








Star Formation:

Converting gas 

into stars

Feedback:

Ejecting gas

Gas accretion 
via cosmic web

Why studying SMBHs and AGN?
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The importance of SMBHs
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compare the total amount of feedback energies from SMBHs and SNe:

SMBHs and AGN
• Measuring the mass of SMBHs in normal galaxies 

- resolving the gravitational sphere of influence 
- enabled by AO and HST observations (1989) 
- MBH-sigma* relation (2000)


• Understanding the MBH-sigma* relation 
- How SMBHs moderate the growth of galaxies 

• Active Galactic Nuclei (AGN): Quasars (1963)/QSOs 
1965)/Radio Galaxies (1949)/Seyferts (1943)  
- Accretion disk physics 
- Deducing the innermost structures of AGN 
- Measuring BH masses in AGN: reverberation mapping 
and the BLR size-luminosity relation

Seeing the event horizon

16 Mpc away



GRMHD simulations of different spin parameters and accretion flows

https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT

2017 ETH 

Stations 

5 petabytes (PB) of data

"More than 200 members from 59 institutes in 20 countries and regions 
have devoted years to the effort, all unified by a common scientific vision."

Resolving the sphere of influence: 
Adaptive Optics and Hubble

Centaurus A, d ~ 4 Mpc

ATMOSPHERE TURBULENCE
Twinkling of stars and 
the moon caused by 

pockets of air at 
different densities 



THE IDEA OF ADAPTIVE OPTICS

“If we had the means of continually 
measuring the deviation of rays 
from all parts of the mirror, and of 
amplifying and feeding back this 
information so as to correct locally 
the figure of the mirror in response 
to the schlieren pattern, we could 
expect to compensate both 
for the seeing and for any 
inherent imperfection of the 
optical figure”  
(Horace Babcock 1953 PASP) 

1989/10,  THE BREAK-THROUGH

1989, the first AO for 
astronomy worked:  
COME-ON on the 1.5-
m telescope of Haute-
Provence Observatory 
in southern France.


In 1991, the US military 
declassified most of the 
development work on 
AO to astronomers.

“An old dream of ground-based astronomers has finally come true”, Merkle+1989 

1990/4/24: HST LAUNCHED A SIMPLIFIED AO OPTICAL BENCH

MMT

Keck

Gemini

20 YEARS LATER, AO HAS BECOME STANDARD 
STATE-OF-THE-ART

Esposito+2010Deformable secondary mirror 

of LBT, 1-m across, costs $1m!

Perfect Airy Disk



Key: Resolving the Sphere of Influence
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Kormendy & Ho 2013
HST

AO

HST/ACS Image of the triple nucleus of M31

HST/3”x3”

M31: 1988 CFHT data
M31: 2005 HST data

Stellar

Dynamics

Brightness

Bender+05

intrinsic model

model * PSF

Argon+07, Moran 08

 H2O Maser Dynamics in NGC 4258

NGC 4374 
D = 17 Mpc

HST/STIS


Walsh+2010

Ionized Gas

Dynamics



X-ray Flare of Sgr A*

NuSTAR, October 2012 Genzel & Ghez Groups

Genzel & Ghez Groups

Pericenter

MBH-sigma* relation

on larger scale on SMBH scale
Bender+05

Kormendy88

approaches 
SIS

Gebhardt+00



BH Mass-Stellar Bulge Scaling Relations

180pc

18pc

1.8pc
Kormendy & Ho 2013

MBH-Mbulge ratio
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let’s compare the total amount of 
feedback energies from SNe and SMBHs

Kormendy & Ho 2013

The Origin of the  
MBH-sigma* relation

A simple theoretical explanation:  
feedback from Eddington limited BH growth

Simulation: BH feedback from intense accretion  
(triggered by a gas-rich merger)

Di Matteo, Springel, Hernquist 2005



Di Matteo, 
Springel, 

Hernquist 2005

Merger models w/ feedback reproduces the M-sigma relation

Di Matteo, 
Springel, 

Hernquist 2005

SMBHs and AGN
• Measuring the mass of SMBHs in normal galaxies 

- resolving the gravitational sphere of influence 
- enabled by AO and HST observations (1989) 
- MBH-sigma* relation (2000)


• Understanding the MBH-sigma* relation 
- How SMBHs moderate the growth of galaxies 

• Active Galactic Nuclei (AGN): Quasars (1963)/QSOs 
1965)/Radio Galaxies (1949)/Seyferts (1943)  
- Accretion disk physics 
- Deducing the innermost structures of AGN 
- Measuring BH masses in AGN: reverberation mapping 
and the BLR size-luminosity relation

Structure of the  
AGN Central Engine

Centaurus A, d ~ 4 Mpc

10,000 pc

Hoyle et al (1964), Lynden-Bell (1969)

Why do we believe that quasars are powered by 
accreting SMBHs?

0.1 pc

Quasar Light Curves: Rapid Variations
c × 1 week = 0.006 pc = 1212 AU



Mrk 231: Type I AGN NGC 1672 Type II AGN

Type I vs. Type 2 AGN in optical spectra

Miller+ 1991

Antonucci 1993

But, some type-2 AGN  
show broad 


emission lines in 

polarized spectra

AGN Unification Scheme

Torus Size ~ few pc

BLR ~ 0.01 pc

NLR ~ 1 kpc

Type 2

Type 1

Urry & Padovani 1995

CDF-S (16’x16’)


Made with over 7 
million seconds of 

Chandra 
observing time, 

this is the deepest 
X-ray image ever 

obtained.


Almost every X-ray 
source is an AGN



Where does the ubiquitous X-ray emission come from?

Ricci et al. 2011

X-ray emission originates from inverse-Compton scattering  
of UV/Optical photons from the accretion disk  

by relativistic electrons in a hot “corona”

Corona is likely heated by the reconnection of the magnetic 
fields generated by buoyancy instability in the accretion disc.

AGN X-ray Emission from X-ray Corona & Reflection

Ricci et al. 2011
Harrison 2014 based on Elvis 1994

Various components of the AGN Spectral Energy Distribution

Active Galactic Nuclei

How to measure BH mass? Part I

Reverberation Mapping Method

gas cloud shell

accretion disk



Mean QSO spectrum from LBQS

Francis+91

Continuum from accretion disk, emission lines from gas around Continuum vs. Line Light Curves

luminosity-weighted time lags

Bentz+09

1 light week 
= 0.006 pc  
= 1212 AU

Constrain the virial coefficient 

Woo+2010

Sample: 24 nearby

broad-line AGNs


By matching the 
M-sigma relation


of inactive galaxies 
f = 5.2

f: virial coefficient

Active Galactic Nuclei

How to measure BH mass? Part II

Bentz+2013

With the size-luminosity relation, one can estimate BH mass without 

BH mass from single-epoch spectroscopy

(Vestergaard & Peterson 2006)



Summary
• Measuring the mass of SMBHs in normal galaxies 

- resolving the gravitational sphere of influence 
- enabled by AO and HST observations (1989) 
- MBH-sigma* relation (2000)


• Understanding the MBH-sigma* relation 
- How SMBHs moderate the growth of galaxies 

• Active Galactic Nuclei (AGN): Quasars (1963)/QSOs 
1965)/Radio Galaxies (1949)/Seyferts (1943)  
- Accretion disk physics 
- Deducing the innermost structures of AGN 
- Measuring BH masses in AGN: reverberation mapping 
and the BLR size-luminosity relation


