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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
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Quasars and AGNs

<

WFPC2

3C273

ACS = HRC

Quasars: Maarten Schmidt 1963

; M87

Massive Black Holes: Lynden-Bell 1969



Accretion disk models

Lust 1952 (solar system formation)
Shakura & Sunyaev 1973 (LMXB's)
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Young stars in the Galactic Center

Connection with Fermi Bubble?
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Coexistence of nuclear clusters & black holes

Table 4 Masses of coexisting nuclear star clusters and supermassive black holes

Galaxy D Mo (Mlow: Mhigh) Muuc Mo/Muuc R'Ef
(Mpc) (Mg) (Mp)
(1) (2) (3) (4) (5) (6)
NGC 4026 13.35  1.80 (1.45-2.40) x 10° 1.44 x 107 12.4 1
NGC 3115 9.54 8.97 (6.20-9.54) x 10® (1.04+0.29) x 10* | 8.6'55 2,3
M3l 0.774 1.43(1.12-2.34) x 10° (3.5 4 0.8) x 107 41738 4,5,6
NGC 1023 10.81  4.13 (3.71-4.56) x 107 0.99 x 107 4.1 1
NGC 3384 11.49  1.08 (0.59-1.57) x 107 2.3 x 107 0.48 7
NGC 7457 12.53  8.95 (3.60-14.3) x 10° 2.7 x 107 0.33 7
Galaxy 0.0083 4.30 (3.94-4.66) x 10° (2.9 + 1.5) x 107 0.1533-07% 8
NGC 4395 4.3 36 (2.5-4.7) x10°  (3.5+2.4) x 10° 0.10%9:977 79
w Cen 0.0048 4.7 (3.7-5.7) x10*  (2.6+0.1) x 10° 0.018+0.004 10,11
NGC 205 0.82 <24 x10* (1.440.1) x10° <£0.017 12,13
Gl 0.77 1.8 (1.3-2.3) x 104 (8+1) x 10° 0.0023 4 0.0007 14
M33 0.82 < 1540 (1.04£0.2) x10° <0.0015 15

Kormendy & Ho 2013
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There is a MBH in every galaxy

Around each MBH there is a nuclear cluster

AGN occurs when a MBH is fed by a disk

Stars interact with the disk during their passages

ol A

Star-Disk connection
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AGN-planet connection:
Relevant physical parameters

Planetary systems: Galactic Center system:
1. Massratio: 106-10-3 1. Massratio: 106-10-3
2. Period: days-centuries 2. Period: yrs- millenium

3. Radius/semi major axis: 104 3. Radius/semi major axis: 107

Protostellar disks AGN and young stellar disk

1. Disk mass/star mass: 0.01-0.1 1. Disk mass/star mass: ~0.01
2. H/r=0.05-0.2 2. H/r ~0.01-0.1

3. Q>10 3. Q: ~1

4. Persistent time scale: 3-10My 4. Persistent time scale: 1-100My
Required model parameters

Nuclear star clusters: Accretion disks:

1. Stellar density 1. Capture rate

2. Dynamical property 2. Accretion & stellar IMF

3. Connection to host galaxy 3. Contamination & BH formation
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Log Lg(L) [erg s™ Mpc™® dex™']-zx1.5

Dissipation & accretion rate in AGN dISkS
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A generic quantitative AGN accretion disk model

Lin/Lgsg ~ 0.1 (BL AGN) — =7.0 ! " T ’ ’
\Oi;k ) 5 -7.5F ““Shankar et al 2013 }
Wind \R”,,_LM :5 -8.0F 2
Thin Disk } -85F
——“ — 5 _gof
Ruing™~250R, "B et } 9.0
us 2
_g Dy F 95
e B S C e — C e - \ - § -10.0¢
10000 1000 100 10 11 10 100 1000 10000 -10.5 S L N N N
Rodius (R9=GM/C2) 1 2 3 4 5 6

R, = GMh/Og = 1Om802_0%p0 mg = Mh/IOSM@ 000 = 00/200km g1
* Steady state alpha disk (h=H/R, R,:=R/1pc) Shakura & Sunyaev

M = 37Xy v = aH?*Q) = ah’*QR?
* Marginal gravitational stability (Safronov, Toomre)
Y= Xq/Q Yo = h(M/mR?),
ah3/Q ~(M/g) (4n/305)(Gm,/cQ) ~ 10 mg /2R 3/2 (1)
XJZhang
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Reverberation from accretion disk to dusty torus

POWER-LAW X-RAYS
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Gravitational stability & angular momentum transport
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Capture by the disk |

2 2 Cad ) ’
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Nuclear clusters: stellar reservoir

Erticiency of NSC in forming MBH

Central stellar density is a function of mg
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Accretion onto trapped stars & their rejuvenation

If Re<H, Ry<Rg(hot) Bondi
accretion (runaway growth)
A G?*m? p 20 M, M,

My 2 — e

(v2+c2)*2 Q h® My ~

/
Bondi accretion time scale: //

(independent of M.

log (/M dt [Mo])

T8 = My /M =~ 0.6(Mg/m.,) Rgcl\f[)q-

. m L, ,
Wind loss log| — m — | ~ 1.74log — 1.35logTeg — 9.55
ﬂ[(.)yl‘ 1 L

Tw = My /m ~ (60Mg/m)*Myr

Mo ~ 120R; 22 M

Main sequence evolution time:
T ~ 10(m /M) —20 Gyr

Can be prolonged with mixing,

JSZUIagy| M Cantle”O As 10 L5 20 25 30 35
e 15/50
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Ram pressure striping of fast (hard
encounters with V V3><§Vk flyby stars

Morgan MaclLeod

log (density)

Ram pressure striping: p. < 2mp(V?/g.R.) = 21p(V/Vese)?
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“Missing cusp™ in the Galactic Center

Do et al 2016
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Disk’s reorientation due to infall of turbulent gas

“young” S and disk stars

: Q™1 warped disks around spinning MBHSs
osaen s v (Y|4 sqrs Rejuvenation of stars in different planes
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Impllcatlon In situ metallicity enrichment
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[M/H]

Super-solar metallicity in high-redshift AGNs
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Stellar rejuvenation & evolution

Pseudocolor
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Recapture of neutron stars and seed black holes
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Angular momentum evolution (thin, h=0.05,q=10%)

Modest-m. seed black holes in warm disks with Ry >Rp ~H, i.e. m.~(H/a)Y3M,
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Spin due to local shear (thick, h=0.1,g0=10"%)

Low-m. seed black holes in hot disks with R <R <H, i.e. m.<(H/a)/3M,,
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Seed black holes in hot turbulent disks

Low-m. seed black holes in hot turbulent disks with Rg <Rz <H & v, <c
0
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Differential migration & binary seed black holes

1)Bound binary: Rz>a;, 2)Gap formation Rz>H (large m.)
3)Common envelope a;,>R, (wide) 4)Accretion-enhanced drag R,>a;, (compact)
5)Prograde orbit R,>R; (medium m.) 6)Retrograde orbit Ri>R, (small m.)

Gap formation by relatively massive binary with H=C,/Q < Rz=(m,,/3M, )*/3a
(thermal condition for gap formation) and Rz>a,, (bound)
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Accretion & tidal torque due to circum-binary disk

DB: snaipshof_000.haf5 Directly rotating, self-gravitating, circum-binary disk
ime:
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Modest-m. binary with modified disk structure

H=C./Q2 > Ry (no gap) ~ Ry (perturbed, prograde) ~a,, (bound, no enhancement)

Binary BHs’ mass ratio & orbit evolve
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EM signatures: ubiquitous X-ray binaries

Hailey et al 2018 Around the
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Multiple black holes’ eccentricity excitation/damping

Scattering: do; /dt ~ ngQ° R’ JATR? - [ > .

2 ) 6 i D
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Clusters of multiple (>) growing seed black holes

BBLiu et al 2016 |
vergent migrat

on (7). .

Semimajor axis (AU)

10° 10° 10°

Feeding zone with overlapping Roche radii ZXWang
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Prolific formation of small clusters
of seed black holes 30/50



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

3.0
time=6094.690000, # of captured BHs=33, # of added BHs=18
.
YTa ng + injected BH
e 5 2.0%
. é 151
_ 10}
é 0.0 7 * b
05 ’ 033 200 400 600 800 1000 1200
. " time
6 3
: 2
2.0 A 2
20 15 -10 05 X((),'sc) 05 10 15 20 % . 1
2 1
50 ;
. . . 1 )
Retention possible if s oo ol N
1/2 . o o .
m*/alz <{5 Mh/a or Tidal interaction with disk: eccentricity damping
dqy > 62_1/2 d mlz/Mh Ejection from clusters does not lead to escape
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Internal relaxation, mass segregation, binary
exchanges and tightening in small clusters
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Binary tightening in very dense environment: limited eccentricity 32/50



Black hole mass (M, )
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Speculation on rapid emergence of”S'IVIBH
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J1120 + 0641
— 2.0 x 109 Mg at z = 7.09
Mortlock et al. 2011
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Wu et al. 2015
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Clusters also
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Turbulent circum-nuclear disk inclined disks in HK Tau

Stone 1999

v warped disk’s Tt

fircum-binary diskwf‘\ Maloney 199
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Torque through warped accretion disks

S. Tremaine and S. W. Davis
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Average infalling envelope: T, ~ Te ~ Tss ~(rw /Rg )Y Tspin

10

Evolution time scales of binary:

a) turbulent accretion 1, and drag by common
envelope t¢e => Al /), ~T../ Tce Per turn over.
For >Thun Al b/-lb NTtur/ Tce (t/":tur)l/2

b) circumbinary disks: for T, <Tss, Alp/Iy ~Teur/ Tsal
for Ty, >Tea, Alp/ly ~1.

c) Individual black holes’ spin angular momentum

For Ttur<Tsal» A-l*/-l* NTtur/TSaI & Ttur >Tsal / A-l*/-l* ~1
Individual black holes’ spin alignment due to LT
For Teur<Tsal» AJ*/J* NTtur/TSaI (rw/R.*)l/2

d)

The Lense-Thirring torque 771 and the companion torque 7, are equal at

| e (a £R3/2r3) "
w .M* g * ’
Papaloizou & L 1995

Ogilvie & Dubus 2001
Nixon & King 2016




Gravitational radiation from binary black hole

da 64 G® mwz HZ[T}}Z 2) 73 37
S Cmmtn | T3, )
(l’z‘ S ¢ d°(1~c“) )7/2 24 96

de 304 (r mlmo(ml—i—mo) 121
< > —w—c (1+ e’)
di

¢t a-4 (1—¢2)52 304
_ . Halyc® (19 4 M310%yr
For nearly circular orbit Ter = araa a , :
206G My momy g I pc MMM
For nearly parabolic orbit (e~<1) Peters 1964

With m; ~ mg ~ 30Mg, binary BHs 7, would be less than 1Gyr in the limit a;2 ~ 0.1 AU.

1/4
) . 384 nor m
Decoupled from envelope’s tides if a3,< ((l -q)ahy i /’ : ‘) R.; ~ Reun
T g1 My

Idealized merger-tree model:

1) total number of collisions= Ngy / 2In2 in active phase Tagy

2) number of merger per individual black hole 2In2

3) Average spin parameter ~ a« (Tsa / Tagn )(Rg/rw)¥?2< 1

On average, individual black holes spin slowly despite mergers and past encounters 36/50



Powers of ten for AGN models

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

I P ® ¥ ¥ ¥
Disk around massive black hole ® R /ﬂ’a Rop
dtde Aram Atrap
Single * —trap
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— migration
Amerge N7 Agr e lcen I'a Koz binary tightening

(s MBH disk
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s binary exchange
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Merger & recoil: binaries with spin-orbit obliquity

| Recoil does not lead to
~»" significant disk perturbation

.,T‘f*if:‘ . ZXWang, XJZhang

qsz(al - qaz)
(1+q)°

Baker 2008, Volonterri & Madau 2008

V;ec ~

|||||

Xp
Abbott et al., 2016

Resettle into the disk if V. /V/, <&
40/50



Limits on mergers’ mass: type | migration

TRAPPIST-1 System
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IMBH: gap, dynamical friction, & disk clearing

Inefficient type | migration (f <<1)
accretion for 154,710 1o, (A™~1, €<<1)
IMBH with M>10%3 M.,

Dynamical friction, decay
of black hole’s orbit leads
to efficient angular

Momentum transport
Limiting mass ~10%23M

sun
Orbiting Mass = M,

. Gbryden2000

B.Tong

3hR 50ah?

Angular momentum transfer ;;, + =1

Gap formation with M> 103M, L. Papaloizou 1986,
Bryden 2000, Crida & Morbidelli 2007, many others
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AGNs’ duty cycle and disk persistent time scale

duty cycle
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IMBH’s secular perturbation on nearby stars
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Prob

GIlAI test: hypervelocity binary stars
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Intermediate-m. seed black holes’ decay into MBH
- [")'12

Tdf — —

[{12 '](M' 24\5/}1}‘11L\ M9 ;\[(.,

712,12[{‘1225212 - 1)(] J[ A\[

Coalescence of
Massive Black Holes
NS-NS and BH-BH
Resolved Coalescence
Galactic Binaries

SN Core

Collapse
Unresolved 2p

Galactic

-24|Binaries LI A

= i) ) 2
0* 10?2 10° 10° 10
Frequency (Hz) M Adv LIGO

L
<
=
1
o
&
<
L
-
>
=
=
=)
=
3
o
=
=3
—
O

4

Occurrence rate of BH-MBH may be a fraction that for BH-BH merger events.
Possible to detect intermediate mass BH with M, ~10%3 M,
45/50



Occurrence rate of binary black hole merger
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Order of magnltude estimate in co-moving volume:
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Trapping rate ~ (hM,/M+)/ T qive ~10*yr! per AGN
Total rate ~ (J)(1) wk'! Gpc? at z=0. Statistical characterization!



Mass density & M—c relation

Magorrian, Tremaine, Faber
Gebhardt, Ferraresi, Merritt
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N (o) of nuclear stellar c

NGC 1600
L

Digitzed Sky Survey

.

N\

|
i
‘
‘
AN : .
N .
G|

N\
\\1 HST NICMOS

>

»

1

log Mcyz0 [M
s,

N,: ~4A original LIGO events per year with

P
A= /(72”(,(2\])

log o

(4.4logoogg — 11)*

1 L - ul
100" 7300 1 10*°
[kms™] Mgat,am [

9

D) doao

Hgun (mag arcsec—?)

usters (NSC)

sl

vee18az |
V! 1720
\ ]

VOC1428 4

YoC1778 |
\\

~
~

\ ¥cc1ee1
s bl

1 10

Toes (arcsec)

100

]o’q(xe) l Ml‘:J""‘. pc:]

T —
® Nuclear cluste
* MW CCs 7
#wCen »GI .
= NCGC5128 GCs 1
4 OC in NGOBB4S8
& W) A SSC e UCD
2 dE nuclel » M32
u dE galaxies
+ Spheroids & dSph]|
a

—

log(M) [M,]

48/50



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 M,
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 ~102 yr! Gpc3 around metal-rich AGN with wide
masses, small spin angular momenta, and spin-orbit obliquity.

Occasional intermediate-mass (~¥10%3M.,,, ) 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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Common-Envelope vs stellar cluster scenarios
Cluster - Rodriguezetal, 2016

Types of Interactions 3.

Isolated Binary - Belczynski et al., 2016
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