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Galaxy Formation

® accretion

* heating

* cooling

* star formation

e star formation feedback

* supermassive black hole growth

* supermassive black hole feedback
®* mergers
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Two-point Correlation Function (2PCF) of Galaxies

‘Jlll[tll:l

ot f.- ’ v

';\\.‘. L

Excess probability w.r.t. random distribution
of finding galaxy pairs at a given separation
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Two-point Correlation Function (2PCF) of Galaxies

Baryon Accoustic Oscillation (BAQO), standard ruler
Small-scale shape, neutrino mass
Broad-band shape, cosmological parameters

Small- and intermediate-scale shape and amplitude, galaxy-halo connection
Anderson et al. (2012)
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Peculiar velocity of the galaxy
velocity w.r.t. the comoving frame
=> Doppler redshift

4 4

' ’ > 4.
> { 4 yowa 3 R . wha e - (1 Sy L gl A F
=Y e ¢ Rl o S S b et e St 1 S P S ATy
" Papo g 'f’_l_‘ v ._1°~ ot ! ('*:' o0y 4.'.!-“.‘. T L) l-’--o gty o)) .\ ¥ "I" b o =58
- v o114 i p - ' y

Galaxy comoving with the expansion
Distance < Cosmological Redshift




Large-Scale Linear Redshift-Space Distortion
(Kaiser 1987)
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Small-Scale Nonlinear Redshift-Space Distortion
(Finger-of-God Effect)




Redshift-Space Distortion
(Gravitational Distortion)
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Galaxy Formation and evolution: kinematics of galaxies inside halos

Cosmology: amplitude and growth rate of matter density fluctuation



Projected Two-point Correlation Function of Galaxies

redshift-space distortion effect removed
essentially the real-space clustering
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HOD Modeling of the
SDSS Galaxy Clustering Luminosity Dependence
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An Accurate and Efficient Simulation-based Model
for Redshift-Space Galaxy Two-Point Correlation Function
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An Accurate and Efficient Simulation-based Model
for Redshift-Space Galaxy Two-Point Correlation Function

s o Mock
== Sim. Model

= --o--‘,--o--o-'."fa.--o._o

Projecteds‘: ;

L1 llljlll 1 1.1 llllll 1 lllllll‘a ‘,\ 11

1 10 : 1 10
r, (h~'Mpc) s (h~'Mpc)

MonoElPIe.

L1 111

1 | lll”ll 1 | lllllll 1 1 l_ ] | llll"l || ] lllllll
total -

=
- 1
—
1

lllllllllll

.-o.-o--;x__a ~R

]llllll'lllllll

lllllllllllllll

- O LIB-AR
- 0:9:: 8 0..0.-0::8.-:0-P-- B

lllllllll

E Qs :..o": X .6- Y R
0 FPHeXadegapale i

- 1 lllllll 11 lllllll 11 1

F Quadrypole

0.1 1 10 0.1 1 10
s (h~'Mpc) s (h~'Mpc)

ZZ & Guo (1506.07523)

-~

1

|
=
A

|
N
—
(=]

lllllllllllllllllll

0.48<2<0.55

-
lIlllllllll

lllllllllll

-20 -10

0

10 20

r, [h='Mpc]




SDSS-III

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

www.sdss3.org
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Measuring and Modeling the
Redshift-Space Galaxy Clustering
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Galaxy Kinematics inside Halos
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BOSS Galaxies
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The central galaxy in a halo
central velocity bias is not at rest w.r.t. the halo.

Guo, ZZ, et al. (2015a)



Similar Results of Galaxy Motion from
Redshift-Space 3-point Correlation Functions
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SDSS Main Galaxy Sample (z~0)

M<-18 M<-10.5
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Small- and intermediate-scale redshift-space
distortions help tighten cosmological constraints.

S ACDM Plancki5 * BdFGCS (Beutleri12)
.5 = SDSS Main (Howlett14)
# 2dFGRS (Song09)
(Oka14)
»+ BOSS LOWZ (Chuang13)
O WiggleZ (Blake12) y 1
o BOSS CMASS (Beutler14) 5 _I_ " v i O (continuity)
O BOSS CMASS (Reid14) a
s BOSS CMASS (Samushial4
o VIPERS (delaTorre13)

® Probe structure growth rate
® eBOSS LRG

® €BOSS ELG ® Test theories of gravity
® ¢BOSS QSO

e Constrain dark energy

® SDSS Main (Guo, Zheng, et al., in prep.)

Dawson, et al. (2015)



Redshift-Space Anisotropic
Galaxy Clustering

Gravitational Distortion

e Constraints on the phase-space

distribution of galaxies inside halos 0.48<2<0.95

-20 =10 0 10
r, [h~'Mpc]

e Relative relaxation between central

galaxies and halos
(offsets, external shear in gravitational lensing modeling)

* Dynamical friction effect on satellite galaxies
* Merging and dynamical evolution of galaxies
* Tests of galaxy formation models

* Tightening cosmological constraints (theories of gravity,
dark energy)



va Ly Emitting Galaxies / Ly Emitters (LAEs)

* studying young star-forming galaxies
* probing circum-galactic and intergalactic gas
e constraining the end of dark ages - reionization

J/r
00 /0 ® (the cosmic dawn)
4/4 o 0 e constraining cosmology

AN Lyman-alpha Emission from Star-forming Galaxies

1 Partridge & Peebles (1967)
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Lyx Radiative Transfer

2p

LyX line
ls — 2p transition

Ao = 12164 Yo B e SR

lifetime ~ 10~ %sec

v

atom rest frame laboratory frame

* a large number of scatterings
* position/direction change from scattering
* frequency change after each scattering

scattering cross-section: large at line center
small at line wings



Calculating the Lyx Radiative Transfer




A Key Result from Radiative Transfer Modeling of LAEs

Coupling between observed Lyman-alpha emission properties
and circumgalactic and intergalactic environments




Anisotropic density and velocity distribution of circumgalactic and
intergalactic gas leads to anisotropic Lyman-alpha escape.
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Radiative Transfer Modeling of LAEs
in a Large Cosmological Simulation

z=5.7 ZZ et al. (2010, 2

>

0l1a,2011b)

LN S2
_""‘ g S3 i

: : » . s
<o .
- e,
<8 «Y - o e ‘ p - é"

@ first time, a realistic Ly« radiative transfer (RT) calculationina
¢ cosmological volume to study Lyman-alpha emitters (LAEs).

F,(10-'® erg s-! em-2 A-Y)

. RT-induced coupling between the observed Lyx emission and CGM/IGM ’
' environment (density and velocity structures).

JO natural explanations for an array of observed properties of LAEs

® predictions of new effects in the clustering of LAEs
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Clustering of LAEs: Model Prediction

selection effect caused by environment dependent Lya RT




Model Prediction

selection effect caused by environment dependent Lya RT
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Clustering of LAEs: Model Prediction
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selection effect caused by environment dependent Lya RT
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Clustering of LAEs: Model Prediction

An intuitive picture
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Clustering of LAEs: 3D Clustering

Anisotropic 3D two-point correlation function of LAEs

Zheng, et al. (20 | | a) Radiative Transfer Effect

Real Spece Redshift Space
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SDgg Galaxies (continuum selected)

redshift space

LAEs

Shuffled LAEs

<O 4
X P

v Kaiser Effect
linear redshift distortion

Finger-of-God Effect
nonlinear redshift distortion



redshift space distortion
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New Effect in Galaxy Clustering
(induced by environment-dependent

LyX radiative transfer)

Non-gravitational Distortion

new window to probe the physical
conditions in galaxies and surrounding gas

RT effect dominated




Large Redshift Surveys of LAEs for
Cosmological Study from Galaxy Clustering

unique data points from high redshifts
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A Tentative Observational Case from SDSS-III
BOSS Quasar-LAE Cross-Correlation
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Future Work

| 0SS + eBOSS quasar aBs niilo

eBOSS quasar clustering
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Luminous Red Galaxies (LRGs)
Emission Line Galaxies (ELGs)
Quasars / Quasar Absorption Systems

Redshift-Space Distortion Modeling
Cosmological Constraints with Redshift-Space Distortion



Future Work

Lyman-alpha Emitting Galaxies

HETDEX
(Hobby-Erberly Telescope Dark Energy Experiment)

~108 Lyman-alpha Emitting Galaxies at 2<z<4
LAE properties, Clustering, CGM/IGM probe
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Summary

® Redshift-space distortion (gravitational distortion) in galaxy
clustering is powerful to constrain the galaxy-halo connection,
the phase-space distribution of galaxies inside halos, and the
cosmic structure growth rate and fluctuation amplitude.




