Sloan Digital Sky Survey 3 and
primordial non-gaussianities

Shirley Ho

Carnegie Mellon University
+

Sloan Digital Sky Survey |ll Collaboration

Critical Test of Inflation Using Non-Gaussianity
MPA, Nov 5-8,2012

Shirley Ho

Thursday, November 8, 12



Rolling the credits

SDSS Il collaboration, and especially the following folks:
Nishant Agarwal, Michael Blanton, Jo Bovy,Antonio Cuesta, Roland
DePutter, Daniel Eisenstein, Eric Huff, Mario Juric, Adam Myers, Rich

O’Connel, Nikhil Padmanabhan,Will Percival , Connie Rockosi, Ashley
Ross, Eddie Schlafly, David Schlegel, Uros Seljak, Hee-Jong Seo, Sarah
Shandera, Anze Slosar, Licia Verde, Martin White

Shirley Ho

Thursday, November 8, 12



Carnegie -

Mellon Outline ceceend]

e : M
University

BERKELEY LAB

* Motivations

 Using the largest multicolor image of the Universe to
learn about it? How?

— Early Universe (with large scale clustering)
 Angular clustering
— With Luminous Galaxies and Quasars
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Instead of looking at the 3D clustering, we look a 2D clustering!
We can calculate the Angular Clustering/Power-spectrum.
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Instead of looking at the 3D clustering, we look a 2D clustering!
We can calculate the Angular Clustering/Power-spectrum.

0,001

Cy

0,0001

+ +

matter-radiation equality

++
++T

Standard Inflation or not!?

1e-05

1e-06

10

\

100

BAO

Shirley Ho

Thursday, November 8, 12



Carnegie -

Mellon Outline ceceend]

1C1 y I
University

* Motivations

 Using the largest multicolor image of the Universe to
learn about it? How?

— Early Universe (with large scale clustering)
 Angular clustering
— With Luminous Galaxies and Quasars
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= (5_g describe how galaxies are dN describe how many galaxies
op 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

dy 1
dz x?%(z)

b*(2)N?(x)P(k, z)

ng — [ dz
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= (S_g describe how galaxies are dN describe how many galaxies
op 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 theg

X

Iy 1

T dz 2 (2)

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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a Image: David Kirkby /Jan 2012
“ hitp://darkmatter.ps.uci.edu/lrg-sdss (movie)
4 SDSS| ll SLOAN DIGITAL SKY SUNVEY
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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 1s surveyed.
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« 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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« 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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« 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 “Optimal 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.

— Had been mostly adopted by CMB community, and but had only been
used in Tegmark et al. 2004, 2006; Padmanabhan et al. 2006; Hirata et al.
2008, Ho et al. 2008.
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How good is the estimator?
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 For each of the redshift bin, we cross-correlates the tracers with themselves,
and we get the angular power-spectra of the galaxies.

C79(DATA) v
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 For each of the redshift bin, we cross-correlates the tracers with themselves,
and we get the angular power-spectra of the galaxies.

X

C79(DATA) v

« Butin 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:

| Iy 1 o |
C99 = [ dz= R2(\N2(x)P(k. -
4 ‘/( d> \2(:) ) ( ) (\) ( )
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For each of the redshift bin, we cross-correlates the tracers with themselves,
and we get the angular power-spectra of the galaxies.

X

C79(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:

| Iy 1 o A,
= [ dz b (2)N2(x) P(k, =
4 ./( d> \2(:) ) ( ) (\) ( )

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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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.
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ik T The Redshift Distribution '

ki

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.
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 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

C79(DATA) v

« Butin 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:

Ix 1 . : ,
CY = ‘l.:( b2 (2 )N?(v)P(k. =
¢ /( - \2(:.)>( JIN“(X)P(k, z)

LAWRENCE BERKELEY NATIONAL LABORATORY

Shirley Ho

Thursday, November 8, 12



S Angular Clustering /“\l .
University How to do this? e
niversi .\

 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

C79(DATA) v

« Butin 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:

Ix 1 . § .
CY¥ = /(l:( = b?(2)N?(v)P(k, 2)
£ dz y*(z) |

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

« We fit for overall bias (when it is only BAO), and in the case of fnl, we fit for an

overall bias and a fnl induced additional bias.
LAWRENCE BERKELEY NATIONAL LABORATORY
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Now we have
a)Theory predictions
b) Optimally estimated observables

What should we be worried about?
Systematics...
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Color offsets from Schlafly et al. 201 |
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True galaxy overdensity

| N
Observed galaxy overdensity 5; — 5; —+ E €; ) S; Various systematics
1=0

For example, 1f 1=2 only:
<0905, >=< 0,0, > +e1 < 05,05, > €2 < 05,05, >
<0905, >=< 0,0, > +e1 < 05,05, > +€2 < 05,05, >

0900 >=< 6.0, > +e] < 85,04, > +2€160 < 05,05, > +e€5 < 05,05, >

We also need to take into account of all the covariances between
systematics and across different band power, and this only works 1f
the systematics contributes linearly (ask me how we test this later).
SH, Cuesta, Seo, Ross, DePutter et al. (2012)
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Recall multiple previous analyses which
have seen large excess
in large scale clustering
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We can correct the power-spectra for systematics!
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We see no large excess in large scale, and can
even see the matter- radiation equality
turnover!

SH, Cuesta, Seo, Ross, DePutter et al. (2012)
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* Motivations

 Using the largest multicolor image of the Universe to
learn about it? How?

— Early Universe (with large scale clustering)
 Angular clustering
— With Luminous Galaxies and Quasars
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14,555 square degrees

Two different photometric quasar samples:
a) 1.6 million quasars 0.5<z<2.5 (Bovy+Myers et al. 2012)
b) 1.2 million quasars 0.5<z<2.2 (extension of Ho, Hirata et al. 2008)
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Optimal quadratic Estimation

Coo.paTa(l)
\ /

Systematic Corrections

v

Theory about the Universe

[ +1/2
X

/ dx—b2 )(dN/dx)*D?*(2)P(k = )
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Coo.paTa(l)
\ /

Systematic Corrections

v

Theory about the Universe

[ +1/2
X

/ dx—b2 )(dN/dx)*D?*(2)P(k = )
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Optimal quadratic Estimation

Coo.paTa(l)

i Systematic Corrections }

‘ Theory about the Universe ‘

I

/ dx—b2 )(dN/dx)*D?*(2)P(k =

[ +1/2
X

)
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Input QSO density distribution

!

Generate Fake images of Quasars (flux, flux error, positions)

!

Inject Fake QSOs into Real Data

Full Photometric Pipeline

Reduced images, with recovered QSOs

!

Recovered QSO density distribution

!

QSO recovery probability f(position, flux)
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Input QSO density distribution

!

Generate Fake images of Quasars (flux, flux error, positions)

!

Inject Fake QSOs into Real Data

Full Pipeline Reconstruction to achieve the correct
intrinsic number densities of objects.

!

Reduced images, with recovered QSOs

!

Recovered QSO density distribution

!

QSO recovery probability f(position, flux)
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Comparing the input and output magnitudes

g out/g in

North if .9 comparnaion

North g-band

"~ Object D gy
» South g-band

g out/g in

Simulations from Eric Huff,
help from David Schlegel
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Other interesting things we found along the way

- 4
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FHome [Heip [Tutorial |
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| Parameters

name g

RA 189| deg

dec 36.25| deg
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Get Image | \:J

O IO

Drawing options
Gnd
Label

Photometric objects

Objects with spectra

Advanced options

Outlines

Bounding Boxes
Fields
Masks
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{ Invert Image
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|
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Selected object

@ Quick Look
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Add to
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Optimal quadratic Estimation

Coo.paTa(l)
¥

Systematic Corrections

'

Theory about the Universe

ax 1 .5 2
Cl = /dzdz XQb (2)N*(x)P(k, 2)

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



Carnegie -

Mellon Recall: What we do ceceend]

1C1 b M
University l

Optimal quadratic Estimation

Coo.paTa(l)

¥

Systematic Corrections

Theory about the Universe

4 C}e :/dz
lr

—
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Recall: What we do

Spectroscopic o
p . P Redshift distributions
Redshifts
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Optimal quadratic Estimation

Coo.paTa(l)
¥

Systematic Corrections

'

Theory about the Universe

ax 1 .5 2
Cl = /dzdz XQb (2)N*(x)P(k, 2)
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Science from
Large scale structure samples
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Science from Large Scale Structure Galaxy Sample
Learning about contents of Universe from 2D clustering

0.001 g

L | l
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Observed 2D (5 s
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theory : b
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SH, Cuesta, Seo, Ross, DePutter et al. (2012)
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Observed 2D 3
clustering vs
theory
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Science from Large Scale Structure Galaxy Sample
Learning about contents of Universe from 2D clustering

0.0001

vII':;_=_’_vHv T rrrrr

1-06 L=

LRG 1 —+— ]
LRG 1 corrected for stars —&— 4
LRG 2
LRG 2 corrected for stars
] E
§] e
. BAO
| b‘é‘h. -
overall shape o, .
O .
1
1

L | l

10
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Science from Large Scale Structure Galaxy Sample
Learning about contents of Universe from 2D clustering
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Cosmological Constraints from the overall shape

WMAP7+HST+SN+DR8
0.95 Combining with WMAP7+SN+HST,
' Dark Energy equation of state is
0.9 constrained to 7% (|-sigma), which
& is competitive to the latest large
° 0.85 scale structure measurement such
0.8 as WiggleZ (when it is combined
with the same datasets).
0.75
-1.3 -1.1 -0.9
w
SH, Cuesta, Seo, Ross, DePutter et al. (2012)
@ spssi

Shirley Ho
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Cosmological Constraints from the overall shape
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By including DR8 angular
clustering (+WMAP+HST),
we improve the constraint
on flatness of the Universe

by 40% over WMAP7+HST

SH, Cuesta, Seo, Ross, DePutter et al. (2012)
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Cosmological Constraints from the overall shape

1
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0.8 Q,
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0.75
The sum of

neutrino masses

is constrained to
less than 0.26eV N
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Most Stringent Neutrino mass constraint out there

% DePutter, Mena, Guisarma, SH, Seo et al. (2012)
S D SSI I I SH, Cuesta, Seo, Ross, DePutter et @h@l@{/@l o

Thursday, November 8, 12



Cosmological Constraints from the overall shape

I | |
0.95 DePutter, Menfa, Guisarma, SH, Seo et al. (2012)
0.9
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PRELIMINARY results from | LRG sample + 2 QSO samples
(*Before™ full pipeline corrections)

b (k) =D (k) + far [0Z(k) — (94 (K))]

Ab(M, k, z, fx1,) o< f (M) /k°

(Uncorrected) QSOs
10<2<1.5

LRGs

0.55 < 2 < 0.60
4 0 —r——r——r——————r——————————————v—v—1— :

19°¢C,

10°¢ C,

0 A i A —d i "
50 100 150 200 250 300

(

155 < Favi toear < 94 10 < fnpjocal <70 g =

% —1 < fNL,local 61
SDSSI I I SH, Myers, Slosar et al. (in prep) Agarwal, SH, Shandera et al. (in Prep:fhirl ey Ho
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PRELIMINARY results from | LRG sample + 2 QSO samples
(*Before™ full pipeline corrections)

b (k) =D (k) + far [0Z(k) — (94 (K))]

Ab(M, k, z, fx1,) o< f (M) /k°

(Uncorrected) QSOs
10<2<1.5

LRGs
0.55 < 2 <0.60

19°¢C,

10°¢ C,

and Sarah Shandera for alpha constraints!
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Bug lehant Agarwa

40 60 100 120 140 160 180 ¥ 50 100

(
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% —1 < fNL,local 61
SDSSI I I SH, Myers, Slosar et al. (in prep) Agarwal, SH, Shandera et al. (in Prep:fhirl ey Ho
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But we don’t stop here!

® Other datasets we are working on:
® Cross-correlating QSO and Lyman Alpha Forest!

® [arge volume, relatively high signal, large overlap
between the two tracers’ redshift ranges.

® |ya X Lyain BOSS
® smaller signal, but opposite signal (than usual)

® Different color selections on photometric QSOs to
see if the extra power is still there: bluer vs redder

QSOs.
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® Other datasets we are working on:
® Cross-correlating QSO and Lyman Alpha Forest!

® |arge volume, relatively high signal, large overlap
between the two tracers’ redshift ranges.
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But we don’t stop here!

® Other datasets we are working on:

® Cross-correlating QSO and Lyman Alpha Forest!
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SDSS Il - BOSS
Baryon Oscillation Spectroscopic Survey

Volume of the Universe probed Volume of the Universe probed by BOSS
by SDSS I-II spectroscopy

o

redshift ;

SDSS DR7 Main Galaxies
N DANEBAVARNER
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But we don’t stop here!

® Other datasets we are working on:
® Cross-correlating QSO and Lyman Alpha Forest!

® |arge volume, relatively high signal, large overlap
between the two tracers’ redshift ranges.

® |ya X Lyain BOSS

® smaller signal, but opposite signal (than usual)
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But we don’t stop here!

® Other datasets we are working on:
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Armed with the largest 3D color map of the Universe,
we can understand not only the contents of the Universe,
but also attempts to answer the question of how it all begins.

In the near future, SDSS BOSS (Baryon Oscillations
Spectroscopic Survey) will acquire the precise redshifts ofall
of the photometric galaxies by s;_;.l;?;;:;-:.f;::_-.zs"ang spectroscopy for all

of .5 million galaxies and 150,000 quasars at z=2.2
The measurement of clustering of these galaxies will enable
us to make a even more accurate measurement of the
properties, contents and the beginning of the Universe.

S spssii e
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Armed with the largest 3D color map of the Universe,
we can understand not only the contents of the Universe,
but also attempts to answer the question of how it all begins.

In the near future, SDSS Il - BOSS (Baryon Oscillations
Spectroscopic Survey) will acquire the precise redshifts of all
of the photometric galaxies by obtaining spectroscopy for all

of 1.5 million galaxies and 150,000 quasars at z>2.2.
The measurement of clustering of these galaxies will enable
us to make a even more accurate measurement of the
properties, contents and the beginning of the Universe.

SDSSI" Shirley Ho
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Image: David Kirkby / Jan 2012
. hitp://darkmatter.ps.uci.edu/lrg-sdss (movie)

’ SDSS| l | SLOAN DIGITAL SKY SUISTY o
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With only 1/3 of spectroscopic data from SDSS lll:
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— CMB+CMASS+LRG+SN
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Wait... what about
the beginning of the Universe!
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Carnecie -

Mellon Non-Gaussianities in early Universe /\| ‘.’h

University ’\
.

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

Primordial potential (assumed to be gaussian random field)

Non-Gaussianity from Inflation V (¢) L T . reheating
f..‘l ~ 0.05 canonical inflation (single field, couple of derivatives) P o
(Maldacena 2003, Acquaviva etal 2003 ) ‘: ————— M * e 4
. e 1 B a4 .f
f_~0.1--100 higher order derivatives \ \ ‘
NL |
- V |
DB' |nﬂat|on (Alishahiha, Silverstein and Tong 2004)
UV cutoff (Craminelli 2003) \ “ ,\fy
f_>10 curvaton models (Lyth, Ungarell and Wands, 2003) \2 " |
NL ‘\ (¢ D)
: " o« OGS
f‘u. ~100 ghOSt inflation (Arkani-Hamed et al., 2004) \\_/ 3

<«—| Inflation —>

LAWRENCE BERKELEY NATIONAL LABORATORY
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Preliminary Results: Primordial Non-gaussianities

3 years ago...
Phot LRG l } — }
Phot LRG (0-4) : ® I | ]
Spec LRG | —'—0—’—’—{ i
W—
QSO | ——e—H |

QSO (b=1/D) } : : o—H
QSO alt 2 | H_‘_.-H_ !

QSO merger I I < I I "l

I

Combined | | Cr | 7

Comb. merger

Comb.+W5 bi. F }-—Q—H :

Merg.+WS5 bi. |

1 |
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Slosar et al. 2008 INL.local
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Baryon Acoustic Oscillations !
What! in imaging?

0.0001 £ ; 3
_ g s is _ 1
- sx Wi S We ask the question:
# .
10-5 | gt What is the best we can do?
-« LRG2 = A
ool With ~4 times more data, that's what
L we expect, so this is what we can do
ET T ‘with either the same SDSS depth for ful
Likan
L g ik Aog sky, or 4 times more volume
O g 2. Lo by
SN R T (by going deeper)
0.8 = (I),) | : Seo, SH,White et al. (2012) _ .
¢ Shirley Ho
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Science from Large Scale Structure Galaxy Sample
Learning about Dark Energy from Baryon Acoustic Oscillations
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Combining all redshift slices
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Carnegie -

Mellon Outline ceceend]

i : M
University

BERKELEY LAB

* Motivations

 Using the largest multicolor image of the Universe to
learn about it? How?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
 Angular clustering

— With Luminous Galaxies and Quasars

— With Stars?

LAWRENCE BERKELEY NATIONAL LABORATORY
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The Making of a Large Scale Structure Sample or two ...
Photometric Quasar sample too!
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-0.5

From Imaging Only
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Photometric Quasar Catalogs

KDE DRé6 Richards et al. [
(2009) ~600,000 z < 2.5
quasars over 8400 deg?
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Bovy et al. (201 1) DRS,
~800,000 z < 2.5 quasars
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Courtesy Adam Myers
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Back to QSO:s... (3 years ago)
10*0C,.

fNL,loca,l =+100, Ghost inflation/Curvaton models
=0, standard inflationary scenario |
=-100, other models that | don’t understand

LOFEC,

D ) | ) | L
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Slosar et al. 2008, SH et al. 2008
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Preliminary Results: Primordial Non-gaussianities

3 years ago...
Phot LRG l } — }
Phot LRG (0-4) : ® I | ]
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Preliminary Results: Primordial Non-gaussianities
3 years ago...
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Slosar et al. 2008 INL.local
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Preliminary Results:

Primordial Non-gaussianities from Luminous Galaxies

Phot LRG | | S
Phot LRG (0-4) } ® _
0.04 Rava plaali cReals RS LA 1 | ¥ v | %

\:'(0)

o

o

oy
{‘T'V"7"-"1""1"7'7']’1""?‘Y‘]_T'T"—T'r";‘ -—

=
2

w(8)x8

-t}

"T"X.X

o
8

0.01

(=]

0,01

corrections+

Y, C,PCos(g) {21+ 1)}
4 T

- ':T"T“V"T_T' T"V"’.'_T_Y—l’—’"'T"_T"“_“

O(degrees)

+— -
1
! | <LRG 3 X LRG 3 > corrected —+— ]
i : -1* < LRG 3 X LRG 3 > corrected = zl
L ' <LRG 3 X LRG 3 >observed +—-=--
- 5 < LRG 4 X LRG 4 > corrected -
£ s -1* < LRG 4 X LRG 4 > corrected |
* | <LRG 4 X LRG 4 > observed
oot f - F :
F : ¥ : I :
i : % 1.2."2'—’31 ; 3 |
, T2 . |
I M E S !
_~,{;.‘»"'; |
RS I
k A ]
- . - :
e-06 - 1 - . ad ..j : - -
10 100

Thursday, November 8, 12




We now go through nearly the same

pI‘OCGSS (data construction, redshift distribution determination, optimal
estimation of power-spectra, systematics, cosmological interpretation)

with the Quasars as we did with the
Luminous Galaxies
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Preliminary Rresuis:

Primordial Non-gaussianities with Quasars
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Pl‘eliminal’y Results on Non-gaussianities

NOW
, ‘ , l | -sigma constraint from
Phot LRG | { { Mustermg from SDSS [l imaging
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Pl'eliminal’y Results: Primordial Non-gaussianities
NOW

| -sigma constraint from
1 i 1

LG clustering from SDSS [l imaging
Phot LRG e (z-o—)r—lﬂ

Phot LRG (0-4) | o } } :

p———
| -sigma constraint from
Qso | ‘—}—-I(-O)f—‘-{ QSO clustering from SDSS Il imaging
QSO (b=1/D) |—|—|—0—H
QSO alt 2 | —_—— :

* 35-45% improvement in statistical error, compared to
the best measurement out there.

Combined [ * More importantly, we constrain the error budget }

coming from systematics, and correct for systematic

effects that are not small enough to ignore

T

I

QSO merger

Comb. merger
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Slosar et al. 2008 fNL’local Cuesta, A. Slosar, et al. (in prep)
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What happens when we have millions of spectra?

® What | showed earlier is what you can already do with

only imaging data, with spectroscopic data set such as

BOSS or BigBOSS, you can do better in terms of the
following:

® confirmed galaxy/quasar identities
® reduction (hopefully) in systematics

® nearly independent constraint (from high-z QSOs)

® possible constraint from Lyman alpha forest.
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From Galaxies/ Quasars
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Ho, Desjacques, Slosar & Seljak (in prep)
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Carnegie -

Mellon Outline ;:}' )

i : M
University

BERKELEY LAB

* Motivations

 Using the largest multicolor image of the Universe to
learn about it? How?

— Early Universe (with large scale clustering)

— Dark Energy (with Baryon Acoustic Oscillations)
 Angular clustering

— With Luminous Galaxies and Quasars

— With Stars?

LAWRENCE BERKELEY NATIONAL LABORATORY
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.\l(‘!l()ll ) StarS?! (reeeee ;h
University

Stars (18<r<18.5)

—1.0 o— pemmmm 2.0
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Angular clustering of stars
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Angular clustering of stars

C stars selected from imaging with |18<r<I|8.5

10 T

1 } Stars angular Power-spectrum 2
0.1F -

0,01 F -

0,001 F

el
| |

0,0001 b f .
1
1e-05 | Iy

1e-06 | [T

1e-07 } H}ﬁ‘fﬁ}m i -
- T

1e-08 k L -
How does the angular clustering of stars at different magnitude
range (different distance) compared to simulations such as

VL2 and Aquarius!?
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Angular clustering of stars

C stars selected from imaging with |18<r<I|8.5

10 T

1 } Stars angular Power-spectrum -
0.1F -
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0,001 F

el
| |

0,0001 F i 1
1

1e-05 } Iy :

1

1e-06 | T3

v i
-[ -

iIT} £ s
Hgp'=-, -

1e-08 } h

1le-07 F

How much of it is from systematics?
how much of it is from actual clustering of stars in our galaxy?
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Conclusion and Advertisement

®  There are lots of good science in SDSS lll imaging, and it also paves the way for
understanding the spectroscopic sample

e  Optimally estimated Angular power-spectra of the Luminous Galaxies and Quasars
with the minimum systematics: useful for Dark Energy, Flatness of the Universe,
Neutrino masses,What happened at the beginning of the Universe...

® Useful resources available online:

®  DRS8 Luminous Galaxy sample: http://portal.nersc.gov/project/boss/galaxy/photoz

®  DRS8 Quasar sample: http://cosmo.nyu.edu/~jb2777/gsocat/xdgsoz_pqso0.5_imag21.5-
nobadu.fits.gz

®  Systematics maps of the final SDSS (DR8) imaging (latest color offset maps Schlafly et
al. (201 ), seeing, sky, stars; email me for more info ): http://lymanalpha.lbl.gov/
~shirley/systematics

® Carnegie Mellon University has become the latest institutional member of SDSS llI

®  Participating faculty includes: Rupert Croft, Tiziana Di Matteo, Rachel Mandelbaumn, Jeff
Peterson, Hy Trac, many more and me. We are offering >~5 postdoc fellowships in our
group this fall to work on various different aspects of cosmology, galaxy and quasars.
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The End
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There is a lot more ...

® C(Cluster finding using maxBCG method [Sheldon et al., previous
work using SDSS data: Rozo et al. 2008, 2009]

® C(Cluster lensing [Sheldon et al., Leathaud et al.]
® Weak Lensing in CMB [SDSS lll-imaging X Planck, ACT]

® |[ntegrated Sachs Wolfe Effect in CMB [SDSS Ill imaging X
Planck]

® Cluster mass-SZ (Sunyaev Zeldovich) scaling [SDSS Il imaging
X ACT, Planck, SPT]
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Full disclosure:
The results | showed earlier on primordial non-
Gaussianities are highly preliminary because of the
following, thus the list of future work:

®  There are few assumptions/hand-waving that went into:
®  The error on the correction terms due to systematics

®  The translation between the Lagrangian bias and the Eulerian bias for QSOs
are assumed to be b-1.6, which can be better modeled/improved

®  We currently throw out a significant number of QSO candidates, so that we
have low stellar contamination in the high-z QSO sample.We choose a high
QSO probability threshold to do this, this needs to be tested.
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BAO: with Luminous Red Galaxies /\I
What |S neW? (reeeee

A
||||

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gp63

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 15Gp(33

 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? \"1

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gp(33

 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
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BAO: with Luminous Red Galaxies /\I
What |S neWr) (reeeee

BERKELEY LAB

« Data: Largest volume ever used for galaxy clustering:

14,000 sq deg up to z=0.7, this is equivalent to 15GpC3
* Methg " ' MTotal Comaving Yolam of tneree —— | nator on all
redshi &} t of all the
correlz s galaxies.
— Un with various
syy T
* Detecl| =}

Fisenstein et al. 2005
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Blake et al. 2011
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BAO: with Luminous Red Galaxies /\I
What |S neWr) (reeeee

A
I

« Data: Largest volume ever used for galaxy clustering:
14,000 sq deg up to z=0.7, this is equivalent to 15Gp63

° Metho 0 ' lTotal ComoLing 'u'olumé of Univerlse — ator on a”
redshi| « | 1 nt of all the
correlz galaxies.
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Syc 40 | ) .
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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 equivalentto  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])

3

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies e §

/

Looking forward \|

EEEEEEEEEEE

* Cosmological Constraints from BAQO 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.

 Avariant 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 ceeeen) |

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

70 T T

1 1 1
Total Comoving Yolume of Universe e

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:

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

What is it?
Timertime since Major Events
Big Bang Since Big Bang
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Beyond: With Lyman Alpha Forest
What is it?

QQuasar Spectra

Courtesy simulation of gas from
Renyue Cen and Jerry Ostriker

LAWRENCE BERKELEY NATIONAL LABORATORY
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Beyond: With Lyman Alpha Forest

What is it?

=
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QQuasar Spectra
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website
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Beyond: With Lyman Alpha Forest eeeetd] B
What is it? .

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? — ]

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? — ]

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? — ]

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? N

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? — ]

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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Beyond: With Lyman Alpha Forest /\I A
What is it? — ]

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

L 110

| Plate 3926, Dark Energy
]IA SRR o e Accelerated Expansion
vk . : Yol Afterglow Light
Quasa ~ ! SpedPl z=L.66¢ Pattern Dark Ages Development of
, 20 ' ' | 400,000 yrs. Galaxies, Planets, etc.
| ? ol : Vi iEERR G RGN
‘ il ?1‘ 10 » ' > .“' é - - > o - l
= fiith | iR REa sl O

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

4400 4600 5600

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

Beyond: With Lyman Alpha Forest /\I A
What is it? =]

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

Dark Energy
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Beyond: With Lyman Alpha Forest /\I A
What is it? N

Locates the Neutral Hydrogen of the Universe, thus tracing overdensities of the Universe
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]IA = Accelerated Expansion
g Afterglow Light
Quasa 2 Pattern Dark Ages Development of

o / Galaxies, Planets, etc.
‘:,}j' 15
L ] b
S
aQ 1 T

I (1o=v

- iq

Can we maybe detect BAO? ~

Big Bang Expansion
13.7 billion years

~

o eTY yf‘q 1
W
- ' '

5600 5000 6200 e80C JOC 200

4200 4400

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

Beyond: With Lyman Alpha Forest /\I

A
rreeeer ‘m

Simulations -
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Beyond: With Lyman Alpha Forest e
Simulations
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Beyond: With Lyman Alpha Forest /\I A
Simulations ]
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Beyond: With Lyman Alpha Forest /\I A
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Simulations

Take the correlation function of these skewers!
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Beyond: With Lyman Alpha Forest /”’\l \'ﬁ

Simulations: Resolution Effects?

BERKELEY LAB
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Simulations: Resolution Effects?

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

Take the correlation function of these skewers!
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Beyond: With Lyman Alpha Forest /”’\l )
Correlation function (in configuration space) F\|

EEEEEEEEEEE

Er(r) =< 07(2)df (T +7) >
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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.

CI9(DATA) = b2CPmdm | 3 | s 4 ce)sl) |}

—— [

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 cecoerd) y
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BAO: with Luminous Red Galaxies /‘\l
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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.

CI9(DATA) = b2CPmdm | 3 | s 4 ce)sl) |}

[

Stellar Contamination: (Galaxies from next

We gross—correlate the stellar photometric slice:

cslglsﬁsty m.aﬁ ségenelrat’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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t | matter-radiation equality
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BAO
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Recall: Eisenstein et al.(2005),
Percival & Reid et al. (2010),
Blake et al (2011)

Angular Power-spectrum|

info about || 3D Power-spectrum
inflation
—1 0.0801]
lUm‘ 10" ‘ 10" -~
plot borrowed from Anze Slosar
1e-05
1e-06 |-
1e-07

LAWRENCE

matter-radiation equality

BAO

info about
inflation

99 __ O SO
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0.40<zphoto<0.45 —— N
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The effect of stars cecoerd) y

0.001 S — —_—
LRG X stars z=0.55-0.6
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BAO: with Luminous Red Galaxies /\I
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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.

CI9(DATA) = b2CPmdm | 3 | s 4 ce)sl) |}

—

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

Thursday, November 8, 12



=

Overlap of the redshift bins B S
P
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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.
COIOT OffSGtS . We compute cross-correlations

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

C99(DATA) = b2Comdn 4 obd 4 oos 4 eet) 4 3

_—— |
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What are the photometric offsets? ceceend]

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

— 0 047 —— . IBE:!

Color offsets as discussed in Schlafly et al. 2010
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The effect of the photometric offsets B S
P

0.00025 v — T . ——T r—
Irg8 (2=0.5-0.55) X schlafly offset
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0.0002 L Irg11 (z=0.65-0.7) X schlafly offset _
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Ho, Ross, Seo, White, Schlegel et al. (in prep)
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Time :
4 Time Since Major Events
Big Bang Since Big Bang
z~0
pres Humans
ot stars, observe
galaxies the cosmos.
Era of and clusters
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1 billion } plasma)
years afnms and ;Il:“t'gahxln 7~6
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to form) tons ree
500,000 become
years ﬁl.asmn of microwave z~1100
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i hcllum nuclei
Nuclei plus electrons Fusion ceases;
T normal matter is
protons, neutrons, ?5% hydrogen,
Era of B clectrons, neutrinos  25% helium, by
Hmlﬂﬂlrn‘hﬂﬂiﬂ tan“ma“gr mrﬂ} mass.
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Time
4 Time Since Major Events
Big Bang Since Big Bang
z~0
Humans
present ob
the cosmos.
Franf
Gravity +
observing movement of
local galaxies -> -
“Dark Matter”
z~1100

Redshift
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Time
4 Time Since
Big Bang
present

Franf

Science

ACCELERATING = i —=

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

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

Color offsets

v C99(DATA) = b2Comdm 4 ¢ 4 8 4 820 +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 \'ﬁ

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

Correlation function (in configuration space :
( J pace)

‘iu
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Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /\I ‘.’h

Correlation function (in configuration space
( J pace)

2
r°§ (7“)‘ - — 1 Redshift Space Correlation function

0.20

0.15p Scaled matter correlation functions

0.10¢

0.05}

re {I."I

0.00

-0.05

Real Space Correlation function
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-0.2 - * :
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r ."l \1'"

r (h/Mpc) Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /“\l A

r

Correlation function (in configuration space) »\r"

Real Space Correlation function

Matter Flux
BAO feature
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100 . .
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Slosar, SH, White & Louis (2009)
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Beyond: With Lyman Alpha Forest /“\l A

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

Redshift Space Correlation function

Matter

Flux

BAO feature

140
120 ¢
100 F

S0t :

00 |

120

100

S0

00

40

Redshift space distortions!

1) O bl 100 120
I

140 {0 Ol 80O 100 120 140
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Slosar, SH, White & Louis (2009)
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Correlation function (in configuration space) »\|'"

Beyond: With Lyman Alpha Forest /”\I A

Redshift Space Correlation function

Matter Flux
BAO feature
140 . ) -
120 \ L' ’
Flux traces matter quite well even when we 1nclude redshift space distortions!
N0 » S0

510

Redshlft space dlstortlons'

OO f

1)

0 60 S0 100 120 140 0 60 S0 100 120 140
of r

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

Ers//Erpéso | |

1o~—-§3—+—+!—#-*-#-q——q—{--»-7-—<»— - -1

[S—
|

Flu istortions!

( 0.0
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0 r (h/Mpc) !

FIG. 7: The cross-correlation coefficient between flux and §io0 110
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 A

Redshift space distortions U

BERKELEY LAB

Redshift Space Correlation function

Matter Flux
BAO feature :
140 . . 1) -
.| But what how should we deal with this redshift space distortion ?
L " &

Flux traces matter quite well even When we redshift space distortions!

—

510

Redshlft space dlstortlons'
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of r
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Beyond: With Lyman Alpha Forest /\I A

Redshift space distortions U

BERKELEY LAB

No z-space distortion z-space distortions

Apply linear Kaiser formula \

50

N ()= Y Lowalr),

£=0,2,4
§o(r) =Colr(r),
&(r) =G (Er(r)-£(),

&(r) =Cs (&(n) +2.560) - 3.5€())

< r_par (Mpc/h) M= ’I"par/|77|
Ci = fi(B)
B = dind/dina = Q-
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Beyond: With Lyman Alpha Forest /“\l A

Redshift space distortions U
-
No z-space distortion z-space distortions

Apply linear Kaiser formula

50 160
140

120 \

20 r_par (Mpoh)
r_par (Mpc/h)
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Beyond: With Lyman Alpha Forest

Redshift space distortions

Flux
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Redshift space distortions

BERKELEY LAB

Flux

Flux

140 Simulations

120 |

100 |

¥

S0

60 |
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BAO feature
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Beyond: With Lyman Alpha Forest /”\I |3

Redshift space distortions

BERKELEY LAB

140

120 |

100 |

r

S0

Flux

Simulations

BAO feature

Flux

() b | we understand approximately how to model the redshift space distortions!

40|
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I |

A0

60 80 100 120 140
I

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

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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ossible systematics ackground fluctuations
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Beyond: With Lyman Alpha Forest

Possible systematics: UV background fluctuations

Ny
' A
rreereer ‘

re 37

)
= 5,'-,'-

0.25

0.20}
0.15f
0.10
0.05
0.00
-0.05
-0.10
-0.15}

—0.2%0

8

80

100

120

140 160

0.4
0.3F
0.2
0.1f
0.0

UV=10%

~2%0

80

100

rih/Mpc]

120

140

0.3

0.2}

0.1

0.0

_01 s
60 80

1.0
0.9
0.8
0.7
0.6
0.5

0.4}

0.3

160 0'260

120 140 160

Uv=20%

et ‘ Slosar, SH, White & Louis (2009)

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



Beyond: With Lyman Alpha Forest /‘\l \
Possible systematics: UV background fluctuations F\\
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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion

BERKELEY LAB

140

120

100 |

r

S0

00 |

10 |

Flux Flux

i

Simulations

BAO feature

s -

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 !

BERKELEY LAB

140

120

100 |

T—
Simulations

BAO feature

BOSS Lyman-alpha forest will hopefully make the first
measurement of Dark Energy at z> 2!

1) GO 8() 100 120 140 40 GO SO 100 120 140
Ll i §

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12




reecocee] |

SDSS Ill - BOSS oo B
Baryon Oscillation Spectroscopic Survey

* New program for the SDSS telescope for 2008—2014 (already working and
providing datal).
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SDSS Ill - BOSS /\I )
Baryon Oscillation Spectroscopic Survey

 New program for the SDSS telescope for 2008—2014 (already working and
providing datal).
« 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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Baryon Oscillation Spectroscopic Survey

 New program for the SDSS telescope for 2008—2014 (already working and
providing datal).
« 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 | \'ﬁ
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Volume of the Universe probed by SDSS

o

. redshift

Courtesy plots from Michael Blanton
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SDSS Ill - BOSS /\I .
Baryon Oscillation Spectroscopic Survey ﬁ\\"'

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 | \'h

BERKELEY LAB

SDSS Ill - BOSS /"\l

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

o

redshift ;

Courtesy plots from Michael Blanton
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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion

l‘ T
Simulations

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!
0 60 S0 100 120 140 40 60 [0 100 120 140

I 8

— a B
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Tﬁo Ground-Based Stage IV BAO Experiment

| Science Goals: ceceeet] ()

50 million redshifts

Sensitivity to new physics scales as volume surveys -- # of modes

Our observable Universe Volume mapped by SDSS + SDSS-II

Volume to be mapped by SDSS-III/BOSS

T8 -\
(ca. 2015)

Surface of last scattering @"\ﬂ BigBOSS @NOAO

Courtesy Slide from David Schlegel

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

Outline ceceend] f

e Conclusions

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

Conclusions ceceend]

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

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

« 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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Mini Conclusion '"|

—
Simulations

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!
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What is BOSS? /\I
Baryon Oscillation Spectroscopic Survey

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

* 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<0.3.

— 7-fold improvement on large-secale structure data from entire SDSS survey;
measure the distance seale 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.

A
]

BERKELEY LAB
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BOSS

~

"‘,’B\ |

Benkeiey Lao

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

~
B
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Courtesy plots from Michael Blanton
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Beyond: With Lyman Alpha Forest /\I A

Mini Conclusion

 Dark Energy via Baryon Acoustic Oscillations

|- T
Simulations

BAO feature

100 | - \

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!
0 60 80 100 120 140 40 60 80 100 120 140

(B 8

- . i .
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How do you go about measuring BAO? ...

EEEEEEEE LAB

A
||||

« 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 ceeeen) |
I _

P(k) (power-spectrum of galaxies)
| pes

‘.IW _

4

Fourier space

Configuration space
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Tﬁo Ground-Based Stage IV BAO Experiment

| Science Goals: ceceeet] ()

50 million redshifts

Sensitivity to new physics scales as volume surveys -- # of modes

Our observable Universe Volume mapped by SDSS + SDSS-II

Volume to be mapped by SDSS-III/BOSS

T8 -\
(ca. 2015)

Surface of last scattering @"\ﬂ BigBOSS @NOAO

Courtesy Slide from David Schlegel
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Lyman Alpha Forest: what can it do? =

A
rreeoeee ‘m

— Non-gaussianities in Early Universe

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

Primordial potential (assumed to be gaussian random field)

V (¢) er reheating

.
~

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

A
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— Non-gaussianities in Early Universe

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

Primordial potential (assumed to be gaussian random field)

Non-Gaussianity from Inflation V (¢) L T . reheating
f..‘l ~ 0.05 canonical inflation (single field, couple of derivatives) P o
(Maldacena 2003, Acquaviva etal 2003 ) ‘: ————— M * e 4
. e 1 N a4 .f
f. ~0.1--100 higher order derivatives \ \ ‘ J
/ - |
DB' |nﬂat|on (Alishahiha, Silverstein and Tong 2004)
UV cutoff (Craminelli 2003) \ “ ,\fy
f_>10 curvaton models (Lyth, Ungarell and Wands, 2003) \2 " |
NL ‘\ (¢ D)
: " o« OGS
f‘u. ~100 ghOSt inflation (Arkani-Hamed et al., 2004) \\_/ 3

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

A
rreeeee ‘m

— Non-gaussianities In Early Universe
PhOtLRG | — Slosar, Hiratg, Sleljlak, SH et al. 2008
Phot LRG (0-4) : ® I | |
Spec LRG | : : I o : d
ISw } =
———
k| e+ -
QSO alt = | —_— |
QSO merger I I ; ° I }
Combined : : & II
Comb. merger | : I : .+—+ﬁ 5
Comb.+WS5 bi. | H_...}.H il
Merg.+WS5 bi. P, ll
Best current CMB measurement T“N e
canonical | | Curvaton ghost
inflation | | P agon | [ inlation
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Lyman Alpha Forest: what can it do? el
ey
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Lyman Alpha Forest: what can it do? cecee) |.’.\.‘
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Lyman Alpha Forest: what can it do? %

BERKELEY LAB

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

BERKELEY LAB

 Dark Energy via Baryon Acoustic Oscillations

v : ) ‘.
S - U 4
Yo, 15 { A\—
- # A
e =

L SEN

Take the powerspectrum of these skewers!

"u- -y '-‘ ¥
)
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P(k) (Mpc/h)*3 Taking the ratio of dashed line

10°

lid line

to the sc

10° - .
10" 10 10"

k (h/Mpc)
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What can we do with Lya and fnl? ceee) §
04 | | - ' ' ' 'Il‘nl—.IJQQI ; ' —

PfNL | _+1 fnl=+100  x _
PfNL=0 o
0.2 ]
T O o . |fal=-100 '
&| 0 . ..
= O 00
0.1 -
-0.2 o .
fnl =+100
o - Io.|o1 ; ' ' — )
o with only 1/10 of BigBOSS QSO density

Ho, Desjacques, Slosar & Seljak (in prep)
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What can we do with Lya and fnl? ceceer) y

Prehmmary theory predictions
Py 1 L ]
P fnL=0 o 1 |
0.2 | «
I o |l =
;\:I 0 — 0.8
% or © OQ
o - OOX o 0.01 0.1
01 F 8 K hMpe-!
X OO
O FiGURE 1. Fractional deviation from the Gaussian Lya flux power spectrum at
0 OO0 =2
-0.2 O -
fnl =+100
o - o.|o1 . ' ' — )
o with only 1/10 of BigBOSS QSO density

Ho, Desjacques, Slosar & Seljak (in prep)

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

| A
rrreoeee

]

What can we do with Lya and fnl?

PfNL Y fnl=-100  +
PfNL=0 o fnl=+100
o With z-space distortions!
@
| © fnl = -100 (z-space)
£ o1} @
g
0.1 F O
=l @ © fnl =+100 (z-space)
L@ | withonly 1/10 of BigBOSS QSO density
- k(h/Mpc) =

Ho, Desjacques, Slosar & Seljak (in prep)
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Things | can talk about, but won’t...

!
||||

 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.

LAWRENCE BERKELEY NATIONAL LABORATORY
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Conclusion ceceery]

/

BERKELEY LAB

 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

LAWRENCE BERKELEY NATIONAL LABORATORY
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\/f?h/fllﬁhh 11

0.7

0.6+

0.5

80 100 120 140 160
rlk/Mpe

r|h/M pc]
FIG. 2: The cross-correlation coefficient between the flux in
our low and high resolution boxes, \/ffh /€u€nn. 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

e Cosmological Constraints from Lyman-alpha
power spectrum

T T s ! ST RS N T R FR R e

First Constraint from Ly-alpha forest
to probe neutrino masses

.
]
1 . | 1|A.._J

[eV] Seljak et al. 2006
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Lyman Alpha Forest: what can it do?

spectrum (with no BAO)

Planck + Planck +
Planck Bizré%SS Lya Bizgcé)ss Lya +

Galaxies
(Z m, 0.307 0.048 0.006
0.011 0.0041 0.00038

o (k)
0.0034 0.0023 0.001
o(ns)

(dn./din(r)|  0-003 0.0028 0.0005

=

rreeerer

/

EEEEEEEEEEE |

« Cosmological constraints from Lyman-alpha power

Courtesy from Anze Slosar
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Outline /\| A
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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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Lyman Alpha Forest: what can it do?

— Non-gaussianities in Early Universe

mnr

BERKELEY LAB

=

A
frreee ‘m

’hot LRG

A(SN

J ~ 1

kﬂ

Spec LRG | BigBOSS Ly-alpha forest constraints \

:E £[ Planck forecasted constraints

QSO alt 2 BOSS Ly-alpha forest constraints

NL) ~

'A(f

s

I(

Best current CMB measurement m

with Slosar and Seljak (work in progress)

canonical
inflation

curvaton
models,
DBI inflation

T)l\ )

ghost
inflation
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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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Outline

 Motivations

* 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

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

e Simulation boxes of Dark matter
¢ 3000° particles

3000° mesh

1500 (h~1Mpc)? on the side

Q,, = 0.25. Q) = 0.75, h = 0.75, n = 0.97, 0z = 0.8
Fluctuating Gunn Peterson approximation
Peculiar velocities included

LAWRENCE BERKELEY NATIONAL LABORATORY
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Motivations
Time&ime Since Major Events
4 BigBang Since Big Bang
stars, observe
gal.a:iaﬂ the cosmos.
Era of and clusters
Galaxies (made of
atoms and
1 billion } plasma)
years afnms and ;Il:“t'gahxln
Era of sﬂ':' z~6
to form) tons ree
500,000 become
years ﬁl.nsmn of . mlcmmvid
an background.
Eraof : hcllum nuclei z~1100
Nuclei plus electrons Fusion ceases;
3 minutes w;; matter is
tons, neutrons, drogen,
Era of - mtms* neutrinos 25% helium, by
Hmlﬂﬂlrn‘hﬂﬂiﬂ tan“ma“gr mrﬂ} mass.
onds Matter annihilates
— Particle Era '8 L :‘2.'?11"“.1«' parioles R
T ‘ ‘¢ common) Electromagnetic and weak
 echowak Era ;PR elementary forces become distincl.
X3 particles Strong force becomes
10-% seconds P e dlﬂht:t nrhaps ¢
GUT Era elementa causing
10-*° seconds particies -
Planck Era ??27? Red S h |ft
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Recall? Modeling z-space distortions

-,

. . A
Simulations ;EQ

Monopole

Predictions

bN\Jelta = -0.13, b_eta = -0.2077

1 T
r* Xi*F_0(r)
r* XirF_2(r)

1w Quadrupol®

The large scale correlation functions
from simulations of Lyman alpha forest

. ‘
20 40 60 80 100 120 140 160 180 200
r (Mpc/h)
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SH, Slosar & White (in
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Recall? Modeling z-space distortions

-,

A
Freeeer |||||
R —

PERKE! £ | AB |
v

‘ P Recall that we are looki
ool | —  Monopol¢ an enhancement of power at ~110 Mpc/
7 h?

A 4

Predictions

0 50 100 150 200

b_delta=-0.13, b_eta =-0.2077

0.02f 0.04 T T T T
r* Xi*F_0(r)
E 0.00f I P o . S\ 9% it r* Xi*F_2(r)
-r;' -0.02f
~0.04 ] 0.02
—0.06; =5 160 ‘ 0.01
r [Mpc/h] Qli%idrupofé s
-0.01
The large scale correlation functions 002
from 5% of Lyman alpha forest in BOSS o S ,

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?

— Non-gaussianities in Early Universe

}.\ + i ): }
ot LRG

Best current CMB measurement m

_ A
rreeoeee ‘m

=

A(SN]

) ~ D)

| BigBOSS Ly-alpha forest constraints \

:E_Elanck forecasted constraints

BOSS LRG only constraints

NL) ~

'A(f

=] Ay

= 13

——

canonical

Ho, Slosar, Seljak & Desjacques (in prep)

inflation

A\

curvaton
models,
DBI inflation

ghost
inflation
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Lyman Alpha Forest: what is it? /N

(=1

TiIMETime Since
4 BigBang
present

Era of
Galaxies

oF T Ty

Era of
Nucleosynthesis
0.001 seconds i S ———————
Particle Er : antimatter.
_1# Courtesy simulation of gas from Etromagnetic and weak
v ““"E’I’ R es become distinct.
ec Wwea
ol R b e ng force becomes
10-% seconds S -f::.i‘-*!‘ s distinet, I:nrhﬂPs
GUT Era elementary causing inflationof ¥
104 seconds particles —
Planck Era M777? RedSh Ift
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Lyman Alpha Forest: what is it? o~
d p

I . . flux emission
Tlmeél.meéglnce (amount [\
1g ng o
light)
present
wavelength
Era of
Galaxies
One absorbing cloud close by
- flux emission
l (amount
oo e —— of \]\
A e a7 G " absorption
.. Ykt on wavelength A
= .,..;,m' L Several absorbing clouds
Era of
Nucleosynthesis flux emission
0.001 seconds (amount T —
tcle Er of \j\ antimatter.
10-* d light) v M‘bsor s romagnetic and weak
“"-’“"E"‘ S : ¥ es become distincl.
ectrowea
o ong force becomes
103 gaconds wavelength / : distinet, ¢ aps
GUT Era plementa . .
Pt particles | Courtesy image from Joanne Cohn’s website
Planck Era ?2?7? RedshiItt

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



Beyond: With Lyman Alpha Forest

Possible systematics: UV background fluctuations
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Lyman Alpha Forest: what is it?
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TiMErTime Since Major Events
“ Since Big Bang
Flux|
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I
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SDSS III/BOSS spectra
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Lyman Alpha Forest: what is it? ceceed]
il
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Outline o~

BERKELEY LAB

 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
Time&ime Since Major Events
4 BigBang Since Big Bang
stars, observe
gal.a:iaﬂ the cosmos.
Era of and clusters
Galaxies (made of
atoms and
1 billion } plasma)
years afnms and ;Il:“t'gahxln
Era of sﬂ':' z~6
to form) tons ree
500,000 become
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an background.
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Nuclei plus electrons Fusion ceases;
3 minutes w;; matter is
tons, neutrons, drogen,
Era of - mtms* neutrinos 25% helium, by
Hmlﬂﬂlrn‘hﬂﬂiﬂ tan“ma“gr mrﬂ} mass.
onds Matter annihilates
— Particle Era '8 L :‘2.'?11"“.1«' parioles R
T ‘ ‘¢ common) Electromagnetic and weak
 echowak Era ;PR elementary forces become distincl.
X3 particles Strong force becomes
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Planck Era ??27? Red S h |ft

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



=

Motivations ceceend]

Time
4 Time Since Major Events
Big Bang Since Big Bang
z~0
Humans
present ob
the cosmos.
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observing movement of
local galaxies -> -
“Dark Matter”
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Redshift
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Time
4 Time Since
Big Bang
present

Franf

Science

ACCELERATING = i —=

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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Motivations E—
Time
4 Time Since Major Events
Big Bang Since Big Bang -0
- Gravity +
e observing movement of
galaxies i
Era of A local galaxies
Galaxies (made of
atoms and
1 billion
years m:ﬂ.hﬂ.‘ 7~6
Era of
Atoms Atoms ioirm ;
500,000 to photons fly free
years ome ~1100

than expected

ﬁq Distant supernovas appear fainter
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6000

Observations of how galaxies cluster I
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A WMAP-3yr theory
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BERKELEY LAB

Motivations

Lhin ('Il\.'l.-.l Huontsr: n Farenfbacse xs
from the micet rishle of cammen
0 i T =L

u

_ "l T

- mmmgmmmmmmmm ,
Forindds Forles fiis 1]

What happened at the Beginning of the Universe?
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Lyman Alpha Forest: what can it do? /*\l \
. ) ] creccee] |
— Non-gaussianities in Early Universe
Phot LRG (0-4) } = I | i
Spec LRG | I : I o : d
ISw } ®
Qso — 1
QSO (b=1/D) | ————++ [
QSO alt \* | —_— |
QSO merger I l { 5 I l
—— | o]
Comb. merger | { i : 0-‘—1’—( 5
Comb.+WS5 bi. | —_— i
Merg.+WS5 bi. = '!

Best current CMB measurement T“N 300 100

. curvaton
canonical ghost
inflation models, inflation
DBI 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 cecceny]

Fisenstein et al. 2005

Padmanabhan et al. 2006

T :
Ax‘=4.73
Ayx°=6.04
2.0 .
= In Fourier space
=
STl Bl
Z 15 N,
| «\
AR
1.0 AV gl W gass
0.01 0.10
Wavenumber
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Outline ceceer) ’\|

 Motivations

* 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

LAWRENCE BERKELEY NATIONAL LABORATORY
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Predicted signals of BAO
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power-spectrum with smoothed part divided out

- B T 1 TYTI"’I LB TIYY"’[ L d l 05 — L L} ] 1 1 T I ¥ ol
8.10% i ;- ! BAO ]
2 E 5 > P~ b
- E ] c | m —
[ Q. -
& [ power- N\ {1 = b :
~10° F t ‘g ol ! i
g | 5 U U %
Q. 3 L .
1 02 [ | uuul [ | nuul L1l L1 1 l L 1 1 l 1
0.001 0.01 0.1 0 0.2 0.4
Wavenumber (k) Wavenumber (k)

rE(

T ) ' " | Eisenstein et al. 2005

S

3
.

Fourier space

Configuration space
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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?
y P

What are baryon acoustic oscillations (BAO)? pr“&(r

| axy=a. \ "‘," ]-Oo; | | | | | ,(‘)-0
What happens 1f we use Lyman alpha forest ? —~

= ! R IREC WEE E ""\"" g, YD
= 15- oo e L atula Tt A R, PP @
! o 1 \" R r) o ~ -". \E h v
\ - O Y e R ™ » p
- ) o A% i
’

:
_______

.

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

R | g ]
wl ol o » | 10k » ]
T \.\ o \ Reconstructed Galaxy power-spectrum

with ~2.6 sigma ‘detection’ of BAO

,”_“W\;‘] e w

o
L~ 4
-

<

e
<
=
X

-

wr LT S P “! M DRSO "
l —Tizw\\l j”\\\;

w0'r ] 10°f
L B = X | o} e !
g pem=vde-c® - T 5 |
| . | v ™ |

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.

\

Baryons Photons Mass profile

Eisenstein, Seo and White (2006)

LAWRENCE BERKELEY NATIONAL LABORATORY
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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? ceceeer]
Y

 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.

Baryons

Photons

Eisenstein, Seo and White (2006)

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

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

Eisenstein, Seo and White (2006)

LAWRENCE BERKELEY NATIONAL LABORATORY
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What are the Baryon Acoustic Oscillations? /\| y

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

rreeeer ‘m

BERKELEY LAB

e 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.

A
O] Il

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

 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)

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) =< 05(2)ds(z+7) >

Fourier Transform: correlation function-> power-spectrum

There will be wiggles

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies /\I
Physics of Angular Clustering

BERKELEY LAB

= (5_g describe how galaxies are d_N describe how many galaxies

op related to cold dark matter dz | are there at each dz bin
m(Z)I describe how matter grows | + l P(k) (pOWGI‘—SpeCtI‘um Of galaXieS)
Bl—= >| TP
o

o L

¢
®

3
Galaxy angular power—spectrt +E -—-f“f*

p = [ered I i

Mpe)”

wavenumber (k)
10’

10° 107 107
l. \I])(' h
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BAO: with Luminous Red Galaxies /\I
Physics of Angular Clustering

A
I

BERKELEY LAB

= (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 P(k) (pOWGI‘—SpeCtI‘um Of galaXieS)
P<—2)| cSIE
” | HH
[+ BAO
y
> 1
Galaxy angular power—spectrt z H}f
: 10& [ M-T !
2 28 “(
Z
wavenumber (k)
TS 10 10

}. \Il)(' h

LAWRENCE BERKELEY NATIONAL LABORATORY

Thursday, November 8, 12



BAO: with Luminous Red Galaxies =

Physics of Angular Clustering :\|\

A
]

BAO

= (5_g describe how galaxies are d_N describe how many galaxies
op related to cold dark matter dz | are there at each dz bin
m(Z)I describe how matter grows | + l P(k) (pOWGI‘—SpeCtI‘um Of galaXieS)
Bl—= >| TP
o
Lt
¢
= ]

Galaxy angular power-spectru

/dz—b2 )(d| -

AN

Mpec)®

10° |

R P7 ¢
: {AH& matter-radiation equality
it

; "/

wavenumber (k)
10’

10° 10
k [Mpe/h

10
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BAO: with Luminous Red Galaxies /“\l A

r

Physics of Angular Clustering

= (5_g describe how galaxies are d_N describe how many galaxies
op related to cold dark matter dz | are there at each dz bin
m(Z)I describe how matter grows | + l P(k) (pOWGI‘—SpeCtI‘um Of galaXieS)

!

P(—2) | #
= 530

ghost inflation,
curvaton models, etc

C99 /dz 0p2(2)(d| -

Galaxy angular pc

matter-radiation equality

standard inflation

wavenumber (k)
10’

10° 10 10
k [Mpe/h
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fnr = 100

P(k) (Mpc/h)3 ghost inflation (dashed line)

10°

M

> 10°

canonical inflation (solid) line

| fnp =0 \

k (h/Mpc)
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< , Large scale structure exists in our real universe.
AT There are voids, clusters, web-like features.
'
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First Detection of this standard ruler: Baryon Acoustic Oscillations

3

0.3

£(s)

0.1

0.04

0.02

0.00

_002 1 1 1 l ' 1 A 1 l I A 4 1 l 4 1
S0 100 150
Comoving Separation (h-* Mpc)

Eisenstein et al. 2005
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We measure non-linear galaxy power-
spectrum in redshift space instead of linear
dark matter power-spectrum in real space

0.004 [y T
L} z=0.3 Linear theory -
0.003 A
: non-linear ..., -
002 f : ]
vy
01 | 1
Analytic model
,:') (‘.01 L | A l 1 1 ] A 1 1 1 2
60 80 100 120 140

Separation (h-' Mpc) ES&W (2007)
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We measure non-linear galaxy power-
spectrum in redshift space instead of linear
dark matter power-spectrum in real space

0.004 yr—r— P -
N TR D Galaxy power-spectrum
L} z=03 Linear theory
0.003 | \ . = . 2 : i
: non-hnear’ N-body - A% (k)=B*(k) A*(k) 4;( (k)
0.002 |- . )
= - Rational functions
Bt 5 E or polynomials
i Analytic model
0.001 B | g s | By Sy ey 1 1
60 80 100 120 140

Separation (h-' Mpc) ES&W (2007)
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We measure non-linear galaxy power-

spectrum in redshift space instead of linear
dark matter power-spectrum in real space

() (.)(-)“ I‘] 1 L] I L] L] I L] L] L} L) L] G I
. z=0.3 Linear theory a axy PO er SPeCtru
0.003 |- \ I = i : : i
- Nnon-iinear N-body ] /\"g(_l\')=|‘3"(/\‘) A=(k) 3 C(k)
= -4 ‘
0.002 - -
" - 1 Rational functions
0.001 |- — :
; : or polynomials
0| - ; . 5 o
[ Analvtic model Anisotropic correlation function
0.001 B T | e g ey 1 L
60 80 100 120 140 P
\ o
Separation (h-!' Mpc) ES&W (2007)

dFGRS, Peacock et al.

-
20

Redshift space
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Systematics ceceend]

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?

C7?(Data) = Cyrestdreet 4 61C’l‘%ars’StwS + ezClSky’Sky + e3C;° + ...
Real Galaxy Power Stars Sky Brightness Color Offset

LAWRENCE BERKELEY NATIONAL LABORATORY
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Systematics ceceend]

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?

C7?(Data) = Cyrestdreet 4 61C’l‘%ars’StwS + ezClSky’Sky + e3C;° + ...
Real Galaxy Power Stars Sky Brightness Color Offset
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Effect of stars /\| A

0.001 ———rerrrry —
LRG X stars z=0.55-0.6
0 : a5

-0.001 :

-0.002 a

-0.003 g

Cl

-0.004 =
-0.005 =

'0006 B t h ! e

-0.007 N M gty Yptaacy " M ; 2 2 22l 2 s A o
1 10 100 1000

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

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?

C7?(Data) = Cyrestdreet 4 61C’l‘%a’rs’StwS + ezClSky’Sky + e3C;° + ...
Real Galaxy Power Stars Sky Brightness Color Offset
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The effect of sky brightness o~

0.001

| r I IS—I)IX sky Ibriglhtrl1elsé I(flré)lm Asr;ley)l |—|—| |
0.0008 - ru z<10 X sky brightness (from Ashley) <

0.0006 - .
0.0004 .

0.0002 - _

Cl

-0.0002 - _

-0.0004 - .

H>

-0.0006 T S L]

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

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?

C7?(Data) = Cyrestdreet 4 61C’l‘%a’rs’StwS + ezClSky’Sky + e3C;° + ...
Real Galaxy Power Stars Sky Brightness Color Offset
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Color offsets /\| g

DRS8 Color offsets 1n g-r

smmmm 0.020

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 /\| A

0.00025 v r— T y —— E—
Irg8 (2=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 L Irg11 (z=0.65-0.7) X schlafly offset i
0.00015 ' "
0.0001 f <)
O
5e-05 | ~
0} ot F R WM ORGSR R = -
¥
1
-5e-05 |- i 5
_00001 " " " A PR | A A " A PR | A A A A Bt
1 10 100 1000

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

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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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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In configuration space: /~\| \
Auto-correlation functions ’\l'"
0.04 f P S ——
b No ‘correctlons
009 ;- ) C;.star.sky
ooz F $I1} welthte®
0.01 |
S
-0.01
0.02 [
0.01 |
N __
-0.01 sl I _

1 10

6(degrees) Ross, SH, Cuesta et al. (2011)
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People has made claims on extra power 1n large scales and
that 1t points to primordial non-gaussianities, but it can be
explained away by systematics we just talked about

0.04 i L T L L] L3 LIS 'I . L] l . L] L4 L L | I ] l'l J
;}\ MegaZ :
e 0.45<z_, .<0.5 MegaZ, C,,,. ;
0.03 H phol DR8 C j
B ) ' star X
L _._ k )}
) <\ . ‘ 3
0.01 [ L T : | -
+) !gl' \ __. . " ) 'I/ 'f ' :
P amremns b kel et N [
b \ : 2 N L R
Q - i . | \ S O 5 : 2 \ . \ .
% ~ 1 N¥A1+0.5<z,_,..<0.55 £
—_ s TN S b [£1 e R F ;i;
Q I L] II L B l L] L] 1] 1] 1 ] LI 'I L L] .
3 a R
0.02 I~
0.01 |~ 1
3 ¥ =
0 :- ————————— "I R
-0.65<z,,,,<0.6 10.6<z, ,<0.65
-0.01 l L 1 ALl L l l A I A Lo iol l v
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Ross, SH, Cuesta et al. (2011)
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Remember? What we expect to see coccend] "

WMAP7 Templates
0.0001 - ——— ] . ———

BAO wiggles

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

1e-07

1 10 100 1000
multipole
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BAO: with Luminous Red Galaxies /\I .
Preliminary Results before taking out systematics »\\'"

Angular Power-spectrum 7=0.55-0.6

O OOI E—Y_Y_Y-'—‘V T : 2 £ 1177 l'] 1 4 T | B L | 'YE

i Irg9 0.55-0.6 7
i a0b0, a= 1.077, x*=59.25%

0.0001 e sage =
- T g N -
= \_‘ x
— “" —
i [

L:IO 5 = .Nf.n, 2 ___-:
10-¢ 3 —E'
10 7 ] L1 llll 1 | L L1 llll 1 1 1 1 L 111

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
Preliminary BAO before taking out systematics

Cl/Csmoothed(l)
z=0.55-0.6
14 I . Irg9 z=0.55-0.6 |
T - ﬁkeBMMwSZHBMMM/1’15 s
1.2 | |
s } [ I
(@)
0.8
0.6 _|
| 1 1 1 1 1 | I | II 1 1 1 1 1 | | 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 /\I

Preliminary BAO before taking out systematics

A
]

BERKELEY LAB

7z=0.5-0.55

3.20

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

7z=0.55-0.6

Irg9 z=0.55-0.6 _
l l eBAO,obSZGBAO,fid/1'15 R

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies f\l

Preliminary BAO before taking out systematics

A
||||

1

7z=0.5-0.55

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

7z=0.55-0.6

BAO,obs GBAO,fid/l 15

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

LAWRENCE BERKELEY NATIONAL LABORATORY
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BAO: with Luminous Red Galaxies /"\l
Systematics: Taking them out of the equation -

A
I

True galaxy overdensity

| N
Observed galaxy overdensity 5; — 5; —+ E €; ) S; Various systematics
1=0

For example, 1f 1=2 only:

<0905, >=< 0,0, > +e1 < 05,05, > €2 < 05,05, >
<0905, >=< 0,0, > +e1 < 05,05, > +€2 < 05,05, >

0900 >=< 6.0, > +e] < 85,04, > +2€160 < 05,05, > +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)

LAWRENCE BERKELEY NATIONAL LABORATORY
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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
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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 | l 1] ] | r 1 | 1 I 1 1 1 ] I 1]
N\ a,, = 1.075 (- 0.022, + 0.028) -
240 — a. = 1.133 (- 0.073. + 0.085) /""'—
- \Ax¢ = 28.37 Pl
A -~ Withouttthe BAO
<220 |- Msicaat™ "
<00 IF "/ Withthe BAO
| IR T l\}- 4’1 | T T G [N TEEY (Y TS L
0.8 1 15e 1.4 1.6
X
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Preliminary results =
without taking out all of the systematics

A
||||

~2.5% measurement of the
angular diameter distance

-\ Qa 1.075 (- 0.022, + 0.028) -

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

=220 |- -
i | Combined detection of ~5.3 sigmas
200 |- i
-l 1 1 1 l \- (‘l l 1 1 | I ) | 1 1 l l-I
0.8 1 63~ 1.4 1.6
X
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BAO: with Luminous Red Galaxies
Systematics: Dust

Dust extinction affects redshift distribution of the galaxies

5
A, < 0.05 L
. . . , " ' ,
0.15 M Ik N
. 4 15 | -
& | ‘
~ | |
|
.
1 L.
: l
|1A ]‘[
l
| )
| L=
e —-’IJ L
o — ] —— S
0 0.2 0.4 0.6 0.8
‘ Ross, Ho, Percival et al. (in prep)
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Input QSO density distribution

!

Generate Fake images of Quasars (flux, flux error, positions)

!

Inject Fake QSOs into Real Data

Full Photometric Pipeline

Reduced images, with recovered QSOs

!

Recovered QSO density distribution

!

QSO recovery probability f(position, flux)
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