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Why density profiles of dark halos ?

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

® keep Initial memory somehow?
B Practical importance: testing
cosmology and/or nature of dark matter

® galactic rotation curve, gravitational lensing,
X-ray/SZ observations of clusters




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 peaks is p  r —3(+3)((n+4)

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

B 1996: Navarro, Frenk & White; universal density
profile for dark matter halos.




NFW universal density profile
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| mportance of high-resolution smulations

M low mass/force resolutions
shallower potential than real
artificial disruption/overmerging
(especially serious for small systems)

e = 1kpc g = 7.5kpc M oor e (2001)
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Profilesin higher-resolution smulations

. Mooreetal. (19%)
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B inner slope in higher-resolution
simulations Is steeper (~ —1.5)
than the NFW value (-1.0)
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Origin of the universal density profiles ?

B 1977: Davis & Peebles; stable clustering

solution of 2pt correlation function
£ r —3(n+3)/(n+3)

B 1977: Gott; secondary infall model

D r -9/4
B 1985: Hoffman & Shaham; mass profile
around density peaks p r —3(+3)(n+4)

B 1997: Syer & White; dynamical friction of
satellites halos p r—3(n+3)(n+5)




Gallery of high-resolution smulated halos




Weak mass-dependence of halo profiles ?

M Inner slope of the profile (a =-1.2 -1.5)
IS weakly dependent on the halo mass ?
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Summary of ssmulation and theory

B Simulations

® Density profiles of dark halos are fairly universal
(at least approximately), and are insensitive to
the cosmological initial conditions

® Cusp rather than core in the central region

5cpcrit o~ 15

(r/ir)*@+r/r)>*

B Theoretical models
® Either core or cusp Is acceptable.

® Inner slope Is generally expected to depend on
the primordial spectrum of fluctuations.

needs observational confrontation : ,,,

p(r)=




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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Crisisof 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)

B Other hydrodynamical/radiative processes ?
® Supernova feedback

® Bar-driven core formation (Weinberg & Katz 2001)
o ..




Self-interacting dark matter ?

B Collisionless dark matter

® reproduces nicely the observed large-scale
structure of the universe (r 1Mpc)

®problems on smaller scales (r<1Mpc)
LSB rotation curves, soft core in CL0024+1624,

prediction of a factor of ten more subhalos than
observed in the Local Group

B Required scattering cross section
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Collissonal Dark M atter

Mo oo (fluid imit), steeper cusp !

Bo/m 1cm /g no cusp,
rather forms a central core, but
the resulting halos are too
spherical...

Yoshida et al.
(2000)




Constraining halo central density
profileswith gravitational lensing

B Statistics of QSO multiple images
(Wyithe, Turner & Spergel 2001; Keeton & Madau 2001,
Li & Ostriker 2001; Takahashi & Chiba 2001)

BArc statistics of clusters of galaxies

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

B Time-delay statistics of QSO multiple
Images
(Oguri, Taruya, YS + Turner 2002)

generally favor a steep cusp (a 1.5)
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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)

Oguiretal. (2001)
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From density profilesto clustering of
dark matter: dark matter halo approach

10¢ Eﬁ;l . L B Accurate modeling of nonlinear

- ————

Peacock 5 clustering of dark matter

-Dodds .~ 1-halo+2-halo 1 ® interpolation of linear theory and
- 15 stable solution using N-body

data (e.g., Hamilton et al. 1991;
Peacock & Dodds 1996)

“ohalo @ =15 1-halo dark matter halo approach:
: o pairs of particles (in a single
ACDM a=1 halo + in two different halo)
3 i i weighted over the halo mass
i P%agggz 1-halo+2-halo function (e.g., McClelland & Silk

_ 1977; Seljak 2000; Ma & Fry
...lInear theory 2000)
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Clustering of luminous objects on the light-cone

1996

> MNaorth
1

11263 galaxies

CfA redshift survey: : 7=0.2
de Lapparent et al.(1986) || sox (600h-1M pc)

12434 galaxies
30

B Evolution
along, the: '
light-cone:

Is; essential
evem In the:
cufient:

2dF QSO survey: Shankset al. (2001)
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Predicting the clustering of
dark matter on thelight-cone

B redshift- space distortion

§(ng)=- “k2dkPR(k,2) f (K, B, 015 04)
£

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

B average over the light-cone
A , dV,

sinkr

EC(r)= dZ_ comoving

« volume

element

selection functlon J L mean number density
Yamamoioe & SUie(1998); Hianana, €elembil & Sute (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)
b...(M,R,2)= by (M, 2)[1+bs (M, 2o (R, 2)] **°

ghalo(lvI ) R’ Z) = br?alo(l\/I ’ R1 Z) gmass(R1 Z)
B average over the light-cone
Z ax 00
me dz [ dM&,,,(M,R,2)n& (M, 2)
o\VA
dz

av.

LC(>|\/|,I’)= dZ

halo

j:”dzj;dlvl nZ (M, 2)

Hamana, Yesaida, Suto & Evirard; Apd 561(2000)L143



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

~ .. Mmassive halos

M,,,>6.8x1013h-1M

less massive halos

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

50

iHamana et al. (Z2001)

Cumulatlve halo bias in A CDM

B Our halo bias
model works

quite well at
R>20h-1Mpc.

B The suppression
of biasing in
simulation at
R<5h-1Mpc is
due to the halo
exclusion effect.




Correlation functions of halos on the light-cone

Hubble volume simulation - Light—cone output
108 ACDM Survey area: B81.5 deg?
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Summary of the current results

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

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




An incompletelist of unresolved issues

B Halo density profile:
® physical explanation of the central cusp

® characterizing the degree of non-sphericity
B From dark halos to visible objects:
® halo mass -- cluster gas temperature relation
® non-gravitational effects inside dark halos (cooling,

star/galaxy formation, preheating, supernova feedback,
etc.)

B Clustering:

® predicting the clustering of X-ray/SZ clusters, QSOs,
and massive halaxies at high-z on the light-cone.

® developing the higher-order clustering statistics using
the dark halo approach




A cluster-size halo (8x10%“M
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Relation between dark halos and clusters
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definitions of
clusters (especially
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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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An example; substructure of RXJ1347-1145
(z=0.45) detected via SZ map at 150 GHz

150GHz with NOBA
(Nobeyama Bolometer
Array) at Nobeyama
45m telescope
in March, April, 1999
and February 2000
O ryy=13"

B Globally similar
morphology to the

X-ray image

il M Substructure in the

traI seresubtracted South-East direction
(3.8mJy assumed)




Confirmed by Chandra and BIM A observations

RXJ1347-1145

BIMA@30GHz
63”x80” beam
' | (10.3mJy point

| source removed)

Carlstrom et al.
(2001)

000)

44 oS
® Keck spectroscopy: Cohen & Kneib (2002)

B Chandra: Allen, Schmidt & Fabian (2002)

B non-spherical modeling is crucial, perhaps
at high z in particular.

i - N L LA L a7 s
Right Ascensien (2000}

132477365 932° 28° 24°
Right Ascension (J2000) 31/



Triaxial model for dark halos

R _ 5cpcrit
| sodensit P(R) = “ >
(RIR)"(1+RIR)

‘ i oy 4 R*(p) = PRI P
a“(p) b*(p) c(p)
Jing & Suto (2002) ApJ, August issue

B Non-spherical description is
becoming crucial in properly
Interpreting recent high-
angular resolution data of the
weak/strong lensing, X-ray/SZ
cluster observations




X-ray gas profilesof clusters

B isothermal gas profile in
NFW potential is close to
the isothermal 3 model

M predicted core radius Is
smaller than those
observed
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Tangential and radial arcs

M S2187-2355
(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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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 .
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observer
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PKS1830-211 ]
8=0.97", z,=2.51 -

E1600+434 |
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Inner slopeof o
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. QO957+561
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Al pieel i
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Tentative applicationsto 4 lens systems

M Observed time-
delay Iis consistent
with predicted
time-delay
probability when
the density profile

has a steep cusp
r -1.5

Oguri et al. 2002




Evaluating the particle discreteness effect
using dark halo approach to clustering

T Beyond this redshift, dark
HUBBLE ACDM 3 - matter Clusterlng
] below the mean separation
of particles in N-body
method is seriously
affected by discreteness.

HUBBLE ACDM

1“1
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- .
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. Hamana, Yoshida & Suto ™
- ApJ 568 (2002) 455
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