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Motivation & Outline

Dark Energy pushes us to measure the )
cosmic distance scale and the behavior of [EiErE.
gravity to high precision.

| will' Introduce baryon acoustic oscillations
as a standard ruler.

o Linear theory pedagogy.

o Non-linear structure formation.

Reconstruction & BAO In SDSS-II DRY.

Cosmology results from SDSS-III DR9.

o« BAO and growth of structure measurements
In the BOSS galaxy sample.

o« BAO in the Lyman « forest (Slosar talk). —
A path to 19 distances and better. y 2

,_,
"L

3

Science



Sound Waves in the Early Universe

Each nitial overdensity.
(in DM & gaS) iS an . Dark Matter, Gas, Photon, Neutrino
overpressure that |
launches a spherical
sound wave.

This wave travels
outwards at 57% of the
speed of light.

Pressure-providing
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photons decouple at Radius (Mpc)
recombination. We see

this as the CMB. > Overdensity in shell (gas) and in
Sound speed plummets.  the original center (DM) both
\Wave stalls at a radius seed the formation ofi galaxies.

ofi 150 Mpc. Preferred separation oft 150 Vpg.



A Standard Ruler

> The acoustic oscillation scale
depends on the sound speed
and the propagation time.

o Ihese depend on the matter-to-
radiation ratio (£2,h?) and the
baryon-to-photon ratio (£2,h?).

> The CMB anisotropies

measure these and fix the 5r=D,80 5r = (c/H)dz
oscillation scale.
> In a redshift survey, we can ‘
measure this along and
across the line of sight. Observer

> Yields H(z) and D,(z)!



Galaxy Redshift Surveys

Redshift surveys are a popular way to measure the
three-dimensional clustering of matter.

But there are complications from:
« Non-linear structure formation

» Bias (light # mass)
o Redshift distortions

Partially degrade

the BAO peak, but
systematics are small
because this is a
very large preferred
scale.




Non-linear. Structure Formation

> The acoustic signature Is carried by pairs of galaxies
separated by 150 Mpc.

> Nonlinearities push galaxies around by 3-10 Mpc.
Broadens peak, making It hard to measure the scale.
o Non-linearities are increasingly negligible at z>1. Linear theory
peak width dominates.
> Moving the scale requires
net infall on 150 Mpc scale.

o This depends on the over-
density inside the sphere,
which is or orderl%.

o Over- and underdensities
partially cancel, so mean
shift is <0.5%.

100
Separation

Seo & DJE (2005); DJE, Seo, & White (2007)



BAO In Simulations

N-body simulations show the acoustic peak to be preserved.
o Shifts of 0.3% at z=0, highly predictable.

Halo-based galaxy bias yields an additional shift, of order
0.5% for high biases.

Effect is well matched
to 2"9-order perturbation
theory calculation of
Padmanabhan & White
(2009).

These shifts can be
predicted and removed,
but we'll see a better
Way neEXL. | Redshift
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Improving the Acoustic Peak

> Most of the non-linear degradation is due to large-scale
flows. These are produced by the same large-scale
structure that we are measuring for the BAO signature.

> Map of galaxies tells us where the mass Is that sources
the gravitational forces that create the bulk flows.

> Can run this backwards and undo most non-linearity.
> Restore the statistic precision available per unit volume!

Real space Redshift space

DJE, Seo, Sirko, & Spergel (2007)



Reconstruction lllustrated

Padmanabhan et al. (2012)



Reconstruction In Simulations

> In large sets of simulations, both
periodic box and with a survey
mask, reconstruction Improves
the precision of the measurement
of the acoustic scale.

> But it also reduces the shift due
to non-linear structure formation
and galaxy bias. 5 P B o B
o Less than 0.02% In the matter case! 21, 4003 Gpes
o 0.19% for galaxy bias models.
o Xuetal (2012) finds 0.1%£0.15% on
SDSS-II N-body mock catalogs.

> We are correcting for the large-
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Seo et al. (2010); Mehta et al. (2011)




Observing the BAO

> Study of observational systematic errors in the clustering
analysis of galaxy surveys Is an old topic.
o Extensive work over the last several decades, with many methods
for diagnosing, removing, and avoiding systematic effects.
> The BAO application is much easier than general P(k)
because the BAO signature Is oscillatory and hence
strongly differential in scale.

o Observational effects are nearly always
broadband, and we simply marginalize
against general broadband terms.

> Length scale Is tied directly to : =
measurement of angles and redshifts, TR
which are much better than 1075. -

k (h Mpc?)




The Sloan Digital SKy Survey.

The SDSS is the world’s
largest galaxy redshift survey.
Wide-field imaging and
spectroscopy of galaxies,
guasars, and stars.

Data Release 7: full data set
from the original Legacy.
survey, including galaxies to
z~0.5.

Data Release 9: |latest release &
from SDSS-III, including =
galaxies to z~0.7.




BAO In SDSS-IIIDR7

> SDSS-| and Il produced several
analyses of the BAO, culminating In
Percival et al. (2009) and Reid et al.
(2009) analysis of the power
spectrum of the final SDSS-II
(LRG+MAIN) and 2dF GRS.

> Average signal produced a 2.7%
measurement of the distance to
z=0.275.

> Good agreement with LCDM model.
WMAP5+BAO+SN yields:

o Hy =68 =% 2 km/s/Mpc and

o« OO =0.29 == 0.02
In both LCDM and owCDM.
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New BAO Detections

> Two new surveys published
BAO detections in 2011.

> WiggleZ on the Anglo-
Australian Telescope
o 200k galaxies over 800 sq deg.
o 3.8% measurement at z=0.6.
o Blake et al. (2011)

> 6dF Galaxy Survey

o /5k galaxies over 17,000 sqg deg.

o 4.5% measurement at z=0.1.
o Beutleretal. (2011)

> We now have a BAO Hubble
diagram!
o Excellent agreement with SNe.

0.4
Redshift z

Blake et al. (2011)



DR7 with Reconstruction

> Padmanabhan et al., Xu et al., and Mehta
et al. (2012) present a new analysis of the
SDSS-|I DR7 Luminous Red Galaxy
sample.

o 106k galaxies over 7200 sq deg.
> First analysis to include reconstruction.

> Improves errors as If we were tripling the
survey velume.



Real-space Clustering

DR7 Mock Catalogs Padmanabhan et al. (2012)



Redshift-space Clustering

DR7 Mock Catalogs Padmanabhan et al. (2012)



Redshift-Space Clustering
after Reconstruction

DR7 Mock Catalogs Padmanabhan et al. (2012)



Before Reconstruction
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> Large-scale correlation function anad
measurement of the acoustic scale.
Pamanabhan et al. (2012); Xu et al. (201.2)




After Reconstruction

Correlated Errors!

Y’ /dof =36.82/52 ' ] k
5I0 160 1I50 %.5 Dl.ﬁ OI.? OI.S DI.Q 1I.D 1I.1 1I.2 1I.3 1.4
r (h~' Mpc) @

> Reconstruction sharpens the errors from 3.5% to

1.9%, equivalent te tripling the survey velume.
Pamanabhan et al. (2012); Xu et al. (201.2)




SDSS-III

SDSS-IlI'Is the next phase of the SDSS project,
operating from summer 2008 to summer 2014.

SDSS-IIl has 4 surveys on 3 major themes.
o« BOSS: Largest yet redshift survey for large-scale structure.

« SEGUE-2: Optical spectroscopic survey of stars, aimed at
structure and nucleosynthetic enrichment of the outer Milky Way.

« APOGEE: Infrared spectroscopic survey of stars, to study the
enrichment and dynamics of the whole Milky \Way.

« MARVELS: Multi-object radial velocity planet search.
Extensive re-use of existing facility and software.
Strong commitment to public data releases.

Support from Slean Foundation, Dept of Energy,
National Science Foundation, and over-50 member
institutions from around the world.
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SDSS-I|| Collaboratlon

Univ. of Arizona

Brazilian Participation Group
(ON and 4 universities)

Brookhaven National Lab
Cambridge Univ.
Carnegie-Mellon Univ.
Case Western Univ.
Fermilab

Univ. of Florida

French Participation Group
(APC, CEA, IAP, LAM, Besancon)

German Participation Group
(AIP, MPIA, ZAH)

Harvard University
Instituto de Astrofisica de Canarias

Instituto de Astrofisica de Andalucia,
Granada *

|IFIC Valencia
ICREA Barcelona
INAFE Treiste

Johns Hopkins Univ.
UC Irvine

Y V V V V V V V V V V Y V V VY VYV V VY Y V V

Korean Institute for Advanced Study
Lawrence Berkeley National Lab
MPA Garching

MPE Garching

Michigan St Univ/Notre Dame/JINA
New Mexico State Univ.

New York Univ.

Ohio State Univ.

Penn State Univ.

Univ. of Pittsburgh

Univ. of Portsmouth

Princeton Univ.

UC Santa Cruz

Texas Christian University
Univ. of Tokyo

Univ. of Utah

Vanderbilt University

Univ. of Virginia

Univ. of Washington

University of \\WWisconsin

Yale University.

Italics indicate smaller members
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SDSS-IllI'Baryon Oscillation
SPECIOSCOPIC SUrVvey.

BOSS is a comprehensive
study of the low-redshift BAO
and the best large-scale
structure sample yet.

10,000 deg? and 1.5 million
Spectra of massive galaxies out
to z=0.75.

o Plus z>2 guasars to look for BAO
In the Lyman o forest.

» Intends to achieve 1% distance to
z=0.35 and z=0.6.
Survey. is now 80+% complete,
over 1 millien spectra in hand.

—_
-«
]
9
[« B
=
(=]
L
b
<
—
=
=
)
wr
o
W
(]
-
@
el
g
=
=

%)

I

L

o,
=
(2]
=
-

1
o
e

=
=

2]

Pt

[+
o

[

v
o

g

=1
=z

=DSS MAIN

0.4
Redshift

Redshift Scaled to
Enclosed Volume

BOSS
CMASS

05 055 06 0.65 0.7
Redshift




Data Release 9

> In July 2012, we released
the first 20 months of
BOSS spectroscopic data!
o 700,000 BOSS spectra
o Plus the previous 1.5M
spectra from SDSS, and all
of the Imaging.
> Our first BAO analysis uses
only the higher redshift
portion of the sample.

> 264k galaxies over 3275 deg?
with a median redshift of 0.57.




BAO In SDSS-II

> We find a very clear
detection of the acoustic
peak.

> Comprehensive analysis
performed in both
correlation function and
power spectrum.

> We measure the
distance to z=0.57 to
1.7% precision.

o« D(0.57)=2094 £ 34
MpC

®x ¥ Reconstructed CMASS
= Best-fit

a =1.024 £0.016
y- =34.53/39 dof

100 150 200
r(h~ ' Mpc)

Anderson et al. (2012)



Comparison to z=0.35

m m LRG i
e & (CMASS

- BOSS galaxies are
less massive and
have lower bias. z=10.57

0 50 100 150
Anderson etal. (2012) r(h ' Mpc)




Detection Significance

> The BOSS z=0.57 acoustic
peak detection Is itself over
50, a first for a single dataset.

> Combined with the SDSS-I|
z=0.35 result, detection Is
over 6.50:.

> However, with the strong
detection in the CMB, the
Interesting question Is not so
much whether the BAO exists
but rather what distance scale
It Implies.
Anderson et al. (2012)




BAO Hubble Diagram

Anderson et al. (2012)
BOSS
WiggleZ
SDSS—II Blake et al. (2011)

Padmanabhan, Xu,
Mehta et al. (2012)

WMAP curve is a
Prediction, not a Fit!

6dFGS
Beutler et al. (2011) 7 WMAP ACDM

0.2 0.4 0.6
Anderson et al. (2012) Redshift




Finer Comparison

SDSS—II

— WMAP ACDM

0.8
0 0.2 0.4

Anderson et al. (2012) Redshift

> WMAP+SDSS data sets consistent with flat,
cosmological constant model.



Comparison to Planck

SDSS-II
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Planck collab XVI (2013) :

> Planck error range Is half the size. Shifts in the
direction of the BOSS measurement.



Consistency with SNe

BAFGS SDSS—I1

—— WMAP ACDM
—— SNLS Dy(z)/D,(0.57)

0.2 0.4
Anderson et al. (2012) Redshift

BAO matches well to the SNe relative distance scale.



Cosmological Leverage

— WMAP ACDM
w=-0.7, 1 _=0.36
— (4=0.01, Q_=0.22

0.4
Anderson et al. (2012 Redshift

> Excellent agreement with flat LCDIM cosmology.
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Measuring the Expansion and
Density of the Universe

> The combination of CMB,
BAO, and Supernova produces
a reverse distance ladder:
« CMB calibrates z=1000.
o« BAO transfers to z=0.35.
o« SNe carries to z=0.

> Get strong constraints on H,
and 2 independent of
curvature and expansion 3

. . 023 024 025 026 027 028 029 03 031
history. With WMARP-7: Q.
o« H;=69.8 = 1.8 km/s/Mpc
e 2 =0.277 = 0.014

Mehta et al (2012)




Comparing at z=0

Anderson et al. (2012)

6dFGS SDSS-I1
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> BAO+SNe do imply the distance scale at z~0.

> A disagreement with H, could indicate new: physics in the
sound hoerizon.



6BAFGS sDS5—11

—— Planck ACDM
—— SNLS DV(Z);’;D‘,(O.EJ?)

0.4
Redshift

> One can see why Planck + SNe pulls w slightly
away. from —1.

> Planck data with flat LCDM pulls away: from H.



Anisotropic Clustering

> Clustering should be
ISotropic In real space.
Using the wrong
cosmology creates
anisotropy (Alcock-
Paczynski effect).
o Measure F ~ D,H(z)

> The BAO ring can be
distorted.

SDSS-II DR7 Mock Catalogs > But there 1s much
smaller scales, If one
can model accurately.




Redshift Distortions

> Peculiar velocities
create redshift
distortions In clustering.

> This Is an order unity
anisotropy, compared
to our 1% Interest In
the A-P effect.

> Redshift distortions are
of great interest: the

SDSS-II DR7 Mock Catalogs large-scale velocity

Padmanabhan et al. (2012) field Is a test of gravity.

> \We want te separate
the twao!




Anisotropic BAO in DR9

Monopole 50}
0 i
— 5 0 R
—100f Quadrupole
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Anderson et al. (2013), Kazin et al. (2013)
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From AnISotropic to Isotropic

0.6
0.6 0.8 1.0

Anderson et al. (2013) <.

> At low redshift, D,, IS & good compression of
current data.



Broadband Anisotropies

> Several analyses have
used BOSS DR9 data
to study the and the
Alcock-PaczynskKi
effect and the growth
of structure from
large-scale redshift S S
distortions.

> Variations in > Figure from Reid et al. (2012).

methodology; similar See alsq Tojeiro et al. (2012),
: Samushi et al. (201.2),
results obtained.

Sanchez et al. (201.3),
Chuang et al. (2012)




Measuring Velocities over Cosmic Time

40% CMASS

@Fassive model oTegmark 06

Ofree growth A Samushia 12

v Turnbull 12 @ Reid 12

v Davis 11 w Percival 04
w Blake 11

> Constraints on fog and oy

4 06 . are nicely consistent with
redsnitt GR and the LCDM model.
Tojeiro et al. (2012) > Precision oni oy IS currently.

0(0.05):



BAO In the Lyman o Forest

> Bucsa et al. (2012) reports a first detection of
the acoustic peak in the Lyman o Forest.

> This uses a set of 48,600 guasars at z>2.1.
> Measures H at z=2.3 to <4%!

el
el w/o peak

100

50
Buscaetal (2013)  r[h'Mpc]




BAO In the Lyman a Forest

> Slosar et al. (2013) & Kirkby et al. (2013) get
similar results with different analysis. First highly

precise measurement of the Hubble parameter at
7~2.

20 40 60 8 100 120 140 160 180 200
r[Mpc/h]




Detection off Cosmic Decelleration
from z=2.3 to z=0.6
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Coming Soeon....

> SDSS-IlIl BOSS Is > Bold new surveys for the
underway. end of the decade.

o Factor of 7 Increase o
over SDSS-II.

o FIrst BAO results in o
2012. More soon.

> HETDEX survey will
start: 800k galaxies
at z>2. *

eBOSS, MS-DESI, 4AMOST,
WEAVE, SUMIRE concepts.

Euclid mission will survey
~50M galaxies at 0.7<z<2.

WFIRST to do deeper survey
over smaller area.

21 cm Instruments.

> We have only scratched the surface ofiwhat IS
poessible with the study of large-scale structure!



Observing Dark Energy.

> Weinberg et al. (2012;
arxiv:1201.2434)
provides a review of
the observational
methods for the
study of dark energy.
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Observational Probes of Cosmic Acceleration®

David H. Weinberg®®, Michael J. Mortonson®, Daniel J. Eisenstein®?, Christopher Hirata®, Adam
Riess!, Ednardo Rozo®

Colurmnbus, OH
Columbus, OH 4:

Baltimere, MD 21218
Chicago, IL 60657

Abstract

The accelerating expansion of the universe is the most surprising cosmological discovery in many
decades, implying that the universe is dominated by some form of “dark energy” with exotic physical
properties, or that Einstein's theory of gravity breaks down on cosmological scales. The profound
implications of cosmic acceleration have inspired ambitious efforts to understand its origin, with
experiments that aim to measure the history of expansion and growth of structure with percent-level
precision or higher. We review in detail the four most well established methods for making such
measurements: Type Ia supernovae, baryon acoustic oscillations (BAO), weak gravitational lensing,
and the abundance of galaxy clusters. We pay particular attention to the systematic uncertainties
in these techniques and to strategies for controlling them at the level needed to exploit “Stage IV”
dark energy facilities such as BigBOSS, LSST, Fuclid, and WFIRST. We briefly review a number
of other approaches including redshift-space distortions, the Alcock-Paczynski effect, and direct
measurements of the Hubble constant Hy. We present extensive forecasts for constraints on the
dark energy equation of state and parameterized deviations from General Relativity, achievable with
Stage IIT and Stage IV experimental programs that incorporate supernovae, BAO, weak lensing,
and cosmic microwave background data. We also show the level of precision required for clusters
or other methods to provide constraints competitive with those of these fiducial programs. We
emphasize the value of a balanced program that employs several of the most powerful methods in
combination, both to eross-check systematic uncertainties and to take advantage of complementary
information. Surveys to probe cosmic acceleration produce data sets that support a wide range of
scientifie investigations, and they continue the longstanding astronomical tradition of mapping the
universe in ever greater detail over ever larger scales.

Keywords:




Conclusions

> Acoustic oscillations provide a robust way. to
measure H(z) and D,(z).
o Clean signature In the clustering of galaxies.
o Can probe high redshift; can probe H(z) directly.
o Well protected from low redshift systematics.

> SDSS uses the acoustic signature to measure
the distance to z=0.35 to 1.9% and to z=0.57 to
1.7%. Plus a first detection at z=2.3.

o EXxcellent consistency with flat ACDM.

> Larger galaxy surveys such as SDSS-III/BOSS
will push te 1% and below in this decade.






Importance of the Matter Density

> In the vanilla CDM
case, the matter
density 2 h?
dominates the
uncertainties In the
sound horizon.

> Remaining scatter in
sound horizon comes
from uncertainty in
0 he.




Importance of the Matter Density

> Once the sound horizon is known, the angular acoustic
scale implies the distance to the last scattering surface.

> This distance depends on £2_h?, but also on H,.
> Hy, 2., and oy are all highly correlated in vanilla LCDM.
> oy also has a degeneracy with the optical depth =




Building the Distance Scale
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> SNe and BAO are highly complementary. in z!



Measuring Dark Energy at z>1

30(ppe)/In(1+2z), pinned at z=0
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> Precise H(z) at z>1 can achieve excellent
constraints on dark energy.



Assessing Reconstruction
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Response of a point perturbation
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