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® Perturbations grow due to gravitational instability
and collapse to produce (virialized) dark matter halos

® Baryons cool, accumulate at center, and form stars —> galaxy
® Dark matter halos merge, causing hierarchical growth

® Halo mergers create satellite galaxies that orbit halo
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Cosmological Parameters

The Cosmic Microwave Background and Supernova la have given us
precise measurements of most cosmological parameters

Introduction

e Galaxy Formation in a

Nutshell
e Cosmological Parameters

Qn=0.27

Qr=0.73

Galaxy & Halo Bias

Q,=0.04

Conditional Luminosity Function

Ho= 72 km/SYMpc
ns =0.95

Cosmology with the CLF

Galaxy-Galaxy Lensing

Og = 0.77

Conclusions & Outlook

Extra Material

Rutgers University, March 28, 2008 The Galaxy-Dark Matter Connection - p. 3/43




Cosmological Parameters

The Cosmic Microwave Background and Supernova la have given us
precise measurements of most cosmological parameters
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=xtia Haterd Open Questions:
® \What is the nature of dark matter; i.e., CDM vs. WDM?
® \What is the nature of dark energy i.e., whatis w = P/p?
® \What are the properties of the inflaton; i.e., what is V(gp)?

® \Why do galaxies have the properties they have?

All these fundamental questions can be addressed probing
the matter perturbation field as a function of redshift.
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The Issue of Galaxy Bias

An important goal in cosmology is to probe the matter field.

introduction Define the density perturbation field: 0(&,z) = sl Bz

- p(z)

Galaxy & Halo Bias

Ml An important statistic used to describe the properties of th e density
® The Origin of Falo Bias field is the two-point correlation function

Conditional Luminosity Function

Cosmology with the CLF €(r) — <6(£)5(£+F)>

Galaxy-Galaxy Lensing

It is standard practice to probe  J () using galaxies as tracer

Conclusions & Outlook

population . However, galaxies are a biased tracer of mass distribution.

Extra Material

€ee(r) = bg €am(r) with by = (Jg/dam)
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The Issue of Galaxy Bias

An important goal in cosmology is to probe the matter field.

5(Z,z) = p(Z,z)—p(=)

Define the density perturbation field: 5(2)

An important statistic used to describe the properties of th e density
field is the two-point correlation function

£(r) = (0(2)0(2+7))

It is standard practice to probe  J () using galaxies as tracer
population . However, galaxies are a biased tracer of mass distribution.

€ee(r) = bg €am(r) with by = (Jg/dam)

Bias is an imprint of galaxy formation , which is poorly understood.

Consequently, little progress has been made constraining c osmology
with Large-Scale Structure , despite several large redshift surveys.

‘ How to constrain and quantify galaxy bias in a convenient way? I
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How to Handle Bias?

Halo Model: Describe CDM distribution in terms of halo building
blocks, assuming that every CDM patrticle resides in viriali zed halo
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® On small scales: §(&) = density distribution of halos
® On large scales: (&) = spatial distribution of halos

Halo Bias: Dark Matter haloes are biased tracer of mass distribution.
More massive haloes are more strongly biased.

Halo Occupation Statistics: A statistical description of how galaxies
are distributed over dark matter halos

| Galaxy Bias = Halo Bias + Halo Occupation Statistics I
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The Origin of Halo Bias
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Modulation causes statistical bias of peaks (haloes)
Modulation growth causes dynamical enhancement of bias
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The Conditional Luminosity Function

To specify Halo Occupation Statistics we introduce Conditional
Luminosity Function , ®(L|M ), which is the direct link between halo
mass function 7 (M) and the galaxy luminosity function ~ ®(L):

‘<I>(L) = [ ®(L|M)n(M)dM l

The CLF contains a lot of important information, such as:

® The average relation between light and mass:

(D)(M) =[5 @(EIM) LdL |

® The bias of galaxies as function of luminosity:

| CLF is ideal statistical tool to specify Galaxy-Dark Matter Connection I
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Luminosity & Correlation Functions

0SDSS (Zehavi et al. 2005)
. 10 02dFGRS (Norberg et al. 2002)
02dFGRS (Norberg et al. 2001)

f

- —
-—

i

|

Introduction

I

Galaxy & Halo Bias

Conditional Luminosity Function

e The Conditional Luminosity
Function
e Luminosity & Correlation

|
r, [h~-'Mpc]

Functions
e The CLF Model

e The Galaxy-Dark Matter
Connection

log[dn/dInL] (h3Mpc-3)

" 0SDSS (Blanton et al. 2003)
Cosmology with the CLF " oSDSS (Blanton et al. 2005) 7]
- 02dFGRS (Norberg et al. 2002) ol 2
Galaxy-Galaxy Lensing | I T U N S AN N ST T NN T S M NN A
-14 -16 -18 -20 -22 -24 -16 -18 -20 -22
oM, — Slogh 01M, - Slogh

Conclusions & Outlook

Extra Material

® DATA: More luminous galaxies are more strongly clustered.

e A CDM: More massive haloes are more strongly clustered.

‘ More luminous galaxies reside in more massive haloes I

REMINDER: Correlation length ¢ defined by &(r0) = 1
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The CLF Model

We split CLF in central and satellite components

Introduction @(LlM)dL — @cen(LlM)dL —I— (I)sat (LlM)dL I
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Conditional Luminosity Function ® For centrals we adopt a log-normal distribution

e The Conditional Luminosity

« Lomonty & Correlaton ® For satellites we adopt a modified Schechter function

. E;iiilt?;(z o ‘I)Cen(L|M)dL — V2w 1n1(10) Oc s |:_ ( log\(/géfC) ) 2i| %
Cosmology with the CLF (I)Sat(LlM)dL _ f—i (LLS) s exp[—(L/LS)z] dL

Galaxy-Galaxy Lensing

Conclusions & Outlook

Note that L., Lg, o¢, s and oy all depend on M

Extra Material

Free parameters are constrained by fitting ~ ®(L) and ro(L).

Construct Monte-Carlo Markov Chain to sample the posterior
distribution of free parameters

Use MCMC to put confidence levels on derived quantities such as the
average relation between light and mass: (L) (M)
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Cosmological Constraints
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Galaxy-Galaxy Lensing

The mass associated with galaxies lenses background galaxi es
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Extra Wateria Lensing causes correlated ellipticities, the tangential shear , ~v¢, which
is related to the excess surface density , A3, according to

7 (R)Zerit = AX(R) = (< R) — Z(R)

3 (R) is line-of-sight projection of  galaxy-matter cross correlation

\ S(R) =5 ;75 [1 + €g,am(r)] dx |
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The Measurements

® Number of background sources per lens is limited.

® Measuring -+ with sufficient S/IN requires stacking of many lenses

® AX(R|Lq, L2) has been measured using the SDSS by
Mandelbaum et al. (2005) for different bins in lens luminosi ty
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How to interpret the signal?

Stacking

Oeal

Because of stacking the lensing signal is difficult to interpret

AS(RIL) = [1 — foat(L)]AZcon(RIL) + frat(L) ASsat (RIL)
AXcon(R|L) = [ Peon(M|L) A con(R|M)dM

Aot (R|L) = [ Pat(M|L) ASear(R|M)dM

Peen (M |L) and Psai (M |L) can be computed from
Peen(L|M) and Pgat (L|M) and so can fsat (L)

Using ®(L|M) constrained from clustering data ,
we can predict the lensing signal AX(R|L1, L2)

The Galaxy-Dark Matter Connection - p. 14/43




Comparison with CLF Predictions
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Comparison with CLF Predictions
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Cosmological Constraints

[-18.-17)
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‘ WMAP3 cosmology clearly preferred over WMAP1 cosmology I
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Conclusions

The CLF allows a powerful and consice treatment of  galaxy bias .

The CLF quantifies universal relation between light and mass, which
puts tight constraints on  galaxy formation

The CLF allows for a concise interpretation of  galaxy-galaxy lensing

The combination of galaxy clustering and galaxy-galaxy lensing
yields tight constraints on cosmological parameters

This is the first time that galaxy distribution on non-linear scales is
used to constrain cosmology

All data in excellent agreement with WMAP3 cosmology, but
inconsistent with  WMAP1 cosmology
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Outlook

Constrain cosmological parameters using clustering & lensing
Cacciato, vdB et al. (in prep)

Introduction

Test Galaxy-Dark Matter Connection using  Satellite Kinematics
Galaxy & Halo Bias vdB et al. (2004), More, vdB et al. (2008)

Conditional Luminosity Function

Study Galaxy-Dark Matter Connection using  Galaxy Groups

Cosmology with the CLF Yang et al. (2005,2007)

Galaxy-Galaxy Lensing

e Probe environment dependence of galaxy formation
Weinmann et al. (2006a,b), vdB et al. (2007,2008), Mcintosh et al. (2008)

Conclusions & Outlook

e Conclusions

-
— e Study galaxy alignments and halo shapes
=xtiojidalorl Yang et al. (2006), Faltenbacher et al. (2007,2008), Wang et al. (2008)
e Use spatial distribution of groups to reconstruct matter fie d:
cross correlate with  CMB and OVI absorbers Wang et al. (2008)

Use CLF to construct detailed Mock Galaxy Redshift Surveys
Yang et al. (2004), vdB et al. (2005)

Extent analysis to higher redshifts (DEEP2, PAN-STARRS, LSST)
® Probe coevolution of galaxies and their dark matter haloes

e Constrain equation-of-state of dark energy

Rutgers University, March 28, 2008 The Galaxy-Dark Matter Connection - p. 18/43




Galaxy Groups from Redshift Surveys
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Galaxy Groups from Redshift Surveys
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The CLF from SDSS Group Catalogue
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The Galaxy-Dark Matter Connection Il

® Constrain the CLF using luminosity function, ®(L), and
galaxy clustering data, 70(L), obtained from SDSS.
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The Galaxy-Dark Matter Connection Il

® Constrain the CLF using luminosity function, ®(L), and
galaxy clustering data, 70(L), obtained from SDSS.
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The Standard Paradigm

PARADIGM: All galaxies originally form as central disk galaxies.
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(Wolf et al. 2003; Bell et al. 2004, Borch et al. 2006)
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® The red fraction of SATs is higher than that of CENs of same Mgiar.
® Roughly 40% of SATs that are blue at accretion undergo transition.

e Above 10'°KR~? M majority of SATs were already red at accretion.

Satellite transformation processes only important at low Msiar

The Galaxy-Dark Matter Connection - p. 28/43




Introduction

Galaxy & Halo Bias

Conditional Luminosity Function

Cosmology with the CLF

Galaxy-Galaxy Lensing

Conclusions & Outlook

Extra Material

e Galaxy Groups from Redshift
Surveys

e The CLF from SDSS Group
Catalogue

e The Galaxy-Dark Matter

Connection Il
e Reconstructing the Density

Field
e The Bi-Modal Distribution of

Galaxies
e The Standard Paradigm

e Galaxy Transformations
e Outstanding Questions
e Centrals vs. Satellites:

matched in stellar mass
e Blue-to-Red Transition

Fractions
e Dependence on Halo Mass

e Satellite Ecology
e Conclusions
e Conclusions

e Conchicinneg

Rutgers University, March 28, 2008

Sats
Redder
()
)
c
(B}
<
()
]
=
A
L
S
3
Sats
Bluer
-IIIIIIIIIIIIIIIII-

12 13 14 15
Halo Mass of Sat

® Color difference is independent of halo mass of satellite
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| Strangulation is main satelite-specific transformation me chanism I
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Motivation and Techniques

| Why study the Galaxy-Dark Matter Connection? I

® To constrain the physics of

Galaxy Formation

® To constrain Galaxy Bias and Cosmological Parameters

® To interpret Galaxy-Galaxy Lensing and Satellite Kinematics

| How to Constrain the Galaxy-Dark Matter Connection? I

® Luminosity Dependent Clustering

® Galaxy Group Catalogues
® Galaxy-Galaxy Lensing
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® Unlike 2dFGRS, the SDSS reveals clear shoulders at (N)n, = 1

® Most likely this is an ‘artefact’ of the functional form of th e CLF
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HOD results for 2dFGRS

Comparison of 2dFGRS HOD from CLF and from Group Catalogue:
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Introduction Iog L

Galaxy & Halo Bias

Conditional Luminosity Function /

Cosmology with the CLF

Galaxy-Galaxy Lensing

A
\\

Conclusions & Outlook

Extra Material

e Galaxy Groups from Redshift
Surveys

e The CLF from SDSS Group
Catalogue

e The Galaxy-Dark Matter
Connection I

e Reconstructing the Density
Field

e The Bi-Modal Distribution of
Galaxies

e The Standard Paradigm

e Galaxy Transformations
e Outstanding Questions

e Centrals vs. Satellites: Iog M L

matched in stellar mass
e Blue-to-Red Transition

« Dependence on Halo Mass ® The scatter in P(Lcen|M) is roughly independent of M
e Satellite Ecology
piCanciisions ® The scatterin P(M|L..,) iNncreases strongly with L.,

e Conclusions

e Conclilcinng

Rutgers University, March 28, 2008 The Galaxy-Dark Matter Connection - p. 39/43




Introduction

Galaxy & Halo Bias

Conditional Luminosity Function

Cosmology with the CLF

Galaxy-Galaxy Lensing

Conclusions & Outlook

Extra Material

e Galaxy Groups from Redshift
Surveys

e The CLF from SDSS Group
Catalogue

e The Galaxy-Dark Matter

Connection Il
e Reconstructing the Density

Field
e The Bi-Modal Distribution of

Galaxies
e The Standard Paradigm

e Galaxy Transformations
e Outstanding Questions
e Centrals vs. Satellites:

matched in stellar mass
e Blue-to-Red Transition

Fractions
e Dependence on Halo Mass

e Satellite Ecology
e Conclusions
e Conclusions

e Conchicinneg

Rutgers University, March 28, 2008

Mo & White (1996)
Sheth & Tormen (1999)
Seljak & Warren (2004)
Tinker et al. (2005)

Define halo bias as‘ b(m) = (dp(m)/6) I

3 E
?z:’ . _ Then the halo-halo correlation function for
1 haloes of mass 717 can be written as
1 v
- — 12
N T ‘Shh("“)=<5h15hz>—b(m)f("“)l

10 12 14
log[M] (h~'M,)

More massive dark matter haloes are more strongly clustered

Clustering strength of galaxies is a measure of the mass of th e haloes

in which they reside

‘ Halo Occupation Statistics completely specifies Halo Bias I

Halo Occupation Statistics also constrain

Galaxy Formation
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The CLF Model

For 2dFGRS we assume that CLF has Schechter form:

$(L|M)AL = 2L (&) exp[—(L/L*)]dL

Introduction

Galaxy & Halo Bias

Here &*, L* and « all depend on M.

Conditional Luminosity Function

Cosmology with the CLF (e.g., Yang et al. 2003; vdB et al. 2003, 2005)

Galaxy-Galaxy Lensing

For SDSS we split CLF in central and satellite components:

Conclusions & Outlook

Extra Material
e Galaxy Groups from Redshift (I)(L|M)dL = @C(LlM)dL —I— @S(L|M)dL
Surveys
e The CLF from SDSS Group — 1 _ (log(L/L¢) 2 dL
Catalogue ®o(L|M)AL = Var In(10) og P [ ( V3o ) ] .
e The Galaxy-Dark Matter P L ag 2
eSS . (L|M)dL = 2= (—) exp[—(L/L4)%] dL
e Reconstructing the Density &
Field
e The Bi-Modal Distribution of
Galaxies Here L., L., o., ¢s and o, all depend on M

e The Standard Paradigm
e Galaxy Transformations
siOlitstanding QUiestions (e.g., Cooray & Milosavljevic 2005; Cooray 2005, 2006; vdB et al. 2007)
e Centrals vs. Satellites:

matched in stellar mass
e Blue-to-Red Transition

Fractions Use Monte-Carlo Markov Chain to constrain free parameters by fitting
e Dependence on Halo Mass
e Satellite Ecology tO P (L) and To (L) .

e Conclusions
e Conclusions

e Conchicinneg
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Extra Material Mbl—5logh Mb1—510gh
e Galaxy Groups from Redshift
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e The CLF from SDSS Group pe®
Catalogue
e The Galaxy-Dark Matter -2
Connection Il 1.5
e Reconstructing the Density
Field -3
e The Bi-Modal Distribution of
Galaxies

e The Standard Paradigm
e Galaxy Transformations
e Outstanding Questions
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e Centrals vs. Satellites: 0.5
matched in stellar mass ©Blanton et al (2003)
e Blue-to-Red Transition -6 oBlanton et al (2005) - o Zehavi et al (2005)
Fractions [T B R B B R A B R R A B 0-||||||||||||||||||||||||
* Dependence on Halo Mass -14 -16 -18 -20 -22 -18 -19 -20 -21 -22
e Satellite Ecology o'er - 510gh °-1M,—510gh
e Conclusions
e Conclusions . .
e 2dFGRS: vdB et al. 2006 (astro-ph/0610686) SDSS: vdB etal. 2 007 (in preparation)
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Constructing Galaxy Group Catalogues

Galaxy-Dark Matter connection can be studied more directly by
measuring the occupation statistics of galaxy groups.

Introduction

Potential Problems: interlopers, (in)completeness, mass estimates

Galaxy & Halo Bias

Condiional Luminesy Function— \\/e have developed a new, iterative group finder which uses an

Cosmolagy With the CLEF adaptive filter modeled after halo virial properties
Galaxy-Galaxy Lensing Yang, Mo, vdB, Jing 2005, MNRAS, 356, 1293
Conclusions & Outlook
Etre Material ® Calibrated & Optimized with Mock Galaxy Redshift Surveys
e Galaxy Groups from Redshift
Sy ® Low interloper fraction ( < 20%).
e The CLF from SDSS Group
Catalogue .
e The Galaxy-Dark Matter ® High completeness of members ( 2 90%).
° ggggr?(s:ttlzr;tilgg the Density . . ‘.
Field ® Masses estimated from group luminosities/stellar masses.
e The Bi-Modal Distribution of . . . .
Galaxies More accurate than using velocity dispersion of members.

e The Standard Paradigm
e Galaxy Transformations

- ® Can also detect “groups” with single member
" atthes sl e > Large dynamic range ( 11.5 < log[M/ Mg] < 15).

matched in stellar mass

e Blue-to-Red Transition
Fractions

e Dependence on Halo Mass

R Group finder has been applied to both the  2dFGRS (completed survey)
e Conclusions and tO the SDSS (NYU'VAGC DR2 + DR4, B|ant0n et al 2005)

e Conchicinneg
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