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Outline of the talkOutline of the talk

A brief overview of the A brief overview of the ““evolution evolution 
of simulationsof simulations”” of largeof large--scale scale 
structurestructure
Results from recent analyses of the Results from recent analyses of the 
SDSS (Sloan Digital Sky Survey) SDSS (Sloan Digital Sky Survey) 
galaxy distributiongalaxy distribution
Searching for cosmic missing baryon Searching for cosmic missing baryon 
via oxygen emission linesvia oxygen emission lines
Density profiles of dark matter halosDensity profiles of dark matter halos
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WellWell--known exponential evolution of known exponential evolution of ““NN””

Aarseth, Gott, Turner

???
3 order-of-magnitudes 
per decade 
for the last ¼ century

of cosmological N-body simulations

Yoshida 
(2003)
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Evolution of LSS simulations
1970s:1970s: aiming at understanding aiming at understanding 
nonlinear gravitational clustering in the nonlinear gravitational clustering in the 
expanding universeexpanding universe

Simulation particles = galaxies (why not ?)Simulation particles = galaxies (why not ?)
Statistical description of LSS using twoStatistical description of LSS using two--
point correlationpoint correlation
More physicsMore physics--oriented than astronomy oriented than astronomy 

1980s:  predicting galaxy distribution from dark 
matter simulations
1990s:  accurate/precision modeling of distribution 
of luminous objects 
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The first views of largeThe first views of large--scale scale 
structure of the universe structure of the universe traced by 8traced by 8

Miyoshi & Kihara
PASJ 27 (1975) 333

N=400
White-noise initial 
condition
Comoving coordinates in 
the Einstein – de Sitter 
universe
Periodic boundary 
condition
Plotted on line printer 
papers (probably using 
“8” to represent particles 
to maximize the area)

Gif animation from ADS scansGif animation from ADS scans

a
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Motivations of Miyoshi & Motivations of Miyoshi & KiharaKihara (1975)(1975)
: many years ahead in time: many years ahead in time

Does the correlation function of Does the correlation function of ““galaxiesgalaxies””
naturally approach a powernaturally approach a power--law form as law form as 
discovered by discovered by TotsujiTotsuji & & KiharaKihara (1969) ?(1969) ?
What are the powerWhat are the power--law index and the law index and the 
characteristic length predicted by simulations ?characteristic length predicted by simulations ?
Evolution of the correlation function ?Evolution of the correlation function ?
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The first movie of cosmological The first movie of cosmological 
NN--body simulationsbody simulations

N=1000 
(400Kbyte memory)

White-noise initial 
condition

Expanding sphere 
in the Einstein – de 
Sitter universe

a=1 to 30

a (scale factor)

Courtesy of Ed Turner (Princeton):Courtesy of Ed Turner (Princeton):
digitized from his old 16mm movie film (2digitized from his old 16mm movie film (2minmin3030secsec))

on the basis of on the basis of AarsethAarseth, , GottGott, & Turner  (1979), & Turner  (1979)
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Evolution of LSS simulations
1970s: aiming at understanding nonlinear gravitational 
clustering in the expanding universe

1980s:  predicting galaxy distribution 1980s:  predicting galaxy distribution 
from dark matter simulationsfrom dark matter simulations

Toward more realistic predictionsToward more realistic predictions
Simulation particles Simulation particles ≠≠ galaxiesgalaxies
i.e., galaxy biasing (why not ?) i.e., galaxy biasing (why not ?) 
SystematicsSystematics like like redshiftredshift--space distortionspace distortion
Calibrating analytic formulae for nonlinear power Calibrating analytic formulae for nonlinear power 
spectrum and halo mass functionspectrum and halo mass function

1990s:  accurate/precision modeling of distribution of 
luminous objects 
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Biased galaxy formation

Dark matter

“Galaxies”

ξ(r)
Best match Best match 

found found 
at a=1.4 (!)at a=1.4 (!)

CDM (Ω=1) ““GalaxiesGalaxies”” (2.5(2.5σσ peaks)peaks)

Davis, Davis, EfstathiouEfstathiou, , FrenkFrenk & White (1985)& White (1985)

Many seminal results were derived from their Many seminal results were derived from their 
simulations evolved from a=1 up to simulations evolved from a=1 up to a=1.4a=1.4 !!
Illustrates thatIllustrates that the most important is not the the most important is not the 
quality of simulations but those who interpret. quality of simulations but those who interpret. 
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A latest simulation movie
SPH simulation in ΛCDM : 

dark matter ⇒ X-ray emitting hot gas  ⇒ galaxy
(Yoshikawa, Taruya,  Jing & Suto 2001)
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Outline of the talkOutline of the talk

A brief overview of the A brief overview of the ““evolution of evolution of 
simulationssimulations”” of largeof large--scale structurescale structure
Results from recent analyses of Results from recent analyses of 
the SDSS (Sloan Digital Sky the SDSS (Sloan Digital Sky 
Survey) galaxy distributionSurvey) galaxy distribution
Searching for cosmic missing baryon Searching for cosmic missing baryon 
via oxygen emission linesvia oxygen emission lines
Density profiles of dark matter halosDensity profiles of dark matter halos
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Clustering of luminous objects on the lightClustering of luminous objects on the light--conecone

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

z=0.05
(150h-1Mpc)

z=0.2
(600h-

1Mpc)

z=3
(~1h-

1Gpc)

1996
(shallow universe)

2001
(universe on the light-cone)

20012001
(universe on the light(universe on the light--cone)

19961996
(shallow universe)(shallow universe)1986

(local universe)
19861986

(local universe)(local universe)
cone)

Evolution Evolution 
along the along the 
lightlight--cone is cone is 
directly directly 
accessible accessible 
now !

Las Campanas redshift
survey: 

Schectman et al. (1996) 2dF QSO survey: 
http://www.2dfquasar.orgnow !
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The latest slice of the universe: The latest slice of the universe: 
Tour of SDSS Data Release 1Tour of SDSS Data Release 1

http://www.sdss.org/dr1/

from  Japanese TV program “Science ZERO” (NHK)
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Tour in SDSS DR1 galaxies Tour in SDSS DR1 galaxies 

from  Japanese TV program “Science ZERO” (NHK)
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Topology of SDSS galaxy distributionTopology of SDSS galaxy distribution
Topology of SDSS Topology of SDSS 
galaxy distribution galaxy distribution 
(measured with (measured with 
MinkowskiMinkowski
FunctionalsFunctionals) is ) is 
consistent with consistent with 
those originated those originated 
from the primordial from the primordial 
randomrandom--Gaussian Gaussian 
field in field in ΛΛCDM CDM 
((HikageHikage, , SchmalzingSchmalzing, , 
BuchertBuchert, , SutoSuto et al.et al.
20032003 PASJ).PASJ).

Volume 
fraction

Surface area

Euler characteristic 
(genus)

Integrated 
mean curvature
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SDSS DR1 galaxies:      SDSS DR1 galaxies:      
morphology dependent clustering morphology dependent clustering 

LateLate--types types 
in bluein blue
EarlyEarly--types types 
in redin red
DensityDensity--
morphology morphology 
relation is relation is 
barely visiblebarely visible

from  Japanese TV program “Science ZERO” (NHK)
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MorphologyMorphology--dependent SDSS galaxy biasdependent SDSS galaxy bias

early-type
average
late-type

)CDM(
)(

Λ
≡

ξ
ξ galaxiesb

Galaxy bias is fairly scaleGalaxy bias is fairly scale--independentindependent
Clear morphology dependence: Clear morphology dependence: b=1.2b=1.2～～1.5 for 1.5 for 
““earlyearly””--typestypes and and b=0.7b=0.7～～0.9 for 0.9 for ““latelate””--typestypes with with 
respect to respect to ΛΛCDM with CDM with σσ88=0.9 (computed semi=0.9 (computed semi--analytically analytically 
using the lightusing the light--cone average described before)cone average described before)

Kayo, Suto, Fukugita, Nakamura, et al.  (2003)
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Previous predictions from SPH Previous predictions from SPH 
simulations with simulations with ““galaxygalaxy”” formationformation

Simulated Simulated ““galaxiesgalaxies””
formed earlier are formed earlier are 
more strongly biasedmore strongly biased
Recently formed Recently formed 
galaxies preferentially galaxies preferentially 
avoid highavoid high--density density 
regionsregions
Quite consistent with Quite consistent with 
the morphologythe morphology--
dependent galaxy dependent galaxy 
bias derived from the bias derived from the 
recent SDSS DR1 !recent SDSS DR1 !

Yoshikawa, Taruya, Jing & Suto (2001)

“Galaxies” formed 
before z=1.7
(early-types ?)

“Galaxies” formed
after z=1.7

(late-types ?)

Dark 
matter

ξ(r)

b(r) early-types

late-types
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Outline of the talkOutline of the talk

A brief overview of the A brief overview of the ““evolution of evolution of 
simulationssimulations”” of largeof large--scale structurescale structure
Results from recent analyses of the Results from recent analyses of the 
SDSS (Sloan Digital Sky Survey) SDSS (Sloan Digital Sky Survey) 
galaxy distributiongalaxy distribution
Searching for cosmic missing Searching for cosmic missing 
baryon via oxygen emission linesbaryon via oxygen emission lines
Density profiles of dark matter halosDensity profiles of dark matter halos
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Where are the baryons ?  Where are the baryons ?  
cosmic baryon budgetcosmic baryon budget

)7.0(04.00068.0 0041.0
0030.02

==Ω=Ω+Ω+Ω+Ω +
−− hvs BBNrayXhotHHIstar

Fukugita, Hogan & Peebles： ApJ 503 (1998) 518

The observed baryons in the present universe amount The observed baryons in the present universe amount 
merely to merely to （（1010～～5050）％）％ of the of the nucleosynthesisnucleosynthesis predictionprediction
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Four phases of cosmic baryonsFour phases of cosmic baryons
Dave et al. ApJ 552(2001) 473

Condensed:Condensed: δδ>1000, T<10>1000, T<1055KK
Stars + cold intergalactic gasStars + cold intergalactic gas

Diffuse:Diffuse: δδ<1000, T<10<1000, T<1055KK
PhotoPhoto--ionized intergalactic mediumionized intergalactic medium
LyLyαα absorption line systemsabsorption line systems

Hot:Hot: T>10T>1077KK
XX--ray emitting hot intraray emitting hot intra--cluster gascluster gas

WarmWarm--hot:hot: 101055K<T<10K<T<1077KK
WarmWarm--hot intergalactic medium (hot intergalactic medium (WHIMWHIM))
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LargeLarge--scale structure traced by missing baryonsscale structure traced by missing baryons
Galaxy (cold clump) Dark matter(75h-1Mpc)3 box

ΛCDM SPH @ z=0

N=1283 :DM
N=1283 :gas 

(Yoshikawa et al. 2001)
c.f., “Cosmic baryon budget”

(Fukugita, Hogan & Peebles 1998)

Hot gas (T>107K) Warm gas (105K<T<107K)All gas particles

Warm/Hot Intergalactic Medium (WHIM)
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WHIM as cosmic missing baryonsWHIM as cosmic missing baryons
～～40% of the total cosmic baryons may exist as 40% of the total cosmic baryons may exist as 
WarmWarm--Hot Intergalactic Medium (WHIM) with Hot Intergalactic Medium (WHIM) with 
101055K<T<10K<T<1077K K 
WHIM is supposed to distribute diffusely along WHIM is supposed to distribute diffusely along 
filamentary structures connecting nearby clusters/ filamentary structures connecting nearby clusters/ 
groups of galaxiesgroups of galaxies
Direct detection of WHIM is difficultDirect detection of WHIM is difficult

OVI absorption line systems in UV (1032OVI absorption line systems in UV (1032ÅÅ, 1038, 1038ÅÅ
doublets)doublets)
OVII (574.0 eV) and OVIII (653.6 eV) absorption line OVII (574.0 eV) and OVIII (653.6 eV) absorption line 
systems in Xsystems in X--ray spectra of background ray spectra of background QSOsQSOs
Bumpy features in Soft XBumpy features in Soft X--ray background spectrumray background spectrum
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Emission lines of Oxygen in WHIM

OVII (561eV, 568eV, 574eV, 665eV) ,   OVIII (653eV)

Why oxygen emission lines ?Why oxygen emission lines ?
Most abundant other than H and Most abundant other than H and 
HeHe
Good tracers of gas around Good tracers of gas around 
T=10T=1066～～10107 7 KK
No other prominent lines in 
E=500-660eV
Not restricted to regions towards 
background QSOs

⇒ systematic WHIM surveysystematic WHIM survey
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Oxygen lines

18.6Å665eV1s2  – 1s3pOOVIIVII

16.0Å775eV1s – 3p (Lyβ)OOVIIIVIII

13.7Å905eV1s2 – 1s2s (3S1)NeNeIXIX

13.6Å914eV1s2  – 1s2p (3P1)NeNeIXIX

13.5Å921eV1s2  – 1s2p (1P1)NeNeIXIX

19.0Å653eV1s – 2p (Lyα)OOVIIIVIII

21.6Å574eV1s2  – 1s2p (1P1)OOVIIVII

21.8Å568eV1s2  – 1s2p (3P1)OOVIIVII

22.1Å561eV1s2  – 1s2s (3S1)OOVIIVII
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Requirements for detection
Good energy resolution to identify the emission Good energy resolution to identify the emission 
lines from WHIM at different lines from WHIM at different redshiftsredshifts

∆∆E<5eV  E<5eV  ⇒⇒ XX--ray calorimeter using superconductingray calorimeter using superconducting
TES (Transition Edge Sensor)TES (Transition Edge Sensor)

Large fieldLarge field--ofof--view and effective area for surveyview and effective area for survey
SSeffeff = 100cm= 100cm22,, ΩΩ=1deg=1deg22 ⇒⇒ 44--stage reflection telescopestage reflection telescope

Angular resolution is not so important (but useful in Angular resolution is not so important (but useful in 
removing point source contaminations)removing point source contaminations)









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
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Comparison with other missions

flimit [erg/s/cm2/sr]SeffΩ [cm2 deg2] ∆E [eV]

12 80Chandra ACIS-S3 10-9

XMM-Newton EPIC-pn 100 80 3x10-10

Astro-E II XRS 0.23 2x10-86

Astro-E II XIS 36 80 6x10-10

2XEUS-I 2.5x10-1016.7

our proposed 
detector

100100 22 6x106x10--1111
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Light-cone output from simulation

z=0 z=0.3

Cosmological SPH simulation in Cosmological SPH simulation in ΩΩmm=0.3, =0.3, ΩΩΛΛ=0.7, =0.7, 
σσ88=1.0, and h=0.7 CDM with N=128=1.0, and h=0.7 CDM with N=12833 each for DM each for DM 
and gas and gas (Yoshikawa, (Yoshikawa, TaruyaTaruya, , JingJing, & , & SutoSuto 2001)2001)

LightLight--cone output from z=0.3 to z=0 by stacking cone output from z=0.3 to z=0 by stacking 
11 simulation cubes of (75h11 simulation cubes of (75h--11Mpc)Mpc)33 at different zat different z
55°×°×55°°FOV mock data in 64x64 grids on the skyFOV mock data in 64x64 grids on the sky
128 bins along the 128 bins along the redshiftredshift direction (direction (∆∆zz=0.3/128)=0.3/128)
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Surface brightness

0.03 < z < 0.04 0.09 < z < 0.11

Bolometric X-ray emission

0.03 < z < 0.04 0.09 < z < 0.11

0.0< z < 0.3

0.0< z < 0.3

OVII and OVIII line emission
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Creating  Mock spectra from 
light-cone output

For a given exposure time,For a given exposure time,
convolve the emissivity according convolve the emissivity according 
to gas density and temperature in  to gas density and temperature in  
(5(5°°/64)/64)22 pixels over the lightconepixels over the lightcone
Add the Galactic line emission Add the Galactic line emission 
(McCammon et al. 2002)(McCammon et al. 2002)
Add the cosmic XAdd the cosmic X--ray background ray background 
contribution (powercontribution (power--law+Poisson law+Poisson 
noise)noise)

Then statistically subtract the Then statistically subtract the 
Galactic emission and the CXB Galactic emission and the CXB 
and obtain the residual spectra and obtain the residual spectra 
for for ∆∆E=2eV resolution.E=2eV resolution.

T=107K

T=106.5K

T=106K
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Simulated spectra: region A
12x12 pixels (0.88 deg2)

Texposure=3x105sec

A
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Simulated spectra: region D

D

4x4 pixels (0.098 deg2)
Texposure=106sec
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Feasibility of dedicated X-ray mission to search 
for missing baryons via Oxygen emission lines

Univ of Tokyo:
K. YoshikawaK. Yoshikawa

Y.SutoY.Suto
ISAS:

N. Yamasaki
K. Mitsuda

Tokyo Metropolitan Univ.:

T. Ohashi
Nagoya Univ.:

Y. Tawara
A. Furuzawa

astro-ph/0303281
PASJ(2003) October issue, in press
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Outline of the talkOutline of the talk

A brief overview of the A brief overview of the ““evolution of evolution of 
simulationssimulations”” of largeof large--scale structurescale structure
Results from recent analyses of the Results from recent analyses of the 
SDSS (Sloan Digital Sky Survey) SDSS (Sloan Digital Sky Survey) 
galaxy distributiongalaxy distribution
Searching for cosmic missing baryon Searching for cosmic missing baryon 
via oxygen emission linesvia oxygen emission lines
Density profiles of dark matter Density profiles of dark matter 
haloshalos
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Why density profiles of dark halos ?Why density profiles of dark halos ?

Theoretical interest:Theoretical interest: what is the what is the 
final state of the cosmological selffinal state of the cosmological self--
gravitating system ?gravitating system ?

forget cosmological initial conditions?forget cosmological initial conditions?
keep initial memory somehow?keep initial memory somehow?

Practical importance:Practical importance: testing testing 
cosmology and/or nature of dark cosmology and/or nature of dark 
mattermatter

galactic rotation curve, gravitational lensinggalactic rotation curve, gravitational lensing
XX--ray/SZ observations of clustersray/SZ observations of clusters
modeling the dark matter clusteringmodeling the dark matter clustering
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NFW universal density profileNFW universal density profile
lo
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Amazingly Amazingly 
shape of halo shape of halo 
density profiles density profiles 
is insensitive to is insensitive to 
cosmological cosmological 
initial initial 
conditions!conditions!
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Rotation curves of DM dominated galaxies

Moore et al. (1999)Moore et al. (1999)Observed profileObserved profile

Predictions from CDM simulations

dwarf spirals to giant low surface brightness galaxies dwarf spirals to giant low surface brightness galaxies 
indicate the central cores rather than cusps !indicate the central cores rather than cusps !
⇒⇒ inconsistent with CDM simulations (?)inconsistent with CDM simulations (?)

(Moore et al. 1999; de (Moore et al. 1999; de BlokBlok et al. 2000; et al. 2000; SalucciSalucci & & BurkertBurkert 2000)2000)
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Constraining halo central density Constraining halo central density 
profiles with gravitational profiles with gravitational lensinglensing

Statistics of QSO multiple imagesStatistics of QSO multiple images
((WyitheWyithe, Turner & , Turner & SpergelSpergel 2001; Keeton & 2001; Keeton & MadauMadau 2001; 2001; 

Li & Li & OstrikerOstriker 2001; Takahashi & Chiba 2001)2001; Takahashi & Chiba 2001)

Arc statistics of clusters of galaxiesArc statistics of clusters of galaxies
((BartelmannBartelmann et al. 1998; et al. 1998; MolikawaMolikawa & Hattori 2001; & Hattori 2001; 
OguriOguri, , TaruyaTaruya + YS 2001, + YS 2001, OguriOguri, Lee + YS 2003), Lee + YS 2003)

TimeTime--delay statistics of QSO multiple delay statistics of QSO multiple 
imagesimages
((OguriOguri, , TaruyaTaruya, YS + Turner 2002), YS + Turner 2002)

⇒⇒ generally favor a steep cusp (generally favor a steep cusp (αα～～－－1.5)1.5)
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SelfSelf--interacting dark matter ?interacting dark matter ?
Collisionless dark matterCollisionless dark matter

reproduces nicely the observed largereproduces nicely the observed large--scale scale 
structure of the universe (rstructure of the universe (r≫≫1Mpc)1Mpc)
problems on smaller scales (r<1Mpc)problems on smaller scales (r<1Mpc)

LSB rotation curves,  soft core in CL0024+1624, LSB rotation curves,  soft core in CL0024+1624, 
prediction of a factor of ten more subhalos than prediction of a factor of ten more subhalos than 
observed in the Local Group observed in the Local Group 

Required scattering cross section for selfRequired scattering cross section for self--
interacting dark matterinteracting dark matter
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Are Dark Halos Spherical ?Are Dark Halos Spherical ?

Yoshida
et al.

(2000)

Collisionless CDM: NO

Collisional DM: YES
Jing & Suto (2000)
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An improved model for dark matter halo: An improved model for dark matter halo: 
triaxialtriaxial universal density profileuniversal density profile

Non-spherical effects 
have several important 
implications for X-ray, 
Sunyaev-Zel’dovich, and 
lensing observations

Jing & Suto, ApJ, 574 (2002) 538
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LensedLensed Arcs in Galaxy ClustersArcs in Galaxy Clusters

Cluster of galaxies
distort the images of 
background galaxies
by gravitational 
lensing

tangential arc

radial arc

(lensed) arcs
~30 giant arcs are 
observed so far

Hammer et al. (1997)
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Comparison with observed statisticsComparison with observed statistics
Previous model predictions are known to be 
significantly smaller than the observed  
number of  lensed arcs  (Luppino et al. 1999)

More realistic modeling 
of dark halos from 
simulations (inner 
slope of α=1.5 and 

non-sphericity) 
reproduces the 

observed frequency of 
arcs. 

(Oguri, Lee + YS 2003)
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Density profile of Density profile of collisionlesscollisionless
CDM halos: still confusingCDM halos: still confusing

HighHigh--resolution simulationsresolution simulations
universal central cusp ∝ ｒ -1～-1.5

Navarro, Frenk & White (1996)
Fukushige & Makino (1997, 2001)
Moore et al. (1998)
Jing & Suto (2000)

?? ??
TheoryTheory

Central cusp or 
softened core ? 
Dependent  on 

initial condition ?

ObservationsObservations
Core from dwarf 

galaxies
Cusp from lensing

??
Moore et al. (1999), de Blok et al. (2000)
Salucci & Burkert (2000)
Oguri (2003), Oguri, Lee & Suto (2003)Syer & White (1998), Weinberg & Katz (2002)
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Unsolved issues for LSS simulationsUnsolved issues for LSS simulations

Clustering:Clustering:
Higher-order clustering statistics beyond 2pt correlation
evolution of bias: “galaxies” at higher redshifts

Halo density profile:Halo density profile:
Consistent picture for the density profile from theory, 
observations and simulations ?
Non-spherical modeling and substructure

From dark halos to luminous objects:From dark halos to luminous objects:
Criteria of formation of luminous objects
Non-gravitational effects inside dark halos: cooling and 
heating, star/galaxy formation, preheating, supernova 
feedback, etc.  
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