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Plan du cours
• Vue d’ensemble de la cosmologie	


★ Échelles	

★ Les pilliers de la cosmologie	

★ L’Univers de Friedman-Lemaître	

★ Histoire thermique de l’Univers	


!

• La cosmologie observationnelle aujourd’hui	

★ Distances en cosmologie	

★ La formation des structures	

★ Tests cosmologiques (SNIa, CMB et les autres...)	

★ Arguments pour la matière et l’énergie noires	


!

• Le futur de la cosmologie	

★ L’inflation	

★ Univers primordial	

★ Multivers ?
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Formation des structures
• Idée générale

r

x

t0

r

x

t1 > t0

Difficulté: La gravitation n’est pas linéaire...	

donc cette description va avoir ses limites
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Évolution linéaire
• Cas général: facteur de croissance

Dg(z) =
5�m

2
E(z)

� �

0

1 + z

E(z)3
dz avec E(z) =

H(z)
H0

Structures 45

Fig. II.1: Evolution du facteur de croissance avec le redshift dans trois différentes
cosmologie.

deux modèles avec Ωm = 0,3 l’un avec, l’autre sans constante cosmologique. Le fait que
l’évolution de Dg(z) soit différente dans chacun des cas indique que l’observation de l’évo-
lution de la formation des structures peut-être un moyen efficace de contraindre le modèle
cosmologique. Cela apparaît d’autant plus clairement sur la figure II.2 : celle-ci présente les
résultats de simulations N-corps (cf. §III.1.1) produites dans le cadre des modèles EdS et de
concordance. On remarque en particulier que les structures croissent plus vite dans le cas
EdS que dans le modèle de concordance.

Pour connaître les résultats dans le cadre d’un fluide pour lequel p ̸= 0 ainsi que ceux ob-
tenus dans le cadre relativiste, on peut se référer à Bartlett (1999) (ces deux hypothèses sont
indispensables pour traiter le comportement des fluctuations de densité du fluide baryon-
photon avant le découplage, c’est-à-dire en particulier lorsque l’on s’intéresse à la génération
du CMB).

II.1.2 Description statistique des champs de densité

Le contraste en densité δ(x⃗) introduit dans la section précédente décrit les fluctuations
de densité de la matière. Il est défini par :

δ(x⃗) =
ρ(x⃗) − ρ̄

ρ̄
. (II.24)

Ici, ρ(x⃗) est la densité de la matière et ρ̄ sa densité moyenne. Rigoureusement, “moyenne”
désigne la moyenne d’ensemble. Cependant, le principe d’ergodicité nous autorise à consi-
dérer cette moyenne comme une moyenne spatiale : on a donc ρ̄ = ρb. Les fluctuations de
densités décrite par δ(x⃗) étant la réalisation d’un processus aléatoire, une étude statistique
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Les structures observées 
aujourd’hui demanderaient un trop 

fort contraste à grand z 
(croissance lente)

Les structures observées 
aujourd’hui demanderaient un trop 

faible contraste à grand z 
(croissance rapide)

[Antoine Chamballu PhD]



http://www.apc.univ-paris7.fr/~hamilton/JCHweb/Cosmologie_Moderne.htmlJ.-Ch. Hamilton - Université Ouverte 2014

Évolution linéaire

Ère a(t) growing mode decaying mode

Rayonnement

Matière

Constante 
cosmologique

a(t) � t2/3 Dg(t) = t2/3

Dd(t) = t�1

a(t) � t1/2 Dd(t) � const

Dd(t) � exp(�2Ht)Dg(t) � consta(t) � exp(Ht)

Les structures ne croissent significativement que 
pendant la domination de la matière

Dg(t) � t
Dg(t) � a2

Dg(t) � a
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Comparaison avec les simus. N-corps
46 Structures

Fig. II.2: Résultat de simulations N-corps représentant l’évolution dans grandes struc-
tures (distribution de la matière noire) en fonction du redshift pour deux cosmologies
différentes. La partie haute (L03) correspond au modèle de concordance (Ωm = 0,3 et
ΩΛ = 0,7), celle du bas au modèle EdS (Ωm = 1). On s’est ici arrangé pour que les
deux simulations aient un aspect identique à z = 0. Les cercles jaunes mettent en valeur
les amas de galaxies d’une température T > 3 keV ; leur taille est proportionnelle à la
température. Chaque image a un côté de 250 h−1 Mpc et une épaisseur de 75 h−1 Mpc
(comobiles). Cette figure est tirée de Borgani (2006).

est tout à fait indiquée. En particulier, on va s’intéresser à leurs fonction de corrélation et
spectre de puissance.

La fonction de corrélation3 (ou fonction d’auto-corrélation ou encore fonction de corré-
lation à deux points), ξ, est définie par :

ξ(|x⃗2 − x⃗1|) = ⟨δ(x⃗1)δ(x⃗2)⟩ (II.25)

et ne dépend que de la distance |x⃗2− x⃗1| entre deux fluctuations (car l’Univers est considéré
isotrope). On préfère généralement travailler dans l’espace de Fourier où δ(x⃗) devient :

δ(k⃗) =

∫

δ(x⃗)eik⃗.x⃗d3x . (II.26)

δ(k⃗) est alors également une variable aléatoire de moyenne nulle : ⟨δ(k⃗)⟩ = 0. La variance
de ces modes de Fourier est :

⟨δ(k⃗1)δ
∗(k⃗2)⟩ = (2π)3δD(k⃗1 − k⃗2)P (k1) , (II.27)

3Pour une description complète du champs de densité, il faudrait cependant calculer la fonction de
corrélation à N-points.
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Description statistique
• contraste de densité :	


!

• Fonction de corrélation à deux points:	

!

!

• Dans l’espace de Fourier:	

!

!
★ modes de moyenne nulle et de variance donnée par le spectre de puissance

�(�x) =
�(�x)� �0

�0

�(�r) = ��(�x)�(�x � �r)�

�
�̃( �k1)�̃�( �k2)

�
= (2�)3�D( �k1 � �k2)P ( �k1)

P (�k) =
1

(2�)3

�
�(�x) exp(�i�k · �x)d�x

�̃(�k) =
�

�(�x) exp(�i�k · �x)d�x
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Spectre de puissance évolué

échelles plus petites que 
l’horizon à l’égalité:	


spectre évolué

échelles plus grandes 
que l’horizon à l’égalité:	


spectre primordial

Oscillations
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Mesures de P(k)
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Matière noire

• Pourquoi ?	

★ Dynamique des amas	

★ Courbes de rotation des galaxies	

★ Formation des structures et fond diffus	


!

• Quels candidats ?	

★ Objets compacts	

★ Particules «exotiques»	

★ Modification de la gravité Le Bullet Cluster
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Dynamique des amas
• Fritz Zwicky (1933)	


★ Amas de Coma	

- 2000 galaxies	

- vitesse ~ 300 km/s	

- rayon ~ qques Mpc	


★ Mesure des vitesses	

!

➡ Énergie cinétique	

!

★ Mesure des distances entre galaxies	

!

➡ Énergie potentielle	


!
★ Équilibre dynamique (Viriel)	


!
!

★ Estimation de la masse	

!
!

➡ 100 à 500 fois la masse stellaire

Ec =
1
2
mv2

Ep = �2Ec

Ep = �G
m2

r

m � r � v2

Matière	

noire !
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Image optique SDSS

Emission X des amas
• Plus récent (80’s)	


!

• La matière visible s’étend beaucoup 
plus loin  que les étoiles	

!

• Gaz chaud (~107-108 K)	

★ à l’équilibre hydrostatique dans le champ 

gravitationnel	

★ On peut déterminer la masse totale	


!

• Gaz ~ le double de la matière visible 
en masse	

!

• Il faut de la matière noire (~ 85 %) 
pour chauffer suffisamment le gaz !

Amas de Coma (image X: ROSAT)

Amas Abell 2029
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• La masse courbe l’espace-temps	

★ Le trajet des photons est défléchi par la masse	


• Un amas très massif va déformer les 
images des objets d’arrière-plan	

★ Mirages gravitationnels (arcs, images multiples)	

★ Lentillage faible : déformation légère des galaxies 

d’arrière plan	

- Ellipticité et orientations systématiques	


• Possibilité de reconstruire le 
potentiel gravitationnel de l’amas

Lentillage gravitationnel

©Yannick Mellier (IAP)
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Amas de galaxies Abell 1689 (HST)
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Reconstruction du potentiel gravitationnel
Mauve : masse noire reconstruite 
par lentillage faible

Résultat : matière noire systématiquement majoritaire !
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Image visible (Galaxies)
La «preuve» : le «Bullet Cluster» (2006)
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Image visible (Galaxies)

Image X (gaz) - Chandra

La «preuve» : le «Bullet Cluster» (2006)
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Image visible (Galaxies)

Image X (gaz) - Chandra

La «preuve» : le «Bullet Cluster» (2006)

Image X (gaz)	

+ 	


Contours de weak 
lensing (masse)
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Image visible (Galaxies)

Image X (gaz) - Chandra

La «preuve» : le «Bullet Cluster» (2006)

Image X (gaz)	

+ 	


Contours de weak 
lensing (masse)

Visible : Galaxies	

X : Gaz	

Lensing : masse
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«Bullet Cluster»
• collision de deux amas	


!

• Les galaxies et la matière 
noire sont non 
collisionnelles	

★ Elles passent «sans se voir»	


!

• Le gaz est collisionnel	

★ Il reste au centre, s’échauffe et des 

ondes de choc apparaîssent	

!

• C’est l’argument le plus 
fort en faveur de la 
matière noire

Simulation Chandra

Visible : Galaxies	

X : Gaz	

Lensing : masse
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Mais ! il existe un contre-exemple...

Abell 520	

z=0.02	


[Mahdavi et al. 2007]	

!
!

Le coeur de matière 
noire coïncide avec le gaz, 

pas avec les galaxies…	

!

Semble pouvoir 
s’expliquer par la 

présence d’un filament 
de manière noire dans la 

ligne de visée	

[Girardi et al.,  arXiv:

0809.3139]
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Matière noire Galactique
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Matière noire Galactique
Vitesse de rotation typique 

des étoiles : 200 km/s

Le profil de vitesse permet 
de reconstruire la masse ! v =

�
Gminterne

r
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mesure de vitesses dans la Galaxie M33 (galaxie du triangle)

Visible Radio
Doppler	


Hydrogène
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Profil de vitesse et masse interne
• Principe fondamental de la dynamique:	


!

!

• Orbite circulaire:

F =
GMm

r2

a =
v2

r

� GM

r2
= a

� v2

r
=
�

GMr2

� v =
�

GM

r

� L �M � rv2

Minterne = Cte�� 1/
�

r

Minterne � r3 �� r
r

v(r)
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Pas du tout ce que l’on 
attend !

v =
�

Gminterne

r

La masse interne semble augmenter 
bien au delà des étoiles visibles !
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C’est un cas général ...

Total 
Disque 
Halo
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Halo de matière noire

• La masse d’une galaxie 
s’étend bien plus loin que 
sa masse stellaire visible	

!

• Il existe un halo de 
matière noire autour	

★ Jusqu’à ~ 200 kpc	

★ rapport Masse/Luminosité ~ 200
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Formation des structures et matière noire
• Les anisotropies initiales sont très faibles	


★ Fond diffus cosmologique : 3 K et fluctuations ~ 30 mK	

★ Fluctuations primordiales ~ 1/100 000	


!

• Effondrement de la matière ordinaire 	

★ commence à l’égalité matière-rayonnement	

★ Ensuite l’expansion freine la contraction	


!

• Pour que cela fonctionne il faut:	

★ Plus de matière pour expliquer tant d’effondrement	

★ Une matière qui ait commencé à s’effondrer avant l’égalité 

matière-rayonnement	

★ Des particules assez peu rapides (donc lourdes) pour ne 

pas s’échapper trop vite (et gommer les structures 
effondrées)	


!

➡   Il faut de la matière noire 
«froide» (CDM)

HDM

MDM

CDM
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Oscillations acoustiques de baryons
• BAO:	


★ Oscillations acoustiques:	

- entre l’égalité matière-rayonnement et le 

découplage	

- Propagation d’une onde sonore	

- s’arrête au découplage	

➡ Observé dans le CMB	


★ Aujourd’hui:	

- Chaque excès de matière est entouré d’un 

excès sphérique à 150 Mpc (110 h-1 Mpc)	

➡ Les galaxies se forment là de préférence	

- Pic dans la fonction de corrélation à deux points 

de la matière	

- étalon standard pour les mesures de distances	


★ Signification:	

- Prediction confirmée ! juste là ou il fallait !	

- Une des preuves les plus convaincantes pour 

Ωm=0.3 et pour la présence de 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

Ωmh2 = 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 Ωm = 0.273 ± 0.025 + 0.123(1+w0) + 0.137ΩK, 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 ΩK = –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 ξ(r)!
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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 σ8=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 Ωbh
2 = 0.024 has χ2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has χ2 = 27.8 and is rejected at 3.4 σ.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (Ωbh
2) to set the

sound speed and the matter and radiation

densities (Ωmh2 and Ωrh
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 Ωmh2, 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 Ωm with only mild effects from

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

0.137ΩK ± 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 withΩbh
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 4σ

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 Ωmh2 and the distance to z =

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

alters the value of Ωmh2 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 ± 0.027Ωm

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008Ωmh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009ΩK

Flat, ΛFlat, constant wCurved, Λ

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]
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Oscillations acoustiques de baryons
• BAO:	


★ Oscillations acoustiques:	

- entre l’égalité matière-rayonnement et le 

découplage	

- Propagation d’une onde sonore	

- s’arrête au découplage	

➡ Observé dans le CMB	


★ Aujourd’hui:	

- Chaque excès de matière est entouré d’un 

excès sphérique à 150 Mpc (110 h-1 Mpc)	

➡ Les galaxies se forment là de préférence	

- Pic dans la fonction de corrélation à deux points 

de la matière	

- étalon standard pour les mesures de distances	


★ Signification:	

- Prediction confirmée ! juste là ou il fallait !	

- Une des preuves les plus convaincantes pour 

Ωm=0.3 et pour la présence de 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

Ωmh2 = 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 Ωm = 0.273 ± 0.025 + 0.123(1+w0) + 0.137ΩK, 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 ΩK = –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 ξ(r)!

Pure CDM model

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 σ8=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 Ωbh
2 = 0.024 has χ2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has χ2 = 27.8 and is rejected at 3.4 σ.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (Ωbh
2) to set the

sound speed and the matter and radiation

densities (Ωmh2 and Ωrh
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 Ωmh2, 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 Ωm with only mild effects from

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

0.137ΩK ± 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 withΩbh
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 4σ

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 Ωmh2 and the distance to z =

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

alters the value of Ωmh2 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 ± 0.027Ωm

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008Ωmh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009ΩK

Flat, ΛFlat, constant wCurved, Λ

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]
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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

Ωmh2 = 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 Ωm = 0.273 ± 0.025 + 0.123(1+w0) + 0.137ΩK, 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 ΩK = –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 ξ(r)!

Pure CDM model

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 σ8=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 Ωbh
2 = 0.024 has χ2 = 16.1 with 17 degrees of freedom.  The

best-fit pure CDM model has χ2 = 27.8 and is rejected at 3.4 σ.

  Importantly, the sound horizon depends only

on the baryon-to-photon ratio (Ωbh
2) to set the

sound speed and the matter and radiation

densities (Ωmh2 and Ωrh
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 Ωmh2, 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 Ωm with only mild effects from

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

0.137ΩK ± 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 withΩbh
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 4σ

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 Ωmh2 and the distance to z =

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

alters the value of Ωmh2 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 ± 0.027Ωm

0.142 ± 0.0050.135 ± 0.0080.136 ± 0.008Ωmh2

—–0.80 ± 0.18—w

——–0.010 ± 0.009ΩK

Flat, ΛFlat, constant wCurved, Λ

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]

C’est à mon sens la plus forte indication de l’existence de matière noire


