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SPH simulation: movie
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SPH simulation in A CDM : dark matter hot gas  galaxy
(Yoshikawa, Taruya, Jing & Suto 2001)
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Confronting elements of
the CDM paradigm

Global cosmological parameters
s Fairly well established — confirmed by WMAP

Large-scale structure
m Galaxy biasing with respect to CDM distribution

Galaxy cluster abundance
s Amplitude off CDM density fluctuations

Density profile of dark hales
s Cusp or core Iin the central region

Substructures
= Formation efficiency of visible objects out of CDM halos
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WMAP 1st year

o
= [he most revolutionary result out of |
WMAP is that there is no revolutionary: - “-& %
results. (J. Bahcall) s X ;
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WMAP

LSS & CDM CMB measurements and 2dEGRS, HST, SNlaand Lyman-alph@a foresfi meastiréements.

Old Universe - NewNumbers

Qlﬂl= 1 .02 tU.UZ

W< -0.78 (95% CL)
Q)= 0:73 +0.04

Qh= 0.044 +0.004

Q h*=0.135 73388
Q,,=0.27+0.04

C

z,= 20 *1° (95% CL)

Hy= 4104+09cm™

Q,77’=.0.0224.:0.0009

n,=(2.5+0.1) x 10™em?

Q,7<0.0076 (95% CL)
m, < 0.23 eV (95% CL)
Tomp=2.725 £0.002 K

1.=180" *22" Myr.(95%CL)
¥ (ko= 0. 002 Mpc) <0.71 (95% CL)
A(ky=0.05 Mpc"] 0.833*

n,=10.99-£0.04 (wmaP only)
n(ky= 0,05 Mpc™)=0.93 +0.03 wih dn /d In k= -0.031:5918

n=1(6.1 ) x 1"
Q,Q.=0.17+0.01
O¢= 0.84 +0.04
Og€2,,= 044 130
Zgec= 1089 *1
AZ o= 195 +2
h=0.71 333
7.= 147 2 Mpc
dq=14.0 "33 Gpc
0 4= 07598 +0°002
[,=301+1
lo=43.24 OEGyr
= 3795 kyr
Al 4oc=118 *3 Kyr
Zeq= 3233 1315
"C 0.17 £0.04

du.

These *best" gasmological parameéter values are from a combination efi"wide
variety of cosmological measuremenes, ipcluding the Wh&E, COBE4CBI|pang ACBAR

http://lambda.gsfc.nasa.gov
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Confronting elements of
the CDM paradigm

Global cosmological parameters
s Fairly well established — confirmed by WMAP

Large-scale structure

m Galaxy biasing with respect to CDM
distribution

Galaxy cluster abundance

s Amplitude of CDM density fluctuations

Density profile ofi dark hales

s Cusp or core in the central region

Substructures
s Formation efficiency of visible objects out of CDM halos
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KNarth

11263 galaxies

South

1#£34 galaxies

CTA galaxy redshiit survey: Las Campanas redshift survey:
Geller, da Costa & Huchra (1992) Schectman et al. (1996)
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Morphology-dependent SDSS galaxy bias
b=./&(galaxie/ E(ACDM)

galaxy bias Is fairly
scale-independent,
If A CDM (+ og,
G,) assumed.
_ ; Baugh(1998)

[ ;313383283 1t clear mnorpnoloyy

SRR PTTY D dependence;
‘early”-types are
positively biased
relative to mass,
while “late”-types

Og: assumed fluctuation amplitude are anti-biased.
Gp: pair-wise velocity dispersion [km/s]

b.(r)

1
D
0
1.5
1
5 |-
D.

Lssecom  Kayo, Suto, Fukugita, Nakamura, et al. , in preparation. 15
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Confronting elements of
the CDM paradigm

Global cosmological parameters
= Fairly well' established — confirmed by WMAP

Large-scale structure
m Galaxy biasing with respect to CDM distribution

Galaxy cluster abundance

s Amplitude of CDM density fluctuations
Density profile ofi dark hales
= Cusp or core In the central region

Substructures
s Formation efficiency of visible objects out ofi CDM halos
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O 4 from the Xray-cluster abundance
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— Jenkins
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best-fit mass-temperature relation + X-ray cluster
abundance in €2,=0.3, A,=0.7, h=0.7 CDM

c5=0.82 (Press-Schechter mass function)

c5=0.75 (Jenkins et al. mass function)
LSS 5 B (Shimizu, Kitayama, Sasaki + YS 2003) g



Confronting elements of
the CDM paradigm

Global cosmological parameters

n Fairly well established — confirmed by WMAP
Large-scale structure

m Galaxy biasing with respect to CDM distribution

Galaxy cluster abundance
s Amplitude of CDM density fluctuations

Density profile of dark halos

= Cusp or core In the central region
Substructures
s Formation efficiency of visible objects out off CDM halos
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Why density profiles of dark halos ?

Theoretical interest: what is the
final state of the cosmoloqgical self-
qgravitating system ?

s forget cosmological initial conditions?

= keep Initial memory somehow?

Practical importance: resting
cosmoloqy anad/or nature of dark
matter

= galactic rotation curve, gravitational lensing
m X-ray/SZ observations of clusters
= modeling the dark matter clustering

LSS & CDM 21




Brief history (before NFW)

Peebles; N-body simulation (N=300).
Gott; secondary infall model p r 24,

Hoffman & Shaham; predicted that density profile
around density peaks is p r —3(#3)/(n+4),

Quinn, Salmon & Zurek; N-body simulations (N 10%)
confirmed p r —3(0*3)/n+4),

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

Hernguist; proposed an analytic model with a central
cusp for elliptical galaxies p r =(r+r,) —.

Navarro, Frenk & White; universal density profile for
dark matter haloes.

LSS & CDM 22



NEW unlversal density profile
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4 shape of halo Navarro, Frenk

density profiles & White (1997)
IS Insensitive to

cosmological (r) = O P

initial P = T @+ )
conditions!

(M) = i (M) concentration
Cuir r.(M) par ameter

50( M ) — A/ir‘QO C3
JIn(l+c)—c/(1+c)]

1 0

’_. G 1 r’
log(radius)
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low mass/force resolutions
shallower potential than real
artificial disruption/evermerging
(especially serious for small systems)

e = 1kpc e = 7.5kpc
central 500kpc
* region ofi a
- - simulated halo
Moore (2001)
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~5x10%M ¢,

~5x108M ¢,

~3x10M g,

LSS & CDM

Ji n1g'&"'5u

to (2

000)




+4) 13'
26

5

eff
NS
~ 1.

3 (g +3)/(ng,+5

£
=
(o]
.+

eff

o

5(n.

)
o™
N
(7))
| -
~
r
i
N’
)
~~
(7))
r
~
r
N’

p(r)

CDM

LSS & CDM

"7 /(4)0



Rotation curves of DM dominated galaxies

“"ﬁ Predictions from CDM simulations

o *;thbserved profile

Mooreet al. (1999)

dwarf spirals to giant low surface brightness galaxies
Indicate the central cores rather thamn cusps !

iInconsistent with: CDM' simulations (?)

(Moore et al. 1999; de Blok et al. 2000; Salucci & Burkert 2000)
LSS & CDM 27
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Constraining halo central density
profiles with gravitational lensing

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

Arc statistics of clusters of galaxies
(Bartelmann et al. 1998; Molikawa & Hattori 2001
Oguri, Taruya + YS 2001, Oguri, Lee + YS 2003)
Time-delay statistics of QSO multiple
IMmages
(Oguri, Taruya, YS + Turner 2002)

generally favor a steep cusp (o (%5))
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Time-delay in QSO multiple images
to probe the halo denS|ty proflle

B Time-delay ;
among QSO s Freow
multiple images is i e nTE \
very sensitive to :
the inner slope,
but insensitive to
cosmological
parameters
(except Hy !)

B Steeper inner
profile

larger time-delay

= £ s KTVt o
F ©g -
o a0 o5 i i




Tentative applications to 4 lens systems

1[1'Lh—|—|—r1—|Tn1—|—r—|—rnTrr—r—|—'—|—rrrr|—l—1—r11-rrr|—

- BD218+357

: ] -x""x‘x Observed value §=0.33", 2,=0.96 TIme'dEIayS Of
F H‘”‘Qf time-delay — SIS

=kl existing lens

u systems are
S| consistent with
predicted time-
BN e 8l  delay probability
TR when the density

profile has a

Innerslopeof B i e SIS

- (density profile 05 19 15 \ Steep CUSp I -1.5

t QU957 +561 5
6=6.17", z,=1.41 e ) Oguri, Taruya, YS + Turner

10-2 10 ,ﬁt“[];r] 1 (2001)
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Self-interacting dark matter ?

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

Required scattering cross section for self-
Interacting dark matter

4
(mn)gle = O-:Zcmzlg£10 Pcrit)(lMpC
m m pcenter,cl E
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Collisional Dark Matter| #

O - 0

c/m 1lcm /g R oS g

i r. = 40k~ kpe

b 1 : .88 : (.66
19!
; =

Yoshida et al. | . S1Wb

o = Liem?e!

e = 10N e Jk.[:ll?

S1Fluid (2000) _ O 1:091: (.72

= =l

* STW-0o

S1We
a® = 100 eme-!
r. = 160k~ "kpe

Q‘ 1 : 098 : 0.BY
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Are Dark Halos Spherical?

| CollisionlessCDM: |
Jing & Suto (2000) 4

(.
i
8
L
o

Y oshida
et al.
(2000)

¥

-‘ Collisonal CDM:
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An Improved model for dark matter halo:
triaxial universal density profile

| sodensity of a cluster-scale halo

5cpcrit
(R/R)*(1+ R/R)*>™
2 2 2
R*(p) = z( + Z + 2Z
a“(p) b (p) c(p)

Jing & Suto, ApJ, 574 (2002) 538

pP(R) =

Non-spherical effects
have several Iimportant
Implications for SZ, X-
ray, and lensing
observations.
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Lensed Arcs Iin Galaxy Clusters

Cluster of galaxies
distort the images of
packground galaxies
Dy gravitational
ensing

+

(lensed) arcs

~30 giant arcs are

observed so far . -'
Hammer et al. (1997)
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Comparison 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

o LPhaded: obs 21 of dark halos from

: 2l simulations (inner
slope of aa=1.5 and

non-sphericity)
o : reproduces the
NN Observed frequency of
n spherieal “3- o=t arcs.
" : (Oguri, Lee + YS 2003)
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