Galaxy Clustering
as a Cosmological Trobe
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Cosnmunlogy irom GC:

A Dark Energy

A Neutrino Mass

A Primordial Non -Gaussianity
A Inflation

A Dark Matter

Yun Wang, July 2013



DARX ENERCY
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Wang, Chuang, & Mukherjee (2012)
CMB+H,+GRB+ [See Wang & Tegmark (2005) for the
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method to derive uncorrelated estimate
of H(z) using SNe.]
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1+z= 1/a; z: cosmological redshift; a: cosmic scale factor

Yun Wang, June 2013 Wang, Chuang, & Mukherjee (2012)
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Som2 (Candidstes for Dark Energy
# Cosmological Constanteinstein 1017)
* QUintessenCQFreese, Adams, Frieman, Mottola 1987; Linde 1987,

Peebles & Ratra 1988: Frieman et al. 1995; Caldwell, Dave, & Steinhardt 1998;
Dodelson, Kaplinghat, & Stewart 2000)

* K 'essenCE(Armendariz-Picon, Mukhanov, & Steinhardt 2000)

# Modified Gravity

Vacuum Metamorphosis(Sahni & Habib 1998; Parker & Raval999)
Modified Friedmann Equation (Freese & Lewis 2002)

Phantom DE from Quantum Effects(onemli & Woodard 2004)
Backreaction of Cosmo. Perturbations(kolb, Matarrese, & Riotto 2005)
Emergent Gravity (Padmanabhan 200p
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clow We Prove Dark Energy

Cosmic expaasion istory H(Z) or DE density p«(z)

tells us wmmmnmsm@gmalmmtant
H(2) = 8p G[r(2) + r (2 +ry(D)3 - kler

Growith histeyy of cosmicdarge scaie siractire|[growth
rate j,(z) or growth faciar (.v\z ]

tells us wihather geneial celaiivityilsmmodified givvan
H(2)

Yun Wang, July 2013



Measuriang thechietric

In theconformal Newtonian gaudéhe longitudinal gauge), the
perturbedRobertsorWalker metric is givery

A Applicableonly for scalamode ofthe metricperturbations
A f: thegravitational potential in the Newtonidimit
A 9;: thethreemetric for a space of constant spatatvature

Yun Wang, July 2013



Observational Prozescol Dark Energy

A SNela (Standard Candles):method used in DE discove
iIndependent of clustering of matter, probHg).

Galaxy Clustering (including Saryon Acowstic
Oscillations asStandand Kuler); BAO Is calibrated by
CMB, probesH(2); redshiftspace distortions probig(z).

A Weak Lensing Tamagtaphy anb(GrossCorielation
Cosmaegrapiny: probe a combination db(z) andH(2).

A Galaxy Cluster Statisties: probesH(2)

Yun Wang, July 2013



BAO asa-Standard Ifuler siwe & clazebrook 2003
Seo & Eisenstein 2003

BAO systematics:
C Bias

C Redshift-space
distortions

C Nonlinear effects

Yun Wang, July 2013



Use Baryon Acouiss °(i Oigciilations
o Probe Dark Brnergy

Galaxy 2pt correlation function Galaxy power spectrum

BOSS-1 LRGe: 0.16<z<0.b
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Eisenstein et al. (2005) Percival et al. (2009)

Yun Wang, July 2013
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GC/EAD Avaniages & Chalienges

A Advantages:

I Observational requirements are least demanding among
all methods (redshifts and positions of galaxies are easy
to measure).

I Intrinsic systematic uncertainties (bias, nonlinear
clustering, redshift-space distortions) can be made small
through theoretical progress in numerical modeling of
data.

A Challenges:

I Full modeling of systematic uncertainties
I Translate forecasted performance into reality

Yun Wang, July 2013



Chaliengein 2D:
Proper Modeling of SDSS Data
Okumura et al. (2008) Chuang & Wang, arXiv:1102.2251,
MNRAS, 426, 226 (2012)
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rirst/Feaseremernts 07 H(z) & D, (z) Trom Data
LasDamasmock catalog SDSS LRG catalog
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TRswerse Jepaation (MEcthi Tiznsverse Scparaticn (dpcth

Xh(2) =H(2)s= 0.04339 0.00178(4.1%); X4(2) = DA(2)/s= 6.599% 0.263(4.0%0)
r(x, Xg) = 0.0604 (z=0.35, sBAO scale, i.e., sound horizon at the drag epoch)
Chuang & Wang,MNRAS, 426, 226 (2012)
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Evaleuating cheMiodeling

Average of 16AL,asDamas mock catalogs

—inz-al-3ighl Sepeid.iun [kdpeth)

Chuang & Wang, MNRAS, 426, 226 (2012) Chuang & Wang, arXiv:1209.0210
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BOSS Rasults at 2=0.57

o (Mpc/h)

Reid et al. (2012) measured H(z),@2), f,(z)s5(z) assuming WMAPY priors

Yun Wang, July 2013



Chuang et al. Scaling ofx(s,p)
multipoles
[Chuang & Wang
(2012, 2013)]

Kazinet al. Clustering wedges 0.0464
[Kazinet al. 2012]+ +0.0031
BAO reconstruction

Sanchez et al. Clustering wedges 0.0466
[Kazinet al. 2012] £0.0021

Anderson et al. Averagingmultipoles 0.0474
& clustering wedges4 £0.0040
BAO reconstruction
[Xu et al. 2013;
Kazinet al. 2012]

Yun Wang, July 2013

f$4=0.428
+0.069

marginalized

marginalized

marginalzied




Different nslyses ot GC/BAO

ChB+H +GRBs ) (ChiB4+H +GHBs
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GC results from Chuang & Wang (2012) favow =-1, while the results from

some other groups favomw <-1. Wang, Chuang, & Mukherjee (2012)
Yun Wang, July 2013




T Geeof

Galaxy Clustering

o/ Differentiate
Dark Enaryy &
Muaddified Gravity

Measuring redshift-space
distortions H(z) and bias

b(2) allows us to measure
f4(2=0(2)b(2)
[f=dInddina]

H(2) andf,(2) allow us to
dlfferentlate dark energy
and modified gravity.

Wang (2008)

Yun Wang, July 2013
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NEUTRINO MASS
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