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Big picture to tie together fragmentary clues

• Can the dynamical evolution of nuclear clusters be 
affected by gaseous or stellar disks?

• Why are high-redshift quasars so metal rich?
• What caused the emergence of a disk of young stars 

around the Galactic Center?
• How do AGN become inactive?
• Can a fraction of gravitational wave events be due to 

stellar black hole mergers around AGNs ?
• Can we learn something about AGNs & massive black 

hole formation and evolution from GW events?
• Ask not what AGN can do for gravitation waves & 

planet formation, ask what they can do for AGN’s
2/50
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Quasars and AGNs

3C273 M87

Quasars: Maarten Schmidt 1963

Massive Black Holes: Lynden-Bell 1969
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Lust 1952 (solar system formation)
Shakura & Sunyaev 1973 (LMXB’s)
Lynden-Bell & Pringle 1974 

Active Keplerian disk: NGC4258 
(Miyoshi, Moran 1995)

Accretion disk models

Unified model:   Antonucci & Miller



Young stars in the Galactic Center
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Ghez, Lu, Genzel

Connection with Fermi Bubble?



Coexistence of nuclear clusters & black holes

Thomas et al 2016

Low-L ellipticals

high-L ellipticals
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Kormendy & Ho 2013 
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1. There is a MBH in every galaxy
2. Around each MBH there is a nuclear cluster
3. AGN occurs when a MBH is fed by a disk    
4. Stars interact with the disk during their passages 

Star-Disk connection



AGN-planet connection:
Relevant physical parameters

Planetary systems:
1. Mass ratio:  10-6 -10-3

2. Period: days-centuries
3. Radius/semi major axis: 10-4

Protostellar disks
1. Disk mass/star mass: 0.01-0.1
2. H/r = 0.05-0.2
3. Q > 10
4. Persistent time scale: 3-10My

Galactic Center system:
1. Mass ratio:  10-6 -10-3

2. Period: yrs- millenium
3. Radius/semi major axis: 10-5

AGN and young stellar disk
1. Disk mass/star mass: ~0.01
2. H/r  ~ 0.01-0.1
3. Q:  ~ 1
4. Persistent time scale: 1-100My

8/50

Required model parameters
Nuclear star clusters:
1. Stellar density
2. Dynamical property
3. Connection to host galaxy

Accretion disks:
1. Capture rate
2. Accretion & stellar IMF
3. Contamination & BH formation



Dissipation & accretion rate in AGN disks

Schulze 2010
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P(R)=(R3/GMh)1/2

=LBol/ec2           e~0.065
=l             l~0.6
=4pGmpMh/esTc

Yu & Tremain 2002, 

Marconi 2004, 

Raimundo &Fabian 2009
Diffusion: tdiff(Rout)=P(Rout)/2pah2

Timescales tSal= Mh/

e

Shankar et al 2009

Black hole growth 

fed by disk accretion
Evolution of AGN

luminosity function



A generic quantitative AGN accretion disk model

• Steady state alpha disk (h=H/R, Rpc=R/1pc) Shakura & Sunyaev

• Marginal gravitational stability (Safronov, Toomre)

10/50

ah3/Q ~(l/e) (4p/3ses)(Gmp/cW) ~ 10-5 m8
-1/2Rpc

3/2

XJZhang

(1)

Shankar et al 2013



Reverberation from accretion disk to dusty torus
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Gil-Marino 2012

Thick dusty torus: h~0.5

Thin BLR

Beckmann 2012

Starke, Horne

Iso-delay surface:
Blandford, McKee 1982, Gaskell

Edelson et al 2018

BLR: h<0.1

disk: h<0.01



Gravitational stability & angular momentum transport
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At Rpc>1,  Q~1-10,  a~0.1-1, h ~ 0.03 m8
-1/6Rpc

1/2, 
tdisk >40 m8

5/6Rpc
-3/2(optical depth), 

can NOT fragment & form stars despite Q~1 

Disk parameters are specified for a set of M_8 & Rpc

XJZhang, ZXWang

(3)

L-Pringle, Rees; Rafikov Rice; 
Riols, Latter

(2)

HPDeng



Capture by the disk

Phase space
distribution:
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Phase space fraction of trapped stars:

Lee & Goodman 1988

NSC

MBH

Ferrarese 2006

Condition for disk trapping within DT:

Hydro drag: Artymowicz, L, Wampler1993

Cd =Cd
gas +Cd

wave ~6



Boker et al 2002

S~106Mc,8

Rc~3pc

no ~2.5x106Mc,8 pc-3

Po~5x104Mc,8
-1/2 yr

so~350Mc,8
1/2 km s-1 

Mc,8 ~ 21 s2004.3
m8 ~1.8 s2004.4~0.08Mc,8
Efficiency of NSC in forming MBH 

Van der Marel 2007

Nuclear clusters: stellar reservoir 

Capture rates:
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XJZhang

Central stellar density is a function of m8

Trapping rate is a function of m8 and Rpc



Accretion onto trapped stars & their  rejuvenation
If RR<H,  RB<RR (hot) Bondi
accretion (runaway growth)
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Bondi accretion time scale:
(independent of Mh)

Main sequence evolution time:

Wind loss

J Szulagyi
Can be prolonged with mixing, 
M Cantiello

convective

Double
diffusive

Condensation around seeds

Mass growth onto trapped * 



Ram pressure striping of fast (hard 
encounters with VzV3>xVk

4 ) flyby stars 

Ram pressure striping:

Murray et al L 1993

=> Removal by the disk before tidal disruption

Modify cusp & reduce the TDE rate 
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Morgan MacLeod

Bahcall
Wolfe 



``Missing cusp’’ in the Galactic Center

Do et al 2016
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Old (>1Gyr) stars ``young’’ (4-6Myr) stars

Nearly Bahcall-Wolfe

distribution

Trapped & rejuvenated stars?

0.4pc



Disk’s reorientation due to infall of turbulent gas
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Rejuvenation of stars in different planes

HPDeng, MBate,RNaylor,XJZhang

Q~1 warped disks around spinning MBHs

Ghez, Lu, Genzel

Bate

Do et al 2019

``young’’ S and disk stars

Old stars



TNH96

TGB08

WW95

a) Type II supernovae  yield:

b) WR and AGB winds:

up to ~10Mo

He

C

O
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c) Local enrichment: 

Implication: In situ metallicity enrichment

k/n=0.5 k/n=0

d) Heavy-element diffusion (Clarke 1988)

k/n=0.5

ZXWang

a vs Fe-peak
elements

MCantiello

no mass loss

DZ~ Q(1-10)



Super-solar metallicity in high-redshift AGNs

Nagao et al 2006

No redshift 
evolution

ZBLR>ZNLR
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Narrow Line Region

Broad Line Region

Quasars probing metal-poor outskirts of quasars
Lau, Prochaska, Hennawi 2016

C 
IV

/H
e 

II



Fei Xu et al 2018
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1) Indicators: N V/C IV & (O IV+Si IV)/C IV (a elements)

2) Metallicity increases with ~MBH
1/3

3) Independent of redshift, no chemical evolution!!!

MBH depository of local heavy-element contaminants



Uribe

Stellar rejuvenation & evolution

22/50

`young’ & massive stars
a)Capture host 

galaxy stars
b) Opaque disk (tdisk>1)

Ropaque~12 m8
5/9  pc

c) Top heavy IMF: 
Min (m*B, m*w) ~101-2Mo

d) Binary main sequence
stars possible at large a 

BH NS WD

Fragile et al 2003

Rozyszka L. Bodenheimer 1995

Heger et al 2002



Recapture of neutron stars and seed black holes

23/50

Mass growth: Eddington limited if
tsal> tB or  m* >10-3h-1Rpc

3Mo

modest kick speed: Vrms(NS)>Vrms(BH)

NS BH

Seed BH can grow by a lot 
Mass limited by gaps:
Thermal  Condition for 
gap formation RR>H.

XJZhang

accretion radius = min [RB, RR]

High capture 
probability

L Papaloizou 1986
Artymowicz, Lubow, Nelson,
Bryden, Masset, Armitage,
Li, Dobbs-Dixon, Kley

=0.45 e/l Gyr

e



Angular momentum evolution (thin, h=0.05,q=10-4)

RocheBondi

Prograde
with ja~RR

2W
large disk 
With Rcen~RR

23a/50

Modest-m* seed black holes in warm disks with RB >RR ~H, i.e. m*~(H/a)1/3Mh

Local conservation
of angular momentum

ZXWang, XJZhang

Tidal torque

H

But retrograde for smaller q



Spin due to local shear  (thick, h=0.1,q=10-4)

RocheBondi

Retrograde 
with ja=RB

2W, 
small disk size
Rcen~(RR/H)8RB

~(RR/H)14 h3aR.*/R.H

23b/50

Low-m* seed black holes in hot disks with RB <RR <H, i.e. m*<(H/a)1/3Mh

Local conservation
of angular momentum

ZXWang, XJZhang
H



Seed black holes in hot turbulent disks

retrograde

prograde

23c/50

Spin determined by local vorticity

Eddies with l<H, can be >RB

vtur(l)~ (l /H)1/3vtur(H)<cs , can be >RBW
ttur~(l/H)2/3[cs /vtur(H)]W-1, can be > W-1

Low-m* seed black holes in hot turbulent disks with RB <RR <H  &  vtur<cs

ja=lvtur

Rcen=A(H/RR)4RR=A(H/RR)6RB with A=(l/H)8/3(Vtur/cs)2  

ja

Seed BH’s spin can evolve substantially



Differential migration & binary seed black holes
1)Bound binary: RR>a12 2)Gap formation RR>H (large m*)
3)Common envelope a12>Rb(wide)        4)Accretion-enhanced drag Rb>a12 (compact)
5)Prograde orbit Rb>RR (medium m*)    6)Retrograde orbit RR>Rb (small m*)

Gap formation by relatively massive binary with H=Cs/W < RR=(m12/3Mh)1/3a    
(thermal condition for gap formation) and   RR>a12 (bound)

Large prograde
circum-binary disk

24/50
Initial binary tightening
Baruteau, Cuadra L 2011 Stone, Haiman 2017

Goldreich & Tremaine, Ward   

Differential migration

Nelson, Paardekooper,  BaruteauSeed BHs capture
companions



Accretion & tidal torque due to circum-binary disk 
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Directly rotating, self-gravitating, circum-binary disk

HPDeng

Potential sites for 
Enhanced
star formation

XJZhang

Accretion onto
seed binary 
black holes 

Munoz & Lai 2016

Peters 1964

Gdrag ~ V12a12



Modest-m* binary with modified disk structure
H=Cs/W > RR (no gap) ~ RB (perturbed, prograde) ~a12 (bound, no enhancement)

q=m1/m2 à 1

m1

m2

a12

e12

ZXWang, XJZhang
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Clarke & Pringle 1991

acom

Binary BHs’ mass ratio & orbit evolve



EM signatures: ubiquitous X-ray binaries
Hailey et al 2018

27/50

Around the 
Galactic Center

Around AGNs



Binary separation near supermassive black holes

i=93o

Lidov-Kozai effect + gravitational radiation

GZhao, JZanazzi
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Effective only for large
a/RH and i~90 binaries

+ disk torque & gas drag

ZXWang, XJZhangSuppressed in the presence of nearby gas



Multiple black holes’ eccentricity excitation/damping 

Scattering:

Type I  damping:

Dynamical equilibrium:  low-e orbits

29/50

Feeding zones:               D ~ 10 rHill
Isolation mass:   Misolation ~S1.5 a3Mh

-1/2

te+  = te-

Kokubo & Ida

Up to 102 clusters with >102 seed black holes of  ~101-2 Ms
within 10 pc’s around 108Ms  MBH’s during >108 y AGN phase



Clusters of multiple (>) growing seed black holes  
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ZXWang

Lin 1982

BBLiu et al 2016
Convergent migration

Feeding zone with overlapping Roche radii 

Prolific formation of small clusters 
of seed black holes 



Repeated capture by clusters, triple encounters, companion 
exchange, ejection from & recapture by clusters in AGN disks 

Retention possible if
m*/a12 <x1/2 Mh/a  or
a12 > x-1/2 a m12/Mh

YTang

31/50

Tidal interaction with disk: eccentricity damping
Ejection from clusters does not lead to escape



Internal relaxation, mass segregation, binary 
exchanges and tightening in small clusters

YTang
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Heggie 1975, 
Hut & Bahcall, 1983, 
Myllari Valtonen 2018 

Binary tightening  in very dense environment: limited eccentricity



Speculation on rapid emergence of SMBH

MGritschneder

Clusters’ gas accretion during disk passage

YTang

Dynamical friction and internal drag

Banados 2017

Ross 2012

tZ < 1Gyr
tSal = 0.45eGyr

trapped clusters:
a) orbital decay 
b) Gas accretion
c) Stars’ mass growth
d) Cluster contraction &
e) Star & cluster mergers 
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Clusters also 
accrete gas & 
migrate



Accretion of turbulent gas onto seed BH’s &  
spin angular momentum of circumbinary disks
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Stone 1999

:

inclined disks in HK Tau

:

circum-binary disk’s Tp

Turbulent circum-nuclear disk

Maloney 1997

warped disk’s TLT

Bate, Lodato, Pringle 2010

Bate 2018



Torque through warped accretion disks
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g=Qh

Evolution time scales of binary:
a) turbulent accretion ttur and drag by common 

envelope tCE => DJb/Jb ~ttur/ tCE per turn over.
For t>ttur, DJb/Jb ~ttur/ tCE (t/ttur)1/2

b) circumbinary disks: for ttur <tSal , DJb/Jb ~ttur/ tSal
for ttur >tSal , DJb/Jb ~1.

c) Individual black holes’ spin angular momentum
For ttur<tSal , DJ*/J* ~ttur/tSal & ttur >tSal , DJ*/J* ~1

d) Individual black holes’ spin alignment due to LT
For ttur<tSal , DJ*/J* ~ttur/tSal (rw /R.*)1/2

Papaloizou & L 1995
Ogilvie & Dubus 2001
Nixon & King 2016

Average infalling envelope:  ta ~ te ~ tSal ~(rw /Rg )1/2tspin



Gravitational radiation from binary black hole
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For nearly circular orbit

For nearly parabolic orbit (e~<1) tgr(e)=(768/425)(1-e2)7/2tgr(0)

Decoupled from envelope’s tides if a12< 

Peters 1964

Rsun

Idealized merger-tree model: 
1) total number of collisions= NBH / 2ln2  in active  phase tAGN

2) number of merger per individual black hole 2ln2
3) Average spin parameter ~ a* (tSal / tAgn )(Rg/rw.)1/2 < 1
On average, individual black holes spin slowly despite mergers and past encounters 



Powers of ten for AGN models 
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6 8 10 12 14 16 18

Around a 108Mo black hole: log (r/cm)

RDH

rHillrBondi

rcen

atde aram

abinary

ra,Kozi

Risco

r*rg,*

amerge agr aej

Disk around massive black hole

Single *

binary tightening

Kozai
MBH disk

disk around binary
binary exchange

gravitational wave

atrap
trap

binary formation
feeding zone

migration

hydro removal
TDE

rejuvenation
accretion

rLT

30Mo+30Mo binary BH



Merger & recoil: binaries with spin-orbit obliquity

Resettle into the disk if Vrec/Vk <x
40/50

Recoil does not lead to 
significant disk perturbation

ZXWang, XJZhang

Baker 2008,  Volonterri & Madau 2008



Limits on mergers’ mass: type I migration
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PR drag (zodiacal light)
FPR=LVRd

2 (q/3)2/3/c2 RR
2

=M* (dV/dt)
tSal /tPR =eRd

2(q/3)2/3/3RR
2

Mass growth limit 

tI ~ (Qh/2f)(Mh/M*)P



Inefficient type I migration (f <<1)
accretion for tBH~10 tSal ( l~1,  e<<1)
IMBH with M>102-3 Msun

Dynamical friction, decay 
of black hole’s orbit leads 
to efficient angular 
Momentum transport
Limiting mass ~102-3Msun

Gap formation with M> 103Mo L. Papaloizou 1986, 
Bryden 2000, Crida & Morbidelli 2007, many others 42/50

IMBH: gap, dynamical friction, & disk clearing

Angular momentum transfer

B.Tong
Gbryden 2000 Zhou etal 2005



AGNs’ duty cycle and disk persistent time scale

Active phase lasts ~108-9yr

43/50

Marconi 2004

Quasar-on-quasar transverse 

proximity effect, Schmidt 2017

He II
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tdiffusion(Rout)>108yr & Rout>10pc



IMBH’s secular perturbation on nearby stars

Tsuboi et al 2017, q<0.002, r=0.13pc
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GC

From: On the number of young stellar discs in the Galactic Centre
Mon Not R Astron Soc. 2009;394(4):1841-1846. doi:10.1111/j.1365-2966.2009.14466.x
Mon Not R Astron Soc | © 2009 The Authors. Journal compilation © 2009 RAS
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mIBH = 4e3 Msun, aIBH = 3e4 au, eIBH = 0.05, Tdep = 8 Myr, mstar = 4 Msun

SSR

In situ depletion: e-excitation 
in disk stars in GC Zheng 2018

X Zheng

M Nagasawa

l ~ 10-3 and  tactive~ 10 Myr
Can trap stars with a modest
Increase in MBH . 



GIAI test: hypervelocity binary stars

Coughlin et al 2018

Lu, Yu, L 2007

44/50

Hills 1983

Search for HV binaries with GIAI



Intermediate-m* seed black holes’ decay into MBH

45/50

Occurrence rate of BH-MBH may be a fraction that for BH-BH merger events.
Possible to detect intermediate mass BH with MH ~102-3 Mo

~108-9yr => Po (M, z<1) ~10-2

Adv LIGO



Occurrence rate of binary black hole merger

Order of magnitude estimate in co-moving volume: 
N(L*) ~107 Gpc-3 ,    NAGN ~(tactive /tHubble) N(L*) ~ 105 Gpc-3

ttrap ~(Mdisk /M*) (Rbondi /a)2  P  with Rbondi /a ~ (M*/MH)h-2

In tactive ,  Rbondi /a ~ (PM*/ tactive Mdisk )1/2 => h~0.1
Trapping rate ~ (hMH/M*)/ tactive ~10-4 yr-1 per AGN 
Total rate ~ O(1) wk-1 Gpc-3  at z=0.  Statistical characterization!
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Shinkai 2018



Mass density & M-s relation

Xiao 2011
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m8 ~1.8 s200
4.4

XJZhang, SDMao

Greene

Magorrian, Tremaine, Faber
Gebhardt, Ferraresi, Merritt



(s) of nuclear stellar clusters (NSC) 
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Cole 2015

~ 4A  original LIGO events per year with

~ O(1)

Kormendy & Ho 2013



Take-home messages 
• AGN disks resemble protostellar disks & may trap nearby stars.
• Trapped stars are rejuvenated, gain mass, and evolve into SNs.
• Supernovae lead to formation of seed black holes with a few Msun

and the contamination of AGN disks.
• Seed black holes are retained, grow, migrate, capture partners 

closely analogous to planetary formation and dynamics.  
• Single & multiple seed black holes’ mass, spin and orbital angular 

momenta evolve as they mutually interact & accrete turbulent gas
• Binaries tighten by tides, drag by circum-binary disks, endure 

companion exchanges, & merge through gravitational radiation.
• Events occur  ~101-2 yr-1 Gpc-3 around metal-rich AGN with wide 

masses, small spin angular momenta, and spin-orbit obliquity. 
• Occasional intermediate-mass (~102-3Msun ) black-hole merger may 

be detectable by Advanced LIGO.  They undergo orbital decay, 
clear disk gas, & regulate AGN duty cycle and are visible to LISA.49/50



Take-home cartoon 
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Binary  stellar black holes

36Msun

29Msun
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GW170817



Common-Envelope vs stellar cluster scenarios

3/72
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