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Supermassive Black Hole (SMBH)
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Supermassive Black Hole (SMBH)

1. MgH > 1056 solar mass (Mg) located at the center of

galaxies

2. Ubiquitous at least in massive galaxies with bulges

3. The majority of the SMBH population is dormant
4. BH-Host Galaxy correlation

5. Formation mechanism is still unknown



Supermassive Black Hole (SMBH)

M31 (Andromeda; Mgy ~ 108 M o) M33 (Mgu < 1500Mo)



Supermassive Black Hole (SMBH)
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Correlation Between Black Hole Mass

and Bulge Mass

Black hole mass
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(Conventional) Methods of detecting SMBH

1. Normal Galaxy (~100 objects)
- Stellar dynamics

- Gas dynamics

— Keplerian Motion
2. Active Galaxy

- Megamaser

- Reverberation mapping method (gFef=1})
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(Conventional) Methods of detecting SMBH

1. Normal Galaxy : Our Galaxy

Roger Penrose Reinhard Andrea
Genzel Ghez

“for the discovery of a
supermassive compact object
at the centre of our galaxy”

“for the discovery that
black hole formation
is a robust prediction
of the general theory

of relativity”

THE ROYAL SWEDISH ACADEMY OF SCIENCES



(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Our Galaxy

Annotated Roadmap to the Milky Way Image credit : Moondigger and
(urtist's sonoccpt) NASA/CXC/MIT/F. Baganoff, R. Shcherbakov et al.

NABA / JPL-Caltcoh / R. Hurt (88C-Culuech) s5c200€-10b



(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Our Galaxy

AR E2| Zolis (Seeing) : Ch7 [0l lshiA 2




(Conventional) Methods of detecting SMBH

1. Normal Galaxy : Our Galaxy

4t (Adaptive Optics)




(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Our Galaxy

T q ‘c c 11 ) T 22 ICT
AXt2 (Saglttarlus A¥) The Galactic Center at microns
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Adaptive Optics

Image credit : Moondigger and ,_ );g
NASA/CXC/MIT/F. Baganoff, R. Shcherbakov et al. ) B
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(Conventional) Methods of detecting SMBH

1. Normal Galaxy : Our Galaxy

Galactic Centre Group at MPE
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(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Our Galaxy

« Kinematics of resolved stars

« r ~0.0031 pc
v ~ 3000 km/s

« M ~ 4x106 Mo

. 42 LYX| g OlF2 F

- SMBH
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(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Beyond Our Galaxy

1, : Sphere of influence of the black hole

o> GMgyy
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2GM
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r, = T~ 106rs r. : Schwarzschild radius
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ex) 108 solar mass, 6=300km/s
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Hubble ALMA

Mgy =
6.86x10% M,

Mgy =
d=22Mpc, rh ~ 25pc (0.23arcsec) 1.45x10° M,

N G C 1 332 ALMA (NRAO/ESO/NAOJ); Hubble Space Teles 1 0 1

Barth etal. 2016 Offset (arcsec)



(Conventional) Methods of detecting SMBH
1. Normal Galaxy : Beyond Our Galaxy

* Stars/Eai ly-tyoe BCC
* Stars/Eal ly-tyoe non-BCG
* Stars/Late-type

® Cas/Early-type BCC

® Cas/Early type non BCG
® Cas/Late type
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(Conventional) Methods of detecting SMBH

2. Active Galaxy (=4 235}) - Megamaser (~207H)
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(Conventional) Methods of detecting SMBH

2. Active Galaxy (234 25}) - Reverberation mapping (gref=1t)
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Broad Line Region




(Conventional) Methods of detecting SMBH

2. Active Galaxy (2=4M 235}) - Reverberation mapping (8tgF&1})
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(Conventional) Methods of detecting SMBH
2. Active Galaxy (&SA 235}) - Reverberation mapping (8t&F&1})
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MW7{CHEI2t=E(SMBH binary)
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Galaxy Evolution

The Illustris Collaboration

Visualization: Shy Genel

XSEDE Mark Vogelsberger ~ Shy Genel

Extreme Science and Engineering

Discovery Environment Volker Sprlngel PaUl Torrey
™ Debora Sijacki Dandan Xu

*
*:f‘f Greg Snyder Simeon Bird
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Galaxy Evolution

Hierarchical galaxy formation

Massive galaxies have undergone at least one major merger in their life time!

Hierarchical Galaxy Formation

T t

Credit: NASA, ESA, the Hubble Heritage Team
(STScl/AURA)-ESA/Hubble Collaboration and K. Noll (STScl)



GW from SMBH binary

Characteristics frequency 1/2
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Evolution of SMBH binary
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Mayer et al. 2007



Indirect Evidence of SMBH merger?

result of BH hardening?
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Evolution of SMBH binary

Stellar Core . . . . Coalescence
Galaxy Merger Binary Formation Continuous GWs "
Merger : Memory & Recoil
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Method to detect dual AGNs?

Normal Galaxy vs. Active Galaxy?

Opt-UV  EUV X-ray

1 p 1000 A 0.1 keV 1 keV
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Method to detect dual AGNs?

1. Imaging : Spatially resolved dual AGNs (sub-pc~kpc scale)

2. Spectroscopy : Kinematically resolved dual AGNs (or
single AGN; sub-pc~kpc scale)

3. Periodic variability : sub-pc scale



~kpc scale binary

Relatively common (~dozens)

NGC 6240

Optical: R.P.van der Marel & J.Gerssen (STScl), NASA; MK et al. 2021
X-ray: S.Komossa & G.Hasinger (MPE) et al., CXC, NASA



~kpc scale binary
Kinematically selected candidates (~thousands)

Double peaked
narrow emission lines

' [0 1] ' (0 m]
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2000 20350

Gerke et al. 2007



CXO J101527. 2+.625911

~kpc scale binary
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pc to sub-pc scale binary

pc scale binary
25

Rodriguez et al. 2017
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pc to sub-pc scale binary

Sub-pc binary
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sub-pc scale binary

Kinematically selected candidates (~hundred)
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sub-pc scale binary

Kinematically selected candidates (~hundred)

SDSS J1345+1144,At=72yrs
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sub-pc scale binary

Kinematically selected candidates (~hundred)
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sub-pc scale binary

Periodic variability (a few candidates)

g=mass ratio 1:10 merger 1:1 merger

. Green : primary Farris et al. 2014



sub-pc scale binary

Periodic variability (a few candidates)

Magnitude

Garcia et al. 1999 |:
MLS

ASAS

LINEAR

CSS

Eggers et al. 2000

1000 2000 3000 4000 5000
MJD - 49100

Graham et al. 2015




Method to detect recoiling BH?

Theoretical Prediction : spatial + kinematic offset

Kick velocity : Av = 100 — 4000 km s~!

Before merger After merger

tmrg-0.17 Gyr tmrg+0.03 Gyr tmrg+0.83 Gyr tmrg+2.9 Gyr

2

Blecha et al. 2011



Recoiling SMBH

Promising Candidate : CID-42 spatial offset + kinematic offset
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20

360

Civano et al. 2010



Known SMBH binary from EM?

1. kpc scale : ~ dozens confirmed + thousands candidates
2. pc scale : few hundreds candidates

3. Recoiling BH : a few candidates



