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Abstract: While understanding the evolution of galaxies is one of the major themes of

contemporary astronomy, most empirical studies focus only on the evolution

of distribution functions (e.g., the luminosity function), effectively

treating galaxies in isolation. The new generation of large imaging and

spectroscopic surveys make it possible to measure the clustering of galaxies with different physical properties as a function of redshift, prt
complementary information to traditional distribution function studies. This approach is especially powerful, because most theoretical mod
galaxy evolution are based on the underlying distribution of dark matter halos and they make strong predictions for clustering evolution. T
galaxies to dark matter halos from the observed galaxy clustering, | will introduce the halo occupation distribution (HOD), which characteriz
relation between galaxies and dark matter halos by the probability distribution that a halo of virial mass M contains N galaxies of a giver
together with the spatial and velocity distributions of galaxies within halos. | will present HOD modeling results for galaxy clustering measur
several surveys, including the SDSS (z~0), the DEEP2 (z~1), and the NOAO Deep Wide-Field Surveys (0&It;z&It;1). | will demonstrate the
linking galaxies to dark matter halos, HOD modeling of galaxy clustering opens a new direction in studying galaxy evolution (and cosmology).
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<+ What drives the evolution of galaxies?

+ What is the reiation between galaxies and dark matter halos?

(D

+ What is the origin of the bimodal distribution of galaxies
How do different populations evolve?

4+ How does the evoiution of central and satellite galaxies differ?




Approaches to Study Galaxy Evolution

4 Hydrodynamical Simulations of Galaxy Formation
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bservations and Empirical Modeling of Galaxy Distribution Functions



Approaches to Study Galaxy Evolution

&

+ Cbservations and Empirical Modeling of Galaxy Distribution Functions

Main difficulty in theory
of galaxy formation:

(baryon-related processes)
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Approaches to Study Galaxy Evolution

4 Hydrodynamical Simulations of Galaxy Formation

4 Semi-Analytic Model of Galaxy Formation
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Evolution of the Color-Magnitude Diagram Evolution of the Luminosity Functions
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Approaches to Study Galaxy Evolution

+ Hydrodynamical Simulations of Galaxy Formation

4+ Semi-Analytic Model of Galaxy Formation

.

¥ Cbservations and Empirical Modeling of Galaxy Distribution Funclions
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In between theory and ocbservation



Approaches to Study Galaxy Evolution

f

4+ Hydrodynamical Simulations of Galaxy Formation

i

Semi-Analytic Model of Galaxy Formation

Observations and Empirical Modeling of Galaxy Distribution Functions

in between theory and observation

Make use of observed galaxy clustering and theory of dark matter halo growth



observation: bright side theory: dark side

Dark Matter |

image courtesy: V. Springel
image courtesy: M. Tegmark




| Dark matter halo: theory: dark side

a bound dark matter structure of typical overdensity ~200

in approximate dynamical equilibrium

« forming in a dissipationiess gravitational collapse

» formation insensitive to baryonic physics

= site for galaxy to form and evolve

» can host a single galaxy or a group/cluster of galaxies B

.
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Dark Matier |

image courtesy: V. Springel
image courtesy: M. Tegmark




observation: bright side theory: dark side

*

Dark Matier |

image courtesy: V. Springel
image courtesy: M. Tegmark




observation: bright side theory: dark side

Dark Matter |

image courtesy: V. Springel
image courtesy: M. Tegmark




observation: bright side theory: dark side

Galaxies within halos
* P(N|M) 4
« spatial distribution
» velocity distribution

Dark Matter ' ;

image courtesy: V. Springel
image courtesy: M. Tegmark
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Dark Matter |

image courtesy: V. Springel
image courtesy: M. Tegmark




observation: bright side theory: dark side
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Dark Matter

image courtesy: V. Springel
image courtesy: M. Tegmark
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= not a galaxy formation model, but a tool to
empirically infer the relation between galaxies

and dark matter halos

* no galaxy formation gastrophysics
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* not a galaxy formation model, but a tool to
empirically infer the relation between galaxies

and dark matter halos

* no galaxy formation gastrophysics
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make use of known knowns to probe known unknowns
and to reveal unknown unknowns.

known knowns
observed galaxy clustering
theory of dark matter evolution

known unknowns

relations between galaxies and dark matter halos




make use of known knowns to probe known unknowns
and to reveal unknown unknowns.

known knowns
observed galaxy clustering
theory of dark matter evolution

known unknowns

relations between galaxies and dark matter halos

unknown unknowns

properties in galaxy formation and evolution







4 HOD: Theory Expectations

4 Low-z Resuits from Sloan Digital Sky Survey (SDSS)
4 High-z Results, Galaxy Evolution (SDSS+DEEP2, NOAO-DWFS)
4 HOD Modeling and Co
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predictions of galaxy formation models

important and physically meaningful to
separate and
galaxies

For a sample of galaxies
more luminous than L,

* Mean occupation function of
galaxies:
step-like function

* Mean occupation function of
galaxies:
powerlaw-like function
scatier following Poisson distribution
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predictions of galaxy formation models

important and physically meaningful to
separate and
galaxies

For a sample of galaxies
more luminous than L,

* Mean occupation function of
galaxies:
step-like function

* Mean occupation function of
galaxies:
poweriaw-like function
scatter following Poisson distribution
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predictions of galaxy formation models

important and physically meaningful to
separate and
galaxies

For a sample of galaxies
more luminous than L___

* Mean occupation function of
galaxies:
step-like function

* Mean occupation function of
galaxies:
powerlaw-like function
scatier following Poisson distribution
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predictions of galaxy formation models

important and physically meaningful to
separate and
galaxies

For a sample of galaxies
more [luminous than L,

* Mean occupation function of
galaxies:
step-like function

* Mean occupation function of
galaxies:
powerlaw-like function
scatter following Poisson disiribution
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2-point correlation function
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2-point correlation function

long-standing quantitative result in galaxy clustering --

power-law form of the two-point correlation function of galaxies



predictions of galaxy formation models

important and physically meaningful to
separate and
galaxies

For a sample of galaxies
more luminous than L,

* Mean occupation function of
galaxies:
step-like function

* Mean occupation function of
galaxies:
powerlaw-like function
scatier following Poisson distribution
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2-point correlation function

2-point correlation function

long-standing guantitative result in galaxy clustering —-

power-law form of the two-point correlation function of galaxies



| WOo-poini correlation function of galaxie
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Excess probabihity w.r.t. random distribution of finding galaxy pairs at a given separation
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Volume—limited Sample
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\CDM + HOD modeling
naturally explains shape of correlation
function observed in SDSS
converts galaxy pair counis to the
relation between galaxies and DM halos
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Divided by the

best-fit power law
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in The galaxy correlation function
Daddi et al. (2003). clustering of z—3 red ga!axres
(power-law extrapolation from smail to large scales

= remarkably strong clustering)

one-galaxy-per-halo = M>1030 M.y,
while density of such halos << cbserved galaxy density
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Daddi et al. (2003), clustering of z—3 red galaxies
(power-law extrapolation from smail o large scales
= remarkably strong clustering)

A4 517

one-galaxy-per-halo =» M>10h M.y,

while density of such halos << observed galaxy density
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strong departure from a power law
multipie galaxies per halo, strong
clustering on small scales
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Daddi et al. (2003), clustering of z—3 red galaxies
(power-law extrapolation from small to large scales
=» remarkably strong clustering)

one-galaxy-per-halo =» M=>102h "My,

while density of such halos << observed galaxy density
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Luminosity dependence of galaxy clustering
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Luminosity dependence of galaxy clustering

Constant ratio of M+ t0 Mmin
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Luminosity dependence of galaxy clustering
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Color dependence of galaxy clustering
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HOD modeling of SDSS galaxy clustering

4 Demonstration of the existence of a break in the galaxy correlation function
Naturally expected within HOD

4 Rich color/luminosity dependence in galaxy clustering
Relation between galaxy properties and halo mass

4 Ongoing analyses of DR7 data
Expect more detailed understanding of the
galaxy-halo connection
(color/luminosity, central/satellite)
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M+/Mmin ratio similar at z~1 and z—0
steep increase of L: with halo mass at low mass end




-Galaxy z~1 (~7.5Gyr ago)

-Galaxy Z~0 (Now)
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star formation
merger of satellite galaxies

merger of central galaxies
in place at z~1
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Contribution to Central Galaxy Stellar Mass

o
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z~0 halo massSieg[m/(h-M_)] [z~0]




star formation
merger of sateilite galaxies

merger of central galaxies
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in place at z~1
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Contribution te Central Galaxy Stellar Mass
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star formation
merger of satellite galaxies

merger of central galaxies

in place at z~1

Contribution to Central Galaxy Stellar Mass

0
12 12.5

z~0 halo massiog[M/(h-M,)] [z~0]
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For central galaxies in z~0 M~5x10"" hr''M__ halos,

~70% o

For central galaxies in

of their stars form after z~1

z~0 M~1012 h-'M___ halos,

~25% of their stars form after z—1

{13

]

global SFH. 40-50% stars formed afier z~1

stellar population modeling of z—0 SDSS galaxies,

60% of the stars in galaxies with stellar mass 2x10" Msur
25% of the stars in galaxies with stellar mass 2x10"" Msun
formed between z—0.8 and z—0

SFR (during the SF phase) « M«r®? [(1-5x10" Msun]
consistent with our integration resulis [ours has a 20°
lower normalization = SF is the dominant mode of

stellar mass growth for (1-5)x10"@ Msun galaxies]
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Ul iR il I"1'|"IE'

e Dk Sl | I!"l'

LT

T::,.. S -._...1| LAlN /(_
=

- 18 -19
“‘B'- 1.2z
stellar mass

T |

QY]

u

Y

#

#

M:-~-NM: scaling

similar halo mass scales in terms
of stellar mass

flattening at ~10"2h "Msun
Msizr == M22 at high mass end

decomposition of LF




™ -

DAacaen —- — 28 &
T - o |

i L) vy R - ez .

higher z
Halo Merging
No Galaxy Disruptio
lower z

passive HOD



— N -~ = e -, = — e L s
- i ] L ] | - - ! 1 If
Nl g gl ¥ S = - - - L s L - - |

higher z
Halo Merging Halo Merging
No Galaxy Disruptio Galaxy Disruption
lower z

passive HOD true HOD



Ln
|
(9
|
(W
)
)
)
X
(Y]
()
=z
£
.Y
(5
]
M
4}

z~0.
o NDWFS data
—— Best fit

Compare the “passive” HOD with the
“true” HOD

From z~0.9 to z~0.5,
~1/3 of the saiellite galaxies in massive
halos undergo merging or disruption.

These satellites may confribute to

Central galaxy growth [merging]
intra-cluster light (ICL) [disruption]
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Compare the “passive” HOD with the
“true” HOD

From z~0.9 to z—-0.5,
~1/3 of the satellite galaxies in massive
halos undergo merging or disruption.

These satellites may confribute to

Ceniral galaxy growth [merging]
Intra-cluster light (1CL) [disruption]



z=~{} 9
a NODWFS data
—— Best fit

Compare the “passive” HOD with the
“true” HOD

From z~0.9 to z~0.5,
~1/3 of the satellite galaxies in massive
halos undergo merging or disruption.

These satellites may contribute to

Central galaxy growth [merging]
intra-cluster light (ICL) [disruption]




a NDWF= data
Best fit

Compare the “passive” HOD with the
“true” HCD

From z~0.9 to z~0.5,
~1/3 of the satellite galaxies in massive
halos undergo merging or disruption.

These satellites may contribute o

Central galaxy growth [merging]
Intra-cluster light (ICL) [disruption]
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Compare the “passive” HOD with the
“true” HCOD

From z~0.9 to z~0.5,
~1/3 of the satellite galaxies in massive
halos undergo merging or disruption.

These sateliites may confribute to

Cenitral galaxy growth [merging]
Intra-cluster light (ICL) [disruption]
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Intra-cluster light (1CL) [disruption]
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Compare the “passive” HOD with the
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From z~0.9 to z~0.5,
~1/3 of the satellite galaxies in massive
halos undergo merging or disruption.

These satellites may contribute to

Central galaxy growth [merging]
Intra-cluster light (ICL) [disruption]
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empirically inferred HODs + high-resolution
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N-body simulation of galaxy cluster formation.
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N-body simulation of galaxy cluster formation.
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N-body simulation of galaxy cluster formation.
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Worry: degeneracy between galaxy bias and cosmology?
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» dark matter

HOD modeling
and cosmology

€2 - matter density parameter
o, : normalization of matter

fluctuation power spectrum




negative
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2

Clustering Statistics

HOD and Cosmology
are degenerate.

HOD modeling can greatly
amplify the cosmological
power of galaxy redshift surveys.

Sensitivity Matrix
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4+ Cosmological constraints from CMB+HOD modeling of wy [quasi-linear

and non-linear scales]
similar to those from CMB+Pg(k) [linear scales]

4+ HOD modeling of w, + M/L of large scale structures
(03/0.9Q/0.3)°5=0.75 £ 0.06

4 CLF madeling of rg(L)+M/L of clusters
Onm=0252004and 0:=0.78 £ 0.06

4+ HOD modeling explains shape of power spectrum of SDSS luminous red

galaxies (scale-dependent bias)
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4 Cosmological constraints from CMB+HOD modeling of w, [quasi-linear
and non-linear scales]
similar to those from CMB+P4(k) [linear scales]

4+ HOD modeling of w, + M/L of large scale structures
(0a/0.9Q/0.3)76=0.75 £ 0.06

WMAP1+SNia+LAF+P(k)

4 CLF modeling of rg(L)}+M/L of clusters
On=025+004andos=0.78 £+ 0.06

(08/0.9)(0m/0.3)°=0.96 £ 0.06
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4 HOD modeling explains shape of power spectrum of SDSS luminous red
galaxies (scale-dependent bias)
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4 Cosmological constraints from CMB+HOD modeling of w, [quasi-linear
and non-linear scales]
similar to those from CMB+Pg(k) [linear scales]

4+ HOD modeling of w, + M/L of large scale structures
(02/0.9Q/0.325=075+ 006

e MNMeinbe 3. LHCTIG, & L1713V ; __ o | CﬂnSiEtEﬂt wﬁ_h WMAPB

(Before the release
of WMAP3 results)

4 CLF modeling of ro(L )+M/L of clusters
m=0252004andos=0.78 £+ 0.06
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4 HOD modeling explains shape of power spectrum of SDSS luminous red
galaxies (scale-dependent bias)
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