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§1. Introduction

Spheroids (bulge or elliptical galaxy) in the local universe

Super Massive Black Hole (SMBH)

(MBH=10
6-9MSUN) 

⇒ BH (spheroid)

--- MBH / Mbulge = 0.001 – 0.006

--- MBH∝ σbulge
n , n =  3. – 5.3

(e.g. Magorrian et al. 1998, Gebhardt et al 2000, Merritte & Ferrarese 2001,

Marconi & Hunt 2003, Haring & Rix 2004 )



一方high-zでは

Quasar

(L > 1011 LSUN)

SMBH

*Quasar host galaxy 

elliptical or bulge dominated spiral galaxies

(e.g. Bahcall et al. 1997; McLure et al. 1999 ) 



- Growth of SMBHs 

- Formation of spheroids

- Formation of quasars

⇒ SMBH

SMBH

⇒



　衝撃波加熱による
　ホットガスの形成

ホットガス
ダークハロー

銀河 (星間ガス, 星) 銀河同士の衝突合体
銀河の進化 銀河団ガス

銀河団の形成

CLUSTERLING OF DARK HALOS

　ホットガスの冷却・収縮
　　→　星間ガスの形成
　　→　星形成
　　→　超新星爆発による
　　　　　星間ガスの加熱

§2. SMBH/QSO Formation Model

• Galaxy Formation in Hierarchical Clustering Scenario



SMBH growth model 
(Enoki, Nagashima &  Gouda 2003)

* SMBH bulge

*Gas-dynamical simulation 

starburst,

galaxy major merger ⇒ bulge formation 

trigger of gaseous inflow

SMBH formation  ⇔ Bulge formation via galaxy merger

Assumptions 

1) major merger cold gas

SMBH

2) merge SMBHs

binary coalesce .

burstBHacc MfM *,=



*gasの進化のサイクル

 galaxy 

dark halo 

hot gas 

star formation

major merger

hot gascold gas

disk 

star

bulge

star

cooling

SNe feedback

galaxy

black

hole

accretion

bulge

starburst

*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)

satellite-central merger

dynamical friction

central galaxy 

satellite galaxies 

satellite-satellite merger

random collision 

central galaxy 

satellite galaxies 

central galaxy

satellite galaxies (in sub-halos)

dark halo

(common dark halo)

hot gas

progenitor dark halos 

dark halo merging



*Galaxy merger time scale

Major merger: msmall/ mlarge > fbulge
→star burst + bulge formation

Minor merger: msmall/ mlarge < fbulge
→ disk 

・Satellite-Central merger

　 　 tfric　 (dynamical friction time-scale) 

(Makino & Hut 1997)

・Satellite-Satellite merger

　　 tcoll　 　(random collision)　



* SMBH growth

burstBHacc MfM *,= MBH / Mbulge の結果と観測結果を
比べてfBHを決める　

=>　fBH=0.03

SMBH mass growth rate; 
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z > 1　では
*accretion　

z < 1 では
　*coalescence

が質量増加の主要因

←　low-zではcold gas

が星になり、降着する
ガスが減る



* MBH/Mbulge　の進化

burstBHacc MfM *,=
MBH / Mbulge の結果と観測結果を
比べてfBHを決める　

=>　fBH=0.03

high-z　
　→　cold gasが豊富にある
　→　bulge,BHとも質量増加
　　　　の主因はstarburst　
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McLure et al. (2006)



* SMBH mass function 

central galaxy SMBH

→ cold gas

→ SNe feedback

cold gas 

→ SMBH

log[MBH/MSUN ]
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Galaxy merging processes; 

*Dynamical Friction [D.F.] (satellite-central merger)

*Random Collision  [R.C.]   (satellite-satellite merger)



*QSO Luminosity function

MB-5 log[h]

(d)z=2

2dF; 1.5<z<2

-26 -24 -22

MB-5 log[h]

Φ
  [
 h

3
M
p
c-
3
m
ag

-1
 ]
 

(c)z=1.25

2dF; 1<z<1.5

-26 -24 -22

10-6

10-5

(b)z=0.5

2dF; 0.5<z< 1

Φ
  [
 h

3
M
p
c-
3
m
ag

-1
 ]
 

(a)z=0.25

2dF; z<0.5
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放射効率、life timeの

決定
　=> 様々なredshift で

の光度函数の比較が
重要
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*その他のSMBH/QSO形成モデル
準解析的手法による銀河形成過程も含めた研究の例

・Kauffmann & Haehnelt (2000) : MPAグループ

・Cattaneo (2001)

*Kauffmann & Haehnelt (2002) : MPAグループ , N体数値計算の導入　

・Menci  et al. (2003)

？# Granato et al. (2004)  ？？？

*  Cattaneo et al. (2005): AGNICS  (GAlICS）

*# Croton et al. (2006) ：　MPAグループ, Millennium simulation

・# Bower et al. (2006) : GALFORM + Millennium simulation

・# Menci  et al. (2006)

・ Malbon et al. (2007)  ：　GALFORM

・#Monaco et al. (2007) : MORGANA　

*  N-body simulationを使用

# 　AGN　feedback あり



CDM

⇒Hierarchical clustering scenario

(merge)

SMBH

dynamical friction merger 

binary

(GW) (coalescence)

SMBH binary 

→ Gravitational Wave Background Radiation

SMBH

→ Gravitational Wave Burst 　　　　　

§3.SMBH連星からの重力波



- An ensemble of GWs from in-spiraling SMBH binaries

=> Gravitational Wave Background Radiation (GWBR)

f ~ 10 -9 -- 10-5 Hz

Pulsar timing

? 

- Coalescence of SMBH 

=> Gravitational Wave Burst (GWB)

f ~ 10 -4 -- 10 –2 Hz

LISA

?　　

GWBRのスペクトルやGWRの出現確率を知るには、
SMBH coalescing rateを求める必要がある。

* Coalescence of SMBH binary



*GW background radiation spectrum from SMBH binaries

* Events rate of GW burst from SMBH  coalescence  

SMBH coalescence rate

SMBH

(SA-model)



§3-1. SMBH連星からの重力波背景輻射(GWBR)

Phinney (2001)

(Enoki et al. 2004, Enoki & Nagashima 2007)

hc(f): Characteristic amplitude of GWBG spectrum

n(M1,M2,z): Number density of binaries 



*Eccentricity ?

通常のSMBH連星系からの重力波背景輻射の研究

　→　連星系の軌道は円と仮定されている

しかし、SMBHを中心に持つ銀河がmergeする時に形
成されるSMBH連星の軌道は楕円になることが多い。

SMBH - IMBH (Matsubayashi et al. 2005)

SMBH binary + SMBH (Iwasawa et al. 2006)

SMBH binary + gas disk  (Armitage & Natarajan 2005)

軌道が楕円になる場合も考えよう
→ Enoki & Nagashima 2007



*GW from Binaries on Eccentric Orbit

fp
(Peters & Mathews 1963)

Spectral Energy Distribution 

timescale

luminosity

=> GWBR spectrum



*GWBG from binaries on eccentric orbit　
（Enoki & Nagashima 2007）

hc
2 ∝ f -4/3

e

fp,0 e0



*GWBG Spectrum from SMBH Binaries

fmax;  

<= BH
fmax

~ 5×10-5 (MBH/10
8Msun)

-1 Hz
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*GWBG energy density from SMBH Binaries 

e0 =0.8

fp,0/fmax=1/10
3

fmax　∝ 1/MBH
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△ Parkes Pulsar Timing Array (PPTA) project

detection limit ( hc∝f –2/3 ) Jenet et al. (2006)



*銀河形成過程の影響

Star formation time-scale: 
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SNe feedback strength: 

SMBH <=  cold gas 

<=  cold gas 

<=  Star formation & SNe feedback  



*その他のモデルでのSMBH合体率の計算

1．Quasar/shperoidのnumber countの観測値を元に

　　現象論的モデルを作る。

　　　Thorne & Braginsky(1976) , Fukushige, Ebisuzaki & 

Makino(1992),　Jaffe & Backer(2003) 　など

　→　銀河形成過程との関連は不明確

2．dark halo のmerger rateを元にする。　

　　a. dark haloのmergerをSMBHのcoalescenceとみなす

　　　　Menou, Haiman & Narayanan　(2001)　など

　　b. dark halo　内のsub-haloのmergerを SMBHのcoalescenceと
みなす

　　　 Wyithe & Loeb　(2003),  Volonteri, Haardt & Madau　
(2003), Sesana et al.　(2004) 　など　



§3-2. GW burst from SMBH  coalescence 

*Gravitational Wave Burst

coalescence ε MBH c2

(Thorne & Braginsky 1976)

(Enoki et al. 2004)

--The GW amplitude

--The observed characteristic frequency



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

h -17 ;  MBH < 10 6 Msun from  z > 3　
h -15 ;  MBH ~10 7 - 10 8 Msun from z < 3

*Integrated GW burst rate
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*GW burst rate

Expected signals of GW burst; ν（log[h], log[f]）

 hinst (1/3 yr)
 hinst (5 yr) 

log(fc [Hz])
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Note; h∝ ε1/2



§3-1,2 のまとめ

SMBH GWBR 

spectrum GR burst rate 

pulsar timing

*GWBR spectrum

spectrum

*GW burst rate

⇒ z > 2 SMBH

LISA 0.1 / yr 

観測⇔理論予言　→　SMBH合体形成モデルへの制限



§3-3. Gravitational Radiation Recoil 

=>

=>

Kick Velocity

net GW

反跳

×

=> SMBH

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



* Gravitational  radiation recoil from SMBH binaries

＊ quasi-Newtonian
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* SMBH mass function 
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* SMBH mass density 
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§3-3 のまとめ
SMBH

SMBH

106~109 Msun BH
109 Msun ?

SMBH Vc 

→
106 Msun ?

SMBH

→
→

Vkick > Vc SMBH



§4. QSO environments

QSO QSO

QSO-QSO (large scale)

QSO-galaxy (small scale)          

Interaction of galaxies

Growth of SMBHs

Formation of spheroid

QSO activity



*QSO auto-correlation & QSO-galaxy cross-correlation

QSO

small scale (< 1Mpc)

dark halo QSO

merger QSO

host galaxy ?

QSO

cluster ? group ? field? 

small scale

large scale



§4-1. QSO auto-correlation

DMQSOQSO b ξξ 2=Correlation function

QSO

QSO 

← QSO life time

( ) ( ) ( )
( ) ( )∫

∫=
dMMnMN

dMMnMNMb
b

QSO

QSOhalo

effQSO,

* bhalo(M) : M dark halo bias 

*n(M) : dark halo mass function

* <NQSO(M)> : M dark halo QSO

Effective bias 

(Baugh et al. 1999)

Halo Model



*The mean occupation functions

dark halo QSO

QSO 1012~1013 Msun dark halos 

galaxy merger rate

dark halo 

dark halo

⇒ Mhalo~10
13 MSUN

log [ Mhalo / Msun] 
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*QSO effective bias

QSO Mhalo = 10
12-13 Msun dark halo

b
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f

 t03  MB > -23
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 t30  MB > -23 
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dark halo
dark halo

sub-halo
galaxy

galaxy

bqso,eff : dark halo QSO

=> large scale 

注：host halo ?

*hierarchical clustering scenario 



§4-2.  QSO-Galaxy cross correlation

QSO

=> QSO

=> N

Semi-analytic model of galaxy formation

and QSO/SMBH formation

+Cosmological N-body simulation

Numerical Galactic Catalog : ννννGC

QSO N-

Box size

nQSO ~ 10-6Mpc



QSO environments

SFB @z=1.5

×: QSO

: galaxy MB < -18.0

Projected distributions of galaxies and QSOs in ννννGC.
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§4のまとめ

Environments of QSO QSO

- QSO-QSO

- dark halo QSO

- QSO-Galaxy 

QSO activity

← galaxy major merger 

← merger rate 1012 -1013Msun

dark halo

=> QSO Groups of galaxies

,

galaxy merging process

QSO formation scenarios



§5 問題点・課題
SMBH/QSO

SMBH

→ QSO light curve 

→ AGN feedback

3 gravitational sling shot?

→ SMBH

← GW radiation recoil

⇔ HE0450-2958 



問題点・課題 2

AGN feedback
feedback?

cold gas ISM ? hot gas ICM ?

* AGN feedback

QSO merger
→ QSO

QSO/AGN

obscured AGN

SMBH

← kick 



*AGN feedback modelの例
Cronton et al (2006), Bower et al.(2006)

*Star Formation

cold gas→ star

*SNe feedback

cold gas→ hot gas

*AGN feedback

hot gas

hot gascold gascold gascold gascold gas

cooling

SNeSNeSNeSNe feedbackfeedbackfeedbackfeedback

starstarstarstar
formationformationformationformation

galaxy

mass
ejection

black hole

accretionaccretionaccretionaccretion

star
AGNAGNAGNAGN feedbackfeedbackfeedbackfeedback
（（（（energyenergyenergyenergyのみのみのみのみ））））

accretionaccretionaccretionaccretion

SMBH

QSO mode: merger cold gas 

radio mode: hot gas (Bondi )

AGN feedback

radio mode hot gas



*AGN feedback modelの例の「ご利益」

radio mode

hot gas 

radio mode hot gas

low z cooling time hot gas 

SMBH hot gas

SMBH

feedback hot gas 

cold gas 

down sizing

ICM cooling flow



問題点・課題 3
SMBH seed BH

remnants of the first generated stars  MBH = 102-103 M◎
(e.g. Madau et al. 2001)

collapsing gas cloud MBH = 10 -106 M◎
(e.g. Begelman et al. 2006)

→seed z > 5 BH

Sesana 2007

















×









+








×

Θ

−

−

Θ

Gpc1010
10~

Hz
1

21

10
5.0~

4

20

1

4

D

M

M
h

zM

M
f

BH

BH
c

→ DECIGO (Deci-hertz Interferometer Gravitational 

Wave Observatory ) 



GW detection limit

Hobbs, astro-ph/0802.1309


