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Pop Il Stars

Heger & Woosley 2002,
ApJd, 567, 532
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Super massive Star

General Relativistic Instability

Rapidly rotating supermassive star

In equilibrium

e rigid rotation

e mass-shedding limit

e Unstable at

R< 640GM /c?

Baumgarte & Shapiro 1999, ApJ, 526, 941
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Fro, 2 Mass ve central density plot for relativistic, rotating n =13
polytropes. The long-dashed curve is the Tolman-Oppenbeimer-Yolkoll
(TOY) solution for nonrotating, static configurations, and the short-
dashed curve marks the mass-shedding limit. thin solid lines denote
sequences of constant angular momentum, ranging from J = 15 (lowest
curve to J = 24 (highest curre) in increments of AJ = 1. Turning points of
these curves mark the onset of mstability. The thick solid line connects
thesa turning points (see also Fig. 3) and hence separates a region of stabla
confligurations [abpee this ling) from a region of unstuble conlgurations
(below this linel. In parbcular, all nomrotating o = 3 polytropes are
unstable to radial perfurbations. A configuration evolving along the mass-
shedding sequence with increasing central density becomes unstable at the
critical point A, All sequences of constant angular momentum connact the
mass-shedding limit with point B for p, — 0 jamd hanee B — 20 The mass
of this configuration should agree with the mass M = 4.5523 of a Newto-
nian n = 3 polytrope (2q. [26]; open clrcle). The deviation of the solid point
B from the analytical valus is a measure of our numenical accuracy.




Dynamical Collapse (Post Newtonian)

{H K}

Saijyo, Shibata, Baumgarte, & Shapiro f
(2001, ApJ, 548,919) "
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Dynamical Collapse (Full General Relativity)
Shibata & Shapiro 2002, ApJ, 572, L 39

Dnamical collapse = Apparent Horizon

Kerr parameter @ 0.75 (Kerr BH)
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Fic. 1.— Snapshols of densily conlour linez and velocily veclors in Lhe z-z plane al selecled lime slices. The conlour
lines are drawn for g/ pwwe = 107097 {3 = 0 ~ 15), where pmac denoles Lhe maximum density. The fourlh figure & Lhe
magnification of the Lhird one: The Lhick solid curve al r a2 0.3 M denoles the localion of Lhe apparent horizon.



Supermassive star (rigidly rotating) |\ t 106|\/|®

j, R < 640 GM/c?

General relativistic instability | (Baumgarte & Shapiro 1999, ApJ, 526, 941)

\ 4

Dynamical collapse ' Apparent horizon
(Post Newtonian) (Full GR)

(Saijyo, Baumgarte, Shapiro Kerr BH with spin parameter of 0.75
& Shibata 2002, ApJ, 569, 349) (Shibata & Shapiro 2002, ApJ, 572, L 39)



M echanisms due to N-Body Process

Dynamical Friction (Makino 2002)
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IMBH formation in a dense cluster
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Infall by dynamical friction
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Stripping of stellar envelop field star
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Binaries by slingshot (three-body reaction) :
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Merger by gravitational wave



(1) Dynamical Friction
effective at Mg, <M.

p.ocr? (M, ocr)

M, =10°Me | — Mo | R
0.1pc ){ 10°M¢ )\ 1kpc

(2) Gravitational wave

3 4 M -3
tew | —| — | =2x10®yr| — ( —= j
clry 0.1pc ) \10°M¢

(3) Loss-cone depletion by slingshot




L oss-cone Depletion in Binary

Begelman, Blandford, Rees, 1980, Nature, 287, 307
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L oss-cone Depletion in MBH Binary

Makino & Funato, 2004, ApJ, 602, 93

MBH binary  dlingshot hardening
Hubbletime
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MBH Triplet

|wasawa, Funato, & M akino, 2006, ApJ, 651, 1059

Eccentricity BH binary  single BH

High eccentricity BH binary
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BH

Mgy /Mo 0.001

Kormendy & Richstone 1995

Magorrian et al. 1998 Marconi & Hunt 2003, ApJ, 589, 21
Merritt & Ferrarese 2001 T T T T T T T
Marconi & Hunt 2003 |
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Laor 2001, ApJ, 553, 677
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Direct Capture of Stars

Adamset al. 2003, ApJ, 591, 125
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Tidal Disruption & Capture of Star by SMBH

Tidal disruption radius
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QSO Luminosity Function

Integration of QSO LF
Q_ (QS0O) ~ 1.8 x 10°°
Yu & Tremaine 2002, MNRAS, 335, 965
Q.. (QS0) ~ (2.4— 4.8) x10°
Marconi et al. 2004, MNRAS, 351, 169

SMBH-bulge mass relation at z=0

Q_ (bulge) = 2.1x 10°°

QSO BH



Relativistic Radiation Hydrodynamics

absor ption

Equation of motion O(v/c) / /Scattef ing

p(;—\t/: f —Vp+%(lco+ao)[F—(E+P)v]
N —
Radiation drag

e.g. Poynting-Robertson effect
In solar system

Sato, MU, Sawada, M atsuyama,
2004, MNRAS, 354, 176




SMBH Formation by Radiation Drag in Bulge

Umemura, 2001, ApJ, 560, L 29
Kawakatsu & Umemura, 2002, MNRAS, 329, 572

Anqgular Momentum Extraction
Poynting-Robertson Effect

dind = E. L L (1-e)

ot C R M,

- photon number
(z: optical depth by dust) conservation

(Massive Dark Object)

M ass Accretion Rate

din L
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9 dt cz( )



log Mg, [Mg]

I\/IBH

; 0.14¢ =0.001

bulge

£=0.007 : Hydrogen burning
ener gy conversion efficiency
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Why small BHs in disks?
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AGN Feedback Regulation

Silk & Rees 1998, A& A, 331, L1
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Downsizing

SMBH

Ueda et al. 2003, ApJ, 598, 886
Hasinger et al. 2003, astro-ph/0302574
Marconi et al. 2004, MNRAS, 351, 169
Merloni, 2004, MNRAS, 353, 1035

Galaxies

Cowieet al. 1996, AJ, 112, 839

Kauffmann et al. 2003, MNRAS, 341 54
Kodama et al. 2004, MNRAS, 350, 1005
Glazebrook et al. 2004, Nature, 430, 181




“Downsizing” in SMBH For mation

More massive BHs formed at higher redshifts.
Ueda et al. 2003, ApJ, 598, 886 Ueda et al. 2006
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Seed BH

M, =1-10°M SN/GRB remnant (Pop 111 remnant) (1-10°M )

Supermassive star (10°Mg)

(Super/Sub-Eddington)
t ~10°yr

M, =10°M,

t ~10" " yr

Mgy =10°°M,
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Accretion & Jet

Collimation



o-Prescription

viscosity coefficient v = OtCSZQ_l

2 0’ 2
d_‘] — a [ acg e d. (=- acs for Kepler)
at ar\ Q dar 2

. o=1010
(K-H shear ): o~104
ra~102-1



log (M,/Mg)

Accretion Flows

Abramowicz et al. 1995

Opticallyj
Cold di

thick
5K




Accretion Flows

arGem M
[ = ndc?, M. —100, /¢ =10 7

2
o, C

Sub-Eddington: ADAF(Advection-Dominated Accretion Flow)

RIAF (Radiatively I nefficient Accretion Flow)
high energy photons (strong X-ray)

/%
M=—=1 ~ 0.1/
w
Eddington: Standard Disk
& low ener gy photons
B=—7=1 ~ 0.1
T R

Super-Eddington: Slim Disk (Photon trapping)
lower energy photons
/R

B=—>1 = n~018"Y?
1% 7



MRI (Magneto-Rotational I nstability)

(Velinhov 1959, Chandrasekhar 1961, Balbus & Hawley 1991)
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Magnetic Viscosity

T o= LD L |

Matsumoto & Tajima 1995, ApJ, 445, 767

-------
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MHD Simulation of ADAF
M achida, Nakamura, M atsumoto, 2004, PASJ, 56, 671

accretion flow
global structure MHD

<15r, optically-thin
hot disk

|
ADAF




Magnetic-Tower Jet

Lynden-Bell, 1996, MNRAS, 279, 389
Kato, Mineshige, Shibata, 2004, ApJ, 605, 307

~ 0.5¢ Y. Katoet al. 2004



GR-MHD

Koide, Shibata, Kudoh, 1999, ApJ, 522, 727 (Schwartzshild)
Koide, 2004, ApJ, 606, L45 (Kerr)
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Accretion Flow around Kerr BH

De Villierset al. 2003, ApJ, 599, 1238
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MHD Jet around Kerr BH
Hawley & Krolik 2006, ApJ, 641, 103
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Supercritical Accretion

(Haiman 2004, astr o-ph/0403225)
SDSS QSO 7=6.4 Mg, ~10°M 4

t A% 108770_1 yr

growth 7
t,; 9x10°yr at 7=6
3/&5%>1

e Narrow LineSy 1 & Narrow Line QSOs
(Kawaguchi et al. 2004, A& A, 420, 23L)
<l0®M, BH Super-Eddington



Slim Disk Model for NLS1
Mineshige et al. 2000, PASJ, 52, 499
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Photon Trapping in Supercritical Accretion

mass accr etion: t,.=r/v, M = 27rv,

photon diffusion: L, =h/(c/3r), t=0,2/2m,

photon trapping condition: Lo <7 ..

&)l

Supercritical accretion photon trapping
Outflow = BH accretion rate

4



Accretion Disk & Jet

o BH
angular momentum mass outflow

e BH mass accretion rate
U

RMHD (Radiation Magneto-Hydrodynamics)
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AGN-Starburst Connection

Circumnuclear Starburst ( 10pc-1kpc) 2

Nuclear Starburst (1-10pc) 1 2
(Hidden Star bur st)

.Circumnuclear
Starburst
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w o, oy
° * *
pAY




Starburst Rings
NGC1300

Barred Spiral Galaxy NGC 1300

Hiubble,



NGC6782

Galaxy NGC 6782

Hubble

Herit ace



NGC1300
Yen et al 2006

OILR=8.62kpc
Q =4.1km/s-kpc




Double Ring Feature
Yen et al 2006
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Turbulent-Supported Obscuring Torus

Wada & Norman, 2002, ApJ, 566, L 21
SN feedback




Obscuring Wall M odel
Ohsuga & MU, 2001, ApJ, 559, 157
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Radiation-Pressure Driven Obscuring Clouds
Watabe & MU, 2005, ApJ, 618, 649

cloud radius [pe]
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& AGN

AGN AGN

A, ~1-10
A, ~ 100



Conclusions

key physics

& AGN
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