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Outline
• Observational Motivation & Theoretical 

Background

• Stellar-mass BH seeds: Population III stars

• Intermediate mass BH seeds: Dense stellar 
clusters

• Massive BH seeds: Supermassive stars & 
direct collapse black holes (DCBHs)





• Relatively tight 
relation for bulge-
dominated galaxies

• No tight correlation 
between MBH and 
disk-dominated 
galaxy properties.

• How did this evolve 
with time?

• How did these 
SMBHs form?

Greene (2012, Nature Comm)

M-σ relation



Observational Motivation
A few examples

Henize 2-10
MBH = 2 x 106 M⊙

Mstar = 3.7 x 109 M⊙
(Reines+ 2011)

High-z analog?

M33
MBH < 1500 M⊙

σ ~ 25 km/s
(Gebhardt+ 2001)

Y u no grow?

ULAS J1120+0641
MBH = 2 x 109 M⊙

z = 7.085 (tH = 770 Myr)
(Mortlock+ 2011)

How did this SMBH grow so 
quickly?



Theoretical Basics
Abundance matching

n(z=6 SMBHs) ~ 10-8 per cMpc3

→ 5-6σ rare halo



Theoretical Basics
Eddington Limit & Growth Timescale

• Assuming a radiative 
efficiency of 10%, a BH can 
double in 30 Myr

• tgrow = 660 Myr → Growth 
factor of 222 ~ 4 x 106

• A 500 M⊙ BH needs to 
grow at the Eddington limit 
on average for tgrow to 
explain the most massive 
z~7 SMBHs.

A. Smith+ (2017)



Theoretical Basics
Super-Eddington Accretion

Disk accretion & Radiation trapping → Eddington Limit.
Can enough gas fuel BH growth? Star formation?

Jiang+ (2014)
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Seeding Mechanisms
Begelman & Rees (1978)

Rees (1984)



Seeding Mechanisms Volonteri (2012, Science)
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Mezcua (2019, Nature)



Stellar-mass Black Hole Seeds



Stellar-mass Black Hole Seeds
Population III Star Formation

Abel+ (2002); Bromm+ (2002)
Turk+ (2009)
Greif+ (2012)

Hirano+ (2015)

Field of view – 2000 AU

Collapsing metal-free cloud fragments into 
10 and 6 M⊙ cores. 

Accretion rates = 0.06 M⊙/yr

• Metal-free stars

• Thought to be generally 
massive (~tens of M⊙)

• Binaries possible → High 
mass X-ray binaries

• Form in minihalos with        
M < 107 M⊙

• IMF unclear.



Stellar-mass Black Hole Seeds
Population III Star Formation

• Radiative feedback key to determine 
final masses (general massive SF 
problem)

• 1540 2.5D protostellar radiation-
hydro calculations, taken from a 
cosmological sample

• Cannot follow binaries, though

Abel+ (2002); Bromm+ (2002)
Turk+ (2009)
Greif+ (2012)

Hirano+ (2015)
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Stellar-mass Black Hole Seeds
Weak accretion after formation

Alvarez, JW+ (2009)
z = 17 → 11; FoV = 7 kpc

Density Temperature
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• Ionizing radiation creates a ~3 
kpc HII region → Warm and 
diffuse

• Harsh environment for 
immediate accretion

• Radiative feedback from BH 
makes the situation even worse

• Must wait for cosmological 
accretion for new gas supply






Stellar-mass Black Hole Seeds
Weak accretion after formation

Jeon+ (2012)

• Red: with BH feedback; Black = no 
feedback

• Even after the host halo grows by a 
factor of 100, the BH barely grows 
by 1% with feedback

• Without feedback, it grows by 100x

• Realistically, the BH will compete 
with star formation for the gas



Stellar-mass Black Hole Seeds
Rare encounters with dense gas

• 1-10% growth in the first 
few Myr after formation.

• Mainly occurs in higher 
mass (~107 M⊙) halos 
where stellar radiative 
feedback is less effective

• After halo mergers, BHs 
are “wandering” in the 
galaxy with the halo’s 
velocity dispersion

B. Smith++JW (2018)



Stellar-mass Black Hole Seeds
Rare encounters with dense gas (consumed by star formation)

B. Smith++JW (2018)



Intermediate-mass Black Hole Seeds



Intermediate-mass Black Hole Seeds
Dense Stellar Clusters

• Dense nuclear stellar clusters 
(r ~ 1 pc) may form in higher 
mass minihalos (~108 M⊙)

• Stellar collisions can form very 
massive (>100 M⊙) stars →
BHs

• Binary heating supports the 
core until the gas mass 
becomes comparable and then 
creates a free fall into a 
massive BH

Spitzer+ (1966, 1967, 1971)
Begelman & Rees (1978)

Gürkan+ (2004)
Davies+ (2011)



Intermediate-mass Black Hole Seeds
Dense Stellar Clusters

• Used direct N-body 
simulations that were 
initialized from a 
cosmological simulation

• Stellar mergers create very 
massive stars that will 
collapse into a IMBH 
without an explosion

• MBH ~ 400 M⊙ in a 104 M⊙
stellar cluster

Katz+ (2015)



Intermediate-mass Black Hole Seeds
Dense Stellar Clusters

• Similar technique as Katz+ 
but with higher resolution 
in a larger cluster

• Mass separation with the 
massive stars migrating to 
the center

• MBH = 700 – 2500 M⊙
within 15 Myr in a 105 M⊙
stellar cluster

Sakurai+ (2018)



Massive Black Hole Seeds



Massive Black Hole Seeds
Supermassive stars & Direct Collapse Black Holes (DCBHs)

Rees (1984)

• The most massive seeds can form 
through a monolithic collapse in a 
primordial halo

• Instead of a stellar cluster forming, 
one (few?) supermassive (103 – 105

M⊙) star forms

• Creates a Direct Collapse Black 
Hole (DCBH)

• Very special conditions required for 
its formation

• Hypothetical. Need JWST to 
verify/falsify 20 pc → 1 AU

(Density isosurfaces; Wise+ 2008)






Massive Black Hole Seeds
Conditions for Supermassive Star Formation

• #1 condition: Avoid fragmentation

• Warm (104 K) collapsing cloud →
Jeans mass ~ 105 M⊙

• Need to suppress metal-line & 
molecular cooling

• #2 condition: High accretion rates 
(>0.04 M⊙/yr)

• Need a deep potential well →
Halo mass ≳ 108 M⊙

Begelman+ (2006, 2009)
Hosokawa+ (2012)



Massive Black Hole Seeds
Suppressing cooling: metal-free & molecule-free

• Metal-free → Far from massive 
stars

• Molecule-free → Strong radiation 
intensity → Close to sources

• Need a “Goldilocks” scenario

• Just the right distance away from 
a young massive galaxy



Massive Black Hole Seeds
“Close pair” scenario

• Synchronized halo formation

• First, a strong Lyman-Werner 
(H2 dissociating) background 
of 100J21 is required 
beforehand

• Then one halo forms a galaxy, 
boosting the local radiation 
field

• Induces DCBH formation in the 
nearby halo

Shang+ (2010)
Visbal+ (2014)

Regan++JW (2016, 2017)



Massive Black Hole Seeds
New scenario: rapid halo growth & “dynamical heating”

Wise+ (2019, Nature)
Renaissance Sim

ulations (O
’Shea+ 2015)
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Massive Black Hole Seeds
New scenario: rapid halo growth & “dynamical heating”

Wise+ (2019, Nature)

• Moderate (~3 J21) radiation 
background required

• Forms 10-25 kpc away from young 
galaxies

• No “close pair” scenario needed

• Halo undergoes rapid growth that 
suppresses H2 cooling

• Naturally occurring in CDM
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Massive Black Hole Seeds
New scenario: rapid halo growth & “dynamical heating”

• Found 10 metal-free and star-less halos 
above the atomic cooling limit (Tvir = 
104 K) out of 670. Re-simulated two 
halos at high resolution

• Can “jump” from Pop III star forming to 
DCBH forming mass range

• Forms 103 – 104 M⊙ supermassive 
stars and subsequent DCBHs

• Most likely not the seeds of z ≳ 6 
SMBHs because they exist far from 
massive galaxies. Faint high-z QSOs?

Wise+ (2019, Nature)



Massive Black Hole Seeds
New scenario: rapid halo growth & “dynamical heating”

Wise+ (2019, Nature)






Massive Black Hole Seeds
Very early formation: “streaming” velocities

• At recombination, same mechanism that creates BAO generates a 
velocity difference between dark matter and baryons. 
vrms = 30 km/s @ z = 1090 on ≳30 Mpc scales

Tseliakhovich & Hirata (2010)
Fialkov+ (2012)
Hirano+ (2017)



Massive Black Hole Seeds
Very early formation: “streaming” velocities

• At z=30, vrms ~ 1 km/s. Gas cannot 
fall into the smallest DM halos

• Suppresses Pop III star formation at 
the highest redshifts (z > 20)

• Supermassive star formation of 3 x 
104 M⊙

• Product of structure formation, just 
like the “rapid growth” scenario

Hirano+ (2017, Science)



Massive Black Hole Seeds
Very early formation: “streaming” velocities

• Strong 
accretion 
rates

• Alternates 
between 
MS and 
Hayashi-like 
track

• Grows to 
final mass 
within 0.5 
Myr.

Hirano+ (2017, Science)



Massive Black Hole Seeds
Aftermath: Population III Cluster Formation

• Once a massive 
black hole seed 
forms, the 
surrounding gas is 
still metal-free

• Induces a cluster of 
Population III stars 
surrounding it

• Testable with JWST

Barrow++JW (2018, Nature Ast)



Subsequent growth
Habouzit+ (2017)

• Not all seed black holes grow 
into central SMBHs in massive 
galaxies

• Some host galaxies may remain 
low-mass even until z = 0

• Supernova feedback limits 
growth in low-mass galaxies

• AGN feedback limits growth in 
massive galaxies



Summary
• Stellar-mass black hole seeds (< 102 M⊙)

• Product of Pop III stars. If not central, extremely hard to grow (if ever?)

• Need super-Eddington growth to jump to become a SMBH

• Intermediate-mass black hole seeds (102 - 104 M⊙)

• Product of dense nuclear clusters. No restriction on metallicity. Needs 
more work

• Massive black hole seeds (104 - 106 M⊙)

• Product of structure formation (rapid growth or streaming velocities)

• Most likely SMBH seeds. May or may not grow, creating a diversity in 
MBH – Mstar relation
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