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§ 1. Introduction

Spheroids (bulge or elliptical galaxy) in the local universe
2% < DER{FT D H.0MZ Super Massive Black Hole (SMBH)
(Mpy=10%° Mqy)

o Merritt & Ferrarese (2001) Gebhardt et al. (2000)
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Quasar
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*Quasar host galaxy D& H|
%< 75, elliptical or bulge dominated spiral galaxies,
(e.g. Bahcall et al. 1997; McLure et al. 1999 )

Quasar Host Galaxies HST « WFPC2

PRC96-35a * ST Scl OPO - November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA
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- Growth of S

Hs

- Formation of spheroids

- Formation of quasars
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§ 2. SMBH/QSO Formation Model

e Galaxy Formation in Hierarchical Clustering Scenario

CLUSTERLING OF DARK HALOS
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SMBH growth model
(Nagashima et al 2001, 2002 + Enoki et al. 2003)

#1455 8R 5] T HILSMBH &bulge & = HY L

*Gas-dynamical simulation

* starburst,
galaxy major merger = *bulge formation
“trigger of gaseous inflow

SMBH formation < Bulge formation via galaxy merger

Assumptions
1) $RF] [F] DS 1K)S major merger®RFIX,  cold gas?D—H[ %
SMBHIZ [ S5,

Macc — fBH M*,burst

2)ERI [Fl £ merge LT=FF, 7N)LUZ&HDHSMBHsIE
binary&72V) | B )2 H L Ceoalesce T 5.




*gasDIEL DI ATV ellesy

__coolin
[_cold gas ] . hot gas
SNe feedback
dark halo < star formation
hot gas | accretion disk
star
« starburst
galaxy - S -
e ' major merger_ !
\

black [ bulge J
hole star

*galaxy = disk + bulge
disk = disk star + cold gas
bulge = bulge star + black hole

* hot gas ; diffuse gas, virial temperature




*Galaxy Merging (NOT dark halo merging)

\ (common dark halo)
central galaxy

dark halo merging

/

- satellite galaxies (in sub-halos)
progenitor dark halos

- satellite-central merger - satellite-satellite merger
dynamical friction random collision

satellite galaxies satellite galaxies

central galaxy central galaxy



*Galaxy merger time scale

- Satellite-Central merger

Liric

(dynamical friction time-scale)
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- Satellite-Satellite merger

t,y (random collision)
o] = 200 ( Ru )3 ( Taal )_2 ( T eral )_4 ( Thalo )EC‘FI'
o N2 \ Mpc 0.12 Mpc 100 km s 300 km s~ ! T
(Makino & Hut 1997)
* HRDEALT

*Major merger: mg,,/ Miarge = Soulge
—star burst + bulge formation
*Minor merger: mg .1/ Moo < fuige
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* SMBH growth
M = M. .
acc f BH ,burst MBH / Mbulge O);ﬁ% % k%ﬁ‘{/ﬁ\”% %}é’_}
HRT A5
SMBH growth; => £,.=0.03
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* SMBH mass function

Galaxy merging processes;

*Dynamical Friction [D.F.] (satellite-central merger)
*Random Collision [R.C.] (satellite-satellite merger)
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*(OSO formation model

Assumption

FRIAT[A] DA KA major merger®RFl, cold gas®D—Hl%
starburst CCTEX5 2 O E(ZEAISE TBHIZKEA S,
LL T Dlight curve THtoE7 5,

QSO light curve (B-band)
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tlife tlife

&g - B-band TO U=

[ life = [ life (Z) oC ¢t dyn : QSO lifetime scale



*QSO Luminosity function
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8§ 3. SMBHEE O D E S

CDMFEHIZRBIT AR T AL

— Hierarchical clustering scenario

FRIMIIEZE SR 2R LR T D

SRAT ] L 3 E 225 R (merge) L 7215
FMZ 8 HSMBHIZ E 5 725 2
—dynamical friction (Z & ¥ merger $& D ER{A] D
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-SMBH binary 7>HD E JJ O E A HH
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—> (@Qravitational Wave Burst



* Coalescence of SMBH binary

1. 1n-spiraling phase
2. plunge and merge to form a single BH
3. ring-down phase

- An ensemble of GWs from in-spiraling SMBH binaries.
=> (Qravitational Wave Background Radiation (GWBR)
f~10- -- 10° Hz
- Pulsar timingDHIE 28D LIRS ES,
P AT NVIL?

- Coalescence of SMBH (phase 2+3)
=> (ravitational Wave Burst
h~10-18_-10-15
+LISA (L —Y —TF- R B % S 8R) 72 HIHIE P HE,
- AR 1Y

SMBH coalescing rateZz &5 W/ B3 H D,




T

YEFEMNTHIERTF] + SMBHIE R &7 /L
(SA-model)

l

‘ SMBH coalescence rate ‘

l

*GW background radiation spectrum from SMBH binaries

* Hvents rate of GW burst from SMBH coalescence




§ 3-1. SMBHE £ >0 8 135 B 5 (GWBR)

(Enoki et al. 2004, Enoki & Nagashima 2006)

Phinney (2001)D /A% WS
BIfEDGWBGD T /L% — 45 &

- 1 dEcw
PCw € —/ [ ne(2 1+z ar. df, dz

=[] o g

n(z): Number density of GW source
Ew: Energy emitted in GW from a source
/. : GW frequency in the source’ s rest frame



*GWBG spectrum

fa"s] 2
2= [ T prprpd
PGw e _./0 4G’f h-c(f}f ;

h (f): Characteristic amplitude of GWBG spectrum
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n(M,,M,,z): Number density of binaries



* Gravitational Wave from a Binary

* M #LE D356 (weak field /slow motion T2l T)

GW @ Luminosity

32G7/3
Lawine(M1, Ma. fy) = =5 Moy (27£7)'*

f 10/3 10/3
_ 47 o 1008 ( Meniro / 2Jp / erg
. 108 ﬂif.:;; 10_? HE :
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GWHE S Dtime scale

O c’ e 8/3
Taw circ(M1, M2, fp) = 5o (G’M - ) 2 fp)
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, —5/3 —B/3
_ 19 101 [ Menirp / 2y / yr
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*Eccentricity ?
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L2>L. SMBHZ H/OMZFF- D8R 3 merge 3 ARFICTE LS 4L
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*SMBH - IMBH (Matsubayashi et al. 2005)
-SMBH binary + SMBH (Iwasawa et al. 2006)
-SMBH binary + gas disk (Armitage & Natarajan 2005)
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*(GW from Binaries on Eccentric Orbit

THI

R R DOEENFEMN ThHDHE,
WL JE B f, DR DIRENEL D i 23N S5
(Peters & Mathews 1963)
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*Fourier analysis of Kepler motion

WL JE B f D RS DIRENER D v i 2
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*Luminosity & Timescale of GW

from Eccentric Binary

GW @ Luminosity

Law (M, Ms. fp.e) = Law cire (M1, Mo, f,)F (€),

GWHE ST Dtime scale
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(1 — e2)7/2




*Evolution of Binary Orbit
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*Energy emitted in GW from a Binary
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*GWBG from binaries on eccentric orbit
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*Spectrum of GWBG
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*GWBG Spectrum from S
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*GWBG Spectrum from SMBH Binaries 2
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*GWBG Spectrum from SM

BH Binaries 3

log(h,)
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SMBH®D % <= cold gas D747 F

cold gas Dz /o579 D AR K AT
Star formation & SNe feedback
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*GWBG energy density from SMBH Binaries
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*GWRB detection limit
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 HEREHTHIERITTE B + SMBHIE &7 /L2 VT, GW
BR spectrumZ 75 L7,

Spectrum® AR 72 Y= g
<= RITEBOEREIZ R EAEK > TV D,

‘I'I'[ |

HEDHLEDNEH THHE . ElEA D720,
(55 I B AR D spectrum D HRIE S /NS 725,

-pulsar timing(Z VB DR OZZEOHIE vl BeEH 0,
BE DR RDDIEINEE !




§ 3-2. GW burst from SMBH coalescence

(Enoki et al. 2004)
*Gravitational Wave Burst
coalescence D g & (2 T R IVF— ¢ My, 2D E T
% /N— A NHJIZ 97 (Thorne & Braginsky 1976),

--The GW amplitude
P2 2G Fogw
- w32
. . C'S
--The observed characteristic fo== oY
frequency 3V G Meor (1+2)
1. 2
--The GW energy flux Fow = € FootC” Jo
' A7 D(2)%(1 + z)
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Je =3.9x 1074 (ll];tﬂ;': ) (14 z) 'Hz

o NHET K D(z) 17"
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Rre 0.1 103 My, / |1 Gpe

--The expected event rates of GW burst

dV

Vburst(hburst; fc) — / nburst(hburst; fc, Z) Edz
0

*SA model = the SMBH coalescence rate; c(MI1,M2, z)
= GW burst O rate; v(h,f)



*Integrated GW burst rate

v [log(hburst)] [yr-l]

Integral event rate of GW burst; v(log[h])
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*(GW burst rate

Expected signals of GW burst; v (log[/4], log[f])
e R AR

14

-16

lo g(hburst)

22 F
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-20
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\\\ v >1/5yr 27 A

* \\\ /,, o/ ]

| . \~ S _ .- ’/ ]
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Note; h oc gl/?



§3-2. DFELWD

*HEFEAT HI SR +SMBHIE ECE 7 /L (SA model)Z VT,
SMBH coalescence rate Z & ., SMBH coalescencelZ L5

- Gravitational wave burst rate

PEtELT-,

*GW background
= z <1 OSMBH)HDEF 573 F

*GW burst rate
= z>2 OSMBH/)HDEH 5733
LISAT 0.1~1/yr OEIE TR DONDRIEEHEDHY

FHloBRETE — SMBHEAREREETILADEIIE



§ 3-3. Gravitational Radiation Recoil

SEETCIIRVEEDOH I E )
= FEJIRITIEE T IS ENnS

=> JEE|IIFEFEITE

VAN RGN A YA D

- =3

5

net GW

!

R EKIZ L > TSMBHE £ 75357238 £ (Kick Velocity) 73, $8
DB I BE 0 K& & SMBHE Z IXER 2SO OV L

TLZED,

=> SMBHOD R AZHE A 5.2 HR[REMHHY .

(e.g. Merritt et al. 2004, Madau & Quataert 2004, Libeskind et al.2006)



< Z T,

YEFEATHIERTF] + SMBHIE AR &7 /L
(SA-model)

(Nagashima et al 2001,
Enoki et al 2003)

Kick Velocity > Circular Velocity
26, SMBHE A TP TR ED

l

SMBHOE &K E DIH72t D705 ?




* (Gravitational radiation recoil from S H binaries

Kick velocity (Fitchett 1983)

Vi = 1480 {f(‘”}PG(Ml +M2)/Cz} km/s

a

max

qg= M,/M, :massratio (M, <M,)

fq) = q°(I-9)/(1+q)’
f. ~0.0179 @ q ~0.382

x T8 (quasi-Newtonian) 2> TEY, NEMHEDS KEW

/(q)
Ve = fo {?i} fo%:/\“"'i%**é?éﬁ‘éo

Vi > V. 725,
SMBH binary | XERF O PNH LR > TZR2W, SIRE



* S

H mass function 1

dn/ dlog My,; [ Mpc™]

Vpf= 0 km/s
o4k ———-- Vpf= 100 km/s
F Vpf= 300 km/s
________ Vpf= 500 km/s
_____ Vpf= 700 km/s
Vpf=1000 km/s

10°° 3 e  Salucci et al. (1999)

f(@) ]
Vkick — fo f

6 7 8
log[Mpu/Mgy |

109~10° M

Sun

DOBHMN A 35




* SMBH mass function 2

. 9 9
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* SMBH mass function 3

dn/ dlog My, [ Mpc™]

107

R 100 M, ?

Vpf= 0 km/s
Vpf= 300 km/s
No coalesence

7 8
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* SMBH mass density

-7 T T T T T T T
Vpf= 0 km/s
———— Vpf=100 km/s
Vpf=300 km/s |
------ Vpf= 500 km/s -
— | - —-==2 —-— Vpf=700 km/s |
< F * Vpf=1000 km/s
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/M
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=
9| -
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§3-4. DFELD

*EMEAT BRI +SMBHE B¢ E 7 /L (SA model)a VYT
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§ 4. QSO environments

Formation of spheroid

!

(ﬁcraction of gala@

Growth of SMBHs QSO activity
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*QSO auto-correlation & QSO-galaxy cross-correlation
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§ 4-1. QSO auto-correlation

QSO-QSOZE FAH BA K ELD AR DS 53 7D D7 2
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*(QSO auto-correlation

QSOFERLTET /L&D LhEK

Halo Model DOF|H

Effective bias
(Baugh et al. 1999)
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*b, (M) : BEM®dark halo Dbias
*n(M) : dark halo @ mass function
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*(QSO auto-correlation function: z > 3
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*(QSO effective bias
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§ 4-2. QSO-Galaxy cross correlation

small scaleE T H.7=\>
=> GR{] 7 = — P — DN EF WD B
=> NIRFHAEELOHREE

Semi-analytic model of galaxy formation
and QSO/SMBH formation
+Cosmological N-body simulation
Numerical Galactic Catalog : nGC




Numerical Galactic Catalog

N-body simulation
Yahagi’s Adaptive Mesh Refinement code

Carried out on the VPP5000@ADAC/NAQOJ
- Cosmology

ACDM; Q,, =03,Q, =0.7,h=0.7, 6, = 0.9, Q, =0.048

- Box size: 70 Mpc/h
- Number of particles: 512°
- Effective halo mass resolution: 10! M

Sun

Galaxy formation model parameters

VL35 D ERAT DEAIFER ELLBL TR E




* SMBH growth
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*QSO Luminosity function

QSO light curve (B-band)
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0OSO environments

Projected distributions of galaxies and QSOs in vGC.

SFB @z=1.5

X: QSO
- : galaxy My <-18.0

y [h" Mpc]

o ..... % ...“ ‘8.:: [} ....’a. - ‘ ) : x_ ~
- o ® o }.. [ Yed .0 ° v oo ®
?:,—:. e Anl i e 10659 By'uy

R N R *

108 ,.;--f:,c.a*w;,-g‘;lif,-.:-?; A ST
¥



*Clustering of galaxies around QSOs
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*The mean occupation functions
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