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What does

everybody in
this room
have in
common?

from solving
puzzles.
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To solve a puzzle,
we need
information to
analyze, and
would like to
compare results
to fundamental
ideas.
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My Cosmological Tool Box

The Barvonie Acoustie Feature
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signature o?lerved in many gravitational probes

Galaxy Rotation Curves Gravitational Lensing Galaxy Clusters
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with DM

without DM

Distance

Cosmic Microwave Background



A (brief) hiStOr)’ of (our understanding of)
the cosmic expansion

® |[925: Friedman applies GR on Universe --
it could potentially expand!

® [929: Hubble’s distance-velocity correlation --
the Universe is expanding!

® [949: Fred Hoyle ridicules the expansion idea coining it the Big Bang”
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The Accelerating Universe!

tWhen?
® Now! In the last 7.7 (of 13.6) Gyr

® |nflation era (t<<| sec after Big Bang)
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The Accelerating Universe!

tWhen?
® Now! In the last 7.7 (of 13.6) Gyr

® |nflation era (t<<| sec after Big Bang)
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Large-Scale Structure

t=8.6¥ I*3.f6 'Gyear.'s-' ABB
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ACDM- the standard theory

in the age of precision science

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

Union 08
SN la
compilation

CDM- cold dark matter,
" 'seen’’ gravitationally

A- dark energy,
explaining the cosmic acceleration
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Cosmologist Jargon ==

® comoving distance




Comoving Distance Units
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expansion
a
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unit length= -- unit leng’rﬁz
X a*x
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CCPP

Cosmologist Jargon ==

® comoving distance

® distance units: par-sec (pc) = 3.26 ly; h'Mpc

® redshifts z~ look back time, look back distance
Etek.= electrons, protons

Time: 14 billion years

300,000 years after after the Big Bang
the Big Bang (The Present)

YA AN
AVRAYARY, Y

Temperature
3000 Kelvin Redshift 3 Kelvin




Large-Scale Structure e

New York U niversity
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SRR Rt RS The Millennium Simulation Project
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Quantitying Clustering
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Large-Scale Structure

%

r
New York University

The Millennium Simulation Project
Dark Mater Distribution

S MLy |

acoustic seale

Millennium Run:.
10.077.696.000’ particles » !

Springel et al. (2005)

Springel et al. (2005)
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The acoustic wave

An initial perturbation in otherwise uniform plasma,
consisting of DM, electrons + protons, radiations (photons)

t

Baryons Photons Mass profile

Eisenstein, Seo & White (2006)



The acoustic wave

Photons pressure electrons, which pull protons. This plasma
fluid propagates in acoustic fashion in a shell from origin.

Baryons Photons



from talk by Martin White

The acoustic wave

Acoustic wave propagates for 100,000 years.




from talk by Martin White

~300,000 yr ABB
The acoustic wave

After 10° years, first Hydrogen forms, and photons decoupled.
Atoms eventually come to a halt.

Baryons

L

Photons

opaque Universe transparent Universe



from talk by Martin White

The acoustic wave

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




from talk by Martin White

The acoustic wave




from talk by Martin White

The acoustic wave

The photons have become almost completely uniform, but the baryons
remain overdense in a shell 100Mpc in radius.
In addition, the large gravitational potential well which we started with
starts to draw material back into it.




from talk by Martin White

The acoustic wave

As the perturbation grows by ~103 the baryons and DM reach equilibrium densities
in the ratio €,/ .

The final configuration is our original peak at the center (which we put in by hand)
and an “echo” 1n a shell roughly 100Mpc in radius with width ~10%.




The Baryonic Acoustic Feature

Feature In the early universe:

CMB Temperature Fluctuations  |arson et al. (2010)
6000

7\ WMAP 7yr
5000 ‘ ACBAR %
QuUabD ¢

4000
3000

2000

N
\'d
=
—~
34
3\
a
-
|_~
O
—~~
~—
+
~
~—
~

1000

0
100 500 1000 1500 2000

Multipole Moment (1)

Zz~1100
t~=200,000 years ABB

New York University

= . e
a/ K az / n EENTEREORICOSMOLOGY,
HNO SeARTICLE PHYSICS




The Baryonic Acoustic Feature

Feature In the early universe:
CMB Temperature Fluctuations  |arson et al. (2010)
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The Baryonic Acoustic Feature

Primordial sound

wave, now 500
Million Light
Years across.

Matter Clustering-
inear theory

- A firm prediction of ACDM
- A standard ruler”

‘ 100 120 140 160 180 200
New Yorl"(':Univemity Y [h _1 MP O]
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The Baryonic Acoustic Feature
as a Standard Ruler

@ Farly Universe (Zg,,~1090):

CMB temp fluctuations determines
r~4F9IM light-year (5r./v.~1.3% WMAP-5 Komatsu et al. 2009)

. Surface of last scattering
$ Late Universe . z~1100

SDSS-II, -1

Luminous Red Galaxies (z~ 0.2, 0.6)
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from talk by Chris Blake

594  Gyr After Big Bang (ABB)
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from talk by Chris Blake
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The Sloan Digrtal Sky Survey
Luminous Galaxy Sam

iy Legacy DR7 Spectral Sky Coverage
SDSS CfA2 (Aitoff projection of Equatorial coordinates)

LRGs

® >100,00 luminous galaxies
§ look-back time ~4.2qyr (z<0.47)
® Sky Coverage ~1/5

sample available o7 http://cosmo.nyu.edu/~eak306/SDSS-LRG.html



http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html

The Sloan Digrtal Sky Survey
Luminous Galaxy Sample

from talk by Martin White

SDSS CfA2 BOSS
LRGs

BOSS [RGS (expiZi Sl
& >1.2M galaxies

§ ~o.2qyr (z<0.8)

& Sky Coverage ~1/4

$ >100,00 luminous galaxies
¢ look-back time ~4.2qyr (z<o0.47)
& Sky Coverage ~1/5

¢ 3 times as dense
sample available o7 http://cosmo.nyu.edu/~eak306/SDSS-LRG.html



http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html

. . The Baryonic Acoustic Feature
Cr in the SDSS G alaxy Sam p|e B

Kazin et al. (2010) z~022
t~10.54 years ABE

LCDM prediction

......... using Mock Catalogs

anderz‘a/n?/eé USIng Peak POS|t|0n
are covariant (@ o O.SGIY)’ we

calaculate
the distance to ~ 3.6Gly
to an accuracy of ~3.5%!




. _ The Baryonic Acoustic Feature
- ' " in the SDSS Galaxy Sample SR

Kazin et al. (2010)

LCDM prediction
T using Mock Catalogs

COSVALG
VArLaAnce

uncerianties
. are covariant
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.wv:rw.sdss3.org ?w
Sloan Digital Sky Survey =&
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2.5m designated

telescope,
Apache Point, NM

Final Imaging released in January | I’

SDSS~III Data Release 8

K

Imaging (14555 deg® ™~
Special programs h
Legacy

SEGUE-2


http://www.sdss3.org
http://www.sdss3.org

Sloan Digital Sky Survey- Imaging
14,555 deg? (~35% of sky)
&, S
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http://www.sdss3.org
http://www.sdss3.org

Sloan Digital Sky Survey- Spectroscopy

1000 fiber plugs connecting between spectrograph
and plate

spectra
> redshift
bl s > distance

CI:F'F'

£522 (3D mapping)



http://www.sdss3.org
http://www.sdss3.org

Sloan Digital Sky Survey- in numbers

Data Release 8
(publicly available since Jan 201 I):

Imaging: 469 Million objects
60 Terabytes

Spectra: |.6 Million objects
Galaxies 860 thousand
Quasars |16 thousand
Stars 521 thousand
Unclassified 37 thousand

s 5.5 Terabytes
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Clustering as Function of Angle %
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New York University
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Clustering as Function of Angle %
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Clustering as Function of Polar Angle &

no dynamical distortions
(linear theory)
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Clustering as Function of Polar Angle X

no dynamical distortions
(linear theory)
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Clustering as Function of Polar Angle &

no dynamical distortions "squashlng eFFec’r only
(linear theory) linedr theory)
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Clustering as Function of Polar Angle &

redshift distortions "squashlng eFFec’r only
(N-body simluated mock catalogs) linedr theory)
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Clustering as Function of Polar Angle_ _ x

(N(gocggPgig‘lta,rglfntcg{’ggggs) SDSS-1II Results (0.16<z<0.47)
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Testing Gravity through the
Squashing Effect

DDDDDDDDDDDDDDDDDD
EEEEEEE

Galaxy dynamics is caused by gravity.

Gravity strength depends on matter abudance.

Hence squashing effect can be used to measure matter
abundance (Q,,).

® Alternatively, assuming Q,,, it can be used to test gravity.

squashing parameter growth index
ACDM (gR): Y~0.56
ﬁcx QM DqP (alternative theorg): V""O.ég

Quadrupole Test: No dependence on scale!

g quadrupole/monopole

' Q— /S (4/3|3+72)/(1+ ;2/315[32)

Eya/ Kaz/n
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P through the Quadrupole Test
N-Body Simulations (Mock Surveys)

Mock Galaxies,
Not observation!!

Cuncertanties 3/\/en
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P through the Quadrupole Test
DSS-Il Results

S
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Kazin et al.

(in prep.)

- lines: Mocks

- symbols: SPSS-I LRGs -
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BOSS- Substantially Improving Our
Cosmological Tools

S L

0.030 7 0
| DR7 Volume Limited Sample |
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LCDM prediction
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BOSS- Substantially Improving Our
~ Cosmological Tools
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illustration by Sam Moorfield
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+ & http://www.sdss3.org/ ¢ Q- sdss.3
pple Yahoo! Google Maps YouTube Wikipedia News (505)y Pandora ccppshareview Populary

Facebook NYUHome Coogle € Pandora List of Me i time inm

SLOAN DIGITAL SKY SURVEY |

Home Surveys Sclence Instruments Data Release 8 Education Collaboration Contact Us

SDSS-III

Massive Spectroscopic Surveys of the
" Distant Universe, the Milky Way Galaxy
: and Extrasolar Planetary Systems

www.sdss3.org

SDSS- BOSS SEGUE-2 APOGEE MARVELS

SDSS-III Latest Blog News
Building on the legacy of the Sloan Digital Sky Survey (SDSS) and SDSS-,
the SDSS-lII Collaboration is carrying out a program of four surveys to map
the structure and dynamics of the Milky Way, to find and characterize
extrasolar planetary systems, and to understand dark energy and the nature of
the universe.

- acn e s o

APOGEE observed Its first astronomical object on Jan 17th
2011 using the full optical system of the Instrument, from
fibers 1o ...

1igh school student wins Siemens competitio

Emjanty Clawt o Mok acticiol lictent Aors Pareiienis!
Between 2008 and 2014, SDSS-liI's four surveys are using Apache Point mmu:r'o&hg‘mssaonammuzzw._

Observatory's 2.5-meter telescope. SDSS-III will continue the SDSS tradition AAS PRESS CONFERENCE
of public data releases, with the first release scheduled for January 2011. The : 11,2011

survey will also continue its commitment to making its data available and Askonomers relesse the largest color image of !he sky
useful to students, teachers, and citizen scientists.

The SDSS-Il Collaboration includes many institutions from around the globe.
Inquiries from interested parties to join the collaboration are welcome. Fora
detailed description of SDSS-Ill, see the ~roject Description, available as a
PDF document.

ever made We provide here the AAS press release and
supplementary ...

APOGEE gets fibers

another hurdie by Installing the slithead and the first 120
fibers into the ...
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GALAXY ZGO
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Welcome to Galaxy Zoo, where you can help
astronomers explore the Universe

Galaxy Zoo: Hubble uses gorgeous Iimagery of hundreds of thousands of
galaxies drawn from NASA's Hubble Space Telescope archive. To
understand how these galaxies, and our own, formed we need your help to
classify them according to their shapes — a task at which your brain is
better than even the most advanced computer. If you're quick, you may
even be the first person In history to see each of the galaxies you're asked
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Classifier Log In
m Register

m Forgotten Password?

Explore galaxies



