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3 Lectures

® Dark Energy, Baryon Acoustic Oscillations and more
® Observational Cosmology in Action
® A new large scale structure tracer:

® |Lyman alpha forest




Quick reminder of last lecture
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First Detection of this standard ruler: Baryon Acoustic Oscillations
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Comoving Separation (h-' Mpc)

Eisenstein et al. 2005




We measure non-linear galaxy power-
spectrum in redshift space instead of linear
dark matter power-spectrum in real space

z=0.3 Linear theory -

non-linear .., -

Analytic model

1 I 1 1 1 I 1 1 1 I 1 1 1
80 100 120 140

Separation (h-! Mpc) ES&W (2007)




We measure non-linear galaxy power-
spectrum in redshift space instead of linear
dark matter power-spectrum in real space

] Galaxy power-spectrum

z=0.3 Linear theory -
non-linear .oy ; A% (k)=B2(k) A*(k) + C(k)
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We measure non-linear galaxy power-
spectrum in redshift space instead of linear

dark matter power-spectrum in real space

— ] Galaxy power-spectrum

z=0.3 Linear theory

non-linear . -

A% (k)=B*(k) A*(k) + C(k)

Rational functions
or polynomials
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3 Lectures

® Dark Energy, Baryon Acoustic Oscillations and more
® Observational Cosmology in Action
® A new large scale structure tracer:

® |Lyman alpha forest
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And the next day, facebook changes...
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All over the world, we have many facebook profile changes.... ”/':‘}l "\
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||| Jessica Kirkpatrick

Anze Slosar

Me!
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Outline B, S

* Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
« Worked Example of Angular clustering

— With Luminous Red galaxies
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Outline B, S

* Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)
— Dark Energy (with Baryon Acoustic Oscillations)

There 1s more !! such as testing modified gravity using a combination
of clustering + weak lensing (Reyes, Mandelbaumn et al. 2010)
[Please refer to Roy’s next lecture]
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e Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
« Worked Example of Angular clustering

— With Luminous Red galaxies
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What happened at the Very Begmnmg of the Universe?
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What happened at the Very Beginning of the Universe?
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* Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)
— Dark Energy (with Baryon Acoustic Oscillations)

« Worked Example of Angular clustering
— With Luminous Red galaxies
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Non-Gaussianities in early Universe coecond] ‘.’h

BERKELEY LAB

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

b = ¢,\+ fo¢2

Primordial potential (assumed to be gaussian random field)

V (¢) Q \); | reheating |

<«—| Inflation —>
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Non-Gaussianities in early Universe coecond] ‘.’h

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

b = ¢,\+ fo¢2

Primordial potential (assumed to be gaussian random field)

fNL

fNL

fNL

fNL

Non-Gaussianity from Inflation V (¢) - reheating

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

~ 0.1--100 higher order derivatives

\\ DBI inflation (Alishahiha, Silverstein and Tong 2004)
UV cutoff (Craminelli 2003)

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

~100 ghost inflation  (Arkani-Hamed et al., 2004)

<«—| Inflation —>
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Using Large scale structure to learn about /\I \
the beginning of the Universe »\r"

Power spectrum of dark matter halos
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Dalal, Dore, Huterer, Shirokov 2008
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Using Large scale structure to learn about /\I
the beginning of the Universe
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Power spectrum of dark matter halos
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Dalal, Dore, Huterer, Shirokov 2008
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Using Large scale structure to learn about /"\l ‘/\
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Power spectrum of dark matter halos
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What should we do?
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Dalal, Dore, Huterer, Shirokov 2008

LAWRENCE BERKELEY NATIONAL LABORATORY



Using Large scale structure to learn about
the beginning of the Universe

Power spectrum of dark matter halos
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What is a tracer of LSS?
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Let’s take a look at the following example.
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The population density map of Japan
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The population density map of Japan
H X # 5 b
Statistical Maps of Japan

FRR12FEZAE

2000 POPULATION CENSUS OF JAPAN

#EFR-HRETHAOEE (Ikm%7-Y A0Q)

Population Density
by Prefecture and by Shi.Ku. Machi and Mura
(population per square kilometer)

288833
{

foococococo®

b
i

| B |

§88885us

>ritrite»

-
i

| . Moo I
What can be a tracer of Japanese population?
* - : :
3 o

O RHABDOACENZ, MOAANMT, ADICNSARLDE
OSTRALY DT L2 580A Kt), BRI ARZA RN, 15
¥ QSBARM LXOTIBBIEIR LTS,

SR AR Ceatiatisn Bass: Wialsbew af BAlis Wsssamunt Mo L0




The population density map of Japan
H X # 5 b
Statistical Maps of Japan

FRR12FEZAE

2000 POPULATION CENSUS OF JAPAN

#EFR-HRETHAOEE (Ikm%7-Y A0Q)

Population Density
by Prefecture and by Shi.Ku. Machi and Mura
(population per square kilometer)

288833
{

Soocoocococo
>§l tttie>»
foococococo®
i

§88885us

-
i

| . e
It can be volcanos, yukatas or even Pokemon posters
e | X

3

O RHABDOACENZ, MOAANMT, ADICNSARLDE
OSTRALY DT L2 580A Kt), BRI ARZA RN, 15
¥ QSBARM LXOTIBBIEIR LTS,

SR AR Ceatiatisn Bass: Wialsbew af BAlis Wsssamunt Mo L0




The population density map of Japan
H X # 5 b
Statistical Maps of Japan

FRR12FEZAE

2000 POPULATION CENSUS OF JAPAN

#EFR-HRETHAOEE (Ikm%7-Y A0Q)

Population Density
by Prefecture and by Shi.Ku. Machi and Mura
(population per square kilometer)

288833
{

Soocoocococo
>§l tttie>»
foococococo®
i

§88885us

-
i

| . e
It can be volcanos, yukatas or even Pokemon posters
e | X

3

O RHABDOACENZ, MOAANMT, ADICNSARLDE
OSTRALY DT L2 580A Kt), BRI ARZA RN, 15
¥ QSBARM LXOTIBBIEIR LTS,

SR AR Ceatiatisn Bass: Wialsbew af BAlis Wsssamunt Mo L0




Using Large scale structure to learn about /\I
the beginning of the Universe
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Power spectrum of dark matter halos
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5, g - matter tracers to look at the matter distribution of the Universe.
2 ' Pt X T - ..x-);}. reee
i P SEE Siitctes Sostaans b 1
0.01 0.10
k [hA/Mpc]

Dalal, Dore, Huterer, Shirokov 2008
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The 3D power-spectrum of galaxies /\| ‘.’h
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P(k) (power-spectrum of galaxies)

ghost inflation,

curvaton models, etc

standard inflation

bias ~ 2.5 galaxies

bias ~ 1.5 galaxies

10°
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107

k Mpc/h]

10
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Angular Power-spectrum coccced]

matter-radiation equality
0.0001 ¢ ————— —_—

1e-05

non-gaussianities?
G

1e-06

C79 =< 6260 >
0.40<zphoto<0.45 L g g
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

1e-07

multipole

Slosar, Hirata, Seljak, SH, Padmanabhan 2008

Xia, Baccigalupi, Mattarese, Verde, Viel 2011
Xia et al. 2010
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Using Large scale structure to learn about /"\l

the beginning of the Universe gm\‘,..
| ' ' | Slosar, Hirata, Seljak, SH et al. 2008
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* Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
« Worked Example of Angular clustering

— With Luminous Red galaxies
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What are the Baryon Acoustic Oscillations? /\| ‘.’h

How do we detect Baryon Acoustic Oscillations?

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

LAWRENCE BERKELEY NATIONAL LABORATORY
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What are the Baryon Acoustic Oscillations? /\| ‘.’h

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) =< 07(2)05(T +7) >
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What are the Baryon Acoustic Oscillations? /\| ‘.’h

How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

Looking at a typical American family

LAWRENCE BERKELEY NATIONAL LABORATORY
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What are the Baryon Acoustic Oscillations? /\| ‘.’h

How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

§r(r) =< 07(2)05(T +7) >

20 miles

Office

OR)\\V)

Mum and Dad travel to work everyday on average of 22 min
Office Kids stay at home or go to nearby school
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What are the Baryon Acoustic Oscillations? /\| ‘.’h

How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

§r(r) =< 07(2)05(T +7) >

Population correlation function during the day

100200

100000

99800 -

20 miles , = | T
99400 - b
99200 b
99000 - 7

98800 - T O fﬁC e

98600 -

98400

1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Office The bump will be at 20 miles!
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What are the Baryon Acoustic Oscillations? /\| ‘fﬁ
N
How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

§r(r) =< 07(2)05(T +7) >

‘ Galaxy correlation function ‘

The bump will be at ~100 Mpc
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What are the Baryon Acoustic Oscillations? /\| ‘fﬁ
N
How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

§r(r) =< 07(2)05(T +7) >

Fourier Transform: correlation function-> power-spectrum

P

10°

102
k [Mpc/h]

There will be wiggles
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Recall: Eisenstein et al.(2005),

Percival & Reid et al. (2010)

info about

info a 3D Power-spectrum
inflation Angular Power-spectrum
o % e to” — | matter-radiation equality [

plot borrowed from Anze Slosar

BAO

1e-05 )
| info about

| inflation

| 99 __ O SO
oo C;7 =<d40, >

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 10 100 1000
multipole
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* Motivations

e How can we use large scale structure to learn about the
Universe?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
 Worked Example of Angular clustering

— With Luminous Red galaxies

LAWRENCE BERKELEY NATIONAL LABORATORY
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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
5P related to cold dark matter dz | are there at each dz bin

Galaxy angular power-spectrum

/2—62 (2)(dN/dz)*D*(z)P(

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /“\l A

r

Physics of Angular Clustering

= 5_g describe how galaxies are dN describe how many galaxies
5[) related to cold dark matter dz | are there at each dz bin
m(Z)I describe how matter grows 1
[ + — | describe how matter cluster
P( 2 ) (matter powerspectrum, describes the rms fluctuations)
X

Galaxy angular power-spectrum

/ dz—b2 2)(dN/dz)*D?(2)P(

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /"\l i

r

Physics of Angular Clustering

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

1

D Z) describe how matter grows [+ —

describe how matter cluster
P( 2 ) (matter powerspectrum, describes the :

X

Galaxy angular power-spectrum

/ dz—b2 )(dN/dz)*D?(2)P(

L + 5
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?

LAWRENCE BERKELEY NATIONAL LABORATORY




Angular power-spectrum coccced]

 BAO
 Overall shape of the spectrum
 inflationary parameters affect the largest scale

Angular Power-spectrum

| matter-radiation equality

| info about
inflation

99 _ _ coso — \\
C;7 =<04,0, >

r 0.40<zphoto<0.45 ———

L 0.45<zphoto<0.50 ——
0.50<zphoto<0.55 ——

r 0.55<zphoto<0.60 —
0.60<zphoto<0.65
0.65<zphoto<0.70 |

1e-07 et
1 10 100

multipole
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BAO: with Luminous Red Galaxies /\I .
The Data N

Total Area: 14,555 sq deg 1.5 million LRGs: 0.4<z<0.7

Q
‘ b ;«m.?m wmm. o

Sloan Digital Sky Survey III

note: Colors only indicates the when a certain area of the sky 1s surveyed.
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BAO: with Luminous Red Galaxies /\I .
The Data: Splitting them into redshift bins ”\\"'

7=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)

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /\I .
How to do this? N

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

LAWRENCE BERKELEY NATIONAL LABORATORY




BAO: with Luminous Red Galaxies /“\l A
How to do this? L
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)
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.

LAWRENCE BERKELEY NATIONAL LABORATORY




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?9(DATA) v

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /\I .
How to do this? N

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?9(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:

[+ 3
)

C? :/dz%bQ(z)(dN/dz)QDz(z)P( -
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BAO: with Luminous Red Galaxies f“\l A
How to do this? L
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?9(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:

[+ 3
)

Hy

C7 = / dz—b*(2)(dN/dz)*>D?*(z) P(
C

Given a cosmological model, we can predict the theory, except we need two

inputs: bias b(z) and redshift distribution dN/dz.
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BAO: with Luminous Red Galaxies /\I .
The Data: Redshift distribution ”\\"'

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.

<0 I I N | : : : :
- 040<Z0,<0.45 11| Ross, Ho, Percival et al. (in prep)
dN/dZ L 0.45<2,,,,,<050 .
I
L 0.50<2,,,,<0955 | a2y
0.55<2},1,<0.60 : : : :
e
15 1= N _
L
e I
[ I
I o
Ik [ [
I} I
S AT
~ 10 |- FER .
Z. I L
) If A
If I\
I : \\
I oy
3 A T
Ll S \ i
I AN
- |HEE SRV A -
5 If b \‘1 1
Pk ]
P \
C e BYNAN
| 1\
| W
(s 41 i = (I
0.1 0.8 0.9 1

redsh1ft
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BAO: with Luminous Red Galaxies /\I .
How to do this? N

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?9(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:

[+ 3
)

C? :/dz%bQ(z)(dN/dz)zDz(z)P( -
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BAO: with Luminous Red Galaxies /\I .
How to do this? N

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?9(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:

[+ 3

CY9 = dz@b2(z)(dN/dz)2D2(z)P(

l : )
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? N

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.
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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:

[+ 3

CY9 = dz@b2(z)(dN/dz)2D2(z)P(

l : ) v
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 eeeey]

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 10 . 100 | - I‘IIOOO
multipole

1e-07
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BAO: with Luminous Red Galaxies /\I .
Systematics P\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) = b2CPmom 4 Cd 4 5% 4 820
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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) = b>Comdn 4 cd 4 o8 4 )& +X

_—— | N

Dust Extinction Stellar Contamination| | Galaxies from next
photometric slice
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Short summary:
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Short summary: coccend]
—
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Systematics coccced]

1
Therefore, the systematics | am going through here are mostly for getting a

clean angular power-spectrum which contains information such as the shape of
matter power-spectrum, scale dependent bias that can be caused by non-
gaussianities at the early Universe.

Can we restrict ourselves to certain I-modes?

realOrea stars,stars sky,sk c,C
C/?(Data) = CjretIreet 4 ¢, C, + €C;" 7 4 e3C7° + L

Real Galaxy Power Stars Sky Brightness Color Offset

LAWRENCE BERKELEY NATIONAL LABORATORY
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Systematics coccced]

1
Therefore, the systematics | am going through here are mostly for getting a

clean angular power-spectrum which contains information such as the shape of
matter power-spectrum, scale dependent bias that can be caused by non-
gaussianities at the early Universe.

Can we restrict ourselves to certain I-modes?

realOrea stars,stars sky,sk c,C
C/?(Data) = CjretIreet 4 ¢, C, + €C;" 7 4 e3C7° + L
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Effect of stars
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LAWRENCE | QH Ross, Cuesta, Seo, White, Schlegel et al. (in prep)
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Systematics coccced]

1
Therefore, the systematics | am going through here are mostly for getting a

clean angular power-spectrum which contains information such as the shape of
matter power-spectrum, scale dependent bias that can be caused by non-
gaussianities at the early Universe.

Can we restrict ourselves to certain I-modes?

realOrea stars,stars sky,sk c,C
C/?(Data) = CjretIreet 4 ¢, C, + €C;" 7 4 e3C7° + L

Real Galaxy Power Stars Sky Brightness Color Offset
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The effect of sky brightness L

" run9 X sky Ibriglhtﬁelsé I(flrlolm Asr;ley)l —
ru X10 X sky brightness (from Ashley) -~

-

LAWRENCE | SH Ross, Cuesta, Seo, White, Schlegel et al. (in prep)
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Systematics coccced]

1
Therefore, the systematics | am going through here are mostly for getting a

clean angular power-spectrum which contains information such as the shape of
matter power-spectrum, scale dependent bias that can be caused by non-
gaussianities at the early Universe.

Can we restrict ourselves to certain I-modes?

realOrea stars,stars sky,sk c,C
C/?(Data) = CjretIreet 4 ¢, C, + €C;" 7 4 e3C7° + L

Real Galaxy Power Stars Sky Brightness Color Offset
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Color offsets /\| g

DRS8 Color offsets 1n g-r

2

—0.020 e 0.020

These are color (difference in magnitudes) zero points of SDSS

Color offsets as discussed in Schlafly et al. 2010

LAWRENCE BERKELEY NATIONAL LABORATORY
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The effect of the color offsets /\| ‘.’h

Cl

0.00025 . —y ——r—rr : -
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 |+ t Irg11 (z=0.65-0.7) X schlafly offset - i
0.00015 | ! |
0.0001 | X o
5e-05 i
0F ( 1*# E oy MO NI KK K X -
d
56-05 |- ! l
-0.0001 . —— ] . | : e ettt
1 10 100 1000

LAWRENCE | QH Ross, Cuesta, Seo, White, Schlegel et al. (in prep)
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Systematics coccced]

What can we do when we can’t/ don’t want to cut to a certain l-range?

LAWRENCE BERKELEY NATIONAL LABORATORY
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Systematics: Taking them out of the equation L

True galaxy overdensity

Observed galaxy overdensity 5; — .0 <. | Various systematics

For example, 1f 1=2 only:

<0905, >=< 0,0, > +€1 < 05,05, > €2 < 05,05, >

<0005, >=< 0,0, > +€1 < 05,05, > €2 < 05,05, >

0960 >=< 00 > +e] < 05,05, > +2€1€2 < 85,05, > +e€5 < 05,05, >

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

SH, Ross, Cuesta, Seo, White, Schlegel et al. (in prep)
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In configuration space: o
Auto-correlatlon functlons coeceed]

‘No correctlons
ASouth

C

star,sky

star’ “sky

F Weights

10
6(degrees) Ross, SH, Cuesta et al. (2011)




People has made claims on extra power 1n large scales and /*'\l |
that it points to primordial non-gaussianities, but it can be N
explained away by systematlcs we Just talked about

004 i T llllll T I IIII
: MegaZ

<0.5 MegaZ, C

0.03 .‘ 0. 45<thot DRS. C

star

star

0.02 |

0.01 |
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phot
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|

phot
1 1 1

1

O(degrees)
LAWRENCE BERKELEY NATIoNAL| Ross, SH, Cuesta et al. (2011)
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Remember? What we expect to see ...

0.0001

1e-05

1e-06

1e-07

WMAP7 Templates

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

BAO wiggles

10

multipole

100
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BAO: with Luminous Red Galaxies e ¢
Preliminary Results before taking out systematics ﬁ\\'"

Angular Power-spectrum 7=0.55-0.6
OOO]. E 1 o l] ¥ ¥ ¥ LI Il T ] 1 UL IE
] Irg9 0.55-0.6 1
1 a0b0, a= 1.077, 2=59.25%
0.0001 /\ -~
U 10-% 3
10-¢ 3
10—7 1 L1 II 1 1 1 L1 11 II 1 1 1 L1 1 11

10 100 1000
1 (as 1n spherical harmonics)

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

SH, Seo, Ross, White, Schlegel et al. (in prep)
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BAO: with Luminous Red Galaxies e

r ]

Preliminary BAO before taking out systematics — ]

Cl/Csmoothed(l)
7z=0.55-0.6
III 1 1 1 1 1 LI
14 | Irg9 z=0.55—0.6 i
I o QBAO,obszeBAO,ﬁd/ 1.15 .
1.2 | | _
e [ } V :
{ ]. — | \\:‘ |
(@)
0.8
0.6 |- _
[ 1 1 1 1 1 | | II 1 1 1 1 1 | I | I_
10 100 1000

1 (as 1n spherical harmonics)

SH, 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
||||

1.4

£ 1.2

Cl/Cl,s

0.8

0.6

7= 05 055

L lg8 05 05 _'
. a0b0, a= 1.125, x3=136.4 ]
[ Lol

10 100 100

SH, Seo, Ross, White, Schlegel et al. (in prep)

7z=0.55-0.6

Irg9 z=0.55-0.6

GBAO,obs: GBAO,fid/ 1.15

LAWRENCE BERKELEY NATIONAL

0.6

7=0.6-0.65

B © Ilrgl0 z=0.6-0.65 |

,fid/0‘99

HBA_(),obs =510

10 100 100
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BAO: with Luminous Red Galaxies —

Preliminary BAO before taking out systematics

1.4

£ 1.2

cl/Cl,s

0.8

0.6

7z=0.5-0.55

- lrg8 z=0.5-0.55 |
a0b0, a= 1.125, x3=136.4 ]

C .’ ;w+ IR ]
SRR A T s e
B 3 . 20-__
II 1 1 1 1 1 111

10 100 100

A\
rreeeee

SH, Seo, Ross, White, Schlegel et al. (in prep)

Irg9 z=0.55-0.6

GBAO,obs: GBAO,fid/ 1.15

7z=0.55-0.6

However, there may still be small
remaining systematics in higher ...

LAWRENCE BERKELEY NATIONAL
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BAO: with Luminous Red Galaxies /“\l
Systematics: Taking them out of the equation —

True galaxy overdensity

Observed galaxy overdensity 5; — .0 <. | Various systematics

For example, 1f 1=2 only:

<0905, >=< 0,0, > +€1 < 05,05, > €2 < 05,05, >
<0005, >=< 0,0, > +€1 < 05,05, > €2 < 05,05, >

0960 >=< 00 > +e] < 05,05, > +2€1€2 < 85,05, > +e€5 < 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 ...

SH, Seo, Ross, White, Schlegel et al. (in prep)
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Preliminary results
without taking out all of the systematics

(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.

LAWRENCE BERKELEY NATIONAL LABORATORY



Preliminary results /\I
without taking out all of the systematics  ~

A
||||

BERKELEY LAB

We look at the difference in chi-square for BAO and no-BAO models

).‘] 1 | | I ] ] I I 1 1 1 ] 1 | | l ]
@, = 1.075 (- 0.022, + 0.028) -
240 -\ a,, = 1.133 (- 0.073. + 0.085) P
-\ Ayt = 28.37 -
\ /
L ~ .
- N _ -~ Withoutithe BAO
220 S~ —
<00 - ./ Withthe BAO ~
- / -
l 1 1 1 l \\ J ~ | l | | 1 l 1 1 1 l |
0.8 | 1.2 1.4 1.6
Q

LAWRENCE BERKELEY NATIONAL LABORATORY



Preliminary results o
without taking out all of the systematics  ~

A
||||

~2.5% measurement of the
angular diameter distance

".] L B B L

L\ a,, = 1.075 (- 0.022, + 0.028) -

240 -\ a,, = 1.133 (- 0.073. + 0.085) P

- \-.\Ax* = 28.37 7

AN i

— \ B

\'\

220 S -
- | | Combined detection of ~5.3 sigmas

200 |- —

l 1 1 l \\ 4{ : 1 l | | | l 1 1 l |1

0.8 | 1.2 1.4 1.6

o
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BAO: with Luminous Red Galaxies /\I
What |S neW? (reeoer

A
||||

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc3

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies /\I \

/

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.

— Unbiased minimum variance measurement with various

systematics taken into account.

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies /\I .
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.

— Unbiased minimum variance measurement with various

systematics taken into account.
* Detection:

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /\I .
What |S neW? frreeeee ||||

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc3

« Metho
redshi
correl:

— Un
Sy
 Detec!

?0 1 | |

B0

50

40
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10

| |
Total Comoving Yolume of Universe e ator on a”

t of all the
galaxies.

with various

Fisenstein et al. 2005
Percival, Reid et al. 2008
Blake et al. 2011

o

. O :
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Redshift

0.5 0.6 0,7
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BAO: with Luminous Red Galaxies /\I .
What is new? P\m

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gpc3

° Metho 0 I lTotal Comolving 'u'olumé of Uniuer‘lse —_—— ator on a”
redshi e t of all the
correlz galaxies.

50
— Un with various

sy§ “
 Detec| 2

SH, Seo, Ross, White, Schlegel et al. (in prep)

20

10

0

0,1 0,2 0,3 0,4 0.5
Redshift
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BAO: with Luminous Red Galaxies /\I .
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.

— Unbiased minimum variance measurement with various

systematics taken into account.
* Detection:

— This work: Significant Detections at high redshift range:
0.45<z<0.65 (competitive to constraints from
spectroscopic survey WiggleZ [Blake et al. 2011])

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies o

/

Looking forward \|

EEEEEEEEEEE

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 SDSS l1I-BOSS, BigBOSS, SuMire-
PFS, WFIRST...) will provide < 10% constraint on equation
of state of Dark Energy.

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: Beyond Galaxies coccced]

BERKELEY LAB

* How can we learn about cosmology at much higher
redshift ?

70 T 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
Redshift
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Next lecture ...
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3 Lectures

® Dark Energy, Baryon Acoustic Oscillations and more
® Observational Cosmology in Action
® A new large scale structure tracer:

® |Lyman alpha forest
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End of slides
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Beyond: With Lyman Alpha Forest

What is it?

=
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TiMeErime Since Major Events
Big Bang Since Big Bang
z~0
present Humans
stars, observe
galaxies the cosmos.
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atoms and
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Beyond: With Lyman Alpha Forest /\I A
What is it? ﬁ\\

QQuasar Spectra

Rest wavelength (A)

Courtesy simulation of gas from
Renyue Cen and Jerry Ostriker

LAWRENCE BERKELEY NATIONAL LABORATORY



Beyond: With Lyman Alpha Forest
What is it?
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QQuasar Spectra

nits)

AF, (arbitrary u

Cun 29

0123727

[Ne 111] 23869

1 1 L l

HJ} 14861

4000
Rest wavelength (A)

flux emission
(amount ,\

of
light)

wavelength A —>

One absorbing cloud close by

flux emission

(amount
o \j\

light
'ght) absorption

wavelength A —>
Several absorbing clouds

flux emission

(amount

of w—\l\_
light "

'ght) absorption

wavelength A —=>

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

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

|
25
Quasal, *°F
P 20 :—~
= [
< [
L L ;- 15 i
Ly 21216 \ N §
i [
NV L1240 L‘ | ;
SiIV 21400 q> 10 __é
CIV 21549 '_;, L
3 = 5 F
§ <y ;
0

PR ST S (Y TN ST SR NS SR B —SPUN SIS S NS SR N S S R ST S SR SR T [N ST ST S NS
4200 4400 4600 5600 5800 6000 6200 6800 7000 7200
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Beyond: With Lyman Alpha Forest /\I

What is it?

A
‘m

BERKELEY LAB

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

Afterglow Light
Pattern
400,000 yrs.
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et
S
=
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) w
=
20
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T 10

sl Quantum
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P IR T I
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6000

Dark Energy
Accelerated Expansion

Dark Ages Development of

’.' Galaxies, Planets, etc.

ol va.uumw .u ”"“u

§ eEEAs

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

6200 6800 7000 7200
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Simulations: Resolution Effects?

P70 () [Es(r )
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1.15}
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l r) ,."' £ 'l"{l: ! |

resolution 4X worse

1.05}

low res
E_(_l'

1.00f - - resolution 2X worse

0.95}
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r[h/Mpc]

Slosar, SH, White & Louis (2009)
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Simulations: Resolution Effects?
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Simulations ]
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Correlation function (in configuration space) H\|
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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) = b2C0wdm 4 O 4 085 4 CE@el) 4 1

—— [

Dust Extinction:

We cross-correlate the
extinction map (SFD) with the
galaxies to see if there is any
correlations.
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The effect of dust extinction coecond] y

BERKELEY LAB
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Svystematics :
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) = b2C0mom 1 04 4 005 4 @86 |3

[

Stellar Contamination: (Galaxies from next
We cross-correlate the stellar photometric slice:

density maps (generated from

: - W te all th lat
SDSS) with the galaxies. © compute all the correlations

between different redshift slices,
and take into account of the
covariances and correlations

between different slices.
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The effect of stars coecond] ’

0.001 T —r
LRG X stars z=0.55-0.6 +—

==
il 1 AL
0 — o= b _ = — 1 Tt + + -

-0.001 =

-0.002 =

-0.003 -

Cl

-0.004 =

-0.005 |- .

-0.006 + N

-0.007 il R R e
1 10 100 1000

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

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies /“\l
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Systematics .

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) = b2C0wdm 4 O 4 085 4 CE@el) 4 1

—

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.
LAWRENCE BERKELEY NATIONAL LABORATORY




Overlap of the redshift bins
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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.

COIOI‘ OffSCtS . We compute cross-correlations

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

C99(DATA) = b2C0=om 4 4 4 0>° 4 cB@e() |1

— |
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What are the photometric offsets? coecond] ’\|

These are the “zero points™ of colors (difference in magnitudes) of the
survey, but they are not zero!

Color offsets as discussed in Schlafly et al. 2010
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The effect of the photometric offsets ..o

0.00025 T — o ; — e
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Motivations
Time .
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Time
4 Time Since
Big Bang
present

Franf

Science

ACCELERATING . ¥
UNIVERSE :

Major Events
Since Big Bang

Humans
observe

the cosmos.

Gravity +
observing movement of
local galaxies ->
“Dark Matter”

z~6

Distant supernovas appear fainter

than expected (1998)->

Universe is accelerating -

Cosmological Constant?
Dark Energy?

>

z~1100
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BAO: with Luminous Red Galaxies /“\l
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Systematics .

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) = b>Comdm 4 ¢ 4 s 4 el &) +X

_—— | 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
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Beyond: With Lyman Alpha Forest /\I A

r ]

Correlation function (in configuration space
( J pace)
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Beyond: With Lyman Alpha Forest

Correlation function (in configuration space)
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BERKELEY LAB
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Beyond: With Lyman Alpha Forest /\I A
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Correlation function (in configuration space)
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Correlation function (in configuration space) »\|'“
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r

Correlation function (in configuration space) »\|'"

Redshift Space Correlation function

Matter Flux
BAO feature
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Flux traces matter quite well even when we include redshift space distortions!
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Correlation function (in configuration space :
( J pace)

‘gfé/\/‘f}dfgfd I I '

IS T

listortions!

r (h/Mpc)

FIG. 7: The cross-correlation coefficient between flux and ji20 110
matter over-density in real (red) and redshift (blue) space.

Slosar, SH, White & Louis (2009)
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Redshift space distortions L

BERKELEY LAB

Redshift Space Correlation function

Matter Flux
BAO feature

4()
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1| But what how should we deal with this redshift space distortion ?
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Flux traces matter'quite well even when we redshift space distortions!
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Redshift space distortions!

40

[0 60 80 100 120 140 4060 80 100 120 140
" "y

LAWRENCE BERKELEY NATIONAL LABORATORY



~

Redshift space distortions

No z-space distortion z-space distortions

Apply linear Kaiser formula \

- =Y Lwa),
£=0,2,4

o(r) =Co&r(r),

&(r) =G (&r(n)-E())

160
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20 40
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Ci = fi(B)

B = dind/dina = QO:-°
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Redshift space distortions ‘ U
-
No z-space distortion z-space distortions

Apply linear Kaiser formula
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Beyond: With Lyman Alpha Forest

Redshift space distortions
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Beyond: With Lyman Alpha Forest

Redshift space distortions
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Redshift space distortions

BERKELEY LAB

T
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40

Flux

Simulations

L ‘h

BAO feature

we understand approximately how to model the redshift space distortions!

10 60 80 100 120 140 40 60
T

S0 100 120 140
T

I
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Beyond: With Lyman Alpha Forest

Possible systematics

« UV background fluctuations

Metal Line contaminations
Continuum fitting errors
Damped Lyman alpha systems
Broad Absorption Line systems

LAWRENCE BERKELEY NATIONAL LABORATORY
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Lyman Alpha Forest: what can it do? cecceer]

BERKELEY LAB

097, o8 — 0.8
%, 3000°grid
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Possible systematics: UV background fluctuations ””N
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Beyond: With Lyman Alpha Forest /\I \

Possible systematics: UV background fluctuations
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Possible systematics: UV background fluctuations I
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Mini Conclusion
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—| We approximately understand how to model the redshift
space distortions, and what happens when we include
systematics such as UV background fluctuations.

BAO feature
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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion !

BERKELEY LAB

140 Simulations

120 BAO feature

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
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Baryon Oscillation Spectroscopic Survey

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

LAWRENCE BERKELEY NATIONAL LABORATORY



SDSS Ill - BOSS /\I )
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.

/-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 Ill - BOSS /\l A

f(reeeee ‘m

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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rreerer

Baryon Oscillation Spectroscopic Survey | \'5

BERKELEY LAB

SDSS Ill - BOSS /\l

Volume of the Universe probed by SDSS

o (=
|
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/

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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Volume of the Universe probed by SDSS Volume of the Universe probed by BOSS
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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion "'|

140 Simulations

120 BAO 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!

40 60 0 100 120 140 40 60 SO 100 120 140
L T
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The Ground-Based Stage IV BAO Experiment

B|g BOSS Saen.ce. Goals: . _{_:}l A
23 50 million redshifts BE
Sensitivity to new physics scales as volume surveys -- # of modes

Our observable Universe Volume mapped by SDSS + SDSS-I

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

Surface of last scattering @\g

Courtesy Slide from David Schlegel
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e Conclusions
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Conclusions coccced]

« Baryon Acoustic Oscillations is one of the cleanest probes of Dark Energy
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Conclusions B, S

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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Conclusions B, S

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

LAWRENCE BERKELEY NATIONAL LABORATORY



-~

Conclusions B, S

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

LAWRENCE BERKELEY NATIONAL LABORATORY



=

Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion "'|

140 Simulations

120 BAO feature

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!

40 60 0 100 120 140 4() 60 80 100 120 140
T |
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What is BOSS? /\I )
Baryon Oscillation Spectroscopic Survey

BERKELEY LAB

glew' )program for the SDSS telescope for 2008-2014 (already working and providing
ata!).

Definitive study of the low-redshift acoustie oscillations. 10,000 deg? of new
spectroscopy from SDSS imaging.

— 1.5 million LRGs to z=0.8, including 4x more density at z<0.3,

— T-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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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion

 Dark Energy via Baryon Acoustic Oscillations

140 Simulations

120 BAO 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!

40 60 80 100 120 140 40 60 80 100 120 140
" ry
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How do you go about measuring BAO? ... ’\|

BERKELEY LAB

« 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.

LAWRENCE BERKELEY NATIONAL LABORATORY
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Predicted signals of BAO cereeny i
gnals of B,

P(k) (power-spectrum of galaxies)

Fourier space

wavenumber (k)

107 10t
k [Mpc/h]

FEisenstein et al. 2005

Configuration space

r (h/Mpc)

| | PR BT B
20 40 60 80 100
Comoving Separation (h-! Mpc)
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The Ground-Based Stage IV BAO Experiment

B|g BOSS Saen.ce. Goals: . _{_:}l A
23 50 million redshifts BE
Sensitivity to new physics scales as volume surveys -- # of modes

Our observable Universe Volume mapped by SDSS + SDSS-I

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

Surface of last scattering @\g

Courtesy Slide from David Schlegel
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Lyman Alpha Forest: what can it do? =,
— Non-gaussianities in Early Universe et

BERKELEY LAB

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

b = ¢,\+ fo¢2

Primordial potential (assumed to be gaussian random field)

V (¢) LR reheating
1 ' _ ¢ '
N

Mo
.

s

4
»

<«—| Inflation —>
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Lyman Alpha Forest: what can it do? =

f(reeeee ‘m

— Non-gaussianities In Early Universe

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

b = ¢,\+ fo¢2

Primordial potential (assumed to be gaussian random field)

fNL

fNL

fNL

fNL

Non-Gaussianity from Inflation V (¢) - reheating

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

~ 0.1--100 higher order derivatives

\\ DBI inflation (Alishahiha, Silverstein and Tong 2004)
UV cutoff (Craminelli 2003)

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

~100 ghost inflation  (Arkani-Hamed et al., 2004)

<«—| Inflation —>
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Lyman Alpha Forest: what can it do? =

. ags . . reccoee| |
— Non-gaussianities In Early Universe
PhOtLRG [ | | | | | Slosar, Hiratg, Sleljlak, SH et al. 2008
Phot LRG (0-4) I ® I | | |
Spec LRG | : I : ® : : : 1
ISW : ®
aso| . -
QSO (b=1/D) | _ ]
QSO alt 2 | —_— |
QSO merger | I I I ® I I |
Combined [ I I I ® : | 1
Comb. merger | I : : ._’_’_( |
Comb.+W5 bi. [ — |
Merg.+WS5 bi. |- { I.} | _

() O( 200 300 400
Best current CMB measurement T‘ \

. curvaton
canonical ghost
inflation models, inflation
DBI inflation
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P(k) (Mpc/h)3

10

k) [((h/Mpc)®

10’ =
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k (h/Mpc)
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Lyman Alpha Forest: what can it do? /N

BERKELEY LAB
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Lyman Alpha Forest: what can it do? cecceer]

097, o8 — 0.8
%, 3000°grid

ation
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Lyman Alpha Forest: what can it do? /N

BERKELEY LAB

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

BERKELEY LAB

Dark Energy via Baryon Acoustic Oscillations

R e, ’ B2,

o : : -
2 R - e S

B S SNt gats o "R N

m of these skewers!

Take the powerspectru
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Taking the ratio of dashed line

P(k) (Mpc/h)3

10

to the solid line

10 |-

k) [(h/Mpc)”

10° . —
10° 10"

10"
k (h/Mpc)
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What can we do with Lyaand fnl? ...

||||
=]

g =
PfNL:O B N )
0.2
v O fnl =-100
S orf
0.1 F
© fnl = +100
-0.2
sl 9 | with only 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? coecond] ’

Preliminary theory predictions

PfNL 04
P?NL:O

\ f,,=—100

OOO
O Q9

_fnl=0(k) -1

‘ Ll L.l
0.01 0.1
k / hMpe!

(k)/P

P_fnl

OOO

O O FI1GURE 1. Fractional deviation from the Gaussian Ly flux power spectrum at
z =2,

O
© fnl = +100

| with only 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 Lyaand fnl? ...

P _ EEEEEEEEEEE
INL_ oa T fnl=-100  +
PfNL:O 0 fnl=+100
ol With z-space distortions!
O
0.2 F
© fnl = -100 (z-space)
i; 01 | )
-
0.1 F )
ol o © fnl = +100 (z-space)
0a ©  |withonly 1/10 of BigBOSS QSO density
0.01 0.1
k(h/Mpc)

Ho, Desjacques, Slosar & Seljak (in prep)
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Things | can talk about, but won't... S
9 %

 Redshift space distortions’ effect

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

o Effect of incomplete continuum subtractions

* The other systematic error that will be coming
from the experiment/analysis.
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Conclusion B, S

 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:
e Lya P(k) tighten the cosmological constraints
* temperature density relation in the IGM
* finding missing baryons at higher z
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\/f?h/fufhh 11

1.0F ¢

o
te)
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@
T

cross—correlation

0.7f

0.6F

0= 80 100 120 140 160

r[h/Mpc]
rlh/Mpc
FIG. 2: The cross-correlation coefficient between the flux in
our low and high resolution boxes, \/ fzzh, /€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? rrecee?]
it

Cosmological Constraints from Lyman-alpha
power spectrum

T T ¥ T T T T T T _]
. o s
f/
oL - '
o First Constraint from Ly-alpha forest
to probe neutrino masses

7
(-::) | | | | |
0.05 0.1 0.2 0.5 1

Y 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

(Z m, 0.307 0.048 0.006

0.011 0.0041 0.00038
O'(QK)

O'(TLS) 0.0034 0.0023 0.001

(dndin(ey 04003 0.0028 0.0005

Courtesy from Anze Slosar
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Outline /\| A

‘

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

Conclusion
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Lyman Alpha Forest: what can it do? =
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— Non-gaussianities In Early Universe

Phot LRG [ I } I ‘ } { I i

Phot LRG (0-4) } - l I I AngL) ™~ 1

Spec LRG | —BigBOSS Ly-alpha forest constraints \ _
ISW _

QSO | H—'E_Er Planck forecasted constraints
QSO (b=1/D) | o A(fNL) ~ 5
QSO alt v2 | BOSS Ly-alpha forest constraints ' B

QSO merger | ' |
Combined [ I I ' I I |

Comb. merger |- | i B |

Comb.+WS5 bi. | —H' H— |

Merg.+W5 bi. | I( i
| ' [IIH 200 3000 100
Best current CMB measurement T
with Slosar and Seljak (work in progress) canonical | | A0 ghost
] Pog inflation DBI inﬁation inflation
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Outline B, S

 Motivations
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

Conclusion
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Outline B ’\|

 Motivations

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

Conclusion
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Lyman Alpha Forest: what can it do~

e Simulation boxes of Dark matter
e 3000° particles

3000° mesh

1500 (h~1Mpc)? on the side

Q,, = 0.25. Q) = 0.75, h = 0.75, n = 0.97, o5 = 0.8
Fluctuating Gunn Peterson approximation
Peculiar velocities included
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universe.

Since Big Bang
Humans z~0
stars, observe
galaxies the cosmos.
and clusters
{(made of
atoms and
ot Fi laxi
' atoms and h::ﬂ' o3
lasma .
stars z~6
in :lt:,ms hil:y“i
to form) tons fly free
and become
lasma ol microwave
ydrogen and background. 71100
helium nuclei
Fusion ceases;
R normal matter is
protons, neutrons, 132 hydrogen,
electrons, neutrinos 25% helium, b'y
*F (antimatter rare) mass.
i Matter annihilates
alemeantary particles antimatter.
antimatt
r:!nmrlnmu;] il Electromagnetic and weak
07 elementary forces become distinct.
particles Strong force becomes
distinet, aps
causing inflation of v

Redshift
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What are these Sound Waves?

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 formatlan Of ga|QXles. Courtesy slide from Daniel Eisenstein
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Recall? Modeling z-space distortions

-,

. . A
Simulations ,\‘I i

\
Recall that we are look1 -

Monopole
| an enhancement of power at ~110 Mpc/

Predictions

bN\jelta = -0.13, b_eta =-0.2077

r* XirF_0(r)
r XitF 2(r)

Quadrupole

100 =150 200
r

The large scale correlation functions
from simulations of Lyman alpha forest

100 120 140 160 180 200
r (Mpc/h)
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Recall? Modeling z-space distortions

-,

:\q i

DATA |

AL 1 Recall that we are looki1 ="
005 | _ Monopole an enhancement of power at ~110 Mpc/
PUEN | h?
C oy 002}
f gl 0.01} . .
x oo Predictions
—-0.02f
—0-0% 50 100 150 200 b_delta = -0.13, b_eta = -0.2077
004 0-04 1 T T T 1 T T T L]
r* Xi*F_0(r) +
0.02} 0.08 r* Xi*F_2(r)
% 0.00 .
S 002 0.02 |
—0.04 0.01
-0.06 ‘ : nl,ﬂ dL J.nO]
0 50 100 X TTT50 "~ %00 0
r [Mpc/h]
-0.01 + .
The large scale correlation functions 002 |

from 5% of Lyman alpha forest in BOSS ool o . . . . . .

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

f(reeeee ‘m

— Non-gaussianities In Early Universe

] | R
Phot LRG | 5
- | L MNL) ~ 9

Spec LRG |- —|BigBOSS Ly-alpha forest constraints ‘ “
ISW

QSO | H—'E_Er Planck forecasted constraints
QSO (b=1/D) | =i A(finr) ~ 5
QSO alt * | BOSS LRG only constraints ' A

QSO merger [ . ;j . .
Combined [ | I | | A(fNL) — 18 7
bt | ! | |

Comb. merger |- | I } =t -

Comb.+WS5 bi. [ i I I : 7
Merg.+W5 bi. | ‘ } I { I .
Al 200 300 100
Best current CMB measurement \
canonical curvaton ghost
. ; ; inflation | | Models, inflati
Ho, Slosar, Seljak & Desjacques (in prep) DBI inflation ——
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Lyman Alpha Forest: what is it? /N

BERKELEY LAB

TIMErtime since
4 Big Bang
present

Era of
Galaxies _

1 | 1 1 1 1 | 1 1

S

= %
7
Z = =z
H g
£ :
s =
z
g — i
2
£
1

4000
Rest wavelength (A)

Era of
Nucleosynthesis

0.001 seconds T | e

- Courtesy simulation of gas from ktromagnetic and weak
107" seconds es become distincl.

Particle Er

Electroweak e T 2= BTTICTE ng force becomes
10 seconds et ety O dislimt I:nrhnps

v
GUT Era elemenlary causing inflation of
particles universe.

L Planck Era 2999 Redshrft
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Lyman Alpha Forest: what is it? —
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TimeTime Since flux emission
Blg Eang (amount ,\

of
light)

present

wavelength A

Era of
Galaxies

One absorbing cloud close by

flux emission
(amount

o \/\
light)

absorption

wavelength A

2000 4000
Rest wavelength (A)

TS jl Several absorbing clouds

Era of
Nucleosynthesis .- flux emission

0.001 seconds (amount ——
of \f\ antimatter.

Particle Er bt w . — "
10" seconds 'ght) hbsorption romagnetic and wea

es become dislincl.
Electroweak

. N force becomes
10-2® seconds wavelength A > di,.ﬂghp.rh,p,

GUTE elementar . I )
g particles | Courtesy image from Joanne Cohn’s website

Planck Era 2272 RedshiTt
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Beyond: With Lyman Alpha Forest /\I A
Possible systematics: UV background fluctuations H\\
0.25 0.3 . . . 1
0.20
0.15 0.2 .
0.10
= 0.05 0.1 -
. 0.00 .
0.05 00l | Gaussian
-0.10
-0.15 -0.1}
-0'2%0 SIO 160 1120 14110 160 60 810 160 1120 14110 160
0.5 . T T l 1.0 . T .
0.4 Uv=10% | 0.9 UV=20%
0.8
o3 0.7
0.2} {1 06

0.5
0.4
0.3

0.1f

0.0}

|
1

|

_0']60 80 100 120 140 160 0'260 80 100 120 140 160
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Lyman Alpha Forest: what is it?
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Lyman Alpha Forest: what is it? ceeeeed]
ey
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Outline

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)

Conclusion
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Time
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present

Franf

Science
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Major Events
Since Big Bang

Humans
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the cosmos.

Gravity +
observing movement of
local galaxies ->
“Dark Matter”

z~6

Distant supernovas appear fainter

than expected (1998)->

Universe is accelerating -

Cosmological Constant?
Dark Energy?

>

z~1100

LAWRENCE BERKELEY NATIONAL LABORATORY

v

Redshift



Ny
_ A
rreeeee ‘m

Motivations
Time
t  Time Since Major Events
Big Bang Since Big Bang 0
Gravity +
present :
observing movement of
galaxies i
Era of e, local galaxies
Galaxies (made of
atoms and
1 billion
years m'gﬂuln 7~6
Era of
Atoms Atoms h:»lrmi
500,000 photons fly free
years ~1100

Py Distant supernovas appear fainter
hal than expected

6000

Observations of how galaxies cluster I

5000 |

4000 [~

o 3000 -

Observations of

Cosmic Microwave Background (CMB)
-> angular powerspectrum of temperature
anisotropies

+1) Cl (mu K)*2

2000

10

1000 -

ol

-1000
1

7
j
;
F
\// |
.
ety \

WMAP-3yr DATA
WMAP-3yr theory

A

M

10

LAWRENCE BERKELEY NATIONAL

100 1000 10000
I (multipole moment)

LABORATORY

v

Redshift



=

Motivations ceceedd]

Time

f

Time Since Major Events
Big Bang Since Big Bang

Sresent Grawty +

Fepry- B il

(o
vin
Al
Mermed ST T a7 @
Spmbolt [Mla VA VA V1A VLA
T __.H'.' = .
e e E v [T
-

EEE0 B0t
(Bdam Hunt=r: n Farsniha o are
from the mcat r I.'|.k+! AEITN i

" I N
||.3. | Im u
1N ] 0 Im. 1750a (Y
F-1 FI'||| HJ 1
5] 5] 3 i

What happened at the Begmnmg of the Universe?

temperature anisotropies | |
Redshift

LAWRENCE BERKELEY NATIONAL LABORATORY




=

_ A
rreeeee ‘m

BERKELEY LAB

Motivations
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What happened at the Beginning of the Universe?
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Lyman Alpha Forest: what can it do? /\I

r ‘fﬁ

— Non-gaussianities In Early Universe

Phot LRG Slosar, Hirata, Seljak, SH et al. 2008

Phot LRG (0-4) .

Spec LRG _

ISW

QSO
QSO (b=1/D)

QSO alt x*

QSO merger

Combined

Comb. merger

Comb.+W5 bi. [

Merg.+WS5 bi. |

() 1O( 200 300 400
Best current CMB measurement T \

. curvaton
canonical

inflation models,
DBI inflation

ghost
inflation
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What are the Baryon Acoustic Oscillations? /\| i

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
LAWRENCE BERKELEY NATIONAL LABORATORY
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First detections of BAO coccced]
—

Fisenstein et al. 2005

Padmanabhan et al. 2006

2.5 ' T T T
AxP=4.73
A %*=6.04
20+

In Fourier space

A (K)/AG oK)

1.5+

1.0

1

0.01 0.10

Wavenumber

LAWRENCE BERKELEY NATIONAL LABORATORY




=

Outline B ’\|

 Motivations

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

Conclusion
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Predicted signals of BAO B, S
g

Pyip(k) (h™' Mpc)?

power-spectrum with smoothed part divided out
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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

LAWRENCE BERKELEY NATIONAL LABORATORY
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Lyman Alpha Forest: what can it do? ceeeeed]
ey

What are baryon acoustic oscillations (BAQO)? 7°2§ r

RO

v » ."'-". "./‘-"' b § " R v
: . - - . -

D Universe today (galaxy map)

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/II imaging

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

A*(K)/AGom(K)

10 100 1 10 100
L

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.

Photons Mass profile

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

 This expansion continues for 100,000 years.

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? ceceeet]
v

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? ceceeet]
v

 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? coccced]

BERKELEY LAB

Eisenstein, Seo and White (2006)
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What are the Baryon Acoustic Oscillations? ceeend]

rreeeer ‘m

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? ceceeet]
v

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? /\| ‘fﬁ
N
How do we detect Baryon Acoustic Oscillations?

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

What is the correlation function ?

§r(r) =< 07(2)05(T +7) >

Fourier Transform: correlation function-> power-spectrum

P

10°

102
k [Mpc/h]

There will be wiggles
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BAO: with Luminous Red Galaxies /\I .
Physics of Angular Clustering ﬁ\‘ml

= 5_g describe how galaxies are d_N describe how many galaxies
5P related to cold dark matter dz | are there at each dz bin
m(Z)I describe how matter grows l+ l P(k) (pOWGI‘-SpeCtI‘um Of galaXieS)
P(—2)| [ 1 T L
X - T i -~
Galaxy angular power—spectrt 2 Tk
ST
2 =
/ SRELLICTINY
~wavenumber (k)
10° ' ' ————
10° 10 2 10"
k Mpc/h]
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BAO: with Luminous Red Galaxies /\I .
Physics of Angular Clustering ﬁ\‘m

= 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
m(Z)I describe how matter grows l+ l P(k) (pOWGI‘-SpeCtI‘um Of galaXieS)
P(—2)| [ 1 T L
X - T i -~
1 BAO
Galaxy angular power—spectrt 2 Tk
ST
2 =
/ SRELLICTINY
~wavenumber (k)
10° ' ' ——
10° 10° 10"
k Mpc/h]

LAWRENCE BERKELEY NATIONAL LABORATORY



BAO: with Luminous Red Galaxies =

Physics of Angular Clustering

= 5_g describe how galaxies are
5[) related to cold dark matter

dN describe how many galaxies
dz | are there at each dz bin

m(Z)I describe how matter grows

l+l

P(k) (power-spectrum of galaxies)

P<72>|

Galaxy angular power-spectru

/dz—b2 2)(d

1 BAO
é:: Lo* T matter-radiation equality
2
wavenumber (k)
103 3 ‘ ‘ ‘ . I-2 ‘ . ‘ . I-1
10 10 10

k Mpc/h]
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BAO: with Luminous Red Galaxies /\I .
Physics of Angular Clustering ﬁ\‘m

= 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
m(Z)I describe how matter grows l+ l P(k) (pOWGI‘-SpeCtI‘um Of galaXieS)
P(—z) [ 1 T L
X o TS
s BAO
ghost inflation, L
Galaxy angular ps curvaton models, etc & T Ik y matter-radiation equality
Iy =11
2 =
CY7 = / dz—b“(2)(d
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BAO: with Luminous Red Galaxies /\I .
Systematics: Dust

=

BERKELEY LAB

Dust extinction affects redshift distribution of the galaxies

6

n(z)/deg?

LA, < 0.05

- 0.1 < A,

0.05 < A, <
< 0.15

ol

0.6

0.8

Ross, Ho, Percival et al. (in prep)




