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Why dark matter halos ?

B Self-gravitating virialized objects

B Sites for galaxies and clusters
® radiative cooling of baryonic gas

® energy and angular momentum transfer
® star formation and supernova heating

B More directly related to cosmological initial
conditions than other small-scale objects

B Easier to predict/model theoretically since
gravity dominates




Topicsin thistalk include ...

B Clustering:

® dark matter clustering on the light-cone
(Yamamoto + YS 1998)

® Comparison with simulations on the light-cone
(Hamana, Colombi + YS 2000)

® Morphology-dependent galaxy bias from SDSS data
(Kayo, Nakamura, Fukugita + YS for SDSS collaboration)

® halo clustering on the light-cone
(Hamana, Yoshida, YS + Evrard 2001)
B Density profile:
® High-resolution N-body simulation (Jing+YS 2000)

® Implications from the gravitational arc statistics
(Oguri, Taruya + YS 2001)

® Possible constraints from time-delay statistics
(Ogquri, Taruya, YS + Turner 2001)

B Halo density profile to dark matter clustering:
(Hamana, Yoshida + YS 2001)




Clustering on the light-cone

North

11263 galaxies

CfA redshift survey:
de Lapparent et al.(1986) || sox

12434 galaxies
30

B Evolution
along, the:
light-cone:
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2dF QSO survey: Shankset al. (2001)
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Cosmological light-cone effects

® linear and nonlinear gravitational evolution

B redshift-space distortion due to peculiar velocity
® linear distortion (the Kaiser effect)
® nonlinear distortion (finger-of-god effect)

H evolution of objects on the light-cone

® number density and luminosity evolution

® object-dependent spatial bias relative to mass
B observational selection function

® magnitude-limit and luminosity function

® shape of the survey boundary

Viiatisuleara;, Sute & Szapudi (199 Matarrese et al. (1997)
Yamamoeie & Suie(1998); Suie; Magira, Jing, Miaistkara & Yamameio(1999)
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Predicting the clustering on the light-cone

B redshift- space distortion
sinkr

Sz == K2okPE (K, 2) (K, B, 0 )~ — "

g?rawtatlonal J linear and nonlinear
nonlinear evolution redshift-space distortion

B average over the light-cone

Zmax

EFC(r) = dZ_ comoving

dz[¢(z)n<z)] Ve qum volume

selection functlon J L mean number density

Yamamete & Sute(1998)); IHamana, €eleminl & Suie)(2001) /
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Correlation functions of dark matter on the light-cone
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Slices from SDSS spectroscopic galaxy samples

B 9971 galaxies (r'<l7) in
SDSS EDR (Early Data
Release)

® Classification of “early”
and “late”-types using the
concentration index (Do,

Fukugita & Okamura
1993) by Nakamura,
Fukugita et al. (2001)

Clustering eff galaxies onl thelight-cone!
(@ltheugh thelight-cone elifect Isnet Impertant)




Sample-variance of £(9)

M or phology dependent correlation || N-body M ock samples and
functions of SDSS galaxies the model predictions

|||| I I ||||||| I ] |||||'E B 1 I Frrret I I |||||||
Al early type 3 '

SDSS 4 ol N Redshift-space -

early-type — * 'ate type = 5. distortion
: B HHHF‘inEE %

.. B, la.tle.t.}rpe - ! : eal sSpace

. average .
Sy redshift space |

— Hamana et al.{2000) L &z
g, = 1.0 .
op = BOO km/s

Ll |.|.||. ||.J|
109 10!
separation [h-'Mpc]

Kayoe; Nakamurra, Eukugita, Y'Setal. i preparation



M or phology-dependent galaxy bias from SDSS data

b(s) = /£(s galaxieg/ &(s ACDM)
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= A CDM (+ cg, 6,

assumed.

Big sample-variance
at s < 1h-'Mpc, but
clear morphology
dependence on
clustering amplitude.

“‘early”-types are
positively biased
relative to mass, while
“late”-types are anti-
biased.

For s> 1h-'Mpc, galaxy
bias is fairly scale-
Independent.




L ight-cone
output from the
Hubble volume

N
simulation

ALEP: /M. PhYSICS.ISaumiich.edu
/Aubble-voelumellightcones.htm

Distribution of dark halos on the light-cone
Lightcone output 81.45 deg?

M>2.2x108h 1M _
(N=21090)

comoving distance (h"'Mpc)

Hamana, Y oshida, Suto & Evrard (2001)
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Phenomenological model
for scale- and mass-dependent halo biasing

B mass-dependence (Jing1998;Sheth & Tormen 1999)
+ scale-dependence (Taruya & Suto 2000) in halo
biasing (cf., Yoshikawa et al. 2001; poster #63)

b..(M,R,2)=b;(M,2)[1+ b (M, 2o, . (R,2)]°P
ghalo(lvI R, 2)= bﬁdo(M R, 2) gmass(Ri 4

B average over the light-cone

dv,
dz

|, dz [ dM&a0(M R, 2)NE (M, 2)

dv,
dz

C (> M,r) =

halo

jzfa*dzj;’dlvl nZ (M, 2)

IHamana et alt (Z001)



Calibrating the halo biasing model
with the Hubble volume ssmulation at z=0

T | T LI | |
- Hubble volume simulation, ACDM
umulative 1 massive halos
halo bias | Myaio>4: 1310140~ 1Mg

M,,,>6.8x1013h-1M,

less massive halos

| Symbols: Data
Empirical model
Empirical (no cutoff)
Sheth & Tormen (1999)

10 a0

iHamana et al. (Z2001)

B Our halo bias model works
quite well at R>20h-*Mpc.

® The suppression of
biasing in simulation at
R<5h-IMpc is due to the

halo exclusion effect.

For massive halos, our
model underestimates the
measured biasing by <10%
at 5h-tMpc<R<20h-*Mpc,
which would be less than
other possible systematic
errors.




Correlation functions of halos on thelight-cone

Hubble volume simulation - Light—cone output
ACDM Survey area: 81.5 deg?

. £9x10 0.0<z<1.0

TNEI £6x10 0.5<2<2.0

1 I‘mm

T AT |||||

=710l

T T
ol

Prediction
oreal real
« redshift oo, PedShift

10 10
R [h-"Mpc]

| Data

r-r-
-

e MR

P

(e

=
)

IHamana et al. (2001)




Topicsin thistalk include ...

B Clustering:

® dark matter clustering on the light-cone
(Yamamoto + YS 1998)

® Comparison with simulations on the light-cone
(Hamana, Colombi + YS 2000)

® Morphology-dependent galaxy bias from SDSS data
(Kayo, Nakamura, Fukugita + YS for SDSS collaboration)

® halo clustering on the light-cone
(Hamana, Yoshida, YS + Evrard 2001)
B Density profile:
® High-resolution N-body simulation (Jing+YS 2000)

® Implications from the gravitational arc statistics
(Oguri, Taruya + YS 2001)

® Possible constraints from time-delay statistics
(Ogquri, Taruya, YS + Turner 2001)

B Halo density profile to dark matter clustering:
(Hamana, Yoshida + YS 2001)




Why density profiles of dark halos ?

B Theoretical interest: what is the final
state of the cosmological self-
gravitating system ?
® forget cosmological initial conditions?

® keep Initial memory somehow?

B Practical importance: testable
predictions for galaxies and clusters

can distinguish the underlying cosmological
model through comparison with observations
(.e., galactic rotation curve, gravitational
lensing, X-ray/SZ observation)
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Halo profilesin higher-resolution

N-body ssmulations

galaxies
: v S A
SX10 M aun M inner slope in higher-
resolution simulations
mmmmwr| |S steeper (~ —1.5) than
groups ¢ %  the NFW value (-1.0)
B 48 next two talks by
s Y. .P.Jing
- ——clle
clusters e o
~3x10%4M . h T FU kushlge
Jing & Suto

(2000)



Rotation curves of DM dominated galaxies

=3

B dwarf spirals to giant low surface
brightness galaxies indicate the central
cores rather than cusps !

iInconsistent with CDM simulations
(Moore et al. 1999; de Blok et al. 2000; Salucci & Burkert 2000)




Gravitational lensing of CL 0024+1654

SIS Image




Reconstructed mass profile of CL 0024+1654
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Problemswith cold dark matter ?

B Observations favor the presence of
core rather than cusp.

® Rotation curves of low-surface brightness
galaxies

® Cluster mass profile from gravitational lensing

® still controversial, but ...

B Cold dark matter is really collisionless ?

Self-interacting dark matter
(Spergel & Steinhardt 1999)

BBar-driven core formation ?
(Weinberg & Katz 2001)




Constraining halo central density
profileswith gravitational lensing

BNumber statistics of QSO multiple
Images
(Wyithe, Turner & Spergel 2001; Keeton & Madau 2001;
Li & Ostriker 2001; Takahashi & Chiba 2001)

BArc statistics
(Bartelmann et al. 1998; Molikawa & Hattori 2001,
Oguri, Taruya + YS 2001)

B Time-delay statistics of QSO multiple
Images
(Oguri, Taruya, YS + E.L.Turner 2001)




Tangential and radial arcs

VIS2127-2353 B
(z=0.313)

Radial arc

Tangential
arc

iHammer et al. (1997
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Model for halo density profile

@ Halo density profile

= p{:ritét:
M= Gl (/)

B Concentration parameter

rvirl M, 2
Cvir(Maz) — r (E]Hr E))

9 _ o M, —0.13
1 + 4 (1[}14.&'11‘”@)

l':"'.rir(i.""’i“': z) = Cnorm

B Log-normal distribution for scatter in ¢,

A(log c,;,)=0.18 (Bullock et al. 2001; Jing 2000)
B Free parameters: ¢, ,,.and «




Expected number of arcs

NUmBEr el arcsper Uniiiselidangle

LL. max

ZT., min dzL mem{*—LJ dﬁ ,

halo mass function
(lens objects)

Cross section of arc
formation in a given halo

| - Hy
image Q\ luminosity

/ | function
./ lensing (sour ces)

@guidl, Traruya &, Sute (2004

source
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Constraints from the existing ar c samples

B tentative application to 13 galaxy clusters
with Sy>10-12erg/s/cm? and 0.1<z,<0.4
= Niot tan=19, Niot rag=2 (Luppino et al. 1999)

Observed high-
frequency of radial arcs
favors the steep central

cusp in massive halos
as indeed suggested by

CDM simulations
(Molikawa & Hattori 2001)

—tangential

— Nyao=13
N =19
N

Lo, rad— <
— — aobs
Bl — 1o
[ — 2¢
]

Concentration parameter

1

Oguri exal. (2000) Inner slope of density profile




Time-delay in QSO multipleimagesto
probethe halo density profile

sensitive to the inner
slope, but insensitive to
cosmological parameters
(except Hy 1)
B Steeper inner profile
larger time-delay

A .
1

i u
Lol bt LTV
qu i 3

observer



Tentative applicationsto 4 lens systems

1 LR |

t?ﬁ,%?&é?gy —ss, || m Observed time-
051l delay Is consistent
=07 nasii|  with predicted
time-delay
—]|  probability when
199 515  the density profile
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r -1.5

—
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Inner slope of :

| density profile 0.5 ;I.O 15
50255;52_141 _.h. . Ogur et al. 2001
e ™~ e e+ SEee poster #3538
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Dar k halo approach to clustering
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Conclusions

B Halo clustering: a phenomenologically
successful model on the light-cone

®gravitational nonlinear evolution
®redshift-space distortion
® mass-, time-, and scale-dependent bias

®selection function
®cvolution in the survey volume itself

B Halo density profiles: still controversial
® | SB/dwarf galaxies, CL0024-1654: a flat core
® N-body simulations, gravitational lensing : a cusp
® Needs further work from different aspects




Brief history before NFW

B 1970: Peebles; N-body simulation (N=300).
B 1977: Gott; secondary infall model p  r 4,

B 1985: Hoffman & Shaham; predict that density
profile around density peaksis p  r —3(+3)(n+4)

B 1986: Quinn, Salmon & Zurek; N-body simulations
(N 10000), confirmed p  r —3(+3)((n+4),

B 1988: Frenk, White, Davis & Efstathiou;N-body
simulations (N=32%), showed that CDM model can
reproduce the flat rotation curve out to 100kpc.

B 1990: Hernquist; proposed an analytic model with
a central cusp for elliptical galaxies p  r =1(r+ry) —3.




Profilesin higher-resolution smulations

B inner slope in
higher-resolution
simulations is
steeper (~ -1.5) than
the NFW value (-1.0)

IIII|T|'1 III“‘ I
IIIIlllI IIIlli L1

B e 0ol r, |
_ 1o H’“ Mooreet al. (1998)

_resolution
SRR
rikpe
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M ass function of dark halos

Sheth & Tormen (1999) . '

Jenkins et al. (2001)

Hubble volume simulation
Rl g Press & Schchter (1974)
C | | | 1 | | | I

0

1 2

M The Press-Schechter
mass function
underpredicts, while
an empirical
correction by Sheth &
Tormen (1999)
overpredicts, the
Hubble volume
simulation data at
high mass (Jenkins
et al. 2001).

Hamana, Yosnida, Suto& Evrarnd (2001) 343,



From dark halosto galaxy clusters ?

B Definitely they are closely related, but the exact
one-to-one correspondence is unlikely....

Abell (optical) clusters Press-Schechter halos

the Abell radius .
spherical collapse
f PSS A ;=18 2

iy
1

Halos in N-body simulations | 3> X-erayé: Iztﬁjezrs
e "€

friend-of-friend
linking length = 0.2

i
ric

Vir
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