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—What are Baryon Acoustic Oscillations?
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What are the Baryon Acoustic Oscillations? ‘-’h

BERKELEY LAB

What are baryon acoustic oscillations (BAO)?

These fluctuations of 1 part in 10°
gravitationally grow into...

niverse at 300,000 years old (CMB)

This sound wave can be used as a “standard ruler”

Dark energy changes this apparent ruler size | Courtesy slide from David Schlegel
and animation from Daniel Eisenstein
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What are baryon acoustic oscillations (BAO)?

These fluctuations of 1 part in 10° ...these ~unity fluctuations today
gravitationally grow into...

niverse at 300,000 years old (CMB)

This sound wave can be used as a “standard ruler”

Dark energy changes this apparent ruler size | Courtesy slide from David Schlegel
and animation from Daniel Eisenstein
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What are baryon acoustic oscillations (BAO)?
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gravitationally grow into...

This sound wave can be used as a “standard ruler”

Dark energy changes this apparent ruler size | Courtesy slide from David Schlegel
and animation from Daniel Eisenstein
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What are the Baryon Acoustic Oscillations? _— p

What are baryon acoustic oscillations (BAO)?

These fluctuations of 1 part in 10° ...these ~unity fluctuations today
gravitationally grow into... |

* BAOQ is possibly the cleanest probe of Dark Energy:

—\We are working in large scale, so we can possibly avoid all
the messy non-linear physics.

—Its physics are determined at early times, where perturbative
treatment is valid and under control.

niverse at 300,000 years old (CMB)

This sound wave can be used as a “standard ruler”

Dark energy changes this apparent ruler size | Courtesy slide from David Schlegel
and animation from Daniel Eisenstein
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What are the Baryon Acoustic Oscillations? /\| ‘iﬁ
How do we detect Baryon Acoustic Oscillations?

We calculate the correlation function or its Fourier Transform: power-spectrum
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What are the Baryon Acoustic Oscillations? /\| ‘iﬁ
How do we detect Baryon Acoustic Oscillations?

We calculate the correlation function or its Fourier Transform: power-spectrum

What is the correlation function ?

§r(r) =< 05(2)05 (2 +7) >
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How do we detect Baryon Acoustic Oscillations?

We calculate the correlation function or its Fourier Transform: power-spectrum

What is the correlation function ?

?LAWRENBE BERKELEY NATIONAL LABDRATDRY*




What are the Baryon Acoustic Oscillations? creeee) ‘iﬁ
How do we detect Baryon Acoustic Oscillations?

We calculate the correlation functions or its Fourier Transform: power-spectrum

What is the correlation function ?

Office

Office
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What are the Baryon Acoustic Oscillations? /\| ‘iﬁ

How do we detect Baryon Acoustic Oscillations?
We calculate the correlation functions or its Fourier Transform: power-spectrum

What is the correlation function ?

Er(r) =< 07(2)op(2 +7) >

Population correlation function during the day
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Office The bump will be at 20 miles!
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What are the Baryon Acoustic Oscillations? /\| ‘iﬁ

How do we detect Baryon Acoustic Oscillations?

We calculate the correlation functions or its Fourier Transform: power-spectrum

What is the correlation function ?

Er(r) =< 07(2)op(2 +7) >

Galaxy correlation function

The bump will be at ~100 Mpc
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What are the Baryon Acoustic Oscillations? /\| ‘.ﬁ

How do we detect Baryon Acoustic Oscillations?
We calculate the correlation functions or its Fourier Transform: power-spectrum

What is the correlation function ?

Er(r) =< 07(2)op(2 +7) >

Fourier Transform: correlation function-> power-spectrum
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There will be wiggles
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- Recall: Eisenstein et al.(2005),
3 ) 1 Percival & Reid et al. (2010)
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 Baryon Acoustic Oscillations: Now and Beyond
—Now: With Luminous Red Galaxies
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Physics of Angular Clustering — ]

— 5_g describe how galaxies are dN describe how many galaxies
5p related to cold dark matter dz are there at each dz bin
m( Z) describe how matter grows 1
[ + — | describe how matter cluster

P ( 2 ) (matter powerspectrum, describes the rms fluctuations)

X

Galaxy angular power-spectrum

/ z—b2 2)(dN/dz)*D?*(2) P(
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Angular power-spectrum eeeend]

« BAO
* Overall shape of the spectrum

 inflationary parameters affect the largest
scale

Angular Power-spectrum
| matter-radiation equality T
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BAO: with Luminous Red Galaxies /\I A
. . reecoeococo|
Physics of Angular Clustering — ]
— 6_8 describe how galaxies are d_N describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin
X . 1
D(Z) describe how matter grows [ + — | describe how matter cluster
)2 ( 2 ) (matter powerspectrum, describes the rms fluctuations)
X

Galaxy angular power-spectrum

/2—62 (2)(dN/dz)*D*(z)P(

[+ 3
X

)

Galaxy Angular power-spectrum contains a wealth of cosmological
information ranging from

a) What 1s dark energy? to

b) What happened at the very early Universe? Inflation? What kind?
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BAO: with Luminous Red Galaxies /\I \
The Data ﬁ\\'”
Total Area: 14,555 sq deg 1.5 million LRGs: 0.4<z<0.7

Sloan Digital Sky Survey III

note: Colors only indicates the when a certain area of the sky is surveyed.
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BAO: with Luminous Red Galaxies /\I
The Data: Splitting them into redshift bins

BERKELEY LAB
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7z=0.45-0.5 7z=0.5-0.55

7z=0.55-0.6 7z=0.6-0.65

Ho, Seo, Ross, White, Schlegel et al. (in prep)
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BAO: with Luminous Red Galaxies /\I .
How to do this? ﬁ\‘m

» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C99(DATA)
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How to do this? ==
» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

X

C99(DATA)

» We want the best measurement of the angular power-spectra possible, from
the stand point of not only statistical error, but also systematic errors.
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BAO: with Luminous Red Galaxies /\I A
How to do this? ==
» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

X

C99(DATA)
» We want the best measurement of the angular power-spectra possible, from
the stand point of not only statistical error, but also systematic errors.

» To get the best statistical error, we apply “Quadratic Estimator”, which are
proven to provide:

— Unbiased Minimum variance measurement of the parameters that are
being estimated if the field is gaussian.

— Many people have worked on Quadratic Estimators: Hamilton, Tegmark,
Bond, Jaffe and Knox, White, Padmanabhan, Hirata, Blake, et al.

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*




BAO: with Luminous Red Galaxies /\I .
How to do this? ﬁ\‘m

* For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v
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How to do this? ==
» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v

» But in order to derive cosmological constraints, we need to be able to predict
the angular power-spectra given any cosmological models.

« That's why: we need the theory:
/ dz—b2 2)(dN/dz)*D?(z) P(

[+ 5
X

)
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BAO: with Luminous Red Galaxies /\I A
How to do this? ==
» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v

» But in order to derive cosmological constraints, we need to be able to predict
the angular power-spectra given any cosmological models.

« That's why: we need the theory:

/ dz—b2 2)(dN/dz)*D?(z) P( )

« Given a cosmological model, we can predict the theory, except we need two
inputs: bias b(z) and redshift distribution dN/dz.

[+ 5
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BAO: with Luminous Red Galaxies /\I A
The Data: Redshift distribution e
SDSS III has been taking spectra of all of these photometric LRGs, therefore, we have an unbiased
spectroscopic confirmation of the photometric redshifts for ~10% of the sample, therefore, we have
very good understanding of the redshift distribution of the sample.
20 oah |045IIIIIIIRIHIP :ltll(' )
- 0.40<z,,,<045 1 111 1 Ross, Ho, Percival et al. (in pre
dN/dz | o4s<z,,.<050 | | | | . PP
| 0.50<2,,,,<0.55 | | |
0.55<2,,,,<0.60 ! f|1 1 !
15 e -
5 iR
. 10 ' ' -
e If I
© | \
5 ! | —
ol ) »|". I NS | |
0.1 0.2 0.3 0.7 0.8 0.9 1
redshlft
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How to do this? ==
» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v

» But in order to derive cosmological constraints, we need to be able to predict
the angular power-spectra given any cosmological models.

« That's why: we need the theory:
/ dz—b2 2)(dN/dz)*D?(z) P(

[+ 5
X

)
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BAO: with Luminous Red Galaxies /\I .
How to do this? ﬁ\‘m

» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v

» But in order to derive cosmological constraints, we need to be able to predict
the angular power-spectra given any cosmological models.

« That's why: we need the theory:

/dz—b2 )(dN/dz)QDQ(z)P(l ; 2

* We then only need to know bias, but since it only changes the overall
amplitude of the angular power-spectrum.

« We don’t need to worry about this for BAO
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BAO: with Luminous Red Galaxies /\I .
How to do this? ﬁ\‘m

» For each of the redshift bin, we cross-correlates the Luminous Red Galaxies
with themselves, and we get the angular power-spectra of the galaxies.

C7?(DATA) v

» But in order to derive cosmological constraints, we need to be able to predict
the angular power-spectra given any cosmological models.

« That's why: we need the theory:

/dz—b2 )(dN/dz)QDQ(z)P(l ; 2

* We then only need to know bias, but since it only changes the overall
amplitude of the angular power-spectrum.

« We don’t need to worry about this for BAO
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What we expect to see ey

Angular Power Spectra WMAP? Templates
0.0001 - ——— .

1e-05

1e-06 [

0.40<zphoto<0.45
0.45<zphoto<0.50
0.50<zphoto<0.55 ——
0.55<zphoto<0.60 ——
0.60<zphoto<0.65
0.65<zphoto<0.70

1 II”1O | .III”I100 | | III”‘IIOOO
multipole

1e-07
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Systematics :
y

« The Reason why BAO become so popular is that it is one of the cleanest
probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

C99(DATA) = b2CPmom 4 b 4 55 4 cBPEC) 4
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BAO: with Luminous Red Galaxies /\I .
Systematics ﬁ\‘m

« The Reason why BAO become so popular is that it is one of the cleanest

probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

Color offsets

C99(DATA) = b2Comom 1 obd oo 4 a8t | \

N

Dust Extinction Stellar Contamination Galaxies from next
photometric slice
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BAO: with Luminous Red Galaxies /\I .
Systematics ﬁ\‘m

« The Reason why BAO become so popular is that it is one of the cleanest

probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

C99(DATA) = b2C0mde 4 00 4 0% 4 088 4 |

e BN

Dust Extinction:

We cross-correlate the
extinction map (SFD) with the
galaxies to see if there 1s any
correlations.
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The effect of dust extinction crecend] B
4e_0b . I BERKELEY LAB
LRG NORTH X E(B V) z=0.55-0.6
3e-05 | LRG-NORTH X E(B-V) z=0.6-0.65 -
2e-05 - -
1e-05 |- T -
0 - | J:, f -é_ —é— —i— %"'"—J'_—:T_;r;.!:§I=I—I-{--I--:-:—:-:-:--*!-I-' ok kK kK =
O 1T
-1e-05 | | il .
-2e-05 -
-3e-05 - -
-4e-05 i .
-5e-05 et bbbt E—
1 10 100 1000
_| Ho, Seo, Ross, White, Schlegel et al. (in prep) |
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Systematics :
y

+ The Reason why BAO become so popular is that it is one of the cleanest
probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

C99(DATA) = b2C0mde 4 00 4 0% 4 088 4 |

[N

Stellar Contaminaﬁon: (Galaxies from next

We qross—correlate the stellar photometric slice:
Cslle)nSSlSty maﬁségen?ra‘[.ed from We compute all the correlations
) with the galaxies. between different redshift slices,

and take into account of the
covariances and correlations
between different slices.
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The effect of stars eecen) :

0.001

" LRG X stars 2=0.55-0.6

-
i Ll i | -
O - . - -+ + <+ T T T T + +

-0.001 -

-0.002 |- -

-0.003 - -

Cl

-0.004 -

-0.005 n

-0.006 |- + -

i
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-0.007 S
1 10

Ho, Seo, Ross, White, Schlegel et al. (in prep) |
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Systematics :
y

« The Reason why BAO become so popular is that it is one of the cleanest
probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

C99(DATA) = H2Com0m 1 O3 4 058 4 8O0 4 |

[

Galaxies from next

photometric slice:

We compute all the correlations
between different redshift slices,
and take into account of the
covariances and correlations
between different slices.
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Overlap of the redshift bins crecend) p
0.001 — T Baa —
! Irgé X Irg7 ++
Irg6 X Irg8

i = + Irgé X Irg9 - 1
~ 0.0001 Irgé X Irg10 =
£ [ £+ = Irge Xrg11 ]
= .
© J‘++$
& ' X5 Txgx s
@ 1e-05 | - E
O H | TXK-.
Q. u _— i 9’(—:% aeii .
@ | LR X ]
% 1e-06 - IRl *** ]
< _ . j .
S qe07 | s -

1e-08 L N e L e a gl L PR T S T T
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I

Ho, Ross, Seo, White, Schlegel et al. (in prep) .
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Systematics ﬁ\‘m

« The Reason why BAO become so popular is that it is one of the cleanest

probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

» Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by

non-gaUSSIamtleS atthe early Universe. COIOT OffSCtS:We compute cross-correlations

between all of the photometric offsets (from Schlafly et al.
2010)

C99(DATA) = b2C0mde 4 00 4 (% 4 088t 4 |

_— |\
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What are the photometric offsets? ...

—0.042 m— s 1.5

Color offsets as discussed in Schlafly et al. 2010
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The effect of the photometric offsets ... p
0.00025 - —rr T ~ ——
Irg8 (z=0.5-0.55) X schlafly offset
Irg9 (z=0.55-0.6) X schlafly offset
Irg10 (z=0.6-0.65) X schlafly offset - *---
0.0002 - Irg11 (z=0.65-0.7) X schlafly offset
0.00015 |- :
0.0001 * -
&
5e-05 |- .
0} ’fi$ E WM OGRS KK ¥ ¥ X -
-5e-05 |- 1 :
_00001 i " PR S S SR | " i PRI ST ST S T T | L L PR T R S S
1 10 100 1000
I
Ho, Ross, Seo, White, Schlegel et al. (in prep)
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BAO: with Luminous Red Galaxies /\I .
Systematics ﬁ\‘m

« The Reason why BAO become so popular is that it is one of the cleanest

probe of cosmology, since there are not that many systematics that can cause
a shift in BAO scale (~100 Mpc)

« Therefore, the systematics | am going through here are mostly for getting a
clean angular power-spectrum which contains other information such as the
shape of matter power-spectrum, scale dependent bias that can be caused by
non-gaussianities at the early Universe.

Color offsets

v C99(DATA) = b2Cmom 4 ¢4 4 o3 4 c8@)et) \

N

Dust Extinction Stellar Contamination Galaxies from next
photometric slice

If we don’t take out the systematics, we won’t be
able to trust the power-spectra until at least 1> 40

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*




Remember? What we expect to see ... ‘a

BERKELEY LAB

WMAP7 Templates
0.0001 r - —— - ——

]
BAO wiggles

1e-05

1e-06

0.40<zphoto<0.45 ———
0.45<zphot0<0.50
0.50<zphoto<0.55 ——
0.55<zphoto<0.60
0.60<zphoto<0.65
0.65<zphoto<0.70

1e-07

1 10 100 1000
multipole
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BAO: with Luminous Red Galaxies /\l

rreeeee ‘m

Preliminary Results before taking out systematics — ]

Angular Power-spectrum 7=0.55-0.6
0001 E 1 | S S § lll ¥ 1 ¥ LI L II 1 ] 1 1 I IIIE
- Irg9 0.55-0.6 ]
- a0b0, a= 1.077, x*=59.25%
0.0001 3 //,_,-f—»\ =
w105 E_ _E
10-¢ \\\,—:
']0—7 1 1 IIII 1 1 1 L1 11 II 1 1 1 1 L1 11
10 100 1000

1 (as 1n spherical harmonics)

It 1s really hard to see the BAO feature, but one can divide out the smooth part of the spectrum

Ho, Seo, Ross, White, Schlegel et al. (in prep)
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BAO: with Luminous Red Galaxies /\l

Preliminary BAO before taking out systematics

A
||||

Cl/Csmoothed (l)

7z=0.55-0.6
14 - Ilrg9 72=0.55—0.6 _

6 ,/1.15

BAO,obs QBAO,fi

Cl/cl,sm

06 — ||) ]
[ 1 1 1 1 1 11 1 I 1 1 1 1 1 11 I-
10 100 1000

1 (as in spherical harmonics)
Ho, Seo, Ross, White, Schlegel et al. (in prep)
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BAO: with Luminous Red Galaxies /\l

Preliminary BAO before taking out systematics

A
||||

7z=0.5-0.55 Ho, Seo, Ross, White, Schlegel et al. (in prep)
6 iBe0s505 ]
i a0b0, a= 1.125, x3=136.4 ]
14| |
12 .

Cl/Cl.sm

7z=0.55-0.6

BRI aa
of 1| 0T :
32 M

00!

Irg9 z=0.55-0.6 _

GBAO,obs: GBAO,ﬁd/ 1.15

10 100
]

7z=0.6-0.65

4L © Irgl0o z=0.6-0.65

1] HBAp.obSZGBAO,fid/O‘gg

10 100 100
1
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BAO: with Luminous Red Galaxies ey §

Preliminary BAO before taking out systematics !

BERKELEY LAB

7z=0.5-0.55 Ho, Seo, Ross, White, Schlegel et al. (in prep)

16 Irg8 z=0.5-0.55 4
L a0b0, a= 1.125, x®=136.4
14 -
: i J\ R - I I : Z_0¢55_0.6
1 s 1  SNG I EE—
[ | ) /T/\. + . T T T T T T T LI B B l_
- ! . Irg9 z=0.55-0.6 _

08| { . i
3 E 3 ] GBAO,obSZGBAO,ﬁd/l'l'B

1.2 -

Cl/cl.sm

osf 3.20

7z=0.6-0.65

r lrgl0 z=0.6-0.65 -

1 HBAVO,obSZGBAO‘fid/O‘gg

However, there may still be small : AE ]
. e . . . 0.6 - ro 2.60- B
remaining systematics in higher 1... ot

10 100 100
1
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BAO: with Luminous Red Galaxies /\I i

Systematics: Taking them out of the equation -

||||
BERKELEY LAB

True galaxy overdensity

N
Observed galaxy overdensity 53 — (5; + Z €i5 S Various systematics
o =0
For example, 1f 1=2 only: ‘
<0005, >=< 0,0, > +e1 < 5,05, > +eg < 05,0, >
< 0005, >=< 0,0, > +€1 < 05,05, > +€2 < 05,05, >

<0000 >=<6.0L > tef < 85,05, > +2€160 < 85,05, > +e5 < 05,05, >

We also need to take into account of all the covariances between
systematics and across different band power

Awaiting for the new answers ...

Ho, Seo, Ross, White, Schlegel et al. (in prep)
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Preliminary results /\l A
without taking out all of the systematics ~ “"™=L]

EEEEEEEEEEE

(if you really want to know)

The following results are derived:

by taking into account of angular power-spectra
from | >40 from z=0.45-0.65.

It should be quite clean of systematics, but there
are probably some residuals which we are going to
take out with our new method.
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Preliminary results /\l A
without taking out all of the systematics ]|
||] 1 1 1 | I 1] L] L] [ 1 |l Ll ] 1 1 ] l ]
-\ Oy ™ 1.075 (- 0.022, + 0.028) y
240 —"\ a, = 1.133 (- 0.073. + 0.085) //—
-\ A = 28.37 7 A
\ 7
L\ P i
- Ny _ -~ Withoutithe BAO
%220 |- T~ -
200 - "/ Withthe BAO ]
-l 1 1 1 l u\\ /l l 1 1 1 l | 1 | l l-
0.8 | 1.2 1.4 1.6
x
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Preliminary results /\l .
without taking out all of the systematics !
~2.5% measurement of the
angular diameter distance
] 1 L] 1 l L] L L} [ r N 1 1 L] I L]
a, = 1.075 (- 0.022, + 0.028) -
240 —'\‘ a, = 1.133 (- 0.073. + 0.085)
- \'\Af - 28.37 -
AN i
- \\ —
220 |- | —~
- | | Combined detection of ~5.3 sigmas
200 |- -
-l 1 1 1 l \\ / ".}j 1 l 1 1 | l 1 1 1 l l-l
0.8 1 1.2 1.4 1.6
x
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BAO: with Luminous Red Galaxies /\I
What is new?

A
||||

» Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc?
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BAO: with Luminous Red Galaxies /\I

f\
receeec]

What is new? :

» Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc?

* Method: First application of Quadratic Estimator on
all redshift slices for BAO while taking into account of
all the correlations between different redshift slices of
galaxies.

—0Unbiased minimum variance measurement with various
systematics taken into account.
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BAO: with Luminous Red Galaxies /\I

f\
receeec]

What is new? :

» Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc?

* Method: First application of Quadratic Estimator on
all redshift slices for BAO while taking into account of
all the correlations between different redshift slices of
galaxies.

—0Unbiased minimum variance measurement with various
systematics taken into account.

* Detection:
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BAO: with Luminous Red Galaxies /\I .
What is new?

||||
BERKELEY LAB

» Data: Largest volume ever used for galaxy clustering:

14,000 e deg up to z=0.7, this is equivalent to 15Gpc>

d Metho Total Comovlng 'v'olume of Unwerse m——— | Imator On
all red{ &t ccount of
all the| _ |  slices of
galaxig
—Unb [ vith various

Syst| o}
* Detect ,, |
10
0 O 1 1 1
0,1 0,2 0.3 0.4 0.5 0.6 0,7
Redshift
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BAO: with Luminous Red Galaxies /\I .
What is new?

|ﬂ
BERKELEY LAB

» Data: Largest volume ever used for galaxy clustering:

14,000 e deg up to z=0.7, this is equivalent to 15Gpc?
o Metho Total Comovlng 'v'olume of Unwerse m——— | Imator On
all red! = ccount of
all the| _,  slices of
galaxig
—Unb ® with various
syst| =
* Detect ,,
10
0
0,1 0,2 0,3 0.4 0.5 0.6 0,7
Redshift
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BAO: with Luminous Red Galaxies /\I

A
reeeeoeoc| g

What is new? :

» Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc?

* Method: First application of Quadratic Estimator on
all redshift slices for BAO while taking into account of

all the correlations between different redshift slices of
galaxies.

—0Unbiased minimum variance measurement with various
systematics taken into account.

* Detection:

—Before this work, the highest redshift with any significant
BAOQO detection is at z=0.275

—This work: Significant Detections at highest redshift
range: 0.45<z<0.65
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BAO: with Luminous Red Galaxies ey §

Looking forward

!
||||

« Cosmological Constraints from BAO will be coming soon.
* More detailed systematic tests have to be carried out.

* Photometric LRGs can be used for BAO in upcoming
surveys such as DES, PanStarrs and LSST.

A variant of the Quadratic Estimator can be applied to
any Spectroscopic LRGs (in BOSS and maybe in
BigBOSS) will provide ~10% level constraint on equation
of state of Dark Energy.
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BAO: Beyond Galaxies ey

BERKELEY LAB

 How can we learn about cosmology at much higher
redshift ?

70 1 T

1 ] 1
Total Comoving Yolume of Universe e

6O

50

40

30

20

10

0

0,1 0,2 0,3 0.4 0.5 0.6 0.7 o
Redshift Z>2 :
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Outline N

 Motivations
* Introduction
—What are Baryon Acoustic Oscillations?

e Baryon Acoustic Oscillations: Now and Beyond
—Now: With Luminous Red Galaxies
—Beyond: With Lyman Alpha Forest

e Conclusions
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Beyond: With Lyman Alpha Forest /\I A
What is it? H\\
T| IMETime Since Major Events
| BigBang Since Big Bang
z~0
Humans
present stars, observe
galaxies the cosmos.
Era of and clusters
atoms and
1 billion plasma)
years ¢ atoms and Em galaxies
lasma ' 7~6
Era of stars
Atoms in :'t‘%m: 'Q:L“i
to form) tons fly free
500,000 and become
years lasma of microwave
Era of R ydrogen and background. z~1100
Muclei i helium nuclel Fusion ceases;
plus electrons st il'.
SImnEwy protons, neutrons, 192 hydrogen,
Era of g y ¥ "0 4 » ¥ electrons, neutrinos 25% helium, by
Nucleosynthesis . 7 0 % ¥ (antimatter rare) mass.
onds : Matte ihilates
0.001 sec 3 elementary particles ;num::;:
antimatt
" b e cE:mrlnmo:.]w Electromagnetic and weak
10" seconds | — forces become distincl.
Electroweak Era e pinmf.'l""" Strong force becomes
10-% seconds e distinct, s
GUT Era elementary mli!:.irg. flation of v
10-*% seconds particles - .
Planck Era 77?7? RedSh |ft
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Beyond: With Lyman Alpha Forest /\I A
What is it? ﬁ\\

Quasar Spectra

Courtesy simulation of gas from
Renyue Cen and Jerry Ostriker
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Beyond: With Lyman Alpha Forest /“\l )
What is it? H\\

flux emission
(a::ount [\
(Quasar Spectra ight)

wavelength A —>

4 One absorbing cloud close by

10—

~ flux emission
T [ ctine i (amount

<4 [~ 10 111 724959, 5007 -

_E Mg /_’7%\(\ o Of \P

H ha0 light _

< ght) absorption

wavelength A —>

- 0133727
ov
[Ne 111123869

Py I L L 1 | L L L Several absorbing clouds

2000 4000 6000
Rest wavelength (A)

flux emission
(amount
of W—\f\_
light) . from
absorption
liker
wavelength A —>

From Joanne Cohn’s
website
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Beyond: With Lyman Alpha Forest /\I A
What is it? H\\

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flux I emission
Plate 23536. ﬁigss 5bb, MJD 5509%@066 = 317.17587,2%%% = 0,59006
I T T

1000
H T I i

1 -

Quasa, | _

>~ 20 R : 3

< ;: | ]

C 3 ! ]

= 1 | T :E 15 f : E

- ™. L 1 -

i e .

by [: ]

¢ 10 F 3

10— . i

o ]

< ;

T T T I T T T T

PR IS ST TSN S SRS S SR SN TR RS T N SR SR S RS ST S T S SRS N
4200 4400 4600 5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

" . ? B
What is it?

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

Plate 3536, Fj Dark Ene{gy
e “ Accelerated Expansion
Q . Afterglow Light
uasa]g | SpedBR z=2 66¢ Pattern Dark Ages Development of
= 20 & [ 400,000 yrs. ' Galaxies, Planets, etc.
. ] J
< [ !
O — T ?; 15 _i :
L oan . : |
bl Inflation
@ 10 |
E s
L«
0

F, (a

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

PR IS ST TN S S T
4200 4400 4600 5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

" . ? B
What is it?

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flv
Flate So3e. Fiped Dark Energy
| Accelerated Expansion
M  Afterglow Light
Quasa] < %.669 Pattern  Dark Ages Development of
\é I 400,000 yrs. / Galaxies, Planets, etc.
I J
< 1
=G = 0 1 ?‘s‘ :
- ™. |
zi I Inflation
I
< 1
) s !

B|Fluctuations

Rest v r ] 1st Stars
C - about 400 million yrs.

Big Bang Expansion
13.7 billion years

4200 4400 4600 5600 5800 6000 6200 6800 7000 7200

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*




Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

" . ? B
What is it?

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flv
Flate So3e. Fiped Dark Energy
| Accelerated Expansion
M  Afterglow Light
Quasa] < %.669 Pattern  Dark Ages Development of
\é I 400,000 yrs. / Galaxies, Planets, etc.
I J
< 1
=G = 0 1 ?‘s‘ :
- ™. |
zi I Inflation
I
< 1
) s !

B|Fluctuations

Rest v r ] 1st Stars
C ; about 400 million yrs.

Big Bang Expansion
13.7 billion years

4200 4400 4600 5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

" . ? B
What is it?

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flv
Flate So3e. Fiped Dark Energy
| Accelerated Expansion
| ¥ . I \ Afterglow Light
Quasah\f ¥ B2 z=0 66¢ Pattern Dark Ages Development of
\é ; 400,000 yrs. | Galaxies, Planets, etc.
<
=G = 0 T ;‘s‘
L [~
o Inflation
LA
: =

EIFluctuations

SV 2t L:
CIv s [:
C1pas [
Mgtz [:
; ;
- 1 11l 1 1 1
T Al
| Quantu
He 11 21640 26 -
121038

Rest v r ] 1st Stars
C ] about 400 million yrs.

Big Bang Expansion

13.7 billion years

PR IS ST TN S S T
4200 4400 4600 5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

" . ? B
What is it?

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flv
Flate So3e. Fiped Dark Energy
| Accelerated Expansion
| ¥ . I \ Afterglow Light
Quasah\f ¥ B2 z=0 66¢ Pattern Dark Ages Development of
\é ; 400,000 yrs. | Galaxies, Planets, etc.
<
=G = 0 T ;‘s‘
L [~
o Inflation
LA
: =

EIFluctuations

SV 2t L:
CIv s [:
C1pas [
Mgtz [:
; ;
- 1 11l 1 1 1
T Al
| Quantu
He 11 21640 26 -
121038

Rest v r ] 1st Stars
C ] about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Beyond: With Lyman Alpha Forest
What is it?

n
A
Frrreeer ‘m

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

flL

Quasat;
L~
=
<
L T T ?‘s‘
L ™~
o
Q>
)
1
3 = 5

25 -
20 |
15 |

10 |

Plate 3536, FiES‘

Dark Energy
Accelerated Expansion

T

Afterglow Light
Pattern Dark Ages
400,000 yrs. /

Development of
Galaxies, Planets, etc.

Inflation

__________ge_
™
(s
i)

Wmﬂl.ﬁ{‘,“»l
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Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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Beyond: With Lyman Alpha Forest
What is it?

n
A
Frrreeer ‘m

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

-
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Quasaj
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ey
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Beyond: With Lyman Alpha Forest ’\l A
What is it? ﬁ\\

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe

Dark Energy
Accelerated Expansion

2 Afterglow Light
Quasa]g ¢ Pattern Dark Ages Development of
\é 20 B 400,000 yrs. | Galaxies, Planets, etc.
S
O — T :; 15 j
L [~
bl Inflation
@ 10 |
z IE 5 :
o+ :

B|Fluctuations

2000 -

Can we maybe detect BAO? Q'

Big Bang Expansion ‘

! 7 13.7 billion years

E h
R
o )
| PR T R R
4200 4400 4600

5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest ’\l \
Simulations \

/
n
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Beyond: With Lyman Alpha Forest eeeny]
Simulations

097, o8 — 0.8
x, 3000°grid
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Beyond: With Lyman Alpha Forest eeeny]
Simulations

097, o8 — 0.8
x, 3000°grid

mation
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Beyond: With Lyman Alpha Forest ’\l

Frrreeer ‘m

Simulations '
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Beyond: With Lyman Alpha Forest ’\l \

Frrreeer ‘m

Simulations '

3 . <UL 9 o
e i '_‘ S AR AL
<3 4 .
%ﬁ 9 Bl =2 2

Take the correlation function of these skewers!
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Beyond: With Lyman Alpha Forest /“\l )
Simulations: Resolution Effects? H\\

7 () €5 (r)

1.25 T

1.20r

1.15}

resolution 4X worse

1.00} - resolution 2X worse

0.95f

60 80 100 120 140 160
r[h/Mpc]

rih/Mpc
p ] Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /\I A
Simulations: Resolution Effects? ﬁ\\

A QNING )

1.25

1.20r

1.15

< 1.10
W
= resolution 4X worse
- 1.05
£
1.00 resolution 2X worse
0.95}
0.90

60 80 100 120 140 160
r[h/Mpc]

r[h/Mpd

Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest ’\l \

Frrreeer ‘m

Simulations '

3 . <UL 9 o
e i '_‘ S AR AL
<3 4 .
%ﬁ 9 Bl =2 2

Take the correlation function of these skewers!
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Beyond: With Lyman Alpha Forest
Correlation function (in configuration space)

)(5f(§3 +f) >

=>

Er(r) =< dy(
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Beyond: With Lyman Alpha Forest /\I A
Correlation function (in configuration space) EEEN{|

I 1 i l i I
20 40 60 80 100
Comoving Separation (h~' Mpc)
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Beyond: With Lyman Alpha Forest ’\l
Correlation function (in configuration space) BN

A
I

0.25

0.20f

0.15f

0.10f

0.05f

r? &(r)

0.00+

-0.05}

—0.10

\
1o -
~ i N
L T
N
N -

| PR ST
40 60 80 100
Separation (h~' Mpc)

BigBOSS density of QSO

Flux Real (Redshift) Space Correlation function
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Slosar, SH, White & Louis (2009) H




Beyond: With Lyman Alpha Forest /\I A
Correlation function (in configuration space) ﬁ\\

2
reg(r) s — 1 Redshift Space Correlation function

0.20}

0.15F

0.10F

0.05f

P E(r)

0.00f

—-0.05}

Real Space Correlation function

-0.15

—0.295 80 100 120 140 160
r|h/Mpc

I (h/ MpC) Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest eeeny] i
Correlation function (in configuration space) ”\\

Real Space Correlation function

Matter Flux
BAO feature

140 ‘ » -
1206

l()()! ' h ¢ -
SOt = \

-
60t ‘
40..

10 60 80 100 120 140 40 60 80 100 120 140

T T

Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /\I )
Correlation function (in configuration space) F\\

Redshift Space Correlation function

Matter Flux
BAO feature

140

120

100

60

60 :
Redshift space distortions!

40

40 60 80 100 120 140 40 60 80 100 120 140
() (N

Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /“’\l )
Correlation function (in configuration space) ’\\

Redshift Space Correlation function

Matter Flux

BAO feature
e

140

120

Flux traces matter quite well even when we include redshift space distortions!
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Redshift space distortions!
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Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest ’”’\l )
Correlation function (in configuration space) ﬁ\\
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FIG. 7: The cross-correlation coefficient between flux and
matter over-density in real (red) and redshift (blue) space.

Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /\I )
Redshift space distortions ‘

Redshift Space Correlation function

Matter Flux
BAO feature

140 // 40 | -
1| But what how should we deal with this redshift space distortion ?

-
AN .

Flux traces matterquite well even when we redshift space distortions!
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Beyond: With Lyman Alpha Forest /\I A
Redshift space distortions ‘

No z-space distortion z-space distortions

Apply linear Kaiser formula \

=Y Liwa(r),
£=0,2,4

So(r) =Codr(r),

&) =G (kD -E0),

160

4020 - 100 120 140 €4(r) =C4 (§R(r)+2.5§—(r) —3.52(7‘)) 3
20  oar (Mpo) 1= Tpar/|7]
Ci = fi(B)

B = dind /dina = Q-°

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*




Beyond: With Lyman Alpha Forest /\I ‘.’.\.

Redshift space distortions
P
No z-space distortion z-space distortions

aiser formula

Apply linear K

160

140

> (Mpc/h)

160
a0 160 40 1 140

100

100 1%

80 20 40

20 40 20

20 r_par (Mpc/h)
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Beyond: With Lyman Alpha Forest /“’\l )
Redshift space distortions ‘

Flux
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Beyond: With Lyman Alpha Forest /\I )
Redshift space distortions ‘

Flux Flux
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Beyond: With Lyman Alpha Forest /\I )
Redshift space distortions ‘

Flux Flux

'
=
BAO feature

sy

GOF | We understand approx1mately how to model the redshift space distortions!

404_

1()() 120 140 40 60 80 100 120 140
T
Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest f"\l
Possible systematics ﬁ\|

« UV background fluctuations

* Metal Line contaminations

« Continuum fitting errors
 Damped Lyman alpha systems
* Broad Absorption Line systems
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Lyman Alpha Forest: what can it do? cereeer]
yman Alp

097, o8 — 0.8
x, 3000°grid
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Beyond: With Lyman Alpha Forest ’\l A
Possible systematics: UV background fluctuations \\

BERKELEY LAB
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Possible systematics: UV background fluctuations i \"1

BERKELEY LAB

Beyond: With Lyman Alpha Forest ’\l A

1

Y@L+ (L/Ln)P
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Beyond: With Lyman Alpha Forest ’\l A
Possible systematics: UV background fluctuations \|

BERKELEY LAB

1
(L/L+)* + (L] Ly)?

P x
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Beyond: With Lyman Alpha Forest /“\l )
Possible systematics: UV background fluctuations H\\
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Beyond: With Lyman Alpha Forest /\I A
Possible systematics: UV background fluctuations ﬁ\\
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Beyond: With Lyman Alpha Forest /\I A
Mini Conclusion ‘

Flux Flux

. Simulations
i

B
g 4
S0
60/ .
10|

We approximately understand how to model the redshift

space distortions, and what happens when we include
systematics such as UV background fluctuations.
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Beyond: With Lyman Alpha Forest /\I A
Mini Conclusion ‘

>

140

feature

"l

BOSS Lyman-alpha forest will hopefully make the first
measurement of Dark Energy at z> 2!
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SDSS Ill - BOSS /\I A

Baryon Oscillation Spectroscopic Survey

BERKELEY LAB

* New program for the SDSS telescope for 2008—2014 (already working
and providing data!).
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SDSS Ill - BOSS .

r l

Baryon Oscillation Spectroscopic Survey

* New program for the SDSS telescope for 2008—2014 (already working
and providing data!).

 Definitive study of the low-redshift acoustic oscillations. 10,000 deg? of
new spectroscopy from SDSS imaging.
— 1.5 million LRGs to z=0.8, including 4x more density at z<0.5.

— 7-fold improvement on large-scale structure data from entire SDSS
survey; measure the distance scale to 1% at z=0.35 and z=0.6.

— Easy extension of current program.
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SDSS Il - BOSS oy

r l

Baryon Oscillation Spectroscopic Survey

* New program for the SDSS telescope for 2008—2014 (already working
and providing data!).

 Definitive study of the low-redshift acoustic oscillations. 10,000 deg? of
new spectroscopy from SDSS imaging.
— 1.5 million LRGs to z=0.8, including 4x more density at z<0.5.

— 7-fold improvement on large-scale structure data from entire SDSS
survey; measure the distance scale to 1% at z=0.35 and z=0.6.

— Easy extension of current program.

« Simultaneous project to discover the
BAO in the Lyman a forest.

— 160,000 quasars. 20% of fibers.
— 1.5% measurement of distance to z=2.3.

— Higher risk but opportunity to open the
high-redshift distance scale.
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Baryon Oscillation Spectroscopic Survey ‘ \\

BERKELEY LAB

SDSS Il - BOSS f"\l

Volume of the Universe probed by SDSS

re(h;hift#

Courtesy plots from Michael Blanton
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Baryon Oscillation Spectroscopic Survey _—

Volume of the Universe probed by SDSS Volume of the Universe probed by BOSS

Courtesy plots from Michael Blanton
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Baryon Oscillation Spectroscopic Survey ‘ \\

BERKELEY LAB

SDSS Il - BOSS f"\l

Volume of the Universe probed by SDSS Volume of the Universe probed by BOSS

- 2
< (%))

|

redshift /
,/

Courtesy plots from Michael Blanton
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Beyond: With Lyman Alpha Forest /\I g
Mini Conclusion |

>

'

140

feature

~

BOSS Lyman-alpha forest will hopefully make the first
measurement of Dark Energy at z> 2!
BigBOSS Lyman-alpha forest (4-6 times more QSOs) will make
even better measurement of DE at z >2!
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‘I"iw Ground-Based Stage IV BAO Experiment

BiaBOSS Science Goals: _,:}l ‘ﬁ\.

g bR 50 million redshifts
Sensitivity to new physics scales as volume surveys -- # of modes

Volume mapped by SDSS + SDSS-II

Our observable Universe

Volume to be mapped by SDSS-11/BOSS
(ca.2015)

BigBOSS @NOAO

Courtesy Slide from David Schlegel

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*

/

Surface of last scattering @§

Pl o= 2a BN




~

Outline crereed) ’\‘

e Conclusions

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*




Conclusions ’\| A

BERKELEY LAB

« Baryon Acoustic Oscillations is one of the cleanest probes of Dark
Energy
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Conclusions S
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BERKELEY LAB

« Baryon Acoustic Oscillations is one of the cleanest probes of Dark

Energy
« We made the minimum variance measurement of galaxy clustering
for largest volume of galaxies ever used for clustering

 Allowing us to make significant detection of BAO at z=0.45-0.65,
the highest redshift range BAO is ever detected significantly.
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BE

« Baryon Acoustic Oscillations is one of the cleanest probes of Dark
Energy

« We made the minimum variance measurement of galaxy clustering
for largest volume of galaxies ever used for clustering

 Allowing us to make significant detection of BAO at z=0.45-0.65,
the highest redshift range BAO is ever detected significantly.

« Looking forward, we can apply the same optimal method to both
photometric and spectroscopic surveys such as DES, LSST, BOSS
and BigBOSS

Conclusions creee?]
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Conclusions ceecesd]

BE

« Baryon Acoustic Oscillations is one of the cleanest probes of Dark
Energy

« We made the minimum variance measurement of galaxy clustering
for largest volume of galaxies ever used for clustering

 Allowing us to make significant detection of BAO at z=0.45-0.65,
the highest redshift range BAO is ever detected significantly.

« Looking forward, we can apply the same optimal method to both
photometric and spectroscopic surveys such as DES, LSST, BOSS
and BigBOSS

» We can also push measurement of BAO to higher redshift via Lyman
alpha forest.

* Our results of first simulation of Lya forest BAO signals indicate that
Lyman alpha flux provides a good tracer of the underlying dark
matter field on large scales, therefore making Lyman alpha forest a
well-suited candidate for BAO measurement.
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The End
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Beyond: With Lyman Alpha Forest /\I g
Mini Conclusion |
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140

feature
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BOSS Lyman-alpha forest will hopefully make the first
measurement of Dark Energy at z> 2!
BigBOSS Lyman-alpha forest (8 times more QSOs) will make even
better measurement of DE at z >2!
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What is BOSS? /\I A
Baryon Oscillation Spectroscopic Survey N

* New program for the SDSS telescope for 2008—2014 (already working and
providing data!).

 Definitive study of the low-redshift acoustic oscillations. 10,000 deg? of new
spectroscopy from SDSS imaging.
— 1.5 million LRGs to z=0.8, including 4x more density at z<0.5.

— 7-fold improvement on large-scale structure data from entire SDSS survey;
measure the distance scale to 1% at z=0.35 and z=0.6.

— Easy extension of current program.

» Simultaneous project to discover the
BAO in the Lyman a forest.

— 160,000 quasars. 20% of fibers.
— 1.5% measurement of distance to z=2.3.

— Higher risk but opportunity to open the
high-redshift distance scale.

?LAWRENBE BERKELEY NATIONAL LABDRATDRY*




BOSS

~

A
Frreeeer ‘w

Volume of the Universe probed by SDSS Volume of the Universe probed by BOSS
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Redshift z
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Courtesy plots from Michael Blanton
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Beyond: With Lyman Alpha Forest /\I g
Mini Conclusion |

 Dark Energy via Baryon Acoustic Oscillations

>

'

140

feature

~

BOSS Lyman-alpha forest will hopefully make the first
measurement of Dark Energy at z> 2!
BigBOSS Lyman-alpha forest (~6 times more QSOs) will make
even better measurement of DE at z >2!
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How do you go about measuring BAO? ... ,ﬁ|

 Since there are many ripples, how do we actually
measure the BAO?

 \We measure the correlation function or its
Fourier transform, called the power-spectrum.
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Predicted signals of BAO ey
P(k) (power-spectrum of galaxies) %

BERKELEY LAB
F———

Fourier space

10° b~ _ -1

P(k) [(h/Mpc)* )

wavenumber (k)

10° 107 10"
k [Mpc/h]

200 ¢ — Eisenstein et al. 2005
150 EAF e E

Configuration space

r (h/Mpc) N

_100 L L I R | 1
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Comoving Separation (h~' Mpc)
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‘I"iw Ground-Based Stage IV BAO Experiment

BiaBOSS Science Goals: _,:}l ‘ﬁ\.

g bR 50 million redshifts
Sensitivity to new physics scales as volume surveys -- # of modes

Volume mapped by SDSS + SDSS-II

Our observable Universe

Volume to be mapped by SDSS-11/BOSS
(ca.2015)

BigBOSS @NOAO

Courtesy Slide from David Schlegel

?LAWRENEE BERKELEY NATIONAL LABDRATDRY*

/

Surface of last scattering @§

Pl o= 2a BN




Lyman Alpha Forest: what can it do? /\I |
—Non-gaussianities in Early Universe e

BERKELEY LAB

parameterize how much non-linear corrections are there to the potential ‘

Primordial potential (assumed to be gaussian random field)

V ( ¢) Q\);’ | reheating |

<« Inflation —
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Lyman Alpha Forest: what can it do? /\I

rreeeee ‘m

—Non-gaussianities in Early Universe
9 y

parameterize how much non-linear corrections are there to the potential ‘

Primordial potential (assumed to be gaussian random field)

reheating

Non-Gaussianity from Inflation V ( ¢) <

D
.

f., ~ 0.05 canonical inflation (single field, couple of derivatives)
(Maldacena 2003, Acquaviva etal 2003 )

.-;ﬁ
s
24

&
> S

~0.1--100 higher order derivatives
‘\\DBI inflation (Alishahiha, Silverstein and Tong 2004)
UV cutoff (Craminelli 2003)

fNL >10 curvaton models (Lyth, Ungarelli and Wands, 2003)

fNL

'

4
-

f,~100 ghostinflation  (Arkani-Hamed et al., 2004)

<« Inflation —
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Lyman Alpha Forest: what can it do? |
—Non-gaussianities in Early Universe P
: y —
photltRG | —] Slo§ar, leatla, S.elj.ak’ SH et al. 2008
Phot LRG (0-4) : Py | | | |
Spec LRG | I I : ® : : I i
ISW : °
aso | — |
QSO (b=1/D) - I I I ° I I I i
—— -
QSO merger | I I I ® I I I i
Combined [ I I I ® i I I i
Comb. merger |- : : .: : |
Comb.+W5 bi. [ : :.: : 1
Merg.+WS bi. [ I I.I I |
—
Best current CMB measurementfA 1] Tww we
canonical curvaton host
P models, ghost
mflation || DRl inflation| | inflation
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P(k) (Mpc/h)*3
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Lyman Alpha Forest: what can it do? m

BERKELEY LAB
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Lyman Alpha Forest: what can it do?
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Lyman Alpha Forest: what can it do? m

BERKELEY LAB

 Dark Energy via Baryon Acoustic Oscillations
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Lyman Alpha Forest: what can it do?

 Dark Energy via Baryon Acoustic Oscillations
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Taking the ratio of dashed line

P(k) (1\/S[pc/h)A3
m ‘/‘“W

' to the solid line

(2]

<]

J&0! h/Mpc)
—
o‘-
\ ‘
) %\ F
-
-

10° : -
10° 10~
k (h/Mpc)
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What can we do with Lya and fnl? crecend) .ﬁl
PfNL ol 1 | | " fl=-100 +
PfNL:O fnl = +100
0.3 o
o 0 fnl = -100
< o1f @)
i o
a O
: o "%000 5883888888880
g 00000
. 00® *°
0.1 | )
| ° fnl = +100
oL © | withonly 1/10 of BigBOSS QSO density
0.01 . 0.1
Ho, Desjacques, Slosar & Seljak (in prep)
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What can we do with Lya and fnl? eecer) ‘iﬁ
Preliminary theory predictions

PfNL el | I T e oo
Pry, = '
~NL=0 ,
oar © T |
0.2 | S ]
- 0 fnl = =
% 01 L O O 0.8 — _
y= @)
N o O@ |
= 0 06 0.01 0.1
.EI o k / hMpe-!
. O OO O l"ICl’JRE 1. Fractional deviation from the Gaussian Lya flux power spectrum at
01} 0 T
@)
fnl =+100
-0.2 T
oL © | withonly 1/10 of BigBOSS QSO density
' 0.01 0.1
k (h/Mpc)

Ho, Desjacques, Slosar & Seljak (in prep)
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What can we do with Lya and fnl? crecend) .1\.|
PfNL 0.4 1 . . —_— . . . PR
PfNL:O o fnl=+100
2l With z-space distortions!
O
| ® fnl =-100 (z-space)
€ o041}t ®
5 . 0 %
= o Towe88000 55588888000
) g @0 000° °
04 b o 8 0o
L@ ° fnl =+100 (z-space)
ol ©  |withonly 1/10 of BigBOSS QSO density
0.01 o) 0.1
Ho, Desjacques, Slosar & Seljak (in prep)
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Things | can talk about, but won’t... ceeeery]

/
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 Redshift space distortions’ effect

e Effects of DLAs (Damped Lya systems), BALs
(Broad Absorption line systems), Metals

e Effect of incomplete continuum subtractions

 The other systematic error that will be
coming from the experiment/analysis.
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Conclusion crecend] B

 Lyman-alpha forest in BOSS and BigBOSS
will (hopefully) do the following:

—Lya BAO to measure Dark Energy at z>2

—Lya probes non-gaussianity of the Early
Universe

—Other applications:
* Lya P(k) tighten the cosmological constraints

* temperature density relation in the IGM
* finding missing baryons at higher z
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FIG. 2: The cross-correlation coefficient between the flux in

our low and high resolution boxes, \/ £7 /€uénn. Red points
show the result for the two low resolution boxes having twice

the smoothing length of the high resolution box, blue is the
same for 4X smoothing length.
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Lyman Alpha Forest: what can it do? /\|

BERKELEY LAB
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 Cosmological Constraints from Lyman-alpha
power spectrum

T T T T T T ]
e -
=gl : .
> First Constraint from Ly-alpha forest
to probe neutrino masses
T
(:) | | |
0.05 0.1 0.2 0.5 1
> m, [eV] Seljak et al. 2006
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Lyman Alpha Forest: what can it do? N

EEEEEEEEEEE

 Cosmological constraints from Lyman-alpha
power spectrum (with no BAO)

Planck Planck + Planck +
BigBOSS Lya BigBOSS Lya +

Galaxies

0.048 0.006
(Y m,) 0307

(k) 0.011 0.0041 0.00038
o(n,) | 0-0034 0.0023 0.001
> (dny/din(k)y  0-003 0.0028 0.0005

Courtesy from Anze Slosar
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Outline crecend) “‘

 Motivations
e Introduction (What is Lyman-alpha forest?)

e What can you do with Lyman-alpha forest?
—Baryon Acoustic Oscillations -> Dark Energy
—Lyman-alpha power spectrum
—Non-gaussianities in Early Universe

e Conclusion
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Lyman Alpha Forest: what can it do? /\I |
—Non-gaussianities in Early Universe A
Phot LRG [ | I I o——— i
Phot LRG (0-4) { , } } | A(f]\]ju) ~ 1
Spec LRG 1 —BigBOSS Ly-alpha forest constraints |
ISW i ’
aso f H— |(-_,| Planck forecasted constraints
QSO (b=1/D) | — 1 1 — A(fNL) ~ 5
QSO alt 12 | BOSS Ly-alpha forest constraints | =
QSO merger | I I : ' ‘i I |
. I e | |
Combined | | ] | |
Comb. merger |- { I I I I |
Comb.+W5 bi. [ e+ )
Merg.+W5 bi. }( I { I I |
Best current CMB measuremenm TW ~ N -
. curvaton
with Slosar and Seljak (work in progress)| | Snonce! models, ghost
inflation
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e Introduction (What is Lyman-alpha forest?)

« What can you do with Lyman-alpha forest?
—Baryon Acoustic Oscillations -> Dark Energy
—Lyman-alpha power spectrum
—Non-gaussianities in Early Universe

e Conclusion
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 Motivations
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Lyman Alpha Forest: what can it do? /\| )

||||

e Simulation boxes of Dark matter

* 3000° particles
30003 mesh
1500 (h=!Mpc)? on the side
Q,, = 0.25. Q4 = 0.75, h = 0.75, n = 0.97, og = 0.8
Fluctuating Gunn Peterson approximation
Peculiar velocities included
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Motivations crereed) ‘;h
Timerime since Major Events
4 BigBang Since Big Bang
~0
stars, observe
galaxies the cosmos.
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a::ms gnd
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years  atoms and SRR
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i ) bidltod
o form ons fly free
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Era of STIRREI St background. z~1100
Nuclei plus electrons Fusion ceases;
3 minutes ?"gg":; matter Is
o tons, neutrons, drogen,
Era of B Sioctrons, neutrinos 25% helium, by
Matter annihilates
0.001 mﬁﬂd:Mhl c .' - :.I:;:‘mu;m? particles antimatter.
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Electroweak Era W elementary e
particles rong force becomes
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What are these Sound Waves?

e Each initial overdensity (in DM &
gas) is an overpressure that
launches a spherical sound
wave.

 This wave travels outwards at
~half of the speed of light.

* Pressure-providing photons
decouple at recombination.
CMB travels to us from these
spheres.

 Sound speed plummets. Wave
stalls at a radius of 150 Mpc.

* Overdensity in shell (gas) and in
the original center (DM) both
seed the formation of galaxies.

Courtesy slide from Daniel Eisenstein
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Recall? Modeling z-space distortions

Simulations /\I \!.’hl
Monopole Recall that we are look g6t
LN ‘ | | ; an enhancement of power at ~110

o] MPC/R

0.020f
0.015f
1 0.010
0.005f
0.000f
—0.005
-0.010

Xi_ O(r)*r

Predictions

b\Jelta = -0.13, b_eta = -0.2077
0.04 T T T

0.01

0.00} r* XirF_0(r)

r* Xi*F_2(r)

5 —0.01f 0.03
= —0.02F R
< _o0al 0.02 |

—0.04F 0.01 }

Quadrupole

~0.055 50 100 150 200

-0.01 |

The large scale correlation functions — «c|
from simulations of Lyman alpha fores

- 03 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200

r (Mpc/h)

o
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Recall? Modeling z-space distortions
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DATA

N Recall that we are lookifFe¥oT
‘ _ Monopole an enhancement of power at ~110
ost & Mpc/h?
-_ Predictions
%% 50 100 150 200 b_delta = -0.13, b_eta = -0.2077
0.04 T T T T T
r* Xi*F_0(r)
r* Xi*F_2(r)
0.03
0.02 -
0.01

r [Mpc/h] 0

-0.01 |

The large scale correlation functions — «c|
from 5% of Lyman alpha forest in BOSSoos ——t—r— A

1
20 40 60 80 100 120 140 160 180 200
r (Mpc/h)
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What can we do with Lya and fnl? /\I

. . . . receeec| o
—Non-gaussianities in Early Universe H\\
I | o1 1 |
Phot LRG [ | i | ' | | | A 1 ~U 5
N L
Phot LRG (0-4) I | I I I (f - ) |
Spec LAG I —BigBOSS Ly-alpha forest constraints |
ISW i |
LY :
QSO T Planck forecasted constraints
QSO (b=1/D) | — 1= A(]lNL) ~ 5
QSO alt 2 | BOSS LRG only constraints | -
QSO merger | | | O — i
| || | |A(fNL)_18
Combined [ | o | 7]
Comb. merger [ : I I I I 1
Comb.+W5 bi. [ I { { I 1
Merg.+W5 bi. | ‘ I { I I 7]
Best current CMB measurement/ /1 T“\ R
canonical curvaton ghost
. . . inflation mode?ls, . inflation
Ho, Slosar, Seljak & Desjacques (in prep) DBI inflation
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Lyman Alpha Forest: what is it? /N

BERKELEY LAB

TIMErime Since
1 BigBang
present

Era of
Galaxies :

2000 4000
Rest wavelength (A)

CALLLLL L =]

Era of
Nucleosynthesis

0.001 seconds
Particle Er

10" seconds
Electroweak

antimatter.
tromagnetic and weak
es become distincl.

ng force becomes

10-% seconds DSy e e o S S distlm:l f”rhaps L
elementar causing Inflation of \
bl particles g universe.

10-%° seconds

Planck Era 2977 Redshift
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T| METime Since
1 BigBang
present

Era of
Galaxies

Era of
Nucleosynthesis

0.001 seconds

Particle Er

10" seconds
Electroweak

10?8 seconds

1043 seconds

Lyman Alpha Forest: what is it?

~
A
Frrreeer ‘m

flux emission
(amount

o N

light)

wavelength A

One absorbing cloud close by

flux emission
(amount

° \f\
light)

absorption

wavelength A —>

Several absorbing clouds

flux emission
(amount P —
of \j\ antimatter.
light) tromagnetic and weak
bsorpt'on es become distincl.
n - ng lurcc becomes
GUT Era elemenlar “ N

particles ’1 Courtesy image from J oanne Cohn s website

Planck Era 7777

Redshitt
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Beyond: With Lyman Alpha Forest /“\l )
Possible systematics: UV background fluctuations H\\

0.25 0.3 . . ] .
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0.15 0.2 !
0.10
S 0.05 0.1 |
. 0.00 G an
~0.05 0.0 aussia
~0.10
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0.8
0.3} 07
o
0.2t 0.6}
01l 0.5
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0.0* 03_ .

—0']60 80 100 120 140 160 0'260 80 100 120 140 160
rlh/Mpc| r[h/Mpc]
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Lyman Alpha Forest: what is it? ceeen I
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Lyman Alpha Forest: what is it?

n
A
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\ , o ) j Bang
Flu overdensities of the Universe.
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 Motivations
* Introduction (What is Lyman-alpha forest?)

« What can you do with Lyman-alpha forest?

—Baryon Acoustic Oscillations
* Dark Energy
—Scale Dependent Bias
* Primordial Non-gaussianities (f_nl)

e Conclusion
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Motivations ceceer?] f

Time :
1  Time Since Major Events
Big Bang Since Big Bang
z~0
present Humans
observe
the cosmos.
Franf
Gravity +
observing movement of
local galaxies -> z~6
“Dark Matter”
z~1100

v

Redshift
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Motivations ceceer?] f

Time _
1  Time Since Thojor Svents
Big Bang Since Big Bang 0
Z~
Humans
present observe
the cosmos.
Franf
Gravity +
S o local galaxies -> z~6
@H@m@@ “‘Dark Matter”
_'HE Pages 2141-3304 47
ACCELERATING — " T
H_.'f.,‘fff.sf. Distant supernovas appear fainter 2~1100

than expected (1998)->
Universe is accelerating ->
Cosmological Constant?
Dark Energy?

v

Redshift
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Motivations |
Time
| Time Since Major Events
Big Bang Since Big Bang -0
ity +
present GraV|ty_
observing movement of
Era of o eluetere | local galaxies
Galaxies (made of
atoms and
1 billion Rlasma)
First galaxies ~
years s H miﬂ' z~6
Era of stars
Atoms in :::m; lo.;-g;i
to form) tons red
500,000 and become
years . ) ~1100
ﬁy Distant supernovas appear fainter
Era of hal than expected
Observations of how galaxies cluster R
Observations of /W
Cosmic Microwave Background (CMB) ol 4 v\
-> angular powerspectrum of | v
temperature anisotropies ‘ . ‘ .
' P e Redshift
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Motivations cecee?]

Time
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Motivations cecee?]
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What happened at the Beginning of the Universe?
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Lyman Alpha Forest: what can it do? >~
—Non-gaussianities in Early Universe == !
: y —
PhotLRG [ — Slosar, Hirata, Selqak, SH et al. 2008
Phot LRG (0-4) : ® I : I i
Spec LRG | I : : ® : : : |
ISW l 5
aso | — |
QSO (b=1/D) | I I I P I I I 1
— -
QSO merger |- I I I ® l I I i
Combined [ I I i ® I I I i
Comb. merger | : : .: : )
Comb.+W5 bi. [ : :.: : i
Merg.+WS5 bi. |- I I.I I ]
Best current CMB measurementIZN_qa TLUN THE
canonical curvaton host
P models, ghost
nflation DBI inflation inflation
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What are the Baryon Acoustic Oscillations? creeee) p

What are baryon acoustic oscillations (BAO)?

These fluctuations of 1 part in 10° ...these ~unity fluctuations today
gravitationally grow into...

niverse at 300,000 years old (CMB)

This sound wave can be used as a “standard ruler”

Dark energy changes this apparent ruler size | Courtesy slide from David Schlegel
and animation from Daniel Eisenstein
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First detections of BAO /\| )

Eisenstein et al. 2005

N\
\

I.

‘ _ In Configuration space ||}

Padmanabhan et al. 2006
25 ' Y ;
Ay?=4.73
A= 6.04
20" .
. In Fourier space
x
\g 4
~
<
=
“

0.01 010

Wavenumber
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 Motivations
* Introduction (What is Lyman-alpha forest?)

« What can you do with Lyman-alpha forest?
—Baryon Acoustic Oscillations -> Dark Energy
—Lyman-alpha power spectrum
—Non-gaussianities in Early Universe

e Conclusion
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Predicted signals of BAO

power-spectrum with smoothed part divided out

r (h/Mpc)

0 20 40 60 80 100
Comoving Separation (h-' Mpc)

- i 1 ITII"II 1 TIT]"T' L i 1.05 ..-_Tn I L} ] ] Ll ] ] l_-:
&104 - = - BAO :
= c E x 1 i ;
T - 1 ol ]
S gs L POWEE 1 ] Fourier space
ga E spectrum \g % o5 .
s [ ]
a. - 1 ]
102 11 lllllll 11 lllllll L1l 1 1 1 l 1 1 1 I 1
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Configuration space
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BAO: with Luminous Red Galaxies /\I A
. . reecoeococo|
Physics of Angular Clustering — ]
— 6_8 describe how galaxies are d_N describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin
X . 1
D(Z) describe how matter grows [ + — | describe how matter cluster
)2 ( 2 ) (matter powerspectrum, describes the rms fluctuations)
X

Galaxy angular power-spectrum

/2—62 (2)(dN/dz)*D*(z)P(

[+ 3
X

)

Galaxy Angular power-spectrum contains a wealth of cosmological
information ranging from

a) What 1s dark energy? to

b) What happened at the very early Universe? Inflation? What kind?
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BAO: with Luminous Red Galaxies /\I .
Systematics: Dust ﬁ\‘m

» As pointed out by Schlafly, Finkbeiner et al (2010), there is a normalization
difference in galactic north and south of ~15%. There is also reddening factor
overestimates by factor ~1.4.

« These all possibly contribute to extra power in galaxy power-spectra
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Lyman Alpha Forest: what can it do? /\I !
yman P
What are baryon acoustic oscillations (BAO)?

200

0.01 0.10

k (h Mpc”) ed as a “standard ruler”
apparent ruler size
Padmanabhan et al. 2006 Courtesy slide from David Schlegel
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How do you detect BAO with photometric data? /\| i

Angular power-spectrum
with 3500 sq deg of SDSS I/Il imaging

Reconstructed Galaxy power-spectrum
with ~2.6 sigma ‘detection’ of BAO

25 ' T "
Ay*=4.73

A%?=6.04

2.0

A (k) IAG o ()

1.5F

1.0r

0.01 0.10
k (h Mpc™)

Padmanabhan et al. 2006
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What are the Baryon Acoustic Oscillations? /\| i

* We start with single perturbation and the plasma is totally uniform
except for an excess of matter at the origin

* High pressure drives the gas+photon fluid outwards approaching speed
of light.

1 |

Baryons Photons Mass profile

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| i

* This expansion continues for 100,000 years.

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| ‘.ﬁ

» After 100,000 years, the Universe is cool enough that protons capture
electrons to form neutral hydrogen

* This decouples the photons from the baryons. The photons quickly
streamed away, leaving baryon peak stalled.

Photons

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? \ ?
Y

 The photons continue to stream away, while baryons, having lost the
motive pressure, remain in place.

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| )

BERKELEY LAB

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| ‘.ﬁ

* The photons are nearly completely uniform now, but the baryons remain
overdense in a shell of ~100 Mpc in radius

* In addition, the large gravitational potential well which we started with
starts to draw the material back to it.

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| ‘.ﬁ

* As the perturbation grows, the baryons and dark matter reach
equilibrium densities in the ratio of global baryon-to-dark matter ratio.

* The final configuration is our original peak at the center and an ‘echo’ in
a shell roughly 100 Mpc in radius with width ~10%

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? /\| ‘.ﬁ

How do we detect Baryon Acoustic Oscillations?
We calculate the correlation functions or its Fourier Transform: power-spectrum

What is the correlation function ?

Er(r) =< 07(2)op(2 +7) >

Fourier Transform: correlation function-> power-spectrum

10°

o 100 Mpc

I"‘)“

10 b~ _ 5 -

P(k) (/M

103 L L
103 102 10™
& [Mpe/h]

There will be wiggles
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BAO: with Luminous Red Galaxies
Physics of Angular Clustering

~
rreeeer ‘m

— 5_g describe how galaxies are dN describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin
D i 1
Z )| describe how matter grows [+ —

P(k) (power-spectrum of galaxies)

P(—2)

X

Galaxy angular power-spectr| z

/dz—62 2)(d 2

wavenumber (k)

10°
107

102

10
k [Mpc/h)
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BAO: with Luminous Red Galaxies /\I A

rreeeer ‘m

Physics of Angular Clustering — ]

— 5_g describe how galaxies are d_N describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin
rD(Z) describe how matter grows I+ l P(k) (power—spectl”um Of galaXieS)
P(—2)
X

Galaxy angular power-spectn

/ 2—62 (2)(d

P(k) [(h/Mpc)® ]

wavenumber (k)

107 107 10
k [Mpc/h)

10°
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BAO: with Luminous Red Galaxies /\I .
Physics of Angular Clustering ﬁ\‘m

— 5_g describe how galaxies are dN describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin

rD(Z) describe how matter grows I+ l P(k) (power—spectl”um Of galaXieS)

P(—2)
X

matter-radiation equality

Galaxy angular power-spectn

/ 2—62 (2)(d

104 |

P(k) [(h/Mpc)® ]

wavenumber (k)
10° : ‘ EE—

107 107 10
k [Mpc/h)

?LAWRENBE BERKELEY NATIONAL LABDRATDRY*




BAO: with Luminous Red Galaxies /\I

Frrreeer ‘m

Physics of Angular Clustering —

— 5_g describe how galaxies are d_N describe how many galaxies
5[) related to cold dark matter dz are there at each dz bin
rD(Z) describe how matter grows I+ l P(k) (power—spectl”um Of galaXieS)
P(—2)
X

ghost inflation,
curvaton models, etc |

C9 /dz 202 (2)(d

Galaxy angular p

matter-radiation equality

y 4
T
4
.

=

PR (]

standard inflation

wavenumber (k)
103 !

107 107 10"
k [Mpc/h]
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BAO: with Luminous Red Galaxies /\I i

Systematics: Dust

BERKELEY LAB

Dust extinction affects redshift distribution of the galaxies
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