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Large-Scale Structure

The Millennium Simulation Project
Dark Matter Distribution
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Quantitying Clustering

0(x)=0 (1+d(x)) ©- olewsitg

0- overolev»sitg
0=>-1

2 point functions
correlation functiong (V) = Power Spectrum P (IQ)

<6 () (x+r) >voLW Jdxe = EW) E——

xxxxxxxxxxxxxxxxxxx
YYYYYY

Z=0,023,0.0,1,22, 20

1 10000 £
107°F

1 1000}

1074+

100§

T E(r)

1111111111111111111111111

TR e0 B0 100, 120 0.0001 0.0010 0.0100 0.1000 1.0000

r [h*Mpel R [hMpe™]

- == Eval Kazin, INPA |C, Berkeley, March 5% 2010



Luminous Red Galaxies

Padmanabhan et al. (2007)
based on Bruzual&Charlot (2003) model
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The Sloan Digrtal Sky Survey
| RG Sample
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The Baryonic Acoustic Feature
Linear [heory

CM B T—T Larson et al. (2010)
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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Baryonic Acoustic Origins

Plots by Daniel Eisenstein
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The Baryonic Acoustic Feature
Linear [heory

CM B T—T Larson et al. (2010)
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The Baryonic Acoustic Feature
Linear [heory

CM B T—T Larson et al. (2010)

6000 I |

| | f . WMAP 7yr & |

Feature in the early universe: g swof ‘ ACOARRE

% 4000 | -

N - ;

= 3000 |- 3

) ; ]

| | = 2000 i

Feature In the late universe: e ]
0.003 _ Ma‘t‘ter’ Clus-temng —f b 110 160 560 10100 15100 2000

Multipole Moment (1)

0.002: SOUﬂd hOI”iZOﬂ

Toec Ziec
Bt _: Ve(Zae) =JeAT=[c/H(z")dz’
e : o) nifinity
0.000

E=ONON=, 0.6, 1,2, 20
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

CIERER S ORSEGO 120 140 160 180 200

r [h*Mpel

Eval Kazin, INPA |C, Berkeley, March 5% 2010



The Baryonic Acoustic Feature
Linear [heory

CM B T—T Larson et al. (2010)
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The Baryonic Acoustic Feature
Linear [heory

CM B T—T Larson et al. (2010)
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The Baryonic Acoustic Feature
in Late Universe (reality check)
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The Baryonic Acoustic Feature
in Late Universe (reality check)
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From Blake et al. (2007)

e We measure a hint of excess power relative to the best-
fitting cosmological model on the largest scales (the lowest
multipole bands in the four redshift slices in Figure 10). If
confirmed, this excess power has a range of possible causes:
(1) residual systematic errors; (2) cosmic variance; (3) large-
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when analyzing larger volumes than DR3 @ ACDM is consistent with data within 1.56
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SDSS I|| (BOSS) Prediction SDSS-II Results
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® Large scale signal difference- Not due to systematics
& ACDM is consistent with data within 1.50
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& According to ACDM, strong signal should ® Large scale signal difference- Not due to systematics
not appear at a high CL

& ACDM is consistent with data within 1.50
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& SDSS-lI volume mock catalogs indicate a >10% chance of not detecting an apparent signature
-based on mock catalogs provided by LasDamas (McBride et al,; in prep) and Horizon-Run mocks (Kim et al. 2009)-
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& SDSS-Il volume mock catalogs indicate a >10% chance of not detecting an apparent signature
-based on mock catalogs provided by LasDamas (McBride et al,; in prep) and Horizon-Run mocks (Kim et al. 2009)-
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& SDSS-Il volume mock catalogs indicate a >10% chance of not detecting an apparent signature
-based on mock catalogs provided by LasDamas (McBride et al,; in prep) and Horizon-Run mocks (Kim et al. 2009)-
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& ~45% (#5 of 160) of realizations do show indication of a clear peak

=== Fyal Kazin, INPA |C, Berkeley, March 5t 2010



S enie A coustic Featlire INTSESSNMEEE
MOINGIHOIL =

& SDSS-Il volume mock catalogs indicate a >10% chance of not detecting an apparent signature
-based on mock catalogs provided by LasDamas (McBride et al,; in prep) and Horizon-Run mocks (Kim et al. 2009)-

T I T e L ) R R R
0.03 So,
: DR7 Volume Limited Sampl
\: (z<o0.206) do youl fee/
002 L. ;.;.'. Hand Picked mock realizatid, 5/ ) 7 é(/\//ac@ﬂ
. i . momom . -

0.01F"

0.00 !

Dlrtyiarry (195

CIRSEIRROOR 2O T4 0N 160 180 200
, s [h*Mpel
& ~45% (#5 of 160) of realizations do show indication of a clear peak

@ SDSS-II LRGs do reveal a Baryonic Acoustic Feature
INn various redshifts and luminosity cuts
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The Baryonic Acoustic Feature
as a Standard Ruler
& Early Universe (Zdee=1090):
CMB temp fluctuations determines
re~147F Mpe (Ore/re ~1.3%; Komatsu et al. 2009)

Surface of last scattering

¢ |ate Universe z~1100

Galaxy Clustering (z~ 0.3, 0.6)
QSOs Lyman-« Forest (z~ 2.5)

(1 +Z) d Dy
@
R
g AY ’:}
S =cAz/H(z)
YS (zdec)

== Eval Kazin, INPA |C, Berkeley, March 5t 2010
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Baryonic Acoustic Feature on (and off) the

defining Line of Sight
d —_ OZ/HO Hubble's Law for proper distance
X — Ofdz ’/H(z ') comoving distance X — d (1 +Z) Py \
ZtAz
— —I— angular distance (not comoving!)
DA=Y/(1+Z) ) I B
' Z
measuring @—
transverse feature S J_:A(IDA (1+z) S
: (z)
line of sight feature S| | =AX Aa !

v

ylelds ..

rf@\i New Mexico (and, eventually, my desktop)
J‘ S -

| f oz’/ H'(Z') =S,/ Aa/c , measurable with BA feature
'; e kR
H ( <Z> ) —c AZ /Sl | | nowwn Rnowwns

meaning
s, constrains integral (a lot of degeneracy)

s|| constrains +t+ at a specific redshift!
Can constrain expansion ratell

)




BUT....

e Line of sight signal is Noisy
x (I will show this soon... promise...)
SO....
by using the

angle averaged signal
(€) (aka monopole),

—

B
S (&) = J E(s,0)sin(6)db

we measure the Volume Average (effective) Distance
Dv(z2)=[(1+2)?Da2c/H(2)] /3
u[sJ_Zs”]l/3

meaning (&) constrains Da%/H(z)

BT Fyal Kazin, INPA |C, Berkeley, March 5t 2010



Pinpointing Baryonic Acoustic Feature Peak
ESBESHERGES MeienEe

%modetz}\'%NL—theora ((X'S) Peak Position Distribution in mocks
[ T T T | T T T | T T T | T T T | T T ] [T T T T T T T | ||||||||| | ||||||||| | ||||||||| ]
0.03 O %
| | 25 __ S NL-theorg - 60.00<5<148.8 h"Mp'c DR7-Dim_ __
[ 0=1.04¢c ] I P 2 - ]
i i L 106.3%X3.2 h'Mpe | _ ]
: < ;\' — 0:3 é : 20 __ 10 1 __
E 3 - - ] :
0.02 : X2=23ﬁ4 (1:9 do—D ] - 0 . . | ] ]
. I 3 = : i Xz/%i.f dg(.)f=19 =3 :
= I S | e s = L] —
o [ o L
[ < Bl
0.01 - = i
E 10 i
: _ 5L ]
0.00 i
[ I [ L
E(s) e _
1 1 | 1 1 1 | 1 1 1 | 1 1 fl | 1 | | | | | O ||||||||| | |||||||| | ||||||||| | |||||||||
60 80 100 120 140 90 100 110 120 130

s [h*Mpel Sp [h*Mpel

& Peak position measured at

S,=101. 6+=.0 lfriMpc

@ 10 uncertainties due to sample variance
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Monopole as a Standard Ruler
® Peak position yields ;DS@UdO Hubble—Diagram
VS/DV=0.13@i0.043*@(z>=o.:z7g>0,25 _' BEREREREEET Y

‘F‘ App|ylﬂg re=153.3 M‘PG (WMAP5; Komatsu et al.)
we obtain:

D, ((z)=0.278) =1103* 43 Mpc

& Consistent with 0 20
Quo=[0.25-0.34], :

h=]0.63-0.7#=2] '

‘ Kazin et al. (2009)

N :

0.15

B QMol";z: 0.1=2¢6

Qumpo=0.19

o =022
Qo=0.25
Quo=0.28
Quo=0.21

O ° ]L O - Quo=0.24

A |Q.M0.:0.'3.7| o=t

e 0.20 0.20 0.50 (ONSomuiiEsy
Method: Z

(>/r)redt= (p/r.) fiductal ( Sp fiductal /S]3 SPSS)
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Clustering as Function of Polar Angle
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Clustering as Function of Polar Angle
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Clustering as Function of Polar Angle
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Clustering as Function of Polar Angle
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Clustering as Function of Polar Angle
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Redhift Disiorions

Velocity-Dispersion Effect
(aka Finger of God)
effects small scales ~ few Mpc

Lz

Vio Q
AXH’ V‘P:L é

L

Real Comoving Space  Redshift Space '

B

- PEEEEa Eyal Kazin, INPA |C, Berkeley, March 5t 2010

PR AT AL FOTAECE
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Velocity-Dispersion Effect
(aka Finger of God)
effects small scales ~ few Mpc
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Redhift Disiorions

Squashing Effect
effects large scales ~10'sMpc

Velocity-Dispersion Effect
(aka Finger of God)
effects small scales ~ few Mpc
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Clustering as Function of Polar Angle &

no dynamical distortions
(linear theory)
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Clustering as Function of Polar Angle
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Clustering as Function of Polar Angle
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Baryonic Acoustic Feature in SDSS LRGs
Line of Sight Detection?

redshift distortions
(non linear theory; LasDamas mocks) SDSS-II Results
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Baryonic Acoustic Feature in SDSS LRGs
Line of Sight Detection?

ABSTRACT From Gaztahaga et al. (2008)

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at , , , : , ,
20. The radial data enable, for the first time, a direct measurement of the Hubble _mm o 2le0z 6loe0z  18BecOI *4aietoli: ST NN —
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial ¥

Kazin et al. (in prep.)
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Baryonic Acoustic Feature in SDSS LRGs

Line of Sight Detection!?

ABSTRACT From Gaztahaga et al. (2008)

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at
20. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial
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Baryonic Acoustic Feature in SDSS LRGs

Line of Sight Detection?

ABSTRACT From Gaztahaga et al. (2008)

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at
20. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
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Line of Sight Detection?
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We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at
20. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial
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Baryonic Acoustic Feature in SDSS LRGs

Line of Sight Detection?

ABSTRACT From Gaztahaga et al. (2008)

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at
20. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial
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Baryonic Acoustic Feature in SDSS LRGs

Line of Sight Detection?

ABSTRACT From Gaztahaga et al. (2008)

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc?/h3 to z=0.47. The 2-point correlation func-
tion &(o, ) is estimated as a function of perpendicular ¢ and line-of-sight 7 (radial)
directions. We find a significant detection of a peak at r ~ 110Mpc/h, which shows as
a circular ring in the o — 7 plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A £(o, 7) model with no radial BAO peak
is disfavored at 3.20, whereas a model with no magnification bias is disfavored at
20. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial

Volume Limited sample

Full LRG sample
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Baryonic Acoustic Feature in SDSS LRGs

Line of Sight Detection?

% (0 <=°,5) Volume Limited sample

0.20 [7

0.15¢

0.10}

0.05 [~

\ 4

wmemem DR7 Monopole (z<o0.z65)

AL
DR7 Line of Sight (z<o0.ze) .

& SDSS-Il does not contain enough modes
to measure the line of sight BA feature at

0<=°

& The strong sigrnal at 110 .h"l\/lfc,. | |
although unlikely, Is consistent with being noise

0.00 |

~0.05}

SR O RS SO O

40 60
s [h*Mpel
=== Fyal Kazin, INPA |C, Berkeley, March 5t 2010



s I @hie/Acoustic FeatUre (R BES SN MR EE
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Baryonic Acoustic

~eature In BOSS [LRGs

in Line of Sight and Transverse Directions
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® The strong SDSS-Il signal at 110 h"'Mpc is
predicted to be ruled out by BOSS

& BOSS does contain enough modes
to measure the line of sight BA feature,
although for r,<<5.5 h"'Mpc the signal is noisy.
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Baryonic Acoustic

~eature In BOSS [LRGs

in Line of Sight and Transverse Directions
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& The expected separation btw
ine-of-sight and transverse signals
for large AB raise optimism for disentangling
H((z)) and Pa((z))

® The strong SDSS-Il signal at |10 h"'Mpc is
predicted to be ruled out by BOSS

& BOSS does contain enough modes
to measure the line of sight BA feature,
although for r,<<5.5 h"'Mpc the signal is noisy.
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JToday | will discuss:

D |ﬂtFOdUCtIOﬂ | 3 minutes

A Quantifying Clustering
| RGs- Why shoudy We like these galaxies so much!?

[A The Sloan Digital Sky Survey

[A Baryonic Acoustic Feature somme

'] Introduction to Redshift Distortions » me

(] Redshift Distortions in Clustering s mme
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Quantifying the
Squashing Effect

Kaiser 1987: conservation of number of objects when
going from real-space to z-space

nEadcs=nwd3r

where Pis) (R,uw)=EH+1u?)2P(R)
u=cos (0)
Tmatter i
and

overdensity @ (a )zbiﬁiwitim D4 —linear growth factor
a=1/(1+=z) expansion factor
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Quantifying the
Squashing Effect

Kaiser 1987: conservation of number of objects when

where
u=cos (0)

and

going from real-space to z-space

nEadcs=nwd3r

P (k,u) = (L +{u”)2P(R)

z-space real space
matter matter

overdensity @ (a )zbiﬁiwitim D4 —linear growth factor
a=1/(1+=z) expansion factor

P S alRu) =1+ u2)2Pya(R)

|
where z’r-ris‘apcdecre — (b -I— ‘f/_L;Z) 2 P ( R) reﬁrasé%?ce
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Extracting information from the
Squashing Effect

growth index

Y
Kaiser 1987:  =f(2)/b0,~Qu(z)/b, AcpM: y~o0.56
PGe: Y~0.68
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.
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.
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.
.
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.
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.
.
.
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.
.
.

SO: 2 QM
Or: — QYMVL’CH (through ¥; Linder 2005)
Or: « break (bLas)o. degeneracy

—
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EE quadrupole/monopole i o

Quadrupole Tes1L No dependence on scale' 4
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P through the Quadrupole Test

Non-Linear [ heory
R= E,(s)/IE0()(Eo(e))1= (4/2B+4/7p2)/ 1 +2/3p+1/542)

£(0,s)

0 [degrees]

ﬁEf (z)/ bizgy\,\ (z)/b,

1

Al
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P through the Quadrupole Test

SDSS-|| Results
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Quadrupole Test- Cosmological Significance
ﬁE‘f(z)/ bizQL (z)/b,
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P through the Quadrupole Test

Non-Linear Iheory
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P through the Quadrupole Test

Non-Linear [ heory
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summary

A Baryonic Acoustic Feature in SDSS-Il & Monopole
gApparent in LRG clustering, and consistent with ACDM cosmology.
[A Can be used to measure distance to z~0.2¢ at accuracy of 2%

[A Prediction: Strong signal at s~120 h*mpe will not appear in BOSS

A Baryonic Acoustic Feature in Line of Sight &
A Not measurable in SDSS-II due to lack of modes

Will be noisy in BOSS when restricting to thin ansular slice (0 <=°
b S g

A Using wider wedges- BOSS will be able to be distinguished from
transverse signal, enabling disentanglement of H(z) and Da(z)

[JRedshift Distortions in Clustering
] Yields op/f~10% @ z~0.22 (sample variance)
] Cosmological constraints

“All astronomers do these days Is count photons, galaxies and citations”, M.R.B
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A Baryonic Acoustic Feature in SDSS-Il & Monopole
gApparent in LRG clustering, and consistent with ACDM cosmology.
[A Can be used to measure distance to z~0.2¢ at accuracy of 2%

[A Prediction: Strong signal at s~120 h*mpe will not appear in BOSS
A Baryonic Acoustic Feature in Line of Sight &

A Not measurable in SDSS-II due to lack of modes

[A Will be noisy in BOSS when restricting to thin angular slice (0 <=)
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Luminous Red Galaxies

Padmanabhan et al. (2007)
based on Bruzual&Charlot (2003) model

Eisenstein et al. (2001 —
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Some Cosmography

Hubble Equation;

assumpti,ons: CZ, =-= HOX/ (1 +Z)
low Z’s

Va<<ec

Comovin -
distancesg 1 (=) =%f0lz'/ H(z’)

generalized

expansion rate

Assuming flat ACDM  H(z) =H{QuE+Z)2 + Qaf(z)}°°
where

f(z)=explsfolz’ (1 +w(=))/ (1+2)]
equation of state WEPA/ Q A
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Redshift Distortions

Dark Matter Simulation
Benitez et al. (2008)
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— az The Alcock&Paczynski Effect

AZ  Req Space Redshift Space  AZ > 41
oz

A Az o

| s | s

H(z+ Az)
H(z)
H(z-Az)
Lol laf

z+1

A_z= Z[QAF+Qu (1 +z)3]1/2f0l5 (QA+ QM(,aS)

oz




Quantifying the
Squashing Effect
Kalser 187 | Spherlcalarmonlcs SN A
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What Should We Expect from BOSS!?
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What Should We Expect from BOSS!?
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