by shot 
noise. Eisenstein et al. 2006 have shown that it is possible to reconstruct the linear density field from 
the quasi-linear regime so as to restore the higher harmonics of the acoustic oscillations. Increasing 
the density of observed LRG by a factor 4 in the z < 0.5 range would allow  us both to reconstruct the 
large-scale flows and restore the linear-theory width of  the acoustic feature (Eisenstein et al. 2006), 
and to overcome the shot noise that dominates the errors in the current SDSS LRG measurement.
— we will extend the LRG sample up to z = 0.8, with somewhat more shot noise.

The current SDSS survey measured the acoustic peak with 4 % accuracy. The legacy SDSS-II survey 
should provide a measurement with 3 % accuracy, at z ~ 0.35. Our proposal would yield a transverse 
distance (DA) measurement of 1.1 % and a radial distance (H[z]) measurement of 1.9 % in each of  two 
redshift bins, centered at z = 0.36 and z = 0.61.
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Fig. 1: Detection of  the BAO in the correlation 
function of  spectroscopic LRG’s from SDDS-I  
Data Release 3 (Eisenstein et al. 2005). The cor-
relation function showns a peak at 100h–1 Mpc ~ 
140 Mpc.

We present the large-scale correlation function measured from a

spectroscopic sample of 46,748 luminous red galaxies from the Sloan

Digital Sky Survey, covering 3816 square degrees and 0.16 < z < 0.47.

We find a well-detected peak in the correlation function at 100h-1 Mpc

separation that is an excellent match to the predicted shape and locat-

ion of the imprint of the recombination-epoch acoustic oscillations.

This detection demonstrates the linear growth of structure by

gravitational instability between z = 1000 at the present and confirms a

firm prediction of the standard cosmological theory.  The acoustic peak

provides a standard ruler by which we can measure the absolute

distance to z = 0.35 to 5% accuracy and the ratio of the distances to

z!=!0.35 and z!=!1089 to 4% accuracy.  This provides a measurement of

cosmological distance and an argument for dark energy based on a

geometric method with the same simple physics as the cosmic

microwave background (CMB) anisotropies.

From the overall shape of the correlation function, we measure

!mh2!=!0.130(n/0.98)1.2 ± 0.011 (8%).  This result is independent from,

but agrees with, the value from the anisotropies of the CMB.

We find !m = 0.273 ± 0.025 + 0.123(1+w0) + 0.137!K, where w0 is

the dark energy equation of state at z < 0.35, but where the constraint is

otherwise independent of w(z).

Including the CMB acoustic scale, we find !K = –0.010 ± 0.009 if

the dark energy is a cosmological constant.

The SDSS LRG Sample

  The SDSS has two spectroscopic galaxy

samples.  The Main sample is a flux-

limited sample (r < 17.77, 90 deg-2) of

normal galaxies.  The LRG sample uses

a color and flux cut to select 15 luminous

early-type galaxies per deg2 out to z!~!0.5

and down to a flux limit of r!=!19.5.

  In this analysis, we use a spectroscopic

sample of 47,000 LRGs over 3816 deg2

in the redshift range 0.16!<!z!<!0.47.  The

volume surveyed is 0.72h–3 Gpc3.  The

LRG number density of 0.3–1x10–4h–3

Mpc3 is close to optimal for the study of

structure on the largest scales.

The comoving number density n(z) of the LRG sample,

in units of 10–4h–3 Mpc3.  The sample is close to constant

n(z), i.e. volume-limited, out to z ~ 0.36.   The red line is

our model of n(z), used to create random catalogs for the

correlation analyses.

A pie diagram of the LRG sample,

running from z!=!0.16 to z = 0.47.

The red bullseye has a radius of 100h-1

Mpc, the scale of the acoustic peak.
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The Intermediate-Scale Clustering

of Luminous Red Galaxies

I. Zehavi, D. Eisenstein, R. Nichol, M. Blanton, D. Hogg, et al.

(Astrophysical Journal, in press; astro-ph/0411557)

We measure the auto-correlation function

of the LRG sample on scales from 300h–1

kpc to 30h–1!Mpc.  We use projected corre-

lation functions to eliminate the effects of

redshift distortions and study three different

luminosity subsets.

As expected, luminous red galaxies are

highly clustered, with a correlation length of

~10h–1!Mpc.  We find $8=1.80 ± 0.03 for

the –23.2!<!Mg!<!–21.2 volume-limited sub-

set and a bias of 1.84 ± 0.11 relative to L*

The real-space correlation function of LRGs in three

absolute magnitude bins (rest-frame g band, passively

evolved to z = 0.3).   The samples are highly biased, and

there is a mild luminosity dependence of the amplitude.

The projected correlation function wp(rp) divided by a

fiducial r–0.9 power-law.  The luminosity-dependent bias

is now more clear, as is the fact that the correlation

functions are not pure power laws (which would be a

straight line on this log-log plot).

The Small-Scale Clustering of Luminous Red Galaxies

via Cross-Correlation Techniques

D. Eisenstein, M. Blanton, I. Zehavi, et al.

(Astrophysical Journal, in press; astro-ph/0411559)

We cross-correlate the spectroscopic LRG

sample with a sample of 16 million galaxies

from SDSS imaging to probe the clustering

around LRGs on scales from 200h–1 kpc to 7h–1

Mpc as a detailed function of scale and LRG

luminosity.  By using a cross-correlation

method, we can avoid the shot noise of the

sparse LRG sample and obtain very high signal-

to-noise ratio results.

Even with angular methods, the only physical

correlations (other than lensing) occur when the

two objects are at nearly the same redshift.

Therefore, we can use the spectroscopic redshift

of the LRG to transform angles into transverse

physical distances and the fluxes of the imaging

galaxies into luminosities.  In particular, we use

this property to restrict the imaging sample to a

constant passively evolving luminosity cut; in

the figures here, we use M*–0.6 to M*+1.0.

The cross-correlation is performed using the

The cross-correlation between LRGs and L* galaxies as

a function of scale.  Three different LRG luminosity

bins are shown (Mg* is -20.35).  The bottom panel

shows the results divided by a r–2 power-law.  The

luminosity dependence in the results is obvious, as is

the deviation from a pure power-law.

The cross-correlation between LRGs and L* galaxies as a function of

LRG luminosity (in bins of 0.1 mag).  The physical scale is about 200h–1

kpc proper.  The horizontal axis has been warped to L1.5 as this provides

a very nearly linear fit (solid line).  The vertical axis is a count of the

average number of L* galaxies near each LRG, weighting the count by a

function W(r) [see paper].   There are 4 times more L* galaxies around

LRGs of 8L* than around those of 2L*.  The short and long dashed lines

show the fits for 1.6h–1 and 7h– 1 Mpc, respectively.   There is clear

evidence that the luminosity dependence is also scale dependent.

method of Eisenstein (2003, ApJ, 586, 718) in

which weighting as a function of transverse

separation is used to synthesize a spherical

integral of the real-space cross-correlation

function.  This has a simple interpretation as

the average number of L* galaxies around the

LRG, as weighted by the function W(r).  The

method has also extremely convenient comput-

ational properties.

    We find very strong luminosity dependence

in the clustering.  On 200h-1 kpc scales, we find

a factor of 4 variation in the average number of

L* galaxies around LRGs as one changes the

LRG luminosity from 2L* to 8L*.   However,

this luminosity dependence is weaker at larger

scales; in other words, galaxy clustering bias is

both scale and luminosity dependence.  We

show that the cross-correlation function is not a

power-law in scale, but instead has a dip at 1

Mpc scale relative to smaller and larger scales.

Detection of the Baryon Acoustic Peak in the Large-Scale

Correlation Function of SDSS Luminous Red Galaxies

Daniel Eisenstein, I. Zehavi (Arizona), D. Hogg, R. Scoccimarro, M. Blanton (NYU), R. Nichol

(Portsmouth), R. Scranton (Pittsburgh), H. Seo (Arizona), M. Tegmark (Penn/MIT), Z. Zheng (IAS), et al.

(Astrophysical Journal, submitted)

An Acoustic Peak Primer

   Before recombination at z~1000, the universe was ionized,

and in this plasma the cosmic microwave background photons

are well coupled to the baryons and electrons.  The photons

have such enormous pressure that the sound speed in the

plasma is relativistic.

   The initial perturbations are equal in the dark matter and

baryons.  However, an overdensity in the baryons also

implies a large overpressure, with the result that a spherical

pressure wave is driven into the plasma.  By the time of

recombination, this wave has reached a comoving radius of

150 Mpc, the sound horizon.

  The dark matter overdensity on the other hand remains

centrally concentrated.  After recombination, perturbations

grow gravitationally in response to the sum of the dark matter

and baryons.   The central concentration dominates, but there

is a small (1%) imprint at 150 Mpc scale that generates a

single acoustic peak in the matter correlation function.

An illustration of the baryonic pressure wave expanding

from a central overdensity, where the dark matter pert-

urbation remains.  The amplitude of the wave has been

exaggerated; it should be only 1% of the central peak.

The Universe is a superposition of many such structures.

The redshift-space correlation function of  LRGs.   Note the acoustic peak

at 100h-1 Mpc.  The data points are correlated; including this, the best-fit

model with !bh
2 = 0.024 has %2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has %2 = 27.8 and is rejected at 3.4 $.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (!bh
2) to set the

sound speed and the matter and radiation

densities (!mh2 and !rh
2) to set the propa-

gation time.  Measuring these densities, e.g.,

from the acoustic peaks of the CMB, allows

one to calibrate this standard ruler.

  We compute the redshift-space correlation function of

the LRGs on scales between 10h-1 and 180h-1 Mpc.  The

covariance matrix is derived from 1247 mock catalogs

constructed using PTHalos and a model of the halo

occupation of LRGs.

   The correlation function reveals a well-detected peak at

100h-1 Mpc separation.  Associating this with the acoustic

peak sets the distance to z = 0.35, the typical redshift of

the sample.  More generally, the correlation function is a

good fit to models with the baryon density found by

WMAP and big bang nucleosynthesis.

   From the shape of the correlation function, we can infer

the matter density !mh2, although this is mildly degene-

rate with the spectral tilt n.

   Our best measurement of distance comes from compar-

ing the acoustic scale in the LRG sample to that measured

in the CMB.  This constrains the distance to z!=!0.35 to

that to z!=!1089 to be 0.0979 ± 0.0036 (4%).  This ratio is

highly robust, not only against changes within the stan-

dard modeling but also against certain exotic alterations.

   With this ratio, we get precise geometric constraints on

dark energy and curvature, given in the Table to the right.

   Focusing on the local distance scale, we can use our

standard ruler to measure !m with only mild effects from

w(z) or curvature.  We find !m = 0.273 + 0.123(1+w0) +

0.137!K ± 0.025, where w0 is the dark energy equation of

state at z < 0.35.

The correlation function times r2 to flatten out the curve.  The acoustic peak

is now clearly visible.   Three different cosmological models with!bh
2 =

0.024 are shown, along with one pure CDM model.  The horizontal scale was

computed assuming a particular distance to z = 0.35; we introduce this as a

parameter in the model fits so as to measure the cosmological distance scale.

galaxies.  The LRG sample shows 4$

evidence for luminosity-dependent bias.

  The correlation functions are close to

power laws (with slope r–1.9) but do show

statistically significant deviations.  These

deviations are similar to those found in

the SDSS Main sample. These are natur-

ally explained by contemporary models

of galaxy clustering as the transition

from intra-halo to inter-halo clustering.

This analysis was funded by several grants from the National Science Foundation, notably AST-0407200, as well as funds

from the University of Arizona, the Alfred P. Sloan Foundation, and NASA.

Funding for the creation and distribution of the SDSS Archive has been provided by the Alfred P. Sloan Foundation, the Parti-

cipating Institutions, the National Aeronautics and Space Administration, the National Science Foundation, the U.S. Department

of Energy, the Japanese Monbukagakusho, and the Max Planck Society. The SDSS Web site is http://www.sdss.org/.

The SDSS is managed by the Astrophysical Research Consortium (ARC) for the Participating Institutions. The Participating

Institutions are The University of Chicago, Fermilab, the Institute for Advanced Study, the Japan Participation Group, The Johns

Hopkins University, the Korean Scientist Group, Los Alamos National Laboratory, the Max-Planck-Institute for Astronomy

(MPIA), the Max-Planck-Institute for Astrophysics (MPA), New Mexico State University, University of Pittsburgh, University of

Portsmouth, Princeton University,  the United States Naval Observatory, and the University of Washington.

Abstract

Constraints in the parameter space of !mh2 and the distance to z =

0.35.  We have assumed !bh
2 = 0.024 and n = 0.98.  Changing the tilt

alters the value of !mh2 but does not change the ratio of the distances

to z = 0.35 and to z = 1089 because the acoustic scale is well detected.

0.963 ± 0.0220.983 ± 0.0350.973 ± 0.030n

0.692 ± 0.0210.648 ± 0.0450.669 ± 0.028h

0.298 ± 0.0250.326 ± 0.0370.306 ± 0.027!m

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008!mh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009!K

Flat, &Flat, constant wCurved, &

Cosmological constraints from a Markov chain analysis combining

WMAP and SDSS Main P(k) (Tegmark et al. 2004, PRD, 69, 103501)

with the LRG correlation function measurements of the acoustic scale.

The improvement is typically a factor of 2.

[Eisenstein et al., 2005]

[Eisenstein et al., 2005]
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BAO: Règle standard
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BAO 3D ou isotropisées ?
• Rappel:

★ Direction transverse: 
- Distance angulaire : 

★ Direction radiale:
- épaisseur en z :

• Mesures 3D:
★       (2D) et       (1D)
★ Informations cosmo complémentaires
★ Symétrique dans la bonne cosmo
★ Test de Alcock-Paczynski (1979)

• Mesures isotropisées
★  
★ sensible à Dv(z)

Da(z) ∝
�

dz
H(z)

∆z ∝ 1
H(z)

r�r⊥

.

ξ(r) = ξ(
�

r2
� + r2

⊥)

Dv(z) =
�
D

2
a(z)cz/H(z)

�1/3
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BAO dans le «vrai monde»
• Redshift space distorsions

★ On me ne mesure pas les positions des galaxies
★ On mesure (,,z)
★ z est affecté de distorsions:  zmes = zvrai + zpec

- Effet Kaiser (grandes échelles): 
- chute des galaxies dans les potentiels de DM
- Augmente le rapport S/N du clustering
- Doigts de Dieu (amas virialisés: petites échelles):
- Vitesses aléatoires des galaxies

Espace des positions

[N. Busca]
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Espace des positionsEspace des redshifts

[N. Busca]
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observateur

surdensité

Effet Kaiser
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BAO dans le «vrai monde»
• Redshift space distorsions

★ On me ne mesure pas les positions des galaxies
★ On mesure (,,z)
★ z est affecté de distorsions:  zmes = zvrai + zpec

- Effet Kaiser (grandes échelles): 
- chute des galaxies dans les potentiels de DM
- Augmente le rapport S/N du clustering
- Doigts de Dieu (amas virialisés: petites échelles):
- Vitesses aléatoires des galaxies

[Cabré & Gaztañaga, 2008]
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BAO dans le «vrai monde»
• Redshift space distorsions

★ On me ne mesure pas les positions des galaxies
★ On mesure (,,z)
★ z est affecté de distorsions:  zmes = zvrai + zpec

- Effet Kaiser (grandes échelles): 
- chute des galaxies dans les potentiels de DM
- Augmente le rapport S/N du clustering
- Doigts de Dieu (amas virialisés: petites échelles):
- Vitesses aléatoires des galaxies

★ Non linéarités:
- effondrement gravitationnel non linéaire: lisse les 

structures aux petites échelles et à bas z

★ Tout cela complique l’analyse...

Non linéarités:
[Padmanabhan et al., 2012]
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BAO dans le «vrai monde»
• Redshift space distorsions

★ On me ne mesure pas les positions des galaxies
★ On mesure (,,z)
★ z est affecté de distorsions:  zmes = zvrai + zpec

- Effet Kaiser (grandes échelles): 
- chute des galaxies dans les potentiels de DM
- Augmente le rapport S/N du clustering
- Doigts de Dieu (amas virialisés: petites échelles):
- Vitesses aléatoires des galaxies

★ Non linéarités:
- effondrement gravitationnel non linéaire: lisse les 

structures aux petites échelles et à bas z

★ Tout cela complique l’analyse...
Non linéarités + RSD

Non linéarités:
[Padmanabhan et al., 2012]
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Diagramme de Hubble BAO
Comparison with WMAP Flat ΛCDM
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Programme
• Rappels cosmologiques

★ Histoire de l’expansion, distances et paramètres cosmologiques
★ Résultats sur l’Énergie sombre
★ Oscillations acoustiques de baryons

• BOSS : Baryon Oscillations Spectroscopic Survey
★ L’héritage de SDSS I et II
★ SDSSIII / BOSS

• La corrélation spatiale des LRG avec DR9
★ Sélection de l’échantillon, complétude
★ Fonction de corrélation à deux points, Spectre de puissance

• Contraintes cosmologiques
★ Principe des analyses
★ Résultats

• Perspectives
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SDSS-III / BOSS
• Projet principal de SDSS-III

★ Telescope APO (Nouveau-Mexique)
★ 2.5 m

• Relevé spectroscopique
★ Photométrie de SDSS-II (targets)
★ 2 spectros à deux bras: 1000 fibres
- 3600 Å <  < 10000 Å

- / ~ 3000

★ 10000 degrés carrés :
- 1.5 Millions de galaxies LRG (z~0.7)
- 100 000 Quasars avec forêt Ly- à z~2.5

• Objectifs:
★ Position du pic BAO à 
- 1% à z=0.6
- 1.5% à z=2.5

★ Meilleures contraintes sur l’énergie 
sombre avant la prochaine génération

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

BOSS LRG Vs. SDSS-II

SDSS main sample

SDSS I+II

BOSS (SDSS III)

•2x volume
•5x density
•10x statistics
•1,600,000 LRGs 
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Photometric
Survey

Target 
Selection

Tiling
Spectroscopic 

Survey

Principe de BOSS
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Perspectives sur D.E.
Constraints with BOSS final
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[Tiré de M. Vargas]
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Recent articles
Overview: galaxy distance measurements, analysis, and interpretations
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potential systematics, submitted to XXXXX and available on the arXiv preprint server (1203.6499).

Comparisons to synthetic data
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Recent articles
Overview: galaxy distance measurements, analysis, and interpretations
Anderson, L. M. et al. 2012, The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: Baryon 
Acoustic Oscillations in the Data Release 9 Spectroscopic Galaxy Sample, submitted to Monthly Notices of the Royal 
Astronomical Society and available on the arXiv preprint server (1203.6594).

Implications for cosmology
Sánchez, A. G. et al. 2012, The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: cosmological 
implications of the large-scale two-point correlation function, submitted to Monthly Notices of the Royal Astronomical Society 
and available on the arXiv preprint server (1203.6616).

Testing General Relativity with galaxy velocities
Reid, B. A. et al. 2012, The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: measurements of 
the growth of structure and expansion rate at z=0.57 from anisotropic clustering, submitted toMonthly Notices of the Royal 
Astronomical Society and available on the arXiv preprint server (1203.6641).

Testing General Relativity with passive galaxies
Tojeiro, R. et al. 2012, The Clustering of Galaxies in the SDSS-III DR9 Baryon Oscillation Spectroscopic Survey: Measuring 
structure growth using Passive galaxies, submitted to Monthly Notices of the Royal Astronomical Society and available on 
the arXiv preprint server (1203.6565).

Controlling for errors
Ross, A. J. et al. 2012, The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: Analysis of 
potential systematics, submitted to XXXXX and available on the arXiv preprint server (1203.6499).

Comparisons to synthetic data
Manera, M. et al. 2012, The Clustering of Galaxies in the SDSS-III DR9 Baryon Oscillation Spectroscopic Survey: A Large 
Sample of Mock Galaxy Catalogues, submitted to XXXXX and available on the arXiv preprint server (1203.6609).
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Sélection des cibles spectro
• Photométrie SDSS-II

★ 5 bandes (u, g, r, i, z)

• Objectif: CMASS
★ échantillon complet, 

uniforme en masse (LRG) 
et limité en volume entre 
z~0.4 et z~0.8

• Coupures:
★ dperp:
- ~ proportionnel à z

★ Coupure en masse: 
- LRG

★ Coupure en magnitude i:
- limité en volume

SDSS Photometry+ AGES redshift

[Tiré de M. Vargas]

Contamination stellaire < 1%
Efficacité 99%
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Sélection des cibles spectro
• Photométrie SDSS-II

★ 5 bandes (u, g, r, i, z)

• Objectif: CMASS
★ échantillon complet, 

uniforme en masse (LRG) 
et limité en volume entre 
z~0.4 et z~0.8

• Coupures:
★ dperp:
- ~ proportionnel à z

★ Coupure en masse: 
- LRG

★ Coupure en magnitude i:
- limité en volume

SDSS Photometry+ AGES redshift

Petit z

Grand z

Évolution Passive pour
une galaxie de
Log(M)=11.25

(Modèle Maraston 2011)

Échantillon 
homogène: 

limité en volume

[Tiré de M. Vargas]

Contamination stellaire < 1%
Efficacité 99%
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Liste des objets pour (r)
• On veut:

★ Des objets spectrés et 
spectroscopiquement CMASS

★ qui ait été des targets CMASS
- (des erreurs peuvent se glisser...)

★ Ou bien des objets déjà connus
- (attention au double comptage...)

★ Gérer les collisions de fibres
- impossible de placer deux fibres plus 

proches de 62 arcsec

• Completeness

★ Retirer des cibles les objets 
spectroscopiquement non CMASS

Spectra
CMASS

Spectra
No CMASS

Completeness =
Spectra

Targets
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Liste des objets pour (r)
• On veut:
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spectroscopiquement CMASS

★ qui ait été des targets CMASS
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★ Ou bien des objets déjà connus
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• Completeness
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Liste des objets pour (r)
• On veut:

★ Des objets spectrés et 
spectroscopiquement CMASS

★ qui ait été des targets CMASS
- (des erreurs peuvent se glisser...)

★ Ou bien des objets déjà connus
- (attention au double comptage...)

★ Gérer les collisions de fibres
- impossible de placer deux fibres plus 

proches de 62 arcsec

• Completeness

★ Retirer des cibles les objets 
spectroscopiquement non CMASS

Spectra
CMASS

Targets
CMASS

Targets
No CMASS

Spectra
No CMASS

Legacy

Fiber
Collision

Completeness =
Spectra

Targets
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Completeness
• Définition:

• rarement = 1 :
★ Survey en cours
★ Taux de succès non uniforme
- essentiellement du à la météo

Completeness =
Spectra

Targets

[Anderson et al, 2012]

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Completeness
• Définition:

• rarement = 1 :
★ Survey en cours
★ Taux de succès non uniforme
- essentiellement du à la météo

• Importance:
★ Corriger (r)des effets de non 

uniformité du sampling
- Utilisation d’un échantillon «random» 

dans l’estimateur de (r)

-  
★ pondérer en fonction de la 

densité de galaxies [Feldman, 
Kaiser, Peacock, 1993]

Completeness =
Spectra

Targets

-0.30 -0.28 -0.26 -0.24 -0.22 -0.20 -0.18 -0.16

0.0

0.2

0.4

0.6

0.8

ξ̂PH =
DD

RR
[version simple]
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Completeness
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Distribution en redshift

[Anderson et al, 2012]

Volume: 2.2 Gpc3
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• Les deux sont en principe 
équivalents
★ mais implémentation très différente en 

pratique
★ Erreurs différentes

• x(r) : Landy-Szalay
• P(k) : basé sur des FFT

• Barres d’erreurs:
★ Simulations N-body LasDamas [McBride et 

al. 2011]

• NB: Choix d’une cosmologie 
fiducielle (pour avoir des «r»)

(r) et P(k) isotropisés

[Anderson et al, 2012]
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• Les deux sont en principe 
équivalents
★ mais implémentation très différente en 

pratique
★ Erreurs différentes

• x(r) : Landy-Szalay
• P(k) : basé sur des FFT

• Barres d’erreurs:
★ Simulations N-body LasDamas [McBride et 

al. 2011]

• NB: Choix d’une cosmologie 
fiducielle (pour avoir des «r»)

(r) et P(k) isotropisés

[Anderson et al, 2012]

BAO 
à 5
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• Raisons
★ On doit choisir une cosmologie pour 

calculer les distances
★ Difficile d’imaginer un processus itératif 

(CPU - data + mocks)

• Paramètre de dilatation :
★ pour (r) ajustement de :

★ pour P(k) :

• Toute la cosmologie est dans 

Cosmologie fiducielle et 

ξfit(r) = B2ξfidu(αr) + A(r)

A(r) =
a1

r2
+

a2

r
+ a3avec

P fit(r) = P smooth(k)× Pwiggles
fidu (k/α)

Pwiggles
fidu (k) =

Pfidu(k)
P smooth

fidu (k)

[Sanchez et al, 2012]
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Programme
• Rappels cosmologiques

★ Histoire de l’expansion, distances et paramètres cosmologiques
★ Résultats sur l’Énergie sombre
★ Oscillations acoustiques de baryons

• BOSS : Baryon Oscillations Spectroscopic Survey
★ L’héritage de SDSS I et II
★ SDSSIII / BOSS

• La corrélation spatiale des LRG avec DR9
★ Sélection de l’échantillon, complétude
★ Fonction de corrélation à deux points, Spectre de puissance

• Contraintes cosmologiques
★ Principe des analyses
★ Résultats

• Perspectives
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 et l’horizon sonore
•  : cosmologie erronée dans le calcul des distances

★ contient le Jacobien de la transformation r ➙ r’

•  dépendance de l’horizon sonore w.r.t. la cosmologie
★ Contient le Jacobien de la transformation rs ➙ rs’

• Finalement : 

• Notre observable est donc:

d3r� =
�

D�
V (z)

DV (z)

�3

d3r Dv(z) =
�
D

2
a(z)cz/H(z)

�1/3

α =
DV

DV,fidu
× rs,fidu

rs
=

DV /rs

(DV /rs)fidu

DV /rs = α× (DV /rs)fidu
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Deux analyses cosmologiques
• [Anderson et al., 2012] 

★ Utilise simplement le paramètre  comme dilatation de 
la cosmologie

★ Ajoute un calcul de (r) et P(k) incluant une 
reconstruction des non-linéarités [Padmanabhan et al. 
2012]

★ Contraint DV/rs à z=0.57  :  13.67 +/- 0.22      
(1.6% - consensus (r), P(k) reco. ou non)

★ Combiné avec les autres données cosmologiques:  m, 
H0, k, w0 et w1

★ Grande robustesse vis à vis des systématiques

• [Sanchez et al., 2012]
★ Analyse plus complexe utilisant toute la forme de (r)
★ Inclut aussi un paramètre de dilatation mais exprimé 

moins simplement
★ Permet de contraindre indépendamment DV et rs (qui 

dépend de mh2 et bh2 au premier ordre)
★ Combiné avec les autres données cosmologiques: m, 

H0, k, f, r, w0

[Anderson et al. 2012]

[Sanchez et al. 2012]
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Diagramme de Hubble
Comparison with WMAP Flat ΛCDM
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Les BAO de BOSS-CMASS sont équivalentes une SNIa 
à z=0.57 avec 1.6% de précision au lieu de ~14%

[Anderson et al. 2012]
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Paramètres cosmologiques

(Flat CDM) (CDM)

[Sanchez et al. 2012][Sanchez et al. 2012]
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Paramètres cosmologiques

fν =
Ων

Ωdm

F.o.M.=14.4
(11.5 sans CMASS)

Équation d’état de l’énergie sombreFraction de neutrinos

68% C.L.

[Anderson et al. 2012][Sanchez et al. 2012]
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Univers primordial

Chaotic 
inflation

Paramètres de slow-roll de l’inflation
[Sanchez et al. 2012] [Sanchez et al. 2012]
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Programme
• Rappels cosmologiques

★ Histoire de l’expansion, distances et paramètres cosmologiques
★ Résultats sur l’Énergie sombre
★ Oscillations acoustiques de baryons

• BOSS : Baryon Oscillations Spectroscopic Survey
★ L’héritage de SDSS I et II
★ SDSSIII / BOSS

• La corrélation spatiale des LRG avec DR9
★ Sélection de l’échantillon, complétude
★ Fonction de corrélation à deux points, Spectre de puissance

• Contraintes cosmologiques
★ Principe des analyses
★ Résultats

• Perspectives

mercredi 25 avril 2012



J.-Ch. Hamilton - Séminaire APC - 25/04/2012

Conclusions et perspectives
• BOSS est à 30% de sa prise de données
• En parfait accord avec le planning du survey
• avec 18% des données : 

★ BAO détectées à z=0.57 à 5
★ Mesure de DV à z=0.57 à 1.6%
★ premières contraintes cosmologiques confortent un Univers plat dominé 

par une constante cosmologique
★ Meilleures mesures à ce jour sur (w0,wa)

• Non traité ici: effets systématiques
★ Voir [Ross et al. 2012] arXiv:1203.6499

• Le meilleur reste à venir !
★ Prise de données jusqu’à mi-2014
★ DV et H(z) à 1% avec les LRG à z=0.6
★ DV et H(z) à 1.5% avec la forêt Lyman-a des Quasars à z=2.5
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Cf. N. Busca dans qques mois
Comparison with WMAP Flat ΛCDM
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J. Bautista & M. Vargas
 ξ(s) =  ξΛ CDM on BOSS 
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s (h-1 Mpc)

-60

-40

-20

0

20

40

60

s2
 B

ia
s(

s)

RMS
α = 1.0 with L.S. (139 x)
α = 1.0 with Opt. Est. from α = 1.0  (139 x)
α = 1.0 with Opt. Est. from α = 0.8  (139 x)
α = 1.0 with Opt. Est. from α = 0.8 corrected by 1.34  (139 x)
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