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log 0M/M (r)

CDM Density Fluctuations
Qepu=1, h=0.5, COBE 4th year
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Reactionl: e+H >H+hv > H +H > H,+e (zs100)
Reaction2: p+H > H,*+hv = H,*+H —» H,+p (zz2100)

Matsuda, Sato, & Takeda (1969, Prog. Theor. Phys., 42, 219)
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IGM (residual ion. y ~10°): y,,~107°
No shock ion. (T<10%K):  ypyo~ 104—107
Shock ion. (T >10%K): A2 10°—102



First Object Mass

Yoshida et al.
(2003, ApJ, 592, 645)

60million particles

100M ;, per gas particle

IVlhalo ~ 106 M@



3D SPH Simulation in CDM Cosmoloqy

Bromm, Coppi & Larson 1999 Bromm, Ferrara, Coppi & Larson 2001

The fragment mass is of order ~103M, The fragmentation of the Z~103Z gas |leads
so that Mx100M, stars are likely to form. to relatively numerous |ow-mass clumps.




3D AMR Simulations in CDM Cosmology

T.Abd,G.L.Bryan, & M. L. Norman
(2002, Science, 295, 5552, 93-98; astr 0-ph/0112088)

Runaway cor e collapse contraction = disk formation = no indication for further fragmentation
= =100M first stars

=100

gas density: 8 kpc 600 pe 6 pc 0.086 pc




Protostellar Collapse

Omukai & Nishi 1998, ApJ, 508, 141; Omukai 2000, ApJ, 534, 809

6br—mr--—r—rT-r-r—r—r-r T

M, ~103M,  103Mjg
Miag=10°Mg  >0.1Mg

M~103Mg/lyr  105Mglyr

0 IL‘T‘.II R I.l':.ll..l | T e B B e B B B R
0 B

grain temperature log(n,|em-1])




1400 AU:

forming
protostar '-;:\-E":-E- E.IME --'“W'T' 252 TeE 281 235 309

550 AU

Core:102M g &

R [ . LT |

I'ennin 18082 1172 1247 1557 1448 Temvaalr. i51 IEE 281 134 Zd4

A Srmithss micin CofA



1

Nonlinear Growth of Density Fluctuation

Umemura 1993




Spherical collapse
B m. <0.1M,

free=fall
collapss

Carlberg (1981, MNRAS, 197, 1021)
Palla et al. (1983, ApJ, 271, 632)

Cylindrical collapse

coud core ahoch—compreassed layer

Analytical estimate

Uehara et al. (1996, ApJ, 473, L95)
Rees (1976, MNRAS, 176, 483)
fragmertat ion
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1D Simulation

fr agreertat ion

Nakamura & Umemura (1999, ApJ, 515, 239)

Nishi et al. (1998, PTP, 100, 881 ~
shi et al. ) My ~ 3Mg —16M,,



Nakamura & Umemura 2001, ApJ, 548, 19
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HE 010/7-5240

Christlieb et al 2002, Nature, 419, 904

M=0.8M,

Fe/H] ~-5.3
C/H] ~-1.3 “F co-owr 2
'N/H] = -3 |
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HE1327-2326

Frebd et al. 2005, Nature, 434, 871

M=0.7M

[C/H] ~ 10-13
[N/H] ~ 1009
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HE 010/7-5240, HE132/7-2326

Umeda & Nomoto 2003, Nature, 422, 871
Abundance pattern
20-130M , SN

Schnelder et al. 2003, Nature, 422, 869
Dust formation = L ow-mass star for mation
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UV ionization (e.g. Corbelli et al. 1998; Susa & Umemura 2000)
Shock 1onization (e.g. Shapiro & Kang 1987; Ferrara 1998)

4

High H, abundance

4

HD Molecule Formation
D"+H,>H"+HD Low density
D+H,—>H+HD High density

-3
Xy, =10




HD Cooling

HD islessabundant than H, (D=4x10~ by BBNS)

HD hasafinite dipole moment !!
A ~5.12 x 108, AE,,~ 128K
cf. Hyt Ay ~294 x 1011, AE,,~512 K
coolingrate: L=n A 4E

HD cooling isdominant at T<100~200 K



Nakamura & Umemura 2002, ApJ, 569, 549
. = 300K, x,, ; =1x 10°° T, = 200K, x,, ; = 3x10°°

IR
n (cm?)




Pop |11

100 1000M

HD
10M 4,
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Pop 111

Cen 2003; Ciardi, Ferrara & White 2003; Somerville & Livio 2003; Fukugita &
Kawasaki 2003; Wyithe & L oeb 2003; Sokasian et al. 2004; Ricotti & Ostriker 2004

7, <0.15
cf WMAP 1st year WMAP Threeyear
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Sokasian et al. 2004, MNRAS, 350, 47



Susa & Umemura 2006, ApJd, 645, L93
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Heger & Woosley
2002, ApJ, 567, 532

8M_ < m=<25M;:
type Il supernova

25M < m <140M;:
supernova (hypernova)
— black hole (core collapse)

140M < m <260M; :
pair instability supernova

m 2 260M
black hole (implosion)

i final mass (solar massas)

1000

T (logarithmic)

{baryonic)

(C) Alexandar Heger, 2001
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Pop Il

Zn Problem (abundance r atio)

Pop Il stars  [Zn/Fe] ~0.5 for Z=1033Z
DLA [Zn/Fe] 0.6 for Z~102Z,

Evolution & Explosion of zero metal stars
(Umeda & Nomoto 2002)

8M_,<m=<25M . type |l supernova = Zn production

25M < m <140M . black hole (implosion)

140M < m<260M, : pair instability supernova (no Zn production)
m 2260M . black hole (GR instability)

Fe abundance

pair instability supernova
[Zn/Fe]< -0.8, [C/Fe]<0
(Umeda & Nomoto 2002; Ohkubo et al. 2006)



Pop Il BH

Heger et al. 2003, ApJ, 591, 288

Typel Collapsar: BH formation by core collapse
Typell Collapsar: BH formation by fallback caused by SN shock
Typelll Collapsar: BH formation without proto-neutron star formation

JetSN: Hypernova
GRB: long GR burst aportion of Jet SNs
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GRB 050904 (z=6.295)

Kawal et al. 2006, Nature, 440, 184
7=6.295, Z=0.05Z
Totani, et a. 2006, PASJ, 58, 485-498

X, =0.00+0.17 (<0.6 at 95%CL)
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Observational Constraintsfor Pop |11 BHs

| ntegration of OSO LF
Q_,(QSO)~1.8x10° (Yu & Tremaine 2002, MNRAS, 335, 965)

0, (QSO) ~ (24— 4.8)x10°  (Marconi et al. 2004, MNRAS, 351, 169)

SM BH-bulge massrelation at z=0
-6
Q. . (bulge) ~ 2.1x 10

= Q_ (Poplll) = Q_ (bulge) - Q_, (QSO) < 3x10°”

BHsIn halos

Q_ (Pop i) < © ~ 0.001

MACHO
Missing baryons

Q.. (Poplll) < 0.01

Cluster baryonic pie
Ettori 2003



Thomson optical depth

f = [@- 2, @0, d

WMAP threeyear
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WMAP Threeyear Qg (Pop I11)

e Standard Accretion Disk & Slim Disk

3x10"<Q_f_ <86x10"| (10<z<20)

BH ' esc

f,,(Poplll) = Q_ (Poplll)/Q,

107 f = T, (Poplll) < 10°f

e RIAF
1.6x10%°<Q f_ <86x10°

BH €




fgy (Pop I11)

assump 1: massfraction of Pop |11 halos f (halo) ~ 10-1-102
assump 2: 1 Pop 11 star/halo f (Pop I11) #10°M 5/10°M =102

assump 3: BH fractionin Pop 111 stars f (BH) ~101

fan (Pop 111) ~ 104-10°5
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