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Spectrum of a quasar:
blue continuum + redshifted broad emission lines

3C 273
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Ho, Filippenko & Sargent (1993, 1995, 1996 1997a-1997f, 2003, 2009); Ho (2008, ARA&A)

Palomar Spectroscopic Survey of Nearby Galaxies
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Most massive galaxies 
host a black hole!
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20

Dynamical detection of supermassive black holes in galaxies

Nuker team (1994-2002)
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Dynamical detection of supermassive black holes in galaxies

Nuker team (1994-2002)

The ubiquity of 
black holes in galaxies

9



20

Dynamical detection of supermassive black holes in galaxies

Nuker team (1994-2002)

The ubiquity of 
black holes in galaxies

“Nuker” Team
Ho is core member

In galaxies with M
*
 ≳ 1010 M⊙, the occupation fraction of SMBHs (M• ≈ 106 − 1010  M⊙) ≈ 100%
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Correlation between Black Hole Mass 
and Galaxy Properties

Mass central bulge or total galaxy

Magorrian et al. (1998)
Gebhardt et al. (2000)
Ferrarese & Merritt (2000)
Kormendy & Ho (2013)

M
•
/M

★
 ≈ 0.005

   Galaxy stellar mass and velocity dispersion

Correlation between black hole mass and galaxy properties

Greene & Ho (2006)

Intermediate-mass 
Black Holes
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Kormendy & Ho (2013)

Black hole−galaxy coevolution 
and AGN feedback paradigms
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Silk & Rees (1999); Fabian (2012); EAGLE; Illustris; TNG …
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Xu, Chen, Guo et al. (2023)
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Nearby, Inactive Black Holes
13 135 2

Age of the Universe (Gyr)
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Nearby, Inactive Black Holes
13 135 2

Age of the Universe (Gyr)
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Nearby, Inactive Black Holes
13 135 2

Age of the Universe (Gyr)
Wu, Shen, Jiang et al. (2022)
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Nearby, Inactive Black Holes
13 135 2

Age of the Universe (Gyr)
Wu, Shen, Jiang et al. (2022)
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Nearby, Inactive Black Holes13 135 2
Age of the Universe (Gyr) Wu, Shen, Jiang et al. (2022)Growing the first supermassive black holes

Adapted from Smith & Bromm (2019)
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Discovery of 
“little red dots”

Progenitors of quasars?
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R−L  
relation

Bentz et al. (2013)

Single-epoch virial masses

f  factor 
calibration

Ho & Kim (2014, 2015)

Calibrations, assumptions

Are the BH masses reliable?

•Can we trust the single-epoch virial masses at high z?
•Is the R−L relation based on RM of local AGNs applicable?  
•Is the local f-factor calibration valid? 

•Dependence on secondary parameters (e.g., )?Lbol/LEdd

Reverberation mapping

Fausnaugh et al. (2017)
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R−L  
relation

Bentz et al. (2013)

Single-epoch virial masses

f  factor 
calibration

Ho & Kim (2014, 2015)

Calibrations, assumptions

Are the BH masses reliable?

•Can we trust the single-epoch virial masses at high z?
•Is the R−L relation based on RM of local AGNs applicable?  
•Is the local f-factor calibration valid? 

•Dependence on secondary parameters (e.g., )?Lbol/LEdd

Reverberation mapping

Fausnaugh et al. (2017)

Kokorev et al. (2024)

            Lbol ≈ 1044 −1046  erg s−1

                  M ≳ 106 −108  M⊙
Masses not precise but must be large

Are the BH masses reliable?

Juodžbalis et al. 
(2026)

Direct, dynamical BH mass of QSO1 
is consistent with 

single-epoch virial mass from broad H  α
21



Is the massive object really a BH?
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Is the massive object really a BH?Is the massive object really a BH?

Variability also detected by Furtak et al. (2025), Ji et al. (2025), Lin et al. (2026), Zhang et al. (2026)

Some LRDs vary!

Zhang et al. (2025)
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LRDs have four unusual, distinct spectral features

Absorption 

       Break 
      Continuum  
         Decrement
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Absorption of Balmer lines
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Absorption of Balmer lines
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Absorption of Balmer lines
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Absorption of Balmer lines
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Balmer Break
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Balmer Break

Weak IR emission

No X-rays No radio

V-shaped 
SED

Inayoshi & Ho (2026, Nature Astronomy)
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•Optical continuum can be fit 
with ~4000-6000 K blackbody

•UV continuum from accretion 
disk reprocessed to optical 
continuum by dense gas

 Chen, Shangguan, Ho et al. (2026)

Liu et al. (2025)

Optical Continuum

Kido et al. (2025)
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Balmer Decrement
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Balmer DecrementBalmer Decrement
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Balmer DecrementBalmer DecrementBalmer Decrement
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2026, submitted
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What is the intrinsic nature of the “little red dots”?
Inayoshi & Ho (2026, Nature Astronomy)
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Where is the galaxy?

33



Where is the galaxy?

•No host emission detected 

•Stringent upper limits placed on the 
stellar masses of the host galaxies

•Extremely overmassive BHs or         
very undermassive galaxies

•BH forms earlier or faster than galaxy
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Normal host galaxy
(Re ≈ 5 kpc) 

M• ≈ 106 108 M⊙−

Host galaxy of LRD
(Re < 0.05 kpc) 

M• ≈ 106 108 M⊙−
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Normal host galaxy
(Re ≈ 5 kpc) 

M• ≈ 106 108 M⊙−

Host galaxy of LRD
(Re < 0.05 kpc) 

M• ≈ 106 108 M⊙−
LRDs consistent with “pure” AGNs

Powered by MBH ≈ 106 108 M⊙

Very little (if any) evidence of stars 
−
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Normal host galaxy
(Re ≈ 5 kpc) 

M• ≈ 106 108 M⊙−

Host galaxy of LRD
(Re < 0.05 kpc) 

M• ≈ 106 108 M⊙−
LRDs consistent with “pure” AGNs

Powered by MBH ≈ 106 108 M⊙

Very little (if any) evidence of stars 
−What is the formation mechanism 

of the first massive black holes?
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CDM SIDM

Self-interacting dark matter (SIDM): inherits the large-scale success of CDM, but modifies halo center 35

2026, 996, L19
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2026, 996, L19
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Alternative Models: Primordial Black Holes
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James Webb Space Telescope (2022) Roman Space Telescope (2027)
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James Webb Space Telescope (2022) Roman Space Telescope (2027)Chinese Space Station Telescope (2028)
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James Webb Space Telescope (2022) Roman Space Telescope (2027)Chinese Space Station Telescope (2028)Hubble Space Telescope 
(1990-present)
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